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Abstract

Natural antibodies are used widely for important applications such as biomedical analysis, cancer 

therapy, and directed drug delivery, but they are expensive and may have limited stability. This 

study describes synthesis of antibody-like binding sites by molecular imprinting on silica 

nanoparticles (SiNP) using a combination of four organosilane monomers with amino acid-like 

side chains providing hydrophobic, hydrophilic, and H-bonding interactions with target proteins. 

This approach provided artificial antibody (AA) nanoparticles with good selectivity and specificity 

to binding domains on target proteins in a relatively low-cost synthesis. The AAs were made by 

polymer grafting onto SiNPs for human serum albumin (HSA) and glucose oxidase (GOx). 

Binding affinity, selectivity, and specificity was compared to several other proteins using 

adsorption isotherms and surface plasmon resonance (SPR). The Langmuir–Freundlich adsorption 

model was used to obtain apparent binding constants (KLF) from binding isotherms of HSA (6.7 × 

104) and GOx (4.7 × 104) to their respective AAs. These values were 4–300 fold larger compared 

to a series of nontemplate proteins. SPR binding studies of AAs with proteins attached to a gold 

surface confirmed good specificity and revealed faster binding for the target proteins compared to 

nontarget proteins. Target proteins retained their secondary structures upon binding. Binding 

capacity of AAHSA for HSA was 5.9 mg HSA/g compared to 1.4 mg/g for previously report 

imprinted silica beads imprinted with poly(aminophenyl)boronic acid. Also, 90% recovery for 

HSA spiked into 2% calf serum was found for AAHSA.
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INTRODUCTION

Synthesizing artificial receptor sites mimicking those of antibodies is a major challenge with 

potentially large payback in advanced materials for medical imaging, biosensors, 

biochemical separations, and drug delivery.1–3 Antibodies are part of the human body’s 

immune system, and they have been used in various scientific and medical disciplines due to 

their high affinity and specificity toward antigens.4–6 They are essential components for 

immunoassays and other bioanalytical applications,7–14 and are key components of novel 

and effective cancer immunotherapies.15–18 We have used antibodies in our laboratory in 

modern microfluidics devices to achieve ultra-sensitive multiplexed protein assay.19–23 

While a wide variety of antibodies are commercially available, isolation and purification 

makes them quite expensive, and storage stability can be an issue.24 Recombinant 

technologies do not yet provide a general alternative.25–27 Thus, molecular imprinting of 

nanoparticles could yield high surface area, multiple-binding-site reagents with efficient, 

selective binding that could substitute for natural antibodies in some applications with 

significant advantages in cost and stability.

Recognition of small molecules and ions by artificial receptor sites has been moderately 

successful.28,29 However, making artificial receptors with high affinity for proteins 

comparable to natural antibodies is complicated by the size, structural diversity, and 

flexibility of the proteins.30,31 Surface molecular imprinting has been done by mimicking 

binding pockets using hydrogels polymerized on a flat surface from monomers that interact 

with the target protein in several modes such as hydrophobic, ion-dipole, and H-

bonding.32–34 Following polymerization, the target is removed leaving a binding site with 

complementary shape, size and functional groups. Yin et al. reported artificial antibodies for 

lysozyme on track-etched polyethylene tetraphthalate with selectivity better than for similar 

sized cytochrome c.1 Zayats et al. imprinted polyacrylamide hydrogels with maltose binding 

proteins (MBP) on a glass slide.32

Shiomi et al. reported covalent immobilization of template protein on microporous silica and 

used two kinds of organosilanes to enhance affinity.35 However, synthesis of high affinity, 
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high selectivity binding sites for proteins using this approach on nanoparticles is only 

beginning to be explored.36 Attempts have been made to synthesize artificial antibody 

binding sites for proteins using silane regents on solid surfaces.37–43 Li et al. showed that 

hydrophilic and hydrophobic interactions are major factors for recognition of template 

proteins using four silane monomers on chitosan microspheres.39 Abbas et al. synthesized 

stable, reusable imprinted polymers for proteins on gold nanorods using siloxane 

copolymerization.44 Cumbo et al. used multiple polymerizable organosilane monomers 

featuring different functional groups to construct virus-binding sites on silica 

nanoparticles.45 This approach produced molecular imprinted polymers on silica 

nanoparticles and created binding sites that mimic the organization of amino-acid side 

chains in antibodies with good specificity and selectivity for a tomato virus. Groups in the 

binding site featured hydrophilic, hydrophobic and H-bonding interactions with the virus’s 

protein coat.

Herein, we report the synthesis of selective artificial binding sites for proteins human serum 

albumin (HSA) and glucose oxidase (GOx) on silica nanoparticles using mixtures of 

organosilane monomers. Specifically, we constructed artificial antibody (AA) binding sites 

on 400 nm diameter silica nanoparticles using four monomers featuring hydrophobic, 

hydrophilic, and H-bonding interactions to ensure selective binding affinity and selectivity. 

