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Semiconducting and environmentally responsive
melanin-doped silk nanofibers for multifunctional
electronic tattoos†

Shalik Ram Joshi,a Soohoon Leea and Sunghwan Kim*ab

On-skin electronics are gaining attention in diagnostics and

therapeutics due to their capabilities such as continuous real-time

operation. Among them, ultrathin electronic tattoos (E-tattoos)

offer the advantage of imperceptible operation, making them

suitable for daily use. However, the insulating trait of polymeric

materials used for skin adhesion and integration of electronics

hinders electrical interfaces between electronics and skin. This

study investigates multifunctional E-tattoos by materializing semi-

conducting silk nanofibers (SNFs) with the melanin dopant. Fabri-

cated through electrospinning and subsequent melanin doping and

graphene coating, ultrathin and lightweight E-tattoos exhibited

mechanical flexibility, strong skin conformability, and high water-

vapour transmission, ensuring long-term on-skin usability. Their

use as electrocardiogram electrodes and in skin hydration monitoring

with a high signal-to-noise ratio is possible due to the increased

conductivity of the melanin-doped SNFs. In addition, light- and

humidity-responsive conductivity of melanin enables the use of

E-tattoos as a breath sensor and UV detector. The unique combi-

nation of bio-based materials and advanced fabrication processes

enables seamless integration of electronic and biological systems.

The graphene/melanin-doped SNF E-tattoos for bio-signal sensing

applications offer an eco-friendly, skin-compatible, and multifunc-

tional solution for next-generation biomedical research.

1. Introduction

Merging electronics with biological tissues offers potential
for diverse biomedical applications, enabling continuous and
real-time diagnostics, therapeutic interventions, and human–
machine interactions.1–5 In particular, continuous tracking of
biological signals in everyday life is vital for the early detection

of illness symptoms and monitoring subtle changes in physical
conditions.6 Among many human tissues, the skin serves as a
critical barrier between the internal environment and external
surroundings, while also acting as a conduit connecting the
internal body with the external environment. Hence, it is
possible to acquire important bioinformation via the skin.
For example, sweat released from the skin contains chemical
substances with bioactive information, and bioelectric currents
can be measured through the skin surface via electrocardio-
graphy (ECG) or electromyography, which indirectly provides
information about the functioning of internal organs.7,8 There-
fore, measuring bioinformation with no harm to the skin is
becoming increasingly important. However, conventional med-
ical devices that measure this information are based on rigid
probes that require firm contact with the skin, making them
unsuitable for continuous monitoring in daily life.9,10 These
probes often cause discomfort and can lead to skin irritation
due to bacterial growth resulting from sweat accumulation.
To address these challenges, thin, skin-adherent electrodes
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New concepts
Biomedical diagnostics and therapeutics using on-skin electronics are
attracting considerable research attention. One of the current issues
facing on-skin electronics is the interface between skin and electronics.
Here, we report an electronic tattoo (E-tattoo) platform where the skin-
attached insulating layer is transformed into the conductivity-adjustable
semiconductor layer by doping melanin into silk nanofibers (SNFs),
a natural biopolymer. Melanin, a biological pigment, can regulate
electrical conductivity as the melanin concentration is controlled. This
implies that by imparting electrical conductivity to the insulating SNF
layer between the electrode and skin, an electrical interface connection
can be established. This enables high signal-to-noise ratio signal
acquisition when used as an electrode patch for electrocardiography or
for transdermal moisture level measurement. Its moisture and light-
responsive properties in terms of conductivity make it suitable for
respiratory and UV sensing applications. Integrating multifunctionality
into the single E-tattoo platform is anticipated, in addition to the
advantages of our silk-based E-tattoos.
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that measure skin hydration without applying pressure are
highly desirable.

Unlike traditional rigid electronics, epidermal electronic
tattoos (E-tattoos) provide a flexible, skin-compatible alternative
capable of seamlessly interfacing with biological tissues.11–13

For skin compatibility, soft and flexible bio-friendly materials
are essential. While polymeric biomaterials such as poly(dimethyl-
siloxane),14–16 polyimide,17 poly(l-lactide-co-glycolide),18 and
poly(ethylene terephthalate)19 have been explored, there are
still challenges related to embedding flexible electrodes into
cost-effective, biocompatible, and adaptable substrates. The
conventional fabrication of these materials often involves
resource intensive processes and the use of toxic substances,
prompting a global shift towards sustainable and eco-friendly
practices.20 Bio-based byproducts have recently been explored
as a means of enhancing sustainability, albeit with occasional
trade-offs in device performance.21 Silk protein extracted from
the Bombyx mori cocoon has been widely utilized in the textile
industry and is now gaining recognition as an electronic and
optical material for biomedical applications due to its biocom-
patibility, optical transparency, and micro/nanofabrication cap-
abilities.22–25 Various silk-based electrical and optical devices,23

such as sensors for food,26 health monitoring,11 and wearable
electronics,11 have been demonstrated for biomedical and
environmental applications. In E-tattoo applications, the nano-
fiber (NF) form of silk protein shows the potential to be an
all-around player by providing strong skin adhesion, biocom-
patibility, breathability, and deformability at the same time.
However, due to its insulating nature and limited mechanical
resilience, it is required to incorporate conductive fillers into
silk to improve its properties. Furthermore, silk nanofibers
(SNFs) require additional chemical treatment for crystallization,
making them resistant to water.27

