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ABSTRACT: The efficient delivery of foreign nucleic acids
(transfection) into cells is a critical tool for fundamental
biomedical research and a pillar of several biotechnology
industries. There are currently three main strategies for
transfection including reagent, instrument, and viral based
methods. Each technology has significantly advanced cell
transfection; however, reagent based methods have captured
the majority of the transfection market due to their relatively
low cost and ease of use. This general method relies on the
efficient packaging of a reagent with nucleic acids to form a
stable complex that is subsequently associated and delivered to
cells via nonspecific electrostatic targeting. Reagent transfection methods generally use various polyamine cationic type molecules
to condense with negatively charged nucleic acids into a highly positively charged complex, which is subsequently delivered to
negatively charged cells in culture for association, internalization, release, and expression. Although this appears to be a
straightforward procedure, there are several major issues including toxicity, low efficiency, sorting of viable transfected from
nontransfected cells, and limited scope of transfectable cell types. Herein, we report a new strategy (SnapFect) for nucleic acid
transfection to cells that does not rely on electrostatic interactions but instead uses an integrated approach combining bio-
orthogonal liposome fusion, click chemistry, and cell surface engineering. We show that a target cell population is rapidly and
efficiently engineered to present a bio-orthogonal functional group on its cell surface through nanoparticle liposome delivery and
fusion. A complementary bio-orthogonal nucleic acid complex is then formed and delivered to which chemoselective click
chemistry induced transfection occurs to the primed cell. This new strategy requires minimal time, steps, and reagents and leads
to superior transfection results for a broad range of cell types. Moreover the transfection is efficient with high cell viability and
does not require a postsorting step to separate transfected from nontransfected cells in the cell population. We also show for the
first time a precision transfection strategy where a single cell type in a coculture is target transfected via bio-orthogonal click

chemistry.

B INTRODUCTION

The ability to efficiently deliver nucleic acids into cells
(transfection) is of central importance to advance human
health." Transfection has revolutionized fundamental studies of
cell biology, biotechnology, agriculture, microbiology, genetics,
cancer, disease, medicines, and biomedical research.”™’ Cutting
edge research fields and medicines rely on the efficient delivery
of nucleic acids into a range of cell types for applications that
span gene editing, therapeutics, fundamental cell biology
studies, vaccine development, human and plant biotechnology,
and scaling protein production among many other life science
based applications.” "' Although transfection is of central
importance and one of the most vital tools in all of biological
research, most cell types are not easily transfected with foreign
nucleic acids due to a variety of nucleic acid stability, delivery,
and host cell defense mechanisms. Furthermore, the ability to
transfect cells with nucleic acids in vitro and in vivo is not
straightforward due to rapid nucleic acid degradation in serum
containing media or in vivo conditions. As transfection is an
initial step in many biological studies, poor cell transfection
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results in tremendous waste in time spent in multiple rounds of
transfection to improve cell count and money spent in extra
labor and reagents. Due to its vital importance, reagents that
promote transfection are one of the most essential tools in life
science research and product lines in the life science
commercial market estimated at over $1.5 billion/year.12

The key challenge for efficient and broad scope of nucleic
acid to cell transfection is at the molecular level: how to deliver
negatively charged nucleic acids to negatively charged cells at
physiological conditions in serum, with the least number of
steps, while ensuring high viability and efficiency and no
postsorting of transfected and nontransfected cells. To address
these requirements, a range of delivery methods, instrument
methods, and viral methods have been developed for
transfection, but each suffers from various drawbacks related

to cost, viability, and efﬁciency.m’”'
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Figure 1. Schematic of the combined liposome fusion, bio-orthogonal chemistry, and cell surface engineering strategy for selective nucleic acid
transfection of cells (SnapFect). (A) A liposome containing a bio-orthogonal lipid-like molecule is delivered to a cell surface via rapid liposome
fusion. A complementary bio-orthogonal nucleic acid/liposome complex is formed and added to the tailored cell. The nucleic acid/liposome
complex undergoes a fast click reaction at the cell surface. The nucleic acid/lipoplex is then endocytosed where the nucleic acid/lipoplex dissociates
and is translated. (B) A molecular view of the mild and selective bio-orthogonal mediated transfection of cells. A bio-orthogonal liposome that is
slightly positively charged containing a ketone group is synthesized and added to cell culture to facilitate ketone display through cell surface fusion. A
complementary oxyamine liposome is generated that is slightly positively charged in order to complex with nucleic acids. The oxyamine/nucleic acid
lipoplex is then added to the ketone presenting cells where rapid oxime formation occurs at the cell surface. The nucleic acid is then endocytosed and
released within the cell. No transfection occurs if either of the bio-orthogonal pair is missing from the components. The SnapFect strategy is mild,
fast, and specific and relies on an interfacial click reaction for transfection.

The overwhelming strategy to deliver nucleic acids to cells is
based on a transfection reagent binding to nucleic acids, which
is then delivered to cells via adhesion to the cell surface. There
are three main steps in nucleic acid delivery to cells: (1)
(Packaging) Reagent forming a complex with nucleic acids. (2)
(Delivery) Adhesion of the nucleic acid/complex to cell
surfaces followed by endocytosis. (3) (Release) Lysosomal
escape of the nucleic acids within cells. To be useful to the
broad research community, these processes must be designed
with minimal number of steps, with high viability and efficiency,
and in the presence of serum in cell culture. Current strategies
and products focus on delivering as much nucleic acid as
possible via electrostatic complexation of nucleic acids with
excess positive charge polyamine polymers or small molecules.
The highly cationic nucleic acid complex is then added to cells
in culture, where serum proteins rapidly absorb and degrade a
significant fraction of the complex and the remaining active
complex fraction then associates electrostatically with anionic
cell surfaces. The nucleic acid complex undergoes endocytosis,
and a small functional fraction escapes the lysosome to be
expressed (transfect) in the cell. Although these techniques
have revolutionized biotechnology, biomedical research, and
human health, there remain significant limitations with this
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overall transfection strategy: (1) highly toxic to cells; (2) low
viability of remaining cells; (3) low overall expression in cell
population; (4) unable to specifically transfect cells in
cocultures; (S) not general for a broad range of cell types;
(6) poor rates of transfection in primary cells or stem cells; (7)
must include a separate sorting step to separate transfected
versus nontransfected cells for expansion.

