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Chimeric antigen receptor T cell (CAR-T) therapy has recently gained recognition as a transformative

treatment of cancer, particularly of hematological malignancies. However, CAR-T manufacturing remains a

major bottleneck of this treatment modality; in standard cases, it takes up to two weeks, resulting in a

phenotypic shift toward terminally differentiated T-cells and a significant depletion of T-cells with naive-

like phenotype (Tnlp), crucial for sustained clinical efficacy. Leveraging the current progress in microfluidic

technologies, we develop and optimize a microfluidic device (MFD) for CAR-T cell production via an

ultrafast protocol that integrates T-cell activation and lentiviral transduction in a single step within 24 hours.

The MFD geometry allowed reaching a transduction rate of 27% (for MOI 3) compared to 17% and 8%

transduction (MOI 3) in 48- and 6-well plates, respectively, used as controls. Notably, in the ultrafast

protocol in our MFD, the amount of CD3+ Tnlp is approximately six times higher than that remaining after

the standard 9 day protocol (18.07 ± 6.03% vs. 3.97 ± 2.37%). A similar pattern is noted for CD4+ and

CD8+ Tnlp, with percentages of 11.07 ± 6.08% vs. 3.56 ± 3.52% and 29.2 ± 7.11% vs. 4.18 ± 1.69%,

respectively, in the final CAR-T product. Our results highlight MFDs as a scalable platform to streamline

CAR-T manufacturing, with the potential to improve clinical accessibility and outcomes by reducing the

production time while preserving essential T-cell phenotypes.

Introduction

In recent years, chimeric antigen receptor T-cell (CAR-T)
therapy has demonstrated impressive efficacy in a range of
hematological malignancies.1 In particular, anti-CD19 CAR-T
became a standard of therapy for refractory and relapsed
B-cell leukemia and lymphoma, and anti-BCMA CAR-T, for
multiple myeloma.2,3 Currently, more than 10 commercial
and academic CAR-T products for treatment of the above-
mentioned diseases have already been approved by national
regulatory authorities worldwide. Furthermore, numerous
clinical trials are underway, aimed to reveal the applicability
of CAR-T for other oncohematological diseases as well as
solid cancers and autoimmune pathologies.4–7

However, CAR-T therapy has not completely eradicated the
problem of refractoriness or relapse in B-cell malignancies.
Approximately 50% to 60% of patients treated with anti-CD19
CAR-T do not achieve long-term remissions.8–11 The reasons
for failures are complex and remain an active area of
research.12,13 One recognized challenge is that patients
heavily pretreated with chemotherapy or other anticancer
therapies often present with T-cell populations that are
exhausted and compositionally suboptimal for CAR-T
manufacturing, leading to reduced functionality of the final
product or, in some cases, manufacturing failure. In
addition, current CAR-T manufacturing involves a prolonged
ex vivo culture step that typically lasts more than 9 days,
which leads to phenotype shifting towards more
differentiated T-cells.14,15 Such a lengthy procedure is
associated with depletion in the final CAR-T product of the
population of naive (Tn) and stem cell memory T-cells
(Tscm), which comprise a group of T-cells with a naive-like
phenotype (Tnlp). Cells with this phenotype were shown to
be essential for sustained antitumor responses due to their
high proliferative activity, self-renewing capacity, and ability
to differentiate into memory and effector T-cell subsets.16–18

As a result, CAR-T products depleted of this population are
insufficient to achieve durable clinical response. Therefore,
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development of novel efficient protocols for CAR-T
production with a shorter manufacturing time is highly
demanded to preserve or enrich scarce Tnlp populations.

Approaches aimed at enriching CAR-T with Tnlp are being
actively investigated. Some of them focus on reducing the
CAR-T manufacturing time by reducing the ex vivo culture
period and/or shortening the T-cell activation step up to its
complete abolition.19–21 Other approaches use isolated
populations of Tnlp and Tscm to generate CAR-T, or
inhibition of differentiation into T-cells with an effector
phenotype by pharmacological or other means.22 However,
these protocol modifications should be further tested to
reveal their applicability in clinics.

