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The interactions between heterogeneous cell pop-  complementary DNA Programmed Spatial Control on Monolayers
ulations play important roles in dictating various cell behaviors. Coated Cells Interactions
Cell—cell contact mediates communication through the exchange )
of signaling molecules, electrical coupling, and direct membrane- o hy oy
linked ligand—receptor interactions. In vitro culturing of multiple < A=425nm §
cell types with control over their specific arrangement is difficult,  pporoprotected onA 6
especially in three-dimensional (3D) systems. While techniques Coated Cells 2
that allow one to control the arrangement of cells and direct ‘ s

contact between different cell types have been developed that
expand upon simple co-culture methods, specific control over
heterojunctions that form between cells is not easily accomplished
with current methods, such as 3D cell-printing. In this article,
DNA-mediated cell interactions are combined with cell-compatible photolithographic approaches to control cell assembly.
Specifically, cells are coated with oligonucleotides containing DNA nucleobases that are protected with photocleavable moieties; this
coating facilitated light-controlled cell assembly when these cells were mixed with cells coated with complementary oligonucleotides.
By combining this technology with digital micromirror devices mounted on a microscope, selective activation of specific cell
populations for interactions with other cells was achieved. Importantly, this technique is rapid and uses non-UV light sources. Taken
together, this technique opens new pathways for on-demand programming of complex cell structures.

cell—cell contact, heterojunctions, cell communication, co-culturing, 3D cell-printing, DNA programmability,

photolithography

nteractions between heterogeneous cell populations play interactions are especially important for tissues containing rare
important roles irl1 dictating diversze cell behaviors 3that populations of cells that play important roles in tissue function
include proliferation, differentiation,” and apoptosis.” In or disease progression but are difficult to study in isolation due

particular, cell—cell contact mediates communication through
the exchange of signaling molecules,* electrical coupling,” and
direct membrane-linked ligand—receptor interactions.”” The
arrangement of complex cell mixtures within a tissue results in
the formation of cell junctions between different cell types
(heterojunctions). These heterojunctions affect the cell

to their low numbers. As examples, certain immune cells such

22,23 . 24 .
and dendritic cells™ are present in

as regulatory T cells
low numbers in many tissues but play crucial roles in immune
regulation and response. Similarly, stem cells and progenitor

cells that are responsible for tissue maintenance and

behavior by changing gene expression levels,”” inducing cell regeneration are often present in small numbers in adult
migration'"~'> and mitochondrial transfer.'”'* Cell—cell tissues.”>*® However, in vitro culturing of multiple cell types
contact between different cell types can lead to the exchange with control over their specific arrangement is difficult, as
of molecules that are not produced by the original cell type, spatial and three-dimensional (3D) control over specific cells is
contributing to dysfunctional disease states or regulating not easily accomplished. Technologies that facilitate 3D

developmental processes. For example, tumor cells can secrete
factors that increase endothelial cell proliferation and change
the tumor microenvironment.” Co-culturing cells of different
cell types has proven to be powerful in understanding how cells
behave in complex microenvironments.~'” A greater under-
standing of cellular contact-mediated communication between
cell types would have important implications for many diseases
and tissue functions, such as cancer metastasis,”'® heart
disease,'”*° vascularization and angiogenesis,16 bone remodel-
ing,'” and the epithelial to mesenchymal transition.” Cellular

arrangement of cells would allow for replication of cell
structures observed in vivo that more closely represent
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Figure 1. Spatially controlled hybridization on surfaces. (A) Schematic of light-induced removal of a protecting coumarin molecule to create a
guanine base. (B) Image of electrophoretic gel of oligonucleotide mixtures consisting of complimentary oligonucleotides with and without light
exposure. (C) Schematic of the experimental setup for patterning oligonucleotides. (D) Schematic depicting light-exposed deprotection of
biotinylated DNA attached to a streptavidin-coated coverslip. (E) Fluorescent micrograph of photoactivatable DNA-coated surfaces exposed to
light at different wavelengths and times and incubated with Cy3-labeled complementary DNA. Scale bar = 500 ym.

physiological behavior, allowing better understanding of rare
cell function and potential therapeutic interventions.

