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Tuning Polyacrylate Composition to Recognize and Modulate
Fluorescent Proteins
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Abstract: Molecular definition is usually regarded as a prerequisite to achieve protein recognition and functional
modulation, particularly for macromolecular interactions. Herein, we report that polymers with specific combinations of
monomers arranged into random sequences [random hetero oligomers (RHOs)] can selectively bind to a model protein.
Using green fluorescent protein (GFP) as a target, polyacrylates were developed that bound with nanomolar affinity and
enhanced fluorescence by >100%. Purification of the polymerization product revealed subpopulations of compositions
with distinct affinities and selectivity for GFP over a competing protein. Experimental and computational binding analyses
confirmed that there are distinct RHO–GFP interactions, which are influenced by RHO chemical composition. These
findings show that sequence-defined structures are not a prerequisite for selective protein recognition. Synthetic polymers
can instead serve as scalable, tunable platforms for molecular recognition—representing a significant leap towards next-
generation sensing, therapeutic, responsive, and catalytic materials in domains previously dominated by biologics or
complex peptide scaffolds.

Introduction

Protein surfaces are chemically diverse and often show
promiscuous interactions,[1,2] yet molecular recognition is usu-
ally restricted to well-defined structures (e.g., peptides, small
molecules, proteins, oligonucleotides, oligosaccharides).[3–9]
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Synthetic polymers, widely used in commodity materials such
as coatings and plastics,[10–14] remain significantly underex-
plored for protein recognition and modulation due to the
prevailing emphasis for sequence definition and molecular
purity as a prerequisite for binding.[15–17] Here, we show that
readily accessible polymerization methods can be used to
develop protein modulators, where sequence definition is not
a necessity.

Polymers would provide a vast and tunable potential
chemical design space for protein recognition and
modulation, leading to new sensing, therapeutic, responsive,
and/or catalytic materials. These materials would be
scalable and modular alternatives compared to current
methods of protein recognition (e.g., antibodies, aptamers,
peptides, small molecules).[18–21] Random poly(meth)acrylate
copolymers can stabilize proteins,[22,23] mimic cytoplasm
compositions,[24,25] or garner catalytic and/or folded
structures,[26–28] suggesting that sequence definition is not
a prerequisite for functional protein interactions.[29–31]

Despite these advances, polymers have not been shown to
achieve protein binding and modulation that is comparable
to aptamers, peptides/peptidomimetics, phage display, or de
novo protein design.[4,5,32,33]

Strategies for targeting protein surfaces recapitulate
amino-acid binding interactions (e.g., hot spot, hydrophobic,
or ionic interactions) into proteins,[34,35] peptides,[32,36]

peptidomimetics,[37–39] molecular analogs,[4] aptamers,[8,40]

or biomolecule-templated nanomaterials.[26,41–44] However,
synthetic polymers remain significantly underexplored for
protein recognition and modulation due to the prevailing
emphasis for sequence definition and molecular purity as a
prerequisite for binding.[15–17,45] Schraeder, Thayumanavan,
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Figure 1. Design of random hetero oligomers (RHOs) based on green fluorescent protein (GFP) surface chemistry. The chemical properties of
protein patches can be used to identify acrylic monomers, which are polymerized via reversible-deactivation radical polymerization techniques [e.g.,
reversible addition-fragmentation chain transfer (RAFT) polymerization].

and Rotello pioneered using reversible-reactivation radical
polymerization (RDRP) to prepare protein-binding polymers
using protein-specific monomers (e.g., bis-phosphonate
monomers).[46–49] Recently, random hetero polymers [RHPs,
typical degree of polymerization (DP) >50] developed by
Xu and others show that random copolymers can stabilize
proteins,[50,51] mimic protein functions,[25,52] or serve as
excipients for drug delivery.[53] Despite these advances, poly-
mers with highly-tunable protein interactions and resultant
functional modulation (e.g., gain-of-function)[29,54–57] are
absent.

