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Abstract

Alkaline phosphatase (ALP) is an important marker for many diseases, yet an efficient and reliable detection method is
still lacking. Here, we present a novel photonic alginate hydrogel particle as an ALP sensor based on the competitive
combination of an intermediary agent, the pyrophosphate ion (PPi), with a hydrogel crosslinker, which can trigger a
phase-transition response from the hydrogel. This response can be converted into dual optical readouts, a
fluorescence signal and a structural color signal. Quantitative determination of ALP was established based on this dual-
indicator system with high accuracy and reliability. These features suggest potential ideal applications of responsive
photonic hydrogel particles to detect ALP and other macromolecules.

Introduction

Alkaline phosphatase (ALP) is a type of extensively dis-
tributed enzyme that exists in living species'. It plays a
crucial role in the dephosphorylation of nucleic acids,
proteins, and other biomolecules, thus serving various
roles in cellular regulation and signal transduction®®. In
addition, a great deal of evidence has revealed that
abnormal ALP activity levels could act as crucial prog-
nostic indicators for various diseases, such as disorders of
the liver, endocrine system, and bone tissues™®. Hence, the
sensitive and specific detection of ALP could help evaluate
certain relevant physiological and pathological states. To
date, scientists have established many ALP detection
strategies, such as colorimetry®’, chemiluminescence””,
electrochemistryg’lo, Raman spectroscopyn, chromato-
graphy'®™'*, and fluorescent probes'>'®. Among them,
fluorescence assays, which rely on a fluorochrome probe, is
a preferable method due to its high sensitivity and speci-
ficity'’ ™. These fluorescence-based detection methods
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have achieved satisfactory results for a wide range of
molecules, but most still require specialized instruments
and complicated operations for a signal readout’®% To
address these limitations, hydrogel materials could be
applied as carriers for fluorochrome probes and serve as
molecular sensors*> >, Such a hydrogel sensor could
convert the target molecule signal to an optical readout
through the stimuli-responsive phase transition and thus
feature a simple detection process>**’. However, conven-
tional bulk hydrogel sensors still face the dilemma of a long
reaction time, and the accuracy and reliability of detection
tend to be limited to a single signal readout*®>’. Therefore,
a novel platform for the efficient and accurate detection of
ALP is highly anticipated.

In this paper, we presented a novel hydrogel-based
inverse opal microparticle for ALP detection with the
desired features, as shown in Fig. 1. Inverse opal particles
refer to one type of particulate material with 3D ordered
voids®®~*2, Their spherical shape and highly interconnected
pores provide a large specific surface area and abundant
molecular binding sites®®**, In particular, hydrogel-based
inverse opal microparticles can efficiently sense specific
molecule stimuli through phase transition®>*°. In addition,
the periodic porous architecture of these inverse opal
particles gives rise to a photonic effect with the production
of color detectable to the naked eye37’39. Thus, inverse
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Fig. 1 Scheme showing the PPi-responsive photonic alginate hydrogel particles for alkaline phosphatase quantitative detection. a The
fabrication process of the hybrid photonic microparticles. b The detection mechanism of the hybrid photonic microparticles. When adding PPi, the
hydrogel network could be disrupted due to PPi's strong competitive coordination effect with Cu’™, resulting in the leakage of inner CDs to the
external solution. This could trigger a simultaneous decrease in the fluorescence intensity and blueshift of the reflection spectrum of the particles.
ALP can react with PPi and suppress the disintegration of the hydrogel to a certain extent depending on the ALP concentration. Therefore,
quantitative detection of ALP could be achieved by measuring the dual optical signals.

hydrogel opal particles have been widely used for the
detection of various targets, including ions, small mole-
cules, and biomacromolecules*>*!. However, most hydro-
gels do not respond to ALP, making it difficult to detect
ALP directly. Thus, a strategy enabling inverse opal
hydrogel microparticles to sense the activity of ALP is
strongly desired.

Herein, we constructed hybrid microparticles contain-
ing a poly(ethylene glycol) diacrylate (PEGDA) inverse
opal scaffold embedding an alginate (Alg) hydrogel for
ALP detection. The detection mechanism was based on a
strong competitive coordination between the inter-
mediary agent, pyrophosphate ion (PPi), and the hydrogel
crosslinker Cu”", which resulted in disruption of the
hydrogel network. Carbon dots (CDs) were integrated
into the hydrogel to produce a fluorescent indicator of
the responsive gel-sol transition of the hydrogel. Since
ALP can catalyze the hydrolysis of PPi and impede such
competitive coordination, ALP could thus be detected
quantitatively by measuring the fluorescence intensity of
the nanoparticles. In addition, the gel-sol transition
leads to a shift in the reflection spectrum of the inverse
opal particles, offering another detection approach.

