ABSTRACT

GEDDIE, CHARLES. Toward Molecularly Imprinted Polymers (MIPs) for the Detection of
Vancomycin. (Under the direction of Dr. Michael Daniele).

The design and evaluation of molecularly imprinted polymer nanoparticles (MIP-NPs) is described
for the detection of vancomycin. An in-depth critical review of MIPs and other biorecognition strategies
for vancomycin detection, as well as the design process for the proposed MIP-NPs, are detailed as well. A
mass-spectrometric analysis was used to quantify the binding performance of the MIP nanoparticle-based
synthetic biorecognition mechanism. The described nanoparticles were developed through a process of
solid-phase molecular imprinting on vancomycin-functionalized magnetic beads. The resulting MIP-NPs
were evaluated with dynamic light scattering (DLS), nanoparticle tracking analysis (NTA), and scanning
electron microscopy (SEM). The size of the MIP-NPs, as measured by DLS, was 188.2 nm, and, as
measured by NTA, was 221.3 nm, with a standard deviation of 93.6 nm. SEM imaging further confirmed

the presence of these nanoparticles.
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PREFACE

Unfortunately, due to the outbreak of COVID-19, much of the original research effort planned for this
project could not be performed. As such, the research presented in this thesis represents only a partial
execution of the original research plan. In summary, vancomycin was conjugated to magnetic beads.
Polymer nanoparticles were synthesized around the functionalized vancomycin. Following synthesis, these
MIP-NPs were eluted from the magnetic microbeads, then characterized with an assortment of analytical
techniques. The results of these analyses appear to be consistent with previously published results. Further

detail will be given in the Conclusion and Future Directions sections of this thesis.



1 INTRODUCTION

Across the globe, the threat of antibiotic resistance threatens the efficacy of antibiotic treatments
that have defined some of the greatest medical advancements for most of the past century &2, This threat
has emerged, in part, due to anthropogenic activities, including overuse®>* and improper use of these
antibiotic drugs 2. In fact, a direct correlation has been identified between the degree of consumption of
antibiotics and the level of antibiotic-resistant infections ¢, However, even as current antibiotic and other
antimicrobial therapies are increasingly rendered ineffective or obsolete, few new drugs are available to
serve as effective alternatives. This has resulted from a general shift in the focus of pharmaceutical
industries towards the development of more profitable drugs used to treat cancers, chronic conditions, and
other ailments I 1%, Coupled with the increasing presence of resistant pathogens, this lack of new antibiotic
development has led to a growing concern over a looming antibiotic crisis [*'2 4, As concern over this
threat grows each day, new methods and technologies to improve monitoring of antibiotics have been

developed to ensure effective treatment of infections and limit improper usage of antibiotics.

1.1 THERAPEUTIC DRUG MONITORING

Therapeutic drug monitoring (TDM) is a clinically employed method of optimizing drug dosages,
in which blood concentrations of a drug or other therapeutic substance are measured at determined time
increments to inform dosing regimens, thereby ensuring that the drug remains within a clinically effective
range, called the therapeutic window 2. This therapeutic window, shown in Figure 1, describes the
range in which a drug or therapy is effective for its intended treatment purpose without inflicting significant
toxic effects on the patient. It is important to keep the levels of the given drug or therapy within this range
for the duration of the treatment. If levels fall below the minimum therapeutic concentration, then the drug
may not be effective at treating the disease or condition that it was prescribed for. Conversely, if the
concentration of the drug exceeds the minimum toxic level, then the drug may cause harm to the patient.
Therefore, it is important that a proper dosage of the drug is administered to be an effective treatment, but
not enough as to cause significant harm to the patient.

2
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Figure 1: Example plot of a dosing curve for a drug with a therapeutic window highlighted (green).
For therapeutic drug monitoring, a drug is administered, and the serum concentration of the drug is
measured at regular intervals to ensure that the concentration of the given drug is maintained within the
therapeutic window.

For many drugs, TDM may not be necessary, since the therapeutic window is large enough that the
risk of adverse reactions to a patient who exceeds a dose is sufficiently low. To determine if TDM is
appropriate for a drug or therapy, it is useful to evaluate its therapeutic index (T1). A Tl is a quantitative
assessment of a substance’s range of therapeutic effect before it becomes toxic, calculated as a ratio of the
median minimum dose at which toxic symptoms are observed (TDsg) over the median minimum dose at
which the desired therapeutic response is observed (EDsg). This calculation is described by the formula

below:



_ TDs,

TI =
EDs,

Equation 1: Therapeutic Index (T1) equation.

Drugs with narrow Tls can only be administered in a narrow range of doses before toxic effects are
observed. Itis important in this case to carefully monitor the concentration of the drug in a patient’s blood.
As such, TDM may be performed during the course of treatment 3%, Additionally, pharmacokinetic and
pharmacodynamic variability between individual patients M may necessitate TDM to establish a
relationship between dosing and effective therapy. The individualization of dosing is particularly important
for patients who may have impaired renal function or may otherwise be particularly susceptible to adverse
effects from the drug (%181, Furthermore, pharmacokinetic variability over time for the duration of treatment
of a disease may further necessitate TDM, particularly for drugs, such as some aminoglycoside and

glycopeptide antibiotics (€1,

1.2 VANCOMYCIN

One of the most-commonly prescribed drugs to require TDM is vancomycin %1, Vancomycin is a
type of antibiotic used to treat primarily gram-positive bacterial infections, such as Staphylococcus aureus
[19.201 " This antibiotic, shown in Figure 2, possesses a glycopeptide structure that possesses hydrophilic and
hydrophobic regions 2. However, unlike other antibiotic medicines, vancomycin cannot be absorbed
through the intestines and must be administered intravenously to treat systemic infections and infections
outside of the digestive tract ??. Due to its low therapeutic index, administration of the drug must be done
carefully, and TDM is often prescribed, particularly if the patient has compromised renal clearance, or is
taking a higher dose or taking vancomycin with aminoglycoside antibiotics. This careful monitoring allows

for effective treatment while avoiding potentially toxic effects [**,



Figure 2: 2-dimensional structure of vancomycin.

Vancomycin was discovered and introduced for clinical testing in the 1950s. Initially, however,
this drug was eschewed in favor of B-lactam antibiotics, which were easier to administer and less likely to
cause toxic effects to the patients receiving treatment. As a result, vancomycin was recommended as a last-
resort treatment for gram-positive bacterial infections. However, as antibiotic-resistant strands of bacteria,
such as methicillin-resistant Staphylococcus aureus (MRSA), have emerged, vancomycin has seen
increased usage for the treatment of existing bacterial infections and for prophylactic treatment of patients

who are at risk of these infections [ 231,

As shown in Figure 3 below, the mechanism of action for this antibiotic drug derives from the
binding of the vancomycin molecule to the Lys-d-Ala-d-Ala terminus of a peptidoglycan that is integral to
the formation of the bacterial cell wall. In binding to this peptidoglycan, vancomycin inhibits the
transpeptidase enzyme from linking adjacent peptidoglycan chains, thereby inhibiting the growth of the

bacterial cell wall, and, thus, weakening the bacterium 24 231,
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Figure 3: Schematic diagram of the vancomycin antibiotic binding mechanism. In the absence of
vancomycin, the PBP transpeptidase forms pentaglycine bonds between the individual peptidoglycan
chains by removing individual d-Ala amino acid units from one of the two complimentary chains. These
glycine bonds thereby propagate, and reinforce, the bacterial cell wall structure. In the presence of
vancomycin, the Lys-d-Ala-d-Ala terminus of the peptidoglycan chains are bound to the vancomycin
glycopeptide units. This blocks the transpeptidase enzyme from linking together the peptidoglycans
responsible for the stability of the bacterial cell wall. This weakens the bacterial cell wall leaving the
bacterial cell more prone to destruction.

Due to the passive binding behavior of vancomycin to inhibit growth of targeted bacteria, the
efficacy of the drug is time-dependent. As such, the antibacterial property of the drug does not increase as
the serum concentration of the drug increases. Instead, the drug is effective when maintained above a given
blood concentration, called the minimum inhibitory concentration (MIC), for an extended period of time
26,271 Typically, the lowest serum concentration of vancomycin, called the trough level (Figure 4), is
maintained above 10 pg/ml to maintain effective therapy and to avoid the risk of antibiotic resistance.
Typically, however, these measurements are sustained around 15-20 pg/ml 7. It has been observed that
trough measurements that exceed 30 pg/ml have been associated with an increased risk for nephrotoxicity

28,291 Conversely, the highest serum concentration, called the peak level (Figure 4), typically ranges around



20 — 40 pg/ml after about 1 — 2 hours after infusion %, However, these measurements have not been found
to be reliable indicators of effective vancomycin therapy, nor have these measurements consistently

correlated with toxic effects 271,

Although some clinical guidelines recommend the use of trough measurements to determine
vancomycin dosing %], other data has suggested that the 24-hour area under of the curve (AUC) (Figure 4)
can be a good indicator of successful treatment when the ratio of AUC/MIC is over 400 [26-30.31 However,
this value cannot be measured directly since continuous measurements are not available, as current clinical
detection methods for vancomycin are single-use only. As a result, trough levels are typically measured
within 30 minutes of the next dose of vancomycin to ensure that suitable levels of the drug are maintained
(291 For most healthy adult patients having normal renal function, AUC can be estimated based on initial
dose and trough measurements. As such, many clinicians do not believe that routine monitoring is
necessary 3241, While there remains to be a general consensus in regards to the frequency of testing these
levels, it is generally agreed that patients with impaired renal function, infants, and other potentially
vulnerable individuals should receive frequent testing 32 35 38.41.421 - Testing has also been recommended
for patients taking aminoglycoside antibiotics, as vancomycin has been shown to enhance the toxic effects

of those drugs 272,
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Figure 4: Example vancomycin dosing curve plot. On this plot, the 24-hour area under the curve
(AUC), minimum inhibitory concentration (MIC), trough, and peak features are labeled.

Given the importance of proper analysis and accurate quantification of vancomycin in patient care,
a method to measure the amount of vancomycin accurately and precisely in biological samples remains

valuable for healthcare providers.

1.3 METHODS OF VANCOMYCIN TESTING

To quantify the amount of vancomycin present in a sample, many different analytical and sensing
techniques have been designed and developed for routine healthcare testing. A critical review of these

methods is presented below.



1.3.1 BIOLOGICAL METHODS

One of the older techniques for testing vancomycin levels in human serum involves the use of
microbiological agents. These agents, which are usually bacterial, are typically chosen for demonstrating
susceptibility to the antibiotic being tested. In general, these methods make use of the antibacterial or
bacteriostatic properties of the tested antibiotic to determine the concentration of the drug in a sample of

serum.

One such method, often referred to as the disk diffusion method (Figure 5). This method is based
on previous bacterial culturing techniques, in which cultured bacteria are grown on agar plates. Disks, often
made of a porous organic material, are loaded with the serum or biological sample of interest. These disks
are applied to the agar plates, enabling the biological sample to diffuse across the agar medium. Over time,
as the antibiotic drug inhibits or kills the bacteria in the cultured medium, a circular zone of inhibition can
be observed. The diameter of this zone can be correlated to the concentration of the antibiotic in the

biological sample.



Figure 5: Schematic diagram of vancomycin disk diffusion method. (a) Gram-positive bacteria
(orange) is grown on an agar plate. (b) Paper disks, soaked in serum containing vancomycin, are placed
on the agar plate. (c) Serum from the disks diffuses out and vancomycin inhibits or kills bacteria in a
circular zone of inhibition; the diameter of this zone can be correlated to the concentration of vancomycin
in the sample.

This method has proven to be an inexpensive and effective method 3“4 at quantifying clinically
relevant concentrations of vancomycin in serum and plasma, even comparable to more modern methods of
detection [ 45 461 Additionally, this technique can be used to observe the time-dependent antibacterial
activity of vancomycin for research purposes “4. However, in recent years, this method has largely been
abandoned in clinical testing practices in favor of alternative analytical methods. Unlike other vancomycin

testing techniques, the disk diffusion method requires long incubation times to make clinically relevant

10



analyses, which can range from as low as 4 hours ¥, to as long as 16 or 18 hours [“* 61, As well, this

method suffers from interference from other microbial or antibiotic agents, which could skew results 43 451,

More recently, an effort by de Souza et al. was reported to enhance the speed and performance of
the biological assay method. This method employs spectrophotometry to measure the absorbance of
microplate wells containing solutions of bacteria and vancomycin in biological media. The principle behind
this technique is rooted in the change in absorbance resulting from the growth of bacteria, which, in turn,
would be influenced by the presence, or absence, of the vancomycin in the added biological media.
Compared to more traditional bioassay techniques for vancomycin, this method was easier to perform,
faster, and more sensitive to smaller concentrations of vancomycin. However, the range of detection for
this technique was narrow. Additionally, although there was a demonstrated improvement in the incubation
time, this time improved time was still several hours. As such, this method has not proven to be applicable
for routine clinical testing 4. A table summarizing several biological assays for vancomycin detection is

presented below.

Table 1: Biological assays for vancomycin.

Method Sensing System Linear Limit of Matrix Ref.
Range Detection

(ug/ml) (ug/ml)

Disk Diffusion Bacillus subtilis Human serum 71
(37°C; 6 h) ATCC6633
Disk Diffusion Bacillus subtilis - - Human serum [
(37°C; 8 h) ATCC6633
Disk Diffusion Bacillus subtilis W23 0.8-25 0.8 Human serum [l
(35°C; 10-12 h)
Disk Diffusion Bacillus subtilis 0.78 — 25 - Human serum 48
(36°C; 16-18 h) ATCC6633
Disk Diffusion Bacillus globigii 5-80 -- Human serum [
(35°C; 18 h)
MKR (37°C; 5 h) Bacillus subtilis; 06-1.0 -- Casein soy (44
spectrophotometric broth
(A =630 nm)

11



1.3.2 CHROMATOGRAPHIC METHODS

Many different chromatographic methods for the analysis and quantification of vancomycin have
emerged for clinical and pharmaceutical applications. Recently, new chromatographic techniques for the
analysis of vancomycin in biological and other media have been demonstrated % %051, particularly, high-
performance liquid chromatography (HPLC) has become a technique of interest for analysis, due to its

demonstrated accuracy, precision, and specificity towards vancomycin in different media (43 5051,

Various methods of vancomycin quantification using HPLC have been demonstrated, utilizing a
variety of different sample pre-treatment and analysis techniques. In serum and plasma samples, one of the
most used methods of separation involves protein precipitation to reduce the activity of the proteins and
other biological components which could otherwise interfere with the detection methods used. This method
of sample pre-treatment is preferred because of its cost and simplicity. For detection of vancomycin, HPLC

has been demonstrated with different spectrophotometric and mass spectrometry techniques [0 50-551,

However, while chromatographic techniques have been proven to detect vancomycin accurately
and precisely in biological media, the need to pre-treat the samples represents a significant hindrance to the
use of these methods in clinical settings. Additionally, the price of the equipment and the technical expertise
needed to use the equipment for chromatography further limits the viability of these methods for routine
clinical testing of vancomycin [“3l. As such, chromatographic analysis of vancomycin has largely been used
for pharmaceutical purposes and in larger laboratories outside of the use of therapeutic drug monitoring .

A table outlining some of these detection technologies is presented below.

12



Table 2: Chromatographic methods of vancomycin testing.*

Method Detection Linear Limitof Matrix Ref.
System Range detection
(ng/ml)  (pg/ml)
HPLC Coulometric 5-100 0.5 Human plasma [56]
UHPLC MS/MS, ESI (+) 3-90 -- Human serum, urine, pleural 571
effusion
2D-LC UV,A=282nm  0.3-483 0.2 Human plasma 52]
HPLC UV, A =205 nm 0.25 - 60 0.25%* Human plasma 53]
HPLC MS, ESI (+) 2x10% — 5x10° Human serum 541
0.05
HPLC UV; 240 nm 1-100 - Human plasma (5]

*HPLC = high performance liquid chromatography; UHPLC = ultra-high-performance liquid
chromatography; MS = mass spectrometry; ESI = electrospray ionization; 2D-LC = two-dimensional
liquid chromatography; UV = ultraviolet detection.

**Value listed is for limit of quantification.

1.3.3 IMMUNOLOGIC BIORECOGNITION METHODS (Standard Clinical Test)

Immunoassays and other immunologic techniques have become the most popular methods for
therapeutic drug monitoring of vancomycin within clinical settings ?°1. These technologies incorporate the
use of biologically derived materials, such as antibodies, for the sensing and recognition of the vancomycin
analyte in plasma and serum. Several commercial assays using antibodies have been developed for clinical
analysis of vancomycin, including fluorescence polarization immunoassay (FPIA), radioimmunoassay
(RIA), enzyme-multiplied immunoassay (EMIT), enzyme-linked immunosorbent assay (ELISA), particle-
enhanced turbidimetric inhibition immunoassay (PETINIA), and chemiluminescent microparticle

immunoassay (CMIA).

Commercial immunoassay Kits incorporating FPIA, EMIT, and PETINIA have gained popularity
for use in the clinical TDM of vancomycin for a number of advantages over other detection methods,

including high sensitivity, relatively short time to result, and reduced human contact to biological samples.
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These advantages often result from the incorporation of automated detection technologies that are
frequently associated with these commercial assays *°. Due to how substantial these advantages are, survey
data has suggested that immunologic assays, specifically FPIA and EMIT assays, are the most used methods

in routine TDM analysis 2,

FPIA, which has enjoyed extensive clinical use for therapeutic drug monitoring of vancomycin 2
%81 allows for rapid quantitative analysis of vancomycin in serum and plasma. This immunoassay method
operates on a homogenous, competitive assay principle (Figure 6), in which free, unbound vancomycin in
the serum or plasma competes with fluorescently labeled vancomycin for limited binding sites on the
antibodies. When a higher concentration of free vancomycin is present in the sample of interest (Figure
6a), fewer fluorescently labeled vancomycin can bind to the antibody sites, resulting in a higher degree of
fluorescent polarization. Conversely, when there is a relatively lower concentration of free vancomycin in
the serum or plasma (Figure 6b), more of the labeled vancomycin can bind to the binding sites, resulting in
a lower degree of polarization. Therefore, the intensity of fluorescent polarization can be correlated to the

concentration of vancomycin in the sample of serum or plasma 59,
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Figure 6: Schematic diagrams of fluorescence polarization immunoassay (FPIA). (a) Higher
concentrations of free vancomycin in solution bind to more of the antibodies, leaving more of the
fluorescently labeled vancomycin unbound; these fluorescently labeled vancomycin rotate more rapidly,
resulting in weaker emission of polarized light. (b) Lower concentrations of free vancomycin in solution
bind fewer antibodies, thereby allowing more of the fluorescently labeled vancomycin to bind to the
antibodies; the larger complexes of the fluorescently labeled vancomycin and antibodies rotate slower,
emitting more polarized light.

These immunoassays, such as the AXSYM Vancomycin Il developed by Abbott 9, often require
optical detectors to transduce the fluorescence emitted from the reaction. However, these detectors can be
automated to enable detection of clinically relevant concentrations of vancomycin in as little as five
minutes, with minimal input from a technician. FPIA-based assays have been shown to sense vancomycin
concentrations in biological samples with excellent accuracy and precision, on par with HPLC methods,

and superior to other immunoassay techniques, in terms of performance 3 6,

Earlier implementations of the commercial fluorescence assay kits for vancomycin, which utilized
polyclonal anti-vancomycin antibodies, suffered from poor selectivity in patients with compromised renal
function ©64, |t was suggested that these assays were falsely sensing a waste product of vancomycin,

called vancomycin crystalline degradation product (CDP-1) 624 Normally, in patients with healthy renal
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function, 90% of vancomycin is excreted unchanged in the urine after 24 hours 551, However, in patients
absent of healthy renal function, vancomycin remains in the body and begins to degrade into CDP-1 4],
Unlike vancomycin, this molecule has not demonstrated any bacteriostatic or antibacterial activity.
However, as shown in Figure 7, CDP-1 possesses a very similar structure to vancomycin. It is believed
that the similarities in the structures of these two species resulted in the nonspecific binding to the
polyclonal antibodies, leading to the false overestimations, compared to HPLC 6264, More recently,
however, the polyclonal antibodies in these immunoassays have been replaced with monoclonal antibodies,

which have not demonstrated any cross-reactivity with the CDP-1 molecule [29 59. €0. 63, 66]
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Figure 7: 2-dimensional drawing of vancomycin compared to vancomycin crystalline degradation
product (CDP-1). The change in the structure from vancomycin (a) to vancomycin CDP-1 (b) occurs
from a hydrolytic loss of ammonia, resulting in a biologically inactive substance.

