
 1 

Molecularly Imprinted Polymeric Receptors with 

Interfacial Hydrogen Bonds for Peptide Recognition in 

Water 

 Milad Zangiabadi and Yan Zhao*  

Department of Chemistry, Iowa State University, Ames, Iowa 50011-3111 

zhaoy@iastate.edu 

RECEIVED DATE 

ABSTRACT. Protein receptors bind their peptide ligands by a combination of hydrophobic and hydrogen-

bonding interactions to achieve high affinity and selectivity. Construction of synthetic receptors for 

peptides by the same principle, however, is challenging because of the complexity of the guest molecules 

and subtle structural differences among closely related sequences. Molecular imprinting of peptides in 

surface–core doubly cross-linked micelles yielded hydrophobic pockets complementary to the 

hydrophobic side chains of peptides. Amide-functionalized bisacrylamide cross-linkers such as N,N'-

methylenebisacrylamide (MBAm) used in the core-cross-linking installed a layer of hydrogen bonds at 

the surfactant/water interface and was found to enhance the molecular recognition of peptides in water, 

particularly hydrophilic ones rich in polar residues. An extremely strong imprinting effect was obtained, 

with the imprinted/nonimprinted ratio ranging from 3000 to 10000 for model tripeptides. These hydrogen 

bonds allowed distinction of closely related peptide sequences and enabled a general, simple, one-pot 
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preparation of highly selective receptors for binding complex hydrophilic peptides with <200 nM affinity 

in aqueous buffer.          
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Introduction 

Peptides (and their longer congener proteins) are one of the most important classes of biomolecules and 

their recognition by biogenic receptors is vital to many biological processes. Motivated by this 

significance, chemists over the last decades used many platforms to build synthetic receptors for peptides, 

as discussed in several representative reviews.1-3   

A difficult challenge in peptide recognition is derived from the complexity and sheer size of the guest 

molecule. A biological peptide with a dozen or more residues contains an enormous amount of 

supramolecular information. It is a daunting task if one wants to build complementary features on a 

preorganized receptor to accurately match such a guest in hydrogen-bonding, hydrophobic, and ionic 

groups.  

Whereas design and synthesis of molecular receptors become too complex to be practical in such a 

scenario, an alternative approach—molecular imprinting—is available, to build binding sites directly 

around guest molecules.4,5 In the latter technique, the peptide of interest is used as a template and mixed 

with a large amount of a cross-linker and suitable functional monomers (FMs) that bind the template 

molecule by noncovalent or reversible covalent bonds. Cross-linking creates a polymeric network around 

the template. Removal of the template vacates the imprinted site with size, shape, and binding groups 

ideally complementary to the template molecule. The technique, in combination with precipitation 

polymerization, allowed Shea and co-workers to produce excellent receptors for several biological 

peptides,6 with those built for mellittin (the major component of bee venom) capable of removing the 

toxin from the bloodstream of living mice.7 It should be noted that peptide-imprinted materials not only 

can recognize the templating peptides but also proteins if a specific sequence of a protein is used as the 
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template. This latter approach, termed epitope imprinting, has found many applications since its 

inception.8-17    

An ideal receptor for peptide should be simple to prepare, and applicable to peptides of different size, 

hydrophobic and hydrophilic alike. The binding must be able to occur in aqueous solution, with 

biologically useful binding affinities. High binding selectivity is essential to biological applications, 

which demand receptors to distinguish closely related sequences. Despite the progress made over the 

years, a general method in peptide recognition is lacking and most reported receptors fall short in one or 

multiple of the above criteria.1-3   

Herein, we report a facile method to synthesize water-soluble polymeric nanoparticles for peptide 

recognition in water. These protein-sized receptors were prepared through molecular imprinting in doubly 

cross-linked micelles in a one-pot reaction. Amide-functionalized free radical cross-linkers were found to 

be particularly effective in enhancing the molecular recognition, through formation of a layer of hydrogen 

bonds at the surfactant/water interface. Closely related sequences were differentiated, and receptors for 

complex biological peptides were made as easily as those for simple model peptides, with 110–170 nM 

binding affinities.  

Results and Discussion 

Design and Synthesis of Peptide-Binding MINPs. The best receptors of peptides are found in nature 

and their binding mechanisms can guide our design of synthetic receptors. Figure 1 shows the crystal 

structure of a complex between GABARAP and its main binding epitope on calreticulin, a chaperone 

located in the endoplasmic reticulum.18 The former is a ligand-gated chloride-channel protein controlled 

by the  neurotransmitter 4-aminobutyrate (GABA). The epitope, with a sequence of SLEDDWDFLPP, 

has a number of notable hydrophobic (W, F, L, P) and hydrophilic residues (S, E, D). Also noticeable in 

the crystal structure is that the binding relies on combined hydrophobic and polar interactions, hydrogen 

bonds mainly in the latter. While the indole ring of Trp6 and the isobutyl group of Leu9 on the epitope 

insert themselves into the matching hydrophobic pockets on the GABARAP formed through folding of 
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the peptide chain, multiple hydrogen bonds are engaged simultaneously between the host and the guest, 

as indicated by the solid green lines.  

