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A B S T R A C T

This research reports on the cytotoxicity of materials present in a wound biosensor on human keratinocytes
(HaCaT) to evaluate the biocompatibility of the sensor for continuous wound monitoring applications. Individual
and collective effects of the sensor materials, gold (Au) and silver (Ag) nanoparticles (NPs), uricase enzyme
(UOx), ferrocene carboxylic acid (FCA), multi-walled carbon nanotubes (MWCNTs) and poly vinyl alcohol-based
polymer (PVA-SbQ) on HaCaT were studied. The toxicology profiles of these materials were derived from cell
viability, mitochondrial activity retention and apoptotic behavior studies. At the concentrations present in the
sensor, the cell viability studies showed minimal toxicity for Au and Ag NPs, UOx and FCA (cell viability>
75%), while MWCNTs and PVA-SbQ exhibited excellent biocompatibility towards keratinocytes (cell viabi-
lity> 90%). Resazurin assay confirmed minimal impairment of mitochondrial activity at lower concentrations
for all the materials (mitochondrial activity> 0.7). The caspase-3/7 apoptotic assay showed no pronounced
apoptotic behavior caused by the materials. The material mixtures studied were Au/UOx/FCA/PVA-SbQ, Ag/
UOx/FCA/PVA-SbQ, and MWCNTs/UOx/FCA/PVA-SbQ. A higher toxicity profile was observed for the hetero-
geneous material mixtures as a result of the cumulative effect of the individual materials. However, the biosensor
itself was seen to exhibit lower toxicity (~5%) compared to the material mixtures, due to the protective PVA-
SbQ capping over the biosensor. This work establishes the biocompatibility of the reported wound sensor for
human measurements with minimal toxic effects on human keratinocytes.

1. Introduction

In an emerging age of wearable medical devices, health risk from
exposure to the active materials from these devices is becoming a topic
of concern. Wearable sensors that monitor biological activity, disease
and metabolism, increasingly integrate biochemical sensors in the
sensor suite that interfaces directly with the human body. The wound
monitoring sensing systems incorporate physical and biochemical sen-
sors that are in direct contact with tissue and wound fluids. An open
wound exposes the underlying human tissue, potentially subjecting it
directly to the materials integrated within the sensor. Keratinocytes, a
major cellular component of epidermis, play a critical role in the wound
healing process. Thus, any material that is toxic to keratinocytes may
lead to impaired wound healing. Hence, toxicological screening of the
active materials used in these wound sensors need to undergo rigorous
testing to determine their biocompatibility. A comprehensive under-
standing of the cytotoxic effects and the ability of the cells to tolerate
active materials is essential for building biocompatible sensing devices.

In vitro human cell culture has emerged as an excellent tool for

preliminary toxicity studies. Keratinocytes can be cultured in a phy-
siological fashion and subjected to cytotoxicity tests after being exposed
to the active materials of the sensor. Among the three different cyto-
toxicity tests, extract, direct and indirect contact tests, direct contact is
the most sensitive method which yields the most accurate toxicity
profiles affecting cell growth, reproduction or morphological effects of
a particular cell line. For example, cell viability is observed by assessing
cell wall damage. Fluorescent molecules attach to the nucleic acids of
membrane compromised cells and fluoresce to indicate the dead cells.
The fluorescent microscopy of these tagged cells helps visualize the
morphological changes undergone by them. The cellular metabolic
activity is measured through assays such as resazurin and MTT (3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay.
Resazurin reduces within the mitochondria proportional to the aerobic
respiration inside the cell, providing an insight into the metabolic ac-
tivity. Toxicity is also probed by examining if the cells undergo apop-
tosis or necrosis. Apoptosis can be observed by the caspase-3/7 apop-
totic assay, wherein the caspases are activated on exposure to the
material, leading to cell death. The above tests have been widely
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utilized to determine the toxicity of various materials at both a cellular
and intracellular organelle level.

