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Boronate affinity molecularly imprinted polymer inverse opal 

particles were developed for the multiplex label-free detection of 

glycoproteins with a high sensitivity and specificity. 

Multiplex bioassays, biotechnologies with the ability to 

detect multiple biomolecular targets in a single sample 

simultaneously, are very important for clinical diagnosis, gene 

expression, drug discovery and so on
1
. One successful 

technology developed in this field is suspension arrays
2
, which 

use barcode particles as elements for multiplexing. Compared 

with conventional planar arrays
3
, these barcode particle-based 

suspension arrays show high flexibility, fast reaction, good 

reproducibility and high sensitivity for detecting
4
. Many 

encoding strategies have been proposed for the suspension 

barcode particles, including incorporation of segmented 

nanorods, photopatterning, fluorescent colloids, photonic 

crystals (PhCs) and so on
5
. Among them, PhC barcode particles 

hold immense promise for suspension arrays because of their 

excellent optical properties, such as minimal spectral width, 

remarkable stability, and freedom from fluorescent 

background. However, during the immunoassay applications of 

the suspension arrays, including the PhC barcode particle 

arrays, attaching to the target molecules are usually 

unavoidable in target analysis by detecting fluorescence or 

absorbance labels
6
. In addition to the high cost imposed by 

reagents and instruments, the labels or labeling itself will 

hinder the interactions and the activity of biomolecules, which 

could lead to false negative detection results. Moreover, the 

immune-antibody storage stability, high cost, and difficulties 

associated with their production, together with the loss of 

biological activity upon external treatment, are often cited as 

problems. Therefore, it is highly desirable to develop antibody- 

and label-free detection in the barcode suspension assay.  

In this paper, we present a novel strategy for the desired 

detection by boronate affinity molecularly imprinted polymer 

(MIP) PhC barcode particles. MIPs are economical and stable 

synthetic receptors with antibody-like binding properties. They 

were employed as artificial antibodies and have found 

important applications in the detection of biomolecules based 

on their physicochemical responses, such as changes in 

refractive index and volume
7
. In particular, with the boronate 

affinity as the functional elements, the MIPs exhibit many 

attractive characteristics, such as reversible binding, high 

affinity, high specificity, and superb tolerance to interference
8
. 

These features make them appealing alternatives to antibodies 

for immunoassays
9
 and glycoproteomics

10
. However, the 

potential value of the boronate affinity MIPs for the 

construction of the barcode suspension assay is still 

unexplored. Thus, we herein employed them as the elements 

of the PhC barcode particles and investigated the responsive of 

these particles to different glycoproteins. The specific binding 

of the glycoproteins in the imprinted boronate affinity 

nanocavities of the PhC barcode particles cause the MIPs 

swelling and this is detected as a corresponding shift in the 

Bragg diffraction peak position, which could be used for 

quantitatively estimating the amount of bound biomolecules
11

. 

Based on this principle, the feasibility of antibody- and label-

free multiplex detection of glycoproteins could be realized in 

the barcode suspension assay.
 

In a typical experiment, silica colloidal crystal beads (SCCBs) 

were employed as templates for the fabrication of the MIP PhC 

barcode particles. The principle and procedure of this 

fabrication process is outlined in Scheme 1. Briefly, the 

hydrophilically modified SCCBs (Scheme 1a) were immersed in 

the MIP pregel solution at first. The mixture was then 

polymerized under ultra violet (UV) light after the void spaces 

between the silica nanoparticles of the SCCBs were fully SCCBs 

(Scheme 1b) were collected from the polymerized hydrogel by 

swelling and tearing the bulk hydrogel. Finally, the inverse opal 

structured MIP particles were obtained after removal of the 

template SCCBs and imprinted molecules. 
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Scheme 1 Schematic diagram of the preparation process of the 

molecular imprinted polymer (MIP) PhC barcode particles. 

