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Introduction of exogenous genetic material into primary stem cells is
essential for studying biological function and for clinical applications.
Traditional delivery methods for nucleic acids, such as electropora-
tion, have advanced the field, but have negative effects on stem cell
function and viability. We introduce nanostraw-assisted transfection
as an alternative method for RNA delivery to human hematopoietic
stem and progenitor cells (HSPCs). Nanostraws are hollow alumina
nanotubes that can be used to deliver biomolecules to living cells.
We use nanostraws to target human primary HSPCs and show efficient
delivery of mRNA, short interfering RNAs (siRNAs), DNA oligonucleo-
tides, and dextrans of sizes ranging from 6 kDa to 2,000 kDa.
Nanostraw-treated cells were fully functional and viable, with no im-
pairment in their proliferative or colony-forming capacity, and showed
similar long-term engraftment potential in vivo as untreated cells. Ad-
ditionally, we found that gene expression of the cells was not per-
turbed by nanostraw treatment, while conventional electroporation
changed the expression of more than 2,000 genes. Our results show
that nanostraw-mediated transfection is a gentle alternative to estab-
lished gene delivery methods, and uniquely suited for nonperturbative
treatment of sensitive primary stem cells.

nanostraws | transfection | hematopoietic stem cell | electroporation |
mRNA delivery

H ematopoietic stem cells (HSCs) give rise to all different blood
cells throughout life (1). They are used therapeutically in
bone marrow transplantations for hematological malignancies (2)
and congenital diseases that affect the blood system (3, 4). Just as
other primary cell types, human hematopoietic stem and pro-
genitor cells (HSPCs) are a scarce resource, and the number of
cells that can be obtained is a limiting factor for clinical applica-
tions, such as transplantations (5), and functional assays. HSCs are
targeted with nucleic acids for gene therapy purposes (6) and for
functional studies to elucidate regulatory mechanisms of HSCs,
such as self-renewal, differentiation, and malignant transformation
(7). In such studies, foreign genetic material is conventionally in-
troduced by viral transduction (6, 8) or electroporation (9). Inte-
grating viruses such as retro- and lentivirus have low transduction
efficiency, especially when aiming for a single integration event
per cell (6). They also carry the risk of insertional mutagenesis,
which can turn the treated cells into malignant, leukemia-causing
cells (10, 11). Electroporation is very efficient, but it has been
reported to cause severe damage and functional impairment in
HSPCs (12, 13). Since low cell numbers are already a limiting factor
for clinical use and in research applications, a nonperturbative gene
delivery method, with less impact on the cell viability and function,
is acutely needed.

Nanostraws have been used to efficiently deliver molecular car-
gos to cells with minimal effects on cell viability (14-16). Nano-
straws are hollow aluminum oxide tubes (common diameter of 100
to 200 nm, length 1 to 3 pm) that are embedded in a cell culture-
compatible polymer membrane. The nanostraws form a direct flu-
idic pathway from a cargo-containing compartment beneath the
nanostraw membrane into the cytoplasm of cells cultured on top of
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the membrane. Adherent cells cultured on top of nanostraws pull
themselves down onto the nanostraws, resulting in the nanostraws
piercing through the cell membrane. The cargo is delivered into the
cells by passive diffusion or electrokinetically driven by a weak,
pulsed electric field (14, 17). Nanostraws have been shown to target
small molecules, RNA, DNA, and proteins to different adherent
cells in a tunable, nontoxic, and highly efficient manner (17).
However, until now, nanostraws have not been shown to be able to
gain intracellular access to primary cells in suspension.

Here, we establish a nanostraw-based transfection system for
nonadherent primary cell types: centrifugation-enhanced nano-
straw transfection (CeNT). We show that CeNT can be used as
an efficient tool for small molecule and RNA delivery to human
cord blood-derived CD34" HSPCs. We show that CeNT is ex-
ceptionally gentle on this sensitive primary cell type, with no
detectable effects on HSPC functionality and gene expression,
making it an attractive alternative to other, more disruptive
transfection methods.

