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Abstract 
 
Intracellular delivery is a critical process in biology and medicine. During intracellular delivery, 
different constructs (e.g., functional macromolecules such as DNA, RNA, and protein, and various 
complexes) are delivered across the cell membrane and into the cytosol. Herein, we use a 
microfluidic post array to induce hydrodynamic conditions for cell membrane poration with 
microfluidic vortex shedding (µVS). µVS is then used for the intracellular delivery of mRNA to 
primary human pan T cells. The specific microfluidic device and experimental rig used in this 
study contains a 960 µm wide by 40 µm deep flow cell capable of processing more than 2 x 106 
cells s-1 at volumes ranging from 100 µL to 1.5 mL. Furthermore, we demonstrate efficient 
enhanced green fluorescent protein (EGFP) mRNA expression (e.g., 57.4 ± 6.8% of viable, 
recovery cells, mean ± stdev) after mRNA delivery to human pan T cells with high cell viability 
(e.g., 83.7 ± 0.7% of recovered cells) and high cell recovery (e.g., 96.3 ± 1.1% of processed cells), 
resulting in net yield of 46.3 ± 5.6% viable, recovered, and GFP expressing human pan T cells at 
mRNA concentrations of 80 µg ml-1. We also demonstrate µVS does not alter human pan T cell 
growth nor activation. These results demonstrated that µVS is a rapid intracellular delivery 
platform with promising potential for cytosolic delivery of mRNA to human primary T cells for 
(1) clinical applications, where larger volumes of cells are required and demonstrated value for (2) 
research applications, where rapid screening and minimal reagent consumption is preferable.  
 
1. Introduction 
 
Biomicrofluidics have been used to separate or enrich 1, modify2, culture3 and qualify4 cells. Thus, 
biomicrofluidics lends itself to gene-modified cell therapy (GMCT) development and 
manufacturing where cells need to be separated or enriched, modified, cultured, and qualified. 
GMCTs based on modified T cells can provide substantially improved outcomes for patients with 
some hematological malignancies5. Specifically, chimeric antigen receptor T cell (CAR-T) 
therapies targeting CD19 have demonstrated remarkable responses and possibly cures in patients 
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with advanced acute lymphoblastic leukemia (ALL) that were unresponsive to all prior therapies. 
Gene modified CAR-T cells are the first cellular therapy to gain FDA approval for treatment of 
cancer following demonstration of an 83% remission rate in ALL6. 
 
CAR-T cells are generated via genetic modification of human T cells to display an extracellular 
antibody single-chain variable fragment (scFv) linked to a hinge region, one or more costimulatory 
domain(s), and an intracellular activating domain. The current standard of manufacture of these 
therapies using viral mediated gene transfer is costly, time consuming with relatively low 
throughput, and can have variable results depending on the cell type being modified7–9. In addition, 
the most problematic step in GMCT manufacturing is the intracellular delivery of nucleic acids 
via transfection or transduction for expression of the CAR by the T cell. Viral transduction using 
lentiviruses is the main method currently used to generate CAR-T therapies for clinical trial. 
However, these methods require significant hands-on time during production and require extensive 
intra- and post-production safety testing to avoid infusion of replication competent viruses at the 
time of therapy administration 7,10. 
 
Physical transfection methods, such as electroporation, are appealing alternatives for GMCT 
manufacturing2,11. Electroporation does not require extensive safety or release precautions and can 
be used to deliver a broad range of constructs into cells (e.g. DNA, RNA, proteins and/or various 
complexes), but can result in significant cell losses or alteration of normal cell function12,13. Many 
alternative physical delivery methods to address these issues are currently in development. In 
general, microfluidic methods improve upon macroscale methods due to more uniform processing 
conditions—cell diameters and microfluidic channel geometries are on the same order of 
magnitude14. Examples of physical microfluidic intracellular delivery methods include flow 
through electroporation15–17,  microinjection18, cell constriction or squeezing19–24, fluid shear14,25 
and electrosonic jet ejection26. Though these methods offer promising and appealing alternatives 
to current GMCT, their production is limited by throughput, processing speeds, clogging, or lack 
of ease of translation from a research platform to clinical production. 
 
Post arrays have been used for microfluidic transfection platforms to induce pore formation via 
mechanical deformation for cell models19–22,24. When cells pass through a constriction smaller than 
the diameter of the cell, mechanical deformation occurs resulting in the formation of temporary 
holes in the membrane. Han, X. et al. used microfluidic post arrays with spacing significantly 
larger than the cell diameter to add structural support to the long channel and disperse or scatter 
cells before they reach the deformation and transfection zone, where pores are formed via cell 
constriction through 4 µm wide spaces between posts21. Thus far, no example of microfluidic 
mechanical poration and transfection has been shown when coupling (1) post with a gap greater 
than cell diameter and (2) hydrodynamic conditions induced by µVS through a post array. While 
these examples have resulted in high transfection efficiency and post processing recovery, the 
constriction platform limits the amount of cell solution processed per device volume and limits 
flowrates (0.25 mL min-1 max for Han, X. et al.)21. This in turn reduces processing speeds while 
increasing clogging, which greatly limits the therapeutic yield of these platforms. Moreover, many 
studies using alternative mechanical poration methods are frequently restricted to cell models. 
Studies that do evaluate intracellular delivery to human primary T cells do not assess phenotype-
specific delivery distribution or T cell activation22,25,27. Furthermore, the novel coupling of (1) a 
gap greater than the cell diameter and (2) hydrodynamic conditions is shown to not perturb human 
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primary T cells with respect to growth and activation while also being more flexible given that 
individual cell diameters within cell populations are not uniform. 
 
