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A B S T R A C T

The pursuit of biocompatible, breathable and skin-conformable wearable sensors has predominantly focused on
synthetic stretchable hydrophobic polymers. Microbial nanocellulose (MNC) is an exceptional skin-substitute
natural polymer routinely used for wound dressing and offers unprecedented potential as substrate for wearable
sensors. A versatile strategy for engineering wearable sensing platforms is reported, with sensing units made of
screen-printed carbon electrodes (SPCEs) on MNC. As-prepared SPCEs were used to detect the toxic metals
cadmium (Cd2+) and lead (Pb2+) with limits of detection of 1.01 and 0.43 μM, respectively, which are sufficient
to detect these metal ions in human sweat and urine. SPCEs functionalized through anodic pre-treatments were
used for detecting uric acid and 17β-estradiol in artificial sweat, with detection limits of 1.8 μM and 0.58 μM,
respectively. The electrochemical treatment created oxygen groups on the carbon surfaces, thus improving
wettability and hydrophilicity. MNC was herein exploited as an adhesive-free, yet highly skin-adherent platform
for wearable sensing devices that also benefit from the semi-permeable, non-allergenic, and renewable features
that make MNC unique within the pool of materials that have been used for such a purpose. Our findings have
clear implications for the developments on greener and more biocompatible but still efficient substrates and may
pave the route for combining immunosensing devices with drug delivery therapies.

1. Introduction

As the largest and fastest-growing organ of the human body, the
skin is a suitable interface for noninvasive detection of vital signs, such
as blood pressure, oxygen intake, electrodermal activity, and tem-
perature [1]. It also offers an interface to sweat, a water-rich fluid se-
creted by apocrine and eccrine glands in the epidermis during human
perspiration primarily designed to regulate the body temperature.
Sweat carries a library of biomarkers such as electrolytes, sugars, amino
acids, proteins, hormones, and metabolites [2,3], whose levels may be
useful to investigate athlete performance [4–6], diagnose genetic dis-
orders and infections [7], and identify illicit drug metabolites [3,8]. The
use of sweat for noninvasive detection is not new [9], but traditional

analyses still rely on tedious collection procedures (e.g., swabbing the
skin or collecting fluid with a microsyringe under induced sweating).
Other limitations are related to storage, use of benchtop equipment,
and obsolete protocols that introduce analytical errors and restrict the
number of analyzed samples. Significant efforts have been made to
design miniaturized devices [10] to quantify electrolytes, biomarkers,
hormones, and harmful species in sweat using optical [11,12] and
electrochemical signals [5]. These efforts have led to wearable point-of-
care devices in different formats, e.g. patches, clothing, wristbands
[2,7,13], rings, tattoos [10,14], including a few commercial epidermal
microfluidic lab-on-a-chip devices such as ECHO® Monitor, Embrace®,
Biolinq®, and Xsensio®. A review on wearable sweat sensors is found in
Bariya et al. [12].
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The concentration of biomarkers in sweat is expected to be low, thus
requiring very sensitive principles of detection. Electrochemical sensors
may fulfill this requirement for they can detect analytes at parts per
billion (ppb) or even parts per trillion (ppt) levels, in addition to pro-
viding fast response, reproducibility, and long-term stability
[1,2,4,7,9,10,13]. Skin-like electrochemical sensors have been built on
biocompatible, soft, and flexible synthetic polymers that enable optimal
conformal skin-contact devices. Use has been made of silicone materials
(e.g., poly(dimethylsiloxane) (PDMS), Ecoflex, and Solaris), poly(vinyl
alcohol) (PVOH), poly(ethylene terephthalate) (PET), poly(ethylene
naphthalate) (PEN), Silbione®, acrylic tapes, polyimide, and polyester
[15]. These polymers exhibit similar elastic moduli compared to skin,
but they prevent transpiration and lack adhesion when used as sub-
strates [12]. Using additional adhesives increases the probability of skin
irritation and dermal stress due to the overall poor air permeability,
restricted water drainage, and limited diffusion of analytes from sweat
[16,17]. Such limitations can be overcome with natural polymers such
as collagen, hyaluronic acid, gelatin, and cellulose. In fact, lig-
nocellulosic plant fibers are the most ancient fabric material to wear the
human skin [18].

Cellulose can be obtained from various sources, including microbial
nanocelluloses (MNCs) produced by bacteria (e.g., Acetobacter xylinum
and Pseudomonas) through oxidative fermentation in synthetic and non-
synthetic media. MNCs consist of sophisticated web-like networks of
ribbon-shaped pure cellulose nanofibrils with diameters smaller than
100 nm, which are themselves an assembly of numerous 2-4-nm-dia-
meter nanofibrils. Unlike plant-derived nanocelluloses, MNCs are de-
void of lignin and hemicellulose, offering superior mechanical proper-
ties and high porosity and permeability to liquids [19]. MNCs are
available as ordinary medical products in the form of adhesive-free
wound-dressing membranes and scaffolds for regenerating soft and
hard tissues (e.g., bone, skin, and cartilage) and as artificial blood
vessels for microsurgery and as dental implants [20,21]. Mass produc-
tion with 500–1500 tons annually per producer can be achieved in
traditional fermentation industry of nata de coco farms situated in Asian
countries, especially Philippines, Indonesia, Vietnam, and Thailand
[22–24]. MNCs are retrieved as millimeter-thick layers of swollen gel,
which upon drying shrink laterally into sheets with thickness of a few
microns. Moistening the sheet does not recover the gel state; instead,

the sheet-like characteristics are maintained. These sheets have unique
properties such as relative chemical inertness, solvent resistance (i.e.,
insolubility in water and most organic and inorganic solvents), high
mechanical strength, small thermal expansion coefficient, and possibi-
lity of shaping into different morphologies.

