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Intracellular delivery of macromolecules is a challenge in research
and therapeutic applications. Existing vector-based and physical
methods have limitations, including their reliance on exogenous
materials or electrical fields, which can lead to toxicity or off-target
effects. We describe a microfluidic approach to delivery in which
cells are mechanically deformed as they pass through a constriction
30-80% smaller than the cell diameter. The resulting controlled
application of compression and shear forces results in the forma-
tion of transient holes that enable the diffusion of material from
the surrounding buffer into the cytosol. The method has demon-
strated the ability to deliver a range of material, such as carbon
nanotubes, proteins, and siRNA, to 11 cell types, including embry-
onic stem cells and immune cells. When used for the delivery of
transcription factors, the microfluidic devices produced a 10-fold
improvement in colony formation relative to electroporation and
cell-penetrating peptides. Indeed, its ability to deliver structurally
diverse materials and its applicability to difficult-to-transfect pri-
mary cells indicate that this method could potentially enable many
research and clinical applications.

drug delivery | induced pluripotent stem cells | reprogramming |
protein delivery | nanoparticle delivery

Intracellular delivery of macromolecules is a critical step in ther-
apeutic and research applications. Nanoparticle-mediated de-
livery of DNA and RNA, for example, is being explored for gene
therapy (1, 2), while protein delivery is a promising means of af-
fecting cellular function in both clinical (3) and laboratory (4)
settings. Other materials, such as small molecules, quantum dots,
or gold nanoparticles, are of interest for cancer therapies (5, 6),
intracellular labeling (7, 8), and single-molecule tracking (9).

The cell membrane is largely impermeable to macromolecules.
Many existing techniques use polymeric nanoparticles (10, 11),
liposomes (12), or chemical modifications of the target molecule
(13), such as cell-penetrating peptides (CPPs) (14, 15), to facilitate
membrane poration or endocytotic delivery. In these methods, the
delivery vehicle’s efficacy is often dependent on the structure of the
target molecule and the cell type. These methods are thus efficient
in the delivery of structurally uniform materials, such as nucleic
acids, but often ill-suited for the delivery of more structurally di-
verse materials, such as proteins (16, 17) and some nanomaterials
(7). Moreover, the endosome escape mechanism that most of these
methods rely on is often inefficient; hence, much material remains
trapped in endosomal and lysosomal vesicles (18). More effective
gene delivery methods, such as viral vectors (19, 20), however,
often risk chromosomal integration and are limited to DNA and
RNA delivery.

Membrane poration methods, such as electroporation (21, 22)
and sonoporation (23), are an attractive alternative in some ap-
plications. Indeed, electroporation has demonstrated its efficacy
in a number of DNA (24) and RNA (25) delivery applications
for previously difficult-to-transfect primary cells. However, this
method can cause cell death and has been shown to damage
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sensitive materials such as quantum dots, which aggregate due to
exposure to electric fields (8). There have also been limited reports
of successful protein delivery by this mechanism (26, 27). Micro-
injection, is perhaps the most direct method of delivering material
to the cell cytoplasm regardless of cell type or delivery material.
Although effective for certain applications, such as producing
transgenic organisms, the method’s low throughput is a disadvan-
tage in many therapeutic and research applications (28, 29).

In this article, we describe a method for cytosolic delivery
based on rapid mechanical deformation of the cell to produce
transient membrane disruptions that facilitate the passive diffu-
sion of material into the cell cytosol. This method was developed
with the aim of delivering almost any macromolecule of interest
to almost any cell type, at high throughput. Although scrape
loading and shear-based delivery methods have been demon-
strated previously, they are unsuitable for some applications due
to low viability and/or delivery efficiency (30-32). However, such
injury/diffusion-based delivery methods do have the advantage of
high throughput (compared with microinjection) and indepen-
dence from exogenous materials or fields. Our proposed tech-
nique is distinct from previous methods because it uses a physical
constriction to deform and shear the cells in a controlled, re-
producible manner, thus minimizing cell death while allowing one to
optimize for delivery efficiency. Unlike the aforementioned delivery
methods, this approach does not rely on electric fields, exogenous
materials, endocytosis, or chemical modification of the target mol-
ecule. Our data indicate that this method could be particularly
advantageous for applications involving nanomaterials, proteins,
or difficult-to-transfect cell types, such as immune cells and stem
cells—all of which are often underserved by current methods.