The ideal intracellular delivery method for generation of GMCTs like CAR-T cells must be 
flexible across different constructs and applicable to a variety of cell types with minimal 
perturbation of cell viability, recovery and normal cell function. Currently, immune cells are being 
modified with plasmids11,28, RNAs29,30, and Cas9 ribonucleoprotein complexes (RNPs) 21,31 for 
generation of GMCTs. RNA is of particular interest as it offers significant utility with a range of 
modification modalities after intracellular delivery to T cells. This includes constructs to engineer 
immune cells in a permanent28,31, long lived 27,32, or transient manner29,30. 
 
There are several practical metrics when considering microfluidic and physical intracellular 
delivery for GMCT development and manufacturing, including (1) cell recovery, (2) cell viability, 
(3) delivery or expression efficiency, (4) throughput, and (5) maintenance of normal or desired 
cell state and function. Low cell recovery rates are not ideal due to the large number of cells 
required for GMCTs. High cell viability is also essential as cells are frequently expanded after 
modification and low cell viability or the presence of dead cells is known to reduce cell growth 
rates. Additionally, nonviable cells can induce adverse immune response33. Regulators require a 
minimum percentage of viable cells for cell therapies as low cell viability at the time of 
administration can induce infusion toxicity and lessened therapeutic effect34,35. Delivery should 
induce a therapeutic effect without altering cell state, and efficiency of cell modification needs to 
be sufficiently high to avoid the need for additional processing steps like dead cell removal. Zhang 
et al. used electroporation to transfect naïve T cells with plasmids and found recovery rates to be 
less than 20% after 24 hours12. In addition to greatly reducing viability, electroporation increased 
expression of T cell surface activation markers, which requires additional post transfection 
recovery time before therapy administration12. Total throughput is as important as the rate at which 
cells can be processed–it is unlikely that single cell micro-needle injection18 will be useful for 
GMCT manufacturing as generating the 108 cells without expansion requires up to 108 seconds, or 
approximately 3 years, to deliver perfect recovery, viability, and efficiency. Cumulatively, the 
current state of the art of microfluidic and physical intracellular delivery methods described above 
do not meet or exceed all the needs of GMCT development and manufacturing. 
 
Microfluidics are being used to actively improve upon traditional intracellular delivery 
methods24,36. However, a substantial need for a practical microfluidic intracellular delivery method 
remains, particularly within the scope of GMCT development and manufacturing. Herein, we 
detail a hydrodynamic intracellular delivery method based on µVS (shown in Figure 1 a-e), along 
with its optimization for enhanced green fluorescent protein (EGFP) mRNA delivery to human 
pan T cells. We demonstrate µVS results in high cell recovery (e.g., 96.3 ± 1.1%, mean ± stdev), 
high cell viability (e.g., 83.7 ± 0.7%) and high EGFP expression efficiency (e.g., 57.4 ± 6.8%) 
resulting a yield of 46.3 ± 5.6% recovered, viable, and EGFP expressing pan T cells after 
intracellular delivery. We also demonstrate:  
 

1. µVS does not adversely affect T cell growth. 
2. µVS results in even EGFP expression profiles amongst T cell types.  
3. µVS does not change T cell activation profiles.  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This small-scale prototype also allows for processing rates of over 2 x 106 cells s-1 Finally, this 
prototype is fabricated with industry-standard semiconductor processes resulting in scalable device 
manufacturing with high yield (e.g., greater than 95%) and tight tolerances (e.g., less than 5%).  
 
 
2. Methods 

 
2.1. Device Design & Fabrication 

 
Devices were designed with a 4.8 mm x 9.8 mm footprint and contained a 960 µm wide by a 40 
µm deep flow cell. This flow cell contained 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. An overview of the device 
is shown in Figure 1g,h. 
 
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 (see Figure 1h). 
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 (see Figure 1h), white-light 
interferometry (not shown) and digital microscopy (not shown). Specific details on device design 
and fabrication are listed in the SI. 
 

2.2. Experimental Rig Development  
 

A purpose-built experimental rig was developed to operate a microfluidic chip using an operating 
pressure between 0 and 150 psig and measure flow rates ranging from 1 mL min-1 to 1 mL s-1. To 
accomplish this, a compressed nitrogen tank was regulated down to less than 150 psig using a 
calibrated two-stage regulator and filtered down to 5 µm using a 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 
drive samples of suspended cells and constructs through the microfluidic chip. The samples are 
housed in a 1.5 mL Eppendorf tube and placed in a tube adaptor (Elveflow, KRXS) which was 
coupled to an in-house fixture with outlet tubing for sample collection as seen in Figure 1f. More 
details regarding rig and device development, fabrication, and production are available in the SI 
section.  
 
Non-dimensional equations were used to calculate the Reynolds number (Re) in channels and for 
flow around a cylindrical post37. This was done to determine if the post arrays were operating in 
the hydrodynamic or vortex shedding regime (Reo > 40) while also determining if hydrodynamic 
conditions could be a result of flow through both the channel and the gap. 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, the following Reynolds numbers were found: 
flow cell (Refc), inlet channels (Rec), gap between posts (Reg), and flow around an object (Reo) 
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where the object is a cylindrical post. This allowed us to quickly and reasonably assess (1) if flow 
conditions were hydrodynamic and (2) the most probable cause of hydrodynamic conditions. Refc, 
Rec, and Reg were calculated as follows: 
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Where Q is the device volumetric flow rate, hfc is the height of the flow cell, and ν is the kinematic 
viscosity of the fluid: the respective widths of the flow cell, channel, and gap are wfc, wc, and wg 
and n is the number of gaps or channels and is calculated by:  
 

𝑛 =
𝑤#$
𝑝1

 

 
Where pr is the row pitch. Reo may be calculated as follows:  
 

𝑅𝑒2 =
𝜈3
𝜈  

 
where v∞ is the free stream velocity and d is the post diameter. v∞ is calculated as follows:  
 

𝜈3 =
𝑄

ℎ#$𝑤#$
 

 
Reo is then used to calculate the Strouhal number (St) for a smooth cylinder37 using the following 
equations:  
 

𝑆𝑡 = 0.2191 −
21
𝑅𝑒2

; 					40 < 	𝑅𝑒2 < 200 

 

𝑆𝑡 = 0.198 91 −
19.7
𝑅𝑒2

; 					250 < 	𝑅𝑒2 < 2	𝑥	10D 

 
St is then used to approximate the frequency (f ) of vortex shedding using the following equation:  
 

𝑓 =
𝑆𝑡𝜈3
𝑑  
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We also used standard two-dimensional computational fluid dynamics techniques and ANSYS 
Fluent to simulate hydrodynamic conditions in the unit array geometry using v∞ as the inlet 
velocity. This was done to assess µVS flow development time at representative hydrodynamic 
conditions. µVS flow development time was simulated by examining the transient drag and lift 
coefficients acting on the posts while also looking at velocity contours (Figure 1i).  

