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Introduction

3D-printing enabled micro-assembly of a
microfluidic electroporation system for 3D tissue
engineeringy

Qingfu Zhu,® Megan Hamilton,? Bryan Vasquez?® and Mei He @ *2P

Electro-transfection is an essential workhorse tool for regulating cellular responses and engineering cellular
materials in tissue engineering. However, most of the existing approaches are only focused on cell suspen-
sions in vitro, which fails to mimic an in vivo tissue microenvironment regarding the 3D electric field distri-
bution and mass transport in a biological matrix. However, building a 3D electro-transfection system that is
compatible with 3D cell culture for mimicking the in vivo tissue microenvironment is challenging, due to
the substantial difficulties in control of the 3D electric field distribution as well as the cellular growth. To
address such challenges, we introduce a novel 3D micro-assembly strategy assisted by 3D printing, which
enables the molding of 3D microstructures as LEGO® parts from 3D-printed molds. The molded PDMS
LEGO® bricks are then assembled into a 3D-cell culture chamber interconnected with vertical and hori-
zontal perfusion microchannels as a 3D channel network. Such a 3D perfusion microchannel network is
unattainable by direct 3D printing or other microfabrication approaches, which can facilitate the highly-
efficient exchange of nutrition and waste for 3D cell growth. Four flat electrodes are mounted into the 3D
culture chamber via a 3D-printed holder and controlled by a programmable power sequencer for multi-
directional electric frequency scanning (3D p-electro-transfection). This multi-directional scanning not only
can create transient pores all over the cell membrane, but also can generate local oscillation for enhancing
mass transport and improving cell transfection efficiency. As a proof-of-concept, we electro-delivered the
pAcGFP1-C1 vector to 3D cultured Hela cells within peptide hydrogel scaffolding. The expressed GFP level
from transfected Hela cells reflects the transfection efficiency. We found two key parameters including
electric field strength and plasmid concentration playing more important roles than the pulse duration and
duty cycles. The results showed an effective transfection efficiency of ~15% with ~85% cell viability, which
is 3-fold higher compared to that of the conventional benchtop 3D cell electro-transfection. This 3D
u-electrotransfection system was further used for genetically editing 3D-cultured Hek-293 cells via direct
delivery of CRISPR/Cas9 plasmid which showed successful transfection with GFP expressed in the cyto-
plasm as the reporter. The 3D-printing enabled micro-assembly allows facile creation of a novel 3D culture
system for electro-transfection, which can be employed for versatile gene delivery and cellular engineering,
as well as building in vivo like tissue models for fundamentally studying cellular regulation mechanisms at
the molecular level.

microneedles, electro-transfection has gained increasing pop-
ularity, due to its safe (free of harmful chemicals) and effec-

Intracellular delivery of regulatory or therapeutic targets into
the cell is crucial for pharmacology studies as well as tissue
engineering and regenerative medicine."”> Among various de-
livery approaches such as using chemicals, ultrasound, and
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tive transfection, and no restrictions on cell types.*™
Electro-transfection is also termed as electroporation,
which gives rise to the transient permeabilization of the
plasma membrane with temporary pores, due to the high lo-
cal transmembrane potential induced by an external electric
field. However, existing electro-transfection systems, includ-
ing microfluidic platforms and commercial benchtop sys-
tems, are only able to study monolayer cell suspensions
in vitro, and are incapable of clinical translation within an
in vivo tissue microenvironment.®™"? It has been well docu-
mented that cells growing in a two-dimensional (2D) culture

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9lc00046a&domain=pdf&date_stamp=2019-07-02
http://orcid.org/0000-0001-5316-9326
https://doi.org/10.1039/c9lc00046a
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC019014
xss
Highlight


Published on 07 June 2019. Downloaded by Kansas State University on 8/6/2019 4:47:07 PM.

Lab on a Chip

system significantly differ from living three-dimensional (3D)
tissues in terms of cell morphology, functions, cell-to-cell
communications, and cell-to-matrix adhesions.'*'* Therefore,
it is critical to use 3D cultured cells to represent an in vivo-
like tissue microenvironment. The knowledge regarding the
3D electric field distribution and mass transport in a tissue
microenvironment is lacking. Electroporation performed on
cell suspensions is very often of limited use in 3D cells within
a tissue microenvironment, because of the significant varia-
tions in terms of the membrane interactions, surrounding
medium, extracellular matrix, orientation of cells to the elec-
tric fields and so on.'®"” Thus, the clinical in vivo gene deliv-
ery faces tremendous problems.*'® Although the in vitro cel-
lular spheroid model is often applied to study electro-
transfection in a 3D context, these studies only focus on a
single spheroid which fails to mimic the interactions between
cells and the extracellular matrix.">°

