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Abstract

Poly(ethylene glycol) (PEG), a linear polymer known for its “stealth” properties, is commonly 

used to passivate the surface of biomedical implants and devices, and is conjugated to biologic 

drugs to improve their pharmacokinetics. However, its antigenicity is a growing concern. Here, we 

investigated the antigenicity of PEG when assembled in a poly(oligoethylene glycol) methacrylate 

(POEGMA) “bottlebrush” configuration on a planar surface. Using ethylene glycol (EG) repeat 

lengths of the POEGMA sidechains as a tunable parameter for optimization, we identified 

POEGMA brushes with sidechain lengths of two and three EG repeats as the optimal polymer 

architecture to minimize binding of anti-PEG antibodies (APAs), while retaining resistance to 

nonspecific binding by bovine serum albumin and cultured cells. We further investigated binding 

of backbone- versus endgroup-selective APAs to POEGMA brushes, and finally assessed the 

antigenicity of POEGMA coatings against APA-positive clinical plasma samples. We applied 

these results toward fabricating immunoassays on POEGMA surfaces with minimal reactivity 

toward APAs while retaining a low limit-of-detection for the analyte. Taken together, these results 
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offer useful design concepts to reduce the antigenicity of polymer brush-based surface coatings 

used in applications involving human or animal matrices.
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INTRODUCTION

The immune responses that the widely-used polymer, poly(ethylene glycol) (PEG), can 

trigger is of growing concern [1]. Previously considered non-immunogenic [2, 3], linear 

PEG modification (“PEGylation”) has become the most popular synthetic strategy to confer 

materials with “stealth” properties to eliminate protein adsorption and cell adhesion on 

surfaces, improve the biocompatibility of implanted biomaterials, and when conjugated to 

“biologics” —typically peptide and protein drugs and more recently aptamers— enhance 

their blood circulation and reduce their recognition by the immune system [4–6].

Products containing linear PEG constitute an estimated multi-billion-dollar market [7]. 

However, evidence supporting the existence and clinical relevance of anti-PEG immunity, 

namely in the form of anti-PEG antibodies (APAs), is mounting. PEGylated therapeutics are 

now known to induce APAs in both animals [8–10] and humans [11–19]. Further, APAs are 

known to be present in much of the general population, presumably from chronic exposure 

to PEG from consumer products, with approximately 37% showing moderate (≥ 100 ng/mL) 

and 8% showing high levels (≥ 500 ng/mL) of APAs [20, 21]. This potentially complicates 

the development of drugs, devices, or diagnostics modified with PEG (or PEG-derivatives), 

given the possibility of unwanted interference by APAs. In fact, clinical experience with 

PEGylated therapeutics has already indicated that APAs can not only cause increased 

clearance rates and loss of efficacy, but also can lead to serious anaphylactic or 

hypersensitivity reactions [11–19]. Notably, the issues posed by APAs has now been 

recognized by the Food and Drug Administration (FDA), which currently requests testing 

patients for APAs before treatment with experimental PEGylated compounds [22].

Several studies have proposed the use of alternative —non-PEG derived— stealth polymers 

such as polyzwitterions [23, 24], poly(2-ethyl 2-oxazoline) [25], and polyglycerol to 

circumvent this issue. However, transitioning to such polymers might offer an incomplete or 

temporary solution, for two reasons. First, antibodies (Abs) against other natural and 

synthetic polymers have been reported previously [26, 27], suggesting that other (non-PEG 

derived) stealth polymers might be capable of inducing an immune response after repeated 

administration over time. Second, both animal and human APAs were discovered to cross-

react with other synthetic polymers [28]; this “polypharmacy” nature of polymer-reactive 

Abs likely adds further design constraints on candidate materials proposed as alternatives to 

PEG.

Instead, we and others believe that the large investments already made in PEGylation and its 

mainstream status underscore a pressing need to thoroughly investigate methods to tackle 

the emerging problem of ‘PEG antigenicity’ directly, without replacing PEG itself. Ideally, 
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this would be accomplished without the need for potentially aggressive interventions such as 

preemptive immunosuppression, pre-injection of large quantities of free PEG to saturate 

APAs or removing PEG altogether in select situations [18, 29, 30]. While these proposed 

strategies are intriguing, their downsides include potential additional risk to patients, 

reduction in therapeutic efficacy, suboptimal assay or device performance, and overall 

inconvenience.

Our work with poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) might 

offer an alternative, and less disruptive, solution. Specifically, over the past decade, we and 

others have explored POEGMA as an alternative to linear PEG for biomedical applications 

[5, 31–45]. POEGMA is a derivative of PEG with a “bottlebrush” architecture. POEGMA 

brushes show excellent “nonfouling” —protein- and cell-resistant— properties that make it a 

“stealth” polymer, like PEG. This is because POEGMA’s three-dimensional hyperbranched 

structure presents a high density of oligoethylene glycol (EG) moieties [5, 46]. In a recent 

study, we discovered that drug-POEGMA conjugates having an average polymer sidechain 

length of nine EG units (“EG9”) demonstrated significantly reduced anti-PEG antigenicity 

in patient plasma compared to two FDA-approved PEGylated protein drugs (Krystexxa® 

and Adagen®) [32, 47]. In the same study, we also observed that shortening the POEGMA 

side-chain length from EG9 to EG3 virtually eliminated the reactivity of the drug-POEGMA 

conjugates to APAs in patient plasma samples and did so without substantially 

compromising in vivo pharmacokinetics in animal models. We hence reasoned that replacing 

long, linear PEG structures (typically ≥ EG100) used in most PEGylated products with the 

shorter, hyperbranched structure of POEGMA (sidechains typically ≤ EG9) might offer a 

successful route towards mitigating antigenicity while simultaneously retaining acceptable 

stealth behavior. Realization of such a strategy would be a significant advancement, as it 

might potentially render POEGMA more efficacious than linear PEG for clinical 

applications. Further, the use of POEGMA —rather than transitioning to non-PEG derived 

polymers— may be logistically favorable given PEG’s long history of use in humans and its 

pervasive role in commercial, research, and clinical settings [7].

These considerations motivated us to systematically investigate the length of EG sidechains 

on POEGMA as a design parameter that we could tune to mitigate POEGMA’s reactivity 

toward APAs, while retaining its resistance to nonspecific binding. To do so, we chose to 

study these effects on POEGMA brushes grown as thin films from solid surfaces (Figure 

1a), as opposed to solution studies of drug-polymer conjugates, for several reasons. First, 

planar polymer coatings are easy to synthesize and characterize with a variety of tools (e.g. 

X-ray spectroscopy, ellipsometry, contact angle goniometry). Second, this approach permits 

straightforward investigation of APA binding and nonspecific binding of proteins and cells 

directly on a POEGMA-grafted surface. Third, in situ growth of POEGMA from surfaces by 

surface-initiated atom transfer radical polymerization (SI-ATRP) is reliable and high-

throughput. Fourth, this approach also enables investigation of how APAs might interfere in 

clinical devices and in vitro diagnostics (IVDs) [37–39, 42, 48–51].

