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Abstract

Peptide – polymer complementary pairs can provide useful tools for isolating, organizing 

and separating biomacromolecules. We describe a procedure for selecting a high affinity 

complementary peptide-polymer nanoparticle (NP) pair using phage display. A hydrogel 

copolymer nanoparticle containing a statistical distribution of negatively charged and hydrophobic 

groups was used to select a peptide sequence from a phage displayed library of >1010 peptides. 

The NP has low nanomolar affinity for the selected cyclic peptide and exhibited low affinity 

for a panel of diverse proteins and peptide variants. Affinity arises from the complementary 

physiochemical properties of both NP and peptide as well as the specific peptide sequence. 

Comparison of linear and cyclic variants of the peptide established that peptide structure also 

contributes to affinity. These findings offer a general method for identifying polymer-peptide 

complementary pairs. Significantly, precise polymer sequences (proteins) are not a requirement, a 

low information statistical copolymer can be used to select for a specific peptide sequence with 

affinity and selectivity comparable to that of an antibody. The data also provides evidence for the 

physiochemical and structural contributions to binding. The results confirm the utility of abiotic, 

statistical, synthetic copolymers as selective, high affinity peptide affinity reagents.
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1. Introduction.

Aside from their natural role in biology, the structural and functional group diversity 

of peptides provide opportunities for their use in applications that go far beyond their 

predicted role. Examples include peptides that bind to both organic and inorganic materials.
[1–5] Examples include peptides that bind to specific faces of inorganic crystals [6–9] and 

semiconductors. [10–11] Peptides have also been used as connectors to metal surfaces[12]. 

Since inorganic nanoparticles (NPs) are used as delivery vehicles for therapeutics, a 

substantial effort has focused on the composition and binding kinetics of peptides to 

these surfaces.[14–17] The interaction of peptides with synthetic organic polymers has also 

received substantial attention. Selected examples include peptides that discriminate synthetic 

polymers on the basis of stereochemistry.[18, 19] Their interaction with certain polymers 

has enabled ordered nanoscale arrays of biomacromolecules on phase separated block 

copolymers.[20] Contemporary biotechnology routinely brings synthetic organic materials 

into intimate contact with the biological milieu. Understanding and to the extent possible, 

controlling factors that contribute to these interactions is of fundamental importance to 

contemporary biotechnology. [21–24]

Our research has focused on the interaction of synthetic organic copolymers with 

biomacromolecules. By taking advantage of the variability of synthetic copolymers we 

select copolymers with high affinity and selectivity for specific peptides and proteins.[25] 

Noteworthy, the copolymers are not pure substances, they contain statistical distributions 

of functional monomers. Although statistical copolymers lack the sequence specificity of 

biomacromolecules, they offer broad chemical group variability. When coupled with their 

ease of synthesis, robustness and dynamic properties, they provide interesting alternatives 

to traditional materials with biomacromolecule affinity. There are now a number of 

examples to support this point. For example Schrader and coworkers designed synthetic 

copolymers with biomolecule (protein) specificity[27–29] and Rotello and coworkers 

identified functionality that contribute to the interaction of synthetic copolymers with 

biological macromolecules.[30, 31] The molecular imprinting community has for many years 

reported examples of copolymer receptors for small molecules, peptides and proteins.[32, 33] 

In our approach we identify hydrogel copolymer complements to proteins and peptides.
[25] Synthetic copolymer libraries, generated by copolymerization of monomer mixtures 

containing hydrophobic, charged and hydrogen binding groups, are screened against a target 

biomacromolecule for lead candidates. Further optimization of the chemical composition 

by directed chemical evolution results in functional copolymers with high affinity and 

selectivity for the target. Polymers identified by this process have been developed for protein 

isolation/purification[25, 34–37] and toxin sequestrants[38–46] that function in the bloodstream 

of living mice.[40] A statistical copolymer nanoparticle was developed to sequester a 

vascular growth factor (VEGF A165). The copolymer disrupted angiogenesis and inhibited 
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cancer growth in vivo.[47] More recent efforts have been directed to neutralize the major 

families of medically relevant protein toxins found in venomous snakes.[38, 39]

