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n of acetone gas molecules using
PLD deposited tungsten oxide microwires for
biomedical applications
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Skin gas sensors offer a non-invasive route for monitoring biomarkers such as acetone, relevant to

metabolic conditions like diabetes. In this study, WO3 thin films were deposited on LaAlO3 (100)

substrates via pulsed laser deposition and evaluated for acetone sensing. X-ray diffraction analysis

confirmed the formation of highly crystalline WO3 thin films at 600 °C. Atomic force microscopy analysis

revealed a uniform film morphology with nanoscale grain structures, emphasizing the role of grain size

in enhancing the gas adsorption and diffusion. The amorphous films exhibited an excellent response at

300 °C, detecting concentrations as low as 100 ppb in an air atmosphere. In addition, the fabricated

sensor exhibited rapid response (19 s) and recovery (20 s) times. Distinct sensing mechanisms were

observed under dry and ambient air conditions, indicating the influence of humidity and oxygen species.

These findings demonstrate the significance of substrate selection, deposition parameters, and post-

annealing treatment in tuning the structural and functional properties of WO3-based thin film gas

sensors for ultra-low detection of acetone gas molecules.
1. Introduction

Diagnosing diseases through the analysis of exhaled breath and
skin-emitted gases is gaining increased attention owing to its
cost-effectiveness, rapid response, convenience, and non-invasive
nature.1–4 These bodily emissions contain thousands of volatile
organic compounds (VOCs), some of which serve as specic
biomarkers for various diseases. For instance, alkanes, alkenes,
alcohols, aldehydes, and ketones have been linked to cancers and
fatty liver diseases, while acetone, ammonia, and hydrogen
sulphide/nitric oxide are indicative of diabetes, kidney disease,
and asthma, respectively.5–9 Diabetes mellitus is a chronic
metabolic disorder caused by insufficient or dysregulated insulin
levels in the blood. If le untreated, it can lead to serious
complications such as vision loss, renal failure, ulcers, osteopo-
rosis, and cardiovascular diseases. Under hyperglycemic condi-
tions, acetone is produced in the liver via the decarboxylation of
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acetoacetate and dehydrogenation of isopropanol.10–14 This
acetone then enters the bloodstream and is expelled through the
lungs during exhalation.15 Recent studies have shown that breath
and skin acetone concentration correlates strongly with blood
glucose levels, making it a promising non-invasive biomarker for
diabetes. Typically, healthy individuals exhibit breath acetone
levels ranging from 300 to 900 parts per billion (ppb), whereas
diabetic patients oen present with signicantly elevated
concentrations.16–20 Moreover, acetone levels are also inuenced
by fat metabolism and ketone body formation, making them
valuable for diet and tness monitoring. Considering the rising
interest in non-invasive diagnostics, advanced sensing materials
with high surface area and enhanced sensitivity capable of
detecting acetone at ppb levels are imperative. Such develop-
ments are crucial for early-stage disease detection and person-
alized health monitoring.21–25

To meet these challenges, several gas sensing technologies
have been explored, which utilize different methods to detect the
gas molecules from breath and skin, such as Raman spectros-
copy, electrochemical sensors, optical systems, surface acoustic
wave devices, quartz crystal microbalances, gas chromatography,
and semiconductor-based sensors.26–32 Among these, metal-oxide
semiconductor (MOS) sensors have shown considerable promise
owing to their compact design, ease of integration, cost-
effectiveness, and excellent sensitivity. Tungsten trioxide (WO3),
a widely studied n-typeMOSmaterial, is particularly attractive for
gas sensing applications because of its nontoxic nature, high
© 2025 The Author(s). Published by the Royal Society of Chemistry
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chemical stability, dangling bonds, chemical activity and
favourable physicochemical properties.33,34 With a tuneable
bandgap ranging from 2.4 to 2.8 eV, WO3 interacts effectively
with gas molecules at elevated temperatures. Interestingly,
numerous studies have investigated the gas sensing behavior of
WO3 in various morphologies and toward a wide range of target
gases, as summarized below. For instance, acetone detection for
breath analysis using Si-doped WO3-based sensor materials has
been reported, demonstrating enhanced thermal stability and
selectivity, particularly for applications in diabetes diagnosis.35

