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ABSTRACT:Noninvasive and visual monitoring of glucose i
highly desirable for diabetes diagnostics and long-term home-b!
health management. Owing to the correlation of the glucose |
between blood and sweat, on-body sweat glucose dete
provides potential for noninvasive healthcare but is hig
challenging. Herein, we for thet time demonstrate a wearable Ly :
skin pad based on the ratiomettorescent nanohybrid, whichi, uv / \ 5
can realize noninvasive and visual monitoring of sweat gluc&e. ' giii Ho, T \Sluconic {;} 2

Luminescent porous silicon (PSi) particles, which have a porous__ Waou 31

structure and oxidation-responsive photoluminescence decay, a — ﬁ o Lj‘lQ—‘Hq ¥

chosen to load (adsorb or entrap) carbon quantum dots (CQDs) o o BIM-COD@PSI BIM-COD@SIO,

for the construction of the dualiorescence nanohybrid.

Bimetallic (Au and Ag) nanoparticles (BiM) are also co-decorated on the PSi particle to improve detection sensitivity by
enhancing PSiinitial uorescence and oxidation kinetics. Owing to ttierg uorescence resonance energy transfer BiM-

CQDs@PSi initially exhibits BSed uorescence with complete quenching of GQilge uorescence. The oxidation of PSi
triggered by hydrogen peroxide@) weakens the FRETect and decays RSiuorescence, causing ratiometrizescence to

change from red (PSi) to blue (CQDs). A wearable skin pad is easily fabricated by co-immobilization of BiM-CQDs@PSi anc
glucose oxidase (GOX) in a transparent and biocompatible chitosapported by an adhesive polyurethane membrane. When

the skin pad is attached on the body, the same ratiometascence transition (redblue) is observed upon the stimulation of

H,0, generated in GOX-catalyzed oxidation of sweat glucose. Based on the strong correlation between theratoesfabe

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
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D iabetes is one of the most popular chronic diseasegucose remains a great challenge because the sweat glucose
around the world and seriously threatens human healtlevel is 100 times lower than the BG léVeDetection
To prevent severe complicatiomg (cardiovascular diseases, sensitivity is the crucial issue that must be addressed.
kidney failure, blindness, and nerve degeneration), frequenComparing to other sensing modaliteg.€lectrochemical
blood glucose (BG) checks in daily life are essential fafensors),uorescent (FL) sensors have attracted considerable
diabetic patients. However, conventional commercial gluc-interests owing to high sensitivity, simple operation, fast or
ometers involve invasive and repetitiger-stick blood tests real-time monitoring, and visual readout. Most FL sensors only
which bring physical pain, psychological stress, and riskrgfy on one FL probe with particular emission wavelength,
wound infection.Noninvasive and wearable sensors with onghich can be easily irenced by derent factorse(g the
body, continuous, and visual glucose monitoring are highpttensity of excitation light, concentration of probe, and
desirable for predictive clinical diagnosis and personalizgfironmental interferenééj’ Alternatively, the ratiometric
health care? , ) ... FL system based on the ratio of twe@mint emission is less

As an alternative to blood, easﬂg/ accessible humaidsio prone to be acted, leading to high sensitivity, good accuracy,

7 . . gy . . 0
(eg fwe"’&-, skin interstitial uid,” tears, salivd, and  anq visualized presentafiof.However, the commonly used
urine™) provide potential capability for noninvasive analysis

of biomarkers that rect insightful physiological information _ )
of body. It has been proven that glucose in thesgdsigs ~ Received: April 8, 2020
di used from blood vessels through endothelium or Hlands/ccepted: May 26, 2020
and its concentration is linearly correlated with that in ublished: May 26, 2020
blood*® *® Owing to easy access, sweat provides advantage

of continuous sampling on various body agega(m, wrist,

neck, and forehead):®> However, direct monitoring of sweat
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FL materials €.g.,organic molecules and semiconductor EXPERIMENTAL SECTION

quantum dots (QDs)] often ser from high cost and low preparation of Luminescent Porous Silicon Particles.PSi
biocompatibility. Hence, visual sensing using the ratiometijgs etched from anodization of a boron-doped silicon wafer
FL hybrid based on cheap and environmentally friendly Flesistivity: 0.0009.0012 /cm) with a [100] crystal orientation
probes is needed. in an electrolyte mixture of hyduoric acid (HF) aqueous (48% by
Luminescent porous silicon (PSi) promises a wide range B®ss, Alatin Corp.) and ethanol (v/v = 4:1). The electrochemical
biomedical applications owning to the unique combination &iching was conducted under a constant current density of 77 mA/

