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ABSTRACT: Diabetes mellitus and its associated secondary complica-
tions have become a pressing global healthcare issue. The current
integrated theranostic plan involves a glucometer-tandem pump.
However, external condition-responsive insulin delivery systems utilizing
rigid glucose sensors pose challenges in on-demand, long-term insulin
administration. To overcome these challenges, we present a novel model
of antidiabetic management based on printable metallo-nucleotide
hydrogels and optogenetic engineering. The conductive hydrogels were
self-assembled by bioorthogonal chemistry using oligonucleotides, carbon
nanotubes, and glucose oxidase, enabling continuous glucose monitoring
in a broad range (0.5−40 mM). The optogenetically engineered cells were enabled glucose regulation in type I diabetic mice via a
far-red light-induced transgenic expression of insulin with a month-long avidity. Combining with a microchip-integrated microneedle
patch, a prototyped close-loop system was constructed. The glucose levels detected by the sensor were received and converted by a
wireless controller to modulate far-infrared light, thereby achieving on-demand insulin expression for several weeks. This study sheds
new light on developing next-generation diagnostic and therapy systems for personalized and digitalized precision medicine.
KEYWORDS: diabetes mellitus, conductive DNA hydrogel, continuous glucose monitoring, hollowed microneedle array chip,
optogenetic metabolism circuitry

■ INTRODUCTION
Diabetes is a severe chronic disease that annually affects the
lives of almost 425 million people worldwide.1,2 The current
treatment plans generally adopt exogenous insulin supplemen-
tation to regain glycemic homeostasis for insulin-deficient type
I diabetic (T1D) patients.3,4 Although periodical subcutaneous
injection is the gold standard, the intrinsic invasiveness of the
method and the associated discomfort to the user have evoked
the ongoing quest for more gentle solutions as alternatives to
daily administration.5−10 One such viable option is the
microneedle array patch, which allows self-regulated trans-
dermal insulin delivery and facilitates in situ insulin release via
glucose-responsive swelling, shrinking, or degradation of
stuffed polymeric pillars.6−8 Nonetheless, unchecked seepage
and loss of activity of the impregnated affinity elements (e.g.,
glucose oxidase (GOx), phenylboronic acid, etc.) affect the
dose precision of such devices.6−8,10 In addition, drawbacks
like limited insulin-loading capacity and common biosafety
concerns related to microfabrication can be problematic for
clinical usage.11,12 Hence, it remains challenging for these
systems to provide an on-demand, long-term insulin
administration in patients with diabetes mellitus. According
to the principle of diabetes management, programmable and
sustainable management with minimal intervention is desir-

able. However, the development of such systems is still in its
infancy.
Precise glycemic control in real time requires an integrated

theranostic plan involving a glucometer-tandem insulin pump,
wherein data transfer occurs from the assay terminal to the
insulin dispenser.5−7 The plan needs to fulfill the following
requirements: (1) real-time tracking of the glucose levels to
provide timely feedback on insulin release. The current
wearable sensing devices, whether in rigid planar film forms
or adhesive metallo-needle punctures,5,9,10 cannot dwell long
on the torso skin, which results in poor glucose regulation. (2)
On-demand release of insulin for effective blood glucose
regulation. Currently, insulin reservoirs that rely on stimulus
response for controlled release often exhibit slow response
times or insufficient flow, resulting in treatment failure.5,9 (3)
Connection between the two main modules. Imprecise
stimulus-responsive strategy may lead to premature or delayed
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insulin release, thereby resulting in hypoglycemia or hyper-
glycemia.9

