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Paper-based analytical devices (PADs) are very convenient for determining biomarkers in point-of-care
(POC) diagnosis while requiring sample pre-treatment or impurity separation. This study reports a novel
hydrogel-coupled, paper-based analytical device (PAD) for separation-free H,O, colorimetric detection
in both aqueous solution and cell lysis with sample-to-answer analysis by directly loading into the
sample test zone. By encapsulating an inorganic mimic enzyme and chromogenic substrate into the
sodium alginate (SA) hydrogel, amplification of the color signal after catalyzing the substrate could be
achieved. Taking advantage of the nanoscale porous structure of the hydrogel and the lateral flow
channel of the PAD, large interference fragments or bio-macromolecules are prevented from diffusing
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into the chromogenic reaction, whereas the small target molecules enter the sensing region to trigger
the catalytic reaction. This method demonstrated a rapid and accurate analysis with a limit of detection
DOI: 10.1039/d4tb00715h as low as 0.06 mM and detection selectivity. Our proposed device requires no enzyme and is
separation-free, portable, easy-to-fabricate, and low-cost, and may offer a platform for quantitative or

rsc.li/materials-b qualitative analysis of other analytes in body fluids for POC applications.

electrochemiluminescence (ECL) platform for detection via
employing a highly active electrocatalytic material as an ECL co-

1 Introduction

For scenarios that need immediate diagnostic results, point-of-
care (POC) testing plays an important role in the rapid diagnosis
of diseases or the target analyte concentration determination.'”
According to the signal readout model, different detection meth-
ods have been reported such as colorimetric, fluorescence-based,
electrochemical, and surface-enhanced Raman spectroscopy-
based methods.”” Wang’s group developed a Fenton-like reac-
tiontriggered chemical redox-cycling signal amplification fluores-
cence strategy for ultrasensitive determination.®>*° Zhang’s group
developed a hand-drawing paper-based bipolar electrode (BPE)

“ Henan Key Laboratory of Polyoxometalate Chemistry, College of Chemistry and
Molecular Sciences, Henan University, Kaifeng, Henan, 475004, China.
E-mail: sunlin@vip.henu.edu.cn
b School of Life Sciences, Henan University, Kaifeng, Henan, 475004, China.
E-mail: jswei@henu.edu.cn
¢ School of Physical Education and Sport, Henan University, Kaifeng, Henan,
475004, China
i Electronic supplementary information (ESI) available: General experimental
study, nanometer size distribution diagram, EDX analysis of Pd-ZIF-8 NPs,
elemental diagram of nanoparticles, steady-state kinetic analysis and catalytic
mechanism. PAD production process and reaction phenomenon. Optimization of
reaction conditions and additional diagrams. See DOI: https://doi.org/10.1039/
d4tb00715h
i These authors have equal contribution to this work.

7324 | J. Mater. Chem. B, 2024,12, 7324-7333

reaction accelerator and pencil-drawing graphite electric circuits
as wires and electrodes."’ And an efficient lab-on-paper dual-
signal platform was designed for detection in body fluids."* The
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widely utilized methods exhibit considerable analytical perfor-
mance in the POC research field. Among them, colorimetric
assays display results by changing the color intensity or chromi-
nance that could offer a visual indication for the target analyte,
including its concentration and species."*'* By integrating with
other analytical devices such as microfluidics, test strips, and
paper-based microfluidics, its easy handling and simple quanti-
tative analysis procedure was intensified for rapid diagnosis with
user-friendly signal readout devices such as smartphones.">>°
However, analytes used for POC testing are taken from human
tissues, because the oral cavity or nasal cavity, or food samples
with bulk segments would strongly interfere with the chromo-
genic reaction and cover up the result display.>' > Prior separa-
tion of samples by using a centrifuge or magnetic adsorption
separation in professional diagnostic labs is generally required,
which would limit the efficiency of POC sensing with rapid
features. Thus, developing POC test sensors that combine separa-
tion functions to overcome these challenges is in high demand,
especially during a pandemic.