Results and Discussion

Nanostraws Provide Intracellular Access to Primary Human Hematopoietic
Stem and Progenitor Cells. Human primary stem cells, including
HSPCs, are challenging to transfect and sensitive to stress that can
be caused by the chosen transfection method (9). We attempted to
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overcome the challenge of transfecting HSPCs by using nanostraws,
which have previously been shown to have low impact on cell
function and viability. In order to make nanostraws applicable to
nonadherent HSPCs, we produced nanostraws as previously de-
scribed (15, 16, 18) with modifications to the geometry and starting
material. The nanostraws were fabricated to have 100- to 130-nm
diameter, ~1-pm length, and an areal density of 3 x 107 em™2, which
corresponds to about 15 nanostraws per cell with 8-pm diameter
(Fig. 14). The nanostraw membrane was fixed to the bottom of a
5-mm plastic tube with the nanostraws pointing into the tube,
forming a nanostraw cell culture container. To mimic the tight at-
tachment to the surface that is necessary for successful transfection,
we applied an external force by centrifugation to press the cells di-
rectly onto the nanostraw membrane (Fig. 1B). To prevent damage
to the nanostraws during centrifugation, we adjusted the geometry of
the nanostraw membrane by making shorter (1 pm) nanostraws in a
mechanically more stable polymer. To that end, we exchanged the
track-etched membrane from polycarbonate (PC) to polyethylene
terephthalate (PET), which was found to have a higher mechanical
strength at fixed film thickness. We applied a low-power, pulsed
square electric field across the cells to locally destabilize the cell
membrane just above the nanostraw tips and to electrokinetically
drive cargo into the cells (14, 15). To account for the less close in-
terface between HSPCs and the nanostraws compared to adherent
cells, we applied 40 V instead of the 20-V pulses which are com-
monly used for adherent cells (14, 16). Thereby, we developed a
relatively quick transfection method, taking ~10 min, including the
centrifugation step, and termed it centrifugation-enhanced nano-
straw transfection (CeNT).

To qualitatively assess whether CeNT can provide intracellular
access to the cytosol of human CD34" HSPCs (Fig. 1C), we
delivered propidium iodide (PI), which is a small molecule that
does not usually cross the membrane of live cells and only stains
dead cells and debris (19). Upon delivering PI to HSPCs using
CeNT, ~70% of the cells took up the dye (Fig. 1D). As a negative
control, the voltage pulses were applied with PI added directly to
the cell culture medium instead of the cargo compartment, which
resulted in practically no uptake of the dye (Fig. 1D). The cytosolic
injection of PI shows that CeNT can be used to deliver small
nonpermeable molecules to CD34% cells and encouraged us to
attempt delivery of larger molecules which can be used to modify
and regulate gene expression.

Efficient RNA Delivery to Human HSPCs by CeNT. Next, we investi-
gated whether more complex cargoes can be delivered to CD34*
HSPCs using nanostraws by delivering an mRNA encoding for the
fluorescent reporter protein GFP. We chose to deliver mRNA
because it is generally well-tolerated by human CD34™ cells, while
plasmid DNA delivery has cytotoxic effects on this cell type (20).
A further benefit of using RNA over plasmid DNA is that it does
not have to translocate into the nucleus, reducing the biological
complexity and allowing faster detection of the expressed protein.
Six hours after treatment, we observed efficient GFP expression
in more than 75% of treated CD34" cells (Fig. 1E). The GFP
fluorescence intensity in CeNT-treated cells appeared to be uni-
formly distributed within the treated cell population (Fig. 1E).
To confirm that other functional RNA species can also be de-
livered using CeNT, we targeted small interfering RNAs (siRNAs)
into HSPCs. Small interfering RNAs can be used to temporarily
regulate gene expression by degrading a targeted mRNA in the
cell. We used siRNAs against STAG2, a subunit of the cohesin
complex, which has previously been successfully knocked down
with lentivirally delivered shRNAs (7). Two days after the treat-
ment, JPCR analysis was performed to determine the efficiency of
the knockdown. Treatment with two different siRNAs signifi-
cantly reduced the expression of STAG2 relative to the commonly
used reference gene HPRT, while mock treatment or CeNT of a
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nontargeting siRNA did not affect STAG?2 levels (Fig. 1F). Taken
together, our results show successful delivery and translation of
exogenous mRNA, and also targeted down-regulation of endog-
enous genes with siRNA by CeNT.

