
ABSTRACT 

SCHNEIBLE, JOHN DANIEL. A Material Toolbox for Advanced Therapeutics (Under the 
direction of Dr. Stefano Menegatti and Dr. Jan Genzer). 
 

Over the last half century, researchers have turned to naturally-inspired products to develop 

biomaterials that provide solutions to advance diagnostics, pharmaceutical therapy, and 

regenerative medicine. Two main families of biomaterials have demonstrated translation in the 

clinic: (i) polysaccharides, owing to excellent endogenous biocompatibility and biodegradability, 

ease of chemical functionalization and processing, commercial abundance, and low cost; and (ii) 

peptide/proteins, equally biocompatible and biodegradable, and amenable to large-scale 

manufacturing and modification via modular chemical approaches to achieve a wide variety of 

functionalities.  

This doctoral dissertation begins – in Chapter 1 – with a broad survey of polysaccharides 

and peptides, and their applications in drug delivery and tissue engineering, especially focusing on 

materials employed in this work, namely chitosan and synthetic peptides. The chapter ends with a 

perspective on the future direction of research on biomaterials inspired by polysaccharides and 

peptides. 

Chapters 2, Chapter 3, and Chapter 4 focus on the development of polysaccharide-based 

(Chapter 2 and Chapter 3) and peptide-based (Chapter 4) hydrogels for drug delivery 

applications. In these chapters, the drug pair doxorubicin (DOX) and gemcitabine (GEM), whose 

well-known synergism and its dependence on delivery schedule (i.e., sequence of administration) 

was utilized to develop formulations with superior therapeutic efficacy against triple negative 

breast cancer model, a highly aggressive form of metastatic cancer. In Chapter 2, the interplay 

betwixt experimental and in silico design of a hydrophobically modified-chitosan hydrogel was 

thoroughly explored. In particular, the diffusion of both drugs – either single or combined – 



through chitosan hydrogels was studied using both experimental and in silico techniques, the latter 

providing valuable insight into the physicochemical mechanisms governing drug transport 

especially in relation with drug-polymer interactions. In Chapter 3, an acetylated-chitosan 

hydrogel was selected from Chapter 2 and further optimized to deliver GEM and DOX with 

therapeutically relevant dosages, and with the appropriate delivery kinetics (GEM faster than 

DOX) and molar ratio. This hydrogel was evaluated in a 2-D (cell monolayer) and 3-D (spheroid) 

and demonstrated remarkable synergism and tumor volume reduction compared to the free drug 

pair concurrently administered. In Chapter 4, a composite peptide hydrogel, comprising DOX-

adsorbed-graphene oxide (GO) particles and a self-assembling MAX8 peptide scaffold loaded with 

GEM, was developed to deliver an optimized schedule and dose of GEM and DOX. Again, in 

silico simulations were utilized to elucidate the physicochemical parameters underpinning 

transport properties of the system, with a focus of the adsorption/desorption to/from the modified 

GO surface. This composite was tested against a 2-D (cell monolayer) model and demonstrated a 

drastic improvement of therapeutic synergism relative to the concurrent free drug pair.  

Chapter 5 and Chapter 6 shift the focus from drug delivery. Chapter 5 reports the 

development of a novel light-responsive cyclic peptide that binds vascular cell adhesion marker 1 

(VCAM1), a cell marker implicated in stem cell function, selectively and on-demand. An in silico 

approach was developed to rationally identify potential sequences to achieve selective VCAM1 

conformational binding of the cyclic peptide ligand. A novel synthetic route was developed to 

construct the identified cyclic peptide sequences, which were subsequently characterized and 

screened for light-controlled binding of VCAM1 as both free protein in solution and displayed on 

the surface of cells.  Chapter 6 concludes the experimental work and reports on the development 

and characterization of soft microgels decorated with the peptide AHRPYAAK that mimics fibrin 



knob ‘B’ and targets fibrin hole ‘b’ that increase clot density in vitro and decrease bleeding in a 

rodent trauma model in vivo. 

This work concludes in Chapter 7 by offering an outlook and future directions in the field 

of drug delivery and how the work presented here may be relevant to those ends. 
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Abstract 

Natural and synthetic biopolymers represent the most diverse class of engineered 

biomaterials. The variety of chemical constituents, modification strategies, processing methods, 

and functionalities, while overwhelming at first glance, are linked by common uses in drug 

delivery and tissue engineering. This chapter intends to highlight the main features of biopolymers 

for such use by surveying the last decade of publications on natural and synthetic polypeptides and 

polysaccharides. Particular focus is devoted to the development of systems for the delivery of 

anticancer therapeutics, the engineering of tissue grafts, and in vivo regeneration. For peptides, we 

present numerous examples of self-assembling sequences as drug delivery vehicles and tissue 

scaffolds, as well as cell-binding and tissue-penetrating sequences that promote targeted delivery 

and tissue integration. We then retrace the same applications, with the leading role being played 

by polysaccharides, in particular dextran, chitosan, hyaluronate, and cellulose. The similarities in 

processing and utilizing polypeptides and polysaccharides across these applications bring the 

“parallel lives” of these materials out of the massive body of literature to the full fruition of the 

reader. 
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1.1. Introduction 

Through the last three decades, hydrogels for biomedical applications have grown into a 

vast class of materials, featuring a large variety of ingredients, fabrication techniques, and uses [1-

3]. Together with a massive body of literature, the value of hydrogels is illustrated by myriad 

commercial products, ranging from drug delivery to tissue engineering and regenerative medicine. 

Key to their success is the high biocompatibility and physicochemical diversity, which enable 

functional adaptation to many different physiological microenvironments [4, 5]. Herein, we survey 

the reports on peptides and polysaccharides, in particular focusing on chemical constituency, 

structure-function relations, and their impact on drug delivery and tissue engineering [6-12]. 

Peptide and polysaccharide hydrogels have gained popularity as biocompatible and 

biodegradable drug delivery vectors [13-18], as micro-/nano-particles [19-21], micelles [22-24], 

and bulk hydrogels (Figure 1.1) [25-27]. Peptides have gained popularity for their ability to tune 

drug loading and release the payload in a stimuli-/environment-controlled manner [15, 17, 18]. 

Peptides can also provide accumulation and internalization of bioactive ingredients at target sites 

by acting as site-selective ligands and cell-penetrating vectors [28-34]. Similarly, polysaccharides 

have been extensively studied as drug delivery systems [35], owing to their wide availability [36-

49], physicochemical diversity, and high number of reactive groups per chain, which enable facile 

chemical modification for tuning drug loading and release [35, 50, 51], stability [52, 53], and tissue 

adhesion [54]. 

These materials have also been utilized to engineer scaffolds for tissue engineering and 

wound healing [55- 60]. A wide variety of fabrication techniques (e.g., phase separation [61-64], 

3D printing [65, 66], supercritical fluid technology [67, 68], porogen leaching [64, 69-72], and 

micro-patterning techniques [64, 73-75]) have been combined with a host of crosslinking and 
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functionalization chemistries (e.g., mechanical robustness, display and storage of growth factors, 

and stimuli-responsiveness [76]) to generate hydrogels with biomimetic morphology, mechanical 

properties, and biochemical functionality. These systems have been demonstrated for tissue 

engineering and repair in vivo, as well as in surgical applications as filling materials and implants 

[77-82]. While an exhaustive treatment of these topics is not permitted by the vastness of the field, 

we will nonetheless attempt to provide a portrait of the technologies and applications centered 

around peptides and polysaccharides that hold promise to improve human health. 

 

1.2. Synthetic and Natural Substrates 

Polysaccharides and polypeptides can be derived from renewable resources or be obtained 

synthetically [83, 84]. The polysaccharides of bioengineering value include plant exudates and 

algal derivatives (alginate, galactans, carrageenan), animal (chitin, chitosan [CN], 

glycosaminoglycan, hyaluronic acid [HA]), and microbial (dextran [Dex], gellan gum, pullulan, 

xanthan gum, and cellulose) polysaccharides (Figure 1.2) [85-87]. Their peptide counterparts 

include collagen, elastin, silk fibroin, fibrin, fibrinogen, fibronectin, gelatin, laminin, vitronectin, 

keratin, silk, and adhesive proteins (Figure 1.3) [88, 89]. The introduction of synthetic routes to 

produce peptides and oligosaccharides has impressed considerable acceleration to the science and 

engineering of biomedical materials. Using commercially available reagents and equipment, 

peptides of up to 50 residues can be routinely prepared with high yield and reproducibility [90]. 

De novo synthesis enables a superior control of chemical identity compared with natural materials, 

which often lack chemical definition and can contain harmful contaminants that are difficult to 

define and remove. Further, synthetic biopolymers can introduce non-natural moieties that provide 

advantageous functionalities, such as conjugation to other biomolecules, adhesion to inorganic 
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materials (e.g., metal and silica), and radioactivity or fluorescence [91]. The synthesis of 

polysaccharides [92-94], while conceptually similar to that of peptides, is considerably more 

challenging, due to the stereospecific linkage of sugar monomers. The introduction of novel 

orthogonal protection/deprotection schemes [95-98] has enabled the synthesis of oligosaccharides 

and condensed polysaccharides, which have been successfully utilized in as diagnostics [99, 100], 

vectors for drug delivery [101, 102] and gene therapy [103-105], and tissue engineering [14]. 

 

1.3. Applications of Natural and Synthetic Polypeptides 

1.3.1. Drug Delivery Vehicles 

Hydrogels for drug delivery generally comprise one or more active ingredients either 

dispersed into or covalently bound to a polymer [25, 106, 107] whose properties determine the 

pharmacokinetics of the therapeutic payload [108-113]. The drug is released either by diffusion 

through the polymer [27], by degradation of the polymer [30, 31], or by loss of the supramolecular 

structure of the carrier [114, 115]. Peptides have been extensively utilized as building blocks for 

self-assembling 3D nanostructures (e.g., nanovesicles, nanofibers, nanotubes, nanoribbons) and 

hydrogels for drug delivery [12, 15, 17, 18, 116-119]. Notably, peptide-based systems are superior 

to traditional vehicles (e.g., liposomes), as they confer higher drug loading and stabilization, lower 

leakage, sustained release, and specific targeting and permeation to cells [120]. Further, the 

behavior of self-assembled peptide structures can be fine-tuned through the amino acid make-up 

[117, 121-123] or adding polyelectrolytes or templates, [124, 125] to become responsive to pH 

[126, 127], ionic strength [128, 129], and temperature [130, 131] of the environments. Peptide-

based drug delivery vehicles can be classified into (Figure 1.4): 
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1.3.1.1. Ultra-small Peptides 

These inexpensive, short peptide sequences are widely utilized to form self-assembled 

hydrogels. For example, KLD and EAK motifs have been used to construct hydrogels capable of 

controlled release of anticancer drugs such as doxorubicin (DOX) [132] and ellipticine (EPT) 

[133]. Environment-responsive small peptides, such as V6K2 and L6K2, are of particular interest 

for their ability to self-assemble in structures capable of morphing from nanotubes to nanovesicles 

[134]. These have been utilized for delivering anticancer drugs (DOX and paclitaxel [(PTX])) 

[135] and gene therapeutics [134, 136, 137]. Similar nanovesicles, assembled with dipeptides VE, 

LE, and Gn-pE (Gn-p: n-propyl glycine) were utilized to encapsulate DOX and other biomolecules 

to be released in response to calcium ions within the target cells [138]. Tetrapeptides GAIL and 

GFIL served as building blocks to construct hydrogels with thermo- and pH-responsive behavior, 

which were utilized to encapsulate DOX and afforded controlled release with 90% release of DOX 

after 45 hours [139], showing good therapeutic effect together and non-detectable side effects. 

 

1.3.1.2. β-Scaffolds 

β-sheet structures originating from repeated peptide domains have been observed in 

several natural proteins such as silk fibroin [140-142], egg-shell proteins [143], and adenovirus 

fiber protein [144]. Synthetic peptides comprising alternated hydrophobic and charged amino 

acids (e.g., EAK16-II, AEAEAKAKAEAEAKAK) [133] also assemble into β-sheet structures 

whose properties can be controlled by tuning the ratio of enantiomeric peptides. These materials 

have been extensively utilized for drug delivery [145, 146], owing to their high loading capacity 

for hydrophobic drugs and their tissue -penetration ability [147-152]. Notable examples include 

β-sheet fibrils of FEFQFNFK for sustained release of EPT to MCF-7 and A549 cells [153]; 
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hydrogel-forming β-sheet peptide KRRMKWKKK for sustained release of DOX and Smac- 

(second mitochondria-derived activator of caspases)-derived pro-apoptotic peptide (SDPP) 

[132]; β-hairpin peptide VKVKVKVKVDPPTKVEVKVKV [154], which self-assembles in 

response to an increase in the ionic strength of the medium [155], to deliver poorly soluble anti-

cancer drugs [156]; or Nap-GFFYGRGD , which was used to encapsulate and release curcumin 

to HepG2 liver carcinoma cells in a mouse model [157]. Among β-sheet-forming synthetic 

peptides, the most widely utilized sequences are RADA16-I16 and RADA16-II16. These 

peptides form nanofibers of 10-60 nm in size and have been utilized for the sustained release of 

cytotoxic drugs [158, 159], in particular anticancer therapeutics [146, 160, 161], protein 

therapeutics, and growth factors [10, 162-168]. Prolonged release of growth factors makes 

RADA16-based substrates ideal for cell culture [164, 169], tissue repair [170], and tissue 

engineering [171, 172], as will be discussed later.  

 

1.3.1.3. α-Scaffolds 

α-helical peptides consist of repeats of the heptad X1X2X3X4X5X6X7, wherein X1 and X4 

are hydrophobic amino acids, and X5 and X7 are charged amino acids [173-175]. The hydrophobic 

interaction between X1 and X4, and the electrostatic interaction between X5 and X7 confer these 

peptides with the coiled α-helical structure [176-178]. Positions X2 and X3 can be replaced with 

amino acids that provide weaker interactions, resulting in more flexible α-helices that form 

physical hydrogels, featuring smaller and softer bundles of fibers [179]. This rationale is 

exemplified by numerous examples, such as the peptides A3(LETLAKA)3 [180], αFFP 

(QQLAREL)4 [181], and R3(AKALTEL)3 [182], the hydrogelating self-assembling fibers (hSAF) 

peptides [179], the 30-mer GALA peptide [183], and the coiled-coil pentamers (e.g., 
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QLAREL(QQLAREL)4) [184-187]. α-helical peptides have been extensively characterized for 

their ability to form supra-molecular, [18] structures (e.g., nanofibers and nanofilaments), [188-

191] but have only minimally been applied for drug delivery with most applications focusing on 

gene delivery, showing efficient gene loading and transfection in target cells [183, 192, 193]. 

 

1.3.1.4. Peptide Amphiphiles (APs) 

These di-block biopolymers comprise a hydrophobic peptide tail, rich in A, G, L, and F 

amino acids, and a hydrophilic bioactive peptide head, rich in D, E, H, and R amino acids. These 

sequences self-assemble into nanostructured hydrogels that demonstrated great potential in drug 

delivery [12, 194]. For example, the lipid-like peptides G4DD, G6DD, G8DD, A6D, A6K, and KA4 

sequences, self-assemble into nanostructures at their critical aggregation concentration, and have 

been utilized as drug delivery vectors [134, 194, 195]. When the hydrophobic tail is replaced by 

one or multiple alkyl chains or an amphiphilic surfactant [12, 196], the resulting APs self-assemble 

into cylindrical fibrils whose surface displays a high density of peptide antigens [197]. Palmitoyl-

GGGAAAR and palmitoyl-GGGAAAKRK, for example, assemble into nanofibers that have been 

utilized for drug delivery to the brain [198]; while capable of penetrating the neurons, these 

nanofibers were found to be degraded by plasma enzymes, which limits accumulation in the brain 

and reduces potential side toxicity; in another example, fibrils of palmitoyl-YDAGFLR 

encapsulating a dalargin prodrug were utilized for crossing the blood-brain barrier, and controlling 

the uptake and release into brain tissue of mice models [199]. Other examples include nanofiber-

based hydrogel of palmitic acid-GTAGGLIGQRGDS for cisplatin release,; [200] [C12]-

PPPPRRRR cell-penetrating nanofibers for delivery of DOX and PTX in MCF-7 cells,; [201], or 

core-shell micelles of [C16]-VVVAAAKKKK-folate for folate targeted delivery of DOX to MDA-
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MB-231 cells [202]. Notably, a number of AP-based vectors have been utilized for controlled 

delivery of biotherapeutics, such as growth factors and gene therapy products [203-206]. Among 

the latter, notable examples include a cholesterol-peptide conjugates for DNA delivery into HepG2 

and HEK293 cells [207], capable of amino acid sequence-dependent gene expression efficiency 

[208]; a multiblock peptide comprising a hydrophobic cell membrane-binding sequence linked to 

a cell-permeating sequence (KKKRKV) and capable of high-efficiency complexing and 

intracellular trafficking of therapeutic small interfering RNA (siRNA) to a variety of cell lines 

[209-211]; and the peptide Ac-(AF)6-H5K15, which self-assemble into a micelle carriers that co-

delivered a synergistic combination of DOX and p53 genes into HepG2 human liver carcinoma 

cells [212]. Another notable application of peptide amphiphiles (PAs) is drug delivery to bones. 

For example, oligo-aspartates that bind hydroxyapatite have in fact been shown to promote 

accumulation of small drugs in bones in vivo [213, 214]; similarly, peptide nanofibers displaying 

phosphorylated serine and tyrosine (P(SPO4F)5SPO4P and P(YPO4F)5YPO4P) were used for surface 

nucleation of hydroxyapatite [215-217] to improve bone mineralization [218-220]. Finally, PAs 

have also been utilized to engineer bio-responsive delivery systems. For example, palmitoyl-

GTAGLIGQRGDS were used to construct a cisplatin-loaded nanofiber gel decorated with RGD 

peptides for cancer targeting; the gel matrix was degraded by matrix metalloproteinase-2 (MMP2), 

thus releasing cisplatin at the tumor site [200]. Similarly, a KRRASVAGK-[C12]-based hydrogel 

containing a substrate for protein kinase A (PKA) was developed for PKA-responsive delivery of 

DOX to MDA-MB-231 cancer cells [221]. 
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1.3.1.5. Elastin-like Polypeptides (ELPs) 

ELPs are a renowned class of natural polymers that exhibit thermo-responsive behavior. 

ELPs are constituted by repeats of VPGXG, wherein X is a variable amino acid that dictates the 

phase transition temperature and the behavior of the resulting peptide-rich phase [222, 223]. This 

characteristic has been extensively utilized to engineer injectable formulations that, upon exposure 

to the body temperature, form coacervate structures for sustained local delivery [224-226]. Of 

particular interest is the ability of ELPs to efficiently encapsulate drugs that present high 

hydrophobicity or abundant hydrogen bonding groups and are traditionally challenging to 

formulate [223]. Combinations of ELPs and anticancer drugs (e.g., DOX, PTX, camptothecin 

[CPT], gemcitabine [GEM]) [226-228] form micellar structures that have been demonstrated for 

chemotherapeutic treatment both in vitro and in vivo systems [229, 230]. To facilitate cellular 

uptake of the therapeutic payload, fusions of ELPs with cell-penetrating peptides (e.g., CPPs-Bac, 

Tat, and SynB1) have been genetically engineered [226, 230]. Conjugates or aggregates of these 

peptides with anticancer drugs have shown superior accumulation and penetration into cancer 

tissues compared with non-targeted systems and free drugs, with remarkable reduction of side -

effects [231, 232]. 

 

1.3.1.6. Cyclic Peptides (CPs) 

Finally, CPs that form self-assembled nanotubes via hydrogen bonding have been also 

utilized as drug delivery vehicles [233-235]. This is owed to their higher mechanical and 

biochemical stability, and higher tissue permeability compared with structures formed by their 

linear counterparts [233-235]. Among the numerous examples, cyclic peptide nanotubes of 

(WDL)4QDL afforded a high level of 5-fluorouracil (5-FU) penetration in tumor cells, resulting in 
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potent anticancer activity [236]; self-assembled cyclic peptide nanotubes, with the sequence 

QDAEDAQDACDA loaded with DOX have been shown to increase drug uptake and cytotoxic effect 

in human breast cancer cells, demonstrating potential to overcome multidrug resistance [237]. 

 

1.3.2. Targeting Agents 

Targeted drug delivery has been shown to impact pharmacokinetics and improve 

therapeutic outcomes [238-242]. Peptides are playing a growing role as targeting agents displayed 

onto a drug carriers for the treatments of lung [243-250], colon [251-255], skin [256-260], and 

breast cancer [261-268]. Of growing interest are tumor-targeting peptides (TTPs) [269, 270], 

which provide superior targeting activity compared with naked drug delivery systems by 

recognizing the proteins expressed by tumor-associated endothelium while showing no affinity for 

healthy endothelium [243]. Liposomes are a popular drug delivery modality that have benefited 

from the incorporation of TTPs, and the list of examples is endless. PEGylated liposomes 

functionalized with PIVO-8 and PIVO-24 afforded a two-fold higher accumulation of DOX in 

subcutaneous murine lung cancer compared with non-targeted liposomes [243]. Liposomes 

decorated with BiP-(immunoglobulin heavy-chain binding protein) targeting peptide WIFPWIQL 

showed a four-fold higher accumulation within neovascular cells compared with prostate and 

colon cancer cells, indicating potential for blocking tumor invasion by attacking its vascularization 

[251]. Similarly, liposomes functionalized with peptides GNGRG and APRPG attacked tumor 

vascularization by targeting the aminopeptidase N (APN) onto tumor-associated endothelial cells 

[252, 271, 272]; functionalization with GNGRG and APRPG not only affords stronger anti-

proliferative effect, but also reduced drug accumulation in the spleen, liver, kidneys, lung, and 

heart. The disulfide-cyclic variant CNGRCGV and the linear peptide CPRECESA, which target 
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aminopeptidase A (APA), have also been utilized to functionalize liposomes to target the tumor-

associated vasculature [273-275]. Liposomes decorated with peptides targeting APN and APA 

have been utilized to deliver DOX to endothelial and perivascular cells that support neuroblastoma 

tumor in a mouse model, showing therapeutic efficacy [276]. Peptides that target hormones and 

growth factors are also widely utilized TTPs. Among the former, we recognize the somatostatin-

binding peptide FCFWKTCT [247], the luteinizing hormone-releasing hormone (LHRH)-binding 

peptide Pyr-HWSYGLRPG [263], cholecystokinin-binding GDYMGWMDF [260], and 

neurotensin-targeting RRPYIL [254]. FCYWKTCT-functionalized liposomes incorporating metal 

chelating lipids were used to deliver radioactive 111InCl3 to AR42J pancreatic cancer cells [250]. 

Growth factor-binding peptides include VEGF-targeting WHSDMEWWYLLG, neuropilin-1-

targeting ATWLPPR, αV integrin-targeting GARYCRGDCFDG, and PDGF receptor-targeting 

GCRGRRST [258, 259]. Liposomes functionalized with peptide KRFKQDGGWSHW, which 

binds and activates tumor growth factor β (TGF-β) [253], have been shown to halt tumor 

progression in mice compared with non-targeting liposomes. In another example, the peptide 

TDSILRSYDWTY, which specifically targets non-small cell lung cancer (NSCLC) cells [244], 

was used to functionalize DOX-loaded liposomes for treating xenografted mice, affording a five-

fold higher DOX delivery than free drug, and two-fold higher delivery than traditional liposomes. 

DOX-loaded liposomes functionalized with a similar NSCLC-targeting peptide, CSNIDARAC, 

were shown to halt tumor growth and produce minimal accumulation in the liver, lung, spleen, and 

heart in comparison with free DOX and non-targeting DOX-loaded liposomes [248]. 

A special place is occupied by integrin-binding peptides, to date the most utilized targeting 

moieties in the history of drug delivery, first and foremost RGD-based sequences. Innumerable 

RGD-functionalized systems have been developed as anti-cancer nanomedicines, carrying either 
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traditional chemotherapeutics [277, 278] or gene drugs [279]. Lately, cyclic variants of RGD have 

been employed to functionalize liposomes for drug delivery against breast cancer [280-282], colon 

cancer [261, 283, 284], and melanoma [285], as well as diagnostics against lung tumors [286]. A 

notable RGD-derivative targeting α5β1 integrin, KSSPHSRNSGSGSGSGSGRGDSP [287-290], 

has utilized to confer liposomes and polymersomes with both cell targeting and penetrating 

activities; these formulations were effective in delivering diverse drugs (5-FU, DOX, tumor 

necrosis factor-α, siRNA, and plasmid DNA) to colon cancer cells [261, 267, 289], prostate cancer 

cells [291, 292], and porcine Langerhans islets [293]. It is worth noting that linear and cyclic RGD 

peptides have been extensively utilized for developing synthetic mimetics of cells, especially 

platelets. In an early work, RGD-decorated nanoparticles were shown to reduce bleeding time by 

half after IV administration in a rat model [294]; later, liposomes, albumin particles, latex particles, 

and PLL-PLGA (poly-L-lysine-poly(lactide-co-glycolide) nanoparticles functionalized with RGD 

peptides were also developed [294-303]. Recently, liposomes functionalized with von Willebrand 

factor-binding peptides (VBPs), collagen-binding peptides (CBPs), and GRGDS peptides were 

shown to be highly efficacious in both microfluidic and murine wound models [304]. Lastly, layer-

by-layer, discoidal, soft nanoparticles coated with polyamidoamine (PAMAM) dendrimers 

functionalized with VBP, CBP, or GRGDS peptides have demonstrated a remarkable 65% 

reduction in bleeding time relative to natural platelets, the highest reported value to date [305]. 

 

1.3.3. Cell-Permeating Peptides 

Together with cell-targeting peptides, cell-permeating peptides (CPPs) have been 

extensively integrated with drug delivery systems [34, 238, 306, 307] to promote the 

internalization of cargoes such as siRNA [308-310], nucleic acids [311, 312], small molecule 
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therapeutic agents [313, 314], proteins [315, 316], peptides [317, 318], and contrast agents [319]. 

Recently, novel CPPs have also been developed for nuclear localization [320-324], organelle and 

cytoplasmic protein targeting [325-331], and stimuli-responsive delivery [227, 232, 332]. Protein-

derived sequences were among first CPPs developed. Among these, the most notable are the Tat- 

derived sequence Tat49-57 [333, 334], penetratin43-58 [335, 336], the herpes virus-derived VP22 

[337], and the Kaposi FGF signal sequences [338-340], which derive from viral capsid proteins, 

and have been utilized for intracellular delivery of antibodies [341, 342], peptides [343-348], 

proteins [349-353], nucleic acids [354-356], peptide nucleic acids (PNAs) [357], and drugs [358, 

359]. A plethora of synthetic sequences have also been developed [32, 34], including cationic 

[360], amphiphilic, and hydrophobic CPPs, and skin-permeating peptides (SPPs). Cationic 

sequences, such as poly-R and (WR)n (n > 4) [361, 362], are among the first synthetic CPPs [363-

367]; these CPPs have been reported to induce a wide variety of side effects, chiefly, cell 

membrane disruption, which comprises cell viability and leads to severe cell toxicity and tissue 

irritation [368-370]. Amphiphilic CPPs contain both polar and non-polar residues [371-373]. Some 

are derived from proteins, such as pVEC, ARF(1-22), BPrPr(1-28), MPG, penetratin, and CADY, 

while others are synthetic, like proline-rich peptides, and the model amphipathic peptide (MAP) 

and its derivatives MAP17, MAP12, GALA, and KALA [374, 375]. Amphipathic CPPs can be α-

helical, with the coil featuring a hydrophobic side and a charged or polar side, or β-sheet, 

comprising one hydrophobic and one hydrophilic string of amino acids. Conjugates of Tat, 

penetratin, CADY, and poly-R peptides with DOX have been developed for treating different cell 

lines in vitro and in vivo [358, 376-385]. In other studies, peptides YTA2 and YTA4 have been 

conjugated to methotrexate (MTX) and fluorescent probes for treatment and imaging of breast 

cancer cells [313, 386, 387]. Amphiphilic CPPs MPG8 and PEP3 have been utilized for delivering 
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short regulatory oligonucleotides in both cancer and healthy cell lines to modulate gene expression 

[320, 388, 389]. Finally, hydrophobic CPPs form a smaller class that includes stapled peptides, 

prenylated peptides, and pepducins [390-392], the signal sequence for integrin β3 

(VTVLALGALAGVGVG), and Kaposi fibroblast growth factor (AAVALLPAVLLALLAP) 

[393], whose potential for drug delivery has been marginally studied. Finally, SPPs have been 

developed, the majority of which has been identified by screening phage-display libraries 

specifically to achieve transdermal drug delivery. Examples include peptide DRTTLTN, IMT-P8, 

and SPACE™. Peptide DRTTLTN reaches the epidermis via fluidization of the lipids and 

extension of the keratin fibers in the stratum corneum (SC), and has been applied for transdermal 

delivery of unfractionated heparin (UFH), yielding a remarkable increase of UFH permeation 

compared with UFH alone [394]. IMT-P8, an arginine-rich SPP [395, 396], penetrates the SC, 

permeates the epidermis, and accumulates hair follicles; fusions of this peptide with green 

fluorescent protein (GFP) and proapoptotic peptide KLA were evaluated on murine skin in vivo, 

[397] and found to achieve higher skin penetration compared with Tat, inducing localization in 

mitochondria and cell death.  

Finally, the disulfide-cyclic “skin permeating and cell entering” (SPACE™) peptide 

ACHSALTKHCG has been extensively characterized for dermal delivery of siRNA, small 

molecules, proteins, and biopolymers. Conjugates of SPACE™ and siRNA targeting interleukin-

10 and GAPDH have been shown to absorb in skin porcine with a 10-fold increase compared with 

siRNA solution, achieving effective knockdown (60-80%) of the corresponding proteins both in 

vitro and in vivo. Ethosomal carriers constructed with SPACE™-phospholipids conjugates have 

been utilized to deliver HA across both human and porcine skin in vitro, and murine skin in vivo, 

with significant increments compared with aqueous HA [398]. SPACE™ was also found effective 
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in permeating small drugs without covalent conjugation. In one example, a hydro-alcoholic 

solution of SPACE™ and corticosterone enhanced epidermal permeation compared with 

Cortisone™ cream, both in vitro on porcine skin and in hairless mice models [399]. In another 

study, SPACE™ was utilized to promote in vitro dermal absorption of cyclosporine A (CsA), 

achieving a nine-fold increase compared with a hydro-alcoholic solution of CsA [400]. Recently, 

a computational algorithm was developed for the de novo identification of disulfide-cyclic peptides 

that enhance transdermal delivery of CsA. Selected heptameric sequences ACSATLQHSCG, 

ACSLTVNWNCG, ACTSTGRNACG, and ACSASTNHNCG, and octameric peptide 

ACNAHQARSTCG were tested in vitro and found to afford a CsA permeation comparable with 

or higher than SPACE™, without triggering any toxic effect on skin keratinocytes, even at high 

concentration [401]. 

 

1.3.4. Peptides in Tissue Engineering and Regenerative Medicine 

Hydrogels produced with self-assembling proteins and peptides have been extensively 

applied as scaffolds for tissue engineering and regenerative medicine (Figure 1.5) [10, 162, 402-

414]. Among the many building blocks utilized in these efforts, we must mention: 

 

1.3.4.1. Collagen, Gelatin, and Fibrin 

These proteins, either produced recombinantly [415-423] or obtained from mammalian 

sources [424-428], are the most widely utilized biologically -derived substrates for tissue 

engineering [89]. Collagen, the main component of connective tissue, tendon, skin, and cartilage, 

is known for its biocompatibility, bioactivity, and wide availability. Collagen is often modified by 

covalent conjugation or physical adsorption of growth factors to promote regenerative outcomes, 
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such as neovascularization and angiogenesis, [429-433] or cartilage repair [434, 435], osteogenesis 

[436-438], and infiltration of human fibroblasts to promote cellularization and vascularization of 

implants [439-441]. Gelatin, i.e., hydrolyzed and denatured collagen, is also frequently 

functionalized with growth factors (e.g., TGF-β, bone morphogenetic proteins [(BMPs]), and 

VEGF) and utilized as substrate for cartilage regeneration [442-445], angiogenesis, and 

osteogenesis [446, 447]. Fibrin has been frequently utilized as matrix for the immobilization of 

growth factors FGF and BMP, and the conditioning of platelets, leukocytes, fibroblasts, and 

endothelial cells for bone tissue engineering and regeneration [448-451]. 

 

1.3.4.2. Elastin-like Polypeptides (ELPs) 

ELPs have gained great popularity in tissue engineering [452-455], owing to their 

biocompatibility and facile physicochemical customization. Their sequence can in fact be tailored 

to enable cross-linking, [456-460] and functionalization with biomolecular cues, [461-463] and to 

adjust their thermomechanical properties for easy processing into gels [459, 460, 464-467], films 

[458, 463], foams [467], and fibers [468, 469]. Non-crosslinked ELPs have been shown to be ideal 

substrates for cartilage engineering [470], as they promote biosynthesis and retention of 

chondrocyte-associated extracellular matrix (ECM) and long-term phenotype maintenance of 

chondrocytes and human adipose-derived adult stem (hADAS) cells [471, 472]. Soft, non-

crosslinked ELPs are not ideal for load-bearing materials to promote cartilage regeneration. 

Crosslinked ELPs, on the other hand, form mechanically robust hydrogels that are capable of 

hosting primary chondrocytes and promote formation of cartilage matrix, [459] and have been 

used as injectable 3D scaffolds for cartilage regeneration in animal models [457, 460, 462, 473-

475]. Crosslinked ELP hydrogels have also been employed in engineering intervertebral discs that 
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were successfully implanted in animal models [476, 477], where they promoted formation of new 

cartilage without significant inflammation and local degradation; analogous ELP hydrogels have 

been developed to engineer load-bearing cartilage tissue for defect filling [475]. Notably, the 

mechanical properties of ELPs can also be controlled thermally by taking advantage of sequence-

dependent thermo-responsive behavior. Upon temperature-induced gelation, in fact, ELP 

hydrogels present a rheological behavior similar to that of strong collagen and hyaluronan 

substrates, thereby serving as ideal substrates for cartilage engineering [471, 478, 479] and 

implants for in vivo applications [480]. These ELP hydrogels exhibit high durability and 

biostability in vivo, without triggering inflammatory responses or calcification [481-483]. Being 

produced by recombinant techniques, ELPs can also be fused with proteins, such as growth factors 

and cytokines, to better direct cell adhesion, proliferation, and differentiation [484, 485]. For 

example, an ELP-interleukin-1 receptor antagonist (ELP-IL-1Ra) fusion was developed for intra-

articular treatment of osteoarthritis [486, 487]; numerous other examples of ELP-based fusions 

with growth factors (e.g., soluble tumor necrosis factor receptor II ([sTNFRII]), epidermal growth 

factor, and oncogene inhibitors) have been developed for anti-inflammatory use, cellularization of 

surgical implants, or halting the progress of solid tumors [227, 345, 346, 488]. ELPs can also be 

fused with cell-binding small peptide domains [489]. Numerous examples are reported of 

crosslinked ELP hydrogels displaying fibronectin-derived REDV, laminin-derived IKVAV, or 

integrin-binding RGD motifs [463, 485, 489, 490], utilized as mimetics of the ECM. These 

hydrogels have been utilized as substrates for fibroblasts, platelets, and endothelial cells to 

engineer small diameter vascular grafts that effectively integrate with host tissues [458, 461-463, 

484, 485, 489-492], as well as stem cells and primary chondrocytes for cartilage and intervertebral 

disc engineering [457-459, 462, 466, 483-485, 489, 490, 493, 494]. Notably, ELPs can also be 
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mixed with synthetic polymers and formed into processed materials. For example, ELP-based 

nonwoven nanofiber substrates have been developed for vascular engineering [481, 483] and 

ocular tissue engineering [495, 496]. Hybrids of ELPs and polyacrylic acid (PAA) and 

polyethylenimine (PEI) have been processed into substrates for culturing and controlling the 

differentiation of primary hepatocytes [497]; notably, ELP-PAA and ELP-PEI trigger high 

production of both urea and albumin in hepatocytes, proving to be ideal substrate to culture 

hepatocytes for liver regeneration [497, 498]. 

 

1.3.4.3. Synthetic Peptides [499]  

Synthetic peptides have gathered significant momentum as affordable and tailorable 

building blocks for biomimetic hydrogels for tissue engineering and reconstitution [475, 494, 500-

503]. A plethora of sequences are known that (i) self-assemble into structures with customized 

physiochemical properties, most notably stimuli-responsiveness to environmental conditions; (ii) 

can be crosslinked in vitro and in vivo by chemical, enzymatic, or electromagnetic triggers; or (iii) 

can be combined with biopolymers, resulting in ECM-mimetic matrices with controlled 

morphology, biocompatibility, and biodegradability [459, 466, 494, 499, 500, 502, 504-510]. 

Among the most studied synthetic peptides are RAD16-I and RAD16-II, which self-assemble into 

ribbons and fibrils [511] that form highly porous hydrogels with high water content (99-99.5%) 

[162, 512, 513]. Their high porosity favors migration of nutrients, growth factors, and oxygen 

[403, 514], making these materials ideal substrates to sustain growth and differentiation of a 

variety of mammalian cells [166, 170, 402, 514-527]. Primarily, these peptides have been used in 

cardiovascular engineering applications [166, 514, 519, 522, 526]. Examples include RAD16-I 

hydrogels functionalized with laminin-derived peptides YIGSR and RYVVLPR to culture aortic 
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endothelial cells into tubules [528]; a RAD16-I hydrogel functionalized with a VEGF agonist 

peptide and RGD peptides to grow and differentiate human umbilical vein endothelial cells 

(HUVECs) toward tubulogenic phenotype [529, 530]; and a RAD16-II scaffold to engineer murine 

neonatal cardiomyocytes, in combination with endothelial cells, into ventricular tissue [514, 531]. 

Numerous studies have also demonstrated the potential of these materials for in vivo applications. 