Colorimetric paper-based analytical devices (PADs) show
potential properties such as easy fabrication, operability, low
cost, portability, and disposability, and have been widely used
as universal and robust diagnostic tools in various fields.*®*”
Because of the paper substance with diameters <20 pm, it can
filter almost all shed tissue fragments, coagula, or agglomer-
ates in biological samples.”® However, this method is not
capable of avoiding impurity interference with smaller sizes,
such as red blood cells, hemoglobin, leukocytes, and other
biological molecules.”*** Much effort has been made to facil-
itate the efficient separation process by integrating a filtration
module onto the paper-based analytical device (PAD), such as
filter membranes, cell aggregation, or external fields (electric or
magnetic fields) to avoid interference in PADs.*'**

However, complex operation processes, low separation effi-
ciency, and low filtration throughout the multistep separation
process may hamper the simplicity and low cost of PADs.
Accordingly, PADs coupled with hydrogel matrixes were devel-
oped to make the separation process more efficient.>*® Taking
advantage of its ‘“molecular sieves” functions and optical
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transparency property, the formed hydrogel allows small ana-
lyte molecules to pass through freely to trigger a chromogenic
reaction in the test zone and prevents large-size molecules or
cells of complex components from entering.>” However, most
reported hydrogel-coupled PADs employ a bio-enzyme as the
catalyst, which causes a complex fabrication process of PADs,
and the assay performance of PADs severely depends on the
stability of the enzyme.*®*° Thus, it is highly necessary to
develop no-enzyme-used, portable, low-cost, and user-friendly
PADs for disease-related biomarkers in biological samples or
whole blood.

Herein, we introduce a simple hydrogel-coupled PAD-based
sensor that can directly determine small-molecule targets in
liquid suspension samples without any additional separation
process. Considering the fact that a sample usually includes
tissue fragments, biological macromolecules, and smaller
targets,*’ we introduced a step-by-step filtration method that
uses the size-sieving effect of an alginate hydrogel to prevent
interfering substances from entering the sensing region. This
work combined the chromatography effect and molecular sieve
of the hydrogel, featuring the property of being separation-free
for complex biological samples. Specifically, the proposed PADs
contained three layers: the cover layer was made of polyvinyl
chloride (PVC) with single-sided adhesive tape, and two circular
hole disks were punched on. The sample layer was composed of
fiberglass and adsorbent paper, which provided support for
hydrogel loading and primary filtration. The supporting layer
was the same as the cover layer without a circular hole disk. An
alginate hydrogel containing an inorganic enzyme and chro-
mogenic substance reagent matrix was cast onto the hole disk
and assembled on the sample pad to construct a detection
device. To verify the detection performance, the oxidative stress
signal small-molecule H,0, was selected to demonstrate its
feasibility. The color signal generated in the test zone in the
PADs was recorded by a smartphone, which showed the rapid
sample-to-answer feature of the proposed method (Scheme 1).
The use of hydrogel-coupled PADs for H,0O, detection in
complex samples showed portability, high sensitivity, stability,
and reproducibility. Moreover, the proposed hydrogel PAD not
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Scheme 1 Schematic illustration of PAD hydrogel-based separation-free device for H,O, detection by a smartphone.
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only has potential applicability for broad application in POCT
in biological samples but also shows value for rapid testing in
food and environmental fields.

2 Experimental
2.1 Reagents

Zinc acetate dihydrate (Zn(AC),-2H,0), 3,3',5,5'-tetramethyl-
benzidine (TMB), NaCl, KCI, Na,SO,, CaCl,, AgNO;, KBr, CaCOs;,
and other salts were obtained from Aladdin Reagent Co. Ltd
(Shanghai, China). Sodium alginate (SA), methanol, and 2-
methylimidazole were purchased from TCI Shanghai. Polyvinyl-
pyrrolidone PVP (M,, = 58 000), K,PdCl,, and HCl were purchased
from Sigma Aldrich (Shanghai, China). Stock solutions of HCI
(2 M) were prepared in deionized water. All reagents were used as
received without any further purification. All solutions were
prepared using ultrapure water generated using a Millipore
Milli-Q water purification system with an electric resistance of
>18.2 MQ.

2.2 Instruments

The UV-Vis spectrum of prepared materials was recorded on a
Shimadzu-1700 spectrophotometer (Shimadzu, Japan). Infrared
spectra were measured using infrared (IR) spectrometry (FTIR
spectrometer, V70 & Hyperion1000). The morphology was char-
acterized using a scanning electron microscope (ZEISS G500,
Germany) and a transmission electron microscope (FEI T20).
The size and zeta potential were measured using a laser particle
size and zeta potential analyzer (Nano ZS90, Malvern).

