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A B S T R A C T   

In this work, we present a programmable dynamic cell culture stimulation platform designed to work in a CO2 
incubator, compatible with a standard multi-well plate. An epithelial lung cell culture can be mechanically 
stimulated with a cyclic increase of the hydrostatic pressure inside the culture chamber in the range 1–12 kPa, 
trying to mimic the human respiration rate. An in situ live pH-monitoring system based on PEDOT:PSS Organic 
ElectroChemical Transistors was also designed, fabricated and characterized, in order to merge both the stim
ulated cell culture and the pH sensing in a compact platform.   

1. Introduction 

Lung cancer is one of the leading causes of death in industrialized 
countries [1]. Development of cancer therapeutics requires the 
replacement of costly and time-consuming animal testing with more 
effective experimental models that go beyond traditional cell cultures in 
multi-well plates. In the last two decades new fields of research have 
appeared, moving towards dynamic models in which the organ-specific 
microenvironment is recreated, in order to maintain cell differentiation 
and tissue-specific function. Despite the development of a wide variety 
of sophisticated systems trying to replicate the conditions inside the 
human organs has been demonstrated, such as the stress conditions 
which undergoes epithelial tissue in human alveoli and the endothelial 
tissue surrounding them [2,3], as well as a variety of human organs as 
kidney [4], liver [5], gut [6] and brain [7], there is a lack of versatile 
platforms fully compatible with standard cell culture protocols. More
over, the growth of cultures inside these systems limits the possibility to 
use multi-well standard detection methods commonly employed in 
biological laboratories like multi-well plate absorbance reading. An in 
situ sensing set-up is also needed in order to monitor critical biological, 
chemical and physical events during the dynamic cell development to 

better understand the underlying mechanisms of normal lung organo
genesis, such as miRNA delivering to neighbouring cells [8] or direct in- 
vitro monitoring of cell necrosis and early/late apoptosis [9], and also 
physical quantities such as pH and levels of O2, NO and glucose [10–13]. 
The tumor microenvironment is characteristically acidic due to glyco
lytic cancer cell metabolism, hypoxia and deficient blood perfusion. 
While in physiological conditions a healthy tissue is around pH 7.4, this 
value can range from 5.5 to 7.0 in diseased ones [14–17]. Moreover, 
medium acidosis plays a role in cell cycle, gene expression and cellular 
metabolism, making in-situ pH sensing a desirable tool to implement 
during cell culture development [18,19]. Research in the field of pH 
monitoring in cell cultures has given birth to live-monitoring systems 
such as microneedles, two-photon fluorescence systems and electronic 
devices called organic electrochemical transistors (OECTs) [20–22]. 
They are the most studied novel devices in the field of biosensing, 
promising advantages such as high sensitivity, high reliability and low 
cost [23]. In an OECT, the active material forming the transistor channel 
is made by a conductive polymer, usually the poly(3,4- 
ethylenedioxythiophene):poly-styrene sulfonate (PEDOT:PSS), a semi
conducting material whose channel current (Ids) can be modulated 
injecting cations coming from the electrolyte solution in which the 
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device is immersed, by applying a positive gate voltage (VG), being able 
to easily work in the cell culture medium [24]. This class of devices has 
been widely studied for applications in biological environments, for 
applications such as biosensing of target analytes upon proper func
tionalization of the gate electrode, membrane permeability studies on 
cell layers, cell migration, ion signalling and measuring neural activity 
in vivo [25–27]. The work proposed in this paper aims to build a plat
form designed for the growth of both healthy and tumor lung cells 
compatible with standard multi-well plate culture protocols, in which 
cells are subjected to a mechanical stimulus given by the cyclic increase 
of the hydrostatic pressure inside the culture chamber mimicking a 
physiological breathing cycle. On the other hand, an increase in hy
drostatic pressure leads to an increase of the partial pressure of gases in 
the culture chamber, in particular of CO2, which once dissolved in water 
can lead to the formation of carbonic acid, therefore lowering the pH 
value of culture media [28,29]. The system is thus also equipped with an 
array of PEDOT:PSS based OECTs designed to work directly inside the 
system, in order to monitor pH changes in culture media during cell 
development, and to investigate the dynamics of this parameter when 
both healthy and tumor cell cultures are stressed with an hydrostatic 
stimulus. 

2. Materials and methods 

2.1. PMMA culture chamber fabrication 

The cell culture chamber was designed with a 3D CAD tool (Rhi
noceros®, Robert McNeel & Associates) and then manufactured using a 
numerically controlled milling machine (Benchman VMC 4000). 