For example, RAD16-II nanofibers loaded with mesenchymal stem cells (MSCs) were injected 

into a rat model of myocardial infarction, where they promoted proliferation and differentiation of 

MSCs into cardiomyocytes to reduce ischemic heart tissue and restore cardiac function [519]. In 

another example, a RAD16-I hydrogel hosting a combination of skeletal myoblasts and adipose-

derived MSCs achieved remarkable reduction of necrotic tissue and reformation of functional heart 

muscle in a murine model of infarcted myocardium [522]. A RAD16-II hydrogel loaded with 

insulin-like growth factor 1 (IGF-1) [163] was injected in the left ventricle of mouse models, where 

it became rapidly populated by capillary-forming endothelial cells and smooth muscle cells that 

formed functional vessel-like structures and arterioles [514], resulting in improved heart 

functionality within 30 days upon injection. More recently, the RAD16-I and RAD16-II have 

demonstrated applicability in neural tissue engineering. RAD16-I hydrogels mixed with 

fibronectin, laminin, collagen, and bone marrow-homing peptides have been utilized as 3D 

scaffolds for adhesion and differentiation of neural stem cells (NSCs), [513, 532] and engineering 

neurite outgrowth and synaptic brain tissue [515]. A RAD16-I hydrogel with brain tissue-like 

softness was functionalized with laminin-derived peptide IKVAV to guide the migration, 

adhesion, and neuronal differentiation of NSCs to reconstruct injured brain tissues [533]. Further, 

several reports have illustrated the potential use of injectable cell-loaded RAD-16-based hydrogels 

for neuronal and brain tissue repair [514, 530, 534, 535]. For example, an NSC-loaded hydrogel 
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implanted in a rat model of damaged cerebral neocortex yielded a notable regeneration in brain 

tissue [533]. Similar RAD16-II microporous hydrogels have been utilized to achieve homogeneous 

encapsulation and growth of neuronal cells for repairing damaged optic nerves [534], spinal cords 

[517], and brain injuries in vivo [155, 402, 534-536]. Many other fibril-forming β-sheet peptides 

and α-helical peptides have been extensively utilized to engineer 3D substrates for mammalian 

cells [155, 402, 405, 407, 410, 537]. Among hydrogel-forming β-sheet peptides, P11 sequences 

are noted for their biocompatibility and non-immunogenicity, and ability to self-assemble under 

desired conditions of pH and ionic strength [538-541]. For example, an RGD-decorated hydrogel 

constructed with P11-2 (Ac-QQKFQFQFEQQ) was developed as substrate with adjustable 

stiffness for HUVECs [542, 543] and human dermal fibroblasts [544]; the peptide/water and RGD-

/non-RGD peptide ratios were used as tuning parameters, showing correlation between mechanical 

properties and phenotypic response. The MAX peptide family is another notable example of β-

hairpin peptides, known for cytocompatibility and antibacterial properties, [545, 546] and their 

ability to self-assemble when combined with cell suspensions in cell culture media, thereby 

encapsulating the cells without damage [155, 547]. Many of these nanofiber-forming β-sheet 

peptides have also been assembled into multi-domain peptides (MDPs) in combination with cell-

binding and cell-signaling peptides, and sequences, enabling enzymatic crosslinking or digestion. 

These MDPs have been engineered into scaffolds for vascular grafts, [548] and injectable gels for 

tissue repair [549, 550]. Similarly, many α-helical peptides have been extensively utilized to 

engineer 3D hydrogel substrates for endothelial cells, neuronal cells, hepatocytes, chondrocytes, 

and osteoblasts [194, 403, 515, 528, 529] in combination with proteins for cell differentiation, and 

formation of vascular or organ structures [9, 410, 513, 530, 549, 551, 552]. PAs have also been 

utilized as cell culture and tissue engineering substrates, chiefly for their ability to undergo 
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remodeling by resident cell populations [553, 554]. This is particularly useful in stem cell 

differentiation, where matrix remodeling is necessary to elicit the desired differentiation response 

and support the new fully -differentiated daughter cell population. Hydrogels obtained by 

combining PAs with synthetic biopolymers (e.g., polyglycolic acid) were used as 3D scaffolds in 

cell culture bioreactors to obtain bone and vascular grafts from MSCs [59, 555-558]. In vivo, 

IKVAV AP gels supporting neural progenitor cells promoted neuronal differentiation, and were 

applied for treating spinal cord injuries in mice models, resulting in axon growth and functional 

recovery [405, 559]. Analogous PA-based hydrogels loaded with growth factors and cytokines 

(e.g., TGF-β and BMPs) have been developed for cell growth and differentiation of hMSCs toward 

chondrogenic [560], osteogenic [557, 561, 562], myogenic, adipogenic, and neurogenic lineages 

[405, 563] 

 

1.4. Applications of Polysaccharides 

1.4.1 Drug Delivery 

Like proteins and polypeptides, polysaccharides have been widely utilized as drug delivery 

vehicles [564-574], owing to their excellent biocompatibility and biodegradability, ease of 

chemical functionalization and processing, commercial abundance, and low cost. Their versatility 

enables a multitude of applications, including drug conjugates and drug-loaded self-assembled 

structures for increasing the solubility and circulation time of otherwise insoluble or rapidly-

cleared drugs, and particle coating for targeted delivery or as alternatives to PEGylation for stealth 

function. Research on polysaccharide-drug conjugates has grown hand in hand with 

bioconjugation technology [575-583], resulting in new linkers for site-specific conjugation [584, 

585], pH-responsive release [582, 586, 587], especially useful in the mildly acidic environment of 
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tumor cells [575, 588], or enzyme-directed cleavage for intracellular drug release [575, 581, 589-

591]. Of recent interest is sustained intestinal release of traditional injectable therapeutics (e.g., 

insulin and immunotherapies) and drugs for fighting colon cancer, ulcers, Crohn's disease, and 

gastrointestinal infections. Polysaccharides are ideal for colon targeting, as they resist the 

gastrointestinal environment but are degraded by the bacterial enzymes in the colon, resulting in 

release of the therapeutic payload and bioresorbable oligosaccharides [592-595]. 

 

1.4.1.1. Hyaluronic Acid (HA) [596]  

HA consists of D-gluconic acid-D-N-acetylglucosamine dimer repeats whose hydroxyl and 

carboxyl groups have been extensively utilized for drug conjugation [597]. HA has gained great 

popularity as drug delivery vector for its ability to specifically target cell surface marker CD44 

[598-604], which is overexpressed in many cancer and cancer stem cells [599, 605]. A great deal 

of studies have been devoted to optimizing HA-drug conjugates to prevent aggregation [588, 600], 

improve conjugation [602, 606-608], and understand cell internalization [561, 609-611]. In this 

role, HA has served as carrier for (i) butyric acid to treat Lewis lung, melanoma, and leukemia 

[612-614]; (ii) PTX against ovarian, bladder, breast, and brain cancer [600, 610, 615-619]; (iii) 

CPT for peritoneal cancer [620, 621]; (iv) DOX to treat breast cancer [622]; and (v) cisplatin for 

breast cancer, squamous cell cancer of the head and neck (SCCHN), melanoma, sarcoma, and 

breast cancer [623-628]. In a recent study, DOX and CPT were conjugated to HA at a 4.5 : 1 molar 

ratio CPT:DOX, which is synergistic against HER2+ BT-474 breast cancer cells [629]. Analogous 

formulations were prepared by conjugating DOX to HA via a pH-labile hydrazone bond, [630] 

and PTX via ester bond; the former provided higher anticancer efficacy in vivo compared with free 

DOX [622], while the latter showed targeted toxicity in vitro and strong anticancer activity in vivo 
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in human ovarian carcinoma xenografts, [600] and bladder carcinoma [631, 632]. HA micelles, 

liposomes, and nanoparticles have also been developed for the delivery of insoluble anticancer 

drugs. Their PEGylation and functionalization with proteins and peptides results in prolonged 

circulation and active targeting, while incorporation of thermo-/pH- responsive building blocks 

enables site-selective release. Examples of HA-based nanoparticulate formulations include: 

(i) Micelles carrying DOX for treatment of breast and prostate cancer, [633, 634] or PTX 

to treat breast cancer and SSCHN [635-638]. 

(ii) Liposomes loaded with mitomycin C (MMC) to treat primary, metastatic cancers, and 

Lewis lung carcinoma in mice, [639] or GEM against pancreatic cancer [640, 641]; 

DOX-loaded liposomes against breast cancer [642, 643] were also successfully tested 

on human breast cancer xenografts in mice [622]; analogous PTX liposomes were 

developed against hepatocellular carcinoma [644] and CD44+ human ovarian 

carcinoma, showing antitumor activity in vivo [600]. 

(iii) Core-shell nanoparticles wherein synthetic polymers (e.g., PLA [polylactic acid] and 

PLGA) and HA, respectively, populate the inner and outer layers have been developed 

to carry chemotherapeutic drugs against various breast cancer cell lines;, [645-649] 

Ehrlich ascites tumor, breast cancer, and SSCHN; [650-654] and sarcoma [655]. 

Similar lipid-HA nanoparticles have been developed to deliver chemotherapeutics to 

treat breast cancer and carcinoma [650-654, 656-662], colon cancer [663], melanoma 

[655, 664-666], and lung cancer [667]. Great effort has been devoted into studying the 

biodistribution, side toxicity, tumor accumulation, and antitumor efficacy in vitro and 

in vivo of these lipid-HA systems [645, 647, 648].  
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1.4.1.2. Dextran (Dex) 

Dex is also widely employed as drug carrier either by formation of non-covalent complexes 

[668-671] as well as conjugates based on either traditional chemistries [672] or innovative linkers 

enabling environment-controlled release [673-676]. Conjugates with chemotherapeutics are 

naturally the most widely studied. Among the examples of traditional conjugates, we find a Dex-

cytarabine system that greatly improved survival in leukemia murine models [677] and Dex-MTX 

conjugates that showed therapeutic efficacy in mouse models of brain tumor [678] and leukemia 

[679, 680]. Short peptide linkers have then gained popularity for drug conjugation to Dex carriers. 

For example, an oligo-glycine linkers were used to construct Dex-CPT conjugates that showed 

significant antitumor activity in vivo against an ensemble of human tumor xenografts, [673, 674, 

676, 681, 682] and colon cancer [587, 683]; using the same GGGF linker, a conjugate of Dex and 

exatecan, a CPT analog, was prepared, which exhibited strong therapeutic activity against a panel 

of human xenografts and murine solid tumors [675, 684, 685]. The linker Jeffamine-PVGLIG, 

which is cleaved by matrix metalloproteinase enzymes, was used to link MTX to Dex; the resulting 

conjugate showed improved efficacy against human tumor xenograft models compared with the 

free drug [586, 590, 591]. To facilitate the conjugation of the drug payload through cleavable 

bonds, modified versions of Dex, such as oxidized (Ox) or carboxymethyl (CM) Dex, have been 

developed. PTX-CM-Dex ester conjugates showed significant antitumor activity against multiple 

colon cancer cell lines in vivo [587, 683]; similarly, an imine conjugate of DOX to Ox-Dex showed 

higher therapeutic activity and lower heart accumulation and acute toxicity compared with free 

DOX in a Lewis lung carcinoma rat model [686]. Notably, a CM-Dex conjugate with delimotecan, 

a CPT analog, has entered clinical trial; two cancer patients responded to therapy, but showed 

adverse effects [676]. Other clinical studied were performed with a CM-Dex-CPT conjugate, 
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which showed stabilization of the disease in 50% of patients affected by advanced solid tumors 

[685], and an Ox-Dex-DOX conjugate administered through IV infusion, which led to stabilization 

of the disease in 90% of patients, although toxic side effects were reported [687]. Worthy of notice 

are also the PEGylated Dex nanogels utilized for gene therapy, in particular for IV administration 

of small -interfering RNA (siRNA) and microRNA [688-691], which have successfully achieved 

gene knockdown in human hepatoma and glioblastoma [692, 693]. Among others, it is worth 

reporting a series of studies employing Dex nanogels for delivering siRNA that silences the genes 

responsible for multi-drug resistance in drug-resistant cancer cell lines [694-696]; the cells were 

sensitized to drug treatment, which resulted in effective suppression of cell growth in vitro and 

tumor growth in vivo. 

 

1.4.1.3. Chitosan (CN) 

CN is the most widely utilized cationic biopolymer as drug carrier [697-699]. CN owes its 

success to the amino groups displayed on the glucosamine monomers, which enable fine-tuning of 

its gelation behavior and mechanical properties by chemical modification and conjugation of 

anticancer drugs. Direct drug conjugates with CN have been developed as injectable 

macromolecular drug carriers. A number of conjugates with MMC, for example, have showed 

good antitumor activity against murine leukemias, melanoma, sarcoma, metastatic liver cancer, 

and hepatic cell carcinoma in vitro [700] and comparable efficacy but reduced systemic toxicity 

against sarcoma in vivo [700-702]. DOX-CN conjugates, which formed micelles in solution 

comprising a DOX-rich core and a CN-rich shell, were shown to suppress tumor growth without 

systemic toxicity in vivo against breast cancer [703], melanoma [699], and mesothelioma cells 

[704]. Other micelle-forming PTX-CN conjugates developed for oral administration showed 
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significant inhibition of murine melanoma [601], and similar DTX-CN conjugates provided 

increased bioavailability, lower acute toxicity, and effective antitumor efficacy in vivo [705]. 

Conjugates with insulin for oral administration have also been developed, which released the 

payload in the intestine, increasing its bioavailability and controlling blood glucose levels 

effectively for several hours in diabetic rats [706]. Because of its insolubility at physiological pH, 

CN has been mostly utilized in the form of bulk and particulate hydrogels [670, 671, 707-710]. 

Numerous methods have been developed to fabricate CN micro- and nano-particles for sustained 

drug release, including crosslinking, solvent exchange, ionic gelation, spray drying, emulsion 

polymerization, and precipitation/reconstitution [35, 711-728]. Notably, DOX-loaded 

nanoparticles were shown to circulate systemically without drug leaching and accumulate into 

tumor tissue, where they delivered the payload intracellularly by pH-triggered release [704]; 

analogous DOX-loaded nanospheres functionalized with HER2-targeting antibodies showed great 

promise for target delivery against HER2+ breast and ovarian cancers [671]. Being positively 

charged, NC nanoparticles make attractive vectors for oligonucleotide conjugations and gene 

delivery [729-731]. In one study, CN particles crosslinked with deoxycholic acid and loaded with 

plasmid DNA were shown to effectively transfect COS-1 cells [732-737]. CN nanoparticles co-

delivering tumor-suppressing IL17RB siRNA and DOX induced apoptosis and inhibited migration 

of breast cancer cells, owing to siRNA-induced sensitization of cells to DOX [738-744]. 

PEGylated RGD-functionalized CN nanoparticles loaded with siRNA targeting the lactate 

transporter MCT1 and the glutamine transporter ASCT2 showed strong antiproliferative effect 

both in vitro and in vivo. In another study, CN nanoparticles were developed to deliver siRNA that 

silences galectin-1 (Gal-1), a lectin associated with brain tumor progression; the particles were 

delivered to the central nervous system upon intranasal administration and showed significant 
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reduction of Gal-1 expression in tumor-bearing mice. Like nanoparticles, CN nanofibers also show 

great potential for drug and gene delivery [745-748]. Their high specific surface and porosity 

improve drug loading and cell binding, [749] and enable high integration of optically and 

magnetically active materials for cancer imaging [750-774]. Examples include CN thin films 

loaded with mesoporous aluminosilicate to fine-tune the delivery rate of metformin [774] or DOX 

[756, 768]; CN nanoparticles modified with magnetic iron oxide nanoparticles to control the 

delivery of DOX while concurrently enabling cell imaging [773]; particles loaded with magnetic 

nanocrystals for MR (magnetic resonance) cancer imaging and pH-controlled release of DOX 

[760]; and iron oxide nanoparticles coating CN for concurrent cancer imaging and treatment by 

delivery of MTX [765, 769] or MTX and GEM [759, 765, 769]. To complete the list of uses 

revolving around CN's cationic nature, it is worth mentioning complexation with negatively  

charged polyelectrolytes, which has been utilized as a method for constructing robust drug delivery 

systems such as particles, tablets, gels, and films [775]. CN-alginate constructs, for example, have 

been utilized to deliver anti-cancer [776-778], ocular [779], asthma and pulmonary [780], and anti-

inflammatory drugs [781]. Similarly, CN-HA systems have been developed for ocular 

applications, [782-784] and non-viral gene delivery for treating asthma and osteoarthritis [785, 

786]. Tablets of CN and xanthan gum also show great promise for sustained drug release in the 

intestine [787, 788]. 

 

1.4.2. Tissue Engineering and Regenerative Medicine 

The qualities that make polysaccharides ideal as drug delivery vectors – hydrophilicity, 

biocompatibility, controlled water uptake and degradation kinetics, and tailorable biochemical 

functionalization – make them attractive substrates for tissue engineering [8, 789-800] and 
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regeneration [54, 570, 694, 801-808]. A multitude of methods have been implemented to adapt 

polysaccharides for tissue engineering applications, including enzymatic and photo-induced 

crosslinking, chemical crosslinking by Schiff base reaction, Michaels addition, and click 

chemistry, and physical methods like ion-, pH-, and temperature-induced gelation (Figure 1.6) 

[809-817]. Let us peruse some examples: 

 

1.4.2.1. Plant and Bacterial Cellulose (BC) 

A plethora of 3D porous structures, such as sponges, hydrogels, and nanofiber matrices, 

have been developed using plant cellulose and its blends with other polymers for tissue engineering 

[818-820]. Particular attention has been devoted toward osteogenic and chondrogenic tissue 

scaffolds, since the porosity and mechanical strength of cellulose are ideal for osteoblast and 

chondrocyte infiltration and proliferation. In one study, cellulose microparticles were sintered into 

a 3D scaffold with mechanical properties similar to those of native bone and functionalized with 

collagen to support adhesion, spreading, and maturation of human osteoblasts, with consequent 

mineralization of the substrate [803, 821]. Similar scaffolds have been utilized to produce porous 

bone grafts and non-porous screws and plates for orthopedic applications [822, 823]. Cellulose has 

also been electrospun into fiber matrices and coated with BMP proteins for osteogenic 

differentiation of bone marrow stromal cells into bone tissue after implantation [824]. Cellulose 

scaffolds coated with calcium phosphates have also been developed to sustain proliferation and 

phenotype development of human chondrocytes cells and have been widely utilized for cartilage 

engineering [818]. More recently, bacterial BC has been introduced, which combines the 

biocompatibility of its plant cognate with higher water content and tensile strength, thus making a 

better substrate for cartilage and bone tissues [825-828], as has been shown in clinical trials [829]. 
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BC is obtained from bacterial cultures of Acetobacter xylinum as a highly crystalline nanofibrous 

material similar to collagen, [825-827, 830] and, like all other polysaccharide substrates, can be 

functionalized with biochemical cues to be employed as a cell culture substrate. In one study, BC 

functionalized with osteogenic growth peptide supported osteoblast development in vitro, 

promoting high levels of alkaline phosphatase expression and mineralization, while showing no 

cytotoxicity and genotoxicity in vitro [831]. In another example, BC scaffolds coated with BMP-

2 were utilized for adhesion and proliferation of fibroblast-like cells and were subsequently 

implanted subcutaneously in mice, resulting in ectopic bone formation [832]. 

 

1.4.2.2. Chitosan (CN) 

Crosslinked CN hydrogels and composites play a leading role as scaffolds for soft and hard 

tissue engineering and injectable systems for tissue regeneration. The amine groups on CN enable 

fine-tuning of the elastic modulus [833] and conjugation of ECM proteins and bioactive 

ingredients to support a variety of resident cell populations [834, 835]. To sample the versatility 

of CN composites, one can consider case studies where CN has been combined with other 

biopolymers (e.g., HA, alginate, aloe vera, etc.) to produce fibers and films for engineering 

ligaments [836], muscle tissue, skin [837], cartilage [838, 839], and even salivary glands [840]. 

Electrospinning of nanofiber composites has gained popularity as a processing technology for CN 

in combination with natural and synthetic biopolymers. For example, polycaprolactone (PCL)-CN 

coated nanofibers were electrospun with collagen to serve as osteogenic and chondrogenic cell 

scaffolds. Similarly, nanofibrous CN membranes were developed to support the adhesion and 

proliferation of Schwann cells, which play a crucial role in axonal regeneration in the peripheral 

nervous system [841], as well as cells from mouse neuroblastoma that produce the nerve growth 
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factors (NGFs) implicated in the reconstruction of peripheral nerve lesions [842]. Among synthetic 

complements to CN, a notable role is played by stimuli-responsive polymers, which have been 

integrated with CN to enable on-demand cell entrapment or detachment. A multilayer UV-curable 

CN-methacrylate was developed to encapsulate cells upon UV exposure and showed cell 

protection after crosslinking [843]. A thermo-responsive CN-pNIPAAm hydrogel [844] promoted 

cell adhesion and spreading upon heating, where pNIPAAm hydrophobically collapses, and 

allowed detachment of cell sheets upon cooling, where pNIPAAm regains hydrophilic character. 

Other composites based on CN and biopolymers such as gelatin, collagen, and starch have also 

been developed as 3D porous scaffolds for cartilage engineering [798, 845-847], tubular scaffolds 

for vascular grafts [846, 848, 849], asymmetric porous scaffolds for skin grafts [850-852], and 

membranes for constructing adipose tissue grafts [853]. Ceramic materials have also been 

integrated with CN to create composites with fine-tuned 3D morphology. Examples include CN 

crosslinked with silica particles for skin engineering and regeneration [854] and a CN-

nanohydroxyapatite framework for growing bone tissue using stem cell cells extracted from human 

periodontal ligament tissues [855]. By combining their bioactive properties and tunable mechanics, 

CN composites have shown promise as injectable systems to promote tissue regeneration. An 

illustrative list of case studies includes: coated CN tubules for engineering adipose stem cells into 

neurosphere cells to repair transected sciatic nerve in Sprague-Dawley rats [856]; a rigid CN 

hydrogel to promote skin regeneration in third-degree burns inflicted to female minipigs [857]; a 

thin film of CN and silk fibroin to repair ventral hernia in guinea pigs [858]; a blended hydrogel 

of CN and hydroxyethyl cellulose to repair of articular cartilage defects in sheep [859]; an in situ 

gelling mixture of CN and sodium alginate dialdehyde loaded with corneal endothelial cells for 

corneal regeneration [860]; and CN microspheres dispersed in a calcium phosphate paste for bone 
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regeneration of damaged femur in rabbits [861]. In all these examples, CN scaffolds promotes 3D 

tissue remodeling, with integration of the new tissue with the native one, deposition of new ECM, 

uniform vascularization, and cellular infiltration in repair sites, which contributed to ensuring 

mechanical and functional stability of the regenerated tissue. Owing to their ability to rapidly 

exchange gas and adsorb fluids, CN-based porous constructs are ideal materials for wound 

dressing [862]. CN hemostatic bandages and fillings have been reported to stop bleeding from 

deadly wounds in large animals much more rapidly than gauze dressings and increase the rate of 

survival [863]. The positive charges on CN chains, in fact, bridge erythrocytes by binding their 

negatively charged cell membrane and stimulates platelet intervention and rapid clotting. CN 

hemostats are frequently blended with biodegradable organic acids (e.g., succinic or lactic acid), 

to increase sponginess and make these materials bioresorbable. A number of hemostatic dressings 

are now commercial, such as the HemCon® bandage [862, 864], and are utilized by the United 

States and European armed forces. The abundance of amine groups on CN has also been utilized 

to develop materials for treating peptic ulcers by neutralizing gastric acids and form a protective 

layer in the stomach [865, 866]. CN-based composites have also been developed to retain moisture 

and enable easy peeling for treatment of skin injuries and have been loaded with antibiotics to 

ensure a sterile environment for the healing of burns. Examples include blends of CN, poly(vinyl 

alcohol), and alginate, loaded with broad-spectrum antibacterials (e.g., ciprofloxacin, minocycline, 

and ornidazole) and cast into moist films [867, 868] that form flexible and elastic membranes on 

wounds, and provide superior healing activity compared with conventional gauzes. To further 

facilitate dressing removal from critical wounds, thermo-responsive pNIPAAm has been 

combined with CN into films that can be easily peeled from the wound upon cooling [869]. Further, 
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in place of common antibiotics, silver and zinc oxide nanoparticles have been integrated CN films 

to avoid microorganism proliferation in infection-prone wounds [869-876]. 

 

1.4.2.3. Hyaluronic Acid (HA) 

As a major component of the ECM in soft connective tissues, HA regulates lubrication, 

inter- and intra-cellular communication, exchange of nutrients and metabolic waste, and 

rheological properties and shock absorption [877, 878]. Its biocompatibility, biodegradability, and 

ease of functionalization make HA an ideal material for tissue engineering [879, 880]. Echoing its 

biological role, HA is mostly applied as a substrate for cartilage and bone tissue engineering and 

regeneration. HA, in fact, induces cartilage stem and progenitor cells to differentiate into 

chondrocytes [881, 882] and stimulate the deposition of ECM [883-887], thus promoting a 

microenvironment that is conducive to cartilage production and in situ regeneration [885, 888-

890]. Similarly, HA also supports the adhesion, differentiation, and growth of MSCs and BMSCs 

for osteochondral tissue formation [891, 892] and bone formation and regeneration [893]. Thus, 

countless HA blends with natural and synthetic biopolymers [885-887, 894] and chemically 

modified, photopolymerizable, and thermo-responsive, [895- 901] HA gels have been developed 

to encapsulate chondrocytes, supporting excellent cellular viability and proliferation and secretion 

of cartilaginous ECM compounds (aggrecan, collagen type I and type II) [885, 902]. The materials 

have been utilized to construct and regenerate cartilage [902, 903], intervertebral disc [904] and 

nucleus pulposus [905], human meniscus [906], and vocal cords [907]. Analogous HA ingredients, 

loaded with growth factors (e.g., BMP-2), and functionalized with complementary reactive groups 

or UV-reactive moieties (e.g., acrylate and benzophenone) for in situ formation of strong 

hydrogels, have been developed for bone tissue engineering and regeneration [893, 908-915]. 
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Notably, HA hydrogels are degraded by hyaluronidase at a rate dictated by the type and degree of 

modification, crosslinking, and blending with other materials. HA degradation enables the 

diffusion of growth factors, migration of cells, and distribution of ECM, ultimately promoting 

integration with the native tissues [916]. While high molecular weight HA is a known anti-

inflammatory and inhibitor of cell proliferation [917, 918], low molecular weight HA has been 

found to promote cell migration and angiogenesis [917, 919, 920]. Functionalized hyaluronic acid 

oligomers (HAOs), per se [917, 921], or displayed on other biomaterials [922-924] promote vessel 

sprouting and outgrowth by driving cell migration through ECM and have been utilized to develop 

scaffolds for vascular grafts. HAO release by hyaluronidases from a gellan gum-HA hydrogel has 

been shown to promote the proliferation of HUVECs [925]. In another study, conductive thin films 

of HA were used to develop electrically-responsive systems that induce angiogenesis on demand 

in vivo [926]. HA porous hydrogels have also proven effective in the engineering and regeneration 

of neuronal tissue in animal models [927, 928]. Early work conducted with localized injections of 

HA in animal models of nerve damage showed axonal regeneration and improved conduction, 

together with a decrease of perineural scar tissue [929, 930]. Soft HA hydrogels, in fact, possess 

brain tissue-like modulus ( < 1 kPa) and are ideal substrates for differentiating MSCs into 

neurogenic lineages and NSCs into neuronal lineages [931-933]. As biochemical functionalization 

became recognized as critical to ensure high regenerative outcomes, HA hydrogels functionalized 

with RGD peptides and growth factors multiplied. A RGD-decorated HA matrix with tunable 

stiffness and peptide density was developed to guide neural progenitor cells and promote neurite 

outgrowth [934]; while neurite extension was noted in HA matrices without cell-binding peptides, 

RGD-HA with optimized peptide density showed superior neurite outgrowth; similarly, the 

elasticity of the HA matrix showed a strong influence over the behavior of hippocampal neural 
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progenitor cells, with an optimum of outgrowth and density of neurites at a storage modulus of 

400 Pa. Porous RGD-HA hydrogels were effectively employed in healing of cortex defects [935] 

and spinal cord injury (SCI) in vivo, [936] by improving vascularization and neurite extension 

while reducing scar formation in the defect area. A set of studies focused on HA-ephrinB2 

conjugates that promote in vivo formation and differentiation of new neurons in areas of the brain 

that are in a prolonged state of inactivity through sustained delivery of ephrinB2 [937-939]. More 

recently, structural anisotropy (e.g., uniaxial fibrils and nano-/micro-tubular constructs, matrices 

with gradient porosity) has been combined with biochemical functionalization (e.g., NGF, 

neurotrophin-3 [NT-3], brain-derived neurotrophin neurotrophic factor ([BDNF]), glial cell line-

derived neurotrophic factor [GDNF], and ciliary neurotrophic factor [CNTF]) to better guide the 

migration of cells toward lesion sites and promote growth and functional regeneration [940-944]. 

A number of studies have focused on the use of HA pre-filled with pluripotent stem cells to sustain 

survival, differentiation, and proliferation of stem cells into neuroblasts, thereby achieving better 

repair of nerve injuries [945-947]. This work has led to biomimetic cell-filled HA gels being 

utilized as inks for 3D bioprinting of neural replacement tissues [948]. The HA component of the 

bio-ink contains the biomolecular cues that drive cell differentiation into specific neural types upon 

printing. Bio-printed neuronal constructs feature precise control of the 3D spatial distribution of 

cell types and scaffold properties and therefore superior biomimetic and restorative behavior. 

Other studies on HA scaffolds have been focused on constructing adipose grafts or promoting 

proliferation and retention of adipose tissue in vivo [949]. HYAFF® 11 scaffolds, which consist of 

porous, bioresorbable foams of HA esters [950, 951], possess the physical and biochemical 

properties that are suitable for the development of functional adipose tissue. In vitro tests with 

HYAFF® 11 scaffolds have demonstrated adhesion and proliferation of adipocytes through the 3D 
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scaffolds; furthermore, in vivo studies with patients with small tissue deficit showed that implants 

produced by incubating adipose stromal cells into HYAFF® 11 scaffolds and implanted as 

subcutaneous pocket promoted the reconstruction of an adipose layer without triggering any 

toxicity or inflammation [952, 953]. Notably, these HA scaffolds have been also utilized for 

inducing human adipose stem cells into forming cornea-like structures [954]. 

 

1.4.2.4. Alginate 

Easy to form, non-immunogenic, and non-toxic, alginate has become widely applied as 

injectable hydrogel, sponge, and fiber [955-960]. Like HA, alginate has been utilized to support 

vascular grafts and cardiac tissue repair, as well as cartilage, bone, neuronal, and adipose tissues. 

Examples of injectable hydrogels of alginate blends with HA and gelatin have shown excellent 

performance in encapsulating and maintaining the viability of primary chondrocytes, supporting 

their proliferation and migration within the polymer matrix, and integrating well with the ECM 

and the resulting cartilage with negligible inflammatory and oxidative stress responses [961, 962]. 

On the front of bone tissue engineering, porous structures of alginate and CN are produced by 

coacervation, which supported adhesion, proliferation, and production of calcified matrix by 

osteoblasts, resulting in excellent in vivo biocompatibility [963]. Recent studies have presented 

blends of alginate and calcium salts [964], micro- and nano-particles [965-969], and photo-

crosslinkable polymers [970, 971] in the form of injectable pastes and cements preloaded with 

MSCs and biochemical cues for stimulating differentiation toward the osteogenic lineage; these 

formulations exhibited osteo-differentiation and secretion of bone minerals both in vitro and in 

vivo and promoted bone repair and in small and large animal models [972, 973]. Alginate patches 

functionalized with biochemical cues (e.g., RGD peptides and growth factors) [974] have also 
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been utilized as scaffolds for cardiac tissue engineering. In several studies functionalized alginate 

patches supported adhesion and proliferation of neonatal rat cardiac cells and increased cardiac 

tissue regeneration compared with control alginate patches [974]; shortly after the application, 

micro-fibrous bundles of cardiomyocytes were noted, which showed integration with native tissue 

and regeneration of functional tissue in scar or necrotic areas [960, 975, 976]. 

 

1.5. Conclusion and Future Outlook 

Three decades of research and preclinical development of peptide- and polysaccharide-

based biomaterials for drug delivery and tissue engineering have brought a prodigious wealth of 

fundamental knowledge and technological capabilities to fruition of the scientific, pharmaceutical, 

and medical community. Having established the correlations between the physicochemical and 

biomolecular properties of these materials with their biological outcome in vitro and in vivo, a new 

epoch has recently begun, centered on the integration of these materials with modern design and 

fabrication techniques, devices for real-time monitoring, and cutting-edge biochemical and 

biological discoveries that can morph the human body into its own therapy manufacturer. The 

latest advancements in computational tools, in fact, enable accurate in silico modeling of complex 

supramolecular systems for extended simulation times that were unthinkable a handful of years 

ago and will soon extend modeling to the interactions between these systems and cells. In parallel, 

the development of new fabrication technologies, such as high-throughput 3D printing, and optical 

instrumentation enables precise assembly of truly biomimetic systems and accurate spatiotemporal 

control of their performance. Biopolymer materials are also undergoing integration with 

miniaturized implantable systems that collect biochemical data and control in real time the 

behavior of the implanted material and the release of the therapeutic or cellular payload and 
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communicate data with medical personnel. Finally, capitalizing on their ability as delivery agents, 

these biomaterials will enable next-generation therapeutic approaches, such as gene therapy, that 

harness the bio-machinery of the body to produce target-specific therapeutics 
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Figures 

Figure 1.1 Overview of the substrate families, fabrication technologies, and applications of 
peptides, proteins, and polysaccharides in biomedical engineering.  
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Figure 1.2 Structures of polysaccharides utilized as substrates in drug delivery, tissue engineering, 
and regenerative medicine: (A) hyaluronic acid, (B) alginic acid, (C) pectin, (D) chitosan, (E) 
dextran, and (F) cellulose. Native functional groups used for modification are highlighted, 
including carboxyl and primary amine groups.  
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Figure 1.3 Structures of natural polypeptides utilized as substrates in drug delivery, tissue 
engineering, and regenerative medicine: (A) collagen (Protein Data Bank, PDB ID: 1BKV), (B) 
gelatin, (C) fibrinogen (PDB ID: 3GHG), (D) keratin 1/10 (PDB ID: 4ZRY), (E) keratin 5/14 
(PDB ID: 3TNU), (F) laminin (PDB ID: 5XAU), and (G) silk fibroin (PDB ID: 3UA0). The 
higher-order morphology directly impact functionality, e.g., tertiary helical structure of collagen, 
especially in tissue growth and regeneration.  
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Figure 1.4 Structures of synthetic polypeptides utilized as substrates in drug delivery, tissue 
engineering, and regenerative medicine: (A) KLD (Lys-Leu-Asp), (B) EAK (Glu-Ala-Lys), (C) 
MAX1 (PDB ID: 2N1E), (D) R3(AKALTEL)3, (E) peptide amphiphile [C16]-VVVAAAKKKK, 
(F) ELP (VKV6F), (G) cyclic peptide QDAEDAQDACDA, (H) G-RGD-S.  
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Figure 1.5 Self-assembly of monomer peptides (random coil, α-helix, β-sheet, and peptide 
amphiphile) into ordered assemblies and subsequently into nanostructures (nanosheet, nanotube, 
micelle, and nanofilament).  
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Figure 1.6 Fabrication techniques to convert polysaccharides into hydrogel substrates for tissue 
engineering and regenerative medicine: (A) electrostatic interaction, (B) solvent removal, (C) 
chemical crosslinking, (D) salt-mediated non-covalent crosslinking, (E) reaction of an NHS-ester 
with a primary amine forming an amide bond, (F) thiol-ene Michael addition forming a thioether 
bond, (G) alkyne-azide “click” reaction forming a triazole bond, (H) reaction of an aldehyde and 
a primary amine forming a Schiff base (imine bond) followed by “reductive amination” forming a 
secondary amine bond, and (I) UV-catalyzed reaction of acrylic groups resulting in an aliphatic 
linkage. 
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Abstract 

Combination chemotherapy with a defined ratio and sequence of drug release is a clinically 

established and effective route to treat advanced solid tumors. In this context, a growing body of 

literature demonstrates the potential of hydrogels constructed with chemically modified 

polysaccharides as depots for controlled release of chemotherapeutics. Identifying the appropriate 

modification in terms of physicochemical properties of the functional group and its degree of 

substitution (χ) to achieve the desired release profile for multiple drugs is, however, a complex 

multivariate problem. To address this issue, we have developed a computational toolbox that 

models the migration of a drug pair through a hydrated network of polysaccharide chains modified 

with hydrophobic moieties. In this study, we chose doxorubicin (DOX) and Gemcitabine (GEM) 

as model drugs, as their synergistic effect against breast cancer has been thoroughly investigated, 

and chitosan as the model polymer. Our model describes how the modification of chitosan chains 

with acetyl, butanoyl, and heptanoyl moieties at different values χ governs both the structure of 

the hydrogel network and drug migration through it. Our experimental data confirm the in silico 

predictions for both single- and dual-drug release and, most notably, the counterintuitive inversion 

of release vs. χ that occurs when switching from a single- to a dual-drug system. Consensus 

between predicted and experimental data indicates that acetyl modifications (χ = 32-42%) and 

butanoyl modifications (χ = 19-24%) provide synergistic GEM/DOX release molar ratios (i.e., 5-

10). Collectively, these results demonstrate the potential of this model in guiding the design of 

chemotherapeutic hydrogels to combat cancer. 
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2.1. Introduction 

Combination therapy with synergistic chemotherapeutics has become of increasing interest 

owing to its ability to overcome the main limitations of the single-drug approach: acquired drug 

resistance [1-3] and heavy dosage of highly cytotoxic drugs [4, 5]. Multidrug chemotherapy 

operates by simultaneously disrupting various metabolic pathways in cancer cells and has been 

shown to overcome drug resistance and reduce side effects considerably [6]. The complementary 

action of drugs targeting different metabolic pathways, in fact, provides enhanced therapeutic 

activity while requiring a significantly lower dosage. Recent work in this field has demonstrated 

that the therapeutic outcome depends not only on the molar ratio of the drugs in the cocktail but 

also on the schedule of administration, that is, the sequence at which the various drugs reach the 

target cells [7, 8] Optimizing both ratio and sequence in a combined chemotherapy regimen is 

therefore essential to further lower the dosage relative to single-drug therapy needed to obtain a 

satisfactory therapeutic outcome [7, 9, 10]. This reduction of required therapeutic dosing (IC50 

values) using drug combinations relative to single-drug chemotherapy has been recently 

demonstrated in vivo using various combination chemotherapy regimens and tumor models [11-

13]. 