e ; ; : . g, nt for 600 s. Then, the PSi layer was removed from the Si substrate
key merits including high loading capacity originated fro application of a current density of 22 mAfm 180 s in an

abundant pore structure, tunablerescence, high degrad- gthanol solution of 3.3% HF. To obtain luminescent PSi particles, the
ability, excellent biocompatibility, easy preparation, and lowsj im was immersed in phosphateebed saline (PBS) solution
cost? 2° Several works have revealed the strong dependenoel M, pH = 7.4) for 12 h to activate the luminescence emission and
of its uorescence properties on surface chemistry, especidiign washed with deionized water for three times. The luminescent
its oxidation stafé.For instance, our previous work revealedPSi Im was placed in deionized water and fractured into particles by
that the elevated reactive oxygen species level in the sKlfasonication (400 W) for 15 min.

. L - . - Modi cation of PSi Particles with AUNPs and AgNPsAUNPs
wound can trigger the oxidation of PSi and result in a thick lere prepared by the traditional Peeagnthesis with chloroauric

SiQ, layer, which lead taiorescence decay of PSi and alsoacig (HAuC)) and citrate sodiuff.Brie y, aqueous of HAUQILS

block the uorescence resonance energy transfer (FREThM) was heated to boiling (100) before citrate sodium aqueous

e ect between PSi and the carried drug (@pexin, an  solution (0.1 M) was added {Nci/V citrate sogium= 25:1). The
antibacterial drug with bluaiorescencéy. This stimuli-  temperature was maintained for 30 min to get the dark red solution of
responsiveuorescence possesses great potential for versateNPs. AgNPs were prepared by the reduction of AGN@GM)
platforms of the ratiometric FL system and visual monitoringyith glucose (10 mM) in NaOH (1 M) and ammonia (14.7 M)
The nanohybrid structure based on PSi decorated with QI&edium (Mgno/V giucostV NaoH V ammonia= 100:100:1:1) for 30 min
including carbon QDs (CQD&Y° or semiconductor QDs  at room temperatufé.To modify AuNPs and AgNPs to porous Si,
(e.g.CdS and PbS QD?) 32 have displayed superior optical the mixture squFion of I?Si, AuNPs, ar!d AgNPs were shakep for 1 h.
properties including the amptited photoluminescence (PL) Then, the obtained BiM loaded PSi particles (BIM@PSi) were

signal of QDs or two-mode optical sensing capacity based @Z]ncmifggg%vggf 0 rpm, 5 min) followed by a thorough rinse with

PL of QDs and Bragg eztivity of PSi. As a member of the  preparation of CQDs@PSi and BiM-CQDs@PSi Composite
nanocarbon family, CQDs demonstrate advantages of biarticles. According to the previous method, CQDs were prepared
compatibility (depending on their synthesis), facile synthesiy a one-step low-temperature solid-phase appr&aihy, urea

high brightness, and good staﬁﬁityhus, the nanohybrid and sodium citrate were mixed with a molar ratio of 6:1and then

; ; ated at 18€C for 1 h. After the pH value of the obtained CQDs
Structu_re . based on PSi decorated with CQDs has grelaagueous was adjusted to 4 with HCI (1 mM), CQDs were loaded into
potential in bioassay.

. . . . PSi particles by mechanical shaking of PSi in CQDs aqueous for 5 h,
In this work, we for therst time demonstrate noninvasive anq the obtained CQDs@PSi particles were isolated from solution by
and visual monitoring of sweat glucose using wearable skin gagkrifugation (8000 rpm, 5 min) followed with thorough rinsing with
based on the ratiometric FL nanohybrid. CQDs are decorateigionized water to remove unloaded CQDs. Similarly, BiM-CQDs@
on the porous structure of PSi particles, leading to dual FRSi particles were obtained by mechanical shaking of BIM@PSi in

nanohybrid (CQDs@PSi). To improve the detectionCQDs aqueous, followed with the centrifugation and rinsing.
Construction of the Flexible BiM-CQDs@PSi/GOX/CS/PU

