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Abstract. The capability to graft synthetic polymers onto the surfaces of live cells offers the potential to 

manipulate and control their phenotype and underlying cellular processes. Conventional grafting-to 

strategies for conjugating preformed polymers to cell surfaces are limited by low polymer grafting 

efficiency. Here we report an alternative grafting-from strategy for directly engineering the surfaces of 

live yeast and mammalian cells through cell surface-initiated controlled radical polymerization. By 

developing cytocompatible PET-RAFT (photoinduced electron transfer-reversible addition-fragmentation 

chain transfer polymerization), synthetic polymers with narrow polydispersity (Mw/Mn < 1.3) could be 

obtained at room temperature in 5 minutes. This polymerization strategy enables chain growth to be 

initiated directly from chain transfer agents anchored on the surface of live cells using either covalent 

attachment or non-covalent insertion, while maintaining high cell viability. 

Compared to conventional grafting-to approaches, these methods significantly improve the efficiency of 

grafting polymer chains and enable the active manipulation of cellular phenotypes.  
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Engineering cell surfaces with synthetic macromolecules is a powerful approach for expanding 

the structural repertoire and properties of cells. Compared to small molecule cell surface modifications, 

grafting synthetic polymers provides a number of advantages associated with the increase in functional 

groups available for secondary interactions, derivatization, and changes in physical properties. As a result, 

the introduction of functional polymers for cell surface modification has been the focus of considerable 

research and development efforts over the past decade.1–5 Traditionally, such modification has primarily 

involved the physical or chemical conjugation of preformed polymers (‘grafting-to’, Figure 1a).1,6–18 

However, this grafting-to approach is often limited by low polymer grafting on the cell surface and the 

use of a large excess of reactive polymers for functionalization.12,19 Direct encapsulation of cells within 

crosslinked networks has been examined but reduces the modified cell’s capability of signal transduction 

and mass transport due to limited molecular access to the cell surface (Figure 1b).5,20–23 To overcome 

these challenges, ‘grafting-from’ strategies, in which structurally defined polymers are initiated directly 

from the cell surface, may offer improved polymer properties,24 including enhanced polymer grafting, 

controlled chain length and use of functional block copolymers, while still maintaining regular cell 

surface functions. 

The significant synthetic challenges inherent in such ‘grafting-from’ strategies have in the past 

limited progress in this area. However, controlled radical polymerization (CRP) techniques have been 

shown to offer viable routes to polymer-biomolecule conjugates, especially for systems that are sensitive 

to chemical damage. These advantages are driven by the low concentration of radicals and low cross-

reactivity with biological functional groups and allows the use of CRP for the generation of protein and 

nucleic acid-based hybrid materials.25 Based on these promising initial studies, the translation of CRP to 

the extreme case of viable cell surface-initiated polymerization represents a noteworthy opportunity. 

Success requires the following three essential challenges to be overcome: (i) polymerization must achieve 

fast kinetics in aqueous solution at room temperature to minimize the exposure of cells to the potentially 
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harmful polymerization environment; (ii) the presence of a small amount of oxygen must not inhibit the 

reaction, as rigorous degassing procedures such as ‘freeze-pump-thaw’ cycles cannot be used with live 

cells; and (iii) the polymerization reactants and conditions must not harm the cells. 

 

 

 

 

In this work, we report the first cytocompatible CRP techniques that can generate structurally 

defined synthetic polymers on live cell surfaces via a grafting-from approach (Figure 1c). Inspired by 

recent advancements in light-mediated CRP techniques—especially the photoinduced electron transfer-

reversible addition-fragmentation chain transfer polymerization (PET-RAFT) method of Boyer and 

coworkers26,27—we developed a visible light-mediated PET-RAFT processes, from initiators that are 

either covalently attached or non-covalently inserted into the cell surface, for cytocompatible, cell 

surface-initiated polymerization. These strategies lead to an increase in the amount of grafted polymers 

directly on the cell surface when compared to traditional polymer grafting strategies and can also be used 

to incorporate a wide range of functional groups. This enables further post-polymerization 

functionalization of the cell surface and even modulation of cell-cell interactions. 

 

Results and Discussion 

Cytocompatible PET-RAFT 

Figure 1. Strategies for engineering cell surfaces using synthetic polymers. (a) ‘Grafting-to’ 

methods tend to suffer from low grafting densities, whereas (b) existing ‘grafting from’ methods based 

on cell encapsulation do not enable control over the extent or structure of the grafted polymers. (c) 

Our controlled radical polymerization method offers a biocompatible technique for controlled addition 

of high densities of functional polymers to cell surfaces. 
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Our initial strategy involves polymerization from initiators covalently linked to the amino groups 

of the yeast cell surface proteins—analogous to the synthesis of polymer brushes from surface-bound 

initiators by CRP.28–32 In contrast to polymer brush generation on abiotic substrates (e.g., silicon wafers), 

polymerization from a living organism mandates the implementation of a rigorously biocompatible CRP 

process. We therefore examined the polymerization of acrylamide monomers, and polyethylene glycol 

(PEG)-based acrylamides in particular, as these have high polymer propagation rates in aqueous solutions 

at room temperature and good hydrolytic stability in biological environments.28,33–35 We selected those 

with molecular weights = 1 kDa, as these materials have been shown to be impermeable to cell 

membranes.22,36 Eosin Y was chosen as the catalyst, with 2-(butylthiocarbonothioyl) propionic acid 

(BTPA) as the chain transfer agent (CTA) and triethanolamine as the co-catalyst for PET-RAFT in pH 7.4 

PBS buffer.27,37 The polymerization results are summarized in Table 1. 