The vast compositional diversity of peptides and synthetic copolymers presents both 

opportunities and challenges to identify complementary affinity pairs. As part of this effort, 

we are developing tools to accelerate the discovery process. In this report we describe an 

expedited method for discovery of a peptide sequence that is complementary to a preselected 

hydrogel copolymer. The availability of peptide - synthetic copolymer complementary 

pairs affords opportunities for creating biological arrays, peptide-polymer adhesives, 

supramolecular peptide-polymer assemblies and new tag-affinity ligand combinations for 

peptide and protein affinity purification.[48] To this end we employed a phage library 

containing greater than 1010 discrete peptide sequences as the peptide source. The synthetic 

copolymer selected for this screen is readily synthesized and has a well-defined average 

chemical composition. The material is best described as a statistical copolymer, with 

instantaneous sequences determined by the relative reactivity ratios and instantaneous 

concentration of the monomers.[49] A structure based analysis of affinity finds that 

copolymer-peptide interactions depend not only on physiochemical properties of peptide and 

polymer but also on peptide sequence and shape, a finding that strengthens the suggestion 

that antibody–like affinity and selectivity can be achieved with low-information content, 

statistical synthetic organic copolymers.

2. Experimental Section

2. 1. Materials.

All chemicals were obtained from commercial sources as follows: N-isopropylacrylamide 

(NIPAm), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), bovine 

serum albumin (BSA), ammonium persulfate (APS) was obtained from SIGMAALDRICH; 

acrylic acid (AAc), sodium dodecyl sulfate (SDS) and N-phenylacrylamide (PAA) 

were from Aldrich Chemical Company; N,N’-methylenebisacrylamide (Bis) and N-

hydroxysuccinimide (NHS), Fluka; N-tert-butylacrylamide (TBAm) were obtained from 

Acros Organics; P14K, PNT and SCP peptides were from Genemed Synthesis. NIPAm was 

recrystallized from hexane before use. Other chemicals were used as received. Water used in 

polymerization and characterization was distilled then purified using a Barnstead Nanopure 

Diamond system.

2. 2. Nanoparticle (NP) synthesis.

NPs 1, 2 and 3 were prepared by precipitation polymerization. Figure 1(a) shows the 

monomers used for the NP synthesis, and Table S1 summarizes the specific monomer 

composition of each NP. Solutions of monomers were prepared in 50 mL nanopure water 

with a total concentration of 65 mM. The solutions were degassed in a sonicatior bath 

under vacuum for 10 min followed by bubbling nitrogen through the reaction mixture for 

30 min. Following the addition of an aqueous solution of ammonium persulfate (APS, 30 

mg in 500 μL water), the polymerization was carried out at 60–65 °C for 3 h under a 

nitrogen atmosphere. The polymerized solutions were purified by dialysis (MWCO from 

12 to 14 kD) against an excess of water (changed at least twice a day) for >4 days. The 
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concentrations of NPs were determined by lyophilizing an aliquot of the dialyzed solution 

and weighing the residue. NPs were monomodal and ranged in size from 40–65 nm.

2. 3. Phage display selection.

Evaluation of non- interactions between phage without displayed peptides and NPs. 

Screening NPs against the phage library first required the immobilization of nanoparticles 

onto a solid support with sufficient robustness for multiple wash cycles during the selection 

process. Several methods are commonly used to immobilize nanoparticles onto a solid 

support; these include covalent immobilization (e.g. NHS/EDC amide coupling chemistry) 

or physical immobilization between the NP and solid support. The immobilization method 

was used for all experiments.

Prior to the selection process, non-specific interactions between NPs and phage not having 

a displayed peptide were evaluated. NPs 1, 3 (100 μL, 80 μg/mL or 160 μg/mL) were 

incubated in a 96 well Maxisorp plate. After 1 h, the NP solutions were removed, and a 

BSA blocking solution (300 μL, 0.2% in PBS) was added to each well. After 1 h, the BSA 

solution was removed and the wells were washed five times with a phosphate-buffered saline 

(PT) solution (300 μL, PBS with 0.05% Tween 20). Six concentrations of phage without a 

displayed peptide (100 μL, 12, 4, 1.33, 0.44, 0.15, 0.05 nM) were added to the NP-coated 

wells. One hour later, the phage solutions were removed, and the wells were washed with 

PT (300 μL, PBS with 0.05% Tween 20) eight times. a-M13-Horseradish peroxidase (HRP) 

(1:5000 dilution) in PBT (PBS with 0.1% BSA and 0.1% Tween 20) were added into the 

wells and incubated for 30 min. The wells were washed by PT solution (PBS with 0.05% 

Tween 20) five times and PBS solution three times. o-Phenylenediamine (OPD, 0.12 g) 

solution was prepared in 12 mL citric acid buffer and 100 μL H2O2 (3%). OPD solution 

(100 μL) was added to the wells and incubated for 10 min. The absorption of the wells was 

measured at 450 nm.

