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Light-Patterned RNA Interference of 3D-Cultured Human

Embryonic Stem Cells

Xiao Huang, Qirui Hu, Yifan Lai, Demosthenes P. Morales, Dennis O. Clegg,

and Norbert O. Reich*

Biological processes are stimulated by various molecular and
physical signals orchestrated in space and time.'™# Tissue and
organ generation in vitro for transplant therapy and disease
modeling for drug screeningl are especially demanding for
precise control over 3D patterning of different cell types.[>*67]
Advances in this area include the controlled differentiation of
pluripotent or multipotent stem cells cultured in 3D matrices
followed by self-organization into tissues in vitro.l'¥11 How-
ever, current methods for organoid formation have insufficient
control over the course of the morphogenetic processes and the
resulting structures inadequately replicate native tissues.?*
Microfluidic and nanotopographic patterning approaches estab-
lish some organ-level functions ex vivo, but lack the dimension-
ality to approximate developing tissues.[>12714 Light is an ideal
stimulus for perturbing the spatiotemporal dynamics of signals
in living cells and organisms with high resolution.>'”] The
light-based optogenetic field has answered real biological ques-
tions!!® and developed tools for light-controlled genome editing
and gene transfection.'®22l However, these approaches rely
largely on the visible light excitation sources and the construc-
tion of complex protein fusions via viral transfection. Other
alternatives use photocaged small molecules and biopolymers
for light-dependent gene regulation,*!>23-26 which are limited
by cellular delivery hurdles and the use of low tissue-pene-
trating UV-vis light.15-1]

We have developed a novel pulsed near-infrared (NIR)
light based technique for the spatiotemporal control of gene
silencing in 3D-cultured human embryonic stem cells (hESCs)
by RNA interference. NIR light can be tightly focused three-
dimensionally (down to =1 fL)?/l and reach deep through tis-
sues (up to 10 cm).?#?% Small interfering RNAs (siRNAs)
with thiol- modification are covalently attached to hollow
gold nanoshells (HGNs) via quasicovalent Au—S bonds,3%32
followed by the functionalization of a cell-penetrating trans-
activating transcriptional activator (TAT) peptide.l3*l Upon endo-
somal uptake, NIR light irradiation releases the RNAs from the
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HGN surface and facilitates endosomal releasel*! to initiate
gene silencing activity, with no detectable cell damage. We
previously demonstrated the high efficiency of siRNA delivery
and the biocompatibility of this strategy to human embryonic
stem cells.>3 Here, we sought to use the light-controlled siRNA
delivery to control individual cells within 3D-cultured hESC
“spheroids,” utilizing a commonly available two-photon micro-
scope to focus the NIR laser three-dimensionally for excitation.

The two-photon microscope equipped (Olympus Fluoview
1000 MPE) with scan head positioning provides a high resolu-
tion spatial control of NIR laser irradiation. Quasar570 labels
on siRNA molecules densely assembled on HGNs showed an
exquisite pattern of brighter and diffuse fluorescent signals
upon irradiation in the selected areas (Figure 1a), indicating the
light-dependent spatial control of siRNA release.

HGN-transfected hESCs were switched into a synthetic
thermoreversible hydrogel (Mebiol Gel, Cosmo Bio Co.) for
3D culturel®) and laser-selected gene silencing. However, only
a small fraction of the cells survived. Shortening the HGN
incubation time resulted in decreased internalization (data not
shown). We tested the addition of Rho-associated proten kinase
(ROCK) inhibitor during the HGN incubation (Figure Sla,
Supporting Information)®! and found this treatment signifi-
cantly increased cell viability in the 3D matrix without detect-
able changes in HGN internalization (Figure S1b,c, Supporting
Information). We also observed that dissociated single cells
aggregate into cell clusters with ROCK inhibitor treatment in
suspension (Figure Slc, Supporting Information), forming cel-
lular spheroids within 3 d in the 3D matrix. Cell clusters were
mixed with the hydrogel and solidified at 37 °C as a thin layer
(100-150 pum thick) on grid-bottomed culture dishes (Ibidi) for
cell tracking.

