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Myers Squibb).[1–3] Many more CAR-T cell 
formulations are currently at the investi-
gational stage, with over 500 clinical trials 
underway targeting various cancers.[4] 
However, the CAR-T cell manufacturing 
process is hampered by several significant 
barriers, which contribute to high cost of 
goods and likely in suboptimal clinical 
outcomes. These issues impede the ful-
fillment of CAR-T immunotherapy full 
potential.[4] Identified manufacturing chal-
lenges include 1) a significant variability 
in the starting material, due to either 
substantial differences in patients’ cell 
composition or use of different cell collec-
tion/enrichment methods; 2) the limited 
scalability of virus-based genetic modi-
fication; 3) the inherent need for long ex 
vivo expansion times to produce suffi-
cient cell numbers for a clinical dose; and  
4) the cryopreservation of the final cellular 
product, which can affect both cell viability 
and functionality.[5] The need to address 
these manufacturing barriers has driven 

intensive research; including toward shifting from the current 
centralized and labor-intensive manufacturing model to more 
decentralized ones, for example, using integrated and semiau-
tomated devices set up on site at the clinical providers.

Of specific practical importance to the CAR-T cell industry 
is the presence of nonviable cells and debris in a final product, 
a somewhat inevitable consequence of the complex CAR-T cell 

Chimeric antigen receptor T (CAR-T) cell therapy is rapidly becoming a 
frontline cancer therapy. However, the manufacturing process is time-, 
labor- and cost-intensive, and it suffers from significant bottlenecks. Many 
CAR-T products fail to reach the viability release criteria set by regulators for 
commercial cell therapy products. This results in non-recoupable costs for 
the manufacturer and is detrimental to patients who may not receive their 
scheduled treatment or receive out-of-specification suboptimal formula-
tion. It is demonstrated here that inertial microfluidics can, within minutes, 
efficiently deplete nonviable cells from low-viability CAR-T cell products. The 
percentage of viable cells increases from 40% (SD ± 0.12) to 71% (SD ± 0.09) 
for untransduced T cells and from 51% (SD ± 0.12) to 71% (SD ± 0.09) for 
CAR-T cells, which meets the clinical trials’ release parameters. In addition, 
the processing of CAR-T cells formulated in CryStor yields a 91% reduction 
in the amount of the cryoprotectant dimethyl sulfoxide. Inertial microfluidic 
processing has no detrimental effects on the proliferation and cytotoxicity of 
CAR-T cells. Interestingly, ≈50% of T-regulatory and T-suppressor cells are 
depleted, suggesting the potential for inertial microfluidic processing to tune 
the phenotypical composition of T-cell products.
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1. Introduction

Chimeric antigen receptor T (CAR-T) cell therapy is a trans-
formative cancer therapy. Currently, there are four Food and 
Drug Administration (FDA)-approved CAR-T-cell-based prod-
ucts, Kymriah (Novartis) and Yescarta (Gilead/Kite Pharm), 
Tecartus (Kite Pharm), and Breyanzi (Juno Therapeutics/Bristol 
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manufacturing process. The presence of dead cells can exac-
erbate side effects, such as fever in patients.[6] To address this 
issue, the FDA has set a viability criteria for CAR-T products, 
i.e., at least 80% viable cells in a commercial product and 70% 
viability in the context of clinical trials. Despite these regula-
tions, substantial numbers of patients still receive out-of-spec 
treatment below the viability threshold. For example, according 
to the American Society of Hematology, 29 out of 102 lym-
phoma and 14 of 92 leukemia patients were treated with a low 
viability Kymriah/Novartis CTL019 product. While there was 
no obvious relationship between CTL019 product viability and 
clinical outcomes in this cohort,[7] Novartis cannot charge for 
such out-of-spec products. It is also important to note that the 
majority of patients in this study received a CAR-T cell product 
with a viability in the range of 70–80%. Evaluation of CAR-T cell 
products with lower viability (e.g., <70%) should be more com-
prehensively evaluated,[8] considering the increased potential 
for inflammation and risk of allergic reactions.[9,10] Improving 
the viability of these CAR-T products is challenging as while 
cellular debris can be removed by centrifugation, nonviable 
cells are harder to remove, especially at the point of care prior 
to administration to patients.

Conversely, cryoprotectants such as dimethyl sulfoxide 
(DMSO) are required for the freezing and storage of CAR-T 
and other cellular products. However, the presence of cryo-
protectants can cause severe allergic reactions and toxic side 
effects in some patients. It is therefore preferable to remove 
or at least reduce the cryoprotectant concentration in the final 
product.[11,12] Current commercial CAR-T cell products contain 
DMSO, at a concentration of 7.5% v/v for Kymriah and 5% v/v 
for Yescarta, according to their respective FDA package inserts.