The chamber consists of 3 panels of Polymethylmethacrylate 
(PMMA) hollowed to contain a multi-well plate of standard dimensions, 
and then assembled in a sandwich structure and fixed with 8 steel 
screws. The tightness of the chamber is ensured by a pair of nitrile 
rubber O-rings, arranged in a groove between each pair of panels, after 
greasing them with vacuum grease. The top panel is designed with 3 
feed-through holes to which it is possible to connect the chamber 
pressurization system, the temperature sensor, and the differential 

pressure sensor. The feed-through for the temperature sensor was 
fabricated by means of a pneumatic connection, which was suitably 
sealed with PDMS (Sylgard® 184, 1:10 ratio) to maintain the airtight 
seal of the chamber (Fig. 1). 

2.2. Electronic control system 

The electronic control system consists of six different main blocks 
(Fig. 2c). A microcontroller unit (MCU), implemented using an Arduino 
Nano® microcontroller, provides the features to program the platform 
and regulate the on/off cycles of a diaphragm air pump and the solenoid 
valve and its duration to reach the desired pressure inside the chamber, 
and also to manage data coming from the temperature sensor and the 
differential pressure sensor connected to the culture chamber. The dif
ferential pressure sensor (NPX MPX5100DP) is connected to the Arduino 
board which provides power supply and manage the sensor's analogue 
output, while the temperature sensor's output (Honeywell HIH6130 
series) makes use of the I2C protocol to communicate with the Arduino 
board, from which it is also powered. The remaining three main blocks 
are quite similar, consisting in three different dedicated power supply 
lines based on the LM317/NOPB linear voltage regulator (Texas In
struments), one line providing a fixed DC output of 9 V to the Arduino 
board, and two DC outputs to the diaphragm pump and the solenoid 
valve, adjustable between 3 and 12 V in order to variate the input and 
output air flux in the chamber, and consequently the maximum pressure 
reached in each cycle by the system. 

2.3. OECTs design and fabrication 

The OECTs were fabricated in a clean room environment on a 4” SiO2 
finished p-type (100) silicon wafer. In view of their future application, 
which will consist in the use of devices while immersed in the low cell 
culture medium volumes of a multi-well plate, the source and drain 
electrodes have been designed with an interdigitated geometry, which 
allows to have chips of considerably reduced dimensions, and to 
remarkably increase the W/L ratio of the devices, which in this case 
were designed to be of W = 9.99 mm and L = 10 μm. The Au source and 

Fig. 1. a) 3D CAD model and b) fabricated PMMA culture chamber. c) Detail of the temperature sensor's feed-through sealed with PDMS. d) Detail of the lid: from left 
to right, temperature sensor, pump/solenoid valve inlet, pressure sensor sampling port. 
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Fig. 2. a) overview of the entire system. b) Detail of the electronic control circuit assembled inside its case. c) Electronic diagram of the control circuit and its 
main blocks. 

Fig. 3. a) view of the fabricated OECTs on a silicon wafer. b), c), d) Close view of the interdigitated source and drain electrodes and PEDOT:PSS window. e) CAD view 
of the assembled device with fluidics and gate electrode. f) Picture of the device assembled. 
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drain electrodes of the devices were fabricated by e-beam evaporation 
and lift-off processes. An Al2O3 passivation layer has been deposited 
with the same technique on the chips, leaving one window on the pads 
and one on the interdigitated source and drain electrodes, following a 
well established procedure [30]. On the latter, a 200 nm thick layer of 
PEDOT:PSS was then deposited by spin coating and patterned by 
photolithography and reactive ion etching. The detailed fabrication 
procedure is reported in supporting information. The chip and the gate 

electrode are finally assembled in a fluidic system, in which the devices 
are exposed to the electrolyte solution by inserting it in the inlet 
(Fig. 3e). Electrical characterizations are performed by contacting the 
electrical pads from the outside of the system, as shown in Fig. 3 f. 

2.4. Cell viability assay 

For cell survival assessment, two normal cell lines were selected: 

Fig. 4. Pressure vs time inside the chamber without (a) and with (b) temperature sensor. c) Differential pressure reached at each cycle over time. d) Temperature 
monitoring inside and outside the chamber, performed in a CO2 incubator. 