To date, the investigation of electroporation on 3D cul-
tured cells and tissues has not been explored in the micro-
fluidic platform yet. The benchtop method for electropora-
tion study of 3D cells embedded in scaffolds showed very low
transfection efficiency (~5%).>' The major challenge is that
the mass transport and mobility of delivered molecules in
the cellular matrix are substantially restricted, and the migra-
tion becomes even more difficult when traveling into the cell
spheroid.”> Benchtop chemical transfection can handle scaf-
fold embedded spheroid 3D cells. However, the protocols are
tedious and lengthy, and require at least 24 hours of incuba-
tion.>*?* Herein, we introduce a novel 3D microfluidic
electrotransfection system (3D p-electrotransfection) which
provides facile, fast, and automated control for electro-
transfection of 3D  cultured cells. This 3D
p-electrotransfection system is simply fabricated by the 3D
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printing-assisted 3D molding and micro-assembling strategy,
which employs the LEGO® concept to assemble a compli-
cated 3D microchannel network as shown in Fig. 1a. Such a
3D perfusion microchannel network is unattainable by direct
3D printing or other microfabrication approaches, while it
can facilitate the highly-efficient exchange of nutrition and
waste for 3D cell growth. Multi-directional electric field scan-
ning was achieved by employing four flat electrodes mounted
into the 3D culture chamber via a 3D-printed holder and con-
trolled by a programmable power sequencer (Fig. 1e and f).
This multi-directional scanning not only can create transient
pores all over the cell membrane, but also can generate local
oscillation for enhancing mass transport and improving cell
transfection efficiency.

As a proof-of-concept, we electro-delivered the pAcGFP1-C1
vector to 3D cultured HeLa cells in peptide hydrogel scaffold-
ing for expressing GFP. The critical parameters were opti-
mized including the electric field strength, plasmid concen-
tration, pulse duration, and duty cycles. The 3D
p-electrotransfection system was further employed to geneti-
cally edit 3D cultured Hek-293 cells via delivery of CRISPR/
Cas9 plasmid, which demonstrates the capability and holds
the potential for future gene-editing based tissue repair, re-
generative medicine, and gene therapy.

Experimental

3D printing and microfabrication of 3D p-electrotransfection

3D structures were designed and drawn by SOLIDWORKS
2017. The resin mold containing the micro-structures was
printed by a laptop-sized 3D printer (D3 ProJet 1200, 30 pm
resolution) using VisiJet®FTX Clear resin (3D systems) for
polydimethylsiloxane (PDMS) device production. The clear

3D u-electrotransfection

3D Assemblin

Fig. 1 3D printing assisted LEGO® assembly for building a 3D p-electroporation system. a) The concept illustration of 3D printing, molding and
LEGO® assembly. The last image shows the real four-piece assembled device bound to a glass slide with channels filled with black dye. The scale
bar is 1 mm. b) 3D printed mold (2 pieces assembled) with the surface deposited with 20 nm Au. The scale bar is 2 mm. ¢) The mold (with 20 nm
Ba coating) filled with PDMS and the molded PDMS part is shown in (d). The scale bar is 2 mm. e) Four electrodes mounted in a 3D printed holder.
The scale bar is 2 mm. f) The setup of four electrodes on top of the cell culture chip for multi-dimensional electric frequency scanning. The
electrodes are just fitting to the size of the culture chamber. The scale bar is 2 mm.
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resin consists of triethylene glycol diacrylate, isobornyl meth-
acrylate, and 2-3%  photoinitiator ~ phenylbis(2,4,6-
trimethylbenzoyl)-phosphine oxide as described in the prod-
uct information. The mold printing followed the reported
protocols.>>*® Freshly printed molds were cleaned using iso-
propyl alcohol under sonication, followed by 30 min post
cure under UV light. A 20 nm thick palladium or gold coating
was deposited onto the surface of the 3D-printed mold using
a sputter coater (DENTON, DESK II). Prior to molding, the
coated molds were conditioned with the surfactant solution
(20% Tween20 in 80% isopropanol) for forming a dynamic
micellar layer on the metal surface to facilitate the peel-off of
polymer microstructures. PDMS was prepared using the stan-
dard 10:1 (base to curing agent) ratio. The PDMS mixture
was degassed before being poured into the 3D-printed molds
and then baked at 40 °C for 12 hours. The 3D printed molds
are reusable after cleaning and conditioning. After the sur-
face activation of molded PDMS pieces using a hand-held co-
rona discharge treater (Electro-Technic Product, Chicago),
the PDMS blocks were then assembled and bound as the 3D
p-electrotransfection device (Fig. 1). The assembly was
conducted on a flat stage under a microscope (here we use
the PDMS port creator stage, CorSolutions Inc.) which can
guide the alignment easily. The assembled 3D
p-electrotransfection device was then bound to a glass slide
to complete the fabrication.

3D cell culture and electro-transfection

HeLa cells (ATCC) and Hek-293 cells (ATCC) were cultured
and maintained according to the ATCC standard protocol
with Eagle's Minimum Essential Medium (EMEM, Sigma-Al-
drich), supplemented with 10% (v/v) fetal bovine serum (FBS,
Sigma-Aldrich), in a T-25 flask. The peptide hydrogel matrix
(PepGel) was used as the scaffold with a peptide gel concen-
tration of 0.2% for 3D cell culture. The 2D cells growing at a
confluency of 80-90% were re-suspended with 0.25% trypsin/
EDTA (Sigma-Aldrich) solution and centrifuged for 5 min at
250 g-force for seeding into the peptide hydrogel. The seeding
density for 3D cell culture was ~2.5 x 10° cells per mL. The
3D cell culture was carried out following a protocol described
in the literature.”” The medium exchange was performed
from both the top of perfusion channels and the center cell
culture chamber. From the top opening, we used a sharp pi-
pette tip or syringe to suck out 2/3 of the old medium and in-
ject the same amount of fresh medium.

