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The development of closed-loop systems towards effective management
of diabetes requires the inclusion of additional chemical and physical
inputs that affect disease pathophysiology and reflect cardiovascular
risks in patients. Comprehensive glycaemic control information should
account for more than a single glucose signal. Here, we describe a hybrid

flexible wristband sensing platform that integrates a microneedle array for
multiplexed biomarker sensing and an ultrasonic array for blood pressure,
arterial stiffness and heart-rate monitoring. The integrated system provides
acontinuous evaluation of the metabolic and cardiovascular status towards
improving glycaemic control and alerting patients to cardiovascular risks.

The multimodal platform offers continuous glucose, lactate and alcohol
monitoring, along with simultaneous ultrasonic measurements of blood
pressure, arterial stiffness and heart rate, to support understanding of the
interplay between interstitial fluid biomarkers and physiological parameters
during common activities. By expanding the continuous monitoring of
patients with diabetes to additional biomarkers and key cardiac signals,

our integrated multiplexed chemical-physical health-monitoring platform
holds promise for addressing the limitations of existing single-modality
glucose-monitoring systems towards enhanced management of diabetes
and related cardiovascular risks.

Diabetesis a chronic disease characterized by elevated blood glucose
levels that affects numerous people and leads to major complications'~
Over the past two decades, continuous glucose-monitoring (CGM)
systems have become the standard of care in managing diabetes®.
Existing CGM systems rely on a needle-based subcutaneous enzymatic
electrochemical biosensor that closely tracks the dynamics of glucose
concentrations in the interstitial fluid (ISF)°. Such systems have evolved
rapidly over the past two decades, showing impressive technological

advances and capabilities towards optimal therapeutic interventions
and improved glycaemic control’. Yet, all current commercial CGM
systems are limited to the measurement of a single parameter (blood
glucose concentration). Considering the complexity of diabetes, CGM
platforms fall short of capturing the full spectrum of diverse symp-
toms experienced by people with diabetes and do not permitadequate
response to glycaemic variability due to an unanticipated event, such
as stress, meals or physical activity. Multiple studies have revealed the
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benefit of monitoring additional biomarkers and physicalinputs such
asblood pressure (BP) and heart rate (HR) that affect insulin sensitivity
for mimicking the physiological function of a healthy pancreas towards
improving glycaemic control and understanding patient health®™’.
Diabetes has also long been known to be associated with high risks of
cardiovascular and kidney diseases'*". The reduction of cardiac and
nephropathy risks represents animportant part of evaluating people
with type 1diabetes (T1D). Effective management of diabetes should
thus include continuous monitoring of clinically relevant biomark-
ers in addition to blood glucose, and of multiple cardiovascular vital
signals to understand the pathophysiology of diabetes and patient
healthwithaviewtoreducing T1D-related complications and guiding
personalized interventions.

Microneedle-based electrochemical sensors have been devel-
oped to enable continuous health monitoring at the molecular level
using multiple chemical markers'". By continuously accessing the
dermal ISF, the composition of which is very close to blood gold
standard, minimally invasive sensing devices allow the real-time col-
lection ofimportant diagnostic information'. Microneedle arrays of
multiple individually addressable sensing electrodes, functionalized
with different receptors, can capture important dynamic chemical
data through the simultaneous detection of many ISF biomarkers*.
Although offering rich chemical information, such microneedle
sensor arrays lackimportant information about key physical param-
etersrelevant to the wearer’s health and well-being. Critical real-time
insights about dynamic changesin the wearer’s cardiovascular status
remain unchecked.

Multimodal wearable sensor systems, simultaneously moni-
toring multiple physical parameters and biochemical markers,
have been introduced recently to address the limitations of current
single-modality wearable chemical or physical sensors™ . How-
ever, these multimodal wearable systems have focused solely on
sweat-sensing epidermal patches. For example, earlier reports on
integrated wearable hybrid sensing platforms have focused on the
coupling of HR or BP sensors with single biomarker sweat sensors'>'®.
Sweat chemical sensors integrated with physical sensors that record
skin temperature and galvanic skin response have been developed
recently to monitor stress levels™. The scope and power of multimodal
sensing platforms canbe greatly enhanced by accessing the rich diag-
nostic biochemical information offered by the ISF, through simultane-
ous dynamicrecording of multiple ISF biomarkers and with key cardiac
physiological signals.

Here, we describe an integrated biomarkers-linked ultrasound
electronic (BLUE) wristband platform, fusing the rich multiplexed
chemical sensing capability of microneedle sensor arrays with critical
physical sensors—namely, BP, electrocardiogram (ECG), HR and arterial
stiffness—into asingle flexible platform (Fig.1a). The present BLUE plat-
formaddresses current technological gaps by combining multiplexed
chemical sensing (including highly reliable continuous ISF glucose
monitoring) with real-time detection of key physiological signals using
a soft ultrasonic sensor array on a single soft wristband. The BLUE
platform can thus track dynamic changes in metabolic and physical
signals relevant to glucose metabolism and complications of diabetes,
capturing the effects of transient stimulations, and uncovering cor-
relations between daily activities and physio-metabolic responses.
This chemical-physical combination enhances health monitoring and
establishes the system as a versatile platform technology, offering a
holistic view of the wearer’s health. Here, we emphasize theimportance
of arterial stiffness, akey indicator of vascular health, measured viaan
ultrasound sensor—aninnovation not previously explored inwearable
sensors for diabetes.

The integrated BLUE platform has been carefully engineered to
ensure reliable signal acquisition, eliminate crosstalk among its dif-
ferent sensing modalities and avoid signal drift under mechanical
deformations. The microneedle array was designed to allow convenient

replacement, so that the wear period could be tailored to minimize
allergic reactions and risk of infection. The ability of the wristband
system to measure multiple ISF chemical markers and physiological
signals simultaneously and continuously was evaluated on multiple
healthy participants and people with prediabetes during diverse daily
activities, including food and drink intake and vigorous exercise. The
presented hybrid system thus addresses the limitations of existing
single-modality CGM devices and presents a unique opportunity for
expanding the continuous monitoring of people with diabetes for
additional biomarkers and key cardiac signals (BP, HR and arterial
stiffness) associated with diabetes and related cardiovascular risks.
This multimodal approach not only offers a more comprehensive
assessment of people with diabetes, but also lays the foundation for
integrating on a single device the monitoring of key vital signs along
with the biosensing of multiple ISF biomarkers. This ability to generate
rich multisource chemical-physical datais particularly attractive for
optimal personalized inulin dosingin a closed-loop diabetes system.

Results

Design of the microneedle and ultrasound sensor modules
Rational selection of specific sensing modules depends on the target
user group and corresponding diagnostic requirements. Figure 1b(i)
illustrates penetration of the microneedle from the epidermis to
the dermis, using a microneedle length of 800 um, which ensures
the biomarker-rich dermis layer is reached. The ultrasound sensor’s
transducer measured the pulse-echo simultaneously from the blood
vessel (Fig. 1b(ii)). Placing the flexible microneedles and ultrasound
sensors on a flexible polyethylene terephthalate substrate provides
the necessary close skin contact and comfort, without displacing or
losing skin contact during diverse daily activities, including vigorous
exercise. Additional experiments were performed to demonstrate
the robust contact between the skin and wristband during physical
activity (Supplementary Fig.1and Supplementary Videos 1-3). The
dataillustrate the mechanical integrity of the wristband under differ-
ent bending angles during common outdoor activities, such as doing
push-ups, playing basketball and jumping rope.

Figure 1c shows a healthy participant wearing the multimodal BLUE
platform. There are two ECG electrode pads. The pad on the inside of
the wristband is connected to the wearing hand, while the pad on the
outsideistouched usingafinger fromthe non-wearing hand to measure
the potential difference across the heart (Fig. 1c(i)). The multiplexed
microneedle sensor array is worn tightly over the wrist to ensure facile
and reliable skin penetration. Figure 1c(ii) is an inverted view of the
band, showing the microneedles with a flexible three-dimensional
(3D)-printed adaptor and holder. Ultrasound sensors are located on the
top of the wrist pulses to measure the pulse-echo. Anarray of 10 ultra-
sound sensors (3 x1cminarea) were designed to address issues of dis-
location and signal loss (Fig. 1c(iii) and Supplementary Videos 4 and 5).
The individual sensor modalities were fabricated on a polyethylene
terephthalate substrate and are spatially separated from each other
onthe same wristband (Fig. 1c(iv)), to prevent sensor crosstalk.