Several research groups have demonstrated in vitro and
in vivo reduction of the CAR-T production step down to ≤3
days, which results in a more robust control of tumor cell
proliferation.15,19 The first results of clinical trials of this
shortened CAR-T protocol demonstrated an increased efficacy
and a lower incidence of adverse events associated with
immunotherapy.23–25

Next-day CAR-T approaches were reported, with “ultrafast”
manufacturing taking less than 24 h,20 employing non-
activated T-cells or T-cells under conditions of simultaneous
activation and transduction. However, these protocols are
hampered by the inherently low efficiency of transduction by
viral vectors, particularly lentiviral vectors (LVs).19,21 This
inefficiency requires the use of high viral titers, which
substantially increases the production costs, as LV particles
remain one of the most expensive components for CAR-T
manufacturing.26–28

To overcome the obstacles mentioned, the transduction
efficiency of T-cells can be improved using advantageous
conditions. For instance, applying the modified geometry
of a culture plate or microfluidic device can enhance the
interaction of LV with cells.29 For instance, Sin et al.
reported the development of a microfluidic bioreactor
designed for the non-simultaneous activation and
transduction of T-cells with the capability for continuous
medium perfusion by compensating for evaporation and
maintaining pH (7.4) and temperature (37 °C) in order to
enhance transduction efficiency.30 As a result, the protocol
achieved a tenfold higher cell density compared to gas-
permeable plates, provided metabolic control through
online monitoring of O2, pH, glucose, and lactate, and
reduced production time to 12 days compared to the 14–
21 days required by standard protocols—significantly
improving the efficiency of CAR-T cell manufacturing and
making the therapy more accessible and standardized. In
another study, Tran et al. reported that traditional
methods are ineffective due to limitations in the mass
transfer of viral particles to cells. Microfluidic systems can
reduce diffusion distances and increase the local
concentration of virus particles around cells.29 This
optimization leads to higher transduction efficiency using
less LV. Nonetheless, the potential for shortening the
protocol through simultaneous activation and transduction

of T-cells within the microfluidic device has not yet been
investigated. In this regard, we develop and optimize a
microfluidic platform for ultrafast CAR-T production. By
leveraging the advantages of microfluidic technologies, we
aim to improve the efficiency of T-cell transduction by LV
under conditions of simultaneous activation and
transduction and reduce the manufacturing time down to
24 h, both improving the yield of CAR-T cells and
enriching the final product with Tnlp.

Methods
Fabrication of the microfluidic device (MFD)

Polydimethylsiloxane (PDMS) was used to fabricate
microfluidic devices by a “soft” lithography technique using a
mold obtained with 3D printer technologies. A detailed
description of the microfluidic device fabrication route is
presented in the ESI.†

Selection and activation of T-cells

All experiments in this study abide by applicable national
and international regulations and guidelines and approved
by the First Pavlov State Medical University of St. Petersburg
institutional scientific review board. The study is in line with
data protection and privacy regulations. All patients signed
informed consent. Apheresis samples were collected from
healthy donors in accordance with the Helsinki declaration.
Peripheral blood mononuclear cells (PBMCs) were obtained
by separation in Ficoll density gradient using SepMate tubes
(STEMCELL Technologies, Canada). For separation of T-cells
after isolation, PBMCs were incubated with anti-TCRα/β
antibodies conjugated to biotin, followed by incubation with
anti-biotin antibodies (Miltenyi Biotec, Germany) or anti-
CD4/CD8 nanobeads (GenScript Biotech, USA). Next,
magnetic selection of T-lymphocytes was performed using
MACS Columns (Miltenyi Biotec, Germany) in accordance
with the manufacturer's protocol.

After the selection, the T-cells were placed into the wells
of a non-treated culture plate in X-VIVO 15 medium (Lonza,
Switzerland) supplemented with 5% human serum (HiMedia,
India), IL-7 (BioLegend, USA), and IL-15 (BioLegend, USA),
the last two at a concentration of 10 ng ml−1. For activation,
biodegradable nanoparticles coated with anti-CD3 and anti-
CD28 antibodies (Enceed™, GenScript Biotech, USA) were
added to the cell suspension; after that, the T-cells were
incubated for 48 h at a temperature of 37 °C with a CO2

concentration in air of 5%.