Commercially available techniques for the removal of dead 
cells include Ficoll separation[13] and dead cell removal bead 
kits or buoyancy-based separations that use specific anti-
bodies for binding to apoptotic markers on the membrane of 
dead cells.[14,15] Despite their merits, these approaches have 
limited efficiencies and are also typically associated with sig-
nificant loss of cells. Several noteworthy newer approaches 
have been proposed for the separation of dead cells including 
microfluidic enabled ones such as the use of dielectropho-
retic focusing,[16] deterministic lateral displacement (DLD),[17] 
acoustophoresis,[18] hydrodynamic cell sorting,[19] and inertial 
microfluidics.[20] Spiral inertial microfluidics has several advan-
tageous features toward implementation in cell therapy manu-
facturing. Inertial microfluidics using spiral microchannels 
enables high-throughput fractionation of a cellular suspension 
based on the cells’ physicochemical features (size, shape, and 
deformability). Inertial microfluidic cell separation is a gentle 
process, which has been utilized previously in several applica-
tions, such as the separation of circulating tumor cells (CTCs) 
and circulating fetal cells from blood, and the enrichment of 
other cell types.[21–26] Importantly, it has been shown to have 
minimal impact on cells. Building on the initial report by Kwon 
et al.[20] of the potential of inertial microfluidics to deplete non-
viable cells from a model cell suspension, we endeavored to 
investigate its potential in the CAR-T cell manufacturing field. 
We demonstrate that, under optimal conditions, processing 
through inertial microfluidic devices significantly increases the 
percentage of viable cells in CAR-T cell products by removing 

dead cells and debris effectively. In addition, the process also 
significantly reduces the amount of cryoprotectant in the final 
formulation. To assess the clinical relevance, we also dem-
onstrated that the microfluidic purification process had no 
negative effects on the CAR-T cell function, preserving their 
proliferation potential and cytotoxic actions. Owing to the cost-
effective nature of microfluidics and its ease of automation,[27] 
inertial microfluidic point-of-care purification could be used at 
the treating hospital for improving CAR-T cell products prior 
to infusion to the patients. We anticipate that the implementa-
tion of this simple purification step would also enable in many 
cases the salvage of out-of-specification products, benefiting 
both patients and manufacturers.

2. Experimental Section

2.1. Fabrication of the Microfluidic Device

An eight-turn polydimethylsiloxane (PDMS) spiral micro-
channel device (inner radius = 0.8  cm, outer radius = 1.8  cm, 
channel height = 130  µm, and channel width = 500  µm) was 
designed, comprising of two inlets and six outlets as shown in 
Figure 1. The sample inlet was used to inject the cellular sus-
pension, while the sheath inlet was used to inject the sheath 
solution. The SU-8 mold for casting the PDMS device was fab-
ricated by photolithography at the Australian National Fabrica-
tion Facility (ANFF University of South Australia, Adelaide). 
The PDMS devices were prepared by pouring a mixture of the 
base and curing agent (Sylgard 184, Dow Corning Inc.) at a  
10:1 ratio into the SU-8 mold, degassing, and then curing at 
60 °C as described previously.[23] Once cured, the PDMS devices 
were released from the molds and bonded to glass slides using 
air plasma (Harrick Plasma, USA) at a pressure of 800 Torr for 
3 min.

2.2. CAR-T and Untransduced T Cells

Low-viability human CAR-T cells as well as untransduced donor-
matched control T cells were obtained from Carina Biotech Pty. 
Ltd., under the ethics approval number IBC0141. The model 
CAR-T cells were healthy donor T cells that were lentivirally 
transduced with a second-generation proprietary CAR against a 
tumor-associated antigen. The cryovials were transferred from 
the manufacturing laboratory on dry ice and stored at −80 °C/
liquid nitrogen until used. Thawing was performed rapidly with 
gentle agitation in a 37 °C water bath. The cells were then either 
washed and resuspended in phosphate buffered saline (PBS) + 
1% fetal bovine serum (FBS) (Life Technologies, Australia) at a 
total cell concentration of 7  × 106 cells mL−1 for initial optimi-
zations, or thawed in Cryostor without washing and introduced 
into the microfluidic device through the cell suspension inlet.

2.3. Separation in Microfluidic Device

The microfluidic device was connected to a syringe pump, 
which controlled the inlets’ flow rates, as depicted in Figure 1. 
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Optimization for inlet flow rates was first performed using cell-
free PBS containing 10% DMSO (Sigma–Aldrich, Australia), (a 
concentration typically used for cryopreservation protocols for 
hematopoietic cell products). Flow rates were then optimized 
with Raji cell line (CCL-86, ATCC, USA) resuspended in PBS + 
1% FBS + 10% DMSO at a concentration of 1 × 106 cells mL−1. 
CAR-T cells resuspended in PBS + 1% FBS + 10% DMSO (at a 
concentration of 7 × 106 cells mL−1) were then used to confirm 
that the optimized separation protocols worked for primary 
human T cells. Separation in the microfluidic device was per-
formed at a flow rate of 1 mL min−1 and fed with PBS + 1% FBS 
from the sheath inlet, set at the same flow rate (1:1 flow rate 
ratio), as shown in the schematic representation in Figure  1. 
The enriched viable cellular fraction (larger cells) was collected 
in the inner outlet (outlet 6), while dead cells and debris were 
collected in the outer outlets of the device. Further optimization 
was performed using cells suspended in Cryostor, at the cell 
concentration described in the following sections. Cells were 
separated in the microfluidic device at a flow rate of 1 mL min−1; 
however, plasmalyte +5% bovine serum albumin (BSA) was fed 
from the sheath inlet, at the same flow rate. Different flow rates 
and flow rate ratios for the two inlets were tested to optimize 
the device performance. The processed cells were collected in 
the outlets of the device. The volumes were measured, and cells 
collected by centrifugation at 500 × g for 5 min and analyzed for 
viability and phenotypes. The percentage of DMSO was meas-
ured before and after device processing.

