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Intracellular delivery of mRNA 
to human primary t cells with 
microfluidic vortex shedding
Justin A. Jarrell1, Amy A. twite1, Katherine H. W. J. Lau1, Moein N. Kashani1,2,3, 
Adrian A. Lievano1, Julyana Acevedo1, Craig priest2,3, Jorge Nieva1,4, David Gottlieb1,5 & 
Ryan s. pawell1

Intracellular delivery of functional macromolecules, such as DNA and RNA, across the cell membrane 
and into the cytosol, is a critical process in both biology and medicine. Herein, we develop and 
use microfluidic chips containing post arrays to induce microfluidic vortex shedding, or μVS, for 
cell membrane poration that permits delivery of mRNA into primary human t lymphocytes. We 
demonstrate transfection with μVS by delivery of a 996-nucleotide mRNA construct encoding 
enhanced green fluorescent protein (EGFP) and assessed transfection efficiencies by quantifying levels 
of EGFP protein expression. We achieved high transfection efficiency (63.6 ± 3.44% EGFP + viable cells) 
with high cell viability (77.3 ± 0.58%) and recovery (88.7 ± 3.21%) in CD3 + T cells 19 hrs after μVS 
processing. Importantly, we show that processing cells via μVS does not negatively affect cell growth 
rates or alter cell states. We also demonstrate processing speeds of greater than 2.0 × 106 cells s−1 at 
volumes ranging from 0.1 to 1.5 milliliters. Altogether, these results highlight the use of μVS as a rapid 
and gentle delivery method with promising potential to engineer primary human cells for research and 
clinical applications.

Biomicrofluidics are used to isolate1, enrich1, modify2,3, culture4 and qualify cells5, lending to the development 
and manufacturing of gene-modified cell therapy (GMCT) where these processes are vital. GMCTs based on 
chimeric antigen receptor-expressing T-cells (CAR-T) can provide substantial improvement in patient outcomes, 
including complete remission of disease for hematologic malignancies6. CAR-T cells targeting CD19, for example, 
have demonstrated 83% clinical remission in patients with advanced acute lymphoblastic leukemia who were 
unresponsive to prior therapies7. These unprecedented results exemplified in multiple clinical trials have made 
CD19-targeting GMCT the first to gain approval by the FDA7.

The current standard for manufacturing GMCTs involves using viral-based gene transfer which is costly, 
time consuming, and can have variable results8–10. In addition, viral transduction for CAR-T therapies requires 
extensive safety and release testing for clinical development and post-treatment follow-up9. Unlike viral-based 
methods, electroporation can be used to deliver a broader range of bioactive constructs into a variety of cell types, 
while bypassing the extensive safety and regulatory requirements for GMCT manufacturing using viruses8,9. 
However, the significant reductions in cell numbers and viabilities, accompanied by changes in gene expression 
profiles that negatively impact cell function, make physical transfection methods like electroporation less than 
ideal for GMCT applications2,3,9,11–13. Therefore, the ideal intracellular delivery method to generate GMCTs would 
permit transfection of various constructs to multiple cell types while having minimal effects on cell viability and 
cell recovery, and minimal perturbation to normal and/or desired (i.e. therapeutic) cell functions2,3.

In general, microfluidic methods have improved macromolecule delivery into cells by scaling microfluidic 
channel geometries with cell dimensions. Intracellular delivery methods utilizing microfluidics include electro-
poration14–16, microinjection17, cell constriction or squeezing18–23, fluid shear24,25 and electrosonic jet ejection26,27. 
These methods offer appealing alternatives to conventional transfection systems, however, their production out-
put (i.e. number of engineered cells) is limited by throughput, processing speeds, and clogging as a result of cell 

1Indee Labs, Berkeley, CA, United States. 2Australian National Fabrication Facility, South Australia Node, Mawson 
Lakes, SA, Australia. 3Future Industries Institute, University of South Australia, Mawson Lakes, SA, Australia. 4norris 
Cancer Center, University of Southern California, Los Angeles, CA, United States. 5Sydney Medical School, University 
of Sydney, Sydney, Australia. Justin A. Jarrell and Amy A. Twite contributed equally. Correspondence and requests 
for materials should be addressed to J.A.J. (email: hello@indeelabs.com) or R.S.P. (email: ryan@indeelabs.com)

Received: 18 July 2018

Accepted: 7 February 2019

Published: xx xx xxxx

opeN

https://doi.org/10.1038/s41598-019-40147-y
mailto:hello@indeelabs.com
mailto:ryan@indeelabs.com


2Scientific RepoRts |          (2019) 9:3214  | https://doi.org/10.1038/s41598-019-40147-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

shearing, cell lysis, and debris formation2,3. Thus, it remains unclear as to how well these methods may scale for 
clinical-level production of GMCTs that often require greater than 107–108 cells per infusion28,29.