CAR-T manufacturing and optimization of T-cell transduction
in an MFD

For the initial optimization of MFD CAR-T manufacturing,
0.2 × 106 of the activated T-cells were washed and
resuspended in X-VIVO 15 medium (Lonza, Switzerland)
supplemented with 5% inactivated human serum (HiMedia,
India), IL-7 (BioLegend, USA), IL-15 (BioLegend, USA), and
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protamine sulfate (Ellara, Russia) at a concentration of 10 μg
ml−1. Then, the T-cells were mixed with third-generation
lentiviral vector particles pseudotyped with vesicular
stomatitis virus glycoprotein (VSV-G). The LV particles carried
a transgene encoding an anti-CD19 chimeric antigen receptor
(CAR), comprising the FMC63 antigen-binding domain and
signaling domains from 4-1BB and CD3ζ. CAR-coding LV
particles were added to cells at various multiplicities of
infection (MOI = 1, 3, 5, and 30) and subsequently placed in
a microfluidic device (MFD) for 6–24 h. Depending on the
chip channel height (50 μm, 100 μm, 150 μm, or 200 μm),
the final suspension volume was calculated to be 8.3 μl, 16.6
μl, 25 μl, and 33 μl, respectively. After incubation in an MFD,
T-cells were transferred to a 48-well plate, where the
suspension volume was increased 5-fold with a medium
without protamine sulfate. As a control, 1.0 × 106 activated
T-cells were washed and resuspended in 200 μl of the same
medium at a final concentration of 5.0 × 106 T-cells per 1 ml.
Afterwards, the control T-cell suspension was placed in a 48-
well plate and spinoculated at 600g for 40 min. Then, the
cells were transferred to a 12-well plate with the medium
without protamine sulfate, with the final volume increased
5-fold. After that, the plate was placed in an incubator for
24 h.

After 24 h of transduction, the medium was replaced with
fresh X-VIVO 15 medium with 5% human serum, IL-7, and
IL-15. The starting day of transduction was considered day 0.
Transduction efficiency was assessed on day 7 using flow
cytometry.

Concurrent T-cell activation and transduction in an MFD

Then, we assessed the capability of our MFDs to provide
the transduction of T-cells under conditions of one-step
activation and transduction (concurrent activation and
transduction of T-cells in an MFD/well plate). For this,
1.8 × 106 T-cells were placed in an MFD with an
increased incubation area and a channel height of 150
μm. After magnetic selection, T-cells were mixed with
X-VIVO 15 medium supplemented with 5% inactivated
human serum, IL-7, IL-15, protamine sulfate at a
concentration of 10 μg ml−1, biodegradable nanoparticles
for activation, and LV at MOI 3, and placed in the MFD
for 24 h. The final volume of the suspension loaded into
the MFD was 110 μl. Here, two controls were used: for
control 1, 1.8 × 106 T-cells were transduced in a 48-well
plate at a final volume of 110 μl for 24 h. For control 2,
T-cells were incubated in a 6-well plate at a final volume
of 1.8 ml for 24 h. Afterwards, the medium was replaced
with a fresh one without protamine sulfate, and the
T-cells were transferred to a 12-well culture plate. As
before, the start of transduction was considered day 0.
Transduction efficiency was assessed on day 7 using flow
cytometry. Cell counts were performed using a light
microscope and trypan blue.

CAR-T production using standard, fast and ultrafast
protocols

Next, we compared the subpopulation composition of the
CAR-T cells manufactured using different protocols. For the
next-day (ultrafast) manufacturing protocol, T-cells were
mixed with LV (MOI 3) and biodegradable nanoparticles for
activation, and then placed in a 110 μl MFD for 24 h. For the
ultrafast control, the same volume of mixture of T-cells with
biodegradable particles for activation and LV (MOI 3) was
placed in a 48-well plate for 24 h. In the fast (72 h) and
standard (9 days) protocols, isolated T cells were first
activated for 48 h, and then, these activated T-cells were
transferred to a 48-well plate containing LV (MOI 3) for 24 h
for static transduction. Immunophenotypic characteristics of
the obtained CAR-T were assessed at the end of the
manufacturing protocol: on day 1 for the ultrafast protocol,
on day 3 for the fast protocol, and on day 9 for the standard
protocol. Due to the phenomenon of pseudo transduction,
the level of true transduction for each protocol was assessed
at day 9.