 
2.3. Pan T cell Culture 

 
Primary CD3+ cells were negatively selected from single donor PBMCs (denoted as pan T cells 
or T cells) using standard techniques and provided as a gift by Eureka Therapeutics. For revival 
and culture, 5 x 106 cryopreserved pan T cells were expanded using Stemcell Technologies 
CD3/CD28 T cell activator and standard conditions (details in SI) for 16 days to achieve sufficient 
cell numbers for the experimental workflow and to allow T cells to return to a resting state based 
on activation and exhaustion marker expression. 
 

2.4. EGFP mRNA delivery at different concentrations to primary T cells 
 
All solutions used on chip were filtered using 0.22 µm filtration prior to use to remove particulates 
that could lead to clogging. For on chip cell processing, T cells were removed from culture, 
washed, and resuspended in processing medium consisting of Immunocult-XF (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 cell filter. Three replicate samples of 
the eight conditions tested were prepared to have the same final cell concentration of 16 x 106 cells 
mL-1 upon mRNA addition and processing of 400 µL cell solution. 
 
The sample rig and tubing were sterilized before use via 70% ethanol wipe down and the tubing 
cleaned with an ethanol flush. Immediately before processing, each sample was mixed with the 
appropriate volume of EGFP mRNA (996 nucleotides translated into a 26.9 kDa protein, 1 mg mL-

1 TriLink BioTechnologies, San Diego CA, L-7601) 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 
Eppendorf tube fitting, and exposed to 120 psig nitrogen pressure to drive the sample through the 
chip to induce intracellular mRNA uptake via µVS (see Figure 1a-e). Processed sample was 
collected in a 15 mL conical tube and held on ice until the completion of the experiment, in order 
to sync expression time points between the different samples, with the maximum time on ice being 
less than 4 h. After each run, the rig and tubing were flushed with 70% ethanol and a new 
microfluidic chip was replaced 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 allowed to sit at room temperature while the experimental samples were 
processed before placement on ice. Control samples that were not device processed consisted of 
16 x 106 cells mL-1 in pure processing medium (handling control) and in processing medium 
containing 160 µg mL-1 mRNA (mRNA control), and were used to normalize the cell viability, 
mRNA endocytosis (shown to be negligible), and recovery for the experimental samples. 
Additional device control samples were set up at 16 x 106 cells mL-1 in pure processing medium 
and ran through the device to determine the impact of µVS on cell survival and state without 
additional external factors. 
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2.5. Post processing cell culture, growth, and persistence analysis 
 

After the last sample was processed and iced, count samples were removed for post processing 
cell viability and concentration quantitation. The remaining samples were diluted in X-VIVO10 at 
a concentration of around 8 x 105 cells mL-1 with 100 IU mL-1 IL-2 and cultured in 6 well non-TC 
treated plates at 37 ˚C in 5% CO2 for growth, viability, activation marker, and EGFP expression 
analysis at later times.  Additional IL-2 was added on days 2 and 4 after transfection and the cells 
were discarded on day seven after the experiment. 
 
Initial T cell viability and post processing concentration were used to determine the recovery and 
yield shown in Figure 2a. Cell growth and viability of each sample in growth medium was 
monitored over a period of seven days using Countess II automated cell counter with trypan blue 
dye exclusion (Figure 3, blue and black curves). EGFP expression and persistence at different time 
points post transfection (Figure 3 green curve) was monitored using flow cytometry (Attune NxT 
flow cytometer) with propidium iodide (1 µM final concentration, Sigma Aldrich) to exclude dead 
cells.  
 
Expression efficiency along with cell recovery and cell viability were enumerated as a function of 
mRNA concentration to determine the mRNA concentration that results in the highest yield of 
recovered, viable and transfected cells where yield is 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. v is the viability of the recovered cells. e the efficiency of transfection or the fraction of 
viable cells expressing EGFP.  
 
Yield and efficiency of EGFP expression (Figure 2b) were calculated using the highest EGFP 
expression value for the cultures, which occurred at approximately 19 hr post processing and return 
of the cells to culture medium. 
 

2.6. Even Expression Amongst T cell Subtypes  
 
Expression efficiency was examined among CD4+ and CD8+ T cell subtypes using fluorescent 
monoclonal antibody labeling and flow cytometry analysis 27 h after being returned to culture. 
Samples were removed from each of the 10, 80, and 160 µg mL-1 cultures, rinsed and re-suspended 
in 100 µL of 25 µL mL-1 each fluorescently labeled mouse anti-human CD3, CD4, and CD8 in 
DPBS containing 1% bovine serum albumin and 2 mM EDTA (FACS buffer) to quantify the 
percentage of CD4+ and CD8+ T cell subtypes expressing EGFP. Labeled cells were analyzed via 
flow cytometry and compensated using a combination of AbC compensation beads 
(ThermoFisher) labeled with the above antibodies and EGFP expressing cells (BL1 channel, 
details in SI).  
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2.7. No Change in T cell Activation 
 

To assess the impact of µVS-based mRNA delivery on T cell activation, one sample per activation 
marker from each replicate in the control and device processed (no mRNA) groups were labeled 
with fluorescent labeled antibodies against various activation markers 24 h after return to culture. 
Samples were rinsed and re-suspended in FACS buffer containing 25 µL mL-1 of one of the 
following ThermoFisher monoclonal anti-human antibodies per sample (details in SI): 
CD40L/CD154, CD25, CCR7, CD44, CD69, and CD45RA. The samples were incubated on ice 
for 30 minutes, rinsed, and analyzed via flow cytometry.  
 