2.4. Cell Viability Measurements and Cell Size Distributions

The viability of cell suspensions was assessed by manual cell 
count on a hemocytometer using the trypan blue exclusion 
assay using trypan blue 0.4% solution (Thermo Fischer Sci-
entific, Australia). Cell size distributions were determined 
by staining for CD3, using antihuman CD3 fluorescein  

isothiocyanate (FITC) (clone SK7) (Life Technologies, Australia) 
and propidium iodide (PI) exclusion for gating of dead cells. Data 
were collected on the imaging flow cytometer (ImageStreamx 
Mark II, AMNIS, Seattle, WA, USA). Analysis of the cellular 
populations was performed with the IDEAS software Version 6.1 
(AMNIS, Seattle, WA, USA) and FlowJo V10 (FLOWJO, USA). 
Cell size distributions were calculated using an adaptive erode 
mask (M04 CH04 77) on the AMNIS software, which allows 
an accurate calculation of cell diameters. Percentage recovery, 
depletion and viability were calculated as follows

Percentage recovery of viable cells
Total number of viable cells collected in outlet 6

Total number of viable cells collected in all outlets
=

	

(1)

Percentage depletion of dead cells
Total number of dead cells collected in depletion outlets 1 5

Total number of dead cells collected in all outlets
=

−

	
� (2)

Percentage viability
Number of viable cells

Total number cells
=

	
(3)

2.5. CAR-T Cell Phenotyping

Cells were stained for surface markers and visualized using 
an imaging flow cytometer (ImageStreamx Mark II, AMNIS, 
Seattle, WA, USA). T cells were stained with antihuman CD3 
FITC (clone SK7) or antihuman CD3 BV421 (clone UCHT1), 
and phenotypes were characterized using antihuman CD45RO 
PE (clone UCHL1), CD45RA PerCP-CY 5.5 (clone HI 100), 
CD4 EF450 (clone SK3), CD8A PECYN5.5 (clone RPA-T8) (Life 
Technologies, Australia), CCR7 BV421 (clone 150503) (BD Life 

Figure 1.  Schematic representation of the design and operation of the inertial microfluidic device. Viable (larger) cells are collected in the inner most 
outlet 6, while nonviable cells are collected in outlets 2–5 and debris in outlet 1.
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Sciences, Australia), CD25 PE-Cy7 (clone M-A251) (BD Life Sci-
ences, Australia), and CD4 FITC (clone OKT4) (Biolegend, Aus-
tralia). The cells were also stained with FOXP3 Alexa Fluor-647 
(Biolegend, Australia) after fixation and permeabilization using 
the FOXP3 fixation and permeabilization buffer set (Biolegend, 
Australia) as per the manufacturer’s instructions. The gating 
strategies and controls used are shown in Figures S4–S8 (Sup-
porting Information).

2.6. DMSO Measurements before and after Device Processing 
Using UV–Vis Spectrophotometry and Capillary Electrophoresis

DMSO concentrations in solutions before and after processing 
were determined initially by UV–vis spectrophotometry using 
a Thermo Evolution 201 UV–VIS spectrophotometer (Thermo 
Fisher, Australia), according to previously established 
methods.[28] The λmax for DMSO absorption was 209 nm.[29] A 
calibration curve at 209 nm was created using serial dilutions 
of a DMSO stock solution at (10% v/v) diluted in PBS and 
was found to be linear across a narrow concentration range 
from 0.01 to 0.07% v/v. The DMSO concentration in PBS was 
measured after centrifugation and removal of the cells. The 
DMSO concentrations were serially diluted in PBS to fall in 
the linear range of the calibration curve. The % v/v DMSO 
in each outlet and the % removal were calculated. For experi-
ments involving cells suspended in Cryostor and washed with 
plasmalyte/BSA, the BSA interfered with the DMSO UV–vis 
measurements so capillary electrophoresis was used to sepa-
rate DMSO from BSA. The separation was performed on an 
Agilent 7100 (Agilent Technologies, Waldbronn, Germany) 
with a diode array detector monitoring at the λmax of 209 nm 
for DMSO. Fused silica capillaries (50 µm i.d., 360 µm o.d.) 
were obtained from Polymicro (Phoenix, AZ, USA). The cap-
illary length was 48  cm with a 39.5  cm effective length. The 
capillary was pretreated prior to use by flushing with 1 m  
NaOH, followed by water, and then the background elec-
trolyte (BGE) for 20 min each. The sample was injected by 
applying 17 mbar of pressure for 8 s (≈10 nL in 130 × 10−3 m  
NaOH) followed by BGE, injected in the same manner. 
Between each sample, the capillary was flushed with BGE for 
10 min. At the end of a series of injections, the capillary was 
flushed for 1 min with 1 m NaOH, 10 min with water, and 10 
min with air. DMSO and BSA peaks were detected by capil-
lary electrophoresis using borate buffer. Calibration curves of 
DMSO and Cryostor were generated at 209  nm using serial 
dilutions in the presence and absence of plasmalyte/BSA, as 
shown in Figure S1 (Supporting Information). Integration 
was performed on the Agilent software (Agilent Technologies, 
Waldbronn, Germany) on electropherograms and corrected 
for the electrophoretic mobility by dividing the area of the 
peak by the migration time.

2.7. Cell Proliferation Assay

Cell proliferation was determined by staining with the pro-
liferation dye, carboxyfluorescein succinimidyl ester (CFSE) 
(Biolegend, Australia), as per the manufacturer’s guidelines. 

