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ABSTRACT: Noninvasive and visual monitoring of glucose is
highly desirable for diabetes diagnostics and long-term home-based
health management. Owing to the correlation of the glucose level
between blood and sweat, on-body sweat glucose detection
provides potential for noninvasive healthcare but is highly
challenging. Herein, we for the first time demonstrate a wearable
skin pad based on the ratiometric fluorescent nanohybrid, which
can realize noninvasive and visual monitoring of sweat glucose.
Luminescent porous silicon (PSi) particles, which have a porous
structure and oxidation-responsive photoluminescence decay, are
chosen to load (adsorb or entrap) carbon quantum dots (CQDs)
for the construction of the dual fluorescence nanohybrid.
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Bimetallic (Au and Ag) nanoparticles (BiM) are also co-decorated on the PSi particle to improve detection sensitivity by
enhancing PSi’s initial fluorescence and oxidation kinetics. Owing to the efficient fluorescence resonance energy transfer effect, BiM-
CQDs@PSi initially exhibits PSi’s red fluorescence with complete quenching of CQDs’s blue fluorescence. The oxidation of PSi
triggered by hydrogen peroxide (H,0,) weakens the FRET effect and decays PSi’s fluorescence, causing ratiometric fluorescence to
change from red (PSi) to blue (CQDs). A wearable skin pad is easily fabricated by co-immobilization of BiM-CQDs@PSi and
glucose oxidase (GOX) in a transparent and biocompatible chitosan film supported by an adhesive polyurethane membrane. When
the skin pad is attached on the body, the same ratiometric fluorescence transition (red — blue) is observed upon the stimulation of
H,0, generated in GOX-catalyzed oxidation of sweat glucose. Based on the strong correlation between the ratio of the fluorescence
change and sweat glucose level, clinical tests toward diabetics and healthy volunteers can clearly indicate hyperglycemia.

KEYWORDS: noninvasive monitoring, visual sensor platform, sweat glucose, porous silicon, carbon quantum dots

Diabetes is one of the most popular chronic diseases
around the world and seriously threatens human health.
To prevent severe complications (e.g., cardiovascular diseases,
kidney failure, blindness, and nerve degeneration), frequent
blood glucose (BG) checks in daily life are essential for
diabetic patients."”” However, conventional commercial gluc-
ometers involve invasive and repetitive finger-stick blood tests
which bring physical pain, psychological stress, and risk of
wound infection.” Noninvasive and wearable sensors with on-
body, continuous, and visual glucose monitoring are highly
desirable for predictive clinical diagnosis and personalized
health care.”’

As an alternative to blood, easily accessible human biofluids
(e.g. sweat,”” skin interstitial fluid,® tears,” saliva,’’ and
urine'") provide potential capability for noninvasive analysis
of biomarkers that reflect insightful physiological information
of body. It has been proven that glucose in these biofluids is
diffused from blood vessels through endothelium or glands,12
and its concentration is linearly correlated with that in
blood.”*'® Owing to easy access, sweat provides advantage
of continuous sampling on various body areas (e.g., arm, wrist,
neck, and forehead).'”'® However, direct monitoring of sweat
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glucose remains a great challenge because the sweat glucose
level is ~100 times lower than the BG level.'” Detection
sensitivity is the crucial issue that must be addressed.
Comparing to other sensing modalities (e.g., electrochemical
sensors), fluorescent (FL) sensors have attracted considerable
interests owing to high sensitivity, simple operation, fast or
real-time monitoring, and visual readout. Most FL sensors only
rely on one FL probe with particular emission wavelength,
which can be easily influenced by different factors (e.g, the
intensity of excitation light, concentration of probe, and
environmental interference).”””" Alternatively, the ratiometric
FL system based on the ratio of two different emission is less
prone to be affected, leading to high sensitivity, good accuracy,
and visualized presentation.”””* However, the commonly used
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FL materials [e.g, organic molecules and semiconductor
quantum dots (QDs)] often suffer from high cost and low
biocompatibility. Hence, visual sensing using the ratiometric
FL hybrid based on cheap and environmentally friendly FL
probes is needed.

