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 The cell surface glycocalyx is a dense layer of macromolecules of variant structure and 

size, the latter of which is an underappreciated factor in many cellular functions, such as 

cell/pathogen interactions, growth factor signaling, cell adhesion/migration, and signal 

transduction. Methods to alter cellular glycocalyx composition would allow for the study and 

control of these functions. In the absence of genetic tools to manipulate glycosylation with 

high spatial specificity, chemical and materials-based approaches offer unique opportunities. 



 xv

In this study, we developed a transient model for glycocalyx remodeling by photopatterning 

cells with a novel mucin-mimicking, photocleavable lactose glycopolymer. Subsequently, we 

applied this model to modify the lectin-binding ability of Lec8 CHO cells, mammalian cells 

lacking lactosyl residues. Characterization of the lactose glycopolymer, as a free molecule and 

attached to cells, revealed that photocleavage occurs within 2 minute of UV treatment, 

confirming the biological utility of this model. Incorporation of lactose glycopolymers into the 

plasma membrane altered native glycocalyx dynamics and increased lactose-specific lectin, 

Erythrina cristagalli (ECA/ECL), binding at the cell surface. Subsequent cleavage of 

glycopolymers following UV treatment reduced lectin binding by 80%. These results 

established this photocleavable glycopolymer as a dynamic model for glycocalyx remodeling 

and achievement of specific cellular outcomes. In the future, this model can be utilized for 

biomimicry of events such as mucin shedding during pathogenic invasion and cancer 

progression.  
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    

    

Chapter 1: The Mucin Glycocalyx Chapter 1: The Mucin Glycocalyx Chapter 1: The Mucin Glycocalyx Chapter 1: The Mucin Glycocalyx     

The cellular glycocalyx is a dense layer of heavily glycosylated and highly charged 

macromolecules, composed of glycoproteins, proteoglycans, and glycolipids (Möckl, 2020). 

This border of “sweet husk” is the cell’s first point of contact with the extracellular matrix 

and thus mediates all cellular interactions with its environment, ranging from physical 

protection to communication and signaling (Varki, 2017). Glycans perform these functions 

primarily through recognition and binding with lectins, or glycan binding proteins (Huang, 

2014). The composition and size of these glycoconjugates vary vastly (Fig 1)(Fig 1)(Fig 1)(Fig 1),,,, ranging from 

tens of nanometers above the plasma membrane to thousands of nanometers, as determined 

by their diverse and often complex glycosylation patterns (Huang, 2016). In general, cellular 

glycosylation patterns are responsive to the cell-type, developmental stages, and metabolic 

states of the cell (Hart, 2011).  

A major structural constituent of the glycocalyx, cell surface mucins are bulky, 

abundant, and filamentous glycoproteins that compose the epithelial mucosal lining 

(Ganguly, 2020). Cell surface mucins mediate interactions between epithelial cells and their 

environments by preventing entry of unwanted substances and organisms, while mediating 

endogenous interactions through their elaborate structures (Fig 1(Fig 1(Fig 1(Fig 1))))    (Huang, 2016)))).  Examples 

of mucin function include trapping invading microbes, acting as decoy receptors via shedding, 

interacting with immune cells, and sequestering soluble factors (Ganguly, 2020). Due to their 

special structure and position, mucins play critical roles in many disease processes in which 

the interactions of epithelial cells and their surroundings are compromised, such as in 

infectious disease as well as cancer and metastasis (Lindén, 2009; Nath, 2014). Hence, the 

study of mucin structure and associated functions have important clinical implications. For 
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example, hyper-sialylation of glycans in tumor-associated mucins (TA-MUC1) causes 

premature termination of chain elongation (Nath, 2014). Mucins with truncated sugar 

branches are less stable and more prone to internalization. Inside the cell, these truncated 

mucins have oncogenic signaling abilities that ultimately contribute to cancer progression 

and metastasis (Nath, 2014). This makes cell-associated mucins (MUC1) an ideal cancer 

biomarker and target of cancer immunotherapy (Nath, 2014).  

 
Figure Figure Figure Figure 1111    (Huang, 2016(Huang, 2016(Huang, 2016(Huang, 2016))))::::    Diversity of the glycocalyx. The cellular glycocalyx is a dynamic, 

carbohydrate-rich macromolecular system that occupies the boundary between a cell and its 
surroundings. It is composed of a range of glycolipids and glycoproteins, which can extend tens 
to hundreds of nanometers above the plasma membrane. The glycocalyx has many functions, 

ranging from providing cells with a physical protective barrier to facilitating their interactions 
with their environment. These interactions are primarily mediated through recognition and 

binding between glycan structures distributed throughout the glycocalyx and the wide array of 
glycan binding proteins, or lectins. 

    

Chapter 2: Glycocalyx Remodeling and Mucin Mimetics Chapter 2: Glycocalyx Remodeling and Mucin Mimetics Chapter 2: Glycocalyx Remodeling and Mucin Mimetics Chapter 2: Glycocalyx Remodeling and Mucin Mimetics     

 Glycan contributions in the cell have yet to be fully understood given the complex 

nature of its biosynthesis, presentation in 3D space, and binding characteristics. In vivo, 

glycosylation is a post-translational modification carried out in the endoplasmic reticulum 

(ER) and Golgi apparatus by glycosyltransferases and glycan-processing enzymes (Stanley, 
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2017). Exploiting different aspects of this biosynthetic pathway, researchers have developed 

methods and models for elucidating glycan-specific functions and pathways in addition to 

controlling glycocalyx composition. Examples include targeting gene expression of 

glycosylation enzymes to attenuate glycan expression and influence glycan assembly; 

introducing exogenous enzymes to add or cleave specific glycan residues; and supplying 

modified monosaccharides to the sites of glycosylation to interfere with normal glycan 

biosynthesis (Esko, 2009; Lopez, 2017; Dube, 2013). These tools result in the global 

modification of glycan features across entire classes of glycoconjugates, and thus lack control 

over cell-surface presentation or nanoscale organization (Purcell, 2019).  

Nanoscale glycomaterials have been developed to mimic the various components of 

the glycocalyx and shed light on how glycan presentation (individually and as an ensemble) 

can influence their biological functions. Among the various approaches, the Bertozzi lab’s 

hydrophobic insertion approach achieves glycocalyx remodeling by functionalizing 

glycopolymers, chemically synthesized glycoconjugates, with lipid moieties to allow for 

passive insertion of glycopolymer into the cellular membrane (Mauris, 2013; Paszek, 2014). 

Utilizing this approach, Honigfort et al. designed synthetic mucin-mimicking glycopolymers 

to study the physical and steric effects of cell surface mucins on lectin binding abilities with 

endogenous ligands (2019). Specifically, novel polyethylene glycol (PEG)-based glycopolymers 

were synthesized with biologically-inert glycans and delivered to the cell surface of turkey 

red blood cells to mimic the extended architecture of mucin glycoproteins and constitute a 

“spectator glycocalyx” (Honigfort, 2019). Results suggest altering the physical properties of 

the glycocalyx resulted in reduced overall lectin binding (Honigfort, 2019). Though providing 

valuable insight into the physical and mechanical effects of glycocalyx bulk, this model does 

not allow for dynamic control over glycopolymer patterning of the cell surface, which I aim to 

do in my research.  
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Chapter 3: Photocaging: Method for Spatial and Temporal Control Chapter 3: Photocaging: Method for Spatial and Temporal Control Chapter 3: Photocaging: Method for Spatial and Temporal Control Chapter 3: Photocaging: Method for Spatial and Temporal Control     

 Literature points to light as a dynamic stimulus with many advantages: non-invasive, 

highly accurate in space and time, and versatile for both 2D and 3D models (Wegner, 2015). 

Coumarin and ortho-nitrobenzyl cages have emerged as popular strategies for photo-control. 

Coumarin cages are fluorescent and therefore allow the quantification of photorelease; 

however, they suffer from unintended photorelease during imaging due to same wavelength 

for imaging and uncaging (Gaur, 2019). In contrast, ortho-nitrobenzyl cages are incapable of 

providing quantification unless covalently bound to a fluorescent moiety (Gaur, 2019). 

The photocleavable ortho-nitrobenzyl linker has been applied extensively in nano-

scale polymer engineering; examples include biofilm engineering and biomimicry of the 

extracellular matrix (Chen, 2019; Kaneko, 2011; Nicolas, 2020). In these experiments, the 

nitrobenzyl linker was utilized to pattern functionalized surfaces and scaffolds with bioactive 

molecules or cells and accomplish specific biochemical outcomes (local release of bioactive 

molecules or bacterial patterning with high spatial resolution) (Chen, 2019; Kaneko, 2011; 

Nicolas, 2020; Wegner, 2015).  

 Furthermore, the photolabile nitrobenzyl linker has been applied to in-vivo models. 