To implement synergistic delivery schemes, researchers have investigated the use of 

nanoparticles [8, 11, 14], liposomes [15, 16], micelles [17, 18], polymer–drug conjugates (PDCs) 

[12, 19], and hydrogels [20, 21]. Among these systems, hydrogels possess unique advantages. 

Owing to the flexible microstructure of hydrogels, release kinetics can be tuned by varying the gel 

fraction in physical hydrogels and the cross-linking density in chemically cross-linked gels [22, 

23]. In addition, hydrogels act as drug “depots” that afford sustained release and maintain a high 

local drug concentration in the surrounding tissues over an extended period, thereby circumventing 
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the pharmacokinetic limitations of most chemotherapeutic agents [24]. Further, the loading and 

release rates of the therapeutic payload in and out of hydrogels are mostly governed by diffusion, 

which depend on the molecular interactions between the polymer chains and the drugs, as well as 

the network morphology. These features have been harnessed for tuning the release kinetics and 

the scheduling of drugs, especially through chemical modification of the polymer backbone [25].  

A polymer of major interest to researchers and clinicians for developing therapeutic 

hydrogels is chitosan. Chitosan, which is derived from naturally abundant chitin, is a 

biocompatible, nontoxic polymer that is degradable by human enzymes [26]. In addition, the 

presence of primary amine groups on the glucosamine monomer provides a site for chemical 

modification, which has been extensively exploited to tailor the kinetics of drug release [27, 

28]. Interestingly, owing to their relatively short half-life in physiological media (i.e., days-

month(s)), physical chitosan hydrogels are ideal for short-term delivery and do not release any 

toxic degradation byproducts [29]. As a result, a variety of chitosan-based formulations have been 

developed for oral, ophthalmic, and transdermal applications [26, 30-32], several of which have 

received FDA approval, demonstrating clear feasibility of these materials toward clinical 

translation.  

Customizing the chemical modification of chitosan hydrogels to achieve a precise, 

synergistic ratio and kinetics of drug release, however, is a complex multivariate problem that 

depends on the physicochemical properties of the drugs, the composition and level of functional 

moieties, and the gel fraction. Collectively, these factors determine the hydrogel structure as well 

as the interactions between the drugs and the polymer backbone, thereby governing the release 

outcome. Such a large design space makes the optimization of hydrogels for the controlled release 

of specific combinations of chemotherapeutics extremely laborious. A toolbox capable of guiding 
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the developmental phase would be of great assistance to pharmaceutical chemists in streamlining 

preclinical studies, thus realizing the full potential of these materials.  

To this end, we have developed a method for guiding the chemical modification of chitosan 

chains to be utilized for designing hydrogels that afford the delivery for any desired drug 

combination with a synergistic molar ratio and kinetics. Our method comprises a computational 

modeling phase and an experimental validation phase. The computational phase comprises both 

all-atom and coarse-grained molecular dynamic (MD) simulations that model networks 

constructed with modified chitosan chains; its goal is to understand the 

microstructure/morphology, polymer–drug interactions, and the resulting diffusion of one or 

multiple drugs. The input design parameters input by the operator include (i) the chemical identity 

and distribution of the modifications across each chitosan chain, (ii) the ratios of the numbers of 

water molecules to polymer chains and of drug molecules to polymer chains, and (iii) the loading 

of the single drugs. While atomistic molecular dynamics can provide detailed insights into the 

effect of chemical modifications on the drugs’ local interactions with the polymer chains, coarse-

grained simulations enable rapid modeling of larger systems, containing a high number of polymer 

chains, water molecules, and drug molecules, for longer simulation times. Since the modeling of 

chemically modified, drug-loaded hydrogels, requires simulations with sufficient spatio-temporal 

width to provide reliable guidance for design, we resolved to develop an ad hoc coarse-grained 

model [33-35]. Specifically, our model returns predicted diffusion coefficients of every drug 

species. The design parameters affording the most favorable diffusion coefficients toward 

synergistic molar ratio and kinetics of drug release were utilized in the experimental validation 

phase to construct the drug-loaded hydrogels.  
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To demonstrate our method, we selected doxorubicin (DOX) and Gemcitabine (GEM) as 

a model drug pair and three N-acyl groups (acetyl, butanoyl, and heptanoyl) as model modification 

moieties. The combination of DOX, a topoisomerase II inhibitor, and GEM, an antimetabolite, has 

been proven to be a highly effective drug regimen. Both are FDA-approved chemotherapeutics 

and have been studied in a variety of drug delivery vehicles, such as micellar nanoparticles, PDCs, 

polymersomes, mesoporous silica nanoparticles, and nanostructured lipid carriers [15, 36-

40]. Their synergistic combination has been demonstrated with multiple breast cancer cell lines, 

such as MCF7 and MDA-MB-231 [7, 41]. While extensive research has focused on their 

synergistic molar ratio, much less work has focused on the effect of scheduling on their therapeutic 

outcome. Vogus et al. have reported a strong effect of the scheduling of GEM and DOX release 

on MDA-MB-231 cells, by showing that simultaneous treatment with both drugs and incubation 

with GEM prior to DOX induced more toxicity than treatment with DOX prior to GEM, for the 

same concentrations. Furthermore, they showed that treatment with GEM prior to DOX 

(combination index, CI = 0.16 ± 0.03) afforded higher synergy than treating simultaneously with 

GEM and DOX (CI = 0.76 ± 0.10). They also found that the earlier the cells are exposed to GEM 

prior to DOX, the higher the resulting amount of synergy (lowest CI) [7]. In a follow-up work, 

Vogus et al. studied the effect of the GEM:DOX molar ratio on MDA-MB-231 cells, and MCF-

10a cells, non-tumorigenic breast epithelial cells, demonstrating that synergism on the cancer cells 

is fairly independent of molar ratio, whereas maximum antagonism to healthy cells occurs at the 

higher values of the molar ratio [41]. These studies provide evidence that an efficacious 

GEM/DOX delivery system should be able to stagger the release of the two drugs, such that GEM 

impacts the cells prior to DOX, and release a molar ratio of GEM:DOX > 1.  
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Acetyl, butanoyl, and heptanoyl moieties were chosen for chitosan modification as they 

represent similar but increasingly hydrophobic modifications and therefore allow us to study 

systematically the kinetics of drug release. Specifically, they enable two mechanisms of 

modulating the molar ratio and relative kinetics of drug release: the first based on the molecular 

interaction between modified chitosan chains and the drug molecules, and the second based on the 

formation of microscopic channels within the hydrogel network resulting from the 

hydrophobically driven aggregation of modified chitosan chains. The first mechanism applies 

mostly to hydrophobic drugs (e.g., DOX) resulting in slower release kinetics and becomes more 

prominent when the polymer is modified with longer aliphatic chains or with a higher degree of 

modification. The second mechanism, instead, impacts all drugs and depends not only on the 

composition and degree of modification but also on its distribution along the chitosan chain (e.g., 

random vs. blocky). Both phenomena were captured by our coarse-grained molecular dynamics 

simulation and were observed experimentally with butanoyl- and heptanoyl-chitosan hydrogels.  

The systems modeled and tested in this study feature chitosan hydrogels prepared with 

different degrees of modification (χ) (i.e., 0-50% molar acetyl, 5-40% molar butanoyl, and 5-30% 

molar heptanoyl on chitosan) and loaded either with a single-drug (DOX or GEM) or with a 

double-drug (DOX and GEM) payload. We compared the predicted trends of drug diffusion 

coefficients with those obtained from experimental measures fitted on the Korsmeyer-Peppas 

equation [42]. Furthermore, we report the development of hydrogels that are capable of delivering 

the GEM/DOX combination with the desired kinetics and dose ratio of the pair. With dual-drug-

loaded systems, acetyl-chitosan gels with χ = 32-42% delivered a GEM/DOX molar ratio of 7.5-

10.5, whereas butanoyl-chitosan gels with χ = 19-24% delivered a molar ratio of 10-7.5. Further, 

the GEM/DOX ratio of release exponents calculated using the Korsmeyer-Peppas equation, which 
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is a measure of release kinetics, was 3.7-8.9 for acetyl-chitosan gels and 5.6-6.3 for butanoyl-

chitosan gels, indicative of faster GEM release than DOX. Both of these measures agree with 

computational results. Because the acetyl-modified gels display favorable release kinetics of 

GEM/DOX and a wider working range of modification, future work will further develop and test 

acetyl-modified gels for efficacy in vitro. Collectively, these results demonstrate the potential of 

the proposed strategy to guide the rapid, successful development of hydrogels – including, but not 

limited to, chitosan – for controlled release of synergistic combinations of anticancer drugs. 

 

2.2. Materials and Methods 

2.2.1. Materials 

Low-molecular-weight chitosan (85% maximum degree of deacetylation, 15 kDa) was 

obtained from Polysciences Inc. (Warrington, PA). Low-molecular-weight chitosan (75-85% 

degree of deacetylation, 50-190 kDa), acetic anhydride, phosphate-buffered saline (PBS), and the 

Kaiser Test kit were obtained from Sigma Aldrich (St. Louis, MO). Butyric and heptanoic 

anhydride were obtained from TCI Chemicals (Portland, OR). Doxorubicin hydrochloride (DOX) 

and Gemcitabine hydrochloride (GEM) were obtained from LC Laboratories (Woburn, MA). All 

other chemicals were of reagent grade or higher. 

 

2.2.2. Modification of Chitosan 

The protocol of chemical modification of chitosan was adapted from Kubota et al. 

[43]. Briefly, chitosan was dissolved in 1% acetic acid (w/w) at a concentration of 6 mg mL-1 and 

filtered to remove insoluble components. A stoichiometric amount of chosen anhydride (acetic, 

butyric, or heptanoic) was added to the chitosan solution and allowed to react at room temperature 
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overnight. The solution was then precipitated by dropwise addition in a 3× reaction volume of 5 

M methanolic potassium hydroxide. The precipitate was then collected and washed to neutral pH 

with methanol and copiously washed with water to yield a physical hydrogel. The gel was weighed, 

and subsequently lyophilized and weighed, to determine the gel fraction as the ratio of the mass 

pre- and post- lyophilization. 

 

2.2.3. Determination of the Level of Modification 

The level of acyl modification of the chitosan polymer chains was measured using a 

modified version of the Ninhydrin assay developed by Kaiser et al. [44]. Briefly, lyophilized 

samples of modified chitosan were dissolved in 1% acetic acid (w/w) at 3 mg mL-1, and native 

chitosan (used to generate a standard curve) was dissolved at varying concentrations (0.5-7.5 mg 

mL-1). Chitosan solutions were then combined with 30 μL of potassium cyanide in water/pyridine 

and ninhydrin and 6% in ethanol. The solutions were then incubated at 100 °C for 5 min. The 

solution was then diluted to 200×, and absorbance at 570 nm was measured by UV-vis 

spectroscopy. The level of modification was determined through the derived Equation 1:  

(1) 	χ = 	
!"#!∙#∙$

∗

$ $

%"#!∙#&'(∙$
∗

$ &
 

 
where χ is the degree of modification, C* is the molar concentration of amine groups on a 

chitosan chain, D is the dilution factor, C is the mass concentration used for the Kaiser test, M is 

the molecular weight of the glucosamine monomer, and Mmod is the molecular weight of the 

modification. 
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2.2.4. Computational Procedure 

The simulations were performed utilizing the GROMACS 4.6.4 package [45]. All-atom 

molecular dynamics (MD) simulations were performed using the GLYCAMOSMOr14TIP5P force field 

[46, 47]. The parameters for the butanoyl and heptanoyl modifications, as well as for GEM and 

DOX were obtained from the gaff force field [48], whereas the partial charges were derived 

following the GLYCAM06 protocol [46]. All all-atom chitosan systems contained 10 chitosan 

chains with degree of polymerization (DP, number of monosaccharides per chain) of 16, and 200 

water molecules per chain. Separate simulations were performed using 50 DOX, 50 GEM, or 50 

DOX and 50 GEM molecules, with 10 water molecules per drug molecule, to derive the interaction 

potentials for the drug-drug and drug-water interactions. Similarly, additional systems containing 

10 DOX or 10 GEM molecules together with 10 chitosan chains with DP = 16 and 200 water 

molecules per chain were simulated to derive the drug-polymer interaction. The particle mesh 

Ewald method [49] was used to calculate the long-range electrostatic interaction using a Lennard-

Jones (LJ) and electrostatic interaction with a cutoff of 1.4 nm. The system was equilibrated in the 

NPT ensemble for 50 ns using a Parinello-Rahman barostat with additional pressure dispersion 

correction [50] and subsequently equilibrated for 400 ns in the NVT ensemble. A final 100 ns NVT 

MD simulation was performed to derive the coarse-grained interaction potentials. 

In the coarse-grained model, each monosaccharide was mapped onto three coarse-grained 

interaction sites. The modifications were represented by one, two, and three additional sites for the 

acetyl, butanoyl, and heptanoyl groups, respectively. Water molecules were represented as a single 

coarse-grained site. DOX and GEM were represented by 11 and 4 coarse-grained sites, 

respectively. The interaction potentials between these sites were generated using Boltzmann 

inversion [51] for the bonded interactions and the MSCG method [52] for nonbonded interactions, 
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following the procedure described by Sauter et al. [53]. Coarse-grained systems containing 20 

chitosan chains with DP of 50, and 100,000 water beads (5,000 water molecules per chains), were 

equilibrated for 100 ns using the Nosé–Hoover thermostat [54-56]. The drug diffusion simulations 

were performed by randomly loading the chitosan networks with either 10 DOX or 10 GEM for 

single-drug release or 10 DOX and 10 GEM molecules for dual-drug release. The diffusion 

coefficients of the drugs were obtained from the slope of their mean square displacement (MSD) 

as a function of time. Pore distributions were calculated using the procedure described by 

Bhattacharya and Gubbins [57] with the SOLVOPT routine for constrained nonlinear optimization 

[58]. The procedure finds the largest sphere that can be placed in the network while containing 

randomly chosen points.  

 

2.2.5. Single-Drug Loading and Release Studies 

Initial single-drug loading and release studies were performed using low-molecular-weight 

chitosan (Polysciences Inc). Drug loading experiments were performed by incubating 150 mg of 

chitosan hydrogel with 1 mL of a 1 mg mL-1 aqueous drug solution for 48 hr. After loading, the 

drug-depleted supernatant was collected for drug quantification by UV-vis spectroscopy. The 

loaded hydrogel was then combined with 1 mL of 0.01 M PBS pH 7.4 and placed in a 37 °C orbital 

shaker at 50 rpm. At selected time points, 200 μL of the sample was withdrawn and replenished 

with fresh PBS. After the release studies, all samples (loading supernatant and time point 

collections) were analyzed by UV-vis on Biotek Synergy at 480 and 290 nm to determine the 

amounts released of DOX and GEM, respectively. 
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2.2.6. Dual-Drug Loading and Release Studies 

Dual-drug loading and release studies were performed on the low-molecular-weight 

chitosan gels Polysciences Inc. Samples of 150 mg of hydrogel were incubated with 1 mL of a 1 

mg mL-1 aqueous DOX/GEM solution, 50/50 molar ratio, for 48 hr. The supernatant was collected, 

and the loaded hydrogel was then combined with 1 mL of 0.01 M PBS pH 7.4 and placed in a 37 

°C orbital shaker at 50 rpm. At selected time points, 200 μL of the aqueous supernatant was 

withdrawn and replenished with fresh PBS. Samples were then passed through a Waters 2690 

Separation reversed-phase high-performance liquid chromatography system equipped with an 

Aeris 3.6 μm C18 column (150 × 4.6 mm). The gradient utilized 0.1% formic acid (A) and 

acetonitrile with 0.1% formic acid (B) from 5-100% B over 10 min. The column eluate was 

monitored at wavelengths of 290 and 480 nm, wavelengths corresponding to the GEM and DOX. 

The concentrations of GEM and DOX were determined by peak-area integration of the resulting 

290 and 480 nm chromatograms relative to the respective standard curves. 

 

2.2.7. Mathematical Drug Release Models 

Several models are used to describe drug diffusion profiles [59] or the quantity of drug 

released from the modified chitosan hydrogels over time (Table 2.1): (i) the zero-order model, 

which describes drug dissolution from pharmaceutical dosage forms that do not disaggregate and 

release the drug slowly; (ii) the first-order model, which describes drug dissolution that occurs 

from porous matrices and water-soluble drugs; (iii) the Hixson–Crowell model [60], which 

describes release that occurs in planes that are parallel to the drug surface if the tablet dimensions 

diminish proportionally, meaning that the initial geometrical form keeps constant all the time; (iv) 

the Higuchi model [61], which describes the release of water-soluble and low-solubility drugs 
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incorporated in semisolid and/or solid matrixes; and (v) the Korsmeyer–Peppas model [42], which 

characterizes release from hydrophilic matrices and is presented in Equation 2:  

(2) 
')
'*

=	K(t) 

where Qt is the amount of drug released at time t, Q∞ is the maximum possible amount, and 

the ratio of Qt to Q∞ is the percent release. Kk is the release rate constant, which is correlated to 

the diffusion coefficient, and n is the release exponent, where n ∼ 0.5 denotes Fick-type drug 

diffusion, and n > 0.5 indicates that spatial rearrangement of the polymer chains also contributes 

to drug transport. The release exponent, n, is a metric for characterizing the mechanism of release. 

To determine n, only the portion of the release curve where Qt/Q∞ < 0.6 was used. The in vitro 

drug release data was analyzed by fitting it to all models listed in Table 2.5.1. 

 

2.3. Results 

2.3.1. Chitosan Gel Preparation and Selection 

Initial studies were performed using two chitosan starting materials to evaluate the 

properties of the resulting gels, namely, the consistency in gel fraction across different acyl 

modifications and different degrees of modification and to select a polymer for further 

optimization. Figure 2.1 illustrates the polymer gel fraction (i.e., the mass of polymer contained 

in a given mass of hydrogel) obtained with either 15 or 50-190 kDa chitosan using acetyl, butanoyl, 

and heptanoyl moieties, spanning a wide array of modification levels, ranging from native chitosan 

(0% modified) to 50% modified. Interestingly, the gel fraction was found to depend only on the 

acyl moiety used to modify the polymer but not on the chitosan molecular weight. The mean gel 

fractions (percent ratio of polymer weight vs. total hydrogel weight) obtained with 15 kDa chitosan 

(∼90 monomers), in fact, were 2.02 ± 0.5, 2.59 ± 0.3, and 3.31 ± 0.4 for the acetyl-, butanoyl-, and 
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heptanoyl- modifications, respectively, whereas the corresponding values obtained with 50-190 

kDa chitosan (∼300-1200 monomers) were 2.14 ± 0.6, 2.63 ± 0.2, and 3.29 ± 0.5, across all 

modification levels. This consistency in gel fraction across a vastly different length of polymer 

suggests that the physical behavior of the gels depends mainly on the type and degree of the 

modification groups. Thus, to maintain consistency between the experimental and in silico studies, 

which are limited to 50 monomer-long chitosan chains to limit computational costs, 15 kDa 

chitosan was utilized in all subsequent studies. With the drug transport through the hydrogels being 

dependent on both gel fraction and modification on the polymer backbone, consistency in gel 

fraction values is critical to study the correlation between drug release and the type and degree of 

modification. Since the gel fraction for heptanoyl-modified gels was statistically different from 

acetyl-modified gels, and the average gel fraction values for acetyl- and butanoyl-modified gels 

were closer than those of butanoyl- and heptanoyl-modified gels with both 15 and 50-190 kDa 

chitosan, drug release from heptanoyl-modified hydrogels was not computationally modeled. 

 

2.3.2. In Silico Modeling of Single and Dual-Drug Diffusion through Modified Chitosan 

Hydrogels 

2.3.2.1. Drug-Chitosan Interactions at All-Atom Resolution 

All-atom simulations of the drug-loaded chitosan hydrogels were analyzed to obtain a 

molecular-level understanding of (i) the interactions between the drug molecules and the modified 

chitosan chains and (ii) the dependence of these interactions on the type and degree (χ) of 

modification. Atomistic systems feature a high density of saccharide monomers (chitosan) and low 

water content, which is necessary to obtain a sufficient sampling of the forces needed to implement 

the coarse-grained procedure. This high density, however, results in many nonbonded interactions 
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between the polymer and drug molecules. It must be also noted that the frequency of these 

interactions in real hydrogels, where the water content is much higher, is much lower. Nonetheless, 

the atomistic analysis of these interactions provides insight into their relative contribution toward 

determining drug diffusion through the network. The interaction energies among the drug 

molecules, the chitosan backbone, and the modification groups were separated into electrostatic 

and Lennard-Jones (LJ) contributions and the ability to form hydrogen-bond contacts. The 

resulting interactions between DOX and modification groups and between DOX and the chitosan 

backbone as a function of χ are reported in Figure 2.2. The analogous results for GEM are reported 

in Figure 2.3. The hydrogen-bond interactions for DOX modification and DOX backbone as a 

function of χ are reported in Figure 2.4.  

We observed that the interactions between drug molecules and modified chitosan chains 

were consistently of the LJ type, particularly for DOX, which interacts both with the chitosan 

backbone and with the modification groups. The daunosamine moiety in DOX aligns with the 

pyranose rings in the chitosan backbone, resulting in the formation of multiple hydrogen bonds 

(Figure 2.5). As χ increases, the number of contacts (nonbonded interactions) between DOX and 

the modification groups (both acetyl and butanoyl) increases, resulting in higher interaction energy 

as shown in Figure 2.2. On the other hand, the dependence of the backbone interactions with χ is 

less clear, as the number of nonbonded interactions decreases with χ for acetyl modifications and 

increases slightly for butanoyl modifications. It should be noted, however, that DOX molecules 

tend to aggregate into clusters, thereby reducing their ability to form interactions with the 

backbone, especially within the time scale of the all-atom simulations, where equilibration of the 

aggregate size is not accessible. GEM shows overall weaker interactions with the modified 

chitosan chains compared with DOX. The LJ contribution to the interaction energy, in fact, is 
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about 50% of that observed with DOX, whereas the electrostatic contribution is approximately the 

same for the two drugs. 

 

2.3.2.2. Coarse-Grained Simulations of Acyl-Modified Chitosan Hydrogels 

The all-atom simulations described in the last section were performed to evaluate the 

molecular-level interactions and elucidate the thermodynamic mechanisms by which the drugs 

interact with the chitosan backbone and the modification groups. However, to understand how the 

chemical modifications govern the morphology of the hydrogel and the transport of the drugs 

therein, it is necessary to model drug-loaded hydrogels across a large spatio-temporal scale, where 

a high number of elements (long polymer chains, drug molecules, and water molecules) and their 

dynamic interplay can be simulated, thereby rendering a physically accurate representation of these 

systems. This, however, is not possible with all-atom simulations. We therefore resolved to adopt 

a coarse-grained modeling procedure that was informed by the results of the all-atom simulations 

and that has been shown to capture the behavior of the polysaccharide-based hydrogel [47]. 

The coarse-grained models for the base glucosamine and the modified (acetyl, butanoyl, 

and heptanoyl) glucosamine monomers, as well as the drug molecules were constructed as 

routinely done by grouping four heavy atoms into one coarse-grained interaction site while 

preserving the overall ring topology of the molecule. Water molecules were represented by one 

coarse-grained interaction site. The coarse-grained mapping of DOX and GEM is shown in Figure 

2.6a and Figure 2.6b, respectively, whereas that of the monosaccharides with zero, one, two, and 

three interaction sites corresponding to unmodified and acetyl, butanoyl, and heptanoyl 

modifications is reported in Figure 2.6c – Figure 2.6f.  

The coarse-grained interaction potentials of the drug molecules and the chitosan chains 

were obtained from all-atom molecular dynamics (MD) simulations following the force matching 
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method [62-64] and a procedure outlined in our prior work [53]. The radial distribution functions 

between all interaction sites of the coarse-grained model showed excellent agreement with their 

equivalent obtained from all-atom simulations as shown in Figure 2.7. The transferability to 

systems with different degrees of modification was explicitly confirmed so that the coarse-grained 

model was expected to accurately reflect the interactions of the underlying atomistic force field. 

The hydrogel models were set to comprise 20 chitosan chains, each of 50 monomers 

(polymerization degree, DP = 50), and modified using the same values of χ utilized in the follow-

up experimental work: χ of 0, 16, 32, and 50% for acetyl-chitosan, and χ of 0, 16, 24, and 32% for 

butanoyl-chitosan. 

We considered the use of chitosan chains with DP > 50 unnecessary, given the lack of 

correlation between the gel fraction and the molecular weight of chitosan (Figure 2.1) and the 

resulting higher computational cost. Furthermore, the modification pattern, that is, the distribution 

of the acetyl-, butanoyl-, and heptanoyl- groups on the chitosan chains, was also considered. In 

real hydrogels, both χ and the modification patterns are governed by the monomers and the 

reagents utilized for chemical modification, as well as the structure of the polymer chain in solution 

as it evolves through the course of the chemical modification. Whereas χ can be easily measured, 

evaluating the modification patterns is much more challenging, and it is often assumed to be 

random. However, other distributions of the modification groups resembling either an evenly 

spaced or a blocky pattern can also be envisioned, and their presence can be inferred based on 

indirect measurements derived from macroscopic behaviors of the polymer. A consideration for 

the modified chitosan molecules is that the hydrophobic tails (acetic, butanoic, and heptanoic) of 

the anhydrides utilized for modifying the chitosan chains dissolved in an acidic aqueous 
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environment are likely to aggregate around the modified monomers that are initially formed and 

promote localized modification thereupon, resulting in a block-type pattern. 

Both χ and the modification pattern, in fact, govern the aggregation of polymer chains in 

solution; in particular, chain aggregation is promoted by blocky modification patterns as opposed 

to a random distribution along the polymer chain [65-67]. To evaluate the effect of the 

modification pattern on the network structure and molecular interactions, chitosan chains modified 

with two different patterns, namely, evenly spaced (i.e., two neighbor modification groups are 

separated by a number of unmodified monomers equal to [PD × (1 – χ)]/[(PD × χ) – 1] and blocky 

(i.e., clusters of MM modified monomers separated by a number of unmodified monomers equal 

to [MM × (1 – χ)]/χ, were constructed to be simulated. A random modification pattern, where 

blocks of different sizes are assigned to every chain, would render the derivation of structure vs. χ 

correlations particularly challenging and was not considered in this work. The hydrogels were 

constructed with 100,000 water molecules in total, corresponding to a gel fraction value of 8.2%. 

While this is higher than the experimental values (2 – 2.5 % (w/w)), increasing the number of 

water molecules per polymer chain would escalate the computational costs and prevent the 

possibility of scanning over a range of conditions for system optimization. The resulting 

equilibrated structures of acetyl- and butanoyl-chitosan featuring blocky modification pattern are 

presented in Figure 2.8, whereas the corresponding structures with an evenly spaced modification 

pattern are reported in Figure 2.9. 

The coarse-grained simulation of these systems indicates that increasing χ consistently 

promotes aggregation of the chitosan chains, morphing the microstructure of the gel from a 

homogeneous network of contacting chains to a heterogeneous system featuring hydrophobic-rich 

domains (clusters) surrounding large pores (channels). This transition is evident with butanoyl-
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chitosan, which shows a strong dependence of aggregation upon the modification pattern (see 

Figure 2.8c and Figure 2.8d) for a blocky modification pattern with χ = 16 and 32%, respectively, 

and Figure 2.9c and Figure 2.9d for an evenly spaced pattern with χ = 16 and 32%, respectively), 

and a less pronounced dependence upon the modification pattern for acetyl-chitosan, for which 

both the modification pattern and the value of χ seem to have little or no influence (see Figure 

2.8a and Figure 2.8b for the blocky modification pattern with χ = 16 and 50%, respectively, and 

Figure 2.9a and Figure 2.9b for the evenly spaced pattern with χ = 16 and 50%, respectively). 

The clusters formed at high values of χ feature a hydrophobic core, which comprises the segments 

of chitosan chains carrying the modification, and a hydrophilic shell; polymer bridges connecting 

the clusters are formed by the chitosan segments carrying low or no modification. These types of 

structures (Figure 2.10) have been extensively studied in prior literature and have been 

comprehensively reviewed by Philippova and Korchagina [68]. 

To obtain a more quantitative measure of network homogeneity, the structures derived 

from the coarse-grained simulations were analyzed by calculating the distribution of pore sizes 

(Figure 2.11). The pore size distribution in the acetyl-chitosan network remains essentially 

unchanged over the entire range of χ for both evenly spaced and blocky modification patterns 

(Figure 2.11a and Figure 2.11b); this corresponds to the homogeneous network structure 

featuring relatively small pores shown in the simulation snapshots in Figure 2.8a and Figure 2.8b. 

In butanoyl-chitosan, on the other hand, the pore size distribution shifts to markedly larger pore 

diameters at higher χ, indicating the appearance of large channels resulting from the formation of 

hydrophobic clusters for both modification patterns. The comparison between pore size 

distributions further indicates that the transition of butanoyl-chitosan from a homogeneous 

network to cluster/channel morphology occurs at lower χ with a blocky modification pattern than 
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with an evenly spaced pattern (Figure 2.11c and Figure 2.11d). The large difference in the 

hydrogel morphology between acetyl and butanoyl modifications likely plays a significant role in 

determining the migration of drug molecules. 

 

2.3.2.3. Simulation of Single-Drug Migration through Modified Chitosan Hydrogels 

After equilibrating the chitosan hydrogel structure, the coarse-grained hydrogels were 

loaded with 10 drug molecules of either DOX or GEM initially placed at random positions. The 

number of drug molecules was chosen to match the loading (ratio of drug molecules vs. polymer 

chains) featured by the experimental systems. In choosing the number of drug molecules, we also 

considered the tradeoff between ensuring reproducible simulations (higher drug loading) and 

avoiding the formation of aggregates (lower drug loading). While, in fact, an insufficient number 

of drug molecules can lead to poor statistical significance, especially when diffusing through 

structurally nonhomogeneous systems, excessive drug loading results in the formation of 

aggregates, which would distort drug migration through the polymer network. Regarding the 

choice of distributing the drug molecules randomly across the network, we note that the diffusion 

constants obtained by arranging the drug molecules into different initial distributions showed the 

same trends and, in most cases, agree within the fitting error. 

Coarse-grained simulations of 10 ns were performed, and the migration of the drug 

molecules through the networks was monitored. The diffusion constants were calculated from the 

slope of the mean-squared displacement (MSD) of the drug molecules with respect to time and are 

reported in Figure 2.12; it should be noted that the diffusion constants did not significantly change 

with simulations performed at longer time scales. The error bars correspond to the fitting error due 

to the nonlinearity of MSD fitting. 
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As anticipated, the differences in hydrogel morphology (homogeneous vs. 

clusters/channels) and physicochemical properties of the drugs and the modification groups result 

in different trends of drug diffusion vs. χ. GEM migrates through all networks with a diffusion 

constant similar to that of free GEM in water, indicating that there is no effect of the polymer on 

its diffusion (Figure 2.12a and Figure 2.12c). GEM molecules, which are small and hydrophilic, 

form a relatively low number of nonbonded interactions with the chitosan chains, irrespective of 

the type of modification and χ, as listed in Table 2.2. Owing to the limited interaction with the 

polymer chains, GEM travels easily through the water-filled channels in both homogeneous and 

cluster/channel hydrogel morphologies. Only a slight reduction in GEM diffusion is observed in 

butanoyl-chitosan at higher χ. 

On the other hand, DOX molecules, which are larger and more hydrophobic than GEM, 

show markedly different values of the diffusion coefficient and, most notably, an inversion in the 

diffusion trends with χ between acetyl and butanoyl modifications. In acetylated-chitosan 

networks, DOX diffusion decreases as χ increases, independent of the modification pattern (Figure 

2.12b). However, the network structure and pore size distributions between acetylated-chitosan 

networks with evenly spaced and blocky modification were the same (Figure 2.11a and Figure 

2.11b), ruling out a role of network morphology on decreasing the mobility of DOX as χ increases. 

Rather, the lower diffusion coefficient of DOX at higher χ is due to a higher number of nonbonded 

interactions between DOX and the acetyl groups on the chitosan chains. As reported in Table 2.2, 

in fact, the number of nonbonded interactions between DOX and the acetyl moieties increases with 

χ for both modification patterns, although the number of nonbonded interactions with the backbone 

remains constant; for example, a DOX molecule forms an average of 15 ± 2 interactions with 

acetyl-chitosan at χ = 16% and up to 60 ± 4 interactions with acetyl-chitosan at χ = 50% with an 
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evenly spaced pattern. This indicates that hydrophobic nonbonded interactions are the main cause 

of the slowed diffusion. 

DOX diffusion through butanoyl-chitosan gels, on the other hand, increases with χ 

independent of modification patterns (Figure 2.12d). As χ increases, the butanoyl-chitosan 

network undergoes a transition from homogeneous (Figure 2.8c) to cluster/channel morphology 

(Figure 2.8d). Coarse-grained simulations of DOX migration through butanoyl-chitosan networks 

showed sharp differences in the migration of DOX molecules across chitosan networks with 

different morphologies. Specifically, the migration of DOX through the homogeneous butanoyl-

chitosan network (low χ, Figure 2.13c) is identical to that of DOX through the homogeneous 

acetyl-chitosan network (low and high χ, Figure 2.13a and Figure 2.13b). In clustered butanoyl-

chitosan, instead, DOX molecules either adsorb onto/within the chitosan clusters or travel freely 

through the large pores (Figure 2.13d). This indicates that, as in acetyl-chitosan systems, a high 

number of interactions occur between DOX and butanoyl-chitosan at high χ (Table 2.2); at the 

same time, the DOX molecules freely migrating through the large pore determine a strong increase 

in the overall diffusion coefficients, as indicated by the comparison in mean-squared displacement 

(MSD) vs. time for both adsorbed and freely migrating DOX molecules (Figure 2.14). It is also 

crucial to note that the chitosan vs. water ratio and – consequently – the channel vs. cluster ratio is 

much higher in the experimental systems than in the simulated networks. We therefore expect the 

actual hydrogel to mirror the increase in the diffusion coefficient with χ observed in the coarse-

grained simulations. 

The faster dynamics enabled by the smoother energy landscapes featured in coarse-grained 

simulations may introduce some error in the calculation of the diffusion constants; however, the 

comparison among the migration of drug molecules in different networks provides a reliable 
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evaluation of the influence of the network morphology and physicochemical properties on drug 

transport. In the cluster/channel morphology, in particular, the difference between diffusional 

pathways of single-drug molecules becomes very pronounced, with drug molecules experiencing 

sharper differences in the morphology of the medium through which they diffuse. Collectively, 

these single-drug simulations indicate that the hydrophobicity driven morphing of the hydrogel 

structure affects drug diffusion by two opposing mechanisms: first, the larger pores favor the 

migration of the drug molecules; and second, the nesting of the modification groups within the 

core of the clusters is responsible for strong adsorption of the drug molecules that collide with the 

chitosan clusters; notably, our simulations indicate that while both DOX and GEM are affected by 

the first mechanism, only DOX undergoes the second mechanism. We anticipate that the high 

water/polymer ratio of the real chitosan hydrogels makes the first mechanism dominant over the 

second. 

 

2.3.2.4. Simulation of Dual-Drug Migration through Modified Chitosan Hydrogels 

We finally sought to understand how the combination of multiple drugs affects the 

molecular interactions and diffusion through the networks for different types and degrees of 

modification. Such understanding is needed to gain control over the kinetics and molar ratio of 

release when using synergistic drug combinations. While numerous in silico models have been 

developed to simulate the migration of single drugs through polymer hydrogel networks [69, 

70], models for multiple drugs are much less common. Combining drugs, especially with different 

physicochemical properties, in fact, introduces considerable complexity related to drug-drug 

interactions and their effect on drug-polymer interactions. 

Following the procedure outlined above, we performed coarse-grained simulations of 

equimolar GEM and DOX migration through the different chitosan networks and calculated the 
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diffusion constants for both drugs. Notably, the values derived from dual-drug release (Figure 

2.15) show rather different trends from those obtained with single drugs (Figure 2.12). In 

particular, the diffusion of DOX remains almost constant across the entire range of χ for both 

acetyl- and butanoyl-chitosan. The diffusion of GEM is also markedly different. With an evenly 

spaced modification pattern, GEM diffusion decreases with χ through both acetyl- and butanoyl-

chitosan. With the blocky modification pattern, instead, GEM diffusion increases with χ through 

acetyl-chitosan and is almost constant with χ through butanoyl-chitosan. These differences are 

actually the result of drug-drug interactions, which significantly affect drug-polymer interactions. 

This is confirmed by the radial distribution functions for GEM around DOX molecules, which 

indicate a strong tendency of the two drug molecules to aggregate. As can be seen from the double-

peak shape of the curves in Figure 2.16, in fact, clusters comprising one DOX, and two GEM 

molecules are frequently formed. 

 

2.3.3. Experimental Single-Drug Release 

2.3.3.1. Kinetic Profiles of Single-Drug Release 

Single-drug release experiments were performed by contacting 150 mg of drug-loaded 

hydrogel with PBS at pH 7.4 to simulate physiological conditions. The drug release profiles 

presented in Figure 2.17 were obtained using acetyl- and butanoyl-chitosan gels with χ of 25%, 

which is comparable to the lowest modification investigated in the MD simulations. The analogous 

plot for heptanoyl-chitosan is reported in Figure 2.18, and all of the other release profiles for 

different modification types and degree are reported in Figure 2.19 – Figure 2.21. Collectively, 

these data indicate that the choice of modification has a profound impact on the kinetics of drug 

release. 
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In the acetyl-chitosan gel (Figure 2.17a and Figure 2.17c), GEM is released slightly more 

rapidly than DOX, achieving 20% release in about 1 h, compared with 6.5 h for DOX. Notably, 

the two drugs are released at different doses; in particular, the hydrogels released ∼40% of the 

GEM payload (100 μg) and ∼25% of the loaded DOX (32 μg) over 72 h, corresponding to a molar 

ratio of 6.3 of GEM/DOX. The difference in both release kinetics and dose can be related to the 

physicochemical properties of the two drugs, DOX being moderately hydrophobic and GEM being 

very hydrophilic. These results agree with the simulations of single-drug diffusion through acetyl-

chitosan, wherein the hydrophobic interactions between DOX and the acetyl moieties displayed 

throughout the homogeneous network decrease its migration compared with GEM, which exhibits 

no change in the diffusion coefficient as modification prevalence increases in the acetyl-chitosan 

network (Figure 2.12a and Figure 2.12b). 

