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ABSTRACT: Antibodies are indispensable in biomedicine.
However, conventional antibody development faces challenges,
including high costs and lengthy production timelines spanning
months. Here, we present a data-driven workflow for engineering
random heteropolypeptides (RHPs) as synthetic polyclonal
antibodies (SpAbs) with programmable binding properties. By
combining high-throughput synthesis of selenopolypeptide de-
rivatives with algorithm-assisted optimization, we rapidly identified
SpAbs targeting human interferon-α (IFN) and tumor necrosis
factor-α (TNF-α) within 2 weeks. The SpAbs exhibited binding
affinities comparable to natural antibodies, with the top candidate
achieving a dissociation constant of 7.9 nM for TNF-α and 418-
fold selectivity over human serum albumin, effectively neutralizing
TNF-α-induced cytotoxicity. Liquid-phase electron microscopy revealed flexible, intrinsically disordered protein-like conformations
and folding-upon-binding dynamics. This study establishes a robust framework for SpAb discovery, demonstrating that sequence-
independent RHPs can serve as functional antibody mimics with tunable binding properties, rapid optimization, and broad potential
in diagnostics and therapeutics.

■ INTRODUCTION
Molecular recognition is essential for many vital biological
processes such as signal transduction, immune responses, and
enzyme catalysis.1−3 Antibodies, the most widely used
biomolecules for molecular recognition, play critical roles
and possess an immense global market in diagnostics,
therapeutics, and biomedical research.4 Peptides and aptamers,
produced by solid phase synthesis, are synthetic counterparts
of antibodies for molecular recognition.5−8 However, all of
them face high costs, long development cycles that typically
span several months, and limited stability under harsh
conditions.9−11 These challenges have spurred the pursuit of
artificial alternatives to antibodies that offer reduced costs, a
faster production time, and enhanced stability. Pioneering
studies on molecularly imprinted polymers (MIPs), which
employed a template-directed strategy to form structurally
complementary binding sites within a cross-linked polymer
network, provided a cost-effective solution with modest affinity
for the template.12−16 However, the limitations of MIPs�
including the absence of affinity maturation mechanisms,
difficulties in optimizing selectivity, and challenges in
imprinting and removing large protein templates�have
spurred the exploration of alternative approaches.13

Conventional strategies rely on macromolecular binders with
precise sequences and more ordered structures to achieve
strong, selective molecular recognition. In contrast, we propose
that synthetic antibodies can be engineered using the ensemble
properties of polymers�particularly random heteropolypep-
tides (RHPs)�bypassing the need for exact sequence control
or rigid structural design. One rare but inspiring example is
glatiramer acetate, a synthetic polypeptide composed of four
amino acids with random sequences made by the copoly-
merization of four different amino acids, which has been
developed as a blockbuster drug for treating multiple
sclerosis.17 Designed to emulate the composition of myelin
antigens, glatiramer acetate is found to compete with myelin
for binding to major histocompatibility complex class II and
stimulate the production of Th2 type suppressor cells.18,19

Recent studies have also demonstrated that random hetero-
polymers can perform functions akin to those of proteins,20
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such as catalysis,21 proton transport,22 and mimicking cytosol
components.23

RHPs share inherent structural heterogeneity with poly-
clonal antibodies�mixtures of diverse antibodies that
collectively target multiple epitopes. While pAbs are produced
through animal immunization, somatic hypermutation, and
affinity-based purification (Figure 1, top panel),24,25 RHPs
could theoretically achieve similar antigen selectivity without
the expensive and tedious biological processes. However, the
vast design space of RHPs, such as degree of polymerization
(DP), dispersity (Đ), and monomer composition, poses
challenges to engineer RHPs with tailored properties.26 Recent
advances combining high-throughput experimentation with
machine learning have enabled accelerated functional materials
discovery.27−44 The closed-loop workflows (integrating syn-
thesis, screening, and active learning) have successfully
identified functional polymers for applications ranging from
antimicrobial agents,45 delivering materials,46 protein enzyme
stabilizers,47 fMRI reagents,48 and drug excipients.49