A smart device displays the continuous response of the indi-
vidual sensors, with simultaneous recording of BP, ECG, HR and
three biomarkers (glucose, alcohol and lactate) to provide insights
into theinfluence of daily activities on metabolic and physiological
processes (Fig.1d(i)). By capturing and processing large amounts of
personal data, the smart device is able to provide a personal digital
health status summary. We can also use machine learning prediction
algorithms to alert for potential abnormalities. The performance
of the multimodal wristband was first demonstrated for continu-
ous real-time glucose monitoring using biocompatible SU-8-based
microneedle biosensors over a period of 70 min and was compared
with parallel testing using a blood glucose meter (BGM) and CGM
at10- and 5-min intervals, respectively. The corresponding BP and
HR signals were collected simultaneously (Fig. 1d(ii)) using the
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Fig.1| Overview of the multimodal BLUE platform for simultaneously tracking
chemical biomarkers and physical signals. a, The hybrid monitoring system
integrates a multiplexed microneedle array that simultaneously measures multiple
ISF chemical markers (glucose (Glu.), alcohol (Alc.) and lactate (Lac.)) viathe
corresponding oxidase-based recognition reactions and amperometric signal
transduction. The embedded sensors for physiological signals include ultrasound
BP transducers and customized silver ink printed biopotential electrodes (ECG). BP
during movements was measured via10 ultrasound sensors withanarea of 3 x1cm.
Headings indicate the corresponding regions of the wristband, including the ECG,
microneedles (MN) and ultrasonic sensors. b, (i) Cross-section of the skin with the
microneedle array and ultrasound (US) sensor array. The microneedles penetrate
from the stratum corneum of the epidermis to the dermis for ISF biosensing,
providing continuous current signals related to concentrations of blood glucose,
alcohol and lactate. BP, HR and arterial stiffness can be decoded from the change
invessel diameter. (ii) Changes in vessel diameter with different morphology
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showing stiff (upper) and soft (lower) arteries. ¢, Multimodal monitoring system
onaparticipant’s wrist (ECG) (i), anindividual inverted microneedle sensor array
(ii) and ultrasound BP transducers (iii) along with the entire wristband (iv).

d, (i) Alaptop displays parallel signal recording of the ultrasound sensors for BP
and the microneedles of three biomarker readings (glucose, alcohol and lactate).
The device processes the multisource data, displays and summarizes digital health
status using key parameters, and alerts for potential abnormalities. Values of the
data points for each sensor are recorded in real time. (ii) Comparison of real-time
microneedle glucose monitoring (data points per s; in red) with the response of
the glucose blood meter (data points per 10 min; black) and CGM (data points per
1min; dotted line), over an 80 min period, along with simultaneous recording of HR
and BP, which include diastolic blood pressure (DBP) and systolic blood pressure
(SBP). A soft drink was taken after the first 10 min (yellow box). AOx, alcohol
oxidase; GOx, glucose oxidase; LOXx, lactate oxidase; RE, reference electrode.
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Fig.2|Mechanical properties of the sensing platforms. a, Scanning electron
microscopy image of the bare microneedles after 60 min of dry etching. The
microneedles were independently fabricated three times on glass slides.

b, Microneedle bending after sputtering of Cr (200 nm) and Pt (300 nm) layers:
(i) inward 0.35 rad bending and (ii) outward 0.35 rad bending. ¢, Simulation of
the microneedle flexural strength using a force of 20 N m™on the back (i) and
top (ii) of the microneedles. d, Electrochemical performance upon bending
1,000 times. (i) Chronoamperometry signals measured at 0,400, 800 and 1,000
cycles. (ii) Currents measured every 200 cycle counts with 0.3 V for 60 s. Error is
indicated by shading around the curve. For error bars n =5. Data are presented as
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mean +s.d. e, ECG before (i) and after (ii) bending by 0.35 rad.f, (i) Biopotential
electrode resistance measured on the two edges every 200 cycles during 1,000
bending cycles. For error bars, n = 5. (ii) Full wristband resistance (silver ink
printed connection wires) measured during 1,000 cycles at resistance points

of each200 cycles. For error bars n=5and data are presented as mean + s.d.

g, Photographs of (i) the ultrasound sensors before (ii) and after (iii) 20° bending.
h, Pulse-echo measured at 0,400,800 and 1,000 cycles. i, Bending of the
ultrasound sensors at 0.35 rad up to 1,000 times, with pulse-echo measurements
every 200 cycles. For error bars n=5and data are presented as mean + s.d.

integrated ultrasound and ECG sensors, respectively. A glucose-rich
softdrink was taken after the initial 10 min. Note that the microneedle
sensor and CGM responded identically to intake of the drink, with
their responseincreasing with glucose level for 20 min and returning
to baseline for a total of 50 min. The excellent agreement between
the ISF-based microneedle glucose sensor and the BGM is reflected
by a mean absolute relative difference (MARD) value of 4.68%. The
CGM also shows good agreement with the BGM measurements,
with a MARD of 5.40%. The highly accurate CGM capability of the
microneedle sensing system is coupled with simultaneous record-
ing of the changesin BP and HR (Fig. 1d(ii)). The integrated physical
sensors show that both BP and HR increased with the change in blood
glucose, suggesting dynamic responses to diverse daily activities.

In addition, arterial stiffness, a critical parameter in the evaluation
of'vascular health, is also responsive to daily activities.

With the rich metabolic ISF profile captured by the multiplexed
microneedle array and simultaneous ultrasound recording of BP and
HR, the BLUE system offers wearers continuous real-time insightsinto
the dynamics of their physiology, for personalized health, wellness
and nutrition. The wristband platform has distinct advantages for
continuous monitoring of different age groups, ranging from neo-
nates (type1l) toolderadults (types1,2orboth), including people with
underlying health conditions or at-risk populations, such as people
with cardiac disease, sepsis or diabetes (Supplementary Fig. 2). For
example, simultaneous BP and lactate measurements are important
predictors of a range of life-threatening complications from septic
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shock to open-heart surgery'?°. The hybrid BLUE platform can be
tailored to meet the demands of wearers from diverse populations.
By combining abundant metabolic ISF biochemical signals (from the
multiplexed microneedle array) with ultrasound-based cardiovascular
signals, the wristband platform offers rich dynamic insights into the
health and physiological status of individuals with a view to maintain-
ing their healthand managing chronic diseases. Future incorporation
ofadvanced data-processing clustering and classification techniques
would offer timely alerts for abnormalities and predict disease onset.