Fig. 5. a) HaCaT and HFF-1 experimental setup in a 96-well plate placed in the culture chamber. b) Optical density (570/650 nm) was read at 24 h and 72 h. 
Standard culture conditions (out) were used as control. The results were shown as mean ± standard deviation. 
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Human epidermal keratinocyte line (HaCaT) and Human foreskin fi
broblasts line (HFF-1). Cells were cultured in DMEM GLUTAMAX 
(Gibco, ThermoFisher Scientific) with the addition of 15% Fetal Bovine 
Serum (Sigma-Aldrich), 1% L-Glutammine (Sigma-Aldrich), 1% Peni
cillin Streptomycin (Sigma-Aldrich) and 1% Sodium Pyruvate (Sigma- 
Aldrich). HFF1 and HaCaT were plated at the density of 104 cells/well 
and 7000 cells/well respectively in a 96-well plate. Metabolic activity 
was analysed 24 h and 72 h after seeding by MTT assay (Thiazolyl blue 
formazan, Sigma-Aldrich). Cells were incubated with 0.5 mg/ml MTT at 
37 ◦C for 2 h and then, formed salts were dissolved in MTT solvent (10% 
SDS, 0.01 M HCl in H2O) at 37 ◦C for 1 h. The absorbance was read at 
570 nm (650 nm reference wavelength) using a Synergy™ HTX Multi- 
Mode Microplate Reader (BioTek, Winoosky, Vermont, USA). 

3. Results 

3.1. Culture chamber characterization 

The culture chamber system and its electronics were characterized in 
order to test the airtightness of the chamber, the repeatability of the 
pressure cycles over time, and to monitor any temperature variation 
induced by the pressurization/depressurization cycles compared to the 
chamber outside. Since the PDMS feed-through of the temperature 

sensor represents a major leakage source for the chamber, two different 
preliminary sealing tests were made, without and with the feed-through 
(replacing it with a sealing cap), to evaluate the order of magnitude of 
the phenomenon. In the first case, the leakage showed a constant trend 
as shown in Fig. 4a, which turned out to be equal to − 0.16 Pa/s. In the 
second case, the leakage showed a negative exponential trend, (Fig. 4b). 
A linear fit was calculated in three different intervals where the curve 
shows a significantly different trend, resulting in three different pressure 
decrease trends which turned out to be equal to − 6.78, − 0.77 and  −
0.08 Pa/s. Considering the final pressure range reached by the system in 
steady-state (0.5–12 kPa, period 5 s), in both cases it resulted in a 
leakage negligible for the application. The repeatability of the pressure 
cycles was also tested, setting a differential overpressure of 11 kPa. 

The data acquired by the pressure sensor highlighted a maximum 
pressure shift of 0.153 Pa, as shown in Fig. 4c, which is less than the 
maximum error reported on the sensor's datasheet, which is 2.5% be
tween 0◦ and 85 ◦C. The temperature inside and outside the chamber 
was also monitored over time in a CO2 incubator (ThermoFisher Sci
entific Heracell® 150i), with standard environmental values for cell 
culture growth (37 ◦C, 95% RH, 5% CO2). The results highlighted in 
Fig. 4d, show the temperature trend inside and outside the culture 
chamber, indicating a mean temperature of 37,31 ◦C inside and 37,40 ◦C 
outside. The maximum temperature shift observed turned out to be 
0.23 ◦C, which is less than the maximum temperature error reported in 
the sensor's datasheet, which is 0.5 ◦C in the range 5◦ - 50 ◦C. 

3.2. HaCaT and HFF-1 proliferation test 

Preliminary proliferation tests were performed inside the culture 
chamber, setting the pressure cycles at 12 kPa, with a period of 5 s. Cells 
grown in standard conditions were used as control. Human epidermal 
keratinocyte line (HaCaT) and Human foreskin fibroblasts line (HFF-1) 
cultures were grown in replicates (n = 3) with an extra-filled well 
working as reference, as shown in Fig. 5 and cell proliferation was 

Fig. 6. a) Trans-characteristic (transfer) curves of the devices tested in cell culture media with three different gate electrodes: Au, porous Au, and Ag/AgCl. b) 
Transconductance of the devices. c) Stability test performed on the devices in cell culture media. d), e), f) Output curves of the devices tested in cell culture media, 
from left to right: Au gate, porous Au, Ag/AgCl. 

Table 1 
Main key parameters extracted from the electrical characterization of the de
vices. In the case of evaporated Au, ION/IOFF is not shown, as the device does not 
turn off with this gate electrode.  