 

Figure 1. Crystal structure of GABA type A receptor in complex with its binding epitope, with the latter 

shown as a CPK model. Structural data were obtained from the Protein Data Bank (ID: 3DOW). Molecular 

graphics was created using UCSF Chimera.19  

 

Complementarity in combined hydrophobic and polar interactions is by no means an isolated incident 

in biology, and has been recognized as the key reason for protein–protein20 and protein–ligand 

interactions.21 The main challenge is in the construction of suitable scaffolds to embody such 

complementarity in an accurate and efficient manner for complex guests such as peptides.  

Scheme 1 shows our strategy to create a receptor with simultaneous complementarity in hydrophobicity 

and hydrogen-bonding to a peptide guest, through molecular imprinting of surfactant micelles.22 In the 

first step, a peptide—with its hydrophobic side chains represented by the purple shapes along the green 

peptide backbone—was solubilized in water by the micelle of cross-linkable surfactant 1, together with 

2,2-dimethoxy-2-phenylacetophenone (DMPA, a photoinitiator) and a free radical cross-linker—divinyl 

benzene (DVB) or 4–9.23 Addition of Cu(II), sodium ascorbate, and diazide 2 cross-linked the surface of 



 5 

the micelle through the Cu(I)-catalyzed click reaction. The resulting surface-cross-linked micelle (SCM) 

was functionalized by another round of click reaction using monoazide 3. UV irradiation initiated free 

radical polymerization/cross-linking of the micellar core among the methacrylate of 1 and DVB (and/or 

4–9). Progress of the reaction was monitored by 1H NMR spectroscopy and dynamic light scattering 

(DLS) (Figures S1–S4). The resulting molecularly imprinted nanoparticles (MINPs) were purified simply 

by pouring the aqueous reaction mixture into acetone and washing the precipitate with organic solvents, 

with the noncovalently bound template removed during the process. MINPs were typically ~5 nm in 

diameter as measured by dynamic light scattering (DLS), with an estimated M.W. of 50,000–60,000 Da 

(Figures S2 and S4). The DLS size was confirmed by transmission electron microscopy (TEM), as shown 

in Figure S5. The number of binding site per nanoparticle is controlled by the surfactant/template ratio. A 

50:1 surfactant/template ratio, for example, affords an average of one binding site per nanoparticle, since 

the molecular weight of MINP translates to ~50 cross-linked surfactants.22,24 

 

Scheme 1. Preparation of peptide-binding MINP by surface–core double cross-linking of the peptide-

containing micelle of 1.  

One important feature of MINP is its modularity in synthesis. To introduce hydrogen-bonding 

capabilities, we hypothesized that amide-containing cross-linkers (4–9) would suffice. Essentially, the 
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polar groups on the peptide template would interact with the amides while the hydrophobic side chains 

insert themselves into the nonpolar core of the micelle. Cross-linking would then create imprinted 

hydrophobic pockets for the hydrophobic side chains and hydrogen-bonding sites for the polar groups 

simultaneously.  

Our choice of 4–9 was based on several considerations. Compounds 4 and 5 differ in the polymerizable 

group, methacrylamide versus acrylamide. Whereas both 4 and 5 are fairly flexible, 6 is more rigid (and 

more hydrophobic) with the ring structure. In molecular imprinting, it is known that a balanced rigidity is 

ideal, at least for conventional imprinted polymers.25 Compound 7, N,N'-methylenebisacrylamide 

(MBAm) is commercially available. Its difference with 4–6 lies in the shorter tether between the two 

polymerizable groups and the presence of secondary amides. The former feature translates to a higher 

cross-linking density near the hydrogen-bonding sites. The latter affects the hydrogen-bonding 

capabilities of the cross-linkers: whereas 4–6 only contain hydrogen-bond acceptors, 7 has both donors 

and acceptors. Compound 8 is similar to 7, but has an even tighter structure. Compound 9 has three instead 

of two cross-linkable acrylamides, with mixed hydrogen-bond donors and acceptors. Finally, DVB, a 

common free radical cross-linker serves as the control, without any amide bonds.  

Evaluation of Amide-Containing Cross-Linkers. Our first model peptide was RWW, having a 

hydrophilic guanidinium side chain and two large hydrophobic indoles from the tryptophans. As shown 

in Table 1, MINP prepared with 1 equiv DVB to the cross-linkable surfactant bound the templating 

peptide with an association constant of Ka = 14.2 ×105 M−1 (entry 1) by isothermal titration calorimetry 

(ITC). ITC is the most reliable method to study intermolecular interactions26 and ITC-measured binding 

constants of MINPs have been validated previously with fluorescence spectroscopy.24  

Table 1. Binding data for MINPs prepared with different core-cross-linkers. 