As a proof-of-concept, we used the RDRP technique
reversible addition-fragmentation chain transfer (RAFT)
polymerization[58–60] to synthesize polyacrylates where a
subset of privileged compositions were expected to show
preferential binding to the surface of the model protein green
fluorescent protein (GFP) through specific chemical interac-
tions (Figure 1). This approach enables the rapid generation
of a library of polyacrylate sequences, compositions, and
molecular weights in a single polymerization. These polymers
can be further enriched through straightforward purification
to identify strong-binding candidates. These random hetero
oligomers (RHOs) incorporate chemical interactions com-
monly used in protein-binding designs and are on the same
length scale as the target protein surface, further facilitating
a binding interaction. This binding acts like an allosteric
regulator,[61] enhancing protein function via surface-specific
interactions. While point mutations can be used to increase
GFP fluorescence,[62,63] our approach modulates protein func-
tion without altering the sequence. Importantly, RHOs are

not intended to be sequence-defined structures. Rather, the
inherent polyacrylate structural and compositional diversity
resulting from RDRP is leveraged to enhance RHO–protein
binding.

Results and Discussion

Chemical Dependence Of RHOs Modulating Protein Function

We initially modeled RHO compositions after the split
peptide composition of a truncated GFP structure (Figures
S1,S2) due to the promiscuity of these interactions.[64,65]

Attempts to achieve gain-of-function restoration of the trun-
cated GFP fluorescence were largely unsuccessful (Figures
S3–S5). However, control experiments with the intact GFP
and RHOs showed gain-of-function fluorescence increases
(Figure S6). Based on these results, we expected that
monomers mimicking amino acids would bind to the GFP
surface due to their similar chemical properties. Therefore,
these types of monomers were prioritized in the design of
GFP-targeting RHOs. There are limited examples of GFP
binders due to the lack of distinct binding sites on the flat
barrel surface. The only other example of increasing GFP
fluorescence noncovalently—a nanobody discovered through
camelid immunization—showed a 220% increase for wildtype
GFP and 54% for enhanced GFP.[66] The non-covalent
nanobody interaction restricts oscillations of the protein
structure, limiting thermal relaxation of the chromophore
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Figure 2. Description of random hetero oligomers (RHOs) and resultant fluorescence gain-of-function activity upon complexation. a) Scheme of
reversible addition-fragmentation chain transfer (RAFT) polymerization of acrylates to yield RHOs, where composition is readily tuned according to
input monomer stoichiometry, b) Fluorescence spectrum of green fluorescent protein (GFP) where changes in protein function were monitored at
507 nm, c) Effect of different monomer combinations and feeding ratios on GFP fluorescence in water normalized to 0% for native fluorescence,
mean ± standard error, N = 6, d) Measured apparent dissociation constants (Kd, app) according to RHO composition (normalized to the
fluorescence intensity of GFP–D4H8A6I6 as 100% fluorescence change), mean ± standard error, N = 3.

and increasing fluorescence as a direct readout of binding.
We expect that RHOs have a similar gain-of-function effect.
Therefore, GFP fluorescence changes provide a direct method
to measure how RHO composition and DP affect protein
binding.

Evaluation of the GFP surface (isoelectric point = 6.3)
(Supplemental Information)[67] shows a large proportion of
carboxylates and a net-negative surface. There are scattered
hydrophobic patches and hydrogen-bond (H-bond) donors
and acceptors. Combining multiple chemical properties into
polymeric structures to stabilize protein surfaces is critical
for RHPs.[22,24] Therefore, we used N,N-dimethylaminoethyl
acrylate (DMAEA or D) and 2-(trimethylammonium)ethyl
acrylate chloride to mimic positively charged amino acids
(Lys, His, Arg), 2-hydroxyethyl acrylate (HEA or H) for polar
amino acids (Ser and Thr), isobutyl acrylate (IBA or I) for
non-polar amino acids (Leu, Val, Ile, Ala), and acrylamide
(AM or A) for the polyamide backbone and amide-bearing
amino acids (Gln, Asn, Figure 1). The R- and Z-groups
of the chain transfer agent (CTA, R = HOOCCHCH3,
Z = SSCSCH2CH2COOH), acrylic acid, and 2-carboxyethyl
acrylate were used to mimic anionic amino acids (Asp, Glu).

RAFT polymerizations were performed with varying
monomer compositions and stoichiometries to synthesize
RHOs with different chemical properties (Figure 2a). Poly-
merizations were run using 4,4′-azobis(4-cyanovaleric acid)
at 75 °C for 3 h in DMSO. Monomer conversions reached
73%–99% by 1H NMR spectroscopy (Tables S1–S4; Figures
S7–S29), ensuring that overall oligomer composition corre-

sponded to the initial monomer stoichiometry. Polymerization
solutions were diluted and used in GFP binding assays in
water.