Due to the importance of cell—cell contact and cell signaling
between different cell types, techniques that allow one to
control the arrangement of cells and direct contact between
different cell types have been developed that expand upon
simple co-culture methods. Devices have been developed for
placing two different cell populations in contact with a defined
interaction boundary between monolayers.””** More recently,
emerging 3D cell-printing has been used to co-culture multiple
cell types through the deposition of a “bioink” containing live
cells.""*”*° Although multiple cell types can be contained
within an ink droplet, specific control over the heterojunctions
that form between cells is not possible with current 3D cell-
printing technologies. Similarly, microfluidic devices allow cells
to be systematically added together."”'*'® This allows for the
creation of heterojunctions, but the control is limited in larger
populations along with true 3D placement.

To program specific cell interactions, DNA base pairing has
been used to control heterojunction formation. By function-
alizing different cells with complementary sequences, control
over the cell arrangement has been achieved.’** Additionally,
sequence design can be used to control cell assembly rates.”
Gartner and coworkers have demonstrated the use of
oligonucleotide programmability to create a three-dimensional
organoid-like tissue embedded in a gel framework.” DNA
programmability has been extended to place 2D cell
populations on surfaces with spatial arrangement.”>™>’ More
recently, DNA origami structures were used to create multi-
cellular interactions with up to three different cell types.’
These technologies are powerful tools for building complex cell
structures; however, they do not allow for on-the-fly patterning
in a spatially controlled manner conducive to 3D printing,
Methods that combine aspects of stereolithography with DNA
programmability to 3D print cells with higher precision in a
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spatially encoded fashion would enable the creation of elegant
3D microtissues.

Herein, we combine DNA-mediated cell interactions with
cell compatible photolithographic approaches to build de novo
cell assemblies in 3D. Specifically, we utilized oligonucleotides
containing DNA nucleobases with photocleavable coumarin
protecting groups to control cell placement. We show that
these oligonucleotides, when attached to glass surfaces or on
the surface of cells, can be activated by light, allowing
recognition by complementary oligonucleotides in a spatially
defined fashion. For cellular programming, cell monolayers
coated with photoprotected oligonucleotides were exposed to
spatially localized, low toxicity, non-UV light (425—450 nm).
Subsequent incubation with cells coated with complimentary
oligonucleotides resulted in placement of these cells within the
exposed area. Taken together, our studies demonstrate a
feasible path to create complex tissue mimics with high
reproducibility and control.

In order to dynamically and spatially control the interaction
between oligonucleotides, we first synthesized oligonucleotides
containing photocleavable protecting groups that have
previously been reported for spatio-temporally controlled
hybridization.””~** These nucleotides consist of guanines
modified with coumarin protection groups (5'-dimethoxytri-
tyl-N2-(4-isopropylphenoxyacetyl)-06-[[7-(diethylamino)-
coumarin-4-yl]-methyl]-2'-deoxyGuanosine, 3’-[(2-cyanoeth-
yl)-(IN,N-diisopropyl) ]-phosphoramidite; DEACM caged dG-
CE) where exposure to light from 365 to S05 nm induces the
removal of the coumarin group (Figure 1A).**** We chose
these structures due to the ability to deprotect the bases with
wavelengths that fall outside potentially cytotoxic UV regions.
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Figure 2. DNA functionalization of cell membranes with photoprotected DNA. (A) Schematic of the two-step functionalization strategy used to
attach DNA to the cell surface. (B) Flow cytometry fluorescence intensity measurements of unmodified cells and MTET modified cells upon
incubation with CyS-TCO. (C) Flow cytometry histogram of the CyS fluorescence for cells treated with MTET and CyS-TCO DNA, CyS-TCO
DNA only, and untreated cells. (D) Flow cytometry histograms of the CyS fluorescence for cells coated with DNA containing 1, 3, and S protecting
groups, along with control cells consisting of MTET coating only and unmodified cells upon incubation with CyS-labeled complementary DNA.

For our initial designs, we included five coumarin photo-
protected bases since this has previously been shown to be
sufficient to prevent hybridization to complementary strands in
RNA interference applications (sequences available in Table
S1).** We chose a conservative number of modifications to
ensure that unwanted hybridization could be prevented for
patterning. To assess the photocleavability of the oligonucleo-
tides, we incubated photoprotected oligonucleotides (sequence
1, Table S1) with complementary Cy3-labeled DNA (sequence
2, Table S1) in two conditions: (1) with exposure to 450 nm
light for 60 s and (2) without any light exposure.
Polyacrylamide gel electrophoresis shows that double-stranded
structures only formed when oligonucleotides are exposed to
light, while unexposed structures showed no meaningful
hybridization (Figure 1B). We note that the presence of
higher bands in the light exposed lane is the likely result of
using repeating sequences (i.e., GGTT and AACC) that would
allow for the creating of larger structures due to imperfect
hybridization.