To significantly advance transfection technology and cell
biologic research, new methods that look for alternatives to
electrostatics may broaden the scope of cell transfection. New
strategies to associate and deliver nucleic acids to cell surfaces,
which do not use electrostatics but rather use selective click
chemistry, may lead to remarkable new ways for cell
transfection to foster new cell studies, precise in vivo
transfection, and manipulation of cell behavior. The new
strategy must overlay with a transfection procedure that has to
feature several characteristics: (1) straightforward with few
manipulation steps; (2) no complex instrumentation; (3) high
viability; (4) high efficiency; (S) no post-cell-sorting step; (6)
precision cell transfection in cocultures; (7) inexpensive.

Herein, we introduce a new general strategy to deliver
nucleic acids to cells. The method is based on a cell surface
engineering and bio-orthogonal strategy to package and deliver
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Figure 2. Schematic of the overall straightforward procedure to transfect cells via bio-orthogonal chemistry and cell surface engineering (SnapFect).
(A) A keto-liposome is added to cells in culture. The liposome rapidly fuses with cells and presents the ketone groups on the cell surface within
seconds. To the keto-engineered cells a DNA/oxyamine lipoplex is added. The bio-orthogonal DNA/lipoplex quickly clicks onto the cell surface via
oxime ligation. The oxime reaction is fast and mild and can be performed at physiological conditions in vitro and in vivo. The DNA is then
endocytosed/released and transfects the cell. The procedure is straightforward, uses minimal time and steps, and can be performed on adhered or
suspended cells and in serum containing cell culture. (B) Stability of the liposome-ketone reagent for cell surface engineering at various temperatures
and durations. The entire experiment was replicated, run independently over 20 times, and averaged. (C) Viability of the cells after liposome-ketone
fusion treatment. The liposome fusion method is mild, and there is no difference in viability or behavior between treated and normal untreated
(native) cells. (D) The liposome-ketone fusion to present ketones on the cell surface is transient. After 1 min of liposome-ketone fusion treatment to
the cells, the cells have approximately 2000 ketones, as determined by flow cytometry, which are rapidly reduced on the cell surface after 24 h due to
dilution via growth and division of the cells. (E) The bio-orthogonal mediated nucleic acid transfection strategy is fast and can be performed in a
microfluidic format. The mixing of the keto tailored cells with the nucleic acid lipoplex for transfection occurs in less than 1 min. The cells are then
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Figure 2. continued

visualized after 24 h and show high viability and efficiency of transfection. The entire experiment was replicated over 100 times and run
independenly, and the images were compared to controls where one or both pairs of the click chemistry groups are missing from the surface of the
cell or the nucleic acid complex. (F) Red fluorescent protein expressing fibroblasts that are transfected with GFP in the microfluidic format. The cells
turn yellow and green after GFP transfection via the fast microfluidic method (G). (H) Nuclei stained 3T3 fibroblasts are flowed through the
microfluidic channel and mixed with GFP nucleic acid lipoplex (1 min). (I) The fibroblasts are visualized after 24 h and are efficiently transfected and
show green fluorescence with high viability and efficiency. Each microfluidic transfection experiment was replicated over 100 times, analyzed by
fluorescence imaging and protein gel analysis, and compared to controls where one or both pairs of the click chemistry pair are missing from the

surface of the cell or in the nucleic acid complex.

nucleic acids to cells using rapid artificial surface labeling and
targeting. This method generates a nucleic acid complex with a
bio-orthogonal group and a cell surface engineered to present
the complementary bio-orthogonal group for adhesion and
delivery. This method is based on oxime click chemistry and
does not rely on nonspecific electrostatic interactions between
the nucleic acid complex and the cell. The methodology we
term SnapFect has these characteristics: (1) mild; (2) efficient;
(3) high viability; (4) no post-cell-sorting steps; (S) precision
targeting of specific cells in coculture; (6) compatible with
complex media; (7) transient cell surface engineering; (8) no
alteration in cell behavior due to mild liposomal and bio-
orthogonal chemistry; (9) minimal two step protocol; (10)
compatible with siRNA, CRISPR, and microfluidic technology.

Liposome fusion has been used as a strategy for the delivery
of chemical and biological cargoes into mammalian cells for a
variety of biosensing, drug studies, and therapeutic applica-
tions." ' In this study, we used the liposome strategy to deliver
novel lipid-like functional molecules efficiently to a cell surface,
where liposome fusion takes advantage of hydrophobic
interactions of micelles and lipid bilayers to insert into the
outer cell membrane structure, while the composition of the
liposome nanoparticle plays a significant role in inducing
particle adhesion and fusion.

In order to tailor both the cell surface and the nucleic acid
complex with complementary molecules that can undergo a
chemoselective click reaction in vitro and in vivo without side
reactions, we used bio-orthogonal chemistry. Bio-orthogonal
chemistry refers to a special suite of organic chemistry reactions
that can be performed at physiological conditions in complex
mixtures including serum containing media and in vivo and in
vitro biological systems without side reactions with native
biomacromolecules.'”'® Tremendous research has been
performed to investigate and expand the scope of these special
chemical reactions. Several new types of bio-orthogonal
reactions have been discovered including click, hydrazone,
thiol—ene, Diels—Alder, etc. However, the most popular click
reaction is the copper catalyzed Huisgen 3 + 2 alkyne and azide
reaction, hydrazone and oxime chemistry. Pioneering efforts by
several researchers have shown the utility of these reactions for
many biological applications ranging from in vivo targeting,
drug delivery, antibody—drug conjugates, protein engineering,
proteomics, imaging, and biosensing.