Microneedle fabrication

Theflexible microneedle array was fabricated usingacombination of 3D
printing®, dry etching® and soft lithography* (Supplementary Fig. 3).
We addressed the challenge of fabricating flexible SU-8 microneedles
withatip diameter <10 pmand length >800 pum, as needed to penetrate
the skin and reach the biomarker-rich dermis. A 3D printer was used
to fabricate the first microneedle mould to address the length chal-
lenge and SU-8-coating thickness limitations of photolithography
(Supplementary Fig. 3). Polydimethylsiloxane (PDMS) was applied to
the 3D-printed microneedles and cured for 1 h at 60 °C. The limited
resolution of the 3D-printed microneedles resulted in a tip diameter
0f215.80 +29.21 pm. Adry-etching process was introduced to improve
thetip diameter. By increasing the etching time from 30 minto 45 and
60 min (Supplementary Table1), we obtained the desired microneedles
(Supplementary Fig.4 and Supplementary Discussion 1). In particular,
60 min of etching resulted in a tip diameter of around 5-10 pm and a
needle length of >1 mm (Fig. 2a)**, which offers smooth skin penetration
without breaking the microneedle, viaabiocompatible material (Sup-
plementary Fig. 5and Supplementary Discussion 2). The second PDMS
mould was cast using etched microneedles for subsequent fabrication
of SU-8 microneedles via a soft lithography technique” (Supplemen-
tary Fig. 3). The flexibility of the microneedle with a tape substrate
was demonstrated by an inward bend of 0.35 rad (Fig. 2b(i)) and out-
ward bend of 0.35 rad (Fig. 2b(ii)), along with 0.79 rad of outward and
inward bending (Supplementary Fig. 6a) for the assembly cover with
the microneedles (Supplementary Fig. 6b). The flexibility of the cover,
holder and adaptor were also demonstrated in abending test (Supple-
mentary Fig.7), together with a side-by-side comparison of the size of
the microneedle and full wristband using a penny coin for reference
(Supplementary Fig. 6¢,d). After sputtering of Cr (188.40 + 26.87 pm)
and Pt (337.76 + 44.08 um) layers, the microneedles maintained their
flexibility with 0.35 rad bending (Supplementary Fig. 8). On being fully
bentaround participants’ wrists, we found an average bending angle of
0.31rad, withaminimum of 0.26 rad and amaximum of 0.35 rad across
20 participants. The adjustable mechanical properties enhanced the
sensing signals, while ensuring comfort without the sensation of wear-
ingarigid foreign object (Supplementary Fig. 9). To evaluate further the
effects of bending, weincluded anew experimental set-up demonstrat-
ing thatsignal acquisition across all sensing modalities remains reliable
despite bending and the motion of the wrist (Supplementary Fig. 10).

Mechanical performance of the sensing platforms

The mechanical properties of flexural strength were simulated by
applying a pressure 0f 1,000 N m~2in the outward and inward direc-
tions, along with surface forces distribution during microneedle skin
penetration (Fig. 2c(i,ii), Supplementary Figs. 11-14, Supplementary
Discussion 3 and Supplementary Video 6). This revealed the surface
stress maps, with the highest stress on the edge and in the centre of
the microneedle. The microneedle design therefore avoided damage
by preventing direct pressure on the high-pressure area. The required
microneedle penetration pressureisaround 0.1-3 N. The tip integrity
ofthe microneedle was maintained after skin penetration (Supplemen-
tary Fig. 5); the SU-8 tensile strength is 60 M N m™on the SU-8 2000
series”. The robust performance of the microneedles, biopotential
electrodes, full wristband and ultrasonic array under deformation

were validated using 1,000 repeated 0.35-rad bends, indicating that
the Pt-coated microneedles could maintain reliable performance on
aflexible substrate (Fig. 2d(i,ii)). Figure 2e(i.ii) illustrates the flexibil-
ity of the biopotential ECG electrodes, which maintain valid readings
with few resistance fluctuations of 0.5 Q (Fig. 2f(i)). The full wristband
maintains aresistance of 31 Q (Fig. 2f(ii)). Scanning electron microscopy
images indicate no notable surface damage (Supplementary Fig. 15).
Theultrasonicarray was fabricated using transfer printing methods?,
and this flexible structural design allows abend of 0.35 rad, asshownin
Fig.2g(i-iii), along with sensor robustness, which was assessed under
abending test comprising 1,000 repetitive bends (Fig. 2h,i).

Crosstalk study

Itis critical to avoid crosstalk effects between the different sensing
modalities. To assess potential crosstalk, we evaluated first the influ-
ence of the physiological sensors on the performance of the electro-
chemical microneedle sensor array for the smallest size of wristband
(125 mm). Wristbands were manufactured in three sizes: 125,145 and
165 mm (Supplementary Fig. 16). Continuous microneedle current
signals were recorded while switching the ECG and BP on and off repeat-
edlyevery30 s (Fig.3a,b). Onseparating the ECG, BP and microneedle
modalities by 3 cm, the ECG and BP displayed minimal current peak
noise. The crosstalk resiliency of the ECG measurements was investi-
gated by switching the microneedles and BP on and offrepeatedly every
3 s during the ECG measurements. The results indicate that the ECG
readings are not affected by electrochemical and acoustic BP opera-
tions (Fig.3¢,d). Placing the ECG sensors 5and 3 cm from the micronee-
dle and BP sensors, respectively, eliminates such crosstalk. Similarly,
the ultrasonic sensor is not affected by switching the microneedles and
ECG sensors on and off repeatedly every 3 s during BP measurements
(Fig. 3e,f). By spatially separating and isolating the individual sensor
modalities, the integrated wristband system offers a stable multimodal
wearable sensor performance, with no apparent crosstalk.

Arterial stiffness and compliance study

Arterial compliance can be extrapolated from the BP waveform by
calculating the augmentation index (Alx). The BP waveform profile
shows variations before and after exercise, reflecting changes in sys-
temic vascular resistance throughout the whole arterial tree (Fig. 3g).
Alx, defined as the difference between the systolic peak and the aug-
mented peak (P, — P,), normalized by the systolic peak (P,), canactasa
suitable metric to characterize arterial compliance (Fig. 3h). Average
Alx increased from an initial value of 0.08 + 0.04 before exercise to
0.25 £+ 0.06 after exercise because of vasodilation, reflecting the effect
of exercise on arterial stiffness.

Reliability and accuracy of biomarker sensing

Reliable, accurate, stable biomarker responses and biocompatibil-
ity (Supplementary Fig. 17) are essential to pave the way for on-body
measurements, considering the potential complications of surface
biofouling and enzyme stability during extended sensing operations.
Inaddition, individual microneedle sensors—for glucose, alcoholand
lactate—were characterized in vitro for their sensitivity, selectivity and
stability in phosphate-buffered saline (PBS) (Supplementary Fig. 18)
and artificial ISF (Supplementary Fig. 19s and Supplementary Discus-
sion4). The body normally maintains specific metabolite concentration
ranges, such as 3.9-5.5 mmol I glucose and 0.5-2.2 mmol I lactate.
Continuous individual measurements of glucose, alcohol and lactate
were collected while the participant was drinking a soft drink, drinking
wine and undertaking with vigorous-intensity exercise, respectively.
Excellent agreement was observed between trends in the on-body
wristband multiplexed microneedle data and the readings of com-
mercial metabolite blood meters (Supplementary Fig. 20). The results
suggest that the individual biomarker microneedle sensors offer highly
accurate and reliable long-term monitoring.
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pressure waveforms represent before and after exercise, respectively). h, Alx
derived from the systolic peak (P;) and augmented peak (P,) values in the BP
waveform (n = 8). Data are presented as mean + s.d. Average Alx increased from
0.08 + 0.04 before exercise to 0.25 + 0.06 after exercise, suggesting decreased
arterial stiffness.

On-body monitoring with a single daily activity stimulation
The hybrid BLUE platform was tested in multiple on-body trials in
healthy participants who performed various daily activities. The
wristband was used to acquire multiple chemical signals, including
glucose, alcohol or lactate, and physiological signals, including BP, HR
and arterial stiffness, to examine the complex response of participants
to different stimulations; for example, eating food, drinking alcohol
or taking exercise, and the skin recovery rate (Supplementary Figs. 21
and 22 and Supplementary Discussions 5-7).

Measurement of fasting and postprandial glucose levelsisimpor-
tant for people with diabetes towards adjusting their medication, diet
and lifestyle. Hypoglycaemia can often be associated with symptoms
of hunger, dizziness, rising HR, confusion, diaphoresis and syncope,
whereas the intake of sugar after fasting may induce postprandial
hyperaemiathat leads toanincrease in arterial stiffness”. The ability of
the BLUE platformtorecord aperson’sresponse to the same food intake
was examined by monitoring the ISF glucose level along with physi-
ological signals. Monitoring was undertaken in a healthy participant

who consumed the same food in two separate on-body trials after fast-
ing for >8 h overnight versus eating a meal within 4 h before the trial.
Although preprandial glucose levels (87 and 86 mg dI™") were similar,
glucose levels rose to 166 mg dI™ with >8 h fasting and to 133 mg dI™*
without fasting, after eating the same food at a different meal fre-
quency (Fig. 4a)*. Simultaneously, the preprandial BP level at fasting
(107/59 mm Hg) was lower than that without fasting (113/62 mm Hg),
while the artery was less stiff after fasting (AIx =0.37 + 0.04) than in
the non-fasting group (Alx =0.26 + 0.06). Reduced arterial stiffness
with fasting may be caused by dilation of the vascular system to accom-
modate blood volume depletion, reflecting that fasting benefits the
elasticity of the vascular system, which can potentially mitigate or delay
vascular ageing and reduce cardiovascular risks. After food intake,
both trials showed an increase in BP, with the fasting group display-
ing a greater BP increase (132/80 mm Hg) than the non-fasting group
(127/71 mm Hg). Thisinvestigation demonstrates the interplay of blood
glucose, HR and BP under non-fasting and fasting conditions. In both
trials, the MARD value of the microneedle glucose sensor versus BGM
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was 2.16% (26 paired data points), reflecting the high accuracy of the
microneedle sensing platform.

