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ABSTRACT: Enzymes featuring high catalytic efficiency and selectivity have been widely used as the sensing element in analytical
chemistry. However, the structural fragility and poor machinability of an enzyme significantly limit its practicability in biosensors.
Herein, we develop a robust and sensitive hybrid biosensor by means of co-encapsulating enzymes into a defective metal−organic
framework (MOF), followed by a double-crosslinked alginate gelatinization. The defective MOF encapsulation can enhance the
stability of enzymes, yet well preserve their biocatalytic function, while the alginate gelatinization allows the MOF biohybrid high
stretchability and mechanical strength, which facilitates the integration of a bead-, fiber-, and sheet-like portable biosensor. In this
work, the enzymes consisting of glucose oxidase and peroxidase are co-encapsulated into this MOF hydrogel, and it can efficiently
convert glucose into a blue-violet product through the biocatalytic cascade of encapsulated enzymes, enabling the colorimetric
biosensing of glucose on a miniaturized MOF hydrogel when coupling with a smartphone. Interestingly, this MOF biohybrid
hydrogel outputs a stronger sensing signal than the free biohybrid powders, attributed to the catalytic product-accumulated effect of
the highly hydrophilic microenvironment of the hydrogel. As a result, this portable biosensor can sensitively and selectively sense
glucose with a linear range from 0.05 to 4 mM. Importantly, both the hydrophilic hydrogel and MOF “armor” endow enzymes with
high durability, and its sensing activity was well-maintained even after placing the biosensor at room temperature for 30 d. We
believe that this MOF biohybrid hydrogel has huge potential for the engineering of next-generation portable biosensors.

Portable biosensors are miniaturized and function-inte-
grated sensors that afford real-time detection results at the

point of care, which well circumvent the shortcomings of
laboratory-based screening techniques, such as delayed feed-
back and high cost.1,2 They are highly desirable in personalized
medicine and continuous health monitoring of globally
transmitted life-threatening epidemics.3−5 With regard to the
desirable biosensors, conceiving the portable sensing element
featuring high sensitivity and selectivity is of significant
importance. Biocascade, a continuous catalytic reaction driven
by enzymes, is an essential metabolic pathway in living cells.6−8

Since it permits efficient signal transmission and feedback in
complex cellular networks through mild enzymatic catalysis,
this natural cascade has offered new opportunities for

implementing various sensing routes that have previously not
been achieved by artificial units.9,10 Unfortunately, enzymes are
environment-susceptive biopolymers, and the spatial immobi-
lization of fragile enzymes utilizing solid supports is necessary
to preserve enzymatic function in an extracellular environ-
ment.11,12
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Metal−organic frameworks (MOFs), a class of reticular
hybrid materials linked by organic ligands and metal nodes,
have been considered as the ideal supports for enzyme
immobilization and showcase distinct merits.13,14 On one
hand, the ultrahigh specific surface areas of MOFs provide
sufficient spaces for loading or spatially organizing the cargos
within their cavities. On the other hand, the customizable
topology not only tightly confines the enzymes but also allows
the selective entrance of substrates as well as the timely
transport of subsequent intermediates and products, facilitating
the biocascade process in a confined MOF environment.15 To
this point, zeolite imidazole frameworks (ZIFs), including ZIF-
8, ZIF-90, MAF-7, and so forth, are the favorable MOF
matrices for enzyme immobilization due to their biocompatible
synthesis conditions.16−20 A pioneering work by Liang,
Falcaro, and co-workers has found that ZIF-8 could in situ
crystallize around a given enzyme, analogous to the natural
biomineralization.21 Utilizing this method, single or multiple
enzymes are readily encapsulated into ZIFs, and the
encapsulated enzymes display improved stability yet maintain
desirable bioactivity.22−29 However, these ZIFs biohybrids are
microcrystalline powders and hence are difficult to be
mechanically processed and shaped in a controllable manner.
This significantly limits the MOF biohybrid acting as the core
element in large-scale industrial applications, such as portable
biosensors.
Alginate is a class of natural polysaccharides that enables the