Impact of Nanostraw Length and Cargo Size on Delivery Efficiency.
After establishing nanostraw-mediated intracellular access to
HSPCs, we investigated whether nanostraw length and cargo sizes
have an impact on delivery efficiency and cell viability. To identify
the appropriate length range, we manufactured nanostraws of
different lengths, ranging from 200 nm to 3,200 nm (SI Appendix,
Fig. S14), and used them to deliver GFP mRNA to CD34* cells.
One day after the delivery, we analyzed GFP fluorescence using
flow cytometry and found that lengths up to 1,100 nm resulted in
satisfactory delivery efficiencies of 50% or higher (SI Appendix,
Fig. S1B). Longer nanostraws performed progressively worse, with
3,200 nm length being completely unsuitable for delivery. Nano-
straws are manufactured by removing layers of polymer to expose
the alumina nanochannels that are already embedded in the mem-
brane. The length of the nanostraws can be increased by removing
more polymer, but the total length of the alumina channels is con-
stant. Therefore, we do not expect increased clogging with longer
nanostraws because the cargo has to travel the same distance
through the alumina nanochannels regardless of how long the
nanostraws are. It is possible that the reduced rigidity and stiffness
of longer nanostraws might prevent successful cell piercing and
cause the observed lower delivery efficiencies. Treated cells
maintained their viability, as determined by 7AAD and Annexin V
staining, compared to untreated cells, regardless of nanostraw
length (SI Appendix, Fig. S1C).

A transfection method is most useful if it can be used to de-
liver diverse cargos of different sizes. Therefore, we investigated
if the efficiency of nanostraw-mediated delivery is affected by the
molecular size of the cargo. To this end, we used nanostraws to
target HSPCs with FITC-tagged DNA oligonucleotides of dif-
ferent lengths and fluorescein-labeled dextran molecules of
molecular weights ranging from 6 kDa to 2,000 kDa. The de-
livery efficiency was determined by flow cytometry directly after
the cargo delivery and a washing step. DNA oligos could be
delivered with average efficiencies ranging from 76% to 80%
(Fig. 1G). Delivery of the shortest, 6-kDa dextran was delivered
to 83% of treated cells on average. Longer dextrans (20, 250, and
2,000 kDa) were delivered with average efficiencies ranging from
61% to 67% (Fig. 1 H and I). We also stained treated cells with
the dead-cell stain 7AAD and found that there is no immediate
toxicity resulting from the delivery of differentially sized mole-
cules (SI Appendix, Fig. S2 A and B). Taken together, these re-
sults indicate that delivery of smaller molecules is slightly more
efficient than delivery of larger molecules. Despite this, even
extremely large molecules of up to 2,000 kDa can successfully be
delivered using nanostraws, which confirms that molecular weight
is not a limiting factor for CeNT within the tested size range.

HSPCs Are Fully Viable and Functional after CeNT Treatment. In the
next experiment, we performed a more detailed investigation into
the effect of CeNT on cell viability and function, and compared it
directly with conventional electroporation using a commercially
available kit specifically designed for CD34" cells (Fig. 24). We
subjected the same batch of HSPCs to CeNT-based delivery of GFP
mRNA or mock treatment, as well as conventional electroporation
with GFP mRNA or mock (SI Appendix, Fig. S34). The same
electric pulse was applied in all mock conditions, but without mRNA
present in the delivery buffers. All conditions were performed in
parallel and in triplicates, and the cells were cultured under the same
conditions (cell concentration, medium) in parallel to untreated
cells. After 6 h, live CD34*GFP* or CD34*GFP~ cells were sorted
for continued culture, colony-forming cell (CFC) assays, and gene
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Small molecule and RNA delivery to HSPCs by CeNT. (A) Thirty-degree tilted view SEM pictures of nanostraw membrane. (B) Schematic overview of

CeNT procedure. Cargo is delivered into CD34* HSPCs through nanostraws by application of a gentle, pulsed electric field. (C) A 45° tilted view SEM picture of
CD34* cell on nanostraw membrane. (D) Fluorescent microscopy images of Pl delivery to CD34* cells with CeNT. (Left) Control condition with Pl in the medium
with the cells. (Right) Pl in cargo compartment. (E) Representative FACS plot of CD34* cells that were exposed to GFP mRNA through CeNT, 6 h post
treatment. (F) Relative STAG2 expression levels 2 d after siRNA treatment with CeNT. siRNA1 and siRNA2 target STAG2, and siRNA3 is a control with no
specific target (n = 3, **P < 0.005, ***P < 0.0005, ****P < 0.00005). (G) Efficiency of CeNT-mediated DNA oligo delivery to HSPCs (n = 3). (H) Bright-field and
fluorescent microscopy images of HSPCs that were targeted with FITC-labeled dextran (6 kDa) using CeNT. (/) Delivery efficiency of FITC-labeled dextrans of

different sizes to HSPCs using CeNT (n = 3).

expression analysis. We also cultured unsorted cells of each con-
dition and measured cell viability with 7JAAD and Annexin V
staining after 1 and 2 d in culture. We found that nanostraw-
treated cells were equally viable as untreated cells at both time
points, whereas electroporation led to a strong reduction of via-
bility (SI Appendix, Fig. S3 B and C).

