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 ABSTRACT (academic) 

To address the systemic toxicity attributable to doxorubicin (Dox) following targeted 

chemotherapy treatments for hepatocellular carcinoma, we explored drug-capture strategies using 

both DNA-functionalized substrates and synthetic polymeric materials. DNA-modified cotton 

substrates were prepared with and without using silane linkers and surprisingly, DNA-only 

modified substrates demonstrated comparable Dox capture efficacy to those functionalized with 

DNA and the control silane linker. DNA quantification revealed apparent increases in DNA 

concentration due to thermally induced denaturation during adsorption, suggesting the need for 

milder reaction conditions for future experiments. 

We also synthesized poly(methacrylic acid) (PMA) resins to electrostatically bind Dox at 

physiological pH. Comparative capture studies with uncharged PMA at low-pH conditions 

confirmed an 18-fold increase in Dox capture efficacy due to ionic interactions. Crosslink density 

and polymer flexibility also played pivotal roles, with more rigid materials demonstrating greater 

capture efficacy and more flexible materials exhibiting the opposite trend due to increased 

hydrophobicity. These results underscore the importance of tuning network rigidity and 

hydrophobicity in subsequent drug-capture material design. 

 Finally, to explore alternatives to traditional antibiotics, we synthesized varied molecular 

weights of mannose-functionalized polynorbornenes and modified the polymer backbone with 

thiolated-mannose and thiolated-amine moieties. Our objective was to increase the antibacterial 



properties observed with unmodified glycopolymers by increasing glycan density to inhibit 

bacterial growth and separately, introducing cationic charges to disrupt bacterial membranes. Our 

approach used the oxo-norbornene derivative, a key procedural change as these materials are not 

widely explored for post-polymerization modification, particularly with biologically relevant 

molecules such as glycans and cationic compounds. While we observed partial functionalization 

of the polymer backbone at longer reaction times, we demonstrated that the backbone alkenes of 

these glycopolymers are amenable to thiol-ene chemistry. We also generated a set of materials with 

precise architecture that differed only in their pendant functionalities. Comprehensive biological 

assays will follow to assess the antimicrobial and hemolytic performances and determine the 

structure-activity relationships.
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GENERAL AUDIENCE ABSTRACT 

 

For liver cancer patients receiving targeted chemotherapy treatments, a drug called 

doxorubicin (Dox) is delivered directly to the tumor. However, about half of the drug can escape 

into the bloodstream and cause serious damage to the heart. To help prevent this, we generated 

materials that could capture the excess drug before it circulates throughout the body. We found that 

DNA cotton fabric and crosslinked polymers worked well at capturing Dox and that the stiffness 

of the polymers affected how much drug they can bind to. We continue to explore different 

materials that potentially can be fabricated into a device for use to filter the excess Dox during 

chemotherapy treatments. 

In a separate project, we tackled the growing problem of antibiotic-resistant bacteria by 

generating carbohydrate materials that mimic how bacteria attach to cells. These materials were 

designed to block bacteria from attaching to the cells in the body, preventing bacterial infections 

from progressing. By changing parts of the molecule’s structure, we can fine-tune how effective it 

is at binding to different bacterial strains. Together, these studies show how we can design smart 

materials that either protect the body from harmful side effects or act as new tools in the fight 

against drug-resistant bacteria.
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Chapter 1.  Literature Review 

 
 1.1. Introduction 

 
 The versatility of polymers as sequestrants has received much attention because they show 

promise to mitigate the hazards of biological and environmental contaminations.1 Polymer 

sequestrants are designed to bind to and remove specific molecules from complex solutions, often 

targeting organic micropollutants in the soil and wastewater,2 radioactive materials,3 heavy metals 

from wastewater sources,4 and bacterial endotoxins in the gastrointestinal tract.5 A more recent 

application is their use as drug capture materials to adsorb excess chemotherapy agents during 

cancer treatments.6 Procedures to limit the delivery of chemotherapy drugs to the targeted tumor 

are highly advantageous to mitigate toxicity to healthy tissue. Several approaches have shown 

promise towards sequestering the excess drug during chemotherapy treatment,7-9 and additional 

work is in the research pipeline.  

 While the exploration of polymer sequestrants to bind chemotherapy drugs is relatively 

new, they have been widely investigated as viable replacements for traditional antibiotics. 

Antibiotics have significantly mitigated the global impact of bacterial infections; however, many 

ba*cterial strains have adapted resistance mechanisms over time, leading to diminished antibiotic 

efficacy.10  Consequently, there is now an overwhelming need for new antibacterial therapeutics 

with equal or enhanced efficacy that can evade the drug-resistance that plague current antibiotics.11, 

12 Polymers with pendant carbohydrate side chains (glycopolymers) are a promising alternative  

antibacterial therapeutic to treat  infections attributable to antibiotic resistant bacterial strains 

because the sidechains can mitigate bacterial infections by competing for the binding sites on the 

bacterial surfaces. 
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 The fundamental challenge to developing polymer sequestrants is to incorporate moieties 

with high affinity for the targeted compound. This literature review explores the synthetic 

strategies and limitations of polymer sequestrants designed to capture chemotherapy drugs during 

cancer treatments and those developed to bind to pathogenic bacteria to inhibit growth and mitigate 

bacterial infections. 

1.2. Biological Toxicity due to Chemotherapy Drugs 

 Cancers develop when mutations occur within the cell cycle that disrupt the genes that 

regulate cell growth (proto-oncogenes) and tumor suppressor genes. Controls within the cell cycle 

are arrested and the rate of cell division increases while that of cell death is decreased or altogether 

halted.13 Proto-oncogenes transform into oncogenes when they experience mutations that disrupt 

their functionality. As a result, cancer cells grow and divide at a considerably faster rate than 

normal cells, resulting in tumor growth.14 The rates of cancer incidence and mortality have 

increased exponentially within the last decade, with 19.3 million new cases and 10 million deaths 

occurring in 2020.15 While resection is often prescribed for early stage detection (tumors of a 

certain size), many patients are diagnosed in the late stages, when radiation therapy and/or 

chemotherapy are required to decrease the tumor size before surgical removal.13, 16  

 Chemotherapy is prescribed to destroy rapidly dividing tumor cells; however, healthy cells 

are also targeted. The destruction of healthy cells leads to side effects such as chemotherapy-

induced nausea and vomiting, fatigue, mouth sores, nerve damage, and low white blood cell count 

that leads to infections (neutropenia), diarrhea, constipation and hair loss.17 There are currently 

five classes of chemotherapy drugs categorized by their mechanisms of action for suppressing 

tumor growth (Fig. 1.1):13 alkylating agents 18, 19 antimetabolites;20, 21 antitumor antibiotics,22-24 

topoisomerase inhibitors, 25 and tubulin-binding drugs.26, 27 Treatment options often involve 
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combination therapy due to the complexity of the tumor and the type of cancer diagnosed; a single 

chemotherapy drug may not provide effective treatment.16 While more than 130 anticancer drugs 

have been approved by the US Food and Drug Administration, doxorubicin (Dox) (Fig. 1.2) and 

paclitaxel are among the most prescribed due to their effective treatment capabilities for a wide 

variety of cancers; however, they are also known to cause severe cardiotoxicity and acute 

hypersensitivity, respectively.16, 28 Cardiotoxicity impairs the heart muscle and poses the most 

serious adverse effect to cancer patients being treated with Dox. Irreversible cardiomyopathy and 

congestive heart failure were observed in patients whose cumulative dose of Dox exceeded 550 

mg/m2. Consequently, Dox is administered in limited doses and is often combined with other 

chemotherapeutic drugs such as etoposide (Fig. 1.1) to access different anticancer mechanisms, in 

accordance with the type of cancer treated.28-30  

 Hepatocellular carcinoma (HCC), a primary liver cancer, is the third leading cause of 

cancer mortality globally. It is often undetected until late stages, resulting in a mortality rate of 

95% within five years of diagnosis.31-33 While transplantation or resection are primary treatment 

options, many patients do not qualify and are instead prescribed chemotherapy.34, 35 Transarterial 

chemoembolization (TACE), a procedure in which chemotherapy drugs are directly administered 

to the tumors via catheter (Fig. 1.2), is the standard therapeutic treatment for these patients.36-39 

Despite this site-specific delivery, approximately 50% of the administered drug exits the liver and 

circulates throughout the body, harming healthy tissues. The development of a filtration device to 

remove the excess chemotherapy drugs would enable higher doses to be administered resulting in 

faster tumor shrinkage while mitigating systemic toxicity.32 
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Figure 1.1. Representative molecular structures of tumor suppressing agents within the five classes 

of chemotherapy drugs  
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(a)       (b) 

      

Figure 1.2. (a) Molecular structure of doxorubicin (b) schematic of TACE procedure used to 

administer chemotherapeutic to liver cancer patients31 

 

1.3.  Approaches to Mitigating Off-target Dox Toxicity  

 
 To mitigate or eliminate off-target toxicity during TACE procedures, Patel et al. proposed 

using a filtration device, temporarily deployed via catheter downstream from the liver, to capture 

excess Dox leaving the liver vasculature. This chemofilter approach (Fig. 1.2b) can be integrated 

with the TACE procedure, which has already proven to be a successful treatment method to 

localized chemotherapy drugs in the liver.6, 32, 40, 41 This approach, however, requires materials that 

are capable of binding to Dox or other chemotherapy drugs in the blood, leading to research efforts 

to develop such materials. 

 1.3.1. Anionic Resins to Facilitate Electrostatic Attraction with Dox 

 
 To assess the viability of removing excess Dox from the bloodstream during chemotherapy 

treatments, Patel et al. designed a flow circuit experiment that mimicked TACE and tested Dox 

sequestration in phosphate buffered solution, blood serum and live porcine subjects (Fig. 1.3). An 

anionic polyethylene-polystyrene sulfonate triblock copolymer (PSS-PE-PSS) film was used to 

electrostatically bind to Dox, which is positively charged at physiological pH. The resin was 
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immobilized in a mesh and the Dox solution was passed through a peristaltic pump. Within 10 

minutes, the resin captured 76% of Dox from the PBS solution and 52% from the serum solution. 

In vivo results showed that the membrane manufactured from the same resin captured 85% of Dox 

after three minutes of introducing the drug into the hepatic vein.32  

Figure 1.3. (a) TACE simulator – 76% Dox capture in 10 mins; (b) in vivo swine model – 85% 

Dox capture in 3 mins; (c) schematic of Dox and chemofilter treatment32 

 

 Oh et al. subsequently fabricated a porous absorber that was used to selectively bind to and 

sequester excess Dox leaving the liver within one hour without obstructing blood flow or causing 

thrombosis. The 2000 mm2 substrate was 3D-printed from poly(ethylene glycol) diacrylate 

(PEGDA) with dimensions and features that allowed insertion and removal by a minimally 

invasive guide-wire approach (Fig. 1.4). It was then coated with a poly-(tert-butylstyrene)-b- 

poly(ethylene-co-propylene)-b-poly(styrene-co-styrenesulfonate)-b-poly(ethylene-co-

propylene)-b-(tert-butylstyrene) (PtBS-PEP-PSS-PEP-PtBS) triblock copolymer; the PtBS and 

PEP blocks facilitated adhesion to the substrate while the PSS block captured the drug. The coated 

substrate was then inserted into live porcine subjects before a clinical Dox dose was infused into 

the iliac vein leading to the liver. Once Dox was administered, blood samples were withdrawn 

from the vein at the positions immediately before and after the adsorber placement. UV absorbance 

analysis of Dox removed from the blood samples withdrawn after the absorber showed an average 

capture efficiency of 64±6% (n=3). The capture efficiency of the uncoated absorber was negligible. 
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After removing Dox, the coated absorbers were flushed for one month to assess the binding 

strength between Dox and the absorber; less than 0.001 mg/mL of a starting concentration of 50 

mg/mL was released, showing that Dox was irreversibly bound to the absorber.9 

             

Figure 1.4. (a) Chemical structure of the PtBS-PEP-PSS-PEP-PtBS triblock copolymer used to 

coat the absorber (b) used to sequester Dox in porcine subjects9 

 

 1.3.2. Genomic DNA as an Adsorption Substrate  

 

 DNA was explored as a Dox-capture material because Dox’s superior antitumor activity 

arises from its DNA-targeting mechanism of action. Dox destroys cells by binding preferentially 

to cytosine-guanine sites in DNA which prevents DNA replication and causes apoptosis. DNA-

based capture materials form hydrogen bonds between Dox and the cytosine-guanine base pairs, 

resulting in a strong attachment and likely more sustained Dox capture.42, 43 

 A chemofilter device was also developed by Aboian et al. that utilized salmon DNA 

embedded in a polyester mesh (Fig. 1.5). A flow model was developed to simulate the circulatory 

system, and the mesh was positioned to filter solutions containing Dox. Within 1 minute, 95.1% 

of the initial Dox concentration was removed from PBS solution, 91% from porcine serum and 

82% from porcine blood.44 Despite the favorable Dox capture efficacy, the architecture does not 

facilitate in vivo applications. It is necessary to immobilize DNA on a solid support that can be 

deployed before Dox is administered during TACE and removed after the procedure.   
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Figure 1.5. (a) Salmon DNA in polyester mesh; (b) cross-section of mesh in tube representing 

artery; (c) TACE simulator44 

 

 Blumenfeld et al. also explored enhancing Dox capture using DNA. Magnetite 

nanoparticles coated with an amine that was functionalized with nitrogen mustard were reacted 

with genomic DNA to form a covalent linkage. Sequestration of Dox, along with cisplatin and 

epirubicin, which target different moieties in DNA, were assessed in porcine serum, porcine blood 

and a live porcine model. While promising results were attained for cisplatin and epirubicin, the 

DNA-coated surface captured significantly more Dox from serum (65% in 1 minute; 93% in 25 

minutes), blood (92% in 10 minutes) and in the bloodstream of the in vivo porcine model (82% in 