In a 2019 study, Gaur and Kucherak prepared and tested a set of fluorescent cages that 

covalently tethers fluorescent rhodamine dyes to signaling lipids via a nitrobenzyl group. 

This allowed for the delivery of signaling lipids to specific cellular membranes (plasma 

membrane or inner membrane), with further visualization, quantification, and controlled 

photorelease of active lipids in living cells (Gaur, 2019). This thesis project utilizes a similar 

approach to design glycopolymers capable of localization, visualization and biological 

function.  
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Chapter 4: Project Overview Chapter 4: Project Overview Chapter 4: Project Overview Chapter 4: Project Overview     

 This project builds on my previous work constructing the spectator glycocalyx by 

adding a photocleavable component to the glycopolymer design (Honigfort, 2019; Kaneko, 

2011). A novel photocleavable glycopolymer was created to dynamically remodel the mucin 

glycocalyx in mammalian cells (Fig 2)(Fig 2)(Fig 2)(Fig 2). To do this, first, I prepared and characterized the 

photocleavable glycopolymer (Fig 2Fig 2Fig 2Fig 2AAAA). A PEG polymer backbone was end-functionalized with 

the nitrobenzyl linker, connected on the other end to a lipid moiety (Honigfort, 2019; Kaneko, 

2011) (Fig 2Fig 2Fig 2Fig 2AAAA). Then the PEG backbone was sidechain-functionalized with lactose and Cy5 

fluorophore (Honigfort, 2019) (Fig 2Fig 2Fig 2Fig 2AAAA). Second, I delivered these novel glycopolymers to the 

cell surface of CHO Lec8 cells, a mutant strain with endogenous lactose synthesis disrupted, 

to alter their native glycocalyx and restore lactose-specific ECA (Erythrina Cristagalli) lectin 

binding (Fig 2Fig 2Fig 2Fig 2BBBB    and and and and CCCC). Subsequently, I optimized conditions for photocleavage and 

significantly reduced ECA binding levels through removal of glycopolymers from the cell 

surface (FigFigFigFig    2222BBBB    and and and and CCCC). This model will be a useful tool in creating biomimicry systems for 

cellular events involving mucins, such as endogenous mucin shedding after pathogen 

detection and trapping (Lindén, 2009).  

 



 6

 

Figure Figure Figure Figure 2222:::: Light-mediated remodeling of the mucin glycocalyx. A) Retrosynthetic scheme of 
photocleavable glycopolymer. B) Photopatterning cell surfaces with photolabile synthetic 

glycopolymers allows spatial and temporal control over glycocalyx engineering. C) This method 
of photopatterning and subsequent photocleavage at 365nm is applied to mammalian cells in 

suspension. 
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EXPERIMENTAL RESULTSEXPERIMENTAL RESULTSEXPERIMENTAL RESULTSEXPERIMENTAL RESULTS    

The goal of developing a new method to dynamically change the physical and biological 

properties of the glycocalyx using light as a stimulus is achieved in 3 steps:  

1. Synthesize glycopolymers with or without photocleavable properties 

2. Photopattern cell surface with synthetic glycopolymers to achieve spatial and 

temporal control over the glycocalyx 

3. Study the effects of photopatterning on lectin binding abilities of the cell  

 

Aim 1: Aim 1: Aim 1: Aim 1: Creating Photocleavable Creating Photocleavable Creating Photocleavable Creating Photocleavable and Control and Control and Control and Control Mucin MimeticMucin MimeticMucin MimeticMucin Mimeticssss    

 This study was initiated by establishing a synthetic strategy to generate glycopolymer 

structures that can be introduced to the cell surface and removed upon external stimulus. 

The general glycopolymer design was adapted from Honigfort, 2019, which detailed an azide 

terminated poly(epichlorohydrin) p(ECH) backbone that was subsequently functionalized 

with propargyl glycosides and fluorophore-alkyne. The azide endgroup on the polymer 

backbone allowed attachment of alkylated linkers and lipid moieties through copper-click 

chemistry (copper-catalysed alkyne-azide cycloaddition CuAAC). The photolabile component 

was introduced through the ortho-nitrobenzyl linker, which was also adapted from literature 

(Wegner, 2015; Kaneko, 2011). One end of the linker contained an alkyne (for attachment to 

the azide terminal p(ECH)), and the other end was functionalized with a NHS group, as NHS-

amine chemistry is also highly efficient. The NHS group allowed for the attachment of the 

lipid moiety for specific targeting of the plasma membrane. This section details the synthesis 

and characterization of components and finished products of the photocleavable and control 

glycopolymers.   
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Figure Figure Figure Figure 3333: Synthesis of photocleavable bifunctional linker. 

  

 The photocleavable nitrobenzyl linker 5555 was synthesized in four steps (Fig 3Fig 3Fig 3Fig 3).  First, 

commercially available acetovanillone 1111 was alkylated with propargyl bromide under basic 

conditions to yield compound 2222 (Kaneko, 2011). Then, nitration of the aromatic ring using 

nitric acid at 0°C yielded the nitrated compound 3 3 3 3 (Govan, 2013). Third, reduction of the 

ketone using sodium borohydridxe yielded the secondary alcohol 4444 in good yield (Kaneko, 

2011). Lastly, conversion of the alcohol to the NHS ester using N,N’-disuccinimidyl carbonate 

(DSC) provided the final bifunctional photocleavable linker 5555 (Kaneko, 2011). 

 

    

Fig Fig Fig Fig 4444: Synthesis of nonphotocleavable bifunctional linker. 

 

  In order to ensure that I was measuring cleavage of the photocleavable group 

and not photobleaching of the fluorophores during UV treatment, I also synthesized a parallel 

non-photocleavable linker to act as a control. Commercially available 5’ hexynoic acid 6666 was 

conjugated with NHS with the help of carboxyl activator EDC to yield the nonphotocleavable 

bifunctional linker 7777 (Fig 4Fig 4Fig 4Fig 4).  
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Fig Fig Fig Fig 5555: Synthesis of cholesterol-amine hydrophobic endgroup. 

  

 In order to incorporate the final glycopolymer onto the cellular membrane, I chose a 

cholesterol type hydrophobic moiety to serve as the endgroup. Cholesterol and its derivatives have 

been shown to efficiently incorporate into lipid bilayers (Honigfort, 2019). To couple a cholesterol 

type molecule to the photocleavable linker using the available NHS chemistry, I converted 

commercially available cholesterol 8 into a cholesterol-amine by first activating the alcohol as a 

mesylate 9 (Fig 5; Isabettini, 2017). Reaction with an azide source in the presence of BF3(OEt2) 

yielded the azide moiety 10, which can be reduced to the secondary amine using strong reducing 

conditions (LiAlH4) to yield cholesterol-amine 11 (Isabettini, 2017). 



 10

 
Figure Figure Figure Figure 6666: Synthesis of endgroup moieties. 

 The bifunctional linkers 5 and 7 are each conjugated with cholesterol-amine 11 through 

NHS-amine coupling before attachment to the polymer backbone (Fig 6). These two conjugation 

reactions yield the photocleavable Chol-Photo endgroup 12 and nonphotocleavable Chol endgroup 

13.   

 

 
Figure Figure Figure Figure 7777: Synthesis and characterization of glycopolymers. A.) synthesis of glycopolymer. B.) 

structures of final GP. 
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 With all the components in hand, I assembled the glycopolymer according to the 

protocol detailed in Honigfort, 2019. Using monomer-activated anionic ring opening 

polymerization, I synthesized an azide-terminated poly(epichlorohydrin) (pECH) polymer P1P1P1P1 

(FigFigFigFig    7777) with well-defined size (Mn = 27,700 Da, DP ~300) and narrow chain-length 

distribution (Đ = 1.23) (Gervais, 2009). The polymer backbone P1P1P1P1    was subsequently 

elaborated into fluorescent, cell surface-targeting, photolabile mucin mimetics in a three-step 

synthetic sequence (Fig Fig Fig Fig 7777)    (Honigfort, 2019). First, I functionalized P1P1P1P1 with either lipid-linker 

endgroup 12121212 or 13131313 via CuAAC between the chain-end azide group in P1P1P1P1 and the alkynyl group 

on the linker (10.0 equiv. per chain-end azide) to yield endgroup-modified pECH polymer 

Endgroup P1Endgroup P1Endgroup P1Endgroup P1. To ensure that the polymer fluorescence detected on the cell surface was due 

to hydrophobic insertion of the lipid tail and not association between the polymer backbone 

and the cell surface, I also included a no endgroup glycopolymer control that received the 

same treatment in this sequence, including step 1. Then, the chloromethyl sidechains in 

Endgroup P1Endgroup P1Endgroup P1Endgroup P1 were converted to azidomethyl sidechains through treatment with sodium azide 

(2.0 eq per Cl) to generate a reactive polymer intermediate Endgroup P2Endgroup P2Endgroup P2Endgroup P2. The azide 

functionalized sidechains allowed for the sequential CuAAC conjugation of alkynyl 

fluorophores (Cy5, ~ 0.2 % sidechains) and propargyl lactosides 14141414, synthesized according to 

Honigfort et al., to complete the desired glycopolymers Endgroup GPEndgroup GPEndgroup GPEndgroup GP (Fig 7Fig 7Fig 7Fig 7))))    (Honigfort, 2019).  
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Figure 8Figure 8Figure 8Figure 8: GPC traces of P1P1P1P1 and Endgroup P2Endgroup P2Endgroup P2Endgroup P2 show retention of Mn and dispersity (Đ). 