The AA for HSA showed high selectivity toward target antigen protein HSA, that was better 

than for bovine serum albumin (BSA), which shares 76% sequence homology with HSA, 

and the nonhomologues glucose oxidase (GOx), lysozyme and hemoglobin. The apparent 

Langmuir–Freundlich binding constant (KLF) for AAHSA and HSA was 6.7 × 104 (mL/

mg)1/n, 4–300 times higher than that of the 4 other test proteins. The apparent association 

rate constant (ka) for AAHSA binding to HSA using surface plasmon resonance was 1.67 

(mg/mL)−1 sec−1 2 to 85-fold larger than for other test proteins. Sites for glucose oxidase 

(AAGOx) on silica nanoparticles were similarly very specific for GOx. Bound target proteins 

retained their secondary structures as they do when bound to cognate antibodies. This work 

demonstrates artificial antibody sites for proteins for the first time by polymerizing four 

different monomers on silica nanoparticle surfaces. The organosilane monomers were 

chosen to mimic amino acid side chains that bind to antibodies to increase selectivity and 

specificity by facilitating antibody-protein-like interactions in addition to relying on size and 

shape recognition.

EXPERIMENTAL SECTION

Chemicals and Materials

Tetraethylorthosilicate (TEOS, ≥ 99%), (3-aminopropyl)-triethoxysilane (APTES, ≥ 98%), 

glutaraldehyde (Grade I, 25% in water), human serum albumin (HSA, lyophilized powder), 

glucose oxidase (GOx, type X-S, lyophilized powder), lysozyme (lyophilized powder), 

bovine serum albumin (BSA, lyophilized powder), hemoglobin (Hb, lyophilized powder), 

ammonium hydroxide solution (ACS reagent, 28–30%), ethanol (200 proof), hydrochloric 

acid (ACS reagent 37%), triton X-100, TWEEN 20, sodium phosphate dibasic and sodium 

phosphate monobasic, Bradford reagents, 3-(N,N-dimethylamino) propyl-N-

ethylcarbodiimide (EDC), N-Hydroxysulfosuccinimide (NHSS), newborn calf serum, FITC 
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(fluorescein isothiocyanate) and glycine were from Sigma–Aldrich. 

Hydroxymethyltriethoxysilane (HMTEOS), n-propyl-triethoxysilane (PTES), 

benzyltriethoxysilane (BTES) were from Gelest, Inc. The surface plasmon resonance (SPR) 

chip functionalized with polyethylene glycol/carboxyl was from Reichert Technologies Life 

Sciences (part no. 13206061). The TEM Formvar carbon on 300 mesh Cu grid was from 

Ted Pella, Inc. All solutions were prepared using 18 MΩ cm water purified by passing 

house-distilled water through a Hydro Service and Supplies purification system. Solutions 

were passed through 0.45 μm filters (Fisher) before use. Silica nanoparticles (SiNP) were 

synthesized by a modified Stober’s process46,47 (details in Supporting Information). All the 

chemicals and solvents were equilibrated at room temperature prior to use. Buffer for most 

experiments was 10 mM phosphate, pH 7.3.

Instrumentation

Scanning electron microscopy (SEM) was a Nova NanoSEM 450 and Transmission Electron 

Microscopy (TEM) was Tecnai 12 (FEI). Dynamic Light Scattering (DLS) was done with an 

ALV/CGS-3. Zeta potential measurements were done using ZetaPlus (Brookhaven 

Instruments Corp.) Zeta potential analyzer. Raman spectroscopy was done with a Thermo 

Scientific, NXR FT-Raman instrument. Fluorescence experiment was performed using a 

FlexStation 3 (Molecular Devices). Circular dichroism (CD) was done with a Jasco 710 CD 

spectometer. The surface plasmon resonance (SPR) experiments were done using a Reichert 

SPR700DC dual channel flow SPR spectrometer with gold chips prefunctionalized with a 

mixed monolayer (10% COOH-(PEG)6-alkanethiol and 90% OH-(PEG)3-alkanethiol) at 25 

°C.

Synthesis of Artificial Antibody (AA) Sites

AA sites were prepared on silica nanoparticles (SiNP) for the proteins HSA and GOx. SiNP 

dispersions were first washed with water and phosphate buffer pH 7.3, centrifuged, and then 

redispersed in buffer. To functionalize the silica nanoparticles (SiNP) with amine groups, 20 

mL of 3.0 mg/mL SiNP was reacted with 22 μL of aminopropyltriethyloxysilane, (APTES) 

in a round-bottomed flask under continuous stirring (400 rpm) for 2 h at room temperature. 