3 minutes).8 

Genomic DNA was also coated onto a 3D-printed polyacrylate substrate then crosslinked 

via UVC radiation. This approach could potentially lead to chemofilter devices that could be 
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tailored to the vasculature dimensions of individual patients. Yee et al. prepared and utilized the 

following substrates and compared their Dox capture capabilities: 1) non-coated lattice; 2) lattice 

coated with DNA; 3) DNA-coated lattice exposed to UVC radiation to induce DNA crosslinking; 

4) lattice coated with an amine linker; 5) amine-coated lattice with DNA; and 6) amine-DNA 

lattice exposed to UVC radiation (Fig. 1.6). The amine linker and crosslinking method were 

employed to mitigate DNA leaching from the lattice surface. Energy Dispersive Spectroscopy 

showed that the treated lattices that were subjected to crosslinking retained a higher quantity of 

DNA on the surface. UV-Vis spectroscopy verified that the Dox capture efficacy for the same 

materials increased 2-fold in PBS and human serum, compared to the control lattices, although 

some DNA leaching was detected.40 

 

 

Figure 1.6. a) DNA-UVC lattice and its controls and (b) eDNA-UVC lattice and its controls after 

Dox capture experiments in PBS and HS. (c) Color of the doxorubicin HS solution at various time 

points during the doxorubicin binding experiments. (d) Comparison of color between the initial 

doxorubicin HS solution and the solution 20 min after the eDNA-UVC lattices have been 

introduced40  

 

1.3.3. DNA Nucleobases Embedded in Crosslinked Polymer Resin 

 Inspired by the increased Dox-capture efficiency of DNA-based devices, Su et al. explored 

using DNA nucleobases to capture Dox in lieu of whole DNA, which may elicit an immune 



23 
 

response in some patients. Adenine, cytosine, thymine and xanthine were individually incorporated 

into a cross-linked polymer resin synthesized by free-radical copolymerization of methacrylic acid 

with ethylene glycol dimethacrylate (Fig. 1.7). Polymer composites were subjected to elemental 

analysis to determine the amount of nucleobase loaded in the polymer network. To evaluate the 

Dox capture efficacy, 100 mg of polymer-nucleobase composite was stirred in a solution of 0.05 

mg mL-1 Dox in phosphate buffered saline at 37 °C and UV-Vis spectroscopy was used to measure 

how much Dox was captured in 20 minutes.   

 

Figure 1.7. (A) Free-radical copolymerization of methacrylic acid (MA) and ethylene glycol 

dimethacrylate (EGDMA), initiated using AIBN, enabled the synthesis of the cross-linked resin 

PMAEG. (B) Nucleobases embedded into the PMAEG matrix during polymerization7 

 

Compared to the control polymer resin and the cytosine, thymine and xanthine polymer 

composites, the adenine polymer composite demonstrated superior Dox capture with 22 mg of 

Dox capture and 8.78 mg of nucleobase loaded per gram of polymer resin. The pore size of each 

material was similar; therefore, it did not play a role in Dox capture efficacy. The nucleobases were 

then removed from the polymer network to determine if their presence alone contributed to capture 

efficacy or if a molecularly imprinted effect (template) contributed to the overall performance. 
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Subsequently the nucleobases were reincorporated to determine whether the materials could be 

regenerated. The polymer composites synthesized with adenine, thymine and xanthine showed 

significantly decreased Dox capture when the nucleobases were removed, and the same efficacy 

was observed when the materials were regenerated with the corresponding nucleobases. It was 

concluded that the capture mechanism of these materials depended primarily on Dox interactions 

with the nucleobases as well as secondary contributions from molecular imprints that were present 

when the nucleobases were removed (Fig. 1.8). Cytosine, however, demonstrated the inverse 

effect. When cytosine was removed, the polymer resin captured more Dox than the polymer-

nucleobase composite, indicating that the primary capture mechanism was interactions with the 

molecular imprints. As with the other composites, Dox capture with the regenerated material was 

similar to that of the as-synthesized composites. 

 

Figure 1.8. Dox capture after 20 minutes, assessing the effect of nucleobase content on capture 

efficacy. 100 mg of each resin was used for these measurements. Error bars are standard 

deviations of three samples measured7 
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1.3.4. In-situ Imine Formation to Covalently Bind Dox 

 
 Chemofilter materials that used DNA as the capture motif demonstrated higher Dox capture 

than ion-exchange resins; however, risks included DNA fragmentation in situ and possible adverse 

reactions to foreign DNA in vivo. In contrast, Krishnamoorthy and Grubbs investigated using 

immobilized aldehydes to covalently bond to Dox via Schiff base formation, preventing drug 

leaching in situ and consequently providing greater capture capability.45 Proof of concept was 

established by first reacting pyridoxal-5’-phosphate (VB6) with Dox (Fig. 1.9) and 1H NMR 

characterization was used to confirm successful imine formation. VB6 was then anchored to iron 

oxide nanoparticles via the phosphate group to generate IONP-VB6, which successfully captured 

Dox from DI water, PBS, and human serum; however, VB6 leaching occurred when the phosphate 

group hydrolyzed during Dox capture experiments. Further Dox capture experiments with various 

aldehydes anchored with catechol and siloxane functional groups also demonstrated excessive 

leaching. Subsequently, the phosphonate anchoring group proved to be the most stable (least 

amount of leaching detected) and the corresponding aldehyde-functionalized iron-oxide 

nanoparticle (IONP-3F4CPP) was used for further Dox studies (Fig. 1.10a).   

 

Figure 1.9. Scheme of Schiff base formation with Dox and VB645 

Dox capture efficacy was evaluated in PBS and human serum at varying Dox 

concentrations. The amount of Dox captured in both media was proportional to the concentration 

of Dox in solution, owing to the Schiff base reaction. Dox capture significantly decreased in human 
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serum, where available proteins competed with Dox for Schiff base formation. IONP-3F4CPP was 

then modified with sulfonate and PEG groups (Fig. 1.10b-c) to mitigate the competing reactions 

by enhancing the overall hydrophilicity. Although the modifications with sulfonate and PEG 

groups did improve the capture efficacy in human serum, aldehyde- leaching persisted. 

 

 

 

 

Figure 1.10. Modification of parent phosphonate-aldehyde (a) to promote increased hydrophilicity 

with PEG (b) and sulfonate (c) groups45 

 

1.4. Global Impact of Bacterial Infections 

 Bacterial infection-related deaths have been categorized as an urgent priority globally and 

are projected to increase annually, with a projected mortality rate of 10 million per year by 2050.46 

Ikuta et al evaluated the deaths due to infections caused by 33 different bacteria among the 

population in 204 countries (Fig. 1.11). The 2019 study concluded the following: 1) There were 

7.7 million deaths due to bacterial infections, which represented 13.6% of all deaths; 2) this was 

 

(a) 

(c) 

(b) 
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the second leading cause of deaths globally, and 3) the poorest regions of the world experienced 

the highest mortality rates. Additionally, among the 33 bacteria associated with these infection-

related deaths, S. aureus and E. coli were the two leading pathogens that produced the highest 

mortalities.47 Bacterial infections can also contribute to tumor growths in the bladder, colon and 

gallbladder.48 

 

 

Figure 1.11. Global deaths due to bacterial infections attributed to 33 different bacteria47  

 

 Bacterial infection begins when binding ligands on the bacterium cell surface attach to 

glycoproteins or glycolipids receptors on the host cell’s surface. As contact progresses, the host 

cell wraps its outer membrane around the bacterium and eventually encloses the bacterium 

completely (endocytosis) (Fig. 1.12a). 49-51 Alternatively, bacteria colonize the tissue surface and 

form a biofilm (Fig. 1.12b).52 Invasion commences when these binding interactions spread 
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throughout the tissue or the entire body leading to infection of major organs such as the lungs, 

stomach and heart.53, 54  

. 

 

Figure 1.12. Internalization of a bacterium by a host cell (a)51 and bacteria colonization leading to 

biofilm formation (b)52  

 

1.5. The Emergence of Antibiotic-Resistant Bacterial Strains  

 Antibiotics have been used for over a century to mitigate the effects of bacterial infections 

and disease transmission and play a vital role in extending human life through medical 

intervention. The use of antibiotics has also contributed to the success of invasive medical 
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procedures such as organ transplantations, open-heart surgeries, and cancer treatments, which are 

often plagued by the patients contracting bacterial infections while hospitalized.46, 55, 56 They have 

been widely used for so long because they are highly effective in treating bacterial infections, are 

cost-effective, and many can be administered orally.57 Prior to the development and use of 

antibiotics, greater than 50% of deaths were attributable to bacterial infections.55 As of 2019, there 

were more than 30 classes of antibiotics (approximately 40 drugs) that had been used to treat 

bacterial infections with multi-targeted approaches based on their mechanisms of action (Fig. 

1.13).46 Among the most prescribed classes of antibiotics and their antibacterial mechanisms are: 

glycopeptides and carbapenems inhibit the synthesis of peptidoglycan, the polysaccharide 

envelope that constitutes the bacteria wall;58, 59 macrolides and aminoglycosides inhibit the 

synthesis of proteins by binding to the A-site on ribosomal RNA, preventing bacterial cell 

growth;60, 61 lipopeptides and polymyxins disrupt bacterial cell membranes; ansamycin and 

fluoroquinolones  inhibit bacteria’s synthesis of DNA and RNA.46, 62  
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Figure 1.13. Structures of commercially available antibiotics  
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 Antibiotics have significantly mitigated the global impact of bacterial infections; however, 

bacteria have adapted and become resistant over time, leading to a reduction in antibiotic efficacy. 

Additionally, overprescription of these drugs has enabled bacterial strains to develop resistance at 

a faster rate and some infections are now untreatable;  therefore, antibiotic resistance has emerged 

as a global threat.46, 63-65 Antibiotic-resistance to multiple drugs was first detected during the late 

1950s65 and later determined to occur via the following pathways (Fig. 1.14):  1) bacterial cell 

enzymes modify or degrade the antibiotic, rendering it ineffective, 2) the membrane effluxes the 

drug out of the cell, 3) the membrane also modifies the cell wall to change its permeability to the 

antibiotic drug, or 4) intracellular components alter the antibiotic target site.10, 11 The increase in 

antibiotic-resistant bacterial strains has resulted in higher morbidity and mortality.66, 67 A 2019 

Centers for Disease Control report determined that 2.8 million antimicrobial-resistant infections 

and 35,000 related deaths occurred annually in the U.S. since 2013.68 Therefore, there is now an 

overwhelming need for new antibacterial therapeutics with equal or enhanced efficacy that can 

evade the drug-resistance that plagues current antibiotics.11, 69, 70  Polymeric materials, particularly 

those that mimic host-cell surface glycans, offer a promising approach due to their potential to 

target bacterial adhesion mechanisms rather than traditional pathways.71, 72 
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Figure 1.14. Multiple bacteria have developed several mechanisms to ensure survival in the 

presence of antibacterial drugs.10 

 

1.6.  Biological Applications for Glycopolymers 

Glycopolymers are macromolecules that incorporate various pendant carbohydrates as 

sidechains54, 73 and are synthesized either by functionalization of a carbohydrate monomer or post-

polymerization modification to append the carbohydrate side chains.74, 75 Similarly to other 

polymers, they can be synthesized as homopolymers or copolymers using various polymerization 

methods that facilitate control of the molecular weight, chemical functionality and stability, 

architecture, and degrees of flexibility of the polymer backbone and sidechains.76 Well-defined 

architecture can be achieved by nitroxide-mediated polymerization (NMP),77 atom-transfer radical 

polymerization (ATRP),78 reversible addition fragmentation chain-transfer (RAFT),79 and ring-

opening metathesis polymerization (ROMP).80, 81 

Glycopolymers have played a pivotal role in advancing biological research with their 

ability to mimic the carbohydrate moieties present on the membrane surface of host cells, which 

is the docking site for viruses, bacteria and other pathogens to begin infection and cell-cell 



33 
 

signaling (Fig. 1.15).82 Their presence in vivo provides decoy targets to minimize pathogen-cell 

interactions, thereby mitigating infection at the host site. Additionally, they forge stronger binding 

interactions to lectins due to the multivalency enabled by increased carbohydrate density, 

commonly known as the glyco-cluster effect.83, 84 Glycopolymers have been widely explored and 

show great promise for pharmaceutical applications such as anticoagulants,85 coatings for medical 

implants,86 vaccine design,87, 88 anticancer agents,82, 89, 90 and as antiviral91-93 and antibacterial94, 95 

alternatives. 

 

Figure 1.15. Various biological recognition processes that use lectin’s high and specific affinity 

for carbohydrates82 

 

1.6.1. Drug Delivery Vehicles  

 Targeted drug delivery enables therapeutic treatment to specific tissues in the body while 

reducing side effects and enhancing drug efficacy. Drug delivery vehicles must stabilize the drug 

in vivo, provide controlled release of the drug at the targeted site, and exhibit low toxicity, 

biodegradability, and chemical inertness.96, 97 Natural polysaccharides have been heavily explored 

for this purpose as they are abundant in nature, have relatively low toxicity, and many are 

inherently bioactive.98 Alginate, extracted from brown seaweed, is widely used as a stabilizer in a 

variety of drug formulations to extend drug release. The carboxylic acid functional groups remain 
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protonated in acidic environments below pH 3.5, ensuring limited drug release in the stomach and 

its ability to crosslink with calcium or zinc in the bloodstream enhances its stability until the drug 

reaches the targeted site.99 Chitin is extracted from the exoskeletons of shellfish and the cell walls 

of fungi. Chitosans, which are partially deacetylated derivatives of chitin, are utilized as 

hemostatic, antibacterial and mucoadhesive coatings in wound dressing applications.100-102 

Hyaluronic acid (HA) is a component of the extracellular matrix and its CD44 receptors are 

overexpressed on the surface of tumor cells. HA is attractive as a carrier for chemotherapeutics as 

it provides enhanced drug targeting to the tumor sites.103, 104 Cellulose and its derivatives (ethers, 

esters) are used to synthesize hydrogels that survive specific biological environments and facilitate 

sustained release of drugs, while bacterial cellulose has been heavily explored including as a 

transdermal drug delivery-system.105-107 

Although natural polysaccharides are sustainable, there are limitations to their continued 

use as drug-delivery materials. Some polysaccharides are difficult to dissolve and therefore more 

energy-inefficient methods are required to process the desired materials. Batch-to-batch variation 

is another common challenge even when the materials are derived from the same sources, which 

impacts large-scale production when there are variations in molecular weight and composition. 