 

 GPC analysis of the parent polymer P1P1P1P1 was compared to the final GP precursor 

EEEEndgroup P2ndgroup P2ndgroup P2ndgroup P2    (Fig 8Fig 8Fig 8Fig 8). Retention of Mn (Mn = 27-31kDa) and Đ (Đ = 1.19-1.23) indicated that 

the endgroup CuAAC conjugation and azidation reactions did not significantly degrade the 

backbone.  

 1H-NMR spectroscopy analysis of polymeric intermediate Endgroup P2Endgroup P2Endgroup P2Endgroup P2 confirmed 

quantitative azide-chloride replacement (AppendixAppendixAppendixAppendix    Fig Fig Fig Fig A22 and A28A22 and A28A22 and A28A22 and A28). The efficiency of the 

other steps in the glycopolymer synthesis sequence was difficult to establish accurately based 

on 1H-NMR spectroscopy alone. The endgroup and polymer conjugation step was difficult to 

visualize because the proton signals from the backbone significantly overwhelms the 

endgroup signals (300 repeating units * 5 protons per unit = 1,500 polymer protons per 

endgroup). In addition, the propargyl-lactoside 14141414 conjugation to the polymer was difficult to 

quantify due to the overlap between glycan and polymer proton signals (Honigfort, 2019). IR 

spectroscopy analysis of glycopolymers was a useful alternative, as the presence and 

disappearance of the characteristic azide stretching absorption frequency at 2100 cm-1, 

indicated in red (Fig Fig Fig Fig 9999----11111111), is a robust measurement of azide endgroup and side-chain 

modification (Honigfort, 2019).  
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Figure Figure Figure Figure 9999:::: Characterization of CholCholCholChol----photo GPphoto GPphoto GPphoto GP and its synthetic precursors by IR spectroscopy. 

  

 IR analysis of P1P1P1P1 revealed a weak azide signal at 2100 cm-1, which was expected as 

the azide to sidechain ratio was 1:300 (Fig 9Fig 9Fig 9Fig 9). After conjugation of the cholesterol-nitrobenzyl 

endgroup to the azide-terminated pECH backbone, the azide signal disappeared in CholCholCholChol----

Photo P1Photo P1Photo P1Photo P1, confirming success of attachment (Fig 9Fig 9Fig 9Fig 9). After converting chloromethyl sidechains 

to azidomethyl groups, the azide peak drastically increased, as expected (Fig 9Fig 9Fig 9Fig 9). Finally, the 

complete disappearance of the 2100 cm-1 stretch in CholCholCholChol----Photo GPPhoto GPPhoto GPPhoto GP indicated quantitative 

side-chain modification with propargyl lactoside (Fig 9Fig 9Fig 9Fig 9). In addition to the azide stretch, the 

linker attachment contained a carbamate group that displayed the characteristic C=O stretch 

at 1700 cm-1 and was visible in CholCholCholChol----Photo P1Photo P1Photo P1Photo P1 and P2P2P2P2 (Fig 9Fig 9Fig 9Fig 9).  
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Figure Figure Figure Figure 10101010:::: Characterization of Chol GPChol GPChol GPChol GP and its synthetic precursors by IR spectroscopy. 

  

 In contrast, after conjugation of the cholesterol-hexynoic acid endgroup to the azide-

terminated pECH backbone, the azide signal did not disappeared completely in Chol P1Chol P1Chol P1Chol P1, 

suggesting that some polymers did not acquire a lipid tail (Fig 10Fig 10Fig 10Fig 10). This may affect 

downstream experiments, as some polymers would not be able to incorporate into the plasma 

membrane, so Chol GPChol GPChol GPChol GP fluorophore signal after incorporation into cellular membranes was 

expected to be lower. After converting chloromethyl sidechains to azidomethyl groups, the 

azide peak drastically increased, as expected. Finally, the complete disappearance of the 2100 

cm-1 stretch in Chol GPChol GPChol GPChol GP indicated quantitative side-chain modification with propargyl 

lactoside 14141414 (Fig 10Fig 10Fig 10Fig 10).  
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Figure Figure Figure Figure 11111111:::: Characterization of No EndgroupNo EndgroupNo EndgroupNo Endgroup    GPGPGPGP and its synthetic precursors by IR spectroscopy. 

  

 The No Endgroup GPNo Endgroup GPNo Endgroup GPNo Endgroup GP synthesis sequence displayed the same patterns in IR spectroscopy. 

Conversion of chloromethyl sidechains to azidomethyl groups saw the azide peak drastically 

increase and quantitative side-chain modification with propargyl lactoside 14141414 saw the 

complete disappearance of the 2100 cm-1 stretch (Fig Fig Fig Fig 11111111). 

 

Polymer Condition  Conc.(FL/P) 

Chol-Photo GP  0.7998 

Chol GP 0.615 

No Endgroup GP 0.9294 
 

Figure Figure Figure Figure 12121212:::: UV-Vis characterization of glycopolymer labeling with Cy5. 

 

 The levels of fluorophore labelling in glycopolymers Endgroup GPEndgroup GPEndgroup GPEndgroup GP    were assessed based 

on UV-VIS absorption profiles and matched values predicted based on reaction stoichiometry 

(Fig 12Fig 12Fig 12Fig 12). 
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Figure Figure Figure Figure 11113333:::: UV-Vis characterization of photocleavage of photocleavable linker 12121212 and 
photocleavable glycopolymer CholCholCholChol----PPPPhotohotohotohoto    PPPP2222. A) UV/Vis spectra of photocleavable linker 12121212 at 

different time points for UV exposure. B) UV/Vis spectra of photocleavable glycopolymer CholCholCholChol----
Photo P2 Photo P2 Photo P2 Photo P2 at different time points for UV exposure. C) Absorbance of 12121212    and    CholCholCholChol----Photo Photo Photo Photo PPPP2222    at 

380nm during photocleavage with 365nm light. 
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 To confirm and quantify the photocleavage ability of the cholesterol-nitrobenzyl linker, 

small molecule 12121212 and polymer-conjugated CholCholCholChol----Photo P2Photo P2Photo P2Photo P2 were dissolved in chloroform and 

detected on the UV-Vis spectrometer (FigFigFigFig    13A13A13A13A    and Band Band Band B). The absorbance peak at 247nm, 

present in both absorbance curves, was utilized for normalization as this was deemed 

independent of the photocleavable moieties (Fig 13A and BFig 13A and BFig 13A and BFig 13A and B).  In the absorbance curve of 12121212, 

the lower absorbance peaks at 297nm and 332nm were characteristic of the intact molecule, 

as they were only present at time point 0 min (without UV treatment) (Fig 13AFig 13AFig 13AFig 13A). When 

attached to the pGA polymer, the pre-cleavage linker peaks (287nm and 345nm) become 

shifted and less pronounced, as the UV signals from the polymer attenuated the linker 

signals. After pre-cleavage characterization at 0s, the molecules were exposed to UV 

radiation (365nm) and a time course was taken in 0.25 minute intervals (Fig 13BFig 13BFig 13BFig 13B). For 12121212, 

the 297nm peak shifted to 267nm, while the 332nm peak shifted to 370nm (Fig 13AFig 13AFig 13AFig 13A). 

Similarly, for CholCholCholChol----Photo P2Photo P2Photo P2Photo P2, the 287 nm peak shifted to 271 nm, while the 345nm peak 

shifted to 384nm (Fig 13BFig 13BFig 13BFig 13B).  

 To quantify the rate of cleavage, the absorbance data were normalized to the 247nm 

peak, and absorbance at 380nm for 12121212 and CholCholCholChol----Photo P2 Photo P2 Photo P2 Photo P2 served as an indicator of cleavage 

progress, since it increased with photocleavage time (Fig 13CFig 13CFig 13CFig 13C). Monitoring the absorbance at 

380nm and fitting to a best fit curve allowed for determination of cleavage rate in chloroform. 

