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Abstract

Microfluidic intracellular delivery approaches based on plasma membrane poration have shown
promise for addressing the limitations of conventional cellular engineering techniques in a wide
range of applications in biology and medicine. However, the inherent stochasticity of the poration
process in many of these approaches often results in a trade-off between delivery efficiency and
cellular viability, thus potentially limiting their utility. Herein, we present a novel microfluidic
device concept that mitigates this trade-off by providing opportunity for deterministic
mechanoporation (DMP) of cells en masse. This is achieved by the impingement of each cell upon
a single needle-like penetrator during aspiration-based capture, followed by diffusive influx of
exogenous cargo through the resulting membrane pore, once the cells are released by reversal of
flow. Massive parallelization enables high throughput operation, while single-site poration allows
for delivery of small and large-molecule cargos in difficult-to-transfect cells with efficiencies and
viabilities that exceed both conventional and emerging transfection techniques. As such, DMP
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shows promise for advancing cellular engineering practice in general and engineered cell product
manufacturing in particular.

Graphical Abstract

Keywords

Transfection Yield (%)

Intracellular delivery; transfection; mechanoporation; cellular engineering; ex vivo cell therapy;
cellular biomanufacturing

The safe and efficient introduction of exogenous materials into large populations of
suspension cells is a key requisite for a growing number of applications based on engineered
cell products. Notable examples include ex vivo cell therapies for the treatment of
hematologic disorders and malignancies, wherein hematopoietic stem cells or T
lymphocytes are modified outside the body to replace, correct, or add targeted genes, after
which they are infused into the patient to perform their intended function (e.g., reconstitute
dysfunctional cell lineages, augment stem cell transplantation, or redirect immune response
to fight cancer, infection, or autoimmunity).1~8 While viral transduction has been the most
common method used for genetic manipulation in these applications, concerns such as
insertional mutagenesis and scalability of vector production, among others, have driven
interest in the development of nonviral transfection methods.’~10 Similarly, these and other
limitations, such as viral packaging and cargo constraints, have more broadly motivated the
development of intracellular delivery techniques for a wide range of other applications in
biology, medicine, and cellular biomanufacturing.11-14

Emerging microfluidic approaches for achieving intracellular delivery via physical
disruption (i.e., poration) of the plasma membrane have shown promise for addressing many
of these limitations, and within the context of suspension cells specifically recent examples
include inertial microfluidic cell hydroporation (iMCH),1° squeeze cell poration (SQZP),
16,17 acoustic shear poration (ASP),18:19 and nanochannel electroporation (NEP).20:21
However, although most have shown potential for scaling to the throughputs required for
engineered cell product manufacturing (i.e., millions to billions of cells), many are
nevertheless subject to trade-offs between delivery efficiency and cellular viability. This is
particularly the case for the delivery of larger cargos (e.g., genetic constructs) to difficult-to-
transfect cells that are often of interest for therapeutic applications (e.g., primary, immune,
and stem cells).22-24 One potential cause for this trade-off may lie in the inherent
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stochasticity of the poration process in most of these approaches. When coupled with the
need to produce pores of sufficient size to enable efficient uptake of large cargos, this may
result in the formation of a multitude of large pores that ultimately compromises viability.
Because both high efficiency and high viability are crucial requirements for engineered cell
product manufacturing in general, and therapeutic applications in particular, the need
remains for the development of intracellular delivery techniques that are scalable, efficient,
and able to preserve viability.

We have previously reported early results from efforts focused on addressing this need via
the development of a novel microfluidic device concept that enables high throughput
intracellular delivery in suspension cells through deterministic mechanoporation (DMP).26
Herein, we expand upon this initial report by detailing results from more recent efforts
focused on optimization and validation of the DMP concept. We demonstrate significant
improvement in small-molecule delivery performance relative to our earlier efforts. We also
report the first validation of this concept within the context of large-molecule delivery (i.e.,
GFP plasmid), where we observe high expression efficiency and cellular viability, thus
leading to transfection yields that exceed a commercially optimized bulk electroporation
protocol by over 4-fold. Finally, we demonstrate the versatility of this technique through
efficient transfection of human cell lines and primary cells of relevance to ex vivo cell
therapies. Collectively, these results illustrate the promise embodied in DMP for addressing
critical roadblocks in the development and manufacture of engineered cell products.