Ingestion of alcohol is associated with a decrease in BP because
of its vasodilation effect. Yet, extended, excessive alcohol ingestion
is shown to significantly increase BP and arterial stiffness?. Further-
more, alcohol ingestion often has a complex interplay with different
diseases. The population with diabetes has a higher risk of hyperten-
sion, even from moderate ingestion of alcohol*°. Alcohol tolerance also
varies betweenindividuals. For non-drinkers, alcohol consumption can
cause more narrowing of the blood vessels, which leads to increased
BP and HR?. The integrated wristband can be used to track an indi-
vidual’s alcohol intake along with the corresponding cardiovascular
responses. Here, two on-body trials were conducted comparing the
responses of a healthy habitual drinker and anon-drinker to anidenti-
cal alcohol-ingestion stimulation. Figure 4b displays the ISF alcohol
profiles for two participants over 2 h after drinking equal amounts of
alcohol. The drinker and non-drinker demonstrated blood alcohol con-
centrations fallingat 3.29 and 3.93 mmol h, with highest blood alcohol
levels of 0.043% and 0.053%, respectively. Such microneedle alcohol
sensingleads toaMARD of 8.84% compared with acommercial breatha-
lyser (26 paired data points). Note that in response to the alcohol, the
non-drinker showed anincreasein BP from 78t0109 mm Hg, andin HR
from 62 to 70 bpm, along with reduced Alx by vasoconstriction from
0.20 +0.02 at 0 min to 0.13 = 0.04 at 30 min. By contrast, alcohol had
anegligible effect on the BP, HR and arterial stiffness of the drinker.
The non-drinker had a lower arterial stiffness than the drinker (Alx
of 0.17 + 0.02), consistent with the effect of alcohol consumption on
increasing arterial stiffness®. Overall, in this trial, the wristband device
provided real-time quantitative alcohol, BP, HR and arterial stiffness
data for comprehensive assessment of the individual’s response to
alcohol consumption.

Vigorous-intensity daily exercise has benefits in reducing the
onset of various cardiovascular diseases®. Exercise induces rapid
metabolic and cardiac changes, with the responses highly dependent
onanindividual’sfitness and activity levels®*. In addition to HRand BP,
lactate is one of the most commonly tracked indicators that reflects
an individual’s training intensity or related diseases of cardiogenic
shock, liver failure and sepsis. High-intensity trainingimproves athletic
performance by increasing the indicators of lactate threshold, which
relates to the lactate clean rate®. To demonstrate the ability to track
individuals with different fitness levels, an athlete and a non-athlete
conducted 20 min of intense exercise, while comparing their con-
tinuous microneedle lactate response with that of acommercial blood
lactate monitor. The non-athlete participant exercised fewer than 3
days per week, for 30-60 min per day with a total of less than 6-12 h
of exercise per month. By contrast, the athlete participant undertook
4 h of training per day, 20 h per week with a total of 80 h of exercise

per month. The non-athlete had a greater increase in the lactate level
from 1.78 to 8.67 mM after 10 min of exercise, and to 10.22 mM after
20 min of exercise (0.98]) s™) (Fig. 4c). Incomparison, the lactate level
fortheathleteincreased from2.89 to 6.33 mM after 10 min of exercise
and to 8.56 mM after 20 min of exercise (1.00 J s™). After stopping the
exercise, thelactate level decreased for both participants, with that of
the non-athlete dropping to 2 mM lactate within 10 minand to therest
baseline of 2.89 mM after 30 minrest. By contrast, the athlete displayed
a faster lactate clearance rate, dropping to 4.89 mM within 10 min
and to the rest baseline (2.78 mM) within 20 min. Along with these
real-time lactate measurements, the BLUE platform offers convenient
continuous monitoring of key physiological signals, giving simultane-
ous insights into the cardiac and metabolic effects of exercise. For
example, after 20 min of exercise, the athlete demonstrated a higher
BP 0f 179/96 mm Hg compared with the non-athlete (131/49 mm Hg),
alongwithalower HR of 115 bpm compared with that (128 bpm) of the
non-athlete. The non-athlete displayed a reduced BP (102/62 mm Hg
at 60 min to 98/47 mm Hg at 140 min) and arterial stiffness (Alx of
0.19 £ 0.04 to 0.32 £ 0.04) after 10 min of exercise. The wristband
device can track BP dynamics during exercise (as high as179/96 mm Hg
fortheathlete participant and post-exercise hypotension131/49 mm Hg
for the non-athlete), indictingits promise as an effective tool for alert-
ing exercise-related hypertension®® and post-exercise hypotension®.
The lactate microneedle sensing provided a MARD value of 7.97%
compared with the blood lactate meter (26 paired data points).

On-body monitoring with multiple daily activity stimulations

The BLUE system was tested on healthy participants performing diverse
activities for 220 and 400 min to assess and understand the body’s
response during different daily stimulations. Full details of the experi-
mental set-up areincluded in Supplementary Fig. 23. The performance
and accuracy of the wristband microneedles for continuous glucose
monitoring were compared with that of commercial CGM and BGM
viatwo glucose-rich stimulations, along with simultaneous measure-
ments of BP, HR and arterial stiffness (Fig. 5a(i-iii) and Supplemen-
tary Figs.24-26). Following initial stabilization and 30 min of baseline
recording, glucose levels started to increase with the food intake at
60 min, whilethe BP and HR increased from 110/62 mm Hg and 58 bpm
(at 60 min) to129/78 mm Hg and 71 bpm (at 70 min), respectively. The
averaged Alx decreased from 0.211 + 0.05 (at 60 min) to 0.175+ 0.06
(at 70 min). The glucose level reached its highest value of 156 mg dI™*
(8.67 mM) at 100 min, along with BP and HR values of 113/59 mm Hg
and 76 bpm. Subsequently, the glucose readings of the three systems
decreased with time, reaching 106 mg dI™* at 170 min, along with BP
and HR readings of 116/64 mm Hg and 70 bpm, respectively, and an
average Alx increase to 0.223 + 0.03. Upon the intake of iced tea at
170 min, the glucose level started to increase again, while the BPand HR

Fig. 4 |Invivo monitoring of BP along with different biomarkers. a, (i) ISF glucose
concentrations, BP and HR level for anon-fasting participantin response to eating
acomplete meal. (i) Eight seconds of BP signals were recorded and (iii) mean Alx
values were calculated at 0 and 30 min. For error bars, n=7,and data are presented
asmean +s.d. (iv) ISF glucose concentrations, BP and HR level of an 8-h fasting
participantin response to eating acomplete meal. (v) Eight seconds of BP signals
wererecorded and (vi) mean Alx values were calculated at 0 and 30 min. For error
bars, n=7. The wristband results were compared with results using commercial
BGM and BP monitors at 10 min. The BP waveform and Alx before and after the
mealindicate elevated BP and arterial stiffness values. b, (i) ISF alcohol, BP and
HRlevel of anon-drinker participant in response to a glass of wine (150 ml, 13.5%
alcohol). (i) Eight seconds of BP signals were recorded and (iii) corresponding
mean Alx values were calculated at 0 and 30 min. For error bars, n=7 and dataare
presented as mean + s.d. (iv) ISF alcohol, BP and HR level of a drinker participantin
response to aglass of wine (150 ml, 13.5% alcohol) over 140 min. (v) Eight seconds of
BP signals were recorded and (vi) corresponding mean Alx values were calculated
at 0 and 30 min. For error bars, n=7. The wristband results were compared with

results from abreathalyser and acommercial BP monitor at 10 min. The BP
waveform before and after the alcohol intake indicates elevated BP levelsin both
participants, while the Alx indicates that the non-drinker has asignificantincrease
in arterial stiffness compared with the drinker. c, (i) ISF lactate, BP and HR level
of anon-athlete participant in response to vigorous-intensity exercise. (ii) Eight
seconds BP signals were recorded before exercise (at O min) and 30 min after
exercise and (iii) corresponding mean Alx values were calculated at 0 and 30 min.
Forerrorbars, n=7,and data are presented as mean + s.d. (iv) ISF lactate, BP and
HRIevels of an athlete participant in response to 20 min of vigorous-intensity
exercise. (v) Eight seconds of BP signals were recorded before exercise (at 0 min)
and 30 min after exercise and (vi) corresponding mean Alx values were calculated
at0and 30 min. Forerror bars, n="7. The wristband results were compared with
results fromaablood lactate meter and an arm BP monitor every 10 min. The