The rate of photocleavage for the cholesterol-nitrobenzyl linker 12121212 was quantified from the 

linear regression as 3.426 min-1, and photocleavage was complete by 1.0 minute (Fig 13A and Fig 13A and Fig 13A and Fig 13A and 

CCCC). Similarly, the rate of photocleavage for the cholesterol-nitrobenzyl functionalized p(GA) 

polymer CholCholCholChol----Photo P2Photo P2Photo P2Photo P2 was quantified as 5.098 min-1, and photocleavage was complete by 

0.75 minute (Fig 13B and CFig 13B and CFig 13B and CFig 13B and C). The photocleavage rate of the linker seemed consistent between 

small molecule and attached to polymer. Comprehensively, UV-spectroscopy data validated 
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the photocleavage ability of 12121212 and CholCholCholChol----Photo P2Photo P2Photo P2Photo P2, and quantified the rate of photocleavage, 

thus capacitating the next step of the project: photopatterning of cellular plasma membranes. 

 

Aim 2: Aim 2: Aim 2: Aim 2: Creating Creating Creating Creating Dynamic LightDynamic LightDynamic LightDynamic Light----MediatedMediatedMediatedMediated    Model for Glycan PresentationModel for Glycan PresentationModel for Glycan PresentationModel for Glycan Presentation    

 Now that I have generated these glycopolymers, I sought to apply them to cell surfaces 

to establish a controllable glycocalyx. To establish this dynamic light-mediated model of 

glycocalyx remodeling, I developed methods to localize the photocleavable glycopolyemer 

CholCholCholChol----Photo GP Photo GP Photo GP Photo GP to the plasma membrane and subsequently remove it upon external activation. 

These cellular modifications were tested with flow cytometry. Mammalian CHO Lec8 cells 

were selected for this study because its specifications: lacking terminal galactose residues 

due to a defective UDP-galactose transporter into the Golgi, were important for the 

downstream lectin binding assays (Stanley, 1989). 

 

 
Figure Figure Figure Figure 14141414:::: Incorporation of glycopolymers into the plasma membrane of CHO Lec8 cells is 

dosage dependent. 
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 CHO Lec8 cells were incubated with increasing concentrations of glycopolymer (0.625 

µM - 20 µM) for 60 minutes at 0 °C. Incubation at 0 °C effectively reduced glycopolymer 

internalization. Samples were kept on ice in subsequent steps as well. After incubation, the 

cells were washed 3X and resuspended thoroughly before running on the flow cytometer to 

quantify cell surface Cy5 fluorescence. As the concentration of glycopolymer increases, more 

gets incorporated. The trend was not strictly linear, indicating that there is a point of 

saturation, as others have observed (FigFigFigFig    14141414) (Honigfort, 2019). Fluorescence signal began to 

plateau at 10 µM, so 5 µM was chosen as polymer incubation concentration in all future 

experiments as it was the last point of the linear phase on the incorporation curve (Fig 14Fig 14Fig 14Fig 14). 

The No Engroup GPNo Engroup GPNo Engroup GPNo Engroup GP was synthesized and tested as an incorporation control to confirm that 

glycopolymers without a cholesterol could not incorporate (Fig 14Fig 14Fig 14Fig 14). Results confirmed that 

incorporation of polymers was lipid endgroup-dependent. CholCholCholChol----PPPPhoto GPhoto GPhoto GPhoto GP incorporated at a 

slightly higher rate than the Chol GPChol GPChol GPChol GP, potentially due to the presence of an additional 

aromatic ring that extended the hydrophobic domain or the incomplete lipidation of polymer 

endgroup azide in Chol GPChol GPChol GPChol GP (Fig 10Fig 10Fig 10Fig 10).  
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Figure Figure Figure Figure 15151515:::: Photocleavage of glycopolymers from the plasma membrane of CHO Lec8 cells is 

complete by two minutes. 

  

 Then, I tested the photocleavage of the glycopolymers as a function of time (Fig 15Fig 15Fig 15Fig 15). 

CHO Lec8 cells were incubated with 5 µM glycopolymer, washed 1X, and UV treated with a 

15-Watt UV source for increasing amounts of time (0.25 minute – 2 minutes). These samples 

were then run on the flow cytometer to quantify cell surface Cy5 fluorescence with and 

without UV treatment. In this case, reduction of Cy5 fluorescence was used as a direct 

measure of photocleavage. Nonphotocleavable polymer Chol GPChol GPChol GPChol GP was included as a control, 

which did not reduce fluorescence signal with UV exposure, confirming that the loss of 

fluorescence in the experimental condition was indeed due to removal of glycopolymers from 

the cell surface via photocleavage (Fig 15Fig 15Fig 15Fig 15). The rate of photocleavage for CholCholCholChol----Photo GPPhoto GPPhoto GPPhoto GP was 

quantified from the one-phase decay curve to equal 2.490 cm-1, and photocleavage was 

complete by 2 minutes (Fig 15Fig 15Fig 15Fig 15). This rate was similar but slower compared to that of the 

small molecule 12121212    and the non-glycosylated    CholCholCholChol----Photo P1. Photo P1. Photo P1. Photo P1. Many factors may have 

contributed to this. For example, the nitrobenzyl linker may be less accessible after 
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glycosylation and being localized on the cell surface. In addition, the photocleavage from the 

cell surface was done in water instead of chloroform. Water may disperse light more, affecting 

the photocleavage and the fluorescence detection. The CholCholCholChol----Photo GP Photo GP Photo GP Photo GP was reduced by 71.8% 

when photocleavage was completed at approximately 2 min, as additional UV exposure did 

not continue to reduce fluorescence signal (Fig 15Fig 15Fig 15Fig 15). The overall reduction level and 

photocleavage rate may be a function of UV treatment setup, so better apparatus to minimize 

the distance and barriers between the light source and cells may improve these outcomes. 

Another way to quantify photocleavage and removal of polymer from the cell surface was via 

lectin staining, which was the focus of Aim 3.  

 

Aim 3: Utilizing LightAim 3: Utilizing LightAim 3: Utilizing LightAim 3: Utilizing Light----Mediated Glycocalyx Engineering Model to Achieve Biological Mediated Glycocalyx Engineering Model to Achieve Biological Mediated Glycocalyx Engineering Model to Achieve Biological Mediated Glycocalyx Engineering Model to Achieve Biological 
Outcomes Outcomes Outcomes Outcomes     
 
 With the ability to dynamically control the presence of glycopolymers on the cell 

surface in hand, I set about applying the model to lectin binding. Endogenous lectins interact 

transiently with the glycocalyx and enable the glycans to enact downstream functions. Hence, 

the ability to control lectin binding at the cell surface via control over glycan presentation 

has important biological implications and applications. As mentioned before, mammalian 

CHO Lec8 was selected for this study because its specifications were important for the lectin 

binding assays. Lec8 cells have their endogenous galactosyl transporter disrupted, so UDP-

galactose is not transported into the Golgi for glycosylation (Stanley, 1989). Without terminal 

galactose, Lec8 cells have a low background for lactose-specific lectin ECA binding (Fig Fig Fig Fig 16161616----

11118888). By remodeling with photocleavable lactosyl glycopolymers, I aimed to restore and 

subsequently remove lactose glycans from the Lec8 glycocalyx via UV cleavage.  
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Figure Figure Figure Figure 16161616:::: Dosage dependent ECA staining before and after UV treatment (2 min at 365 nm) to 

optimize lectin concentration. AF488 FL1-H measures fluorescein-labeled ECA signal. Each 
data point represents a single sample. 

 

 Fluorescein-labeled ECA was used to target Cy5-labeled lactosyl glycopolymers and 

enable two-color visualization via flow cytometry. However, the concentration of lectin 

needed to be determined empirically. Lec8 cells-only was included as a negative control to 

test non-specific ECA binding to Lec8 and establish background (Fig 16Fig 16Fig 16Fig 16). Pro5 cells, which 

are CHO wildtype cells, were included as a positive control (Fig 16Fig 16Fig 16Fig 16). The experimental 

conditions had CholCholCholChol----Photo GPPhoto GPPhoto GPPhoto GP-remodeled Lec8 cells UV treated for either 0 minutes or 2 

minutes (Fig 16Fig 16Fig 16Fig 16). Each condition was then aliquoted into 8 samples, and each sample was 

incubated with increasing concentrations of fluorescein-ECA (cECA = 0 - 0.05g/L). The optimal 

lectin concentration would maximize the difference between UV-treated and non-UV treated 

experimental conditions without inducing agglutination. Agglutination occurs when multiple 

cells get crosslinked by the multivalent lectins at high lectin and cell concentrations. It can 

be detected on the flow cytometer: collected events would display a shift in forward and side 

scatter, and the events per second would drastically reduce since aggregates of cells were now 

counted as singular events. The Lec8 cells-only and photocleaved remodeled Lec8 cells did 
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not reach the agglutination concentration. This was expected, as less lactose residues for 

lectin binding would increase the threshold agglutination concentration. Pro5 cells 

agglutinated at 0.0125g/L, 0.025g/L and 0.05 g/L; nonphotocleaved remodeled Lec8 cells 

agglutinated at 0.025g/L and 0.05 g/L. Pro5 agglutinated at lower ECA conditions, likely due 

to WT CHO cells having more galactose residues compared to remodeled Lec8 cells. The 

optimal lectin concentration was determined to be 0.0125g/L, because at that concentration 

the difference between the photocleaved and nonphotocleaved experimental conditions were 

maximized without cells agglutinating (Fig 16Fig 16Fig 16Fig 16).  