Although several inorganic materials have been used to enhance
moisture sensitivity,28 the use of biomolecules in electrical devices
remains an active area of research.29 Inorganic materials such as
metal oxides,30 transition metal dichalcogenides,31 and carbon-
based nanomaterials32 have been widely investigated for their
ability to detect humidity through changes in electrical resis-
tance, capacitance, or surface charge effects. These materials rely
on the adsorption and desorption of water molecules on their
surfaces, which induces variations in charge carrier density or
dielectric properties, thereby enabling humidity sensing. While
inorganic materials have demonstrated effectiveness in humidity
sensing, their limitations in terms of mechanical rigidity, bio-
compatibility, signal stability, and adaptability to epidermal
applications create challenges for their direct use in wearable
bioelectronics. Melanin, a natural dark pigment, exhibits excep-
tional broadband light absorption and hybrid electronic–ionic
conductivity, enabling critical biological functions such as
photoprotection and free radical scavenging.33 The unique prop-
erties of melanin, including hydration-dependent conductivity,
amorphous semiconducting behaviour, and photoconductivity,
make it an attractive material in bioelectronics.33–35 Melanin’s
oligomeric and polymeric species, such as 5,6-dihydroxyindole
(DHI), contribute to its efficient light absorption and unique

electronic properties.34 Early studies identified melanin as a
p-type amorphous semiconductor, while more recent research
attributes its electrical properties to protonic conduction under
hydrated conditions.36 However, melanin alone is insufficient
for high-conductivity applications, such as measuring electro-
physiological signals from the human body with a high signal-to-
noise ratio.

Here, we report a skin-compatible and multifunctional
E-tattoo based on a composite of melanin, SNFs, and graphene.
SNFs act as a flexible biocompatible template for E-tattoo
fabrication, while melanin is incorporated through an immersion-
based doping process, where its concentration and immersion
time are carefully controlled to achieve tunable electrical pro-
perties, making it suitable for bioinspired optoelectronic
devices. The melanin–silk hybrid is ultrathin, lightweight,
and highly porous and exhibits strong skin adhesion, mechan-
ical robustness, and excellent compatibility with the skin. The
addition of graphene imparts favourable electrical and thermal
properties, resulting in an E-tattoo with a high conductivity
of B0.12 S cm�1 that remains stable under mechanical defor-
mation. The graphene/melanin-doped SNF E-tattoo has high
breathability, related to high water-vapour transmission, and
excellent skin conformability. The adjustable electrical proper-
ties of melanin have enabled the E-tattoo to effectively monitor
skin hydration by detecting variations in skin impedance.
Additionally, the photo-responsive charge generation of mela-
nin offers a UV light detector function, where the electrical
current is increased by light illumination with a photorespon-
sivity (Ip) of B65.7 nA W�1. The E-tattoo platform leverages
melanin’s high reactivity towards water molecules and the
superior electrical conductivity of graphene to operate as both
a breathing sensor and a heart-rate monitoring device. Designed to
align with the biological, mechanical, and electrical properties of
the skin, this multifunctional E-tattoo offers a promising founda-
tion for advanced bioelectronics, enabling seamless integration
between biological and electronic systems.

2. Results and discussion

The graphene/melanin-doped SNF E-tattoo platform shows
multifunctional capabilities for biomedical applications includ-
ing skin hydration monitoring, UV detection, respiration sen-
sing, and low noise electrophysiological signal measurement
(Fig. 1). As shown in Fig. 1a, the fabrication process starts with
SNF preparation via electrospinning, a cost-effective and versa-
tile method for producing polymeric nanofibres.29 Electrospin-
ning requires a solution with sufficient viscosity to form a
stable Taylor cone and prevent fibre breakage. To achieve this,
5 wt% poly(ethylene oxide) (PEO) was added to the silk solution
at a 1 : 1 volumetric ratio. During the process, a charged jet
of the solution was ejected from the Taylor cone when the
applied voltage surpassed the surface tension, forming SNFs
that accumulated as a web after solvent evaporation. Post-
spinning, the SNF mat was treated with methanol to ensure
water resistance and then doped with melanin.
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To investigate the effect of the melanin dopant on the
electrical performance, melanin solutions with different con-
centrations (0.1 wt%, 0.5 wt%, 1 wt%, 2 wt%, and 4 wt%) were
utilized to dope the melanin into SNFs. Beyond a concentration
of 4 wt%, partial aggregation in solution occurred due to the
reduced repulsive force, limiting the homogeneous dispersion
of melanin. To evaluate the effect of immersion time on the
electrical properties of the melanin-doped SNF platform, dura-
tions ranging from 0.5 h to 24 h were analyzed (Fig. S1, ESI†), as
electrical conductivity is critical for enhancing signal sensitivity

while minimizing background noise and instability. A 1 cm �
1 cm sample was used for current measurements, with silver
paste applied to establish electrical connections. As shown in
Fig. S1 (ESI†), the current increases with extended immersion
time, stabilizing after 20 h. At 24 h, the current rises from
B0.1 nA to B11.4 nA as the melanin concentration increases
from 0.1 wt% to 4 wt%. Based on these findings, an immersion
time of 24 h and a melanin concentration of 4 wt% were
identified as the optimal conditions for sample preparation,
ensuring maximum current for improved signal acquisition.

