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A B S T R A C T   

Eumelanin, the most abundant brown-black pigment found in humans, is an ideal candidate for bioelectronics 
and eco-design technologies due to its biocompatibility, biodegradability, and hydration-dependent conductiv-
ity. Here, we validate the use of standard photolithography for integrating synthetic eumelanin into robust solid- 
state device platforms without unconventional methodologies. By combining AFM, Raman, and XPS with DC and 
AC electrical measurements, we have shown that eumelanin’s film topography, chemical composition, and 
charge transport are not affected by the pattern process. Based on these findings, we explore interdigitated 
electrode structures for pH, humidity, and contact sensing system aiming at miniaturized wearable technologies 
for human healthcare monitoring.   

1. Introduction 

Eumelanin is a complex structural system composed of several units 
of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic 
acid (DHICA) in different oxidation states (Fig. 1(a)). As a black- 
brown natural pigment, it has inherent biocompatibility [1], potential 
biodegradability [2], and conductivity depending on the hydration 
[3–5] with solid-state protonic current [6–9], and device-quality thin--
films processability [10,11]. These properties have allowed eumelanin 
to be tested in various devices platforms such as batteries [12,13], 
ion-to-electron transducers [14], pH sensors [15,16], supercapacitors 
[17,18], and UV-shielding [19]. The interaction of eumelanin with 
metal ions and metal oxides has also been of great interest for techno-
logical applications [20–24]. 

Among the mentioned applications, eumelanin-based films have 
predominantly been made by spin-coating or drop-cast techniques, 
which are not fully compatible with the current tendency towards 
smaller and portable devices. An unconventional and environmentally 
friendly lithography process based on Parylene-C patterning was the 
first attempt to miniaturize eumelanin-based devices [17]. In this 

methodology, the desired patterns are made on the Parylene-C layer, 
and eumelanin is deposited on top of it. Additionally, although active 
areas of 0.08 cm2 can be achieved, technological challenges would be 
expected during the peeled-off on active areas at a micrometer scale. 
Recently, a composite based on silk fibroin (as structural matrix) and 
natural eumelanin (in concentrations up to 28% (w/w), as the electro-
active component) was patterned using photolithography [25]. Even 
though micro-architectures can be obtained, there will always be a silk 
contribution in the films, which may not be welcome, especially when 
smooth and homogeneous film surfaces are necessary. Natural silk and 
natural eumelanin can also have environmental impurities that are not 
desirable for reproducible and efficient devices [26]. 

Unlike the studies mentioned above, our intention with the present 
work is to extend the standard photolithography microfabrication pro-
cesses to deterministically fabricate complex structures for (bio)elec-
tronics applications to synthetic eumelanin by itself. As a proof-of- 
concept for eumelanin patterning, we have evaluated the synthetic 
sulfonated-eumelanin. The advantages of the sulfonated-eumelanin over 
the standard and non-functionalized eumelanin are (i) the overall op-
tical, electrochemical, and electrical thin-film properties remain, in 
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essence, unchanged even with the presence of sulfonated moieties 
attached to its indole structure (Fig. 1(b)) [9,11,27]; (ii) the biocom-
patibility of sulfonated-eumelanin is slightly better [28]; (iii) it can be 
solubilized in a broad range of solvents without the use of highly 
oxidative aqueous solutions [9,29], and; (iv) are not soluble in water [9, 
29]. Our results indicate that the indole structure of 
sulfonated-eumelanin can withstand the photolithography process 
allowing patterning down to a micrometer scale. This approach opens 
the possibility of integrating synthetic sulfonated-eumelanin thin-films 
into robust solid-state platforms to create novel bio(inspired) devices 
[30–33] without using unconventional methodologies like Parylene-C or 
silk fibroin. Finally, the patterned sulfonated-eumelanin film exhibited a 
straightforward two-electrode system’s pH and humidity sensing 
potential. 