The resulting amine-functionalized SiNP were then centrifuged and redispersed in 20 mL of 

1% (v/v) aqueous glutaraldehyde. After 20 min of incubation, the resultant aldehyde 

functionalized SiNP was centrifuged, washed with phosphate buffer, and redispersed in 20 

mL template protein (either HSA or GOx, 50 μg/mL) solution in pH 7.3 buffer and reacted 

for 3 h with magnetic stirring. After that, the solution was centrifuged and reconstituted in 

20 mL of pH 7.3 buffer and then 20 μL of tetraethylorthosilicate (TEOS) was added and 

reacted for 2 h at 10 °C under continuous stirring at 400 rpm. Then, a mixture of four 

organosilanes, 9 μL of each BTES, PTES, APTES, and 18 μL HMTEOS (Scheme 1) were 

added to synthesize the recognition site layer under the same stirring condition at 10 °C. 

After 48 h, the template protein was removed from the product by ultrasonic treatment for 

10 min at 30 °C in 20 mL 1 M HCL containing 0.01% v/v Triton X-100. The resulting 

product was then incubated at 40 °C for 30 min at 600 rpm and subsequently another 30 min 

of ultrasonic treatment was done to remove all the template protein from the system. The 

synthesis pathway is shown in Scheme 2. The possible pathway for copolymerization is 
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shown in Scheme 3. The imprinted particles were then washed 4 times, collected by 

centrifugation and finally reconstituted in pH 7.3 buffer and stored at 4 °C.

Protein Binding

The selectivity of the AAs was tested for binding of HSA, glucose oxidase (GOx), bovine 

serum albumin (BSA), lysozyme and hemoglobin (Hb). A 1:1 ratio of freshly prepared 

protein solution (500 μL) in 10 mM phosphate buffer pH 7.3 was mixed with the 

corresponding 3.0 mg/mL (500 μL) AA in the same buffer and incubated for 2 h under slow 

rotation. Then, the solution was centrifuged at 3200 rpm for 3 min and the supernatant was 

analyzed by a Bradford assay to determine the amount of protein remaining in the 

supernatant.48 The protein in solution reacts with the Bradford reagent to form a blue 

product (stable unprotonated form of the Coomassie Brilliant Blue G-250 dye) with 

absorbance at 595 nm that was measured to quantify the proteins.35 The nominal 

equilibrium constant Kads is given by

where [AB] is the concentration of the bound protein, [A] and [B] are the concentrations of 

protein and binding sites, respectively. Kads is the ratio of rate constant for adsorption to that 

of desorption.49 For systems with multiple binding sites, a K-value can be estimated using 

the Langmuir–Freundlich equation.50,51

(1)

where here X is the concentration of protein bound per mg of SiNPAA, Xm is the maximum 

concentration of proteins bound, KLF is the Langmuir–Freundlich constant, C is 

concentration of protein in solution, and n is an empirical constant between 0.4 and 0.5 for 

protein adsorption on solid surfaces. Expressing X′ = X/Xm and C1/n as C′, KLF was 

estimated by nonlinear regression fits of isotherm data (Kaleidagraph) to the Langmuir–

Freundlich equation using n = 0.45. Although the definition of Kads is not the same as KLF, 

the physical meaning is similar. Large values of KLF represent faster rates of adsorption 

versus desorption and larger binding affinities. Binding experiments were also performed at 

pH 6.3 and 8.0 with different salt concentrations (sodium chloride, 50 mM and 200 mM) to 

understand the effect of pH and salts for protein binding capacity.

The binding of HSA to AAHSA was also tested in serum samples. Template protein HSA 

was tagged by attaching fluorophor FITC, then dissolved in 2% calf serum and incubated 

with 3 mg/mL AAHSA. After 3 h, the AAHSA with bound FITC-tagged HSA was separated 

by centrifugation and washed three times with phosphate buffer pH 7.3 with centrifugation 

at 3200 rpm. Fluorescent intensity of the labeled nanoparticles redispersed in buffer was 

measured at 525 nm using 495 nm excitation. The amount of bound FITC-tagged HSA was 

then calculated (Supporting Information and Figure S4).
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Surface Plasmon Resonance (SPR)

SPR was done at 25 °C using phosphate buffer with 0.05% TWEEN-20 (pH 7.3) as flow 

buffer with the SPR chip attached to an injection valve with a 500 μL injection loop.52 In 

brief, proteins, (1 mg/mL) were first immobilized on the carboxyl functionalized gold 

surface using amine coupling chemistry. Carboxyl groups were activated using a 1:2 mixture 

of freshly prepared 4 mg EDC (3-(N,N-dimethylamino) propyl-N-ethylcarbodiimide) and 11 

mg NHSS (N-Hydroxysulfosuccinimide) by flowing for 10 min at 50 μL/min. Then, the 

proteins in buffer were immobilized at a flow rate of 20 μL/min for 1500 s. Unreacted sites 

were blocked using 1 M glycine at pH 8.0 buffer.52

AAHSA or AAGOx dispersions in buffer were injected into the SPR via the sample injection 

loop to monitor binding to surface proteins at a 100 μL/min flow rate, allowing 300 s for 

association and 300 s for dissociation. Data were initially analyzed by fitting eqs 1 and 2 to 

estimate the association binding constant ka and dissociation rate constant kd. However, 

binding of AAs to proteins did not show any dissociation even after 30 min dissociation 

time, and the data give very poor fits to the model (eqs 1 and 2). The rate in change in signal 

versus time during association for each experiment was then plotted against [AAHSA], and 

the apparent binding constant was estimated from the slope (eq 5).

