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Selective Fluorescence Detection of Proteins Using Molecularly 
Imprinted Hydrogels with Aggregation-Induced Emission
Kankichi Kako,a Eisuke Kanao,b,c Yasushi Ishihama,b Sayaka K-Yamada,d Takuya Kubo*,a,d

Molecular imprinting is known as a method for synthesizing materials that selectively adsorb specific molecules. The 
polymers obtained by this method are inexpensive, highly chemically stable, and easy to prepare, but there is a problem 
that definite and easy detection for the adsorption of target molecules is difficult. We aimed selective fluorescence detection 
of proteins by introducing fluorescent molecules into a molecularly imprinted hydrogel (MIH). For fluorescence detection, 
we used aggregation-induced emission (AIE), which has been attracting attention in recent years. Molecules exhibiting AIE 
have the characteristic that their fluorescence intensity increases due to factors such as aggregation of molecules or 
chemical interaction with target molecules. New AIE monomer was synthesized, and its characteristics were evaluated. The 
MIHs were prepared with an AIE monomer, functional monomers, poly(ethylene glycol) diacrylate as a crosslinker, and 
lysozyme as a target protein. The MIH showed selective adsorption for lysozyme and a specific increase in fluorescent 
intensity. Even in a protein mixture sample, we achieved optical detection for lysozyme.

1. Introduction
Protein analysis plays a critical role in a wide range of fields from 

medical diagnosis to environmental investigation; especially, 
enzyme-linked immunosorbent assay (ELISA) is a commonly applied 
diagnostic test using antibody-antigen reaction. ELISA offers high 
specificity and sensitivity,1-7 while the assay procedure is time-
consuming and it is comparatively expensive. In this study, we aim to 
develop a detection method selectively absorbing proteins and making 
fluorescence increase, trying to solve problems above by employing 
molecularly imprinting technology due to its simple procedure. 
Furthermore, application of aggregation-induced emission (AIE)8-12 
may not only enable more accurate detection but also contribute to 
development of wide variety of usages as an innovative fluorescent 
detection method. Molecularly imprinted hydrogel (MIH) is a 
macromolecular material selectively adsorbing target molecules.13-20 
MIH is prepared as following procedures: a hydrogel is fabricated by 
incorporating target molecules as templates, and after washing to 
remove the template molecule, molecular recognition site is formed. 
It holds specific properties as duplicating the key hole of molecular 
shape for a template molecule by three dimensionally arranging 
functional monomers in precise. MIH is applied to a wide variety of 
fields, not only analytical chemistry but also drug delivery and 

medical diagnosis, since it is easily fabricated at low cost and 
chemically stable. As hydrogels have flexible structures, they have 
been commonly used for analysis of biomacromolecules such as 
protein having complex structures. Especially, in our previous studies, 
MIH with a poly(ethylene glycol) (PEG)-based cross-linker has been 
examined because of its property suppressing non-specific adsorption 
of a target protein.21-26 However, there is a drawback in MIH that 
visible detection of absorption of a target molecule is hardly achieved. 
To solve the problem, we attempted to introduce fluorescent 

molecules, showing AIE to MIH for the specific interaction with the 
target protein (Figure 1). The fluorescent molecules showing AIE emit 
in the aggregate state, preventing concentration quenching. Because 
of this advantage, they have drawn attention lately as the molecules 
solving the drawbacks of general fluorescent molecules. The typical 
examples of the molecules showing AIE are tetraphenylethylene and 
trans-phenylstilbene. These molecules consume excitation energy 
because of intramolecular free rotation of aromatic rings in the spread 
state. On the contrary, in the aggregate state, excitation energy is 
emitted as intramolecular free rotation is suppressed by stacked 
aromatic rings.27-30 Aside from this aspect, when the fluorescent 
molecules interact with the target molecules such as proteins, 
fluoresce intensity increases, which process is not related with 
aggregation of the fluorescent molecules, but some articles reported 
this phenomenon as AIE broadly speaking.31, 32

In this study, firstly, we synthesize a fluorescent monomer (Figure 
2), which shows AIE, for introducing MIH. The monomer involving 
anionic functional groups was prepared under the assumption that AIE 
emerges interacting with amino-acid residues of the target template 
molecule. We supposed that the fluoresce intensity increases when the 
target protein adsorbs to MIH by introducing the fluorescent monomer 
to MIH. 
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2. Materials and method

