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Masticatory system—inspired microneedle theranostic
platform for intelligent and precise diabetic

management
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Integrated systems for diabetic theranostics present advanced technology to regulate diabetes yet still have

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

critical challenges in terms of accuracy, long-term monitoring, and minimal invasiveness. Inspired by the
feature and functions of animal masticatory system, we presented a biomimetic microneedle theranostic plat-
form (MNTP) for intelligent and precise management of diabetes. The MNTP was supported by a miniatured
circuit, which used microneedle arrays for on-demand skin penetration, enabling interstitial fluid exudation
for simultaneous detection of glucose and physiological ions, and subcutaneous insulin delivery. Interstitial
fluid exudation enabled sensing in oxygen-rich environment via the incorporated epidermal sensor function-
alized with hybrid carbon nanomaterials. This feature addressed the biosafety issues due to implanted elec-
trodes and the "oxygen-deficit” issues in vivo. The MNTP was demonstrated to accurately detect glucose and
ions and deliver insulin to regulate hyperglycemia. The biomimetic and intelligent features of the MNTP

endowed it as a highly advanced system for diabetes therapy.

INTRODUCTION
Diabetes is a serious chronic disease characterized by an inability to
regulate the blood glucose (BGL), where its complications are the
main causes of disability and death (I-3). The current manage-
ments with type 1 or advanced type 2 diabetes are based on frequent
detection of BGL through finger-prick blood sampling, which
would advise the time and dose of subcutaneous insulin injections
(4-6). In addition, diabetic ketoacidosis is a common diabetic emer-
gency, where the patients often involve potassium and sodium de-
pletion, due to osmotic diuresis, diarrhea, and vomiting (7). By
analyzing various physiological indicators such as K* and Na*
ions concentration to identify significant hypokalemia or hypona-
tremia is important for diabetes treatment because inappropriate
insulin therapy may decrease serum potassium levels, which theo-
retically creates a fatal cardiac arrhythmia (8-10). Clinically,
however, the detection of these physiological indicators (BGL and
ions) and subcutaneous insulin injections are mainly based on in-
vasive methods with metal needles, which could lead to significant
inconvenience and pain on patients, and are prone to the risk of in-
fection (11). Although noninvasive sensors including contact lenses
(12), sweat-based sensors (13—15), and saliva-based sensors have at-
tracted increasing research interests (16, 17), they are rarely able to
reflect glucose levels with clinical accuracies.

Now, continuous glucose monitors (CGMs) are based on subcu-
taneously implantable glucose electrodes (e.g., Dexcom, Abbott,
and Medtronic) to measure glucose concentration in the interstitial
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fluid (ISF) with Food and Drug Administration—approved accuracy
(18). Long-term and automatic delivery of insulin is also realized
with the development of insulin pump technique (19). Promisingly,
minimally invasive transdermal technology based on microneedles
(MNs) has recently emerged as painless tool for biosensing and
drug delivery (20). MNs can penetrate the stratum corneum (SC)
to create micropores in the skin, where the minimally invasive char-
acteristics of MNs can effectively avoid pain as well as tissue inflam-
mation and fibrosis caused by trauma (21, 22). In particular, MNs
have been used for glucose monitoring and insulin delivery (23).
For example, Voelcker and colleagues (24) reported a high-
density MN array-based sensing system for the electrochemical de-
tection of glucose in ISF in a pain-free manner, while Yang et al.
(25) presented iontophoresis MN patch (MNP) for the electrically
controllable transdermal delivery of insulin. Further, MN-based in-
tegration systems for closed-loop diabetic theranostics present ad-
vanced technology as artificial pancreas to intelligently regulate
diabetes. Gu and colleagues (26, 27) developed glucose-responsive
polymetric MNs for regulated release of insulin to treat diabetes.
However, the development of closed-loop diabetic theranostic
devices still has critical challenges, in terms of sensor accuracy,
long-term monitoring, feasibility of electrical device integration,
and minimal invasiveness.

The current implantable CGM electrodes, transdermal MN elec-
trodes, and catheters of insulin pump all need to be implanted in
subcutaneous tissues for long term, which could cause two main
concerns that compromise their applications. First, the implanted
materials of electrodes or catheters are prone to induce biosafety
concerns by nonspecific adsorption of proteins in vivo, causing
local tissue inflammation and fibrosis (28, 29), which could inter-
fere the sensitivity and long-term stability of electrodes in vivo or
cause the blockage of catheters of insulin pump. Second, conven-
tional CGM is mainly based on glucose oxidase (Gox) to catalyze
glucose oxidation with oxygen in ISF to produce H,0, (30-33)
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yet generally suffers from “oxygen-deficit” issue in the interstitial
space, which causes limited linear detection range in vivo (34).
An outer membrane could coat an electrode to tune the concentra-
tion of glucose to oxygen concentration at the enzyme layer but
tends to reduce the electrode sensitivity, which would especially
affect MN electrodes with ultrasmall surface area (35, 36). CGM
based on the second-generation glucose electrodes used special
electron mediators (e.g., wired enzyme) to address the issue of
“oxygen-deficit” (37), yet it is more challenging and complicated
to maintain the stability of these specialized electron mediators
in vivo.

Biomimetics of the body functional systems have boosted many
creative technologies, such as electronic eyes and cochlear implant,
inspired by the animal masticatory system consisting of masseter
muscle, teeth, tongue, and oral mucosa that could fulfill the func-
tions of tissue penetration, taste sensing, and saliva secretion. Here,
we presented a highly integrated and nonimplanting MN theranos-
tic platform (MNTP) for simultaneous measurement and regulation
of diabetes in a closed-loop manner. The biomimetic MNTP used
MN arrays for on-demand puncture of the SC layer painlessly, en-
abling ISF exudation to the MN-integrated epidermal sensor arrays
for simultaneous detection of glucose and ions and allowing insulin
delivery for diabetic regulation. The biosafety and stability issue of
implanted electrodes could be effectively avoided because the MNs
were controllably pressed into skin and then instantaneously with-
drawn without long-term implantation. Moreover, the ISF exuda-
tion feature enabled sensing in oxygen-rich environment via
epidermal sensor patch functionalized with hybrid carbon nanoma-
terials as electron mediator, addressing the challenge of limited elec-
trode surface area and "oxygen-deficit” issues in vivo. The MN-
based sensor and drug delivery device were integrated with minia-
tured circuits, which could mechanically control the automatic
pressing of MNs and drug delivery through integrated peristaltic
pumps, forming a highly intelligent and closed-loop system. The
MNTP was demonstrated to accurately detect glucose and ions
and deliver insulin to regulate hyperglycemia, which enabled sys-
tematical and long-term monitoring of glucose fluctuations and
on-demand therapy in diabetic rat models. The biomimetic,
smart, nonimplanting, and closed-loop features of the MNTP
endowed this system as a highly advanced system for facilitating di-
abetic treatments and improving human health.

RESULTS

System design and mechanism

As shown in Fig. 1A, the masticatory system of omnivorous or car-
nivorous animals (e.g., primates, bears, and canines) consists of
masseter muscles, teeth, tongue, and oral mucosa, with diverse
functions including tissue penetration, chemical sensing, and mo-
lecular delivery. These animals use masseter muscles to drive sharp
teeth to bite through the outer layer of food, inducing the interac-
tion between internal substances of food with the oral environment.
Animals have taste buds on the tongue surface, which are sensitive
receptors that can respond specifically to ions or molecules in food
(e.g., sodium ions, potassium ions, glucose, etc.) and generate neu-
rosensory signals. Thus, by biting through the outer layer of food,
the tongue senses the chemicals within the exudated tissue fluid of
the food. On the basis of the detected taste information of the food,
the tongue can produce a feedback response that triggers the
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secretion of saliva rich with a variety of functional enzymes from
salivary glands in the mouth. The saliva enters the tissue and moist-
ens the food or breaks down the food or inhibits bacteria through
the enzymes in saliva. The multifunctional integration of tissue pen-
etration, chemical sensing, and molecular delivery in the masticato-
ry system is instructive for the design of closed-loop regulatory
devices to interact with subcutaneous space. Inspired by the
animal masticatory system (masseter muscle + teeth + tongue +
oral mucosa), we designed a closed-loop theranostic system for au-
tomatic pressing, skin penetration, glucose/ion sensing, and insulin
delivery. A circuit-connected pressing belt is designed to drive the
MN array to penetrate the SC, simulating the process of sharp teeth
driven by masseter muscles to penetrate the outer layer of food.
When the MN array is withdrawn from the skin, subcutaneous
ISF can exude along the micropores in the skin punctured by the
MNs. To mimic the function of the tongue to sense chemicals, we
construct a planar multielectrode array that can sensitively detect
glucose, sodium ions, and potassium ions in the exudated ISF, un-
derneath the MN array. On the other hand, to mimic the oral
mucosa and salivary glands, we built a drug storage layer connected
to a peristaltic pump underneath the MN array, which can be trig-
gered to deliver insulin solution into the subcutaneous space
through the MN-induced micropores in skin. The MN sensors
and MN delivery device are connected and controlled by an intelli-
gent circuit that mimics the neuromodulatory system of taste per-
ception and feedback saliva secretion. Through the biomimetic
design of the masticatory system, this MN theranostic system coor-
dinates the integrated functions of tissue penetration, chemical
sensing, and drug delivery.