crosslink with divalent cations (such as Ca2+, Zn2+, and Co2+)
into a hydrogel in an aqueous solution.30−32 Inspired by the
green and mild crosslinking pathway as well as the water-stable
structure of the alginate hydrogel, herein, we reported a
morphology-adjustable defective ZIF biohybrid hydrogel
(dZIF-8 BH) through a double-crosslinked alginate gelatiniza-
tion and subsequently explored its biocatalytic cascade
performance for developing a portable biosensor (Scheme
1). To strengthen the mechanical property, an additional
crosslinker, poly(acrylic acid) (PAA), was introduced. Such
double-crosslinked “bio-glue” readily shaped the dZIF
biohybrid and the signal molecule 2,2′-azinobis(2-ethyl-
benzthiazoline-6-sulfonate) (ABTS) into monolithic bead,
fiber, or film structures. The formed dZIFs BH possessed
high mechanical strength and stretchability and could
accumulate the biocascade product (ABTS•+), apparently

displaying a stronger catalytic signal in function of the same
substrate concentration than that of the free enzyme@ZIFs
powders. Importantly, the highly hydrophilic environment,
created by the hydrogel layer, further improved the stability of
the encapsulated enzymes. It permitted the fabricated
biosensor with well-preserved bioactivity after placing at
room temperature for 30 d. We believe that this dZIF-8 BH
with high processibility and sensing performance has huge
potential for the engineering of next-generation portable
biosensors.

■ METHODS
Synthesis of Defective Enzymes−ZIF-8 Biohybrid.

The defective ZIF-8 (dZIF-8) biohybrid was synthesized
through a biomineralization method.21 In this process, 10 mg
of enzymes consisting of 5 mg of peroxidase (POD) and 5 mg
of glucose oxidase (GOx) was dispersed into 5 mL of 2-
methylimidazole (HmIM) solution (160 mM) through
ultrasonic treatment, followed by adding 5 mL of zinc acetate
solution (40 mM). Then, the mixed system was aged for 4 h at
room temperature. Finally, the precipitate was collected by
centrifugation and washed by deionized water three times.
Fluorescence Labeling of Enzymes. The dyes labeling of

enzymes was referred by our previous report.33,34 For
rhodamine B (RhB)-labeled POD, 20 mg of POD was
dispersed into 10 mL of carbonate buffer (pH = 8.0, 0.5 M),
followed by introducing 1 mg of RhB isothiocyanate. The
mixture was then stirred for 4 h in dark conditions.
For fluorescein isothiocyanate (FITC)-labeled GOx, 20 mg

of GOx was dispersed into 10 mL of carbonate buffer (pH =
9.0, 0.5 M), followed by introducing 1 mg of FITC. The
mixture was then stirred for 4 h in dark conditions.
Finally, RhB-labeled POD and FITC-labeled GOx were,

respectively, obtained through an ultrafiltration method using a
centrifugal filter device (molecular weight cutoff MWCO = 8
kDa) performed three times to remove the excess reaction
reagents and salts. The products were dried by lyophilization.
Synthesis of FITC-Labeled GOx@dZIF-8. 10 mg of

FITC-labeled GOx was dispersed into 5 mL of HmIM solution
(160 mM) through ultrasonic treatment, followed by adding 5
mL of zinc acetate solution (40 mM). Then, the mixed
solution was aged for 4 h at room temperature. Finally, the

Scheme 1. Schematic Representation of the Preparation of dZIF-8 BH through Double-Crosslinked Alginate Gelatinization
and the Colorimetric Sensing Mechanism Based on the Biocatalytic Cascade of dZIFs BH
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precipitate was collected by centrifugation and washed with
deionized water three times.
Synthesis of RhB-Labeled POD@dZIF-8. 5 mg of RhB-

labeled POD and 5 mg of bovine serum albumin (BSA) were
dispersed into 5 mL of HmIM solution (160 mM) through
ultrasonic treatment, followed by adding 5 mL of zinc acetate
solution (40 mM). Then, the mixed solution was aged for 4 h
at room temperature. Finally, the precipitate was collected by
centrifugation and washed with deionized water three times.
Quantification of the Loading Efficiency of Each