Next, we sought to examine spatial control using these
oligonucleotides. For these experiments, photoprotected
oligonucleotides were synthesized with 3’ biotin (sequence 3,
Table S1). These oligonucleotides (containing five photoc-
ages) were then incubated with glass substrates that had been
coated with streptavidin to facilitate biotinylated oligonucleo-
tide binding (Figure 1D). After incubating with DNA for over
30 min and rinsing with phosphate-buffered saline (PBS), the
coverslips were exposed to 365 and 450 nm lights for different
periods of time in a recognizable pattern controlled by a digital
micromirror device (DMD) (Figure 1C). After light exposure
with the DMD array, the surfaces were rinsed with PBS and
then incubated with Cy3-labeled complementary DNA
(sequence 2, Table S1) for S min. The surfaces were then
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rinsed three times and imaged under a microscope.
Fluorescence micrographs show localized hybridization that
reflects the pattern exposed on the surface (Figure 1E).
Importantly, our studies show rapid deprotection of the probes
at both 365 and 425 nm wavelengths. 365 nm appeared to be
more efficient, but not on significantly meaningful periods of
time. As exposure times increased, increasing background
hybridization due to light scattering was observed, which is
indicative of overexposure. These results highlight that we are
able to efliciently control hybridization using stereolitho-
graphic techniques with biocompatible 425 nm wavelengths.
To assess the stability of the patterns, the patterns were
incubated in complete growth media at 37 °C. Over time, the
pattern fluorescence decreased. However, the patterns are still
discernible after 24 h (Figure S1).

Our next objective was to implement these oligonucleotides on
cell surfaces. To accomplish this goal, we attached the DNA
using a two-step process (Figure 2A) to the surface of cells that
had been trypsinized and suspended in PBS. First, we
incubated cells with a bifunctional linker, methyltetrazine-
sulfo-N-hydroxysuccinimide (MTET-NHS ester). The NHS
ester reacted with amines on the cell surface resulting in cells
with MTET on the surface. MTET modification was used due
to its reactive orthogonality to conventional biological groups
and its fast kinetics in biological media with transcyclooctene
(TCO)."” Excess unreacted methyltetrazine was removed from
the solution by rinsing the cells. To confirm the presence
MTET on the cell surface, modified and unmodified cells were
incubated with cyanine-S(CyS)-TCO. Flow cytometry and
fluorescence microscopy show elevated fluorescence of cells
that had been modified with MTET in comparison to
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Figure 3. Patterning DNA on cell monolayers. Fluorescence micrographs of cell monolayers coated with photocaged oligonucleotides exposed to
425 nm light for (A) 15, (B) S5, (C) 105, (D) 30's, and (E) 60 s and then incubated with complementary CyS-labeled DNA. Scale bar = 500 yim;
applies to all images. (F) Average CyS intensity within exposed areas for each time point. Error bars denote standard deviation. *p < 0.05, **p <

0.01; ANOVA with Tukey HSD post hoc analysis.

unmodified cells (Figures 2B and S2), indicating that we had
successfully modified the cells.

Next, we incubated MTET modified cells with TCO-
terminated DNA for S min. To assess attachment to the cell
surface, we used CyS-labeled DNA (sequence 4, Table S1).
Excess DNA was removed by pelleting cells and rinsing. Flow
cytometry analysis revealed that cells treated with both MTET
and TCO-CyS DNA exhibited higher fluorescence intensity
compared to cells treated with only TCO-CyS DNA or the
untreated group (Figure 2C). The cells treated with only
TCO-CyS DNA showed higher fluorescence intensity
compared to the untreated group because of uptake of the
DNA into the cells, presumably due to the hydrophobicity of
the CyS group coupled with the use of phosphorothioate
DNA. Importantly, we found that our attachment scheme
worked across multiple different cell types. NM2CS, M4A4,
and 3T3 cells all showed similar amounts of TCO-CyS-DNA
and TCO-CyS attachment, indicating that MTET attachment
levels were not limiting the attachment of DNA (Figure S3).

