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Supplemental Figure 1: Example images of the benchtop photolithography setup. (A) Slide on spin coater, covered with positive 
photoresist, before spin coating. (B) Picture of transparency photomask. (C) During exposure, the photomask is sandwiched between 
the photoresist-coated slide and a glass disc. (D) Housing for UV lamp was made out of a re-purposed sharps container. (E) Slide 
immersed in developer solution. (F) Developed slide. (G) Amine-modified DNA solution spread on patterned regions of the slide. (H) 
PDMS flow cells placed on top of patterned regions of the slide.

Supplemental Figure 2: Some examples of common failures of this protocol. (A) (i) Under-baking before UV exposure or 
over-developing features post-exposure can result in features that have jagged edges and may be irregular in size. (ii) An example of 
a correctly photopatterned slide that has clean edges around features, uniform feature size, and no obvious cracks in the pattern. Scale 
bar = 50 µm. (B) Cell density is critical to patterning efficiency. When observing the cells on top of the pattern under a microscope, 
few gaps should exist between cells, as evidenced by the example image on the left. Scale bar = 50 µm. (C) Patterned cells can 
be sensitive to fluid forces arising from overly vigorous pipetting, which can damage and dislodge the patterned cells. Multilayered 
cell aggregates are particularly vulnerable, as one cell at the bottom is supporting a structure of multiple cells. (i) An array of cell 
aggregates successfully embedded into Matrigel. (ii) A grid of cell aggregates that dislodged as a result of pipetting viscous Matrigel 
too vigorously. (D) Clumping of cells can occur, particularly with epithelial cells. These clumps are usually homotypic but can be 
heterotypic (cells adhering to already patterned cells of a different type) if the cells are particularly sticky. Image shows three different 
populations of MCF10As were patterned onto an array composed of three different single-cell sized DNA spots (15 µm). Most DNA 
spots have 2–4 cells attached. Clumping can be resolved by EDTA treatment or by filtering out the clumps before patterning. Scale bar 
= 100 µm.

Supplemental Figure 3: Overlapping photopatterns results in presence of both oligos at reduced concentration. Two orthogonal 
amine-modified oligos were photopatterned sequentially, first a vertical line (Strand 1), followed by a horizontal line that overlapped 
it (Strand 2). The oligos were then visualized by hybridization with fluorescent complementary oligos. (A) Fluorescence image of 
Strand 1. (B) Quantification of the fluorescence profile of Strand 1 over a 100 µm vertical line spanning the overlap. (C) Fluorescence 
image of Strand 2. (D) Quantification of the fluorescence profile of Strand 2 over a 100 µm horizontal line spanning the overlap. Scale 
bar = 50 µm.

Supplemental Figure 4: Quantification of DNA complexes on the cell surface as a function of CMO labeling concentration. 
HUVECs were labeled with different concentrations of CMO solution, washed, and then incubated with a fluorescent complementary 
strand. An MESF (Molecules of Equivalent Soluble Fluorochrome) microsphere kit was used to do quantitative flow cytometry and 
estimate the number of DNA complexes on the cell surface as a function of CMO concentration during labeling.

Supplemental Figure 5: CMO labeling does not stimulate TLR9 response. An experiment was carried out to see whether CMO 
labeling would trigger the DNA-detection mechanism of TLR9 and whether this would be affected by CpGs in the Adapter Strand 
sequence. HEK cells expressing mouse TLR9 were incubated overnight with 0.2 µM of either ODN 1826 (a CpG-containing TLR9 
agonist), CMO Universal Anchor + Universal Co-Anchor + Adapter Strand containing the same sequence as ODN 1826 (CMO-CpG), 
or CMO Universal Anchor + Universal Co-Anchor + Adapter Strand containing a similar sequence but with replacement of the CpGs 
with GpCs (CMO-GpC). TLR9 stimulation would result in the production of SEAP (secreted embryonic alkaline phosphatase). SEAP 
secretion was quantified by a colorimetric assay (absorbance). Treatment conditions were compared to resting cells that were only 
treated with PBS. Incubation with CMO-GPC did not stimulate TLR9 expression. Incubation with CMO-CpG was slightly higher than 
resting cells but much lower than ODN-1826.

Supplemental Figure 6: Viability of cells after CMO labeling process. To assess how the protocol impacts viability, HUVECs were 
split into four populations: one remained on ice for 1 h, one was mock-labeled with PBS but otherwise taken through all centrifuge 
and wash steps, one was labeled with CMOs, and one was labeled with CMOs and filtered through a 40 µm filter to remove clumps. 
The cells were then stained with calcein AM and ethidium homodimer to assess the number of alive and dead cells. All treatments 
resulted in significantly decreased viability than the ice control (one-way ANOVA with Tukey post-hoc analysis), but median viability 
for CMO-labeling (with or without filtering) was about 94%. Data collected from three independent experiments. * = p < 0.05. **** = 
p < 0.0001.
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Abstract

The relative positioning of cells is a key feature of the microenvironment that organizes cell-cell 

interactions. To study the interactions between cells of the same or different type, micropatterning 

techniques have proved useful. DNA Programmed Assembly of Cells (DPAC) is a micropatterning 

technique that targets the adhesion of cells to a substrate or other cells using DNA hybridization. 

The most basic operations in DPAC begin with decorating cell membranes with lipid-modified 

oligonucleotides, then flowing them over a substrate that has been patterned with complementary 

DNA sequences. Cells adhere selectively to the substrate only where they find a complementary 

DNA sequence. Non-adherent cells are washed away, revealing a pattern of adherent cells. 

Additional operations include further rounds of cell-substrate or cell-cell adhesion, as well as 

transferring the patterns formed by DPAC to an embedding hydrogel for long-term culture. 

Previously, methods for patterning oligonucleotides on surfaces and decorating cells with DNA 

sequences required specialized equipment and custom DNA synthesis, respectively. We report 

an updated version of the protocol, utilizing an inexpensive benchtop photolithography setup 

and commercially available cholesterol modified oligonucleotides (CMOs) deployed using a 

modular format. CMO-labeled cells adhere with high efficiency to DNA-patterned substrates. 

This approach can be used to pattern multiple cell types at once with high precision and to 

create arrays of microtissues embedded within an extracellular matrix. Advantages of this method 

include its high resolution, ability to embed cells into a three-dimensional microenvironment 

without disrupting the micropattern, and flexibility in patterning any cell type.