Biochemical sensors are comprised of a combination of materials
that sense the target analytes. These materials can be classified into
three categories: active sensing materials or reaction catalysts, electron
mediators, binders and crosslinkers. Screening of one such active sen-
sing material, Ag ions, suggested that they are toxic to both keratino-
cytes and fibroblasts (Galandáková et al., 2016; Poon and Burd, 2004).
Studies have revealed that both the morphology and the coating on Ag
NPs influence their cytotoxic behavior (Bastos et al., 2016; Holmes
et al., 2016). Exposure to certain NPs also led to morphological changes
in the cellular structure by altering the shape of the cells to fusiform
(Arora et al., 2008; Schaeublin et al., 2011; Shvedova et al., 2003). The
electron mediators, such as chemically modified carbon nanotubes,
were seen to exhibit a dose-dependent decrease in cell viability when
treated for 24 h (Monteiro-Riviere et al., 2005). A study also showed
that cell morphology changed on altering the surface area and the
surface chemistry of the carbon nanotubes (Tian et al., 2006). The
binder material, poly-vinyl alcohol (PVA), a commonly used polymer in
sensing, has been found to be non-toxic. PVA/PVA-gelatin nanofibers
were fabricated in two orientations, and fibroblasts successfully formed
confluent layers on them (Huang et al., 2016). A similar result was
reported, where excellent cytocompatibility and cell viability was ex-
hibited by nanohydroxyapatite–gelatin–PVA scaffolds (Swain and
Sarkar, 2014).

Studies have further shown that some of these materials not only
affect the cell viability but also lead to damage of subcellular orga-
nelles, like mitochondria and lysosomes. The damage of these sub-
cellular organelles leads to increased levels of reactive oxygen species.
For example, cellular uptake of silica (SiO2) (Kyung et al., 2009), iron
(Fe) (Grudzinski et al., 2013) NPs and multi-walled carbon nanotubes
(MWCNTs) (Ding et al., 2005) led to mitochondrial disruption. Studies
have also shown that a high concentration of NPs decreases the cellular
ATP content, leading to a damaged mitochondria (Burd et al., 2007). A
study showed that the surface charge on Au NPs regulated their
apoptotic inducing nature, wherein a charged Au NP expressed a higher
number of apoptotic cells compared to an uncharged NP (Schaeublin
et al., 2011). Similarly, Ag NPs at low concentrations were seen to in-
duce negligible apoptotic activity in keratinocytes (Carrola et al.,
2016). A number of studies have shown that several other NPs such as
TiO2 and CuO lead to increase in caspase-3 activity, inducing apoptosis
(Alarifi et al., 2013; Shukla et al., 2011).

Most toxicity studies aim at understanding the toxicity of each
material individually on a desired cell line. Taken together, the inter-
action between the different materials may manifest unknown tox-
icological effects. Therefore, understanding and assessment of the col-
lective toxic effects of these materials is critical. In this work, a wound
monitoring enzymatic electrochemical sensor was investigated for its
potential toxicity on human keratinocytes. The wound sensor con-
structed by our team had a combination of nanomaterials, active sen-
sing materials and a polymeric binder (RoyChoudhury et al., 2017;
RoyChoudhury et al., 2018). The potential toxicity of each individual
material was assessed first, following which the collective toxicity of
the different combinations of the materials was further examined. This
was achieved by incubating the materials/combinations with a human
keratinocyte cell line (HaCaT) and then conducting in vitro cell studies.
The time and concentration-dependent changes in the cell viability,
mitochondrial activity, and apoptotic activity of the cells were then
quantified.

2. Materials and methods

2.1. Materials and cells

The Au and Ag NP colloids (10 nm diameter) and MWCNTs
(9.5 nm×1.5 μm) were purchased from Sigma Aldrich, USA. The

lyophilized UOx powder, Dulbecco's Phosphate Buffered Saline (DPBS)
and glutaraldehyde aq. solution were purchased from Sigma Aldrich
and ThermoFisher Scientific, USA respectively. The electron transfer
mediator FCA was purchased from Chem-Impex International, Inc. The
poly (vinyl alcohol) N-methyl-4(4′-formylstyryl)-pyridinium-metho-
sulfate-acetal (PVA-SbQ) was purchased from Polysciences, Inc. The
SbQ represents the styrylpyridinium groups attached to the PVA
polymer chains. Sodium hydroxide, hydrogen peroxide, sodium phos-
phate monobasic (NaH2PO4) and sodium phosphate dibasic (Na2HPO4)
used were all of analytical grade. All aqueous solutions were prepared
in phosphate buffered saline (PBS) prepared using NaH2PO4 and
Na2HPO4 salts. alamarBlue, cell viability reagent was obtained from
ThermoFisher Scientific, USA. Cell culture media, antibiotics and other
cell culture reagents were purchased from ATCC. The human epidermal
keratinocyte cell line (HaCaT) was kindly provided by Dr. Marcus
Cooke at the FIU Department of Environmental Health Sciences, Miami,
Florida and was maintained in Dulbecco's Modified Eagle's Medium
(DMEM, ATCC) and supplemented with a 10% fetal bovine serum (FBS,
ATCC) and 1% antibiotics (penicillin/streptomycin, ATCC). All cells
were maintained in an atmosphere of 5% CO2 at 37 °C.