Results

Delivery Method. We hypothesize that the rapid mechanical de-
formation of a cell, as it passes through a constriction with a
minimum dimension smaller than the cell diameter, results in the
formation of transient membrane disruptions or holes (Fig. 14).
The size and frequency of these holes would be a function of the
shear and compressive forces experienced by the cell during its
passage through the constriction. Material from the surrounding
medium may then diffuse directly into the cell cytosol throughout
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Fig. 1. Delivery mechanism and system design. (A) lllustration of delivery hy-
pothesis whereby the rapid deformation of a cell, as it passes through
a microfluidic constriction, generates transient membrane holes. Includes an
electron micrograph of current parallel channel design with blue cells as an il-
lustration. (B) Image of a finished device consisting of Pyrex bound to silicon for
sealing. (Scale bar: 2 mm.) (C) lllustration of the delivery procedure in which cells
and delivery material are mixed in the inlet reservoir, run through the chip, and
collected in the outlet reservoir. The mounting system consists of stainless-steel
and aluminum parts interfaced to the chip by inert O rings. (Scale bar: 10 mm.)

the life span of these holes. Such an approach could theoretically
enable the diffusive delivery of any macromolecule small enough
to fit through the holes. To implement this approach, we gener-
ated a family of microfluidic devices with different constriction
dimensions and numbers of constrictions in series.

Each device (Fig. 1B) consists of 45 identical, parallel micro-
fluidic channels, containing one or more constrictions, etched
onto a silicon chip and sealed by a Pyrex layer. The width and
length of each constriction (defined in Fig. S1) range from 4 to 8
pm and 10 to 40 pm, respectively. The current design is typically
operated at a throughput rate of 20,000 cells/s, yielding close to
1 million treated cells per device before failure by clogging. The
parallel channel design was chosen to increase throughput, while
ensuring uniform treatment of cells, because any clogging or
defects in one channel cannot affect the flow speed in neigh-
boring channels (the device is operated at constant pressure).
Before use, the device is first connected to a steel interface (Fig.
1C) that connects the inlet and outlet reservoirs to the silicon
device. A mixture of cells and the desired delivery material is

then placed into the inlet reservoir and Teflon tubing is attached
at the inlet. A pressure regulator is then used to adjust the pres-
sure at the inlet reservoir and drive the cells through the device.
Treated cells are collected from the outlet reservoir.

Governing Parameters. We identified cell speed, constriction di-
mensions, and number of constrictions as three parameters that
influence delivery efficiency (defined as the fraction of live cells
that receive the delivery material; Fig. S1) by altering the shear
and compression rates experienced by the cells. For example,
delivery efficiency of membrane-impermeable, Cascade Blue-
labeled 3-kDa dextran molecules to live HeLa cells increases
monotonically with cell speed across different constriction
designs (Fig. 24). Constriction dimensions also impact delivery;
increasing the constriction length from 20 to 40 pm almost dou-
bled delivery efficiency at all operating speeds (Fig. 24), with
minimal effect on viability (Fig. 2B). Decreasing constriction
width had a similar effect (Fig. S24). Increasing the number of
constrictions in series also increased delivery efficiency such that
a device with five 10-um length constrictions in series outper-
formed a single 10-, 20-, or 40-pm length design across all cell
speeds (Fig. 2.4 and B). One could also treat cells multiple times
using the same device to enhance delivery, although this can lead
to significant loss in viability. In these data, the 0 mm/s data points
correspond to our control case whereby the cells undergo the same
treatment as the other samples but are not passed through the
device, thus reflecting any endocytotic or surface binding effects.

Cytosolic Delivery by Diffusion. As the majority of current nano-
particle and CPP-based delivery techniques are predicted to
exploit endocytotic pathways (33), we sought to rule out the in-
fluence of endocytosis in our delivery mechanism. Confocal mi-
croscopy of cells treated with Cascade Blue-conjugated 3-kDa
dextran demonstrate diffuse cytosolic staining (Fig. 34) as op-
posed to the punctate characteristic one would expect of endo-
cytotic methods (7). Moreover, when delivery experiments are
conducted at 4 °C, a temperature at which endocytosis is mini-
mized (34), delivery efficiency is minimally affected by temperature
for both 3- and 70-kDa dextran (Fig. S2B). These data indicate that
endocytosis is unlikely to be responsible for delivery in this system.