There are several practical metrics when considering microfluidic intracellular delivery for GMCTs including 
cell viability, cell recovery, delivery or expression efficiency, sample throughput, and cell states and functions. 
Importantly, GMCTs require large numbers of viable, gene-modified cells to enhance clinical response rates and 
prevent adverse events in patients28,29. For instance, infusion of genetically-modified, non-viable cells have been 
shown to promote toxicities in vivo, requiring additional safety and regulatory considerations if present in high 
numbers prior to treatment30–32. Additionally, in terms of processing, low throughput transfection methods, such 
as single cell micro-needle injection, would require 108 seconds, or three years, to deliver a single autologous 
GMCT without expansion17,28,29. To overcome these limitations, next generation transfection methods need to 
preserve high cell viabilities and desired cell states prior to infusion, while implementing strategies to increase 
processing throughput (i.e. sample size, number and processing speed), diminish production times, and mini-
mize processing steps. As it stands, the current state of microfluidic and mechanical intracellular delivery meth-
ods described above fail to meet the needs of GMCT development and clinical-level manufacturing.

Microfluidic vortex shedding, or µVS, is based on a well-known macroscale phenomenon33 known to occur in 
dense arrays of microfluidic posts34. Current transfection methods that use mechanical microfluidics as the method 
of delivery either do not use post arrays (i.e. microfluidic jet ejections)26,27 or use arrays with spacing smaller than a 
cell’s diameter (i.e. squeezing)18–23 that dramatically reduce processing rates. Interestingly, the hydrodynamic con-
ditions that facilitate µVS in a microfluidic post array with spacing greater than a cell’s diameter suggests that our 
device can efficiently deliver material into cells while addressing the limitations of physical transfection methods. 
Therefore, we sought to implement µVS in the construction of a device to deliver mRNA into cells.

Here, we describe the development and evaluation of our microfluidic device for hydrodynamic, intracel-
lular delivery of mRNA into human T cells using μVS. As a proof-of-concept of our technology, we delivered a 
996-nucleotide mRNA construct expressing enhanced green fluorescent protein (EGFP) into primary human 
T lymphocytes and demonstrated high levels of cell viability, cell recovery, and EGFP expression with minimal 
effects to cell growth and activation profiles after delivery. We demonstrate that µVS does not adversely affect T 
cell growth, results in high transfection efficiencies, high cell viability and even expression profiles among CD4+ 
and CD8 + T cells after transfection at processing rates exceeding 2 × 106 cells s−1.

Results
Empirical Verification of Microfluidic Vortex Shedding (μVS). Vortex shedding has been previously 
shown to occur in microfluidic post arrays34. Therefore, we iterated through various engineering features, includ-
ing post sizes and diameters, post shapes, post-array spacing, number of rows within the post-array region and 
fluid pressure to generate a prototype chip design for intracellular delivery of mRNA to human T cells (data not 
shown). Our results indicated that six rows of circular posts of 40 µm diameter with spacing between each post 
approximately twice the diameter of a human T cells (~9.0 µm, 8 to 12 µm) and an applied gauge pressure of 120 
PSI was ideal for delivery of mRNA (Fig. 1c,d) to T cells from a single donor when using compressed nitrogen. 
We manufactured chips based on these parameters and used them for transfection experiments with activated 
human T cells (Fig. 1b).

μVS leverages naturally-occurring fluid dynamics to permeabilize cell membranes that may also lyse cells2,3. 
Therefore, it was also necessary to evaluate if build-up caused by cell debris resulted in constriction-based cell 
poration, which may be the cause of any transfection not accounted for by μVS. If the primary method of trans-
fection was constriction, we reasoned that samples collected at the end of an experiment would show signif-
icantly higher transfection efficiencies compared to samples collected at the beginning with less debris build 
up in the fluidic device and chip. To assess this, we processed human T cells through our device in the pres-
ence of EGFP-encoding mRNA and quantified the level of EGFP protein expression in cells collected at various 
time points. Samples collected at the start of the experiment had EGFP expression levels comparable to samples 
collected at the end, with no significant differences observed across all time points (n.s. for all comparisons, 
Supplemental Fig. 1). Our observation of consistent EGFP expression across all time points during processing 
suggested that constriction-based deformation was not contributing to the transfection observed in our system. 
We conclude that any build up accumulated while processing samples through our device has a negligible impact 
on transfection efficiency, with cell poration and mRNA delivery attributed primarily to μVS.

Hydrodynamic Characterization. µVS is a hydrodynamic phenomenon shown to occur in microfluidic post 
arrays at an object Reynold’s number (Reo) > 4034. To determine if the hydrodynamic conditions required to induce 
and sustain vortex shedding are achieved in our flow cells, we observed and characterized flow dynamics using 
non-dimensional analysis and computational fluid dynamic simulations. Since our processing media was largely 
composed of water, we characterized hydrodynamic conditions using the kinematic viscosity of water as 20 °C 
(1.004 × 10−6 m2 s−1). Our characterization specified an Reo = 146 around posts at typical experimental conditions, 
indicating that the hydrodynamic conditions within the post-array regions of our flow cells were in the range of 
μVS. A summary of our non-dimensional characterization is shown on Table 1 with calculations outlined in the SI.

