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ABSTRACT: Developing a miniaturized, low-cost, and smart

closed-loop system for diabetes could significantly improve

life

quality and benefit millions of people. Conventional closed-loop
devices are large in size and exorbitant. Here, we unprecedentedly
demonstrate an electrically controlled flexible closed-loop patch for
continuous diabetes management by integrating hollow biodegrad-
able microneedles with a biosensing device and an electroosmotic
pump. The hollow microneedles were fabricated using a
combination of soft lithography and micromachining. The outer
layer of the microneedles was functionalized to serve as a
biosensing device for the in situ sensitive and accurate monitoring of interstitial glucose. The inner layer of the microneedles
was integrated with a flexible electroosmotic pump to deliver insulin, and the delivery rate was electrically controlled by the glucose
level from the biosensing device. The closed-loop system successfully stabilized the blood glucose levels of diabetic rats in a normal
and safe range. The system is painless, miniaturized, cost-effective, and flexible. It is anticipated that it could open up exciting new
avenues for fundamental studies of new closed-loop devices as well as practical applications for diabetes management.
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D iabetes is a chronic metabolic disease when the pancreas
cannot produce insulin or when the body cannot use the
insulin it produces to maintain glucose balance in humans.' ™
The World Health Organization (WHO) statistics reveal that
the number of diabetic patients worldwide is around 400
million.” The blood glucose levels and insulin requirements are
affected by multiple factors,” and day-to-day variations in the
blood glucose levels and insulin requirements could be very
large.6 The development of diabetes can lead to hypertension,
cerebrovascular disease, coronary heart disease, retinopathy,
and other complications.” ” A real-time detection of the
patient’s glucose levels and an injection of insulin to maintain
the glucose levels in the normal range are critical for the
management of diabetes.'”"" Several long-term clinical trials
have shown that strengthening the control of diabetes could
significantly reduce the risk of hyperglycemia complications,
reduce hospitalization, save medical costs, avoid ineffective
drugs, and save lives.''™'* Therefore, it is highly desirable to
develop new systems or methods that can further enhance
glucose detection and insulin injection to achieve better
diabetes management.

A closed-loop system for diabetes can provide stronger
control of diabetes, and it generally includes a continuous
glucose monitoring sensor and an insulin pump to deliver
insulin continuously. The closed-loop devices have been or are
being commercialized, and several products are based on this
device conﬁ$uration, such as the Control-IQ hybrid closed-
loop system, * the Diabeloop hybrid closed-loop system,'” and
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the Insulet Omnipod Horizon hybrid closed-loop system.'®"”

The continuous glucose sensor is usually based on a soft
polymer sheet'®'” or a needle”*" placed in the dermis layer of
the skin.”*> The insulin pump is usually powered by
electromagnetic force, and it is connected to a soft tube with
a length of 4—12 mm placed in the fat layer of the skin.'>****
Also, the algorithm plays an important role in the management
of insulin pumps. An algorithm to control the output of the
insulin pump according to the real-time blood glucose results is
designed to simulate the automatic adjustment of the human
pancreas to the change of blood glucose, to control blood
glucose safely and eﬁectively.25_27 However, these devices
have separated glucose monitoring and insulin injection parts
and employ sophisticated pumps. These make closed-loop
devices large in size and expensive. In addition, most
consumers do not want wearable devices to be too
conspicuous as it is very unattractive to wear large and clearly
visible devices.”® These restrict the wide use of closed-loop
systems among diabetes patients, and until now, only a very
small portion of diabetes patients could afford to use
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commercial products. Therefore, developing miniaturized,
comfortable, less painful, and cost-effective novel closed-loop
systems can benefit hundreds of millions of diabetic patients
tremendously.

Interstitial fluid is formed by the filtration of blood through
capillaries and surrounds the cells and tissues of the body, and
the components of interstitial fluid are close to the blood and
have a lower risk of infection than bleeding.”” The analyte
gradient from blood to interstitial fluid, such as glucose, is
stable, and the delay between the two is generally less than 10
min.**"*? In addition, the administration of drugs through
interstitial fluid can eliminate the problems of gastric
stimulation, hepatic first-pass metabolism, unstable serum
drug level, low bioavailability, and poor patient compli-
ance.””** Therefore, interstitial fluid is a preferred site for
sensing and drug delivery. Generally, the height of the
microneedle ranges from 100 to 1500 um, and the base
diameter ranges from 100 to 1000 um.>>>¢ With its size, the
microneedle can easily pierce the stratum corneum, and the
depth into the interstitial fluid is less than 1 mm, which is
much shallower than the 5—11 mm depth of a traditional
continuous glucose meter.”” It does not reach the nerve
endings and capillary bed in the lower dermis, and the
negligible skin damage does not reach the nerve endings and
the capillary bed. Microneedle-based devices are wearable,
controllable, and painless. Recently, several studies have
investigated the microneedle-based sensors for the real-time,
blood-free, painless, and minimally invasive monitoring of
several analytes in interstitial fluid,”® such as glucose,Sg’39
Levodopa,40 rhodamine 6G,*' and potassium.42 Moreover, the
microneedles have been studied for the delivery of several
drugs as well,**** such as insulin,* vaccine,*® and anesthetic.*’
However, limited by the types of materials and structures of
the microneedles, the reported microneedle sensing devices
cannot be used for the delivery of drugs, and the reported
microneedle-based drug devices either cannot provide the
accurate delivery of drugs into the interstitial fluid or suffer
from the large size of pumping systems.

To develop novel closed-loop systems, new glucose-sensing
devices, insulin injection pumps, and integration approaches
are being studied. Until now, there have been only a few
studies on new closed-loop systems. For example, a recent
study is based on using microneedles for delivering insulin by
iontophoresis and extracting glucose from interstitial fluid by
reverse iontophoresis, achieving a closed-loop treatment for
diabetes."® However, the glucose detection system and the
insulin injection system are separated from each other, and the
iontophoretic electrode increases the damage to human skin.
Moreover, each glucose measurement requires the solution in
the container to be refreshed, which fails to achieve a
completely automatic closed-loop treatment of diabetes.
There is another study based on integrating an electrochemical
graphene device on the skin for sweat glucose and a thermal-
responsive microneedle device for injecting insulin into the
subcutaneous interstitial fluid for diabetes monitoring and
therapy.” However, the glucose level in sweat lacks a
consistent correlation with blood glucose for different
population samples, and the thermal-responsive microneedle
device cannot provide a continuous and sustainable injection
of insulin. Similarly, some glucose-responsive polymers have
been reported to control insulin injection under the glucose
stimulus.’°™>® However, the glucose levels cannot be
determined sensitively and accurately, and the amount of
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insulin injection is limited and cannot be continuous. These
features restrict the above devices from being utilized for the
continuous monitoring and therapy of diabetes in humans.