2.3 Synthesis of ZIF-8, Pd NPs and Pd-ZIF-8 NPs

The synthesis of ZIF-8 was synthesized according to the pre-
viously reported work with minimal modification.** The 20 mL
methanol solutions of 0.55 g of Zn(Ac),-2H,0 and 0.72 g of
2-methylimidazole were prepared separately. The Zn(Ac),-2H,0
methanol solution was slowly added to the 2-methylimidazole
methanol solution, and the mixture was magnetically stirred at
700 rpm. The solution was maintained for at least 3 h and it
turned into a stationary state with a milky appearance. The
resulting solution was then centrifuged for 5 min at 5000 rpm,
which resulted in the precipitation of ZIF-8 nanoparticles (ZIF-8
NPs). The upper clear solution was poured and discarded,
whereas the precipitate was re-dissolved in methanol and
centrifuged. These steps were repeated more than twice. The
obtained ZIF-8 NPs were then dissolved in water, and the above
centrifugation procedure was repeated. Finally, the solid pro-
duct was dried overnight in the vacuum drying oven at 30 °C.
Pd NPs were prepared according to the previously reported
method.*® Typically, 105 mg of PVP (M,, = 58 000) was dissolved
in 8 mL of pure water following the addition of AA (60 mg), KBr
(5 mg), and KCI (185 mg). The mixture was magnetically stirred
at room temperature for approximately 5 min. Then, 1.5 mL of
K,PdCl, aqueous solution with a concentration of 10 mM was
added to the mixture. The mixture turned black brown after the
solution was maintained at 80 °C for three hours. The resulting
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Pd NPs were collected by centrifugation at 10000 rpm by
adding excess acetone. The obtained Pd NPs were dispersed
in deionized water for future use.

To prepare Pd-ZIF-8 NPs, 1.0 mL Pd NPs were firstly added to
a 2-methyl imidazole methanol solution under magnetic stir-
ring for 5 min, followed by dropwise addition of methanol
solution of Zn(AC),-2H,0. The mixed solution was maintained
at room temperature for 3 h. Finally, the obtained Pd-ZIF-8 NPs
were purified by centrifugation at 5000 rpm and washed thrice
with water and methanol.

2.4 Preparation of the Pd-ZIF-8 loaded alginate hydrogel

Pd-ZIF-8 NP alginate hydrogel was prepared as follows: 0.1 mL
Pd-ZIF-8 NP dispersion solution (0.5 mg mL~") was mixed with
0.15 mL 1.5 wt% SA aqueous solution. Next, 50 pL of a TMB
(10 mM) aqueous solution was added and mixed evenly.
0.05 mL of CaCl, aqueous solution (20 mM) was quickly
injected into the above mixture system. Free Ca®* triggers SA
hydrogelation resulting in a hydrogel morphology. After incu-
bation for 5 min, excess aqueous solution was removed and the
obtained hydrogel was washed with deionized water three
times. The blank control preparation method was similar to
that described above, and it was prepared without adding
0.1 mL Pd-ZIF-8 NP dispersion solution.

The process of preparing hydrogels in 96-well plates is
similar to that described above. 0.1 mL Pd NP-ZIF-8 dispersion
solution (0.5 mg mL™') was mixed with 0.15 mL 1.5 wt% SA
aqueous solution. Next, 50 pL. TMB (10 mM) aqueous solution
was added to it and mixed evenly. Next, 10 pL of the mixture was
added to 96-well plates. Finally, 25 pL CaCl, solution (20 mM)
was quickly injected into the mixture in one well. After incuba-
tion for 5 min, the excess aqueous solution was removed, and
the obtained hydrogel was washed with deionized water thrice.

2.5 Design and fabrication of PADs

The design procedure for the PAD is illustrated in Fig. S11 (ESIt).
The proposed PAD contained three layers of components: first, a
single-sided rubber substrate of the PVC material (2.0 cm x
2.5 c¢cm) with the rubber side up. In the second step, the
absorption pad (filter paper) (0.5 cm x 2.0 cm) was pasted
horizontally onto the PVC single-sided rubber bottom plate.
Then, the glass fiber paper (0.5 cm x 2.0 cm) was vertically
pasted to the middle of the PVC single-sided rubber base plate.
The third step was to paste two absorption pads (filter paper)
(0.4 cm x 2.0 cm) on both sides of the fiberglass paper. In the
fourth step, a piece of PVC material single-sided rubber substrate
was taken, and two holes were punched in it. The diameter of the
hole was 0.6 cm, and the center distance between the two holes
was about 1.0 cm. Finally, the perforated single-sided adhesive
substrate and assembled single-sided adhesive substrate were
bonded together to form the preliminary shape of the PAD for
the subsequent loading of the hydrogels.

2.6 Preparation of hydrogel coupled PADs

SA mixed aqueous solution was prepared according to the
procedure described in Section 2.4. The hydrogel-coupled

This journal is © The Royal Society of Chemistry 2024
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PAD was prepared by in situ gelation of a hole in the designed
paper device. Typically, 80 puL of the above mixture was dripped
into one of the holes. Subsequently, the SA solution over-
spreads to all zones of the hole and forms a teardrop-shaped
drop. Then, 50 pL of CaCl, solution with a concentration of 100
mM was carefully dropped onto the viscous SA solution. After
gelation for 2 min, the excess CaCl, solution was removed to
avoid infiltration of the sample pad.