To achieve precise spatiotemporal release of insulin, a new
therapeutic mode for diabetes was developed based on the
cutting-edge technologies of microchip-integrated microneedle
patch and optogenetics (Figure 1). The glucose sensor in the
patch was molded out of conductive hydrogels, namely
AgCyNTs, with metallo-nucleotide formulation of Ag+-
conjugated polycytosine-grafted carbon nanotubes, orthogonal
bonding between cytidine borate diesters and cytosines (i).
This hybridization of metallo-nucleotide with carbon nano-
tubes resulted in a redox-active soft substrate with excellent
elasticity and malleability, capable of carrying a large payload of
GOx. The microchip-integrated microneedle patch facilitated
the ease of finger-actuated sample collection from interstitial
fluids (ISF) (ii).13,14 Inspired by our previous work on light-
inducible transgene expression circuitry,15,16 we further
engineered type I diabetic (T1D) mice with HEK-293 cells
secreting insulin under far-red-light (FRL) (iii). A contactless
and rhythmic insulin control loop can be formed linking the
model animal, glycemia detector, mobile App console, and
optic shutter without the need for external maintenance.
Moreover, by patching all of the miniaturized hardware in a
Bluetooth grid and setting up specified glycemic thresholds, a
semiautonomous illumination system that can operate for
weeks is established. The closed-loop design involving a
continuous glucose monitoring and an optogenetically
controlled insulin release system may offer significant benefits
for the treatment of Type I diabetes in the future.15

■ RESULTS AND DISCUSSION

Fabrication and Characterization of Metallo-Nucleotide
Hydrogel

Electrons could shuttle through DNA over distances of tens of
nanometers;17−19 however, unmodified DNA strands lack
sufficient electrical conductance for such nanoelectronic
application. Exchanging some Watson−Crick base pairs by

metal complexes in DNA favors charge transport.19 Inspired by
this, we constructed the metallo-nucleotide hydrogels, where
complexes mediated by cations formed between natural
nucleobases and nucleosides.20,21 As described in Figure 2a,
cytidine-borate diester is initially formed via the addition of
B(OH)3 and cytidine (i).20,21 Subsequently, it was integrated
with diblock single-stranded DNA (termed (GT)20·C15)-
modified single-walled carbon nanotubes (NTs); the NTs
were selected as the model owing to their excellent
conductivity and outstanding mechanical strength. Specifically,
(GT)20 was incorporated to improve the water solubility of
NTs, while C15 for cross-linking with cytidine.22,23 Together,
hybrid interactions coordinated by Ag+ occurred between the
two building blocks (ii). The conductive hydrogels included
(1) Ag+-intercalated cytidine dimerization, (2) Ag+-fastened
interfacial H-bonding among cytidines and cytosines, and (3)
Ag+-stabilized NTs modified with (GT)20·C15. These three
primary metallo-nucleosides facilitated the formation of a
composited hydrogel, consisting of an interconnected fibrous
structure of AgCyNTs. After cross-linking, UV light was
applied to the hydrogels converting excessive Ag+ into silver
nanoparticles (AgNPs) on site (iii).24,25 Atomic force micro-
scopic (AFM) topographies (Figure S1) and inset cross-
sectional profiles revealed that pristine NTs (a) thicken after
hydrogel formation (b) in the presence of Ag+. Energy-
dispersive X-ray (EDX) elemental mapping unveiled the
presence of a dense population of AgNPs (Figure S2, right).
To gain a deeper understanding of the observed hydro-

gelation, we explored the influence of Ag+ by introducing
cysteine. As displayed in Figure S3, the ensemble can reversibly
switch between the gel and sol states by the cyclic addition of
Ag+ and cysteine. Moreover, the viscosity exhibited fluctua-
tions within the range of 10−103 Pa as Ag+ ions were detached
through thiol complexation and subsequently comple-
mented,26,27 leading to transitions between a liquified and
solidified phase (Figure S4). The latter could only be reformed
upon the AgNO3 refilling, which signified the contribution of