 

 

Entry [M] : [BTPA] : [Eosin Y] :  
[triethanolamine] 

M 
 (≈ y/x) 

R 
group 

Catalyst 

conc. (M) 

With CTA-
modified 
cells? 

Conv
. (%)a 

Mn,th
b Mn,exp 

(GPC) 
PDIc 

1 80 : 1 : 0.01 : 1 0 - 62 N 20 16,200 15,200 1.40 

2 80 : 1.33 : 0.015 : 1 0 - 94 N 21 12,800 12,000 1.29 

3 80 : 1.33 : 0.015 : 1 0 - 94 Yeast 22 13,400 13,300 1.25 

4 [72 + 8] : 1.33 : 0.015 : 1 1/9 N3 94 Yeast 35 21,200 17,400 1.36 

5 [72 + 8] : 1.33 : 0.015 : 1 1/9 biotin 94 Yeast 19 11,600 11,300 1.24 

6 [72 + 8] : 1 : 0.01 : 1 1/9 biotin 62 Jurkat N.D.d N.D.d 13,800 1.24 

Table 1. Results of PET-RAFT polymerization 
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a
   Monomer conversion determined by 1H-NMR spectroscopy.  

b   
Theoretical molecular weight calculated based on monomer conversion.  

c
   Molecular weight and polydispersity (Mw/Mn) determined by GPC analysis (DMF with 0.1% LiBr used as eluent 

with PMMA standards).  
d
   N.D.: not determined. The time-zero mixture was not sampled to avoid introduction of oxygen in the degassed 

solution and minimize Jurkat cells’ exposure to the reaction mixture.  

 

To avoid injury to the cell, it is critical to develop a PET-RAFT process that affords fast kinetics, 

thereby limiting reaction time, while retaining control over polymerization. Previous work on visible 

light-mediated polymer encapsulation of live cells has shown that radical polymerization times of less 

than 10 minutes are essential to avoid a significant drop in cell viability, with high conversions also being 

undesirable due to loss of end group functionality.20–22,38 We therefore used equimolar CTA and co-

catalyst for an accelerated reaction rate with the goal of <30% conversion.37 Initial polymerization of 

methoxy-PEG acrylamide-1k (PEGA-1k) at a monomer: CTA: catalyst: co-catalyst ratio of 80: 1: 0.01: 1 

(Table 1, Entry 1) under irradiation of a 465 nm LED light source (5.0 mW/cm2) resulted in 20% 

monomer conversion in 5 minutes, with a modest degree of control over polymerization (Mn = 15,200, 

Mw/Mn = 1.40; Table 1, Entry 1). The light source was chosen to achieve rapid polymerization while 

avoiding cell injury. We reason that by increasing the ratio of CTA a higher degree of control over 

polymerization could be achieved. CTA acts as a radical deactivator according to the RAFT mechanism,39 

and any increase in CTA concentration to increase the level of control must be offset kinetically by also 

increasing the catalyst concentration. Indeed, we found that increasing both CTA and catalyst loading 

enhanced control over polymerization while still maintaining a high reaction rate, yielding a polymer with 

Mn = 12,400, Mw/Mn = 1.29 in 5 minutes (Table 1, Entry 2).  

Analysis of the kinetics under these improved conditions affords a linear relationship between 

ln([M]0/[M]t) vs. irradiation time up to 10 minutes, where [M]0 is the initial monomer concentration and 

[M]t is the monomer concentration at a given time (t) (Supplementary Information, Figure S2a). The 

evolution of the experimental Mn, as measured by gel-permeation chromatography (GPC), with respect to 
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monomer conversion also remains linear, with GPC analysis monitored by both reflective index (RI) and 

UV-Vis detectors showing closely matched molecular weight distributions, indicating well-preserved 

chain ends (Supplementary Information, Figures S2b, S2c and S3).27 It should be noted that we observed 

some deviation of experimental Mn from theoretical values, which is attributed to the difference in 

molecular structure of the branched polymer products and the linear PMMA standards used in the GPC 

studies.40 Overall, these results support that the polymerization is a living process with retention of the 

chain ends. 