Moreover, the PEGDA skeleton possesses favorable
mechanical strength and maintains stability and integrity
during the detection processes. These features make
these hybrid photonic hydrogel particles ideal for the
detection of ALP and extend the application value of
hydrogel-based optical sensors.

Materials and methods
Materials

Alginate, sodium pyrophosphate, copper chloride, and
metal salts were purchased from Aladdin, Shanghai, China.
ALP was purchased from Sangon Biotech, Shanghai, China.
Poly(ethylene glycol) diacrylate (PEGDA 700) was pur-
chased from Sigma—Aldrich. Aqueous dispersions of CDs
with a maximum emission wavelength at 535 nm were
purchased from Suzhou Xingshuo Nanotech Co.

Preparation of Alg/Cu gel and CDs@Alg/Cu hydrogel

The copper alginate hydrogel was obtained by simply
mixing 200 pL of 1 wt% alginate pregel and 200 uL of
2 mM CuCl, aqueous solution. Gelation occurred within
1 h at room temperature. After that, the copper alginate
hydrogel was washed three times. Then, 200 uL of CDs
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were mixed with 200 pL of 2wt% alginate aqueous
solution with shaking for 30 min. Then, we added
400 pL of 2 mM CuCl, aqueous solution to this system.
After reacting for 1h, the insoluble fluorescent
CDs@Alg/Cu hydrogel was collected by centrifugation
at 300 rpm for 3 min and then washed with deionized
water three times.

Fabrication of silica colloidal crystal beads and PEGDA
inverse opal particles

First, template silica colloidal crystal beads (SCCBs)
were produced by the self-assembly of SiO, nanoparticles
using a microfluidic device. Then, the obtained SCCBs
were dried and immersed into PEGDA solution with 1%
wt HMPP added. This step lasted for 4 h to ensure that
the pregel liquids sufficiently infiltrated the nanopores of
the microparticles. Then, the mixture of microparticles
and pregel liquid was exposed to UV light (365 nm,
100 W) for gelation. Last, the remaining hydrogels were
removed, and the template SCCBs were etched with
hydrofluoric acid (4%, v/v) to successfully generate the
PEGDA inverse opal microparticles.

Generation of the hybrid PEGDA-CDs@Cu/Alg particles
The above CD/alginate aqueous solution was mixed
with the PEGDA inverse opal microparticles for 1 h. The
liquid blends fully infiltrated into the voids of the inverse
opal scaffolds. Then, a 2 mM CuCl, aqueous solution
was added to trigger the gelation of alginate for 2 h to
ensure that the microparticles were thoroughly gelated.
Finally, the second-filled hybrid PEGDA-CDs@Cu/Alg
particles were stripped from the surrounding remaining
hydrogels, leaving the PPi-responsive particles behind.

Effects of PPi on hybrid microparticles

Typically, the as-prepared hybrid PEGDA-CDs@Cu/Alg
microparticles were cast into 500 pL of PPi solution with
different concentrations (0—3 mM) and mixed well. Then,
the system was gently shaken at 150 rpm for 2 h at room
temperature. The fluorescent and structural colors of the
hybrid microparticles were recorded. To determine the
PPi concentration, the microparticles’ fluorescence and
reflection spectra were acquired using a fiber spectro-
meter. Two indicators, the emission intensity at 535 nm
and the reflection peak value, were used for quantitative
analysis of PPi. The same procedures were used for testing
the particle responses to other anions.

Quantitative detection and analysis of ALP

Fifty microliters of PPi (10 mM) was first added to ALP
buffer at final concentrations from 0 to 500 mU/mL and
mixed well. Then, the blend was incubated at 37 °C for
30 min. After that, the reaction solution was injected into
the test tube containing the hybrid PEGDA-CDs@Cu/Alg
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microparticles for another 2 h at room temperature under
gentle shaking at 150 rpm. Finally, the fluorescence and
reflection peak positions of the microparticles after the
reaction were recorded.

Characterization

The microstructures of diverse microparticles were
characterized by scanning electron microscopy (SEM;
Hitachi S3000 N). An optical microscope (Olympus
BX51) equipped with a fiber optic spectrometer (Ocean
Optics, QE65000) acquired the photographs and reflec-
tion spectra. Using a fluorescence microscope (Olympus,
CKX41) equipped with a fiber optic spectrometer (Ocean
Optics, USB 2000+), we detected the fluorescence
intensity of the hydrogel and microparticles.