Leukocytes (2 × 106 cells mL−1) were resuspended in PBS and 
labeled with 10 × 10−6 m CFSE for 10 min at 37 °C. The reaction 
was stopped by adding an equal volume of FBS and incubated 
for 2 min at room temperature. The cells were then washed 
twice and the CFSE-labeled cells were cultured for 48  h at  
37 °C and 5% CO2 in 96-well microtiter plates in complete 
X-vivo medium (X-Vivo 15 (Lonza, Australia)), 5% inacti-
vated human serum (Life Technologies, Australia), and 1% 
glutamate (Life Technologies, Australia)). To stimulate the 
proliferation of the CAR-T and untransduced cells, the cells 
were activated using anti-CD3-coated plates (5  µg mL−1) and 
soluble anti-CD28 (4 µg mL−1) and interleukin 2 (500 U mL−1) 
(Life Technologies, Australia). Proliferation was compared 
between cells after device processing at 3 and 7 days. T cells 
were gated for viability using CD3 staining and PI exclusion 
(0.1 mg mL−1), and proliferation analysis was performed using 
the imaging flow cytometer. The proliferation index was cal-
culated as the cells in all generations, including the parental, 
divided by the number of original parent cells at the start of 
the experiment.

2.8. Cytotoxicity Assay

The CAR-T and untransduced cells were co-cultured with the 
PC-3-Luc2 cancer cell line (ATCC CRL-1435-LUC2, ATCC, 
USA) at different ratios (30:1, 3:1, and 1:1) and cultured for 16 h  
in 96-well plates in complete X-vivo medium. The cytotoxicity 
assays were normalized using the same number of processed 
and nonprocessed viable cells. Luciferase assays were per-
formed with Bright-Glo Luciferase Assay System (Promega, 
Australia) and performed according to the manufacturer’s pro-
tocol. Briefly, 100  µL of Brightglo reagent was added to cells 
grown in 100 µL of medium and after complete cell lysis, the 
200  µL mix was transferred to an opaque 96-well plate and 
luminescence measured using a Glomax Explorer luminom-
eter (Promega, Australia). Each experiment was done in trip-
licate, and the cytotoxicity percentage was calculated using 
Equation (4)

Percentage cytoxicity

100
experimental cytolyis media only

maximum cytolyis media only
100

( )
( )= −

−
−

×










	

(4)

2.9. Statistical Analysis

All experiments were repeated at least three times, and data 
were analyzed nonparametrically using GraphPad Prism 8.0 
(GraphPad Software, Inc.), which were used to calculate the 
two-sided p-values as well as generate all graphs. Flow cytom-
etry data were exported initially into an excel sheet from FlowJo 
and then analyzed statistically with GraphPad Prism. The 
data were analyzed using paired two-way analysis of variance 
(ANOVA) mixed model followed by Tukey multiple comparison 
test for multiple variable experiments. For single variable exper-
iments, nonparametric Wilcoxon paired T-test was used. No 
exclusion of statistical outliers was applied.
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3. Results and Discussion

3.1. Inertial Microfluidic Enrichment of Viable CAR-T Cells

An inertial microfluidic spiral device was designed and adapted 
from previous studies[23,30,31] and fabricated using soft lithog-
raphy. The device comprises two inlets for the cell suspension 
and sheath buffer, respectively, and six outlets from which the 
fractionated cell suspensions are collected. The device was 
connected to a syringe pump via its two inlets. The larger cel-
lular fraction is enriched in the inner outlet #6, while debris is 
mostly found in the outer outlet #1. The total flow rate, inlets’ 
flow rate ratios, microfluidic channel dimensions, and the 
resistance of outlets are the key parameters that can be modi-
fied to optimize the cell-fractionation process. The device opera-
tion was first optimized using Raji cells to optimize the flow 
rates and DMSO removal from the cell suspension, as shown 
in Figure S1e,f (Supporting Information). To investigate the 
potential of inertial microfluidics to more finely separate viable 
from dead CAR-T cells, we first determined the respective 
size distributions of a batch of human CAR-T cells and donor-
matched untransduced T cells using imaging flow cytometry 
(Figure S5, Supporting Information). It was observed that 
viable expanded T cells in both the CAR-T and untransduced 

control samples had larger mean cell diameters compared to 
dead cells (8 ± 0.07 µm vs 7 ± 0.07 µm; Figure 2). Cells typically 
undergo death through either apoptosis or necrosis. While the 
apoptotic pathway typically involves a shrinkage of the cells, the 
necrotic pathway involves cell swelling.[32] For ex-vivo-expanded 
CAR-T cells, T-cell exhaustion and apoptosis are expected to 
occur to some extent depending on the cytokines and activation 
conditions used,[33–36] which could explain the observed size dif-
ference between nonviable and viable CAR-T cells. The modest 
yet significant difference in size between viable and nonviable 
T cells suggested the feasibility of enriching the viable fraction 
using inertial microfluidics. In addition, it should be noted that 
the fractionation of cell suspensions by inertial microfluidics is 
governed not only by their characteristic dimensions but also 
by their rigidities.[19,37]

To investigate the possibility of depleting nonviable cells 
and consequently rescuing batches of CAR-T cells that fall 
short of the viability threshold, both batches of CAR-T cells, 
and donor-matched T cells with low viabilities were utilized. 
The initial percentages of viable cell in these batches as well 
as in donor-matched untransduced T-cell batches were com-
pared to the percentages following inertial microfluidic pro-
cessing. The initial T-cell viability of these batches ranged 
from extremely low (38%) to moderate (58% and 59%) 