Additionally, impurities such as proteins and metal ions are difficult to remove and additional 

treatment steps are necessary during the processing of the desired materials.75 

Galactose-azobenzene copolymers were synthesized by Pearson et al. as light-responsive 

micelles to deliver chemotherapeutic agents to melanoma cells. Galactose was modified to append 

a methacrylate moiety and incorporated to facilitate cellular uptake via ligand-receptor binding to 

galectin-3 receptors on the surface of melanoma cells, as they are known to strongly bind to 

galactose.108 The amphiphilic copolymers were synthesized via RAFT with precise block lengths 
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and, loaded with drug mimic Nile red, demonstrated high cellular uptake in human melanoma 

A375 cells (Fig. 1.16). The success of cellular uptake and proven non-toxicity in the absence of 

the loaded drug validated these materials as effective drug delivery vehicles to improve targeted 

chemotherapy.109 

 

 

Figure 1.16. (a) Synthetic scheme of galactose-azobenzene copolymer; (b) TEM imaging of 

micelle formation; (c) Confocal microscopy imaging of A375 melanoma cells incubated with Nile 

red loaded polymer82, 109 

 

 

Dag et al. synthesized mannose-containing diblock copolymers with varying mannose 

concentrations to facilitate self-assembly of nanoparticles with varied morphologies. The materials 

were used to assess the effect of morphology on cellular uptake by macrophages. Confocal 

fluorescence microscopy revealed that uptake increased with mannose concentration rather than 
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morphology, demonstrating the validity of these glyco-nanoparticles as promising drug delivery 

materials to tissues with surface mannose.110 

Similarly, amphiphilic block copolymers were synthesized in a two-step process in which 

a functionalized glucose monomer was polymerized via RAFT followed by post-polymerization 

modification of the terminal end with an amino initiator that facilitated polymerization of an amino 

acid block (glutamate or isoleucine) (Fig. 1.17). The length of the amino acid polymer block was 

varied to assess any impact on nanoparticle stability. The copolymer was used to encapsulate 

paclitaxel, a chemotherapeutic agent and its viability as a drug-delivery system was assessed. 

Cytotoxicity assays revealed that each variation of copolymer composition was non-toxic up to 

the concentration used for drug encapsulation. Although the IC50 values of the drug-loaded NPs 

were significantly greater when tested against human breast cancer cells, they were similar to those 

of  the free drug when tested against human lung cancer cells.111 

 

Figure 1.17. Synthesis of glucose-amino acid block copolymer to encapsulate paclitaxel111  
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1.6.2. Vaccine Design 

Natural carbohydrate-based vaccines that have been approved for commercial use are 

isolated from microbes and conjugated to carrier proteins.112 They are available in limited 

quantities due to arduous purification methods, heterogeneous products and often irreproducible 

chemistry methodologies for protein conjugation.113 Synthetic carbohydrate-based vaccines are 

heavily investigated to surmount these limitations because well-defined antigen structures can be 

synthesized in large quantities and with greater purity to minimize undesirable immune 

responses.114 Quimi-Hib, the first commercially available synthetic vaccine was developed in Cuba 

to treat Haemophilus influenzae type b bacterial infections, which caused over 600,000 infant 

deaths annually in developing countries as of 2004. In addition to bacterial infections, both 

versions are being explored for the treatment of viral infections and cancer. 

Healthy mammalian cells are characterized by the presence of N-acetyl-glucosamine-D-

glucosamine (GlcNAc) on the cell surface whereas cancerous mammalian cells show the presence 

of α-N-acetyl-D-galactosamine (αGalNAc).115 This difference was leveraged to develop a 

treatment regimen for cancer immunotherapy with the goal of generating a viable vaccine (Fig. 

1.18). RAFT was used to copolymerize the αGalNAc monomer in varying compositions with 

poly(ethylene glycol) methyl ether methacrylate (PEGMA). Gold nanoparticles were then 

prepared with each polymer, and the materials were tested for their ability to induce an immune 

response in rabbits, as evidenced by the presence of IgG antibodies in blood serum.  The free 

polymer generated little to no immune response while the nanoparticles that incorporated 20-25 

αGalNAc repeat units generated approximately 5-fold more antibodies than the material with 50 

repeat units. The reduced efficacy was attributed to the induced crosslinking of B cell coreceptors 

caused by increased αGalNAc density. The researchers further investigated the ability of the 



38 
 

antibodies to recognize naturally occurring αGalNAc. Bovine mucin contains sialylated αGalNAc 

and samples containing the sialylated and desialylated αGalNAc were reacted with serum samples 

collected from rabbit subjects at day 0 and 70 after immunization with nanoparticles that 

incorporated 20 and 25 αGalNAc repeat units. ELISA results showed a noticeable increase in 

antibody production specific to the sialylated and desialylated αGalNAc when those samples were 

reacted with the immunized serum sample. Furthermore, the number of antibodies specific to the 

desialylated αGalNAc were significantly higher than those specific to the sialylated version. This 

study highlights the successful design of fully synthetic glycopolymers that are promising 

candidates for anticancer vaccine development.87 Additional synthetic and clinical research has 

demonstrated promising results towards a multivalent approach for multiple cancers116 or all 

cancers.117-119 

 

    
 

 

Figure 1.18. Design approach to synthesize PEGMA-αGlcNAc vaccine for the treatment of 

mammalian cancer87  

 

 Closteridium difficile (C. difficile) is the leading cause of health-care related bacterial 

infections in humans with symptoms such as colitis and diarrhea persisting throughout the active 

phase.112, 120 In 2011, 453,000 new cases were detected and 29,000 deaths resulted within 30 days 

of diagnosis.121 Although vancomycin and metronidazole are the primary antibiotics prescribed for 
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severe and mild cases, respectively, alternative treatments are necessary due to the rise in 

antibiotic-resistant strains.112, 120 

 PSII is a glycan that is abundantly present on the surface of different C. difficile strains and 

has the been the target for vaccine design. Adamo et al. isolated PSII from a strain of C. difficile 

and conjugated it to a carrier proteins to test its efficacy to elicit an immune response. Three 

additional glycans representing PSII variations were synthesized and conjugated to carrier protein 

to determine which functionality is essential to successfully mitigate C. difficile infections (Fig. 

1.19). Among the four glycans used to immunized mice subjects, the native PSII and the 

phosphorylated conjugate elicited immune responses with production of IgM and IgG antibodies 

(the immune system’s response to the presence of antigens and to fight infections, respectively). 

These are now being explored as vaccine candidates to treat C. difficile infections, providing a 

necessary alternative to combate antibiotic-resistant bacteria strains.122 
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Figure 1.19. Scheme used to conjugate protein carrier to glycans tested as candidates to elicit an 

immune response (a) and structures of the glycan variations (b)122 

 

1.6.3. Biosensors 

Poly(NIPAM-co-GEMA) microgels with glucose sidechains were synthesized as potential 

glucose sensors by Wei et al. Glucose is known to bind strongly with Con A, therefore the pores 

contract when the protein interacts with the polymer in solution. The abundance of free glucose 

promoted competitive binding with Con A, which is released from the pores leading to the pores 

reswelling. The refractive index of the solution was lowered as the pores expand, and surface 

plasmon resonance was used to detect the decrease in the amount of light reflected, which was 

then used to quantify the amount of glucose in solution. (Fig. 1.20). The side chains can be 

modified to facilitate binding with various proteins that will competitively bind to different small 

molecules/toxins, allowing medical personnel to quantity the concentrations present.123 
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Figure 1.20. (a) Synthesis of Poly(NIPAM-co-GEMA) microgel; (b) sensing mechanism for 

glucose detection82, 123 

 

1.6.4. Alternative Antibacterial Therapeutics 

Bacterial infection begins when the pathogen adheres to the surface of the host cell. This 

critical step involves attachment via ligand-receptor interaction between the bacterial fimbriae and 

specific carbohydrates abundantly present on the surface of mammalian cells.124 E. coli, a 

prevalent pathogenic bacterium the is known to cause serious illness in humans with as little as 10 

cells,125 uses D-mannose specific lectins (FimH) to bind to mannose receptors on the surface of 

host cells before invasion and infection begin.126-130 Other bacteria that bind to mannose receptors 

are L. plantarum, K. pneumoniae, S. typhimurium and S. cerevisiae,54 while P. aeruginosa uses 

LecA and LecB lectins to bind to galactose and fucose receptors, respectively.131 Therefore,  

glycopolymers are vastly interesting and widely explored materials because the sidechains mimic 

the binding sites on host cell surfaces and can be leveraged to mitigate bacterial infections.54, 56 

The variety of synthetic methods including ATRP, RAFT and ROMP, enable polymerization of 

different monomeric structures to produce a variety of well-defined glycopolymers.132, 133 

Additionally, compared to glycomonomers (monosaccharides), glycopolymers provide multiple 
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binding sites (multivalency) (Fig. 1.21) resulting in stronger ligand-receptor binding interactions 

and enhanced efficacy, known as the cluster glycoside effect.133-136      

   

Figure 1.21. Multivalency advantage of glycopolymers vs. monosaccharides134 

 

 

Hanheiser et al. synthesized linear polyglycerols with mono and di-mannoside side chains 

to determine the direct binding affinity to E. coli strain ORN178,  the bacterium that causes urinary 

tract infections.137 While previous binding experiments to elucidate the relevant binding 

interactions between bacteria and host cells have utilized pathogen extracts, this approach targeted 

the binding affinity with the intact bacteria. Aminopentyl functionalized α-D-mannoside and 

Manα-1,2-Man dimannoside were synthesized and conjugated to linear polyglycerol to produce 

the mono- and divalent side chains as shown in Scheme 1.2. The label-free microscale 

thermophoresis (MST) method was used to determine and compare the apparent binding constants 

(Kd,app) between the bacterial strain and functionalized glycopolymers, unfunctionalized linear PG 

as a negative control and the monosaccharide α-D-methylmannopyranoside (MeMan). The 

divalent-chain glycopolymer demonstrated a six-fold increase in Kd,app for the E. coli strain that 

infects the urinary tract, compared to the monosaccharide, while the monovalent-chain 

glycopolymer exhibited a five-fold higher Kd,app, suggesting the divalent-chain glycopolymer was 
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slightly more potent than the monovalent counterpart. The adhesion-inhibition assay results 

revealed that both functionalized glycopolymers successfully decreased bacterial adhesion to 

human colon cancer cells, with the monovalent-chain glycopolymer demonstrating a two-fold 

potency compared to the divalent chain glycopolymer.  This synthetic approach can be adapted to 

incorporate alternative glycomonomers that will target other pathogens, especially larger ones. 

 

Scheme 1.2. Synthesis of mannose-functionalized glycopolymers with mono and di-valent side 

chains137 

 

Yan et al synthesized n-heptyl α-D-mannose (HM)-based glycopolymers with linear and 

star architecture and varied side chain lengths to investigate the effect of polymer architecture on 

bacterial adhesion (Fig.1.22).138 Adhesion assays were performed with intestinal epithelial cells 

and the E. coli strain that causes Crohn’s disease. At similar degrees of polymerization and 

concentration, linear polymer PHMM (mannose heptyl methacrylamide) demonstrated 100X more 
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potency than the HMM monosaccharide, while the linear polymer PEMM (mannose ethyl 

methacrylamide) did not inhibit bacterial adhesion. These results suggest that the number of 

binding sites alone did not contribute to enhanced activity, but rather the optimal spacings 

facilitated better ligand-receptor binding. Among the star-shaped glycopolymers, the 3-arm star 

PHMM demonstrated similar antiadhesion activity to the linear analogue, while potency decreased 

significantly with the 8-arm star PHMM. Fluorescence microscopy and differential light scattering 

analyses of the polymers before and after adhesion assays revealed that the increased potency of 

the glycopolymers compared to the monovalent ligands was attributed to induced crosslinking 

interactions with the live bacteria and the ability to generate aggregation among the bacterial cells, 

hindering some of the cells from binding to the intestinal cells. The antiadhesive capabilities of the 

PHMM materials demonstrate their potential as a treatment for E. coli related intestinal diseases. 

 

Figure 1.22. Synthetic route to linear and star glycopolymers to inhibit E. coli bacteria growth138 
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Polyethylene imine (PEI) has broad-spectrum antibacterial activity due to its cationic 

functionality139-141 and its antibacterial activity and cytotoxicity are molecular weight and 

architecture dependent.142 Liu et al investigated the effect of functionalizing PEI (MW=600, 1800, 

10,000 Da) with mannose to enhance the antibacterial properties and mitigate its cytotoxic effects 

(Fig. 1.23). Copolymer particles (CPs) were synthesized via nucleophilic addition between the 

primary amine and aldehyde to generate Man-PEI CPs. The antibacterial performance of each 

molecular weight PEI was improved 10, 4 and 1.4-fold, respectively, when the corresponding Man-

PEI CP, owing to the preferential binding between E. coli’s Fim H receptor and mannose. At 600 

Da, the inhibitory concentration for Man-PEI CP was 10 μg/mL while that of PEI was 200 μg/mL. 

Furthermore, cytotoxicity was reduced as cell viability remained at approximately 75% after 24 

hours incubation time, even when the Man-PEI CP concentration was increased to 500 μg/mL.64 

 

Figure 1.23. Illustration of PEI and Man-PEI CPs antibacterial strategy64 

In our group, a series of glycopolymers was investigated for antibacterial activity in the 

absence of traditional antibacterial moieties (antibiotics, cationic groups) to determine their 

potential as antimicrobial agents. Hall, Wadsworth, and coworkers synthesized norbornene 

glycomonomers containing pendant β-D-galactose (Gal), β-D-glucose (Glc), β-D-N-acetylglucose 

(GlcNAc) or α-D-mannose (Man), then used ROMP to generate polymers with four degrees of 
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polymerization (DP = 50, 100, 250 and 500) (Scheme 1.3). The antibacterial activity of each 

polymer series was compared to that of the corresponding monosaccharide. 