Here, we report a fully continuous and sustainable closed-
loop patch for diabetes control. The system is based on hollow
biodegradable microneedle arrays; the outer layer of the hollow
microneedle functions as a glucose sensor, and the inner part
of the hollow microneedle acts as an insulin injection device
integrated with a flexible electroosmotic pump. Both the
sensing and drug delivery elements are integrated into a single
small patch, which undoubtedly reduces the complexity of the
wearing operation and the pain sensation of the users. A
printed circuit board (PCB) controls the operation of the
sensor and pump using a low-glucose suspension algorithm.
The patch is electrically controlled, precise, and accurate. The
patch is placed on the skin, and the microneedles penetrate the
epidermis to reach the dermis layer of the skin. During the
fluctuation of blood glucose and interstitial glucose in diabetic
rats, the closed-loop device senses real-time interstitial glucose
levels to generate electrical sensing signals and further control
the electroosmotic pump intelligently and automatically for the
rapid or slow injection of insulin. Insulin is released from the
insulin storage chamber to the subcutaneous layer of the skin
through the inner channels of hollow microneedles. The small
size and hollow structure of the microneedle arrays, the thin
films of the electrodes, and the small membrane electroosmotic
pump reduce the overall device size and weight. The flexible
nature of the device for conformal contact with the skin makes
the device wearable and reduces the noise of the sensing signal.
The biodegradable nature of the materials of the microneedles
makes the device safer to wear. Overall, the closed-loop patch
is miniaturized, wearable, painless, lightweight, and cost-
effective.

B EXPERIMENTAL SECTION

Microneedle Preparation. The poly(dimethylsiloxane) (PDMS)
mold with the negative patterns of microneedles was either purchased
from Laike Mould Co., Ltd. (Suzhou, China) or home-made by a
laser cutting machine (ShiChuangAi Co., Ltd., Hefei, China) with a
laser power of 80 W, a cutting speed of 100 mm/s, and a laser head
distance of 10 mm. The PDMS mold was first treated with UV ozone
for S min to generate a hydrophilic surface and incubated with vapor
from 5% octyltrichlorosilane in benzene at 60 °C for 16 min to
silanize the surface. After this, the PDMS prepolymer was poured into
the modified PDMS mold and heated in an oven at 80 °C for 2 h.
After curing and peeling off the PDMS mold, the microneedle
patterns in the PDMS were obtained. Then, 7% chitosan was
dissolved in 2% acetic acid and stirred with a magnetic stirrer for 24 h.
An ultrasonic treatment was used to remove the foam for 2 h. The
chitosan solution was poured into the PDMS mold with the
microneedles and heated in the oven at 60 °C for 30 min. The
chitosan layer was then cured and peeled off from the PDMS mold.
Finally, hollow microneedles were obtained. A 100 ym steel needle
with a diameter of 100 ym was used to penetrate the hollow
microneedle tip to obtain clear microneedle holes.

Microneedle Degradation Test. To study the biodegradability,
the fragments of the chitosan microneedles were placed in a culture
dish containing a simulated tissue solution and maintained on a
heating plate at 36 °C. The simulated tissue solution was prepared by
dissolving agarose in PBS (100 mM, pH 7.4) with a concentration of
14 mg/mL and stirring at 120 °C to achieve a homogeneous solution,
followed by solidification at room temperature. Before weighing each
time, the fragments were taken out, wiped with absorbent paper,
blown with a nitrogen gas gun, and then heated in an oven at 30 °C
for 1 h to evaporate all water.
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Sensing Electrode Preparation. Physical vapor deposition
(PVD) was performed using a vacuum coater to obtain thin-film
electrodes. The shadow mask was obtained by laser cutting and placed
on top of the microneedle for patterning; each mask was 15 mm long
and 15 mm wide. Two 5 nm Ti and 200 nm Au layers were plated on
the surface of the prepared chitosan microneedles, one as the working
electrode and the other coated with a layer of 100 nm Ag as the
reference electrode. Then, 30 uL of 0.05 M FeCl, solution was added
to the electrode and reacted for 30 s to obtain the Ag/AgCl reference
electrode, which has the function of stabilizing potential and avoiding
excessive current drift over a long time (Figure S1, Supporting
Information). To improve the sensing performance by etching the Au
electrode, the Au electrode was placed in the Au etching solution (1
g/mL 12, 4 ¢/mL KI) for 10 s, then quickly cleaned with deionized
water, and then dried for standby. To deposit Prussian blue on the
etched Au electrode, the Au electrode of the sensor was used as the
working electrode, commercial Ag/AgCl was used as the reference
electrode, and platinum wire was used as the counter electrode. The
impurities on the electrode surface were removed by cyclic
voltammetry (CV) at a scanning rate of 1 V/s for 10 cycles 2
times. A total of 0.1 M KCI/HCI solution was used to clean the
electrode 2 times. Then, 30 uL of Prussian blue solution (2.5 mM
FeCly, 2.5 mM K;Fe(CN)4 0.1 M KCI/HCI solution, and 0.04%
chitosan) was added onto the electrode and scanned for 2 cycles at
0.15—0.3 V at a scanning speed of 20 mV/s by CV. After scanning,
the solution was blown with a pipette gun and scanned for 2 cycles.
After Prussian blue was electrodeposited on the working electrode, 0.1
M KCI/HCI solution was added, and then CV (50 mV/s scanning
speed) was used to scan 2 times at 0.2—0.5 V to obtain a stable CV
curve.

Enzyme Immobilization. To immobilize the enzyme on the
working electrode, 2% glutaraldehyde solution, 1% chitosan, and
glucose oxidase solution (GOD, 10 U/uL) were mixed at a volume
ratio of 1:1:1, and 6 uL mixture was dropped on the working
electrode to fix the enzyme. After drying, 6 uL of 1% Nafion was
added dropwise to the working electrode and then dried overnight at
about 4 °C. The next day, it was removed from the refrigerator to
room temperature (21 °C) and incubated in a PBS buffer for about 1
h and then measured.

Electrochemical Characterization. All glucose-sensing measure-
ments were conducted at room temperature (21 °C) with N-Au/PB/
CS as the working electrode and Ag/AgCl as the reference and
counter electrode. A buffer solution (50 mM, pH 7.0) or simulated
tissue solution was used as the electrolyte. When the analyte was
added, the current increased until it reached a stable state, and then,
another concentration of an analyte was added. The sensing response
was recorded using a current—time curve over 50 s (0.1 V and the
reference electrode). The calibration curve between the current
response and the analyte concentration was plotted. The last current
value at 50 s for a certain concentration minus the last current value at
50 s for 0 mM was used as the current response for plotting the
calibration curve. The EIS test was scanned from 1 X 107> to 1 X 10*
Hz. When the voltage was set at 0 V, the H,0, response time of the
reference electrode was measured. In CV scanning, the voltage was set
at —0.05 to 0.35 V, and the scanning rate was 50 mV/s, relative to the
Ag/AgCl reference electrode.