Entry template Guest Cross 
linker 

Ka 
(×105 M−1) 

-ΔG 
(kcal/mol) 

-ΔH 
(kcal/mol) 

TΔS 
(kcal/mol) 

1 RWW RWW DVB 14.2 ± 1.3 8.39 19.24 ± 1.2 -10.85 

2 RWW RWW 4 9.15 ± 0.1 8.13 14.89 ± 0.5 -6.76 
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3 RWW RWW 5 9.29 ± 0.1 8.14 18.36 ± 1.0 -10.22 

4 RWW RWW 6 8.81 ± 0.5 8.10 13.35 ± 1.9 -5.25 

5 RWW RWW 7 11.1 ± 1.6 8.24 17.49 ± 0.5 -9.25 

6 RWW RWW 8 7.79 ± 0.3 8.03 14.46 ± 1.6 -6.43 

7 RWW RWW 9 6.81 ± 0.6 7.95 12.57 ± 1.9 -4.62 

8 RWW RWW DVB & 7 8.86 ± 0.4 8.11 13.68 ± 0.6 -5.75 

9 Noneb RWW 7 < 0.003 - - - 

10 WKK WKK DVB 3.31 ± 0.1 7.52 11.89 ± 2.4 -4.37 

11 WKK WKK 4 7.67 ± 0.4 8.02 12.19 ± 0.5 -4.17 

12 WKK WKK 5 7.92 ± 0.7 8.04 12.34 ± 0.4 -4.30 

13 WKK WKK 6 8.45 ± 0.7 8.08 13.67 ± 0.5 -5.59 

14 WKK WKK 7 17.8 ± 6.6 8.52 22.92 ± 0.9 -14.4 

15 WKK WKK 2 equiv 7 8.17 ± 0.5 8.06 12.89 ± 0.3 -4.83 

16 WKK WKK 8 6.59 ± 0.6 7.93 9.48 ± 0.5 -1.55 

17 WKK WKK 9 6.91 ± 0.7 7.96 10.66 ± 1.1 -2.70 

18 WKK WKK DVB & 7 11.4 ± 2.5 8.26 17.77 ± 0.5 -9.51 

19 Noneb WKK 7 < 0.006 - - - 

a Ttrations were performed in HEPES buffer (10 mM, pH 7.4) in duplicates at 298 K and the errors 
between the runs were <10%. One equivalent of the cross-linker was used to the cross-linkable surfactant 
in the MINP preparation unless indicated otherwise in entry 14.b Nonimprinted nanoparticles (NINPs) 
were prepared without any template. Binding was very weak and the binding constant was estimated from 
ITC titration.  Binding was very weak and the binding constant was estimated from ITC titration  (Figure 
S6j and S7j). 

 

In micellar imprinting, it is crucial that the free radical core-cross-linking, which sets the polymeric 

network around the template, takes place within the confined nanospace of the SCM.27 Hence, we had 

some concerns at the outset of the project, especially for water-soluble cross-linkers such as 7 and 8 

because polymerization might take place outside the micelle in the aqueous phase. What was encouraging 

in the amide-functionalized MINPS was that no insoluble materials (e.g., hydrogel) were observed during 

the preparation and the MINPs showed the normal size (~ 5 nm) by DLS (Figures S2 and S4). Thus, 

uncontrolled polymerization of the cross-linker outside the micelle was not a problem. Since the radical 
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initiator (DMPA) was hydrophobic and had a strong preference to reside within the nonpolar core of the 

micelle, our explanation was that, once the initiating radical reacted with the methacrylate of the cross-

linkable surfactant (1) in the surface-cross-linked-micellar core, the propagating radical was covalently 

attached to the micelle and could only polymerize those cross-linker molecules located near the 

surfactant/water interface of the micelle (either due to their amphiphilicity or by diffusion if the cross-

linker was water-soluble). Essentially, as long as the radical initiator was strongly hydrophobic, water-

soluble cross-linkers (or monomers) had little chance being polymerized away from the micelle. 

Although no uncontrolled polymerization outside the micelle seemed to happen, the amide cross-

linkers produced MINPs with consistently weaker binding than the MINP cross-linked with DVB (entries 

1–7). Combining DVB with the amide cross-linker did not help either, at least for 7 (entry 8). If anything, 

the combination was counterproductive, because the binding constant of the MINP made with DVB and 

MBAm decreased from that made with either cross-linker.  

Not deterred by the apparent failure, we switched the template to WKK, a more hydrophilic peptide 

with one hydrophobic tryptophan and two hydrophilic lysines. The DVB-derived MINP(WKK) bound its 

template with a Ka = 3.31 ×105 M−1 (entry 10), weaker than that of RWW by MINP(RWW). The result 

was reasonable, given that MINP binding in water has a strong hydrophobic driving force22,24 and 

hydrophobic interactions are known to be proportional in strength to the hydrophobic surface area buried 

upon binding.28  

To our delight, all the amide-functionalized MINPs outperformed the DVB-cross-linked MINP (entries 

11–17), with the best result obtained with the commercially available MBAm (entry 14). It was exciting 

that a simple change of the core-cross-linker from DVB to MBAm increased the binding of RWW over 

5-fold. Interestingly, using a higher level of the cross-linker did not help (entry 15) and using a 

combination of DVB and 7 was worse than using 7 alone but better than using DVB only (entry 17). 