While commercial FPIA assays operate with untreated serological sample, an assay operating on a
similar principle was developed that incorporated an intermediate separation step in which capillary
electrophoresis was performed to separate bound antibody from unbound antibody. By coupling this step

with laser-induced fluorescence polarization, this device demonstrated a much lower limit of detection and
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required an order of magnitude less volume of required sample than other, commercially available
immunological assays 71, While this improvement in detection presents a substantial advantage over other
immunological techniques, the technology required to perform the electrophoresis can be expensive and
complex to operate. As such, this presents a significant hurdle for the use of capillary electrophoresis in

the TDM of vancomycin (8],

In addition to fluorescence-based immunoassays, enzyme-based immunoassays have also been
used extensively in clinical vancomycin testing ?®). One such type of enzyme-based immunoassay, the
enzyme-multiplied immunoassay technique (EMIT), operates on a similar homogeneous, competition-
based scheme as the FPIA. In this method, the sample of interest is mixed with a reagent solution containing
vancomycin that has been conjugated to an enzyme, such as glucose-6-phosphate dehydrogenase (G6PDH)
691 This mixed solution is added to a solution containing anti-vancomycin antibodies. Finally, a solution
is added containing a substrate capable of reacting with the enzyme. Upon introduction of these solutions,
the conjugated vancomycin and the unconjugated vancomycin from the biological sample compete for
antibody binding sites. Unconjugated vancomycin from the sample compete with enzyme-labeled
vancomycin for a limited number of antibody binding sites. Enzymes of the unbound conjugated
vancomycin interact with the substrate in the solution causing an observable change. In the commercially
available EMIT 2000 assay, conversion of the oxidized nicotinamide adenine dinucleotide (NAD) substrate
to the reduced NADH final product causes an absorbance change that can be observed and quantified by

spectrophotometric methods [,
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Figure 8: Schematic diagram of an EMIT assay. (a) Higher concentrations of free vancomycin in
solution bind to more of the target antibody sites, thereby inhibiting the binding of the enzyme-linked
vancomycin to the target antibodies; the unbound enzyme is free to react with substrate in the solution.

This produces a greater change in light absorbance. (b) Lower concentrations of free vancomycin in
solution allow more of the enzyme-linked vancomyecin to bind to the target antibody sites, resulting in
fewer unbound enzymes available to react with substrate. This results in a lower change in detectable

absorbance.

In this detection scheme, enzymes conjugated to vancomycin unbound by antibodies show higher

activity in reacting with the substrate than enzymes that are conjugated to bound vancomycin. Based on

this principle, it can be expected that enzymatic activity would be higher when there is a higher

concentration of unconjugated vancomycin in the biological sample, as this unconjugated vancomycin

would prevent the enzyme-conjugated vancomycin from binding to the antibodies, thereby remaining in an

unbound state. Conversely, it would be similarly expected that when there is a lower concentration of

vancomycin in the biological sample, more of the enzyme-conjugated vancomycin can bind to the

antibodies, resulting in decreased enzymatic activity. This activity can be measured by spectrophotometric

analysis [,
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Compared to other clinically used detection methods for vancomycin, EMIT assays have
demonstrated similar performance % 7. However, there is evidence to suggest that these methods may
not be suitable for some neonates for TDM of vancomycin . Additionally, activity of the biological
agents, including the antibodies and enzymes, may introduce variation across different lots of assays. As
such, regular validation with quality control standards may be required. Moreover, these biological agents
require refrigeration for storage and performance of these components may degrade as they are exposed to

ambient temperatures ©°],

Although not as commonly used as EMIT assays, enzyme-linked immunosorbent assays (ELISA),
have also been developed for the detection of vancomycin. Often, competitive schemes have been
employed in ELISASs for the detection of vancomycin. Competitive ELISA schemes operate very similarly
to the competition-based EMIT assays, in which labeled vancomycin competes for a limited number of
binding sites with unlabeled vancomycin from the sample of interest. Generally, in a typical competitive
ELISA setup, microwells are coated with biorecognition agents, which are typically antibodies. Bound to
these biorecognition agents are vancomycin that are conjugated with an enzyme, such as horseradish
peroxidase (HRP). The sample of interest and the conjugated vancomycin are introduced to the wells,
competing for a limited number of antibody binding sites. Upon introduction of a substrate, such as
3,3°,5,5’-tetramethylbenzidine (TMB), the enzymes of any unbound conjugated vancomycin react with the

available substrate, resulting in a color change that can be measured by a plate reader /2741,
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Figure 9: Competitive enzyme-linked immunoassay (ELISA) schematic diagram. (a) Higher
concentrations of free vancomycin in solution bind to antibodies, thereby inhibiting the binding of
enzyme-linked vancomycin to antibodies; unbound vancomycin is removed from the well and substrate is
introduced; as fewer enzyme-linked vancomycin remain, fewer enzymes are available to react with the
substrate, resulting in a lower change of absorbance. (b) Lower concentrations of free vancomycin enable
more enzyme-linked vancomycin to bind to antibodies so that when substrate is introduced, more
enzymes are available to react with substrate, thereby producing a larger change of absorbance.

A commercially available, competitive ELISA assay kit, sold by BioVision, has demonstrated
detection of vancomycin in human serum and urine in concentrations as low as 13 ng/ml, several orders of
magnitude more sensitive than other methods 2. A similarly sensitive ELISA test was demonstrated for
detection of vancomycin across a broader range of serological concentrations [*l. Beyond sensitivity, these
ELISAs can be performed at a lower cost than HPLC. However, this cost, as well as the time required to
perform the assay, is greater than other immunological assays. These methods also suffer from additional
drawbacks and disadvantages that limit the viability of this technology for clinical testing. For example,
due to the variation of the biological components required for ELISASs, a new standard curve is required for
each assay performed. As well, the need for extensive sample preparation and other additional sensitive
and complex processes has primarily limited the use of these assays to laboratory settings with highly

trained personnel [2 731, As such, there are no commercial ELISA Kits currently available for clinical testing.
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While FPIA and EMIT have been the most popular immunoassay techniques used in hospitals and
other clinical settings 2° %€ additional commercial and prototype technologies based on immunologic
mechanisms have been developed for detection of vancomycin. The particle-enhanced turbidimetry
inhibition immunoassay (PETINIA) and chemiluminescent microparticle immunoassay (CMIA) are two
such methods that have demonstrated clinically relevant detection of vancomycin in human serum and

plasma [">77,

The PETINIA, like the FPIA, EMIT, and ELISA methods, incorporates a similar competition assay
scheme. However, in this setup (Figure 10), particle-bound vancomycin competes with free vancomycin
from the sample for binding sites on antibodies. Particle-bound vancomycin that binds to antibodies tends
to aggregate, which can be detected with spectrophotometry. At higher sample concentrations of
vancomycin, the free vancomycin in the sample binds to the antibodies, thereby inhibiting the particle

bound vancomycin from binding and, thus, preventing the formation of larger particle-antibody aggregates

[75, 76]

While these assays performed comparably to other commercial immunoassay kits 8, this
technology can suffer from non-specific binding that may affect reported results. In serological samples,
there is evidence that immunoglobulin proteins [®- €1 and some paraproteins Y can affect the concentration
of vancomycin that is sensed by the PETINIA system. Similarly, the presence of anticoagulants in a sample
can alter the aggregation behavior and potentially skew results ['> 761, Furthermore, PETINIA has been
shown to cross-react with structural analogues of vancomycin, including the antibiotic, telavancin 2, As
a result of these concerns, use of PETINIA testing for vancomycin TDM has not achieved the same level

of popularity as other, more reliable immunoassays 2% 51,
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Figure 10: Schematic diagram for a particle-enhanced turbidimetric inhibition immunoassay. (a)
Lower concentrations of free vancomycin allow more of the vancomycin-conjugated latex beads to bind
with antibodies and form larger aggregates that inhibit light transmission, resulting in a lesser intensity of
light detected. (b) Higher concentrations of free vancomycin in solution bind more antibody binding sites,

thereby preventing vancomycin-labeled latex beads from binding to the antibodies and forming larger
aggregates, resulting in a greater intensity of light detected.

The CMIA detection method, unlike the previously mentioned assay techniques, does not utilize a
direct competition-based binding scheme. Instead, this procedure involves a sequence of successive
binding steps. In the iVancomycin assay developed by Abbott, vancomycin from the sample is mixed with
magnetic microparticles that are conjugated with anti-vancomycin antibodies. The vancomycin binds to
the microparticles. Then, the unbound material is washed. Next, acridinium-labeled vancomycin conjugate
is added, and unbound material is washed again. Finally, pre-trigger and trigger solutions are added to the
remaining mixture, causing the acridinium bound to the vancomycin to luminesce, which can be detected
by the system. According to this principle, samples containing higher concentrations of vancomycin will
result in greater intensities of chemiluminescence detected by the system, whereas, samples with lower
concentrations of vancomycin will luminesce at lower intensities ['"). Like the immunoassay methods
mentioned above, this technique offers good accuracy and precision for vancomycin detection 8, with
lower limits of detection than other immunoassays ['). However, like the PETINIA, the CMIA is also

susceptible to cross-reactivity from vancomycin analogues 2,
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Alternatively, labeled antibodies have been successfully employed in radiologically based
detection scheme [ 45 81 Developed several decades ago, this type of assay has presented several
disadvantages that have limited its viability for widespread clinical testing. Primarily, the technology used
to transduce the radiological emissions is typically only available to larger hospitals and may not be
available to smaller clinics. Likewise, the radiological agents can present a health hazard to the technicians
performing the assay. Moreover, the radiological waste can be difficult to dispose of without the proper
infrastructure in place to handle such waste. Additionally, the radiological reagents possess a short shelf
life and require daily calibrations with new standard curves. Furthermore, interference from acidic
conditions or other radiological isotopes can contribute to error in reported results ¥ %1, As a result,

radioimmunoassays have been largely eschewed in favor of other assay types for vancomycin detection.

While immunological assays, summarized in the table below, have achieved commercial popularity
for the detection of vancomycin, these assays possess inherent disadvantages, such as the need for
refrigeration to store the sensitive, often expensive immunological agents B4, Additionally, the need for
complex, often expensive, equipment has further restricted the use of these assays to clinical settings that
are sufficiently equipped > 471, As such, these drawbacks have inspired researchers to pursue sensing

methods that incorporate synthetic agents and platforms for vancomycin detection.
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Table 3: Immunologic assays for vancomycin detection.*

Method  Transduction Linear Limit of Matrix Ref.
Method Range  detection
(pg/ml)  (ug/ml)

CMIA Luminescence 0.24 —100.00 0.24** Human serum [
EMIT Spectrophotometric 2-50 2.0 Human serum (6]
PETINIA  Spectrophotometric, 3.5-50 35 Human serum (73]

A =340 nm

30-60
PETINIA  Spectrophotometric 2.5-100 2.0 Human serum el
PETINIA  Spectrophotometric 3.0-50.0 0.2 Human serum (8]
A =595, 694 nm
FPIA Fluorescence -- 2.00 Human serum/plasma (601
A =485, 525-550 nm
FPIA CE-LIF -- 9.8x10* Human plasma 671
RIA Scintillation Counter -- 4x10° Human plasma &3]
ELISA Spectrophotometric, 0.0128 -1 0.0128 Human serum, urine [72]
A =450, 650 nm

ELISA Spectrophotometric, 0.02-5 -- Human serum (73]

A =450 nm
MN-ELISA  Spectrophotometric, 0.4-58 0.12 ISF (6]

A=635nm

*CMIA = chemiluminescent microparticle immunoassay; EMIT = enzyme-multiplied immunoassay
technique; PETINIA = particle-enhanced turbidimetric inhibition immunoassay; FPIA = fluorescence
polarization immunoassay; RIA = radioimmunoassay; ELISA = enzyme-linked immunosorbent assay;
MN-ELISA = (microneedle-based) enzyme-linked immunosorbent assay.

**Value listed is for limit of quantification.

1.3.4 SYNTHETIC BIORECOGNITION METHODS

Compared to their immunological counterparts, synthetic biorecognition elements for vancomycin
sensing offer several advantages with regards to stability, versatility, and ease of use. These synthetic
elements, such as polymers and peptides, utilize affinity binding mechanisms to bind with vancomycin in

ways similar to immunological agents.
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1.34.1 POLYMER

Polymer-based sensors have been developed for vancomycin in recent years to serve as synthetic
replacements for antibodies and other immunological agents. These polymers acquire affinity recognition
and binding through the process of molecular imprinting. Molecular imprinting of polymers is a process
in which polymers are synthesized with binding sites that demonstrate affinity to some analyte of interest.
In this process (Figure 11), monomers are polymerized in the presence of a template molecule. Different
monomers, including, at the very least, some combination of functional monomer and cross-linker, are
selected for the purpose of exhibiting ideal binding with the molecule of interest and to enable effective
elution of the template molecule. Often, the template molecule may be the analyte of interest or a similar

molecule.

Upon completion of the polymerization, the template molecule is removed with an elution or
extraction step, leaving behind molecule-sized cavities that are chemically and physically complementary
to the template molecule. As such, the resulting molecularly imprinted polymer (MIP) binds selectively to
the analyte of interest when the analyte is reintroduced to the MIP. These MIPs, as a result, may
demonstrate highly sensitive and selective affinity binding behavior like the binding behavior observed in

antibodies 1. Due to this similarity, MIPs have sometimes been referred to as “plastic antibodies”.

‘l‘, , 4 = 4

Figure 11: Schematic diagram showing the process of molecularly imprinted polymerization. First,
template molecules are introduced into a solution containing different monomers. Specific functional
groups on the monomers interact with complementary functional groups of the template molecule,
thereby arranging the monomers in a specific pattern around the template molecule. Then,
polymerization is initiated, and the monomers polymerize around the template molecule, creating the
molecularly imprinted polymer (MIP). The template molecule is eluted from the polymer, leaving behind
cavities that are chemically and sterically specific to the template. The resulting MIP is capable of
specific binding when the target molecule is reintroduced to the MIP.

26



MIPs possess a variety of attractive advantages with regards to design, development, and
functionality. Perhaps the most attractive feature of MIPs is their ease of adaptability to be developed as
biorecognition elements for wide variety of different target molecules. Additionally, MIPs can be combined
with an extensive selection of transduction strategies, providing enormous opportunity to develop MIPs for
all sorts of sensing and transduction strategies. Compared to their immunological analogues, MIPs present
an attractive opportunity for development of engineered biorecognition elements without the cost or
complications associated with the development of these biologically derived agents [&°1, Development of
immunological agents for the recognition and binding of target molecules is often a time-consuming and
expensive process. Typically, these agents, such as antibodies, need to be acquired from biological sources.
This limits the availability of relevant agents for the molecule of interest, as the antibodies can only be
produced by an immunological reaction to the target molecule. Additionally, further production of these
agents requires expensive and time-consuming biotechnical processes, which may take days, weeks, or

even months.

In contrast, MIPs can be synthesized in a matter of hours or days [ %2, Furthermore, MIPs provide
enhanced stability over immunological and biological agents &1, Typically, antibodies and other proteins
require refrigeration during storage. This cold chain storage can limit the use of devices containing
immunological agents to such places where refrigeration is available, thereby limiting the potential for use
of these devices in point-of-care settings. On the other hand, MIPs can be stored at room temperature for

months without any observed degradation [/ %1,

MIPs have been developed using a variety of methods to optimize the synthesis and imprinting of
the polymer matrix, as well as the subsequent elution of the template molecule. Conceptually, bulk
imprinting is perhaps the simplest imprinting approach. In this approach, monomers are polymerized
around whole template molecules, and the template molecules are subsequently removed, thereby leaving
behind an imprinted polymer network with cavities that are highly specific to the imprinted template

molecule. This is then followed by a mechanical breakdown process of the bulk polymer into small
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particles. Compared to the bulk polymer, these smaller particles provide more available access for the

targeted analyte to bind to 3 %41,

Generally, this imprinting process is used for small molecules 5 %I since larger molecules,
particularly biological macromolecules 3 % 71 possess slow mass transfer kinetics that make imprinting
and binding with the larger polymer matrix difficult. Additionally, as the imprinted polymer matrix is far
larger than the imprinted templates, challenges can arise in the entrapment of the template molecules.
Elution processes that fail to completely remove the template from the bulk polymer may risk the leakage
of the imprinted template during analysis, thereby skewing data. In addition, the entrapment of the template
may necessitate the use of additional template material, which, for more costly substances, could present a
significant financial drawback. The bulk imprinting process also suffers from recognition site heterogeneity
[89.93,97.98] 'in which non-specific binding sites are formed from the incomplete imprinting of the template.
This can arise from incomplete imprinting of the template molecules on the surface of the bulk polymer, or
during the fragmentation of the bulk polymer, in which complete molecular cavities may be broken apart
into partial cavities. Further challenges in this process arise from the need to highly crosslink the bulk
polymer to ensure mechanical stability. However, this crosslinked polymer is often insoluble in water. As
such, this greatly limits the use of this type of MIP in sensing applications that involve the detection of
water-soluble biological analytes ). To address the challenges of bulk imprinting, alternative imprinting

methods have been explored that involve the imprinting of a polymer film or surface.

Unlike bulk imprinting, in which the template molecule is imprinted throughout the network of the
synthesized bulk polymer, surface imprinting strategies restrict MIP synthesis to surface-level or thin film
imprinting processes [% 94 100-102 - Ag 3 result, the cavities in these surface-imprinted polymers are located
at, or close to, the surface of the polymer, providing favorable access for analytes in solution. This provides
surface-imprinted polymers improved binding Kinetics over bulk-imprinted polymers, which are largely
limited by the diffusion of the analyte across the larger polymer network [®4 10311 - Soft lithography 100 10%.

106,107 and microcontact imprinting 1102 1081141 gre two strategies that have been used for surface imprinting.
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Soft lithographic surface imprinting is a multi-step process, shown below, that can imprint template
molecules in small films. Generally, monomer solution is deposited onto a solid substrate. Then, a
polymeric sacrificial “stamp” is applied to mold the monomer solution in a defined micro or nano-sized
pattern. The monomer solution, under the application of the stamp, is polymerized. Following
polymerization, the stamp is removed or dissolved 5 %61 and the template is eluted, leaving behind a
patterned MIP film [203. 1171 In this process, the template molecule may be mixed into the monomer solution
(1171 or assembled on the surface of the stamp [*4 1171231 - Although this method is capable of producing MIPs
with high affinity 171241251 there are severable notable drawbacks, including poor control over polymer

layer thickness, difficulty in template elution from dense polymers, the risk of template leakage, and the

long time required to form these MIPs 1,
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Figure 12: Schematic overview of soft-lithographic polymer surface imprinting process. In this
process, (2) monomer solution is added to a solid substrate (1). (3) A soft polymeric mold, immobilized
with template, is applied to the solution, pressing it into micro or nano-sized patterns, and the
polymerization is initiated. (4) The polymer stamp is dissolved or removed, and (5) the template molecule
is removed, leaving behind an imprinted polymer film. Reproduced with permission from 2171,
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Microcontact imprinting, like soft lithography, utilizes a stamping-like process (Figure 13) that is
capable of imprinting surface-level cavities in the polymer film. Unlike soft lithography, however, the
template is immobilized to a substrate that can reused for subsequent polymerizations. This enables large
quantities of MIPs to be created without the need for large quantities of the template [°% 112 113,126 - Ag well,
this process, which may not require additional water-insoluble materials, offers several potential advantages
over the previously mentioned methods of polymer imprinting, such as improved solubility and more
consistent orientation of imprinted cavities (21,

(1) Protein Stamp
cover glass
Absorption

%

proteins

(2) Polymerization

Microcontact &
Polymerization

[/ —

glass slide

(3) Extraction

Extraction

-—

Rebinding

Molecularly imprinted polymer

Figure 13: Schematic overview of microcontact imprinting process. In this process, (1) proteins are
immobilized to a hard substrate. (2) This protein stamp is applied to monomer solution and

polymerization is initiated. (3) The protein is eluted from the MIP. Reproduced with permissions from
[110]
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Although advancements have been made towards improvement of MIPs through surface imprinting
approaches, these methods suffer from some of the same risks as bulk MIPs, including unintended template
elution, or template leakage, and recognition site heterogeneity. To address these pervasive challenges,
many recent developments in MIPs have focused on the formation of MIP nanoparticles (MIP-NPs) [ %41,
Development of MIP-NPs has been approached using a variety of strategies. Namely, some of the most
common MIP-NP synthesis techniques to date are precipitation polymerization, emulsion polymerization,
core-shell polymerization (Figure 14). Additionally, solid-phase polymerization has been used for high-

affinity MIP-NPs [93. 94, 127, 128]

Precipitation polymerization is perhaps the simplest of the MIP-NP polymerization techniques.
This process, which uses a similar setup to bulk polymerization strategies, involves the synthesis of polymer
nanoparticles about template molecules in an excess of monomer solution. However, compared to a bulk
synthesis strategy, this process occurs in a far more dilute solution to limit the extent of the polymerization.
The synthesis process occurs as monomers and oligomers are added to the growing polymer NP, until a
critical size is achieved. At this critical size, the synthesized NPs precipitate out of the monomer solution
[93,129-133] * As this process is reliant upon the solubility of the MIP-NPs in the solution, the size of the NPs
can be highly determinant upon several factors, including temperature, the degree of stirring or mixing of
the solution, and the polarity of the solvent [ 134131 Gjven this, it is possible to exert some control over
the size and characteristics of the synthesized NPs. In fact, several examples of MIP-NP synthesis with

precipitation polymerization have been demonstrated [134 136-138],

However, this process also suffers from several key drawbacks. Due to the dilute conditions, it is
difficult to ensure that the MIP-NP polymerizes enough to enable formation of complete molecular cavities
that are sufficiently specific. As such, this process may result in the synthesis of many low-affinity MIP-
NPs as well. Additionally, there is a sacrifice in the cost-effectiveness and efficiency of the process

resulting from the excess monomer that is required. Finally, to ensure that there is sufficient control over
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the synthesis of the NPs, extensive time may be required. As such, this process to produce the NPs of the

desired size can be far slower than other synthesis processes %8 39,

Emulsion polymerization is another technique used for synthesis of MIP-NPs. In this method,
emulsions are often prepared with hydrophobic substances in water with the addition of surfactants 147,
These emulsions are subjected to high-shear homogenization or sonication to disperse the two phases,
resulting in sub-micrometer-sized particles. These particles can then be polymerized, resulting in the
desired MIP-NPs 41, Emulsion polymerization can also be used to coat core particles with a thin layer of
imprinted polymer 142 1431 MIP-NPs have been developed with emulsion polymerization for the high-
affinity recognition of many different analytes with a variety of transduction mechanisms [142 144, 145]
However, without extensive processing and removal, the presence of surfactants in the resulting product of
the emulsions can contaminate the final product and interfere with the molecular recognition of the MIP-

NPs.