Enzyme in dZIF-8. The loadings of POD and GOx in dZIF-8
biohybrids were evaluated by using RhB-labeled POD and
FITC-labeled GOx instead of raw POD and GOx, respectively,
in the synthesis procedure of the dZIF-8 biohybrid. The
enzyme loadings were measured by examining the correspond-
ing fluorescence decrease in the supernatant before and after
encapsulation via fluorescence spectra. The FITC-labeled GOx
and RhB-labeled POD were quantified at 518 nm (488 nm
excitation) and 582 nm (560 nm excitation), respectively.
Synthesis of the dZIF-8 Biohybrid Hydrogel. 40 mg of

the as-synthesized dZIF-8 biohybrid powders was dispersed
uniformly in 1 mL of 5 mM ABTS solution by ultrasonication.
After the dispersion, the suspension was magnetically stirred,
and 20 mg of sodium alginate was then added to form a mixed
solution A.
CaCl2 (60 M) was dissolved into 0.05 M PAA solution, and

a mixed solution B was formed.
For the bead-like and fiber-like dZIF-8 BH, solution A was

loaded into a 1 mL commercial syringe and then carefully
dropped or directly injected into solution B. A bead-like or
fiber-like dZIF-8 BH was generated upon the mixing of
solution A and solution B.
For the sheet-like dZIF-8 BH, solution A was evenly coated

onto a glass plate using a coating machine (Figure S14), and
the thickness was set to 0.4 mm; the above-mentioned glass
plate was then horizontally immersed into solution B and
polymerized for 10 min to generate a sheet-like dZIF-8 BH.
RGB Color Recognition Using a Smartphone Appli-

cation. In order to realize the portable biosensing, the
catalytic RGB color signal was directly photographed and
analyzed using a smartphone application, named Color Picker
(Figure S15a). Notably, the snapshot process was carried out
in a cabinet under light-emitting diode (LED) light (Figure
S15b) for ensuring the stability of the environmental light
condition.
The flow chart of the color analysis using the Color Picker

App includes snapshot and color scan, as shown in Figure S15.
The as-prepared dZIF-8 BH sheet (0.5 cm × 0.5 cm) was
washed with deionized water to remove the unwanted
impurities and then placed into the center of the cabinet
while the LED light was turned on. The image of this raw
dZIF-8 BH sheet was recorded using the smartphone camera,
which was named as image A. Subsequently, 5 μL of the
glucose sample was added onto the center of the dZIF-8 BH
sheet using a pipette, and after the biocatalytic cascade reaction
was allowed to proceed for a certain time at room temperature,
the image of the sheet was recorded again, which was named as
image B.
After the snapshot, images A and B were directly loaded

from the smartphone album, and the red−green−blue (RGB)
values of each pixel from the touchscreen area were directly
outputted using the color scan function of the App (Figure
S15c). Notably, for each image, the R, G, or B value was the

average one from nine different touchscreen areas. Herein, the
ΔR value, that is, the difference value of the R values of images
B and A, was chosen as the color parameter for the
quantification, and an excellent linear relationship was
observed between ΔR and glucose ranging from 0.05 to 0.25
mM or from 0.25 to 4 mM.
Anti-interference Test. For examining the anti-interfer-

ence ability of the dZIF-8 BH sheet, 14 kinds of routine
biomolecules, including fructose, xylose, rhamnose, sucrose,
lactose, galactose, maltose, glycine, BSA, urea, histidine,
arginine, glutamate, and alanine, were selected as the
interferents. Briefly, 5 μL of a 10-fold high concentration of
the interferent (10 mM) was added onto the center of the
dZIF-8 BH sheet, respectively. After the incubation for 15 min,
the ΔR value of each interferent was obtained using the above-
mentioned RGB-App. Herein, the ΔR value of 5 μL of 1 mM
glucose was set as the benchmark for evaluating the anti-
interference ability.
Cross-Reactivity Measurement. For evaluating the cross-

reactivity, 5 μL of a glucose solution (1 mM) consisting of 10
mM different interferents was added onto the center of the
dZIF-8 BH sheet, respectively. After the incubation for 15 min,
the ΔR value of each assay was obtained based on the above-
mentioned RGB-App. Herein, the ΔR value of 5 μL of 1 mM
glucose was set as the benchmark for evaluating the cross-
reactivity.
Storage Stability of the dZIF-8 BH Sheet Biosensor. A