To test our diffusive delivery hypothesis, we characterized the
delivery kinetics over time. In this experiment, cells were treated
by the device in the absence of delivery material and subsequently
exposed to Cascade Blue-labeled 3-kDa dextran at defined time
intervals after treatment. The results indicate that 70-90% of
delivery occurs within the first minute after treatment regardless
of device design (Fig. 3B). The observed timescale supports the
hole formation hypothesis as previous works on membrane repair
kinetics have reported membrane sealing occurring at about 30 s
after an injury is induced (35).

If delivery of material through the membrane disruptions is
diffusive, material could be exchanged into and out of the cell
throughout the lifetime of the hole. To demonstrate bidirectional
transport of material across the cell membrane, we conducted an
experiment consisting of three delivery cycles. Cells were first
treated in the presence of 3- and 70-kDa dextran (cycle 1), washed

Fig. 2. Delivery performance depends on cell speed ASO%_ I B 0%y 4 e o
and constriction design. Constriction dimensions 70% ] - i St
(Fig. $1) are denoted by numbers (e.g., 10 pm — i e /l 80% - |

6 pm x 5) such that the first number corresponds to 60% 1 57 /{:

constriction length, the second to constriction width 5 2 Sl " 6%

and the third (if present) to the number of con- 2 4% b .= H

strictions in series per channel. (4) Delivery effi- & 30%1 5 - > 0%

ciency and (B) cell viability 18 h after treatment as a 20% | .7."{/ = - 0% o —s0um-bum
function of cell speed for 40 pm — 6 pm (O), 20 pm — 10% - /t{ﬂ_ T i eun ° —o— 40um-6um

6 um (), and 10 pm — 6 um x 5 (A) device designs. 0% & <. - 10um-Bum x5 . rAe10Um-gum X3
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cytometry after propidium iodide staining. For in-
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formation regarding cell recovery rates, refer to S/ Note S7. All data points were run in triplicate, and error bars represent 2 SDs.
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Fig. 3. Diffusive delivery mechanism. (A) Scans of different horizontal planes of
a Hela cell after the delivery of Cascade Blue-conjugated 3-kDa dextran, as
measured by confocal microscopy. Note that 3-kDa dextran is small enough to
enter the nuclear envelope (43). Scans read from top to bottom, and then left to
right, where the top left is at z=6.98 pm and bottom right is at z= —6.7 um. (Scale
bar: 6 um.) (B) Live-cell delivery efficiency of 10 pm — 6 pm ({J), 20 pm — 6 um (O),
30 pm — 6 pm (A), and 40 pm — 6 pm () devices. The time axis indicates the
amount of time elapsed from initial treatment of cells before they were exposed
to the target delivery solution. All results were measured by flow cytometry 18 h
after treatment. (C) Average intensity of the delivered cell population normalized
by untreated cells to control for autofluorescence. Fluorescein-conjugated 70-
kDa dextran and Cascade Blue-conjugated 3-kDa dextran are delivered to the cell
(cycles 1 and 3) and removed from the cell (cycle 2) in consecutive treatment
cycles. The control represents cells that were only exposed to the delivery solution
and not treated by the device. (D) Gene knockdown, as a function of device type
and cell speed, in live destabilized GFP-expressing HeLa cells 18 h after the delivery
of anti-eGFP siRNA at a delivery concentration of 5 uM. Lipofectamine 2000 was
used as a positive control and scrambled controls were run at 500 mm/sona 10 pm —
6 pm x 5. All data points were run in triplicate, and error bars represent 2 SDs.

with PBS and treated again in the absence of dextran (cycle 2),
and finally treated a third time in the presence of 3- and 70-kDa
dextran (cycle 3). The changes in normalized fluorescence in-
tensity demonstrate a net diffusion of dextran into the cells during
the first cycle, out of the cells during the second, and back in
during the third (Fig. 3C). These results are thus consistent with
the diffusive delivery hypothesis.

A simplified, 2D diffusion model was developed in COMSOL
to simulate the passive diffusion of material into a cell across a
porous membrane (Fig. S3 and SI Note S1). Using literature
values for particle diffusivities inside and outside the cell cyto-
plasm (36), we were able to qualitatively re-create the experi-
mental results of Fig. 3C with diffusion as the only mode of mass
transfer. Moreover, by fitting our experimental data to this model,
we estimate that the final concentration of delivery material in the
cell cytosol is within 10-40% of the buffer concentration.

