Polymer Bulletin (2022) 79:1857-1871
https://doi.org/10.1007/500289-021-03584-2

ORIGINAL PAPER

®

Check for
updates

Highly sensitive folic acid colorimetric sensor enabled
by free-standing molecularly imprinted photonic hydrogels

Zhaokun Yang, et al. [full author details at the end of the article]

Received: 24 August 2020 / Revised: 3 February 2021 / Accepted: 5 February 2021 /
Published online: 1 March 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

Folic acid is an important biological compound for human disease diagnosis. Tradi-
tional detection methods of folic acid are mostly time-consuming or dependent on
analytical equipment. Here we demonstrate the rapid and colorimetric detection of
folic acid using a novel colorimetric sensor enabled by molecularly imprinted pho-
tonic hydrogels, which are prepared by the polymerization of precursor solution in
the interstitial voids of the polystyrene colloidal crystal and subsequent removal of
colloidal crystal and folic acid molecules. As folic acid is instable under the prepara-
tion process of molecularly imprinted photonic hydrogels, we introduce folic acid
(imprinted molecule) in the form of supramolecular complex with S-CD units to
improve its stability and further create stable molecular recognition sites. The folic
acid recognition can be directly transferred into a visually perceptible color change
due to the highly ordered macroporous structure. With this novel sensory system,
the highly selective, high sensitive (as low as 10712 M), and rapid response (<60 s)
to folic acid is achieved without the use of instruments.

Graphic abstract
A novel folic acid colorimetric sensor enabled by molecularly imprinted photonic
hydrogels is successfully prepared.
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Introduction

Folic acid is highly involved in human metabolism, such as cell proliferation, tis-
sue growth and the synthesis of purines and pyrimidines for DNA [1-3]. As such,
the deficiency of folic acid would lead to severe diseases including birth defects,
haemolytic anaemia, myeloproliferative disorders, cardiovascular and cerebrovas-
cular diseases, and certain type of cancer [3-5]. Consequently, the monitor of
folic acid level in human body is valuable for these disease diagnosis. Until now,
the available detection methods mainly include microbiological assay [6], chro-
matographic methods [7, 8], enzyme protein binding assay [9], and electrochemi-
cal sensors [10-13]. These methods have shown high sensitivity and specificity
for the detection of folic acid, but they all have some drawbacks limiting their
further application. Microbiological assay is time-consuming (maximum 5 days)
and requires elaborate operation. Chromatographic methods involve expensive
and large-scale instruments. The kits involved in enzyme protein binding assay
have short shelf-life. Electrochemical sensors show high effectiveness and is cost-
effective, but the instrument is still required for presenting the assay results. Con-
sidering that, a rapid and self-reporting assay approach like a pH test paper with-
out any instruments would be promising for the detection of folic acid.

Recently, a rapid and self-reporting assay approach with high sensitivity and
selectivity (termed as molecularly imprinted photonic hydrogels colorimetric
sensor) has been proposed based on the combination of molecular imprinting,
colloidal crystal and polymer hydrogels [14—-34]. In this approach, molecular
imprinting allows for the construction of specific molecular-recognition sites,
enabling high sensitivity and selectivity toward the imprinted molecules [35-37].
Colloidal crystal would bring about periodic lattice spacing (highly ordered and
interconnected macropore array), thus enabling fascinating Bragg diffraction and
bright structural colors [38—42]. Polymer hydrogels could swell or shrink rap-
idly in response to physical or chemical stimuli and give rise to volume changes
[43—-45], thus leading to shift of Bragg diffraction peak and a visually perceptible
color change (self-reporting signal) if the periodic lattice spacing has been incor-
porated into polymer hydrogels [46—49].