A 4.7 kb plasmid pAcGFP1-C1 (Clontech, Mountain View)
encoding green fluorescent protein (GFP) was amplified in
NEB® 5-alpha Competent E. coli (New England Biolabs, Ips-
wich) and isolated using a QIAGEN Plasmid Maxi kit
(QIAGEN GmbH). The plasmid purity was determined using
a Nanodrop 2000 spectrophotometer. A 9.2 kb CRISPR/Cas9
vector pSpCas9(BB)-2A-GFP (PX458) (Addgene, MA) was ampli-
fied and purified following the same protocols as the prepa-
ration of GFP plasmid. The 2D standard electroporation pro-
tocols (Neon® transfection system) were used for validation
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of the 3D p-electrotransfection system. The successfully trans-
fected cells can express GFP as the reporter and be analyzed
under flow cytometry (BD FACSAria IIIu, BD Biosciences) and
confocal microscopy (Olympus IX81/31 spinning disk confocal
inverted microscope).

3D COMSOL simulation

The AC/DC module was applied to simulate the electric field
distribution in the 3D p-electrotransfection system using the
COMSOL  Multiphysics  software  package (COMSOL
Multiphysics 5.2). The equation governing electrostatics was
numerically solved for the device to arrive at steady-state so-
lutions. At steady state, the electric currents in a conductive
medium are given by Ohm's law, which states

J=oE+].

where ¢ is the electrical conductivity, J is the current den-
sity and E is the electric field. The electric field distribution
was visualized using the below expression,

E = sqrt(es.Ex x es.Ex + es.Ey x es.Ey + es.Ez x es.Ez)

where es.Ex, es.Ey, and es.Ez are the components of the elec-
tric field in the dimension of x, y, and z, respectively. The
conductivity of the electroporation buffer was set at 0.14 S
m".?® The relative permittivity of the peptide hydrogel was
set at 1 from the literature for a similar peptide hydrogel.*
We carried out electrostatic numerical simulations to pre-
dict the distribution of electric field strength across the en-
tire cell culture chamber. The multi-directional electric fre-
quency scanning was simulated and performed following
the protocol as shown in Fig. 2b. To simulate nutrient
medium  exchange and  diffusion in the 3D
p-electrotransfection system, the transport of diluted species
in a porous medium model was studied in a time-
dependent manner. Three different cases, i.e. medium diffu-
sion from the top medium to the cell matrix, medium diffu-
sion from the side perfusion microchannel network to the
cell matrix, and medium from both the top and the side
perfusion microchannel network to the cell matrix, were in-
vestigated for comparison.

3D multi-directional electro-transfection

The voltage across the 3D cell culture chamber in multi-
directional scanning was programmed and delivered by a
HVS448 800 high voltage sequencer (LabSmith, CA, USA),
which generated a square-wave electric pulse (see the ESIT
video). Prior to applying the voltage, the cell medium
(EMEM) was removed and 100 pL of low conductivity me-
dium (Cytoporation® Medium T, BTX) was added to the top
as well as the side perfusion channels. The electric potentials
were applied to flat electrodes (Ag/Pa alloy, 3.5 mm width
and 0.2 mm thick, Fisher). The electrodes were mounted
using a customized holder, which was printed by a 3D printer

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 a) Illustration of on-chip 3D cell culture. b) COMSOL simulation of the electric field distribution across the cell culture chamber with the
multi-directional field scanning strategy. A voltage of 400 V was applied. Arrows indicate the intensity and direction of the electric field. c) Control
sample without applying an electric field in bright field mode. The scale bar is 20 um. d) One-direction electric field based PI delivery. e) Two-
direction electric field based Pl delivery. f) Three-direction electric field based Pl delivery. g) Four-direction electric field based Pl delivery. The

scale bar is 50 um for Fig. 2(d)-(g).

(D3 ProJet 1200) as shown in Fig. 1le. For transfection, the
GFP plasmid was prepared in the gel matrix with cells to
achieve a final concentration between 60 and 140 ug mL ™.
Cell culture was kept on ice during electroporation. Pulses at
a frequency of 1 Hz were applied with a given electric field
intensity. After electroporation, the low conductivity medium
in cell culture was replaced by EMEM (pre-conditioned in 5%
CO,). The transfected 3D cells were cultured for two days and
their GFP expression level was assessed by fluorescence
microscopy and flow cytometry.