To assess the proliferative capacity of treated cells, we plated
equal numbers of sorted live cells and determined the total
number of live cells after 2 wk in culture (Fig. 2B). Completely
untreated cells expanded 115 + 21-fold during a 2-wk period, and
nanostraw mock- and nanostraw GFP-treated cells expanded
106 + 12- and 93 + 14-fold, respectively. Electroporated cells
(mock and GFP) expanded substantially less, 57 + 15- and 45 +
11-fold, respectively. Overall, this shows that the proliferative
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capacity of CeNT-treated cells, in contrast to electroporated
cells, is not significantly affected by nanostraw treatment.

To investigate whether CeNT treatment affects the functional
capacity of HSPCs to form colonies, we performed a colony-
forming cell (CFC) assay. Live CD34™ cells were plated on semi-
solid, methylcellulose MethoCult medium with differentiation
-promoting cytokines. After 14 d, the number and type of colo-
nies were determined. Untreated, nanostraw mock-treated, and
nanostraw GFP-treated cells gave rise to similar numbers of col-
onies, 60 + 8, 57 + 6, and 56 + 8, respectively. Electroporated cells,
both with and without GFP, showed greatly reduced colony
forming capability (35 + 8, 30 + 7), even though the same number
of live cells was plated (Fig. 2C). The colony-forming capacity was
thus significantly lower in both electroporation settings compared
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Fig. 2. CD34" HSPCs are viable and fully functional after CeNT. (A) Schematic outline of experiment. (B) Fold expansion of cells treated with different
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denotes mock treatment without mRNA. (C) Total number of colonies derived from sorted, live CD34*GFP* or CD34*GFP~ cells after 2 wk in culture (n =810 9;
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expressed genes (fold change > 1.5, adj. P < 0.05). (G) Venn diagram visualizing differentially expressed genes that are overlapping in different treatment

conditions. (H) Pathway enrichment analysis of up-regulated genes.

to untreated and nanostraw-treated cells. Additionally, nanostraw-
treated cells and untreated cells gave rise to similar sized colonies,
whereas electroporated cells resulted in smaller and less dense
colonies. This is in line with previously published data that show
more than 75% reduction of colony-forming capacity in human
CD34™ cells upon electroporation (13). In summary, the ability of
CD34™" progenitor cells to mature and form colonies is not affected
by nanostraw treatment, which is key for clinical applications and
functional studies.

CeNT Treatment Does Not Perturb Gene Expression. To detect more
subtle effects of CeNT on the cells, we performed global gene ex-
pression analysis. Six hours after treatment, we sorted CD34"GFP*
or CD34*GFP~ cells and performed microarray analysis. We used
principal component analysis (PCA) to visualize how the gene ex-
pression compared between the different treatments. Both mock
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and GFP CeNT-treated cells, unlike electroporated cells, clustered
together closely with untreated cells in the PCA (Fig. 2D). This
indicates that the gene expression profiles of nanostraw-treated
HSPCs are very similar to untreated HSPCs.

Remarkably, we did not detect any significantly up- or down-
regulated genes in response to mock nanostraw treatment
(Fig. 2 E and F). This shows that subjecting CD34% cells to
nanostraw treatment does not cause a strong change at the
transcriptional level, further corroborating the previous results,
which show that cell viability and function are not perturbed.
When delivering GFP mRNA using nanostraws, 76 genes were
up- or down-regulated. Electroporation had a strong impact on
global gene expression, with over 2,000 genes affected, regardless
of whether GFP mRNA was present or not (Fig. 2F). Of note, 71
of 76 differentially regulated genes in the nanostraw GFP de-
livery were also differentially regulated in the electroporation

Schmiderer et al.
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GFP condition (Fig. 2G), indicating that these genes are spe-
cifically associated with the presence of GFP mRNA.

Pathway enrichment analysis showed that differentially regu-
lated genes in the nanostraw GFP condition were mostly related
to response mechanisms to foreign RNAs, such as IFN signaling
(Fig. 2H) (21). These pathways were also enriched in the elec-
troporation GFP condition, but not the electroporation mock
condition, supporting the notion that these pathways are related
to the delivery of exogenous GFP mRNA. In both electro-
poration conditions, several pathways related to cellular stress
were up-regulated. Importantly, we did not see any up-regulation
of these stress-related pathways in nanostraw-treated cells. This
may be one of the reasons for the better cell function of
nanostraw-treated cells over electroporated cells. Moreover, the
absence of differentially expressed genes from CeNT is of great
benefit for studying the immediate effect of introduced biomol-
ecules without any interfering signals from the delivery method.

