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Real-time monitoring of cellular oxidative stress during aerosol sampling: a
proof of concept study

Lynn E. Secondoa,b, Vitaliy Avrutinc, Umit Ozgurc, Erdem Topsakalc and Nastassja A. Lewinskia

aDepartment of Chemical and Life Science Engineering, Virginia Commonwealth University, Richmond, VA, USA; bDepartment of Electrical
and Computer Engineering, Virginia Commonwealth University, Richmond, VA, USA; cEnvironmental and Occupational Health Sciences
Institute, Rutgers University, Piscataway, NJ, USA

ABSTRACT
The Portable In Vitro Exposure Cassette (PIVEC) was developed for on-site air quality testing using lung
cells. Here, we describe the incorporation of a sensor within the PIVEC for real time monitoring of cellu-
lar oxidative stress during exposure to contaminated air. An electrochemical, enzymatic biosensor
based on cytochrome c (cyt c) was selected to measure reactive oxygen species (ROS), including hydro-
gen peroxide and super oxides, due to the stability of signal over time. Human A549 lung cells were
grown at the air–liquid interface and exposed within the PIVEC to dry 40 nm copper nanoparticle
aerosols for 10minutes. The generation of ROS compounds was measured during exposure and post-
exposure for onehour using the biosensor and compared to intracellular ROS determined using the
20,70-dichlorodihydrofluoroscein diacetate (DCFH-DA) assay. A similar increase in oxidative stress upon
aerosol exposure was measured using both the cyt c biosensor and DCFH-DA assay. The incorporation
of a biosensor within the PIVEC is a unique, first-of-its-kind system designed to monitor the real-time
effect of aerosols.
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Introduction

Real-time monitoring allows for rapid determination of
changes in the environment. During air quality monitoring,
aerosol concentration is measured based on particle number
using particle counters (Matson et al. 2004, Mills et al. 2013)
or mass by gravimetric analysis. Volatile organic compound
(VOC) and gas sensors are available to monitor various gas-
eous compounds (Vilcekova et al. 2013, Gerhardt et al. 2014).
While these techniques provide data related to exposure,
they do not directly inform on the potential hazard. Hazard
relationships can be determined by integrating real-time
monitoring of biological endpoints with cellular exposure,
allowing information relating to the particle–cell interactions
to be gained.

Biological endpoints, such as oxidative stress, inflamma-
tion, and cytotoxicity are traditionally measured using dye-
based assays. Oxidative stress results from an increase in
reactive oxygen species (ROS) generation, a decrease in anti-
oxidant capacity, or a combination of these processes. ROS
species, which include superoxide (O2

��) radicals, hydroxyl
(OH�) radicals, and hydrogen peroxide (H2O2) (Halliwell and
Whiteman 2004), are utilized within a cell for signaling pur-
poses (Murphy 2009, Santschi et al. 2017). As the balance
between oxidants and antioxidants changes, the cell cycle is
disrupted through DNA and lipid oxidation (Davies 1999,
Chiu and Dawes 2012, Carrasco-Torres et al. 2017), and cell

damage may occur due to oxidation by free radicals.
Oxidative stress and inflammation are closely linked end-
points within the biological response. There is often a cyclic
relationship between increased oxidative stress and increased
inflammation which has been implicated in adverse outcome
pathways (Savolainen et al. 2013, Wittekindt et al. 2014, Vietti
et al. 2016, Santschi et al. 2017) leading to cancer, fibrosis, or
pulmonary disorders. Changes in ROS concentration has been
used as a biomarker for hazard assessment (Oberd€orster
et al. 2005, Park et al. 2008, B�erub�e et al. 2009, Lewinski et al.
2018). Oberd€orster et al. (2005) describe oxidative stress as a
dominant mechanism for cell damage that is an endpoint to
detect the effects of nanoparticle exposures both in vitro and
in vivo. Particularly, oxidative stress is helpful in determining
potential inflammation in the epithelium, endothelium, mac-
rophages, and fibroblasts within the lung.