BP waveform, before and after the exercise, indicates elevated BP levelsin both
participants, while the Alx change indicates that the non-athlete has agreater
decrease of arterial stiffness than the athlete. BLM, blood lactate meter.
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increased to127/69 mm Hg and 71 bpm, and the average Alx decreased
t00.202 + 0.04 (at180 min). Overall, the microneedles displayed similar
glucose trends compared with the corresponding blood glucose levels
and CGM profiles, withgood accuracy, asindicated by the Parkes error
grid®®. The first grid compares the microneedle glucose measurements
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with those of BGM, with all 158 points (100%) in zone A (Fig. 5a(iv)). The
second grid compares the CGM measurements with the BGM read-
ings, with all (100%) of the points in zones A + B (71 points), including
98.59% in zone A and 1.41% in zone B (Fig. 5a(v)). The MARD value of
the microneedles glucose sensor compared to the CGM was 6.58%
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Fig. 5| Extended simultaneous in vivo monitoring BP along with multiple
biomarkers during different daily activities. a, Glucose monitoring before a
meal for 30 min and after a meal for 3 h via two stimulations. Firstameal was eaten
at 60 min and second a cup of iced tea was drunk at 170 min. (i) Comparison of
ISF microneedle glucose monitoring (every 1s) against glucose measurements
with CGM (every 5 min) and BGM (every 10 min), along with simultaneous
monitoring of BP and HR. (i) The participant’s 8 s BP data recorded before a meal
at 60 min, after ameal at 70 min, before a cup of tea at 170 min and after a cup
of'teaat180 min. (iii) Alx calculated at 60, 70,170 and 180 min. The mean value
and error bars are shown (n =7). Data are presented as mean + s.d. (iv) Parkes
error grid of microneedle versus BGM (106 points) and (v) CGM versus BGM

(72 points) with all glucose-monitoring data (Supplementary Fig. 24). A-E represent
different zones. b, Simultaneous monitoring of ISF glucose, alcohol and lactate
levels, along with BP, HR and Alx, for 400 min with intake of ameal at 20 min, an
alcoholic drink at 80 min and 20 min of vigorous-intensity exercise at 200 min
inahealthy participant. (i) The participant acquired ISF glucose levels, alcohol
levels and lactate levels along with BP and HR over 400 min. Blood glucose and

Time (min) Standard reference (mm Hg)

lactate levels were measured via ablood meter every 20 min, while alcohol levels
were measured via a breathalyser every 20 min. The additional points were
measured every 10 min, from 80 to 120 min for alcohol, and every 10 min from
200 to 240 min for lactate and glucose. The participant acquired ISF glucose
levels, alcohol levels and lactate levels, along with BP and HR, over 400 min. Blood
glucose and lactate levels were measured via ablood meter every 20 min, while
alcohol levels were measured via a breathalyser every 20 min. The additional
points were measured every 10 min, from 80 to 120 min for alcohol, and every

10 min from 200 to 240 min for lactate and glucose. (ii) The 8 s BP data recorded at
20,30, 80,90,200, 220 and 240 min during the different intakes and stimulations.
(iii) Alx calculated at 20, 30, 80, 90, 200, 220 and 240 min, which is before and
after each stimulation, with mean value and error bars (n = 7). Data are presented
asmean = s.d. (iv) Correlation of the total 90 paired microneedle alcohol
measurements versus acommercial breathalyser. (v) Correlation of the total 123
paired microneedle lactate measurements versus blood lactate measurements
taken on the commercial meter. (vi) Correlation of the total 175 paired SBP and
DBP measurements based on the US sensor versus acommercial BP device.
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(71 paired data points with blood meter), while the MARD compared
to blood was 3.70% (158 paired data points with blood meter). The
increasing BP and HR after the meal can be attributed to anincreased
blood supply. Splanchnic oxygenisincreasingly consumed by the gas-
trointestinal tract for digestive activities, which increases the blood
flow rate to support the oxygen requirements. Similarly, intake of
caffeine-containing iced tea stimulates the central nervous system
and leads to higher heart contractility, HR and BP.

The BLUE platform provides continuous simultaneous multichan-
nel sensing based on microneedles for glucose, lactate and alcohol,
and ultrasound transducers and electrodes for BP, HR and arterial
stiffness (Fig. 5b(i-iii)). This allows us to assess the interacting chemi-
cal-physical response to different stimulations. We studied the correla-
tions between the dynamically changing levels of the three different
biomarkers and the physiological signals during diverse daily activi-
ties over 6.5 h. The results show that ingestion of a meal (at 30 min)
increased the glucose and BP levels while reducing the Alx (increased
arterial stiffness). Consuming a glass of sugar-rich alcohol (at 85 min)
led toincreasing glucose and alcohol levels, as well as higher BP. Food
inthe stomach accounts for the decreasing alcohol adsorption rate*’.
Twenty minutes of vigorous-intensity exercise (2 h after the alcohol
intake, 0.78]) s™) led to a notable increase in the lactate level, BP and
HR, while reducing the glucose level to 66 mg dI™ and increasing the
Alx.Inaddition, consumption of different caffeine drinks (containing
200,114 and 75 mg caffeine) and of ice cream (Supplementary Fig. 27)
also stimulated the BP and HR (Supplementary Fig. 28). These results
illustrate that caffeine intake has different effects on different individu-
als. Figure 5b(iv-v) shows the accuracy of the individual biomarker
microneedIle signals versus commercially measured data obtained
with ablood lactate meter and breathalyser, while Fig. 5b(vi) shows the
accuracy of the ultrasound BP measurements versus acommercial arm
BP monitor. The corresponding r* values for the BP, alcohol and lactate
data(0.98,0.98 and 0.98, respectively) reflect the high accuracy and lin-
earity of the BLUE platform compared with established gold standards.

Asymptomaticindividuals, who may be at highrisk for prediabetes
did not perceive any symptoms or feel unwell, further highlighting the
importance of this multimodal sensor. Inaddition, the population with
prediabetes has a 50% risk of developing diabetes within five years
and faces high risks of related chronic conditions, similar to diabetes
stages*’. Participants at high-risk of prediabetes were diagnosed based
onone oftwo conditions: (1) impaired glucose tolerance with aglucose
level 2 h post-meal 0f 140-199 mg dI™ or (2) impaired fasting glucose
with a fasting glucose level 0f 100-125 mg dlI™* (refs. 42-44).