 

    

Scheme 1.3. Synthetic route to sugar-containing polynorbornenes; overall yields shown below 

each sugar-containing monomer143 

 

Disk diffusion assays revealed glycopolymers containing pendant mannose only generated 

zones of inhibition against E. coli. Their selectivity towards the Gram-negative bacteria signified 

that the outer membrane may be the targeted feature to inhibit growth. The activity of the four 

series of glycopolymers was determined via broth dilution assays along with 600-kDa 

polyethyleneimine as the positive control. The mannose-pendant glycopolymers displayed the 

greatest potency, with the higher DP polymers (250 and 500) showing a four-fold greater activity 
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than the lower DP polymers (50 and 100) and the mannose monosaccharide. These results showed 

a molecular weight dependence on the mechanism of action and that the activity was enhanced by 

the polymer structure. Their ability to inhibit bacterial growth in the absence of specific 

antimicrobial functionalities suggests that these glycopolymers have inherent antibacterial 

properties. Hemolysis assays, however, revealed that the higher DP polymers (the best E. coli 

growth inhibitors), caused greater lysis to red blood cells than the lower DP polymers, indicating 

that these glycopolymers were not selective for bacterial cells.  

1.7.  Conclusion 

The use of polymeric sequestrants to adsorb chemotherapy drugs has emerged as a 

promising strategy to reduce systemic toxicity and enhance the efficacy of cancer treatments. A 

wide range of materials, from templated resins to coated absorbers, has been explored for their 

ability to selectively bind chemotherapy agents such as Dox. The key factor influencing 

sequestration is the binding affinity between the polymer and the targeted drug. The approaches 

covered in this review represented design concepts that targeted the known drug characteristics to 

maximize binding interactions and will influence the development of next-generation materials.  

Polymer sequestrants also play a vital role in mitigating bacterial infections with the 

development of glycopolymers as promising replacements for traditional antibiotics. By 

mimicking the glycan structures recognized by bacterial lectins, these polymers can inhibit 

pathogen adhesion and colonization and possibly overcome the antibiotic-resistance mechanisms 

employed by many bacterial strains. As glycopolymer research continues to advance, future efforts 

will focus on designing materials with improved biocompatibility and broad-spectrum 

antibacterial activity, along with the development of glycopolymer-based materials for both 
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antibacterial and anticancer vaccines. As with any other field, an interdisciplinary approach is 

required to ensure that the materials developed are viable solutions to improve overall patient care. 
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2.1. Abstract 

 

Transarterial chemoembolization (TACE), a procedure in which chemotherapy drugs are 

directly administered to tumors via catheter, is the standard therapeutic treatment for hepatocellular 

carcinoma (HCC) patients who are not candidates for liver resection or transplantation. 

Doxorubicin (Dox) is one of the most used chemotherapy drugs to treat HCC and while TACE 

offers site specific delivery, approximately 50% of the administered drug exits the tumor and enters 

systemic circulation, causing adverse side effects such as cardiomyopathy and congestive heart 

failure. Inspired by previous research using DNA-based materials to mitigate off-target toxicity 

during TACE procedures, we modified cotton substrates by appending DNA to the surface via 

silane linkers. We observed an unexpected trend among the Dox capture efficacy of the modified 

and unmodified cotton substrates. While we expected the substrates modified with the isocyanate 

and epoxide-functionalized silanes with DNA to demonstrate greater Dox capture efficacy 

compared to those modified with DNA only and silane only, we instead observed that the DNA-

only modified substrate demonstrated competitive Dox capture performance to those with silane 

only and silane with DNA. We then measured the DNA concentration before and after DNA 

adsorption reactions to calculate the amount of DNA adsorbed to the substrates. Absorption 

measurements revealed an increase in DNA concentration, owing to DNA denaturation. Future 
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work to modify the cotton surfaces with DNA may include decreasing the adsorption temperature 

below the denaturation temperature of the DNA and extending the reaction time, if necessary.  

2.2.  Introduction 

Hepatocellular carcinoma (HCC) is the third leading cause of cancer mortality in the United 

States. Often undetected until late stages, HCC has a mortality rate of 95% within five years of 

diagnosis.1-3 While transplantation or resection are primary treatment options, many patients do 

not qualify and are prescribed chemotherapy to improve their chances of survival.4, 5 Transarterial 

chemoembolization (TACE), a procedure in which chemotherapy drugs are directly administered 

to the tumors via catheter, is the standard therapeutic treatment for these patients.6-9 Despite this 

site-specific delivery, approximately 50% of the administered drug exits the liver and circulates 

throughout the body, harming  healthy cells as well. Consequently, liver cancer patients experience 

severe side effects, which limit the chemotherapy dose that can be administered.9-11 Doxorubicin 

(Dox) (Fig. 2.1A), an anthracycline anti-tumor agent, is one of the most commonly used 

chemotherapy drugs to treat HCC.12-14 Dox intercalates between DNA strands to form stable Dox-

DNA complexes,15 disrupting DNA replication and RNA synthesis.14, 16-18 While increasing the 

amount of Dox administered proportionally increases tumor cell death, the toxic effects to non-

target tissue include cardiomyopathy and congestive heart failure.19-21 Irreversible damage has 

been observed in patients receiving cumulative doses greater than 360 mg. Consequently, the 

cumulative Dox dose administered to HCC patients does not exceed this threshold, regardless of 

therapeutic efficacy.22-24 
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Figure 2.1. (A) Molecular structure of doxorubicin (Dox); (B) schematic of chemofilter deployed 

in the vena cava to capture Dox before it enters the bloodstream25 

 

 To mitigate or eliminate off-target toxicity during TACE procedures, Patel et al. proposed 

using a filtration device, deployed via catheter downstream from the liver, to capture excess Dox 

leaving the liver vasculature. This chemofilter  (Fig. 2.1B) approach can be combined with the 

TACE procedure, which has already proven to be a successful treatment method to localize 

chemotherapy drugs in the liver.2, 26-28 The first chemofilter used sulfonated ion-exchange resins 

to electrostatically bind to Dox. Within 10 minutes, Dox concentration was reduced by 52% in 

porcine serum, and these materials were successfully deployed in the inferior vena cava via 

catheter in a porcine model.2 A second-generation filter device used immobilized DNA to capture 

Dox from porcine serum and porcine blood. Within 1 minute, the Dox concentration decreased by 

91% and 82% in serum and blood, respectively.11 Genomic DNA was also coated onto the surfaces 

of magnetic nanoparticles29 and cured onto 3D-printed cubic lattices26 to generate materials that 

captured considerably more Dox than the uncoated substrates. Subsequent work investigated using 

block copolymer membranes,27 functionalized porous absorbers,30 aldehyde-functionalized iron-

oxide magnetic particles,31 and polymer-nucleobase composites.25 While all of these materials 

successfully captured Dox from various media and demonstrated potential for in vivo drug-capture 
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applications, the use of DNA has proven to be the most effective approach to sequestrating Dox 

during TACE. (Table 2.1). The superior Dox capture performance of DNA-based materials was 

attributed to the drug’s mechanism of action; however, there are high costs associated with 

generating these materials. The DNA-coated nanoparticles required tedious fabrication processes 

to attain narrow size distributions, while the 3D-printed cubic lattices were constructed using 

digital light processing (DLP). DLP, compared to traditional manufacturing procedures such as 

extrusion or injection molding, is a more challenging process that requires specialized equipment 

to attain high resolution at fast speeds.32, 33  

Table 2.1. Synopsis of Dox capture results for synthetic Chemofilter materials in complex media 

 

Comparison of DOX Capture among different polymeric materials in varying 

media (Data provided for the best performing materials for each material type) 

 

Ref. 

 Capture 

 Medium 

Capture  

Material 

PBS Serum Blood In Vivo 

(Live porcine 

model) 

 

 

Ion-exchange 

membrane 

 

 

76% - 10 mins 

92% - 30 mins 

 

52% - 10 mins 

80% - 30 mins 

 

N/A 
85% - 3 mins 

74% - 10 mins 

83% - 30 mins 

2 

 

DNA in 

polyester mesh 

 

 

95% - 1 min 

98% - 5 mins 

 

91% - 1 min 

 

 

82% - 1 min 

93% - 5 mins 

 

N/A 
11 

 

DNA-coated 

nanoparticles 

 

 

N/A 

 

65% - 1 min 

93% - 25 mins 

 

92% - 10 mins 

 

82% - 3 mins 
28 

 

Sulfonated 

block 

copolymer 

 

 

50% - 12 mins 

90% - 31 mins 

 

N/A 

 

N/A 

 

N/A 

26 
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Inspired by the enhanced capture efficacy of genomic DNA-based materials, we explored 

functionalizing a more cost-effective and readily available substrate with genomic DNA to match 

or exceed the Dox capture results reported for the DNA-based chemofilter materials. Cellulose, 

the chief component of cotton fabric, is an extensively researched polysaccharide that has been 

utilized, with surface modifications, as the basis of many biomedical materials.34 We hypothesized 

that cotton fabric, modified with DNA, will produce an inexpensive and effective drug capture 

material that can be further explored to generate a viable Chemofilter device for in vivo 

applications.  

Cotton fabric is an appealing material because the hydroxyl groups of cellulose are tunable 

and can be readily modified via esterification and etherification,35, 36 copper-catalyzed alkene-

azide cycloaddition, Diels-Alder cycloaddition, thiol-ene, and oxime reactions.37 For example, Sun 

et al. functionalized the cellulose in cotton with 3-mercaptopropyltriethoxysilane to graft thiol-

reactive groups that enhanced hydrophobicity and durability.38 Additional work has successfully 

modified cotton fabric with varying silanes that provided terminal groups used to facilitate further 

surface functionalization for enhanced properties.39-41 Silanes such as 3-

glycidoxypropyltrimethoxy silane and 3-isocyanotopropyltrimethoxy silane provide electrophilic 

epoxide and isocyanate functional groups, respectively, that facilitate nucleophilic substitution 

reactions.42 

 In this work, we modified cotton substrates with DNA by covalently attaching three 

different silanes, two with terminal electrophiles to facilitate nucleophilic substitution with the 

phosphate functional group on DNA and one with a terminal alkyl chain for control experiments. 

DNA was also adsorbed to cotton substrates without silane linkers to determine if the linkers were 

critical to Dox capture efficacy. Cotton is a readily available and cost-effective material that has 
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the necessary durability to remain intact during capture experiments and the flexibility to mount 

onto a device for insertion before and removal after TACE-assisted chemotherapy treatments.   

2.3.  Experimental 

 2.3.1. Instrumentation 

 A PHI VersaProbe III x-ray photoelectron spectrometer was used to determine the chemical 

identity and amounts of silane present on the cotton surfaces before and after modification. 

Scanning electron microscopy (SEM) was performed on a JEOL IT-500HR and samples were 

prepared by adhesion to an aluminum holder and coated with gold. A Flexstation II Fluorescence 

Microplate Reader was used to measure Dox capture kinetics within a 60-minute period. 

 2.3.2.  Materials 

 Cotton fabric was purchased from Amazon Business. Doxorubicin hydrochloride (Dox) 

was purchased from Oakwood Products Inc. Hexyltrimethoxy silane (HTMS), (3-

glycidoxypropyl)trimethoxy silane (GDPTMS), and 3-isocyanotopropyltrimethoxy silane 

(ICPTMS) were purchased from Gelest, Inc. Herring sperm DNA was purchased from Sigma 

Aldrich, Inc. Toluene, hexane and ethanol (200 proof) were purchased from Fisher Scientific. All 

chemicals were used without further purification.  

2.3.3.  Synthesis and Characterization of DNA-functionalized Cotton Substrates  

To fabricate cotton substrates with DNA adsorbed directly to the surface (Cotton-DNA), 1 

cm x 1 cm fabric segments were stirred in ethanol at room temperature for 1 hour to remove surface 

impurities. After vacuum drying at 60 °C for 1 hour, each substrate was stirred in 10 mL DNA 

aqueous solution (3.75 g/L), heated to 80 °C for 6 hours then rinsed in DI water for 12 hours (Fig. 

2.2).  
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Figure 2.2. Prewashed cotton fabric functionalized with DNA 

Cotton substrates modified with DNA via silane linker (Silane-DNA) were fabricated by 

first washing the unmodified cotton as detailed above. They were then stirred in silane solution 

(4% v/v) in toluene at 80 °C for 2 hours to covalently link the silane to the cotton surface (Fig. 

2.3). After rinsing in toluene for 1 hour, they were stirred in DNA solution at 80 °C for 6 hours, 

rinsed in hexane for 1 hour and vacuum-dried at 40 °C for 48 hours before assessing Dox capture 

efficacy. 

 

 

 

Figure 2.3. Prewashed cotton fabric functionalized with three different silanes (structures 

included) before further modification with DNA 

 

Dox solutions were prepared by diluting an aqueous stock solution to 50 mg L-1. The 

substrates were immersed in 20 mL of the diluted solution, heated to 37 °C and allowed to stir for 
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1 hour. 100-μL aliquots were extracted at 1-minute intervals and pipetted into 96-well plates to 

measure the decrease in Dox concentration via fluorescence spectroscopy.  

