
ABSTRACT 

PRODROMOU, RAPHAEL. Development of Complete Process Workflow for Identification, 

Characterization, and Utilization of Light Responsive Peptide Affinity Ligands. (Under the 

direction of Dr. Stefano Menegatti). 

 

Development of affinity ligands for the purification of biologicals has dramatically 

improved treatment quality and options for patients. The need to enable high selectivity and 

specificity of target proteins in downstream bioprocessing has expanded the search for novel 

ligands. In turn, novel process workflow is crucial for cost efficient identification and 

characterization of candidate ligands. This doctoral dissertation will discuss the process workflow 

designed for linear peptide ligands but will be primarily focused on the unique analog workflow 

developed for light responsive peptide ligands. 

Chapter 1 begins with a survey of peptide-based ligands targeting different biomolecules. 

This general overview focuses on the purification of therapeutic proteins, use of cyclic peptides, 

and the up-and-coming fields of peptide mimetic ligands. 

Chapter 2 shows the development of a microfluidic particle sorter. This device can be 

programed through a MatLab code to manually or automatically sort beads based off explicitly 

defined criteria. This device showcased its exceptional performance with ~88% yield and ~88% 

accuracy in recovering beads with varying fluorescent patterns. Chapter 3 employed a full 

streamlined process workflow for the development and characterization of candidate ligands for 

the purification of Cas9 endonuclease from E.coli lysate. The top candidate ligands GYYRYSEY 

and YYHRHGLQ afforded an 86-89% product recovery with a 91-93% purity, a binding capacity 

of Qmax = 4-5 mg Cas9 per mL resin and an affinity KD ~ 0.1-0.3 µM. Chapter 4 sought to find a 

peptide ligand that had an affinity towards the constant region of affibodies. The peptide selected, 



IGKQRI, afforded a protein recovery of 64-71% with a purity of 86-91%, a binding capacity Qmax 

~ 5 mg affibody per mL of resin, and an affinity KD ~ 1µM. 

Chapter 5 explores the use of azobenzene as a linker for a cyclic peptide. Using a known 

VCAM-1 binding peptide sequence, an in silico model screened an ensemble of azobenzene-

cyclized variants. CycloAZOB[G-VHAKQHRN-K] showed a light-controlled binding affinity KD, 

Trans/KD, Cis ~ 130 as well an experimental colocalization with anti-VCAM1 antibodies in vitro. 

Chapter 6 utilizes the VCAM-1 binding peptide sequence as a model to probe different parameters 

influencing ACPs (Azobenzene Cyclic Peptide). We sought to modulate kinetics of isomerization 

on solid phase by varying the circumference of the ACP. This was achieved by changing a variable 

region on the ACP with diaminopropionic acid, diaminobutyric acid, ornithine, and lysine which 

varied in methylene units. Furthermore, a methodically developed microfluidic system comprising 

of a device mounted onto a spectrophotometer allows for simultaneous excitation and UV 

absorption measurements to be taken. The setup is designed to enable full characterization of 

photokinetic phenomena as well as the functional application as a microfluidic HPLC photo 

chromatographic system monitored in real time. CycloAZOB[G-VHAKQHRN-K] was found to 

have a binding capacity of ~32.5 mg of VCAM-1 per gram of resin with a yield of 78.3% upon 

exposure to elution wavelength. 

Chapter 7 utilizes previous advancements to be the first complete process workflow for the 

identification and characterization of ACPs that bind and elute Human FVIII. A modified version 

of the microfluidics particle sorter is used to select candidate ligands which are then characterized 

with the spectrophotometric system developed in Chapter 6. Unfortunately, G-cycloAZOB[Dap-

KYYGSYY-Dap]-G and G-cycloAZOB[Dap-YYKHLYN-Dap]-G did not perform well in the 

chromatographic trials. UV-vis data showed that the only ACP displaying traditional 



characteristics was G-cycloAZOB[Dap-GGGKYGK-Dap]-G, which in turn led to the conclusion 

that the GGG residues correlate to the use of lysine in the variable region on the ACP architecture. 

The resulting G-cycloAZOB[Lys-KYYGSYY-Lys]-G and G-cycloAZOB[Lys-YYKHLYN-Lys]-G 

showed reversible photo-isomerization and G-cycloAZOB[Lys-YYKHLYN-Lys]-G showcased the 

ability to be utilized as an ACP resin in the microfluidic column developed in Chapter 6.  
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1.1 Abstract 

Following the consolidation of therapeutic proteins in the fight against cancer, autoim-

mune, and neurodegenerative diseases, recent advancements in biochemistry and biotechnol-

ogy have introduced a host of next-generation biotherapeutics, such as CRISPR-Cas nucleases, 

stem and car-T cells, and viral vectors for gene therapy. With these drugs entering the clinical 

pipeline, a new challenge lies ahead: how to manufacture large quantities of high-purity bio-

therapeutics that meet the growing demand by clinics and biotech companies worldwide. The 

protein ligands employed by the industry are inadequate to confront this challenge: while fea-

turing high binding affinity and selectivity, these ligands require laborious engineering and 

expensive manufacturing, are prone to biochemical degradation, and pose safety concerns re-

lated to their bacterial origin. Peptides and pseudopeptides make excellent candidates to form 

a new cohort of ligands for the purification of next-generation biotherapeutics. Peptide-based 

ligands feature excellent target biorecognition, low or no toxicity and immunogenicity, and can 

be manufactured affordably at large scale. This work presents a comprehensive and systematic 

review of the literature on peptide-based ligands and their use in the affinity purification of 

established and upcoming biological drugs. A comparative analysis is first presented on peptide 

engineering principles, the development of ligands targeting different biomolecular targets, and 

the promises and challenges connected to the industrial implementation of peptide ligands. The 

reviewed literature is organized in (i) conventional (α) peptides targeting antibodies and other 

therapeutic proteins, gene therapy products, and therapeutic cells; (ii) cyclic peptides and 

pseudo-peptides for protein purification and capture of viral and bacterial pathogens; 

and (iii) the forefront of peptide mimetics, such as β-/γ-peptides, peptoids, foldamers, and stim-

uli-responsive peptides for advanced processing of biologics. 
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1.2 Introduction 

The introduction of vaccines in the prophylaxis of infectious diseases [1,2] and mono-

clonal antibodies (mAbs) in the treatment of cancer and autoimmune disorders [3,4] are 

amongst the highest – if not the highest – achievement of 20th century medicine. By drastically 

cutting infant mortality and increasing the odds of the survival for patients affected by diseases 

until then deemed incurable, these molecules have demonstrated that biological drugs, or “bi-

otherapeutics”, hold true promise to improve the quality of life of humankind at large [5,6]. 

These efforts continue at a new level in the 21st century with the consolidation and expansion 

of the first-generation biotherapeutics, and the introduction of next-generation biological drugs. 

These include new protein species, such as bi-specific antibodies [7] and endonucleases (e.g., 

CRISPR Cas) [8], and complex biologics, such as viral vectors for gene therapy (e.g., adeno 

associated virus, AAV) [9], Car-T cells for cancer therapy [10], and stem and progenitor cells 

for tissue engineering and regenerative medicine [11]. 

The increased molecular complexity of these species, while improving their therapeutic 

efficacy, poses new challenges to their manufacturing. In particular, downstream processing 

represents one of the major voices of cost, as demonstrated by three decades of industrial mAb 

manufacturing [12]. The discovery and engineering of mAb-specific protein ligands (e.g., Pro-

tein A and G) played a crucial role in enabling the manufacturing of large amounts of mAbs, 

but also impacted significantly on their price [13]. On the other hand, only few engineered 

ligands are available for the next-generation biotherapeutics. While some new ligands have 

recently been introduced, based on camelid antibody fragments targeting human Fab-κ or Fab-

λ for the purification of bispecific mAbs [14], and different AAV serotypes [15], most of the 

above mentioned targets remain orphan of ligands. 

The dearth of affinity ligands targeting the biotherapeutics of the future poses an urgent 

need as well as a major opportunity: to establish a new generation of ligands that possess the 
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desirable qualities of protein ligands – namely, the high affinity and selectivity – without the 

downsides of high cost, biochemical lability, and toxicity and immunogenicity. In this context, 

synthetic peptide and pseudopeptides represent a promising family of scaffolds to develop cost 

effective affinity ligands (Figure 1.1) [16]. Peptides, both natural and engineered, feature an 

excellent biorecognition activity towards proteins and other biomolecules [17], while also be-

ing amenable to affordable large-scale synthesis with minimal to no variability. Most notably, 

the advancements in peptide chemistry through the last decade have expanded this family well 

beyond the natural (α-)peptides, introducing β- and γ-peptides [18], peptoids [19], foldamers 

[20], as well as peptide hybrids integrating stimuli-responsive moieties for controlling the tar-

get capture and release using external signals [21]. The exploration in chemical diversity has 

been accompanied by a comparable effort in structural diversity, resulting in the development 

of cyclic and polycyclic ligands with superior binding strength and selectivity [22]. Completing 

this toolbox are the myriad methods for engineering protein-targeting peptides and pseudopep-

tides, grouped in combinatorial selection methods [23] and rational design [24]. The former 

include biological display methods, such as phage [25], mRNA [26], and yeast [27] display, 

and the screening of synthetic libraries in either solid or liquid phase [28,29]. 

The implementation of these chemistries and sequence engineering approaches has re-

sulted in a plethora of peptide and pseudopeptide ligands for a wide variety of targets. Such is 

the variety of ligand properties and applications that not only the novice, but also the experi-

enced reader may feel bewildered before the mole of literature. To provide guidance exploring 

this field, we endeavored to select and summarize the major contributions to the engineering 

of synthetic peptide-based ligands for the affinity purification of biotherapeutics. We have 

structured this work using the chemical classification of the ligands and the typology of bio-

logical targets as criteria to organize the reviewed material. In so doing, we trust that this con-

tribution will prove useful to present the state-of-the-art of the field, demonstrate the value of 
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its ancillary role to biotechnology and biomedicine at large, and propose directions that hold 

the most promise to advance the future of this technology. 

1.3 Peptide design, discovery, and development: perspectives and challenges 

Implementing peptide-based ligands in industrial biomolecular and biological separa-

tions stands at the crossroad between (i) the fundamental physicochemical features of these 

molecules, (ii) the technology of discovery and development of biospecific sequences, (iii) the 

scalability of synthesis and conjugation to chromatographic supports, and (iv) the industrial 

and regulatory requirements (Figure 1.2). 

1.3.1 Fundamental properties of peptide-based ligands 

The realm of peptides comprises a large variety of aliphatic and aromatic folda-

mers [30], some of which – e.g., linear and cyclic α-peptides and peptoids – have been widely 

utilized as ligands, whereas others – e.g., β- and γ-peptides, and the so-called Class A and Class 

B peptide mimetics [31] – have been explored to a lesser degree. Together with the progress in 

the chemistry of polyamide backbones, a considerable effort has been devoted towards expand-

ing the diversity of side chain functional groups beyond the natural ones – also known as “ca-

nonical” or “proteinogenic” – to include a broad variety of non-natural moieties [17]. 

The first element determining the biorecognition activity of peptide-based ligands is the 

balance between enthalpic and entropic contributions in the free energy of target:ligand inter-

action [32,33]. The enthalpic contribution is mostly determined by the physicochemical iden-

tity of the moieties displayed on the side chain or along the backbone of the monomers, and 

specifically their ability to form non-covalent interactions (i.e., electrostatic, π-effects, van der 

Waals forces, and hydrophobic effects) with their partners on the binding epitope of the tar-

get [34], [35], [36]. The entropic contribution is determined by the disruption of the water shell 

on the binding site and the loss of conformational freedom that the ligand undergoes upon 

binding. The latter is always an unfavorable contribution, but it can be mitigated by increasing 

https://www.sciencedirect.com/science/article/pii/S0021967320309067#fig0002
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0030
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0031
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0017
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0032
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0033
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0034
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0035
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0036
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the rigidity of the ligand [37], [38], [39], [40]. In proteins, the binding epitopes comprise amino 

acids optimally displayed within a structured framework that grants them a characteristically 

high binding affinity and selectivity [41]. 

Linear (α-)peptides displaying natural amino acids form the historical core – and cur-

rently the largest group – of peptide-based ligands for bioseparations [16,42,43]. Being afford-

able and scalable, linear canonical α-peptides have been developed for the purification of anti-

bodies and other therapeutic proteins, gene therapy products, and therapeutic cells [44]. Among 

all peptides, however, they are the most prone to biochemical degradation and their high flex-

ibility causes a substantial penalty to their binding energy [45]. Resistance to proteolytic en-

zymes can be achieved by replacing natural with non-natural amino acids [46]. These also im-

prove the chemical diversity of α-peptides by introducing moieties that form stronger non-

covalent interactions, thus boosting the enthalpic component of the binding energy. Modifying 

the backbone chemistry has also proved a valuable design parameter to increase biochemical 

stability and binding affinity: β- and γ-peptides [47,48] as well as N-substituted peptides – 

known as “peptoids” or poly N-substituted glycines [49] – are not prone to proteases and fea-

ture backbones with a different profile of hydrophobicity vs. hydrogen bond-forming moieties; 

these have been shown to improve binding selectivity by privileging side chain group-based 

interactions with the target protein [19,50,51]. 

To mitigate the entropic penalty, constrained peptides with rigid backbone and orienta-

tion of the residues have been introduced: these include cyclic and polycyclic peptides with 

one or more intra-cycle covalent linkage [52], [53], [54], and peptide foldamers featuring a cy-

clic alkyl, alkenyl, or aryl backbone [55]. Foldamers are particularly interesting owing to their 

protein-like ability to fine-tune the presentation of the residues [56,57] and enhance their inter-

action with the target, thus optimizing both enthalpic and entropic components to the binding 

https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0037
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0038
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0039
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0040
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0041
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0016
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0042
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0043
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0044
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0045
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0046
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0047
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0048
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0049
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0019
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0050
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0051
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0052
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0053
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0054
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0055
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0056
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0057
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energy [58,59]. A rigid structure, on the other hand, is not necessarily an immovable one. Re-

cently, linear and cyclic peptides as well as peptide mimetics integrating stimuli-responsive 

moieties have been introduced, whose binding activity for a target can be switched on-and-

off reversibly and remotely via exposure to external fields [60,61]. These ligands feature effi-

cient photo-isomerization of both free and protein-bound forms, substantial variation in protein 

binding energy upon photo-isomerization, and stability of the protein-bound isomer under 

physiological conditions [62,63]. 

The advancements in peptide synthesis technology are closing the “affinity gap” be-

tween peptide-based ligands and their protein counterparts. While small differences remain, 

the increasingly protein-like biorecognition mechanism of recently discovered peptides and 

pseudopeptides attests their potential as next-generation ligands for biomanufacturing. 

1.3.2 Discovery and development technologies 

The identification and optimization of biospecific peptide-based ligands relies on the 

high-throughput construction and interrogation of large ensembles of sequences – known as 

“libraries” – against the desired biomolecular or biological target. A myriad of in vitro and in 

silico tools are now available for building and screening libraries of peptides and pseudopep-

tides. 

The in vitro technology for de novo discovery of peptide-based ligands relies on bio-

logical and synthetic libraries. Biological libraries are all liquid-phase and include mRNA-, 

yeast-, ribosomal-, and phage-display technologies [64]; the latter has been recognized with 

the 2018 Nobel Prize in Chemistry (to George Smith and Sir Gregory Winter) for its potential 

as a drug discovery tool [65,66]. These libraries are characterized by a large diversity (> 

109 variants), allow facile sequencing owing to the recent development in high-throughput gene 

sequencing [67,68], and enable the identification of ligands with high affinity and selectivity 

https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0058
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0059
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0060
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0061
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0062
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0063
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0064
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0065
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0066
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0067
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0068
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via directed evolution [69,70]. As a result, display technology is the tool of choice for the iden-

tification of ligands for difficult bioseparations, where the target is present at low titer (e.g., 

therapeutic viral vectors and cells) in a highly complex medium. On the other hand, by relying 

on the cellular biosynthetic machinery, biological libraries limit the inclusion of amino acids 

with non-natural backbone and side chain groups, or complex structural modifications beyond 

simple cyclization [71], [72], [73]. Furthermore, while enabled by codon editing, the exclusion 

of specific amino acids from biological display peptide libraries - and therefore the resulting 

ligands - is challenging. This poses an issue in industrial bioseparations, where the use of alka-

line conditions mandated for the cleaning-in-place of the adsorbent prevents the use of peptide 

ligands containing asparagine or glutamine [74]. 

The limitations inherent to biological libraries can be overcome by synthetic libraries, 

which are available in either liquid or – predominantly – solid phase. The latter are the offspring 

of combinatorial synthesis methods that enabled the construction of diverse library formats 

(e.g., overlapping, alanine scanning, positional, truncation, random, and scrambled [75,76]) on 

a variety of substrates (e.g., polymer beads and porous resins, membranes, microarrays, 

etc. [77], [78], [79]). The major advantages of synthetic libraries include (i) a virtually infinite 

variety of chemical and structural editing and (ii) the direct screening of ligand candidates on 

solid phase. The former includes the display of any non-natural residue, the hybridization of 

different backbones, cyclization and poly-cyclization, and the integration of stimuli-responsive 

moieties, all of which improve biorecognition strength, selectivity, and process control 

[62,80,81]. Among synthetic libraries on solid phase, the microarray [82,83] and the “one-

bead-one-peptide” (OBOP) [84,85] have been applied countless times to the discovery of pep-

tide and peptide mimetic ligands for protein targeting and purification as these methods are 

easy and affordable to apply and are well suited to high throughput screening. Critical to this 
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end has been the introduction of equipment enabling rapid library screening, such as the ma-

chines for automated miniaturized synthesis on 2D substrates, MALDI-MS imaging for peptide 

microarrays [86], and microfluidic devices for automated screening and sorting of OBOP li-

braries [28,29,87,88]. 

In silico tools have acquired an increasingly higher status in the field of peptide discov-

ery and development [89]. Recent advancements in hardware technology, in fact, have boosted 

the power and accessibility of computing resources, enabling faster simulations of more com-

plex systems [90,91]. This has morphed the in silico evaluation of protein:peptide interactions 

from the validation to the discovery phase, where virtual libraries of peptides and peptide mi-

metics can be screened in a high-throughput fashion against putative binding sites on target 

biomolecules [19,92]. A myriad of proprietary as well as open access algorithms are available 

for performing “druggability” (i.e., identify putative binding sites on the surface of the target 

biomolecule) [93,94], “docking” (i.e., identify binding poses of a candidate ligand on the target 

biomolecule) [95], and molecular dynamics (i.e., refine the target:ligand complex and evaluate 

the binding energy and affinity) simulations [96]. While the current landscape of in silico tools 

is mostly focused on the design of α-peptides ligands, recent advancements in force field de-

velopment are opening avenues towards the screening of virtual ensembles of peptoids, folda-

mers, and other peptide mimetics [97]. Alongside discovery, computational analysis maintains 

its role in ligand evaluation and validation, as it provides a molecular-level decomposition of 

the binding energy at the level of either the single residue or the single energetic contribution 

(e.g., electrostatic, hydrogen bonding, or hydrophobic interactions) [98,99]. This information 

is critical to carry out a rational optimization of the ligand sequence and operation [100,101]. 

Of particular relevance in this regard is the ability of current tools to simulate the immobiliza-

tion of the ligand on a solid phase [102], [103], [104], as well as the ionic strength and pH of 

https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0086
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0028
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0029
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0087
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0088
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0089
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0090
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0091
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0019
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0092
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0093
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0094
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0095
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0096
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0097
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0098
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0099
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0100
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0101
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0102
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0103
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0104


 

10 

 

the environment in which the target:ligand complex is formed [105,106], to evaluate realisti-

cally chromatographic process steps (binding, washing, and elution). 

1.3.3 Scalability and conjugation to chromatographic substrates 

One of the major advantages that synthetic peptides and peptide mimetics hold over 

their protein counterpart is the ability to be mass manufactured affordably and with no batch-

to-batch variability [107]. Liquid phase Fmoc/tBu synthesis [108], in particular, affords large 

amounts (>10 kg) of highly pure peptide at prices as low as $ 10 – 15 per gram, enabling 

inexpensive manufacturing of peptide-based affinity adsorbents. Reducing the cost of biopro-

cessing – especially the downstream segment – remains a key objective, and an increasing 

number of companies are directing their attention to synthetic ligands, including peptides and 

peptide mimetics [42], as a means to make the manufacturing of biologics more affordable. It 

must be noted, however, that industrial peptide manufacturers can currently synthesize only 

linear α-peptides confidently. Advanced compounds, like α-peptides integrating non-natural 

amino acids, peptoids and foldamers, and cyclic and polycyclic structures, on the other hand, 

are subjected to a steep price increase due to the limited availability of the necessary building 

blocks and special reagents for difficult couplings or orthogonal deprotection steps. Nonethe-

less, it is foreseen that the manufacturing of advanced peptides and peptide mimetics will pro-

gress, just like the synthesis of α-peptides which has evolved from a niche technology to a 

mainstream commodity. 

Furthermore, chemical synthesis allows appending residues dedicated to the conjuga-

tion of the ligand onto the chromatographic substrate, either via traditional (e.g., the N-terminal 

or lysine's side chain amino group to an NSH ester- or epoxide-activated substrate; or the thiol 

group of a cysteine to a maleimide-, epoxide-, or alkylhalide-activated substrate [109]) or or-

thogonal conjugation strategies (e.g., thiol-ene or alkine-azide “click” chemistry employing 
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amino acids displaying “clickable” groups such as allylglycine, propargylglycine, or azidoly-

sine [110]). A multitude of chromatographic substrates have been demonstrated for the conju-

gation of peptide and pseudopeptide ligands, including agarose and sepharose, polymethacry-

lates, and silica resins [111,112], or polysulfone, polyester, and polyamide membranes 

[113,114]. 

The ligand density of peptides on substrates can be accurately controlled, which is crit-

ical to minimize variability among lots of peptide-based affinity adsorbents, due to small size 

of peptide ligands and the use of precise conjugation chemistry. 

A critical aspect still in need of improvement is represented by the values of binding 

capacity. The contending protein-based affinity adsorbents feature values > 40 mg of target 

protein per mL of adsorbent [115,116]. While scant, the available literature on optimizing the 

capacity of peptide-based adsorbents has demonstrated that, whilst high values are reachable, 

they require a laborious ad hoc optimization, which is inherently connected to the character of 

peptides as small-molecule ligands. Their size is in fact comparable to the nanoscopic features 

of the chromatographic support surface, which imposes the use of spacer arms and careful 

optimization of their surface density to ensure effective display to capture the target biomole-

cule. Nonetheless, a large degree of variability is unavoidable and peptide and pseudopeptide 

ligands that provide high binding capacity on silica resin, afford rather different capacities on 

Sepharose or polymethacrylate resins [111]. Growing efforts towards the purification of com-

plex targets, such as viruses and cells, pose new challenges to the design of peptide-based ad-

sorbents. Critical in this regard is the formation of multipoint interactions between the biolog-

ical targets and the ligands, which increases dramatically the binding strength – a phenomenon 

known as “avidity” – and makes the elution of the target challenging [44,117,118]. Overcoming 

these issues requires a holistic rethinking of peptide-based ligands and the adsorbent, where 

the ligand surface density, the topology of the pore surface, and the pore size are adjusted 
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concurrently to afford an optimal balance between capacity and selectivity of capture, and ef-

fectiveness of release and bioactivity of the recovered product. 

1.3.4 Industrial applications and regulatory concerns  

The growing success of companies such as LigaTrap Technologies [119], Avi-

tide [120], and Astrea Bioseparations [121] demonstrates that peptides and peptide mimetics 

are on course to become the next-generation ligands for bioseparations. Biological therapeutics 

are rapidly expanding beyond mAbs and a multitude of new affinity ligands and adsorbents 

will be soon needed to meet the demand of clinics and biotech companies worldwide. Two 

decades of Protein A-based technology has taught invaluable lessons about the ideal properties 

of affinity ligands and associated regulatory requirements. 

In this regard, several key properties of peptide and peptide mimetic ligands are only 

superficially known, such as their (i) ability to effectively clear the myriad of host cell proteins 

(HCPs) and nucleic acids, especially those that pose safety concerns to patients [122,123], to 

the levels mandated by regulatory bodies (< 100 ppm), (ii) chemical and biochemical stability 

– and resulting binding capacity and selectivity – across the intended lifetime of the adsorbent 

(up to 200 cycles), and (iii) safety and biocompatibility. To date, only a few peptide and peptoid 

ligands have undergone in-depth scrutiny of these properties, whereas the vastest majority of 

published ligands have been investigated only regarding their binding affinity and capacity as 

well as the product recovery and purity they afford. 

Reassurance that these challenges will be met successfully is given by the outstanding 

chemical and biochemical stability of peptide mimetics. While in fact the secondary amide 

bonds in the backbone of α-peptides can be hydrolyzed by the acidic buffers used for product 

elution and the alkaline solutions used for cleaning-in-place, the tertiary amide bonds forming 

the backbone of peptoids and foldamers feature a substantially higher stability [124]. The su-
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perior strength and durability of peptide mimetics, combined with their excellent biorecogni-

tion properties and ease of conjugation, suggests that these molecules will soon occupy a role 

of preeminence in the proscenium of peptide-based ligands. 

1.4 Linear α-peptide and small protein ligands 

1.4.1 Purification of therapeutic antibodies 

Monoclonal and polyclonal antibodies represent the largest class of biotherapeutics cur-

rently on the market, with more than 60 products approved in the US alone [125]. Monoclonal 

antibodies (mAbs) form the current arsenal in the fight against cancer, autoimmune and neuro-

degenerative diseases, and viral diseases [126]. Polyclonal antibodies (pAbs) are supplied to 

patients affected by autoimmune, infectious, and idiopathic diseases [127,128], and have gar-

nered interest as potential treatments in the recent viral pandemic [129,130]. The chromato-

graphic purification of antibodies, while established, suffers from cost and footprint overrun 

[131,132]. A key role in this context is played by Protein A media, currently the industrial 

standard for mAb capture via affinity chromatography, due to their high selectivity and binding 

capacity. Protein A adsorbents, however, are expensive (up to $15,000 per liter), require rather 

harsh elution conditions, and are prone to leaching toxic and immunogenic ligand fragments 

upon repeated use [92,133]. To address the growing demand for therapeutic mAbs while also 

containing the costs and improving the safety of the purification process, short peptides have 

emerged as alternative ligands (Figure 1.3) [134]. 

Linear α-peptides in particular can be manufactured affordably on the large scale, and 

are inherently safer and more robust than bacterial protein ligands. They exhibit good binding 

affinity and selectivity, and enable product elution under milder conditions, thus reducing the 

risk of product denaturation and aggregation [19,135]. The first antibody-binding peptides date 
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back to the work of Fassina et al. on the “Protein A-mimetic” (PAM) peptide [136] and its in-

verso form D-PAM [137]. Following these pioneering studies, remarkable advances have been 

made in the field of small linear peptide ligands for IgG purification (Table 1.1). 

Our group has produced substantial work on peptide ligands for antibody purification, 

beginning with a series of studies on HWRGWV, HFRRHL, and HYFKFD targeting the Fc 

region of IgG (IgG-Fc) by screening solid-phase synthetic hexapeptide libraries [138]. Peptide 

HWRGWV was evaluated in depth by purifying therapeutic mAb from commercial Chinese 

Hamster Ovary (CHO) cell culture fluids [112,139] and a Lemma plant extract [140], perform-

ing comparably with Protein A and Protein G control resins. The ligand was also utilized for 

purifying human polyclonal antibodies from an immunoglobulin-rich paste of human plasma 

derived from the Cohn-Oncely [141,142], as well as silk milk and whey returning high IgG 

yield and purity. Billakanti et al. utilized HWRGWV for the extraction of polyclonal bovine 

IgG from milk with purity above 85%, demonstrating the usefulness of the ligand for the pro-

duction of nutraceuticals [143]. Of interest is also the ability of this ligand to target all four 

subclasses of human IgG [138], human IgA and IgM [144], [145], [146], as well as animal 

(e.g., rabbit and llama [111,138]) antibodies with high selectivity, affording high product qual-

ity from diverse sources. This is particularly relevant in demonstrating the effectiveness of IgG-

binding peptide ligands over traditional bacterial ligands Protein A, Protein G, and Protein L, 

whose targeting ability is rather narrow [147], [148], [149]. The work on HWRGWV also 

demonstrated the flexibility of synthetic peptide ligands towards conjugation on different sub-

strates. The peptide has in fact been conjugated to polymethacrylate (Toyopearl) and agarose 

(Sepharose and WorkBeads) resins [112,139], a ceramic fluorapatite (CFT) matrix [150], a 

megaporous cryogen [151], and disposable silica resins with optimized functional density, and 

particle and pore size [111]. The latter study is particularly interesting, since it demonstrates 
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the amenability of peptide ligands towards the development of single-use, disposable and re-

cyclable adsorbents. 

Combinatorial strategies for ligand discovery alternative to screening synthetic solid-

phase libraries rely on biopanning of liquid-phase biological libraries [149,159]. In recent 

work, Kruljec et al. screened three phage-display libraries of linear heptameric, linear do-

decameric peptides, and cyclic nonameric peptides against IgG-Fc. AGNGSYWYGVWF was 

selected among the identified sequences as model to develop variants via N- and C- terminal 

trimming, alanine scanning, and sequence mutagenesis. The optimized peptide 

GSYWYDVWF was utilized to recover human IgG from spiked growth medium and crude 

human serum with 95% purity, and sustained functional performance over 25 chromatographic 

runs [126]. Following a similar approach, Sun et al. identified candidate ligands by panning a 

heptapeptide phage-display library against IgG-Fc. The sequences were evaluated via molecu-

lar docking and molecular dynamics (MD) simulations to estimate the free energy of binding 

and the contribution of each amino acid in the sequence. All seven candidates showed affinity 

towards human, canine, and murine IgG as well as human IgM [160]. 

The use of integrated computational-experimental approaches to discover and refine 

IgG-targeting peptides has become mainstream in recent years. Huang et al. utilized the 

IgG:Protein A complex as a starting model for the biomimetic design of affinity peptide lig-

ands [161]. Based on the in silico study of the IgG:Protein A interaction, the authors con-

structed an in silico ensemble of 8-mer peptides and screened it against IgG-Fc using the dock-

ing software Autodock Vina. Based on the preliminary docked structure, a round of sequence 

refinement followed via flexible docking in Rosetta FlexPrepDock, which returned 15 candi-

date peptides. Upon refinement via MD simulations, the sequence FYWHCLDE was selected 

for experimental evaluation via IgG purification from serum and cell culture supernatants, af-

fording purity and yield ∼ 90% [162], [163], [164]; in line with the initial simulations, 
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FYWHCLDE and its variants FYCHWALE and FYCHTIDE were found to target the Protein 

A binding site on the Fc region of IgG. In subsequent work, the group developed the dual-

peptide affinity system FYWHCLDE-FYCHTIDE, which showed a synergistic effect in IgG 

binding, substantially increasing product yield and purity compared to single-ligand adsor-

bents [164]. The same group also developed variant FYCHWQDE, which was utilized to pu-

rify IgG from diluted clarified human serum at 80% yield and 90% purity [165,166]. In a sim-

ilar manner, Wei et al. utilized Autodock Vina to identify tetrameric peptides with high IgG-

Fc affinity and low human serum albumin affinity. The lead candidate peptides DWHW, 

CEWW, and HEYW were evaluated experimentally by studying the effect of salt, pH, and flow 

rate on binding performance. In particular, DWHW was able to purify IgG from CHO cell 

culture supernatants with 95% purity and 85% yield [154]. Based on previous IgG-binding 

peptide ligands found in literature, Wang et al. designed a focused tetrameric peptide library 

comprising two aromatic residues followed by an arginine and an aromatic/aliphatic residue, 

and used the Flexible Docking module of Discovery Studio to screen the library against the 

protein A binding site of IgG-Fc. Upon MD refinement of the docked structures, the lead can-

didate ligand Ac-YFRH was selected for experimental studies, affording a remarkable IgG pu-

rification from a clarified CHO cell culture supernatants with 99% purity and 89% yield [155]. 

Tong et al. utilized alanine scanning and MD simulations to evaluate the binding to a highly 

conserved consensus binding site and several Fc-binding ligands including protein A, protein 

G, and Fc receptors for IgG (FcγRs) [167]. These studies demonstrated the importance of hy-

drophobic interactions and aromatic residues in Fc targeting. Accordingly, tryptophan-mimetic 

5-amino-benzimidazole (ABI) was adopted as a ligand for mAb purification via multimodal 

charge induction chromatography. The ligand was tested by isolate mAb from cell culture flu-

ids, affording 88.6% yield and 98.9% purity [156]. In an effort to further develop this ligand, 

MD simulations were used to guide the design of complementary tripeptide ligands to balance 
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the hydrophobic and electrostatic contributions to Fc binding. The selected tripeptide FYE was 

conjugated to the ABI moiety and the resulting ligand was utilized to isolate human IgG from 

human serum with 88.9% yield and 93.9% purity [157]. 

In a recent effort, our group developed an integrated computational-experimental ap-

proach for the discovery of linear peptide ligands with high purification performance [92]. An 

ensemble of 60,000 linear hexametric variants of HWRGWV were initially generated and 

screened in silico using a high-throughput search algorithm to identify sequences targeting 

IgG-Fc. The selected sequences were then negatively screened in silico against a panel of 24 

model host cell proteins (HCPs) to down-select candidate ligands with high affinity and selec-

tivity. Sequences WQRHGI and MWRGWQ were conjugated to Toyopearl resins and evalu-

ated by measuring by static binding capacity (52.6 and 57.5 mg of IgG per mL of adsorbent, 

respectively) and dynamic binding capacity (DBC10% of 30.1 and 36.4 mg/mL, respectively, at 

2 minutes residence time). Measurements of binding affinity via isothermal titration calorime-

try (ITC) confirmed the in silico values of binding energy and the affinity-like binding activity 

of both peptides. WQRHGI-WorkBeads resin was utilized to purify a therapeutic mAb from 

an industrial CHO cell culture harvest, affording a remarkable 500-fold reduction in HCP titer 

and performing consistently over 100 chromatographic cycles. 

While most antibody therapeutics on the market or in clinical trials are IgG-based, in-

creasing attention has been given to Immunoglobulin A (IgA) and M (IgM). IgA has value in 

the treatment of infectious and malignant diseases [146], while monoclonal IgM offers prom-

ising anticancer and antitumor activity in melanoma patients [168]. Compared to the mole of 

studies on IgG purification, much less work has been conducted on the purification of IgA and 

IgM. Our group has demonstrated the utility of ligand HWRGWV towards IgA and IgM re-

covery from recombinant sources: artificial cell culture fluid mimetic, with 80% yield and 90% 

purity for hIgA, and 75.7% yield and 86.0% purity for hIgM [144,152]; a CHO cell culture 
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supernatant and a human B lymphocyte cell culture supernatant with both purity and yield 

above 90% [145]. Notably, the dynamic binding capacity of HWRGWV-Toyopearl resin for 

IgM is much greater than protein-based affinity ligands and competitive with commercial ad-

sorbents KAPTIVE-M, CaptureSelect IgM, and Ultralink Immobilized Mannan Binding Pro-

tein [145]. 

Recently, avian immunoglobulins (IgY) have gained increasing attention for their ther-

apeutic potential as they represent a readily available and economical substitute to 

IgG [169], [170], [171], [172]. Protein A and G, however, do not bind IgY, and conventional 

IgY purification procedures achieve low yield and purity. In the effort to develop effective 

ligands for IgY purification, Khan et al. screened a T7 phage display library of decameric di-

sulfide-cyclic peptides. Of the 30 sequences identified, 3 showed particularly high binding af-

finity and specificity, and were further characterized via enzyme-linked immunosorbent assay 

(ELISA), surface plasmon resonance (SPR), immunoprecipitation, and affinity chromatog-

raphy. The selected peptide GVKCTWSSIVDWVCVDM was biotinylated and immobilized 

onto a HiTrap Streptavidin HP column, and used to extract IgY from chicken egg yolk, afford-

ing ∼ 70% yield and >90% purity [80]. 

Recent advances in antibody engineering have led to the development of recombinant 

fragments for use as functional alternatives to whole mAbs. While offering advantages in terms 

of therapeutic efficacy and cost effectiveness, these antibody derivatives introduce new chal-

lenges to downstream processing. Protein A chromatography, in fact, cannot capture non-Fc 

fragments or selectively purify target heterodimer bispecific antibodies from the homodimers. 

To address these issues, Nascimiento et al. screened phage display libraries to identify the first 

peptide ligands targeting Fab-κ [149]. Of three selected sequences WHYNWQDVSDRQ (A5), 

WIPNSEFEHERT (B1), and HQNHHSTFWEIY (C7) found to target Fab with micromolar 

https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0145
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0145
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0169
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0170
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0171
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0172
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0080
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0149


 

19 

 

affinity, B1 was selected for its binding consistency across the panel of target Fabs and immo-

bilized onto NHS activated Sepharose Fast Flow for evaluation via affinity chromatography. 

The peptide managed to recover Fab from a crude E. coli cell lysate with 84% yield and 90% 

purity, enabling gentle elution conditions (pH 5) and reproducible results across multiple chro-

matographic cycles. In a similar manner, Akiyama et al. screened a phage-display library of 

linear peptides against consensus sequences comprising heavy and light-chain variable-regions 

of human antibodies, and designed by aligning the Fv region of human IgG [173]. Library 

screening returned several candidate ligands, a subset of which were characterized in combi-

nation by purifying trastuzumab-derived single chain variable fragments from Rosetta2 E. coli, 

affording 60% yield. 

1.4.2 Purification of other therapeutic proteins 

With regards to downstream processing, mAbs have the advantage of a conserved struc-

tural framework that can targeted by a single ligand irrespective of the antigen specificity. Non-

antibody protein therapeutics, on the other hand, rarely share conserved structural regions, and 

affinity ligands must therefore be tailored to every target (Figure 1.4). Antibody substitutes, 

blood factors, therapeutic enzymes, and hormones are the most targeted species (Table 1.2).  

Small-molecular-weight scaffolds, including adnectins [174], anti-

calins [175] DARPins [176], knottins [177], and affibodies [178] hold true promise as alterna-

tives to antibodies in human therapy and biotechnology [179,180]. These species feature cus-

tomizable binding affinity and can be expressed inexpensively and at high titer in bacteria, 

and [180]. Among them, affibodies hold a prominent position, with more than a dozen products 

on the market, regulatory approval for human therapy [181,182], and a growing body of liter-

ature demonstrating their value in basic research [183], [184], [185]. Yet, the purification of 

affibodies does not benefit from an established platform technology, limiting their availability 

and increasing their price. In a recent study, Barozzi et al. presented the discovery of peptides 
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that target the constant regions of affibodies by screening a solid-phase synthetic peptide library 

simultaneously against multiple model affibodies [186]. The selected sequences were evalu-

ated via chromatographic studies and in silico docking to demonstrate targeting of the con-

served affibody domain. Peptide IGKQRI was further validated through purification of an anti-

ErbB2 affibody from an Escherichia coli lysate affording in 71% yield and 91% purity. 

A prominent role among blood factors is played by Factor VIII (FVIII), which is uti-

lized in the treatment of Hemophilia A [197]. Intravenous supplementation of FVIII requires 

the production and purification of massive amounts of FVIII worldwide, which traditionally 

relied on immunoaffinity chromatography followed by ion exchange-based product polishing 

[198,199]. To replace expensive antibody ligands, Jungbauer et al. reported a series of octam-

eric peptides with high affinity to FVIII identified by screening a combinatorial spot library. 

The peptide EYKSWEYC showed the best performance for FVIII purification by affinity chro-

matography from diluted plasma, although the values of purity and yield were not reported 

[194,195]. In later work, Kelly et al. screened phage-display libraries to identify peptides tar-

geting the recombinant B-Domain Deleted Factor VIII (BDDrFVIII). The identified sequence 

HRCGSWLHPCLA was used to purify BDDrFVIII from CHO fluids affording 85% recovery 

and 99.9% purity [192,193]; this peptide provides a 10,000-fold reduction in host cell proteins 

and host cell-derived DNA, comparable in performance with immunoaffinity purification tech-

niques. 

Another family of major interest among protein therapeutics is that of hormones, whose 

best-known members are insulin, erythropoietin, and gonadotropic hor-

mones [200], [201], [202]. Among the latter, follicle stimulating hormone (FSH) is clinically 

used to assist reproduction technologies of in-vitro fertilization (IVF) and intracytoplasmic 

sperm injection [203,204]. In a recent study, Messina et al. designed a short peptide ligand 
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KVPLITVSKAK for the purification of rhFSH via affinity chromatography. The peptide se-

quence was selected by generating and screening variants of the FSH receptor exoloop 3 [205]. 

As the variant with the highest affinity for FSH, KVPLITVSKAK was conjugated to the chro-

matography resin SulfoLink agarose and utilized to purify rhFSH from a crude sample of CHO 

cell supernatant, returning 94% purity and 41% yield [190]. In another study, Chandra et al. 

developed a peptide affinity ligand for the human growth hormone (hGH) by screening a small 

peptide library using the hGH-binding protein and human prolactin receptor as reference bind-

ers [191]. The peptides in the library were designed via receptor epitope mapping, identifica-

tion of interacting regions and adjacent loops, and mutated variants of these sequences. Using 

a microarray screening method, the candidate ligand SMWRTYIGSGSG was selected to purify 

hGH from a Pichia pastoris cell culture fluid, affording 91% purity but only 20% yield. Histi-

dine mutagenesis of the ligand resulted in the peptide variant SMWRTYHGSGSG, which was 

found able of capturing hGH from the same Pichia pastoris fluid with 95% purity and 80% 

yield. 

Among the emerging enzyme therapeutics, CRISPR-Cas nucleases hold a prominent 

place owing to the ubiquitous application of CRISPR in biotechnology, medicine, and biopro-

cessing [8,206]. Despite the incipient clinical trials and the growing use of Cas nucleases in 

organism engineering, affinity ligands targeting these proteins are missing, posing a major 

roadblock to the long-term success of this technology. To address this challenge, Day et al. 

implemented an orthogonal dual fluorescence method to screen a solid-phase peptide library 

against a model mixture of Streptococcus pyogenes Cas9 spiked in E.coli cell lysate and iden-

tify Cas9-binding peptides. Selected octameric sequences GYYRYSEY and YYHRHGLQ 

were shown to target the RecII domain of Cas9, and utilized to purify Cas9 from a E.coli cell 

lysate with recovery of 86∼89% and purity of 91∼93% [207]. 
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In a recent study, Trasatti et al. presented a method for the rational design of peptide 

affinity ligands for purifying a recombinant human therapeutic enzyme [24]. The putative bind-

ing domains on the surface of the enzyme were initially identified in silico and utilized as target 

sites to screen a virtual library of peptides constructed by mutating helical peptides derived 

from zipper-like proteins. The peptide variants with predicted complementarity to the target 

were evaluated experimentally via microarray screening to identify candidate ligands with high 

binding affinity and gentle elution conditions. Selected peptides were further evaluated in batch 

chromatography studies, where peptide-based resins captured and eluted the target with sub-

stantially higher purity compared to commercial mixed-mode resin material. 

In recent work, Martinez-Ceron et al. developed a peptide against the Phospholipase 

A2 (PLA2) subunit of Crotoxin, a toxin in the venom of the rattlesnake species Crotalus duris-

sus terrificus [208]. PLA2 has demonstrated antiviral activity against yellow fever and dengue 

viruses [209], although no protein ligands are available for its large-scale purification. The au-

thors synthesized and screened a solid-phase combinatorial library of decameric peptides 

against biotinylated PLA2, using Streptavidin-Peroxidase and α-Chloronapthol/H2O2 to evalu-

ate binding. The selected peptides were sequenced with matrix-assisted laser desorption/ioni-

zation time-of-flight mass spectrometry (MALDI-TOF-MS). Among the ligands that were 

evaluated experimentally, the leading candidate peptide was shown to capture up to 97% of 

PLA2 in the source venom and remove most of the endogenous proteins present therein. 

1.4.3 Peptide ligands for protein purification in flow-through mode 

In traditional biomanufacturing practice, the validation of a batch of therapeutic mAb 

only required the certification of residual impurities (HCP and DNA) to be below the FDA-

imposed limits. Today, the introduction of advanced analytical techniques for protein identifi-

cation and quantification has shown that mAb batches with acceptable global level of impuri-

ties can contain amounts of single high-risk HCP impurities (HR-HCPs) that either are a threat 
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to patient health (e.g., are toxic or immunogenic) or can degrade the product or its excipients 

during storage resulting in harmful products. A growing body of literature is also documenting 

that commercial Protein A and polishing adsorbents struggle to remove particular HR-

HCPs [210], [211], [212]. Different HR-HCPs have been highlighted both on a process-basis 

and a product-basis [212,213]. In some instances, HR-HCPs can be effectively cleared, but this 

requires implementing additional steps in the purification process [214,215]. “Hard-to-re-

move” HR-HCPs, however, have been reported to cause delays in FDA clinical trials of mAbs 

[216,217] and process approval [218,219], and recall of mAb batches [220,221]. To address 

this challenge, Lavoie et al. developed a set of peptide ligands that target the HCPs produced 

by CHO cells, with minimal binding of the mAb product [222] by screening combinatorial 

libraries of linear tetrameric and hexameric peptides [28,223]. The selected sequences were 

conjugated onto Toyopearl resins and utilized to purify therapeutic mAbs by capturing CHO 

HCPs in flow through mode (Figure 1.5). Optimization of the loading conditions (buffer com-

position and pH, and loading ratio) afforded a >90% purity of the mAb product and a >80% 

yield. Importantly, the proteomics analysis of the effluent via mass spectrometry demonstrated 

that hard-to-remove and high-risk HCPs were effectively retained [222], demonstrating the po-

tential of this adsorbent for scrubbing HCPs prior to Protein A capture step in a mAb purifica-

tion platform [224]. Further improvement of this technology may require targeted screening of 

peptide libraries against individual HCPs that are escaping capture by the current ensemble of 

peptide ligands. 

The enrichment of low-abundance proteins in complex fluids using ensembles of pep-

tide ligands immobilized on chromatographic substrates has also been investigated as a means 

to improve the outcome of proteomic studies. This technology, now known as mixed-bed af-

finity chromatography [225], was introduced by Thulasiraman et al., who employed full com-

binatorial peptide libraries to capture proteins via broad-spectrum intermolecular interactions 
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in flow through mode [226]: as a complex protein mixture flows through the adsorbent, the less 

abundant proteins are captured and gradually build up into the column, while high-titer proteins 

rapidly saturate their binding sites and the excess flow through; upon saturation, all proteins 

are desorbed from the adsorbent, yielding a solution enriched in low-abundant proteins by up 

to 3 – 4 orders of magnitude [227]. The equalization of protein titers improves dramatically the 

detection of the species in solution. Contrary to mixed-mode resins where one ligand captures 

multiple proteins [228], mixed-bed affinity chromatography utilizes a pooled resin where each 

bead is functionalized with different ligands. This technique is particularly attractive for its 

ability to magnify diluted species, and has great potential for preparative and diagnostic appli-

cations, and proteomic studies on biological fluids [229], [230], [231] and plant extracts 

[232,233]. Combinatorial peptide libraries for low-abundance protein enrichment are now 

commercially available under the name ProteoMiner (Bio-Rad, CA, USA). When tested 

against seven other protein depletion strategies, ProteoMiner provided the best protein enrich-

ment, affording a 1.5-fold increase in protein detection [234]. D'Ambrosio et al. [235], Ma et 

al. [236], and Liu et al. [237] used ProteoMiner and its carboxylated version to remove highly 

abundant proteins from chicken egg white or blood sample, increasing the number of identified 

proteins compared to the previously available list. Simo et al. also used the ProteoMiner kit to 

enrich and study the low-abundance proteome of red blood cells by removing high-abundance 

species such as albumin and immunoglobulins [238]. Restuccia et al. used the kit to detect 

novel protein species in human serum [239]. Fasoli et al. also reported the proteomic charac-

terization of African Puff Adder snake venom after pre-fractionation using ProteoMiner beads 

to amplify low-abundance proteins, thus contributing to a more comprehensive description of 

the venom proteome [240]. In another study, Li et al. solubilized proteins from human tissue 

in Triton X-100 prior to loading onto ProteoMiner beads, and eluted the enriched proteins with 

a urea solution. The detergent's solubilization of the high-titer hydrophobic proteins present in 
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tissues and cells enabled the capture and identification of new proteins from the four human 

tissues including eight membrane/secreted proteins and five nucleus proteins [241]. This ap-

proach has spurred a number of recent advances in analytical protein enrichment using peptide 

libraries on chromatographic substrates. In a recent study, Candiano et al. developed a peptide 

library modified with Alcian Blue 8GX, a cationic dye targeting protein glycosylation groups, 

to improve the detection of glycoproteins and glycopeptides in the human urinary prote-

ome [242]. 

1.5 Purification of gene therapy products 

1.5.1 Purification of DNA 

Plasmid DNA has recently emerged as a promising biotherapeutic class for vaccination 

and gene therapy applications [243,244]. Among the many forms of plasmid DNA - open cir-

cular, relaxed circular, linear, supercoiled, and supercoiled denatured conformations - the 

supercoiled isoform is considered to be the most effective, owing to its stability and antigenic-

ity. As with protein therapeutics, this growth poses the need of affinity ligands for purifying 

not just plasmid DNA, but specific isoforms of plasmid DNA as well [245]. 

In early studies, chromatographic substrates functionalized with arginine-rich peptide 

ligands were shown to bind specifically and separate the supercoiled and open circular isoforms 

of plasmid DNA by interacting with the DNA backbone and specific nucleotide bases. These 

ligands have since been characterized and incorporated into numerous platforms for the puri-

fication of plasmid DNA [246,247]. Bai et al. have studied the effect of ligand density and 

spacer length on the binding efficiency of arginine towards supercoiled plasmid DNA and en-

able large scale purification. Longer spacer arms and increased ligand density improved bind-

ing capacity of the ligand, providing a more feasible chromatography method for large scale 

supercoiled plasmid DNA purification from clarified cell lysate [248]. In addition, Cardoso et 

al. utilized di- and tri- arginine decorated monoliths as a plasmid DNA purification platform. 
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Compared to a single arginine monolith, epoxy monolithic columns functionalized with di- and 

tri-arginine homopeptides showed higher dynamic binding capacity of plasmid DNA, but also 

caused longer retention times, and reduced elution efficiency and yield [249]. These authors 

have also employed arginine-based ligands to develop a negative-mode chromatography plat-

form to remove host impurities from plasmid DNA. The preferential binding of RNA, proteins, 

genomic DNA, and endotoxin impurities, in fact, inhibited plasmid DNA capture, allowing up 

to 99% of plasmid DNA recovery from an E. Coli lysate [250]. 

In another study, Ferreira et al. compared the performance of L-tyrosine and oligo-L-

tyrosine peptides for the affinity purification of supercoiled plasmid DNA. The study of bind-

ing conditions of pVAX1-LacZ and pcDNA3-FLAG-p53 plasmids to oligo-L-tyrosine pep-

tides via SPR demonstrated the ability of these ligands to separate the supercoiled isoform from 

the open circular and linear isoforms of plasmid DNA [251]. In a similar study, Santos el 

al. used L-tyrosine and L-tryptophan as ligands for purifying the supercoiled isoform of 

pPH600, a plasmid forming the G-quadruplex secondary structure. L-tyrosine in particular was 

able to recover supercoiled pPH600 with high purity and yield [252]. SPR and chromato-

graphic analysis of single L-amino acid ligands demonstrated that these ligands have specific 

biorecognition of supercoiled pVAX-LacZ and pPH600 plasmids [253]. 

Minicircle DNA (mcDNA) vectors are similar to plasmid DNA vectors, but are de-

pleted of the bacterial sequences [254]. These minimal plasmids avoid the transgene silencing 

and immunologic responses caused by the bacterial elements, resulting in improved biologic 

efficacy [255]. Despite their therapeutic promise, no downstream process is available to meet 

the growing demand for mcDNA. In an effort to develop a minicircle DNA affinity ligand, 

Gaspar et al. evaluated the binding of novel arginine-based peptides to mcDNA via SPR, and 

found that binding is improved by lowering the ionic strength of the binding environment, 

indicating that electrostatic interactions play a central role in peptide-target binding [256]. 
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These researchers utilized a zinc-binding HHHHHHCC peptide to mimic a DNA-binding zinc-

finger motif, which, when complexed with the Zn+2 ion, exhibited significant DNA binding 

and was used to purify mcDNA with comparable performance with RR dipeptide ligands 

[256,257]. 

1.5.2 Purification of viral therapeutics 

Viral products play an increasingly important role in therapy and prophy-

laxis [258], [259], [260]. Recent advancements in genetic engineering and recombinant virus 

production have improved the efficacy and titer of vaccines and vectors for gene therapy 

[261,262]. On the other hand, major challenges remain in their downstream processing, where 

critical quality attributes such as capsid protein makeup and full/empty capsid ratio remain 

unmet [260]. As the current purification methods are expensive, time-consuming, and difficult 

to scale-up, researchers have explored the use of synthetic ligands to improve chromatographic 

purification platforms. 

Among the viral vectors for gene therapy, a prominent role is held by Adeno-Associated 

Virus (AAV) [258,263]. Commercial chromatographic adsorbents for AAV purification em-

ploy ligands derived from engineered single-chain (e.g., camelid) antibodies and antibody frag-

ments, such as the POROS™ CaptureSelect™ AAVX Affinity Resin or AVB Sepharose HP 

resin [264], [265], [266]. Together with high binding capacity and selectivity, however, these 

adsorbents suffer from the shortcomings inherent to protein ligands, such as limited targeting 

range and biochemical stability. The development of robust and cost-effective peptide ligands 

is highly sought after to improve AAV biomanufacturing, especially owing to their potential 

to enable single-use purification tools. 

Pulichela and Asokan pioneered the discovery of AAV-binding peptides by screening 

a phage display library of heptameric peptides against AAV serotype 8 (AAV8) capsids [267]. 

The selected sequence GYVSRHP, named Pep8, was characterized for AAV binding on solid-
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phase, demonstrating the ability to bind not only AAV8, but also AAV1, AAV2, AAV5, 

AAV6, and AAV9 capsids. Pep8-agarose resin was therefore evaluated by purifying AAV8 

from clarified HEK293 cell lysates. Gel electrophoresis and qPCR analyses demonstrated the 

ability of Pep8 to capture and enrich AAV8 vectors from dilute sources. 

Virus-like particles (VLPs) are regarded as the next frontier of vaccines, owing to the 

ease of recombinant expression, high titer, and optimal presentation of the antigen [268,269]. 

Fernandes et al. utilized phage display to discover peptide ligands targeting retrovirus-like par-

ticles expressing the envelope protein Ampho4070A (VLPs-AMPHO) [270]. The lead peptide 

candidate CAAALAKPHTENHLLT was immobilized on agarose resin and evaluated against 

null virus-like particles (null-VLPs) and VLPs-AMPHO. The resulting adsorbent demonstrated 

selective VLPs-AMPHO capture (∼16 µg/g resin) and virtually no null-VLP binding. While 

the VLPs recovered in elution were not assessed for biological activity, the recovery yields of 

the viral vectors reached 90-100% under mild elution using 12 mM imidazole in physiological 

buffer (PBS, pH 7.4) [270]. In a similar study Zheng et al. screened a phage display peptide 

library to discover peptide ligands targeting recombinant Porcine circovirus type II (PCV2) 

Cap protein [271]. PCV2 is a circular, single-stranded DNA virus with porcine pathogenicity 

and is responsible for significant economic losses to the swine industry [272]. The PCV2 Cap 

protein is the main antigenic determinant of PCV2 [273] and its recombinant form is utilized 

to prepare vaccines against PCV-associated diseases. The selected sequence YHDCFSAG-

FCIG, characterized via SPR, exhibited a remarkable binding affinity for PCV2 Cap protein, 

with a dissociation constant (KD) in the nanomolar range. Owing to its high affinity, the peptide 

was utilized as primary capture agent to develop an ELISA kit with high sensitivity for the 

detection of PCV2 Cap protein [271]. Finally, YHDCFSAGFCIG was conjugated to magnetic 

beads and characterized for the affinity purification of PCV2 Cap protein from recombinant E. 

coli BL21 (DE3) cell culture, affording high yield and purity. In a more recent study, Hao et 
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al. utilized molecular docking to identify peptide sequences targeting the PCV2 Cap pro-

tein [189]. The leading ligand candidate DYWWQSWE was characterized via SPR, demon-

strating high PCV2 Cap protein binding affinity, and utilized to purify the protein from recom-

binant BL21 cell culture fluids with 98% purity and 90% yield. 

Building on the work of in silico development of single protein-binding peptides, MD 

simulations have been applied to identify peptide ligands for viral particles. In one example, 

Li et al. adopted a computational approach to identify putative binding sites on murine poly-

omavirus virus-like particles and develop targeted peptide ligands. Murine polyomavirus virus-

like particles are capsids formed by self-assembled capsomeres and have demonstrated inter-

esting potential towards multiple therapeutic applications including vaccination, gene therapy, 

drug delivery, and materials science [188]. The authors initially studied the interaction between 

the capsomeres and a minor coat protein on the capsid of murine polyomavirus and identified 

“hot spots”, namely putative binding sites on the surface of the capsomeres. A virtual library 

of peptide ligands was docked in silico on the binding sites using Autodock Vina, and selected 

complexes were refined and validated via MD simulations. The leading candidate 

DWDLRLLY was finally validated experimentally, affording capsomere enrichment from a 

15.6% purity feedstock to 70.1% purity elution fraction [188]. 

1.5.3 Removal of pathogenic contaminants from biological fluids 

Bacterial and viral contamination in human therapeutics is a major concern in the bi-

omanufacturing industry, given the large amount of therapeutic drugs derived from mammalian 

cell cultures or plasma fractionation [274]. The downstream processing of therapeutic products 

is required to comprise at least two distinct clearance steps and clear 99.99% of contaminating 

viral particles and bacterial toxins (i.e., 4 log reduction). In this context, the use of peptide 

ligands to capture virus particles and bacterial toxins in bioprocess streams has proven its po-

tential to ensure product safety and patient's health. 
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The group led by Carbonell has pioneered the discovery of peptide ligands for contam-

inant removal from biological fluids [275], [276], [277], [278]. In an early study, the peptide 

YYWLHH was selected by screening a solid-phase combinatorial library of hexametric pep-

tides against staphylococcal enterotoxin B. The peptide, which features antibody-like affinity 

for the capsid, was conjugated to Toyopearl resin and utilized to remove enterotoxin B from a 

mixture of SEB in either E. coli lysate or S. aureus fermentation broth in a single step, achiev-

ing more than 70% reduction [279]. In another study, the team screened a solid-phase library 

for trimer peptides to identify ligands that capture porcine parvovirus (PPV). The selected pep-

tides WRW, KYY, and RAA provided high clearance (4.5–5.5 log) of PPV particles from 

buffer, although only WRW was able to remove all detectable PPV at relatively low injection 

volumes when challenged against diluted human blood plasma. This work demonstrated that 

small peptide ligands hold promise to replace nanofiltration or anion exchange chromatography 

in removing viruses from biomanufacturing fluid streams [280]. In a subsequent study, in the 

attempt to improve the capture of PPV by reducing its non-specific binding to plasma proteins, 

the authors examined the influence of peptide density and the use of hydrophilic spacer arms 

on the efficiency of virus removal. Their results demonstrated that low WRW density enhanced 

binding selectivity, facilitating specific peptide-virus capture in the presence of plasma pro-

teins [275]. 

Rogers et al. utilized phage display screening to identify dodecameric peptides target-

ing Norwalk virus-like particles (NV VLPs). Norovirus (NoV) causes an estimated 21 million 

cases of gastroenteritis in the US annually, resulting in high hospitalization rates and loss of 

life in severe cases [281]. Immunosorbent diagnostics (e.g., ELISA kits and lateral flow assays) 

are currently utilized for NoV diagnosis detection. However, the development, production, and 

quality control of anti-NoV antibodies are laborious and expensive, and pose a defined need 

for robust and affordable detection tools. Peptide NV-N-R5-1, isolated by the team, targets the 
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protruding domain of the VP1 capsid protein and was utilized in lieu of antibodies to develop 

an ELISA test providing a limit of detection of 1.56 ng of NV VLP [282]. 