2. 4. Phage display: Selection of peptides for NPs 1, 3.

Polymer NPs 1, 3 were immobilized on 96 well plates, 4 rounds of selection were 

performed. For the first selection, the NP solutions (100 μL, 100 μg/mL) were incubated 

in the wells for 1 h. Then, the NP solutions were removed, and BSA blocking solutions 

(0.2% BSA in PT) were incubated in the wells for 30 min. The control was treated with 

identical conditions without the NP immobilization step. The BSA solutions were discarded 

and PT (PBS with 0.05% Tween 20) solution was used to wash the wells five times. The 

phage solutions containing the peptide library were incubated in the control wells for 30 

min to remove phage with non-specific binding to BSA, and the unbound phages were 

transferred to the wells containing immobilized NPs. The phage solutions were incubated 

in the wells for 1 h, and the wells were washed with the PT solution after removing the 

phage with non-specific binding. Hydrochloric acid (100 μL, 0.1 M) was added to the wells 

and incubated for 5 min to elute the binding phage from the NPs. The eluted phage were 

collected and neutralized by Tris-HCl solution (pH 8.0). For the next round of selection, 

the eluted phage was amplified through propagation in E. coli. The phage-E. coli cultures 

were titered on LB-carbenillin and LB/no drug plates, and the plates were incubated at 37 °C 

overnight. Following the previously published procedures,[71] spots with the highest relative 
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intensity for each NP were selected, and PCR was performed for each colony. Following 

PCR, samples were submitted to DNA sequencing (Genewiz).

2. 5. Peptide synthesis.

P14, P14N and P14S were synthesized by an AAPPTEC APEX 369 peptide synthesizer 

by the following procedures. Biotin-PEG NovaTag Resin (30 mg, 0.47mmole/g resin) was 

swelled in DCM for 30 min in each well. Fmoc (0.3 M) protected amino acids (dissolved 

in 1-methyl-2-pyrrolidinone with 0.3 M HBOt) were prepared and loaded into the amino 

acid wells. Piperidine (25%) in N-methyl-2-pyrrolidinone was used for deprotection. DIC 

(25%) in N-methyl-2-pyrrolidinone was used to activate the amino acids. Each coupling 

involves eight steps: deprotection, wash, deprotection, wash, coupling, wash, coupling and 

wash. When coupling was finished, the resin was transferred into a syringe reaction vessel 

and rinsed with DMF and DCM (with saturated sodium bicarbonate) five times each. The 

resin was then dried in a desiccator under vacuum overnight. The biotinylated-peptide was 

cleaved from the resin using the cleavage solution (TFA:H2O:EDT:TIS = 94:2.5:2.5:1) for 2 

h the peptide was then precipitated into the ether solution and washed with ether three times. 

The peptide was characterized by HPLC and MALDI TOF-MS.

2. 6. Binding affinity between NP1(40TBAm-20AAc) and P14 by QCM.

An Affinix Q4 quartz crystal microbalance QCM was used (Initium Co. Ltd., Tokyo, http://

www.initium2000.com). The instrument has four 500 μL cylindrical cells (10 mm i.d.) 

each equipped with a 27 MHz QCM plate (8 mm diameter quartz plate and 4.9 mm2 Au 

electrode) at the bottom of the cell and a horizontal mixer with temperature-control.

Evaluation of interactions between P14 and NP1(40TBAm-20AAc) by QCM.

The gold surface of the QCM was cleaned with piranha solution (H2SO4 : H2O2 = 3:1) (3X) 

for 10 min. 3,3’-Dithiodipropionic acid in ethanol (200 μL 1 mM) was added to the QCM 

cells and incubated overnight. After flushing with excess H2O, an aqueous solution of EDC 

(100 mg/mL, 50 μL) and NHS (100 mg/mL, 50 μL) (1:1) was added into the QCM cells. 

After 30 min, the cells were washed with water (10X). Water (500 μL) was then added to 

the QCM cells. Avidin (4 μL, 1mg/mL) was introduced into the cells to saturate the surface. 