The butanoyl-chitosan hydrogel shows a markedly different behavior (Figure 2.17b and 

Figure 2.17d), with DOX being released more rapidly than GEM, reaching 20% release 

instantaneously compared with 1 h for GEM. Additionally, the hydrogels released ∼45% of the 

GEM payload (98 μg) and ∼60% of the DOX payload (78 μg) over a 72 h period, corresponding 

to a molar ratio of 2.6 of GEM/DOX. These results corroborate the single-drug diffusion 

simulations through the butanoyl-chitosan networks (Figure 2.12c and Figure 2.12d), which 

indicated that the release of DOX is not affected by LJ-type interactions with the modified chitosan 

chains, but is rather governed by rapid migration through the large channels produced by the 

hydrophobic clustering of the butanoyl-chitosan chains. The release of GEM, on the other hand, is 

unaffected by the transition of a homogenous to heterogeneous structure. Both the computational 

(Figure 2.12a and Figure 2.12c) and experimental (Figure 2.16a and Figure 2.16b) results of 

drug diffusion indicate that there is no dependence of GEM diffusion on modification type and 
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pattern. The release profiles of DOX and GEM obtained from chitosan hydrogels constructed with 

different degrees of acetylation (15–55%) (Figure 2.19) and butanoation (15–40%) (Figure 2.20) 

consistently align with the in silico results, corroborating the correlation between drug release 

kinetics and hydrophobicity driven morphing of the hydrogel microstructure provided by our 

coarse-grained model. Drug release from heptanoyl-chitosan gels across a range of χ between 15 

and 35% (Figure 2.21) showed strong similarity with that from butanoyl-chitosan gels. These 

results were anticipated, given than heptanoyl moieties, owing to their higher hydrophobicity, are 

expected to trigger the formation of the cluster-channels microstructure at low degrees of 

modification. 

 

2.3.3.2. Equilibrium Single-Drug Release 

The values of equilibrium release, defined to be the asymptotic values of drug release (t > 

30 h), and the corresponding GEM/DOX molar ratio from the different acetyl- and butanoyl-

modified gels are collated in Figure 2.22, where they are plotted against the degree of acetyl and 

butanoyl modification (χA and χB). Analogous plots obtained with heptanoyl-modified gels are 

reported in Figure 2.23. 

For acetyl-modified gels (Figure 2.22a), a downward trend in DOX release is observed as 

χ increases, from a 36% release (native chitosan, χA = 0.150) to a 7% release (χA = 0.592). This is 

indicative of DOX retention in the hydrogel network by hydrophobic adsorption of the drug on the 

acetyl modifications (Table 2.2), as the hydrogel maintains a homogenous structure. The release 

of GEM fluctuates between 35% release (χA = 0.150) and 46% release (χA = 0.531), indicating a 

quasi-constant release within experimental error. The hydrophilic character of GEM minimized its 

nonbonded interaction with the acetyl moieties (Table 2.2), rendering its diffusion independent of 

χ. In butanoyl-chitosan gels (Figure 2.22b), the amount of DOX released increases significantly 
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with χ, from a 36% release (χB = 0.150) to a 92% release (χB = 0.384), whereas GEM release 

remains relatively constant, varying from a 35% release (χB = 0.150) to a 36% release (χB = 0.411) 

with no statistically significant difference across all modifications. 

These trends fully agree with the results obtained from the single-drug diffusion 

simulations (Figure 2.12), indicating that the migration of DOX is controlled by the hydrophobic 

interactions with the acetyl-chitosan chains arranged in a homogeneous gel and by pure diffusion 

across the cluster/channels structure of butanoyl-chitosan gels. The migration of GEM, instead, is 

effectively independent of gel modification and microstructure, likely a result of GEM’s 

hydrophilicity. As discussed above, the trend of DOX release seems to corroborate the hypothesis 

of a blocky modification pattern, wherein the clusters feature a micellar structure comprising a 

hydrophobic core rich in butanoyl-chitosan segments and a hydrophilic shell formed by 

unmodified chitosan segments. In this scenario, in fact, DOX migrates more rapidly than in the 

case of chitosan modified by evenly spaced modification, where the surface of clusters may display 

butanoyl groups that would adsorb DOX, thereby hindering its migration. 

 

2.3.3.3. Mathematical Model Fitting 

Drug release data from acetyl-, butanoyl-, and heptanoyl-modified gels loaded with either 

GEM or DOX were fitted to several empirical models, listed in Table 2.1. The fitting results 

summarized in Table 2.3 – Table 2.5 indicate that the Korsmeyer-Peppas model provided the best 

fit for the release of both DOX and GEM from the hydrogels utilized in this study. In the 

Korsmeyer-Peppas model, the values of the diffusion (or release) exponent, n, and the kinetic 

constant, K, are correlated to the mechanism of release and the diffusion coefficient, respectively 

[42]. In particular, n ≤ 0.45 indicates a classical Fickian diffusion mechanism from cylindrical 

matrices. The fitted values of these parameters for acetyl- and butanoyl-chitosan gels are reported 
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in Table 2.6 and Table 2.7, respectively. For all of the gels, release of DOX and GEM followed 

the Fickian mechanism. 

Notably, the data indicate a clear trend for the kinetic constant K (Figure 2.24), which is 

linked to the diffusion coefficient. In acetyl-modified gels (Figure 2.24a), the K values for GEM 

fluctuate between 11.4 and 19.5, without a strong correlation to χ. The K values for DOX, on the 

other hand, drastically decrease from 16.6 to 2.3 with increasing χ. This translates in a decrease of 

the effective diffusion coefficient of DOX with χ, due to the increasing number of nonbonded 

interactions between DOX and the modified chitosan chains at higher χA as predicted by our in 

silico model (Table 2.2).  

The butanoyl-modified gels also showed values of n ≤ 0.45 for both drugs, indicating a 

purely Fickian diffusion mechanism of migration through the hydrogel. As with acetyl-modified 

gels, the values of K for GEM release from butanoyl-modified gels fluctuate between 15.8 and 

18.8, showing no correlation with χ (Figure 2.24b). In contrast, the value of K for DOX doubles 

over the range of χ, going from 20.9 to 50.8. As χ increases, in fact, the butanoyl moieties morph 

the hydrogel structure from a homogeneous network to a heterogeneous cluster/channel structure. 

Once again, as hypothesized for the blocky modification pattern, the large channels and the 

concealment of the hydrophobic modifications within the clusters result in a doubling of the 

effective diffusion coefficient of DOX. 

 

2.3.4. Experimental Dual-Drug Release 

The final goal of this study is to develop a delivery system that releases multiple 

chemotherapeutics with precise kinetics and a molar ratio conducive to synergistic therapeutic 

effects. We therefore performed a number of dual-drug release studies aimed at correlating the 

release kinetics and doses of GEM and DOX with the type and degree of modification of the 
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chitosan hydrogel. As in the single-drug studies, dual-drug release was performed using acetyl-, 

butanoyl-, and heptanoyl-modified gels spanning a range of modification levels comparable to 

those utilized in the dual-drug in silico modeling. Specifically, acetyl-chitosan gels covered the 

range of χ values between 0.249 and 0.592, whereas butanoyl-chitosan gels covered a range 

between 0.189 and 0.334. The resulting release profiles (percent release vs. time) are reported in 

Figure 2.25 – Figure 2.27. 

In all dual-drug release studies, the asymptotic release was obtained within 24 h, resulting 

in wide ranges of equilibrium GEM/DOX molar ratios for both acetyl-chitosan and butanoyl-

chitosan gels, as shown in Figure 2.28. In acetyl-chitosan gels, the equilibrium GEM/DOX molar 

ratio increases with χ from 2.2 at χA = 0.264 to 14.3 at χA = 0.592. In butanoyl-chitosan gels, the 

GEM/DOX ratio decreases with χ, from 10.0 at χB = 0.189 to 5.2 at χB = 0.334. These trends show 

some similarity with single-drug release data, although the GEM/DOX ratios are considerably 

higher for dual-drug release than for the single-drug release. 

In addition to equilibrium data, kinetic release properties were determined by fitting the 

GEM and DOX release data to the Korsmeyer-Peppas model, reported for both acetyl- and 

butanoyl-chitosan in Figure 2.29. It is important to notice that the diffusion rate for DOX is nearly 

constant across the entire range of χ for both acetyl- and butanoyl-chitosan, whereas the GEM 

diffusion rate slightly increases with χ through acetyl-chitosan and is almost constant with χ 

through butanoyl-chitosan. These results match the dual-drug release profile predicted by our MD 

simulations (Figure 2.15) for chitosan modified with a blocky pattern, thereby corroborating the 

hypothesis of blocky modification. For both acetyl- and butanoyl- modified gels, the K values for 

GEM and DOX do not show a strong correlation with χ, likely due to the drug-drug interactions 

within the chitosan matrix, which are also predicted by the MD simulations (Figure 2.16). 



   

153 
 

Nonetheless, as observed in single-drug release studies, the releases of GEM and DOX were 

characterized by markedly different values of K, indicating that GEM is released more rapidly than 

DOX. 

These dual-drug studies demonstrate the efficacy of modified chitosan gels for combined 

chemotherapeutic treatment. First, the formulations studied herein afford the desired schedule, 

with GEM being released prior to DOX; in all dual-drug studies, in fact, the ratio of K values 

(GEM/DOX) ranges from 2.0 to 9.0, with a mean of 5.4, indicating release of GEM much faster 

than DOX. Second, the desired molar ratio (dose), namely, the molar ratio yielding the highest 

synergy (GEM/DOX = ∼10), is present from 32 to 42% modification in acetyl-modified gels and 

from for 19 to 24% modification in butanoyl-modified gels. These findings are consistent with the 

current literature demonstrating that the combination of GEM and DOX can be administered such 

that a synergistic efficacy may be observed in vitro or in vivo when the aforementioned kinetics 

and dose are present [7, 41]. 

 

2.4. Conclusions 

Hydrogels constructed with native or modified polysaccharides and loaded with 

chemotherapeutic drugs have been extensively studied, and a number of them have entered the 

clinical pipeline through the last decade [71-74]. A growing body of literature focuses on polymer 

conjugates and hydrogels that deliver synergistic combinations of drugs. In developing these 

systems for a given drug combination, the choice of the modification groups, degree of 

modification, and initial drug loading are crucial to ensure the therapeutic efficacy of the 

formulation. Empirical exploration of such a wide design space, however, is cumbersome and 

hinders the preclinical stages. This study focuses on developing a computationally designed and 
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experimentally validated system that could serve as a powerful guide to pharmaceutical chemists 

in the identification of the design parameters that afford a schedule and a ratio of drug release that 

ensure a successful therapeutic outcome. Specifically, the proposed model has managed to 

accurately portray complex phenomena, such as the different microscale morphologies present in 

hydrogels constructed with different types and degrees of modification, and the migration of not 

only one but also two drugs through these modified polymer networks. The experimental data 

validate the behaviors predicted by the molecular dynamics simulations and indicate specific 

formulations that afford synergistic combinations for the specific drug pair considered in this study 

(DOX and GEM) within the scope of the current literature. While focusing on hydrophobically 

modified chitosan hydrogels and the GEM-DOX drug pair, this method is applicable to any other 

polymer substrates, whether natural or synthetic, modification moiety, and therapeutic payload. 

The results presented in this work fully demonstrate the potential of this approach to accelerate the 

translation of drug-loaded hydrogels for cancer therapy. 
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Tables 

Table 2.1 Empirical models of drug diffusion used to fit the release profiles for DOX and GEM 
from acetyl-, butanoyl-, and heptanoyl-chitosan hydrogels. 

 

Table 2.2 Number and (percentage of total) of non-bonded interactions observed between drug 
molecules and chitosan chains (backbone and modifications) in the different chitosan networks 
over the drug molecules trajectories during the simulation; where DOX molecules are treated as a 
group so that any given chitosan or modification site can only contribute one contact. In the table, 
low represents χ = 16% for both systems, and high represents χ = 50% and 32% for acetyl- and 
butanoyl- modified systems, respectively. 



   

162 
 

Table 2.3 Summary of R2 values obtained by fitting the empirical models of drug diffusion to the 
data of DOX and GEM release from acetyl-chitosan gels. 
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Table 2.4 Summary of R2 values obtained by fitting the empirical models of drug diffusion to the 
data of DOX and GEM release from butanoyl-chitosan gels. 
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Table 2.5 Summary of R2 values obtained by fitting the empirical models of drug diffusion to the 
data of DOX and GEM release from heptanoyl-chitosan gels. 
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Table 2.6 Fitting parameters derived from the Korsmeyer-Peppas model for GEM and DOX 
released from acetyl-modified chitosan gels. 

 
 
Table 2.7 Fitting parameters derived from the Korsmeyer-Peppas model for GEM and DOX 
released from butanoyl-modified chitosan gels. 
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Figures 
 
 

 
Figure 2.1 Comparison of gel fraction for acetyl-, butanoyl-, and heptanoyl-chitosan gels prepared 
using base chitosan polymers with molecular weights of 15 and 50-190 kDa. Data represent mean 
± 95% CI (n ≥ 12). 
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Figure 2.2 Lennard-Jones and Coulombic contribution to the DOX-modification group interaction 
energy for (a) acetyl-chitosan and (b) butanoyl-chitosan; and Lennard-Jones and Coulombic 
contribution to the DOX-backbone interaction energy for (c) acetyl-chitosan and (d) butanoyl-
chitosans at different χ. 
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Figure 2.3 Lennard-Jones and coulombic contribution to the GEM-modification group interaction 
energy for (a) acetyl-chitosan and (b) butanoyl-chitosan; and Lennard-Jones and coulombic 
contribution to the GEM-backbone interaction energy for (c) acetyl-chitosan and (d) butanoyl-
chitosans at different χ. 
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Figure 2.4 Hydrogen bond contacts between DOX and modification groups in a (a) acetyl-
modified and (b) butanoyl-modified chitosan gel; and hydrogen bond contacts between DOX and 
the backbone in a (c) acetyl-modified and (d) butanoyl-modified chitosan gel at different degrees 
of modification. 

 
Figure 2.5 All-atom simulations depicting the interactions between DOX (cyan) and chitosan 
(grey and yellow) for (a) acetyl-modified and (b) butanoyl-modified chitosans. 
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Figure 2.6 All-atom and coarse-grained representations of (a) DOX, (b) GEM, (c) unmodified 
glucosamine monomer, (d) acetyl-glucosamine, (e) butanoyl-glucosamine, and (f) heptanoyl-
glucosamine. 
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Figure 2.7 Radial distribution functions correspondence between the all-atom simulations and 
coarse-grained simulations interaction sites for (a) coarse-grained site A with A (Figure 2.6), (b) 
coarse-grained site A with B, (c) coarse-grained site A with modification site M, and (d) coarse-
grained site A with water bead. 

 

 

 

 

 

 

 



   

172 
 

 
Figure 2.8 Representative simulation snapshots of chitosan hydrogels with a blocky modification 
pattern for (a) 16% acetylation, (b) 50% acetylation, (c) 16% butanoation, and (d) 32% 
butanoation. 

 
Figure 2.9 Representative simulation snapshots of chitosan hydrogels with evenly-spaced 
modification pattern for (a) 16% acetylation, (b) 50% acetylation, (c) 16 % butanoation, and (d) 
32% butanoation. 
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Figure 2.10 Schematic cluster/channel structure formed by hydrophobically-modified chitosan, 
wherein the micellar aggregates (red) comprise chitosan segments with high degree of 
hydrophobic modification, and the bridges (green) represent chitosan segments with low degree 
of modification [68]. 

 
Figure 2.11 Pore size distribution functions for (a) evenly-spaced acetyl-chitosan, (b) blocky 
acetyl-chitosan, (c) evenly-spaced butanoyl-chitosan, and (d) blocky butanoyl-chitosan. 
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Figure 2.12 Drug diffusion constants vs. χ for single-drug migration across different chitosan 
networks for evenly-spaced (black) and blocky (red) modification patterns: (a) GEM and (b) DOX 
in acetyl-chitosan, and (c) GEM and (d) DOX in butanoyl-chitosan. 
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Figure 2.13 Snapshot of DOX migration through: (a) acetyl-chitosan networks at low χ (16%); 
(b) acetyl-chitosan networks at high χ (50%); (c) butanoyl-chitosan network at low χ (16%); (d) 
butanoyl-chitosan networks at high χ (32%), where the chitosan backbone is represented by red 
beads, modifications are represented by yellow beads, and DOX is represented by black beads. 

Figure 2.14 Mean-squared displacement (MSD) plot vs. time for diffusion of DOX through the 
blocky-modified chitosan network at χ = 32%, where DOX-Captured refers to DOX that becomes 
entrapped within a cluster and DOX-Free refers to DOX that remains in the pores of the 
cluster/channel morphology during the simulation. 
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Figure 2.15 Drug diffusion constants vs. χ for dual-drug migration across different chitosan 
networks: (a) GEM in acetyl-chitosan, (b) DOX in acetyl-chitosan, (c) GEM in butanoyl-chitosan, 
and (d) DOX in butanoyl-chitosan. 
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Figure 2.16 Radial distribution functions of GEM around the center of mass of DOX in acetyl-
chitosan networks with (a) evenly-spaced and (b) blocky modification, and in butanoyl-chitosan 
networks with (c) evenly-spaced and (d) blocky modification. 
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Figure 2.17 Release profiles of DOX (triangles) and GEM (squares) from chitosan hydrogels at χ 
= 25% of (a) acetyl at 72 hr, and (b) butanoyl at 72 hr, (c) acetyl at 1 hr, and (d) butanoyl at 1 hr. 
Data represent mean ± 99% C.I. (n ≥ 3). 
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Figure 2.18 Release profiles of DOX (triangles) and GEM (squares) from heptanoyl-modified 
chitosan hydrogels at χ = 25%. Data represent mean ± 99% C.I. (n ≥ 3). 

 

 
Figure 2.19 Release profiles of (a) GEM and (b) DOX from acetyl-chitosan hydrogels. Data 
represent mean ± 99% C.I. (n ≥ 3). 
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Figure 2.20 Release profiles of (a) GEM and (b) DOX from butanoyl-chitosan hydrogels. Data 
represent mean ± 99% C.I. (n ≥ 3). 

 

 
Figure 2.21 Release profiles of (a) GEM and (b) DOX from heptanoyl-chitosan hydrogels. Data 
represent mean ± 99% C.I. (n ≥ 3). 
 

 

(a) (b)

(a) (b)



   

181 
 

 
Figure 2.22 Equilibrium release percent of DOX (triangles) and GEM (squares), and GEM/DOX 
molar ratio (red circles) vs. χ for (a) acetyl-chitosan and (b) butanoyl-chitosan. Data represent 
mean ± 99% C.I. (n ≥ 3). 

 

 

Figure 2.23 Equilibrium release percent of DOX (black triangles) and GEM (black squares) and 
GEM/DOX molar ratio (red circles) vs. χ for heptanoyl-chitosan. Data represent mean ± 99% C.I. 
(n ≥ 3). 
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Figure 2.24 The K values obtained from the Korsmeyer-Peppas model for single GEM (black) 
and DOX (red) release vs. χ in (a) acetyl-modified chitosan gels and (b) butanoyl-modified 
chitosan gels. Data represent mean ± 99% C.I. (n ≥ 3). 

 

 

Figure 2.25 Molar ratio of GEM to DOX released from dually loaded acetyl-chitosan hydrogels. 
Data represent mean ± 99% C.I. (n ≥ 3). 
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Figure 2.26 Molar ratio of GEM to DOX released from dually loaded butanoyl-chitosan 
hydrogels. Data represent mean ± 99% C.I. (n ≥ 3). 

 

 

Figure 2.27 Molar ratio of GEM to DOX released from dually loaded heptanoyl-chitosan 
hydrogels. Data represent mean ± 99% C.I. (n ≥ 3). 
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Figure 2.28 Equilibrium dual-drug release percent of DOX (triangles) and GEM (squares), and 
GEM/DOX molar ratio (red circles) vs. χ for (a) acetyl-chitosan and (b) butanoyl-chitosan. Data 
represent mean ± 99% C.I. (n ≥ 3). 

Figure 2.29 K values obtained from the Korsmeyer-Peppas model for GEM (black) and DOX 
(red) released vs. χ from (a) acetyl-modified chitosan gels and (b) butanoyl-chitosan gels. Data 
represent mean ± 99% C.I. (n ≥ 3). 
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CHAPTER 3 

Chitosan Hydrogels for Synergistic Delivery of Chemotherapeutics to Triple Negative 
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Abstract 

This study aimed to develop a hydrogel system for treating aggressive triple negative breast cancer 

(TNBC) via kinetically-controlled delivery of the synergistic drug pair doxorubicin (DOX) and gemcitabine 

(GEM). A 2D cell culture assay was adopted to evaluate therapeutic efficacy by determining combination 

index (CI), and a novel 3D assay using cancer spheroids was implemented to assess the potential for 

translation in vivo. The hydrogel delivery system was prepared by loading acetylated-chitosan (ACS, with 

degree of acetylation χAc = 40 ± 5 %) with an aqueous solution of DOX:GEM. The release of DOX and 

GEM was characterized in vitro to identify a combined drug loading that affords release kinetics and final 

dose that are therapeutically synergistic. The selected DOX/GEM-ACS formulation was evaluated in vitro 

against 2-D (cell culture monolayer) and 3-D (spheroids) models of TNBC to respectively determine the 

combination index (CI) and the tumor volume reduction. The desired release dosage and kinetics of GEM 

(4.5 μΜ, corresponding to 22.0% of the payload, released in 24 hr) and DOX (0.07 μM, corresponding to 

14.3% of the payload, released in 72 hr), and equilibrium molar ratio ( ≥10:1) were achieved. When tested 

on 2-D model of TNBC, the select dual-drug-loaded hydrogel provided a CI of 0.14, indicating strong 

synergism; the control concurrent administration of DOX and GEM as free drugs afforded lower therapeutic 

efficacy, with a CI of 0.23. Finally, the hydrogel delivery system accomplished a notable volume reduction 

of the cancer spheroids (up to 30% of the initial volume), whereas the corresponding dosage of free drugs 

only slowed growth. Our studies indicate that the ACS hydrogel delivery system accomplishes a drug 

release kinetics and ratio that afford strong therapeutically synergism. These results, in combination with 

the choice of ACS as affordable and highly abundant source material, provide a strong pre-clinical 

demonstration of the potential of the proposed system for complementing surgical resection of aggressive 

solid tumors. 
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3.1. Introduction 

Combination chemotherapy has become increasingly ubiquitous in the field of drug 

delivery owing to its distinct advantages over single-drug therapies [1, 2]. Single-drug therapies 

cause acquired drug resistance following prolonged administration, leading to non-responsiveness 

to therapy, the need of increased dosages, and ultimately poor prognosis and quality of life [3-5]. 

Combination chemotherapy overcomes these limitations by disrupting multiple metabolic 

pathways simultaneously, resulting in three progressively desirable therapeutic outcomes: additive 

effect, potentiation, and synergism [2]. Among these, synergism is achieved when the combined 

efficacy of multiple drugs is remarkably higher than the sum of the individual therapies 

administered independently and represents the most auspicious therapeutic outcome [2, 6]. In the 

past, synergy of chemotherapy regimens has been mostly attributed to the properties and molar 

ratio of the administered drugs; however, recent studies demonstrate that the order by which the 

drugs are administered, or schedule, is critical towards maximizing the synergistic outcome [7-9], 

by comparing scheduled regimens with their single-drug therapy counterparts in vitro, in animal 

models, and in the clinical setting [7-17].  

Current studies on drug delivery systems (DDSs) that deliver synergistic combination 

chemotherapy regimens utilize a variety of drug delivery carriers, namely nano/micro-particles 

and liposomes [2, 18, 19], polymer-drug conjugates [20], and hydrogels [21]. Among these, 

hydrogels present unique advantages. Owing to their flexible microstructure, hydrogels can be 

tuned by controlling the gel fraction and crosslinking density to achieve the desired release 

kinetics, dose, and molar ratio [22, 23]. Notably, hydrogels can serve as “depots” from which 

sustained release – and thus a local high concentration – is maintained towards the surrounding 

tissue, thus bypassing the pharmacokinetic limitations of other DDSs and free chemotherapeutics 
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[24-26]. In hydrogel-based DDSs, drug loading and release depends strongly on molecular 

interactions between the drug molecules and the polymer chains that form the hydrogel scaffold, 

as well as the gel morphology, both of which can be tuned through judicious chemical modification 

of the polymer [24, 26]. 

One polymer that has captivated researchers for development of DDSs is chitosan [27, 28]. 

Chitosan, a biopolymer derived from naturally abundant chitin, is biocompatible and 

biodegradable [29]. Chitosan chains display primary amine groups that enable facile chemical 

modification and have been utilized to tailor the release kinetics of the therapeutic cargo [23, 30]. 

Further, because chitosan has an endogenous short physiological half-life (i.e., days – weeks(s)), 

physical chitosan hydrogels present an optimal short-time DDS and release no toxic degradation 

byproducts [31]. Consequently, a variety of chitosan-based products have been developed for 

biomedical applications, such as oral and ocular delivery systems as well as wound dressings, some 

of which have received FDA approval, demonstrating clinical feasibility [32, 33]. 

In this work, we utilized the drug pair of gemcitabine (GEM) and doxorubicin (DOX), 

which were selected for their extensively documented synergism [7, 8, 34, 35]. Previous work has 

defined the optimum molar ratio (GEM: DOX > 1) and delivery kinetics (GEM prior to DOX) for 

this drug pair to treat breast cancer [7, 8, 34]. In previous work, we studied the physicochemical 

factors governing release of GEM and DOX from chitosan hydrogels modified with acetyl, 

butanoyl, and heptanoyl moieties, using an integrated in silico – experimental approach [23]. We 

demonstrated that acetyl-modified chitosan (ACS) affords the optimum delivery ratio and kinetics 

for this drug pair, in both single-drug loaded and co-loaded systems. In this work, we selected one 

particular ACS with degree of modification (χAc) of 40 ± 5 %, which demonstrated favorable 

kinetics and molar ratio of GEM/DOX during release. To assess the viability of this system as an 
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injectable depot, initial release studies were performed with DOX and GEM at different single-

drug loadings. Specifically, we optimized this system by examining different loading conditions 

for the individual drugs to achieve the release of individual DOX and GEM at a therapeutically 

viable concentration, namely 0.26 μM – 0.64 μM for DOX within 72 hr, and 2.8 μM – 19.4 μM 

for GEM within 72 hr. The optimized hydrogel co-loaded with GEM/DOX afforded release doses 

of 0.07 μM – 0.13 μM for DOX and 4.5 μM – 20.7 μM for GEM, after 72 hr, which fall within the 

desired (synergistic) therapeutic window [7, 8, 34]. The ACS hydrogel was evaluated in vitro 

against the TNBC cell line MDA-MB-231 in the form of 2-D (cell monolayer) and 3-D (spheroids) 

systems. Notably, the select DOX/GEM-loaded ACS afforded a combination index (CI) of  0.142 

± 0.010 in the 2-D assay. This was considerably lower than the CI obtained with the free drug 

DOX-GEM combination (0.223 ± 0.002) at the same global drug concentration and molar ratio, 

indicating that the ACS delivery system provides a significant contribution towards achieving 

therapeutic synergism; for comparison, Vogus et al. obtained a comparable CI (0.12) using a 

complex microfluidic system that provides precise control of the delivery scheduled and dose of 

DOX and GEM against TNBC cells [8]. In the 3-D assay, the DOX/GEM-loaded ACS gel afforded 

a significant decrease in tumor volume, reducing the spheroid growth percentage from a 30 ± 2.9 

% increase in volume (no treatment) to -32.7 ± 2.2 %; in comparison, the concurrent administration 

of a GEM:DOX ratio of 10:1 only reduced volume growth to 2.4 ± 5.2 %. Collectively, these 

results demonstrate the efficacy of the proposed ACS delivery system in achieving scheduling-

based therapeutic synergism and its translational potential towards future clinical studies. 
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3.2. Materials and Methods 

3.2.1. Materials 

Low-molecular-weight chitosan (85% maximum degree of deacetylation, 15 kDa) was 

obtained from Polysciences Inc. (Warrington, PA). Acetic anhydride, phosphate-buffered saline 

(PBS), potassium hydroxide, and the Kaiser Test kit were from Sigma Aldrich (St. Louis, MO). 

Doxorubicin hydrochloride (DOX) and Gemcitabine hydrochloride (GEM) were obtained from 

LC Laboratories (Woburn, MA). Triple negative breast cancer cells MDA-MB-231 were 

purchased from ATCC (Manassas, VA). Dulbecco’s Modified Eagle Medium (DMEM) and fetal 

bovine serum (FBS) were obtained from Genesee Scientific (San Diego, CA). Penicillin 

Streptomycin (Pen Strep) was obtained from Gibco (Gaithersburg, MD). 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT), was purchased from Invitrogen (Carlsbad, CA). 

Corning Matrigel Growth Factor Reduced (GFR) Basement Membrane Matrix was purchased 

from Fisher Scientific (Hampton, NH). All other reagents were of reagent grade or higher. 

 

3.2.2. Modification of Chitosan  

Chitosan modification was performed following an adapted protocol from previous work 

[23]. Briefly, chitosan was dissolved at 6 mg mL-1 in 1% acetic acid (w/w) and filtered to remove 

insoluble components. A stoichiometric amount of acetic anhydride was added dropwise, and the 

mixture was stirred at room temperature for 1 hr. The reaction was stopped by precipitating the 

chitosan solution dropwise into a 3× volume of 5 M methanolic potassium hydroxide. The 

precipitate was collected by centrifugation and washed with methanol until neutral pH. The 

precipitate was then washed copiously with DI water, followed by 10 mM PBS, pH 7.4, to yield a 
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physical hydrogel; for the experiments performed with cells, all washing steps were carried out 

aseptically. 

The level of acetyl modification (χAc) was determined by a modified version of the 

Ninhydrin assay developed by Kaiser et al. [36]. Lyophilized ACS was dissolved in 1% acetic acid 

(w/w) at 3 mg mL-1, and unmodified chitosan was dissolved at varying concentrations (0.5-6 mg 

mL-1). Aliquots of 100 μL of chitosan solution were combined with 30 μL of potassium cyanide 

in water/pyridine and 30 μL of ninhydrin (6% in ethanol). The solutions were then incubated at 

100°C for 5 min, diluted 200× and analyzed via UV-vis spectroscopy at 570 nm. The level of 

modification was determined using Equation 1: 

(1) χ = 	
!"#!∙#∙$

∗

$ $

%"#!∙#&'(∙$
∗

$ &
 

 
where χ is the degree of modification, C* is the molar concentration of amine groups on a 

chitosan chain, D is the dilution factor, C is the mass concentration used for the Kaiser test, M is 

the molecular weight of the glucosamine monomer, and Mmod is the molecular weight of the acetyl 

modification. 

 

3.2.3. Single-Drug Loading and Release 

Single-drug loading measurements were performed by incubating 150 mg of ACS hydrogel 

with 1.2 mL of drug solutions in PBS at 0.5-2 μg mL-1 for DOX and 25-100 μg mL-1 for GEM, for 

48 hr at RT. After loading, the drug-depleted supernatant was collected to collected to quantify the 

amount of drug absorbed in the hydrogel. An aliquot of 150 mg of loaded hydrogel was then 

combined with 1 mL of 10 mM PBS, pH 7.4, and placed in an orbital shaker at 50 rpm at 37ºC. At 

selected time points, 200 μL of supernatant was withdrawn and replenished with PBS. After the 
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release studies, samples containing DOX (loading supernatant and time point collections) were 

analyzed by fluorescent spectroscopy on a Biotek Synergy H1 Microplate Reader (Agilent, 

Winooski, VT) at λex = 480 nm and λem = 580 nm. Samples containing GEM were analyzed using 

liquid chromatography on a Waters 2690 HPLC system (Waters, Milford, MA) equipped with an 

Aeris 3.6 μm C18 column (50 × 4.6 mm). The chromatographic method utilized an isocratic 5% 

acetonitrile in water (0.1% formic acid (v/v)) for 5 min, while monitoring the effluent via UV 

spectrophotometry at 290 nm. GEM concentration was determined by integrating the peak area. 

All experiments were performed in triplicate. 

 

3.2.4. Dual-Drug Loading and Release 

Dual-drug loading experiments were performed by incubating 150 mg of ACS hydrogel 

with 1.2 mL of drug solution at either low (25 μg mL-1 GEM and 0.5 μg mL-1 DOX in PBS) or 

high concentration (50 μg mL-1 GEM and 1 μg mL-1 DOX in PBS) for 48 hr at RT. After loading, 

the drug-depleted supernatant was collected to quantify drug loading. Drug loading, supernatant 

sampling, and quantification of DOX release were performed as described in Section 3.2.3. The 

collected samples were analyzed using a Waters 2690 HPLC system (Waters, Milford, MA) 

equipped with an Aeris 3.6 μm C18 column (50 × 4.6 mm). The chromatographic method utilized 

a 5-100% gradient of acetonitrile (0.1% formic acid (v/v)) in water (0.1% formic acid (v/v)) over 

10 min, while monitoring the effluent via UV spectrophotometry at 290 nm. GEM concentration 

was determined by integrating the peak area. All experiments were performed in triplicate. 
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3.2.5. 2-D Cell Culture 

Triple negative breast cancer cells, MDA-MB-231, were cultured in DMEM supplemented 

with 10% (v/v) FBS and 1% (v/v) Pen Strep in a humidified incubator at 37°C and 5% CO2. 

 

3.2.6. 2-D Cell Viability Assay 

Cells were seeded at a density of 3 x 104 cells/well in a 24-well plate, corresponding to 5 x 

103 cells/well in a 96-well format, and allowed to adhere overnight. Trans-well inserts were added 

to the plate, and the treatment condition was applied. Treatments with free drug employed 100 μL 

of drug-infused media, whereas treatments with drug-loaded ACS were performed by adding the 

gel (25, 50, 75, 100, or 125 mg) followed by 100 μL of media. The 24-well plate was then placed 

in a humidified incubator at 37°C and 5% CO2 for 72 hr. The drug-infused media were obtained 

by diluting stock solutions of DOX and GEM in sterile DMSO with cell culture media (DMEM 

supplemented with 10% (v/v) FBS and 1% (v/v) Pen-Strep) such that the maximum concentration 

of DMSO did not exceed 0.5% (v/v). The mass of hydrogel used in the treatments was chosen to 

achieve a concentration of DOX released after 72 hr equal to that utilized in free drug cell viability 

experiments. After 72 hr of treatment the media was aspirated, and the cells were incubated with 

500 μL of MTT (0.5 mg mL-1 in cell culture media) for 4 hr at 37ºC. The MTT solution was 

aspirated and 500 μL of DMSO was added to the to dissolve formazan crystals. The concentration 

of formazan was quantified by UV-Vis spectroscopy at 540 nm on a Biotek Synergy H1 Microplate 

Reader (Agilent, Santa Clara, CA). 
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3.2.7. 3-D Spheroid Culture 

Spheroids constituted by MDA-MB-231 cells were cultured following the protocol 

established by Froehlich et al. [37] using the liquid overlay technique. Briefly, 100 μL of cell 

suspension, 1 x 104 cells, in cell culture media supplemented in 3.5% Matrigel were seeded in a 

round bottom Cellstar® cell-repellent surface 96-well plate. Cells were cultured in a 37°C incubator 

with 5% CO2 and 100% humidity for 3 days forming spheroids. 

 

3.2.8. 3-D Spheroid Assay 

After 72 hr of culture, the 3-D spheroids were imaged to determine initial size prior to 

treatment using a Nikon Eclipse TE-2000E inverted fluorescence optical microscope with a 

mechanical stage (Nikon, Tokyo, Japan). Following imaging, the spheroids were treated via 

incubation for 72 hr with either (i) free drug solution of DOX, (ii) free drug solution of GEM, (iii) 

free drug solution containing both GEM and DOX at a molar ratio of 10:1, or (iv) a dual-drug-

loaded hydrogel releasing a molar ratio of GEM:DOX ≥ 10:1. After treatment, the spheroids were 

imaged via phase contrast microscopy. For treatments using gels, the spheroids were transferred 

to a 24-well plate and the volume of media was brought to 500 μL. Trans-well inserts were added 

to the plate, and the drug-loaded gel was added to the trans-well insert and covered with 100 μL 

of media. The mass of gel added (25, 50, 75, 100, or 125 mg) was chosen to expose the cells to a 

concentration of DOX/GEM comparable to that utilized in case (iii). 

Growth inhibition was adopted as a metric to quantify treatment efficacy against spheroids, 

as done in the current literature [38, 39]. Following treatment, the spheroids were collected and 

imaged via optical microscopy. All images of cells were processed using ImageJ (NIH) by 

removing background and measuring all spheroids as ellipses. The major axis (dmax) and minor 
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axis (dmin) were measured and the volume of the spheroid was calculated as V = (π x dmax x dmin)/6. 

The change in spheroid volume was defined by (V-V*)/V*, where V is the spheroid volume post-

treatment and V* was the spheroid volume immediately prior to treatment. 

In addition to growth inhibition, live-dead staining was performed to visualize cell death 

within the spheroids. Following treatment, spheroids were incubated with 100 μL of staining 

solution for a final concentration of 2 μΜ calcein AM (λexcitation/λemission : 494/517 nm) and 4 μM 

EthD-1 (λexcitation/λemission : 528/617 nm), for 15 min at 37ºC. Following incubation, the spheroids 

were fluorescently imaged, using FITC and TRITC fluorescence filter cubes. 

 

3.2.9. Statistical Analysis 

Statistical significance was determined by evaluation of the Student’s t-test using Microsoft 

Excel. Statistical significance for samples was evaluated against the control test condition, and p 

< 0.05 was considered significant. For analysis *, and ** represent p < 0.05, 0.01, respectively.  