In another study, Memczak et al. developed three peptides derived from complementa-

rity determining regions of anti-hemagglutinin antibody heavy chain against influenza A spike 

glycoprotein. The peptides were identified as substitutes to antibodies to detect and character-

ize influenza viruses and aid in the development of vaccines and therapeutics. In particular, 

sequence ARDFYDYDVFYYAMD (PeB) and its mutant variant ARDFYGYDVFFYAMD 

(PeBGE) showed strong binding of influenza A/Aichi/2/68 H3N2 and other medically relevant 

influenza strains, demonstrating potential for application in viral detection and treatment [283]. 

1.6 Purification of Therapeutic Cells 

Cell purification technology plays a key role in advanced therapeutic and diagnostic 

applications [284], including personalized cell therapy [285], tissue engineering [286], disease 

monitoring [287], as well as drug discovery [288] and fundamental cell biology [289]. Numer-

ous cell isolation techniques have therefore been proposed to meet the growing demand for 

phenotypically pure cell populations. While several of these methods rely on the size and the 

superficial physicochemical properties of cells [290], affinity-based separations have become 

an established mainstream in cell purification [291]. Affinity-based cell separations have tra-

ditionally relied on antibodies targeting surface proteins that are unique or over-expressed on 

the target cells. Despite their significant cost, antibodies are attractive owing to their high af-

finity and selectivity [292]. When immobilized on a solid surface, antibodies drive cell capture 

by “avidity”, which refers to the multivalent, also known as multi-point, interaction between 

the antibodies and multiple copies of the target protein on the cell's surface [293] (Figure 1.6). 

Due to the high inherent binding strength of antibodies, avidity results in very strong cell cap-

ture [294], which imposes harsh elution conditions that can be detrimental to cell functionality 
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and viability [295]; furthermore, the high binding strength of antibodies can also trigger unde-

sired intracellular signaling cascades as well as cell death [296]. To overcome these limitations, 

peptides have emerged as alternative affinity ligands for cell separations. Peptides typically 

exhibit milder affinity compared to antibodies, which enables using gentler elution conditions 

that can preserve cell viability and functionality [297]. The advances in peptide selection via 

screening of phage display [298], mRNA display [299], and synthetic [300] peptide libraries 

as well in silico peptide ensembles [301], [302], [303] have spurred a remarkable growth in 

peptide-based tools for cell purification. 

Cell-targeting peptides are commonly immobilized onto solid substrates to capture cells 

via adhesion, and are often used in diagnostic applications, where a particular cell phenotype 

is indicative of a disease. For example, circulating tumor cells (CTCs) shed from primary tumor 

tissue are typically indicative of metastasis [304]. Accordingly, the isolation of CTCs from 

peripheral blood plays a significant role in monitoring disease progression and evaluating ther-

apeutic efficacy. Bai et al. discovered the peptide VRRDAPRFSMQGLDACGGNNCNN spe-

cific to the EpCAM biomarker, which is over-expressed on CTCs but not on other blood 

cells [305]. This anti-EpCAM peptide (KD ∼ 1.98 nM) showed comparable binding affinity to 

that of an anti-EpCAM antibody (KD ∼ 0.269 nM), and was conjugated to magnetic nanopar-

ticles to isolate breast, prostate, and liver cancer cells from spiked human blood, affording high 

capture efficiency (>90%) and selectivity (>93%). Other EpCAM-binding peptides have been 

identified for use in capturing CTCs for diagnostic applications [306]. Peptides specific to other 

biomarkers have also been used to isolate cancer cells and CTCs. One example is represented 

by the RGD peptide, which targets the αvβ3 integrins overexpressed on many cancer cell 

types [307]. Xiao et al. functionalized nanofibers integrated into a microfluidic device with 

RGD peptides to capture cancer cells and CTCs [308]. A549 cancer cells expressing high levels 

of αvβ3 integrin were captured with high efficiency (91.8%), but only moderate purity (33.1%), 
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from a spiked suspension of white blood cells. Notably, the RGD peptide was conjugated to 

the nanofiber using an acid-labile linker, which enabled nondestructive recovery of the cap-

tured cells. 

Cell-binding peptides have also been applied to the rapid detection of low concentration 

pathogenic bacteria in food sources or bodily fluids. The early detection of pathogens is often 

difficult due to their low concentrations, and most samples must be concentrated to increase 

the bacterial concentration above the limit of detection (103 to 106 CFU/mL) to enable analy-

sis [309]. Sample concentration, however, is laborious and can result in a loss of sample. To 

overcome this issue, immobilized anti-microbial peptides (AMPs) are frequently employed as 

ligands to develop bioassays where enrichment and detection of bacteria is achieved on the 

same device [310], [311], [312], [313], [314]. In one example, Qiao et al. developed a high-

sensitivity electrochemical biosensor for quantifying E.coli O157:H7 cells by combining the 

capture of bacteria using the antimicrobial peptide Magainin I (GIGKFLH-

SAGKGKAFVGEIMK) with enzymatic signal amplification [315]. The assay could de-

tect E.coli cells spiked into apple juice and ground beef samples for concentrations as low as 

84 and 233 CFU/mL, respectively. As the identity of pathogens in a sample is often unknown, 

an ideal detection platform must be able to detect a variety of pathogens. The use of peptide 

arrays allows for multiplexed detection of pathogens as demonstrated by Paradoux et al. [309]. 

In this work, six different AMPs were spotted onto a chip for surface plasmon resonance im-

aging. Each AMP exhibited a distinct binding with the pathogens tested and allowed for the 

unequivocal identification of unknown pathogens within a sample by comparing the binding 

pattern on the array to the binding profile of known pathogens. 

Beyond diagnostics and pathogen detection, adhesion-based cell separation is also ad-

vantageous in tissue engineering applications. Prior to culturing on scaffolds, in fact, cell pop-

ulations must frequently be enriched from a heterogeneous suspension obtained from a tissue 
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sample. Ploufee et al. developed microfluidic devices functionalized with peptide REDV or 

VAPG to enrich endothelial or smooth muscle cells, respectively [316]. These peptides are 

derived from cell-binding proteins: REDV is found in the type III connecting region of fibron-

ectin [317], while VAPG is derived from elastin [318]. Using these peptide ligands, endothelial 

and smooth cells were recovered at 86% and 83% purity, respectively, corresponding to a 3-

fold enrichment compared to the inlet concentration. To improve the performance of the device, 

the phage-derived peptide HGGVRLY was utilized in lieu of REDV to improve the capture 

endothelial cells [319]. 

A significant challenge when separating cells for tissue engineering is posed by the low 

abundance of target cell types in pathological tissues [320]. Cells derived from primary tissues 

are generally anchorage-dependent and will not perform further functions, like proliferation, 

unless adsorbed onto a scaffold that mimics the extracellular matrix of the native tissue [321]. 

Peptide ligands are ideal binding moieties for recruiting particular cell types to adhere to sub-

strate biomaterials. The RGD peptide has been extensively utilized for broad-spectrum cell 

adhesion on tissue culture substrates [322,323], although more cell-specific ligands are known. 

In one study, Shao et al. enhanced the adhesion of synovium-derived mesenchymal stem cells 

by conjugating the heptapeptide LTHPRWP on polycaprolactone electrospun meshes and hu-

man decalcified bone scaffolds [324]. Peptides targeting mesenchymal stem cells 

(DPIYALSWSGMA [320], as well as disulfide cyclic peptides CDNVAQSVC [325] and 

CTTNPFSLC [326]) and human dermal fibroblasts (GTPGPQGIAGQRQVV [327]) have also 

been used for cell recruitment to scaffolds. 

As shown above, affinity-based cell separations have relied heavily on the use of pep-

tide ligands derived from nature rather than engineered synthetic peptides. Given the growing 

demand for pure cell populations and the broadening diversity of cell targets, synthetic peptide 

ligands are destined to play a leading role in this field. Screening combinatorial libraries is a 
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key technology to develop cell-targeting peptides: Liu et al. have utilized it to identify peptides 

specific to cancer cells and tumors [328]. Andrieu et al. performed in vivo phage display to 

discover peptides docking on target tissues and organs [329]. Similarly, library screening has 

served to identify peptides targeting embryonic stem cells [330], hematopoietic stem 

cells [331], neural cells [332], dendritic cells [333], tumor-associated macrophages [334], 

erythrocytes [335], chondrocytes [336,337], and osteoblasts [176]. The application of combi-

natorial selection technologies towards the discovery of cell-binding peptides is likely to in-

crease as novel biomarkers are identified that are unique to target cell populations. In this con-

text, peptide ligands binding EGFR [338], VEGF [339], VCAM-1 [340,341], VPAC-1 [342], 

FLT3 [343], E-selectin [344], TfR [345], CXCR4 [346], CD4 [347], CD81 [348], 

CD133 [349], and CD206 [350] have been discovered. 

1.7 Cyclic peptide and pseudopeptides 

Cyclic peptides and pseudopeptides such as α-peptides comprising non-natural amino 

acids, β- and γ-peptides, azapeptides and peptoids (N-substituted peptides), and peptide folda-

mers represent a growing realm of ligands with superior biorecognition properties as well as 

higher chemical and biochemical stability [134,[351], [352], [353], [354]] (Figure 1.7). The 

wide chemical diversity of pseudopeptides featuring residues with synergistic combinations 

of charged, hydrogen-bonding, and hydrophobic moieties, and optimal presentation on β- and 

γ- backbones enhance the enthalpic component of the free energy of binding; the rigid struc-

ture of cyclic and polycyclic peptides, and foldamers removes detrimental entropic compo-

nents, thus equally contributing to stronger binding. Inspired by natural compounds, cyclic 

peptide ligands have emerged rather early in the literature as superior lig-

ands [355], [356], [357], whereas pseudopeptides are a rather recent addition to the field 

[19,50,135,354,[358], [359], [360]]. 

https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0328
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0329
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0330
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0331
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0332
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0333
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0334
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0335
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0336
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0337
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0176
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0338
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0339
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0340
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0341
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0342
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0343
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0344
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0345
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0346
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0347
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0348
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0349
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0350
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0134
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0351
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0352
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0353
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0354
https://www.sciencedirect.com/science/article/pii/S0021967320309067#fig0007
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0355
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0356
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0357
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0019
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0050
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0135
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0354
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0358
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0359
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0360


 

36 

 

1.7.1 Cyclic peptide ligands 

Cyclic peptides have long been recognized as excellent scaffolds to develop synthetic 

affinity ligands targeting protein and cell therapeutics given their superior binding affinity and 

selectivity, and resistance to proteolysis compared to their linear counterparts. 

The formation of a disulfide bond between cysteine residues flanking a protein-target-

ing peptide segment represents the simplest way to achieve peptide cyclization; furthermore, 

because it avoids the need for chemical ligation, it was the earliest strategy used to construct 

biological display libraries of cyclic peptides [355], [356], [357]. In an early study, Delano et 

al. screened a M13 phage display library of disulfide cyclic peptides against the Fc region of 

IgG. The selected 13-mer sequence DCAWHLGELVWCT, named Fc-III, was found to bind 

the Fc region of IgG with affinity comparable to that of Protein A and Protein G [355]. In a 

later study, the hairpin-inducing D-Pro-L-Pro template was introduced as a N- to C- link of Fc-

III to form a bicyclic structure, which improved its IgG binding affinity 80-fold [196]. In a 

recent study aimed at reproducing the increased affinity without the synthetic effort associated 

with D-Pro and N- to C- cyclization, Gong et al. replaced the D-Pro-L-Pro linker with two 

cysteine residues to mimic the bicyclic structure with a second disulfide bond. This variant, 

denoted as Fc-III-4C, featured a 30-fold increase in IgG binding affinity compared with the Fc-

III cognate [361]. In a separate study to determine the effect of cyclization on binding perfor-

mance, derivatives of PEG-conjugated Fc-III peptide, referred to as Fc-binding peptide (FcBP) 

in this paper, were prepared and tested [353]: FcBP-Ser was prepared by substituting both cys-

teine residues with serine, while FcBP-Red was prepared by reducing the disulfide bond of 

FcBP with DTT prior to use. NHS-activated SepharoseTM 4 Fast Flow resins functionalized 

with FcBP, FcBP-Ser, FcBP-Red, Protein A, and Protein G ligands were evaluated for IgG 

binding and purification. As anticipated, FcBP-Ser-resin showed a significant decrease in IgG 
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binding capacity; on the other hand, FcBP-Red showed considerable IgG binding capacity de-

spite the absence of a rigid cyclic structure, and enabled IgG elution at pH 4.8, providing much 

gentler elution conditions compared to protein A and FcBP resins. Finally, the FcBP resin was 

utilized to isolate antibodies from porcine and human sera, affording 95% product purity and 

long lifecycle. Screening a synthetic library of disulfide-cyclic peptides, Verdoliva et al. se-

lected the sequence (CFHH)2-KG, denoted as “FcRM”, as a ligand for IgG purification. The 

cyclic peptide proved useful for the purification of mouse monoclonal antibodies from crude 

hybridoma supernatants and polyclonal antibodies from human serum with both yield and pu-

rity higher than 90%. Further investigation demonstrated that FcRM can bind both Fab and Fc 

fragments of different isotypes, suggesting the presence of multiple peptide binding sites on 

the antibody. This makes FcRM useful for both the purification of antibodies and appealing for 

the generation of Fc-receptor antagonists [356]. 

While easy to screen and construct, disulfide-cyclic peptides suffer from the chemical 

lability of the disulfide bond, which can be easily hydrolyzed in mild reducing conditions. The 

resulting free cysteines can form disulfide bonds with the both the protein target and impurities 

in the feed, or become oxidized thus altering the binding activity of the ligand. Alternative 

cyclization strategies relying on chemical ligation have therefore been explored. Following the 

work by Robert and coworkers [362,363], Menegatti et al. constructed and screened a mRNA 

display libraries of chemically cyclized peptides to discover cyclic peptide ligands targeting 

IgG-Fc (Figure 1.8). The cyclization of library peptides was achieved via solid-phase cross-

linking using the bis-amine-reactive disuccinimidyl glutarate (DSG) [364,365]. Among the se-

lected ligand candidates evaluated by IgG binding emerged the cyclic peptide cyclo[DSG-M-

WFRHY-K], which was ultimately used to purify therapeutic mAbs from clarified CHO cell 

culture fluids with 96% yield and 93% purity [364]. Using this method, Bowen et al. identified 

cyclic peptides targeting the WW domains of Yes-Associated Protein 1 (WW-YAP) [117]. The 
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mRNA display library was screened against yeast cells displaying WW-YAP and magnetized 

with iron oxide nanoparticles to isolate of WW-binding mRNA-peptide fusions. The selected 

peptides cyclo[DSG-M-AFRLC-K] and cyclo[DSG-M-LDFVNHRSRG-K] featured high af-

finity for WW (KD ∼ μM) and were evaluated via chromatographic binding in competitive 

conditions. In a recent study, Bacon et al. utilized a yeast-display library of DSG-cyclized pep-

tides to discover ligands binding interleukin 17 (IL17). The selected peptide cyclo-[DSG-

RMRWLRGRR-K] featured high IL17 affinity (KD ∼ 0.3 μM), supported by in silico-calcu-

lated KD ∼ 0.1 μM [27]. Besides chemical ligation, enzymatic routes have been explored for 

the cyclization of peptides displayed on biological libraries. In particular, several groups have 

demonstrated the use of transglutaminase to form peptide-protein conjugates or peptide mac-

rocycles [366], [367], [368], [369]. In recent work, Bowen et al. utilized this approach to con-

struct yeast display libraries of cyclic peptides, whose construct was optimized to evaluate the 

efficiency of cyclization via dual fluorescence flow cytometry [370]. Library screening against 

YAP and its WW domain returned the cyclic peptide cyclo[E-LYLAYPAH-K], which featured 

high binding affinity (KD ∼ 0.84 and 1.67 µM for WW and YAP, respectively) and selectivity. 

An inherent advantage of biological libraries as tools for ligand discovery is the pres-

ence of a polynucleotide encoding for the displayed peptide, which can be easily expanded and 

sequenced to identify the candidate peptide ligand. Sequencing cyclic peptide leads selected 

from synthetic libraries, on the other hand, is laborious and involves significant guesswork. In 

an effort to improve sequencing throughput and confidence, Pei and coworkers developed the 

“one-bead-two-peptide” method, wherein every library bead is segregated into an outer layer, 

which displays cyclic peptides and is accessible to the target protein, and an inner core, which 

is impervious to proteins and contains the linear peptide precursor. The selected beads are an-

alyzed via Edman degradation to determine the sequence of the linear peptides in the 
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core [360]. This method has been successfully applied to identify cyclic pep-

tides [371], [372], [373] and peptide/peptoid hybrids [374], [375], [376], [377] with protein-

binding activity. In later work, our group developed an alternative sequencing strategy that 

employs libraries of cyclic depsipeptides, where the protein-binding sequence is framed in its 

cyclic form by two ester bonds [371]. Following screening, the selected beads are treated with 

an aqueous alkaline solution that cleaves the framed peptide as a linear sequence and releases 

it in solution, enabling de novo sequencing via mass spectrometry (Figure 1.9). This method 

has been demonstrated via the discovery of cyclic peptides targeting IgG-Fc and recombinant 

human erythropoietin (rHuEpo). The Fc-binding peptide cyclo[(Nα-Ac)-S(G)-RWHYFK-Gly-

E] was conjugated to Toyopearl resins and demonstrated IgG binding on par with control lig-

ands [371]. The rHuEpo-binding cyclic peptides cyclo[(Nα-Ac)Dap(A)-FSLLSH-AE] and cy-

clo[(Nα-Ac)Dap(A)-VVFFVH-AE] were selected from a library designed after the Epo-bind-

ing site of the Epo receptor [352]. The peptides were analyzed by molecular docking and se-

quence mutagenesis using non-natural amino acids to gain molecular-level understanding of 

the rHuEpo:peptide interaction, improve binding selectivity, and enable elution under mild 

conditions. The sequence FSLLSH was selected for its high affinity (KD = 0.46μM) and utilized 

to purify rHuEpo from a CHO cell culture fluid, affording yield and purity above 90%, and 

a Pichia pastoris cell culture fluid, resulting in product yield and purity of 96% and 84%, re-

spectively [378]. 

Cyclic peptides are also finding a role in cell purification, a field until recently domi-

nated by linear peptides. In particular, peptides with multiple randomized cycles are most at-

tractive as each cycle will bind to a unique epitope on the cell, thereby increasing specific-

ity [379]. Phage-derived bicyclic peptides have been identified for several cell receptors, in-

cluding the human epidermal growth factor receptor 2 (HER2) [380], NOTCH1 [381], various 

members of the integrins family [382], and the Platelet-Derived Growth Factor Receptor-beta 
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(PDGFR-β) [383]. These peptides have been shown to mediate the adhesion of cells onto solid 

substrates [384], although true chromatographic application have not yet been demonstrated. 

1.7.2 α-peptide ligands incorporating non-natural amino acids 

Next to the proteinogenic amino acids, which comprise the 20 canonical and several 

natural non-canonical amino acids (e.g., ornithine, citrulline, pyrrolysine, selenocysteine, etc.) 

[385,386], a myriad of synthetic non-canonical amino acids (sncAAs) have been developed for 

integration in α-peptide ligands either by engineering the translation machinery of 

cells [387] or traditional peptide synthesis via Fmoc/tBu chemistry [135]. The amino acids in 

this family display chemophore groups that provide synergistic combinations of binding modes 

(i.e., electrostatic, hydrophobic, hydrogen bonding, etc.) [135] or the D-enantiomeric form of 

the proteinogenic residues that occur in nature as L enantiomers [137]. The outstanding chem-

ical diversity of sncAAs increases dramatically the target binding affinity and selectivity of 

peptide ligands as well as their chemical and biochemical stability (e.g., resistance to proteol-

ysis) [135]. 

Several researchers have explored the use of single ncAAs as advanced mixed-mode 

ligands. In one example, Bresolin et al. utilized ortho-phospho-L-serine (opSer) immobilized 

on agarose gel to capture IgG via immobilized metal ion affinity chromatography 

(IMAC) [388]. Upon optimization of the binding conditions (sodium phosphate at pH 6.5) and 

target properties (high isoelectric point ranging between 8.15 and 8.45), the opSer-agarose resin 

demonstrated a binding capacity of 24.2 mg/mL and extracted IgG from human serum with 

purity of 89% and yield of 58%. The binding capacity of opSer for cationic proteins is higher 

than that of other singular amino acids owing to the electrostatic interactions facilitated by the 

combination of phosphate and carboxyl groups. In analogous work, Afonso et al. demonstrated 

the use of ortho-phospho-L-tyrosine (opTyr) as a ligand for the purification of micro interfer-
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ing RNA (miRNA), achieving 52% purity and 71% yield from a marine photosynthetic bacte-

rium R. sulfidophilum DSM 1374 cell culture fluid [389]. The work on opTyr was extended in 

two studies by Pavan et al., who showed that the amino acid can serve as affinity ligand for 

IgG purification [390,391]. The optimization of the binding conditions to a low conductivity 

zwitterionic buffer improved the capacity and selectivity of IgG adsorption, resulting in ∼91% 

purity and 48% yield of IgG from human plasma; furthermore, by targeting the Fab region of 

IgG, P-Tyr enables fractionating a mixture of Fab and Fc fragments, affording Fab recovery 

and purity of 86.2% and 98%, respectively. 

The application of ncAAs to the purification of IgG has been extended to peptide se-

quences. In one example, our group replaced cationic and aromatic residues in IgG-binding 

peptides HWRGWV, HFRRHL, and HYFKFD with non-natural analogs to develop protease-

resistant variants [135]. A virtual library of non-natural peptide variants was screened in sil-

ico via molecular docking against the crystal structure of human IgG. Selected variants were 

conjugated to Toyopearl resin and evaluated via IgG purification upon intermediate exposure 

to strong proteases. In particular, Ac-HWMetCitGWMetV (Figure 1.10), comprising methylated 

tryptophan (WMet) and citrulline (Cit) in lieu of tryptophan and arginine, showed a strong re-

sistance against trypsin and α-chymotrypsin, and extracted polyclonal IgG from Cohn II+III 

fraction of human plasma with 94% yield and 92% purity. Notably, the N-terminal acetylation 

and the ncAAs reduced the positive charge of the peptide, thus increasing its binding selectivity 

by suppressing non-specific binding of anionic proteins (e.g., albumin). In a later study, Is-

lam et al. demonstrated that variant Ac-HWMetCitGWMetV, when conjugated to WorkBeads 

resin via a tris(2-aminoethyl)amine (TREN) spacer, provides superior HCP clearance (2.15 

log10) from a mAb expressing industrial CHO cell culture supernatant [133]. In a similar work, 

Saavedra et al. developed the peptide affinity ligand Ac-FFVRp-opSer-EVFFK to purify phos-

pholipase A2 (PLA2), a toxin with pharmacological applications and found in the venom of 
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the Crotalus durissus terrificus snake [392]. The peptide, designed to mimic a phospholipid, 

folds in a two tailed β-sheet and isolated PLA2 from the venom with 90% purity. In another 

study, Collinsova et al. screened an ensemble of pseudopeptides with general formula Ac-Xaa-

DL-Ala-ψ[PO2
−-CH2]-DL-Leu-Xaa′-(βAla)2 immobilized on amino-PEGA resin [393]. The 

selected ligand Val-Phe-ψ[PO2
−-CH2]-Leu-His-NH2 was found able to purify the rat liver be-

taine homocysteine S-methyltransferase (BHMT) with 80% yield and > 90% purity. 

The integration of ncAAs in peptide ligands for improved affinity and stability was ex-

tended to biological libraries. Screening a phage display library of branched peptides contain-

ing β-cyclohexyl-L-alanine (Cha), D-Ser, D-Asp, D-Arg, and β-Ala, Jacobsen et al. identify a 

peptide that isolates intact urokinase-type plasminogen activator receptor (uPAR) to a greater 

than 95% purity [394]. The receptor serves as a target for cancer treatment and the current 

purification strategy relies on costly and laborious immunoaffinity chromatography. The se-

lected peptide ligand, denoted as AE152, was coupled to activated Sepharose and the resulting 

adsorbent featured a uPAR-binding capacity of 0.21 mg/mL, double that of the immunoaffinity 

resin R2 (0.103 mg/mL); furthermore, while achieving comparable purity levels, AE152 only 

captured intact uPAR, whereas R2 would target degraded uPAR as well. 

Pseudopeptides have also been successfully applied to the purification of viral proteins. 

In one example, Martin et al. developed a CD4-mimetic peptide ligand for purifying the human 

immunodeficiency virus type 1 (HIV-1) envelope glycoprotein, which is highly targeted in 

HIV vaccine development [395]. The ligand Tpa-NLHFCQLRC(K-Biot)SLGLLGRCAp-

TFCACV, wherein Tpa is thiopropionyl and K-Biot is biotinyl-lysine, was immobilized on 

Streptavidin Sepharose resin and used to purify the glycoprotein gp120(SF162) from a HEK 

293 cell culture supernatant to a purity greater than 90% and yield of 56%. 

Transforming a peptide to its inverso and retroinverso forms has also proved effective 

in improving peptide stability without sacrificing affinity and selectivity. The application of 
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this approach towards ligand development was pioneered by Verdoliva and coworkers, who 

developed D-PAM as the inverso form of the IgG-targeting tetrameric tripeptide (Arg-Thr-

Tyr)4-Ly2-Lys-Gly, known as Protein A mimetic (PAM, TG19318) [136]. The authors demon-

strated the ability of D-PAM to capture IgG of different animal species (i.e., bovine, horse, 

human, goat, mouse, rabbit, and sheep) with high binding capacity (36-66 mg/mL) and purify 

it from plasma sources with purity (>95%) and recovery (60-91%) comparable to those offered 

by PAM [137,396]. In a later study, Dinon et al. further refined D-PAM by adding a phenyla-

cetyl group to form D-PAM-Φ [397]. The new ligand achieved a 10-fold increase in dynamic 

IgG binding capacity compared to D-PAM and recovered a highly pure (> 90%) IgG product 

from several plasma sources. It was suggested that the superior affinity of D-PAM-Φ is due to 

the phenylacetyl group encouraging the display of the peptide's arginine side chain, which re-

sults in stronger IgG binding. Analogous studies were conducted by Giudicessi et al., who de-

veloped D-variants of the previously discovered rHuEpo-binding peptide Ac-FHH-

FAHAK [398]. The resin-bound peptides were incubated with trypsin, chymotrypsin, and CHO 

extract before being cleaved from the solid phase using ammonia vapor and analyzed via mass 

spectrometry. In particular, the retroinverse D-form of the peptide was shown to possesses a 

rHuEpo binding affinity comparable to that of its L-cognate, while also featuring a much 

greater resistance to proteolytic degradation. 

Rajčanová et al. developed heptameric D/L-peptides VlPYFVl, VlPYYVl, and 

VlPFYVl as ligands for the affinity purification of porcine pepsin A and rat pepsin C [399]. 

The adsorbents obtained by conjugating the peptides to Sepharose featured a binding capacity 

of 35-44 mg of pepsin A per mL resin and negligible binding of pepsin C. In a similar study, 

Kučerová et al. utilized VfPFFVl to separate human pepsin from gastricsin with high yield and 

purity [400]. Agnew et al. employed click chemistry to promote the identification of high-af-
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finity protein-binding peptides via library screening [401]. The peptide lklwfk-(D-Pra), ini-

tially selected as a weak ligand for bovine carbonic anhydrase II (bCAII, KD ∼ 500 μM), was 

bookended with two azide-displaying amino acids and conjugated to an anchor ligand via click 

chemistry. Upon a subsequent round of screening, (D-Pra)-kwlwGl-Tzl-kfwlkl was selected, 

which bound bCBAII with higher affinity (KD ∼ 3 μM). An additional conjugation and screen-

ing round were conducted to identify a final ligand, rfviln-Tz2-kwlwGl-Tzl-kfwlkl, which 

bound bCAII and its human analogue (hCAII) with antibody-like affinity (KD = 64 and 45 nM, 

respectively). 

1.7.3 Peptoid, azapeptide, and other peptide-mimetic ligands 

N-substituted oligoglycines, known as peptoids, and azapeptides are gaining momen-

tum as the next generation of peptide-mimetic compounds [402]. While sharing the same pol-

yamide backbone of peptides, peptoids carry the side chain functional groups on the amide 

nitrogen, whereas azapeptides feature a nitrogen in lieu of the α-carbon. This endows them 

with a different space of conformations as well as a higher chemical and biochemical stability 

compared to their peptide counterparts [403], [404], [405]. Peptoids are traditionally synthe-

sized via the sub-monomer approach [406,407], which employs functional primary amines to 

append the side chain group to the backbone, thus expanding dramatically the chemical diver-

sity of this class of peptide-mimetics [19,406]. A wide variety of bioactive peptoids have been 

identified from combinatorial libraries, including antimicrobials [408], [409], [410], vectors 

for nucleic acid delivery [411], lung surfactant mimetics [412], analgesics [413], protein inhib-

itors [414,415], and agents for multidrug resistance reversal [416]. These applications show the 

potential of peptoids as ligands for biomolecular purification from complex mixtures. A wide 

number of methods have been developed to facilitate the use of peptoids in research, most of 

which are centered around the screening of libraries to identify affinity ligands 
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[19,[417], [418], [419]]. This results in a diverse discovery environment, spanning from unbi-

ased and fully combinatorial – as in the work by Wrenn et al., who screened a library of 100 

million peptoids to identify ligands which bind to the N-terminal SH3 domain of the proto-

oncogene Crk [420] - to fully rational – as in the study by Nguyen et al., who screened a library 

of only 12 peptide-peptoid hybrids to identify a high affinity ligand for the same protein [421]. 

Among the early methods of peptoid ligand development is the array screening tech-

nology. Alluri et al. reported the screening of large arrays of protein-detecting peptoids 

(∼106 compounds) on chips or encoded beads. The peptoids selected to target the mouse double 

minute 2 homolog (Nlys-Nbsa-Nlys-Nser-Nbsa-Npip-Nbsa-Npip) and glutathione S-transfer-

ase (Nbsa-Nlys-Nbsa-Npip-Nlys) showed good affinity to their targets (KD ∼ 37 - 62 

μM) [417]. Following on this work, Reddy et al. modified the protein-detecting arrays into 

small-molecule microarrays (SMMs) using peptoids and introduced an ad hoc “fingerprinting” 

approach to identify protein-targeted ligands. In this approach, the majority of the peptoids in 

the library exhibit only above-background binding, whereas the few that possess high affinity 

for the target protein provide unique protein fingerprinting. Testing with several model proteins 

demonstrated that peptoid SMMs can detect proteins robustly and reproducibly in complex 

mixtures without sample labeling, thus proving applicable to bioassay development [422]. In a 

parallel study, Heine et al. reported the synthesis and screening of peptoid arrays on cellulose 

membranes for the de novo discovery of ligands or drugs, and to study protein:peptoid interac-

tions. The submonomer synthesis was successfully adapted to SPOT technique on cellulose 

membranes [406,423] by replacing bromoacetic acid with its 2,4-dinitrophenylester. An array 

library of 8,000 peptoids and peptomers was screened against the anti-transforming growth 

factor α monoclonal antibody Tab-2, resulting in the identification of affinity ligands (KD ∼ 

μM) [418]. 
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A series of studies demonstrated that libraries of hybrid peptoids comprising random-

ized sequences fused to a pre-ligand with moderate affinity for the target protein are powerful 

tools for the identification of ligands with high binding affinity. The group led by Kodadek 

reviewed the peptoid array technology and developed a high-throughput method to isolate syn-

thetic protein-binding ligands with antibody-like affinity [377,419,422,424]. To this end, the 

authors constructed a large library (∼78,000) of chalcone-terminated octameric peptoids dis-

played on Tentagel resin. The peptoid-chalcone hybridization was meant to provide bivalent 

interaction with the target protein and lead to the identification of high-affinity ligands. The 

library was screened using the automated bead-sorting machine COPAS (Union Biometrica, 

Holliston MA) against fluorescein-labeled Mdm2, and the isolated leads were sequenced by 

Edman degradation. The selected ligand featured a KD of 1.3 μM for Mdm2, corresponding to 

a 170-fold increase in affinity compared to chalcone alone (KD ∼220 μM) [419]. The Kodadek 

group further explored this method by constructing a library of peptoids comprising the N-

terminal hexameric ligand BKH2, which targets the KIX domain of the CREB-binding protein 

(KD ∼ 195 µM), fused to downstream (C-terminal) hexameric randomized peptoids. Library 

screening against the KIX domain returned two ligands, which bound KIX with KDs of 4.6 µM 

and 8.3 µM [425]. In subsequent work, the group further implemented this method to identify 

ligands that selectively bind phosphorylated proteins [50]. In that study, a peptoid library was 

N-terminally fused with biotin and 3,4-dihydroxylphenylalanine (DOPA) and screened against 

the phosphorylated form of the phosphorylation-dependent interaction domain (PDID) of the 

Brd4 transcriptional coactivator. The N-terminal biotin served as a tag, while the DOPA group 

assisted in binding of the target via nucleophilic attack. The lead peptoid Biotin-DOPA-Nlys-

Nlys-Nmea-Nlys-Ntyr-Nleu targeted the phosphorylated form of the target protein selectively, 

yet with weak affinity (KD ∼ 50-100 µM). 
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The combination of modeling tools with experimental characterization of focused en-

sembles of ligand candidates is at the heart of the rational design of protein-binding peptoids 

for use in bioseparations. This field has been recently reviewed by Matos et al. [42], and it 

suffices here to report only a few cases studies. Following upon the development of peptide 

ligands for Factor VIII (FVIII), Knör et al. presented a procedure for designing minimal FVIII-

targeting peptoids starting from known peptide ligands [196,426]. The authors demonstrated 

their method by downsizing the lead octapeptide EYHSWEYC into the mimetic (3-

IAA)Eψ[CH2NH]YC, which was used for purifying FVIII from FBS-containing medium with 

high yield and purity, and demonstrated resistance against serum proteases. The peptoid variant 

was proven to bind all isoforms of FVIII, demonstrating potential to reduce manufacturing 

costs compared to current immunoaffinity adsorbents. Following a similar approach, our group 

recently published a series of studies on the discovery and characterization of peptoid ligands. 

We initially presented a rational-combinatorial method for translating protein-binding peptides 

into peptoids, using the IgG-binding peptide HWRGWV as reference ligand [19]. An ensemble 

of 60 variants generated by exploring the effect of physicochemical identity of the residues, 

their display and sequence, and the inclusion of glycine spacers, was screened against IgG, 

leading to the identification of peptoids PL-02, PL-16, and PL-22, which demonstrated superior 

binding activity than HWRGWV. Variants PL-16 and PL-22, in particular, featured high affin-

ity (KD ∼ 0.78 µM and 0.54 µM) and binding capacity (48 and 57 mg of IgG per mL of adsor-

bent), and recovered human IgG from a CHO cell culture supernatant added with 1% fetal 

bovine serum (FBS) with 85% and 98% purity, respectively. The peptoids also demonstrated 

high resistance to strong alkali and proteolytic enzymes, and the ability to specifically capture 

monomeric IgG without binding aggregated species. A secondary result of this study was that 

peptoid PL-01, designed as the formal translation of HWRGWV, possessed a lower affinity 
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(KD ∼ 17 µM) and capacity (21.6 mg/mL), indicating that structural optimization is a key as-

pect of peptide-to-peptoid ligand translation. We utilized PL-16 immobilized on sepharose 

resin (now LigaTrapⓇ IgG Resin) to purify (i) monoclonal IgG2 (93% purity and 67% yield) 

and IgG3 (92% purity and 53% yield) antibodies from a CHO cell culture supernatant added 

with 1% fetal bovine serum (FBS), as well as IgG from a diluted HEK 293 cell culture super-

natant (0.1 mg of IgG per mL of fluid) added with 0.1% fetal bovine serum (FBS) obtaining a 

remarkable 10-fold product enrichment; (ii) polyclonal IgG from serum with 95% purity and 

63% yield; and (iii) IgM from a CHO cell culture fluid added with 5% FBS with 93% purity 

and 66% yield [359]. The latter result is particularly remarkable since the commercial adsor-

bents for IgM purification, HiTrap IgM HP resin and POROS CaptureSelect IgM matrix, af-

forded lower purity (76% and 92%) and much lower yield (14% and 11%). To further demon-

strate the broad targeting range of PL-16 over protein ligands Protein A/G, we utilized PL16-

sepharose resin to purify a panel of animal IgGs from the corresponding sera: mouse (yield of 

47% and purity of 94%), rabbit (66.5% and 91.7%), goat (63% and 91-95%), donkey, llama 

(93% and 97%), and chicken IgY (42% and 92%). 

As noted with peptides, cyclization of peptoids increases binding affinity. Gao et 

al. were first to complete a comparison of linear vs. macrocyclic peptoid libraries for discov-

ering affinity ligands, and developed a method that could be extended to other types of oligo-

mers [427]. The authors discovered that a library of macrocyles comprising 17-atom rings re-

turned a higher number of stronger leads compared to three libraries of linear compounds. 

However, as the ring size increased to 20 and 23 atoms the difference between cyclic and linear 

libraries narrows, and it was concluded that steric constraints of the 17-membered cyclic pep-

toids is conducive to higher affinity compared to linear or flexible cyclic peptoids. 

A number of studies by the Liang group recently reviewed by Knight et al. have also 

demonstrated that peptoid ligands possess chirality recognition power to fractionate mixtures 
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of enantiomers [428]. Specifically, oligopeptoids constructed with S-N-(1-phenylethyl) (S-

Nspe) glycine immobilized on silica resins for analytical chromatography were utilized to frac-

tionate a mixture of 1,1′-bi-2-naph-thol (BINOL) derivatives. The enantioselectivity of the pep-

tide ligands increased with the number of S-Nspe, reaching its maximum at 6 monomers. Short 

peptoids built with R-Nspe and capped with alkyl chains, or cyclic chiral and aromatic mono-

mers (e.g., N′-phenyl-L-proline and N′-phenyl-L-leucine) were also evaluated, demonstrating 

that N-fusions of achiral monomers improved the fractionation ability of R-Nspe peptoid tri-

mers. 

Introduced as affinity ligands by Barker et al. who employed them for the purification 

of chymotrypsin and trypsin [429], α-aza-peptides have demonstrated promising biorecogni-

tion activity. Most research on azapeptides, however, has focused on drug development, in 

particular inhibitors of protein targets like HIV protease [430], human neutrophil proteinase 

3 [431], and the cluster of differentiation 36 class B scavenger receptor [432], and their use as 

affinity ligands is still in its infancy. This body of literature, however, demonstrates that 

azapeptides hold promise as synthetic ligands for affinity chromatography [405,433]. 

A number of other peptide-mimetics that have demonstrated potential as affinity lig-

ands, though not in an affinity chromatography context, include ones for binding human chro-

modomain-containing proteins CBX7 and CBX8 [434], anti-AQP4 antibodies [424], the KIX 

domain of the CREB-binding protein [435], chemokine interleukin-8 [436], c-Jun N-terminal 

kinase 3 (JNK3) [437], polycomb repressive complex 2 (PRC2) [438], the SH2 (Src Homology 

2) domain of oncoproteins and signal-transducing proteins [439], the SH3 domain of Src-fam-

ily PTKs [421], and the evolutionary-conserved EVH1 protein domain [440]. Lund et al. de-

veloped the peptide-mimetics DAAG and D2AAG as ligands for IgG purification from cell 
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culture fluids. The ligands were immobilized on sepharose resin and featured a binding capac-

ity of 24 and 48 mg/mL, respectively, and afforded product purities over 93% and recovery 

over 85% [441]. 

1.8 The latest frontier: stimuli-responsive peptides  

The latest frontier in protein purification is represented by the use of remote physical 

stimuli, in lieu of pH and ionic strength, to control binding and release of target biologics to 

and from the chromatographic substrate [442]. This technology is ideal for biochemically labile 

products, such as physical dimer proteins and cells, whose growing demand in research and 

clinical settings makes their isolation from complex sources an emerging issue in bioseparation 

research. Outside a narrow range of solution conditions (pH and composition), in fact, labile 

biologics undergo rapid denaturation and loss of bioactivity. The integration of stimuli-respon-

sive molecular switches into protein-binding peptides enables the design of ligands that capture 

the target protein via native affinity and release it when exposed to an external stimulus (e.g., 

light) of appropriate intensity. Stimuli-responsive switches, in fact, feature a reversible and 

controlled isomerization. Hence, exposure to stimuli triggers a reversible rearrangement of the 

ligand structure, thus acting as ON/OFF switch of protein binding/elution (Figure 1.11). This 

enables performing the entire chromatographic process on a single optimal aqueous solvent, 

thus combining high product bioactivity with process intensification. A number of stimuli-

responsive switches and peptide geometries have been proposed mostly revolving around the 

use of near UV light excitation. Linkers that have been used include azobenzenes, dia-

rylethenes, acylhydrazones, hemithioindigos, stilbenes, and rhodopsin-like molecules, as re-

viewed below. 
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1.8.1 Azobenzene-peptide hybrids 

A prominent role among stimuli-responsive linkers for peptide modification is held by 

azobenzenes [22,443]. Native azobenzene undergoes a trans-to-cis isomerization upon irradia-

tion with 320 nm light, and a reverse cis-to-trans isomerization when exposed to 450 nm light. 

The values of wavelength can be either red- or blue-shifted respectively by adding electron-

donating or withdrawing groups in ortho position to the azo group [443]. The integration of 

azobenzene in peptides and proteins to endow the host with light-controlled conformation has 

been studied extensively and optimized using both in silico and experimental ap-

proaches [444], [445], [446], [447], [448], [449], [450], [451], [452]. Lesser effort, however 

has been dedicated to the engineering of azobenzene-peptide hybrids with light-controlled bi-

orecognition activity [450,[453], [454], [455], [456]]. Typically, two are the approaches to-

wards integrating native and modified azobenzenes into peptide and proteins, namely (i) hy-

bridization with the combinatorial sequences of the libraries utilized for de novo discovery of 

photo-switchable ligands or (ii) conjugation to scaffolds and ligands with known structure. 

Myrhammar et al., for example, incorporated an azobenzene linker into affibodies and utilized 

them to build an adsorbent enabling light-controlled binding and elution of IgG [457]. The 

authors reported that, while elution was triggered upon exposure of the column to UV light, a 

substantial amount of protein remained adsorbed and was later eluted upon acidic regeneration 

of the resin. Other groups hybridized azobenzenes with peptides at the stage of library screen-

ing. Jafari et al. constructed a phage display library of cysteine-bookened peptides cyclized 

using a bis-thiol-reactive azobenzene linker, and screened it against streptavidin. The selected 

ligand ACGFERERTCG featured a 4.5-fold difference in binding strength (KD) between its cis 

and trans isomers [458]. In a follow-up study, Bellotto et al. created a combinatorial phage 

display library of cysteine-bookended heptapeptides cyclized with 3,3’-bis(sulfanato)-4,4’-

bis(bromoacetamido) azobenzene and screened it against streptavidin; prior to screening, the 
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library was exposed to UV light to isomerize the ligands to the cis configuration and bias the 

selection towards cis-binders and trans-eluters. The selected peptides exhibited good binding 

selectivity, and a 3-fold shift in binding strength (KD) upon light exposure [450]. Liu et al. ex-

tended the selection of azobenzene-hybrid peptides to ribosome display using an azobenzene-

modified lysine that was inserted into each peptide of the library [459]. The peptides were col-

lectively converted into their trans isomers and screened against streptavidin microbeads. Fol-

lowing library adsorption, the beads were irradiated with UV light to induce a trans-to-cis 

photo-switching and induce loss of streptavidin binding. The selected peptides 

LA37(QAVLIMVAVXASSGQLGQFEGSDYKDDDDK), 

LA40(QAHSCXVTIDVFFGQLGQFEGSDYKDDDDK), and LA81 

(QAGVTXRRFIXYVGQLGQFEGSDYKDDDDK) were evaluated on solid phase and 

demonstrated increasing degrees of binding affinity with LA81 exhibiting the greatest binding 

indicating a dissociation constant of 6.31 µM. The conformational structure and binding of the 

LA81 peptides were shown to be reversibly photo-controlled upon UV/Vis excitation. [459]. 

The incorporation of azobenzene into known sequences has also been explored. For 

example, Vaselli et al. conjugated the sequence of GRGDS to a glass substrate using an azo-

benzene linker via “click chemistry” [460], and characterized both the surface distribution of 

GRGDS-Azo peptides via atomic force microscopy (AFM) and Raman spectroscopy, and the 

isomerization of the azobenzene-peptide via contact angle and through UV-Vis spectroscopy. 

The authors showed spatial control of binding and elution of human umbilical vein endothelial 

cells using light patterns demonstrating applicability to cell purification. In this context, Pari-

sot et al. [452] developed hybrids of the FLAG-tag peptide DYKDDDDK with an azobenzene-

displaying amino acid and evaluated their light-controlled binding of FLAG antibodies; the 

location of the photo-responsive amino acid was systematically varied to attain light-controlled 

biorecognition. 
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Our group recently developed a hybrid computational-combinatorial approach based 

on a novel azobenzene-cyclized peptide structure where the length of the protein-binding pep-

tide segment and the cyclization geometry are optimized to achieve a balance between chain 

flexibility and rigidity, which ultimately affords efficient photo-isomerization and a strong shift 

in binding affinity. To demonstrate our design, we developed photo-switchable peptides tar-

geting vascular cell adhesion marker 1 (VCAM1) starting from a known VCAM1-binding lin-

ear peptide. An ensemble of azobenzene-cyclized variants was initially designed and 

screened in silico, and the selected variants evaluated via surface plasmon resonance (SPR). In 

particular, cycloAZOB[G-VHAKQHRN-K] featured efficient light-controlled binding of 

VCAM1 with KD,Trans/KD,Cis ∼ 130. Finally, the biotin-cycloAZOB[G-VHAKQHRN-K] was 

used to fluorescently label brain microvascular endothelial cells (BMECs), showing co-locali-

zation with anti-VCAM1 antibodies in cis configuration and negligible binding in trans con-

figuration (Figure 1.12). 

1.8.2 Hemithioindigo-peptide hybrids 

Like azobenzene, hemithioindigos have been widely investigated for their photo-

switching activity and regulation of peptide structure and func-

tion [461], [462], [463], [464], [465]. These photochromic switches comprise two structural 

groups, a hemistilbene and a hemithioindigo, and undergo reversible isomerization from a sta-

ble ground-state E isomer to a photo-stationary state with high conversion to a metastable Z 

isomer in response to visible wavelengths of light (> 400 nm) [466]. The photochromic behav-

ior of hemithioindigo-peptide hybrids and its impact on bioactivity has been recently reviewed 

by Kitzig et al. [463]. Batjargal et al. evaluated the impact of photo-isomerization of hemithi-

oindigos in the context of protein structure and function, including (i) the use of hemithioindi-

gos as ligands to induce/inhibit protein activity, (ii) the incorporation of hemithioindigos into 
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amino acid side-chains to alter protein structure and activity, and (iii) the incorporation of he-

mithioindigos as linkers in the protein primary structure and bioactivity [467]. Füllbeck et 

al. incorporated different meta- and para-substituted hemithioindigo photo-switches into linear 

and cyclic peptides whose structures are relevant in cell signaling [462]. The authors evaluated 

the photo-switching kinetics of the hemithioindigo-peptide hybrids via UV-Vis and IR spec-

troscopy, and found that the hemithioindigo reverts to the ground-state more slowly when in-

corporated into peptides and can therefore induce long-term changes in the secondary structure 

of peptide hosts. 

1.8.3 Diarylethenes-peptide hybrids 

Diarylethenes are a class of photochromic molecules that undergo reversible cyclization 

reactions between a ring-open and a ring-closed form in response to visible and UV light, re-

spectively. The incorporation of diarylethenes into linear and cyclic peptides as well as protein 

structures has deepened the understanding of the interconnected nature of photo-switching and 

peptide behavior. By analyzing the kinetics of diarylethene photoisomerization in different cy-

clic peptidomimetics, Schweigh et al. found that specific cyclic peptide frameworks greatly 

impact photo-switching ability [468]. Several studies have been conducted to demonstrate the 

value of diarylethene-linked peptides as photo-switchable ligands. Fujimoto et al., for example, 

incorporated diarylethenes into several linear DNA-binding peptides with uniform α-helical 

structure, and showed that the photoisomerization of diarylethene drastically altered the sec-

ondary structure of the peptides and consequently their DNA binding affinity [469]. In another 

study, diarylethene residues were incorporated in cyclic peptide mimetics of gramicidin S, en-

dowing them with light-controlled secondary structure as well as antimicrobial activity and 

hemolytic activity [470]. The incorporation of diarylethenes into cyclic peptides forming β-
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hairpin showed similar results on their secondary structure and biological activity (i.e., cyto-

toxicity) towards eukaryotic cells [471]; while not applied to purification, the effectiveness of 

diarylethenes in regulating peptide structure and bioactivity has been demonstrated. 

1.8.4 Stilbene-peptide hybrids 

Stilbenes are a class of molecules with a similar structure to azobenzenes [472,473]. 

Waldeck et al. characterized the photo-switching performance of stilbene derivatives when in-

corporated into linear trimer peptidomimetics to evaluate their use in lieu of azobenzene in 

photo-switching applications [474]. The stilbene derivatives isomerize in response to 280 nm 

and 300 nm light, with half lives of several hours and negligible thermal isomerization. Er-

délyi et al. incorporated stilbene into two sets of peptide sequences of differing lengths to 

achieve light-controlled inhibition of the R1 and R2 subunits of the M. tuberculosis ribonucle-

otide reductase [472]. The linear peptides were either modeled after the R1 subunit binding 

region or comprised only of select residues expected to endow binding activity. Photoisomeri-

zation resulted in differential binding of the inhibitory peptide sequence to the R2 subunit, with 

the E isomers demonstrating a stronger binding than the Z isomers. The opposite trend in light-

controlled binding was observed with shorter peptide sequences, although the influence of 

photo-isomerization on bioactivity remained. In later work, Karlsson et al. inserted a stilbene 

derivative into a peptide sequence that acted as an artificial hydrolase [475]. The enzymatic 

activity relied on both secondary helical motifs as well as tertiary aggregation of dimers. By 

inserting the stilbene into the backbone to replace the turn in a helix-turn-helix motif, the ter-

tiary structure of the enzyme was made light-modulated, resulting in controllable enzyme ac-

tivity. Specifically, a 42% increase in the observed rate constant of the catalytic reaction was 

observed upon photoisomerization [473]. 

https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0471
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0472
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0473
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0474
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0472
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0475
https://www.sciencedirect.com/science/article/pii/S0021967320309067#bib0473
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1.9 Conclusions 

The growing demand for affordable biopharmaceutics led by the ageing world popula-

tion and the increasing exposure to risk factors (e.g., air and water pollution) poses an urgent 

need to rethink the manufacturing of biological therapeutics. Innovating process design and 

tools employed in the downstream segment will be critical to grant access to large amounts of 

highly pure and bioactive biotherapeutics, while containing cost to patients. A key role in par-

ticular will be played by synthetic ligands that are selective, robust, safe, and easily and repro-

ducibly manufactured. Peptides are at the front line of this initiative, owing to the large variety 

of formats, physicochemical properties, and modes of operation, which makes them suitable as 

affinity ligands for the purification of a wide range of biotherapeutics, from proteins, to viral 

vectors, and cells. It comes as no surprise that peptide-based affinity tools are now on the mar-

ket and gathering significant attention from multiple end users, from research labs to biophar-

maceutical companies. Recent innovations in peptide chemistry, such as the introduction of 

non-natural amino acids and the hybridization of peptides with stimuli-responsive moieties, are 

taking peptide ligands a step further, enabling efficient purification of biological targets that 

traditional chromatographic approaches were inadequate to target. In parallel, powerful com-

putational tools are being introduced to aid the design of peptide and pseudopeptide ligands 

with optimal target affinity and selectivity, and provide chemists and engineers with a molec-

ular-level understanding of biorecognition phenomena on solid phase. With these resources at 

hand, peptides are indeed the leading candidates for engineering the next generations of ligands 

for diagnostic bioseparation technologies. 
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1.10 Tables and Figures  

 

 

 

 

 

 

 

 

 

Figure 1.1 Overview of the current scenario of peptide and pseudopeptide ligands, their bio-

molecular and biological targets, and main applications of peptide ligand- mediated adsorption 

of biotherapeutics and biologics. 
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Figure 1.2 Interplay between physicochemical features, technology of discovery and develop-

ment, application towards different target, and industrial and regulatory requirements con-

nected to biospecific peptide-based ligands. 
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Figure 1.3 IgG binding sites of the earliest (PAM, violet, PDB: 3D6G) and latest (WQRHGI, 

magenta, [38]) published IgG-binding peptide ligands in comparison with protein ligands Pro-

tein A (green, PDB: 1FC2), Protein G (blue, PDB: 1FCC), and Protein L (red, PDB: 4HKZ). 
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Figure 1.4 Overview of the current scenario of biotherapeutics: protein-, virus-, and cell-based 

targets. 
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Figure 1.5 Comparison of (A) flow-through mode vs. (B) bind-and-elute mAb purification 

using peptide ligands. 
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Figure 1.6 (A) Adsorption and (B) cell binding via multi-point protein:peptide interactions 

(avidity). 
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Figure 1.7 Structure of (A) α-peptides, (B) β-peptides, (C) γ-peptides, (D) azapeptides, and 

(E) peptoids (N-substituted peptides). 
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Figure 1.8 Production of a mRNA display library of cyclic peptides: (A) preparation of a pre-

cursor mRNA-display library of linear peptides, (B) adsorption of the mRNA-display library 

on a polyT solid phase and reaction with DSG, (C) mRNA-display library of cyclic peptides, 

and (D) desorption of the library. 
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Figure 1.9 Model structure of the cyclic depsipeptide and its linearized structure upon alkaline 

treatment. 
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Figure 1.10 Structural comparison of IgG-binding ligands (A) peptide HWRGWV, (B) peptide 

Ac-HW Met CitGW Met V, and (C) peptoid PL16.  
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Figure 1.11 Mechanism and function of stimuli-controlled peptide ligands: (A) stimuli- in-

duced conformational switch and resulting (B) stimuli-controlled adsorption and release of a 

biomolecular target. 
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Figure 1.12 Structure of the VCAM1:peptide complex formed by docking azobenzene-cyclic 

peptide cyclo AZOB [G-VHAKQHRN-K∗] in (A) trans and cis configurations on the crystal 

structure of VCAM1 (PDB ID: 1VCA); selection of protein-binding peptides using (B) green 

light for protein binding and (C) blue light for protein elution; (D) imaging of brain 

microvascular endothelial cells (BMECs) with rhodamine-labeled anti-VCAM1 antibody, 

fluorescein-labeled cyclo AZOB [G-VHAKQHRN-K∗], and overlay. 
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 Table 1.1 Overview of published results on antibody-binding peptide ligands. 

 

Peptide Target Antibody Source Purity (%) Yield 

(%) REF 

HWRGWV hIgG cMEM 95.8 89.6 144, 152 

HWRGWV hIgA cMEM 91.6 83.8 144 

HWRGWV hIgA CHO CCCF 96 90.3 146 

HWRGWV SIgA CHO CCCF 94.3 91.73 146 

HWRGWV hIgM cMEM 75.7 86.0 144 

HWRGWV hIgM Human B lymphocyte cells > 95 >95 146 

HWRGWV MAb2 CHO CCCF > 94 >84 139, 112 

HWRGWV MAb1 CHO CCCF > 94 >84 112, 139 

HYFKFD MAb1 CHO CCCF 93 86 139 

HFRRHL MAb1 CHO CCCF 95 84 139 

HWRGWV mAb Lemma plant extract 90 96 140 

HWRGWV pAbs 
Cohn fraction II+III 

of human plasma 
95 84 153 

HWRGWV pAbs Bovine skim milk 92 74 143, 153 

HWRGWV pAbs Bovine whey 93 85 153 

HWRGWV mAb CHO CCCF > 90 > 85 111 

HWRGWV-KPRSVSG hIgG E.coli lysate 94 87 150 

CEWW IgG cMEM 95.2 35.8 154 

CEWW IgG CHO CCCF 95.8 53.3 154 

HEYW IgG cMEM 98.7 61.1 154 

HEYW IgG CHO CCCF 98.7 65.8 154 

DWHW IgG cMEM 95.6 79.6 154 

DWHW IgG CHO CCCF 98.1 85.4 154 

Ac-YFRH mAb CHO CCCF 99 89 155 

W-ABI mAb CHO CCCF 98.9 88.6 156 

FYE-ABI hIgG Human serum 93.9 88.9 157 

GSYWYDVWF hIgG 
Spiked growth medium 

and human serum 
95 N/A 126 

GVKCTWSSIVDWVCVDM IgY Chicken egg yolk > 90 ~70 158 
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 Table 1.2 Overview of published results on non-antibody protein-binding peptide ligands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide Target Antibody Source Purity (%) Yield (%) REF 

W-W HSA N/A N/A N/A 187 

DWDLRLLY Caps Cell lysate 70.1 N/A 188 

DYWWQSWE PCV2 Cap N/A 98 90 189 

KVPLITVSKAK rhFSH CHO CCCF 94 41 190 

SMWRTYIGSGSG hGH Pichia pastoris CCCF 91 20 191 

SMWRTYHGSGSG hGH Pichia pastoris CCCF 95 80 191 

HRCGSWLHPCLA BDDrFVIII CHO CCCF 99.9 85 192, 193 

EYKSWEYC BDDrFVIII Diluted plasma N/A N/A 194, 195 

(3-

IAA)Eψ[CH2NH]YC 
FVIII 

FBS-containing cell 

culture medium 
N/A N/A 196 
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2.1 Abstract 

The ability to rapidly and accurately evaluate bioactive compounds immobilized on 

porous particles is crucial in the discovery of drugs, diagnostic reagents, ligands, and catalysts. 

Existing options for solid phase screening of bioactive compounds, while highly effective and 

well established, can be cost-prohibitive for proof-of-concept and early stage work, limiting its 

applicability and flexibility in new research areas. Here, we present a low-cost microfluidics-

based platform enabling automated screening of small porous beads from solid-phase peptide 

libraries with high sensitivity and specificity, to identify leads with high binding affinity for a 

biological target. The integration of unbiased computer assisted image processing and analysis 

tools, provided the platform with the flexibility of sorting through beads with distinct fluores-

cence patterns. The customized design of the microfluidic device helped with handling beads 

with different diameters (~100–300 µm). As a microfluidic device, this portable novel platform 

can be integrated with a variety of analytical instruments to perform screening. In this study, 

the system utilizes fluorescence microscopy and unsupervised image analysis, and can operate 

at a sorting speed of up to 125 beads/hr (~3.5 times faster than a trained operator) providing 

>90% yield and >90% bead sorting accuracy. Notably, the device has proven successful in 

screening a model solid-phase peptide library by showing the ability to select beads carrying 

peptides binding a target protein (human IgG). 

2.2 Introduction 

The ability to rapidly identify small synthetic molecules capable of binding biological 

targets (e.g., single proteins, viruses, cells) with high affinity and selectivity is key to the de-

velopment of novel drugs, diagnostic reagents, biosensing moieties, and ligands for the purifi-

cation of biotherapeutics[1–7]. The introduction of solid-phase combinatorial libraries of syn-

thetic compounds has resulted in an exponential growth of bioactive compounds. Peptides and 

peptide mimetics are among the most utilized class of molecules, owing to their innate affinity 

https://www.nature.com/articles/s41598-019-42869-5#ref-CR1
https://www.nature.com/articles/s41598-019-42869-5#ref-CR7
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for biological targets [8–10] and the rich variety of strategies and amino acid building blocks 

available for peptide synthesis [11–14]. Bioinformatic tools have also emerged that guide the 

design of peptide libraries in terms of peptide length, structure, and amino acid composition, 

based on molecular-level information on the biomolecular target and putative binding sites on 

its surface [15,16]. Together with library design, the technology for library screening is crucial 

to identify peptide sequences with high binding affinity. With the growth of basic research 

utilizing protein-binding ligands and bioactive compounds, a number of high-throughput sys-

tems for the screening of combinatorial libraries have been developed and made commercially 

available. This instrumentation, however, is often cost-prohibitive to most academic groups17, 

and alternative cost-effective solutions are highly sought after. 