So far, a large amount of molecularly imprinted photonic hydrogels colorimet-
ric sensors have been constructed to detect various kinds of molecules, such as
amino acid [28, 29] and bisphenol A [30] with relatively small molecular size,
tetracycline [15], cholesterol [19] and protein [31] with large molecular size.
They could deliver rapid visually perceptible color change upon exposing into
the relevant molecule solution with different concentration, thus enabling a rapid
and self-reporting assay for target molecules without any instruments. These
fascinating work would naturally inspire the colorimetric detection of folic acid
based on molecularly imprinted photonic hydrogels. Nevertheless, folic acid
colorimetric sensor enabled by molecularly imprinted photonic hydrogels has
never been reported, probably due to the difficult imprinting of folic acid—it is
hard to acquire specific molecular-recognition sites by the molecular imprint-
ing since folic acid is instable under the synthetic condition (high temperature
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or UV radiation) of molecularly imprinted photonic hydrogels [10, 11, 50].
Therefore, the prerequisite for successfully constructing folic acid molecularly
imprinted photonic hydrogels lies in keeping folic acid stable during the molecu-
lar imprinting.

On another note, supramolecular chemistry has been recognized as a power-
ful tool in molecular imprinting [36, 37]. The rationale behind is that the strong
supramolecular interaction can effectively enhance the interaction between bind-
ing sites and target molecules. As a star molecule in supramolecular chemistry,
p-cyclodextrins (f-CD) has been incorporated into hydrogel precursor solution
for synthesizing molecularly imprinted photonic hydrogels [22, 29], and help to
improve their sensing performance. Moreover, f-CD could enhance the stability
and aqueous solubility of folic acid by forming supramolecular complex [51-53].
By virtue of the improved stability, the imprinting of folic acid would become pos-
sible. The hypothesis made herein was that the folic acid molecularly imprinted pho-
tonic hydrogels colorimetric sensor would be constructed if each folic acid molecule
could exist in the form of supramolecular complex with $-CD during the whole fab-
rication process.

To explore this possibility, we introduce folic acid (imprinted molecule) in the
form of supramolecular complex with #-CD units to the hydrogel precursor solution,
instead of simply mixing imprinted molecules and functional monomers in solution.
Assisted by this novel motif, folic acid molecularly imprinted photonic hydrogels
is prepared by the UV-polymerization of precursor solution in the interstitial of the
polystyrene colloidal crystal. After the removal of colloidal crystal and folic acid
molecules, a folic acid colorimetric sensor enabled by molecularly imprinted pho-
tonic hydrogels is finally fabricated. The morphology of the molecularly imprinted
photonic hydrogels at different stages was systematically investigated. Different
parameters affecting the fabrication process and sensing properties were studied
and optimized in detail. The proposed sensor enables a relatively highly selective,
highly sensitive, and rapid colorimetric detection of folic acid without any instru-
ments. Introducing imprinting molecule in the form of supramolecular complex to
the hydrogel precursor solution represents an effective and novel strategy for fabri-
cating molecularly imprinted photonic hydrogel sensor.

Experimental
Materials

Folic acid (FA), theophylline, L-glutamic acid, pteroic acid, and f-cyclodextrins (/-
CD) were purchased from Aladdin Chemistry Co., Ltd. (China). Acrylamide (AM),
maleic anhydride (MAH), N,N-dimethylformamide (DMF), styrene, acrylic acid,
ammonium persulfate (APS) and N,N'-methylene bisacrylamide (BIS) were supplied
by Sinopharm Chemical Reagent Co., Ltd. (China). 2,2-Diethoxyacetophenone
(DEAP) was purchased from TCI (Shanghai) Chemical Industry Development Co.,
Ltd. p-CD was purified by recrystallization, and then dried under vacuum for 24 h.
DMF was treated with active molecular sieve to remove trace water. Styrene and

@ Springer



1860 Polymer Bulletin (2022) 79:1857-1871

acrylic acid was purified by vacuum distillation. Other chemicals were directly used
without further purification. Glass slides (76.2 mm X 24.5 mm X 1 mm) as colloidal
crystal supports were well-cleaned using acetone, anhydrous ethanol and distilled
water in an ultrasonic bath.

Preparation of polystyrene (PS) colloidal crystal

Polystyrene (PS) colloidal crystal was prepared following our previously reported
procedure [22]. Briefly, the monodispersed PS colloids (Fig. Sla) were first syn-
thesized by emulsifier-free emulsion polymerization. Then, the PS colloids self-
assembled into colloidal crystal in a simple vertical deposition process. Fig. S1b
and Fig. 1b shows that the colloidal crystal delivers highly ordered face-center-cubic
close-packed structure. The interstitial between colloids would allow hydrogel pre-
cursor solution penetrating into.