(2)

(3)

(4)

(5)

Circular Dichroism (CD)

UV CD spectra were measured for all protein-particles conjugates. Protein solutions were 

incubated with AAHSA or AAGOx under slow rotation for 2 h and washed twice under same 

conditions as for adsorption isotherms. After centrifugation, the particles were reconstituted 

in buffer, and CD was scanned from 190 to 250 at 20 nm/min and an average of 8 spectra 

were represented after subtracting the buffer signal. Conformations of proteins structure 

were monitored by observing the negative peak at 210–220 nm and positive peak around 

195 nm.53,54

RESULTS

Characterization of SiNP and AA

Average diameter of synthesized SiNPs from scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) was 390 nm (Figure 1a,c). The average diameter in 

buffer from DLS (410 nm, Table 1) was slightly larger than from SEM and TEM, which is 
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reasonable since the hydrodynamic diameter is monitored by DLS.55 The zeta-potential for 

the SiNP was −57.5 ± 4.8 mV (Table 1) at pH 7.3 at a concentration of 3.2 ×1011 SiNP 

particles/mL.

To synthesize the AA sites on the surface of SiNP, aminopropyltriethoxysilane (APTES) 

was attached to generate free amines, which were then reacted with glutaraldehyde to form 

imines with some aldehyde groups remaining free for protein binding. To remove the 

template protein after copolymerization reaction, 1 M HCl was used to break the possible 

interactions with protein-amino acid like functional groups from organosilane monomers 

and then sonication was performed to release from the system. The surfactant triton X-100 

helped to control any mechanical damage due to sonication. Different concentrations of the 

monomers were also incorporated to synthesize the AA; however, the above-mentioned 

composition of the monomers was significantly better for making the polymerized coat on 

the surface.

The reaction of APTES with the SiNP surface was confirmed by Raman spectroscopy by 

observing two strong bands at 1458 and 2936 cm−1 characteristic of C–H bending and 

stretching of the propyl group (Figure 2).

Template protein was then bound onto the APTES-gluteraldehyde treated AA-SiNPs via 

imine bonds formed by reaction of amine groups on the protein with free aldehydes of 

glutaraldehyde. Polymerization to make the binding sites was initiated by adding 

tetraethylorthosilicate (TEOS) at 10 °C, then after 2 h, benzyltriethoxysilane (BTES), n-

propyltriethoxysilane (PTES), hydroxymethyltriethoxysilane (HMTEOS), and 

aminopropyltriethoxysilane (APTES) were added to react for 48 h. Binding sites were 

formed by subsequent removal of the template protein by ultrasonication with 1 M HCl and 

Triton X-100, where the weak imine bonds were broken in acidic contidion.35 The resulting 

surfaces of SiNP AAs were very rough (Figure 1b,d) compared to the smooth SiNPs (Figure 

1a,c) consistent with the additional surface polymerization to make the binding sites.

Hydrodynamic radii (Table 1) showed that radius of the unreacted SiNP was the smallest, 

and increased by about 40–45 nm when HSA or GOx were adsorbed, reflecting multiple 

protein attachment to the silica. The radii of the synthesized SiNP-AAs were about 200 nm 

larger than bare SiNP. When target proteins were adsorbed to the AAs and the particles 

washed extensively, 60 nm for AAHSA–HSA and 35 nm for AAGOx–GOx increases in radii 

were found compared to AAHSA and AAGOx, respectively. These increases suggest that 

multiple protein bind to the SiNP-AAs, also perhaps swelling their outer polymer layers. 

The zeta potential is about −60 mV for bare SiNP, but decreases to about −20 mV for the 

AAs and SiNP-AAs with adsorbed proteins (Table 1).