To confirm that the photoactivation of oligonucleotides still
worked on the cell surface, we incubated MTET modified cells
with photoprotected DNA containing a phosphodiester (PO)
backbone with 1, 3, or S protecting groups (sequences 5—7,
Table S1). We exposed the cells to 425 nm light for 1 min,
followed by incubation with CyS-labeled complementary DNA
(sequence 8, Table S1). Flow cytometry showed no significant
difference in fluorescence of the cells with oligonucleotides
with 1 or 3 protecting groups upon exposure to light. However,
those with five protecting groups showed increased fluo-
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rescence upon light exposure, indicating that five protecting
groups are sufficient to fully block interactions with
complementary DNA (Figure 2D). The unexposed cells
showed fluorescence similar to cells not coated or MTET
when treated with CyS-labeled DNA. Based on these results,
we set out to examine if the backbone composition of the
oligonucleotide altered interactions on the cell surface. We
synthesized phosphorothioate (PS) DNA containing five
photocleavable groups (sequence 9, Table S1) and exposed
them to light. Coating the cells with phosphorothioate DNA
showed increased fluorescence upon light exposure and greater
overall fluorescence than PO DNA. However, the non-light
exposed cells showed higher fluorescence than the control
groups (Figure S4), indicating that the protecting groups were
not fully blocking interactions with complementary DNA,
while being at higher concentrations on the cell surface.
Next, we sought to evaluate the patterning capabilities of the
oligonucleotides on cell monolayers. NM2C5 cells were
cultured on plastic Petri dishes until they reached high
confluency, and then, coated them with photoprotected DNA
(sequence 7, Table S1). The cells were subsequently exposed
to 425 nm light in a spatially controlled manner using a DMD
mounted on a microscope for different durations (1, S, 10, 30,
and 60 s). After exposure, the cell monolayer was incubated
with complementary CyS-labeled DNA (sequence 8, Table S1)
for 5 min. Fluorescence micrographs revealed that the DNA
was localized to the areas that were exposed to light, with
spatial control achieved with exposure time scales as short as 1
s (Figure 3). Increasing the exposure time resulted in increased
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Figure 4. Controlling cell assemblies with light. (A) Schematic of cell assembly upon irradiation with light. (B) Fluorescence micrographs of CTO
(AC DNA-coated cells) and CTG (photoprotected GT DNA-coated cells) labeled cells exposed to 450 nm light or unexposed. Scale bar = 200 ym.
(C) Percentage of GT DNA cells in assembly for unexposed and light exposed GT DNA coated cells. ****p < 0.0001; T-test. Panel A was
generated using BioRender.
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Figure 5. Controlling cell placement on monolayers. (A) Schematic of patterning on the cell monolayer to control cell attachment to irradiated
locations. (B—D) Fluorescence micrographs of monolayers of GFP-labeled cells coated with photoprotected DNA upon exposure to 425 nm light
and incubation with CTO-labelled cells coated with complementary DNA. (B) GFP channel. (C) TXRED channel. (D) Composite of both
channels. Scale bar = 500 ym. Panel A was generated using BioRender.

brightness up to an incubation time of 30 s. However, monolayer to 425 nm light with a DMD for 1 min. We then
increasing the exposure duration beyond this time did not incubated the cell layer with CTO-labeled M4A4 cells that had
result in appreciable increases in fluorescence. These studies been functionalized with complementary CT DNA (sequence
highlight the speed of our patterning approach when activating 13, Table S1) for S min. After rinsing twice with PBS, we
cell surfaces. imaged the cells. Fluorescence micrographs revealed that

CTO-labeled cells were localized to the areas exposed to light,

demonstrating precise spatial control over cell behavior

To assess whether we could control cellular interactions with through DNA interactions (Figure S). The attached cells

light, we fluorescently labeled cells with fluorescently distinct were still localized to light-exposed areas after 1 h in media at
dyes [cell tracker green (CTG) or orange (CTO)]. The CTG- 37 °C (Figure S6).