Preparation of hydrogel precursor solution

Different from simply mixing imprinted molecules and functional monomers in
solution, we prepared hydrogel precursor solution by dissolving folic acid supra-
molecular complex with #-CD derivatives into acrylamide aqueous solution with
BIS as a cross-linker and DEAP as an initiator. The fabrication of supramolecular
complex includes two critical steps: (1) #-CD was modified by using maleic anhy-
dride to introduce vinyl carboxylic acid groups (termed as MAH-$-CD), enabling
the integration of $-CD units into polyacrylamide hydrogels by simple radical copo-
lymerization [54], and (2) a freeze-drying process was used to prepare folic acid
supramolecular complex with MAH-$-CD. The successful preparation of supramo-
lecular complex is demonstrated by the FT-IR spectra and XRD patterns of folic
acid, MAH-$-CD, and supramolecular complex (Fig. S2). Additionally, the supra-
molecular complex shows darker yellow color in comparison with the MAH-$-CD,
also indicating the successful fabrication of supramolecular complex.

Preparation of folic acid colorimetric sensors enabled by molecularly imprinted
photonic hydrogels

The prepared hydrogel precursor solution was infiltrated into the interstitial of col-
loidal crystal by using a capillary-attraction-induced method and then was polymer-
ized in an ice bath by irradiation at 254 nm for 2 h to obtain molecularly imprinted
photonic hydrogels adhered onto glass slide. Afterwards, molecularly imprinted
photonic hydrogels exfoliated automatically by immersing into deionized water. The
exfoliated hydrogels were immersed in dimethylbenzene to fully etch the PS col-
loids, and subsequently incubated in methanol/acetic acid (8/2, v/v) until no obvious
UV-Vis absorbance in eluent (Fig. S3), thus indicating effective removal of folic
acid molecules. Finally, folic acid colorimetric sensor (termed as Sensor I) enabled
by free-standing molecularly imprinted photonic hydrogels was fabricated by rinsing
with methanol and neutral phosphate buffer. Two reference sensors were synthesized
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Fig.1 a Schematic illustration of three-step approach employed for the fabrication of molecularly
imprinted photonic hydrogels. SEM images of b PS colloidal crystal, ¢ immobilized colloidal crystal in
polymer hydrogels, and d molecularly imprinted photonic hydrogels

with the same method, but using different precursor solution: Sensor II, also known
as non-molecularly imprinted photonic hydrogels, was based on the precursor in the
absence of folic acid; Sensor III was based on the precursor by simply mixing folic
acid and functional monomers.
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Characterization

Morphologies of colloidal crystal and photonic hydrogels were observed by field
emission scanning electron microscopy (SEM, Hitachi, S-4800). The X-ray dif-
fraction patterns of folic acid and supramolecular complex with -CD were col-
lected by X-ray diffractometer (XRD, D8 Advance, Bruker) with Cu Ko radiation
(A=1.5418 10%). UV-Vis spectra of the eluent were recorded by using a TU-1901
UV-Vis spectrophotometer. The sensing properties of the prepared sensors were
checked by exposure to folic acid buffer one after another from low to high con-
centrations. After final testing, the sensor was soaked again in a methanol/acetic
acid (8/2, v/v) solution and then purged thoroughly with neutral phosphate buffer
to recover the blank state for the next detection. The Bragg diffraction wavelength
shift of sensors upon exposing into folic acid solution can be used to evaluate the
sensor performance and was recorded by a miniature fiber optic spectrometer (FLA
4000+, China). The corresponding color change was obtained by using a common
digital camera under a daylight lamp.

Results and discussion
Fabrication of folic acid colorimetric sensor

In this work, the folic acid colorimetric sensor was enabled by free-standing molec-
ularly imprinted photonic hydrogels. Figure la shows a conventional three-step
approach employed for the fabrication of molecularly imprinted photonic hydrogels:

Step I the self-assembly of polystyrene (PS) colloids into colloidal crystal
(Fig. 1a—i). Monodispersed PS colloids with a diameter of ~200 nm (Fig. S1a) were
used to form purple colloidal crystal on glass slide (Fig. S1c). PS colloidal crystal
with face-center-cubic close-packed structure (Fig. 1b) was used as template to cre-
ate highly ordered periodic structure, and the interstitial space was used for accom-
modating the hydrogel precursor.