 

3.3. Results  

3.3.1. Single-Drug Loading and Release Studies 

In previous work, we conducted an in-depth study of the transport mechanism of DOX and 

GEM on ACS hydrogels featuring different levels of acetylation (χAc) [23], and selected a value of 

χAc (40 ± 5 %) that grants favorable release properties, namely, faster release of GEM relative to 

DOX, and a GEM:DOX molar ratio ≥ 10:1. In this work, we sought to optimize the loading of 

GEM and DOX on the select ACS hydrogel to obtain the release of a therapeutically-viable and 

synergistic dose of the drug combination. 
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Preliminary single-drug loading and release tests with both DOX and GEM were 

conducted. As anticipated, we observed an increase in loading for both DOX and GEM as the drug 

concentration in the feedstock increased (Figure 3.1A and Figure 3.1B, respectively). 

Specifically, loading of DOX was not significantly affected by loading concentration and ranged 

from 1.8 ± 0.2 to 3.1 ± 0.04 ng per mg of ACS hydrogel, while the loading of GEM ranged from 

55.7 ± 0.7 μg to 214 ± 6.7 ng per mg of ACS hydrogel. Release was performed in PBS at pH 7.4 

and 37ºC to simulate physiological conditions. We observed that the release of DOX was relatively 

independent of the loading drug concentration (i.e., no statistically significant correlation was 

observed, Figure 3.1C), varying between 51.3 ± 13.6 % and 65.1 ± 0.7 % at 72 hr. Similarly, GEM 

release varied between 10.9 ± 1.0 % and 16.3 ± 2.2 % over 72 hr (Figure 3.1D). 

We finally calculated the corresponding dose of DOX and GEM released from the ACS 

hydrogels based on the last time point (72 hr) on the temporal release profiles (Figure 3.2): DOX 

released dose ranged between 0.263 ± 0.04 μM and 0.632 ± 0.12 μM, while GEM dose ranged 

between 2.87 ± 0.3 μM to 19.4 ± 4.3 μM, both of which are expected to be therapeutically 

efficacious.  

 

3.3.2. Optimization of Dual-Drug Loading and Release 

We then sought to optimize the dual-drug loading of ACS hydrogels to achieve the release 

of DOX and GEM with global kinetics and dosage ratio (1:10) that are conducive to therapeutic 

synergism [7, 8, 34]. To this end, we utilized the results of single-drug release studies to guide to 

design of dual-drug release studies. Specifically, two drug solutions were adopted: (i) a diluted 

solution featuring a GEM concentration of 25 μg mL-1 and DOX concentration of 0.5 μg mL-1, 

which granted final (72 hr) doses of 2.87 ± 0.3 μM of GEM and 0.263 ± 0.04 μM of DOX in 
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single-drug release studies; and (ii) a concentrated solution featuring a GEM concentration of 50 

μg mL-1 GEM and DOX concentration of 1 μg mL-1, which granted final (72 hr) doses of 7.43 ± 

0.6 μM for GEM and 0.330 ± 0.13 μM for DOX in single-drug release studies. The resulting 

loading in ACS hydrogel (χAc of 40 ± 5 %) was 65.1 ± 8 ng of GEM per mg of ACS and 1.71 ± 

0.07 ng of DOX per mg of ACS when using the diluted loading solution, and  90.7 ± 15.3 ng of 

GEM per mg of ACS and 3.32 ± 0.3 ng of DOX per mg of ACS when using the concentrated 

loading solution (Figure 3.3A). Notably, these loading values fall within experimental error 

relative to the single-drug loading values. 

The resulting temporal release profiles indicate that 22.0 ± 5.0 % of GEM and 14.3 ± 1.6 

% of DOX are released over 72 hr from the ACS hydrogel prepared using diluted loading solution 

(squares in Figure 3.3B), whereas 41.1 ± 6.8 % of GEM and 13.7 ± 1.1 % of DOX are released 

from the ACS hydrogel prepared using concentrated loading solution (circles in Figure 3.3B). 

These correspond to GEM and DOX doses of 4.56 ± 1.4 μM and 0.067 ± 0.01 μM released over 

72 hr from the ACS hydrogel loaded with diluted drug solutions, and 20.7 ± 2.4 μM and 0.126 ± 

0.02 μM released from the ACS hydrogel loaded with concentrated drug solutions (Figure 3.4). 

 

3.3.3. 2-D In vitro Viability Assay 

We then resolved to evaluate the therapeutically relevance of our DDS against the TNBC 

cell line MDA-MB-231 in a 2D (cell monolayer) cytotoxicity assay. The dose response curves and 

the corresponding fit with the median effect equation [40] are presented in Figure 3.5A. From 

these results we derived the IC50 values for the various treatments, namely 23.1 ± 2.5 μM for 

GEM, 0.641 ± 0.06 μM for DOX, 0.112 ± 0.01 μM for the GEM+DOX free drug combination 

(10:1 molar ratio), and 0.071 ± 0.002 μM for the GEM+DOX drug combination released from the 



   

198 
 

ACS hydrogel (we note that the IC50 of DOX is higher than the value that we reported in prior 

work on ACS hydrogels and found in the literature, namely 0.08 μM – 0.2 μM; in this study, 

however, we utilized a high seeding cell density to build our 2-D assay, and the resulting high cell 

density is known to increase the effective IC50 [41]. To evaluate drug synergism, we utilized the 

IC50 values provided by the combination therapies to calculate the combination index (CI) [42]. 

For the free drug combination, the CI was found to be 0.223 ± 0.002, indicating a strong synergism, 

consistent with previous findings [7, 8, 34]. Notably, the DDS afforded a CI of 0.142 ± 0.010, 

indicating even higher synergism. For comparison, Vogus et al. obtained only a slightly lower CI 

(0.12) using a model microfluidic system capable of precisely controlling the delivery scheduled 

and dose of the same drug pair (DOX and GEM) against TNBC cells [8]. This indicates that the 

DDS successfully delivers the desired kinetics and drug dose, demonstrating the effectiveness of 

the proposed design. 

To ensure that the improved treatment resulted solely from the DDS implementing 

favorable delivery kinetics, we evaluated the biocompatibility of the hydrogel with no drug cargo. 

The data in Figure 3.5B, reporting the comparison in the viability of gel-treated and non-treated 

cells, demonstrate excellent biocompatibility of ACS hydrogel. 

 

3.3.4. 3-D Spheroid Assay 

To further assess the therapeutic efficacy of the proposed DDS, we evaluated the 

GEM/DOX-loaded ACS hydrogel using a 3-D tumor spheroid assay, which has been shown to 

reflect the likelihood of successful translation of DDS in vivo [38, 39]. With this assay we sought 

to achieve two goals: demonstrate that the DDS offers a better treatment outcome than the 

prescribed dual free drug administration and determine the necessary dosing needed to maximize 
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tumor volume reduction. Figure 3.6 reports the achieved change in tumor volume following a 

mid-dose drug treatment (~2 μM). 

After 72 hr, the untreated spheroid showed a 30 ± 2.9 % increase in volume, nearly identical 

to that incubated with the unloaded ACS hydrogel (29.6 ± 7.3 %), thus corroborating the claim of 

biocompatibility of the DDS. The volume increase of spheroids treated with 1.67 μM GEM 

dropped to 20.5 ± 2.1 %, yet without showing a statistically significant difference compared to the 

control. When treated with 2.5 μM DOX, the increase in spheroid volume was further reduced to 

8.7 ± 4.5 %, with statistically significant difference compared to the control (p < 0.05). Similarly, 

the concurrently free drug combination treatment (2.0 μM DOX and 20 μM GEM) limited the 

spheroid growth to 2.4 ± 5.2 %, indicating a statistically significant volume reduction (p < 0.05). 

Remarkably, the DDS delivering a dose of 2.08 μM DOX and 20.8 μM GEM afforded a reduction 

in spheroid volume of -32.7 ± 2.2 %, which corresponds to a statistically significant volume drop 

compared to both no treatment and 2.5 μM DOX treatment (p < 0.01), as well as concurrent free 

drug combination at a similar dose (p < 0.05). 

We also utilized fluorescence-based live-dead staining to identify a relationship between 

volume change in the spheroids upon treatment and the viability of the cells constituting those 

spheroids (Figure 3.7, where green fluorescence and red fluorescence represents viable and non-

viable cells, respectively). Notably, the increase in red fluorescence trends in the same direction 

as volume change, namely substantial decreases in volume change results in increased red 

fluorescence relative to the control. Although both free and ACS-based combination treatments 

yield a similar red fluorescence, the spheroids treated with the dual-drug-loaded ACS are visibly 

smaller (Figure 3.7K and Figure 3.7L) compared to those treated via concurrent free drug 
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administration at a similar dosage (Figure 3.6.7I and Figure 3.6.7J). Collectively, these data 

demonstrate the efficacy of treatment stemming from the proposed DDS. 

To fully elucidate the impact of drug dosage on spheroid volume reduction, we finally 

explored the effect of concentration of both single and dual-drugs on the spheroid volume change 

(Figure 3.8). Treatment with free GEM lowered the spheroid volume increase from 30.1 ± 9.2 % 

(0.21 μM GEM) to -7.29 ± 3.0 % (53.3 μM); considering the viability in spheroid volume upon 

treatment (Figure 3.7F), it is evident that GEM fails to reduce the viability of the spheroids 

(Figure 3.9A1 – Figure 3.9A5), although it substantially reduces the ability of the spheroid to 

proliferate and grow as dosing increases . Treatment with DOX, on the other hand, afforded a 

drastic decrease in spheroid volume, from 19.4 ± 3.6 % (0.02 μM) to -10.2 ± 2.4 (1.25 μM). At 

higher DOX doses, an inverse trend in volume increase is observed (Figure 3.7H). This, however, 

can be attributed to a strong reduction in viability (Figure 3.9B1 – Figure 3.9B5) that results in 

loss of cohesiveness, and ultimately in a high observed volume increase (51.9 ± 6.3 % at 5 μM). 

Spheroids exposed to the combination of free DOX and GEM showed a trend comparable to that 

of DOX-only treatment, namely a reduction in volume from 25.6 ± 0.5 % volume change at 0.016 

μΜ DOX (0.160 μΜ GEM) to 2.4 ± 5.2 % at 2 μM DOX (20 μM GEM), followed by a drastic 

increase in volume change, up to 66.9 ± 19.3 % at 4 μM DOX (40 μM GEM), and loss of viability 

at higher doses (Figure 3.9C1 – Figure 3.9C5). Finally, the ACS DDS produced an initial volume 

decrease from -21.3 ± 3.8 % at 0.42 μM DOX (4.2 μM GEM) to -32.7 ± 2.2 % at 2.08 μM DOX 

(20.8 GEM), which represent the highest reduction among all treatments, and the highest reduction 

in viability of the spheroid (Figure 3.7L). Upon increasing dosage to 4.02 μM DOX (40.2 μM 

GEM), the volume change increased to a -12.7 ± 3.3 %, concomitant with a high loss in viability 

of the spheroid (Figure 3.9D1 – 3.9D5). 
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3.4. Discussion 

3.4.1. Single-Drug Loading and Release Studies 

Single-drug loading and release studies were initially undertaken to evaluate the transport 

of DOX and GEM through the ACS hydrogel and to ensure that the loading of both drugs enabled 

therapeutically efficacious release doses (Figure 3.2). Our results demonstrate that (i) GEM 

release represents the first front of drug delivery, with the GEM flux exhausted within a 24 hr time 

frame (Figure 3.1D), whereas (ii) DOX is release at ‘steady state’ across the entire 72 hr window 

(Figure 3.1C). This release scheme, where the GEM total dose is released prior to a steady flux of 

DOX, represents the desired delivery schedule for this drug pair. Notably, the release profiles of 

both GEM and DOX (Figure 3.1C and Figure 3.1D) did not show dependence upon the initial 

drug loading on the ACS hydrogel, indicating that drug transport and release kinetics are controlled 

by the drug-polymer interactions and that the proposed DDS is efficient and robust. This study of 

single-drug loading and release are functional to the design and interpretation of the subsequent 

dual-drug release study and represent a necessary step in the pre-clinical characterization pathway 

[23]. 

 

3.4.2. Dual-Drug Loading and Release Studies 

We subsequently utilized the results of single-drug studies to guide dual-drug loading and 

release studies. Notably, the amounts of GEM and DOX co-loaded on the ACS hydrogel (Figure 

3.3A) were within experimental error relative to single-drug loading. Whilst seemingly minor, this 

feature greatly simplifies the screening of the loading conditions, as it enables performing the 

loading studies in a facile single-payload format and subsequently translating them accurately in a 

multi-payload format. On the other hand, a deviation from ideality can be observed in the release 

profile from a co-loaded hydrogel, especially for multimodal drugs like DOX (Figure 3.3B) whose 
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complex amphiphilic character drives complex drug-drug and drug-polymer interactions (28), 

making their transport mechanism difficult to predict; nonetheless, the release profile is 

independent of the loading concentration, as observed in the single-drug study. GEM release from 

the co-loaded hydrogel (Figure 3.3B), on the other hand, was consistent with single-drug release 

at the lower concentration utilized and only deviated at higher loading concentrations (Figure 

3.3D). 

 

3.4.3. In vitro 2-D and 3-D Viability Assays 

We finally evaluated the therapeutic efficacy of the proposed DDS against 2-D (cell 

monolayers) and 3-D (tumor spheroids) models of the TNBC cell line MDA-MB-231. In view of 

combination chemotherapy, we adopted (i) the “combination index” (CI) and (ii) the tumor volume 

reduction as critical performance parameters. For references, when DOX and GEM were 

concurrently released as free drugs in a 1:10 molar ratio, we observed a synergistic treatment 

outcome, indicated by a CI of 0.23, consistent with published studies focusing on this drug pair 

and target cell line [7, 8, 34]. The treatment with dual-drug-loaded ACS hydrogel further reduced 

the CI to 0.14, providing evidence that the ability of the hydrogel to control the delivery kinetics 

and ratio improves the therapeutic efficacy. Notably, this result compares well with the CI value 

obtained by Vogus et al. (CI ~ 0.12) [8], who utilized a microfluidic setup to achieve a completely 

segregated delivery schedule across the same 72 hr window.  

The DDS was then evaluated on 3-D tumor spheroids. These models have earned wide 

popularity in evaluating drug regimens as they accurately predict successful in vivo translation [38, 

39]. To our knowledge, the present study represents the first report evaluating the GEM+DOX pair 

against a TNBC spheroid model. When treated with GEM as a free drug in solution, the viability 
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of the spheroids was hardly impacted (Figure 3.9A1 – Figure 3.9A5), although higher doses 

clearly limit their growth, as shown in Figure 3.8. The treatment with free DOX, on the other 

hand, achieved both reduction of spheroid growth and viability, resulting in the disintegration of 

the spheroids (Figure 3.8 and Figure 3.9B1 – Figure 3.9B5). The combined treatment with free 

GEM and DOX in solution offered a trade-off between volume reduction and viability, as reflected 

in the volume change curve (blue squares in Figure 3.8), which appears to be an average of the 

results of the single free drug treatments (red and green squares in Figure 3.8). Furthermore, the 

combined free drug treatment afforded a decrease in viability at increasing at higher doses 

comparable to that achieved by DOX alone (Figure 3.9C1 – Figure 3.9C5). Spheroids treated 

with GEM/DOX-loaded ACS hydrogel, on the other hand, showed a more drastic volume decrease 

(orange squares in Figure 3.8), combined with a major loss in viability (Figure 3.9D1 – Figure 

3.9D5). Collectively, these results demonstrate that hydrogel-mediated scheduling is critical to 

improve therapeutic efficacy, advocating for the use of the proposed ACS hydrogel for the 

treatment of TNBC. 

 

3.5. Conclusions 

The use of hydrogels constructed from modified polysaccharides and loaded with 

chemotherapeutics has been extensively studied over the last decade and remains an active area of 

research. Next-generation therapeutic biomaterials are becoming increasingly focused on 

integrating the paradigm of scheduled and synergistic combination within the design of drug-

delivery systems. These systems, by achieving a precise control of dosages and delivery schedules, 

provide enhanced drug synergism and enable a drastic reduction of the required therapeutic doses, 

while maintaining highly efficacious outcomes. This study focuses on the development of an ACS 
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hydrogel that (i) is constructed with scalable chemistry on a naturally abundant material, (ii) is 

capable of delivering a recognized synergistic drug pair (DOX and GEM) with precise dosages 

and release kinetics, and (iii) can be delivered locally at the malignancy site. When evaluated 

against the MDA-MB-231 (TNBC) cell line, a cancer with notoriously poor prognosis, the 

proposed dual-drug-loaded ACS hydrogel afforded remarkable results in terms of both 

combination index a reduction of spheroid growth. This work provides a roadmap for developing 

naturally-derived hydrogels and evaluating their efficacy, thereby laying the groundwork for the 

future development of materials targeting aggressive metastatic solid tumors that – to this day – 

greatly impact the health and quality of life of millions of people worldwide. 
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Figures 

 

Figure 3.1 Loading of (A) DOX and (B) GEM as a function of loading concentration utilized. 
Release profiles for (C) DOX at various loading concentrations: 0.5 μg mL-1 (squares), 1 μg mL-1 
(circles), and 2 μg mL-1 (triangles), and (D) GEM at various loading concentrations: 25 μg mL-1 
(squares), 50 μg mL-1 (circles), and 100 μg mL-1 (triangles). Data are represented as mean ± S.D. 
(n ≥ 3); ** represents p < 0.01, as obtained from the Student’s t-test. 
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Figure 3.2 The corresponding doses from release studies for (A) DOX and (B) GEM at 72 hr. Data 
are represented as mean ± S.D. (n ≥ 3); ns and *  represent no statistical significance and p < 0.05, 
respectively, as obtained from the Student’s t-test. 

 

Figure 3.3 (A) Amounts of DOX and GEM loaded on ACS hydrogels using either diluted drug 
solutions (25 μg mL-1 GEM and 0.5 μg mL-1 DOX, grey column) or concentrated drug solutions 
(50 μg mL-1 GEM and 1 μg mL-1 DOX, black column). (B) Release profiles of DOX (red) and 
GEM (black) from the ACS hydrogels loaded with either concentrated (circles) or diluted (squares) 
drug solutions. Data are represented as mean ± S.D. (n ≥ 3); ns and * represent no statistical 
significance and p < 0.05, respectively, as obtained from the Student’s t-test. 



   

211 
 

 
Figure 3.4 The corresponding doses from release studies for a low concentration (25 μg mL-1 
GEM and 0.5 μg mL-1 DOX) and a high concentration (50 μg mL-1 GEM and 1 μg mL-1 DOX) at 
72 hr. Data are represented as mean ± S.D. (n ≥ 3); * represents p < 0.05, as obtained from the 
Student’s t-test. 

 

Figure 3.5 (A) Dose-response curves for free DOX (red), free GEM (black), 10:1 molar ratio free 
drug combination of GEM/DOX (blue), and ≥ 10:1 molar ratio of DOX and GEM released from 
the ACS hydrogel; (B) Cytotoxicity of the ACS hydrogel relative to untreated cells (control). 
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 Figure 3.6 Change in volume of spheroids corresponding to a selected dose of treatment. The 
control (black) and ACS hydrogel (grey) represent spheroids receiving no treatment and exposure 
to 150 mg of unloaded hydrogel, respectively. Treatments were performed using drug 
concentrations of 1.67 μM GEM (green), 2.5 μM DOX (red), 20 μM GEM + 2 μM DOX as free 
drugs concurrently administered (blue), and 20.8 μM GEM + 2.08 DOX μM released from the 
ACS hydrogel (orange). Data are represented as mean ± S.D. (n ≥ 3); ns represents no statistical 
significance, * and ** represent p < 0.05, and p < 0.01, respectively, as obtained from the Student’s 
t-test. 
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Figure 3.7 Images of spheroids corresponding to the conditions utilized in Figure 3.6.6; all grey-
scale images represent spheroids prior to treatment and all fluorescent images represent spheroids 
following treatment; green and red, represent viable and non-viable cells, respectively. (A) and (B) 
are the control, (C) and (D) are the unloaded hydrogel, (E) and (F) represent treatment with 1.67 
μM GEM, (G) and (H) represent treatment with 2.5 μM DOX, (I) and (J) represent treatment with 
2.0 μM DOX and 20 μM GEM concurrently administered, and (K) and (L) represent treatment 
with 2.08 μM DOX and 20.8 μΜ GEM released from the ACS gel. The scale bar in all images is 
400 μm. 
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Figure 3.8 Tumor organoid volume change observed as a function of drug concentration for free 
GEM (green), free DOX (red), free GEM:DOX concurrently administered at a molar ratio of 10:1 
(blue), and GEM:DOX released from ACS hydrogel at molar ratio ≥ 10:1. The desired therapeutic 
window is indicated by the black box. Data are represented as mean ± S.D. (n ≥ 3).  
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Figure 3.9 Dependence of drug concentration of spheroid volume for: (A) GEM (1 – 3.33 μΜ; 2 
– 6.67 μM; 3 – 13.3 μM; 4 – 26.7μΜ; 5 – 53.3 μM), (B) DOX (1 – 0.156 μM; 2 – 0.313μM; 3 – 
0.625μM; 4 – 1.25 μM; 5 – 5.0μM), (C) DOX and GEM free in solution (1 – 0.25μM DOX + 
2.5μM GEM; 2 – 0.5μM DOX + 5μM GEM; 3 – 1.0μM DOX + 10μM GEM; 4 – 2.0μM DOX + 
20μM GEM; 5 – 4.0μΜ DOX + 40μM GEM), and (D) DOX and GEM released from the ACS 
hydrogel (1 – 0.42μM DOX + 4.2μM GEM; 2 – 0.83μM DOX + 8.3μM GEM; 3 – 1.25μM DOX 
+ 12.5μM GEM, 4 – 1.67μM DOX + 16.7μM GEM; 5 – 2.08μM DOX + 20.8μM GEM). The scale 
bar in all images is 400 μm. 
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Abstract 

The scheduled delivery of synergistic drug combinations is increasingly recognized as 

highly effective against advanced solid tumors. Of particular interest are composite systems that 

release a sequence of drugs with defined kinetics and molar ratios to enhance therapeutic effect, 

while minimizing the dose to patients. In this work, we developed a homogeneous composite 

comprising modified graphene oxide (GO) nanoparticles embedded in a Max8 peptide hydrogel, 

which provides controlled kinetics and molar ratios of release of doxorubicin (DOX) and 

gemcitabine (GEM). First, modified GO nanoparticles (tGO) were designed to afford high DOX 

loading and sustained release (18.9% over 72 hr and 31.4% over 4 weeks). Molecular dynamics 

simulations were utilized to model the mechanism of DOX loading as a function of surface 

modification. In parallel, a Max8 hydrogel was developed to release GEM with faster kinetics and 

achieve a 10-fold molar ratio to DOX. The selected DOX/tGO nanoparticles were suspended in a 

GEM/Max8 hydrogel matrix, and the resulting composite was tested against a triple negative 

breast cancer cell line, MDA-MB-231. Notably, the composite formulation afforded a combination 

index of 0.093 ± 0.001, indicating a much stronger synergism compared to the DOX-GEM 

combination co-administered in solution (CI = 0.396 ± 0.034). 
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4.1. Introduction 

Combination chemotherapy is currently the most widely utilized, clinically established 

route to fight cancer, owing to its distinct advantages over current single-drug chemotherapy. 

Single-drug therapies cause acquired drug resistance upon prolonged administration [1, 2], which 

cause non-responsiveness to therapy and the need of increased dosage [3, 4]. This results in poorer 

quality of life during treatment and decreased life expectancy [4-6]. Combination chemotherapy 

offers superior therapeutic outcomes by operating through the simultaneous disruption of multiple 

metabolic pathways in cancer cells; these provide three mechanistic outcomes: synergistic, 

additive, and potentiation [7]. Among these mechanistic outcomes, synergism, whereby the 

efficacy of multiple chemotherapeutics administered together is greater than the sum of individual 

therapies administered independently, represents the most favorable therapeutic outcome [7]. 

Historically, synergism has been attributed to the combination of the drugs utilized and their molar 

ratio in the chemotherapeutic cocktail [7, 8]. More recently, however, the administration schedule, 

that is the sequence and timing by which every drug is administered, has been shown to be critical 

– together with molar ratio – to achieve therapeutic synergism [9-11]. 

Recent research on the optimization of molar ratio and schedule of chemotherapeutic 

regimens has demonstrated that a more favorable therapeutic outcome can be achieved relative to 

single drug therapy. This has been well-documented in pre-clinical studies, both in vitro and in 

animal models [10, 12-18], as well as in clinical settings [19-22]. Current methods to administer 

scheduled combined chemotherapy rely on subsequent injections, which require prolonged patient 

hospitalization and extended observation by trained specialists and result in higher medical costs 

and discomfort for patients. It is now anticipated that next-generation treatments will rely on 

engineered solutions, comprising multiple biocompatible materials that (i) are seamlessly 
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integrated into stable systems and (ii) release the various therapeutic ingredients at tunable 

amounts and rates to provide the desired therapeutic sequence, ratio, and kinetics. 

To this end, researchers have investigated a myriad of drug delivery systems (DDSs), 

ranging from nano-/micro-particles and liposomes [23, 24] to polymer conjugates (PDC’s) [10, 

12, 13, 18, 25, 26] and hydrogels [14, 27-29]. Among these systems, nanoparticles and hydrogels 

possess distinct advantages, mainly loading capacity and tenability of release [30-36]. A nanoscale 

carrier that has attracted considerable attention as a DDS is graphene oxide (GO). GO features a 

high specific surface area (up to 500 m2 g-1) [37], which is ideal for loading large quantities of 

poorly bioavailable drugs, such as taxanes, anthracyclines, and camptothecan analogues [38-49]. 

Additionally, the surface of GO features an abundance of carboxylic acids, epoxides, and hydroxyl 

groups that can be modified to introduce stimuli-responsive behavior, enable active targeting, and 

prolong circulation [31, 50, 51]. Drug adsorption and release on native GO has also been studied 

in silico using model drugs doxorubicin (DOX), paclitaxel, 5-fluorouracil, and thioguanine [52-

55]. These simulations have proven very helpful in designing GO-based drug delivery systems by 

guiding the choice of type and degree of surface modification, and the loading conditions that 

maximize therapeutic efficacy. 

Hydrogels with shear-thinning and thixotropic behavior are also of interest in drug 

delivery, as they can be easily introduced by direct injection into surgical cavities to form “depots” 

that provide sustained drug release [34, 35]. This bypasses the pharmacokinetic limitations 

inherent in many chemotherapeutic agents, as well as the bio-distribution limitations of 

intravenously administered systemic delivery systems [34, 35, 56-58]. Owing to their flexible 

molecular architecture, hydrogels enable release kinetics that can easily be tuned by adjusting the 

polymer/water ratio in cross-linked gels [59, 60]. “Designer” peptides have received strong interest 



   

220 
 

to construct hydrogel-based DDSs. Designer peptides are inherently biocompatible, bio-

degradable, and feature rapid gelation via hierarchal self-assembly [61]. Gelation kinetics can be 

tuned effectively by varying the amino acid composition of the peptide and the aqueous 

environment (pH, ionic strength, temperature) [62-66]. A designer peptide widely used is the Max8 

sequence, constituted by VKVKVKVKVDPPTKVEVKVKV-NH2, wherein DP is D-proline. The 

Max8 peptide is a stimuli-responsive peptide that is stable in aqueous solutions at low ionic 

strength and undergoes gelation in physiological conditions by self-assembling into 3.2 nm 

diameter β-hairpin nanofibers [64]. At low gel fractions 0.5-2 % (w/w), the Max8 hydrogel 

imposes little resistance to the transport of both small and large molecules, as demonstrated by 

Branco et al. with fluorescein-dextran conjugates [63]. In the context of scheduled delivery of 

multiple drugs, the high permeability of the hydrogel makes it an ideal depot for the release of the 

first drug in a sequential system; the limited control of the relative flux of multiple diffusing drugs, 

however, limits the applicability of hydrogels alone for scheduled combined chemotherapy. 

Rather, composite systems combining drug-loaded nanocarriers suspended in a drug-loaded 

peptide hydrogel hold great promise for precise delivery kinetics of multiple payloads [67-70]. 

In this work, we demonstrate scheduled and synergistic release of combined 

chemotherapeutics through the development of a composite hydrogel system comprising DOX-

loaded modified-GO nanoparticles suspended in a gemcitabine (GEM)-loaded Max8 hydrogel 

(Figure 4.1). The synergism of DOX and GEM has been extensively studied in terms of molar 

ratio and delivery kinetics [9, 10, 71-73], demonstrating that the combination is synergistic for 

molar ratios (GEM:DOX) > 1, and optimal synergism occurs at a ratio of 10:1, with GEM being 

administered prior to DOX [9, 10]. We initially investigated different types and levels of chemical 

modification to tune the surface charge and hydrophobicity of GO nanoparticles and evaluated the 
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corresponding DOX loading and release at different values of solution pH and ionic strength. 

Notably, GO modification with tris(2-aminoethyl) amine (TREN) achieved high loading, ranging 

from 0.2 – 0.6 mg DOX per mg GO, and afforded an initially rapid release of 18.9% of the loaded 

DOX within 72 hr followed by sustained release of 31.4% over the course of 4 weeks. To gain 

molecular-level insight into the phenomena governing the adsorption and release of DOX on 

TREN-GO, we developed a computational model that quantitatively describes the DOX: TREN-

GO interaction at different modification degrees, in terms of (i) molarity of loading and release 

(i.e., water/GO partition coefficient of DOX), and (ii) reversible formation and 

adsorption/desorption of DOX aggregates. Selected DOX-TREN-GO nanoparticles were then 

suspended in a GEM/Max8 hydrogel, and the composite formulation was evaluated on a triple 

negative breast cancer cell line (MDA-MB-231) demonstrating high therapeutic efficacy. Notably, 

the DOX-GEM-loaded composite system afforded a combination index of 0.093 ± 0.001, 

considerably lower than the free drug DOX-GEM combination (CI = 0.396 ± 0.034) at the same 

concentration and molar ratio (DOX: GEM = 1:10). This indicates that the differential release 

induced from the composite system provides the desired therapeutic increment above the molar-

based synergism. 

 

4.2. Materials and Methods 
 
4.2.1. Materials 

Graphite powder (4827) was sourced from Asbury Graphite Mills (Lumberton, NC). 

Doxorubicin hydrochloride (DOX) and Gemcitabine hydrochloride (GEM) were obtained from 

LC Laboratories (Woburn, MA). The Max8 peptide (VKVKVKVKVDPPTKVEVKVKV-NH2) 

[63, 74, 75], where DP represents D-Proline and -NH2 indicates an amidated C-terminus, was 
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obtained from Genscript (Nanjing, China) at > 95% purity. 1,1-Carbonyldiimidazole (CDI), 

dimethylaminopyridine (DMAP), ethylenediamine (EDA), tris(2-aminoethyl) amine (TREN), 

acetic anhydride (Ac2O), benzylamine (BA), succinic anhydride (SA), anhydrous tetrahydrofuran 

(THF), phosphate buffered saline (PBS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), potassium permanganate (KMnO4), and hydrogen peroxide (H2O2) were purchased 

from Sigma (St. Louis, MO. Triple negative breast cancer cells MDA-MB-231 were purchased 

from ATCC (Manassas, VA). Dulbecco’s Modified Eagle Medium (DMEM). Fetal bovine serum 

(FBS) was obtained from Genesee Scientific (San Diego, CA). Penicillin Streptomycin (Pen Strep) 

was obtained from Gibco (Gaithersburg, MD). 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), was purchased from Invitrogen (Carlsbad, CA). All other 

chemicals were of reagent grade or higher. 

 

4.2.2. Synthesis of GO particles 

GO was synthesized from pretreated graphite powder (4827) following the modified 

Hummers method [76, 77]. Briefly, graphite (6 g) was added into H2SO4 (230 mL), which was 

placed into a 1 L Erlenmeyer flask and cooled to < 10°C using an ice bath. Then, KMnO4 (30 g) 

was added slowly to the mixture and kept stirred continually. The mixture was then allowed to 

react at room temperature (RT) for 2 hr. Afterwards, distilled (DI) water (460 mL) and 30% H2O2 

(50 mL) were added slowly into the mixture, resulting in a brilliant yellow color. The mixture was 

allowed to settle for three days after which the clear supernatant was decanted. The remaining 

mixture was washed with 10% HCl (v/v) solution followed by DI water until the pH of the 

dispersion reached about 5. The resulting GO dispersion was dried in air, and then dispersed at 5 

mg mL-1 in anhydrous THF and sonicated for 30 min. The GO was finally washed once with THF, 
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acetone, and water, lyophilized, and stored for subsequent modifications. For washing steps, the 

GO suspension was centrifuged at 5,000 rpm for 5 min; minor loss of GO particles was observed 

during washing steps (< 5% measured by weight of dry particles). The size of GO nanoparticles 

(Figure 4.2) was determined by scanning electron microscopy (SEM) using a FEI Verios 460L 

(Philips) on a dilute aqueous solution (< 0.1 mg mL-1) drop cast on aluminum foil. 

 

4.2.3. Surface modification of GO particles 

Lyophilized GO was initially dispersed at 5 mg mL-1 in anhydrous THF via sonication for 

30 min. For surface modification with amines, CDI (50 mg) was added and allowed to react for 1 

hr RT. The corresponding amine (0.5 eq. of TREN, EDA, or BA) was then added to the activated 

GO suspension and allowed to react for 1 hr at RT. To saturate unreacted groups, ethanolamine 

was added to the GO nanoparticles at a concentration in solution of 0.1 M and allowed to react for 

1 hr at RT. The GO was then washed with THF, acetone, and water, and lyophilized. For surface 

acylation with anhydrides, the corresponding anhydride (0.5 eq. of Ac2O or SA) and catalytic 

DMAP were added to the GO suspension and allowed to react for 24 hr at RT. To saturate 

unreacted groups, ethanolamine was added to the GO nanoparticles at a concentration in solution 

of 0.1 M and allowed to react for 1 hr at RT. The GO particles were then washed with THF, 

acetone, and water, and lyophilized. The resulting samples were analyzed using a Zetasizer Nano 

(Malvern, UK) to determine the zeta potential (ζ potential) of the modified GO particles. 

 

4.2.4. DOX loading and Release Screening Studies 

All GO samples were incubated in 0.5 mL of aqueous DOX solution (1 mg mL-1) for 48 hr 

at RT. Following incubation, the samples were centrifuged and the concentration of DOX in the 



   

224 
 

supernatant was measured by UV-vis spectroscopy at 480 nm using a Synergy microplate reader 

(Biotek, Winooski, VT). The DOX-loaded GO particles were rinsed with water (to remove loosely 

bound DOX) and lyophilized. Release experiments were conducted utilizing a mass of particles 

corresponding to an equivalent mass of DOX (0.182 mg). The particles were suspended in 1mL of 

PBS, pH 7.4 at 37ºC. At assigned time points (12, 24, 48, 72, 96, 144, 192, 288, 336, 384, 432, 

504 hr), 200 μL of supernatant was collected and replenished with fresh PBS. The samples were 

then analyzed by UV-vis spectroscopy at 480 nm to determine the amount of DOX released. 

 

4.2.5. Synthesis of (tGO) particle library 

Lyophilized GO was initially dispersed in anhydrous THF at 5 mg mL-1 by sonication for 

30 min. Aliquots of 1 mL of GO suspension were combined with 50 mg of CDI and allowed to 

react for 1 hr RT. A variable volume of TREN (0.25-2 eq., relative to CDI) was then added and 

allowed to react for 1 hr at RT to generate TREN-modified GO particles (tGO) with different 

surface density. To saturate unreacted groups, ethanolamine was added to the GO nanoparticles at 

a concentration in solution of 0.1 M and allowed to react for 1 hr at RT. The tGO particles were 

then washed with THF, acetone, and water, and lyophilized. The resulting samples were analyzed 

using a Malvern Zetasizer Nano to determine the ζ potential of the modified tGO particles, and a 

modified Kaiser’s colorimetric test the surface density of primary amines [78]. For Kaiser’s test, 

100 μL of tGO particles suspension (0.1 mg mL-1 in H2O) were combined with 30 μL of potassium 

cyanide in water/pyridine and ninhydrin, and 30 μL of 6% ninhydrin in ethanol, and incubated at 

100ºC for 5 min. The solutions were diluted 200-fold and analyzed by UV-vis spectroscopy at 570 

nm. Aqueous ethanolamine (0.00125-0.025 mmol mL-1) was used to generate the calibration 

curve. 
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Additionally, both GO and tGO particles were analyzed by Fourier Transform Infrared 

(FTIR) Spectroscopy using a Nicolet 6700 FTIR Spectrophotometer (ThermoFisher Scientific, 

Waltham, MA). First, the particles were finely ground in potassium bromide (dried in a vacuum 

oven for 3 hr at 60°C) and placed in the optical bench, which was purged continuously using dry 

air. The samples were then analyzed using the following data acquisition parameters: accumulation 

of 512 interferograms with a resolution of 4 cm-1, wavenumber range of 4000-400 cm-1. The 

resulting spectra were analyzed using the OMNIC Spectra Software (Thermo Scientific). 

 

4.2.6. DOX Loading and Release from tGO Particle Library 

DOX loading studies were performed on native GO and tGO in different aqueous 

environments, namely low ionic strength (0.1 mM at pH 4, 1 μM at pH 6, and 0.1 nM at pH 9; 

these values of concentration and pH were achieved by titration with aqueous HCl or NaOH), and 

PBS at pH 7.4. Loading solutions were prepared by dissolving DOX at 1 mg mL-1 in the different 

aqueous solvents. The solutions (0.5 mL) were incubated with GO and the various tGO samples 

(0.5 mg) for 48 hr at RT. After loading, the samples were centrifuged, and the supernatants were 

analyzed by UV-vis spectroscopy at 480 nm, to quantify the amount of residual DOX in solution. 