As illustrated in Figure 1a, the DMP concept relies upon a unique device architecture
consisting of a large array of “capture sites”, each composed of a hemispherical “capture
well” with a single, submicrometer-scale, needle-like “penetrator” projecting from the
bottom of the well, as well as a multiplicity of “aspiration vias” situated at the bottom of the
well. Together, these features enable intracellular delivery on a single-cell basis but
massively parallelized scale via the capture and release of cells en masse by aspiration flow,
followed by diffusive influx of exogenous cargo through the transient plasma membrane
pore produced within each cell by their impingement upon the penetrator. In doing so, this
provides an opportunity for achieving deterministic poration at a single site in the plasma
membrane for each cell within a large population. This therefore enables minimization of
cellular damage and thus offers potential for maximizing both efficiency and viability, unlike
stochastic shear-based mechanoporation approaches (e.g., SQZP, ASP, and iMCH).
Furthermore, unlike other penetration-based mechanoporation techniques2’~33 the coupling
of deterministic poration with aspiration-based cell manipulation provides a more facile
means for rapidly and efficiently manipulating large populations of suspension cells, and
importantly, collecting them immediately afterward for subsequent processing (e.g.,
expansion, culture/fermentation, cryopreservation, transplantation, and so forth).

Figure 1b illustrates the DMP device design, which is defined within a silicon-on-insulator
substrate using conventional microfabrication processes. Key features include the following:
(a) sizing of the capture wells for the intended cell type; (b) use of multiple aspiration vias
within each capture well to uniformly tension the plasma membrane during capture and thus
facilitate penetration; (c) use of penetrators with submicrometer tip diameters to minimize
the penetration force and thus the stress upon the cells; (d) direct connection of all aspiration
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vias to a large common backside aspiration port to ensure uniform flow across the array; and
(e) minimized unit cell size, which enables high-density arraying of the capture sites (e.g.,
2500 sites/mm? with total array size of 104 sites in the current study). Taken together, these
design features simplify operation and impart intrinsic scalability, thus providing promise for
meeting the needs of many engineered cell product manufacturing applications. For
example, scaling to greater than 107 capture sites would be easily possible within the current
100 mm diameter substrates, thus enabling transfection of a sufficient numbers of cells for
autologous cancer immunotherapies based on the adoptive transfer of chimeric antigen
receptor (CAR) modified T cells.3* Similarly, further scaling to greater than 108 capture sites
would be possible within larger 300 mm substrates, thus enabling throughputs approaching
those required for future allogeneic CAR T therapies, as well as a wide range of cellular
biomanufacturing applications (e.g., production of therapeutic proteins, antibodies, viral
vectors, and so forth).

The device fabrication process, presented in Figure 1c, was designed to enable definition of
all capture site features using a single frontside mask to simplify fabrication and further
ensure scalability. Using a mask pattern consisting solely of four elliptical aspiration vias per
capture site, a combination of isotropic and anisotropic reactive ion etching steps was
employed to define the capture site array over the large “backside aspiration port”. Scanning
electron micrographs of a completed device (Figure 1d) demonstrate the realization of a
uniform array of capture sites, each containing a single penetrator with submicrometer tip
diameter. However, Capture well geometry is observed to deviate slightly from the intended
hemispherical profile due to transport limitations during the isotropic etching step. Figure 1e
illustrates the DMP device packaging, which was designed for placement on the stage of a
fluorescence microscope. The package provides an open reservoir above the chip for
introduction and collection of cells, as well as a port beneath the chip for fluidic
communication with a programmable syringe pump for bidirectional actuation of the
aspiration circuit (i.e., withdrawal mode to produce negative aspiration flow through the
device for cell capture and poration, and infuse mode to produce positive aspiration flow for
cell release).