2.1 Synthesis of fluorescent monomers showing AIE
As shown in Scheme 1, 4,4’-(1,2-Diphenylethene-1,2-diyl) 

diphenol (cis- and trans- mixture) (DPEDDP) 160 mg, NEt3 120 
µL, and CH2Cl2 12 m L were added in a 100 mL eggplant flask, 
and 28 µL of methacryloyl chloride was dripped being shaken in 
an ice bath. Then it was shaken for 5 h at room temperature, 
diluted with saturated NaCl aqueous solution of 50 mL, extracted 
with CH2CI2. Dehydration with magnesium sulfate (anhydrous) 
was conducted, followed by evaporation. Then a yellow solid 
was precipitated. The yellow solid of 65 mg, 4-
dimethylaminopyridine of 0.35 mg, NEt3 of 31.9 µL, and 
CH2Cl2 of 12 mL were added in a 100 mL eggplant flask, and 
succinic anhydride of 20 mg was added being shaken. The 
mixture solution was reacted for 12 h at room temperature. After 
that, the solution was diluted with saturated NaCl aqueous 
solution of 50 mL, extracted with CHCl3. After dehydration with 
magnesium sulfate (anhydrous) and evaporation were 
conducted, the yellow solid was precipitated. In each reaction, 
progression of reaction was examined by thin layer 
chromatography (TLC), and then purification was conducted 
using silica gel chromatography. Finally, the fluorescent 
monomer of 92 mg was obtained (recovery rate 40.3 %).

2.2 Evaluation of effects for fluorescent intensity at the various 
ratios of organic solvents and different concentrations of 
proteins

The solution of the AIE monomer of 100 µM was prepared 
at the ratio of organic solvents 10-60 % using dimethyl sulfoxide 
(DMSO) or acetonitrile as an organic solvent with water.

Fluorescent spectra of the solution were then measured using the 
plate reader. 

Highly hydrophobic protein BSA and basic protein 
lysozyme, which easily interact with the carboxyl groups of the 
AIE monomer, were utilized as target proteins. The fluorescent 
spectra were measured when the protein was added in the 
solution dissolved the AIE monomer of 100 µM. We also 
evaluated effects at different concentrations of the proteins in a 
hydrogel. Hydrogels were prepared with lysozyme, the AIE 
monomer, 14G’, NIPAAm, MAA, and APS at 0-80 µM, 100 
µM, 30 mM, 1200 mM, 35 mM, and 0.1w/v% (vs. crosslinkers), 
respectively. Then TEMED was added to be 0.1 vol% (vs. 
solution), and the solution was moved to a 1 mL syringe tube for 
polymerization. After 24h, the hydrogel was removed from the 
syringe tube, cut by 2 mm in thickness. The gel tips were placed 
on a well plate, and the fluorescence intensity was measured by 
the plate reader (excitation: 320 nm, fluorescence: 480 nm).

2.3 Evaluation of adsorption specificity of a MIH and a NIH 
containing NIPAAm

The hydrogel containing NIPAAm was fabricated, and the 
fluorescence intensity when proteins adsorb to the NIH was 
evaluated. We expected that the hydrogels are reversibly swelled 
and shrunk by interaction of NIPAAm. The NIH was prepared 
with the AIE monomer, 14G’, NIPAAm, MAA, and APS at 100 
µM, 30 mM, 1200 mM, 35 mM, and 0.1w/v% (vs. 14G’ + 
NIPAAm), respectively. Then TEMED was added to be 0.1v/v% 
(vs. solution), and the solution was moved to a 1 mL syringe tube 
for polymerization. After 24h, the hydrogel was removed from 
the syringe tube, sliced by 2 mm in thickness. The sliced gel tips 
were washed with 1 M NaCl aq., replaced with 1 mM tris-HCl 
buffer. After they were immersed in 0-200 µM lysozyme aq., the 
adsorption amount and the fluorescence intensity were 
measured. In addition, MIH was fabricated by adding lysozyme 
to the same solution as the NIH to be 0.8 mM. After the MIH 
was washed under the same condition with NIH, immersed in 50 
mM NaCl + 1 mM tris-HCl aq. Adsorption specificity was 
evaluated through the protein adsorption.

2.4 Evaluation of the MIH after optimizing the composition

 To improve adsorption specificity, optimization of the 
composition was implemented. Lastly, the MIH was prepared 
with lysozyme, the AIE monomer, 14G’, NIPAAm, AMPS, SS, 
and AIZP at 0.38 mM, 100 µM, 42.7 mM, 292 mM, 5.7 mM, 
1.13 mM, 0.5w/w% (vs. 14G’ + NIPAAm), respectively. The 
solution was moved to a 3 mL pyrex tube and irradiated UV at 
365 nm for 4 h to be polymerized. Then the prepared hydrogel 
was cut by 2mm in thickness, washed with 1 M NaCl aq., and 

Figure 1. Concept of a molecularly imprinted hydrogel for the fluorescence 
detection.
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Figure 2. Structure of the fluorescent monomer.

