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Graphical Abstract
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Abstract

Chimeric antigen receptor T (CAR-T) cell therapy has led to a paradigm change
in cancer treatment. To allow widespread use of this therapy, it is important to reduce
the costs associated with cells manufacturing whilst ensuring a high-quality production.
Online biosensors can help monitor in real time the effectiveness of engineering CAR-T
cells, with the possibility to be integrated on the workflow without the need to extract
samples for off line analysis that require specialised personnel and expensive analytical
equipment. In this context, we present an innovative label-free impedimetric
immunosensor for the detection of CD34" T-cells in human serum. The sensor is based
on screen printed gold electrodes functionalised with anti-CD34 antibody, via a mixed
self-assembly monolayer of 11-mercaptoundecanoic acid and 6-mercapto-1-hexanol,
which recognizes the CD34 antigen expressed onto the T-cells surfaces. The
immunosensor exhibits a high selectivity and a wide working range in human serum,
both in Faradaic and non-Faradaic detection conditions, being respectively of 230 — 1.4
x 10° cell mL™* and 50 — 1 x 10° cell mL. This result, along with performance
validation both in batch and flow-through operations, demonstrates its applicability for

clinical use.

Keywords
Electrochemical Biosensor, CD34" T-cells, Impedance, Capacitance, Flow-through

Biosensor.



1. Introduction

Cancer is the second leading cause of death globally [1]. In 2018, leukaemia
alone, a malignant disorder that provokes an increased number of leukocytes in the
blood and/or bone marrow, costed 309,000 deaths worldwide [2]. Recently, Chimeric
Antigen Receptor T (CAR-T) cell-based immunotherapy, which combines the
specificity of antibodies to their antigens and the cytotoxic potential of T-cells, has
shown great potential as an effective strategy for personalized cancer treatment [3]. This
therapy, approved by the US Food and Drug Administration (FDA) and European
Medicines Agency (EMA), has in particular shown clinical efficacy for acute
lymphoblastic leukaemia, chronic lymphocytic leukaemia, and non-Hodgkin’s

lymphoma [4-6].

CAR-T cells are manufactured by genetically engineering patients’ native T-
cells ex vivo, to specifically recognize tumour antigens [7]. For example, CAR-T cells
modified to express the glycosylated transmembrane protein CD34, can be used to
reconstitute the complete hematopoietic system in patients affected by blood cancer [8].
One of the critical steps in the manufacturing process is the efficient isolation,
quantification, and characterization of the functionalised T-cells. Flow cytometry is the
gold standard technique for that purpose, but it suffers from limitations such as lack of
standardization in assays, instrument setup, laborious sample preparation, and expensive
equipment and reagents [9]. Biosensors would instead allow in-line, on-line and/or at-
line monitoring of T-cell functionalisation in manufacturing, providing real time
feedback, with excellent selectivity and sensitivity and no need for specialised personnel
and equipment. This in turn can ultimately favour a wide application of CAR-T cell
therapy by ensuring effective quality control while reducing overall manufacturing costs

[10,11]. In particular, electrochemical biosensors such as impedimetric biosensors,



based on either a Faradaic or non-Faradaic detection, have great potential for real-time,
label-free, and non-invasive detection of T-cells [12,13]. While Faradaic-based
detection is indirect and requires the presence of a redox probe in solution limiting
practical implementations, non-Faradaic (or capacitive) detection allows direct
measurement of the target molecule in the sample, thus simplifying the operation
[14,15]. Nevertheless, only a few electrochemical biosensors have been developed so
far for T-cells detection, and to the best of our knowledge, none of them is for CD34* T-

cells [9].

In this study, we propose an innovative impedimetric biosensor for the selective
detection of CD34" T-cells in diluted human serum, which is the first electrochemical
sensor developed for this type of T-Cells. The biosensor is based on screen-printed gold
electrodes functionalised with anti-CD34 antibody, used as the recognition element, via
a self-assembled monolayer approach. The ability of the biosensor to selectively detect
CD34" T-cells is tested under both a Faradaic and non-Faradaic impedance modes,
against other types of cells. The sensor is integrated into a microfluidic to demonstrate

application in both static and flow-through mode.