Luminescent porous silicon (PSi) promises a wide range of
biomedical applications owning to the unique combination of
key merits including high loading capacity originated from
abundant pore structure, tunable fluorescence, high degrad-
ability, excellent biocompatibility, easy preparation, and low
cost.”* ¢ Several works have revealed the strong dependence
of its fluorescence properties on surface chemistry, especially
its oxidation state.”” For instance, our previous work revealed
that the elevated reactive oxygen species level in the skin
wound can trigger the oxidation of PSi and result in a thicker
SiO, layer, which lead to fluorescence decay of PSi and also
block the fluorescence resonance energy transfer (FRET)
effect between PSi and the carried drug (ciprofloxacin, an
antibacterial drug with blue fluorescence).”® This stimuli-
responsive fluorescence possesses great potential for versatile
platforms of the ratiometric FL system and visual monitoring.
The nanohybrid structure based on PSi decorated with QDs
including carbon QDs (CQDs)*** or semiconductor QDs
(e.g, CdS and PbS QDs)**™** have displayed superior optical
properties including the amplificated photoluminescence (PL)
signal of QDs or two-mode optical sensing capacity based on
PL of QDs and Bragg reflectivity of PSi. As a member of the
nanocarbon family, CQDs demonstrate advantages of bio-
compatibility (depending on their synthesis), facile synthesis,
high brightness, and good stability.”> Thus, the nanohybrid
structure based on PSi decorated with CQDs has great
potential in bioassay.

In this work, we for the first time demonstrate noninvasive
and visual monitoring of sweat glucose using wearable skin pad
based on the ratiometric FL nanohybrid. CQDs are decorated
on the porous structure of PSi particles, leading to dual FL
nanohybrid (CQDs@PSi). To improve the detection
sensitivity toward sweat glucose, bimetallic nanoparticles
(BiM) including gold nanoparticles (AuNPs) and silver
nanoparticles (AgNPs) are co-modified on PSi to enhance its
initial fluorescence intensity and catalyze the PSi oxidation
triggered by hydrogen peroxide (H,0,). A wearable skin pad
could be easily fabricated by co-immobilization of the as-
prepared BiM-CQDs@PSi and glucose oxidase (GOX) in a
transparent and biocompatible chitosan (CS) film supported
by an adhesive polyurethane (PU) membrane. Owing to the
FRET effect between PSi and CQDs, blue fluorescence of
CQDs is quenched and the skin pad initially shows red
fluorescence of PSi. When the skin pad is attached on the
body, H,O, generated in GOX-catalyzed sweat glucose
oxidation will promote the oxidation of PSi, thus leading to
the decay of PSi’s fluorescence and the recovery of CQDs’s
fluorescence, making fluorescence change from red (PSi) to
blue (CQDs). In addition, the kinetics of this visual
fluorescence change (red—blue) is proportional to the
concentration of sweat glucose. Using photos taken by the
smartphone, simple data processing is developed and clinical
test toward diabetics and healthy volunteers is easily realized.
The developed noninvasive and visual monitoring system of
sweat glucose can clearly indicate hyperglycemia through the
clinical test, showing great potential in daily healthcare.
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B EXPERIMENTAL SECTION

Preparation of Luminescent Porous Silicon Particles. PSi
was etched from anodization of a boron-doped silicon wafer
(resistivity: 0.0005—0.0012 Q/cm) with a [100] crystal orientation
in an electrolyte mixture of hydrofluoric acid (HF) aqueous (48% by
mass, Alatin Corp.) and ethanol (v/v = 4:1). The electrochemical
etching was conducted under a constant current density of 77 mA/
cm? for 600 s. Then, the PSi layer was removed from the Si substrate
by application of a current density of 22 mA/cm?® for 180 s in an
ethanol solution of 3.3% HF. To obtain luminescent PSi particles, the
PSi film was immersed in phosphate-buffered saline (PBS) solution
(0.1 M, pH = 7.4) for 12 h to activate the luminescence emission and
then washed with deionized water for three times. The luminescent
PSi film was placed in deionized water and fractured into particles by
ultrasonication (400 W) for 15 min.

Modification of PSi Particles with AuNPs and AgNPs. AuNPs
were prepared by the traditional Frens’s synthesis with chloroauric
acid (HAuCl,) and citrate sodium.>* Briefly, aqueous of HAuCl, (15
mM) was heated to boiling (100 °C) before citrate sodium aqueous
solution (0.1 M) was added (Vigaucr,/Veitrate sodiom = 25:1). The

temperature was maintained for 30 min to get the dark red solution of
AuNPs. AgNPs were prepared by the reduction of AgNO; (1 mM)
with glucose (10 mM) in NaOH (1 M) and ammonia (14.7 M)
medium (Vagno,/Vucose/ Viaon/ Vammonia = 100:100:1:1) for 30 min
at room temperature.”> To modify AuNPs and AgNPs to porous Si,
the mixture solution of PSi, AuNPs, and AgNPs were shaken for 1 h.
Then, the obtained BiM loaded PSi particles (BiM@PSi) were
centrifuged (8000 rpm, S min) followed by a thorough rinse with
deionized water.

