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A B S T R A C T   

Lower yields and poorer quality of biopharmaceutical products result from cell death in bioreactors. Such cell 
death is commonly associated with programmed cell death or apoptosis. During apoptosis, caspases are activated 
and cause a cascade of events that eventually lead to cell destruction. We report on an impedance spectroscopy 
measurement technique for the detection of total caspase-9 in buffer and complex fluids, such as cell culture 
media. Enhanced sensitivity is achieved by leveraging the physiochemical properties of zinc oxide and copper 
oxide at the electrode-solution interface. Characterisation of the biosensor surface was performed using scanning 
electron microscopy and indirectly using an enzyme-linked immunosorbent assay. The characteristic biomole
cular interactions between the target analyte and specific capture probe of the biosensor are quantified using 
non-faradaic electrical impedance spectroscopy (nfEIS). The proof-of-concept biosensor demonstrated a detec
tion limit of 0.07 U/mL (0.032 µM) in buffer. The sensor requires a low sample volume of 50 μL without the need 
for sample dilution facilitating rapid analysis. Using a luminescence-based assay, the presence of active caspase-9 
was detected in the culture media following exposure to a pro-apoptotic agent. We envision that the caspase-9 
biosensor will be useful as a cell stress screening device for apoptosis monitoring.   

1. Introduction 

Mammalian cell cultures are the preferred expression hosts for the 
production of glycosylated recombinant proteins due to their ability to 
ensure proper protein folding and post-translational modification. Chi
nese hamster ovary (CHO) cells are arguably the most important, as it is 
estimated up to 70 % of all therapeutics employ CHO cell platforms, 
producing over $140 billion annually [1]. Researchers have explored 
optimisation strategies involving genetic modification of cell lines and 
alteration of culture media and bioreactor conditions, which usually 
seek to improve culture longevity, cell density, cell viability or protein 
productivity. However, many cell lines undergo apoptotic cell death in 
response to the stressful culture environment in bioreactors [2]. 

Nutrient limitation is one of the primary causes of cell death during 
the stationary phase and death phase. Other possible causes of cell death 
include hypoxia, toxic waste accumulation and mechanical agitation in 
the hydrodynamic environment [3]. Regardless of how apoptosis is 
triggered, it poses a major limiting factor in the production of recom
binant proteins in cell cultures [4]. Ongoing cell death in the bioreactor 

hinders the ability to sustain a high-density culture with high viability. 
In addition, cell death results in release of cellular debris and proteases 
into the medium, which can complicate downstream purification pro
cesses and negatively affect the product quality [5]. Surprisingly, 
normal mammalian cells can escape late stage apoptosis if cell death 
stimulus is removed [6]. Partially deformed cells with obvious apoptotic 
morphologies can repair themselves after passing important check
points, including cytochrome c release, caspase activation, DNA dam
age, nuclear condensation and fragmentation [6]. Hence, the detection 
of apoptosis at its earliest stages will enable faster responses or phar
maceutical interventions to rescue the culture and enhance culture 
longevity and productivity. 

Caspases belong to a family of cysteine proteases that play essential 
roles in apoptosis. Of the types of caspases, caspase-8, -9 and -3 have 
been suggested to be involved in the apoptotic cell death in batch and 
fed-batch cultures [7]. The intrinsic mitochondrial pathway is believed 
to be the dominant pathway in the initiation of apoptosis in non-induced 
CHO cell cultures, evidenced by data showing over 70 % of the culture 
expressing active caspase-9 compared to only 15 % expression of 
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caspase-8 and caspase-3 [4]. Caspase-9 is an important enzyme in the 
intrinsic apoptosis pathway, as caspase-9 can directly cleave and acti
vate effector caspases-3 and caspase-7 [8]. Yun et al. [7] showed that 
specific inhibition of caspase-9 enhanced the viability of the CHO cells in 
both batch and fed-batch suspension cultures. 

Techniques for the sensitive detection of caspases, such as fluores
cence [9], colorimetry [10], chemiluminescence [11], photo
electrochemical [12], surface plasma resonance [13] and 
electrochemical methods [12,14–17], have been reported. Many of 
these methods exhibit high sensitivity, however, they involve multi-step 
and time-consuming processes, require expensive instruments and sub
strates and are also not suitable for rapid routine use. In contrast, elec
trochemical methods have been increasingly studied due to their low 
cost, rapid response, high sensitivity, simple operation and flexibility for 
miniaturisation [18,19]. Since caspases are proteases, they are able to 
recognise and cleave sequence-specific peptide substrates, which facil
itates the development of protease assays [17,20]. Commonly, the 
sequence specific peptide is immobilised on an electrode surface 
through covalent interactions where caspase specific cleavage of the 
peptide leads to removal of the redox label [14]. This in turn results in a 
detectable change in Faradaic current or electrochemical impedance 
[14]. Unlike the faradaic methods, the non-faradaic method do not 
require redox probes, reference electrodes or a DC current [21]. In this 
technique, the biological interaction between the surface receptor and 
analyte gives rise to dielectric changes at the electrode surface, which 
can be assessed with impedance spectroscopy. 

To improve detection sensitivity of electrochemical sensors, efforts 
have been made to amplify the signal with biological molecules and 
nanomaterials [14]. The use of nanomaterials with large surface area to 
volume ratios and high conductivity can increase the loading number of 
peptides or substrates on the electrode surface resulting in amplification 
of the electrical signal [14]. A typical n-type semiconductor such as zinc 
oxide (ZnO) when crystallised in its hexagonal (wurtzite) form, will 
exhibit special physiochemical properties, including high surface area, 
good biocompatibility, chemical stability and enhanced electron trans
port rate. For example, ZnO nanorods (<100 nm) boasts high surface-to- 
volume ratio allowing for a high loading density of proteins [22]. The 
high ionic strength and pH stability makes ZnO a suitable choice for 
biosensing in biological fluids where a reasonable lifetime is required 
[23,24]. In addition, most biological molecules are typically negatively 
charged and likely to interact with positively charged nanoparticles 
through electrostatic adsorption [23]. Recently, p-type materials such as 
copper oxide (CuO) have been shown to provide enhanced functional
ities as counterparts of n-type materials through the formation of p-n 
junctions [25–28]. Lee et al. [25] presented a ZnO-CuO chemiresistive 
acetone sensor that comprises CuO nanocubes attached to ZnO nano
spheres showing higher sensitivity than other acetone sensors. The 

interparticle p-n junctions resulted in increased resistance in response to 
reducing gases compared to p-p junctions alone. Composites of ZnO-CuO 
have also been used in protein sensing applications [26–28]. Batra et al. 
[28] deposited a ZnO-CuO composite matrix on to ITO coated glass 
substrate. The inclusion of the ZnO-CuO matrix facilitated faster elec
tron transfer from the redox enzyme to the electrode surface [28]. 