Solid-phase peptide libraries comprise a large number (from thousands to millions) of 

small porous beads, wherein every bead carries multiple copies of a unique peptide sequence. 

Throughout the screening process, beads are (i) incubated with a labeled target, often in pres-

ence of other impurities, (ii) sorted using a detector that recognizes beads that have captured 

the labeled target, and finally (iii) analyzed to identify the peptide sequence they carry [5], [6], 

[18], [19], [20]. Commercial beads feature a polydispersed distribution of sub-millimeter di-

ameters, and capture an amount of labeled target that likely depends not only on the binding 

affinity of the peptide they carry, but also on their particle diameter (~100 µm-300 µm) and 

pore size distribution. This inherent variability makes library screening and selection of candi-

date beads extremely labor intensive and reliant on the operator’s ability and subjective visual 

inspection. To streamline solid-phase screening and ensure rigorous peptide selection, fluores-

cence-activated cell sorting (FACS) has been previously used for screening peptide libraries21. 

However, when using large beads as solid substrates (~100–300 µm), sorting using FACS is 

not feasible. Instruments that address the size incompatibility issue from FACS screening, such 

as the Union Biometrica COPAS Flow Pilot system for library screening, have been made 

https://www.nature.com/articles/s41598-019-42869-5#ref-CR8
https://www.nature.com/articles/s41598-019-42869-5#ref-CR10
https://www.nature.com/articles/s41598-019-42869-5#ref-CR11
https://www.nature.com/articles/s41598-019-42869-5#ref-CR14
https://www.nature.com/articles/s41598-019-42869-5#ref-CR15
https://www.nature.com/articles/s41598-019-42869-5#ref-CR16
https://www.nature.com/articles/s41598-019-42869-5#ref-CR17
https://www.nature.com/articles/s41598-019-42869-5#ref-CR5
https://www.nature.com/articles/s41598-019-42869-5#ref-CR6
https://www.nature.com/articles/s41598-019-42869-5#ref-CR18
https://www.nature.com/articles/s41598-019-42869-5#ref-CR19
https://www.nature.com/articles/s41598-019-42869-5#ref-CR20
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commercially available [18],  [19],  [22]. Hintersteiner et al. also developed a confocal nanos-

canning and bead picking (CONA) platform for high-throughput screening of one-bead one 

compound libraries [23–25]. Their cost, accessibility, flexibility, and manufacturability, how-

ever, renders them prohibitive for academic research groups. Hintersteiner and coworkers clev-

erly sought to address this need with low-cost instrumentation for rapid picking from a mono-

layer of beads based on imaging by wide-field fluorescence microscopy17; this technology, 

however, does not allow for automated sorting and requires operator-directed selection of 

beads. 

Microfluidic platforms have previously been used to sort particles, cells and droplets 

[26– 29]. We therefore sought to develop a low-cost, accessible, and portable platform for 

inexpensive, automated sorting of library beads featuring equipment that is either present in 

academic laboratories or can be inexpensively fabricated, and yet that provides rigorous selec-

tion of peptide ligands with high affinity and selectivity for biological targets (Figure 2.1 a–c). 

This system enables (1) simultaneous positive and negative selection by orthogonal labeling to 

isolate peptide binders with high affinity for a target and low-to-no binding for biological com-

petitors, (2) rapid library screening with a rate of up to 100–150 beads per hour, (3) handling 

beads with different diameters (~100–300 µm), (4) ability to integrate library screening with 

external stimuli to select peptides that feature stimuli-controlled protein binding, and (5) iden-

tification of diverse targets of varying sizes by providing image-processing based spatial bind-

ing distribution analysis. Our platform is adaptable to different detection and sorting modes, 

providing the flexibility to screen for a variety of targets. To this end, our system comprises a 

microfluidic bead-sorting chamber, a dual wavelength fluorescent microscope, and customized 

software for real-time bead monitoring, image processing, and sorting. The microfluidic bead-

sorting chamber is manufactured by photo-lithography followed by soft-lithography30. The 

software, based on a MATLAB Graphical User Interface, enables rapid (<0.75 sec) acquisition 

https://www.nature.com/articles/s41598-019-42869-5#ref-CR18
https://www.nature.com/articles/s41598-019-42869-5#ref-CR19
https://www.nature.com/articles/s41598-019-42869-5#ref-CR22
https://www.nature.com/articles/s41598-019-42869-5#ref-CR23
https://www.nature.com/articles/s41598-019-42869-5#ref-CR25
https://www.nature.com/articles/s41598-019-42869-5#ref-CR17
https://www.nature.com/articles/s41598-019-42869-5#ref-CR26
https://www.nature.com/articles/s41598-019-42869-5#ref-CR29
https://www.nature.com/articles/s41598-019-42869-5#ref-CR30
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of fluorescent bead images, followed by image-processing based analysis and sorting (to either 

the selection receptacle or to waste). Notably, the quantitative image analysis algorithm takes 

into account both intensity and radial distribution of fluorescence, which combined improves 

the sensitivity and specificity of the platform in selecting high-affinity peptides by reducing 

the risk of false positives and negatives. To ensure identification of peptides with high binding 

selectivity, the algorithm enables orthogonal dual-color sorting by selecting the beads that only 

capture the fluorescently-labeled target while excluding beads that carry competitor proteins 

labeled with a different color. Finally, the device can be operated in either bulk or single bead 

separation mode. In bulk separation mode all positive beads are directed to a common flask, 

whereas in single bead separation mode each positive bead is individually directed to a single 

well in a 96 well-plate. In this work, we validated the integrated bead-sorting device and code 

using a dual fluorescence library mimetic. This comprises a combination of ChemMatrix beads 

labeled either by covalent conjugation of fluorescent dyes (Texas Red and Fluorescein) or by 

adsorption of fluorescently-labeled, streptavidin-conjugated proteins of different molecular 

weight to biotinylated beads resulting in either a homogeneous or halo-like radial color distri-

bution, respectively. The fluorescence intensity and radial pattern observed in each class of 

beads were used as metric to inform sorting parameters. Beads with different fluorescence pat-

terns (homogenous or halo-like) were analyzed to quantify the accuracy of bead-sorting proto-

col. Our results indicate that the device was capable of sorting beads with a detection yield and 

accuracy of ~92% and 94% respectively. It should be noted that the system performs all sorting 

and quantitative image analysis without any user supervision, thereby enabling a fully auto-

mated library screening process. It is worth mentioning that high sensitivity and specificity 

were achieved while microscopy was performed in a non-confocal setup demonstrating the 

robustness of algorithm in handling images with suboptimal quality. The flexibility of quanti-

tative image analysis algorithm in handling images with various qualities, enables the set up to 
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be used with different instruments. In this work, we designed and fabricated an automated, 

low-cost, accessible, and portable microfluidic platform capable of sorting targets with various 

fluorescence patterns with high precision and accuracy. 

2.3 Results and Discussion 

Peptides and peptide mimetics with high affinity and selectivity for biological targets 

will play a critical role in next generation medicinal chemistry, diagnostics, and downstream 

biomanufacturing technology [2,3,31,32,33,34]. Streamlining their identification requires af-

fordable, automated devices capable of sorting solid-phase peptide library beads with accurate 

and rigorous orthogonal selection logics. To meet these needs, we have developed a low-cost 

accessible automated microfluidic platform to handle, capture, image, analyze, and sort beads 

based on fluorescence patterns that directly translate into the binding affinity of the peptides 

carried by the selected library beads. We applied this technology for the isolation of positive 

(i.e., protein binding) beads from a library mimetic consisting of a mixture of labeled Chem-

Matrix beads with different fluorescent color, intensity, and radial distribution. 

2.3.1 Diverse fluorescence patterns for protein binding detection 

In prior studies [5,6,19,35], PEG-based ChemMatrix resin has been successfully uti-

lized as a substrate for the synthesis and screening of solid-phase peptide libraries against target 

proteins for the selection of peptide ligands. In this context, however, the small pore diameter 

of ChemMatrix resin has been shown to limit protein diffusion through the bead, resulting in a 

protein-rich corona, or “halo” whose width decreases with the molecular weight of the pro-

tein18. When fluorescently labeled targets are utilized, this translates in a halo-like fluores-

cence pattern; in theory, smaller proteins produce a diffuse halo, while larger ones produced a 

narrow halo. To replicate this effect, a number of fluorescent bead classes were prepared, either 

by conjugating different amine-reactive fluorophores (i.e., Texas Red NHS and FITC) onto 

https://www.nature.com/articles/s41598-019-42869-5#ref-CR2
https://www.nature.com/articles/s41598-019-42869-5#ref-CR3
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https://www.nature.com/articles/s41598-019-42869-5#ref-CR5
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aminomethyl ChemMatrix beads or by adsorbing fluorescently labeled streptavidin or strep-

tavidin-conjugated proteins of different molecular weight onto biotin-ChemMatrix beads (Fig-

ure 2.3). Specifically, seven classes of beads were prepared, namely: Class 1, homogeneous 

only-red fluorescence, prepared by conjugating amine-reactive Texas Red to aminomethyl 

ChemMatrix beads; Class 2, homogeneous green-only fluorescence, prepared by reacting Flu-

orescein isothiocyanate (FITC) with aminomethyl ChemMatrix beads; Class 3, homogeneous 

dual red-green fluorescence, prepared using both Texas Red and Fluorescein; Class 4, broad 

halo only-red fluorescence, prepared by adsorbing red-Streptavidin (MW ~ 56 kDa) onto bio-

tin-ChemMatrix beads; Class 5, medium halo only-red fluorescence, prepared by adsorbing 

Texas Red-labeled Streptavidin-BSA conjugates (MW ~ 118 kDa) onto biotin-ChemMatrix 

beads; Class 6, narrow halo only-red fluorescence, prepared by adsorbing Texas Red-labeled 

Streptavidin-AD (MW ~ 202 kDa) conjugates onto biotin-ChemMatrix beads; and Class 7, 

broad halo only-green fluorescence, prepared by adsorbing green-Streptavidin (MW ~ 56 kDa) 

onto biotin-ChemMatrix beads. 

2.3.2 Flexible automated detection, analysis, and sorting of beads 

To enable automated bead selection and sorting, we developed customized algorithms 

to detect the presence of a bead, to extract image-based descriptive metrics required for classi-

fication, and to sort the bead according to the criteria provided by the operator into a positive 

line to the collection receptacle or a negative line to be discarded. Bead selection was based on 

(i) radial distribution of fluorescence, (ii) fluorescence intensity, and (iii) difference of color 

1 vs. color 2 intensities. Radial distribution of fluorescence depends on the diffusion of the 

target biomolecule through the bead, and thus on its hydrodynamic radius; “halo”-like radial 

distribution can be utilized as a criterion of choice when screening against large protein targets, 

so that beads showing a homogeneous fluorescence distribution are discarded as false positives. 

Fluorescence intensity correlates to the ability of the peptides carried by the bead to effectively 

https://www.nature.com/articles/s41598-019-42869-5#Fig2
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capture the target biomolecule; thus, selection of beads carrying high intensity promotes the 

selection of peptides with high binding strength. Finally, the difference of intensities in two 

colors, is utilized for selection of ligands with high binding selectivity. Library selection is 

performed in “competitive conditions”, that is, by co-incubating the labeled target protein with 

a myriad of other protein impurities communally labeled orthogonally to the target (e.g., using 

fluorescence dyes with non-overlapping emission wavelengths); accordingly, the selection of 

beads carrying only the desired label ensures capture specificity. To demonstrate the full po-

tential of our technology, we sorted the beads from the library mimetic according to various 

fluorescence patterns and intensities, showing that the device is capable of unsupervised bead 

sorting with high accuracy in response to criteria set by the user. 

Screening the peptide library using the microfluidic platform comprises a series of tasks 

performed in a loop. Throughout the process, on/off-chip valves are utilized to trap si gle beads 

in the imaging zone and sort them as positive or negative based on the selection criteria. The 

first step involves loading an individual bead to the imaging zone (Figure 2.4, Top left); in this 

step, the beads are withdrawn from the suspension and flown through the device, while keeping 

the loading and positive outlets valves closed, and the negative outlet and imaging valve open. 

Importantly, the valves used in this system are only closed partially, thus trapping beads while 

allowing fluid to flow through closed valves. As the fluid flows through the imaging zone, the 

algorithm is constantly acquiring and analyzing frames from the camera to detect the presence 

of a bead. Detecting a bead triggers the second step, where the imaging, loading and positive 

outlet valves are closed, and the bead is retained in the imaging zone (Figure 2.4, Top middle). 

A second image is then acquired to ensure the presence of a bead in the imaging zone. This 

image is fed to an image processing algorithm that segments the bead and extracts various 

descriptive metrics. The system then determines whether the bead is positive by comparing 

these metrics with the thresholds input by the operator. If the bead is assessed as negative, the 
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loading valve opens and allows the bead to be expelled through negative outlet, while flow 

through positive outlet is stopped by both on and off chip valves (Figure 2.4, Top right). Off-

chip pinch valves are used in both positive and negative outlets to ensure the flow is completely 

stopped. As mentioned earlier, collection of positive beads can be performed in two different 

modes, either by transferring individual beads to single wells in a 96 well plate or by collecting 

them in bulk in a common flask (Figure 2.4, Bottom right and left). When operating in bulk 

collection mode, once a positive bead is detected, the negative outlet valves (on and off-chip) 

are closed while the positive outlet valves and the loading valve open, allowing the bead to 

flow toward the flask. The incoming fluid from the reservoir containing the bead suspension is 

sufficient to direct the bead to the collection flask. When operating in single bead collection 

mode, once a positive bead is detected, the system is programmed to pause the operation and 

ask the operator for permission to continue. As the positive outlet tube is placed in the desig-

nated well, upon receiving permission to continue by the operator, the system opens the posi-

tive outlets and the loading valves, allowing the bead to travel to the collection well with the 

flow provided by the flush stream. With this set up, were able to perform sorting at a speed of 

up to 125 beads/hr (~3.5 times faster than a trained operator) (Figure 2.5). 

2.3.3 Sorting and detection validation 

Several tests were performed to evaluate the bead sorting accuracy and precision of the 

system using fluorescently labeled beads of Class 1–7. Library mimetics depicting different 

screening scenarios were prepared by mixing beads of one class, considered as positive, with 

a combination of beads from other classes. In every experiment, a different library mimetic 

was suspended in PBS at a density of ~2 beads/mL and maintained under gentle agitation to 

prevent aggregation. Beads were fed at a rate of ~2.5 beads/min. The beads conforming to the 

set selection criteria were sorted as positive, and subsequently analyzed to calculate the yield 

and accuracy of the sorting process, respectively defined as ratio of positive beads collected vs. 
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positive beads fed and ratio of positive beads collected vs. total beads collected in the positive 

flask. 

2.3.4 Sorting beads with homogenous fluorescence patterns 

We first processed beads with uniform high-intensity fluorescence patterns in either a 

single (red-only or green-only) or dual (red and green) color (Figure 2.3). In the first test, beads 

with uniform red-only fluorescence (Class 1) were used as the positive set, and mixed with 

untreated ChemMatrix beads and green-only fluorescent beads (Class 2) as negatives. We es-

tablished the positive selection criterion based on the 90th percentile of the bead’s intensity in 

the red channel and the 90th percentile of the bead’s intensity in the green channel. Beads ex-

hibiting values above 0.5 in normalized red channel 90th percentile and below 0.2 in normalized 

green channel 90th percentile were considered positive (Figure 2.6). These threshold values 

were established based on preliminary images acquired from each bead class and analyzed to 

identify distinctive features. Using these thresholds, we were able to retrieve 17 out of the 18 

positive beads initially present in the reservoir flask (~95% yield); while all 17 beads were 

confirmed as positive, indicating 100% accuracy. 

The second test aimed to sort beads with green-only homogeneous fluorescence (Class 

2) from a mixture of Class 2, Class 1, and unlabeled beads. For this test, beads with normalized 

90th percentile pixel intensity higher than 0.5 in the green channel and normalized 90th percen-

tile pixel intensity lower than 0.2 in red channel were considered positive (Figure 2.6 c,d). 

Using these thresholds, we retrieved 53 out of 57 initial positive beads (~93% yield); all 53 

beads were confirmed as positive (100% accuracy). The third test aimed to isolate beads car-

rying dual red-green fluorescence (Class 3) from a mixture of Class 3, Class 2, and unlabeled 

beads. Beads were considered positive when the 90th percentile of pixel intensity in the red and 

green channels was above 0.5 and 0.4, respectively (Figure 2.6 e,f). As a result, 48 positive 

https://www.nature.com/articles/s41598-019-42869-5#Fig4
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beads and 1 false positive were retrieved out of 51 positive beads fed to the sorting device 

(~94% yield rate and ~98% accuracy). 

2.3.5 Sorting beads with “halo”-like fluorescence pattern 

We then sought to evaluate the capability of this platform to sort beads with more com-

plex fluorescence patterns. The homogeneous fluorescence distribution initially utilized is rep-

resentative of library screening against small protein targets, which can easily diffuse through 

the pores of the library beads and be captured by the ligands displayed throughout the entire 

radius of the bead. In contrast, prior work by the Camperi group [18] on screening ChemMa-

trix-based peptide libraries indicates that, due to diffusion limitations, larger target proteins 

effectively penetrate only the outer corona of the beads. This translates into a “halo”-like fluo-

rescence pattern, potentially accompanied by fluorescing spots randomly distributed through-

out the bead (Figure 2.3). Accordingly, additional tests were designed to assess the sorting of 

beads with beads with halo-like fluorescence pattern. 

We first sought to separate Class 6 (narrow halo) beads from a mixture of Class 6, Class 

4 (broad halo), Class 7 (broad halo green-only), and unlabeled beads. To distinguish beads with 

subtler fluorescence patterns, a more complex set of parameters was defined. Specifically, to 

be accepted as positive, a bead ought to meet three criteria: 
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where αer and αeg measure the fluorescence homogeneity through the bead. Smaller αer and 

αeg numbers indicate homogenous distribution of fluorescence within the bead, whereas larger 

values of αer and αeg indicate a wider range between the maximum pixel value and the 90th per-

centile. These threshold values were chosen based on preliminary analyses conducted on im-

ages acquired from beads of Class 4, 5, 6, and 7. 

As a result, 21 positive beads and 3 false positives were retrieved out of 24 positive 

beads fed to the sorting device (~87.5% yield). Considering that 3 beads sorted as false positive, 

we obtained a ~87.5% accuracy (Figure 2.7 a,b). The presence of false positive and false neg-

ative beads is imputed to the variability inherent to protein-peptide binding. In some instances, 

beads of Class 6 did not exhibit a halo-like pattern, likely due to heterogeneous pore size dis-

tribution through the bead. False positives and false negatives can also occur if two beads enter 

the imaging zone together, a result of aggregation or simple proximity in the flow. When two 

or more beads of different classes enter the imaging zone, the algorithm inevitably sorts them 

as either positive or negative, correspondingly resulting in false positive or false negative sort-

ing. However, our data suggests the error caused by these phenomena is only a minor occur-

rence. 

As a final experiment, we aimed to sort Class 5 beads (medium halo red-only fluores-

cence) from a mixture of Class 5, Class 4 (broad halo red-only), Class 7 (broad halo green-

only), and unlabeled beads. Similar to the previous test, three criteria were defined to identify 

positive beads with non-uniform patterns: 
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By applying these thresholds, we were able to retrieve 30 out of 33 positive beads fed to the 

sorting device (~91% yield), with 4 false positives and 2 false negatives (~88% accuracy) 

(Figure 2.7 c,d). 

We performed a detailed statistical analysis aiming to find metrics that would enable 

sorting of beads from Classes 5 and 6, which exhibit comparable halo and non-uniform fluo-

rescence patterns. Specifically, Class 5 beads are labeled with a red Streptavidin-Albumin con-

jugate and exhibit non-uniform fluorescence pattern through the bead’s core as well as a partial 

halo on the corona; Class 6 beads are labeled with a red Streptavidin-Alcohol Dehydrogenase 

conjugate and exhibit a strong fluorescent halo and low-to-no fluorescence in the bead’s core. 

Initially, 34 descriptive metrics were extracted from 61 images acquired from Class 5 and 6 

beads, and a K-means clustering was performed using the two metrics that showed the largest 

difference between Class 5 and 6 beads, namely the normalized 99th percentile pixel in the red 

channel and the normalized 90th percentile pixel of non-bright segment of bead in the red chan-

nel (Figure 2.7 e,f). To extract these metrics, the bead was segmented in regions of high and 

low brightness. To detect regions of high brightness, a local first order statistic threshold was 

used with decreased sensitivity toward the bright foreground (in comparison to that used for 

entire bead detection). Regions of low brightness were detected by subtracting the mask for 
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bright segments from the mask of the whole bead. Based on results of the K-means clustering 

analysis, a hyperplane was specified to differentiate between the Class 5 and 6 beads. The 

clusters obtained from unsupervised sorting were compared with the labeled data to assess the 

accuracy (Number of beads correctly classified/Total number of beads) of the K-means-based 

clustering. This comparison indicated that these groups can be discerned with a ~87% accuracy, 

which accounted for the non-homogeneities associated with fluorescence patterns emerging 

within the samples prepared. There were instances where distinguishing these two classes was 

not possible even by visual inspection performed by a trained operator. 

Collectively, these tests demonstrated the flexible capabilities of this platform in de-

tecting and sorting beads based in various fluorescence intensities and patterns. By discerning 

populations with either uniform or more complex fluorescence patterns, this system proved fit 

for automated, unbiased screening of peptide libraries against different protein targets for the 

identification of synthetic bioactive compounds. 

2.3.6 Screening through a ChemMatrix-peptide library to sort “halo”-like fluorescence 

pattern 

After demonstrating the ability of the proposed device to sort complex halo-type fluo-

rescence patterns, we proceeded with the selection of protein-binding ligands from a library of 

combinatorial peptides under competitive conditions (target protein mixed with protein impu-

rities). In particular, we focused on the identification of immunoglobulin G (IgG)-binding lig-

ands as a case study. Initially, a one-bead-one-component (OBOC) octameric peptide library 

X1X2X3X4X5X6X7X8-GSG was synthesized, wherein X1X2X3X4X5X6X7X8 represents the var-

iable region and GSG is a glycine-serine-glycine spacer arm. The library was produced on solid 

phase (ChemMatrix resin) using an equal ratio of alanine, aspartatic acid, tyrosine, arginine, 

glycine, glutamate, histidine, leucine, glutamine, and serine. The library was then spiked with 

~5% in volume of ChemMatrix beads functionalized with the IgG-binding control peptide 
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HWRGWV-GSG. This peptide ligand has been previously shown to selectively bind IgG in 

complex fluids, including human plasma and Chinese hamster ovary (CHO) cell culture fluids 

[20,36,37]. The procedures for the synthesis of the library and HWRGWV-GSG on ChemMa-

trix beads are detailed in the Supplemental Information. The HWRGWVGSG-spiked library 

was incubated with red-labeled IgG (tagged with Texas Red NHS ester) mixed with green-

labeled CHO host cell proteins (HCPs, tagged with Alexa Fluor 488 NHS Ester) and sorted 

using the proposed device to identify beads with “high” IgG binding and “low” HCP-binding 

(red only beads). In this context, we aimed to sort and sequence beads displaying selective 

halo-patterned binding of IgG to verify that the platform is capable of extracting IgG-binding 

sequences, including HWRGWVGSG. Nonetheless, positive sequences other than 

HWRGWVGSG were expected due to limited compositional bias in the combinatorial library. 

Prior to library screening, optimized hyperplanes for sorting positive beads were determined. 

In order to identify these hyperplanes, ~30–40 positive control beads were flown through the 

device and quantitative data was extracted. Based on the results acquired by running these 

beads through the device, the following thresholds were set for a bead to be considered posi-

tive: (i) αor − αog > 0, (ii) αor > 0.25, (iii) 90th percentile pixel intensity of entire bead in green 

channel <0.1, and (iv) 95th percentile pixel intensity of entire bead in red channel >0.08. Using 

the platform, we screened ~200 beads of this library and identified 12 beads as positive. To 

further verify the existence of fluorescence pattern of interest, the selected positive beads were 

imaged again individually in a single well. All 12 beads exhibited halo pattern in post-sorting 

microscopy, which is indicative of platform’s ability in identifying true positive. Finally, the 

peptides carried by the selected beads were sequenced by Edman degradation [38] using a Shi-

madzu PPSQ 33A Protein Sequencer to verify the presence of the control sequence 

HWRGWV-GSG (Figures 2.8, 2.9). Prior to sequencing, the beads were treated at low pH 

(0.2 M acetate buffer, pH 3.5) and washed to remove all bound proteins. Finally, the peptides 

https://www.nature.com/articles/s41598-019-42869-5#ref-CR20
https://www.nature.com/articles/s41598-019-42869-5#ref-CR36
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https://www.nature.com/articles/s41598-019-42869-5#ref-CR38
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were sequenced directly from the collected beads. Nine of the 12 positive beads were se-

quenced, resulting in 2 beads carrying HWRGWVGSG. 

2.4 Conclusions  

Screening combinatorial peptide libraries using fluorescence-based readouts is a pow-

erful approach for the identification of protein-binding peptides. With solid-phase libraries, in 

particular, which feature peptides conjugated on porous beads, fluorescence detection of the 

beads following capture of the labeled protein target is a successful approach for high-through-

put screening of combinatorial solid-phase libraries [18,19]. Despite its success, manual 

screening is extremely labor-intensive and commercial devices for automated screening are 

likely unaffordable to academic labs. In this work, we developed a low-cost accessible platform 

for automated screening of solid-phase peptide libraries that integrates lab-scale microfluidics 

and microscopy with user-friendly software that enables unsupervised bead imaging and sort-

ing. The device, which can process 100–150 beads per hour, was tested to evaluate yield and 

accuracy of automated bead sorting. This setup was successfully able to handle beads of various 

size (~100–300) and flexible enough to detect and sort beads with different fluorescence pat-

tern. To this end, we utilized seven classes of beads featuring different patterns of fluorescence 

labeling that mimic the appearance of library beads screened against protein targets with dif-

ferent size. The average yield and accuracy of positive beads recovered by the device from 

mixtures of different classes was found to be 92% and 94% respectively. Particularly encour-

aging was the recovery of beads with complex fluorescence patterns, which afforded ~88% 

yield and ~88% accuracy. Notably, the acquisition of the metrics needed to perform the bead 

sorting was unsupervised; specifically, two bead patterns (i.e., non-homogeneous and halo-

like) were produced using labeled proteins of different molecular weight, automatically ac-

quired, and successfully utilized to recover positive beads from both classes. This demonstrates 

that the device provides a cost-efficient, accessible alternative for the automated sorting of 

https://www.nature.com/articles/s41598-019-42869-5#ref-CR18
https://www.nature.com/articles/s41598-019-42869-5#ref-CR19
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bead-based combinatorial libraries with high sensitivity and specificity. As a demonstrative 

case study, we employed the device for selecting IgG-binding peptides by screening a combi-

natorial library spiked with IgG-binding HWRGWV-ChemMatrix beads upon incubation with 

IgG spiked in a complex protein mixture (CHO cell culture fluid). We finally confirmed the 

presence of IgG-capturing beads by Edman sequencing of the positive beads. This platform 

achieved high accuracy and yield in sorting beads via incorporation of fluorescence micros-

copy. In addition, as a microfluidic platform, multiple devices and setups can be assembled in 

a relatively short period of time. 

The proposed device platform can also be integrated with other analytical instruments 

as well as systems that enhance the decision-making algorithms. Additionally, image pro-

cessing and pattern recognition can be carried out using machine-learning algorithms that 

would improve the accuracy of the decisions made during sorting over the currently utilized 

statistical algorithm. Integrating these supervised machine-learning algorithms would lead to 

detecting more subtle and complicated patterns occurring throughout screening a library of 

peptides. The throughput of this platform can also be improved by implementing parallel de-

vices simultaneously or by increasing the concentration of beads in the suspension flown 

through the device. 

2.5 Methods 

2.5.1 Device Fabrication 

The microfluidic platform was fabricated by traditional photolithography followed by 

soft lithography. Negative photoresist SU-8 2150 was spun at 1460 rpm to achieve a feature 

height of 400 μm (Figure 2.1 d). Soft bake was carried out for 10 and 90 minutes at 65 °C and 

95 °C, respectively. The wafer was then exposed to UV light for 14 seconds using a UV-KUB 

3 mask aligner. The mold was then further baked at 65 °C and 95 °C for 5 and 30 minutes 
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respectively to ensure complete cross-linking of exposed regions. Soft lithography was per-

formed in two steps since on-chip valves require a more flexible material for proper operation. 

First, a thin PDMS layer at a 20:1 ratio of polymer to cross-linker was poured and cured for 

20 minutes at 80 °C. A second thick PDMS layer at a 10:1 ratio of polymer to cross-linker was 

then poured on the mold and cured for 2 hours at 80 °C. 

2.5.2 Preparation of fluorescently labeled beads 

Beads were prepared to feature two different fluorescence profiles, namely homogene-

ous and “halo”-like distributions, as described by Marani et al. [18]. Beads with homogeneous 

fluorescence were prepared by labeling ChemMatrix aminomethyl beads with Texas Red NHS 

ester, fluorescein isothiocyante (FITC), or both; to this end, 50 mg ChemMatrix dry resin was 

swollen in 1 ml 0.1 M sodium bicarbonate, pH 8.3, for 1 hour at room temperature and incu-

bated with 50 µl of 2 mg/mL fluorescent dye solution in dimethyl sulfoxide (DMSO) in dark, 

for 1 hour at room temperature under gentle agitation. After incubation, the dye solution was 

removed and the beads were washed thoroughly with 0.1% Tween 20 in phosphate buffered 

saline (PBS), pH 7.4 (PBS-T) for storage and to remove unreacted fluorescent dye. Beads fea-

turing halo-like beads were produced using proteins with a range of molecular weights. To this 

end, biotin was initially conjugated onto ChemMatrix aminomethyl beads by incubating the 

resin with a 1 mg/mL solution of biotin and 2 mg/mL 1-Ethyl-3-(3-dimethylaminopropyl)car-

bodiimide (EDC) in 0.1 M MES, pH 4.6, to achieve a ratio of 1 mg biotin:2 mg EDC:100 mg 

resin, for 2 hours under gentle agitation at room temperature. Meanwhile, high purity bovine 

serum albumin (BSA, 66 kDa) and alcohol dehydrogenase (AD, 150 kDa) were dissolved at 

2 mg/ml in phosphate buffered saline and conjugated to streptavidin (53 kDa) using a LYNX 

Rapid Streptavidin conjugation kit. The streptavidin-conjugated proteins were then fluores-

cently labeled with Texas Red NHS ester. Briefly, 10 µL of streptavidin-conjugated protein 

was dissolved at 2 mg/ml in 0.1 M sodium bicarbonate, pH 8.3, and mixed with 1 µL of 

https://www.nature.com/articles/s41598-019-42869-5#ref-CR18
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10 mg/mL solution of Texas Red NHS dye in DMSO under gentle agitation for 1 hour, light-

protected at room temperature. The unreacted dye was removed by diafiltration against PBS-

T. For labeled protein-bead interactions, 20 µL of the labeled streptavidin and protein conju-

gates was incubated with 2–5 µl settled volume of biotinylated beads for at least 1 hour at 2–

8 °C. 

2.5.3 Experimental setup 

In this study, beads are sorted based on their fluorescence intensity or pattern in both 

red and green channels. Simultaneous dual color fluorescence microscopy was performed using 

a LEICA DMi8 inverted microscope connected to a Hamamatsu Orca-D2 camera equipped 

with two charge-coupled devices (CCDs) enabling simultaneous microscopy in wavelengths 

of interest. The ChemMatrix beads used in this study tend to aggregate in solution, leading to 

clogging of the microfluidic platform and sorting errors (false positives/negatives). To prevent 

aggregation, beads were maintained in a diluted suspension in PBS buffer (150 beads per 

80 ml) and gently stirred on an orbital shaker throughout the duration of the sorting cycle. On-

chip valves were filled and degassed with a 50% glycerol solution with a similar refractive 

index as PDMS, which improves image quality in the vicinity of the valves. A custom-built 

pressure box equipped with pressure regulators was used to drive fluid flow in the tubing and 

device. Valve operations was controlled by a custom-developed MATLAB Graphical User In-

terface (GUI). 

2.5.4 Image processing  

To automate the sorting process in an unbiased and quantitative manner, computer-

vision algorithms were implemented to detect bead presence in the imaging zone and classify 

it as negative or positive based on the criteria provided by the operator. Bead detection was 

carried out by a custom developed MATLAB algorithm that identifies the presence of beads in 

the channel independently of bead size or fluorescence intensity. As shown in Figure 2.2, bead 

https://www.nature.com/articles/s41598-019-42869-5#MOESM1
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detection begins by converting the raw grayscale image to a binarized image using a local first 

order statistic threshold. The background noise detected in the binarized image is eliminated 

by removing objects smaller than 100 pixels. The image is then dilated and filled to re-construct 

the bead structure. To further refine the mask, the image is opened, eroded, and dilated to 

smooth the bead shape. We integrated this algorithm with the live image acquisition setup 

where the presence of each incoming bead was detected. Once the bead is detected and isolated 

in the imaging zone, a second image processing algorithm extracts the image intensity profile 

using the mask previously generated. Various metrics such as mean intensity, max intensity, 

intensity Nth-percentile, and different combinations of these metrics are extracted. The values 

extracted using this algorithm are normalized by converting the 12-bit pixel value range from 

0 (black)-4095(white) to 0 (black)-1 (white). Positive beads are detected and isolated based on 

the values of these metrics. In this study, more than 20 metrics were extracted for each bead. 

Depending on the pattern of interest, a combination of two or three metrics is used as criteria 

for the identification and sorting of positive beads. 

2.5.5 Library synthesis 

The combinatorial octamer peptide X1-X2-X3-X4-X5-X6-X7-X8 was synthesized by 

Fmoc/tBu strategy onto 2 g of HMBA-ChemMatrix resin (HMBA: hydroxymethylbenzoic 

acid) preloaded with the tripeptide GSG (G: Glycine, S: Serine). Ten protected amino acids 

Fmoc-Ala-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Gly-

OH, Fmoc-Glu(OtBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Leu-OH, Fmoc-Gln(Trt)-OH, and 

Fmoc-Ser(tBu)-OH were used as building blocks to produce the combinatorial segment of the 

library (X1-X8) via “split-couple-recombine” technique. First, every amino acid was 

conjugated to a 0.2 g aliquot of resin using 3 equivalents (eq.) of amino acid in DMF, 3 eq. of 

2-(7-aza-1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) in 

DMF, and 6 eq. of diisopropylethylamine (DIPEA) in NMP at 45˚C for 20 min. After amino 
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acid conjugation and removal of the Fmoc protecting group using 20% piperidine in DMF for 

20 minutes at room temperature, the ten aliquots were combined, mixed, and re-divided into 

10 aliquots. The steps of amino acid conjugation, Fmoc removal, aliquot mixing, and splitting 

were repeated seven more times, resulting in a pool of 108 peptide combinations. Finally, the 

peptides were collectively deprotected using a cleavage cocktail TFA/Thioanisole/EDT/anisole 

(90/5/3/2) for 2 h. The resulting library was finally washed thoroughly with DMF and stored 

in 20% aqueous ethanol at 4˚C. 

2.5.6 Conjugation of fluorescent dyes to proteins 

 Human Immunoglobulin G (IgG) and Chinese Hamster Ovary Host Cell Proteins (CHO 

HCPs) were labelled with Texas Red and Alexa Fluor 488 respectively, following the 

manufacturer’s protocol. CHO HCPs were dialyzed against 0.1 M Sodium Bicarbonate Buffer 

pH 8.3 at 10 mg/mL using a Thermo Scientific Pierce 9K MWCO Protein Concentrator. IgG 

was also dialyzed against 0.1 M Sodium Bicarbonate Buffer pH 8.3 at 10 mg/mL. Texas Red 

and Alexa Fluor 488 were each dissolved in dry dimethyl sulfoxide (DMSO) at 10 mg/mL and 

immediately added to the corresponding protein solution at a 1:10 mass ratio of label to protein. 

The reaction was incubated for 1 hour at room temperature on a rotator, and then diafiltered 

into 50 mM sodium phosphate, 150 mM sodium chloride, pH 7.4, 0.1% Tween 20 (PBS-T) 

using Amicon Ultra-0.5 ml 10 kDa MWCO filters to remove any unreacted dye. 

2.5.7 Incubation of beads against IgG and CHO HCP 

To calibrate the instrument with positive control beads, 20 µL of Texas Red-IgG protein 

in PBS-T was added to 7 µL of settled HWRGWVGSG beads. For the library incubation, 12 

µL of settled combinatorial octamer peptide beads were added with 0.5 µL of settled 

HWRGWVGSG-ChemMatrix beads. Subsequently, 66 µL of 2 mg/mL IgG and 33 µL of 

2mg/mL CHO HCP in PBS-T were added to 12.5 µL of the spiked peptide library, achieving 
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a total protein incubation solution of 100 µl of 1.3 mg/mL IgG and 0.7 mg/mL CHO HCP in 

PBS-T. The positive control and the spiked library were incubated with their respective protein 

solutions overnight at 4oC in the dark. The beads were then washed three times with PBS-T 

and screened. 

2.5.8 Sequencing of selected beads 

After incubation and screening, each selected bead was placed in an individual well of 

a 96-well plate and washed to remove the bound protein. Specifically, every bead was treated 

with (i) 100 µL of 0.2 M acetate buffer pH 3.5 for three times, at room temperature, for 30 

minutes; (ii) 100 µL of 50 mM PBS pH 7.4 for three times; (iii) copiously rinsed with water 

and acetonitrile for one minute each. They were then stored in acetonitrile at 4oC until 

sequencing. 

On-bead sequencing of selected peptides was conducted via Edman degradation using 

a PPSQ 33A protein sequencer equipped with an LC-20AT solvent delivery module and an 

SPD-20A UV-VIS detector (Shimadzu). Following a phenylthiohydanoin (PTH)-amino acid 

standard, single beads were placed onto a polyvinylidene difluoride (PVDF) membrane and 

loaded into a PPSQ 33A reactor according to the instrument protocols. The bead is sequenced 

using the Edman degradation reagents and separated with a Wakopak® Wakosil PTH-

II φ4.6mm × 250mm (S-PSQ) column. The sequence was identified by matching amino acid 

retention times to the calibrated PTH-amino acid standard. 
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2.6 Tables and Figures 

 

 

 

 

 

 

Figure 2.1 Microfluidic device for automated screening of bioactive compounds. (a) Schematic 

of experimental setup. (b) Photograph of the microfluidic platform. (c) Device schematic. 

Beads enter the device through the bead inlet and are trapped in the imaging zone by on-chip 

valves. Beads are then directed to positive or negative outlets depending on their fluorescence 

profile. (d) The width and length of imaging zone is 350 µm while the height is 400 µm. The 

PDMS membrane separating flow and valve channels is 140 µm. Scale bar is 1 cm. 
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Figure 2.2 Flowchart of image segmentation. 
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Figure 2.3 Various classes of beads with different fluorescence profiles. Beads in classes 1–3 

exhibit homogeneous fluorescence patterns in green, red, and green/red. Class 4 and 7 were 

prepared by adsorbing red and green Streptavidin onto biotin beads producing broad halo pat-

tern in red and green channel respectively. Classes 5–6 were prepared by adsorbing red-Strep-

tavidin-BSA and red-Streptavidin-AD onto biotin beads producing medium and narrow halo 

pattern respectively. The scale bar is 200 µm. Contrast has been modified in the Unlabeled 

class image for visibility. 
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Figure 2.4 Screening process flowchart. Beads are flown through the device while the loading 

valve is closed and the imaging valve open. Once a bead is detected in the imaging zone, the 

imaging valve closes trapping the bead. If the bead is assessed to be negative, the loading valve 

will open up and allow the bead to flow through the negative outlet. If the bead is assessed to 

be positive, the negative outlet valve closes and the positive outlet valve opens while the load-

ing valve opens and allows the bead to flow through the positive outlet. 
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Figure 2.5 Comparison of speed of bead sorting between trained operators and the microfluidic 

device. The operators were asked to plate 96 well-plates with single beads and perform fluo-

rescence microscopy of each well. 
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Figure 2.6 Detection and sorting of beads with homogeneous fluorescence patterns. (a,c,e) Dot 

plot of samples screened with the goal of sorting class 1,2, and 3 beads respectively. The values 

for decision hyperplanes (lines) were established based on preliminary data acquired for each 

class. The purple point in figure (c) occurred due to having class 1 and class 2 beads entering 

the imaging zone together. Both beads were sorted as negative. (b,d,f) Bar plots of the platform 

performance in sorting class 1, 2 and 3 beads respectively. “Positive added” is the known num-

ber of positive beads added to the flask. “Positive Retrieved” represents the true positives col-

lected at the outlet. “False Positive” and “False Negative” are the beads sorted incorrectly. 
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Figure 2.7 Capability of platform in sorting halo fluorescence patterns. (a,c) The 3D plot of 

samples screened to sort class 6 and 5 beads respectively. The values for decision hyperplanes 

(surfaces) were established based on preliminary data acquired for each class. (b,d) The bar 

plot of the platform performance in sorting class 6 and 5 beads respectively. “Positive Added” 

is the known number of positive beads added to the flask. “Positive Retrieved” represents the 

true positives collected at the outlet. “False Positive” and “False Negative” are the beads sorted 

incorrectly. (e) Unsupervised K-mean clustering of data extracted from images taken from class 

5 and 6 beads. ~30 beads from each class were imaged and processed. (f) The ground truth 

labels for points used in the unsupervised K-mean clustering. These labeled data were used to 

calculate the accuracy of unsupervised clustering of data points acquired from class 5 and 6 

beads. 
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Figure 2.8 Edman sequencing of positive control bead collected in well F3 from library screen-

ing. All amino acid residues were correctly assigned by the Edman data analysis, except for 

the third and last residues. The Arginine (Arg) peak is the only peak whose intensity does not 

decrease from the 2nd chromatogram to the 3rd chromatogram, thereby indicating that Arginine 

is actually located in position 3, as expected. Since the last three amino acids in all sequences 

of the library and in the spiked IgG-binding peptide HWRGWV-GSG are Gly-Ser-Gly, we can 

assume that the last amino acid is Glycine.  
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Figure 2.9 Edman sequencing of a positive control bead collected in well F12 from library 

screening. 
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3.1 Abstract 

The rapid expansion of CRISPR in biotechnology, medicine, and bioprocessing poses 

an urgent need for advanced manufacturing of Cas nucleases. The lack of Cas-targeting ligands, 

however, prevents the development of platform processes for purifying this class of molecules. 

This work represents the first effort at developing short synthetic Cas9-binding peptides and 

demonstrates their applicability as affinity ligands for the purification of a Cas nuclease. Can-

didate Cas9-targeting peptides were initially identified by screening a solid-phase peptide li-

brary against a model mixture of Streptococcus pyogenes Cas9 spiked in Escherichia coli cell 

lysate. An ensemble of homologous sequences was identified, conjugated on Toyopearl resin, 

and evaluated by Cas9 binding studies to identify sequences providing selective Cas9 capture 

and efficient release. In silico docking studies were also performed to evaluate the binding en-

ergy and site of the various peptides on Cas9. Notably, sequences GYYRYSEY and 

YYHRHGLQ were shown to target the RecII domain of Cas9, which is not involved in nucle-

ase activity and was targeted as an ideal binding site. The peptide ligands were validated by 

purifying Cas9 from the E. coli lysate in dynamic conditions and through measurements of 

binding capacity and strength (Qmax and KD). The resulting values of Qmax = 4–5 mg Cas9 per 

mL of resin and KD ∼ 0.1–0.3 μM, product recovery (86–89%), and purity (91%–93%) indicate 

that both peptides, and YYHRHGLQ in particular, can serve as capture ligands in a platform 

purification process of Cas9. 

3.2 Introduction 

Gene editing using engineered nucleases has rapidly evolved from a niche technique to 

a mainstream method utilized by the biotech community [1−4]. Among gene-editing methods, 

“Clustered Regularly Interspaced Short Palindromic Repeat” (CRISPR) technology has 

emerged as a powerful method and has recently entered clinical evaluation [5−7]. CRISPR 

utilizes RNA-guided Cas nucleases with customizable specificity to achieve rapid and efficient 
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modification of endogenous genes in medically relevant cell lines or in organisms whose ma-

nipulation has been traditionally challenging [8]. 

In the Cas family, Cas9 and Cas9-derived nucleases can regulate gene expression or 

label specific genomic loci in living cells [9] and are poised to cure genetic diseases and anti-

biotic-resistant infections [10−12]. As a result, the global market of CRISPR/Cas products has 

been valued at US$1.5 B in 2017 and is expected to reach US$7.5 B by 2026, corresponding 

to a CAGR of 20.1% from 2018 to 2026. With the prevalence of CRISPR technology in bio-

technology and medicine, [7], [13], [14] a new challenge lies on the horizon: how to affordably 

produce CRISPR Cas products to serve large-cohort clinical trials and, eventually, clinics 

worldwide. 

The paradigm of large-scale downstream bioprocessing relies on an initial bind-and-

elute chromatography (“capture”) step to purify and concentrate the product. The most effec-

tive strategies for robust purification rely on affinity chromatography, as demonstrated by the 

widely used platform processes for the purification of therapeutic monoclonal antibodies 

(mAbs). These rely on Protein A-based adsorbent for the capture step, which purifies and con-

centrates the mAb product from the cell culture fluid feed to >95% purity [15−17]. Engineered 

Protein A ligands play a crucial role in enabling manufacturers to meet the clinical demand for 

large quantities of highly pure mAbs [18−20]. Proteins targeting CRISPR-Cas proteases, 

known as Acr, have been recently identified and studied; [21] in particular, AcrIIA2 and 

AcrIIA4, derived from Listeria monocytogenes prophages, have been shown to act as strong 

Cas9 inhibitors [22,23]. Owing to their high binding strength and selectivity, AcrIIA2 has been 

adopted as biorecognition moiety in biosensors for Cas9 detection and quantification 

[24,25]. Unlike Protein A, however, these proteins are not engineered to withstand hundreds 

of bind-and-elute cycles or the harsh conditions utilized in the cleaning and sanitization of 

chromatographic resins, both of which are required by industrial manufacturers; further, given 
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their high binding strength (<1 nM),[24,25] AcrIIA2 is likely to entail drastic elution condi-

tions, which would be detrimental to the gene-editing activity of the Cas9 product. 

At present, therefore, affinity ligands suitable for the industrial purification of Cas pro-

teins are not available, and the current downstream methods rely on chromatographic tech-

niques that are either low-yield (e.g., ion exchange) or unfit for large-scale manufacturing (e.g., 

immunoaffinity or affinity-tag chromatography) [26−28]. Affinity-tag chromatography re-

quires untagging of the product [29−32] and can fail to bind the target Cas if - as a result of 

protein folding - the affinity tag is poorly displayed. A wide variety of ligand families and 

ligand-engineering methodologies are now available.(33,34) Engineered small protein ligands 

(e.g., nanobodies, affibodies, and DARPins [35]) feature high binding affinity and selectivity, 

but they are laborious and expensive to manufacture at the large scale and suffer from limited 

resistance to the harsh sanitization-in-place procedures established in pharmaceutical biopro-

cesses [36,37]. Synthetic ligands such as aptamers and peptides have been proposed as alter-

natives to protein ligands owing to their excellent target affinity and selectivity, [38−40] com-

bined with lower cost and high chemical stability. Our team has worked extensively on protein-

binding peptides and has demonstrated their potential as ligands for protein purification by 

affinity chromatography [41−49]. 

In this work, we present the discovery and evaluation of the first short, synthetic Cas9-

binding peptides for use as affinity ligands in a process of Cas9 purification. Using a microflu-

idic device developed in prior work for high-throughput screening of solid-phase combinatorial 

libraries, [50] we performed a dual fluorescent screening of a library of 8-mer peptides against 

fluorescently labeled Cas9 and the proteins contained in a E. coli cell lysate. The amino acid 

makeup of the peptides in the library was based upon an in silico evaluation of putative binding 

sites on RecII; this domain of Cas9 is not implicated in any nuclease activity and therefore 

represents an ideal binding site for Cas9 capture. Through real time acquisition and analysis of 
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fluorescent bead images, the device combines high speed and sensitivity toward selecting high-

affinity peptides while also reducing the risk of false positives. The positive library beads se-

lected by the device were analyzed by Edman degradation to identify the peptide sequences 

carried thereon. 

A pool of 30 candidate peptide ligands was conjugated onto polymethacrylate-based 

Toyopearl resins, and the resulting adsorbents were initially evaluated in terms of Cas9 binding 

and recovery. Specifically, static binding tests in noncompetitive conditions (pure Cas9 in PBS, 

pH 7.4) were performed to identify peptide sequences capable of high Cas9 binding and yield. 

Selected sequences SYRYLRGG, SYRHYYRE, SYRYQLYR, DYGLYGGR, GYYRYSEY, 

and YYHRHGLQ were then challenged against a model feedstock comprising Cas9 spiked in 

an E. coli cell lysate. 

Following adsorption in static conditions and washing, the bound proteins were eluted 

under mild acidic conditions (pH 4). Peptides YYHRHGLQ and GYYRYSEY, in particular, 

returned values of Cas9 recovery of 86–89% and purity of 91%–93% and were further charac-

terized for Cas9 purification from the E. coli lysate under dynamic conditions at two different 

values of residence time, namely 1 and 2 min. We also measured the equilibrium binding ca-

pacity (Qmax) and affinity (KD) of YYHRHGLQ-GSG-Toyopearl and GYYRYSEY-GSG-

Toyopearl resins via static binding experiments with pure Cas9, obtaining values of Qmax ∼ 4–

5 mg Cas9 per mL of resin and KD ∼ 0.1–0.3 μM. Notably, YYHRHGLQ-GSG-Toyopearl 

resin proved able to capture Cas9 by selectively binding its RecII domain. 

As a corollary study, the five sequences listed above were also evaluated in silico via 

docking studies onto the crystal structure of Cas9 published on the Protein Data Bank (PDB 

ID: 4OO8) using the docking software HADDOCK (v. 2.1) [51,52]. Coherently with experi-

mental findings, the five peptides were found to target Cas9 with micromolar affinity, and 
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YYHRHGLQ was shown to dock effectively on the RecII domain of Cas9. These results col-

lectively indicate that the peptides identified in this work show great promise toward being 

employed as ligands for the affinity-based capture of Cas9 in a platform purification process. 

3.3 Results and Discussion  

3.3.1 Library Design and Synthesis 

Cas9 (MW ∼ 160 kDa) comprises six domains:[26], [53], [54] RecI is responsible for 

binding the guide RNA; the PI domain directs the binding to the target DNA; the Bridge helix 

initiates the nuclease activity upon binding of target DNA; and the HNH and RuvC domains 

cut the single-stranded DNA. As active sites, these domains are not suitable binding targets, 

since association and dissociation with affinity ligands may cause structural and biochemical 

alterations, leading to unwanted loss of DNA targeting specificity and editing activity. The 

RecII domain (residues 180–307), on the other hand, is not directly involved in DNA binding 

nor possesses nuclease activity [54−56] and is therefore an ideal target site for Cas9 capture. 

We therefore performed an in silico “druggability” study of the RecII domain of Cas9 (PDB 

ID: 4OO8) using PockDrug [57,58] and identified 3 putative pockets with appropriate mor-

phology and physicochemical properties to harbor peptide ligands (Figure 3.1 A). Specifically, 

we analyzed the topological and physicochemical properties of the putative binding sites 

by (i) measuring pocket depth (PD), solvent-accessible surface area (SASA), and pocket vol-

ume (PV)[59] and (ii) by calculating their sequence-based isoelectric point (pI) and grand av-

erage hydropathy (GRAVY) index. GRAVY is a metric for hydrophobicity, as a negative 

GRAVY value indicates hydrophilic character and a positive value indicates hydrophobicity 

[60]. Site 1 (cyan) has a PD of 6.8 Å, a SASA of 143.7 Å2, a PV of 632.6 Å3, an Ip of 10.46 

and net charge of +4 at pH 7.4, and GRAVY score of −0.25; Site 2 (green) has a PD of 5.4 Å, 

a SASA of 97.2 Å2, a PV of 459.2 Å3, an Ip of 6.97 and net charge of 0 at pH 7.4, and GRAVY 

score of −0.29; finally, Site 3 (pink) has a PD of 10.2 Å, a SASA of 326.6 Å2, a PV of 832.6 
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Å3, an Ip of 9.09 and net charge of +1 at pH 7.4, and GRAVY score of −0.39. As a result, we 

envisioned that peptides (i) comprising of 8 residues, and therefore featuring a hydrodynamic 

radius of 5–8 Å, and (ii) constructed with amino acids alanine (Ala, A), aspartic acid (Asp, D), 

glutamic acid (Glu, E), glycine (Gly, G), histidine (His, H), leucine (Leu, L), glutamine (Gln, 

Q), arginine (Arg, R), serine (Ser, S), and tyrosine (Tyr, Y) would fit the target sites on RecII. 

Other putative binding studies have been identified, located in the RuvC, the RecI, and HNH 

domains of Cas9 (Figure 3.1 B). These sites, however, being implicated in the recognition and 

editing of DNA should not be targeted for binding. 

Accordingly, we constructed a biased One-Bead-One-Peptide (OBOP) combinatorial 

library of linear 8-peptides X1X2X3X4X5X6X7X8GSG, wherein X1X2X3X4X5X6X7X8 repre-

sents the variable segment of the peptide, and the GSG (Gly-Ser-Gly) spacer promotes the 

display of the variable segment of the peptide onto the solid phase and improves peptide cleav-

age and sequencing. The length of 8 amino acids has been chosen as it offers a balance between 

binding strength and selectivity and cost. The 8 combinatorial positions Xi were randomized 

using the above listed 10 amino acids, for a total of up to 108 unique peptide sequences, with 

multiple copies of every sequence present on each resin bead. The OBOP library was synthe-

sized by solid-phase peptide synthesis (SPPS) on ChemMatrix beads. ChemMatrix is an excel-

lent resin for peptide synthesis and library screening, owing to its resistance to a wide range of 

reagents and solvents, its hydrophilic surface minimizes nonspecific protein binding, and its 

translucency makes it ideal for fluorescence-based peptide selection [46,49] The library was 

synthesized following the “split-couple-and-recombine” technique, described by Lam et al 

[61−63] using Fmoc/tBu-based chemistry. 
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3.3.2 Primary Screening: Peptide Library Selection against Cas9 

In prior work has been developed a device for automating the selection of peptide lig-

ands for biological targets [50]. The device sorts beads from solid-phase peptide libraries ena-

bling (i) simultaneous positive and negative selection by dual fluorescent labeling to isolate 

peptides with high binding affinity and selectivity and (ii) rapid screening at a rate of up to 200 

beads per hour. The device comprises a microfluidic bead-sorting chamber, a dual wavelength 

fluorescent microscope, and software for real-time bead monitoring, image processing, and 

sorting (Figure 3.2). The software performs rapid acquisition of fluorescent bead images and 

image analysis and instructs the sorting of a bead to either a selection receptacle or to waste. 

The image analysis accounts for both intensity and radial distribution of fluorescence, which 

provides high sensitivity toward selecting high-affinity peptides and reduces the risk of false 

positives. We utilized this bead-sorting device to screen the peptide library and select candidate 

Cas9-binding peptides. The screening mix comprised Cas9 fluorescently labeled with red 

Alexa Fluor 594 (AF594) spiked in a mixture of E. coli proteins derived from a cell lysate and 

labeled with green Alexa Fluor 488 (AF488). Library aliquots were incubated in the screening 

feed at the ratio of 4 mg total protein per mL of library beads. Following incubation and wash-

ing, the beads were sorted using the microfluidic device to select for beads with strong red-

only fluorescence (high Cas9-binding affinity and selectivity), whereas red-and-green and 

green-only beads were discarded. Representative examples of positive and negative beads are 

presented in Figure 3.9. The peptides carried by the selected beads were sequenced by Edman 

degradation. 

3.3.3 Secondary Screening: Static Binding Studies of Cas9 in Noncompetitive (Pure Cas9) 

and Competitive (Cas9 in E. coli Lysate) Conditions 

The sequences obtained by Edman degradation were analyzed by amino acid homology 

(Figure 3.3), and 30 selected candidates (Table 3.3) were synthesized on Toyopearl AF-Amino 
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650 M resin by Fmoc/tBu synthesis and tested as ligand candidates through binding studies in 

noncompetitive conditions (pure Cas9 in PBS, pH 7.4). Toyopearl resin was adopted for its 

high chemical resistance, which makes it amenable to peptide synthesis, low compressibility, 

and nonspecific protein adsorption, which makes it an ideal resin for protein chromatography 

[45], [64], [65]. Following equilibration, the peptide-Toyopearl resins were incubated with 

Cas9 at 0.2 mg/mL in PBS and subsequently centrifuged to collect the supernatant as unbound 

(UB) fraction. Protein elution was then performed using 0.2 M acetate buffer, pH 4. The re-

sulting UB and El fractions were analyzed to obtain the values of Cas9 binding (% mass ratio 

of Cas9 in the UB fraction vs Cas9 fed) and yield (% mass ratio of Cas9 eluted vs Cas9 fed), 

which are listed in Table 3.1 for the 6 top-performing peptides. 

Sequences SYRYLRGG-GSG (yield of 50.6%), SYRHYYRE-GSG (54.7%), 

SYRYQLYR-GSG (49.5%), DYGLYGGR-GSG (48.6%), GYYRYSEY-GSG (56.0%), and 

YYHRHGLQ-GSG (53.8%) returned the highest values of product recovery and were there-

fore selected for further evaluation in competitive conditions and in silico docking studies. For 

the competitive study, a new feed sample was prepared by spiking AF594-labeled Cas9 in 

AF488-labeled E. coli cell lysate to obtain a final concentration of 1 mg/mL for Cas9 and 3 

mg/mL for E. coli proteins. While the purity of the eluted fractions suggests good binding se-

lectivity for all peptide ligands, especially considering the low concentration and purity of Cas9 

in the source fluid, the comparison between the amounts of bound and eluted Cas9 indicates 

that the selected ligands feature high Cas9-binding strength. Sequences YYHRHGLQ-GSG 

and GYYRYSEY-GSG afforded the best balance between product yield and purity and were 

chosen for further validation to quantify binding strength and capacity and purification activity 

in dynamic mode. 
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3.3.4 Cas9 Binding Strength of Peptide Ligands YYHRHGLQ and GYYRYSEY 

Adsorption isotherms of Cas9 on YYHRHGLQ-GSG-Toyopearl and GYYRYSEY-

GSG-Toyopearl resins were constructed within the range of Cas9 concentration between 0.05 

and 5 mg/mL, as described in prior work [46,66]. The values of bound Cas9 per volume of 

resin (Q) were plotted against the corresponding equilibrium concentration of unbound Cas9 

(C*) and fit to a Langmuir isotherm model, thus providing a value of maximum binding capac-

ity (QMax) and dissociation constant (KD). The adsorption isotherms and the values 

of QMax and KD obtained by Langmuir fitting are reported in Figure 3.4. The GYYRYSEY-

GSG-Toyopearl resins showed a higher binding capacity (Qmax = 5.1 mg of Cas9 per mL of 

resin) and strength (KD = 0.13 μM) compared to those of the YYHRHGLQ-GSG-Toyopearl 

resin (Qmax = 3.9 mg/mL and KD = 0.27 μM). 