series of dZIF-8 BH sheets with a 0.5 cm × 0.5 cm dimension
were stored in a closed plastic tube placed at 25 °C. After
storing for a time interval, three sheets were randomly taken
out, and 5 μL of glucose (1 mM) was added onto the center of
each sheet. After 15 min incubation, the ΔR value in average
(denoted as ΔRafter storage, n = 3) was obtained based on the
above-mentioned RGB-App. The retained sensing activity,
which was calculated based on eq 1, was used for the
evaluation of the stability of the biosensor

R R

the retained sensing activity (%)

/ 100%after storage original= × (1)

wherein the ΔRoriginal was defined as the ΔR value in average at
day 0.
Enzyme Leaching Experiment. The dZIF-8 BH beads

and the enzymes-embedded hydrogel beads (each enzyme
loading was kept the same in these two hydrogel beads) were
dispersed in 5 mL of deionized water and shook for 12 h at
room temperature. The supernatant was collected, and the
leached enzymes were measured by a standard Bradford
assay.35

■ RESULTS AND DISCUSSION
Structure and Cascade Activity of Defective En-

zymes@ZIF-8. As a proof of concept, a typical biocascade
consisting of GOx and POD was chosen as the sensing unit.9

This biocascade could be used for visually sensing glucose, a
biomarker of diabetes, when combining the hydrogen donor
molecule ABTS (Scheme 1). The previous research by our
group has identified that the biomineralization of ZIF-8 under
a low ratio of HmIM (an organic linker of ZIF-8) to the metal
(Zn2+) precursor was facile to form a defective ZIF-8 (dZIF-
8)-encapsulated enzyme nanostructure, and the defective
cavity could promote the mass transfer that improved the
biocatalytic activity.26 Given this discovery, the GOx and POD
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were co-encapsulated into dZIF-8 under a low ratio of HmIM
to the Zn2+ precursor. The formed dZIF-8 biohybrids inherited
the standard Bragg diffraction pattern of SOD-type ZIF-8
(Figure S1), and the crystalline domains were also confirmed
by cryo-EM, wherein the (211) lattice plane was clearly
identified in some dZIF-8 domains (Figure S2). In addition,
the successful encapsulation of enzymes into the dZIF-8 shell
was evidenced by several characterizations, including Fourier
transform infrared (FT-IR) spectroscopy, thermogravimetric
analysis (TGA), and the N2 adsorption isothermal analysis
(details can be seen in Figures S3−S5). For exploring the
spatial distribution of the enzymes, GOx and POD were,
respectively, labeled by FITC (a green fluorescence dye) and
RhB (a red fluorescence dye) before the encapsulation. The
loadings of each enzyme, calculated by the fluorescence
intensity change before and after encapsulation in the
supernatant (Figure S6), were measured to be 19.0% (w/w)
and 12.1% (w/w) for GOx and POD, respectively. The closer
examination by confocal laser scanning microscopy (CLSM)
images clearly observed the uniform distribution of FITC-
labeled GOx and RhB-labeled POD within a dZIF-8 crystal
(Figure S7).
Notably, ZIF-8 has a ca. 12 Å honeycomb-like cavity

connected by HmIM and Zn clusters, and the pore window
was as small as 3.4 Å viewing from the [110] projection.36

Therefore, introducing the defective structure is essential for
enhancing the accessibility of the enzymes, which enables the
biosensor with high sensitivity. The insight into the defective
domains of the synthesized dZIF-8 biohybrid was further
examined by integrated differential phase contrast scanning
transmission electron microscopy (iDPC-STEM), a new low-
electronic dosage transmission electron microscopy (TEM)
technique with high resolution and signal-to-noise ratio.37,38