Qiao et al., developed WO3 nanostructures with various
morphologies that were synthesized hydrothermally, among
which the sea urchin-like WO3 showed superior acetone sensing
performance. It exhibited a high response of 2 to 100 ppm
acetone with a rapid 3 s response time at 200 °C.36 Hierarchical
WO3 phase junctions were synthesized via a tartaric acid-assisted
hydrothermal method, with DL-tartaric acid yielding structures
with highly exposed crystal facets. The resulting sensor exhibited
excellent acetone sensing performance (Ra/Rg = 162.3 for 50
ppm), fast response/recovery times, and a low detection limit of
300 ppb at 180 °C.37 Most WO3-based sensors reported to date
utilize the monoclinic g-WO3 phase; however, selective acetone
detection has also been demonstrated using the less stable 3-WO3

and faceted hexagonal phases.38,39 Moreover, studies have
revealed that morphology, crystal orientation, and grain size
signicantly inuence the acetone sensing properties ofWO3.40–43

Notably, the amorphous phase (a-WO3) offers advantages over its
crystalline counterpart, including higher surface area, structural
exibility, and superior chemical and corrosion resistance.44–46

Given its potential for non-invasive diabetes diagnosis, under-
standing the underlying mechanisms behind the diverse and
intriguing acetone sensing behaviors of WO3 nanomaterials
remains a critical research focus.

In this study, we investigate the performance of WO3

microwire gas sensors, fabricated using electron beam lithog-
raphy, for the efficient detection of acetone gas molecules. The
WO3 thin lms were deposited using pulsed laser deposition
(PLD), ensuring high uniformity and structural integrity. To
better understand the growth behaviour, WO3 lms were
deposited on different substrates and at various temperatures,
with a focus on LaAlO3 (100) substrates. This systematic
approach allowed us to evaluate the effects of deposition
Fig. 1 Schematic of the preparation steps of the WO3 microwire-based

© 2025 The Author(s). Published by the Royal Society of Chemistry
parameters on lm crystallinity, morphology, and surface
uniformity, those are the key factors in optimizing gas sensing
performance. We also extensively examined the optimal oper-
ating temperature, selectivity, and sensitivity (toward acetone)
of the sensor. The results of this study provide a strong foun-
dation for the development of WO3-based gas sensors for non-
invasive diabetes monitoring, where precise detection of
acetone at low concentrations is of critical importance.
2. Experiment
2.1 Thin lm deposition

WO3 thin lms were fabricated using the PLD technique. The
deposition process utilized an ArF excimer laser operating at
a frequency of 5 Hz, with the oxygen partial pressure main-
tained at 10 Pa. LaAlO3 (100) substrates were selected owing to
their small lattice mismatch with monoclinic g-WO3 (a = 3.77
Å), which facilitates strain-induced effects during lm growth.
The deposition temperature was systematically varied (200, 400,
600, 700 and 800 °C) to study its inuence on the structural and
morphological properties of the lms. In addition, theWO3 thin
lms were deposited on different substrate materials at 600 °C
under identical conditions to compare the crystallinity and
substrate inuence on lm growth.
2.2 WO3 microwire fabrication

WO3 microwires with a width of approximately 2 mm were
fabricated using the top-down lithographic approach. The
process began with cleaning the LaAlO3/WO3 thin lm, depos-
ited by PLD, in acetone and isopropanol, followed by spin-
coating of OAP-HDMS adhesion promoter at 3000 rpm for
60 s and baking at 110 °C for 90 s. Subsequently, JSR-7790G
photoresist was spin-coated at 3000 rpm for 30 s and baked
under the same conditions. Microwire patterns were dened
using a DWL66+ laser lithography system (405 nm). Aer
development and rinsing with deionized water, the exposed
WO3 thin lm over the patterned thin lm was etched by
reactive ion etching RIE using CF4 gas at a ow rate of 20 sccm,
pressure of 5 Pa, and RF power of 100 W for 1 min. The
remaining photoresist was removed by cleaning with acetone
and isopropanol. Finally, Au/Cr electrodes were patterned using
laser lithography and deposited via radio frequency/direct
gas sensor.