Under these optimized conditions, we then performed polymerization in the presence of live wild-

type Saccharomyces cerevisiae (Baker’s yeast, referred simply as yeast hereafter) cells. Yeast cells were 

initially cultured in yeast extract peptone dextrose (YPD), washed, resuspended in PBS buffer, and added 

to the reaction. After polymerization, yeast cell viability and capability to proliferate were determined by 

plating on agar and then colony counting after 48 hours. Specifically, we observed no detectable change 

in colony growth compared to untreated live yeast cells (Supplementary Information, Figure S4).  

 

 

 

Table 2. Yeast cells modified with surface-initiated PET-RAFT. First, activated dibenzocyclooctyl 

(DBCO) reagents 1 or 2 are added to react with the surface amino groups of wild-type yeast cells, after 

which a strain-promoted cycloaddition (SPAAC) reaction with 3 is employed to conjugate CTA to the 

cell surface. Finally, PET-RAFT is used to produce yeast cells modified with synthetic polymers (Y1 – 

Y5). 
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Polymer-
modified 
yeast  

Yeast strain DBCO reagent PEG acrylamides R group [PEGA]: 
[functional 
PEGA] 

Y1 WTa 1 PEGA-1k - - 

Y2 WT 1 PEGA-1k + PEGA-N3-1k -N3 9:1 

Y3 GPCR+b 1 PEGA-1k - - 

Y4 WT 2 PEGA-1k - - 

Y5 WT 1 PEGA-1k + PEGA-Bio-1k -Biotin 9:1 

a
   WT: wild-type Saccharomyces cerevisiae 

b
   GPCR+: Saccharomyces cerevisiae strain BJ5465 expressing plasma membrane-associated human A2a-

Adenosine receptors (a G protein-coupled receptor, or GPCR) 

 

Characterization of cell surface-initiated polymerization 

Having demonstrated the compatibility of live yeast cells with PET-RAFT, we investigated direct 

initiation of polymer growth from cell surfaces. One strategy for the formation of grafting-from polymers 

involves the conjugation of initiating CTA groups to the surface of yeast cells. A two-step approach was 

therefore developed involving initial amidation followed by copper-free, strain-promoted azide-alkyne 

cycloaddition (SPAAC, or copper-free click chemistry) to conjugate the CTA to the cell surface (Table 2). 

We avoided directly activating the carboxylic acid group of BTPA in the form of N-hydroxysuccinimide 

(NHS) ester in the coupling reaction, instead choosing to initially couple cell surface amino groups to the 

dibenzocyclooctyl (DBCO)-based activated ester 1, allowing the introduction of azide-reactive 

cyclooctyne groups on the cell surface.41,42 This is an important consideration as the negatively charged 

sulfo-NHS moiety of 1 prevents it from passing across the cell membrane leading to cytotoxicity. The 

second step involves reacting azido-containing BTPA derivative 3 with cell surface-conjugated DBCO 

groups through SPAAC. We investigated labeling efficiency by coupling a fluorescent dye, Alexa Fluor 

647 azide, to the cell surface DBCO groups, and observed highly specific conjugation to the cell surface 

based on the intense and uniform fluorescence from the yeast cell surface. It should be noted that no 

fluorescence was observed inside the cells (Supplementary Information, Figure S5).  

To confirm cell viability after CTA modification, yeast cells were treated with fluorescein 

diacetate (FDA), a well-established yeast viability assay that indicates esterase activity in cells.5 The 
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signal from this assay can be measured with fluorescence microscopy or flow cytometry, with the latter 

providing quantitative measurement of the fraction of the live cells in the total population. We observed a 

high viable fraction (> 95%) in the analyzed population of 10,000 yeast cells modified by CTA, 

(Supplementary Information, Figure S6). The proliferation of these cells was further confirmed by agar 

plating assays as well as by monitoring cell proliferation in growth media (Figure 2e and Supplementary 

Information, Figure S7).  

Cell surface-initiated PET-RAFT was then performed with the CTA-modified yeast cells (Table 

2). The reaction was conducted in PBS buffer (pH 7.4) with Eosin Y/triethanolamine as the 

catalyst/cocatalyst and PEGA-1k as the monomer using a 465 nm LED light source (5.0 mW/cm2) to give 

the desired polymer-grafted yeast cells Y1. Similar to polymer brush formation on abiotic surfaces using 

traditional RAFT chemistry, we found that addition of sacrificial CTA to the polymerization system was 

required to maintain control.43,44 In the presence of sacrificial CTA, polymers were initiated from both 

BTPA in solution and cell surface-attached CTA, with GPC characterization of the soluble polymer 

product revealing good control over polymerization (Mn = 13,300, Mw/Mn = 1.25; Table 1, Entry 3). To 

demonstrate the introduction of functional polymers to the cell surface, the same cell surface-initiated 

polymerization was repeated with a 9:1 mixture of PEGA-1k and -azido PEG acrylamide, Mw = 1kDa 

(PEGA-N3-1k), yielding azide-modified yeast cells, Y2. GPC analysis of the solution copolymer shows a 

slight increase in polydispersity compared to the homopolymer (Mn = 17,400, Mw/Mn = 1.36; Table 1, 

Entry 4 and Supplementary Information, Figure S8a).45–47 Having grown functional polymer brushes on 

cell surfaces it was important to demonstrate the retention of reactivity for the azido groups. Modified 

yeast cells Y2 were therefore separated from the reaction mixture via centrifugation, thoroughly washed 

with PBS, and subsequently functionalized with Alexa Fluor 647 DIBO, a derivative of Alexa Fluor 647 

that reacts with the azido groups of the polymers through SPAAC.  

