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Abstract

Mechanobiology is an emerging scientific area that addresses the critical role of physical cues in directing cell morphology and function.
For example, the effect of tissue elasticity on cell function is a major area of mechanobiology research because tissue stiffness modulates
with disease, development, and injury. Static tissue-mimicking materials, or materials that cannot alter stiffness once cells are plated, are
predominately used to investigate the effects of tissue stiffness on cell functions. While information gathered from static studies is valuable, these
studies are not indicative of the dynamic nature of the cellular microenvironment in vivo. To better address the effects of dynamic stiffness on
cell function, we developed a DNA-crosslinked polyacrylamide hydrogel system (DNA gels). Unlike other dynamic substrates, DNA gels have
the ability to decrease or increase in stiffness after fabrication without stimuli. DNA gels consist of DNA crosslinks that are polymerized into a
polyacrylamide backbone. Adding and removing crosslinks via delivery of single-stranded DNA allows temporal, spatial, and reversible control of
gel elasticity. We have shown in previous reports that dynamic modulation of DNA gel elasticity influences fibroblast and neuron behavior. In this
report and video, we provide a schematic that describes the DNA gel crosslinking mechanisms and step-by-step instructions on the preparation
DNA gels.

Video Link

The video component of this article can be found at https://www.jove.com/video/51323/

Introduction

Static and dynamic substrates are two categories of biomaterials that were developed to study the effects of tissue elasticity or stiffness on cell
function. Static substrates are unable to change their physical properties after they are fabricated and/or once cells are plated. Polyacrylamide
(PA) gels were the first two-dimensional, static substrates that were synthesized for mechanobiology investigations 5,17. PA gels are easy to
prepare, inexpensive, versatile, and can be fabricated with a broad range of elastic moduli. Although these technical advantages make PA gels a
commonly applied substrate, static substrates are not indicative of the dynamic nature of the extracellular matrix (ECM) and surrounding cellular
environment in vivo. For example, the ECM undergoes stiffness alterations as a result of injury, development, or disease. Dynamic substrates are
therefore favored as tissue-mimicking substrate models in mechanobiology studies 22,24,25.

Numerous synthetic, natural, two-dimensional, three-dimensional, static, and dynamic biomaterials have been developed to mimic tissue
stiffness 1,3,6,16,23,26. Some dynamic substrates require heat, UV, electrical current, ions, and pH changes to alter their mechanical properties
2,4,7,8,12,15,16, but these stimuli can restrict the hydrogel’s bio-application. DNA-crosslinked polyacrylamide hydrogels (DNA gels) are dynamic two-
dimensional elastic substrates. DNA crosslinks allow for temporal, spatial, and reversible modulation of DNA gel stiffness by addition of single-
stranded DNA (ssDNA) to media or buffer 9-11,13,14,18,21. Unlike the aforementioned dynamic gels where stimuli are applied for modulation of
elasticity, the DNA gels rely on the diffusion of applied ssDNA for the alteration of elasticity. Therefore, the upper gel surface, where cells are
grown, is the first area modulated because the rate of elasticity modulation is dependent on the gel thickness.

DNA gels are similar to their PA gel counterparts in that they have a polyacrylamide backbone, however the bis-acrylamide crosslinks are
replaced with crosslinks composed of DNA (Figure 1). Two ssDNAs (SA1 and SA2) hybridize with a crosslinker strand (L2) to make up the DNA
crosslinks of the gel. SA1 and SA2 have distinct sequences that both contain an Acrydite modification at the 5´ end for effective incorporation into
the PA network. For preparation of the gels, SA1 and SA2 are individually polymerized into a PA backbone and, subsequently, the polymerized
SA1 and SA2 are mixed together. L2, the crosslinker, is added to the SA1 and SA2 mixture. The L2 base sequence is complementary to both
SA1 and SA2 sequences and L2 hybridizes with SA1 plus SA2 to form the DNA crosslinks. Initial, DNA gel elasticity is determined by both L2
concentrations and crosslinking (Tables 1 and 2). DNA gels containing equal stoichiometric amounts of L2, SA1, and SA2 are the stiffest gels
because SA1 and SA2 are 100% crosslinked by L2 (designated as 100% gels). Lower concentrations of L2 result in a lower percentage of DNA
crosslinking and, therefore, softer DNA gels. Gels as low as 50% crosslinked (designated as 50% gels) have been constructed 9-11.
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Figure 1. DNA gel crosslinking and uncrosslinking schematic 9-11,13,14,18,21.  Step 1: SA1 (red) and SA2 (blue) are individually polymerized
into a polyacrylamide backbone (black). After polymerization, SA1 and SA2 polymerized solutions are mixed together. Step 2: L2 (green)
is added and hybridizes with SA1 plus SA2 to form the crosslinks of the gel. Step 3: R2 hybridizes with the toehold of L2. Step 4: Toehold
hybridization of R2 propels the unzipping of L2 from SA1 and SA2.

