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ABSTRACT: Diabetes is a metabolic syndrome associated with hyperglycemia, hypertension, atherosclerosis, and endothelial
dysfunction. Applying the mechanical stretch on cells to simulate blood circulation while monitoring the cell glucose metabolism in a
high-glucose environment is important for better comprehension of the underlying mechanisms of atherosclerosis caused by
diabetes. Herein, we developed a facile strategy integrating zeolitic imidazolate framework-8-encapsulated glucose oxidase (GOx@
ZIF-8) and an gold (Au) stretchable electrode (Au SE) to construct a flexible and stretchable glucose sensor (GOx@ZIF-8/Au SE)
for investigating the glucose metabolism mechanism of stretched endothelial cells in hyperglycemia. The encapsulation of GOx with
ZIF-8 prevents the aggregation and detachment of GOx from the sensing interface and endows the biosensor with high stability.
Additionally, the Au SE with inherent stretchability can act as an integrated platform for mechanical stimulation as well as for
transient signal sensing during the mechanotransduction process. Moreover, this flexible and stretchable glucose sensor is
successfully used for monitoring the glucose metabolism of mechanically stimulated cells in hyperglycemia, and it was found for the
first time that the glucose utilization ability of cells under static conditions is higher than that in the stretched state. This facile and
straightforward method paves a promising route for designing a stable enzyme-based stretchable biosensor for detecting the
underlying mechanisms of atherosclerosis caused by diabetes.

H INTRODUCTION mechanisms of atherosclerosis caused by diabetes. However,

Atherosclerosis is one of the main complications of diabetes few reports currently involve tracking the glucose metabolism

involving multiple causative factors including dysfunction of of ECs under mechanical stimulation.

the vascular endothelium." Dysfunction of the vascular Among various detection technologies, the electrochemical
endothelium is a hallmark of most conditions that are method with good sensitivity, high selectivity and excellent
associated with both diabetes and atherosclerosis."”” Previous spatiotemporal resolution is widely used to monitor and
reports have proved that the hyperglycemia (a main property quantify active substances, especially the instantaneous signal.’
of diabetes) status can induce endothelial dysfunction.3’4 As glucose is an electrochemically inert substance, glucose
Therefore, it is of great significance to investigate the oxidase (GOx) is always adopted to fabricate a glucose
pathology of atherosclerosis by monitoring the endothelial biosensor.”~'* For instance, we have constructed online

cell (EC) glucose metabolism in hyperglycemia. ECs are
arranged on the walls of all blood vessels and exposed to the
mechanical forces of blood flow. These mechanical forces
modulate their function and play an important role in
maintaining the homeostasis of circulation as well as regulating
it in blood vessels.” Evidently, monitoring the cell glucose
metabolism in a high-glucose environment while applying the
mechanical stretch on cells to simulate blood circulation is
important for better comprehension of the underlying

electrochemical systems for instantaneous and continuous
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Scheme 1. Fabrication Process of GOx@ZIF-8/Au SE and the Mechanism of Cellular Glucose Metabolism Monitoring
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monitoring of glucose in the rat brain.*® However, because of
the intrinsic property of enzymes such as poor stability and
being prone to aggregation, the enzyme-based sensors still have
some inherent shortcomings including insufficient long-term
stability and low sensitivity.'"~'> Therefore, the development
of GOx-immobilization techniques with high efficiency is the
crux for the stabilization of enzymes. Metal—organic frame-
works (MOFs) are composed of metal ions and organic
ligands,"”'* and enzymes can tightly combine with MOFs
through the interactions including hydrogen bonds, van der
Waals forces, covalent and/or coordinative bonds."® Because of
excellent biocompatibility and mild synthetic conditions,
zeolitic imidazolate framework-8 (ZIF-8) has been widely
reported to accommodate GOx and 6prevent the damage of
GOx from external harsh conditions.'®™"®