Lastly, nonimprinted nanoparticles (NINPs) were prepared with MBAm as the cross-linker and their 

binding for RWW and WKK was extremely weak (entries 9 and 19). The MINP/NINP ratio, i.e., the 
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imprinting factor, was >3700 for RWW and >3000 for WKK, testifying to the strong imprinting effect in 

the cross-linked micelles.  

Why is DVB better for the more hydrophobic RWW, while MBAm better for the hydrophilic WKK? 

The most likely reason is the different driving force involved in the binding. For a largely hydrophobic 

peptide, the dominant driving force for binding is hydrophobic interactions.22,24 To maximize the binding 

interactions, well-formed hydrophobic pockets need to be constructed in the nonpolar core of the cross-

linked micelle. When hydrogen-bonding cross-linkers such as MBAm are introduced, they need to stay 

at the surfactant/water interface to be solvated by water. This layer of amide bonds, being quite polar, can 

interfere with the hydrophobic interactions because they cause discontinuity in hydrophobicity. According 

to our binding data, DVB was a better choice in such a situation. Not only does the aromatic cross-linker 

provide uninterrupted hydrophobicity, it could also enhance the cross-linking density of the micellar core 

by its nonpolar nature and preference for the nonpolar core of the micelle.  

The situation should be reversed when highly hydrophilic peptides are present, whose binding rely 

more on polar, hydrogen-bonding interactions.29 Consistent with the hypothesis, all the amide-cross-

linkers were better than DVB. It is also interesting to see that MBAm outperformed the DVB–MBAm 

combination. The hydrophobic tail of a surfactant is known to adopt a rich variety of conformation in a 

micelle, and chain reversal or looping allows the chain end to easily reach the water-rich Stern region.30  

MBAm is hydrophilic and has to stay at the interface. Thus, the “core-cross-linking” in the MBAm-cross-

linked MINPs should not be homogeneously distributed throughout the micelle core but be concentrated 

near the surface. According to our binding data, such an arrangement, at least in the case of WKK, was 

more beneficial than having the cross-linking both in the nonpolar core and near the interface (with the 

DVB–MBAm combination).         

Selectivity of Peptide-Binding MINPs. In biomolecular recognition, changing a single important 

residue in a peptide can totally change its biological properties. Thus, being able to differentiate 

structurally similar sequences is crucial to a peptide receptor. 
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Table 2 compares the binding properties of MINP(WKK) prepared with DVB and MBAm as the core-

cross-linker, respectively. We varied the middle residue and studied the binding of a range of WXK to 

understand the effect of the amide cross-linker on the recognition. Our data shows that the templating 

peptide (WKK) was bound more strongly by both MINPs than all the analogues, consistent with 

successful imprinting. Meanwhile, MINP(WKK) prepared with MBAm afforded significantly higher 

binding constant (5.4 times) than that with DVB. The difference in binding free energy (-ΔG) was ~1 

kcal/mol (entry 1).  

Table 2. Binding constants for different peptide guests by MINP(WKK) prepared with MBAm and DVB 

as the core-cross-linker.a 

Entry Guest 
Ka (×105 M−1) CRR  ΔΔG (kcal/mol) 

MBAm DVB MBAm DVB MBAm DVB 

1 WKK 17.8 ± 6.66 3.31 ± 0.37 1 1 0.00 0.00 

2 WRK 6.11 ± 0.23 2.95 ± 0.43 0.34 0.89 0.63 0.07 

3 WHK 6.85 ± 0.44 2.15 ± 0.51 0.38 0.65 0.57 0.26 

4 WDK 8.10 ± 0.50 2.43 ± 0.62 0.45 0.73 0.47 0.18 

5 WNK 5.64 ± 0.41 0.985 ± 0.04 0.32 0.30 0.68 0.72 

6 WSK 4.24 ± 0.36 1.30 ± 0.12 0.24 0.40 0.85 0.55 

7 WTK 2.86 ± 0.26 2.26 ± 0.45 0.16 0.68 1.08 0.23 

8 WGK 3.56 ± 0.58 1.75 ± 0.71 0.20 0.52 0.95 0.38 

9 WAK 6.97 ± 0.35 1.83 ± 0.81 0.39 0.55 0.56 0.35 

a Titrations were performed in HEPES buffer (10 mM, pH 7.4) in duplicates at 298 K and the errors 

between the runs were <10%. CRR is the cross-reactivity ratio, defined as the binding constant of  a guest 

relative to that of the templating peptide for a particular MINP. ∆∆G = ∆G(guest) - ∆G(template). 