Preparation of CQDs@PSi and BiM-CQDs@PSi Composite
Particles. According to the previous method, CQDs were prepared
by a one-step low-temperature solid-phase approach.*® Briefly, urea
and sodium citrate were mixed with a molar ratio of 6:land then
heated at 180 °C for 1 h. After the pH value of the obtained CQDs
aqueous was adjusted to 4 with HCl (1 mM), CQDs were loaded into
PSi particles by mechanical shaking of PSi in CQDs aqueous for 5 h,
and the obtained CQDs@PSi particles were isolated from solution by
centrifugation (8000 rpm, S min) followed with thorough rinsing with
deionized water to remove unloaded CQDs. Similarly, BiM-CQDs@
PSi particles were obtained by mechanical shaking of BIM@PSi in
CQDs aqueous, followed with the centrifugation and rinsing.

Construction of the Flexible BiM-CQDs@PSi/GOX/CS/PU
Pad. To prepare wearable pad for noninvasive analysis, BIM-CQDs@
PSi and GOX were co-immobilized in the CS film supported by a
sticky PU membrane (3M, USA). Briefly, BiM-CQDs@PSi particles
were dispersed in CS solution (1%) and GOX solution (1 mg/mL),
and then, 3-glycidyloxypropyl-trimethoxysilane (GPTMS, 3%) was
added to the solution to form a cross-linked polymer gel. Before the
gel cross-linked, the mixture solution (SO xL) was dropped to the PU
film (0.6 X 0.6 cm?). Then, a thin film was formed at the PU
membrane surface after 2—3 h at room temperature.

Characterization. Transmission electron microscopy (TEM)
images of PSi, CQDs, BIM@PSi, CQDs@PSi, and high-angle annular
dark field—scanning TEM (HAADF—STEM) image of BiM-CQDs@
PSi particles were obtained from JEM-1010 (Japan Electronics, Japan)
at an operating voltage of 100 kV. The absorbance spectra of PSi
particles, CQDs@PSi particles, AuNPs, and AgNPs were measured
with the SP-756PC UV-VIS spectrometer (Shanghai Spectrum,
China). The diffuse reflection-FTIR spectra of PSi particles after
different oxidation stages by H,0, were detected by diffuse reflection-
infrared Fourier transform spectroscopy (NICOLET iS10, Thermo
Scientific, USA). The elements on the surface of PSi and BiM@PSi
particles were analyzed by the X-ray photoelectron spectrophotometer
(VG ESCALAB MKII, VG Scientific, UK). The Si degradation
dynamics of PSi and BIM@PSi particles were measured by inductively
coupled plasma optical emission spectrometry (ICP—OES, ICP6000,
Thermo Scientific, USA). Briefly, 90 mg of PSi particles was used to
prepare BIM@PSi particles. Then, the obtained BIM@PSi and 90 mg
of PSi particles were incubated in 6 mL H,0, solution (100 M, PBS,
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Figure 1. (a) Schematic illustration for the preparation of BIM-CQDs@PSi particles. (b,c) TEM images of PSi particles. (d) TEM image of BIM@
PSi particles. (¢) HAADF—STEM image and merge elements, Si, C, Au, Ag element mapping images of BiM-CQDs@PSi particles.

pH = 7.4) at 37 °C, respectively. Then, an aliquot (200 uL) of the
supernatant was diluted with deionized water to 15 mL, and the pH
value was adjusted to 5.0 by 0.1 M HCL. The amount of Si elemental
in the supernatants was measured by ICP—OES, and the spectrometer
was calibrated at the position of 2p line of Si at a binding energy of
99.15 eV. The FL spectra were acquired by a fiber spectrometer (QE
pro, Ocean optics) with a 365 nm UV excitation. The FL images were
acquired by a fluorescence microscope (NE950, Nexcope, China)
attached with a highly sensitive CCD detector (MC20-C).

Glucose Detection in GOX Medium. Simulated sweat aqueous
consisted of NaCl (5%), urea (2%), lactic acid, and different contents
of glucose. BiM-CQDs@PSi particles were incubated in simulated
sweat aqueous contained different concentrations of glucose (0, S, 7.5,
10, and 1S mM). The fluorescence spectra and images of BiM-
CQDs@PSi particles incubated in simulated sweat aqueous were
recorded under a fluorescence microscope. The R/B value was
analyzed by Photoshop CC software.