Grafting of imprinted polymer onto a seed nanoparticle is another strategy for the synthesis of MIP-
NPs. In this two-stage technique, the core nanoparticle is formed, then the “shell” is grafted onto the core
particle ¢, The material of the core particle can be chosen to possess different functional groups for a
variety of polymer grafting strategies [°* 147 1481 allowing for these MIP-NPs to be developed for multiple
sensing applications. For example, Xu et al. 41 developed a core-shell MIP-NP for the fluorescent
detection of the enzyme trypsin. The core of this MIP-NP was created by the polymerization of N-
isopropylacrylamide (NIPAm) in the presence of trypsin. This polymer was chosen, since NIPAm is a
thermo-responsive polymer that would allow for easier elution with increases in temperature. Following
elution, the trypsin-imprinted MIP-NPs were grafted with an amino linker, followed by the conjugation of
a fluorescent marker, fluorescein isothiocyanate (FITC). This resulting MIP-NP was capable of the
detection of trypsin in a fluorescence immunoassay (FIA) architecture as a direct replacement of a

fluorescently tagged antibody.

32



e o 1P i 1 Allylamine/Bis (98/2 molar ratio
A PR R NIPAm/Bis (80/20 molar ratio) ly (! )
+
Synthesis of S o
core-MIP gk 5
—_—
Washing at 37 C 5 %,
T4

b PERE. )
X 5 .
4 X
\—__—__’/
UV 312 nm, 40 min UV 312 nm, 20 min

Shell grafting

Protein
immobilization
_——

FITC
FITC conjugated core-shell MIP

Conjugation + Washing at 37 °C % e
With FITC Elution at 4 °C Q T
— : : [ —

Figure 14: Schematic illustration of core-shell MIP-NP synthesis. Trypsin is immobilized to glass
beads. Then, the core nanoparticle is polymerized in the presence of Trypsin, using a solid-phase process.
A functional linker is grafted to the surface of the imprinted nanoparticles, then a fluorescent marker is
conjugated, resulting in a fluorescent core-shell nanoparticle. Reproduced with permission from 2491,

Additionally, the material of the core particle can be chosen to confer certain qualities to the whole
MIP-NP. For example, ferrous microparticles have been chosen as seed particles [0 1421431 to provide the
overall MIP-NP a magnetic characteristic. Overall, the core-shell strategy of MIP-NP development offers
good control of size of the resulting MIP-NP, since only a thin polymer coating is required to surround the

core particle 5,
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Figure 15: lllustrations of precipitation polymerization, emulsion polymerization, and core-shell
polymerization. Reproduced with permission from I,

The solid-phase process for the synthesis of MIP-NPs, which was first reported by Hoshino et al.
(1281 ytilizes an immobilized template molecule on a solid support, typically micrometer-sized beads. In
this process, a solution of monomers polymerizes around the immobilized target, resulting in a polymer
nanoparticle that is imprinted with the target molecule. Upon completion of the polymerization process,
the MIP-NPs are eluted from the immobilized target and collected. This method allows for simple removal
of the template from the MIPs and allows for the immobilized template to be reused for future batches.
Additionally, this method allows for selective separation of low-affinity MIP-NPs and high MIP-NPs, as
low-affinity MIP-NPs can be removed with cooler solvent than the higher affinity MIP-NPs [°3 127, 128],
Additionally, as the MIP-NPs are removed from the solid-phase template molecules, the risk for the
unintended leaching of the template during analysis is substantially lower, thereby providing an advantage
for the use of these MIP-NPs in sensing applications. MIP-NPs using a solid-phase strategy have been
employed in a variety of sensing applications, using different transduction schemes to detect many different
analyte targets [67. 149, 151-155] - 5ome examples of these sensors utilizing MIP-NPs are shown in the table
below. Overall, nanoparticle synthesis strategies provide encouraging opportunities for improved

development of MIPs over more traditional surface imprinting and bulk imprinting processes.
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Table 4: Examples of Molecularly Imprinted Polymer Nanoparticles (MIP-NPs).*

Analyte Transduction Limit of Detection Ref.
(ng/ml)

Precipitation Polymerization

Theophylline DPV 180 [138]
Carbamezepine LC-UV 20* [134]
Oxcarbazepine LC-UV 40* [134]

Cinchonidine HPLC-UV 16,500 [136]

Emulsion Polymerization

Uric Acid SPR 248 [142]
Cannabinoids (multiple) QCM 0.0002-0.00045 (1441
Ciprofloxacin AFM 500 [145]

Core-Shell Polymerization

Trypsin FIA 1.2%* [149]
Bovine Hb TGA/VSM - [130]

Solid-Phase Polymerization

Bacteriophage MS2 SPR -- (151]

Adenovirus SPR -- (152]

Biotin Enzyme-linked 0.00029 (7]
assays/UVv

Fumonisin B2 Enzyme-linked 0.0043 (7]
assays/UV

Glucosamine Enzyme-linked 7.2x10°% (7]
assays/UV

L-Thyroxine Enzyme-linked 0.0063 (7]
assays/UVv

Alpha-Casein SPR 127 [154]

Trypsin QCM 0.47 [155]

Cocaine (drug) Potentiometric 0.18 (253]

*DPV = differential pulse voltammetry; LC-UV = liquid chromatography-ultraviolet detection;
HPLC-UV = high performance liquid chromatography-ultraviolet detection; SPR = surface
plasmon resonance; QCM = quartz crystal microbalance; AFM = atomic force microscopy; TGA
= thermogravimetric analysis; VSM = vibrating sample magnetometer.

**Value listed is for limit of quantification.
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1.3.4.1.1 MIP-Based Vancomycin Sensing

Related to the challenges listed above, MIP development for vancomycin sensing has most often
involved solid-phase imprinting techniques, due to the fact that elution of vancomycin is fairly difficult in
comparison to other template elution processes [4 92 127. 128, 156-158] - Gjyen that the elution techniques are
used in bulk imprinting and surface imprinting rely on the facile extraction of small molecules or enzymatic
lysis of larger proteins, these imprinting strategies are inadequate for the imprinting of vancomycin. Unlike
the small molecules that have been demonstrated to successfully elute from these larger imprinted
polymers[®3-96. 111. 1581611 'yancomycin (MW = 1449 g/mol) substantially larger. Furthermore, in contrast to
larger peptides and proteins, vancomycin is not known to have an available lytic enzyme that could assist
in the elution process. As such, development of vancomycin-imprinted polymers has generally followed
nanoparticle synthesis strategies. More specifically, these vancomycin-imprinted polymers have utilized
the solid-phase synthesis approach. The solid-phase process for the synthesis of vancomycin MIP-NPs was
first adapted for the imprinting of vancomycin by Poma et al. This process utilizes an immobilized

vancomyecin target molecule on a glass bead solid support 11271,
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Figure 16: Schematic diagram for solid-phase molecularly imprinted polymer nanoparticle (MIP-
NP) synthesis. Vancomycin-functionalized beads are incubated in monomer solution and polymerization
is initiated, forming polymer nanoparticles (NPs) around the template molecule. Polymer NPs are
subsequently eluted from the vancomycin-functionalized beads, resulting in MIP-NPs.

Considering the use of MIPs as synthetic antibodies, Chianella et al. " developed an assay based
on the ELISA architecture that incorporated MIP-NPs as the primary affinity element. These

nanoparticles were polymerized in an aqueous monomer solution containing vancomycin-functionalized
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glass microbeads. After polymerization and elution, the resulting MIP-NPs were adsorbed onto the
surface of microwells. Following the competitive binding schematic of ELISA assays, the adsorbed MIP-
NPs were incubated in a mixture of free vancomycin from the sample of interest and vancomycin
conjugated to the horseradish peroxidase enzyme (HRP). After washing, a solution of the HRP substrate,
3,3°,5,5’-tetramethylbenzidine (TMB), was added. The concentration of vancomycin in the tested sample

was associated with the resulting color change of the assay ™!,

This method of analysis enabled for sensitive detection of vancomycin in a plasma matrix using
the same equipment that was required for a commercial vancomycin ELISA kit. In comparison to
traditional vancomycin ELISA Kits, this assay demonstrated improved sensitivity. As well, the assay was
observed to be stable for up to a month at room temperature. However, many of the same complexities and
drawbacks that plague traditional ELISA tests remain prevalent in this technology. Although the
substitution of antibodies with the MIP-NPs provided the assay with improved stability and potentially
lower cost, the testing platform for the assay is highly like the those of more traditional ELISAs. As such,
the testing procedure remains relatively complex and requires the person performing the test to have
extensive training and knowledge of the testing process, thereby limiting the use of this assay to laboratory
settings in which ELISAs are already performed. Furthermore, the low range of detection for this test meant

that extensive dilution of the tested sample was required for clinically relevant dosages of vancomycin 41,
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Figure 17: Schematic diagram for a competitive ELISA assay using vancomycin-imprinted MIP-
NPs as analogues for antibodies. In this MIP-based ELISA, the MIP-NPs, or nanoMIPs, can be
adsorbed onto microwells and serve as substitutes for the antibody biorecognition agent of traditional
ELISAs. Enzyme (HRP)-conjugated vancomycin and vancomycin from the sample compete for a limited
number of binding sites on these MIP-NPs. After washing unbound vancomycin, substrate (TMB) is
introduced and enzymatic conversion of the substrate can be quantified as a color change, indirectly
related to the concentration of vancomycin in the sample. Reprinted (adapted) with permission from 741,

Using a similar solid-phase synthesis procedure, a sensor was developed to detect vancomycin in
a sample based on a thermal transduction mechanism. In this device, shown below, MIP-NPs were
adsorbed onto a thermocouple, which was placed in a thermal flow cell system. An electronically controlled
heating element in the system was kept at 37°C to mimic the temperature of the body. Addition of a room
temperature buffer sample caused the temperature in the cell, including the temperature detected by the
thermocouple, to decrease. In response, the heating element caused a transient increase in temperature,

until the system returned to 37°C.
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Figure 18: Schematic illustration of a MIP-NP-based sensor with a thermal transduction
mechanism. In the absence of vancomycin, heat can freely pass from the heating element (T4), to the
thermocouple (T2), such that the steady-state temperature of T is the same as that of T1. However, upon
introduction of a sample containing vancomycin, the vancomycin binds to the MIP-NPs on the surface of
the thermocouple, forming an insulative layer and inhibiting flow of heat from Ty to T». As such, at
steady-state, Ty is greater than T,. Reproduced (adapted) with permission from 2571,

In a system absent of vancomycin, the temperature measured by the thermocouple was expected to
be the same as the temperature throughout the cell, as the heat could readily pass to the thermocouple.
However, upon addition of vancomycin to the system, the vancomycin bound to the MIP-NPs, thereby
providing an insulative layer at the solid-liquid interface of the thermocouple that partially obstructed the
flow of heat from the cell to the thermocouple. As a result, the steady-state temperature measured by the
thermocouple was lower than 37°C. This change in temperature can be correlated to the concentration of
vancomycin in the sample, as a higher concentration of vancomycin would be expected to bind to more of
the MIP-NPs, thereby providing a more extensive insulative layer. While this sensor demonstrated a
detection limit as low as 6 ng/ml, the sensor was only tested with a spiked buffer solution and exhibited

some cross-reactivity with teicoplanin, an antibiotic with a structure like that of vancomycin 2571,

More recently, MIP-based sensors that employ electrochemical transduction methods have been
designed and developed by the groups of Mazzotta et al. 581 and Eguchi et al. %2 Unlike other
electrochemical MIP transduction schemes that have utilized electroactive analyte targets !5, these sensors
incorporated ferrocene-derived monomers, such as vinylferrocene (VF) [1%. 162 ferrocenylmethyl

methacrylate (FMMA) %81, or allylamine carboxypropionic-3-ferrocene (ACPF) 12621 within the matrix of
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a MIP film 162 or a MIP-NP %81 to confer electroactive properties to the largely non-electroactive MIP-
vancomycin binding interaction. These redox reporter monomers thereby enabled emission of transducible
electrochemical signals that were measured through voltammetric methods, including cyclic voltammetry
(CV) 1% and differential pulse voltammetry (DPV) 1292 as the non-electroactive target vancomycin
molecule bound to the imprinted polymer substrate. Although sensing of vancomycin was primarily
performed in buffer spike with vancomycin 1% 162 Equchi et al. successfully demonstrated detection of

vancomycin over a linear range of clinically relevant concentrations in whole bovine blood 1621,

While these MIP-based sensor designs have proven relatively successful in detection of
vancomycin, there remain concerns regarding their performance, particularly with respect to the
interference from other components within the sample. When these sensors were tested in samples
containing other non-electroactive antibiotics, including ciprofloxacin, levofloxacin, and ampicillin [*581, as
well as Teicoplanin (%21 there were significant responses that were detected by the respective sensor
systems. These responses indicate that there was a significant degree of non-specific binding between the
MIPs and the antibiotics, which could provide inaccurate results when tested with samples containing

multiple antibiotics.

Nevertheless, these electrochemical transduction designs present an exciting pathway for MIPs as
biorecognition elements in practical, cost-effective, point-of-care sensing platforms. In contrast to other
MIP-based transduction designs, which require larger, more-expensive equipment [4 92 156. 1571 thege
electrochemical transduction schemes offer potential for development on more cost-effective electronic

architectures for rapid, label-free vancomycin detection over a range of clinically relevant concentrations

[158, 162]

Alternatively, the group of Altintas et al. ! developed a MIP-based sensor for the detection of
vancomycin in milk. The sensor, shown below, was designed with MIP-NPs that were amine-coupled to a

mercaptoundecanoic acid (MUDA)-linked self-assembled monolayer (SAM). Surface plasmon resonance
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(SPR) was performed to detect vancomycin that had been previously conjugated to gold nanoparticles to

amplify the response and enhance sensitivity.
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Figure 19: Schematic illustration of a sensor for nanoMIPs (MIP-NPs)-based SPR sensor. The MIP-
NPs serve as synthetic receptors coupled by MUDA to a gold chip. For sighal enhancement, vancomycin
was previously conjugated to gold NPs. Reproduced with permission from [25],

This system demonstrated a low limit of detection with little cross-reactivity to other compounds.
However, it should be noted that the performance of this sensor was achieved by conjugation of the
vancomyecin to gold nanoparticles, which amplified the signals transduced by the SPR system. It is expected
that the sensitivity and detection limit of this device could suffer without the use of these gold NPs.
Additional complications could be expected if this device were to be adapted for blood-based or serum-
based vancomycin detection, including interference from proteins and other substances within the serum
samples that may not be present in the milk, as well as the possible need to dilute samples containing
clinically relevant concentrations of vancomycin %1, A table listing these MIP-based vancomycin sensor

strategies is shown below.

41



Table 5: Polymer-based vancomycin sensors.*

Method Detection Linear Limit of Matrix Ref.
System Range detection
(Mg/ml) (Mg/ml)

MIP-NP SPR 0.010-1.0 0.0041 Milk [156]
MIP-NP Thermal 0-0.14 0.006 Buffer [157]
MIP-NP  Spectrophotometric ~ 1.4x10° - 0.1 3.6x10° Porcine plasma [74]
(ELISA) A =450 nm
MIP-NP cV 83— 410 - Buffer [158]

MIP DPV 0-40 -- Buffer, Blood (162]

*MIP-NP = molecularly imprinted polymer nanoparticle; SPR = surface plasmon resonance; ELISA =
enzyme-linked immunosorbent assay; CV = cyclic voltammetry; DPV = differential pulse voltammetry.

1.3.4.2 PEPTIDE

Although immunological agents and polymers have been incorporated as affinity binding elements
for vancomycin sensing, these recognition elements do not exploit the binding mechanism between
vancomycin and the d-Ala-d-Ala peptide terminus. While not as commonly researched as other sensor
design types, peptide-based detection devices offer numerous advantages over other biorecognition agents
for vancomycin detection, including stability [ a high degree of control over synthesis and production

(1651 ‘and cost.

At the time of this reporting, it is known that several sensors incorporating peptides have been
developed for vancomycin detection. These sensors are modified with the d-Ala-d-Ala peptide terminus
that vancomycin has been known to bind to in bacteria. One such sensor, designed by Cooper et al. [16],
was developed to evaluate the binding affinities of a variety of modifications of the d-Ala-d-Ala peptide
sequence, including a d-Ala-d-Lac terminus and d-Ala-1-Ala terminus. These different peptide sequences
were bound to self-assembled monolayers on gold substrates. The bound vancomycin was detected and
guantified with surface plasmon resonance (SPR). Compared to the d-Ala-d-Ala sequence, the alternative

peptide termini were observed to have much lower binding affinities to vancomycin in buffer, thereby
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supporting the preference of vancomycin towards the d-Ala-d-Ala peptide terminus. Interestingly, the
sensor could be re-used for subsequent trials, by rinsing the sensor with vancomycin-free buffer to clear
any previously occupied peptides of vancomycin 1%, Similarly, a sensor was developed by the group of
Tseng et al. %7, in which d-Ala-d-Ala and I-Ala-1-Ala peptides were bound to self-assembled monolayers
for analysis of vancomycin binding via quartz crystal microbalance (QCM). This analysis was used to
further demonstrate the preferred affinity of vancomycin to the d-Ala-d-Ala peptide over the I-Ala-I-Ala

peptide (1671,

More recently, a d-Ala-d-Ala peptide-modified cantilever array was developed that could be used
to quantify vancomycin in calf serum. This design measured the deflection of light caused by the bending
of the cantilever as vancomycin bound to the peptides on the cantilever surface. Like the sensor developed
by Cooper et al. 1 this device could be used repeatedly by washing the surface with blank buffer to
regenerate the binding sites. Additionally, this design offered label-free, real-time detection of the
vancomycin within clinically relevant concentrations. However, due to the nature of the detection
mechanism, this sensor design can be susceptible to errors, stemming from electrostatic interactions outside
of the peptide-vancomycin binding event. Additionally, there is evidence that ionic activity in solutions
may lead to significant errors in the reported measurements of vancomycin. As such, dilution of ionic
matrices, such as serum, is required to avoid these errors, thereby potentially limiting the viability of the

sensor design for clinical use in vancomycin testing 41,
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Figure 20: Schematic illustration of peptide-functionalized microcantilevers. In the presence of
vancomyecin, the peptides on the functionalized cantilevers bind to any free vancomycin. This causes a
deflection in the microcantilevers, which can be detected via deflection of light. These bound peptides

can be flushed with clean buffer to remove the bound vancomycin, thereby allowing for renewable
binding. Reprinted with permission from ©4],

Typically, detection of vancomycin is performed in a blood-derived biological matrix, such as
serum or plasma. However, efforts to develop sensors that are capable of quantifying vancomycin using
samples that are less-invasively procured have been pursued in recent years. One such sensor, which
operates on an optofluidic microneedle substrate, takes an alternative approach to TDM of vancomycin by
sensing the drug within interstitial fluid (ISF), as opposed to serum or plasma [, Interestingly, this device
uses an enzyme-based detection mechanism that is like the enzyme-based immunoassays listed previously.
However, in contrast to those previously mentioned enzymatic immunoassays, this device makes use of the
Lys-d-Ala-d-Ala peptide terminus binding element instead of an anti-vancomycin antibody. Additionally,
rather than employing a competitive binding mechanism, like many of the sensors listed previously, this
sensor utilizes a displacement mechanism, in which vancomycin from the sample displaces pre-bound
vancomycin from the peptide affinity element. As shown below, on the lumen of the microneedles, HRP-

labeled vancomycin molecules are pre-bound to peptides terminated in the Lys-d-Ala-d-Ala amino acid
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sequence. Upon introduction of free vancomycin from the sample matrix, the labeled vancomycin is
displaced from the peptides. These displaced HRP-vancomycin conjugates interact with available TMB,

resulting in a detectable color change.
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Figure 21: Microneedle-based optofluidic sensor for vancomycin. The Lys-d-Ala-d-Ala peptide,
which is attached to a gold substrate of the inner lumen of the microneedle, is pre-bound with HRP-
conjugated vancomycin. Upon introduction of the interstitial fluid (ISF) sample, vancomycin from the
ISF displaces the conjugated vancomycin. The HRP enzyme conjugated to the displaced vancomycin is
reacted with TMB, producing a measurable color change that can be correlated to the concentration of
vancomycin in the sample. Reproduced with permission from [,

By detecting vancomycin from the ISF, as opposed to blood, this device does not require the
additional time and effort required for normal blood acquisition methods. Additionally, the volume of ISF
required for clinically relevant detection is substantially less than the volume of blood required for detection
with other, more traditional, methods. However, it should be noted that distribution parameters of
vancomycin in ISF may be vary across individuals within a patient population. This may lead to

inconsistencies in the accuracy of the vancomycin measurement for predicted systemic levels (1681, As well,
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the sensor requires that the enzyme-linked vancomycin be pre-loaded into the microneedle lumen before
the sample can be obtained, which could add time and variability to the testing procedure ¢, An alternative
strategy, explored by Ito et al., used a similar microneedle substrate system. However, this device utilized
a LC-MS/MS transduction strategy that required additional sample processing 169, A table of several

vancomycin sensors using peptide affinity elements is presented below.