Biosensors for oxidative stress measurement focus on the
detection of specific ROS, with current systems designed to
monitor H2O2 and superoxide (Prieto-Sim�on et al. 2008,
Calas-Blanchard et al. 2014). Three main types of enzymatic
sensors have been developed for oxidative measurements
using cytochrome c (cyt c), superoxide dismutase (SOD), and
horseradish peroxidase (HRP). Focusing on cyt c, cyt c is
known to measure both H2O2 and superoxide radicals (Banan
Sadeghian et al. 2017). Cyt c based sensors have been used
in vitro and have been shown to have relatively fast electron
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shuttling, decreasing the response time (Calas-Blanchard
et al. 2014, Egu�ılaz et al. 2016, Liu et al. 2016, Sadeghian
et al. 2016, Thirumalai et al. 2017). The ability for cyt c to
measure both H2O2 and superoxide radicals through direct
electron transfer allows the opportunity to measure at poten-
tials that minimize possible anodic and cathodic interferences
(Chen et al. 2012). Common methods for applying the
enzyme to the working electrode include drop casting (Li
et al. 2010, Rahimi et al. 2011, Ganesana et al. 2012, Egu�ılaz
et al. 2016, Sadeghian et al. 2016, Banan Sadeghian et al.
2017) and covalent bonding through immersion in a cyt c
solution (Bowden et al. 1984, Cai et al. 1995, Tammeveski
et al. 1998, Chen et al. 2008, Luo et al. 2009, Zhu et al. 2009,
Zhou et al. 2014, Thirumalai et al. 2017). Cyt c has been
shown to have high selectivity against many biologically
active compounds including dopamine, ascorbic acid, uric
acid, oxygen, and reactive nitrate species (Luo et al. 2009, Rui
et al. 2010). In addition, cyt c based sensors have been used
in vitro for the measurements of ROS in milk and mouthwash
(Egu�ılaz et al. 2016), bacterial cultures, (Liu et al. 2016), can-
cerous cell cultures (Luo et al. 2009, Rui et al. 2010, Zhou
et al. 2014), and ex vivo mouse brain slices (Ganesana et al.
2012). Egu�ılaz et al. (2016) made a biosensor by depositing a
multiwalled carbon nanotube (MWCNT)-cyt c solution on a
glassy carbon electrode and characterized the sensor in phos-
phate-buffered saline (PBS) with H2O2 concentrations up to
300mM. The co-deposition of MWCNT and enzyme provided
a highly reproducible and reusable electrode. The sensor was
then used to determine the H2O2 content in mouthwash and
spiked low-fat milk samples with a less than 2% deviation
from standard values. Liu et al. (2016) monitored the oxida-
tive stress induced by antibiotics in a bacterial culture using
a cyt c sensor. The sensor was based on a gold wire working
electrode, decorated with gold nanoparticles to which thiols
were immobilized to enhance the covalent bonding of the
enzyme. Using amperometry, the sensor was characterized in
cell culture media at a theoretical concentration up to 1mM
superoxide generated by xanthine oxidase. The oxidative
stress generated by antibiotic interaction with the bacteria
was not pronounced enough to be the sole contribution to
bacterial death. The H2O2 release of Hep G2 cells, a human
hepatocellular carcinoma cell line, was measured by Rui et al.
(2010), Luo et al. (2009), and Zhou et al. (2014). Sensors were
fabricated through the covalent bonding of cyt c onto ZnO
nanosheets (Rui et al. 2010) or TiO2 nanoparticles (Luo et al.
2009) or the cross-linking of the enzyme within a hydrogel
matrix (Zhou et al. 2014). Characterization was performed in
PBS with H2O2 concentrations up to 1mM. Similar results
were observed between each experimental set up, reducing
current with the addition of phorbol 12-myristate 13-acetate
(PMA) and increasing with the addition of catalase to the
cells (Luo et al. 2009, Rui et al. 2010, Zhou et al. 2014).
Ganesana et al. (2012) monitored the real-time release of
superoxide in CD-1 mouse brain slices using cyt c modified
gold electrodes during normal physiological conditions,
ischemia, and exposure to ceria nanoparticles. High temporal
resolution, sensitivity, and selectivity were observed in the
normal conditions. Superoxide levels quickly increased during
ischemia which were then reduced over 8% through the

addition of ceria nanoparticles (Ganesana et al. 2012). These
studies provide a good basis for the design and testing of a
cyt c based sensor. The sensor presented in this work pro-
vides a similar linear response and sensitivity to cancer cells;
however, often the signal is higher, allowing for additional
discrimination of small changes in concentration.