CeNT-Treated HSPCs Engraft in Immunocompromised Mice. Our
previous in vitro experiments confirmed that hematopoietic
progenitor cells are not negatively affected by CeNT. Next, we
wanted to investigate the impact of CeNT on functional, long-
term repopulating HSCs and their multilineage engraftment
potential in vivo. CD34* cells were treated with nanostraw in-
jection and mock electroporation. After 1 d in culture, live
CD34"GFP* or CD34"GFP~ cells were sorted and injected in
equal numbers into sublethally irradiated, immunocompromised
mice (Fig. 34). For the nanostraw-treated cells, only GFP™ cells
were sorted to ensure that only cells that were successfully tar-
geted with the nanostraws were transplanted (SI Appendix, Fig.
S4). After 4 mo, the percentage of human cells in the peripheral
blood was 52 + 1% in the untreated and 49 = 10% in the
nanostraw-treated condition, indicating that the engraftment
potential of human HSPCs is not impaired by nanostraw treat-
ment. Cells treated with conventional electroporation had sig-
nificantly lower engraftment potential, with 26 + 6% (Fig. 3B).
Similar results were observed in the bone marrow (Fig. 3 C and
D). Nanostraw-treated cells gave rise to both myeloid and lym-
phoid cells, and we observed a similar lineage distribution in all
conditions (Fig. 3E). This further confirms that the functional
properties of human HSPCs are maintained upon CeNT.

Conclusion

Human HSPCs are recalcitrant to transfection (22). Currently
existing methods for nucleic acid delivery, such as electro-
poration, have greatly expanded our knowledge of HSC biology
but have limitations with regard to safety, toxicity, or preserva-
tion of regular cell function. We show that CeNT is an efficient
alternative method in the transfection toolbox that can be used
for delivering nonpermeable small molecules, siRNA, and
mRNA to primary human HSPCs. CeNT-delivered RNA species
execute their expected biological function, and the treatment is
exceptionally gentle and does not cause any functional impair-
ment. Human HSPCs that were treated with CeNT completely
retained their proliferative capacity and colony-forming poten-
tial. They also engraft in immunocompromised mice with similar
efficiency as untreated cells and result in long-term and multi-
lineage blood production. This confirms that even naive and
undifferentiated HSCs, which are particularly difficult to target,
can be targeted using CeNT.

The gentle nature of this delivery method is further underlined
by the minimal impact on the gene expression of treated cells.
While conventional bulk electroporation causes dysregulation of
several thousand genes, global gene expression is virtually un-
affected by CeNT. This allows for the detection of subtle changes
in gene expression that are caused purely by the presence of the
introduced RNA. Such changes are at risk for being masked by
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the profound effects on gene expression that other methods
have. CeNT makes it possible to study the immediate effect of
transient mRNA delivery on primary cells without having inter-
fering signals from the transfection method. This is useful for
elucidating subtle mechanisms and pathways that might remain
hidden otherwise.

Limited cell numbers make it difficult to study the biology of
primary cells. Any treatment of such cells should not reduce the
already low number of available cells, and also not impair their
function. This becomes especially important when working with
patient-derived cells, which are even more sensitive to stress.
CeNT is an efficient method for targeting sensitive primary stem
cells, and we expect it to be useful for both clinical applications
and functional studies, where maximal cell recovery, viability,
and performance are essential.

Methods

Ethics Statement. Work with primary human samples was approved by the
regional ethical committee for Lund/Malmé (Regionala Etikprévningsnamnden
i Lund/Malmé), approval no. 2010-696. Informed consent was obtained from
mothers of the umbilical cord blood donors, and all samples were deidentified
prior to use in the study. All animal experiments were approved by the re-
gional animal experiment ethical review board in Malmé/Lund.