Figure 2.  Size distribution of viable and nonviable CAR-T cells. Cells were analyzed using imaging flow cytometry and size distributions were calcu-
lated using an adaptive erode mask. a) Gating strategy used. b) Dead versus viable populations as gated using positive permeabilized PI controls and 
negative nonpermeabilized controls. c) Representative images of viable and nonviable cells. d) Size distribution of viable and nonviable CAR-T cells.
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viability. Significant increases in the percentages of viable T 
cells for all tested batches were observed following inertial 
microfluidic processing (p  < 0.05). Nonviable cells were sig-
nificantly depleted and, as a result, the average percentage of 
viable T cells of the CAR-T cell batches increased from 51% 
(SD ±  0.12) before processing to 71% (SD ±  0.09) after pro-
cessing, corresponding to an ≈25% increase in viability of the 
product as shown in Figure  3c. Importantly, the recovery of 
viable T cells ranged from 62% to 80% in the tested CAR-T 
cell batches (average recovery = 70%). Similar results were 
observed for donor-matched untransduced T cells, with the 
average percentage of T-cell viability increasing from 40% (SD 
±  0.12) to 71% (SD±0.09) after processing with a recovery of 
viable cells ranging from 66% to 84% (Figure S2a, Supporting 
Information). An additional viability measurement by staining 
for CD3 and PI of one CAR-T cell batch yielded a similar 
increase the percentage of viable cells (from 53% to 70%) and 
70% recovery of viable cells, as shown in Figure  3a,b. These 
results indicate that inertial microfluidics can efficiently 
deplete nonviable cells from low-viability CAR-T cell prod-
ucts with acceptable recovery of the viable cells. Interestingly, 
there was no difference in the percentage of CAR positive 
cells before and after processing (Figure 6b), which indicates 
that no preferential enrichment or depletion of CAR positive 
cells over negative ones occurred at the tested conditions. It 
should be noted a recovery of ≈70% of the viable CAR positive 

T cells, although superior to commercially available antibody-
based kits, could nevertheless be an issue for products with 
low number of CAR-T cells as these could fail to meet the 
minimum patient dose.

Following these promising initial results, the performance 
of inertial microfluidic processing in purifying CAR-T cell 
products prior to infusion was investigated in a more clini-
cally relevant context. In a common clinical scenario, CAR-T 
products are frozen at high cell concentration, typically in the 
range of (0.6–6.0) × 108 cells, in 1–3 bags of 10–50 mL volumes, 
and in presence of cryoprotectant such as Cryostor mixed with 
other product additives.[38] In clinical trials, the thawed CAR-T 
cells are usually washed prior to infusion.[34,39] However, in 
the case of commercial products, the cellular suspensions are 
typically infused as is and therefore in the presence of sub-
stantial amounts of cryoprotectants. This is mostly due to the 
lack of good manufacturing practice (GMP) compliant facili-
ties for washing and reformulating these products at the point 
of care.[40] This is significant as the removal of cryoprotect-
ants has been shown to reduce adverse outcomes in patients 
receiving hematopoietic stem cells.[41,42] We therefore investi-
gated the potential of inertial microfluidics to remove cryopro-
tectant and reformulate CAR-T cells in a typical infusion agent, 
such as plasmalyte/BSA. Using CAR-T cells suspended at a 
total concentration of 7 × 106 cells mL−1 in Cryostor and plas-
malyte/BSA as the sheath, the feasibility and performance of 

Figure 3.  Inertial microfluidic enrichment of viable CAR-T cells suspended in PBS+1% FBS (total cell concentration of 7 × 106 cells mL−1). A sheath flow 
rate of 1 mL min−1 inlet and a flow rate ratio of 1:1 (cellular suspension: sheath) were used. Representative histograms showing the size distribution of 
viable and nonviable cells a) before and b) after processing. c) Numbers of viable and nonviable cells. The percentage of viable cells (indicated by *) 
increased significantly for the three tested CAR-T cell batches (p < 0.05) (Wilcoxon matched-pairs signed rank T-test).
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inertial microfluidic purification of a CAR-T cell product prior 
to patient administration were determined. Using the oper-
ating conditions above (sheath flow rate of 1 mL min−1) and a 
flow rate inlet ratio of 1:1 (cell inlet: sheath inlet), a 98% deple-
tion of nonviable cells was achieved. However, the recovery of 
viable cells was very low (14%). This drastic reduction in per-
formance was likely due to the large difference in viscosities 
between Cryostor and plasmalyte/BSA, which prevented effi-
cient mixing of the two inlet streams in the device, as visually 
observed using dyes. Therefore, several operating conditions 
using different inlets’ flow rate ratios, flow rates, and outlet 
lengths (used to modulate the pressure inside the device) were 
tested (as summarized in Figure 4a). The effect of the lengths 
of outlet 6 was tested (long and short). A long outlet provides 
more resistance to the flow within the device, which was found 
to yield greater depletion of the smaller sized cells compared 
to a short outlet length. Using a higher inlet flow rate ratio 
of 1:10, 72% (SD ± 0.17) and 77% (SD ± 0.19) of the nonviable 
cells were efficiently removed from the CAR-T cell suspension 
(Figure  4b) and matched untransduced T cells (Figure S2b, 
Supporting Information), respectively. This led to an increase 
in the percentage of viable cells from 34% (SD ± 0.07) to 62% 
(SD ± 0.15) for CAR-T cells and from 27% (SD ± 0.17) to 44% 
(SD ± 0.13) for untransduced T cells with 72% (SD ± 0.07) and 
69% (SD ± 0.12) recovery of viable cells, respectively.