labeled cells were incubated with non-photoactivatable AC
containing DNA (sequence 10, Table S1) while the CTO-
labeled cells were incubated with GT DNA containing five

photoprotected G groups (sequence 11, Table S1). Cells were Our study demonstrates the successful use of oligonucleotides
incubated together in suspension and then exposed to 450 nm containing photocleavable protecting groups for spatio-
light for 60 s. After light exposure, cell aggregation was temporally controlled hybridization in cell systems. By using
observed with a fluorescence microscope when dispensed onto guanines modified with coumarin protection groups, we were
a glass coverslip for imaging (Figures 4 and SS). In contrast, able to dynamically and spatially control the interaction
cells not exposed to light remained monodisperse when between oligonucleotides with wavelengths that fall outside
incubated together under identical conditions as the light potentially cytotoxic UV regions. We also showed that the use
exposed cells. This result demonstrates that cell—cell of a DMD array allowed us to pattern oligonucleotides on glass
interactions are programmed by light exposure. substrates and selectively induce hybridization at desired
Based on our success of programming cell—cell interactions, locations using 365 and 425 nm lights. Overall, our study
we next sought to apply this technique in a spatially controlled highlights the potential of using photocleavable protecting
fashion. We grew M4A4-GFP cells on Petri dishes until they groups and patterning techniques to create highly controlled
reached high confluency. We then incubated the cells with and precise hybridization events for bioengineering applica-
MTET followed by GA DNA containing five photoprotected tions. Given the programmability of oligonucleotides, it is
G groups (sequence 12, Table S1). Next, we exposed the cell possible to combine different sequences along with multiple
390 https://doi.org/10.1021/acsmaterialsau.3c00020
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rounds of cell additions to create more complex assemblies
consisting of multiple different cell types spatially defined on
surfaces. The ability to spatially and temporally control the
interactions between oligonucleotides and cells offers a range
of possibilities for creating complex biochips and cellular
circuits for various biological studies.

No unexpected, new, or significant hazards are associated with this
work.

NM2CS5 cells (ATCC; CRL-2918) and M4A4-GFP cells (ATCC;
CRL-2915) were maintained in Dulbecco's Modified Eagle’s medium
(DMEM) with 4.5 g/L glucose, L-glutamine, and sodium pyruvate
(Corning), supplemented with 10% fetal bovine serum and 1%
penicillin—streptomycin (PS). NIH-3T3 cells (ATCC; CRL-1658)
were maintained in DMEM with 4.5 g/L glucose and L-glutamine
without sodium pyruvate (Corning), supplemented with 1%
Minimum Essential Medium nonessential amino acids (Corning),
10 pg/mL blasticidin, 10% FBS, and 1% PS. Cells were cultured at 37
°C and 5% CO2. Cells were passaged at 80% confluency, and media
were changed every 2 to 3 days. Live cell staining was done with
CellTracker (Invitrogen). CellTracker dye was resolubilized with
dimethyl sulfoxide (DMSO) to a 10 mM stock concentration and
diluted at 1:1000 with complete media. This working solution was
added to the cells for 45 min at 37 °C. Cells were imaged using an
Olympus BX63 microscope with the relevant filter sets. Cell imaging
was completed on the same day for each experiment using the same
microscope settings.

All DNA monomers and reagents were purchased from Glen
Research. DNA was synthesized with the Expedite synthesizer
following manufacturer’s standard protocols. We used standard
bases along with the photoreactive coumarin-protected guanine (5'-
dimethoxytrityl-N2-(4-isopropylphenoxyacetyl)-06-[[7-
(diethylamino)coumarin-4-yl]-methyl]-2’-deoxyGuanosine, 3™-[(2-cy-
anoethyl)-(IN,N-diisopropyl) ]-phosphoramidite). All oligonucleotides
were synthesized with the dimethoxytrityl-on for purification.
Oligonucleotides were deprotected using water saturated with
ammonium hydroxide (28—32%; Fisher Chemicals) for 24 h at
room temperature and then dried under air (Organomation).
Oligonucleotides were then purified using a Glen-Pac DNA
purification column (Glen Research) following the manufacturers
protocols. Samples were subsequently lyophilized (Labconco, —10S
°C) and reconstituted to target dilutions in water. For TCO-modified
oligonucleotides, oligos were synthesized with a 5" C6 amino-group
(6-(4/4'-dimethoxy-4"-methylsulfonyl-tritylamino ) hexyl-(2-cyanoeth-
y1)-(N,N-diisopropyl)-phosphoramidite). After cleavage of the trityl
group and purification, the oligonucleotides were incubated with
TCO-PEG6-NHS ester with 10 gmol per 1 ymol of DNA synthesized
in 10 mM HEPES-buffered saline (pH 8.4). Oligonucleotides were
then purified on a GLEN Gel-Pak desalting column.