GFP fluorescence was monitored at 507 nm using a 390 nm
excitation wavelength and a GFP concentration of 0.10 µM
(Figure 2b). Fluorescence changes were normalized to native
GFP fluorescence in water. Thus, any change in fluorescence
could be easily monitored. For initial analysis of how RHO
composition affected GFP fluorescence, 20 × molar excess
of each RHO was used (i.e., 2 µM RHO concentration in
solution). Poly(N,N-dimethylaminoethyl acrylate) enhanced
GFP activity by 15%, suggesting that cationic charges in
RHOs led to RHOs–GFP interactions (Figure 2c). This
result agrees with the cationic nature of the RHO com-
plementing the anionic charges on the GFP surface. No
activity was detected from homo-oligomers of HEA or AM.
Poly(isobutyl acrylate) (PIBA) reduced the fluorescence sig-
nal, suggesting that hydrophobic RHOs denature GFP. Binary
monomer copolymerizations resulted in overall enhancement
of GFP fluorescence. DMAEA incorporation into RHOs
always resulted in GFP fluorescence enhancement (20%–
47% increases). This finding is exemplified by the increase in
fluorescence (32%) observed with poly(isobutyl acrylate-co-
N,N-dimethylaminoethyl acrylate) compared to PIBA, which
denatured GFP.

Ternary and quaternary monomer combinations led to
fluorescence increases of up to 47% over native GFP
(Figure 2c), indicating that combining multiple chemical
properties into RHOs leads to higher gain-of-function
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Figure 3. Random hetero oligomer (RHO) charge impacts on fluorescence changes of green fluorescent protein (GFP). a) Overall structure of RHOs
and corresponding functional groups containing different identities of predominately cationic acrylates (Oligomers A and B), anionic acrylates
(Oligomers C and D), and cationic and anionic acrylates (Oligomers E, F, G, H), b) GFP fluorescence changes according to RHO charge,
mean ± standard error, N = 6, c) Native polyacrylamide gel electrophoresis image measuring GFP fluorescence according to RHO composition.

fluorescence. Reactivity ratios were measured using the
Jaacks method[68] to confirm nearly-random monomer incor-
poration (Tables S5,S6, Figure S30). Apparent dissociation
constants (Kd, app) were calculated for D12H12, D8H8I8, and
D4H8A6I6 by varying the concentration of RHOs and mea-
suring the 50% concentration value of maximum fluorescence
increase normalized to the fluorescence increase of GFP–
D4H8A6I6 (Figure 2d). The Kd, app and maximum fluorescence
increases were dependent on oligomer composition, showing
that while quaternary RHOs led to the highest fluorescence
increase, the Kd, app of tertiary RHOs was lower. These
results highlight that the identity of monomers in the RHO
influenced the magnitude of GFP fluorescence change, which
was readily tunable according to the hydrophobic, cationic,
and hydrophilic monomer content and identity.

RHOs with different ionic groups were synthesized to
probe how the charge of the D4H8A6I6 RHO affects GFP
fluorescence enhancement (Figure 3a, S31–S38, Table S7).
In each polymerization, the four D monomer equivalents
were substituted with either four equivalents of a differ-
ent monomer or a 50:50 ratio of two monomers (i.e.,
two equivalents of each). To test the effect of a diffuse,
permanent positive charge, we synthesized RHOs with 2-
(trimethylammonium)ethyl acrylate. To test the effect of
the negative charge, RHOs were synthesized with two
different carboxylic acids instead of amines. To test the effect
of zwitterionic RHOs, combinations of amine-containing
monomers and carboxylic acid-containing monomers that
ionize in neutral aqueous solutions. Swapping DMAEA
with a permanently cationic monomer showed similar GFP
activity enhancement (Figure 3b). When acrylic acid and
2-carboxyethyl acrylate were used, reduction of GFP fluores-
cence was observed. The effect of RHO ionization on GFP

fluorescence was apparent during native polyacrylamide gel
electrophoresis (PAGE) analysis, where different intensities
of GFP fluorescence were observed even though each lane
contained the same amount of GFP (Figure 3c). Given
that the isoelectric point of GFP corresponds to a net
anionic protein surface (pI = 6.3),[67] complementary charge
matching between RHO composition and protein surface
emerged as important design criteria.