Protein Binding Isotherms

Specificity and selectivity of SiNP-AAs for binding proteins was examined using Bradford 

total protein assays. HSA, bovine serum albumin (BSA), lysozyme, glucose oxidase (GOx), 

and hemoglobin (Hb; Table 2) were dissolved in 10 mM phosphate buffer pH 7.3. Then, 500 

μL of 3.0 mg/mL artificial antibody dispersion was mixed with 500 μL of protein solution in 

buffer and kept for 2 h under slow rotation. After centrifugation, protein in the supernatant 
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solution was measured by the Bradford assay to find the amount of proteins remain in the 

solution by measuring absorbance at 595 nm. Adsorption isotherms (Figure 3) show that 

template proteins HSA and GOx bind much more strongly to their respective artificial 

antibodies than other proteins. Data were fit to eq 1 using n as 0.45 for the best fit to obtain 

KLF, the Langmuir–Freundlich binding constant. Fits were reasonably good and KLF (Figure 

3) for AAHSA–HSA was 6.7 × 104, significantly larger than the other protein binding 

interaction for AAHSA which clearly indicates the selective nature of the artificial antibody 

(Table 3). KLF for GOx binding to AAGOx also and much larger than those of nontarget 

proteins (Table 3). Surface density of HSA at the saturation point was 109 μg/m2 for AAHSA 

while that of GOx on AAGOx was 127 μg/m2 both significantly more than these proteins on 

bare silica (~30 μg/m2). The AAHSA binding capacity was 5.9 mg HSA/g compared to 1.4 

mg/g for poly(aminophenyl)boronic acid surface imprinted silica beads.56

The effects of pH and salts on binding were analyzed by measuring KLF for HSA on AAHSA 

at pH 6.3, 7.3, and 8.0 and NaCl concentrations of 0, 50, and 200 mM at each pH. At pH 6.3 

(KLF, 6.2 × 104) and 8.0 (KLF, 5.8 × 104) with no salt the binding efficiencies decreased 

compared to pH 7.3 (KLF, 6.7 × 104). Increasing salt concentration decreases the binding 

efficiencies at these pH-values, e.g. at pH 8.0, KLF at 50 mM NaCl was 5.6 × 104 and KLF at 

200 mM NaCl was 5.1 × 104. These changes may result from bound ions disrupting protein-

AA binding by shielding electrostatic interactions and changes in pH that alter or decrease 

the number of hydrogen bonding interactions (Supporting Information, Figure S5, Table 

S1).

Stability of the AAHSA-HSA bound conjugate was monitored by subsequent washing and 

measurement of the protein concentration. Details are summarized in the Supporting 

Information. Approximately 99% of the proteins remained bound with AA even after three 

washings (details in Supporting Information).

The binding of HSA by AAHSA in 2% calf serum was investigated to mimic a real 

biological application. Fluorescent-labeled FITC-HSA was used, AAHSA added to the 

sample which was stirred 3 h, centrifugation, and particles redispersed in buffer (see 

Experimental Section). Bound HSA was measured by fluorescence. From the results, 

approximately 90% of HSA at 1–10 μg/mL levels was captured by AAHSA (Table 4). Calf 

serum contains ~50 mg/mL BSA,57 so 2% calf serum has ~1 mg/mL BSA, 100-fold or more 

that the amounts of added HSA in this experiment. Thus, these results demonstrate the high 

selectivity of AAHSA for binding the template protein in a biological sample with high 

content of multiple proteins.

Surface Plasmon Resonance

Binding of AAHSA to HSA, GOx, BSA, lysozyme, and hemoglobin were monitored by 

surface plasmon resonance (SPR) on Au SPR chips. Single proteins were attached onto a 

PEG-self-assembled monolayer on the Au surface at measured surface density 7 × 109 

proteins/mm2. Then, dispersions of AAHSA or AAGOx in pH 7.3 buffer were made to flow 

across the chip. Data in Figures 4 and 5 show rises in the SPR signals due to binding of the 

AAs to target proteins. After feed solution was changed to buffer, signals became flat 
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suggesting little dissociation even after 30 min. Maximum binding SPR signals for AAHSA 

and AAGOx were largest for their respective template proteins.

Figures 4 and 5 show SPR responses (R) for protein-AAHSA and protein-AAGOx binding. 

Nonlinear regression fits to the model in eqs 2 and 3 for the SPR data gave poor fits, most 

likely due to co-operative surface interactions. Thus, apparent association rate constants (ka, 

eq 5) were estimated from initial slopes (ΔR/Δt) of plots of ΔR/Δt vs [AAHSA] (Figure 6). 

SPR responses increased with increasing [AAHSA] (Figure 6) with either HSA or GOx on 

the SPR chips. The apparent ka was largest at 1.67 (mg/mL)−1 sec−1 for AAHSA-HSA, while 

AAHSA showed smaller ka values (Table 3). Also, AAGOx–GOx gave the largest ka, with 

other proteins giving smaller values (Table 3).

Circular Dichroism

Circular dichroism (CD) spectra for SiNPs and SiNP-AAs with bound proteins revealed 

secondary structures of the proteins after binding. There is a strong maxima at 193 nm and 

double minima at 208 and 220 nm in the native HSA and GOx spectra (Figure 7A,B), and 

similar maximum at 190 nm and minimum at 210 nm for native glucose oxidase (GOx) that 

reflect predominant α–helical structures of the proteins in solution.53 Comparison of the 

spectra for bound proteins on AAHSA shows that bound HSA retains its secondary structure, 

whereas on AAGOx both GOx and HSA retain a major portion of their secondary structures.