2. Materials and methods
2.1 Materials

Monoclonal anti-CD34 antibody (QBEND10) was purchased from Invitrogen
(Thermo Fisher, UK). Recombinant human CD34 (ab126924) and recombinant human
CD44 (ab173996) proteins were obtained from Abcam (UK). Sulphuric acid (95-98 %),
11-mercaptoundecanoic acid, 6-mercapto-1-hexanol, N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), phosphate

buffered saline tablets (PBS), ethanolamine hydrochloride, human serum from human
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male AB plasma, bovine serum albumin (BSA), potassium hexacyanoferrate (l11),
potassium hexacyanoferrate (I1) trihydrate and methanol were purchased from Merck
(UK). MES buffered saline pack (pH 4.7), starting block® solution, potassium chloride,
fetal bovine serum (FBS) media (Gibco), mammalian cell culture media IMDM (Gibco)
and Hoechst 33342 stock solution were obtained from Thermo Fisher (UK). Purified
anti-human CD34 Antibody, Mouse 1gG1 kappa isotype, Clone MG1-45, and APC anti-
mouse IgG1 antibody Clone RMG1-1 were purchased from BiolLegend (UK). All the
aqueous solutions were prepared with ultrapure water (18.2 MQ cm™?) from a Milli-Q
system (Millipore, UK).

2.2 Apparatus

Electrochemical measurements were performed using a PalmSens4 potentiostat
connected to a computer with PSTrace 5.7 software (PalmSens, The Netherlands).
Screen-printed gold electrodes (DRP-C223BT), with a 1.6 mm gold working electrode,
a gold counter electrode, and a silver pseudo-reference electrode, were purchased from
Methrom Dropsens, UK.

The several functionalisation steps of the gold electrodes were monitored by
cyclic voltammetry (CV) performed in a 50 puL drop of an electrolyte solution
containing 5 mM [Fe(CN)s]*, 5 mM [Fe(CN)s]* redox probe and 0.1 M KCl in 1x PBS
buffer. The CV tests involved one potential cycle between -0.3 V and +0.7 V versus the
Ag screen printed pseudo-reference electrode, at a scan rate of 100 mV s,

Faradaic electrochemical impedance spectroscopy (EIS) measurements were
performed in a solution containing 5 mM [Fe(CN)s]*>, 5 mM [Fe(CN)s]* and 0.1 M KCI
in PBS buffer at 0.1345 V versus the Ag pseudo-reference electrode, which corresponds
to the formal potential of the redox couple (measured by cyclic voltammetry). EIS

frequency was varied within the range 0.1 Hz - 10 kHz with an amplitude of 10 mV. In



order to account for possible electrode-to-electrode variations and to normalize the
obtained signals, changes in charge transfer resistance, Re, among different electrodes
and for different days of operation, were expressed as the percentage of change with
respect to the initial value for the sensing phase in the absence of the target protein
(Reto)-

The capacitive EIS (non-Faradaic) measurements were performed in 1x PBS
buffer at an equilibrium potential of 0 V versus the Open Circuit Potential (OCP), by
applying an amplitude voltage of 50 mV a.c. within the frequency range 0.1 Hz - 10
kHz. The ‘complex’ capacitance of the system was calculated from the impedance
spectra using Equations (1) and (2):

C'=-2"/w|Z] 1)

C"=-2'/ w|Z] (2)
Where: Z" is the imaginary part of the impedance; Z' the real part of the impedance;
|Z|? = (Z2'%)+(Z"%); and o is the phase angle.

2.3 Cell culture

Primary human peripheral blood CD34" cells (StemCell Technologies, Canada)
as non-adherent cells, were expanded in suspension in a humidified atmosphere at 37 °C
and 5% CO: in proliferation media for 14 days and harvested at days 7 and 14.
Proliferation media was composed of StemSpan™ SFEM II medium supplemented with
10% StemSpan™ CD34 Expansion Supplement, 1 uM UM729 (all from StemCell
Technologies, UK). At day 7, the cells were split, and one part reseeded in proliferation
media and the remaining cells used for further analysis. Cell numbers were counted
using a NucleoCounter® (Chemometec, Denmark) image cytometer.