Introduction

The positioning of cells with respect to one another in a tissue is an important feature 

of the microenvironment1 , 2 , 3 , 4 . Techniques used to pattern live cells into spatially 
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controlled arrangements are valuable experimental tools for studying differentiation4 , 5 , 

6 , 7 , 8, cell motility9, morphogenesis10 , 11 , 12, metabolism13, and cell-cell interactions7 , 

14. A variety of methods exist for patterning cells, each with their own advantages and 

drawbacks3 , 4. Methods that create adhesive islands of extracellular matrix (ECM) proteins, 

such as microcontact printing and laser-cut stencils, are simple and scalable. However, it is 

difficult to pattern more than one or two cell types at a time because the adhesive properties 

of different cell types to different ECM molecules are often similar15 , 16 , 17. More 

complex micropatterns can be created with light-induced molecular adsorption (LIMAP), a 

technique that uses UV light to ablate PEG-coated regions and allow for subsequent protein 

adsorption18 , 19. This process can be repeated to create high-resolution micropatterns 

with multiple cell types. However, cross-binding of cells to the different protein patches 

can occur, resulting in poor pattern specificity19. Physical methods such as seeding cells 

onto micromechanical reconfigurable culture devices can create structured co-cultures with 

dynamic control, but without the flexibility in pattern design of microcontact printing 

or LIMAP14 , 8. Unlike the other techniques, bioprinting can create three-dimensional 

arrangements of cells within hydrogels20 , 21. However, bioprinted constructs have much 

lower resolution than other micropatterning techniques, with an average feature size on the 

order of hundreds of microns22. An ideal cell patterning method would have high resolution, 

pattern multiple cell types, use equipment and reagents that are easily accessible, and have 

the ability to embed successful patterns into a hydrogel for three-dimensional (3D) cell 

culture. In this article, we present CMO-DPAC, a cell micropatterning technique that uses 

the flexibility and speed of DNA hybridization to target cell adhesion to a substrate. This 

method has been adapted from our previous protocols23 , 24 to make it more affordable, 

modular, and accessible. Using the current protocol, any lab should be able to set up a fully 

functional system without any specialized equipment or expertise.

DNA Programmed Assembly of Cells (DPAC) is a powerful tissue engineering technique 

that patterns cells at single-cell resolution with precise control over cell-cell spacing and 

tissue geometry. In DPAC, cell membranes are decorated with DNA oligonucleotides 

(oligos) using two lipid-modified oligos designed to hybridize on the cell membrane. 

Because the oligos are conjugated to hydrophobic lipids, they rapidly partition to the cell 

membrane25 where they hybridize, increasing the net hydrophobicity of the non-covalently 

bound molecules, and thereby enhancing their lifetime at the cell surface26. The oligos are 

presented on the cell surface in a manner where they can hybridize with complementary 

oligos on other cells or DNA-functionalized glass slides to create defined 2D or 3D cell 

patterns with prescribed composition, cell-cell spacing, and geometry23 , 24. The patterned 

microtissues can be cleaved off of the surface enzymatically and embedded into a hydrogel 

for prolonged 3D culture. When used in combination with primary cells or stem cells, the 

resulting collections of cells can undergo morphogenesis and form into organoids23 , 27 , 28 . 

DPAC has been applied to investigate the dynamics of adult neural stem cell fate in response 

to competing signals6 , 29, to study self-organization of mammary epithelial cells23 , 28, and 

to generate “tissue origami” through mesenchymal condensation27.

DPAC allows for the precise placement of multiple cell populations and has substantially 

better resolution than extrusion-based bioprinters (on the order of microns)22 , 23. In 

addition, unlike ECM-based patterning methods such as microcontact printing, DPAC does 
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not require differential adhesion of the different cell types to an ECM-coated surface15 , 23. 

It is ideal for answering questions about how the composition of a tissue affects its behavior, 

how cells integrate multiple cellular and microenvironmental cues when making decisions6 , 

29, and how pairs of cells interact with each other. An advantage of this method over other 

micropatterning methods is that it can be used for 3D cell culture in a single imaging plane, 

facilitating time-lapse studies of tissue self-organization and organoid morphogenesis23 , 27 , 

30.

Despite these advantages, successful implementation of DPAC has required the synthesis of 

custom oligonucleotide reagents and access to specialized equipment for DNA patterning23 , 

24, limiting widespread adoption. For example, the optimal lipid-modified oligos (LMOs) 

used in the original protocol must be custom synthesized, modified with lignoceric acid 

or palmitic acid, and purified26. This process requires the use of a DNA synthesizer and 

a high-performance liquid chromatography instrument, as well as the purchasing of the 

associated reagents such as methylamine, a controlled substance that is subject to both 

institutional and federal regulations. As an alternative, LMOs can be custom purchased in 

bulk, but this requires a significant up-front investment in the technology.

To overcome these limitations, we have developed a revised version of DPAC that 

uses commercially available cholesterol-modified oligos (CMOs) in place of the custom-

synthesized LMOs. To further reduce costs and to increase the flexibility of the platform, 

we have changed to a modular, three-oligo system. Instead of ordering a new cholesterol-

modified oligo for each unique cell population, a user of this protocol can instead use 

the same cholesterol-modified oligos (“Universal Anchor” and “Universal Co-Anchor”) for 

every cell population and then employ an inexpensive, unmodified oligo (“Adapter Strand”) 

that hybridizes with both the Universal Anchor and either the amine-functionalized DNA on 

the surface or the Adapter Strand of another cell type.

Another limitation of the original DPAC protocol was that it created the DNA-

patterned slides by using a high-resolution liquid printer (e.g., Nano eNabler, BioForce 

Nanosciences)23 , 24. While this instrument boasts extraordinary resolution and low reagent 

requirements, it is not available to most institutions and has a relatively low printing rate 

(approximately 1 feature patterned per second). Recently, two photolithographic methods 

have been developed to pattern DNA features onto surfaces. Viola and colleagues used 

a polyacrylamide and benzophenone coating that covalently bound single-stranded DNA 

oligos upon exposure to UV light30. Using this method, they were able to create tissue 

scaffolds that underwent large-scale, programmed shape changes as a result of cell 

contractility and self-organization. Scheideler et al. developed a method that uses UV 

exposure of a positive photoresist to selectively expose amine-modified DNA oligos to an 

aldehyde-functionalized slide29. After baking and reductive amination, the amine-modified 

DNA is covalently bound to the surface. This method was used to investigate the response 

of adult neural stem cells to spatially presented self-renewal and differentiation cues. This 

article adapts Scheideler et al.’s protocol to create the DNA patterns that will capture 

CMO-labeled cells. This photopatterning protocol can be performed without using a clean 

room. It uses inexpensive and commercially available equipment that is easily deployed on 

a benchtop or fume hood. The use of inexpensive or DIY (do-it-yourself) photolithography 
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equipment increases accessibility to researchers without access to clean room facilities and 

allows researchers to try the technique without a large investment of time or resources31 , 32. 

However, better resolution and the alignment of multiple DNA features can be achieved by 

using the commercial spin coater and mask aligner commonly found in cleanroom facilities.