Results and discussion

In a typical experiment, alginate gel was first prepared
using Cu®" as the crosslinking agent, and its visual
response to PPi was verified. Alginate can chelate with
Cu®" to form a hydrogel, as shown in Fig. S1. In addition,
Cu*" can combine with PPi to generate an ultrastable
complex, which triggers a phase change in the copper
alginate hydrogel. To characterize this process, CDs were
incorporated into the Cu/Alg gel as a fluorescent probe.
After excitation by blue light, CDs emit green fluores-
cence with a maximum emission wavelength at 535 nm.
After PPi entered the hydrogel matrix, the gel exhibited a
certain degree of disintegration according to the PPi
concentration, as shown in Fig. S1. Since CDs leaked from
the hydrogel into the destroyed alginate solution, the
solutions also showed green fluorescence. We further
confirmed the selective response of the hydrogel to PPi by
examining the response to eight other anions, including
Pis (H,PO,~ and HPO,>"), CO5*, Cl, SO,*,NO;~, T,
and S*7, as shown in Fig. S2. No hydrogel disintegration
or fluorescence signal was observed in these systems, even
when the concentrations of these anions far exceeded that
of PPi. This specific response was attributed to the strong
competitive coordination effect of PPi on Cu®* compared
to other anions.

Then, we fabricated inverse hybrid opal hydrogel
microparticles as molecular detection carriers. The par-
ticles comprised PEGDA hydrogels via the template
etching method from SCCBs (Fig. la). The original
microparticles were generated through confined assembly
from monodisperse silica nanoparticles in microfluidic
emulsions. They possessed a finely fraught periodic
structure with nanovoids penetrating through the matrix,
which facilitated PEGDA liquid infiltration into the voids
based on the capillary force. We fabricated the inverse
opal particles after polymerizing the PEGDA hydrogel
and removing the SCCB template. The PEGDA materials
featured high consistency, thereby maintaining the
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Fig. 2 Scanning electron microscopy (SEM) characterization of the microstructures of microparticles in the fabrication process. a, d SCCB
templates, b, e PEGDA inverse opal particles, and ¢, f hybrid PEGDA-CDs@Cu/Alg particles. In each column, the upper panel depicts the surface of the
particle, and the lower panel shows the interior of the particle. The scale bars are 350 nm in a—c and 1 um in d-f.

inverse opal scaffold integrality throughout the following
experiments. Afterward, the inverse opal microparticles
were dried and immersed in the CDs@Cu/Alg pregel, and
then the hybrid structural microparticles were obtained
through crosslinking. The SEM images in Fig. 2 showcase
the microstructures of the SCCBs, PEGDA inverse opal
microparticles, and hybrid PEGDA-CDs@Cu/Alg micro-
particles. The hexagonal packing structure of SiO,
nanoparticles on the surface of the SCCBs (Fig. 2a) and
the nanovoids of the inverse opal microparticles are
clearly presented (Fig. 2b). After the voids of the inverse
opal microparticles were filled with the CDs@Cu/Alg gel,
the hybrid composition of the resultant particles was well
characterized, featuring an inverse opal scaffold and a
hydrogel filler, as displayed in Fig. 2c.

Due to the ordered structures of the microparticles, the
SCCB templates, PEGDA-infiltrated SCCBs, PEGDA
inverse opals, and hybrid PEGDA-CDs@Cu/Alg particles
were all endowed with certain photonic band gaps
(PBGs). Light with specific wavelengths positioned inside
the gap would be reflected. As a result, these particles
exhibited dazzling structural colors possessing different
characteristic reflection peaks. The values of most
reflection peak positions A could be calculated according

to Bragg’s equation®:

A = 1.633dMaverage (1)

in which d represents the center-to-center interval
between two adjacent building blocks and naverage is
the mean refractive index of the system. Thus, SCCBs
composed of various nanoparticles possessed distinct
structural colors. For example, when d =190, 215, and

260 nm, the color of the SCCBs shifted from blue, green,
to red, with A changing from 441 nm, 521 nm, to 611 nm,
as shown in Fig. 3a—-d. In addition, for a fixed
nanoparticle size, the reflection spectrum redshifted
from SCCBs, PEGDA-infiltrated SCCBs, and PEGDA
inverse opals to hybrid PEGDA-CDs@Cu/Alg particles
(Fig. 3e—g) due to the difference in #,yerage. It Was noted
that the photonic crystal structure of the hybrid hydrogel
particles remained intact due to the mechanical strength
of the PEGDA matrix. In addition, the green fluores-
cence of the CDs in the hybrid microparticles could be
observed regardless of their reflection peak positions, as
shown in Fig. 4. Therefore, the hybrid photonic particles
could be used as detection microcarriers providing dual
optical indicators (i.e., a fluorescence readout and a
structural color readout).