Gate electrode gmMAX VG|gmMAX ION/IOFF ΔVG hysteresis @gmMAX 

Evaporated Au 0.4 mS 0.9 V – 41 μV 
Porous Au 5.0 mS 0.49 V 3001 195 mV 
Ag/AgCl 5.2 mS 0.51 V 2738 230 mV  

C. Nicolò et al.                                                                                                                                                                                                                                  



Micro and Nano Engineering 16 (2022) 100147

6

monitored reading the optical density in both plates after 24 h and 72 h. 
As shown in Fig. 5b, signal increase was observed at 72 h compared to 
the 24 h one for all the culture conditions. Interestingly, no differences 
were detected when cells were subjected to pressure cycles, suggesting 
the absence of effects on cell proliferation. In future, further analysis will 
be performed with other cell types and pressure values, to see if such 
changes in culture conditions will induce differences in cell response in 
terms of cell proliferation, viability and gene activation. 

3.3. OECT electrical characterization 

The OECTs were characterized connecting the source, the drain and 

the gate electrodes to a programmable source meter (Keysight Tech
nologies B2912A). Both the gate and the drain voltages were referred to 
the source voltage, which was connected to ground. Tests with different 
gate materials have been carried out on the devices using cell culture 
media as an electrolyte solution. Three different gate electrodes were 
used, namely an electron-beam evaporated Au electrode, a porous Au 
gate electrode, and a Ag/AgCl wire electrode. The gate area exposed to 
the electrolyte solution was equal to 9 mm2 in each case. The transfer 
curves have been obtained modulating the gate voltage between − 0.75 
and 1 V with a scan rate of 125 mV/s, while the drain voltage was set to 
− 100 mV. The results, highlighted in Fig. 6, show different behaviours 
between the different gate materials. Both the porous Au gate and the 
Ag/AgCl gate effectively decrease the drain current of the device as the 
gate voltage increases, turning it off for VG > 0.8 V. Using the evaporated 
Au gate, this does not happen, probably because in this case the 
capacitance associated with the channel-electrolyte (CCH) interface is 
much greater than the one associated with the gate-electrolyte interface 
(CG). This phenomenon is confirmed by the fact that porous Au, with the 
same exposed gate area, offers an effective area 20 times greater than 
that of evaporated Au, which results in a greater CG. The gate voltage 
corresponding to the maximum transconductance value on the devices 
turned out to be 0.9 V for the evaporated Au electrode, 0.49 V for the 
porous Au gate and 0.51 V for the Ag/AgCl gate, with a maximum 
transconductance of 0.4, 5.0 and 5.2 mS respectively. Stability tests 
were also performed on the devices with an Ag/AgCl gate electrode, due 
to its higher transconductance and reliability compared to the other two 

Fig. 7. (a) Transfer curves and (b) transconductance curves of the devices tested in a solution of NaCl 0.1 M with different concentrations of HCl (0.1 M – 10− 6 M), 
with a resulting pH ranging from 1 to 6 respectively. c) real time test showing the response of the device to the flux of the electrolyte solution with increasing acidity 
d) plot of the drain current as a function of the pH. The slope of the linear least square fit gives the resulting sensitivities Sa and Sb. 

Table 2 
main key parameters extracted from the electrical characterization of the de
vices using solutions of NaCl 0.1 M with different concentrations of HCl (0.1 M – 
10− 6 M), with a resulting pH ranging from 1 to 6 respectively. Last column shows 
the voltage shift compared to pH 6.  

pH gmMAX VG|gmMAX ION/IOFF ΔVG shift pH 6 @gmMAX 

6 5.1 mS 0.45 V 474 – 
5 5.2 mS 0.44 V 854 10 mV 
4 5.0 mS 0.40 V 773 50 mV 
3 4.9 mS 0.36 V 669 90 mV 
2 5.0 mS 0.35 V 135 100 mV 
1 5.2 mS 0.33 V 103 120 mV  
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gate materials. For this test the cell culture media was again used as an 
electrolyte solution, to further verify the operation of the devices within 
the cell growth environment. The gate voltage has been set between 
− 0.75 and 1 V with a scan rate of 125 mV/s, while the drain voltage was 
set to − 100 mV. In the test, highlighted in Fig. 6 c), the single transfer 
curves have been obtained inserting a 30 min rest pause between them. 
The devices showed an absolute current shift over time equal to 158 μA 
at the maximum transconductance point of the curve (VG = 0.51 V), 
which represents a relative current shift equal to 7.3%. The main figures 
of merit of the single devices for the three gate electrodes are summa
rized in Table 1. 