Flow cytometry

The phenotypes of the initial T-cells and the obtained CAR-T
were characterized using flow cytometry with the following
staining: anti-CD3-FITC (Elabscience, clone UCHT1), anti-
CD45RO-APC (BioLegend, clone UCHL1), anti-CCR7-PE/
Cyanine7 (BioLegend, clone G043H7), anti-CD8-Elab Fluor
Violet 450 (Elabscience, clone OKT-8), and anti-CD4-PerCP/
Cyanine5.5 (BioLegend, clone OKT-4). The level of T-cell
transduction was measured using anti-FMC63-PE
(ACROBiosystems, cat. no. FM3-PY54G0). T-cells were
incubated with anti-FMC63 antibodies for 30 min at 4 °C,
and then the remaining antibodies were added and
incubated for 30 min at 4 °C. After the cells were washed
twice in 2 ml of PBS for 5 min at 350g, the cells were
incubated with LIVE/DEAD Draq7 (BioLegend) for 15 min.
Flow cytometry was performed using a BD FACSCanto II
system (BD Biosciences). Data were processed using Kaluza
Analysis Software (Beckman Coulter). Based on the
expression of CD45RO and CCR7 among CD3+FMC63±CD4+
and CD3+FMC63±CD8+, the following phenotypes were
identified: CD45RO−/CCR7+, Tnlp; CD45RO+/CCR7+, central
memory T-cells (Tcm); CD45RO+/CCR7−, effector memory
T-cells (Tem); and CD45RO−/CCR7−, terminal differentiated
T-cells (Temra). The gating strategy is presented in the ESI.†

Statistical analysis

Data are presented as mean values with standard deviation.
For intergroup analysis, the nonparametric Kruskal–Wallis
test was used. For pairwise analysis, the nonparametric
Mann–Whitney test was used. Statistical analysis and data
visualization were performed using R software version 4.2.1,
GraphPad Prism 10.1.1 and OriginLab version 10.100173.
Illustrations were created using BioRender Software.
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Results and discussion
Optimization of an MFD

Microfluidic devices were fabricated using a soft lithography
procedure as described elsewhere31 (Fig. S1†). Two
geometries of microfluidic devices were considered: (i) snake-
like geometry and (ii) increased incubation area geometry
(Fig. S2†).

The topologies used in this work were structurally
identical: both had one input for injecting a mixture of LV
and T-cells, the incubation area, and one output. The main
difference between the topologies is the incubation area,
which is 1.66 cm2 for the snake-like geometry and 10 cm2 for
the increased incubation area geometry. To reveal how the
geometric parameters affect the transduction efficiency, we
varied the height of the microfluidic channel, the incubation
time, and the amount of virus per T-cell (multiplicity of
infection, MOI) (Fig. 1). As the channel height decreases, the
total incubation volume of LV with activated T-cells changes
accordingly, reducing the “free path” between LV and
activated T-cells; however, it creates the risk of decreasing the
viability of T-cells due to limited nutrient exchange. The
heights used were 50, 100, 150, and 200 μm (Fig. S3†), which
correspond to 8.3, 16.6, 25, and 33 μl. After introduction of
LV mixed with activated T-cells at MOI 30, the MFD was
placed in an incubator for 6 h. Then, the transduced cells
were collected from the MFD and analyzed using flow
cytometry for the assessment of cell viability and CAR

expression. According to the obtained data, heights of the
MFD channel did not affect the T-cells' viability, which
exceeded 90% for all the heights tested. Also differences in
the transduction efficiency of activated T-cells by the LV were
not registered for different channel heights of the MFD. For
instance, the transduction was 47% for the 50 μm channel
height, 41% for 100 μm, 42% for 150 μm, and 43.13% for
200 μm (Fig. S4†). The absence of significant differences in
the transduction efficiency can be explained by the increased
amount of added LV (MOI 30). In the MFD geometry used,
reducing the channel height to 50 μm decreased the working
volume to 8.3 μL, introducing technical challenges associated
with handling such small volumes. This reduction resulted in
increased instrumental error during experiments. To mitigate
these issues, we selected a channel height of 150 μm for
subsequent experiments, corresponding to a working volume
of 25 μL and a reduced MOI of 3.