Here, we describe a method to pattern cells at single-cell resolution using DNA-based 

adhesion. First, photopatterning with a positive photoresist is used to create high-resolution 

patterns of amine-modified DNA onto an aldehyde-modified glass substrate. Next, the slide 

is treated to reduce non-specific cell attachment and PDMS flow cells are created to confine 

cells over patterned regions. Cells are then labeled with short DNA oligonucleotides that are 

functionalized with cholesterol and as a result insert into the cell membrane. The cells are 

then flowed over the DNA micropatterns. Hybridization between the cell-surface DNA and 

the DNA on the glass surface results in specific adhesion of the cells to the DNA pattern. 

Non-adherent cells are washed away, revealing the adherent cell pattern. This process can 

be repeated to pattern multiple cell types or to create multi-layered structures. If desired, the 

cells can be fully embedded into an ECM for 3D cell culture.

Protocol

1. Design experiment

1. Plan out the desired experiment, considering feature size, feature spacing, 

number of cell types involved, and the arrangement of cells with respect to 

one another. Refer to Supplemental File 1, a guide for experimental design, and 

Supplemental File 2, which contains example oligo sequences.

2. Design photomask using computer-aided design software. An example 

photomask is provided in Supplemental File 3.

1. Draw a rectangle of the dimensions of a standard microscope slide (25 

mm x 75 mm).

2. Draw four rectangular regions 10 mm wide and 10 mm long, distributed 

evenly across the slide.

3. Within each region, draw features that are the desired size, shape, and 

spacing for the experiment. Cells will adhere only to these features in 

the experiment.

4. To create aligned photomasks for multiple cell types, create a master 

drawing with all sets of features, then save versions that correspond to 

each cell type.

5. Order a high-resolution (at least 20,000 dots per inch) transparency 

photomask from this CAD drawing with the features drawn in 1.2.3 

transparent and the larger regions black.
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2. Photopattern DNA onto aldehyde-functionalized slides (protocol adapted from 
Scheideler et al.29)

1. If patterning multiple cell types, fabricate fiducial markers on the aldehyde-

functionalized slide before any DNA patterning to facilitate alignment of 

features. Alternative methods for creating fiducial markers are suggested in 

Supplemental File 1.

1. To create metal fiducial markers, apply S1813 positive photoresist as 

described in steps 2.3 – 2.11. Use a photomask that contains large 

features that will be easy to align later. Incorporate these features into 

the design of the photomasks that will be used for DNA patterning.

2. Deposit a thin film (100 Angstroms) of titanium onto the slide using 

electron-gun evaporation29. Remove excess metal and photoresist using 

acetone, and then proceed to the DNA photopatterning.

2. Prepare a 20 µM solution of a 5’-amine-modified oligo in DNA buffer (50 mM 

of sodium phosphate in water, pH = 8.5). See Supplemental File 2 for suggested 

oligo sequences.

NOTE: It is possible to use as little as 5 µM of amine-modified oligo for 

some patterns and applications, so surface DNA concentration may need to be 

optimized.

3. Pre-heat a hot plate to 100 °C.

4. Use double-sided tape or a vacuum to attach an aldehyde-functionalized glass 

slide to the rotor of a spin coater.

CAUTION: Slide detachment during spin-coating is a safety risk. Always use the 

spin coater in an enclosed container with a lid, such as an acrylic box.

NOTE: Label a corner of the slide by using a diamond scribe or similar 

implement to scratch the glass. This helps with slide identification and 

orientation after the photoresist has been washed away.

5. Use a disposable pipette to drop the positive photoresist onto the aldehyde slide. 

For even coatings, add small drops of the photoresist across the slide, instead of 

one large drop in the middle (Supplemental Figure 1A).

6. Using the spin coater, spin the slide at 3000 rpm for 30 s.

7. Place the slide on 100 °C hotplate for 1.5 min (soft bake) to crosslink 

photoresist.

8. Remove the slide from hotplate. Place a photomask with the features desired for 

this experiment on top of the slide and weigh the photomask down with a piece 

of glass (Supplemental Figure 1B,C). Cover the entire setup in an opaque box 

(Supplemental Figure 1D). Expose with a UV lamp (365 nm wavelength, 360 

mW, 5 inches from slide, total radiant energy density 100 mJ/cm2) for 2 min.
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NOTE: UV light will break the polymer bonds in the photoresist underneath 

transparent regions of the photomask, creating regions where DNA will later be 

able to adhere.

9. Develop the slide by immersing in developer solution for 3–5 min (Supplemental 

Figure 1E).

10. Rinse away excess developer solution with water. Dry under a stream of air or 

nitrogen. (Supplemental Figure 1F).

11. Confirm that the photolithography was successful by looking at the slide under 

the microscope. Because the photoresist is UV-light sensitive, do this step 

quickly and then store the slide in the dark while preparing other slides (if 

applicable).

NOTE: A successfully patterned slide should have sharply defined edges for each 

feature, no cracking, and no feature distortion at the edges. Examples of correct 

and incorrect photolithography are provided in Supplemental Figure 2A. See 

Table 1 for troubleshooting suggestions if photolithography does not provide the 

desired feature quality.

12. Add a droplet of the 20 µM amine-modified oligo solution (Step 2.1) onto each 

photopatterned region of the slide. Use a pipette tip to gently spread the droplet 

across the entire region, being careful not to scratch the slide. (Supplemental 

Figure 1G).

13. Bake the slide in a 65–70 °C oven until the DNA solution has fully dried onto the 

slide surface (about 1 h).

14. Perform reductive amination by placing the patterned, baked slides in a 15 cm 

cell-culture dish and place in a fume hood on top of a shaker. Weigh out 100 mg 

of sodium borohydride. In a fume hood, add 40 mL of phosphate-buffered saline 

(PBS), gently mix, and add to the dish containing the patterned slides. Let the 

reaction proceed for 15 min with gentle shaking.

NOTE: The amine on the oligo first forms a Schiff base with the aldehydes 

on the slide surface. This is a reversible covalent bond that must be converted 

to an irreversible bond prior to use in DPAC. Addition of a reducing agent 

(sodium borohydride) converts the Schiff base to a secondary amine by reductive 

amination.

CAUTION: The reaction of sodium borohydride with water creates hydrogen gas 

and will continue to do so for hours or days after the reaction begins. Perform 

the reductive amination step in a fume hood and keep all sodium borohydride 

solution waste in an open or loosely capped container in the fume hood for at 

least 24 h.

15. Remove unreacted DNA by washing twice with 0.1% sodium dodecyl sulfate 

(SDS) in water, then three times with distilled water. Dry the slide under a stream 

of nitrogen or air.
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16. Rinse the slide with acetone to remove the remaining photoresist.