2. Experimental section 

2.1. Sulfonated-eumelanin synthesis 

Sulfonated-eumelanin (SMel) was synthesized following Ref. [34]. 
Briefly, in a round bottom flask with 200 mL of dimethylsulfoxide 
(DMSO, Vetec) under stirring, a mixture of 1.50 g of 3, 
4–dihydroxy-DL-phenyl-alanine (Sigma-Aldrich) and 0.93 g of benzoyl 
peroxide (Êxodo Química) were dissolved. The solution was maintained 
in reflux in an oil bath (100 ◦C) for 13 days. Then, the flask was opened, 
and the temperature increased to 140 ◦C to reduce the solution volume 
to ~50 mL. Next, the concentrated mixture was cooled to room tem-
perature, dissolved in 150 mL of acetonitrile (Synth), and centrifuged 
(2500 rpm for 15 min) after 24 h. Finally, the precipitate was recovered 
and dried in the oven (90 ◦C). 

2.2. SMel thin-film deposition 

For the SMel film deposition, glass substrates were cleaned using a 
three-step procedure: (i) 30 min/each ultrasonic bath in acetone PA, 
acetone VLSI, isopropanol alcohol VLSI, and dried with nitrogen; (ii) 
piranha solution (H2SO4/H2O2, 2:1 in volume) at 100 ◦C for 10 min, and; 
(iii) 5 min in O2 plasma. 

SMel films were deposited through two-step spin-coating (500 rpm 
for 5 s and 2000 rpm for 60 s) using a 30 mg.mL− 1 solution in DMSO 
(D350, Techni Strip® Micro, France). After the deposition, the film was 
heated at 100 ◦C for two min, and this procedure was repeated three 

times. The final SMel layer was stored in a desiccator. 

2.3. Fabrication of SMel micropatterned 

The SMel thin-film patterning was obtained using conventional 
photolithography. Initially, the SMel was covered with an AZ 5214E 
photoresist (Microchemicals) layer through two-step spin-coating (40 s 
at 3000 rpm and 5 s at 5000 rpm), followed by baking at 120 ◦C for 5 
min. Then, the heterostructure was transferred to a direct prototyping 
ML3 (DMO) mask aligner (wavelength 5 nm). The desired pattern was 
exposed to UV light (110 mJ.cm− 2 in the wavelength range of 385–405 
nm), and the crosslinked area was removed by immersing the film in AZ 
726 MIF developer (Merk, Germany). Next, the SMel unprotected film 
passes through a soft bake at 100 ◦C for 5 min, and it is then etched by 
oxygen-reactive ion etching (O2-RIE). Finally, the remaining photoresist 
was removed by immersing the samples in a heated acetone VLSI for 2 
min under gentle mechanical agitation. 

2.4. Morphological & structural characterizations 

A Park NX10 atomic force microscopy (AFM) was used to obtain 
topography images, and they were processed and treated with Gwyd-
dion software (v. 2.59). LSCM VK-X200 (Keyence), with a wavelength of 
408 nm, was used for confocal laser scanning microscopy images. 

Thermogravimetry analysis of SMel powder was obtained using a 
STA 449F3 Netzsch thermogravimetric analyzer in the range of 
27–700 ◦C under atmospheric air at a heating rate of 10 ◦C.min− 1. The 
Raman spectra were acquired using a Confocal Raman XploRa™ Plus 
(HORIBA) spectrometer equipped with a CCD detector and an optical 
microscope Olympus BX. It was operated with high-resolution grating 
(1800 grooves.mm− 1), 50 × lens, laser excitation at 532 nm with 10% of 
maximum power, 30 s exposure time, and five accumulations in the 
static mode under atmospheric conditions. 

X-ray photoelectron spectroscopy (XPS) measurements were ob-
tained on a Thermo Scientific K-alpha (Thermo Scientific, Inc.) spec-
trometer with less than 10− 7 Pa pressure. A monochromatic AlKα X-ray 
(1486.7 eV) source was focused in a region with a 300 μm diameter. 
Survey scans were collected with a pass energy of 200 eV, 1.0 eV step 
size, and fifth sweeps at 10 s dwell time for electron counting to improve 
the signal/noise ratio. In addition, high-resolution spectra were ob-
tained with a pass energy of 50 eV, 0.1 eV step size, with ten sweeps at 
50 s dwell time. A Shirley background with mixed Gaussian-Lorentzian 
peaks (with 30% Lorentzian character) was used to fit the raw data in 
CasaXPS. 