Computational fluid dynamic simulations were used to advance our non-dimensional analysis of hydro-
dynamic flow conditions and determine the velocity magnitude and direction of induced vortex shedding and 
Q-criterion for vortex development in our flow cell. Flow conditions in the simulation were selected to represent 
experimental conditions. Simulations of the contour of velocity magnitude and vector showed the formation of 
vortices between posts of the post-array, with flow separating from the post surfaces at high velocities (Fig. 2a,b). 
Significant decreases in flow velocity were observed in the fluid exiting the post-array region into exit channels 
coupled with the resolution of vortices (Fig. 2b). To further assess vortex formation, Q-criterion magnitudes were 
analyzed at various regions in our flow simulations, with the highest values detected in regions immediately after 
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each post-array row where vortex development occurs (Fig. 2c). Conversely, near zero Q-criterion values were 
observed within the inlet channels in the absence of vortex development, with comparable values observed in the 
exit channels as vortices resolved (Fig. 2c). Similarly, flow conditions in a blank chip without post-arrays showed 
zero Q-criterion along the entire channel (Supplemental Fig. 2). Altogether, these results support that the hydro-
dynamic conditions observed in our flow cell induce µVS.

EGFP mRNA delivery into primary human T cells using µVS. Macroscale electroporation and viral 
transduction are effective methods for intracellular delivery into T cells2,3,6–12,35–38. For example, delivery of an 
EGFP-encoding plasmid in cultured peripheral mononuclear cells via electroporation resulted in >60% EGFP 
expression in CD3 + T cells post transfection11. Therefore, we sought to investigate if comparable transfection 
efficiencies (>60%) could be achieved in human T cells via μVS.

For our proof-of-concept study, we selected an approximately 1.0 kB EGFP mRNA construct to transfect into 
primary human CD3 + T cells via μVS. We observed an increased level of EGFP expression at mRNA concen-
trations ranging from 10 to 160 μg mL−1 compared to cells processed through our device without EGFP mRNA 
(‘processing control’), with 160 μg mL−1 EGFP mRNA without device processing (‘mRNA control’), or without 
mRNA or device processing (‘handling control’) (Fig. 3a). EGFP expression levels ranging from 23.6% to 63.6% 
in live cells were observed approximately 19 hours post-transfection, with a statistically significant increase in 
expression detected in cells processed with 160 μg mL−1 EGFP mRNA (p < 0.05, Fig. 3a,b). Interestingly, the 
median EGFP fluorescence intensity observed in the live cell population was linearly correlated with mRNA con-
centration (R2 = 0.988, Fig. 3c), indicating that the overall expression level of EGFP on each cell increased with 
higher concentrations of EGFP mRNA delivered via μVS.

Substantial reductions in cell viability and recovery are consistently observed in human T cells processed with 
rapid transfection methods like electroporation, with cell viabilities ranging from 15% to 40% for T cells immedi-
ately after processing11,35,38. Comparatively, we observed cell viabilities ranging from 86% to 77% when delivering 
10 to 160 μg mL−1 of EGFP mRNA, respectively, compared to approximately 90% viability measured in controls 

Figure 1. Device design, dimensions, and processing overview. (a) Schematic of microfluidic vortex shedding 
(µVS)-based delivery system used to transfect mRNA into human T lymphocytes. Briefly, cells and mRNA were 
mixed in suspension, suspension was flowed past ion etched posts creating vortices that disrupt cell membranes 
to permit poration and allow mRNA to diffuse into cells prior to membrane repair. (b,c) Image of microfluidic 
chip and channel highlighting flow direction and distance between posts that permit cells to pass through with 
minimal mechanical deformation (i.e. cell squeezing). The distance between posts is adjustable (10–40 microns) 
with a 20 micron distance was selected for this study based on cell type and size. (d) Image of hardware unit 
used to pneumatically push cell and mRNA suspension through chip. Schematic (a) is for illustrative purposes 
only and not drawn to scale.

Feature Units Value

Flow cell Reynold’s number (Refc) — 271

Channel Reynold’s number (Rec) — 180

Gap Reynold’s number (Reg) — 291

Object (Post) Reynold’s number (Reo) — 146

Strouhal number (St) — 0.18

Frequency (f) kHz 14.8

Table 1. Non-dimensional hydrodynamic characterization of µVS.
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(Fig. 3a). A significant decrease in the percentage of viable T cells was observed at 160 μg mL−1 mRNA, with 
no significant differences detected at concentrations from 10 to 120 μg mL−1 (p < 0.05 for 160 μg mL−1, Fig. 3a). 
Similarly, no significant decreases in the percentage of cells recovered after μVS were observed for all concentra-
tions of mRNA, ranging from 87% to 97% (n.s., Fig. 3a). To take all measurements into consideration, we created 
a metric representing the product of the percentage of EGFP-expressing cells, viable cell, and recovered cells, and 
calculated the ‘yield’ for each experimental condition and controls. Comparison of the calculated values revealed 
a higher percent yield across all concentrations of mRNA delivered via μVS compared to controls (0.30% to 
0.49%), with the highest yield (46.3%) observed at 80 μg mL−1 mRNA (Fig. 3a). Cumulatively, these results sug-
gest that delivery of mRNA at various concentration via μVS varies the transfection efficiency, cell viability, and 
cell recovery, with optimal levels achieved when delivering ≥80 μg mL−1 mRNA to previously activated human 
T cells.