3. Results & Discussion 

 
3.1. Hydrodynamic Characterization 

 
Non-dimensional analysis was used to characterize flow conditions in the (1) device flow cell, (2) 
inlet channels, (3) between posts, and (4) around the posts. Hydrodynamic conditions were 
characterized and simulated using a kinematic viscosity of 1.004 x 10-6 m2 s-1 or that of water at 
20 ˚C, as cell medium consists mostly of water, and transfections were done at room temperature 
(approximately 20 ˚C). Different transfection media compositions were shown to have similar 
dynamic viscosity to water at 20 ˚C at high shear rates (not shown). Moreover, the purposes of the 
hydrodynamic characterization and simulation is to provide a reasonable analysis of the 
hydrodynamic conditions. To this end, a summary of the non-dimensional analyses is shown in 
Table 1 below:  
 

Table 1 Non-dimensional and hydrodynamic characterization of µVS 

Feature Units Value  
Flow cell Reynold’s number (Refc) — 271 
Channel Reynold’s number (Rec) — 180 
Gap Reynold’s number (Reg) — 291 
Object Reynold’s number (Reo) — 146 
Strouhal number (St) — 0.18 
Frequency (f) kHz 14.8 

 
The table above shows that flow conditions within the flow cell (Refc), channels (Rec) and at the 
gap between posts (Reg) are 271, 180, and 291 respectively. These values are well below the 
Reynolds number for the onset of transitional and turbulent flow37. Thus, flow conditions upstream 
of the post array are laminar and the hydrodynamic conditions within the microfluidic device can 
be attributed solely to vortex shedding since Reo = 146 and vortex shedding is known to occur 
when Reo > 4037.  
 
Microfluidic fluid dynamics are well studied with Reynolds number-matched micro- and macro-
scale flows having the same characteristics in complex flow conditions38. Furthermore, vortex 
shedding has been previously shown to occur in microfluidic post arrays39. Vortex shedding occurs 
in the near wake behind posts, and due to the flow instability, resulting in fluctuating flow fields 
and thus drag and lift forces. Thus, it is reasonable to conclude vortex shedding is occurring in 
these specific microfluidic post arrays.  
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 9, 2018. ; https://doi.org/10.1101/343426doi: bioRxiv preprint 

https://doi.org/10.1101/343426


Page 9 of 21 

Simulation via computational fluid dynamics was also used to confirm the hydrodynamic flow 
conditions, showing the development of vortices in the wake and it was thereby possible to 
investigate the vortex shedding frequency, and determine flow development times for µVS. Flow 
development time was used to assess what percentage or fraction of each sample is exposed to 
fully-developed µVS and to approximate the minimal theoretical sample size. As shown in Figure 
1i, flow conditions are fully-developed after approximately 10-4 s. Furthermore, drag coefficient 
analyses suggests µVS flow development time is 3 x 10-4 s at a device flow rate of 8 mL min-1 or 
the typical initial flow rate observed during this study.  
 
Flow development times therefore account for an estimated 0.01% of total sample flow time when 
400 µL samples are processed. This is particularly significant when small samples are needed for 
research applications where minimal reagent consumption is ideal. At even smaller volumes µVS 
development times still represent a minute fraction of total flow times – a 40 µL sample, for 
example, would have fully-developed µVS conditions for 99.9% of the sample during processing. 
In this flow condition, vortex-shedding occur behind cylinders affected each other and near anti-
phase synchronized regime is dominate flow pattern.  

 
3.2. µVS design analysis 

 
The on chip hydrodynamic characterization and simulation methods in the previous section 
assumed single-phase fluid dynamics, which is viewed as reasonable given the focus of this 
manuscript. The region immediately between the fabricated posts contains a volume of 
approximately 4.6 pL whereas each individual cell occupies a suspension volume of approximately 
62.5 pL at a cell concentration of 16 x 106 cells mL-1 – suspension volume refers to the total volume 
of a single cell and surrounding suspension medium assuming even distribution of suspended cells 
in the medium. This means the total suspension volume per cell is 13.6-fold greater than the 
volume immediately between posts. It was assumed cells are individually processed with 
negligible cell-cell interaction when passing through the post array and single-phase fluid 
dynamics is a reasonable assumption when characterizing and simulating the flow conditions. 
Furthermore, pan T cells from this donor are typically 8 to 10 µm in diameter. A 9 µm diameter 
sphere has a volume of 0.38 pL – a typical pan T cell from this donor occupies a volume that is 
12.1-fold smaller than the volume immediately between posts. Cell-post interaction is minimal for 
cells positioned near the middle of each channel. Channel widths and heights are approximately 
6.6-fold and 4.4-fold greater than typical pan T cell from this donor suggesting most cells flow 
immediately between the posts. These relative volumes and geometries mean the major 
interactions are fluid-cell or fluid-post interactions such that more advanced three-dimensional and 
multi-phase simulations were not necessary. In previous post array optimization simulations and 
studies, it was observed that post spacing directly impacts transfection efficiency, with cell types 
with smaller diameters needing closer post spacing, where the ideal spacing is approximately two-
fold greater than average cell diameter within a specific cell population. 
 