Se_r13|t|\(|ty tO_W"’“d sweat glucqse, bimetallic nanOpart'CIB%.To prepare wearable pad for noninvasive analysis, BiM-CQDs@
(BiM) including gold nanoparticles (AuNPs) and silverps;j and GOX were co-immobilized in the @Ssupported by a
nanoparticles (AgNPs) are co-medion PSi to enhance its  sticky PU membrane (3M, USA). ByieBiM-CQDs@PS:i patrticles
initial uorescence intensity and catalyze the PSi oxidatiarere dispersed in CS solution (1%) and GOX solution (1 mg/mL),
triggered by hydrogen peroxide@k). A wearable skin pad and then, 3-glycidyloxypropyl-trimethoxysilane (GPTMS, 3%) was
could be easily fabricated by co-immobilization of the a8dded to t_he solution to form a cr_oss-linked polymer gel. Before the
prepared BiM-CQDs@PSi and glucose oxidase (GOX) in gﬁ?l cross-linked, the mixture solution (50was dropped to the PU

) . . m (0.6 x 0.6 cr). Then, a thin Im was formed at the PU
transparent and biocompatible chitosan (@8)supported o brane surface after3ch at room temperature.

by an adhesive polyurethane (PU) membrane. Owing to the characterization. Transmission electron microscopy (TEM)
FRET eect between PSi and CQDs, bluerescence of images of PSi, CQDs, BIM@PSi, CQDs@PSi, and high-angle annular
CQDs is quenched and the skin pad initially shows redark eld scanning TEM (HAADFSTEM) image of BiM-CQDs@
uorescence of PSi. When the skin pad is attached on tR&i particles were obtained from JEM-1010 (Japan Electronics, Japan)

body, HO, generated in GOX-catalyzed sweat glucosét an operating voltage of 100 kV. The absorbance spectra of PSi

O . o . : articles, CQDs@PSi particles, AuNPs, and AgNPs were measured
?hxeldgggg W(;Ifl IgrS?inl?)tr(aestzgn?:)éldzfr?(?rt]hgf rZ?(I)’vtehus Ifeadlrgg t ith the SP-756PC UWIS spectrometer (Shanghai Spectrum,
Yy ry of CQDS china). The diuse reection-FTIR spectra of PSi particles after

uorescence, makingorescence change from red (PSi) to di erent oxidation stages byOdwere detected by dise reection-

blue (CQDs). In addition, the kinetics of this visualinfrared Fourier transform spectroscopy (NICOLET iS10, Thermo
uorescence change (rdalue) is proportional to the Scientic, USA). The elements on the surface of PSi and BIM@PSi
concentration of sweat glucose. Using photos taken by tRarticles were analyzed by the X-ray photoelectron spectrophotometer
smartphone, simple data processing is developed and clinftg ESCALAB MKIl, VG Scienti UK). The Si degradation

. . - . . amics of PSi and BIM@PSi particles were measured by inductively
test toward diabetics and healthy volunteers is easily realiz pled plasma optical emission spectrometry GES, ICP6000,

The developed noninvasive and visual monitoring system f{ermo Scient, USA). Briey, 90 mg of PSi particles was used to
sweat glucose can clearly indicate hyperglycemia through gagpare BiM@PSi particles. Then, the obtained BiM@PSi and 90 mg
clinical test, showing great potential in daily healthcare.  of PSi particles were incubated in 6 D t$olution (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. (e) HAADISTEM image and merge elements, Si, C, Au, Ag element mapping images of BiM-CQDs@PSi patrticles.

pH = 7.4) at 37°C, respectively. Then, an aliquot (20p of the Image Processing and AnalysisEvery two uorescence photos
supernatant was diluted with deionized water to 15 mL, and the ptaken from the same people before and after patching weesclassi
value was adjusted to 5.0 by 0.1 M HCI. The amount of Si elemeniato one group; therefore, 24 groups of images were obtained. Red
in the supernatants was measured by@ES, and the spectrometer and blue channel intensity values of each pixel in all FL photos were
was calibrated at the position of 2p line of Si at a binding energy 8ktracted by the Open CV software. Ri@values were calculated
99.15 eV. The FL spectra were acquired bgraspectrometer (QE ~ and normalized within one group; thus, the experimental error from
pro, Ocean optics) with a 365 nm UV excitation. The FL images wefdght dierences in the initial material can be avoided. Then, the
acquired by auorescence microscope (NE950, Nexcope, Chinajnaximun/B value was deed as the red color and the minimum
attached with a highly sensitive CCD detector (MC20-C). value was .deed as the blue color, and other pomts.are given