2.7 Colorimetric analysis for H,O, in aqueous solution

The hydrogels loaded in 96 wells prepared by the process
described in Section 2.4 were added to 50 pL (0, 0.125, 0.15,
0.35, 0.55, 0.75, 0.95, and 1.15 mM) H,0,, respectively for
colorimetric analysis. After incubation for 30 min, the OD value
was continuously acquired using a Tecan Infinite M1000 PRO
reader. The intensities were calculated from a region of interest
and plotted as a function of time.

In addition to using PAD coupled with a good hydrogel to
detect H,O, content in aqueous solution, we tried different
volumes of H,0, aqueous solution (same concentration),
namely, 50, 80, 100, 150, and 200 puL. Subsequently, H,O, drops
were added to the PAD analysis hole to select a more appro-
priate volume. Next, 100 pL of H,0, (0, 0.1, 0.5, 1.5, 2.0, and
2.5 mM) was added to the sample zone, and the H,0, aqueous
solution was passed through the sample pad under capillary
force and finally reached the hydrogel spot. After incubation for
30 min, the color change of the hydrogel spot in the test zone
was recorded using a smartphone. (When taking photos, the
hole plate was placed in the LED photographic lightbox to
prevent errors in the results caused by different lights.) The
smartphone used was an iPhone, and the Colorimeter App was
downloaded from the App Store (https://apps.apple.com/fr/app/
colorimeter-app/id1542365656). This software can convert the
depth of the color to RGB number size, and the color is
calculated using the formula (green channel + blue channel)/
2 (red channel).

2.8 Measurements of H,0, in cell lysis

The colorimetric response of the PAD for H,O, analysis in
cancer cell lysis was carried out as follows: HeLa cells at
different numbers were seeded in 60 mm plates and incubated
in a 5% CO, environment at 37 °C. The cells were then digested
with pancreatin and washed three times with PBS. Cells were
ultrasonically broken at 100 W using a cell crusher. Subse-
quently, 200 pL of cell-crushing liquid was added to the
centrifuge tube, and H,0, aqueous solutions with different
concentrations were added to the centrifuge tube. When the
concentrations of H,0, became 0.08 mM, 0.158 mM, 0.37 mM,
0.65 mM, and 1.3 mM, a cell-crushing solution (100 pL) was
added to the PAD detection hole and incubated for 30 min. The
chromogenic intensity of the hydrogel spot in the test zone was
recorded using a smartphone.

In addition, we selected several common disruptors in
biological samples to evaluate the selectivity of the PAD for
H,0, detection, including glucose, sucrose, bovine albumin
(BSA), human serum albumin (HSA), NaCl, vitamin C, trypsin,

This journal is © The Royal Society of Chemistry 2024
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and glycine. A certain concentration of the above disturbance
was added to the detection hole of the PAD, and the detection
scheme was the same as that used for detecting H,O,. Similarly,
a smartphone was used to record the color changes in the
analysis area.

Subsequently, we used CaCOj; to simulate impurities in
biological samples to evaluate the anti-interference ability of
the PADs on solid bulk impurities. A 50 pg mL~" CaCO;
aqueous solution was placed in a centrifuge tube, and a certain
volume of H,0, solution was added so that the final concen-
tration of H,0, was 0.1 mM. Then, 100 pL of the CaCO; mixed
solution was added to the analysis hole of the PAD and
incubated for 30 min. The chromogenic intensity of the hydro-
gel spot on the test zone was recorded using a smartphone.
This experiment was repeated six times to evaluate the stability
of the PAD test.

2.9 Long-term stability inspection

Long-term detection stability is very important for PAD, which
is related to its detection stability and long-term preservation
and transportation. This has strong practical application sig-
nificance. First, the prepared PAD was placed in a refrigerator
at 4 °C to maintain a certain humidity and was stored for
different days. Then, a certain concentration of H,0, solution
was injected into the PAD analysis hole and incubated for
30 min. The color changes in the hydrogel spots in the test
area were recorded using a smartphone. Finally, the test results
are evaluated according to the scheme established above.