Impedance spectroscopy is well suited for biological sensing since 
the binding of any biological entity (cells, proteins and DNA) results in 
unique impedance spectrum changes [28–31]. Previous studies have 
used standard faradaic methods to detect caspases, where the bio
recognition molecules are immobilised directly onto the electrode sur
face [14,16,17]. Xia et al.[16] immobilised a biotinylated caspase-3 
specific substrate on gold electrode surface. Once the substrate is 
cleaved by caspase-3, the biotin tag is detached from the surface leading 
to a decrease in electron transfer resistance, achieving a detection limit 
of 1 pg/mL [16]. The non-faradaic approach does not require the use of 
redox couple, this helps to avoid protein denaturisation caused by 
metallisation [32]. Additionally, the absence of redox probes enables 
more accurate and precise characterisation of biorecognition events at 
the electrode–electrolyte interface, where the interfacial capacitive 
changes should dominate [33,34]. This label-free and non-faradaic 
strategy has already been explored for the biosensing application of C- 
reactive protein (CRP) in buffer, and these biosensors were able to 
detection sub-ng/mL concentrations of CRP within ten minutes [26,27]. 
However, the application of this type of sensor for caspase detection and 
apoptosis monitoring in complex cell culture has not yet been 
investigated. 

The present study investigates the feasibility of an impedimetric 
biosensor for the detection of caspase-9 in CHO cell culture. Intrinsic 
pathway is suggested to be a dominant trigger for apoptosis related cell 
death, as evidenced by a steep increase of activated caspase-9 early in 
the culture process [4,7]. The main focus for the fabrication of the 
biosensor was therefore the detection of caspase-9. The sensor surface 
consists of a mixture of ZnO and CuO nanocrystals for the immobilisa
tion of anti-caspase-9 antibodies, shown in Fig. 1. Surface morphology 
were assessed using scanning electron microscopy (SEM) and cross- 
sectional images were taken to estimate the nanofilm height. Protein 
uptake on the nano-surfaces was detected and quantified using an 
enzyme-linked immunosorbent assay (ELISA). The ZnO/CuO nano
crystal surfaces were fabricated using an inexpensive colloidal disper
sion technique and deposited on a glass substrate. The ZnO/CuO nano- 
surface was functionalised with anti-Cas 9 antibodies for the detection of 
caspase-9 in buffer. Staurosporine was used as a stressor for the initia
tion of apoptosis pathway in CHO-K1 cells and subsequent caspase 
production was assessed with impedimetric measurements. An equiva
lent electrical circuit model was developed to provide a detailed rep
resentation of the structure of our impedimetric sensor from a layer-by- 

Fig. 1. Electrode setup and schematic of the biosensor (a) pair of square-shaped copper electrodes 22.1 mm diameter. (b) Sensor setup showing this sensing area (10 
mm × 4 mm) defined by white tape. (c) Cross-sectional illustration of the biosensing surface and the biorecognition interactions between anti-cas9 and caspase-9. 
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layer perspective. We envision the biosensor could be incorporated in 
situ to continuously measure apoptotic cell stress. 

2. Materials and methods 

2.1. Surface preparation 

The sum of 0.3 g ZnO nanoparticles (99.9 +%, 80–200 nm from US 
Research Nanomaterials Inc. Houston, TX, USA) and 0.3 g of CuO 
nanoparticles (99.5 +%, width: 10–30 nm, length: 200–800 nm, US 
Research Nanomaterials Inc) was added to 30 mL double deionised 
water. The 1 % ZnO/1 % CuO suspension was stirred at room temper
ature for 1 h and then ultra-sonicated in pulsing mode (20 s off/20 s on) 
for 5 min using a 13 mm probe (Sonics & Materials. Inc.) at 100 W. Glass 
substrates were initially cleaned via sonication in ethanol for 10 min. 
250 µL drops of the suspension were cast onto clean glass coverslips 
(width: 22 mm, length: 22 mm, thickness: 0.13–0.17 mm, Cole-Palmer, 
UK) to form ZnO/CuO nano-surfaces. Finally, they were dried in an oven 
at 50 ◦C for 4 h, then stored in a dry atmosphere with silica gel for up to 
2 days. 

2.2. Caspase 9 sensor fabrication 

Rabbit anti-cleaved Caspase-9 IgG (ab52298, Abcam Ltd. UK) was 
stored and diluted in 0.01 M phosphate buffered saline (PBS, pH 7.3 ±
0.2 at 25 ◦C, Merck). The sensing area (10 mm × 4 mm) of each ZnO- 
CuO nano-surface on glass was defined by tape. Subsequently, 40 µL 
(1 µg/mL) of antibody solution was dropped on to the sensing area and 
incubated for 3 h at room temperature. Surfaces were washed three 
times with PBS buffer before the addition of 40 µL of 5 % non-fat milk to 
block the surface and inhibit nonspecific interactions. The surfaces were 
left at room temperature for 1 h and then washed again to remove un
bound proteins. The biosensor was then dried in a vacuum desiccator 
with silica gel at 4 ◦C overnight for 18 h. The nano-surface biosensors 
were positioned above a pair of co-planar d-shaped electrodes formed 
from 35 µm copper on FR4 substrate (printed circuit board PCB). The 
overall diameter of the co-planar electrode is 22 mm, each electrode has 
a width of 10 mm and separation distance between the electrodes is 1.0 
mm (Fig. 1a).The sensor was aligned in a way that the rectangular 
sensing area (10 mm × 4 mm) is positioned directly above the gap. A 
cross section of the biosensor is illustrated in Fig. 1c. 