2.5. Device fabrication & electrical characterization 

Twelve interdigitated metal electrodes (IDE) were patterned on a 
25×25 mm clean glass (see the three-step procedure of Section 2.2). 
Conventional photolithography with AZ 5214E photoresist followed by 
e-beam evaporation of chromium/gold (Cr/Au, 20/20 nm) was used. 
Both metallic layers were deposited at 0.6 Å.s− 1 under 0.13 mPa. As a 
result, each IDE has a 4 mm2 active area with a 20 µm distance between 
electrode arrays (channel length), resulting in a width-length (W/L) 
ratio of 4240. Later, SMel films and patterns (12 nm thickness) were 
obtained following the procedures described in Section 2.2. A schematic 
of the final devices is shown in Fig. S1 in the Supplementary Material. 

The current vs. voltage (I-V) characteristics were taken in dual sweep 
mode using a step voltage fixed at 20 mV in the range from − 1 V to 1 V 
DC. Transient measurements were carried at a fixed current of 100 nA or 
a fixed voltage of 100 mV. A probe station equipped with an optical 
microscope and tungsten tips connected to micromanipulators using a 
Keithley Semiconductor Parameter Analyzer 4200-SCS, which has a 
limit of 10− 15 A, was used for DC and transient measurements. AC 
measurements were recorded with an impedance analyzer Solartron 
model SI 1260A in the frequency range of 10− 1 to 106 Hz, swept from 

Fig. 1. (a) Different redox states of eumelanin’s starting monomers. R = H for 
DHI species and R = COOH for DHICA. (b) Basic monomeric structure of sul-
fonated-eumelanin. 
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high to low frequencies, with sine-wave voltage signal amplitude of 100 
mV and 0 V offset DC bias. 

Three different relative humidity (RH) levels were used for the hu-
midity sensors: N2, 60%, and 100%. N2 atmosphere (~ 6% RH) was 
achieved by placing the IDEs inside a homemade chamber with a flow of 
N2 gas for at least one hour; 60 (± 10)% at room atmosphere and 100% 
in contact with deionized water. In the case of the pH sensor, 0.1 M of 
sodium phosphate monobasic (NaH2PO4, Sigma-Aldrich) and sodium 
phosphate dibasic (Na2HPO4, Sigma-Aldrich) PBS buffer solution was 
used. Sodium hydroxide (NaOH, Merck) and nitric acid (HNO3, Synth) 
were added to the PBS solution to obtain pH ranging from 8 to 5. 

3. Results and discussion 

3.1. Micropatterning of SMel thin-film 

Our focus is on enhancing the integration capability of SMel for a 
broad range of technological applications. Hence, the SMel micro-
patterns on glass substrates were fabricated via a standard photoli-
thography process (Fig. 2(a)). First, the AZ 5214E (as a positive) 
photoresist was cast on the SMel film, and then UV light was exposed 
through a photolithographic mask to transfer the structure pattern. After 
developing the crosslinked photoresist, a soft backing was followed by 
removing the unprotected SMel by O2-RIE. High-fidelity patterned 
structures down to 200–300 μm of lateral dimension are shown in Fig. 2 
(b). Thermogravimetry analysis of SMel powder (Fig. S2 and detailed 
discussion in the Supplementary material) indicates that during backing 
(at 100 and 120 ◦C), only desorption of water and DMSO is expected 
[39]. Therefore, we do not expect that the SMel film is affected at this 

temperature range. 
We compare the surface topography by AFM images and the chem-