In this study, we demonstrate that synthetic polyclonal
antibodies (SpAbs) identified from the RHP library achieve
antigen-binding affinities and selectivities rivaling those of
natural pAbs. To do this, we develop a novel workflow
combines high-throughput synthesis (HTS), quantitative
binding assessments using enzyme-linked immunosorbent
assay (ELISA), and algorithm-driven affinity evolution using
Bayesian optimization (BO) and genetic algorithm (GA)
(Figure 1, bottom panel), mirroring in vivo development of
pAbs. The effectiveness of the workflow was validated using
two model antigens, namely, human interferon-α (IFN) and
tumor necrosis factor-α (TNF-α). Remarkably, one selected

SpAb_T1 possessed a dissociation constant (KD) of 7.9 nM on
TNF-α, ∼418-fold selectivity over the control protein human
serum albumin (HSA), and considerable neutralization ability
in cellular assays. Liquid-phase electron microscopy (LP-EM)
captures the flexible conformation of SpAb and the single-
molecule binding dynamics of the SpAb-TNF-α pair. Notably,
the time frame for the SpAb discovery takes only 14 days,
bypassing the need of animal immunization. Given the critical
role of pAbs in immunoassays and clinical treatments,50 the
rapid, scalable, and animal-free production of SpAbs could
offer a more efficient and ethical approach to antibody
development, expanding their potential of SpAbs in biomedical
research and clinical use.

■ RESULTS
Synthesis of RHP Library and Regulation of Secon-

dary Structures. To build the RHP library, we tried the
modification of a selenopolypeptide precursor PSeO2Na with
over 10 different chloroacetyl amino acids (Table 1). All of the
modifiers gave anionic water-soluble polypeptides with high
grafting efficiency under optimized conditions (Supplementary
Figures S1−S11), including those with a DOPA (3,4-
dihydroxyphenyl L-alanine) moiety featuring two phenolic
hydroxyl groups (entry 11, Table 1) or dipeptides such as
glycyl-glycine (entry 6, Table 1). The introduction of different
modification groups led to distinct secondary structures in the
polypeptides (Table 1, Supplementary Figure S12). Specifi-
cally, hydrophilic amino acid side chains tended to offer
random coil structures, while more hydrophobic side chains
progressively shifted the secondary structure toward α-helices
with increasing helicity. The results indicated that, by

Figure 1. Analogy of polyclonal antibody (pAb) production and the data-driven design of random heteropolypeptides (RHPs) as synthetic
polyclonal antibodies (SpAbs). The top panel illustrates the pAb production process, including animal immunization, serum collection, and affinity
purification, to obtain antibodies targeting diverse epitopes. The bottom panel outlines the SpAb design workflow, incorporating high-throughput
synthesis, quantitative binding evaluation, and optimization algorithms to identify RHPs with enhanced and selective binding toward the target
protein. The highly specific SpAb can be purified via affinity chromatography from the best-performing candidate to further enhance binding
affinity, demonstrating their potential as cost-effective and stable alternatives to pAbs. Created in BioRender.
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incorporating a diverse array of side groups, tailored secondary
structures that closely mimic protein-like characteristics could
be achieved.

The ionizable carboxyl groups on the side chains render the
polypeptide conformation sensitive to pH changes. For
example, the circular dichroism (CD) spectroscopy depicted
a conformational change of PSe-Leu (entry 8, Table 1) from a
typical α-helical secondary structure at neutral pH to a β-sheet
structure precipitable as the pH further decreased to 3 or lower
(Supplementary Figure S13). PSe-Tyr, with a phenolic
hydroxyl group, adopted a α-helical structure at neutral pH
(entry 10, Table 1) and shifted to a random coil and a β-sheet
conformation by increasing and decreasing the pH, respec-
tively (Supplementary Figure S14).

The redox sensitivity of selenoether introduced another
dimension for secondary structure control. For example, the
conformation of PSe-Leu (entry 8, Table 1) switched from an
α-helix to a random coil when the selenide was oxidized to
selenoxide. Reduction of the selenoxide restored the structure
to α-helix (Supplementary Figure S15). Similar transforma-
tions were also observed for PSe-Phe (entry 9, Table 1, and
Supplementary Figure S16).