2.3. Surface characterisation 

The ZnO/CuO nanocrystal surfaces were examined using a FEI 
Quanta FEG 650 field emission scanning electron microscope (ESEM) 
with a Low vacuum Secondary Electron (LFD) Detector operating in low 
vacuum mode. The surface morphology of ZnO coated nano-film and 
ZnO/CuO coated nano-film, were analysed. To perform the SEM anal
ysis, samples were mounted on an aluminium stud and coated with a 
thin layer of Au using an Emscope SC500 Gold sputter unit prior to 
analysis. The cross-sections of the nanofilm were also examined using an 
Everhart-Thornley Detector (ETD), operating in high vacuum mode. 

2.4. Surface uptake of antibody 

Antibody uptake on ZnO-CuO nano-surfaces was quantified using an 
enzyme based immuno-assay. Using the ZnO-CuO nano-surfaces pre
pared as described previously, 50 µL (1 µg/mL) drops of mouse anti-cas9 
IgG (sc-56073, Santa Cruz Biotechnology, Inc., USA) were cast onto the 
defined sensing area. The surfaces were then incubated for 3 h and then 
washed to remove unbound antibodies. The surfaces were incubated 
with 5 % non-fat milk for 1 h and washed again. The sensor was allowed 
to dry in a desiccator overnight. Following a thorough wash to remove 
any unbound antibody, 100 µL (1 µg/mL) of Goat anti-mouse IgG:HRP 
(Bio-Rad Laboratories Ltd, UK) was added to the surface and left for 1 h 

at 25 ◦C. Then, the surfaces were washed three times with PBS buffer to 
remove any unbound antibody. 200 µL of TMB (tetramethylbenzidine) 
(Alfa Aesar) solution was added as the enzyme substrate to generate a 
coloured product. Finally, 100 µL of the TMB solution were extracted 
from the sensor surface and mixed with 100 µL of TMB stop solution 
(Merck) inside 96 well plates. The intensity of the coloured product was 
read at 450 nm using a microplate reader (SpectraMax ID5, Molecular 
Devices). 

2.5. Validation of antibody-protein interaction at the sensor surface 

In order to validate the binding of caspase to our sensor surface, an 
assay based on sandwich ELISA was performed. The functionalised ZnO- 
CuO nano-surfaces were prepared as previously described in Section 2.2. 
Following a thorough wash step to remove unbound antibody and milk 
proteins, capase-9 spiked PBS solutions were added onto the surface and 
incubated for 30 min. Five concentrations of caspase-9 (0.1 U/mL, 0.25 
U/mL, 0.5 U/mL, 1 U/mL and 2 U/mL) were studied. For control pur
poses, 50 µL of fresh PBS buffer without caspase-9 was added to the 
sensor surface. Following incubation with caspase-9 solutions, 50 µL (1 
µg/mL) of mouse anti-cas9 IgG (sc-56073) was added to the sensor 
surface for 1 h to probe for any bound caspase-9. To probe for the mouse 
antibody, 100 µL (1 µg/mL) of goat anti-mouse IgG:HRP were added to 
the surface and left for 1 h. Finally, colour formation was generated from 
the TMB:HRP reaction was measured at 450 nm using a microplate 
reader. 

2.6. Impedance measurements of caspase-9 in buffer 

A HF2IS impedance Spectroscope with the HF2TA 50 MHz Current 
Amplifier (Zurich Instruments, Switzerland) was used to measure the 
impedance of the nano-crystal surfaces. The electrodes are insulated by 
the glass, no DC current can flow between the electrodes and therefore 
redox reactions are prevented. Four terminal impedance measurement 
mode was used to reduce the sensitivity of the measurement to con
necting leads etc. In this mode, the HF2IS instrument generates a sine 
wave voltage excitation signal and the measured current and voltage 
drop across the sensor was used to calculate the impedance. The output 
voltage, Vz, was measured directly by the second differential of Input 1+
and input 1− of the HF2IS. The experimental setup is shown in Fig. S1. 
Impedance was measured from 15 MHz to 100 Hz at a voltage of 2 Vpp 
with 200 test points. An electrode voltage is applied to generate a suf
ficient electrostatic field beyond the glass layer in order to charge the 
zinc oxide substrate. The impedance plots were analysed using the 
ZiControl Frequency Response Analyzer tool. 

The impedance amplitude and phase were measured after 5 min 
incubation time for 15 min following the addition of increasing con
centrations (0, 0.1, 0.25, 0.5, 1 and 2 U/mL) of human recombinant 
active caspase-9 (CC120, Sigma-Aldrich). The sensing surface was 
washed with 0.01 M PBS and dried with paper towel before addition of 
each new sample. Damage to the sensor surface was minimised by 
carefully applying the paper towel to the edges of the sensing region and 
absorbing the liquid through capillary action. Sensor response was 
plotted using reading taken at a frequency of 6 MHz. Impedance 
amplitude, phase change and capacitance were evaluated as function of 
antigen (caspase-9) concentration in the buffer. The phase change was 
defined as the difference between the phase value of the biosensor after 
10 min incubation with caspase-9 and the phase value of the control. 
Results were plotted using a logarithmic scale on the x axis. 

To demonstrate specificity of the anti-cas9 antibody, control exper
iments consisting of 2 U/mL of caspase-3 (C1224, Sigma-Aldrich) and 
caspase-8 (C1099, Sigma-Aldrich) were added to the sensor surface 
functionalised with anti-cas9 antibody (ab2324). 
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2.7. Induction of apoptosis 

CHO-K1 cell lines (ATCC-CCL-61) were grown in F12K media (ATCC) 
supplemented with 10 % foetal bovine serum. They were maintained in 
T-75 flasks, incubated at 37 ◦C in a humified 5 % CO2 atmosphere until 
90 % confluency. CHO-K1 cells were counted and cell viability was 
calculated by Trypan blue dye exclusion using an automated cell counter 
(Luna II™; Logos Biosystems, Inc., Annandale, VA, USA). Cells were 
then seeded into 6 well plates and incubated at 37 ◦C for 24 h. 