Glucose Detection on Simulated Skin. Cotton pad is applied
as simulated skin. The CQDs@PSi/GOX/CS/PU pad was attached
on a piece of cotton pad and simulated sweat containing different
levels of glucose was dropped on the back of the cotton pad. Then,
the cotton pad was placed at a 37 °C heating panel, and the FL photo
was acquired by a cellphone camera (iphone 6S, Apple Inc. USA)
under a UV LED (A, = 377 nm) irradiation. The R/B value was
analyzed by Photoshop CC software.

On-Body Sweat Glucose Monitoring. A piece of the BiM-
CQDs@PSi/GOX/CS/PU pad was patched on the back area of neck
of the volunteer before sleep. The fluorescence photo was taken by
the cell phone camera under a UV LED (377 nm) irradiation before
and after sleep (10 h), and the fasting BG of each volunteer was
recorded by the glucometer (Sannuo, GA-3, China) after the pad was
removed.
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Image Processing and Analysis. Every two fluorescence photos
taken from the same people before and after patching were classified
into one group; therefore, 24 groups of images were obtained. Red
and blue channel intensity values of each pixel in all FL photos were
extracted by the Open CV software. The R/B values were calculated
and normalized within one group; thus, the experimental error from
slight differences in the initial material can be avoided. Then, the
maximum R/B value was defined as the red color and the minimum
value was defined as the blue color, and other points are given
corresponding colors between red and blue according to their
respective R/B values. After that, processed new images are obtained,
which demonstrated better distinguishability, and significant color
difference caused by different glucose levels can be recognized.
Furthermore, to achieve a more intuitive and standardized visual
effect, the mean value of normalized R/B values of every image was
calculated and colored from red to blue according to the numerical
value. Finally, average colors of each image were obtained.

B RESULTS AND DISCUSSION

Preparation and Characterization of Luminescent PSi
and BiM-CQDs@PSi Particles. According to the method
mentioned in our previous work,” the PSi film (a porosity of
~64.2%, thickness of 22.9 um, specific surface area of ~561
m?/g, and averaged pore diameter of 17.3 nm) was prepared
using electrochemical etching (anodic oxidation) in mixed
solution of HF and ethanol (Si + 2h* + 6HF — SiF*™ + H, +
4H", Figure 1a).’® Then, the freestanding porous Si film was
electrochemically removed from the bulk wafer using anodic
oxidation at lower concentrations of HF and current density.
The following ultrasonic treatment led to the formation of PSi
particles. The newly etched porous silicon did not possess
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Figure 2. (a) Evolution of fluorescence emission spectra during incubation of CQDs@PSi in PBS medium. (b) Fluorescence emission spectra of
PSi and BIM@PSi particles. Insets are the corresponding digital photos under UV irradiation (377 nm). (c) Releasing kinetics of Si species in the
supernatant of PSi and BIM@PSi particle solution (100 uM H,0O, in PBS, pH = 7.4, 37 °C). (d) Ratiometric intensity of (Ig/ (I + Ic) of CQDs@
PSi (black) and BiM-CQDs @PSi (red) as a function of oxidation time in H,0, solution (100 uM, PBS, pH = 7.4, 37 °C).

fluorescence. After activated in phosphate aqueous solution
(pH = 7.4, 25 °C, 12 h), luminescent PSi particles with bright
red luminescence were obtained owing to the passivation of
nonradiative surface defects and generation of surface states by
formation of SiO, thin layer through slight oxidation.”> TEM
images of the luminescent PSi (Figure 1b,c) indicated that the
porous structure retained after the luminescence activation of
the PSi particle.

The BiM-CQDs@PSi nanohybrid was prepared following
the procedure illustrated in Figure la. The porous nature of
PSi makes it a good carrier for the preparation of hybrid
materials. As illustrated in Figure 1a, AuNPs (~13 nm)** and
AgNPs (~14 nm)* could be easily loaded on PSi particles
using simple mixing and shaking, leading to bimetallic
nanoparticle-modified PSi (BiM@PSi). The as-prepared
BiM@PSi particles still maintain porous morphology of PSi
(Figure 1d). The appearance of characteristic plasma
resonance absorption peaks of AuNPs (~513 nm)’’ and
AgNPs (~388 nm)*® in UV—vis absorption spectra (Figure S1
in Supporting Information) proves efficient composites of
AuNPs and AgNPs in PSi nanoparticles, which can be further
confirmed by peaks of Au 4f and Ag 3d in X-ray photoelectron
spectroscopy (Figure S2 in Supporting Information). Mapping
images of the energy -dispersive spectrum equipped in
transmission electron microscope furtherly reveal the success-
ful preparation of this multicomponent nanohybrid with
CQDs, AuNPs, and AgNPs on the porous structure of PSi
particles. As shown in Figure le, C signals from CQDs and Au
and Ag signals from BiM are well distributed in Si signals from
PSj, indicating a uniform structure of BiM-CQDs@PSi.