The two-photon microscope (adjusted at 800 nm) was used
to focus the laser at selected x, y, and z regions of cell clusters
to induce siRNA release (Figure 1b). In Figure 1c, red puncta
(Quasar570 labeled on siRNA) in the irradiated areas are
brighter and more diffuse than neighboring unirradiated areas,
indicating spatial control of siRNA release in selected cells
guided by the x, y, and z laser scanning from the two-photon
microscope.

2D-cultured Hela cells transduced with green fluorescent
protein (GFP) gene were used to optimize the laser irradiation
treatment, and we found that laser at 3% of the maximum power
(=2 mW) releases insufficient siRNA, whereas a power of 8%
causes some immediate changes in cell morphology (Figure S2,
Supporting Information). NIR laser irradiation was performed
through z-stacks of the cell mass with 1.4 pm intervals,
and each z-stack (512 x 512 pixels) was scanned line-by-line
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Figure 1. Spatially controlled siRNA delivery in 3D-cultured hESCs.
a) NIR laser patterned siRNA release (in frames) on a cell-free glass slide.
b) Schematic of siRNA delivery in selected 3D-cultured hESCs using a
two-photon microscope. c) Laser controlled siRNA release (in yellow
frame) within one cell cluster in a 3D matrix. Top panel: 3D side view of
43 Z-stacks; bottom panel: Stack 21. Red: Quasar570 labeled on siRNA.

(2 ps per selected pixel, 5% of the maximum power), a total of
five times. hESC H9 cells were then transduced with the GFP
gene and cultured in the 3D hydrogel after HGN transfection.
Laser irradiation of hESC H9 cell clusters in the hydrogel stim-
ulated the release of siRNA indicated by the bright and diffuse
red puncta (Quasar570 on siRNA), with minimum damage to
the GFP signal (Figure 2a). 3 d later, the clusters exposed to the
laser were imaged (Figure 2b), and quantified the fluorescence
(Figure 2c). Laser-treated spheroids showed =65% less GFP
expression on average compared to the nonirradiated controls
(Figure 2c).

Importantly, cells irradiated with the NIR laser grew at the
same rate as cells without laser treatment, assessed by the
3D volume analysis (Figure S3, Supporting Information).
HGN mediated GFP-siRNA delivery to mCherry cotransduced
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H9 cells resulted in selective GFP knockdown without any
detectable changes in mCherry expression (Figure S4, Sup-
porting Information), further confirming the specificity of GFP
knockdown and the unchanged cell viability after laser irradia-
tion. Markers for cell pluripotency were also probed by immu-
nocytochemistry of cells treated with HGNs and an equivalent
NIR laser (femtosecond Ti:sapphire regenerative amplifier,
130 fs pulse duration, 1 KHz repetition rate) with a =<4 mm
beam diameter covering the entire 3D hydrogel. Similar levels
of OCT3/4 and TRA-1-60 were observed in cells treated with
HGNs and laser compared to the control without laser treat-
ment (Figure S5, Supporting Information). Based on these
results, this approach is highly biocompatible.

NIR laser activation of a subpopulation of cells within one
cell cluster provides unprecedented spatial control. Interest-
ingly, although the spheroids retained a similar shape 3 d after
laser treatment, GFP fluorescence showed different patterns
of downregulation: edged, mosaic, and retrograde (Figure 3a).
In contrast, the downregulation of GFP-transduced HeLa cells
loaded with HGNs and irradiated on a 2D culture dish did not
show distinct patterns (Figure 3b). This suggests that undiffer-
entiated H9 cells migratel3®l within the spheroid, and neither
laser irradiation nor siRNA release alters this migration.