Furthermore, we demonstrated the functionality of the deliv-
ered materials by producing dosage-dependent, sequence-specific
fluorescence knockdown in GFP-expressing HeLa cells (Fig. 3D
and Fig. S2C). Although Lipofectamine 2000, a commercially
available transfection reagent, achieved greater knockdown effi-
ciencies, one must account for the prolonged delivery period of
Lipofectamine particles (cells were incubated overnight) relative
to the device’s 2- to 5-min poration window. Device design and
operating parameters were not optimized for siRNA delivery be-
fore performing these experiments.

2084 ' | www.pnas.org/cgi/doi/10.1073/pnas.1218705110

Applicability Across Cell Types. To investigate the versatility of the
technique, we assessed its ability to deliver model dextran mole-
cules to several cell types that are traditionally difficult to trans-
fect, especially immune cells and stem cells. Fluorescently labeled
70- and 3-kDa dextran were chosen for these experiments because
they are similar in size to many protein and siRNA molecules
respectively, easy to detect by flow cytometry, and have minimal
surface binding effects as they are negatively charged. Using
various device designs, we were able to deliver dextran molecules
to newborn human foreskin fibroblasts (NuFFs) (Fig. 44), pri-
mary murine dendritic cells (Fig. 4B), and embryonic stem cells
(Fig. 4C). These experiments yielded minimal loss (<25%) in cell
viability (Fig. 4 A-C), and preliminary results in murine embry-
onic stem cells indicate that the method does not induce differ-
entiation (Fig. S4). In further studies, we isolated white blood
cells (buffy coat layer) from murine blood by centrifugation and
treated them with the device. B cells, T cells, and macrophages, as
differentiated by antibody staining, indicated successful delivery
of both 3- and 70-kDa dextran (Fig. 4 D and E, and Figs. S5-S7).

The preliminary evidence for a poration- and diffusion-based
mechanism of delivery (Fig. 3 A-C) and the functionality of de-
livered materials (Fig. 3D) would indicate that these dextran
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Fig. 4. Applicability across cell types. (A) Delivery efficiency and viability of
NUFF cells treated with a 30 pm — 6 pm device to deliver 3- and 70-kDa dextran.
(B) Delivery efficiency and viability of spleen-isolated, murine dendritic cells
treated with a 10 um — 4 pm device to deliver 3- and 70-kDa dextran. (C) De-
livery efficiency and viability of murine embryonic stem cells treated with a
10 pm — 6 pm device to deliver 3- and 70-kDa dextran. (D) Delivery efficiency of
3-kDa and (E) 70-kDa dextran to B cells (CD19"), T cells (TCR-B*), and mac-
rophages (CD11b") isolated from whole-mouse blood by centrifugation and
treated by 30 pm — 5 pm and 30 pm — 5 pm x 5 devices at 1,000 mm/s. Three-
and 70-kDa dextran were labeled with Cascade Blue and fluorescein, re-
spectively. All data points were run in triplicate, and error bars represent 2 SDs.
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delivery data should be representative of the expected cytosolic
delivery efficiency for a protein or siRNA molecule of interest that
is of similar size. Device designs have not been optimized for any
of the aforementioned cell types, and we thus expect that further
studies will yield improvements in viability and delivery efficiency.
For a list of cell types that have successfully been treated using this
technique and guidelines to designing new devices for specific cell
types please refer to SI Text (Tables S1 and S2, and SI Note S2).

Enabling Delivery Platform. To illustrate our method’s potential in
addressing current delivery challenges, we conducted a number
of proof-of-concept experiments in possible applications ranging
from cell reprogramming (4) to carbon nanotube-based sensing
(37). In addition to the application-specific materials detailed
below, this method has demonstrated the successful delivery of
Apolioprotein E, BSA, and GFP-plasmids.