It should be noted that the concentration of the cell sus-
pension is a key factor in the inertial microfluidic process, 
and high concentrations can significantly decrease separa-
tion efficiencies due to increased cell–cell interactions. This 
leads to defocusing of the streams and a reduction in iner-
tial focusing efficiency.[12,43] The high CAR-T cell concentra-
tion used clinically may contribute to the poor recovery of the 
viable cells following processing at a 1:1 inlet flow rate ratio. 
However, with the optimized 1:10 inlet flow rate ratio, rapid 
mixing occurs in the device, which effectively dilutes the cell 
suspension.

3.2. Inertial Microfluidic Processing Efficiently Reduces  
Cryoprotectant in CAR-T Cell Suspensions

To test the capability of the device to reduce DMSO, used as 
model cryoprotectant, the DMSO concentration in the CAR-T 
cell collection outlet (outlet 6) before and after inertial micro-
fluidic processing was measured. The DMSO concentration 
was calculated by establishing a DMSO calibration curve, using 
UV–vs spectrophotometry. Initial optimization experiments 
demonstrated that DMSO was diluted in the device. Increasing 
the sheath flow rate from 1 to 2.5 and 3.5  mL min−1 at a con-
stant inlet flow rate ratio of 1:1 reduced the DMSO dilution in 
the device (Figure S3b, Supporting Information). In contrast, 
increasing the inlet flow rate ratio diluted the DMSO signifi-
cantly more. Flow rate ratios of 1:1, 1:2, 1:5, and 1:10 reduced 
DMSO by 40%, 60%, 70%, and 90% from PBS containing 
DMSO, respectively (Figure S3b, Supporting Information). 
However, this was also associated with an increase in the total 
volume collected. In the microfluidic device used, the outlet 
volume split ratio is 2:1 (dead cell depletion outlets 1–5: viable 
cell outlet 6). When processing 1 mL of cell suspension, the vol-
umes collected in the viable cell outlet 6 were, therefore, 0.75, 1, 
2, and 3.7 mL for inlets flow rate ratios of 1:1, 1:2, 1:5, and 1:10, 
respectively. When these conditions were tested with Cryostor in 
the sample inlet and plasmalyte/BSA as the sheath in the other 
inlet, consistent mixing and cell focusing occurred only at a flow 
rate ratio of 1:10 due to the difference in viscosities between the 
thawed Cryostor cell suspension and the plasmalyte BSA.

To determine the amount of DMSO removal in these sets 
of experiments, capillary electrophoresis was used to separate 
the DMSO and BSA peaks, as shown in Figure 5a. A calibra-
tion curve was first made using peak areas and migration times 
(Figure S2, Supporting Information). At the flow rate ratio of 
1:10, 92% (SD ± 0.01) of the DMSO was removed consistent 
with complete mixing of the two inlets and resulting dilution of 
the DMSO initially present in the sample inlet (Figure 5b). The 

Figure 4.  Enrichment of viable CAR-T cells suspended in Cryostor (7 × 106 cells mL−1) and reformulated in plasmalyte+5% BSA. a) Optimization of the 
recovery of viable cells and depletion of dead cells. Different device configurations, flow rates, and flow rate ratios were tested (n = 3): 1) flow rate ratio 
1:1, long outlet, sheath flow rate 1 mL min−1; 2) flow rate ratio 1:1, short outlet, sheath flow rate 1 mL min−1; 3) flow rate ratio 1:1, long outlet, sheath 
flow rate 1.5 mL min−1; 4) flow rate ratio 1:3, short outlet, sheath flow rate 1 mL min−1; 5) flow rate ratio 1:10, long outlet, sheath flow rate 1 mL min−1; 
and 6) PBS+1% FBS + 10% DMSO, flow rate ratio 1:1, long outlet, sheath flow rate 1 mL min−1. b) Number of viable and nonviable cells before and 
after processing at an inlet flow rate ratio of Cryostor to plasmalyte/BSA sheath of 1:10 and a sheath flow rate of 1 mL min−1. The percentage viability 
(indicated by *) increased significantly for CAR-T cells (n = 4, p < 0.05 with Wilcoxon matched-pairs signed rank T-test).
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processing of a clinically relevant CAR-T cell formulation took 
10 min per 1 mL, yielding 3 mL of purified cellular product with 
an increase in the total viability by ≈25% and a reduction in the 
concentration of DMSO by greater than 90%. A typical CAR-T 
cell product is 10–50 mL frozen product containing (0.1–6.0) × 
108 cells, and it is typically infused at a rate of 10–20 mL min−1. 
Diluting the product, three times would lead to an increase in 
infusion volume to 30–150 mL and, therefore, to an increase in 
the infusion time. Such increased infusion time/volume would 
still be below the maximum daily intravenous fluid infusion for 
both adults and children.[44–46] This limitation should be bal-
anced with the increased viability of the CAR-T cells as well as 
the substantial reduction in the percentage of DMSO.