2.2. Apparatus

UV–vis absorption spectrophotometry of the NP solutions was car-
ried out using an Evolution 300 spectrophotometer (Thermo Scientific).
Fluorescence microscopy of the cells was done using a fluorescent mi-
croscope (Axio Scope.A1, Zeiss). The fluorescence intensity measure-
ment was performed using a Synergy HTX Multi-Mode microplate
reader (BioTek Instruments, USA). A Multiskan™ FC microplate reader
(ThermoFisher Sc., USA) was used for absorbance measurements. All
cells were maintained in the required atmosphere in a cell culture in-
cubator (Heracell Vios 160i, Thermo Sc.).

2.3. Methods

2.3.1. Material treatment of cells
The NP concentrations for the cell treatments were in the range of

0.5–50 μgml−1 for Au NPs, 0.2–10 μgml−1 for Ag NPs and
0.001–0.1 μgml−1 for the multi-walled CNTs. Similarly, the con-
centration ranges investigated for the two chemicals, the UOx enzyme
and FCA were 0.0005–0.05 Uml−1 and 0.2–20mM, respectively. The
prepared PVA-SbQ scaffolds (Supplementary Note S1) of different
compositions (5, 8 and 10wt%) were placed at the bottom of the 96-
well plate and the cells were grown on them. The NP concentrations
used in the wound sensor were 5 μgml−1, 2 μgml−1, and 0.1 μgml−1

for Au, Ag and MWCNTs respectively. Similarly, a concentration of
0.05 Uml−1 for UOx enzyme, 2mM for FCA and 5wt% for PVA-SbQ
was used in the developed sensor.

To assess the collective toxicity, three separate mixtures were pre-
pared, wherein one of the three NPs (Au, Ag and MWCNTs) was added
to a mixture of FCA and UOx (1:1) in a 1:1 ratio, resulting in three types
of mixtures. Each mixture had three different concentrations prepared
such that the involved NPs had varying concentrations, as used in in-
dividual studies. The concentrations of UOx (0.05 Uml−1), FCA (2mM)
and PVA-SbQ (5 wt%) were kept constant as used in the sensor. Hereon,
the mixture containing Au NPs is denoted as Aum, and similarly Agm
and MWCNTm are the mixtures of Ag NPs and MWCNTs, respectively.
Three different biosensors were fabricated using screen-printed carbon
electrodes (CHI, Inc., United States). The biosensors were prepared by
drop-casting either Au NPs, Ag NPs or MWCNTs, followed by im-
mobilization of UOx and a coating of PVA-SbQ. The biosensor con-
taining Au NPs, Ag NPs or MWCNTs is hereon represented as Aub, Agb
and MWCNTb respectively. Cells were first seeded in a 96 well tissue
culture plate (5000 cells/well) and cultured until the desired con-
fluency was reached. Subsequently, the cells were washed with PBS and
the growth media was replaced with growth media containing the
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chemical, NP or the mixture or the biosensor. The cells were subjected
to treatment for 1 h, 2 h, 6 h and 24 h respectively. Growth media
without materials served as the negative control for the experiments.
After treatment, the cells were washed thrice with PBS before the ad-
dition of assay reagents.

2.3.2. Evaluation of cell viability and cellular morphology
The cell viability of keratinocytes treated with the sensor materials

was probed in regards to its plasma membrane integrity and cellular
esterase activity. Calcein AM and ethidium homodimer were the two
dye molecules used to indicate plasma membrane integrity and cellular
activity, respectively. In live cells, calcein AM diffuses within the cy-
toplasm via the plasma membrane and hydrolyzes to produce green
fluorescent calcein. This reaction is the result of esterase activity of cells
trapped within the cytosol (Fig. 1A). If the cell is dead, ethidium
homodimer a membrane impermeant dye molecule intercalates to the
free nucleic acids indicating a compromised cell membrane integrity by
exhibiting a red fluorescence (Fig. 1B).

