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A Miniaturized, Battery-Free, Wireless Wound Monitor That
Predicts Wound Closure Rate Early
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Diabetic foot ulcers are chronic wounds that affect millions and increase the
risk of amputation and mortality, highlighting the critical need for their early
detection. Recent demonstrations of wearable sensors enable real-time
wound assessment, but they rely on bulky electronics, making them difficult
to interface with wounds. Herein, a miniaturized, wireless, battery-free wound
monitor that measures lactate in real-time and seamlessly integrates with
bandages for conformal attachment to the wound bed is introduced. Lactate is
selected due to its multifaceted role in initiating healing. Studies in healthy
and diabetic mice reveal distinct lactate profiles for normal and impaired
healing wounds. A mathematical model based on the sensor data predicts
wound closure rate within the first 3 days post-injury with ≈76% accuracy,
which increases to ≈83% when pH is included. These studies underscore the
significance of monitoring biomarkers during the inflammation phase, which
can offer several benefits, including short-term use of wound monitors and
their easy removal, resulting in lower risks of injury and infection at the
wound site. Improvements in prediction accuracy can be achieved by
designing mathematical models that build on multiple wound parameters
such as pro-inflammatory and metabolic markers. Achieving this goal will
require designing multi-analyte wound monitors.
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1. Introduction

Diabetic foot ulcers (DFUs) affect ≈750 000
individuals and are responsible for ≈70 000
amputations per year in the US alone.[1]

Chronic wounds, including DFUs, carry a
5-year mortality rate of 30.5%, which is
comparable to cancer’s mortality rate of
31%.[2] The economic burden of treating
chronic wounds is staggering as it accounts
for ≈1–3% of total healthcare expenditure
in most developed countries.[3] The ongo-
ing diabetes epidemic and ever-increasing
healthcare costs are expected to worsen the
grim statistics for DFUs in the foreseeable
future.[4] Studies indicate that providing
wound-specific care in a timely manner can
significantly reduce treatment costs, ampu-
tation risk, and mortality.[3]

Assessment tools that accurately cap-
ture wound status in real-time are key for
prescribing tailored treatments. Unfortu-
nately, present methods rely on intermit-
tent removal of the dressing followed by
visual analysis or wound culture test.[5,6]
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The former lacks necessary diagnostic and prognostic rigor, while
the latter is time-consuming and requires sophisticated instru-
ments and trained personnel. Moreover, these methods do not
provide real-time status of the wounds. Smart bandages that in-
corporate sensors for longitudinal monitoring of metabolites,
pH, temperature, oxygen, and bacteria in wound exudate offer
unique potential for accurate, at-home wound assessment.[7–19]

Such advanced sensors can provide previously unavailable real-
time insights into wound physiology. While such wearable em-
bodiments are a major advancement in the field of wound care,
they usually rely on bulky, complex wireless electronics that pre-
clude their use in constricted body parts (foot, sacrum) most
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prone to chronic wounds. Further, much of the work in this field
focuses on demonstrating the viability of sensors for monitoring
wound composition, with little emphasis on interpreting these
results for predicting the future course of healing, such as wound
closure rate. Demonstrating such capabilities will enable clini-
cians to recommend wound-specific treatments for rapid closure.

This article describes a miniaturized wound monitor that lon-
gitudinally assesses wounds and predicts wound closure with
≈76% accuracy within the first 3 days post-injury in a rodent
model of DFU (Figure 1A). It weighs ≈160 mg with dimensions
of 28 mm × 12 mm × 0.2 mm. The monitor achieves its minia-
turized formfactor and low weight without compromising on
performance by combining disparate technologies involving bio-
fuel cells and battery-free wireless electronics. The robust, thin,
miniaturized device reduces risks of injury and is amenable for
applications in constricted body regions; for example, devices ap-
plied to the heel – a region at high risk of developing chronic
wounds.

The device detects wound lactate levels using a self-powered
biofuel cell-based sensor and transmits the data wirelessly us-
ing nearfield communication (NFC) protocols. A mathemat-
ical model interprets the sensor data to identify the nature
of the wound (normal or diabetic) and predict wound clo-
sure rate. Figure 1B shows an exploded view illustration of
the wound monitor. Figure 1C shows an image of the wire-
less electronics while Figure 1D shows a photo of the com-
plete wound monitor. Lactate is selected as the biomarker of
interest due to its multi-faceted role in wound healing.[20–23]

Studies show that wound lactate in the ≈5–15 mm range is
necessary to initiate various aspects of wound healing such as
hypoxia-inducible factor-1𝛼 stabilization;[20] growth factor and
metalloproteinases production;[22,24] endothelial cell mobility,[25]

vascularization;[20] and increased collagen synthesis,[22,26] among
other processes.[27,28] However, abnormal lactate levels hinder
wound healing: high levels delay healing due to severe hypoxia,
while low levels impede initiation of the healing process.[20]

The present work exploits these unique prognostic properties of
wound lactate for demonstrating the miniaturized wound mon-
itor’s capacity to predict wound closure rate early. This marks
a major advancement in the field of wound care as informa-
tion provided by the described wound monitor will be useful for
timely course correction if the present treatment is not expected
to lead to rapid wound closure. Table S1, Supporting Information
compares present work with some recent representative exam-
ples of wound monitors.