Confocal microscopy of the fluorescently labeled Y2 showed strong Alexa Fluor 647 

fluorescence only at the cell surface (Figure 2a and c), indicating little or no polymer growth inside the 
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cells with the presence of fluorescence also confirming the reactivity of azido groups introduced via 

polymer surface-grafting of the yeast cells. Control experiments clearly demonstrated the absence of 

fluorescence for CTA-modified cells that did not undergo cell surface-initiated polymerization, or those 

grafted with only non-functionalized PEGA-1k monomer (Y1) (Supplementary Information, Figure S9 

and S10). Taken together, these results clearly demonstrate the utility of our process for engineering the 

surface of live yeast cells through the formation of reactive polymers and post-polymerization 

functionalization.  

 

 

 

 

 

Figure 2. Characterizations of polymer coating and viability of the modified yeast cells. (a-c) 

Confocal fluorescent microscopy shows fluorescent labeling of treated yeast cells, with insets showing 

a single polymer-modified yeast cell. (a) Polymers on the surface of Y2 were specifically labeled with 

Alexa Fluor 647 DIBO, demonstrating that modification exclusively occurs at the cell surface. The 

residual signal in the background is likely caused by the polymers in solution phase that were not 

completely removed by the washing steps. (b) Fluorescein diacetate (FDA) treatment confirms the 

maintenance of cell viability. (c) Merged image data from the channels shown in (a) and (b). All scale 

bars are 5 m. (d) We used quantitative flow cytometry to measure the cell population that can 

convert FDA into fluorescently active fluorescein. 90% of Y2 were viable by this metric, comparable 

with the wild-type control. (e) Yeast cell growth curve of wild-type (WT), CTA and polymer modified 

yeast cells. Optical density at 600 nm (O.D.600) indicates the cell density of the suspension. 
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Viability and proliferation of polymer-modified yeast cells 

A prime objective of this work is to develop strategies for cell surface modification while 

retaining high viability. To confirm that the polymer-modified cells are viable with retention of their 

capability to proliferate, polymer-modified yeast cells Y2, were treated with FDA and subsequently 

imaged by confocal fluorescence microscopy. Strong green fluorescence was observed in the cytoplasm, 

indicating the presence of functional esterases (Figure 2b) while flow cytometry additionally revealing > 

90% viability (analysis was of a population of ~10,000 cells obtained from a suspension of polymer-

modified yeast cells) (Figure 2d). Importantly, the growth curve of Y2 re-cultured in YPD media showed 

no difference in comparison to wild-type cells, with both reaching exponential stage after 10 hours and 

saturation stage after 40 hours (Figure 2e). This is in direct contrast to prior work on yeast cell 

encapsulation, where the surrounding crosslinked matrix significantly altered the cell cycle 

(Supplementary Information, Figure S5).5,48  

We hypothesize that the mild grafting-from polymer modification employed here does not alter 

yeast cell wall properties, enabling cells to maintain their regular function and metabolism. Indeed, after 4 

hours of re-culturing in growth media, imaging of Alexa Fluor 647 DIBO-labeled Y2 showed that the 

labeled polymers were distributed on the surfaces of both parent cells and newly formed daughter cells 

(Supplementary Information, Figure S11). In certain cells, the polymers were also observed to be 

internalized along with the cell walls to which they were attached, and replaced by newly formed non-

fluorescent cell walls. Significantly, cell wall internalization and re-distribution of parent cell wall 

fragments to progeny cells are two characteristic events in yeast cell wall metabolism,49–51 and the 

observation that both processes occur normally in polymer-modified cells is strongly indicative of regular 
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cell wall function and metabolism. In addition, when treated with lyticase, a digestive enzyme that can 

degrade the yeast cell wall, modified yeast cells did not exhibit altered degradation kinetics compared to 

wild-type yeast, adding further evidence that polymer modification does not affect cell wall properties 

and suggests that cell surface glycans, substrates of lyticase, are not affected by the grafted polymers 

(Supplementary Information, Figure S12). In contrast, yeast cell surfaces encapsulated by a crosslinked 

polymer matrix in prior work have shown resistance against lyticase-mediated cell wall degradation.5,48 

We attribute the lack of protection against cell wall degradation of the polymer-modified yeast in this 

work to the heterogeneity of the cell surface, as the covalent modifications of CTA on the amino groups 

of cell surface proteins, and thereby the polymers grown from the CTAs, do not cover the entire cell 

surface. As a result, the large areas of glycans on the cell surface were not modified, and thus were 

susceptible to lyticase degradation. Additional confirmation of the cytocompatible nature of this approach 

was obtained by examining cell surface protein function. Polymerization was therefore conducted from a 

yeast strain that expresses plasma membrane-localized human adenosine A2a receptor (a G protein-

coupled receptor, or GPCR), yielding polymer-modified GPCR+ yeast cells, Y3.52 Comparison of the 

affinity of FITC-APEC, a ligand for GPCR, shows very similar behavior for the polymer-grafted cells, 

Y3 (dissociation constant, Kd = 16.1 M), when compared to the non-polymer-modified GPCR-

expressing yeast cells (Kd = 10.2 M). This result clearly shows that the cell surface protein receptors 

remain functional after cell surface-initiated polymerization (Supplementary Information, Figure S13).  