Accompanying the substantial decrease in viability, cell death is considerable in electroporated cells and 
progresses days after transfection11. In comparison, intracellular delivery of mRNA via μVS showed only slight 
decreases in cell viability two days after transfection for all mRNA concentrations, ranging from 75% to 81% 
of viable cells compared to an average of 92% in controls (Fig. 4a). Thereafter, µVS-transfected cells recovered 
rapidly with no significant differences in cell viabilities detected at day 3 and 1 week after transfection (n.s. for 
all comparisons with controls, Fig. 4a, Supplemental Table 1). Furthermore, we did not observe any significant 
difference in the growth rates of transfected cells for all concentration of mRNA delivered to human T cells com-
pared to controls (n.s. for all comparisons with control, Fig. 4b). Interestingly, comparison of the processing and 
handling control conditions revealed near identical cell viabilities and growth rates across seven days, suggest-
ing that decreases in these parameters are due to the presence of mRNA, oppose to μVS processing (Fig. 4a,b). 
Quantifying the EGFP expression levels in transfected T cells revealed a peak transfection efficiency of 63.6% 
when delivering 160 μg mL−1 of mRNA at 19 hours post-transfection, with levels decreasing to 39.9% of cell 
expressing EGFP by day 7 (Fig. 4c). We found that the levels of EGFP expression were significantly higher across 
all mRNA concentrations and time points compared to handling and processing controls (p < 0.05 for all com-
parisons, Fig. 4c, Supplemental Table 1). Altogether, these data indicate that µVS-based transfection is a quick 
(~3 s for 400 μL) and gentle method for intracellular delivery of mRNA into human T cells resulting in high trans-
fection efficiency, cell viability and cell recovery.

Figure 2. Computational fluid dynamic simulation of on-chip microfluidic vortex shedding. Simulation of the 
flow dynamics in a 960 μm width × 6.95 mm length chip containing 40 μm diameter posts depicting (a) velocity 
magnitude (m s2), (b) velocity vector (m s2), and (c) Q-criterion. Flow direction was simulated from left to right. 
Images show inlet and outlet channels and post-array region containing 6 rows of posts, with the 1st (entry) and 
6th (exit) post rows highlighted. Vortices of various sizes are shown in enlarged insets.
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EGFP expression levels are equal among CD4+ and CD8+ t lymphocytes. Lentiviral- and 
electroporation-based delivery efficiencies can differ among T cell populations without a consistent trend between 
donors11,36. To quantify the expression level of EGFP in different T cell populations after µVS, we enriched human 
CD3+ T cells, transfected with three concentrations of EGFP mRNA (10, 80 and 160 µg mL−1 mRNA), and ana-
lyzed the CD4+ and CD8+ populations by flow cytometry. We observed a 4:1 distribution of CD4+ to CD8+ T 
cells of the total CD3+ population after µVS delivery (Fig. 5). Interestingly, we detected near identical percentages 
of EGFP-expressing cells among CD4+ and CD8+ T cells of the total CD3+ population after µVS for all concen-
trations of mRNA post transfection (n = 3, Fig. 5a–c). These expression levels ranged from 23.5% to 63.5% with 
the highest levels detected after delivery with 160 μg mL−1 EGFP mRNA, similar to the levels observed in our time 
course experiments (Figs 4c and 5c). Cumulatively, these results revealed an even level of EGFP expression in 
CD4+ and CD8+ human T cell subsets in this donor after delivery via µVS, indicating that our method provides 
advantages to viral- and mechanical-based delivery methods known to introduce expression biases in the same 
T cell populations.

Figure 3. EGFP mRNA delivered to primary human T lymphocytes via µVS. (a) Levels of EGFP protein 
expression (Efficiency, green), cell viability (Viability, yellow), cell recovery (Recovery, blue), and total yield 
(Yield, red) with increasing concentration of 996 nt EGFP mRNA (10 to 160 μg mL−1) delivered via μVS 
compared to a handling control (no mRNA, no device processing), mRNA control (160 μg mL−1 EGFP mRNA 
without device processing), and µVS device processing control (no mRNA) at 19 hours post transfection 
(n = 3 per condition). (b) Histogram overlays of EGFP protein expression levels from live, single CD3+ T cells 
analyzed via flow cytometry as a function of mRNA concentration at 19 hours post transfection. (c) Scatter plot 
of the median EGFP fluorescent intensity (in relative fluorescence units, RFU) and mRNA concentration at 
19 hours post transfection. R-squared value calculated and displayed on graph. Data represent the mean ± SD 
(a,b) or median ± SD (c) of triplicate values. P values were calculated between groups by one-way ANOVA and 
post-hoc Kruskal-Wallis multiple comparisons test (a).
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µVS results in negligible perturbation of the T cell state. Electroporation and viral-based transduc-
tion of human T cells has been shown to induce significant and dramatic changes in gene expression profiles, 
including genes related to T cell activation and survival11,13,39. Therefore, we evaluated if processing cells via μVS 
would alter the expression levels of canonical T cell activation markers compared to non-processed cells. Flow 
analysis of device-processed and non-processed cells revealed comparable expression levels of six unique markers 
of T cell activation, including CD69 and CD25, 24 hours post transfection (Fig. 6). Isotype controls antibodies 
were previously determined to have no off target or non-specific binding interactions with the T cells used in this 
experiment (data not shown). Therefore, these results indicate that μVS-based transfection of mRNA does not 
significantly alter the activation state of T cells 24 hours after processing.