RSC Adv., 2025, 15, 33884–33895 | 33885
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current sputtering. A detailed schematic of the fabrication
process is illustrated in Fig. 1.
2.3 Characterization

The chip die was prepared by laser dicing (Stealth dicer DISCO
DFL7340). The pattern fabrication process was conducted by
lithography (EB lithography ADVANTEST F7000S-VD02 system).
Cr/Au electrode was deposited by sputtering (S-QAM, ULVAC
Inc., Japan). The crystal structure and crystallinity were inves-
tigated by X-ray diffraction 2q–u scanning, u scanning, and
reciprocal space mapping using a four-circle diffractometer
(Empyrean, PANalytical). The morphological features of the
fabricated microwire were observed using scanning electron
microscopy (SEM; S-4800, Hitachi High-Technologies Co.,
Japan). The chemical composition was analysed using energy
dispersive X-ray spectroscopy (Inca Energy for JSM).
3. Results and discussion

The structure of the WO3 thin lms was characterised by X-ray
diffraction (XRD) in the 2q range of 20 to 80°. Fig. 2a shows the
Fig. 2 X-ray diffraction patterns of the WO3 thin films deposited (a) at d
substrates at 600 °C. Reciprocal space maps of the WO3 thin films depo

33886 | RSC Adv., 2025, 15, 33884–33895
XRD patterns of the WO3 thin lms deposited at different
temperatures. The crystallinity of the WO3 thin lms deposited
on LaAlO3 (100) substrates (laser frequency: 5 Hz; oxygen pres-
sure: 10 Pa) clearly depends on the deposition temperature. The
lms deposited below 500 °C exhibit broad and weak diffraction
peaks, indicating an amorphous or poorly crystallized structure.
With increase in the temperature, particularly beyond 500 °C,
distinct reections corresponding to the WO3 (200) plane
become evident, suggesting improved crystallinity.46–49 At 600 °
C, the lms show sharp and well-dened diffraction peaks,
suggesting that this temperature is optimal for the growth of
highly crystalline WO3 on LaAlO3 substrates. At 700 and 800 °C,
the XRD peaks are sharp and intense, indicating high crystal-
linity and signicant grain growth. The average crystallite size

(D) was estimated using the Scherrer equation, D ¼ Kl
b cos q

,

where K is the shape factor (0.9), l is the X-ray wavelength
(0.154 nm for Cu Ka), b is the full width at half maximum
(FWHM) in radians, and q is the Bragg angle. The crystallite size
increased from ∼8 nm at 400 °C to ∼38 nm at 800 °C, sug-
gesting signicant grain growth with higher annealing
temperature.50,51 The XRD patterns of the WO3 thin lms
ifferent temperatures on LaAlO3 (100) substrates and (b) on different
sited on LaAlO3 (100) substrates at (c) 200 °C and (d) 600 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deposited on LaAlO3 (100), Si (100), and a-Al2O3 ð0112Þ
substrates under identical conditions (600 °C, 5 Hz, 10 Pa O2)
highlight the inuence of substrate on lm crystallinity
(Fig. 2b). The lms on LaAlO3 exhibit the sharpest and most
intense peaks, indicating superior crystallinity. This is attrib-
uted to minimal lattice mismatch, which promotes epitaxial
growth. In contrast, the lms on a-Al2O3 show broader, less
intense peaks, reecting poorer crystallinity attributed to
signicant lattice mismatch and reduced structural compati-
bility. Reciprocal space mapping was conducted to assess the
crystallinity and epitaxial relationship of the WO3 thin lms
Fig. 3 Low-magnification scanning electronmicroscope image of the
WO3 microwires fabricated at 600 °C and (b) enlarged image of the
red-highlighted area in (a).