 

In this research, the MIP pregel solution was mainly 

composed of polyethylene glycol diacrylate (PEGDA), 4-

vinylphenylboronic acid (VPBA), and imprinted target 

molecules. The VPBA is a kind of functional monomer, which 

can covalently bind cis-diol-containing molecules such as 

sugars and glycoproteins to form stable cyclic esters in alkaline 

aqueous solution, while the boronate esters dissociate and the 

cis-diol-containing molecules are released when the 

surrounding pH is switched to acidic. Both the PEGDA and 

VPBA are photocurable and can form stable hydrogel gridding 

to immobilize the complex of the functional VPBA and the 

imprinted targets. Thus, the inverse opal structured MIP 

particles were imparted with precisely positioned boronic 

groups and “footprints” of the imprinted target molecules in 

their macroporous hydrogel scaffolds (Scheme 1c) when the 

template silica nanoparticles and the imprinted molecules 

were removed. 

The microstructure of the template SCCBs and the 

replicated MIP inverse opal particles was observed by scanning 

electron microscopy, as shown in Fig. 1. It was observed that 

the silica nanoparticles on the surface of the template SCCBs 

formed a hexagonal alignment (Fig. 1a) and this ordered array 

structure also extended to the inside of the SCCBs (Fig. 1b). 

Thus, the MIP hydrogel particles replicated from the SCCBs 

 

 

Fig. 1 SEM images of the SCCBs and the MIP inverse opal 

particles: (a, b) surface and inner microstructures of a 

template SCCB; (c) microstructure of a hydrogel hybrid SCCB; 

(d) surface image of a collapsing MIP particle; (e, f) surface and 

inner microstructures of an inverse opal hydrogel particles. 

Scale bars are 500 nm in (a, c, e), 1 μm in (d), and 2 μm in (b, f). 

should have a similar highly three-dimensional (3D) ordered 

inverse opal structure. This was primarily confirmed by images 

of the MIP hydrogel hybrid SCCBs, which indicated that the 

MIP hydrogel had efficiently filled the voids in the SCCB 

templates (Fig. 1c). However, the desired inverse opal 

nanostructure was difficult to be observed due to the shrinking 

and collapsing during the drying process of the soft MIP 

scaffolds (Fig. 1d). Thus, to further investigate the actual 

nanostructure of the replaced MIPs, a high concentration of 

the PEGDA was employed to maintain the MIP hydrogel 

scaffolds during their drying. As expected, a porous surface of 

the improved hydrogel inverse opal particles was observed. 

The pores formed a mainly hexagonal symmetrical pattern, 

and were also interconnected and extended inside the inverse 

opal hydrogel particles (Fig. 1e and 1f). This structure can offer 

easier access for the target molecules to the boronic groups 

imprinted “footprints”. 

Because of the ordered nanostructure, the template SCCBs 

and the replicated MIP inverse opal particles were imparted 

with a photonic band gap (PBG) property and show the 

corresponding structural color or characteristic reflection peak 

(Fig. 2 and Fig. S1). Under normal incidence, the peak positions 

λ of the MIP inverse opal particles can be estimated by Bragg’s 

equation: 

λ = 1.633dnaverage      (1) 

where d is the center-to-center distance between two 

neighboring nanopores, and naverage is the average refractive 

index of the particles. Therefore, by changing the diameters of 

the silica nanoparticles and their derived pores, a series of MIP 

inverse opal particles with different diffraction-peak positions 

and colors could be obtained (Fig. 2d), which can be derived 

for encoding. It was worth mentioning that the reflection 

peaks of the MIP inverse opal particles were flexible and 

changeable when their MIP hydrogels were integrated with 

stimulus-responsive elements, such as their imprinted target 

molecules. Although the target molecules could cause a slight  

 

 