Further studies in to the accurate tracking of suspended cells trajectories would require high speed 
microscopy capabilities capable of capturing images of cells traveling at estimated velocities of 
approximate 10 to 15 m s-1. Imaging at different focal planes may also allow for assessing 
interactions or lack thereof between the top and bottom of the channel. A meaningful amount of 
studies have been published with regard to cell and particle trajectories in microfluidic channels40, 
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however, µVS-specific high-speed microscopy studies may be required to accurately assess the 
impact of µVS-specific fluid dynamics on suspended cell trajectories. Fundamental research into 
µVS-specific fluid dynamics using micro-particle image velocimetry (µPIV) and contact 
vibrometry (the techniques used by Renfer et al.)39 are not warranted and unlikely to yield accurate 
results given the particle suspensions used for µPIV are likely to have undesirable biological 
implications  (e.g., cytotoxicity) and contact vibrometry perturbs the system being measured. 
Given the accuracy considerations described above, any fundamental research in to µVS-specific 
multi-phase fluid dynamics should focus on high speed optical microscopy coupled with non-
contact laser vibrometry techniques. This would provide the most accurate data on (1) suspended 
cell trajectories analysis along with (2) hydrodynamic conditions. 
 
Additional fundamental research into the impact of array size, channel depth, post diameter, post 
shape, transversal pitch, longitudinal pitch along with pitch orientation may be warranted. In 
preliminary experiments, both a post diameter and post gap of approximately two-fold the average 
cell diameter seemed to be the optimal configuration. In preliminary experiments, an array length 
of 5 to 7 posts resulted in optimal yield. Different cross-sectional post shapes (e.g., circular, 
triangular and rhomboid) with the same width did not significantly alter delivery efficiency, cell 
viability nor cell recovery. Further research into the influence of channel depth may prove useful 
when developing both lower- and higher-throughput designs. For higher-throughput design, 
however, channel depth will be limited by the aspect ratio or ratio of height to width of the channel 
wall. The design described in this manuscript utilizes a fabricated aspect ratio of 6.6. 
 
In this experiment, initial flow rates between 6 to 10 mL min-1 were observed for each sample, as 
measured using a volumetric flow meter. The flowrate decays over time to 4 to 6 mL min-1 and to 
a larger degree with larger volume samples than those used in herein. In the future, we are working 
to reduce cell debris buildup through (1) flow path optimization, (2) device design, (3) using 
addition of surfactants and (4) investigating the effect ionic strength on cell buildup, as it was 
observed that higher mRNA concentration samples had higher amounts of buildup compared to 
lower mRNA concentration samples. 
 
As build up does occur due to mechanical lysis towards the end of the processing, it was necessary 
to evaluate if this buildup was resulting in cell constriction-based deformation and poration. If cell 
constriction was the cause of transfection, it would require buildup of lysed cell debris. As buildup 
requires time to form, samples collected at the end of the run would have significantly higher 
transfection efficiency than samples collected earlier in the sample processing, as there is no initial 
channel constriction due to post build up at early times. Samples collected from initial processing 
time points (e.g., first ~100 µL of cells processed) would also show little or no transfection 
efficiency while the last 100 µL of sample would show the highest transfection efficiency.  
 
To assess this, we processed cells using the same concentration screen (different donor, 80 µg mL-

1 mRNA) and collected the processed cells in dropwise fractions as they were eluted off the chip. 
Fractions of 1-3 drops per well were collected in wells of a 96 well plate and were analyzed 
individually for transfection efficiency vs. time processed on chip. Each fraction collected showed 
similar transfection efficiency of an average 32.7% ± 5.6% percent EGFP+ cells throughout the 
fractions (data not shown). The transfection efficiency was observed to increase slightly with 
increasing faction number, but not to the degree expected if cell constriction was the main method 
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of cell poration and transfection. Additionally, no EGFP+ cells would be present in initial fractions 
if poration was based solely due to constriction. Thus, cell build up throughout the experiment 
processing time caused negligible impact on transfection efficiency, with poration being attributed 
to µVS.   
 

3.3. EGFP mRNA delivery at different concentrations to primary T cells using µVS 
 
High efficiency and low time requirement transfection methods like electroporation often result in 
reduction of cell viability and recovery in T cells11,12,41. Comparatively, µVS-based molecule 
delivery substantially reduces processing time and impact on T cell health. Delivery of 30 to 473 
nM EGFP mRNA to pan CD3+ cells resulted in maximum EGFP expression ranging from 
approximately 20% to 65% of the live, processed cell population at 19 h (Figure 2a-b). 
Interestingly, the median live cell population EGFP fluorescence intensity is linearly correlated 
with mRNA concentration (Figure 2c). The median intensity error is higher in this plot for mRNA 
concentrations > 40 µg mL-1 due to the larger distribution of fluorescence intensity (between 0 and 
greater than 1 x 106 relative fluorescence units) compared to lower concentration samples, where 
max fluorescence is less than 1 x 106 RFU. Short processing time (e.g., approximately 3 s for 400 
µL samples) allows for cells to be returned to cell culture medium immediately after processing. 
This promotes rapid recovery and reduces stress and damage that occurs to cells from long periods 
of time in low or serum free medium, such as the conditions required for chemical transfection. 
Additionally, µVS is a seemingly gentler intracellular delivery method when compared to 
electroporation, resulting in high recovery (e.g., greater than 88%) and viability (e.g., greater than 
77%) in all conditions tested, whereas electroporation can result in low viability and recovery, 
especially for primary immune cells.  
 
We found that medium composition has a direct impact on cell recovery and viability as well as 
overall efficiency for µVS mRNA delivery. We screened a variety of serum free media and found 
that overall yield (y) was highest for Immunocult-XF compared to other serum free medium 
options, including the X-VIVO10 medium used to propagate the T cells. Trehalose was added to 
the medium as it was shown to enhance cell viability and recovery during medium screening (data 
not shown) and has been demonstrated to reduce cell loss during electroporation42. Finally, 5% v/v 
dimethyl sulfoxide (DMSO) was added to the processing medium as a cosolvent, using short cell 
exposure times, with the idea of increasing the ease of pore generation or perhaps size of the pore 
in the cell membrane upon exposure to µVS. 24 hr incubation in low concentrations of DMSO has 
been shown to increase cationic lipid chemical transfection efficiency with human embryonic stem 
cells43, and to generate pores in mammalian cells for intracellular DNA delivery with polybrene44. 
In these examples, addition of a DMSO is thought to aid in the reduction of membrane resistance 
to poration, further supporting its use to enhance membrane pore formation with µVS. 
 