In our initial report on the DMP device concept,26 low delivery efficiencies were observed
for small-molecule cargos (~15%), and subsequent investigation suggested that poor cell
capture efficiency was one potential cause. As such, new studies were initiated to better
understand the effect of capture flow rate on capture efficiency, and inform optimization
thereof. In these new studies, an immortalized human T lymphocyte cell line (Jurkat) was
selected for use due to its relevance for ex vivo cell therapies (e.g., as a model for the study
and development of CAR T therapies). In order to facilitate visualization during device
operation, the cells were first labeled using a membrane-permeable viability stain, Calcein
Blue AM (CBAM), which is enzymatically cleaved after entry into the cytosol, thus
resulting in the formation of a fluorescent dye product that is retained within cells with intact
plasma membranes. The cells were then introduced into the device and subjected to varying
capture flow rates, followed by manual pipetting to wash uncaptured cells from the array and
remove them from the reservoir. Finally, a mosaic of fluorescence images that encompassed
the entirety of the device array was collected, and capture efficiency was determined using
image analysis software.
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These studies showed that high capture site occupancy (71%) could be achieved at flow rates
of 30 gL/min (Figure 2a). However, markedly lower occupancy was observed at higher flow
rates (Figure 2b), which suggested that many of the cells in the unoccupied sites had been
lysed. This was corroborated by the diminished fluorescence intensity and nonspherical
morphologies seen for many of the captured cells at the higher flow rates (Figure 2b), which
may have been caused by partial lysis and efflux of fluorescent CBAM molecules from the
cytosol. The reduced capture efficiency observed at the lowest flow rate (Figure 2¢)
indicated that this too was disadvantageous, presumably because it was insufficient to retain
the cells during washing. This therefore established 30 zL/min as the optimal capture flow
rate for use in the remainder of the studies reported herein.

Because of the viscoelastic nature of the plasma membrane, the device operation cycle also
included a negative aspiration flow pulse after the capture step to facilitate puncture, thus
necessitating optimization of this parameter as well. In these studies, the Jurkats were first
CBAM-stained (for visualization) and then introduced into the device and subjected to
capture at the optimal 30 L/min flow rate. Propidium iodide (PI) was also included in the
device reservoir, and the cells were subjected to varying puncture flow rates after capture,
followed by the removal of the uncaptured cells from the device. Although P1 is typically
used to quantify dead cells, in the current study it served as a model, membrane-
impermeable, small-molecule exogenous cargo (668 Da) that allowed for fluorescence-based
confirmation of delivery (upon intercalation with the cellular DNA). After the puncture and
wash steps, the aspiration flow was reversed to release the captured cells, which were then
collected and coincubated with P1 and CellTracker Green (CTG) for 30 min, the former of
which continued to serve as a cargo molecule, and the latter of which served as a post-DMP
cellular viability marker (via retention of the enzymatically cleaved fluorescent dye
product). Finally, the cells were centrifuged and resuspended for flow cytometry.

Figure 3 shows representative flow cytometry data from these studies, as well as plots
summarizing the effect of puncture flow rate on cellular viability (i.e., the percentage of
viable cells among the population of intact cells recovered from the device), delivery
efficiency (i.e., the percentage of cells with delivered Pl cargo among the population of
viable intact cells), and delivery yield (i.e., the percentage of viable cells with Pl cargo
delivered among the population of intact cells, which is equivalent to the product of the
cellular viability and delivery efficiency). It is important to note that, while commonplace,
quantification in this manner does not provide means for evaluating cell losses due to the
device or subsequent processing (e.g., cells lost to lysis, adhesion to cultureware surfaces,
incomplete pelleting/resuspension, and so forth). High delivery efficiencies were observed
for all puncture flow rates, reaching as high as 93% at 40 L/min, thus establishing this as
the optimal puncture flow rate for the Jurkats. Importantly, this also represented a 6-fold
improvement in small-molecule delivery performance relative to our initial reports.2
Although more modest cellular viabilities (and thus delivery yields) were observed, we
hypothesize that this may have been an artifact resulting from the persistence of the plasma
membrane pore, or transient enhancement of membrane permeability more globally, both of
which would allow efflux of the fluorescent CTG products from the cytosol. However,
further studies are required to confirm this conjecture, particularly because plasma
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membrane repair and resealing are typically expected within a few seconds to a few minutes
after mechanical injury.35-37

With the operational parameters optimized, we proceeded to validation of the DMP device
concept within the context of large-molecule delivery. In these studies, a reporter DNA
construct was included in the reservoir (GFP plasmid, 4.7 kbp), and the Jurkats were
subjected to the optimal capture and puncture flow rates established earlier (i.e., 30 and 40
HL/min, respectively), followed by removal of the uncaptured cells. Afterward, the captured
cells were released and collected, incubated with the plasmid for 30 min, centrifuged,
resuspended in fresh media, and incubated for 12 h. The cells were then centrifuged, stained
with CBAM to evaluate postincubation viability, followed by centrifugation and
resuspension for flow cytometry. To evaluate the versatility of the DMP concept, the Jurkat-
optimized protocol was also used to transfect an immortalized human myelogenous
leukemia cell line (K-562) with the GFP plasmid. Similar to the Jurkats, the K-562 cells
were selected due to their relevance for ex vivo cell therapies (e.g., as artificial antigen
presenting cells for mediation of CAR T cell expansion ex vivo38:39 or control targets for
evaluation of CAR T cell product potency in vitro3440). Finally, to demonstrate the potential
for clinical relevance, primary human T cells were also transfected using the Jurkat-
optimized DMP protocol. For the purposes of benchmarking, separate sets of all tested cell
types were subjected to conventional bulk electroporation (BEP) using manufacturer-
optimized protocols for each cell type, and GFP plasmid concentrations consistent with both
the manufacturer recommendations and the DMP validation studies (i.e., 20 pg/mL for all

cell types).