The conceptual schematic of the biomimetic MNTP was shown
in Fig. 1B, where the system was designed to be portable and wear-
able on a human arm. The MNTP can in situ monitor three phys-
iological analytes including glucose, K*, and Na* and trigger insulin
delivery upon the receiving of detection feedback. The MNTP con-
sisted of five components, including an MN puncher @ hybrid elec-
trodes (MNPHE) sensor (mimicking the teeth and tongue), an MN
puncher @ delivery patch (MNPDP) device (mimicking the teeth
and oral mucosal), an electrically controllable pressing belt (mim-
icking the masseter muscles), a miniature peristaltic pump (mim-
icking the salivary glands), and a self-developed printed circuit
board (PCB) for signal acquisition and control (mimicking the neu-
romodulatory system). In specific, MNPHE sensor is mainly com-
posed of seven components, as illustrated in Fig. 1C: (i) a buffering
layer to reduce the pressure exerted on the hybrid electrode array;
(ii) a hybrid electrode array on a flexible through-holes substrate, for
simultaneous detection of three types of analytes (glucose, K*, and
Na*) from exudating ISF; (iii) a porous sponge for absorbing the ISF
and buffering the mechanical deformation of electrode array by
MNs; (iv) an MN array for piercing the SC through the through-
holes in the electrode substrate, which created microchannels in
skin for ISF exudation; (v) an elastic gasket as solution chamber;
(vi) medical tape for fixing the sensor on curved skin; and (vii) a
polydimethylsiloxane (PDMS) button for transmitting mechanical
pressing and rebounding on MNs from pressing belt. The detailed
parameters of the components are listed in figs. S1 to S3. The hybrid
electrode array was prepared by fabrication processes including
laser drilling, metal sputtering, nanomaterials functionalization,
and electrode micromachining. First, the flexible polyethylene tere-
phthalate (PET) film, as the substrate of the hybrid electrode, was
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Fig. 1. Schematic drawings and corre-
sponding images of the MNTP. (A) Sche-
matic showing the biomimetic design of
animal masticatory system. (B) Illustration of
the MN-mediated MNTP for intelligent and
precise diabetic management. The MNTP
consisted of an MNPHE sensor, an MNPDP
device, an electrically controllable pressing
belt, a miniature peristaltic pump, and a PCB.
(C) Detailed components of the MNPHE
sensor and the MNPDP device, as well as the
structure of hybrid electrodes functionalized
with carbon nanomaterials as electron me-
diator. (D) lllustration of the transdermal
sensing and drug delivery strategies of MNTP.
The MNPHE sensor followed a mechanism of
“MN puncture by pressing & rebounding, ISF
exudation, and analytes detection.” The
MNPDP device followed a mechanism of “MN
puncture by pressing & rebounding, insulin
pumping and diffusion.” (E) Photographic
image showing the concept of MNTP worn
on human arm and wireless communication
with smartphone for data transmission and
display. (F) Digital photos of an MNPHE
sensor and MNPDP device worn on arm, fixed
by a transparent belt instead of the pressing
belt. (G) Photographs of the supporting
system of PCB-integrated micropump and
insulin reservoir. (H) Photographs of the
MNPHE sensor and (I) MNPDP device (the
sponges were cut in half to show the

cross section).

perforated by laser in accordance with the size and arrangement of
MNs, so that MNs could penetrate into the skin through these holes
when pressed. Then, the electrode was patterned by Au layer and
further modified with different hybrid nanocomposites of
reduced graphene oxide (rGO) embedded in carbon nanotube
(CNT) network, to improve the electrochemical sensing perfor-
mance. The rGO and CNT are versatile materials in the field of
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nanoelectronics, which has abundant chemi-

cal groups and defects with high electrochemical activity (30, 38, 39)
due to its superior charge transport properties, large surface area for
interaction with biomolecules, and good biocompatibility, and its
hybrid nanomaterials have also contributed into advanced electro-
chemical electrodes with higher sensitivity and responsiveness (40,
41). Here, we modified CNT-rGO nanocomposites as electron
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mediators on the electrode surface, where the rGO was tightly em-
bedded into the CNT network to enhance the electrode conductiv-
ity. In addition, the dense nanonetwork morphology of CNT was
beneficial to increase the pressure-bearing capacity of the electrode
and upon pressing. Thereafter, the hybrid electrode was further
modified with different sensing components according to the spe-
cific functions. For glucose sensing, the standard amperometric
method was used. The CNT-rGO electrode surface was electrode-
posited with Pt nanoparticles (Pt NPs), which exhibited good elec-
trocatalytic properties for H,O, and were conducive to electron
transfer (42). Gox was immobilized on the electrode surface by
cross-linking of the bovine serum albumin (BSA) and glutaralde-
hyde mixture. Under a certain voltage, the glucose and oxygen
could be catalyzed by the flavin adenin dinucleotide active center
of the Gox to produce the gluconic acid and H,O,, transferring
the electron on the electrode surface and generating a current
signal in response to the concentration of glucose. The electron
would travel to the Au electrode either through the CNT-rGO elec-
tron mediator or through the H,O, that carried the redox electron.
For ion sensing, K*- and Na*-selective membranes were modified
on the corresponding electrode surface using a dip-coating method
to form the uniform and specific adsorptive layers. These ion mem-
branes selectively allow the transmission of target ions, thus creating
a concentration difference between the inside and outside of the
membranes and generating a voltage signal associated with the
ion concentration.

The MNPDP device also includes six parts: (i) a porous sponge
used as the drug reservoir for storing insulin pumped out of the
peristaltic pump; (ii) a flexible microtubing interconnected with
the gasket for transporting insulin from the peristaltic pump to
the sponge; (iii) an MN array for piercing the SC, which created mi-
crochannels in skin for insulin permeation and diffusion; (iv) an
elastic gasket; (v) tape, and (vi) a PDMS button same with the
above MNPHE sensor. More specifically, the microtubing was con-
nected with peristaltic pumps, which could provide controllable
insulin release by appropriate frequency and different duty cycle
pulse-width modulation (PWM) waveform. The transdermal
sensing and drug delivery strategies of MNTP are illustrated in
Fig. 1D. The MNPHE sensor follows a mechanism of “MN punc-
ture by pressing, rebounding, ISF exudation, and analytes detec-
tion". The PCB produced electrical signals with certain frequency,
which triggers air inflation in the pressing belt to press against the
skin. Then, the MN array was protruded through the sponge and
electrode substrate to pierce the skin. After MN insertion, the
PCB produced electrical signals for air deflation in the pressing
belt to reversibly withdraw MNs into the sponge. The MNs
created micropores in skin, which allowed the exudation of ISF.
The ISF could seep to the hybrid electrode array bypassing the
through-holes, due to the pressure difference and suction effect of
sponge on top. Moreover, an extra coil motor that control the with-
drawing of MN tips could be incorporated to facilitate the ISF exu-
dation during the state of belt pressing (fig. S4).

Glucose and ion concentrations in ISF were measured with the
hybrid electrochemical sensor array, where real-time detected
signals would be transmitted wirelessly from the MNPHE sensor
to a smartphone device via Bluetooth module of PCB. The
MNPDP device follows a mechanism of “MN puncture by pressing,
rebounding, insulin pumping, and diffusion.” Similarly, the PCB
triggered the pressing belt to press MN into skin and then retract.
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The MNs created microchannels in skin, which connected the drug
reservoir with subcutaneous space. Dependent on the detected
glucose level and the needs of hyperglycemia control, the PCB
could trigger the peristaltic pump to infuse insulin into the drug
reservoir, which further entered the skin through MN-created mi-
crochannels. MNPDP device connected with the micropump can
provide accurate drug release by precisely controlling the delivery
rate of drug solutions. The sensing and delivery could be repeatedly
performed for multiple cycles during a day dependent on the trig-
gering signals.

The whole system with compact size and light weight enables the
daily wear by patients without interfering their normal lifestyle
habits. Besides, patients can manage their diabetes themselves and
catch the real-time sensing results via a smartphone, avoiding the
need of care from medical staffs (Fig. 1, E to I). Key advantages of
MNTP include the following (Fig. 1B): (i) The hybrid electrode of
MNTP has a larger response area than the traditional implantable
electrode, which greatly improves sensing accuracy, sensitivity, and
mechanical stability. (ii) The "oxygen-deficit” problem of implant-
able sensors was solved because of the ISF exudation feature caused
by MN insertion, which allows sensing in oxygen-rich environment
and breaks the limitation of the linear range of glucose detection.
(iii) The sensors can realize multiplexed in situ ISF analysis,
which simultaneously and selectively measure glucose and ions.
Thus, it provides a broader range of disease indicators and referenc-
es, significantly facilitating the understanding of an individual's
physiological state. (iv) MNs can penetrate the SC and create path-
ways for ISF exudation and insulin transportation, without injuring
the subcutaneous tissues and nerves. Thus, MNTP provides better
compliance and minimal invasion for diabetic patients compared
with traditional implantable CGM electrodes, transdermal MN
electrodes, and insulin pump. (v) Nonimplanting MNTP addresses
the safety concerns of traditional implantable electrodes, such as in
vivo material toxicity and tissue inflammation caused by long-term
monitoring. (vi) As a fully closed-loop diabetic management plat-
form, it realizes on-demand insulin delivery based on the direct
feedback of detected physiological signals by highly intelligent
control algorithm and electronic components.