Environmental Effects. To study the effect of the interferences
on the sensor, S mM lactate, 50 yM uric acid, 50 M dopamine, 10
MM ascorbic acid, 10 U/uL insulin, and 20 mM glucose were used as
the interfering substances for the sensor, and the current—time curve
was recorded by the potentiostat. The temperature and pH effects
were determined on the sensor. The sensor was placed on the heating
plate, and the feedback signal of the sensor was measured within the
temperature range of 20—40 °C. The phosphate buffer solutions with
a pH range from 6 to 8 were prepared, glucose was added to the
buffer, and the feedback current was measured. To study the storage
stability of the sensor, it was placed at 4 °C to study its performance
over 2 weeks. To study the working stability of the sensor, it was
tested by repeated addition and removal of the glucose solution, and
the sensor signal to glucose was detected each time. To study the
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bending effect on the sensor, the microneedle sensor was bent at
different angles by a clamp fixture, and the current baseline signal of
glucose at different angles was detected and compared.

Electroosmotic Pump Preparation and Flow Measurement.
Two Au-plated stainless steel meshes were placed on both sides of the
polycarbonate film with nanopores as electroosmotic electrodes,
which were further connected to an external circuit. One side of the
electroosmotic pump was connected to the cavity where insulin was
stored, and the other side was connected to the chitosan
microneedles. An insulin solution with a concentration of 10 U/mL
was added to the drug storage reservoir. Then, different voltages were
applied to the electrodes at both ends of the pump using an
electrochemical workstation. Insulin discharged from the needle hole
of the micropipette was absorbed by the absorbent paper at a unit
time. The weight gain of the absorbent paper was measured with a
balance to obtain the flow rate.

Rat Experiments. Male Sprague Dawley rats (5—6 weeks, 150—
200 g) were purchased from SPF (Beijing) Biotechnology Co., Ltd.,
China (license SCXK(Jing) 2019-0010). Five days before the
experiment, the rats were housed at a temperature of 24 + 1 °C
and humidity of 55 + 5% with a light—dark cycle lasting for 12 h
(lights on at 8 am and lights off at 8 pm). The rats were allowed free
access to food and water. On the experimental day 1, all rats fasted for
6—8 h before streptozotocin (STZ) treatment. Freshly prepared STZ
that was dissolved in sodium citrate buffer (pH 4.5) was injected
intraperitoneally at a dosage of 65 mg/kg. After STZ injection, the
rats were returned to their cages and provided with normal food and
10% sucrose water. On experimental day 2, 10% sucrose water was
changed to normal water. On experimental day 10, the rats were
fasted for 6—8 h (between 7 am and 1—3 pm) and the blood glucose
levels were tested by a glucometer in the tail vein to check for
hyperglycemia and ascertain the establishment of a diabetic rat model.
Diabetic rats with a blood glucose of about 20 mM were selected as
the experimental subjects. The rats were anesthetized with 2%
inspired isoflurane in air and placed on fixed plates. During the later
experiments, the pump strength was maintained at 0.4%. The diabetes
treatment system was fixed on shaved buttocks, and microneedles
could penetrate the skin. When clogging occurred after insertion, the
microneedle patch was retracted a little bit and pushed forward again
into the skin to solve the clogging problem, and during the retraction
process, the tips of the microneedles remained embedded in the skin.
The treatment system was connected to the chip and computer with
enameled copper wires. All protocols were approved by the Research
Ethics Committee of Peking University First Hospital (approval
number: 202061).

Circuit Design. A PCB for the closed-loop system was designed. It
comprises a sensor power supply, a current detection circuit, and an
electroosmotic pump drive circuit. Figure S2 (Supporting Informa-
tion) shows the circuit diagram for the power supply and the current
detection of the sensor. PMOS tubes were used as analog channel
selection switches. The two resistors, 2 M€ and 200 k2, were used to
convert the sensor current to voltage according to Ohm’s law. The
purpose of the 10 kQ resistor and 10 yF capacitor was to eliminate
the high-frequency voltage noise contained in the output voltage of
the DAC chip. When the sensor current exceeded 10 pA, P1 was
turned on and P2 was turned off by the MCU control; when the
current of the sensor was less than 1.5 yA, P1 was turned off and P2
was turned on by the MCU control. The MCU sent the calculated
current value I to the PC through the UART (serial port). Figure S3
(Supporting Information) shows the circuit diagram for generating a
0—10 V output voltage to power the electroosmotic pump. To
generate a 0—10 V output voltage, the MCU built-in DAC only
needed to output the 0—1 V output voltage. A driving voltage of 0.1—
0.3V for the electroosmotic pump was generated by the MCU control
of the DAC. Figure S4 (Supporting Information) shows a schematic
illustration of the DAC chip. The drive voltage output channel to
generate 0—10 and 0.1-0.3 V for the electroosmotic pump was
controlled by the MCU to switch the chip, and the output voltage
range and precision of the different ranges could be switched. Figure
SS (Supporting Information) shows a schematic illustration of the
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Figure 1. Image and schematic diagram of the closed-loop system of button-type microtherapy for diabetes. (a) Schematic diagram of the closed-
loop system with the functions of sensing interstitial glucose and injecting insulin. (b) Side view of the microneedle closed-loop system with a
thickness of 4 mm (left), and the photo of a sensor device worn on the arm of the tested person and the horizontal view of the device. (c) Flexible
electroosmotic pump membrane (left) and the microneedle sensor after bending. (d) Flow diagram of the closed-loop system circuit for powering
and controlling the sensor and the pump. (e) Photograph of a printed circuit board. The digital number shown on the photograph corresponds to

the number of the function in (d).

analog switch chip. Figure S6 (Supporting Information) shows the
control program interface of the PC control circuit board. In the
interface of the program, we can set the current threshold, circuit
output interface in the range of 0—10 V, and circuit output interface
in the range of 0.1—0.3 V. There are display windows and send
functions at the interface as well.

B RESULTS AND DISCUSSION

Overall Working Principle of the Closed-Loop Device.
Figure 1 shows the working principle and schematic illustration
of the closed-loop patch for diabetes management. Figure la
shows that the overall device structure includes a drug
reservoir for insulin storage, an electroosmotic pump, and
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hollow biodegradable microneedle arrays. The device is
pressed on a skin surface with the microneedle side facing
the skin, and the microneedles penetrate the epidermis layer
and reach the dermis layer of the skin. Since the microneedles
do not enter the deeper layer of the skin that enables the
device to avoid contacting most of the nerve endings, the
device is painless and safe. The hollow microneedle not only
provides a support surface for the sensor but also provides a
channel for the delivery of insulin. The biosensing electrodes
were constructed on the outer layer of the microneedle array,
which could be in close contact with the subcutaneous
interstitial fluid continuously. An electroosmotic membrane
pump is constructed as the driving module, and since it can
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Figure 2. Fabrication and characterization of the sensing electrodes. (a) Schematic illustration of the fabrication process. (b) Camera image of the
hollow microneedles after evaporation of the electrodes. (c) SEM front view of the hollow microneedles. (d) SEM image of the back view of the
hollow microneedle. (e) Degradation rates of microneedle fragments and intact microneedles in buffer at room temperature. (f) Young’s modulus
of microneedle fragments immersed in simulated tissue solution for different days. (g) SEM image of the working electrode. (h) CV curves of Au/
PB with different deposition methods. Solution: 50 mM PBS with 2.5 mM Feg®~/*". (i) EIS curve with different deposition methods. Etching time
for N-Au: 10 s. Solution: 50 mM PBS with 2.5 mM Fes*~/*". (j) Stability of the N-Au/PB/CS electrode over time. Solution: 50 mM PBS with 2.5

mM Fe63_/4_.