To assess the cell viability, a live/dead viability/cytotoxicity kit
(ThermoFisher Sc., USA), was used according to the manufacturer's
instructions. After treatment, the cells in the 96-well plate were in-
cubated with the dyes at optimal concentrations for 30min in dark at
room temperature. The cells were immediately imaged under a fluor-
escent microscope. Then, fluorescence intensities were measured using
a fluorescence microplate reader. Excitation/emission wavelengths
used for calcein AM and ethidium homodimer reagents were 485/
528 nm and 528/645 nm, respectively.

2.3.3. Evaluation of mitochondrial activity
The metabolic cell activity of the exposed cells was characterized

using the resazurin Alamar Blue assay. The oxidation of resazurin by
cellular dehydrogenases inside the mitochondria is reflective of mi-
tochondrial function capacity of the cell. Resazurin undergoes a col-
orimetric change, pink to red, to form resorufin in response to cellular
metabolic reduction, and the fluorescence intensity directly correlates

to the number of respiring, living cells (Eq. 1). This is typically attrib-
uted to the reduction of resazurin by different oxidoreductase enzyme
systems that use NADH/NADPH as the primary electron donor.

+ + ↔
+ −resazurin H e resazurin2 2ox red (1)

Alamar Blue was added (10% final volume) to the treated cells,
which were then incubated at 37 °C. Following an incubation time of
3 h, the absorbance levels were measured using a microplate reader at
570 nm excitation and 620 nm reference wavelengths. A subtraction
analysis of the dual wavelength was performed to obtain accurate
measurements.

2.3.4. Evaluation of cellular apoptosis
Caspase-3 and caspase-7 are major indicators of apoptosis; these

caspases are activated following the leakage of cytochrome C from the
mitochondria. The caspase-3/7 assay is a fluorogenic substrate, con-
sisting of a four amino acid peptide (DEVD) conjugated to a DNA
binding dye. On activation of caspase-3/7 in the apoptotic cell, the
DEVD peptide is cleaved and the dye binds to DNA, producing a bright
fluorescence response (Fig. 2). The keratinocytes were incubated with
respective materials and mixtures and their apoptotic activity was then
measured.

Cell apoptosis was examined using the Caspase-3/7 Green detection
reagent (ThermoFisher Sc., USA). 100 μl of the reagent solution was
added to each well after a 24 h treatment with the materials. Following
this, the cells were incubated at 37 °C for 30min and fluorescence was
measured at excitation/emission wavelengths of 502/530 nm.

2.3.5. Statistical analysis
All data represents the mean ± standard deviation (SD) of three

independent culture experiments, with three replicates in each assay.

Fig. 1. Chemical reactions involved in determining the plasma membrane integrity and cellular esterase activity of the cell. (A) calcien AM and (B) ethidium
homodimer.
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3. Results and discussion

3.1. Evaluation of keratinocytes viability and cellular morphology

The wound monitoring sensor targeted in this study includes Au
NPs, Ag NPs, or MWCNTs as electron transport substrates, UOx as an
active catalyst material, PVA-SbQ for enzyme entrapment, and FCA as a
mediator. The cell viability studies of these materials showed that the
plasma membrane integrity of the treated keratinocytes was compro-
mised, compared to the control cells (Fig. 3A). The treatment with PVA-
SbQ showed no toxic behavior, validating that the cells grew and pro-
liferated well on the different PVA-SbQ scaffolds (Fig. 3D). The nano-
materials (i.e. Au NPs, Ag NPs and MWCNTs) and the enzyme UOx also
exhibited negligible toxicity on exposure for up to 2 h. However, in-
creasing the cell exposure time to Au, Ag NPs, and UOx resulted in
diminished viability (< 85%), but the MWCNTs maintained their non-
toxic nature. A concentration-dependent decrease of cell viability was
discerned for both Au and Ag NPs, where an exposure for 24 h dimin-
ished the cell viability (< 75%) at elevated exposure concentrations
(Fig. 3D). Both Au and Ag NPs used in this study have a size of 10 nm, as
confirmed by UV–vis spectroscopy (Supplementary Fig. S1). Studies
have shown that smaller nanoparticles (≤10 nm) are easily internalized
by the cell resulting in a higher cytotoxic nature (Shang et al., 2014).
The highly toxic nature of the nanoparticles at higher concentrations
may also result from the surfactants used for stabilizing NPs in sus-
pension (Goodman et al., 2004).