Performance and characterization of MN penetration

The MN array of this MNTP was fabricated by micromilling tech-
nology on stainless steel substrate, where the MNs had ultrahigh
stiffness that was desirable for effective skin penetration (Fig. 2A).
The structure and morphology of the as-fabricated MNs were char-
acterized by optical microscopy, scanning electron microscopy
(SEM), and an ultradepth three-dimensional (3D) microscope
(Fig. 2, B to D). Each MN consisted of a cone tip (~15 um in diam-
eter) and a base with diameter of 480 um. The MNs were neatly ar-
ranged into a 5 x 5 square array with the center distance of 1500 pm.
The MN length was 1200 um, where the exposed length into skin is
roughly about 350 um, considering the presence of compressed
sponge and electrode substrate. The mechanical performance of
MN array on penetrating skin played an important role in applica-
tions, and thus, the mechanical behavior of porcine skin penetration
by MNs under compressive loads was investigated (fig. S5). In the
“press stage,” the resistance force gradually increased with the com-
pression loads on the MN array (Fig. 2E). Once the resistance force
reached the rupture limit, the MN array pierced into the skin, cor-
responding to a drop at point “P." The critical penetration force and
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energy were determined to be 6.1 N and 30.2 m], respectively. In the
“release stage,” the measured force gradually decreased with the
release of compression on the MN array. Once the MNs were de-
tached from the skin, the friction decreased to 0 N, corresponding
to an increase at point “Q." Last, the MN array was completely re-
tracted into the medical sponge, with the corresponding micropores
remaining in the skin. After the MN insertion, the micropores in the
porcine skin could be clearly observed by the SEM (Fig. 2F) and
optical coherence tomography (OCT) (Fig. 2G). The average
depth and base width of the poked micropores were ~350 and ~150
pm, respectively, verifying successful skin penetration by the MN
array. The observed maximum penetration depth was shorter
than the length of MNs (1200 um), which was likely attributed to
the presence of a sponge buffering the insertion of MN tips. To
demonstrate drug diffusion after MN penetration, we filled the
MNPDP with red fluorescent dye (rhodamine B), followed by ob-
servation of fluorescence dye deposition into skin. After the
MNPDP was pressed against porcine skin and then withdrawn for
10 min, red fluorescent spots with similar arrangement to MNs were
observed on the skin surface (Fig. 2H). The resulting fluorescence
distribution around the transdermal zones in skin tissue is exam-
ined. Permeation of red fluorescent dye into the subcutaneous
tissues through MN-induced microchannels was clearly observed,
with a dye diffusion depth of ~850 um (Fig. 2I and fig. S6). Trans-
epidermal water loss measurement was also used to evaluate the
skin recovery time after MN penetration, where the results
showed that the skin barrier returned to its normal state in the
time scale of 30 min after MN removal (fig. S7).

To simulate the application scenarios where the automatic press-
ing belt induces MN penetration into skin (Fig. 2J), a circuit-sup-
ported pressing belt integrated with MN device was worn on a silica
gel hand model, where a pressure sensor is embedded to monitor
the dynamic pressure during tests. Upon activation of the pressing
belt by the circuit, the belt would drive the MN to penetrate a layer
of porcine skin placed between the MN and the gel hand (Fig. 2K).
After five cycles of tests (each cycle included 40-s inflation for MN
pressing and 20-s deflation for MN retraction) (Fig. 2L), the force-
time curves showed a regular periodicity. As inflation time of the
belt increased, the pressure force exerted on the arm gradually
rose until it reaches the maximum force at 40 s of inflation
(Fig. 2M). When deflation began, the pressure force instantly de-
creased to ~0 N. Because of the recovery of tissue deformation,
the force continued to fluctuate smoothly for a period of time.
The average of maximum force is 25.34 N, which is much larger
than the penetration force of MN array (~6.1 N). Besides, the
treated porcine skin was observed, where the array-arranged red
fluorescent spots with similar size to MN demonstrated that the
MNs indeed created micropores in the skin (Fig. 2N). Thus, both
MNPHE sensor and MNPDP device driven by the controllable
pressing belt can readily pierce the skin. Because of the on-implant-
ing feature, the electrode patch could be flexibly replaced with a new
one during device wearing, to avoid potential electrode instability
during long-term application (fig. S8). Moreover, although this
MNTP needed repeated insertion of MNs into skin, the insertion
position could be readily altered to a different body part on a differ-
ent day rather than sticking to the exactly same position, to avoid
severe damage on the same skin area (fig. S9).

For MNPHE sensor, the ISF would seep from these micropores
created by MNs after pressing and then reach the surface of the
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hybrid electrode, where the glucose, K*, and Na* concentrations
could be simultaneously detected. The multiplexed hybrid electrode
array had five independent electrodes, including a glucose working
electrode (W.E), a K* W.E, a Na* W.E, a Pt counter electrode (C.E),
and a Ag/AgCl reference electrode (R.E) (Fig. 20). The fabrication
process of the hybrid electrodes was illustrated in Fig. 2P. Briefly,
through-holes were prepared on a cleaning PET substrate according
to the arrangement of MN tips by laser drilling. Next, a thin Cr/Au
layer was patterned on the PET substrate following the pattern of
metal masks to define the electrode positions. Mixture of CNT
and GO was deposited on the W.Es, where GO was further
reduced into rGO. The rGO was embedded in the CNT nanomesh,
which synergistically served as electrode mediator to facilitate elec-
tron shuttle from the functional layers to the Au electrodes. For the
glucose electrode, the W.E was coated with Pt NPs via electrodepo-
sition, followed by functionalization with Gox (Fig. 2Q). The solid-
contact ion-selective electrodes were coated with either K*-selective
membrane or Na*-selective membrane, respectively (Fig. 2Q). The
C.E was deposited with a Pt layer by magnetron sputtering, while
the R.E was coated with Ag/AgCl conductive inks and modified
with polyvinyl butyral (PVB). Subsequently, the nonelectrode
areas were insulated with PDMS, and the whole electrode patch
was tailored according to the device architecture. After these
steps, the hybrid electrode array was obtained and would realize si-
multaneous detection of glucose, K*, and Na™. It was then further
integrated with the MN array and other components into the
MNPHE sensors (Fig. 2R).

Characterization of MNPHE sensors

The surface of the bare Au electrode displayed a smooth profile,
while the CNT-GO-modified Au electrode exhibited nanostructur-
al topography with interlaced and fibrous morphology (Fig. 3A),
corresponding to the typical features of 1D CNT bridging different
CO nanosheets. After the chemical reduction, the CNT-rGO/Au
electrode displayed a slightly altered profile compared to the origi-
nal CNT-GO-modified electrode, where the 2D rGO nanosheets
were observed to embed in the CNT network. The surface of the
CNT-rGO-modified Au electrodes showed more graphene-like
sheet feature with folds and wrinkles in the SEM image. After func-
tionalization with Pt NPs, Pt NPs with the size of <100 nm was ho-
mogeneously dispersed on the surface of CNT-rGO nanosheets. To
confirm that the GO was successfully reduced to rGO, we analyzed
the elements of the hybrid electrode via energy-dispersive x-ray
(EDX) (Fig. 3B). Before chemical reduction, the number ratio of
C to O atoms in GO was close to 2.3:1, while this ratio increases
to 5.6:1 after reduction, suggesting that the GO was successfully
reduced to rGO, which contains less O atom ratio. There are
oxygen-containing functional groups and defects on rGO due to
the incomplete reduction, which serves as the anchoring sites for
Pt NPs and as chemically active sites for catalytic reactions. Pt
element was detected in EDX as well, consistent with the fact that
Pt NPs were generated on the Pt NPs/CNT-rGO hybrid electrode.
Optical image of the as-fabricated hybrid electrode array after
surface modification was shown in Fig. 3C, where the electrode
patch was flexible and bendable. MN array could be integrated
with the hybrid electrodes patch according to the positions of the
through-holes on the electrode substrate. The electrochemical per-
formance of the glucose hybrid electrode was investigated with
cyclic voltammetry (CV), where performance of the Pt NPs/CNT-
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Fig. 3. Electrochemical charac-
terizations of hybrid electrode
arrays. (A) SEM images with
different zoom-in magnifications
of the surface morphology of
hybrid electrode arrays in different
modification stages. (B) EDX spec-
trum of the surface of different
electrodes. a.u., arbitrary units. (C)
Digital photograph of as-fabricated
hybrid electrode arrays including a
front view (left), the electrode array
upon bending (middle), and the
electrode array integrated with MN
array (right). (D) CV curves of
different electrodes including Au
electrodes, Pt NPs/Au electrodes,
PB/Pt NPs/Au electrodes, and Pt
NPs/CNT-rGO/Au electrodes
(namely hybrid electrodes in this
work). (E) The detection perfor-
mance of the hybrid glucose elec-
trode, K™ hybrid electrode, and the
Na* hybrid electrode of the MNPHE
sensor. The electrochemical re-
sponses (amperometric/potentio-
metric responses), selectivity,
reproducibility, and long-term
stability were systematically evalu-
ated. (F) Amperometric responses
of glucose (left), K* potentiometric
responses (middle), and Na* po-
tentiometric responses (right) of
different electrodes including Au
electrodes, Pt NPs/Au electrodes,
PB/Pt NPs/Au electrodes, and Pt
NPs/CNT-rGO/Au electrodes. N = 3
groups. (G) Heatmap plot summa-
rizing the electrochemical perfor-
mances (glucose detection
sensitivity, K* detection sensitivity,
Na* detection sensitivity, and
active surface area) of the different
types of electrodes.

rGO/Au electrode as W.E was compared with control groups in-
cluding Au electrodes, Pt NPs/Au electrodes, and Prussian blue
(PB)/Pt NPs/Au electrodes. PB was an effective redox mediator
that has been widely used for in vitro glucose sensor, although PB
was inhibited for applications for in vivo because of its cytotoxicity.
Here, our results revealed that the Pt NPs/CNT-rGO/Au electrode
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exhibited the largest area enclosed by CV curves, compared to the
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control groups of bare Au electrode, Pt NPs/Au electrode, and even
the PB/Pt NPs/Au electrode, suggesting the electrochemical superi-
ority of Pt NPs/CNT-rGO/Au structure (Fig. 3D). These results
suggested that the CNT-rGO materials improved the electrochem-
ical performance of the glucose hybrid electrode, likely because of
the fact that the CNT-rGO provided extra surface area for
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contacting with Gox and extra pathway for electron shuttle from
Gox active center to electrode, besides the H,0,-mediated pathway.