Investigation of cell membrane electro-permeabilization and
propidium iodide delivery

3D cells were seeded on chip according to the previously de-
scribed 3D culture method. After 24 hours of cell seeding, the
culture medium was replaced by low conductivity medium
and 20 pL of 10 ug mL™ propidium iodide solution (PI,
Sigma-Aldrich, USA) was added to the top of the cell culture.
After 30 min of incubation, the electroporation was
performed. To investigate the influence of the multi-
directional electric field on the delivery of PI, four parallel ex-
periments were conducted in terms of different electric field
directions i.e. single direction, two cross directions, three di-
rections and four directions (Fig. 2 and S17). The total pulse
duration was 32 ms for each experiment. The transfected cell
cultures were transferred from chip to a 1.5 mL centrifuge
tube. Without removing the upper layer cell medium, the gel
was mechanically disrupted thoroughly by pipetting up and
down. The mixture was centrifuged at 600g for 6 min. To
break the colonies, 100 pL of Accumax™ solution (Sigma-Al-
drich, USA) was added and incubated for 5 min at 37 °C. The
results have been evaluated by cyto-spinning the cells on a
glass slide followed by fluorescence microscopy analysis.

This journal is © The Royal Society of Chemistry 2019

Flow cytometry analysis for assessing 3D electro-transfection
efficiency and cell viability

The ready 3D transfected cultures were transferred from chip
to a 1.5 mL centrifuge tube according to the method de-
scribed in the PepGel protocol. The colonies were separated
by Accumax™. To stain the dead cells, 5 uL of 10 ug mL™" PI
was added and incubated in the dark for 2 min. Thereafter,
the mixture was centrifuged at 200g for 5 min and the cells
were re-suspended with 200 pL PBS containing 0.5% BSA (w/
v) for flow cytometry analysis. The transfection efficiency was
evaluated based on flow cytometry to count the total number
of GFP cells. The cell viability was evaluated based on flow cy-
tometry counting of total dead cells. A total of 5000 events
were measured in each sample at a flow rate of approximately
80 events per s.

Results and discussion

3D-printing enabled micro-assembly of the 3D
p-electrotransfection system

To build a 3D microfluidic electro-transfection system that is
capable of uniform 3D electric field distribution as well as ef-
fective 3D cell culture, we conceived an electroporation chip
as shown in Fig. 1. The conventional microfabrication ap-
proach is unable to construct such 3D microstructures, due
to complicated protocols for accurate alignment and multi-
layer bonding. In addition, it is very challenging to achieve
direct 3D printing of monolithic 3D microstructures, particu-
larly micro-scale hollow channels.***" Therefore, we intro-
duced the 3D-printing assisted molding of PDMS as LEGO®
blocks for assembly into a more complicated 3D device. As il-
lustrated in Fig. 1a, two designed parts were assembled as
one transfer mold for PDMS molding. The assembled mold is
detachable for easily releasing the PDMS parts. The PDMS

Lab Chip, 2019, 19, 2362-2372 | 2365
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polymer was completely cured in the mold and no micro-
structural defects were identified during the demolding pro-
cess (Fig. 1d). It is worth mentioning that high-temperature
baking (e.g. >40 °C) should be avoided as the high tempera-
ture may cause physical structural distortion of the 3D
printed resin. The molded PDMS polymer replicates micro-
structures as a single assembled unit as shown in
Fig. 1c and d. After the assembly of four units with perma-
nent bonding using surface plasma treatment, the 3D micro-
fluidic electrotransfection device can be formed with four
main vertical microchannels (~350 um) each connected with
five horizontal microchannels (~200 pm) (Fig. 1a). To facili-
tate the precise production of microstructures, a sputtered Ba
or Au coating was deposited onto the mold surface in a thick-
ness of 20 nm as shown in Fig. 1b and c. The final assembled
device can be bound onto a glass slide after surface plasma
treatment. The electrodes were fixed in a 3D printed holder
(Fig. 1e), which fits the central culture chamber for electro-
porating 3D cultured cells (Fig. 1f and 2a).

Working principles of multi-directional electric field scan-
ning enabled 3D transfection

In an electric field across cells, the cell membrane is an elec-
tric insulator that separates the extracellular medium from
the intracellular medium. The ion concentration gradient be-
tween the outside and inside of the cellular membrane gener-
ates a resting potential difference, which is homogeneous
across the cell membrane.** Upon application of voltage,
such an electric potential difference across the cellular mem-
brane will disrupt the field lines,>*?* consequently, leading
to the current being forced to flow around the cell and ionic
layers being formed along the cellular membrane. The largest
field line distortion is recognized at the sides of the mem-
brane facing the field lines.>*" After reaching a certain inten-
sity of field strength, the cell membrane can be disrupted to
create transient pores. In a uniform electric field, the induced
potential difference (Ay) at a point on the cell membrane
and at a time after the rise of the electric pulse is given
by:3’36

Ay = fg()Er cos (0)(1 — e ™)

where 0 is the angle formed between the direction of the elec-
tric field and a normal point on the membrane. fis a factor
related to the shape of the cell which is equal to 1.5 if the cell
is spherical. g(y) is a factor related to the conductivity of the
membrane. r is the semi-axis aligned along the electric field
and 7. is the charging time of the cell membrane. Because the
membrane conductivity is extremely low compared to the con-
ductivity of the intra and extracellular medium, it can be as-
sumed that g(1) = 1. As the electric field pulse duration (z.) is
very small, at a steady state, considering the cell as a spherical
insulator shell, AY can be written in a simplified expression:

Ay = 1.5Er cos ()
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Therefore, the induced potential difference on the cell mem-
brane is directly proportional to the cell size and the strength
of the electric field. Furthermore, the resting potential differ-
ence across the cell membrane reaches its maximum value at
the side of the membrane facing the electric field directly (0°
or 180°), while it decreases progressively along the cell sur-
face up to the poles. Therefore, to open more pores on the
cell membrane with mild voltage conditions, changing elec-
tric field directions to create pores from multiple sites on the
cell membrane is more effective for electroporation. There-
fore, in our experiments, the multi-directional electric fre-
quency scanning method was developed, which can easily
create transient pores all over the cell membrane along with
the multi-directional scanning as demonstrated in Fig. 2b, as
well as create local oscillation for enhancing mass transport
and improving cell transfection efficiency. By COMSOL simu-
lation in Fig. 2b, the uniform electric field strength across
the cell chamber is estimated to be 1000 V em™" with a volt-
age of 500 V, which is sufficient to create transient pores on
the cell membrane. In general, the electric field across cell
clusters needs to reach the electroporation threshold (100 to
1000 V cm™, depending on the cell type) allowing membrane
disruption.’

To prove the effectiveness of multi-directional electric field
induced membrane permeabilization for delivering targets
into the cytoplasm, a small molecule dye PI was electro-
delivered in the 3D cell system. PI cannot enter living cells
with an intact cell membrane, but can enter into the cyto-
plasm under electric field induced membrane perme-
abilization. Compared to other dyes with simultaneous per-
meation into living cells, the electro-delivery of PI can
directly reflect the electric field induced membrane disrup-
tion and reseal process (electro-transfection). Note that our
transfection voltage is 400 V (field strength is ~800 V cm™)
with four electric pulses (16 ms) at a frequency of 1 Hz,
which is kept the same for all the tests shown in Fig. 2d-g
and S1,f but manipulated from different directions (illus-
trated in Fig. 2d-g insets). This electric field condition is be-
low the literature reported, well-recognized electroporation
field strength (~2000 V em™ for >80% cell viability) for HeLa
cells.”’*° Meanwhile, our experimental study showed that
our voltage condition at 400 V can achieve more than 90%
cell viability (Fig. 5a). Thus, we ascertain that the red staining
of cells is due to the electro-transfection process, not the
dead cells. The further illustration is shown in Fig. S1.f For
clear visualization and evaluation of the amount of PI-
delivered cells by our in-house inverted fluorescence micro-
scope, we took the cells out of the hydrogel and dissociated
cell clusters onto a glass slide for cytospinning and imaging.
The fluorescence of cytospun cells on the glass slide was
tracked by microscopy analysis to evaluate the PI delivery effi-
ciency. The single direction of the electric field only showed
~40% cells transfected, which is much less than that with
four directional scanning with over 80% cells transfected.
Note that the total pulse duration for each test (d to g) was
the same, so the adverse effects caused by the electric field

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 COMSOL simulations of medium diffusion. a) Diffusion from
the top medium to the cell matrix in the vertical direction for the
conventional well plate. b) Diffusion from the microchannel network
to the cell matrix in horizontal directions. c) Diffusion from both the

microchannel network and top medium. 100 mM ionic strength was
used in the fresh medium for simulation.

(heating, electrolysis, etc.) were comparable. The multi-
directional scanning can cover the entire cell membrane for
creating more transient pores. Additionally, compared to
using one electric field direction with a long pulse duration,
the short-duration pulsed scanning could reduce the risk of
inducing irreversible electroporation, in turn, improving the
cell viability.****

3D p-electrotransfection system for 3D cell culture

Unlike the 3D cell culture in the well plate where the medium
exchange only takes place from the top of well plates, our sys-
tem allows multi-directional diffusion of the fresh medium
from both the top of the cell matrix and the side of micro-
channel arrays surrounding the culture chamber in vertical
and horizontal directions. In this culture system, diffusion is
dominant and follows Fick's law. Assuming that the diffusion
coefficient is the same for the three different configurations,
the time of diffusion to reach the steady status is determined
by the distance of the concentration gradient. The shorter
travel distance leads to a shorter time, which in turn helps
with better nutrient supply. Such a 3D perfusion micro-
channel network allows better nutrient support and waste ex-
change needed for the effective growth of 3D cells and tis-
sues. Such diffusion-based perfusion has been well studied
in 3D culture systems to include multiple perfusion channels,
which is consistent with our design theory.”>** The growth
rate is illustrated and calibrated in Fig. S2.f The cultured 3D
cellular morphology is shown in Fig. S31 with a typical spher-
oid size of 100 um (>10 cells). The mass transport and effi-
cient diffusion of nutrients from multiple directions were
proved by COMSOL simulation in Fig. 3, which indicates that
the 3D perfusion microchannel network significantly im-
proves the medium exchange compared to the conventional
3D cell culture in the well plate.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 On-chip 3D cell culture and microscopy characterization. a)
Assembled PDMS chip bound to a glass slide for cell culture. b)
Distribution of 3D-cultured Hela cell spheroids in the peptide hydrogel
under confocal microscope imaging. Nuclear DNA was stained with
Hoechst. c) A close look at a single 3D cell spheroid in bright field
mode and in the fluorescence channels in (d). The cell membrane was
stained with FITC conjugated antibody-dye and the nuclear DNA was
stained with Hoechst. e) SEM imaging of the cell spheroid distribution
and the single spheroid interacting with peptide fibers in (f).