In both in vitro and in vivo models, exposure to aerosols
containing copper nanoparticles have been reported to
induce oxidative stress, inflammation, and cytotoxicity.
Studies performed at the ALI using A549 cells report
increases in copper toxicity and ROS observed using 9.2 nm
particles at 83 ng/well or 12 nm particles at 4.6 mg deposited
dose. (Kim et al. 2013, Jing et al. 2015). Lethal concentration
50 (LC50) values in A549 cells at 24 hours post exposure to
CuO nanoparticles were determined to be <25 lg/cm2

(Aufderheide et al. 2013) and 2 lg/cm2 (Frijns et al. 2017). In
vivo toxicity (Cho et al. 2012) and increases in ROS generation
(Rani et al. 2013, Lai et al. 2018) are also observed. Inhalation
studies were performed at acute and sub-acute levels, pro-
ducing deposited doses of 10.8–63.6lg of 9.2 nm copper
nanoparticles (Pettibone et al. 2008) and 0.23mg of 25 nm
copper oxide particles (Gosens et al. 2016). Sub-acute inhal-
ation of copper based nanoparticles induced increases in
macrophage, neutrophil, and lymphocyte response (Pettibone
et al. 2008, Kim et al. 2011, Gosens et al. 2016). The lactate
dehydrogenase (LDH) response determined by Kim et al.
(2011) was similar for inhaled particles and instillation, where
there was an increase of approximately three times of depos-
ited dose. Cytokine increases of IL-6, GM-CSF, and TNF-a, rep-
resenting inflammation, were also observed in sub-acute
dosages (Pettibone et al. 2008, Kim et al. 2011). As copper
ions are considered toxic, the dissolution of these particles
was determined in Gamble’s solution, a solution that mimics
airway surface fluid. Within one hour of exposure of copper-
based particles, there was an increase of copper ions of
approximately 2% (Pettibone et al. 2008, Gosens et al. 2016).
More acidic solutions, pH 4.5–5.0, completely dissolved the
nanoparticles within 24 h of exposure (Pettibone et al. 2008,
Gosens et al. 2016). With strong toxicity observed at 24 hours
post exposure, understanding the rate of change during the
exposure process could provide new insights.

There are few air–liquid interface (ALI) exposure systems
that utilize real-time biological measurements. By adding an
ROS biosensor to the Portable In Vitro Exposure Cassette
(PIVEC, Secondo et al. 2019) users can explore how exposure
to different aerosols and gases can disturb redox homeostasis
in lung cells. A cyt c functionalized biosensor was incorpo-
rated to determine the change in ROS concentration during
exposure. The sensor was calibrated with H2O2, tested in
physiological buffers for linearity of response, and compared
to intracellular ROS measured using the DCFH-DA assay post-
exposure to 40 nm copper nanoparticles.

Materials and methods

The design of an enzymatic biosensor was focused on the
functionalized working electrode and the ability to transfer
ions from the reaction substrate to the electrode for
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measurement. The working electrode was designed using
metal oxide nanostructures, providing additional surface area
for enzyme deposition and an opportunity for electron shut-
tling from the enzyme to the electrode (Scognamiglio 2013).
Once functionalized, the electrochemical response of the
working electrode was measured as a function of electrolyte
composition, as response may vary with electrolyte compos-
ition, pH, and temperature (Cai et al. 1995, Allen et al. 1997,
Avila et al. 2000, Gomez-Mingot et al. 2014). Materials for
sensor fabrication included zinc nitrate hydrate, platinum and
silver electroplating solutions, medical grade silicone, cyt c
from equine heart, and a Nafion solution. For cell culture,
materials from Gibco include Dulbecco’s modified Eagle
medium, fetal bovine serum, PBS, and Hank’s buffered salt
solution (HBSS). Exposure and cellular response was per-
formed using copper nanoparticles from U.S. Research
Nanomaterials, Inc. (Houston, TX), and the DCFH-DA assay
from Sigma-Aldrich (St. Louis, MO).