Scheme 1. Synthesis of fluorescence monomers.
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immersed in 50 mM NaCl + 1 mM tris-HCl aq. Then the gel tips 
were immersed in 0-30 µM lysozyme, an adsorption amount and 
the fluorescence intensity were measured. Additionally, an 
adsorption experiment using BSA, cytochrome c, trypsin was 
also conducted.

2.5 Evaluation of the MIH washed using basic solvents

The MIH was prepared with lysozyme, the AIE monomer, 
14G’, AMPS, SS, AIZP at 0.38 mM, 100 µM, 85.3 mM, 5.7 mM, 
1.13 mM, 0.5w/w% (vs. 14G’), respectively. The solution was 
moved to a 3 mL pyrex tube, irradiated with UV light for 4 h for 
polymerization. Then the hydrogel was sliced by 2 mm in 
thickness, washed with 1 M NaCl aq. and 0.1% triethylamine aq., 
replaced with 50 mM NaCl + 1 mM tris-HCl aq. Lastly, the 
adsorption amount and the fluorescence intensity were measured 
after immersing the MIH and the NIH in 0-40 µM lysozyme. At 
the same time, the adsorption experiment was implemented 
using BSA, cytochrome c, and trypsin.

3. Results and discussion
3.1 Synthesis of the AIE monomer

A Figure S1 (a) shows the obtained result of a start compound 
and products after reaction at the first step by TLC. In addition 
to monosubstituted products, disubstituted products were 
observed. Figure S1 (b) shows the obtained result of 
monosubstituted products and products after reaction at the 
second step by TCL. Production of fluorescent monomers was 
observed.

Furthermore, the 1H-NMR spectrum shown in Figure S2 
indicates purification of the objective.  According to the NMR 
analysis, we successfully synthesized a fluorescent monomer, 
tetraphenylethylene derivative, from DPEDDP.

3.2 Fluorescent characteristics for the synthesized AIE monomer

Figure 3 shows the fluorescent spectra evaluating effects at 
various ratios of the organic solvents in the solution dissolved a 
fluorescent monomer of 100 µM. In both cases of DMSO and 
acetonitrile, the fluorescence intensity increased as the ratio of 
organic solvents decreased. This can be explained that when the 
ratio of organic solvents decreased, AIE was emerged by 
aggregation of the fluorescent monomers caused by hydrophobic 
interaction. Besides, the fluorescent monomers may tend to 
aggregate more in DMSO than in acetonitrile.

Figure 4 shows the fluorescent spectra evaluating effects at 
different concentrations of the proteins in the solution dissolved 
a fluorescent monomer of 100 µM. When BSA was added, the 
fluorescence intensity increased in accordance with an increase 
in the concentration of BSA. On the contrary, when lysozyme 
was added, the fluorescence intensity did not increase. 
According to these results, AIE can be emerged by hydrophobic 
interaction between BSA and the fluorescent monomers in the 
solution, but AIE may not emerge due to electrostatic interaction 
with lysozyme.

Figure S3 shows fluorescence intensity of the hydrogels using 
the AIE monomer with different concentrations of the proteins. 
Unlike in the solution, the fluorescence intensity increased in 
accordance with an increase in the concentration of lysozyme in 
the hydrogel. This is because the fluorescent monomers do not 
freely move as crosslinked in the hydrogel so that intermolecular 
rotation may be easily hampered even during electrostatic 
interaction with the proteins. This phenomenon suggests 
possibility of fluorescence detection using MIH introduced the 
fluorescent monomers. These suggest that the synthesized 
fluorescent monomer shows features of AIE. Taken together, the 
fluorescence intensity can increase by adsorbing proteins to MIH 
introduced the fluorescent monomers.  

3.3 Evaluation of fluorescence MIH introduced NIPAAm

Herein change in the fluorescence intensity on protein re-adsorption 
to the hydrogels that were washed to remove proteins was evaluated. 
We consider a condition where the fluorescence intensity increases by 
adsorbing proteins to the prepared hydrogels. For enhancing AIE 
phenomenon, NIPAAm was applied to MIHs. Normally, polymers 
including NIPAAm show a thermo-responsive characteristic, showing 
hydrophobicity over lower critical solution temperature. Similarly, we 
expected the dehydrate polymers including NIPAAm show 
hydrophobicity, causing aggregation by hydrophobic interaction.33 
Considering this feature, in our case, the MIHs may hydrophobically 

Figure 3. Evaluation of the fluorescent intensity of the synthesized AIE monomer at 
various ratios of the organic solvents, top, DMSO; bottom, acetonitrile.

