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Abstract: The integration of sensing devices into cell culture systems is a topic of great interest in
the study of pathologies and complex biological mechanisms in real-time. In particular, the fit-for-
purpose microfluidic devices called organ-on-chip (OoC), which host living engineered organs that
mimic in vivo conditions, benefit greatly from the integration of sensors, enabling the monitoring
of specific chemical-physical parameters that can be correlated with biological processes. In this
context, copper is an essential trace element whose total concentration may be associated with
specific pathologies, and it is therefore important to develop reliable analytical techniques in cell
systems. Copper can be determined by using the anodic stripping voltammetry (ASV) technique,
but its applicability in cell culture media presents several challenges. Therefore, in this work, the
performance of ASV in cell culture media was evaluated, and an acidification protocol was tested to
improve the voltammetric signal intensity. A Transwell® culture model with Caco-2 cells was used to
test the applicability of the developed acidification protocol by performing an off-line measurement.
Finally, a microfluidic device was designed in order to perform the acidification of the cell culture
medium in an automated manner and then integrated with a silicon microelectrode to perform in
situ measurements. The resulting sensor-integrated microfluidic chip could be used to monitor the
concentration of copper or other ions concentration in an organ-on-chip model; these functionalities
represent a great opportunity for the non-destructive strategic experiments required on biological
systems under conditions close to those in vivo.

Keywords: copper detection; anodic stripping voltammetry; cell culture media; acidification protocol;
embedded sensors microfluidics

1. Introduction

In vitro models represent a very important research tool in the medical and biolog-
ical fields, as they provide insight into the behaviour of cells and can be used to study
pathologies and complex biological mechanisms [1-3]. In particular, organ-on-chip (OoC)
represents the latest evolution of in vitro systems where cells are cultured in microfluidic
chips with sensing capabilities in order to mimic the functionality and (patho-)physiological
response of the organs and to monitor specific chemical-physical parameters [1-5]. Mi-
cronutrients, such as the transition metal ions zinc, copper and iron are essential for life as
they are cofactors for various proteins and enzymes; on the other hand, an excess of metals
leads to the formation of free radicals that induce toxicity in the body [6]. Therefore, all or-
ganisms have developed complex mechanisms to finely regulate the levels of ions to ensure
intra- and extracellular homeostasis [7]. Micro-physiological platforms that are designed
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to provide physiologically relevant results, could greatly benefit from rapid and in situ
technologies to measure micronutrient concentrations while mimicking biological systems.

Copper is an essential trace mineral fundamental for our survival and it is found in
all body tissues [8]. Copper plays a crucial role in the production of red blood cells, and
the maintenance of nerve cells and the immune system; it is also important for collagen
formation and energy production. An imbalance in copper levels may be associated with
certain pathologies such as Menkes, Wilson’s and Alzheimer’s diseases [9]; moreover, low
copper levels may also lead to cardiovascular diseases [10]. Copper is assimilated from the
diet and its management and regulation in the intestine are essential to preserving copper
homeostasis in the whole body [11].

Dietary copper, largely in the form of Cu?*, is reduced (likely in the form of Cu*)
and then it can be absorbed by intestinal epithelium [12]. Recent evidence suggests that
intestinal mucin glycoproteins which have two copper-binding sites (one for Cu?* and
one for Cu*) are involved in protecting cells from excessive copper toxicity, by blocking
unnecessary redox cycling and controlling the low levels of copper uptake required for
physiological processes [13]. Despite the crucial importance of the regulation of intestinal
copper absorption, the mechanisms involved are currently poorly elucidated. Hence, real-
time monitoring of Cu?* concentrations in cell culture media can be an important tool to
study the processes of copper transport and uptake.

Typical analytical techniques employed for the determination of copper are atomic
absorption spectrometry, inductively coupled plasma atomic emission spectrometry and
inductively coupled plasma mass spectrometry [14]. Such analytical techniques are very
sensitive, but they involve the use of cumbersome and expensive instrumentation. More-
over, these techniques require an important preparatory phase by using strongly acidic
substances, high temperatures and/or high pressures. As an alternative, optical methods
are highly sensitive, selective, cheap and easy to apply. In these systems, the interaction be-
tween the recognition element (optical probe) and the target species can generate variations
in the optical characteristics [15-17]. Sometimes, the interaction between the optical probes
and the target analyte can induce the formation of toxic substances, and this must be deeply
evaluated when the detection is performed in a cell environment [18]. Moreover, when
optical methods are employed in complex media like cell culture media, the presence of
other organic species could interfere with the formation of the optically active species [16].
For these reasons, the use of optical methods is not always the best solution.

In this context, electrochemical methods are cheap, easy and fast and thus they are
suitable for in situ and in-line analysis. In particular, anodic stripping voltammetry (ASV)
is a very versatile technique for the detection of heavy metals including copper [19]. This
analytical technique is based on a two-step detection. The first step consists of the depo-
sition/reduction of copper ions to the working electrode surface by applying a negative
potential (according to the Pourbaix diagram) [20]. In the second step, a potential scan
is performed starting from the potential at which the deposition was carried out up to a
potential sufficient for the ion to be oxidized again and then “stripped” from the working
electrode surface. The stripping process corresponds to the appearance of a peak in the
voltammogram, whose current intensity is a function of the ion concentration (quantitative
analysis), while the peak potential is specific to the analyte (qualitative analysis).

Electrochemical techniques in cell culture media have been already used for the moni-
toring of different small molecules such as glucose, lactate, amino acids, drugs, etc. [21-24],
while only a few examples have been reported for the detection of trace metals through
voltammetric techniques [25,26]. The presence of large amounts of organic substances in
cell culture media represents a challenge to obtain reliable and intense signals with the
ASV technique.