Workflow for Screening RHPs as SpAbs. We designed
the precursor copolymer taking inspiration from antibodies
that usually comprise a constant region for stabilization and
solubility and a variable region responsible for antigen binding.
The block copolymer, PSar-b-PSeO2Na, contains of a
polysarcosine (PSar) block for enhancing the overall solubility
and minimizing nonspecific interactions (constant region), and
a variable PSeO2Na block for introducing diversity (Figure 2a).

The block copolymer precursor was characterized with size-
exclusion chromatography (SEC) and proton nuclear magnetic
resonance (1H NMR) spectroscopy (Supplementary Figures
S17 and S18). The terminal of PSar-b-PSeO2Na was capped
with a biotin for the affinity assay with ELISA.

Five modifiers from Table 1: Gly (R1), Ser (R2), Phe (R3),
Leu (R4), and Val (R7) were used to construct the RHP library.
These modifiers were chosen to represent a broad spectrum of
hydrophilic and hydrophobic side chains, enabling various
interactions such as hydrogen bonding, hydrophobic inter-
actions, and π−π stacking. To introduce charge diversity, we
supplemented the selected amino acids with three additional
modifiers, which include a neutral chloroacetamide (R5), a
positively charged N-(2-aminoethyl)-2-chloroacetamide (R6),
and an ionizable 4-(chloromethyl)-1H-imidazole (R8) with a
pKa near 7 (Figure 2b). All modifiers are water-soluble and
exhibit similarly high reactivity, enabling quantitative reaction
with selenolate at 1.2 equivalent of total modifiers.

A closed-loop workflow that integrates build, test, and design
was implemented to optimize the ratios of various modifiers
and accelerate SpAbs discovery (Figure 2c). RHPs were
synthesized by reacting the reduced precursor polypeptide with
a premixed aqueous solution of the modifiers, prepared using a
liquid handling workstation for precise control and consis-
tency. The binding affinity of the RHPs to the target antigen
was evaluated by using indirect ELISA (Supplementary
Scheme S1). HSA, the most abundant protein in serum,
were used as the negative control. The goal of the screening
assay was to identify RHPs with high specificity for the target
antigen while reducing off-target to HSA. Two algorithms,

Table 1. Post-Polymerization Modification of PSeO2Na with Various N-Chloroacetyl Amino Acids

*GE = grafting efficiency, quantified by 1H NMR spectroscopy. **Helicity was calculated based on the molar ellipticity at 222 nm ([θ222]) from the
CD spectrum. Helicity % = ((−[θ222] + 3000)/39000) × 100%. Test condition: 0.1−0.25 mg/ml polypeptides (DP = 70) in H2O, pH 7.0. ***ND
= not determined.
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namely, the model-based strategy BO and the computationally
efficient model-free GA strategy that simulates natural
selection, were introduced to refine the sampling of candidates
during the data-driven optimization process. The ELISA results
were transformed into a single target, Score, that reflects
selective binding ability of SpAb (see Methods).

Workflow Validation Using IFN as the Model
Antigen. IFN, an immune regulatory cytokine, was employed
as a model target antigen to validate the workflow. The
screening process started with 384 randomly sampled
candidates and was optimized for six iterations. For simplicity,
the Score in this validation campaign was defined as the
difference value of Target and Control. Each optimization
iteration contains 30 random points, 30 points generated by
BO, 30 points generated by GA, and 6 replicates of the highest
Score points from the last iteration. Both GA and BO
demonstrated superior performance in identifying RHPs with

a stronger selective binding affinity for IFN compared to
random sampling (Figure 3a). As iterations progressed,
sampled points increasingly clustered within region IV, which
is associated with stronger binding to the target (Figure 3b)
compared to the HSA. From all data set, the top six scoring
candidates were selected for large-scale batch synthesis and
further validated using ELISA (Supplementary Table S1), with
their performances compared to that of control polypeptides
(Homo_1−Homo_8) that are modified by just single
modifiers. All six selected SpAbs exhibited a higher Score
than the control polypeptides (Figure 3c). To further validate
the binding affinity and selectivity of the hits, the binding to
IFN and HSA for one of the selected candidates, SpAb_I2, the
SpAb with highest Target value, was tested using biolayer
interferometry (BLI). SpAb_I2 exhibited a KD of 103 nM for
IFN and negligible binding to HSA (Figure 3d). These results
indicated that the workflow successfully optimized the RHP

Figure 2. (a) Design of the precursor polypeptide mimicking structures and functions of the antibody. The block copolymer contains a modifiable
selenium-containing polypeptide to mimic variable-region mimicry and polysarcosine to mimic constant region. (b) Selected modifier structures for
RHP synthesis. (c) The close-looped workflow including build, test, and design for accelerated discovery of RHPs with selective protein binding
abilities. Icons created in BioRender.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c06240
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06240/suppl_file/ja5c06240_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06240?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06240?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06240?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06240?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c06240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compositions to enhance selective binding to the target
protein.