The timing of siRNA activation can also be tuned by laser
irradiation. Cellular spheroids were irradiated with NIR laser
2 h (Day 0), 1 d, 2 d, and 3 d post HGN incubation and 3D
hydrogel placement. Functionalized HGNs exhibited laser-
dependent release of functional siRNA up to 2 d after cellular
uptake, while no siRNA knockdown of GFP was observed
when the time lag extended to 3 d (Figure 4a,b). Consistently,
the siRNA signal (by Quasar570 fluorescence) in the 3D-cul-
tured H9 cells dramatically drops 2 d after particle incubation
(Figure S6, Supporting Information), indicating the dilution or
degradation of siRNA in cells. We carried out similar experi-
ments with Hela cells transduced with GFP (=24 h doubling
time)B”! to explore why gene silencing is lost after 3 d in hESC.
However, laser irradiation 3 d post HGN internalization still
showed effective gene silencing (Figure 4c and Figure S7 (Sup-
porting Information)), indicating loss of siRNA knockdown is
likely due to rapid siRNA degradation in hESCs rather than
dilution by cell division.

We also investigated the stability of siRNA coated HGNs
in buffer, with or without the exposure to glutathione (GSH),
the main reducing agent in cells. We found that the siRNA
protected by HGNs remain intact at neutral pH for at least a
month, whereas overnight exposure to GSH at 0.01 x 107 m
releases half of the loading (Figure S8, Supporting Informa-
tion). However, the siRNA-HGN constructs accumulate in the
endosomel®®! and endosomal GSH levels are quite low.13% Fur-
thermore, release of siRNA from the endosome requires laser
exposure, as shown by the unchanged GFP expression in both
hESC and Hela cells 6 d post siRNA coated HGN internaliza-
tion (Figure 4 and Figure S7 (Supporting Information)). This
provides the basis for the spatial control of siRNA release over
time.

We also tested an alternative HGN transfection approach by
treating hESCs as they develop from single cells to spheroids
in 3D culture. Fresh medium containing HGNs were fed to
gel-encapsulated cells every day to overcome any inefficiency of
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become a promising means for investigation
of developmental processes in vivo.

Experimental Section

2D Cell Culture: The hESC including H9 (passage
60-70, WiCell Research Institute), transduced
H9-GFP (passage 65-75), and H9-GFP/mCherry
(passage 75-85) were maintained on Matrigel
(BD Biosciences) coated plates (BD Falcon) in
mTeSR1 medium (Stem Cell Technologies) at
37 °Cin 5% CO, atmosphere. Cells were passaged
by nonenzymatic manual dissection every 5-7 d.
Hela (ATCC) and HEK293T cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM,
Hyclone) supplemented with 10% fetal bovine
serum (FBS, Hyclone). Cell culture medium
was supplemented with 50 pg mL™" Normocin
(InvivoGen).

Lentiviral ~ Transduction: The generation of
transduced  H9-GFP,  H9-GFP/mCherry, and
Hela-GFP cell lines through lentiviral transfection
is described in the Supporting Information.

Godokhod hESC H9 Cell Culture in 3D Hydrogel: Each
P<0.0001

well of 2D cultured hESCs on 6-well plates was
dissociated by incubating with 500 uL Phosphate-
buffered saline (PBS, Ca?* and Mg?" free, Invitrogen
#10010-023) at 37 °C in a 5% CO, atmosphere
for 10 min followed by manual dissection to

un suspend the cells. The suspended cell aggregate

solution was added to 1 mL mTeSR1 and pipetted

J gently 10-15 times with a P1000 pipette to
n

further decrease the size of the cell aggregates
(approximately most optimal with 5-10 cells per
aggregate). Thereafter, =<4 X 10° cells in single cell
or small cell aggregates were mixed with 200 pL

No laser

Figure 2. GFP gene knockdown of 3D-cultured hESC H9 cell clusters by NIR light irradiation.
a) Confocal fluorescence microscopy (in single-photon mode) of H9-GFP clusters before and
after 800 nm laser irradiation (in two-photon mode) compared to nonirradiated control cluster.
b) Fluorescence imaging of the same H9-GFP spheroids shown in (a) 3 d post laser irradiation.
c) Averaged GFP intensity of spheroids (3D pixel intensity analysis) 3 d post laser treatment.