have a small size, it does not require an additional mechanical
module and can drive the flow rapidly. The electroosmotic
pump is integrated with the inner channels of the microneedles
to release insulin. In Figure 1b, the overall closed-loop patch
has a thickness of 1.5 cm (left) and a diameter of 2.5 cm, which
is smaller than all existing closed-loop systems for diabetes
mellitus. The closed-loop minipatch can be worn on the body
for indoor or outdoor activities without affecting body
movement. Also, the electroosmotic pump is a flexible
membrane (Figure lc left), and the microneedle device is
bendable as well (Figure lc right). In addition, the device has a
low cost. For the sensing part, the cost should be similar to the
current continuous glucose meters, which is less than $100. In
terms of an overall closed-loop device, commercial closed-loop
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systems cost several thousand USD. For this device, the cost
could be about $100. Therefore, the overall device can be
miniaturized, flexible, and cost-effective.

When the system is worn on the body, the level of
subcutaneous interstitial fluid glucose is detected by the sensor
on the outer layer of the microneedles. From Figure 1d, the
sensing signal is processed by a transimpedance amplifier (1), a
differential amplifier (2), an analog-to-digital converter (3),
and a microcontroller (4) to obtain the corresponding blood
glucose value from the correlation between blood glucose and
interstitial fluid glucose. When the blood glucose value
exceeded the normal value, the sensing signal was further
processed by the microcontroller (4), a digital-to-analog
converter (5), and an analog switch to turn on the
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electroosmotic pump. Insulin was driven by the electroosmotic
pump to flow through the inner channel of the hollow
microneedle and inject into the interstitial fluid. Figure le
shows the PCB for processing the sensing signal and driving
the micropump. The circuit model and software interface are
shown in Figures S2—S6 (Supporting Information).

Fabrication and Characterization of the Microneedle
Biosensing Electrodes. Figure 2a shows the fabrication
process of the biosensing device based on hollow biodegrad-
able microneedles. The PDMS mold with the negative pattern
of the microneedles (1) was selected due to its low cost
compared with other molds, such as metal molds. Using soft
lithography, PDMS microneedles were further obtained (2—3).
To obtain hollow chitosan microneedles, chitosan was cast on
the PDMS microneedles, dried, and peeled off from the PDMS
microneedles (4). This is a relatively fast and repeatable
process. The stainless steel needle arrays (5), with the
dimension and position aligned with the chitosan micro-
needles, were used to puncture the chitosan microneedle tips
to obtain obvious microneedle holes (6). The manual
alignment of the microneedle arrays and stainless steel needle
arrays is not complex, and the process is reproducible as well. It
is expected that an industry equipment should be able to
perform the alignment, and mass production can be achieved.
Chitosan is not suitable for insulin delivery since it can easily
absorb water and expand, which would destroy the structure of
the microneedles. Therefore, a parylene layer was coated on
both sides of the chitosan layer to avoid contact with
interstitial fluid. An electrochemical biosensor was constructed
on the outer layer of the hollow microneedles, and a two-
electrode sensor was fabricated with metal evaporation through
a shadow mask (7), chlorination (8), Au etching and Prussian
blue deposition (9), and enzyme immobilization (10). The
fabrication procedure is neither complex nor expensive. The
fabricated device is nontoxic and relatively biodegradable,
suitable for insertion into interstitial fluid, and it is flexible and
can be adapted to the skin surface effectively.

Figure 2b shows the camera image of the hollow
microneedle with the sensing electrodes, and each electrode
has a dimension of 1 c¢m in length and 0.5 cm in width. Figure
2c shows the SEM image of the microneedles on the outer
layer side, and Figure 2d shows the SEM image of the
microneedles on the inner layer side. Observably, the
microneedle has a height of 1000 ym and a square base
dimension of 550 ym. The thickness of the chitosan layer
varied at different parts of a microneedle, and the thickness at
200 ym from the needle tip in height was approximately 45 pm
(Figure S7, Supporting Information). The dimension of the
hole on the tip of the microneedle was about 0.1 mm. A layer
of parylene with a thickness of 5§ ym completely covers the
chitosan layer, which ensures that the microneedle is stable
during sensing. Even when the microneedle breaks in the
subcutaneous tissue, the tissue fluid can enter chitosan from
the breaking surface, making the fragments degrade over time.
Although fractures of the microneedles were not observed in
the in vivo experiment and would be expected to occur
extremely rarely, the biodegradability of the microneedles, as
an emergency feature, reduces the possible toxicity and harm
to human beings and enables better safety for humans. Figure
2e shows that when the chitosan fragment breaks, chitosan in
the simulated tissue fluid degrades about 30% within 14 days,
while the intact microneedles do not degrade due to the dense
coverage of parylene on the surface. Concurrently, the Young’s
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modulus of the broken microneedle fragments would be
reduced to 3% of the original value after absorbing water
(Figure 2f) and would become softer, thus reducing the pain to
the rats’ bodies. The fabricated sensors covered with parylene
and without parylene were studied. The sensor with parylene
was stable in water, while the sensor without parylene coverage
was hydrolyzed by water, which could not generate a stable
signal response (Figure S8, Supporting Information). The total
mass of a single microneedle is about 90 yg. When broken in
human tissue, about 89% of the microneedle in volume would
eventually degrade after about 60 days, and the insoluble
parylene and metal thin films would be separated into smaller
parts during the degradation of chitosan. The amounts left in
the body are about 3.4 ug for Au, 1.8 ug for Ag, 0.02 ug for Ti,
0.08 ug for Prussian blue, and 4.7 ug for parylene. Some
studies have shown that these tiny amounts of Au, Ag, Prussian
blue, and parylene in blood are safe to human beings.”* ™’