Herein, we outline the synthesis and surface characterization of POEGMA coatings grown 

from glass substrates by SI-ATRP, encompassing a range of polymer brush sidechain lengths 

(EG1 to EG9). These POEGMA brush surfaces were subjected to a battery of screening tests 
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and subsequent down-selection processes aimed at identifying candidates that resist 

reactivity to APAs, protein adsorption —specifically, bovine serum albumin (BSA)— and 

adhesion of cultured cells. Next, we investigated how structural characteristics of 

bottlebrushes specifically contributed to mitigating binding by polymer endgroup-selective 

or backbone-selective APAs. Combined, these experiments revealed that POEGMA coatings 

with EG2 —and to a lesser extent, EG3— sidechains exhibit the most favorable performance 

in minimizing both APA recognition and nonspecific adsorption. As proof-of-concept, we 

directly validated these findings by measuring the binding of APAs to the POEGMA brush 

surfaces from plasma samples from patients previously treated with a PEGylated drug 

(Krystexxa®) and found to have induced or pre-existing APAs [12]. Given the relevance of 

POEGMA surfaces to immunodiagnostic applications, we then examined the response of 

protein microarray immunoassays fabricated onto POEGMA surfaces with different EG 

side-chain lengths that were run in the presence of APAs.

Our results are potentially valuable for the implementation of next-generation, PEG-derived 

polymer brush coatings designed for products that biologically interface with human (or 

animal) matrices that might contain APAs. More broadly, this work highlights the potential 

advantages of using surface-based analyses for efficient screening and guided optimization 

of polymer architectures in biomedically-relevant contexts.

RESULTS & DISCUSSION

Growth and characterization of POEGMA brushes with varying sidechain lengths

Our strategy to coat planar surfaces with POEGMA bottlebrushes by SI-ATRP is illustrated 

in Figure 1a [37, 39]. Glass surfaces were first functionalized with a brominated ATRP 

initiator, followed by SI-ATRP of oligoethylene glycol methacrylate monomers via 

activators regenerated by electron transfer (ARGET) for in situ synthesis of the POEGMA 

brush surfaces on glass; this synthesis strategy has been previously shown to result in 

uniform POEGMA coatings with controllable film thicknesses under relatively mild 

experimental conditions [37, 52–54]. To systematically tune the sidechain length of 

POEGMA bottlebrushes, SI-ATRP was carried out using different commercially-available 

PEG methacrylate monomers with varying number of EG repeat units. The properties of 

each monomer are listed in Figure 1b, which on average ranged from 1 to 9 EG repeats. The 

specific SI-ATRP reaction conditions used to synthesize each of these polymer brush 

surfaces can be found in Table S1. The side chain of each monomer was terminated by a 

methoxy (-OMe) endgroup, except the ~360 Da monomer which had a hydroxy (-OH) 

endgroup. Hereafter, each surface will be referenced by both their average EG repeat length 

and endgroup (i.e. EG2-OMe).

Following growth of the POEGMA overlayers by SI-ATRP, characterization of the 

POEGMA bottlebrushes was performed in three ways. First, the thickness of the POEGMA 

overlayers was measured by reflective mode spectroscopic ellipsometry. Based on our earlier 

work, we sought to synthesize polymer coatings with thicknesses greater than ~10 nm, as we 

observed that this was the minimum thickness required to achieve consistent nonfouling 

behavior [41, 45]. As indicated in Figure 1c, our experimental thicknesses were consistently 

~25 nm or greater, and thus were well above this threshold. Second, we assessed the 
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wettability of each surface by contact angle goniometry (Figure 1d). We observed a 

progressive increase in wettability of each polymer surface, as seen by decreasing contact 

angles, with increasing number of EG repeats. There was a statistically significant difference 

between groups, as determined by one-way ANOVA (F(6, 37) = 136.0, p < 0.0001). Bars 

marked with a different letter indicates significant differences (Tukey post hoc test, p ≤ 

0.05). This result is consistent with the expectation that monomers with longer EG repeats 

would present greater densities of hydrophilic oligo(ethylene glycol) functional groups at the 

solid/water interface.

Third, the molecular composition of the films was investigated by X-ray photoelectron 

spectroscopy (XPS) (Figure S1). In all cases, the survey spectra of the polymer-coated 

samples demonstrated the absence of Si peaks (from the underlying glass after 

polymerization (Figures S1a–g). This observation is consistent with the film thicknesses 

being greater than the sampling depth of the XPS—typically ~10 nm for Al Kα radiation 

[55]—resulting in the vast majority of detected photoelectrons originating from the polymer 

overlayer. The observed carbon and oxygen atomic concentrations measured from the survey 

spectra for each POEGMA surface agreed with those expected from their stoichiometry 

(Figure S1h). Furthermore, analysis of the high-resolution O1s and C1s photoemission 

spectra in Figures S1a–g indicated the presence of a sole oxygen species that is singly-

bonded to an aliphatic carbon (532.8 eV), and three distinct carbon moieties: CHx (284.5 

eV), COR (286.7 eV), and COOR (289.1 eV). Deconvolution of the C1s envelopes to each 

of these carbon species also showed agreement between experimental and predicted values 

(Figure S1h).

Combined, these experiments confirmed that our fabrication methods produced POEGMA 

coatings with adequate thickness, predictable interfacial hydration, and appropriate chemical 

composition. Having synthesized and characterized the desired polymer surfaces, we next 

screened POEGMA surfaces for their: (1) reactivity to APAs and (2) nonspecific binding of 

BSA and cultured cells, so as to identify coatings that minimize both attributes.

Preliminary screening reveals EG2-OMe and EG3-OMe bottlebrushes minimize APA 
reactivity and nonspecific binding by BSA and cultured fibroblasts

We first assessed the reactivity of the polymer coatings toward a rabbit-derived polyclonal 

APA (“pAPA1”) using a surface fluoroimmunoassay, as illustrated in Figure 2a. Each 

polymer coating was first incubated with 2 μg/mL pAPA1 spiked into calf serum (to 

simulate circulating APAs), which was applied directly to the surface, and then rinsed with a 

standard PEG-free wash buffer (0.5% 3-[(3-Cholamidopropyl)-dimethylammonio]-1-

propane sulfonate (CHAPS) detergent in phosphate-buffered saline (PBS)) to remove 

loosely bound pAPA1. Surfaces were then labeled with a Cy-5-anti(α)-rabbit detection Ab 

(dAb), and fluorescence intensities were quantified by a tabletop fluorescence scanner to 

quantify the Cy5 signal from the surface-bound dAb, whose intensities are expected to scale 

with the surface concentration of APA bound to the polymer surface (Figure S2). Vehicle 

controls (serum only) established baseline fluorescence values, and negative controls 

comprised of control rabbit IgG in serum (in lieu of rabbit-derived pAPA1) showed that 

adventitious binding of rabbit IgG did not noticeably contribute to nonspecific background 
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noise under these experimental conditions (Figure 2b and Figure 2c). This was true even for 

bare glass; detergent-containing PBS wash buffer was able to remove loosely bound rabbit 

IgG from the surface (but PBS alone was not, see Figure S3). We observed a large increase 

in Cy5 fluorescence for EG5-OMe, EG6-OH, and EG9-OMe surfaces, but near-baseline 

response for EG1-OMe, EG2-OMe, and EG3-OMe surfaces (Figures 2b–c). One-way 

ANOVA indicated that there was a statistically significant difference between pAPA1-treated 

groups (F(6, 33) = 50.05, p < 0.0001). Bars marked with different letters in Figure 2c 

indicate significant differences within the pAPA1-treated groups (Tukey post hoc test, p ≤ 

0.05) indicating that reactivity to pAPA1 is significantly lower for POEGMA brush surfaces 

with EG3 and smaller sidechains.