 

 

 
Figure 1Figure 1Figure 1Figure 17777:::: Concentration of lectin ECA binding to the remodeled CHO Lec8 cells is dependent 

on glycopolymer concentration. 
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 At this point, I have established the optimal conditions for the key components of 

light-mediated glycocalyx engineering model: 5 µM glycopolymer for incorporation, 2-minute 

UV treatment for photocleavage, and 0.0125 g/L ECA for lectin staining. With the model 

established, I set about testing the various characteristics of this model. As an extension of 

the glycopolymer incorporation experiment in Aim 2, I tested lectin binding efficiency as a 

function of glycopolymer concentration (cp=0 µM – 20 µM) (Fig 17). Increasing polymer 

concentration increased lectin binding, as would be expected for binding to incorporated 

lactose residues. The trends of the fluorescein-ECA signal (Fig 17A) were congruent with 

that of the Cy5-glycopolymer signal (Fig 17B) as polymer concentration increased.  

 

 
Figure 1Figure 1Figure 1Figure 18888:::: Lectin ECA binding to CHO Lec8 cells is restored following glycopolymer 

incorporation and subsequently reduced following photocleavage. Lec8 cells remodeled at 5µM 
polymer concentration. ANOVA, Tukey’s multiple comparisons test; p*<0.05; p*** < 0.001. 
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significantly reduced (80.3%) following photocleavage for the Chol-Photo GP remodeled Lec8 

cells (Fig 18). The other groups served as controls and did not exhibit significant change. There 

also seemed to be significant reduction in lectin signal following UV treatment in the Pro5 cells, 

however the p value was 0.045, so the significance of this result was ambiguous and may be due 

to varying levels of agglutination between the samples (Fig 18). Overall, these results confirmed 

that this mucin-glycocalyx engineering method is successful in delivering lactosyl mucin mimetics 

to the cell surface and removing these glycopolymers, with downstream lectin-binding effects, 

establishing temporal control over cell surface glycosylation. 
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DISCUSSION AND FUTURE DIRECTIONSDISCUSSION AND FUTURE DIRECTIONSDISCUSSION AND FUTURE DIRECTIONSDISCUSSION AND FUTURE DIRECTIONS    
 

 In this study, I developed a transient model for glycocalyx remodeling by 

photopatterning cells with a novel mucin-mimicking, photocleavable glycopolymer; 

subsequently, this model was applied to modify the lectin-binding abilities of CHO Lec8 cells. 

The novel glycopolymer was end-functionalized with a photocleavable nitrobenzyl linker, 

linking the backbone to a cholesterol moiety for membrane incorporation, and sidechain-

functionalized with lactosides and Cy5 fluorophore (for visualization). Using this non-

covalent cell membrane engineering approach, I introduced these lactosyl glycopolymers to 

the cell surface of CHO Lec8 cells, a mutant strain unable to express lactose residues in the 

glycocalyx. Incorporation of lactosyl glycopolymers into the plasma membrane increased 

lactose-specific ECA-fluorescein signal at the cell surface; subsequent cleavage of 

glycopolymers following UV treatment significantly reduced lectin fluorescence. 

Characterization of photocleavage suggested that cleavage completed within 2 min of UV 

treatment. This short, biologically relevant timescale for glycocalyx remodeling renders this 

model suitable for mimicking cellular events related to the glycocalyx.   

 The next step is to optimize the same biological experiments (glycopolymer 

incorporation, photocleavage, and lectin staining) in adherent cells and examine with 

microscopy. As a spatially and temporally controlled glycocalyx remodeling method, it is 

essential that these findings are applicable to adherent cell models as well. I have conducted 

and collected data from preliminary microscopy experiments, but they are not optimized to 

publication quality.  

 Once developed, this model can be utilized for studying biological mechanisms 

involving cell-surface mucins. For example, bacterial and viral invaders interact intimately 
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with cell surface mucins during infection. Mucins are often shed as decoys to physically trap 

and remove pathogenic invaders; however, this process forms holes in the glycocalyx to 

expose the underlying host cell, making it more susceptible to infection (Lindén, 2009). In 

another example, bulky glycoproteins in the glycocalyx interact with cell surface adhesion 

molecules, such as integrin (Paszeck, 2014).  Bulky mucins reduce overall integrin-binding 

rate but enhance integrin clustering and focal adhesion assembly, which in turn promotes 

cell growth and survival on highly compliant, usually non-viable surfaces, as in cancer 

metastasis (Paszeck, 2014). The light-mediated mucin-glycocalyx remodeling method 

developed in this study would be ideal to study both of these interesting processes.   
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MATERIALS AND METHODSMATERIALS AND METHODSMATERIALS AND METHODSMATERIALS AND METHODS 

    

MaterialsMaterialsMaterialsMaterials. All chemicals, unless stated otherwise, were purchased from Sigma Aldrich and 

used as received. Reaction progress was checked by analytical thin-layer chromatography 

(TLC, Merck silica gel 60 F-254 plates) monitored either with UV illumination, or by staining 

with CAM, ninhydrin, or KMnO4 stain. CHO Lec8 and Pro5 cells used were propagations 

from cells obtained from ATCC (# CRL-1737 and CRL-1781). Fluorescein-labeled Erythrina 

cristagalli agglutinin/lectin (ECA/ECL) lectin was purchased from Vector Labs. Cyanine 5 

(Cy5)-alkyne for labeling of polymers was obtained from Sigma Aldrich. 

    

InstrumentsInstrumentsInstrumentsInstruments. Column chromatography was performed on a Biotage Isolera One automated 

flash chromatography system. Nuclear magnetic resonance (NMR) spectra were collected on 

a Bruker 300 MHz and a Jeol 500 MHz NMR spectrometers. Spectra were recorded in CDCl3, 

MeOD or D2O solutions at 293K and are reported in parts per million (ppm) on the δ scale 

relative to the residual solvent as an internal standard (for 1H NMR: CDCl3 = 7.26 ppm, 

CD3OD = 3.31 ppm, D2O = 4.79 ppm, for 13C NMR: CDCl3 = 77.0 ppm, CD3OD = 49.0 ppm). 

HRMS (high-resolution mass spectrometry) analysis was performed on an Agilent 6230 ESI-

TOFMS in positive ion mode.    UV-Vis spectra were collected with a quartz cuvette using a 

Thermo Scientific Nanodrop2000c spectrophotometer. IR spectroscopy was performed on a 

Nicolet 6700 FT-IR spectrophotometer (Thermo Scientific). Size exclusion chromatography 

(SEC) was performed on a Hitachi Chromaster system equipped with an RI detector and two 

5 µm, mixed bed, 7.8 mm I.D. x 30 cm TSKgel columns in series (Tosoh Bioscience). Organic 

soluble polymers were analyzed using an isocratic method with a flow rate of 0.7 mL/min in 

DMF (0.2% LiBr, 70 °C). For aqueous SEC, two 8 µm, mixed-M bed, 7.5 mm I.D. x 30 cm PL 

aquagel-OH columns in series (Agilent Technologies) were run in sequence using an isocratic 
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method with a flow rate of 1.0mL/min in water (0.2M NaNO3 in 0.01M Na2HPO4, pH = 7.0). 

Flow cytometry analysis was performed on live CHO cells using a FACSCalibur (BD 

Biosciences).  

 

1111----(3(3(3(3----methoxymethoxymethoxymethoxy----4444----(prop(prop(prop(prop----2222----ynynynyn----1111----yloxy)phenyl)ethanyloxy)phenyl)ethanyloxy)phenyl)ethanyloxy)phenyl)ethan----1111----oneoneoneone    ((((2222)))). Reaction protocol adapted from 

Kaneko, 2011. 25 mL round bottom flask was dried under high vac with a magnetic stir bar. 

Acetovanillone 1 1 1 1 (0.167 g, 1 mmol, 1 eq) was added to the flask and dried. Anhydrous 

acetonitrile (0.47 M) was added under nitrogen to dissolve starting material. Potassium 

carbonate (0.276 g, 2 eq), potassium iodide (0.007 g, 0.04 eq) and 3-bromoprop-1-yne (0.11 

mL, 1.45 eq) were subsequently added. The solution was refluxed at 85 °C for 24 hr under 

nitrogen atmosphere. Reaction progress was monitored by TLC (1:1 Hexane/DCM). After 

filtration, the organic solvent was evaporated under reduced pressure and the residue was 

purified by silica gel chromatography using Hexane/DCM (1:1) to deliver the functionalized 

product 2222 (0.193 g, 95%).  