The amide-functionalized MINP was superior not only in binding affinity but also in selectivity. Table 

2 includes a column for CRR (cross-reactivity ratio), defined as the binding constant of a guest relative to 

that of the templating peptide for a particular MINP. The smaller the CRR value, the weaker was the 
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binding for the structural analogue, and the more selective was the MINP. The middle lysine (K) in the 

template (WKK) was basic. When the lysine was replaced with another basic residue (R or H), an acidic 

one (D), a hydrophilic polar residue (S or T), a hydrogen (G), or a small hydrophobic residue (A), the 

CRR value was always smaller for MINP made with MBAm than that with DVB. The only exception was 

asparagine (N), which had similar CRRs for the two MINPs. In every single case, the MBAm-derived 

MINP(WKK) could detect a single variation of the peptide, generally with ∆∆G ≥ 0.5 kcal/mol. The 

proposed interfacial hydrogen bonds should be the key reason for the improvements, as the DVB-derived 

MINP showed (not only weaker binding, but also) poorer selectivities. 

To understand the generality of the interfacial-hydrogen-bonds-enhanced binding, we performed 

similar cross-reactivity studies using MINPs prepared with WDK (Table S1) and WTK (Table S2). A 

graphic comparison of the two cross-linkers is shown in Figure 2a (for WDK) and Figure 2b (for WTK). 

The middle amino acid is acidic in WDK and polar/nonionic in WTK, in contrast to the basic lysine in 

the middle of WKK. Importantly, the amide-functionalized MINPs displayed stronger binding affinities 

for their templates consistently (Tables S1–S2) and, in the vast majority of cases, higher selectivities 

among structural analogues (Figure 2). We also determined the imprinting factors by measuring the 

binding of WDK (Figure S10j) and WTK (Figure S12j) by the NINP. The MINP/NINP ratio remained 

extremely large, ~10000 for WDK and 3700 for WTK.    
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Figure 2. Comparison of CRR values for MINPs prepared with MBAm and DVB as the core-cross-linker 

using WDK (a) and WTK (b) as the template. See Tables S1 and S2 for the corresponding binding data. 

One way to enhance the binding affinities of DVB-cross-linked MINP is through the inclusion of 

functional monomers that target specific side chains. Although this strategy cannot be applied to every 

side chain, it is effective for acidic and basic residues including glutamic acid (E), aspartic acid (D), lysine 

(K), and arginine (R) using FMs such as  10 and 11.31-33   

Following previously established protocols,33 we prepared MINPs for WDK using MBAm and DVB 

as the core-cross-linker, respectively, with and without the FM 10 and 11 (Scheme 2). We studied the 

binding for the template (WDK), as well as a model guest (WRK), by ITC and summarized the results in 

Table 3.  
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Scheme 2. Formation of hydrogen-bonded complex 12 from WDK and FMs 10 and 11 in micelle.  

 

Table 3. Binding properties of MINPs prepared under different conditions for the templating peptide 

(WDK) and a model guest (WRK).a 

entry guest cross-linker FMsb Ka  
(×105 M−1) -ΔG (kcal/mol) CRR 

1 

WDK 

DVB 
yes 9.02 ± 0.7 8.12 - 

2 no 3.42 ± 0.41 7.54 - 

3 
MBAm 

yes 11.0 ± 1.1 8.24 - 

4 no 9.01 ± 0.82 8.12 - 

5 

WRK 

DVB 
yes 0.36 ± 0.03 6.21 0.04 

6 no 1.60 ± 0.59 7.10 0.46 

7 
MBAm 

yes 0.77 ± 0.02 6.66 0.07 

8 no 2.89 ± 0.57 7.44 0.32 

a Titrations were performed in HEPES buffer (10 mM, pH 7.4) in duplicates at 298 K and the errors 

between the runs were <10%. b For MINPs prepared with FMs, the following stoichiometry was used in 

the formulation:  1.5:1 for 10/carboxylate and 1:1 for 11/amine. 

 

As shown by entries 1–2, inclusion of FM increased the binding for the template by 2.6 times. 

Meanwhile, the binding for the guest decreased from Ka = 1.60 ×105 M−1 (entry 6) to 0.36 ×105 M−1 (entry 
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5), thus decreasing the CRR value from 0.46 (without FMs) to 0.04 (with FMs). The functional monomers, 

hence, strengthened the binding of the template while weakening that of the structural analogue, 

improving both the binding affinity and selectivity of the MINP as a result. 

The functional monomers played a similar role for MBAm-derived MINP (Table 3, entries 3, 4, 7, 8). 

What is notable is that the binding constant for the templating peptide by MINP prepared without the FMs 

was 9.01 ×105 M−1 (entry 4), essentially the same as that by MINP with DVB and FMs (entry 1). In other 

words, MBAm, by its hydrogen-bonding capabilities, acted as a “functional cross-linker” to imprint the 

polar side chains as effectively as the FMs in the DVB-cross-linked MINP, at least in terms of binding 

affinity. Understandably, adding additional FMs in such a case brought little improvement (entry 3), as 

these FMs had to compete with the amide cross-linkers for the template. On the other hand, the benefit of 

FMs was in the selectivity, when MINP(WDK) was used to bind WRK (entries 7–8). Overall, although 

the selectivity was better for MBAm-cross-linked MINP than for DVB-cross-linked MINP in the absence 

of FMs, the highest selectivity was always obtained with the FMs.  