Further, we investigated the influence of incubation
duration (with 6, 12, 18, and 24 h time frames) on the
transduction efficiency of T-cells at a fixed MOI of 3 in the
MFD. During the first day of incubation in each MFD, the
number of CAR-expressing T-cells increased gradually with
incubation time. For instance, this number was 31 ± 11%
after 6 h, 41 ± 18% after 12 h, 50 ± 15% after 18 h, and 69 ±
16% after 24 h. Notably, on the 7th day of culturing, the
number of CAR-expressing T-cells significantly decreased and
was equal to 10 ± 3% after 6 h, 13 ± 4% after 12 h, 20 ± 2%
after 18 h, and 15 ± 5% after 24 h (Fig. 2B and C). This

Fig. 1 (A) Schematic illustration of the used MFD and performed optimization steps, which include variation of MOI, channel heights, and
incubation time. (B) Schematic illustration of ultrafast, fast, and standard protocols.
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lowered transduction efficiency can be explained by the so-
called pseudotransduction caused by the temporary
expression of CAR on the surface of T-cells without the
integration of the transgene into the genomic DNA (Fig. 2H).
The reason for this is the fusion of the supercapsid of the LV,
carrying CAR on its surface, with the membrane of the T-cell,
which makes the latter transiently CAR-positive. Additionally,
the T-cell yield was similar and equal to 7.1 × 104 ± 0.13 cells
after 6 h of incubation, 5.8 × 104 ± 0.32 cells after 12 h, 4.8 ×
104 ± 0.39 cells after 18 h, and 5.2 × 104 ± 0.37 cells after 24 h

(Fig. 2D). Therefore, the 24 h incubation was used for further
MFD experiments.

To reveal how MOI impacts the production of CAR T-cells
in an MFD, we varied the amount of virus particles per cell
(MOI 1, 3 and 5). Notably, for the control, we used a
manufacturing protocol that included both spinoculation
(600g for 40 min) and a static transduction step in a well
plate. According to the obtained data, increasing the number
of transducing units of the viral vector increases the
transduction efficiency. However, after a certain threshold, a

Fig. 2 Optimization of CAR T-cell production using MFD. (A) Schematic illustration of CAR T-cell production in our MFD. (B) Transduction
efficiency of T-cells at fixed MOI 3 on the 1st day (6, 12, 18, 24 h time points) in an MFD. (C) Transduction efficiency of T-cells at fixed MOI 3 on
the 7th day (6, 12, 18, 24 h time points) in an MFD. D. T-cells yield on the 1st day (6, 12, 18, 24 h time points) in an MFD. E. Transduction efficiency
of T-cells at different MOIs (1, 3, 5) on the 1st day (6, 12, 18, 24 h time points) in an MFD. F. Transduction efficiency of T-cells at different MOIs (1,
3, 5) on the 7th day (6, 12, 18, 24 h time points) in an MFD. G. T-cell viability at different MOIs (1, 3, 5) on the 1st day (6, 12, 18, 24 h time points) in
an MFD. H. Schematic illustration of the transduction and pseudotransduction processes.
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further increase in the number of MOI is not accompanied
by a further increase in the level of transduction
(Fig. 2E and F). For instance, the transduction efficiency on
the 1st day for MOI 1 was 42 ± 30%, for MOI 3, 62 ± 19%,
and for MOI 5, 67 ± 18% ( p = 0.331). Consequently, the
transduction efficiency on the 7th day for MOI 1 was equal to
23 ± 10%, for MOI 3, to 44% ± 18, and for MOI 5, to 38 ± 2%
( p = 0.079). Pairwise analysis of transduction results obtained
in the MFD and in the control at different MOI on day 1 and
day 7 revealed no significant differences for both cases. The
proportion of viable T-cells after 24 h of transduction in the
MFD and in the control was also similar and equal to 94 ±
1.7% (control) and 88 ± 12% (MFD) for MOI 1, 91 ± 2%
(control) and 84 ± 13% (MFD) for MOI 3, and 91 ± 2.8%
(control) and 93 ± 1.8% (MFD) for MOI 5 (Fig. 2G).

The plateau reached when we varied the MOI level
indicates that there is an optimal range for MOI, and beyond
it, additional viral vectors do not enhance the transduction

efficiency.32 Importantly, for all the used MOI levels, the
T-cell viability remained high (>85%). The transduction rates
were comparable to those achieved with optimized protocols
with spinoculation, which enhances the efficiency but
complicates clinical-scale production. The use of MFDs with
modified geometric conditions and a similar MOI allowed us
to achieve transduction results comparable to those of the
control, eliminating the need for an additional spinoculation
stage in the manufacturing process. These findings confirm
the applicability and effectiveness of our MFD approach for
streamlined CAR-T cell production.