Figure 4. Evaluation of the fluorescent intensity of the synthesized AIE monomer at 
different concentrations of the proteins, left, BSA; right, lysozyme.
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shrink with the fluorescent monomer when a target protein adsorbs, 
leading to effective fluorescent detection. 

Figure 5 shows the result of the lysozyme adsorption experiment 
using the NIH. In accordance with lysozyme adsorbing to the NIH, 
the hydrogel shrunk, and the fluorescence intensity increased. This 
result suggested that lysozyme adsorbing to the hydrogel led 
dehydration, resulting in aggregation caused by hydrophobic 
interaction with NIPAAm and emergence of AIE. Furthermore, 
Figure S4 shows the result of the amount of lysozyme adsorption to 
both the MIH and the NIH. NaCl was added to the adsorption solution 
to inhibit non-specific adsorption, but adsorption specificity was not 
observed. This may be because the excessive amount of NIPAAm 
increased non-specific adsorption, and the template molecule, 
lysozyme, was not completely washed with this composition. In fact, 
60% of lysozyme remained in the MIH without being removed by 
washing (Figure S4-b).

3.4 Evaluation of the MIH after optimizing the composition
 As shown in Figure 6, the removed lysozyme by washing was 
significantly improved in the MIH that the composition was 
optimized as experimental, 2.4. Furthermore, the adsorption 
selectivity of MIH toward lysozyme was more than twice as high 
as that of NIH. It can be caused by the following factors: (1) the 
less amount of NIPAAm decreased non-specific adsorption, (2) 
density of the cross-linked network of polymer structures 
decreased as initiator was optimized. At the same time, the 
degree of an increase in the fluorescence intensity of the MIH 
was not as high as previous one, while the fluorescence intensity 
of NIH did not change. Furthermore, both the MIH and the NIH 
shrunk in line with adsorption. According to these results, the 
MIH showed the selective adsorption of a target protein, 
lysozyme, and its fluorescent detection, although it was difficult 
to be visually detected.  
  Figure S5 shows the result of an adsorption experiment using 
various proteins. Higher adsorption amount and imprinting 
factor toward lysozyme was observed. Regarding the 
fluorescence intensity of cytochrome c, as the wavelength of 

fluorescence was like absorption wavelength of cytochrome c, 
data was not accurately obtained. Among other proteins, the 
fluorescence intensity clearly increased when the MIH adsorbed 
lysozyme. According to these results, we successfully prepared 
the MIH showing selective adsorption and fluorescent detection 
toward the target protein. Adsorption specificity to the 
adsorption amount and fluorescence intensity and selectivity to 
various proteins were observed by optimizing the composition. 
However, there was a challenge that fluorescence intensity was 
too small to be visually detected.

3.5 Evaluation of fluorescent MIH washed with basic 
solutions

While adsorption specificity on the MIH containing the 
fluorescent monomer and NIPAAm was observed as the 
fluorescent intensity increased, the absolute fluorescence 
intensity was too weak to be visually detected. Figure S6 shows 
the fluorescence intensity of the MIHs and NIHs before and after 
washing. Here, the images of each hydrogel were loaded by a 
fluorescence microscope, then the images were processed by 
ImageJ and the brightness of only blue was estimated throughout 
the cross-section as an average value (B Value, n = 4). The 
intensity on the NIH was almost same whether the NIHs were 
washed or not. In contrast, the fluorescence intensity of the MIH 
was high even before and after washing, regardless of whether 
NIPAAm existed or not. Ideally, the fluorescence intensity of the 
MIH should be equivalent to that of the NIH after washing. This 
may be because unwashed lysozyme interacted with the 
fluorescent monomer or even though all lysozymes had been 

Figure 5. (a) Amount of lysozyme adsorption to the NIH, (b) cross-sectional area, (c) 
integrated fluorescence intensity of cross-section, (d) fluorescent microscope images of 
before adsorption and after adsorption. (n=3) Figure 6. Evaluation of MIH after optimizing the composition, (a) template removal ratio, 

(b) adsorption amount, (c) fluorescence intensity, (d) ratio of cross-section area, (e) 
fluorescence microscope image. (n=3)
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washed, fluorescent monomers at around a molecular 
recognition site interacted each other. Thus, we attempted to 
further wash with triethylamine for possibly leading to 
substitution of triethylamine with remained lysozyme. As well 
as triethylamine may ionize carboxyl groups of the fluorescent 
monomer, which causes electrostatic repulsion among the 
fluorescent monomers. In addition, we envisaged that interaction 
between the hydrophobic part of NIPAAm and lysozyme may be 
the obstruction for washing lysozyme so that evaluation of the 
MIH was conducted without using NIPAAm.