Glucose Detection in GOX Medium.Simulated sweat aqueous Ccorresponding colors between red and blue according to their
consisted of NaCl (5%), urea (2%), lactic acid, aatkedi contents res_pectlvRIBvaIues. After that_, procgssed_ NEw Images are obtained,
of glucose. BiIM-CQDs@PSi particles were incubated in simulat (!i"Ch demonstrated better distinguishability, and caighicolor

sweat aqueous containecktént concentrations of glucose (0, 5, 7.5, I'erence caused b_y elient gluco_se ."?Ve's can be reqognlzed.
Furthermore, to achieve a more intuitive and standardized visual

10, and 15 mM). Theuorescence spectra and images of BIM'e ect, the mean value of normaliReB values of every image was

CQDZ@%PS' gartlcles incubated in simulated sdv3veat| aqueous WeLfeylated and colored from red to blue according to the numerical
recorded under auorescence microscope. TR value was  \1ye. Finally, average colors of each image were obtained.
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 RESULTS AND DISCUSSION

on a piece of cotton pad and simulated sweat contairengndli Preparation and Characterization of Luminescent PSi

levels of glucose was dropped on the back of the cotton pad. Thejhq BiM-CQDs@PSi Particledccording to the method
the cotton pad was placed at &Bheating panel, and the FL photo entioned in our previous wétihe PSi Im (a porosity of

was acquired by a cellphone camera (iphone 6S, Apple Inc. US 4.2%, thickness of 2219, specic surface area 0561

under a UV LED (, = 377 nm) irradiation. ThB/ B value was m?/g, and averaged pore diameter of 17.3 nm) was prepared

analyzed by Photoshop CC software. . - - . Sl . X
On-Body Sweat Glucose Monitoring. A piece of the BiM-  USING electrochemical etching (anodic oxidation) in mixed

CQDs@PSi/GOX/CS/PU pad was patched on the back area of neaplyt'o,n of HF Ban ethanol (Si +2h6HF SiR® + H, +

of the volunteer before sleep. Therescence photo was taken by 4H", Figure @)”> Then, the freestanding porousI8i was )
the cell phone camera under a UV LED (377 nm) irradiation befor€/€ctrochemically removed from the bulk wafer using anodic
and after sleep (10 h), and the fasting BG of each volunteer wa¥idation at lower concentrations of HF and current density.
recorded by the glucometer (Sannuo, GA-3, China) after the pad wabe following ultrasonic treatment led to the formation of PSi
removed. particles. The newly etched porous silicon did not possess
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Figure 2.(a) Evolution of uorescence emission spectra during incubation of CQDs@PSi in PBS medium. (b) Fluorescence emission spectra o
PSi and BIM@PSi particles. Insets are the corresponding digital photos under UV irradiation (377 nm). (c) Releasing kinetics of Si species in tl
supernatant of PSi and BIM@PSi particle solution ¥1630, in PBS, pH = 7.4, 3T). (d) Ratiometric intensity of{( I+ |c) of CQDs@

PSi (black) and BiM-CQDs @PSi (red) as a function of oxidation tim@.sdtution (100 M, PBS, pH = 7.4, 3TC).

uorescence. After activated in phosphate aqueous solutiatensity, probe concentration, and environmental interfer-
(pH = 7.4, 25°C, 12 h), luminescent PSi particles with brightences). As an alternative, ratiomettiorescence probes
red luminescence were obtained owing to the passivation ainferred the sensors with higher accuracy based on the ratio
nonradiative surface defects and generation of surface statesfbintensities at two dérent emission peaks. Furthermore,
formation of Si@thin layer through slight oxidatiGATEM ratiometric uorescence can provide a very intuitive color
images of the luminescent FSjre b,c) indicated that the change and realize visual detection using human eyes. Owing
porous structure retained after the luminescence activationtofthe excellent biocompatibility and good photoluminescence
the PSi particle. properties, PSi and CQDs are chosen to build dual-