3.3.5 Use of Peptide-Based Adsorbents for Cas9 Purification from an E. coli Lysate in 

Dynamic Mode 

The adsorbents YYHRHGLQ-GSG-Toyopearl and GYYRYSEY-GSG-Toyopearl 

resin were selected to evaluate the ability of peptide ligands to purify Cas9 under flow, mim-

icking the conditions of a true bioprocess. The peptide-Toyopearl resins were packed in a col-

umn and equilibrated with PBS. The feed sample was prepared by spiking Cas9 in an E. 

coli cell lysate to obtain a final concentration of 0.5 mg/mL of Cas9 and 3 mg/mL of host cell 

proteins (HCPs). The concentration of 0.5 mg/mL in the feed was chosen as the lowest value 

of Cas9 concentration at which the binding capacity (Q) of both adsorbents approximates its 

maximum (Qmax). A short residence time (1 min) was chosen for loading the feed sample to 

take advantage of the high binding strength and capacity of the peptide-based adsorbent for the 

target Cas9 while minimizing the binding of E. coli HCPs. Following injection and resin wash-

ing, the elution of bound proteins and resin regeneration were performed under acidic condi-

tions (pH 4.0 and 2.5, respectively). Coherently with the values of QMax and KD measured via 
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isotherm binding studies, both adsorbents quantitatively bound the entire amount of fed Cas9. 

At the same time, appreciable values of product yield were obtained, namely 85.9% from 

YYHRHGLQ-GSG-Toyopearl and 89.1% from GYYRYSEY-GSG-Toyopearl resins. None-

theless, the values of yield obtained with dynamic purification are notably higher compared to 

those obtained in static mode; this is likely the result of the elution buffer flow, which lowers 

the Cas9 concentration in solution, thereby promoting dissociation of the Cas9:peptide com-

plex. On the other hand, GYYRYSEY-GSG-Toyopearl and YYHRHGLQ-GSG-Toyopearl 

resin offered good values of product purity (92.7% and 91.1%, derived from the electrophoretic 

analysis of the fractions in Figure 3.5), which warrants applicability as affinity adsorbents for 

product capture. 

We finally measured the clearance of E. coli host cell proteins and DNA by analyzing 

the eluates by E. coli HCP-specific ELISA (Cygnus Technologies) and a Quant-IT Picogreen 

dsDNA assay kit (Thermo Fisher Scientific). The results are reported in Table 3.2 together with 

the values of Cas9 yield and purity. Notably, the clearance of bacterial DNA was highly effi-

cient, with log10 reduction values (LRV) of 3.1 and 3.4; this is particularly remarkable for 

YYHRHGLQ, given the high number of positively charged amino acids in its sequence. Fi-

nally, a HCP LRV of 1.08 was achieved by ligand YYHRHGLQ, while GYYRYSEY gave a 

value of 0.98. These results indicate that product polishing by additional chromatographic steps 

would be necessary to attain the level of product purity necessary for therapeutic applications. 

On the other hand, the application of our peptide-based affinity adsorbents afforded a Cas9 

enrichment factor of ∼30–35, allowing substantial volume reduction postproduct capture. 

3.3.6 Evaluation of the Cas9: Peptide Binding 

To better understand and characterize the interaction between the selected peptides and 

Cas9 at the molecular level, we performed molecular docking studies of SYRYLRGG-GSG, 

SYRHYYRE-GSG, SYRYQLYR-GSG, DYGLYGGR-GSG, GYYRYSEY-GSG, and 
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YYHRHGLQ-GSG against the crystal structure of Cas9 published on the Protein Data Bank 

(PDB ID: 4OO8). The coordinate files of the peptides were first constructed using the open 

source graphic chemical structure visualization program PyMOL [67] and relaxed to their equi-

librium structure by performing molecular dynamic simulations in the AMBER 16 package 

using the ff14SB force field [68]. The resulting coordinate files of the peptides were docked in 

silico against the putative binding sites on Cas9 using the docking software HADDOCK (High 

Ambiguity Driven Protein–protein Docking, v.2.1) [51,52]. Default HADDOCK parameters 

(e.g., temperatures for heating/cooling steps, and number of molecular dynamics sets per stage) 

were used. All the residues on each binding site (solvent accessibility of 50% or greater) were 

defined as “active”, whereas the residues surrounding the binding sites were defined as “pas-

sive”. HADDOCK allows for a comprehensive 3-stage docking procedure, namely (i) rigid 

docking of each ligand to the protein target resulting in 1,000 ligand:target complexes; (ii) in 

vacuo fully flexible (both ligand and the target) refinement of the 20% lowest energy structures 

from rigid docking step above; and (iii) final water refinement of the structures calculated from 

the fully flexible in vacuo docking to simulate more accurately solution binding. Finally, as 

done in previous work,[45], [66] in order to simulate in silico the conjugation of the C-terminus 

of the peptide to the surface of the chromatographic resin, the residues GSG were defined as 

“inactive”, so that they would be oriented outward with respect to the Cas9 in the docked struc-

tures. The resulting Cas9:peptide complexes were clustered in structurally similar solutions 

based on the carbon alpha root-mean-square deviation (Cα RMSD) parameter. Representative 

structures in the clusters were analyzed using the PRODIGY (PROtein binDIng enerGY pre-

diction) Web server [69] to calculate the corresponding values of binding free energy (ΔGb). 

The results were averaged across the different binding sites to calculate values of Cas9:peptide 

ΔGb. 
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The analysis of the Cas9:peptide complexes indicates that peptide GYYRYSEY-GSG 

has two “high-affinity” (S1, KD = 4.12 × 10–6 M; S2, KD = 7.78 × 10–6 M; S4, KD = 1.33 × 10–

5 M) and three “low-affinity” (KD > 5 × 10–5 M) binding sites for Cas9 (Figure 3.6). Accord-

ingly, a multisite binding of Cas9 by the peptides displayed on the chromatographic adsorbent 

is expected, which agrees with the high binding strength for Cas9 shown in the binding iso-

therm studies and the low recovery during elution. Peptide YYHRHGLQ-GSG, on the other 

hand, is predicted to target only one binding site with high binding strength (Site 1, KD = 7.43 

× 10–8 M) (Figure 3.7) yet characterized by high binding energy, which is in line with the ob-

served high yield and poor recovery. Upon inspecting the distribution of the putative binding 

sites on the surface of Cas9, it is apparent that a 2-site Cas9:peptide interaction is the most 

likely binding arrangement. The cooperative binding results in strong avidity (KA ≪ KD), 

which explains the strong Cas9 binding and difficult elution observed in the dynamic binding 

studies. It must be noted, however, that a theoretical value of KA calculated by accounting for 

the various contributions of single binding affinity would likely be discrepant when compared 

to the experimental KD obtained from the binding isotherm measurements. The latter, in fact, 

while resulting from cooperative binding, is also affected by the local orientation and relative 

distance of the peptides onto the chromatographic resin; this ensemble effect is arduous to 

evaluate, since molecular-level information on peptide display is not available. 

The docking of the other sequences on Cas9 returned similar results, as summarized 

in Table 3.4, with the only exception of DYGLYGGR-GSG, whose KD values were somewhat 

higher (2.76 × 10–5–7.38 × 10–5), indicating weaker binding strength. This, however, contrasts 

with the experimental observations, which indicates strong Cas9 binding by this sequence. Ex-

amples of docked structures for SYRYLRGG-GSG and DYGLYGGR-GSG are reported 

in Figure 3.10. 
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We then sought to complement the in silico predictions of binding site with experi-

mental confirmation, using full Cas9 and PX543 Cas9 (truncated form of Cas9, lacking the 

RecII domain) as model target proteins. PX543 Cas9 was chosen to evaluate the differential 

binding of the peptides to the RecII domain, which was chosen as a target site in tailoring the 

design of the peptide library. Solutions of full Cas9 and PX543 Cas9 at 1 mg/mL in PBS were 

fed to both YYHRHGLQ-GSG-Toyopearl (Figure 3.8 A) and GYYRYSEY-GSG-Toyopearl 

resins (Figure 3.8 B) at the residence time of 2 min. A long residence time was adopted to 

ensure that the Cas9:peptide interaction reaches the equilibrium and excludes false negatives 

due to potential limitations in transport or binding kinetics. Notably, the GYYRYSEY ligand 

showed a high level of PX543 Cas9 binding. The elution peak area for PX543 Cas9 is in fact 

93% that of Cas9. The small discrepancy in binding of full vs truncated Cas9 may result from 

a slight structural alteration in the latter compared to its native state, which weakens the inter-

action with the peptides. On the other hand, YYHRHGLQ returned a ratio of PX543 vs full 

Cas9 elution of 19%, indicating that this peptide targets the RecII domain of Cas9, in line with 

the in silico docking studies. 

3.4 Conclusions 

The genome-editing system derived from Streptococcus pyogenes is currently the most 

popular and well-understood CRISPR toolbox. The recent introduction of Cas9 variants with 

higher gene-editing accuracy and efficiency [70,71] and the initiation of clinical trials in the 

US, UK, and China highlight the necessity of establishing a platform technology for large-scale 

Cas9 purification. Crucial to this end is the development of robust, cost-effective, and selective 

affinity ligands for Cas9. In this work, we selected an ensemble of Cas9-binding peptide lig-

ands and evaluated them for the purification of Cas9 from an E. coli cell lysate. Among the 

proposed sequences, peptides GYYRYSEY and YYHRHGLQ were shown to bind Cas9 with 

good binding capacity (4–5 mg Cas9 per mL of resin) and affinity (KD ∼ 0.1–0.3 μM), thereby 

https://pubs.acs.org/doi/full/10.1021/acs.bioconjchem.9b00703#fig8
https://pubs.acs.org/doi/full/10.1021/acs.bioconjchem.9b00703#fig8
https://pubs.acs.org/doi/full/10.1021/acs.bioconjchem.9b00703#fig8
https://pubs.acs.org/doi/full/10.1021/acs.bioconjchem.9b00703#fig8
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affording good product recovery (86–89%) and purity (91%–93%) of Cas9 from E. coli lysate, 

translating in a Cas9 enrichment factor of ∼30–35. Both YYHRHGLQ and GYYRYSEY af-

forded values of DNA LRV > 3 and HCP LRV ∼ 1, indicating that application of postcapture 

polishing can achieve therapeutic-quality Cas9 product. Experimental and in silico studies con-

firmed the ability of both peptides to target the RecII domain of Cas9, which is not involved in 

nuclease activity and is therefore an ideal binding site. This performance warrants their con-

sideration as affinity ligands for an affinity-based capture step in a platform downstream bio-

process for Cas9. Given the growing acceptance of synthetic affinity ligands by the biomanu-

facturing industry, the ligands presented in this work hold great promise toward playing a role 

in producing a clinically relevant amount of Cas9. 

3.5 Experimental Section  

3.5.1 Materials 

Streptococcus pyogenes Cas9, NHS-Alexa Fluor 488 (NHS-AF488), NHS-Alexa Fluor 

594 (NHS-AF594), N,N′-dimethylformamide (DMF), dichloromethane (DCM), HPLC-grade 

acetonitrile and water, sodium acetate, sodium chloride, acetic acid glacial, glycine, hydrochlo-

ric acid, 85% (v/v) phosphoric acid, and a Coomassie Plus Bradford assay kit were from Ther-

moFisher Scientific (Waltham, MA). The 3 kDa, 10 kDa, and 100 kDa MWCO Amicon Ultra 

centrifugal filters were from Millipore-Sigma (Bedford, MA). Protected amino acids and cou-

pling agents were purchased from ChemImpex, Inc. (Wood Dale, IL). Diisopropylethylamine 

(DIPEA), piperidine, trifluoroacetic acid (TFA), triisopropylsilane (TIPS), ethanedithiol 

(EDT), Tween 20, aqueous NaOH, phosphate-buffered saline (PBS) pH 7.4, citrate, acetic an-

hydride, and a Kaiser test kit were from Millipore-Sigma (St. Louis, MO). HMBA-ChemMa-

trix resin was purchased from PCAS Biomatrix, Inc. (Saint-Jean-sur-Richelieu, Quebec, Can-

ada). Toyopearl AF-Amino-650 M resins were a kind gift from Tosoh Bioscience (King of 

Prussia, PA). Microbore PEEK columns 30 mm long × 2.1 mm I.D. were purchased from VICI 
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Precision Sampling (Baton Rouge, LA). The Cas9 ELISA kit was obtained from Cell Biolab 

(San Diego, CA). The clarified E. coli cell lysate was donated by the group of Dr. Balaji Rao 

(Chemical and Biomolecular Engineering, North Carolina State University), while the CHO-

K1 cell culture fluid was donated by the Biomanufacturing Training and Education Center 

(BTEC) at North Carolina State University. 

3.5.2 Synthesis of the Peptide Library on Aminomethyl ChemMatrix Resin and Single 

Peptides on Toyopearl Amino Resin 

The 8-mer peptide library X1-X2-X3-X4-X5-X6-X7-X8 was synthesized on 2 g of 

HMBA-ChemMatrix resin (HMBA: hydroxymethylbenzoic acid) (dP = 75–150 μm, loading = 

0.6 mmol amine/g resin) preloaded with the tripeptide spacer GSG (G: glycine, S: serine). Pep-

tide synthesis by Fmoc/tBu strategy was performed using a Syro I automated peptide synthe-

sizer (Biotage, Uppsala, Sweden). Each amino acid coupling step was performed at 45 °C for 

15 min, using 3 equiv of amino acid, 3 equiv of 2-(7-aza-1H-benzotriazol-1-yl)-1,1,3,3-tetra-

methyluronium hexafluorophosphate (HATU), and 6 equiv of diisopropylethylamine (DIPEA) 

in 5 mL of dry DMF. The completion of peptide elongation reaction was monitored after each 

amino acid by the Kaiser test. The deprotection of Fmoc protecting groups was performed at 

room temperature using 5 mL of 20% piperidine in DMF. The combinatorial segment of the 

library (X1-X8) was produced via the “divide-couple-recombine” (DCR) technique [61−63] us-

ing ten protected amino acids, namely Fmoc-Ala-OH, Fmoc-Asp(OtBu)-OH, Fmoc-

Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-Leu-OH, Fmoc-Gln(Trt)-OH, 

Fmoc-Arg(Pbf)-OH, Fmoc-Tyr(tBu)-OH, and Fmoc-Ser(tBu)-OH. The resin was divided into 

ten parts, one per every reaction vessel (∼0.2 g resin per vessel). After amino acid conjugation 

and removal of the Fmoc protecting group, the ten library aliquots were combined, mixed, and 

redivided into ten aliquots. This DCR procedure was repeated eight times to generate eight 

combinatorial positions for a total of 108 peptide combinations. The removal of side chain-
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protecting groups was performed with the cleavage cocktail TFA/TIPS/anisole/EDT (94/3/2/1) 

for 2 h. Resins were rinsed with DCM and DMF and stored at 4 °C. 

3.5.3 Fluorescent Labeling of Cas9 and E. coli Proteins 

Streptococcus pyogenes Cas9 and the proteins contained in the E. coli lysate were re-

spectively labeled using NHS-Alexafluor 594 (NHS-AF594) and NHS-Alexafluor 488 (NHS-

AF488). Both dyes were initially dissolved in anhydrous DMSO to a concentration of 10 

mg/mL. A volume of 1 μL of NHS-AF594 was slowly added to 100 μL of Cas9 solution at 1 

mg/mL in PBS pH 7.4, while 200 μL of NHS-AF488 was added to 4 mL of E. coli lysate at 

2.0 mg/mL total protein concentration. The conjugation reactions between the NHS moiety of 

the dyes and the lysine amine groups on the proteins were allowed to proceed for 24 at 4 °C in 

dark and quenched with 20 μL of 0.05 M Tris-buffered saline (TBS), pH 8.0, followed by 

incubation at 4 °C for 1 h. The labeled proteins were then diafiltered against PBS pH 7.4 buffer 

using 3 kDa MWCO Amicon Ultra Centrifugal Filters. 

3.5.4 Dual-Fluorescence Screening of Peptide Library against Cas9 in E. coli Lysate 

A screening mix was prepared by spiking AF594-labeled Cas9 in AF488-labeled E. 

coli cell lysate to obtain a final concentration of 0.30 mg/mL for Cas9 and 0.3 mg/mL for E. 

coli proteins. Aliquots of 10 μL of library beads were initially equilibrated with PBS at pH 7.4 

and subsequently incubated with 40 μL of screening mix overnight at 4 °C in dark. The beads 

were thoroughly washed with PBS at pH 7.4 and 0.1% Tween 20 in PBS at pH 6.5, resuspended 

in PBS at pH 7.4 and 0.1% Tween 20 in PBS at pH 7.4, and sorted automatically using the 

microfluidic screening device developed in prior work and integrated with a Leica DMi8 in-

verted microscope [50]. The positive selection criterion was based on the 90th percentile of the 

bead’s intensity in the red and green channel. Specifically, beads with intensity >0.5 in the 

normalized red channel 90th percentile and <0.2 in the normalized green channel 90th percen-

tile were considered positive. The beads were then treated by multiple 30 min incubations in 
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0.1 M acetate buffer, pH 3.5 at room temperature and under gentle rotation to remove all bound 

proteins. Finally, the beads were thoroughly rinsed with PBS at pH 7.4, Milli-Q water, and 

20% v/v methanol in water and sequenced by Edman degradation. 

3.5.5 Static Binding and Elution Studies of Cas9 in Noncompetitive Conditions 

The identified sequences were synthesized on Toyopearl AF-Amino 650 M resin by 

Fmoc/tBu synthesis to be tested for unlabeled-Cas9 binding in noncompetitive mode. Aliquots 

of 50 μL of each peptide-Toyopearl (settled wet) resin were transferred in a tube, swollen, 

copiously rinsed with 20% v/v methanol in water to remove any residual chemical from peptide 

synthesis, and equilibrated in Milli-Q water followed by PBS, pH 7.4. A volume of 50 μL of 

0.2 mg/mL solution of Cas9 in PBS was incubated with every aliquot of wet peptide-Toyopearl 

resin for 1.5 h at room temperature under gentle rotation. After incubation, each resin was 

centrifuged, and the supernatant was collected as an unbound (UB) fraction. Each adsorbent 

was further washed with 50 μL of PBS, for 30 min, and the supernatant fractions were com-

bined with the UB fraction. Protein elution was then performed by incubating the adsorbents 

with 0.2 M acetate buffer, pH 4 for 2 h at room temperature (El). The elution fractions collected 

were finally equilibrated to neutral pH using PBS, pH 7.4. Finally, both UB and El fractions 

were diluted in PBS and analyzed by a Micro BCA Protein Assay kit. 

3.5.6 Cas9 Purification Studies in Static Mode 

Aliquots of 100 μL of SYRYLRGG-GSG-Toyopearl, SYRHYYRE-GSG-Toyopearl, 

SYRYQLYR-GSG-Toyopearl, DYGLYGGR-GSG-Toyopearl, GYYRYSEY-GSG-

Toyopearl, and YYHRHGLQ-GSG-Toyopearl resins were swollen in 20% v/v methanol in 

water and equilibrated with PBS, pH 7.4. The feed sample was prepared by spiking AF594-

labeled Cas9 in AF488-labeled E. coli cell lysate to obtain a final concentration of 1.0 mg/mL 

for Cas9 and 3 mg/mL for E. coli proteins. A volume of 200 μL of feed sample was incubated 

with each aliquot of wet peptide-Toyopearl resin for 2 h at room temperature under gentle 
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rotation. After incubation, the chromatographic fractions (UB and E) were obtained as de-

scribed above and analyzed by fluorescence spectroscopy and SDS-PAGE to determine the 

yield and purity of Cas9. 

3.5.7 Cas9 Purification Studies in Dynamic Mode 

Adsorbents YYHRHGLQ-GSG-Toyopearl and GYYRYSEY-GSG-Toyopearl were 

selected for their high Cas9 binding in competitive mode. Aliquots of 100 μL of the peptide-

Toyopearl resin were wet-packed in Microbore PEEK columns, mounted on a Waters Alliance 

HPLC System, and equilibrated with PBS at pH 7.4. A volume of 0.5 mL of Cas9 in an E. 

coli lysate feed sample, containing 0.5 mg/mL of Cas9 and 3 mg/mL of E. coli proteins, was 

loaded on the resins at a linear velocity of 180 cm/h (residence time of 1 min). After washing 

the resin with 4 column volumes (CVs) of PBS, elution was performed with 4 CV of 0.1 M 

acetate buffer pH 4. Finally, the adsorbent was regenerated with 4 CV of 0.1 M glycine HCl at 

pH 2.5, equilibrated with PBS at pH 7.4, and stored in 20% v/v methanol. All chromatographic 

steps following loading were performed at a linear velocity of 120 cm/h, and the effluent was 

continuously monitored by UV spectrophotometry at 280 nm. The chromatographic fractions 

(flowthrough, wash, elution, and regeneration) were collected and analyzed as described by 

fluorescence spectroscopy and SDS-PAGE to determine yield and purity of Cas9. 

3.5.8 Analysis of the Collected Fractions To Determine Product Yield and Purity 

The fractions generated as described above were analyzed by the following: 

3.5.8.1 Fluorescence Spectroscopy  

Standard curves were initially prepared for AF488-labeled E. coli proteins spanning the 

concentration range of 0.00025 mg/mL–0.025 mg/mL, operating at an excitation wavelength 

of 488 nm and emission wavelength of 626 nm, and AF594-labeled Cas9 spanning the concen-

tration range of 0.00025 mg/mL–0.05 mg/mL, operating at an excitation wavelength of 590 
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nm and emission wavelength of 617 nm. All samples were analyzed using a BioTek Synergy 

HTX microplate reader (Winooski, VT). 

3.5.8.2 Cas9 ELISA 

The fractions obtained by Cas9 purification in dynamic mode were analyzed by Cas9 

ELISA (Cell Biolab, San Diego, CA) following the manufacturer’s protocol to determine Cas9 

yield. 

3.5.8.3 Gel Electrophoresis (SDS-PAGE) 

The collected chromatographic fractions were initially desalted into PBS, pH 7.4 using 

3 kDa MWCO centrifugal filters. The total protein concentration of the fractions was measured 

by Bradford assay, using BSA as a standard. All fractions were adjusted at a total protein con-

centration of 0.1 mg/mL, diluted 1:1 with 2X Laemmli sample buffer containing 5% v/v β-

mercaptoethanol, and incubated at 100 °C for 5 min. A volume of 20 μL of each sample was 

loaded in each well of a 12% Mini-PROTEAN TGX precast electrophoresis gel. A volume of 

10 μL of Precision Plus Protein TM Dual Color Standards diluted 100X in Laemmli sample 

buffer was loaded in the first well. Gels were run at 100 V constant for 95 min using a mini-

PROTEAN Tetra Cell (Bio-Rad) linked to a PowerPac 300 power supply (Bio-Rad). Gels were 

fixed in 10% v/v acetic acid, 40% v/v ethanol in Milli-Q water for 1 h. Gels were washed with 

Milli-Q water and silver stained using a SilverQuest Silver Staining kit. Imaging and densito-

metric purity analyses were performed with a GelDoc XR+ (Bio-Rad, Hercules, CA). 

3.5.8.4 Cas9 Binding Isotherm of YYHRHGLQ-GSG-Toyopearl and GYYRYSEY-GSG-

Toyopearl Resins 

The adsorbents were washed with water and equilibrated in PBS, pH 7.4. Eight solu-

tions of AF594-labeled Cas9 in PBS with concentrations ranging from 0.05–5 mg/mL were 

prepared. First, the most diluted Cas9 solution was added to 50 μL of peptide-Toyopearl resin, 

and the slurry was incubated on a rotator for 2.5 h at room temperature. The 
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resin was separated by centrifugation, the supernatant was removed, and the resin was sequen-

tially incubated with the solutions of Cas9 at increasing concentration. The protein concentra-

tion in the resulting 8 supernatant samples was determined by fluorescence spectroscopy. The 

accumulated amount of bound Cas9 was calculated by mass balance, and data was fit to a 

Langmuir isotherm model (eq 1) 

(1)        

where q is the concentration of bound Cas9 (mg Cas9/mL resin), C is the equilibrium concen-

tration of free Cas9 (mg/mL), Qmax is the maximum binding capacity (mg Cas9 per mL resin), 

and KD is the dissociation constant (μM). 

3.5.8.5 Evaluation of the Binding Site of Peptides YYHRHGLQ and GYYRYSEY on 

Cas9 

Aliquots of 100 μL of YYHRHGLQ-GSG-Toyopearl and GYYRYSEY-GSG-

Toyopearl resin were wet-packed in 0.1 mL Microbore PEEK columns and equilibrated with 

PBS at pH 7.4. Full Cas9 and PX543 Cas9 (truncated form of Cas9, lacking the RecII domain), 

both at ∼1 mg/mL in PBS, were utilized as model target proteins. A volume of 0.1 mL of 

protein solution was loaded onto the column at a linear velocity of 90 cm/h (residence time of 

2 min). The subsequent steps of washing with PBS, elution with 0.1 M acetate buffer pH 4, and 

regeneration at pH 2.5 were performed as described above. The effluent was continuously mon-

itored by UV spectrophotometry at 280 nm. 

3.5.8.6 Docking of Peptides SYRYLRGG-GSG, SYRHYYRE-GSG, SYRYQLYR-GSG, 

DYGLYGGR-GSG, GYYRYSEY-GSG, and YYHRHGLQ-GSG on Cas9 

Putative binding sites on Streptococcus pyogenes Cas9 (Protein Data Bank ID: 4OO8) 

were first determined through a druggability molecular dynamic simulation assessment. 

Herein, protein “druggability” was determined using PockDrug [57,58]. Concurrently, the co-

ordinate files of the sequences SYRYLRGG-GSG, SYRHYYRE-GSG, SYRYQLYR-GSG, 

https://pubs.acs.org/doi/full/10.1021/acs.bioconjchem.9b00703#eq1
http://doi.org/10.2210/pdb4OO8/pdb
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DYGLYGGR-GSG, GYYRYSEY-GSG, and YYHRHGLQ-GSG were designed using 

Pymol’s build function and equilibrated by molecular dynamics simulation in the AMBER16 

package using the AMBER ff14SB force field parameter set [68]. The resulting structures were 

docked against the selected putative binding sites on Cas9 using the docking software HAD-

DOCK (High Ambiguity Driven Protein–protein Docking, v.2.1) [51,52]. Default HADDOCK 

parameters (e.g., temperatures for heating/cooling steps, and number of molecular dynamics 

sets per stage) were used in a “blind docking” procedure. Further, all the residues on the puta-

tive binding sites on Cas9 were defined as “active” (directly involved in the interaction between 

the peptide ligand and the protein), whereas all other residues were defined as “passive” (in-

volved in the interaction as a result of the “active” residue binding). Similarly, all variable 

amino acid positions on the peptide ligands were also denoted as “active” while the Gly-Ser-

Gly spacer was defined as not being involved in the interaction to account for the directionality 

of binding. Docking proceeded through a 3-stage protocol: (1) rigid, (2) semiflexible, and (3) 

water refined fully flexible docking. Ensembles of 1000, 400, and 200 structures were calcu-

lated at each stage, respectively. Final structures were grouped using a minimum cluster-size 

of 20 (10% of the total water refined calculated structures) with a Cα RMSD < 7.5 Å using 

ProFit (http://www.bioinf.org.uk/software/profit/). The resulting Cas9:peptide structures were 

individually clustered based on a fraction of common contacts (FCC), wherein a “cluster” is 

defined as a collection of at least 4 structures with 85% similar contacts or better. The binding 

energy of the selected Cas9:peptide complexes within the most highly populated clusters was 

determined using the PRODIGY (PROtein binDIng enerGY prediction) Web server (69). 
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3.6 Tables and Figures 

 

Figure 3.1 Druggability study of Cas9. (A) Three putative binding sites identified on the RecII 

domain of Cas9 (highlighted in red) and (B) putative binding sites on other domains of Cas9. 

The three putative binding sites in (A) are in blue, green, and pink, while the putative binding 

sites in (B) are in blue, yellow, green, and brown. 
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Figure 3.2 Process of identification of Cas9-binding peptides. An OBOP library is synthesized 

on ChemMatrix beads; the library is incubated with a screening feed comprising AF594-la-

beled Cas9 and AF488-labeled E. coli proteins; the library is screened using a bead-sorting 

microfluidic device; the green-only and red-and-green library beads are discarded; the red-only 

library beads are selected as positive; positive beads are analyzed by Edman degradation to 

identify the candidate Cas9-binding sequences; an aliquot of the screened library is regenerated 

and reentered into the screening loop. 

 

 

 

 

 

 

 



 

193 

 

 

 

 

 

 

 

 
 

 

Figure 3.3 Sequence homology of the identified Cas9-binding peptides constructed with Web-

logo. 
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Figure 3.4 Adsorption isotherms of Cas9 on YYHRHGLQ-GSGToyopearl and GYYRYSEY-

GSG-Toyopearl resins. 
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Figure 3.5 SDS-PAGE (reducing conditions) of flowthrough, wash, elution, and regeneration 

fractions obtained by purifying Cas9 from a clarified E. coli cell lysate using (A) 

YYHRHGLQ-GSG-Toyopearl and (B) GYYRYSEYGSG-Toyopearl resins. Labels: MW, mo-

lecular weight marker; E. coli HCPs, E. coli Host Cell Proteins; feed, Cas9 in E. coli sample; 

FT, flowthrough; W, wash; El, elution at pH 4.0; Cas9, Cas9 standard (ThermoFisher Scien-

tific). 
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Figure 3.6 Docking of GYYRYSEY on Cas9 (PDB ID: 4OO8): (A) front and (B) back sides 

of Cas9. The putative binding sites are highlighted as reported in Figure 3.1. Peptide 

GYYRYSEY is in magenta, Cas9 is in grey, and the DNA and guide RNA are in orange/blue. 
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Figure 3.7 Docking of YYHRHGLQ on Cas9 (PDB ID: 4OO8). The putative binding sites on 

the RecI domain are highlighted as reported in Figure 3.1 Peptide YYHRHGLQ is in blue, 

Cas9 is in grey, and the DNA and guide RNA are in orange/blue. 
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Figure 3.8 Chromatograms obtained by injecting full Cas9 and PX543 Cas9 on (A) 

YYHRHGLQ-GSG-Toyopearl and (B) GYYRYSEY-GSG-Toyopearl resins. 
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Figure 3.9 Positive beads (red fluorescence only) carrying sequences SYRHYYRE-GSG, 

SYRYQLYR-GSG, 26 DYGLYGGR-GSG, GYYRYSEY-GSG, and YYHRHGLQ-GSG; (B) 

Negative beads (red and green fluorescence); (C) 27 Negative beads (green fluorescence only); 

(D) Negative beads (no fluorescence). 
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Figure 3.10 Docking of SYRYLRGG-GSG on (A) front and (B) back sides of Cas9 (PDB ID: 

4OO8); docking of DYGLYGGR-GSG on (C) front and (D) back sides of Cas9 (PDB ID: 

4OO8). The putative binding sites are highlighted as reported in Figure 3.1. Peptide SYRYL-

RGG is in green, peptide DYGLYGGR is in black, Cas9 is in grey, and the DNA and guide 

RNA are in orange/blue. 
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Table 3.1 Cas9-Binding Peptide Sequences and Corresponding Values of Cas9 Binding, Yield, 

and Purity. 
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Table 3.2 Values of Yield and Purity of Cas9 Purified from an E. coli Cell Lysate in Dynamic 

Conditions Using YYHRHGLQ-GSG-Toyopearl and GYYRYSEY-GSG-Toyopearl Resins 

and Corresponding Values of HCP LRV and DNA LRV. 
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Table 3.3 Candidate Cas9-binding peptide sequences and corresponding values of Cas9 bind-

ing and yield. 
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Table 3.4 Free binding energy (ΔG) of the Cas9:peptide complexes obtained by in silico pep-

tide docking on Cas9 (PDB ID: 4OO8). 
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4.1 Abstract 

While antibodies remain established therapeutic and diagnostic tools, other protein 

scaffolds are emerging as effective and safer alternatives. Affibodies in particular are a new 

class of small proteins marketed as bio-analytic reagents. They feature tailorable binding affin-

ity, low immunogenicity, high tissue permeation, and high expression titer in bacterial hosts. 

This work presents the development of affibody-binding peptides to be utilized as ligands for 

their purification from bacterial lysates. Affibody-binding candidates were identified by 

screening a peptide library simultaneously against two model affibodies (anti-immunoglobulin 

G (IgG) and anti-albumin) with the aim of selecting peptides targeting the conserved domain 

of affibodies. An ensemble of homologous sequences identified from screening was synthe-

sized on Toyopearl® resin and evaluated via binding studies to select sequences that afford high 

product binding and recovery. The affibody–peptide interaction was also evaluated by in silico 

docking, which corroborated the targeting of the conserved domain. Ligand IGKQRI was val-

idated through purification of an anti-ErbB2 affibody from an Escherichia coli lysate. The val-

ues of binding capacity (~5 mg affibody per mL of resin), affinity (KD ~1 μM), recovery and 

purity (64–71% and 86–91%), and resin lifetime (100 cycles) demonstrate that IGKQRI can 

be employed as ligand in affibody purification processes. 

4.2 Introduction 

While still dominated by monoclonal antibodies, the landscape of therapeutic and di-

agnostic proteins recently witnessed the emergence of other species, in particular small-molec-

ular-weight scaffolds [1,2], like adnectins [3], anticalins [4] DARPins (designed ankyrin repeat 

proteins) [5], knottins [6], and affibodies [7]. Unlike antibodies, which are difficult to produce 

and formulate, and which suffer from low tissue permeation and potential immunogenicity due 

to their size and molecular complexity [8,9], small protein scaffolds can be expressed at high 
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titer in bacteria (e.g., Escherichia coli), show little to no batch-to-batch variability, and possess 

highly tailorable binding affinity and specificity, as well as high tissue permeation ability [2]. 

Among small protein scaffolds, affibodies are one of the most prominent classes, with 

more than a dozen products on the market for analytical and research scope, as well as a grow-

ing body of literature supporting their value for therapeutic and diagnostic applications 

[10,11,12]. Affibodies are 58-amino-acid proteins (molecular weight of about 6.5 kDa) derived 

from the Z domain of staphylococcal Protein A, and they are structured as a triple α-helix 

bundle [13]. The native Z domain was widely commercialized as an affinity ligand for the 

purification of antibodies by affinity chromatography [14], and it was extensively manipulated 

by combinatorial engineering and in vitro selection methods to obtain protein-binding affibod-

ies [15]. These comprise 13 surface-displayed amino acids on helices 1 and 2 that are tailored 

to ensure selective binding of the target protein, while helix 3 and part of helix 1 are maintained 

constant (Table 4.1) [16]. As small proteins with no post-translational modifications, affibodies 

can be produced efficiently in bacteria (e.g., E. coli), enabling affordable, high-volume pro-

duction [17,18]. The ability to display a functional amino acid (e.g., cysteine) on the C- or N-

terminus of affibodies without affecting their structure and binding activity facilitates their 

conjugation to fluorescent probes or therapeutic payloads, or onto chromatographic materials 

or sensor hardware [13,19]. 

A conspicuous body of literature is now available on the application of affibodies in the 

bioanalytical and medicinal fields. For example, affibodies were used as (i) alternatives to an-

tibodies to develop cancer therapeutics (e.g., breast [20] and colorectal [21]) or ELISA kits for 

quantifying human plasma proteins [22], and to functionalize ProteOnTM GLM sensor chips 

for detecting human epidermal growth factor receptor 2 (HER2)-binding affibody (ZHER2) 

and ZHER3 breast cancer markers [23], (ii) radiological tracers for in vivo medical imaging, 

owing to their lower circulation time, higher tissue permeation, and better imaging contrast as 
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compared to antibodies [24], (iii) drug vectors, either in polyethylene glycol (PEG)-ylated or 

poly(phenylene sulfone) (PAS)-ylated forms to prevent fast kidney clearance, for radiometal-

based therapy, or to decorate vesicles loaded with anti-cancer small interfering RNA (siRNA) 

[25], and finally, (iv) as ligands for the purification of blood factors [26] and antibodies [27] 

by affinity chromatography. 

Unlike downstream manufacturing of antibodies, which relies on Protein A-based cap-

ture technology, the purification of affibodies does not yet benefit from an established platform 

technology. Thus, despite their therapeutic potential [28] and having received Food and Drug 

Administration (FDA) approval for clinical treatment [29], affibodies are available on the mar-

ket in limited amounts and high price. The development of an affinity-based capture technology 

targeting the constant regions of affibodies in α-helix 3 and α-helix 1 holds great promise to-

ward streamlining the manufacturing of affibodies and reducing their cost. Synthetic peptides 

are ideal scaffolds to develop cost-effective ligands with excellent biorecognition ability and 

high biochemical stability [30,31,32,33,34,35]. 

To identify peptide ligands with broad affibody-binding activity, we screened a solid-

phase (one-bead one-peptide, OBOP) combinatorial library [36] of linear 6-mer peptides 

against an anti-human immunoglobulin G (hIgG) and an anti-human serum albumin (HSA) 

model affibodies using an orthogonal fluorescence-based selection method. The anti-hIgG and 

anti-HSA affibodies were labeled with either a red (AlexaFluor 488) or a green (AlexaFluor 

594) fluorescent dye, and incubated simultaneously with the OBOP library pre-blocked with a 

mixture of host cell proteins (HCPs) obtained from a clarified E. coli cell lysate. After incuba-

tion, the beads were sorted into positive leads, carrying strong red and green fluorescence, and 

negative beads, carrying single, either red or green, or no fluorescence. The selection of beads 

displaying both colors at high intensity was adopted to identify peptides that bind affibodies 

through their constant region with high affinity and selectivity. As done in prior work [37,38], 
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the peptides carried by the selected beads were cleaved in alkaline conditions and sequenced 

by liquid chromatography coupled with electrospray ionization tandem mass spectrometry 

(LC–ESI-MS/MS). Sixteen peptides selected based on sequence homology were synthesized 

on Toyopearl® AF-Amino-650M and evaluated via affibody binding studies using a 1:1 solu-

tion of model affibodies in non-competitive conditions (i.e., pure affibody in phosphate-buff-

ered saline (PBS), pH 7.4). Four sequences selected by affibody yield, namely, IGKQRI, IH-

QRGQ, KSAYHS, and DIRIIR, which were then evaluated in competitive conditions (i.e., af-

fibody spiked in clarified E. coli cell lysate) to select a final peptide that captures affibodies 

selectively and releases them effectively under mild elution conditions. Providing an affibody 

recovery >95% and purity of 94%, peptide IGKQRI was selected as final ligand candidate, and 

validated against a third, anti-ErbB2 affibody. Notably, IGKQRI–Toyopearl resin was capable 

of purifying the anti-ErbB2 affibody from a clarified E. coli cell lysate with 91.5% recovery 

and 95.5% purity. We then measured the equilibrium binding capacity (Qmax) and affinity 

(KD,Langmuir) of the IGKQRI–GSG–Toyopearl adsorbent via static binding experiments with 

pure affibodies. While the values of binding capacity were rather modest (4.86–5.31 mg of 

affibody per mL of resin), the values of KD,Langmuir were on par with those typical of peptide 

ligands (~10−6 M). The ability of IGKQRI to target the constant region of affibodies was cor-

roborated by binding studies in silico, by docking the structure of IGKQRI on three model 

affibodies published on the Protein Data Bank, namely, anti-ZHER2 (Protein Data Bank (PDB) 

identifier (ID): 2KZI) [39], anti-ZTaq (2B89) [40], and anti-amyloid beta A4 protein (2OTK) 

affibodies [41], using the docking software HADDOCK [42,43,44] in combination molecular 

dynamics (MD) simulations. The resulting values of KD,in silico were found to be in line with the 

KD,Langmuir data. Finally, we conducted a lifetime study of the adsorbent by performing repeated 

chromatographic cycles, each followed by a strong acid regeneration step, and we monitored 
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the value of product recovery while increasing the number of injections. Over 100 chromato-

graphic cycles, we observed a 9% decrease in yield. These results collectively indicate that the 

peptide IGKQRI shows promise toward being employed as a ligand for the affinity-based cap-

ture of affibodies in an industrial purification process. 

4.3 Results 

4.3.1 Identification of Affibody-Binding Peptides by Screening an Unbiased Library of 

Linear Peptides 

A “one-bead one-peptide” (OBOP) library of linear peptides was initially built on hy-

droxymethylbenzoic acid (HMBA)-ChemMatrix resin following the “split-couple-and-recom-

bine” (SCR) method described by Lam et al. [45], and screened to discover affibody-binding 

peptide ligands by adapting selection methods developed by our group [37,38]. The parameters 

adopted for library design and screening were tailored based on the properties of the homolo-

gous regions (α-helices 1 and 2) of affibodies, as outlined in Section 4.6.2.12 (Table 4.6) 

and Section 4.6.2.13. To impart a broad affibody-binding activity to the selected peptides, we 

adopted two model targets, namely, an anti-IgG [46,47] and an anti-HSA affibody [48]. These 

were each labeled with two fluorescent dyes, either the green AlexaFluor 488 (AF488) or the 

red AlexaFluor 594 (AF594), resulting in two orthogonal target pairs, namely, a green anti-IgG 

affibody and a red anti-HSA affibody, as well as a red anti-IgG affibody and a green anti-HSA 

affibody. To ensure binding selectivity, the library was screened in competitive conditions, that 

is, by mixing the fluorescently labeled affibodies in clarified E. coli cell lysate. To ensure tar-

geting of the constant portion of affibodies, aliquots of the library were incubated with either 

target pair, and only the beads carrying both red and green fluorescence were chosen (Figure 

4.6). The peptides carried by the selected beads were identified by liquid chromatography cou-

pled with electrospray ionization tandem mass spectrometry (LC–ESI-MS/MS), following a 

method developed in prior work [37,38]. Sixteen sequences, listed in Table 4.1, were selected 
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for their homology in amino-acid composition and sequence, as shown by their “sequence logo 

display” plot (Figure 4.7). 

4.3.2 Secondary Screening: Affibody-Binding Studies in Non-Competitive Conditions 

Ten peptides selected by sequence homology, namely, ARISRQ, IGKQRI, DIRIIR, 

QAAKRI, SHHSQR, DIHIRR, DHHKKA, DIRIQR, KSAYHS, and IHQRGQ, were tested as 

ligand candidates through binding studies in non-competitive conditions (pure affibody). The 

peptides were synthesized directly on Toyopearl AF-Amino 650 M resin by Fmoc/tBu synthe-

sis [49]; polymethacrylate-based Toyopearl resin was chosen as a chromatographic support for 

secondary screening in place of ChemMatrix, owing to its chemical resistance to the reagents 

and solvents used for peptide synthesis, low non-specific protein binding, and mechanical 

strength [50]. The peptide–Toyopearl adsorbents were individually incubated with a 1:1 solu-

tion of AF594-labeled anti-HSA affibody and AF488-labeled anti-IgG affibody at the concen-

tration of 1 mg/mL for 1 h at room temperature under gentle rotation. After washing with PBS, 

affibody elution (EL) was performed under acidic conditions (pH 3.8), followed by resin re-

generation (R) using a harsh denaturing buffer (0.45% w/v 3-[(3-cholamidopropyl)dime-

thylammonio]-1-propanesulfonate (CHAPS) in 0.1 M glycine, pH 2.5). The amounts of af-

fibodies in the unbound (UB), elution (EL), and regeneration (R) fractions, measured by fluo-

rescence spectroscopy, were utilized to calculate the values of flow-through (FT) ratio (mass 

of affibody in the FT fraction vs. mass of fed antibody) and yield (mass of affibody eluted vs. 

mass of bound affibody), listed in Table 4.2. Sequences IGKQRI, IHQRGQ, KSAYHS, and 

DIRIIR returned the highest values of product yield and were, therefore, selected for further 

evaluation in competitive conditions (Section 4.3.3). Among them, sequences IGKQRI, IH-

QRGQ, and KSAYHS showed equal capture of IgG-binding and HSA-binding affibodies, 

which suggests targeting of the constant region of the affibody molecules, and they were se-

lected for in silico docking studies (Section 4.3.4). 
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4.3.3 Affibody-Binding Studies in Competitive Conditions 

The adsorbents IGKQRI–GSG–Toyopearl, IHQRGQ–GSG–Toyopearl, KSAYHS–

GSG–Toyopearl, and DIRIIR–GSG–Toyopearl resins were utilized to evaluate the ability of 

the selected sequences to purify affibody molecules from complex sources. To this end, a feed 

sample was prepared by spiking fluorescently labeled anti-HSA and anti-IgG affibodies at a 

1:1 molar ratio into clarified E. coli cell lysate, to obtain a final concentration of 0.4 mg/mL of 

affibody and 2 mg/mL of bacterial HCPs. The peptide–Toyopearl adsorbents were incubated 

with 200 μL of feed sample for 30 min at room temperature under gentle rotation. The unbound 

(UB) and elution (EL) fractions were analyzed by fluorescence spectroscopy and SDS-PAGE 

(Figure 4.1) to determine the values of recovery and purity for both affibody products (Table 

4.3). It is noted that the mass of the affibody product measured electrophoretically appears to 

be double than the theoretical 6.5 kDa; this is likely due to dimerization of the affibodies by 

formation of a disulfide bond through their C-terminal cysteine residues. 

IGKQRI–GSG–Toyopearl resin was found to offer the best combination of product 

yield (~95% for anti-HSA affibody and ~97% for the anti-IgG affibody) and purity (94–95%), 

and it was, therefore, further evaluated for its ability to purify an anti-ErbB2 therapeutic af-

fibody from a clarified E. coli lysate (0.2 mg/mL anti-ErbB2 affibody; 2 mg/mL E. coli HCPs). 

Sample loading onto a column packed with IGKQRI–GSG–Toyopearl resin was performed at 

the residence time of 2 min, followed by elution at pH 3.8 (EL) and regeneration at pH 2.5 (R). 

The recovery of anti-ErbB2 affibody was 91.5%, while the purity, determined by densitometry 

analysis of the SDS-PAGE (Figure 4.2) of the eluted fractions, was 95.5%, corresponding to 

10-fold product enrichment. These results indicate that the adsorbent IGKQRI–GSG–

Toyopearl resin possesses a broad binding ability for affibodies, and it was, therefore, selected 

for final evaluation in terms of binding isotherm (Section 4.3.4 ) and lifetime studies (Section 

4.3.6). 
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4.3.4 Binding Isotherms of Model Affibodies on Peptide-Based Adsorbents 

The adsorption isotherms of anti-IgG, anti-HSA, and anti-ErbB2 affibodies on 

IGKQRI–GSG–Toyopearl resin were performed as described in prior work [37,51]. Toyopearl 

resins functionalized with human IgG and serum albumin were utilized as corresponding pos-

itive controls, while Toyopearl® HW-40F was utilized as a negative control. Briefly, the adsor-

bents were incubated with solutions of target affibody at concentrations ranging between 0.01 

and 2 mg/mL until binding equilibrium was reached (2.5 h). The values of bound affibody per 

volume of resin (q) and the corresponding equilibrium concentration of unbound affibody (C*) 

were fit to a Langmuir isotherm model to determine the value of maximum binding capacity 

(Qmax) and dissociation constant (KD,Langmuir). The adsorption isotherms of the anti-IgG, anti-

HSA, and anti-ErbB2 affibodies on IGKQRI–GSG–Toyopearl resins, as well as positive and 

negative controls, are reported in Figure 4.3 A, B, and C, respectively. The corresponding val-

ues of Qmax and KD,Langmuir are reported in Table 4.4. As anticipated, the peptide ligand IGKQRI 

was found to bind all target affibodies with comparable affinity and binding capacity. The rel-

atively minor differences in Qmax and KD,Langmuir among the three peptide–Toyopearl adsorbents 

are likely due to the small size and proximity of the constant and variable regions of affibodies, 

which make the variations in amino-acid sequence of the variable region affect the interaction 

between the peptide ligand and the constant region. The higher affinity of the positive control 

adsorbents, which were constructed using as ligands the proteins targeted by the model affibod-

ies, was also anticipated; affibodies are engineered to exhibit a nanomolar affinity for the target 

proteins. On the other hand, the KD,Langmuir of the affibody–protein interaction obtained from 

the adsorption isotherm studies was ~10−7–10−8 M. This is likely due to the conjugation of the 

protein targets on the solid phase, which limits the display of the affibody-binding sites and 

can alter their tertiary structure, thereby negatively impacting the binding strength. A study on 
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the dependence of binding capacity (Qmax) upon ligand size (peptide vs. protein ligands) and 

ligand density on the chromatographic resin is presented in Section 4.6.2.14. 

4.3.5 Computational Docking Studies of Selected Peptides 

To visualize the interaction between the selected IGKQRI peptide and the target af-

fibodies at the molecular level, we performed molecular docking studies of IGKQRI using 

three affibodies published on the Protein Data Bank (PDB) as model targets. While a number 

of crystal structures were published, none of the commercially available affibodies were mod-

eled. Therefore, for our in silico studies, we resolved to utilize biomedically relevant affibodies, 

namely, a ZHER2-binding affibody (PDB ID: 2KZI), a candidate biotherapeutic alternative to 

monoclonal HER2-targeting antibody trastuzumab, an amyloid beta A4 protein-binding af-

fibody (2OTK), which targets oligomers and aggregates of the amyloid-beta (Abeta) peptide 

found in Alzheimer’s disease, and a Protein A-binding affibody (1H0T), as model structures. 

The coordinate file of the peptide IGKQRI–GSG, constructed using PyMOL [52] and 

equilibrated via atomistic molecular dynamics (MD), was docked against the affibody struc-

tures, performed using the docking software HADDOCK [43,44] (version 2.1) as done in prior 

work [37,53]. Specifically, we adopted the three-stage HADDOCK procedure compris-

ing (i) rigid docking, (ii) in vacuo fully flexible (both ligand and the target) refinement of the 

rigid docking complexes, and (iii) water refinement of the complexes obtained from the flexi-

ble in vacuo docking. As shown in previous work [53,54], in order to constrain the orientation 

of the peptides resulting from their conjugation to the surface of the chromatographic resin, the 

residues GSG were defined as “inactive”, so that they would be oriented outward with respect 

to the affibody in the docked complexes. The resulting affibody–peptide complexes were clus-

tered in structurally similar solutions, based on the carbon alpha root-mean-square deviation 

(Cα RMSD) parameter. The clusters comprising at least 10% of the total structures were ana-

lyzed via Xscore and FireDock scoring functions to select those with the predicted highest 
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affibody-binding energy [55]. The ranking was totaled and averaged to obtain a final list of 

binding positions. A 100-ns MD simulation was conducted on the three top binding poses, and 

the trajectories in the last 10 ns were utilized to evaluate the free energy of binding ΔGB and 

the corresponding values of KD,in silico (using Equation (2) in Section 4.6.2.11). 

The structures of the affibody–peptide complexes, shown in Figure 4.4, indicate that 

peptide IGKQRI indeed targets the constant regions, namely, the α-helix 1 and α-helix 3, of 

the model affibody targets. In particular, the sequence DDPSQSANLL of α-helix 1, which is 

proximal to the variable region of α-helix 2, was targeted by IGKQRI on all affibodies (Figure 

4.4 A–C). The electrostatic interaction between the positively charged peptide ligand (net 

charge of +3 at pH 7.4) and the negatively charged DDPSQSANLL (net charge of −2 at pH 

7.4) and the hydrogen bonding between Lys, Gln, and Arg residues of IGKQRI and the Asp, 

Ser, Gln, and Asn residues of DDPSQSANLL were the most relevant components of the bind-

ing free energy (ΔGB). Notably, the docking of peptide IGKQRI on all three affibody targets 

returned a number of distinct peptide clusters, all with comparable ΔGB (Table 4.5); an exam-

ple of clustered ligands on ZHER2 is shown in Figure 4.4 E and F. Similarly, the docking on 

the Protein A-binding affibody (1H0T) indicated a putative binding site of IGKQRI on some 

constant residues scattered on α-helix 2 (EIX6X7LPNLNX8). It is finally noted that the values 

of KD,in silico obtained from the ΔGB predicted in silico are in line with the values of KD,Lang-

muir measured experimentally (Table 4.5), suggesting that a truly one-to-one affibody–peptide 

interaction occurs in the experimental binding tests. 

4.3.6 Lifetime Study of IGKQRI–GSG–Toyopearl Resin 

To test the ability of the peptide ligands to serve as affinity tools for affibody purifica-

tion in an industrial context, we tested the ability of the peptides to yield consistent values of 

affibody recovery and purity through a high number of repeated chromatographic runs. The 

presence of a glutamine (Q) in the binding sequence excluded the possibility of using sodium 
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hydroxide, or any other alkaline cleaning agent, for resin cleaning and sanitization. Sodium 

hydroxide, in fact, deamidates the carbamoylethyl group of glutamine to the corresponding 

carboxyethyl group of glutamic acid, thus causing a drastic change in the binding activity of 

the peptide ligand. Thus, strong denaturing and acid conditions (0.2 M urea in 0.25% phos-

phoric acid) were utilized, as done in prior work [56].  

Specifically, the IGKQRI–GSG–Toyopearl adsorbent was tested by performing re-

peated bind-and-elute cycles of AF488-labeled anti-HSA affibody. A total of 100 cycles were 

repeated using PBS as binding buffer, 0.2 M acetate buffer pH 3.8 as elution buffer, and 0.1 M 

glycine buffer added with 0.45% w/v CHAPS at pH 2.5 as regeneration and cleaning buffer. 

Due to the high cost of the affibody, only runs 1, 10, 25, 50, 75, and 100 were performed using 

the anti-HSA affibody, while all other runs were performed as blank injections. The collected 

eluted fractions were analyzed by fluorescence spectroscopy to determine affibody yield. The 

results, reported in Figure 4.5, clearly indicate that the peptide-based adsorbent was able to 

withstand multiple purification cycles without a substantial loss in binding ability. The values 

of affibody yield, in fact, both decreased by about 9% over 100 cycles with respect to those 

provided by the fresh resin. 

4.4 Discussion 

The purification of proteins expressed as intracellular products by bacterial systems, 

such as affibodies produced by E. coli cells, is made particularly challenging by the abundance, 

variety, and toxicity of the undesired intracellular species released upon cell lysis. Overcoming 

this challenge requires affinity ligands with optimal binding strength and selectivity. The lig-

ands must in fact possess a balanced binding strength which enables both the capture of the 

target affibody, whose titer can be significantly lower than that of the other intracellular spe-

cies, and its elution under mild conditions to avoid unwanted product degradation/deactivation. 

Furthermore, the purification of proteins that share structural and functional similarity relies 
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on affinity ligands capable of capturing all the members of that protein family. Critical to this 

goal is the ability of the ligand to bind a region that is constant—or, at least, highly conserved—

among all target proteins. This is showcased in the industrial purification of monoclonal anti-

bodies, where Protein A is used as affinity ligand to capture antibodies regardless of their target 

antigen. Peptides are ideal candidates as ligands for such difficult bioseparations, owing to their 

excellent biorecognition activity, modular architecture, and chemical stability. Modern ap-

proaches to the identification of peptide ligands rely on both rational design and combinatorial 

screening of peptide libraries. In this vein, our study integrates in silico modeling tools with a 

dual-fluorescence orthogonal selection method to identify peptides that target the constant re-

gion of affibodies to serve as universal ligands for affibody purification from E. coli lysates. 

The initial sequence- and structure-based comparison between the crystal structures of affibod-

ies available on the Protein Data Bank enabled tailoring the amino-acid composition of the 

peptide library using residues that favor the targeting of the constant regions of the affibodies 

contained in the α-helix 3 and α-helix 1. The dual-fluorescence method for library screening 

utilizes the sensitivity and orthogonality of fluorescence microscopy to enable the screening of 

ligands based on binding affinity and selectivity simultaneously. The ratio of the emission in-

tensities (red AlexaFluor 594 vs. green AlexaFluor 488) displayed on the beads is indeed di-

rectly correlated to the ratio of bound proteins, and it is indicative of selective targeting of the 

constant region of affibodies in presence of E. coli proteins. The ability of the identified pep-

tides to selectively capture affibodies tailored to target different proteins was confirmed both 

experimentally and in silico. In particular, sequence IGKQRI was conjugated to Toyopearl 

resin and utilized to purify anti-HSA, anti-hIgG, and anti-ErbB2 affibodies from E. coli cell 

lysates. The value of equilibrium binding capacity (Qmax = 4.86–5.3 g of affibody per liter of 

resin) is apparently lower than that characteristic of commercial affinity Protein A/G-based 

media for antibody purification (40–60 g/L). Upon adjusting against the molecular weight of 
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antibodies (150 kDa) and affibodies (6 kDa), however, the resulting molar binding capacities 

of both media (~0.5 mmol of protein per liter of resin) are comparable. In addition, owing their 

small size and higher tissue penetration power, affibodies are likely to require lower therapeutic 

dosages compared to antibodies. These considerations indicate that values of binding capacity 

of IGKQRI–GSG–Toyopearl resin are in line with biomanufacturing requirements. The mo-

lecular docking and dynamic simulations of affibody–peptide interactions confirmed that 

IGKQRI targets the constant region of affibodies. In addition, the value of affinity (KD ~1 μM) 

obtained from both experimental (i.e., binding isotherms) and in silico studies qualifies the 

peptide IGKQRI as an affinity ligand. Despite being lower than the characteristic antibody-

binding strength of Protein A, the affibody–peptide affinity is sufficient to ensure good product 

capture in complex fluid, yet it is also quite mild to enable full recovery of bound affibodies 

under relatively mild conditions (pH ~4). The latter is a particularly desirable characteristic in 

an affinity ligand, as it reduces the risks of product degradation, denaturation, and aggregation. 

Of note is the ability of IGKQRI–GSG–Toyopearl resin to provide high values of recovery and 

purity from fluids that mimic industrial recombinant sources consistently over 100 chromato-

graphic runs. 

Collectively, these results indicate that the IGKQRI–GSG–Toyopearl adsorbent has the 

potential to serve as a universal adsorbent for the purification of affibodies from recombinant 

sources via affinity chromatography. Future work will aim to evaluate the applicability of these 

ligands to the purification of protein-binding affibodies from engineered E. coli cell lysates, as 

well as demonstrate their robustness towards different source fluids characterized by different 

profiles of HCPs and physicochemical properties (e.g., concentration, ionic strength, and pH). 

We anticipate that this optimization work will rely on a thorough evaluation of the properties 

of the chromatographic resin (particle size and pore size), ligand conjugation (peptide density 

and spacer arm), and loading conditions (ratio of affibody mass vs. resin volume and residence 
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time). This work will provide opportunities to demonstrate scale-up purification of affibodies, 

which, despite their potential in both medical and diagnostic fields, are currently a niche prod-

uct. 