Step II the infiltration and polymerization of hydrogel precursor (Fig. 1a-ii). For
the effective infiltration of precursor, a “sandwich structure” was firstly obtained by
covering PS colloidal crystal templates with a quartz glass plate and immobilizing
tightly. Based on this structure, the precursors could infiltrate the interstitial of PS
colloidal crystal templates by capillary-attraction-induced force. Through polym-
erization, PS colloidal crystal was readily immobilized into polymer hydrogels
(Fig. 1c). The hydrogel can be readily exfoliated from the glass slides by immers-
ing in deionized water before step III. The exfoliated hydrogel would overcome the
constraint on swelling by substrate, thus enhancing the sensitivity of the molecularly
imprinted photonic hydrogels.

Step III the removal of PS colloids and imprinted folic acid molecules (Fig. 1a-
iii). The removal of PS colloids yielded 3D highly ordered and interconnected
macroporous arrays with a thin hydrogel wall (~50 nm in thickness, Fig. 1d), thus
imparting the polymer hydrogels with fascinating Bragg diffraction and bright struc-
tural color (Fig. S4). The removal of the folic acid molecules imparts the specific
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molecular-recognition sites that are complementary to the folic acid molecules in
both shape and functionality in the thin hydrogel wall. The presence of macropores
and thin hydrogel wall is beneficial for mass transport in hydrogel, enabling easier
accessibility to specific molecular-recognition sites and rapid swell or shrinkage in
response to analytes.

The prerequisite for constructing molecularly imprinted photonic hydrogels with
high specificity lies in the formation of specific molecular-recognition sites during
the molecular imprinting. However, it is hard to acquire specific molecular-recogni-
tion sites for folic acid by the molecular imprinting since folic acid is instable under
the synthetic condition of high temperature or UV radiation [10, 11, 50] In order to
keep folic acid stable during the molecular imprinting, f-cyclodextrins (#-CD) units
are incorporated to form supramolecular complex with folic acid. To achieve this
design, we proposed a novel process for the preparation of hydrogel precursor solu-
tion by dissolving folic acid supramolecular complex with MAH-$-CD into acryla-
mide aqueous solution, instead of simply mixing imprinted molecules and functional
monomers in solution.

In this work, multiple interactions including (1) supramolecular interaction
between hydrophobic cavities of -CD units and pteridine group of folic acid, and
(2) hydrogen binding between amino group of acrylamide monomer and carboxylic
groups of folic acid, play a vital role in the construction of specific molecular-rec-
ognition sites. The possible establishment process is shown schematically in Fig. 2.
The removal of imprinted molecules folic acid from polymer matrix yields specific
molecular-recognition sites which would not only deliver strong interaction with
folic acid, but are topographically complementary in shape and size.

The specific molecular-recognition sites in polymer matrix arise from the removal
of imprinted molecules in supramolecular complex. In our case, adding more supra-
molecular complex would yield a sensor with increased number of recognition sites,
thus improving the sensing performance. Fig. S5a, b and ¢ shows the sensing perfor-
mance of sensors fabricated by using different contents of supramolecular complex
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/( + I/KK mm(
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BIS | Polymerization
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Fig.2 Schematic illustration for the construction of specific molecular-recognition sites
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upon exposing into folic acid buffer one after another from low to high concentra-
tions (Pure buffer, 107> M, 107" M, 1071 M, 10° M, 10® M, and 10~" M). For a
better comparison, the Bragg diffraction peak shift (A1) of sensors at different con-
centration of folic acid is plotted in Fig. S5d. With the increment of supramolecular
complex from 0.3 to 1 mmol, the maximum redshift increases from 61 to 132 nm
when immersed in folic acid buffer of 10”7 M, indicating the enhanced sensing per-
formance. Although increasing the supramolecular complex content could greatly
improve the sensing performance of sensors, it is impossible to infinitely increase
the supramolecular complex content because too much S-CD units in precursor
impede the formation of polymer hydrogels. Additionally, the sensor based on the
hydrogel precursor with 1 mmol supramolecular complex could deliver obviously
visually perceptible color change with the shift of Bragg diffraction peak from 502
to 634 nm. Therefore, the supramolecular complex content was fixed at 1 mmol.