Recognition of Biological Peptides. Our last set of experiments focused on hydrophilic biological 

peptides rich in polar groups (13–18, Figure 3). For each peptide, we prepared MINPs with DVB and 

FMs, as well as MINPs with MBAm without FMs (Table 4). The purpose of the study was to understand 

whether the amide-cross-linker could replace the FMs to yield competitive binding affinities. For practical 

applications, it is far more desirable to use a commercially available cross-linker (MBAm) instead of 

special FMs prepared through multistep synthesis.  
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Figure 3. Structures of biological peptides 13–18 studied in this work. 

Table 4. Binding data for biological peptides 13–18 by MINPs prepared with DVB and FMs, and by 

MINPs prepared with MBAm without FMs.a 

entry template cross-linker Ka 
(×105 M−1) 

-ΔG 
(kcal/mol) 

-ΔH 
(kcal/mol) 

TΔS 
(kcal/mol) 

Nb 

1 
13 

DVB 34.4 ± 1.73 8.91 23.28 ± 0.27 -14.38 0.9 ± 0.1 

2 MBAm 62.2 ± 2.32 9.26 28.93 ± 0.22 -19.67 0.9 ± 0.1 

3 
14 

DVB 45.3 ± 2.85 9.07 29.28 ± 0.32 -20.21 1.1 ± 0.1 

4 MBAm 67.50 ± 2.66 9.31 23.16 ± 0.21 -13.85 1.1 ± 0.1 

5 
15 

DVB 59.2 ± 0.31 9.23 31.60 ± 0.26 -22.37 1.1 ± 0.1 

6 MBAm 73.10 ± 2.47 9.36 47.53 ± 0.33 -38.17 1.2 ± 0.1 

7 
16 

DVB 82.3 ± 2.29 9.43 61.03 ± 0.33 -51.6 0.9 ± 0.1 

8 MBAm 89.10 ± 2.47 9.47 64.94 ± 0.60 -55.47 1.1 ± 0.1 

9 17 DVB 66.4 ± 2.65 9.30 34.20 ± 0.55 -24.9 0.8 ± 0.1 
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10 MBAm 72.50 ± 1.27 9.35 60.70 ± 1.07 -51.35 0.9 ± 0.1 

11 
18 

DVB 53.40 ± 1.84 9.17 31.98 ± 0.25 -22.81 1.1 ± 0.1 

12 MBAm 66.20 ± 3.36 9.30 35.98 ± 0.43 -26.68 1.0 ± 0.1 

a The titrations were performed in HEPES buffer (10 mM, pH 7.4) in duplicates at 298 K and the errors 

between the runs were <10%. For MINPs prepared with FMs, the following stoichiometry was used in 

the formulation:  1.5:1 for 10/carboxylate, 1:1 for 11/amine, and 1:1 for 11/arginine. b N is the number of 

binding sites per nanoparticle determined by ITC. 

Gratifyingly, the MBAm-cross-linked MINPs consistently outperformed the DBV-cross-linked ones, 

despite the FMs added in the latter cases. The binding constants for  13–18 ranged from 60 to 90 ×105 

M−1, translating to 110–170 nM of binding affinity in 10 mM HEPES buffer. Another noticeable trend in 

Table 4 is that all the bindings were enthalpically driven. Classical hydrophobic interactions are 

considered entropically driven, particularly at low temperatures,34 but the thermodynamic details can 

change depending on the aliphatic/aromatic nature of the guests and the size/shape of the hydrophobic 

surfaces.28,35,36 In our case, the driving force for the binding was rather complex, with contributions from 

a number of sources including hydrophobic interactions, hydrogen bonds, and electrostatic interactions. 

We also examined the selectivity of the MINPs for the biological peptides. Figure 4 shows a cross 

reactivity study, with the biological peptides 13–18 titrated into a solution of MINP(14) and MINP(17), 

respectively. According to the ITC titration curves, in both cases, the templating peptide was bound by 

the MINP with excellent selectivity. While the desired peptide underwent large exothermic interactions 

with its corresponding MINP, the other peptides displayed very weak or negligible binding.  
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Figure 4. (a)  ITC titration of peptides 13–18 to MINP(14), showing only the desired peptide bound by 

the MINP. (b) ITC titration of peptides 13–18 to MINP(17), showing only the desired peptide bound by 

the MINP. [MINP] = 5.0 μM. [peptide] = 75 μM in 10 mM HEPES buffer. The MINPs were prepared 

with 1:1 [1]/[MBAm]. 