Fig. 1 Multifunctional graphene/melanin-doped SNF E-Tattoo. (a) Schematic illustration showing the fabrication and potential applications of the
graphene/melanin-doped SNF mat. SEM images of the (b) bare SNF mat, (c) melanin-doped SNF mat, and (d) graphene/melanin-doped SNF E-tattoo
platform. (e) Cross-sectional SEM image of the E-tattoo platform showing its thickness. (f) Optical image demonstrating the E-tattoo’s stability when
attached to the skin and subjected to stretching, compression, and twisting. (g) I–V curve illustrating the in-plane current flow of the E-tattoo platform.
(h) Resistance variation across fifty mechanical deformation cycles, highlighting the platform’s durability.
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While melanin improved conductivity, it is insufficient
for effective skin impedance and electrophysiological signal
measurement. Thus, the graphene ink was introduced as an
electrode material. The graphene ink, prepared by dispersing
few-layered graphene in methanol with the sodium lauryl
sulphate (SLS) surfactant to prevent agglomeration, was uni-
formly applied to the melanin-doped SNF mat. Only a single
coating was applied, as an excessively thick graphene layer
could compromise the breathability of the E-tattoo platform, a
factor that will be discussed later. Scanning electron micro-
scopy (SEM) was conducted to examine the uniform distribu-
tion of graphene on the melanin-doped SNF mat. As shown in
Fig. S2 (ESI†), the low-magnification SEM image illustrates a
well-coated surface, while higher-magnification images provide
further evidence of a smooth and continuous graphene layer,
free from noticeable agglomeration or coating inconsistencies.
This even distribution plays a vital role in maintaining stable
electrical conductivity and efficient charge transport within the
nanofiber matrix, thereby enabling reliable electrophysiological
signal detection. The resulting ultrathin, conductive E-tattoo
patch offers advantages such as biocompatibility, deformability,
and skin adhesiveness, overcoming limitations associated with
materials like silver and gold nanowires (e.g., oxidation, corro-
sion, and cost).37,38 The ultrathin nature could be confirmed by
weight measurements of samples with dimensions of 1 cm �
1 cm: B3.5 mg for the bare SNF mat, B3.8 mg for the melanin-
doped SNF mat, and B4.1 mg for the graphene/melanin-
doped SNF E-tattoo, corresponding to an areal density of
B4100 mg cm�2, which is significantly lower than those of
previously reported epidermal E-tattoos.1,39 The lightness enables
imperceptible operation on the skin surface.

SEM images show the interconnected network of NFs (200–
350 nm in diameter) in the bare SNF mat and uniform melanin
deposition within the porous network (Fig. 1b and c). Graphene
uniformly coated the surface, partially filling voids and forming
a conductive layer, as shown in Fig. 1d and Fig. S2 (ESI†). Cross-
sectional SEM analysis showed an ultrathin thickness of
B30 mm (Fig. 1e). Electrical conductivity measurements revealed
the ohmic electrical response (a conductivity of B0.12 S cm�1) of
the E-tattoo, confirming its suitability for electrical applications
(Fig. 1f). The conformal skin attachment was facilitated by the
interaction of silk’s hydroxyl (–OH) and amine (–NH2) groups
with functional groups of the skin surface through van-der
Waals bonding,11,40 allowing integration on uneven surfaces
(Fig. 1g and Video S1, ESI†). The ultrathin structure of the
E-tattoo enhances intimate contact with the skin’s microtopo-
graphy, maximizing intermolecular interactions and ensuring
stable adhesion without the need for conductive gels or addi-
tional adhesives. During the initial application, a small amount
of water assists the adhesion process by softening the nanofiber
matrix, allowing it to conform closely to the skin. As the water
evaporates, van der Waals forces become the dominant adhe-
sive mechanism, maintaining flexibility and breathability
while ensuring prolonged attachment.11 The E-tattoo remains
securely affixed even under mild perspiration and natural skin
movements, making it well-suited for long-term, non-invasive

bioelectronic applications. To further evaluate its on-skin sta-
bility and adhesion, a peeling test was conducted by applying
adhesive tape onto the attached E-tattoo and subsequently
peeling it off (Fig. S3, ESI†). After multiple affixing–peeling
cycles, the E-tattoo remained intact on the skin, demonstrating
strong adhesion and durability for reliable, long-term on-skin
monitoring. The E-tattoo maintained structural and functional
integrity under mechanical deformations (stretching, compres-
sion, and twisting), with resistance variations below 8% across
fifty cycles (Fig. 1h). These results demonstrate its stability and
functionality as a bioelectronic epidermal system for advanced
applications.

The chemical interactions among graphene, melanin, and
SNFs were investigated using the Fourier-transform infrared
(FTIR) spectroscopy method (Fig. 2a). The pure silk protein
in the SNFs exhibited several characteristic peaks: a broad
absorption peak around B3300 cm�1 (N–H stretching, amide
groups), B1620 cm�1 (amide I, CQO stretching), B1515 cm�1

(amide II, N–H bending), and B1230 cm�1 (amide III, C–N
stretching).11,22 For the melanin-doped SNF mat, although no
distinct new peaks were observed, the systematic peak shift as
the melanin concentration was increased indicates homoge-
neous melanin dispersion without agglomeration (Fig. S4,
ESI†). This systematic peak shift in the FTIR spectra provides
strong evidence of the stable attachment of melanin onto the
SNF mat. The observed shift in the amide peaks towards lower
wavenumbers suggests enhanced hydrogen bonding interactions
between melanin and the silk fibroin matrix.41 Silk fibroin
contains functional groups such as hydroxyl (–OH), carboxyl
(–COOH), and amide (–CONH–) groups, which can form strong
hydrogen bonds with the amine, hydroxyl, and carboxyl groups
in melanin. This interaction stabilizes melanin within the
nanofiber structure, preventing its detachment under dynamic
conditions. After graphene coating, additional peaks appeared
at B1770 cm�1 and B1900 cm�1, corresponding to CQO
stretching vibrations.42 The intrinsic features of melanin were
slightly suppressed due to the high graphene concentration
and the shift toward lower wavenumbers indicates interactions
between graphene’s p-electron system and melanin’s aromatic
groups.43

UV-visible (UV-vis) spectroscopy was also used to evaluate
the binding interactions between melanin and the SNF matrix
(Fig. 2b). The bare SNF mat showed an optical transmission of
B23.7% at 400 nm (visible region) and B27.4% at 800 nm (NIR
region) (Fig. S5a, ESI†). Incorporating 0.1 wt% melanin reduced
the transmission to B10.9% at 400 nm and B25.3% at 800 nm.
A sharp decline of transmission was observed with higher
melanin concentrations, reaching B0.5% at 400 nm and
B0.7% at 800 nm for 4 wt% melanin (Fig. S5b, ESI†). This
significant reduction was attributed to melanin’s absorption
characteristics, scattering from the nanofiber structure, and the
optical properties of silk. These results align with the plat-
form’s suitability for UV and visible light blocking applications.