The impact of exposure of human primary blood mononuclear cells (PBMCs) to DMSO for long 
periods of time in culture conditions (37 ˚C, 5% CO2), was reported by de Abreu Costa et al. In 
this study, long term exposure to various concentrations of DMSO resulted in increased cell death, 
decreased proliferation, and reduced cytokine production with increasing DMSO concentrations 
and long exposure times (>4 h), after activation with phorbol-12-myristate-13-acetate (PMA).45 
This study showed that DMSO at 5% v/v did not impact cell viability until PBMCs were incubated 
in this solution for greater than 24 h exposure times at 37 ˚C and 5% CO2 (24 h and 120 h time 
points were explored). Cytokine production by PMA activated T cells was negatively impacted by 
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exposure to 5% DMSO, but required eight hours of incubation time, four hours after being 
activated. The max time for samples in processing medium was under four hours, and the samples 
were held on ice, not 37˚C. The cells were processed in the order of lowest to highest mRNA 
concentration meaning 10 µg mL-1 spent the longest time on ice exposed to DMSO post 
processing. This could be why the growth rate of this group cells was reduced post processing 
compared to the other groups, meaning that this reduction in growth rate is an artifact due to the 
experiment length. Additionally, the decrease in viability and relatively lower growth rate of the 
10 µg mL-1 sample (see Figure 3c) compared to the other concentration is hypothesized to be a 
result of extended time on ice in processing medium (3.5 to 3.75 h total for these samples). The 
decrease in viability of all groups compared to the handling control may be due to increased cell 
death upon return to culture due to unsuccessful membrane repair attempts, bulk mechanical lysis 
along with thermal shock, and medium stress, but this viability decrease is small when considering 
the device processed control.  
 
Processing medium ionic strength may also have an impact on the overall ease of pore formation 
and cell recovery after µVS exposure. We observed a trend of decreasing viability with increasing 
mRNA concentrations, though this decrease was slight. This was potentially due to the higher 
percentage of mRNA solution added to samples containing higher concentrations of mRNA. For 
example, a 10 µg mL-1 sample contained 1% v/v mRNA buffer in the processing medium, while 
160 µg mL-1 sample contained 16% v/v mRNA buffer. The mRNA solution is at a low ionic 
strength buffer (1 mM sodium citrate) relative to Immunocult-XF. This means that the reduction 
in total processing medium ionic strength associated with increasing mRNA concentration is likely 
the cause of decreasing viability trend. The presence of the mRNA solution also decreases the 
concentration of trehalose, which could also result in lower cell viability with increasing mRNA 
concentration. In the future, this variable will be further explored and addition of concentrated 
buffer mixes will be used to adjust final ionic strength. 
 
The total cell recovery rates for µVS were exceptionally high. Zhang et al. reported T cell recovery 
rates of 20% after electroporation12, meaning µVS offers a nearly 5-fold improved T cell recovery 
relative to this. Along with low recovery, electroporation is also known to adversely affect T cell 
viability. Bilal et al. reported T cell viability ranging from 15% to 40% after electroporation41. 
They also observed further cell death over 2 to 3 days particularly when high concentrations of 
plasmid were used. µVS, on the other hand, does not affect cell viability nor cell growth relatively 
to handling and mRNA controls (Figure 3). A slight decrease in T cell viability and growth is 
observed when comparing the mRNA control (Figure 3b) to the 160 µg mL-1 (Figure 3g), however, 
it is small. When comparing the device processed control cells (Figure 3h) to the handling control 
(Figure 3a), the growth rate and viability are nearly identical over the entire seven day culture 
period, indicating that the modest reduction in viability and growth rate for mRNA processed cells 
is likely due to the presence of the mRNA solution and not the effects of processing cells using 
µVS. Cumulatively, this suggests µVS is a gentler method for T cell intracellular delivery relative 
to electroporation, allowing for significant yield of recovered, viable, and EGFP expressing T cells.  
 

3.4. Even Expression Profiles in T cell Subtypes 
 

To assess if there was a population bias for µVS mRNA delivery, samples of T cells from three 
different mRNA concentrations were labeled with anti-CD3, CD4, and CD8a fluorescent 
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antibodies and the distribution of T cell types EGFP fluorescence was analyzed via flow cytometry. 
The results shown in Figure 4 demonstrate equal percentages of EGFP expressing cells in CD4+ 
and CD8+ populations throughout all experimental conditions (10, 80, and 160 µg mL-1). 
Additionally, the mRNA concentration-dependent fluorescent intensity profiles are also nearly 
identical showing reproducibility between the CD4+ and CD8+ T cell subtypes.  
 
This equal distribution is advantageous for GMCTs focused on using mixtures of CD4+ and CD8+ 
T cells instead of isolating a pure population of T cells. It is also advantageous for point-of care 
GMCT manufacturing where less pre-processing of PBMCs prior to genetic manipulation and re-
infusion is preferred. These even distribution profiles may also be unique to µVS. Lentiviral 
transduction efficiencies are known to differ amongst T cell subtypes without a consistent trend 
between donors46 while electroporation is shown to adversely affect CD8+ T cell populations 
resulting in 40% CD8+ T cell viability13. Furthermore, expression profiles are known to differ 
between CD4+ and CD8+ T cells after plasmid electroporation28. Cumulatively, the data shown in 
Figure 4 demonstrate even expression profiles amongst CD4+ and CD8+ T cell subtypes after 
cytosolic delivery of EGFP mRNA and suggest that µVS may provide an additional advantage over 
electroporation and lentiviral transduction at least when considering cytosolic intracellular 
delivery. Further investigation into the expression profiles with alternative constructs such as 
plasmids and Cas9 RNPs across multiple donors is ongoing. 
 