With the idea to integrate such analytical technique in an in vitro system for real-time
ion monitoring, we evaluated the performance of ASV in different cell culture media and a
medium acidification protocol was designed and tested to enhance the voltammetric signal
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and lower the detection limits. Its potential to improve the detection sensitivity was already
demonstrated by our group with a machine learning approach [27].

First, the potential of such an analytical and pre-treatment approach was applied to
monitor copper concentration in a Caco-2 cell Transwell® culture model by withdrawing the
cell culture media from the upper and the lower compartments. Then, a microfluidic circuit
was designed by implementing a commercial chip with microfluidic controllers/sensors to
regulate the fluxes of both the cell culture medium and the acidifying solution, and so to
perform the acidification protocol in an automatic way. Moreover, a microelectrode was
integrated into the microfluidic circuit to perform ASV measurements in situ.

The reported results represent an important step toward the integration of chemical
sensors in complex organ-on-chip systems. In fact, to the best of our knowledge, there
is a lack of OoC devices that integrate the ASV analytical technique with automated
sample treatment; this aspect proves to be strategic to evaluate the performance of such
complex systems.

2. Experimental Section
2.1. Materials

Anhydrous copper (II) sulphate, Dulbecco’s phosphate buffer saline (PBS), Dul-
becco’s Modified Eagle’s Medium—high glucose (DMEM), fetal bovine serum, penicillin-
streptomycin, L-glutamine solution, MEM non-essential amino acid solution, acetic acid,
sodium acetate, sulfuric acid and nitric acid were purchased from Sigma Aldrich (St. Louis,
MO, USA). Minimum Essential Medium Eagle (MEM) was supplied by Corning (Corning,
NY, USA), while Kaighn’s Modification of Ham’s F12 (F12K) was purchased from ATCC
(ATCC, Teddington, UK). A Copper Assay Kit for the colourimetric test was purchased
from Sigma-Aldrich.

2.2. Solution Preparation

The Cu?* calibration solutions were prepared starting from a solution of anhydrous
copper (II) sulphate 0.01 M in 0.1 M nitric acid to ensure complete salt dissolution. Subse-
quently, a dilution process was carried out firstly in PBS and after in a cell culture medium
until the desired concentrations were obtained. It was verified that the pH of the final
Cu?* solutions (1-20 uM, suitable physiological homeostasis range) was preserved (pH 7.4)
despite the acidity of the stock solution (0.01 M in nitric acid). For the measurements at
pH 4, a known amount of acetate buffer at pH 3.6 (0.1 M) was added to the solutions of
Cu?* in cell culture media (volume ratio cell culture media:acetate buffer 1:1). The Cu?*
concentration in cell culture media was adjusted in order to obtain calibration solutions
ranging from 1 uM to 20 pM after the dilution process with acetate buffer.

2.3. Single Working Electrode and Three-Electrode-Integrated Sensors: Fabrication Details

For anodic stripping voltammetry (ASV) measurements with the classic three-electrode
setup, a single working gold electrode device was fabricated, and used with a platinum
counter electrode and a Ag/AgCl reference electrode. The gold working electrode was
realized by a standard fabrication process on a 500 pum thick (100) 4” silicon wafer (n-
type) with 500 nm of thermal oxide. Silicon was accurately cleaned with acetone and a
2-propanol ultrasonic bath for 15 min, then rinsed in deionized water and dehydrated at
120 °C for 600 s. A 1.4 um thick AZ 5214 reversal image photoresist (Micro-Chemicals
GmbH, Ulm, Germany) was dispensed on the silicon substrate and soft-baked at 110 °C for
50 s, then exposed with a 365 nm MA6 mask aligner tool and developed in AZ326. After the
photolithography completion, a Cr/Au thin film (5 nm/200 nm) was deposited by e-beam
evaporation, followed by lift-off to pattern the working electrode. A full wafer passivation
was deposited at 350 °C, with 400 nm thick ultra-low residual stress (+50 MPa) PECVD
silicon nitride. A final photolithography process allowed to selectively remove the silicon
nitride layer from the working electrode by an inductively coupled plasma process with
a SF6/02 mixture. Using a 3D stylus profiler scan of the circular gold working electrode,
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3 mm diameter, before and after the plasma process, an average final RMS roughness of
about 5 nm was determined.

The three-electrode-integrated sensor (microelectrode) to be coupled with the mi-
crofluidic platform was achieved with a fabrication process similar to that used for the
single working electrode device, on the same silicon wafer substrate. A schematic of the
fabrication process is shown in Figure 1a. The first photolithography step was identically
replicated for the definition of the working electrode and pads, then followed by Cr/Au
thin film (5 nm /200 nm) deposition by e-beam evaporation. However, a second photolithog-
raphy step with a similar recipe was added to fabricate the reference and counter electrodes
made by a Ti/Pt thin film (10 nm/300 nm) deposited by e-beam evaporation. To follow,
full wafer passivation with 400 nm thick ultra-low residual stress (+50 MPa) PECVD silicon
nitride and dry etching process, as conducted for the single working electrode device, were
carried out to complete the fabrication of the three-electrode-integrated sensor.