Conclusions 

Importance of peptide recognition in biology demands a simple and facile method to prepare their 

receptors. Whereas stepwise synthesis of molecular receptors becomes too complicated for long peptides, 

molecular imprinting within doubly cross-linked micelles provides a highly efficient way to prepare 

water-soluble peptide-binding nanoparticle receptors. MINP is a powerful platform to construct receptors 

for biomolecules including small-molecule drugs37-39 and carbohydrates.40,41 In this work, a simple change 

of the core-cross-linker from DVB to MBAm was found to enhance the binding affinities and selectivity 

for peptides substantially, through the interfacial hydrogen bonds formed between the cross-linked 

micelles and the peptide guests. MBAm was the best among the amide cross-linkers examined, possibly 
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because it represented a good balance of rigidity/flexibility and contained both hydrogen bond donors and 

acceptors. Being commercially available is an added benefit, as no extra synthesis was required. 

Importantly, an extremely large imprinting effect was observed, with imprinting/nonimprinting ratio in 

binding ranging from 3000 to 10000 for the model tripeptides. In addition, single variation in the tripeptide 

sequence was easily detected by the MBAm-cross-linked MINPs, much better than those prepared without 

the added amide bonds. Functional monomers were still very useful in enhancing the binding selectivity 

of MINPs. In cases where selectivity was not a limiting factor, MBAm could act as a hydrogen-bonding 

functional cross-linker to replace specially designed functional monomers, thus simplifying the 

preparation of artificial peptide receptors significantly.  

Experimental Section 

Syntheses of compounds 1–3,22 1033 and 1133 were previously reported.  

N,N'-(Ethane-1,2-diyl)bis(2-methylacrylamide) (4). A solution of methacryloyl chloride (1.07 mL, 

11 mmol) in dichloromethane (5 mL) was added dropwise to N,N′-dimethylethylenediamine (0.54 mL, 5 

mmol) and triethylamine (1.52 mL, 11 mmol) in dichloromethane (30 mL) at 0 °C under N2. The reaction 

mixture was warmed to room temperature and stirred for 18 h. A solution of 0.5 M HCl (5 mL) was added. 

The organic phase was washed with water (2 × 20 mL), dried over Mg2SO4, and concentrated in vacuo to 

give the product as a yellow oil (0.8 g, 82%). 1H NMR (400 MHz, CDCl3, δ): 4.92 (br, 2H), 4.76 (br, 2H), 

3.42 (s, 2H), 2.86 (s, 6H), 1.67 (s, 6H). 13C NMR (100 MHz, CDCl3, δ): 171.6, 141.1, 115.0, 43.5, 36.7, 

20.2 ppm. ESI-QTOF-HRMS (m/z): [M + H]+ calcd for C12H21N2O2 225.1558; found, 225.1565. 

N,N'-(Ethane-1,2-diyl)diacrylamide (5). Acryloyl chloride (0.9 mL, 11 mmol) in dichloromethane (5 

mL) was added dropwise to a solution of N,N′-dimethylethylenediamine (0.54 mL, 5 mmol) and 

triethylamine (1.52 mL, 11 mmol) in dichloromethane (30 mL) at 0 °C under N2. The reaction mixture 

was warmed to room temperature and stirred for 18 h. A solution of 0.5 M HCl (5 mL) was added. The 

organic phase was washed with water (2 × 20 mL), dried over Mg2SO4, and concentrated in vacuo to give 
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the product as a yellow oil (0.96 g, 86%). 1H NMR (400 MHz, DMSO-d6, δ): 6.67 (m, 2H), 6.07 (m, 2H), 

5.62 (m, 2H), 3.50 (m, 4H), 3.01 (s, 3H), 2.86 (s, 3H). 13C NMR (100 MHz, DMSO-d6, δ): 165.9, 165.5, 

, 128.7, 128.3, 127.7, 127.3, 46.6, 44.9 ppm. ESI-QTOF-HRMS (m/z): [M + H]+ calcd for C10H17N2O2 

197.1245; found, 197.1247. 

1,1'-(Piperazine-1,4-diyl)bis(prop-2-en-1-one) (6). Acryloyl chloride (0.9 mL, 11 mmol) in 

dichloromethane (5 mL) was added dropwise over 15 min to piperazine (0.43 g, 5 mmol) and 

triethylamine (1.52 mL, 11 mmol) at 0 °C under N2. The reaction mixture was warmed to room 

temperature and stirred for 18 h. A solution of 0.5 M HCl (5 mL) was added. The organic phase was 

washed with water (2 × 20 mL), dried over Mg2SO4, and concentrated in vacuo to give the product as 

yellow crystals (0.76 g, 78%). 1H NMR (400 MHz, DMSO-d6, δ): 6.80 (dd, J = 5 and 3 Hz, 2H), 6.12 (dd, 

J = 4 and 0.5 Hz, 2H), 5.69 (dd, J = 3 and 0.5 Hz, 2H), 3.57 (br, 8H). 13C NMR (100 MHz, DMSO-d6, δ): 

164.8, 128.5, , 128.1, 45.6, 45.1, 42.1, 41.5 ppm. ESI-QTOF-HRMS (m/z): [M + H]+ calcd for 

C10H15N2O2 195.1089; found, 195.1199. 