Figure 1 shows a new approach for cell nucleic acid
transfection that integrates liposome fusion, bio-orthogonal
chemistry, and cell surface engineering (SnapFect). We have
previously shown the fast and efficient delivery of lipid-like bio-
orthogonal molecules to cell surfaces via liposome fusion that
provide cells with new capabilities ranging from photochemical,
redox, and biosensor for a range of applications.”' ~>* We have
also demonstrated the assembly of cells through bio-orthogonal
click chemistry at the cell surface interface in cell culture
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conditions and in microfluidics to generate a range of coculture
spheroid and 3D tissues for stem cell differentiation studies and
for the generation of functional liver and cardiac tissues.”*~>”

In this study, the bio-orthogonal liposome fuses rapidly to a
range of cell types to present the functional group on the cell
surface. The liposome fusion strategy for tailoring cell surfaces
is fast and efficient and does not require complex, slow, or
laborious molecular biology or invasive metabolic biosynthesis
technology (Figure 1A). The liposome fusion cell surface
engineering strategy is mild and does not alter cell viability or
cell behavior. A complementary bio-orthogonal liposome is
used to complex with nucleic acids to generate a hybrid bio-
orthogonal nucleic acid/lipoplex. Upon addition of the bio-
orthogonal nucleic acid/lipoplex to the engineered cell a rapid
click ligation occurs at the cell surface. The nucleic acid/
lipoplex is then internalized, released, and expressed for
efficient transfection of the cell.

Figure 1B describes a molecular view of the bio-orthogonal
mediated transfection strategy. We have previously shown the
use of liposome fusion to deliver and install ketone and
oxyamine groups on cell surfaces for applications in coculture
spheroid and tissue engineering. A keto-liposome is formed and
delivered to the target cell A complementary oxyamine-
liposome is complexed with nucleic acids to form a bio-
orthogonal oxyamine/nucleic acid-lipoplex. The lipoplex is then
added to the cells where it rapidly forms an oxime bond to the
cell surface. The association is based on a bio-orthogonal click
chemical ligation method and not through electrostatics or
physical adsorption processes. The lipoplex is then endocy-
tosed, and the nucleic acid is released and expressed to transfect
the cell.

Although the key parameters for successful cell transfection
are the viability and efficiency rate and the broad scope of cell
types to be transfected, equally important considerations for the
practical utility of transfecting cells are the number of steps, the
cost of reagents, and the duration of the transfection procedure.
Ideally, the transfection reagents are stable and can be stored
without significant degradation or loss of transfection ability for
long time periods, and the number of steps are minimal and
performed in serum containing cell culture media. Figure 2A
shows the general SnapFect transfection procedure based on
bio-orthogonal mediated reagents. To a cell culture the keto-
liposome 100 uL at 5% v/v is added for 5§ min. We found
efficient installation of the ketone group on the cell surface
within seconds to minutes of liposome exposure. The bio-
orthogonal oxyamine lipoplex is formed through straightfor-
ward addition of the oxyamine lipoplex to pDNA. To the keto
engineered cells the bio-orthogonal oxyamine lipoplex is added
for S min. Interfacial oxime ligation occurs at the cell surface,
and the cells are then evaluated after 24 h for transfection
viability and efficiency. The overall SnapFect transfection
procedure is 2 steps and takes less than 10 min to complete.
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Figure 3. Bio-orthogonal mediated transfection (SnapFect) evaluation and comparison. (A) Fluorescent image of native C3H10T1/2 cells with
DAPI nuclei stain. (B) Fluorescent image of native C3H10T1/2 cells treated with oxyamine containing DNA-lipoplex. No transfection occurred
since the cells did not present ketone groups on their cell surface. (C) Fluorescent image of native CH310T1/2 cells and (D) image of the cells
presenting ketone groups exposed to GFP oxyamine lipoplex after 24 h. GFP expression resulted due to specific bio-orthogonal mediated
transfection. (E) Representative image of RFP transfected fibroblast cells via click chemistry mediated transfection. (F) A protein gel showing that
the expression of RFP is mediated by the correct pairing of the bio-orthogonal chemistry functional groups on the cell surface and on the DNA-
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Figure 3. continued

lipoplex. O+ and K+ represent oxyamine containing lipoplexes (O+) and ketone presenting cells (K+) used for RFP transfection. O— and K—
represent conditions where either oxyamine or ketone was not present on the cell surface or DNA-lipoplex. Only the correct combination resulted in
bio-orthogonal mediated transfection. These experiments were performed over 10 times and showed similar results. (G, H) Luciferase transfection
assay for fibroblasts using the bio-orthogonal mediated transfection strategy. (H) Comparison of luciferase assay transfection for the bio-orthogonal
mediated strategy (SnapFect) and leading commercial transfection reagents. The luciferase assays were replicated over 10 times and averaged (p <
0.1) (I-K) Comparison of viability, efficiency, and amount of cells transfected between SnapFect and other commercial transfection reagents.
Initially S million cells were used, and the amount of surviving cells that were transfected resulted in the percent efficiency of transfection. SnapFect
has the highest ratio of viable cells to viable and transfected cells and therefore does not require further separation of cells and requires fewer cells for
transfection. For example, SnapFect requires only S million cells to generate 3.4 million transfected cells without post sorting of cells, whereas
Lipofectamine and Viafect require 18 million and 11.5 million cells respectively to obtain 3.4 million transfected cells with the additional step of
separating viable transfected versus viable nontransfected cells. Each of the experiments (I-K) was replicated over 30 times and averaged.