(a) Microfabrication process of electrochemical G nter
sensors ounte
| — electrode (Pt)
Si wafer cleaning Silicon Silicon nit.rid:' PECVD
Silicon oxide ____ PassVation Workin g
Photoresist
Working electrode Passivation etching e I eCt rOd e (AU )
lithography Gold lithography
Silicon
10/200 nm Ti/Au film Nitride ICP silicon nitride dry
deposition etchin,
Pt metal ? Reference
e m
Working electrode lift-off Photoresist stripping e I ect rod e ( Pt)
and wafer cleaning
—— T ™ ™ s - -
|
Referencelcounter Testing & Final dicing
electrodes lithography
|

10/300 nm Ti/Ptfilm
deposition and lift-off

Figure 1. The electrochemical sensor integrated into the microfluidic chip, (a) schematic of the
microfabrication process; (b) final device ready for experimental testing.

Figure 1b shows the image of the final three-electrode-integrated sensor, ready for
calibration and experimental testing.

2.4. Anodic Stripping Voltammetry Measurements in Different Cell Culture Media

For the detection of copper ions, different cell culture media including MEM, DMEM,
F12K and MEM with the addition of non-essential amino acids, glutamine, penicillin-
streptomycin and fetal bovine serum were supplemented with copper solutions and elec-
trochemically measured at physiological pH (pH 7.4) and after acidification at pH 4.

Before ASV measurements, the single working gold electrode was cleaned by perform-
ing 10 cyclic voltammetry cycles in H,SO4 (50 mM) from —0.3 V to 1.5 V vs. Ag/AgCL
Electrochemical measurements were performed using a potentiostat/galvanostat (Ivium
Vertex One, Ivium Technologies B.V., Eindhoven, The Netherlands). Different accumulation
potentials and times were tested and the voltammograms reported in this work are related
to —0.4 V vs. Ag/AgCl for 30 s, and the stripping was performed using square wave
voltammetry in the range —0.4 V-0.7 V (pulse amplitude 30 mV, frequency 25 Hz and E
step 4 mV). After each measurement, a potential of 0.7 V was applied to the working elec-
trode for 50 s in acetate buffer as a cleaning step. After each calibration, a test measurement
was carried out to ensure that the electrode response remained constant over time. The
reported measurements were carried out in triplicate and the averages of the signals are
shown graphically.



Chemosensors 2023, 11, 466

50f17

2.5. Copper Detection in Transwell: Cell Culture, Copper Exposure and MTT Viability Assay

Anodic stripping voltammetry measurements were also performed to monitor copper
ions concentration in an in vitro system of the Caco-2 cell Transwell® culture model.

Caco-2 cells (ATCC® HTB-37™) were cultured in T-75 cm? flasks in Minimum Essential
Eagle Medium (MEM; Corning) supplemented with 20% fetal bovine serum, 1% non-
essential amino acids, 1% L-glutamine, 1% penicillin-streptomycin solution, at 37 °C in a
humidified atmosphere of 5% CO;. At 80-90% confluence, the cells were trypsinised, and
then they were seeded at 5 x 10° cells cm~2 in 6-well Transwell® plates.

After Caco-2 monolayer formation (21 days after seeding), copper solutions at 10 uM
and 20 pM final concentrations were added to the cell culture media of the separated upper
compartments of the Transwell® system. Electrochemical measurements, as described in
the previous section, were performed by sampling both the upper and lower media at the
beginning of the experiment (Tp) and after 72 h under physiological and acidic conditions.

To assess the copper effect on cell viability, cell metabolic activity was investigated
by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
An aliquot of 1 mL of MTT solution (1 mg mL~!) was added into each well and incubated
for 3 h at 37 °C. Then, the produced dark insoluble formazan was dissolved in DMSO
(2 mL). The absorbance signal at 560 nm, recorded using a UV-Vis spectrophotometer
(Tecan Spark®, Tecan Trading AG, Zurich, Switzerland), was correlated to the percentage
of vital cells by comparing data from cells exposed to copper ions with the control cells.

2.6. Microfluidic Chip with Three-Electrode-Integrated Sensor and ASV Measurements in Chip

With the aim to apply the proposed copper detection protocol in an organ-on-chip
system, the electrochemical sensor was integrated into a commercial microfluidic Topas
polymer 2-chamber cross-flow platform (Microfluidic ChipShop, Jena, Germany) suitably
modified. The latter was adapted, for a preliminary demonstration of the potential of the
proposed approach, to allow the simultaneous medium acidification and ASV detection
of copper ions in the chip and real-time. The microfluidic chip includes two chambers
connected with a microfluidic system based on an Elveflow® pressure and flow control in-
strument (OB1, MK3). A first chamber (cell culture chamber) is dedicated to the cell culture,
as a porous membrane separates its cavity into two horizontally aligned compartments,
apical and basolateral, in which the medium can flow separately if required. A controlled
flow of fresh culture medium, possibly supplemented with copper ions, is injected into the
cell chamber through an inlet tube. Then, the medium flows from the cell chamber toward
a second chamber, the sensing chamber, passing through a T-shaped microchannel where it
can be acidified. In this way, it is possible to perform the acidification of the cell culture
medium and the related detection process without affecting the main cell culture chamber.
The sensing chamber was obtained by performing a laser cut of its cover lid to allow the
insertion of the three-electrode-integrated sensor bonded onto the cover lid. The bonding
was performed with an acrylic, biomedical-grade pressure-sensitive adhesive, 80 pm thick
(ARCARE 90445Q), Adhesive Research, Glen Rock, NJ, USA), obtaining good bonding
strength and gas/medium tightness. Different mini Luer ports were used/interconnected
to make the microfluidic circuit functional to cell viability, medium treatment and acid-
ification, ASV detection and final wasting. The sensor-integrated chip was connected
to the microfluidic Elveflow® system, in order to allow the flow of the medium for the
cells” growth, and the controlled buffer injection for the medium acidification through the
channel leading to the sensing chamber.