The DOX-loaded particles were rinsed with water, and lyophilized. Release tests were conducted 

by incubating a mass of particles corresponding to an equivalent mass of DOX (0.1 mg) in 1 mL 

of 10 mM PBS, at either pH 7.4 or pH 5 at 37ºC. At set time points, (72, 170, 263, 378, 500, 650 

hr), 200 μL of supernatants from the various samples were collected and replenished with fresh 

buffer. The collected samples were analyzed by UV-vis spectroscopy at 480 nm to determine the 

amount of DOX released. 
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4.2.7. Molecular dynamics (MD) Simulations of tGO 

To study the interactions between DOX molecules and the surface of native and TREN-

modified GO at the molecular level, we adopted a simplified version of the constant-pH molecular 

dynamics (CpHMD) simulation technique by Baptista et al. [79]. In place of coupling with the 

stochastic protonation/deprotonation algorithm during the simulation, our version assigns a 

constant protonation or deprotonation to the titratable amine group of the daunosamine moiety of 

the DOX molecules throughout the entire simulation. This method has already been implemented 

in several studies [53, 80]. The number of protonated/deprotonated sites in GO sheet and DOX 

molecules was approximated using the Henderson-Hasselbalch equation [81, 82]. Assuming that 

the pKa values of isolated carboxyl groups (COOH) and hydroxyl groups (OH) on GO sheet are 

6.6 and 9.8 [83], respectively, the number of deprotonated sites was calculated by Equation 1: 

(1) N* =	
"++,-+./

"	-	"++,-+./
N. 

 
where ND and Nt are the number of deprotonated sites and the total number of titratable 

carboxyl and hydroxyl groups, respectively. For DOX molecules, by assuming that the pKa value 

of the amino group (-NH2) is 8.4 [84], the number of protonated DOX molecules was calculated 

by Equation 2: 

(2) N/ =	
"

"-	"++,-+./
N. 

 
where NP is the number of protonated DOX molecules. The adopted GO model has a 

chemical formula of C10O1(OH)1(COOH)0.5 representing the standard oxidation process [85, 86]. 

Epoxy and hydroxyl groups are randomly distributed on the GO surface and the carboxyl groups 

are attached to the edge of the GO sheet. The general amber force field (GAFF) [87] implemented 

in the Amber18 simulation package was used in all simulations. Partial charges of DOX and 



   

227 
 

functional groups on the GO surface (i.e., epoxy group, hydroxyl group, and carboxyl group) were 

obtained using the standard AMBER charge fitting procedure. First, the geometry optimization of 

the molecule was performed at the DFT/B3LYP/6-31G* level, and then at MP2/6-31G(d) level 

with tight convergence criteria using Gaussian 09; the partial charges were then derived by fitting 

to the molecular electrostatic potential (MEP) at the HF/6-31G* level using the restrained 

electrostatic potential (RESP) method [88] through R.E.D. server [89, 90]. For the GO sheet, all 

sp2 carbon atoms were treated as uncharged, and atomic charges were only assigned to the atoms 

in a functional group and carbon atoms directly bonded to that functional group. The total charges 

of the molecule/fragment were set based on their protonated state in the solution. We ensured that 

the fitted RESP charges for the functional groups on the GO sheet agree with the AM1-BCC 

charges [91, 92] calculated by the AmberTool and with the scaled electrostatic potential (SESP) 

charges [93], which are linearly scaled to include the polarization effect in the aqueous solution; 

this agreement provided confidence in the current RESP charges, confirming the choice of 6-31G* 

basis set as sufficient to implicitly represent the polarization effect in the aqueous solution [88]. 

We further confirmed that partial charges of protonated DOX molecules agreed with the reported 

data [94], and that the DOX structure obtained from quantum mechanics (QM) geometry 

optimization agrees with that from molecular mechanics (MM) energy minimization in implicit 

solvent by using the GAFF. We assigned all atoms types using Antechamber [95] and verified that 

the atom types assigned matches the true chemical environment of that atom. For simplicity, we 

manually changed all sp2 carbon atoms in the GO sheet to the “ca” type. The partial charges of the 

major functional groups on GO surface are summarized in Table 4.1. 

To model the TREN-modified GO (tGO) surface, we tethered TREN moieties on the GO 

through carbamate bonds. While we recognized that TREN groups can be added to the surface of 
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the particles through other functional groups on the native GO surface (e.g., hydroxyl groups and 

epoxy groups), we showed that our proposed scheme of TREN modification of the surface is 

sufficient to investigate the tGO-DOX interaction during both adsorption and release. The TREN 

density on the model tGO surface (molecules nm-2) was calculated from the experimental values 

measured by Kaiser’s test, assuming 500 m2 g-1 as specific surface area for the GO particles [37]. 

As the surface area of our GO model is 50 nm2, the number of TREN groups on the model surface 

ranges between 18 and 24. The pKa values of the two primary amines and the tertiary amine on 

TREN are 10.6 and 10.9, respectively. Under weak neutral conditions (pH = 6), all amine groups 

in the TREN are protonated and the TREN molecule carries a +3 charge. The initial configuration 

of the system was created using the PACKMOL package96 and the simulation box was filled using 

the TIP3P water model [97]. Sixty-four DOX molecules were initially randomly distributed at a 

distance from the GO surface ranging between 0 and 45 Å. Following initial geometry 

optimization, the system was slowly heated from 0 K to room temperature (298 K) in an NVT 

ensemble for 200 ps with 2 fs time steps, while restraining the solid surface and the DOX molecules 

in their initial position by a harmonic spring force. The DOX molecules were then released, and 

an NPT simulation was performed to equilibrate the density of the system at 1 bar, 298 K for 2 ns. 

Throughout the simulation, the pressure was maintained constant using the Berendsen barostat 

with pressure relaxation time of 2 ps, while the temperature was controlled using the Langevin 

thermostat with collision frequency γ = 1 ps-1; the Langevin thermostat has been shown to be more 

efficient in system equilibration than the Berendsen temperature coupling scheme, but the 

Berendsen thermostat is more stable in reproducing the correct dynamics of the system [98]. 

Starting from the last equilibrated frame, a production NPT MD was performed wherein all TREN 

groups on the surface were allowed to relax while the base GO sheet was restrained using a weak 
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harmonic constraint of 10 kcal mol-1 Å-2. The Berendsen thermostat was used during the simulation 

with the temperature coupling time of 10 ps. All simulations were run over 70 ns, at which time 

the number of DOX molecules adsorbed on either the native GO or tGO surface reaches a plateau. 

At least two independent MD simulations were run for the native GO and three tGO (0.359, 0.435, 

and 0.491 TREN molecules nm-2 corresponding to ζ potentials of -8.9, 10.1, and 20.7 mV, 

respectively) models to calculate the average number of DOX molecules adsorbed on different GO 

surfaces for subsequent comparison with experimental data. 

 

4.2.8. Preparation Max8 hydrogel and tGO-Max8 Composite 

All hydrogels were prepared at 2% (w/w) following published protocols [75]. Briefly, a 

peptide solution at 40 mg mL-1 in MilliQ water was combined with an equal volume of 100 mM 

HEPES added with 300 mM NaCl, pH 7.4. The solution was briefly vortexed and centrifuged, and 

allowed to rest until gelation (inversion test). This protocol was also adapted for release of GEM 

by initially dissolving the peptide in an aqueous solution of GEM at desired concentration. The 

tGO particles, tGO-DOX particles, Max8 peptide hydrogel, tGO particles suspended in Max8 

peptide hydrogel (tGO-Max8), and tGO-DOX particles suspended in Max8 peptide hydrogel 

(DOX/tGO-Max8) were imaged by fluorescent confocal microscopy using a Zeiss LSM 710 

microscope (Carl Zeiss AG, Oberkochen, Germany) at λex = 590nm and λem = 618nm. 

 

4.2.9. Dual Drug Release from tGO-Max8 Composite 

Selected DOX/tGO particles comprising tGO (ζ potential = -19 mV) loaded with DOX in 

10 mM PBS (pH 7.4) was utilized for all release studies under 3 conditions: free tGO-DOX 

particles, DOX/tGO particles embedded in a Max8 hydrogel, and DOX/tGO particles embedded 
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in a Max8 hydrogel loaded with GEM. All release experiments were performed utilizing a volume 

of DOX-loaded particles corresponding to an equivalent mass of DOX (0.1 mg), and GEM (0.0605 

mg, when GEM was utilized). These values of payload were selected to obtain the projected 10:1 

GEM: DOX molar ratio in solution upon release, based on the data of DOX release obtained. 

Samples including gels were prepared using a total gel volume of 200 μL. All release tests were 

performed by contacting every system with 1 mL of 10 mM PBS at pH 5 at 37ºC. At set time 

points (8, 16, 32, 48, and 72 hr), 200 μL of supernatant was collected and replenished with fresh 

buffer. The collected samples were analyzed by liquid chromatography using a reverse-phase Aeris 

3.6 μm C18 column (50 × 4.6mm) installed on a Waters 2690 HPLC system (Waters, Milford, 

MA). The chromatographic method utilized a 5-100% gradient of acetonitrile (0.1% formic acid 

(v/v)) in water (0.1% formic acid (v/v)) over 10 min, while monitoring the effluent at 290 nm and 

480 nm to monitor GEM and DOX, respectively. The concentrations of GEM and DOX were 

determined by peak-area integration of the resulting 290 nm and 480 nm chromatograms relative 

to the respective standard curves. 

 

4.2.10. Cell Culture 

Triple negative breast cancer cells, MDA-MB-231, were cultured in DMEM supplemented 

with 10% (v/v) FBS and 1% (v/v) Pen Strep in a humidified incubator at 37°C and 5% CO2. 

 

4.2.11. Cell Viability Assay 

Cells (5 x 103 cells per well) were seeded in a 96-well plate and allowed to adhere 

overnight. Stock solutions of DOX in pure DMSO and GEM in sterile MilliQ water were diluted 

in cell culture media (DMEM supplemented with 10% FBS (v/v) and 1% Pen-Strep(v/v)) such that 
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the maximum concentration of DMSO or water did not exceed 0.5% (v/v). For the systems 

containing DOX/tGO particles, the concentration of particles used was such that the concentration 

of DOX released after 72 hr matched the concentration of DOX utilized in cell viability studies 

conducted with free drug in solution. For systems containing Max8 hydrogel, the volumes of 

hydrogel utilized (5, 12.5, and 25 μL) were prepared aseptically. After 72 hr of treatment, the 

media was aspirated, and the cells were incubated in a solution of 0.5 mg mL-1 MTT in cell culture 

media for 4 hr at 37ºC. The MTT solution was aspirated and DMSO was added to the wells and 

allowed to shake for 30 min to dissolve formazan crystals. Plate absorbance was measured at 540 

nm using a Biotek Synergy microplate reader. 

 

4.2.12. Statistical Analysis 

Statistical significance was determined by evaluation of the Student’s t-test using Microsoft 

Excel. Statistical significance for samples was evaluated against the control test condition, and p 

< 0.05 was considered significant. For analysis *, **, and *** represent p < 0.05, 0.01, 0.001, 

respectively. 

 

4.3. Results and Discussion 

4.3.1. Synthesis and Characterization of Modified Graphene Oxide (GO) DOX Loading and 

Release Screening Studies 

An ensemble of GO particles was initially constructed by surface modification with 

different functional moieties to elucidate the effect of surface hydrophobicity (benzyl- vs. acetyl- 

groups) and electrostatic charge (carboxyl vs. amine groups) on the adsorption and release of DOX. 

Loading of DOX was proceeded over 48 hr to reach adsorption equilibrium. The resulting values 
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of drug loading (mg DOX per mg of modified GO particles) are summarized in Figure 4.3A. DOX 

adsorption on carbon-rich surfaces (e.g., carbon nanotubes) can reach high values owing to the 

dense π-π interactions [99]. Benzyl-GO (ζ potential = -27.5 mV) particles provided the highest 

loading at 0.501 ± 0.005 mg of DOX per mg GO; the display of benzyl moieties on the GO surface 

through distal carboxylic acids may in fact provide additional binding sites for π-π interactions 

with DOX to occur. DOX loading on native GO (ζ potential = -36.5 mV) was slightly lower, 

reaching 0.488 ± 0.005 mg mg-1 GO. Other surface modifications afforded lower DOX loading; 

acetyl- (ζ potential = -26.5 mV) and succinyl- (ζ potential = -27.3 mV) modified GO showed 

almost identical DOX binding capacity, 0.205 ± 0.001 mg mg-1 GO and 0.204 ± 0.031 mg mg-1 

GO, respectively. Surface modification of GO particles with amines EDA and TREN increased 

the loading slightly to 0.255 ± 0.054 mg mg-1 GO and 0.307 ± 0.040 mg mg-1 GO, respectively. 

Such increase in DOX loading seems counterintuitive, given that DOX is a positively charged 

molecule and the surface charge of GO increases from -26.5 mV (acetyl-GO) to ζ potential = -18.4 

mV (EDA) and ζ potential = -14.3 mV (TREN). This suggests that the interaction between DOX 

and modified GO does not depend solely on electrostatic interactions, but implicates other 

phenomena, such as steric hindrance upon adsorption, hydrogen bonding, and hydrophobic 

interaction, which are evaluated in detail later. The release of DOX from the modified GO particles 

was performed in PBS at pH 7.4 over a total collection time of 500 hr. The values of percent release 

(DOX released vs. loaded) are presented in Figure 4.3B; the values of percent release obtained 

through the initial 100 hr are presented in Figure 4.4. The GO particles modified with TREN and 

EDA returned the highest values of percent release, at both 72 hr and 500 hr. The electrostatic 

repulsion between DOX and TREN/EDA moieties, both of which are positively charged at pH 7.4, 

combined with a high concentration gradient between the GO surface and the solution phase, likely 
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play a predominant role in release. GO particles modified with TREN (2 primary and 1 tertiary 

amine), in fact, released 2.63 ± 0.3 % after 72 hr and 5.57 ± 0.3 % after 504 hr, whereas GO 

modified with EDA (1 primary amine) released 1.74 ± 0.2 % after 72 hr and 3.44 ± 0.2 % after 

504 hr. Comparatively, at the 72 hr and 504 hr time points, native GO released 1.38 ± 0.2 % and 

4.34 ± 0.4 %, acetyl-GO released 1.16 ± 0.4 % and 2.86 ± 0.2 %, succinyl-GO released 1.38 ± 0.2 

% and 2.80 ± 0.2 %, and benzyl-GO released 0.8 ± 0.1 % and 2.20 ± 0.3 %. Notably, the loading 

of DOX on TREN-GO was only slightly lower compared to compared to that of native GO. These 

results indicate that modification of GO particles with cationic moieties is essential towards 

ensuring both a favorable loading and high release of DOX. Accordingly, we selected TREN as 

the surface modification moiety in all subsequent studies. 

 

4.3.2. TREN-modified GO (tGO) Characterization 

Based on the initial screening process, we selected TREN-GO (tGO) as model particles in 

all subsequent studies of DOX loading and release. Prior to DOX adsorption and release studies, 

we investigated the correlation between the degree of TREN modification and the resulting 

electrostatic charge (ζ potential potential) at the surface. To this end, we prepared an ensemble of 

tGO particles, and measured the TREN surface density using a modified Kaiser’s amine 

quantification test and the corresponding values of ζ potential. The values of TREN density and ζ 

potential vs. molar ratio of TREN utilized in the modification reaction are presented in Figure 4.5. 

Notably, the ensemble of tGO particles encompassed a wide range of ζ potential, from -36.5 mV 

to 19.9 mV. The surface chemistry of native GO and one tGO sample (ζ potential = -18.8 mV) was 

also investigated by Fourier Transform InfraRed (FT-IR) spectroscopy (Figure 4.6). The FT-IR 

spectrum of native GO exhibits the characteristic peaks of O-H stretching at 3450 cm-1, C=O 
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stretching at 1736 cm-1, aromatic C=C stretching at 1625 cm-1, alkoxy C-O stretching at 1064 cm-

1, and epoxy C-O stretching at around 854cm-1 [100]. In tGO, the appearance of overlapping peaks 

of C=O stretching and N-H bending of the amide functional group at around 1640 cm-1, and the 

appearance of a C-N stretching peak at 1460 cm-1 [100] confirms the conjugation of TREN via 

formation of amide bonds. Furthermore, the presence of a carboxyl C=O stretch peak at 1730      

cm-1 in native GO and the absence of this peak in tGO indicates that all distal carboxylic acids are 

implicated in the formation of amide bonds with TREN. At the same time, the high values of 

TREN surface density measured on tGO particles and the exiguity of distal carboxylic acids typical 

of native GO also suggests that TREN conjugation also occurs through the formation of carbamate 

bonds, which result from the activation of the hydroxyl groups on GO with CDI; however, because 

carbamate and amide bonds have the same FTIR signature and the adsorption of air moisture by 

tGO prevents the quantification of the hydroxyl groups converted in carbamate bonds [101], it is 

not possible to quantitatively distinguish the two conjugation routes. Finally, the persistence of the 

epoxy peak at ~850 cm-1 in the tGO sample indicates that TREN reaction to epoxide groups is 

unlikely. 

 

4.3.3. Experimental and in silico Evaluation of DOX Adsorption on tGO 

The loading of DOX on the ensemble of tGO particles was evaluated at four conditions, 

namely low salinity at different pH (4, 6, and 9) and PBS at pH 7.4. The adoption of solutions at 

low ionic strength and different pH was aimed to study the effect of surface charge (ζ potential) 

alone on DOX loading. The comparison between neutral buffers with different ionic strengths (1 

μM at pH 6 vs. 10 mM PBS at pH 7.4) was intended to investigate the effect of ionic strength, 

which both shields electrostatic repulsion and promotes mild hydrophobic interactions (sodium 
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chloride is an intermediate salt in the Hofmeister series) [102]. The resulting values of DOX 

loading, collated in Figure 4.7A and Table 4.2, indicated that under acidic condition native GO 

(ζ potential = -36.5 mV) gave the highest loading at 0.595 ± 0.008 mg mg-1 GO. However, as ζ 

potential increases to -18.8 mV (0.449 μmol TREN per mg of GO), the loading of DOX undergoes 

a sharp decline to 0.248 ± 0.050 mg mg-1 GO. As ζ potential increases to -8.9 mV (0.592 μmol mg-

1), the loading of DOX remains constant at 0.231 ± 0.004 mg mg-1 GO. As ζ potential further 

increases to 0 mV and 6.8 mV, the loading of DOX decreases only slightly to 0.169 ± 0.009 mg 

mg-1 GO and 0.150 ± 0.002 mg mg-1 GO, respectively. Lastly, the loading at ζ potential = 19.3 mV 

(0.789 μmol mg-1) was 0.202 ± 0.051 mg mg-1 GO.  

At low ionic strength, DOX loading at neutral and basic pH displays the same downward 

trend, featuring an initial sharp decrease from 0.581 ± 0.004 and 0.576 ± 0.011 mg mg-1 GO (ζ 

potential = -36.5 mV) to 0.257 ± 0.030 mg mg-1 GO and 0.262 ± 0.040 (ζ potential = -18.8 mV) 

followed by a shallowed decrease, reaching 0.163 ± 0.012 mg mg-1 GO and 0.176 ± 0.002 at ζ 

potential = 19.3 mV. At the same time, a subtle yet statistically significant increase in DOX loading 

at neutral and basic pH vs. acidic pH is observed on the tGO samples with ζ potential between -10 

mV and + 10 mV. As the pH of the aqueous phase increases, in fact, the positive charge carried 

by DOX [84] and TREN is softened, and consequently DOX loading is improved.  

DOX loading conducted at higher ionic strength (PBS, pH 7.4) exhibited the same trend 

observed in the low salt concentration regimes, but consistently at a higher magnitude. 

Specifically, the loading of DOX on native GO nearly doubles, reaching 1.048 ± 0.009 mg mg-1 

GO; on tGO samples with higher ζ potential, DOX loading decreases to within a range of values 

between 0.613 ± 0.015 mg mg-1 GO and 0.367 ± 0.104 mg mg-1 GO.  
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These results collectively indicate two prominent trends. First, as the ζ potential of tGO 

increases with the modification level, the electrostatic repulsion inhibits the adsorption of DOX 

molecules onto the surface of tGO. Second, increasing the ionic strength of the loading solution 

partially screens DOX/tGO electrostatic repulsion and concurrently promotes DOX/tGO 

hydrophobic interactions, resulting in a constant upward shift in DOX loading across the entire 

range of TREN modification. 

To visualize these phenomena at the molecular level, we performed a number of molecular 

dynamic (MD) simulations of DOX adsorption onto tGO model surfaces constructed by appending 

TREN moieties onto a flat, two-faced 4.8 nm × 5.1 nm GO surface. Coherently with the FTIR 

results, the TREN moieties were appended through carbamate bonds to the hydroxyl groups on 

the GO surface. All MD simulations were performed at nearly neutral pH and in absence of salt, 

since the modeling of buffered aqueous systems is computationally complex and outside the scope 

of this work [103-105]. As expected, the values of DOX loading predicted by the MD simulations 

describe a downward trend with ζ potential (Figure 4.7B), caused by the electrostatic repulsion 

between the positively charged daunosamine moiety of DOX and the TREN moieties on tGO. On 

the other hand, the spacing between TREN moieties on the tGO surface is sufficient to allow 

adsorption of DOX molecules on surface patches of native graphene oxide (Figure 4.8) across the 

entire range of degree of modification (0.359-0.491 TREN molecules nm-2 of tGO surface). 

Notably, the values of DOX loading measured experimentally and those obtained in silico 

show excellent quantitative agreement (Figure 4.7B), indicating that the proposed in silico model 

portrays accurately the mechanism of DOX adsorption onto tGO particles. The simulations also 

indicate the formation of aggregated stacks of DOX molecules onto the tGO surface at the binding 
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equilibrium (Figure 4.8); the presence of aggregate aggregates will be functional to formulate a 

mechanism explaining the experimental data of DOX release presented subsequently. 

 

4.3.4. Evaluation of DOX Release from tGO 

Studies of DOX release from GO and tGO particles were performed at pH 5 and pH 7.4 to 

simulate cancerous and healthy cellular environments, respectively. The release profiles obtained 

at pH 5 are reported in Figure 4.9, while those obtained at pH 7.4 are reported in Figure 4.10. 

Two time scales are of relevance in this study: (i) short term (72 hr), which is representative 

of a typical therapeutic window for in vitro DDS validation, and (ii) long term (> 600 hr), which 

fits the time scale of maintenance chemotherapy. The values of DOX percent release from GO and 

tGO particles at both pH 5 and 7.4 for 72 and 650 hr are reported in Table 4.3 and Table 4.4, 

respectively. As anticipated, the release experiments conducted at pH 5 afforded higher values of 

DOX percent release compared to those at pH 7.4. The lower pH promotes the positive charge on 

both DOX and TREN moieties, which causes DOX-DOX and DOX-TREN repulsion thereby 

triggering release. Because drug release in a tumor-mimetic environment is more relevant in the 

context of this work, our analysis focuses on the release data generated at pH 5. The comparison 

of DOX release from the particles loaded at low ionic strength shows that only two tGO particles 

outperform the native GO particles, namely tGO with ζ potential = -18.8 mV and -8.9 mV. The 

former afforded a 72 hr release of 13.7 ± 2.1 % (when loaded pH 4), 12.4 ± 0.4 % (pH 6), and 11.4 

± 0.8 % (pH 9), and a 650 hr-release of 22.7 ± 3.2 % (pH 4), 19.2 ± 4.2 % (pH 6), and 19.8 ± 4.0 

% (pH 9). The latter showed a 72 hr release of 9.0 ± 1.1 % (pH 4), 9.2 ± 0.3 % (pH 6), and 10.6 ± 

1.5 % (pH 9), and a 650 hr-release of 16.7 ± 4.0 % (pH 4), 15.7 ± 3.8 % (pH 6), and 19.8 ± 3.9 % 
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(pH 9). Comparatively, the native GO released only ~6 % DOX after 72 hr and ~15% after 650 hr. 

On the other hand, tGO carriers with higher ζ potential afforded a lower release of DOX. 

Given the negligible dependence of DOX loading upon pH at low salt concentration as 

well as DOX release from the resulting particles, only the DOX/GO systems loaded at neutral pH 

(low vs. high salt concentrations) were considered in the rest of this study. The values of DOX 

percent release at pH 5 for 72 hr and 650 hr plotted against the values of ζ potential of the 

corresponding GO and tGO particle carriers are presented in Figure 4.11A and Figure 4.11B, 

respectively; the analogous plots for release at pH 7.4 are presented in Figure 4.12. 

It is immediately evident that DOX release is determined by two parameters, namely (i) 

the ionic strength of DOX solution during loading and (ii) the ζ potential of the particles. First, 

regarding the ionic strength of the loading solution, a significant increase is observed in the values 

of DOX percent release, which shift from a range of 1.48-12.4% (low salt loading) to 7.42-18.9% 

(high salt loading) for 72 hr release, and from 3.16-19.2% (low salt loading) to 19.1-31.8% (high 

salt loading) for 650 hr release. In this regard, the in silico modeling of DOX adsorption indicated 

the formation of DOX aggregates both in solution and onto the GO surface. The extent of 

aggregation is likely enhanced at high salt conditions, where electrostatic repulsion is softened and 

hydrophobic interactions are promoted, as observed with drug-like molecules [106]; accordingly, 

we hypothesize that DOX adsorbs onto the tGO surface in a predominantly mono-/di-meric form 

when loaded in a low ionic strength environment, and in a rather multimeric form at higher ionic 

strength. When exposed to pH 5, DOX aggregates are considerably less stable than monomeric 

DOX, due to the combination of DOX-DOX and DOX-TREN electrostatic repulsion, and are 

released more easily, resulting in an upward shift in percent release. 
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The dependence of DOX percent release on ζ potential, on the other hand, is rather 

counterintuitive. In place of a monotonic trend reverse to that of DOX loading (Figure 4.7B), in 

fact, concave downward curves were obtained (Figure 4.11A and Figure 4.11B). To explain this 

behavior, one must consider the charge environment onto the GO particles and in the layer of 

charges surrounding them (Figure 4.13). The surface of GO is inherently negatively charged, due 

to the numerous oxygen-containing moieties [107]; on this surface, the TREN moieties and the 

DOX molecules form a layer of “condensed” positive counter-ions (Stern layer), respectively 

covalently linked and non-covalently adsorbed. The enveloping Gouy layer, framed by the Stern 

plane and the slipping plane, at which the ζ potential is measured, contains a mixture of positive 

(e.g., H+ and Na+) and negative (e.g., OH- and Cl-) counter-ions. On virgin GO, DOX molecules 

adsorbed at pH 6 are strongly retained by the negatively charged moieties on the surface of GO 

(Figure 4.13A); as the environment surrounding the DOX/GO particles is adjusted to pH 5, the 

softening of the inherent negative charge on the surface of GO and the DOX-DOX electrostatic 

repulsion molecules triggers release. On tGO particles with low TREN modification (ζ potential < 

0), DOX molecules are adsorbed on patches of native GO between TREN moieties (Figure 

4.13B); at pH 5, the softening of the negative charge on GO, and the combined DOX-DOX and 

DOX-TREN repulsion favors DOX desorption, resulting in an increment of percent release. On 

tGO particles with high TREN modification (ζ potential ≈ or ≥ 0), the higher density of TREN 

moieties in the Stern layer drives the accumulation of negative (OH- and Cl-) counter-ions within 

the Gouy layer, resulting in the electric stabilization of the cationic DOX molecules adsorbed onto 

the surface of GO (note the cyan spheres representing Cl- ions intercalated between DOX and 

TREN molecules in Figure 4.13C and Figure 4.13D); this results in a softening of DOX-TREN 

repulsions at pH 5, which translates in a decrease of percent release. These phenomena are evident 
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when DOX loading is performed at low ionic strength. When DOX loading is operated in PBS, in 

fact, the TREN moieties are stabilized by counter-anions prior to DOX adsorption and DOX 

release at pH 5 is mostly triggered by the disassembly of drug aggregates by DOX-DOX 

electrostatic repulsion. This makes the values of percent release much less dependent upon ζ 

potential. Native GO is an exception, given its complete lack of TREN modification. 

 

4.3.5. Release of GEM and DOX from tGO-Max8 Composite 

Based on the results of the DOX release studies, we selected tGO particles with ζ potential 

of -18.8 mV as model carrier to develop the composite drug delivery system (DDS); the high 

loading of DOX attained in PBS at pH 7.4 enables reducing the amount of tGO particles required 

to achieve therapeutic efficacy, which minimizes the risk of cytotoxic effects. To develop the 

hydrogel matrix, we initially sought to determine the optimal peptide concentration that affords 

rapid gelation and yields a homogenous gel that poses no diffusion limitations to the transport of 

either GEM or DOX. Peptide gel fractions of 2% (w/w) and 4% (w/w) were chosen owing to their 

nearly instant gelation kinetics. The release kinetics from GEM-loaded gels are presented in 

Figure 4.14. Within the first 4 hours, the 2% (w/w) hydrogel releases GEM more rapidly, reaching 

60.9 ± 6.1 % compared to 51.9 ± 1.2 % by the 4% (w/w) hydrogel. After 16 hr, however, the 

amount of GEM released is independent of gel fraction, reaching ~80%. As we envision a 

scheduled/sequential delivery system wherein the first drug in the chemotherapy regimen (GEM) 

is released more rapidly, we elected to use the 2% (w/w) hydrogel as the matrix for embedding the 

DOX/tGO particles. 

The composite DDS was prepared by dissolving Max8 peptide at 2% (w/w) in a sonicated 

aqueous suspension of the selected DOX/tGO particles. The instantaneous formation of the peptide 
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hydrogel resulted in a homogeneous dispersion of the particles. Confocal fluorescence microscopy 

images of the control tGO-Max8 composite (Figure 4.15) and DOX/tGO-Max8 composite 

immediately after gel formation (Figure 4.15) confirms the homogeneous dispersion of the tGO 

particles; further, Figure 4.15 indicates DOX remains bound to the tGO particles upon gel 

formation. 

The release kinetics of the composite tGO-Max8 systems are presented in Figure 4.16. It 

is first noted that the peptide hydrogel poses a notable resistance to the transport of DOX, resulting 

in a 3-fold reduction of the percent release in the aqueous phase surrounding the hydrogel, from 

the 19.0 ± 0.1 % 72 hr-release given by free DOX/tGO particles in solution to the 6.2 ± 0.2 % 

given by DOX/tGO particles embedded in the Max8 scaffold. This is likely caused by the cationic 

and amphiphilic nature of the Max8 peptide (rich in positively charged lysine and hydrophobic 

valine residues), which limits the partitioning of DOX – a positively charged molecule – from the 

tGO surface to the hydrogel phase and its migration through the hydrogel matrix, as noted in prior 

work [108]. We have observed that the display of hydrophobic moieties in polycationic hydrogels 

hinders the migration of DOX. Second, we observed a drastic change in GEM release after 72 hr, 

from 95.5 ± 1.1 % from the GEM/Max8 hydrogel alone compared to 49.4 ± 0.2 % from the 

composite system. This is likely caused by the interaction between GEM and the DOX/tGO 

nanoparticles during its diffusion pathway. Finally, the concurrent migration of the two drugs 

results in a further decrease of DOX release, from the 6.2 ± 0.2 % given by the GEM-free 

composite to the 3.3 ± 0.1 % given by the GEM-loaded hydrogel after 72 hr. This is attributed to 

DOX-GEM interactions that have been documented to occur and drastically change diffusion 

properties of the DOX-GEM pair through poly-cationic hydrogel matrices [108]. 
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4.3.6. In vitro Characterization 

To determine the efficacy of the composite system relative to free single drug and drug 

combination treatments, we conducted in vitro evaluation of drug-loaded DOX/tGO-GEM/Max8 

composites using the triple negative breast cancer cell line MDA-MB-231. The results are 

presented as dose-response curves in Figure 4.17A, fit with the median-effect equation [109]. The 

corresponding IC50 values are presented in Figure 4.17D. Free DOX and free GEM yielded IC50 

values of 0.399 ± 0.04 μM and > 20 μM, respectively, in line with published data [9]. In testing 

the free DOX/tGO particles, we referred to the values of 72 hr release at pH 5 to determine the 

concentration of particles affording a release of DOX at a dose equivalent to that utilized in the 

free drug study and accounted for the possibility of uptake of the DOX/tGO particles. The range 

of DOX concentration utilized in this study, 0.025 μM – 1.6 μM, translated in a dose of 0.2 – 14.2 

μg tGO mL-1 of total release volume. The same volume of drug-free particles was also tested as a 

control to evaluate their basal cytotoxicity (Figure 4.17C). Notably, the DOX/tGO particles 

featured a cytotoxic activity comparable to that of free DOX, with an IC50 value of 0.131 ± 0.002 

μM, corresponding to ~1.7 μg of DOX/tGO particles mL-1 (Figure 4.17B). At the same time, the 

tGO particles alone proved relatively biocompatible, yielding a cell survival rate above 90% when 

employed at concentrations below 14.2 μg mL-1. Most importantly, at the dose of 1.7 μg mL-1 

needed for the DOX-loaded particles to match the IC50 of free DOX, the tGO particles alone show 

a cell survival rate of ~99%. 

The cytotoxicity of the DOX-GEM combination was then evaluated at the reference 

GEM:DOX molar ratio for of 10:1, reported as synergistic in prior work (Figure 4.17D) [9]. For 

the free-drug combination, we observed an IC50 value of 0.135 ± 0.035 μM, relative to DOX 

concentration. This corresponded to a combination index (CI), calculated utilizing the Chou-
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Talalay method [110] of 0.396 ± 0.035, confirming strong synergism of the drug pair, consistent 

with that obtained by Vogus et al. [9] using the same drug pair and concentration, and cancer cell 

line. Lastly, we sought to demonstrate that the dual-drug loaded tGO-Max8 composite system is 

more therapeutically efficacious than the free drug combination. Accordingly, the reference 10:1, 

GEM: DOX molar ratio was utilized in these release experiments. We observed an IC50 value of 

0.0116 ± 0.0004 μM, relative to DOX concentration, corresponding to a CI of 0.093 ± 0.001, 

indicating a stronger synergism than the free drug pair. It is noted that the reported values of CI 

are comparable to those obtained by Vogus et al. of CI ~ 0.12 with sequential administration of 

this drug pair (GEM for 24 hr, then DOX for 48 hr) [9]. We attribute this further reduction in CI 

(higher synergism) to the ability of the composite tGO-Max8 system to control the release kinetics 

and achieve the postulated scheduled release, known to improve synergism [9, 10]. Notably, the 

IC50 value of the composite system corresponds to a dose of 16 μg mL-1 of tGO particles and 5 

μL of Max8 hydrogel, both proven to be non-cytotoxic per se (Figure 4.6.17C). 

 

4.4. Conclusions 

Scheduled delivery of synergistic combinations of chemotherapeutics is increasingly 

regarded as a highly effective treatment for aggressive solid tumors. The precise control of molar 

ratio, sequence, and rate of delivery, in fact, enhances drug synergism and enables a drastic 

reduction of the required therapeutic doses, while maintaining a highly efficacious outcome. To 

date, two main approaches to achieve scheduled delivery appear in clinical settings: portable 

devices that accompany the patient through therapy and inject different drugs based on a set 

timetable, or engineered materials featuring fine-tuned drug release kinetics. The design and 

optimization of the chemical functionalization and organization of composite materials as drug 
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delivery systems (DDS) greatly benefits from the integration of in silico design and experimental 

evaluation. By providing a deeper insight into the complex physicochemical interactions between 

drugs and materials, integrated computational-experimental methods enhance the quality and 

accelerate the process of discovery and validation of therapeutic products. This study aims to apply 

this concept to the design of a homogenous hydrogel-nanoparticle composite capable of delivering 

a recognized synergistic drug pair (DOX and GEM) with precise molar ratio and release kinetics. 

In this context, we resolved to (i) adopt materials that combine biocompatibility and affordability 

with chemically versatility, and (ii) implement scalable functionalization strategies to ensure the 

translational potential of the resulting DDS. GO nanoparticles and Max8 peptide hydrogel fulfill 

the requirements on the materials, while TREN modification of the GO surface and the tuning of 

the Max8/water ratio represent a scalable approach to achieve precise control over the ratio and 

kinetics of drug delivery. Crucial to the design and understanding of the proposed DDS has been 

the development of an MD model capable of describing quantitatively the DOX loading on and 

release from the modified GO particles. The homogeneous distribution of DOX-tGO particles and 

the thixotropic nature of the Max8 hydrogel matrix make the proposed formulation an exquisitely 

injectable one, ideal for the treatment of solid tumors through both first-line or consolidation 

chemotherapy. In this regard, the MDA-MB-231 triple negative breast cancer (TNBC) cell line 

adopted in this work represents an ideal target for the preclinical testing of the proposed DDS. 

Patients with metastatic TNBC, in fact, have a poor prognosis and a median overall survival of 

~13 months upon treatment. In the attempt to contribute to the development of a therapeutic arsenal 

against TNBC, we have tailored our composite system to release GEM at 47-fold rate and a 10-

fold molar ratio compared to DOX, which the literature indicates as highly synergistic. The results 

presented herein demonstrate the validity of our design: the composite DDS afforded a remarkable 
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combination index of 0.093 ± 0.001. This value is not only lower than that provided by the DOX-

GEM combination as free drugs in solution (CI = 0.396 ± 0.034) but is lower than any value 

reported in the literature for this and similar drug combinations delivered by either microfluidic 

devices or engineered materials [6, 9, 10, 111]. Together with reinforcing the value of combining 

delivery schedule and molar ratio towards increasing therapeutic synergism, this study presents a 

step forward in the development of translatable (effective, affordable, and scalable) solutions 

enabling successful treatment of unmet oncological diseases. To this end, future work on different 

cell lines (e.g., renal cell carcinoma Caki-2 cells or bladder carcinoma MB49 cells) will be 

undertaken to demonstrate the flexibility of the proposed DDS towards the treatment of different 

forms of cancer. Selected formulations will be characterized in vivo to evaluate, together with 

therapeutic efficacy, biodistribution and potential adverse effects; these, however, are not 

anticipated, given the biocompatibility of Max8 and the low amount of modified GO particles 

present in the formulation. With its focus on material design and understanding, this contribution 

lays the ground for the future optimization of novel composites targeting aggressive metastatic 

solid tumors that – to this day – impact the health and quality of life of millions of people 

worldwide. 
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Tables 

Table 4.1 Partial charges for major functional groups. 