Immunophenotyping of T-cells after transduction in an MFD

To reveal how our MFD affects the phenotype of T-cells after
the transduction, we analyzed the effect of the MFD
incubation duration on the T-cell subpopulations and their
dynamics during subsequent cultivation using flow

Fig. 3 Immunophenotyping of T-cells after transduction. (A) Schematic illustration of the evolution of T lymphocytes and their properties. (B)
Percentage of CD4+ T-lymphocytes according to their subpopulation composition on the 1st and 7th days (6, 12, 18, 24 h time points) after
transduction in an MFD. (C) Percentage of CD8+ T-lymphocytes according to their subpopulation composition on the 1st and 7th days (6, 12, 18,
24 h time points) after transduction in an MFD.
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cytometry. As a control, transduction in a standard well plate
was performed (Fig. 3A). The following subpopulations of
CD4+ and CD8+ T-cells were assessed: naive-like T cells
(Tnlp), central memory T cells (Tcm), effector memory T cells
(Tem), and terminally differentiated effector T cells (Temra)
on the 1st and 7th days post-transduction (Fig. 3B and C).
Overall, fractions of Tnlp, Tcm, Tem and Temra on days 1
and 7 were comparable for the groups incubated for 6, 12,
18, or 24 h in the MFD and those transduced in a well plate.

Flow cytometry results (Fig. 3B) indicated the tendency for
higher Tnlp in the MFD compared to the control. The
number of Tnlp CD4+ is considerably higher after culture
initiation on day 1 than on day 7. This decrease is attributed
to the activation-induced differentiation of Tnlp into Tcm,
Tem, and Temra subpopulations. These changes are a result
of activation signals, which drive the maturation of Tnlp into
more specialized subsets, contributing to the observed
reduction in Tnlp by day 7. For the Tnlp CD8+ (Fig. 3C), we
also notice a decrease in the fraction of Tnlp on day 7 due to
the processes described above.

Concurrent T-cell activation and transduction in an MFD

To evaluate the efficiency of transduction in our MFD using
concurrent activation and transduction of T-cells, we
incubated 1.8 × 106 T-cells with LV and biodegradable
nanoparticles for activation in the MFD for 1 day. For this,
we used the MFD with an increased incubation area
topology and 150 μm channel height (Fig. 4A and B). Here,
two controls for the CAR-T production were considered. For
control 1, we used a standard well of a 48-well plate, in
which LV, activating biodegradable nanoparticles, and 1.8 ×
106 T-cells were mixed to a volume of 110 μL and

incubated for 24 h. In turn, control 2 was performed in a
6-well plate, where the same amount of LV, activating
biodegradable nanoparticles, and T-cells was added and
diluted up to 1.8 mL.

As previously, transduction efficiency was assessed using
flow cytometry. The 7th day was chosen to assess the level
of transduction because up to that time, we had observed
the effects of pseudotransduction (Fig. S8†). According to
the obtained data, the transduction level on the 7th day at
MOI 3 was 27 ± 8% using MFD, 17 ± 8% in control 1,
and 8 ± 6% in control 2 (Fig. 4C). Analysis of the
transduction data indicates a trend toward higher
efficiency in the MFD compared to control 1 ( p = 0.100)
and a statistically significant improvement compared to
control 2 ( p = 0.040) (Fig. 4C). Increased CAR-T production
in the MFD can be attributed to the optimized geometrical
parameters, i.e., decreased “free path length” between
T-cells and LV. Additionally, kinetics of T-cell proliferation
was similar for MFD and both controls (Fig. 4D). Thus, it
can be concluded that simultaneous activation and
transduction under MFD conditions increases the
transduction efficiency of T-cells and does not affect their
further proliferative potential. The transduction efficiency
of 27% for T-cells is relatively high,21 considering that
cells did not initially undergo the activation process. This
result demonstrates the success of the optimized
transduction methodology and can serve as a reliable basis
for further ultrafast protocols.

CAR-T production using ultrafast protocol in an MFD

Further, to investigate the immunophenotype of the CAR-T
product manufactured in an MFD and in well plates

Fig. 4 Concurrent T-cell activation and transduction in an MFD. (A) Schematic illustration of the experimental procedure in an MFD and controls
that were used. (B) Schematic illustration of the protocol duration, which includes apheresis, isolation of T-cells, one-step activation and
transduction and proliferation. (C) Transduction efficiency of T-cells incubated in an MFD and in well plates (control 1 and control 2) on day 7. (D)
Proliferation efficiency of T-cells incubated in an MFD and in well plates (control 1 and control 2) on days 0, 1, and 7.
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(control), we used three protocols: standard, fast, and
ultrafast (Fig. 5A). In the ultrafast protocol, activation and
transduction were performed concurrently in MFDs within 24
h. In contrast, the fast and standard protocols involved
sequential steps: T-cells were first activated, and lentiviral
transduction followed. The only difference between fast and
standard protocols is the overall duration, which was 3 days
for fast and 9 days for standard. Additionally, we analyzed
native T-cells directly after immunomagnetic selection that
were neither activated nor transduced by LV.