The sensor constructed on a rigid electrode for a
mechanotransduction-related study has two non-negligible
disadvantages. On the one hand, the cell morphology always
changed with the mechanical force, which can lead to constant
changes in the distance between the rigid electroactive surface
and the cell.'® On the other hand, the mechanical stimulation
platform and the sensor system are independent of each other,
failing to in situ and real-time monitoring of instantaneous
signals of cells. Therefore, it is crucial to establish an integrated
platform for accurate and sensitive sensing of signals from cell
mechanotransduction, accompanied by mechanical stimula-
tion. In the last several years, the flexible and stretchable
electrochemical sensor for inducing and monitoring cell
mechanotransduction in real time catches the sight of
scientists.zo_26 For instance, Huang group integrated carbon
nanotubes, gold nanotubes, and titanium dioxide nanoparticles
to construct a stretchable S-hydroxytryptamine (S-HT) sensor
with antifouling and decontamination properties, enabling the
real-time monitoring of distension-evoked S-HT release from
the ileum.”® We developed an environmentally friendly
ultraviolet-irradiation-assisted technique to fabricate a stretch-
able, nanostructured Au film as a flexible electrode for the
detection of nitric oxide released from mechanically sensitive
cells.”” Very recently, we first found that the nickel single-atom
based electrocatalyst can facilitate NO oxidation and fabricated
a flexible electrochemical sensor for the real-time NO sensing
in a live cellular environment.”® However, as far as we know,

there is no report on the flexible and stretchable biosensors as
an analytical method for real-time monitoring of glucose
metabolism of cells under mechanical stimulation.”**”~*°

In this study, we demonstrated a facile strategy to design a
flexible and stretchable biosensor for continuous glucose
metabolism monitoring of stretched cells in hyperglycemia.
As schematically described in Scheme 1, the Au stretchable
electrode (Au SE) fabricated by the ultraviolet irradiation
method is immersed in the mixture of GOx and ZIF-8
precursor and in the process of ZIF-8 growth, GOx was
encapsulated into the ZIF-8 and anchored on the surface of
flexible Au SE directly by biomimetic mineralization to
construct a GOx@ZIF-8/Au SE. Compared with the ZIF-8-
free biosensor in which GOx was directly adsorbed on the Au
SE (GOx/Au SE), GOx@ZIF-8/Au shows better stability and
selectivity toward glucose sensing, benefiting from ZIF-8
preventing the aggregation and detachment of GOx and thus
maintaining the high catalytic activity of GOx. This glucose
sensor is successfully used for monitoring the glucose
metabolism of mechanically stimulated human umbilical vein
endothelial cells (HUVECs) under simulated hyperglycemia
conditions, revealing the capability for investigating the
underlying mechanism of atherosclerosis caused by diabetes.

B EXPERIMENTAL SECTION

Fabrication of Flexible GOx@ZIF-8/Au SE. The
polydimethylsiloxane (PDMS) membrane (~300 um thick)
was prepared by the spin-coating method according to the
reported procedure.”> The flexible Au film electrode was
synthesized by an ultrasonic method. Briefly, the PDMS
substrate was soaked in a S mg/mL dopamine (DA) solution
(dissolved in S mM Tris, pH 8.5) to grow amino (—NH,) and
hydroxyl (—OH) functional groups on the surface, endowing
the PDMS surface with a better affinity. The PDMS membrane
was immersed in a mixed solution of chloroauric acid (3 mL, 5
mM) and hydroxylamine hydrochloride (2 mL, 40 mM). After
3 min of ultrasonication, a flexible Au film was formed by static
incubation for 4 h.