Figure 2B shows the plot of the stability of the liposome ketone
reagent. The keto-liposome can be generated with straightfor-
ward procedures and stored in the liposome format for months
at low temperatures without loss of transfection ability. Figure
2C is a plot describing the viability of cells undergoing the
liposome fusion procedure to install ketones on the cell surface.
We have previously shown that the liposome fusion procedure
is mild and fast and that the cells are indistinguishable from
native cells in behavior and viability.”' =’ Figure 2D shows that
the ketone groups on the cell surface after liposome fusion are
transient and decrease over time due to cell growth and
proliferation. Flow cytometry and viability studies show that the
number of bio-orthogonal groups on the cell surface are few in
number and reduced after a few rounds of cell division. The
liposome fusion procedure is fast and mild, and we found that
cells presenting bio-orthogonal groups compared to control
native cells are indistinguishable in viability and behavior.”'~*’
We discovered that a 1 min exposure of keto-liposomes to cells
installs approximately 2000 ketone groups on the cell surface by
flow cytometry. Over time, the cells proliferate and the ketone
groups are diluted from the cells through growth and division.
After 24 h the amount of ketone groups on the cell surfaces is
reduced and the treated cells are indistinguishable from
nontreated (control) native cells.”’ >® This transient nature
of the ketone group dilution from the cell surface is a key
feature of this strategy and is important for various post-
transfection applications. The ketone group is only temporary
and used as a molecular handle for targeting the cell for
transfection (transient cell surface engineering). Figure 2E
shows that the bio-orthogonal mediated transfection method is
compatible with various technologies and can also be
performed in microfluidic flow. We observed that less than 1
min is required for cells to be efficiently decorated with ketone
groups and less than 1 min for lipoplex adhesion in microfluidic
flow (0.8 uL/min). Cells were evaluated after 24 h and showed
high transfection efficiency and viability (>90%). Red
fluorescent protein (RFP) keto cells were flowed through a
microfluidic channel where a bio-orthogonal oxyamine lipoplex
(containing plasmid green fluorescent protein (pGFP)) rapidly
adhered with the cell. After 24 h all the RFP cells were
expressing GFP and turned either yellow or green. Figure 2H
shows that fibroblast cells are also efficiently transfected in
microfluidic flow to express GFP. The microfluidic integration
with transfection demonstrates the flexibility of the SnapFect
strategy and the ability to combine this method with advanced
multiplex technologies. Furthermore, we performed a series of
siRNA knockdown experiments using the SnapFect method.
For example, to a population of GFP expressing Swiss 3T3
fibroblasts that were tailored with ketone groups we added the
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GFP siRNA complexed with oxyamine. Using a similar protocol
as described in Figure 2A we observed efficient knockdown of
GFP in the fibroblasts with high viability. The SnapFect
method may be used for both transfection and siRNA
knockdown applications. It should be noted that the ketones
on the cell surface are reduced over time similar to a transient
transfection. By modulating the time and concentration of keto-
liposomes, varying amounts of ketones may be installed on the
cell surface (2,000—100,000). We found that cells that
contained initially over 50,000 ketones determined by flow
cytometry were able to undergo click transfection even after
several rounds of cell division (3 or 4 rounds of division) and
time (4—7 days) post liposome fusion. Although the amount of
ketone lipids is reduced due to dilution from cell proliferation
and time, there remain enough ketones on the cell surface to
foster the bio-orthogonal mediated association and transfection
of the oxyamine nucleic acid lipoplex. This observation may be
important for new types of experiments that require delayed
cell transfection.

To demonstrate the bio-orthogonal mediated transfection
(SnapFect) of cells we performed and evaluated several
standard transfection assays. Figure 3A shows a fluorescent
image of native C3H10T1/2 cells stained with DAPI, a nuclei
dye in culture. Figure 3B shows these same cells after treatment
with a bio-orthogonal GFP-oxyamine lipoplex. While no
transfection occurred due to the C3H10T1/2 cells not
presenting ketones on their surface. Figures 3C and 3D show
that, when C3H10T1/2 cells present ketone groups, they are
efficiently transfected with GFP delivered via a bio-orthogonal
nucleic acid/oxyamine lipoplex. Figure 3E shows the
fluorescent image result of the transfection of pRFP (red
fluorescent protein) to ketone presenting fibroblasts. Figure 3F
presents a Western blot analysis showing that only when the
right combination of bio-orthogonal pairs is presented on the
cell surface and on the nucleic acid lipoplex respectively does
transfection occur. Fibroblasts presenting ketone groups via
liposome fusion and delivery (K+) on their surfaces are
efficiently transfected with pRFP oxyamine/lipoplexes (O+).
Any other combination does not result in transfection, clearly
demonstrating that transfection is mediated by the bio-
orthogonal click reaction and not by an electrostatic or other
nonspecific interaction process.

Figure 3G shows a transfection assay based on expressing
luciferase in fibroblast cells. The luciferase enzyme is only
expressed and functional in cells when the correct bio-
orthogonal pair is used for transfection. All other combinations
of surface presenting functional groups lead to no transfection
and therefore no luciferase activity. Figure 3H shows a
comparison of luciferase expression in cells for our bio-
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Figure 4. Precision transfection via bio-orthogonal mediated ligation in cocultures. (Left) RFP expressing HDNF cells (K) are cell surface
engineered to present ketone groups (L) via rapid liposome fusion (J). Nonfluorescent C3H10T/1/2 cells and ketone presenting HDNF cells (L)
are mixed to generate a coculture (N). To this coculture a bio-orthogonal oxyamine presenting GFP-lipoplex (X) is added. Only the ketone
presenting cells (L) are targeted for selective transfection via the oxyamine presenting lipoplex (X) via oxime ligation. (O) Fluorescent image
showing that only the HDNF presenting ketones are transfected with GFP and are yellow. (Right) Nonfluorescent C3H10T1/2 cells (M) are cell
surface engineered to present ketone groups (P) via rapid liposome fusion (J). Red fluorescent HDNF cells (K) and ketone presenting C3H10T1/2
cells (P) are mixed to generate a coculture (Q). To this coculture a bio-orthogonal oxyamine presenting GFP-lipoplex (X) is added. Only the ketone
presenting cells (P) are targeted for selective transfection via the oxyamine presenting lipoplex (X) via oxime ligation. (R) Fluorescent image
showing that only the CH310T1/2 cells presenting ketones are transfected with GFP and turn green. The experiments were replicated over 20 times
with similar results as determined by fluorescence imaging and protein gel analysis. These coculture results show that transfection is only mediated
through targeted bio-orthogonal chemistry and not nonspecific electrostatic interactions.