The BiM-CQDs@PSi nanohybrid was prepared followinguorescence nanohybrids by loading CQDs on the porous
the procedure illustrated fiigure &. The porous nature of structure of PSi. CQDs with diametd0 nm igure SB
PSi makes it a good carrier for the preparation of hybridisplays bright blue emission, and PSi showsoesscence
materials. As illustratedrigure &, AuNPs (13 nmy* and under UV excitation (365 nm), as demonstrated in insets in
AgNPs (14 nm)* could be easily loaded on PSi particlesFigure S4The emission spectrum of CQDs with a maximum
using simple mixing and shaking, leading to bimetalljgpeak at 465 nm overlaps with the absorption spectrum of PSi
nanoparticle-modéd PSi (BiIM@PSi). The as-prepared inthe range of 30600 nm Figure Sy} suggesting possibility
BIM@PSi particles still maintain porous morphology of P$or FRET between the two FL materials. When CQDs are
(Figure ®d). The appearance of characteristic plasmé#oaded in PSi, only rediorescence from PSi was initially
resonance absorption peaks of AuNPsLY nmj’ and observed (peaked af00 nm) in PL spectrdigure a) and
AgNPs (388 nm¥®in UV vis absorption spectra (Figure S1 images of the uorescence microscope (Figure S5 in
in Supporting Informatipnproves ecient composites of Supporting Informatignindicating that the bluaiorescence
AuNPs and AgNPs in PSi nanopatrticles, which can be furthefr CQDs was completely quenched owing to tleiewlt
con rmed by peaks of Au 4f and Ag 3d in X-ray photoelectroRRET eect between PSi and CQDs. It is presumed that
spectroscopy (Figure SZnpporting InformatipnMapping CQDs acted as the energy donor, while PSi was the acceptor
images of the energy -dispersive spectrum equipped owing to high density of electronic states and the large surface.
transmission electron microscope furtherly reveal the succesong with the oxidation and degradation process of PSi in
ful preparation of this multicomponent nanohybrid withPBS aqueous, the intensity of the remtescence peak (PSi,
CQDs, AuNPs, and AgNPs on the porous structure of PSi750 nm) decreased gradually, while the intensity of the blue
particles. As shownhigure &, C signals from CQDs and Au  uorescence peak (CQDs400 nm) increased gradually
and Ag signals from BiM are well distributed in Si signals froffrigure @), leading to ratiometriciorescence change from
PSi, indicating a uniform structure of BiM-CQDs@PSi. red to blue. This change can be easily distinguished by the

FRET Eect and Ratiometric Fluorescence between naked eye. As shown in Figure SSujpporting Information
CQDs and PSiFluorescence analysis has advantages of higie colors of CQDs@PSi appear from red (PSi) to pink (the
sensitivity, simple operation, visual signal, and direatixture of red uorescence from PSi and recovered blue
monitoringn vivo However, most FL sensors employ intensity uorescence from CQDs. The earlier color change’'®f PSi
change at a single emission peak, which can be eagitige part is attributed to faster oxidation. The mechanism for
in uenced by variety of conditions.g(,excitation light this ratiometric uorescence lies in slow oxidation of PSi in

2099 https://dx.doi.org/10.1021/acssensors.0c00718
ACS Seng020, 5, 2096 2105


http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00718/suppl_file/se0c00718_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00718/suppl_file/se0c00718_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00718/suppl_file/se0c00718_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00718/suppl_file/se0c00718_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00718/suppl_file/se0c00718_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00718/suppl_file/se0c00718_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00718/suppl_file/se0c00718_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00718?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00718?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00718?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00718?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c00718?ref=pdf

ACS Sensors pubs.acs.org/acssensors

Control

H;0,
50 uM
0m
H,0,
o . g
"

H,0,
100 pMm
Hzoz
150 uM
Figure 3.Fluorescence images of BiM-CQDs@PSi particles in simulated sweat aque@usnwitiorientrations ob®}. Images withrst
appearance of complete bluerescence were marked by blue borders.

Figure 4.(a) Schematic illustration for glucose monitoring using rationuetrescence of BiM-CQDs@PSi upon the stimulatiopOef H
generated in GOX-catalyzed oxidation of glucose. (b) Fluorescent images of BiM-CQDs@PSi particles in GOX soktiort with di
concentrations of glucose. Images wéthappearance of complete bluerescence were marked by blue borders.

aqueous solution. The formed Siulator reduces density PSi. Taken together, CQDs@PSi nanohybrid exhibited visual
of free electronic states and concentration of the free carrier iHorescence color changes.