The performance of glucose hybrid electrode was tested in vitro.
For the sensitivity, the measured current intensity increased with
the increasing concentration of glucose, which exhibited represen-
tative amperometric signals of the electrodes in response to the
glucose solutions (Fig. 3E and fig. S10). The amperometric response
of glucose electrode displayed two linear ranges, where the first one
was fitting the glucose concentration range of 2 to 16 mM with a
correlation coefficient of 0.995 and with a typical sensitivity of
0.222 pA/mM. Such detection range covered the normal range of
BGL in human blood (approximately 3.6 to 7.5 mM, empty
stomach) (43). The second linear range of glucose detection was
from 16 to 22 mM, with a correlation coefficient of 0.998 and
with sensitivity of 0.159 uA/mM (fig. S11). The BGL diagnosed as
hyperglycemia in clinical practice is more than 7.0 mM in fasting or
exceeds 11.1 mM in 2 hours after meal (31). Therefore, the as-fab-
ricated glucose hybrid electrode was qualified to monitor the
glucose fluctuation of diabetics. For the selectivity, the minimum
and maximum interference signals generated by each interferer
were ~9.5 and ~1.6%, respectively (Fig. 3E). The nontarget analytes
caused negligible interference to the response of each electrode,
which demonstrated a good anti-interference capability of the
glucose hybrid electrode. For the reproducibility (Fig. 3E), all am-
perometric responses increased with the increasing glucose concen-
tration, where linear curves had the relative SD in a sensitivity of
~9.1%. It indicates that the responsiveness of the same functional
electrodes obtained under different batches exhibits similar trends
and sensitivities. Besides, long-term stability studies were conduct-
ed to explore their storage stability. The final relative current of
glucose hybrid electrodes in the 2nd, 4th, 6th, 8th, and 10th day
is 107. 7 £ 18.9%, 107.9 = 10.6%, 107.7 £ 13.0%, 106.8 = 20.5%,
and 106.3 + 19.24%, respectively (Fig. 3E), suggesting that the sen-
sitivities of the glucose hybrid electrodes are consistent over a
period of at least 10 days.

For K* hybrid electrodes, the sensitivity, selectivity, reproduc-
ibility, and long-term stability were also evaluated (Fig. 3E). For
the sensitivity, the measured potentiometric signals showed a con-
centration-dependent out-step upward trend. The K* hybrid elec-
trode exhibited a correlation coefficient of 0.997 with the
sensitivities of 63 mV per decade of concentration (fig. S11). For
the selectivity, the maximum interference signals generated by
each interferer were only ~3.6%. The reproducibility was investigat-
ed by recording the potentials of five K™ hybrid electrodes. The
linear curves had the relative SD in a sensitivity of ~10.8%. For
the long-term stability, final relative sensitivities in the 2nd, 4th,
6th, 8th, and 10th day are 91.6 + 2.1%, 92.1 + 4.3%, 88.3 + 8.5%,
85.1 +5.3%, and 87.9 + 2.9%, respectively. The K* hybrid electrodes
showed a sufficient stability with slightly decreased sensitivities after
10 days, while this minor sensitivity alternation could be readily ad-
dressed by electrode calibration in applications. Similarly, the po-
tentiometric signal demonstrated that Na* hybrid electrode had a
correlation coefficient of 0.998 with the sensitivities of 59 mV per
decade of concentration (fig. S11). In addition, the interference
signals generated by each interferer were less than 7.4%. The relative
SD of sensitivity among five Na* hybrid electrodes is only ~6.5%.
Besides, the final relative sensitivity in the 10th day is
91.1 + 8.8%, which showed excellent stability of Na* hybrid elec-
trodes (Fig. 3E).
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To examine the electrochemical effects of the nanostructured
hybrid electrodes of CNT-rGO material modification, we compre-
hensively evaluated the glucose detection sensitivity, K™ detection
sensitivity, Na* detection sensitivity, and the active surface area
by comparison with bare Au electrode, Pt NPs/Au electrode, and
PB/Pt NPs/Au electrode. The values of the tested sensitivities
(Na*, K*, and glucose) and active surface area of different electrodes
were normalized and quantitatively compared in a heatmap plot
(Fig. 3G) and a histogram plot (fig. S12). The Pt NPs/CNT-rGO/
Au electrode exhibited a sensitivity of 0.179 pA/mM for glucose de-
tection, which was almost 45-fold higher than that of Au electrodes,
and 1.3-fold or 1.4-fold higher than that of PB/Pt NPs/Au electrode
or Pt NPs/Au electrode, respectively (Fig. 3F). This was likely attrib-
uted to the elevated electrocatalytic activity by the functionalization
with well-dispersed Pt NPs and facilitated electron transfer by the
interconnected CNT-rGO nanocomposites due to the higher nano-
structural surface area for enzyme contacts. On the other hand, the
detection sensitivities of Na* and K* displayed slight improvement
for Pt NPs/CNT-rGO/Au electrode (Fig. 3F) While the ion-selective
membranes played a predominant role to maintain stable response
potentials in different solutions, the lone-pair electron of rGO
defect sites could attract cations and promote the cations bind of
ion-selective membrane. The linear range and limit of detection
were summarized on fig. S13 and table S2. Overall, the Pt NPs/
CNT-rGO/Au hybrid electrodes exhibited optimized detection
properties for both glucose and ion sensing and had good biocom-
patibility without concerns of toxicity existed in other electron me-
diators such as PB.

Characterization of MNPDP devices

The mechanism of transdermal insulin administration by the
MNPDP devices was theoretically simulated via the creeping flow
and the transport of diluted species interface in COMSOL Multi-
physics. The simulation used a simplified 2D model as illustrated
in Fig. 4A and fig. S14, with the geometries and components mim-
icking the actual setup. The skin was modeled as three layers (SC,
epidermis, and dermis) with corresponding mass diffusivities (table
S2). The MNPDP was compared with another two groups, the MNP
and the topical patches (TPs). In specific, (i) for the MNPDP device,
the MN was inserted into the skin and retracted into the reservoir,
followed by 1-min pumping and 59 min of drug diffusion; (ii) for
the MNP, the MN is inserted into the skin and retracted into the
reservoir, without drug infusion by pumping; (iii) for the TP, it pro-
vided 60-min passive diffusion on the surface of the intact skin. The
temporal diffusion profiles and spatial distribution in tissues of drug
delivery by the three devices were systematically explored. The
MNPDP gradually mediated drug infiltration into the dermis
with a drug infusion rate of 250 ul/min, and a remarkable
amount of drug distribution in tissue was observed after 1-hour de-
livery. In contrast, the MNP without active pumping delivered
notably less amount of drug into dermis, while the transdermal de-
livery mediated by TP failed because of SC barrier (Fig. 4B), which
was consistent with the 3D model (fig. S15). More specifically, dif-
fusion amount of insulin administrated with MNPDP device was
significantly facilitated by the micropump, which was ~2.7-fold
higher than MNP (Fig. 4C). Especially in the initial 1 min, a pulse
diffusion flux of insulin could be observed whereby the insulin de-
livery rate was maximized. It might be explained that the micro-
pump provided greater liquid pressure and impetus to promote
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insulin permeation through microholes. Once the micropump stops
working, the insulin amount increased slowly like in the MNP
model. In addition, as the flow rate of the micropump increased lin-
early, the accumulated amount of insulin also increased linearly as
expected, both in the first 1 min and the total delivery period (Fig. 4,
D to F, and figs. S16 and S17). Thus, this MNPDP device could
provide an on-demand drug delivery strategy, which combined con-
trollable rapid release and sustained release.