We observed a decreasing trend in fluorescence between the smaller sidechain moieties, 

namely EG3-OMe (276 a.u.) > EG2-OMe (157 a.u.) > EG1-OMe (63 a.u.); while notable, 

the difference between these groups was not statistically significant by one-way ANOVA 

analysis. Additionally, while the hydroxy-terminated EG6-OH surface was clearly reactive 

to pAPA1, we observed a lower response when compared to that of methoxy-terminated 

EG5-OMe and EG9-OMe. This finding is consistent with previous studies showing that 

hydroxy-terminated PEG is less antigenic than methoxy-terminated PEG against APAs 

derived from methoxy-PEG immunogens [56–58]. This is indeed the case for pAPA1, which 

is a polyclonal Ab (pAb) generated by immunization with methoxy-terminated linear PEG 

with 24 EG repeats that shows considerable reactivity to PEG end-groups (see Methods).

Next, we compared the stealth functionality of the POEGMA brushes by evaluating their 

ability to prevent nonspecific binding of proteins and cells on these surfaces (Figure 3). 

Protein adsorption was assessed using BSA, a protein well-known for its tendency to adsorb 

to surfaces [59]. Surfaces were incubated with Cy5-labeled BSA (Cy5-BSA), rinsed with 

0.1% Tween20 in PBS to remove any loosely-bound proteins, and then imaged with a 

fluorescence scanner to detect residual Cy5-BSA avidly bound to the surface (Figure 3a). 

The raw fluorescence intensity for each surface is shown in Figure 3b and are quantified in 

Figure 3c as mean ± 95% confidence interval (CI). There was a statistically significant 

difference between Cy5-BSA-treated groups in Figure 3c, as determined by one-way 

ANOVA (F(5, 31) = 390.2, p < 0.0001). Bars marked with different letters indicate 

significant differences (Tukey post hoc test, p ≤ 0.05). The uncoated glass surface showed 

the highest level of nonspecific adsorption of Cy5-BSA (Figures 3b–c). Next, while EG1-

OMe coatings reduced overall binding to some extent, we observed considerable 

fluorescence response from residually-bound Cy5-BSA on the EG1-OMe brush. In contrast, 

POEGMA brushes with average sidechain lengths of EG2 or greater showed considerably 

lower nonspecific BSA adsorption.

A similar trend was observed when investigating the adhesion of cultured fibroblast cells to 

the surface (Figure 3d). Here, each surface was incubated with a solution of complete 

growth medium containing immortalized fibroblast cells expressing GFP (3T3-GFP) for 24 

h, followed by rinsing and medium exchange, and epifluorescent imaging of GFP was then 

carried out to identify adherent cells. The fluorescence intensity was quantified by 

calculating percentage of pixels in the field of view showing positive signal in the GFP 

channel to represent surface coverage by cells (‘% FOV). Results are plotted as mean of the 
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%FOV ± 95% CI for at least 6 images per group. There was a statistically significant 

difference between groups, as determined by one-way ANOVA F(6, 36) = 122.2, p < 

0.0001). Bars marked with different letters indicate significantly different groups (Tukey 

post hoc test, p ≤ 0.05). Consistent with our BSA adsorption experiments, considerable 

adhesion of 3T3-GFP cells was observed for both uncoated and EG1-OMe surfaces but was 

virtually eliminated on POEGMA brushes with EG2 or longer sidechains (Figures 3e–f). 

Taken together, these initial downselection experiments indicated that EG2-OMe and EG3-

OMe POEGMA surfaces were the most viable candidates for meeting the established 

constraints of minimizing APA reactivity, BSA adsorption, and cell adhesion.

Building upon these initial downselection experiments, we next sought to directly compare 

the binding of pAPA1 to POEGMA brushes versus that of linear PEG. Specifically, we used 

inkjet-printing [37] to immobilize microspots of linear PEG-protein conjugates (PEG20K-

BSA) known to be APA-reactive onto EG2-OMe, EG3-OMe and EG5-OMe POEGMA 

brushes (schema shown in Figure 4a). The surfaces were exposed to a dilution series of 

rabbit-derived pAPA1 in serum and then labeled with Cy5-donkey-α-rabbit dAbs and 

subsequently imaged on a fluorescent scanner. On EG2-OMe surfaces, we observed highly 

asymmetric APA reactivity in areas functionalized by PEG20K-BSA. EG2-OMe POEGMA 

background shows minimal signal, while an intense and spatially well-defined fluorescence 

response is observed in the circular feature defined by the printed PEG20K-BSA microspot 

(Figure 4b). In quantitating the Cy5 signal in the surrounding EG2-OMe polymer brush to 

assess APA binding, baseline values of fluorescence were observed across all pAPA1 

concentrations up to 2 μg/mL (open circles, Figure 4c). In contrast, the microspots of 

PEG20K-BSA showed a dose-dependent Cy5 signal that scaled with increasing 

concentrations of pAPA1 analyte (black squares, Figure 4c). Using the concentration curve 

derived from the PEG20K-BSA Ag spots, we calculated an LOD (“LODAg”) of 1.4 ng/mL 

for pAPA1 fabricated on EG2-OMe POEGMA surfaces. An LOD for the polymer brush 

background (“LODbkg”) could not be calculated in this case given the lack of dose-

dependent behavior for the EG2-OMe POEGMA background, consistent with the fact that 

pAPA1 lacks affinity for EG2-OMe POEGMA.