Discussion
The clinical and commercial standards for GMCT manufacturing require the use of viruses which is time 
consuming, labor intensive, expensive, and requires extensive and highly variable lead times8. In addition, 
virally-synthesized GMCTs require significant safety, regulatory and release requirements, and strict monitoring 
of patients for up to 15 years after treatment9. Non-viral based delivery is an attractive alternative to viral GMCT 
manufacturing as it permits the intracellular delivery of a variety of nucleic acid constructs (DNA, RNA) and 
macromolecules (protein, protein complexes) into cells for permanent, persistent, or transient modification3. 

Figure 4. Cell viability, growth, and EGFP protein expression in primary human T lymphocytes transfected 
with EGFP mRNA via µVS. (a) Cell viability (% of viable cells over total cells), (b) normalized growth ([viable 
cells] per condition over [viable cells from handling control] per day), and (c) EGFP expression levels (% of 
EGPF+ cells over total cells) in human T cells transfected with increasing concentrations (10 to 160 μg mL−1) of 
EGFP mRNA via µVS compared to controls at various time points for 1-week post-transfection. Data represent 
means ± SD of triplicate values. P values were calculated between groups by two-way ANOVA and post-hoc 
Tukey’s multiple comparisons test (Supplemental Table 1).
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Further, these methods provide additional advantages over the current standard including reduced costs, ease 
to scale, and substantially shorter lead times3. Physical transfection methods, such as electroporation, are quick, 
simple, and efficient, resulting in greater than 80% expression of delivered constructs in human T cells and are 
actively being pursed for GMCT manufacturing10. However, low initial cell viability and recovery rates associ-
ated with these methods make them less than ideal for clinical-scale production where a large number of viable, 
gene-modified cells is required11.

µVS is a promising solution to these problems that may greatly reduce the time, safety concerns, and release 
testing requirements associated with virally-produced GMCT. Our µVS-based platform can process 5.0 × 107 
cells mL−1 at high flow rates with minimal clogging. Total cell recovery after μVS is exceptionally high when 
compared to typical recovery rates of 20% after electroporation, offering a nearly 5-fold improvement11. Further, 
µVS does not affect cell viability or growth rates for at least 1 week after transfection relative to non-processed cell 
controls. These values were significantly greater than reports of <40% viable cells and significant cell death rates 
2 to 3 days after transfection by electroporation11. Based on a 43% yield achieved in our study, we predict that 
delivery of a CAR-encoding construct with similar expression efficiency in 1 mL of 5.0 × 107 T cells would pro-
duce approximately 2.1 × 107 CAR+ T cells in less than 1 minute via µVS. Upon activation and expansion of these 
cells, 3.4 × 108 CAR+ T cells would be produced after four doubling times (~7–8 days post activation, doubling 
every other day) exceeding the total number of cells required for a single infusion of CAR-T therapy28,29. While 
future experiments to produce CAR T cells via µVS are ongoing, these calculations and results from our current 
study highlight the potential to achieve GMCT products via μVS by substantially reducing ex vivo culture times 
and preparing cells for infusion within 1 week of collection40.

As mentioned previously, electroporation is actively being explored as a potential alternative to viral-based 
transduction for GMCT manufacturing. However, in addition to inducing significant cell death and dramatic 
decreases in cell viability, electroporation can also augment the activation states and gene expression profiles of 
processed cells that can directly affect their survival and function in vivo13. Recently, electroporation of human 
T cells for Cas9-RNP-based PD-1 knockdown resulted in significant increases in cytokine secretion and dysreg-
ulation of genes related to cell proliferation and survival as a result of transfection13. Unlike electroporation, our 
examination of μVS revealed no change in expression of surface markers critical for the activation, function, and 
survival of T cells. These markers included CCR7, a chemokine receptor involved in T cell homing following anti-
gen stimulation, CD69, an early activation marker necessary for Th17 differentiation, and the leukocyte adhesion 
molecule, CD4441–43. Interestingly, changes to these markers, as well as genes involved in DNA damage, cell prolif-
eration, and growth factor production, were detected in genetically-modified T cells as a result of electroporation 
and dramatically reduced their capacity to suppress tumor growth in vivo11,13. Collectively, our results indicate the 
μVS-based delivery does not perturb the native state of transfected cells, highlighting its potential to maintain the 
functionality and desired therapeutic effects of engineered cells upon administration.