4.5 Conclusions 

Small protein therapeutics with high biorecognition power and tissue penetration, as 

well as low immunogenicity potential, are poised to replace traditional monoclonal antibodies 

in treating solid cancer and neurodegenerative disorders, or in developing bioassays. Affibod-

ies are among the small-scaffold proteins that show the highest translational potential in ther-

apy and diagnostics. With the increasing number of pre-clinical and clinical studies, however, 

a crucial question lays on the horizon, concerning how to affordably manufacture the volume 

of highly purified affibodies needed to meet the demand by clinics and biotech companies 

worldwide. In this regard, the expression of affibodies in recombinant systems—whether bac-

terial or yeast—was substantially explored and optimized. Affibody purification, on the other 

hand, relies on affinity chromatography using tags or the protein targeted by the affibody as 

ligands, which are unfeasible for the large-scale manufacturing of therapeutics. The FDA, in 

fact, discourages the use of affinity tags, and the use of protein targets as ligands is incompat-

ible with the goal of a platform approach to affibody purification. To address this challenge, 

we developed the first known affibody-binding peptide ligands using an approach integrating 

combinatorial screening with experimental and in silico evaluation of the affibody–peptide bi-

orecognition events. Among the identified sequences, a selected peptide fulfills the require-

ments asked of affinity ligands, namely, the binding capacity, the robustness to different af-

fibody targets, the selectivity against protein impurities, and the durability to secure long ad-

sorbent lifetime. This study, therefore, represents the first effort toward the development of an 

affinity-based technology that is truly tailored to the large-scale purification of affibody-based 

and affibody-fused therapeutics. 
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4.6 Materials and Methods 

4.6.1 Materials 

Anti-hIgG, anti-HSA, and anti-ErbB2 affibodies were obtained from Abcam (Cam-

bridge, MA, USA). AlexaFluor 488 (AF488, ThermoFisher Scientific, Waltham, MA, USA) 

and AlexaFluor 594 (AF594, ThermoFisher Scientific, Waltham, MA, USA), acetic acid gla-

cial, sodium acetate, sodium chloride, glycine, 30% (v/v) aqueous hydrochloric acid, 85% (v/v) 

phosphoric acid, N,N’-dimethylformamide (DMF, MilliporeSigma, Burlington, MA, USA), di-

chloromethane (DCM, MilliporeSigma, Burlington, MA, USA), HPLC-grade acetonitrile, 

Coomassie Plus Bradford assay kit, and the Micro bicinchoninic acid assay (BCA) Protein 

Assay Kit were sourced from ThermoFisher Scientific (Waltham, MA, USA). Furthermore, 3-

kDa molecular weight cutoff (MWCO) Amicon Ultra centrifugal filters were purchased from 

EMD Millipore (Burlington, MA, USA). Fmoc-protected amino acids and 2-(7-aza-1H-ben-

zotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) were purchased 

from ChemImpex Inc. (Wood Dale, IL, USA). HMBA-ChemMatrix (HMBA: hy-

droxymethylbenzoic acid) resin was obtained from PCAS Biomatrix Inc. (Saint-Jean-sur-Rich-

elieu, QC, Canada). Acetic anhydride, diisopropylethylamine (DIPEA), ethanedithiol (EDT), 

piperidine, trifluoroacetic acid (TFA), triisopropylsilane (TIPS), Tween-20, phosphate-buff-

ered saline (PBS) pH 7.4, and a Kaiser test kit were obtained from MilliporeSigma (Burlington, 

MA, USA). Toyopearl AF-Amino-650 M and Toyopearl® HW-40F resins were a kind gift 

from Tosoh Bioscience (King of Prussia, PA. Microbore polyether ether ketone (PEEK) col-

umns 30 mm long × 2.1 mm inner diameter (I.D.) were sourced from VICI Precision Sampling 

(Baton Rouge, LA, USA). The E. coli cell lysate was donated by the Rao group (Chemical and 

Biomolecular Engineering, NCSU, Raleigh, NC, USA). 
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4.6.2 Methods 

4.6.2.1 Synthesis of peptide Library 

The hexamer library of linear peptides X1–X2–X3–X4–X5–X6 was synthesized on 

HMBA-ChemMatrix resin (particle diamerer of 75–150 μm, functional density of 0.8 mmol 

HMBA per g resin) pre-loaded with the peptide spacer GSG (G: glycine, S: serine). The pep-

tides were synthesized via conventional Fmoc/tBu chemistry using a Syro I peptide synthesizer 

(Biotage, Uppsala, Sweden). Briefly, every residue (Xi) was conjugated by performing two 15-

min amino-acid couplings at 45 °C, using 3 equivalents (eq., compared to the functional density 

of the HMBA-ChemMatrix resin) of amino acid, 3 eq. of HATU, and 6 eq. of DIPEA in 5 mL 

of anhydrous DMF. The completion of each conjugation reaction was monitored after each 

amino acid by Kaiser test. The deprotection of Fmoc protecting groups was performed by rins-

ing the resin twice with 5 mL of 20% piperidine in DMF for 20 min at room temperature. The 

combinatorial positions X1–X6 were produced via the “split-couple-and-recombine” (SCR) 

technique using 10 protected amino acids, namelym Fmoc-Ala-OH, Fmoc-Asp(OtBu)-OH, 

Fmoc-Arg(Pbf)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-Ile-OH, 

Fmoc-Lys(Boc)-OH, Fmoc-Ser(tBu)-OH, and Fmoc-Tyr(tBu)-OH. Briefly, (i) the resin was 

divided into 10 aliquots and each was placed in a reaction vessel (~0.17 g resin per ves-

sel); (ii) after an amino-acid conjugation and removal of the Fmoc protecting group, the ali-

quots were combined, mixed, and re-divided. The SCR procedure was performed six times to 

generate the corresponding six combinatorial positions for a total of 106 peptide combinations. 

The side chain-protecting groups were removed via acidolysis, by incubating the peptide–

ChemMatrix library with a cleavage cocktail comprising TFA/TIPS/anisole/EDT (94/3/2/1) 

for 2 h. The resins were rinsed in DCM and DMF and stored at 4 °C. 
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4.6.2.2 Conjugation of Fluorescent Dyes to Affibody Molecules 

Anti-IgG and Anti-HSA affibodies were labeled with either AF488 or AF594 dye, both 

in thiol-reactive maleimide form, for a total of four fluorescently labeled affibodies. The af-

fibody dimers were firstly treated with 1 mM ethylenediaminetetraacetic acid (EDTA) and 1 

mM dithiothreitol (DTT) in Tris-HCl at pH 8.0 to break the disulfide bonds, and then diafiltered 

against 1 mM EDTA in Tris-HCl at pH 8.0 using 3-kDa MWCO Amicon Ultra Centrifugal 

Filters (EMD Millipore) to maintain them as thiol-free monomers in solution. Each dye was 

initially dissolved in anhydrous dimethyl sulfoxide (DMSO) to a concentration of 10 mg/mL, 

and slowly added to 100 μL of affibody solution at 2 mg/mL in Tris-HCl at pH 8.0. The reaction 

was allowed to proceed for 90 min at 4 °C, and then quenched with 20 μL of 0.05 M Tris-

buffered saline at pH 8.0, followed by incubation at 4 °C for 1 h. The labeled affibodies were 

then diafiltered against PBS at pH 7.4. 

4.6.2.3 Screening of Peptide Library against Labeled Affibodies 

Two affibody solutions were initially formulated; screening mixture 1 (SM1) was pre-

pared by spiking AF488-labeled (green) anti-HSA affibody and AF594-labeled (red) anti-IgG 

affibody, both at 1 mg/mL, in the clarified E. coli cell lysate, while screening mixture 2 (SM2) 

was prepared by spiking AF594-labeled anti-HSA affibody and AF488-labeled anti-IgG af-

fibody, both at a concentration of 0.5 mg/mL, in the E. coli lysate. The total concentration of E. 

coli was 2 mg/mL. Two aliquots of 0.1 mL of library beads were initially equilibrated with 

0.1% Tween-20 in PBS at pH 7.4, and then blocked with a mixture of clarified E. coli cell 

lysate. Each aliquot was then rinsed with PBS and incubated overnight at 4 °C with either SM1 

or SM2. The beads were thoroughly washed with PBS and 0.1% Tween-20 in PBS at pH 6, as 

done in prior work [37,38], before being isolated into 96-well polystyrene plates and individu-

ally imaged with an EVOS FL Auto Imaging System (ThermoFisher Scientific, Waltham, MA, 

https://www.mdpi.com/1422-0067/21/11/3769/htm#B37-ijms-21-03769
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USA). The beads carrying high green and red fluorescence were isolated and treated by multi-

ple 1-h incubations in 0.2 M acetate buffer at pH 3.8 at room temperature and under gentle 

rotation to remove all bound proteins. Finally, the beads were thoroughly rinsed with deionized 

water and stored in acetonitrile. 

4.6.2.4 Sequencing of Selected Peptide Leads 

The library beads selected as described in Section 4.3.4 were individually placed in 20 

μL of 38 mM NaOH in 10% acetonitrile at 4 °C for 30 min to cleave the peptides carried 

thereon. Immediately after cleavage, the peptide solutions were pH-neutralized by adding 20–

30 μL of 100 mM citrate, 10% acetonitrile, 0.1% formic acid at pH 2.9, resulting in a total 

sample volume of 40–50 μL. Since an injection volume of 5 μL is required for peptide sequenc-

ing by mass spectrometry, this protocol enables multiples sequencing attempts, increasing the 

probability of successful identification. Following pH neutralization, peptide solutions were 

filtered using 0.45-μm centrifugal filters by centrifugation to separate the peptide solution from 

the beads and any solid debris, and they were eventually dried in a centrifugal evaporator 

(Thermo Savant SC110 SpeedVac Vacuum Concentrator). The cleaved peptides were then se-

quenced by liquid chromatography coupled with electrospray ionization tandem mass spec-

trometry (LC–ESI-MS/MS) using a Thermo Fisher Q ExactiveTM High-Field Hybrid Quadru-

pole-OrbitrapTM Mass Spectrometer coupled to an Easy LC 1200 system with an ESI (elec-

trospray ionization) source. Liquid chromatography was performed using a Phenomenex C18 

stationary phase (2.6 μm bead diameter size and 100 A pore size) packed in a New Object 

PicoFrit Emitter column (11.5 cm height, 75 μm I.D., 360 μm outer diameter (O.D.)). Prior to 

injection, the dried cleaved peptides were reconstituted in 20 μL of aqueous 0.1% formic acid 

solution. A volume of 5 μL of sample was injected onto the chromatographic bed, washed with 

a 2% acetonitrile, 0.1% formic acid buffer, and eluted using a linear gradient of acetonitrile in 

https://www.mdpi.com/1422-0067/21/11/3769/htm#sec2dot4-ijms-21-03769
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0.1% formic acid elution buffer, from 2% to 80% over 1 h. The orbitrap was operated as fol-

lows: positive ion mode, acquisition full scan (m/z 400–1990) with 120,000 resolving power, 

MS/MS acquisition using a top N data-dependent acquisition (DDA) implementing higher-

energy collisional dissociation (HCD) with a normalized collision energy (NCE) setting of 

27%. Dynamic exclusion was utilized to maximize depth of proteome coverage by minimizing 

re-interrogation of previously sampled precursor ions. Real-time lock mass correction using 

the polydimethylcyclosiloxane ion at m/z 445.120025 was utilized to minimize precursor and 

product ion mass measurement errors. The peptide sequences were obtained by searching the 

acquired MS data against a peptide database in FASTA format. The database was constructed 

to contain all 106 sequences in the peptide library based on the degenerate amino-acid combi-

nations. The raw MS/MS data were processed using Proteome Discoverer 1.4 (ThermoFisher 

Scientific, Waltham, MA, USA). Searching was performed with a 5-ppm precursor mass tol-

erance and 0.02-Da fragment tolerance. Specified modifications included Asn and Gln deami-

dation, which could arise from alkaline degradation during peptide cleavage. Identifications 

were filtered to a strict protein false discovery rate (FDR) of 1% and relaxed FDR of 5% using 

the Percolator node in Proteome Discoverer. 

4.6.2.5 Affibody Binding and Elution Studies in Non-Competitive Conditions 

The identified sequences were synthesized on Toyopearl AF-Amino 650 M resin by 

Fmoc/tBu synthesis to be tested for affibody binding in non-competitive mode. Aliquots of 50 

μL of each peptide–Toyopearl adsorbent were transferred in a PCR tube, swollen in 20% meth-

anol overnight, and copiously washed in 20% methanol to remove any residual chemical from 

peptide synthesis, before equilibrating in Milli-Q water followed by PBS, pH 7.4. Next, 100 

μL of 50:50 solution of fluorescently labeled anti-HSA and anti-IgG affibodies (Section 4.3.3) 

at a total 1 mg/mL affibody concentration were incubated with every aliquot of peptide–

Toyopearl resin for 1 h at room temperature under gentle rotation. Following incubation, the 
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resins were pelleted by centrifugation, and the supernatant was collected and marked as “un-

bound” (UB) fraction. The resins were then washed with PBS and the supernatant were com-

bined with the UB fractions. Protein elution (EL) was then performed by incubating the resins 

with 0.2 M acetate buffer at pH 3.8 (0.2 M acetic acid and 0.2 M sodium acetate at a 7:3 ratio) 

for 30 min at room temperature, and then by washing with the same elution buffer. Regenera-

tion (R) was then performed by incubating the adsorbents with 100 mM glycine buffer at pH 

2.5 added with 0.45% w/v CHAPS, at 4 °C for overnight. The collected elution fractions (EL 

and R) were finally equilibrated to neutral pH using PBS, pH 7.4. Finally, both UB and E 

fractions were diluted in PBS and analyzed by fluorescence spectroscopy. 

4.6.2.6 Affibody Binding and Elution Studies in Competitive Conditions 

Three sequences selected in Section 4.3.6 were then evaluated for affibody binding in 

competitive mode. Aliquots of 100 μL of the peptide–Toyopearl adsorbents were swollen and 

equilibrated as described in Section 4.3.6. The feed sample was prepared by combining 100 μL 

of equimolar solution of fluorescently labeled anti-HSA and anti-IgG affibodies at a total 2 

mg/mL affibody concentration with 400 μL of clarified E. coli cell lysate at the adjusted con-

centration of host cell proteins (HCPs) of 2.5 mg/mL, to obtain a final concentration of 0.4 

mg/mL of affibody and 2 mg/mL of HCPs. Next, 200 μL of feed samples were incubated with 

each aliquot of wet peptide–Toyopearl resin for 2 h at room temperature under gentle rotation. 

After incubation, unbound (UB) and elution (EL) fractions were obtained as described in Sec-

tion 4.6.2.5; they were then analyzed by fluorescence spectroscopy to determine the yield of 

both affibodies and finally by SDS-PAGE to determine the total purity of the eluted affibody 

products. 

4.6.2.7 Purification of Anti-ErbB2 Affibody Using Peptide Ligand IGKQRI 

Anti-ErbB2 affibody labeled with green-fluorescent AF488 was prepared as described 

in Section 4.3.3. Next, 100 μL of the IGKQRI–Toyopearl resin was wet-packed in Microbore 

https://www.mdpi.com/1422-0067/21/11/3769/htm#sec2dot6-ijms-21-03769
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PEEK columns, mounted on a Waters Alliance® HPLC System, and equilibrated in PBS, pH 

7.4. The feed sample was prepared by spiking 100 μL of AF488-labeled anti-ErbB2 affibody 

at 2 mg/mL into 400 μL of clarified E. coli cell lysate at the adjusted HCP concentration of 2 

mg/mL, to obtain a final concentration of 0.4 mg/mL of affibody and 2 mg/mL of HCPs. Next, 

250 μL of feed sample was loaded on the column at a flow rate of 0.05 mL/min, corresponding 

to a residence time of 2 min. The resin was washed with five column volumes (CVs) of PBS, 

and elution was then performed with 10 CVs of 0.1 M acetate buffer, pH 3.8. Finally, the 

adsorbent was regenerated with 10 CVs of 0.45% w/v CHAPS in 0.1 M glycine HCl at pH 2.5, 

equilibrated with PBS, rinsed with water, and stored in aqueous 20% v/v methanol. All chro-

matographic steps were performed at a linear velocity of 0.25 mL/min (residence time of 0.4 

min), and the effluent was monitored by ultraviolet (UV) spectrophotometry at 280 nm. The 

chromatographic fractions (UB, W, EL, and R) were analyzed by fluorescence spectroscopy 

and SDS-PAGE to determine the yield and purity of the anti-ErbB2 affibody. 

4.6.2.8 Analysis of the Chromatographic Fractions by Sodium Dodecyl Sulfate 

Polyacrylamide Gel Electrophoresis 

The collected fractions were desalted into phosphate buffer at pH 7.4 using Amicon 

Ultra 0.5-mL centrifugal filters (3 kDa MWCO). Based on the total protein concentration de-

termined by Bradford assay, the collected fractions were adjusted at a total protein concentra-

tion of 0.1 mg/mL, diluted 1:1 with 2× Laemmli sample buffer containing 5% β-mercaptoeth-

anol, and incubated at 100 °C for 5 min. Next, 20 µL of each sample was loaded onto each well 

of a 12% Mini PROTEAN® TGX precast electrophoresis gel. Then, 10 µL of Precision Plus 

Protein TM Dual Color Standards diluted 100× in Laemmli sample buffer was loaded in the 

first and last wells. Gels were electrophoresed at 100 V constant for 95 min using a Mini PRO-

TEAN Tetra Cell (Bio-Rad, Hercules, CA, USA) linked to a PowerPac 300 power supply (Bio-

Rad). Gels were fixed in 10% acetic acid, 40% ethanol in MilliQ water for 1 h. Fixed gels were 
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washed with MilliQ water and Coomassie stained. Imaging and densitometric analysis were 

performed with a GelDoc XR+ (Bio-Rad) and Image Lab software (Bio-Rad) with band inten-

sities scaled to the intensity of an affibody standard. 

4.6.2.9 Binding Isotherm of Model Affibodies on Peptide-Based Adsorbents 

Eight 50-µL aliquots of IGKQRI–GSG–Toyopearl resin were initially equilibrated in 

PBS at pH 7.4. Eight 0.2-mL solutions of anti-hIgG, anti-hHSA, and anti-ErbB2 affibodies in 

PBS at concentrations ranging from 0.01 to 2 mg/mL were prepared and incubated with the 

aliquots of IGKQRI–GSG–Toyopearl resin for 2.5 h at room temperature under mild shaking. 

After separating the supernatant by centrifugation, the resin aliquots were washed. The super-

natant and washing solutions were combined and analyzed by fluorescence spectroscopy to 

determine the equilibrium concentration of affibody solution. The mass of affibody bound by 

the resin was determined by mass balance. The values of affibody bound per volume of resin 

(q) and the corresponding values of equilibrium concentration in solution (C*) were fit to a 

Langmuir isotherm model (Equation (1)). 

(1)  𝑞 =
𝑄𝑚𝑎𝑥𝐶∗

𝐾𝐷,𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟+𝐶∗ 

where Qmax is the maximum binding capacity (mg affibody per mL resin), and KD,Langmuir is the 

dissociation constant (µM). 

4.6.2.10 Lifetime Study of Peptide-Based Adsorbents 

The binding of anti-HSA affibody was repeated on IGKQRI–GSG–Toyopearl resin 100 

times, by applying the chromatographic protocol described in Section4.6.2.5. Only runs 1, 10, 

25, 50, 75, and 100 were performed using the anti-HSA affibody, while all other runs were 

performed as blank injections. The flow-through and elution chromatographic fractions were 

analyzed by UV spectroscopy at 280 nm to determine the dependence of affibody yield with 

the number of uses. 
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4.6.2.11 Computational Docking Studies  

Selected sequence IGKQRI was docked in silico against different model affibodies to 

evaluate its binding site and strength [57]. Following the procedure established in prior work 

[37,53,58], the coordinate files of the linear peptides IGKQRIGSG were initially designed us-

ing Pymol’s build function, and equilibrated by molecular dynamics (MD) simulation in the 

AMBER16 package using the AMBER ff14SB force-field parameter set [59]. The peptide was 

placed in a simulation box with periodic boundary conditions containing 600 water molecules 

(transferable intermolecular potential with three points (TIP3P) water model) [60,61,62]. The 

solvated system was minimized by running 10,000 steps of steepest gradient descent, heated to 

300 K in a constant number, volume, and temperature (NVT) ensemble for 250 ps (1 fs time 

steps), and equilibrated to 1 atm in a constant number, pressure, and temperature (NPT) en-

semble for 500 ps (2 fs time steps). The production run was performed in the NPT ensemble, 

at constant T = 300 K using the Nosé–Hoover thermostat [63,64,65] and P = 1 atm using the 

Parrinello–Rahman barostat [66,67]. The leap-frog algorithm was used to integrate the equa-

tions of motion and all of the covalent bonds were constrained by means of the linear constraint 

solver (LINCS) algorithm [68]. The short-range electrostatic and Lennard–Jones interactions 

were calculated with cutoffs of 1.0 nm and 1.2 nm, respectively, while the long-range electro-

static interactions were evaluated using the particle mesh Ewald method [69,70]. The atomic 

coordinates were saved every 2 ps, and the non-bonded interaction pair list was updated every 

5 fs (cutoff of 1.2 nm). The resulting peptide structure was docked against an anti-ZHER2 

affibody (PDB ID: 2KZI), an anti-ZTaq affibody (2B89), and an anti-amyloid beta A4 protein 

affibody (2OTK) using the docking software HADDOCK (High Ambiguity Driven Protein–

Protein Docking V.2.1) [43,44]. Default HADDOCK parameters (e.g., temperatures for heat-

ing/cooling steps, and the number of MD sets per stage) were used in a “blind docking” proce-

dure. All the residues on each affibody target with solvent accessibility of 50% or greater were 
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defined as “active” (directly involved in the interaction between the peptide ligand and the 

protein), whereas all other residues were defined as “passive” (involved in the interaction as a 

result of the “active” residue binding). Similarly, all variable amino-acid positions on the pep-

tide ligands were denoted as “active” while the GSG (Gly–Ser–Gly) spacer was defined as not 

being involved in the interaction to account for the directionality of binding. To simulate the 

orientation that the peptide assumes when conjugated onto a chromatographic support, in fact, 

the GSG trimer was constrained to be non-interacting to any of the target affibodies [71]. Dock-

ing proceeded through a three-stage protocol: (1) rigid, (2) semi-flexible, and (3) water-refined 

fully flexible docking. A total of 1000, 200, and 200 structures were calculated at each stage, 

respectively. The final structures were grouped using a minimum cluster size of 20 with a Cα 

RMSD < 0.5 nm using ProFit (http://www.bioinf.org.uk/software/profit/). The clusters identi-

fied for each affibody–peptide complex were scored using FireDock and XScore [55]. Fire-

Dock is an efficient method re-scoring of protein–protein docking solutions. Xscore computes 

the dissociation of a protein–ligand complex using an empirical equation that considers ener-

getic factors in a protein–ligand binding process. The top three binding poses selected by Fire-

Dock and XScore were finally evaluated by 100-ns MD simulations in explicit-solvent condi-

tions; the values of free energy of binding (ΔGb) were evaluated using the last 10 ns of MD 

trajectories, and the corresponding affinity (KD,in silico) was calculated using Equation (2). 

                                      (2)          𝐾𝐷,𝑖𝑛 𝑠𝑖𝑙𝑖𝑐𝑜 =
∆𝐺𝑏

𝑅𝑇
 

Where R is the ideal gas constant, and T is the temperature in K. 

4.6.2.12 Design of the Unbiased Combinatorial Linear Peptide Library 

A “one-bead one-peptide” (OBOP) combinatorial library of linear peptides was built 

following the “split-couple-and-recombine” (SCR) method described by Lam et al. [45] and 

previously by our group [37,38]. The design parameters (composition and structure) of the 

peptide library, namely, the choice of amino acids used in each coupling cycle and the number 
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of coupling cycles determining peptide length, were tailored based on the properties of the 

homologous regions in α-helices 1 and 2 of affibodies. We resolved to construct a hexameric 

linear library X1X2X3X4X5X6GSG, where (i) X1X2X3X4X5X6 represents the variable segment 

of the peptide comprising six combinatorial positions Xi randomized using 10 amino acids, for 

a total of up to 106 unique peptide sequences, and (ii) the GSG (Gly–Ser–Gly) spacer promotes 

the display of the variable segment of the peptide onto the solid phase, and aids in post-screen-

ing cleavage and sequencing of the selected peptides. The length of six amino acids was chosen 

as it offers a good balance of binding strength and selectivity and cost. The amino-acid com-

position of the library (Ala, Asp, Tyr, His, Lys, Ile, Gln, Arg, Gly, and Ser) was selected based 

on the biophysical characteristics of the constant domains of anti-ZHER2, anti-ZTaq, and anti-

Amyloid beta A4 protein (2OTK) affibodies, whose amino-acid sequences are published on 

the Protein Data Bank (PDB IDs: 2KZI, 2B89, and 2OTK). The sequences, as well as their 

calculated isoelectric point (IP) and grand average hydroxypathy index (GRAVY [72]), are 

reported in Table 4.6. As the constant regions on α-helix 1 and α-helix 3 are of opposite charge, 

both positively (Lys and Arg) and negatively (Asp) charged amino acids were included. Fur-

thermore, given the hydrophilicity of both regions (GRAVY ~−1) and the abundance of hydro-

gen bond-forming residues, electrically neutral amino acids capable of hydrogen bonding (Gln 

and Ser) were also included, and hydrophobic amino acids were limited to Ile and Tyr. 

The OBOP library was synthesized by solid-phase peptide synthesis (SPPS) on hy-

droxymethylbenzoic acid (HMBA)-ChemMatrix resin, a crosslinked PEG-based solid support 

in the form of spherical particles with a diameter range from 100 to 300 μm, and a functional 

loading of 0.6 mmol/g. ChemMatrix resin is compatible with both organic and aqueous condi-

tions, which are respectively used for the peptide synthesis and for the screening step, and it is, 

therefore, suitable for library synthesis and selection against target proteins. The ester bond 

formed between the trimer Gly–Ser–Gly (GSG) spacer and the HMBA linker is stable through 
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the subsequent reactions of peptide elongation and removal of the side chain-protecting group, 

as well as through the process of library screening. Yet, it undergoes rapid cleavage when ex-

posed to mild alkaline conditions, thereby enabling the release of the peptide from the selected 

beads; the peptides released in solution can be sequenced by tandem mass spectrometry. Prior 

work by our group and Albericio et al. demonstrated this approach [37,38,73,74]. 

4.6.2.13 Library Screening and Sequence Identification 

Library screening was designed to favor the selection of peptides that bind the constant 

portion of affibodies (α-helix 3 or homologous regions in α-helices 1 and 2) selectively, that is, 

in presence of protein impurities produced by the host organisms (e.g., E. coli cells). In this 

work, we resolved to utilize two model targets, namely, an anti-IgG and an anti-HSA affibody, 

each labeled with a different fluorescent dye, either the green AlexaFluor 488 (AF488) or the 

red AlexaFluor 594 (AF594). The affibodies were separately labeled with both dies, resulting 

in two orthogonal target pairs, namely, a green anti-IgG affibody and a red anti-HSA affibody, 

as well as a red anti-IgG affibody and a green anti-HSA affibody, to decouple potential af-

fibody-dye pairing effect leading to false positives. Thus, to ensure targeting of the constant 

portion of affibodies, aliquots of the library were incubated with either target pair, and only the 

beads carrying both colors were chosen. Furthermore, to ensure binding selectivity, the library 

was screened in competitive conditions, that is, in the presence of E. coli host cell proteins 

(HCP) present in clarified E. coli cell lysate. 

The library aliquots were initially rinsed with PBS buffer to completely remove any 

trace of organic solvent, and blocked by incubation with clarified E. coli cell lysate at a total 

protein concentration of 2 mg/mL for 2 h. Affibodies, in fact, are commonly expressed in E. 

coli strains as periplasmically secreted proteins [75]. Thus, to identify affibody-targeting pep-

tides that can be universally applied in either purification or developmental applications, we 

resolved to screen the library in presence of E. coli HCPs. After blocking, the library beads 

https://www.mdpi.com/1422-0067/21/11/3769/htm#B37-ijms-21-03769
https://www.mdpi.com/1422-0067/21/11/3769/htm#B38-ijms-21-03769
https://www.mdpi.com/1422-0067/21/11/3769/htm#B73-ijms-21-03769
https://www.mdpi.com/1422-0067/21/11/3769/htm#B74-ijms-21-03769
https://www.mdpi.com/1422-0067/21/11/3769/htm#B75-ijms-21-03769
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were transferred into a screening mix, comprising either (SM1) AF488-labeled anti-HSA af-

fibody and AF594-labeled anti-IgG affibody in clarified E. coli cell lysate, or (SM2) AF594-

labeled anti-HSA affibody and AF488-labeled anti-IgG affibody in clarified E. coli lysate. The 

total concentrations of affibody and HCPs were respectively 1 mg/mL and 2 mg/mL in both 

SM1 and SM2 to reproduce bioprocess-relevant conditions. The library beads were incubated 

in either SM1 or SM2 overnight, before washing with PBS at pH 7.4 and 0.1% Tween 20 in 

PBS at pH 6.5, as done in prior work [37,38], to ensure the selection of peptides with high 

affinity for the affibody product. The washed beads were sorted and individually imaged by 

fluorescence microscopy. Only the beads carrying both strong red and green fluorescence were 

selected (Figure 4.6), whereas beads carrying either a single color or weak fluorescence were 

discarded together with the fully negative (no fluorescence) ones. The peptides carried by the 

selected beads were then cleaved from the ChemMatrix surface under alkaline conditions (note: 

to prevent alkaline degradation of the peptide, the solutions containing the cleaved peptide were 

immediately neutralized) and sequenced by liquid chromatography coupled with electrospray 

ionization tandem mass spectrometry (LC–ESI-MS/MS), following a method developed in 

prior work [37,38] using a ThermoFisher Q ExactiveTM High-Field Hybrid Quadrupole-Or-

bitrapTM Mass Spectrometer coupled to an Easy LC 1200 system with an ESI (electrospray 

ionization) source. The peptide sequences were obtained by searching the acquired MS data 

against a peptide database in FASTA format containing all 106 degenerate amino-acid combi-

nations forming the peptide library, using Proteome Discoverer v.1.4 (Thermo Fisher). Among 

the peptides identified by MS, 16 sequences, listed in Table 4.2, were selected for their homol-

ogy in amino-acid composition and sequence, as shown by their “sequence logo display” plot 

(Figure 4.7). 

The sequences were further analyzed to determine the enrichment factor (fE) for each 

amino acid, which was calculated as the ratio of the frequency at which an amino acid appears 

https://www.mdpi.com/1422-0067/21/11/3769/htm#B37-ijms-21-03769
https://www.mdpi.com/1422-0067/21/11/3769/htm#B38-ijms-21-03769
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https://www.mdpi.com/1422-0067/21/11/3769/htm#B38-ijms-21-03769
https://www.mdpi.com/1422-0067/21/11/3769/htm#table_body_display_ijms-21-03769-t002
https://www.mdpi.com/1422-0067/21/11/3769/htm#fig_body_display_ijms-21-03769-f0A2
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in the sequences identified by library screening vs. the probability of that amino acid to be 

present in a bead randomly picked from the library (Table 4.7). As expected, owing to the 

charged nature of the targeted α-helix 1 (+3) and α-helix 3 (−2) regions of affibodies, and the 

abundance of hydrogen bonding amino acids, the identified peptides were considerably en-

riched in positively charged (fE = +3.3 for His, Arg, and Lys), negatively charged (fE = +2.5 

for Asp), and neutral hydrogen bonding (fE = +3.5) residues; analogously, they were found to 

be depleted in aromatic amino acids (fE = −0.4). It is interesting to notice that aspartic acid, a 

negatively charged amino acid, was also enriched, yet it was always flanking positively charged 

amino acids, as in the triplets DIR, DIH, and DHH. This combination was shown by both ex-

perimental binding studies in competitive conditions (Section 4.3.3) and in silico docking stud-

ies (Section 4.3.5) to denote high binding specificity. 

4.6.2.14 Affibody Binding Capacity vs. Ligand Density 

As shown in Section 4.3.4, the peptide-based adsorbents featured a higher maximum 

binding capacity (Qmax) compared to the corresponding positive control adsorbents that em-

ployed the proteins targeted by the affibodies as ligands. This can be explained in terms of 

ligand size and distribution of the affibody proteins on the adsorbent surface at the equilibrium. 

Peptide ligands, in fact, are considerably smaller (~1 kDa) than both the binding proteins (IgG 

is ~150 kDa, HSA is ~66.5 kDa, and ErbB2 is ~68.6 kDa) and the target affibodies (~6.5 kDa). 

This enables a significantly higher density of peptide ligands than proteins on the pore surface 

of Toyopearl resin. As a result, on peptide–Toyopearl adsorbents, the amount of bound affibod-

ies depends on the size of affibodies (Figure 4.8 A), while, on the positive control adsorbents, 

it depends on the size and surface density of proteins (Figure  4.8 B). 

To evaluate this hypothesis, we prepared three IGKQRI–GSG–Toyopearl adsorbents at 

different ligand density, namely, 0.045 meq of peptide per mL of resin, 0.11 meq/mL, and 0.26 

meq/mL, as well as three HSA–Toyopearl adsorbents at different albumin density, namely, 0.9 

https://www.mdpi.com/1422-0067/21/11/3769/htm#table_body_display_ijms-21-03769-t0A2
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mg/mL (1.35 × 10−5 meq/mL), 10.5 mg/mL (1.58 × 10−4 meq/mL), and 24.6 mg/mL (3.7 × 

10−5 meq/mL). Every adsorbent was incubated in a solution of anti-HSA affibody at 1 mg/mL 

in PBS, pH 7.4, for 2 h, and the equilibrium binding capacity (Qmax) was determined by mass 

balance based on the final HSA concentration in solution. The values of Qmax were finally 

plotted against the binder density, with either IGKQRI peptide or HSA, as shown in Figure 4.9. 

The values of capacity of HSA–Toyopearl resins were found to depend linearly on the density 

of HSA conjugated to the resin, whereas those of IGKQRI–GSG–Toyopearl resin were found 

to depend only marginally on the surface density of peptide ligands. These findings corroborate 

the hypothesis that the size of ligands (and, thus, their density on the chromatographic sub-

strate) is a key controlling factor of binding capacity, perhaps more so than their affinity for 

the target affibody. 
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4.7 Tables and Figures 

 
Figure 4.1 SDS-PAGE (non-reducing conditions, Coomassie stained) of unbound (UB) and 

elution (EL) fractions obtained by purifying anti-HSA and anti-hIgG affibodies from a clarified 

E. coli cell lysate using (A) IGKQRI-GSG-Toyopearl, (B) IHQRGQGSG-Toyopearl resins, 

(C) KSAYHSGSG-Toyopearl, and (D) DIRIIRGSG-Toyopearl resins. Labels: MW, molecular 

weight marker; L, load; UB, unbound; EL, elution at pH 3.8; Aff, affibody standard (pure anti-

HSA affibody). 
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Figure 4.2 SDS-PAGE (non-reducing conditions, Coomassie staining) of flow-through (FT) 

and elution (EL) fractions obtained by purifying anti-ErbB2 affibody from a clarified E. coli 

cell lysate using a column packed with IGKQRI-GSG-Toyopearl resin. Labels: MW, molecular 

weight marker; L, load; UB, unbound; EL, elution at pH 3.8; Aff, affibody standard. 
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Figure 4.3 Adsorption isotherms of (A) anti-HSA affibody on IGKQRI-GSG-Toyopearl resin, 

HSA-Toyopearl, and Toyopearl® HW-40F resins; (B) anti-IgG affibody on IGKQRI-GSG-

Toyopearl resin, hIgG-Toyopearl, and Toyopearl® HW-40F resins; (C) anti-ErbB2 affibody 

on IGKQRI-GSG-Toyopearl resin, ErbB2-Toyopearl, and Toyopearl® HW-40F resins. 
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Figure 4.4 Docking of the IGKQRI-GSG peptide on (A) Amyloid beta A4 protein-binding 

affibody (PDB ID: 2OTK); (B) ZHER2-binding affibody (2KZI); (C) ZHER2-binding affibody 

(90o rotation); (D) Protein A-binding affibody (1H0T). The IGKQRI peptide is in blue, while 

the GSG spacer is in grey; (E) different clusters of IGKQRI-GSG peptide on the ZHER2-bind-

ing affibody; and (F) clusters of IGKQRI-GSG peptide on the ZHER2-binding affibody (180o 

rotation). The IGKQRI peptide is in blue, while the GSG spacer is in grey. The constant regions 

of the affibodies are indicated in salmon (α-helix 1), yellow (α-helix 2), and dark green (α-helix 

3), as listed in Table 4.6, while the variable regions are in grey. The portions of the constant 

regions of the affibodies targeted by the IGKQRI peptide are in light green (α-helix 1) and red 

(α-helix 3). 
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Figure 4.5 Values of yield of AF488-labeled anti-HSA affibody using IGKQRI-GSG-

Toyopearl resin over 100 cycles. 
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Figure 4.6 Representative fluorescence microscope images of library beads binding red- and 

green- labeled affibodies at different binding ratios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

38 
 

6.2. Post-screening sequence identification 
 

Affibody molecules used in this work are modified with a unique C-terminal 

cysteine that is easily conjugated with most thiol reactive molecules such as 

maleimide-activated biotin, fluorescent dyes and enzymes. However, tail-to-tail 

dimers can be spontaneously generated via a disulphide bridge between the C-

terminal cysteines. 

Initial screening results would suggest that affibody dimers used to form, caus-

ing several false positives, that is beads showing both red and green fluores-

cence due not to the actual affinity of one bead with both Anti-HSA and Anti-

IgG Affibodies, but to the presence of Anti-HSA Anti-IgG Affibody dimers. 

Thus, during subsequent screenings, 10 μL of 2-Mercaptoethanol (BME) re-

ductive agent were used to break S-S bridges responsible of creating dimers. 

Eventually, among all the positive peptides resulted from the screening, sixteen 

were identified by MS. These identified sequences (Table 2) were analyzed via 

“sequence logo display”, where peptide sequences are aligned to identify ho-

mologous patterns and diversities. The sequence logo (fig. 5) plots the amino 

acid frequency in peptides as a function of combinatorial position to depict the 

consensus sequence, which is the calculated order of most frequent residues. 

Thus the height of each letter is made proportional to its frequency, and the let-

ters are sorted so the most common ones are on top. 

 

 

  

Figure 4. Fluorescence microscope images of beads that show both red and green flu-

orescence, different intensity of emission (taken with a 4× objective) 
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Figure 4.7 Sequence logo of combinatorial positions X1-X6 of affibody-binding peptides dis-

covered via library screening. The figure was obtained using Weblogo (https://weblogo.berke-

ley.edu). 
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Table 2 

Sequences of sixteen Affibody-binding linear peptides discovered during screening. X 

denotes an amino acid that could not be assigned via MS/MS sequencing. 

Positive linear peptide sequences 

XHHKSI DIRRII DHHKKA XRAGRI 

ARISRQ DIRIIR SHHSQR IHQRGQ 

KIIISR QAAKRI DIRIQR AIHIRR 

IGKQRI SHHSQR KSAYHS GSKKSS 

 

 

 

 

Figure 5. Sequence logo of combinatorial positions X1-X6 for Anti-IgG and Anti-HSA 

Affibody-binding linear peptides discovered from screening studies. 
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Figure 4.8 Representation of affibody binding on (A) IGKQRI-GSG-Toyopearl vs. (B) erbB2-

Toyopearl resins. The peptide ligands, target affibody, and protein-affibody complex are in 1:1 

molecular scale to each other. 
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Figure 4.9 Correlation between equilibrium binding capacity of anti-HSA affibody onto (■) 

IGKQRI–GSG–Toyopearl resin and (♦) HSA–Toyopearl resin. Binding studies were per-

formed in triplicate. 
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Table 4.1 Sequences of 16 affibody-binding linear peptides discovered via library screening. 

The “X” denotes an amino acid that could not be assigned via MS/MS sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide 

ID 
Sequence Peptide ID Sequence 

ABP1 

ABP2 

ABP3 

ABP4 

ABP5 

ABP6 

ABP7 

ABP8 

XHHKSI  

ARISRQ 

KIIISR 

IGKQRI 

DIRRII 

DIRIIR 

QAAKRI 

SHHSQR 

ABP9 

ABP10 

ABP11 

ABP12 

ABP13 

ABP14 

ABP15 

ABP16 

DHHKKA 

SHHSQR 

DIRIQR 

KSAYHS 

XRAGRI 

IHQRGQ 

DIHIRR 

GSKKSS 
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Table 4.2 Sequence flow through-elution mass ratio for both anti-HSA and anti-IgG affibodies. 

Sequence mFT/mE (Anti-HSA) mFT/mE (Anti-IgG) Yield 

DIHIRR 

DIRIIR 

SHHSQR 

QAAKRI 

DHHKKA 

IHQRGQ 

IGKQRI 

DIRIQR 

ARISRQ 

KSAYHS 

0.473 

1.553 

1.387 

0.801 

2.039 

0.781 

0.628 

2.401 

1.709 

0.796 

1.277 

0.707 

1.238 

2.245 

1.256 

0.446 

0.448 

0.445 

0.885 

0.405 

40.4% 

57.2% 

44.3% 

35% 

38.5% 

60.3% 

64.7% 

39.5% 

51.7% 

60.1% 
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Table 4.3 Recovery and purity of anti-HSA and anti-IgG affibodies purified from clarified E. 

coli cell lysate using the adsorbents IGKQRI-GSG-Toyopearl, IHQRGQGSG-Toyopearl, 

KSAYHSGSG-Toyopearl, and DIRIIRGSG-Toyopearl resins. The values of yield were calcu-

lated as the ratio of the amount of fluorescently-labeled affibody present in the eluted fractions 

(measured via fluorescence spectroscopy) vs. the loaded amount, whereas the values of purity 

were calculated by densitometric analysis of the elution (EL) lanes in the gel reported in Figure 

4.1 using Image Lab software (Bio Rad). 

 

 

 

 

 

 

 

 

 

 

 

Sequence 

Anti-HSA Affibody Anti-IgG Affibody 

Recovery Purity Recovery Purity 

IGKQRI 

IHQRGQ 

KSAYHS 

DIRIIR 

95.2 ± 4.6 % 

96.1 ± 2.4 % 

89.5 ± 0.7 % 

74.9 ± 3.6 % 

94.1% 

92.6% 

96.3% 

96.2% 

97.2 ± 1.5 % 

95.3 ± 4.5 % 

88.6 ± 3.4 % 

78.3 ± 2.5 % 

95.8% 

93.1% 

96.4% 

96.5% 
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Table 4.4 Fitting of isotherm data to the Langmuir adsorption model (TP: Toyopearl resin) 
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Table 4.5 Values of binding affinity (KD,in silico, calculated using Equation (2) from molec-

ular dynamics (MD)-derived values of ∆GB, Section 4.6.2.11) of the top 3 affibody–IGKQRI 

clusters obtained by docking the peptide IGKQRI on amyloid beta A4 protein-binding af-

fibody, ZHER2-binding affibody, and Protein A-binding affibody, followed by MD simulation 

of the affibody–IGKQRI complexes in the selected poses. 
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Table 4.6 Amino acid sequence of affibodies, where X1–X13 indicate the randomized positions, 

as well as the isoelectric point, net charge at pH 7, and grand average hydroxypathy index 

(GRAVY) index of the constant regions. Note: to mimic its connection to the rest of the af-

fibody molecule, the C-terminus of sequence * was amidated and the N-terminus of sequence 

** was acetylated. 
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Table 4.7 Factor of amino-acid enrichment (fE) produced by the library screening, calculated 

as the ratio between the frequency of a group of amino acids in the identified sequences and 

the probability of finding it in a random peptide in the library. 
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CHAPTER 5: Photoinduced reconfiguration to control the protein-binding affinity of 

azobenzene-cyclized peptides 
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5.1 Abstract 

The impact of next-generation biorecognition elements (ligands) will be determined by 

the ability to remotely control their binding activity for a target biomolecule in complex envi-

ronments. Compared to conventional mechanisms for regulating binding affinity (pH, ionic 

strength, or chaotropic agents), light provides higher accuracy and rapidity, and is particularly 

suited for labile targets. In this study, we demonstrate a general method to develop azobenzene-

cyclized peptide ligands with light-controlled affinity for target proteins. Light triggers 

a cis/trans isomerization of the azobenzene, which results in a major structural rearrangement 

of the cyclic peptide from a non-binding to a binding configuration. Critical to this goal are the 

ability to achieve efficient photo-isomerization under low light dosage and the temporal stabil-

ity of both cis and trans isomers. We demonstrated our method by designing photo-switchable 

peptides targeting vascular cell adhesion marker 1 (VCAM1), a cell marker implicated in stem 

cell function. Starting from a known VCAM1-binding linear peptide, an ensemble of azoben-

zene-cyclized variants with selective light-controlled binding were identified by combining in 

silico design with experimental characterization via spectroscopy and surface plasmon reso-

nance. Variant cycloAZOB[G-VHAKQHRN-K] featured rapid, light-controlled binding of 

VCAM1 (KD,trans/KD,cis ∼ 130). Biotin-cycloAZOB[G-VHAKQHRN-K] was utilized to label 

brain microvascular endothelial cells (BMECs), showing co-localization with anti-VCAM1 

antibodies in cis configuration and negligible binding in trans configuration. 

5.2 Introduction 

Inducible affinity interactions between ligand and target biomolecules are the underly-

ing functions governing biological systems. The ability to design synthetic ligands whose bio-

recognition can be activated and controlled using remote and biocompatible stimuli is key to 

engineer next-generation biomimetic systems. Mainstream engineered ligands, like antibodies 

and aptamers,[1–4] enable sensitive detection and sorting of biological targets (e.g., proteins, 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit1
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viruses, and cells) in complex media [5,6]. Their biorecognition activity, while strong and se-

lective, is innate and cannot be activated on demand. Adjusting the composition, concentration, 

and pH of the aqueous environment provides some control over binding strength, but often at 

the expense of the bioactivity and viability of the target. The ability to design synthetic ligands 

whose affinity for a target can be activated rapidly and remotely, using external stimuli that do 

not adversely impact the integrity of the target, is a much sought-after goal in modern ligand 

engineering. 

Peptides represent ideal scaffolds for developing dynamically regulated ligands, owing 

to their excellent biorecognition activity, modular assembly, and affordable manufacturing at 

large scale with no batch-to-batch variability [7]. In particular, peptides with constrained con-

formation (e.g., cyclic peptides) feature superior target affinity and selectivity – in some in-

stances, on par with antibodies – as well as high biochemical stability [8–10]. Furthermore, 

cyclic peptides can be engineered to integrate stimuli-responsive moieties that provide remote 

control over target-binding affinity independently of the physicochemical conditions of the en-

vironment. Of particular interest in this regard are photochromic switches, such as azoben-

zenes, hemithioindigos, and spiropyrans/spirooxazines, which respond to specific light wave-

lengths and intensities by rearranging their structure. When utilized as peptide cyclization link-

ers, photochromic switches can reconfigure the peptide structure upon photo-isomerization 

[11–18]. This mechanism can be harnessed to remotely activate the selective binding of the 

peptide for a target biomolecule, resulting in adsorption on a substrate or labelling in solution. 

In this study, we sought to develop a novel family of azobenzene-cyclized peptide af-

finity ligands that are selective, sterically inconspicuous, rapidly activated, and thermally stable 

(note: we adopted azobenzene as photochromic switch owing to its ease of synthesis and com-

mercial availability to ensure the translational potential of this technology). To this end, we 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit5
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit7
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit8
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit11
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have developed a method for converting known linear protein-binding peptides into an azo-

benzene-cyclized framework (Figure 5.1). This comprises a protein-binding peptide segment, 

the azobenzene cyclization linker, connecting spacers, and a reporter (e.g., a fluorescent dye or 

biotin). The proposed cyclization geometry provides an optimal balance between structural 

flexibility and rigidity, which enables rapid and high-yield photo-isomerization under moderate 

light intensity, and ensures temporal and thermal stability of both trans and cis isomers.  

To demonstrate our method, we chose the Vascular Cell Adhesion Marker 1 (VCAM1) 

as protein target, and the linear VCAM1-binding peptide VHPKQHR as reference sequence 

[19]. VCAM1 is a cell surface sialoglycoprotein implicated in directing downstream lineages 

of human hematopoietic progenitor cells (HPCs) [20]. VCAM1 negative (VCAM1−) HPCs 

give rise to lymphoid progenitors, while VCAM1+ HPCs result in myeloid progenitors, sug-

gesting that VCAM1 expression in HPCs represents a branching point between the lymphoid 

and myeloid lineages [21,22]. Sorting lineage-committed HPCs into lymphoid (VCAM1−/low) 

and myeloid (VCAM1+) has the potential to enable stem cell therapies for treating leukemia, 

lymphoma, cardiac failure, neural disorders, autoimmune diseases, metabolic or genetic disor-

ders. The VCAM1-binding linear peptide has been identified via phage-display screening in 

apolipoprotein E-deficient mice and has been utilized as a ligand for VCAM1 in numerous 

applications [23–26]. 

The design method begins with the in silico analysis of the crystal structure of VCAM1 

(PDB IDs: 1VCA) using a “druggability” test to identify binding sites for peptide binding 

[27,28]. The information on size, structure, and physicochemical properties of the putative 

binding sites was used to design a set of 25 peptide variants in the form cycloAZOB[G-

VH(X)KQHR(Z)-K]-GSG (Figure 5.1) where (X) and (Z) are interchangeably A, D, N, P, or 

S. The structures of the azobenzene-cyclized peptides were generated by molecular dynamics 

(MD) [29,30] and docked in silico [31,32] on VCAM1 to identify leads with conformation-

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit19
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit20
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit21
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit23
http://xlink.rsc.org/?pdb=1VCA
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit27
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit29
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit31
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dependent binding. Selected complexes were then refined by MD simulations to select azoben-

zene-cyclized variants with predicted high binding strength (i.e., either ΔGB,trans or ΔGB,cis < −8 

kcal mol−1) and loss of binding upon photo-isomerization (i.e., |ΔΔGB| = |ΔGB,trans − ΔGB,cis| > 

2.5 kcal mol−1) [33,34]. 

Three azobenzene-cyclized peptides selected from in silico screening were character-

ized to evaluate their (i) VCAM1 binding activity by surface plasmon resonance (SPR), (ii) 

kinetics of photo-isomerization upon exposure to light by UV/Vis spectroscopy, and (iii) ther-

mal stability of the cis isomers. Variant cycloAZOB[G-VHAKQHRN-K] in particular showed 

efficient photo-isomerization and an ample affinity shift (KD,trans/KD,cis ∼ 130), which ensured 

efficient light-controlled binding of VCAM1. Finally, the peptide was fused with biotin and 

utilized as a light-activated label for brain microvascular endothelial cells (BMECs); VCAM1 

expression was induced by a synergistic treatment of Interleukin-4 (IL-4) with lipopolysaccha-

ride (LPS) and confirmed by immunohistochemical staining and RT-qPCR. Cell imaging by 

fluorescence microscopy confirmed binding of VCAM1 on BMECs by the cis isomer of cy-

cloAZOB[G-VHAKQHRN-K], which afforded fluorescent labelling of cells with intensity pro-

portional to the cell surface density of VCAM1, while showing negligible binding in trans. 

These results demonstrate the effectiveness of our design and selection methods for developing 

peptide ligands whose target-binding affinity can be rapidly activated via light-controlled 

structural reconfiguration. 

5.3 Experimental 

5.3.1 Materials 

N,N′-Dimethylformamide (DMF), dichloromethane (DCM), ethanol, HPLC-grade ac-

etonitrile, HPLC-grade water, and endogenous biotin blocking kit were from ThermoFisher 

Scientific (Waltham, MA). Protected amino acids, piperidine, trifluoroacetic acid (TFA), diiso-

propylethylamine (DIPEA), Rink amide resin (100–200 mesh, functional density ∼0.6 mmol 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit33
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g−1), and Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU) were pur-

chased from ChemImpex Inc. (Wood Dale, IL). Purified cycloAZOB[G-VHAKQHRN-K]-K(Bi-

otin) was sourced from the peptide synthesis facility at UNC Chapel Hill. Bovine serum albu-

min, Alexa Fluor 488-labeled streptavidin (AF488-streptavidin), DAPI nuclear stain, anti-hu-

man VCAM1 (CD106) rabbit monoclonal antibody and polyclonal goat anti-rabbit antibody, 

azobenzene-4,4′-dicarbonyl dichloride, glycine, glacial acetic acid, diethyl ether, triethylamine 

(TEA), triisopropylsilane (TIPS), ethanedithiol (EDT), Tween 20, 1 M aqueous NaOH, phos-

phate-buffered saline (PBS) pH 7.4, acetic anhydride, Kaiser test kit, and were from Millipore 

Sigma (St. Louis, MO). Azido-PEG-thiol (N3-PEG-SH, MW = 600 Da) was from Nanocs Inc. 

(New York, NY), while amine-PEG-thiol (NH2-PEG-SH, MW = 2000 Da) and hydroxyl PEG 

thiol (OH-PEG-SH, MW = 1000 Da) were from Creative PEGWorks (Chapel Hill, NC). Glass 

sensor chips (12 × 20 × 0.5 mm) sputtered with a 50 nm gold layer were from KSV Instruments 

OY (Helsinki, Finland). Nitrogen gas was obtained from Airgas National Welders (Raleigh, 

NC). VCAM1 was obtained from SinoBiologicals (Beijing, China). Brain microvascular en-

dothelial cells (BMECs) were obtained from ATCC (Manassas, VA). 

5.3.2 Peptide synthesis 

The linear peptide precursors VHGKQHRP-K*, G-VHAKQHRN-K*-Prg, G-

VHAKQHRP-K*-Prg, G-VHNKQHRP-K*-Prg, G-VHPKQHRS-K*-Prg, G-VHNKQHRS-

K*-Prg, G-VHPKQHRP-K*-Prg, and VHPKQHR-GSG-Prg (Prg: propargyl-glycine) were 

synthesized on Rink amide polystyrene resins via Fmoc/tBu chemistry using standard protect-

ing groups for all amino acids except K* (Fmoc-Lys(Mtt)-OH) [35–37]. All amino acid con-

jugations were conducted using a Biotage Alstra Initiator (Biotage, Uppsala, Sweden) by per-

forming 3 coupling steps with protected amino acid (5 equivalents), HATU (5 eq.), and DIPEA 

(10 eq.) at 75 °C for 5 min in DMF. Fmoc removal occurred in 20% piperidine in DMF at RT 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit35
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for 20 min. Upon completion of chain elongation, the Fmoc group on the N-terminus was re-

moved, and the resin was copiously rinsed with DCM and vacuum dried. The dry resin was 

swollen in DCM (dried over molecular sieves), cooled to 0 °C, and anhydrous TEA (1.2 eq.) 

and azobenzene-4,4′-dicarbonyl dichloride (1.2 eq. in anhydrous DCM) were added dropwise 

at 0 °C over 10 min. The system was equilibrated at RT and the reaction was allowed to proceed 

overnight. The resin was copiously rinsed with DCM and the azobenzene conjugation was 

confirmed by Kaiser's test [38]. The Mtt protecting group on K* was removed by incubating 

the resin with 2/5/93 (TFA/TIPS/DCM) for 5 min. Completion of K* deprotection was verified 

by Kaiser's test. After rinsing with DCM and DMF, the peptide was cyclized through reaction 

of the carboxyl group on the azobenzene linker with the ε-amino group of K*, by incubating 

the resin with HATU (5 eq.) and DIPEA (10 eq.) in DMF for 10 min at 75 °C. Completion of 

the cyclization reaction was verified by Kaiser's test. The resin was finally rinsed with DMF, 

DCM, and dried under nitrogen then incubated for 2 h at RT 10 mL g−1 of 95/2.5/2.5 

(TFA/TIPS/water). The peptide was precipitated by drop-wise addition into ice-cold diethyl 

ether. The precipitate was copiously rinsed with diethyl ether, dissolved in 50/50 (acetoni-

trile/water), and lyophilized. The crude peptide powder was purified by preparative C18 HPLC 

and lyophilized. 

5.3.3 Peptide photo-isomerization 

All spectroscopy measurements were performed using Cary 60 spectrometer equipped 

with a custom cuvette holder on a Peltier stage to maintain the peptide solutions at 37 °C. 

Orthogonal to the spectrometer beam, the peptide solution was irradiated with a BlueWave 200 

lamp (Dymax, Torrington, CT) to induce photoisomerization. A volume of 700 μL of cyclo-

AZOB[VHGKQHRP-K*] in MilliQ water at either at 0.15 mM, 0.38 mM, or 1.5 mM was ini-

tially placed in quartz micro cuvette (Thorlabs, Newton, NJ). The cuvette was placed in the 

spectrometer with a 10 mm pathlength for UV-Vis spectroscopy and a 2 mm pathlength for 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit38
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irradiance. A UV bandpass filter (BP305-390, Thorlabs, Newton, NJ) was used to 

achieve trans-to-cis isomerization, whereas a 420 nm longpass (LP420, Edmund Optics, Bar-

rington, NJ) filter was used for cis-to-trans isomerization. Spectra of the lamp and filtered out-

puts are reported in the ESI.† The incident irradiance power was calculated by measuring the 

output power using an Accu-Cal 50 radiometer (Dymax, Torrington, CT). The kinetics of 

photo-isomerization was measured by monitoring the absorption at 350 nm. The absorb-

ance vs. time data was fitted against an exponential function to derive the kinetic constant of 

photo-isomerization κ (s−1). The values of κ were obtained for light intensities between 10 and 

50 mW cm−2. The rate of thermal reverse isomerization (cis-to-trans) was evaluated by moni-

toring the absorbance at 350 nm of a 0.15 mM solution of cycloAZOB[VHGKQHRP-K*], ini-

tially conditioned in cis configuration and allowed to relax in the dark over 60 h with absorp-

tion measurements taken every 15 min. 

5.3.4 Circular dichroism (CD) 

A solution of cycloAZOB[VHGKQHRP-K*] at 200 μM in PBS was placed in two 1 mL 

quartz micro fluorescence cuvettes (Thorlabs, Newton, NJ). The peptides in solution were con-

ditioned to either cis or trans configuration as described in the previous section, and further 

diluted with PBS to reach a final concentration of 80 μM. The CD spectra of the solutions 

of cis and trans peptide isomer were measured on a J-715 spectropolarimeter (JASCO, Okla-

homa City, OK) through the 10 mm path length of the quartz cell. The samples were scanned 

from 190 to 260 nm, at a resolution of 1.0 nm and a scanning speed of 100 nm min−1. For each 

sample, five scans were averaged together and a 5-point moving average was applied. 

5.3.5 Binding affinity using surface plasmon resonance (SPR) 

Surface plasmon resonance SPR sensor chips were prepared, characterized, and utilized 

for affinity measures as described by Islam et al [39,40]. The sensor chips were initially coated 

with a PEG-based self-assembled monolayer (SAM), on which the test azobenzene-cyclized 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
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peptides and the linear precursor VHPKQHR were conjugated to the surface via azide–alkyne 

“click chemistry”;[41] sensor chips coated with hydroxyl-PEG-thiol only were utilized as neg-

ative controls. Three gold sensors per ligand were prepared and analyzed by variable angle 

spectroscopic ellipsometry (VASE, J.A. Woollam Co.) to measure ligand density. The meas-

urements of peptide-VCAM1 dissociation constant (KD) were performed at the UNC Macro-

molecular Interactions Facility [39,40]. Briefly, sensor chips functionalized with azobenzene-

cyclized peptides were initially conditioned to their cis or trans isomers and contacted with a 

solution of human VCAM1 at concentrations ranging between 0.01 and 1 mg mL−1 in PBS. 

5.3.6 In silico design of VCAM1-binding peptides 

The crystal structures of the extracellular domain of VCAM1 (PDB: 1VCA) [42] were 

subjected to standard protein preparation using Schrödinger's ProteinPrep Wizard to search for 

and correct missing atoms and/or entire side chains (using PRIME software), remove extra 

salts and non-binding ligands, add explicit hydrogens, assign tautomeric states with EPIK, op-

timize hydrogen-bonding networks, and minimize the protein's energy with the OPLS3e force 

field [43–45]. The adjusted structure was then subjected to a “druggability” study using 

SiteMap to identify putative binding sites capable of accommodating azobenzene-cyclized pep-

tides [46,47]. To this end, the SiteMap (Schrödinger, New York, NY) algorithm identifies bind-

ing pockets by placing spherical ‘site points’ across the protein surface. These site points are 

then clustered together based on (i) their ability to form favorable protein–ligand or protein–

protein interactions, (ii) solvent exposure, and (iii) hydrophobic/philic character. Finally, re-

gions that possess a sufficient number of site points and volume are globally scored using an S-

score and D-score. The S-score represents the likelihood of the protein's surface to be a binding 

pocket, while the D-score provides a measure of the pocket's ‘druggability.’ S-score and D-

score values greater than or equal to 0.7 and 0.9 respectively were considered favorable pockets 

for ligand binding. Herein, the SiteMap analysis was performed with the default settings and 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit41
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit39
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the ‘detect shallow binding sites’ option selected, which adjusts amino acid atomic van der 

Waals radii to be more accommodating for peptide binding when locating potential binding 

pockets. 