These two features of our process - unaltered cell surface properties and functional cell surface proteins - 

will enable our engineered cells for applications that require unhindered mass transport, signal 

transduction, and other biological functions mediated by the native structures at the cell surface.  
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Confirmation of polymerization control and chain extension on cell surface 

In order to unambiguously confirm that covalent polymers were formed on the cell surface, we 

modified the prior strategy to allow cleavage of the graft polymers from the cell surface. Yeast cells were 

therefore functionalized through a cleavable disulfide linker and as shown in Table 2, the customized 

disulfide-containing activated ester 2 was used to introduce the DBCO group onto the surface of live 

yeast cells, followed by reaction with 3 to attach the CTA moiety. After cell surface-initiated 

polymerization, polymer-grafted yeast cells, Y4, were obtained containing the desired disulfide linker. 

Treatment with tris(2-carboxyethyl)phosphine (TCEP) specifically reduces the disulfide linker leading to 

cleavage of the  grafted polymers from the cell surface. GPC analysis of these chains revealed similar 

molecular weight characteristics (Mn = 11,900, Mw/Mn = 1.19) to polymers formed in solution (Table 1, 

Entry 2) (Figure 3). To further illustrate chain-end group fidelity and demonstrate the utility of the cell 

surface-initiated CRP process, re-initiation of polymer growth from Y4 was then examined. Significantly, 

chain extension of Y4 with a second poly(PEGA-1k) block followed by TCEP treatment and GPC 

analysis showed a complete shift to the higher molecular weight end while still maintaining low 

polydispersity (Mn = 20,200, Mw/Mn = 1.22) (Figure 3b). This ability to incorporate cleavable linkers and 

Figure 3. Polymer cleavage and in situ chain extension confirmed well-defined covalent 

polymers with preserved chain end formed on the cell surface. (a) Scheme of chain extension of 

Y4 and subsequent polymer cleavage by TCEP treatment. (b) GPC analysis of the polymers directly 

cleaved from Y4 (black line, Mn = 11,900, Mw/Mn = 1.19) and the polymers cleaved after chain 

extension of Y4 (red line, Mn = 20,200, Mw/Mn = 1.22).  
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perform chain extension highlights the high degree of control over polymerization with cell surface-

initiated PET-RAFT and also points towards potential applications in generating more complex, multi-

block polymer architectures for cell surface engineering. 

 

 

 

 

Polymer grafting on cell surface: grafting-from vs. grafting-to 

Figure 4. Utility of cell surface-initiated polymerization on yeast cells. (a) Our grafting-from 

approach exhibited significantly enhanced polymer grafting compared to the grafting-to approach. We 

used Alexa Fluor 647-conjugated streptavidin to compare polymer grafting onto live yeast cells via (top) 

biotin-PEG-NHS-20k at 0.1, 1.0, and 2.5 mM concentrations with a ‘grafting-to’ approach or (bottom) 

0.1 mM of 3 using our PET-RAFT-based ‘graft-from’ approach (Y5). (b) and (c) Manipulation of 

cellular phenotype by the grafted polymers. Tannic acid (TA), which can bind to PEG through hydrogen 

bonding interactions, was introduced to mediate aggregation of polymer-modified yeast cells. Bright-

field microscope images show Y1 (a) before and (b) after TA treatment. Scale bars are 5 m. 
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For traditional surfaces, one unique advantage of surface-initiated polymerization compared to 

conventional grafting-to approaches is the ability to form polymer brushes with high areal chain density. 

To investigate whether cell surface-initiated PET-RAFT also leads to improved grafting on cell surfaces 

even with the increased steric repulsion from the dense native macromolecular structures (e.g. proteins 

and polysaccharides), cell surface-initiated polymerization was conducted from CTA-modified yeast cells 

using a 9:1 monomer mixture of PEGA-1k and -biotin-PEG acrylamide, Mw=1 kDa (PEGA-bio-1k). 