N'-Acryloylacrylohydrazide (8). Acryloyl chloride (0.89 mL, 11 mmol) was added dropwise over 5 

min to hydrazine hydrate (0.26 mL, 5 mmol) and potassium carbonate (2.07 g, 15 mmol) in acetonitrile 

(15 mL) at 0 °C under N2. The reaction mixture was warmed to room temperature and stirred for 4 h. The 

solid was removed by suction filtration and the filter cake was washed with dichloromethane (10 mL). 

The combined filtrate was concentrated in vacuo and the residue was purified by column chromatography 

over silica gel using 10:1 dichloromethane/methanol as the eluent to give the product as a purple powder 

(0.43 g, 62%). 1H NMR (400 MHz, CDCl3, δ): 10.2 (br, 2H), 6.27 (m, 4H), 5.58 (m, 2H). 13C NMR (100 

MHz, CDCl3, δ): 163.2, 129.6, 127.3 ppm. ESI-QTOF-HRMS (m/z): [M + H]+ calcd for C6H9N2O2 

141.0619; found, 141.0625. 

N,N-Bis(2-acrylamidoethyl)acrylamide (9). Acryloyl chloride (1.4 mL, 17 mmol) was added 

dropwise over 5 min to diethylenetriamine (0.54 mL, 5 mmol) and potassium carbonate (2.76 g, 20 mmol) 

in acetonitrile (15 mL) at 0 °C under N2. The reaction mixture was warmed to room temperature and 

stirred for 4 h. The solid was removed by suction filtration and the filter cake was washed with 
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dichloromethane (10 mL). The combined filtrate was concentrated in vacuo and the residue was purified 

by column chromatography over silica gel using 5:1 dichloromethane/methanol as the eluent to give the 

product as a yellow oil (1.1 g, 80%). 1H NMR (400 MHz, DMSO-d6, δ): 8.27 (t, J = 2 Hz, 1H), 8.22 (t, J 

= 2 Hz, 1H), 6.71 (dd, J = 4 and 2 Hz, 1H), 6.10 (m, 5H), 5.62 (dd, J = 4 and 1 Hz, 1H), 5.58 (m, 2H). 

13C NMR (100 MHz, DMSO-d6, δ): 165.9, 165.5, , 165.2, 132.0, 131.8, 128.5, 127.8, 125.9, 125.6, 47.3, 

46.2, 38.3, 37.0 ppm. ESI-QTOF-HRMS (m/z): [M + H]+ calcd for C13H20N3O3 266.1460; found, 

266.1481. 

Preparation of MINPs. To a micellar solution of compound 1 (9.3 mg, 0.02 mmol) in H2O (2.0 mL), 

divinylbenzene (DVB, 2.8 μL, 0.02 mmol), desired peptide in H2O (10 μL of a solution of 0.04 mmol/mL, 

0.0004 mmol), and 2,2-dimethoxy-2-phenylacetophenone (DMPA,10 μL of a 12.8 mg/mL solution in 

DMSO, 0.0005 mmol) were added. The mixture was subjected to ultrasonication for 10 min before 

compound 2 (4.13 mg, 0.024 mmol), CuCl2 (10 μL of a 6.7 mg/mL solution in H2O, 0.0005 mmol), and 

sodium ascorbate (10 μL of a 99 mg/mL solution in H2O, 0.005 mmol) were added. After the reaction 

mixture was stirred slowly at room temperature for 12 h, compound 3 (10.6 mg, 0.04 mmol), CuCl2 (10 

μL of a 6.7 mg/mL solution in H2O, 0.0005 mmol l), and sodium ascorbate (10 μL of a 99 mg/mL solution 

in H2O, 0.005 mmol) were added. After being stirred for another 6 h at room temperature, the reaction 

mixture was transferred to a glass vial, purged with nitrogen for 15 min, sealed with a rubber stopper, and 

irradiated in a Rayonet reactor for 12 h. The reaction mixture was poured into acetone (8 mL). The 

precipitate was collected by centrifugation and washed with a mixture of acetone/water (5 mL/1 mL) three 

times, methanol/acetic acid (5 mL/0.1 mL) three times, and acetone (6 mL) once before it was dried in air 

to afford the final MINPs as an off-white powder (16 mg, 80%). Similar procedures were followed for 

the amide-functionalized MINPs when 4–9 were used instead of DVB.  

Determination of Binding Constants by ITC. ITC was performed on a MicroCal VP-ITC 

Microcalorimeter with Origin 7 software and VPViewer2000 (GE Healthcare, Northampton, MA), 

following standard procedures.42-44 In general, a solution of an appropriate guest in Millipore water was 

injected in equal steps into 1.43 mL of the corresponding MINP in the same solution. The top panel shows 
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the raw calorimetric data. The area under each peak represents the amount of heat generated at each 

ejection and is plotted against the molar ratio of the MINP to the guest. The smooth solid line is the best 

fit of the experimental data to the sequential binding of N binding site on the MINP. The heat of dilution 

for the guest, obtained by titration carried out beyond the saturation point, was subtracted from the heat 

released during the binding. Binding parameters were auto-generated after curve fitting using Microcal 

Origin 7. 
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