ical composition by Raman spectroscopy and XPS of SMel films before 
(pristine) and after (patterned) the photolithographic patterning. The 
AFM images show no topographic changes, including excellent unifor-
mity and the absence of defects (pinholes and agglomerates), in a 5 μm x 
5 μm scanned area, Fig. 3(a). The homogeneous surface roughness, 
estimated via root-mean-square (RMS), was found below 1 nm for both 
cases. Raman spectra (Fig. 3(b)) exhibit the dominant modes of band D 
(1335 cm− 1) and G (1579 cm− 1) from vibrational modes of disordered 
graphitic-like carbon [35], which indicates that SMel’s carbon organi-
zation is not affected by the photolithography process. Further analysis 
with XPS also confirms no significant changes. As demonstrated in Fig. 3 
(c) by the XPS survey scan with associated analysis (Fig. 3(d and e) and 
discussion of the high-resolution spectra in Fig. S3-S4 and Table S1), the 
chemical composition of both films is compatible with SMel [36]. 
Nonetheless, the patterned film shows a slight decrease in the S2p in-
tensity (about 30%, especially in the region between 166 and 170 eV) 
compared to pristine. This behavior is most likely related to the insta-
bility of the sulfonated groups [27,37]. Still, it is necessary to stress that 
the atomic composition of carbon, oxygen, and nitrogen are not affected, 
indicating that the basic SMel indole structure does not lose its integrity. 

Therefore, our results demonstrate that the indole structure of 
eumelanin-based materials can withstand a standard photolithography 
process without substantial changes, which could compromise the film 
integration. The scalability of this technique, towards micropatterned 
topology, allows large-scale production of eumelanin-based microscale 
devices or macroscale objects with several eumelanin-based micro-
devices interconnected. 

Fig. 2. (a) Schematic fabrication process to generate SMel patterns and (b) its optical image.  
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3.2. Electrical behavior of SMel patterned thin-film 

One of the eumelanin’s most critical properties is its hydration- 
dependent conductivity and solid-state protonic conductivity [10,11]. 
Hence, we have patterned SMel thin-films on a gold IDE (Fig. S1a) to 
evaluate if the photolithography process affects its charge transport 
behavior and determine their electrical response to different humidity 
levels: N2, 60%, and 100%. For comparison, the pristine SMel films were 

also analyzed using the same IDE geometry. As shown in Fig. 4(a, b), 
SMel films exhibit an excellent response to changes in the relative hu-
midity (RH), with the conductivity (Fig. 4(c, d)) increasing more than 
five orders of magnitude as RH rise from N2 to 100%. The most notable 
difference was a conductivity variation of 70% when we compared both 
systems at 60% RH. This result is associated with RH variation in the 
room atmosphere during the measurements on dry and wet days (~ 50% 
and ~ 70% RH, respectively, obtained with a commercial humidity 

Fig. 3. (a) 5 μm x 5 μm AFM topography image of the pristine (top) and patterned (bottom) SMel films on glass. (b) Raman spectra and (c) XPS survey scan for SMel 
films before and after the photolithography process. (d) Chemical composition (atomic%), atomic ratios, and (e) C1s, N1s, O1s, and S2p high-resolution XPS spectra 
of pristine and patterned SMel films. Spectra simulations and functional group intensities are shown in Supplementary material (Figs. S3 and S4 and Table S1). 
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sensor). 
To further assess the electrical behavior under the different RHs, we 

show the humidity-dependent Nyquist plots on a log-log scale in Fig. 4 
(e, f). The same data set is displayed on a linear scale in Fig. S5. The data 
shows a semicircle-like dependence in the low impedance region (higher 
frequency), coupled with a line or Warburg tail at higher impedance 
(low frequency) assigned to diffusion-limited processes. The exception is 
N2 RH which does not show the tail feature. These regimes are separated 
at a frequency ωc, shown by the blue arrow, and are compatible with the 
expected eumelanin-based materials [7–9]. The EIS can be analyzed 
using the Randles electrical equivalent circuit, inset in Fig. 4(e). The 
Randles circuit considers the contact resistance given by a resistor R1, 
the surface modification capacitance and dielectric double-layer by a 
constant phase element CPE, ionic dissipation current with a second 
resistor R2, and the mass diffusion at the blocking electrode interface by 
a Warburg open-element [8,9]. The fitting parameters are reported in 
Table S2. 