Figure S9¢ (Supporting Information) shows an optical image
of the working electrode in the etched nanoscale Au/Prussian
blue/chitosan (N-Au/PB/CS). Observably, the surface shows
a gold color and a blue color, which results from the Au
electrode by etching and deposition of Prussian blue. The Au
electrode was etched in Au etchant to produce deep gullies on
the surface, which could increase the surface area of the
working electrode and improve the sensing performance.
Adding chitosan molecules during the deposition process
could make the working electrode surface in N-Au/PB/CS
more uniform, dispersed, and stable. With an optimal etching
time of 10 s, a 30 nm deep roughness could be obtained
(Figure S10, Supporting Information). A shorter time resulted
in shallow gullies, and a longer time could remove the Au layer.
From the AFM and SEM images (Figures 2g, S10c, and S11,
Supporting Information), numerous protrusions were observed
on the Au surface with a 10 s etching. Figure S12d (Supporting
Information) shows the XRD pattern of Au after etching for 10
s. As can be calculated using the Scheler formula (D = K4/
(B cosB)), the lattice particle size at this time is 0.398 nm,
which is the classical sputtered Au crystal size. The PB can
achieve a high selectivity for sensing at a low potential, and this
anti-interference ability is very necessary for in vivo detection.
The etching of the Au film would improve the deposition
efficiency and the quality of the deposited PB film. The PB
layer deposited on the original Au shows many fractures and
several parts without PB coverage, while the PB on the etched
Au surface is more uniform and stable (Figure S9, Supporting
Information). This is due to the weak adhesion of PB on the
flat surface, while the etched surface increases the contact area
between PB and the electrode to make the deposited PB film
more firm. Also, the deposition rate of PB on the electrode
became faster and the deposition amount of PB increased due
to the increase of the electrode surface area and the increase of
the electron transfer rate after etching the Au surface (Figure
S13, Supporting Information). Figure S12c (Supporting
Information) is the infrared spectrum of N-Au/PB/CS; the
vibration of C—N is about 2000 cm™", the peak of 3483 cm™ is
the stretching vibration of O—H and N—H in chitosan, and the
bending vibrations of O—H and N—H in chitosan are 1618
and 1384 cm ™!, indicating that PB and CS have been deposited
in Au.

In Figure 2h, the CV current signal of N-PB is about three
times larger than that of O-PB, while the CV current signal of
N-Au/PB/CS is about one time larger than that of N-PB. The
current signal for detecting H,0, with the N-Au/PB/CS
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Figure 3. Electrochemical characteristics of the microneedle biosensor. (a) Current baseline response of the microneedle biosensor to glucose in
the buffer. (b) Current baseline response of the microneedle biosensor to glucose in the simulated tissue fluid. (c) Current baseline response of the
microneedle biosensor to continuous injections of glucose in the buffer. (d) CV curves of the microneedle biosensor for glucose in a buffer with
different scanning rates. (e) Current response of the glucose biosensor to the interfering substances, including lactate, uric acid (cyan), dopamine
(blue), ascorbic acid (purple), and insulin (orange). (f) Current response of the microneedle glucose sensor after being stored in the refrigerator for
different days. (g) Current response of the microneedle glucose sensor with bending times. Angle: 60°. (h) Current response of the microneedle
glucose sensor with bending at different angles. (i) Current response of the microneedle glucose sensor with the repetitive bendings. Glucose: 2

mM. Angle: 60°.

working electrode was about several times higher than the
other electrodes in O-Au/PB and N-Au/PB (Figure S13f,
Supporting Information). After introducing CS, CS forms a
complex with Fes*". When Feg’~ forms PB, CS is separated
from the complex and doped in the PB film. This makes the
deposited PB film less dense, which further increases its
conductivity for electron transport and enhances the electron
transfer efficiency of the PB film. In Figure 2i, the radii of the
impedance semicircles from N-Au/PB and N-Au/PB/CS are
much smaller than those from O-Au and O-Au/PB. Since the
diameter of the semicircle is controlled by the charge transfer,
this indicates that the electron transfer rate of the N-PB layer is
more rapid than that of the O-PB layer. This is because the
surface area of the N-Au film is larger than that of the O-Au
film due to etching, which leads to a higher amount of PB
being deposited on the N-Au film. Similarly, the impedance
semicircles of the high-frequency curve of the N-Au/PB/CS
film that is controlled by the charge transfer resistance exceed
those of the N-PB film, and this is due to the increase of the
spatial structure after adding CS. However, with further
increase in the CS concentration, the formed Fe**/CS complex
would partially precipitate and weaken the deposition of PB.
An optimal CS concentration was obtained at 0.01% to result
in the highest electrochemical performance (Figure S13b,
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Supporting Information). Figure 2j shows that N-Au/PB/CS
presents sufficient stability in a pH 7.5 buffer solution for a
long time. After soaking in the solution for 5 h, the signal from
the N-Au/PB/CS electrode remained unchanged, while the
signal from the N-Au/PB electrode decreased to 60% of the
original. This shows that the introduction of CS into PB can
enhance the stability of the sensor at different pHs, and the N-
Au/PB/CS working electrode is stable as well under different
pHs for detecting H,0,, compared with the N-Au/PB
electrode (Figure S14, Supporting Information). PB is unstable
and soluble at a pH above 7.0. CS is difficult to dissolve in
neutral and weakly alkaline solutions, and its —NH, group has
a buffer effect, which can improve the stability of PB in neutral
and weakly alkaline solutions.”**” Therefore, CS can greatly
prolong the lifetime of the N-Au/PB/CS electrode in a pH-
neutral interstitial fluid and further prolong the lifetime of the
sensor. Thus, the N-Au/PB/CS working electrode is used for
the further study of in vitro and in vivo sensing.

In Vitro Sensing of Glucose. When glucose was present,
it diffused to the surface of the working electrode and was
catalyzed by glucose oxidase to generate H,0,, and the latter
was further mediated by the PB layer at a low potential to
produce the electrons to result in a current response. When the
glucose diffusion rate was equal to the electrochemical reaction
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Figure 4. Schematic illustration and characterization of the electroosmotic pump. (a) Schematic illustration of the composition of the
electroosmotic pump. (b) Diagram of the principle for the electroosmotic pump. (c) SEM image of a carbon polyurethane film. (d) Photograph of
the electroosmotic pump. (e) Flow velocity of the electroosmotic pump under different voltages. (f) Current passing through the electroosmotic
pump at different voltages. (g) Power consumptions of the electroosmotic pumps at different voltages. (h) Flow rate of the electroosmotic pump at

a voltage of 3 V with different insulin concentrations.

rate, a stable current was obtained. Generally, the current
response was linearly proportional to the glucose concen-
tration.

The biosensor constructed on the outer layer of the hollow
microneedles was tested for its in vitro sensing performance
first. The sensor is composed of a working electrode in N-Au/
PB/CS and a reference/counter electrode in Ag/AgCl. Figure
3a,b represents the baseline plots of the current response of the
sensor to different glucose concentrations by chronoamper-
ometry in a buffer solution (Figure 3a) and a simulated tissue
fluid (Figure 3b), respectively. Excellent linear relationships
between the currents and the concentrations were observed
(over 0.99 for buffer and over 0.98 for interstitial fluid), which
demonstrated the sensor’s high sensitivity. The sensitivity of
the sensor was 0.351 yA/mM in the buffer and 0.138 #A/mM
in the simulated tissue fluid. The high viscosity of the
simulated tissue fluid impeded the diffusion of the glucose
molecules, resulting in a smaller slope in the simulated tissue
fluid than in the buffer solution. Figure 3¢ shows the current
response with a sequential dropwise addition of glucose in the
buffer solution, demonstrating the current change in the sensor
upon the change in concentration on the sensor. The
calibration curve between the current response and the glucose
concentration was plotted, and a sensitivity of 0.311 yA/mM
was obtained. Figure 3d shows cyclic voltammetry (CV) plots
of different scan rates. According to the Randles—Sevcik
equation, the peak current was related to the square root of the
diffusion coeflicient and scanning rate.*"®> The linear
relationship between the peak and the square root of the
scan rate, as shown in the inset of Figure 3d, demonstrates that
the sensing process was mainly controlled by diffusion, which
is mainly due to the small surface resistance of the N-Au/PB/
CS working electrode, the rapid electron transfer rate, and the
large surface area.