Fig. 2 Reflection images of (a) the SCCBs, (b) the MIP hydrogel 

hybrid SCCBs, and (c) the MIP inverse opal particles. Scale bars 

are 100 μm in (a-c). (d) Reflection peaks and reflection images 

of 5 different MIP inverse opal particles. 
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swelling of the hydrogel volume, the selectivity of the MIP 

materials to their targets was with undetectable influence. In 

our experiments, the diffraction peak shift (to red) of the MIP 

inverse opal particles is less than 15 nm, thus the particles can 

be encoded by the spectral ranges between their initial 

position of the diffraction peak to the red orientation of 

wavelengths 20 nm. Thus, more than 30 kinds of molecules, in 

theory, are generally enough for the demand of clinical 

diagnoses, can be detected simultaneously in the spectral 

range from 380 nm to 1000 nm by using the MIP inverse opal 

particles without code interference between each other. 

As a proof of concept for the antibody- and label-free 

detection, horseradish peroxidase (HRP), ribonuclease B 

(RNase B), and transferrin (TRF) were used as the imprinted 

molecules in the boronate affinity MIP inverse opal particles, 

respectively. When an imprinted biomolecule enters a 

complementary nanocavity of the MIP inverse opal particles, a 

multitude of simultaneous hydrogen bonds can be formed 

between the oriented boronic groups in the nanocavity and 

the polar surface residues of the glycoprotein. These 

cooperative, multivalent hydrogen bonds lead to a significantly 

increased selective glycoprotein-binding affinity. During this 

process of molecular recognition, the specific binding of 

glycoprotein to the imprinted nanocavities of the MIP inverse 

opal particles not only lead to the swelling of the MIPs, but 

also increase the average refractive index of the particles (as 

the refractive index of the protein 1.42 is larger than that of 

water 1.33), and both are reported by the particles through a 

red-shift of the Bragg diffraction peak (Fig. 3). 

Generally, it is beneficial for sensitive glycoprotein detection 

by using a MIP hydrogel with a high swelling ratio, which could 

be realized by adding porogen, reducing the concentration of 

pregel solution, or decreasing the ratio of cross-linkers. In our 

experiment, polyethylene glycol (PEG) molecule was employed 

as the porogen solution, which can occupy space in the MIP 

hydrogel without reacting with other ingredients. This 

improvement not only imparts the MIP hydrogel a porous 

structure, but also provides additional channels for the 

imprinted target molecules accessing. Although a high 

percentage of the PEG porogen would lead to a highly elastic  

 

 

Fig. 3 (a) Optical response of the HRP imprinted inverse opal 

particles incubated in different concentrations of the target 

HRP. (b) Bragg diffraction peak shift values of the imprinted 

and non-imprinted inverse opal particles in different 

concentrations of the HRP. The number of replicates at any 

concentration was five.  

MIP hydrogel, the mechanical strength of the hydrogel was 

decreased and the inverse opal structure of the particles 

became difficult to maintain (Fig. S2). Thus, a compromising 

PEG porogen concentration of 20% was employed. Under this 

condition, the concentration of the pregel solution and the 

ratio of the monomers to cross-linkers were optimized. It was 

found that the MIP hydrogel particles could reach an obvious 

red-shift of the Bragg diffraction peak under their 

corresponding imprinted glycoprotein when the MIP hydrogel 

were prepared with a concentration of PEGDA about 25% and 

a molar ratio of about 12:1 for the cross-linkers and the 

monomer. Remarkably, a trace amount of the analyte is 

sufficient to lead to a red-shift of the diffraction peak (Fig. 3a). 

Therefore, these concentrations and ratios were used to 

fabricate all the MIP hydrogel particles for the antibody- and 

label-free detection in the following experiment. 