Table 6: Peptide-based vancomycin sensors.*

Method Detection Linear Limit of Matrix Ref.
System Range detection
(Mg/mD)  (pg/ml)

Cantilever  Optical deflection 3-140 0.3 Fetal calf serum [84]
array
SAM SPR - 1.6 Buffer [166]
SAM QCM - 3.9 Buffer [167]

SPR 4.6

*SAM = self-assembled monolayer; SPR = surface plasmon resonance; QCM = quartz crystal
microbalance.

1.3.5 ALTERNATIVE DETECTION METHODS

In addition to the devices mentioned above, vancomycin sensors have been developed based on
alternative detection schemes. While methods utilizing affinity binding elements are common for
vancomycin detection, alternative methods have also been developed that lack an apparent binding element.
Instead, some of these sensors possess electroactive surfaces, coupled with electro-oxidative detection, to
provide rapid and sensitive detection that can be relatively inexpensive to produce on a large scale. In these
systems, vancomycin is electro-oxidized at the surface of the electrode, resulting in a detectible response.
This response is dependent on the concentration of vancomycin present in the plasma. Hadi & Mollaei 7
developed a sensor based on this concept with a graphene-modified glassy carbon electrode surface. This
sensor, which detected oxidation of the vancomycin molecule in response to a voltammetric signal, could

produce a voltage-dependent current response curve. Although dilution could be required for higher clinical
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concentrations, this device was capable of producing a sensitive response within clinically relevant plasma

concentrations of vancomycin 17,

Another alternative method for vancomycin detection was developed using a fluorescence detection
mechanism absent of a conventional affinity element 71, In this device, fluorescence was generated by
the excitation of quantum dots by 350 nm light. In the presence of vancomycin, however, this fluorescence
is quenched, leading to a lower detected intensity of fluorescence emission. In human serum, this device
demonstrated excellent sensitivity, achieving detection at concentrations three orders of magnitude lower
than clinically relevant concentrations. However, there are complications with the quantum dot technology.
The authors describe the effects of temperature on the fluorescence quenching mechanism, which could
affect results if not properly accounted for 173, Moreover, it has been shown that defects in the quantum
dot structures may lead to “blinking”, thereby suppressing the fluorescent emission of the quantum dots
and resulting in a lower concentration of vancomycin detected 72, The performance of these alternative

detection methods is summarized in the table below.

Table 7: Other methods of vancomycin detection.*

Method Detection Linear Range Limit of Matrix  Ref.
System (ng/ml) detection
(pg/ml)
GR-GC SWv 0.7-50 0.3 Human plasma 0170
QD UV, Fluorescence 0.0015 - 20 0.00046 Human serum 07

*GR-GC = graphene-modified glassy carbon electrode; SWV = square wave voltammetry; QD =
quantum dots; UV = ultraviolet light.

Towards the detection of vancomycin for TDM, many approaches have been taken. These
approaches have incorporated many different binding elements and various detection strategies. Although
commercial sensors have been largely dominated by immunoassays, sensors developed with other binding
elements, such as peptides and polymers, and alternative transduction strategies, have also demonstrated

successful detection in recent years.
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2 SIGNIFICANCE OF PROJECT

Detection of vancomycin has been an important focus of research since the drug was first used in
the 1970s 231731 Since then, the importance for effective detection of this drug has increased as the use of
vancomycin has increased. This value has been further emphasized, owing to the narrow therapeutic
treatment window for the antibiotic. As such, research has been geared towards improved detection
methods that can rapidly and accurately quantify vancomycin within clinical settings. Providing medical
practitioners with results that are precise, accurate, and informative within a timely manner is essential for

detection of vancomycin as part of a therapeutic treatment regimen.

Due to a variety of confounding and complicating factors in vancomycin treatment, there is a
demonstrable need for accurate and effective detection of vancomycin for patients undergoing treatment.
These factors, which include the risks for toxicity and antibiotic resistance, a narrow therapeutic treatment
window, and a time-dependent therapeutic mechanism require relevant and rapid determination of
vancomycin in the body to inform dosing regimens. While mathematical and statistical models 3% 14 exist
that may inform certain dosing parameters for vancomycin therapy, these approaches fail to address patient
populations who suffer from health complications or other abnormalities for whom these models do not

accurately describe metabolic and renal function.

Furthermore, while numerous technologies and devices have been developed for the purpose of
vancomycin detection, limitations in the resources for patients, healthcare providers, and facilities
demonstrate that there are glaring inadequacies for these existing technologies. Commercial vancomycin
detection technologies, which exist primarily as immunological assays, have limited use as diagnostic
devices in point-of-care settings, such as use military settings, due to the need for refrigeration of the
immunological agents in these assays. Use of synthetic biorecognition agents, such as molecularly
imprinted polymers, however, presents an opportunity to overcome this drawback, as these MIPs exhibit

long-term stability at ambient temperatures.
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Development of synthetic MIP-NPs with antibody-like affinity from the labs of Piletsky and others
has enabled detection of vancomycin using methods and technologies that were previously unavailable.
These works have shown that vancomycin testing can be performed electrochemically, thermally, and

spectrophotometrically, among other ways in different biological matrices [74 93 127, 156-158]

However, while these MIPs provide a new frontier for testing methodologies, compared to more
conventionally used immunological biorecognition agents, there is still potential to further explore and
improve on the existing MIP technology. Up until now, there has not been a demonstrated effort to analyze
the binding capacity of these MIP-NPs with vancomycin using a mass spectrometric technique. Previous
efforts to evaluate the binding performance of these MIP-NPs have incorporated additional components
that are required for the utilized analytical techniques. By conducting this study, we present an opportunity
for critical evaluation of this MIP technology without the addition of such components, thereby providing
a clearer understanding of the binding capacity of these MIP-NPs. Moreover, this research presents an
opportunity to reproduce and evaluate this technology for binding to vancomycin from an independent

research perspective.
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3 SYSTEM DESIGN

3.1 THEORETICAL CALCULATIONS

In anticipation of synthesis for the MIP nanoparticles, the experimental parameters for the
evaluation of the nanoparticles were determined. First, the total number of MIP-NPs was determined by
calculating the weight of functionalized magnetic beads needed to replicate the yield of NPs stated in a
previous experiment 41, In this previous experiment, the authors functionalized 60 g of 75 um glass beads
with vancomycin to a final surface linker density of 0.26 linkers/nm?. From this, the authors stated that a

final yield of 5.6 mg MIP-NPs were produced.

To reproduce a similar yield of MIP-NPs, it was believed that it would be important to maintain a
similar total number of functionalized linkers. To determine the total number of linkers in the previous
experiment, it was assumed that the glass beads used in the experiment were spherical. Additionally, an
assumption was made that the density of the glass beads was 1.1 g/ml. This assumption was made based
on the density of glass beads of similarly sized glass microbeads (Sigma-Aldrich, product #: G2767). Based

on these assumptions, the following equations were combined into a simplified final equation:

N; = ng(4nr?)

Equation 2: Number of vancomycin linkers per bead, N,, as a product of the unit linker density, ng,
and surface area, assuming spherical geometry.

Equation 3: Volume of each bead, assuming spherical geometry.

_ mg _ 3mG
T pV 4Amr3p

Equation 4: Total number of glass microbeads, N, as a function of the mass (mg), density (p), and
volume of the beads (V).
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X = N(N))

Equation 5: Total number of functionalized vancomycin molecules, X, given as a product of the
number of linkers per glass bead (N;) and the total number of glass beads (N).

X =fnymy
Equation 6: Total number of functionalized vancomycin molecules, X, given as a product of the
fraction of aldehyde linkers that are assumed to be functionalized to vancomycin (f — which is

assumed to be 25%), the number of aldehyde linkers per unit mass of magnetic beads (nwm), and the
total mass of magnetic beads (mwm).

The five equations, shown above, were combined to calculate the mass of magnetic beads required
to enable synthesis of about 5.6 mg of MIP-NPs. This mass was then calculated with the simplified
equation, given below.

SnGmG

m =
M fpreny

Equation 7: Total mass of magnetic beads required to replicate the yield reported by previous
research.

Most of the values for the parameters in the equation were taken from previously published
information "4 171, The density of linkers on the glass beads, ns, was given by Chianella et al. as 0.26
linkers/nm?. This was reported on 60 g (mg) of 75 um (rc = 37.5 um) glass beads. The number of aldehyde
linkers, nm, was taken from the published manual on the magnetic beads that were used in the experiments.
This value is 1.57x10% linkers/g bead. As mentioned previously, the functionalization factor, f, was
assumed to 25%, or 0.25, and the density, p, of the glass beads was assumed to be 1.1 g/ml. By applying
each of these values to the above equation, it is determined that 29.0 mg of magnetic beads would be
required to produce 1.13x108 functionalized vancomycin linkers that were calculated to yield the 5.6 mg

of MIP-NPs in the previous experiment.

However, following these initial calculations, it was observed that simply determining the

guantities for MIP synthesis solely based on the number of functionalized linkers was inadequate, since the
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synthesis of the MIP-NPs could be inhibited by steric hindrance. Compared to the larger glass beads used
in the previous experiment, the magnetic microbeads to be used in this experiment were stated to possess a
higher density of linkers 1%, thereby providing less space between each linker for the synthesis of the MIP-
NPs. It was surmised that this effective decrease in surface area could, in effect, limit the number of MIP-
NPs that could be synthesized from each magnetic microbead. To investigate the degree to which the
effective surface area decreased from the larger glass beads to the smaller magnetic microbeads, theoretical

calculations, shown below, were performed to evaluate this change.

In the previous experiment by Chianella et al. "4, 60 g of 75 um glass beads were used, which was
previously determined to be approximately 2.47x10® beads (N), each having a surface area of 7.07x10%°
nm2 By multiplying these values, the total surface area of the beads used in the experiment (Ag) was

determined to be 4.35 m2.

Ag = N(4mr?)

Equation 8: Total surface area of glass microbeads.

For comparison, the total surface area of the magnetic beads, Awm, was calculated by multiplying
the published value for the surface area of the magnetic beads, 100 m?/g beads 7%, with the 29.0 mg mass
(m) of beads that had been calculated previously. By plugging these values into the equation below, a total

surface area of 2.90 m? is calculated.
AM = m(am)

Equation 9: Total surface area of vancomycin-functionalized magnetic beads.

From the above equations, it can be seen that, although, the mass of magnetic beads was initially
thought to represent an equivalent opportunity to produce a similar yield of MIP-NPs, there is a significant

reduction of approximately 1.45 m?, or 33%, of the overall surface area of the beads.
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To further explore what effect this reduction could have on the synthesis of the MIP-NPs on the
surface of beads, a variation of a sphere-packing, or “kissing”, problem was explored. The question at the
heart of this problem to be investigated was how many MIP-NPs — assumed to be spherical, with diameters
of 200 nm — could occupy the total available surface area of the glass beads or magnetic beads — also
assumed to be spheres, with diameters of 75 um and 1 pum, respectively. This yield would represent the
theoretical maximum vyield that would be expected if all available area on the surface of the beads was

occupied by the NPs.

Initially, a calculation of the theoretical maximum was made by considering each MIP-NP to
project on the surface of the bead as a circle. To this effect, the spatial arrangement of the spherical NPs
would follow the same arrangement as two-dimensional circles on a flat surface. In this consideration,
the projected circles were believed to be arranged as in a square lattice packing scheme. This
arrangement, shown in Figure 22 below, demonstrates that each circle is aligned such that each circle

touches four, and only four, circles.
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Figure 22: Square lattice packing scheme. In this arrangement, each particle on the surface of the bead
contacts exactly four other particles. Although this represents an ideal, uniform packing arrangement, this
pattern leaves about 21.5% of available space unoccupied.

Notably, each circle is arranged such that it can be represented with a square of equal diameter to

the circle it represents. Knowing this, the total number of circles in each area, and to this effect, the total

number of MIP-NPs on the surface of the magnetic bead, X, can be determined by the following equation:

_4mr®
~(2rp)?

Equation 10: Total number of MIP-NPs able to fit on a single microbead.

Where, r1 is the radius of the magnetic bead (37.5 pm), r» is the assumed radius of the MIP-NP (100
nm), and X is the total number of MIP-NPs packed onto the surface of the bead. From this calculation, the

theoretical maximum number of MIP-NPs capable of packing onto a single bead is 78.

Although the above work provides a reasonable estimation for the theoretical maximum number of
NPs, it fails to represent the densest packing arrangement achievable. In contrast, a hexagonal lattice
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packing arrangement represents a denser packing scheme. This arrangement, shown in Figure 23 below, is

capable of packing more of the NPs in the same area than the square lattice arrangement.

Figure 23: Hexagonal lattice packing scheme. In this arrangement, which represents a more efficient
organization than the square lattice arrangement, each particle on the surface of the bead contacts exactly
six other particles. This arragnment allows for only about 9.3% of available space to remain unoccupied.

To demonstrate how much denser the hexagonal lattice is than the square lattice, the packing
density (D) of each arrangement can be calculated by taking the ratio of the area occupied by the circles

(Ao) of interest to the total area of available space (Ar), as shown in the equation below:

D=
At

Equation 11: Packing density of unit circles in each area.
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For a square lattice arrangement, the available space can be represented as a square with sides equal
to the diameter of the inscribed circle. To this effect, the packing density of this scheme can be calculated
as the ratio of the area of the inscribed circle, with radius r, to the area of square around it, whose side is
equal to 2r.

2

A r niry? r,?
2 : L =0.785(—

Dc=—= =
ST A @r)? 4, r)?

Equation 12: Packing density in a square lattice packing arrangement.

Alternatively, the packing density of the hexagonal lattice arrangement is based on the ratio of the

area of the inscribed circle to the area of a hexagon that touches the circle on all six of its sides.

A (23,

_Ap  mry? _ 0.907 12 _0.907D
' r,2)  0.785 °

Equation 13: Packing density in a hexagonal packing arrangement.

To estimate the theoretical maximum number of MIP-NPs that can fit onto the surface of the
magnetic bead with a hexagonal lattice arrangement, the theoretical maximum presented with the square
lattice pattern can simply be scaled by the ratio of the two packing densities. Doing this yields a theoretical
maximum of 90 MIP-NPs per bead. This figure would represent the highest theoretical maximum number

of NPs possible, since the hexagonal lattice is thought to be the most densely packed arrangement.

On the other hand, if those same calculations are applied to the methods utilized by Chianella et
al., then the theoretical maximum would range between 1.1x10° and 1.3x10° NPs per bead. Scaling these
figures by the 2.47x108 number of glass beads, and there would be a theoretical possibility of 2.7x10% to

3.1x10"2 total MIP-NPs over a theoretical total surface area of 4.35 m2.
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By assuming that the density of the MIP-NPs is roughly that of water (1 g/cmq), the theoretical
maximum mass yield can be determined by calculating the overall total volume of the MIP-NPs. This
overall volume (Vn) can be calculated as a product of the volume of each bead (V) and the total number
of beads (n). From this, the total mass yield (mn) can be calculated as the product of the total volume and

the density of the NPs (p). These calculations are shown in the set of equations below:

4 4
vV, = §nr3 = §1:(100 nm)3 =4.2+10nm3 =4.2 101> cm?

Equation 14: Volume of molecularly imprinted polymer nanoparticle (MIP-NP). Geometry is
assumed spherical.

Vy=nV, = (4.2 10715 f)u 1510522 _)(2.47 + 10° beads) = 0.11 cm®
N n ' NP bead " '

Equation 15: Total volume of MIP-NPs.

my = pVy = (0.11cm?) (1 %) =0.11g NP = 110 mg NP

Equation 16: Total mass yield of MIP-NPs.

For comparison, the yield reported by Chianella et al. was 5.6 mg. This represents approximately
five percent of the theoretical yield, given simply by an assumption of a packed surface in a square lattice
arrangement. When taking into account the fact that a perfectly packed surface following a hexagonal
packing arrangement only uses approximately 90.7% of the total available surface area, it can be determined
that the MIP-NIPs synthesized on the surface of these glass beads represent approximately only about 4.6%
of the total available surface area. From this evidence, this method of solid-phase NP production does not
appear to efficiently utilize the available surface area of the glass bead. Additionally, this data suggests
that the difference between the experimental yield and theoretical yield of MIP-NPs may not be completely
due to steric hindrance. Nevertheless, the mass of magnetic beads used in the experimental procedure was

increased to match the total surface area of the glass beads used in the referenced experiment.

57



3.2 SYNTHESIS DESIGN

The proposed polymer nanoparticles will be intended for the detection of vancomycin in human serum.
These nanoparticles will serve as affinity binding elements that will act as steric and chemical complements
to vancomycin. As such, the individual monomers that compose the proposed MIPs must possess functional
groups that are compatible with the functional groups of the vancomycin molecule to ensure a high degree
of affinity between the vancomycin analyte molecule and the resulting molecularly imprinted polymer.
Additionally, the conditions of the serum matrix in which the vancomycin would be detected requires that
the polymer be water-soluble and stable at temperatures ranging from room temperature to human

physiological temperatures.

With these concerns in mind, the composition of the proposed polymer is largely based on a
combination of acrylic and acrylamide monomers that were previously demonstrated for the successful
development of vancomycin MIP-NPs ['4 127.1281 - The monomer solution consists of four monomers: N-
isopropylacrylamide (NIPAm), which serves as a backbone monomer, N-tert-butylacrylamide (TBAm),
which serves as a hydrophobic functional monomer, acrylic acid (AA), which serves as a negatively charged
monomer, and N,N-methylenebis(acrylamide) (BIS), which acts as the cross-linker. These monomers will
be dissolved in primarily DI water, although a proportionally small volume of ethanol will need to be added

to dissolve the hydrophobic TBAm.
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Figure 24: Structural representations of the four component monomers that comprise the MIP-
NPs.

For the synthesis of the described MIP-NPs, a solid-phase support consisting of microbeads will be
utilized. This solid-phase synthesis method, which has been adapted from previous works [ 127: 1281 ‘allows
for the separation of the MIP-NPs from vancomycin via simple thermal-based elution. In the solid-phase
synthesis, vancomycin molecules are bound to a solid surface — often a micrometer-sized bead — via
reductive amination of an aldehyde group with the primary amine group of the vancomycin molecule. The
binding of the vancomycin primary amine to the solid surface is not believed to interfere with the binding
of vancomycin to the peptide, given how far the primary amine is from the groups responsible for the

peptide bond.

Reductive amination, shown below, is a process in which the aldehyde group and the amine group
form an intermediate imine bond. This bond can be reduced with a reducing agent, such as sodium
borohydride, or the weaker sodium cyanoborohydride, to convert the carbon-nitrogen double bond to a

single bond, which is capable of withstanding the thermal conditions of the solid-phase, post-
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polymerization, elution phase. This allows for the vancomycin-functionalized microbead to be used in

subsequent polymerization reactions, thereby reducing costs.