Sensor fabrication and functionalization

A coplanar, tri-electrode sensor was produced using a ZnO
nanostructured working electrode and platinum/gold and
anodized silver on sapphire as counter electrode and refer-
ence electrode, respectively. The working electrode was fabri-
cated using conventional photolithography followed by
metal evaporation and liftoff to produce a patterned gold/
titanium electrode on sapphire on which nanostructured ZnO
rods were grown. An advantage of ZnO is that it can be eas-
ily produced in the form of various nanostructures (e.g.,
nanowires, nanobelts, and nanotubes) with high surface-to-
volume ratio that substantially enhance sensor sensitivity
(Izyumskaya et al. 2017). In this work, ZnO nanorods were
grown electrochemically in 0.025M zinc nitrate hydrate
(Zn(NO3)2�6H2O) aqueous solution at 90 �C. The electrodepo-
sition was performed using square pulses, 0.25Hz frequency,
50% duty circle with varying peak currents. The morphology
of nanorods grown by this method was studied as a function
of the process current using scanning electron microscopy
(SEM, Hitachi SU-7, Tokyo, Japan). To ensure the highest
enzyme load, nanorods with the highest aspect ratio of 13
(with diameter and length of approximately 100–150 nm and
2lm, respectively), fabricated at a current density of
0.625mA/cm2, were used to produce the working electrode.
Figure 1(a) provides a scanning electron microscope (SEM,

Hitachi SU-7, Tokyo, Japan) image of the nanorods at 17–20
rods/cm2. This provides approximately 13.5 times more sur-
face area than a flat film.

Prior to sensor functionalization, 32 gauge wire pieces are
prepared and soldered to each electrode. The indium solder
is covered using a medical grade silicone (Silastic MDX 4-
4210, Dow Corning, Midland, MI), providing a barrier to
enhance the biocompatibility and mechanical stability of the
electrical connection. To functionalize the working electrode
for H2O2 detection, 20 mL of a 0.67mM (8mg/1mL) solution
in 0.01M PBS (pH 7.4) of cyt c (from equine heart, Sigma-
Aldrich, St. Louis, MO) was drop cast onto the ZnO nanowires
and allowed to dry. Cyt c has been shown to have a high
affinity for ZnO, binding over 90% of free proteins to the sur-
face maintaining structure with little degradation (�Sim�s�ıkov�a
and Antal�ık 2013). Unbound and loosely adsorbed cyt c was
then removed by rinsing the functionalized electrode with
approximately 1mL of 0.01M PBS. Once dried, 20 mL of a
5wt% Nafion solution (Sigma-Aldrich, St. Louis, MO) was spin
coated to form a 40 nm thick membrane. The platinum and
silver thin films were grown on sapphire substrates by elec-
trodeposition using commercially available solutions (Pt: EPi
50/50 Ready to Plate, Ag: Technic Elevate). Anodization of
the silver thin film was performed in a solution of 0.01M PBS
at 1.5 V for three minutes to form a layer of silver chloride.
To form a single, coplanar tri-electrode sensor, the functional-
ized working electrode, platinum thin film, and anodized sil-
ver thin film are then individually affixed using a layer of
medical grade silicone to a single sapphire wafer. The sap-
phire wafer is cut to a width of approximately 12mm to min-
imize the possibility for variation in sensor alignment. The
design of the sensor is shown in Figure 1.