The toxic profile of UOx enzyme (Fig. 3A) can be attributed to the
hydrogen peroxide (H2O2) produced by the enzymatic reaction in the
presence of uric acid from the bovine serum added to the growth media.
It is well known that higher the concentration of H2O2, the lower the
cell viability (Thang et al., 2001). Data showed a reduced cell viability
at higher UOx concentrations as a result of increased H2O2 production
(Fig. 3D). An enzymatic assay can be implemented in the future to
quantify the amount of H2O2 production in the process. On the other
hand, the redox mediator FCA induced higher toxicity compared to
other materials, with cell viability reducing down to 75% after 24 h at a
concentration of 2mM. Increasing the FCA concentration to 20mM
elicited severe toxicity, resulting in a cellular viability below 70%
(Fig. 3D). All the materials showed a concentration and time-dependent
toxic behavior, except for PVA-SbQ and MWCNTs. The results suggest
that these chemicals and NPs demonstrate minimal toxicity on the
viability of the epidermal cells at an individual level, especially at the
concentrations present in the sensor.

The keratinocytes treated with the chemical mixtures, Aum, Agm,
and MWCNTm were examined next. The data shows a cluster for the

three mixtures for an exposure time of 2 h, indicating a similar cyto-
toxic nature (Fig. 3B). When exposure time is increased, the toxicity
levels for the mixtures drift, with Agm exhibiting highest toxicity and
MWCNTm exhibiting the lowest. Higher concentrations of Aum and Agm
showed acute toxic behavior (cell viability ~70%) similar to the in-
dividual NP treatment, but a greater loss in viability was elicited at
lower concentrations compared to the individual NPs (Fig. 3E). The
elevated toxicity levels can be attributed to the toxic nature of the FCA
mediator present in the mixtures. It was noted that the MWCNTm also
displayed slight toxicity at higher concentrations (< 85%) unlike at an
individual level (Fig. 3B). The mixtures demonstrated higher toxicity
(~10% increase) compared to the individual materials, which can be
attributed to the combined effect of the individual materials. Regardless
of the increase in the toxicity levels in mixtures, the toxicity was ob-
served to be minimal at concentrations used in the wound monitoring
sensor. To evaluate the biocompatibility of the biosensor itself, three
different biosensors namely, Aub, Agb and MWCNTb were examined. A
cell viability of 79%, 77% and 87% was elicited after a 24 h treatment
of the cells to the biosensor comprising of Au NPs, Ag NPs or MWCNTs
respectively. These cell viabilities were higher (~3–5%) than that ob-
served for the respective material mixtures. This improved cell viability
can be attributed to the PVA-SbQ coating over the biosensor. The PVA-
SbQ matrix acts as a biocompatible coating over the biosensor resulting
in reduced leaching of the sensor materials, hence improving the cell
viability.

To better visualize the kinetics behind the toxicity of these mate-
rials, time-lapse fluorescent microscopic images were captured to ob-
serve the cellular morphological changes over time (Supplementary Fig.
S2). While the control illustrated a large number of viable cells with
characteristic cuboidal geometries, the cells began to die after 2 h of
treatment with Au and Ag NPs, as indicated by the increased number of
rounded cells (Supplementary Fig. S2A and B). A considerable amount
of live cells were observed after exposing the cells to UOx
(Supplementary Fig. S2C) at lower concentrations. But the cells started
dying on exposure to higher concentrations, as depicted by the rounded
red-stained cells. The cells exposed to FCA also showed decreased
viability, especially when treated for long periods of time. A change in
the cell morphology was also induced from a well-defined cuboidal
shape to a rounded shape (Supplementary Fig. S2D). However, the
morphology of the cells subjected to MWCNTs and PVA-SbQ were
comparable to the control cells (Supplementary Fig. S2E and F). The
time-dependent fluorescence images for material mixtures were also
captured in a similar manner. The wells with cells exposed to Aum and
Agm showed an increased number of dead cells at the concentrations
present in the sensor, after a 24 h treatment (Fig. 3C). The cells exposed

Fig. 2. Schematic illustration of Caspase-3/7 mediated apoptosis detection mechanism.

P. Bhushan, et al. Toxicology in Vitro 58 (2019) 170–177

173



(caption on next page)

P. Bhushan, et al. Toxicology in Vitro 58 (2019) 170–177

174



to the MWCNTm initially maintained a well-defined geometry, but some
cells were observed to round up after 24 h (Fig. 3C). A similar trend was
observed for the respective biosensors, with only a few cells exhibiting a
rounded shape after a 24 h treatment, confirming its biocompatibility
(Fig. 3C). It was evident from the time-lapse images that not many cells
died on exposure to the materials or the biosensor, and the cell geo-
metries were well-maintained at the concentrations present in the
sensor for all the mixtures. The changes in the cellular morphology and
the toxicity profiles depicted by the images below correlate well with
the viability data.