DISCUSSION

The above results demonstrate synthesis of highly selective antibody-like binding sites for 

target proteins on silica nanoparticles by surface molecular imprinting using silane 

monomers with four different amino-acid-like functional groups to provide binding 

interactions that mimic those of proteins with antibodies. The monomers provide protonated 

amine (NH3
+), hydroxyl (OH), capable of H-boding, and benzyl (C6H6), and propyl 

(CH2CH2CH3) groups facilitating and hydrophobic interactions.63 These combined 

interactions along with size and shape selectivity in target protein binding provided much 

better selectively, binding strength, and binding rates for targets compared nontemplate 

proteins (Figures 3 and 6, Table 3). Also, ratios of these four monomers in the synthesis 

were optimized relative to ratios of amino acids like lysine, tyrosine, aromatic amino acids 

and more hydrophobic amino acids that are predominant responsible for antigen–antibody 

interaction.64

The AA-silica nanoparticles have very rough surfaces (Figure 1) and diameters of the SiNPs 

increased significantly (Table 1) after the imprinting process. The hydrodynamic radius for 

AAHSA was 430 nm which is larger than bare SiNP due to the imprinted polymerization, 

and may also reflect some swelling of the polymer layer in the aqueous buffer. The increase 

in radii after protein binding is consistent with the presence of proteins on the AAs surface, 

and may also be influenced by additional swelling after the hydrated protein is bound. 

Clearly, the situation is complex, and cannot be viewed simply as a globular protein binding 

to the outside of a spherical nanoparticle. However, the 30 nm increase in radius for AAGOx 

is roughly consistent with what we would expect for binding of GOx (max. dimension 21 

nm, Table 2) within the polymer layer along with any water that hydrates it, and a possible 
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swelling of the polymer layer to accommodate the binding. For HSA (max. dimension 10 

nm, Table 2), the 60 nm increase in radius upon binding to AAHSA seems more complex, 

and may involve a network of binding sites in the polymer layer that is formally equivalent 

to multilayer protein binding and attendant swelling. Assuming that all the binding sites 

interact equally with the target protein, this situation provides more binding sites per 

nanoparticle and the chance for greater efficiency of binding at low protein concentrations.

After protein removal, sites with complementary shape, size, and functional groups are 

created, presumably featuring different arrangements and orientations of the monomer side 

chains. Most of the hydrophobic monomers interact with the proteins and there is only a 

small possibility for these to be present on the surface exposed to water.65 The small 

standard deviations of the radii in DLS (Table 1, Figure S6) argue against aggregation, so 

that multiple binding sites and swelling seem the most reasonable explanation for changes in 

the polymer film thickness.

Similar values for zeta-potential for bare SiNP and AA particles with bound proteins are 

consistent with lowering of the negative charge on the SiNP surface by both polymerization 

and protein binding (Table 1). At pH 7.3, HSA (pI 4.7) and GOx (pI 4.2) are negatively 

charged. Less negative and similar zeta potentials compared to silica were found for all 

particles binding these proteins (−20 ± 2). This is consistent with earlier work that reported 

that zeta potentials of silica, alumina, and titania colloids are controlled by the charge and 

zeta potential of protein adsorbed to their surfaces.66

Raman spectroscopy confirmed the covalent binding of APTES to SiNP in the initial stage 

of binding site construction. In APTES-SiNP, the NH2 peaks (for out of plane bending at 

895 cm−1 and rocking/twisting or bending at ~1100 cm−1)67 overlap with Si–O peaks in the 

same region. However, new bands for APTES-SiNPs at 1458 and 2936 cm−1 can be 

assigned to C–H bending (1458 cm−1) and C–H stretching (2936 cm−1)68 from multiple C–

H bonds in APTES (Figure 2). After addition of the glutaraldehyde the C=O bond involved 

in hydrogen bonding and CH bending of the aldehyde group interact with the other 

vibrations and might appear in a wide spectral range around 1430–1200 cm−1.69

The AAs bind target proteins at high loading and efficiency after protein removal (Table 3, 

Figure 3). This also shows that target proteins have been efficiently removed by sonication 

in the detergent–acid medium. Different models have been used to evaluate binding 

equilibrium. In this case, the molecularly imprinted particle system is heterogeneous and 

probably three-dimensional, and thus the Langmuir–Freundlich model was employed for the 

best results.70 The apparent Langmuir–Freundlich binding constant (KLF) for HSA onto the 

AAHSA was 6.7 × 104 ((mL/mg)1/n), 4–300 times larger compared to other nontemplate 

proteins. KLF for GOx binding to AAGOx was 4.7 × 104 ((mL/mg)1/n), 6.5–130 fold larger 

than those of nontarget proteins (Table 3). These results are consistent with very selective 

binding of the target proteins to cognate AAs.