We directly identified the abundant defective and crystalline
domains within the crystal from the [110] projection (Figure
1a). Such a multiphase structure ensured the free entrance of
the glucose into the confined enzymes, after which the
biocascade was activated. As a result, the sensing activity of this
dZIF-8 biohybrid, in terms of the amount of the blue-violet
product (ABTS•+) after 5 min of the biocascade reaction, was
comparable to that of the free GOx−POD counterpart in the
identical enzyme dosages (Figure 1b), even though the sensing
rate was slightly inhibited by the dZIF-8 shell after
encapsulation.
To clarify the positive role of co-encapsulating enzymes

within a dZIF crystal for cascade catalysis, we also separately
encapsulated GOx (labeled by FITC) and POD (labeled by
RhB) into dZIF-8 using the similar encapsulation method, and
the dZIF-8 biohybrids were denoted as GOx@dZIF-8 and
POD@dZIF-8, respectively. The powder X-ray diffraction
(PXRD) analysis showed that the synthesized GOx@dZIF-8
and POD@dZIF-8 were highly crystalline (Figure S8a), and
the CLSM images demonstrated that the GOx or POD were
uniformly distributed within dZIF-8 (Figure S8b). The GOx or
POD loadings in dZIF-8 were measured by examining the
fluorescence decrease in the supernatant before and after
encapsulation via fluorescence spectroscopy, and a 31.4% GOx
loading in GOx@dZIF-8 and a 13.5% POD loading in POD@
dZIF-8 were obtained. The insight into the catalytic curve
showed that when GOx and POD were encapsulated into
separated dZIF-8 crystals, the cascade activity was decreased
compared with that of dZIF-8 in which GOx and POD were
co-encapsulated. The different cascade activities might be

attributed to the proximity effect.7 When GOx and POD were
confined in one crystal, the diffusion path of the intermedium
was significantly shortened, thus promoting the cascade
biocatalysis.22

Preparation of the Morphology-Adjustable Defective
Enzymes@ZIF-8 Hydrogel. Next, dZIF-8 BH was fabricated
by the double-crosslinked gelatinization. Briefly, the as-
synthesized dZIF-8 biohybrids and ABTS were dispersed
into the alginate solution (termed as solution A), and the
gelatinization was instantaneously activated by introducing
solution A into solution B consisting of Ca2+ and PAA
(Scheme 1). Utilizing this mild gelatinization strategy, the
dZIF-8 biohybrid powders were shapable, while avoiding the
risk of denaturation of enzymes. Taking the bead-like dZIF-8
BH as an example, the solution A was slowly dropped into
solution B via a 1 mL commercial injection syringe. A uniform
bead with a ca. 1.76 mm diameter was formed once solution A
was dropped into solution B (Figures 2a and S9a). To confirm
that dZIF-8 BH was indeed crosslinked to Ca2+, alginate, and
PAA, FT-IR spectroscopy was carried out. All FT-IR
absorption bands assigned to alginate were clearly recorded
in the hydrogel (Figure S10). Specifically, the asymmetric C�
O stretching vibration at 1708 cm−1, associated with the free
−COOH group of PAA, emerged in the hydrogel. Meanwhile,
the O−H stretching vibration at ca. 3436 cm−1 was also
enhanced compared to that of alginate, attributed to the
additional carbonyl −OH groups of PAA.32 These gave the
first evidence of the existence of PAA. The further insights by

Figure 1. (a) iDPC-STEM revealed the defective and crystalline
domains within a dZIF-8 biohybrid powder from the [110]
projection. (b) Cascade activity of physically mixed GOx and POD
(free GOx + POD), co-encapsulation of GOx and POD within ZIF-8,
and separate encapsulation of GOX and POD within ZIF-8,
respectively. In order to control the enzyme dosage in both groups,
GOx and POD were labeled by FITC and RhB, respectively, and the
dosage of each enzyme was kept the same in both groups, POD: 40
μg/mL and GOx: 60 μg/mL. The distinct UV−vis absorbance
intensity at 734 nm was used to quantify the cascade product ABTS•+.
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Raman spectra revealed that the v(C�O) stretching vibration
of free carboxyl groups of PAA (at 1692 cm−1) was almost
disappeared after the gelatinization, suggesting that the
carboxyl of PAA was coordinated with Ca2+ ions39 (Figure
S11). In addition, the incorporation of dZIF-8 biohybrids was
supported by the scanning electron microscopy (SEM)
imaging (Figure S12) and PXRD test (Figure S13), and the
calculated loading efficiency was as high as 66.67% in average.
The CLSM imaging revealed that the GOx (labeled by