~ )~ 9 o~
HEN/\ —)d v O\H
NaBHsCN

Figure 25: Schematic representation of reductive amination process. In this process, an aldehyde-
terminated magnetic ferrous microbead couples with an amine-terminated organic compound. a)
Magnetic bead and primary amine functional group are introduced together, b) an intermediate imine
bond is formed, which upon introduction of a reducing agent, such as sodium cyanoborohydride
(NaBH3CN), reduces to c) a newly-formed secondary amine bond that links the magnetic bead with the
previous organic compound.

a)

For the choice of support, previous works have synthesized polymers around 75 um-diameter beads
[74.1211 - However, we will use 1 um aldehyde-activated ferrous magnetic beads. Use of these beads provides
several advantages over larger, glass beads, particularly, an increase in the density of aldehyde functional
groups on the surface of the beads. Additionally, the magnetic beads, unlike glass beads, can be separated
from the solution with the application of a magnet. This is an especially cost-effective method of separating
particles of this diameter. Conversely, use of similarly sized glass beads would require use of a nanometer-
sized filters. Following functionalization of vancomycin, the microbeads will be incubated in the monomer
solution, and polymerization of the MIP will be initiated with the chemical initiators ammonium persulfate
(APS) and tetramethylethylenediamine (TEMED). Separation of the MIP-NP from the vancomycin will
be done by an elution process, in which heated water will be added to the microbead-polymer complex,

thereby separating the MIP-NPs, allowing them to be removed from the system.

To test the binding affinities of the synthesized MIP-NPs, the MIP-NPs will be added to a new solution
of vancomycin and the amount of vancomycin removed from solution will be measured. In this proposed

scheme, a biologically derived sample containing vancomycin will be added to a solution of MIP-NPs. The
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MIP-NPs will incubate with the vancomycin to enable all the MIP-NPs in the mixture to completely bind
with the available vancomycin. The solution will then be subjected to ultrafiltration to remove all the MIP-
NPs, leaving behind only the unbound vancomycin. Quantification of the resulting vancomycin in solution

will be measured with mass-spectrometry. This process is outlined in the figure below.

a) b) c) d)
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Figure 26: Schematic illustration of the proposed vancomycin detection system. (a) Sample
containing vancomycin is added to a solution of molecularly imprinted polymer nanoparticles (MIP-NPs).
(b) MIP-NPs and vancomycin are incubated together, allowing the vancomycin to bind with the cavities
of the MIP-NPs. (¢) MIP-NPs are removed from the solution via ultrafiltration, leaving behind
supernatant containing vancomycin. (d) The resulting supernatant is analyzed with mass spectrometry
(MS) to quantify the amount of remaining vancomycin in the solution.

By performing this type of equilibrium batch binding analysis, the binding affinity and binding
capacity of the synthesized MIP-NPs can be determined. The binding affinity, represented by the
association constant, Ka (measured in M), is the ratio of the products over the reactants in a solution at
equilibrium. This constant provides a quantitative evaluation of how likely two or more substances are to
bind to each other. To this extent, reactions having higher values of Ka are thought to demonstrate a
higher affinity for binding than those with a lower value. Along with the binding affinity, the binding
capacity describes the ability of the affinity binding element to bind with the target analyte. This metric,
which may be given as the number of the bound analyte molecules per unit mass of binding element,
typically mol/g, provides a relative estimation of the number of available binding sites per unit of binding
element, which can be important for determining relative quantities for designing sensing mechanisms,
where quantities of the binding element need to be determined to bind a desired quantity of the analyte
from the sample.
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Previously, it has been demonstrated that the binding of MIPs can be modeled by the Langmuir
binding isotherm model 2761771 shown in the equation below. However, there is evidence that this
binding phenomenon more closely follows a Langmuir-Freundlich model 78, suggesting that there may
be some degree of heterogeneity among the binding sites in MIPs. Regardless, the Langmuir model gives
the relation of the concentration of the bound product, [RA], to the unbound analyte, [A], and the
association constant, Ka, as well as the concentration of binding sites, c, given as a ratio of the moles of
the analyte to the mass of the MIPs. The binding capacity can be derived from the value for ¢ as the

maximum adsorbable amount.

cK,[A]

[RAl= T3 k. 14]

Equation 17: Langmuir binding isotherm model.

Upon measuring the relative quantities of the free vancomycin in solution following binding, an
equilibrium concentration of the unbound vancomycin can be determined. From this, the concentration of
bound vancomycin can be determined as the difference between the original concentration and
equilibrium concentration of vancomycin. Furthermore, the Langmuir model can be expressed in the
Scatchard format to enable determination of the parameters, Ka and c¢. By plotting this linear equation in
a Scatchard plot, as the ratio of bound/free vancomycin to bound vancomycin, then the values for Ka and

c can be determined as the slope and the x-intercept, respectively.

= —K,[A]l + K,c

Equation 18: Scatchard format of Langmuir model.
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3.3 PARTICLE ANALYSIS AND CHARACTERIZATION

3.3.1 TOTAL MASS YIELD

Upon conclusion of the MIP synthesis, methods of analysis are required to validate the yield, size,
and functionality of the nanoparticles. First, to determine the mass of the synthesized MIP-NPs, an aliquot
of the NP solution will be lyophilized, and the resulting dry mass will be weighed to determine the overall
experimental yield. Although there undoubtedly is risk to irreversibly damaging the cavities of the MIPs

and rendering the lyophilized NPs ineffective, these NPs will not be used beyond this step.

3.3.2 DYNAMIC LIGHT SCATTERING (DLS)

In addition to determining the mass yield of the MIP-NPs, particle size analysis will be needed to
confirm the creation of the MIP-NPs. For reference, Chianella et al. 8 stated that particles were
synthesized with diameters averaging around 170 + 30 nm and 200 — 300 nm. In the experiment described

in this thesis, the size of the synthesized MIP-NPs will be measured by dynamic light scattering (DLS).

DLS is one of the most common techniques for size analysis of nanoparticles and polymer
dispersions 178180 Thijs technique is based on the principle of Brownian motion 7, in which dispersed
particles in a solution move randomly in any direction, with smaller particles moving at higher speeds than
larger particles M1, In a DLS setup, monochromatic light enters a chamber containing the solution. The
particles within the solution chamber scatter the light at varying intensities, that correlate with the size of
the particle, with larger particles scattering light at a higher intensity than smaller particles. The scattered
light is measured by a photodetector that is placed at a fixed angle from the path of the emitted light.
Furthermore, the faster-moving smaller particles will fluctuate more frequently in intensity, as they change
their movement more frequently. Based on the intensities, and the fluctuations of the intensities, the size

of the particles can be determined.
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Figure 27: Dynamic Light Scattering (DLS) principle of action. Monochromatic light, such as

a laser, is emitted to illuminate a solution of particles. Larger, slower-moving, particles deflect
light to a detector at higher intensity and fluctuate less-frequently than smaller, faster-moving,

particles, which fluctuate more-frequently. Knowing this, analysis of the resulting spectral data

can be used to estimate the average size of the particles in the sample. Permission is granted to
copy, distribute and/or modify this document under the terms of the GNU Free Documentation
License, Version 1.2 or any later version published by the Free Software Foundation; with no

Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts.

While DLS often provides an adequate initial estimate of the average particle size, this method is
only capable of analysis of a collection of particles in a sample, rather than each individual particle. This
technique, while capable of providing a measure of the distribution of particle sizes — known as the
polydispersion index (PDI), is incapable of providing the actual distribution of particle sizes. As such, this
technology is inadequate for a dispersion of particles with a broader range of sizes. Additionally, significant

error has been demonstrated with the presence of much larger particle aggregates 7,
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3.3.3 NANOPARTICLE TRACKING ANALYSIS (NTA)

Alternatively, particle analysis can be done through nanoparticle tracking analysis (NTA). Like
DLS, NTA incorporates Brownian motion to determine particle size. However, unlike DLS, which
analyzes the collective of particles in the solution, NTA analyzes the motion of each particle. This is done
by utilizing a frame-by-frame, video-like technique that tracks the time-dependent change in position of

each particle in the frame of detection. This method allows for motion analysis of each individual particle.

Additionally, unlike DLS, in which measurements are influenced by particle density and refractive
index, NTA considers only the viscosity and temperature of the solvent when measuring the rate of particle
movement. This presents an advantage when analyzing a newly synthesized MIP, in which the density and
refractive index of the NPs can only be assumed based on the composition of monomers. Instead, the
viscosity and temperature of the solution can be measured more directly, or, at least, more accurately

estimated.

3.3.4 ELECTRON MICROSCOPY
For further demonstration of proof that the NPs of the proper size are produced in the experiment,
microscopic techniques are required. Microscopy provides visualization of the synthesized product to

confirm that the NPs were of proper size and shape.

For micrometer-sized features and smaller, electron microscopes are used. These microscopes
emit, and subsequently detect, electrons to illuminate objects. Compared to more traditional light
microscopes that emit photons, electron microscopes are capable of imaging objects that are magnitudes of

order smaller, since the wavelengths of electrons are far shorter than the wavelengths of photons.

3.3.4.1 SCANNING ELECTRON MICROSCOPY (SEM)
Scanning electron microscopy (SEM) is one such example that can provide imaging of nanometer-
scale objects, such as biological components and nanofabricated electronic devices. SEM imaging operates

by sweeping an electron beam across a field of view. As the electrons in the beam, known as primary
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electrons, contact the sample, they may force the emission of electrons from within the sample, known as
secondary electrons. These secondary electrons can be detected by the SEM system, from which an image
can be generated, displaying the sample in the defined field of view. However, only secondary electrons
from the top few nanometers of the imaged sample can reach the detector. As such, SEM is generally only
suited for topographical imaging and analysis, displaying only what can be seen from above, and not the

inner regions of the sample.

Since SEM and other electron microscopy techniques bombard samples with electrons, it is
important for the samples to be electrically conductive. Otherwise, the samples risk accumulation of the
electrons, resulting in a charge accumulation. Charge accumulations can cause artifacts to appear in the
resultant image, thereby causing blurriness or erroneous features to appear. Prevention of charge
accumulation can be done by enhancing the nonconductive samples with a conductive substance.
Commonly, an ultrathin layer of gold is coated onto the surface of non-conductive samples for SEM
imaging. For this experiment, use of a gold coating on the samples will not be explored for improving

visualization.

3.3.4.2 TRANSMISSION ELECTRON MICROSCOPY

Like SEM, transmission electron microscopy (TEM) emits a beam of electrons to contact a sample.
However, unlike SEM, which images objects based on detection of secondary electrons from the surface of
the sample, TEM detects electrons that pass through the sample. The resultant image can be constructed
from the electrons that transmit through the sample, or by the electrons that diffract upon contacting the
sample. Compared to SEM, TEM can provide finer resolution of imaging, therefore making it preferable

to SEM for imaging nanometer-scale and atomic-scale samples.

Generally, electrons are only capable of transmitting through samples that are only nanometers
thick. To prepare thicker samples for TEM, several etching techniques can be employed, including, but not
limited to, chemical etching and ion etching. lon etching is quite useful for removing very thin layers of

material at a time.
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Like SEM imaging, TEM imaging will be used to visualize the synthesized MIP-NPs. Prior to
imaging, the dried sample of NPs will require ion etching to ensure transmission of the imaging electrons.
Together, with the SEM images, the TEM results will aid to confirm the production of MIP-NPs that possess

the proper geometric dimensions.

SEM TEM
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Figure 28: Simplified schematic of Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy. (a) Electrons are emitted from a source that collide with a sample to be detected.
Upon collision, the electrons deflect and can be detected by a detector. The detected electrons can be
used to construct an image of the sample. (b) Electrons from an emitter source pass through an ultrathin
sample and are detected on the other side of the sample from a detector. The transmitted electrons that
are detected can be used to construct an image of the sample.

3.3.5 MASS SPECTROMETRY (MS)

While the above analytical methods will confirm the synthesis of the MIP-NPs and provide
estimations about the total mass yield and typical size, these methods fail to demonstrate the ability of the

MIPs to bind to vancomycin. Furthermore, these techniques also fail to quantify the binding capacity of
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the MIPs. To explore the binding of the MIPs, an analytical method is proposed that will utilize mass
spectrometry (MS) to quantify the differential loss of vancomycin in a solution after exposure to the
synthesized MIP-NPs. It is proposed that the MIP-NPs, following polymerization and subsequent elution,
will bind with free vancomycin when introduced to an aqueous solution of vancomycin, after which the
NPs will be removed from the solution. MS will be used to measure the concentration of the vancomycin

in the solution before and after the incubation with the MIP-NPs.

MS is one of the most common analytical techniques for the identification and quantification of
different chemical compounds. This technique identifies different atomic elements based on the mass-to-
charge ratio that is unique to each elemental isotope. When a sample is analyzed with MS, a spectrum is
generated displaying each of the different isotope signatures and the relative intensity of each isotope. Ina
homogeneous sample, the elemental composition of the sample can be identified, thereby verifying the
presence of a substance. Furthermore, more concentrated samples will display higher relative intensities
than more dilute samples. Therefore, if a curve is generated containing an array of known sample
concentrations, then a sample with an unknown concentration can be analyzed, and a concentration can be

estimated.
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Figure 29: Simplified schematic drawing of the basic principle of operation for Mass Spectrometry
(MS). Initially, as the sample enters the system, it is exposed to heat to vaporize it, and an electron spray
is applied to ionize the atoms in the sample. This is followed by the application of a magnetic field,
which deflects the different ions to different degrees. Lighter elements (green) deflect more than heavier
elements (red). These different ions collide with a detector, which interprets each of the different
positions of the different collisions as unique isotopes, related to the ratio of the mass-to-charge.

3.3.5.1 EXPERIMENTAL CALCULATIONS

For this experiment, a standard curve, consisting of an array of known concentrations of
vancomycin, will be generated with MS. Additionally, a solution of vancomycin with a known
concentration will be incubated with the MIP-NPs. It is expected that upon incubation with the NPs, some
portion of the vancomycin will be removed. Following removal of the NPs, the solution will be analyzed

with MS, and the final concentration will be determined.

In anticipation of the analysis of the binding between the MIPs and vancomycin, it is necessary to
prepare appropriate quantities and concentrations of each solution to ensure a demonstrable change
following the binding. Previously, MS was run on a series of aqueous vancomycin solutions with
concentrations ranging from 1 ng/ml to 1000 ng/ml. From this analysis, detailed in APPENDIX B, it was
determined that the minimum concentration that could be detected was 1000 ng/ml. Based on this result, a

concentration of 10 pg/ml is believed to serve as an appropriate initial concentration for the purpose of

evaluating the binding capacity of the MIP-NPs.
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Following the establishment of the vancomycin concentration, a binding ratio of 1:1 will be
assumed, such that each NP binds to one, and only one, molecule of vancomycin. It is believed that this
assumption should provide, at the very least, a conservative, yet reasonable, estimation of the binding
capacity for each NP. As such, the number of NPs required can be estimated from the minimum detectable
concentration scaled by the ratio of the mass of a single MIP-NP (mne) to the mass of a single vancomycin

molecule (mvewm), which is given below.

3 molecules

_ 9 2
mycw = (1449-2.) (6.022 » 10232222

)= 2.4%10°21 —9

molecule

Equation 19: Mass of a single vancomycin molecule.

-15 9
myp _ 4.18+107 75 174108
Mycm 2.4 x10°21 g

molecule vancomycin

Equation 20: Ratio of masses between a MIP-NP and vancomycin.

Next, the requisite concentration of NPs (Cnp) will be determined from the ratio calculated above
and the lowest detected concentration of vancomycin, as determined by the prior MS analysis. In this
calculation, it is assumed that each MIP-NP would bind to one, and only one, molecule of vancomycin. As
such, the ratio of the concentrations of MIP-NPs and vancomyecin is equal to the ratio of the masses of the

MIP-NPs and vancomycin.

1g . g
Cvp= 1 —= 1.7+10°=1.7 =— MIP NP
NP mi vancomycin * * mi s

Equation 21: MIP-NP concentration required to bind to the minimum detected concentration of
vancomycin.

This calculation will provide the initial quantities for the MIP-NPs and vancomycin in the rebinding

experiment. To further demonstrate the binding capacity of these NPs, their concentrations will be doubled
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and tripled, thus providing a linear trend that more effectively supports the results obtained by the initial
experiment. Likewise, each of the experiments will be run in triplicate to provide results that show

reasonable statistical significance.
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4 MATERIALS & METHODS

41 MATERIALS

BcMag Aldehyde-Activated Magnetic Beads (Bioclone Inc., product#: FE-102), Sodium
Phosphate Monobasic (Sigma-Aldrich, product#: SX0711-1), Sodium Phosphate Dibasic (Sigma-Aldrich,
product#: S5136), Hydrochloric acid (Alfa Aesar, product#: L13091), Vancomycin (Sigma-Aldrich,
product#: PHR1732), Sodium Cyanoborohydride (Sigma-Aldrich, product#: 156159), Sodium Hydroxide
(Fisher Sci., product#: S93368), Ammonium Hydroxide (28-30%) (Alfa Aesar, product#: L13168),
Sodium Azide (Sigma-Aldrich, product#: S2002), Sodium Chloride (Sigma-Aldrich, product#: S7653),
Phosphate Buffered Saline Tablets (Fisher Sci., product#: BP2944-100), 1500 Ib Neodymium Magnet
(Brute Magnetics), NIPAm (Sigma-Aldrich, product#: 415324), TBAm (Sigma-Aldrich — prod. #:
411779), BIS (Sigma-Aldrich — prod. #: 146072), Acrylic Acid (Sigma-Aldrich — prod. #: 147230),
Ammonium Persulfate (Sigma-Aldrich — product #: 248614), TEMED (Sigma-Aldrich — product #:

T9281).

4.2 METHODS

4.2.1 SOLUTION/BUFFER PREPARATION

4211 COUPLING BUFFER

For preparation of coupling buffer (0.1 M, pH 7.0), 3.0 g of sodium phosphate dibasic was added
to a 1 L bottle with 4.0 g of sodium phosphate monaobasic. 500 ml of DI water was then added to the
container and the contents were sonicated for 30 minutes. The pH of the buffer was subsequently tested

and adjusted with the addition of hydrochloric acid (HCI), until the pH of 7.0 was achieved.

42.1.2 BLOCKING BUFFER
Blocking buffer (1 M NH3OH/NHs, 0.05% NaNs, pH 7.4) was prepared in a 50 ml centrifuge tube
by diluting 1.35 ml of ammonium hydroxide in 18.65 ml of DI water, followed by the addition of 10 mg of

sodium azide. The buffer was subsequently stirred for 30 minutes.
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4.2.1.3 WASHING BUFFER
Washing buffer (1 M NaCl, 0.05% NaNs3) was prepared by combining 2.92 g of sodium chloride
with 25 mg of sodium azide in a 250 ml glass bottle. This was followed by the addition of addition of DI

water until the bottle was filled to 50 ml. The solution was stirred for 30 minutes.

4214 STORAGE BUFFER
Storage buffer (PBS buffer, 0.1% NaNs3) was initially prepared by dissolving a PBS tablet in 200

ml of DI water. 200 mg of sodium azide was added to the PBS solution and dissolved with sonication.

4215 SODIUM CYANOBOROHYDRIDE SOLUTION

Preparation of sodium cyanoborohydride solution (5 M NaCNBHs, 1 M NaOH) was performed
immediately before bead functionalization was carried out. Prior to this preparation, 20 g of sodium
hydroxide was dissolved in 500 ml of DI water in a 1 L glass bottle, followed by sonication for 30 minutes.
In preparation of the storage buffer, 62.8 mg of sodium cyanoborohydride was dissolved in 1 ml of sodium

hydroxide solution in a microcentrifuge tube. This solution was vortexed for 2 minutes.

4216 MONOMER SOLUTION

To prepare monomer solution, 39 mg of NIPAm was dissolved in 1 ml of DI water in a
microcentrifuge tube, followed by vortexing for 1 minute. Similarly, 2 mg of BIS was dissolved in 1 ml of
DI water and vortexed. 16.5 mg of TBAm was dissolved in 1 ml of ethanol in a microcentrifuge tube and

vortexed.

To prepare 20 ml of the final monomer solution, 200 pl each of the NIPAm and BIS solutions and
400 pl of the TBAmM solution was added to a 50 ml round-bottom flask. This was followed by the addition
of 18.732 ml of DI water. Finally, 0.468 ml of acrylic acid was added to the flask, at which point, the flask

was capped with a rubber septum, sonicated for 10 minutes, then purged with nitrogen for 30 minutes.
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4.2.2 MAGNETIC BEAD FUNCTIONALIZATION

Functionalization of magnetic beads was carried out initially with 100 mg of magnetic beads. This
process, described below, was conducted twice more, each with 300 mg quantities, so that a total of 700
mg of functionalized magnetic beads was obtained. Initially, magnetic beads were prepared by suspending
the mass of magnetic beads in 25 ml of coupling buffer. The beads were then vortexed for one minute
before being placed on the magnet for three minutes, allowing the magnetic beads to separate from the
supernatant. The supernatant was subsequently removed, followed by the addition of the same volume of
coupling buffer. The magnetic separation procedure was then repeated once more. Finally, the beads were
again placed on the magnet for three minutes to separate from the supernatant, which was again removed.
Following the preparation of the magnetic beads, an equivalent mass vancomycin was dissolved in 25 ml

of coupling buffer in a centrifuge tube. This was subsequently vortexed for one minute.

In a fume hood, the magnetic bead suspension and the vancomycin solution were combined into a
round-bottom flask.  Reductive amination proceeded with the addition of 250 pl of sodium
cyanoborohydride solution to the mixture of beads and vancomycin. Briefly, the mixture was mixed by
pipetting. A non-magnetic stir rod was inserted into the flask and the rod was set to stir at 200 rpm overnight

at room temperature.