Binding selectivity is also influenced by protein size. From Table 2, the dimensions of HSA 

(5.97 × 9.70 × 5.97 nm) are comparable with Hb (9.71 × 9.95 × 6.61 nm) and GOx (6.65 × 

6.65 × 21.45 nm). As a result, the AAHSA also bound with these two proteins, but much less 
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strongly than HSA, whereas AAHSA bound very poorly to the much larger protein BSA 

(21.78 × 4.50 × 14.31 nm) and to the smaller protein lysozyme (7.79 × 7.79 × 3.83 nm). 

Similar results were found for binding to AAGOx. Results are consistent with selective 

binding based on both specific polymer–proteins interactions and the size and shape of the 

binding site. In addition, the UV-CD spectra for AA-protein conjugates suggests that 

conformations of bound target proteins are retained after binding with AAs (Figure 7). This 

feature is in common with true antibodies and their cognate binding partners.15,16

Surface plasmon resonance (SPR) indicated very strong binding of AAHSA to HSA attached 

to the SPR chip, with very little dissociation of AAHSA from the protein-decorated surface. 

Thus, only association rate constants (ka) could be determined from SPR. The ka-value was 

1.67 (mg/mL)−1 sec−1 for AAHSA on HSA, which was 2 to 85-fold larger compared to 

nontemplate proteins. For AAGOx, ka was 1.31 (mg/mL)−1 sec−1, which was 1.4–5 fold 

larger that for the other proteins. The lack of dissociation is due to cooperative binding with 

multiple binding sites on SiNP-AAs to proteins on the Au SPR surface, as also observed for 

multiple-antibody magnetic beads onto surface proteins.52 This consequence of co-operative 

binding of the AAs to surface proteins occurs for AAs bound to either GOx or HSA, 

regardless of the target template of the AA. The association responses were larger for all AA 

concentrations for the target protein surfaces compared to nontarget proteins (Figures 4 and 

5), again suggesting stronger affinity toward the target proteins. This is consistent with the 

KLF values that were always much larger for the target proteins compared to other proteins. 

Selectivity of the AA for HSA was slightly better than for GOx. While BSA and HSA have 

similar amino acid compositions, dimensions of HSA (6 × 9.7 × 6 nm) are smaller than for 

BSA (21.8 × 4.5 × 14.3 nm; Table 2). Another issue is the absence of sugar binding moieties 

in the AA binding sites because GOx has glucose-like groups on its surface but HSA does 

not. These results underline the importance of cooperative molecular group interactions and 

size that influence binding to the AAs.

Calf serum diluted to 2% contains hundreds of proteins including BSA at 1 mg/mL57 so 

recovery of 90% of HSA in this medium (Table 4) confirms strong selective binding of the 

synthetic artificial antibody toward template protein in a protein laden-medium. This result 

also is proof-of-concept for possible biological applications such as separation and 

bioanalysis.

CONCLUSIONS

Results above demonstrate the synthesis of prototype antibody-like binding sites on 

nanoparticles for two proteins with very promising specificity and selectivity. The use of 

mixtures of silane monomers with amino-acid-like side chains for surface imprinting 

provided excellent affinity and selectivity toward the template proteins, and a 4-fold larger 

binding capacity compared to an earlier single polymer imprinted silica.56 Apparent binding 

constants (KLF) of HSA and GOx bound to their respective AAs were 4–300 fold larger 

compared to a series of nontemplate proteins. Excellent recovery of HSA was found using 

AAHSA in protein-rich calf serum. If improvements in affinity and selectivity can be realized 

for a broad range of proteins, this approach may offer a general route to artificial antibody 

nanoparticles that could replace natural antibodies for some applications.
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Figure 1. 
Morphology of silica nanoparticles (SiNP) and artificial antibodies of human serum albumin 

(AAHSA) under microscopy. (a) SEM image shows smooth surface of bare SiNP; (b) SEM 

image reflects roughness on the surface of synthesized AAHSA; (c) TEM image of bare 

SiNP; and (d) TEM image of AAHSA.
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Figure 2. 
Raman spectra of (a, red) APTES-silica, (b, blue) SiNP, and (c, green) SiNP-imine with two 

strong bands at 1458 and 2936 cm−1, which are characteristic of C–H vibrations of the 

propyl group bands.
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Figure 3. 
(A) Adsorption isotherms for proteins with AAHSA and AAGOx: Binding to AAHSA of (a) 

lysozyme, (b) BSA, (c) GOx, (d) hemoglobin, and (e) HSA. (B) Plot showing binding to 

AAGOx of (a) lysozyme, (b) BSA, (c) HSA, (d) hemoglobin, and (e) GOx.
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Figure 4. 
SPR responses at flow 100 μL/min for association (0–300 s) and dissociation (300–600 s) of 