NOTE: At this point, the DNA has been irreversibly and covalently attached to 

the slide and all unreacted aldehyde functional groups have been converted to 

alcohols. The photoresist is no longer needed.

17. If multiple oligos will be patterned, return to step 2.4, align the photomask with 

fiducial marks, and repeat.

NOTE: The experiment can be paused here. Store slides in a vacuum desiccator. 

Under dry conditions, the slides can be stored for up to 3 months without a loss 

of quality.

3. Make slide hydrophobic (optional) (protocol adapted from Todhunter et al. 24)

NOTE: It is advantageous, but not required, to modify the slide’s surface chemistry 

to render it more inert and hydrophobic. Non-specific cell attachment is reduced on 

these surfaces33, thereby alleviating non-specific binding of cells to un-patterned areas 

of the slide. Additionally, if the patterned cells will ultimately be embedded within 

a hydrogel and transferred off the slide, the surface treatment is essential for reliable 

movement of the cell-laden hydrogel across the slide without distortion or tearing. Silanizing 

with (tridecafluoro-1,1,2,2-tetrahydrooctyl) dimethylchlorosilane results in the presence of 

hydrophobic fluoroalkyl groups on the slide surface.

CAUTION: Perform all steps from 3.1 onward in a chemical fume hood to prevent exposure 

to acetic acid and methylene chloride fumes.

1. Rinse slide with 10% acetic acid and then dry under an air stream.

2. In a glass Coplin jar, prepare a solution of 60 mL methylene 

chloride (dichloromethane), 0.6 mL of triethylamine, and 0.6 mL of 

(tridecafluoro-1,1,2,2-tetrahydrooctyl) dimethylchlorosilane. Stir with a metal 

spatula to mix.

NOTE: These reagents are sensitive to water. They should be stored under dry 

conditions and used as fresh as possible.

3. Add the slide to the Coplin jar containing the silane solution. Place Coplin jar on 

an orbital shaker (set to 60–80 rpm) and allow the reaction of the silane and the 

slide to progress for 15 min.

4. Use metal forceps to remove the slide from the silane solution. Immerse slide in 

a Coplin jar containing methylene chloride for 1 minute to remove excess silane 

from the slide.

5. Immerse the slide in a 50 mL conical tube containing ethanol. Agitate. Immerse 

the slide in a 50 mL conical tube containing distilled water. Agitate.

NOTE: Methylene chloride and water are not miscible, so an ethanol rinse is 

needed to remove excess methylene chloride before the final water rinse.
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6. Remove the slide from the water and inspect it. The slide should be fairly dry, 

with any water droplets having a contact angle of greater than 90°. Allow slides 

to dry fully and store in vacuum desiccator until use.

NOTE: The experiment can be paused here. Store the slide under dry conditions.

4. Prepare PDMS flow cells and slide for experiment

NOTE: Rectangular PDMS flow cells are used to concentrate the cells over the patterned 

regions of the slide. For experiments cultured in 3D, the flow cells form a mold for the 

hydrogel.

1. Make SU-8 master to use as mold for PDMS flow cells.

1. Pre-heat hotplate to 95 °C.

2. Add 5 mL of SU-8 2075 to a silicon wafer.

3. Spin coat the SU-8 on the wafer at 500 rpm for 10s, followed by 1,000 

rpm for 30s. This should create features up to 240 µm in height34.

4. Soft bake the wafer on the hotplate for at least 45 min.

5. Remove the wafer from the hotplate. Put the photomask (see 

Supplemental File 4) (emulsion side down) on top of the wafer 

and weigh it down with a glass disc to ensure contact between the 

photomask and the slide.

6. Expose with UV light (365 nm) for a radiant energy density of 350 

mJ/cm2.

7. Bake wafer on the hotplate for 12–15 min.

8. Place wafer in wide glass container. Cover wafer with SU-8 developer 

solution. Place on a shaker and develop while agitating for at least 15 

min.

9. Use forceps to remove the wafer from the developer solution. Rinse 

for 5 s by spraying more developer solution from a squirt bottle. Spray 

with isopropyl alcohol to rinse. If a white precipitate appears, return the 

wafer to the developer solution and develop for longer.

10. Dry wafer under a stream of air or nitrogen.

11. Bake slide for 5 min.

NOTE: Once the master wafer has been created, it can be reused 

indefinitely as long as the features remain intact.

2. Prepare PDMS.

1. In a weigh boat, add polydimethylsiloxane elastomer and crosslinker in 

a 10:1 ratio (by mass). Stir vigorously to ensure even mixing.

2. De-gas the PDMS in a vacuum desiccator for 15–30 min until no more 

bubbles are visible.
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3. Place the master wafer in a 15 cm tissue culture dish. Pour PDMS over 

the wafer. If bubbles appear, de-gas in a vacuum desiccator for a few 

minutes.

4. Bake in 60 °C oven for 3 h.

NOTE: After baking, PDMS flow cells can be stored on the benchtop 

indefinitely.

3. Prepare PDMS flow cells for the experiment.

1. Shortly before starting a CMO-DPAC experiment, cut out the required 

number of PDMS flow cells from the master wafer. Plasma oxidize 

with 10 cc/min room air for 90 s to render the surface hydrophilic.

2. Cut out each individual flow cell so that there is 1–2 mm of PDMS 

remaining on each side, then cut open the top and bottom of the flow 

cell to create an inlet and outlet.

3. Retrieve patterned slide created in Steps 2 and 3. Align on top of 

photomask.

4. Using the photomask as reference, place the PDMS flow cells on the 

slide in the location of each patterned region.

5. Add 50 µL of phosphate buffered saline (PBS) + 1% bovine serum 

albumin (BSA) to the inlet of each flow cell, as shown in Supplemental 

Figure 1H. Confirm that the flow cell is completely filled by the PBS 

+ 1% BSA and that there are no large bubbles. Proceed immediately to 

Steps 5 and 6.

NOTE: Blocking with BSA minimizes non-specific cell adhesion to the 

slide surface.

5. Lift and label cells with cholesterol-modified DNA

1. Prepare the cholesterol-modified DNA solutions.

1. For each set of cells in the experiment, mix together 3 µL of a 100 

µM stock solution of the cholesterol-modified Universal Anchor Strand 

with 3 µL of a 100 µM stock solution of an Adapter Strand. Incubate for 

1 minute. This will pre-hybridize the oligos. Add 69 µL of phosphate-

buffered saline (PBS) to create a 4 µM Universal Anchor + Adapter 

solution.

2. For each set of cells in the experiment, add 3 µL of a 100 µM Universal 

cholesterol-modified Co-Anchor Strand stock solution to 12 µL of PBS, 

creating a 20 µM solution.