The delivery of PEG1000-coated, 15-nm gold nanoparticles
was verified by tunneling electron microscopy (TEM) of HeLa
cells (Fig. 5 4 and B). The nanoparticles appear to be mostly
unaggregated and are not visibly sequestered into endosomes. In
these images, we also observed tentative evidence for various
defects in the cell cytoplasm, which could be the proposed holes
responsible for delivery. We have also demonstrated high-
throughput, noncytotoxic delivery of quantum dots directly to
the cell cytosol (38)—a goal that current techniques have
struggled to achieve. Furthermore, we were able to verify the
successful delivery of carbon nanotubes (37) (encapsulated by
a DNA oligonucleotide) by flow cytometry (Fig. 5C) and Raman
spectroscopy (Fig. 5D). Antibodies to tubulin were also delivered
(Fig. 5 E and F) using this technique, yielding a diffuse distri-
bution throughout the cell that would be consistent with cytosolic
delivery. The aforementioned materials are currently difficult
to deliver to the cell cytosol and each material often requires
a specialized modification to facilitate delivery. In our work, all
four materials were delivered to HeLa cells using the same set of
conditions on a 10 pm — 6 pm X 5 device.

Efficient delivery of proteins to primary cells could enable several
therapeutic applications. A challenge in cell reprogramming (4), for
example, is the inefficiency of current CPP-based protein delivery
methods. We examined our ability to deliver four transcription fac-
tors (Oct4, Sox2, c-Myc, and Klf-4) to human fibroblast cells and
compared our results to a CPP method (4) (Fig. 64). Our results
show that, in addition to not relying on endocytosis, which can leave
much material trapped in endosomes, delivery by rapid mechanical
deformation yields significantly higher delivery efficiency for all four
proteins. Confocal imaging of cells treated by the device indicated
that the transcription factors appear to successfully localize to the
nucleus (Fig. 6B). Finally, to investigate the system’s ability to
affect gene transcription rates through the delivery of these
proteins, we partially replicated a previous reprogramming
study using commercially available (Stemgent) recombinant
proteins (39). Briefly, NuFF cells were treated in the presence
of recombinant c-Myc, Klf4, Oct4, and Sox2 for four cycles,
spaced 2 d apart. The emergence of transformed colonies was
monitored over a 1-mo period after the last treatment (Fig. 6C).
The device was able to generate an average of 150 transformed
colonies per plate relative to 11 and 2 colonies for electroporation
and CPPs, respectively (Fig. S8). These colonies expressed em-
bryonic stem cell markers, such as Oct4, SSEA-4, Tra-1-60, and
Tra-1-81, and were capable of differentiating into all three germ
layer cell types (Fig. 6 D-G and Fig. S8). These results suggest that
transcription factors delivered by the microfluidic device are ca-
pable of affecting gene/protein expression more effectively than
existing alternatives such as CPPs and electroporation.

Discussion

In the proposed intracellular delivery method, we hypothesize
that transient holes are formed by rapid mechanical deformation
of a cell as it passes through a microfluidic constriction. Our data
support this notion by demonstrating diffuse cytosolic staining
(Fig. 34), siRNA functionality (Fig. 3D), and the bidirectional
movement of material across the disrupted membrane (Fig. 3C).
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Fig. 5. Nanomaterial and antibody delivery. (A and B) TEM images of gold nanoparticles (some indicated by arrows) in cells fixed ~1 s after treatment by a
10 pm — 6 pm x 5 device (S/ Note S3). (Scale bars: 500 nm.) (C) Delivery efficiency and viability of HelLa cells treated with a 10 pm — 6 pm x 5 device to deliver
Cascade Blue-labeled 3-kDa dextran and Cy5-labeled, DNA-wrapped, carbon nanotubes. (D) Bright-field cell images overlaid with Raman scattering in the G-
band (red) to indicate delivery of carbon nanotubes in treated cells (Left) vs. endocytosis (Right). (Scale bars: 2 um.) (E) Fluorescent micrograph of a Hela cell
18 h after delivery of Cascade Blue-labeled 3-kDa dextran (Center) and antibodies to tubulin with an Alexa Fluor 488 tag (Right). (Scale bars: 3 um.) (F) Delivery
efficiency and viability of HeLa cells treated with a 10 pm — 6 um x 5 device, at 500 mm/s, to deliver Alexa Fluor 488-labeled anti-tubulin antibodies. Delivery
efficiency at different antibody concentrations is compared with an endocytosis control at 100 pg/mL and untreated cells.
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Fig. 6. Altering cell morphology and gene expression by cytosolic delivery of transcription factors. (A) A Western blot analysis of c-Myc, KIf4, Oct4, and Sox2
delivery to NUFF cells by cell-penetrating peptides versus a 10 pm — 6 pm device. Each of the four proteins has an additional nine arginine (9R) groups to
facilitate uptake. The lysate (Ly) columns correspond to the protein content of cells that are washed and lysed, whereas the media columns correspond to the
protein content of the media environment. (B) Confocal microscopy images of NuFF cells fixed after delivery of the reprogramming factors. The proteins are
tagged using an Alexa 488-conjugated anti-FLAG antibody and the nucleus is stained by DAPI. (Scale bar: 15 pm.) (C) A progression of morphological changes
from fibroblasts into colonies. The white arrows indicate potentially transformed cells. The red arrow points toward coalescing cells forming a colony. (D-G)
Expression of the human embryonic stem cell marker Oct4, SSEA-4, Tra-1-60, and Tra-1-81 in transformed colonies (S/ Note S3). Where appropriate, the small