This affords the biotin-grafted cells, Y5, with GPC characterization of the soluble polymer chains 

showing control over the polymerization (Mn = 11,300, Mw/Mn = 1.24, Table 1, Entry 5, and 

Supplementary Information, Figure S8b). This correlates to, on average, one biotin group per polymer 

chain. Quantitative flow cytometry analysis of Y5 after binding with Alexa Fluor 647-conjugated 

streptavidin revealed robust fluorescence (Figure 4a). In contrast, significantly lower fluorescence and 

associated polymer grafting was observed for yeast cells functionalized through a grafting-to strategy 

with biotin-PEG-NHS, 20 kDa (Biotin-PEG-NHS-20k) followed by labeling with Alexa Fluor 647-

conjugated streptavidin. At the same molar concentration, (0.1 mM of biotin-PEG-NHS-20k), cells 

modified showed very little signal and even at 10- and 25-fold higher concentrations (1.0 and 2.5 mM, 

respectively), the grafting-to approach still resulted in minimal fluorescence (Figure 4a). This large 

difference in grafting was also confirmed by confocal fluorescence microscopy, with a visibly stronger 

fluorescence for cells modified by the grafting-from PET-RAFT approach (Supplementary Information, 

Figure S14).  

Controlling cell aggregation and assembly 

An important goal of cell surface engineering is to control cell-cell interactions. To this end, we 

examined the influence of grafting chemistry on cellular aggregation and assembly for polymer modified 

yeast cells. Specifically, tannic acid (TA), a compound known to interact with PEG polymers through 

hydrogen bonding interactions in aqueous solution,53–55 was added to a suspension of polymer-modified 

yeast cells, Y1, resulting in a final concentration of 5 mM. Little or no cell aggregation was observed for 
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the modified cells prior to the addition of TA (Figure 4b), but after incubation with TA for 1 hour under 

mild shaking, we observed considerable aggregation of the polymer-grafted cells (Figure 4c). No 

aggregation was apparent in wild-type yeast cell suspensions after addition of TA (Supplementary 

Information, Figure S15a, b). Importantly, compared to Y1, biotin-PEG-NHS-20k-modified yeast cells 

generated by the grafting-to approach showed significantly less aggregation in the presence of TA, with 

only minor aggregation observed for cells grafted with 2.5 mM biotin-PEG-NHS-20k, a 25-fold higher 

concentration than that used for the modification of CTA 3 (Supplementary Information, Figure S15c–e). 

Notably, after TA treatment and cell aggregation, Y1 still exhibited robust viability as measured with the 

FDA assay (Supplementary Information, Figure S16). These results clearly demonstrate that 

cytocompatible polymer coatings can be used to actively moderate cellular aggregation by the interaction 

between TA and surface grafted poly(PEGA-1k). 
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Figure 5. Cell surface-initiated polymerization on Jurkat cells. (a) Modification of cell surface 

using CTA-Lipid and subsequent cell surface-initiated polymerization. A biotinylated monomer was 

incorporated to enable labeling with streptavidin after polymerization. (b) Cell viability after 

polymerization. We employed a flow cytometry-based cell membrane integrity assay to determine the 

percentage of viable cells in the total population. A reactive dye is non-permeable to the intact cell 

membrane while could stain membrane-damaged dead cells, causing high fluorescence for dead cells 

and low signal for live cells. A live control and a dead control were assayed in the same time as the 

test sample. Flow cytometry gives 90% viability after polymerization. (c - h) Confocal microscope 

images of Jurkat cells modified by cell surface-initiated polymers. (c - e) Image shows multiple cells. 

(f - h) Zoomed-in image showing a single modified cell. (c) and (f) Transmission image; (d) and (g) 

cell nucleus stained by DAPI; (e) and (h) polymer labeled by AF647-streptavidin. Scale bars are 5 

m. 
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Mammalian cell surface-initiated polymerization  

Next, we investigated the cytocompatibility of our CRP process for modifying the surfaces of live 

mammalian cells using human Jurkat cells as a model. Compared to yeast, engineering mammalian cells 

is more challenging. For example, the lack of cell wall renders mammalian cells both mechanically and 

chemically more sensitive to environmental stress. Indeed, our initial attempt at covalently modifying 

Jurkat cell surface using the same procedure for yeast cells, followed by cell surface-initiated 

polymerization, resulted in poor cell viability (Supplementary Information, Figure S17).  We reasoned 

that covalent modification leads to excessive cellular stress and switched to an alternative strategy for 

anchoring CTA groups to the cell surface using lipidomimetic compounds.11,56 We therefore designed the 

lipid analog 4 bearing a CTA head group, a hydrophilic spacer, and a non-charged DPPE-mimicking C16 

tail for non-covalent modification of the Jurkat cell membrane (Figure 5a).  

The Jurkat cells were therefore treated with 4 at 40 M in PBS buffer for 30 min at 4 °C, 

followed by cell surface-initiated polymerization using a reaction mixture containing the same -biotin-

PEG acrylamide, Mw=1 kDa (PEGA-bio-1k) as used above for the yeast cells. The catalyst concentration 

was also lowered in these polymerizations with mammalian cells to further reduce the chemical stress 

from the radical polymerization with the CTA concentration also correspondingly reduced to maintain 

polymerization rate. Significantly, polymerization from the CTA-anchored cells using a 9:1 monomer 

mixture of PEGA-1k and PEGA-bio-1k at a monomer: CTA: catalyst: co-catalyst ratio of 80: 1: 0.01: 1 

(Table 1, Entry 6) resulted in control over the polymerization (soluble (non-anchored) polymers showed 

(Mn = 13,900 and Mw/Mn = 1.24, see Table 1, Entry 6, and Supplementary Information, Figure S8c). The 

polymer-modified Jurkat cells, J1, were then separated from the reaction mixture via centrifugation, 

thoroughly washed with PBS, and subsequently labeled with Alexa Fluor 647-conjugated Streptavidin. 