orthogonal transfection (SnapFect) compared to two cationic the overall efficiency is 68% (3.4 million transfected cells over S
based commercial reagents. Figure 3I—K shows a comparison million initial cells). A key consideration is that the number of
of viability and efficiency of transfection between SnapFect and cells that survive compared to the number of cells transfected
commercial reagents. For these sets of experiments a (first efficiency) is very high for SnapFect compared with other
population of 5 million cells were used and compared for reagent products. With a high first efficiency no additional
transfection viability and efficiency after the transfection sorting step is required for post processing, since essentially all
protocol using the commercial reagents. Viability was calculated cells that survive are transfected. However, for the other
based on the number of cells that survived compared to the reagents the first efficiency is 40% and 32% respectively. This
initial 5 million cell population after treatment with the requires a postsorting step to separate the surviving non-
transfection reagent. The efficiency of transfection was then transfected cells and the surviving transfected cells, leading to
calculated in two ways. The first efficiency is the ratio of the extra procedures and increased time, cost, and effort required to
number of viable transfected cells to the number of viable produce a transfected population of cells. As a comparison,
surviving cells after treatment. The second (overall efficiency) is SnapFect requires only 5 million cells to generate 3.4 million
the number of viable transfected cells to the initial amount of transfected cells without postsorting of cells, whereas Lipofect-
total cells (S million). For SnapFect the viability is 75% (3.75 amine and Viafect require 18 million and 11.5 million cells
million cells survived over S million initial cells), the efficiency respectively to obtain the same 3.4 million population of
is 90% (3.4 million transfected cells over 3.75 million cells), and transfected cells, with the added step of separating via FACS to
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obtain viable transfected cells. Because of the mild bio-
orthogonal mediated transfection of SnapFect, fewer cells,
reagents, and media and less time and labor are necessary, along
with the elimination of the additional postsorting step of other
methods.

The ability to selectively target a specific cell or cell type for
gene and drug delivery in a coculture in vitro and in vivo is of
fundamental interest and a common major hurdle in many
therapeutic applications for cancer and other chronic diseases.
By utilizing the SnapFect strategy we demonstrate a precision
transfection method to selectively transfect a single cell type in
a coculture (Figure 4). To selectively deliver pDNA two cell
populations were chosen (C3H10T1/2 (M) and RFP HDNFs
(K)) where each was cell surface engineered with ketone
liposomes and then mixed with a second untreated native cell
type. In one scenario (left panel of Figure 4), this produced a
coculture containing keto-RFP HDNF (L) cells and native
C3H10T1/2 cells (M), with another coculture containing
native RFP-HDNF (K) cells and keto-C3H10T1/2 cells (P)
(right panel of Figure 4). Both of the cocultures were then
treated with an identical bio-orthogonal pGFP oxyamine-
lipoplex (X). Fluorescence microscopy of DAPI stained keto-
RFP HDNF (N) cells and native C3H10T1/2 cells (M) show
upon treatment with oxy-lipoplexes of pGFP that only RFP-
HDNEF cells are transfected and turn yellow due to a
combination of red and green fluorescence within the cell
(Figure 4 O). Fluorescence imaging of DAPI stained native
RFP-HDNF (K) cells and keto-C3H cells (P) shows a
coculture. Upon treatment with bio-orthogonal oxyamine-
lipoplex pGFP (X) keto-C3H10T1/2 (P) cells express GFP
protein selectively and turn green, while the nonlabeled RFP-
HDNF cells remain unaffected (Figure 4R). These results
demonstrate that the SnapFect method is able to precision
target and transfect a specific cell type in a coculture. Since the
transfection is only mediated by bio-orthogonal chemistry and
not electrostatic or other nonspecific interactions, this
selectivity may open many new possibilities for targeted
delivery and transfection in vitro and in vivo for new
applications, using these artificial receptors.

B CONCLUSION

In summary, a new strategy that integrates liposome fusion, cell
surface engineering, and bio-orthogonal chemistry (SnapFect)
was developed and used to demonstrate rapid and efficient
nucleic acid cell transfection and knockdown via click
chemistry. The approach installs a bio-orthogonal molecule
on the surface of a cell, while the complementary bio-
orthogonal functional group is associated with a nucleic acid
that subsequently performs an interfacial click reaction at the
cell surface for efficient nucleic acid delivery. Unlike conven-
tional reagent transfection methods that use various molecules
composed of positively charged polyamines to complex with
nucleic acids which then are associated with negatively charged
cells via electrostatic association, the SnapFect method relies on
a precise chemoselective click chemistry. The method was
designed to have broad scope and utility, which is mild and
efficient, has minimal steps and no additional sorting step (of
viable transfected and viable nontransfected cells), and can be
performed on a range of cell types and in various cell culture
conditions. Furthermore, selective cell transfection and gene
silencing can be performed in cocultures due to the specific
requirement that only cells presenting bio-orthogonal groups
are targeted for transfection. As this is a new technology for
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target transfection, there would be numerous applications in
paracrine signaling and tissue engineering. For example, two
different cell types may be assembled and the signaling between
them studied over time and then modified with a real-time
transfection that would allow for a time course evaluation of
cell behavior response. We believe that there would be
numerous new experiments in a systems biology format
where multiple cell types signaling networks could be studied
but a particular pathway targeted (modulated) by transfection
and how that would affect various pathways and cellular
behavior including motility, apoptosis, differentiation, and cell
division. We also show that the SnapFect transfection method
can occur in microfluidic flow, which opens numerous
applications using the power of microfluidic technology. The
liposome fusion method is fast and can be used to
simultaneously engineer the cell surface with bio-orthogonal
groups and to deliver various other small molecules and cargoes
into the cell. We have demonstrated the bio-orthogonal cell
surface engineering approach to generate cells with photoactive,
redox, and fluorescent capabilities.”' ~** Furthermore, we have
used the method to generate coculture spheroids and scaffold
free 3-dimensional tissues for stem cell differentiation studies
and liver and cardiac tissue on-a-chip applications.”**’ The key
feature in this strategy is the rapid placement of an artificial
receptor (bio-orthogonal group) on the cell surface without the
use of invasive molecular biology or the use of modified
metabolites to tailor the cell surface. This strategy is a platform
technology and can be used to label and deliver a range of
molecules to cells in vitro and in vivo. Future studies to tailor
cell surfaces with various bio-orthogonal groups, nanoparticles,
or fluorescent probes may be pursued for various theranostic
and systems biology type applications and studies.’”*' The
SnapFect method provides a new way of thinking about
delivery and targeting cells for various applications in
fundamental biological studies from gene editing to immuno-
therapy.”>*® The method is also compatible with other nucleic
acid based biotechnologies such as CRISPR and RNAi. We
have previously shown that the cell surface engineering
approach also works in a wide range of cell types including
stem cells and primary cells, while also showing applicability in
bacteria. The ability to install a range of molecules on the cell
surface will have broad utility in cell biology and tissue
engineering and as a molecular handle for a range of
bioanalytical sorting, in vivo transfection, and tracking
technologies.”***

B MATERIALS AND METHODS

Preparation of Cell Cultures. Cellular Culture C3H10T1/
2. For our model system we used C3H10T1/2 mouse
embryonic fibroblast cells (ATCC) which were cultured and
incubated for 3 days at 37 °C and 5% CO, in 10 cm culture
plates (Fisher Scientific) with media changed every other day
using DMEM (Sigma-Aldrich) with 1% v/v PS (Sigma-Aldrich)
and 10% FBS (Sigma-Aldrich) as additives. The cell cultures
used for experiments were between 2 and 6 passages.