3-Mercaptopropionic acid (MPA)-modified Au film elec-
trode was prepared by immersing the freshly prepared Au film
electrode in 1 mM MPA solution for 30 min and then the
electrode was rinsed carefully with deionized water to remove
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the nonchemisorbed MPA. A total of 0.4 g of 2-
methylimidazole (108 mM) was dissolved in 10 mL of
ultrapure Milli-Q water, and then S mg of GOx (817 units)
was added to the above solution. This mixture was slightly
yellow in color and labeled as A. A total of 0.02 g of
Zn(NO;),-6H,0 (1.53 mM) was dissolved in another 10 mL
of ultrapure Milli-Q water separately and labeled as B. The
MPA-modified Au film was immersed in the mixture of B and
A with gentle shaking at room temperature for 3 h to obtain
the flexible and stretchable GOx@ZIF-8/Au SE.

HUVEC Culture. HUVECs were routinely cultured in a
culture medium (430167) with 84% high glucose-Dulbecco’s
modified eagle medium (H-DMEM), 15% fetal bovine serum,
1% penicillin, and streptomycin at 37 °C in a humidified
incubator (95% air with 5% CO,). The flexible electrodes were
placed in a Petri dish and kept in the incubator for 24 h to
allow cell adhesion. For cell detection, HUVECs were seeded
on electrodes at a density of ~4.82 X 10° cell/cm®.

Hl RESULTS AND DISCUSSION
SEM and Element Characterization of GOx@ZIF-8/Au

SE. First, physical characterization techniques were applied to
characterize the morphology and structure of synthesized ZIF-
8, GOx@ZIF-8, Au SE, and GOx@ZIF-8/Au SE. Figure 1A

/ Intensity (a.u.)

0 2 4 6 8 10 1
Energy (keV)

Figure 1. SEM images of (A) Au film SE, (B) GOx@ZIF-8, and (C)
GOx@ZIF-8/Au SE. (D) EDX spectra of GOx@ZIF-8/Au SE.

shows a uniform hydrangea structure with smooth surfaces.
The petals of hydrangea with an average thickness of 280 nm
are exhibited in the Au film SE. The scanning electron
microscopy (SEM) images in Figure S1 proved that ZIF-8 of a
typical dodecahedron structure was successfully synthesized
with an average size of 800 nm. The SEM image of GOx@ZIF-
8 (Figure 1B) displays that the morphology and size of most
ZIF-8 have a huge difference before and after GOx
encapsulation, which should result from the interaction
between ZIF-8 and GOx. Compared with the pristine
nanostructured Au film SE, the surface of the GOx@ZIF-8/
Au SE becomes rougher and the average thickness of the petal
increases to 540 nm. Obviously, the surface structure of Au
nanoflowers is similar to that of synthesized GOx@ZIF-8,
demonstrating that GOx@ZIF-8 was successfully anchored on
the Au SE (Figure 1C). X-ray diffraction (XRD) and energy-
dispersive X-ray spectroscopy (EDX) were performed to

further characterize the chemical structure of the fabricated
materials. As shown in Figure S2, the ZIF-8/Au film has typical
peaks corresponding to the (111), (200), (220), and (311)
crystal planes of Au, and the synthesized ZIF-8 and ZIF-8/Au
film have a series of diffraction peaks similar to the simulated
peaks of pure ZIF-8.”7*° The peaks in the EDX spectra of
GOx@ZIF-8/Au SE (Figure 1D) corresponded to C, N, Au,
Si, and Zn elements. These results confirm that ZIF-8 was
successfully synthesized on the surface of Au film.