Degree-Of-Polymerization Dependence Of RHOs Modulating
Protein Function

We expected that degree of polymerization (DP) would
impact RHO–GFP binding (Figure 4). The effect of RHO
DP on GFP activity was initially investigated using RHOs
with a monomer ratio of D1H2I1.5A1.5 and DPs of 12 and 24
(Figure 4a, Table S8). The quaternary composition was chosen
for these experiments because it gave the highest fluorescence
enhancement. The concentration of RHOs was tested at 0.10,
2.0, or 5.0 µM and [GFP] = 0.10 µM, corresponding to 1
×, 20 ×, and 50 × equivalents of RHOs to GFP. RHOs
of DP = 24 showed higher GFP fluorescence enhancement
when compared to RHOs of DP = 12 at 0.10 and 2.0 µM.
Even at a 1:1 ratio of GFP:RHO, a 12 ± 4% fluorescence
increase was observed for DPs of 24. This result suggests that
there are large populations of RHO compositions with strong
binding interactions, contributing to the notion that sequence
definition is not necessary to achieve protein recognition.
Gain-of-function fluorescence saturation was observed with
high concentrations of RHOs, likely because the GFP surface
was saturated with RHOs. Importantly, the unpolymerized
monomer control added at a concentration equal to 5.0 µM
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Figure 4. Effects of random hetero oligomer (RHO) degree of polymerization (DP) on green fluorescent protein (GFP) fluorescence. a) GFP
fluorescence increases according to RHO DP with unpolymerized monomer controls, mean ± standard error, N = 6, b) Image of DP = 12 and
DP = 24 RHOs visually increasing GFP fluorescence compared to 2000 g mol−1 poly(ethylene glycol) (PEG), c) Native polyacrylamide gel
electrophoresis (PAGE) image of different concentrations of RHOs where the same amount of GFP was added to each well, d) Native PAGE where
the amount of GFP added to each well was normalized to fluorescence intensity of GFP, e) Apparent dissociation constants (Kd, app) according to
RHO DP, f) fluorescence changes of GFP according to RHO DP and composition (normalized to degree of polymerization (DP) = 24),
mean ± standard error, N = 3.

RHOs had no significant GFP fluorescence enhancement,
indicating that oligomerization is required for activity.

To test if the fluorescence increase was not a result of
molecular crowding, solutions of DP = 12 or 24 mixed
with GFP were compared to a solution containing 2000 g
mol−1 poly(ethylene glycol) (PEG) and GFP (Figure 4b).
Solutions showed distinct increases in brightness under UV-

light irradiation compared to a solution of GFP or GFP and
PEG.

Native PAGE was performed to characterize the GFP–
RHO interactions. We expected to see a change in mobility
upon RHO binding due to native PAGE being sensitive
to both protein size and surface properties. Solutions of
GFP incubated with RHOs (D4H8A6I6, DP = 24) showed
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GFP fluorescence increases in the presence of RHOs, con-
firming that the RHOs–GFP complex did not dissociate
under electrophoretic conditions (Figure 4c). Finally, mobility
differences were visible when we reduced GFP loading to
normalize fluorescence intensities (Figure 4d).

Next, DPs 6, 18, 36, and 48 were prepared to compare to
DP = 12 and 24 and determine the effect of DP on the Kd, app

(Figures 4e, S39–S45). The Kd, app was correlated to the DP of
RHOs, with Kd, app values decreasing (i.e., stronger binding)
over 20 × when going from a DP = 6 to DP = 24 (Figure 4f).
Beyond DP = 24, Kd, app values moderately improved (up to 2
×). The nanomolar Kd, app values calculated for DPs 24, 36,
and 48 (105–249 nM) showed that RHOs are high-affinity
protein binders. However, the fluorescence increase did not
change beyond DP = 24. Therefore, affinity increased with
polymer DP, but gain-of-function reached a saturation point
after a defined oligomer segment DP.