Data-Driven Optimization of RHP for Targeting
Tumor Necrosis Factor α (TNF-α). We then focused on
screening SpAbs for TNF-α, a key mediator and an important
therapeutic target in many inflammatory diseases. Several anti-
TNF-α monoclonal antibodies, such as adalimumab51 and
infliximab,52 were developed to combat rheumatoid arthritis
(RA) and other autoimmune disorders. We wish to identify
SpAb compositions that can selectively bind and blocking its
interaction with TNF-α receptor (TNFR), and also mitigating
inflammation through leveraging the anti-inflammatory and
antioxidant properties of selenium.53

Using the same workflow as mentioned earlier, we
conducted six rounds of screening with slightly modified
Score for data standardization (see Methods), starting with an
expanded set of 524 randomly sampled points to refine the
baseline mean and enhance robustness. Significant perform-
ance improvements were observed with GA and BO compared
to random sampling from rounds 3−6 (Figure 4a). The Scores
of the top six candidates increased steadily with each iteration
(Supplementary Figure S19). Analyzing the origins of the top
20 candidates revealed that early iterations (1−2) were
dominated by random search contributions, while later
iterations (3−6) witnessed GA, followed by BO, emerge as
the primary contributors (Figure 4b). Component distribution
analysis (Figure 4c) showed that from iterations 3 to 6, GA
exhibited noticeable convergence, favoring regions dominated
by R1, R3, and R6. In contrast, BO remained more exploratory
but still outperformed the random search.

We retrospectively analyzed the contributions of different
modifiers. A linear regression was first applied to predict the
outcomes, but only achieve R2 values of 0.70, 0.75, and 0.25 on
test set for Target (TNF-α), Control (HSA), and Score,
respectively (Supplementary Figure S20). Then, a Gaussian
regression model was applied to predict the outcomes. The

optimized model achieved R2 values of 0.96, 0.97, and 0.69 on
the training set for Target, Control, and Score, respectively
(Supplementary Figure S21). The same R2 values on the test
set were 0.89, 0.90, and 0.40, respectively (Figure 4d and
Supplementary Figure S22). While the model performed well
for predicting ELISA results (Target and Control), the Score
prediction was less accurate, likely due to cumulative noise.
SHAP (SHapley Additive exPlanations) analysis identified R6
and R8 as the most influential components on Score (Figure
4e,f). Increasing the R6 content, featuring a positively charged
side chain (lysine mimic), was associated with improved Score,
while higher R8 content, containing an imidazole group
(histidine mimic), negatively impacted the Score.

Validation and Optimization of RHPs as Functional
SpAbs to Neutralize TNF-α. The best-performing RHP,
SpAb_T1, was synthesized in batch and validated using BLI.
Several RHPs with lower scores were also synthesized as
controls. SpAb_T1 showed a strong affinity for TNF-α, with a
KD of 7.9 nM, and much weaker binding to HSA (KD = 3.3
μM, Figure 5a), which resulted in an estimated selectivity for
TNF-α over HSA of around 418-fold. In contrast, a lower-
performing candidate, RHP_T2, showed binding constants of
413 nM for TNF-α and 2.1 μM for HSA (Figure 5b).