With regard to wearable devices, MNCs may be advantageous as
they are biocompatible with human tissues and nearly non-degradable
in the body due to their high degree of crystallinity and because hu-
mans lack enzymes that break their β-(1,4) glycosidic linkages. Since
MNC morphology mimics the nanoscale architecture of the native ex-
tracellular matrix (ECM), they have been investigated as temporary
substrate for the adhesion and growth of skin cells for extensive burns
and skin damaged by mechanical traumas or chronic ulcers [25–27].
Dried MNC membranes display permeability for liquids and gases [28]
and low skin irritation alongside adhesive-free adherence to skin
moisture [25–27]. With such properties, MNC membranes have been
used as matrices to host optically active species to detect thiourea [29],
cyanide [29], biothiols (cysteine, glutathione and cysteamine) [30],
iodide and methimazole iodide [29,31], hydrogen peroxide [32,33], E.
coli [34], UV light [35], and mechanical stress [36].

To the best of our knowledge, it has not been explored as a substrate
for electrochemical detection of analytes in body fluids. Given its high
purity compared to plant-derived paper [37], MNC (i.e., cellulose and
water) stands out as an excellent substrate for wearable (skin-like)
electrochemical devices that are lightweight, disposable, biodegrad-
able, and capable of absorbing and percolating fluids by capillarity
action. Moreover, MNC displays a nonresponsive background either in
aqueous or non-aqueous analyses. Due to their nature, MNC dried
sheets are inherently robust with very low density, and more hydro-
philic with low barrier properties (e.g. high water absorption capacity,
high water vapor and oxygen transmission rate) than plastic substrates
used in wearable technologies (see a comparison of figures of merit in
the Supporting Information, Table S1). Hence MNC should be suitable
for breathable substrates. Herein, we demonstrate the application of
MNC sheets as proof-of-concept skin-like platforms for noninvasive
monitoring of body fluids in sweat. Fig. 1 illustrates the concept where
a wearable SPCE built on MNC sheet is attached to human skin. To
demonstrate the SPCE's suitability for various sensing modalities, we
detected toxic metals (Cd2+ and Pb2+), uric acid, and 17β-estradiol

Fig. 1. Representation of a sensor made with a screen-printed carbon electrode deposited on a microbial nanocellulose substrate, alongside skin integration for
noninvasive detection of biomolecules in biological fluids.
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across physiologically relevant concentration ranges. The relevance of
these analytes is highlighted when the corresponding results are pre-
sented.

2. Materials and methods

2.1. Materials

The strain used to grow the bacterial cellulose hydrogel was
Gluconacetobacter xylinum (ATCC 23769) supplied by André Tosello
Foundation (Campinas, Brazil). Anhydrous D-glucose, yeast extract 4%
(w/v), magnesium sulfate heptahydrate, ethanol (99.8%), and anhy-
drous potassium phosphate monobasic were purchased from Synth (São
Paulo, Brazil). Deionized ultrapure water (resistivity > 18 MΩ cm)
from a Milli-Q system (Barnstead Nanopure Diamond, Van Nuys, USA)
was used is all experimental procedures. For the preparation of artificial
sweat, lead nitrate (99%), cadmium nitrate (99%), 17β-estradiol (99%),
uric acid (99%), urea (99%), potassium chloride (99%), sodium
chloride (98%), sodium phosphate dibasic (99%), sodium phosphate
monobasic monohydrate (99%), and lactic acid (85%) were acquired
from Sigma-Aldrich (St. Louis, USA) with analytical grade and high
purity. Sulfuric acid (96%) was obtained from Merck (New Jersey,
USA). Carbon paste (BQ221) was purchased from Dupont (Wilmington,
Delaware, USA). Analytical grade chemicals were used as received.

2.2. Microbial nanocellulose

G. xylinum was grown in 30 × 60 cm2 plates during 96 h at 28 °C.
We used as growth medium 0.7 L of an aqueous solution of glucose
(50 g L−1), yeast extract (4 g L−1), KH2PO4 anhydrous (2 g L−1), and
MgSO4·7H2O (0.72 g L−1) after sterilization by autoclaving at 121 °C
and 1 (atm) kgf·cm−2 for 20 min and then added by 20 mL of ethyl
alcohol. The hydrated MNC membranes were immersed in 0.1 M NaOH
solutions at 80 °C for 45 min and then washed with distilled water
several times until pH 7. MNC membranes were stored dipped in dis-
tilled water at 5 °C until further use. To serve as substrates for SPCEs,
MNC membranes were slightly stretched using polytetrafluoroethylene
holders and kiln dried at 60 °C.

2.3. Electrode fabrication

The SPCEs were fabricated over a dried MNC substrate using a semi-
automatic screen printer, model INDEX INB (IMAH Indústria de
Máquinas Ltda, Pinhais, Brazil) and the appropriate stencil was de-
signed in AutoCAD version 2018 (Autodesk Inc., San Rafael, USA) and
outsourced for fabrication on 150-mesh polyester screens. A carbon
layer was deposited onto MNC using a pattern comprising the electrical
contacts and working and counter electrodes. Then, the sheet with
SPCEs was placed in an oven at 90 °C for 30 min, allowing for complete
drying of the paste solvent. Carbon paste BQ221 was selected owing to
its performance as working electrode for highly sensitive SPCEs bio-
sensors [38,39]. It consists of a thermoplastic resin, conductive carbon
particles (e.g. graphite flakes and carbon black, etc.) with a solid
composition of 32 wt%, and a solvent (its chemical composition is
proprietary of the manufacturer).