To investigate the mechanical properties, the tensile proper-
ties of the bare SNF mat, the melanin-doped SNF mat, and
the graphene/melanin-doped SNF E-tattoo were evaluated by
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measuring stress–strain curves (Fig. 2c). The bare SNF mat
exhibited an ultimate tensile strength (UTS) of 0.39 MPa and a
tensile modulus (TM) of 0.51 MPa. Incorporating melanin
increased the UTS and TM to 0.67 MPa and 1.14 MPa, respec-
tively, at a melanin concentration of 4 wt% (Fig. S6, ESI†).
However, the elongation at break decreased with higher mela-
nin content due to melanin’s rigidity, which reduced the fibre
elasticity and flexibility (Fig. S6b, ESI†). Aggregates formed at
higher concentrations disrupted the silk’s molecular structure,
creating stress concentration points that led to premature
failure.44 After graphene coating, the UTS and TM increased
significantly to 1.20 MPa and 4.2 MPa, respectively (Fig. 2d).
This enhancement was attributed to graphene’s exceptional

mechanical reinforcement and uniform dispersion and the
formation of interfacial hydrogen bonding between melanin
and SNFs, which improved the stress distribution and reduced
defects.45 The strong intermolecular interactions further
enhanced stiffness and rigidity while the elongation at break
decreased (Fig. 2d).

To assess the reusability of the E-tattoo platform, its adhe-
sive properties were evaluated by measuring the peel forces
required for detachment from pigskin, a commonly used
human skin surrogate. The 901 peel test was conducted,40

where the E-tattoo was applied to the skin and incubated for
30 min to ensure conformal adhesion. As shown in Fig. S7
(ESI†), at a low displacement (B5 mm), the E-tattoo exhibited

Fig. 2 Physicochemical and breathability properties of the E-tattoo. (a) FTIR spectra illustrating the chemical bonding characteristics. (b) Optical
transmission spectra showing its light blocking properties. (c) Stress–strain curve and (d) tensile modulus, UTS, and elongation percentage to
demonstrate the mechanical properties of SNFs, melanin-doped SNFs, and the E-tattoo platform, respectively. (e) Water loss as a function of time
and (f) comparison of the WVTR of the E-tattoo platform with those of commercial band-aids and parafilm.
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strong adhesion (B3.4 N m�1), comparable to previously
reported values.46–48 This high adhesion is primarily attributed
to the large surface area, nanoscale porosity, and flexibility of
the SNF mat, which facilitates intimate contact with the skin’s
irregular texture.11,47 After the second cycle, a 425% reduction
in adhesion was observed, likely due to factors such as skin oil,
sweat, and mechanical stress during wear and removal. Despite
this limitation, silk protein-based nanofibers offer signifi-
cant advantages, including biocompatibility, breathability,
and excellent mechanical adaptability, which ensure comforta-
ble, irritation-free adhesion and make silk an ideal substrate
for wearable bioelectronics, promoting seamless skin inter-
action and long-term user comfort.

For long-term imperceptible operation of the E-tattoo, the
breathability of the device is crucial, which could be assessed
through measuring water vapour transmission rates (WVTRs).
The WVTRs for three membranes (bare SNFs, melanin-doped
SNFs, and graphene/melanin-doped SNFs) with the same thick-
ness of B30 mm were compared to those of commercial films
such as parafilm (B50 mm thick) and band-aids (B50 mm thick)
(Fig. 2e). The melanin dopant reduced the WVTR to 2311 g m�2 d�1

from a value of 3191 g m�2 d�1 for the bare SNF mat. It is
important to highlight that the graphene coating plays a critical
role in maintaining breathability, as excessive loading can lead
to denser structures that may hinder permeability. To optimize
the graphene deposition on the melanin-doped SNF mat, the
number of coating cycles was systematically varied. A 5 h
interval was maintained between successive coatings to allow
the graphene ink to dry properly before the next application. As
shown in Fig. 2f, the water vapor transmission rate (WVTR) of
the single-coated E-tattoo platform was B1783 g m�2 d�1.
However, with additional graphene coatings, the WVTR
decreased to B693 g m�2 d�1 (Fig. S8, ESI†), likely due to the
formation of a denser graphene network with repeated layering.
Notably, all WVTR values of the single-coated E-tattoo platform
were higher than those of commercial band-aids (Table S1,
ESI†). Based on these findings, a single coating of graphene
was selected for the melanin-doped SNF mat to fabricate the
E-tattoo platform, ensuring an open graphene network that
does not significantly obstruct the nanofiber porosity. This
optimized structure enables high water vapor and oxygen
permeability, which is crucial for on-skin bioelectronic applica-
tions, while preventing tissue discomfort.

The high WVTR, electrical conductivity, skin compatibility,
and ultrathin design of the proposed E-tattoo platform enable
continuous skin hydration monitoring without hindering trans-
dermal water loss or causing discomfort over extended periods.
The humidity-dependent conductivity of melanin plays a
key role in impedance measurement, making it suitable for
detecting skin hydration levels. A schematic of the E-tattoo
attached to the skin for hydration monitoring is shown in
Fig. 3a, illustrating its conformal attachment via van der Waals
forces.11 The graphene layer contributes to the platform’s high
electrical conductivity (electrode) and mechanical durability
during use. The equivalent circuit for the E-tattoo-skin inter-
face, depicted in Fig. 3b, models the impedance behaviour

under an input signal. In this circuit, RG represents the resis-
tance of the graphene electrode. RM and CM are the resistance
and capacitance of the graphene/melanin-SNF E-tattoo plat-
form, respectively, while RS and CS are relevant to the stratum
corneum, and RDeep indicates the resistance of the deeper
tissue (e.g. epidermis and dermis).