Staurosporine (19–123 M, Merck, UK) was diluted to produce a 1 
mM stock solution. Following the 24 h incubation, cells were treated 
with 1 µM staurosporine and then incubated at 37 ◦C for 24 h. Cell 
images were captured using the Olympus SC50 industrial microscope 
camera fitted with a 20x objective lens (LCPLFLN20xLCD). 

To extract the cell lysate, supernatant was removed from the cells, 
cells were then washed with PBS. The cells were then scraped from the 
flask. The sample was centrifuged at 1665 rpm for 5 min at 4 ◦C 
(Eppendorf Centrifuge 5804, A-4–44 swinging bucket rotor). The su
pernatant was then removed and discarded. The cell pellet was resus
pended in 100 µL NP-40 Cell Lysis Buffer (Thermofisher) and incubated 
on ice for 10 min. Afterwards, samples were sonicated as follows: 
amplitude 50 %, 5 sec ON, 10 sec OFF, for a total sonication time of 1 
min. Tubes were centrifuged at 8000 rpm for 15 min at 4 ◦C and su
pernatants were moved to quantification via EIS. 

2.8. Bioimpedance measurements of caspase-9 in cell culture 

ZnO-CuO biosensors were prepared as described in Section 2.2. 
Impedance amplitude, phase angle and capacitance measurements were 
taken on cell culture samples at 0, 1, 3, 4, 6 and 24 h following exposure 

to staurosporine. New sensors were used for the testing of subsequent 
samples. For control purposes, fresh F-12 K medium without cells were 
also studied. A Kruskal-Wallis test was used to analyse the data and level 
of significance was defined as p ≤ 0.05. 

2.9. Luminescence caspase activity assay 

CHO-K1 cells were cultured in the same conditions as described in 
Section 2.7. In order to compare with the EIS data, chemiluminescent 
assays were carried out using a well-described Caspase-Glo® 9 Assay 
Systems from Promega (United Kingdom) following the manufacturer’s 
recommended protocol. Briefly, the chemiluminescent assay was based 
on the luminescence of a p-nitroaniline (pNA) moiety that was released 
upon proteolytic activity of caspase-9 on a pNA-conjugate peptide sub
strate. The generated luminescence signal is correlated to the activity of 
caspase-9 present in the sample. Readings were taken at 0, 1, 3, 6 and 24 
h following exposure to staurosporine. Six cell concentrations (5000, 
10,000, 20,000, 40,000, 80,000 and 160,000 cells/50 µL) and five 
concentrations (1, 2, 4, 8 and 16 µM) of staurosporine were also studied. 
For control purposes, fresh F12-K medium with the peptide substrate 
only (without cells or toxins) were added to the control wells, and 
luminescence readings were measured using a microplate reader 
(SpectraMax ID5, Molecular Devices). 

To determine the relationship between luminescence and caspase-9 
activity. Caspase-9 activity was measured across different concentra
tions (0.1, 0.25, 0.5, 1, 2, 3, 4 U/mL) of caspase-9 (CC120). Caspase-9 
was diluted in F12K media and incubated with an equal volume (50 
µL) of Caspase-Glo® 9 reagent for 30 min at 37 ◦C. Luminescence 
readings were measured using a microplate reader. 

Fig. 2. Images captured using low vacuum secondary electron detector (LFD) for 1–1 ZnO-CuO nanocrystal surfaces. Approximate length of ZnO particles is dis
played on the image. (a) 50,000× magnification. (b) 40,000× magnification. (c) Cross-sectional image of the nanocrystal sensor, nanofilm height is estimated. (d) 
Cross sectional image capture using ETD detector capturing the surface roughness of the nanocrystal film. 
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3. Results and discussions 

3.1. Morphological and biochemical characterisation of sensor surface 

3.1.1. Morphological characterisation of nano-surface using SEM 
The ZnO/CuO composite nanoparticle surface deposited on the bo

rosilicate substrate was characterised using SEM. Fig. 2a shows the 
columnar wurtzite structure of ZnO nanoparticles (width 80–200 nm). 
Fig. 2b illustrates that the CuO nanoparticles form smaller flake-like 
structures (width 30–40 nm) surrounding ZnO nanoparticles. A num
ber of voids can be observed within this structure which can serve as 
additional sites for biomolecular interaction. The cross-sectional images 
of the nanocrystal film, shown in Fig. 2c and d, revealed an average film 
thickness of around 10 µm. The surface is rough as evidenced by the 
presence of peaks and valleys throughout the structure. The function
ality of this type of biosensor is based around the conversion of binding 
events on the sensor surface into an electrical signal. Previously, greater 
surface roughness has been shown to be beneficial in biosensors. For 
example, Perry et al. [35] artificially introduced microcavities onto 
platinum electrode surface. This increases the electrode surface area, 
providing additional binding sites, which in turn provide faster rates of 
redox reactions relative to the smooth crystal faces [35]. 

3.1.2. Antibody functionalisation and validation 
To validate the immobilisation of proteins on the ZnO-CuO nano- 

surfaces, an enzyme linked immunosorbent assay (ELISA) was per
formed (Section 2.4). Here, 1 μg/mL of anti-cas9 was added to the ZnO- 
CuO composite surfaces and a secondary antibody conjugated with 
horse radish peroxidase (HRP) was used to detect the specific protein 
binding on the nano-surfaces. The results shown in Fig. 3 indicate that 

the ZnO-CuO nano-surface was capable of capturing antibody even with 
the simple drying technique. The surfaces with antibody recorded an 
optical density (OD) of 0.76 compared to only 0.16 for surfaces without 
primary antibody. The high isoelectric points of ZnO (IEP ~ 9.5) [36] 
and CuO (IEP ~ 10) [37] enables stable immobilisation of biomolecules 
with lower IEP through electrostatic interaction. In contrast, IgG anti
bodies typically have a pI between 6.5 and 8.5 and are negatively 
charged at physiological pH [38]. Therefore, biomolecules can be 
readily immobilised on a positively charged ZnO through strong elec
trostatic interactions. 