3 Results and discussion

3.1 Characterization of the prepared ZIF-8, Pd NPs, and Pd NP
loaded ZIF-8

ZIF-8 was synthesized according to the previously reported
method*? by using Zn** and imidazolate precursors. Compared
with the ZIF-8 nanoparticles prepared in aqueous solution, the
morphology of the prepared Co-MOF in methanol was more
regular. The coordination of Zn>* with nitrogen atoms in the
imidazole rings can form a rhombic dodecahedron shape of ZIF
(Fig. 1a, inset shows the TEM image of ZIF-8). Pd NPs were
prepared using PVP as the stable ligand with good uniformity
(Fig. 1b). The Pd NPs loaded with ZIF-8 nanoparticles were
easily prepared by simply adding prefabricated Pd NPs in the
coordination process (SEM image shown in Fig. 1c). The
rhombic dodecahedral shape of the Pd NPs loaded with ZIF-8
indicated a size distribution range of 150-250 nm (Fig. 1d).
Moreover, the TEM image indicated that the Pd NPs were well
embedded into the ZIF structure, indicating that the functional
NP loading had less influence on the morphology change. On
the other hand, the size distribution of the prepared nanoma-
terials was also characterized and is shown in Fig. S1 (ESIf).
FTIR spectra of the as-synthesized ZIF-8, Pd-ZIF-8 NPs, and Pd
NPs were measured as the proof for the identification of the
surface functional groups as well as coordination by the mono-
mer. In particular, the band peak at 2920 em ™" is ascribed to
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Fig. 1 (a) SEM of prepared ZIF-8 nanoparticles (inset is the TEM image). (b) TEM of Pd NPs. (c) SEM of Pd NP-loaded ZIF-8 nanoparticles. (d) Size
distribution of the prepared Pd NP loaded ZIF-8 nanoparticles. (e) IR spectrum of prepared NPs. (f) Powder-XRD profiles of the prepared NPs.

the aliphatic C-H stretching vibration, while the band peak at these formed ZIF (Fig. 1e). Moreover, it also demonstrated that
584 cm ! is assigned to the C=N stretching vibration. These the linker 2-methylimidazole remained unchanged during the
results indicated the formation of ZIF with the monomer 2- coordination transformation. The elemental compositions of
methylimidazole by coordination and the dominating ligand in  the prepared Pd-ZIF-8 NPs were confirmed by energy-dispersive
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Fig. 2 (a) Images of chromogenic reaction system by using TMB (i, TMB + H,O,, ii, Pd-ZIF-8 + TMB, iii, ZIF-8 + TMB + H,O,, and iv, Pd-ZIF-8 + TMB +
H,05,). (b) Corresponding spectrum change of the TMB-H,0O, system with different combinations. Experimental conditions: 0.1 M pH 4 HAc—NaAc
buffer; TMB: 0.2 mM; H,O,: 0.2 mM. (c) The UV-Vis absorbance changes of the chromogenic reaction system with increments in the H,O, concentration
(2.5, 5, 8, 10, 20, 40, 60, 80, 100, 200 and 300 mM). (d) Linear calibration plots for H,O, detection in the range from 0.05 to 0.6 mM. Experimental
conditions: 0.1 M pH = 4, HAc—NaAc buffer; TMB: 0.5 mM; nanoenzyme: 0.06 mg mL™ . Reaction time: 10 min.
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X-ray spectroscopy (EDX) (Fig. S2, ESIt). The results are pre-
sented in Table S1 and Fig. S3 (ESIT). The elemental composi-
tion of the Pd NP loaded ZIF-8 is as follows: C, 16.99%; N,
11.99%; Zn, 3.54%; Pd, 0.19%. The Zn/N weight ratio of the
prepared Zn/N is 0.295. Fig. 1f compares the XRD profiles of
ZIF-8, Pd NPs, and Pd NP loaded ZIF-8, and remarkable
diffraction signals attributed to the dodecahedral-crystal of
ZIF-8 were observed. These results demonstrate the successful
preparation of Pd NP loaded ZIF-8.

3.2 Catalytic performance of the prepared nano-enzyme

To verify the catalytic performance of the prepared nanoen-
zyme, a colorimetric reaction using TMB as a chromogenic
substrate was carried out. As shown in Fig. 2a, no color change
was observed when only TMB was mixed with Pd-ZIF-8 NPs or
H,0, solution. In contrast, the color of the reaction solution
turned light blue when ZIF-8, TMB, and H,0, were mixed.
Moreover, the color of the solution changed to deep blue when
Pd-ZIF-8 NPs were used as the catalyst. The corresponding
absorbance changes were recorded, as shown in Fig. 2b. A
characteristic absorption peak at 652 nm in the presence of
H,0, was observed, owing to the oxidation of TMB to TMB
cations catalyzed by nano-enzymes. However, this catalytic
performance was influenced by reaction conditions, such as
reaction time, pH value, temperature, and catalysis state. To
obtain better catalytic outcomes, various parameters that affect
the reaction performance were considered. Detailed optimiza-
tion results are presented in the ESIt (Fig. S4-S6). To further
investigate the kinetics, the kinetic data of the nanoenzyme
were acquired based on enzyme kinetics theory according to the