2. Results

2.1. UV Sterilizable, Self-Powered, Oxygen-Independent, Biofuel
Cell-Based Lactate Sensor

Electrochemical enzymatic sensors, such as lactate sensors,
typically rely on amperometry to detect analytes.[29] However,
this technique requires bulky potentiostats and batteries for
data acquisition as illustrated by recent examples of wearable
sensors, including some for wound assessment analytes.[30–37]

These sensors typically use Bluetooth connectivity for wire-
less data transmission, further increasing device size and
energy requirements. Our work on self-powered, NFC-enabled,
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Figure 1. Wireless, battery-free wound lactate monitor for predicting wound closure. Schematic representation showing A) the wireless monitoring of
wound lactate and its potential use in identifying impaired healing and B) exploded view of the wireless sensor. Image showing C) the NFC-based,
battery-free wireless electronics and D) the complete system. Scale bar: 5 mm (C,D).

biofuel cell-based sensors offers a lighter and smaller alter-
native to battery-powered sensors without compromising on
performance;[38] thus, representing an attractive technology
for realizing wound monitors. The sensor works by lactate
spontaneously oxidizing at the anode and silver oxide reducing
at the cathode, producing a lactate concentration-dependent
current signal. Figure S1A, Supporting Information shows the
spontaneous, catalytic reactions occurring at the sensor anode
and cathode that result in the current signal. Similar biofuel
cell-based sensing principles for lactate detection are reported
by several groups.[39–42] A resistor (100 kΩ) converts this cur-
rent signal to a voltage signal, which is wirelessly transmitted

to a nearby reader (e.g., laptop or smartphone) using NFC
electronics.

Figure 2A shows schematic representation of the key com-
ponents of the sensor. Laser patterned gold on polyimide films
forms the bare anode and cathode electrodes of the sensor. A
film of 3D carbon nanotube (CNT) paper bonded onto the active
area of the anode enhances electrochemical active surface area
and its absorptive properties minimize leaching of the reagents.
Immobilizing tetrathiafulvalene and lactate oxidase on the CNT
paper enables selective, low overpotential oxidation of the lactate
at the anode. Unlike typical cathodes in biofuel cells that rely
on oxygen reduction reactions,[43–49] the cathode of the lactate
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Figure 2. Key components of biofuel cell-based lactate sensor and its in vitro characterization. A) Schematic representation showing the key components
of the lactate sensor. B) Image of the lactate sensor. Scale bar: 2 mm. C,D) Reversibility of the lactate sensor signal. E) Real-time response of the lactate
sensor to increasing concentrations and F) the corresponding calibration plot. G) Effect of common interfering biochemicals on sensor response. H)
Effect of the UV protective coating on sensor response before and after UV sterilization. Red: without UV protective membrane; Blue: with UV protective
membrane. I) Sensor stability studied over a period of 10 days at ambient conditions. J) Effect of biofouling using artificial wound fluid studied over 7
days. Data presented as mean ± S.D., n = 3 (G–J).

sensor depends on oxygen-independent reduction reaction of
immobilized silver oxide,[50–52] which ensures that fluctuations
in wound oxygen levels do not affect sensor response.[53–56] The
complete sensor is coated with chitosan and polyvinyl chloride
membranes to extend detection range and reduce leaching of
reagents.

UV treatment is a widely used sterilization technique for med-
ical devices including wound care products.[57,58] Unfortunately,
UV exposure denatures enzymes (here lactate oxidase), which re-
sults in a decrease in sensor sensitivity. Covering the sensor with

widely used UV protective films or absorbers could resolve this
issue.[59–61] However, the poor mass transport across the former
and the potential toxicity of the latter are limitations. The lac-
tate sensor incorporates an unconventional UV protective mem-
brane that overcomes these limitations. It involves edible carbon
suspended in chitosan matrix. The edible carbon blocks the UV
light while the porous nature of the edible carbon/chitosan com-
posite facilitates rapid transport of the analyte to the sensor sur-
face. Moreover, this membrane serves as a biocompatible inter-
face between the sensor and the wound, allowing a normal course
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of healing while minimizing foreign body response. Figure 2B
shows an image of the lactate sensor.