The sandwiched ELISA-based assay is used to validate the biomole
cular binding of caspase-9 on the actual ZnO/CuO biosensor surface 
(Section 2.5). The measured absorbance values indicate caspase-9 
binding can be detected on the sensor surface and the signal is linear 
between the concentration range of 0.1–1 U/mL (Fig. 3b). It can be seen 
that for the biosensors fabricated using 1 μg/mL generated larger output 
signals compared with the sensors fabricated with 0.5 μg/mL antibody, 
with greater differences at higher caspase-9 concentrations (Fig. 3b). 
This is to expected as there are more binding sites available for antigen 
capture resulting increased caspase-9 binding at the sensor surface and 
thus increased signal output. Two control experiment were conducted: 
one without the capture antibody produced an O.D of 0.238 and one 
without the secondary antibody produce an O.D of 0.088 (Fig. 3a). This 
indicates the change in colour intensity is due to the antibody-caspase-9 
binding and not non-specific binding of the secondary antibody. 

3.2. Detection of caspase 9 through bioimpedance measurements 

3.2.1. Bioimpedance changes occur predominantly in mid-high frequency 
bands 

Following the characterisation of the functionalised sensor surface 
with SEM and colorimetric assays, the specific binding interactions of 
caspase-9 were measured with electrical impedance spectroscopy. 
Impedance spectroscopy is a well-established approach for the analysis 
of complex biological liquids [39,40]. The sensor detects a variation of 
complex impedance, induced by dielectric constant change, the sensor 
response is mostly gained from a capacitive component of the complex 
impedance [40]. Previous publications have demonstrated that a 
capacitive mode can be preferable for measurement of an antibody 
capture of an antigen [41]. In a typical non-faradaic impedance plot, the 
absence of redox reaction eliminates the parameters in the Randles 
model associated with electron transfer i.e. charge transfer resistance 
(Rct) and Warburg impedance (Zw), as these tend to infinity. Therefore, 
in a non-faradaic EIS system, the impedance is inversely proportional to 
the electrical double layer capacitance. 

For the characterisation of the biosensor performance, successive 
cycles of the immersion of the fixed protein solution and the corre
sponding impedance magnitude (|Z|), phase and capacitance measure
ments were performed for each caspase-9 concentration (0.1, 0.25, 0.5, 
1 and 2 U/mL). The analysis of protein solutions was made over the 
frequency range of 100 Hz to 15 MHz encompassing both α (1 Hz–100 
kHz) and β (100 kHz–10 MHz) dielectric dispersion regions [40] ex
pected for the caspase-9 solution (n = 5). The experimental setup is 
shown in Fig. S1. In our R2 correlation coefficient plot (Fig. S2), areas of 
high correlation could be observed at low (<1000 Hz) and high (>1 
MHz) frequencies, although the correlations tended to be more sporadic 
at lower frequencies (Fig. S3). The coax connection and surrounding 
parasitic environment effects contribute significantly to the modulus of 
impedance at the lower frequencies. As shown in Fig. 4a and Fig. 4b, the 
mid-high frequency regions (100 kHz–10 MHz) appear to contain the 
most significant changes in both impedance magnitude and phase shift. 
This finding concurred with previous literature. For example, Oseev 
et al. [40] demonstrated the distinguishing sensor response on various 
protein concentrations in the frequency ranges of β (100 kHz–10 MHz) 
and δ (10 MHz–1 GHz) dispersion regions. A frequency of 6 MHz was 
selected for the calibration plots, because at this frequency, we 
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Fig. 3. Validation of nano-surface chemistry (a) Bar chart of anti-cas9 immo
bilisation on nano-surfaces expressed by colour formation at 450 nm from HRP- 
TMB reaction. Third bar: without secondary antibody. (b) Sandwich ELISA 
assay for the detection of caspase-9 binding. Antibody concentrations tested are 
1 ug/mL (●) and 0.5 ug/mL (●). Standard error bars are shown (n = 5). 
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calculated a significant statistical difference (2σ) between the buffer 
measurement (0 U/mL) and the first sample (0.1 U/mL). 

3.2.2. Increased caspase-9 loading lead to decreases in impedance 
magnitude and phase angle 

Fig. 5a shows the generated calibration curves containing the cor
responding impedance and phase values with different concentrations 
(0, 0.1, 0.25, 0.5, 1, 2 U/mL) caspase-9 after 10 min incubation on the 
sensor surface measured at a frequency of 6 MHz (the mean of 5 repli
cates). Both impedance magnitude and phase angle decrease with 
caspase-9 concentration. There are several explanations of this phe
nomenon. Semiconductor materials, such as ZnO and CuO, will readily 
form an electrical double layer when they interact with the liquid 
electrolyte, resulting in charge accumulation at the interface region 
[26]. Furthermore, the binding interaction between the capture anti
body and target biomolecule at the electrode surface results in a 
capacitive increase [39]. When caspase-9 antigen binds to the ZnO/CuO 
surface through capture by receptor antibody, a decrease in impedance 
is measured. These results indicate that there is increased negative 

charge accumulation due the effect of bound antigen’s net charge. 
Therefore, the decrease in impedance can be interpreted as a decrease in 
overall positive charge with increased caspase-9 loading. This dominant 
capacitive behaviour can be observed in the Bode magnitude and phase 
plots in the ranges from 6000 Ω to 10,000 Ω from − 50◦ to − 70◦ in 
Fig. 4a and 4b respectively. 