HL-60 human promyeloblasts cells (ATCC CCL-240; LGC standard, UK) as

non-adherent cells, were cultivated in suspension in a humidified atmosphere at 37 °C



and 5% CO: in proliferation media. The proliferation media was composed of RPMI-
1640 medium (Sigma-Aldrich, UK) supplemented with 20% foetal bovine serum
(Fisher Scientific, UK), 1% v/v Penicillin-Streptomycin (Fisher Scientific, UK) and 1%
v/v Glutamax (Fisher Scientific, UK). The cell culture media was changed every two or
three days, and the cells were passaged once per week to maintain a cell concentration
of approximately 5 x 10%- 1.5 x 10° cells mL™.

The murine myoblast cell line C2C12 (ATCC, USA) as adherent cells, were
expanded as monolayers on tissue culture plastic in a humidified atmosphere at 37 °C
and 5% CO: in proliferation media. Proliferation media consisted of high glucose
Dulbecco's Modified Eagle's Medium (Sigma-Aldrich, UK) supplemented with 10% v/v
foetal bovine serum (Thermo Fisher Scientific, UK) and 1% v/v Penicillin -
Streptomycin (Sigma-Aldrich, UK). Cells were passaged once every 72 hours when
they reach ~80% confluence.

Prior to further testing, cells were fixed with 70% ice cold methanol for 5 min at
room temperature. Excess methanol was washed and cells either stored for biosensor
analysis or further stained for flow cytometric analysis.

2.4 Flow cytometry analysis

The presence of the CD34 signalling membrane protein for the peripheral blood
CD34" cells, HL-60 and C2C12 cells was investigated by flow-cytometry. Fixed cells
were blocked with 1% w/v bovine serum albumin (Sigma, UK), to avoid non-specific
binding of antibodies, followed by labelling with anti-human CD34 antibody
(Biolegend, UK) at 1:50 dilution. Unlabelled and mouse IgGl, « isotype control
(Biolegend, UK) antibody were prepared as assay controls. Following a 30 min
incubation at room temperature, excess stains were washed off and the cells incubated

with the secondary fluorophore label (except to the unlabelled control sample). APC



anti-mouse 1gG1 Antibody (Biolegend, UK) was added to the cells at 1:500 dilution and
incubated for 30 min at room temperature in dark. Secondary label was washed off and
cells stained with Hoechst (Thermo Fisher, UK) at a 1 mg mL™? and analysed
immediately using a FACS Aria (BD Biosciences, UK) flow cytometer. Live cells were
gated in the FSC vs SSC plot followed by FSC vs Hoechst plots. CD34" gate was set to
include < 2% of the 1gG1 sample to account for background staining.

2.5 Immunosensor fabrication

Prior to be used, the gold screen-printed electrodes were cleaned with ethanol
and distilled water, dried with nitrogen, and then electrochemically cleaned by applying
10 potential cycles between 0 V and +1.3 V at a scan rate of 100 mV s in 50 pL drop
of 50 mM H2SOg4. The electrodes were then rinsed with distilled water and dried with
nitrogen.

The functionalisation of the gold screen-printed electrodes was performed by
following the steps illustrated in Figure 1. First, to build a mixed self-assembled
monolayer (SAM) on the gold surface, the electrodes were incubated with a 1:3 solution
of 11-mercaptoundecanoic acid (MUA) and 6-mercapto-1-hexanol (MH), both 1 mM in
MES buffer (pH 4.7). The incubation was carried out overnight at 4 °C and under a wet
atmosphere to avoid possible evaporation. Then, the carboxylic groups immobilised on
the surface were subsequently activated with a mixture of 100 mM EDC and 25 mM
NHS in MES buffer for 30 min. The so-modified electrodes were then incubated with
10 pg mL! of anti-CD34 antibody in PBS buffer (1x, pH 7.4) for 30 min. The remained
active groups after the antibody immobilisation were blocked with a 1 mM solution of
ethanolamine in PBS for 15 min. Finally, the electrode surface was blocked with the

starting block® solution for 30 min.