To investigate the specificity of this method, the MIP and 

non-molecularly imprinted polymer (NIP) inverse opal 

hydrogel particles with the same diffraction peak were 

incubated in the template solutions, respectively. It was found 

that only the MIP inverse opal hydrogel particles could report 

a red-shift of their Bragg diffraction peak, and the NIP particles 

had undetectable peak shifts (Fig. 3b and Fig. S3). This 

indicated the artificial probe feature of the MIP materials to 

their template molecules. The imprinting factor (6.9) and 

binding capacity (24.62nmol/g) also confirmed this feature of 

the MIP materials (Fig. S4). To further investigate the 

specificity of the MIP inverse opal hydrogel particles in protein 

recognition, HRP imprinted particles were tested with 

solutions of HRP, RNase B and TRF, respectively. Fig. 4a 

displays the optical response of the particles after being 

incubated in these solutions. It can be observed that the MIP 

inverse opal hydrogel particles specifically recognized their 

template biomolecule HRP and reported the recognition 

process as a red-shift of their Bragg diffraction peak, while 

displaying negligible response of their peak position to the 

control proteins. The RNase B and TRF imprinted inverse opal 

hydrogel particles also showed high specificity to their 

corresponding target template molecules (Fig. S5).  

To demonstrate the multiplexing capabilities of the 

suspension array for the label-free detection of biomolecules, 

three kinds of encoded inverse opal hydrogel particles 

(encoded by red, orange, and green structural colors) with 

HRP, RNase B, and TRF imprinting, respectively, were 

prepared. These encoded MIP inverse opal hydrogel particles 

were then mixed together and incubated in an analyte solution 

containing HRP and RNase B. Fig. 4b shows the change of the 

diffraction peaks of the suspension array after the multiplex 

assay. It can be observed that only the red and orange 

structural colors encoded MIP hydrogel particles showed a red 

shift of their diffraction peak while the green particles 

displayed undetectable peak change. These results are 

consistent with the content of the sample to which the MIP 

inverse opal hydrogel particles were exposed. In this process, 

analyzing the spectral ranges of the measured diffraction 

peaks can lead to decoding, and the quantities of analytes can 

be estimated by the shift values of the peaks positions. Thus,  
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Fig. 4 (a) Plot of the Bragg shifts for the HRP imprinted inverse 

opal particles in response to solutions of HRP, RNase B, and 

TRF at different concentrations. The number of replicates at 

any concentration was five. Error bars represent standard 

deviations. (b) Reflection images (top) and reflection spectra 

(middle and bottom) of three kinds of MIP inverse opal 

particles before and after the multiplex assay. The green, 

orange, and red inverse opal particles were imprinted with 

TRF, RNase B and HRP, respectively. The middle dashed peaks 

and the bottom solid peaks are the reflection spectra of the 

MIP inverse opal particles before and after the detection. 

 

only a simple one-step measurement of the diffraction peak of 

the MIP hydrogel particles is needed for both the decoding 

and biomolecule detection, which requires only some simple 

instruments and simplifies the procedure. As for real 

application, the TRF-imprinted MIP were prepared and used 

for detecting. It was found that the TRF in artificial urine, 

which has the same component as real urine, could still be 

detected with an excellent tolerance (Fig. S6). These results 

indicate the multiplexing capabilities of the encoded MIP 

hydrogel particles for practical applications. 

In conclusion, we have incorporated a boronate affinity 

molecular imprinting technique to a suspension array and have 

demonstrated the concept of antibody- and label-free 

multiplex detection by using the suspension array. The 

barcode particles of our suspension array are inverse opal 

particles with boronate affinity MIP scaffolds. When used for 

detection, specific binding of the glycoprotein biomolecules in 

the imprinted boronate affinity nanocavities caused a readable 

red shift in the diffraction peak of the barcode particles, which 

can be used for directly detecting and decoding multiple 

biomolecules simultaneously. The detection results indicated 

the specificity and sensitivity of the MIP particle-based 

suspension array. These unique features of the boronate 

affinity MIP inverse opal barcode particles indicate that this 

new type of suspension array is very promising in overcoming 

many restrictions of current techniques, and thus it is 

anticipated to open new horizons in medical diagnostics. 
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