Next, insulin released using MNPDP device in vitro was investi-
gated, which was supported by a micropump to precisely control the
infusion of insulin. The micropump (Fig. 4G and fig. S18) was con-
trolled by modulated pulse signals generated via microcontrollers
on electrical circuitry. The flow rates could be precisely tuned by
the applied voltage of pulse signals, where the work voltage of the
micropump in the range of 2.5 to 5 V would result in the flow rates
between 202.18 and 434.64 pl/min (Fig. 4H). In addition, when the
micropump was programmed to periodically generate pulse signals
at 3 V for 3 cycles and at 4 V for another 3 cycles, the delivered
insulin dosages changed according to the triggering signals
(Fig. 4I). The micropump displayed precise response and delivery,
where the pumping process was completely stopped as soon as the
applied signal was zeroed, while the delivery was rapidly turned on
upon the application of voltage signals. This result demonstrated
feasibility of on-demand drug administration and controllable
transdermal delivery of MNPDP driven by a micropump. Further-
more, in vitro permeation experiments were conducted by using
Franz diffusion cells, which was covered with porcine skin to
mimic the transdermal delivery (Fig. 4]). The diffusion process of
either insulin (~5.8 kDa, typical macromolecular drug) or calcein
(~622.5 Da, modeling a small molecular drug) was performed by
both MNPDP and TP. After 6 hours of exposure, an obvious differ-
ence in cumulative permeation concentration was clearly observed.
The cumulative concentrations of insulin and calcein increased
faster in the MNPDP group than in the TP group. According to
the standard curves in fig. S19, the insulin concentration using
MNPDP was 19.5 = 1.6 pg/ml during the total 6 hours, while
those by TP was only 4.3 + 0.1 ug/ml (Fig. 4K). The calcein concen-
trations administrated by MNPDP and TP were 1.5 + 0.2 and
0.4 + 0.03 pg/ml, respectively (Fig. 4L). In the first 1-hour delivery,
the cumulative amount of insulin using MNPDP (~105.88 ig) was
~11.1 times higher than that in TP group (~9.54 pg). Similarly, the
cumulative amount of calcein using MNPDP was increased by
~4.67 times compared with TP (Fig. 4M). The results suggested
that MNPDP enabled a more rapid insulin delivery in comparison
to the situation without MN. However, the released percent of
insulin was lower than of calcein, both in MNPDP and TP groups
(Fig. 4N). It could be explained that the release of insulin was likely
prevented because of its much larger molecular weight than calcein.

Design and tests of supporting PCB

The PCB module, as a microcontroller (Fig. 40), incorporated the
required integrated circuit chips and peripheral electronics for elec-
trochemical recording, signal processing, control and feedback,
drug infusion, and Bluetooth wireless transmission circuitry, thus
forming a fully integrated and programmable MNTP system.
Figure 4P illustrated the design sketch and the photograph of the
flattened PCB, and the detail of each labeled component was dis-
cussed in figs. S20 to S28. The MNTP mainly consisted of a five-
electrode system, low—power consumption Bluetooth module,
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power module, motor driver module, and pressing module
(Fig. 4Q). A direct voltage signal would be applied to trigger the
relay switch for activating the pressing device at programmed inter-
vals (e.g., every 30 min or every 2 hours in our experiments), which
drove the MN to penetrate the skin layer. At the same time, the two-
electrode system for ion sensing could record the potentiometric
signals that reflected ion concentrations in the seeped ISF. The
three-electrode system for glucose sensing could output bias poten-
tials and record amperometric signals related to glucose concentra-
tions. The analog signals were transmitted to the microprogrammed
control unit (MCU) and converted into digital domains through the
digital-to-analog (DAC) port in microcontroller. The data output
by MCU would be real-time observed through an onboard wireless
transceiver. Once the hyperglycemia state was detected, the motor
driver module could control the rotational speed of the peristaltic
pump motor, driving infusion of drug solution into the MNPDP
device with set flow rates. The smartphone APP (Fig. 4R) displayed
the interface and real-time monitoring of analyte data, conceptually
demonstrated a fully integrated MNTP-based hardware and soft-
ware for diabetes management.

The output voltages of PCB were stable at 0 and 0.5 V, highly
consistent with the reference value, which was suitable as bias po-
tential for glucose sensing of MNTP (Fig. 4S). The linear accuracy of
the acquisition and output signals of the PCB were characterized,
where both signal-conditioning channels (three-electrode system
and two-electrode system) demonstrated an excellent linear re-
sponse (correlation factor R? = 1) (Fig. 4, T and U). Eliminating
the nonideal effects such as voltage offset and obtaining exact nu-
merical linearity of output and input were beneficial to the subse-
quent signal calibration and processing at the software level. MCU
could output a 3.3-V duty cycle of different PWM signals to control
the drive motor chip (5-V output) and then determine flow rates of
the micropump. Thus, the different duty cycles could be equated to
different constant voltages. The MCU could continuously output
different PWM signals with different duty cycles (80% indicated
by purple line and 60% indicated by pink line), corresponding to
4- and 3-V output of the driver chip (Fig. 4V). Thus, the micro-
pump can be achieved with exact controllability of the electrified
time and flow rates.

Performance characterization of MNTP in vivo

In situ ISF monitor via MNPHE sensor and on-demand drug deliv-
ery via MNPDP device were examined in vivo. The hair on the back
of Sprague-Dawley rats was shaven, then both MNPHE sensor and
MNPDP device were fixed on the back, and the MN could penetrate
the SC of rats upon pressing (Fig. 5A). In the first set of experiment,
the detection of three analytes (glucose, K*, and Na*) in ISF with
the MNPHE sensor was assessed on healthy rats (three rats in par-
allel) every 30 min, lasting for a total of 4 hours. The output signals
of the three analytes from the hybrid electrode were recorded and
converted to concentration of analytes according to the standard
curve of MNPHE sensor. The rats were injected intraperitoneally
with glucose solution at time points t = 30 min and t = 120 min
(indicated by black arrows in Fig. 5B), to induce fluctuation of
glucose levels in vivo for sensor evaluation. To examine the detec-
tion accuracy of the MNPHE sensor, the glucose, K*, and Na* in the
blood of rats were also measured using a commercial glucometer or
a biochemical analyzer as references. Considering the difference
between in vivo and in vitro environment, the detection results in
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vivo via MNPHE sensor were calibrated using the first-measured
data point (at t = 0 min, indicated with yellow star). The fluctuation
profiles of the detected glucose, K*, and Na* concentrations were
shown in Fig. 5C, respectively. Besides, all results were further pre-
sented with heatmap plots, scatter diagram, and radar map plots
(Fig. 5E and figs. S29 to S31). On the basis of the results, the con-
centrations of the glucose, K*, and Na* in ISF were successfully de-
tected with the MNPHE sensor on all the three tested rats. The
glucose concentration of the healthy rats was observed to increase
rapidly in 30 min (indicated by the gray bands) right after glucose
injection and then rapidly dropped to normal level within an hour
due to their normal metabolism. The glucose fluctuations could also
be visualized in the heatmap with color changes. The color blocks
representing glucose injection were notably darker than other color
blocks, indicating successful detection of elevated glucose.
However, K* and Na* concentrations in ISF appeared to be unaf-
fected by the glucose injection. It could be explained by that the
transient glucose elevation was insufficient to affect the kidney
and liver functions of healthy rats, which did not cause obvious per-
turbation of electrolyte levels in the body. The MNPHE sensors
were observed to track the fluctuation of glucose and ion concentra-
tions in a similar profile with the reference measurements. All data
on the three rats were analyzed and compared to the reference mea-
surements, where the accuracies were quantified and examined with
error grid analysis. The errors of all the MNPHE sensor-measured
glucose signals are below ~15.8%, with an average error of
5.92 + 5.42% (Fig. 5D), which was close to the clinical requirements
of glucose detection error. In addition, the average errors of K* and
Na* are 32.7 + 51.8% and 15.8 + 13.2%, respectively (Fig. 5D). In the
error grid analysis, all of the MNPHE sensor-measured data were
located in region A, indicating excellent accuracy (figs. S32 and
$33). These results demonstrated that the MNPHE sensor could
successfully detect the concentration of glucose, K, and Na*
from exudated ISF mediated by MN penetration with reasonable ac-
curacy. However, without any calibration, the accuracy of MNPHE
sensor was greatly reduced because of the vast difference between in
vivo and in vitro environments (fig. S34).

In the second set of long-term experiment, the detections of
three analytes (glucose, K*, and Na*) in ISF with MNPHE sensor
were assessed on both healthy rats and streptozotocin-induced dia-
betic rats every 2 hours during daytime, totally lasting for 2 days
(Fig. 5F). All rats were provided with three daily standardized
meals at a comparatively fixed time (indicated with yellow bands).
The rats were divided into three groups, where the group #1 of rats
(N = 3) was in healthy state without insulin delivery during the
whole experimental process. The group #2 of rats (N = 3) was suf-
fering diabetes without insulin delivery, while the group #3 of rats
was also in diabetic states but insulin delivery via MNPDP device
was offered to regulate the hyperglycemia after each meal
(Fig. 5G, indicated with purple arrows). Similar to the first experi-
ment, the detection results in vivo via MNPHE sensors were cali-
brated every day (at t = 0 hours and ¢ = 24 hours, indicated with
yellow star). Reflected by the darker red, the glucose levels of the
group #2 (diabetes without treatments) were higher than that in
other two groups, and the postprandial glucose levels (the 2nd,
4th, 7th, 10th, 12th, and 15th points) were also notably higher
than those on the other time points (Fig. 5H and fig. S35). The
results indicated not only the impacts of diet composition
amount on hyperglycemia but also the necessity of insulin
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intervention for persistently maintaining the normal glucose (44).
The K* concentration of three groups was not observed discernible
difference, while the Na* concentration of healthy rats is slightly
higher than the other two groups involving diabetic rats. It might
be explained that diabetes triggered a decline in kidney function,
and the normal sodium retention function was impaired, followed
by the decrease of blood sodium.