An ensemble of 25 peptide variants of VHPKQHR in the azobenzene-cyclized form 

cycloAZOB[G-VH(X)KQHR(Z)-K]-GSG were designed by varying the positions (X) and (Z) 

using amino acids A, D, N, P, S, or R. The structures of the linear precursor VHPKQHR and 

the azobenzene-cyclized variants as both cis and trans isomers were initially designed using 

the molecular editor Avogadro, and equilibrated by molecular dynamics in the GROMACS 

simulation package [29], [30], [48] using the OPLS all-atom force field [49,50] and periodic 

boundary conditions [51–53]. The force-field parameters for the azobenzene linker were de-

rived from density functional theory using GAUSSIAN98 [51]. Every peptide was individually 

placed in a simulation box with periodic boundary conditions containing 800 water molecules 

(TIP3P water model). The solvated system was initially minimized by running 10 000 steps of 

steepest gradient descent, heated to 300 K in an NVT ensemble for 250 ps with 1 fs time steps, 

and equilibrated to 1 atm by running a 500 ps NPT simulation with 2 fs time steps. The pro-

duction run for every peptide was performed in the NPT ensemble, at constant T = 300 K using 

the Nosé–Hoover thermostat [54–56] and constant P = 1 atm using the Parrinello–Rahman bar-

ostat [57,58]. The atomic coordinates were saved every 2 ps. The leap-frog algorithm was used 

to integrate the equations of motion, with integration steps of 2 fs, and all of the covalent bonds 

were constrained by means of the LINCS algorithm [59]. The short-range electrostatic and 

Lennard-Jones interactions were calculated within a cutoff of 1.0 nm and 1.4 nm, respectively, 

whereas the particle-mesh Ewald method was utilized to treat the long-range electrostatic in-

teractions [60,61]. The non-bonded interaction pair-list was updated every 5 fs, using a cutoff 

of 1.4 nm. 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit29
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The peptides were then docked in silico against the putative binding sites on VCAM1 

using the docking software HADDOCK (High Ambiguity Driven Protein–Protein Docking, 

v.2.1) [31,32]. Default HADDOCK parameters (e.g., temperatures for heating/cooling steps, 

and number of molecular dynamics sets per stage) were used. All the residues on each binding 

site (solvent accessibility of 50% or greater) were defined as “active”, whereas the residues 

surrounding the binding sites were defined as “passive”. All variable amino acid positions on 

the peptide ligands were also denoted as “active”, while the GSG tripeptide spacer was defined 

as not being involved in the interaction to account for the directionality of binding. Docking 

proceeded through a 3-stage protocol: (i) rigid, (ii) semi-flexible, and (iii) water-refined fully 

flexible docking. A total of 1000, 200, and 200 structures were calculated at each stage, respec-

tively. Final structures were grouped using a minimum cluster-size of 20 (10% of the total 

water refined calculated structures) with a Cα RMSD <7.5 Å using ProFit (http://www.bio-

inf.org.uk/software/profit/). Once the clusters were identified for each peptide-VCAM1 com-

plex pair, FireDock and XScore were used to score the complexes; [33,34]. FireDock is an 

efficient method re-scoring of protein–protein docking solutions, while Xscore computes the 

dissociation of a protein–ligand complex using an empirical equation that considers energetic 

factors in a protein–ligand binding process. The selected binding poses of the peptide variants, 

in both their cis and trans forms, on the putative binding sites of VCAM1 were then re-

fined via 100 ns atomistic molecular dynamics (MD) simulations using the GROMACS simu-

lation package. The peptide-VCAM1 complexes were embedded in a cubic periodic box of 9.7 

nm side lengths and solvated with 30 000 TIP3P water molecules. The MD simulations were 

performed at 300 K and 1 atm using the Amber[9SB force field. The MM/GBSA method was 

used for post-processing of the peptide-VCAM1 complexes derived from MD simulations to 

estimate the free energy of binding (ΔGB) [62,63] if complexes had conflicting docking score 

or MM-GB/SA ranks, then the complex was discarded. If the two rankings agreed, then the 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit31
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complex was saved. The variants that possessed strong binding in either cis or trans configu-

ration (i.e., ΔGB,trans or ΔGB,cis < −8 kcal mol−1) and loss of binding upon photo-isomerization 

(i.e., |ΔΔGB| = |ΔGB,trans − ΔGB,cis| > 2.5 kcal mol−1) were selected for experimental analysis. 

5.3.7 In vitro evaluation of VCAM1-binding peptides 

Cell culture and VCAM1 expression. Human brain microvascular endothelial cells 

(BMEC) (cAP-0002; Angioproteomie, Boston, MA, US) were cultured using Microvascular 

Endothelial Cell Growth Medium 2 (EGM-2 MV) (CC-3202; Lonza, Basel, Switzerland). Hu-

man dermal fibroblasts (HDFn) (PCS-201-010; ATCC, Manassas, VA, US) were cultured us-

ing Dulbecco's modified eagle's medium (DMEM) (10013CV; Corning, Corning, NY, US) 

supplemented with 10% fetal bovine serum (FBS) (25-514H; Genesee Scientific, Cajon, CA, 

US) and 1X penicillin-streptomycin (30-002-CI; Corning, Corning, NY, US). Human umbili-

cal vein endothelial cells (HUVEC) (C2519A; Lonza, Basel, Switzerland) were cultured using 

Endothelial Cell Growth Medium 2 (EGM-2) (CC-3162; Lonza, Basel, Switzerland). Cells 

were cultured in an incubator maintaining an atmosphere of 5% CO2 at 37 °C and 100% hu-

midity. A glass bottomed 96 well plate was pretreated with 50 μg of fibronectin (356008; Corn-

ing, Corning, NY, US) in deionized water for 1 h. Fibronectin solution was aspirated and 1 × 

104 BMECs, HDFns, or HUVECs per well were seeded in 100 μL of EGM-2 MV media, 

DMEM with 10% FBS, or EGM-2 media, respectively. Cells were allowed to adhere for 24 h. 

BMECs were treated with three conditions: (i) media only, (ii) 1 μg mL−1 lipopolysaccharide 

for 24 h, or (iii) 100 ng mL−1 IL-4 for 1 h followed by 23 h of treatment with 1 μg mL−1 lipo-

polysaccharide. After treatment period, cells were fixed with 4% paraformaldehyde in 1× PBS 

for 10 min at RT and washed twice with 1× PBS. BMECs were permeabilized with 0.1% Triton 

X-100 in 1× PBS for 5 min at RT and washed twice with 1× PBS. Cells were then blocked for 

1 h with 2% w/v bovine serum albumin (BSA) at RT. 
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5.3.8 RT-qPCR quantification of VCAM1 expression 

Cells were cultured and treated as described in the previous section. To quantify gene 

expression, cells were lysed in TRK lysis buffer, then RNA from samples were isolated using 

EZNA isolation kit (Omega Bio-Tek, Norcross, GA). cDNA templates were created from the 

RNA samples using a Go Script reverse transcriptase kit (Promega, Madison, WI). Primers 

target genes were determined from PrimerBank from Harvard University and selected for spec-

ificity with the NCBI Primer BLAST tool; those primers were: AAGGTGAAGGTCGGAG-

TCAAC (Forward – GAPDH), GGGGTCATTGATGGCAACAATA (Reverse – GAPDH), 

GGGAAGATGGTCGTGATCCTT (Forward – VCAM1), and TCTGGGGTGGTCTCGAT-

TTTA (Reverse – VCAM1). cDNA samples were analyzed using SYBR Master Mix (Applied 

BioSystems, Foster City, CA) with a QuantStudio 3 real time PCR machine (ThermoFisher, 

Waltham, MA). Relative gene expression of cell-specific genes was calculated by determining 

the change in VCAM1 expression relative to the housekeeping gene GAPDH, following eqn 

(1) 

(1)       ∆𝐶𝑇 = 2−[𝐶𝑇𝑉𝐶𝐴𝑀1−𝐶𝑇𝐺𝐴𝑃𝐷𝐻]  

where CT is the threshold cycle. 

5.3.9 Cell-labelling with cycloAZOB [G-VHAKQHRN-K*] 

Cells were fixed and permeabilized as described above and blocked using the endoge-

nous biotin blocking kit (ThermoFisher, Waltham, MA). First, cells were incubated with 100 

μL of the streptavidin “solution A” for 30 min at RT. The cells were then washed thrice with 

PBS, incubated with 100 μL of biotin solution “solution B” for 30 min RT, washed again, and 

stored in PBS overnight at 4 °C. The cells were finally stained in three conditions; (i) cyclo-

AZOB[G-VHAKQHRN-K*]-K(Biotin) only, (ii) anti-VCAM1 antibody only, or (iii) co-local-

ized with both peptide and antibody. 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#eqn1
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For peptide-only staining, a solution of cycloAZOB[G-VHAKQHRN-K*]-K(Biotin) at 

0.1 mg mL−1 in PBS was initially split in two pools: one was conditioned into the cis configu-

ration (VCAM1-binding), while the other was conditioned into the trans configuration 

(VCAM1-non-binding), as described above. After irradiation, both peptide solutions were di-

luted with PBS to a final concentration of 50 μg mL−1. A volume of 100 μL of peptide solution 

was added to the fixed cells and incubated for 2 h at RT in dark. The fixed cells were then 

washed copiously with PBS, then stained with 100 μL of AF488-streptavidin (2 μg mL−1) in 

PBS for 35 min at RT, washed with PBS, and stained with 100 μL of 300 nM DAPI in PBS for 

5 min at RT. 

For antibody-only staining, 100 μL solution of primary anti-VCAM1 rabbit monoclonal 

antibody (abcam, Cambridge, UK) at 1.75 μg mL−1 in PBS was incubated with the fixed cells 

overnight at 4 °C. After incubation, the cells were washed with 1× PBS and 100 μL of AF594-

labeled anti-rabbit goat polyclonal antibody (Abcam, Cambridge, UK) at 4 μg mL−1 was incu-

bated with the cells for 2 h at RT in the dark. The wells were washed with 1× PBS, and DAPI 

stained. 

For co-localized staining, the fixed cells were stained with cycloAZOB[G-VHAKQHRN-

K*]-K(Biotin) and subsequently with anti-VCAM1 antibody, as described above. 

5.3.10 Cell imaging 

Stained cells were imaged using a Zeiss LSM 710 confocal microscope (Carl Zeiss AG, 

Oberkochen, Germany). The resulting images were processed using ImageJ software. The flu-

orescence quantification was determined by averaging the raw intensity measurement of 9 im-

ages at 20× magnification for each condition. Final values of relative intensity were obtained 

by normalizing the averaged value to the maximum and minimum measured intensity across 

all conditions. Error bars are reported as standard error. Statistics were done using a 2-tailed t-

test and p values <0.05 (*) were considered statistically significant. 
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5.4 Results and discussion 

5.4.1 Azobenzene-cyclized peptide design 

Azobenzene linkers have been extensively utilized to endow peptides and small pro-

teins with the ability to reconfigure their structure reversibly upon exposure to light 

[64,65]. Recently, a novel set of azobenzene linkers have been developed, which feature elec-

tron-donating/-withdrawing groups in the ortho and para position to the azo group. These 

modifications enable photo-isomerization under biocompatible light wavelengths (i.e., red, far-

red, and infrared) and tuning of the thermal cis-to-trans isomeric relaxation [66,67]. While the 

structural and photokinetic properties of azobenzene-constrained peptides and proteins have 

been extensively studied, both experimentally [68,69] and computationally,[51–53] less effort 

has been dedicated to the engineering of azobenzene-peptide hybrids with light-controlled bi-

orecognition activity [70–74 ]. Bellotto et al. have identified streptavidin-targeting light-re-

sponsive peptides by screening phage-display libraries; [72] the selected peptides exhibited a 

∼3-fold shift in binding strength upon light exposure, with a dissociation constant (KD) varying 

between 2.2 μM (trans isomer) and 6.7 ± 2 μM (cis isomer). Using the same peptide cyclization 

strategy and phage-display library technique, Jafari et al. identified azobenzene-cyclized pep-

tide ligands against streptavidin [75] with a ∼4.5-fold shift in KD. Using a rational design ap-

proach, Woolley et al. modified a leucine zipper DNA-binding protein by crosslinking two 

cysteine residues using an azobenzene linker; [74] when the azobenzene is in cis configuration, 

the protein maintains its α-helical structure and its DNA-binding activity; vice versa, when 

in trans, the azobenzene disrupts the structure of the protein, resulting in a 20-fold decrease in 

binding strength. 

Following on this work, we sought to develop peptides that feature (i) rapid photo-isomeriza-

tion kinetics, (ii) a large shift in protein-binding strength between trans and cis isomers, and 

(iii) high thermal stability in cis configuration. To this end, we have devised an azobenzene-
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cyclized peptide structure (Figure 5.1), constructed by head-to-side-chain cyclization between 

the peptide N-terminal α-amine group and the ε-amine group on the C-terminal lysine using 

homobifunctional azobenzene-4-4′-dicarbonyl linker. The length of the protein-binding pep-

tide segment set at 8 amino acids and cyclization through the C-terminal lysine residue were 

adopted to achieve a balance between chain flexibility, which increases with the number of 

residues and enables rapid photoisomerization, and chain rigidity, which promotes binding af-

finity and stability of the isomers. The observations collected in this study indicate that the 

proposed design indeed affords efficient photo-isomerization under moderate light dose, which 

translates into a remarkable shift in protein-binding affinity, and a high thermal and temporal 

stability of the cis isomer. 

5.4.2 In silico design of VCAM1-binding peptides 

The linear VCAM1-binding peptide VHPKQHR, discovered by phage-display screen-

ing, [23–25] was adopted as precursor for the design of azobenzene-cyclized light-responsive 

variants. This peptide has been demonstrated to target VCAM1 with high affinity and selectiv-

ity in numerous works [25,26]. Our method for designing light-responsive variants of 

VHPKQHR requires the identification of putative binding sites on VCAM1 that are compatible 

with the size and shape of 8-mer cyclic peptides, and the production of the crystal structure of 

the trans and cis isomers of the azobenzene-cyclized variants. To this end, the crystal structure 

of VCAM1 (PDB ID: 1VCA) was evaluated in silico by performing a “druggability” analysis 

of the protein surface [27,28] using Schrödinger's SiteMap software [46,47]. Five binding 

pockets (S1–S5 in Figure 5.9, ESI†) with adequate size, shape, physicochemical properties, 

and solvent exposure were identified as putative binding sites for the azobenzene-cyclized pep-

tides [76,77]. They were ranked according to two scores, namely Site Score and Druggability 

Score; [47] the SiteMap outputs for sites S1–S5 are listed in Table 5.2 (ESI†). All sites are 
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https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit23
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit25
http://xlink.rsc.org/?pdb=1VCA
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit27
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit46
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit76
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit47
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1


 

286 

 

characterized by high pocket exposure (>0.8) and low enclosure scores (<0.4), and are rela-

tively hydrophilic as determined by SiteMap's balance score. Sites S1–S5, with a S-score > 0.7, 

were selected as putative binding pockets on VCAM1. The druggability of these sites, assessed 

with SiteMap's D-score, featured a D-score > 0.8, supporting their ability to interact with pep-

tide ligand. 

We then designed a focused library of 25 variants of the VHPKQHR precursor in the 

azobenzene-cyclized form cycloAZOB[G-VH(X)KQHR(Z)-K]-GSG (Figure 5.1) by varying the 

positions (X) and (Z) with A, D, N, P, or S. These five amino acids were chosen to explore the 

effect of mild hydrophobicity (A), peptide turn (P), hydrogen bonding (N and S), and incorpo-

ration of a negative charge within a positively charged sequence (D). Aromatic amino acids 

were avoided to ensure water solubility of the selected peptides; sulfur-containing amino acids 

were also avoided to prevent formation of disulfide bonds and oxidative degradation. 

The crystal structures of the linear precursor VHPKQHR and the cis and trans isomers 

of the azobenzene-cyclized variants were generated by molecular dynamics (MD), and evalu-

ated to determine the values of (i) equivalent hydrodynamic (Rh) radius [78] and (ii) root-mean-

square deviation of the atomic positions (RMSD) between the cis and trans isomers. These val-

ues are reported in Figure 5.2 together with representative structures of the corresponding pep-

tides. The values of Rh, calculated using HydroPro v.10, [79,80] resulted to be 11.7 Å for the 

linear VHPKQHR precursor, and varied between ∼9 Å and ∼18 Å for the azobenzene-cyclized 

variants, with an average of 14.9 Å for the trans isomers and 12.5 Å for the cis isomers. Most 

notably, the values of atomic cis-to-trans RMSD fluctuated between ∼0.7 Å and ∼5.1 Å (av-

erage ∼3.1 Å), corresponding to a 20–25% size shift upon isomerization. Substantial structural 

rearrangement is critical towards achieving the needed shift in binding affinity. Finally, several 

variants (i.e., 5, 12, 13, 16, 21, and 23) featured an energy landscape considerably lower – 
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indicating higher stability – in the trans configuration, whereas variant 25 showed higher sta-

bility in the cis configuration. These variants were deemed unable to undergo photo-isomeri-

zation and were therefore not considered for the in silico screening against VCAM1.  

Variants 1–4, 6–11, 14, 15, 17–20, 22, and 24 were docked in silico against the putative 

binding sites S1–S5 on VCAM1 (PDB ID: 1VCA) using HADDOCK (High Ambiguity Driven 

Protein–Protein Docking, v.2.1) [31,32] following the method employed in prior work 

[74,81]. In particular, the GSG spacer located on the C-terminus of the peptide was marked as 

“inactive” to ensure its outward orientation in the peptide-VCAM1 complexes; a short peptide 

spacer, in fact, is utilized to link the probing moiety (e.g., biotin or a fluorophore) to the peptide 

and should not be involved in VCAM1 binding. The resulting clusters for every peptide-

VCAM1 complex were ranked using the scoring functions FireDock and XScore [33,34]. The 

top binding complexes were localized mostly on putative binding sites S1, S4, and S5, and 

were evaluated further by atomistic MD simulations to evaluate the free energy of binding 

(ΔGB). Representative examples of modeled peptide-VCAM1 complexes and the correspond-

ing values of binding energy (ΔGB,trans and ΔGB,cis) are shown in Figure 5.3.  

Variants cycloAZOB[G-VHPKQHRS-K*], cycloAZOB[G-VHAKQHRP-K*], and cyclo-

AZOB[G-VHNKQHRP-K*] were predicted to possess strong binding in cis configuration 

(ΔGB,cis < −8.5 kcal mol−1, corresponding to KD < 0.65 μM), while cycloAZOB[G-

VHAKQHRN-K*], cycloAZOB[G-VHNKQHRS-K*], and cycloAZOB[G-VHPKQHRP-K*] 

were predicted to possess strong binding in trans configuration (ΔGB,trans < −7.9 kcal mol−1, 

corresponding to KD < 1.5 μM). Importantly, these variants were predicted to lose binding upon 

photo-isomerization (|ΔΔGB| >2.5 kcal mol−1, highlighted in red) and were therefore selected 

for experimental analysis. All other variants featured insufficient values of either ΔGB or 

|ΔΔGB| and were therefore abandoned. 

http://xlink.rsc.org/?pdb=1VCA
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit31
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit74
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit33
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig3
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5.4.3 Characterization of azobenzene-cyclized peptides 

Spectroscopic characterization. UV spectroscopy was utilized to evaluate the kinetic 

of photo-isomerization using sequence cycloAZOB[VHGKQHRP-K*] as model variant. The 

comparison of the absorption spectra of the linear precursor VHGKQHRP-K*, cy-

cloSUCC[VHGKQHRP-K*] (wherein a succinyl linker is utilized in lieu of the azobenzene 

linker), and cycloAZOB[VHGKQHRP-K*] suggests that: (i) peptide cyclization constrains the 

histidine residues (His), which carry aromatic imidazole rings, in a spatial orientation that pro-

duces an increase in absorbance at 254 nm (solid vs. dot-dash, Figure 5.4 A); this effect was 

reported in a published study on the effect of spatial arrangement of histidine molecules upon 

their spectroscopic behavior; [82] (ii) cyclization via azobenzene linker magnifies this effect 

(dot-dash vs. dash spectra), Figure 5.4 A, suggesting interplay between the imidazole residues 

and the benzene rings in the azobenzene linker; this results in a red shift in absorbance of the 

peptide segment and a blue shift in the azobenzene absorbance, which have been observed in 

other azobenzene-cyclized peptides [83]. The histidine–azobenzene interference also attenu-

ates the difference between the spectra of the trans and cis isomers of cyclo-

AZOB[VHGKQHRP-K*] compared to those characteristic of the trans and cis isomers of free 

azobenzene. Despite the subtle difference between the spectroscopic profiles (Figure 5.4 B), 

peptide photo-isomerization was detected in the 300–390 nm and 400–420 nm ranges, corre-

sponding to the π–π* and n–π* bands of azobenzene, respectively. We also recorded the tem-

poral evolution of the spectra of cycloAZOB[VHGKQHRP-K*] in solution during exposure to 

UV light (using a bandpass light filter BP305-390), and observed a decrease at 340 nm and an 

increase at 420 nm, both indicative of trans-to-cis isomerization (Figure 5.10 A and B, ESI†); 

upon exposure to blue light (using a longpass light filter LP420), instead, we observed an in-

crease at 340 nm and a decrease at 420 nm, indicative of trans-to-cis isomerization (Figure 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig4
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit82
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig4
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit83
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig4
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
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5.10 C and D, ESI†). The difference between the spectra (Δabsorbance) is reported in the inset 

of Figure 5.4 B. 

Based on the variation in absorbance at 350 nm, the kinetic constants of photo-isomer-

ization were calculated for different values of light intensity and solution concentration (Figure 

5.4 C and D; the data set is reported in the Figure 5.11, ESI†). Rate constants vs. exposure 

intensity were fit, assuming first-order kinetics. The calculated cis-to-trans and trans-to-

cis rate constants are within a factor of 2 of each other; further, the broad excitation spectra and 

the potentially simultaneous excitation of both cis-to-trans and trans-to-cis limit direct attrib-

ution of the fundamental rate constants to the individual photoisomerization processes. Ac-

cordingly, the reported rate constants are the spectrum-weighted rate constants. The exhibited 

small difference in the reported rate constants can be attributed to light attenuation by the pep-

tide segment, differences in light attenuation respective to conformation, a difference in pho-

toisomerization cross sections, or the relaxation back to trans may be the favored process. In 

this context, we believe that the difference stems primarily from a general attenuation phenom-

enon, as observed at high concentrations, where the light absorbance by the peptide segment 

reduces the fraction of incident energy absorbed by the azobenzene linkers and, consequently, 

the isomerization rate. For dilute solutions (0.15 and 0.38 mM), the rate constants of both trans-

to-cis and cis-to-trans isomerization were found to be higher than the constant obtained with a 

1.5 mM (Figure 5.4 C). At the concentration of 1.5 mM, an attenuation of the excitation energy 

of approximately 40% is observed across the sample in the BP 305–390 range. This effect is 

illustrated by the larger difference in the rate constants of the trans-to-cis isomerization (λex = 

305–390 nm) across the investigated concentration range (Figure 5.4 C) compared to the dif-

ference in the rate constants of the cis-to-trans isomerization (λex = 420–500 nm). The effect 

of light intensity on the rate constant for the trans-to-cis isomerization ranges from 7.9 (0.15 

and 0.38 mM) to 5.9 s−1 W−1 cm2 (1.5 mM); for the cis-to-trans isomerization, the difference 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig4
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig4
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig4
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig4
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig4
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is significantly smaller (3.6–3.3 s−1 W−1 cm2). This can be attributed to the fact that the absorb-

ance of the peptide significantly decreases beyond 400 nm, which encompasses the LP420-

filtered spectra used for the cis-to-trans isomerization. Notably, the isomerization rate con-

stants of cycloAZOB[VHGKQHRP-K*] are considerably lower than those of free azobenzene 

and >10-fold lower than that of azobenzene self-assembled monolayers [84,85]. 

The slower kinetics are attributed to the covalent linkage of the azobenzene within the 

framework of the cyclic peptide structure and, potentially, to the aromatic interaction with the 

histidine residues in the VCAM1-binding peptide segment. It is also noted that the broad spec-

tra used for excitation have a negligible impact on the observed kinetics, as the filtered spectra 

(Figure 5.12, ESI†) used for excitation feature a narrow peak with the majority of the energy; 

for the BP305-390 filtered excitation the major peak is at 365 nm, and for LP420 the peak is at 

437 nm. The isomerization rate constants were used to calculate the dosage required for a nearly 

complete (5/κ or 99.3%) photo-isomerization: 630 mJ cm−2 for trans-to-cis isomerization of 

diluted peptide solutions (0.15 mM and 0.38 mM) and 840 mJ cm−2 for the concentrated solu-

tion (1.5 mM); for cis-to-trans isomerization, the dosage was calculated to be 1400 mJ cm−2 for 

the diluted solutions and 1500 mJ cm−2 for the concentrated solution. Acknowledging this dif-

ference in the trans–cis rate constant at high concentration (i.e., possible deviation from Beer–

Lambert Law) is important as a practical consideration for calculating the dosage needed to 

achieve complete photoisomerization. 

We finally evaluated the ability of cycloAZOB[VHGKQHRP-K*] to undergo multiple 

cycles of photo-isomerization and the conformational stability of the cis isomer at 37 °C (“ther-

mal relaxation”). Notably, the photo-isomerization of cycloAZOB[VHGKQHRP-K*] is com-

pletely reversible and can be cycled repeatedly (Figure 5.13, ESI†). The thermally induced cis-

to-trans isomerization was evaluated by monitoring the absorbance at 350 nm of a 0.15 mM 

solution of the cis isomer of the peptide for 60 h at 37 °C (Figure 5.5). The resulting half-life 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit84
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig5
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of ∼44 h proves that the trans isomer of the peptide is thermally stable within the time span 

required for cell labelling and imaging without significant unbinding of the peptide. The ther-

mal stability of cycloAZOB[VHGKQHRP-K*] is coherent with the results of the MD simula-

tions, which showed that the energy landscape of the trans and cis isomers feature minima with 

similar values, respectively 1063 and 1089 kJ mol−1; these, in turn, are comparable to those of 

the linear precursor VHPKQHR (958 kJ mol−1) and the cyclic variant cycloSUCC[G-

VHAKQHRN-K*] (1035 kJ mol−1), later used in cell labeling. 

These results are particular remarkable considering that, unlike other azobenzene-cy-

clized variants, neither isomer of cycloAZOB[G-VHAKQHRN-K] features elements of second-

ary structure (i.e., α-helix or β-sheet) known to confer stability to peptides; [86–88] both 

VHPKQHR and cycloSUCC[G-VHAKQHRN-K*], in fact, possess a short α-helical segment 

(Figure 5.14 C, ESI†), which contributes to a more favorable energetic state. The secondary 

structures of cycloAZOB[G-VHAKQHRN-K], VHPKQHR, and cycloSUCC[V-HGKQHRP-K*] 

predicted in silico were confirmed by circular dichroism (Figure 5.14, ESI†). 

Lastly, we have conducted a spectroscopic characterization under a broad range of UV 

light exposure (λex = 305–390 nm and λex = 420–500 nm) to address concerns of potential cy-

totoxicity. We note that the dose applied for nearly complete photo-isomerization of the pro-

posed peptide has been reported to cause minimal cytotoxic effects, especially in absence of 

photosensitizers; [89–93] UV dosing in the range of 138–6000 mJ cm−2 has, in fact, been 

shown to be viable for multiple cell processing methods [89–94]. The effects of photo-isomer-

ization on cell activity are dependent on several factors, such as the photoisomerization reac-

tion, wavelength, light power, exposure time, and presence of a photosensitizer. It is also noted 

that the proposed peptide demonstrates thermal stability, indicating that low-dose rapid pulse 

excitation can be applied to achieve light-induced activation of binding activity. Future efforts 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit86
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit89
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit89


 

292 

 

should always optimize the operating conditions for each cell-type or target protein, including 

photoisomerization parameters, to limit cytotoxicity and off-target effects. 

5.4.4 Binding affinity by surface plasmon resonance (SPR) 

Efficient photo-controlled activation of biorecognition requires a strong shift in binding 

energy from the inactive to the binding configuration upon photo-isomerization. The in sil-

ico screening provided several sequences that fulfilled both conditions and were therefore 

tested by SPR to measure both their ΔGB,trans and ΔGB,cis. The average ligand density for the 

SPR chips used was 0.86 molecules nm−2, as reported in Table 5.3 (ESI†). The values of 

VCAM1 mass bound to the peptide sensors were fitted to a Langmuir isotherm (Figure 5.6), 

from which the values of KD were calculated (Table 5.1). Variant cycloAZOB[G-VHAKQHRN-

K*] showed a remarkable variation in binding strength for VCAM1 in solution between 

the cis and trans conformations. 

5.4.5 Cell-labelling with cycloAZOB[G-VHAKQHRN-K*] 

The light-activated biorecognition activity of variant cycloAZOB[G-VHAKQHRN-K*] 

was finally demonstrated in vitro via labelling of VCAM1+ BMECs. VCAM1 expression was 

induced by treating the cells with interleukin-4 (IL-4) and lipopolysaccharide (LPS); this pair 

has been shown to be synergistic in eliciting VCAM1 expression in endothelial cells [95–

97]. VCAM1 expression by BMECs was confirmed by RT-qPCR (Figure 5.15, ESI†); LPS 

alone also induced VCAM1 expression in BMECs, though to a lesser extent. Human umbilical 

vein endothelial cells (HUVECs) and human dermal fibroblasts (HDFn) were also considered, 

but they did not demonstrate significant changes in VCAM1 expression when treated with ei-

ther condition. 

VCAM1+ BMECs were incubated with either the cis or trans isomer of cycloAZOB[G-

VHAKQHRN-K*]-biotin and stained with AlexaFluor488-Streptavidin. As anticipated, the 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig6
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#tab1
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit95
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#cit95
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#fn1
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cells labeled with the cis isomer demonstrated significantly higher fluorescence intensity com-

pared to those labeled with the trans isomer (Figure 5.7). The cis conformation of cyclo-

AZOB[G-VHAKQHRN-K*] also conferred significantly higher fluorescent intensity to 

VCAM+ cells compared to VCAM1− cells. To confirm selective VCAM1 binding, we also 

evaluated peptide co-localization with anti-VCAM1 antibodies on VCAM1+ BMECs. The im-

ages collected using confocal microscopy shows a clear co-localization of the cis isomer of 

cycloAZOB[G-VHAKQHRN-K*] with the VCAM1 antibody (Figure 5.8). Collectively, these 

results demonstrate both selectivity and light-controlled VCAM1-binding activity of cyclo-

AZOB[G-VHAKQHRN-K*], as well as adequate thermal stability for in vitro studies. 

5.4.6 Photophysical characterization of cycloAZOB [VHGKQHRP-K*] 

While our analysis focused on the π-π* peak, the n-π* peak changes were also detected, 

as shown in Figure 5.10. Changes in both peaks are consistent with azobenzene isomerization. 

The first peak was selected for analysis due to high signal strength. Where signal strength was 

high enough, the rate constants for π-π* and n-π* peaks were similar. In addition, cis-trans and 

trans-cis isomerization of cycloAZOB[VHGKQHRP-K*] was investigated at different concen-

tration (0.15, 0.38, and 1.5 mM) and light intensities. The resulting data are collated in Figure 

5.11. The photoisomerization of azobenzene-cyclic peptides studied in this work was induced 

using a Dymax BlueWave 200 lamp, whose spectral output is reported in Figure 5.12. A 

Dymax Accu-cal 50 radiometer was used to measure the incident intensity across a narrow 

spectral window (320-390 nm). To calculate the incident intensity on the sample, the unfiltered 

UV lamp intensity was initially measured using Accucal 50 at the sample plane. Filtered lamp 

output was calculated by multiplying the filter’sspectral response with the Dymax lamp output. 

By using the ratio of the total unfiltered output of the lamp between 320- 390 nm and the total 

filtered output of the lamp, incident power of the filtered lamp was calculated from the Dymax 

Accu-cal 50 readings. 

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig7
https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig8
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5.5 Conclusions 

The ability to activate – remotely, efficiently, and rapidly – the binding affinity of lig-

ands to target biomolecules will uniquely enable next-generation biotech applications. As more 

effective mechanisms for affinity regulation are developed, more advanced applications can be 

explored. To this end, we have developed and demonstrated a novel approach to design and 

validate azobenzene-cyclized peptide affinity ligands featuring inducible protein-binding ac-

tivity via light-controlled structural reconfiguration. 

Azobenzene-cyclized variants of a known VCAM1-binding peptide (VHPKQHR) were 

discovered in silico that promised isomerization-dependent binding of VCAM1. Selected var-

iants were experimentally characterized for thermal stability, isomerization kinetics, and 

VCAM1 binding affinity. The selected candidate cycloAZOB[G-VHAKQHRN-K*] was finally 

tested in vitro via light-controlled labelling of VCAM1+ BMEC. The peptide showed a statis-

tically significant, conformation-dependent binding selectivity, confirming that the in sil-

ico and experimental characterizations. This study demonstrates a general method for develop-

ing azobenzene-cyclized peptides featuring efficient and robust light-controlled activation of 

protein-binding affinity. Notably, the light-responsive behavior is imparted to the ligand irre-

spectively of its protein-binding segment, making our design experimental methods presented 

herein are applicable to the design of light-responsive labels to virtually any target protein. 

These results will enable future studies focusing on the aspects of on-demand, spatio-

temporal control, and reversibility of cell labelling. Specifically, future efforts will evaluate (i) 

the kinetics of binding and unbinding the surface of the cells upon exposure to light at activat-

ing and de-activating wavelengths; (ii) the ability to direct the labelling of a subset of cells in 

solution via spatial control of the incident light; and (iii) the potential downstream effects of 

the peptide to the cell surface and, potentially, intracellular metabolic pathways upon bindings 

and unbinding.  
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5.6 Tables and Figures  

 
 
Figure 5.1 Structure of the proposed azobenzene-cyclized peptides 
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Figure 5.2 Structure of 25 variants of the VHPKQHR precursor in the azobenzene-cyclized 

form cycloAZOB[G-VH(X)KQHR(Z)-K]-GSG as both cis and trans isomers, and correspond-

ing values of their hydrodynamic radius (Rh) and root mean square deviation (RMSD). Note: 

the GSG spacer is abstracted for clarity. 

 

 

 

 

cycloAZO[G-VHAKQHRA-K]	

Rh,Trans	=	16.72	Å	

Rh,Cis	=	10.98	Å	

RMSD	=	3.386	Å

cycloAZO[G-VHAKQHRD-K]	

Rh,Trans	=	14.60	Å	

Rh,Cis	=	11.98	Å	

RMSD	=	1.801	Å

cycloAZO[G-VHAKQHRN-K]	

Rh,Trans	=	17.03	Å	

Rh,Cis	=	13.18	Å	

RMSD	=	2.475	Å

cycloAZO[G-VHAKQHRP-K]	

Rh,Trans	=	13.29	Å	

Rh,Cis	=	13.29	Å	

RMSD	=	2.799	Å

cycloAZO[G-VHAKQHRS-K]	

Rg,Trans	=	17.03	Å

cycloAZO[G-VHDKQHRA-K]	

Rg,Trans	=	14.33	Å	

Rg,Cis	=	11.78	Å	

RMSD	=	1.913	Å

cycloAZO[G-VHDKQHRD-K]	

Rg,Trans	=	15.71	Å	

Rg,Cis	=	10.39	Å	

RMSD	=	2.701	Å

cycloAZO[G-VHDKQHRN-K]	

Rg,Trans	=	14.49	Å	

Rg,Cis	=	13.90	Å	

RMSD	=	4.835	Å

cycloAZO[G-VHDKQHRP-K]	

Rg,Trans	=	8.96	Å	

Rg,Cis	=	11.57	Å	

RMSD	=	0.685	Å

cycloAZO[G-VHDKQHRS-K]	

Rg,Trans	=	14.62	Å	

Rg,Cis	=	14.29	Å	

RMSD	=	5.124	Å

cycloAZO[G-VHNKQHRA-K]	

Rg,Trans	=	14.31	Å	

Rg,Cis	=	14.30	Å	

RMSD	=	2.521	Å

cycloAZO[G-VHNKQHRD-K]	

Rg,Trans	=	14.21	Å

cycloAZO[G-VHNKQHRN-K]	

Rg,Trans	=	14.26	Å	

cycloAZO[G-VHNKQHRP-K]	

Rg,Trans	=	14.83	Å	

Rg,Cis	=	11.33	Å	

RMSD	=	2.270	Å

cycloAZO[G-VHNKQHRS-K]	

Rg,Trans	=	18.10	Å	

Rg,Cis	=	16.72	Å	

RMSD	=	3.245	Å

cycloAZO[G-VHPKQHRA-K]	

Rg,Trans	=	14.83	Å	

cycloAZO[G-VHPKQHRD-K]	

Rg,Trans	=	14.39	Å	

Rg,Cis	=	12.66	Å	

RMSD	=	2.205	Å

cycloAZO[G-VHPKQHRN-K]	

Rg,Trans	=	14.93	Å	

Rg,Cis	=	9.29	Å	

RMSD	=	1.506	Å

cycloAZO[G-VHPKQHRP-K]	

Rg,Trans	=	15.48	Å	

Rg,Cis	=	13.63	Å	

RMSD	=	3.128	Å

cycloAZO[G-VHPKQHRS-K]	

Rg,Trans	=	15.35	Å	

Rg,Cis	=	11.31	Å	

RMSD	=	1.909	Å

cycloAZO[G-VHSKQHRA-K]	

Rg,Trans	=	15.24	Å	

cycloAZO[G-VHSKQHRD-K]	

Rg,Trans	=	14.82	Å	

Rg,Cis	=	13.46	Å	

RMSD	=	1.531	Å

cycloAZO[G-VHSKQHRN-K]	

Rg,Trans	=	15.10	Å	

cycloAZO[G-VHSKQHRP-K]	

Rg,Trans	=	15.71	Å	

Rg,Cis	=	12.93	Å	

RMSD	=	3.850	Å

cycloAZO[G-VHSKQHRS-K]	

Rg,Cis	=	10.69	Å
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Figure 5.3 Structure of the peptide-VCAM1 complexes formed by docking azobenzene-cy-

clized peptide variants 1–4, 6–11, 14, 15, 17–20, 22, and 24 (Figure 5.2) onto the putative 

binding sites S1–S5 of VCAM1. 

 

 

 

 

 

cycloAZO[G-VHAKQHRA-K]	

KD,Trans	=	9.4	μM	

KD,Cis	=	13.1	μM

cycloAZO[G-VHAKQHRD-K]	

KD,Trans	=	2.4	μM	

KD,Cis	=	11.5	μM

cycloAZO[G-VHAKQHRN-K]	

KD,Trans	=	0.11	μM	

KD,Cis	=	18.6	μM

cycloAZO[G-VHAKQHRP-K]	

KD,Trans	=	18	μM	|	21	μM	

KD,Cis	=	0.63	μM	|	2.8	μM

cycloAZO[G-VHDKQHRA-K]	

KD,Trans	=	3462	μM	

KD,Cis	=	18	μM

cycloAZO[G-VHDKQHRD-K]	

KD,Trans	=	9.4	μM	

KD,Cis	=	1.7	μM	|	140	μM

cycloAZO[G-VHDKQHRN-K]	

KD,Trans	=	0.14	μM	|	100	μM	

KD,Cis	=	2.4	μM

cycloAZO[G-VHDKQHRP-K]	

KD,Trans	=	13	μM	|	0.16	μM	

KD,Cis	=	26	μM

cycloAZO[G-VHDKQHRS-K]	

KD,Trans	=	0.75	μM	|	51	μM	

KD,Cis	=	0.49	μM	|	4	μM

cycloAZO[G-VHNKQHRA-K]	

KD,Trans	=	1.7	|	11	|	232	μM	

KD,Cis	=	3.4	μM	|	1488	μM

cycloAZO[G-VHNKQHRP-K]	

KD,Trans	=	11	μM	

KD,Cis	=	0.02	μM

cycloAZO[G-VHNKQHRS-K]	

KD,Trans	=	30	μM	|	1.5	μM	

KD,Cis	=	247	μM	|	118	μM

cycloAZO[G-VHPKQHRD-K]	

KD,Trans	=	0.13	μM	|	0.5	μM	

KD,Cis	=	1.2	μM	|	6.7	μM

cycloAZO[G-VHPKQHRN-K]	

KD,Trans	=	0.88	μM	|	275	μM	

KD,Cis	=	4.0	μM	|	3.4	μM

cycloAZO[G-VHPKQHRP-K]	

KD,Trans	=	1.0	μM	|	36	μM	

KD,Cis	=	640	μM

cycloAZO[G-VHPKQHRS-K]	

KD,Trans	=	32	μM	|	63	μM	

KD,Cis	=	0.55	μM	|	32.5	μM

cycloAZO[G-VHSKQHRD-K]	

KD,Trans	=	1.2	μM	|	30	μM	

KD,Cis	=	5.7	μM

cycloAZO[G-VHSKQHRP-K]	

KD,Trans	=	2	μM	

KD,Cis	=	2.4	μM

https://pubs.rsc.org/en/content/articlehtml/2020/tb/d0tb01189d#imgfig2
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\ 

Figure 5.4 (A) UV-vis absorption spectra for VHGKQHRP-K* (solid), cyclo-

SUCC[VHGKQHRP-K*] (dot-dash), and cycloAZOB[VHGKQHRP-K*] (dash); (B) Δabsorbance 

for the cis-induced isomer (red) and trans-induced isomer (blue); (C) trans-to-cis isomerization 

upon exposure to UV light (305-390 nm) and (d) cis-to-trans isomerization upon exposure to 

visible light (>420 nm). For (C) and (D) fitted lines are solid (squares), hash (circles), dot-hash 

(triangles), and error bars mean ± S.D.  
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Figure 5.5 Thermal cis-to-trans isomerization (relaxation) of cycloAZOB[VHGKQHRP-K*]. 

The red curve represents initial induction of the peptide into the cis conformation and the blue 

curve represents the recovery of the trans configuration. Isomerization was monitored by re-

cording the absorbance at 350 nm of a 0.15 mM solution of peptide in MilliQ water for 48 h, 

at 37 °C in the dark. 
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Figure 5.6 SPR measurements of VCAM1:peptide KD,trans and KD,cis for (A) of cyclo-

AZOB[G-VHAKQHRN-K*]; (B) cycloAZOB[G-VHPKQHRS-K*]; (C) cycloAZOB[G-

VHAKQHRD-K*]; and (D) VHPKQHR. The data points were obtained as average of triplicate 

readings. 
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Figure 5.7 CycloAZOB[G-VHAKQHRN-K*] in the cis conformation incubated with cells 

(A) expressing and (B) not expressing VCAM-1, cycloAZOB[G-VHAKQHRN-K*] in 

the trans conformation incubated with cells; (C) expressing and (D) not expressing VCAM-1, 

and (E) the relative intensity of biotin-labelled cis/trans cycloAZOB[G-VHAKQHRN-K*] in-

cubated with VCAM-1+/− induced cells. Statistics were done with a 2-tailed t-test with 

a p value <0.05 (*) considered statistically significant. 
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Figure 5. 8 IL-4/LPS treatment induced VCAM1 expression confirmed with (A) antibody 

staining (B) cis cycloAZOB[G-VHAKQHRN-K*] peptide and (C) the colocalization of the anti-

VCAM1 antibody and cis cycloAZOB[G-VHAKQHRN-K*] peptide around the nucleus of the 

cell. 
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Figure 5.9 Putative peptide binding sites (S1 – S5) on VCAM1 identified by performing a 

druggability analysis of the crystal structure of VCAM1 (PDB ID: 1VCA) using SiteMap. 
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Figure 5.10 Spectral absorbance changes of a 0.38 mM solution of cycloAZOB[VHGKQHRP-

K*] in MilliQ water upon exposure to UV bandpass filtered light (A and B) and subsequent 

LP420 filtered light (C and D). Spectra are scanned from 500 nm to 250 nm at 10 nm/s and 

time indicates light exposure at the start of each scan. 
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Figure 5.11 Representative changes of absorbance at 350 nm for 1.5 mM (A, B, C), 0.38 mM 

(D, E, F), and 0.15 mM (G, H, I) solutions of cycloAZOB[VHGKQHRP-K*] upon exposure 

to light filtered with UV bandpass (BP 305-390nm) and LP420 filters at different values of 

light intensity. 
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Figure 5.12 Spectra of Dymax BlueWave 200 curing lamp and corresponding filtered outputs 

using UV bandpass (BP305-390) and LP420 filters. 
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Figure 5.13 Reversible and repeatable trans-cis and cis-trans isomerization of cyclo-

AZOB[VHGKQHRP-K*] dissolved in MilliQ water at the concentration of 0.15 mM. 
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Figure 5.14 (A) Circular dichroism (CD) spectra of cycloAZOB[VHGKQHRP-K*] peptide 

upon photo-induced isomerization, indicating a random coil confirmation, (B) CD spectra of 

peptide variantsspectra, indicating a random coil conformation for all peptides. (C) Structure 

of VHPKQHR-GSG and cycloSUCC[G-VHAKQHRNK*] peptides with an α-helix segment, 

and cycloAZOB[G-VHAKQHRN-K*] with random coil in both trans and cis conformation. 
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Figure 5.15 Confirmation of VCAM1 induction by LPS exposure via immunohistochemical 

analysis and qRT-PCR characterization. BMEC was demonstrated to express VCAM-1 when 

treated with IL-4, followed by LPS. LPS treatment alone showed no significant change in 

VCAM-1 expression. HUVEC and HDFn controls showed no increase in VCAM-1 expression 

with either treatment condition. Statistical analysis was performed using a 2way ANOVA with 

Tukey’s post hoc comparison test with an alpha value of 0.05 (*) considered statistically sig-

nificant. 
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5.16 Confirmation of VCAM1 induction in BMECs by synergistic treatment with IL-4 and 

LPS via immunohistochemical analysis quantification. Relative intensity of tagged VCAM-1 

antibody compared across different cell treatment condition aggress with RT-qPCR measure-

ments, showing the most induction of VCAM-1 in BMECs treated with IL-4 followed by LPS. 

Error bars represent standard deviation. Statistical analysis was performed using a paired t-test 

with an alpha value of 0.05 (*) considered statistically significant. 
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Table 5.1 Values of ΔGB,trans, ΔGB,cis, and |ΔΔGB| of the interaction between VCAM1 and 

cycloAZOB[G-VHAKQHRP-K*], cycloAZOB[G-VHNKQHRP-K*], cycloAZOB[G-

VHPKQHRS-K*], cycloAZOB[G-VHAKQHRN-K*], cycloAZOB[G-VHNKQHRS-K*], cy-

cloAZOB[G-VHPKQHRP-K*], and VHPKQHR determined by fitting the VCAM1 adsorption 

data obtained from the SPR sensorgrams to a Langmuir isotherm. The “—” indicates that no 

accurate SPR reading could be obtained. 
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Table 5.2 SiteMap parameters for the top five scored potential VCAM1 binding pockets. All 

scores are unitless unless otherwise noted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

313 

 

Table 5.3 Average thickness of the SAM and SAM-peptide monolayers, and corresponding 

peptide density determined by ellipsometry. 
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6.1 Abstract 

Photo-affinity adsorbents (i.e., translucent matrices functionalized with ligands featur-

ing light-controlled biorecognition) represent a futuristic technology for purifying labile bio-

logics. In this study, a framework for prototyping photo-affinity adsorbents comprising azo-

benzene-cyclized peptides (ACPs) conjugated to translucent porous beads (ChemMatrix) is 

presented. This approach combines computational and experimental tools for designing ACPs 

and investigating their light-controlled isomerization kinetics and protein biorecognition. First, 

a modular design for tailoring ACP's conformation, facilitating sequencing, and streamlining 

the in silico modeling of cis/trans isomers and their differential protein binding is introduced. 

Then, a spectroscopic system for measuring the photo-isomerization kinetics of ACPs on 

ChemMatrix beads is reported; using this device, it is demonstrated that the isomerization at 

different light intensities is correlated to the cyclization geometry, specifically the energy dif-

ference of trans versus cis isomers as calculated in silico. Also, a microfluidic device for sorting 

ACP-ChemMatrix beads to select and validate photo-affinity ligands using Vascular Cell Ad-

hesion Molecule 1 (VCAM-1) as target protein and cycloAZOB[GVHAKQHRN-K*]-G-Chem-

Matrix as model photo-affinity adsorbent is presented. The proposed ACPs exhibit rapid and 

defined light-controlled isomerization and biorecognition. Controlling the adsorption and re-

lease of VCAM-1 using light demonstrates the potential of photo-affinity adsorbents for targets 

whose biochemical liability poses challenges to its purification. 

6.2 Introduction 

The environment-controlled interactions between surface-bound ligands and biomolec-

ular or biological targets in solution (e.g., proteins or cells) play a key role in regulating myriad 

physiological functions, such as cellular metabolism and signaling, and tissue development [1]. 

Recapitulating these functions with synthetic ligands, whose biorecognition activity can be 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0001
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triggered and controlled efficiently and remotely using biocompatible stimuli, is key to engi-

neer next-generation bioprocesses [2]. Among the stimuli known for regulating protein–ligand 

interactions—namely, temperature, radiation, pH, and ionic strength—light is undoubtedly the 

most technologically relevant, owing to its biocompatibility and facile spatiotemporal dosage 

control [3]. Synthetic ligands with light-controlled binding activity can be developed by hy-

bridizing bio-oligomers with innate affinity for a biomolecular target, such as aptamers and 

peptides, with photochromic switches, such as azobenzenes, hemithioindigos, and spiropyrans 

[4]. These respond to specific wavelengths and intensities by rearranging their structure, thus 

triggering the reversible reconfiguration of the bio-oligomer between an active (target binding) 

and an inactive isomer (target releasing). Among the hybrids presented in the literature, azo-

benzene-cyclized peptides (ACPs) show great potential as photo-affinity ligands owing to the 

excellent biorecognition and biochemical stability of cyclic peptides and the rapid cis/trans 

photo-isomerization kinetics of azobenzenes [5]. 

Engineered ACPs must feature i) efficient photo-isomerization in either free or protein-

bound form, ii) a distinct variation in binding affinity upon photo-isomerization to ensure rapid 

and complete capture or release of the target protein; and iii) stability of the protein-bound 

isomer under physiological conditions to ensure retention of the target during the washing steps 

interposed between adsorption and release. Of particular interest is the localization of light-

controlled biorecognition phenomena on solid phase, especially porous substrates, enabling the 

use of ACPs as ligands for purifying labile targets via photo-affinity chromatography. The pu-

rification of biologics that are sensitive to environmental conditions, in fact, is arduous with 

current separation technology, and biospecific ACPs could provide a powerful tool toward the 

next-generation purification technology. 

To date, however, most of the literature focuses on the behavior of ACPs in liquid phase 

and the known examples feature a modest affinity switching upon photo-isomerization. In one 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0005
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study, Bellotto et al. have utilized phage-display screening to identify ACPs with light-con-

trolled streptavidin binding with affinity (dissociation constant, KD) switching between 

2.2 µm (trans isomer) and 6.7 ± 2 µm (cis isomer); similarly, Jafari et al. identified ACP lig-

ands against streptavidin with ≈4.5-fold shift in KD [6]. Albert et al. identified linear light-

controlled peptidomimetics to inhibit the interaction of MLL1-WDR5 proteins and reported 

approximately threefold variation in the inhibitory constant upon photo-isomerization [7]. In 

recent work, we screened an ensemble of ACPs using an in silico approach and identified a 

photo-affinity ligand for vascular cell adhesion molecule 1 (VCAM-1) featuring ≈130-fold 

shift in target binding affinity between the cis and trans isomers [8]. 

The dearth of studies on photo-affinity adsorbents can be in part attributed to the lack 

of tools for designing and characterizing surface-bound ligands with light-controlled biorecog-

nition [9]. We therefore sought to develop a combined experimental-computational framework 

to develop ACPs and ACP-based adsorbents. Specifically, we present i) a novel modular chem-

istry for tailoring the ACP's structure and response to light; ii) a microfluidic device for high-

throughput screening and validation of ACPs immobilized on translucent polyethylene glycol 

(PEG)-based porous beads (ChemMatrix); and iii) a spectroscopic system for measuring the 

kinetics of photo-isomerization of ACPs either free or in complex with a target protein. 

The proposed ACP design comprises a protein-binding peptide sequence cyclized by 

an azobenzene moiety via amino acid linkers with adjustable length (Figure 6.1). Following 

prior work, [8] we adopted the VCAM-1 as model target protein and the sequence VHPKQHR 

as VCAM-1-binding linear peptide precursor for the design of ACPs. Varying the linker's 

length enables modulating the structure and flexibility of the ACP, and ultimately its photo-

isomerization kinetics and binding activity. The proposed cyclization geometry also enables 

direct sequencing via on-bead Edman sequencing, a technique reserved for linear pep-

tides,[10] and provides a facile route for peptide identification or validation following library 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0007
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0009
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0010
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screening and selection. Finally, the modular design streamlines the in silico modeling of struc-

tural and energetic features of ACP variants and the affinity of the various isomers for the target 

protein. Starting from a reference equilibrium structure, it is in fact possible to automate the 

design and equilibration of all the variants, while maintaining a comprehensive sample of the 

energetic landscape. 

Most notably, our in silico modeling and spectroscopic data indicate that i) the isomer-

ization constant (κ) at different light intensities (I) is correlated to the difference of the free 

energies of the trans and cis isomers calculated in silico; ii) free and protein-bound ACPs ex-

hibit similar kinetics of photo-isomerization; iii) the protein-bound isomer is temporally stable. 

Finally, iv) our microfluidic devices enabled tracking the binding and release of VCAM-1 by 

cycloAZOB[GVHAKQHRN-K*]-G-ChemMatrix−both as single beads and as a packed bed in a 

microfluidic “column” (≈10 mm3). These studies provide a route for the ab initio design of 

ACPs with desired kinetics of light-controlled biorecognition, and a model chromatographic 

system for the photo-affinity purification of protein targets. 

6.3 Experimental Section 

6.3.1 Materials 

NHS-Alexa Fluor 594 (NHS-AF594), N,N'-dimethylformamide (DMF), dichloro-

methane (DCM), HPLC-grade acetonitrile, HPLC-grade water, HPLC-grade dimethylsulfox-

ide (DMSO), hydrochloric acid, sodium chloride, sodium bicarbonate, and methanol were ob-

tained from ThermoFisher Scientific (Waltham, MA). Protected amino acids, hexafluorophos-

phate azabenzotriazole tetramethyl uronium (HATU), and sodium diethyldithiocarbamate tri-

hydrate were purchased from ChemImpex Inc. (Wood Dale, IL). Nitrogen gas was obtained 

from Airgas National Welders (Raleigh, NC). Bovine serum albumin, diisopropylethylamine 

(DIPEA), N-methyl-2-pyrrolidone (NMP), azobenzene-4,4′-dicarbonyl dichloride, piperidine, 

trifluoroacetic acid (TFA), triethylamine (TEA), triisopropylsilane (TIPS), Tween 20, sodium 
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hydroxide, PBS pH 7.4, and a Kaiser test kit were from Millipore-Sigma (St. Louis, MO). 

Palladium tetrakis(triphenylphosphine) (Pd(PPh3)4) was purchased from Strem Chemicals, Inc. 

(Newburyport, MA). Aminomethyl ChemMatrix resin was obtained from PCAS Biomatrix, 

Inc. (Saint-Jean-sur-Richelieu, Quebec, Canada). VCAM-1 was from SinoBiologicals (Bei-

jing, China). Silicon “wafers” were from University Wafers (Boston, MA). The SU-8 2150 

epoxy-based photoresist and the SU-8 Developer were obtained from MicroChem (Round 

Rock, TX). Dow SYLGARD 184 Silicone Encapsulant Clear Kit was obtained from Ellsworth 

Adhesives (Germantown, WI). 

6.3.2 Synthesis of ACPs on ChemMatrix Beads 

For the synthesis of ACP.1–4, linear Boc-G-X(Alloc)-VHPKQHR-Dap(Mtt)-G precur-

sor peptides, wherein “X” is either 2,3-diaminopropionic acid (Dap), 2,4-diaminobutyric acid 

(Dab), ornithine (Orn), and lysine (Lys), were initially synthesized on PEG-based Aminome-

thyl ChemMatrix resin (functional loading up to 0.6 mmol of peptide per mL of resin, particle 

diameter ≈250 µm) via Fmoc/tBu strategy using an Intiator+Alstra automated peptide synthe-

sizer (Biotage, Uppsala, Sweden); owing to their strong hydrophilic character and minimal 

green autofluorescence, ChemMatrix beads are ideal for fluorescence-based evaluation of pro-

tein:peptide binding. All coupling steps were performed using a solution of protected amino 

acid at the concentration of 0.5 m (5 equivalents (eq.) compared to the functional loading of 

the ChemMatrix resin), HATU (5 eq.), and DIPEA (10 eq.) in anhydrous DMF, for 5 min at 

75 °C, except for Histidine, which was coupled at 50 °C. Three coupling steps per amino acid 

were performed, after which Fmoc deprotection was carried out using 20% v/v piperidine in 

DMF in two steps (3 and 10 min); the completion of both amino acid conjugation and Fmoc 

deprotection were confirmed by Kaiser test. Following chain elongation, the peptides were 

cyclized with azobenzene: first, the beads were rinsed with anhydrous DCM and dried under 

inert atmosphere; alloc deprotection was then performed using 5 eq. of a 3 mm solution of 
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Pd(PPh3)4 in a 7:1 (v/v) solution of DCM:TIPS for 5 min at 40 °C under microwave heating 

and mixing; the beads were then drained and the alloc deprotection reaction was repeated; the 

resins were rinsed with DMF and DCM, followed by copious washing with a 0.5% w/w solu-

tion of sodium diethyldithiocarbamate in DMF; the resins were again washed with DMF before 

confirming alloc removal with a Kaiser test. The azobenzene linker was then conjugated to the 

deprotected ε-amine of the N-terminal residue X: first, the beads were placed in solid phase 

extraction (SPE) tubes, washed with anhydrous DMF, and reacted with 5 eq. of a 50 mm an-

hydrous solution of azobenzene-4,4'-dicarbonyl dichloride in 1:19 (v/v) TEA:DMF for 3 h at 

room temperature, in dark and under mild agitation; the beads were then washed with MilliQ 

water for 10 min, and then copiously with DMF, DCM, and DMF, and subjected to a Kaiser 

test to confirm the success of azobenzene conjugation. The removal of the Mtt group from the 

C-terminal Dap was then performed by acidolysis using the cleavage cocktail TFA/TIPS/DCM 

(2/6/92) for 5 min at room temperature, under mild agitation; incubation of every resin with 

the cleavage cocktail was performed three times. The beads were then rinsed with DCM, DMF, 

and the deprotection of Dap was confirmed via Kaiser test. Peptide cyclization was then per-

formed by activating the carboxyl group on the azobenzene linker using HATU (5 eq.) and 

DIPEA (10 eq.) in dry NMP and allowing its reaction with the β-amino group of Dap to proceed 

for 10 min at 70 °C; the resins were washed with DMF, and the completion of the cyclization 

reaction was confirmed by Kaiser test. The peptides were then fully deprotected by acidolysis 

using the cleavage cocktail TFA/TIPS/H2O (95/2.5/2.5) for 2 h at room temperature, in dark 

and under mild agitation. The resins were then washed with DCM, DMF, 0.1 m aqueous car-

bonate buffer at pH 9.2, and 20% aqueous methanol, and stored at 4 °C. For the synthesis of 

ACP.5, GVHAKQHRN-K(Mtt)-G was initially synthesized on aminomethyl ChemMatrix 

resin. The elongation of the linear segment of the peptide was performed as described above. 