    

1111----(5(5(5(5----methoxymethoxymethoxymethoxy----2222----nitronitronitronitro----4444----(prop(prop(prop(prop----2222----ynynynyn----1111----yloxy)phenyl)ethanyloxy)phenyl)ethanyloxy)phenyl)ethanyloxy)phenyl)ethan----1111----one (3)one (3)one (3)one (3). . . . Reaction protocol 

adapted from Govan, 2013. 25 mL round bottom flask was dried under high vac with a 

magnetic stir bar. Product 2 2 2 2 (0.193 g, 0.945 mmol, 1 eq) was dried and then dissolved in ice-

cold concentrated HNO3 (1.89 mL, 2 M) for 4 h and slowly warmed up to room temperature 

overnight. The solution was then poured into ice-cold de-ionized water (200 mL), and the 

yellow precipitate was filtered off. The filtrate was discarded, and the yellow solid was 

redissolved in DCM (3.5 mL). Product solution was subsequently washed with saturated 

aqueous NaHCO3 (2 mL) and saturated NaCl (2 mL) and was dried with anhydrous sodium 

sulfate. After filtration, the organic solvent was evaporated under reduced pressure and the 
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residue was purified by silica gel chromatography using DCM/hexane (7:3) to deliver the 

corresponding nitrobenzyl-ketone 3333 (0.157 g, yield 66%).    

 

1111----(5(5(5(5----methoxymethoxymethoxymethoxy----2222----nitronitronitronitro----4444----(prop(prop(prop(prop----2222----ynynynyn----1111----yloxy)phenyl)ethanyloxy)phenyl)ethanyloxy)phenyl)ethanyloxy)phenyl)ethan----1111----ol (4)ol (4)ol (4)ol (4). . . . Reaction protocol adapted 

from Kaneko, 2011. 25 mL round bottom flask was dried under high vac with a magnetic stir 

bar. Product 3333 (0.156 g, 0.628 mmol, 1eq) was dried and then dissolved in a THF (13 mL, 0.3 

M) and methanol (26 mL, 0.24 M) mixture in the flask. The solution was cooled to 0°C in an 

ice bath, and sodium tetrahydroborate (0.166 g, 7eq) was added. The solution was 

subsequently stirred on the ice bath for 3 hr. Reaction progress was monitored by TLC (1:1 

EtOAc/Hexane). After concentrating the solution on a rotary evaporator, H2O (60 mL) and 2 

M HCl (6 mL) were added, and the aqueous solution was extracted with chloroform (3 × 60 

mL). The organic layer was dried over magnesium sulfate. After filtration, the organic solvent 

was evaporated under reduced pressure and the residue was purified by silica gel 

chromatography using EtOAc/Hexane (1:1) to deliver the reduced product 4444 (0.0809 g, 51%).     

    

2,52,52,52,5----dioxopyrrolidindioxopyrrolidindioxopyrrolidindioxopyrrolidin----1111----yl (1yl (1yl (1yl (1----(5(5(5(5----methoxymethoxymethoxymethoxy----2222----nitronitronitronitro----4444----(prop(prop(prop(prop----2222----ynynynyn----1111----yloxy)phenyl)yloxy)phenyl)yloxy)phenyl)yloxy)phenyl)ethyl) carbonate ethyl) carbonate ethyl) carbonate ethyl) carbonate 

(5)(5)(5)(5). . . . Reaction protocol adapted from Kaneko, 2011. 25 mL round bottom flask was dried under 

high vac with a magnetic stir bar. Vacuum-dried product 4444 (0.0809 g, 0.322 mmol, 1 eq) was 

dissolved in anhydrous acetonitrile (20 mL) in the flask. Triethylamine (0.14 mL, 3 eq) was 

added to the solution, followed by N,N′-Disuccinimidyl carbonate (DSC) (0.247 g, 3 eq). The 

solution was stirred at room temperature for 24 hr under nitrogen atmosphere. Reaction 

progress was monitored by TCL (1:2 EtOAc/Hexane). After concentrating the solution on a 

rotary evaporator, H2O (30 mL) and 2 M HCl (3.5 mL) were added, and the aqueous solution 

was extracted with chloroform (3 × 50 mL). The organic layer was washed with saturated 
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NaHCO3 (3 × 100 mL) and dried over magnesium sulfate. After filtration, the organic solvent 

was evaporated under reduced pressure and the residue was purified by silica gel 

chromatography using EtOAc/Hexane (1:2) to deliver the functionalized product 5 5 5 5 (0.036 g, 

81%).     

 

Synthesis of Synthesis of Synthesis of Synthesis of 5555----Hexynoic NHS Ester (7)Hexynoic NHS Ester (7)Hexynoic NHS Ester (7)Hexynoic NHS Ester (7). . . . 25 mL round bottom flask was dried under high vac 

with a magnetic stir bar. NHS (16.2 mg, 0.141 mmol, 1.05 eq) and anhydrous DCM (0.67 mL, 

0.2 M) were added to the flask under nitrogen. The solution was capped and subsequently 

cooled to 0°C in an ice bath. 5-hexyanoic acid (0.015 g, 14.8 µL, 0.134 mmol, 1 eq) was added, 

followed by DIC (21.61 µL, 0.138 mmol, 1.03 eq). The reaction was stirred for 7 hr at room 

temperature. Reaction progress was monitored by TLC (2:3 EtOAc/Hexane). Product solution 

was washed with 0.1M HCl, saturated aqueous NaHCO3 and saturated NaCl. Aqueous phase 

was backextracted with DCM (3 x 0.3 mL), and combined organic phase was subsequently 

dried with anhydrous sodium sulfate. After filtration, the organic solvent was evaporated 

under reduced pressure and the residue was purified by silica gel chromatography using 

EtOAc/Hexane (2:3) to deliver the functionalized product 7777 (0.085 g, 90%).     

 

 

Figure 5 Reprint.Figure 5 Reprint.Figure 5 Reprint.Figure 5 Reprint.    
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Synthesis of Synthesis of Synthesis of Synthesis of 3β3β3β3β----cholestcholestcholestcholest----5555----enenenen----3333----amineamineamineamine    (11)(11)(11)(11). . . . 3β-cholest-5-en-3-amine ( Fig 5 ReprintFig 5 ReprintFig 5 ReprintFig 5 Reprint) was 

prepared according to published procedures as detailed by Isabettini, 2017.     

    

Synthesis of cholesterolSynthesis of cholesterolSynthesis of cholesterolSynthesis of cholesterol----nitrobenzyl endgroup (nitrobenzyl endgroup (nitrobenzyl endgroup (nitrobenzyl endgroup (12121212)))). . . . 4 mL glass vial was dried under high vac 

with a magnetic stir bar. Equimolar nitrobenzyl-linker (5)(5)(5)(5) (0.0357 g, 0.091 mmol, 1eq) and 

cholesterol-amine (11)(11)(11)(11) (0.0352 g, 0.091 mmol, 1eq) were dried and combined in the vial. THF 

(0.5 mL, 0.2 M) was added and the reaction was stirred at room temperature for 18hr. 

Reaction progress was monitored by TLC (1:4 Hexane/DCM, CAM stain). The solution was 

evaporated under reduced pressure and the residue was purified by silica gel 

chromatography using Hexane/DCM (1:4) to deliver the conjuagted product 12121212 (0.0603 g, 

60%).     

    

Synthesis of cholesterolSynthesis of cholesterolSynthesis of cholesterolSynthesis of cholesterol----hexynoic acid endgroup (13)hexynoic acid endgroup (13)hexynoic acid endgroup (13)hexynoic acid endgroup (13). . . . 4 mL glass vial was dried under high 

vac with a magnetic stir bar. Equimolar hexynoic acid-linker ((((7777)))) (0.0263 g, 0.126 mmol, 1eq) 

and cholesterol-amine (11)(11)(11)(11) (0.0485 g, 0.126 mmol, 1eq) were dried and combined in the vial. 

THF (0.63 mL, 0.2 M) was added, and the reaction was stirred at room temperature for 18hr. 

Reaction progress was monitored by TLC (1:4 EtOAc/Hexane, CAM stain and KMnO4 stain). 

The solution was evaporated under reduced pressure and the residue was purified by silica 

gel chromatography using EtOAc/Hexane (1:4) to deliver the conjuagted product 12121212 (0.0449 

g, 74%).     
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Figure 19Figure 19Figure 19Figure 19:::: Synthesis scheme of β-propargyl lactoside 14141414 

    

Synthesis of βSynthesis of βSynthesis of βSynthesis of β----propargyl lactosidepropargyl lactosidepropargyl lactosidepropargyl lactoside    (14)(14)(14)(14). . . . Propargyl lactoside (Fig 19Fig 19Fig 19Fig 19) was prepared according 

to published procedures on Schmidt glycosylation as detailed by Honigfort, 2019.     

    

Synthesis of azideSynthesis of azideSynthesis of azideSynthesis of azide----terminated poly(epichlorohydrin), pECH terminated poly(epichlorohydrin), pECH terminated poly(epichlorohydrin), pECH terminated poly(epichlorohydrin), pECH (P1)(P1)(P1)(P1). . . . Epichlorohydrin was 

polymerized according to the procedure developed by Carlotti and detailed by Honigfort, 2019. 