2.2. In Vitro Characterization of the Lactate Sensor

Figure 2C shows the lactate sensor’s typical response when
exposed to repeated cycles of lactate, while Figure 2D shows
the sensor’s stabilized signals for the reversibility test. The
near-overlapping signals demonstrate the sensor’s negligi-
ble hysteresis necessary for longitudinal wound assessment.
Figure 2E shows that increasing the thickness of the polyvinyl
chloride diffusion membrane extends the linear detection range
from ≈15–30 mm. Such modification improves the linear de-
tection range but results in slower response time (≈5 min).
Figure 2F shows the corresponding calibration plot. The limit
of detection (LOD) for the lactate sensor is 0.47 mm. LOD is
calculated as 3 × Sb/S, where Sb is the standard error of the
baseline response and S is the slope of the calibration curve.[38]

Each sensor undergoes calibration before use to accommodate
for variability in baseline signal. This is a common strategy
employed by many commercial chemical sensors and is use-
ful in ensuring reliable sensor data interpretation. Figure 2G
demonstrates negligible interference on the sensor response
due to presence of glucose (3 mm), uric acid (100 μm), creatinine
(200 μm), and ascorbic acid (500 μm). The concentrations of
these chemicals are based on their physiological concentrations
in wound exudate.[62] Figure 2H exhibits the effect of UV ster-
ilization. Standard UV sterilization parameters (power: 40 μW
cm−2; wavelength: 254 nm; duration: 30 min) are used for these
studies. A decrease in sensor sensitivity of ≈65% is noted for
sensors without the UV protective coating, while this percentage
for sensors with the coating is only ≈6% after UV sterilization.
The negligible decrease in sensitivity for the sensors with the
UV protective coating can be attributed to the near-complete
blocking of the 254 nm UV light (transmittance ≈7%) used
for sterilization and facile transport of the lactate through the
porous UV protective membrane (Figure S1B,C, Supporting
Information). We did not study the effectiveness of the UV
protective film for extended periods of UV treatment (>30 min).
Systematic investigation of UV protective film thickness and
treatment parameters will be a subject of future research.

Figure 2I reports data investigating the long-term sensor sta-
bility over a period of 10 days under conditions mimicking a typi-
cal wound. The experiment involves storing the sensors in ambi-
ent conditions interfaced with a phantom wound (agarose mem-
brane) and recording daily sensor response. The data reveals that
the sensors maintain their response up to day 7, with a slight
increase in sensor sensitivity observed up to day 3. This can be
attributed to swelling of the chitosan and polyvinyl chloride mem-
branes resulting in increased diffusion of lactate toward the sen-
sor. Noticeable signal degradation is observed beyond day 7. The
ability of the sensor to reliably monitor lactate in the initial 7-day
period is sufficient for its capacity for predicting wound closure
as described later. Additional studies reported in Figure 2J evalu-
ate the biofouling of sensors when continuously exposed to arti-
ficial wound exudate prepared per literature.[63] The data reveals
an ≈20% decrease in sensor sensitivity after exposure to the ar-
tificial wound exudate which probably arises from adsorption of

proteins present in it onto the sensor surface. The in vivo studies
(described later) take this signal decrement into account while es-
timating lactate concentration. Figure S1D, Supporting Informa-
tion exhibits the effect of pH on sensor response. The data shows
that the sensitivity is negligibly affected in the physiologically rel-
evant range of pH 3–8. The minimum volume of wound fluid
necessary for reliable sensor data is estimated by placing phan-
tom wounds with varying amounts of fluid and recording sensor
data. The phantom wound is comprised of cellulose membrane
(Kimwipe) soaked with known volume of buffer. Figure S1E, Sup-
porting Information shows that only ≈80 nL mm−2 fluid is suf-
ficient for the sensor to acquire ≈95% of the saturation signal,
which makes the sensor suitable for monitoring wounds with
low volumes of wound fluid. Advanced versions of the wound
monitor could include a separate impedance sensor for recording
wound fluid level which could be used to compensate for varia-
tions in lactate sensor signal due to changes in fluid amount.

2.3. Biocompatibility Tests of the Lactate Sensor

Figure 3A shows live/dead staining of L929 mouse fibroblasts
cultured separately over the anode and cathode for 96 h, along
with the positive control (no electrode). The data reveals that the
sensor has no significant influence on cell survival when com-
pared to the control. Results of cell viability assay also show no
signs of sensor cytotoxicity (Figure 3B).