Electrochemical testing of cytochrome c sensor

A 100 mM stock solution of H2O2 was used to simulate ROS
increases in concentration and stimulate electrochemical
reactions. All solutions were warmed to 37 �C prior to electro-
chemical testing and maintained at 37 ± 1 �C during testing
through the use of a resistive heater and direct current (DC)
power supply set to 5 V providing roughly 0.55 A. Baseline
measurements were performed in 20mL of Hank’s Balanced
Salt Solution (HBSS, Gibco, Waltham, MA) or PBS (Gibco,
Waltham, MA) to which the stock solution of H2O2 is added.
Cyclic voltammetry (CV) measurements were performed in

Figure 1. Design of coplanar tri-electrode sensor. (a) SEM image of ZnO nanorods. (b) Schematic of sensor design. (c) Top view of sensor design.
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HBSS or PBS buffer solution at 37 �C. CV parameters were
adjusted to sweep from –1 V to 1.5 V versus Ag/AgCl at
50mV/s and the concentration of H2O2 was increased from
0.1mM to 10 mM, see Table S1 for full CV testing scheme.
Chronoamperometry was performed at 1 V versus Ag/AgCl
and the H2O2 concentration adjusted every 180 s over the
same concentration range, see Table S2 for full amperometric
testing scheme. The solution was continuously stirred using a
magnetic stir bar during chronoamperometric measurements.
Specific added volume values of the H2O2 stock solution are
described in the Supplemental information testing scheme
tables. All electrochemical measurements were performed
using a VersaStat 3 potentiostat galvanostat (Princeton
Applied Research, Oak Ridge, TN).

Incorporation of sensor within PIVEC

The PIVEC is a unique system that allows for the exposure of
cells to aerosols or gases outside of the laboratory environ-
ment (Secondo et al. 2019). A cassette adapter is used to sus-
tain in vitro conditions during the exposure period. The cell
model used for inhalation effects was the human alveolar
epithelial adenocarcinomic A549 cell line (Lieber et al. 1976).
The A549 cell line, a type II alveolar epithelial cell, has been
used by several groups to test toxicity and for characteriza-
tion of in vitro exposure systems (de Bruijne et al. 2009, Lenz
et al. 2009, Asimakopoulou et al. 2013, Aufderheide et al.
2003, 2013, Elihn et al. 2013, Fr€ohlich et al. 2013). Cells were
cultured in culture media consisting of Dulbecco’s modified
Eagle medium (Gibco, Waltham, MA) with 1% penicillin–
streptomycin and 10% fetal bovine serum (Gibco, Waltham,
MA). After reaching confluency, cells were trypsinized, pel-
leted, counted using a hemocytometer, and suspended to a
concentration of 140 000 cells/mL using culture media. From
this cell suspension, 35 000 cells were added to the apical
side of a 24-well cell culture insert (Corning Costar, Collagen
coated, 6.5mm diameter, 0.4mm pore size). After seven days
with media exchange every two days, the apical media was
removed and cells were allowed to equilibrate at the ALI for
24 h prior to exposure. This cell culture protocol has been
shown to produce a cellular monolayer expressing tight junc-
tion proteins and a surfactant layer, similar to in vivo models
(Blank et al. 2006). However, A549 is a cancerous cell line,
which may influence the cellular sensitivity of response.

To induce a biological response, copper nanoparticles (U.S.
Research Nanomaterials, Inc., Houston, TX) of 40 nm diameter
were used. A custom, dry aerosol dispersal system, based on
the design reported by Tiwari et al. (2013) was connected to
compressed air to generate a particle dispersion (Secondo
et al. 2019). The aerosol then traveled to the PIVEC (Secondo
et al. 2019) as it was pulled through the system by a vacuum
pump set at 500mL/min. The full experimental set-up is
described in Figure S1 of the supplemental information. Cells
were exposed for a total of 10min and returned to the incu-
bator for post-exposure analysis using a dye-based assay or
remained in the PIVEC to be monitored via the biosensor.

Generation of ROS was determined using 20,70-dichlorodi-
hydrofluoroscein diacetate (DCFH-DA, Sigma-Aldrich, St.