Figure 4 presents representative flow cytometry data from these studies, as well plots
comparing cellular viability, transfection efficiency, and transfection yield for DMP versus
BEP for all cell types. Relatively low viability and efficiency were observed for the BEP-
based Jurkat transfection, thus leading to a mean transfection yield of 20%, an unsurprising
result given that T cells are notoriously refractory to most conventional nonviral transfection
techniques.?! Conversely, excellent viability and efficiency were observed for DMP-based
Jurkat transfection, thus resulting in a mean transfection yield of 88%, an over 4-fold
improvement relative to the BEP benchmark. Importantly, this also exceeds the performance
reported for other microfluidic intracellular delivery platforms for delivery of comparable
GFP reporter plasmids to Jurkats specifically,1920 as well as other cell types more generally.
15,21,42-44 Efficient transfection of K-562 and primary human T cells using the Jurkat-
optimized DMP protocol was also observed (49% and 82% yields, respectively), thus
demonstrating the versatility and potential clinical relevance of the DMP device concept.
However, the lower transfection yields relative to that of the Jurkats suggests opportunity for
further improvement. We envision potential for doing so through refinement of the device
operational parameters to accommodate any differences in the structure or injury response
that may lie between the Jurkats and the other cell types.

Although further studies are required to elucidate the mechanisms underlying the high
transfection yields observed herein for DMP, recent reports from other microfluidic
intracellular delivery device development efforts may provide preliminary insights in this
regard. For example, as discussed previously, high viability may result from the limitation of
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poration to a single site in the plasma membrane, which minimizes cellular damage.204°
Additionally, high transfection efficiency may result from the opportunity provided for direct
cytosolic delivery, which reduces potential for trapping of the exogenous cargo within
endosomal or lysosomal vesicles.1 Finally, because the penetrator length is comparable to
the cell radius, this suggests potential for mechanical disruption of the nuclear envelope as
well. Such disruption would be expected to facilitate intranuclear delivery and thus reduce
the potential for construct degradation within the cytosol.#4

As discussed earlier, the limitations of conventional viral and nonviral techniques for cellular
engineering are well-known. Consequently, this presents wide-ranging opportunity for new
nonviral techniques that can safely and efficiently introduce exogenous cargo into cells,
particularly difficult-to-transfect cells such as T cells, and do so in a manner that is
compatible with prevailing high-volume engineered cell product manufacturing schemes.
Emerging CAR T therapies represent one compelling example in this regard, because this
could enable circumvention of the looming manufacturing roadblock imposed by the current
reliance upon viral transduction, which may limit the potential for extending these promising
therapies beyond hematologic malignancies to the far larger population of patients with solid
tumors.#6 Nonviral transfection may also provide a safer and more economical means for
evaluating new tumor antigen targets relative to viral transduction,*’ thus addressing another
critical roadblock to the eventual extension of CAR T therapies to solid tumor indications.*6
Although further studies are required to determine whether DMP can address these specific
needs, the flexibility of this approach, combined with the encouraging data reported herein,
begins to suggest promise in this regard.

In conclusion, we have reported a new microfluidic device concept for transfecting
suspension cells that is specifically designed to meet the needs of engineered cell product
manufacturing. The novelty of the concept lies in the opportunity it provides for
deterministically porating large numbers of cells, each at a single site in their plasma
membrane, and doing so in a manner that allows rapid collection of the cells for subsequent
processing. Using human primary cells and cell lines of direct relevance to ex vivo cell
therapies, including immune cells that are typically refractory to transfection, we show that
DMP enables efficient delivery of large-molecule cargos while minimizing damage to the
cell, thus allowing achievement of transfection yields that exceed both conventional and
emerging nonviral transfection techniques. This, therefore, suggests that DMP may provide a
new means for addressing critical roadblocks in the development and manufacture of ex vivo
cell therapies based on engineered T cells (e.g., CAR T cell cancer immunotherapies).
Moreover, given the inherent versatility of the DMP concept, we envision an opportunity for
its eventual extension to a wide variety of other applications where progress is currently
being hampered by the limitations of existing cellular engineering techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
DMP. (a) Concept, illustrated for a single capture site. Cells are captured using negative