SpAbs can undergo affinity purification to enrich popula-
tions with improved affinity and selectivity within an RHP of
fixed composition. Briefly, SpAb_T1 was first passed through a
column with HSA-immobilized resin, and the flow-through was
then incubated with TNF-α-immobilized resin to enrich RHPs
with high affinity to TNF-α (Figure 5c). The purified
SpAb_T1, with a yield of 18%, showed significantly reduced
nonspecific binding and enhanced TNF-α binding affinity,
achieving a KD of less than 1.6 nM compared to the original 7.9
nM before purification. As a comparison, we evaluated the
affinity of a commercial rabbit polyclonal anti-TNF-α antibody.
The KD for TNF-α binding was measured as 18.8 nM, and

Figure 3. Workflow validation using IFN as a model target protein. (a) Performance of RHPs in each iteration via random search (RS, blue),
genetic algorithm (GA, red), and Bayesian optimization (BO, green). (b) ELISA value distribution of all randomly sampled points (random) and
points generated by GA and BO (optimization). The intersection points of the four quadrants are set as the average value of all random points for
Target (0.471) and the average value of all random points for Control (0.630). (c) Validation of the top six SpAbs (SpAb_I1−SpAb_I6) compared
to homopolypeptides (Homo_1−Homo_8) by ELISA. (d) Binding affinity validation of SpAb_I2 for IFN and HSA using BLI.
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there was no detectable binding to HSA under the same
condition (Supplementary Figure S23).

Next, we examined whether the anti-TNF-α SpAbs
possessed a neutralizing ability besides binding to the antigen.
Specifically, TNF-α induces cytotoxicity in mouse fibroblast
L929 cells in the presence of the metabolic inhibitor
actinomycin D. SpAb_T1 was found to reduce TNF-induced
toxicity in L929 cells in a dose-dependent manner, with greater
toxicity reductions observed for higher concentrations of
SpAb_T1 (Figure 5d). The toxicity-reduction ability was also
associated with the affinity of SpAbs to TNF-α. Affinity
purification of SpAb_T1 significantly enhanced its neutralizing
capability, reducing the IC50 from 70 to 272 pg/mL, whereas
the randomly sampled RHP_T2 exhibited negligible toxicity
reduction (IC50 = 0.37 pg/mL, comparable to TNF-α alone;
Figure 5e).

Observation of the Binding Process of SpAb_T1 and
TNF-α. CD analysis revealed that upon binding of TNF-α to

SpAb_T1, the resulting helicity was higher than the linear
combination of the individual components (Figure 6a),
implying that the overall helicity increased upon binding.
The results suggested that the interaction between SpAb_T1
and TNF-α may resemble the folding-upon-binding character-
istic observed in IDPs.54,55 Dynamic light scattering (DLS)
measurements showed an increase in hydrodynamic size
following the binding of SpAb_T1 to TNF-α (Supplementary
Figure S24), indicating substantial associations occurred
between the molecules.

To investigate the binding dynamics in more detail, we
employed liquid-phase electron microscopy (LP-EM) to
directly observe the conformational dynamics and binding
process at the single-molecule level in situ.56,57 We first
characterized the single-molecule conformation dynamics of
SpAb_T1 and TNF-α separately. Both molecules were
individually observed in graphene liquid cell using transmission
electron microscopy (TEM), where SpAb_T1 displayed a

Figure 4. Data-driven optimization workflow for identifying SpAbs targeting TNF-α. (a) Performance of RHPs in each iteration via RS (blue), GA
(red), and BO (green). (b) Heatmap of origins of the top 20 candidates in each iteration. (c) Heatmap of component distribution across iterations
with different optimization methods. (d) Performance of the Gaussian regression model for predicting Score on the test set, with a test set size of
0.1. (e) SHAP (SHapley Additive exPlanations) value analysis for each modifier. Each dot represents the influence of a modifier on the prediction
of an individual RHP’s Score, with colors indicating the level of feature value from high (pink) to low (blue). (f) Bar plot visualizing the impact of
individual modifiers on the Score, with higher values corresponding to greater influence on the result.
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more flexible conformational dynamic than TNF-α (Supple-
mentary Movie S1). We calculated Rg* as the approximate
radii of gyration (Rg) of the molecules using projected 2D LP-
EM images as a quantitative characterization of conformational
dynamics (method see the Supporting Information (SI)).
Proteins with fixed conformations exhibited narrower Rg*
distributions during the observation time window, while
SpAb_T1, resembling IDPs, displayed slightly broader
distributions (Figure 6b,c). The coefficient of variation of
Rg* in SpAb_T1 was significantly higher than that of TNF-α,
further supporting the notion that SpAb_T1 adopts a
conformation that is more flexible than that of TNF-α.