FRET Effect and Ratiometric Fluorescence between
CQDs and PSi. Fluorescence analysis has advantages of high
sensitivity, simple operation, visual signal, and direct
monitoring in vivo. However, most FL sensors employ intensity
change at a single emission peak, which can be easily
influenced by variety of conditions (eg, excitation light
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intensity, probe concentration, and environmental interfer-
ences). As an alternative, ratiometric fluorescence probes
conferred the sensors with higher accuracy based on the ratio
of intensities at two different emission peaks. Furthermore,
ratiometric fluorescence can provide a very intuitive color
change and realize visual detection using human eyes. Owing
to the excellent biocompatibility and good photoluminescence
properties, PSi and CQDs are chosen to build dual-
fluorescence nanohybrids by loading CQDs on the porous
structure of PSi. CQDs with diameter ~10 nm (Figure S3)
displays bright blue emission, and PSi shows red fluorescence
under UV excitation (365 nm), as demonstrated in insets in
Figure S4. The emission spectrum of CQDs with a maximum
peak at 465 nm overlaps with the absorption spectrum of PSi
in the range of 300—500 nm (Figure S4), suggesting possibility
for FRET between the two FL materials. When CQDs are
loaded in PSi, only red fluorescence from PSi was initially
observed (peaked at ~700 nm) in PL spectra (Figure 2a) and
images of the fluorescence microscope (Figure SS in
Supporting Information), indicating that the blue fluorescence
of CQDs was completely quenched owing to the efficient
FRET effect between PSi and CQDs. It is presumed that
CQDs acted as the energy donor, while PSi was the acceptor
owing to high density of electronic states and the large surface.
Along with the oxidation and degradation process of PSi in
PBS aqueous, the intensity of the red fluorescence peak (PSi,
~750 nm) decreased gradually, while the intensity of the blue
fluorescence peak (CQDs, ~400 nm) increased gradually
(Figure 2a), leading to ratiometric fluorescence change from
red to blue. This change can be easily distinguished by the
naked eye. As shown in Figure SS in Supporting Information,
the colors of CQDs@PSi appear from red (PSi) to pink (the
mixture of red fluorescence from PSi and recovered blue
fluorescence from CQDs. The earlier color change of PSi’s
edge part is attributed to faster oxidation. The mechanism for
this ratiometric fluorescence lies in slow oxidation of PSi in
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Figure 3. Fluorescence images of BiM-CQDs@PSi particles in simulated sweat aqueous with different concentrations of H,O,. Images with first

appearance of complete blue fluorescence were marked by blue borders.

0, &

Glucose

T

% Gluconic
acid

(b)

Control

Glu
5mM

Glu
7.5 mM

Glu
10 mM

Glu
15mmM

Figure 4. (a) Schematic illustration for glucose monitoring using ratiometric fluorescence of BiM-CQDs@PSi upon the stimulation of H,O,
generated in GOX-catalyzed oxidation of glucose. (b) Fluorescent images of BiM-CQDs@PSi particles in GOX solution with different
concentrations of glucose. Images with first appearance of complete blue fluorescence were marked by blue borders.

aqueous solution. The formed SiO, insulator reduces density
of free electronic states and concentration of the free carrier in
PSi.>* Thus, FRET between PSi and CQDs is weakened and
the fluorescence of CQDs is recovered. At the same time, the
eliminated quantum-confined Si domains and the generated

defect energy level remarkably decreases red fluorescence of
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PSi. Taken together, CQDs@PSi nanohybrid exhibited visual
fluorescence color changes.

Enhanced Fluorescence and Accelerated Oxidation
of PSi in the BiM-CQDs@PSi Nanohybrid. In comparison
with PSi particles, BIM@PSi shows obviously brighter red
luminescence (insets in Figure 2b) with 82% increase of peak
intensity in the emission spectrum (Figure 2b), indicating the

https://dx.doi.org/10.1021/acssensors.0c00718
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sensitized fluorescence of PSi. This phenomenon may arise
from resonant interactions between emission dipoles and
localized surface plasmons positioned at a few nanometers
from the AuNP or AgNP surface.”® In addition, the
enhancement of fluorescence by bimetallic nanoparticles is
more significant than that caused by the corresponding single
type of metal nanoparticle (66% or 14% increase of peak
intensity in emission spectrum for AuNPs-PSi or AgNPs-PSi,
respectively, Figure S6 in Supporting Information), suggesting
a synergistic effect between AuNPs and AgNPs.