Using the logarithmic regression model on the capacitance data 
(Fig. 5b), the limit of detection (LOD) of the experiment was defined as 
0.07 U/mL (0.032 µM) with a confidence level higher than 95 % when 
± 2σ (0.286 pF) was considered. The regression line associated with the 
data from the sensor has a R2 value of 0.9852, indicating high degree of 
correlation in the observed data. A statistical analysis of the impedance 
values taken at a frequency of 138 Hz is shown in Table S1. The inter
assay %CV is calculated to be 8.17 % demonstrating high degree of 
reproducibility. 

It has been reported that an increase in protein load can result in a 
reduction in protein solution impedance [40]. To determine if this was 
the case, impedance measurements of caspase-9 were performed on non- 
functionalised surfaces. It can be seen from the dose response curves that 
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Fig. 4. Frequency dependent phase and impedance responses (a) Impedance magnitude spectra (100 kHz–10 MHz) of the biosensor coated with 1 % ZnO/CuO 
functionalised with 1 µg/mL anti-cas-9. Responses to caspase-9 loading at various concentrations: 0 ( ), 0.1 ( ), 0.25 ( ), 0.5 ( ), 1 ( ) and 2 ( ) U/mL, were 
recorded. (b) Equivalent phase plot (100 Hz–10 MHz). 
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there was a small reduction in impedance magnitude with the initial 
concentrations of caspase 9 (Fig. 5c). This was likely a result of non- 
specific interactions at the electrode–electrolyte interface caused by 
electrostatic interactions and other physical adsorption processes. 
However, despite this, the addition of recognition layer resulted in 
significantly larger signal outputs relative to the control, p = 0.02 
(Kruskal-Wallis test). 

The selectivity of the antibody-functionalized immunosensor for 
caspase-9 was tested by comparing the EIS signal changes brought about 
by two other caspase proteins: caspase-3 and caspase-8. Fig. 5d com
pares the EIS responses of the immunosensor for 0.5 and 2 U/mL of 
caspase-3 and caspase-8 solutions in the absence of caspase-9. The re
sults showed that caspase-3 and caspase-8 did not exhibit any significant 
decrease in impedance magnitude. In contrast to the incubation of the 
immunosensor in 2 U/mL caspase-9, the resulting impedance greatly 
decreased. For both concentrations tested for caspase-3 and caspase-8, 
the resulting readings were not statistically significant compared to 
the buffer control (p ≤ 0.05) (Fig. 5d). 

3.2.3. Equivalent electrical circuit modelling 
The explanation of obtained experimental results can be completed 

with the help of the appropriate equivalent circuits that simultaneously 
fit to the sensor design and to experimental dependencies (Fig. 6a). The 
equivalent circuit was deduced from the obtained experimental data 
presented in Fig. 5. The equivalent circuit model is shown in Fig. 6b. The 
data for each element of the equivalent circuit are summarised in 
Table 1. 

The measured impedance change, identified as non-faradaic, is 
dominated by the capacitance of the double layer formed at the sensing 
electrode-fluid interface. And for the biosensor described in this work, 
the impedance change can be attributed to the change in number of 
binding events at the biosurface-solution interface. Small changes in the 
number of binding events can result in changes in capacitance (fF ~ pF 
changes). Similar capacitive biosensors have been reported [42], where 
two measurement electrodes are positioned underneath an insulating 
layer to measure the capacitance of the biosensor, as the dielectric 
properties of the solution changes with the total number of bio
recognition events. 

The total capacitance of the sensor could be depicted as a network of 

Fig. 5. (a) Impedance magnitude ( ) and phase angle ( ) values recorded at 6 MHz from sensor with 200 ng capture antibody tested with PBS spiked with increasing 
concentrations of caspase-9: 0, 0.1, 0.25, 0.5, 1, 2 U/mL. (b) Capacitance measurements vs caspase-9 concentration (0, 0.1, 0.25, 0.5, 1, 2 U/mL). (c) Impedance plot 
comparing the responses from cas-9 antibody ( ), cleaved cas-9 antibody ( ) and control ( ). Control experiments were conducted without anti-cas-9 function
alisation. Because of logarithmic scale buffer reading is represented at 0.01 U/mL Cas-9 concentration. Error bars represent 1 standard deviation (n = 5). (d) 
Specificity of the caspase-9 ( ) sensor. Interferents of caspase-3 ( ) and caspase-8 ( ) were tested. Error bars represent 1 standard deviation (n = 5). 
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several capacitors. The first capacitor, Cins, constitutes the insulating 
layer of borosilicate glass on the electrode surface and represents the 
fixed dielectric constant of the insulator capacitance. The second 
capacitor, CZnO+AB, includes the capacitance of the ZnO-CuO nanofilm 
and anti-caspase9 molecular layer and this represents the capacitance 
formed at the contact surface between the sensor and the bioreceptor 
layer. The third capacitor, Ccas9, represents a capacitance associated by 
the concentration-dependent biomolecular interactions between 
caspase-9 and its antibody at the biosensor surface. The bulk PBS 
impedance is modelled as parallel circuit containing Cpbs and Rpbs, 
capacitance and resistance (400 Ω, calculated from conductivity of the 
ionic solution). As can be seen in Table 1, the parameters prescribed to 
the caspase-9 binding events have the largest influence. At the highest 
concentration of caspase-9, the deduced capacitance values were 13-fold 
higher compared to the PBS only controls. 

3.3. Detection of caspase-9 in the culture media 

To test the impedimetric biosensor ability to detect caspase release in 
mammalian cell culture, CHO-K1 cells were subjected to a cell death 

stimulus (staurosporine) which can effectively trigger apoptosis [43]. 
Zhang et al. [44] demonstrated that CHO-K1 cells treated with staur
osporine exhibit distinct apoptotic phenotypes including nuclear 
condensation, DNA fragmentation and cell shrinkage. These apoptotic 
phenotypes are associated with an increase in cellular caspase activity 
[44]. Staurosporine (1 µM final concentration) was added to the cell 
culture medium to initiate apoptosis. 