\‘\S_mall molecular diffuse

Colorless to blue
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previously reported procedure.”> Typical Michaelis-Menten
curves were recorded under the same conditions by varying
the concentrations of H,O, or TMB (Fig. S7, ESIt). The constant
of maximum initial velocity (Vinax) and Michaelis—-Menten con-
stant (K;,) were also calculated and summarized. Based on
these results, colorimetric determination of H,O, was devel-
oped in an aqueous buffer solution. As shown in Fig. 2c, the
absorption spectra of the TMB-nanoenzyme (652 nm) increased
with the concentration of H,0,, with a corresponding gradual
color alteration (Fig. S8, ESIf). A good linearly proportional
change with the concentration of H,0, is obtained, with a
linear range of 0.2-2.6 mM (y = 0.00857 + 0.06396x) (Fig. 2d).

3.3 Design and fabrication of hybrid hydrogel-coupled assay
method in a 96-well plate

SA hydrogelation triggered by Ca®>" is a common method for
the preparation of alginate hydrogels.** When mixed with the
prepared Pd-ZIF-8 NPs, a hybrid hydrogel was formed and
loaded into the 96-well plate for high-throughput assays. This
is for the evaluation catalysis reaction in the hydrogel mixture
in the 96-well plate before being applied in paper-based
devices. An alginate hydrogel was selected as the scaffold that
possesses functions such as supporting the chromogenic sub-
stance and nanoenzyme and a size-sieving effect due to the
nanometer-scale pores. Fig. 3a shows the working principle of a
hydrogel-coupled colorimetric sensor, in which the small mole-
cule was allowed to diffuse through the 3D porous matrix to
trigger the chromogenic reaction. The feasibility of the chro-
mogenic reaction in alginate hydrogel was demonstrated by
adding a 0.5 mM H,0, aqueous solution; a slightly blue color
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Fig. 3 (a) Schematic illustration of the working principle for H,O, detection in a hydrogel matrix. (b) Images of feasibility study of the chromogenic

reaction in the hydrogel matrix. (From left to right: i, pure alginate hydrogel, ii, alginate hydrogel + Pd-ZIF-8 NPs + TMB, and iii, alginate hydrogel + Pd-
ZIF-8 NPs + TMB + H,05.) (c) SEM images of the dehydrated gel prepared at 0.8 wt% precursor concentrations. (d) Images of hydrogel color change by
adding various concentrations of H,O, in 96-plate wells (0, 0.125, 0.15, 0.35, 0.55, 0.75, 0.95, and 1.15 mM). (e) Correlation between H,O, concentration
and colorimetric assay readout signals. (f) Linear curve of color intensity versus the concentration of H,O, in a hydrogel matrix.
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can be observed (Fig. 3b). Molecular diffusion through a
hydrogel is dependent on the height of the hydrogel layer and
its porosity. Two crucial factors that need to be optimized are
the viscosity of the hydrogel precursor and the total volume
loaded into the plate hole. To quantify the diffusion effect of
small molecules, hydrogels prepared using several alginate
precursors were seeded at 0.2 wt%, 0.5 wt%, 0.8 wt%, 1.0
wt%, and 1.5 wt%. The OD intensity was recorded after 0.5
mM H,0, aqueous solution was added to the hybrid hydrogel.
As shown in Fig. S9 (ESIt), the highest OD signal was recorded
when the alginate precursor concentration was 0.8%; thus, this
concentration was chosen as the optical precursor concen-
tration for the following experiment. The SEM images of the
prepared alginate hydrogel network after freezing-drying are
shown in Fig. 3c. Pd-ZIF-8 NP loaded hydrogels (0.8 wt%)
exhibited an average pore size of 50 mM, which featured the
size-sieving effect of the alginate hydrogel. For hydrogel layer
optimization, various mixture solutions were added to the holes
of 96-well plates with layer heights of 0.4 cm, 0.6 cm, 0.8 cm,
and 1.0 cm, respectively. The result shown in Fig. S10 (ESIt)
indicates that the OD intensity slightly decreased with the
thickness of the hydrogel layer. This may be ascribed to the
longer diffusion path of small molecules within the internal
hydrogel body. The reproducibility of the hydrogel-based assay
was further evaluated in a 96-well plate under optimal experi-
mental conditions. The color change of the hydrogel in the
plate was recorded and is shown in Fig. 3d for various con-
centrations of H,0,. Under the optimized conditions (reaction
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time: 10 min; pH value: 4.5; temperature: RT), the analytical
performance was first evaluated using the standard H,O,
solution in a concentration range of 0 to 2.5 mM (Fig. 3e). In
Fig. 3f, a good linear relationship between the CL signals and
the substance concentration was obtained in the range of
0.125-0.75 mM (y = 0.02923x — 0.00731, R? = 0.993). The
detection of limit (LOD) is determined to be as low as 0.082
mM. All H,0, detections were evaluated by performing three
parallel assays under the same experimental conditions, which
also indicated good reproducibility, with an RSD of only 2.56%.
Moreover, this hybrid hydrogel-based assay system is sensitive
to H,0,, which may lay the foundation for future applications.