Figure 1. Schematic illustration of the conceived antidiabetic closed-loop system. It comprises a customized continuous glucose monitor (CGM)
for on-body glycemia tracing, a smartphone-controlled light switch, and optogenetic cells responsive to FRL. These critical components cooperated
to enable endogenous insulin regulation in a type I diabetes mouse model. Inset (i): hybrid DNA hydrogel serving as the conductive scaffold; (ii)
microchip-integrated microneedle patch functioning as an ISF sampler activated by finger pressure; (iii) introduction of light-responsive signaling
in engineered HEK-293 cells�FRL stimulation of the photoreceptor BphS triggers the binding of FRTA3 to the chimeric promoter PFRL,
facilitating insulin secretion.
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this cation to the cohesion of AgCyNTs. Further investigations
into the effects of Ag+/NTs on the geometric, electrical, and
rheological properties revealed as following. First, increasing
the content of Ag+ contributed to overall fibrosis (Figures 2b
and S5), whereas the accruement of NTs allowed a
longitudinal arrangement (Figures 2cand S6). Second, the
electroconductibility increased from 0.038 to 0.19 S/cm
(Figures 2d and S7), which was higher than that of cation-
free NT-DNA hydrogels (0.016 S/cm),28 indicating high-
throughput electron transfer similar to that observed in a
pipeline-like morphology.29−32 The conductivity of our
hydrogels was comparable to or higher than that of other
polymeric hydrogels, such as gellan gum (0.12 S/m),33

PEDOT−PSS (0.074 S/m),34 and PAA/PEDOT−PSS
(0.06−0.12 S/m).35 Third, the rheological characteristics
were analyzed under a strain sweep in Figure S8. The storage
modulus (G′, blue dot) rapidly declined when the relative
strain increased to ∼5%, and intersected with the loss modulus
(G″, red) at 40%; this pattern reflected a gel-to-sol transition.36

Moreover, the step-strain kinetics shown in Figure S9 revealed
the thixotropic behavior of the AgCyNTs hydrogel. The

hydrogel maintained a gel-like state at a strain of <0.1%, but
collapsed swiftly to quasi-liquids at 100% with a reciprocal
relation of G′/G″; when the strain was recovered to 0.1%, both
G′ and G″ recovered fully. In addition, the hydrogel exhibited
a shear thinning behavior. By rheologically testing shearing
stress (τ) over a range of shear rate (frequency, γ), the
resulting flow curve can be well fitted using the Herschel−
Bulkley equation as shown in Figure 2e.37−39 The flow
behavior index of n = 0.13 and the yield tension of τ0 = 40.79
Pa suggest remarkable shear-thinning behavior and easy
mobility at low shear rates, respectively. These results
collectively indicate that the hydrogel can enable direct 3D
printing using additive manufacturing techniques.
Electrochemistry of the Flexible Glucose Sensor

The unique electroconductibility and malleability of AgCyNTs
make them promising building blocks for bioelectronic
devices.40−42 Thus, a straightforward inject-printing mecha-
nism was developed to cast a working area of AgCyNTs on the
screen-printed electrode (SPE) while immobilizing glucose
oxidase (GOx) (Figure S10, see Methods for details). As
displayed in Figure S11, the coexistence of insulating GOx