The cells were then washed with water several times and aq. HEPES (500 μL, 10 mM, 

pH 7) was added into the QCM cells. The peptide was dissolved in two solutions, 20% 

DMSO in 10 mM aq. HEPES and 50% acetonitrile in water. Based on the MALDI-TOF-MS 

results (see Figure S5 and S6), the peptides in these two solutions correspond to the cyclic 

and linear species respectively. The cyclic peptide in 20% DMSO in 10 mM HEPES is 

labeled “P14C” and the linear peptide in the aqueous solution (containing 50% acetonitrile) 

is termed “P14L”. Solutions of P14C and P14L (10 μL, 1mg/mL), were injected into 

QCM cells. Oxidation from linear to cyclic form in the aqueous solution (containing 50% 

acetonitrile) even with purging air for several h to exclude the possibility of cyclic formation 

was minimal. The control was treated similarly except for the injection of the peptide. The 

cells were washed with PBS 5X (35 mM phosphate, 500 μL) and PBS (35mM, 500 μL) 

was added to each QCM cell. Following baseline stabilization, solutions of NPs (1, 2, 4, 
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8, 16, or 32 μl) were injected into the cells. Two nanoparticles, NP1(40TBAm-20AAc) and 

NP2(40TBAm) were used to evaluate peptide affinity.

2. 7. Evaluation of interactions between NP1(40TBAm-20AAc) and other proteins by QCM.

The gold surface was cleaned by incubation in piranha solution (H2SO4 : H2O2 = 3:1) 

(3X) for 10 min. 3,3’-Dithiodipropionic acid in ethanol (1 mM, 200 μL) was added to 

the QCM cells and incubated overnight. After flushing with copious amount of H2O, an 

aqueous solution of EDC (100 mg/mL, 50 μL) and NHS (100 mg/mL, 50 μL) (1:1) was 

added to the QCM cells. After 30 min, the cells were washed with water (10X). Water (500 

μL) was then added to the QCM cells. Solutions of proteins were injected until saturation 

of QCM sensor was achieved (Fc domain: 0.5 μL 2.3 mg/mL or Avidin: 4 μL 1mg/mL 

or BSA and Hemoglobin: 1 μL 1mg/mL or TNFa : 3 μL 10 mg/mL). The cells were 

washed with phosphate buffer (35 mM, 500 μL) five times. Various volumes of the solution 

of NP1(40TBAm-20AAc) were added to the cells modified with different proteins until 

saturation was reached.

2. 8. Evaluation of interactions between NP1(40TBAm-20AAc) and P14S, P14M, SCP and 
PNT by QCM.

Table 1. summarizes the peptides selected for further evaluation of their affinity 

and specificity to NP1(40TBAm-20AAc). Positive charged, hydrophobic, aromatic and 

hydrophilic residues are represented in blue, red, cyan and green respectively. A variant 

of P14 but with scrambled amino acids (SCP) was included in the study. P14, contains 

two cysteine residues (Cys, C) which form a cyclic peptide upon oxidation. In this study, 

the interaction between cyclic and linear peptide was also investigated. In addition, P14S, 

a peptide with two cysteines mutated to serines (Ser, S) to form a linear structure was 

also synthesized and evaluated. There are four Phe residues in P14. In peptide P14M, 

three Phe residues were mutated to Asn to investigate the importance of NP-aromatic 

interactions by QCM. A peptide, PNT, was designed to investigate the specificity of 

NP1(40TBAm-20AAc); this peptide contains seven hydrophobic, one aromatic, three 

hydrophilic and five positively charged residues. The net composition of PNT could 

engender NP1(40TBAm-20AAc) affinity to PNT.

3. Results and Discussion

Prior to selection of the copolymer NP, we were curious as to how many strong binders 

or “hits” hydrogel copolymers would generate from the library of >1010 peptides. In a 

preliminary screen we exposed several hydrogel NPs varying in chemical composition 

to the phage library. The details of the preliminary screen can be found in the SI. An 

important finding was that relatively few strong binders were picked up across a spectrum of 

copolymer chemical compositions indicating that these hydrogel copolymers do not engage 

in broad non-specific binding to the peptide library.