The following morning, the stirring was stopped, and the stirring rod was removed. The flask was
then placed on the magnet for five minutes and the supernatant was removed. Subsequently, 25 ml of
coupling buffer was added to the conjugated beads and the beads were transferred to a centrifuge tube and
vortexed for one minute, followed by magnetic separation for three minutes. The supernatant was removed
and collected. This magnetic separation procedure was repeated twice more, after which the same volume

of coupling buffer was added to the magnetic beads.

In a fume hood, 20 ml of blocking buffer and 200 ul of sodium cyanoborohydride solution were
added the beads, sealed, and vortexed for one minute. The sealed tube of the bead mixture could incubate

for one hour at room temperature.
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Following the incubation, the tube was again placed on the magnet for three minutes to allow the
beads to separate from the mixture. The supernatant was then removed. Next, 25 ml of washing buffer
was added to the magnetic beads and vortexed for one minute. The tube was again placed on the magnet
for three minutes and supernatant was removed, following by the addition of the same volume of washing
buffer. This magnetic separation procedure with washing buffer was repeated four additional times.
Finally, the same magnetic separation procedure as described above was completed three additional times

with deionized water to prepare for the polymerization.

4.2.3 SOLID-PHASE POLYMERIZATION

Upon completion of the functionalization procedure, the magnetic beads were added to a 20 ml
scintillation vial. The vial was then capped with a rubber septum and purged with nitrogen for 20 minutes.
3 ml of monomer solution was added to the vial and stirred briefly. 30 pl of 60 mg/ml of APS and 0.9 pl
of TEMED were briefly combined and added to the sealed, purged vial via injection of a syringe and needle.
This mixture was again stirred briefly and allowed to incubate for 90 minutes, stirring at 30-minute
intervals. At the end of the 90 minutes, the nitrogen was stopped, and the septum was removed to allow

oxygen to terminate the polymerization.

4.2.4 ELUTION AND SEPARATION

Upon completion of the polymerization, the polymerization mixture containing unreacted
monomer and low affinity MIP-NPs was removed by placing the vial on the magnet for three minutes and
removing the supernatant. 2 ml of deionized water was added, and the vial was stirred for one minute. The
vial was again placed on the magnet for three minutes, after which the supernatant was removed. The above

steps were repeated two additional times to further remove any undesired components in the mixture.

For the collection of high affinity MIP-NPs, 2 ml of deionized water was added to the vial
containing the magnetic beads. The vial was stirred for one minute, then placed in a 60°C bath containing

the magnet, allowing the vial to rest directly on the magnet. After five minutes, the supernatant was
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removed and collected. The same volume of deionized water was added to the vial and the procedure was
repeated 2 additional times. After the supernatant was collected, the vial was removed from the bath and 3

ml of storage solution was added to the vial and the vial was stored at 4°C until future use.

425 ADDITIONAL SEPARATION

Following elution and separation, an additional separation step was performed to further ensure the
removal of any residual magnetic microbeads left over in the NP solution. The NP solution was heated to
60°C, then centrifuged for 10 minutes at 10,000 rpm. Following centrifugation, the solution would be
inspected for a pellet, presumed to be the magnetic microparticles, then the supernatant was removed and

placed in a clean centrifuge tube for storage.

42.6 CONCENTRATION
Concentration of MIP-NPs in the solution was determined by freezing a 4 ml aliquot of the solution
in a-80°C freezer for 4 hours, followed by lyophilization overnight. The following morning, the lyophilized

product was weighed to determine the mass of the MIP-NPs in the solution.

4.2.7 CHARACTERIZATION AND SIZE ANALYSIS

Size of the NPs was determined by dynamic light scattering (DLS) using a Zetasizer Nano (Nano-
ZSP) from Malvern Instruments Ltd. (Malvern, UK), and by nanoparticle tracking analysis (NTA), using a
Nanosight NS300 nanoparticle analyzer (Malvern, UK). Prior to size analysis on these two devices, the NP
solution was briefly vortexed and sonicated, and measurements were performed at 25°C. Further
characterization of the NPs was performed on a FEI Verios 460L Field Emission Scanning Electron
Microscope (SEM). Samples for SEM analysis were prepared by pipetting a 5 pl aliquot of the NP solution

on an SEM stub covered with copper tape and allowing the drop to dry in air.
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5 RESULTS & DISCUSSION

5.1 RESULTS

The synthesis of the vancomycin MIP nanoparticles (MIP-NPs) was performed using the method
described above. Vancomycin was conjugated to aldehyde-functionalized magnetic microbeads using
reductive amination. This bead-coupled vancomycin served as the template for the synthesis of the MIP-

NPs.

Prior to characterization and analysis, the synthesis process was rerun four additional times. The
product of each of these synthesis processes was combined so that there was a total of 30 ml of NP solution
available. This was done to provide enough NPs to use for the different analytical techniques, as each
sample analyzed by one method would not be suitable for subsequent analyses. As a result, the
measurements and data reported for the nanoparticles is not representative of a single synthesis process, but

rather, this data is representative of an average among five different synthesis processes.

It should be noted that the data presented below was derived from three different batches of
synthesized nanoparticles. In all, a total of 13 batches of MIP-NPs were prepared. However, the data from
ten of these batches was determined to be incomplete or inadequate. More detail on these ten batches will
be provided in APPENDIX C below. Presentation of this data is not meant to mislead or misrepresent, but
rather to provide a more complete analysis of the nanoparticles that were synthesized following the methods

given above.

Following lyophilization and weighing of the lyophilized product, the concentration of the resulting
solution of the MIP-NP product was 0.7 mg/ml, for a total apparent mass of 21 mg. This yield was
calculated by taking the mass of a lyophilized 4 ml aliquot of the solution, then by dividing the measured
mass by the volume of the aliquot, to get the concentration, and, finally, by multiplying this concentration
by the 30 ml total volume of the stock solution to get the total mass yield. The apparent size of the NPs, as

determined by DLS, was measured to be 188.2 nm, with a polydispersity index (PDI) value of 0.274.
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Analysis with NTA revealed that the NPs had a mean diameter of 221.3 nm, with a standard deviation of

93.6 nm. A plot of this data is given in Figure 30 below.
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Figure 30: Nanoparticle Tracking Analysis (NTA) spectral plot of nanoparticle diameters. The

NTA demonstrated a mean nanoparticle diameter of 221.3 nm, with a standard deviation of 93.6 nm.
Following initial analysis of the nanoparticles’ size with DLS and NTA, imaging of the
nanoparticles was performed with SEM. From this SEM imaging, shown in Figure 31, it was apparent that
nanoparticles of approximately 200 to 300 nm had been produced. From this imaging, it can also be seen

that the nanoparticles appear to tend to stick together and aggregate.
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Figure 31: Scanning electron microscopy (SEM) images of molecularly imprinted polymer
nanoparticles (MIP-NPs). These images were taken of particles synthesized in batch B5.

5.2 DISCUSSION

The results presented above were derived from several different batches of synthesized MIP-NPs.
There were three batches (B5, B11, and B12) of synthesized NPs produced from which the presented results
were obtained. B11 and B12 were synthesized using the methods described previously. However, unlike
B12, which was synthesized with 700 mg of magnetic beads, B11 was synthesized with only 400 mg beads.
B5 further differs from the methods described in that this batch was produced with only 15.5 mg of magnetic
beads and 3 ml of monomer solution. Of note, mass yield data is presented only from batches B11 and

B12, as the yield from B5 was too small to be measured.
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In contrast to B12, B11 had a far lower yield of 0.1 mg/ml. This can likely be attributed to the fact
that the elution of B11 was performed in a centrifuge tube with a tapered, conical base, whereas the elution
of B12 was performed in a flat-bottomed scintillation vial. Initially, a centrifuge tube had been chosen for
the elution process, as this was believed to provide a good vessel for separation of the magnetic beads from
the supernatant. Following the measurement of the yield, however, it was believed that the tube did not
allow for optimal withdrawal of the supernatant. Subsequently, in batch B12, a scintillation vial was chosen
to replace the tube. This change is believed to have, at least in part, contributed to the increased yield

observed in B12, as compared to B11.

While there exists no mass yield data from B5, the DLS data and SEM images given in the results

were obtained from B5. DLS was performed on B11 as well, as shown below.

Size Distribution by Volume
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Figure 32: Dynamic Light Scattering (DLS) data obtained from batch B11. Although the calculated
average diameter of these NPs was determined to be 1193 nm, it is apparent from the plot that there is
significant representation from NPs within the 200-700 nm range.

Although the calculated average size was 1193 nm, it was evident that there were plenty of variation
in the size of NPs in the sample, given the PDI was 0.55. From the figure above, it appears that there were

NPs of similar size (200 — 300 nm) to the NPs analyzed in previous published research 4. It is believed
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that the apparent discrepancy between the reported average size and the data shown in the distribution plot
above may have resulted from the presence of larger magnetic microbeads, which are on the order of a few
micrometers in size. While efforts were made to remove the magnetic microbeads from the NP solution,
inadequate magnetic separation and centrifugation could have allowed some microbeads to remain. Even
at smaller quantities, these larger microbeads would have a significant impact on the calculated average
reported by the DLS analysis. Additionally, there appeared to be a significant effect on the average by the
presence of small, single nanometer-sized particles, as evidenced by the peak centered around 1 nm. These

small particles are believed to be debris in the solution that had not been adequately removed.

Although the plot above shows a distribution of the volume contributions of each NP in the solution,
the average sizes reported were determined from the intensity distribution. Due to the increased scattering
of light caused by larger NPs, compared to smaller NPs, any aggregates or magnetic beads left in solution
could have caused an erroneous reported increase in the average diameter. In fact, this difference in scatter
is related to the sixth power of the radius of the NP, suggesting that larger particles in the solution, even at
very dilute quantities, would have a substantial impact on the reported average diameters. However,
conversion of the intensity distribution to the volume or mass distribution can somewhat mitigate this error.
This is because the relative volumes or masses of the different-sized components in the solution would be
represented as a fraction of the total volume, enabling smaller particles to potentially be differentiated from
larger particles in the distribution. However, it should be noted that conversion from intensity distributions
to volume or mass distributions are subject to some error, as these conversion steps require assumptions to
be made about the particles in the solution, including that the particles are spherical, homogeneous, and that
the refractive index provided is accurate. Given this, when analyzing a fairly monodisperse sample,
intensity provides the most reliable estimation of size. Alternatively, when there is a reasonably high degree

of polydispersity in the system, other distributions may be preferred.

Furthermore, conversion to a number distribution would have further highlighted the smaller NPs

in the solution, since these distributions would show the relative number of each particle in the solution. If
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it is to be believed that the number of MIP-NPs was far larger than the number of aggregates or magnetic
beads in the solution, then this distribution would have shown that. Although this distribution could have
shown more accurately shown the relative quantities of the MIP-NPs in the solution, and provided more
detailed information on the sizes of these particles, it is likewise possible that the smaller particles,
approximately 1 nm in diameter, would have been highly exaggerated, necessitating additional processing

steps to rid the sample of lower molecular weight debris.

Ultimately, it was decided that DLS was an inadequate method of size analysis for these NPs, given
the risk of the larger microbeads and smaller debris being present in the NP solution. Nanoparticle Tracking
Analysis (NTA) was chosen as a better alternative, since results from this analysis would be less likely to
be influenced by much larger particles. Nevertheless, the size of NPs for B5 was reported, as these NPs
appeared to be similar in size to the NPs in published literature. Additionally, given the relatively small
average size and PDI, it is believed that this data was less likely to have been influenced by the presence of

larger particles.

Following DLS, NTA was performed on B11. This method of analysis, compared to the DLS,
provided more detail regarding the distribution of NP sizes. From the NTA, an average of the particle sizes
was determined to be 221.3 nm with a standard deviation of 93.6 nm. Although there appears to be
substantial variation in the size of the measured particles, these results largely follow the results reported
by Chianella et al. ™, further supporting the belief that the product of the performed synthesis processes
consisted of nanoparticles similar to those of the published literature. Unfortunately, due to circumstances

arising from the pandemic, NTA could not be performed on B12.

For further confirmation that the synthesis process yielded NPs like those previously described,
SEM images were taken of dried aliquots of B5. The resulting images obtained through SEM, shown in
Figure 31, appear to show small NPs, sized around 200 — 300 nm. There, however, appear to be larger
features within these images as well. In the lower left image of Figure 31, there appears to be what looks
like a collection of nanoparticles that are clustered together. This cluster, while less prevalent than the
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smaller, single nanoparticles, is nevertheless present. Clusters, such as the one in the image, may have
influenced the results obtained via other methods, specifically the results obtained via DLS, which is

particularly susceptible to error from larger particles.

It is not clear if the aggregation of the nanoparticles occurred during the preparation of the SEM
sample, in which the aqueous solution was allowed to dry via desiccation, or if this occurred while the
nanoparticles were in the initial dispersion following elution. In this latter scenario, it is conceivable that
the polymer nanoparticles aggregated while sitting in the aqueous dispersion due to the relatively high
interaction energies between the nanoparticles, resulting from the high ratios of surface area to volume 282,
If this aggregation did, indeed, occur in the aqueous dispersion, then it is possible that the resulting clusters
caused the results of the DLS and NTA to exhibit some error. In the results generated from the NTA,
features with diameters of 400 nm or higher are reported. It is possible that there were aggregates in this
analyzed sample, which could result in the reporting of such diameters. Although efforts were made prior
to the analysis, including vortexing or sonicating the sample prior to analysis, it is possible that these efforts

were insufficient to effectively break up the nanoparticle clusters.

While the analysis performed on the samples was able to provide evidence of nanoparticles that
appeared to be similar in size to the MIP-NPs synthesized by Chianella et al., the yield of the synthesized
NPs, determined by the mass of the lyophilized product, was far lower than expected. To provide a
comparative analysis of the yield produced by this experiment, only the yield from batch B12, in which 4.2
mg of MIP-NPs were produced from 700 mg of magnetic microbeads, will be considered. As was stated
earlier, a previous synthesis, B11, had yielded a far lower mass of 0.6 mg per synthesis. Recovery of MIP-
NPs from this synthesis, as explained prior, was believed to have been complicated by suboptimal elution
procedure. As such, batch B12, and its associated yield, can be considered a better representation of the

yield potential from the procedure described in this thesis.

From the mass of the lyophilized product from the synthesis in batch B12, it was clear that the yield
of MIP-NPs produced was far less than expected. To serve as a comparison, the yield claimed by Chianella
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etal. was 5.6 mg. However, since the conditions from that experiment differed to the experiment conducted

in this thesis, the comparison must be made based on equivalent metrics.

In terms of synthesis of the MIP-NPs on the vancomycin-functionalized beads, the respective yields
of these different procedures can be evaluated based on the surface density of the MIP-NPs on a given unit
of surface area of the bead. For example, based on the calculations and assumptions made in the
EXPERIMENTAL DESIGN portion of this thesis, the 5.6 mg of MIP-NPs produced by Chianella et al.
were synthesized over 4.35 m? of surface area. The surface density (pag) is then 1.3 mg/m?, given by the

ratio of the mass of the MIP-NPs (mne) and the surface area of the magnetic beads (SAg), calculated below:

_myp 5.6mg MIP NPs _ mg MIP NPs
Pag = SAg  4.35m2beads =~ m? beads

Equation 22: Density of MIP-NPs on the surface of glass beads.

As stated previously, in the EXPERIMENTAL DESIGN section, this surface density represents
roughly a 4.6% occupation of the total available surface area of the glass beads used. By comparison, the
total surface area of the magnetic microbeads used in B12 of this thesis was 70 m?, given as the product of
the total mass of beads (700 mg) and the unit surface area (100 m?/g). Then the surface density (pan) was
calculated by dividing the mass of the MIP-NPs (mnp) by the total surface area (SAn), to obtain a surface

density of 0.06 mg/m?2.

_myp 4.2mg MIP NPs mg MIP NPs
Pan= SAy 70 m2 beads m? beads

Equation 23: Density of MIP-NPs on the surface of magnetic beads.

A comparative analysis between the two yield densities by taking the ratio. From this, it was

calculated that the density of the synthesized MIP-NPs discussed in this thesis represented roughly 4.6% of
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the surface density calculated from the previous experiment, given as the ratio of the surface areas

calculated above.

0.06 mg MIP NPs
Pav _ — mZbeads ., 100, = 4. 6%
pap 3 MgMIPNPs 0T Ol

m? beads

Equation 24: Ratio of surface area densities.

In summary, when considering the yield claimed by Chianella et al., the yield reported in this thesis
represents only about 4.6% of what had been expected. However, when the total available surface area is

considered, then this yield represents roughly 0.2% of the total available surface area.

While surface area and surface density are adequate metrics by which to evaluate the per-unit yield
of the synthesized MIP-NPs, these are not the only metrics. As was explored previously in this thesis, the
number of functionalized linkers can have a large impact on the synthesis of the MIP-NPs. The solid-phase
synthesis approach employed in this experiment is directly influenced by the presence of vancomycin bound
to the magnetic beads. The availability of the vancomycin, which is influenced by the availability of

aldehyde linkers to which it can bind, directly influences the synthesis of the MIP-NPs.

To explore this comparison, it is useful to quantify the yield of the MIP-NPs synthesized by
Chianella et al. based on the estimated number of available linkers. This relationship, shown below, can

be understood as an expectation of the yield based on the total number of linkers.

5.6 mg MIP NPs = 1.13 x 10'8 linkers

From this relationship, it is not known how many linkers are occupied with synthesized MIP-NPs,
although this could be estimated based on the expected mass of each NP. However, what is known is that
a yield of 5.6 mg MIP-NPs should be expected for every 1.13x10%linkers. As a comparison, the total

number of linkers on the magnetic microbeads used in the thesis experiment (N;), can be estimated from
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the calculation, given below, of the product of the total mass of magnetic beads and published density of

linkers:

linkers
N; =700 mg beads * 3.91 x 10'° ————— = 2.74 * 101 linkers
g beads

Equation 25: Total number of linkers in the beads used.

From this, the total expected mass of MIP-NPs can be determined by multiplying the total number of linkers

by the ratio given by the relationship of the MIP-NPs and linkers from the Chianella experiment.

5.6 mg MIP NPs

— 195;
m,, = 2.74 10" linkers * 113 = 1018 linkers

=136 mg MIP NPs

Equation 26: Expected total yield of MIP-NPs from linker quantity.

The resulting mass, 136 mg, is the total yield that would have been expected if the relationship
from the published experiment had remained true for this thesis experiment. As such, the 4.2 mg yield that

is reported here represents only 3.1% of the expected yield, based on this comparison.

4.2 mg MIP NPs

100% = 3.19
136 mg MIP NPs  100% %

Equation 27: Ratio of actual yield to theoretical yield of MIP-NPs.

From the evidence presented above, the yield reported in this thesis was clearly far lower than what
was expected. Although it is somewhat surprising that the yield was so much lower than what had been

reported elsewhere, there are many reasons that can justify this discrepancy.

Perhaps most apparent were the complications associated with the use of the magnetic microbeads.

Unlike the setup employed by Chianella et al. ™, in which glass beads were packed into a column, the
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magnetic beads used in this experiment were held in scintillation vials and centrifuge tubes. This is
significant because, unlike the glass beads, which were homogenously distributed throughout the volume
of the packed column, the magnetic beads in the described setup collected at the bottom of each vessel.
This was particularly influential during the polymerization process, as it is possible that upper layers of the
magnetic beads obscured lower layers, preventing those beads from exposure to the monomer solution.
Likewise, due to the distribution of the monomer solution and beads in the vial during polymerization, it is
possible that the initiator solutions of APS and TEMED were capable of only reacting with monomer
solution surrounding the uppermost, exposed magnetic beads. Although stirring had been implemented as
part of the protocol to mitigate this effect, it is possible that the magnetic beads in the suspension settled
soon after that, thereby limiting the effect of the mixing. It is possible that a more homogeneous distribution
of the beads, monomer solution, and initiator solution could have occurred with more consistent and
thorough mixing or stirring. Additionally, this homogeneous distribution could have been achieved if a
different vessel had been used. In theory, a vessel having a wider bottom, such as an Erlenmeyer flask,
would have allowed the magnetic beads to spread out more thinly, allowing the more of the beads to be

exposed to the monomer and initiator solutions.

Furthermore, as the magnetic beads in the system collected at the bottom of the vial, it is possible
that these beads aggregated together. As mentioned above, although certain measures were taken to mix
and stir the beads in the solution, this mixing was not constant. As such, there was opportunity for the
magnetic beads in the vial to aggregate. Subsequent attempts to mix these beads, including use of a stirrer
or a vortexing mixer, would have like been inadequate. Alternatively, it is possible that the bead aggregates

could have been broken apart by sonication.