Similar behavior was observed for EG3-OMe surfaces (Figure 4d–e), and a similar LODAg 

of 0.86 ng/mL was determined for pAPA1 binding to PEG20K-BSA. The Cy5 signal from 

the EG3-OMe POEGMA brush background remained at baseline values for the majority of 

pAPA1 concentrations (Figure 4e). We did, however, note a gradual rise in background 

values at much higher pAPA1 concentrations; this behavior is consistent with the low level 

of binding of pAPA1 to EG3-OMe POEGMA observed in Figure 2b. This allowed us to 

estimate a LODbkg of 249.5 ng/mL. In contrast, we observed that the sharply asymmetric 

reactivity to pAPA1 is lost for EG5-OMe POEGMA surfaces (Figure 4f–g), as evidenced by 

the highly robust response to pAPA1 in both the Ag (BSA-PEG20K) spots and the 

POEGMA brush background. The calculated LODAg and LODbkg for these surfaces were 

similar at 1.4 and 1.5 ng/mL, respectively (Figure 4g).
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EG2-OMe and EG3-OMe bottlebrush reactivity toward endgroup-selective versus 
backbone-selective APAs

We next sought to better understand how APAs targeting different structural features of PEG 

(methoxy endgroup vs. backbone) might uniquely interact —if at all— with EG2-OME and 

EG3-OMe POEGMA brush surfaces. We began our investigation by measuring the surface 

reactivity of EG2-OMe, EG3-OMe, and EG5-OMe surfaces with pAPA1 versus another 

rabbit-derived pAb —pAPA2— that is selective for the PEG backbone rather than the mPEG 

endgroup (as is the case for pAPA1; see Methods) (Figure 5a). Each surface was incubated 

with pAPA1- or pAPA2-spiked serum at 2 μg/mL and then labeled with a Cy5-dAb (Figure 

5b). This APA concentration was chosen based on previous results that individuals in the 

general population documented to have “high levels” of APA (≥ 500 ng/mL) have values 

reaching up to 2 – 6 μg/mL [20].

The raw fluorescence images for binding of pAPA1 and pAPA2 are shown in Figure S3a. 

The quantified data, shown in Figure 5c for pAPA1 and Figure 5d for pAPA2, indicate a 

statistically significant difference between groups for each polyclonal APA as determined by 

one-way ANOVA (F(2, 24) = 268.1, p < 0.0001 for pAPA1, and F(2, 24) = 62.3, p < 0.0001 

for pAPA2). As observed previously, EG2-OMe and EG3-OMe were resistant to pAPA1 

binding, compared to EG5-OMe (Figure S5a (top row) and Figure 5c). However, after 

exposure to 2 μg/mL pAPA2, we observed considerable pAPA2 binding to both EG3-OMe 

and EG5-OMe surfaces, whereas EG2-OMe surfaces remained resistant (Figure S5a (bottom 

row) and Figure 5d). These results suggest that EG3-OMe POEGMA brushes might be 

selectively resistant to endgroup-reactive APAs but not backbone-reactive APAs, whereas 

EG2-OMe may be resistant to both.

To explore this finding further, we then exposed the same surfaces to endgroup- vs. 

backbone-selective monoclonal APAs (e-mAPA vs. b-mAPA, respectively) under similar 

conditions as in the previous experiment. We observed robust binding of e-mAPA by the 

EG5-OMe POEGMA brush, but not by EG2-OMe or EG3-OMe brush at 2 μg/mL (similar 

to pAPA1) (Figure S5b, top row). In contrast, b-mAPA was found to react with both EG3-

OMe and EG5-OMe surfaces but not with EG2-OMe (Figure S5b, bottom row). The 

quantified fluorescence intensity of the images and are shown in Figure 5e for e-mAPA and 

in Figure 5f for b-mAPA. The data show a statistically significant difference between groups 

for each APA, as determined by one-way ANOVA (F (2, 24) = 319.5, p < 0.0001 for e-

mAPA, and F (2, 24) = 222.0, p < 0.0001 for b-mAPA). As shown in Figures 5e–f, the 

binding behavior of these monoclonal APAs effectively recapitulated that of pAPA1 and 

pAPA2 (Figures 5c–d). In addition to these studies using monoclonal APAs having IgG 

subtype, we also performed similar experiments using backbone-selective IgM subtype 

APAs (Figure S6), and as expected their behavior overall paralleled that of b-mAPA and 

pAPA2 (Figure 5f).

From these data, we deduce the following: (1) Sufficiently shortening the sidechains of 

POEGMA bottlebrushes to EG3 and shorter eliminates reactivity to endgroup-selective APA 

clones. Notably, this is achieved without needing to replace the more commonly-used (and 

stable) methoxy termini with a more reactive hydroxy endgroup. (2) Avoiding reactivity to 

backbone-specific APAs, however, requires a further reduction in sidechain length from EG3 
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to EG2; this effect is likely related to reducing the epitope length to shorter than the 

previously reported minimum of 3 EG units required for APA recognition [60].

Assessing the antigenicity of EG2-OMe, EG3-OMe, and EG5-OMe bottlebrushes toward 
APA-positive patient plasma

We next investigated the reactivity of EG2-OMe, EG3-OMe, and EG5-OMe POEGMA 

brush coatings against plasma samples of patients who were previously treated with a 

PEGylated drug, Krystexxa®. We tested plasma samples from 4 different patients from this 

cohort (samples P1-P4) and one patient known to be APA-negative (sample N1) using 

protocols described previously (see Methods) [11, 12, 14]. We performed an indirect ELISA 

on these patient plasma samples to quantify the level of IgG binding to Adagen (PEGylated 

adenosine deaminase). Sample N1 exhibited baseline values compared to pooled APA-

negative reference standards, while P1-P4 tested positive for reactivity toward Adagen (rank 

order P4 > P3 ≈ P2 > P1), as expected (Table S2 and Figure 6). Next, these samples were 

applied to EG2-OMe, EG3-OMe, and EG5-OMe and assessed for surface reactivity using a 

Cy5-goat-α-human IgG Ab, using a procedure similar to the approach shown in Figure 2. As 

expected, the highest level of binding in this group is observed from EG5-OMe surfaces, as 

seen by the highest fluorescence intensities, which scaled according to the rank-ordering of 

Adagen reactivity by ELISA (Figure 6). This was followed by EG3-OMe, which behaved in 

a similar manner but exhibited noticeably more resistance to APA binding than EG5-OMe. 

Finally, EG2-OMe surfaces showed the lowest levels of reactivity within the group toward 

APA-positive samples. Interestingly, sample P2 elicited a modest increase in fluorescence on 

EG2-OMe compared to other positive samples tested on this surface (reaching similar 

intensity levels as EG3-OMe, but much less than EG5-OMe). By and large, results from 

these experiments obtained from human plasma generally parallel our findings observed 

above in simulated specimens, wherein antigenicity of PEG-derived bottlebrushes is 

correlated with EG sidechain length.

Application toward indirect sandwich immunoassay IVDs fabricated on POEGMA

Finally, we sought to investigate settings other than drug delivery [32], under which the lack 

of PEG antigenicity of the EG2 and EG3 POEGMA coatings might have practical or 

translational relevance. In particular, our group has been interested in the use of conformal 

POEGMA films as novel “zero-background” passivating surfaces to enhance the overall 

performance of next-generation immunoassays [5, 37–39]. Immunoassays on POEGMA 

have several advantages over traditional formats, namely the enzyme linked immunosorbent 

assay (ELISA). Biological reagents can be directly printed onto the polymer brush surface 

without the need for covalent coupling, and the brush stabilizes printed reagents so that they 

remain active for prolonged periods without refrigeration. Further, POEGMA films 

minimize nonspecific binding of cells and proteins on the assay surface; this permits high 

signal-to-noise ratios in the assay, even in complex biological samples (e.g. whole blood) 

without needing to perform sample preprocessing or additional surface blocking steps [37]. 