Overall, the fluctuation profiles of the detected glucose, K*, and
Na* concentrations for all the three tested groups were showed in
Fig. 6 (A to C, respectively). The MNPHE sensors were observed
to track the glucose and ion concentration in a similar profile
with the reference measurements. In addition, all the data of ana-
lytes on the three groups were further analyzed and compared to the
reference measurements, where the accuracies were quantified and
assessed with error grid analysis (Fig. 6D). Almost all the detected
results glucose located in region A, except for the glucose results in
group #3, which had 87.5% data points in region A. The detection
errors for glucose, K*, and Na* concentrations in group #1 were
4.21 + 2.73%, 23.70 + 20.81%, and 15.93 + 15.21%, respectively.
The detection errors in group #2 were ~3.1% for glucose, ~19.8%
for K*, and ~15.8% for Na*, while the detection errors in group
#3 were ~5.7% for glucose, ~21.9% for K*, and ~12.6% for Na*, in-
dicating that MNPHE sensors could detect the three analytes with
satisfactory accuracy (Fig. 6E). The 48-hour average analyte concen-
trations and detection errors of three individual rats in each group
were also plotted with radar map plots (fig. $36). While the same
device was applied on a rat for repeating sensing eight times on
each day, the repeated use of the sensor did not show obvious
signal deviation after repeating usage (fig. S37). Although there
was a lag time between the changes in ISF and plasma, it could be
calibrated by algorithm in actual applications. These results indicat-
ed the MNPHE sensors could be applied for in situ glucose and elec-
trolytes monitor on animals with satisfying reliable accuracy and
performance. In addition, uses of more calibration points could
further improve the sensing accuracy, compared with 0 calibration
and once calibration (figs. S38 and S39).

To reveal the dynamic change process of various physiological
indicators of diabetes complications, we comprehensively analyzed
the postprandial changes of the glucose, K*, and Na* (Fig. 6F and
tig. S40). The results showed that the overall glucose concentrations
of healthy rats fluctuated with food intake, where the glucose con-
centrations increased gradually within 2 hours after feeding but ba-
sically maintained within normal range. Same food supplement and
monitoring modes were also performed on diabetic rats, which dis-
played intraday glucose fluctuations more obviously compared to
the healthy rats. The postprandial changes of the glucose of group
#2 (diabetic rats, Aglucose =146.45 + 63.18 mg/dl) were greater than
that of healthy rats (Aglucose =45.42 + 16.77 mg/dl), which was
likely associated with the insufficient insulin secretion of metabolic
disorders. These results indicated that the diabetic rats with a tradi-
tional breakfast-lunch-dinner feeding pattern were in need of
timely insulin supplement to avoid intermittent BGL increase. To
control the glycemic fluctuations, we treated the diabetic rats in
the group #3 with insulin delivery via MNPDP device immediately
after each meal. These MNPDP-treated diabetic rats exhibited effec-
tive regulation of hyperglycemia after feeding (Aglu-
cose = —11.85 + 43.82 mg/dl), where the glucose concentrations
maintained at the normoglycemic range during the whole experi-
mental process. Nonetheless, the glucose concentrations in rats
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Fig. 6. Comprehensive analysis of MNTP in vivo for long-term application. (A to C) Dynamic fluctuation of glucose (top), K* (middle), and Na* (bottom) signals
measured via MNPHE and reference methods on healthy rats (group #1), diabetic rats (group #2), and diabetic rats treated with MNPDP (group #3). (D) Clarke's error
grid analysis (the top panel) showing the detection accuracy of glucose by MNPHE, compared to the actual BGLs measured via a standard glucometer. Error grid analysis
(the two bottom panels) showing the detection accuracy of K* and Na* by MNPHE, compared to the actual results measured via a biochemical analyzer. (E) Statistical
analysis showing the detection errors of MNPHE compared to the standard reference methods. N = 3 samples. (F) Statistical analysis of analyte concentration changes
(Aglucose, AK*, and ANa*) within postprandial 2 hours. N = 3 samples. (G) Histogram of the period of normal analyte (glucose, K*, and Na*) concentrations; the three
testing groups including healthy rats, diabetic rats, and diabetic rats treated with MNPDP. N = 3 samples. (H) 3D scatter diagram showing the correlation of in vivo glucose,
K*, and Na* concentrations for the three testing groups including healthy rats, diabetic rats, and diabetic rats treated with MNPDP. Each measuring point of each rat was
presented.
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tended to rebound to the hyperglycemia state after overnight insulin
discontinuation, suggesting that the diabetic rats treated with
MNPDP exhibited insulin-dependent hypoglycemic effect. Corre-
spondingly, the serum insulin level of diabetic rats treated by
MNPDP reached its maximum level at the 2nd hour after adminis-
tration, ~17-fold higher than that of untreated diabetic rats (fig.
S41). However, food intake only induced a small amount of varia-
tion of both K* and Na* concentrations. The K* concentration dis-
played a slight increase (AK" = 0.98 + 2.26 mM) in the healthy rats
group compared to group #2 by <5.2-fold and group #3 by <19.6-
fold, while the delivery of insulin seemed to produce slight effects
on the variation of K* concentration. On the other hand, the Na*
concentration also displayed an increase (ANa* = 10.56 + 42.37
mM) in the healthy rats group compared to the group #2 by
<0.74-fold and group #3 by <2.1-fold, while the delivered insulin
induced little variation of Na* concentration. Reduction of post-
prandial ions was likely due to the fact that the diabetic symptoms
of polyphagia, polydipsia, polyuria, and emaciation resulted in
more K™ and Na* consumption and less K* and Na* retention.

Furthermore, we defined normal range of three analytes to dig
out more details of diabetes for clinical treatment. For example, 100
to 200 mg/dl, 3.2 to 5.7 mM, and 133 to 146 mM were set as the
normal ranges of glucose, K*, and Na*, which is the most widely
accepted in many literatures (25, 45, 46). The time in normal
states of glucose, K*, and Na* in untreated diabetic rats is 0,
30.30 + 5.35, 3.93 + 2.68 hours, respectively (Fig. 6G). The
normal time in MNPDP-treated diabetic rats, by contrast, all have
been notably improved, with the 29.33 + 3.1 hours of glucose,
30.67 £ 6.51 hours for K¥, and 9.2 + 2.31 hours for Na*. These
results demonstrated that the in-time and on-demand insulin treat-
ments via MNPDP device could inhibit postprandial glycemic in-
creases due to meal consumption, which was effective in the
therapy of diabetes. To further understand the correlation
between the three analytes, the distributions of all measuring
points were mapped with 3D plots (Fig. 6H). For the healthy rats,
the detection points were concentrated in the bottom, while the de-
tection points for the diabetes group were distributed in the top,
corresponding to the higher glucose. However, the detection
points in the MNPDP-treated diabetes group were closer to the
area of the healthy rats group, indicating the normalization of
three indicators. Besides, the in vivo biosafety of MNs of the
MNTP were evaluated by the recovery and histological examination
of the MN-inserted skins (figs. S42 to S44). The micropores punc-
tured by MNs could disappeared within 18 min for a single inser-
tion and 32 min for five insertions. The back skin of rats was also
repeated punctured by MN once an hour and total 10 times per day
for several consecutive days (0, 1, 3, and 5 days). On the basis of the
histological studies, no obvious density increases in the infiltrating
inflammatory cells in the skins treated by MN compared to untreat-
ed skin, even after the repeated MN penetration.

DISCUSSION

In this work, a biomimetic nonimplanting MNTP for simultaneous
sensing and insulin delivery in a closed-loop manner was developed
for the treatment of diabetes. This system was inspired by the feature
of animal masticatory system, which consisted of masseter muscle,
teeth, tongue, and oral mucosa that could fulfill the functions of
tissue penetration, taste sensing, and saliva secretion. Similar to
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the animal masticatory system, the biomimetic MNTP used MN
arrays for controllable penetration of skin layer in a pain-free
manner, which enabled ISF exudation to the MN-integrated epider-
mal sensor arrays for simultaneous detection of glucose and ions.
The sensing results could be feedbacked to trigger insulin delivery
following MN penetration. The MN-based sensor and the drug de-
livery device were integrated with miniatured circuits as a closed-
loop system, which could automatically control the mechanical
pressing of MNs and drug delivery through an integrated peristaltic
pump. The nonimplanting features of the MNs could effectively
avoid the biosafety and stability issue of electrodes for long-term
implantation. The ISF exudation feature could address the challenge
of limited electrode surface area and "“oxygen-deficit” issues in vivo,
while the integrated epidermal sensor patch could be flexibly func-
tionalized with hybrid carbon nanomaterials as electron mediator
to improve sensitivity. The MNTP was demonstrated to accurately
detect both glucose and ions and deliver insulin to regulate hyper-
glycemia, which enabled long-term monitoring and on-demand
therapy. The biomimetic, smart, and closed-loop features of the
MNTP endowed this system as a highly advanced system for facil-
itating diabetes treatments and could be potentially extended for the
therapies on a variety of chronic diseases.