Production and Assembly of Nanostraws. Nanostraws were developed in close
collaboration with Navan Technologies. Track-etched polyethylene tere-
phthalate (PET) membranes (GVS) with pore diameter of 100 nm, pore
density of 3 x 107 cm™2, and membrane thickness of 12 um were used as
templates for nanostraw fabrication. The membranes were coated in a Sa-
vannah S100 Atomic Layer Deposition reactor (Cambridge Nanotech) using
trimethylaluminum and water as precursors. About 10 nm aluminum oxide
was deposited. The top-layer aluminum oxide was removed using induc-
tively coupled plasma reactive ion etching (ICP-RIE) in an APEX SLR plasma
etcher (Plasma Therm) using an Ar plasma at 100 W RF, 250 W ICP for 2 min.
Oxygen-based RIE was used to form the nanostraws by removing some of
the PET membrane using 25 W RF, 500 W ICP for 90 s. Successful processing
was confirmed by cutting out a small piece of the nanostraw membrane,
which was coated by 4 nm Pd:Pt and imaged by scanning electron micros-
copy (SEM) in a LEO 1560 SEM (Zeiss) using a thermal field emission gun
operating at 15 kV. The processed nanostraw membranes were attached to
the bottom of cell culture-compatible plastic tubes using double-sided tape
in order to form a cell culture chamber. The tubes had an inner diameter of
5 mm and could hold up to 300 puL of liquid. The assembled cell culture
chambers were sterilized in a custom-built UV/ozone box for 5 min. For the
nanostraw length series, the following processing steps were performed:
after ALD coating as described above, the membrane (same batch) was cut
into smaller pieces for oxygen RIE. Oxygen RIE etching times ranging from
15 to 360 s were used to form nanostraws of lengths from 200 nm to 3,200
nm. The nanostraw length was estimated from 30° tilted view SEM images
of nanostraws standing up on their substrate (for lengths up to 1 pm). Due
to charging effects, nanostraws longer than 1 um had to be broken and
measured while lying down on the substrate.

Cell Culture. Umbilical cord blood was collected at Skane University Hospital
and Helsingborg Hospital. Mononuclear cells were extracted using Lym-
phoprep tubes (Alere Technologies, no. 1019818). CD34™" cells from mixed
donors were isolated from mononuclear cells with a CD34 MicroBead Kit
(Miltenyi Biotec, no. 130-046-703) according to the manufacturer’s instruc-
tions and cryopreserved in FBS supplemented with 10% DMSO. CD34* cells
were cultured in StemSpan SFEM (Stemcell Technologies, no. 09650) with
human SCF (PeproTech, no. 300-07), human TPO (PeproTech, no. 300-18),
and human FIt3L (PeproTech, no. 300-19) at 100 ng/mL each at 37 °C and
5% CO.

CeNT Treatment. For experiments in Fig. 2, CD34* cells were thawed and
cultured for 1 d. The cells were split and treated with the following condi-
tions: nanostraw mock, nanostraw GFP, electroporation mock, electro-
poration GFP, and completely untreated. Each condition was performed in
separate, independent triplicates. For each nanostraw treatment, 150,000
cells were centrifuged (600 x g, 3 min, 20 °C) onto the nanostraw membrane.
A droplet containing the cargo was placed on top of a Au-coated glass
slide. For the mock condition, the membrane was placed on top of a 10-pL
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Fig. 3. CeNT-treated hematopoietic stem cells successfully engraft in mice. In the CeNT GFP condition, only GFP* cells were sorted and transplanted. (A)
Outline of experiment. Percentage of human CD45" cells 4 mo posttransplantation in (B) peripheral blood and (C) bone marrow (n = 3 to 4; **P < 0.005). (D)
Representative FACS plots showing the frequency of human CD45" cells in mouse bone marrow 4 mo posttransplantation. (E) Percentage of lymphoid (CD19*
B cells and CD3* T cells) and myeloid (CD33*) cells within the human CD45* population in the mouse bone marrow.

0.1x PBS droplet or, for the GFP condition, onto a 10-pL 0.1x PBS droplet
containing 2 pg EGFP mRNA (L-7601; TriLink BioTechnologies). A pulsed
square electric field (40 V, 40 Hz, 200 ps, 3 x 40 s) was applied in between
the Au slide and a Pt electrode dipped into the cell culture container using
a Grass 548 Stimulator (Astro-Med). The applied voltage at the Pt electrode
and the current flowing through were monitored using an oscilloscope
(PICOSCOPE 2206B; Pico Technology). The Pt electrode was kept at positive
bias in order to help drive negatively charged mRNA through the nanostraws
and into the cells. For each electroporation treatment, 1 x 10° cells were
either electroporated with GFP mRNA or mock electroporated without any
cargo, as described in more detail below. Cells were then cultured with
exactly the same cell concentration in each condition. After 6 h, live 7AAD-
CD34*GFP*, or GFP~ for mock conditions, cells were sorted for a proliferation
assay, a CFC assay, and microarray analysis. Each individual treatment condi-
tion was sorted before the next replicates were sorted to account for any
time-dependent effects. During the sort, the efficiency of the GFP delivery
was recorded.