Figure 2. (a) Preparation of AgCyNTs involves a stepwise procedure from left to right: (i) borate affinity with cytidine; (ii) its intermingling with
ssDNA-pendant NT that studded with Ag+; (iii) 365 nm light-assisted deposition of AgNPs on the scaffold. The panel below shows SEM images of
AgCyNTs prepared with varying amounts of (b) AgNO3 (20, 50, 75, and 100 mM) plus 100 μg/mL NTs, and (c) NTs (25, 50, 75, and 100 μg/
mL) plus 100 mM AgNO3. (d) Conductivity of AgCyNTs at different molar fractions of Ag+ and NTs. (e) Shearing stress (τ) plotted against shear
rate (γ) for AgCyNTs (100 mM Ag+, 100 μg/mL NTs) fitted to the Herschel−Bulkley model: τ = τ0 + Kγn, where τ0 denotes the yield tension, K
represents the consistency index, and n means the flow behavior.
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within the gel did not significantly affect the redox activity of
GOx or the conductivity of the gel. This can be attributed to
the effective immobilization of enzyme in the margin of the
fiber backbones.36 Next, in a standard three-electrode
configuration (with Ag/AgCl as the reference and glassy
carbon as the counter), various glucose concentrations (cglucose)
were detected through cathodic current changes, resulting
from electrocatalytic turnover and the reduction of H2O2. The
currents at the voltage of interest decreased monotonically as
the glucose content increased (Figure 3a), and this result was
checked using a nonstop galvanostatic method in the range of
[0.5, 4] mM (Figure 3c) with a sensitivity of 0.75 μA/mM
(Figure 3d). Beyond 4 mM, another stage of linearity was
observed in the segment of [4, 40] mM (3.23 μA/mM; Figure
3b). Over this broad range, the sensor selectively responded to
glucose while showing no response to interfering species such
as high concentrations of ascorbic acid (AA) and uric acid
(UA). As depicted in Figure 3e,f, the response current ratio of
interfering chemicals was less than 4.02%. Moreover, the
stability analysis revealed that the sensor could maintain its
functionality after being stored at 4 °C for up to 20 days,
preserving 85.71% of the original response current (Figure
S12). Additionally, cyclic voltammetry characterizations
demonstrated its exceptional electrochemical stability at 4
°C, with only a marginal decrease of 7.05% observed after 15
repeated scans (Figure S13). Taken together, the excellent
sensitivity, selectivity, and stability suggest that AgCyNTs
printed glucose sensor has the potential for long-term glucose
monitoring.
Optogenetics-Coupled In Vivo Insulinotherapy

To achieve a precise correlation between glucose levels and the
dosage of insulin release, we next integrated the aforemen-
tioned sensing module with the optogenetic therapy module.
Traditional continuous glucose monitors (CGMs) employ
pointed stainless-steel shafts for the epidermal insertion of
sensor tips. In contrast, soft hollow microneedle array
(HMNA) chips eliminate the need for bloodletting and
compression typically associated with the plunger mecha-

nism.13,14,43−45 Herein, a miniaturized and portable device
powered by mild acupressure was constructed to extract
sufficient ISF by channeling from short and extensive HMNA
inlets to the biosensing chamber (Figure S14, please refer to
specifications in Methods). As depicted in Figure 4a, the device
features a lattice arrangement of HMNs on its underside,
forming a 10 × 10 matrix (i); each bulge is erected to a height
of 700 μm on a base with an inner diameter of approximately
150 μm (ii), (iii). Such a contrivance not only circumvented
the siphoning pains but also enhanced the biofluid
accessibility, leading to improved consistency in readings.
First, the HMNA was adhered to a slice of pigskin, and a (9 ×
5) matrix of punctured holes became visible (iv, dashed
circles) as expected, highlighting the tissue-penetrating
capability of the device.
Subsequently, we enclosed the prototyped CGM circuit with

the SPE/metallo-nucleotide hydrogel-housed HMNA as a
nodal waypoint. The circuit system contained a potentiostat, a
digital-to-analog converter, an analogue-to-digital converter, an
I/V-converter, an amplifier, a wave filter, and a microcontroller
unit (Figure 4b). The last one, equipped with a built-in
Bluetooth hub, was responsible for signal synchronization with
our home-developed mobile application called NJUST-
TeleMed. This allowed sharing of the glucose readings (cglucose)
displayed on the App screen with the microcontroller unit,
thus enabling control of the on/off switch on the FRL
illuminator. Considering the close correlation between blood
glucose concentration and ISF glucose levels,16,46,47 a glycemic
threshold (i.e., GT = 10 mM for T1D mice) was set in the
software in advance. When GT > 10 mM, a warning sign
would emerge (Figure S15); concurrently, a command would
be autodispatched to the physiotherapy lamp (with concom-
itant notification), activating the in vivo insulin biosynthesis to
downregulate cglucose.
To create a closed-loop system for insulin therapy, an FRL-

triggered optogenetic circuit (insulin-expressing engineered
cells HEK-293FRL‑SEAP‑P2A‑mINS) was constructed based on our
previous work.4 Specifically, the engineered bacterial photo-