We speculate that the hybrid PEGDA-CDs@Cu/Alg
particles would reverse the PPi responsive property, which
would cause disintegration of the hydrogel and eventually
changes in the dual indicators, fluorescence intensity and
reflection peak positions of these microparticles, as
depicted in Fig. 4a. To test this hypothesis, a group of
particles with A values of 570, 600, and 650 nm were pre-
pared and immersed in 8 mM PPi solution. It was observed
that without PPi, the microparticles maintained an intact
gel network with full particle fluorescence intensity and no
fluorescence signal in the external liquids. Nevertheless,
after adding PPi, the outer hydrogel part of the hybrid
particles gradually dissociated, resulting in a decrease in
the fluorescence intensity due to CD leakage from the
particles into the solution, as shown in Figs. 4b—d and S3.
In addition, a blueshift of the reflection spectra for the
three types of particles was observed. This suggested
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Fig. 3 Changes in the microparticle structural color and characteristic reflection peaks. a-d Scheme and optical microscopic images of the
a SCCBs, b PEGDA-infiltrated SCCBs, ¢ PEGDA inverse opals, and d hybrid PEGDA-CDs@Cu/Alg particles. In each column, the images from

top to bottom represent particles derived from SCCBs composed of 190, 215, and 260 nm nanoparticles, respectively. e-g Reflective spectra of the
three groups of particles derived from SCCBs composed of e 190, f 215, and g 260 nm nanoparticles. In each image, the lines from left to right

represent the spectra of the SCCBs, PEGDA-infiltrated SCCBs, PEGDA inverse opals, and hybrid PEGDA-CDs@Cu/Alg particles, respectively. All scale
bars are 200 um.

that the PPi-triggered phase transformation of the
CDs@Cu/Alg hydrogel led to a change in the mean index
of refraction of the hybrid microparticles as a function of
Eq. (1). In addition, 2 h after the addition of PPj, the outer
hydrogel of the microparticles was almost dissociated and
had reached the platform. The reaction time employing
common methods is provided in Table S1.

A quantitative study of changes in these dual optical
indicators as a function of the PPi concentration was
further conducted. Figure 5a shows that when 4 mM PPi
was added, the edges of the particles became blurred,
which was accompanied by a sharp decrease in fluores-
cence intensity as measured by the average of all micro-
particles. This suggested that the surface of the particles
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Fig. 4 Dual-signal response of hybrid PEGDA-CDs@Cu/Alg particles to PPi. a Scheme of the dual response of the photonic particles to PPi: the
blueshift phenomenon in the reflection spectra and the decrease in fluorescence intensity are due to the disintegration of the CDs@Cu/Alg hydrogel.
b—d Optical microscopy images (i) and corresponding fluorescence images (i) of three kinds of hybrid PEGDA-CDs@Cu/Alg particles before the

addition of PPi and optical microscopy images (iii) and corresponding fluorescence images (iv) of the particles after treatment with 8 mM PPi. The A
values of the primary hybrid hydrogel microparticles were (bi) 570, (ci) 600, and (di) 650 nm. After reacting with PPi, there was corresponding shifts to

(biii) 540, (ciii) 576, and (diii) 622 nm. All scale bars are 200 um.

disintegrated upon contacting PPi. We plotted the average
fluorescent intensity of the hybrid PEGDA-CDs@Cu/Alg
microparticles according to the PPi concentration and
then obtained a detection limit of 37.24 pM and a linearity
range from 0.1 to 4 mM with a correlation coefficient of
0.9974 (Fig. 5b and Fig. S4). The simultaneous blueshift of
the reflection spectra of the particles corresponding to an
increase in the PPi concentration was measured, as shown
in Fig. 5¢c. A distinguishable color change of the particles
was observed, with the reflection peak value decreasing
gradually and saturating when the concentration of PPi
reached 10 mM.