Figure 6illustrates the influence of daily activities, such as meals,
alcohol consumption and exercise on blood lactate levels, correlat-
ing these activities with the lactate generation and clearance rates
of each participant. After a meal, participants 1 (Fig. 6a) and 2 with
high-risk prediabetes (Fig. 6b) exhibit glucose levels of 168 mg dI™*
(BP160/104 mm Hg) and 240 mg dI™ (BP127/66 mm Hg), respectively,
along withelevated lactate levels. Following alcohol consumption, par-
ticipant 2 (Fig. 6b) shows lower glucose levels accompanied by higher
blood lactate, HR and BP. In addition, 140 min post-meal, the glucose
levels of participant 2 remained above 140 mg dI* (Supplementary
Discussion 9). Participants with high-risk prediabetes experienced a
greater influence of their daily activities on their blood lactate levels.
Blood lactate levelis an early marker for prediabetes, related to insulin
resistance®, with metabolicinflexibility reducing the lactate clearance
rate*. However, exercise canimprove insulin sensitivity”, reduce blood
glucose levels and lower BP. Participant 1 with high-risk prediabetes
(Fig. 6a) showed a decrease in BP from137/99 mm Hg (initial baseline)
to 129/77 mm Hg (new baseline) after 20 min of vigorous-intensity
exercise (0.82) s™).

Comparing participants with high-risk prediabetes (Fig. 6 and Sup-
plementary Fig. 29) and the healthy participant in Fig. 5b, the healthy
individual maintained stable lactate levels during the consumption

of meals and alcohol, with lactate levels returning to baseline within
30 min post-exercise. In addition, the healthy participant exhibited
arapid response with blood glucose levels reducing to the normal
range (116.4 mg dI™, 40 min post-meal). By contrast, participants with
high-risk prediabetes demonstrated low lactate clearance rates, with
elevated lactate during the intake of meals or alcohol, requiring more
than 60 min to return to baseline after 20 min of exercise. The lactate
clearance rate is influenced by body mass index, exercise frequency
and health status. A higher body massindex is associated with high-risk
prediabetes, characterized by a lower lactate threshold and lower
lactate clearance rate*®*® (Supplementary Table 2 and Supplementary
Discussion 9). In addition, the BP of high-risk participants increased
substantially during the consumption of meals or alcohol and remained
approximately 10 mm Hg higher (Supplementary Discussion 9).

Individuals with prediabetes (Fig. 6 and Supplementary Fig. 29, dis-
cussed in Supplementary Discussion 9) experience health conditions
and issues similar to people with diabetes, including high BP, lower
lactate clearance andincreased arterial stiffness. Lactate levels, BPand
arterial stiffness are greatly influenced by meals, drinks and exercise.
Elevated lactatelevels canharm the body by decreasing blood pH, and
cause serious damage to organs***°. In addition, high BP and arterial
stiffness are diabetes-related indicators of cardiovascular risks. The
BLUE system addresses several critical gapsin the current management
of prediabetes and diabetes. First, it provides rapid feedback on the
effect of lifestyle changes, helping to maintain motivation®’. Second,
itsability to quantify improvements in metabolic and physiological sig-
nals offers usersinstant gratification®. Third, it provides timely alerts
for early intervention to prevent the progression from prediabetes to
diabetes™. Finally, it collects personalized multisource rich data to
generate customized disease management plans®*.

The real-time multimodal platform offers individuals with
high-risk diabetes the opportunity to modify their lifestyles through
feedback thatreflects changesintheir health status. The system offers
tracking capabilities for patients with prediabetes and diabetes, ena-
bling them to manage their insulin dosing, along with timely dietary and
lifestyle interventions, based on the rich real-time multisource data.
It provides tailored personalized recommendations for diet, exercise
anddaily activities, along with real-time feedback to prevent significant
fluctuations in blood glucose, lactate levels, BP and arterial stiffness.
Unlike in healthy individuals, fluctuations in glucose, lactate, BP and
arterial stiffness can lead to severe complications for people with
diabetes, such as stroke, kidney disease and amputations. However,
there is no one-size-fits-all treatment for diabetes. Each patient has
unique healthissues. For example, the three participants with high-risk
prediabetes experienced different levels of progressive conditions
(Fig. 6). Generating and processing their dynamic multisource data
offersthe opportunity for predicting abnormalities and personalizing
their disease management.

Continuous multi-parameter monitoring can facilitate under-
standing of the influence of diverse daily activities on individual’s
biosignals and health (Fig. 5b). The correlation between the different
sensor outputs and the participant’s activities can be visualized in a
chord diagram (Supplementary Fig. 30). Such a diagram supports
understanding of the interplay between ISF biomarkers with physical
signals during differentactivities and potentially enables personalized
interventions that enhance one’s health and wellness (Supplementary
Discussion 8).

Discussion

The study aims to showcase that integrating multiple chemical and
physicalsensorsinasingle wristband addresses several critical gapsin
managing prediabetes and diabetes beyond traditional CGM-based dia-
betes management. By providing continuous comprehensive metabolic
and cardiovascular sensing, the multimodal BLUE platform holds con-
siderable promise for advancing personalized diabetes management
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Fig. 6 | Extended simultaneous in vivo monitoring of BP along with multiple
biomarkers in high-risk prediabetes during different daily activities.

a, Participant 1 with high-risk prediabetes. (i) ISF glucose, BP and HR parameters
were recorded over a period of 300 min. After 30 min of baseline, a meal is taken,
followed by exercise at 210 min. The wristband results were compared with
measurements of acommercial BGM at 20 min and of an arm BP cuff at 10 min
(upper). (ii) BP signals, each lasting 8 s, were recorded at 30, 40, 170, 210, 220,
230 and 300 min. (iii) Arterial stiffness, represented by Alx values, was calculated
at30,40,170, 210,220,230 and 300 min (n = 6) and data are presented as

Time (min)

mean +s.d. b, Participant 2 with high-risk prediabetes 2. (i) ISF glucose, BP and HR
parameters were recorded over a period of 370 min. Food consumption occurred
after 30 min of baseline measurements, followed by drinking at 150 minand
exercise at 250 min. The wristband results were compared with measurements of
acommercial BGM at 20 min and of an arm BP monitor at 10 min (upper). (ii) BP
signals, eachlasting 8 s, were recorded at 30, 40, 150,160, 250, 270 and 360 min.
(iii) Arterial stiffness, as represented by Alx values, was calculated at 30, 40, 150,
160,250,270 and 360 min (n = 6) and data are presented as mean + s.d.
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and maintaining glycaemic control while alerting for cardiacrisks. The
wristband hybrid system offers highly accurate continuous monitor-
ing of multiple metabolites beyond glucose and cardiac physiological
signals affecting the pathophysiology of diabetes and associated with
related cardiovascular risks. Such simultaneous real-time ultrasound
and electrochemical sensing, combined with advanced data process-
ing, would facilitate more comprehensive disease diagnostics, early
prediction and timely alerts of abnormal physiological changes. The
individual electrochemical and ultrasound sensing modalities of the
hybrid platform offer excellent sensitivity, selectivity, reproducibility
and accuracy (without crosstalk) to support understanding of the corre-
lationand interplay between ISF biomarkers and physical signals during
diverse daily activities. This ‘all-in-one’ multiplexed chemical-physical
wearable health-monitoring device provides useful rich multisource
insights into the comprehensive physiological status and glycaemic
variability of individuals towards optimal closed-loop insulin-delivery
systems and enhanced management of diabetes and other chronic
diseases, greatly beyond the limited chemical data of single-modality
CGM devices. Fabricated SU-8 biocompatible microneedles have
advanced the progress and performance of on-body signals. Integration
of flexible microneedles and ultrasound sensors offers rich transient
physio-metabolic profiles, relevant to hypertension during hyper-
glycaemia, post-exercise hypoglycaemia and elevated lactate from
diabetic lactic acidosis, during diverse activities along with real-time
feedback. The BLUE sensing platform is currently driven by external
circuits and equipment (that is, potentiostat, pulse-receiver and Bio-
Radio) that is powered separately (Supplementary Discussion 10 and
Supplementary Figs. 31 and 32). This technology could be powered
viaafullyintegrated circuit with rechargeable batteries, wireless data
transfer via Bluetooth™ and Wi-Fi* to electronic devices. The total
estimated power consumption of the multimodal sensor is 617.92 mW.
However, further efforts are needed on sustainable flexible printed
circuitboards, which rely on the fabrication of rechargeable and flex-
ible batteries, optimization of the system miniaturization, Bluetooth
power consumption, crosstalk limitation and comfortable wearing.