Briefly, a flame-dried 10 mL Schlenk flask equipped with a magnetic stirrer and fitted with 

PTFE stopcock was charged with tetrabutylammonium azide (TBAN3, 30 mg, 0.055 mmol, 

0.003 equiv.) under argon. A solution of freshly distilled epichlorohydrin (1.29 mL, 16.5 mmol) 

in anhydrous toluene (4 mL) was added. A solution of triisobutylaluminum in toluene (1.07 

M, 104 µL, 0.111 mmol, 0.007 equiv.) was added via a syringe under argon at −30 °C. The 

reaction was stirred for 4 hr and then stopped by the addition of ethanol. The resulting pECH 

polymer (P(P(P(P1111))))    was precipitated into hexanes and dried under vacuum to yield a clear viscous 

oil (1500 mg, 99 % yield). The polymer was analyzed by SEC (0.2% LiBr in DMF): Mw = 29,000, 

Mn = 27,700, Đ = 1.23).     
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Synthesis of Synthesis of Synthesis of Synthesis of endgroupendgroupendgroupendgroup----terminatedterminatedterminatedterminated    poly(epichlorohydrin) (poly(epichlorohydrin) (poly(epichlorohydrin) (poly(epichlorohydrin) (EndgroupEndgroupEndgroupEndgroup----P1P1P1P1)))). Reaction protocol 

adapted from Honigfort, 2019. In a vacuum-dried 4 mL glass vial, pECH polymer PPPP1111 (7.5 mg, 

0.25 µmol, 1eq) was dissolved in degassed anhydrous DMSO (500 µL) with a magnetic stir 

bar. Cholesterol-nitrobenzyl endgroup 12121212 (1.7 mg, 2.5 µmol, 10 eq), cholesterol-hexynoic acid 

endgroup 13131313 (1.2 mg, 2.5 µmol, 10 eq), or no endgorup was added, followed by CuI (~0.05mg, 

0.3 µmol, 1.0 equiv.) and one drop diisopropylethyl amine (DIPEA, ~ 5 µL). The reaction was 

stirred at 40°C for 12 hr, at which time it was quenched by the addition of DCM and treated 

with Cuprisorb beads (SeaChem labs) for 18 hrs to sequester copper. The resulting copper-

free solutions were filtered through celite to remove the resin and evaporated on the rotary 

evaporator and vacuum. The dried residues were triturated 3-4X with 30% choloroform/EtOH 

and monitored with TLC to remove excess unreacted 12121212 or 13131313. The resultant polymers were 

dried under vasuum to yield CholCholCholChol----Photo P1Photo P1Photo P1Photo P1 (7.2 mg, 96%), Chol P1Chol P1Chol P1Chol P1 (6.7mg, 89%), and No No No No 

EngroupEngroupEngroupEngroup P1 (7.0mg, 93%).  

 

Synthesis of Synthesis of Synthesis of Synthesis of endgroupendgroupendgroupendgroup----terminated terminated terminated terminated poly(glycidyl azide), pGA (poly(glycidyl azide), pGA (poly(glycidyl azide), pGA (poly(glycidyl azide), pGA (EndgroupEndgroupEndgroupEndgroup    P2P2P2P2)))). Reaction protocol 

adapted from Honigfort, 2019.  In vacuum-dried 4 mL glass vials, endgroup functionalized 

polymers EndgroupEndgroupEndgroupEndgroup----P1P1P1P1 (6.7 - 7.2 mg, 0.22-0.24 µmol, 1eq) were dissolved in anhydrous DMF 

(200 µL) with a magnetic stir bar. To the solution was added NaN3 (~2.0 mg, 2.0 equiv.), and 

the reaction was stirred at 60 °C for 3 days under argon to allow complete conversion. 

Polymer solution was filtered to remove solids and evaporated to remove DMF. Dried residue 

was dissolved in DCM, and any solid in solution was filtered off; avoided vigorous shaking 

before filtration. Solution was evaporated to yield the product endgroup functionalized p(GA) 

polymers Endgroup P2Endgroup P2Endgroup P2Endgroup P2 (6.6 - 7.71mg, 93%). The polymers were analyzed by SEC (0.2% LiBr 

in DMF): Mw = 29,000, Mn = 29,200-30,600, Đ = 1.19-1.21 (Fig 8Fig 8Fig 8Fig 8).  
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Synthesis of Cy5Synthesis of Cy5Synthesis of Cy5Synthesis of Cy5----labeled glycopolymers 5labeled glycopolymers 5labeled glycopolymers 5labeled glycopolymers 5. Reaction protocol adapted from Honigfort, 2019. 

In vacuum-dried 4 mL glass vials, endgroup functionalized p(GA) polymers Endgroup P2Endgroup P2Endgroup P2Endgroup P2 

(7.50 mg, 0.075 mmol) were dissolved in degassed dry DMSO (250 µL) with a magnetic stir 

bar. To the solution was added Cy5-alkyne (7.5 mg, 0.75 µmol) in DMSO (75 µL), followed by 

CuI (1.67 mg, 7.50 µmol) and DIPEA (13.3 uL, 0.075 mmol). The reaction was stirred in dark 

under Ar at 40 °C for 2 hrs. After this time, propargyl lactosides 14141414 were added to the reaction 

mixture (0.113 mmol, 1.5 eq per azide side-chain) in degassed anhydrous DMSO (50 µL). The 

reactions were stirred in dark at 40°C overnight. After this time, the reactions were diluted 

with DI water and treated with Cuprisorb beads (SeaChem labs) for 18 hrs to sequester 

copper. The resulting copper-free solutions were filtered through celite to remove the resin 

and lyophilized. The dry residues were triturated 3x with methanol with monitoring by TLC 

to remove excess unreacted glycosides. The resulting Cy5-labeled glycopolymers 5555 were 

dissolved in D2O and lyophilized to give a blue solid in a quantitative yield for each polymer 

(note: the blue color of the glycopolymers arises from the presence of the Cy5 label and not 

residual copper contamination. Glycopolymers lacking the Cy5 label were isolated as white 

solids). The polymers 5555 were characterized using 1H NMR (CDCl3, 300 MHz) and UV-Vis (λmax 

= 633 nm) spectroscopy. Absorbance readings at known concentrations of glycopolymers 

Endgroup GPEndgroup GPEndgroup GPEndgroup GP indicating the presence of ~ 1 Cy5 molecules per polymer chain (0.2% sidechain 

occupancy).  

    

Remodeling Remodeling Remodeling Remodeling the glycocalyx of suspended the glycocalyx of suspended the glycocalyx of suspended the glycocalyx of suspended CHOCHOCHOCHO----Lec8Lec8Lec8Lec8    cellscellscellscells    with with with with varying concentrations of varying concentrations of varying concentrations of varying concentrations of 

glycopolymers glycopolymers glycopolymers glycopolymers and quantification by flow cytometryand quantification by flow cytometryand quantification by flow cytometryand quantification by flow cytometry. . . . CHO Lec8 cells (100,000 cells/condition) 

were incubated with Cy5-labeled lactosyl-polymers (CholCholCholChol----Photo GP, Chol GP, No Endgroup Photo GP, Chol GP, No Endgroup Photo GP, Chol GP, No Endgroup Photo GP, Chol GP, No Endgroup 

GPGPGPGP) at varying concentrations (cpol = 0.625 µM, 1.25 µM, 2.5 µM, 5 µM,10 µM, 20 µM) in 1.7 
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mL Eppendorf tubes. Cells-only was included as a control and received equal treatment.  In 

effect, 100,000 cells were suspended in 50 µL basal growth media (Mem-1-alpha) for every 

condition, and polymer was diluted into this solution from a 500 µM stock. The cells were 

incubated at 4°C for an hour on the rotisserie shaker. After incubation, the cells are 

centrifuged at 400xg for 5 minutes to pellet. Supernatant containing excess polymer was 

removed, and the cells are washed 3X with 50 µL DPBS to remove residual polymer. Then 

the cells were resuspended in 500 µL DPBS and probed for the presence of Cy5 fluorescence 

using flow cytometry. The data were analyzed on FlowJo online software. Cells were gated 

to exclude debris, and the median fluorescence intensities (MFI) of cells are reported. Means 

and standard deviations for each condition were calculated from three independent biological 

replicates.    

    

PhotocleavagePhotocleavagePhotocleavagePhotocleavage    of of of of glycopolymer glycopolymer glycopolymer glycopolymer following incorporation and quantificationfollowing incorporation and quantificationfollowing incorporation and quantificationfollowing incorporation and quantification    by flow cytometryby flow cytometryby flow cytometryby flow cytometry. . . . 