Following Fmoc deprotection from the N-terminal Gly with 20% v/v piperidine in DMF, the 
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resin was transferred into a SPE tube and washed with anhydrous DMF. The N-terminal pri-

mary amine group of the peptide was reacted with 5 eq. of a 50 mm anhydrous solution of 

azobenzene-4,4'-dicarbonyl dichloride in 1:19 (v/v) TEA:DMF at room temperature for 3 h at 

room temperature, in dark and under mild agitation. Following washing of the beads with Mil-

liQ water for 10 min, all the subsequent steps of removal of the Mtt group from the C-terminal 

Dap, peptide cyclization, and final deprotection were performed as explained above. The beads 

were then washed with DCM, DMF, 0.1 m aqueous carbonate buffer at pH 9.2, and 20% aque-

ous methanol, and stored at 4 °C. 

6.3.3 Fluorescent Labeling of VCAM-1 

Human recombinant VCAM-1 was labeled with NHS-Alexafluor 594 (AF594). A vol-

ume of 4 µL of a solution of AF594 at 10 mg mL−1 in anhydrous DMSO was added to 200 µL 

of a solution of VCAM-1 at 1 mg mL−1 in 0.1 m sodium bicarbonate buffer at pH 8.3. The 

conjugation reaction proceeded at room temperature for 80 min, at room temperature, in dark, 

and under mild agitation. Following reaction, the AF594-VCAM-1 was diafiltered against PBS 

at pH 7.4 buffer using 10 kDa MWCO Amicon Ultra Centrifugal Filters (Millipore-Sigma, 

Bedford, MA). 

6.3.4 Peptide Sequencing by Edman Degradation 

Peptide sequencing was performed using a PPSQ-33A Protein Sequencer (Shimadzu), 

calibrated according to the manufacturer's instructions. For direct on-bead sequencing, individ-

ual, ChemMatrix beads carrying ACPs G-cycloAZOB[Dap-VHPKQHR-Dap]-G (ACP.1), G-cy-

cloAZOB[Dab-VHPKQHR-Dap]-G (ACP.2), G-cycloAZOB[Orn-VHPKQHR-Dap]-G (ACP.3), 

and G-cycloAZOB[Lys-VHPKQHR-Dap]-G (ACP.4) were washed copiously with acetonitrile 

to remove residual aqueous methanol. For each sequencing, a PPSQ reactor chamber was first 

disassembled, and the spacer, upper chamber, and filter holder were removed. A PVDF (poly-
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vinylidene fluoride) membrane was then placed in the upper chamber, and a single ChemMa-

trix bead was placed on the membrane. A PTFE (Polytetrafluoroethylene) filter was then added 

on top of the bead and fixed in place by installing the filter holder to the upper chamber. Once 

the sample bead was immobilized between the PVDF membrane and the PTFE filter, the reac-

tor was reassembled. The sample bead was then sequenced using the pre-installed PVDF sched-

ule. 

6.3.5 In Silico Evaluation of ACPs as Free and Protein-Bound Forms 

The cyclic peptides ACP.1–4 were constructed using the molecular editor Avogadro, 

following the 2D-template shown in Figure 6.1. The linear precursor X1-VHPKQHR-X2 was 

built by inputting the amino acid sequence. Dap was conserved at the X2 position, while X1 was 

varied using Dap, Dab, Orn, or Lys. The azobenzene linker was framed, in either cis or trans 

isomer, at the side chains of residues X1 and X2. The equilibration and production steps were 

performed as detailed in prior work [8, 11] in the GROMACS simulation package using the 

GROMOS 43a1 force field [12]. The force-field parameters for the azobenzene linker were 

derived from the work by Nguyen et al [13]. Briefly, every ACP was individually placed in a 

simulation box with periodic boundary conditions containing 800 water molecules (TIP3P wa-

ter model), and equilibrated with 10 000 steps of steepest gradient descent, heated to 300 K in 

an NVT ensemble for 250 ps with 1 fs time steps, and equilibrated to 1 atm by running a 500-

ps NPT simulation with 2 fs time steps. The production run was performed in the NPT ensem-

ble, at T = 300 K using the Nosé–Hoover thermostat and P = 1 atm using the Parrinello–Rah-

man barostat [14]. The atomic coordinates were saved every 2 ps. The leap-frog algorithm was 

used to integrate the equations of motion, with integration steps of 2 fs, and all the covalent 

bonds were constrained by means of the LINCS algorithm [15]. The short-range electrostatic 

and Lennard–Jones interactions were calculated within a cutoff of 1.0 nm and 1.4 nm, respec-

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0011
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0012
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0013
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0014
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0015
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tively, whereas the particle-mesh Ewald method was utilized to treat the long-range electro-

static interactions [16]. The non-bonded interaction pair-list was updated every 5 fs, using a 

cutoff of 1.4 nm. The conformational changes of the trans and cis isomers of the four ACPs 

were evaluated using the structures obtained from the MD simulations as the initial configura-

tions for the sampling analysis. The distance between the glycine residues in Gly-cyclo-

AZOB[X1-VHPKQHR-X2]-Gly was utilized as reaction coordinate, spanning between 0.5 and 

1.5 nm, corresponding to 20 windows of 0.05 nm. For every window, the initial structure to be 

simulated was created through a pulling simulation wherein the Gly-Gly distance was increased 

at the rate of 10−5 nm ps−1 by applying a harmonic biasing potential with a force constant of 

2000 kJ mol−1 nm−2. The variation in potential of mean force (PMF) diminishes, indicating the 

convergence of the simulation, was observed across an MD simulation of 300 ns; specifically, 

we observed that, generally after ≈170–190 ns of simulation, the variation of PMF diminished, 

indicating the convergence of the structure to an energy minimum. The structures correspond-

ing to the absolute minima of the energy landscapes (Figure 6.12, Supporting Information) 

were adopted as the representative trans and cis isomers of the five ACPs (Figure 6.2). The 

isomers were docked in silico against the putative binding sites on VCAM1 identified in prior 

work[8] using the docking software HADDOCK v.2.1. All the residues on the binding sites of 

VCAM1 were marked as “active”, while the surrounding residues were marked as “passive”; 

all the X1-VHPKQHR-X2 residues on the ACPs were marked as “active”, while the flanking 

Gly residues were defined as not being involved in the interaction to account for the direction-

ality of binding. The docked structures were grouped in clusters of 20 complexes with Cα 

RMSD < 7.5 Å. The VCAM1:ACP clusters were ranked using the dMM-PBSA score [17]. The 

top VCAM:ACP complex for both trans and cis isomers of the model ACPs were refined by 

running 100-ns atomistic MD simulations as described in, [8] and the resulting the 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0016
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0017
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0008
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VCAM1:ACP complexes were evaluated using the MM/GBSA method to estimate the free 

energy of binding (ΔGB) [17]. 

6.3.6 Photo-Isomerization of the ACPs on ChemMatrix Beads 

The photo-isomerization was performed by irradiating 5 µL of settled ACP-ChemMa-

trix beads for 5 min using a Bluewave 200 UV lamp (Dymax, Torrington, CT) operated at the 

intensity of 91.9 mW cm−2 and filtered with either a UG1 UV bandpass (trans-to-cis) or an 

LP420 filter (cis-to-trans). Prior to spectroscopic characterization of free ACPs, the ACP-

ChemMatrix beads were washed with PBS at pH 7.4. Prior to spectroscopic characterization 

of VCAM-1bound ACPs or evaluation in the bead-sorting device, the ACP-ChemMatrix beads 

were washed and equilibrated with PBS at pH 7.4 and incubated with 25 µL of 0.4 mg 

mL−1 AF594-labelled VCAM-1 in PBS for 1 h at 4 °C, in the dark and under gentle rotation. 

Prior to introduction in either the spectroscopy system or the bead-sorting device, the beads 

were washed with PBS, and suspended in 50 mL of PBS added with 0.1% w/w Tween 20. 

6.3.7 Design and Demonstration of a Microfluidic Bead-Sorting Device for Validating 

ACP Ligands with Light-Controlled Biorecognition Activity 

We developed a bead-sorting microfluidic device comprising an imaging chamber 

where the entrance and exit of a single ACP-ChemMatrix bead is regulated by on-chip valves 

operated by a custom-developed MATLAB graphical user interface (GUI). The imaging cham-

ber was fabricated by traditional photolithography followed by soft lithography: first, negative 

photoresist SU-8 2150 was spun at 1460 rpm to achieve a feature height of 400 µm; soft baking 

was then performed for 10 min at 65 °C and 90 min at 95 °C; the wafer was then exposed to 

UV light for 14 s using a UV-KUB 3 mask aligner; the mold was further baked at 65 °C for 

5 min and 95 °C for 30 min to ensure complete cross-linking of the exposed regions. Soft li-

thography was then performed in two steps since on-chip valves require a more flexible mate-

rial for proper operation. First, a thin PDMS layer at a 20:1 polymer:crosslinker ratio was 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0017
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poured on the mold and cured at 80 °C for 20 min. A second thick PDMS layer at a 10:1 ratio 

of polymer to cross-linker was poured on the mold and cured at 80 °C for 2 h. 

The selection protocol comprises five steps: 

Step 1: the beads are initially exposed to UV light (Dymax 200 lamp) to photo-isomer-

ize the peptides into the binding configuration—either cis or trans, as assigned by the opera-

tor—and incubated with the fluorescently labeled target protein. Incubation of the beads can 

be done in either non-competitive conditions, where the screening solution only comprises the 

labeled target protein in aqueous buffer, or competitive conditions, where the screening solu-

tion is prepared by spiking the labeled target protein in a mixture of competing biomolecules 

collectively labeled with a second fluorescent dye. Following incubation, the beads are sus-

pended in clean buffer to remove any unbound or loosely bound species and fed into the device. 

Step 2: the suspension of ACP-ChemMatrix beads is fed to the imaging chamber, where 

individual beads are trapped between two on-chip valves and imaged in the red channel (λex = 

550/15 nm). Fluorescence microscopy was performed using a LEICA DMi8 inverted micro-

scope connected to an ORCA-Flash4.0 V3 Digital CMOS camera with W View Gemini image 

splitting optics (Hamamatsu). A SPECTRA X light engine (Lumencore) was connected to the 

microscope. On-chip valves were filled and degassed with a 50% glycerol solution with a sim-

ilar refractive index as PDMS to improve image quality in the vicinity of the valves. A custom-

built pressure box equipped with pressure regulators was used to drive fluid flow in the tubing 

and device. Valve operation was controlled by a custom-developed MATLAB GUI. Through-

out the sorting experiments, the cycloAZOB[G-VHPKQHRS-K*]-GSG-ChemMatrix beads were 

maintained in a diluted suspension in 0.1% Tween 20 in PBS buffer (2 beads per mL) under 

gentle stirring on an orbital shaker throughout the duration of the sorting trial. 

Step 3: the amount of labeled protein(s) bound by each ACP-ChemMatrix bead is reg-

istered by analyzing the collected fluorescent images using a custom-developed MATLAB 
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code. The code extracts image metrics (i.e., mean intensity, max intensity, and intensity halo) 

that are normalized for bead comparison. The fluorescent patterns are correlated to the affinity 

and selectivity of the ACP:protein interaction to select or validate true affinity ligands and 

reduce the risk of false positives. Bead imaging using two wavelengths—one for the fluores-

cent emission of the target protein and one for that of the competing biomolecules—enables 

the identification of beads carrying ACPs with both affinity and selectivity for the protein tar-

get. Beads exhibiting no fluorescence (non-binding ACP), or the fluorescence indicative of the 

competing species (non-selective ACP) are discarded, whereas beads carrying only the fluo-

rescence characteristic of the target protein are forwarded to the photo-switching and interro-

gation stage. 

Step 4: the bead is exposed to light at selected wavelength—either cyan (λex = 

470/24 nm), blue (λex = 440/20 nm), or violet (λex = 395/25 nm) for a variable time (i.e., 0–

10 min) while flowing PBS at pH of either 7.4 or 6.5 at 1.2 mL min−1—to trigger the photo-

isomerization of the ACPs. Subsequent images of the bead are collected in the red channel at 

regular time intervals to monitor the release of the target protein from the ACPs and its diffu-

sion out of the bead (i.e., elution); a continuous flow of aqueous buffer (note: in this study, we 

utilized PBS at pH of either 6.5 or 7.4) is maintained through the imaging chamber to flush the 

eluted protein and maintain a dark background. In some instances, the steps of light exposure 

and bead imaging were repeated. 

Step 5: The images of the beads in the imaging channel were collected as raw grayscale 

and binarized using a local first order statistic threshold; the background noise detected in the 

binarized image was eliminated by removing objects smaller than 100 pixels. Every image was 

then dilated and filled to re-construct the bead structure. To further refine the mask, the image 

was opened, eroded, and dilated to smooth the bead shape. The image-processing algorithm 
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extracted the image intensity profile using the mask previously generated and returned the fol-

lowing metrics: mean intensity, max intensity, and intensity of the nth-percentile. The extracted 

values are then normalized by converting the 16-bit pixel value range from 0 (black)–65535 

(white) to 0 (black) -1 (white). Based on the assigned threshold values for the above-listed 

metrics, the MATLAB GUI instructs the sorting of a bead to either a collection receptacle or 

to waste by controlling on-chip valves and communicates it to the operator. 

6.3.8 Design and Operation of a Spectroscopy System for Measuring the Photo-

Isomerization Kinetics and the Photo-Affinity Binding and Release of VCAM-1 by ACP-

ChemMatrix Beads 

First, a measurement cell was designed to host a defined number of ACP-ChemMatrix 

beads, and maintain them hydrated and thermostatted through a steady flow of aqueous buffer 

(e.g., PBS). The cell was fabricated following a procedure similar to that utilized for the bead-

sorting device: negative photoresist SU-8 2150 was initially spun to achieve a feature height 

of 400 µm, soft baked for 10 min at 65 °C and 90 min at 95 °C and exposed using a Karl Suss 

MA6; the mold was further baked at 65 °C for 5 min and 95 °C for 30 min to ensure complete 

cross-linking of the exposed regions before being developed. A thin PDMS layer at a 10:1 

polymer:cross-linker ratio was poured on the mold and cured at 80 °C for 60 min. The PDMS 

device was excised and treated in a PDC 002 oxygen plasma chamber (Harrick Plasma, Ithaca, 

NY) together with a quartz microscope slide (ChemGlass, Vineland, NJ) for 1 min. The PDMS 

device was then adhered onto the slide under pressure for 20 s. Extra PDMS was added as a 

reinforcement of the inlet and the outlet to ensure durable fitting of the tubes. 

Second, a rotating light mask was designed to alternate—with controlled frequency—

the exposure of the beads to either the excitation beam generated by the light source or the 

measurement beam from the spectrophotometer. This enables continuous tracking of the 

cis/trans isomerization of the ACPs conjugated within the ChemMatrix beads. The mask was 
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3D printed as a disk of 6 in diameter perforated with 4 trapezoid windows (45° inclined sides) 

and was mounted on a motor to rotate at an angular velocity of 1 rotation per minute. 

Finally, a custom holder to orient the glass slide on which the PDMS measurement cell 

is installed was designed to maximize the exposure of the sample to the excitation beam and 

ensure ample sampling of the ACP-ChemMatrix beads, while protecting the spectrophotometer 

detector from prolonged exposure to UV light as the excitation beam irradiates the quartz slide. 

The holder was designed in SolidWorks and 3D printed using photocurable methacrylates on 

a Form 3L printer (FormLabs, Somerville, MA). The slide holder was designed to fit the inserts 

for securing the cuvette holder on the Cary 60 spectrophotometer and maintain i) a 65 mm 

pathlength at a 60° angle with respect to the measurement light beam for UV–Vis spectroscopy 

and ii) a 100 mm pathlength at a 30° angle with respect to the light beam generated by the lamp 

for irradiance. Furthermore, a circular light mask of 6 in diameter and perforated with 4 trape-

zoid windows (45° inclined sides) was 3D printed and mounted on a motor to rotate at an 

angular velocity of 1 rotation per minute. A UV bandpass filter (BP305-390, Thorlabs, Newton, 

NJ) was used for trans-to-cis isomerization, whereas a 420 nm longpass (LP420, Edmund Op-

tics, Barrington, NJ) filter was used for cis-to-trans isomerization. The incident irradiance 

power was calculated by measuring the output power using an Accu-Cal 50 radiometer 

(Dymax, Torrington, CT). 

All spectroscopy measurements were performed on a Cary 60 UV–vis spectrophotom-

eter (Agilent, Santa Clara, CA) and using a BlueWave 200 lamp (Dymax, Torrington, CT) to 

induce photoisomerization. Initially, a spectrum of the ACP-ChemMatrix beads was recorded 

between 300 and 700 nm using the “scan” function. The kinetics of trans-to-cis and cis-to-trans 

photo-isomerization was measured by monitoring the absorption at 420 nm; the absorption at 

600 nm was also monitored for diagnostic purpose (i.e., to detect disturbances during the meas-

urements caused by mechanical perturbations). All measurements were performed in triplicate 
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using the “kinetics” function of the Cary 60 instrument at the speed of acquisition of 30 read-

ings per minute. During the photo-kinetic measurements, a steady PBS flow of 0.1 mL 

min−1 was maintained through the measurement chamber to keep the beads at constant temper-

ature and in a hydrated/swollen state. The total measurements times varied based on the type 

of photo-isomerization (trans-to-cis vs cis-to-trans) and the average irradiation intensity, as 

outlined in Table 6.1. 

The spectroscopic data were initially amended by removing the values collected during 

irradiation (i.e., only the data collected while the excitation light beam was screened by the 

rotating light mask). The temporal profiles of absorbance were individually fit against a 1st 

order kinetic Equation 1 to identify the characteristic time of photo-isomerization (τ). 

(1)     𝐴𝑏𝑠420 𝑛𝑚 = (𝐴 − 𝐶)𝑒−
𝑥−𝑥0

𝜏 + 𝐶  

The values of κ (i.e., 1/τ) were plotted using a linear function against the corrected light 

intensity (I); the latter was calculated as the product between the spectrum the filter and the 

UV output spectrum; specifically, the intensity of the irradiated light was multiplied by either 

0.6861 (when the BP305-390 filter was used) or by 2.0243 (when the LP420 was used). Finally, 

the slope values (κ/I) of the cis-to-trans isomerization of ACP.1–ACP.5 were correlated to the 

difference of free energy of the cis and trans isomers (ΔE) calculated in silico using Equation 2: 

(2)           
𝜅

𝐼
= 𝑒(−

Δ𝐸

𝑅𝑇
)
 

6.4 Results and Discussion 

6.4.1 Design, Synthesis, and Sequencing of Surface-Bound ACPs 

To serve as ligands for the photo-affinity purification of labile biologics, azobenzene–

peptide hybrids must photo-switch rapidly and reversibly between the target-binding isomer 

and the inactive isomer; furthermore, both isomers must be structurally stable under a broad 

range of physiological or process conditions. These properties ensure high binding capacity, 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-disp-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-disp-0002
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stable retention of target while in adsorption mode, and efficient release upon exposure to the 

light trigger. In this work, we present a novel ACP model whose modular structure is designed 

to optimize chain flexibility; this balances the stability of the isomers with their binding affin-

ity—by minimizing the entropic penalty in the binding free energy[18] and the photo-isomer-

ization yield [19]. Among the many known photochromic switches, azobenzene was adopted 

in this study owing to its ease of synthesis and commercial availability [20]. The proposed ACP 

construction is detailed in Figure 6.3, which highlights the various structural and functional 

components: the protein-targeting sequence R1–Rn, the azobenzene moiety, the free N-terminal 

glycine, and the amino acid linkers—namely, 2,3-diaminopropionic acid (Dap), 2,4-diamino-

butyric acid (Dab), ornithine (Orn), or lysine (Lys)—with adjustable length for modulating the 

cyclic peptide construct. 

Following prior work on ACPs,[8] we adopted Vascular Cell Adhesion Molecule 1 

(VCAM-1) as model target protein in this study; this cell surface sialoglycoprotein mediates 

the adhesion of immune cells across the developing endothelium; moreover, it is displayed on 

the surface of hematopoietic progenitor cells and represents a branching point in their differ-

entiation processes toward either the lymphoid or the myeloid lineages [21]. Accordingly, 

VCAM-1 targeting ligands have broad applicability toward diagnostic applications as well as 

isolation and purification of therapeutic cells. A VCAM-1 binding linear peptide VHPKQHR 

has been identified by screening a phage-display library in murine models [22] and was utilized 

by our group to develop ACPs for light-controlled fluorescent labeling of VCAM-1+ cells [23]. 

To study the effect of the sidechain length of linkers X1 and X2 on the photo-isomeri-

zation kinetics, four model ACPs were initially designed—namely G-cycloAZOB[Dap-

VHPKQHR-Dap]-G (ACP.1), G-cycloAZOB[Dab-VHPKQHR-Dap]-G (ACP.2), G-cyclo-

AZOB[Orn-VHPKQHR-Dap]-G (ACP.3), and G-cycloAZOB[Lys-VHPKQHR-Dap]-G 

(ACP.4)—by framing the linear peptide precursor VHPKQHR in the proposed construct. 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0018
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0019
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0020
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0021
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0022
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0023
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The modular ACP design was first evaluated for its ability to enable peptide sequencing 

via Edman degradation (Figure 6.10, Supporting Information). The latter is widely employed 

for peptide sequencing but is only intended for linear peptides [10]. The de novo identification 

of cyclic peptides therefore relies on different techniques, such as on-bead cleavage or lineari-

zation followed by mass spectrometry [10, 23]. The proposed construct, owing to the presence 

of a free N-terminal glycine and the strong electron-donating effect of the Dap-conjugated az-

obenzene, enables sequencing of the ACP via direct on-bead Edman degradation. The sequence 

fidelity of Edman degradation, defined as the ratio between the number of residues correctly 

identified and the total number of resides in the sequence, resulted to be 100% for ACP.1, 

ACP.3, and ACP.4, and 81% for ACP.2 (Figure 6.10, Supporting Information). The difference 

in sequence fidelity can be attributed to the different steric hindrance of the linearized sequence 

produced at the second Edman iteration. 

6.4.2 In Silico Evaluation of ACPs 

The structures of the trans and cis isomers of the various ACPs were evaluated via 

atomistic molecular dynamic (MD) simulations in explicit solvent [24]. Identifying the struc-

tures featuring absolute energy minima via classical MD simulations has been shown to be 

quite challenging for peptides and proteins hybridized with azobenzene and other isomerizable 

linkers. To overcome this issue, structural sampling has been introduced for exploring the en-

ergetic landscape of the various 3D configurations of peptide-azobenzene hybrids; [25] this 

approach evaluates the variation in free energy of the molecule along a reaction coordinate, 

such as a distance between reference amino acids or an average dihedral angle). 

The structures of the trans and cis isomers of ACP.1–4 and the VCAM-1 targeting cy-

cloAZOB[G-VHAKQHRN-K] (ACP.5,[23]) were obtained via atomistic MD simulations and 

analyzed to determine the values of equivalent gyration radius (Rg), solvent accessible area 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0010
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0010
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0023
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0024
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0025
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0023
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(Connolly surface, ASA), and root-mean-square deviation of the atomic positions (RMSD) be-

tween the cis and trans isomers (Table 6.2). The values of Rg—ranging between 9.87 and 12.34 

Å for the trans isomers and 10.49 and 11.51 Å for the cis isomers—compare well with the 

values of similar peptide–azobenzene hybrids in the literature [24, 25]. Notably, the values of 

cis-to-trans RMSD fluctuated between ≈1.91 and 4.42 Å, corresponding to a 16.4–42.4% shape 

shift upon isomerization. A major structural rearrangement is critical to the shift in protein-

binding affinity and is hence a key feature of the light-controlled biorecognition activity of 

ACPs.  

Most notably, subtle structural differences in cyclization geometry resulted in a diverse 

energy landscape among the investigated ACPs: the trans isomers of G-cycloAZOB[Dap-

VHPKQHR-Dap]-G (ACP.1) and G-cycloAZOB[Orn-VHPKQHR-Dap]-G (ACP.3) are more 

thermodynamically stable than their cis counterparts, with a remarkable difference of free en-

ergy (ΔEcis-trans) of 324.9 and 286.1 kJ mol−1; conversely, cycloAZOB[GVHAKQHRN-K*]-G 

(ACP.5) and G-cycloAZOB[Dab-VHPKQHR-Dap]-G (ACP.2) are more stable as cis isomers, 

with values of ΔEcis-trans shifted to −234.2 and −214.1 kJ mol−1; finally, the isomers of G-cyclo-

AZOB[Lys-VHPKQHR-Dap]-G (ACP.4) showed comparable energy (ΔEcis-trans ≈ 2.5 kJ mol−1). 

The trans-to-cis isomerization of the whole ACP cannot be completely described by the 

values of ΔEcis-trans due to the additional kinetics contribution by the azobenzene linker. While, 

in fact, either isomer of the whole ACP may be more stable, the trans isomer of the azobenzene 

linker is always thermodynamically favored; accordingly, a substantial fraction of the energy 

provided by the irradiated light is invested in overcoming the trans-to-cis energy barrier. 

Conversely, we hypothesize that ΔEcis-trans can be linked to the cis-to-trans isomeriza-

tion; by opposing a smaller cis-to-trans energy barrier, azobenzene ceases to be a determining 

component of ACP isomerization and the conformation-dependent energy difference of the 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-tbl-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0024
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0025
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whole ACP remains the main determining factor. This hypothesis seems supported by the spec-

troscopic evaluation of ACP photo-isomerization presented below. 

The selected isomer structures of ACPs were then docked in silico against the putative 

binding sites of VCAM-1 using HADDOCK v.2.4 [26]. A GSG spacer was appended on the 

C-terminus of the ACPs and marked as “inactive” toward VCAM-1 docking to constrain the 

orientation the ligands forming a complex with VCAM-1 in a manner that mimics the linkage 

of the ACP to the surface of the ChemMatrix beads [27]. The VCAM-1:ACP complexes were 

clustered and ranked using the MM-PBSA (dMM-PBSA) approach,[17] and the selected struc-

tures were refined by explicit-solvent atomistic MD simulations to evaluate the free energy of 

binding (ΔGb). Selected VCAM-1:ACP complexes and the corresponding values of binding 

energy (ΔGB,trans and ΔGB,cis) are reported in Figure 6.4. ACP.5 was identified as cis-ligand and 

selected for further evaluation in our microfluidic and spectroscopic devices. 

6.4.3 Microfluidic Device for Selection of Peptides with Light-Controlled Protein Binding 

The efficient evaluation and sorting of matrix-bound peptides, from individual beads to 

combinatorial libraries, is a key technology for the discovery and evaluation of bioactive com-

pounds. Numerous techniques have been developed for screening matrix-bound lig-

ands,[28] some having resulted in commercial devices for ligand and drug development 

[29]. These platforms, however, are not engineered for the identification of ligands whose bi-

orecognition activity can be induced on demand. 

We therefore sought to develop a technology for identifying or probing ligands that can 

be switched on-off on demand, rapidly, and remotely using a safe stimulus such as light (Fig-

ure 6.5). To this end, we developed a bead-sorting microfluidic device that captures and images 

individual ACP-ChemMatrix beads via fluorescence microscopy, and conducts real-time im-

age analysis to select light-controlled ligands. The device operates at the rate of up to 200 beads 

per hour—either in manual or fully automated fashion—and is amenable to screening focused 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0026
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0027
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0017
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0028
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0029
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0005
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solid-phase libraries or conducting comparative evaluations of light-controlled bioactive ingre-

dients immobilized on translucent particles (the screening process is detailed in the Experi-

mental Section). 

Prior to screening, the ACP-ChemMatrix beads are photo-isomerized into the binding 

configuration either cis or trans, and they are incubated with the fluorescently labeled target 

protein (Step 1). Screening can be done in either non-competitive or competitive conditions: in 

the former, the screening solution only comprises the labeled target protein in aqueous buffer; 

in the latter, the solution is prepared by spiking the labeled target protein in a mixture of com-

peting biomolecules collectively labeled with a second fluorescent dye. Following incubation, 

the beads are suspended in clean buffer to remove any unbound or loosely bound species and 

fed into the device. 

Once an ACP-ChemMatrix bead is in imaging chamber, the amount of bound labeled 

protein(s) is registered by quantifying three measures of fluorescence intensity, namely mean 

intensity, max intensity, and intensity halo (Step 2). The fluorescent patterns are correlated to 

the affinity and selectivity of the ACP:protein interaction to select or validate true affinity lig-

ands and reduce the risk of false positives. Bead imaging using two wavelengths—one for the 

fluorescent emission of the target protein and one for that of the competing biomolecules—

enables the identification of beads carrying ACPs with both affinity and selectivity for the pro-

tein target. Beads exhibiting no fluorescence (non-binding ACP), or the fluorescence indicative 

of the competing species (non-selective ACP) are discarded, whereas beads carrying only the 

fluorescence characteristic of the target protein are forwarded to the photo-switching and in-

terrogation stage (Step 3). Herein, the bead is exposed to light at selected wavelength to trigger 

the photo-isomerization of the ACPs. Subsequent images of the bead are collected at regular 

time intervals to monitor the release of the target protein from the ACPs and its diffusion out 

of the bead (i.e., elution), while a continuous flow of aqueous buffer (note: in this study, we 
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utilized phosphate-buffered saline (PBS) at pH of either 6.5 or 7.4) is maintained through the 

imaging chamber to flush the eluted protein and maintain a dark background. Based on the 

assigned fluorescence intensity thresholds the beads is sorted to either a collection receptacle 

or to waste by controlling on-chip valves and communicates it to the operator. 

To demonstrate this device, we validated ACP.5-ChemMatrix beads as model photo-

affinity adsorbents for VCAM-1, using VHPKQHR-ChemMatrix beads as positive control and 

native aminomethyl-ChemMatrix beads as negative control. The monitoring and photo-isom-

erization of ACP.5 was performed using a Spectra X LED light engine, which allows fluores-

cent imaging using a green or red illumination band (550/15 and 645/15 nm, respectively) and 

distinct cis-to-trans isomerization with a blue illumination band (440/20 nm). The ACP.5-

ChemMatrix beads were initially separated into two aliquots, one of which was equilibrated in 

the cis (VCAM-1 binding) isomer and the other to the trans (non-binding) isomer. Following 

the incubation with VCAM-1 labeled with Alexa Fluor 594 (AF594, red), the bead aliquots 

were washed, and suspended in a stirred reservoir, from which a steady flow of beads was 

withdrawn to be interrogated in the device. The on-chip pressure valves were oriented to trap 

a bead within the imaging chamber immediately upon entrance, to exclude the access of mul-

tiple beads. Following the acquisition of initial images to derive reference values of initial flu-

orescence intensity and distribution on every bead, irradiation with the blue illumination band 

was conducted for 300 s to induce the cis-to-trans isomerization with pauses to collect red flu-

orescence images. The release of AF594-VCAM-1 was monitored by quantifying the reduction 

in red fluorescence by collecting 5 subsequent bead images (0.5, 1, 2, 3, and 5 min), from which 

the values of mean fluorescence intensity were extracted and utilized to derive temporal pro-

files of VCAM-1% elution (Figure 6.6). 

The inherent polydispersity of the ChemMatrix resin resulted in a distribution of tem-

poral profiles of fluorescence intensity between different beads, despite all of them carrying 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0006
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ACP.5 at the same surface density (≈0.23 µmol·mL−1). Nonetheless, the device was capable of 

i) discriminating reliably between cis-ACP.5 beads versus trans-ACP.5 beads based on fluo-

rescence-based metrics; the former group, in fact, exhibited a substantially higher binding of 

AF594-VCAM-1 (intensity ≈0.05–0.1) compared to the latter group (intensity of 0.02–0.05) 

(Figure 6.13 A,B, Supporting Information). Furthermore, the device enabled real time quanti-

tative tracking of the decrease in fluorescence of the beads during photo-induced VCAM-1 

elution; specifically, when subjected to trans-inducing 440/20 nm irradiation, the ACP.5-

ChemMatrix beads showed a substantial decrease in fluorescence intensity, ranging between 

12 and 32%, over 5 min (Figure 6.6); conversely, the imaging of VHPKQHR-ChemMatrix 

beads—namely, the VCAM-1-targeting linear peptide ligand utilized as control—following 

their incubation with AF594-VCAM-1 (Figure 6.14, Supporting Information) showed only a 

minor decrease of intensity (<2%) throughout the 5 min of exposure to light. This demonstrates 

primarily the ability of the device to select or validate ligands with light-controlled biorecog-

nition; and secondarily that the loss of fluorescence by the ACP.5-ChemMatrix beads during 

the cis-to-trans photo-isomerization was not caused by the photobleaching of AF594, but re-

sulted solely from the elution of VCAM-1. 

These results collectively demonstrate the ability of the proposed device to rapidly eval-

uate on-bead fluorescence intensity and correlate it with the light-controlled binding and elu-

tion activity of the azobenzene-peptide hybrid carried thereupon. This, in turn, suggest that, in 

the context of screening of a combinatorial library, beads carrying sequences with robust light-

controlled biorecognition will be accurately selected; conversely, beads carrying inactive or 

non-responsive ligands can be reliably discarded. Accordingly, these data serve as a proof-of-

concept for the screening of combinatorial light-responsive peptide libraries. 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#support-information-section
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0006
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6.4.4 Measuring the Kinetics of ACP Photo-Isomerization and Light-Controlled Protein 

Elution 

Characterizing the kinetics of photo-isomerization is a critical step in evaluating photo-

affinity ligands. However, unlike azobenzene-peptide hybrids in solution, to which a consider-

able number of spectroscopy studies has been dedicated, [30] surface-bound azobenzene and 

azobenzene-based compounds have received much less attention; furthermore, most of the 

available literature on azobenzene isomerization on solid phase focuses on 2D systems—

namely, flat surfaces—rather than 3D systems where the photo-active compounds are conju-

gated onto the surface of the pores. The kinetics of photo-isomerization within translucent sub-

strates is made unique by the anisotropy of the material and the random orientation of the azo-

benzene-peptide hybrids conjugated therein, as well as the energy gradient resulting from the 

absorption and scattering of the irradiated beam by the substrate material and the hybrids. De-

spite these unavoidable non-idealities, measuring the kinetics of photo-isomerization in such 

anisotropic matrices is paramount toward implementing photo-affinity chromatography for the 

process-scale isolation, fractionation, or purification of labile biologics. 

To gather this data, we developed a spectroscopic system comprising a microfluidic 

measurement cell mounted on a 3D printed orientable sample holder and integrated with an 

absorbance spectrophotometer equipped with a filtered multi-wavelength light source (Fig-

ure 6.7). 

We utilized this system to characterize ACP.1–5 using light (λex = 305–390 nm and 

λex > 420 nm for trans-to-cis and cis-to-trans isomerization, respectively) at different intensities 

(10–100 mW·cm−2), evaluate the effect of the length of the amino acid linkers (Dap, Dab, Orn, 

and Lys in ACP.1–4, respectively), assess the impact of cyclization geometry (ACP.5) on the 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0030
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0007
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kinetics of photo-isomerization, and quantify the thermal stability of the cis isomers. The av-

erage incident irradiance was calculated by adjusting the beam power of the source and multi-

plying it by the ratio of light intensity allowed to pass through each respective filter. 

For each value of intensity, three consecutive cycles of trans-to-cis and cis-to-trans 

isomerization were performed, while monitoring the absorbance of the ACP-ChemMatrix 

beads at 420 nm; the latter was adopted as the measurement wavelength based on spectral scans 

of the ACP-ChemMatrix beads between 300 and 700 nm, which indicated that the highest dif-

ference in absorbance during photo-isomerization is observed at 420 nm (Figure 6.16, Support-

ing Information). The monitored wavelength is consistent with an absorption peak attributed 

to the cis-azobenzene moiety. The temporal profiles of absorbance were individually fit against 

a 1st order kinetic model to calculate the characteristic time of photo-isomerization τ (Figures 

6.17–6.22, Supporting Information; note: the data were amended by removing the values of 

absorbance collected during irradiation to maintain only the data collected while the excitation 

light beam was screened by the rotating light mask). 

The values of photo-isomerization rate κ (=1/τ) revealed a linear dependence upon the 

average irradiated light intensity for both trans-to-cis and cis-to-trans processes, as shown 

in Figure 6.8 A,B, respectively. As anticipated, the trans-to-cis transition is approximately 20-

fold slower than its cis-to-trans counterpart and tenfold slower than the trans-to-cis transition 

of free ACPs in solution measured in prior work [8]. If the trans-to-cis rate constants for ACP.5 

are normalized for the high absorbance in the 305–390 nm range (see details in ESI), then the 

kinetics of ACP-ChemMatrix are four times slower than free ACP in solution. This is likely a 

result of the ACP conjugation on ChemMatrix, as the PEG chains may sterically hinder the 

conformational switch and the high local density of ACPs on the pore surface increases the 

absorbance of the irradiated light by the peptide segment, thus reducing the energy available 

for photo-isomerization; the steric effect seems confirmed by the observation that the cis-to-

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0008
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trans process too is slower on solid phase than in liquid phase. Most notably, we observed that 

the experimental values of absorbance-corrected cis-to-trans isomerization rate κ correlate well 

to the difference of the in silico values of average energy of the cis versus trans isomers of the 

corresponding ACP (Figure 6.8). This correlation provides a means to engineer ACPs with 

desired photo-switching kinetics using in silico design and modeling. 

The evaluation of the thermal stability—conducted by monitoring the absorbance at 

420 nm of the ACP-ChemMatrix beads exposed to a flow of aqueous buffer at 37 °C —demon-

strated the ACPs can maintain their cis (binding) conformation for many hours (Figure 6.23, 

Supporting Information), thus avoiding any unwarranted isomerization before or during the 

protein adsorption step. 

We finally evaluated the ability of ACP.5-ChemMatrix resin to act as photo-affinity 

adsorbent for processing VCAM-1. To this end, we utilized the spectroscopic device in Fig-

ure6.7 to conduct a photo-affinity chromatographic process comprising i) an equilibration step, 

wherein the resin was packed into the measuring chamber, equilibrated with a binding buffer, 

and exposed to light (λex = 305–390 nm) to isomerize all ACP.5 ligands into their cis configu-

ration; ii) the adsorption step, wherein a solution of VCAM-1 was fed to the chamber and 

adsorbed by the cis-ACP.5-ChemMatrix beads; iii) the washing step by binding buffer to re-

move loosely bound species; iv) the elution step by inducing the cis-to-trans photo-isomeriza-

tion of the ACP.5 ligands using light at λex > 420 nm and allowing the VCAM-1 to be released; 

and v) a final washing step to clean the trans-ACP.5-ChemMatrix beads. This process mirrors 

the chromatographic purification of therapeutic proteins in the industry, exception made for the 

use of light as the elution trigger in lieu of a step change in pH or a gradient of ionic strength. 

This enables conducting the entire chromatographic process using only one buffer at constant 

flow rate, which is key to ensure the conformational stability, and hence the bioactivity, of the 

recovered product protein. 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0007
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The effluent collected in separate fractions was analyzed by enzyme-linked immuno-

sorbent assay (ELISA) to determine the temporal profile of VCAM-1 concentration throughout 

steps (i)–(v). The resulting photo-affinity chromatogram, presented in Figure 6.9, overlaps with 

the profiles of the absorbance signals recorded at 280 nm (VCAM-1) and 420 nm (cis config-

uration), demonstrating that protein binding and elution are coherent with the isomerization 

states of the ACP.5 ligand. Notably, we observed that the kinetics of cis-to-trans isomerization 

does not appear to depend on the complexation of ACP.5 with VCAM-1. As shown in Figure 

6.22, Supporting Information, in fact, an average κ of 2.1 min−1 was obtained upon exposure 

to light at the average intensity of 54 mW·cm−2 (Figure 6.22 C,D), which compares well with 

the κ of 2.1 min−1 measured for the free peptide (Figure 6.22 A,B) at the same intensity. The 

cumulative amount of VCAM-1 flown through the column during adsorption (4–7 min) indi-

cated that the binding capacity of ACP.5-ChemMatrix is ≈32.5 mg of VCAM-1 per gram resin, 

which is in line with dynamic binding capacities of comparable affinity resins [31]. The corre-

sponding amount collected during elution (9–11 min) indicated a yield of 78.3%. While ac-

ceptable, this value can be further improved by optimizing the adsorbent—specifically, the 

density of ACP ligands and the pore size of the ChemMatrix beads—as well as the elution 

step—focusing on the wavelength and dosage of the irradiation. Nonetheless, these results 

demonstrate the use of ACPs as ligands for the photo-affinity chromatographic processing of 

bioactive macromolecules. 

6.5 Conclusions  

This study presents a method for developing and characterizing photo-affinity adsor-

bents for processing labile biomolecules and biologics. The growing need of these products in 

research and clinical settings makes their isolation from complex sources an emerging issue in 

bioseparation research. Outside a narrow range of solution conditions (pH and composition), 

labile species undergo rapid degradation and loss of bioactivity. This belies the need to shift 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-fig-0009
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-bib-0031
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from traditional purification methods to a new paradigm. We propose a chromatographic tech-

nology, wherein target capture is affinity-based, to ensure efficient and selective capture, while 

target release is light-controlled, reducing processing steps and increasing yield. This technol-

ogy enables the entire chromatographic process to run on a single optimal aqueous solvent, 

thus combining high product bioactivity with process intensification. To this end, we propose 

the use of ACPs, which combine the excellent biorecognition activity of cyclic peptides with 

the rapid and efficient photo-switching of azobenzene. 

The proposed toolbox encompasses the entire pipeline of ACP-based photo-affinity ad-

sorbent development, from the modular design and characterization of ACPs using an in silico 

modeling package, to the evaluation of matrix-bound ACPs using microfluidic devices inte-

grated with fluorescence microscopy and absorbance photometry. This technology is tailored 

to evaluate ACPs within the context of translucent porous particles, which have been shown to 

determine substantially the performance of the photo-affinity process. If successful, the large-

scale application of photo-affinity chromatography will rely on these materials as substrates to 

develop light-controlled bioseparation processes. 

To demonstrate our technology, we focused on a case study using VCAM-1 as target 

protein, VHPKQHR as reference VCAM-1-targeting linear peptide, and a modular ACP archi-

tecture that enabled varying systematically the structure and the stability of the ACP trans and 

cis isomers. Our study returned four fundamental results. First, the modular architecture 

streamlines the in silico design and simulation of the ACPs. Second, the ratio of photo-isom-

erization rate of an ACP with assigned design and the corresponding value of light intensity 

was found to be related to the difference in free energy of the cis and trans isomers of the ACP 

as calculated in silico. This is a remarkable result, as it provides a direct strategy to control the 

characteristic time of the photo-affinity process at the fundamental stage of ACP design. Third, 

the photo-isomerization rate of the selected ACP ligand (cycloAZOB[GVHAKQHRN-K*]-G) is 
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not affected by protein binding. This is particularly important to ensure seamless translation of 

ACPs from the fundamental characterization to the application in a photo-affinity process. Fi-

nally, the validation of cycloAZOB[GVHAKQHRN-K*]-ChemMatrix as a photo-affinity adsor-

bent for light-controlled chromatography of VCAM-1 demonstrates the potential of photo-af-

finity processing toward the biopurification technology of the future. 

6.6 Supporting Information  

6.6.1 Correction of photo-isomerization rate constant for large absorbance 

The spectra of the investigated ACP-ChemMatrix beads showed a pronounced absorb-

ance in the excitation range (420 to 500 nm for cis-to-trans and 305 to 390 nm for trans-to-cis), 

which can be attributed to the absorption by the ChemMatrix beads, the peptide backbone, and 

the azobenzene moiety. Absorption of the excitation light by non-photoswitching moiety dom-

inates the spectra and directly affects the photokinetics by reducing the effective incident irra-

diance. To compare the photoisomerization kinetics (κ/I) across different ligands, a correction 

for excited light attenuation through the sample was applied. Absorption by the ACP-Chem-

Matrix beads creates an excitation intensity gradient across the sample thickness, described by 

Lambert’s Law (Equation 6.7.1): 

(6.7.1)                                             I (x) = I0 e
-ax 

where x is the normalized sample thickness from 0 to 1, and α is the normalized ab-

sorption coefficient. ACP-ChemMatrix beads were arranged into a tightly packed monolayer 

in the microfluidic cell, which was approximated as a thin film. In our experimental geometry 

the optical pathlength for excitation is approximately 1.7 times shorter than the measurement 

pathlength due to experimental orientation. Pathlength-corrected absorbance spectra was used 

to describe the gradient of the excitation light across the sample thickness. In the 1st order 

kinetics approximation, the temporal change in absorbance is related to the characteristic reac-

tion time constant, τ, by the Equation 6.7.2: 
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 (6.7.2)                                       ΔΑbs(t) = ΔΑbs0 e
-t/τ    

Using the linear dependence (Figure 6.8) of reaction rate constant (κ = τ-1 ) on irradi-

ance, I, the relationship for temporal change in absorbance can be expressed in terms of incident 

irradiance using Equation 6.7.3: 

(6.7.3)                                     ΔΑbs (t, I) = ΔΑbs0 e
-tβI   

where β is the photoisomerization kinetics constant (κ/I). By combining equations S1 

and S3, we can express the contribution to the change in absorbance along the sample thickness 

in Equation 6.7.4:  

(6.7.4)                                  ΔΑbs (t, x) = ΔΑb𝑠0𝑒−𝑡𝛽𝑒−𝛼𝑥   

where I0 is the incident excitation intensity. The measured signal is the sum of the ab-

sorbance changes across the entire sample pathlength; assuming uniform distribution of optical 

density along the sample measurement pathlength, the measured signal can be numerically 

calculated to determine the effect of excitation light attenuation on the fit of the characteristic 

time constant. For a fixed βI0, the effect of sample absorbance on temporal response is shown 

in Figure 6.24. With increasing light attenuation across the sample pathlength, the fit of the 

temporal response gives an increasing time constant, which overestimates the fundamental rate 

constant (obtained at α ≈ 0). 

Using the average absorbance of the ACP.1 – ACP.5 beads in the cis-to-trans excitation 

range, a correction factor for the effect of absorbance on the fundamental rate constant was 

calculated, as summarized in Table 6.3. The correction factor enables the comparison of rate 

constants for different peptide sequences. 

At large sample absorbance (≥1), the measured signal begins to deviate substantially 

from the first order exponential, as evident from numerical data in Figure 6.25 and experi-

mental results for trans-to-cis kinetics. Nevertheless, a correction factor for ACP.5 trans-to-cis 

rates is summarized in Table 6.11 for general comparison to the previous work. 
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6.7 Tables and Figures  

 

 

 

 

 

 

 

 

 

Figure 6.1 Structure of ACPs with different linker length (from Dap-Dap to Lys-Dap). 
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Figure 6.2 Structures of the trans and cis isomers of the ACPs listed in Table 2: A) G-cyclo-

AZOB[Dap-VHPKQHR-Dap]-G, B) G-cycloAZOB[Dab-VHPKQHR-Dap]-G, C) G-cyclo-

AZOB[Orn-VHPKQHR-Dap]-G, D) G-cycloAZOB[Lys-VHPKQHR-Dap]-G, and E) cyclo-

AZOB[GVHAKQHRN-K*]-G. 

 

 

 

 

 

 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.202101410#adfm202101410-tbl-0002
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Figure 6.3 Synthesis and resulting structure of the proposed ACP construct, wherein R1–Rn in-

dicates the protein-binding peptide segment (P1–Pn indicates the protecting groups) and n de-

notes the linking amino acids (i.e., Dap, Dab, Orn, or Lys). The sequence of ACP synthesis 

steps comprises: 1. conjugation of glycine; 2. conjugation of Mtt-protected X1; 3. elongation 

of the sequence; 4. deprotection of the peptide N-terminus; 5. conjugation of Alloc-protected 

X2; 6. conjugation of Boc-protected glycine; 7. deprotection of the Alloc group; 8. conjugation 

of azobenzene dicarboxyl chloride; 9. deprotection of the Mtt group; 10. peptide cyclization; 

11. removal of the protecting groups P1–Pn via acidolysis. 
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Figure 6.4 Structures of the complexes formed by VCAM-1 and the trans and cis isomers of 

A) G-cycloAZOB[Dap-VHPKQHR-Dap]-G, B) G-cycloAZOB[Dab-VHPKQHR-Dap]-G, C) 

G-cycloAZOB[Orn-VHPKQHR-Dap]-G, D) G-cycloAZOB[Lys-VHPKQHR-Dap]-G, and E) 

cycloAZOB[GVHAKQHRN-K*]-G, each with corresponding values of the VCAM-1-binding 

energies. 
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Figure 6.5 Selection and validation of photo-affinity ACP ligands using the bead-sorting de-

vice. Step 1: ACP-ChemMatrix beads are synthesized, exposed to UV light to obtain cis-ACPs, 

and incubated with a mixture of fluorescently labeled proteins; Step 2: selection or validation 

of target-binding ACPs by imaging the ACP-ChemMatrix bead in the microfluidic bead-sort-

ing device; Step 3: down-selection or validation of light-controlled biorecognition of the ACP 

by inducing cis-to-trans isomerization followed by temporal tracking of target release from the 

ACP-ChemMatrix bead. Finally, the beads identified or validated are sent for peptide sequenc-

ing via Edman degradation. 
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Figure 6.6 Mean fluorescence intensity (exc/em: 590/617 nm) of cyclo-

AZOB[GVHAKQHRN-K*]-G-ChemMatrix beads following adsorption of AF594-VCAM-1 

(t = 0 min) and during light-controlled elution: A) binding in cis and elution in trans (λex > 

420 nm; t = 0.5–5 min); B) binding in trans photobleaching control (λex > 420 nm; t = 0.5–

5 min). 
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Figure 6.7 Architecture of the spectroscopic device utilized to measure the kinetics of photo-

isomerization of ACPs conjugated on ChemMatrix beads at different values of intensity of 

irradiation and conduct photo-affinity capture and release of VCAM-1. 
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Figure 6.8 Values of A) trans-to-cis and B) cis-to-trans photo-isomerization rate (κ) of ACP.1–

5 obtained at different values of intensity of the irradiated light (I). C) Correlation of the ab-

sorbance-corrected κ/I ratio to the average difference of free energy of the cis versus trans 

isomers calculated in silico (ΔEcis-trans). 
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Figure 6.9 Photo-affinity chromatographic processing of VCAM-1 using ACP.5-

ChemMatrix beads: ◆, absorbance at 280 nm; ⬤, absorbance at 420 nm; ■, concentration of 

VCAM-1 as measured by ELISA. CV: column volume, that is, volume of the ACP-

ChemMatrix beads packed in the measurement cell. 
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6.7.1 Edman Sequencing of surface-bound ACPs 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 Process of Edman sequencing of ACPs as articulated in steps: 1. reacting phenyl 

isothiocyanate (PITC) with the glycine on the N-terminus of the peptide sequence; 2. cleavage 

of PTH-glycine; 3. - …: iterative PITC reaction with the subsequent amino acids, followed by 

cleavage and analysis of the PTH-amino acids; n. cleavage of the PTH-framing scaffold 



 

366 

 

 

Figure 6.11 Edman sequencing results of (A) ACP.1, (B) ACP.2, (C) ACP.3, and (D) ACP.4. 
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6.7.2 In silico structural and energy sampling of ACPs 

 

 

 

 

 

 

Figure 6.12 Structural comparison of the trans and cis isomers of ACPs (A) G-cyclo-

AZOB[Dap-VHPKQHR-Dap]-G, (B) G-cycloAZOB[Dab-VHPKQHR-Dap]-G, (C) G-cyclo-

AZOB[Orn-VHPKQHR-Dap]-G, (D) G-cycloAZOB[LysVHPKQHR-Dap]-G, and (E) cyclo-

AZOB[GVHAKQHRN-K*]-G. 
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6.7.3 Performance of the bead-sorting device 

 

Figure 6.13 Fluorescent images and values of Mean fluorescence intensity (MFA of repre-

sentative cycloAZOB[GVHPKQHRS-K]-G-ChemMatrix beads following adsorption of 

AF594-VCAM-1 (t = 0 min) and during lightcontrolled elution: (A) binding in cis and elution 

in trans (λtrans-cis = 305-390 nm; detection exc/em: 590/617 nm; t = 0.5 - 5 min); (B) binding 

in trans and elution in cis (λcis-trans > 420 nm; detection exc/em: 590/617 nm; t = 0.5 - 5 min) 
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Figure 6.14 Fluorescent images and values of Mean Fluorescence Absorbance (MFA; detec-

tion exc/em: 590/617 nm) of representative VHPKQHR-ChemMatrix beads following adsorp-

tion of AF594-VCAM-1. 
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6.7.4 Operation of the spectroscopic device to measure photo-isomerization kinetics and 

conduct photo-affinity chromatography of VCAM-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15 Absorption spectra of UV bandpass (λtrans-cis = 305-390 nm) and long pass (λcis-

trans > 420 nm) filters used with Dymax BlueWave 200 curing lamp for photo-isomerization. 
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Figure 6.16 UV-Vis spectra of the trans (blue) and cis (red) isomers of (A) ACP.1, (B) ACP.2, 

(C) ACP.3, (D) ACP.4, and (E) ACP.5 conjugated onChemMatrix beads; the insetsfocusing on 

the wavelength range of 400 - 450 nm indicate the highest difference in absorbance between 

the trans and cis isomers of the different ACPs is consistently obtained at 420 nm. (F) Absorb-

ance spectrum of aminomethyl-ChemMatrix beads. 
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Figure 6.17 Temporal profiles of absorbance at 420 nm collected during the trans-to-cis and 

cis-to-trans photo-isomerization of G-cycloAZOB[Dap-VHPKQHR-Dap]-G (ACP.1) conju-

gated on ChemMatrix beads at (A) 26.1/77.1 mW/cm2 , (B) 21.7/64.1 mW/cm2 , (C) 17.3/51.2 

mW/cm2 , and (D) 13.0/38.2 W/cm2 . The data were fitted against a 1st order kinetic function 

to calculate the characteristic time of photo-isomerization τ (indicated in the boxes on the left 

of each curve); the data points collected during exposure to irradiant light (red dots) were ex-

cluded from the fittings. 
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Figure 6.18 Temporal profiles of absorbance at 420 nm collected during the trans-to-cis and 

cis-to-trans photo-isomerization of G-cycloAZOB[Dab-VHPKQHR-Dap]-G (ACP.2) conju-

gated on ChemMatrix beads at (A) 30.0/88.5 mW/cm2 , (B) 25.4/75.1 mW/cm2 , (C) 20.9/61.7 

mW/cm2 , and (D) 16.1/47.3 mW/cm2 . The data were fitted against a 1st order kinetic function 

to calculate the characteristic time of photo-isomerization τ (indicated in the boxes on the left 

of each curve); the data points collected during exposure to irradiant light (red dots) were ex-

cluded from the fittings. 
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Figure 6.19 Temporal profiles of absorbance at 420 nm collected during the trans-to-cis and 

cis-to-trans photo-isomerization of G-cycloAZOB[Orn-VHPKQHR-Dap]-G (ACP.3) 

conjugated on ChemMatrix beads at (A) 30.7/90.1mW/cm2 , (B) 26.3/77.7 mW/cm2 , (C) 

22.0/64.8 mW/cm2 , and (D) 17.6/51.8 W/cm2 . The data were fitted against a 1st order kinetic 

function to calculate the characteristic time of photo-isomerization τ (indicated in the boxes on 

the left of each curve); the data points collected during exposure to irradiant light (red dots) 

were excluded from the fittings. 
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Figure 6.20 Temporal profiles of absorbance at 420 nm collected during the trans-to-cis and 

cis-to-trans photo-isomerization of G-cycloAZOB[Lys-VHPKQHR-Dap]-G (ACP.4) conju-

gated on ChemMatrix beads at (A) 23.7/69.8 mW/cm2 , (B) 19.5/57.5 mW/cm2 , (C) 14.5/42.9 

mW/cm2 , and (D) 9.9/29.1 mW/cm2 . The data were fitted against a 1st order kinetic function 

to calculate the characteristic time of photo-isomerization τ (indicated in the boxes on the left 

of each curve); the data points collected during exposure to irradiant light (red dots) were ex-

cluded from the fittings. 
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Figure 6.21 Temporal profiles of absorbance at 420 nm collected during the cis-to-trans photo-

isomerization of G-cycloAZOB[G-VHAKQHRN-K*]-G (ACP.5) conjugated on ChemMatrix 

beads at (A) 85.3mW/cm2, (B) 71.8 mW/cm2, (C) 59.9 mW/cm2, and (D) 52.8 mW/cm2. The 

data were fitted against a 1st order kinetic function to calculate the characteristic time of photo-

isomerization τ (indicated in the boxes on the left of each curve); the data points collected 

during exposure to irradiant light (red dots) were excluded from the fittings. 
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Figure 6.22 Temporal profiles of absorbance at 280 nm and 420 nm collected during the cis-

to-trans photo-isomerization of G-cycloAZOB[G-VHAKQHRN-K*]-G (ACP.5) conjugated 

on ChemMatrix beads (A, B) before and (C, D) after binding of VCAM-1. The data at 280 nm 

and 420 nm were respectively fitted against a linear function and a 1st order kinetic function to 

calculate the characteristic time of photo-isomerization τ (indicated in the boxes on the left of 

each curve); the data points collected during exposure to irradiant light (red dots) were ex-

cluded from the fittings. 
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6.7.5 Thermal stability of the ChemMatrix-bound ACPs 

 

Figure 6.23 Values of absorbance at 420 nm of ACP-ChemMatrix beads exposed to a contin-

uous flow of PBS at 37oC. 
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Figure 6.24 Numerical temporal profile of absorbance during isomerization with increasing 

attenuation of the excitation light by the sample. 
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Figure 6.25 Numerical temporal profile of absorbance during isomerization with large attenu-

ation of the excitation light by the sample. For large absorbance, the measured signal deviates 

from an exponential. 
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Table 6.1 Measurement of average irradiation intensity and corresponding photo-isomeriza-

tion (trans-to-cis vs cis-to-trans) times. 
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Table 6.2 Average values of gyration radius (Rg), RMSD of the atomic positions, and sol-

vent-accessible area of the trans and cis isomers of G-cycloAZOB[Dap-VHPKQHR-Dap]-G, 

G-cycloAZOB[Dab-VHPKQHR-Dap]-G, G-cycloAZOB[Orn-VHPKQHR-Dap]-G, G-cyclo-

AZOB[Lys-VHPKQHR-Dap]-G, and cycloAZOB[GVHAKQHRN-K*]-G obtained from at-

omistic MD simulations. 
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Table 6.3 Correction factors for cis-to-trans reaction rates.  
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Table 6.4 Numerical temporal profile of absorbance during isomerization with large attenua-

tion of the excitation light by the sample. For large absorbance, the measured signal deviates 

from an exponential. 
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7.1 Abstract 

The demand for labile protein therapeutics in clinical research and practice poses an 

urgent need for innovative separation technologies that utilize benign stimuli to control prod-

uct’s adsorption and release. Responding to this challenge, we implemented a device developed 

by our group for tailoring protein-binding peptides to develop azobenzene-cyclic peptide 

(ACP) ligands with light-controlled biorecognition for the purification of blood coagulation 

Factor VIII (FVIII) via photo-affinity chromatography. Following the discovery of candidate 

FVIII-targeting sequences, the structure of the ACPs was evolved to ensure photoisomerization 

kinetics that are conducive to efficient product recovery. The lead ACPs were evaluated in 

silico to evaluate the binding site and the energy of the cis/trans photo-isomers, and subse-

quently in vitro to select a mobile phase that ensures high FVIII recovery and bioactivity. High 

binding capacity (> 10 mg of FVIII per mL of resin) and rapid kinetics of elution photo-isom-

erization (κ ~ 6 min-1 at the light intensity of 0.1 W·cm-2) were achieved by conjugating ACP 

G-cycloAZOB[Lys-YYKHLYN-Lys]-G on translucent chromatographic beads. Purification of 

FVIII from a mammalian cell culture supernatant using photo-affinity chromatography was 

demonstrated with >94% yield. 