As shown in Fig. 4(e, f), the decrease in RH is accompanied by an 
increase in the semicircle and a reduction in the tail at the high- 
impedance region of the plot. Such observation is an unmistakable 
signature of non-functionalized and sulfonated eumelanin ionic con-
ductivity driven by the water-induced comproportionation equilibrium 
reaction [8,9]. This equilibrium proposes that protons (in the form of 
H3O+) and semiquinones (SQ) will be originated in the presence of 
water after the interaction of fully oxidized (IQ) and fully reduced (HQ) 
monomeric units (IQ + HQ + 2H2O ⇄ 2H3O+ + 2SQ). Hence, the 
amount of charge carrier will decrease upon decreasing the water con-
tent, leading to lower conductivity. Notice that the presence of the 
sulfonated moieties in the SMel structure (Fig. 1(b)) does not hinder the 
existence of the comproportionation equilibrium, as previously 
demonstrated by electrical and electron paramagnetic resonance mea-
surements [9,38,39]. Therefore, based on the similarities between our 
results and the literature [9,39], we can affirm that the pattern process 
does not alter the charge transport behavior of SMel. 

Fig. 4. Electrical behavior of pristine (left) and 
patterned (right) SMel films over the different 
RHs. (a, b) The log-linear plot of the current vs. 
voltage response. Eight different devices in a 
group of four substrates were measured. (c, d) 
SMel’s conductivity normalized by the system 
geometry and film thickness. (e, f) EIS response 
on a log-log plot. Symbols represent the exper-
imental data, whereas straight-line the fit using 
the Randles minimalist equivalent circuit (inset 
in Fig. 4(e)). The same data set is shown in 
Fig. S5 on a linear scale. Fitting parameters are 
shown in Table S2. The characteristic frequency 
ωc is indicated by the blue arrow.   
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3.3. Sensing performance 

To validate the applicability of the SMel patterned films, we have 
explored them in a series of sensing applications. As a sensory platform, 
we explore standard interdigitate electrodes (Fig. S1), a simple structure 
well studied in the sensing literature [40–52]. 

The standard sulfonated-eumelanin (which has a synthesis time of 60 
days compared to the 13 days of SMel) is a promising candidate for a pH 
sensorial platform [16,53]. Hence, the pH sensibility of our patterned 
films was investigated by applying a small current between the two 
electrodes to measure a voltage across the patterned films over time 
(Fig. S6(a)). Four different pHs values were chosen around the physio-
logical condition (pH 5, pH 6, pH 7, and pH 8), the best performance 
range of the standard sulfonated-eumelanin [16]. The voltage drop de-
creases stepwise as the pH is varied upon controlled pH solutions. The 
response of the SMel patterned film to pH, Fig. 5(a), shows a clear linear 
trend in the voltage to pH within the range of acidic (pH 5) to basic (pH 

8). The linear V/pH correlation allowed us to obtain a sensitivity of 50.1 
mV.pH− 1 with outstanding reproducibility. To further evaluate the 
long-term reproducibility of the device, we measured the pH response at 
pH 5 and then at pH 8, repeating this cycle five times. As a result, we 
observe a reduction of c.a. 6% of the pH sensibility after the 5th cycle 
(Fig. S6(b)). This decrease indicates that the device is sensitive, robust, 
and stable for prolonged applications. Interestingly, our two-terminal 
device showed a similar sensibility to other eumelanin-based pH sen-
sors, as previously demonstrated for an extended-gate field-effect tran-
sistor (48.9 mV.pH− 1, in the pH range of 2–12, 0.1 M phosphate/citrate 
buffer solution) [15] and electrochemical sensor (62 mV.pH− 1, in the pH 
range of 5–8, 5 mM potassium ferricyanide/potassium ferrocyanide 
buffer solution) [16,53]. The differences could be related to the device’s 
geometries (three vs. two terminals) and different experimental condi-
tions (pH range or buffer solutions). Also, these studies evaluated 
different NF-eumelanin or standard sulfonated-eumelanin, which im-
plies that each sample has particular structural (for instance, 