Although our group has also recently studied the use of zwitterionic (i.e. non-PEG derived) 

polymer brush films as APA-resistant substrates for immunoassay fabrication [61], here we 

sought to investigate whether a similar effect could be achieved on PEG-derived bottlebrush 

surfaces.
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We thus investigated the indirect sandwich immunoassay (ISIA), a popular serology assay 

format, in which host-derived anti-antigen (Ag) Abs in circulation first bind to pathogen Ags 

immobilized on a POEGMA-coated assay surface. These bound Ab-Ag complexes are 

subsequently labeled with dAbs that bind host-derived Abs. Recent reports estimating APA 

levels in the general population [20, 21] led us to consider whether so-called ‘moderate’ 

levels of APA (≥100 ng/mL) might be problematic for the performance of serology ISIAs 

fabricated on nonfouling POEGMA coatings. In this case, host APAs in circulation that 

recognize and bind to PEG epitopes across the polymer surface would subsequently get 

labeled (along with the desired pathogen-specific host Abs), thereby introducing background 

noise and impairing the sensitivity of the assay.

As proof-of-concept, we simulated these ISIA conditions on POEGMA for the detection of 

circulating anti-HIV p24 Abs (Figure 7a). ISIAs were fabricated by noncovalently printing 

HIV p24 Ag as microspots onto POEGMA-coated surfaces [37]. The printed surfaces were 

then incubated with a dilution series of analyte —rabbit- α-p24 pAbs— spiked into 

undiluted serum, either with or without 100 ng/mL of rabbit-derived pAPA1 added as an 

interferent; hence, the Abs were species-matched to recapitulate host-derived APA 

interference. This was followed by rinsing and then labeling with Cy5-donkey-α-rabbit 

dAbs (the microspot images are shown in Figure S7). The performance of ISIAs fabricated 

on EG1-OMe, EG2-OMe, and EG3-OMe surfaces were virtually unaffected by the presence 

of pAPA1 interference as seen by the overlap of concentration curves against anti-p24 pAb 

analyte and overall similarities in their calculated limits-of-detection (LODs) (Figures 7b–d). 

However, for surfaces with longer EG sidechains (EG5-OMe and EG6-OH) that showed 

considerable APA reactivity in earlier screening experiments (Figure 2), we similarly 

observed significant interference by pAPA1 and loss of assay sensitivity due to marked 

elevation in background noise from surface-bound APAs (Figures 7e–f). We calculated that 

the presence of pAPA1 led to a 40-fold increase in LOD for assays fabricated on EG6-OH 

polymer brush surfaces. Further, the introduction of pAPA1 to EG5-OMe based assays 

produced so much interference that an LOD was not calculated in this case.

DISCUSSION

We synthesized conformal POEGMA brush coatings by solution-based batch processing of 

glass substrates (via SI-ATRP), and we systematically investigated the number EG repeats as 

a design parameter to minimize: (1) APA antigenicity and (2) BSA adsorption and fibroblast 

adhesion. These studies identified EG2-OMe —and to a lesser extent, EG3-OMe— 

POEGMA brush surfaces as having the optimal architecture to minimize both attributes.

In our previous work, we observed that drug-POEGMA conjugates with EG3-OMe 

sidechains virtually eliminated PEG antigenicity when tested against patient plasma samples 

and assayed in conventional ELISA experiments involving Adagen® and Krystexxa® [32]. 

As with those studies, the present work on planar surface coatings revealed that EG3-OMe 

POEGMA brushes show minimal recognition by endgroup-selective APAs; however, we 

also report two new interesting observations. First, we show that EG3-OMe bottlebrush 

surfaces exhibit some, albeit low level of binding to backbone-selective APAs (Figure 5). 

The tendency for EG3-OMe bottlebrushes to bind backbone-selective but not endgroup-
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selective APAs is somewhat counterintuitive, as methoxy endgroups in POEGMA sidechains 

are more ‘exposed’ than backbones. It is possible that bottlebrushes with longer EG repeats 

might have greater sidechain mobility to accommodate binding of endgroup-selective APAs 

to 3 terminal EG units (the minimum required for antigenicity [60]) in a sterically favorable 

manner. Conversely, we speculate that the reduced mobility of shorter sidechains in EG3-

OMe bottlebrushes, combined with the requirement of binding to 3 EGs at sidechain termini 

in the appropriate orientation, might render binding of endgroup-selective APAs toward 

EG3-OMe brushes unfavorable, yet more studies are necessary to elucidate this 

phenomenon. Second, consistent with the first observation, we show that surface-grown 

EG3-OMe exhibits some antigenicity toward APAs in human plasma, which was not 

observed in our previous work [32]. We attribute these differences, at least in part, to several 

factors. Patient plasma is expected to contain populations of both endgroup- and backbone-

selective APAs, with larger titers of the former based on its greater immunogenicity [56, 57, 

62]. Hence, based on our current data, we speculate that the EG3-OMe drug conjugates in 

our earlier work avoided recognition by mostly endgroup-selective clones. However, 

measurement of the remaining backbone-selective clones that may have successfully bound 

to EG3-OMe drug conjugates likely fell below the detection limit of the ELISA used in that 

work. In contrast, using a more sensitive readout in the present work (the surface 

fluoroimmunoassay on the POEGMA brush) [37] made it possible to detect low levels of 

backbone-selective APA binding on EG3-OMe surfaces. From a practical standpoint, most 

current PEGylated therapeutics (immunogens) are mPEG-modified, which are known to 

stimulate a fairly robust population of endgroup-directed clones when an immune response 

is elicited [57]. This biological tendency, combined with (i) our prior observations with 

drug-POEGMA conjugates and (ii) the noticeable reduction in antigenicity in both simulated 

and human specimens by EG3-OMe shown herein, suggest that drugs conjugated to EG3-

OMe brushes might be sufficiently evasive toward APAs in clinical practice.

In addition to studies by our group and others on protein-polymer conjugates supporting the 

claim that the hyperbranched architecture of POEGMA leads to a reduction in antigenicity 

compared to long-chain linear PEG [31–33], similar comparisons were also made in a recent 

investigation on planar surface-grafted polymers by Zhang et al [63]. The authors fabricated 

surface plasmon resonance sensors (SPRSs) functionalized with linear PEG versus 

POEGMA overlayers and compared their response to APAs. Consistent with our previous 

work [32], long-chain linear 5 KDa PEG (“PEG5K”) grafted to gold surfaces on SPRSs 

were more reactive to APAs than EG9-OMe bottlebrushes grown by SI-ATRP. Next, 

although replacing linear PEG5K with linear EG4 self-assembled monolayers (SAMs) 

reduced APA binding below the detection limit of their measurements, the linear EG4 SAM 

surfaces noticeably suffered from nonspecific binding of serum proteins. While the extent of 

nonfouling behavior exhibited by EG3- to EG6-SAMs is debated in the literature [64–66], 

results from the present study show that assembling even shorter (EG2 to EG3) PEG 

moieties into a hyperbranched bottlebrush on a surface resists APA binding (EG2 more 

effectively than EG3) and also effectively minimizes adsorption by BSA and fibroblast cells. 