Fig. 4 Two-dimensional atomic force microscope images and grain size
(b and b1) 400 °C; and (c and c1) 600 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
deposited on the LaAlO3 (100) substrates at 200 and 600 °C. As
shown in Fig. 2c, the reciprocal space map at 200 °C shows only
the LaAlO3 (−103) substrate peak, with no detectable WO3

reections, indicating that the lm remains amorphous with no
long-range crystalline order at this temperature. In contrast, the
reciprocal space map at 600 °C (Fig. 2d) reveals distinct
diffraction peaks corresponding to WO3 (−103) and LaAlO3

(−103) lattice planes.52,53 The appearance of well-dened WO3

peaks and their alignment with those of LaAlO3 in the reciprocal
space conrm a coherent epitaxial relationship between the
lm and substrate. This suggests that the WO3 lm adopts the
in-plane atomic arrangement and orientation of the LaAlO3

substrate, demonstrating successful epitaxial growth at elevated
temperatures.50,51 Fig. 3a and b show the SEM images of the
WO3 microwire; the one-dimensional morphology with a high
aspect ratio indicates the successful fabrication of the micro-
wire structures. The enlarged image (Fig. 3b) reveals smooth
surfaces with a slightly porous texture, suggesting a well-dened
microstructure with potential for enhanced surface activity.
Fig. 4 illustrates the atomic force microscopy (AFM) images of
the samples deposited at different temperatures, highlighting
the evolution of the surface morphology. At 200 °C, the lm
exhibits a granular texture with pronounced peaks and valleys,
resulting in a relatively high surface roughness of 9.76 nm
(Fig. 4a and a1). This is attributed to limited adatommobility at
analysis images of the WO3 microwires fabricated at (a and a1) 200 °C;

RSC Adv., 2025, 15, 33884–33895 | 33887
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lower temperatures, which promotes grain aggregation. The
granular surface is expected to offer a high density of surface-
active sites, benecial for gas sensing. Increasing the deposi-
tion temperature to 400 °C leads to a signicantly smoother
surface, with a reduced roughness of 5.2 nm (Fig. 4b and b1).
This enhanced uniformity can be attributed to improved ada-
tom mobility, facilitating greater surface diffusion and coales-
cence, thereby promoting the formation of a more continuous
and uniform lm. Furthermore, the smoother morphology may
indicate a structural transition from the amorphous to crystal-
line phase, as supported by the XRD analysis. At 600 °C, the
surface roughness increases again to 9.52 nm, similar to that
observed at 200 °C. This rise in roughness may result from the
formation of well-dened crystalline domains and thermal-
induced surface restructuring at elevated temperatures. The
increased crystallinity and morphological changes at this
temperature are consistent with the phase evolution observed
in complementary structural analyses. The grain size analysis
reveals that the sample deposited at 600 °C exhibits larger and
Fig. 5 W 4f and O 1s core-level spectra of the WO3 samples prepared a
Schematic representations of the WO3 crystal structures at (c) 200 °C, (f

33888 | RSC Adv., 2025, 15, 33884–33895
more distinct grains with well-dened boundaries and reduced
grain density than samples deposited at lower temperatures
(Fig. 4c and c1). The increase in the grain size is attributed to
enhanced adatom mobility and extended surface diffusion
lengths at elevated temperatures, which promote grain growth
and coalescence during deposition.

Fig. 5 shows the X-ray photoelectron spectra of the WO3 thin
lms deposited at different temperatures. The W 4f and O 1s
core-level spectra of the lms are shown in Fig. 5a–i. At 200 °C
(Fig. 5a), the W 4f spectrum exhibits two prominent peaks at
binding energies of approximately 35.5 and 37.6 eV, corre-
sponding to the W 4f7/2 and W 4f5/2 spin–orbit components,
respectively. These peaks are characteristic of the W5+ oxidation
state, indicating that tungsten exists predominantly in the fully
oxidized form.53–58 The O 1s spectrum shows a strong peak
centred at approximately 530.1 eV, which is attributed to lattice
oxygen (O–Wbonds) within theWO3matrix. A secondary peak is
observed at a higher binding energy, which is typically associ-
ated with adsorbed oxygen species or hydroxyl groups.59–61
t (a and b) 200 °C, (d and e) 400 °C, and (g and h) 600 °C, respectively.
) 400 °C, and (i) 600 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The presence of this feature suggests the formation of
a partially amorphous or defect-rich crystalline structure at this
deposition temperature (Fig. 5b). The W 4f spectrum at 400 °C
continues to exhibit the dominant features of the W6+ oxidation
state; however, the peaks show slight broadening compared to
those at 200 °C. Deconvolution of the spectrum reveals the
presence of a minor peak at approximately 34.6 eV (W 4f7/2),
corresponding to the W5+ oxidation state (Fig. 5d).62,63 This
indicates the presence of partially reduced tungsten species,
likely arising from the formation of oxygen vacancies during
deposition at elevated temperatures. The O 1s spectrum at this
temperature shows a more intense lattice-oxygen peak at
530.1 eV, accompanied by the higher-binding-energy shoulder
(associated with adsorbed oxygen species) with reduced inten-
sity (Fig. 5e).