2.4.  Results and Discussion 

 Cotton, a cost-effective and readily available substrate, was modified to generate viable, 

DNA-based Dox capture materials. We first adsorbed DNA directly onto the surface of 1 cm x 1 

cm cotton fabric segments by stirring in a DNA aqueous solution (3.75 g/L) heated to 80 °C for 6 

hours. The reaction time and temperature were determined based on previous trials yielding little 

or no DNA adsorption at lower temperatures and shorter reaction times. Distinct changes to the 

surface morphology were observed after modification, as determined by SEM micrographs that 

showed an uneven DNA layer adsorbed to the cotton fibers (Figure 2.4). DNA quantification was 

not achieved at this time because we were unable to reliably measure the change in concentration 

via fluorescence spectroscopy, owing to the weak signal of the nucleic acids in DNA.43 

   

Figure 2.4. SEM micrographs of the unmodified (a) and DNA-adsorbed (b) cotton surfaces (areas 

where the changes were observed are circled)  

  

 We then sought to covalently bind DNA to the cotton fabric surface using various silane 

linkers, as they have been shown to successfully bond with hydroxyl groups on solid substrates 

such as glass and silicon wafers,44, 45 and cellulose fibers.46-49  The surface hydroxy groups reacted  
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with silanes to form silyl ethers, while the additional functionality on each silane facilitates further 

modification. In this work, three different silanes were covalently linked to the surface hydroxyl 

groups on the cotton fabric surface; two of the silanes, ICPTMS and GDPTMS, were terminated 

with electrophilic moieties that would react with nucleophilic groups on the DNA while the third 

silane, HTMS, was terminated with a linear hexyl hydrocarbon and used as a negative control 

linker between the cotton surface and DNA. Subsequently, DNA was attached to the silane-

modified substrates, and we evaluated the Dox capture efficacy from aqueous solutions. 

We verified the silane content via X-ray photoelectron spectroscopy (XPS), which probed 

the surface of the cotton substrates to identify the chemical components and quantities present on 

the cotton surfaces before and after modification (Table 2.2). We expected to observe an increase 

in the %Si on all silane-modified substrates, an indication that silane was covalently attached to 

the cotton surfaces since each was thoroughly rinsed and dried after surface modification. The 

surface-bound silane content increased 3.5 and 3-fold for Cotton-GDPTMS and Cotton-ICPTMS, 

respectively, while the amount present on Cotton-HTMS remained the same as the unmodified 

cotton substrate (Cotton-0). HTMS was used as a control for the subsequent reaction with DNA 

and was expected to covalently bond to the cotton surface. The three silanes are structurally 

different at the terminal end; however, GDPTMS and ICPTMS have polar end groups while HTMS 

has a nonpolar hexyl chain. Therefore, we postulated that the overall hydrophobicity repelled the 

necessary contact and prevented the covalent attachment between HTMS and the hydrophilic 

cotton surface. An alternative possibility is that the electrophilic groups on GDPTMS and ICPTMS 

could also react with nucleophiles on the cellulose surface, thereby facilitating surface attachment. 

We also expected the %N present on the surface of Cotton-ICPTMS to increase, owing to the 

isocyanate functional group. XPS detected an 8-fold increase compared to Cotton-0. Furthermore, 
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the %N detected on the surfaces of Cotton-GDPTMS and Cotton-HTMS remained the same as 

Cotton-0, indicating that the change in the relative surface components can be attributed to the 

successful modification with silane. Microscopic imaging allowed us to track physical changes to 

the substrates after each modification process (Figure 2.5). After each substrate was modified with 

the respective silane, the fibers of Cotton-HTMS (b) appeared to be unchanged while those of 

Cotton-GDPTMS (c) and Cotton-ICPTMS (d) displayed a rough texture when compared to the 

unmodified substrate (a). When DNA was attached, physical changes to the fibers were evident 

for all substrates (e-g). 

Table 2.2. Surface components of unmodified and modified cotton substrates as determined by 

XPS; each value represents the average of three separate surface areas, with one standard deviation 

reported 

Substrate Si (%) N (%) C (%) O (%) 

Cotton-0 

(unmodified) 

1.39±0.04 0.54±0.08 58.8±1.22 39.2±1.12 

Cotton-GDPTMS 

 

5.19±0.03 0.37±0.02 54.7±0.84 39.6±0.56 

Cotton-ICPTMS 

 

3.95±0.01 3.94 54.0±0.02 38.1±0.04 

Cotton-HTMS 

 

1.30±0.05 0.56±0.16 62.1±0.33 35.9±0.44 
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;

Figure 2.5. SEM imaging of unmodified cotton (a), cotton modified with silane only (b-d) and 

silane+DNA (e-g) 

 

 To determine the drug capture efficacy of these functionalized cotton substrates, aqueous 

Dox solutions were prepared by diluting a stock solution to 50 mg L-1, corresponding to the 

standard clinical dose administered per treatment in HCC patients.2 All substrates were 

individually stirred in 20 mL of Dox solution that was first heated to 37 °C. Aliquots (0.1 mL) 

were collected at 1-minute intervals over a 60-minute period and pipetted into 96-well plates to 

measure the decrease in Dox concentration via fluorescence spectroscopy. We first evaluated the 

impact of adsorbing DNA to the cotton surface on the Dox capture efficacy. To verify the role of 

DNA, the amount of Dox captured was compared to that captured with unmodified cotton (Cotton-

0). Cotton-DNA demonstrated a 2-fold increase in capture efficacy compared to Cotton-0, 

indicating that DNA was essential to Dox capture (Figure 2.6). The small amount of Dox captured 

with Cotton-0 was likely due to polar/hydrophilic attractions between Dox and the surface 

hydroxyl groups of unmodified cotton. Cotton substrates functionalized with silanes were also 

evaluated for Dox capture efficacy before further surface modification with DNA. Cotton-
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GDPTMS and Cotton-ICPTMS captured similar amounts of Dox, which was 1.5-fold more than 

Cotton-0. We deduced that GDPTMS and ICPTMS enhanced the Dox capture efficacy of the 

unmodified cotton substrate, most likely via polar/hydrophilic attractions between the end groups 

and Dox. Interestingly, the amount of Dox captured by Cotton-HTMS was equivalent to that 

captured by Cotton-0. Since XPS and SEM confirmed there were no physical changes to the fibers 

when cotton was modified with HTMS, and there were evident physical changes to the fibers when 

modified with GDPTMS and ICPTMS, we concluded that Cotton-HTMS was not functionalized 

and therefore was as effective at Dox capture as Cotton-0.  

We then investigated the impact of covalently attaching DNA to the silane-functionalized 

substrates. We expected the addition of DNA to generate materials that would capture more Dox 

than the other substrates. Instead, we observed that GDPTMS-DNA and ICPTMS-DNA did not 

capture more Dox than their silane-only counterparts and captured less Dox than HTMS-DNA. 

Furthermore, the amount of Dox captured with HTMS-DNA was equivalent to that of Cotton-

DNA and both demonstrated greater capture efficacy than Cotton-0 and all other modified 

substrates. We previously concluded that Cotton-0 and Cotton-HTMS were essentially the same 

material, therefore we can also conclude that Cotton-DNA and HTMS-DNA were also the same 

material. Overall, the addition of GDPTMS and ICPTMS silanes as linkers between the cotton 

surface and DNA did not promote greater Dox capture efficacy. Since XPS and SEM verified that 

the silanes were successfully attached to the cotton surface, and Cotton-DNA captured 2-fold more 

Dox than Cotton-0, we postulated that DNA was not bound to GDPTMS or ICPTMS. It is plausible 

that DNA did not react with the electrophilic end groups of the silanes due to its steric bulk and 

was therefore unable to contribute to Dox capture efficacy. One possible solution is to extend the 

reaction time to allow nucleophilic substitution to proceed to completion.    
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To examine the relationship between mass of DNA and the amount of Dox captured, we 

decided to quantify the amount of DNA bound to the Cotton-DNA surface.  Aliquots were collected 

before and after the DNA adsorption reaction, the absorbance measured via fluorescence 

spectroscopy, and the concentration calculated using a calibration curve and Beer-Lambert’s law. 

Measurements from three reactions were averaged and the results revealed the final DNA 

concentration was apparently greater than the initial concentration (17.98 mg/L and 15.87 mg/L, 

respectively). An increase in DNA absorbance (hyperchromicity) occurs when DNA denatures at 

temperatures that disrupts the hydrogen bonds between the base pairs.50 Although denaturation 

temperature varies based on the organism from which it is extracted, double-stranded DNA 

typically denatures between 70-100 °C.51 The temperature used for the adsorption reactions was 

85 °C; consequently, we were unable to accurately quantify the amount of DNA loaded onto the 

cotton substrates. Further DNA adsorption reactions will be done at a temperature safely below 

the denaturation temperature for DNA.    

 

Figure 2.6. Dox capture results for unmodified and modified cotton substrates. Error bars are 

standard deviations of 2 measurements. 
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2.5.  Conclusion 

 We modified cotton fabric to generate functionalized substrates as novel DNA-based Dox 

capture materials. We used XPS to verify silane adsorption and SEM to observe the physical 

changes to the cotton fibers after each modification process. While we expected the substrates 

modified with ICPTMS and GDPTMS with DNA to demonstrate greater Dox capture efficacy, we 

instead observed that the substrate modified with DNA only (Cotton-0) captured 2-fold more Dox 

than all other substrates. We reasoned that steric hindrance played a role in hindering the 

nucleophilic substitution reaction between DNA and the electrophilic functional groups of 

GDPTMS and ICPTMS. This challenge could potentially be solved by extending the reaction time. 

To evaluate the amount DNA responsible for enhanced capture efficacy observed with Cotton-0, 

we measured the DNA concentration before and after DNA adsorption reactions to calculate the 

amount of DNA adsorbed to the substrates. Absorption measurements revealed an apparent 

increase in DNA concentration, likely owing to DNA denaturation. Future work to determine the 

degree of DNA functionalization will include decreasing the adsorption temperature below DNA’s 

denaturation temperature and extending the reaction time, if necessary. 
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3.1.  Abstract 

 Doxorubicin (Dox), a common antitumor drug, causes irreversible cardiomyopathy and 

congestive heart failure. An emerging approach to addressing this challenge is to deploy 

chemotherapy-binding materials in the veins draining a tumor or tumor-bearing organ, thereby 

intercepting runoff chemotherapy before it causes off-target toxicity. In this work, we synthesized 

poly(methacrylic acid) resins as drug-capture materials to electrostatically bind to Dox, which is 

positively charged at pH 7.4. We verified the importance of resin charge by evaluating Dox capture 

efficiency at low pH and with uncharged control materials based on poly(methyl methacrylate). 

We observed that the amount of Dox captured by the charged resins increased 18-fold over neutral 

counterparts, indicating that electrostatic binding was critical. We further investigated the effect of 

increasing flexibility on drug capture efficacy by varying the crosslink density and crosslinker 

length. When resins were crosslinked with ethylene glycol dimethacrylate (1EG), increasing 

crosslink density increased Dox capture. Dox capture also decreased when longer crosslinkers 

were used. These results suggest that some network rigidity is required for optimal Dox binding, 

but that the hydrophobicity of the matrix and density of the resin must also be considered. These 
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findings underscore the importance of balancing electrostatic attraction, network rigidity, 

hydrophobic effects when designing drug-capture materials.  

3.2.  Introduction 

 
Hepatocellular carcinoma (HCC) is the third leading cause of cancer mortality in the United 

States. Often undetected until late stages, HCC has a mortality rate of 95% within five years of 

diagnosis.1-3 While transplantation or resection are primary treatment options, many patients do 

not qualify and are instead prescribed chemotherapy.4, 5 Transarterial chemoembolization (TACE), 

a procedure in which chemotherapy drugs are directly administered to the tumors via catheter, is 

the standard therapeutic treatment for these patients.6-9 Despite this site-specific delivery, 

approximately 50% of the administered drug exits the liver and circulates throughout the body, 

harming  healthy tissues as well. Consequently, liver cancer patients experience severe side effects, 

which limit the chemotherapy dose that can be administered.9-11 

Doxorubicin (Dox) (Fig. 3.1A), an anthracycline anti-tumor agent that disrupts DNA 

replication and repair, remains one of the most common chemotherapy drugs used to treat HCC.12, 

13 While increasing the amount of Dox administered proportionally increases tumor cell death, it 

also has toxic effects on non-target tissue including cardiomyopathy and congestive heart failure.14-

16 Irreversible damage has been observed in patients receiving cumulative doses greater than 360 

mg. Consequently, the cumulative Dox dose administered to HCC patients does not exceed this 

threshold, regardless of therapeutic efficacy.17-19 

To mitigate or eliminate off-target toxicity during TACE procedures, Patel et al. proposed 

using a filtration device, deployed via catheter downstream from the liver, to capture excess Dox 

leaving the liver vasculature. This chemofilter approach (Fig. 3.1B) can be integrated with the 

TACE procedure, which has already proven to be a successful treatment method to localize 
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chemotherapy drugs in the liver.2, 20-22 The first Chemofilter used sulfonated ion-exchange resins 

to electrostatically bind to Dox. Within 10 minutes, Dox concentration was reduced by 52% in 

porcine serum, and these materials were successfully deployed in the inferior vena cava via 

catheter in a porcine model.2 Subsequently, additional work investigated using block copolymer 

membranes, 21 immobilized genomic DNA,20, 23 functionalized porous absorbers,24 DNA-

functionalized iron oxide particles,25 and polymer-nucleobase composites.26 All successfully 

captured Dox from various media and demonstrated potential for in vivo drug-capture applications. 

Inspired by this work, we explored using molecularly imprinted polymers (MIPs) to 

capture Dox from complex solutions. MIPs are crosslinked polymers synthesized in the presence 

of a template molecule, which is encapsulated within the polymer network. The template is then 

removed, leaving cavities that are matched to the molecular size and shape of the template and 

producing specific binding sites to selectively capture the target molecule.27-30 Previously prepared 

MIPs have successfully removed organic contaminants such as pharmaceutical drugs,31, 32 

polycyclic aromatic hydrocarbons,28, 29, 33 and pesticides27, 34, 35 from groundwater samples. These 

target molecules have certain structural similarities with common chemotherapy agents, including 

Dox, suggesting that MIPs may also be suitable for drug-capture applications.36 

To prepare Dox-capturing MIPs, methacrylic acid (MA) was copolymerized in the 

presence of Dox with ethylene glycol dimethacrylate (1EG) as a crosslinking agent (Table 3.S1); 

however, complete template (Dox) removal using several suitable solvents and varying 

temperatures (Table 3.S2) was unsuccessful (Fig. 3.S1). These observations indicated that Dox 

was strongly bound to the resin. We hypothesized that Dox was either electrostatically bound to 

the negatively charged carboxylate, owing to its protonated amine, or encapsulated in the polymer 
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network. Consequently, we shifted our focus to evaluating these capture mechanisms using non-

templated resins. 