PS#>*° Thus, FRET between PSi and CQDs is weakened an Enhanced Fluorescence and Accelerated Oxidation
Q éjf PSi in the BiM-CQDs@PSi Nanohybridn comparison

th_e _uorescence of CQDs is recover_ed. At the same time, tW?th PSi particles, BIM@PSi shows obviously brighter red
eliminated quantum-cared Si domains and the generated |yminescence (insetsFigure B) with 82% increase of peak

defect energy level remarkably decreasesaexscence of intensity in the emission spectrurig(re b), indicating the
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Figure 5.(a) Schematic illustration for the preparation of the wearable BiM-CQDs@PSi/GOX/CS/PU pad. (b) Fluorescent photos of the BiM-
CQDs@PSi/GOX/CS/PU pad on simulated skin incubated wighedt concentrations of glucose. REB values of FL photos during
incubation. (d) Correlation & B value and glucose concentration after incubation for 12 h.

sensitized uorescence of PSi. This phenomenon may arise In the CQDs@PSi nanohybrid, the ratiometricescence
from resonant interactions between emission dipoles amtiange can be observed as the oxidation of PSiOhy H
localized surface plasmons positioned at a few nanometdesrease PSiuorescence and block FRET between PSi and
from the AuNP or AgNP surf&feln addition, the = CQDs. The formation of SjQayer in HO, solution (100
enhancement ofuorescence by bimetallic nanoparticles is M, PBS) can be clearly seen by forming a loose structure in
more signicant than that caused by the corresponding singl€EM images (Figure S8 iupporting Informatipn To
type of metal nanoparticle (66% or 14% increase of pedther conrm the mechanism, neat CQDs were also
intensity in emission spectrum for AuNPs-PSi or AgNPs-pdicubated with bD,. Nevertheless 8, exerts no sigrsant
respectively, Figure S6Siapporting Informatipnsuggesting € €ct on the FL intensity of the neat CQDs (Figure S9 in
a synergistic ect between AuNPs and AgNPs. Supporting _Informat@rCompa_nng to CQDs@PS|, the BlM— _
Hydrogen peroxide-triggered oxidation of PSi particles waRQDS@PSi undergoes a quicker change in the ratiometric

further investigated becau is a vital component of ~ uorescence when both of them are incubated,@ H
J SO b tleous. As shownfitgure @, the decrease ratelgf( Is;

reactive oxygen species in the biological system. When B ) ) . 5

. . + -
particles were expoged tQ:. E’.the surface of PSi could be W%(C;:)Q\/S!SgI;ss?bv\cfgr:é;zslierrefgr ?()Il\:lh(e:(lgll_jzgaisi:]tcéjnrgi?? e
further oxidized. This oxidation process was revealed u5|()1g|:JSi and CQDs, respectively. The results should be ascribed

di use reectance FTIR spectroscopy (DR-FTIR). As showr}O the enhanced oxidationagency catalyzed by the bimetallic

in Figure S7 iSupporting Informatiothe S|_gnal Of the S nanpoparticles. In addition, the ratewarescence alternation
bond gradually decreases accompanying with the grad% red to blue is in dependent on the concentratioyOaf H

increase of the SD Si signal, indicating the formation of the As shown iFigure 3the higher the concentration of0,

Si0, layer. The instability of the formed Si® aqueous o faster the change of ratiometrimrescence color,
S°|Ut!°”9 [SIQ + 2H,0  Si(OH),] led to release of Si  jnqicating the potential for,8, analysis. Because the kinetics
species’ In comparison with PSi, BIM@PSi exhibited highebf psj oxidation is directly related to the rate of ratiometric FL
release of Si in this ;8-triggered oxidation, indicating change, the promoted oxidation kinetics can thereby increase
accelerated oxidation degree of PSi by AuNPs and AgNf@ sensitivity of FL response towag®5timuli.

(Figure 2) This phenomenon might be ascribed to the Visual Response toward Glucose Based on 40,
powerful electron transfer ability of AUNPs/AgNPs, whiclgenerated by GOX-Catalyzed Oxidation of Glucose.
greatly improved the electron transitiociency between PSi  The GOX-based catalytic system has been widely employed for
and HO, by providing multiple electron enrichment regionsthe detection of glucose (Gfé)As illustrated ifFigure 4,

The catalytic eect of metal nanoparticles is quite similar toenzymatic oxidation of glucose produc€s End gluconic

that took place in metal-assisted chemical etchingf of Si.  acid. Owing to fast ratiometrigorescence 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 pe
from diabetics (b) or health (c) volunteers.