The signal from the sensor was acquired by a flat cable connector (Wiirth Elektronik
GmbH & Co. KG, Niedernhall, Germany). The controlled flow rate at the inlets was set by
the adopted Elveflow OB1 microfluidic controller with two Elveflow MFS2 thermal mass
flow sensors.

ASV measurements in the chip by the integrated sensor were conducted by perform-
ing an accumulation step at —1.0 V vs. Pt for 100 s, and the stripping by square wave
voltammetry in the range —1.0 V-0.3 V (pulse amplitude 30 mV, frequency 25 Hz and E step
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4 mV). After each measurement, a potential of 0.3 V was applied to the working electrode
for 150 s as a cleaning step. The reported measurements were carried out in triplicate and
the averages of the signals are shown graphically.

2.7. Efficient Medium Acidification in the Chip: FEA Simulations

FEA simulations allowed us to identify the best injection conditions to be used for
the acidification of the medium by using the commercial Topas polymer 2-chamber cross-
flow platform. To this aim, a 2D model of the acidification and sensing chamber was
developed in Comsol Multiphysics for analysing computational fluid dynamics coupled
with the transport of diluted species and evaluating the mixing quality obtainable in the
microfluidic platform. The 2D model accurately reproduces the geometry of the considered
microfluidic circuit [28]. In particular, the mixing efficiency and achievable minimum
mixing times were evaluated as a function of different flow rates applied to the medium
and acetate buffer inlets. The 2D geometry comprises the T-shaped microchannel junction,
by which the culture medium (collected from the cell chamber) and the acetate buffer
were injected into a common microchannel and mixed with each other before reaching
the sensing chamber (area of 88.8 mm?), where the copper ions detection in the acidified
medium was performed. By FEA simulations, the flow field was determined by solving the
steady-state Navier-Stokes equations for the conservation of momentum and the continuity
equation for the conservation of mass, for an incompressible Newtonian fluid:

V- (-pl+K)+F=0 (1)
pV U =0 @)

where .
K =u(Vi +(Vi)T) ®)

p is the fluid der131ty (in kg/m?), u is the fluid dynamlc viscosity (in Pa-s), p is the

pressure (in Pa) and U is the velocity vector (in m/s). F is the volume force vector

(in N/m?). No-slip boundary condition (u = 0) was applied on all the side walls of the mi-

crofluidic circuit, while zero pressure condition was set at the outlet of the sensing chamber.

The calculated flow field was then used to solve the convection—diffusion equation

and determine the concentration of acetate buffer in the culture medium present in the
sensing chamber:

éc;

&+VL+qu_R @)

ji = —D;V¢; (5)

¢; represents the concentration of the species i (in mol/m?), D; is the diffusion coef-

ficient (in m?/s), R; is a reaction rate expression for the species i (in mol/m3/s), 1 is the
H

mass-averaged velocity vector (in m/s), and J; is the diffusive flux vector (in mol/m?/s).

The third term on the left side of the above equation describes the convective transport due

to the velocity field 1 obtained as a solution of the Navier-Stokes equations.

The flow and mass transport models were solved to determine the concentration
distribution across the modelled domain. The medium acidification degree achievable in
the sensing chamber was evaluated in terms of mixing efficiency (ME), calculated as [29]:

(6)

where
C= ;2?:1 Ci @)
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n is the number of sampling points in the section, C; is the concentration value at

each node, C is the average concentration across the section. ME = 0 indicates no mixing,
whereas optimum mixing is obtained when ME = 1.

3. Results and Discussion
3.1. ASV Measurements of Copper in Different Cell Culture Media

Cell culture media contain a mixture of compounds and nutrients designed to support
cellular growth. They consist of a balanced salt solution which is necessary to maintain
optimum osmotic pressure within the cells, stabilize the optimum pH and provide the
essential metal ions. ASV measurements with three separated electrodes were performed
in an electrochemical cell with three different kinds of cell culture media (MEM, DMEM
and F12K), commonly used for human in vitro intestinal model, at a physiological pH
(pH 7.4) in a range of Cu?* concentrations between 1 and 20 uM (Figure 2). The same
measurements were performed with a complete medium (MEM™, pH 7.4), which is MEM
complemented with non-essential amino acids, glutamine, penicillin-streptomycin and
fetal bovine serum. Several factors related to the composition of the medium can affect
the ASV measurements. In particular, ionic strength is a very important characteristic
that influences the electrochemical kinetics of the reaction involved in the ASV process.
However, the aim of this work is to perform ASV measurements in cell culture media
and the composition of the culture media in terms of the amount of ions and associated
ionic strength cannot be modified to meet the requirements for cell growth. Therefore, in
this work, standard media with fixed ionic strength and composition were used without
considering other compositional parameters.