Cellular Culture HDNF/RFP. Red fluorescent protein
expressing human neonatal dermal fibroblasts (ATCC) was
cultured from liquid nitrogen storage and maintained using
DMEM (Sigma-Aldrich) with 1% v/v PS (Sigma-Aldrich) and
10% FBS (Sigma-Aldrich) as additives and passaged every 3
days. The cell cultures used for experiments were between 2
and 6 passages.
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Cellular Engineering Ketone Liposome Formulation
and Cell Priming. To form liposome solutions bearing ketone
functionalities, into a § mL vial was added 120 uL of 2-
dodecanone (Sigma-Aldrich) (10 mg/mL in CHCL,), followed
by 454 uL of POPC (Avanti Polar Lipids) (10 mg/mL in
CHCI,) followed by 10 uL of DOTAP (Avanti Polar Lipids)
(10 mg/mL in CHCl,), which were then allowed to evaporate
over 24 h. Once the CHCIj is evaporated, 3 mL of fresh PBS
(Sigma-Aldrich) is added, followed by tip sonication. Tip
sonication of the lipid suspensions was carried out over 10 min
in a 23 °C water bath and stored at 4 °C at 30 W. To apply
ketone cell surface engineering to cultured cells, they need to
be cultured with a confluency between 75 and 80%; the cell
culture medium was then aspirated, followed by the addition of
fresh serum containing medium (2 mL), and 5% v/v ketone
liposome suspension (100 uL) was added and incubated with
the cells under growth conditions for 5 min followed by three 3
mL washes of PBS and addition of fresh growth medium to the
cells awaiting transfection.

General SnapFect Transfection of C3H10T1/2 Cells
with phMGFP. C3H10T1/2 cells were cultured using standard
protocols using 10% FBS and 1% penicillin streptomycin high
glucose DMEM (Sigma-Aldrich) in 10 cm culture plates
(Fisher Scientific) over 2 days to 75% confluency before use.
The C3H10T1/2 cells were then trypsinized using 0.25%
trypsin (Sigma-Aldrich) 3 mL for 3 min followed by quenching
with 6 mL of growth medium and centrifugation at 800 rpm for
S min. The pellet was then isolated and resuspended in growth
medium 10 X 10° cells/mL and seeded onto 1 cm® prepared
glass slides (180 uL). The following day the cells were treated
using the general ketone cell surface engineering protocol,
followed by the immediate addition of the prepared oxyamine
lipoplex. To form the oxyamine lipoplex, into a sterile 1.5 mL
Eppendorf tube was added 15 uL of the oxyamine liposome
suspension containing 210 uL of POPC (10 mg/mL), 60 uL of
DOTAP (10 mg/mL), and 120 uL of dodecyl (tetraethylene
glycol) oxyamine (10 mg/mL) in 3 mL of PBS, using tip
sonication over 10 min in a 23 °C water bath and storage at 4
°C at 30 W. Then the fluorescent protein of interest was added,
typically 2.0 ug of phMGFP (1.4 pg/uL). This mixture was
then incubated at room temperature 23 °C for 30 min, then
diluted with 200 uL of serum free DMEM medium, carefully
pipetted onto the slide, and incubated at 37 °C and 5% CO, for
S min. After a 5 min incubation period the samples were given
HNDF serum containing growth medium and incubated for
another 24—48 h. The slides were then fixed by washing 3
times with 3 mL of PBS followed by the addition of 5%
formalin solution (Sigma-Aldrich) for 1S min. The formalin
solution was then drained and washed once with PBS followed
by mounting to glass microscopy slips for fluorescent
microscopy using an inverted Zeiss AX10 fluorescence
microscope.

Targeted Coculture Method (HNDF/RFP and
C3H10T1/2) Transfection of phMGFP upon HNDF Cells.
HNDEF cells were grown in 10 cm culture plates using standard
protocol using 10% FBS and 1% penicillin streptomycin high
glucose DMEM medium (Sigma-Aldrich) to 80% confluency
and then trypsinized using 0.25% trypsin (Sigma-Aldrich) 3 mL
for 3 min followed by quenching with 6 mL of growth medium
and centrifugation at 800 rpm for 5 min. The pellet was then
isolated and resuspended in growth medium $ X 10° cells/mL
and seeded onto 1 cm? prepared glass slides (180 uL). The cells
were then incubated for 4 h at 37 °C and 5% CO,, followed by
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the addition of 2 mL of fresh growth medium. The following
day (approximately 16 h), the cell medium was changed with
fresh medium, and 5% v/v ketone liposome suspension (100
uL) was added to the growth medium and incubated for 5 min
followed by three 3 mL washes of PBS. C3H10T1/2 cells were
grown in 10 cm culture plates using the standard protocol and,
once 75% confluent, were trypsinized using 3 mL of trypsin for
3 min followed by the addition of 6 mL of growth medium and
centrifuged at 800 rpm for 5 min. The pellet was isolated and
resuspended in growth medium to 1 X 10* cells/mL. The tissue
plates containing slides with adherent HNDF/RFEP cells were
then drained of medium, and then 180 uL of C3H10T1/2 cell
suspension was added and incubated for 4 h at 37 °C and 5%
CO, followed by the addition of 2 mL of fresh growth medium
and incubation for 16 h. The lipoplex suspension was made
fresh each time. To a sterile 1.5 mL Eppendorf tube was added
60 L of the oxyamine liposome suspension containing 410 uL
of POPC (10 mg/mL), 60 uL of DOTAP (10 mg/mL), and
120 uL of dodecyl (tetraethylene glycol) oxyamine (10 mg/
mL) followed by the addition of 2.0 ug of phMGFP (1.4 ug/
uL). This mixture was then incubated at room temperature 23
°C for 30 min and then diluted with 700 uL of serum free
DMEM medium. Then the 1 cm® glass slides were washed
twice with 3 mL of PBS; with the PBS drained, 200 uL of the
lipoplex solution was carefully pipetted onto the slide and
incubated at 37 °C and 5% CO, for S min. After the 5 min
incubation period the samples were given HNDF serum
containing growth medium and incubated for another 24—48 h.
The slides were then fixed by washing 3 times with 3 mL of
PBS followed by the addition of 5% formalin solution (Sigma-
Aldrich) for 15 min. The formalin solution was then drained
and washed once with PBS followed by mounting to glass
microscopy slips for fluorescent microscopy using an inverted
Zeiss AX10 fluorescence microscope.