2. Prepare the single-cell suspension(s).

1. For adherent cells, use trypsin or other dissociation agent to remove the 

cells from the culture flask. Add culture media to neutralize the trypsin 
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and centrifuge to pellet the cells. For non-adherent cells, collect the cell 

suspension and centrifuge to pellet the cells.

2. Resuspend the cell pellet in 1 mL of ice-cold PBS or serum-free media. 

Transfer 1–3 million cells to a 1.5 mL microcentrifuge tube. Centrifuge 

at 160 × g for 4 min.

NOTE: If the cell type being used is prone to clumping/aggregation, 

use PBS without calcium and magnesium ions for all wash steps to 

reduce unwanted cell aggregation. If viability is a particular concern for 

the cell type being used, use serum-free media instead of PBS. Media 

containing fetal bovine serum is not recommended for cell labeling as it 

can hinder incorporation of lipid-modified oligos.35

3. Label the cells with cholesterol-modified oligos.

1. Resuspend the cell pellet in 75 µL of ice-cold PBS or serum-free media. 

Keep the cells in an ice bucket throughout the labeling and washing 

process to maximize cell viability and minimize loss of the cholesterol-

modified oligos from the cell surface.

NOTE: Resuspending the cells before adding the DNA ensures that the 

distribution of DNA is uniform across the cell population.

2. Add the 75 µL of the 4 µM Universal Anchor + Adapter solution 

created in Step 5.1.1 to the microcentrifuge tube containing the cell 

suspension. Mix thoroughly by pipetting. Incubate for 5 min on ice.

3. Add 15 µL of the Universal Co-Anchor Solution to the microcentrifuge 

tube. Mix thoroughly by pipetting. Incubate for 5 min on ice.

4. Remove excess oligos from the cell suspension. Add 1 mL of ice-cold 

PBS or serum-free media to the microcentrifuge tube. Mix with a 

P1000 pipette. Centrifuge at 160 × g for 4 min at 4 °C. Discard the 

supernatant. Repeat two more times.

NOTE: If cells are prone to clumping, pass the cell suspension through 

a 40 µm filter before the final wash. If cells are prone to adsorption onto 

the side of the microcentrifuge tube, consider pre-blocking the tube 

with casein.

6. Pattern the DNA-labeled cells

1. Resuspend the cells in ice-cold PBS or serum-free media to create a cell-dense 

solution of at least 25 million cells/mL.

NOTE: For one slide using four of the 10 mm x 15 mm x 200 µm PDMS flow 

cells described in Step 4, about 100 µL of this dense cell suspension is required. 

Although most of these cells will not adhere to the pattern and will ultimately 

be discarded, having an extremely concentrated solution of cells over the pattern 

dramatically improves the efficiency of cell patterning.
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2. Pick up slide and tilt it slightly. Add 25 µL of cell suspension to the inlet of 

each flow cell on the patterned slide. Remove the PBS + 1% BSA solution from 

the outlet, allowing the cell suspension to fill the PDMS flow cell. Incubate on 

ice or at room temperature for 30 s. NOTE: At this point, looking at the flow 

cell under a microscope should show densely packed cells with little to no gaps 

visible between cells. See Supplemental Figure 2B.

3. Aspirate 5 µL of cell suspension from the outlet of the slide and add it back into 

the inlet. Repeat 10 times per flow cell.

NOTE: The adhesion of CMO-labeled cells to the DNA-patterned slide is nearly 

instantaneous. Flowing the cells over the pattern multiple times increases the 

probability that a cell will flow over a given DNA spot and be captured.

4. Gently pipette PBS or serum-free media into the inlet of each flow cell to wash 

out excess cells. Collect the cell suspension from the outlet. Repeat 2–4 times or 

until a visual inspection of the slide under the microscope confirms that there are 

no excess cells remaining.

NOTE: It can be advantageous to save the excess cells from the first wash. If 

the patterning efficiency is unsatisfactory, the excess cells can be centrifuged and 

resuspended in a lower volume of PBS to create a more cell-dense solution, and 

then the process can be repeated from Step 6.2.

5. Repeat Steps 6.1–6.4 for each set of cells in the pattern. For patterns in which 

multiple cell types are directly patterned by the surface template, start with the 

least abundant cell type of the pattern and finish with the most abundant cell 

type.

NOTE: It is advisable to do each round of cellular assembly sequentially 

instead of pooling the cells, even in conditions where the cells are all labeled 

with orthogonal DNA sequences. Pooling the cells effectively dilutes each cell 

population and reduces patterning efficiency.

6. After the final round of cell assembly is complete, the next steps will vary based 

on the specific experiment. If the cells are intended to remain on the glass, 

add media to a Petri dish containing the slide, and then gently use forceps to 

nudge the PDMS flow cells off of the slide. If the cells will be embedded into a 

hydrogel and cultured in 3D, proceed to Step 7.

7. Transfer into hydrogel for 3D culture (optional)

1. Prepare a hydrogel precursor solution containing 2% DNase.

NOTE: The composition of the solution will vary based on experimental setup. 

Matrigel and mixtures of Matrigel and collagen I work well in this protocol, but 

other hydrogels are also possible.

2. Add 50 µL of hydrogel solution containing 2% DNase to the inlet of each flow 

cell. Aspirate the excess fluid from the outlet, driving the hydrogel solution into 
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the flow cell. For viscous hydrogel precursors, tilting the slide slightly may be 

required to help the hydrogel flow into the flow cell.

3. Incubate the slide at 37 °C for 30–45 min (depending on hydrogel gelation 

kinetics) to allow the hydrogel to set and to cleave the DNA-based adhesion 

between the cells and the surface.

4. Remove each flow cell from the slide and place on top of hydrogel precursor 

solution.

1. Add 50 µL of hydrogel precursor to a well of a 2-well chamber slide or 

a 6-well plate.

2. Pipette 10 µL of PBS on either side of each flow cell.

3. Use a razor blade or fine-point tweezers to distribute the PBS along the 

full length of the flow cell, then gently lift the sides of the flow cell so 

that the PBS rushes underneath the hydrogel.

NOTE: This will “float” the hydrogel across the slide, allowing for 

transfer without distortion or tearing.

4. Use a razor blade to gently move the flow cell to the edge of the glass 

slide.

5. Invert the slide. With the razor blade, nudge the flow cell off the slide 

so that it lands on top of the razor blade.

6. Pick the flow cell off the razor blade using curved forceps. Invert the 

flow cell so that the cells are on the bottom, and then place on top of the 

droplet of hydrogel precursor solution.

7. Repeat Steps 7.4.1 – 7.4.6 for each flow cell.

5. Incubate for at least 30 min so that the hydrogel containing the patterned 

cells can bind to the hydrogel underlay, resulting in the full embedding of the 

patterned cells.