 

§AM1-BCC charges were determined for the whole molecule, so the total charge of the 
functional group fragment is not necessarily equal to 0 (neutral state) or -1 (deprotonated 
state). 
 

Table 4.2 Loading of DOX on GO and tGO particles (mg DOX mg-1 GO). Error represents 99% 
C.I. (n ≥ 3). 
 

 

 

Functional 
groups Elements RESP charges (this work) SESP 

charges[93] 

AM1-BCC 
charges 
(this work)§ 

Epoxy C (GO) +0.1357 +0.18 +0.15 
 O -0.2714 -0.36 -0.28 
Hydroxyl C (GO) +0.1904 +0.18 +0.30 
 O -0.5689 -0.57 -0.58 
 H +0.3785 +0.39 +0.41 
Carboxyl 
(protonated) 

C (GO) +0.0642 -- -0.11 
C +0.6655 -- +0.65 

 O (sp2) -0.5649 -- -0.55 
 O (sp3) -0.6080 -- -0.60 
 H +0.4432 -- +0.44 
Carboxyl 
(deprotonated) 

C (GO) -0.3044 -- -0.03 
C +0.8408 -- +0.90 

 O -0.7682 -- -0.81 
 O -0.7682 -- -0.81 

 

 

Zeta Potential (mV) Acidic Neutral Basic PBS 

-36.5 0.595 ± 0.008 0.581 ± 0.004 0.576 ± 0.002 1.048 ± 0.009 

-18.8 0.248 ± 0.050 0.257 ± 0.030 0.262 ± 0.040 0.613 ± 0.015 

-8.9 0.231 ± 0.004 0.266 ± 0.028 0.280 ± 0.017 0.570 ± 0.001 

0 0.169 ± 0.009 0.257 ± 0.015 0.208 ± 0.013 0.524 ± 0.024 

6.8 0.150 ± 0.002 0.221 ± 0.002 0.225 ± 0.011 0.521 ± 0.029 

19.3 0.202 ± 0.051 0.163 ± 0.012 0.176 ± 0.002 0.367 ± 0.104 
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Table 4.3 Percent release of DOX from GO and tGO in 10 mM PBS pH 5 after 72 hr and 650 hr, 
for particles loaded in acidic, neutral, basic, and high ionic strength (PBS) conditions. Error 
represents 99% C.I. (n ≥ 3). 
 

 
 
 
 
Table 4.4 Percent release of DOX from GO and tGO in 10 mM PBS pH 7.4 after 72 hr and 650 
hr, for particles loaded in acidic, neutral, basic, and high salt (PBS) conditions. Error represents 
99% C.I. (n ≥ 3). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

ζ Potential 
(mV) 

Acidic 
72 hrs 

Acidic 
650 hrs 

Neutral 
72 hrs 

Neutral 
650 hrs 

Basic 
72 hrs 

Basic 
650 hrs 

PBS 
72 hrs 

PBS 
650 hrs 

-36.5 6.21 ± 0.6 15.0 ± 1.7 6.47 ± 0.6 15.0 ± 0.5 6.01 ± 0.6 14.0 ± 0.1 7.42 ± 0.1 19.1 ± 0.9 
-18.8 12.4 ± 0.4 19.2 ± 4.2 13.7 ± 2.1 22.7 ± 3.2 11.4 ± 0.8 19.8 ± 4.0 18.9 ± 2.0 31.4 ± 3.2 
-8.9 9.14 ± 0.3 15.7 ± 3.8 8.99 ± 1.1 16.7 ± 4.0 10.6 ± 1.5 19.8 ± 3.9 18.0 ± 1.4 31.8 ± 2.8 

0 2.68 ± 0.6 5.10 ± 1.0 2.11 ± 0.4 4.39 ± 0.3 3.08 ± 0.3 5.96 ± 0.2 15.3 ± 1.7 30.7 ± 4.1 

6.8 3.03 ± 0.2 5.46 ± 
0.01 3.11 ± 0.5 6.80 ± 1.3 3.94 ± 0.9 8.08 ± 0.9 16.1 ± 0.6 32.0 ± 1.3 

19.3 1.48 ± 0.3 3.2 ± 0.4 0.68 ± 0.2 2.67 ± 0.1 2.01 ± 0.3 4.65 ± 0.1 14.3 ± 1.8 26.3 ± 4.7 

 

ζ Potential 
(mV) 

Acidic 
72 hrs 

Acidic 
650 hrs 

Neutral 
72 hrs 

Neutral 
650 hrs 

Basic 
72 hrs 

Basic 
650 hrs 

PBS 
72 hrs 

PBS 
650 hrs 

-36.5 0.35 ± 0.1 6.80 ± 1.1 0.21 ± 0.1 5.30 ± 0.5 0.30 ± 0.1 6.70 ± 0.8 0.56 ± 0.1 6.90 ± 0.4 
-18.8 1.60 ± 0.7 7.80 ± 0.7 2.56 ± 1.4 7.78 ± 0.6 1.66 ± 0.6 7.81 ± 1.4 1.95 ± 0.4 9.48 ± 0.5 

-8.9 1.20 ± 0.4 6.40 ± 0.2 1.24 ± 0.6 7.11 ± 0.8 1.34 ± 0.2 7.10 ± 1.7 1.60 ± 0.3 9.06 ± 2.0 
0 0.25 ± 0.1 1.10 ± 0.4 0.10 ± 0.1 0.50 ± 0.1 0.25 ± 0.1 1.50 ± 0.5 0.30 ± 0.1 3.00 ± 0.6 

6.8 0.30 ± 0.1 1.50 ± 0.3 0.76 ± 0.8 1.30 ± 1.1 0.20 ± 0.1 1.60 ± 0.8 0.56 ± 0.3 3.50 ± 0.6 

19.3 0.30 ± 0.1 1.40 ± 0.2 0.10 ± 0.1 0.60 ± 2.0 0.30 ± 0.1 1.20 ± 0.4 0.35 ± 0.1 3.10 ± 0.2 
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Figures 

Figure 4.1 Design and proposed mechanism of dual release of DOX and GEM from the hybrid 
system comprising modified GO nanoparticles suspended in a Max8 hydrogel. The combination 
of drug release at controlled relative molar ratio and kinetics enhances the inherent synergism of 
DOX and GEM beyond the simple effect of codelivery. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 SEM of GO particles with an average size of 800 nm. 
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Figure 4.3 Initial screening studies of (A) DOX loading on GO particles with different chemical 
modifications (listed in the abscissa); (B) DOX release from modified GO particles within 500 hr. 
Data represent mean ± 99% C.I. (n ≥ 3). ** indicates p < 0.01, and *** indicates p < 0.001, as 
obtained from a Student’s t-test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 DOX release from modified GO particles within 100 hr. Data represent mean ± 99% 
C.I. (n ≥ 3). 
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Figure 4.5 The effect of molar ratio of TREN used for tGO reactions on ζ potential (black) and 
the corresponding concentration of amine groups (red). Data represent mean ± S.D. (n ≥ 3). 
 

Figure 4.6 FTIR analysis of native GO and tGO particles and corresponding model structures. 
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Figure 4.7 (A) Loading of DOX onto tGO particles as a function of ζ potential at different loading 
conditions: Milli-Q water (titrated with HCl or NaOH) at pH 4 (squares), pH 6 (circles), and pH 9 
(triangles), and PBS at pH 7.4 (diamonds), where data represent mean ± 99% C.I. (n ≥ 3); (B) 
Comparison between the values of DOX loading measured at pH 6 (black) vs. predicted by the 
MD simulations at pH 6.1 (red). The experimental data is presented as mean ± 99% C.I. (n ≥ 3), 
while the data from the simulations is presented as mean ± S.D. for n ≥ 4 independent simulations 
with distinct initial configurations. 
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Figure 4.8 Snapshots from DOX (red frame) loading on TREN- (blue frame) modified GO (grey 
frame) and the dispersion of Cl- ions (cyan balls) on (A) native GO (ζ = -36.5 mV), (B) tGO (ζ = 
-8.9 mV), (C) tGO (ζ = 10.1 mV), and (D) tGO (ζ = 20.7 mV). 
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Figure 4.9 Release profiles at pH 5 from DOX/tGO particles loaded at (A) pH 4, (B) pH 6, (C) 
pH 9, and (D) PBS at pH 7.4. Data represent mean ± 99% C.I. (n ≥ 3). 
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Figure 4.10 Release profiles from DOX loaded tGO at pH 7.4 for tGO loaded in (A) acidic (pH 
4), (B) neutral (pH 7), (C) basic (pH 9), and (D) PBS (10 mM pH 7.4). Data represent mean ± 99% 
C.I. (n ≥ 3). 
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Figure 4.11 Values of DOX percent release at pH 5 after (A) 72 hr and (B) 650 hr from DOX/GO 
and DOX/tGO particles loaded at neutral pH and low ionic strength (squares) or high ionic strength 
(circles). Hashed lines are added to guide the visualization of the results. Data represent mean ± 
99% C.I. (n ≥ 3). 

 

 

Figure 4.12 Values of DOX percent release at pH 7.4 after (A) 72 hr and (B) 650 hr from GO and 
tGO particles loaded at neutral pH and low ionic strength (squares) or high ionic strength (circles). 
Hashed lines are added to guide the visualization of the results. Data represent mean ± 99% C.I. 
(n ≥ 3). 
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Figure 4.13 Snapshots from DOX (red frame) loading on TREN- (blue frame) modified GO (grey 
frame) and the dispersion of Cl- ions (cyan spheres) on (A) native GO (ζ = -36.5 mV), (B) tGO (ζ 
= -8.9 mV, (C) tGO (ζ = 10.1 mV), and (D) tGO (ζ = 20.7 mV). 
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Figure 4.14 Release profiles of GEM from a Max8 hydrogel at 2% (w/w) (squares) and 4% (w/w) 
(circles). Data represent mean ± 99% C.I. (n ≥ 3). 
 

 
Figure 4.15 Microscopy images of (A) tGO particles, (B) DOX/tGO particles, (C) Max8 hydrogel, 
(D) tGO particles dispersed in Max8 hydrogel, (E) DOX/tGO particles dispersed in Max8 
hydrogel; (1) brightfield, (2) fluorescence (absorption: 590 nm – emission: 617 nm), and (3) 
combined brightfield-fluorescence overlay. Scale bar represents 20 μm. 
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Figure 4.16 (A) Release profiles of GEM from 2% (w/w) GEM/Max8 (black circles), DOX from 
free DOX/tGO particles (black squares), DOX from DOX/tGO particles embedded in a 2% (w/w) 
Max8 hydrogel (red squares), GEM from a 2% (w/w) GEM/Max8 hydrogel loaded with tGO 
particles (blue circles), and DOX from DOX/tGO particles embedded in a 2% (w/w) GEM/Max8 
hydrogel (blue squares); (B) release of DOX from the system listed in panel (A). Data represent 
mean ± 99% CI (n ≥ 3). 
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Figure 4.17 (A) Dose-response curves for free DOX (red), free GEM (black), DOX/tGO particles 
(blue), 10:1 molar ratio free drug combination of GEM/DOX (green), 10:1 molar ratio free drug 
combination of GEM/DOX from composite system with 5 μL (purple), and 12.5 μL (yellow) of 
DOX/tGO-GEM/Max8 composite gel; (B) Dose-response curves for DOX (squares), DOX/tGO 
(triangles), and tGO (circles);  (C) Cytotoxicity of Max8 hydrogel (low – 5 μL and high – 12.5 
μL) and tGO particles (low – 0.2 μg mL-1 and high – 14.6 μg mL-1) relative to untreated cells 
(control), and (D) calculated IC50 values for the various formulations and the corresponding 
combination index (CI) . Data represent mean ± SD. (n ≥ 3). ns indicates no significance, and * 
indicates p < 0.05, as obtained from a Student’s t-test. 
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CHAPTER 5 

Inducible Conformation-Controlled Protein-Binding Affinity in Azobenzene-Cyclized 

Peptides 

Kevin Day, John D. Schneible, Ashlyn T. Young, Vladimir A. Pozdin, Lewis A. Gaffney, 
Raphael Prodromou, Donald O. Freytes, Michael A. Daniele, and Stefano Menegatti 
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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 environments. 

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 stability 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 azobenzene-cyclized variants with selective light-

controlled binding were identified by combining in silico design with experimental 

characterization via spectroscopy and surface plasmon resonance. 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. 
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5.1. Introduction 

Inducible affinity interactions between ligand and target biomolecules are the underlying 

functions governing biological systems. The ability to design synthetic ligands whose 

biorecognition 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, viruses, 

and cells) in complex media [5, 6]. Their biorecognition activity, while strong and selective, 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 conformation 

(e.g., cyclic peptides) feature superior target affinity and selectivity – in some instances, 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 environment. Of particular interest 

in this regard are photochromic switches, such as azobenzenes, hemithioindigos, and 

spiropyrans/spirooxazines, which respond to specific light wavelengths and intensities by 

rearranging their structure. When utilized as peptide cyclization linkers, photochromic switches 

can reconfigure the peptide structure upon photo-isomerization [11-18]. This mechanism can be 
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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 affinity 

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 commercial 

availability to ensure the translational potential of this technology). To this end, we have developed 

a method for converting known linear protein-binding peptides into an azobenzene-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, suggesting 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 disorders. 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]. 
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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 dependent binding. Selected 

complexes were then refined by MD simulations to select azobenzene-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 characterized 

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) thermal 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 lipopolysaccharide (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 cycloAZOB[G-

VHAKQHRN-K], which afforded fluorescent labelling of cells with intensity proportional 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 
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whose target-binding affinity can be rapidly activated via light-controlled structural 

reconfiguration. 

 

5.2. Materials and Methods 

5.2.1. Materials 

N,N’-Dimethylformamide (DMF), dichloromethane (DCM), ethanol, HPLC-grade 

acetonitrile, HPLC-grade water, and endogenous biotin blocking kit were from ThermoFisher 

Scientific (Waltham, MA). Protected amino acids, piperidine, trifluoroacetic acid (TFA), 

diisopropylethylamine (DIPEA), Rink amide resin (100-200 mesh, functional density ~ 0.6 mmol 

g-1), and Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU) were purchased 

from ChemImpex Inc. (Wood Dale, IL). Purified cycloAZOB[G-VHAKQHRN-K]-K(Biotin) was 

sourced from the peptide synthesis facility at UNC Chapel Hill. Bovine serum albumin, Alexa 

Fluor 488-labeled streptavidin (AF488-streptavidin), DAPI nuclear stain, anti-human VCAM1 

(CD106) rabbit monoclonal antibody and polyclonal goat anti-rabbit antibody, azobenzene-4,4ʹ-

dicarbonyl dichloride, glycine, glacial acetic acid, diethyl ether, triethylamine (TEA), 

triisopropylsilane (TIPS), ethanedithiol (EDT), Tween 20, 1M aqueous NaOH, phosphate-

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 = 2,000 Da) and hydroxyl PEG thiol 

(OH-PEG-SH, MW = 1,000 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 endothelial 

cells (BMECs) were obtained from ATCC (Manassas, VA). 
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5.2.2. 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 protecting 

groups for all amino acids except K* (Fmoc-Lys(Mtt)-OH) [35-37]. All amino acid conjugations 

were conducted using a Biotage Alstra Initiator (Biotage, Uppsala, Sweden) by performing 3 

coupling steps with protected amino acid (5 equivalents), HATU (5 eq.), and DIPEA (10 eq.) at 

75ºC for 5 min in DMF. Fmoc removal occurred in 20% piperidine in DMF at RT for 20 min. 

Upon completion of chain elongation, the Fmoc group on the N-terminus was removed, and the 

resin was copiously rinsed with DCM and vacuum dried. The dry resin was swollen in DCM (dried 

over molecular sieves), cooled to 0ºC, and anhydrous TEA (1.2 eq.) and azobenzene-4,4ʹ-

dicarbonyl dichloride (1.2 eq. in anhydrous DCM) were added dropwise at 0ºC 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 75ºC. 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 hr 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 
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with diethyl ether, dissolved in 50/50 (acetonitrile/water), and lyophilized. The crude peptide 

powder was purified by preparative C18 HPLC and lyophilized. 

 

5.2.3. 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 37ºC. 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 cycloAZOB[VHGKQHRP-

K*] in MilliQ water at either at 0.15 mM, 0.38 mM, or 1.5 mM was initially 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 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, 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). The kinetics of photoisomerization was 

measured by monitoring the absorption at 350 nm. The absorbance 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 monitoring the absorbance at 350 nm of a 0.15 mM 

solution of cycloAZOB[VHGKQHRP-K*], initially conditioned in cis configuration and allowed to 

relax in the dark over 60 hr with absorption measurements taken every 15 min. 
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5.2.4. Circular Dichroism 

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 

conditioned 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, Oklahoma City, 

OK) through the 10 mm path length of the quartz cell. The samples were scanned from 190-260 

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. 

 

5.2.5. 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 

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 negative 

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 

measurements of peptide-VCAM1 dissociation constant (KD) were performed at the UNC 

Macromolecular 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. 
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5.2.6. 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, optimize 

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 peptides [46, 47]. To this 

end, the SiteMap (Schrödinger, New York, NY) algorithm identifies binding 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, regions 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 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 
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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 derived 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 production 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 barostat [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 interactions [60, 61]. The non-bonded interaction pair-list was updated every 5 

fs, using a cutoff of 1.4 nm.  

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 
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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, 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/). Once the clusters 

were identified for each peptide-VCAM1 complex 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 refined via 100-ns atomistic molecular dynamics (MD) simulations using the 

GROMACS simulation 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 Amber99SB force field. The MM/GBSA 

method was used for postprocessing 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 complex was saved. The variants that possessed strong binding in either cis or trans 

configuration (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. 

 

 



   

282 
 

5.2.7. 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). Human dermal fibroblasts (HDFn) (PCS-201-010; 

ATCC, Manassas, VA, US) were cultured using Dulbecco’s modified eagle’s medium (DMEM) 

(10013CV; Corning, Corning, NY, US) supplemented with 10% fetal bovine serum (FBS) (v/v) 

(25-514H; Genesee Scientific, Cajon, CA, US) and 1% penicillin-streptomycin (v/v) (30-002-CI; 

Corning, Corning, NY, US). Human umbilical 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 37ºC and 100% humidity. A glass bottomed 96 well plate was pretreated with 50 μg of 

fibronectin (356008; Corning, Corning, NY, US) in deionized water for 1 hr. 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 hr. BMECs were treated with three conditions: (i) media only, (ii) 1 μg mL-1 

lipopolysaccharide for 24 hr, or (iii) 100 ng mL-1 IL-4 for 1 hr followed by 23 hr of treatment with 

1 μg mL-1 lipopolysaccharide. 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 hr with 2% bovine serum albumin (BSA) (w/v) at RT. 
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5.2.8. 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 specificity with the 

NCBI Primer BLAST tool; those primers were: AAGGTGAAGGTCGGAGTCAAC (Forward-

GAPDH), GGGGTCATTGATGGCAACAATA (Reverse-GAPDH), 

GGGAAGATGGTCGTGATCCTT (Forward-VCAM1), and TCTGGGGTGGTCTCGATTTTA 

(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 Equation 1: 

(1) ΔCT = 	2#[120$1#2#12314!,] 

where CT is the threshold cycle. 

 

5.2.9. Cell-labelling with cycloAZOB[G-VHAKQHRN-K*] 

Cells were fixed and permeabilized as described above and blocked using the endogenous 

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 4ºC. The cells were finally stained in three conditions; (i) cycloAZOB[G-VHAKQHRN-
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K*]-K(Biotin) only, (ii) anti-VCAM1 antibody only, or (iii) co-localized with both peptide and 

antibody. 

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 configuration 

(VCAM1-binding), while the other was conditioned into the trans configuration (VCAM1-

nonbinding), as described above. After irradiation, both peptide solutions were diluted 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 hr 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 4ºC. 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 incubated 

with the cells for 2 hr 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. 

 

5.2.10. 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 

fluorescence quantification was determined by averaging the raw intensity measurement of 9 

images at 20× magnification for each condition. Final values of relative intensity were obtained 
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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. 

 

5.3. Results and Discussion 

5.3.1. Azobenzene-cyclized Peptide Design 

Azobenzene linkers have been extensively utilized to endow peptides and small proteins 

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 electron-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 biorecognition activity [70-

74]. Bellotto et al. have identified streptavidin-targeting light-responsive 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 peptide ligands against streptavidin [75] 

with a ~4.5-fold shift in KD. Using a rational design approach, 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 
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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-

isomerization 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-

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 peptide 

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 affinity 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. 

 

5.3.2. In silico Design of VCAM1-binding Peptides 

The linear VCAM1-binding peptide VHPKQHR, discovered by phage-display screening 

[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 selectivity 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 
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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 

5.2) with adequate size, shape, physicochemical properties, and solvent exposure were identified 

as putative binding sites for the azobenzene-cyclized peptides [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 5.1. All sites are characterized by high pocket exposure (> 0.8) and 

low enclosure scores (< 0.4) and are relatively hydrophilic as determined by SiteMap’s balance 

score. Sites S1-5, 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 peptide ligand. 

We then designed a focused library of 25 variants of the VHPKQHR precursor in the 

azobenzene-cyclized form cycloAZOB[GVH(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 incorporation 

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 evaluated 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 values are 

reported in Table 5.2 together with representative structures of the corresponding peptides. The 

values of Rh, calculated using HydroPro v.10 [79, 80], resulted to be 11.7Å for the linear 
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VHPKQHR precursor, and varied between ~9Å and ~18Å for the azobenzene-cyclized variants, 

with an average of 14.9Å for the trans isomers and 12.5Å for the cis isomers. Most notably, the 

values of atomic cis-to-trans RMSD fluctuated between ~0.7Å and ~5.1Å (average ~3.1Å), 

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 – indicating higher stability 

– in the trans configuration, whereas variant 25 showed higher stability in the cis configuration. 

These variants were deemed unable to undergo photo-isomerization 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 corresponding values of binding energy (ΔGB,Trans 

and ΔGB,Cis) are shown in Table 5.3. 

Variants cycloAZOB[G-VHPKQHRS-K*], cycloAZOB[G-VHAKQHRP-K*], and 

cycloAZOB[G-VHNKQHRP-K*] were predicted to possess strong binding in cis configuration 
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(ΔGB,Cis < -8.5 kcal mol-1, corresponding to KD < 0.65 μM), while cycloAZOB[G-VHAKQHRN-

K*], cycloAZOB[GVHNKQHRS-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. 

 

5.3.3. Characterization of Azobenzene-cyclized Peptides 

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*, cycloSUCC[VHGKQHRP-K*] (wherein a succinyl linker 

is utilized in lieu of the azobenzene linker), and cycloAZOB[VHGKQHRPK*] suggests that: (i) 

peptide cyclization constrains the histidine residues (His), which carry aromatic imidazole rings, 

in a spatial orientation that produces an increase in absorbance at 254 nm (solid vs. dot-dash, 

Figure 5.3A); 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 5.3A, 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 

attenuates the difference between the spectra of the trans and cis isomers of 

cycloAZOB[VHGKQHRP-K*] compared to those characteristic of the trans and cis isomers of free 
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azobenzene. Despite the subtle difference between the spectroscopic profiles (Figure 5.3B), 

peptide photo-isomerization was detected in the 300-390 nm and 400-420 nm ranges, 

corresponding to the π-π* and n-π* bands of azobenzene, respectively. We also recorded the 

temporal 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 34 0nm and an 

increase at 420 nm, both indicative of trans-to-cis isomerization (Figure 5.4A and Figure 5.4B); 

upon exposure to blue light (using a longpass light filter LP420), instead, we observed an increase 

at 340 nm and a decrease at 420 nm, indicative of trans-to-cis isomerization (Figure 5.4C and 

Figure 5.4D).  

Based on the variation in absorbance at 350 nm, the kinetic constants of photo-

isomerization were calculated for different values of light intensity and solution concentration 

(Figure 5.4C and Figure 5.4D; the data set is reported in the Figure 5.5). Rate constants vs. 

exposure intensity were fit, assuming first-order kinetics. 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 5.3C). This deviation can be attributed to a general 

attenuation phenomenon occurring at high concentration, where the light absorbance by the 

peptide segment reduces the fraction of incident energy absorbed by the azobenzene linkers and, 

consequently, the isomerization rate. At the concentration of 1.5 mM, an attenuation of the 

excitation energy of approximately 40% is observed across the sample. 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 5.3C) compared to the difference 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 
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cm2 (1.5 mM); for the cis-to-trans isomerization, the difference is significantly smaller (3.6 - 3.3 

s-1 W-1 cm2). This can be attributed to the fact that the absorbance 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 constants 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 spectra 

used for excitation have a negligible impact on the observed kinetics, as the filtered spectra (Figure 

5.6) 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%) photoisomerization: 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 solution (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. 

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 37ºC (“thermal 

relaxation”). Notably, the photo-isomerization of cycloAZOB[VHGKQHRP-K*] is completely 

reversible and can be cycled repeatedly (Figure 5.7). 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 hr at 37ºC (Figure 5.8). The resulting half-life of ~44 hr proves 
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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 thermal stability of 

cycloAZOB[VHGKQHRPK*] is coherent with the results of the MD simulations, 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-cyclized 

variants, neither isomer of cycloAZOB[GVHAKQHRN-K*] features elements of secondary 

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 5.9C), 

which contributes to a more favorable energetic state. The secondary structures of cycloAZOB[G-

VHAKQHRN-K*], VHPKQHR, and cycloSUCC[VHGKQHRP-K*] predicted in silico were 

confirmed by circular dichroism (Figure 5.9). 

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 

cytotoxicity. We note that the dose applied for nearly complete photo-isomerization of the 

proposed 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-isomerization on cell 

activity are dependent on several factors, such as the photoisomerization reaction, 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 
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applied to achieve light-induced activation of binding activity. Future efforts should always 

optimize the operating conditions for each cell-type or target protein, including photoisomerization 

parameters, to limit cytotoxicity and off-target effects. 

 

5.3.4. 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 silico 

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 5.4. The values of VCAM1 mass bound to the 

peptide sensors were fitted to a Langmuir isotherm (Figure 5.10), from which the values of KD 

were calculated (Table 5.5). Variant cycloAZOB[GVHAKQHRN-K*] showed a remarkable 

variation in binding strength for VCAM1 in solution between the cis and trans conformations. 

 

5.3.5. Cell-labelling with cycloAZOB[G-VHAKQHRN-K*] 

The light-activated biorecognition activity of variant cycloAZOB[GVHAKQHRN-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 5.11 and Figure 5.12); 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 either condition. 
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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 cells 

labeled with the cis isomer demonstrated significantly higher fluorescence intensity compared to 

those labeled with the trans isomer (Figure 5.13). The cis conformation of cycloAZOB[G-

VHAKQHRN-K*] also conferred significantly higher fluorescent intensity to VCAM1+ cells 

compared to VCAM1- cells. To confirm selective VCAM1 binding, we also evaluated peptide co-

localization with anti-VCAM1 antibodies on VCAM1+ BMECs. The images collected using 

confocal microscopy shows a clear co-localization of the cis isomer of cycloAZOB[G-

VHAKQHRN-K*] with the VCAM1 antibody (Figure 5.14). 

Collectively, these results demonstrate both selectivity and light-controlled VCAM1-

binding activity of cycloAZOB[G-VHAKQHRN-K*], as well as adequate thermal stability for in 

vitro studies. 

 

5.4. Conclusions 

The ability to activate – remotely, efficiently, and rapidly – the binding affinity of ligands 

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 activity 

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 variants 

were experimentally characterized for thermal stability, isomerization kinetics, and VCAM1 
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binding affinity. The selected candidate cycloAZOB[GVHAKQHRN-K*] was finally tested in vitro 

via light-controlled labelling of VCAM1+ BMEC. The peptide showed a statistically significant, 

conformation-dependent binding selectivity, confirming that the in silico and experimental 

characterizations. This study demonstrates a general method for developing azobenzene-cyclized 

peptides featuring efficient and robust light-controlled activation of protein-binding affinity. 

Notably, the light-responsive behavior is imparted to the ligand irrespectively 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 activating 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 binding and unbinding. 
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Tables 
 
Table 5.1 SiteMap parameters for the top five scored potential VCAM1 binding pockets. All 
scores are unitless unless otherwise noted. 
 

Property S1 S2 S3 S4 S5 

S-score 0.89 0.86 0.89 0.87 0.73 

Size (points) 323.00 142.00 137.00 122.00 66.00 

D-score 1.01 0.99 1.01 1.00 0.82 

Volume (Å3) 192.42 77.86 84.38 73.06 35.67 

Exposure 0.82 0.88 0.81 0.87 0.91 

Enclosure 0.36 0.31 0.37 0.32 0.31 

Contact 0.31 0.27 0.33 0.29 0.23 

Phobic 0.08 0.11 0.12 0.11 0.03 

Philic 0.46 0.41 0.47 0.42 0.39 

Balance 0.18 0.26 0.25 0.27 0.07 

Don/Acc 1.72 1.15 1.26 0.89 0.84 
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Table 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 corresponding 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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Table 5.3 Structure of the peptide-VCAM1 complexes formed by docking azobenzene-cyclized 
peptide variants 1-4, 6-11, 14, 15, 17-20, 22, and 24 (Table 5.1) 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
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Table 5.4 Average thickness of the SAM and SAM-peptide monolayers, and corresponding 
peptide density determined by ellipsometry. 
 

 
Table 5.5 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*], cycloAZOB[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. 

 

Sample Thickness 
(Å) 

Peptide density 
(molecules nm-2) 

15:85 N3-PEG : HO-PEG SAM (N3 SAM) 20.1 ± 3.0 - - - 

15:85 NH2-PEG : HO-PEG SAM (amino SAM) 22.3 ± 1.5 - - - 

cycloAZOB[G-VHAKQHRN-K] on N3SAM 35.0 ± 2.3 0.85 ± 0.22 

cycloAZOB[G-VHPKQHRS-K] on N3SAM 33.7 ±  0.79 ± 0.27 

cycloAZOB[G-VHAKQHRD-K] on N3SAM 33.7 ± 0.93 ± 0.21 

VHPKQHR-GSG on N3 SAM 30.5 ± 1.01 ± 0.21 

Anti-VCAM1 antibody on amino SAM 68.2 ± 11.6  - - - 
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Structure of the proposed azobenzene-cyclized peptides. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 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 5.3 (A) UV-vis absorption spectra for VHGKQHRP-K* (solid), cycloSUCC[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 data are 
mean ± S.D.  
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Figure 5.4 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-1 and time indicates light 
exposure at the start of each scan. 
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Figure 5.5 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 305-390 nm) and LP420 filters at different values of light intensity. 



   

312 
 

 

Figure 5.6 Spectra of Dymax BlueWave 200 curing lamp and corresponding filtered outputs using 
UV bandpass (BP305-390) and LP420 filters. 

 

 

Figure 5.7 Reversible and repeatable trans-cis and cis-trans isomerization of 
cycloAZOB[VHGKQHRP-K*] dissolved in MilliQ water at the concentration of 0.15 mM. 
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Figure 5.8 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 recording the 
absorbance at 350 nm of a 0.15 mM solution of peptide in MilliQ water for 48 hr, at 37°C in the 
dark. 
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Figure 5.9 (A) Circular dichroism (CD) spectra of cycloAZOB[VHGKQHRP-K*] peptide upon 
photo-induced isomerization, indicating a random coil conformation, (B) CD spectra of peptide 
variants, indicating a random coil conformation for all peptides.  (C) Structure of VHPKQHR-
GSG and cycloSUCC[G-VHAKQHRN-K*] 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 5.10 SPR measurements of VCAM1:peptide KD,Trans and KD,Cis for (A) of cycloAZOB[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 5.11 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 significant. 
 

 
Figure 5.12 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 
measurements, 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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Figure 5.13 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*] incubated with 
VCAM-1+/- induced cells. Statistics were done with a 2-tailed t-test with a p value <  0.05 (*) 
considered statistically significant. 

 

Figure 5.14 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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Abstract 

Native platelets are crucial players in wound healing. Key to their role is the ability of their 

surface receptor GPIIb/IIIa to bind fibrin at injury sites, thereby promoting clotting. When platelet 

activity is impaired, as a result of traumatic injury or certain diseases, uncontrolled bleeding can 

result. To aid clotting and tissue repair in cases of poor platelet activity, our lab has previously 

developed synthetic platelet-like particles capable of promoting clotting and improving wound 

healing responses. These are constructed by functionalizing highly deformable hydrogel 

microparticles (microgels) with fibrin-binding ligands including a fibrin-specific whole antibody 

or a single-domain variable fragment. To improve the translational potential of these clotting 

materials, we explored the use of fibrin-binding peptides as cost-effective, robust, high-specificity 

alternatives to antibodies. Herein, we present the development and characterization of soft 

microgels decorated with the peptide AHRPYAAK that mimics fibrin knob ‘B’ and targets fibrin 

hole ‘b’. These “Fibrin-Affine Microgels with Clotting Yield” (FAMCY) were found to 

significantly increase clot density in vitro and decrease bleeding in a rodent trauma model in vivo. 

These results indicate that FAMCYs are capable of recapitulating the platelet-mimetic properties 

of previous designs while utilizing a less costly, more translational design. 
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6.1. Introduction 

Wound repair is a dynamic, interconnected process involving the orchestration of 

numerous physiological cues and events. During normal healing, the body proceeds through 

several phases in order to reestablish tissue integrity, including (i)  hemostasis; (ii) inflammation; 

(iii) cell migration and proliferation; and (iv) tissue repair and long-term tissue remodeling [1]. 

Platelet and fibrin(ogen) interactions are key contributors during healing. Following injury, 

circulating platelets become activated and marginate to the injured vasculature, and during primary 

hemostasis aggregate to form a platelet plug to aid in the cessation of bleeding. Additionally, 

secondary hemostasis occurs wherein soluble fibrinogen polymerizes into an insoluble fibrin 

network via cleavage of fibrinopeptides A and B from the fibrinogen molecule [2]. Cleavage of 

these fibrinopeptides exposes peptide sequences known as knobs ‘A’ and ‘B’, which respectively 

bind to holes ‘a’ and ‘b’ on neighboring fibrin and fibrinogen molecules, thereby forming an 

insoluble fibrin network (Figure 6.1) [3]. A:a binding occurs rapidly and forms strong bonds 

making it the primary driving force behind fibrin polymerization, whereas the rate of B:b binding 

increases as polymerization continues [4].  

At sites of injury, activated platelets bind to nascent fibrin fibers via their surface receptor 

GPIIb/IIIa, which catalyzes fibrin formation and results in the formation of a platelet and fibrin 

rich clot [5]. Platelet-fibrin interactions are critical in both initial clot formation and on longer time 

scales; following initial clot formation, activated platelets contract via actin-myosin machinery, 

pulling on the bound fibers and bringing about clot retraction [3]. Clot retraction expels serum 

from the clot, decreases clot porosity, and increases clot stiffness [3]; this process stabilizes the 

clot and reduces its susceptibility to fibrinolysis [6, 7], allowing it to act as a provisional matrix 
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capable of supporting cellular infiltration and proliferation during the subsequent phases of 

inflammation and cell migration [3, 8, 9]. 

In cases of traumatic injury or disease, platelet-fibrin interactions can become 

dysfunctional. Uncontrolled bleeding due to traumatic injury often results in dilution of clotting 

agents, including platelets and fibrinogen, preventing robust clotting responses [10]. Uncontrolled 

bleeding is a leading cause of death for both men and women under the age of 45, with most deaths 

occurring in the ambulatory (pre-hospital) stage [11-13]. This poses a critical need for hemostatic 

treatments capable of supplementing platelet function in cases of trauma or disease. To that end, 

our lab has previously described the development of synthetic platelet-like particles (PLPs) that 

target fibrin at an injury site and exert strain upon the bound fibrin fibers thereby promoting initial 

clot formation and subsequent clot retraction, respectively [14]. Strong and selective fibrin binding 

and the ability to induce clot retraction were achieved by conjugating a full monoclonal antibody 

or a single domain variable fragment chain (sdFv) designed to selectively bind to fibrin over 

fibrinogen on highly deformable microgels comprised of poly(N-isopropylacrylamide-co-acrylic 

acid) (pNIPAm-co-AAc). 

While widely utilized in the research phase, anti-fibrin antibodies may not represent an 

ideal biorecognition moiety for translational purposes. Their high cost of manufacturing and 

storage requirements pose challenges to scale-up and clinical applicability. Peptides, on the other 

hand, combine the binding selectivity of antibodies with higher biochemical stability and large- 

volume manufacturing at relatively low costs. Accordingly, in this study we explored the use of 

fibrin knob-mimicking peptides that target the polymerization holes of fibrin to develop a new 

version of platelet-like particles called “Fibrin-Affine Microgels with Clotting Yield” (FAMCY). 

In selecting which binding site on fibrin to target using peptide ligands – hole a or hole b – we 
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took into account the impact of fibrin polymerization kinetics. Particles that target hole a, in fact, 

would present the risk of impairing the fibrin polymerization process since A:a binding is the 

driving force behind polymerization [15]. B:b interactions, on the other hand, appear to be less 

essential to fibrin polymerization, indicating that fibrin hole b is a more appropriate candidate for 

peptide targeting [16]. Additionally, studies with knob B mimicking peptides have previously 

shown that pre-engagement of fibrin hole b prior to polymerization can result in clots with 

enhanced mechanics and resistance to degradation [17, 18]. Accordingly, in this work we have 

adopted a knob B mimicking peptide, AHRPYAAK, that targets fibrin hole b to construct 

FAMCYs capable of augmenting clot formation and stability and decreasing bleeding times in an 

in vivo rodent model of traumatic injury. FAMCYs were found to significantly increase clot 

density in vitro and decrease bleeding in a rodent trauma model in vivo. These results indicate that 

FAMCYs are capable of recapitulating the platelet-mimetic properties of previous designs while 

utilizing a less costly, more translational design. 