Next, we examined the binding dynamics between SpAb_T1
and TNF-α. A representative binding event showed the
approach, contact, and binding stages (Figure 6d and
Supplementary Movie S2). The two molecules approached
each other at an initial distance of about 12 nm, contacted each
other at 14 s, and finally formed a TNF-α/SpAb_T1 complex.
The Rg* of both molecules remained stable before contact, and

the Rg* of the THF-α/SpAb_T1 complex decreased first after
binding and then reached a stable value (Figure 6d), reflecting
the conformational fitting of SpAb_T1 upon binding to TNF-
α. Although it is challenging to distinguish between SpAb_T1
and TNF-α in mixed samples due to their similar size, data
shows that in mixed samples, molecules exhibited significantly
more binding events compared with separate samples
(Supplementary Figure S25), which confirms that the observed
interactions were much more likely to be heterologous
SpAb_T1/TNF-α binding, rather than self-interactions.
Throughout all the LP-EM experiments of TNF-α/SpAb_T1
interactions, we observed only one-to-one binding events, with
no evidence of multivalent interactions. These results
demonstrate the dynamic interaction occurred between
SpAb_T1 and TNF-α, indicating that RHPs exhibit flexible
conformation similar to IDPs, facilitating biomacromolecular
interactions.

Figure 5. Validation and optimization of RHPs as functional pAb mimics. BLI validation of the highest-scoring SpAb_T1 (a) and randomly
sampled RHP_T2 (b) binding affinities for TNF-α and HSA, respectively. (c) Schematic of affinity purification of RHPs using TNF-α or HSA-
immobilized resins, resulting in purified SpAb_T1 with enhanced binding affinity and selectivity for TNF-α. (d) Neutralization of TNF-α-induced
cytotoxicity in L929 cells by SpAb_T1 with varying concentrations. (e) Neutralization of TNF-α-induced cytotoxicity in L929 cells by different
RHPs with varying binding affinities. The IC50 for TNF-α, TNF-α + SpAb_T1, TNF-α + RHP_T2, TNF-α + purified SpAb_T1, and TNF-α +
anti-TNF-α monoclonal antibody (mAb) are 0.36, 70, 0.37, 272, and 1591 pg/mL, respectively. Icons created in BioRender.
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■ DISCUSSION
Compared to sequence-defined peptides and antibodies, RHPs
are generally considered more challenging to achieve high
affinity and selectivity for a specific target due to their
structural heterogeneity. This study, however, demonstrates
the potential of RHPs as synthetic pAbs (SpAbs), achieved
through a data-driven workflow combining high-throughput
synthesis, algorithm-assisted design, and systematic exper-
imental validation. The successful identification of composi-
tions that selectively bind valuable target proteins�such as
TNF-α and IFN�convincingly proved this concept. Com-
pared to polyclonal antibodies, which are typically produced at
milligram scales relying on costly animal immunization, RHPs
can be easily produced chemically at more than decagram
scales58 without the use of experimental animals. Furthermore,
our SpAb maintained its binding affinity after being stored at 4
°C for over a year (Supplementary Figure S26), demonstrating
exceptional stability and robustness. Additionally, SpAbs offer
unique advantages in specific contexts. For instance, the
incorporation of selenium into SpAbs imparts oxidation-
responsiveness (Supplementary Figures S27−S29 and Supple-
mentary Table S2), allowing for modulation of properties at
another dimension.59−61

Unlike most other synthetic polymers, synthetic polypep-
tides can adopt diverse secondary structures,62−66 making
them ideal candidates for mimicking protein-like conforma-
tions. A particularly notable feature of our system is its ability
to modulate secondary structures by adjusting the side-chain

amino acid compositions (Supplementary Figure S12).
Interestingly, we observed a weak correlation between
secondary structure of RHPs and their protein binding ability.
RHPs with considerable helicity (e.g., SpAb_T1, RHP_T2,
RHP_T3, and RHP_T4) exhibited measurable binding to
TNF-α, while those with negligible helicity (e.g., RHP_T5,
RHP_T6, and RHP_T7) showed no binding to both proteins
(Supplementary Figures S30 and S31 and Supplementary
Table S2). It is worth mentioning that the relatively high
ELISA signals observed for RHP_T5, RHP_T6, and RHP_T7
may be attributed to self-aggregation, leading to false positive
results. These findings suggest that secondary structures of
RHPs play a critical role in protein interaction. Nevertheless,
the deep understanding of the correlation between the
dynamics of RHP secondary structure and the binding affinity
needs further exploration.