Privileged Protein Binders

Copolymerization of D, H, A, and I monomers results in
1 × 1020 oligomers that vary in length, composition, and
monomer sequences according to reaction stoichiometry
(Supplemental Information). A substantial amount of fluo-
rescence enhancement likely arises from a sub-population
of privileged compositions/structures/sequences with high
affinity for GFP. To test this assumption, the polymerization
products were fractionated by HPLC using a C-18 column to
isolate 8 fractions (F1-F8), separated by increasing hydropho-
bicity (Figure 5a and b). Size exclusion chromatography
confirmed that each fraction contained RHOs of approxi-
mately the same molar mass (Figures 5c, S47). However, 1H
NMR spectroscopy analysis showed that monomer composi-
tion varied between fractions (Figures 5d, S48–76, Table S9).
F1 contained approximately the same amount of I and D
(D5H8A5I5), while later fractions increased in I content and
decreased in D content (e.g., F8 composition was D2H7A5I8).
The A and H content remained approximately the same
between the fractions.

To examine how minor changes in charge and hydropho-
bicity across RHO fractions affected GFP fluorescence, the
concentrations of F1-F8 were normalized using the CTA
absorbance at 309 nm. We incubated these solutions with
0.10 µM GFP, then measured fluorescence. Fractions showed
different activity when tested at 0.25 and 2.0 µM RHOs
(i.e., 2.5 × and 20 × equivalents relative to GFP). Fractions
that contained approximately equal amounts of D and I
(i.e., F1, D5H8A5I5) showed higher fluorescence enhancement
(100 ± 9% for 2.0 µM RHOs) compared to fractions that
contained more I (i.e., F8, D2H7A5I8, 73 ± 9% for 2.0 µM
RHOs, Figure 5e). The experiments conducted at 0.25 µM
RHOs showed that the fluorescence enhancement of GFP in
the presence of D5H8A5I5 (F1) was ∼98% of the fluorescence
enhancement compared to the experiments using 2.0 µM of
the same RHO. In contrast to D5H8A5I5 (F1), D2H7A5I8

(F8) only showed a 29% fluorescence enhancement at 0.25
µM RHOs compared to experiments using 2.0 µM of the
same RHO. These experiments suggest differences between

Kd, app values according to RHO compositions fractionated via
HPLC. Relative to the polymerization products (0.83 ± 0.06
µM) (Figure 5f), a two-fold decrease in Kd, app was observed
for F1 (0.34 ± 0.03 µM). Conversely, a three-fold increase in
Kd, app compared to the polymerization solution was observed
for F8 (2.2 ± 0.5 µM). These data suggested that Kd, app values
of RHOs can vary >6.5 × within a single polymerization
product, highlighting that sub-populations can be isolated that
show substantially higher binding affinity for GFP.

Characterizing RHO–Protein Binding

The Kd, app values from fluorescence assays are a relative
measure of the RHO–GFP interaction strength. Using
native PAGE, the D5H8A5I5(F1)–GFP complex showed
more pronounced mobility differences compared to the
D2H7A5I8(F8)–GFP complex and GFP alone (Figure 6a).
These results suggest that the stronger-binding D5H8A5I5

(F1) RHOs modify the surface properties of GFP.
We used dynamic light scattering (DLS) analysis to

measure if RHO–GFP complexation led to an increased
hydrodynamic diameter (Figure 6b). We removed unbound
RHOs (i.e., weakly binding oligomers) via spin filtration (15
kDa MWCO) to ensure that only RHO–GFP complexes
were present during size measurements. UV-Vis spectroscopy
was used to calculate a molar ratio of RHOs and GFP
after purification using the characteristic absorption of the
CTA thiocarbonylthio (309 nm) and GFP (465 nm). RHO
D5H8A5I5 (F1) showed a ratio of 6.8 RHOs to 1 GFP and
D2H7A5I8 (F8) showed a ratio of 2.4 RHOs to 1 GFP (Figure
S77). Complexation between the RHOs and GFP depended
on oligomer composition since the D5H8A5I5(F1)–GFP sam-
ple yielded a larger hydrodynamic diameter (10.3 ± 0.2 nm)
compared to GFP (6.6 ± 0.2 nm) and D2H7A5I8(F8)–GFP
(6.6 ± 0.1 nm) (Figure 6b).

Zeta potential analysis was used to measure the surface
charge of RHO–GFP complexes. The zeta potential of
D5H8A5I5(F1)–GFP complex was –0.55 mV compared to
–9.1 mV for GFP and –7.7 mV for D2H7A5I8(F8)–GFP
(Figure 6b). The minimal negative surface charge detected
for the D5H8A5I5(F1)–GFP complex is consistent with the
high D content of the RHO binding to the anionic surface
of the protein. The minor change in surface charge for
D2H7A5I8(F8)–GFP suggested minor RHO–protein com-
plexation, reflecting a lower affinity for GFP compared to
D5H8A5I5 (F1).