Equal delivery and expression of desired proteins among different cell populations may be a unique feature 
of µVS and is advantageous to reduce manufacturing times for GMCTs due to the more predictable modification 
of different cell populations. Lentiviral transduction efficiencies can differ among T cell subsets while electropo-
ration is shown to adversely affect CD8+ T cells, resulting in <40% cell viability11. Our study shows comparable 
levels of EGFP protein expression among CD4+ and CD8+ T cell subsets after delivery of mRNA via µVS, 
highlighting an additional advantage over electroporation and lentiviral delivery methods, especially for GMCT 
where even expression across unique T cell populations may be necessary. Further investigation of the expression 

Figure 5. EGFP expression is equally distributed between CD4+ and CD8+ T lymphocytes after delivery of 
EGFP mRNA via µVS. Human T cells were transfected with (a) 10 μg mL−1, (b) 80 μg mL−1, and (c) 160 μg mL−1 
EGFP mRNA via µVS and analyzed by flow cytometry for CD3, CD4, CD8, and EGFP protein expression 
19 hours post transfection. Scatter plots show the percentage of CD4+ and CD8+ T cells as a percentage of 
the total CD3+ population. Histograms show the level of EGFP expression in CD3+, CD4+ and CD8+ T cell 
populations. Data represent the mean of triplicate values for each condition.
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profiles among distinct T cell subsets (naïve, effector, memory etc.) after delivery of additional constructs, includ-
ing CAR-encoding mRNA, DNA plasmids and Cas9 proteins, via µVS is currently ongoing.

Based on published reports, we observed reduced transfection efficiency with µVS compared to 
constriction-based transfection, likely due to the unique mechanical poration mechanisms facilitating membrane 
disruption3. However, this reduction is offset by exceptionally high processing rates and cell recovery obtained by 
the increased flow rate, small sample volume, and high cell concentration tolerances of microfluidics, while elimi-
nating clogging issues commonly observed with microscale cell constriction18. Additionally, the brief time needed 
for µVS poration likely results in gentler transfection that limits cell stress and perturbation. Optimizations to the 
test rig, device, media composition, and constructs to further improve delivery efficiencies via µVS are ongoing. 
Altogether, these characteristics position µVS transfection as a unique microscale method suitable for generation 
of GMCTs at clinically-relevant scales.

As part of our product development pipeline, tube adaptors for processing volumes >10 mL are currently 
in development to accommodate large-scale GMCT manufacturing. By processing 10 mL of cells at the above 
concentration, µVS transfection would generate the maximum therapeutic dose of CAR+ T cells (2.0 × 108 cells) 
for Yescarta and Kymriah in less than 10 minutes28,29. The cost of mRNA required for a 10 mL processing volume 
may be prohibitive for certain autologous GMCTs, however, µVS-based delivery could allow for immediate turn-
around, making the time from apheresis to treatment less than one day if µVS were to be engineered in a com-
pletely closed system. We have observed that cell type and age, time post activation, and medium composition can 
influence debris accumulation (data not shown). Therefore, in the future we plan to optimize these parameters as 
we expand to larger processing volumes while increasing cell concentrations to >1.0 × 108 cells mL−1 for synthe-
sis of autologous and allogeneic GMCT products. We predict that µVS-based transfection will greatly reduce the 
manufacture times for clinical- and commercial-scale GMCTs, positioning this technology as a safe, sustainable 
and cost-effective option for GMCT production.

Taken together, our work describes a novel transfection method utilizing microfluidic post arrays and hydro-
dynamic conditions to facilitate the intracellular delivery of mRNA into human T cells resulting in high trans-
fection efficiency, cell viability, and cell recovery, and negligible perturbation to the T cell state. Our chip design 
contains spacing between posts approximately two-times greater than the median cell diameter leading to trans-
fection of cells in a manner that is accommodating to cell size variability and distributions. The hydrodynamic 
conditions generated by processing cells in our device permit delivery of an approximately 1.0 kB EGFP mRNA 
construct to primary human CD3+ T cells yielding 43.4 ± 2.5% recovered, viable, and EGFP-expressing T cells 
using 160 μg mL−1 mRNA at a processing speed of 2.0 × 106 cells s−1. We found that transfection by μVS resulted 
in equal levels of EGFP expression among CD4+ and CD8+ T cells highlighting its capacity to evenly transfect 
unique T cell subsets. We also observed no change in T cell activation states or proliferation rates post processing 
via μVS. This is important since many of the commonly used delivery methods, including electroporation, can 
lead to T cell activation, exhaustion, and/or cell death11. Altogether, these results indicate that µVS is an excellent 
alternative to current transfection methods with promising attributes for discovery-stage research, clinical devel-
opment, and commercial manufacturing of engineered gene-modified human T cells.

Future work is focused on demonstrating the utility of µVS for research, clinical and commercial applications 
with an initial emphasis on CAR-T cell production. This includes evaluating delivery of different length DNA and 
RNA constructs, protein complexes, and co-delivery of these molecules, for applications requiring transient or 
stable protein expression. Supplementing flow cytometry profiling, we are also evaluating the influence of μVS 
on T cell activation and survival, function, and efficacy as a therapeutic by cytokine secretion analysis, whole 
transcriptome sequencing, in vitro cellular assays, and in vivo animal studies. Ultimately, our aim is to validate 
µVS-modified cells in vivo to translate into scalable, cost-effective GMCT products for patients in need.