Louis, MO) indicator dye (Carter et al. 1994). Although DCFH-
DA is non-fluorescent, after entering the cell, the diacetate
group is enzymatically cleaved from the compound, produc-
ing dichlorofluorescein that is fluorescently detectable once
oxidized through intracellular ROS. Briefly, cells at the ALI
were washed with PBS (Gibco, Waltham, MA) and 0.5mL of
10 lM DCFH-DA in HBSS (Gibco, Waltham, MA) was placed
basolaterally and kept for an hour within the incubator to
allow the cells to take up the dye. After incubation, the
diluted DCFH-DA solution was removed and replaced with
0.5mL warmed HBSS and an initial reading taken.
Fluorescence measurements of the oxidized DCF were taken
using a plate reader (Cytation 3, BioTek, Winooski, VT) with
excitation/emission wavelengths of 485/530 nm. After expos-
ure, measurements were continued every minute for
one hour. Results are reported as fluorescence increase rela-
tive to the initial reading of each sample.

The coplanar electrochemical biosensor was positioned on
the basolateral side of the ALI cells to measure the diffused
H2O2 generated by the cells. The cell culture insert was
loaded into the PIVEC with 2mL of HBSS within the well con-
taining the sensor. The PIVEC set-up was completed follow-
ing the protocol described by Secondo et al. (2019) and was
connected to the dry air dispersal system and vacuum pump.
Baseline electrochemical measurements were performed for
fiveminutes prior to exposure using amperometry at 1 V ver-
sus Ag/AgCl.

Cells were exposed to copper nanoparticles while continu-
ing to monitor oxidative stress using the amperometric bio-
sensor. Briefly, copper nanoparticles were loaded into the dry
aerosol dispersal system and aerosolized using a clean air
cylinder following Secondo et al. (2019). After complete aero-
solization, the inlet air from the cylinder was turned off and
the vacuum pump continued to run. The deposited dose of
copper was 0.44mg during 10minutes of exposure at an
aerosol flow rate of 0.5 LPM. The cells and sensor remained
inside the PIVEC post-exposure, maintained at 37 �C. The gen-
eration of ROS was monitored through amperometric meas-
urements every half second using the biosensor. This was
continued for 1 h post-exposure.

Each experiment was run in triplicate unless otherwise
noted. The average and standard deviation of each set was
taken. With small data sets, analysis of variance (ANOVA) sin-
gle factor analysis was performed to determine significance
between data sets. Where applicable, Student’s t-tests were
performed to determine statistically significant data points.
Data are reported as the average± standard deviation.

Results

The sensor was functionalized with cyt c deposited on ZnO
nanorods for the electrochemical detection of ROS gener-
ation. Calibration was performed with different H2O2 concen-
trations in buffer solutions for quantification of sensor
response during short term cellular exposures. Finally, the
sensor response was compared post-exposure to the DCFH-
DA assay.
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Sensor fabrication

The base working electrode was 50 nm of Au on 20 nm titan-
ium deposited on a sapphire substrate. The nanorods grown
in this method were rod-like with a hexagonal cross section,
aligned perpendicularly to the substrate. The diameter was
controlled through the peak current density measured with
SEM. Nanorods used for the functionalization were grown at
0.625mA/cm2 to produce average diameter of approximately
100–150 nm and a length of 2 mm. The deposition of cyt c on
the ZnO nanorods was determined using three cycles varying
scan rates (�, 10mV/s, 20mV/s, 50mV/s, 100mV/s, 200mV/s,
and 500mV/s) during the CV. Following an ideal Nernstian
reaction under Langmuir isotherm conditions, the peak cur-
rent observed is proportional to the scan rate applied using
Equation (1). In this equation, the number of electrons trans-
ferred, n, active area of 0.3 cm2, A, Faraday constant, F, and
gas constant, R, are used to determine the molar concentra-
tion of enzyme, C. A low concentration of 5 nmol/cm2 was
determined to be immobilized on the sensor.

ip ¼ n2F2

4RT
AmC (1)