Scanning Electron Microscopy (SEM). For SEM of HSPCs on nanostraws, addi-
tional sample preparation was needed. HSPCs were centrifuged onto the
nanostraw membrane, followed by three rinses in PBS to remove cell media.
The cells were then fixed in 2.5% glutaraldehyde. The next day, the cells were
dehydrated in an EtOH drying series of 10 min each in 30%, 50%, 75%, 90%,
95%, and 99.5% EtOH. Critical point drying (CPD) was used to completely
remove the EtOH from the cells with minimal disruption of the cellular shape
in a Quorum K850 CPD (Quorum Technologies). The CP dried samples were
coated with 4 nm Pd:Pt and imaged with a LEO 1560 SEM (Zeiss).

Propidium lodide Delivery. Propidium iodide (PI) was diluted to 200 pg/mL in
0.1x PBS, and 10 pL was placed on the bottom electrode. CD34* cells were
centrifuged (600 x g, 3 min) onto the nanostraw membrane and placed onto
the Pl-containing droplet. A pulsed electric field (20 to 30 V, 40 Hz, 200 ps, 2x
40 s) was applied to drive the PI delivery into the cytoplasm of the cells. After
the treatment, the bottom of the nanostraw membrane was rinsed and the
cells were directly imaged with an Olympus IX70 fluorescence microscope.
The delivery efficiency was estimated by dividing the number of Pl-positive
cells (red) by the total number of cells that were counted in an image taken
at 40x magnification. As a negative control, the experiment was performed
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with a 10-pL 0.1x PBS droplet without any PI placed below on the bottom
electrode and the same absolute amount of PI that was used in the previous
delivery added directly into the cell containing medium. After application of
the pulsed electric field, cells were imaged as above.

Dextran and DNA Oligo Delivery. FITC-labeled DNA oligos (15 nt, 60 nt, and 90 nt)
with the following random sequences were ordered from Integrated DNA
Technologies: 15 nt, ACTGGTCAAUIiFluorT/GGTC; 60 nt, ACTGGTCAAC/FluorT/
GGTCATCCTGAAGT AAATGCTATGCGACTGATTGGGCTACGCTCCGCTA; and 90 nt,
ACGCGGCTAGGG ACTGGTCAAUC/FIluorT/GGTCATCCTGAAGTAAATGCTATGCGAC
TGATTGGGCTACGCTCCGCTAAAAAAGTGCTAAAGGCAG. They were delivered by
placing a 10-uL droplet of 0.1x PBS containing 1 nmol DNA oligo under the
nanostraw membrane and applying a pulsed electric field (40 V, 40 Hz, 200 ps, 3 x
40 s). Fluorescein—dextran (6 kDa, 20 kDa, 250 kDa, and 2,000 kDa) was purchased
from Fina Biosolutions and delivered by placing a 10-uL H,O droplet containing
1 pg/uL fluorescein—dextran under the nanostraw membrane and applying a
pulsed electric field (40 V, 40 Hz, 200 ps, 3 x 40 s).

Electroporation. Electroporation was performed using the Nucleofector 2b
Device (Lonza) and the Human CD34" Cell Nucleofector Kit (VAPA-1003;
Lonza) according to the manufacturer’s instructions. For each electro-
poration, 1 x 108 cells were treated. In conditions where GFP was delivered,
10 ug Cleancap EGFP mRNA (L-7601; TriLink BioTechnologies) was added to
the electroporation mix.

siRNA Delivery. We designed an siRNA against STAG2 with the target sequence
GCAGUUCUUACAGCUUUGUUU (siRNA1). It was synthesized together with two
predesigned siRNAs (siRNA2-STAG2, SASI_Hs02_00311139; siRNA3 nontargeting
control, SIC001) by Sigma Aldrich/Merck. A total of 30,000 CD34* cells were
centrifuged (600 x g, 3 min) onto a nanostraw membrane, placed onto a 10-pL
0.1x PBS droplet containing 20 pmol siRNA, and exposed to a pulsed electric field
(40 V, 40 Hz, 200 ps, 3 x 40 s). Each siRNA delivery was performed in triplicates.
Two days after the treatment, RNA was extracted from the cells using the
RNeasy Micro Kit (Qiagen) and reverse-transcribed using the SuperScript IV First-
Strand Synthesis System (Thermo Fisher Scientific). QPCR was performed with
TagMan assays for STAG2 (Hs00198227_m1) and HPRT (Hs99999909_m1) using
the 7900HT Fast Real-Time PCR System (Applied Biosystems).
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Flow Cytometry/FACS. The following anti-human antibodies were used for
staining: sort for microarray, long-term culture, and CFC assay, CD34-A700
(BD Pharmingen no. 561440, clone 581); bone marrow and peripheral blood
engraftment analysis, CD45-APC (Biolegend no. 304037, clone HI30), CD33-
PE (Biolegend no. 303404, clone WM53), CD19-BV605 (BD Horizon no.
562653 clone SJ25-C1), and CD3-PE-Cy7 (Invitrogen no. 25-0038-42, clone
UCHT1). 7AAD (Sigma-Aldrich, no. A9400) was used to discriminate dead
cells. Stained cells were analyzed with a BD LSRFortessa or BD FACSCanto or
sorted with a BD FACSAria Ilu or BD FACSAria Ill. Data were analyzed with
FlowJo 10.6.1 (BD).