7.2 Introduction 

Affinity chromatography has become the industrial standard for the purification of bi-

ological therapeutics, enabling the isolation and concentration of proteins and other complex 

species for treating life-threatening diseases [1-3]. Over the past four decades, the field of chro-

matographic separations has been transformed by the evolution of chromatographic substrates 

and the design of affinity ligands – aimed at reducing the cost of purification and improving 

product quality [4-5]. Current methods in affinity chromatography rely on using multiple mo-

bile phases with different composition, concentration, and pH to control the binding and release 

of the target protein [6-7]. While adequate for purifying resistant biologics, such as monoclonal 
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antibodies, these conditions are not suitable for “labile” products, such as blood factors and 

therapeutic enzymes, which are stable in narrow intervals of ionic strength, pH, and tempera-

ture [8-9]. Ideally, the purification of these biologics requires ligands whose biorecognition 

activity can be controlled using benign external stimuli, thereby enabling the entire chromato-

graphic process to be performed under a constant mobile phase that ensures the stability and 

bioactivity of the product. 

Responding to this challenge, in recent work we have developed azobenzene-cyclic 

peptides (ACPs), whose configuration and biorecognition activity are reversibly regulated by 

the exposure to light at a specific wavelength [10-11]. To tailor ACPs into ligands for the pu-

rification of target biologics via photo-affinity chromatography, in prior work we developed (i) 

a microfluidic device for high-throughput screening of libraries of ACPs synthesized on trans-

lucent chromatographic beads; (ii) a spectroscopic device to evaluate the kinetics of photo-

isomerization and conduct small-scale photo-affinity chromatographic purification of proteins 

from complex media; (iii) a molecular architecture enabling ligand evolution to modulate 

photo-switching kinetics;  and (iv) an in silico method combining molecular docking and dy-

namics simulation to study the binding site and mechanisms of ACP photo-isomers onto a tar-

get protein  [10, 12-13]. In this study, we implemented this toolbox to develop ACP ligands for 

the purification of blood coagulation Factor VIII (FVIII) from recombinant sources. 

Human FVIII, whether derived from plasma or produced recombinantly, is clinically 

established for the episodic and prophylactic treatment of uncontrolled bleeding of patients 

with hemophilia A [14-15]. Recombinant FVIII (rFVIII) has been extensively demonstrated to 

be safe and effective in the treatment of this disease and has been preferred in some cases due 

to decreased risk of transmission of blood-borne pathogens. Commercial manufacturing of 

rFVIII has historically relied upon a combination of immuno-affinity chromatography using 

anti-FVIII antibodies and ion exchange chromatography [16-20]. Recent advances in affinity 
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adsorbents enabled the elution of rFVIII under mild conditions. For example, an adsorbent 

functionalized with a camelid single domain antibody targeting the B-domain depleted rFVIII, 

now commercialized as VIIISelect by Cytiva [21], enables high product yield and purity with 

elution buffers formulated with polypropylene glycol and arginine. While demonstrated at the 

large scale, this adsorbent presents concerns of safety and high-cost related to protein ligands 

[22], and inability to process full-length rFVIII products; notably, the B-domain depleted 

rFVIII, while more stable than its full length counterpart, presents higher breakthrough bleed-

ing under prophylaxis [23] and increases the risk of immunogenicity in patients [24]. To realize 

the purification of whole rFVIII, several synthetic affinity ligands have been developed [25-

28]. Notable among them, a protease-resistant peptide mimetic recently developed by Knor et 

al. enables adsorption using a buffer at low salt concentration and elution at high salt concen-

tration. The sharp variation in salt concentration during chromatography, however, is not well 

suited for rFVIII, whose integrity relies on non-covalent interactions between its heavy and 

light chains [29]. 

The rFVIII-targeting ACP ligands developed in this work can obviate these limitations. 

Using light at defined wavelengths as an ON/OFF switch of the binding activity of the photo-

affinity adsorbent, in fact, enables the use of a single mobile phase throughout the entire chro-

matographic process – namely, rFVIII adsorption, washing, and release – which safeguards 

product stability and bioactivity. Candidate rFVIII-binding binders were initially discovered 

by screening a designed ensemble of ACPs operator-assigned conditions (i.e., mobile phase, 

binding and elution isomers, photo-isomerization light intensity and wavelength). Structural 

maturation of the selected leads and finalization of the mobile phase were performed in a con-

certed in silico (molecular dockings and dynamics simulations) and in vitro (spectroscopic 

measurement of photo-isomerization kinetics) effort. A photo-affinity adsorbent prepared by 

conjugating ACP G-cycloAZOB[Lys-YYKHLYN-Lys]-G on translucent chromatographic resin 
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featured a high binding capacity and excellent purification of rFVIII from a mammalian cell 

culture supernatant, demonstrating the feasibility of the proposed technology for the production 

of small-prep protein samples with high activity. 

7.3 Experimental Section 

7.3.1 Materials 

Alexa Fluor 488 (AF488) and NHS-Alexa Fluor 594 (NHS-AF594), N,N ’-dimethyl-

formamide (DMF), dichloromethane (DCM), HPLC-grade acetonitrile, HPLC-grade water, 

HPLC-grade dimethylsulfoxide (DMSO), hydrochloric acid, sodium chloride, sodium hydrox-

ide, and calcium chloride were obtained from ThermoFisher Scientific (Waltham, MA). 

Fmoc/tBu-protected amino acids, hexafluorophosphate azabenzotriazole tetramethyl uronium 

(HATU), hexafluorophosphate chlorobenzotriazole tetramethyl uronium (HCTU),  sodium di-

ethyldithiocarbamate trihydrate, palladium tetrakis(triphenylphosphine) (Pd(PPh3)4), diisopro-

pylethylamine (DIPEA), N-methyl-2-pyrrolidone (NMP), piperidine, trifluoroacetic acid 

(TFA), were purchased from ChemImpex Inc. (Wood Dale, IL). Nitrogen gas was obtained 

from Airgas National Welders (Raleigh, NC). Azobenzene-4,4′-dicarbonyl dichloride, triethyl-

amine (TEA), triisopropylsilane (TIPS), Tween 20, sodium hydroxide, HEPES, phosphate-

buffered saline (PBS) pH 7.4, and a Kaiser test kit were from MilliporeSigma (St. Louis, MO). 

Aminomethyl ChemMatrix and HMBA-ChemMatrix (HMBA:, loading: 0.6 mmol amine per 

g resin) resins were sourced from PCAS Biomatrix, Inc. (Saint-Jean-sur-Richelieu, Quebec, 

Canada). Human Factor VIII was from CreativeBioMart (Shirley, NY). Silicon wafers were 

from University Wafers (Boston, MA). The SU-8 2150 epoxy-based photoresist and the SU-8 

Developer were obtained from MicroChem (Round Rock, TX). Dow SYLGARD™ 184 Sili-

cone Encapsulant Clear Kit was obtained from Ellsworth Adhesives (Germantown, WI). 
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7.3.2 Synthesis of a library of 7-mer ACPs on ChemMatrix beads 

The linear combinatorial 7-mer peptide G-Dap(Alloc)-X1-X2-X3-X4-X5-X6-X7-

Dap(Mtt)-G, flanked by glycine (G) and Nγ-Mtt diaminopropionic acid (Dap) on the N-termi-

nus and Nγ-Alloc Dap and G on the C-terminus, was initially synthesized on 1 g of HMBA-

ChemMatrix resin (loading: 0.6 mmol amine per g resin) as described in [10]. All steps of 

amino acid conjugation and Fmoc deprotection were performed using a Syro I peptide synthe-

sizer (Biotage, Uppsala, Sweden). Briefly, each amino acid coupling step was performed at 

50˚C for 20 min using 5 equivalents (eq.) of amino acid dissolved in dry DMF at a concentra-

tion of 0.5 M, 5 eq. of HATU in DMF at 0.5 M (HCTU was used for Dap coupling only), and 

6 eq. of DIPEA in NMP at 0.5 M. A Kaiser test was performed after each amino acid coupling 

step to ensure complete conjugation. Fmoc deprotection was performed at room temperature 

using 5 mL of 20% piperidine in DMF. The combinatorial portion of the library (X1-X7) was 

produced using the “divide-couple-recombine” technique [30-31] using the following 

Fmoc/tBu-protected amino acids: Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-Leu-OH, Fmoc-

Glu(OtBu)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Lys-OH and Fmoc-Ser(tBu)-

OH. The cyclization of the library peptides using the azobenzene linker was then performed as 

described in [10-11]. Briefly, Alloc deprotection was initially performed using 5 eq. Pd(PPh3)4 

at 3 mM in a 7:1 (v/v) solution of DCM:TIPS for 5 min at 40ºC under microwave heating and 

mixing. Following copious rinsing with DMF, DCM, 0.5% w/w solution of sodium diethyl-

dithiocarbamate in DMF, and DMF, the resin was incubated with 5 eq. of a 50 mM solution of 

azobenzene-4,4’-dicarbonyl dichloride in 1:19 (v/v) anhydrous TEA:DMF for 3 hrs at room 

temperature, in dark and under mild agitation. Following copious rinsing with DMF, water, 

DMF, DCM, and DMF, the Mtt group was removed from C-terminal Dap using a cleavage 

cocktail of TFA/TIPS/DCM (2/6/92) for 15 min at room temperature, under mild agitation. 
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Following rinsing with DCM, DMF, peptide cyclization was performed by incubating the li-

brary beads with a solution of HATU (5 eq.) and DIPEA (10 eq.) at 0.5 M in dry NMP for 10 

min at 70ºC; the resins were washed with DMF, and the completion of the cyclization reaction 

was confirmed by Kaiser test. The peptides were then deprotected by acidolysis using a cleav-

age cocktail of TFA/TIPS/H2O (95/2.5/2.5) for 3 hrs at room temperature, in dark and under 

mild agitation. The resins were then washed with DCM, DMF, and stored in 20% v/v aqueous 

methanol at 4ºC. 

7.3.3 Fluorescent labeling of the α-domain of rFVIII, full-length rFVIII, and CHO host 

cell proteins 

The α-domain of rFVIII (α-rFVIII, 17 kDa) and full-length rFVIII were separately la-

beled with Alexafluor 594 (AF594, red), whereas the host cell proteins (HCP) present in a 

clarified CHO-S cell culture fluid were collectively labeled with Alexafluor 488 (AF488, 

green). Each fluorescent dyes was initially dissolved in DMSO at a concentration of 10 mg·mL-

1. A volume of 2 μL of AF594 solution was added to 100 μL of a solution of either α-rFVIII 

or rFVIII at 1 mg·mL-1 in PBS pH 7.4, whereas a volume of 1.3 μL of AF488 solution was 

added to 50 μL of CHO HCP solution at 1.3 mg·mL-1. The labeling reactions were allowed to 

proceed for 1 hour at room temperature, under dark and gentle agitation. The unreacted dyes 

were removed using 0.5 mL Zeba™ Dye and Biotin Removal Spin Columns (ThermoFisher 

Scientific, Waltham, MA).  

7.3.4 Dual-fluorescence screening of the ACP library against rFVIII 

 The library of 7-mer ACPs was screened using a bead-sorting microfluidic device with 

a screening solution of AF488-labeled CHO HCPs at 1.0 mg·mL-1 spiked with AF594-labeled 

α-rFVIII at 0.10 mg·mL-1. An aliquot of 10 μL of library beads were initially rinsed with 

0.10% v/v Tween 20 in PBS at pH 7.4, and exposed to UV light (λex = 305-390 nm) at the 

intensity of ~ 60 mW·cm-2 for 10 mins at room temperature to equilibrate all library ACPs in 
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the cis photo-isomer. The library beads were then incubated with 50 μL of screening solution 

for 2 hours at room temperature and under dark, rinsed with 0.10% v/v Tween 20 in PBS, and 

sorted using the microfluidic library screening device described in [10, 12]. Beads displaying 

strong red-only fluorescence (both halo and non-halo patterns) were selected, incubated with 

100 μL of 0.1 M glycine buffer pH 2.5 for 1hr at room temperature and under dark to elute the 

bound AF594-labeled rFVIII, rinsed with Milli-Q water and acetonitrile. Finally, the selected 

beads were analyzed via Edman degradation using a PPSQ-33A protein sequencer (Shimadzu, 

Kyoto, Japan) to sequence the peptides displayed thereupon using G-Dap-X1-X2-X3-X4-X5-

X6-X7-Dap-G as sequence framework as described in [10]. 

7.3.5 Secondary screening of lead ACPs 

ACPs selected from library screening were synthesized on 50 mg of aminomethyl-

ChemMatrix resin. The resulting beads were rinsed with 0.10% v/v Tween 20 in HEPES, ex-

posed to UV light (λex = 305-390 nm) at ~60 mW·cm-2 for 10 mins at room temperature to 

equilibrate the ACPs to the cis photo-isomer, and incubated with 50 μL of a solution of AF594-

labeled rFVIII at 0.3 mg·mL-1 in AF488-labeled CHO HCPs at 0.2 mg·mL-1. 30 cis beads per 

ACP were then fed to the microfluidic screening device and imaged in both red (ex/em: 

590/617 nm) and green (ex/em: 490/525 nm) channels. The remaining beads were exposed to 

visible light (λex = 420-450 nm) at ~220 mW·cm-2 for 2 mins at room temperature to trigger 

the cis-to-trans photo-isomerization of the ACPs (note: photo-isomerization is expected to trig-

ger the elution of bound rFVIII). 30 transbeads per ACP were then fed to the microfluidic 

screening device and imaged in both red and green channels. The images of the cis-ACP and 

trans-ACP beads were analyzed using a custom MATLAB algorithm that determines the loca-

tion of the pixels in the image, and measures and stores the values of brightness of each of the 

pixels. Using these data, the algorithm returns the values in the 90th percentile of the brightest 

pixels and calculates the values of average and standard deviation of intensity of the pixels that 
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exceed the 90th percentile. The averaged value serves as the primary indicator of the fluores-

cence intensity of the bead displaying either cis-ACP or trans-ACP. 

7.3.6 In silico evaluation of ACPs as free and FVIII-bound photo-isomers 

The cis or trans isomers of the ACPs listed in Section 2.3 were constructed using the 

molecular editor Avogadro [32]. The equilibration and production steps were performed in 

GROMACS using the GROMOS 43a1 force field, using the parameters for the azobenzene 

linker obtained by Nguyen et al. [33-35]. Briefly, every ACP photo-isomer was initially placed 

in a simulation box with periodic boundary and containing 800 water molecules (TIP3P 

model), and equilibrated with 10,000 steps of steepest gradient descent; the ACP was then 

heated to 300 K in an NVT ensemble for 250 ps with 1 fs time steps, and equilibrated to 1 atm 

with a 500-ps NPT simulation with 2 fs time steps. The production runs were performed in the 

NPT ensemble at T = 300 K and P = 1 atm using the Nosé-Hoover thermostat and the Parri-

nello-Rahman barostat, respectively [36-37]. The leap-frog algorithm was used to integrate the 

equations of motion, with integration steps of 2 fs, and the atomic coordinates were saved every 

2 ps. All covalent bonds were constrained using the LINCS algorithm [30], the short‐range 

electrostatic and Lennard-Jones interactions were calculated using cut-off values of 1.0 nm and 

1.4 nm, and the particle-mesh Ewald method was utilized for long-range electrostatic interac-

tions [38]; the list non-bonded interactions was updated every 5 fs using a cutoff of 1.4 nm. 

The conformational space of the trans and cis isomers of the ACPs was then sampled by starting 

with the structures obtained from the molecular dynamics simulations. Briefly, the distance 

between the terminal glycine residues was varied within a range of 0.5 nm to 1.5 nm, divided 

in 20 windows of 0.05 nm each, by applying a harmonic biasing potential with a force constant 

of 2000 kJ/mol/nm2; the elongated structure was then simulated for up to 500 ns while tracking 

the variation in potential of mean force (PMF). 
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The crystal structure of human FVIII (PDB ID: 3CDZ, [39-40]) was prepared using 

Protein Prep Wizard (PPW, Schrödinger, New York, NY) [41] by correcting missing atoms 

and/or side chains (PRIME), removing salts and ligands, adding explicit hydrogens, and opti-

mizing the hydrogen-bonding network; the ionization state at pH 7.4 and minimization of the 

protein structure were finally performed using PROPKA [42-43]. The adjusted structure was 

then analyzed using SiteMap to identify sites for ACP binding [44-46], and the sites with high 

S-score (> 0.8) and D-score (> 0.9) were selected for ACP docking. 

Finally, the ACP isomers corresponding to the absolute energy minima were docked in 

silico against the putative binding sites on human FVIII (PDB ID: 3CDZ) using the docking 

software HADDOCK (High Ambiguity Driven Protein-Protein Docking, v.2.4) [47-48]. The 

residues on the selected binding sites of FVIII and the X1-X2-X3-X4-X5-X6-X7 residues on 

the ACPs were marked as “active”, and the surrounding residues were marked as “passive”. 

The docked FVIII:ACP structures were grouped in clusters of up to 20 complexes based on Cα 

RMSD < 7.5 Å and ranked using the dMM-PBSA score [49]. Finally, the top VCAM:trans/cis-

ACP complexes were refined via 100-ns atomistic MD simulations and evaluated to estimate 

the free energy of binding (ΔGB). 

7.3.7 Measurements of photo-isomerization kinetics of ACPs on ChemMatrix beads 

The spectroscopic device was assembled as described in [10], which comprised (i) a 

PDMS measurement cell that hosts 5 μL of ACP-ChemMatrix beads, and maintain them hy-

drated and thermostatted through a steady flow of aqueous buffer; (ii) a rotating light mask that 

alternates the exposure of the beads to either the photo-isomerization excitation beam or the 

measurement beam from the spectrophotometer; and (iii) a custom holder that orients the meas-

urement cell to maximize the exposure of the sample to the excitation beam and ensure ample 

sampling of the ACP-ChemMatrix beads. The holder was installed in a Cary 60 spectropho-

tometer (Agilent, Santa Clara, CA) to maintain a 60º angle with respect to the measurement 
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light beam for UV-Vis spectroscopy and a 30º angle with respect to the light beam generated 

by the BlueWave 200 lamp (Dymax, Torrington, CT) for excitation. A UV bandpass filter 

(BP305-390, Thorlabs, Newton, NJ) was used for trans-to-cis isomerization, whereas a 420 nm 

longpass (LP420, Edmund Optics, Barrington, NJ) filter was used for cis-to-trans isomeriza-

tion. The intensity of the  incident light to induce photoisomerization was calculated by meas-

uring the output power using an Accu-Cal 50 radiometer (Dymax, Torrington, CT). The kinet-

ics of trans-to-cis and cis-to-trans photo-isomerization were measured by monitoring the ab-

sorption at 440 nm, which corresponds to the absorption by the cis moiety; the absorption at 

600 nm was also monitored to detect disturbances during the measurements caused by mechan-

ical perturbations. All measurements were performed in triplicate using the “kinetics” function 

of the Cary 60 instrument at the speed of acquisition of 30 readings per minute. During the 

photo-kinetic measurements, a steady flow of 0.1 mL·min-1 of 0.1 M HEPES buffer at pH 7.4 

with 0.1 M NaCl, 5 mM CaCl2, and 0.01% v/v Tween20 was maintained through the measure-

ment chamber to keep the beads at constant temperature and hydrated. The kinetics of the cis-

to-trans isomerization were of primary interest as their stimulus (λex >420 nm) is biologically 

compatible. Therefore, to ensure that the photo-isomerization was consistent across measure-

ments, the beads were exposed to the light source filtered by the UV bandpass at max intensity 

for 20 mins. The values of average irradiation intensity and measurement times are listed in 

Table 7.1. 

The spectroscopic data were initially cured by maintaining only the data collected while 

the excitation light beam was screened by the rotating light mask. The temporal profiles of 

absorbance were fit against the 1st order kinetic Equation 1. 

Equation 1    𝐴𝑏𝑠420𝑛𝑚 = (𝐴 − 𝐵)𝑒−
𝑥−𝑥𝑜

𝜏 + 𝐶 
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Wherein A, B, and C arefitting parameters, x and xo are respectively the actual and 

initial times of measurement, Abs420nm is the value of absorbance of the beads packed in the 

measurement cell at time x, τ is the characteristic time constant of photo-isomerization. 

7.3.8 Photo-affinity purification of rFVIII from CHO cell culture harvest 

A clarified CHO-S cell culture supernatant and rFVIII were initially buffer-exchanged 

into Binding Buffer (0.1M HEPES buffer at pH 7.4 added with 5 mM CaCl2 and 0.10% v/v 

Tween20) using Amicon™ Ultra centrifugal filters with 3 kDa MWCO (MilliporeSigma, Bur-

lington, MA). The feedstock for all photo-chromatography runs was then prepared as a solution 

of rFVIII at 70 IU·mL-1 in CHO fluid with HCP titer of 0.25 mg·mL-1. A volume of 5 μL of 

G-cycloAZOB[Lys-YYKHLYN-Lys]-G-ChemMatrix were loaded in the measurement cell, 

equilibrated with Binding Buffer at the flow rate of 0.1 mL·mL-1, and exposed to UV light 

(λex = 305-390 nm) for 20 mins to induce photo-isomerization of all ACPs to the cis confor-

mation. Upon reaching a steady absorbance at 280 nm, 440 nm, and 600 nm, a volume of 20 

μL of feedstock was injected into the measurement cell at the flow rate of 0.1 mL·mL-1, at 

which point the collection of the effluent in 50 μL fraction begun. Following the loading, the 

ACP-ChemMatrix beads were washed in Binding Buffer for 2 mins, and exposed to visible 

light (λex = 420-450 nm) for 3 mins to trigger the cis-to-trans photoisomerization. The effluent 

was collected for the subsequent 1 min, until UV absorbance at 280 nm regained the baseline 

value. The collected fractions were analyzed via CHO HCP-specific and rFVIII-specific 

ELISA kits, following the manufacturer’s instructions, to calculate the values of HCP and 

rFVIII concentration in the chromatographic fractions. These values were ultimately utilized 

to calculate rFVIII yield and purity. 
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7.4 Results and discussion 

7.4.1. Design and selection of a FVIII-targeting ensemble of ACPs 

Human Factor VIII (FVIII) is a large glycoprotein (2332 amino acids, 330 kDa) 

comprising six domains, namely A1-A2-B-A3-C1-C2 [50-53]. Domains A1, A2, and part of 

the B domain form the heavy chain (HC), which, together with Factor IXa, contributes to the 

activation of Factor X (intrinsic pathway) [54]; this in turn triggers the conversion of 

prothrombin and fibrinogen, leading to the formation of a fibrin clot (final common pathway) 

[55]. Domains A3, C1, and C2 form the light chain (LC), which contains the binding site of 

FVIII to the plasma membrane of endothelial cells. The LC and HC are linked by divalent 

metal cations (Ca2+ and Mg2+) into a non-covalent heterodimer [56-57]. In the coagulation 

cascade, thrombin cleaves the B domain and separates the A2 and A1 domains of FVIII, thus 

producing an hetero-trimer of A1 and A2 domains and the LC known as “activated FVIII” 

(FVIIIa) [58]: the A1 domain contain a Ca2+ binding site required for cofactor activity, while 

the A2 domain contains the Factor IXa-binding sites and is linked noncovalently to the A1 

domain by weak hydrophobic and electrostatic interactions [19], [59-60]. 

Relevantly to this work, the A1 domain features a large surface area and does not 

entertain biomolecular interactions with other protein members of the coagulation cascade [61]. 

This makes A1 domain an ideal target site to affinity ligands for the purification of FVIII-

related products, such as full rFVIII, FVIIIa, and B-domain deleted rFVIII (BDDrFVIII). We 

therefore performed an in silico “druggability” study of the A1 surface (PDB ID: 3CDZ, [39-

40]) using SiteMap [44-45] and identified 4 putative pockets, of which 3 presented the 

appropriate morphological features (i.e., pocket depth (PD), solvent-accessible surface area 

(SASA), and pocket volume (PV)) and biophysical properties (i.e., isoelectric point (pI), 

polarity, and grand average hydropathy (GRAVY) index) to harbor peptide ligands; the 
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structure and properties of the selected binding sites are reported in Figure 7.9A and Table 7.3, 

respectively. 

The analysis of the target binding sites informed the design of an ensemble of ACPs 

tailored to target FVIII-A1 domain: the framework G-cycloAZOB[Dap-X1X2X3X4X5X6X7-

Dap]-G features  a sidechain-to-sidechain cyclic structure framing 7 variable positions (X1-

X7) and features a hydrodynamic radius of 11 - 17 Å (Figure 7.10 B). The length of seven 

amino acids has been chosen as it offers a balance between binding strength and selectivity, 

and cost. The 7 combinatorial positions Xi were randomized using amino acids selected to form 

a network of different non-covalent interactions with the selected putative binding pockets, 

namely asparagine (Asn, N), glutamic acid (Glu, E), glycine (Gly, G), histidine (His, H), 

leucine (Leu, L), lysine (Lys, K), serine (Ser, S), and tyrosine (Tyr, Y). The ACPs were 

synthesized on ChemMatrix beads via Fmoc/tBu-based chemistry following the “split-couple-

and-recombine” technique described by Lam et al. [62]. The use of ChemMatrix as a substrate 

for ligand selection has been extensively demonstrated by our group [13], [31], [63-67]: these 

porous, hydrophilic, translucent microparticles (pore diameter > 100 nm, particle diameter ~ 

200 – 250 μm) proved an excellent substrate for the synthesis and selection of candidate peptide 

ligands for chromatographic applications. 

In prior work, we developed a high-throughput dual-fluorescence assay to develop 

peptide ligands with customized biorecognition mechanism (Figure 7.1) [10], [12-13]. The 

assay begins by incubating ChemMatrix-bound peptides with a screening mix comprising a 

target protein and competitor species labeled with orthogonal fluorescent dyes. In this study, 

we screened the ensemble of ACP-ChemMatrix beads against a screening mix comprising 

rFVIII-A1 fluorescently labeled with red AlexaFluor 594 (AF594) spiked in a solution of 

Chines hamster ovary host cell proteins (CHO HCPs) collectively labeled with green Alexa 

Fluor 488 (AF488); the mix was formulated to resemble a bioreactor harvest fluid containing 
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rFVIII expressed by CHO cells, as is currently done in the biomanufacturing of recombinant 

blood clotting factors for human therapy. The beads are fed (350 beads·hr-1) to a bead-

imaging/sorting chamber placed in a fluorescence microscope and equipped with a camera for 

high-resolution imaging. The images are analyzed to extract metrics that correlate to the 

affinity of protein(s):ligand binding and automate the selection of positive beads. 

The beads that meet the criteria of selective binding are held in the imaging chamber 

and exposed to conditions designated by the operator for the release of the bound protein; these 

include non-competitive (e.g., an elution buffer with defined pH and/or ionic strength) or 

competitive conditions (e.g., an inhibitor at given concentration) conditions, or external stimuli 

(e.g., thermal or electromagnetic fields). In this study, we aimed to select ACPs capable of 

binding rFVIII when in their cis configuration status and release rFVIII upon cis-to-trans 

isomerization. To this end, we adopted UV light (λex = 305-390 nm) at ~60 mW·cm-2 for 10 

mins at room temperature as binding conditions, and visible light (λex > 420 nm) at ~220 

mW·cm-2 for 2 mins at room temperature as elution conditions. Accordingly, the beads that 

showed red-only fluorescence upon binding and a significant loss of red-fluorescence (>12%) 

upon elution were selected as positive leads; representative examples of selected and discarded 

beads are presented in Figure 7.10. The selected beads were finally analyzed via Edman 

degradation to identify the X1X2X3X4X5X6X7 sequence carried thereupon. The resultant 25 

sequences showed (i) a significant enrichment in tyrosine (Y) and lysine (K), specifically 

arranged in the recurring dimer KY, (ii) a leucine dimer (LL) consistently located at X3X4, 

and (iii) asparagine (N) found frequently at the X3 position (Table 7.4). Based on the sequence 

homology analysis in Figure 7.2, nine ACPs and a tenth designed sequence were selected for 

further investigation (Table 7.4). 
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7.4.2 Secondary evaluation of candidate FVIII-targeting light-controlled ACP ligands 

The sequences of the candidate FVIII-A1-targeting light-controlled ACP ligands were 

obtained by evaluating single ACP-ChemMatrix beads. While the emergence of sequence 

homology and the general enrichment of specific amino acids (Asn, Leu, Lys, and Tyr) support 

the findings from the primary screening, further evaluation of the selected sequences is needed 

to provide statistical rigor to the choice of ACP ligands for photo-physics and photo-

chromatographic evaluation. Furthermore, the ChemMatrix beads feature polydispersity in 

size, morphology, pore size and distribution, and ligand density – due to variability in 

functional loading of the base matrix and sequence-dependent peptide density, which can 

impact significantly the fluorescence signature of the beads; additional variability during 

screening may be imputed to the time spent by beads in aqueous suspension prior to accessing 

the imaging chamber, due to protein dissociation of quenching of the fluorophores. 

We therefore resolved to conduct a secondary screening of the candidate ligands by 

evaluating large sets of beads. Specifically, 10 µL of cis-isomerized ACP-ChemMatrix beads 

were incubated with the screening mix and washed; 30 beads were individually imaged in the 

green and red channel to derive average values of “bound” fluorescence intensity, which were 

used to calculate the binding strength and selectivity of the ACP (note: the mean intensity of 

the top 10% of pixels was utilized as it circumvent the morphological variability among beads); 

the remaining  beads were exposed to visible light to trigger cis-to-trans isomerization and 

rFVIII elution, and subsequently 30 beads were imaged to derive average values of light-

triggered elution efficiency. The resulting values of binding strength and selectivity, and 

elution efficiency are reported in Figure 7.4, while the precursors values of average 

fluorescence intensity are in Figure 7.11. While most of the candidate sequences featured high 

binding strength and selectivity, but limited rFVIII elution, ACP.14 (G-cycloAZOB[Dap-

KYYGSYY-Dap]-G) and ACP.16 (G-cycloAZOB[Dab-YYKHLYN-Dap]-G) showed 
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appreciable light-controlled biorecognition activity and were selected for subsequent 

evaluation. 

7.4.3 Photo-isomerization kinetics and structural maturation of FVIII-A1-targeting light-

controlled ACPs 

The photo-isomerization kinetics of ACPs, together with transport phenomena in the 

pores and the interstitial space around the packed beads, determines the characteristic time of 

product elution. Minimizing the total residence time of the product in the photo-affinity adsor-

bent via rapid binding and elution is essential to ensure high product bioactivity, and thus ther-

apeutic efficacy and safety. The photo-isomerization kinetics of ACPs is governed by two pa-

rameters, namely the wavelength and intensity of the incident light, and the molecular “flexi-

bility” of the cyclic azobenzene-peptide hybrid [10], [68-70]. The molecular architecture of the 

ACPs designed by our group enables tuning the molecular flexibility and circumference by 

varying the number of methylene units (n) on the side chain functional group of the di-amino 

acid residues framing the X1-X7 sequence, from n=1 (diaminopriopionic acid) to n=4 (lysine). 

Prior studies on the photo-isomerization kinetics of ChemMatrix-bounds ACPs indi-

cated two values of wavelengths, namely 330 nm and 420 nm, to utilize UV light absorbance 

to track the structure vs. biorecognition relationship of these light-controlled ligands. Specifi-

cally, trans-to-cis isomerization is denoted by a slow decrease in light absorbance at 330 nm 

and a slow increase at 420 nm; vice versa, a rapid reverse in light absorbance occurs during 

cis-to-trans isomerization. 

However, none of the ACPs obtained from primary screening, with the exception of 

ACP.20, presented the profile of light absorbance observed in prior work, nor did they display 

any appreciable variation when exposed to either UV (trans-to-cis isomerization) or visible 

(cis-to-trans isomerization) light (Figure 7.12). In some measure, this was coherent with the 
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results in Figure 7.4: the small light-controlled elution of rFVIII by these ACPs provided indi-

rect demonstration that, while occurring, the cis-to-trans isomerization is limited. Notably, un-

like ACP.14 and ACP.16, ACP.20 features the aromatic (Tyr) residue removed from the azo-

benzene linker and contains a flexible Gly-Gly-Gly motif on the N-terminus. We therefore 

concluded that (i) the selected sequences, in their original azobenzene-cyclized design, suffer 

from insufficient photo-isomerization ability and (ii) to obviate the issues of limited molecular 

flexibility, resolved to mature the ACPs by replacing Dap with lysine (Lys) as sequence-fram-

ing residue. Accordingly, we prepared and characterized ChemMatrix-bound ACP.14' (G-cy-

cloAZOB[Dap-KYYGSYY-Lys]-G) and ACP.14" (G-cycloAZOB[Lys-KYYGSYY-Lys]-G), 

and ACP.16' (G-cycloAZOB[Dab-YYKHLYN-Lys]-G) and ACP.16" (G-cycloAZOB[Lys-

YYKHLYN-Lys]-G) variants. 

Corroborating our hypothesis, variants ACP.14' and ACP.16' displayed profiles of light 

absorbance significantly more comparable to those observed in prior work and featured a no-

table trans-to-cis isomerization when exposed to UV light, albeit a rather limited cis-to-trans 

inversion under visible light (Figure 7.14). Most notably, ACP.14" and ACP.16" displayed the 

canonical ACP features, namely (i) the 280 nm and a 440 nm signature and (ii) reversible cis-

trans photo-isomerization (Figure 7.14), and were therefore characterized to evaluate the rate 

of photo-isomerization at different intensities (10 – 200 mW·cm-2). For each value of intensity, 

consecutive cycles of cis-trans isomerization were performed and the temporal profiles of ab-

sorbance of the ACP-ChemMatrix beads at 440 nm were individually fit against a 1st order 

kinetic model to calculate the characteristic time of photo-isomerization τ (Figure 7.8). As no-

ticed in prior work, the values of photo-isomerization rate κ (= 1/τ) featured a linear correlation 

to the intensity of the irradiated light (Figure 7.5). 

We finally implemented the protocol devised for secondary ACP screening (Section 

7.4.4) to evaluate the light-controlled binding and release of FVIII from ACP.14-ChemMatrix, 
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ACP.16-ChemMatrix, ACP.14'-ChemMatrix, ACP.14"-ChemMatrix, ACP.16'-ChemMatrix, 

and ACP.16"-ChemMatrix beads. The results in Figure 7.5B corroborate the photokinetic 

study, demonstrating that structural maturation afforded a conspicuous improvement in light-

controlled biorecognition of FVIII. 

7.4.4 In silico evaluation of isomerization-dependent FVIII binding affinity of ACPs 

The photo-isomerization kinetics studies and the preliminary chromatographic results 

indicated a strong influence of the architecture of the azobenzene-peptide hybrid upon the bi-

orecognition activity of the ACPs. While this is – qualitatively – a foregone conclusion, its 

quantitative implications are key to the performance of the photo-affinity chromatographic pro-

cess. To gather molecular-level insight into the isomerization-dependent FVIII:ACP interac-

tion, we performed an in silico analysis of the paired interactions in FVIII:ACP complexes 

produced via molecular docking and dynamics simulations. 

The structures of the trans and cis isomers of ACP.14, ACP.14', and ACP.14", as well 

as ACP.16, ACP.16', and ACP.16" were initially derived by exploring the energetic landscape 

of the various 3D configurations of the peptide-azobenzene hybrids and identifying the struc-

tures with absolute energy minima as representative of the ACP isomers displayed on Chem-

Matrix resins. The resultant structures, the corresponding values of structural description and 

free energy of the isomers and their difference (ΔECis-Trans), together with the root-mean-

square deviation of the atomic positions of trans vs. cis isomers (RMSD) are reported in Table 

7.2. 

Notably, the values of free energy of the trans isomers of ACP.14, ACP.14', ACP.16, 

and ACP.16' were significantly lower compared to those of the corresponding cis isomers, the 

latter featuring unrealistically high values; conversely, the values of free energy of all isomers 

of ACP.14" and ACP.16", and therefore ΔECis-Trans, were in line with those found in earlier 
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studies [10], [33], [71]. This suggests that the lack of photo-isomerization of the ACPs con-

structed using Dap (Figure 7.12) is caused by an untraversable energy barrier and no other 

configuration other than the trans isomer can be accomplished, irrespective of the energy pro-

vided by the incident light.  

In prior work on ACPs targeting the cell adhesion-mediating protein VCAM-1 [10], we 

noticed that the in silico values of ΔEcis-trans correlated to the ratio of cis-to-trans isomeriza-

tion kinetics vs. intensity of the incident light (κ/I). Most notably, the values obtained with 

ChemMatrix-bound ACP.14', ACP.16', ACP.14", and ACP.16" on the plot originally derived 

for VCAM-1-targeting ACPs, corroborating the hypothesis of design-driven photo-switching 

kinetics. 

Following upon these results, selected isomer structures of ACP.14" and ACP.16" were 

docked in silico against human FVIII using HADDOCK v.2.4 [47-48]; the molecular docking 

was focused on putative binding sites identified by analyzing the crystal factor of FVIII (PDB 

ID: 3CDZ) in SiteMap. Selected FVIII:ACP complexes were refined by explicit-solvent atom-

istic MD simulations to evaluate the free energy of binding (ΔGb) and the paired interactions 

between FVIII and ACP residues (Figure 7.7). Coherently with the screening of the ACP en-

semble, both ACP.14" and ACP.16" targeted the A1 domain of human FVIII (residues 1 – 336, 

in pink in Figure 7.7) preferentially and with high affinity (KD,cis < 10-6 M), albeit low-affinity 

(KD,cis > 10-5 M) binding poses of ACP.14" were identified on the A2 and C2 domains and of 

ACP.14" at the interface of the C1 and C2 domains. Generally, the trans isomers of both ACPs 

displayed a much lower affinity than their cis counterparts, with a ΔGb,cis-trans ~ 2.38 and 3.84 

kcal/mol for ACP.14" and ACP.16", respectively. The interplay between binding pattern and 

ΔGb is helpful to explain the behavior presented by these ACPs during secondary screening. 

First, cis-ACP.14" targets BP.1 (ΔGb ~ -8.89 kcal/mol) and BP.2 (-7.62 kcal/mol) of the A1 
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domain of FVIII; following photo-isomerization, trans-ACP.14" loses binding of BP.1 com-

pletely and BP.2 substantially (-5.07 kcal/mol), but forms a new interaction with BP.3 (5.71 

kcal/mol). Similarly, cis-ACP.16" targets BP.1 (ΔGb ~ -8.01 kcal/mol), BP.2 (-7.62 kcal/mol), 

and the interface between BP.1 and BP.2 (-7.16 kcal/mol), while trans-ACP.16" loses binding 

of BP.1 and BP.2 (-4.03 kcal/mol) and forms a new interaction with BP.3; the latter, however, 

is significantly weaker (3.98 kcal/mol) than that formed thereupon by trans-ACP.14". There-

fore, for ACP.16", photo-isomerization translates in a >650-fold increase of average KD upon 

photo-isomerization, which is sufficient to trigger release of bound FVIII. 

Notably, the analysis of pair-wise interactions reveals the critical role played by hydro-

gen bonding in FVIII:ACP interactions. The cis isomer of ACP.14" formed a complex network 

of hydrogen bonds, as well as several ionic and hydrophobic interactions; of note were the 

dominant role of (i) Tyr5 and Tyr2, which formed π-π interactions with Tyr and Phe residues 

on FVIII, (ii) Gly4 and Ser3, which formed numerous strong hydrogen bonds with polar resi-

dues on FVIII, and (iii) Lys7, which, together with strong hydrogen bonding, formed ionic 

interactions with Glu53 and Glu187 on FVIII. Conversely, FVIII binding by the cis isomer of 

ACP.16" was almost exclusively reliant on hydrogen bonding, exception made for 3 π-π inter-

actions formed by Tyr7 with Tyr16, Tyr237, and Phe309 on FVIII; hydrogen bonds encom-

passed both side chain-to-side chain (57%) and side chain-to-backbone (43%) interactions. 

This hydrogen bonding-dominated makeup of FVIII:ACP.16" ΔGb is rather different 

from that of most peptide ligands in the literature and may be a unique feature of the light-

controlled biorecognition activity of ACPs. The protein-binding mechanisms of linear peptides, 

in fact, is typically determined by electrostatic and hydrophobic interactions, which in turn 

makes strong variations in ionic strength and pH necessary to trigger protein:ligand dissocia-

tion (elution). With an average energy of ~1 kcal mol-1 and bond distance of 1.5-2.6 Å, hydro-
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gen bonds are weaker and shorter ranged than electrostatic interactions, that feature corre-

sponding values of ~ 3 kcal mol-1 and ~3 Å [72], and can therefore be more easily disrupted 

by structural perturbations and variations of the physicochemical properties of the surrounding 

aqueous environment. 

Accordingly, we theorize that light-controlled biorecognition (i) relies on a native pro-

tein:ACP binding relying mostly on weak and short-range interactions and (ii) can be switched 

in an ON/OFF manner by combining the significant structural rearrangement of ACPs upon 

photo-switching (RMSD > 20% Rg) with an optimal mobile phase that safeguards the labile 

protein target while also moderating its interaction with the ACP. 

7.4.5 Enhancement of light-controlled adsorption and release of FVIII via optimization 

of the mobile phase 

Following on the in silico analysis, we resolved to explore the composition, concentra-

tion, and pH of the mobile phase continuously fed during the photo-affinity chromatographic 

process. Altering the solution pH would be rather daring when operating on FVIII, given its 

narrow range of pH stability [73]; furthermore, basal levels of CaCl2 and Tween 20 are rec-

ommended when using a Hepes buffer [74]. We therefore resolved to investigate the role of 

ionic strength, since added ions can interfere with the hydrogen bonding network, thus provid-

ing a means to temper the FVIII:ACP interaction and promote light-triggered dissociation [75]. 

To avoid disruption of the FVIII’s non-covalent dimeric structure, we adopted NaCl – an in-

termediate between chaotropic and kosmotropic salts - that has been applied in FVIII purifica-

tion from linear peptide-mimetic ligands [76-77]. Specifically, we adopted ACP.16" as model 

ligand owing to its large shift in UV absorbance upon photo-isomerization and subjected it to 

an additional round of secondary screening of rFVIII binding at different values of ionic 

strength of the mobile phase (i.e.0.1 M, 0.25 M, 0.5 M, 0.75 M, and 1 M NaCl added to 0.1 M 
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HEPES buffer, 5 mM CaCl2, 0.01% v/v Tween20 at pH 7.4). As shown in Figure 7.8, increas-

ing the ionic strength of the mobile phase produced a notable increment of FVIII elution effi-

ciency without affecting the strength and selectivity of the adsorption. Specifically, 0.75 M 

offered the best balance of binding capacity and yield of rFVIII elution (Figure 7.7). 

7.4.6 Photo-affinity chromatographic purification of human rFVIII from a mammalian 

cell culture fluid 

The data gathered from the spectroscopic and in silico evaluation of the selected ACPs 

were finally collated in a photo-affinity chromatographic protocol for the purification of rFVIII 

from a clarified Chinese Hamster Ovary (CHO-S) cell culture fluid. Specifically, incident light 

in the UV (λex = 305-390 nm) and visible (λex  > 420 nm) ranges was utilized during the 

adsorption and elution steps, respectively; the feedstock employed during secondary screening 

(FVIII titer: 0.3 mg·mL-1; CHO-S HCP titer: 0.2 mg·mL-1) was injected in a 5 μL cell packed 

with ACP.16"-ChemMatrix resin; considering the high FVIII:ACP.16" binding strength, a fast 

flow rate (residence time ~3 sec) was selected for loading; finally, the selected binging buffer 

(0.75 M NaCl in 0.1 M HEPES buffer at pH 7.4, added with 5 mM CaCl2 and 0.01% v/v 

Tween2) was continuously flowed throughout all chromatographic steps (adsorption, wash, 

elution). The effluent was continuously collected and apportioned in 50 µL fractions that were 

finally analyzed to determine the values of rFVIII and CHO HCPs, and ultimately the values 

of product yield and purity in the photo-eluted pool.  

The resulting chromatogram in Figure 7.9 collates the temporal profiles of (i) light ab-

sorbance of the ACP-ChemMatrix beads recorded at 280 nm (total protein titer in the cell) and 

420 nm (ACP isomerization status), (ii) the rFVIII and CHO-S HCP titer in the effluent, and 

(iii) the corresponding values of rFVIII yield and purity. The latter show a remarkable perfor-

mance by the ACP.16"-ChemMatrix resin, affording high values of product recovery (94%). 

Together with prior work on VCAM-1, these results contribute to demonstrating the value of 
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ACPs as ligands for the purification of labile, high-value protein therapeutics via next-genera-

tion chromatographic methods. 

7.5 Conclusions  

The purification of labile biologics – such as enzymes, viral vectors, and cells – via 

chromatographic technology has not yet reached a level of maturity sufficient to broaden the 

access to high-value therapeutics at a lower cost to patients. Accomplishing this goal will crit-

ically rely on next-generation affinity adsorbents that combine high binding capacity and se-

lectivity with the ability of releasing the product under mild conditions, thereby ensuring struc-

tural and functional product stability. Decreasing the cost of downstream processing will re-

quire reducing the number and volume of aqueous buffers. Currently bind-and-elute affinity 

chromatography utilizes multiple buffers with composition and pH adjusted differently for 

binding, washing, elution, and regeneration. Photo-affinity chromatography with ACPs can 

overcome these issues: using light to control adsorption and elution (i) safeguards the structural 

and functional integrity of the product, which may reduce the therapeutic dosage to patients, 

and (ii) enables conducting the entire chromatographic process using the smallest amount of a 

single aqueous buffer, thus intensifying production at reduced costs. 

A potential limitation of photo-affinity chromatography may relate to its scalability. 

The length-scale of light penetration across the packed bead of translucent resin may in fact 

restrict the volume of the chromatographic column to small column-based operations. Scale up 

of microfluidic-based photo-affinity systems can be accomplished via massive parallelization 

by stacking microfluidic cells with alternating thin LED chips facing the resin-packed cells. 

This design would provide accurate control over the light exposure of ACP beads, and therefore 

efficient adsorption and elution of the product. Alternatively, column-free systems are emerg-

ing where chromatographic adsorbents are flown across different stirred vessels as the purifi-

cation process advances through successive steps (adsorption, wash, elution, regeneration) [78-
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79]. We envision that flowing the beads through a photo-switching channel as they exit the 

washing vessel can trigger the dissociation of the ACPs from the target protein, enabling its 

elution from the bead as they access and reside in the elution vessel. Finally, consensus is 

emerging that the production of specialized preparations targeted to small cohort of patients 

may switch from large centralized manufacturers to small GMP production units located inside 

hospitals and clinics [80]. The technology demonstrated in this study shows high translational 

potential towards on-demand production of small preparations to be directly administered to 

patients, thus minimizing the costs and waiting time of advanced healthcare. 
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7.6 Tables and Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 Process of identification of FVIII-A1-targeting light-controlled ACP ligands. (A) 

An ensemble of ACP-ChemMatrix beads is initially exposed to UV light (λex = 305-390 nm) 

at ~60 mW·cm-2 for 10 mins at room temperature to equilibrate all ACPs in their cis isomers; 

(B) the beads are collectively incubated with a screening feed comprising AF594-labeled 

rFVIII-A1 and AF488-labeled CHO HCPs; (C) the beads are fed to microfluidic device, which 

discards the non-fluorescent, the green-only, and red-and-green beads, and withholds every 

red-only bead; (D) the latter is exposed to visible light (λex = 420-450 nm) at ~220 mW·cm-2 

for 2 mins at room temperature to trigger the cis-to-trans photo-isomerization of the ACPs 

displayed on the bead; (E) every bead that displays a measurable loss of red fluorescence 

(>12%) are selected as positive leads and (F) finally analyzed by Edman degradation to identify 

the candidate FVIII-targeting light-controlled ACP ligands. 
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Figure 7.2 Sequence logo of combinatorial positions X1-X7 of candidate FVIII-A1-targeting 

light-controlled ACPs; the figure was prepared using Weblogo (https://weblogo.berkeley.edu). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://weblogo.berkeley.edu/
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Figure 7.3 Secondary screening of candidate FVIII-A1-targeting light-controlled ACP ligands. 

Values of average rFVIII (i) binding strength (i.e., red fluorescence intensity of the top 10% of 

pixels), (ii) binding selectivity (i.e., ratio of red vs. green fluorescence intensity of the top 10% 

of pixels), and (iii) light-controlled release (i.e., loss of red fluorescence intensity of the top 

10% of pixels following exposure to visible light for 2 mins) of the ACPs selected from primary 

screening. 
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Figure 7.4 Photo-kinetic evaluation and secondary screening of matured rFVIII-targeting ACP 

ligands. (A) Values of cis-to-trans photo-isomerization rate (κ) of ACP.14", ACP.16", and 

ACP.20 at different values of intensity of the irradiated light (I); (B) values of average rFVIII 

(i) binding strength (i.e., red fluorescence intensity of the top 10% of pixels), (ii) light-con-

trolled release (i.e., loss of red fluorescence intensity of the top 10% of pixels following expo-

sure to visible light for 2 mins) of ACP.14, ACP.16, ACP.14', ACP.16', ACP.14", and 

ACP.16". 
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Figure 7.5 Correlation of photo-isomerization kinetics (κ/I ratio) and energetics (ΔEcis-trans) for 

ChemMatrix-bound ACPs. The values of κ/I ratio of ChemMatrix-bound ACP.20, ACP.14", 

and ACP.16" are plotted against the values of ΔEcis-trans derived in silico via MD modeling of 

the corresponding ACPs; the underlying dotted line was obtained in prior work on VCAM-1-

targeting ACPs. 
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Figure 7.6 Structures of the complexes formed by human FVIII and the trans and cis isomers 

of (A) G-cycloAZOB[Lys-KYYGSYY-Lys]-G (ACP.14") and (B) G-cycloAZOB[Dab-

YYKHLYN-Dap]-G (ACP.16"); the trans-ACP isomers are in blue, the cis-ACP isomers are 

in magenta, the A1 domain of human FVIII (PDB ID: 3CDZ) is in pink, while all other FVIII 

domains are in grey. Paired interactions between FVIII and and (C) ACP.14" and (D) ACP.16"; 

hydrogen bonds and polar contactsare denoted in green; hydrophobic and π- π interactions are 

denoted in yellow; electrostatic interactions are denoted in purple; the color intensity denotes 

the contribution of the paired interaction to the ΔGb. 

(A) (B)

(C) (D)
G Azo Lys Lys 7 Tyr 6 Tyr 5 Gly 4 Ser 3 Tyr 2 Tyr 1 Lys G

Arg 3
Tyr 5

Leu12
Ser13
Trp14
Asp 15
Tyr 16 π

Lys 47
Leu 50
Glu 53
Lys 63
Pro 64
Arg 65
Pro 66
Pro 67
Met 69
Gly 70
Pro 74
Thr 75
Ile 76
Gln 77
Ala 78

Leu 177
Cys 179
Ser 183
Leu 184
Glu 187
Gln 190
Thr 191
Leu 192
His 193
Lys 194
Phe 195 π

Ile 196
Tyr 237
Leu 242
Pro 243
Gly 244
Leu 245
Ile 246
Gly 247
Cys 248
His 256

G Azo Lys Tyr 7 Tyr 6 Lys 5 His 4 Leu 3 Tyr 2 Asn 1 Lys G
Val 10
Glu 11
Leu 12
Ser 13
Trp 14
Asp 15
Tyr 16 π

Lys 47
Val 52
Glu 53
Phe 54
Leu 58
Phe 59
Asn 60
Ile 61
Ala 62
Lys 63
Arg 65
Pro 66
Pro 67
Met 69
Lys 89
Asn 90
Met 91
Ala 92

Pro 130
Gly 131
Gly 132
Tyr 237 π

Asn 239
Arg 240
Ser 241
Leu 242
Pro 243
Gly 244
Gln 305
Leu 307
Leu 308
Phe 309 π

Cys 310
His 311
Gln 316
His 317
Gly 319
Met 320
Glu 321
Ala 322
Tyr 323
Lys 496
His 497
Lys 499
Phe 536
Met 539
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Figure 7.7 Evaluating the role of ionic strength on light-controlled FVIII biorecognition. 

Screening of light-controlled FVIII binding and release on ACP.16"-ChemMatrix beads at dif-

ferent values of ionic strength of the mobile phase (0.1 M, 0.25 M, 0.5 M, 0.75 M, and 1 M 

NaCl added to 0.1 M HEPES buffer, 5 mM CaCl2, 0.01% v/v Tween20 at pH 7.4). 
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Figure 7.8 Photo-affinity chromatographic purification of rFVIII from using ACP.16"-Chem-

Matrix beads. Concentration of rFVIII collected over each 50 µL fraction. 
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Figure 7.9 Druggability study of human FVIII. (A) Four putative target pockets on the A1 

domain of FVIII and one pocked on the C2 domain of human FVIII; the structure of human FVIII (PDB 

ID: 3CDZ) is shown in grey, except the A1 domain in red; the putative binding pockets on the 

A1 domain are reported as wheat, green, blue, and pink surfaces; the putative binding pocket 

on the C1 domain is reported as cyan surface. (B) 2D structure of the G-cycloAZOB[Dap-

X1X2X3X4X5X6X7-Dap]-G (a, b = 1), G-cycloAZOB[Dap-X1X2X3X4X5X6X7-Lys]-G (a = 1; 

b = 4), and G-cycloAZOB[Lys-X1X2X3X4X5X6X7-Lys]-G ACPs (a, b = 4) utilized in this work. 
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Figure 7.10 Representative examples of ACP-ChemMatrix beads incubated with the screening 

mix and selected by implementing the dual-fluorescence assay described in Section 3.1. Beads 

were selected based on (i) binding strength (i.e., red fluorescence intensity of the top 10% of 

pixels), (ii) binding selectivity (i.e., ratio of red vs. green fluorescence intensity of the top 10% 

of pixels), and (iii) light-controlled release (i.e., loss of red fluorescence intensity of the top 

10% of pixels following exposure to visible light for 5 mins):peptides 14 and 16 selected bead 

from screening imaged in red and green. 
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Figure 7.11 Secondary screening of candidate FVIII-A1-targeting light-controlled ACP lig-

ands. Values of mean intensity of the top 10% of of pixels in the images of cis-ACP-ChemMa-

trix beads and trans-ACP-ChemMatrix beads following (i) exposure to UV light (λex = 305-

390 nm) at ~60 mW·cm-2 for 10 mins and incubation with a screening mix comprising AF594-

labeled α-rFVIII at 0.10 mg·mL-1 in a solution of AF488-labeled CHO HCPs at 1.0 mg·mL-1, 

and (ii) cis-to-trans photo-isomerization via exposure to visible light (λex = 420-450 nm) at 

~220 mW·cm-2 for 2 mins; all beads were imaged in both green (exc/em: 490/525 nm) and red 

(exc/em: 590/617 nm) channels, and the values of fluorescence intensity were obtained as av-

erage across 30 bead images. 
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Figure 7.12 UV-Vis spectra of of (A) ACP.3, (B) ACP.6, (C) ACP.7, (D) ACP.14, (E) ACP.16, 

(F) ACP.17, (G) ACP.18, (H) ACP.20, (I) ACP.21, and (J) ACP.T conjugated on ChemMatrix 

beads after exposure to either (red) UV light (λex = 305-390 nm) at ~60 mW·cm-2 for 10 mins 

or (blue) visible light (λex = 420-450 nm) at ~220 mW·cm-2 for 2 mins at room temperature. 
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Figure 7.13 UV-Vis spectra of of (A) ACP.14' and (B) ACP.16' conjugated on ChemMatrix 

beads after exposure to either (red) UV light (λex = 305-390 nm) at ~60 mW·cm-2 for 10 mins 

or (blue) visible light (λex = 420-450 nm) at ~220 mW·cm-2 for 2 mins at room temperature. 
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Figure 7.14 UV-Vis spectra of of (A) ACP.14" and (B) ACP.16" conjugated on ChemMatrix 

beads after exposure to either (red) UV light (λex = 305-390 nm) at ~60 mW·cm-2 for 10 mins 

or (blue) visible light (λex = 420-450 nm) at ~220 mW·cm-2 for 2 mins at room temperature. 
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Table 7.1. Average irradiation intensity and times of photo-isomerization (cis-to-trans) meas-

urement. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

Average irradiation intensity 

λex > 420 nm (mW·cm-2) 
Measurement time 

60 – 120 3.5 min 

90 – 150 3 min 

120 – 180 2.5 min 

150 - 220 2 min 
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Table 7.2 Structural and energy parameters of ACPs modeled in silico. Structures and 

corresponding values of gyration radius (Rg), solvent accessible area, van der Waals volume, 

and free energy of the isomers (ETrans and ECis) and their difference (ΔEcis-trans), and root-mean-

square deviation of the atomic positions of trans vs. cis isomers (RMSD) of ACP.14, ACP.14', 

ACP.14", ACP.16, ACP.16', and ACP.16". 

ACP Structure Rg (Å) SASA (Å2) PV (Å3) 
Eisomer 

(kJ·mol-1) 

ΔECis-Trans 

(kJ·mol-1) 

RMS

D (Å) 

Trans-ACP.14 

 

10.3 219.7 1,349 385.4 

1,023.8 5.3 

Cis-ACP.14 

 

11.1 217.2 1,348 1,409.2 

Trans-ACP.14' 

 

12.0 255.5 1,414 462.1 

27.5 6.3 

Cis-ACP.14' 

 

10.2 228.7 1,440 489.6 

Trans-ACP.14" 

 

11.2 255.5 1,442 677.2 

-329.1 3.2 

Cis-ACP.14" 

 

10.7 236.2 1,441 348.1 

Trans-ACP.16 

 

10.3 232.0 1,413 439.7 

720.2 2.3 

Cis-ACP.16 

 

10.6 228.7 1,397 1,159.9 

Trans-ACP.16' 

 

10.4 230.7 1,457 807.9 

5.9 2.1 

Cis-ACP.16' 

 

10.5 246.7 1,453 813.8 

Trans-ACP.16" 

 

11.7 253.3 1,509 468.8 

-219.3 2.2 

Cis-ACP.16" 

 

11.3 245.5 1,509 249.5 
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Table 7.3 Structural and biophysical properties of target sites on human FVIII. Properties of 

the four putative binding sites identified by analyzing the crystal structure of human FVIII (PDB 

ID: 3CDZ) via SiteMap; the BP.1 – BP.4 are labeled in Figure 7.9. 

Binding pocket PD (Å) SASA (Å2) PV (Å3) pI Polarity GRAVY 

BP.1 32.3 1,888 975 5.1 9.74 -0.9 

BP.2 36.6 2,534 3,374 7.4 30.05 -0.7 

BP.3 36.7 2,450 1,614 10.1 20.12 -0.4 

BP.4 34.7 2,157 969 5.7 17.66 -0.8 
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Table 7.4 Candidate FVIII-A1-targeting light-controlled ACPs selected from primary screen-

ing. The 10 sequences marked by a “*”, including 9 identified experimentally and a 10th de-

signed based on sequence homology, were selected for spectroscopic characterization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ACP#  Sequence  

ACP.1 

G-cycloAZOB[Dab- 

G E N Y K Y K 

-Dap]-G 

ACP.2 G K G Y K K S 

ACP.3 * Y K L Y K Y G 

ACP.4 Y S Y N  Y K 

ACP.5 N Y K N S K K 

ACP.6 * K Y H Y Y Y K 

ACP.7 * K Y S L L G Y 

ACP.8 K Y Y K Y L K 

ACP.9 Y K N L L Y G 

ACP.10 E Y N L Y G G 

ACP.11 K L N Y L G N 

ACP.12 E Y N L Y G G 

ACP.13 S E Y G G N K 

ACP.14 * K Y Y G N Y Y 

ACP.15 Y G L L Y Y N 

ACP.16 * Y Y K H L Y N 

ACP.17 * Y H Y S K H Y 

ACP.18 * G K S N N N Y 

ACP.19 Y L L Y Y L K 

ACP.20 * G G G K Y G K 

ACP.21 * Y N N K H Y K 

ACP.22 Y N Y K S L S 

ACP.23 E K N Y G L L 

ACP.24 K Y L L Y Y L 

ACP.25 L Y S Y Y G K 

ACP.26 *  K Y N L L G K  
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