While it is likely that there were inefficiencies in the distribution of the beads during
polymerization, it is possible too that the yield was lower than expected because there was not as much
vancomycin available for the MIP-NPs to synthesize around as had been assumed. Although it was

assumed that the vancomycin was capable of functionalize with a quarter of the total linkers, it is possible
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that the vancomycin functionalized more sparsely. This could have arisen from complications during the
amine coupling process between the aldehyde-functionalized magnetic beads and the vancomycin, or
during the subsequent reductive amination process. The binding of the vancomycin to the beads could have
been validated by analysis. This analysis could have been done by quantifying the amount of free
vancomycin removed from solution using mass spectrometry or HPLC. Additionally, samples of these

functionalized magnetic beads could have analyzed with X-ray Photoelectron Spectroscopy (XPS).

As well, it is possible that as the functionalized beads were used, the vancomycin, or the linkers to
which they were bonded, may have become unavailable in subsequent syntheses and elutions. Failure to
elute MIP-NPs or other synthesized material from the vancomycin would leave the vancomycin potentially
unavailable for syntheses to follow, thereby effectively reducing the total number of available vancomycin

sites to synthesize around, and, in turn, reduce the number of opportunities for the MIP-NPs to be produced.

From the DLS and NTA data that was reported, there appeared to be significant variation in the
size of the synthesized NPs. While these results represent only the eluted product that was captured with
the addition of 60°C water, it is possible that far more low-affinity NPs and other polymer fragments were
removed in preceding room temperature elutions. Based on this reasoning, it is possible that polymerization
occurred around far more sites than had been expected, but that most of these NPs were not captured during

elution.

In addition to the above justifications, it is possible that the relatively poor yield observed during
this experiment arose from insufficiencies in the elution process. As was suggested above, it is possible
that the elution process was incapable of disjoining the MIP-NP from the vancomycin. In this case, not
only would the vancomycin site be unavailable for a future NP to synthesize about, as stated above, but
also, this NP would not be captured during the elution and contribute to the overall yield. It is possible that
increasing the temperature of the beads could have prompted more MIP-NPs to separate from the
vancomycin. However, associated with this temperature increase would be the possibility of damage or

degradation to the beads or NPs.
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Alternatively, it can be conceived that the elution setup may have enabled local cooling to allow
for MIP-NPs to rebind to the vancomycin. Although the vial containing the beads was fully submerged in
a 60°C bath, the top of the vial was open and exposed to the air. As such, drafts of cooler air could have
blown into the vial, causing the contents of the vial to cool to a temperature lower than 60°C, thereby
enabling the MIP-NPs to rebind to the functionalized beads, leaving them unavailable to be collected. A
change in the setup to a closed system could prevent cooler air from contacting the beads, thereby ensuring

the temperature is less prone to fluctuation.

Finally, itis possible that the reactive materials responsible for the functionalization of the magnetic
beads — sodium cyanoborohydride — or the initiation of the polymerization — APS and TEMED — may have
degraded. It is known that these substances are reactive to air and water (#3181, During the experiments,
these substances, while stored under nitrogen gas, were exposed to the air flow of the fume hood. As such,
these substances would have experienced gradual degradation as they were uncapped each time. This could
have led to suboptimal functionalization or polymerization, thereby leading to the poor yield observed.
Although use of new substances during each experiment, or at least periodically, would have mitigated this
effect, it would have been impossible to completely avoid the inadvertent exposure to air without the use

of an airtight glove box or other system in which the substances could be handled under inert gas.

Unfortunately, due to the outbreak of COVID-19, laboratory resources were shut down. This halted
any further evaluation of the synthesized product, including the analysis of the binding capacity of the
nanoparticles via mass spectrometry. Discussion of the planned efforts towards full evaluation of the

nanoparticles will be continued in the FUTURE DIRECTIONS.

89



6 CONCLUSIONS & FUTURE DIRECTIONS

6.1 CONCLUSIONS

As evidenced by the data, the nanoparticles synthesized in this experiment appear to be like
molecularly imprinted polymer nanoparticles produced in prior research attempts. Although a
demonstration and evaluation of the binding capacity of these synthesized nanoparticles could not be
performed, there is substantial evidence to support the equivalency of these nanoparticles to the MIP

nanoparticles that have shown a great capacity of binding.
6.2 FUTURE DIRECTIONS

As a result of the outbreak of COVID-19, much of the research that was included in the initial
proposed research plan was unable to be performed. This research plan, which is described below, details
a proposed effort to evaluate the molecularly imprinted polymer nanoparticles (MIP-NPs) that were
synthesized in the experiment outlined in this thesis, using a mass spectrometric analytical technique. The
goal of this research plan was to provide an independent and nuanced evaluation of the MIP technology
that had been described in other publications. Given that this could not be performed within the frame of
the research explored in this thesis, this research plan will provide a roadmap for the immediate future steps
in continuation of this project.

Following the demonstration of the size and geometric characterization of the synthesized
nanoparticles by DLS, NTA, and SEM, the ability of — and the degree to which — these nanoparticles bind
to free vancomycin in an aqueous medium will be explored. In this proposed investigation, the synthesized
nanoparticles will be incubated in an agueous solution of dissolved vancomycin. The quantities of both the
nanoparticles and the vancomycin were determined by the work given in the EXPERIMENTAL DESIGN
section, earlier in this thesis. Following incubation of these nanoparticles with the aqueous vancomycin for
a sufficient amount of time, ultrafiltration will be used to remove the nanoparticles from solution, leaving
behind only the vancomycin that is not removed from solution via binding with the nanoparticles.
Determination of this new concentration of vancomycin will be conducted with mass spectrometry, to
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guantify the amount of vancomycin that binds to the nanoparticles. This procedure will be repeated with
an additional experiment, in which the quantity of the nanoparticles is halved, and another experiment in
which the nanoparticles are doubled. The resulting data can then be used to determine the binding capacity

of the nanoparticles.

The experiments described above would be repeated with the equivalent quantities of carboxyl-
functionalized, non-imprinted latex nanoparticles of roughly the same diameter (ThermoFisher; product#:
C37486). Doing so would provide a negative control for the comparison of the results of the synthesized
nanoparticles, providing evidence that the removal of vancomycin results from its binding to the
synthesized polymer nanoparticles, and not from any other cause. Each test, with the synthesized
nanoparticles and the non-imprinted latex nanoparticles, would be repeated in triplicate to provide
statistically significant and relevant results. It is expected that there would be a negative correlation
between the concentration of the nanoparticles and the detected concentration of vancomycin, as measured
by mass spectrometry. However, it has been conservatively assumed that each nanoparticle will bind to
one, and only one, molecule of vancomycin. Should this prove to be untrue, it would be expected that the
nanoparticles would be able to bind to more than one vancomycin molecule. If this is the case, then the
concentration of the vancomycin in the solution would likely need to be increased, to ensure that enough

vancomycin remains, following the incubation, to be detected by the mass spectrometry.

Beyond the scope of the immediate next steps planned to continue this experiment, additional
enhancements and alterations can be made to further investigate the MIP technology. As was described
earlier in this thesis, there have been several demonstrations of binding of vancomycin with use of the d-
Ala-d-Ala peptidoglycan terminus that has been identified as the natural binding target for vancomycin in
nature. It is conceivable that integration of a variant of this peptide could provide an enhancement to the
existing MIP. In this proposed strategy, the peptide could be integrated into the polymer structure of the
MIP through the polymerization process. This would be achieved by binding the synthesized peptide to

the vancomycin that is conjugated to the magnetic beads. The polymerization process would be performed

91



just as it had been described in this thesis, with the exception that the peptide, which would possess a
functional group capable of participating in the polymerization, such as a vinyl group, would be chemically
integrated into the polymer network. Upon elution, the peptide-integrated MIP would possess similar
vancomycin-specific pockets as the non-peptide integrated MIP would, with the added peptide component
that the vancomycin would be able to bind to. This proposed peptide-integrated MIP would be able to bind
to vancomycin, using a combination of the binding mechanisms observed between the MIP and
vancomycin, and the binding between the peptide and vancomycin. The described system would be

expected to possess superior binding capacity than either the MIP or the peptide.

Additionally, further investigation and development of the MIP-NPs can be done by integrating
this technology into a point-of-care (POC) sensor system. As the reaches of medical technology stretch
ever further into lower-resource settings, far away from larger, well-equipped hospitals, the desire for rapid
and effective detection systems grows. For a drug such as vancomycin, in which its use has moved beyond
larger hospitals, and has found its way into a number of field medical facilities, there is a substantial need
for methods of therapeutic drug monitoring, without the need for large, complicated, and expensive
equipment (1861 Additionally, the inherent drawbacks of more common vancomycin detection systems that
incorporate immunologic or biologic components limit their practicality and utility in POC settings.
However, use of polymer-based detection systems, such as MIPs, provides an opportunity to overcome

these barriers.

6.2.1 MIP-BASED POINT-OF-CARE (PoC) SENSING SYSTEM

To this end, future investigation of these vancomycin-imprinted MIPs should focus on integration
into POC sensor systems. One such strategy to integrate MIP-based sensing with an electrochemical
transduction mechanism is using electrochemical impedance spectroscopy (EIS). EIS is an analytical
technique used to measure impedance changes in a system undergoing physical or chemical changes. This

is done by applying an AC waveform at a fixed voltage and measuring the resulting current.
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For the proposed system, the biorecognition element would be developed from a MIP film. This
MIP film could be composed of monomers like those used in this thesis experiment. Synthesis of this MIP
film would initiate on a self-assembled monolayer (SAM) of an iniferter linked to the gold surface of an
electrode. Further detail on this MIP film development is given in APPENDIX A. In this described system,
shown in Figure 33 below, vancomycin in a sample would bind to the cavities in the resulting MIP film,
resulting in a measurable impedance change. This impedance change would be converted by the impedance
analyzer into a signal that can be processed by the microcontroller, which, in turn, would relay these results

to an external display and a wireless device.

A' Electrochemical '
@ Impedance Electrode w e
Analyzer

Battery,
External Power
Display M\crocontmller#

Smartphone
App

Figure 33: Proposed MIP-based electrochemical sensor for vancomycin detection. (A) A block
diagram depicting the proposed hardware setup. This system would consist of (1) a power supply sourced
from either continuous wall power or a portable battery for portable testing or testing in areas without
reliable power access, (2) an electrode coated with the vancomycin MIP polymer film, (3) an
electrochemical impedance analyzer that is capable of performing EIS, and (4) a central microcontroller
unit that reads signals from the impedance analyzer, processes the signal into meaningful data, and pushes
that data to either an external display for immediate viewing, or a smartphone for further analysis and
long-term data storage. (B) The schematic illustration depicting the principle of action of the MIP film.
Upon addition of a biologically derived sample to the electrode, the vancomycin in the sample would bind
with the cavities in the MIP film. As this binding occurs, a change in impedance can be detected by EIS.

Vancomycin

Alternatively, if the proposed system failed to demonstrate a measurable impedance change, further
developments and enhancements may be needed to be made to the composition of the polymer, including
the addition of a more electroactive redox reporter molecule, such as vinylferrocene. In this case, cyclic

voltammetry (CV) or differential pulse voltammetry (DPV) would serve as more appropriate transduction
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strategies, as demonstrated in prior published experiments [158 162 Regardless, the principle of action
described for this system, as well as the method of synthesis, for these MIPs could serve as a basis for

further advancement and development.

This work represents an initial approach towards further development of therapeutic drug
monitoring. With continued research, this technology could serve a great many purposes and provide a
path towards advancements in sensing technology. With the development of effective sensing technology,
we may be able to promote effective disease treatments and prevent ominous threats to civilization, such as

antibiotic resistance.
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7 APPENDIX A - MIP ELECTROCHEMICAL DETECTION

MIPs were developed for integration into an electrochemical sensor platform for the sensing of
vancomycin. This design was evaluated by the U.S. SensUs 2018 Research Team. Currently, there is not
a commercial method that enables rapid, label-free detection of vancomycin in human serum. This is
largely because many of the binding agents available for vancomycin detection, including peptides and
antibodies, do not allow for facile integration with electrochemical detection schemes. However, there is a
need for rapid vancomycin detection for vancomycin, particularly in point-of-care settings %1, To this
effect, development of a polymer film, imprinted with vancomycin and grafted on a gold substrate, was
investigated for electrochemical detection. Development of this grafted, imprinted polymer was designed

to follow the process outlined in Figure Al below.

Polymer Layer with
Polymer Layer Vancemycin affinity pockets

Iniferter Self-Assembled Monolayer
Gold Layer on Chromium uv Elution
1 ] " |

Borosilicate Glass ———» »

monomers @ vancomyein @

Figure Al Grafted MIP film on gold substrate. A gold wafer passivated with a self-assembled
monolayer (SAM) of an iniferter is incubated in monomers and vancomycin. Exposure to light initiates
the polymerization, resulting in a polymer film imprinted with vancomycin. Following an elution
process, the resulting polymer contains molecular cavities that are chemically and sterically specific to
vancomycin.

7.1 FIRST PROTOCOL

Initially, for the development of a molecularly imprinted polymer film grafted on a gold substrate,
a protocol was adapted from a previous work 7, This protocol operated by synthesizing an imprinted
polymer film on a gold surface that was passivated with a self-assembled monolayer (SAM) comprised of

chlorobenzenemethanethiol (CBMT) to serve as a thiol linker between the polymer and the gold surface.
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The gold substrate was created from borosilicate glass substrate that was deposited with 200 nm of gold,
using a sputtering process, with a chromium adhesion layer between. Before development of the polymer,
the gold substrate was cut into 0.5 in. x 1 in. pieces. These pieces were then cleaned, using a multistep
process. First, the pieces were covered in MilliQ water, then sonicated for 10 minutes, followed by drying
with compressed nitrogen. Then, these pieces were placed in a container of acetone, sonicated for 10
minutes, and dried. This process was repeated with a container of methanol. Next, the pieces were
transferred to a volume of 1 M aqueous sulfuric acid solution and allowed to incubate for 30 minutes.
Finally, the pieces were removed, rinsed with MilliQ water for 30 seconds, and dried with compressed
nitrogen.

For development of the SAM, a 2 mM solution of CBMT (Sigma-Aldrich; product #: C28707) was
prepared in ethanol (FisherSci; product #: 22-032-601). The previously cleaned gold pieces were placed in
a glass petri dish and incubated in the 2 mM CBMT solution via pipetting. The dish was subsequently
wrapped with parafilm and foil and left for 48 hours. After such time, the individual gold wafers were each
rinsed with ethanol for 15 seconds, then placed in a new container with clean ethanol and sonicated for 1
minute, followed by an additional ethanol rinse for 15 seconds. Finally, these gold pieces were dried with
compressed nitrogen gas.

Synthesis of the molecularly imprinted polymer onto the SAM-coated gold surface was carried out
using a photo-initiated reversible addition-fragmentation chain transfer (photo-RAFT) polymerization
process. In this photo-RAFT process, a photo-initiated iniferter, sodium diethyldithiocarbamate (SDDC)
was attached to the CBMT linking agent. As shown below, a photo-iniferter is a molecule that can generate
a radical with the application of light. Beyond serving as an initiator, an iniferter can act in multiple

additional capacities during a polymerization process, including as a transfer agent, and terminator.
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Figure A2: Photo-initiated Reversible Addition-Fragmentation Chain Transfer (Photo-RAFT)
Polymerization. a) Initially, application of a light source initiates the generation of a complimentary
radical pair from the iniferter. B) The generated free radical bind with other molecules, propagating the
radical to a longer chain molecule. C) The longer chain radical end rebinds with its complimentary pair
of the original iniferter, reforming a longer-chain iniferter. D) The previous steps are repeated under the
same conditions, further linking more molecules, and forming an even longer molecule for as long as the
free radicals are generated.

To attach the iniferter to the CBMT linking molecule, a 152 mg/ml solution of SDDC (Sigma-
Aldrich; product #: 228680) was prepared in acetonitrile (Sigma-Aldrich; product #: 271004) by sonication
for 10 minutes. This solution was pipetted onto each SAM-maodified gold wafer until the gold surface was
completely coated. These gold pieces were purged with nitrogen gas, sealed with parafilm, and wrapped
in foil and allowed to incubate. After 48 hours, the incubated gold pieces were rinsed with acetonitrile for
10 minutes, dried with nitrogen, then placed in a clean container.

The monomer ratios for the grafted polymer were adapted from a previous protocol 27, To this

effect, the monomer solution was prepared by combining 936 mg NIPAm, 48 mg BIS, 800 mg TBAm, and
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56.8 pl AA in 10 ml of acetonitrile in a 20 ml scintillation vial. This vial was capped with a rubber septum
and wrapped with parafilm, then purged with nitrogen and sonicated for 30 minutes, after which, the vial
was wrapped with foil.

For the synthesis of the polymer, 1 ml aliquots of the monomer solution were removed from the
vial with a syringe needle and coated onto the surface of the gold pieces until the surfaces were completely
coated. Polymerization was initiated with UV light (Dymax Bluewave 200, Dymax Corporation,

Torrington, CT) at an intensity of 1 mV/cm? for 3.5 minutes, placed at 1 cm away.
7.2 SECOND PROTOCOL

As further explained in the discussion later in this section, it was determined that the iniferter could
not effectively initiate polymerization with the CBMT linking agent. Instead, development of a SAM with
an alternative linking agent was explored. This protocol, which was adapted from Garcia-Mutio et al. 181,
utilized a new iniferter synthesized from SDDC and a new linking agent, 3-chloro-1-propanethiol (CPT)

(Sigma-Aldrich; product #: C68601).

Ngsee- J'J\|\I|\’ ) + ~ > NN /I'LN/_
Sodium Diethyldithiocarbamate 3-chloropropane-1-thiol Thiopropyl Diethyldithiocarbamate
(Iniferter)

Figure A3: Proposed synthesized iniferter. A new linking agent, 3-chloropropane-1-thiol is added to
the existing iniferter, sodium diethyldithiocarbamate, to link to the gold surface and sustain a free radical
electron.

The cleaning protocol for the gold wafers was unchanged from the previous protocol. In short, the
gold pieces were cut into 0.5 in. x 1 in. pieces. These pieces were then covered in MilliQ water and

sonicated for 10 minutes. Nitrogen was then used to dry the pieces. The gold pieces were subsequently

covered in acetone and sonicated for 10 minutes, followed by nitrogen drying. This process was repeated
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with a container of methanol. Next, the pieces were transferred to a volume of 1 M aqueous sulfuric acid
solution and allowed to incubate for 30 minutes. Finally, the pieces were removed, rinsed with MilliQ

water for 30 seconds, and dried with compressed nitrogen.

For the preparation of the synthesized iniferter, which is shown below, 3.38 g of SDDC was ground
to a fine powder using a mortar and pestle. The resulting powder was then lyophilized overnight. The
following day, the lyophilized SDDC powder was added to a 3-neck flask, and the flask was capped with
rubber septa and placed in a 50°C bath of silicone oil, heating over flux. A continuous flow of nitrogen
was introduced through one neck of the flask. Next, 50 ml of dry acetone, which was prepared via
distillation, was injected into the flask to dissolve the SDDC powder and the mixture was stirred while
maintaining the 50°C temperature. Once the powder was fully dissolved, 2 g of CPT was added, drop-

wise, to the mixture, while continuing to stir at 50°C. This stirring was continued for 15 hours.
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Figure A4: Equipment setup for synthesis of linked iniferter. Iniferter was heated in a flask within a
50°C oil bath, under N, atmosphere. An addition funnel was added to allow for drop-wise addition of
CPT to the iniferter.

After the 15 hours had elapsed, the heat, stirring, and nitrogen were stopped, and the resulting oil
was passed through solid phase extraction filters (Sigma-Aldrich, product #: 52176-U) equipped to a
vacuum to remove any insoluble salts. Acetone was added to the tube to speed up the filtration process as

desired. The excess acetone was removed from the filtered iniferter oil with a rotary evaporator (Hei-Vap

Advantage, Heidolph Instruments GmbH, Germany) Once the excess acetone was removed, the oil product
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was capped with a rubber septum, purged with nitrogen for 30 minutes, wrapped with foil and parafilm,
and stored at 4°C until further use.

To prepare the iniferter-linked gold wafers, the cleaned wafers were placed in scintillation vials,
capped with rubber septa, and purged with nitrogen for 30 minutes. Then, a 10 mg/ml solution of the
synthesized iniferter product was prepared in deoxygenated ethanol. This solution was added to the gold
wafers such that the wafers were completely immersed in the iniferter solution and purged with nitrogen
for another 20 minutes. The vials were then wrapped with parafilm and foil and allowed to incubate for 24
hours. After the elapsed time, the wafers were removed from the vials, rinsed with ethanol, and dried with
nitrogen.

The monomer solution prepared for this protocol followed the same procedure as the first protocol.
In short, 936 mg NIPAm, 80 mg BIS, 800 mg TBAm, and 56.8 pl AA were dissolved in 10 ml of ACN in
a scintillation vial, which was subsequently capped with a rubber septum. This mixture was sonicated and
bubbled with nitrogen for 30 minutes.