CHO Lec8 cells (100,000 cells/condition) were incubated with Cy5-labeled lactosyl-polymers 

(CholCholCholChol----Photo GP, Chol GPPhoto GP, Chol GPPhoto GP, Chol GPPhoto GP, Chol GP) at 5 µM in a 50 µL solution. Cells-only was included as a control 

and received equal treatment. The cells were incubated at 4°C for an hour on the rotisserie 

shaker. After incubation, supernatant containing excess polymer was removed, and the cells 

are washed 1X with 50 µL DPBS to remove residual polymer. Each sample was transferred 

to a 5mL polystyrene round bottom flow cytometry tube for UV irradiation. The tubes are 

rested on ice while a 15-Watt 365nm UV flashlight shines light from above (Fig 20Fig 20Fig 20Fig 20). After UV 

treatment, each sample was diluted to 500 µL with DPBS and probed for the presence of Cy5 

fluorescence using flow cytometry. The data were analyzed on FlowJo online software. Cells 

were gated to exclude debris, and the median fluorescence intensities (MFI) of cells are 

reported. Means and standard deviations for each condition were calculated from three 
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independent biological replicates. The linear regions of the photocleavage curves were 

determined and fitted using a linear regression in PRISM software. The slopes designating 

the initial rates of photocleavage and the R2 values for the linear fits were extracted for each 

condition.    

 

Figure 20Figure 20Figure 20Figure 20: Set-up of UV treatment 

 

ECA lECA lECA lECA lectin ectin ectin ectin stainingstainingstainingstaining    ofofofof    glycocalyxglycocalyxglycocalyxglycocalyx----remodeled remodeled remodeled remodeled CHO Lec8 cells CHO Lec8 cells CHO Lec8 cells CHO Lec8 cells and quantificationand quantificationand quantificationand quantification    flow flow flow flow 

cytometrycytometrycytometrycytometry. CHO Lec8 cells (100,000 cells/condition) were incubated with Cy5-labeled 

lactosyl-polymers (CholCholCholChol----Photo GP, Chol GPPhoto GP, Chol GPPhoto GP, Chol GPPhoto GP, Chol GP) at 5 µM in a 50 µL solution. Cells-only was 

included as a control and received equal treatment. The cells were incubated at 4°C for an 

hour on the rotisserie shaker. After incubation, each sample was transferred to a 5mL 

polystyrene round bottom FACS tube for UV irradiation. After UV treatment, the samples 

were transferred to 1.7 mL Eppendorf tubes, supernatant containing excess and photocleaved 

polymer was removed, and the cells are washed 1X with 50 µL DPBS to remove residual 

polymer. The samples were resuspended in 50 µL DPBS, and fluorescein-labeled ECA was 

added at sub-agglutination concentrations (cECA = 12.5 µg/mL). The samples were 
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subsequently incubated at 4°C for 20 min. After incubation, supernatant containing excess 

ECA was removed, and each sample was resuspended in 500 µL with DPBS to be probed 

using flow cytometry for the presence of Cy5 fluorescence. The data were analyzed on FlowJo 

online software. Cells were gated to exclude debris, and the median fluorescence intensities 

(MFI) of cells are reported. Means and standard deviations for each condition were calculated 

from three independent biological replicates, and p-values corresponding to each condition 

vs. untreated control were calculated using 2-way ANNOVA tests with PRISM software. The 

linear regions of the lectin binding curves were determined and fitted using a linear 

regression in PRISM software.  
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APPENDIXAPPENDIXAPPENDIXAPPENDIX    
 

 
Figure AFigure AFigure AFigure A1111: Structure of bifunctional nitrobenzyl linker 5555 

 
Figure AFigure AFigure AFigure A2222: 1H-NMR of bifunctional nitrobenzyl linker 5555 
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Figure AFigure AFigure AFigure A3333: Structure of bifunctional hexynoic acid linker 7777 

 
 

 
Figure AFigure AFigure AFigure A4444: 1H-NMR of bifunctional hexynoic acid linker 7777 
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Figure AFigure AFigure AFigure A5555: Structure of cholesterol-amine 11111111 

 
Figure AFigure AFigure AFigure A6666: 1H-NMR of cholesterol-amine 11111111 
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Figure AFigure AFigure AFigure A7777: Structure of cholesterol-hexynoic acid linker 13131313 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure AFigure AFigure AFigure A8888: 1H-NMR of cholesterol-nitrobenzyl linker 12121212 
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Figure AFigure AFigure AFigure A9999: C13-NMR of cholesterol-nitrobenzyl linker 12121212    

    

 
Figure AFigure AFigure AFigure A10101010: HRMS of cholesterol-nitrobenzyl linker 12121212 
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Figure AFigure AFigure AFigure A11111111: Structure of cholesterol-hexynoic acid linker 13131313 

 

 
Figure AFigure AFigure AFigure A12121212: 1H-NMR of cholesterol-hexynoic acid linker 13131313 
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Figure AFigure AFigure AFigure A13131313: C13-NMR of cholesterol-hexynoic acid linker 13131313 

 

 
Figure AFigure AFigure AFigure A14141414:::: HRMS of cholesterol-hexynoic acid linker 13131313 
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Figure AFigure AFigure AFigure A15151515: Structure of β-Propargyl Lactosides 14141414 

 
 
 

 
Figure AFigure AFigure AFigure A16161616: 1H-NMR of β-Propargyl Lactosides 14141414 
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Figure AFigure AFigure AFigure A17171717: Structure of azide-terminated poly(epichlorohydrin)    P1P1P1P1 

 

 
Figure AFigure AFigure AFigure A18181818: 1H-NMR of azide-terminated poly(epichlorohydrin)    P1P1P1P1 
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Figure AFigure AFigure AFigure A19191919: Structure of cholesterol-nitrobenzyl linker functionalized poly(epichlorohydrin)    P1P1P1P1 

 

 
Figure AFigure AFigure AFigure A20202020: 1H-NMR of cholesterol-nitrobenzyl linker functionalized poly(epichlorohydrin)    

CholCholCholChol----Photo P1Photo P1Photo P1Photo P1 
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Figure AFigure AFigure AFigure A21212121: Structure of cholesterol-nitrobenzyl linker functionalized poly(glycidyl azide)    CholCholCholChol----

Photo P2Photo P2Photo P2Photo P2 
 

 
Figure AFigure AFigure AFigure A22222222: 1H-NMR of cholesterol-nitrobenzyl linker functionalized poly(glycidyl azide)    CholCholCholChol----

Photo P2Photo P2Photo P2Photo P2 
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Figure AFigure AFigure AFigure A23232323: Structure of cholesterol-nitrobenzyl linker functionalized lactosyl glycopolymer    

CholCholCholChol----Photo GPPhoto GPPhoto GPPhoto GP 
 

 
Figure AFigure AFigure AFigure A24242424: 1H-NMR of cholesterol-nitrobenzyl linker functionalized lactosyl glycopolymer    

CholCholCholChol----Photo GPPhoto GPPhoto GPPhoto GP 
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Figure AFigure AFigure AFigure A25252525: Structure of cholesterol-hexynoic acid linker functionalized poly(epichlorohydrin)    

Chol Chol Chol Chol P1P1P1P1 
 

 
Figure AFigure AFigure AFigure A26262626: 1H-NMR of cholesterol-hexynoic acid linker functionalized poly(epichlorohydrin)    

Chol P1Chol P1Chol P1Chol P1 
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Figure AFigure AFigure AFigure A27272727: Structure of cholesterol-hexynoic acid linker functionalized poly(glycidyl azide)    

Chol P2Chol P2Chol P2Chol P2 
 

 
Figure AFigure AFigure AFigure A28282828: 1H-NMR of cholesterol-hexynoic acid linker functionalized poly(glycidyl azide)    Chol Chol Chol Chol 

P2P2P2P2    
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Figure AFigure AFigure AFigure A29292929: Structure of cholesterol-hexynoic acid linker functionalized lactosyl glycopolymer    

Chol GPChol GPChol GPChol GP 
 

 
Figure AFigure AFigure AFigure A30303030: 1H-NMR of cholesterol-hexynoic acid linker functionalized lactosyl glycopolymer    

CholCholCholChol    GPGPGPGP 
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Figure AFigure AFigure AFigure A31313131: Structure of poly(glycidyl azide)    No Endgroup P2No Endgroup P2No Endgroup P2No Endgroup P2 

 

 
Figure AFigure AFigure AFigure A32323232: 1H-NMR of poly(glycidyl azide)    No Endgroup P2No Endgroup P2No Endgroup P2No Endgroup P2 
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Figure AFigure AFigure AFigure A33333333: Structure of lactosyl glycpolymer No EndgroupNo EndgroupNo EndgroupNo Endgroup    GPGPGPGP    

 

 
Figure AFigure AFigure AFigure A34343434: 1H-NMR of lactosyl glycopolymer No Endgroup GPNo Endgroup GPNo Endgroup GPNo Endgroup GP 
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