Figure 3. (a) Cyclic voltammogram demonstrates the galvanic response of SPE/AgCyNTs to varying concentrations of glucose (cglucose), ranging
from 4 to 40 mM. (b) Fitted linear calibration between the gradient of cglucose in (a) (x-axis) and the corresponding current at −0.6 V (y-axis). (c)
Amperometric i −t titrations with accumulative spiking of given cglucose from 0.5 to 4.0 mM at the arrowed moments. (d) Correlation and the linear
fit between the gradient of cglucose in (c) and the potentiostatic current at −0.6 V. (e) Hydrodynamic selectivity tests upon successive supplies of AA
and UA (marked by blue and green arrows) in the middle of glucose replenishments (red). Their dosages are scheduled as the inset queue from top
to bottom. (f) Normalized steady-state signals of the two interferents (AA and UA at 6 mM) and glucose (1.2 mM). The percentiles are defined by
the ratio of the signal intensities of the interferents (iother) to that of glucose (iglucose).
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receptor BphS was activated by 730 nm FRL, converting GTP
to c-di-GMP. Increased cytosolic c-di-GMP production
triggered FRTA (p65-VP64-BldD) dimerization, which then
bound to chimeric promoters PFRL, enabling FRL-triggered
secreted human placental alkaline phosphatase (SEAP) and
insulin expression. The intracellular c-di-GMP production
could be modulated by varying the amount of c-di-GMP-
specific phosphodiesterase (YhjH) (Figure S16). We inves-
tigated the induction of protein secretion by conducting in
vitro experiments using HEK-293 cells under FRL irradiation.
The long-term stability of SEAP production was first assessed,
revealing sustained secretion for up to 14 days upon FRL
(Figure S17a). Furthermore, the kinetics of cell secretion were
also observed to be dependent on both the intensity and
duration of the FRL exposure (Figure S17b,c). Notably, the
HEK-293 cells exhibited light-dependent protein secretion
dynamics (Figure S17d).

The bioelectronic system was implemented in insulin-
deficient T1D mice. The mice were inoculated in advance
with the genetically modified HEK-293 cells responsive to FRL
and attached with a transdermal HMNA patch, where the
patch served as an ISF sampler and a sensor chamber. The
changes of cglucose in ISF of each mouse were monitored over a
day period and promptly uploaded to App. As mentioned
above, the deformable cuvette in the upper layer of HMNA
facilitated the migration of the ISF to the enzyme sensor. In
the event of a hyperglycemia alert on the phone, the FRL
would be activated online to stimulate the production of
insulin in T1D mice. As displayed in Figure 4c, the T1D mice
that underwent phototherapy demonstrated a restoration of
their endogenous insulin levels. Upon extending the measure-
ment for up to 2 days, the diabetic group was able to restore a
balance in glucose levels, unlike the control group (Figure 4d).
This observation indicated the successful achievement of self-
sufficient insulin production. In addition, T1D mice implanted