2.4. Determination of toxic metals, uric acid, and 17β-estradiol analytes

Phosphate buffer solution (PBS; pH 7.0) containing sodium phos-
phate dibasic and sodium phosphate monobasic monohydrate at
0.1 mol L−1 was used as electrolytic solution. Quantifications of toxic
metals, UA, and 17β-estradiol in synthetic sweat samples were per-
formed as in a previous work [40], with synthetic sweat consisting of
urea (1.0 g L−1), KCl (1.0 g L−1), NaCl (7.5 g L−1), and lactic acid
(1.0 mL L−1) solubilized in PBS. The limits of detection (LOD) were
calculated with LOD = a + 3Sy/x with a and Sy/x being the intercept

and the standard deviation of the linear regression [41,42] respectively.
SPCEs were activated by immersing in H2SO4 0.1 mol L−1 for 60 s.

An anodic potential of +2.5 V was applied for additional 60 s. The
SPCE was washed with ultrapure water and immersed in phosphate
buffer at pH 7.0. Fresh aqueous solutions of uric acid or 17β-estradiol
were prepared in phosphate buffer (pH 7.0) before the measurements.
Firstly, ten differential pulse voltammetry (DPV) scans were performed
in phosphate buffer followed by addition of appropriate amounts of
fresh solutions to obtain the final concentrations. All electrochemical
data were recorded in a potentiostat/galvanostat, model Metrohm
Autolab PGSTAT302 N (Eco Chemie, Utrecht, Netherlands) controlled
by NOVA software. The experiments were carried out using a three-
electrode configuration (i.e., working electrode, counter electrode, and
reference). The following differential pulse voltammetry parameters
were used: potential range: −0.4 to 0.6 V; step: 1.05 mV; modulation
amplitude: 50 mV; modulation time: 0.05 s; and interval time: 0.2 s.

2.5. Characterization

Scanning probe microscopy experiments were carried out in
FlexAFM scan head, I100 scan head interface, and C3000 controller
(Nanosurf, Liestal, Switzerland) with the Kelvin probe force microscopy
(KPFM) functionality. An additional external lock-in Stanford (SR830)
was set to couple the amplitude signal with a simple linear dependence
to tip-sample capacitance (∂C/∂z) in a single pass scanning. The scan
head was mounted within a homemade environmental chamber that
allows controlling both relative humidity (RH) and temperature (30%
RH and 25 °C). Atomic force microscopy (AFM) images were acquired
using Pt/Ir coated Si tip cantilevers - PPP-EFM (NanoSensors,
Neuchâtel, Switzerland). Electron microscopy images were taken in a
Zeiss Sigma (Zeiss, Oberkochen, Germany) scanning electron micro-
scope equipped with a field emission electron gun (SEM-FEG) operating
at 20 kV to analyze film homogeneity. The contact angle measurements
were performed in three samples by dropping 3 μL of PBS solution onto
the substrate using the sessile drop technique with a CAM200 goni-
ometer (KSV Instruments, Helsinki, Finland). Electrode samples were
analyzed by X-ray photoelectron spectroscopy (XPS) on a K-Alpha
spectrometer (ThermoFisher Scientific, Waltham, USA) operating with
monochromatic Al Kα radiation. Survey spectra were acquired using a
pass energy of 200 eV and a 300-μm spot size at two random spots
within each sample. High-resolution spectra were recorded in the re-
gions assigned carbon and oxygen using a pass energy of 50 eV. Thirty
scans were acquired and averaged per sample, and at least two samples
per treatment were analyzed. XPS data were processed using the
ThermoAvantage software, version 5.921 (ThermoFisher Scientific,
Waltham, USA). Infrared spectroscopy was performed using Bruker
Optics-Vertex 70 V spectrometer equipped with accessory A225/Q
Platinum ATR, Multiple Crystals CRY:Diamond for attenuated total
reflectance measurements. The transmission spectra were recorded in
128 scans at a resolution 4 cm−1 in the region of 4000–400 cm−1. The
Raman spectra were measured in a micro-Raman spectrometer
(LabRAM Horiba Jobin Yvon-model HR 800), equipped with a He–Ne
laser at 632.81 nm (17 mW) and a CCD camera. The measurements
were performed in backscattering configuration with 50×WD objective
(Olympus MPL) by exposing the samples during 30 s of acquisition time
for three accumulation intervals. The slit width of the Raman spectro-
meter was 100 μm and a diffraction grating of 600 lines/mm was used.
The laser conditions were chosen to avoid damage of the material
during the analysis.