In the presence of more nontarget electrolytes and
metabolites in tissue fluid, such as creatinine, urinary, and
ascorbic acid, the exclusion of the interfering substances in
tissue fluid is important for the accuracy of the sensor. To
achieve this, the reduction potential was reduced by depositing
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PB to exclude electroactive interference, such as uric acid.
Meanwhile, the permeable film of glutaraldehyde/CS/Nafion
hindered the other macromolecular interferents from entering
the electrode surface. Figure 3e shows that various interferents
(e.g., uric acid, dopamine, ascorbic acid, and insulin) caused
negligible effects on the sensing response. This demonstrates
that the sensor exhibits excellent selectivity. Figure S15a,b
(Supporting Information) shows the sensitivity variation of the
sensor at different pHs and temperatures, respectively. The
most suitable pH for the sensor was around 6.5, resulting from
the enzymatic activity of glucose oxidase in the surrounding
immobilization agent. The repeatability of the sensor was
studied, and it showed that the sensor could still maintain
about 90% of the initial current after the repeated measure-
ments over 60 times (Figure S15c, Supporting Information).
For the study of the storage stability at 4 °C, the sensitivity of
the biosensor was consistent for 10 days, and the sensor
stability maintained 80% of the original sensitivity after 10 days
(Figure 3f).

Since the microneedle biosensor needs to be worn on the
body, bearing the pressure of daily human wear and exercise,
the effect of the flexibility of the device on sensing performance
is studied. Figure 3g,h shows that the sensor maintained high
stability after bending multiple times or to different degrees.
The sensor could show about 80% of the original current
response after bending the device SO0 times (Figure 3g). In
addition, it shows that different bending angles had almost no
significant effect on the sensor (Figure 3h). The sensor
exhibited a change of about 10% in the current response after
bending at 30°, and after stopping bending, the current
response returned to its original level. The repeated bending
showed almost the same results. The main reason for the
change in sensing response by bending was that bending
decreased the contact area between the buffer solution and the
electrode or changed the internal resistance of the buffer
solution, rather than reducing the electrode performance
(Figure 3i). Furthermore, the bending study was performed
with a longer time of S min (Figure S16, Supporting
Information). The current fluctuated immediately upon
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Figure S. In vivo treatment of diabetic rats with the closed-loop device. (a) Photograph of the closed-loop system fixed on the skin of a diabetic rat.
Inset: holes left on the skin of a diabetic rat after removing the closed-loop device. (b) Correlation between the sensing current signal from the
closed-loop device versus time and the blood glucose values from a commercial glucose meter versus time. (c) Clark error grid for comparing the
measured glucose value from the closed-loop device and the blood glucose value from a commercial glucose meter. (d) Sensor errors for different
blood glucose values. (e) Flow velocity of the electroosmotic pump under different voltages for the in vivo delivery of 10 U/uL insulin into diabetic
rats. (f) Therapeutic mode of the closed-loop device with an alternative detection time (D) and injection time (I) for a diabetic rat. (g) Changes in
blood glucose with time in diabetic rats injected with insulin by the electroosmotic pump in comparison with the control groups. (h) Comparison
of the effects of the closed-loop device and a single injection of insulin (without a closed-loop system) on blood glucose. (i) Effects of the closed-
loop device on diabetic rats with different insulin and glucose injection procedures.

bending, and then, under the bending condition, the current
would gradually return to its initial stable current value within
3 min.

Electrically Controlled Delivery of Insulin with an
Electroosmotic Pump. An electroosmotic pump based on a
polycarbonate film with nanopores was used as the driving
pump for the continuous injection of insulin. The sensing
signal was proportional to the glucose concentration. When the
interstitial glucose concentration exceeds the normal concen-
tration, the sensing signal is processed by the circuit board to
turn on the electroosmotic pump. Then, the pump further
releases insulin into the interstitial tissue through the inner
channels of the hollow microneedles.

Figure 4a shows a schematic illustration of the electro-
osmotic micropump, which includes a membrane with
nanopores and two Au-plated stainless steel meshes as
conductive electrodes. An electrical double layer was formed
on the inner wall of the nanopores in the polycarbonate film.
When an electric field was applied, the charge in the diffusion
layer of the electrical double layer would be driven to the
electrode with an opposite charge and drag the surrounding
liquid to flow (Figure 4b). This method can provide
continuous infusion without mechanical wear.

The nanopores in the carbon polyurethane film were
obtained by neutron bombardment. Figure 4c shows the
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nanopores on the film. The pore size was about 200 nm, and
the thickness of the film was 100 um, which resulted in a
nanopore height of 100 ym. The nanopores were randomly
distributed on the surface with an average number of 3.2 per
um’. Figure 4d shows a photograph of the electroosmotic
pump used in this study. The device is soft and flexible. A DC
voltage was applied at the two Au-coated meshes and further
applied at the two sides of the polyurethane film, which drives
the insulin movement.

The effect of DC voltage on flow rate was studied. Figure 4e
shows the insulin flow rate under the electroosmotic pump at
different voltages with an insulin concentration of 10 U/mL.
When the voltage exceeds 3 V, the Au mesh produces bubbles
to block the holes of the film, thereby decreasing the flow rate.
A maximum flow rate of 9.42 yL/min was obtained at a voltage
of 3 V. Therefore, 3 V was used as the working voltage of the
electroosmotic pump.

The current values versus time under different voltages were
also studied. As shown in Figure 4f, the current was in the
microampere range and increased as the applied voltage
increased. The current value ranged from 25 to 658 pA, with a
voltage ranging from 1 to 4 V. A voltage of 3 V induced a
current value of 325 uA.

Figure 4g shows the energy consumption of the electro-
osmotic pump under different voltages. As the applied voltage
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increased from 1 to 4 V, the consumed power of the device
increased from 27 to 2600 uW. However, after calculating the
flow rate, the flow rate per power consumption decreased with
increasing voltage, and the working efficiency of the electro-
osmotic pump was lower.

When the concentration of insulin became higher, the
viscosity of the solution would be larger. It would be more
difficult for the electrical field to drive the insulin fluid to pass
through the nanopores of the pump, and the flow rate thus
became low (Figure 4h). When the concentration was 50 U/
mL, the fluid almost stopped flowing. With an increasing
insulin concentration from S to 20 U/mL, the flow rate
decreased from 44 to 12 pL/min.