Hydrogen peroxide-triggered oxidation of PSi particles was
further investigated because H,0, is a vital component of
reactive oxygen species in the biological system. When PSi
particles were exposed to H,0,, the surface of PSi could be
further oxidized. This oxidation process was revealed using
diffuse reflectance FTIR spectroscopy (DR-FTIR). As shown
in Figure S7 in Supporting Information, the signal of the Si—H
bond gradually decreases accompanying with the gradual
increase of the Si—O—Si signal, indicating the formation of the
SiO, layer. The instability of the formed SiO, in aqueous
solution [SiO, + 2H,0 — Si(OH),] led to release of Si
species.”” In comparison with PSi, BIM@PSi exhibited higher
release of Si in this H,0,-triggered oxidation, indicating
accelerated oxidation degree of PSi by AuNPs and AgNPs
(Figure 2c). This phenomenon might be ascribed to the
powerful electron transfer ability of AuNPs/AgNPs, which
greatly improved the electron transition efficiency between PSi
and H,0, by providing multiple electron enrichment regions.
The catalytic effect of metal nanoparticles is quite similar to
that took place in metal-assisted chemical etching of Si.*'
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In the CQDs@PSi nanohybrid, the ratiometric fluorescence
change can be observed as the oxidation of PSi by H,0,
decrease PSi’s fluorescence and block FRET between PSi and
CQDs. The formation of SiO, layer in H,O, solution (100
uM, PBS) can be clearly seen by forming a loose structure in
TEM images (Figure S8 in Supporting Information). To
further confirm the mechanism, neat CQDs were also
incubated with H,O,. Nevertheless, H,0, exerts no significant
effect on the FL intensity of the neat CQDs (Figure S9 in
Supporting Information). Comparing to CQDs@PSi, the BiM-
CQDs@PSi undergoes a quicker change in the ratiometric
fluorescence when both of them are incubated in H,O,
aqueous. As shown in Figure 2d, the decrease rate of Ig/(Ig
+ I¢) value is obviously faster for BiM-CQDs@PSi compared
to CQDs@PSi, where I and I refer to the FL peak intensity
of PSi and CQDs, respectively. The results should be ascribed
to the enhanced oxidation efficiency catalyzed by the bimetallic
nanoparticles. In addition, the rate of fluorescence alternation
from red to blue is in dependent on the concentration of H,O,.
As shown in Figure 3, the higher the concentration of H,O,,
the faster the change of ratiometric fluorescence color,
indicating the potential for H,O, analysis. Because the kinetics
of PSi oxidation is directly related to the rate of ratiometric FL
change, the promoted oxidation kinetics can thereby increase
the sensitivity of FL response toward H,0, stimuli.

Visual Response toward Glucose Based on H,0,
Generated by GOX-Catalyzed Oxidation of Glucose.
The GOX-based catalytic system has been widely employed for
the detection of glucose (Glu).*” As illustrated in Figure 4a,
enzymatic oxidation of glucose produces H,0, and gluconic
acid. Owing to fast ratiometric fluorescence change triggered
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Figure 6. (a) Schematic illustration for noninvasive and visual monitoring of sweat glucose. Origin and processed FL photos of the wearable pad

from diabetics (b) or health (c) volunteers.

by H,0,, BiM-CQDs@PSi could be utilized for analysis of
glucose in the presence of GOX in simulated sweat. Obviously,
the time required for complete blue fluorescence is shortened
along with the increase of glucose concentration (Figure 4b)
because of the improved H,O, concentration at a high glucose
level. Besides these visual results, the FL spectra of BiM-
CQDs@PSi particles under different glucose levels furtherly
confirmed that glucose can accelerate the ratiometric
fluorescence transition in the GOX catalytic system. The
transition rate of the fluorescence peak from red PSi to blue
CQDs is faster as the concentration of glucose increases
(Figure S10a—e in Supporting Information). And the value of
I/ (I + Ic) in FL spectra decreases with the increased glucose
level at each time (Figure S10f in Supporting Information).
Compared with BiM-CQDs@PSi, time required for CQDs@
PSi particles to completely turn blue is significantly longer
(Figure S11 in Supporting Information), further confirming
the acceleration of the oxidation process by bimetallic
nanoparticles.