FITC) and POD (labeled by RhB), co-encapsulated within
dZIF-8, were evenly distributed in a bead (Figure 2b).
Importantly, this gelatinization strategy was also able to
shape dZIF-8 BH into other morphologies, such as a fiber and
a sheet (Figure 2a). For the fiber, the injection syringe
consisting of solution A was directly immersed into solution B,
and then, the solution B was continuously infused with
solution A (Figure S9b). However, for the sheet, the
gelatinization process was assisted by a filming coating
machine (details can be seen in the Supporting Information,
Figures S9c and S14). The dZIF-8 biohybrid powders were
uniformly dispersed into both the fiber and sheet, as evidenced
by the CLSM imaging (Figure 2b).
Improvement on the Colorimetric Sensing Ability.

The sensing performance of the prepared dZIF-8 BH was then
evaluated by the time-dependent change of the apparent color
under the action of glucose. In the biocatalytic cascade, glucose
could be converted into gluconic acid and H2O2 by the aerobic
catalysis of GOx, while the generated H2O2 oxidized the
colorless ABTS into the blue-violet ABTS•+ by the POD
catalyst (Figure 3a). To achieve the goal of constructing a
portable biosensor, the RGB color signal of the produced
ABTS•+ was directly captured using a smart phone camera and
subsequently analyzed using a commercial Color Picker
Application (details can be seen in the Supporting Information,
Figure S15). Interestingly, the kinetic measurements indicated

that the sensing capacity of dZIF-8 BH outperformed that of
the dZIF-8 biohybrid powders under the same enzyme dosage
and same glucose concentration, in which dZIF-8 BH changed
from faint yellow into green in the first 10 min and then
changed into blue-violet at 15 min (Figure 3b−d). Such a
time-dependent color variation was distinguishable by the
naked eyes. The enlarged picture showed that the entirety of
the dZIF-8 BH turned blue-violet after 15 min (Figure 3b−d),
attributed to the highly hydrophilic hydrogel that favored the
accumulation of the hydrophilic biocatalytic product, ABTS•+.
Meanwhile, compared with dZIF-8 BH, the surrounding
solution phase displayed a limited color change (Figure
S16), further supporting the catalytic product-accumulated
effect of the hydrogel. These results suggested that our dZIF-8
BH outputted a more sensitive color signal than free dZIF-8
biohybrid powders in the function of glucose.
Sensitive and Long-Life Portable Biosensor. Given the

desirable sensing performance of dZIF-8 BH, we then explored
the possibility of constructing a portable biosensor based on
this dZIF-8 BH coupled with the all-pervading smartphone. As
a proof of concept, the miniaturized and portable dZIF-8 BH
sheet with a 0.5 cm × 0.5 cm dimension was used as the
integrated biosensor, and 5 μL of the glucose sample was
directly dropped into the center of the dZIF-8 BH sheet
(Figure 4a). After incubation for 15 min, the ΔR value of the
color was directly analyzed on a smartphone (Figure S15). As
shown in Figure 4a, the apparent color of the sheet biosensor
changed from faint yellow to green as the glucose was
increased from 0.05 to 0.25 mM and then gradually turned
blue-violet upon a further increase of the glucose from 0.25 to
4 mM. Importantly, the changed color was homogeneous
throughout the sheet biosensor owing to the high hydro-
philicity of the hydrogel (Figure S17), and such a uniform
color was crucial for the accurate readout using a smartphone
application. As a result, the ΔR value of the color change of the

Figure 2. (a) Schematic presentation and digital photographs of the as-prepared dZIF-8 BH with controllable morphologies. (b) CLSM images, in
which the POD was labeled by RhB, while GOx was labeled by FITC.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c03138
Anal. Chem. 2022, 94, 14385−14393