MNTP consisting of an MNPHE sensor and an MNPDP device
could simultaneously track multiple biomarkers in situ and provide
controlled drug delivery to treat hyperglycemia and its complica-
tions, which were crucial for an intelligent system of diabetic thera-
nostic. Besides, MNPHE sensor could monitor the analytes with
reliable accuracy, while MNPDP device could accordingly adjust
the drug release dose in real time based on the direct feedback—de-
tected data via a self-built control algorithm. Thereby, the analyte
and drug levels could fluctuate within the expected safe therapeutic
range. In brief, such MN-mediated MNTP could realize the exact
detection of multiphysiological signals, optimal calculation of
drug doses, and intelligent delivery of drugs in a closed-loop con-
trollable manner.

MATERIALS AND METHODS

Materials

CNT/isopropanol slurry (TNAPM-M8) was purchased from
Chengdu Organic Chemicals Co. Ltd. GO aqueous solution
(Carmery) was purchased from the Institute of Coal Chemistry,
Chinese Academy of Science. Ag/AgCl conductive inks were pur-
chased from ALS Co. Ltd. All of the following chemicals were ob-
tained from Sigma-Aldrich: BSA, glutaraldehyde solution,
selectophore grade sodium ionophore X, sodium tetrakis [3,5-bis(-
trifluoromethyl)phenyl] borate (Na-TFPB), valinomycin (potassi-
um ionophore), sodium tetraphenylborate (NaTPB), bis(2-
ethylehexyl) sebacate (DOS), high-molecular weight polyvinyl
chloride (PVC), tetrahydrofuran, cyclohexanone, dimethyl sulfox-
ide, polyaniline emeraldine, sodium chloride (NaCl), and Gox
(from Aspergillus niger). All the chemicals were used as received.
All solutions were prepared using deionized water (18.3 me-
gohm-cm) produced from a Millipore water purification system,
unless otherwise noted. The peristaltic pump was purchased from
Aquatech Co. Ltd. (Osaka, Japan), which mainly consists of a
motor, a pump head, and a tube. The tube is fixed between the
pump head and the pump case. The motor drives the pump head
to rotate, which alternately squeezes and releases the tube to pump

14 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

fluid. As the pump head rotates, negative pressure forms inside the
tube, which allows the liquid to flow through the tube.

Fabrication of Pt NPs/CNT-rGO/Au hybrid electrodes

The PET (200 pm) was punched by ultraviolet laser (UV-3S, Han's
Laser Technology Industry Group Co. Ltd), aligning as array corre-
sponding to the MN layout. The sensor arrays on PET were covered
with a patterned mask, followed by 30 nm of Cr/50 nm Au deposi-
tion by the magnetron sputtering machine (MSP-3300, Jinsheng-
weina Technology Co. Ltd., China). Nanostructural CNT-rGO
was prepared on the sensor surface via a layer-by-layer assembly
method followed by chemical reduction. The CNT/isopropanol
slurry with 8.6 weight percent (wt %) CNTs and aqueous solution
containing GO (6 mg/ml) were uniformly mixed at a volume ratio
of 1:1. The mixed CNT-GO solution was conformally coated on the
surface of patterned Au layer and dried. The nonconductive GO on
the surface was then reduced to be conductive rGO by immerging
the electrode into aqueous solution of vitamin C solution (10 mg/
ml) at 95°C for 3 hours. Then, CNT-rGO electrode arrays were
washed with deionized water three times to remove impurities.
After we dried it in room temperature, Pt NPs electrodeposited
on the electrode using multicurrent steps at the current of —1 mA
for 200 s in the mixed solution (8 mM H,PtCls; and 50 mM HCI).
Last, three independent W.E were fabricated on the same substrate,
which were further functionalized with respective enzymes or ion-
selective membranes for the detection of glucose, Na*, and K*. The
Ag/AgCl R.Es were obtained by coating Ag/AgCl conductive inks
and encapsulated with PVB.

Preparation of K* and Na* hybrid electrodes

Typically, the cocktail of Na*-selective membrane was prepared
consisting of Na ionophore X (1% weight by weight, w/w), Na-
TFPB (0.55%, w/w), PVC (33%, w/w), and DOS (65.45%, w/w).
The cocktail (200 mg) was dissolved in 1320 pl of tetrahydrofuran
with shaking on a shaker for 30 min. For the K*-selective mem-
brane, the cocktail was composed of valinomycin (2%, w/w),
NaTPB (0.5%), PVC (32.7%, w/w), and DOS (64.7%, w/w). The
cocktail (200 mg) was dissolved in 700 pl of cyclohexanone to
obtain membrane solution. All the ion-selective solutions were
sealed and stored at 4°C when not used. Ion-selective membranes
were then prepared by drop-casting 5 pl of the Na*- and K*-selec-
tive membrane cocktail onto their corresponding electrodes. Then,
the electrodes were allowed to dry overnight in ambient
environment.

Preparation of hybrid glucose electrodes

GOx solution (50 mg/ml), BSA solution (80 mg/ml), and glutaral-
dehyde solution (2.5%) were mixed at the volume ratio of 1:5:2.
Then, 5 pl of the mixed solution was coated onto the electrode
and dried overnight, followed by being rinsed with deionized
water to remove the redundant solution.

Assembly of MNPHE sensor

The MN array was fabricated by mature micromilling technology.
The computer software was used to draft the shape and structure of
MN arrays. Subsequently, the MNs were cut using the precision
machine tool with high rotation speed, followed by electropolishing
and cleaning. A PDMS-made button, medical tape, a gasket, an MN
array, a medical sponge, a Pt NPs/CNT-rGO/Au hybrid electrode,
and a buffering layer are concentrically bonded together using a
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thin layer of light-curing resin (white resin, Formlabs). The holes
array of hybrid electrode was aligned with the MN array so that
MNss can be exactly penetrated through the holes.

Assembly of MNPDP device

Similar with the MNPHE sensor, the PDMS-made button, medical
tape, a gasket, an MN array, and a medical sponge were glued to-
gether using a thin layer of light-curing resin. A channel (outer di-
ameter ~ 1 mm) was drilled in the side of the gasket for the
placement of a drug tube, which was made of flexible silicon. The
drug tube is tightly connected to the peristaltic micropump tube
with a suitable connector. The electronics, micropump, and drug
reservoir were housed in a polypropylene box (9 cm by 6 cm
by 3 cm).

Design of PCB

The Na* and K" hybrid electrodes can reflect ion concentration by
outputting different open circuit voltages. To realize this function,
the differential amplification modules with high input impedance
and low output impedance was used for signal amplification and
common-mode interference reduction. The glucose electrodes
detect glucose concentration in ISF via amperometric method. A
precision op-amp, with low input bias current, low offset voltage,
and low offset voltage temperature drift, was applied as voltage fol-
lower and transimpedance amplifier to meet the requirements of
constant potential circuit. By maintaining the reverse potential of
C.E, the voltage between R.E and W.E was kept stable to improve
the accuracy of corresponding current detected by the glucose
sensor. STM32F103C8T6 microcontroller (ARM 32-bit) was used
to the core of the MCU, which could be programmed on-board
through Serial Wire Debug interface. In this unit, the analog
digital converter was used to detect the amplified signals of the
MNPHE sensor, while the DAC provided a suitable reference
voltage for the constant potential module. The flow rate of peristal-
tic micropumps and the switch of the pressuring components could
be controlled through the control Input/Output (I/O). In addition,
communication with the computer and Bluetooth module (low-
power Bluetooth chip CC2640R2F) could be realized in serial
ports. A motor drive chip was applied to control the flow rate of
pumps by providing appropriate frequency and different duty
cycle PWM waveform. As for the pressing belt, it was controlled
by a relay switch via I/O. A 5-V power supply was provided by
the Universal Serial Bus for the circuit. Then, the voltage was regu-
lated to +3.3 V for microcontroller and Bluetooth module and + 5V
for op-amp chips and the motor driver chip.

In vitro electrochemical performance of MNPHE sensors

All electrochemical experiments were conducted on the CHI660E
electrochemical workstation (Shanghai Chenghua Instrument Co.
Ltd., Shanghai, China). The sensitivity, selectivity, reproducibility,
and stability of each electrode were evaluated. For the glucose
hybrid electrode: (i) The sensitivity: The electrode was immersed
in a phosphate-buffered saline (PBS) solution, where the glucose
concentration was increased by stepwise of 2 up to 22 mM. A bias
voltage of 0.5 V was applied to the electrode, and the current signal
was recorded. (ii) The selectivity was tested by successive addition of
interferents in PBS solution. (iii) The reproducibility was investigat-
ed by recording the currents of five glucose electrodes in same
glucose solution of 0, 4, 8, 12, and 16 mM. (iv) The long-term stabil-
ity: Three glucose electrodes were stored at 4°C, and their
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amperometric response was measured in 10 mM glucose solution
every 2 days. For the K* hybrid electrode: (i) The sensitivity: The
K" electrode was immersed in the 1 mM KCl solutions, where the
concentration was increased twice each time until 32 mM, and the
potentiometric signal was recorded. (ii) The selectivity was evaluat-
ed by sequential addition of multiple interfering electrolytes to 2
mM KClI solution. (iii) The reproducibility was investigated by re-
cording the potentials of 5 K* electrodes in the KCl solution of 1, 2,
4, 8, 16, and 32 mM. (iv) The long-term stability: Three K* hybrid
electrodes were stored at 4°C and measured their sensitivities every
2 days. For the Na* hybrid electrode: i) The sensitivity: The Na*
electrode was immersed in the 5 mM NacCl solutions, where the
concentration was increased twice each time until 160 Mm, and
the potentiometric signal was recorded. (ii) The selectivity was eval-
uated by sequential addition of multiple interfering electrolytes to
10 mM NaCl solution. (iii) The reproducibility was investigated by
recording the potentials of five Na* electrodes in the NaCl solution
of 5, 10, 20, 40, 80, and 160 mM. (iv) The long-term stability was
evaluated according to the method of K* hybrid electrodes. The CV
curves were obtained using CV method with scan rate of 100 mV/s
and 12 sweep segments.