To obtain a quantitative Kd value among RHOs and
GFP, we performed microscale thermophoresis (MST)
measurements.[69] We expected RHO–GFP complexes to dif-
fuse differently compared to GFP under a thermal gradient.
GFP diffusion was monitored at different concentrations
of RHOs (either polymerization products, D5H8A5I5, or
D2H7A5I8) (Figure 6c). The thermophoresis detected for
D5H8A5I5(F1)–GFP (0.20-1.80 µM RHOs; [GFP] = 0.30
µM) can be approximated by a sigmoidal binding model,
yielding a Kd = 0.89 ± 0.06 µM. This Kd value is
comparable with fluorescence assays that determined the
Kd, app (0.34 ± 0.03 µM). The thermophoresis measurements
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Figure 5. Isolation and characterization of privileged RHOs. a) Scheme representing fraction of the polymerization products using HPLC. b)
Chromatogram of the evaporative light scattering detector (ELSD) response during preparative HPLC using a C-18 column to fractionate the RAFT
polymerization products. c) Size exclusion chromatography of HPLC fractions showed that the fractions had nearly identical molar mass
distributions. d) Monomer composition analysis using 1H NMR spectroscopy of HPLC elution fractions, e) Fluorescence enhancement of different
HPLC fractions at 0.25 and 2.0 µM in water (normalized to the saturated fluorescence enhancement for HPLC fraction 1 at 2.0 µM RHO),
mean ± standard error, N = 3, f) Determination of apparent dissociation constant for D5H8A5I5 (F1) and D2H7A5I8 (F8) compositionally enriched
RHOs in water, mean ± standard error, N = 3.

analyzing the polymerization products or D2H7A5I8 fit
a non-binding model, suggesting weaker oligomer-protein
interactions than D5H8A5I5(F1)–GFP.

RHOs binding to the GFP surface likely compete with
intra-protein interactions, which may influence GFP stability
when heated. To determine if D5H8A5I5 (F1) stabilized or
destabilized GFP, variable temperature circular dichroism
spectroscopy was used to monitor the secondary structure
of GFP (Figure 6d). The melting temperature of GFP was
reduced from 63.1°C to 59.1 °C in the presence of D5H8A5I5

(F1). While this result seems to contradict the increase in
GFP fluorescence, GFP nanobodies that bind at nanomolar
concentrations also decreased the melting temperature of
GFP.[70] We expect that at lower temperatures, the RHOs
restrict oscillations of the protein structure, limiting some
thermal relaxation of the chromophore. As the tempera-
ture increases, the amphiphilicity of the RHOs becomes
deleterious and denatures the protein.

To identify the specificity of D5H8A5I5(F1)–GFP and
D2H7A5I8(F8)–GFP interactions, we added RHOs to GFP
in the presence of bovine serum album (BSA). BSA was
used as a molecular crowding agent and a potential RHO
binding competitor versus GFP since BSA has a more
negative surface charge (pI = 4.7 for BSA vs. pI = 6.3 for
GFP) and is significantly larger (66 kDa)[71] than GFP (31
kDa). If only charge–charge interactions dominate RHO–
GFP interactions, we would expect partitioning of the RHOs
to BSA. Three solutions were set up with: 1) BSA and GFP, 2)

RHOs and GFP, or 3) BSA, GFP, and RHOs. These solutions
were incubated for 24 h. Subsequently, BSA was added to
the RHO–GFP solution and RHOs were added to the BSA–
GFP solution. All three solutions were incubated for an
additional 24 h, then measured for GFP fluorescence. These
binding competition experiments revealed that D5H8A5I5

(F1) oligomers had higher affinity for GFP compared to BSA
(Figure 6e) because an unchanged GFP fluorescence increase
was observed until 10-fold BSA to RHO was present, when
a minor decrease in fluorescence was observed. Conversely,
the low binding RHO composition D2H7A5I8 (F8) showed
cooperative fluorescence enhancement as BSA concentration
increased, suggesting competing or interdependent GFP and
BSA binding. This straightforward competition assay suggests
that overall composition, instead of only charge–charge
interactions, lead to more selective and stronger-binding
RHOs.