As the shift of Bragg diffraction peak is tightly related with the swelling or
shrinkage of photonic hydrogels, the degree of crosslinking would be a critical
parameter for the construction of molecularly imprinted photonic hydrogels. There-
fore, different ratio of cross-linker to acrylamide (2, 4, and 6%) was further explored.
Fig. S6 compares the sensing performance of sensors fabricated by using different
contents of cross-linker upon exposing into folic acid buffer one after another from
low to high concentrations (Pure buffer, 10712 M, 107! M, 1071 M, 10° M, 10 M,
and 10”7 M). With higher amounts of cross-linker, the photonic hydrogels deliver
higher crosslinking degree. This would lead to contradictory phenomenon: (1) the
integrity of 3D ordered macroporous structure and delicate recognition sites would
be well maintained, enhancing the specific recognition capability, and (2) the swell-
ing and shrinkage capability of the photonic hydrogels would be weakened, decreas-
ing the Bragg diffraction shifts upon exposure to the target analytes (84 nm at 6% vs.
132 nm at 4%). In contrast, a lower content of cross-linker (2%) cannot create stable
recognition sites in photonic hydrogels, deteriorating the adsorption of target ana-
lytes and thus leading to small Bragg diffraction shifts (94 nm). To strike a balance
between stable recognition sites and good swelling/shrinkage capability, the ratio of
cross-linker to acrylamide was selected as 4%.

Sensing properties of the sensor

Based on the optimized recipe, folic acid colorimetric sensor (Sensor I) enabled by
molecularly imprinted photonic hydrogels was successfully fabricated. The sensing
properties were checked by exposure to folic acid buffer one after another from low
to high concentrations (Pure buffer, 1072 M, 107! M, 1071°M, 10 M, 10 M, and
107 M). All measurements are repeated for three times. Figure 3a shows the sens-
ing performance of Sensor I. The Bragg diffraction peak of the sensor in folic acid
buffer of 10~" M redshifted 132 nm in comparison with that of original sensor in
buffer (Fig. 3d). The color changes that accompany the Bragg diffraction peak shift
are visually evident (Fig. 3e). Even upon exposure to 107" M folic acid in phosphate
buffer, the diffraction peak of sensor shifted from 502 to 519 nm, and it delivers an
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Fig. 3 Reflection spectra of a Sensor I, b Sensor II, and ¢ Sensor III upon soaking in folic acid buffer.
d Bragg diffraction peak shifts of sensors in folic acid buffer of 1077 M. e Color changes of Sensor I
induced by different concentrations of folic acid

obviously color change. From this point of view, this sensor delivers detection limits
of as low as 10712 M for folic acid.

To demonstrate that the diffraction peak shift is induced by the well-designed
molecular recognition sites, we also performed control experiment by preparing
non-molecularly imprinted photonic hydrogels (termed as Sensor II) with the same
method, but in the absence of folic acid. Figure 3b shows the sensing performance
of Sensor II. As clearly shown in Fig. 3d, the Bragg diffraction peak only shifted
slightly upon exposure to 10~ M folic acid buffer probably due to some nonspecific
adsorption, and the Bragg diffraction peak shift of non-molecularly imprinted pho-
tonic hydrogels is relatively stable in three cyclic measurements. The clear differ-
ence in Bragg diffraction peak shift between Sensor I and Sensor II indicates that the
molecular recognition sites created by molecular imprinting are responsible for the
good sensing properties of proposed sensor.