Firefly Luciferase Stability Assay. C3H10T1/2 mouse
embryonic fibroblast cells were cultured and incubated for 3
days at 37 °C and 5% CO, in 10 cm culture plates (Fisher
Scientific) with medium changed every other day using DMEM
(Sigma-Aldrich) with 1% v/v PS (Sigma-Aldrich) and 10% FBS
(Sigma-Aldrich) as additives. The cell cultures used for
experiments were between 2 and 6 passages. The cells were
then transferred using 3 mL of trypsin (Sigma-Aldrich) into 6
well plates (Fisher Scientific) using 7SK seeding density. The
cells were grown overnight, transfected using the general
transfection protocol the following day, and incubated for 24 h.
The cells were surface engineered by forming a liposome
solution bearing ketone functionalities, where a clean 5 mL vial
was used, and 120 uL of 2-dodecanone (Sigma-Aldrich) (10
mg/mL in CHCl;) was added, followed by 454 uL of POPC
(Avanti Polar Lipids) (10 mg/mL in CHCl;), followed by 10
UL of DOTAP (Avanti Polar Lipids) (10 mg/mL in CHCL,),
which were then allowed to evaporate over 24 h. Once the
CHCI, is evaporated, 3 mL of fresh PBS (Sigma-Aldrich) is
added, followed by tip sonication. Tip sonication of the lipid
suspensions was carried out over 10 min in a 23 °C water bath
followed by storage at 4 °C at 30 W.

Using our best conditions for transfecting pGFP (above), we
substituted Firefly Luciferase (pRL) (Promega) to transfect
C3H10T1/2 cells. The pRL lipoplex liposomes were
synthesized by using a sterile 1.5 mL Eppendorf tube: 60 uL
of the oxyamine liposome suspension containing 210 yL of
POPC (10 mg/mL), 60 uL of DOTAP (10 mg/mL), and 120
UL of dodecyl (tetraethylene glycol) oxyamine (10 mg/mL)
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was added followed by the addition of 2.0 ug of pRL (1.4 ug/
uL). This mixture was then incubated at room temperature 23
°C for 30 min, then diluted with 200 L of serum free DMEM
medium, carefully pipetted onto the slide, and incubated at 37
°C and 5% CO, for S min. After the 5 min incubation period,
the samples were washed with 3 mL of PBS, given HNDF
serum containing growth medium, and incubated for another
24 h. Control experiments were conducted through the
omission of ketone lipids to the pretreatment of the cells
before transfection, while retaining the original ratio of
background lipids, and through the omission of oxyamine
bearing lipids from the formulation of the lipoplex. Transfected
cell culture plates were then transferred to a 0 °C ice bath,
washed twice with 2 mL of PBS, treated with 160 uL of lysis
buffer, and mechanically scraped from the dishes and
transferred into 1.5 mL Eppendorf tubes. The lysate was then
heated to 100 °C using a Labnet Accublock heating block for 5
min and frozen at —80 °C overnight. The following day pRL
expression was quantified using an automated Berthold Lumat
3 (LB 9508) with luminol.

Western Blot Assay. Expression using pRFP was
conducted in parallel to pRL luciferase expression analysis.
C3H10T1/2 cells were collected using NP-40 lysis buffer (0.5%
[vol/vol] Nonidet P-40, SO mM Tris-HCI [pH 8], 150 mM
NaCl, 10 mM sodium pyrophosphate, 1 mM EDTA [pH 8],
and 0.1 M NaF) containing 10 ug/mL (each) leupeptin and
aprotinin, 5 pg/mL pepstatin A, 0.2 mM phenylmethylsulfonyl
fluoride, and 0.5 mM sodium orthovanadate. Protein extracts
were denatured in SDS loading buffer at 95 °C for 5 min and
then run in a 10% SDS—PAGE gel, transferred to a
polyvinylidene difluoride membrane (Millipore), and blocked
in 5% skim milk for 1 h prior to antibody incubation, using
rabbit RFP antibody (Life Technologies).

Comparison Luciferase Assays Using Viafect and
Lipofectamine 3000. Viafect (Promega) and Lipofectamine
3000 (Life Technologies) reagents were optimized for use with
C3H10T1/2 with phGFP and optical microscopy to determine
the highest transfection efficiency using the recommended
manufacturer protocols, and our general SnapFect protocol was
used. Using the general growth protocol for C3H10T1/2 cells,
the cells were seeded into 6 well plates at 35000 cells/well
overnight. The following day 2.0 ug of pRL (0.14 ug/uL) was
mixed with 6.0 yL of Viafect reagent, incubated at room
temperature for 10 min, and then diluted to 200 uL of total
volume using non serum containing medium. Then 200 uL of
Viafect solution was added to the cells containing 2 mL of
serum containing medium and incubated for 24 h at 37 °C and
5% CO,. For Lipofectamine, the following day 9.8 ug of pRL
(1.4 pug/uL) was mixed with 4.0 uL of P3000 reagent for S min
and diluted with 125 yL of serum free medium. Then 4.4 yL of
Lipofectamine 3000 reagent was diluted with 125 yL of serum
free medium, and the two solutions were mixed and incubated
at room temperature for 10 min. Then 250 uL of complex
solution was added to the cells containing 2.0 mL of serum
containing medium and incubated for 24 h at 37 °C and 5%
CO,. Then the cells were investigated using our above
Luciferase protocol.