Morphologic criteria are considered reliable evidence of apoptosis. 
However, demonstration of complete apoptotic morphology by a single 
method is difficult. Nuclear condensation, shrinkage of the cell and 
fragmentation into apoptotic bodies can be visualised using light mi
croscopy [45]. Fig. 7 shows the clear difference in cell morphology be
tween healthy CHO cells and staurosporine-treated cells. Within 6 h, 
condensation of cytoplasm, organelles and membrane and nuclear 
fragmentation (pyknosis) can be observed. Another key feature of 
apoptotic morphology is the separation of neighbouring cells and this is 
a result of cell shrinkage and cell death via secondary necrosis (Fig. 7c 
and 7d). Also to note, the asynchronous nature of apoptotic cell death in 
cell populations is mainly due to the variable duration of the initiation 
phase. As a result, imaging methods alone may not capture the true 

Fig. 5. (continued). 
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extent of apoptotic progression across the entire cell population. Cell 
viability was assessed by trypan blue staining. The results show a sig
nificant drop (10 %) in viability after 3 h of staurosporine treatment 
(Fig. 7e). The untreated controls did not display any morphology signs of 
apoptosis or loss of cell viability. 

For biochemical measurements for apoptosis, luminescent caspase-9 
assays were performed using a commercially available test kit as 
described in the Experimental Section 2.9. The assay uses a luminogenic 
substrate containing a caspase specific sequence. Following caspase 

cleavage, amino-luciferin is released, resulting in the luciferase reaction 
and the production of light. The effect of staurosporine exposure on 
caspase-9 activity was monitored over a 24-hour timeframe (1, 3, 6 and 
24 h). The signal generated is proportional to the amount of caspase 
activity present. A twofold increase in caspase-9 activity was observed 
following 6 h exposure to staurosporine (Fig. 8a). No significant change 
in caspase activity was detected in the control samples (Fig. 8a). The 
results are consistent with previous literature as Mokhtar et al. [46] 
measured a significant increase in LEHD-cleaving activity in HEK293T 
cells 4 h following apoptosis induction. 

In a bioreactor, the extent of apoptotic stress will vary depending on 
the culture conditions. Here, we exposed the cells to various concen
trations of staurosporine (1, 2, 4, 8, 16 µM) and assessed the resulting 
caspase activity. An increase in caspase activity was measured up to 4 
µM staurosporine, however a decrease in luminescence signal was 
measured at high concentrations (Fig. 8b). This can be attributed to 
excessive stress exerted on to the CHO-K1 cells at high concentrations of 
staurosporine which leads to accelerated apoptosis and cell death. As 
cells enter late stages of apoptosis, early markers such as caspase-8 and 
− 9 would no longer to be predominant in the culture. 

To gain further insight into the staurosporine induced caspase acti
vation and caspase release, we conducted an experiment using different 
starting cell numbers (5000, 10,000, 20,000, 40,000, 80,000, 160,000 

Fig. 6. (a) Schematic of the biosensor. (b) Equivalent circuit model for the biosensor. Measured capacitance comprised of three capacitors including the fixed 
capacitance of the insulator, Cins, the interfacial capacitance associated with ZnO/CuO and caspase-9 antibodies, CZnO+ABl, the caspase-9 binding capacitance which 
reflects when the target protein binds to the capture antibody bound to the ZnO/CuO surface, Ccas9, and the PBS buffer bulk capacitance and resistance, CPBS and RPBS. 

Table 1 
Calculated capacitance values (at 6 MHz).  

Equivalent 
component 

PBS PBS/ 
Cas9 
[0.1 U/ 
mL] 

PBS/ 
Cas9 
[0.25 U/ 
mL] 

PBS/ 
Cas9 
[0.5 U/ 
mL] 

PBS/ 
Cas9 
[1 U/ 
mL] 

PBS/ 
Cas9 
[2 U/ 
mL] 

Cins [fF]  85.34  85.34  85.34  85.34  85.34  85.34 
CZnO+AB 

[fF]  
26.11  26.11  26.11  26.11  26.11  26.11 

Ccas9 [fF]  190.4  765.38  1246.88  1575.1  1974.65  2639.18 

Footnote. Equivalent circuit components. Cins: insulator capacitance, CZnO+AB: 
interfacial capacitance associated with ZnO/CuO and caspase-9 antibodies, 
Ccas9: caspase-9 binding capacitance. 
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cells/50 µL). These specific cell numbers were used to represent a high- 
density CHO culture process at the end of the exponential growth phase, 
as the culture becomes confluent and cell concentration reaches above 
1,000,000 cells/mL. By varying the starting cell number, total caspase 
activity and production should differ in response to the same drug 
treatment. The results show a linear relationship between caspase ac
tivity and increasing cell number (Fig. 8c), this is reflective of increasing 
caspase concentration in the culture media and the staurosporine’s toxic 
effect. In the untreated controls, caspase activity also increased with cell 
number but with significantly lower luminescence values (Fig. 8c). This 
is the baseline caspase activity as cells are undergoing the natural 
apoptotic process. 

To determine the relationship between luminescence and caspase-9 
activity, we measured the RFU values for each of the standard 
caspase-9 concentrations (0.1, 0.25, 0.5, 1, 2, 3, 4 U/mL). It can be seen 
from the plot, the luminescence values are linearly correlated with the 

concentration of caspase-9 in the range of 0.1–2 U/mL (Fig. 8d) and 
begin to level off when the concentrations reached 3 U/mL. A statistical 
analysis of the measured luminescence values for each concentration of 
caspase-9 is shown in Table S2. The average CV % is calculated to be 
14.2 %. This result can be compared to the impedance data in Fig. 5, 
where the same concentration range was used, further highlighting the 
relationship between caspase activity and concentration. 