@ (b) - (e)
e physiological pH & DMEM physiological pH 30
—— baseli baseli .
_ jf,\j'”e e m MEM ly=(0.86+0.02)+(0.07£0.01)x r=0.996
- 1 2um - oum 1 e DMEMy=(0.77+0.03) +(0.04£0.01)x  r=0.993
2, —sum 2,5 250 A4 F12 |y=(0.71£0.01)+(0.05£0.01)x  r=0.99
2 "]—1oum 2 —10um
g 5]—20um g Sl—20um 2
O o
s =
1—,@ 1,_% =220
—
c ]
0 : : 0 : : , o A
-0.2 0.0 0.2 04 0.6 -0.2 0.0 0.2 04 0.6 t 154
E vs Ag/AgClI E vs Ag/AgCl =]
I (@) hens 3 -
& physiological pH iy MEM’ physiological pH
—— baseline baseline % 1.04
4] 1uM 4] 1uM (0]
2 3—5n 2 3] u
g —— 10 uM g ——10uM 0.5+
§ 2{——20uM § 2/——20uM
o o
1-ﬁ W'ﬁ 0.0 " T T T T
o o 0 5 10 15 20
02 00 02 04 06 02 00 02 04 06 .
E vs Ag/AgCI E vs Ag/AgCI Concentration (uM)

Figure 2. Anodic stripping voltammetry with a three-electrode setup for copper determination in
(a) MEM at pH 7.4; (b) DMEM at pH 7.4; (c) F12K at pH 7.4; (d) MEM* at pH 7.4. Calibration plot
of anodic stripping voltammetry in (e) MEM, DMEM and F12K at pH 7.4. Accumulation potential:
—0.4 Vvs. Ag/AgCl; accumulation time: 30 s; stripping scan: —0.4 V-0.7 V (square wave voltamme-
try: pulse amplitude 30 mV, frequency 25 Hz and E step 4 mV).

A preliminary study was carried out to define the accumulation parameters (poten-
tial and time) in the three-electrode configuration and the results are shown in Figure S1.
Firstly, the accumulation potential was chosen by performing ASV measurements in MEM
(pH 7.4) with 20 uM of Cu?* and the highest peak current value was obtained by using
—0.4 V. Subsequently, different accumulation times were tested (at —0.4 V of accumula-
tion potential) and 30 s was chosen as a compromise between a good intensity of the
voltammetric signal and the time of the measurement.
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For measurements with MEM, DMEM and F12, a linear correlation between copper
concentration and peak current is visible, although some experimental points do not follow
the correlation line perfectly, because the physiological pH conditions and the medium
composition do not represent the best conditions for carrying out this type of measurement,
as will be explained below. In particular, the most sensitive medium is MEM with a peak
current of about 2.2 pA at 20 uM and a higher slope with respect to DMEM and F12. In the
case of MEMY, the supplemented components could be able to completely bind the copper
ions, resulting in no visible peaks under physiological conditions. The details about the
effect of copper binding on ASV signal intensity will be discussed below.

The reasons for the performance reported in these measurement conditions are to
be found in the pH and composition of the measurement medium. Regarding the pH,
according to the Pourbaix diagram of copper in aqueous systems, the Cu?* /Cu" equilibrium
is observed in acidic conditions up to pH 7. At higher pH values, passivation effects
due to the formation of oxides can influence the equilibrium. Moreover, considering
the analytical principle of ASV, free copper ions in a solution can be quantified by such
a technique, while the formation of copper complexes with organic substances present
in the measurement solution can reduce the quantity of free and measurable ions, thus
influencing the intensity of the ASV signals [19]; such complexes are usually more stable
in neutral-basic pH conditions. For all these reasons, copper analysis by ASV is usually
performed at pH 4-5 in simple buffers, hence the pH and the specific employed electrolyte
can strongly affect the measurement and should be evaluated.

In our specific case, the cell culture media have a neutral pH and contain organic
substances such as amino acids, vitamins, sugars, etc. that could interact with copper ions
by forming metal complexes, as largely reported elsewhere [26,30-34]. The formation of
complexes depends on several factors, such as organic molecules concentration, metal
concentration and thermodynamic driving forces [30], and is therefore difficult to predict
and quantify this phenomenon in complex systems such as cell culture media. Consid-
ering such a scenario, by performing the measurements in the cell culture media under
physiological conditions, the quantity of free copper ions can be estimated, which could
be very low considering the large amount of potential complexing agents. The identifi-
cation of suitable protocols for a reliable cell culture media treatment before the metal
ions detection phase can improve the quality of the ASV measurement and promote the
adoption of these sensors in in vitro and OoC platforms with greater confidence from the
scientific community.

Based on this consideration, an acidification protocol was tested with the aim to
improve the voltammetric signal intensity. The optimized protocol consists of a 1:1 volume
ratio between cell culture media and pH 3.6 acetate buffer and it enabled a pH of 4 to
be reached. The lower pH value can be useful to induce the decomplexation of copper
ions, while the volume addition of acetate buffer is useful to dilute the organic species
in the final solution. Indeed, it is widely reported that copper complexes, and in general
metal complexes, are stable under neutral and basic conditions and that acidic conditions
can induce the decomplexation of copper and the increase in free copper ions [30,35]. A
similar acidification protocol was tested for measurements of copper concentration in
seawater samples in order to distinguish between electroactive copper (free Cu ions) and
acid-dissolved copper (labile Cu complex) [36]. In any case, the concentration of organic
species in seawater samples is about two orders of magnitude lower than that present in
cell culture media, so this aspect should be deeply evaluated in biological systems [37].

The results related to the ASV experiments performed after the medium acidification
are reported in Figure 3. Higher current values and higher slope values are visible with
respect to measurements performed at physiological pH, thus demonstrating the higher
sensitivity of the system in acidic/diluted conditions. A linear correlation was obtained for
all the cell culture media.
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Figure 3. Anodic stripping voltammetry with a three-electrode setup for copper determination in
(a) MEM at pH 4; (b) DMEM at pH 4; (c) F12K at pH 4; (d) MEM™* at pH 4. Calibration plot of anodic
stripping voltammetry in (e) MEM, DMEM, F12K and MEM* at pH 4. Accumulation potential:
—0.4 Vvs. Ag/AgCl; accumulation time: 30 s; stripping scan: —0.4 V-0.7 V (square wave voltamme-
try: pulse amplitude 30 mV, frequency 25 Hz and E step 4 mV).