Fig. 5. (a) pH sensor performance under 
physiological conditions. Each data is a stan-
dard deviation of five different devices. (b) 
Response and recovery times of humidity sensor 
in response to one human mouth-breathing 
stimuli at a normal rate. (c) The cycling 
behavior of the humidity sensor for five mouth- 
breathing at normal, deep, and fast rates. (d) 
Response and recovery times of pressure sensor 
in response to human fingertip touch stimuli. 
(e) The cycling behavior of the pressure sensor 
under external stimuli from human fingertip 
touch.   
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DHI/DHICA ratio) and morphological features resulting in specific in-
teractions with the electrolyte. 

To analyze the sensing performance of the patterned SMel film in a 
real everyday life external stimulus, we have explored the dynamic 
response to human exhaled breath (humidity sensor) and human 
fingertip touch (contact sensor). In Fig. 5(b), one typical human mouth- 
breathing humidity test is shown by the relative current variation (the 
ratio between the change in current and the initial current). When the 
SMel film was exposed to the moisture of the mouth breathing, the 
current quickly increased, reaching its maximum value within 2.1 ± 0.6 
s (response time). Once the breath ended, the current instantly 
decreased, taking 14.8 ± 3.7 s to return to its initial value (recovery 
time). Both fast response and longer recovery time are explained 
considering eumelanin’s porous and hydrophilic nature, making water 
desorption challenging [54]. An ultrafast humidity sensor (~ 0.45 s and 
~ 0.45 response and recovery times, respectively) based on 
dopamine-melanin has been reported in the literature [42]. The differ-
ence in time response between both systems can be related to film 
thickness and potentially the final RH equilibrium value [55], as we are 
using breathing as a source of moisture. Compared to other natural and 
synthetic materials applied to the same application, our time response is 
at the fastest range while keeping the recovery the same [43,44,46,51]. 
For a comparison between our device parameters to other natural and 
inorganic materials (in a series of humidity applications), see Table S3. 

The SMel humidity sensor presented here showed good dynamic 
responses to repeated mouth-breathing when no external stimuli were 
applied between breathing (Fig. S6(c)). Hence, we evaluate five cycles of 
mouth-breathing at three different rates: normal, deep, and fast. Fig. 5 
(c) indicates that it is challenging to distinguish the sensor’s response to 
different breathing rates because we cannot identify all five stimuli, 
unlike other rapid-response wearable humidity sensors [43,44,46,56]. 
This effect is most likely related to eumelanin’s porous and hydrophilic 
nature that hinders the complete water desorption between breaths and 
is in line with the increase of relative current variation based on its 
humidity-dependent electrical behavior (Section 3.2). Nonetheless, it is 
possible to see that the overall signal width changes for the different 
rates (18.8 ± 3.7 s for normal, 42.0 ± 7.6 s for deep, and 10.1 ± 3.0 s for 
fast rates). This effect could be used to distinguish breathing patterns in 
future studies. 

We also evaluated the sensor’s response to human touch, and the 
results are shown in Fig. 5(d). The contact sensor reaches its maximum 
current within 0.8 ± 0.5 s, with a recovery time of 6.6 ± 3.8 s and 
excellent repeatability (Fig. 5(e)). Additionally, our contact response 
displays a current decrease in an exponential behavior before the 
sensing signal, Fig. 5(d), which can be understood as the sensor’s sen-
sibility to the fingertip approaching along the z-direction [43]. Several 
possibilities can explain the sensing capability: pressure, temperature, 
skins’ moisture, and electrostatic proximity sensing [43]. In a simple 
attempt to shed some light on this system, we have repeated the same 
experiment but using nitrile gloves. It was impossible to distinguish the 
sensor signal and the baseline noise (Fig. S6(d)). Consequently, one can 
assume that the moisture from the skin plays a significant role in contact 
sensing and is responsible for the change in the relative variation current 
between Fig. 5(d) and Fig. 5(e). The high recovery time observed, 
compared to the literature (usually in milliseconds) [43,57–60], could 
also be explained by considering the skin moisture because it would 
increase the number of water molecules significantly in the system. A 
more considerable time would be necessary to desorb most of them. We 
also should mention that all the different device structures and meth-
odologies employed (such as capacitance over time and periodic reso-
nant frequency) could also be responsible for the differences in response 
and recovery times. It is worth pointing out that a deeper analysis of the 
human breath and touch sensing response is beyond the scope of this 
work. However, as there has been no report on eumelanin-based respi-
ratory and pressure-sensing capabilities in the literature, our results 
indicate that it can be a promising material for these applications. 