Gold wafers prepared with the iniferter monolayers were placed in a glass petri dish and covered
in monomer solution. A lid was placed on the dish to minimize evaporation. Synthesis of the grafted
polymer on the gold wafers was initiated with 100 mV/cm? ultraviolet light placed 2 cm away. This
polymerization was carried out for 30 minutes. Upon termination of the light, the individual wafers were

rinsed with clean ACN and dried with compressed air.
7.3 THIRD PROTOCOL

There was concern that the initial wafer cleaning process was not sufficient to remove
contaminants, which was believed to have possibly contributed to the failure to develop grafted polymer
films. As such, a new cleaning protocol for the wafers was followed. This protocol was adapted from a
previous protocol ™ and utilized a method of cleaning with an alkaline-peroxide solution. To start, gold
wafers were placed into a glass petri dish. 75 mg of potassium hydroxide (FisherSci, product #: P250) was

dissolved in 20 ml of 30% hydrogen peroxide (Sigma-Aldrich, product #: 405736). This solution was
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poured over the wafers, then the wafers were soaked for 10 minutes. After such time, the wafers were
removed from solution and the wafers were rinsed with ethanol and dried with compressed air. All the

subsequent steps were copied from the previous protocol.
7.4 FOURTH PROTOCOL

Following the successful polymerization on the gold wafers following the previous protocol, an
effort to synthesize a molecularly imprinted polymer film was attempted. However, unlike previous
attempts in which the polymer was synthesized on a gold-coated wafer, polymers were instead synthesized
on interdigitated electrodes (IDEs), which consisted of an array of microscale printed gold leads on a glass
substrate. These electrodes were cleaned and prepared in the same manner as reported in the previous
attempt. However, the passivation of the SAM on the gold electrode surface was conducted with the
undiluted iniferter oil, thus ensuring maximal passivation. An additional change was made in the monomer
preparation and subsequent polymerization process. Vancomycin was dissolved in water to a concentration
of 20 mg/ml, then this solution was added to the monomer solution so that it comprised 30% of the final
volume. Polymerization was performed with the same intensity and duration of UV light as was used in
the previous protocol. Following a final rinse with acetonitrile solvent, the polymerized IDEs were rinsed
with DI water, then dried with compressed air. To provide a more quantitative analysis of the vancomycin
imprinted within the polymer film, electrochemical impedance spectroscopy (EIS) was performed on the
electrodes. The EIS was performed from 100 Hz to 1 MHz. Following this initial EIS, the electrodes were

eluted for an hour in 60°C water for 30 minutes, dried, then underwent EIS a second time.
7.5 FIFTH PROTOCOL

After it was observed that the polymer failed to demonstrate significant elution using the previous
protocol, each of the steps in the process were revisited and many changes were adopted to the cleaning
and incubation protocols. First, gold wafers were placed in a large beaker. In a separate beaker, 10 ml of

30% hydrogen peroxide was added to 30 ml of concentrated sulfuric acid. This mixture was slowly poured
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over the wafers, which were then incubated for 15 minutes. The wafers were removed and rinsed with
MilliQ water, before being dried with compressed air.

The synthesized iniferter product was prepared using the same methods as previous protocols. It
was theorized that the linked iniferter products were linked too close together, potentially interfering with
the polymerization process. As such, it was proposed that addition of an alkanethiol “spacer” molecule. In
a scintillation vial, 1.5 mg of synthesized iniferter product was combined with 18.5 mg of Mercaptoethanol
(Millipore-Sigma, product #: 444203). The vial was capped with a rubber septum, purged with nitrogen
for 30 minutes, and dissolved in 20 ml of deoxygenated ethanol, followed by sonication for 30 minutes.
Once the linking solution was prepared, gold wafers were incubated in the solution overnight, then rinsed

with ethanol and dried. XPS was performed on the SAM-prepared gold wafers.

7.6 RESULTS

7.6.1 FIRST PROTOCOL

Following attempts to graft a polymer onto the surface of a gold wafer, it was determined that the
used linking molecule, CBMT, would not be able to sustain the generated free radical electron needed for
the linked iniferter to initiate the polymerization reaction. As can be seen in Figure A5 below, due to its
proximity of the benzene ring, the pi bond resonance of the benzene would stabilize the free radical, thereby
acting as an inhibitor to the polymerization. Consequently, an alternative strategy was explored using

another linking molecule.
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Figure A5: Schematic representation of the radical generation of the synthesized molecule
composed of sodium diethyldithiocarbamate (SDCC) and chlorobenzenemethanethiol (CBMT).
When SDCC initiates a radical electron, it disassociates from the CBMT at the benzene group. However,
the resonance of the pi bonds on the benzene group would normally stabilize the free radical electron,
thus inhibiting the free radical polymerization process.

s

7.6.2 SECOND PROTOCOL

Upon carrying out this new protocol, microscopic analysis was performed on individual samples
of gold wafers. Microscopic images appeared to show some material visible on the surfaces of the wafers.
However, these images, shown in Figure A6 below, only showed sporadic markings on the wafer surfaces.
From this analysis, it could not be determined if the visible material was grafted polymer. However, it was
evident that there were similar spots on the bare, untreated gold. Additionally, it could be observed that a
consistent, continuous film had not been synthesized. As such, it was determined that a more effective

cleaning protocol may be necessary to ensure that the surfaces of the gold wafers were completely clean.
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Figure A6: Microscopic images from a) bare gold wafer and b) treated gold surface.

7.6.3 THIRD PROTOCOL

To facilitate synthesis of a grafted polymer, a new wafer cleaning protocol was utilized. This
protocol employed a solution consisting of hydrogen peroxide and potassium hydroxide to provide a more
effective cleaning method to remove organic material that could be detrimental to the synthesis of the
grafted polymer. Following polymerization and subsequent washing steps, microscopic analysis was
performed to visually analyze the results. From these microscopic images, shown in Figure A7 below,
there appeared to be a clear polymeric layer. However, these films were inconsistent in thickness.
Additionally, there were regions of passivated gold surface in which there were no polymer films.
Regardless, the results from these attempts gave us confidence to move forward with further changes to
prepare electrodes for quantitative electrochemical analysis towards development of an electrochemical

sensor.
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Figure A7: Microscopic image of polymerized gold wafer. Bottom-left region is unpolymerized,
untreated gold surface. Upper-right region is coated in a polymer surface.

7.6.4 FOURTHPROTOCOL

Following polymerization, electrochemical impedance spectroscopy (EIS) was performed on the
electrodes. A frequency sweep was performed from 100 Q to 1 M Q. Following this process, the electrodes
were removed, and an elution process was performed to remove the imprinted vancomycin. EIS was again
performed on this same set of electrodes. Although it was initially observed that there was a noticeable
difference when the EIS was performed on these electrodes the second time, upon following additional
tests, it was determined that this observed difference was due to an artifact arising from the removal and
replacement of the electrode leads onto the electrode, rather than from an appreciable elution of

vancomyecin.

7.6.5 FIFTHPROTOCOL

Although the appearance of polymer films was encouraging, the polymer was incomplete and non-
uniform. To provide ideal conditions for polymer growth, new gold wafers were produced and cleaned
using a new cleaning method. This method utilized piranha solution to ensure the most complete removal
of undesired material from the gold surface. Additionally, a new strategy towards the development of the

SAM was followed, which included the use of the short alkanethiol, mercaptopropanol (Sigma-Aldrich,
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product #: 216763), to provide more consistent spacing between the iniferter to provide more even and

consistent polymerization across the wafer surface.
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Figure A8: X-ray Photoemission Spectroscopy (XPS) plot. XPS was performed on a gold wafer
passivated with a self-assembled monolayer of mercaptopropanol and mercaptopropyl
diethyldithiocarbamate. Although the expected number of counts for sulfur (S 2p) was expected to be
higher, the reported number of counts was far lower than expected. Conversely, there was a strong
representation of gold, indicating that there was likely a large portion of the gold wafer that remain
exposed.

To verify that the gold wafers were extensively and consistently passivated with this combination
of mercaptopropanol and iniferter, X-ray photoemission spectroscopy (XPS) was performed on a few of
the wafers. From the results of the tests, it was clear that the wafer surfaces had not be as extensively
passivated as had been hoped, as the strength of the signal for sulfur, expected to be found in the molecules
forming the SAM passivation layer, was found to be nearly indistinguishable from the noise of the system.

Conversely, the strength of the signal for the gold was found to be higher than any other reported element.

This indicated that it was likely than much of the wafer surface was still exposed.

120



8 APPENDIX B - EVALUATION OF TECHNIQUES FOR
BINDING ANALYSIS

Prior to analyzing the binding capacity of the MIP-NPs an evaluation of the analytical techniques was
performed to determine which technique was most appropriate for accurately quantifying the dilute
concentrations of vancomycin. Due to limits in the yield of the synthesized NPs it was determined that the
analytical technique that was to be employed would need to be able to detect ng/ml changes in concentration
of vancomycin. Initially, the sensitivity of a HPLC-based method was investigated. It was believed that if
this method failed to measure such small changes in concentration, the mass spectrometry (MS) would be

capable of doing so instead.

8.1 HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

In preparation of the initial stock vancomycin solution, 10 mg of vancomycin HCI was dissolved
in 10 ml DI water. This was followed by sonication for 20 minutes. This stock solution was used to prepare
1 ml samples of vancomycin solutions in the following concentrations (pug/ml): 12.5, 25, 50, 75, 100, 150,

and 200.

Once this was completed, each of the vancomycin solutions was subjected to HPLC analysis
(Waters Alliance 2690 Separation Module/Waters 626 Pump/Waters 2487 UV Detector, Waters
Corporation, Milford, MA) with a reverse-phase C18 column (Phenomenex, Torrance, CA, US). A 20 pl
aliquot of each sample was inserted to the machine and HPLC analysis was run at a flowrate of 1 ml/min
in conjunction with a hydrophilic solvent consisting of a 0.1% aqueous dilution of formic acid, as well as
an organic solvent consisting of 0.1% formic acid in acetonitrile. This analysis was run at operating
pressures ranging from 1,550 psi to 1,580 psi. Following previous demonstrations of chromatographic of
vancomycin B2 it was believed that detection at 280 nm would provide sensitive recognition of the

vancomycin.
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Upon completion of the HPLC analysis, the resulting data, provided in Table B1, was produced.
From this data, it appears that the HPLC was unable to discern between the two most dilute concentrations,
at 12.5 and 25 pg/ml. Beyond this, however, a linear trend, displayed in Figure B1 below, could be observed
between the higher concentrations, thus validating the efficacy of the detection method. Still, it was
believed that this HPLC method would not serve as an appropriate method of detection for the dilute

concentrations that were to be prepared for the binding experiments.

Table B1: HPLC Absorbance Intensity of aqueous vancomycin samples.

Concentration Detection
(ng/ml) Intensity

125 28766

25 25855

50 78829

75 95891

100 282174

150 421776

200 629556
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Figure B1: Plot of the HPLC absorbance intensities at each vancomycin concentration.

8.2 MASS SPECTROMETRY (MS)

Following the failure of the HPLC to detect an appreciable change in the vancomycin at desired
concentrations, MS was pursued in the belief that this method would be capable of detection at such diluted
concentrations. Preceding this analysis, a standard curve of aqueous vancomycin solutions was prepared
and analyzed with mass spectrometry (MS) to inform the parameters of subsequent experiments. Primarily,
this procedure was carried out to define the minimum concentration that could be detected by the MS
system. From the results of this procedure, the appropriate concentration of vancomycin could be

determined to properly quantify the binding capacity of the tested MIP-NPs.

Initially, 10 mg of vancomycin HCI was dissolved in 1 L of deionized (DI) water with sonication
for 30 minutes, resulting in the first stock solution. This was followed by a 1:100 dilution, in which 1 ml
of the first stock solution was added to 99 ml of DI water. This 1:100 dilution was repeated, such that the

concentration of the final stock solution was 1000 ng/ml. From this final stock solution, a series of dilutions
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were performed to obtain a range of 5 ml aqueous vancomyecin solutions with the following concentrations

(ng/ml): 0.5, 1, 2, 5, 10, 25, 50, 100, 250, 500, and 1000.

An additional 5 ml volume consisting solely of DI water was prepared to serve as a negative control.
As well, 1 ml aliquots were taken from the solutions of 100 ng/ml and 500 ng/ml and were subjected to
ultrafiltration with 100 kDa MWCO filters. These filtered samples were included to verify that the
ultrafiltration process with the filters used in the experiment were not trapping vancomycin, which would

skew results, if not accounted for properly.

Following preparation of the samples, aliquots were run through a high-resolution, accurate mass
(HRAM) mass spectrometer (ThermoFisher Scientific Exactive Plus Orbitrap Mass Spectrometer; catalog#:
IQLAAEGAAPFALGMBCA), using Heated Electrospray lonization (HESI). The vancomycin samples
were diluted in water and analyzed with flow injection into the MS at a 200 pl/min flow rate. The MS was
operated both in positive ion mode and negative ion mode with a mobile phase of 90% acetonitrile with
0.1% formic acid, and 10% water with 0.1% formic acid. Samples were scanned over a range of 200-1500

m/z. Other parameters for the HESI are given in the table below.

Table B2: Mass spectrometry analysis parameters.

HESI Source Parameters

Spray Voltage 3.5kV
Capillary Temperature 320°C
Heater Temperature 300°C
S Lens RF Level 55V
Sheath Gas Flow Rate 40
Resolution 70,000
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Unfortunately, the mass spectrometry was only able to detect the most concentrated solutions.
Among the 13 samples prepared, only the 250 ng/ml, 500 ng/ml (unfiltered), and 1,000 ng/ml solutions
were detected by the system, and a discernible change in concentration could only be observed between the

latter two solutions.

The inability for the MS to detect the less concentrated solutions of vancomycin came as a
surprise, since, an earlier MS analysis, was able to demonstrate a linear range of detection of vancomycin
solutions in this range of concentrations, as shown below. This analysis, which was performed by Dr.

Menegatti’s group (Figure B2), was able to demonstrate detection of concentrations as low as 0.95 ng/ml.

However, due to the outbreak of COVID-19, further exploration of MS analysis for these
vancomycin solutions could not be continued. Because of this, the design of the experiment assumed a
limit of detection of 1,000 ng/ml to ensure that the MS could measure any changes in the vancomycin

concentration following rebinding with the synthesized MIP-NP.
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Figure B2: Plot of the MS detection intensities at each vancomycin concentration.

All high-resolution mass spectrometry measurements were made in the Molecular Education,
Technology, and Research Innovation Center (METRIC) at NC State University.
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9 APPENDIX C -EXCLUDED BATCH DATA

The synthesis procedure described in this thesis, or some variation of the procedure, was performed,
yielding 13 batches of eluted product. However, it was determined that ten of these produced batches failed

to provide adequate, complete, or representative data.

9.1 BATCH1

The first batch of eluted product, B1, was obtained from a synthesis process, in which 6.5 mg of
magnetic microbeads were added to 10 mg of vancomycin for conjugation. Based on the calculation of
linkers, shown in the EXPERIMENTAL DESIGN section, above, these quantities were believed to be
enough to synthesize MIP-NPs of an equivalent mass to the yield reported by the literature 'l In differing
from the described methods, this synthesis was performed only once. Additionally, neither centrifugation,
nor ultrafiltration were performed after the synthesis process. Following synthesis and subsequent elution,
DLS was performed on the eluted product. However, DLS was unable to identify any NPs in the elute

solution.

9.2 BATCH?2

Following the failure of B1 to be detected by DLS, a new quantity of magnetic beads, B2, was
prepared. In this new procedure, the mass of magnetic beads was approximately doubled to 13.2 mg. Like
B1, these beads were functionalized with 10 mg of vancomycin, still determined to be an excess quantity
of vancomycin. Synthesis and elution were performed following the procedure stated in the METHODS
section. Again, like B1, this procedure was run only once, and neither centrifugation nor ultrafiltration
were performed. DLS was again performed on this batch of eluted product. Unlike B1, however, the
system was able to detect particles in the solution. In total, DLS was run on the same aliquot three times.
However, as the results in the table below indicate, there appeared to be substantial variation in the sizes of
particles, as shown by the relatively large PDI values. Additionally, across each of the runs, there appeared

to be a time-dependent decrease in the size of the particles, as well as the distribution of sizes of the particles.
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It is theorized that the changes observed across each of the subsequent trials was due to the presence and

settling of larger microparticles in the solution. This was believed to have resulted from microbeads that

may have remained in the eluted product solution.

Table C1: DLS results from B2.

Run Average PDI
diameter (nm)
1 1450 0.917
2 1146 0.874
3 450.5 0.467

9.3 BATCH3

To provide a comparison to B2, 12.9 mg of additional magnetic beads were functionalized with
another 10 mg of vancomycin. The process for functionalization, synthesis, and elution was repeated from
B2. This new batch of MIP-NPs, B3, was evaluated with DLS. Again, like B2, the DLS data for B3 showed

appeared to show some time-dependent settling of larger microparticles.

Table C2: DLS results from B3.

Run  Average diameter  PDI

(nm)
1 960 0.767
2 320 0.537
3 256 0.445

9.4 BATCHA4

Using the same microbeads as B3, a new batch of NPs (B4) was synthesized using largely the same

procedure as B3. However, to reduce the size of the NPs, the synthesis time was reduced from 90 minutes
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to an hour. DLS analysis was performed on a sample of this batch, as well as a sample of B3, for
comparative analysis. The results of this analysis are shown below. Although there appeared to have been
some behavior similar to the results obtained in prior analyses, it was clear that there were far larger particles
present in the solutions. This was particularly apparent following the reanalysis of B3, which gave vastly
different results than before. Based on these results, it was theorized that there may have been other larger
particles in the solution, such as aggregates and clusters of the NPs that may have formed over the course

of the ten days between the previous DLS analysis and this analysis.

Table C3: DLS results from B3. (Reanalysis).

Run  Average diameter ~ PDI

(nm)
1 21200 0.607
2 5361 1.00
3 6045 1.00

Table C4: DLS results from B4.

Run  Average diameter PDI

(nm)
1 24200 0.781
2 8287 1.00
3 4433 1.00

9.5 BATCHG®G

After the synthesis and analysis of B5, it was apparent that NPs of the expected size had been
synthesized using the procedure described earlier. To provide further evidence, the magnetic beads used
from B5 were used again to synthesize a new batch of NPs, B6, following the same procedure used in B5.
DLS analysis was performed on this batch. However, the results of the eluted product, shown below,

appeared to emulate the same behavior as had been observed in batches without the centrifugation
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process. This was unexpected, as B6 had undergone centrifugal separation to remove remaining magnetic

microbeads.
Table C5: DLS results from B6.
Run  Average diameter ~ PDI
(nm)
1 1424 1.00
2 709 0.725
3 574 0.581
9.6 BATCH7

Since the results obtained from B6 had been a surprise, given that extra steps had been taken to
remove the magnetic microbeads, the steps in B6 were repeated to validate the results obtained prior. For
this new procedure, it was decided that the previously functionalized magnetic beads of B5 and B6 would
not be used, and a new set of microbeads would be used instead. To that effect, 22 mg of the magnetic
microbeads were functionalized in a solution containing 22 mg of vancomycin. The synthesis and
separation steps employed in B6 were repeated for this new batch, B7. Again, DLS was performed on

this batch of NPs. However, the results obtained appeared to be like those from B6.

Table C6: DLS results from B7.

Run  Average diameter  PDI

(nm)
1 1873 1.00
2 1022 0.817
3 574 0.463
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9.7 BATCHS

Since the DLS data failed to demonstrate an improvement in the measured sizes of the NPs,
despite the addition of centrifugal separation, it was decided that it would be more valuable to shift efforts
towards evaluation and improvement of the yield. To this effect, 29.0 mg of new magnetic microbeads
was functionalized with 31.8 mg of vancomycin. The procedure from B6 were again followed for
synthesis and elution of B8. The eluted product was then stored overnight at -80°C and lyophilized the
following night. After lyophilization, the product was weighed. However, there was no discernable mass

observed within the container holding the eluted product.

9.8 BATCHO9

In response to the lack of a measurable mass from B8, the synthesis procedure was repeated with
36.0 mg of magnetic beads that were functionalized with 31 mg of vancomycin. Following
functionalization, synthesis was performed following the procedure in B6. Unlike B8 however, the eluted
product was dried in a vacuum oven overnight, rather than a lyophilizer. Regardless, the mass of the

resulting dried product was again immeasurable.

9.9 BATCH10

To greatly increase the yield such that there would be a measurable mass, 100 mg of magnetic
microbeads was functionalized with 100 mg of vancomycin. Synthesis and subsequent elution of the
synthesized product followed the procedure outlined in the METHODS. However, this synthesis was
repeated only two additional times. Unfortunately, all the eluted product spilled during handling and had
to be disposed of. The beads prepared in B10 were combined with 300 mg of newly prepared beads for

B11.

9.10 BATCH 13

Following the failure of the B12 to demonstrate binding with mass spectrometry, a new batch of

MIP-NPs was prepared following the procedure outlined in the METHODS section. However, with the
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outbreak of COVID-19, and the subsequent restriction of laboratory access, analysis could not be

performed on these MIP-NPs.
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