Materials and Methods
Device Design and Fabrication. Devices were designed with a 4.8 mm × 9.8 mm footprint and contained 
a 960 μm wide by a 40 μm deep flow cell. This flow cell was designed to contain a post array consisting of 40 μm 
diameter posts, with a pitch, or distance, between the midpoint of two adjacent posts in a post row of 60 μm 
orthogonal to the bulk flow direction, and a 500 μm pitch in the bulk flow direction (Fig. 1c,d).

Figure 6. T cell activation marker expression is unaffected in cells processed via µVS. Flow cytometry was 
used to quantify the surface level expression of key T cell activation markers (CD69, CD154, CD44, CCR7, 
CD45RA and CD25) in T cells processed with µVS (processed cells, red dashed) compared to non-processed 
cells (handling control, blue solid) 24 hours post transfection. Histogram overlays represent expression levels 
as a percent of maximum value of each marker for a representative sample for each condition. Experiment was 
performed in triplicate.
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Device fabrication was achieved using industry standard semiconductor processes (Australian National 
Fabrication Facility, South Australia Node) and fused silica wafers. The flow cell and array geometries were 
constructed through anisotropic deep reactive ion etching (Fig. 1c). Deep reactive ion etched flow cells were 
thermally bonded to a fused silica lid containing 700 μm diameter laser machined through holes for the inlet 
and outlet. After fabrication, device and feature geometries were verified using scanning electron microscopy 
(Fig. 1c), white-light interferometry (not shown) and digital microscopy (not shown). Specific details on device 
design and fabrication are outlined in the Supplemental Information (SI).

Experimental Rig Development. A purpose-built experimental rig was developed to operate a micro-
fluidic chip (Fig. 1b) using an operating gauge pressure between 0 and 150 pounds per square inch (PSI) and 
measure flow rates ranging from 1 mL min−1 to 1 mL s−1. To accomplish this, compressed nitrogen was regulated 
down to less than 150 PSI using a calibrated two-stage regulator and filtered with a 5 μm compressed air filter 
(McMaster Carr, 4414K71). Compressed nitrogen flow was then controlled with a manual on/off valve (McMaster 
Carr, 4379K61) and volumetric flow rates were measured with a calibrated mass flow meter (Alicat Scientific, 
M-1SLPM-D). Compressed nitrogen was then used to pneumatically pump samples of suspended cells and con-
structs through the microfluidic chip. The samples were housed in a 1.5 mL tube and placed in a tube adaptor 
(Elveflow, KRXS) which was coupled to an in-house fixture with outlet tubing for sample collection (Fig. 1d). 
More details regarding rig and device development, fabrication, and production are available in the SI.

Hydrodynamic Characterization and Computational Fluid Dynamic Simulations. Non-dimensional 
equations were used to calculate the Reynolds number (Re) for flow in channels and around a cylindrical post33. This 
was performed to assess if flow past posts within the post array region of chips was operating within hydrodynamic 
condition required for vortex shedding (Reo > 40) while also determining if these conditions could be the result of 
flow through channels. The equations are based on the device’s volumetric flow rate (Q), kinematic viscosity of the 
fluid (ν) and specific device geometries.

Using the non-dimensional analysis, we calculated the Reynolds number around an object (Reo) where the 
object is a cylindrical post with a 40 μm diameter representing posts in our chip design. This allowed us to quickly 
and reasonably assess the flow conditions around posts.

We used two-dimensional computational fluid dynamics techniques and ANSYS Fluent to simulate hydro-
dynamic conditions in the unit array geometry using the free stream velocity (v∞) or the average fluid velocity 
within the flow cell. Simulation were performed to assess μVS flow development time at representative hydro-
dynamic conditions. μVS flow development time was simulated by examining the transient drag and lift coeffi-
cients acting on the posts while also visualizing velocity contours, velocity vectors and vortex identification using 
Q-criterion.

Enrichment and activation of human CD3+ t cells. Primary human CD3+ T cells were negatively 
selected from single donor PBMCs using standard techniques. For revival and culture, 5.0 × 106 cryopreserved 
T cells were expanded using CD3/CD28 T cell activator (StemCell Technologies) and standard conditions for 16 
days to achieve sufficient cell numbers for the experimental workflow. Further details outlined in SI.

EGFP mRNA delivery into primary T cells via μVS. All solutions processed though the device and 
chip were filtered prior to use using a 0.22 μm filter to remove particulates. For on chip processing, T cells 
were removed from culture, washed, resuspended in processing medium consisting of Immunocult-XF media 
(StemCell Technologies), 25 mM trehalose dihydrate NF (JT Baker, VWR) and 5% v/v DMSO (Corning Cellgro, 
Fisher Scientific), and filtered using a sterile 40 µm filter. Each mRNA condition was evaluated in triplicate at a 
final cell concentration of 1.6 × 107 cells mL−1 and 400 uL processing volume.