In this work, we synthesized poly(methacrylic acid) (PMA) resins to assess how polymer 

charge affects Dox capture efficacy. We also evaluated the impact of crosslinking density and 

flexibility on capture performance. We hypothesized that 1) the carboxylate groups on the PMA 

resin would engage in electrostatic interactions with the protonated amine groups of Dox, leading 

to drug capture, and 2) the change in crosslink density would impact the degree to which the resin 

swells and the rate at which Dox diffuses into the network. 

 

 

Figure 3.1. (A) Molecular structure of doxorubicin (Dox); (B) schematic of Chemofilter 

deployed in the vena cava to capture Dox before it enters the bloodstream26  

 

3.3. Experimental  

 3.3.1. Instrumentation 

An Agilent Technologies Cary 60 UV-Vis spectrometer with a stainless-steel probe (10 

mm pathlength) was used to measure solution absorbance changes associated with Dox binding to 

the resins. Scans were collected every 30 s for 20 mins from 600-200 nm with an average scan 
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time of 0.0125 s, 1 nm interval and a scan rate of 4800 nm s-1. A Varian 670-IR Fourier Transform 

Infrared Spectrometer was used to measure the relevant absorbance bands.  

 3.3.2. Materials 

 Doxorubicin hydrochloride (Dox), methacrylic acid (MA) and dimethyl sulfoxide (DMSO) 

were purchased from Oakwood Chemical Co. Methyl methacrylate (MMA), ethylene glycol 

dimethacrylate (1EG), diethylene glycol dimethacrylate (2EG), triethylene glycol dimethacrylate 

(3EG) and 2,2-azobisisobutyronitrile (AIBN) were purchased from Sigma Aldrich. Phosphate-

buffered saline (with calcium and magnesium) was purchased from Fisher Scientific. MA, MMA, 

1EG, and 3EG were filtered through a basic aluminum oxide plug to remove the inhibitors. AIBN 

was recrystallized from methanol before use. All other chemicals were used as received.  

3.3.3. Methods 

Synthetic methods were adapted from published procedures for resins synthesized to 

capture micropollutants in contaminated ground water.27 Monomer (1 eq.), dimethacrylate 

crosslinker (0.25 – 2.0 molar eq.), and AIBN (0.01 molar eq.) were placed in a 50 mL round bottom 

flask with DMSO and purged for 15 minutes while stirring. The flask was then heated to 65 °C for 

2 h (Scheme 3.1). Each crosslinker was also polymerized in the absence of the monomers to 

generate homopolymer networks. The crosslinked products were crushed and vigorously stirred in 

excess acetone for 2 h to remove DMSO, which would disrupt the capture efficiency of the 

materials synthesized,37-39 before vacuum drying overnight at 60 °C. The dried resins were crushed 

again, rewashed with acetone and redried before FTIR characterization (Figs. 3.S3 to 3.S14) and 

Dox capture experiments were conducted. Table 1 lists the monomers, crosslinkers, and resin 

products synthesized.  
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Scheme 3.1. Free-radical copolymerization of monomer with mono, di and tri-ethylene glycol 

dimethacrylate crosslinkers 

 

Neutral Dox solutions were prepared by first dissolving 12.5 mg Dox in 12.5 g DI water 

then filling a 250-mL volumetric flask with PBS (pH ≈ 7.4) to attain a 0.05 mg mL-1 concentration. 

Acidic Dox solutions were prepared by dissolving 12.5 mg Dox, 25 mg CaCl2, 25 mg MgCl2, 1.32 

mL acetic acid and 0.640 g sodium acetate in 250 mL DI water (pH ≈ 3.6). Dox capture was 

evaluated by first generating a calibration curve using a UV-Vis spectrometer equipped with a 1 

cm pathlength probe. Measurements were conducted in PBS and acidic solutions to determine the 

molar extinction coefficient (ε) according to the Beer-Lambert law (Fig. 3.S2). Subsequent 

changes in absorbance over time were then used to quantify Dox uptake. In accordance with 

procedures established in our previous work,26  75 g of Dox solution was placed in a beaker, then 

a filter cup was suspended to facilitate separation between the UV-Vis probe and the resin. The 

Dox solution was stirred and heated to 37 °C before the initial concentration was measured. 

Immediately after, 100 mg of resin was added to the Dox solution between the beaker and the filter 

cup and absorbance was measured once every 30 s over a 20-minute period. 
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Table 3.1. Methacrylic acid and methyl methacrylate-based resins synthesized for Dox capture 

characterization. 

Monomer Crosslinker Crosslinker:monomer 

molar ratio 

Resin 

MMA (methyl methacrylate) R 

= CH3 

1EG (n=1) 0.5 PMMA-1EG-050 

2EG (n=2) 0.5 PMMA-2EG-050 

3EG (n=3) 0.5 PMMA-3EG-050 

MA (methacrylic acid) R = H 

1EG (n=1) 

0.25 PMA-1EG-025 

0.50 PMA-1EG-050 

1.00 PMA-1EG-100 

2.00 PMA-1EG-200 

2EG (n=2) 

0.25 PMA-2EG-025 

0.50 PMA-2EG-050 

1.00 PMA-2EG-100 

2.00 PMA-2EG-200 

3EG (n =3) 

0.25 PMA-3EG-025 

0.50 PMA-3EG-050 

1.00 PMA-3EG-100 

2.00 PMA-3EG-200 

 

3.4. Results and Discussion 

PMA resins were synthesized to produce anionic resins for drug-capture applications. 

Methacrylic acid (MA), which is ionized at physiological pH (pKa ≈ 4.65), was used as the anionic 

component to facilitate electrostatic interactions with positively charged Dox. Ethylene glycol 

dimethacrylate (1EG) was incorporated at different ratios to generate resins with varying crosslink 

densities. These materials were named according to the base polymer (PMA), crosslinker (1EG) 

and crosslinker: monomer molar ratio (e.g., PMA-1EG-025 for a 0.25 1EG:MA molar ratio).  

We first investigated the impact of electrostatic binding on the Dox capture efficacy of 

PMA-1EG-050. At pH 7.4 MA is ionized, and we expected the carboxylate to electrostatically bind 

to Dox. To verify the role of the carboxylate, the amount of Dox captured from PBS solution (pH 

7.4) was compared to that captured in an acidic Dox solution buffered at pH 3.6. At this lower pH, 

MA will retain its neutral carboxylic acid form, eliminating the electrostatic interaction provided 

by the carboxylate.40, 41 The capture efficacy of PMA-1EG-050 increased 18-fold at pH 7.4 
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compared to pH 3.6 (Fig. 3.2), indicating that electrostatic binding is critical to Dox capture. We 

postulated that the small amount of Dox captured in the acidic solution was due to hydrogen 

bonding between Dox and the carboxylic acids on the resin or interactions with residual 

carboxylates present at this pH (~9% ionized). To test this hypothesis, we replaced MA with methyl 

methacrylate (MMA), which cannot be ionized under these conditions, producing a non-ionized 

control. As hypothesized, the amount of Dox captured by PMMA-1EG-050 was negligible. All 

remaining Dox capture experiments were conducted in PBS at pH 7.4. 

 

Figure 3.2. Dox capture from 0.05 mg mL-1 solution for PMA-1EG-050 at pH 7.4 (blue) and 3.6 

(red) 

 

Crosslinked polymers vary in their physical properties and applications based on the degree 

of crosslinking. Highly crosslinked polymers are stiffer, mechanically stronger, and more 

chemically resistant, while lightly crosslinked polymers exhibit the opposite characteristics.42-44 

Critically, the degree of crosslinking is inversely proportional to the flexibility and swelling of 

crosslinked polymers, which we hypothesized could impact Dox capture.42 Consequently, we 

investigated how changing the crosslink density would affect the Dox capture efficacy of the PMA 
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resins. MA was copolymerized with 1EG at 0.25, 0.50, 1.00 and 2.00 crosslinker:monomer molar 

ratios to generate resins with varying crosslink densities. Evaluating the Dox capture performance 

of these materials revealed an overall trend where increasing crosslinking density increased Dox 

adsorption, although the differences for the lower crosslinked materials were not statistically 

significant (Fig. 3.3).  This result appears counterintuitive as increased crosslink density would 

generate a more rigid resin, less susceptible to swelling and Dox diffusion into the polymer 

network. One possible explanation is that the higher crosslink density preserves an optimal 

network architecture that facilitates strong Dox binding. For example, the interaction between the 

resin and Dox may induce a conformational rearrangement of the polymer chain that carries a 

higher entropic penalty in the less crosslinked materials, a penalty that is reduced when the resin 

is conformationally restricted by high crosslink density. An alternative possibility is that the more 

hydrophobic crosslinker favorably interacts with the hydrophobic portions of Dox synergistically 

with the electrostatic interactions between the resin carboxylates and the Dox amine (pKa ≈ 8.2).  
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Figure 3.3. Dox capture from 0.05 mg mL-1 solution at pH 7.4 for PMA-1EG resins with 

increasing crosslinker:monomer ratios (0.25, 0.50, 1.00 and 2.00) 

 

To distinguish between these possibilities—enhanced Dox capture driven by resin rigidity 

versus hydrophobic interactions—we synthesized a set of materials that varied both crosslinking 

density and crosslinker structure. MA was copolymerized with diethylene glycol dimethacrylate 

(2EG) and triethylene glycol dimethacrylate (3EG) (ethylene glycol units = 2 and 3, respectively) 

to produce polymer networks with increased chain mobility, thus reducing the rigidity of the resin. 

PMA-2EG and PMA-3EG resins with 0.25, 0.50, 1.00 and 2.00 crosslinker equivalents were used 

to capture Dox in PBS (pH 7.4) and the results were compared to the corresponding PMA-1EG 

resins. We hypothesized that if resin rigidity was driving the increase in Dox capture with increased 

crosslinking density, then increasing the crosslinker chain length (flexibility) would eliminate this 

trend, decreasing Dox capture. However, if greater hydrophobic interactions were driving the 

increase in Dox capture, then increasing the hydrophobic content of the resins with longer 

crosslinkers should increase the Dox capture.  
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The materials with longer crosslinkers captured less Dox at all crosslink densities, relative 

to the shorter 1EG crosslinked materials (Fig. 3.4). As crosslink density increased, this trend 

became more pronounced, with the highest crosslinking density producing the most effective 

material for the shortest crosslinker (1EG) but the least effective materials for the longer 

crosslinkers.  

While these results support the hypothesis that network rigidity is critical for effective Dox 

binding, hydrophobicity is likely still playing a key role. During the absorbance measurements, we 

observed that the 2EG and 3EG resins were more buoyant in the Dox solution compared to the 

resins synthesized with 1EG. This observation may suggest that the longer crosslinkers produced 

more hydrophobic or less dense materials that were potentially resistant to swelling with the 

aqueous Dox solution. Changes in hydrophobicity or density may have negatively impacted drug 

capture by limiting the interaction between the Dox solution and potential binding sites on the 

resin. 

 

Figure 3.4. Dox capture comparison of copolymer resins synthesized with 1EG, 2EG and 3EG 

with increasing crosslink density (0.25, 0.50, 1.00 and 2.00 molar equivalents) 
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3.5. Conclusion 

These findings underscore the interplay between polymer network rigidity, 

hydrophobicity, and density in governing the Dox capture performance of anionic resins. We 

observed that increasing crosslink density can enhance Dox absorption, likely by promoting a more 

conformationally restricted environment that facilitates electrostatic binding. Moreover, the 

crosslinker structure also plays a pivotal role by determining network rigidity and hydrophobicity, 

as excessively hydrophobic networks adversely affect overall capture. Taken together, this work 

highlights the importance of tuning crosslink density and crosslinker structure to optimize both 

electrostatic interactions and hydrophobicity to ultimately produce increasingly effective drug-

capture materials.  
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3.7.  Supporting Information 

 

Table 3.S1. Mole ratios of monomer, crosslinker and Dox template incorporated in the syntheses 

of molecular imprinted polymers (MIP) 

  Mole Ratios of MIP Reagents 

Monomer Cross-linker Dox Template 

1 3 0.02 

1 2 0.02 

1 1 0.02 

1 7 0.01 

1 5 0.01 

1 2.5 0.01 

1 1 0.01 

1 5 0.005 

1 3 0.005 

1 2 0.005 
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Table 3.S2. Dox template removal conditions employed to generate molecular imprinted resins 

Procedures used to remove Dox template 

Solvent Temperature (°C) Duration (h) 

Water RT 48 

Water 60 72 

Water Reflux 48 

Acetone RT 24 

Acetone 50 24 

DMSO RT 48 

DMSO 100 48 

DMSO 150 48 

 

 

 

 

Figure 3.S1. MIP resin before and after Dox template removal attempts. 
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Figure 3.S2. Dox calibration plot using UV-vis spectroscopy 

 

 

  

 

Figure 3.S3. FTIR spectrum of PMA-1EG-025 confirming incorporation of MA and 1EG  

with vibration bands corresponding to O-H of MA and C=O of MA and IEG 
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Figure 3.S4. FTIR spectrum of MA-1EG-050 confirming incorporation of MA and 1EG  

with vibration bands corresponding to O-H of MA and C=O of MA and IEG 

 

 

 

 
 

Figure 3.S5. FTIR spectrum of MA-1EG-100 confirming incorporation of MA and 1EG  

with vibration bands corresponding to O-H of MA and C=O of MA and IEG 
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Figure 3.S6. FTIR spectrum of MA-1EG-200 confirming incorporation of MA and 1EG  

with vibration bands corresponding to O-H of MA and C=O of MA and IEG 

 

 

 