Testing the effect of sensor on wound closure rate involves
applying a sensor to a splinted, full-thickness excisional dermal
wound in healthy and diabetic mice and evaluating the changes
in wound area over a period of 10 days. The splinted, full-
thickness excisional dermal wound is selected as it minimizes
wound healing due to skin contraction and enables a healing pro-
cess similar to that in humans.[64–66] Figure 3C represents the
healing progression of four groups: healthy mice with/without
a sensor and diabetic mice with/without a sensor. All groups re-
ceive no treatment other than a protective dressing (Tegaderm).
Digital pictures of the wounds captured on days 1, 5, 7, and 10
post-injury reveal no significant difference in wound closure be-
tween the study groups, indicating the negligible impact of the
sensor on the wound healing rate (Figure 3D,E). Specifically, for
healthy mice without a sensor, 89.0% ± 3.8% closure occurs on
day 10 compared to 88.7%± 4.6% for the healthy mice with a sen-
sor. For diabetic mice without a sensor, 42.5% ± 16.5% closure
occurs on day 10 compared to 43.6% ± 7.7% for diabetic mice
with a sensor. The slower healing rate in diabetic animals can be
attributed to the delayed healing caused by diabetes.[67] The sen-
sor can be easily removed without damaging the newly grown
tissue at the end of the study (day 10). Figure S2, Supporting In-
formation compares images of a fully healed wound in a healthy
mouse (day 14) after the sensor is removed on day 10 to that in the
control group (no sensor). The wound closure in both the cases
is identical, further illustrating that the application and the sub-
sequent removal of the sensor have negligible interference with
the natural healing process.

The sensor also does not affect skin remodeling, as demon-
strated by additional histological studies. Figure 2F shows the re-
sults of hematoxylin and eosin (H&E) staining of the wounded
tissue on day 10 post-injury. There are no observable foreign body
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Figure 3. In vivo biocompatibility of the lactate sensor. A) Live/dead staining assay of mouse fibroblasts (L929) after 4 days of culture. PC: positive
control (no sensor). Scale bar: 500 μm. B) Normalized viability assay data (data presented as mean ± S.D., n = 5). C) Effect of attached sensor on wound
closure process. The inner diameter of the splint is 10 mm. Quantitative analysis of wound closure with and without sensor for wounds in D) healthy
and E) diabetic mice. Data presented as mean ± S.D., n = 6. F) Histology of healthy and diabetic mouse with and without the sensor attached after day
10 (partial wound closure) and day 30 (complete wound closure). Scale bar = 100 μm.

responses in healthy or diabetic mice. Furthermore, H&E stain-
ing of the fully healed tissue on day 30 post-injury demonstrates
that the formation of the epithelial and connective tissue is sim-
ilar in all the groups, indicating that the biocompatible sensor
does not disturb the epithelial coverage, thickness, or granula-
tion tissue formation.

2.4. Longitudinal Wound Monitoring in Mice With Wired Lactate
Sensors

In vivo studies involve creating a full-thickness excisional dermal
wound in diabetic and healthy mice, followed by applying a sen-

sor to the wound bed. Applying Tegaderm over the sensor firmly
secures it to the wound bed. Three lactate concentration measure-
ments are taken per day for the first 6 days, followed by a single
point assessment until day 10. The data collection step entails
attaching the sensor to a multimeter via detachable wired con-
nectors. Figure 4A illustrates the setup, while Figure 4B shows
a sensor applied to a wound in a diabetic mouse. Wound clo-
sure rate estimation involves image analysis of wound pictures
captured on days 1, 5, 7, and 10. Figure 4C presents the longi-
tudinal lactate and wound closure rate profiles for healthy and
diabetic mice. Evaluation of these profiles reveals that the lactate
concentration typically peaks during the first 3 days post-injury,
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Figure 4. In vivo studies of the lactate sensor using a mouse model of full thickness dermal wound. A) Scheme showing the setup for acquiring data
using wired sensors. B) Photo of a mouse with the sensor attached onto the wound. Scale bar: 1 cm. C) Measured lactate levels and % wound closure
in healthy and diabetic mice by time (data presented as mean ± S.D., n = 10 for each cohort). D) Relationship between % wound closure on day 10
and lactate level on day 3 of wounding. The pink region shows normal wound lactate range. The blue dotted horizontal line separates wounds that heal
normally (wound closure rate > 70% by day 10) from those that show impaired healing (wound closure rate < 70% by day 10). E) pH levels measured
in wounds in healthy and diabetic mice over a period of 4 days (data presented as mean ± S.D, n = 6 for each cohort).

and that the peak concentration for diabetic mice is higher than
the normal wound lactate range (5–15 mm) observed in healthy
mice (Figure 4D).[20] As expected, the wound closure rate in di-
abetic mice is slower than that in healthy ones. More specifi-
cally, all diabetic wounds show wound closure of less than 60%
while healthy ones show greater than 80% closure by day 10.
In the case of diabetic wounds, eight mice show lactate outside
the normal range of 5–15 mm (six animals show >15 mm and
two animals show <5 mm). Two diabetic wounds are outliers
and show lactate in the normal range (5–15 mm). In the case of
healthy mice, nine animals show lactate in or very close to healthy
range (5–15 mm), while only one is an outlier (lactate concentra-
tion > 15 mm). The outliers in each cohort could be attributed
to a combination of reasons including extent of diabetes devel-
opment and variability in healing process in individual animals
and potential fabrication variations in individual sensors. Data
for individual animals appear in Figures S3 and S4, Supporting
Information.