Figure 4. (a) (i) Photograph of an intact microchip-integrated HMNA patch, SEM images of the HMNA from (ii) side and (iii) top views, and
(iv) zoom-in image of porcine skin after removal of HMNA. (b) Schematic diagram of the wireless control and transmission system for the CGM,
including digital-to-analog converter, amplifier, analog-to-digital converter, and microcontroller unit. Measurement of (c) blood insulin at 24 h and
(d) glucose in ISF at 0, 24, and 48 h. Ten T1D mice were intraperitoneally implanted with 2 × 106 transfected HEK-293 cells, with half housed in
dark (blue), while the other five exposed to FRL (730 nm, 10 mW/cm2) for 2 h per day (red). (e) Intraperitoneal glucose tolerance test (IPGTT)
at 48 h after implantation with HEK-293 cells. (f) Hourly diagnosis and treatment schedule from 7:00 to 18:00. (g) cglucose in ISF recorded
following the schedule in (f) by our devised CGM-patch (red) and a commercialized glucometer (blue). (h) cglucose in ISF at days 1, 3, 5, 7, 9, 11,
and 14, and (i) blood insulin at days 1, 5, 10, and 14. Ten T1D mice were intraperitoneally implanted with 2 × 106 transfected HEK-293 cells, with
half housed in dark (blue), and the other five were exposed to FRL (730 nm, 10 mW/cm2) for 2 h per day (red). Data points in (c), (d), and (e)
are presented as average ± standard deviation; two-tailed t test was calculated for statistics (n = 5); **p < 0.01, ***p < 0.001 versus control group
(dark).
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with HEK-293 cells showed improved glucose tolerance
(Figures 4e and S18).
Finally, the ability of kinetic maintenance of euglycemia was

inspected along the timeline of fixed daily meals: breakfast
(7:00 to 8:00), lunch (12:00 to 13:00), and supper (17:00 to
18:00). The intraday postprandial cglucose in the ISF of the T1D
mice implanted with HEK-293 cells was evaluated hourly with
the glycemic control system (Figure 4f). The FRL was
intermittently activated according to the preset GT to prevent
hypoglycemia resulting from potential insulin overexpression.48

The real-time quantitation profile exhibited by our CGM was
comparable to those obtained using commercial benchtop
equipment in clinics (Figure 4g, Accu-Chek Performa, Roche).
Additionally, we investigated the long-term effectiveness of our
closed-loop insulin therapy system in diabetic treatment by
evaluating the blood insulin levels and ISF glucose in the T1D
model mice over multiple days. Notably, the glucose levels
were measured after 2 h of daily FRL stimulation to enhance
insulin expression in the T1D mice. As depicted in Figure 4h,
the illumination group achieved glucose homeostasis unlike the
dark control mice after exposure to FRL. Furthermore, FRL
led to a significant increase in the insulin levels of the T1D
mice compared to those of the dark control mice (Figure 4i).
Collectively, an effective closed-loop antidiabetic strategy has
been developed.

■ CONCLUSIONS
In this study, we developed an innovative wearable CGM
based on injectable DNA hydrogels in HMNA and micro-
fluidics. To exploit downstream applications, a continuous
glucose sensor and an optogenetic circuit were integrated to
form a closed-loop antidiabetic system. Such a combination
featured (1) the coassembly of metallo-nucleotide(s) and NTs
resulted in a fiber-structured DNA hydrogel with not only
superior conductivity49,50 but also distinct viscoelasticity36

compared to hard bulky electrode materials; (2) the weakly
invasive ISF multisampling provided accurate profiling of the
glycemic levels; (3) FRL-triggered transcription/translation
was superior to the conventional in vitro fortification method in
terms of self-sustainability; (4) a sentineling server facilitated
the relay of CGM output to a microcontroller unit, enabling
precise expression of insulin through remote directives. By
manipulating the signal pathway through optogenetics, we
could effectively control the expression of specific proteins,
thereby expanding the possibilities for treating T1D patients.
By aligning with emerging data-driven bioelectronic periph-
erals, we envision that this genetic engineering modification
mechanism will be a promising alternative to personalized
precision medicine for chronic diseases.51−54

■ METHODS

Functionalization of NTs with Diblock ssDNA
To prepare the (GT)20C15-tethered NTs, 1 mg of NTs was dissolved
in a 1 mL 2× SSC buffer containing 500 μM (GT)20C15.