Outlook

The multimodal BLUE platform provides continuous comprehensive
metabolic and cardiovascular sensing for advancing personalized
diabetes management, improving glycaemic control and alerting for
cardiacrisks. Although microneedle arrays offer tremendous promise
for parallel measurements of multiple ISF biomarkers, their chemical
diagnostic power is greatly enhanced by simultaneously measuring
key physical signals, such as BP, HR and arterial stiffness. Looking to
future developments of the multimodal wristband we expect several
key directions: (1) large-scale clinical trials and extensive validation
using people with T1D with changing meal plans and diverse physical
activities to ensure the effectiveness and reliability of the device in
real-world settings; (2) wearing the hybrid wristband over extended
periods and incorporating it into the data science to provide early
prediction of disorders and diseases; (3) full system integration of the
multisource device, including an electronicinterface for controlling the
different sensing modalities, along with the batteries and data-transfer
system; (4) expansion to additional diabetes-related biomarkers, such
asf3-hydroxybutyrate, cortisol, insulin and potassium; (5) expansion to
individuals with obesity who have a high prevalence of diabetes and car-
diovascular disease; (6) monitoring additional physical vital signs, such
as temperature and oxygen saturation; (7) combining with advanced
machinelearning clustering algorithms to predictabnormalities, health
trends and future events and support closed-loop operations; and (8)
pairing with additional chemical and physical sensors, depending on
the specific user (for example, target disease or population). By add-
ing more chemical-physical sensing parameters, and coupling with
advanced data processing, the new multiplexed health-monitoring
platformwould offer rich multisource insights into the comprehensive

health status of individuals towards guiding personalized interventions
and managing chronic diseases. Achieving full systemintegrationis the
ultimate objective for this powerful multisource device. Although full
integration of the hybrid sensors with power storage and data process-
ing, transmission and visualization componentsinto a near-commercial
product was not demonstrated in this work, we believe that this study
hasillustrated the tremendous promise and significance of awearable
platform—with multiple metabolite and vital sign sensing modalities—
beyond current glucose-sensing based diabetes monitoring.

Methods

Materials and chemicals

Acetaminophen, alcohol oxidase solution from Pichia pastoris
(40 Umg™), L-ascorbic acid, bovine serum albumin (BSA) from lyo-
philized powder, calcium chloride anhydrous, chitosan (medium
molecular weight), disodium hydrogen phosphate, pure ethanol
(200 proof), glacial acetic acid (HOAc), y-globulins from bovine
blood, D-(+)-glucose anhydrous, glucose oxidase from Aspergillus
(142,838 U g™, glutaraldehyde, L-lactic acid, magnesium sulfate anhy-
drous, PBS (1.0 M, pH 7.4), polyvinyl chloride, potassium chloride,
sodium bicarbonate, NaCl, NaH,PO,-2H,0, silver flakes, tetrahydro-
furan, Titron X-100 solution, toluene and uric acid were purchased
from Sigma-Aldrich. Lactate oxidase (111 U mg™) was purchased from
Toyobo Corp. Allaqueous solutions were prepared using doubly deion-
ized water. PDMS Sylgard 184 silicone elastomer (Ellsworth Adhesives)
and SU-82100 were provided by WPl and Kayakli, respectively. Biocom-
patible BioMed photocurable resin (clear resin) was purchased from
Formlabs, while the flexible photocurable resin (white UV tough resin)
was purchased from Anycubic. Styrene-ethylene-butylene-styrene
(SEBS) G1645 and MD1648 tri-block copolymers were obtained from
Kraton. Customstainless steel stencils were ordered from Metal Etch
Services. Ecoflex (part A and part B) were purchased from Smooth-On,
Inc. Allreagents and solvents were used without further modification
and purification.

Fabrication of flexible microneedle patch

The microneedles were designed in SolidWorks and printedinaForm-
labs 3D printer (model: Form 3, resolution 25 pum). After the printing
procedure, the 3D-printed microneedles were washed in an isopro-
panol bath, following by a post-curing step under a UV lamp (Form
Cure, Formlabs) for 1 h (Supplementary Fig. 3a).

The silicone elastomer kit was mixed with the curing agentin a
ratio of 10 to 1. The mixed PDMS was cast into the 3D-printed micronee-
dlesattached toaglass Petridish, whichwas then degassed inavacuum
pump for 30 min at 762 mm Hg. PDMS mould was cured for 60 min at
60 °C (Supplementary Fig. 3b,c).

The SU-8 solution was poured into the PDMS mould and degassed
inavacuum pump for 10 min. After the SU-8 was cured undera UV lamp
(Black Ray Lamp, model UVL-21, wavelength 365 nm), the PDMS moulds
were detached from the SU-8 microneedles and the microneedles were
attached toglass slides by soft lithography for further processing (Sup-
plementary Fig. 3d). The prepared SU-8 microneedles were etched
using plasmadry etching for 60 min toincrease tip sharpness, the soft
lithography step was then repeated to attach the etched microneedle
tothe tape (Supplementary Fig. 3e-h).

The 3D-printed masks were attached to the microneedle using
a design comprising four separated electrodes. Before sputtering,
the microneedles were cleaned using a nitrogen gun and attached
to the sample stage. Microneedles were sputtered first with a Cr film
0f188.40 +26.87 um followed by a Pt film of 337.76 + 44.08 pm using
aDenton Discovery 635 sputtering system (Supplementary Fig. 3i).

Preparation of the silver inks
Ahomemade stretchablesilver ink was used for the circuit connections
to various components of the wristband. Theink included silver flakes,
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SEBSresin (G1645,4 gin10 mlof toluene) and toluene at a weight ratio
of4:2:1. Ahomogeneous composition was obtained using a planetary
mixer (FlackTek, SpeedMixer DAC150.1FVZ) at 1,800 rpm for 10 min.

Fabrication of the wristband

The SEBS substrate was prepared by dissolving MD1648 tri-block copol-
ymersintoluene (40 wt%) and mixing on alinear shaker (Scilogex, SK-L
180-E). The SEBS blend was then cast onto a polyethylene terephthalate
sheet using adoctor blade to achieve a thickness of 300 um, followed
by curing at ambient temperature for 1 h.

The wristband circuit was designed on AutoCAD 2023 (Autodesk)
and patterned onto a custom stencil (Metal Etch Services). The circuit
connectionwas fabricated by screen-printing the formulated silverink
onto the SEBS substrate using the stencil. A chloride-lactate treatment,
adapted froma previous study®, enhanced conductivity and stability.
Briefly, the treatment involved spraying the aqueous solution (contain-
ing100 mM NaCl and 50 mM lactic acid) evenly onto the silver pattern
anddryingitinthe ovenat 80 °C for 5 min for a total of three rounds®’.
Afterwards, awashing step with distilled water was conducted, followed
by curingin the oven at 80 °C until thoroughly dried.

Fabrication of the ECG sensor

The ultrasound rods were assembled on the wristband using a
solvent-welding process, which enables firm bonding between parts
with different elastic moduli. A2-ul droplet of a toluene-ethanol mix-
ture (3:7v/v) was applied to the designated position to partially dissolve
thesilver connections and SEBS, allowing mounting of the ultrasound
rods onto the substrate. The solvent was then allowed to evaporate at
room temperature, facilitating the re-crosslinking of SEBS to secure
welding of the substrate and silver inks to the ultrasound rods. Sub-
sequently, a top layer of silver interconnections was adhered to the
ultrasound rods and sealed with Ecoflex rubber. This was followed
by curing in the oven at 60 °C for 30 min. Finally, the external circuit
connector was solvent-welded using a10 pl toluene-ethanol mixture
onto the SEBS substrate in a similar fashion.