As with all electrochemical systems, the electrodes used for measurement require peri-
odic checks and recalibration procedures. However, the material adopted in the developed
sensor did not present any specific problems with the adsorption of organic substances
and/or ions, maintaining a stable response over several weeks.

As a reference method, the same copper detection measurements were performed
by using a commercial colourimetric kit and the results are reported in Figure S2. The
measurements carried out with the colourimetric kit do not seem to be comparable at
low concentrations (1-5 uM) in the two pH conditions, whereas at high concentrations
(10-20 uM) the absorbance values recorded in the two conditions tend to coincide. There-
fore, the kit does not seem to discriminate between the pH of the two measured solutions
and therefore whether the copper is in the form of a free or complexed ion. Furthermore,
the colourimetric kit does not seem to be very sensitive, with an absorbance variation of
about 0.1 between the two extreme concentrations.

It can therefore be concluded that the colorimetric kit could be used to estimate the
total amount of copper in the culture medium, beyond the pH conditions. However, this
type of measurement requires mixing the solution to be analyzed with different reagents
and then measuring the absorbance using a spectrophotometer, which, unlike the method
developed in this work, is not easy to implement in chips.

3.2. Copper Detection in Caco-2 Cell Transwell® Culture Model

In order to test the applicability of this analytical method in an in vitro system, experi-
ments were performed with a Caco-2 cell Transwell® culture model.

Human colon cancer Caco-2 cells are widely used to mimic the intestinal barrier for
in vitro studies of the biological transport and toxicity of nutrients and drugs [38—40]. Over
a 21-day period, Caco-2 cells form a polarized monolayer with tight junctions between
adjacent cells, separating apical and the basolateral membrane compartments to ensure the
epithelial barrier function.

The Caco-2 monolayer was exposed to two concentrations of copper ions (10 pM
and 20 uM) by loading MEM™* (supplemented with copper) into the upper compartment
of the Transwell®. The copper concentration was monitored by withdrawing the cell
culture media from the upper and lower compartment of the Transwell® at the beginning
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of the experiment (Tp) and after 72 h. Measurements were performed under physiological
and acidic conditions. As a control, to test the cell viability in the presence of the two
concentrations of copper ions, an MTT assay was performed and results were reported
in Figure S3.

Under physiological conditions, the voltammetric signal was barely visible (as already
reported in Figure 2d), whereas it can be well distinguished under acidic conditions
(Figure 4). At Ty the peak current for 10 uM concentration was about 2 pA, while that for
20 uM was about 2.5 pA (Figure 4c,d). Obviously, the observed currents correspond to a
concentration that is halved when compared to the original one, as the acidification/dilution
process was carried out before the measurement. Indeed, the peak current of 2 LA matches
with the peak of 5 uM concentration in the calibration line in Figure 3e, while 2.5 uA
corresponds with the 10 uM concentration.

(a) (b)

5 5
phisiological pH physiological pH
d 10 uM - 0 h - Upper compartement o 20 uM - 0 h - Upper compartment
——10 uM - 0 h - Lower compartement ——20 uM - 0 h - Lower compartment
< —— 10 uM - 72 h - Upper compartment| < ——20 uM - 72 h - Upper compartment
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o o
1 --_/ T'ﬁ
0 . . T 0 T T T
02 0.0 0.2 0.4 0.6 0.2 0.0 0.2 0.4 0.6
E vs Ag/AgCI E vs Ag/AgCl
(), (d
acidic pH acidic pH
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(&) (&)
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Figure 4. Anodic stripping voltammetry with a three-electrode setup for copper determination in
Caco-2 cell Transwell® culture model: monitoring at 0 h and 72 h, (a) 10 uM Cu2+—physiological
pH; (b) 20 uM Cu?*—physiological pH; (c) 10 uM Cu?*—acidic pH; (d) 20 uM Cu?*—acidic pH.
Accumulation potential: —0.4 V vs. Ag/AgCl; accumulation time: 30 s; stripping scan: —0.4 V-0.7 V
(Square Wave Voltammetry: pulse amplitude 30 mV, frequency 25 Hz and E step 4 mV).

Regarding measurements after 72 h, no variations were visible in the upper com-
partment, while in the lower compartment, only a slight increase in the base current was
visible. These results suggested that the intestinal epithelial monolayer does not mediate
the reduction of Cu?* to Cu™, thus preventing the passage or absorption of the copper ions.
Furthermore, the MTT assay demonstrated that the addition of 10 uM and 20 uM of copper
ions within 72 h from the injection did not affect the cell viability of Caco-2 cells, which
displayed the same metabolic activity as the control cells. These results confirmed that at
these copper concentrations, the monolayer preserved its integrity, blocking the passage of
copper ions from the apical to the basal compartment of the Transwell®.