Based on the PPi-response behavior of the prepared
hybrid photonic particles, we developed a dual-signal ALP
sensing platform. ALP serves as a representative hydrolase
that can transform one PPi to two Pis. This could sup-
press the combination of PPi and Cu®" and thus reduce
the destructive effect of the CDs@Cu/Alg hydrogel. As
confirmed in Fig. S5, the particles treated with a mixture
of PPi and ALP showed a smaller decrease in fluorescence
than those treated with PPi alone. As a control, the par-
ticles treated with only ALP maintained an intact micro-
sphere structure, and the original fluorescence was
maintained even when the concentration of ALP was
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Fig. 5 Fluorescence intensities and reflection curves of the hybrid PEGDA-CDs@Cu/Alg microparticles with different PPi concentrations.
a Fluorescence images of the hybrid hydrogel microparticles in response to different concentrations of PPi. From i to vi: 0, 1, 2, 4, 6, and 8 mM,

respectively. b Fluorescence spectra of the microparticles after treatment with different PPi concentrations (0, 1, 2,4, 6, 8, 9, and 10 mM). The inset
shows the plot of the fluorescence intensity at 535 nm according to the PPi concentration. ¢ Reflection spectra of the microparticles with an initial

reflection peak value at 589 nm after treatment with PPi concentrations of 0, 1, 2, 4, 8, and 10 mM. The scale bar in a is 200 um.

500 mU/mL. Thus, PPi was the direct stimulus signal that
caused the phase and fluorescence change in the
CDs@Cu/Alg hydrogel, and ALP was the indirect stimu-
lus signal that degraded PPi to suppress these changes.
These results indicated that the prepared hybrid struc-
tural microparticles with CDs@Cu/Alg hydrogel could
serve as desirable ALP sensors.

To evaluate the detection sensitivity of ALP, we
incubated the particles in a mixture of PPi with ALP and
measured the fluorescence intensity as a function of ALP
concentration. As shown in Fig. 6a, the fluorescence of
the particles increased with increasing ALP concentra-
tion. With the presence of 10 mM PPi in the detection
solution, we drew a calibration curve and identified a
linear relationship between the fluorescence intensity
and ALP concentration in the range from 1 to 150 mU/
mL (Fig. 6b). The detection limit of this system was
0.87 mU/mL after calculation, which was comparable to
that previously reported (Table S$1)*. In addition, a
higher concentration of ALP led to a redshift of the
reflection spectra (Fig. 6¢). The detection limit measured

by this method was 1.21 mU/mL (Fig. 6d), which is
comparable to that of fluorescence detection. It is worth
mentioning that increasing the number of microparticles
is similar to enlarging the total amount of CDs@Cu/Alg
gel, which has the same effect on fluorescence and
structural color signals as decreasing the concentration
of PPi or increasing the concentration of ALP in the
system. However, this operation can improve the uni-
formity of the reaction, thus accelerating the arrival of
the plateau. Such a dual-signal sensing platform pro-
vided a wider detection range and a more reliable
detection result.

Conclusion

In conclusion, we presented hybrid alginate photonic
microparticles for ALP detection. The detection
mechanism was based on an intermediary chemical, PPj,
that could trigger the phase transition of the alginate
hydrogel due to competitive combination with the
hydrogel crosslinker, Cu**. ALP could react with PPi and
thus suppress the phase transition. This responsive
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Fig. 6 Dual signal detection of ALP. a Fluorescence spectra of the hybrid microparticles after treatment with a mixture of 10 mM PPi and different
ALP concentrations (0-400 mU/mL). b A linear curve of fluorescent intensity at 535 nm versus ALP concentration. ¢ Reflection spectra of the particles
with an initial reflection peak value at 441 nm (without ALP) immersed in a mixture of 10 mM PPi and different concentrations of ALP (0, 100, 200, 300,
and 350 mU/mL). d The measured reflection peak shift value as a function of ALP concentration.

behavior was converted to dual optical signals for the
detection of ALP. CDs were integrated into the particles
to give a fluorescence readout. Additionally, the particles
were generated with a unique photonic crystal structure
and provided structural color that served as an additional
readout. The detection limit of these two strategies were
0.87 mU/mL and 1.21 mU/mL, respectively, with high
selectivity in comparison to other proteins and biological
specials. Compared with the previous method applying
bulk hydrogel sensors as visual indicators for ALP
detection, the hybrid photonic microparticles possess
flexible motor behaviors that provide higher reaction
uniformity and reduce duration. Additionally, such a
dual-indicator platform could enhance the reliability of
the detection results. However, the relatively high cost
and complicated manufacturing process are drawbacks
compared to the inexpensive bulk hydrogel. These fea-
tures, together with other merits, including biocompat-
ibility, make photonic hybrid hydrogel particles a
promising platform for the detection of ALP and other
macromolecules.
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