3.4. Evaluation of caspase-9 in CHO culture with impedance spectroscopy 

In order to demonstrate the applicability of the technique for early 
detection of apoptosis in live cell culture samples, we performed a timed 
study with the impedimetric biosensor to detect caspase-9 over a six- 
hour time frame. Following the initial addition of staurosporine, 
impedance magnitude measurements were taken at 6 MHz at regular 
intervals. The impedance signal response for each of the six time points 
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Fig. 7. Bright-field microscope images of CHO-K1 cells incubated for, (a) 6 h and (b) 24 h, at 37 ◦C. Images of CHO-K1 cells treated with 1 µM staurosporine and 
incubated for (c) 6 h and (d) 24 h, at 37 ◦C. (e) Cell viability assay analysis of staurosporine (1 µM) treated ( ) and non-treated ( ) CHO-K1 cells. Error bars (1 σ) are 
shown (n = 6). 
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is shown in Fig. 9a. The decrease in impedance magnitude was evident 
following three hours of exposure to staurosporine, where the mean 
impedance values were significantly different from the untreated con
trols with a confidence level higher than 95 % (±2σ). This finding was 
consistent with the caspase activity assay results shown in Fig. 9b, as we 
found the levels of caspase-9 activity to increase linearly between 2 and 
6 h. Background apoptotic activity is expected in the cell culture and 
cellular debris resulting from low level cell break-down detected which 
was detected through interactions on the sensor surface. This was shown 
to result in 9.8 % change in impedance over 6 h in our untreated culture 
samples (Fig. 9a). On the other hand, a 46.4 % change in impedance was 
recorded in the staurosporine samples over the same time frame 
(Fig. 9a). 

Bio-impedance sensing and caspase activity assays were also per
formed for cell culture samples with defined cell concentrations and the 
relationship between caspase-9 activity and concentration was explored 
(Fig. 10). In this study, these specific cell numbers were used to repre
sent a high-density CHO culture process at the end of the exponential 
growth phase, as the culture becomes confluent and cell concentration 

reaches above 1,000,000 cells/mL. From the caspase activity assay data, 
we demonstrated that an increase in the number of cells leads to an 
increase in caspase-9 activity (RFU readings) for a given toxic challenge 
(Fig. 10). The impedance behaviour was consistent with the results from 
the calibration curve data in Fig. 5, i.e. a decrease in impedance 
magnitude was measured with increasing caspase-9 concentration. The 
decrease in impedance reflects an increase in the overall capacitance of 
the system. This capacitance change is largely dominated by the charge 
accumulation as a result of antigen binding with antibody and to a lesser 
extent, an increase in polarity of the solution due to increased caspase-9 
load [40,41]. 

We have successfully demonstrated the application of electrical 
impedance spectroscopy for the detection of early apoptotic markers in 
cell culture samples before clearly detectable morphological hallmarks 
are present. 

4. Conclusions 

We have successfully shown the application of bioimpedance 
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Fig. 8. Caspase activity assays. (a) CHO-K1 cells were subjected to 1 μM of staurosporine exposure for 1, 3, 6 and 24 h. (b) CHO-K1 cells were exposed to varying 
concentrations of staurosporine (1, 2, 4, 8 and 16 μM) for 24 h. (c) CHO-K1 (varying starting cell number) were subjected to 1 μM of staurosporine and incubated for 
24 h. Treated ( ) and untreated controls ( ) were plotted and errors bars (1 σ) are shown (n = 5). Controls refer to the cell samples without exposure to staur
osporine. (d) Caspase activity assay with standard concentrations of caspase-9 (0.1, 0.25, 0.5, 1, 2, 3, 4 U/mL). Error bars (1 σ) are shown (n = 6). 
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technology in the detection of apoptosis and experimentally confirmed 
the sensor’s ability to measure caspase-9. The sensor is fabricated using 
a simple and inexpensive colloidal sonication technique. It is stable 
against electrode polarisation and capacitive artefacts especially for the 
analysis in the mid-high frequency ranges. The sensor was evaluated 
experimentally with different concentrations of caspase-9 protein solu
tions and with samples extracted from CHO cell culture. The perfor
mance of the biosensor was evaluated with impedance spectroscopy, 
with a limit of detection of around 0.07 U/mL being achieved and it was 

tested as a proof of concept with culture media spiked with increasing 
caspase-9 concentrations. The average analysis time (45 min including 
preparation) is shorter than commercial ELISA (at least 2.5 hrs). The 
sensor can be activated at a single frequency which would further lower 
the cost of instrumentation and analysis time. Additional benefits of this 
biosensing technique include the lack of contact between electrodes and 
measurement matrix. As a result, the charge transfer parameter is 
negligible, and no redox probes are required. Measurements can be 
performed with a sample volume of 50 μL without the need for sample 
dilution for rapid analysis. The biosensor fabrication methodology can 
be adapted to the measurement of any other analytes where the binding 
partner can be obtained. 

The administration of staurosporine increased apoptotic activity in 
CHO cells. We were able to measure significant increase in caspase-9 
activity and caspase-9 concentration as early as 3 h after drug expo
sure. Therefore, potentially our impedimetric approach may serve as a 
practical tool for the sensitive, precise and real-time detection of 
apoptotic cells, complementing the state-of-the-art strategies for 
apoptosis detection. The current set of experiments was conducted in a 
simple 2D cell culture system and may not accurately reflect the cell 
state of CHO cells in suspension in larger bioreactors. Further work is 
being carried out to fully evaluate the sensor in conditions that more 
closely mimic the bioreactor environment and improve the reproduc
ibility of the sensor fabrication, particularly through the automation of 
the process. 
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Fig. 9. Timed measurements of caspase-9 levels with impedance and caspase 
activity assay in the first six hours (a) Impedance analysis (6 MHz) of CHO-K1 
cell culture samples following addition of 1 µM staurosporine. (b) Caspase ac
tivity recorded in CHO-K1 cell culture samples following addition of 1 µM 
staurosporine. Treated ( ) and untreated controls ( ) were plotted and errors 
bars (1 σ) are shown (n = 5). 

Fig. 10. Comparison between luminescence readings and impedance output (6 
MHz) of CHO-K1 cell culture sample following 24-hour exposure to 1 μM 
staurosporine. Different starting cell numbers were tested. Higher luminescence 
reading (higher caspase-9 activity) is correlated with lower impedance output. 

B. Chen et al.                                                                                                                                                                                                                                    



Bioelectrochemistry 153 (2023) 108456

13

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioelechem.2023.108456. 
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