In order to further emphasize the significance of our design (introducing folic
acid in the form of supramolecular complex to the hydrogel precursor solu-
tion, instead of simply mixing imprinted molecules and functional monomers
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in solution), we also compared the sensing properties of Sensor III based on
the precursor by simply mixing folic acid and functional monomers. Figure 3c
shows the sensing performance of Sensor III. The peak of Sensor III soaked in
10”7 M folic acid redshifted 72 nm (Fig. 3d), which is lower than that of Sensor
I (132 nm). This may be due to that the smaller number of molecular recog-
nition sites is created using precursor prepared by simply mixing of imprinted
molecules and functional monomers. During mixing process, not all folic acid
can form supramolecular complex with #-CD units, leading to partial degrada-
tion of folic acid upon UV irradiation and thus decreased number of molecular
recognition sites. The results described above clearly indicate that adding folic
acid supramolecular complex with #-CD units to the hydrogel precursor solution
could ensure the stable existence of folic acid during the polymerization process
and the formation of molecular recognition sites by the removal of folic acid.

Selectivity of the sensor

The demonstrated Bragg diffraction peak shift upon exposure in folic acid buffer
indicates that the fabricated sensors could respond to folic acid and that the rec-
ognition process is accompanied by visually perceptible color change (Fig. 3).
Further, the selectivity and sensing specificity of sensor were evaluated by using
pteroic acid, theophylline, and L-glutamic acid as the reference compounds,
which are structurally related to that of folic acid (Fig. 4a). Figure 4b shows the
observed Bragg diffraction peak shift upon exposure of the sensor to 107/ M
solution each of folic acid, pteroic acid, theophylline, and L-glutamic acid. In
comparison with folic acid, these structurally related compounds only induce
relatively smaller Bragg diffraction peak shift under the same measurement con-
ditions. The slight shift is believed to be caused by the less non-specific adsorp-
tion of molecularly recognition sites. In contrast, much more folic acid can be
adsorbed into hydrogel matrix due to the complementary shape, size, and inter-
action sites with the molecularly recognition sites, causing the larger swelling of
the hydrogels and thereby inducing the larger shift of the Bragg diffraction peak.
Although the sensor did not show absolutely sensing specificity to folic acid, the
most pronounced shift for sensing of folic acid indicates that the sensor is able
to efficiently discriminate these structurally related compounds.

According to the above results, we proposed the sensing mechanism of the
sensor: the formed molecular recognition sites within the thin hydrogel wall
would adsorb folic acid specifically due to the complementary shape, size and
interaction sites (Fig. 4c), thus inducing the formation of concentration gradi-
ent of folic acid between hydrogel matrix and solution. To offset the concentra-
tion gradient, more water would penetrate into the hydrogel matrix and swell the
hydrogel (this is similar as a cell swelling process when solute concentration in
intracellular fluid is higher than that in extracellular fluid), causing the shift of
the Bragg diffraction peak and visually perceptible color change.
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Rapid response and recoverability of the sensor

The 3D highly ordered and interconnected macroporous arrays of the sensor not only
enable visually perceptible color, but endow the rapid mass transport from bulk solution
to recognition sites during the binding process of target analytes. On the other hand, the
created recognition sites are situated either at the surface or in proximity to the surfaces
of the thin hydrogel wall, which is also favorable for rapid binding to recognition sites.
Figure 5a shows that the sensor exhibited a very fast response (the response process
was completed within 60 s). Similarly, the responded sensor can be easily recovered by
using methanol/acetic acid for the extraction of rebinding molecules. Figure 5b exhib-
its the diffraction peak changes over six cycles, indicating good recoverability of the
Sensor.
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Conclusions

In summary, a novel folic acid colorimetric sensor enabled by molecularly
imprinted photonic hydrogels was successfully developed by introducing folic
acid (imprinted molecule) in the form of supramolecular complex with f-CD
units to the hydrogel precursor solution. Benefited from the protection effect of
p-CD, folic acid is stable during the polymerization process, and thus the specific
molecular recognition sites are created by the removal of folic acid. Owing to
the complementary shape, size and interaction sites with well-designed molecu-
lar recognition sites, the demonstrated sensor delivers high selectivity, sensitivity,
and rapid response to folic acid. More importantly, the response can be directly
readable by the visually perceptible color change. This work provides a new ave-
nue for the successful imprinting of molecules that may decompose during the
molecularly imprinting.

Supplementary Information The online version of this article (https://doi.org/10.1007/s00289-021-
03584-2) contains supplementary material, which is available to authorized users.
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