3.2. Evaluation of mitochondrial activity

Fig. 4A shows the metabolic activity of the cells after being treated
with individual materials at concentrations present in the sensor for
24 h. As seen in the figure, activity levels of MWCNTs and PVA-SbQ
were above 0.85, suggesting no mitochondrial damage. The entire
concentration range also showed no effect on the metabolic activity
(Fig. 4A inset). In addition, the activity was seen to be time-in-
dependent with a normal activity being maintained even after an in-
cubation time of 24 h. On the contrary, the NPs and the chemicals
showed a slight decrease in the activity, implying reduced cellular
metabolic rate (Fig. 4A). A further decrease in the activity levels was
observed at higher concentrations of the NPs (Fig. 4A inset). The mi-
tochondrial dysfunction caused by the NPs is known to have an inverse
relationship with their size. Smaller NPs, of sizes ≤10 nm, result in the
production of high superoxide levels, damaging mitochondrial function
(Fu et al., 2014). The UOx enzyme also demonstrated a slight reduction
in mitochondrial activity (~0.8), which may be due to the production of
H2O2, as mentioned earlier (Fig. 4A). Previous studies have reported
that H2O2 leads to reduction of NADPH levels inhibiting the mi-
tochondrial respiration cycle (Nulton-Persson and Szweda, 2001). In
case of FCA, a level of ~0.7 at concentrations above 0.2 mM is re-
presentative of impeded mitochondrial activity (Fig. 4A and Fig. 4A
inset). All the assay results for the individual materials demonstrated
minimal loss in the metabolic activity at concentrations present in the
sensor; however, the mitochondrial activity was significantly lower at
higher concentrations for both the NPs and the FCA mediator.

The mixtures, Aum, Agm, MWCNTm, and the biosensor were studied
next for their effect on the cellular mitochondrial activity. Similar to the
viability results, the combinations exhibited a higher reduction in ac-
tivity compared to the individual materials, however, the differences
were not as significant (SD±0.04). Stimulating the cells with both Aum
and Agm manifested a decrease in their metabolic activity (< 0.75) at
the concentrations present in the sensor (Fig. 4B), and also showed a
clear dose-response relationship (Fig. 4B inset). While the MWCNTm did
not exhibit a very sharp decrease in the mitochondrial function (0.83),
it was still higher than that observed for only MWCNTs (0.88) (Fig. 4B).
The Aub, Agb and MWCNTb were also seen to decrease the mitochon-
drial activity of the cells. However, the metabolic activity for all the
biosensors was recorded to be lower than the mixtures, which can be
attributed to the reduced leaching of the sensor materials due to the
protective layer offered by the PVA-SbQ matrix. Although the resazurin
assay provides a good overview of the overall effect on mitochondrial
activity, direct assays like measurement of ROS and mitochondrial
membrane potential can be employed in the future studies to gain
better insight about the induced mitochondrial damage.

3.3. Evaluation of cellular apoptosis

The percentage of apoptotic cells after exposure to the individual
materials after 24 h was recorded as shown in Fig. 5A. While Au NPs,
MWCNTs and PVA-SbQ expressed no apoptotic cells, around 5% of the
cells expressed apoptotic activity when exposed to Ag NPs. A lesser
number of apoptotic cells were expressed on exposure to FCA and the
UOx enzyme (~3.5%) at the concentrations present in the sensor. The
results further indicated that Ag NPs had a higher apoptosis inducing
ability compared to the Au NPs. A concentration of only 2 μgml−1 of
Ag NPs has a higher apoptotic activity (4.89%) compared to that of
50 μgml−1 of Au NPs (3.1%) (Fig. 5A and Fig. 5A inset). The slight
apoptotic activity demonstrated by the UOx enzyme may again be in-
duced as a result of the H2O2 production (Fig. 5A). In the case of FCA,
an increase in the concentration notably up-regulated the number of
apoptotic cells, confirming that this compound induces cell death via
the intrinsic pathway at higher concentrations (Fig. 5A inset).