 
6.2. Materials and Methods 

6.2.1. Ultra-low Crosslinked (ULC) Microgel Synthesis and Characterization 

Poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) ULCs were synthesized 

via precipitation polymerization. NIPAm (Millipore Sigma, St. Louis, MO, USA) and acrylic acid 

(Millipore Sigma) were dissolved in 100 mL ultrapure water, pH 5.0 (18.2 MΩ resistance, Milli-

Q, Darmstadt, GER) at molar composition ratios of 90:10, 85:15, or 80:20 NIPAm:AAc. NIPAm 

was recrystallized in hexanes prior to use, and acrylic acid was incorporated into the monomer 

solution 10 min prior to ammonium persulfate (APS, Millipore Sigma) initiation in order to 

provide charged groups on the microgel particles for future coupling of targeting motifs. Each 

reaction was carried out using 140 mM total monomer concentration. To study how particle size 
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may influence hemostatic ability, smaller particles were also created at a 90:10 NIPAm:AAc ratio 

by incorporating 4 mM or 2 mM sodium dodecyl sulfate (SDS, Millipore Sigma) into the monomer 

solution for particle sizes of approximately 150 nm and 450 nm respectively. Monomer solutions 

were filtered through a 0.2 μm Steriflip® pore filter (Millipore Sigma) and added into a 500 mL 

round-bottom 3-neck flask containing a stir bar. The 3-neck flask was transferred to a preheated 

(70°C) oil bath and equilibrated at 70°C for 1 hr under nitrogen purging. Acrylic acid was added 

to the reaction solution after 50 min and equilibrated for 10 min prior to initiation using 1 mM 

APS. The reaction was carried out under a nitrogen blanket for 6 hr. Polymerization was confirmed 

visually following the addition of APS as the monomer solution changed from translucent to 

opaque. After 6 hr, the flask was taken off heat and allowed to cool overnight at RT. The monomer 

solution underwent constant stirring at 450 rpm for the duration of the equilibration, reaction, and 

cooling steps. The cooled microgel solution was filtered through glass wool and then purified via 

dialysis against ultrapure water for 3 days using a Spectra/Por® dialysis membrane (MWCO 1000 

kDa, Spectrum Laboratories, Rancho Dominguez, CA, USA). Purified microgels were lyophilized 

and stored at RT prior to resuspension in ultrapure water for use in experiments. 

Particle deformation was determined via atomic force microscopy (AFM) dry imaging 

using an Asylum MFP 3D Bio atomic force microscope (Asylum Research, Santa Barbara, CA, 

USA) [19, 20]. For AFM imaging, glass coverslips were cleaned through submersion in a series 

of solutions (alconox, water, acetone, absolute ethanol, and isopropyl alcohol) in an ultrasonic bath 

and dried under nitrogen. The microgel suspensions were vortexed, deposited onto cleaned 

coverslips, and centrifuged at 3,700 rpm for 10 min and then allowed to dry overnight prior to 

imaging. Silicon nitride cantilevers (k = 42 N ml, NanoWorld) were operated in intermittent 

contact mode during image acquisition. Microgel height was determined using the AFM software 
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(Igor Pro 15) and diameter was determined using ImageJ image analysis software (National 

Institutes of Health, Bethesda, MD, USA). A minimum of 30 microgels were analyzed per ULC 

formulation. Average height and diameter ± standard deviation is reported for each group. 

Nanosight (Malvern, Westborough, MA, USA) particle tracking analysis was also utilized to 

determine hydrodynamic diameters of small and medium sized 90:10 NIPAm:AAc ULCs. 

 

6.2.2. Construction of FAMCY Particles by Peptide Conjugation on ULC Microgels 

Knob B mimicking peptide (AHRPYAAK, Pepceuticals Ltd., UK) or a non-targeting 

control peptide (GPSPFPAK, GenScript) was conjugated to the microgels by EDC-Sulfo NHS 

chemistry. Each reaction utilized a concentration of 5 mM of sulfo-NHS, 50 mM of EDC, and a 

1:1 peptide:AAc molar ratio in HEPES buffer at pH 7.4. Microgels were first incubated in the EDC 

and sulfo-NHS solution for 30 min under gentle agitation, then peptide solution was added to the 

microgels and incubated for 4 hr with gentle agitation. Following conjugation, FAMCYs 

(AHRPYAAK –microgels) and control peptide FAMCYs (GPSPFPAK-microgels) were purified 

by dialysis against ultrapure water for 3 days. Purified microgels were lyophilized and stored at 

4ºC prior to resuspension in ultrapure water for use in experiments. 

 

6.2.3. Evaluation of Fibrin Clot Structure in the presence of FAMCYs 

Confocal microscopy was utilized to examine fibrin clot structure in the presence of various 

concentrations and formulations of FAMCYs. Clots of 50 μL volume consisting of 2.0 mg mL-1 

human fibrinogen (FIB 3, Enzyme Research Laboratories, USA) and HEPES buffer (25mM 

HEPES, 0.15M NaCl, 5mM CaCl2, pH 7.4) were polymerized with 0.25 U mL-1 human thrombin 

(Enzyme Research Labs, USA) and 10 μg mL-1 Alexa-Fluor 488 labeled fibrinogen (Thermo 
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Fisher Scientific) for visualization. Clots were formed between a glass slide and coverslip and 

allowed to polymerize for a minimum of 2 hr prior to imaging [21]. A Zeiss Laser Scanning 

Microscope (LSM 710, Zeiss Inc., White Plains, NY, USA) at a magnification of 63x was utilized 

for creating 1.56 μm z-stacks. A minimum of three random z-stacks were acquired per clot. ImageJ 

software was used to create 8-bit 3D projections from z-stacks. Clot fiber density was determined 

from the ratio of black (fiber) over white (background) pixels in each binary image [14, 22]. 

To determine how particle concentration influenced clot structure, clots containing 1, 2, or 

4 mg mL-1 of FAMCYs were formed using the “large” 1 μm 90:10 NIPAm:AAc microgels. To 

determine how microgel formulations influenced clot structure, clots containing the optimal 

FAMCY concentration were formed using microgels of varied AAc concentration (90:10, 85:15, 

and 80:20) and varied size (~150 nm as “small”, ~450 nm as “medium”, and ~1 μm as “large”). In 

all studies, microgels were added prior to clot polymerization with thrombin. The optimal 

concentration and formulation of FAMCYs to induce clot retraction was defined as the 

concentration found to increase clot density to the greatest degree. 

 

6.2.4. Determination of Fibrin Clot Polymerization and Stability in the presence of FAMCYs 

Fibrin clot polymerization and degradation rates in the presence of FAMCYs across 

varying concentrations were evaluated using a previously described endogenous fibrinolysis assay 

[23], which enables monitoring of fibrin polymerization and degradation within a single assay. 

Clots of 100 μL volume were formed as described for confocal microscopy studies using either 1, 

2, or 4 mg mL-1 of the 1 μm 90:10 NIPAm:AAc FAMCYs, control peptide FAMCYs, or ULCs; 

to observe clot degradation in addition to polymerization, 0.29 μg mL-1 human tissue plasminogen 

activator (tPA) (Millipore Sigma), and 10.8 μg mL-1 human gluplasminogen (Thermo Fisher 
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Scientific, Waltham, MA, USA) were also included in all clot preparations. The clots were formed 

in 96 well plates, and clot absorbance at 350 nm was read on a plate reader every 30 s over a period 

of 3 hr. A baseline absorbance measurement was taken prior to addition of thrombin, plasminogen, 

and tPA to clots; this baseline absorbance was subtracted from all absorbance measurements 

obtained during the 3 hr polymerization and degradation time in order to remove the effect of 

particle absorbance on clot polymerization and degradation curves. Area under the curve was 

calculated for each polymerization/degradation curve. 

 

6.2.5. Analysis of FAMCY Hemostatic Ability in vivo 

Hemostatic efficacy of FAMCYs was evaluated in vivo using a murine liver laceration 

model [24]. All procedures were approved by the North Carolina State University IACUC. 8 week-

old C57BL/6 mice were anesthetized using isoflurane (5% in oxygen) through a nose cone for the 

duration of the procedure. 100 μL of treatments in saline of 90:10 FAMCYs, control peptide 

FAMCYs or bare ULC microgels were administered via the jugular vein and allowed to circulate 

for 5 min prior to injury. A range of FAMCY concentrations, 5 mg kg-1 animal, 10 mg kg-1 animal, 

15 mg kg-1 animal, 50 mg kg-1 animal, were tested to determine the dose response in hemostatic 

ability. Control peptide FAMCYs and microgel control particles were tested at a concentration of 

10 mg kg-1 animal. To perform the liver laceration, the abdomen was first opened via a surgical 

midline approach. The liver was then mobilized, and a 10 mm scalpel cut was made through the 

left lobe to obtain complete dorsal and ventral laceration. Blood loss was monitored for 10 min 

following injury via blood collected in gauze held adjacent to the injury. Gauze was changed and 

blood content was weighed at 10 s intervals for the first 30 s post injury, then at 30 s intervals for 

t = 30 s to t = 3 min, then at one min intervals for t = 3 min to t = 10 min. Gauze was weighed 
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immediately following removal from wound, ensuring no evaporation. Blood loss, in grams, was 

quantified at each gauze exchange time point by subtracting the final weight of the gauze (after 

blood collection) from the initial weight of the gauze (prior to use for blood collection). Blood loss 

over time at each gauze exchange time point was quantified as well as total blood loss over the 10 

min injury and divided by animal weight. Following blood collection and prior to sacrificing the 

animal, the wound section was harvested from each animal, fixed in 10% formalin for 48 hr, 

paraffin-embedded, and sectioned for histological analysis (5 μm thickness). 

Immunohistochemistry was performed on wound cross-sections to examine fibrin at the 

injury site. Here, tissue was deparaffinized and rehydrated, permeabilized in phosphate-buffered 

saline with 0.1% Triton X-100 (PBST), blocked with 5% goat serum in phosphate-buffered saline 

(v/v), labeled with monoclonal antifibrin antibody (15 μg mL-1 final concentration, UC45, 

GeneTex, Irvine, CA, USA) overnight at 4ºC, washed and labeled with secondary antibody goat 

anti-mouse IgM, Alexa Fluor 594 (15 μg mL-1 final concentration) (A21044, Thermo Fisher 

Scientific) for 1 hr at room temperature, and then washed and mounted with Vectashield HardSet 

mounting medium with DAPI (Fisher Scientific). Wound cross-sections were imaged with 

fluorescent microscopy (EVOS FL Auto Cell Imaging System, Fisher Scientific), and 

quantification for fibrin deposition was evaluated using ImageJ Particle Analysis and measuring 

particle count as well as total area. 

 

6.2.6. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 8 (GraphPad, San Diego, CA, 

USA). Data for all experiments was evaluated using a one-way analysis of variance (ANOVA) 

with a Tukey’s post hoc test using a 95% confidence interval. 
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6.3. Results  

In this study, we evaluated how the fibrin B knob mimetic, hole b targeting functionality 

(i.e., peptide conjugation and particle concentration) and the base properties of the microgels (i.e., 

AAc content and size) determine the pro-clotting activity of FAMCYs. Our previous studies on 

poly(NIPAM)-based ULC microgels demonstrated that microgel deformability is critical to 

mimicking platelet-mediated clot retraction and improving clot stability [12, 17]. In this work, we 

first evaluated different concentrations of FAMCY particles fabricated from deformable ~1 μm 

ULC microgels conjugated to knob B mimetic peptide (AHRPYAAK) on their ability to alter 

fibrin clot architecture. We then evaluated whether varying the particle size or AAc/NIPAM ratio 

alters microgel deformability. We constructed an ensemble of FAMCYs with varying diameter 

between ~150 nm and ~1 μm or varying AAc content, and upon conjugating knob B mimetic 

peptides (AHRPYAAK), utilized them to manipulate fibrin clot architecture. 

 

6.3.1. FAMCYs Increase Clot Density at Optimal Concentrations 

We first evaluated the influence of FAMCY microgels constructed by conjugating knob B 

mimetic peptides (AHRPYAAK) onto ULC poly(NIPAM) microgels made from 90:10 

NIPAm:AAc with diameters of ~1 μm on fibrin clot architecture. Deformability of ULC 

poly(NIPAM) microgels made from 90:10 NIPAm:AAc was first assessed via AFM analysis by 

measuring diameter and height of the particles on a glass surface. A representative AFM image 

and height trace is shown in Figure 6.2 where 90:10 NIPAm:AAc microgels feature an average 

diameter of 1398 ± 236 nm and height of 18 ± 5 nm. Microgels were then conjugated to knob B 

mimetic peptides to create FAMCYs. Confocal microscopy was utilized to evaluate morphology 

of FAMCY containing clots and determine the concentration of FAMCYs that provide improved 
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fibrin clot density, thus mimicking platelet-mediated retraction. First, we evaluated how altering 

FAMCY dosage concentration of ~1 μm 90:10 NIPAm:AAc influenced fibrin density. Here, we 

observed a significant increase in clot fiber density compared to fibrin only controls or clots 

incorporated with 1 mg mL-1 90:10 NIPAm:AAc FAMCYs when using a concentration of 2 mg 

mL-1 90:10 NIPAm:AAc FAMCYs (Figure 6.2), where fiber density increased from 0.85 ± 0.02 

(fibrin only controls) to 2.1 ± 0.8 black pixels; white pixels (2 mg mL-1 FAMCYs, p = 0.0255). At 

4 mg mL-1 FAMCYs, we observed a decrease in fiber density from controls to 0.61 ± 0.2 (4 mg 

mL-1 FAMCYs) (p = 0.0099), indicating a potential inhibitory effect on polymerization at higher 

concentrations of particles. The overall biphasic relationship between particle concentration is 

likely due to the nature of targeting B:b interactions. At low concentrations of knob B mimicking 

peptide, the particles will bind to hole b without inhibiting native fibrin polymerization. As particle 

concentration is increased, binding to fibrin holes B is likewise increased, thereby increasing the 

ability of FAMCYs to increase fibrin network density. However, above a certain peptide 

concentration, the synthetic knob:hole interactions begin to compete for and inhibit native B knob: 

hole b interactions to a degree that inhibits fibrin polymerization. 

 

6.3.2. Influence of Particle Size and Acrylic Acid Content on Fibrin Clot Density 

Next, we evaluated the effect of particle size on fiber density by creating FAMCYs from 

ULC microgels ~150 or 450 nm in diameter while keeping AAc content and particle concentration 

constant at 10% and 2 mg mL-1, respectively. The size of ULC microgels was altered by increasing 

SDS content in particle synthesis reactions while keeping monomer content at 90:10 NIPAm:AAc. 

Nanosight particle tracking confirmed hydrodynamic diameters of small microgels to be 147 ± 65 

nm and medium particles to be 456 ± 88 nm. Representative AFM dry images and height traces of 
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the small, medium, and large 90:10 NIPAM:AAc ULC microgels are shown in Figure 6.3, where 

small microgels feature an average dry diameter of 121 ± 87 nm and average height of 2 ± 0.5 nm, 

medium microgels feature an average dry diameter of 445 ± 17 nm and average height of 8 ± 3 

nm, and large microgels feature an average dry diameter of 1398 ± 236 nm and height of 18 ± 5 

nm. Again, microgels were incorporated in clots to manipulate fibrin clot architecture and confocal 

microscopy was utilized to evaluate morphology of the resulting clots and determine the optimal 

FAMCY size. Particle size appeared in fact to affect the formation of fibrin clots with a trend of 

increasing fiber density with increasing particle size (Figure 6.3). A statistically significant 

increase in fiber density was found between small (~150 nm) and large (~1 μm) sized FAMCYs 

with fiber densities of 0.82 ± 0.08 and 2.1 ± 0.8 black pixels to white pixels ratio, respectively (p 

= 0.0227), as well as fibrin control clots and large (~1 μm) sized FAMCYs with fiber densities of 

0.85 ± 0.02 and 2.1 ± 0.8 black pixels to white pixels ratio respectively (p = 0.026). Clots formed 

in the presence of small (~150 nm) and medium (~450 nm) sized FAMCYs did not demonstrate 

statistically different fiber densities of 0.82 ± 0.08 and 1.2 ± 0.2 black pixels:white pixels, 

respectively (p = 0.6766). Similarly, the difference in fiber density between clots with medium 

(~450 nm) and large (~1 μm) FAMCYs was not statistically different, 1.2 ± 0.08 and 2.1 ± 0.8 

black pixels:white pixels respectively (p = 0.1). The size dependent increase in fibrin network 

density is likely due to increased interactions between fibrin fibers and the B-knob mimicking 

peptides on the particles as particle size increases. Our previous studies with fibrin antibody and 

sdFv conjugated ULC microgels demonstrated that increased fiber density in the presence of 

fibrin-binding ULC microgels is dependent on the high particle deformability, which allows the 

particles to spread extensively within the fibrin network, binding to multiple fibrin fibers [14, 26]. 

Brownian motion of the particles leads to deformation of the fibrin network, and increased local 
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fiber density, overtime. Increased particle size would increase the extent of the particle:fibrin 

interactions, as larger particles would geometrically occupy more space than smaller particles and 

would be able to bridge more fibrin fibers than smaller particles. 

Next, the acrylic acid content was varied in ULC poly(NIPAM) microgels and resulting 

particle deformability was assessed via AFM analysis by measuring diameter and height of the 

particles on a glass surface. It is noted that, since the knob B mimicking peptides are conjugated 

to the carboxylic acid groups of the AAc monomers, the peptide surface density is connected to 

the AAc ratio. Results demonstrated that particle deformability was maintained across all ULC 

microgel formulations tested here. Figure 4 shows representative AFM traces where 90:10 

NIPAm:AAc microgels feature an average diameter of 1398 ± 236 nm and height of 18 ± 5 nm. 

Increasing the acrylic acid content to formulate 85:15 and 80:20 NIPAM:AAc ULC microgels 

resulted in an average particle diameter of 1360 ± 205 nm and height of 20 ± 5 nm, or an average 

diameter of 1485 ± 399 nm and height of 20 ± 6 nm, respectively. Diameter and height 

measurements between particle types with varying AAc content showed no statistically significant 

difference, indicating that altering the AAc of the particles does not influence their deformability. 

Using FAMCYs with varying AAc content at a concentration of 2 mg mL-1, we found no 

differences in the fibrin density between clots formed in the presence of FAMCYs fabricated from 

ULC microgels with AAc content varied between 10-20% monomer composition (Figure 6.4). 

This suggests that ULC particles containing 10% AAc result in a saturating peptide density on the 

surface of the microgels. 
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6.3.3. Fibrin clot stability is increased in the presence of an optimal concentration of 

FAMCYs 

Platelet-mediated clot retraction stabilizes the clot matrix, making it more resistant to 

degradation, and promotes the role of fibrin clots as a provisional matrix to support cellular 

infiltration during the later stages of wound healing [3, 9]. We therefore hypothesized that 

FAMCY-mediated clot retraction, evidenced in the confocal experiments by the increase in clot 

density, would likewise stabilize clots, decreasing the rates at which clot fibrinolysis would occur. 

An absorbance-based plate assay was utilized to assess the degradation rates of clots formed using 

either 1, 2, and 4 mg mL-1 FAMCYs, ~1 μm in diameter with 90:10 NIPAm:AAc FAMCYs, or 

corresponding concentrations of control particles (control peptide FAMCYs or bare ULC 

microgels). At the previously identified optimal concentration of 2 mg mL-1, FAMCY-containing 

clots showed significantly greater stability than fibrin-only clots or clots containing control 

particles, as measured by the integrated area of the polymerization/degradation curve of each clot 

type. Polymerization/degradation curves for clots formed using 2 mg mL-1 FAMCYs featured an 

integrated area of 0.36 ± 0.2, which was significantly larger than that obtained with the fibrin-only 

clot (0.13 ± 0.1, p = 0.0105), the 2 mg mL-1 ULC clot (0.14 ± 0.1, p = 0.0151), and the 2 mg        

mL-1 control peptide FAMCYs clot (0.16 ± 0.1, p = 0.03). This indicates that incorporation of 

FAMCYs into clots increases clot stability in a manner reminiscent of native platelet-incorporated 

clots (Figure 6.5). These data, coupled with the increased clot density observed in the presence of 

2 mg mL-1 FAMCYs, indicate that targeting fibrin with the knob B mimicking peptide results in 

platelet-mimetic particles with functionality similar to that previously observed with antibody-

functionalized particles. Furthermore, while individual antibodies have much higher affinity for 
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fibrin than the knob B mimicking peptides used here, these results indicate that binding strength 

is ensured by the multi-point FAMCY-fibrin interaction (i.e., particle avidity). 

 

6.3.4. FAMCYs Decrease Blood Loss and Increase Fibrin Incorporation at Wound Sites in a 

Liver Laceration Model of Traumatic Injury 

We next analyzed the hemostatic ability of FAMCYs in an in vivo traumatic liver laceration 

injury in mice. Large FAMCYs (~1 μm) made with 90:10 NIPAm:AAc were adopted in this study 

based on their ability in vitro to enhance fiber density within fibrin clots. FAMCYs or control 

particles were injected intravenously and allowed to circulate five min prior to injury, after which 

blood loss was monitored over time. Total blood loss over time illustrates the amount of blood lost 

at specific time points following the liver laceration injury. This data shows trends of less bleeding 

in the animals that received 15 mg kg-1 FAMCYs compared to saline, bare microgel ULCs, control 

peptide FAMCYs, and FAMCYs at 5 mg kg-1, 10 mg kg-1, and 50 mg kg-1 (Figure 6.6). Total 

blood loss quantification over the course of the 10 min injury showed significantly lower total 

blood loss for animals that received treatment with 15 mg kg-1 FAMCYs (0.0078 ± 0.003 g blood 

per g animal) compared to saline treated animals (0.016 ± 0.004 g blood per g animal, p = 0.0193) 

(Figure 6.6). Minimal differences in total blood loss were seen when comparing saline treatment 

to bare microgel ULCs (0.012 ± 0.004 g blood/g animal, p = 0.7195) and control peptide FAMCYs 

(0.013 ± 0.002 g blood/g animal, p = 0.8178). Conversely, administration of 50 mg kg-1 FAMCYs 

in animals showed significantly higher blood loss (0.019 ± 0.005 g blood/g animal) than both 10 

mg kg-1 (0.010 ± 0.004 g blood/g animal, p = 0.0123) and 15 mg kg-1 FAMCYs (0.0078 ± 0.003 g 

blood/g animal, p = 0.0008), indicating that high concentrations of FAMCYs are likely inhibiting 

clot formation due to direct competition with native fibrin knob:hole interactions and/or steric 
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hindrance of fibrin polymerization due to the presence of the microgels within the clot network. 

Immunohistochemistry of fibrin at the wound site shows significantly more fibrin deposition in 

animals treated with 15mg kg-1 FAMCYs (6305 ± 4054 um2) compared to saline (916 ± 1616 um2, 

p = 0.0079), ULCs (840 ± 748 um2, p = 0.0099), or FAMCYs (1988 ± 1921 um2, p = 0.0469) 

(Figure 6.7). Higher fibrin incorporation at wound sites was quantified in both the total count of 

fibrin deposits in addition to the total area of fibrin at the wound site. 

 

6.4 Discussion 

The goal of this study was to evaluate the hemostatic efficacy of synthetic highly 

deformable platelet-like particles whose surface is functionalized with a fibrin hole b-specific 

peptide (FAMCYs) under both in vitro and in vivo clotting conditions. Previous designs of platelet-

like particles generated by our lab have demonstrated the ability to stem bleeding and induce clot 

re-traction by binding fibrin fibers, spreading between bound fibers, and then collapsing inwards 

to induce clot retraction [14, 26]. These previous studies have established that fibrin-binding 

affinity and microgel deformability are critical design features for obtaining this unique particle-

mediated clot retraction feature. However, previous designs employed either a full-length antibody 

or a sdFv that respectively target the fibrin E domain or polymerized fibrin. Given the challenges 

of antibody biomanufacturing, fibrin-targeting peptides represent an attractive alternative to 

develop platelet mimetic particles with strong translation potential. Therefore, the present study 

focused on the development of novel Fibrin-Affine Microgels with Clotting Yield (FAMCYs) 

capable of retaining the hemostatic function and clot contraction abilities of previous designs while 

utilizing a smaller and less potentially obstructive targeting motif. The ability of FAMCYs to 

induce clot retraction was assessed via analysis of in vitro clot structure; furthermore, the stability 
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and hemostatic efficacy was evaluated in vivo by measuring bleeding times and total blood loss in 

mice treated with FAMCYs prior to undergoing a traumatic liver laceration injury. Overall, we 

observed significantly increased clot density in vitro and decrease bleeding in a rodent trauma 

model in vivo. These results indicate that surface functionalization of ULC microgels with peptides 

mimicking the knob B sequence of native fibrin (AHRPYAAK) endows FAMCYs with the 

platelet-like ability to mediate the binding of fibrin fibers of previous designs while utilizing a less 

costly, more translational design. 

These studies explored the interplay between FAMCY size, peptide particle density, 

concentration and fibrin network density. Our previous studies with fibrin antibody and sdFv 

conjugated ULC microgels demonstrated that increased fiber density in the presence of fibrin-

binding ULC microgels is dependent on the high particle deformability, which allows the particles 

to spread extensively within the fibrin network, binding to multiple fibrin fibers [14, 26]. Brownian 

motion of the particles leads to deformation of the fibrin network, and increased local fiber density, 

overtime. It would therefore be expected that increasing fibrin-particle interactions, either through 

increased particle size, peptide density or concentrations, would lead to enhancement of these 

effects and increased fibrin density. Such relationships are expected, because increased particle 

size is likely to increase the extent of the particle:fibrin interactions, as larger particles would 

geometrically occupy more space than smaller particles and would be able to bridge more fibrin 

fibers than smaller particles. Similarly, increased peptide density or increased particle 

concentration would increase the number of peptide:fibrin interactions. Within the particle types 

explored, we indeed observed that larger particles were associated with increased fibrin network 

density. However, increasing peptide density by increasing the AAc content on the particles 

between 10-20% monomer concentration, did not result in large differences in fibrin network 
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density. This result indicates that 10% AAc ULC particles likely result in a saturating peptide 

density on the surface of the microgels. Evaluation of fiber density as a function of particle 

concentration performed using 1 μm particles with a 10% AAc content demonstrated a biphasic 

response in fibrin fiber density as a function of particle concentration, such that fiber density 

initially increases with increasing particle concentration but then decreases as particle 

concentration increases further. This biphasic relationship between particle concentration and fiber 

density is likely due to the nature of targeting fibrin B:b interactions. At low concentrations of 

knob B mimicking peptide, the particles will bind to hole b without inhibiting native fibrin 

polymerization. As knob B mimicking peptide surface density is increased, binding to hole b is 

likewise increased, thereby increasing the ability of FAMCYs to increase fibrin network density. 

However, above a certain peptide concentration, the synthetic knob:hole interactions will begin to 

compete for and inhibit native knob B: hole b interactions to a degree that inhibits fibrin 

polymerization. These results indicate that particle composition and concentration should be 

carefully considered to ensure delivery of a formulation that promotes enhanced fiber density. 

Enhanced fibrin fiber density was found to correlate with enhanced clot stability, as 

determined via an endogenous fibrinolysis assay; clots formed from an optimal 2 mg mL-1 

concentration of FAMCYs exhibit greater resistance to degradation via tPA and plasminogen than 

controls; this is reminiscent of the decreased susceptibility to fibrinolysis observed in clots that 

have undergone platelet-mediated clot retraction [6]. Both the confocal and the fibrinolysis assay 

results indicate that clots formed using FAMCYs concentrations above or below the optimal 

concentration do not show these same characteristics of clot retraction; this could occur due to 

either a lack of sufficient fibrin-binding for concentrations below the optimal concentration or an 

overabundance of particles at concentrations above the optimal concentration, which could result 
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in steric hindrance of FAMCY-induced microcollapses and thus limit the overall degree of clot 

retraction observed. These data, coupled with the increased clot density observed in the presence 

of 2 mg mL-1 FAMCYs indicates that targeting fibrin with the knob B mimicking peptide results 

in platelet-mimetic particles with functionality similar to that previously observed with antibody 

based particles, demonstrating that this peptide based targeting approach is a successful alternative 

to antibody based targeting strategies. Furthermore, while individual antibodies have much higher 

affinity for fibrin than the knob B mimicking peptides used here, these results indicate that binding 

strength is ensured by the multi-point FAMCY-fibrin interaction (i.e. particle avidity). 

Finally, in vivo analysis of FAMCY efficacy in treating bleeding after trauma again 

demonstrated a biphasic response wherein increasing particle dosing resulted in decreased total 

blood loss up to a particle dose of 15 mg kg-1. Further increase in particle dosing to 50 mg kg-1 

resulted in blood loss similar to that observed in control animals. These results are likely due to an 

inhibition of clot formation above a certain particle concentration. Overall, these results indicate 

that FAMCYs are a viable alternative to previous antibody based designs of PLPs, however, 

particle composition (size/peptide density) and dosing should be carefully considered to ensure 

delivery of a formulation that promotes enhanced fiber density and decreases bleeding when 

applied in vivo. 

 

6.5. Conclusions 

In these studies, we demonstrated the creation of hemostatic platelet-mimetic fibrin-

targeting knob B particles (FAMCYs) that are capable of stemming bleeding and inducing clot 

contraction in vitro and in vivo. These particles have the ability to enhance clot structure and 

stability in vitro and decrease in vivo blood loss, indicating that they have the potential to serve as 



   

338 
 

a hemostatic therapy in traumatic injury related emergency medicine. Future work will involve 

mechanical assessment of clots in the presence FAMCY particles, including stiffness 

characterization, and in vitro safety assessment of the particles within models of endothelial cell 

proliferation, hemolysis, and thrombogenicity. 
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Figures 

 
Figure 6.1 (1) Intact circulating fibrinogen; (2) Enzymatic cleavage of fibrinopeptides by thrombin 
activate knobs a and b; (3) Activated knobs bind to corresponding holes on adjacent proteins; (4) 
Fibrin network formation. 
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Figure 6.2 (A) Representative AFM image (top) and height trace (bottom) of 90:10 NIPAm:AAc 
ULC microgel; (B) Confocal microscopy images of clots formed with ~1 μm, 90:10 NIPAm:AAc 
FAMCY particles at 1, 2, or 4 mg mL-1 particle concentrations. (C) Fiber density, defined as the 
ratio of black pixels (fibers) to white pixels (negative space), is significantly enhanced at a 
concentration of 2 mg mL-1 relative to control clots and clots formed using higher and lower 
concentrations of FAMCY particles. n = 3 clots per group. Scale bar = 10 μm. *p<0.05; **p<0.01. 
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Figure 6.3 (A) Representative atomic force microscopy dry imaging and (B) height traces to 
confirm the creation of small ~150 nm particles and medium ~450 nm 90:10 NIPMAm:AAc 
particles; (C) Confocal microscopy and (D) fiber density quantification  of clots formed in the 
presence of small, medium, and large 90:10 NIPAm:AAc FAMCYs at a concentration of 2 mg 
mL-1. n = 3 clots per group. Scale bar = 10 μm. *p<0.05. 
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Figure 6.4 (A) Representative atomic force microscopy dry imaging and (B) height traces of 
80:20, 85:15, and 90:10 NIPAm:AAc particles to determine diameter and height. Particle 
diameters were measured on ImageJ and particle heights calculated from max values obtained 
from individual height traces. No statistical difference in diameter or height was observed between 
particle types of varying acrylic acid content. n ≥ 30 particles/group; (C) Confocal microscopy and 
(D) fiber density quantification of clots formed in the presence of ~1 μm, 80:20, 85:15, and 90:10 
NIPAm:AAc FAMCYs at a concentration of 2 mg mL-1. n = 3 clots per group. Scale bar = 10 μm. 
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Figure 6.5 Polymerization and degradation curves for clots formed in the presence of 1, 2, or 4 
mg mL-1 1 μm 90:10 FAMCYs (top). At the previously discovered optimal concentration of 2 mg 
mL-1, FAMCY clots show significantly greater maximum turbidity and resistance to fibrinolysis 
than control clots and clots containing control peptide FAMCYs or ULCs, as illustrated by 
absorbance (A350) curves of clots (top) and by quantification of the area under the curves 
(bottom). Clots containing control peptide FAMCYs or ULCs polymerize and degrade at rates 
very similar to those of control fibrin-only clots. *p < 0.05; n = 3 duplicate experiments. 
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Figure 6.6 (A) Blood loss over time is decreased after treatment with an optimal dosage of 
FAMCYs; (B) Total blood loss is significantly decreased after treatment with an optimal dosage 
of FAMCYs relative to saline controls. Large (~1 μm) 90:10 NIPAm:AAc FAMCYs, control 
peptide FAMCYs, and ULCs were examined in vivo. n = 6 in saline group, n = 5 in all other 
treatment groups; *p<0.05; ***p<0.001. 
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Figure 6.7 (A) Immunohistochemistry of fibrin (red) at wound sites following liver laceration 
injury; (B) Quantification using ImageJ Particle Analysis to determine total area (μm2) of fibrin-
positive stain shows fibrin incorporation at wound sites is increased following treatment with 
FAMCY particles relative to treatment with saline or control peptide FAMCYs. Scale bar = 400 
μm. n = 6 in saline group, n = 5 in all other treatment groups. *p<0.05; **p<0.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

348 
 

CHAPTER 7 

Conclusions and Future Work 

John D. Schneible 
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7.1. Summary 

This work focuses on the development of material toolbox for advanced therapeutics in the 

fields of drug delivery, molecular diagnostics, and wound healing, comprising polysaccharide- and 

peptide- inspired materials. This work focused on polysaccharides and peptides owing to their 

biocompatibility and biodegradability, ease of chemical functionalization and processing, 

commercial abundance, manufacturing scalability, and low cost. 

The first portion of this thesis (Chapter 2 – Chapter 4) reports on two hydrogel-based 

drug delivery systems, to deliver a synergistic combination of chemotherapeutics, doxorubicin 

(DOX) and gemcitabine (GEM), with a precise delivery schedule, or kinetics, that endows a 

maximal therapeutic synergism against an aggressive triple negative breast cancer (TNBC) cell 

line. In Chapter 2, both experimental and in silico studies were performed to guide the design of 

a hydrophobically modified-chitosan hydrogel. Within this context, a remarkable effect of alkyl 

chain length was observed for the transport properties of amphiphilic drug DOX, namely the 

tradeoff between favorable hydrophobic interactions, driving retention of DOX within the 

network, and a non-favorable morphological rearrangement that causes a cluster/channel 

morphology within the hydrogel. The work in Chapter 3 focused on the validation of hydrogels 

studied in Chapter 2. An acetylated-modified chitosan hydrogel was selected, owing to the 

desirable molar ratio and scheduling of delivery kinetics for GEM and DOX discovered in 

Chapter 2; namely a molar ratio ~10 and faster GEM delivery than DOX. Further studies were 

undertaken to optimize the loading conditions within this gel, such that the resulting release of the 

dual drug combination afforded a therapeutically efficacious dose. The optimized hydrogel was 

evaluated in two models: (i) a 2-D cell monolayer, and (ii) a 3-D tumor spheroid. The resulting 

assays demonstrated the developed hydrogel released a dose that was (i) more synergistic than the 
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concurrent administration of GEM and DOX, when evaluated against the 2-D cell monolayer, and 

(ii) highly effective at reducing tumor volume growth in the 3-D tumor spheroid assay.  

In Chapter 4, the focus on the drug delivery device was shifted from a homogenous 

hydrogel, comprising GEM and DOX co-loaded, to a heterogenous composite hydrogel, wherein 

the two drugs were segregated to different compartments; DOX adsorbed onto graphene oxide 

(GO) particles embedded within a peptide scaffold loaded with GEM. In this work, in silico studies 

were again undertaken to elucidate the underlying physicochemical factors underpinning DOX 

loading and release behavior from the GO particles. The composite was evaluated against the same 

TNBC cell line utilized in Chapter 3. The results demonstrated a high level of synergy when 

exposed to the composite, and a further improvement than what was found in Chapter 3. 

The latter portion of this thesis focused on the development of light-responsive cyclic 

peptides that can selectively bind to protein biomarkers (Chapter 5); and the development of 

thermo-responsive microgel particles to improve blot clotting (Chapter 6). In Chapter 5, the 

development of a novel light-responsive cyclic peptide that selectively labels vascular cell 

adhesion marker 1 (VCAM1), a cell marker implicated in stem cell function, is reported. In this 

work, an in silico approach was adopted to identify potential cyclic peptide sequences that exhibit 

selective on/off binding of VCAM1 for the cis and trans isomers. A novel synthetic route was 

developed to make the identified cyclic peptide sequences bearing an azobenzene moiety. These 

sequences were subsequently characterized for photophysical behavior and screened for 

conformational binding affinities. Chapter 6 reports on the development and characterization of 

thermo-responsive, soft microgels decorated with the peptide AHRPYAAK, a sequence that 

mimics fibrin knob ‘B’ and targets fibrin hole ‘b’, which are implicated in blood clotting functions. 

The particle-peptide construct was evaluated in vitro, where it was found that clot density was 
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increased, and in vivo, where the construct substantially decreased bleeding in a rodent trauma 

model. 

  

7.2. Future Work 

In both projects within the drug delivery purview, future work would revolve around 

evaluating these drug delivery systems; acetylated-chitosan hydrogel (Chapter 2 and Chapter 3) 

and GO-peptide composite hydrogel (Chapter 4), in a better representative model applicable to 

humans.  Future work would consist of screening the gels in vivo using a mouse model. By doing 

so, the drug delivery system would be tested in a system resembling the human body (i.e., 

extracellular matrix, endogenous enzymes, tumor vasculature, etc.), and represents a necessary 

pre-clinical hurdle that must be cleared. Because the work in Chapter 3 utilized 3-D tumor 

spheroids as a tool for validation, in vivo work could elucidate a connection between the results 

obtained in vivo and ex vivo. While previous work has demonstrated a connection between 

validation with a tumor spheroid and successful treatment in vivo [1, 2], to date, no current 

correlation exists for a TNBC model. Further, if such a correlation does exist, it may be reasonable 

to expect a paradigm shift from the mouse model to and ex vivo spheroid model. Such a paradigm 

shift would be ground-breaking, as it would greatly accelerate the development of future drug 

delivery systems owing to a higher throughput method of device validation. Similarly, for the 

composite hydrogel, presented in Chapter 4, the future work would consist of validation in a 3-D 

tumor model, and in vivo. In addition, future work for both delivery systems could involve 

validation against other pathologies. While TNBC remains a dangerous cancer, evaluation of the 

drug delivery systems against other types of cancer bearing higher mortality rates, such as 

pancreatic or colorectal cancer, would be valuable studies to undertake.  
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