box represents a DAPI counterstain. (Scale bars: 100 pm.)

Moreover, this effect appears to be applicable across a wide range of
cell types (Fig. 4), especially those that are difficult to treat with
current methods, as we have demonstrated successful delivery in
primary fibroblasts, embryonic stem cells, and a range of immune
cells. In the future, by better understanding the effects of shear
and compressive forces throughout the deformation process,
one could potentially generate a family of devices with each op-
timized for a particular range of cell types and applications.

This delivery mechanism provides a number of potential ad-
vantages over existing methods. Similar to electroporation (22) and
microinjection (28), it is a membrane disruption-based mechanism
and hence does not rely on exogenous materials, chemical modi-
fication of payloads, or endocytotic pathways. In contrast to elec-
troporation, however, it does not rely on electrical fields, which
have had limited success in protein delivery (26), can damage target
material (8), are dependent on the electrical charge of target ma-
terial (40), or cause cytotoxicity (21). Indeed, current results have
demonstrated relatively high viability in most applications and there
is no underlying mechanism by which sensitive payloads, such as
quantum dots or proteins, could be damaged. Direct comparisons
to electroporation and CPP delivery of transcription factors further
illustrated the system’s advantage in improving biological activity.

The system could be an enabling research tool with its ability
to deliver carbon nanotubes, gold nanoparticles, and antibodies
(Fig. 5)—three materials that are difficult to deliver with current
techniques. Such capabilities would significantly expand the re-
search community’s ability to probe intracellular processes by
facilitating antibody and quantum dot staining of live cell struc-
tures/proteins and enabling the use of carbon nanotubes as a cy-
tosolic molecular probe or chemical sensor. As a robust method
of protein delivery, it could potentially be used for high-throughput
screening of peptide/protein libraries because, unlike most CPP or
nanoparticle-based techniques, this method is expected to be in-
sensitive to protein structure and chemistry (41), does not rely on
endocytotic pathways (14), and should not affect protein func-
tionality (16). Moreover, it is possible that membrane disruption by
rapid mechanical deformation occurs in vivo in response to certain
stimuli or as part of a disease. Hence, investigating the phenome-
non may prove relevant to better understanding disease mecha-
nisms or physiological responses to trauma.

As a research tool, the microfluidic basis of our approach
would allow it to be incorporated into a larger integrated system
consisting of multiple pretreatment and posttreatment modules.
At its current average throughput rate of 20,000 cells/s, the de-
vice could, for example, be placed in-line with a flow cytometry

2086 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1218705110

machine to sort cells or perform other analytical tasks immedi-
ately after delivery.

Finally, the technique could potentially enable novel approaches
to therapy (Fig. 6). One can envision an approach whereby
a patient’s target cells are isolated from the blood or other tissue,
treated by the device to deliver the desired therapeutic, and rein-
troduced into the body. Such an approach would take advantage of
the potentially increased delivery efficiency of therapeutic macro-
molecules and could be safer than existing techniques because it
would obviate the need for potentially toxic vector particles and
would mitigate any potential side effects associated with re-
ticuloendothelial clearance and off-target delivery.

Conclusion

In summary, we have detailed a method for cytosolic delivery
that relies on the rapid mechanical deformation of a cell to in-
duce transient membrane disruption. This technique has dem-
onstrated the potential to deliver a broad range of materials,
some of which are challenging to use with current methods, to a
variety of difficult-to-transfect cell types, including stem cells and
immune cells. By providing flexibility in application and obviating
the need for exogenous materials or electrical fields, this method
could potentially enable new avenues of disease research and
treatment. Indeed, our work has demonstrated this system’s ability
to deliver carbon nanotubes, quantum dots (38), and antibodies to
live cells—applications that could enable new sensing and imaging
modalities—and we have illustrated the system’s superior perfor-
mance, relative to current methods, in applications such as tran-
scription factor delivery for reprogramming.