Electrochemical Characterization and Flexibility Test
of GOXx@ZIF-8/Au SE. Before GOx@ZIF-8 was anchored, the
Au film SE (0.5 cm in length and 0.5 cm in width) was
activated by scanning cyclic voltammetry (CV) in 0.5 M
H,SO, (Figure S3A). Based on the charge of the typical
reduction peak of Au oxide at around 0.9 V being 2.207 X 10~*
C, an entire active area of such Au film SE was calculated to be
0.572 cm?>’ which was approximately 2-fold that of the
geometry area, indicating that the electrode surface consists of
gold nanoparticles and that the surface is relatively coarse.
Furthermore, no discernible alterations in the CV curves of Au
film SE are observed during 50 cycles after stretched different
times at different degrees and bent at different curvatures
(Figure S3), demonstrating the electrochemical stability of the
Au film against large mechanical bending and stretching. The
SEM images of Au film SE in Figure S4 prove that the larger
reaction surface area and the high electrochemical stability of
the electrode can be mainly attributed to the Au nanostructure
of the Au film. Therefore, the Au film retains good
electrochemical stability in the deformed state, demonstrating
that the Au film can be used as a flexible conductive substrate
for growing GOx@ZIF-8.2%%"

Electrochemical behavior of the GOx@ZIF-8/Au SE has
been studied in FcCH,OH solution after being subjected to
harsh conditions, including stretching to different tensile
strains and times and bending into different curvatures 10
times as well as to a radius of 0.50 cm different times. Figure 2
exhibits that the peak current and potential of ferricyanide have
high repeatability, indicating that the GOx@ZIF-8/Au SE has
significant antimechanical bending and stretching ability.

Electrochemical Response and Amperometric Sens-
ing of Glucose on GOX@ZIF-8/Au SE. To investigate the
sensing performance of GOx@ZIF-8/Au SE for glucose, CV of
GOx@ZIF-8/Au SE was performed in a phosphate-buffered
saline (PBS) solution and PBS-containing different concen-
trations of glucose. The results in Figure 3A,B show that the
reduction current starts to increase significantly at —0.3 V
because the hydrogen peroxide produced from glucose
oxidation was reduced, and the reduction current gradually
increased as the glucose concentration increased, demonstrat-
ing that GOx@ZIF-8/Au SE had significant response to
glucose.

To verify the capability of glucose monitoring with the
GOx@ZIF-8/Au SE, linearity and selectivity experiments were
performed in PBS (pH 7.4). The reduction current of GOx@
ZIF-8/Au SE shows increasing stepwise responses with the
addition of different concentrations of glucose (Figure 3B,C).
As the inset image in Figure 3C shows, the GOx@ZIF-8/Au
SE exhibited excellent detection linearity toward different
concentrations of glucose. The linear regions of glucose
concentration are from 0.02 to 1.41 mM, and the detection
limit is calculated to be 1.8 uM (S/N = 3), according to the
formula: I (4A) = —2.89C (mM) — 0.74. Those potential
interference analytes including DA, uric acid (UA), ascorbic
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Figure 2. CV responses of the GOx@ZIF-8/Au SE in 1 mM FcCH,OH solution with the electrode (A) stretched to different tensile strains, (B)
stretched different times (stretched by 20%), (C) bent to different curvatures 10 times, and (D) bent different times with a bending radius of 0.5
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Figure 3. Electrochemical performance of GOx@ZIF-8/Au SE. (A) CV curves in the presence and absence of 16 mM glucose. (B) CV curves in
the presence of different concentrations of glucose. (C) Chronoamperometry curves with different concentrations of glucose (inset: linear
relationship between the current change and glucose concentration). (D) Chronoamperometry curve after the addition of 90 uM glucose and
interfering substances: UA SO uM; DA 20 uM; AA SO uM; 1-cys 20 uM; and His 20 uM. (The conducting potential is —0.3 V vs Ag/AgCl.)

acid (AA), L-cystine (1-cys), and histidine (His) were studied
for selectivity experiments.”” The result depicted in Figure 3D
demonstrates that the synthesized GOx@ZIF-8/Au SE has
excellent anti-interference ability because of the low interfer-
ence response to detect 90 uM glucose in the biological

environment. The above data indicate that the enzyme
encapsulated in ZIF-8 still has good catalytic activity and
specificity for glucose oxidation.