Additional experiments assessing wound pH in healthy and
diabetic mice investigate the physiological relevance of pH in

wound monitoring. Developing pH assays involves excising com-
mercial pH strips into 1 mm pads and affixing them onto flexible
polyethylene terephthalate strips. Incorporating additional black
and white color reference markers compensates for variations in
ambient lighting conditions. Figure S5A, Supporting Informa-
tion shows a pH sensor while Figure S5B, Supporting Informa-
tion shows its calibration. Figure 4E shows a clear distinction
between the pH levels for wounds in healthy and diabetic mice.
Consistent with the literature, the wound pH in healthy animals
becomes progressively more acidic, while it becomes slightly al-
kaline for wounds in diabetic mice over the period of assessment.
These studies strongly support the prognostic properties of these
wound biomarkers.

A separate pilot study involves applying a sensor to the heel
of a healthy human subject (male; weight: 70 kg). The heel is
selected as the region of interest due to its high risk of devel-
oping chronic wounds.[68] The subject continuously walks for
30 min, followed by standing still for 15 min. The cyclical and
continuous loading on the sensor does not bear any effect on
its performance (Figure S5C, Supporting Information); thus,
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Figure 5. A mathematical model for predicting wound closure rate. A) t-SNE visualization of the lactate time series in diabetic group (blue) and healthy
group (black). Outliers marked in red circle. B) Mean classification accuracy of wound closure prediction using each type of feature. Lac.: only lactate
time series; Freq: frequency features of the lactate sequence obtained via FFT; All: Lac. + Freq. C) Combining pH features and lactate features increases
the prediction accuracy compared to using only lactate features or pH. Data presented as mean ± S.D., n = 5 (B,C).

illustrating its ability to monitor soft tissue injury in constricted
body parts under mechanical load.

2.5. Mathematical Model for Predicting Wound Closure Rate

A mathematical model is developed to predict wound closure
rates based on the input of lactate time series. The lactate time
series is comprised of lactate concentrations for the first 3 days
post-injury for each mouse. To understand the data and their
groups, the lactate time series for every mouse is projected into a
2D visual space using t-distributed stochastic neighbor embed-
ding (t-SNE).[69] t-SNE is a commonly used dimension reduc-
tion algorithm which maps similar instances to nearby dots in
a low-dimensional space. As shown in Figure 5A, the diabetic
and healthy groups are easily separated using the lactate time
series but it exhibits some outliers (circled in red). Steps to im-
prove the accuracy of prediction involve deriving new features
such as a) utilizing fast Fourier transform (FFT) to transform the
lactate time series into the frequency domains and using the cor-
responding Fourier coefficients for each frequency as the “fre-
quency features” and b) computing lactate concentration gradi-
ents between 2 consecutive days for each mouse as the “differ-
ence features.”[70]

Next, feeding these features into a support vector machine
(SVM) generates a model that predicts whether the wound clo-
sure rate by day 10 will exceed 70%.[71] Wounds that exhibit a clo-
sure rate above 70% by day 10 indicate normal healing, whereas
those with a closure rate below 70% are indicative of impaired
healing. Using a fivefold cross-validation is necessary for accurate
model evaluation due to the limited number of samples. Each
training set includes 16 randomly selected mice data and the test-
ing set contains the remaining 4 mice data. We repeat this five
times to generate the model and calculate the error in its predic-
tion capabilities. This technique estimates the expected level of
fit of a model to a data set that is independent of the data used to
train the model. Initially, all samples are separated into five folds.
The SVM model then undergoes iterative training on four of
these folds and testing on the remaining fold. Figure 5B presents
the mean accuracy of all test folds. The model points to the at-
tractive prognostic properties of wound lactate with the capacity
to predict wound closure with ≈76% accuracy. The accuracy in-
creases to ≈83% if pH and lactate data are combined (Figure 5C).
The error bars reported in Figure 5C can be attributed to the small

sample size. While the fivefold cross-validation step involved in
generating the model helps reduce error and bias, the predic-
tion model can be further refined to achieve higher accuracy by
increasing the sample size. Nevertheless, the data reported in
Figure 5 reveals that wound monitoring may be most relevant
during the inflammation phase (days 1–3 post injury),[72] after
which the monitor can be removed. A major benefit of such brief
monitoring is the ability to easily remove the devices and avoid
strong device-tissue adhesion that can cause tissue damage dur-
ing the device removal process.[16,73]