3.4. pH-related electrical response of OECT 

The electrical response of the devices in electrolyte solutions with 
different pH values has been investigated using six different solutions, 
with an increasing concentration of HCl ranging from 0.1 M (pH 1) to 
10− 6 M (pH 6), and a fixed concentration of NaCl (0.1 M). All the tests 
have been performed with an Ag/AgCl gate electrode, with VG ranging 
from − 0.75 to 1 V, VD = − 100 mV and a scan rate of 125 mV/s. The 
results, shown in Fig. 7a and 7b, exhibit a well-marked shift of the 
transfer curves (and thus of the gmMAX) at lower VG values as the pH of 
the solution decreases. The main figures of merit of the devices in such 
conditions are summarized in Table 2. The response of the device to 
different pH can be monitored by measuring the shift of the transfer 
curves, which is well described by the position of the transconductance 
peak (VG|gmMAX). As can be noted from Table 2, the peak position shifts 
towards lower gate voltages when the pH is reduced. This behaviour was 
expected, since as the pH value decreases, the concentration of disso
ciated H+ ions inside it increases by an order of magnitude for each pH 
unit. Consequently, for a fixed VG more of these positive ions are injected 
in the polymer film from the electrolyte, which translates into a greater 
ability to shut off the drain current. A real-time test was also carried out, 
fixing VG = 400 mV, VD = − 100 mV, and fluxing each solution for 360 s 
inside the fluidics with a flow rate of 100 μl/min, starting from the less 
acidic one (pH 6) to the most acidic one (pH 1). The results, as we can see 
in Fig. 7c, show a slight decrease of the absolute value of the drain 
current in the case of the first three solutions (group 1, pH = 6, 5, 4) and 
a well-marked decrease of the drain current for the remaining three 
solutions (group 2, pH = 3, 2, 1). Fig. 7d shows the sensitivity of the 
device for these two groups of pH values, resulting in Sa = − 6.4 μA/pH 
for the first group and Sb = − 48.5 μA/pH for the second group. 

3.5. Preliminary absorbance perturbation test with OECTs in culture 
media 

In order to show the non-alteration of the pH of the cell culture media 
by the presence of the OECTs, an absorbance perturbation test was 

carried out as follows. Given the nature of the cell culture media, which 
contains phenol red as an indicator of pH, changing from yellow to 
bright pink in the pH range between 6.8 and 8.2, a variation in the 
absorbance spectrum in the cell culture media reflects a variation in its 
pH. Given the pH-monitoring application for which the OECTs of this 
work are intended, a preliminary absorbance perturbation test was 
performed in cell culture media (RPMI 1640, GlutaMAX™, Gibco 
ThermoFisher Scientific), dipping the chips (not biased) inside it in 
replicates (n = 3) and monitoring the absorbance of the culture media in 
the spectrum between 300 and 800 nm every 24 h (Fig. 8a). Such 
absorbance was compared to a replicate of the same culture media (n =
3) working as reference, subtracting from their spectra the one coming 
from the multi-well plate material itself, working as blank. As shown in 
Fig. 8b, no absorbance variation has been observed during 7 days among 
the wells, showing a stable absorbance peak at a wavelength of 559 nm. 
This can be translated in an apparent non-variation of the pH in the 
culture medium, or of a variation thereof which cannot be detected by 
this measurement system. 

4. Conclusions and future outlooks 

This work shows the feasibility of using our device as cell culture 
chamber, in which it is possible to apply a cyclic increase of the hy
drostatic pressure without causing damage to the cells. It is worth 
mentioning that, given the absence of effects on the cell proliferation 
during operation inside the system, the cyclic increase of the hydrostatic 
pressure does not affect this parameter, but could influence cytoskeletal 
stiffness/rearrangements, which will be monitored in the future tests. 
Moreover, cell migration and wound healing will be analysed to assess 
the effects of cytoskeletal changing on these features. OECTs have been 
also demonstrated to work in a stable manner inside the culture media, 
without changing its pH, after being immersed inside it over a week. 
Future tests will be performed inside the chamber using different values 
of hydrostatic pressure, involving this time human alveolar epithelial 
cells and human adenocarcinomic alveolar epithelial cells (A549 cell 
line), studying key parameters related to their growth. Further tests on 
the pH response of the OECTs will also be performed, in view of their use 
to real time monitor parameters during the cell growth. Both the culture 
chamber and the OECTs are also enough versatile to explore, in the near 
future, different live monitoring paths, not only pH but also the detec
tion of specific fingerprint analytes related with tumor cells develop
ment, upon proper functionalization of the gate electrode. 
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Fig. 8. a) Experimental setup for the colour monitoring of cell culture media. b) Resulting absorbance spectrum checked every 24 h.  
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