23 The
suspension was subjected to 2 h of sonication (power level: 3 W) in
an ice−water bath and subsequently divided into 100-μL aliquots and
centrifuged at 17,000 g for 90 min. After the precipitates were
decanted, the supernatant was collected and desalinated through
three-round ultrafiltration at 6500 rpm per 5 min.
Preparation of DNA Hydrogel
Taking optimal condition as an example, 40 μL of 500 mM cytidine
was mixed with 20 μL of 500 mM B(OH)3, 60 μL of 0.5 M AgNO3,
40 μL of 1 mg/mL (GT)20C15NTs, and 800 μL of deionized H2O.

Then, 40 μL of 0.5 M trisodium citrate was blended in thoroughly.
The mixture was exposed to 365 nm UV light at a 5 cm distance away
for 2 h until the reactants turned purplish, which was a signature of
excessive Ag+ reduction into silver nanoparticles (AgNPs).

Conductivity Calculation
The as-prepared hydrogel was printed as a stripe on a piece of glass
slide (2 cm × 2 cm) to stay partially dehydrated, whereby the pellets
of eGaIn were dispensed at both the long-side ends to ameliorate
contact resistance prior to the film impedance (R, Ω).31 The formula:
σ = L1/(R × d × L2), where L1 and L2 (cm) indicate the lengths
parallel and perpendicular to the current direction, respectively, and d
(cm) denotes the thickness/depth of the membrane overlay, was used
to assess the conductance (σ, S/cm).

Construction of Glucose Sensor
The working area of an SPE was gilded by electrodeposition in 3 mg/
mL HAuCl4 at −0.2 V for 10 min.55 Subsequently, 5 μL of 1 μM
polyC15−SH was pipetted to hold still at 4 °C overnight. Next, the
hydrogel (5 μL) was spread above to accept 2 h of UV aging at room
temperature. Then, the as-modified part of electrode was added to 10
μL of 1 mg/mL glucose oxidase (GOx, 50 kU/mg, Aladdin) for 1 h.
Finally, 3 μL of 0.01% Nafion was added on the surface of the working
electrode area and was dried at 4 °C for 1 h.

Design and Fabrication of the Wearable CGM
Adapting from the previous report,44 the microneedle array was
proposed by a microfluidic channel as both ISF conduit and collector,
which was sketched in SolidWorks 2020. As delineated in Figure S14,
this dual-storey structure with a dimension of [24 mm (l) × 18 mm
(w) × 5.57 mm (d)] embeds within its top layer a pressable soft spot
(Φ 5 mm, d 3 mm), an outlet (Φ 1 mm), and a sensor chip cassette
[15 mm (l) × 6 mm (w) × 0.5 mm (d)]. By pressing with a fingertip,
a small portion of ISF would be sucked outward across the designated
entry to a bifurcated Y-shaped junction, that proceeded to the
compartment of the glucometer and discharged upon the egress. On
the bottom layer, 100 micropillars were distributed uniformly over a
square of 6.6 × 6.6 mm2 hollowed out with a central spacing of 600
μm and an altitude of 700 μm (Figure S14c). The maximal outer Φ of
the tiny cone was settled at 500 μm, and its inner diameter was 150
μm.

The finger-driven ISF sampler was manufactured separately using
the following process: polydimethylsiloxane (PDMS, Sylgard-184,
Dow Corning) lithography for the upper floor, whereas 3D-printing
(MicroX 115, Xingsheng Tech., Guangzhou) with polyurethane
acrylate (PUA, Camic, Wuhan) at a 1-μm resolution in the z-axis for
the lower floor. Specifically, a chrome mask of the imprinted
microchannel was tailor-made by conformity to the standardized
protocol.56 The PDMS concoction in a 1:10 mass ratio of elastomer
to monomer was degassed and poured into the mold for 2-h oven
baking at 75 °C to coagulate a block finish, which got laminated off
and sealed airtight readily for interfacing with the basement under a
PDC-MG oxygen plasma (20 W, 60 s, Mingheng Sci. & Tech.,
Chengdu). The two parts were dovetailed immediately with the aid of
a stereomicroscopic aligner. In case of any open-air breaches, the W-
668 photoresist (Weisite) was filled in for cure.