2.6. Wireless, Battery-Free Monitoring of Lactate in Freely
Moving Mice

Demonstration of wound monitoring in freely moving animals
involves interfacing the lactate sensor to a custom-designed,
wireless electronic module. The device leverages developments
in battery-free, active electronics that support NFC and wireless
power transfer via resonant magnetic induction.[74–76] Figure 6A
shows the block diagram describing the device operation, while
Figure S6A, Supporting Information depicts the detailed circuit
design. An NFC system on chip (M24LR04E, STMicroelectron-
ics) supporting the protocol ISO 15693 enables bidirectional
communication between a remote personal computer and
the wireless electronics. This facilitates tailoring control and
configuration commands in real-time to gain functional access
to the device for controlling the modalities of operation and its
configuration (sampling rate and on-chip sample averaging).
Figure S6B, Supporting Information shows a screen shot of
the Graphics User Interface. At the core of the device is a low
power 8-bit microcontroller (μC, Attiny84, Atmel Corporation)
flashed with a specialized firmware that permits data collec-
tion from the sensor and synchronizes data communication
via NFC. Data collection is carried out with a 10-bit analog to
digital converter (ADC, 1.07 mV/ADC resolution) to digitalize
the sensor signal with high accuracy (Figure 6B) even at high
inclination angles (Figure 6C) and across the entire experi-
mental arena; for example, a mouse cage (Figure 6D). Data
is stored in the NFC chip and then retrieved wirelessly. The
use of a 32-byte cyclic buffer, controlled locally by the μC and
remotely in the data recording application, allows for loss-less
data transmission from the sensor in real-time during ambu-
latory animal testing. Maintaining the sensor in open circuit

Adv. Healthcare Mater. 2023, 12, 2301280 2301280 (8 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. In vitro and in vivo evaluation of wireless, battery-free wound lactate monitor. A) Functional block diagram showing the working principle of
the wireless electronics for power and data transfer. B) Correlation between signal output from sensor and that measured by the wireless device (data
presented as mean ± S.D., n = 3). Effect of performance of the device based on its C) relative inclination with respect to the transmitter antenna (data
presented as mean ± S.D., n = 3) and D) spatial location inside the experimental arena. E) Photo of the wireless sensor attached to a wound in a diabetic
mouse. Scale bar: 5 mm. F) Daily monitoring of wound lactate in a diabetic mouse over 4 days (data presented as mean ± S.D., n = 60).

condition during idle time (period during which wound is not
assessed) is essential to avoid undesired draining of the biofuel
cell-based sensor. Incorporating two n-channel metal oxide
field effect transistors (n-MOSFETs) within the circuit achieves
this goal. Figure S6C, Supporting Information shows the
results.

In vivo studies entailing wireless assessment of wound lactate
in a freely moving diabetic mouse over a period of 4 days post-
injury validate the wireless wound monitor (Figure 6E,F). The
duration and frequency of data acquisition are based on results
acquired in experiments involving the wired sensors (Figure 4).
Data plotted in Figure 6F shows a similar dramatic initial rise
in wound lactate that peaks at levels higher than normal wound
lactate concentration for the diabetic mouse, as observed in the
cohort assessed by the wired sensors (Figure 4C, bottom plot).
These in vivo and in vitro studies reveal that the wireless sen-
sors offer performance similar to the wired sensors in awake,
freely moving animals without cumbersome tethers. Such wire-
less platforms will be useful for real-time assessment of wounds
in humans as well as for a wide spectrum of basic wound research
in freely moving animals.

3. Conclusion

This article describes a seamless combination of biofuel cell-
based, self-powered sensing technology with battery-free wireless
electronics and mathematical models for developing a wound
monitor that predicts wound closure rates. The complete device
weighs only 160 mg and measures 28 mm × 12 mm × 0.2 mm,
making it attractive for easy integration with bandages and con-
formal attachment to wounds. Methodical in vitro and in vivo as-
sessments of the wound monitor reveal its robustness and po-
tential for real-life applications. The sensor exhibits a reversible
response to lactate concentrations, negligible response to inter-
fering chemicals, and a lifespan of around a week in simulated
wound conditions. A UV protective, analyte-diffusible membrane
encapsulation allows UV sterilization of the sensor without dete-
riorating its performance. Similarly, benchtop studies of wireless
electronics demonstrate their capabilities to reliably capture and
transmit sensor data. In vivo studies encompass wound lactate
assessment in a splinted, full-thickness excisional dermal wound
model in healthy and diabetic mice. A model trained on the lac-
tate data reveals the prognostic properties of wound lactate in