With assurances that individual hydrogel NPs could offer a high degree of selectivity 

we chose a lightly cross-linked (2% Bis) carbon backbone hydrogel copolymer of N-

isopropylacrylamide (NIPAm) that contained negative charge (acrylic acid, AAc) and 
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aliphatic hydrophobic groups (N-t-Butylacrylamide, TBAm), NP1(40% TBAm, 20% AAc, 

2% Bis and 38% NIPAm) for this study. The choice of this specific hydrogel copolymer 

nanoparticle (NP) to screen for peptides was based on considerations of the potential 

applications of the peptide-copolymer pair and NP accessibility. The considerations included 

copolymer biocompatibility, stability, and the ability to control NP size and molecular 

weight together with ease of synthesis from readily available monomers. NP1 satisfied all of 

the above criteria.

The hydrogel NP is synthesized in aqueous solution by a modified free radical precipitation 

polymerization using ammonium persulfate (APS) as initiator. The copolymers were 

purified by dialysis and are comprised of uniform narrow distributions of stable, nano-sized 

polymer NPs with average sizes of 52–65 nm and PDIs of 0.07~0.12 (DLS). The NP 

synthesis is outlined in Figure 1 and their composition is summarized in Table S1.

NP1 was screened against a phage library containing combinations of several sub-libraries 

of phages with peptides that range in length from 7 to 20 amino acids.[50] All contain two 

cysteines (C) and under the screening conditions, exist in the cyclic form. The total diversity 

of the peptide library was 2.5×1010 and over the four rounds of selection, washing and 

immobilization conditions were progressively more stringent to select for higher affinity 

phage-displayed binding partners. Details of the library are given in Table S5.

Five phages with high affinity for NP1(40TBAm-20AAc) were selected from ninety single 

colonies; the peptide sequences are given in Table 2. Positive/negative charged, hydrophobic, 

aromatic and hydrophilic residues are colored in blue, purple, red, cyan and green. Phages 

22, 26 and 80 are composed of over seventy percent hydrophobic residues. These peptides 

had very low solubility and aggregated under normal working conditions, properties that 

were deemed to be unsuitable for practical applications so a shorter, hydrophilic sequence 

was chosen for further study. The sequence selected, peptide P14C, is a 12 AA cyclic 

peptide that contains a single disulfide linkage (Table 1). A computationally modelled 

structure of P14C is shown in Figure 2.

The interaction between NP1(40TBAm-20AAc) and a chemically synthesized biotinylated 

peptide P14C was evaluated by quartz crystal microbalance (QCM) (Figure 3 and 4). P14C 
was immobilized on a QCM sensor by an avidin-biotin interaction. QCM cells immobilized 

only with avidin were used as a control and a NIPAm nanoparticle composed of 40% 

TBAm without AAc, (NP2(40TBAm)), was used as an additional control to evaluate 

the importance of electrostatic interactions. There was little interaction between either 

avidin and NP2(40TBAm) with P14C suggesting the specific chemical composition of 

NP1(40TBAm-20AAc) is responsible for binding of to P14C. NP1(40TBAm-20AAc) is 

comprised of statistical distributions of functional groups that can participate in hydrogen 

bonding, hydrophobic and electrostatic interactions with P14C. The dissociation equilibrium 

constant of NP-protein complex was calculated from the Hill equation[51, 52] using the 

NP-bound peptide fraction (θ) and NP concentration:
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θ =   NP n

KD +   NP n

An apparent KD, 95 nM, and Hill coefficient of 1.36 are obtained from the Hill equation 

fit (Figure 4). Protein and peptide absorption to NP surfaces is a critical factor for their 

performance in most biomedical applications and has been extensively studied.[53, 54] In 

some of these studies binding curves were characterized by Hill coefficients n>1. Hill 

coefficients n>1 are often used as an indication of cooperative binding and can be attributed 

to stabilizing interactions between adjacent peptide molecules on the nanoparticle surface.
[55, 56] Many of these studies involved hard NPs (Au, SiO2, polystyrene, etc). However the 

NPs in this study present a very different “surface”. NIPAm (2% crosslinked) are ‘soft’ 

dynamic materials with densities 1/30th to 1/100th that of a protein or hard NPs.[57, 58] 

They are largely water and because of their average mesh size (~10 nm), biomacromlecule 

absorption, especially small peptides, can occur throughout the NP. At this time further 

speculation about the origin of the >1 Hill coefficient is beyond the scope of this study.