Implantation of Bioengineered Cells in Model Animal
FRL-responsive transgenic HEK-293 cells were encapsulated in
poly(L-lysine)alginate beads (∼200 cells in 400 μm) by using a B-
395 Pro encapsulator (BÜCHI Labortechnik AG, Swiss, vibration
frequency: 1300 Hz, 200-μm nozzle, 1.10 kV) via a 25 mL syringe at a
flow rate of 450 units.15

Next, 10-week-old male mice were grouped in five per cage by body
weight, fasted for 16 h, and intraperitoneally infused with
streptozotocin (in 200 μL of 1:1 citric acid/sodium citrate) at a
ratio of 50 mg/kg for 5 days. The mice with fasting blood-sugar level
>16.6 mM 2 weeks after the injection were classified as diabetic. In
the next step, the 12-week-old T1D mice were shaved for
subcutaneous implants of those formulated capsules (∼2 × 106
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cells), which were then either kept in the dark (the control) or
exposed to FRL (the subject).
Quantification of ISF Volume Extracted by Soft HMNA
Chips
The amount of ISF (VISF) was quantified after sampling, according to
eq 1:

=V
W W

ISF
0

(1)

where W0 and W are the weights of the soft HMNA chips before and
after the insertion into mouse skin, respectively, and ρ is the density of
ISF and is assumed to be 1 g/mL.57 The weight changes (wt %) of the
soft HMNA chips were 2.9597/3.0241, 2.9596/3.0285, and 2.9624/
3.0397. Therefore, the average VISF = 70.2 μL. Notably, skin
pretreatment with the soft HMNA chips for 5 min prior to the ISF
collection resulted in a marked increase in ISF collection, which was
associated with increased skin hydration.58

Therapeutic Efficacy Estimations by Insulin ELISA and
IPGTT
Blood was drawn at the 24th h after the implantation, and clotted at
37 °C for 0.5 h and then at 4 °C for 2 h, from which sera were
centrifuged out at 10 min, 5000 rpm.15 (1) An ELISA kit (Mercodia
AB, Cat. No. 10-1247-01, Swiss) was picked to evaluate the
physiological levels of insulin. (2) For intraperitoneal glucose
tolerance test (IPGTT), mice were fasted for 16 h after 2-day
therapy and then administrated with 1 g/kg D-glucose. The time-
dependent cglucose in every sample was determined online at 0, 30, 60,
90, and 120 min with the developed CGM. The area under the curve
(AUC) for IPGTT was determined by the trapezoidal rule.
Antidiabetic Closed-Loop Modeling
Both the dorsal and abdominal hair of the T1D mice were depilated
and gauze-cleaned to avoid dermal contamination.13 After fasting for
12 h until achieving a stable cglucose around 10 mM, the CGM patch
was attached onto the back of the T1D mouse. The process began
with 5 min local skin hydration to enrich ISF, during which cglucose
were monitored hourly in parallel with a clinically approved
glucometer (ACCU-CHEK Performa, Roche, U.S.) during daytime
from 7:00 to 19:00. Meals were arranged from 7:00 to 8:00, 12:00 to
13:00, and 17:00 to 18:00. At sampling moment, a 5 s finger press was
applied to the designated actuator to induce a capillary influx toward
the reservoir. A home-compiled App called “NJUST-TeleMed”
(Android) retrieved the signal transmitted from MCU and converted
it into cglucose. If the number reads beyond the default glycemic
checkpoint (i.e., GT = 10 mM), then the FRL bulb is automatically
activated for 1 h; otherwise, it remains in the off state.
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