Unfortunately, the investigated Transwell® system does not allow continuous mea-
surements to be performed, because the cell culture media must be sampled from the
culture plates and manually acidified before measurements. Therefore, we developed a
microfluidic chip to automatically perform the acidification and the Cu?* sensing process
with the aim of continuously monitoring the flow of copper across an epithelium such as
the intestine.
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3.3. Efficient Medium Acidification in the Adapted Commercial Platform: FEA Predictions

In order to carry out the acidification process in a microfluidic chip, it is essential to
evaluate the best and most efficient conditions for mixing the culture medium with the
acidifying solution (buffer acetate). This involves taking into account both the properties of
the involved fluids and the geometry of our system. The culture media solution has density
p = 1008 kg/m? and viscosity n = 0.733 x 1073 Pa-s [41], and the aqueous 0.1 M acetate
buffer has p = 1007 kg/ m®andn =1 x 1073 Pa-s [42]. The culture medium was modelled as
solvent solution entering Inlet 1, the acetate buffer was modelled as dilute species entering
Inlet 2 with a diffusion coefficient in the culture medium of 1 x 10~ m?/s. The degree of
medium acidification and minimum time required to achieve homogeneous mixing in the
sensing chamber as a function of different flow rates at the inlets were evaluated by FEA.
Simulations were performed by considering increasing values of flow rate at the two inlets,
in the range 0.8-7.2 uL/min, in accordance with the values of flow rate that can be reliably
applied using the Elveflow OB1 commercial system. In the discussion to follow, FRy; is
used to indicate the flow rate applied to the culture medium inlet, and FRp represents the
flow rate applied to the acetate buffer inlet.

FEA simulations allowed us to evaluate the mixing performance achievable in the
sensing chamber, in terms of efficiency and time, for different combinations of flow rates
at the inlets. The mixing efficiency (ME) was determined using Equation (6), the mixing
time was defined as the time required from the acetate buffer injection to the reaching of
the steady-state ME value. Both the ME and mixing time were evaluated in the middle
section of the sensing chamber. Table 1 reports the most interesting results obtained by
considering four different combinations of FRys and FRg, which allowed us to obtain a ME
comprised between 0.81 and 0.99. The results show a decrease in the ME for increasing the
total flow rate in the chip. By applying the minimum value of flow rate at both the two
inlets (0.8 uL/min), the ME is maximized (0.99) within a time of 4000 s from the acetate
buffer injection (case #1). In cases #2 and #3 reported in Table 1, FRg was doubled (1.6 and
3.2 uL/min, respectively, with respect to the minimum applicable flow rate), and in case
#4, FRp was set to the maximum applicable value (7.2 pL/min), with the aim to identify
a possible flow rates combination able to reduce the mixing time without excessively
compromise both the ME and the final pH of the acidified medium. For each value of FRg
set in cases #2 to #4, the value of FRy that maximizes the ME was identified by simulations.

Table 1. Mixing time and efficiency achievable in the sensing chamber of the adapted commercial
platform, for different combinations of flow rates at the two inlets.

Case Flow Rates (uL/min) Mixing Time (s) Mixing Efficiency
#1 ?;f _ 8 '88 4000 0.99
#2 1;1111‘; N 112’ 2000 0.97
#3 FFII{{P; N ;27 1000 0.89
#4 iﬁl\;:;; 540 0.81

Figure 5 shows the ME versus time, calculated at the middle section of the sensing
chamber for the four cases indicated in Table 1. The results show that each investigated
combination of flow rates requires a mixing time to reach the steady-state ME that is
inversely proportional to the total flow rate applied to the inlets. The best efficiency is
obtained by applying the slowest flow rate to both inlets.
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Figure 5. Mixing time and efficiency achievable in the sensing chamber of the adapted commercial
platform, for the four cases indicated in Table 1.

Figure 6 depicts the steady-state concentration distribution achieved by FEA for the
best and worse investigated combinations of flow rates (case #1 and case #4 indicated in
Table 1), with a ME of 99% and 81%, respectively. In the simulations, the diluted species
(acetate buffer) was assumed entering in Inlet 2 at a concentration of 1 mol/ m3, while the
concentration was 0 mol/m3 in Inlet 1. In the concentration profile depicted in Figure 6,
the red colour represents the unmixed species (acetate buffer) in the culture medium (blue
colour), while the mixed species is represented by the green colour (with a concentration
equal to half of that entering, 0.5 mol/m?). The steady-state concentration of the diluted
species is clearly uniform in Figure 6a (case #1 with ME = 99%), while an evident gradient
of concentration is visible in Figure 6b, due to a lower ME (81% for case #4).
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Figure 6. Steady-state concentration distribution achieved by FEA, for (a) ME = 99% and (b) ME = 81%.

For the experiments of ASV measurements in chip the optimum flow rates at the inlet
of cell culture medium and acetate buffer were set to 1.5 and 1.6 pL/min, respectively.
Compared to the best case (case #1), the selected combination of flow rates (case #2) halves
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the mixing time while keeping a very high mixing efficiency (97%) and a minimal pH
variation (lower than 0.1 pH units), that is experimentally negligible vs. sensor signal gain.
Cases #3 and #4 were discharged because they did not allow an effective pH control of
the acidified medium. In addition, the selected flow rates (case #2) guaranteed a complete
renewal of the medium in the sensing chamber approximately every 30 min (67 uL cells
chamber volume) and allowed different measurements approximately every 1 h. These
settings enabled monitoring of the epithelium permeability to ions, drugs or molecules of
interest at hourly intervals without affecting the cell culture chamber.

3.4. Copper Measurements in a Microfluidic Device

To test the electrochemical copper detection in a microfluidic platform, a sensor-
integrated dual chamber chip was developed (Figure 7a). In detail, the cell culture medium
was supplemented with copper ions and injected into the cell culture chamber with a
controlled flow (1.5 pL/min). The medium flowed from the cell culture chamber to the
sensing chamber where it was mixed with acetate buffer (Figure 7a). The electrochemical
measurements in the sensing chamber were always carried out with a three-electrode setup,
but contrary to what was reported in Section 3.1, a microelectrode (Figure 1b) integrated
into such a chamber was used instead of three separate electrodes. All of the experimental
results are reported below (Figure 7b,c).
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Figure 7. Photograph of the microfluidic chip integrated with ion sensor (a); anodic stripping voltam-
metry with three-electrode-integrated sensor (microelectrode) for copper determination performed in
chip (sensing chamber) (accumulation potential: —1.0 V vs. Pt; accumulation time: 100 s; stripping
scan: —1.0 V-0.3 V (square wave voltammetry: pulse amplitude 30 mV, frequency 25 Hz and E step
4 mV) (b); calibration plot in chip (sensing chamber) (c).