These changes suggest improved lm crystallinity and
a reduction in the surface defects with an increase in the
deposition temperature. At 600 °C, the W 4f spectrum shows
a further increase in the intensity of the W5+ component along
with the emergence of a minor W4+ peak at approximately
33.4 eV (W 4f7/2).57,58 The presence of these reduced tungsten
states is indicative of an increased concentration of oxygen
vacancies, which commonly form at higher deposition
temperatures because of enhanced oxygen atom mobility and
partial reduction of the lm (Fig. 5g). The corresponding O 1s
spectrum reveals a more pronounced contribution from lattice
oxygen, while the intensity of the peak corresponding to
adsorbed oxygen species is signicantly diminished.51,64,65

These spectral features suggest improved crystallinity and
structural ordering with a higher density of lattice vacancies,
further supporting the temperature-driven evolution of the lm
composition and microstructure (Fig. 5h). The schematic
illustrations in Fig. 5c, f and i depict the temperature-
dependent evolution of the crystal structure of the WO3 thin
lms.
4. Gas sensing performance and
mechanism

The gas sensing performance of the fabricated WO3-based
sensor toward acetone vapour was systematically investigated
across a wide concentration range, from 100 ppm to 100 ppb,
under dry and ambient air atmospheres. The sensor exhibits
a typical n-type semiconducting response, i.e., its resistance
decreases when exposed to acetone, which is a reducing gas.
Fig. 6a shows the gas response under dry air conditions; the
resistance of the WO3 sensor increases progressively with
increase in the acetone concentration. The resistance response
is clearly distinguishable at each concentration level, including
sub-ppm levels. The resistance change becomes more
pronounced with a sharp and consistent rise at each step,
demonstrating the concentration-dependent behaviour of the
gas sensor. Fig. 6b shows the sensing performance in an air
atmosphere with natural humidity (∼30%). The sensor exhibits
a characteristic decrease in the resistance upon exposure to
acetone, consistent with the typical behaviour of n-type
© 2025 The Author(s). Published by the Royal Society of Chemistry
semiconductors interacting with reducing gases. Notably, the
sensor demonstrates a remarkable sensitivity even at low
concentrations, down to 100 ppb in the air atmosphere. As the
acetone concentration increases, the drop in the resistance
becomes more pronounced and well-dened, accompanied by
fast and reversible response characteristics. These results
conrm the capability of the sensor to detect a wide dynamic
range of acetone concentrations with high reliability. Time-
resolved measurements further supported the efficiency of the
sensor. As shown in Fig. 6c, exposure to 10 ppm acetone under
dry air conditions results in a response time of approximately
25 s and a recovery time of 10 s. In comparison, exposure to
500 ppb acetone in ambient air leads to slightly longer response
and recovery times of ∼19 and ∼20 s, respectively (Fig. 6d). This
delay at lower concentrations is likely because of the reduced
number of acetone molecules available for interaction with the
sensing surface, requiring longer adsorption and desorption
processes. These observations highlight the excellent potential
of the WO3-based sensor for rapid, sensitive, and reversible
detection of acetone in dry and humid conditions. Fig. 6e
demonstrates the WO3 microwire gas sensor's selectivity at
300 °C, revealing a markedly higher response to acetone
compared to other tested gases, including ethanol, ammonia,
and acetic acid. Fig. 6f shows the baseline stability of the sensor
when exposed to dry and ambient air without the presence of
target gas molecules. The resistance remains nearly constant
throughout the measurement period, indicating excellent
baseline stability and negligible interference from the back-
ground atmosphere. This observation conrms that the sensor
exhibits high selectivity and a stable response, with minimal
inuence from humidity or environmental uctuations in the
absence of acetone.