3.4 H,O0, detection by PADs

The good performance of H,O, detection by hydrogel-based
colorimetric sensors inspired us to propose a hydrogel-coupled
colorimetric PAD that combines the advantages of hydrogel-
based sensors and POC diagnosis. The fabrication of the
hydrogel-coupled PAD is schematically illustrated in Fig. 4a,
with the assembly process shown in Fig. S11 (ESIf). The
proposed PADs contain three layers with a rectangular shape
(2.0 x 2.5 cm). The three layers are, a PVC sheet with a single-
sided adhesive tape employed as the upper layer, and two 6 mm
circular disc cutouts punched onto it with a center distance of
1.0 cm. In the middle layer, two types of paper were used for
assembly: an adsorption pad (0.5 x 2.0 cm) made of filter paper
and a sample pad (0.5 x 2.0 cm) made of fiberglass paper. The
third layer was made of the same material as the top layer,

a b
Istlaver Sodium a} inate
‘ PAD ydrogen peroxide
2nd layer | < - 2 - =
4 v v -
3rd layer In-situ gelation Color change

0.5 1.5 2.0 2.5
H,0, Concentration (mM)

Fig. 4 (a) Schematic illustration of fabrication of hydrogel-coupled PAD. (b) The layout of hydrogel-coupled PAD with side view and top view. (c) Colorimetric
images of the PAD test zone with the addition of H,O, from 0 to 2.5 mM in aqueous solution. (d) Schematic demonstration of colorimetric detection of H,O, with
a smartphone as a color recognizer. (e) Corresponding calibration graph for the detection of H,O, at various concentrations (0.1, 0.5, 1.5, 2.0, and 2.5 mM).
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which functioned as a supporting pad. The adsorption and
sample pads were first mounted together on the supporting
pad, and the PAD was fabricated by covering the upper layer on
it. Fifty microliters of SA aqueous solution with a concentration
of 0.8 wt% was carefully dropped into one circular disc cutout,
and 20 pL of CaCl, solution (100 mM) was added after the
alginate completely diffused. Finally, the excess volume of the
CacCl, solution was removed and further incubated for 30 min
to dehydrate. Fig. 4b shows photographs of the prepared PAD,
where the side and top views indicate that a hybrid hydrogel
spot was immobilized onto the test zone (marked by a red circle
in Fig. 4b and Fig. S12, ESIY). It is worth mentioning that the
alginate hydrogel was embedded into glass fiber owing to this
specific design, which functioned as a fixation for the hydrogel
during sample flow. Before testing the detection performance,
the reaction time and sample volume that needed to be
dropped onto the sample pad were optimized (Fig. S13 and
S14, ESIt). For the colorimetric detection of H,0,, the color
change of the test zone was captured using a smartphone
(iPhone 12, Apple) with a digital camera. As the color capturing
process will be strongly influenced by the surroundings, which
may reduce the sensitivity and stability of the system, a mini-
LED photographic light box was used during the image captur-
ing process (Fig. S15, ESIt). The resulting color images were
processed using image analysis software (Image]), which can
transform colorimetric images into RGB values (Fig. 4c). The
color change from light blue to dark blue in the test zone was
recorded using a color recognizer with the addition of H,0,,
and the color intensity was then transferred to the RGB value
mode (Fig. 4d). A linear response for H,O, concentration and
signal intensity was established in the range of 0.1-2.5 mM
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using the linear equation DG = 2.2497x — 0.97867 (x represents
H,0, concentration, R*> = 0.9972) and a LOD of 0.06 mM.