Electrochemical characterization

The sensor was tested using CV to determine the ability to
measure H2O2 and the ideal potential for amperometric test-
ing. The sensor was tested in solutions of 0.01M PBS, 1M
PBS, and 1M HBSS. Calibration curves were determined at
1 V versus Ag/AgCl for both buffers. At all tested concentra-
tions of PBS, no reaction peaks were observed, as shown in
Figure S2 of the supplemental information. Additionally, little
linearity was observed over the H2O2 concentration range of
interest. When the sensor was tested in HBSS, defined redox
peaks were observed near 1 V and 0.3 V (Figure 2), which is
consistent with literature (Rodkey and Ball 1950, Gopal et al.
1988). Peak oxidative current at each concentration was used
to determine a calibration curve. Sensor response over the
desired H2O2 concentration range at 1 V includes a linear
region from 0.01 mM to 7.5mM H2O2 (Figure 3). The sensor

response measured from this experiment was 248.48 mA/mM/
cm2 in HBSS.

Measurements can be affected by the ionic strength of
the electrolyte, observed through the response in PBS. A
100� increase in ionic strength (I) was observed as a
similarly proportional increase in current. The ionic strength
of 1M PBS and HBSS are very similar, IPBS, 1M¼ 152mM and
IHBSS¼155mM. Additional ions within the electrolyte may
affect the ability to shuttle ions as there is more affinity to
the solution than at low ionic concentrations. This is consist-
ent with the findings of Avila et al. (2000) solutions of low
ionic strength provided near independence of electron trans-
fer. The Nafion membrane is cation permeable and diffusion
relates to the cation charge and concentration of solution,
therefore as HBSS has calcium and magnesium ions in solu-
tion, the sensor response is reduced compared to 1M PBS, at
1 V and 0.1mM H2O2 the currents are 74 mA and 1095mA,
respectively. Temperature, electrolytic compounds, and pH
have also been shown to affect sensor response (Cai et al.
1995, Allen et al. 1997, Avila et al. 2000).

Real-time monitoring with the PIVEC

The sensor was calibrated prior to exposure, observed in
Figure 3, to determine the H2O2 concentration during expos-
ure. The H2O2 concentration was then normalized to the ini-
tial, baseline concentration and reported as the relative
accumulation. The start of the exposure can be observed
where the concentration spikes near 30 seconds (Figure 4).
The real-time concentration of H2O2 was observed within
two minutes of exposure.

Intracellular generation of ROS was measured using the
DCFH-DA assay. There was a significant increase in fluores-
cence within one hour of exposure, observed in Figure 5. The
extracellular ROS generation was monitored using the cyt c
sensor. Comparing these techniques, increases in ROS within
and outside of the cell membrane was observed after 30min
post-exposure. Accumulation of ROS measured using the bio-
sensor is approximately equivalent to 1 mM of H2O2 com-
pared to the intracellular ROS generation, approximately
80 mM H2O2.

Figure 2. CV curves of 0.1 mM H2O2 in HBSS and 1 mM H2O2 in HBSS. Figure 3. Calibration curve for ROS sensor at 1 V versus Ag/AgCl.

DRUG AND CHEMICAL TOXICOLOGY 5

https://doi.org/10.1080/01480545.2020.1774774


Discussion

A biosensor was functionalized with cyt c for the electro-
chemical detection of ROS generation induced by the expos-
ure of lung cells to an aerosol of copper nanoparticles. The
increase in ROS was observed in real time using the biosen-
sor and post exposure through the conventional DCFH-
DA assay.