14389

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03138/suppl_file/ac2c03138_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03138?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03138?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03138?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03138?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sheet biosensor was in proportion to the glucose concentration
in two sections, corresponding to the apparent color change
from faint yellow to green and from green to blue-violet,
respectively. Such a quantitative range of 0.05−4 mM well met
the requirement for diabetes diagnosis because a patient could
be diagnosed if the blood glucose level is greater than 7.0
mM.40 In addition, owing to the high selectivity of enzymatic
catalysis, the biocascade-driven sensing pathway afforded this
portable biosensor with ultrahigh specificity toward glucose, as
evidenced by the fact that a very limited color change was
observed when adding 14 kinds of other biomolecules with a
10-fold high concentration compared to glucose (Figures 4b
and S18). Furthermore, the further cross-test also verified the
high selectivity of this portable biosensor (Figure S19).
Besides the sensitivity and selectivity, the mechanical

strength and stability are of significant importance because
both of them determine the life-time and cost of a biosensor.
To demonstrate the positive effect of the double-crosslinked
gelatinization on mechanical strength, the dZIF-8 BH prepared

by simple crosslinking of Ca2+ ions and alginate was also
prepared. Figure S20 describes the stress−stretch curves of the
dZIF-8 BH sheet at room temperature. Compared to that of
the dZIF-8 BH sheet prepared by simple Ca2+−alginate
crosslinking, the strength of our dZIF-8 BH sheet increased
from 380 to 460 kPa, suggesting that the double-crosslinked
gelatinization could improve the mechanical strength of the
biosensor. Even though the stretchability of our dZIF-8 BH
sheet was decreased in the stress−stretch test, it still could be
folded and stretched without breakage (Figure 4c).
We next examined the stability of this biosensor in terms of

the activity change after placing it at room temperature for a
period. As shown in Figure 4d, our dZIF-8 BH biosensor well
preserved its sensing capacity even after 30 d, and the structure
of dZIF-8 was intact, as evidenced by the PXRD patterns and
SEM images (Figure S21). As a comparison, the biosensor,
wherein the enzymes were directly embedded into the
hydrogels by a similar gelatinization (denoted as a free enzyme
biosensor), dropped its sensing capacity to 48.2% after 5 d and

Figure 3. (a) Colorimetric sensing of glucose by the biocatalytic cascade. The real pictures of sensing glucose using dZIF-8 biohybrid powders and
the prepared dZIF-8 BH: (b) bead-like dZIF-8 BH; (c) fiber-like dZIF-8 BH; and (d) sheet-like dZIF-8 BH. Glucose concentration in each assay
was 1 mM.
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only retained 8.5% activity after 30 d. This suggested that the
dZIF-8 shell could protect the encapsulated enzymes against
denaturation at room temperature, and such stabilizations of
the biomacromolecule by the porous organic framework in
non-physiological conditions have also been discovered
before.15−21 In addition, the sensing stability of dZIF-8 BH
also outperformed that of the dZIF-8 biohybrid powders, in
which the dZIF-8 biohybrid powders lost 86.2% sensing
activity after 30 d, while the dZIF-8 BH still retained 91.7%
sensing activity after 30 d (Figure 4d). This was ascribed to the
highly hydrophilic microenvironment created by the hydrogel,
and previous reports have demonstrated that the hydrophilic
surface favored the conformational preservation of an
enzyme.41,42 Furthermore, we also found that the dZIF-8
shell could prevent the enzymes from leaching from the
biosensor, while undesirable leaching was observed in the free
enzymes biosensor (Figure S22). These results together
demonstrated that our dZIF-8 BH was feasible to be served
as a robust and sensitive biosensor for point-of-care detection.

■ CONCLUSIONS
In summary, we reported a morphology-adjustable ZIF-8
biohybrid hydrogel based on a green and convenient alginate
crosslinking method. This method addressed the bottleneck of
the poor machinability of ZIF-8 biohybrid powders and
facilitated the integration of the multiple functions of

biocatalysis, the reticular framework, and the flexible hydrogel
into an entity. The integrated biosensor could efficiently
convert glucose into a colored product through the biocatalytic
cascade of encapsulated enzymes, which enabled the
colorimetric detection of glucose on a miniaturized MOF
hydrogel with high sensitivity, selectivity, and stability. We
anticipate that this biocompatible strategy may potentially be a
versatile tool to advance the enzyme MOF bio-nanosystem for
the next-generation biosensor.
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