HGN penetration into the spheroids. As a result, HGNs distrib-
uted equally across the whole body of cellular spheroids gener-
ated in the thin hydrogel layer (Figure S9, Supporting Informa-
tion). Although we relied largely on transfecting HGNs prior
to 3D casting, the alternative method clearly has advantages
such as the temporal control of gene silencing in a longer time
window.

In summary, we have developed a novel approach to regu-
late genes in human embryonic stem cells in a 3D matrix with
unprecedented spatiotemporal control. We demonstrated 3D
siRNA release and gene silencing in selected cells upon laser
irradiation. This approach is viable for 2 d after HGN treat-
ment, providing a basis for spatiotemporal control of gene
regulation in stem cells for in vitro organogenesis. We are cur-
rently applying this technology to generate an in vitro optic cup
for retinal tissue growth by spatial control of Wnt signaling to
pattern the differentiation of hESC to neural retina and retinal
pigment epithelium.''*% Moreover, the two photon excita-
tion approach can also be combined with in vivo imaging!*!l to

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Laserirradiated  Poly(N-isopropylacrylamide) (PNIPAAm)-Polyethylene
(PEG) (Mebiol Thermoreversible Hydrogel, Cosmo
Bio) and dissolved in E8 medium (Stem Cell
Technologies) at 4 °C using a positive-displacement
pipette (Microman M250, Gilson). Then, 100 uL
of homogenized cell solution was transferred onto
the grid area of an ice-chilled petri dish (u-Dish® ™™
Grid-500, Ibidi) to cover the whole surface as a
thin layer of liquid (=100-150 um), followed by
incubation at 37 °C for 5 min to solidify the hydrogel. 3 mL of warm E8
medium containing 10 x 10~° m ROCK inhibitor (Stem Cell Technologies,
Y-27632) was then added on top of the hydrogel and refreshed every
day during the subsequent 3D culture step. To collect cells from
the 3D hydrogel, T mL ice-cold PBS was placed on the hydrogel layer
and incubated at 4 °C for 5 min to dissolve the hydrogel, followed by
centrifugation at 145 x g for 3 min.

HGN Synthesis and the Assembly of siRNA and TAT Peptide: The
protocols for HGN synthesis and the assembly of siRNA (Table S1,
Supporting Information) and TAT peptide are described in the
Supporting Information.

Nanoparticle Transfection Protocols: Cells were transfected with
particles in suspension prior to hydrogel embedment to achieve
efficient internalization of nanoparticles throughout the cell clusters in
3D culture. Cells were suspended on 6-well plates and dissociated into
single cells or small cell aggregates using PBS (Ca’*" and Mg?" free) as
described above. Cells were centrifuged at 145 x g and resuspended in
200 uL transfection medium (mTeSR1 + 10% FBS + 10 x 107¢ m ROCK
inhibitor + 13 x 10712 m HGNs) at =2 x 10 cells per mL, followed by
37 °C and 5% CO, incubation for 2 h with gentle pipetting of the solution
five times every 30 min. Thereafter, cells were washed by adding 1.2 mL
cold PBS and centrifuging at 55 x g for 3 min, followed by resuspending

Adv. Mater. 2016, 28, 10732-10737
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Figure 3. GFP downregulation patterns of 3D-cultured hESCs and 2D-cultured Hela cells 3 d after spatially controlled siRNA release. a) 3D-cultured
H9 spheroids with a subpopulation of cells treated with GFP-siRNA show different GFP downregulation patterns 3 d later: edged, mosaic, and retro-
grade. Top panel: Cells within the yellow dashed line cubes are irradiated with laser; Middle and Bottom panel: GFP fluorescence images of cellular
spheroids before and after laser treatment for 3 d. b) 2D-cultured Hela cells show similar patterns of GFP downregulation 3 d later as outlined by the
laser irradiation. siRNA molecules are labeled with Quasar570 dye (red); GFP fluorescence (Green); Cell outline (grey).

in 200 pL ice-cold PNIPAAmM-E8 solution. 100 pL of the cell mixture was
transferred to the gridded petri dish and solidified at 37 °C for 5 min
before the addition of ROCK inhibitor containing medium, as described
above.