Adv. Healthcare Mater. 2023, 12, 2301280 2301280 (9 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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predicting wound closure rate within the first 3 days post-injury
with ≈76% accuracy. Additional training of the developed model
with pH, measured using colorimetric pH sensors, improves the
accuracy to ≈83%. Multi-parametric wound monitors that mea-
sure additional wound parameters such as cytokines and other
metabolites can help further improve the accuracy of the predic-
tion model. The studies reveal the potential clinical relevance of
wound monitoring during the initial days post-injury. A key ben-
efit of such short-term wound assessment includes the ability to
easily remove the bandage-integrated sensors without harming
the newly formed fragile tissue. The prognostic capabilities of the
developed wound monitor will be useful to key stakeholders, in-
cluding patients, caregivers, and doctors. The device’s ability to
predict wound closure rates early is also useful in basic wound
research as it can shine new light on wound healing mechanisms
and help screen new wound care products. The device designs,
sensing principles, and mathematical models described here lay
the foundations for new classes of miniaturized monitors for ac-
curate wound assessment.

4. Experimental Section
Fabrication of Lactate Sensor: Electron beam evaporation (AJA Interna-

tional Inc., MA, USA) formed a thin film of chromium (thickness, 10 nm)
as an adhesion layer, followed by a layer of gold (Au; thickness, 100 nm)
as a conductor on a 75-mm thick sheet of polyimide (PI; Argon Inc., CA,
USA). A UV laser (ProtoLaser U4, LPKF Laser & Electronics, Germany) pat-
terned the gold-coated polyimide sheet to define the separate anode and
cathode circular active areas, interconnects, and contact pads.

Cathode fabrication began by mixing silver and silver oxide powder
(Sigma–Aldrich, MO, USA) in a 3:7 (w/w) ratio in 2.5 wt% ethanolic Nafion
suspension (Sigma–Aldrich, MO, USA) with total solid concentration of
1 g mL−1. Applying a thin layer of carbon ink followed by immediate drop
casting 2.5 μL of the above silver/silver oxide solution and baking at 100
°C adhered the active materials to the cathode active area.

Next, anode fabrication began with applying a thin layer of carbon ink
(E3178 Carbon ink, Ercon, MA, USA) to the anode active area followed
by attaching a CNT paper pad (diameter: 2 mm; Buckypaper, GSM 20;
NanoTechLabs, NC, USA) to it, and baking at 100 °C prepared the anode
transducer surface. Next, applying 2 μL of 0.1 m tetrathiafulvalene (TTF,
Sigma–Aldrich, MO, USA) in acetone/ethanol (1:9, v/v), followed by 4 μL
of lactate oxidase solution to the anode with intermediate drying steps
after each application enabled functionalization of the anode with the me-
diator and the enzyme. The lactate oxidase solution resulted from dissolv-
ing 60 mg mL−1 lactate oxidase (Toyobo, Japan) in 0.1 m phosphate buffer
with 0.25 wt% of glutaraldehyde (Sigma–Aldrich, MO, USA). Drop cast-
ing 4 μL of 1 wt% of chitosan (low molecular weight, Sigma–Aldrich, MO,
USA) solution over the anode active area completed the anode fabrication
process.

Dipping the complete sensor sequentially in solutions of polyvinyl chlo-
ride (5 wt% in tetrahydrofuran; Sigma–Aldrich, MO, USA) and edible car-
bon (5 mg mL−1 in 0.5 wt% chitosan; Nature’s Way, WI, USA) with dry-
ing between layers formed the outermost layers of the sensor. Attaching
connectors (WM26603-ND, Molex, IL, USA) with conductive silver epoxy
(8331D, MG Chemicals, Canada) and passivating the contacts with marine
epoxy (Epoxy Marine, Loctite, CT, USA) completed the sensor fabrication.
Incubating the sensors in phosphate buffer at 4 °C for 3 days facilitated
stabilization of the various polymeric sensor coatings and prepared the
sensors for subsequent in vitro and in vivo testing.

Fabrication of Wireless Electronic Module: Laser ablation processing
(ProtoLaser U4, LPKF Laser & Electronics, Germany) fabricated flexible
printed circuit boards (fPCBs) from commercial double-sided laminated
copper (18 μm)–polyimide (75 μm)–copper (18 μm) multi-layer stacks

(Pyralux AP8535R, Dupont, DE, USA). Fast drying silver paint (Cat. No.
16040-30, Ted Pella, CA, USA) filled the via holes to connect electrical
traces on both sides of the fPCB. Finally, low melt temperature solder paste
(SMDLTLFP10T5, ChipQuick, Canada) and air flow soldering connected all
electronic components to the fPCB and completed the wireless electronic
module fabrication.