3.3. Inertial Microfluidic Processing Does Not Affect the Per-
centage Transduction of CAR-T Cells

Having identified the optimal operating conditions, it was 
essential to determine the effect of inertial microfluidic pro-
cessing on the percentage of CAR positive cells in the CAR-T 
cell product to ensure that there was no specific depletion of 
CAR positive cells in the CAR-T cell product. To this end, the 

percentage of transduced CAR-T cells of both CD4+ and CD8+ 
T-cell populations was assessed before and after device pro-
cessing. Device processing had no effect on the overall per-
centage of CD4+ and CD8+ cells (Figure  6a). There were also 
no significant changes to the percentages of CAR positive cells 
for both CD4+ (59% (SD ± 0.09) vs 60% (SD ± 0.07)) and CD8+ 
(59% (SD ± 0.17) vs 58% (SD ± 0.18), as shown in Figure 6b.

3.4. Inertial Microfluidic Processing Enriches Central Memory 
and Stem Cell Phenotypes and Depletes T-Regulatory and 
T-Suppressor Cells

The phenotypic characteristics of the purified CAR-T cell prod-
ucts were also investigated. It has been reported that the phe-
notype impacts T-cell longevity and persistence in vivo after 
transfusion.[47–50] Naive T cells and central memory (CM) T cells 
have been shown to be longer-lived, and their initial percentage 
in the transfused product to be directly linked to enhanced clin-
ical outcomes and prognosis. This led to modified ex vivo expan-
sion protocols to increase the desired phenotypes and prevent 
differentiation to terminally differentiated cells.[51–54] Some pro-
tocols selected particular phenotypes by magnetic selection and 

Figure 5.  Effect of inertial microfluidics on the depletion of DMSO from cryopreserved T cells in Cryostor. a) DMSO and BSA peaks in capillary elec-
trophoresis. b) Percentage of DMSO before and after device processing with an inlet flow rate ratio of 1:10 (cells in Cryostor: plasmalyte/BSA) (p < 
0.0005 using paired T-test).

Figure 6.  Effect of inertial microfluidic processing on the percentage transduction in CD4+ and CD8+ T cells. a) Percentages of CD4+ and CD8+ T cells. 
b) Percentage transduction of CD4+ and CD8+ CAR-T cells (each color corresponds to one of the five tested CAR-T suspension).
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fluorescence-activated sorting (FACS) before CAR-T delivery 
and cell expansion.[55] To test whether inertial microfluidic pro-
cessing affected the cellular phenotypes, cells were stained for 
markers associated with CD4+ helper T cells, CD8+ cytotoxic T 
cells, central memory T cells (CD45RO+, CCR7+), stem cell T 
cells (CD45RO+CD45RA+CCR7+), and markers for CD4+T-regu-
latory cells and CD8+T-suppressor cells (CD25+high, FOXP3+, 
CD127+ low) and cellular suspensions were analyzed before and 
after processing. Gating strategies and fluorescence minus one 
controls are shown in Figures S5–S8 (Supporting Information).

As shown in Figure 7, the tested CAR-T cells batches initially 
contained 56% (SD ± 0.2) CD4+ T cells and 44% (SD ± 0.2) CD8+ 
cells. As noted above, there was no significant difference in the 
percentages of CD4+ and CD8+ cells before and after processing, 
as shown in Figure 6a. Similar results were obtained for the con-
trol T cells (Figure S12, Supporting Information). Analyses of 
the CD4+ phenotypes indicated that there was a small increase in 
the CM phenotype from 32% (SD ± 0.04) to 38% (SD ± 0.18) for 
CAR-T cells, with similar increases for the control untransduced 
T cells (p  < 0.05; Figure  7a; Figure S12a, Supporting Informa-
tion). There was also a significant depletion of CD4+ terminally 
differentiated effector cells (EMRAs) of both the CAR-T cells and 
control T cells (57% and 45%; p  < 0.005 and p  < 0.05, respec-
tively). There was also a small, but consistent increase in CD8+ 
CM from 41% (SD ± 0.14) to 46% (SD ± 0.17) for CAR-T cells in 
all five batches (Figure 7b, N.S). The proportion of CD8+ EMRAs 
were reduced by 55% (SD ± 0.09) for the CAR-T cells (p < 0.05).

The stem cell phenotype characterized by CD45RO+/
CD45RA+/CCR7+is expressed on both CD4+ and CD8+ cells. A 
small but consistent and significant increase in the percentage 
of cells with stem cell phenotypes was found across all batches 
upon device processing. For CD4+ cells, the percentage increased 
from 30% (SD ± 0.09) to 34% (SD ± 0.07), while for CD8+ cells, 
the percentage increased from 40% (SD ± 0.15) to 47% (SD ± 0.15) 
(Figure  7c). Similar data were obtained for the control T cells 
(Figure S12c, Supporting Information). After inertial microflu-
idic processing, there was a depletion of CD4+ T-regs (53% ± 0.11) 
and CD8+ T-supp cells (54% ± 0.09) (Figure  7d, statistically 
significant at p  < 0.005). Clinical blood samples from cancer 
patients usually have increased numbers of T-regs and T-supp 
cells, which are immunosuppressive.[56–59] Due to their negative 
influence on cell proliferation and the exhaustion status of the 
cells, depletion of T-regs and T-supp cells by magnetic selection 
is used in the production of some clinical CAR-T products.[60–62] 
However, the clinical value of depleting these phenotypes during 
manufacture still needs to be ascertained.