To make the driving fluid more effective and maintain power
consumption at a low level, 3 V is used as the driving voltage
and 10 U/mL insulin is used as the therapeutic drug
concentration of the electroosmotic pump.

Compared with traditional insulin micropumps, the electro-
osmotic pump has the advantages of a smaller volume, a
thickness of only 100 ym, a low power consumption of only
about 1 mW, a simple structure, and a low cost of only about
$1. Moreover, it is flexible and can be easily integrated into a
flexible closed-loop system.

In Vivo Closed-Loop Device for Diabetic Rats. The
STZ diabetic rats were used for the in vivo study of the closed-
loop patch. The rats received inhalational anesthesia since rats
under active conditions would destroy the device fixed on skin,
and the duration for anesthesia was less than 5 h to avoid
possible death. The overall device was worn on the back of the
rat (Figure Sa). The hollow biodegradable microneedles
penetrated the skin epidermis layer to reach the dermis layer
(Figure S17, Supporting Information). In addition, it was
observed that without penetration, the microneedle electrode
on the skin showed no current signal due to the great
resistance of the skin epidermis, while the penetrated
microneedle showed a clear large current. The strength of
the chitosan microneedle was high, and the microneedle
entered the skin without breaking. Clear holes were left on the
skin after removing the device (Figure Sa inset).

Before the in vivo study, the blood glucose value was
measured with a commercial blood glucose meter by taking
blood from the rat tail. The relationship between the sensing
current signal from the closed-loop device and the blood
glucose value was established. The changing trend of the
current value of the device was basically the same as that of
blood glucose, indicating the device’s excellent accuracy in
sensing blood glucose values (Figure Sb).

Using the Clark error grid (CEG) to analyze the comparison
between the reference blood glucose value and the device value
(remove some signal data when there is random noise due to
some mechanical disturbances to rats or an operation error due
to the failure of the electrical equipment), we defined the
calculated mean absolute difference of the reference blood
glucose value and the device value as Mar D. Similar to the
commercial sensor, the device takes time to get the sensing
data to be stable, and it starts to take the available data after
waiting for half an hour. The calculated MAED value of the
device was 13%, which shows the sensor’s excellent accuracy.
Figure Sc shows the distribution of the sampling data in
different areas of the CEG. It was observed that 100% of the
points were located in clinically acceptable areas A and B;
88.9% of the points were located in the area where the correct
clinical treatment plan could be made. Also, 12.1% of the
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points were located in area B, which only led to benign
treatment decision or no decision. None of the prediction
points was located in other dangerous areas, indicating that the
device was safe and accurate in predicting blood glucose.

Figure 5d shows the differences in the blood glucose values
measured by the sensor versus the reference values measured
by the glucometer for the rats. As shown in the figure, for
blood glucose levels of 15—20 mM, the sensor error was about
2—3 mM. However, for blood glucose levels less than 12 mM,
the sensor error was only about 0.5 mM. These results
demonstrate that the sensor has excellent accuracy and the
sensing values are almost in accord with blood glucose levels.

When the device was worn on the back of the rat, contact
between the microneedle device and the skin was studied.
First, by touching the skin around the device, there was no
change in the sensor signal. The possible reason was that the
device was fixed on the skin, and there was no relative
displacement between the device and the skin when the skin
was moving. Second, by applying the forces on the device in
either a vertical or a parallel direction to the skin, it was found
that the current signal did not change with a force in the
parallel direction, and the current was slightly disturbed with a
force in the vertical direction. These did not have a significant
influence on the testing results, as shown in Figure S18
(Supporting Information). These results indicate that the
closed-loop microneedle patch has excellent contact with the
skin.

The flow rate of the electroosmotic pump on the diabetic rat
for the in vivo delivery of insulin was evaluated, as shown in
Figure Se. With an increase of the applied voltage to the pump,
the flow rate of insulin increased accordingly, and the flow rate
for the in vivo delivery (Figure Se) was smaller than that for
the in vitro delivery (Figure 4a). This is probably due to the
blockage of rat’s tissue, and this effect can be reduced by the
withdrawal of the microneedle patch. Similarly, the current of
the electroosmotic pump under a voltage and the insulin flow
rates under different concentrations for in vivo delivery are all
smaller than those for the in vitro delivery (Figure S19,
Supporting Information).

Since the microneedle sensor in the subcutaneous tissue
only reacts to the local tissue fluid glucose, the detection value
is not the real blood glucose value.®*** Therefore, it is
necessary to establish the relationship between blood glucose,
insulin, and sensor signals. The real-time relationship between
the traditional sensor signal and blood glucose is mainly
limited for several reasons: (1) it takes time for the capillary
glucose to diffuse to the sensor in the tissue gap, inducing the
signal delay;*” (2) the insulin released by the microneedles
promotes the tissue cells around the sensor to absorb glucose,
which reduces the glucose acquisition by the sensor and makes
the blood glucose value lower than the actual blood glucose
value;*>*® and (3) the oxygen deficiency of the sensor, the
influence of interferents, the slow diffusion of glucose to the
electrode surface, and the signal noise of the sensor itself could
be the limitations.*

Hence, a few approaches were used to avoid the above
limitations. First, when insulin is not injected, oxygen can enter
the tissue through the inner walls of the hollow microneedles
and further diffuse to the microneedle sensing electrode, which
can reduce the drift of the sensing signal caused by the changes
in tissue oxygen tension. Second, due to glucose oxidase and
Nafion on the surface, the diffusion of interferents, such as uric
acid, to the electrode surface is further reduced. The voltage of
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0.1 V used by the sensor is also lower than the oxidation
potential of the interferents. Therefore, the interferents do not
affect the signal of the sensor. Third, the N-Au/PB/CS
electrode has a tiny surface resistance with a fast electron
transfer rate (Figure 21), which further enhances the sensing
signal, even when there is a low concentration of glucose.
Fourth, since only a sufficient amount of insulin can induce a
great difference between the local glucose concentration of
tissues and vascular glucose concentration, we use a slow flow
rate (30 uL/min) to deliver a low concentration of insulin (10
U/mL), and an intermittent administration to reduce the local
insulin concentration (two-thirds of the administration time,
such as Figure 5f). Fifth, the gradients between blood glucose
and interstitial fluid glucose remain constant over the detection
range, but this relationship fails during the rapid change in
blood glucose.””*® According to the routine Nyquist standard
of blood glucose dynamics, the interval of sensing interstitial
glucose for establishing the reliable trend of blood glucose
excursion should be about 4—10 min.®””°

According to the diffusion kinetics of drug molecules and the
osmotic pressure of tissue fluid, the concentration difference
between interstitial glucose and blood glucose decreases with
time after the injection of insulin, which is due to the diffusion
and absorption of insulin. Therefore, a cycle of 5 min with
alternative sensing and insulin delivery and a sensing location
at the hip and near the tail vein was used to reduce the error
caused by the lag of the tissue fluid glucose.