Operation of the Wireless Electronic Module: A microcontroller (At-
tiny84, Atmel Corporation, CA, USA) running firmware controlling two op-
eration modalities (idle, active) provided user control on demand via a
graphic user interface implemented in MATLAB (MathWorks, CA, USA).
Disabling two n-MOSFET electrically isolated the sensor in the idle state,
which prevented sensor discharging. Microcontroller activation of the
solid-state switch using a digital output pin during the active modality al-
lowed the sensor voltage to be read across a 100 kΩ resistor connected
to the analog to digital converter input pin. Voltage digitization at a sam-
pling rate of 2 Hz and 10 on-chip sample averaging generated a stable
measurement signal. Synchronizing a 32-byte cyclic buffer of indexed data
in the memory of the NFC chip (M24LR04E, STMicroelectronics, Switzer-
land), passing the buffer of indexed data to the user application every 2
s, compiling eight indexed data points into a given data reading event
(filtered to removed redundant elements), and finally plotting and stor-
ing the data on the computer memory completed the data recording and
visualization.

Wireless Power Transfer and System Integration: Resonant magnetic in-
duction between paired antenna system enabled wireless power transfer
to the sensor. A standard mouse cage with 15 cm × 28 cm footprint de-
fined the experimental arena, and a dual-loop conducting cable wrapped
around the periphery of the experimental arena formed the primary an-
tenna. A commercial RF power module operating at 13.56 MHz, which
supported the NFC ISO 15693 communication protocol (Neurolux, IL,
USA) provided wireless power transfer and communication. Interfacing
the RF module with a desktop computer equipped with graphic user inter-
face enabled uninterrupted operation and communication with the host
computer.

Wound Healing Model: Approval by the Institutional Animal Care
and Use Committee (IACUC) at the Northwestern University (protocol
IS00018748) preceded all in vivo studies. Animals for in vivo studies in-
volved diabetic (db/db) mice (BKS.Cg-m +/+ Leprdb, #000642; homozy-
gous for Leprdb) and healthy mice (C57/BL6J) procured from Jackson Lab-
oratory, ME, USA. Details of the animal model followed the literature.[16]

Briefly, wound creation began by shaving the fur from the dorsal side of
each mouse followed by excising dermis using punch biopsy (diameter:
6 mm). Next, suturing sterilized doughnut-shaped acrylate splints (10-
mm inner diameter; 12-mm outer diameter) (3 M, MN, USA) around the
wound with Vetbond (3 M, MN, USA) and 6-0 nylon sutures (Ethicon, OH,
USA) prevented the healing process via skin contraction. Laminating the
sensor to the center of the wound and then covering it with a transpar-
ent sterile occlusive dressing (TegaDerm, 3 M, MN, USA) prepared the
animals for the study. Mice without the sensor other than replacement of
the protecting dressing comprised the control group. Measuring lactate
levels three times a day and acquiring digital images on days 1, 5, 7, and
10 post-injury enabled monitoring of the wound healing process. Three
blinded observers utilized ImageJ for estimating percent wound closure.

Tissue Processing and Immunofluorescence Staining: Excising the regen-
erated wound tissue on day 10 or 30 post injury with a 10-mm biopsy
punch (Acuderm, FL, USA), fixing using 4% paraformaldehyde, and em-
bedding in paraffin prepared tissue samples for tissue processing and his-
tology. Sectioning and staining the samples with hematoxylin and eosin
(H&E) enabled visualization of any potential effect of the sensor on tissue
morphology.

In Vitro Biocompatibility Test: A mouse fibroblast cell line (L929, ATCC
CCL-1, ATCC, VA, USA) in associated media (ATCC 30–2003, ATCC, VA,
USA), maintained and cultured in T-25 flasks according to the manufac-
turer’s protocols, provided the cells for biocompatibility testing. Seeding
10 000 cells in a 24-well plate and placing a UV-sterilized anode/cathode
pair in each well prepared the testing setup. Following 96 h, resazurin
(Sigma–Aldrich, MO, USA) assay and a live/dead staining kit (L3224, In-
vitrogen, MA, USA) performed according to the manufacturer’s protocol

Adv. Healthcare Mater. 2023, 12, 2301280 2301280 (10 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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with fluorescence measurement and imaging using Cytation5 (Biotek, VT,
USA) determined cell viability in the presence of the sensor.

Statistical Analysis: Data is represented as mean ± standard deviation
(S.D.). S.D. for data reported in Figures S3, S4, and S5C, Supporting In-
formation, are calculated based on sensor data points captured during
the last 1 min of data recording. Statistical analysis was carried out using
Microsoft Excel and Origin Software.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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