Materials and Methods

Device Fabrication and Mounting System. The silicon-based devices are fab-
ricated at the Massachusetts Institute of Technology microfabrication facility
using photolithography and deep reactive ion etching techniques. In this
process, 6" silicon wafers with a 450-um thickness are treated with hexam-
ethyldisilazane, spin coated with photoresist (OCG934; FujiFilm) for 60 s at
3,000 rpm, exposed to UV light (EV1; EVG) through a chrome mask with the
constriction channel design, and developed in AZ405 (AZ Electronic Mate-
rials) solution for 100 s. After 20 min of baking at 90 °C, the wafer is etched
by deep reactive ion etching (SPTS Technologies) to the desired depth
(typically 15 pm). The process is repeated on the opposite side of the wafer
(i.e., the one not containing the etched channels) using a different mask,
which contains the access hole patterns, and using a thicker photoresist
AZ9260 (AZ Electronic Materials). Wet oxidation is then used to grow 100—
200 nm of silicon oxide before the wafer is anodically bonded to a Pyrex
wafer and diced into individual devices. Before each experiment, devices are
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visually inspected and mounted onto a holder with inlet and outlet reser-
voirs (all designed in-house and produced by Firstcut). These reservoirs in-
terface with the device using Buna-N O-rings (McMaster-Carr) to provide
proper sealing. The inlet reservoir is connected to a home-made pressure
regulator system using Teflon tubing to provide the necessary driving force
to push material through the device. Our current system can only accom-
modate pressures up to 120 psi.

Dendritic Cell Isolation. Murine dendritic cells were isolated from the spleen of
BL6 mice (Taconic) using a CD11c-positive selection MACS sort (Miltenyi Biotec).

Delivery Procedure. To perform an experiment, cells are first suspended in the
desired delivery buffer [growth medium, PBS, or PBS supplemented with 3%
FBS and 1% F-68 Pluronics (Sigma)], mixed with the desired delivery material,
and placed in the device’s inlet reservoir. This reservoir is connected to
a compressed air line controlled by a regulator, and the selected pressure
(0-70 psi) is used to drive the fluid through the device. Treated cells are then
collected from the outlet reservoir. Cells are incubated at room temperature
in the delivery solution for 5-20 min after treatment to ensure hole closure
before being subjected to any further treatment.

Delivery Materials. To deliver fluorescently labeled dextran molecules (Invi-
trogen), the experiments were conducted as described above such that the
delivery buffer contained 0.1-0.3 mg/mL dextran. GFP knockdown is mea-
sured as the percentage reduction in a cell population’s average fluores-
cence intensity relative to untreated controls. Lipofectamine 2000 plus siRNA
particles were prepared by combining 1 ug of siRNA with 1 uL of Lipofect-
amine 2000 reagent in 100 pL of PBS.

Confocal Microscopy. Confocal images were taken using techniques described
previously (38).
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Reprogramming Factor Purification by FLAG. FLAG-tagged reprogramming
factors (c-Myc, KIf4, Oct4, and Sox2) were generated as previously described (4).

Western Blotting. After treatment by the device, cells were seeded on to
a culture plate. After 4 h, the culture media, which contains any undelivered
proteins, was collected and processed as previously described (4).

Transcription Factor Delivery Studies. We replicated the delivery procedure il-
lustrated by a previous groupto generate pluripotent stem cells using recombinant
proteins with a CPP modification (39). Briefly, 10° cells (per sample) were treated
by the device (30 pm — 6 pm at 500 mm/s) or Neon Transfection System (Invi-
trogen) in the presence of 80 pg/mL of each transcription factor (Stemgent).
Treatment was repeated once every 2 d with a media change every day as pre-
viously described. After treatment was complete, the cells were transferred to
mTeSR-1 media (Stemcell) and colony counts were performed at 16-18 d (device
case) or 30-31 d (nucleofection and CPP cases) after treatment. The difference in
counting time reflects the earlier emergence of colonies in the device case.

Raman Spectroscopy. The home-built Raman system was used as previously
described (42).
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