6. Remove the PDMS flow cell.

1. Add enough media to immerse the PDMS flow cell.

NOTE: The influx of media will loosen the adhesion between the 

hydrogel and the PDMS flow cell.

2. Use curved forceps, oriented along the long axis of the flow cell, to 

gently nudge the flow cell until it pops off and floats into the media. 

Collect the flow cell with forceps and discard.

NOTE: For optimal results, spread the curved forceps and apply gentle 

pressure to the walls of the PDMS flow cell. Apply force in the 

direction of the long axis of the flow cell.
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8. Confirm successful labeling of cells with CMO (optional, for troubleshooting)

1. Order a fluorescently modified (FAM or AF647) oligonucleotide that is 

complementary to the surface adhesion sequence of the Adapter Strand being 

used in the experiment.

2. Label cells with CMO DNA and wash out excess DNA as described in Step 5. 

Resuspend in 200 µL of ice-cold PBS.

3. Make up a 4 µM solution of the fluorescently labeled complementary 

oligonucleotide in PBS. Add 200 µL of this solution to the cell suspension. 

Incubate on ice for 5 min.

4. Add 1 mL of ice-cold PBS. Mix. Centrifuge the cells to pellet them. Remove 

supernatant. Repeat this process two more times to wash out any DNA that has 

not hybridized.

5. Perform analytical flow cytometry to quantify the presence of DNA on the cell 

surface.

1. On a flow cytometer, analyze control cells that have not been labeled 

with DNA. Set up gates based on this population.

2. Analyze CMO-labeled cells that have been treated with a fluorescently 

labeled complementary oligonucleotide.

3. Calculate mean fluorescence intensity.

Representative Results

This protocol makes it possible to pattern cells in 2D and 3D with high precision 

and without the use of custom reagents or expensive cleanroom equipment. Figure 1 

shows an overview of the protocol. First, DNA-functionalized slides are created through 

photolithography. Next, cells are labeled with CMOs. The cells are then flowed over the 

slide, where they attach only to the DNA-functionalized regions of the slide. After excess 

cells are washed away, the desired pattern of cells is revealed. These cells can be cultured on 

the slide or embedded in a hydrogel containing DNase and transferred off the slide for 3D 

cell culture.

Labeling of cells with CMOs allows for their attachment to the DNA patterned slide 

(Figure 2). First, the cholesterol-modified Universal Anchor Strand is pre-hybridized with 

the Adapter Strand. Next, the Universal Anchor + Adapter solution is mixed 1:1 with the 

cell suspension. The cholesterol on the Universal Anchor + Adapter complex inserts into the 

cell membrane. Addition of the cholesterol-modified Universal Co-Anchor Strand, which 

hybridizes with the Universal Anchor Strand, improves the stability of the CMO complex in 

the cell membrane by increasing the net hydrophobicity of the complex26. After washing out 

the excess DNA from the cell suspension, the cells are flowed over the slide. Hybridization 

between the Adapter Strand and the Surface DNA Strand results in attachment of cells to the 

DNA-patterned regions of the slide.
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The pattern of the cells is created by using photolithography to restrict the attachment 

of amine-modified DNA oligos to specific regions of an aldehyde-modified glass slide29 

(Figure 3A). Positive photoresist is spin-coated onto an aldehyde-functionalized slide. A 

transparency photomask is then placed on top of the slide and the slide is exposed to 

UV light. After developing, the regions of the slide that were exposed to UV light are no 

longer coated in photoresist and thus have exposed aldehyde groups. A 20 µM solution of 

amine-modified DNA oligos is then dropped onto the slide and spread to cover the patterned 

regions. Baking followed by reductive amination results in a covalent bond between the 

amine-modified DNA and the slide. Remarkably, this process can be repeated to pattern 

multiple oligos without any loss of functionality of the previously patterned oligos (Figure 

3B). However, care should be taken to avoid overlapping patterns, which results in the 

presence of both oligos at a reduced concentration (Supplemental Figure 3). Multiple cell 

populations can be patterned sequentially by using Adapter Strands that differ in their 

modular domain (the 20 bases closest to the 3’ end).

Although this photopatterning protocol was developed by Scheideler et al. in the context of 

a clean room, we have demonstrated that it is possible to achieve similar results with an 

inexpensive, “home-brew” photolithography setup that fits easily within a chemical fume 

hood. The setup includes a $400 spin coater made of a DC motor, digital controller, and 

CD cake box, as well as a UV lamp that was assembled from individual components and 

housed in a repurposed sharps container (Supplemental Figure 1). The main advantage of 

the home-brew photolithography setup is that it is very affordable (<$1000 for all of the 

equipment) while still being able to create single-cell-sized features. However, the use of 

inexpensive equipment does have its limitations - for example, it is more challenging to 

precisely align fiducial markers to pattern multiple DNA oligos without use of a mask 

aligner. We recommend this inexpensive photolithography setup for labs that do not have 

convenient access to a clean room or that want to try this method without a large investment.

To identify optimal conditions for DNA-programmed cell adhesion, we systematically 

varied the concentrations of DNA strands on cell surfaces and measured the efficiency 

of cell adhesion to DNA-modified glass surfaces. The concentration of Universal Anchor + 

Adapter Strand and Universal Co-Anchor in labeling solutions were varied across several 

orders of magnitude (Figure 4A,B), resulting in 104 - 106 DNA complexes per cell 

(Supplemental Figure 4). Cell adhesion was dose dependent, with minimal cell adhesion to 

the DNA pattern when cells were labeled with CMOs at a concentration of 0.05 µM or less, 

and high occupancy at a concentration of 2.5 µM and higher. We, therefore, used a 2 µM 

solution of Universal Anchor + Adapter Strand and 2 µM solution of Universal Co-Anchor 

in most experiments. Cell adhesion would also be expected to decrease if the amount of 

DNA used on the glass surface decreased29 or if mismatches between the Adapter Strand 

and surface strand increased. More information about Adapter Strand sequence design is 

provided in Supplemental File 2. CMO labeling using Adapter Strands without CpG repeats 

did not stimulate TLR9 in HEK cells expressing mouse TLR9 (Supplemental Figure 5).

We provide several demonstrations that the revised protocol provides reproducible and 

efficient DNA-programmed cell adhesion. For example, human umbilical vein endothelial 

cells (HUVECs) labeled with CMOs adhered to DNA patterns with high efficiency. CMO-
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labeled HUVECs adhered as well as LMO-labeled HUVECs (Figure 5A). Cells patterned 

using CMO-DPAC retained their viability and functionality. Cells labeled with CMOs 

were stained by calcein AM and ethidium homodimer to assess viability (Supplemental 

Figure 6). Differences in viability compared to unlabeled control cells were small (94% vs 

97%). Single MDCKs patterned via CMO-DPAC and transferred into Matrigel were able to 

proliferate and polarize correctly after 5 days of culture (Figure 5B). DPAC also provides 

a means of elaborating patterns of cells into the third dimension (Figure 5C). For example, 

multilayered, multicellular aggregates can be created by alternating layers of cells labeled 

with complementary CMOs (Figure 5C). These experiments demonstrate that the protocol 

is reproducible, does not negatively affect cell viability or functionality, and yields cellular 

patterns that can be successfully cultured within a single imaging plane in a 3D ECM.