3. Results and discussion

3.1. Screen-printed carbon electrodes on microbial nanocellulose substrates

The electrochemical wearable sensors were designed herein with a
three-electrode configuration (i.e., working electrode, counter
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electrode, and reference) and screen-printed on the surface of dried
MNC sheets. The carbon ink used was a commercial conductive ink
made of pyrolytic carbon (i.e., graphite and carbon black) and a
polymer binder. The screen-printed carbon electrodes (SPCEs) can be
mass-printed at micrometric resolution delivering sensors with high
sensitivity and selectivity at relatively low cost (below 1¢ per unit). As-
produced SPCEs on MNC substrates are shown in Fig. 2A, where each
unit contains the working, auxiliary, and reference electrodes. The edge
of an electric contact in an electrode is shown in Fig. 2B, while Fig. 2C
and 2D show SEM images of bare MNC and SPCE surfaces, respectively.
Carbon flakes and carbon black nanoballs are seen on MNC, and SPCE
had isolated, irregularly shaped graphite flakes. The coating of MNC
sheets with carbon paste was further confirmed with Raman scattering
spectroscopy by monitoring the typical D-band and G-band in carbon
nanomaterials (Fig. 2E and 2F) and the changes in the fingerprint re-
gion of cellulose chain vibrational bands in the FTIR spectra of MNC

(Fig. S1). The assignment of infrared and Raman bands is depicted in
Table S2. Fig. 2E does not show such bands for a pristine MNC sheet,
which are present in Fig. 2F for the SPCE surface at 1325 cm−1 (D-band
due to the structural disorder in sp2 hybridized carbon) and at
1577 cm−1 (first-order G-band).

3.2. Determination of toxic metals in sweat

Cd2+ and Pb2+ have been quantified in previous works at higher
concentrations in sweat than in blood plasma or urine [43]. A brief
description of the current source of contamination of Pd2+ and Cd2+ in
everyday products and toxicological aspects in the human body is
presented in the Supporting Information. In this work, we explored
differential pulse anodic stripping voltammetry (DPASV) to detect Cd2+

and Pb2+ simultaneously in artificial sweat using SPCEs on MNC sub-
strates. Stripping analysis is the most sensitive, effective

Fig. 2. Photograph of screen-printed carbon electrodes on microbial nanocellulose (MNC) adhered on skin and the corresponding dimension (A). Optical micrograph
of an electric contact edge on a screen-printed carbon electrode (SPCE) (B). The yellow and black squares highlight the interface of MNC/carbon paste and SPCE
surfaces, respectively. SEM images of the interface of MNC/carbon paste (C) and working SPCE (D) surfaces. Raman spectra of MNC (E) and regular SPCE over a MNC
sheet (F). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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electroanalytical technique because it relies on two steps: a) prior ac-
cumulation step at which Pb2+ and Cd2+ are deposited on the electrode
under convective mass transport; and b) measuring step at which the
species are ‘stripped away’ from the electrode, producing a current
proportional to their concentration.

3.2.1. Effect of experimental variables
3.2.1.1. Pre-concentration potential and time. The parameters
accumulation potential and time for pre-concentration were
optimized as shown in Fig. S2 using Cd2+ at 45 μM in artificial
sweat. For an accumulation potential of −0.4 V, reduction of Cd2+ was
not observed in the range of potential from −1.20 to 0.20 V. The peak
current assigned to Cd2+ increased at accumulation potentials from
−0.8 to −1.2 V because the potential is converging to the reduction
potential of Cd2+. However, the peak current decreased at −1.4 V as it
is near the electrochemical reduction potential of other species, such as
hydrogen ions, which in turn affect Cd2+ reduction and electrode
stability. Moreover, since the accumulation potential was −1.4 V and
DPV started at −1.2 V, there was redissolution of Cd0 from the
electrode surface. For the accumulation time survey, −1.2 V was
selected as the standard accumulation potential because it delivered
higher anodic currents. After 120 s, the slope slightly decreased because
of the rapid surface saturation and the peak became distorted and
broadened, influencing LOD and sensitivity. Therefore, 120 s was
chosen as the optimal accumulation time to obtain LOD for low
concentrations of Pb2+ and Cd2+ ions.

3.2.2. Simultaneous detection of Cd2+ and Pb2+ in artificial sweat
Fig. 3A and 3B shows successful detection of Cd2+ and Pb2+ in

synthetic sweat in the ranges between 4.5 and 14.5 μM and from 1.0 to
10.5 μM, respectively, using as-prepared SPCEs. The anodic peak cur-
rent increased linearly with the metal concentration according to
DPASV data in Fig. 3B. The equations of linear regression of the ana-
lytical curves are: I (A) = 8.5 × 10−6 + 0.07 CCd2+ (M) and I
(A) = 8.6 × 10−6 + 0.3 CPb2+ (M), wherein I is the current in A, and
CCd2+ and CPb2+ are molar concentrations of Cd2+ and Pb2+. The
detection limits are 1.01 and 0.43 μM, respectively. Also, Cd2+ and
Pb2+ could be detected individually in sweat, with sensitivity and de-
tection limits of 0.07 and 0.3 A M−1 and 0.8 and 0.6 μM, respectively.
This performance means that SPCEs on MNC are sufficient to apply for
human sweat and urine, even considering the low physiological levels
of heavy metals in human sweat and urine (< 1 mg L−1) [43–46].

Table 1 shows a list of previous works with SPCEs on flexible sub-
strates to detect Pb2+ and Cd2+ in different matrices using stripping
voltammetry. We could not find any report on the use of skin-like SPCE
for detection of toxic metals (i.e., Pb2+ and Cd2+) in sweat. The LOD of
as-prepared SPCE for Pb2+ and Cd2+ in artificial sweat in this work is

higher than in previous studies using different matrices, which may be
attributed to the following reasons: a) given the nature of nanofibrils,
MNC is a potential adsorbent for toxic metal ions, which might seem as
a disadvantage compared to (synthetic) plastic or ceramic substrates.
However, MNC is a highly adherent biocompatible skin-like platform
that can transport species such as toxic metals from sweat to the printed
carbon ink through capillary effect; b) MNC sheets swell when im-
mersed in polar solvents, especially aqueous solutions, which may
cause a deleterious effect on the electrical signal (i.e., measured cur-
rent) due to broadening of conductive tracks width and raise of mi-
crocracks; c) SPCE is electrochemically less active and selective because
of its polymeric material that restricts electron transfer at the electrode-
electrolyte interface and minimizes electron transfer kinetics [47].