We chose the peptide hydrogel as the scaffold for 3D cell
growth in our 3D p-electrotransfection system shown in
Fig. 4a, due to its high encapsulation stability, cell
attachability and biocompatibility.****> Upon crosslinking, the
hydrogel forms a porous matrix with the pore size ranging
from 200 to 400 nm, which gives a stable physical support for
3D cell growth as imaged in Fig. 4e and f.*” Due to the perfu-
sion microchannels for nutrient and waste exchange in our
device, a high cell seeding density from 1 x 10° to 5 x 10°
cells per mL can be achieved. The cell showed excellent
attachability to peptide fibers (Fig. 4f). The dense spheroid
distribution in the peptide hydrogel matrix in 3D as well as
the morphology of a single spheroid has been characterized
by confocal microscopy as shown in Fig. 4b-d. The confocal
images depicting the different depths and locations of 3D
cultured spheroids are shown in Fig. S4.f The side views
demonstrated that cells are distributed along the height of
the cell chamber. An individual 3D spheroid with a size of
~50 pm was observed after culturing for 4-5 days which is

Lab Chip, 2019, 19, 2362-2372 | 2367
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Fig. 5 Electro delivery of GFP plasmid to 3D cultured Hela cell
spheroids within the peptide hydrogel. a) Investigation of the influence
of transfection voltage on the transfection rate and cell viability. The
plasmid concentration is 100 pg mL™?, the pulse duration is 2 ms, and
the duty cycle is 2. b) Investigation of the influence of the pulse
duration on the transfection rate and cell viability. The plasmid
concentration is 100 ug mL ™, the duty cycle is 2, and the transfection
voltage is 500 V. c) Investigation of the influence of the duty cycle on
the transfection rate and cell viability. The plasmid concentration is
100 pg mL™%, the pulse duration is 3 ms, and the transfection voltage is
500 V. d) Investigation of the influence of the plasmid concentration
on the transfection rate and cell viability. The pulse duration is 3 ms,
the duty cycle is 3, and the transfection voltage is 500 V. The yellow
dot lines in Fig. 5(a)-(d) indicate the cell viability. e) Electroporated
sample in bright field mode and the FITC channel in (f). The
transfection voltage was 500 V with a pulse duration of 3 ms for each
direction, at a frequency of 1 Hz and 3 duty cycles. g) Confocal image
of a transfected cell spheroid. h) Representative flow cytometry graph
to evaluate the GFP positive cell and PI positive cell for estimating cell
transfection efficiency and cell viability. The transfection voltage was
500 V with a pulse duration of 3 ms for each direction, at a frequency
of 1 Hz and 3 duty cycles. The cell transfection efficiency is 13.5% with
85% cell viability.
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composed of ~10 cells as shown in Fig. 4c and d. Such mor-
phology  characterization indicates that our 3D
p-electrotransfection system provides a suitable microenvi-
ronment for growing 3D cells and tissues, which is enabled
by the implementation of 3D perfusion microchannels.

3D p-electrotransfection of 3D cultured cells

To assess the transfection efficiency and cell viability of our
3D p-electrotransfection system, a plasmid DNA (pAcGFP1-
C1) encoding GFP was electroporated into 3D cultured HeLa
cells. For conventional electrotransfection of the 2D cell sus-
pension, the critical electric field needs to reach a value in
the range from 100 to 1000 V cm™* (depending on cell size
and electric field properties) to disrupt the cell membrane
and ensure reversible electroporation.®*® In the case of
spheroid cells, the low electric field (~500 V em™) with long
pulses (~20 ms) has been reported which leads to transfected
GFP expression."®*” In contrast to the study of cell suspen-
sions or isolated cell spheroids, we intended to deliver plas-
mid directly to 3D cells embedded in the extracellular matrix
to mimic electroporation of an in vivo-like tissue microenvi-
ronment. Thus, we optimized the key parameters that control
the electroporation efficiency, including the electric field
strength, plasmid concentration, pulse duration, and duty
cycles.