ROS generation was measured using two techniques.
Intracellular measurement of ROS is performed through the
DCFH-DA assay. The specificity of this assay is debated in lit-
erature (Lebel et al. 1992, Myhre et al. 2003, Kalyanaraman
et al. 2012). Generation of ROS within the cell post-exposure
can occur through particle or cell induced pathways. As the
particle material used is copper, a transition metal, the poten-
tial for the cell to utilize Fenton-like and Haber–Weiss reac-
tions (Haber and Weiss 1932) increases. Davies (1999)
reported on varying levels of equivalent H2O2 and the cellular
effects of the oxidative stress. Within the cell, the production
of high levels of ROS has been shown to lead to cellular
growth arrest at the equivalent of 120–150 mM H2O2, apop-
tosis at 0.5–1mM H2O2 equivalent, or necrosis at levels
5–10mM or higher equivalent H2O2 (Davies 1999). Using the
cyt c functionalized sensor, the generation of extracellular
ROS and leakage of ROS through the cellular membrane is
observed near 1 mM H2O2 equivalent. Cyt c is nonselective
toward H2O2 and superoxide ions and reflects the interaction
with each species. Hydrogen peroxide can freely diffuse
through the cell membrane; however, superoxide must be

shuttled through anion transport mechanisms (Finkel 2003,
Fisher 2009). This could account for the increase in ROS
observed extracellularly. The intracellular measurement of
ROS was approximately 80 mM H2O2 equivalent, suggesting
that the expected toxic response to Cu NPs takes longer than
one hour post exposure to observe even for a deposited
dose of 0.44mg.

Comparing the measurement techniques, increases in ROS
are observed within the cell and in the basolateral fluid.
There is a delay in the response for the sensor (Figure 5),
likely due to the time for ROS to diffuse out of the cell
before reaching the sensor. However, once the sensor signal
begins to increase, the rate of response is faster than that
measured by DCFH-DA. It is possible that initially highly
reactive radical species are observed followed by the slower
decomposition of H2O2. As expected due to measurement
position, the equivalent H2O2 concentration measured extrac-
ellularly using the biosensor was significantly lower (1mM)
than the intracellular ROS measured using the DCFH-DA
assay (80 mM). Effects of the method of exposure were
observed within the sensor response. There is a sharp
increase in current at the time of initial exposure as the air
flow to aerosolize the nanopowder increases stresses upon
the cell. This response could be mitigated through the reduc-
tion in flow rate necessary to aerosolize the nanopowder.
However, as the exposure duration lengthens, the vehicle
becomes more likely to induce higher stresses on the culture.
Therefore, low flow rates and characterization of the bio-
logical response to the vehicle are keys.

While enzymatic biosensors are a promising method for
real-time monitoring, limitations occur due to the enzyme
selectivity and results can become convoluted. The enzymatic
activity decreases over time due to instability, increasing the
error and usefulness of the sensor. Throughout literature, the
stability of cyt c based sensors was measured typically at one
week to one month depending on storage conditions and
use (Zhu et al. 2009, Thirumalai et al. 2017). The longest last-
ing sensor observed was for 180 days; however, it was stored
the majority of the time (Rahimi et al. 2011). Due to oper-
ational nature, stability under continuous operation needs to
be investigated. The use of a cyt c sensor allows for monitor-
ing multiple ROS but does not allow for the specific deter-
mination of individual ROS to investigate response pathways.
By utilizing sensors functionalized with other enzymes, SOD
or HRP, the specific influence of individual ROS compounds
can be determined.

The inclusion of a biosensor within an ALI exposure sys-
tem allows for real-time monitoring during exposure, provid-
ing additional information that may be used to determine
mechanisms of interactions between aerosols and cells and
informing risk assessment. Advantages of using real-time
monitoring include the ability to observe the exposure and
potential effects of the exposure process and duration on the
generation of ROS. As observed in Figure 4, the exposure can
be observed as a spike in current.

This is one of the first studies to present a comparison of
intracellular and extracellular ROS monitoring. The incorpor-
ation of a cyt c functionalized sensor allows for the real-time
monitoring of oxidative stress generation within the PIVEC.

Figure 5. Intracellular ROS generation measured by the DCFH-DA assay.

Figure 4. Extracellular ROS generation measured by sensor.
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The extracellular ROS observed using the biosensor was less
than the intracellular generation, likely due to the differences
in transport mechanisms. By changing the enzyme immobi-
lized on the sensor, alternative biological endpoints can be
monitored during exposure. This process will allow for insight
to the cellular response to particle interactions and pathways
of toxicity.
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