Cytotoxicity of BiM-CQDs@PSi. To verify the biocom-
patibility of BiM-CQDs@PSi, cytotoxicity experiment was
conducted using two kinds of typical model cells for skin
tissue, HaCaT and NIH3T3 cells. As shown in Figure S12 in
Supporting Information, co-incubating of these cells with BiM-
CQDs@PSi particles (0.1, 0.5, 1 mg/mL for 24 h or 48 h) led
to more than 85% viabilities of NIH3T3 cells and 90%
viabilities of HaCaT cells, indicating low cell toxicity and good
biocompatibility. Thus, the material can be directly applied on
skin surface with few side effects.

Construction of Wearable Pad and In Vitro Glucose
Monitoring in Simulated Skin. To prepare wearable devices
for skin-interfaced detection, BIM-CQDs@PSi particles and
GOX were co-immobilized in the biopolymer film supported
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by the flexible and adhesive PU membrane (Tegaderm Film,
3M, USA). As illustrated in Figure Sa, CS cross-linked with
GPTMS* was chosen as the biocompatible matrix to
uniformly disperse BiM-CQDs@PSi particles and GOX
because of its high biocompatibility, good film-forming
characteristics, efficient encapsulation by polymer chains, and
ability to maintain enzyme’s activity."* Owing to merits of
flexibility, adhesiveness and high biocompatibility, the as-
prepared BiM-CQDs@PSi/GOX/CS/PU pad could be
directly attached on skin.

To explore the potential of the obtained pad for monitoring
of sweat glucose, in vitro glucose monitoring was conducted
using cotton pad as the simulated skin. After the BIM-CQDs@
PSi/GOX/CS/PU pad was patched on the cotton pad,
simulated sweat (1 mL) containing different concentrations
of glucose (0, 5, 7.5, 10, and 15 mM) was dropped on the back
side of the cotton pad. Digital photos of the attached pad were
taken every 4 h by the camera on a smartphone under UV
irradiation (light emitting diode—LED, 377 nm). As shown in
Figure Sb, the change of fluorescence color from red to blue
within 10 h can be directly observed by naked eyes. In
addition, the dynamics of this color change is closely related to
glucose concentration. The higher the glucose concentration,
the faster the blue color appears. Obviously, glucose facilitates
red — blue change of BiM-CQDs@PSi, indicating that GOX
keeps its enzyme activity in the CS film and the produced
H,0, in enzymatic oxidation of glucose promotes the
oxidation process of PSi.

RGB analysis was utilized to quantitatively evaluate the
glucose level in simulated sweat. After the intensity of the red
or blue channel in the fluorescence image of BiM-CQDs@PSi/
GOX/CS/PU pad was obtained through Photoshop CC
software (Adobe Inc.), the ratiometric intensity value of the
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red versus blue channel (R/B) was calculated. Figure Sc
demonstrated the R/B value in the presence of different
concentrations of glucose at different times. The higher change
kinetics of ratiometric fluorescence at a higher glucose level
could be easily revealed. In addition, this R/B value shows
linear correlation with the concentration of glucose with a
sensitivity of 3.46% mM ™, indicating potential for quantitative
analysis of glucose (Figure Sd). As BiM facilitated H,O,-
triggered oxidation of PSi, the same in vitro experiment using
CQDs@PSi/GOX/CS/PU needs much longer time for
complete disappearance of PSi’s red fluorescence and recovery
of CQDs’s blue fluorescence (Figure S13 in Supporting
Information).

On-Body Monitoring of Sweat Glucose. In comparison
with glucose detection by finger-pricked blood, noninvasive
monitoring of glucose using accessible human biofluids
provides potential for continuous, real-time, and out-of-clinic
health monitoring. Amongst, noninvasive monitoring of
glucose in sweat that is easily accessed with capability of
continuous sampling is attractive because of the correlation of
the glucose level between blood and sweat. However, direct
monitoring of sweat glucose remains a great challenge because
of its low concentration (~100 times lower than BG level). On
the other hand, conventional sweat analysis involve collection
using gauze pads taped to the skin, making on-site, real-time,
and convenient detection not possible. The developed BiM-
CQDs@PSi/GOX/CS/PU pad has possibility for on-body
monitoring of sweat glucose by combination of key merits
including flexibility, high biocompatibility, and glucose-
sensitive ratiometric fluorescence.