Additionally, PEG5K-coated SPRSs used in an ISIA format for APA sensing (chosen over 

EG9-OMe polymer brush SPRSs given greater APA reactivity) showed LODs of 10 to 50 

ng/mL against APAs spiked into saline buffer. In contrast, the POEGMA-based anti-PEG 
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assays described in the present work (Figure 4)—whether measuring the local response of 

BSA-PEG20K microspots printed on EG2-OMe/EG3-OMe surfaces (Figures 4c, e), or the 

total response of an entire EG5-OMe surface (Figure 4g)—exhibited a far lower LOD of ~1–

2 ng/mL in detecting APAs in undiluted serum. Hence, surface fluorescence measurements 

on PEG-derived bottlebrush coatings as described herein may offer a straightforward and 

highly sensitive assay for APAs in clinical samples compared to SPR based assays and 

ELISA.

Although our focus in the present study is on surface-based screening of APAs and 

biofouling with application in immunodiagnostics, we recognize the importance of 

PEGylation in drug delivery and hence we qualitatively assessed how results from surface 

screens might translate to drug-POEGMA conjugates [32]. Our results suggest that surface-

based screening for APA binding agrees with results obtained for soluble drug-POEGMA 

conjugates, and that anti-biofouling behavior on POEGMA brush surfaces might be a good 

proxy for favorable —long circulation— pharmacokinetics of POEGMA conjugates in 

solution.

We are mindful of the concerns surrounding anti-PEG immunity, and that its relevance to 

human patients are still in the infant stage [67, 68]. There is still debate as to why some 

patients mount a robust immune response to PEG while others do not, and clarification is 

needed as to why administering PEG-modified products only sometimes generates 

clinically-observable outcomes. While thus far clinically-observable reaction to PEGylated 

drugs (e.g. accelerated clearance or hypersensitivity) have mostly been limited to patients 

with high titers of APAs [14, 19, 69], there is evidence that even low-to-medium titers of 

anti-drug Abs against other agents have been reported to alter their pharmacological 

behavior in vivo [70], justifying more thorough investigation of the APA response in 

patients. We also emphasize that results from the present study must be interpreted with 

caution since they focused on the antigenicity of POEGMA against APAs and did not 

investigate its immunogenicity. More studies are necessary to determine whether exposure to 

POEGMA conjugates can generate a robust, POEGMA-specific humoral response.

Nevertheless, given increasing reported cases of PEG-related complications in clinical 

settings, the prevalence of APAs in the general population, and the already considerable (and 

growing) investment into PEG-modified products, the results of our study, we believe, are 

broadly relevant to diagnostics and implants that might benefit from using POEGMA 

bottlebrushes as next-generation bioinert coatings and as a potential alternative to linear 

PEG for drug conjugation.

METHODS

Surface-initiated atom transfer radical polymerization.

(A) Surface functionalization with APTES and installation of bromide initiator: Unless 

otherwise stated, steps were performed under ambient conditions. Glass slides (Nexterion 

Glass B, Schott AG, Mainz, Germany) were immersed in a 10% solution of 3-

aminopropyltriethoxysilane (APTES) (Gelest, Inc.; Morrisville, PA) in ethanol overnight, 

and subsequently rinsed with fresh ethanol and then with deionized water. Chips were spun 
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dry at 150 rcf for 5 min and then cured in an oven at 110°C for 2 h. Next, the chips were 

cooled to room temperature then placed in a dichloromethane solution containing 1% α-

bromoisobutyryl bromide (BIB) and 1% triethylamine (TEA) (Sigma Aldrich; St. Louis, 

MO) for 45 min, followed by rinsing in fresh dichloromethane, then ethanol, and then in 

deionized water. The chips were spun dry 150 rcf for 5 min and then stored under ambient 

conditions. (B) Preparation of polymerization solution: Degassed polymerization solutions 

were prepared as described in Table S1 and then transferred into an inert (Ar environment) 

glovebox. (C) Surface-initiated atom-transfer radical polymerization: In an Ar environment, 

sodium ascorbate (Sigma Aldrich; St. Louis, MO) was added to the polymerization solution 

described above and gently stirred for 1 min (specific amount of sodium ascorbate for each 

monomer is listed in Table S1), at which point the solution changed color from blue to 

violet. Initiator-functionalized glass slides were then placed in this solution for 

polymerization (without stirring). After allowing polymerization to proceed for the desired 

time points (Table S1), slides were rinsed three times with deionized water, then centrifuged 

at 150 rcf for 6 min and allowed to dry under ambient conditions. The thickness of polymer 

brushes was determined by reflective-mode ellipsometry, as described below.

Reflective Mode Ellipsometry.

The thickness of thin films was measured using an M-88 spectroscopic ellipsometer (J.A. 

Woollam Co) at angles of 65, 70, and 75 degrees at wavelengths of 400 to 800 nm. Polymer 

film thicknesses were then determined using a Cauchy layer algorithm. For all ellipsometric 

measurements, we chose the thickness for which the mean standard error between the 

predicted response from the model and the experimental response from the sample reached a 

global minimum. Only those data that yielded good fitting results (mean square error ≤ 0.9) 

were used to determine film thicknesses.

X-ray Photoelectron Spectroscopy.

All XPS experiments were performed on an AXIS Ultra photoelectron spectrometer (Kratos 

Analytical, NY) operating at 15 kV and 10 mA using monochromatic Al Kα1 x-rays. The x-

ray spot size was 400 μm (full-width at half maximum). Survey scans and high-resolution 

core-level spectra were recorded with the following pass energy, energy step, dwell time, 

and number of sweeps: survey spectra - 160 eV, 1 eV, 200 msec, and 10 sweeps; high-

resolution core-level spectra - 20 eV, 0.1 eV, 269.7 msec, and 20 sweeps. The operating 

pressure of the instrument was ~1 × 10−8 torr. The spectral data were analyzed using 

CasaXPS software [71].

Surface fluoroimmunoassays for anti-PEG reactivity in simulated samples.