3.3. Detection of uric acid and 17β-estradiol

Uric acid and 17β-estradiol are relevant biomarkers, for they are
related to medical disorders and health conditions. In the Supporting
Information we provide the motivation for having chosen these bio-
markers for our proof-of-principle experiments. We first tried to detect
UA and 17β-estradiol with bare SPCEs, but the sensing performance
was poor due to the low conductivity since there were few redox active
sites on the carbon surface. Then, we resorted to electrochemical pre-
treatments often applied to activate carbon paste by removing solvents
and residues from printing through electrochemical processes [5].
Anodic pre-treatment usually enhances the electroactivity by increasing
the density of oxygenated groups on the SPCE surface, improving the
electron transfer rate. We investigated if anodic pre-treatment the SPCE
surface printed on MNC sheets could enhance the sensitivity, and thus
enable detection of uric acid and 17β-estradiol. Cyclic voltammetry was
used to study the electrode surface upon such pre-treatment. SPCEs
were submitted to +2.5 V during 60 s, and the results in Fig. 4 indicate
that the treatment did affect the separation between the oxidation and
reduction peaks, with ΔEp ≈715 and 663 mV vs. Ag/AgCl for bare and
anodically pre-treated SPCEs, respectively. A highest current density
was observed for the electrodes submitted to the anodic procedure, thus
leading to the smallest charge-transfer resistance (Rct) in the Nyquist
plots in Fig. 4C and 4D, where Rct values were 1.54 and 0.09 for bare
and anodically pre-treated surfaces, respectively. It is hypothesized that
co-products in the ink were removed from the surface upon anodic
treatment due to the generation of molecular oxygen (O2) on the carbon
surface during the electrochemical reaction. We also evaluated the
performance of SPCE electrodes after cathodic pre-treatment, where
they were submitted to −2.5 V during 60 s. The SPCEs submitted to
cathodic pre-treatment display ΔEp ≈659 mV vs. Ag/AgCl, which is
similar to ones submitted to anodic pre-treatment, and an inter-
mediated Rct of 0.89 kΩ as shown in Fig. S4. Small differences among

Fig. 3. Differential pulse adsorptive stripping voltammetry (A) and analytical curves for the simultaneous detection of Cd2+ (4.5–14.5 μM) and Pb2+ (1.0–10.5 μM)
in sweat (B) using bare screen-printed carbon electrodes.

R.R. Silva, et al. Talanta 218 (2020) 121153

5



CV profiles using ferrocyanide redox probes are common for carbo-
naceous surfaces due to adsorption effects. The ΔEp and the current
peak difference (ΔIp) features combined with Rct decreased for the pre-
treated surface, leading to enhanced electrical conductivity, which is
desirable for electrochemical sensing devices.

DPV of 17β-estradiol in Fig. 5A and uric acid in Fig. 5C led to linear
profiles for the current at the peak versus concentration plots in Fig. 5B and
5D, respectively. Linear regressions of the analytical curves for uric acid
and estradiol using bare and anodically pre-treated electrodes yielded the
following equations: I (A) = 7.9 × 10−10 + 0.008 Cua (M), I

Table 1
Figures of merit for determination of Pb2+ and Cd2+ using SPCEs. Due to the limited studies on SPCE for detection of Pb2+ and Cd2+ on relevant biological fluids,
figures of merit for environmental purposes are also included.

Modification Substrate LOD (μM) Linear range (μM) Sample Ref.

Pristine graphite ink Plastic Pb2+ = 0.0144 Pb2+ = 0.024–0.193 Artificial seawater [48]
Gold nanoparticles-electroreduced graphene oxide

modified SPCE
Plastic Pb2+ = 0.321·10−3 Pb2+ = 0–20·10−3 Artificial seawater [49]

Nafion/ionic liquid/graphene composite modified
SPCE

Ceramic Cd2+ = 0.534·10−3

Pb2+ = 0.385·10−3
Cd2+ = 0.000896–0.896
Pb2+ = 0.000483–0.483

Drinking water [50]

Bismuth/carbon nanotube modified SPCE Plastic Cd2+ = 6.22·10−3

Pb2+ = 6.27·10−3
Cd2+ = 0.018–0.896
Pb2+ = 0.0096–0.483

River water [51]

Sputtered gold Plastic Cd2+ = 0.012
Pb2+ = 0.0024

Cd2+ = 0–0.445
Pb2+ = 0 - 241

Spiked and unspiked river water [52]

Graphene film modified with chitosan-ferrocene Plastic Cd2+ = 0.0044
Pb2+ = 0.0048

Cd2+ = 0.044–3.56
Pb2+ = 0.024–0.96

Natural water [53]

Chromium oxide Plastic Cd2+ = 0.0267
Pb2+ = 0.0144

Cd2+ = 0.089–7.12
Pb2+ = 0.048–3.86

Industrial wastewater [54]

Bismuth-polystyrene sulfonate-carbon nanopowder
modified SPCE

Ceramic Cd2+ = 1.07·10−4

Pb2+ = 1.39·10−4
Cd2+ = 0–4
Pb2+ = 0–0.217

Mineral and river water [55]

Graphite ink Paper Cd2+ = 0.053
Pb2+ = 0.034

Cd2+ = 0.024–0.483
Pb2+ = 0.024–0.483

Spiked acetate saline buffer (pH = 4.5)
containing seawater or mud

[56]

Bare SPCE MNC sheet Cd2+ = 1.01
Pb2+ = 0.43

Cd2+ = 4.5–14.5
Pb2+ = 1.0–10.5

Artificial sweat This
study

SPCE, screen-printed carbon electrode; MNC, microbial nanocellulose; LOD, limit of detection.