By providing orthogonal DNA sequences to direct cell adhesion, DPAC provides a means 

of patterning multiple cell types on a single surface. To implement this feature of DPAC, 

DNA patterns generated by photolithography must be aligned with respect to one another. 

Metal fiduciary markers deposited onto the slide allowed for the alignment of multiple 

photomasks and therefore the patterning of multiple cell types at once. MCF10As stained 

with different unique dyes were labeled with orthogonal CMOs and patterned to create a 

visualization of the UC Berkeley and UCSF logos (Figure 6). This experiment demonstrates 

that multiple unique cell populations can be patterned together with high precision and 

without cross-contamination.

Successful patterning of cells using CMO-DPAC requires high-quality photolithography, 

sufficient concentration of oligo on the cell surface, a high density of cells over the 

pattern, and sufficient washing. Failure of any one of these steps affects the final result. 

Supplemental Figure 2 includes example images of correct and incorrect photolithography 

(Supplemental Figure 2A), the desired cell density over the pattern to create fully occupied 

patterns (Supplemental Figure 2B), the loss of patterned cells due to overly vigorous 

pipetting during subsequent steps of DPAC (Supplemental Figure 2C), and undesired 

clumping of cells (Supplemental Figure 2D). Table 1 includes a list of common failure 

points and the suggested troubleshooting. The use of fluorescent complementary oligos is 

recommended as a tool for troubleshooting to confirm the presence of patterned DNA on 

the slide and the presence of CMOs on the cell surface by flow cytometry (see Step 8 of 

protocol).

Discussion

In this article, we present a detailed protocol for high-resolution patterning of cells in 

2D and 3D for in vitro cell culture experiments. Unlike previously published versions of 

this method, the protocol presented here focuses on usability: it does not require highly 

specialized equipment and all reagents can be purchased from vendors instead of requiring 

custom synthesis. Unlike other cell micropatterning methods, this method is rapid and 

cell-type agnostic: it does not require specific adhesion to extracellular matrix proteins15. 

Cells patterned by CMO-DPAC can be embedded within an extracellular matrix such as 

Matrigel or collagen, resulting in 3D cultures with much higher spatial resolution than is 

currently possible with extrusion printing-based methods22. CMO-DPAC can be used to 
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create hundreds to thousands of microscopic features per slide, allowing for many replicates 

to be performed at the same time.

One of the most important parameters in the success of this protocol is the density of 

cells added to the flow cells on top of the patterned slide. Ideally, the density should be 

at least 25 million cells/mL. When loaded into the flow cells, this density of cells results 

in a nearly close-packed monolayer of cells above the pattern (Supplemental Figure 2B). 

These high cell densities maximize the probability that a cell will settle directly on top 

of a DNA spot and adhere. Reducing the cell density will decrease the overall patterning 

efficiency. Another critical step in this protocol is thoroughly re-suspending the cells in PBS 

or serum-free media before adding the CMO solution. The CMOs partition very rapidly 

into cell membranes and adding the CMO solution directly to a cell pellet will result in 

heterogeneous labeling of cells. After adding the CMO solution to the cell suspension, 

it is important to mix thoroughly by pipetting so that the cells are uniformly labeled 

with the CMOs. After the incubations, it is necessary to thoroughly wash out the excess 

CMOs through multiple centrifugation and wash steps. Excess free CMO present in the 

cell suspension will bind to the patterned amine-modified DNA on the glass slide, blocking 

hybridization and adhesion of the CMO-modified cells in suspension. Time is also a key 

consideration for this protocol. It is important to work as quickly as possible when using 

CMOs and to keep the cells on ice in order to minimize internalization of the CMOs and 

maximize cell viability. Flow cytometry experiments have shown that CMOs do not persist 

as long on the cell surface as LMOs, with 25% loss of CMO complexes over two hours 

of incubation on ice36. Furthermore, the viability of cells will decrease as the cell handling 

time increases. Viability can be maximized by working quickly, keeping cells on ice, using 

ice-cold reagents, and using serum-free media to provide some nutrients.

Although CMO-DPAC can be a powerful way of studying cell biology by patterning 

cells with high precision, it does have its limitations. CMO-DPAC experiments can be 

challenging, particularly as the experimental complexity is added with multiple cell types, 

layers, or 3D cell culture (Supplemental File 1). Experimental failures can be common when 

starting this protocol, as described in Table 1. Therefore, we recommend that users institute 

quality control checks (confirming that DNA is present on the slide, confirming that cells are 

sufficiently labeled with DNA (Step 8), confirming that excess cells have been thoroughly 

washed away, etc.) to make sure that the experiment succeeds and to identify steps that may 

require further optimization. We hope that the information provided in this manuscript and 

its supplemental files will help facilitate any required troubleshooting.

Cholesterol is a bioactive molecule whose internalization may influence cell metabolism, 

gene expression, and membrane fluidity37 , 38. A previous study compared the effects on 

gene expression of CMO- and LMO-labeled cells using single cell RNA sequencing. CMO-

labeled HEK cells had altered gene expression compared to unlabeled and LMO-labeled 

cells36. Labeling cells with CMOs resulted in the differential expression (> 1.5-fold) of 

eight genes relative to unlabeled controls, including AP2B1, which has been linked to 

cholesterol and sphingolipid transport (GeneCards), and MALAT1, a long non-coding RNA 

that regulates cholesterol accumulation39. While minor, these transcriptional responses may 
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nevertheless be of concern if the experiment in question is studying metabolism, membrane 

dynamics, or other cholesterol-associated pathways in cells.

This protocol is flexible and can be adjusted to meet the needs of each experiment. 