3.5 Colorimetric detection of H,O, in cell lysis and selectivity

To test the applicability of our proposed sensing system, one
type of biological sample cell lysis was selected owing to its
complex components, such as cell membrane fragments, pro-
teins, glucose, amino acids, and small molecules. The reliabil-
ity of this PAD in biological samples was demonstrated by
spiking the samples with various concentrations of H,0,. As
shown in Fig. 5a, the color intensity of the test zone increased
with increasing analyte concentration, and the corresponding
calibration linear relationship is shown in Fig. 5b. The
proposed PAD system exhibited a dynamic range of 0.08-1.3
mM with a regression coefficient (R?) of 0.990, which indicated
the high reliability and simplicity of our PAD for POC or
household testing without professional and bulky assay equip-
ment. The selectivity of the proposed hydrogel-based PAD assay
was investigated in the presence of interfering substances, such
as BSA, amino acids, trypsin, glucose, sugars, vitamins, and
metal ions, which may affect H,O, detection. As shown in
Fig. 5¢, compared to the strong response to H,0,, the presence
of interfering substances showed negligible colorimetric signal
enhancement in the test region, indicating that the proposed
hydrogel-based PAD assay has good anti-interference ability.
However, it is noteworthy that our proposed method would not
be suitable for testing colored analytes directly, because the
inherent trait of colorimetric-based sensors is that they can
severely interfere with colored substances, such as whole blood,
red blood cells, hemoglobin, food samples with coloring mat-
ter, or environmental samples; this problem can be avoided by
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Fig. 5 (a) Colorimetric images of the PAD test zone with the addition of various concentrations of H,O, (i, 1.3 mM, ii, 0.65 mM, iii, 0.37 mM, iv, 0.158 mM,
v, 0.08 mM) in cell lysis. (b) Plot of the color intensity with H,O, concentration. (c) Selectivity study of the assay for H,O, detection compared with other
matrix substances. (d) Images of buffer solution and CaCOs particle suspension with the same concentration spiked. (e) Comparison of results in two

kinds of solutions by using the proposed PAD method (n = 6).
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pro-filtration using commercial separation filters. We then
studied its anti-interference capacity using bulk particles
(CaCO; bulk particles) as an interference substance. It is
expected that the sample pad, which is made of glass fiber
and hydrogel in the test zone, works together to avoid bulk
interference diffusing to the test zone. Images of the CaCO;
bulk particle aqueous suspension liquid with a H,0, concen-
tration of 100 mM and H,0, solution at the same concentration
are shown in Fig. 5d. A comparison of the test results was based
on a six-time parallel test under the same experimental condi-
tions. The results shown in Fig. 5e indicate a good correlation
between the two types of analytes with a correlation coefficient
of 0.98, and the confidence interval of the mean was 95%,
which showed no significant difference for the two types of
analytes. Thus, our proposed hydrogel-based PAD has good
stability, robustness, and anti-interference capacity, which is
beneficial for applications in real samples. We then tested the
shelf life of this paper-based sensor by storing it in a dry
environment at 4 °C for 0 days, 1 day, 2 days, 4 days, 7 days,
and 10 days. The stored PADs were used for H,0, detection at
four different concentrations (0.37, 0.65, and 1.3 mM). The
results shown in Fig. S16 (ESIt) indicate that the proposed
assay performance showed no obvious degradation for 7 days
for all concentrations tested, indicating that the proposed PAD
holds great stability and promise for further applications. The
lifetime of this PAD is shorter compared with a commercial
paper-based device. This may be ascribed to the drying out of
hydrogel in the test zone and the inactivity of inorganic
enzyme. Potential strategies like slowing down the drying
process, or extending the enzyme catalysis activity should be
considered to improve the “expiration time” of this PAD.

4 Conclusions

In conclusion, a hydrogel-coupled paper-based colorimetric
and visual quantitative device was fabricated for the detection
of hydrogen oxide in aqueous solutions and cell lysis. By
encapsulating the nanoenzyme and chromogenic substrate into
the gel disk, this hydrogen-coupled colorimetric sensor was
configured into a customized paper-based assay device with an
underlying lateral flow channel. The lateral flow channel and
nanoporous structure of the hydrogel spots work together to
clog impurities, including block fragments, biomacromole-
cules, or whole cells entering and diffusing into the colori-
metric sensor, while allowing small molecules such as
hydrogen oxide to diffuse into the gel disk. The hydrogel-
coupled detection approach was successfully applied to quan-
tify hydrogen oxide with a relevant range of 0.1-2.5 mM, with
an LOD of 0.06 mM, which is sufficiently low for clinical
applications. Taking advantage of the hydrogel and lateral flow
principle, the proposed nPAD-based sensing does not require
any extra sample processing or impurity separation process.
The proposed hydrogel-coupled mPAD is easy to manufacture,
portable, enzyme-free, low cost and easy to use. In addition, the
proposed separation-free POCT device is expected to be the first
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step in the quantitative or qualitative analysis of other analytes
in body fluids for POC applications.
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