Fig. 4. Cyclic voltammograms for bare (A) and anodically pre-treated (B) electrodes at a scan rate of 50 mV s−1. Complex plane impedance (-Z‶) spectra (Nyquist
diagrams) for bare (C) and anodically pre-treated (D) electrodes. The measurements were performed in 1 × 105 μM PBS solution (pH 7.0) containing 5.0 × 103 μM of
redox probe [Fe(CN)6]4−/3−.
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(A) = 6.0 × 10−9 + 0.180 Cua (M), and I (A) = −1.5 × 10−8 + 0.10
Cestradiol (M), I (A) = −3.6 × 10−8 + 0.20 Cestradiol (M), with detection
limits of 11 and 1.8 μM for uric acid, and 0.27 and 0.58 μM for 17β-
estradiol, respectively. Interestingly, anodically pre-treated surfaces ex-
hibited larger electrical conductivity comparing to bare and cathodically
pre-treated electrodes (Fig. S4), which reflected in the detection sensitivity
20 times the value for uric acid due to an increase in electrochemically
active sites.

Table 2 shows the figures of merit of electrochemical detection of
uric acid in relevant biological fluids. Most reports in the literature
describe SPCEs on plastic or ceramic substrates. As for detection of uric
acid, the LOD in this study is about 13.6 times higher than the uric acid
concentration reported in the sweat of a healthy individual [57].

Table 3 shows the figures of merit for electrochemical detection of
17β-estradiol using SPCEs in relevant biological fluids found in the
literature. The concentration of 17β-estradiol can span from 0.000004
to 0.011 μM [83] among different age groups, between males and fe-
males, and under different conditions (e.g., fertility treatments or use of
aromatase inhibitors). Although the limit of detection (0.27 μM) in this
work is still orders of magnitude far from clinical significance, a recent
work by Muir et al. shows that 17β-estradiol was found in the range of
0.0048–2.6 μM [84,85] in human liquid sweat after stimulated per-
spiration by using enzyme immunoassays.

3.4. On the reasons why surface pretreatment enhances performance

In order to get further insights on the effect of the pre-treatments on
the surface of the SPCEs, we investigated the contact angle between
water and the surfaces of bare and electrochemical pre-treated working
electrodes. The contact angle of PBS solution varied considerably for
bare and anodically pre-treated surfaces, as shown in Fig. 6A and 6B,

while the contact angles for the cathodically pre-treated electrode was
slightly lower than for the bare electrode (Fig. S5). The latter was hy-
drophobic with a contact angle of 118°± 18, which decreased to
62°± 3 after the anodic surface pre-treatment. The working electrode
surface was imaged through SEM to check surface morphology of bare
and pre-treated SPCEs, respectively. The electrochemical activation did
not seem to affect electrode morphology regardless of the pre-treatment
according to the SEM images shown in Fig. 6C and 6D, and Fig. S5B
(cathodically pre-treated electrode) or the changes take place over a
smaller length scale that is inaccessible to SEM imaging. It is assumed
that the pre-treatment leads to a substantial decrease of surface
blocking by removal of impurities, such as organic oil, pasting binder or
other pollutants on the carbon paste. Additionally, the pre-treatment
may expose the original covered graphite and carbon black particles
from the carbon paste. As a result, the surface hydrophilicity is sig-
nificantly improved, which facilitates diffusion of substances to the
SPCE surface and contributes to fast electrochemical kinetics/electron
transfer rates. A similar trend is observed for SPCEs pre-treated by
oxygen- and inert argon-plasma [89,90]. Although there exists an in-
herent porosity of screen-printed carbon paste on electrodes, the vo-
lume of effective pre-treatment is restricted by surface tension of the
electrolyte, which in turn may prevent it from getting into small holes.

The activation of bare carbon paste-based SPCE electrodes via pre-
treatments has been reported in the literature. For instance, Washe
et al. showed an enhancement in electrode performance by soaking the
electrode strips in an organic solvent (i.e., N,N-dimethylformamide) for
etching, followed by drying [91]. Soaking fresh SPCEs into con-
centrated NaOH (3 × 106 μM) [92] or saturated solution of Na2CO3

[93] prior to anodic pre-treatment also improved their electrochemical
activity. These pre-treatments were performed on SPCEs printed on
plastic or ceramic substrates. Due to the harsh chemical environments

Fig. 5. Differential pulse voltammetry (A and C) and analytical (B and D) curves for detection of 17β-estradiol (top) and uric acid (bottom) in synthetic sweat using
bare and anodically pre-treated electrodes. Cua and Cestradiol are concentrations of uric acid and 17β-estradiol, respectively.
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(e.g. strong alkaline solutions or use of carcinogenic solvents) such pre-
treatments could place an irreversible deleterious effect on biopoly-
meric substrates such as MNC, being incompatible with biological
purposes. Nevertheless, Kostaki et al. showed that SPCE pre-treated
with an aqueous solution of H2SO4 1 × 105 μM (i.e., same concentra-
tion used in this work) under anodic galvanostatic conditions can en-
hance the electrochemical performance of untreated SPCEs. However,
the pre-treatment is 6 times longer than in our study. Other activation
procedures (e.g., based on heat [94], UV/ozone [95], UV laser [96],
oxygen- [89], and argon-plasma [90] have been shown to enhance the
electron-transfer rates at SPCE, but may not be compatible with their
single-use field operation or not suitable for mass production [97].