Mechanical penetration tests of MNs

A customized test equipment was designed for mechanical tests, as
illustrated in the Supplementary Materials. The skin penetration
process was performed by mimicking the “press and release”
action on porcine skin. The MNPDP device was gradually pressed
at 4 mm, held for 10 s, and subsequently released the compression.
Both press and release velocities are 0.1 mm/s. The MNPDP device
was filled with rhodamine B (0.4 wt %, 200 pl) solution in the
porous reservoir. After the MNPDP device was pressed against
porcine skin and then withdrawn for 10 min, the porcine skin
was observed.

Compression performance of the pressing belt

The MNPDP device was wrapped on a silica gel hand model by
pressing belt, and a piece of porcine skin was padded between
them. A resistive thin-film pressure sensor was placed between
the belt and the hand model and connected with multichannel
source meter (Keithley 2636B) to record the force-time curve.
Each cycle contained 40 s of inflation and 20 s of deflation and
was repeated more than five times. Then, the punctured porcine
skin was stained with rhodamine B (0.4 wt %) solution, and then
the excess dye on the surface was washed off. Last, the skin was ob-
served using a fluorescence microscope (MF53-N) at 540-nm exci-
tation light.

In vitro transdermal drug delivery

The permeation studies of calcein and insulin through the porcine
skin were performed using vertical Franz diffusion cells (TP-3A,
Albert Tech., China). The receptor chambers was fully filled with
PBS and stirred constantly at 37°C. The upper donor chambers
was filled with calcein (20 pug/ml, 2 ml) and insulin (1 mg/ml, 2
ml), respectively. The receptor fluid was continuously, magnetically
stirred at 280 rpm. Samples were withdrawn through the sampling
port at predetermined time intervals, and the receptor chamber
phase was immediately replenished with an equal volume of fresh
PBS buffer to maintain a constant volume. The concentration of
insulin was measured by Coomassie blue method, and the absor-
bance at 595 nm was detected on a microplate reader (M200PRO,
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infinite). The insulin concentration was calibrated by a standard
curve. The concentration of calcein was measured by the microplate
reader at the excitation wavelength of 485 nm and the emission
wavelength of 535 nm.

Theoretical calculation via COMSOL Multiphysics 5.5
simulation
The models were constructed by COMSOL Multiphysics 5.5 using
the Creeping flow module and Chemical Species Transport module.
The liquid insulin is continuously transported through the bottom
of skin to the systemic circulation. The drug diffusion concentration
at the bottom of skin was set as 0. After releasing, the average insulin
concentration in the interstitial space was calculated to evaluate the
delivery efficiency. The related physical parameters for simulation
include the following: (i) the insulin diffusion coefficients in the
SC, epidermis, dermis, and sponge; (ii) initial concentrations of
insulin in the sponge; (iii) the density and kinetic viscosity of
skin, sponge, MN array, and microholes; and (iv) the normal
inflow velocity of insulin through the drug tube. The detailed
physic setting of insulin delivery, related parameters, and the gov-
erning equations can be found in the Supplementary Materials. A
Transport of Diluted Species module was used to compute the tran-
sient concentration distribution, following the controlling equa-
tions

86,-
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Ii = —Dchi (2)

where ¢; refers to concentration, J; is the flux, u is the flow velocity, R;
refers to reaction rate, D; is the diffusion coefficient, and V refers to
the Hamiltonian operator. Next, time-dependent study was used to
simulate the dynamic pumping process via Creeping Flow module,
ignoring the inertia term. The govern equation was as below

)
p8f?+p(u0V)u:V0[pr+K]+ F (3)

pVeu =20 (4)

where p refers to density, u is the velocity vector, p is the pressure, F
refers to volume force vector, D; is the diffusion coefficient, and K is
the Lagrange multipliers that are used to implement the boundary
condition.

Experimental animals

All animal procedures conducted in this work were reviewed, ap-
proved, and supervised by the Institutional Animal Care and Use
Committee (IACUC) at the Sun Yat-Sen University (approval
number:  SYSU-TACUC-2021-000022, SYSU-IACUC-2021-
000020, and SYSU-IACUC-2021-000612). Male Sprague-Dawley
rats weighing 200 to 250 g were purchased from Animal Center of
Sun Yat-sen University, Guangzhou, China) were used for experi-
ments. Rats were housed in a climate-controlled room under a 12-
hour light/12-hour dark cycle and with food and water. Streptozo-
tocin (Sigma-Aldrich) at a dose of 60 mg/kg was used to induce type
1 diabetes rats. Their BGLs were detected for at least 7 days. The rats
with a BGL that was kept steady over 300 mg/dl were induced
successfully.
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Application of MNPHE sensors and MNPDP devices on rats
The rats were anesthetized with 2% isoflurane gas using an anesthe-
sia system (C90, RIDTER, Beijing, China) via a nose cone, and the
hairs on the back were removed by hair removal cream (VEET de-
pilatory cream, Reckitt Benckiser). The MNPHE sensors and
MNPDP devices were fixed on the back of rats by bandages, remain-
ing stable during the whole test process. For short-term monitoring
of healthy rats, glucose fluctuations were induced at different time
points (at 30 and 120 min) by an intraperitoneal injection of 3 ml of
glucose solution (5%). Glucose levels and K* and Na* concentra-
tions were detected via MNPHE sensors every 30 min. At each mea-
surement, MN was manually pressed on the rats’ skin for 1 min to
penetrate the SC. The MNs were withdrawn into the sponge, while
the MNPHE was pressed onto the skin to detect the glucose, K*, and
Na* concentrations. Blood was drawn from the tail tip of the rat at
same time points (0, 30, 60, and 90 min) to measure the BGLs by a
standard Roche BGL meter (Accu-Chek Performa) and to measure
K* and Na* concentrations by a small animal biochemical analyzer
(iMagic-V7, ICUBIO). The glucose, K*, and Na* levels detected via
MNPHE sensors were compared to the actual for quantifying the
detection accuracies and were examined with error grid analysis.
For long-term monitoring (48 hours) of healthy and diabetic rats,
they were provided three daily standardized meals at a comparative-
ly fixed time (breakfast at 08:00, lunch at 12:00, and dinner at 18:00).
Each meal took 30 min for eating, and the remaining food will be
removed. The insulin delivery was implemented by MNPDP
devices. The glucose, K¥, and Na* concentrations were measured
by MNPHE at set time points (at 08:00, 10:00, 12:00, 14:00, 16:00,
18:00, 20:00, and 24:00). At the meantime, blood was drawn from
the tail tip of the rat at same time points to measure the BGLs and
reference K* and Na* concentrations by commercial instruments.
For the ion calibration method in vivo, the voltage signals (V,m,
n=0,1,2, 3, 4..) measured by MNTP was converted to the ion
concentration (Cym, 1 = 0, 1, 2, 3, 4....) by the in vitro standard
curve Vi, = A + B *Ig(C,,,). The ion concentration in the tail
venous blood measured by standard reference methods was ex-
pressed as C,,. The ratio of initial Cy, and initial blood ion concen-
tration C,,, was used as calibration coefficient B, namely, p = Copn/
Cor- Then, all C,,, was calibrated by multiplying B as final concen-
tration results. Considering the actual concentration ranges of K*
and Na* in vivo, the upper and bottom concentration range of
Na* in vivo detected by MNTP was set to be 50 and 250 mM,
while the upper and bottom concentration range of K* in vivo de-
tected by MNTP was set to be 0 and 15 mM. For measured K* and
Na* concentration signals exceeding this range, the final calculated
concentrations were converted to either the upper concentration
value or the bottom concentration value. For insulin delivery, the
insulin solution (50 IU/ml) was loaded in the drug reservoir con-
nected with the micropump. Immediately after eating, diabetic
rats were treated with insulin. The voltage of the micropumps was
set to 3 V for 1 min for insulin infusion into the sponge, which
would further diffuse into the subcutaneous space through diffu-
sion for 1 hour.

Morphology characterization methods

The MN array was characterized using a scanning electron micro-
scope (Phenom Pro Desktop SEM, Thermal Fisher Scientific) and a
super depth of field microscope (VHX-7000, KEYENCE). The
punctured skin by MN array was observed by SEM, OCT (HSO-
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2000, TEK SQRAY, China), and microscope (BX51 M, Olympus,
Japan). The W.E of Pt NPs/CNT-rGO/Au hybrid electrodes was ob-
served using an SEM (SUPRA 60, Zeiss). The surface element anal-
ysis of Pt NPs/CNT-rGO/Au hybrid electrodes was performed
using EDX (Oxford Instrument).

Statistical analysis

The data were calculated and expressed as the means + SD. The dif-
ferences between the two compared groups were determined by
Student's ¢ test. P values of <0.05 indicated that the results were con-
sidered statistically significant. *P < 0.05, **P < 0.01, and ***P
< 0.001.
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