The commercial APAs used in these studies were the following: pAPA1 – polyclonal rabbit-

anti-PEG Abs (ThermoFisher PA5–32247); pAPA2 - polyclonal rabbit-anti-PEG (Life 

Diagnostics PEGPAB-01); e-mAPA – monoclonal mouse anti-PEG IgG Ab (Life 

Diagnostics 5D6–3); b-mAPA – monoclonal mouse anti-PEG IgG Ab (Life Diagnostics 

1D9–6); and a monoclonal rabbit-anti-PEG IgM Ab (abcam AB133471). Surfaces were first 

exposed to a 2 μg/mL solution of APA-spiked calf serum and incubated for 1 h, and then 

washed 3 times with wash buffer (0.5% CHAPS in PBS). Next, the surfaces were exposed to 

a 2 μg/mL solution of Cy5 labeled dAb in PBS for 30 mins (donkey-anti-rabbit dAb or goat-
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anti-mouse dAb, R & D Systems, Inc.). Surfaces were then rinsed again to remove any 

loosely-bound proteins with 0.1% CHAPS in PBS, centrifuged at 4800 rpm for 15 s to wick 

away excess liquid, then allowed to dry under ambient conditions. Fluorescence imaging of 

all samples was performed using an Axon Genepix 4400 tabletop scanner (Molecular 

Devices, LLC; Sunnyvale, CA) under identical imaging conditions with an exciting 

wavelength of 635 nm; fluorescence intensity analysis was performed using ImageJ Fiji 

[72].

BSA Adsorption.

Surfaces were exposed to a 1 mg/mL solution of Cy5-BSA (ThermoFisher) in 1X PBS for 2 

h. Substrate were then rinsed with a PBS solution containing 0.1% (v/v) Tween20 to remove 

any loosely-bound Cy5-BSA, centrifuged at 4800 rpm for 15 s to wick away excess liquid, 

then allowed to dry under ambient conditions. Fluorescence imaging and analysis of all 

samples was performed using an Axon Genepix 4400 tabletop scanner and ImageJ Fiji, as 

described above.

Surface Adhesion of Cells.

NIH 3T3 fibroblast cells stably expressing GFP (3T3-GFP) were acquired from Cell 

BioLabs Inc. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum and kept in a tissue culture incubator at 37°C 

and 5% CO2. Cells were harvested by trypsinization, counted, and then 3 × 106 cells were 

re-seeded onto POEGMA brush-coated slides placed in quadriPERM® slide cell culture 

chambers (Sarstedt AG & Co). After a 24 h incubation period, the surfaces were gently 

rinsed 3 times and placed in culture dishes containing fresh growth medium. 

Epifluorescence imaging under the GFP channel was performed using a Nikon TE2000 

inverted microscope. Images were analyzed with ImageJ Fiji via intensity thresholding to 

calculate the percentage of pixels in the field of view showing positive signal in the GFP 

channel (% FOV) as a metric for surface coverage by 3T3-GFP cells.

Microarray-based indirect sandwich immunoassays (ISIAs) against anti-HIV p24 Abs on 
POEGMA.

(A) anti-APA ISIA: Microarrays of PEGylated BSA (Life Diagnostics PBSA-00) were 

prepared by printing onto surfaces with a noncontact microarray printer (Scienion 

sciFlEXARRAYER S11) at a concentration of 1 mg/mL as microspots and then placed in a 

vacuum dessicator overnight. Next, these assays were run against serial dilutions of pAPA1 

(ThermoFisher PA5–32247) spiked into calf serum and incubated for 1 h. The surfaces were 

then washed 3 times and then exposed to a 1 μg/mL solution of Cy5-donkey-anti-rabbit 

antibody (R&D Systems) for 30 min. Surfaces were then rinsed again to remove any 

unbound proteins, centrifuged at 4800 rpm for 15 s to wick away excess liquid, then allowed 

to dry under ambient conditions. Fluorescence imaging of all samples was performed using 

an Axon Genepix 4400 tabletop scanner as described above. (B) anti-HIV p24 ISIA: 
Recombinant HIV p24 Ag (Advanced Biotechnologies Inc. #14–101-050) was printed onto 

surfaces with a noncontact microarray printer as described above. Next, serial dilutions of 

rabbit-anti-p24 Abs (Sigma Aldrich SAB3500946) spiked into calf serum were applied to 

printed microarrays and incubated for 1 h. Simultaneously, a similar set of dilution series 
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was run in parallel, except here the samples also contained 100 ng/mL of rabbit-derived 

pAPA1 (ThermoFisher PA5–32247) acting as an interferent. Samples were subsequently 

processed and imaged as described above.

Assessment of anti-PEG reactivity in patient samples.

The patients from whom these samples were obtained were in a clinical trial conducted 

under Duke University IRB Protocol #577-04-4. Informed signed consent was obtained from 

either the patient or from next of kin. (A) ELISA detection of APAs: Plasma samples diluted 

1:21 in 1% BSA in PBS were tested by ELISA for IgG Ab to PEG essentially as described 

previously [11, 12, 14], but using Adagen® (Sigma Tau Pharmaceuticals, Gaithersburg, 

MD) rather than Krystexxa® as the antigen. (B) Surface fluoroimmunoassay against patient 
APAs: Polymer-coated surfaces were incubated with patient plasma samples diluted 1:3 in 

PBS for 1 h, and then washed 3 times with wash buffer (0.5% CHAPS in PBS). Next, the 

surfaces were exposed to a 1 μg/mL solution of Cy5-goat-anti-human IgG detection Ab (R 

& D Systems, Inc.) for 30 min. Surfaces were then rinsed again to remove any loosely-

bound proteins, centrifuged at 4800 rpm for 15 s to wick away excess liquid, then allowed to 

dry under ambient conditions. Fluorescence imaging and analysis of all samples was 

performed using an Axon Genepix 4400 tabletop scanner and ImageJ Fiji as described 

above.

Statistical Analysis.

Statistical analyses were performed by Graphpad Prism 6 (San Diego, CA). Results are 

plotted as mean ± 95% CI (Figures 1d, 2c, 3c, 3f, S4) or as mean ± s.d. (Figures 4c, 4e, 4g, 

5c–f, 6, S2, S3, and S6). Sample sizes are included in figure captions. Differences between 

groups were analyzed by one-way or two-way ANOVA analysis (as indicated in caption) 

followed by Tukey’s post hoc test. For all statistical analyses, p < 0.05 was used as the 

threshold for significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. 
Synthesis of POEGMA bottlebrushes with variable side-chain lengths by surface-initiated 

atom transfer radical polymerization (SI-ATRP) from planar glass substrates. a, Stepwise 

illustration of POEGMA growth strategy. Glass surfaces are first functionalized (“activated”) 

with a brominated ATRP initiator (see Methods). POEGMA bottlebrushes are then “grafted 

from” surfaces by SI-ATRP of PEG-methacrylate monomers. b, Characteristics of PEG-

methacrylate monomers, which were all methoxy-terminated except for the EG6 moiety, 

which was hydroxy-terminated. (MW = molecular weight, EG# = number of ethylene glycol 

units, Δ = polymer overlayer thickness in nm). c, d, Water contact angle measurement of 

bottlebrush coatings. Experimental water droplet profiles (c) and measured sessile contact 

angles (d) for each surface. Results are plotted as mean ± 95% confidence interval (CI) (n ≥ 