To evaluate the platform’s hydration sensing capability, the
E-tattoo was attached to pigskin as a model and its impedance
was measured under varying AC bias frequencies (Fig. 3c).
Impedance measurements were performed for wet and dry E-
tattoos. In the wet state, water molecules containing ions OH�

and H3O+ improved the electrical conductivity at the electrode–
skin interface, enabling better charge transport. At 100 Hz, the
impedance of the wet-state E-tattoo was 6.8 � 1.52 kO, whereas
the dry-state impedance was significantly higher at 52.6 �
5.4 kO, attributed to reduced conductivity and capacitance.
Both states showed decreasing impedance with increasing bias
frequency, consistent with reported trends.49–51 To test the
stability, the impedance of fully hydrated pigskin was moni-
tored for 7 days (Fig. S9, ESI†). At 100 Hz, the impedance values
remained nearly constant with less than 10% variation, indicat-
ing strong interactions between graphene and the melanin-
doped SNF mat. Impedance measurements over time during
skin drying (Fig. 3d) revealed an increase in impedance, con-
firming the platform’s ability to detect moisture differences
under the skin.

Human trials were conducted by applying the E-tattoo to
four body parts: the forehand (Fig. S10a, ESI†), neck (Fig. S10b,
ESI†), foot (Fig. S10c, ESI†), and palm (Fig. S10d, ESI†). The
impedance values differed among the body parts due to varia-
tions in local skin humidity. At 100 Hz, the impedance values
for the forehand, neck, palm, and foot were 45.3 � 5.4 kO,
31.4 � 3.8 kO, 15.7 � 6.2 kO, and 10.8 � 4.8 kO, corresponding
to measured moisture levels of 15%, 38%, 55%, and 80%,
respectively (Fig. 3e). The negative correlation between impe-
dance and skin hydration levels demonstrates the platform’s
capability to monitor hydration effectively, confirming its
potential for real-world applications in skin health assessment.

Due to the hygroscopic nature of melanin, environmental
humidity can influence skin hydration measurements. To ensure
precise monitoring for real world applications, a calibration
equation was derived to mitigate these effects. For this, the
E-tattoo platform was initially placed on a glass slide, and
impedance at 100 Hz was measured across different humidity
levels, serving as a control to assess and correct for environ-
mental humidity interference. Subsequently, the E-tattoo plat-
form was applied to pigskin, maintained at a stable moisture
level of B40%, and impedance measurements were recorded
while varying ambient humidity. As shown in Fig. S11 (ESI†),
the impedance values exhibited a linear relationship with
relative humidity (%RH), prompting the use of linear regression
analysis to determine the calibration equation (Appendix-A).
The correction process involved estimating the expected dry
impedance at various humidity levels and implementing
a compensation method to isolate the actual skin hydration
response.
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Additionally, the incorporation of melanin expands the plat-
form’s functionality beyond hydration monitoring to include
UV detection, utilizing melanin’s intrinsic light-responsive
properties. Prolonged UV radiation exposure can adversely
affect skin health, leading to sunburn, premature aging, and
an elevated risk of skin cancer.52 By integrating melanin, this
platform gains enhanced capability for real-time UV monitor-
ing, allowing users to track their exposure levels and adopt
preventive measures to safeguard their skin. To evaluate the
potential, the melanin-doped SNF mat with two silver paste

electrodes was exposed to 365 nm LED light (Fig. 4a). The
melanin-doped SNF mat size was maintained at 1 cm � 1 cm
throughout the experiment and the photocurrent was mea-
sured in the lateral mode configuration. To assess the real time
response to UV illumination, current–time (C–T) curves were
recorded by repeated on–off switching of the UV-LED. As shown
in Fig. 4b, the melanin-doped SNF membrane showed a clear
UV light response, with a notable increase of current under UV
exposure. Furthermore, the output current increased propor-
tionally with the power density of the UV LED. The average

Fig. 3 Skin hydration monitoring using the graphene/melanin-doped SNF E-Tattoo. (a) Schematic representation of the impedance measurement setup
for measuring skin impedance. (b) Equivalent circuit model for the E-tattoo and model skin. (c) Pigskin impedance measurement (both in dried and fully
wet states) using the E-tattoo platform. (d) Pigskin impedance measurement as a function of time. (e) Skin impedance at 100 Hz frequency across the
forehand, neck, foot, and palm of the human body using the E-tattoo platform. The moisture level obtained using a commercial moisture sensor is also
plotted for comparison.
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currents were calculated to be B0.2 nA, B0.7 nA, and B1.5 nA
at power densities of B7.5 mW cm�2, B14.3 mW cm�2, and
B24.5 mW cm�2, respectively. The response characteristics of
the melanin–SNF membrane-based photodetector were calcu-
lated using the following formula:

Response ¼ ION

IOFF
(1)

where ION and IOFF are the currents measured when the sample
was exposed to the UV LED and in the dark, respectively.
As shown in Fig. 4c, the photodetector exhibited excellent
linearity, with a sensitivity of approximately B0.53 mW cm�2.
This linear response indicates that the melanin–SNF mem-
brane photodetector effectively converts UV light into electrical
signals, making it a promising candidate for flexible UV photo-
detector applications. Additionally, the response (tON) and
recovery (tOFF) times of the melanin–SNF membrane photode-
tector were observed to be B6.6 s and B16.5 s, respectively
(Fig. S12, ESI†), which are comparable to previously reported
nanofiber-based photodetectors (Table S2, ESI†). The rapid
response results from efficient photon absorption and swift
photoexcitation of charge carriers, while the slower recovery is
attributed to delayed recombination of carriers, surface trap-
ping, and environmental factors like adsorption/desorption of

molecules. Additionally, the intrinsic properties of the nano-
fibers, such as charge mobility and surface defects, alongside
thermal effects and gradual relaxation to baseline conditions,
further prolong the recovery process.53,54 These results high-
light the membrane’s potential as a UV photodetector, offering
efficient charge carrier generation, linear sensitivity, and stable
response characteristics, making it suitable for a wide range of
optoelectronic applications.