The sample rig and tubing were sterilized before use via 70% ethanol wipe down and flush. Immediately before 
processing, each sample was mixed in a 1.5 mL tube with the appropriate volume of EGFP mRNA (996 nucle-
otides translated into a 26.9 kDa protein, 1 mg mL−1 L-7601, TriLink BioTechnologies) at final concentrations 
ranging from 10 μg mL−1 to 160 μg mL−1 (30 nM to 473 nM). The sample was mixed thoroughly, mounted in the 
tube fitting, and exposed to 120 PSI nitrogen pressure to drive the sample through the chip and induce intracellu-
lar mRNA uptake via μVS (Fig. 1a). Processed samples were then collected in a 15 mL conical tube and placed on 
ice until the completion of the experiment with a maximum time on ice of less than 4 hrs. After each run, the rig 
and tubing were flushed with 70% ethanol and a new microfluidic chip was placed in the rig. Time equals zero for 
mRNA expression started when all samples were processed, removed from ice, and returned to culture medium.
Control samples were set up in triplicate and remained at room temperature while the experimental samples were 
processed before being placed on ice. Control samples that were not device processed consisted of 1.6 × 107 cells 
mL−1 in processing medium (handling control) and processing medium containing 160 μg mL−1 mRNA (mRNA 
control). Controls were used to normalize the cell viability and recovery for the experimental samples. Additional 
device control samples were set up at 1.6 × 107 cells mL−1 in processing medium and processed through the 
device to determine the impact of μVS on cell survival and state without additional external factors.

Post processing cell culture analysis. After the last sample was processed and placed on ice, samples 
were removed for post processing cell viability and counts. The remaining samples were diluted in X-VIVO10 
(04-380Q, Lonza) at a concentration of approximately 8.0 × 105 cells mL−1 with 100 IU mL−1 IL-2 (200-02, 
Peprotech) and cultured in 6 well non-TC treated plates (Corning) at 37 °C in 5% CO2 for growth, viability, and 
activation marker and EGFP expression analysis. Additional IL-2 at 100 IU mL−1 was added on days 2 and 4 after 
transfection and cells were discarded on day 7.

Initial T cell viabilities and post processing concentrations were used to determine the recoveries and yields. 
Cell growth and viability of each sample in X-VIVO10 with 100 IU mL−1 IL-2 was monitored over a period of 
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seven days using a Countess II automated cell counter with trypan blue dye exclusion. EGFP expression and per-
sistence at various time points post transfection was monitored using flow cytometry (Attune Nxt, ThermoFisher) 
with 1 μM propidium iodide (R37169, Sigma Aldrich) to exclude dead cells.

Expression efficiency along with cell recovery and cell viability were enumerated as a function of mRNA con-
centration to determine the mRNA concentration that results in the ‘yield’ of recovered, viable and transfected 
cells defined as: y = rve where y is yield, or the fraction of recovered, viable, and transfected cells or percent of 
input cells that remained viable and expressed EGFP after device transfection. r is the fraction of recovered cells 
after device processing, v is the viability of the recovered cells, and e is the efficiency of transfection or the fraction 
of viable cells expressing EGFP. Yield and efficiency of EGFP expression were calculated using the highest EGFP 
expression value from cultures, which occurred at approximately 19 hrs post processing.

To assess the impact of μVS-based mRNA delivery on T cell activation, one sample from each replicate in 
the control and device processed (no mRNA) groups were labeled with fluorescent labeled antibodies against 
various activation markers 24 h post transfection. Samples were rinsed and re-suspended in flow buffer con-
taining 25 μL mL−1 of each of the following monoclonal anti-human antibodies per sample: anti-human 
CD3-AF700 (56-0037-42, ThermoFisher), -CD40L/CD154-FITC (11-1548-42, ThermoFisher), -CD25-PE 
(120257-42, ThermoFisher), -CCR7-APC-eF780 (47-1979-42, ThermoFisher) -CD44-APC-eF780 (47-0441-80, 
ThermoFisher), -CD69-eF450 (48-0699-42, ThermoFisher), and -CD45RA-SB702 (67-0458-42, ThermoFisher). 
The samples were incubated on ice for 30 minutes, rinsed, and analyzed via flow cytometry.

EGFP expression levels in CD3+ t cell subsets. Expression efficiency was examined in CD4+ and 
CD8+ T cell subsets using fluorescently-labeled monoclonal antibodies and flow cytometry analysis 27 h post 
transfection. Samples were removed from each of the 10, 80, and 160 μg mL−1 EGFP mRNA cultures, rinsed and 
re-suspended in 100 μL of 25 μg mL−1 mouse anti-human CD3-AF700 (56-0037-42, ThermoFisher), CD4-PE-Cy7 
(25-0048-42, ThermoFisher), and CD8-SB600 (63-0088-42, ThermoFisher) in DPBS containing 1% bovine serum 
albumin and 2 mM EDTA (flow buffer) to quantify the percentage of CD4+ and CD8+ T cells expressing EGFP. 
Labeled cells were analyzed via flow cytometry and compensated using AbC compensation beads (A10497, 
Invitrogen) labeled with the above antibodies and EGFP-expression cells.

Data Availability
The datasets generated and/or analyzed in the current study are available from the corresponding authors by 
reasonable request.
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