b

For further exploring the working mechanism of the

iosensor, chronoamperometry experiments were conducted
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Figure 4. (A) Electrochemical response of the cell cultured on GOx@ZIF-8/Au SE and ZIF-8/Au SE with different degrees of stretching. (B)
Electrochemical response of the GOx@ZIF-8/Au SE and the Au film SE at different degrees of stretching. (C) Real-time monitoring of glucose
uptake of stretched or static cells by GOx@ZIF-8/Au SE. The conducting potential is —0.3 V, as opposed to Ag/AgCL

to study the response of GOx/Au SE and Au film SE to H,O,
or glucose. Figure SS5A shows that as a series of different
concentrations of H,0, were injected (from 0.5 to 8 mM), the
degree of drop in the reduction current increased gradually,
indicating that the flexible Au film electrode can detect the
signal of H,O,. Figure S5B shows that the reduction currents
of the flexible Au film SE and the GOx/Au SE did not change
significantly when different concentrations of glucose were
continuously injected and the electrochemical performance of
GOx/Au SE is not stable during the experiment. The responses
of GOx/Au SE and GOx@ZIF-8/Au SE to glucose show that
the GOx@ZIF-8/Au SE has higher stability and sensitivity
toward glucose sensing. It can be explained by the following
reasons: as the force between the GOx and the Au film is not
strong enough, when the sensor was exposed to the solution,
the GOx loaded on the GOx/Au SE surface tends to leave,
causing the amount of GOx anchored on the Au film to
decrease. Additionally, enzymes directly fabricated on the
surface of Au SE are prone to aggregation in the test solution,
resulting in reduced catalytic activity.”® For the GOx@ZIF-8/
Au SE, GOx@ZIF-8 is stably anchored on the surface of Au
film SE, and the GOx which is protected by ZIF-8 still has
good catalytic activity and specificity toward glucose
oxidation.”>”* The above results further confirm that the
GOx@ZIF-8/Au SE can be used to effectively detect glucose
in the biological environment.

Monitoring the Glucose Metabolism of HUVECs
Using GOx@ZIF-8/Au SE. As an integrated platform of
glucose sensing and mechanical inducing, the GOx@ZIF-8/Au
SE allows for in situ and real-time monitoring of cell glucose
metabolism during the mechanotransduction process. Before
the experiment, the state of living cells was observed first. As
shown in Figure S6, compared with the cells cultured for 24 h,
the number of cells cultured for 72 h was greatly increased, and
the HUVECs were spindle-shaped and arranged neatly in a
clean Petri dish, proving that the cells were in good
condition.”” The cells were cultured on GOx@ZIF-8/Au SE
and ZIF-8/Au SE in the Petri dish for 24 h for the next
experiment. To demonstrate that the change in the current
involves the glucose metabolism of stimulated cells, two group
of control experiments were conducted. In Figure 4A, only a
weak current signal was presented on the GOx-free electrode
after mechanical stimulation, in which the current change is
probably caused by the H,O, released from the mechanically
stimulated cells.”> As a comparison, a much significant
response on the GOx@ZIF-8/Au SE under the same condition
was observed, confirming the current response of the GOx@
ZIF-8/Au SE indeed originated from the release of glucose,

and the glucose released from the cell during the 30 and 50%
stretched states was approximately 0.080 and 0.093 mM,
respectively. There are two types of glucose transporters in cell
membranes: sodium-dependent glucose transporters (SGLTs)
for active glucose transport and glucose transporters (GLUT)
that transport glucose along a concentration gradient.*®
Previous reports have shown that mechanical force can change
the conformation of GLUT in the cell membrane and increase
the transport rate along the concentration gradient,‘?'7 which
can reasonably explain the glucose release upon cell stretching
in Figure 4A. In addition, the same mechanical stimulation to
GOx@ZIF-8/Au SE and ZIF-8/Au SE without cells generated
no perceptible current response (Figure 4B), further indicating
that the increase of the reduction current is caused by glucose
released from mechanically stimulated cells. These results
substantially demonstrate that the GOx@ZIF-8/Au SE could
sensitively monitor the glucose metabolism in the cellular
environment.