Experiments were carried out after the cells were seeded
on the chip for 48 hours. Fig. 5e-h show a typical image and
flow cytometry analysis of 3D cultured cells after electro-
transfection in our system. The confocal microscopy imaging
in Fig. 5e-g displays a transfected 3D cell spheroid with a di-
ameter around 60 pm. With a voltage of 300 V in multi-
directional field scanning (equal to an electric field of 750 V
em™), 2.5% GFP expressed cells were identified from the to-
tal cell population with a cell viability of ~95% by flow cy-
tometry analysis (Fig. 5). The transfection efficiency increased
with increasing the applied voltage from 300 V to 600 V. How-
ever, the cell viability was decreased from ~96% to ~84%,
due to more dead cells caused by the high voltage, which in
turn decreases the transfection efficiency with a higher volt-
age of 600 V (1500 V cm ") (Fig. 5a-d). Either increasing the
pulse duration or adding more duty cycles can lead to an in-
crease of transfection efficiency, but the dead cells were dra-
matically increased accordingly, due to the irreversible harsh
electric interruption of the cell membrane. Applying 4 duty
cycles led to 15.6% transfection efficiency but with 58.3% cell
viability. To find the balance between the transfection effi-
ciency and cell viability for the best transfection outcome, the
optimized voltage is 500 V with ~120 pg mL™ plasmid con-
centration, which showed a more important role in the con-
trol of good cell viability compared to the electric duty cycle
and pulse. Increasing the plasmid concentration will create
more contact opportunities between cells and plasmids,
reflecting an increasing number of transfected cells. We kept
the pulse duration of 3 ms, 3 duty cycles and transfection
voltage of 500 V. Using the optimal plasmid concentration of
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~120 ug mL ™, we achieved 15.2% transfection efficiency with
87.1% cell viability, which is 3-fold higher than that of the
currently reported benchtop 3D electro-transfection method*"
with better cell viability. However, continuously increasing
the plasmid DNA concentration did not result in higher
transfection efficiency. This observation agrees with the pre-
vious report that there is a maximum plasmid concentration
for gene delivery.*® Compared to 2D cell transfection, the op-
timal plasmid concentration for 3D cell electroporation is
much higher (110 vs. 40 pg mL™).*° This is attributed to the
porous peptide hydrogel matrix which limits the travel of
plasmid to cells and requires a higher amount of plasmid to
enhance contact opportunities with cells. In addition to the
scaffold matrix effect, the 3D cell spheroid is much bigger
than an individual cell and the plasmid needs to travel a long
distance to reach the cells inside the cluster, which makes
gene delivery difficult. Our method with the electric field
scanning strategy could improve mass transport to address
this challenge.

The Hek-293 cells are the classic model cell line for study-
ing electro-delivery of CRISPR/Cas9.’**" For proving the ap-
plicability of our system in 3D tissue engineering, we trans-
fected the CRISPR/Cas9 gene with 3D cultured Hek-293 cells.
CRISPR/Cas9 editing has emerged as a rapid and powerful
approach to make precise and targeted changes in the ge-
nome of living cells.>> Recent studies have successfully dem-
onstrated gene transfer to organoids using various methods
including lentivirus transfection,> liposomal transfection®*
and electroporation.®® The advantage of electroporation over
other methods is that it avoids the use of harmful chemicals
in the culture system. The plasmid can be delivered upon
preparation and does not require the production of lentivirus
or carriers, which significantly reduces labor and time. In this
experiment, a 9.2 kb PX458 vector was delivered to 3D cul-
tured Hek-293 cells using our 3D p-electrotransfection system.
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The EGFP protein encoded by this CRISPR/Cas9 vector was
traced to evaluate the CRISPR/Cas9 delivery. A high concentra-
tion of CRISPR/Cas9 plasmid (200 pg mL™") was applied
according to previously optimized conditions, and a mild volt-
age (400 V) and 2 duty cycles were chosen. Fig. 6a shows the
3D distribution of transfected Hek cells within the cultured
extracellular matrix (1.5 mm x 1 mm x 0.5 mm). This image is
a Multi-Stack Montage of the x-scan, y-scan and z-scan on a
large scale. Thus, each GFP expressed 3D cell cluster is viewed
as a green dot. Fluorescence confocal imaging was performed
with the 3D gel matrix which introduced the background
shown as red, due to light diffraction from the dense mesh
gel structure. Fig. 6b shows the successfully transfected cell
spheroids with ~25 cells in a perfect round cluster. Fig. 6¢
shows a single transfected cell in the status of division. The
uniform green fluorescence distribution within either the
spheroid cluster or the divided two daughter cells proves the
effective electroporation across the cell cytoplasm. We also
performed nucleus staining using DAPI as shown in
Fig. 6f and g which clearly showed the multiple cells clustered
together to form this sphere shape. The clearance of the pep-
tide hydrogel scaffold background is very critical in confocal
imaging. We summarized the protocols developed in our lab
in the ESL}t We also used the confocal imaging analysis tool
“spot annotation” to count the number of cell nuclei across
the Z stack in the region of interest. We measured multiple
spheroids, and the average cell number is ~25. We also mea-
sured the typical cluster size using confocal imaging analysis
and the average spheroid size is about ~75-100 pm which is
clustered by ~25-50 individual cells. We further tuned the pa-
rameters by varying the electric field strength and pulse dura-
tion; however, the transfection efficiency is not significantly
improved. It is speculated that due to the bigger size of the
CRISPR gene, it may not freely transport within the porous
scaffold or enter the cell transient pores. It is also likely that