All these steps were performed in a total volume of 2 pL at room temperature.
After each modification step, the electrode was rinsed with the buffer of the following

step and gently dried with nitrogen.
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Figure 1: Steps of the construction of the impedimetric immunosensor for CD34* T-

cells detection based on the immobilization of anti-CD34 antibody.

2.6 Protein and cells detection tests

First, impedimetric detection tests were performed with the purified protein
CD34. Solutions of different concentrations of CD34 protein were prepared in PBS
buffer from the stock solution (1 mg mL™). Afterwards, similar electrochemical tests
were performed with T-cells expressing the CD34 marker; tests with HL-60 and C2C12
cells, which do not express CD34, were also performed to confirm the sensor
selectivity. CD34" T-cells, HL-60 cells, and C2C12 cells solutions were prepared by
serial dilution of the fixed cells, either in PBS or in human serum. Different dilutions of
the serum with PBS were tested within the range 1:0 (undiluted) to 1:50. Each test was
performed by incubating the modified Au electrodes with 2 pL of a solution of either
the CD34 protein or the cells for 30 min at room temperature. After each incubation, the
electrode was rinsed with PBS, dried with nitrogen, and the Faradaic or non-Faradaic
EIS was recorded. In the case human serum, to compensate for the effect of non-specific

interactions, the sensor was preincubated with human serum diluted 1:50 without cells,
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and the value of the impedance obtained after this conditioning step was used as a
reference.

Additionally, continuous flow measurements were performed in a microfluidic
flow cell (drp-flwcl, Methrom Dropsens, UK), under a flow rate of 12 uL min? by
means of a BT100-2J peristaltic pump (LongerPump, China) and 1.6 mm inner diameter
tubes. The flow cell reactor was designed to obtain an inlet flow perpendicular to the
electrode surface with an outlet flow at an angle of 45°. First, the samples were fed
through the system for 30 min, followed by PBS for 5 min. Afterwards, the capacitive

EIS was measured in PBS under the same flow conditions.

3 Results and discussion

Each modification step of the gold screen printed electrodes with the SAM and
the anti-CD34 antibody was monitored by electrochemical impedance spectroscopy and
cyclic voltammetry. The results shown in Figure 2 confirm a correct fabrication of the
immunosensor. As shown in Figure 2A, the charge transfer resistance, Rc, of the
screen-printed gold increases after the formation of the SAM from 0.560 + 0.082 kQ to
31 £ 5 kQ. This result is a consequence of the formation of a highly compact carbon
chain and the negative charge of the carboxylic groups of the SAM that create an
electrostatic barrier to the negatively charged redox markers and hence hinder the
electron transfer. After the carboxylic acid activation with EDC and NHS, the antibody
immobilisation, and the blocking with ethanolamine, Rc: decreased to 9 + 2 kQ, due to
the removal of the negative charges on the SAM resulting from the binding of the
antibody to the carboxylic groups. After blocking the so-modified electrode surface
with the starting block® solution, a slight increase in Ret (11 + 2 kQ) was observed,

because of the blocking of the surface that enhanced the surface resistance. The CV
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tests confirm the results from the EIS analysis (Figure 2B, Table 1); the SAM formation

caused a decrease in the oxidation and reduction current peaks and a bigger difference

between the oxidation and reduction peaks potential (AEp). With the antibody

immobilisation, followed by the surface blocking, the oxidation and reduction current

increased and AEp decreased.
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Figure 2: A) Nyquist plot from Faradaic EIS measurements in 5 mM Fe[(CN)e]*"* after

each step of fabrication, with a Randle’s circuit used to fit the data. B) Cyclic

voltammograms obtained after each step of fabrication, performed in 5 mM Fe[(CN)g]*