One interesting property of melanin is that its electrical
conductivity can be regulated by the moisture level, which is
related to the potential application of our E-tattoo as a humidity
sensor. The humidity-sensing capability of the melanin-doped
SNFs was evaluated by measuring the electrical current at
various relative humidity (RH) levels (2–75%) and at a constant
temperature of 25 1C. Measurements were conducted using five
different sensors to ensure statistical reliability. The current
increased with increasing humidity (Fig. 5a), with distinct
behaviours observed in low (2–11%) and high (23–75%) humid-
ity regions (Fig. 5b). At low humidity, the current increased
linearly with a sensitivity of B0.79 � 0.04 nA/% RH, primarily
due to electronic conduction driven by melanin’s semiconduct-
ing properties.36 Limited water adsorption in this range leads to
isolated water molecules, restricting protonic conduction.36

Beyond 11% RH, the current rose sharply, with a sensitivity of

Fig. 4 Melanin-doped SNF mat for UV light detection. (a) Schematic diagram illustrating the experimental setup for monitoring current variation under
UV illumination. (b) I–V curve depicting the current variation with increasing UV LED power density. (c) Response variation as a function of the UV LED
power density (statistical analysis performed on n = 5 samples). (d) Reproducibility of the melanin-doped SNF mat as a UV photodetector when the
membrane was exposed to the UV LED with a power density of 24.5 mW cm�2.
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B1.73 � 0.13 nA/% RH, attributed to protonic conduction via
the Grotthuss mechanism, where adsorbed water molecules
form hydrogen-bonded networks, enabling efficient proton
hopping.55–57 Melanin amplifies this process by providing
active proton exchange sites and increased electronic con-
ductivity through doping by water molecules.36 This dual-
conduction mechanism accounts for the sensor’s fast response
at higher humidity levels.

To investigate the repeatability characteristics, the sample
was exposed to 75% RH humidity for 10 consecutive cycles.

As shown in Fig. S13a (ESI†), the melanin-doped SNFs exhibit
adequate repeatability. The response (tres) and recovery (trec)
times of the melanin-SNF-based humidity sensor were B0.38 s
and B0.52 s, respectively (Fig. S13b, ESI†), during transitions
between 2% and 75% RH (Table S3, ESI†). The ultrafast
dynamics are attributed to the synergistic effects of the porous
SNF structure and melanin’s hygroscopic nature, which facil-
itate rapid adsorption and desorption of water molecules.58

This ensures quick conductivity changes during humidity
transitions. The high surface area and low energy barrier for

Fig. 5 Humidity sensing and electrophysiological signal monitoring. (a) Current versus time (C–T) curve showing the change in current with increasing
humidity across the melanin-doped SNF mat. (b) Variation of current with increasing humidity across the melanin-doped SNF mat. (c) Schematic
representation of the melanin-doped SNF membrane integrated into a face mask for breath monitoring. (d) C–T curve depicting changes in current
during exhalation and inhalation while using the facemask. ECG signals recorded using a commercial Ag/AgCl gel electrode during the (e) rest state and
(f) post-physical activity. ECG signal using the E-tattoo during the (g) rest state and (h) post-physical activity.
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water desorption further enhance these dynamics. The sensor
exhibited consistent response-recovery cycles with negligible
hysteresis due to its ultrathin structure and homogeneous
melanin distribution.

To evaluate the practical viability of the developed humidity
sensor for environmental monitoring, its long-term stability
was tested under 75% RH conditions. Five melanin-doped SNF-
based humidity sensors were examined, with their response
time, recovery time, and current monitored over a two-week
period. As shown in Fig. S14 (ESI†), the response and recovery
times varied by B15%, while the current fluctuation was around
10% after two weeks. This variation is likely due to structural and
environmental influences affecting material stability. Addition-
ally, conformational shifts in the silk nanofiber (SNF) matrix and
alterations in hydrogen bonding interactions between melanin
and silk fibroin could influence charge transport and diffusion
characteristics. Prolonged exposure to high humidity levels and
environmental fluctuations may also lead to microstructural
fatigue or mild oxidation, contributing to changes in sensor
performance. Nevertheless, it is important to highlight that
despite these variations, the response and recovery times of the
melanin-doped SNF-based humidity sensors remain signifi-
cantly better than those determined in previously published
reports (Table S3, ESI†), demonstrating their reliability for long-
term sensing applications.

The melanin–SNF humidity sensor’s rapid response and
recovery times make it suitable for real-time respiratory moni-
toring. To test this, the sensor was integrated into a face mask
(Fig. 5c and Fig. S15, ESI†) and used to detect humidity changes
during nose breathing. Exhalation, with high humidity, increased
the sensor’s current response, while inhalation reduced it as dry
air decreased humidity levels (Fig. 5d and Video S2, ESI†). A slight
hysteresis, due to high humidity exposure and insufficient
desorption time between breaths, was observed but did not affect
the overall performance. These results highlight the sensor’s
potential for medical respiratory monitoring applications.