3.5. No Change in T Cell Activation  
 

It has been observed that electroporation of primary human immune cells increases activation 
markers in T cells. 24 hours after electroporation and return to culture, Zhang and Ma et al. 
observed an increase in expression of CD69, an early marker of T cell activation, and CD154, an 
activation marker that serves in co-stimulation of antigen presenting cells, indicating that 
electroporation results in activation of CD4+ T cells12. For this reason, we examined whether 
processing cells using µVS would result in a change in the cell activation state compared to cells 
in culture (see Figure 5). Each replicate from the handling control, and device processed control 
groups were individually labeled with different antibodies against activation markers CD69 and 
CD154, as well as the additional markers of activation CCR7, CD25, CD45RA, and CD44. CCR7 
is a lymphoid homing cytokine receptor found on naïve T cells and is lost upon activation. CD25 
is a later marker of activation compared to CD69, which increases upon cell activation and persists 
on activated the cell surface longer than CD69. CD45RA is found on naïve T cells and is lost upon 
activation and formation of memory. CD44 is a receptor for specific extracellular matrix 
components and is upregulated upon T cell activation. When analyzed 24 h after processing, a shift 
in the histogram shape, population distribution, or change in fluorescence intensity for the device 
processed cells compared to that of the handling control would demonstrate that µVS exposure 
impacts T cell activation state. Isotype control for mouse IgG1 kappa was previously determined 
to have no off target or non-specific binding interactions with the T cells used in this experiment 
(not shown). Thus, shifts in fluorescence intensity for the various markers would be due to specific 
interactions.  
 
Device processed cells and control cells show similar expression for all markers (Figure 5 shows 
representative data from a replicate from each group). Histogram data from both groups mapped 
almost identically, indicating that µVS does not alter the activation state of T cells 24 h after 
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processing. This is advantageous as intracellular delivery with µVS results in high viability and 
recovery but does not perturb the state of T cell activation, an important attribute in CAR-T 
therapies, in contradistinction to results seen using electroporation.  
 

3.6. Clinical- and commercial- considerations with µVS microfluidic device. 
 
A reduction in delivery efficiency was observed when post spacing is increased to greater than that 
of the cell diameter, however, this is compensated for by exceptionally increased processing rate 
and cell recovery. The tradeoff for reduced efficiency is increased flow rate, sample size, and cell 
concentration tolerance, while eliminating clogging observed with other microscale methods that 
rely on cell constriction. Also, the very short time spent in poration conditions during µVS results 
in a gentler transfection method, which in turn limits cell stress. Further studies are planned to 
examine calcium release immediately after processing to verify this. Together, these characteristics 
of µVS transfection positions it as the only current microscale transfection method suitable for 
generation of clinically-relevant scales of cells for GMCT for a wide range of therapies ranging 
from cancer to diabetes. 
 
Non-viral RNA delivery is an attractive approach for GMCT generation to circumvent use of 
infectious viral particles, which require more clinician hands on time along, long-term safety 
monitoring, and release testing.2,29,47 Additionally, the long lead times for therapeutic virus (up to 
24 months) means GMCT gravely needs an alternative solution to viral vectors to address the 
growing number of patients in need of GMCT.  
 
Specifically, CAR-T therapy is severely dependent upon viral vector supply and would greatly 
benefit from alternate methods of therapy generation. µVS is a promising solution to this problem 
and has additional benefits of greatly reducing manufacture time, safety concerns, and release 
testing requirements. For example, the maximum dosage for the first two FDA approved CAR-T 
therapies, Yescarta and Kymriah, is 200 x 106 and 250 x 106 CAR+ T cells per patient, respectively, 
delivered in a single infusion. Expansion modelling indicates more than the maximum allowable 
dose can be produced using the µVS device design described in this study. 
 
To achieve this, we have explored processing samples with cell concentrations up to 100 x 106 T 
cells mL-1 using our platform, and in its current state, it can process concentrations of 50 x 106 
cells mL-1 without clogging while maintaining high flow rates. 45% yield was observed in this 
study and processing 1 mL of 50 x 106 cells to deliver CAR RNA, we can achieve approximately 
23 x 106 CAR+ T cells in less than 1 minute. Upon expansion of these cells using the CAR antigen, 
4 doubling times (2 ~ 4 days post activation) would achieve approximately 360 x 106 CAR-T cells 
or substantially more than maximum allotted dose for Yescarta and Kymriah. This means that 
µVS-based GMCT manufacturing would require under 5 days between cell harvesting and 
finalized therapy manufacture, not including release testing. In practice, sequential sterility testing 
may increase total manufacturing time to between 9 and 11 days when using µVS. However, 
improvements in net yield and throughput would further reduce expansion time requirements. 
 
Additionally, larger scale ElveFlow tube adaptors that can accommodate 15 and 50 mL conical 
tubes would allow for more convenient large-scale therapy generation. By processing 10 mL of 
cells at the above concentration, µVS transfection would generate up to the maximum therapeutic 
dose of CAR+ T cells required by both Yescarta and Kymriah in under 10 minutes. The cost of 
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reagent required for 10 mL processing may prove prohibitive for autologous GMCTs, however, it 
may be more viable for allogeneic GMCTs, where numerous doses are expanded out from an initial 
sample. On the other hand, this immediate turn around could be reinfused immediately, making 
the time from apheresis to treatment less than one day if µVS were to be engineered into a 
completely closed system to avoid release testing requirements. We have observed cell type, age, 
time post activation and medium composition all impact debris accumulation rate. In the future we 
plan to further optimize these parameters in conjunction with exploration addition of detergents 
and channel coating as ways to increase cell concentrations for processing to 100 x 106 cells mL-

1. Achieving concentrations above this will greatly reduce the turnaround times for clinically- and 
commercially-relevant GMCT generation while further supporting the use of µVS as the optimal 
method for GMCT manufacture. 
 