/- between -0.3 V and +0.7 V vs. Ag pseudo-reference electrode at a scan rate of 100

mV st

Table 1. R¢t values and oxidation and reduction peaks potentials (vs. Ag pseudo-

reference electrode) after each step of fabrication of the immunosensor

Fabrication step Rect value (kQ) Eox peak (V) Ered peak (V)
Bare gold 0.56 +0.08 0.191 0.087
SAM 315 0.381 -0.208
Anti-CD34 Ab 9+2 0.274 -0.124
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Blocking 11+2 0.319 -0.187

The ability of the modified electrode to detect the CD34 antigen was
subsequently investigated. With this purpose, the sensor was incubated with increasing
concentrations of the protein in PBS (range: 2.5 - 50 ug mL™), and then Faradaic EIS
responses to each concentration were monitored. As shown in Figure 3, the binding of
the protein produces a change in the R value, which increases with CD34
concentration. The experimental data are well fitted with the Langmuir equation, y =
Ymax X/ (Kp + X), where ymax is the saturation response and Kp the dissociation constant.
As shown, a maximum signal of 42 + 2 % was obtained, leading to an estimated
dissociation constant of 5.8 + 0.5 pg mL* with a correlation of 0.998, demonstrating the
excellent selectivity and affinity of the monoclonal antiCD34 antibody that we selected

for the construction of the sensor.

40 +

30 +

% AR/ Retg

10

o 10 20 30 40 50
[CD34 protein] (ug mL™")
Figure 3: Affinity binding curve of the immobilized anti-CD34 antibody onto the SAM

modified screen printed gold electrodes for CD34 protein. The experimental data were
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fitted with the Langmuir equation (solid line). Data points refer to experimental data.

Error bars refer to three replicates from different electrodes.

The efficacy of the sensor to detect the CD34" T-cells was subsequently
investigated, both in PBS and human serum, under either Faradaic or non-Faradaic
conditions. Undiluted serum and increasing dilutions (1:1, 1:5, 1:10, 1:20, 1:50) in PBS
were considered. Nonetheless, only from a serum dilution of 1:50 in PBS, an increase
on the Re similar to the one obtained in pure PBS was observed. For all the other
dilutions, the value of the R increased after the interaction with the cells but the

obtained signal was lower than the one for PBS (data not shown).

As shown in Figure 4A, in both PBS and 1:50 diluted serum, the Faradaic EIS
measurements revealed an increase of Ret with the concentration of CD34" T-cells,
within the concentration range of 50 — 1 x 10° cells mL™. No significant difference was
observed between PBS and diluted human serum. The obtained calibration curves were
adjusted to sigmoidal equations, leading to a fitted curve in PBS equal to y = 37/(1+3.6
0003y "and in diluted serum to y =34/(1+3.2°992X), The linear range, calculated as the
concentration range delimited by 10 % of the baseline and 90 % of the saturating cells
concentration, resulted to be 210 - 1230 cells mL™ in PBS, and 230 - 1400 cells mL™ in
diluted human serum. To further characterize the analytical response of the sensors, the
limit of detection was estimated. It was calculated as the concentration corresponding to
a signal (% Rct/Rcto) that is the signal of the blank plus three times the standard
deviation of the blank (PBS without cells). The limit resulted to be 37 cells mL™ in PBS

and 61 cells mL in diluted human serum, respectively.
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The immunosensor response to each concentration of cells was also investigated
according to the non-Faradaic EIS spectra. Capacitive values (C') at the minimum value
for C”, which roughly correspond to the double-layer capacitance values in a Randle’s
circuit, were used to plot the calibration curve against the concentration of the cells
(Figure 4B). The sensor was tested with concentrations of cells between 50 and 1 x 10°
cells mL? in PBS and human serum diluted 1:50. As shown, in both media, the
capacitive increases linearly in a logarithmic scale with the cell concentrations, within
the whole range tested, with a limit of detection of 32 cells mL™ in PBS and 44 cells
mL™ in diluted serum. The obtained calibration curves were y = 2.0054-In(x) — 6.6816
for PBS buffer, and y = 1.6512-In(x) — 5.6322 for diluted human serum, both with a
correlation of 0.9997. Thus, demonstrating the capability of measuring directly the
binding of CD34" T-cells to the sensor, without using any redox probe in solution. This