We analyzed subpopulations CD3+, CD4+, and CD8+ of
Tnlp obtained in the three protocols. The amount of Tnlp
obtained in the ultrafast MFD protocol was comparable to
the values in the ultrafast control for both CD3+ (25.05 ±
16.47% vs. 29.75 ± 16.09%; p = 0.421), CD4+ (19.21 ± 18.95%

vs. 23.88 ± 19.33%; p = 0.421), and CD8+ (34.46 ± 13.28% vs.
39.45 ± 11.45%; p = 0.690). Compared to the ultrafast MFD,
the amount of CD3+ Tnlp obtained using fast control and
standard control protocols was lower (7.93 ± 2.49% ( p =
0.009) and 3.29 ± 2.55% ( p = 0.008), respectively). Also,
separately for CD4+ and CD8+ CAR-T subpopulations, a
decrease in the proportion of Tnlp was observed with longer
manufacturing protocols. For CD4+ CAR-T with nlp, the
proportion of this population was 4.01 ± 1.89% ( p = 0.032) in
the fast protocol and 2.94 ± 3.35% ( p = 0.047) in the standard
protocol. For CD8+ CAR-T with nlp it was 13.04% ± 4.92 ( p =
0.008) in the fast protocol and 3.42% ± 2.23 ( p = 0.008) in the
standard protocol (Fig. 5B–D).

The data demonstrated that the ultrafast protocol
preserved a higher proportion of Tnlp cells compared to the

Fig. 5 CAR-T production using standard, fast, and ultrafast protocols. (A) Immunophenotype of CAR-T cells according to the used protocol. (B)
Percentage of naive-like CD3+ CAR-expressing cells. (C) Percentage of naive-like CD4+ CAR-expressing cells. (D) Percentage of naive-like CD8+
CAR-expressing cells. (E) Ratio of CD4+/CD8+ CAR-expressing cells.
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other manufacturing protocols. Native T cells contained 32%
Tnlp cells. In the ultrafast MFD and ultrafast control
protocols, this population was preserved at 18% and 23%,
respectively. In contrast, in the fast control protocol, only 8%
Tnlp cells remained, and the standard control protocol
showed a further reduction to 4%. The main subpopulation
in all the manufacturing protocols was CAR-T with central
memory phenotype. They were represented to the greatest
extent in the fast protocol. Moreover, in the 9 day standard
protocol, an increase in the percentage of differentiated CAR-
T effector memory cells was observed. The ultrafast CAR-T
manufacturing protocol avoids prolonged ex vivo culture of T
cells (7 days or more) to preserve the naive-like T-cell
phenotype, which is critical for therapeutic efficacy. In our
experiments, only a subset of cells was cultured longer to
assess transduction efficiency via flow cytometry, while the
majority were cryopreserved for future use. Extending the
culture period to 9 days post-transduction would have
resulted in the ultrafast group exhibiting a phenotype similar
to that of the standard protocol due to the natural
differentiation of T cells during extended cultivation.

During CAR-T manufacturing, in the course of cultivation
of T-cells, a natural process of their differentiation occurs.
Thus, the population with high proliferative potential and
stemness properties, namely, Tnlp, differentiates towards
cells with a high cytotoxic potential and limited proliferative
activity, Tem and Temra. Accordingly, a longer ex vivo
cultivation stage leads to the final product more depleted of
Tnlp and enriched with Tem and Temra. Generally,
preserving nlp in CAR-T is essential, as demonstrated by
clinical studies of recent years,33 where the number of these
cells in the final product was directly related to the survival
rates of patients with aggressive B-cell lymphomas. Recent
data also confirm that CAR-T cells with a preserved Tnlp
subpopulation have improved antitumor and repopulation
activity compared to CAR-T with a more differentiated
phenotype, especially in tests using low doses of CAR-T.
There are various approaches to limit T-cell differentiation
during the CAR-T production process. One of these is
reducing the ex vivo duration of cultivation, as shown in our
study. As a result of the limited duration due to the freezing
step, the cascade of differentiation events is not fully
achieved. Here we demonstrate that only 72 h after the start
of activation, the CAR+ Tnlp level significantly decreases,
while the ultrafast protocol lasting 24 h preserves Tnlp in the
final product.