The ability of inertial microfluidic processing to modulate 
the proportions of various T-cell phenotypes is explained by 
differences in their average dimensions, as determined using 
imaging flow cytometry. The CM (7.6  µm SD ± 0.9) and stem 
cell (8 µm SD ± 0.5) phenotypes had slightly larger diameters 
compared to other T cells, while the T-reg (6.8 µm SD ± 0.3), 
T-supp (7.6 µm SD ± 1.1), and EMRA (7 µm SD ± 0.2) pheno-
types had smaller diameters.

Figure 7.  Effect of inertial microfluidic processing on the frequency of CAR-T cells phenotypes. Percentages of naive, central memory (CM), effector 
memory (EM), and terminally differentiated effector cells (EMRA) for a) CD4 and b) CD8 CAR-T cells. c) Percentages of CD4 and CD8 stem cell phe-
notype. d) Number of CD4 T-regulatory and CD8 T-suppressor cells (n = 5, * p < 0.05, ** p < 0.005, and ** p < 0.0005 using a two-way mixed model 
ANOVA; each color represents an independent CAR-T cell suspension).
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3.5. Inertial Microfluidic Processing of CAR-T Cell Product Has 
No Effect on Proliferation and Cytotoxicity

The process of spiral inertial microfluidic cell size separation 
has previously been shown to have no detectable effects on cell 
functionality,[23] likely due to the fairly gentle flow conditions 
experienced by cells and low residence time inside the devices. 
Other microfluidic cell sorting technologies have been shown to 
have minimal effect on T-cell functionality. Most notably, both 
DLD (GPB Scientific)[63] and acoustophoretic (Draper labora-
tory)[64] microfluidic devices are presently being implemented in 
the CAR-T cell manufacturing industry. To confirm the absence 
of significant deleterious effects on the CAR-T cell functionality 
and proliferation, a proliferation assay and a cytotoxicity study 
were performed. After 3 days, no significant differences in pro-
liferation were observed, as indicated by the proliferative index 
of 2.1 (SD ± 0.6) for processed CAR-T cells compared to 1.7 (SD 
± 0.2) for the nonprocessed cells (Figure 8a). However, after 7 
days, the proliferative index was significantly higher, 19.6 (SD ± 
4), for the processed CAR-T cells, compared to 15.6 (SD ± 0.9) 
for the nonprocessed sample. Similar results were obtained for 
the untransduced control cells, indicating that device processed 
cells have a proliferative advantage over the nonprocessed cells 
at day 7. The significance of this finding and cause warrants 
additional investigation.

Finally, the cytotoxic activity of CAR-T cells with and without 
inertial microfluidic processing was assessed against a target 
cancer reporter cell line (PC-3-Luc2). The same number of 
viable CAR-T cells was seeded in both cases and CAR-T cells/
PC3-Luc2 ratios of 10:1, 3:1, and 1:1 were used. There was no 
statistically significant difference in the lytic activity between 
CAR-T cells processed or not (p > 0.05) at the 10:1 and 3:1 ratios. 
However, a modest but statistically significant increased lytic 
activity was measured for CAR-T cells processed versus unpro-
cessed cells in inertial microfluidic devices at the 1:1 ratio (p < 
0.05). This suggests that a cytotoxic phenotype of viable CAR-T 
cells is enriched in the inertial microfluidic process, which war-
rants further investigation. In addition, and as expected, higher 
cytotoxicity was measured for the transduced cells compared to 

the untransduced cells (p < 0.0005 for the 10:1 ratio, p < 0.005 
for the 3:1 ratio, and p < 0.05 for the 1:1 ratio), indicating that 
the cytotoxic effect was specific to the CAR-T cells.

4. Conclusions

In clinical trial centers, CAR-T cells are often purified before 
infusion to patients. On the other hand, in the case of com-
mercial products that are typically manufactured offsite in a 
central facility and shipped frozen to the treating facility, the 
cells are usually thawed and immediately infused back to the 
patient. However, these CAR-T cell products contain substan-
tial amounts of nonviable cells (T cells and other PBMCs), as 
well as cryoprotectants such as DMSO. To increase the efficacy 
and safety of these clinical products, it would be preferable to 
remove these contaminates at the point of care. We demon-
strated simple yet effective depletion of nonviable cells and 
DMSO by inertial microfluidic devices using a model CAR-T 
cells product currently undergoing preclinical validation. The 
data presented here support the feasibility and benefits of the 
application of cell focusing microfluidic strategies for point-of-
care “polishing” of CAR-T cell products before infusion back to 
patients. Importantly, this could rescue “out of specification” 
products, thereby benefiting both patients and manufacturers. 
On the other hand, a potential limitation of this approach is 
a loss in the absolute number of CAR-T cells (≈30%), which 
could be an issue in products with low numbers. Additionally, 
the ability of inertial microfluidics to reduce the concentration 
of potentially detrimental T-cell phenotypes, (T-regs, T-supps, 
and terminally differentiated effector cells) as well as to enrich 
central memory and stem cell phenotypes is anticipated to have 
therapeutic benefits and warrants further investigation.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.

Figure 8.  Effects of inertial microfluidic processing on T-cell functionality. a) T-cell proliferation assayed by CFSE staining. Proliferative indexes at days 
3 and 7 for both CAR-T cells and control untransduced T cells with or without device processing (n = 3). b) Cytotoxicity of CAR-T cells as measured by 
the percentage specific lysis of CAR-T cells and control untransduced T cells cocultured with PC-3-Luc2 cancer cells expressing the CAR target with and 
without inertial microfluidic processing (n = 3).
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