Figure 3.S7. FTIR spectrum of MA-2EG-025 confirming incorporation of MA and 1EG  

with vibration bands corresponding to O-H of MA and C=O of MA and 2EG 
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Figure 3.S8. FTIR spectrum of MA-2EG-050 confirming incorporation of MA and 1EG  

with vibration bands corresponding to O-H of MA and C=O of MA and 2EG 

 

 

 

Figure 3.S9. FTIR spectrum of MA-2EG-100 confirming incorporation of MA and 1EG  

with vibration bands corresponding to O-H of MA and C=O of MA and 2EG 
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Figure 3.S10. FTIR spectrum of MA-2EG-200 confirming incorporation of MA and 2EG  

with vibration bands corresponding to O-H of MA and C=O of MA and 2EG 

 

 

 

Figure 3.S11. FTIR spectrum of MA-3EG-025 confirming incorporation of MA and 1EG  

with vibration bands corresponding to O-H of MA and C=O of MA and 3EG 
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Figure 3.S12. FTIR spectrum of MA-3EG-050 confirming incorporation of MA and 3EG  

with vibration bands corresponding to O-H of MA and C=O of MA and 3EG 

 

 

 

 

Figure 3.S13. FTIR spectrum of MA-3EG-100 confirming incorporation of MA and 3EG  

with vibration bands corresponding to O-H of MA and C=O of MA and 3EG 
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Figure 3.S14. FTIR spectrum of MA-3EG-200 confirming incorporation of MA and 3EG  
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Chapter 4.  Synthesis and Post-polymerization Modification of Mannose-Containing 

Glycopolymers to Improve Antimicrobial Properties while Reducing Hemolytic Activity 

 

Ophelia J. Wadsworth,a Brady A. Hall,a  and Michael D. Schulz.a,b,c 

a Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA 

24061, USA 

b Macromolecules Innovation Institute, Virginia Polytechnic Institute and State University, 

Blacksburg, VA 24061, USA 

c Center for Emerging, Zoonotic, and Arthropod-borne Pathogens, Virginia Polytechnic Institute 

and State University, Blacksburg, VA 24061, USA 

 

4.1.  Abstract 

 Antibiotics have significantly mitigated the global impact of bacterial infections; however, 

many bacterial strains have adapted resistance mechanisms over time, leading to diminished 

antibiotic efficacy. Glycopolymers are a promising class of alternative antibacterial therapeutics to 

treat infections attributable to antibiotic resistant bacterial strains. The sugar-containing sidechains 

may mitigate bacterial infections by competing for the binding sites on the bacterial surfaces. In 

our previous work, we synthesized linear mannose-containing polynorbornene glycopolymers (25-

250 kDa) and evaluated their antimicrobial properties in the absence of traditional antibiotic 

moieties such as cationic groups. Broth dilution and hemolysis assays revealed a dependence of 

inhibition and hemolytic activities on molecular weight, with higher molecular weight polymers 

demonstrating enhanced inhibition of E. coli and greater lysis of red blood cells. Inspired by the 

inherent antimicrobial properties of these glycopolymers, we sought to enhance the antimicrobial 

properties while simultaneously reducing the hemolytic activity by tuning the functionality and 

hydrophobicity of the polymer backbone.  Post-polymerization modification was accomplished 

via thiol-ene addition to the polymer backbone with thiolated-mannose or cysteamine at 0.5 and 
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1.0 ligand to polymer molar ratios. Thiolated-mannose was employed as a ligand to increase 

mannose density, potentially enhancing lectin-receptor binding interactions while cysteamine 

would incorporate cationic charges, which are known to disrupt bacterial membranes. A series of 

sixteen mannose-containing polynorbornene glycopolymers were synthesized and will be 

characterized via 13C NMR to confirm backbone modification, indicated by a reduction or 

disappearance of the C=C signals between 130-140 ppm. The degree of functionalization will be 

quantified using elemental analysis. Comprehensive biological assays will follow to assess the 

antimicrobial and hemolytic performances and determine the structure-activity relationships. By 

successfully polymerizing a mannose-functionalized norbornene monomer followed by post-

polymerization modification with thiolated-mannose and cysteamine, we generated a set of 

materials with precise architecture that differs only in their pendant functionalities. We 

demonstrated that the backbone alkenes of these glycopolymers are amenable to thiol-ene click 

chemistry, allowing for the efficient post-polymerization installation of additional glycans or 

cationic moieties. This modular and versatile synthetic platform lays the groundwork for future 

studies aimed at systematically probing the structure–activity relationships of these antimicrobial 

glycomaterials. 

4.2. Introduction 

 Bacterial infection-related deaths have been categorized as an urgent priority globally and 

are projected to increase annually, with an estimated mortality rate of 10 million per year by 2050.1 

Antibiotics have significantly mitigated the global impact of bacterial infections; however, many 

bacterial strains have adapted resistance mechanisms over time, leading to diminished antibiotic 

efficacy.2 Overprescription of these drugs has enabled bacterial strains to develop resistance at a 

faster rate, rendering some infections untreatable.3-5 Consequently, there is now an overwhelming 
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need for new antibacterial therapeutics with equal or enhanced efficacy that can evade the drug-

resistance that plagues current antibiotics.6, 7 

 Glycopolymers, synthetic macromolecules that incorporate various pendant carbohydrates 

as sidechains8, 9 are widely explored as alternative therapeutics to treat infections attributable to 

antibiotic-resistant bacterial strains. Carbohydrates (glycans) are critical to biological functions 

such as cell signaling, inflammation, immune responses and molecular recognition.10-14 For 

example, pathogens initiate infection by attaching to the surface of host cells.15 This critical step 

involves adhesion via ligand-receptor binding between glycan specific lectins on the bacterial cell 

and receptors on host cells before invasion and infection begin.16-20  The pathogenic bacterium E. 

coli uses its type 1 fimbriae lectin to bind to mannose receptors of tissue cells in the urinary tract 

or its type P pili lectin to bind to galactose receptors on the surface of kidney cells, promoting 

infection.21, 22 Glycopolymers are promising alternative antibacterial therapeutics to treat  

infections attributable to antibiotic-resistant bacterial strains, because their sugar-containing 

sidechains can mitigate bacterial infections by competing for the binding sites on the bacterial 

surfaces. Additionally, development of resistance is less likely, since the lectin-receptor binding 

interaction is critical to bacterial adhesion and infection.  

 Mannose-based glycopolymers have been investigated for their antibacterial properties, 

however; to the best of our knowledge, mannose was only incorporated as a comonomer that 

facilitated specific recognition with E. coli while the cationic moiety disrupted the bacterial 

membrane.4  Mannose-based homopolymers have demonstrated enhanced binding affinity for E. 

coli;23-25 however, the highest molecular weight reported was 64 kDa. To determine the effect of 

molecular weight on bacterial growth inhibition, we previously synthesized linear mannose-

containing polynorbornene glycopolymers (25-250 kDa) via ring-opening metathesis 
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polymerization (ROMP) and evaluated their antibacterial properties in the absence of traditional 

antibiotic moieties such as cationic groups.26 Broth dilution and hemolysis assays revealed a 

dependence of inhibition and hemolytic activities on molecular weight, with higher molecular 

weight polymers demonstrating enhanced inhibition of E. coli and greater lysis of red blood cells. 

We postulated that the higher molecular weight polymers produced more polyvalent binding 

interactions with the bacterial cell surface. This stronger interaction may have facilitated 

membrane permeation, allowing the glycopolymer to inhibit bacterial growth by targeting an 

intracellular site. Simultaneously, the hydrophobic backbone produced greater hemolytic activity 

due to cell membrane disruption.27 Regardless, the higher molecular weight polymers 

demonstrated greater bacterial inhibition, exhibiting inherent antimicrobial properties.  

Inspired by the inherent antimicrobial properties of the mannose-containing 

glycopolymers, we sought to improve the inhibition activity while simultaneously reducing the 

hemolytic activity via post-polymerization modification of the polymer backbone. The olefin 

functional groups present in the polymer backbone facilitated thiol-ene addition that we leveraged 

to generate materials with more mannose binding sites. Four molecular weights were modified 

with 0.5 and 1.0 molar equivalents of thiolated-mannose. Thiolated-mannose was incorporated to 

increase mannose density, potentially enhancing lectin-receptor binding interactions. We 

postulated that the modified polymers would exhibit greater potency as growth inhibitors of E. 

coli, owing to the additional binding interactions. We also incorporated cysteamine to evaluate its 

contribution to the potency of the modified materials, as cationic charges are known to disrupt 

bacterial membranes.28, 29 These modifications allow us to explore how glycan density and cationic 

charge influence the efficacy of the inherently antimicrobial materials reported in our previous 

work.26  
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4.3. Experimental 

 4.3.1. Instrumentation 

 Size exclusion chromatography (SEC) was performed using the Wyatt Technologies 

chromatograph with Shimadzu light scattering and refractive index detectors. Carbon nuclear 

magnetic resonance (13C NMR) spectra were acquired using a Neo 500 MHz spectrometer (2000 

scans, 5 sec delay). Samples were dissolved in deuterated chloroform or deuterated dimethyl 

sulfoxide to generate 30 mg mL-1 solutions. The Biotage Isolera One was used to purify the 

synthesized precursors via flash chromatography with 50 g columns as the stationary phase.  

 4.3.2. Materials 

1,2,3,4,6-Penta-O-acetyl-a-D-mannopyranose (AcMan) was purchased from Biosynth. 

Boron trifluoride dietherate, dimethyl sulfoxide (DMSO) and dimethyl formamide (DMF) were 

purchased from Oakwood Products. 2-Hydroxy ethyl acrylate (HEA), 6-mercaptohexan-1-ol and 

dicyclopentadiene were purchased from Sigma Aldrich. Cyclopentadiene was distilled from 

dicyclopentadiene according to literature procedure. Toluene, methanol, and dichloromethane 

were purchased from Fischer Scientific. Grubbs Gen 2 catalyst was acquired from Ambeed, Inc 

and used to prepare Grubbs Gen 3 catalyst, which was used within two hours of preparation. 2,2-

Dimethoxy-2-phenylacetophenone (DMPA) was purchased from Ambeed and used without 

purification. 

 4.3.3. Synthesis of Mannose Glycomonomers  

 AcMan (19.5 g, 0.0500 mol), HEA (8.00 mL, 0.0750 mol), and 100 mL DCM were added 

to a 250 mL round bottom flask and purged while stirring. The solution was cooled to 0 °C while 

boron trifluoride diethyl etherate (BF3.OEt2, 36.0 mL, 0.290 mol) was added at a rate of 0.1 mL 

min-1. The reaction was stirred at 0 °C for 1 hour then warmed to 25 °C for 48 hours. The reaction 
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mixture was diluted with 400 mL DCM before neutralizing with 300 mL saturated NaHCO3. The 

organic layer was separated and washed with 1 x 300 mL saturated NaHCO3, 2 x 300 mL DI water, 

then 1 x 300 mL brine. The organic layer was dried over MgSO4 and concentrated to produce 1-

O-acryloyloxethyl-2,3,4-6-tetra-O-acetyl-a-D-mannopyranoside (AcMan-EA, 21.3 g, 93%) as a 

yellow oil that was used without further purification.  

Cyclopentadiene (2.80 mL, 0.0338 mol) was added to a solution of AcMan-EA (6.00 g, 

0.0135 mol) in 150 mL toluene. The mixture was refluxed and allowed to react for 72 hours. After 

cooling, the solvent was evaporated, and the crude yellow oil product purified via flash 

chromatography to produce 2-O-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl)hydroxylethyl 5-

norbornene-2-carboxylate as a viscous oil (AcMan-ENC, 4.29 g, 62%). The product was a mixture 

of endo/exo norbornene (71/29) that was polymerized without separation.  

 4.3.4. Synthesis of Thiolated-mannose  

 Potassium thioacetate (52.5 g, 0.460 mol) was stirred in 300 mL dried DMF at room 

temperature for 30 minutes. The mixture was cooled to 0 °C while 1-bromohexan-1-ol (30 mL, 

0.230 mol) was added dropwise, then allowed to stir at room temperature for 72 hours. The solution 

was diluted with 700 mL DI water, then extracted with 2 x 350 mL ethyl acetate. The organic layers 

were combined and washed with 300 mL DI water and 350 mL brine, then dried over MgSO4. The 

solvent was removed under reduced pressure to produce S-(6-hydroxyhexyl) ethanethioate (6-

HHET, 32.3 g, 80%) as a yellow oil that was used without further purification.  

 AcMan (17.7 g, 0.0454 mol) was reacted with 6-HHET (2 equivalents) in the same manner 

as described above for the synthesis of AcMan-EA. The crude product was purified via flash 

chromatography to yield 2-O-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl)hydroxyhexyl 

ethanethioate (AcMan-HHET, 9.40 g, 41%) as a yellow oil. To deprotect the thiol, AcMan-HHET 
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(3.40 g, 0.00671 mol) was dissolved in 30 mL DMAc, added dropwise to a solution of 

dithiothreitol (5.20 g, 0.0337 mol) and triethylamine (0.94 mL, 0.00684 mol) in 20 mL DMAc and 

allowed to stir at room temperature for 48 hours. The solution was diluted with 150 mL DI water 

and extracted with 3 x 100 mL DCM. The organic layer was washed with 2 x 100 mL HCl (3.00 

M), 2 x 200 mL DI water, 200 mL brine and dried over MgSO4. The crude product was purified 

via flash chromatography to produce 2-O-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl) hydroxy- 

hexyl thiol (AcMan-OxHSH, 2.10 g, 66%) as a clear oil. 

4.3.5. Synthesis and Post-polymerization Modification of Mannose-containing 

Polynorbornene Glycopolymers 

AcMan-ENC (2 g, 0.00390 mol) was dissolved in 15 mL DCM. From a stock solution of 

G3 catalyst in DCM, the appropriate amount of catalyst (based on the targeted molecular weights 

of 25.6, 51.2, 128, and 256) was added in one portion under a nitrogen atmosphere. The mixture 

was allowed to react for 2 hours at room temperature before termination with ethyl vinyl ether 

(200 equivalents). The product was precipitated in 150 mL methanol, filtered, washed with 

methanol, and dried under reduced pressure to produce mannose-containing norbornene parent 

polymers (P-AcMan).  