The performance of the melanin-doped E-tattoo for ECG
monitoring was evaluated by comparing its electrical signal
acquisition capabilities with commercial Ag/AgCl gel electro-
des. The improved electrical conductivity due to melanin
doping, coupled with the excellent conformal adhesion of the
E-tattoo to skin microtopography, significantly enhances ECG
signal acquisition. To benchmark its effectiveness, ECG signals
recorded using the melanin-doped E-tattoo and conventional
Ag/AgCl gel electrodes are presented in Fig. 5e and f and g and
h, respectively. During rest conditions, the signal-to-noise ratio
(SNR) of the E-tattoo (B25.12 dB) was comparable to that of
Ag/AgCl electrodes (B23.58 dB), confirming the E-tattoo’s ability
to capture high-quality ECG signals without using conductive
gels or adhesives. This performance aligns well with previously
reported SNR values for dry AgNWs/PDMS electrodes59 and
flexible conductive fabrics,60,61 confirming the high quality of
ECG signals acquired by our E-tattoo. The high porosity and
mechanical flexibility of the E-tattoo further facilitated stable
and continuous skin contact, ensuring accurate cardiac moni-
toring with clearly defined PQRST waveforms, essential for

clinical diagnostics. To evaluate performance under realistic
scenarios, ECG recordings were conducted after 30 min of brisk
walking. As anticipated, heart rates increased post-exercise;
however, the clarity of the PQRST waveform remained unchanged.
Under these conditions, the E-tattoo achieved an SNR of
B25.12 dB, even with minor noise from silver paste and copper
wiring. A slight increase in the SNR after exercise (attributed to
improved skin hydration due to perspiration) further validates its
stable electrode–skin contact. To highlight the importance of
melanin doping, comparative ECG measurements were con-
ducted using an E-tattoo without melanin (Fig. S16, ESI†). This
resulted in a lower SNR (B19.85 dB), demonstrating that melanin
integration is crucial for effective signal acquisition. These results
highlight the graphene/melanin-doped SNF E-tattoo as an effec-
tive, gel-free alternative to conventional ECG electrodes, demon-
strating comparable or superior signal fidelity, improved skin
adhesion, and reduced risk of irritation, thereby showcasing its
practical viability for clinical bioelectronic applications.

Additionally, to evaluate skin compatibility, a 1 cm � 1 cm
E-tattoo specimen and the conductive gel commonly used for
ECG measurements were placed on the forearm for a duration
of 24 h (Fig. S17a, ESI†). After this interval, the skin regions
were carefully inspected to identify any signs of irritation
(Fig. S17b, ESI†). The optical image of the forearm showed that
the E-tattoo caused no adverse skin reactions. Conversely, the
area treated with the gel electrode exhibited mild rashes and
dryness. To perform statistical analysis, six different indivi-
duals were selected and instructed to wear both the gel elec-
trode and the E-tattoo platform continuously for 24 h, allowing
investigation of any adverse skin reactions following prolonged
usage. As depicted in Fig. S17c (ESI†), none of the participants
experienced discomfort, dryness, or rashes at the location of the E-
tattoo. Conversely, mild rashes and dryness were observed in
almost all participants at the skin regions where the gel electrodes
were applied. These results demonstrate the multifunctional nat-
ure of the E-tattoo, which enables both humidity sensing and
electrophysiological monitoring, highlighting its potential for next-
generation biomedical and wearable health applications.

3. Conclusions

This study demonstrated multifunctional and biomaterial-
based E-tattoos by utilizing melanin-doped SNFs and graphene.
The graphene/melanin-doped SNF E-tattoos combine excellent
biocompatibility, breathability, and mechanical flexibility with
advanced sensing capabilities, offering a sustainable and skin-
compatible solution for wearable bioelectronics. Their ultra-
thin and lightweight traits enable seamless integration with
biological systems, making them suitable for imperceptible,
continuous, and real-time monitoring of skin hydration,
breathing, and UV irradiation. The platform’s high electrical
conductivity, enhanced by the melanin dopant and graphene,
supports precise electrophysiological signal acquisition (ECG
monitoring) with a lower noise level, comparable to commercial
electrodes. The unique properties of melanin, including the

Communication Materials Horizons

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/2

1/
20

26
 7

:3
5:

48
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh01929f


4454 |  Mater. Horiz., 2025, 12, 4444–4456 This journal is © The Royal Society of Chemistry 2025

hydration-sensitive conductivity and photo-induced conductivity,
coupled with graphene’s superior electrical performance, create
a versatile device capable of addressing key challenges in next-
generation bioelectronics, advancing applications in health diag-
nostics, wearable sensors, and environmental monitoring.

4. Experimental section
4.1. Preparation of silk protein solution

Fresh Bombyx mori silk cocoons (New Hope Silkworm Farm,
Gokseong-gun, South Korea) were cut into small fragments and
boiled for 30 min in a 0.02 M sodium carbonate (Na2CO3)
aqueous solution to remove the sericin protein. The degummed
fibres were thoroughly washed with distilled water and then
dried for 24 h. These dried fibres were dissolved in a 9.3 M
lithium bromide (LiBr) solution and incubated at 60 1C for 4 h
to prepare a highly viscous silk fibroin solution. The solution was
dialyzed at room temperature for 48 h using a dialysis membrane
(Cellu-Sep T1, Membrane Filtration Products, MWCO 3.5K) to
remove the residual salts. Following dialysis, the solution was
centrifuged twice at �1 1C and 9000 rpm for 20 min each to
eliminate impurities. The final aqueous silk fibroin solution had a
concentration of B6 wt% and was cooled to room temperature
before being stored at 4 1C for subsequent use.

4.2. Synthesis of the SNF mat

To fabricate the electrospun SNF mat, poly(ethylene oxide)
(PEO; Mw E 900 000, Sigma-Aldrich) was incorporated into the
prepared silk solution to achieve a mixture with optimal
viscosity and surface tension. The primary solution was for-
mulated by combining the silk solution and a B5 wt% PEO
solution at a 1 : 1 volumetric ratio, followed by homogeneous
mixing using a vortex mixer. The resulting silk/PEO mixture was
loaded into a 10 mL Luer-lock syringe (Henke-Ject, Germany)
equipped with a 25 G steel needle and mounted onto an
electrospinning unit (NanoNC, ESR200R2D, South Korea).
Electrospinning was performed with the needle tip positioned
15 cm from an aluminium foil-wrapped collector, while Scotch
tape-attached glass slides were placed on the collector as sub-
strates. The process was conducted at an applied voltage of 12 kV
with a solution flow rate of 30 mL min�1 for a duration of 6 h. To
render the SNFs water-insoluble, the electrospun SNFs underwent
methanol treatment, promoting crystallization of the silk protein.
The ultrathin SNF layer was subsequently detached from the
substrate, resulting in a substrate-free porous E-tattoo template.