As an interface between the blood flow and the vessel wall,
ECs are mechanically stimulated by shear stress of the blood
flow and the circumferential stress from the blood pressure.’
Those biochemical molecules released from the ECs—blood
flow interaction are important determinants of vascular
homeostasis.”> Glucose metabolism is not only the main
source of energy for cells but also associated with a lot of
diseases, such as Alzheimer’s disease and diabetic angiocardi-
opathy.*®*? Atherosclerosis is one of the main complications of
diabetes involving multiple causative factors including the
dysfunction of the vascular endothelium." Considering that the
hyperglycemia status can induce endothelial dysfunction,” we
use GOx@ZIF-8/Au SE to continuously record HUVEC
glucose metabolism in the hyperglycemia status for exploring
the underlying mechanism of atherosclerosis caused by
diabetes. In this experiment, the cells were mechanically
stimulated by stretching GOx@ZIF-8/Au SE to simulate the
mechanical force on cells from blood circulation. Figure 4C
shows that the original 10 mM glucose (hyperglycemia is
defined as a blood glucose concentration over 7.8 mM) in the
cell culture system gradually decreased, either in the stretched
(red curve) or static state (black curve), revealing that the
glucose has been uptaken by cells cultured on the GOx@ZIF-
8/Au SE surface. The glucose utilization rate of cells under
mechanical stimulation is calculated to be 2.2 fM min™! cell ™},
while the rate of glucose assimilated by cells in the static state
is 6.6 fM min~! cell™, which is similar to the previously
reported value (8.8 fM min~' cell™").*” By comparing the
glucose utilization degree, it is found that the ability of cells to
utilize glucose under static conditions is higher than that under
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stretched conditions in a high-glucose environment. Studies
have shown that SGLT is widely expressed in HUVECs, and
the high glucose environment can stimulate cells to synthesize
SGLT1 protein for glucose transport from the exocellular
environment.”" However, protein kinase C produced in the
process of stretching can highly and negatively affect the
activity of SGLT."”™ These may explain that the glucose
consumption ability of cells under static conditions is higher
than that in the stretched state in Figure 4C.

According to the literature, hyperglycemia culture can
increase the permeability of vascular ECs, leading to the
increase of basal membrane fibroblast growth factor-2, which
promotes the apoptosis of arterial ECs induced by tumor
necrosis factor-a.***> Moreover, diabetes activates the
expression of ECs and cellular adhesion molecules by
increasing the release of cytokines, mediating platelet
activation and adhesion to activated ECs, leading to vascular
occlusion.***” Combined with our experimental results, it is
reasonable to speculate that the hyperglycemia condition will
impede the blood flow by activating platelet adhesion on ECs,
thus slowing down the blood flow, reducing the stretching
degree of ECs leading to an increase in cellular glucose intake,
and further leading to atherosclerosis.

Bl CONCLUSIONS

In summary, we successfully developed a feasible and efficient
method for anchoring GOx@ZIF-8 on the Au film surface,
constructing a stretchable and flexible GOx@ZIF-8/Au SE for
in situ and real-time glucose monitoring. The inherent
stretchability allows this sensor to act as an integrated platform
for mechanical stimulation and sensing transient signals during
the mechanotransduction process. The encapsulation of GOx
with ZIF-8 prevents the aggregation and detachment of GOx
from the sensing interface and endows the biosensor with high
stability. This sensor was successfully used for monitoring the
glucose metabolism of mechanically stimulated cells under
simulated hyperglycemia conditions, demonstrating the
potential capability for detecting the underlying mechanisms
of atherosclerosis caused by diabetes. In addition, this simple
and straightforward method paves the way for designing a
stretchable and flexible biosensor and exhibits the potential
capability for investigating the underlying mechanisms of
physiological and pathological processes related to mechano-
transduction.
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