The analysis with energy-dispersive X-ray (EDX) spectroscopy for a
working electrode in Fig. S6 points to an increase in oxygen content of
the anodically pre-treated SPCE compared to the bare electrode. The

XPS survey spectra to determine the elemental compositions of the
samples are presented in Fig. S7, A-D. Fig. 7 shows the high-resolution
spectra of O1s and C1s for pure MNC sheet surface (substrate; O1s/C1s
atomic ratio: 0.53 ± 0.08), typical of cellulose [98], which are re-
markably different from those of bare or pre-treated SPCE tracks. The
survey spectra in Fig. 7 indicate that the anodic pre-treatment increased
oxygen contents from 4.4 ± 0.8 at.% (O1s/C1s ratio: 0.05 ± 0.02,
bare electrode) to 7.9 ± 0.8 at.% (O1s/C1s ratio: 0.10 ± 0.01). This
is consistent with the increased current density and decreased charge-
transfer resistance due to the increased oxygen content on electrode
surface and the coexistence of reactive and hydrocarbon groups. The
deconvolution of the broad C1s peaks in the survey spectra points to
four major types of carbon: 284.0 and 284.8–284.9 eV, characteristic of
aliphatic carbons (sp2 and sp3, respectively); 86.0 eV, assigned to
carbon atoms saturatedly bonded to single oxygen atoms, e.g., hydroxyl

Table 2
Figures of merit for electrochemical detection of uric acid in relevant biological fluids using screen-printed carbon electrodes.

Modification Substrate Linear range
(μM)

LOD (μM) Sample Ref.

Au nanoparticles/Poly (vinyl alcohol) N-methyl-4(4′-formylstyryl)-
pyridinium-metho-sulfate-acetal entrapped urate oxidaser

– – 14 Human sweat [58]

Nafion Ceramic 62.5–5000 20.8 UA solution containing 1000 μM ascorbic
acid and 1000 μM reduced nicotinamide
adenine dinucleotide solution

[59]

Bare SPCE Ceramic 62.5–5000 2.9 UA solution having 1000 μM ascorbic acid
and 1000 μM reduced nicotinamide adenine
dinucleotide solution

[59]

Reduced graphene oxide-gold nanocomposite 2.5–1000 0.74 Artificial urine [60]
Multiwalled carbon nanotube–titanium dioxide nanocomposites Plastic 30–100 5 PBS solution [61]
Zinc oxide Plastic 0.1–169 0.0084 PBS solution [62]
xanthine oxidase and carbon nanotubes/graphene complexes – 5–140 2 Human serum [63]
Zinc oxide/graphene Ceramic 1–100 0.43 Spiked urine [64]
Reduced graphene oxide and gold nanoparticles – 25–200 5.4 Artificial and human urine [65]
Nafion/gold nanoparticles Ceramic 0.5–600 0.25 Blood human serum [66]
Reduced graphene oxide paste on F-doped tin oxide Ceramic 5–300 0.39 Spiked urine [67]
single walled carbon nanotubes dispersed in 1 butyl-3-metilimidazolium

tetrafluorborate and chitosan
Ceramic 0.50–1000 0.17 Human urine [68]

Prussian blue/poly(4-aminosalicylic acid)/Uricase Ceramic 10–200 3 Urine [69]
Graphene oxide/iron oxide-silica core-shell nanocomposite Ceramic 0.75–300 0.57 Human urine [69]
Graphene oxide nanoribbons and poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate
– 0.05–16.55 0.011 PBS solution containing ascorbic acid and

dopamine
[70]

β-cyclodextrin/reduced graphene oxide – 0.08–150 0.026 Human blood serum [71]
Bare carbon screen-printed electrode Paper 0 - 2000 80 Human urine [72]
Reduced graphene oxide Plastic 10- 3000 0.1 Human urine (spiked) [73]
Silver nanowire/reduced graphene oxide Plastic 35–300 0.30 PBS solution containing dopamine and

ascorbic acid
[74]

Multiwall carbon nanotubes Ceramic 1–100 0.86 Human urine [75]
Prussian blue/uricase Plastic 30–300 10 Human blood serum [76]
Cobalt phthalocyanine/uricase Plastic 15–250 15 Urine [77]
Reduce graphene oxide Plastic 0.8–2500 0.20 Human urine [78]
Multi-wall carbon nanotubes Plastic 0–30 0.458 PBS solution [79]
Pre-anodized nontronite clay Plastic 2–40 0.42 Human urine [80]
Uricase/cobalt phthalocyanine/cellulose acetate – 13-1000 13 Glycine buffer [81]
Ascorbate oxidase Plastic 5–151 2.54 PBS solution [82]
Bare SPCE after anodic treatment MNC sheet 0–70 1.8 PBS solution This

study

SPCE, screen-printed carbon electrode; MNC, microbial nanocellulose; LOD, limit of detection; PBS, phosphate-buffered saline; UA, uric acid.

Table 3
Figures of merit for electrochemical detection of 17β-estradiol in relevant biological fluids using screen-printed carbon electrodes.

Modification Substrate Linear range (μM) LOD (μM) Sample Ref.