by H0,, BiM-CQDs@PSi could be utilized for analysis oby the exible and adhesive PU membrane (Tegaderm Film,
glucose in the presence of GOX in simulated sweat. Obviousd¥, USA). As illustrated fgure &, CS cross-linked with
the time required for complete blumrescence is shortened GPTMS® was chosen as the biocompatible matrix to
along with the increase of glucose concentradigoré¢ ) uniformly disperse BiM-CQDs@PSi particles and GOX
because of the improvegd concentration at a high glucose because of its high biocompatibility, gotd-forming
level. Besides these visual results, the FL spectra of Bisaracteristics, eient encapsulation by polymer chains, and
CQDs@PSi particles underedient glucose levels furtherly ability to maintain enzytaeactivity” Owing to merits of
con rmed that glucose can accelerate the ratiometricexibility, adhesiveness and high biocompatibility, the as-
uorescence transition in the GOX catalytic system. Thgrepared BiM-CQDs@PSIi/GOX/CS/PU pad could be
transition rate of theuorescence peak from red PSi to bluedirectly attached on skin.
CQDs is faster as the concentration of glucose increasedo explore the potential of the obtained pad for monitoring
(Figure S10ae in Supporting InformatipnAnd the value of  of sweat glucose vitroglucose monitoring was conducted
Is{(lg;+ 1c) in FL spectra decreases with the increased glucossing cotton pad as the simulated skin. After the BiM-CQDs@
level at each time (Figure S10fSumporting Informatign PSI/GOX/CS/PU pad was patched on the cotton pad,
Compared with BiM-CQDs@PSi, time required for CQDs@imulated sweat (1 mL) containingedént concentrations
PSi particles to completely turn blue is gigntly longer  of glucose (0, 5, 7.5, 10, and 15 mM) was dropped on the back
(Figure S11 irSupporting Informatipnfurther conrming side of the cotton pad. Digital photos of the attached pad were
the acceleration of the oxidation process by bimetallimken every 4 h by the camera on a smartphone under UV
nanoparticles. irradiation (light emitting diodeLED, 377 nm). As shown in
Cytotoxicity of BIM-CQDs@PSiTo verify the biocom-  Figure B, the change oluorescence color from red to blue
patibility of BiM-CQDs@PSi, cytotoxicity experiment wasvithin 10 h can be directly observed by naked eyes. In
conducted using two kinds of typical model cells for skiaddition, the dynamics of this color change is closely related to
tissue, HaCaT and NIH3T3 cells. As shown in Figure S12 iglucose concentration. The higher the glucose concentration,
Supporting Informatipeo-incubating of these cells with BiM- the faster the blue color appears. Obviously, glucose facilitates
CQDs@PSi particles (0.1, 0.5, 1 mg/mL for 24 h or 48 h) leded  blue change of BiM-CQDs@PSi, indicating that GOX
to more than 85% viabilities of NIH3T3 cells and 90%keeps its enzyme activity in the @8 and the produced
viabilities of HaCaT cells, indicating low cell toxicity and gootl,O, in enzymatic oxidation of glucose promotes the
biocompatibility. Thus, the material can be directly applied ooxidation process of PSi.
skin surface with few sidesets. RGB analysis was utilized to quantitatively evaluate the
Construction of Wearable Pad andIn Vitro Glucose glucose level in simulated sweat. After the intensity of the red
Monitoring in Simulated Skin. To prepare wearable devices or blue channel in theiorescence image of BiM-CQDs@PSi/
for skin-interfaced detection, BiM-CQDs@PSi particles ardOX/CS/PU pad was obtained through Photoshop CC
GOX were co-immobilized in the biopolymer supported  software (Adobe Inc.), the ratiometric intensity value of the
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Figure 7.(a) Summary of the processed FL photo for each volunteer. Indicated number presents the fasting BG level tested by a commerci
glucometer. (b) Distribution & B values with the fasting BG level.