Fig. 6 Electroporating the CRISPR/Cas9 plasmid (PX458) to 3D cultured Hek-293 cells. a) The overview of the transfected cells in the 3D matrix
(1.5 mm x 1 mm x 0.5 mm). This image is from the stacking of the x-scan, y-scan and z-scan (Multi Stack Montage) on a large scale. Thus, each
GFP expressed 3D cell cluster is viewed as a green dot. b) A transfected Hek-293 cell spheroid (~25 cells) in bright field mode and in the FITC
channel in (c). d) A single transfected cell in the status of division in bright field mode and the FITC channel in (e). f) Confocal image showing the
DAPI stained cell nuclei which proved that multiple individual cells form the perfect 3D round shape of the Hek spheroid. g) Confocal imaging
analysis of the cell nuclei across the Z stack using spot annotation to the region of interest.
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the gene editing efficiency’®>® may not represent the trans-
fection efficiency due to off-target expression. Note that in
these experiments we used the green fluorescence emitted
from GFP expressed cells to evaluate this transfection process.
We could use a selective medium to remove non-transfected
cells for continuously culturing CRISPR gene edited 3D cells
for achieving the regulation of tissue functions.

Conclusions

In recent years, 3D printing has been drawing much atten-
tion from the research community, and can create complex
structures with high quality for fast prototyping,®*®' com-
pared to the traditional micro-fabrication. As a layer-by-layer
manufacturing method, 3D printing not only achieves mono-
lithic device fabrication but also allows for printing molds in
producing PDMS microfluidic chips. However, constructing
complex 3D structures and monolithic hollow channels on
the micro-scale is still challenging. In this paper, we take ad-
vantage of 3D printing and the LEGO® assembly concept for
re-constructing more complicated 3D microfluidic channels,
which extends the 3D printing capability for creating
unattainable 3D micro-geometries and introducing geomet-
rics enabled functionality. Such an assembled 3D
p-electrotransfection system allows spatial and temporal con-
trol of the electric field uniformly in three dimensions. There-
fore, multi-directional electric frequency scanning is achiev-
able for maximizing the electroporation efficiency via
enhancing the resting potential difference across the cell
membrane. Furthermore, this scanning process also creates
local oscillation for enhancing mass transport and improving
cell transfection efficiency.®” The 3D-cell culture performance
is improved as well due to the enhanced medium perfusion
via inter-connected vertical and horizontal perfusion micro-
channel arrays, which are reconstructed by this 3D printing-
assisted molding and assembly process.

Existing microfluidic electroporation approaches are only
able to study monolayer cell suspensions in vitro, and are in-
capable of clinical translation within an in vivo tissue micro-
environment, but essential in gene therapy and tissue repair.
Up to now, the study of electroporation on 3D cultured cells
within the extracellular matrix has not been well explored.
Thus, our work could build an effective 3D-cell electropora-
tion model to bridge such a gap. Our work introduced the
first 3D microfluidic electroporation system for transfecting
3D cultured cells, which demonstrated a ~3-fold increase in
transfection efficiency with good cell viability (>85%), com-
pared to the conventional benchtop 3D-cell electro-transfec-
tion.>" The optimization of several key parameters, including
the electric field strength, plasmid concentration, pulse dura-
tion and duty cycles, gave a good rationale for understanding
the influence on the delivery process and cell viability. The
threshold of permeabilization voltage and plasmid concentra-
tion play more important roles, due to the direct connection
with the chances of transient pore opening and contact. Due
to the limited mass transport of cargos through the porous
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cellular matrix to cells, the 3D transfection is more challeng-
ing. The hard-to-transfect cells generally have lower transfec-
tion efficiency. Our approach with the multi-dimensional fre-
quency scanning enhanced the transfection efficiency,
compared to currently existing 3D electroporation methods.>"
Compared with other transfection approaches, such as the
chemical transfection of scaffold embedded 3D cells which
requires more than 24 hours of incubation, our approach is
much simpler and faster (less than 1 hour).

The HeLa and Hek-293 cells are classic model cell lines
for studying electroporation, due to their biological stability
during culture growth. Thus, this study could serve as a good
cross reference for demonstrating the performance of our de-
vice in terms of 3D culture and 3D electroporation. The volt-
age threshold for cellular electroporation and opening tran-
sient pores is cell-type dependent.® Generally, no matter what
type of transfection approach, 3D spheroids that are com-
posed of 3D cells are more difficult to transfect compared to
floating individual cells, due to the irregular and dense 3D
cellular morphology, as well as the complicated scaffold ma-
terials. Our 3D culture method grows single individual cells
into 3D spheroids in the scaffold, which mimic the in vivo
cellular interactions with the ECM. The typical size of spher-
oids is around ~50-150 um (~10 cells per spheroid), which
is consistent with other reported 3D culture methods.?”-%*"%°

This study can also mimic the intracellular delivery of thera-
peutic molecules in vivo and has important implications for
gene delivery in tissues, especially for editing cells in vivo using
the CRISPR/Cas9 method. Future work will be conducted to fur-
ther enhance transfection efficiency by investigating different
scaffolds with various conductivities and porosities. This 3D re-
constructed p-electrotransfection platform can serve as a good
model system for studying and mimicking the in vivo electro-
transfection process, and building the foundation for develop-
ing more effective clinical gene delivery approaches.
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