4. Conclusions & Future Work 
 
The work presented herein described the use of microfluidic post array used to create 
hydrodynamic conditions based on vortex shedding, or µVS, enabling the intracellular delivery of 
mRNA to human pan T cells. This method and device enabled the efficient delivery of mRNA to 
T cells with high cell recovery (e.g., 96.3 ± 1.1%, mean ± stdev), high cell viability (e.g., 83.7 ± 
0.7%) and meaningful EGFP expression (e.g., 57.4 ± 6.8%) resulting in a yield of 46.3 ± 5.6% 
recovered, viable, and EGFP expressing pan T cells when delivering mRNA at a concentration of 
80 µg mL-1 and at a processing rate of greater than 2 x 106 cells s-1. µVS is also shown to result in 
even EGFP expression profiles within CD4+ and CD8+ T cell populations without changing T cell 
activation state. Conveniently, the microfluidic devices are fabricated with industry standard 
processes and relatively simple feature geometries allow for (1) high device yields that are thought 
to (2) readily scale. 
 
The focus of future work will be three-fold: (1) advanced T cell modification through functional 
mRNA constructs encoding for the Cas9 protein and gRNA, or chimeric antigen receptors along 
with (2) modification of alternative cell types isolated or enriched from peripheral blood using 
different constructs (e.g., plasmids and Cas9 ribonucleoprotein complexes) and (3) verification of 
the resultant µVS protocols in multi-donor studies for healthy and disease patient samples. 
Additional separation and enrichment steps prior to µVS delivery may be required for disease 
patient samples. 
 
Future work could also involve adapting µVS to different cell types such as those in the myeloid 
lineage, which may require cell-type specific design, media and operating pressure optimization 
particularly if using disparate cell types.  
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Figures 

 

Figure 1 – Overview of µVS where (a) cell and mRNA are mixed in suspension, (b) flow of the suspension past posts creates 
vortices, (c) vortices disrupt the cell membrane, (d) allowing for mRNA to diffuse into the cytosol prior to (e) the cell membrane 
repairing itself. The hardware unit (f) is used to pneumatically drive the mRNA and cell suspension through the microfluidic chip 
(g) where the deep reactive ion etched posts (h) create hydrodynamic flow conditions as (i) simulated using computational fluid 
dynamics. Figures 1a-e are for illustrative purposes only and not drawn to scale. 

 
Figure 2 –T cell EGFP expression details. (a) Primary T cell EGFP expression efficiency at 19 h post transfection (green bar), post 
processing cell viability (orange bar), cell recovery (blue bar), and total yield of transfected cells (red bar) using different mRNA 
transfection concentrations (n = 3). In all conditions, high recovery (e.g., greater than 88%) and viability (e.g., greater than 77%) 
was achieved after µVS transfection. (b) EGFP expression histograms from live single T cells analyzed via flow cytometry as a 
function of mRNA concentration at 19 h after transfection and return to culture. Transfection efficiency ranged from approximately 
24% to 64% for 10 µg mL−1 (30 nM) to 160 µg mL−1 (473 nM). (c) There was also a linear relationship between median population 
EGFP fluorescence (in relative fluorescence units) and mRNA concentration. 
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Figure 3 – T cell growth, viability, and EGFP mRNA expression efficiency over 1 week for the (a) handling control, (b) mRNA 
control, (c) 10 µg mL−1, (d) 40 µg mL−1, (e) 80 µg mL−1, (f) 120 µg mL−1, (g) 160 µg mL−1 and (h) device processed control samples. 
After transfection and return to culture medium, the cell viability (blue line) and concentration (plotted as fold concentration 
increase, black line) from each group was monitored using trypan blue dye exclusion and an automated cell counter in triplicate. 
EGFP expression and persistence was quantified using flow cytometry at different time points after transfection. The resulting plots 
demonstrate that cell growth rate and viability was not adversely affected from on chip mRNA transfection using µVS. All groups 
demonstrated a 2x increase in concentration from post processing growth, except the 10 µg mL−1 group, which may have undergone 
extra stress due to spending the longest time on ice between processing and recovery. Additionally, the persistence of EGFP protein 
was monitored (green line) and appeared to decrease in signal due to cell growth and protein degradation.  

 
Figure 4 - EGFP expression is equally distributed between the two types of CD3+ cells. µVS-based mRNA delivery results in even 
distribution of expression among the CD8 and CD4 T cells, which is equal to that of the whole CD3+ population EGFP expression. 
The percentage of CD3+ cells expressing EGFP (upper left histogram) translates to the specific CD4 and CD8 T cell groups (bottom 
left and right histograms respectively), which were distinguished using fluorescent labeled antibodies (upper right scatter plot), 
demonstrating no bias for mRNA delivery for helper or cytotoxic T cells. EGFP positive percentages are shown for (a) 10 µg mL−1, 
(b) 80 µg mL−1, and (c) 160 µg mL−1.  
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Figure 5 – Overview of the T cell activation profile. After processing and 24 h of cell culture, each replicate from the handling 
control and processing control were individually labeled with fluorescent antibodies against markers of activation (CD69, CD154, 
CD44, CCR7, CD45RA and CD25) to assess if µVS exposure causes a change in T cell activation state. Replicates from each of 
the processed control cell and handling control cell group were plotted using FlowJo and the histogram data was overlaid. For all 
groups, the activation marker expression remained the same between control and device processed groups. Representative overlays 
of the flow cytometry data are plotted above with the processed control shown in dashed red and the handling control shown in 
blue. Based on the overlaid data, the activation state and activation/naivety marker expression of pan T cells is not altered because 
of processing via µVS. 
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