Confocal microscopy of the fluorescently labeled J1 revealed a strong Alexa Fluor 647 signal only at the 

cell surface (Figure 5c - h) and control experiments with non-functionalized PEGA-1k monomer only 

(Supplementary Information, Figure S18) or lacking the CTA-bearing lipid analog 4 (Supplementary 
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Information, Figure S19), showed minimal fluorescence. Taken together, these results confirmed the 

formation of functional polymers on the surface of mammalian cells.  

Next, we used two different assays to confirm that our polymer-modified Jurkat cells were viable.  

First, we used a cell membrane integrity assay wherein our polymer-modified J1 cells were treated with a 

fluorescent reactive dye that do not stain live cells (with intact membranes) but strongly stain dead cells 

(with compromised membranes). Through flow cytometry, we observed that approximately 90% of J1 

cells (in a population of ~1,000 cells) are viable with intact membranes (Figure 5b). To unambiguously 

confirm that J1 cells not only possessed intact membranes, but were also metabolically active, we 

employed a second Calcein-AM (green)/eithidium homodimer (red)-based, Live/Dead assay to show that 

~ 90% of the cells were metabolically active and exhibited robust green fluorescence (Supplementary 

Information, Figure S20). Taken together, the two viability assays confirm that approximately 90% of our 

polymer-modified Jurkat cells are viable with intact cell membranes and active metabolism. 

 

Conclusion 

We report the first cytocompatible, visible light-mediated strategy for generating structurally 

defined synthetic polymers on live yeast and mammalian cell surfaces. Polymerization initiating CTA 

groups were introduced on the cell surface using either a covalent (yeast) or a non-covalent insertion 

strategy (mammalian). Well-defined grafting chains could be directly initiated from the cell surface 

without compromising cell viability When compared to traditional approaches, the increased efficiency of 

polymer grafting in these systems enabled the cellular phenotype to be manipulated by deliberately 

inducing aggregation and assembly in the presence of tannic acid. Given that these methods could be 

readily expanded to graft a wide range of functional polymers onto cell surfaces, we believe it offers the 

exciting potential to a number of potential applications, such as generating high-density glycopolymers 
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with defined carbohydrate side-chain structures to rewire signaling pathways, or using light to control 

spatial and temporal distributions of cell surface-grafted polymers for the manipulation of cell-cell 

interactions and their underlying cellular processes. 

 

Methods 

For complete experimental methods see the Supplementary Information. 

Yeast culturing, CTA conjugation to the cell surface and cell surface-initiated polymerization 

The following procedure describes typical conditions for surface-initiated polymerizations at the ratio of 

PEGA-1k: BTPA: Eosin Y: triethanolamine equal to 80: 1.33: 0.015: 1, used to prepare yeast cells 

modified with poly(PEGA-1k) homopolymer Y1. Other monomer compositions typically followed the 

same procedure, but with different ratios of monomers while keeping the total molar concentration of 

monomers constant. Unless otherwise stated, the centrifugation steps in the following procedure were 

performed at 1,500 × g. 1× PBS buffer was at pH 7.4.  

(1) Yeast cells from a single colony on an agar plate were inoculated in 5 mL of autoclaved yeast 

extract peptone dextrose (YPD) media in a culture tube. The culture tube was then incubated at 

30 ºC under constant shaking at 300 rpm for 16 h. The yeast cells were then pelleted by 

centrifugation, washed three times with 5 mL PBS, and resuspended in 2 mL PBS.  

(2) 0.5 mL of the yeast cell suspension prepared in the last step was combined with 25 L of freshly 

prepared 2 mg/mL solution of 1 in PBS and incubated for 60 min on ice. After incubation, we 

centrifuged and washed twice with 1 mL 50 mM Tris buffer (pH 8.0) and once with PBS before 

resuspending in 0.5 mL PBS. 

(3) This suspension of DBCO-modified yeast cells was combined with 0.5 L of 100 mM stock 

solution of 3 in acetonitrile and incubated in darkness on ice for 1 hour. For experiments in which 

DBCO-modified cells were labeled with Alexa Fluor 647 azide, we used 2 L of 5 mM Alexa 

Fluor 647 azide instead of 3. We centrifuged the yeast cell suspension, discarding the supernatant. 

We resuspended the yeast cell pellet in 0.5 mL of 1 mM 6-azido-6-deoxy-D-glucose solution in 

PBS and incubated on ice for 15 min. After pelleting the cells by centrifugation and washing 

three times with 1 mL PBS, we resuspended the cells in 100 L PBS. 