In addition to the physiochemical properties of the interacting groups, buffer conditions 

(pH and ionic strength) can also play a role in the observed NP-biomacromolecule 

interaction. Figure 5 shows the interaction between P14C and NP1(40TBAm-20AAc) at 

room temperature and neutral pH at different salt concentrations. The insensitivity of the 

interaction to added salt suggests that hydrophobic interactions alone do not dominate 

the binding.[30, 59–61] More likely binding arises from collective weak interactions that 

characterize typical peptide or protein-protein interactions.[59, 62]

NP1(40TBAm-20AAc) is a statistical copolymer containing hydrogen-bond donor and 

acceptor groups as well as hydrophobic (TBAm) and negatively charged (AAc) groups. 

Although a selection process involving >1010 peptides was used to identify the peptide 

complement, a clearer understanding of factors that are important to binding is desirable. 

For example, to what extent is the interaction dependent on peptide sequence and do 

certain amino acids contribute more than others? Is NP1 capable of discriminating 

between related peptides with similar physiochemical properties and to what extent does 

NP1 bind to common abundant proteins? The following experiments were designed to 

address these questions. Binding to a peptide with the same amino acids as P14 but in 

a scrambled order (SCP) was evaluated first. Significantly, the interaction of SCP with 

NP1(40TBAm-20AAc) is ten times weaker than the NP-P14C interaction (Figure 6). To 

investigate the influence of electrostatic interactions on NP affinity, the single positively 

charged amino acid lysine (K) in P14C, was mutated to alanine. The mutated peptide 

P14K, had only a weak interaction with NP1(40TBA-20AAc) implying that lysine plays 

a significant role in binding to the nanoparticle. NP1(40TBAm-20AAc) affinity to the 

peptide has strong sequence specificity. This may not be surprising since P14C was selected 

from a large phage library of very similar cyclic peptides, many comprised of single point 

mutations of P14 C. The sequence G L P A L I S W I K R K R Q Q K (Peptide for 

Nanoparticle Test, PNT) contains seven hydrophobic residues, one aromatic residue, three 

hydrophilic residues and five positively charged residues. Because of its high hydrophobicity 

Lee et al. Page 8

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and positive charge content, PNT might be expected to engender non-specific binding to 

NP1(40TBAm-20AAc). However, the result in Figure 6 shows that binding between P14C 
and NP1(40TBAm-20AAc) is 3.5 times greater than that between NP1(40TBAm-20AAc) 

and PNT. In another example the three phenylalanines were mutated to asparagine (P14N). 

Perhaps not surprisingly this change significantly decreases the aromatic hydrophobicity of 

the peptide. QCM studies indicated that binding of NP1(40TBAm-20AAc) to the mutated 

peptide P14N in PBS (35 mM, pH 7.3 with 150 mM NaCl) falls to a negligible value 

(Figure 6). The three phenylalanines are important contributiors to the binding of P14C to 

NP1(40TBAm-20AAc).

We also note that NP1(40TBAm-20AAc) had relatively low affinity for a panel of proteins 

that span a range of isoelectric points from 4.7 to 10.5 (Table S2) highlighting the 

fact that the binding of NP1(40TBAm-20AAc) to P14C is specific (Figure 7) and not 

easily swamped by common abundant proteins. With the caveat that absolute selectivity 

is inherently difficult to prove, collectively, these results reinforce the conclusion that the 

affinity of NP1(40TBAm-20AAc) to P14C is dependent on both physiochemical properties 

of the peptide and peptide sequence and is not due to non-specific hydrophobic or 

electrostatic interactions. It is important to note that specificity in this case is achieved 

by a ternary statistical copolymer (NP1) that discriminates on the basis of a specific 

peptide sequence. Biomacromolecule affinity is conventionally understood in terms of 

complementarity derived from the interacting amino acid side chains of the peptide 

ligand interacting with surface functionality of the receptor. The linear sequences and 

subsequent structures of the receptor ligands can be traced back to their encoding DNA. 

This deterministic understanding of the origins of affinity and selectivity suggests one 

might attempt to describe the high affinity and selectivity of the synthetic polymer NP 

in this and related studies, to such analysis. For example, one might assume there are 

“privileged sequences” in the polymer chains that are responsible for binding. Identifying 

these sequences could define affinity and selectivity within this conventional deterministic 

framework.

However, upon closer analysis, there are a number of practical difficulties that 

make understanding the molecular-level understanding of NP-peptide binding currently 

impossible. First, the NP polymers described here are carbon backbone polymers, and unlike 

biological macromolecules (DNA, RNA, peptides and proteins) they cannot be sequenced 

by existing methods. Second, the MWs of these copolymers are ~50 mDa. Each polymer 

NP contains a Bernoulli distribution of ~ 450,000 monomers. In addition, the densities 

of these hydrogels are ~ 1/30 to 1/50th that of a globular peptide, they are mostly water. 