As illustrated in Figure 6a, the BiM-CQDs@PSi/GOX/CS/
PU pad was patched on the back-neck area of volunteers.
Monitoring of sweat glucose was conducted on 8 diabetics (6
males and 2 females, aged from 52 to 85) and 16 healthy
volunteers (12 males and 4 females, aged from 19 to 30) from
the Zhejiang University Hospital. To minimize individual
difference caused by lactic acid secretion during diet and
exercise process, monitoring of sweat glucose was conducted
during night sleep (10 h). This detection strategy can improve
the detection accuracy and sensitivity owing to the
accumulation and persistent secretion of glucose in sweat.
On the one hand, bimetallic nanoparticles promote the
oxidation of PSi by H,0, generated in enzymatic oxidation
of glucose, leading to a fast ratiometric fluorescence change.
On the other hand, the accumulated sweat glucose in the
detection process can further accelerate the ratiometric
fluorescence change, thereby increasing the overall sensitivity.
Digital photos of these wearable pads before and after
detection were taken by the camera on a smartphone under
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UV irradiation (377 nm). It can be seen by the naked eye that
red color in the fluorescence image of the pad reduces after
detection. However, it is difficult to clearly distinguish different
samples by naked eyes because of a slight change by the trace
content of glucose in sweat. Thus, a simple color normalization
method is employed. First, fluorescence images of each BiM-
CQDs@PSi/GOX/CS/PU pad before and after detection
were classified into one group (totally 24 samples). Second,
intensity of the red or blue channel of each points was
extracted and the R/B values were calculated. Then, the point
with the maximum R/B value was colored by red and the point
with the minimum R/B value was colored by blue; other points
are colored between red and blue according to their R/B
values. Finally, the mean value of normalized R/B values of
each image was calculated to obtain an average color. Images
with an averaged color were obtained after this procedure and
applied in analysis (Figure 6b,c).

To distinguish people with the hypoglycemia state or normal
BG, the image obtained from the volunteer with a BG level of
6.0 mM (tested by commercial blood glucometer), that is very
close to the critical level between hypoglycemia and normal
state (6.2 mM, S7), is settled as the critical color (Figure 6b).
As glucose promote the change kinetics of ratiometric
fluorescence from red to blue, a higher level of glucose leads
to a higher degree of color change from red to blue. The
resulted image for each detection is summarized in Figure 7.
Hyperglycemia and normal BG level can be distinguished in
comparison with the critical color. Besides the visual color, the
calculated R/B values obtained by the hyperglycemia volunteer
is lower than that obtained by the normal person. Thus, S1-S6
(Figure 6b) with a bluer image were under the hypoglycemia
state, while S8 maintained a normal BG level during the
detection process (under control of hypoglycemic drugs). At
the same time, all health people had a normal BG level with
much red images (S1—S18, Figure 6¢c). Diagnosis results for
hyperglycemia patients by using the developed visualization
method are consistent with that obtained through BG
detection by a commercial blood glucometer, indicating
potential for noninvasive, semiquantitative tracking of
physiological status.

B CONCLUSIONS

In summary, we have developed a platform for noninvasive and
visual monitoring of sweat glucose based on glucose-sensitive
ratiometric fluorescence nanohybrids. With different glucose
levels in sweat, the oxidation of luminescent PSi by production
of H,0, through enzymatic oxidation of glucose could change
the FRET effect between PSi and CQDs and decay PSi’s red
fluorescence, leading to visual fluorescence change from red
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(PSi) to blue (CQDs). On body monitoring of sweat glucose
using the proposed flexible pad demonstrates good resolution
capacity between hyperglycemia and normal glucose state. This
noninvasive and visual detection will be easy to operate if a
smartphone integrates a miniature UV light source. Because
the oxidation of PSi is irreversible, the patch is designed to be
disposal in future application. As H,O, is a well-known
product in oxidoreductases, a universal platform to detect any
substrates of oxidoreductases including a large variety of
metabolites (e.g, glucose, cholesterol, lactate, choline, L-lysine,
pyruvate, glutamate, alcohol, xanthine, D-galactose, amino
acids, sn-glycerol-3-phosphate, etc.) is possible. The specificity
of the detection could be easily ensured by choice of the
corresponding enzyme. To meet the requirements for different
application purposes, the co-immobilized enzyme could be
changed and the membrane to support the active detection
layer can be further adjusted. In other words, the platform
demonstrated here may be extended for visual detection of a
variety of metabolites, and it is amenable for long-term home-
based health management and treatment of metabolic diseases.
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