(4) Cell surface-initiated polymerization was conducted in pH 7.4 PBS in a 1.5 mL transparent glass 

vessel equipped with a rubber septum. BTPA (0.5 mg, 2.08 mol) was aliquoted into the glass 

vial from a pre-dissolved stock solution in acetonitrile and evaporated under vacuum to dryness. 

We sequentially added 150 L PBS, PEGA-1k (125 mg, 0.125 mmol), 20.6 L 1% v/v 

triethanolamine solution in PBS, 30.3 L of 0.5 mg/mL Eosin Y solution in PBS, and 100 L of 

CTA-modified yeast cell suspension from the last step. 25 L of this mixture was withdrawn, 

centrifuged, and the supernatant was added into 1 mL D2O as the time-zero reference for 

monomer conversion analysis by NMR. A 27G, ½” needle was connected to the argon (Ar) 
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source and inserted through the rubber septum to purge Ar, and another 27G, ½” needle was 

inserted through the septum to vent. We purged Ar through the reaction for 10 min before 

removing the needles. The reaction mixture was then allowed to polymerize in a dark chamber 

under irradiation for 5 min under constant shaking at 250 rpm. Immediately after the light source 

was turned off, 25 L of the reaction mixture was withdrawn, centrifuged, and the supernatant 

was added into 1 mL D2O as the post-reaction sample for monomer conversion analysis by NMR. 

The integral difference of the acryl protons between the post-reaction sample and the time-zero 

reference was used to calculate monomer conversion. The rest of the mixture was then 

centrifuged, and the supernatant was added into a dialysis tube (MWCO = 3.5k) and dialyzed 

against water for 48 h. The dialyzed product was lyophilized and redissolved in chloroform for 

GPC analysis. The yeast cell pellet post-centrifugation was washed five times by 0.5 mL PBS, 

and resuspended in 0.5 mL PBS. 

Jurkat cell culturing, CTA anchoring to the cell surface, cell surface-initiated polymerization, and 

polymer labeling by Alexa Fluor 647-conjugated streptavidin  

Unless otherwise stated, the centrifugation steps in the following procedure were performed at 300 × g. 

1× PBS buffer was at pH 7.4. 

(1) Human Jurkat cell line was obtained from ATCC and maintained in a humidified CO2 incubator 

at 37 °C. The cells were cultured in RPMI-1640 medium (Thermo Scientific) supplemented with 

10% fetal bovine serum (FBS; Thermo Scientific) and 1% penicillin/streptomycin (Thermo 

Scientific). Prior to the lipid modification, Jurkat cells (2.5 × 106 cells) were collected by 

centrifugation for 10 min and washed three times with cold PBS. Next, cells were resuspended in 

0.5 mL of cold PBS for the lipid modification step. 

(2) Jurkat cells prepared in the last step were combined with 20 L of freshly prepared 1 mM 

solution of 4 in DMSO and incubated for 30 min on ice. After incubation, we centrifuged and 

washed three times with 1 mL ice cold PBS before resuspending in 0.1 mL PBS. 

(3) Cell surface-initiated polymerization was conducted in pH 7.4 PBS in a 1.5 mL transparent glass 

vessel equipped with a rubber septum. BTPA (0.375 mg, 1.57 mol) was aliquoted into the glass 

vial from a pre-dissolved stock solution in acetonitrile and evaporated under vacuum to dryness. 

We sequentially added 150 L PBS, PEGA-1k (112.5 mg, 0.1125 mmol), PEGA-bio-1k (12.5 mg, 

0.0125 mmol), 20.6 L 1% v/v triethanolamine solution in PBS, and 20.2 L of 0.5 mg/mL Eosin 

Y solution in PBS. A 27G, ½” needle was connected to the nitrogen (N2) source and inserted 

through the rubber septum to purge N2, and another 27G, ½” needle was inserted through the 

septum to vent. We purged N2 through the reaction for 5 min, added 100 L of CTA-anchored 

Jurkat cell suspension from the last step into the vial, reseal the vial, and kept N2 to flow thorough 

the space above the cell suspension in the vial for 5 more minutes before removing the needles. 

The reaction mixture was then allowed to polymerize in a dark chamber under irradiation for 5 

min under constant shaking at 250 rpm. Immediately after the light source was turned off, the 

mixture was added 0.9 mL PBS and then centrifuged, and the supernatant was added into a 

dialysis tube (MWCO = 3.5k) and dialyzed against water for 48 h. The dialyzed product was 

lyophilized and redissolved in chloroform for GPC analysis. The Jurkat cell pellet post-

centrifugation was washed four times by 0.5 mL PBS, and resuspended in 0.5 mL PBS. 
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(4) Polymer-modified cells from last step were added AF647-Streptavidin to the final concentration 

of 10 g/mL. Incubate on ice for 30 min. The labeled cells were washed twice by 0.5 mL PBS 

and were subsequently characterized by viability assays and confocal fluorescent microscopy 

studies. 
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