They may be described as three-dimensional spider web-like materials. As a result of their 

low crosslinking, their mesh size allows access to the interior of the NP. The interactions 

therefore between peptide and polymer chains are not simply along liner sequences on the 

surface, but also involve interactions throughout the NP between discontinuous segments of 

polymer chains, further increasing the complexity of interactions.

In view of the complexity of these statistical copolymers and the limited information 

available to describe the molecular level details of NP-peptide interactions, affinity and 

selectivity at present is best understood in terms of probabilities. The peptide sequence was 
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selected by screening the copolymer against a library of >1010 peptides, the probability 

that this and subsequent copolymers prepared in an identical mannor will be selective for 

that peptide is extremely high. We suggest that at present, a probabilistic approach is an 

appropriate way to describe binding.

In many examples, peptide structure is an important contributor to binding and function.
[63] Cyclization, for example, reduces the conformational freedom of linear peptides. The 

cyclization of peptides and resultant constraints on their conformational entropy is expected 

to improve binding affinity, due to the reduced entropic penalty upon binding.[64] It was 

interesting therefore to examine the effect of peptide structure on binding to NP1.

P14 contains two cysteine residues which under oxidizing conditions forms a disulfide 

linkage to produce a cyclic structure. When P14 is dissolved in an aqueous solution 

containing 50% acetonitrile, it exists in the linear form (P14L). In 10 mM HEPES solution 

containing 20% DMSO, pH 7.3, it exists exclusively in the cyclic form.[65–68] The peptide 

composition in these two solutions was readily confirmed by MALDI-TOF-MS (Figure 

S5 and S6). These two solutions were used for the coupling of linear and cyclic forms 

to the QCM sensor chip. Subsequent binding was evaluated in PBS (35mM phosphate 

buffer, 150 mM NaCl, pH=7.3). Figure 8 shows that the NP1(40TBAm-20AAc) interaction 

with cyclic peptide P14C is three times stronger than the linear variant P14L. Since the 

phage selection process presents the peptide in its cyclic form,[68, 69] the highest affinity 

is consistent with the structure presented by the phage. This conclusion is supported by 

binding studies with peptide variants. The variants include a peptide with the cysteines 

replaced by serine (P14S) to preclude formation of a cyclic structure. The interactions 

between NP1(40TBAm-20AAc) and P14S/P14L are very similar. The results confirm the 

stronger interaction with the peptide’s cyclic form (P14C) than with its two linear isoforms 

(P14L) and P14S. NP1 affinity for a P14C peptide is thus sequence dependent and also 

reliant on structural constraints resulting from cyclization.

The selectivity of NP1(40TBAm-20AAc) for the cyclic peptide P14C is an interesting 

and important finding. Since there are challenges associated with estimating ground state 

conformation of small peptides computationally,[6, 70, 71] we chose to extract only the 

solvent accessible area of the peptides used in this study (Table 3). Within the limitations 

of the method, the data suggests that the four peptides (P14C, P14L, P14S and P14N) 

have similar solvent accessible surface areas. The result implies that the interaction between 

P14C and NP1(40TBAm-20AAc) is not due to a difference in solvent accessible area. 

Although both P14C and P14L have considerable conformational freedom, P14L occupies 

substantially greater conformational space. By analogy with peptide-protein studies, the 

structural constraint could contribute to the higher affinity and faster binding kinetics.
[9, 30, 64, 62] Since the peptide structure that was presented in phage display is cyclic, these 

findings are consistent with the experimental results and establish that phage display is an 

effective strategy for identifying specific peptide-NP affinity pairs.
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4. Conclusion

A general procedure for identifying a synthetic copolymer hydrogel NP and a short peptide 

complementary pair has been developed. An apparent KD, 95 nM, and Hill coefficient 

of 1.36 were obtained from the binding isotherm of the Hill equation fit. The high 

affinity hydrogel NP is a ternary statistical copolymer (NP1) that selects on the basis 

of physiochemical properties and sequence of the peptide. Furthermore peptide shape is 

also important. The cyclic peptide selected from the phage display, has greater than three 

times higher affinity for the nanoparticle then the linear form. Since these carbon backbone 

polymers each contain a Bernoullian distribution of ~ 450,000 monomers, they cannot be 

sequenced by existing methods. Furthermore, they can interact with peptides throughout 

the interior of the NP. The absence of copolymer sequence information and details of the 

polymer-NP interaction prevents a deterministic explanation of binding. In view of the 

limited information available at present to describe the molecular level details of polymer 

peptide interactions, affinity and selectivity is best described in terms of probabilities. Since 

this specific peptide sequence was selected by a copolymer of specific average chemical 

composition, from a library of 1010 peptides, the probability that this specific polymer 

composition will be selective for P14C is extremely high.