4.1 Gas sensing mechanism in the air atmosphere

The sensing mechanism of the WO3-based gas sensors is
explained by the electron depletion layer model, as widely re-
ported in previous studies. When an n-type WO3 sensor is
exposed to air, oxygen molecules adsorb onto the sensor surface
and extract electrons from the conduction band ofWO3, leading
to the formation of chemisorbed oxygen species. The dominant
adsorbed species vary with the temperature: O2

− below 100 °C,
O− between 100–300 °C, and O2− above 300 °C.66–70 Under
typical operating conditions (∼300 °C), the oxygen molecules
from the ambient dry air are adsorbed on the WO3 surface and
undergo ionization by extracting electrons from the conduction
band of WO3. The corresponding surface reactions can be rep-
resented as:

O2(ads) + e− / O2
−(ads) (1)

O2
− + e− / 2O−(ads) (2)

CH3COCH3 + O−(ads) / CH3COc(ads) + OH− (3)

CH
�

3 þO�ðadsÞ/CH
�

3ðadsÞ þ CO2 (4)

CH
�

3 þO�ðadsÞ/CO2 þH2Oþ e� (5)
RSC Adv., 2025, 15, 33884–33895 | 33889

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04753f


Fig. 6 Gas response and recovery plots of the a-WO3 nanowire in (a and c) dry air and (b and d) ambient air, respectively. (e) Selectivity of gas
sensor towards different gas molecules, (f) resistance of the gas sensor measured in dry and ambient air without target gas.
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The accumulation of these ionized oxygen species signicantly
depletes the electrons near the surface, leading to upward band
bending and an increase in the sensor resistance (owing to the
formation of a wide depletion region).70,71 When acetone (CH3-
COCH3), a volatile organic compound, is introduced to the
33890 | RSC Adv., 2025, 15, 33884–33895
sensing environment, it typically acts as a reducing agent.
Under ideal conditions, the acetone molecules react with the
adsorbed oxygen species on the surface of WO3, releasing
electrons back into the conduction band. This decreases the
resistance of the sensor.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic of the acetone gas sensing mechanism of WO3 in dry air and standard air atmospheres.
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4.2 Gas sensing mechanism in the dry air atmosphere

In the present study, we observed an anomalous sensing
response in which the resistance increased upon acetone
exposure. This can be attributed to the following competing
processes. (1) Excessive oxygen adsorption: under dry air and
elevated temperature conditions, excessive surface oxygen
coverage can result in the saturation of adsorption sites. The
adsorbed oxygen species dominate the surface, making the
complete oxidation of acetone energetically unfavourable.72 (2)
Incomplete oxidation or surface blocking: instead of complete
mineralisation, acetone may undergo partial oxidation or
become physisorbed, forming surface-bound intermediates
(e.g., CH3COc, CH3COO

−), which either block the active sites or
form dipolar layers that trap electrons. (3) Electronic and band
structure effects: the formation of such intermediates alters the
surface potential, leading to enhanced band bending and
further increase in the width of the depletion region. This
restricts electron transport through theWO3 layer and increases
the resistance. Collectively, these effects suppress the usual
electron-donating behaviour of acetone and instead yield
a resistance-increasing response. Such a mechanism is likely
inuenced by the surface morphology, crystallinity, and the
nature of the oxygen species adsorbed on WO3 and may be
further modulated by humidity and dopants (Fig. 7).
5. Conclusion

In summary, WO3 thin lms were deposited on LaAlO3 (100)
substrates via pulsed laser deposition for acetone gas sensing
applications. The amorphous WO3 lms, deposited at 200 °C,
© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibited good sensitivity at 300 °C with a detection limit of 100
ppb. Increasing the substrate temperature to 600 °C during
deposition resulted in highly crystalline WO3 lms with improved
structural stability, as conrmed by XRD. The AFM analysis
showed a uniform surface morphology with nanoscale grains,
which played a key role in enhancing the gas adsorption. The
sensor demonstrated fast response and recovery times of 19 and
20 s, respectively. The distinct sensing mechanisms observed
under dry and ambient air conditions highlighted the impact of
humidity and surface oxygen species on the sensor behaviour.
These results emphasize the importance of deposition tempera-
ture and microstructure in optimising the gas sensing perfor-
mance and support the potential ofWO3 thin lms for integration
into wearable, non-invasive biomedical sensing platforms.
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