4.3. Fabrication of the melanin-doped SNF mat

Melanin powder (Sigma Aldrich) was dissolved in a 0.15 M
NH4OH solution at varying concentrations (0.1 wt%, 0.5 wt%,
1 wt%, 2 wt%, and 4 wt%) to prepare a stable and uniform
melanin solution. The degree of melanin doping on the SNF
mat was controlled by adjusting the immersion duration
(30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 16 h, 20 h, and 24 h). Following
immersion, the samples were air-dried at room temperature
for 12 h.

4.4. Humidity response of the melanin-doped SNF mat

The humidity response of the melanin-doped SNF mat was
evaluated using a custom-built static humidity characterization
system. This system included solenoid valves (S10MM20-24-2,
Pneumadyne Inc., USA), a humidity/temperature sensor (SHT15,
Sensirion), a microcontroller board (Arduino Uno, Arduino cc),
and a microscope incubator (CU-501, Live Cell Instrument). The
solenoid valves were controlled using LabVIEW software (National
Instruments), enabling precise and automated management of
the humidity conditions within the testing chamber. Dry nitrogen
(N2) gas was utilized as a carrier gas. Various saturated salt
solutions were utilized to establish specific RH environments:
lithium chloride (LiCl, Sigma Aldrich) for 11% RH, magnesium
chloride (MgCl2, Sigma Aldrich) for 33% RH, potassium carbo-
nate (K2CO3, Sigma Aldrich) for 43% RH, sodium bromide
(NaBr, Sigma Aldrich) for 59% RH, sodium chloride (NaCl,
Sigma Aldrich) for 75% RH, potassium chloride (KCl, Sigma
Aldrich) for 85% RH, and potassium sulphate (K2SO4, Sigma
Aldrich) for 98% RH. During testing, the humidity surrounding
the sample was altered by rapidly transferring it between sealed
glass vials with varying RH levels. The I–V characteristics of the
melanin–SNF-based humidity sensors were measured using a
Keithley-2450 Source Meter (Keithley Instruments Inc., USA).

4.5. Fabrication of graphene/melanin-doped SNF E-tattoos

Firstly, for preparing the graphene ink, a small amount of
commercially available expandable graphite (B1 mg) was kept
inside a microwave oven for B30 s under ambient conditions,
transforming it into worm-like graphene (WLG). The WLG was
then dispersed in a 33 wt% hydrogen peroxide (H2O2, 30 wt%,
Sigma Aldrich) solution and ultrasonicated for 15 min. The
dispersion was then subjected to additional microwave irradia-
tion for B60 s, during which gas release facilitated the exfolia-
tion of the material into few-layer graphene (FLG). The FLG was
then dried in a vacuum oven at 100 1C for 1 h. Subsequently,
10 mg of sodium lauryl sulphate (SLS, Sigma Aldrich) was
dissolved in 1 mL of methanol through ultrasonication and
1 mg of FLG was added to the solution, followed by another 3 h
of ultrasonication. To enhance the solution’s viscosity, 5 mg of
PEO was added and continuously mixed for 7 days. The prepared
graphene ink was uniformly coated onto the melanin-doped SNF
mat using a paintbrush and allowed to dry at room temperature
for 4 h. Once completely dried, the E-tattoo was ready for use.

4.6. ECG monitoring using the E-tattoo electrode

For ECG measurements, the E-tattoo platforms were conformally
adhered to the human body. To record ECG signals, three
E-tattoo electrodes were laminated onto different parts of the
body. The positive electrode was positioned on the left wrist, the
negative electrode on the right wrist, and the ground electrode on
the right thigh. These electrodes were connected to an Arduino
Uno system equipped with an ECG amplifier and an ECG sensor
module (AD8232, SparkFun) to capture and process the ECG
signals. The signal to noise ratio (SNR) for the obtained ECG data
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was obtained using the following formula:

SNR ¼ 20� log10
Asignal

snoise

� �
(2)

where Asignal is the peak-to-peak amplitude of the ECG signal and
snoise is the standard deviation of noise.

4.7. Characterization

The surface morphology and structural characteristics of the
melanin-doped SNF and E-tattoo patches were examined using
field emission scanning electron microscopy (FE-SEM, FC-
SM40, Hitachi). Fourier transform infrared spectroscopy (FTIR,
Nicolet iS50, Thermo Scientific, USA) was employed to analyse
the chemical bonding between the graphene, melanin, and SNF
mat. The tensile properties were evaluated using a universal
testing machine (UTM, Shimadzu, Kyoto, Japan) at a crosshead
speed of 0.1 mm min�1 in accordance with the ASTM D882
standard. The tensile test samples measured approximately
5 mm � 30 mm. The electrical properties, including I–V and C–T
characteristics, were measured using a Keithley 2400 Source
Measure Unit (SMU). To facilitate electrical signal application, fine
copper wires (Nilaco, CU111267) were bonded to the surface of the
samples using silver paste. A 365 nm UV LED (Thor Labs, USA) was
utilized for photodetection measurements. The electrical impe-
dance properties were analysed using an LCR meter (4263B,
Agilent Technologies, Kobe, Hyogo, Japan). The impedance was
measured at various discrete frequencies (100 Hz, 120 Hz, 1 kHz,
10 kHz, 20 kHz, and 100 kHz). To ensure accuracy, the LCR meter
was calibrated according to the manufacturer’s standard proce-
dure. Five different samples were used for statistical analysis and
all measurements were conducted at room temperature.
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