Figures 7(a,b) show the ratio of cross-section area of the MIH 
compared to before washing and the fluorescence intensity when 
washing with the basic solvent. The MIH swelled by washing 
with the basic solvent, which decreased the fluorescence 
intensity. This can be explained that further washing with 
triethylamine led to substitution of triethylamine with remained 
lysozyme and ionization of carboxyl groups of the fluorescent 
monomer, which caused electrostatic repulsion among the 
fluorescent monomers. 

Figures 7(c, d) show the result of the adsorption experiment 
using the MIH and the NIH toward lysozyme. Adsorption 
specificity of lysozyme on the MIH decreased when washing 
with the basic solvent compared with when not washing. It can 
be explained that washing with the basic solvent ionized acidic 
functional groups of the functional monomer, which augmented 
non-specific adsorption on the NIH. At the same time, as the 
adsorption amount of both the MIH and the NIH increased, the 
fluorescence intensity also remarkably increased. Especially, the 
fluorescence intensity of the MIH increased by over 15% and it 
was visually detected, while the increase in fluorescence 
intensity became moderate at over concentration of lysozyme, 20 
µM. This may be because this concentration of lysozyme is 
equivalent to the number of the specific recognition sites in the 
MIH, and non-specific adsorption relatively became large at over 
20 µM; therefore, adsorption selectivity became diminished.

Figure 8(a, b) shows the result of the adsorption experiment 
using various proteins. Adsorption specificity on the MIH 
toward lysozyme was observed but no other proteins, and the 
fluorescence intensity obviously increased with only the MIH 
adsorbing lysozyme. This result also suggests that the 
fluorescence intensity effectively increased when the template 
protein   was adsorbed to the specific recognition sites in the MIH. 
As described above, the decrease in the fluorescence intensity 
with the gels adsorbing cytochrome c can be explained that the 
wavelength of fluorescence was like absorption wavelength of 
cytochrome c. Furthermore, Figure 8 (c, d) shows the result of 
the adsorption experiment using a mixed analyte. Even with 
contaminant proteins, high selectivity was observed without 
damaging specific adsorption toward lysozyme.

Conclusions
In this study, we aimed selective fluorescence detection of 

target proteins by applying AIE to MIHs. We synthesized a 
fluorescent monomer that shows AIE and it increased in line with 
a decrease in the organic solvent ratio and an increase in the 
protein concentration, suggesting that the monomer has an AIE 
function. We fabricated and evaluated the AIE-introduced MIH 
containing NIPAAm. Addition of NIPAAm resulted in 
shrinkage and an increase in fluorescence when proteins were 
adsorbed, suggesting the possibility of fluorescence detection. 
However, problems arose due to the addition of NIPAAm, such 
as an increase in nonspecific adsorption and a decrease in 
specificity, and a small increase in fluorescence, making it 
difficult to detect visually. The purpose of washing with basic 
solutions is to wash away the template protein slightly remained 
and eliminate the aggregated fluorescent monomers near the 
imprinted space, and during the washing process, the 
fluorescence intensity of MIH reached as same level as that of 
NIH. The MIH showed a remarkable increase in fluorescence 
upon adsorption of the target protein, demonstrating high 
selectivity compared to other proteins. We believe that our 

Figure 7. (a) Ratio of cross-section area of the MIH while washing, (b) fluorescence 
intensity before and after washing with triethylamine aq. and results of the adsorption 
experiment using the MIH and the NIH toward lysozyme, (a) adsorption amount of 
lysozyme, (b) fluorescence intensity. (n=3)

Figure 8. Evaluation of adsorption selectivity using proteins, (a) adsorption amount, (b) 
fluorescence intensity, (b) fluorescent intensity (with single analyte), and evaluation of 
selectivity using a mixed analyte, (c) adsorption amount, (d) fluorescence intensity. (n=3)
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method enables to clearly visualize target protein adsorption, 
which is difficult with conventional molecular imprinting 
methods.
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