Immunosensor rabbit anti-mouse IgG and 17β-estradiol monoclonal mouse antibody (anti-
E2)

Plastic 0.000092–0.00183 0.000184 Serum [86]

Anti-estradiol-Biotin Ceramic 0.0000037–0.000918 0.0000028 Certified serum
Spike human urine

[87]

Multi-walled carbon nanotubes/thionine/gold nanoparticles/17β-estradiol monoclonal
antibody

Paper 0.000000037–0.00037 0.000037 PBS solution [88]

Bare carbon screen-printed electrode after anodic treatment MNC sheet 0–3 0.27 PBS solution This study

LOD, limit of detection; MNC, microbial nanocellulose; PBS, phosphate-buffered saline.
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groups; and 287.6–287.7 eV, attributed to carbon atoms unsaturatedly
bonded to single oxygen atoms, e.g., carbonyl groups [98–100]. Indeed,
the pre-treatments decreased the content of unoxidized sp3 carbons

(40.9 – bare – to 31.4 at.%– anodic) – while they increased the un-
saturated oxidized carbons, e.g., –C–O– (8.5–9.8 at.%, respectively).
Conversely, aliphatic sp2 was increased (34.6 – bare – to 46.7 at.%–

Fig. 6. Picture of a PBS aqueous solution drop on (top) and scanning electron microscopy (SEM) images (bottom) of the surfaces of bare (A and C) and anodically (B
and D) pre-treated working electrodes. The inset of panels C and D present magnified SEM images.

Fig. 7. High-resolution X-ray photoelectron spectra of O1s and C1s of bare and anodically pre-treated electrodes as well as of the microbial nanocellulose (MNC)
substrate.
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anodic) at the expense of decreased saturated oxidized carbons
(8.5–9.8 at.%, respectively). This trend is confirmed in the deconvolu-
tion of the O1s peak, which shows two types of oxygen atoms in all
electrodes subjected to anodic pre-treatment: 531.6 and
532.9–533.0 eV, assigned to organic –C–O– and –C]O groups. While
the former was increased upon pre-treatment (52.3 – bare – to 56.4 at.
% – anodic), the latter was decreased (47.7–43.6 at.%). A similar be-
havior is observed for electrodes after cathodic pre-treatment (Figure
S7, E and F) The increased oxygen contents on the electrode surface
induced by the pre-treatments is consistent with the reported removal
of surface contaminants and formation of increasing density of oxygen-
containing groups in pre-treated carbon electrodes (such as quinoidal,
phenolic, and carboxyl functionalities) [93,97,101].

A more detailed analysis using Kelvin Probe Force Microscopy
(KPFM) was conducted to correlate the increase in sensitivity and the
local electric properties of SPCEs after pre-treatment. Changes on the
electrical properties of electrode surfaces can be assessed by measuring
the gradient capacitance (∂C/∂z) between a conducting atomic force
microscopy (AFM) cantilever tip and the working electrode surface.
These measurements are carried out by applying an AC voltage to the
tip and monitoring its response at the AC frequency, thereby mapping
the work function (or surface potential) of the sample with high spatial
resolution. Fig. 8 shows topographical AFM and KPFM images of bare

and pre-treated electrodes. Bare electrodes showed an average ∂C/∂z
average of 1.58 a. u. After cathodic and anodic pre-treatments, the
average ∂C/∂z increased to 1.96 (Fig. S5D) and 2.30 a. u, respectively.
It is suggested that the increase of sensitivity of SPCE pre-treated with
anodic treatment may be related to the increase of local gradient ca-
pacitance when compared to bare. As observed in CV and EIS mea-
surements, the oxygenated functional groups increased the electrical
conductivity on the carbon surface.

4. Conclusion

We have explored the versatility of a sensing platform made with
screen-printed carbon electrodes on nanocellulose to detect biologically
relevant target species such as toxic metals (e.g., cadmium and lead),
uric acid, and 17β-estradiol in artificial sweat. The electrochemical
features were improved in terms of electrical conductivity using anodic
pre-treatment in diluted sulfuric acid, leading to faster electron transfer
rate, lower limit of detection, and improved sensitivity compared with
as-prepared surfaces. In addition to these favorable analytical features,
the sensing platform obtained with MNCs may solve the adhesion
problem, thus allowing skin integration in wearable devices. Indeed,
some of the important limitations of current clinical monitoring tools,
related to cumbersome wiring, rigid packing with brittle components,

Fig. 8. Topographic atomic force microscopy (top) and Kelvin probe force microscopy (∂C/∂z; bottom) images of as-prepared (A, C) and anodically (B, D) pre-treated
electrodes.
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and bulk devices that require straps or adhesive tapes for mounting on
the skin [12,102], can be addressed with the methodology presented
here.

Furthermore, a number of new developments may be pursued in the
near future. One may focus on optimizing conductive inks for carbo-
naceous electrode materials to employ in immunosensors, and even
combine drug delivery therapies in theranostic strategies. Other meth-
odologies will have to be used to overcome the limitation in our work in
which sufficient electrolyte fluid (sweat) must be in contact with the
sensor for the amperometric signal generation (in situ analyses). One
may, for example, design microfluidics in MNC sheets for sweat col-
lection, storage for ideal quantitative analyses to provide the adequate
sweat amount/sweat rate. Another possibility would be to obtain
electric circuits built-in bacterial cellulose membranes for fully flexible
skin-mounted and real-time analysis, and introduce a conformal elec-
tronic interface that provides wireless data transmission. With regard to
multiple sensing purposes, MNCs may be used to integrate sensing of
sweat pH and temperature, and employ sweat release stimulators (io-
nofers/agonist agent or voltage-induced sweat release stimulation/
iontophoresis electrodes).
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