The ratio of CD4+ to CD8+ CAR-T in the product is
another variable that may influence the efficacy and toxicity
of treatment. The predominance of CD4+ CAR-T is often
considered a factor associated with better patient
outcomes.34,35 However, a direct cause-and-effect relationship
has not been proven. Based on the obtained data, the CD4+/
CD8+ ratio in the initial samples (control) was 1.20 ± 0.44.
While statistical analysis did not show a significant
difference in the CD4+/CD8+ ratio between the protocols ( p =
0.124), a trend was observed: the ultrafast MFD (1.63 ± 0.65),

ultrafast control (1.78 ± 0.68), and fast (1.50 ± 0.68) protocols
maintained higher CD4+/CD8+ ratios compared to the
standard protocol (0.69 ± 0.47) (Fig. 5E). According to the
conditions used in this study, a predominant expansion of
CD8+ CAR-T was observed. However, in the ultrafast and fast
protocols, CD4+ CAR-T cells still remained quantitatively
dominant.

Conclusion

We report on the development and optimization of a
microfluidic platform for the production of CAR-T cells. By
leveraging the advantages of microfluidics, we introduce a
novel ultrafast manufacturing process that significantly
reduces the ex vivo culture period to 24 h, maintaining a
higher fraction of CAR+ Tnlp (naive-like T-cells). In the case
of the ultrafast protocol obtained in an MFD, the amount of
CD3+ Tnlp was approximately 6 times higher compared to
the standard protocol, which lasted 9 days (18.07 ± 6.03%
versus 3.97 ± 2.37%). The same trend was observed in the
case of CD4+ and CD8+ Tnlp for ultrafast and standard
protocols (11.07 ± 6.08% versus 3.56 ± 3.52% and 29.2 ±
7.11% versus 4.18 ± 1.69%, respectively) in the final CAR-T
product. This approach highlights the importance of
optimizing manufacturing processes to enhance clinical
outcomes. The functional activity of CAR-T cells produced
using the ultrafast MFD protocol was validated through
experiments involving multiple biological replicates.
Furthermore, the antitumor potential and proliferative
capacity of CAR-T cells generated by the ultrafast protocol
were further evaluated (Fig. S6†). However, a direct
comparison of the anticancer activity of CAR-T cells
generated using the ultrafast, fast, and standard protocols is
not feasible due to ongoing transgene integration and
phenotypic maturation in the ultrafast protocol group. To
enable accurate comparisons, the inclusion of an additional
pre-cultivation step for CAR-T cells produced by the ultrafast
protocol would be advantageous; however, this step was not
incorporated into the experimental design of the present
study.

Concurrent T-cell activation and transduction within an
MFD using the ultrafast protocol also increased the
transduction rates. For instance, in our MFD, the
transduction level on the 7th day for MOI 3 was 27 ± 8%,
whereas in a 48-well plate, this parameter reached 17 ± 8%,
and in a 6-well-plate, 8 ± 6%. This has led to significant
advances in CAR-T production, particularly in terms of
preserving the T-cell subpopulations with high proliferation
potential and stemness properties. Specifically, we have
demonstrated that prolonged cultivation ex vivo depletes
T-cells of the Tnlp population and enriches them with more
differentiated T-cells (Tem and Temra). This can negatively
affect the efficacy of CAR-T therapy. In contrast, decreased
ex vivo cultivation duration can effectively preserve Tnlp,
which correlates with improved survival and increased
antitumor activity.

Lab on a Chip Paper

Pu
bl

is
he

d 
on

 1
4 

M
ay

 2
02

5.
 D

ow
nl

oa
de

d 
by

 C
al

if
or

ni
a 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

on
 5

/2
1/

20
25

 5
:3

2:
32

 P
M

. 
View Article Online

https://doi.org/10.1039/d5lc00139k


Lab Chip This journal is © The Royal Society of Chemistry 2025

Thus, the use of the MFD as a platform for CAR-T
production opens up prospects for the creation of new
manufacturing protocols and a reduction in their costs,
which could improve the accessibility and effectiveness of
this method for treating cancer and other diseases.
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