result allows the use of the sensor in flow in a microfluidic system.
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Figure 4: Response of the immunosensor to increasing concentrations of CD34" T-cells

in PBS (green circles) and diluted (1:50) human serum (orange triangles) in logarithmic
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scale. A) Calibration curves measured by Faradaic EIS in 5 mM Fe[(CN)e]*"*. Data
points refer to experimental data and were fitted with a sigmoidal curve. B) Calibration
curves obtained by non-Faradaic EIS measurements in PBS and diluted (1:50) human
serum. Data points refer to experimental data and were fitted with a logarithmic curve,
in both cases, with error bars related to three replicates from independently fabricated

Sensors.

To the best of our knowledge, this is the first electrochemical immunosensor for
CD34" T-cells detection. So far, only a quartz crystal microbalance immunosensor for
CD34" T-cells has been reported and tested for one concentration of cells only, 500
cells mL™) [16], while we test the performance of our immunosensor under a wide
range of concentrations of CD34" T-cells. Few electrochemical-based immunosensors
for other types of T-cells (e.g. CD4" and CD8"), have been recently reported, and the
analytical characteristics of each of them are summarised in Table 2. Compared to all
the immunosensors, the capacitive immunosensor that we report in this study has a
wider linear range and a lower limit of detection. Consequently, our immunosensor is a

promising tool for the detection of CD34" T-cells for clinical purposes.

Table 2. Analytical characteristics of immunosensors recently developed for T-cells

detection.
T-cell Method of | Linear range LOD )
_ Medium Reference
target detection (cell mL) | (cell mL™Y)
CD34" | Faradaic EIS 230 - 1400 61 Serum 1:50 | This study
Capacitive )
CD34* EIS 50-1x10° 44 Serum 1:50 | This study
Cellular
CD34* QCM - - ) [16]
media
CD4* | Amperometry | 8.9 x 10*—9.12 | 4.4 x 10* Blood [17]
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x 10°
CD4* SWV 100 -1 x 108 100 Buffer [18]
CD4* Impedance - - Blood [19]
5x10*-6x
cD8* DPV Lo 4 x 10 PBS [20]

To assess the selectivity of the immunosensor developed, several approaches
were considered. First, the sensor response to the CD44 protein was investigated. CD44
is a glycoprotein also present on the surface of T-cells. Its length and weight are similar
to CD34 protein [21], and therefore it could be a source of non-specific binding to the
sensor and a potential interference. Two concentrations of CD44 protein in PBS were
considered and the response in terms of Faradaic impedance assessed. Results show that
for both concentrations, the percentage of change in the R¢ value was 5.6 times lower
than the value for the CD34 at 5 pg mL™? and 5.4 times lower than the value for the

CD34 protein at 25 pug mL™ (Figure 5A).

Subsequently, the selectivity of the immunosensor against two other types of
cells, C2C12 muscle cells and HL-60 human cells, was investigated. Both C2C12 and
HL-60 showed a low expression of CD34 protein (<5 %) confirmed by flow cytometry,
which could interfere with the immunosensor reliability (Figure S1). The Faradaic
impedimetric response of the sensor to each cell type, at a concentration of 1 x 10* cells
mL in human serum diluted 1:50, was individually investigated. As shown in Figure
5B, the sensor signal towards C2C12 muscle cells was 4.5 times lower than the signal
for CD34" T-cells, and for HL-60 human cells it was 4.9 times lower than the value for
CD34" T-cells. The signal-to-noise (S/N) for CD34" cells detection is 11 while for the

unspecific cells, such as C2C12 and HLG60 cells, the S/N is respectively 2.5 and 2.3,
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showing the good analytical performance of the developed sensor. Therefore the

incubation time with the cells was not further optimized.