Glass coverslips were activated with plasma oxygen (Plasma Etch,
Inc.) for S min. The coverslips were then incubated with 0.01% poly-1-
lysine (Sigma-Aldrich) for 30 min, followed by incubation with 200
nM streptavidin (Invitrogen) for 30 min 10 yM biotinylated DNA
with five photoprotected bases were incubated with streptavidin-
coated slides. The surfaces were then exposed with either 365 nm
(Sutter Instruments) or 450 nm LEDs (ThorLabs, laser power of
1445 mW) for different time intervals using a DMD (Mightex)
attached to a microscope (BX63; Olympus). The cells were incubated
with 1 uM CyS-labeled complementary DNA for 2 min and then
rinsed with 1X PBS (HyClone Cytiva). The PBS contains 144 mg/L
potassium phosphate monobasic, 9000 mg/L sodium chloride, and
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795 mg/L sodium phosphate dibasic. Stability of patterns was
assessed by incubating at 37 °C overnight in complete growth media.

DNA is attached to the cell membrane through reactions involving
methyltetrazine (MTET) sulfo-NHS ester. The NHS ester group
reacts with primary amines of proteins on the cell surface and the
MTET reacts with a TCO attached to the DNA, binding the DNA to
the cell surface. A maximum of 600,000 cells were suspended in 100
uL of 1X PBS. A 200 mM stock solution of MTET-sulfo-NHS ester
(Click Chemistry Tools) in anhydrous DMSO was added to the cells
at 1 mM. After 10 min, the cells were rinsed twice by centrifuging at
250g for 5 min, removing the supernatant, and adding 100 uL of PBS.
Incorporation of MTET was verified by incubating with TCO-CyS at
100 pM for S min, followed by flow cytometry (Guava EasyCyte). For
DNA attachment assays, CyS TCO-DNA was added to the cells that
were MTET functionalized (along with unfunctionalized controls) at
100 uM, left for 10 min, and rinsed twice with 1X PBS. Flow
cytometry was performed to assess conjugation.

Cells were functionalized with DNA containing either 1, 3, or §
photoprotected groups (as described above). For light-treated groups,
the cells were then exposed to collimated 425 nm LED light (New
Energy, laser power of 458 mW) for 1 min and then incubated with 1
UM complementary DNA labeled with CyS for 10 min. Following
incubation, the cells were pelleted by centrifugation (500g for S min).
The supernatant was removed, and the cells were rinsed with 1X PBS.
This was repeated two times. Fluorescence intensity was assessed
using flow cytometry.

For monolayer studies, NM2CS cells grown into high confluency
were functionalized with MTET by incubating with MTET-Sulfo-
NHS for 10 min in 10 mM HEPES buffer (pH 8.4), with 150 mM
NaCl. The cells were then triple rinsed with 1X PBS. Cells were
functionalized with DNA containing five photoprotected groups and
rinsed again with 1X PBS. The cells were then placed under a
microscope (Olympus, BX63) equipped with a DMD (Mightex).
Patterns were focused on the surface using 640 nm light (ThorLabs)
to prevent unwanted deprotection. The surfaces were then exposed to
patterns with 425 nm light with a 4X objective for 1, 5, 10, 30, and 60
s. The cells were then rinsed and then incubated with CyS-labeled
complementary DNA. The samples were rinsed with 1X PBS and
imaged.

Cells were functionalized with DNA containing five protecting groups,
as described above. The light treated group was exposed to 425 nm
LED light for 1 min. Both light-treated and non-light-treated groups
were incubated with cells functionalized with complementary DNA
for S min. Then, the mixtures were pipetted onto a glass slide and
covered with a coverslip for imaging with the Olympus BX63
microscope.

M4A4 cells were grown into high confluency and incubated with 1
mM MTET-Sulfo-NHS in 150 mM NaCl and 10 mM HEPES (pH
8.4) for S min at 30 °C. The cells were rinsed twice with 1X PBS and
then incubated with S0 yuM DNA containing five photoprotected
groups. The cells were placed under a microscope with a DMD and
exposed to 425 nm light with a 4X objective for 60 s. The cells were
rinsed with 1X PBS and then incubated with cells functionalized with
complementary DNA. After S min, the samples were rinsed with 1X
PBS and imaged.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00020.

DNA sequences, micrographs of DNA printing, and flow
cytometry density histograms (PDF)
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