The microelectrode consisted of a gold working electrode, a platinum counter electrode
and a platinum pseudoreference (Figure 1b). A platinum pseudoreference was used because
of the durability problems associated with the use of thin film Ag/AgCl electrodes [43].
The accumulation potential was set at —1 V vs. Pt, taking into account both the shift
with respect to the Ag/AgCl electrode and the minimum potential required to display the
entire voltammetric peak. In addition, a longer accumulation time was used (100 s) due to
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the lower surface area of the working electrode in the integrated microelectrode. In fact,
while in Section 3.1, a working electrode with a 3 mm diameter was employed, due to
the geometric limits of the chip, the working electrode in the microelectrode setup has a
diameter of 2 mm. This difference in surface area, together with the difference in geometry
of the setup, leads to differences in measurement conditions, and the accumulation time
indicated here represents the best compromise between the signal intensity and a reasonable
accumulation time.

By analysing the results of ASV measurements recorded by the integrated sensor,
at acidic pH a voltammetric signal was visible with a linear correlation as the copper
concentration increases (Figure 7c). The peak currents were lower than those reported
for the three separated electrode systems due to the different geometry of the working
electrode and of the entire electrochemical system.

The double chamber system developed in this work makes it possible to isolate
the measurement chamber from the culture chamber, not only to perform the medium
acidification without affecting the cell environment but also to carry out any cleaning of
the working electrode (e.g., by cyclic voltammetry in sulphuric acid) and the periodic
recalibrations required by the electrochemical analysis. The microelectrode has been tested
for several weeks without any particular problems of instability of the electrochemical
response at the same concentration of copper in solution.

These results demonstrated the effectiveness of the developed acidification/sensing
chip and opened the way to a promising coupled use with different organ-on-chip and
microfluidic devices in order to perform the acidification of the medium and ions dosing in
a fully automated way.

4. Conclusions

Copper detection and monitoring in a cellular environment is of great interest for
different biological studies, in order to understand its involvement in molecular pathways,
its regulation in the body and its association with specific diseases. In particular, copper
can be provided by diet and absorbed by intestinal epithelium thus preserving the copper
homeostasis in the whole body.

Despite the importance of the intestinal epithelium in the regulation of copper, the
involved mechanisms are not completely elucidated. Such kinds of mechanisms could be
studied by integrating sensors with cellular systems and by mimicking conditions close to
that in vivo.

Starting from such background, in this work the electrochemical sensing of copper
ions in different cell culture media was investigated. Anodic stripping voltammetry at
physiological conditions (pH 7.4) showed moderate current signals at (pato-)physiological
concentrations of ions. An acidification protocol of the cell culture media was designed
and tested with the aim to enhance the voltammetric peaks and a higher responsivity of
the system was observed. In fact, the acidification process can induce the decomplexation
of copper ions with the organic substances present in the culture medium, thus increasing
the number of ions measurable with the ASV technique and allowing the total amount of
copper in the medium to be estimated.

The acidification and detection protocol was tested in an in vitro system by performing
measurements with a Caco-2 cell Transwell® culture model.

In particular, to indirectly estimate the amount of copper ions absorbed by the cells,
the amount of copper in the culture medium in the upper and lower compartments can
be monitored over time. The intestinal barrier is only able to absorb physiological con-
centrations of copper, preventing the absorption of excess copper which would be toxic.
Therefore, by quantifying the ions in the medium, it is possible to provide information on
the amount absorbed by the cells and the integrity of the intestinal barrier. The integra-
tion of such a detection protocol into organ-on-chip systems could allow the automatic
monitoring of copper uptake and regulation mechanism, also by a correlative approach of
such a sensing system with biochemical experiments. Therefore, a microfluidic device for
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the acidification process and copper detection was implemented and investigated with an
embedded integrated microsensor. FEA simulations allowed the best injection conditions
to be identified in the adapted commercial microfluidic platform for obtaining the desired
medium acidification within acceptable mixing times.

The results reported in this work represent a first step towards the development
of organ-on-chip models that integrate more functionality through the use of sensors,
microfluidics and automated biological liquids treatment/detection. Such models could be
of great support to study pathologies and complex biological mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors11080466/s1, Figure S1: Parameter optimization
for the accumulation step of ASV performed in the three-electrode configuration: peak current
vs accumulation potential (30 s as accumulation time) for 20 uM Cu?* solution (a), peak current
vs accumulation time (—0.4 V as accumulation potential) for 20 uM Cu?* solution (b). Figure S2:
Colorimetric copper content quantification in MEM complete medium containing Cu?* with a
concentration ranging from 1 uM to 20 uM at pH 7.4 (a) and at pH 4 (b). Figure S3: MTT assay
to test viability of Caco-2 cells exposed to two concentration of copper ions (10 uM and 20 uM)
for 72 h: histograms represent the percentage (%) calculated by comparing the data of the exposed
cells with those of the control cells (ctrl, 100%). All values are reported as the means + standard
error. Statistically significant differences with respect to the control according to One-Way ANOVA;
p < 0.05. Means comparison by Tukey’s test.
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