To further demonstrate the selectivity of the proposed immunosensor, the
response to CD34" T-cells in the presence of other types of cells (either C2C12 or HL-
60) in human serum under different concentration ratios was investigated. In particular,
the concentration of CD34" cells was kept constant at 1000 cells mL?, while the
concentration of C2C12 muscle cells or HL-60 cells, was varied in 1:1, 1:10, and 1:100
ratios. As shown in Figure 5C and 5D, negligible changes in the Faradaic and non-
Faradaic impedance measurements are observed for each concentration ratio, thus,
demonstrating that the specific binding of CD34" T-cells to the functionalised
immunosensor is not affected by other types of cells that could be present in blood.
These results prove the use of the developed immunosensor for clinical applications to

specifically detect CD34" T-cells in serum.
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Figure 5: Selectivity of the immunosensor developed. A) Selectivity study against
CD44 protein (pink) at two concentrations in PBS compared to the signal obtained for
CD34 protein (blue), measured by Faradaic EIS. B) Selectivity against C2C12 (brown)
and HL-60 (blue) cells in PBS measured by Faradaic EIS. C) Specific response of the
immunosensor for CD34" cells in the presence of HL-60 (blue) and C2C12 (brown)
cells at different concentration ratios measured by Faradaic EIS. D) Specific response of
the immunosensor for CD34* cells in the presence of HL-60 (blue) and C2C12 (brown)
cells at different concentration ratios measured by non-Faradaic EIS. Error bars refer to

three replicates from independently fabricated sensors.

Finally, the designed immunosensor was fit into a microfluidic system for the
continuous capacitive impedance measurements (Figure S2). The system was fed with

increasing concentrations of CD34" T-cells and Figure 6 shows the resulting calibration
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curve obtained by plotting the C” value against the concentration of CD34" T-cells in a
logarithmic scale. The correlation is described by the equation y = 0.0167:In(x) —
0.0531 with a correlation coefficient of 0.9998. As shown, the dynamic range of the
immunosensor under flow-through operation is the same than was observed in batch
mode, with a limit of detection of 27 cells mL™* (Figure 6). These results demonstrate
the applicability of the microfluidic immunosensor to detect CD34" T-cells in flow-
through mode which is compatible with the integration of the sensor into an on-chip

detection.
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Figure 6: Calibration curve obtained with flow through measurements of the capacitive
EIS. Data points refer to experimental data, with error bars related to three replicates

from independently fabricated sensors. Data were fitted with a logarithmic curve.

4. Conclusions

Herein, an electrochemical label-free immunosensor for the detection of CD34* T-cells

in diluted human serum was developed. The biosensor, based on a direct assay with a
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specific antibody immobilized onto gold electrodes, was employed for the detection of
CD34" T-cells using both Faradaic and non-Faradaic impedance modes. The developed
immunosensor shows better analytical characteristics (working range and limit of
detection) than the other T-cell electrochemical sensors described in the literature to
date. Moreover, our proposed sensor shows excellent selectivity when challenged with
other types of cells and similar proteins in serum media. Besides, the electrochemical
performance of the developed biosensor remains constant in the presence of other
interfering cells in diluted human serum. The developed biosensor was successfully
integrated onto a microfluidic system allowing the continuous measurement of the non-
Faradaic impedance in PBS. Interestingly, the electrochemical performance of the
biosensor in continuous mode is comparable to the static mode in terms of working
range, as well as the limit of detection (27 cells mL™). Consequently, the proposed
sensor could be integrated into an on-chip detection for real-time monitoring of the
manufacturing process of CAR-T cells. Finally, the immobilization of different
antibodies could improve the versatility of the developed platform towards the detection

of other types of CAR-T-cells..
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APC-LB
Figure S1: Histogram overlay shows CD34" PBMCs (blue line) showing a higher
expression of the CD34 marker compared to the C2C12 myoblast cells (black line) and
HL-60 leukemia cells (red line). The grey filler plot indicates the background
fluorescence of IgG1-stained PBMCs.
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Figure S2: Experimental set-up for the flow-through tests
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