aspiration flow, porated by impingement upon the penetrator, and released by reversal of
flow after which intracellular delivery occurs via diffusive influx of exogenous cargo
through the single transient plasma membrane pore. (b) Design schematics with quarter
section removed in isometric views to allow visualization of key device features. Actual
devices contain a 100 x 100 array of capture sites. (c) Fabrication process. Silicon-on-
insulator substrates are coated with front and backside SiO» layers, which are then patterned
and used as masks for dry etching. (d) Scanning electron micrograph of a portion of the
device array with the inset showing a higher magnification image of a single capture site
(scale bar = 5 um). (e) Schematic illustrating the packaging of the device chip, its placement
upon the stage of a fluorescence microscope, and its connection to a programmable syringe
pump for fluidic actuation of the aspiration circuit. The inset shows a photograph of the
packaged device on the microscope stage.
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Figure2.
Capture optimization study with Jurkats serving as a model suspension cell line. (a,b)

Representative fluorescence micrographs of portions of the DMP device array showing high
capture site occupancy after capture at 30 L/min, and lower occupancy at 60 gL/min,
respectively. The images share identical magnification (scale bar = 100 gm). (c) Plot of
capture efficiency as a function of capture flow rate. Highest efficiency (71%) was observed
at 30 gL/min (*: p<0.05; **: p<0.01; ***: p<0.001; ~: no statistical significance). Data =
mean + standard deviation (7= 3).
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Figure 3.
Puncture optimization study using Jurkats, with propidium iodide (PI) serving as a model,

membrane-impermeable, small-molecule exogenous cargo, and Cell Tracker Green (CTG)
serving as a post-DMP cellular viability marker. (a) Representative flow cytometry data for
cells subjected to 40 L/min puncture flow rate. Gates 1, 2, and 3 encompass the population
of intact cells (i.e., events with size and granularity consistent with intact cells), viable intact
cells (i.e., CTG+), and viable intact cells with exogenous cargo delivered (i.e., both CTG+
and P1+), respectively. (b) Plots of cellular viability, delivery efficiency, and delivery yield as
a function of puncture flow rate (*: p<0.05; **: p<0.01; ***: p<0.001; ~: no statistical
significance). High delivery efficiencies were seen for all conditions with the highest
efficiency at 40 pL/min (93%). Gating was established using the control data presented in
Figure S1 in the Supporting Information, which also showed that there was minimal passive
uptake of the PI cargo and negligible autofluorescence in the spectral ranges of interest. Data
= mean * standard deviation (n= 3).
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Figure 4.

DMP validation study using Jurkat, K-562, and primary human T cells with GFP plasmid
serving as a model genetic construct cargo, and Calcein Blue AM (CBAM) serving as a
postincubation cellular viability marker. (a—c) Representative flow cytometry data for DMP-
based transfection of Jurkat, K-562, and primary human T cells, respectively. Gates 1, 2, and
3 encompass the population of intact cells, viable intact cells (i.e., CBAM+), and viable
intact cells with delivery and expression of the plasmid cargo (i.e., both CBAM+ and GFP+),
respectively. (d) Plots of cellular viability, transfection efficiency, and transfection yield for
DMP vs conventional bulk electroporation (BEP) for Jurkat (JRKT), K-562 (K562), and
primary human T cells (PRIM) (*: p<0.05; **: p<0.01; ***: p< 0.001; ~: no statistical
significance). High viability, efficiency, and yield were observed for DMP-transfected
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Jurkats (all >87%) with mean yield over four times that of BEP (88% vs 20%, respectively).
Efficient DMP-based transfection of K-562 and primary human T cells was also observed,
albeit with lower yield than the Jurkats (49% and 82%, respectively, vs 88% for Jurkats).
Gating was established using the control data presented in Figure S2, which also showed
that there was minimal passive uptake and expression of the plasmid cargo and negligible
autofluorescence in the spectral ranges of interest. Representative flow cytometry data and
controls for the BEP benchmarking studies are presented in Figures S3-S5. Data = mean +
standard deviation (7= 3).
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