P-AcMan (0.5 g, 0.000976 mol) was dissolved in 8 mL dioxane containing DMPA (0.2 

equivalents) and thiolated mannose (0.5 or 1.0 equivalents) under a nitrogen atmosphere. The 

solution was irradiated with UV light for 72 hours, after which the product was precipitated in 

methanol, filtered, and dried. Post-polymerization modification with cysteamine was carried out 

similarly, except DMSO was used as the solvent and the product was precipitated in deionized 

water.  
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4.4. Results and Discussion 

 4.4.1. Synthesis of Mannose Glycomonomers 

 The synthesis of AcMan-EA was extremely efficient, producing a 93% yield. Furthermore, 

ten-fold larger scale reactions did not diminish the yields. The key factor to generating such high 

yields is the slow addition of the Lewis acid (0.1 mL min-1), as faster addition rates of strong acids 

produce side reactions that fragments carbohydrates, consequently reducing the overall yield.30 In 

this Koenigs-Knorr like reaction, the anomeric acetyl group was replaced via nucleophilic 

substitution by HEA. Stereoselectivity in this reaction was governed by neighboring group 

participation, where the 2-O-acyl group facilitated the formation of a 1,2-trans product.31, 32 In the  

4C1 conformation of α-AcMan, the axial orientation of the 2-O-acyl group enabled participation 

during the departure of the anomeric leaving group, forming a transient cyclic intermediate. The 

intermediate occupied the top face of the ring, directing the subsequent nucleophilic attack from 

the bottom face. As a result, the configuration at the anomeric center was preserved, leading to 

selective formation of the 1,2-trans-glycoside.33 The mannose-containing norbornene monomer 

(AcMan-ENC) was prepared by methods adopted from our previous work (Scheme 4.1).26 The 

norbornene moiety was synthesized via Diels-Alder cycloaddition between AcMan-EA and 

cyclopentadiene. This synthetic route represents a departure from conventional methods, which 

introduce the carbohydrate to the norbornene precursor.34-37 This reaction yields a mixture of 

endo/exo isomers, favoring the endo isomer as the major product.38, 39 AcMan-EA was isolated 

without purification while AcMan-ENC was chromatographed and the solvent reduced to generate 

a yellow oil (see Figs 4.S1 to 4.S4 for NMR characterizations).    
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Scheme 4.1. Synthetic route to mannose-containing norbornene glycomonomer; overall yields 

shown below each product 

 

 4.4.2. Synthesis of Thiolated-mannose 

 To facilitate post-polymerization of the polymer backbone via thiol-ene addition, we first 

synthesized 6-hydroxyhexyl ethanethioate (6-HHET) to afford transglycosylation with 

peracetylated mannose (AcMan). Potassium thioacetate was stirred in DMF for 30 minutes before 

the slow addition of 6-bromohexan-1-ol. The protected thiol was used to prevent its addition to the 

anomeric position of AcMan in the subsequent step, as sulfur is more nucleophilic than oxygen. 

The hexyl chain length was selected to circumvent steric interference between mannose and the 

polymer backbone. The protected thiolated-mannose (AcMan-HHET) was extracted and purified 

via flash chromatography prior to deprotection with dithiothreitol (DTT) (Scheme 4.2). Attempts 

to deprotect AcMan-HHET without prior purification were unsuccessful. The selective S-

deacetylation was inspired by native chemical ligation, a method used in peptide and protein 

synthesis to generate native amide bonds. The authors investigated various conditions to optimize 

the selective deacetylation of the glycosyl thioester derived from peracetylated glucose. They 

found that maintaining a mildly basic environment significantly enhanced reaction efficiency, with 

the highest yields obtained using dimethylacetamide as the solvent. The reaction proceeded via a 

transthioesterification mechanism, where the S-acetyl group was transferred to DTT. As this step 

is reversible, an excess of DTT (1.5 equivalents) was used. Under these optimized conditions, a 
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maximum yield of 96% was achieved within one hour.40 However, further optimization was 

required to achieve successful deacetylation of AcMan-HHET, which contained a hexyl thioester 

in place of the more reactive glycosyl thioester. To compensate for the reduced reactivity, the 

amount of DTT was increased to 5 equivalents, and the reaction time was extended to 48 hours. 

Additionally, the starting material was limited to a maximum of 6.71 mmol to achieve the optimal 

yield (66%). The deprotected thiolated-mannose (AcMan-OxHSH) was purified via flash 

chromatography to produce a yellow oil with the characteristic sulfur odor (see Figs 4.S6 to 4.S11 

for NMR characterizations). 

 

 

 

 

Scheme 4.2. Synthetic route AcMan-OxHSH, the deprotected mannose-thiol used to modify the 

polymer backbone via thiol-ene addition. 
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4.4.3. Synthesis and Post-polymerization Modification of Mannose-containing 

Polynorbornene Glycopolymers 

 Four molecular weights (25.6, 51.2, 128, and 256 kDa) were targeted with ROMP of the 

mannose-containing norbornene glycopolymer (Scheme 4.3). As ruthenium is known to be 

cytotoxic,41, 42 the catalyst was removed by precipitating the polymer product in methanol, which 

dissolves G3. The catalyst and product were then separated by filtration. 1H NMR was used to 

confirm polymer synthesis, showing complete disappearance of the norbornene alkene peaks (Fig. 

4.S5). 

 

 

  

Scheme 4.3. ROMP of AcMan-ENC to generate mannose-containing polynorbornenes of four 

molecular weights (25.6, 51.2, 128 and 256 kDa). Post-polymerization modification of the polymer 

backbone was accomplished via thiol-ene addition of thiolated-mannose or cysteamine. 
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 Post-polymerization modification was accomplished via thiol-ene addition to the alkene 

functional groups in the polymer backbone (Scheme 4.3). Prior optimization experiments revealed 

that the extended reaction time was necessary to observe any detectable modification to the 

polymer backbone, most likely attributable to steric hindrance. A series of sixteen mannose-

containing polynorbornene glycopolymers was synthesized (Table 4.1) and will be characterized 

via 13C NMR to confirm backbone modification, indicated by a reduction or disappearance of the 

C=C signals between 130-140 ppm. The degree of functionalization will be quantified using 

elemental analysis. Comprehensive biological assays will follow to assess the antimicrobial and 

hemolytic performances and determine the structure-activity relationships. 

Table 4.1. Polymer molecular weights, ligand identity and ligand to polymer molar ratio used for 

post-polymerization modification of P-AcMan. 

P-AcMan Ligand 

Mn (kDa)* 

before 

modification 

Ligand to polymer 

molar ratio 

 
 

P-AcMan 

 

 
 

AcMan-OxHSH 

25.6 
0.5 

1.0 

51.2 
0.5 

1.0 

128 
0.5 

1.0 

256 
0.5 

1.0 

 

 

 

 
 

Cysteamine 

25.6 
0.5 

1.0 

51.2 
0.5 

1.0 

128 
0.5 

1.0 

256 
0.5 

1.0 

 * Mn determined by size exclusion chromatography 
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 Previous studies of backbone modification of polynorbornenes commonly explored the oxa-

norbornene derivatives, which benefit from an oxygen containing backbone that facilitates 

functionalization.43-45 The reaction times were shorter than 72 hours and complete modification 

was characterized by disappearance of the cis and trans backbone alkene protons between 5.5 and 

6.5 ppm. Furthermore, SEC analysis showed increases to the molecular weights and dispersity, 

owing to random addition of the ligand to the backbone moiety of polymer chains. Our approach 

used a hydrocarbon-based polynorbornene backbone, a significant alternate step as these materials 

are not widely explored for post-polymerization modification, particularly with biologically 

relevant molecules such as glycans and cationic compounds. We selected to characterize the 

modified glycopolymers using 13C NMR due to overlapping proton signals of the pyranose 

sidechain with the backbone alkene protons.  

4.5.  Conclusion 

 Building on our successful synthesis of mannose-containing glycopolymers, this chapter 

presented a straightforward strategy for further functionalizing these materials with the goal of 

enhancing their antimicrobial properties. We demonstrated that the backbone alkenes of these 

glycopolymers are amenable to thiol-ene click chemistry, allowing for the efficient post-

polymerization installation of additional glycans or cationic moieties. By successfully 

polymerizing a mannose-functionalized norbornene monomer followed by post-polymerization 

modification with a thiolated-mannose or cysteamine, we generated a set of materials with precise 

architecture that differs only in their pendant functionalities. Importantly, among the four degrees 

of polymerization that were targeted, the functionalized polymers were synthesized from the same 

initial parent polymer (polymer batch), ensuring that molecular weight, dispersity and backbone 

structure remained consistent. Consequently, we ensured that the comparisons of the antimicrobial 
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and hemolytic properties will be attributable to the functional group identity, rather than underlying 

polymer properties. This modular and versatile synthetic platform lays the groundwork for future 

studies aimed at systematically probing the structure–activity relationships of these antimicrobial 

glycomaterials. 
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4.7.  Supporting Information

 

Figure 4.S1. 1H NMR spectrum of AcMan-EA 

 

Figure 4.S2. 13C NMR spectrum of AcMan-EA 
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Figure 4.S3. 1H NMR spectrum of AcMan-ENC 

 

Figure 4.S4. 13C NMR spectrum of AcMan-ENC 
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Figure 4.S5. Representative 1H NMR spectrum of P-AcMan at molecular weights (25.6, 51.2, 128,  

and 256) 

 

 

 

Figure 4.S6. 1H NMR spectrum of 6-HHET 



136 
 

 

Figure 4.S7. 13C NMR spectrum of 6-HHET 

 

 

Figure 4.S8. 1H NMR spectrum of AcMan-HHET 
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Figure 4.S9. 13C NMR spectrum of AcMan-HHET 

 

 

Figure 4.S10. 1H NMR spectrum of AcMan-OxHSH 
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Figure 4.S11. 13C NMR spectrum of AcMan-OxHSH 
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Chapter 5.  Summary and Future Outlook 

 

5.1.  Summary and Future Outlook 

 The versatility of polymers as sequestrants has received much attention because they show 

promise to mitigate the hazards of biological and environmental contaminations.1 Extensive 

research includes sequestration of organic micropollutants in the soil and wastewater,2 radioactive 

materials,3 heavy metals from wastewater sources,4 and bacterial endotoxins in the gastrointestinal 

tract.5 A more recent application is their use as drug capture materials to adsorb chemotherapy 

agents.6 

Methods to limit the delivery of chemotherapy drugs to the targeted tumor are highly 

advantageous to mitigate toxicity to healthy tissue. Several approaches have shown promise 

towards sequestering the drug during chemotherapy treatment.7-9 We investigated the use of 

molecularly imprinted polymers (MIPs) as effective Dox capture materials. MIPs are essentially 

methacrylic acid-based resins synthesized by copolymerizing MA and IEG; however, a template 

is incorporated to produce specific binding sites (imprints) to selectively capture the target 

molecule.10-13 Since capture is driven by the imprints, complete template removal is critical to 

evaluating the effectiveness of these materials. For our study, Dox template removal using several 

suitable solvents and varying temperatures appeared to be incomplete. A worthwhile exploration 

is to determine the role of the residual Dox template in Dox capture from solution. Imprinted resins 

would be synthesized with varying crosslink densities and amount of Dox template loaded. The 

amount of Dox removed can be determined to calculate the residual amount adsorbed to the resin. 

The drug capture efficacy can then be compared to that of the corresponding non-imprinted resin. 

Additionally, other chemotherapy drugs can be evaluated in the same manner, especially those that 

have different molecular sizes and shapes. 
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 We also investigated the use of non-templated methacrylic acid-based resins to effectively 

capture Dox. The performance of these materials revealed that electrostatic binding was critical to 

drug capture, notably between the anionic resin and positively charged Dox. Additionally, we 

observed an overall trend where increasing crosslinking density increased Dox adsorption. The 

maximum crosslinker ratio incorporated for this study was 2.00 equivalents and Dox capture 

results showed a two-fold increase in capture efficacy corresponding to a four-fold increase in 

crosslink density. Increasing the crosslink density at certain increments should reveal the 

crosslinker to monomer ratio at which drug capture plateaus.  Additionally, incorporating a 

monomer such as vinyl phosphonic acid that has two anionic binding sites should enhance capture 

efficacy, although steric hindrance may play a role. 

Turning to glycopolymers, the development of synthetic antimicrobial glycopolymers has 

been progressing; however, there are still challenges that impede their viability as small-molecule 

antibiotic replacements. Two of the prevailing concerns are reduced potency compared to 

traditional antibiotics and enhanced hemolytic activity.14 Towards addressing both concerns, we 

modified the backbone of mannose-containing oxo-norbornene polymers to incorporate additional 

mannose-binding ligands while increasing overall hydrophilicity of the materials. Post-

polymerization modification of the oxo-norbornene backbone was extremely challenging, as the 

radical intermediate is less stabilized compared to the oxa-norbornene analog. Although attempts 

to incorporate the oxa-norbornene backbone via Diels-Alder cycloaddition with furan and 

mannose-acrylate were unsuccessful, exploring reaction conditions not previously employed may 

change the outcome. This would facilitate higher glycan density in the polymer backbone, possibly 

increasing the potency of the mannose-functionalized polynorbornenes. Alternatively, introducing 
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a higher thio-mannose ratio while modifying the oxo-norbornene backbone may also facilitate a 

greater degree of functionality. 

The utility of polymeric sequestrants towards solving complex problems has been 

expanding significantly and will do so for some time.  While their exploration as sequestrants to 

adsorb chemotherapy drugs is relatively new, they have been widely investigated as sequestrants 

for environmental contaminants and traditional antibiotics replacements that will evade the 

resistance mechanisms of pathogenic bacteria and viruses.  As with any other field, an 

interdisciplinary approach is required to ensure that the materials developed are viable solutions 

and I look forward to seeing how collaborations among synthetic chemists, engineers and medical 

professionals will enhance patient care in the future. 
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