Microneedle modification

Modification of the three different microneedle working electrodes
(glucose, lactate and alcohol) relied on adrop cast layer-by-layer tech-
nique’®. The enzymes solutions, glucose oxidase (5 U pl™) for glu-
cose and lactate oxidase (12 U pl™) for lactate, were prepared in BSA
(10 mg mI™in 0.1 M PBS). For alcohol, the enzyme (alcohol oxidase,
final concentration 4 U pl™) was mixed with BSA (10 mg ml™in 0.1M
PBS) and chitosan (1wt%in 0.1 MHOAc) ataratio 2:1:1(refs.12,59). Five
layers (4 pl) of each enzyme solution were successively drop cast on
top of the microneedles. For glucose and lactate microneedle sensors,
two extralayers were added (4 pl): asolution of 2 v/v%glutaraldehyde
in distilled water followed by a 1% chitosan solution (in HOAc 0.1 M).
Finally, in all working microneedles, a protective layer consisting in
a solution of 2 wt% polyvinyl chloride (in tetrahydrofuran with 1 mM
Triton X-100) was cast to avoid leaching and biofouling problems. After
modification, the patches were stored overnightin the fridge (4 °C) for
furtherinvitro and on-body testing.

Calibration of the arterial blood pressure waveform

The BP waveform was calibrated using equation (1), where p, is the
diastolic pressure, A, is the diastolic arterial cross-sectional area and
ais therigidity coefficient. The arterial BP waveform, denoted p(¢), is
described as®:

p(t) = pa x i) @

Giventhe assumption of rotational symmetry in the arterial structure,
thearterial cross-sectional areais denoted as A(t), with d(t) represent-
ingthe diameter waveform of the specific target artery, computed as:

nd(t)?
4

A(t) = 2)

It can be assumed that human blood vessels exhibit an elastic behav-
iour with minor viscoelastic effects. This implies that the relationship
between pressure and vessel diameter demonstrates a relatively mod-
est hysteresis effect, which is below 0.2% (ref. 60). Equation (1) can be
used effectively to reconstruct precise arterial BP waveforms based on
vessel diameter waveforms.

Equation (3) can be used to calculate a, where A, is the systolic
arterial cross-section and p,, representing the systolic pressure, can
be measured by aUS Food and Drug Administration-approved BP cuff.

_ AdIn(ps — pa)

a= A A, (3)

An accurate value of p(t) can be obtained using equation (1) with cali-
brated a and p, and carefully measured d(t) (vessel diameter) values.
Theaccuracy of the measured d(¢) can be evaluated by utilizing a clini-
cal ultrasonic machine to capture the systolic diameter at the same
vascular location.

Blood pressure calibration coefficient
Every waveform presented in this study has been adjusted using a
commercial pressure cuff for calibration. As long as the participant
has not undergone any significant physiological changes or vascular
reconstructions, calibration of the device only has to be done once,
because even though pulse pressure may vary from one heartbeat to
another, diastolic pressure remains relatively consistent under stable
physiological conditions.

According to equations (1) and (2), the connection between the
measured signal, arterial diameter and BP value can be described as:

d?
| =( -
np(t) (npd)a[ i 1]

D

4)

In this context, d;, is the minimum diameter observed in a single
cardiac cycle (Supplementary Fig.24), which corresponds to the dias-
tolicblood pressure. The actual value, represented as Inp(t), is directly
related to the signal %" — 1. The calibration coefficient, denoted as f,

D

canbe defined as the ratio between these two values:

Inp(¢)
f= o
4

= (Inpg) a (5)

The calibration coefficient fisinfluenced by two parameters: the dias-
tolic pressure p, and the rigidity coefficient a. These two parameters
can vary between different participants and need to be recalibrated
each time the physiological state changes, such as when relaxing or
exercising. The rigidity coefficient can be calibrated as given in equa-
tion (3). Astheblood travelsthroughthe arterial tree, itis observed that
the rigidity coefficient (&) and diastolic pressure (p,) do not undergo
substantial changes. Consequently, calibration of the brachial artery
allows for the acquisition of BP waveforms at various positions, includ-
ingthe wrist, neck and foot in the same participant. In different scenar-
ios, aslongasaand p remainrelatively stable, frequent recalibration
ofthe device is unnecessary.

Arterial stiffness measurement

During various daily activities, the BP waveform contour exhibits
fluctuations caused by variations in the systolic peak to reflected peak
values. These differences are the result of differing levels of arterial
stiffness. The variation in arterial stiffness is represented by distinct
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reflected pulse levels from the distal ends of the arterial tree (Sup-
plementary Fig. 25).

To assess arterial stiffness, the pulse wave decomposition analy-
sis method is used®-*>. This allows us to decompose pulse waveforms
into forward waves, generated by the heartbeat, and reflected waves,
which can be considered back-propagations from the distal ends of
thearterial tree. Acompliant or ‘soft’ artery tends to dilate more easily,
leading to weaker reflections and slower back-propagation because of
thelowerimpedance of the arterial tree. Consequently, this manifests
asaweaker or delayed secondary peakin the pulse waveform. By con-
trast, a strong and rapidly occurring secondary peak indicates stiffer
arterial networks with higher impedance. Here, we use Alx to discern
the differences between the two peaks in the waveform.

P —P
% x 100% (6)
1

Alx =

where P, is the systolic peak and P, is the secondary or reflected peak.
In our study, we conducted a beat-to-beat analysis of the BP wave-
form. This analysis allows us to calculate the beat-to-beat Alx, whichis
then averaged to reduce the potential error rate caused by waveform
distortion.

Current conversion to concentration quantitation

Converting the microneedle current response to the blood concen-
tration was achieved using equations correlating the /, and /, signals
related to the metabolite concentrations measured using commercial
blood meters, where /, is the current reading at baseline and /; is the
reading on the maximum value.

Monitoringaccuracy
The absolute relative difference (ARD) and the MARD value or CGM
data accuracy were calculated from equations (7) and (8)'%

IMN, — R/|

t

ARD, = 100% @)

1 n
MARD = — ARD
N tzZO A (8)

Where t is the monitoring time point (every 5 min for CGM and every
10 min for BGM), MN, is the microneedle glucose value measured at
the time point, R, is the reference glucose value measured at the time
point (CGM or BGM values) and Nis the total number of data measure-
mentsets of MN to R.

Data collection and transfer

Micro-coax wires were used to connect the microneedles from the
wristband to the potentiostat (SensitBT) and digital data were trans-
ferred viaBluetooth to the computer (PSTrace v.5.9 software). The ECG
pad was adapted to a micro-coax wire and connected to the electric
transducer (BioRadio) and digital data were transferred via Bluetooth
to the computer (Biocapture software). The ultrasound sensor was
adapted to a micro-coax wire and connected to a pulser-receiver
(Olympus 5072PR) wire connected to the computer for data collection
(LabView 2018 software).

Statistics and reproducibility

On-body measurements were conducted in 11 healthy participants.
Eachindividual calibration was followed by the current conversion to
concentration discussed above. After collecting all data, r* indicated
the high accuracy of the sensor separately for each target analyte: for
alcohol with 90 points, lactate with 123 points, glucose with 158 points
and BP with 175 points. All data were paired with measurements using
commercial devices.

MARD and the Parkes errors grid were used to assess the clinical
accuracy of the on-body measurements (versus gold standard assays).
The MARD value of alcohol is 8.84% compared with a commercial
breathalyser (26 paired data points), the MARD value of lactate is 7.97%
compared with a commercial lactate blood meter (26 paired data
points), the MARD value of CGM is 6.58% compared with acommercial
glucose blood meter (71 paired data points), and the MARD value of
microneedles glucose is 3.7% compared with a commercial glucose
blood meter (158 paired data points).

For the mechanical bending test (Fig. 2), the error bar was used
to evaluate the flexible structural stability with asample size of n = 5.
For arterial stiffness (Figs. 4 and 5and Supplementary Figs. 26-30),
the error bar was used to evaluate Alx values plotted as the mean
value using a sample size of n =7. No data were excluded from the
analysis.

For in vitro experiments (Supplementary Figs. 18 and 19), the
error bar was used to evaluate the reproducibility of alcohol, lactate
and glucose with a sample size of n=3. No data were excluded from
the analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The manuscriptincludesall the data collected and analysedin the study,
and moreinformationisincludedin the Supplementary Information.

Code availability
The code for decoding the transducer data to blood pressure wave-
forms is available via GitHub at https://github.com/MuyangLin95/
Processing-scripts-for-monitoring-metabolites-and-cardiac-signals-
in-diabetes.git (ref. 63).
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