Detailed analysis with a more robust device structure and precise hy-
dration control should improve sensing performance. Also, as SMel is 
known to have a weaker interaction with water [9,11,38], optimizing 
the film characteristics could also boost the device’s performance. 

Given the above results, we indicate some potential directions for the 
sensing technology using eumelanin and eumelanin-based materials. 
The humidity is a parameter of extreme importance nowadays with the 
rapid advancement of wearable electronic devices for non-contact 
detecting respiratory behavior [41,50,56] and skin moisture recogni-
tion [61], as well as one of the critical physiological signs for personal 
healthcare [62]. Based on the significant improvement of the conduc-
tivity with water content, Fig. 3(b), and the sensing characteristic, Fig. 5 
(b-d), SMel is a great biocompatible candidate to sense changes in the 
human body moisture. Additionally, the touch sensing capability allied 
with body moisture (Fig. 5(d)) could sustain direction, force, motion, 
and proximity multifunctionalities for an electronic skin [63–65]. 
Combining the biodegradability of sulfonated compounds [66–68] with 
the one from NF-eumelanin structure [2] can also make SMel a material 
for wearable and potential transient electronic devices for health 
monitoring [65,69,70]. 

In our forecast for wearable electronic devices, SMel pH sensing is a 
promising candidate for real-time wound healing management. Indeed, 
it is known that slightly acidic pH can provide the wound with optimum 
healing conditions. In contrast, pH ranging from 7 to 8 are hard-to-heal 
injuries with the potential presence of bacterial infections [71–74]. 
Hence, developing smart bandages with biocompatible and eco-friendly 
materials is possible. Using eumelanin, for instance, one can develop a 
real-time, noninvasive bandage capable of monitoring wound healing 
precisely. It may also reduce healthcare costs since chronic wounds are 
highly costly and are acknowledged as a significant source of mortality 
for diabetic and bed-ridden patients [71–74]. This proposition is further 
reinforced considering that standard sulfonated-eumelanin did not lose 
its pH sensibility in human blood plasma [16] and bacteria cultural 
media [53]. 

To conclude, it should be emphasized that the consolidated tech-
nology of pH sensing already spread through the consumer market is 
challenging to be adapted to wound monitoring due to safety and con-
formability regulations. Although we have used a glass substrate as a 
proof-of-concept, we believe that the pH sensor used in this study could 
be extended towards flexible substrates like paper [41,75] and textile 
[74] to bring more comfort to the patient. Natural rubber latex is also a 
promising flexible substrate for a noninvasive smart bandage. One 
additional advantage is that the wound healing process would be 
accelerated by the presence of both latex [76] and eumelanin [77,78]. 

4. Conclusion 

We demonstrate that the basic indole structure of a eumelanin-based 
material can withstand the standard photolithography process, deliv-
ering a high-fidelity pattern down to microscale without changing its 
primary structure and charge-transport behavior. To test the applica-
bility of the SMel patterned films, a multisensory platform based on a 
simple two-terminal device was used for pH and humidity sensing. Our 
pH sensor demonstrates the efficiency of 50.1 mV.pH− 1 within the 
physiologically pH levels (between pH 5 and pH 8) and stability over 
time. These features are well suited for wound healing monitoring. 
Furthermore, the humidity sensor shows excellent conductivity, 
switching about five orders of magnitude from dry to wet conditions. In 
addition, good response and recovery times from human breath are 
evidenced. The approach presented here represents a step toward 
miniaturized wearable technologies that integrate eumelanin materials 
connected to portable circuitry for human healthcare and physiological 
monitoring. 
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