We conducted well-tempered metadynamics (WTMD)
simulations[72] to construct binding free energy landscapes
over the cylindrical surface of the GFP β-barrel (Tables
S10,S11, Figures S79–S82) for randomly generated sequences
of D5H8A5I5 (F1, Figure 7a) and D2H7A5I8 (F8, Figure 7b),
to compare to poly(ethylene glycol) (PEG) oligomers in com-
plex with GFP (Figure S90).[73–77] All three oligomers exhib-
ited favorable binding to GFP but showed distinct free energy
topographies (Table S12, Figures S83–S90). PEG oligomer
showed shallow and spatially confined minima, primarily
concentrated atop the GFP β-barrel (Figure S90), indicative
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Figure 6. Binding studies analyzing random hetero oligomer (RHO) interactions with green fluorescent protein (GFP). a) Detection of mobility
differences of RHO–GFP complexes by native polyacrylamide gel electrophoresis with strong-binding D5H8A5I5 (F1) and D2H7A5I8 (F8), b)
Visualization of RHO–GFP interactions and detection of complex formation through hydrodynamic size increase (mean of four replicates) and zeta
potential (mean of three replicates) neutralization using dynamic light scattering analysis, c) Microscale thermophoresis analysis of RHO–GFP
complex formation, d) Determination of melting temperature of GFP with and without D5H8A5I5 oligomers in water using variable temperature
circular dichroism spectroscopy (data at 233 nm were used to calculate Tm values), e) Competition assays using bovine serum albumin (BSA)
measured after 48 h incubation in water, where different concentrations of BSA were added to RHOs and GFP at different points of incubation:
(GFP + BSA + RHOs) is all components added at the beginning of the assay, (GFP + RHOs)+BSA is an assay where BSA was added 24 h after
initial incubation of GFP and RHOs, (GFP + BSA)+RHOs is an assay where RHOs were added 24 h after initial incubation of GFP and BSA,
(GFP + BSA) and (GFP + RHOs) are controls to measure the separate bimolecular interactions, mean ± standard error, N = 3.

of weak and nonspecific interactions. D5H8A5I5 (F1) yielded a
rugged free energy surface characterized by six (6) deep min-
ima distributed across the β-barrel (Figure 7a), showing sev-
eral low-energy stable binding configurations with extended
conformations across the GFP barrel (Figure 7c). This
topographic breadth suggests a promiscuous binding mode
and may be associated with stronger interaction energies
and longer residence times, facilitated by multiple metastable
states that reduce the likelihood of rapid dissociation. This
number of strong binding sites correlates with the measured
6.8 RHOs per GFP during DLS analysis (Figure S77). The
D2H7A5I8 (F8) oligomer showed a more constrained land-
scape with two to three localized wells (Figure 7b), indicating
a spatially restricted binding interface with less binding area

across the barrel (Figure 7d). This limited configurational
flexibility correlates with shorter residence times, more tran-
sient interactions, and the number of RHOs measured during
DLS analysis (2.4 RHO per GFP, Figure S77). These WTMD
results suggest that while most RHO oligomer compositions
from a RAFT polymerization likely bind GFP to some extent,
the strength, persistence, and area of binding on the surface
on GFP are dependent on specific oligomer composition.

Molecular dynamics (MD) simulations with the polariz-
able AMOEBA force field were run to analyze the RHO–
GFP complexes (Figures S92,S93) predicted by WTMD.[78]

After the simulations, we computed the total interaction
energy (IE) between each monomer and GFP as the sum of
van der Waals, permanent, and induced electrostatics (Figures

Angew. Chem. Int. Ed. 2026, 65, e20032 (8 of 12) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