Viability and Efficiency Comparison Assays Using
pPhGFP of Viafect and Lipofectamine. Viability was
determined using the above scaled up Luciferase protocol.
Viafect (Promega) and Lipofectamine 3000 (Life Technolo-
gies) reagents were used to transfect C3H10T1/2 cells with
phGFP, and optical microscopy was used to determine viability
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and efliciency through cell counting using the recommended
manufacturer protocols. Using the general growth protocol for
C3HI10T1/2 cells, the cells were seeded into 6 well plates at
35000 cells/well overnight. The following day 2.0 g of phGFP
(14 pg/uL) was mixed with 6.0 uL of Viafect reagent,
incubated at room temperature for 10 min, and then diluted to
200 uL of total volume using non serum containing medium.
Then 200 uL of Viafect solution was added to the cells
containing 2 mL of serum containing medium and incubated
for 24 h at 37 °C and 5% CO,. For Lipofectamine, the
following day 9.8 ug of phGFP (1.4 ug/uL) was mixed with 4.0
uL of P3000 reagent for S min and diluted with 125 uL of
serum free medium. Then 4.4 uL of Lipofectamine 3000
reagent was diluted with 125 uL of serum free media, and then
the two solutions were mixed and incubated at room
temperature for 10 min. Then 250 pL of complex solution
was added to the cells containing 2.0 mL of serum containing
medium and incubated for 24 h at 37 °C and 5% CO,. These
experiments were all performed in parallel. Viability was
determined through vital dye staining using 0.4% Trypan
blue (Sigma-Aldrich) using the manufacturer protocol along
with a (Bright-Line) visual hemocytometer for cell counting.
Cell efficiency was determined using the above transfection
protocols for Viafect, Lipofectamine, and SnapFect, where upon
24 h incubation with the relevant reagent the cells were fixed
and observed using fluorescence microscopy. The visually
fluorescent cells were counted as transfected while dark cells
were counted as nontransfected using Image-] and compared
with the cell count of control populations. Nine images from
each well were averaged to determine efficiency of the reagent.

Microfluidic Device Fabrication and Design. The
microchannel was designed with a simple Y-shape, where cell
suspensions are brought together in the Y-joint mixing zone. In
order to make a simple, cheap, and robust device, PMMA
blocks were used as the device substrate. The experimental
device was fabricated using laser ablation to etch PMMA blocks
(1/8 in thickness, 1.25 in length, and 1.42 in width). The
PMMA channels were laser etched using Versalaser 2.30 with a
CO, laser at 14.25 W power to produce parabolic channels with
a measured base width of 170 pm, a peak height of 200 ym, and
a channel length of 1.5 cm. The fluid inlet connections were
fabricated using 406 ym (0.016 in) o.d. stainless steel capillary
tubes with a 203 pm (0.008 in) i.d. and a length of 2.0 cm,
which were embedded into the PMMA blocks using thermal
heating to be in line with the channel flow axes, while the fluid
outlet capillary was cut to 2.0 cm and embedded by thermal
heating and pressure similarly to the fluid inlets and allowed to
cool. The top block of PMMA is used to cap the channel
through thermal bonding with the etched bottom block in a
convection oven for 2 h at 275 °C and allowed to cool
completely to room temperature over 2 h under pressure. Once
cooled, the fluid connections are finished by slipping PEEK
tubing (i.d. 203 xm/0.008 in) over the metal capillary and
sealed using epoxy resin (3M). Finally, high pressure HPLC 1
mL Luer lock glass syringes (Hamilton) are connected to the
PEEK tubing using finger tight female Luer fittings (UpChurch
Scientific).

Microfluidic Transfection in Flow. C3H10T1/2 and
HNDE/RFP cells were grown to approximately 80%
confluency in 10 cm plastic growth plates (Fisher Scientific)
and then treated with 5% vol/vol ketone bearing liposomes in
serum containing medium, respectively, for 1 min followed by
aspiration of medium; they were washed 3 times with PBS and
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then detached using 0.25% trypsin/EDTA at 37 °C and 5%
CO,. Once the cells were detached and neutralized by DMEM
medium (10% FBS), the cell suspension was transferred to a 15
mL centrifuge tube and centrifuged down at 800 rpm for S min.
The supernatant was discarded and the remaining pellet was
resuspended in DMEM medium to reach a final concentration
of 2 X 10° cells/mL. The SnapFect reagent was generated using
our oxyamine liposomes using the above general method for
SnapFect liposomes. Once the ketone tailored cell suspensions
were ready, 250 uL of the ketone tailored C3HI10T1/2
suspension was loaded into a sterilized 1 mL gastight Luer lock
Hamilton gas chromatography syringe, while 15 uL of the
SnapFect reagent was diluted in 250 uL of non serum
containing medium and loaded into a sterilized 1 mL gastight
Luer lock Hamilton gas chromatography syringe. The
connection tubing and microfluidic device were sterilized by
passing 1 mL of 70% ethanol solution, followed by 1 mL of PBS
buffer. Once sterilized, the loaded syringes were finger
tightened onto male Luer connections and placed onto a
Harvard 11 PLUS syringe pump. The flow rate was set to 8 uL/
min for 5 min to purge air bubbles from the system, then
reduced to 0.4 pL/min for S min, with a residence time within
the device of approximately 1 min, where the initial fluid was
discarded and subsequent eluent was collected onto 1 cm” glass
slides with serum containing medium. The 1 cm?® glass slides
were prepared in advance and sterilized by sonication in 70%
ethanol solution for 30 min. After the microfluidic flow was
completed, the collecting slides were transferred to tissue
culture plates and incubated at 37 °C and 5% CO, for 25 min.
Then 3 mL of serum containing medium was added, and the
slides were incubated under growth conditions for a further 24
h. After 24 h the transfected cells were then fixed by 3.8%
formaldehyde solution for 15 min, followed with gentle washing
with PBS. The cell samples were mounted and observed with a
Zeiss AX10 fluorescence microscope.
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