Statistical incorporation of a small number of functional groups in a high molecular 

weight, hydrogel copolymer coupled with a phage-based selection process are sufficient 

to achieve high affinity and selectivity. The diversity of biological space allows them to 

interact selectively in a complex biological milieu. High affinity and selectivity of synthetic 

copolymers for binding to biomacromolecules does not require copolymer sequence 

homology. Matched affinity pairs of synthetic polymer NPs have important applications 

at the biological interface and offers possibilities for their use in affinity separations, 

diagnostics and for therapeutic applications.
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Figure 1. 
(a) The functional monomers used for nanoparticles synthesis and a schematic showing the 

general synthesis of polymer NPs and their composition. (b) Schematic of screening process.
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Figure 2. 
A computed structure of P14C (K P C I S F W Q F W F G F C S S). The structures were 

calculated by Spartan23.and the surface representation of the complex generated by UCSF 

Chimera.24 The disulfide linkage is colored gold.
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Figure 3. 
A quartz crystal microbalance (QCM) analysis of the binding between P14C and 

NP1(40TBAm-20AAc) in phosphate buffer (35mM, pH 7.3). The control is the interaction 

between NP1(40TBAm-20AAc) and avidin. Cyan column: NP1(40TBAm-20AAc), Yellow 

column: NP2(40TBAm).
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Figure 4. 
Binding curve of NP-P14C peptide interaction fitted to the Hill equation. The insert graph 

depicts the Hill plot of the data.
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Figure 5. 
The interaction between P14C and NP1(40TBAm-20AAc) in solutions containing 35 mM 

phosphate buffer with and without 150 mM NaCl and water.
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Figure 6. 
The interaction between NP1(40TBAm-20AAc) and P14C, mutated P14N, PNT, SCP and 

P14K, respectively. The peptides (P14C, P14N, PNT, SCP or P14K) were immobilized on 

a QCM surface in PBS (35 mM, pH 7.3 with 150 mM NaCl).
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Figure 7. 
The interaction between NP1(40TBAm-20AAc) and IgG, BSA, TNFα and hemoglobin. In 

each case the protein was immobilized on a QCM surface in PBS (35 mM, pH 7.3 with 150 

mM NaCl) and titrated with a solution of NP1.
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Figure 8. 
The interactions between NP1(40TBAm-20AAc) and P14C, P14L and P14S. The peptides 

were immobilized on a QCM surface in PBS (35 mM, pH 7.3 with 150 mM NaCl). Navy 

column: P14S dissolved in 10 mM HEPES (containing 20% DMSO, pH 7.3). Blue column: 

P14S dissolved in the aqueous solution (containing 50% acetonitrile)
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Table 1.

The compositions of synthetic peptides used in this study. Positive charged, hydrophobic, aromatic and 

hydrophilic residues are represented in blue, red, cyan and green.

Phages Peptide Sequence

P14
a K P C I S F W Q F W F G F C S S

P14S
a K P S I S F W Q F W F G F S S S

P14N
a K P C I S F W Q N W N G N C S S

PNT
a G L P A L I S W I K R K R Q Q K

SCP C I S F W K P S S W F G F Q F C

P14K
b A P C I S F W Q F W F G F C S S

a
N-terminus coupled to (PEG)2-Biotin

b
cyclic form
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Table 2.

The sequences of phage with high affinity for NP1(40TBAM-20AAc).

Phages Peptide Sequence

14
a K P C I S F W Q F W F G F C S S

20
a H L G L T Q L C W W M Q T C Y Q S P E M

22
a L S C R W W W M G C G Y

26
a L P L G L C G W V L V S P L C W I T W L

80
a T S C Y Y W W W I V R C L P

a
cyclic form
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Table 3.

Solvent accessible areas of the peptides

Peptide Solvent accessible surface area (Å2)

P14L 2117

P14S 2117

P14M 2059

P14C 2181
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