Furthermore, alternating the sensing and pumping modes
can reduce the interference from the current during pumping
on the sensing signal since the insulin injected by pumping
would affect the conductivity of tissue fluid and influence the
signal baseline. In Figure 5f, the sensor was measured for 50 s,
after which the current signal was taken to obtain the blood
glucose value from the correlation formula between the sensor
signal and blood glucose to judge whether the blood glucose
value exceeded the normal value (8.3 mM).”' The blood
glucose of diabetic rats receiving STZ injection was statistically
higher than 8.3 mM, while the values for the age-matched
control rats receiving an injection of citrate buffer alone were
statistically lower than 8.3 mM. When the current signal
exceeded the critical value, the electroosmotic pump
continuously injected insulin for 150 s, then stopped running,
waited for 100 s to make the insulin absorption and blood
glucose decrease, and then started to perform the sensor
measurement again.

To verify the effect of the closed-loop device on reducing
blood glucose, several groups of control experiments were set
up, including no treatment, injection of normal saline, and
microneedle insertion. Figure S5g shows that the blood glucose
of diabetic rats was basically unchanged under the control
experiments of no treatment (orange line), injection of saline
(red line), or only needle insertion (blue line). The blood
glucose of the rats treated with insulin delivery through hollow
microneedles with an electroosmotic pump was reduced by
50% within 2 h, indicating the high-efficiency hypoglycemic
effect of the device and significantly reducing the risk of
hyperglycemia.

Figure Sh shows a comparison of the effects of single insulin
injection and a continuous insulin injection of the closed-loop
device on blood glucose. The closed-loop device adopts a cycle
time of 5 min and a two-step mode with alternative sensing
and drug injection. The diabetic rats were treated with a
closed-loop device or a single injection of insulin. After this,
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blood glucose dropped dramatically. The insulin injection was
then stopped for either approach when the blood glucose
reached normal values. Without insulin, blood glucose levels
rebounded slightly. For a closed-loop device (red line), once
blood glucose above a critical value was detected, the closed-
loop patch re-entered the working mode to inject insulin.
Whereas in the absence of a closed-loop device (blue line),
blood glucose rebounded and increased above the normal
range, blood glucose remained in a state of dangerous
hyperglycemia at all times. Therefore, a closed-loop device is
more effective for controlling blood glucose levels within the
normal range.

Also, the intraperitoneal injection of glucose into the
diabetic rats was used to simulate the effect of a meal, and
the working effects of the closed-loop device on the diabetic
rats were studied by varying the insulin and glucose injection
procedures. Figure Si shows that the closed-loop device was
used to first reduce the blood glucose to a normal value (<8.3
mM), and then, the rats were intraperitoneally injected with 3
mL of 100 mg/mL glucose solution to simulate the change in
the postprandial blood glucose value. The blue curve shows
that the insulin injection stopped after the blood glucose value
decreased from 17.0 mM to a normal value at 150 min.
Immediately after this, glucose was injected into the rats. The
blue line reveals that blood glucose immediately increased after
the injection of glucose, and it increased continuously to 15.9
mM at 120 min. The red curve shows the effect of the closed-
loop device on the control of blood glucose. The injection of
insulin decreased blood glucose from 20.1 to 7.7 mM within
150 min. Glucose was injected intraperitoneally at 150 min.
After this, blood glucose was continuously decreased. At 150
min, the insulin injection stopped, and blood glucose
increased. At 230 min, insulin was injected continuously into
the rats again, and blood glucose decreased. At 260 min, the
insulin injection was stopped again, and after 20 min, the blood
glucose began to increase. The results show that without the
influence of the closed-loop device, the blood glucose level
rose to a high value of 16 mM, while the blood glucose level of
the rat using the closed-loop device returned to normal after a
short rise. These results further demonstrate that our smart,
automatic, and miniaturized closed-loop device has better
control for maintaining blood glucose within the normal
concentration range.

Although these results are promising, the performance of the
closed-loop patch has only been evaluated in diabetic rats. It is
expected there would be certain challenges for using the device
on human beings since the skin properties and physiological
systems of humans are quite different from those of
rats.”®”>~7* For example, rat skin has a higher proportion of
the viscoelastic viable epidermis than that of human skin, and
this can enhance its dispersion of the force applied by the
microneedles. In the meantime, the stratum corneum in
human skin is about twice thicker than that of rats, and the
elastic modulus of human skin is five times larger than that of
rats. These result in a longer barrier and a larger required force
for the penetration of microneedles into human skin. Since the
thickness of the stratum corneum and the elastic modulus of
the skin are the dominant factors affecting the penetration of
microneedles into the skin,”>’° it is more difficult for the
microneedles to penetrate the human skin.”>”” To apply the
patch to a specific site on human skin, the geometry and tip
sharpness of the microneedles should be redesigned and
fabricated. The sensing electrode dimension, the deposition
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process of Prussian blue, and the enzyme loading on the
working electrode also need to be investigated. In addition, the
physiological systems and weights differ between humans and
rats. Human subjects usually require a much higher amount of
insulin (about 4—20 U per day) than rats (about 0.02—0.2 U
72,7880 oy ¢ . L
per day). This requires the electroosmotic micropump
to be able to inject a much higher amount of insulin per day.
To achieve this, either the flow rate or the insulin
concentration should be increased significantly. Further, to
use the patch on a human subject, a variety of other studies are
necessary, such as the insertion of microneedles on different
parts of human skin, the sensing performance on a human
subject, the effectiveness of delivered insulin on a human
subject, a more suitable hypoglycemic suspension algorithm,
safety issues, and the miniaturization of the PCB to be a
wearable minichip for powering the closed-loop patch on a
human subject. Also, the fabrication process of the closed-loop
patch involves many steps and equipment, and mass
manufacturing might be a challenge as well. Although there
are many challenges ahead, the device is small, wearable, cost-
effective, painless, and accurate, and these advantages indicate
that the device holds great promise for possible widespread
applications.

B CONCLUSIONS

In this study, we developed a small, flexible, and intelligent
closed-loop patch for the continuous monitoring and therapy
of diabetes. The patch is based on hollow biodegradable
microneedles integrated with an electrochemical sensor on the
outer layer of the microneedles and an electroosmotic pump
on the inner layer. The device can not only provide an in situ
monitoring of interstitial glucose but also provide a real-time
and continuous delivery of insulin, and the delivery rate is
controlled and adjusted sensitively and accurately by the real-
time glucose level from the biosensor. The closed-loop device
has achieved safe and reliable treatment of diabetic rats and has
been shown to be able to maintain a normal glucose level
under various conditions (e.g, before or after meals). We
anticipate this study can open up exciting new avenues for the
fundamental study of new closed-loop systems and flexible
devices and advance the practical applications for diabetes
management. Although our results are promising, further
studies are needed to elucidate the effectiveness and perform-
ance of this closed-loop minipatch on human subjects for
diabetes management.
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