red versusblue channel R/ B) was calculated-igure & UV irradiation (377 nm). It can be seen by the naked eye that
demonstrated th& B value in the presence of afent red color in the uorescence image of the pad reduces after
concentrations of glucose aedént times. The higher change detection. However, it is diult to clearly distinguish drent
kinetics of ratiometricuorescence at a higher glucose levesamples by naked eyes because of a slight change by the trace
could be easily revealed. In addition, Rhi& value shows content of glucose in sweat. Thus, a simple color normalization
linear correlation with the concentration of glucose with aethod is employed. Firstiorescence images of each BiM-
sensitivity of 3.46% mMindicating potential for quantitative CQDs@PSi/GOX/CS/PU pad before and after detection
analysis of glucos€&iqure ©). As BiM facilitated JD,- were classed into one group (totally 24 samples). Second,
triggered oxidation of PSi, the sameéitroexperiment using intensity of the red or blue channel of each points was
CQDs@PSi/GOX/CS/PU needs much longer time forextracted and ti®/ B values were calculated. Then, the point
complete disappearance ofsR8tl uorescence and recovery With the maximurR/ Bvalue was colored by red and the point
of CQDss blue uorescence (Figure S13 $upporting  With the minimun®/ B value was colored by blue; other points
Informatio. are colored between red and blue according to their R/B
On-Body Monitoring of Sweat Glucose.In comparison ~ values. Finally, the mean value of norm&¥z@dalues of
with glucose detection byger-pricked blood, noninvasive each image was calculated to obtain an average color. Images
monitoring of glucose using accessible humanidsio with an z_averaged_ c_olor were obtained after this procedure and
provides potential for continuous, real-time, and out-of-clin@PPlied in analysigigure ©,c). _
health monitoring. Amongst, noninvasive monitoring of 10 distinguish people with the hypoglycemia state or normal
glucose in sweat that is easily accessed with capability B§$, the image obtained from the volunteer with a BG level of
continuous sampling is attractive because of the correlation®® MM (tested by commercial blood glucometer), that is very
the glucose level between blood and sweat. However, dirélqSe 1o the critical level between hypoglycemia and normal
monitoring of sweat glucose remains a great challenge becaiidt¢ (6.2 mM, S7), is settled as the critical delgure 6).
of its low concentration (00 times lower than BG level). On AS glucose promote the change kinetics of ratiometric
the other hand, conventional sweat analysis involve collectigiPrescence from red to blue, a higher level of glucose |eads
using gauze pads taped to the skin, making on-site, real-tiffe2 higher degree of color change from red to blue. The
and convenient detection not possible. The developed BiNESulted image for each detection is summarizegiine 7 _
CQDs@PSi/GOX/CS/IPU pad has possibility for on_bodyHyperglycemm and normal BG level can be distinguished in

monitoring of sweat glucose by combination of key merifcomparison with the critical color. Besides the visual color, the
inClUding elelllty, hlgh blocompatlblllty, and glUCOSE- F:alculateﬂ?/ B values 0bta|ned by the hyperglycemla volunteer
sensitive ratiometriciorescence. is lower than that obtained by the normal person. Thu86S1

; e ; ; Figure 8) with a bluer image were under the hypoglycemia
As illustrated ifrigure @, the BiM-CQDs@PSIi/GOX/CS/ ( 4 o A
PU pad was patched on the back-neck area of volunteejiete: While S8 maintained a normal BG level during the

Monitoring of sweat glucose was conducted on 8 diabetics tection process (under control of hypoglycemic drugs). At
Cgf same time, all health people had a normal BG level with

males and 2 females, aged from 52 to 85) and 16 healt Lich red images (S$18,Figure 6). Diagnosis results for
volunteers (12 males and 4 females, aged from 19 to 30) fr | ages | igur Ih 9 | isualizati
the Zhejiang University Hospital. To minimize individual yperglycemia patients by using the developed visualization

di erence caused by lactic acid secretion during diet an ethoq are consistent W'th that ‘obtained thro_ugh B.G
exercise process, monitoring of sweat glucose was condu gﬁctl_on by a cc_)mme_rual bloqd glupon_weter, |nd.|cat|ng
quri . ' > ! ; ntial for noninvasive, semiquantitative tracking of
uring night sleep (10 h). This detection strategy can |mpro(§h siological status

the detection accuracy and sensitivity owing to th y 9 '

accumulation and persistent secretion of glucose in sweat.

On the one hand, bimetallic nanoparticles promote the CONCLUSIONS

oxidation of PSi by J@, generated in enzymatic oxidation In summary, we have developed a platform for noninvasive and
of glucose, leading to a fast ratiometrarescence change. visual monitoring of sweat glucose based on glucose-sensitive
On the other hand, the accumulated sweat glucose in thatiometric uorescence nanohybrids. Withedint glucose
detection process can further accelerate the ratiometiievels in sweat, the oxidation of luminescent PSi by production
uorescence change, thereby increasing the overall sensitiafyH,0, through enzymatic oxidation of glucose could change
Digital photos of these wearable pads before and aftdre FRET eect between PSi and CQDs and decdy RS
detection were taken by the camera on a smartphone underorescence, leading to visuarescence change from red
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