Because the CMO inserts itself into the lipid membrane instead of using any specific 

receptor, the method is cell type agnostic (HUVECs, MCF10As, HEKs, and MDCKs have 

been demonstrated here). Although cholesterol is a different hydrophobic anchor than our 

previously published LMOs, we have thus far found them to behave similarly. Thus, we 

would expect the CMOs to work with any of the wide variety of cell types that we have 

previously published with LMOs, including but not limited to neural stem cells, fibroblasts, 

peripheral blood mononuclear cells, tumor cells, and primary mammary epithelial cells6 , 

23 , 27 , 29 , 36. CMO labeling does not stimulate TLR9, suggesting that the protocol is 

compatible with immune cells. Membrane incorporation of the CMO is a function of total 

cell size and the degree of negative charge in the cell glycocalyx35. Thus, we have included 

a protocol (Step 8) for testing the extent of membrane incorporation that is amenable to 

rapid optimization. The specific features of each cell pattern will inevitably vary based 

on the experimental design (see Supplemental File 1 for more guidance). Although the 

photopatterning protocol described above for patterning the DNA is recommended, any 

method of spatially confining droplets of amine-DNA solution should work, such as the 

use of high-resolution droplet printers. The pattern resolution and minimum feature spacing 

will vary based on the method used. It is also theoretically possible to combine the DNA-

photopatterning sections of this protocol with other methods that have been used to label 

cells with DNA, such as with DNA hybridized to membrane-expressed zinc fingers40, using 

NHS-conjugated DNA41, and reacting azido sialic acid residues on the cell surface with 

phosphine-conjugated DNA42. CMO-DPAC can be applied to a variety of experiments that 

require tight control over cell-cell spacing, including studies of the interactions between 

pairs of cells, co-culture experiments looking at the transfer of signals from “sender” cells 

to “receiver” cells, and investigations of the effect of nearby extracellular cues on stem cell 

differentiation6 , 29. The method can also be used to create microtissues that can be used to 

study cell migration in three dimensions, the self-organization of cells into tissues23 , 27, and 

the dynamic interplay between cells and the ECM27. We hope that this protocol will provide 

researchers with an accessible platform to explore new applications of high-resolution DNA-

based cell patterning in their own labs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Overview of CMO-DPAC protocol.
First, a DNA-patterned slide is created by coating an aldehyde-functionalized glass slide 

with a positive photoresist, covering it with a transparency mask in the desired pattern, and 

exposing it to UV light. The UV-exposed photoresist is washed away with developer, leaving 

exposed regions of the aldehyde slide and allowing the binding of amine-functionalized 

DNA to the surface. Cells are then labeled with CMOs and flowed over the surface. The 

DNA on the cell membrane hybridizes to the DNA on the surface, resulting in adhesion.
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Figure 2: Cells are labeled with CMOs in a stepwise process.
First, the cholesterol-modified Universal Anchor Strand is pre-hybridized with the Adapter 

Strand. Next, the Universal Anchor + Adapter solution is mixed with the cell suspension. 

The cholesterol on the Universal Anchor + Adapter complex inserts into the cell membrane. 

After incubation, the cholesterol-modified Universal Co-Anchor Strand is added to the cell 

suspension, where it hybridizes with the Universal Anchor Strand and inserts into the cell 

membrane. The addition of the second cholesterol molecule increases the net hydrophobicity 

of the DNA complex and stabilizes it within the membrane26. After washing out the excess 

DNA, the cells are concentrated and added to a PDMS flow cell on top of the patterned 

surface. The 3’ end of the Adapter Strand hybridizes with the Surface DNA Strand on 

the glass slide, resulting in adhesion to the slide specifically in regions functionalized with 

complementary DNA.
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Figure 3: Photolithography is used to create the DNA-patterned slides that will ultimately dictate 
the placement of cells.
(A) Overview of photolithography process. An aldehyde-functionalized slide is spin-coated 

with a positive photoresist. UV light shines onto the slide through a transparency photomask 

that is transparent where cell adhesion is desired. After the slide is developed, the regions 

that were previously exposed to UV light now have exposed aldehyde groups. A 20 µM 

solution of an amine-functionalized DNA oligo is then dropped onto the slide and spread 

over the patterned regions. The slide is then baked to induce the formation of Schiff bonds 

(C=N) between the amine and aldehyde groups, a reversible covalent bond29. Subsequent 

reductive amination with 0.25% sodium borohydride in PBS converts the Schiff base to 

a secondary amine by reductive amination, resulting in an irreversible bond between the 

DNA and the slide. The remaining photoresist can then be removed by rinsing with acetone. 

(B) This process can be repeated to create multi-component DNA patterns and therefore 

perform experiments with multiple cell populations. (i) After the first oligo is patterned, the 

slide is again coated in photoresist and the protocol proceeds as before. Alignment of the 

photomasks using fiduciary markers is necessary for patterning multiple DNA strands. (ii) 

Each cell type being patterned differs in the 20-base modular domain of the Adapter Strand. 
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By using orthogonal sets of complementary oligos, multiple cell types can be patterned 

without cross-adhesion.
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Figure 4: Adhesion of CMO-labeled cells to DNA patterns increases as a function of CMO 
concentration during labeling.
In this experiment, the Universal Anchor + Adapter Strand (pre-hybridized) and the 

Universal Co-Anchor were used at equal concentrations. Concentration refers to the 

concentration of CMO in the cell suspension during CMO labeling of cells. (A) 

Quantification of the percentage of 15 µm diameter DNA spots that were occupied by 

CMO-labeled MCF10A cells as a function of CMO concentration during cell labeling. Data 

represented as the mean ± standard deviation from three experiments. (B) Representative 

images of the DNA patterns (magenta) and adhered MCF10As (cyan) at different 

concentrations of CMO. Scale bar = 100 µm.
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Figure 5: CMO-DPAC can be used to create two-dimensional cell patterns that can subsequently 
be embedded into a three-dimensional hydrogel for culture and/or layered to create multilayered 
structures.
(A) Direct comparison between CMO-labeled human umbilical vein endothelial cells 

(HUVECs) and LMO-labeled HUVECs adhered to a linear DNA pattern. Both methods of 

cell labeling result in nearly 100% occupancy of the DNA pattern. (B) Single Madin-Darby 

Canine Kidney cells (MDCKs) expressing H2B-RFP were patterned onto 15 µm diameter 

spots spaced 200 µm apart and subsequently embedded in Matrigel. After 120 h of culture, 

the resulting epithelial cysts were fixed and stained for E-cadherin, actin, and collagen IV. 

Spheroid in white box is shown in detail. Scale bar = 50 µm. (C) Multilayered cellular 

structures can be created by labeling separate cell populations with complementary Adapter 

Strands and patterning sequentially so that each new addition of cells adheres to the cell 

layer before it. (i) A schematic of the sequential patterning of cell populations to create 
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multilayered structures. (ii)Three-layered cell aggregates of MCF10As (visualized using 

dyes) were created using this process. Scale bar = 50 µm.
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Figure 6: Multiple cell types can be patterned without cross-contamination or loss of adhesion.
Multiple amine-modified DNA oligos were patterned sequentially onto an aldehyde slide 

and aligned through use of metal fiduciary markers. Three populations of MCF10As (cyan, 

magenta, yellow) were stained with unique dyes labeled with complementary CMOs, and 

patterned onto the slide, resulting in an image of the UC Berkeley and UCSF logos. Scale 

bar 1 mm.
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