Beyond the selenium-containing block, the poly(sarcosine)
block in our RHPs is crucial for enhancing solubility and
stability and minimizing nonspecific interactions. Without the
poly(sarcosine) block, RHPs, such as SpAb_T1, precipitated in
aqueous solution due to self-interactions. The DP of the
selenium block positively correlated with binding affinity
(Supplementary Figure S32), although it showed little impact
on binding selectivity. Overall, the diblock architecture and DP
of both blocks are essential for RHPs participating in
biomacromolecular interaction.

Results from LP-EM and CD experiments indicate that the
binding dynamics of SpAbs aligns with the folding-upon-
binding process commonly seen in IDPs. The structural

Figure 6. Observation of the binding processes of SpAb_T1 and TNF-α. (a) CD spectra of 0.25 mg/mL SpAb_T1, 0.25 mg/mL TNF-α, and their
equal volume mixed solution in PBS buffer. Dashed curve showed linear combination of spectra of 0.25 mg/mL RHP_T1 and 0.25 mg/mL TNF-α.
(b) SpAb_T1 showed a wider Rg* distribution than TNF-α. Rg* is calculated from one representative SpAb_T1 and one TNF-α molecule in two
separate samples. The coefficient of variation (c) serves as a measure of the range of conformational distribution. Five of SpAb_T1 molecules with
total 2000 frames and seven of TNF-α molecules with total 3150 frames were calculated. (d) Representative binding event captured by LP-EM in
SpAb_T1/TNF-α mixed sample. The capture interval between each LP-EM image is 0.1594 s, and representative images are selected to show the
binding process. Scale bar = 5 nm. The Rg* variation with time of the two molecules before and after binding.
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flexibility of SpAbs enables adaptive conformational adjust-
ments upon target surface engagement, thereby facilitating
binding. To further validate this mechanism, we performed
molecular dynamics (MD) simulations, including umbrella
sampling to probe the binding and dissociation processes of
RHPs with TNF-α. Root-mean-square fluctuation (RMSF)
values revealed that RHP exhibits minimal conformational
changes in the bound state, whereas a marked increase in
RMSF values was observed after dissociation, indicating
enhanced flexibility in the unbound state (Supplementary
Figures S33 and S34). We propose that initial long-range
electrostatic or salt bridge interactions anchor the SpAb to the
protein surface, followed by conformational changes that
enable tighter surface complementarity and displacement of
the hydration layers. SpAbs combine the binding properties of
pAbs with the dynamic conformational behavior of IDPs,
offering new possibilities for modulating biomacromolecular
interactions. Further experimental and simulative studies are
still ongoing to offer new details and insight regarding the
binding process.

While this study establishes a robust framework for RHP
discovery, there are still several limitations. Some RHPs
exhibited strong ELISA signals but failed to show binding in
BLI. Complementary binding assays and improved screening
workflows are needed to address these issues. Additionally, the
predictive accuracy of our optimization models for the
composite “Score” metric was lower than for individual
ELISA results, likely due to noise accumulation. Incorporating
structural information, such as polymer descriptors and
secondary structure data, could enhance the model perform-
ance.

Automation remains a critical area for high-throughput and
high-quality data, which is indispensable for machine learning
and artificial intelligence.33 Our current workflow is a
significant step toward fully automated discovery platforms.
We are actively developing a self-driving experimental setup for
automated RHP synthesis and ELISA detection, to improve
data quality, consistency, and throughput (Supplementary
Movie S3). Such platforms will accelerate the discovery of
functional polymers for a wide range of applications beyond
molecular recognition including drug delivery, antimicrobial
materials, and polymer adjuvants.