Research Article

Figure 7. Computational characterization of random hetero oligomer (RHO)–green fluorescent protein (GFP) interactions. a) Normalized free energy
surface for the D5H8A5I5 (F1) oligomer with multiple low-energy minima shown with white arrows on the GFP surface, b) Normalized free energy
surface for the D2H7A5I8 (F8) oligomer with multiple low-energy minima shown with white arrows on the GFP surface, c) The regions on GFP protein
highlighted in blue and cyan surface colors show oligomer binding locations for two energy minima shown as M1 and M2 in (a) for the D5H8A5I5
(F1) oligomer, d) The regions on GFP protein highlighted in blue and cyan surface colors show oligomer binding locations for two energy minima
shown as M1 and M2 in (c) for the D2H7A5I8 (F8) oligomer, e) Total interaction energies (IE) between oligomers and GFP, f) Representative
molecular zoomed in snapshots showing the strongest monomer (D)-GFP interactions for F1 oligomers, g) IEs over the course of the MD simulation
for D5H8A5I5 (F1) Seq 1 (top) and D2H7A5I8 (F8) Seq 1 (bottom). Representative snapshots are shown to illustrate the relative position of the
oligomer with respect to GFP in each case.

S94,S95). IE is most favorable for D5H8A5I5 (F1) Seq 1,
followed by D5H8A5I5 (F1) Seq 2, then D2H7A5I8 (F8) Seq
1 (Figure 7e), further suggesting that overall composition
governs RHO–GFP interactions. The decomposition of IE
into contributions from individual monomers indicates that D
is the strongest binder, interacting with primarily Glu and Tyr
residues in GFP (Figure 7f). Our MD simulations show that
D5H8A5I5 (F1) Seq 1 RHOs bind across the β-barrel and that
the contacts are preserved throughout our 100 ns simulations
(Figures 7g, S96–S101). Meanwhile, the weakest binding
RHO, D2H7A5I8 (F8) Seq 1, interacts with the unstructured
loops at the bottom of the barrel for only a fraction of the
time (27 ns). Residence times of the other RHOs in the
vicinity of GFP follow the energy trends (Figure S102). These

simulations further confirm that the compositional variance
from a single RAFT polymerization results in RHOs with
different binding interactions and strengths, which can be
successfully isolated and analyzed using multiple analytical
and computational approaches.

Conclusion

Molecular definition is usually a pre-requisite for protein
recognition and functional modulation. Even polymeric scaf-
folds that yield protein specificity (molecularly imprinted
polymers),[79,80] rely on molecular pre-arrangement around
the protein target prior to polymerization. In this report,
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we show that oligomers can be rationally designed based on
key information about the protein surface. Complementary
charge and length matching with the protein surface were
critical to achieving nanomolar binding interactions with
saturation of gain-of-function. Future work into the segmental
location of monomers within RHOs will provide further
insight into the impact of random versus semi-controlled
monomer sequences.

Straightforward purification of the polymerization via
HPLC isolated privileged RHO binders from weaker or non-
binding RHOs with dissociation constants varying >6.5 ×.
These results were confirmed via two different computational
approaches to visualize how a few randomly generated
sequences interacted with GFP. Monte Carlo simulations
were used to estimate the fraction of synthesized oligomers
that showed high affinity for GFP (Figures S96,S103).
Approximately 5.0% of the simulated compositions were
predicted to have >95% compositional similarity to the high-
performing RHO D5H8A5I5 (Figure S104). Given that 6
to 7 D5H8A5I5 oligomers were observed to bind to GFP
experimentally at a 20-fold excess, then at least 30%–35% of
the 5.0% of D5H8A5I5 RHOs would be binding to GFP. This
corresponds to at least 1.5% of the total oligomers resulting
from the RAFT polymerization (or 1.5 × 1018 different
sequences) complexing with GFP. This expansive sequence
variance of binders from a single polymerization introduces
an opportunity to further isolate and identify strong and
selective RHOs for proteins with no apparent binding sites,
particularly if monomer reactivity ratios are leveraged to
control polymer sequences.[68] We expect that methods to
more discretely control polyacrylate structure[81–90] paired
with advanced purification[91–95] to separate compositional
sub-populations will assist in approaching low nanomo-
lar/picomolar dissociation constants and further protein
selectivity.

Overall, these results show that polyacrylates with
defined monomer compositions, but random sequences, can
achieve protein recognition and allosteric regulation for next-
generation sensing, therapeutic, responsive, and/or catalytic
materials. A few examples of these materials may include
enhancing antibody performance in point-of-care diagnostics,
selective protein purification or precipitation during produc-
tion, or as standalone diagnostic materials. In the long term,
this approach has the potential to be a high-throughput proto-
col to develop therapeutically relevant biological binders akin
to phage display[96] or SELEX,[97] but with the scalability of
acrylic materials.
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