3 per group). Bars marked with a different letter indicates significant differences by multiple 

comparison testing in one-way ANOVA (Tukey post hoc test, p ≤ 0.05).
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Figure 2 |. 
Screening POEGMA bottlebrush surfaces for immune reactivity toward a polyclonal APA 

(pAPA1). a, Schematic of pAPA1 fluoroimmunoassay. Surfaces were incubated with a 

solution of rabbit-derived pAPA1 spiked into undiluted calf serum, rinsed, and then labeled 

with Cy5-donkey-α-rabbit dAbs, and then imaged with a fluorescence scanner. b, c, 
Representative Cy5 channel fluorescence images (b) and quantitation of mean fluorescence 

intensities (c). Results in (c) are plotted as mean ± 95% CI for n ≥ 4 replicates. Vehicle-only 

and rabbit-IgG (not specifically reactive to PEG) controls are also included to show baseline 

values. Incubating surfaces with pAPA1 leads to significant fluorescence, indicating APA 

binding, from EG5-OMe, EG6-OH, and EG9-OMe surfaces, but not from bare, EG1-OMe, 

EG2-OM2, or EG3-OMe surfaces. Bars marked with different letters indicate significant 

differences within the pAPA1-treated groups by multiple comparison testing in one-way 

ANOVA (Tukey post hoc test, p ≤ 0.05).
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Figure 3 |. 
Screening POEGMA brush surfaces for protein adsorption and cell adhesion. a, Schematic 

of surface fluorescence assay used to evaluate protein fouling. Cy5-labeled BSA was 

incubated on surfaces, rinsed and then read with a scanner for residual fluorescence. b, c, 
Representative Cy5 channel fluorescence images (b) and quantitation of mean ± 95% CI 

fluorescence intensities (c) (n = 3 for bare glass, and n ≥ 6 for others). Vehicle groups are 

plotted for comparison. Bars marked with different letters indicate significant differences 

within the Cy5-BSA-treated groups by multiple comparison testing in one-way ANOVA 

(Tukey post hoc test, p ≤ 0.05). d, Schematic of in vitro cell adhesion assay. NIH 3T3 cells 

expressing GFP (3T3-GFP) were incubated on surfaces in complete medium, washed, and 

then imaged for residual fluorescence on GFP channel by epifluorescence imaging. e, f, 
Representative epifluorescence images of cells (e) and quantitation of cell adhesion to 

surfaces (f) expressed as mean %FOV ± 95% CI (n = 6). Bars marked with different letters 

indicate significantly different groups by multiple comparison testing in one-way ANOVA 

(Tukey post hoc test, p ≤ 0.05)
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Figure 4 |. 
Direct comparison of reactivity of APAs toward POEGMA brushes with different EG 

sidechain lengths versus linear PEG (MW = 20 K). a, Schematic of printing microspots of 

PEG20K-BSA Ag onto a background of POEGMA brush surfaces. Surfaces were incubated 

with a dilution series of rabbit-derived pAPA1 in serum, labeled with Cy5-anti-rabbit dAb, 

and then read by a fluorescence scanner. b, Spatial intensity plots of Cy5 fluorescence from 

EG2-OMe polymer brush surfaces functionalized by PEG20K-BSA Ag microspots (outlined 

by white dashes). Shown are 330 × 330 μm regions corresponding to surfaces (containing a 

single Ag microspot) exposed to serum alone (left) versus serum spiked with 2 μg/mL 

pAPA1 (right). c, Concentration curves of pAPA1 binding measured by fluorescence 

intensity from PEG20K-BSA Ag microspots (black squares) versus that from EG2-OMe 

POEGMA background (open circles). Similar spatial intensity plots and concentration 

curves as shown for EG2-OMe in (b, c) are shown for EG3-OMe in (d, e) and EG5-OMe in 

(f, g). Data plotted in (c, e, g) represent mean ± s.d. (n = 3). LODs determined from 

PEG20K-BSA microspots versus polymer background (LODAg vs. LODbkg, respectively) 

are displayed adjacent to each curve.
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Figure 5 |. 
Reactivity of backbone-selective versus endgroup selective APAs toward EG2-OMe, EG3-

OMe, and EG5-OMe POEGMA brushes. a, Schematic of backbone-selective (blue) versus 

endgroup-selective (tan) APA binding to PEG backbone and methoxy terminus of a 

bottlebrush, respectively. b, Schematic of surface fluoroimmunoassay for APA binding. 

Surfaces were incubated with a solution of APA-spiked calf serum, then labeled with Cy5-

conjugated dAbs, and then read with a scanner. c–f, Reactivity of polyclonal APAs toward 

bottlebrush surfaces with known selectivity for PEG endgroups (pAPA1) versus backbone 

(pAPA2) (c, d), and similar plots shown for endgroup-selective (e-mAPA) versus backbone-

selective (b-mAPA) monoclonal APAs (e, f) as assessed by surface fluoroimmunoassays. 

Data are plotted as mean fluorescence intensities ± s.d. (n = 9). Bars marked with different 

letters indicate significant differences by multiple comparison testing in one-way ANOVA 

(Tukey post hoc test, p ≤ 0.05).
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Figure 6 |. Reactivity of EG2-OMe, EG3-OMe, EG5-OMe POEGMA brushes towards APAs in 
patient plasma.
Four known APA-positive and one known APA-negative plasma samples were assessed by 

indirect ELISA against Adagen-coated plates for detecting bound IgG (right axis; solid 

black bars), and also by surface fluoroimmunoassay toward EG2-OMe, EG3-OMe, and 

EG5-OMe bottlebrush surfaces (left axis; empty, striped, and checkered bars, respectively). 

Results are shown as mean ± s.d. (n = 5 replicates for ELISA, n = 4 replicates for EG2-OMe 

and EG5-OMe, and n = 2 for EG3-OMe).
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Figure 7 |. 
Evaluating interference from APA reactivity in indirect sandwich immunoassays (ISIAs) for 

antibody detection (“serology”) fabricated on polymer bottlebrushes. a, Schematic of 

serological antibody ISIA. ISIAs comprised of p24 Ag spotted onto bottlebrush overlayers 

were incubated with a dilution series of rabbit anti-HIV p24 polyclonal Ab, either with 

(bottom pathway) or without (top pathway) the presence of APA interferent (pAPA1). 

Surfaces were labeled with Cy5-donkey-anti-rabbit dAb, and then read by a scanner. b, c, d, 
e, f, Concentration binding curves for detecting polyclonal anti-p24 Ab (analyte) on polymer 

brush-based ISIAs, either with or without 100 ng/mL of APA interferent (black squares and 

open circles, respectively). LODs for each curve are provided in ng/mL, except for the EG5-

OMe curve run with APA interferent, which was not calculated due to high background 

noise. Each data point represents mean ± s.d. from duplicate runs.
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