■ CONCLUSIONS
In summary, our study demonstrates the potential of sequence-
independent RHP to serve as synthetic pAbs, offering a
promising alternative to antibodies for molecular recognition.
Through a data-driven workflow combining high-throughput
synthesis, systematic validation, and algorithm-led design, we
successfully identified SpAbs capable of selectively binding
protein targets, such as TNF-α and IFN, with affinities
comparable to those of pAbs. The ability to modulate
secondary structures of RHPs via side-chain composition,
coupled with redox-responsive selenium chemistry, highlights
the versatility of RHPs in emulating protein-like conformations
and enabling dynamic responsiveness to oxidative environ-
ments. By leveraging flexible binding dynamics akin to IDP, as
revealed by LP-EM and MD simulations, along with selective
binding properties tailored through compositional tuning,
SpAbs open new opportunities in modulating protein−protein
interactions and addressing complex biological targets. While
challenges in specificity and workflow optimization remain,
advancements in automation and machine learning are

expected to further enhance the efficiency of RHP evolution.
Overall, this work establishes a robust framework for the
development of functional RHPs for participating in protein
interaction, providing a foundation for expanding their
applications in therapeutic, diagnostic, etc.

■ METHODS
Data Analysis of ELISA Assay.

1. In a workflow validation campaign for model target antigen
IFN, we simply defined the following Score (Fitness) function
to evaluate the selective binding ability of RHP:

=Score Fitness Target Control( )

Here, Target and Control represent the ELISA results for the
target protein and the control protein of RHPs, respectively.
RHPs with higher Score indicate a stronger selective binding
ability to the Target.

2. In the campaign of optimizing RHPs for targeting TNF-α, we
slightly modified the Score (Fitness) function for data
standardization:

=Score Fitness
Target

Target
Control

Control
( )

mean mean

Here, Targetmean and Controlmean refer to the average ELISA
results calculated across all randomly sampled points. This
evaluation method ensures a consistent and normalized
comparison of the RHPs’ selective affinity for the target
protein, accounting for variability across different experimental
batches.

Sampling Methods in Data-Driven Workflow. All methods
were implemented in Python (see https://github.com/HaisenZhou/
Optimization_SpAb for the source code), and were performed on a
Lenovo Legion Y9000P laptop with i9-14900HX CPU and NVDIA
GeForce RTX 4090 Laptop GPU (16GB).

Random Search. RHPs for random search were generated as a n ×
8 array (n: number of RHPs) of uniformly sampled values between 0
and 1. Each row (relative abundances) was normalized by its sum to
give the composition of RHP in terms of mole fractions. These mole
fractions were multiplied by a factor of 100 μL to yield the volume of
the organohalide solutions that was required for each well.

Genetic Algorithm. A genetic algorithm was implemented to
optimize the candidate solutions within the design space. The top-
performing candidates in each iteration, determined by their Scores
(Fitness), were selected as parents for generating the next generation.
The algorithm employed both crossover and mutation operations to
explore the solution space. Crossover was performed by randomly
selecting genes from the two parents. Two types of mutations were
applied: composition mutation, where Gaussian noise was added to
nonzero genes, and gene switch mutation, where genes were randomly
swapped between positions. To prevent convergence to suboptimal
solutions, random mutations were also introduced to generate new
candidates when necessary. The generated offspring were normalized
to ensure that the sum of each row equaled 1. This process was
repeated iteratively, with each generation producing a new population
of candidate solutions and progressively refining the quality of the
solutions over time.

Bayesian Optimization. Bayesian optimization was carried out
using the BoTorch library in Python, specifically focusing on
optimizing a given objective function within the design space. The
Gaussian process (SingleTaksGP) with a ConstantMean() and
squared-exponential (RBF) kernel was chosen as the surrogate
model owing to its suitability for low-data learning and its inherent
ability to estimate uncertainty. The observation-noise variance of the
training data was set to 0.12 according to the repeat experiments.
After each iteration, all data was randomly split into 90/10 training/
testing for surrogate model training. The model with the lowest loss
function (negative marginal log likelihood) on the test set was chosen.
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To propose new candidate solutions, the optimization process uses
the qNoisyExpectedImprovement (qNEI) acquisition function, which
is optimized to generate new candidates. The optimization is
constrained by the design space, ensuring that the sum of all
standardized variables equals 1. The acquisition function is optimized
using a multistart approach, where 20 different starting points are
explored, and 512 samples are used for initialization. After
optimization, 30 new candidate solutions are proposed, with the
final results rounded and returned for subsequent iterations.

Both optimization methods were conducted using Score (or Fitness)
as the single objective.

Please see the Supporting Information for other methods.
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