Cell Viability Assay. Cell viability was determined using the 7AAD/PE Annexin
V Apoptosis Detection KIT | (BD Biosciences, no. 559763) according to the
manufacturer’s instructions.

Proliferation Assay. For each sample, 300 live human CD34*GFP*~ cells (n = 3)
were seeded in a 96-well U-bottom plate. After 2 wk in culture, total live cell
numbers were determined with flow cytometry.

Colony-Forming Assay. A total of 167 live human CD34*GFP*~ cells were
sorted into 1 mL MethoCult H4230 (Stemcell Technologies, no. 04230) with
20% IMDM, 25 ng/mL hSCF, 50 ng/mL GM-CSF, 25 ng/mL IL3, and 2 U/mL
EPO. The cells were cultured in six-well plates for 2 wk at 37 °C and 5% CO..
Colonies were counted and scored by an experienced person who was
blinded to the sample identity.

Microarray. A total of 20,000 live, human CD34*GFP*'~ cells were sorted into
lysis buffer and immediately snap-frozen at —80 °C. Total RNA was extracted
with the RNeasy Micro Kit (Qiagen) according to the manufacturer’s pro-
tocol. Purity and integrity of the RNA was assessed with the Agilent 2100
Bioanalyzer with the RNA 6000 Pico LabChip reagent set (Agilent). Sample
preparation and processing with Affymetrix Human Gene 2.0 arrays were
performed at an Affymetrix service provider and core facility, “KFB-Center
of Excellence for Fluorescent Bioanalytics” (Regensburg, Germany).

Microarray Data Analysis. Microarray data were normalized with the robust
multiarray average (rma) function of the R (23) package oligo, version 1.49.0
(24), and annotated with ENTREZIDs from the Bioconductor (25) annotation
data package org.Hs.eg.db, version 3.8.2, using the AnnotationDbi package,
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version 1.47.0. Principal component analysis was performed with the prcomp
function of the stats package, version 3.6.0, and plotted with the ggplot2
package, version 3.1.1 (26). Differentially expressed genes (FC > 1.5, adjusted
P < 0.05) were detected using the limma package, version 3.41.2 (27), and
volcano plots were created using the EnhancedVolcano package, version
1.3.0. Pathway enrichment analysis of up-regulated genes was performed
using clusterProfiler, version 3.13.0 (28).

Animal Experiments. Cord blood-derived human CD34* cells were thawed
and cultured for 1 d before they were divided for the following treatment
conditions: untreated, electroporated with Human CD34* Cell Nucleofector
Kit (VAPA-1003; Lonza), and CeNT with GFP mRNA. The treated cells were
cultured for 1 d. Live (7AAD-)CD34* and, if GFP was part of the treatment,
GFP* cells were sorted for the following transplantation. For each treatment
condition, sublethally irradiated (300 cGy) NOD.Cg-Prkdcs<® [12rgtm'Wily
SzJ. (NSG) mice were injected with 59,000 cells in 500 pL PBS/2% FBS into the
tail vein. Bone marrow and peripheral blood were analyzed for engraftment
and lineage distribution of human cells with flow cytometry after 4 mo.

Statistics. When comparing multiple groups, GraphPad Prism 8 was used to
perform one-way ANOVA with Tukey’s multiple comparison test. Data in
figures are shown as mean + SD, and significance is indicated with asterisks
(*P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005).

Data Availability. Microarray data were deposited in the Gene Expression
Omnibus (GEO) database of the National Center for Biotechnology Infor-
mation (NCBI) under the GEO accession number GSE151027 (29).
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