As an alternative way of particle transfection, dissociated and
suspended hESCs from 2D cultures were cast in a thin layer of 3D
Mebiol gel on a gridded petri dish as described above, followed by
the daily feeding of fresh HGN-containing medium (E8 + 10% FBS +
10 x 1078 m ROCK inhibitor + 13 x 10712 » HGNs) for 5 d.

For the transfection of 2D-cultured HelLa-GFP cells, =1 x 10° cells
were plated on a gridded petri dish, and the next day fresh medium
(DMEM + 10% FBS) containing 6.5 x 10712 m HGNs was added and
incubated at 37 °C in 5% CO, for 2 h. Cells were then washed twice with
fresh medium.

Two-Photon Microscope Excitation and Imaging: To activate the siRNA
release, 2D-cultured Hela cells and 3D-cultured H9 cells on gridded
petri dishes post HGN transfection were irradiated with a pulsed
NIR laser, generated by a two-photon microscope (Olympus Fluoview

Adv. Mater. 2016, 28, 10732-10737
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1000 MPE) with environmental chamber adjusted at 30 °C and 5%
CO, atmosphere. The two-photon microscope was equipped with a
25x water immersion objective (numerical aperture 1.05), a mode-
locked titanium-sapphire femtosecond (fs) tunable (690-1020 nm)
pulsed laser (100 fs pulse duration, 80 MHz repetition rate, MaiTai HP,
Newport-Spectra physics), 473/559/633 nm laser diodes, a transmitted
light detection system, and a scan head controlled by Fluoview software.
The MaiTai laser was tuned to 800 nm at 5% of the maximum power
(=2 mW) and exposed to z-stacks (1.4 um interval) of intended cell(s)
through line-by-line scanning (125 KHz) of selected pixels in each
z-stack (512 x 512 pixels, 0.331 um per pixel) at 2 ps per pixel for five
repetitions. The sample was imaged in a single-photon confocal mode
with the blue (for GFP) and green (for Quasar570 or mCherry) laser
diodes at a scan speed of 80 KHz before and after the exposure to the
MaiTai fs laser to compare the fluorescence signal difference caused by
the laser treatment.

Cell(s) treated with laser or without laser were relocated after
3 d according to the grid information on the bottom of the petri dish,
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Figure 4. Temporally controlled gene silencing in 3D-cultured H9 cells and 2D-cultured Hela cells. a) Fluorescence imaging of GFP (green) in
3D-cultured H9 spheroids (grey for cell outline) 3 d post laser irradiation. Cellular spheroids were irradiated with 800 nm laser using the two-photon
microscope 2 h (Day 0), 1d, 2 d, and 3 d after HGN incubation. b) Averaged GFP fluorescence intensity of H9 spheroids in (a) from the 3D green
pixel intensity analysis within the cell outline. c) Averaged GFP fluorescence intensity (pixel intensity analysis) of 2D-cultured Hela cells 3 d post laser

irradiation exposed to cells 2 h (Day 0), 1 d, 2 d, and 3 d after particle incubation. *

and imaged in the single-photon confocal mode for GFP, mCherry,
or Quasar570 fluorescence, as well as brightfield images from the
transmitted channel.

Image Quantification and Statistical Analysis: 3D images obtained
from the single-photon confocal mode of the two-photon microscope
were analyzed for the GFP, mCherry, and Quasar570 fluorescence
intensity of cellular spheroids using Imaris 8.1 software (Bitplane).
The 3D surface of spheroid was modeled according to the brightfield
images and the volume was measured as an indication of cell growth.
GFP and mCherry fluorescence intensity were averaged by the volume
for the comparison of gene silencing effect with and without laser.
Images of Hela cells from the 2D petri dish culture were analyzed for
GFP fluorescence intensity using Image] software and averaged by the
area.

Data with error bars were from at least three replicate experiments
and were presented as the mean * standard deviation. Statistical
analyses were done using the statistical package Instat (GraphPad
Software), and the means of replicates were evaluated using t-tests.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

% p < 0.5 %% p <0.01; *** p < 0.007; **** p <0.0001.
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