AAHSA for protein films on an SPR chip. Different concentrations of AAHSA were injected: 

(a) 0 μg/mL, (b) 0.15 μg/mL, (c) 0.30 μg/mL, (d) 0.60 μg/mL, (e) 1.2 μg/mL, and (f) 1.8 μg/

mL), and SPR signals were obtained. Chips were immobilized with (A) HSA and (B) GOx.
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Figure 5. 
SPR responses at flow rate 100 μL/min for association (0–300 s) and dissociation (300–600 

s) of AAGOx. Different concentration of AAGOx were injected: (a) 0 μg/mL, (b) 0.15 μg/mL, 

(c) 0.30 μg/mL, (d) 0.60 μg/mL, (e) 1.2 μg/mL, and (f) 1.8 μg/ mL. Chips were immobilized 

with (A) GOx and (B) HSA.
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Figure 6. 
Initial rates of SPR response vs concentrations of AAs. Slopes represent the apparent 

association rate constant for AAs for (A) HSA and (B) GOx with HSA (red) GOx (blue), 

bovine serum albumin (black), lysozyme (pink) and hemoglobin (green).
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Figure 7. 
UV-CD spectra for proteins in pH 7.3 buffer. (A, a) HSA in buffer, (b) AAHSA-HSA 

conjugates, (c) AAHSA-GOx conjugates, and (d) SiNPs-HSA conjugate. (B, a) GOx in 

solution, (b) AAGOx-HSA conjugates, (c) AAGOx-GOx conjugates, (d) SiNP-GOx 

conjugates.
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Scheme 1. Structure of Silane Monomers Used in the Imprinting Process
A(3-Aminopropyl)-triethoxysilane (APTES). BBenzyltriethoxysilane (BTES). Cn-

Propyltriethoxysilane (PTES). DHydroxymethyltriethoxysilane (HMTEOS).
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Scheme 2. Pathway for Synthesis of Artificial Antibody Sites
Steps 1–3: The SiNP surface was aminated by APTES followed by addition of 

glutaraldehyde to bind the protein to the SiNP by imine bond formation between 

glutaraldehyde and free amines of the protein. Step 4: Monomers with amino acid-like 

functionality were added to generate binding sites around the template protein. Step 5: 

Protein template was removed with sonication in acidic detergent solution. Step 6: Binding 

of a range of proteins was examined to establish selectivity.
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Scheme 3. Pathway of the Copolymerization of All the Organo-Silane Monomers Used Here in 
the Presence of Template Protein in pH 7.3 Buffer at 10°Ca

aThe monomers undergo hydrolysis and then condensation reaction in this reaction 

condition to form the siloxane cage surround the template protein by incorporation amino 

acid like functional groups on the surface to maximum the binding efficiency.
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Table 1

Zeta-Potentials and Avgerage Hydrodynamic Radii from DLS of Particles in pH 7.3 Buffer

particle zeta-potential (mV) hydrodynamic radius (nm)

SiNPa −59.3 (±2) 205 (±2)

SiNP-HSAb −19.1 (±2) 245 (±5)

SiNP-GOxc −22.3 (±1.3) 251 (±3)

AAHSA
d −20.4 (±1.4) 430 (±6)

AAGOx
e −21.4 (±2.1) 421 (±3)

AAHSA-HSAf −17.6 (±3.1) 490 (±6)

AAGOx-GOxg −18.2 (±2.8) 454 (±13)

a
Silica nanoparticles (SiNPs) of 3.0 mg/mL.

b
SiNPs (3.0 mg/mL) and human serum albumin (HSA) conjugates.

c
SiNPs (3.0 mg/mL) and glucose oxidase (GOx) conjugates.

d
Artificial antibodies of HSA (AAHSA).

e
Artificial antibodies of GOx (AAGOx).

f
AAHSA and HSA conjugates in PB.

g
AAGOx and GOx conjugates.
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Table 3

KLF and ka Values for Artificial Antibody (AA) Protein Interaction

proteins KLF for AAHSA (mL/mg)1/n KLF for AAGOx (mL/mg)1/n
ka for AAHSA (mg/ 
mL)−1sec−1

ka for AAGOx (mg/
mL)−1sec−1

BSA 0.14 × 104 0.13 × 104 0.079 0.41

lysozyme 0.02 × 104 0.036 × 104 0.019 0.25

HSA 6.7 × 104 0.47 × 104 1.67 0.91

GOx 0.83 × 104 4.7 × 104 0.54 1.31

hemoglobin 1.6 × 104 0.72 × 104 0.91 0.89
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Table 4

HSA Binding onto AAHSA in 2% Calf Serums

amount FITC-HSA added (μ g/mL) amount FITC-HSA bound (μ g/mL) % recovery of bound HSA

10.0 8.9 89

5.0 4.6 92

1.0 0.9 90
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