The apoptosis, as induced by the respective mixtures and the

Fig. 3. Viability of cells after treating with the biosensor and its materials. (A) Au, Ag, UOx, FCA, MWCNTs and PVA-SbQ, (B) Au/UOx/FCA/PVA-SbQ (Aum), Ag/
UOx/FCA/PVA-SbQ (Agm), MWCNTs/UOx/FCA/PVA-SbQ (MWCNTm) mixtures and the respective biosensors and (C) Live/Dead stained fluorescent images (20×) of
cultured keratinocytes on exposure to Aum, Agm, MWCNTm and the respective biosensors for 24 h. The control groups (0 h) indicate cells cultured only in growth
media. (Scale bar: 20 μm). The green color illustrates the live cells while the red color represents the dead cells. (D) Au, Ag, UOx, FCA, MWCNT and PVA-SbQ and (E)
Au/UOx/FCA/PVA-SbQ (Aum), Ag/UOx/FCA/PVA-SbQ (Agm) and MWCNT/UOx/FCA/PVA-SbQ (MWCNTm) mixtures at varying concentrations. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Mitochondrial activity of cells after 24 h treatment with the biosensor and its materials. (A) Au, Ag, UOx, FCA, MWCNTs and PVA-SbQ and (B) Au/UOx/FCA/
PVA-SbQ (Aum), Ag/UOx/FCA/PVA-SbQ (Agm) and MWCNTs/UOx/FCA/PVA-SbQ (MWCNTm) mixtures and the respective biosensors. The insets represent the
mitochondrial activity of the cells on treatment with the materials and the respective mixtures at varying concentrations.
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biosensors, is illustrated in Fig. 5B. As depicted in the figure, all the
mixtures and the biosensors demonstrated a similar level of caspase-3/7
activity induction. The Agm exhibited the highest percentage (5.23%) of
apoptotic cells due to the presence of both Ag and FCA in the mixture.
The Agm had higher activity levels in comparison to Aum (4.65%) and
MWCNTm (3.7%). The apoptotic activity induced by these mixtures was
higher than the NP treatments alone, with an increase in the number of
apoptotic cells expressed by about 3%. This can be explained by the
apoptotic nature of the FCA and UOx present in the mixture. It was
further seen that increasing the concentrations of all the materials
caused an increase in the caspase activity, with Agm expressing around
15% apoptotic cells at higher concentrations (Fig. 5B inset). Thereafter,
the apoptotic activity of the cells after treatment to the biosensor itself
was investigated. The percentage of expressed apoptotic cells was ob-
served to be 4.5%, 5.02% and 3.5% for Aub, Agb and MWCNTb re-
spectively, which was lower than the respective mixtures. The de-
creased apoptosis by the biosensor may again be attributed to the
reduced percolation of the sensor materials through the PVA-SbQ ma-
trix. The obtained data confirms that none of the mixtures or the bio-
sensors induce any prononuced apoptotic activity even at higher con-
centrations.

4. Conclusion

In this work, six different materials used in a wound monitoring
sensor were investigated for their cytotoxicity, both individually and as
mixtures on human keratinocytes. The time-lapse studies indicated that
the materials in the sensor show minimal toxicity at the concentrations
present in the sensor. The cells were seen to undergo a morphological
change from a cuboidal geometry (live) to a spherical geometry (dead)
when exposed to the materials. Resazurin assay confirmed no con-
siderable impairment of the mitochondrial function at low concentra-
tions of the materials. An apoptotic assessment assay was also carried
out wherein Ag NPs and FCA mediator exhibited a slight apoptotic
behavior compared to the other sensor materials. It was established
from these assays that the materials and the respective mixtures incur
only a minimal loss in viability, mitochondrial damage, and apoptosis
on exposure at concentrations present in the sensors. Further, the
toxicity assays were carried out at a sensor level to establish the bio-
compatibility of the biosensor itself. It was observed that the biosensor
exhibited lower toxicity levels compared to the sensor material mix-
tures. This improved biocompatibility was attributed to the bio-
compatible protective layer offered by the PVA-SbQ matrix resulting in
reduced leaching of the sensor materials. To fully examine and under-
stand the underlying toxicity mechanisms, more specific and direct

studies will need to be carried out in the future. The studies confirm the
biocompatibility of the reported sensor and show that it can be used for
continuous wound monitoring applications. However, the electron
mediator FCA was seen to be highly toxic at higher concentrations;
hence, mediator-based sensors should be carefully evaluated for wound
monitoring applications.
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