Unlike PA gels, DNA gels can stiffen and soften after synthesis. For that reason, cells grown on DNA gels can be subjected to dynamic stiffness
alterations. To stiffen cell-adherent gels, L2 can be added to the culture media of low percentage gels to increase the percentage of crosslinks.
To soften cell-adherent gels, L2 can be removed to decrease the percentage of crosslinks 10,13,21. L2 has an additional toehold sequence at the 3
´ end to allow L2 to uncrosslink from SA1 and SA2 (Table 1). Removal of L2 is accomplished by hybridization of a reversal strand called R2. R2
is complementary to the full length of L2 and hybridizes first with the L2 toehold. Toehold hybridization propels the unzipping of L2 from SA1 and
SA2, which eliminates the crosslink and reduces the gel stiffness.

In this report and video, step-by-step instructions are provided for the preparation of stiffening and softening DNA gels. While 100% and 80%
gel preparations are described, this protocol can be tailored to create DNA gels of other initial and final crosslinked percentages. In general,
100% and 80% gels are prepared, immobilized onto glass cover slips, functionalized, and seeded with cells. L2 is added to the media of 80%
gels and R2 is added to the media of 100% gels, 48 hr after plating. The addition of L2 to media stiffens 80% gels to 100% crosslinked, whereas
the addition of R2 to media softens 100% gels to 80% crosslinked. Stiffened gels are designated as 80→100% gels and softened gels are
designated as 100→80% gels in the text. For control or static gels, ssDNA consisting of Ts or As is delivered to another set of 100% and 80%
gels. After a minimum of two days following elasticity modulation, cells can be processed and analyzed.
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Sequence
(Toehold)

DNA crosslink # of bases

5'→3'

Modification Melting
temperature (Tm,
°C)

Comments

SA1 10 GCA CCT TTG C 5' Acrydite 34.9

SA2 10 GTC AGA ATG A 5' Acrydite 23.6

L2 30 TCA TTC TGA
CGC AAA GGT
GCG CTA CAC
TTG

56 A 10 bp toehold
sequence is
included. 

Design 1

R2 30 CAA GTG TAG
CGC ACC TTT
GCG TCA GAA
TGA

R2 is
complementary to
L2

SA1 14 CGT GGC ATA
GGA CT

5' Acrydite 46.9

SA2 14 GTT TCC CAA
TCA GA

5' Acrydite 40.2

L2 40 TCT GAT TGG
GAA ACA GTC
CTA TGC CAC
GGT TAC CTT
CAT C

65.9 A 12 bp sequence
toehold is
included. 

Design 2

R2 40 GAT GAA GGT
AAC CGT GGC
ATA GGA CTG
TTT CCC AAT
CAG A

65.9 R2 is
complementary to
L2

SA1 20 ACG GAG GTG
TAT GCA ATG TC

5' Acrydite 55

SA2 20 CAT GCT TAG
GGA CGA CTG
GA

5' Acrydite 56.6

Design 3

L2 40 TCC AGT CGT
CCC TAA GCA
TGG ACA TTG
CAT ACA CCT
CCG T

68.8 Toehold is not
included.

AAA AAA (etc.) orControl Control 20-40

TTT TTT (etc.)

Table 1. Base sequences for ssDNA 9-11,13,14,18,21. Cellular and mechanical studies have utilized several different crosslink designs to generate
DNA gels with a range of static and dynamic mechanical properties. The parameters modulated in crosslink design are base sequence and
sequence length or crosslink length. Bold and italicized fonts illustrate base pairing between SA1 and L2 and between SA2 and L2, respectively.

Design

1 2 3

Acrylamide
Concentration
(%)

10 10 10 4

SA1 plus SA2
hybridized
to L2 (%
crosslinked)

50 80 100 50 80 100 100 100

Elasticity
(kPa, Mean
±SEM)

6.6 ± 0.6 17.1 ± 0.8 29.8 ± 2.5 5.85± 0.62 12.67 ± 1.33 22.88 ± 2.77 25.2 ± 0.5 10.4 ± 0.6
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Table 2. Young’s modulus (E) of DNA gels 9-11,13,14,18,21. Acrylamide concentration, crosslink percentage, and crosslink length can be
modulated in DNA gels. Designs 1, 2, and 3 have 20, 28, and 40 bp crosslink lengths, respectively. 100% gels for all designs have similar moduli
indicating crosslink length does not affect gel elasticity. However, variations in acrylamide concentration alter DNA gel elasticity.

Protocol

NOTE: The entire protocol from gel preparation to cell processing takes a minimum of six days. Estimated time for gel preparation is 8 hr plus an
O/N incubation. Estimated time for gel immobilization and DNA annealing is 8 hr plus an O/N rinsing step. Estimated time for gel functionalization
is 2 hr. Time for cell plating and growth is dependent on culture type and application, but a minimum of four days is required.

1. Preparation of DNA Gels

NOTE: Prepare DNA gels in three distinct steps. First, individually polymerize SA1 and SA2 ssDNA into a PA backbone. These solutions
are called SA1 polymerized solution and SA2 polymerized solution, respectively (§1.1). Second, dissolve the crosslinker, reversible strand,
and control ssDNAs. Dissolve the lyophilized L2 ssDNA (crosslinker). This is called 100% L2 solution and is used to fabricate 100% gels
(§1.2). Dilute an aliquot of 100% L2 solution to 80%. This is called 80% L2 solution and is used to fabricate 80% gels. Dissolve lyophilized R2
(reversible strand) and control ssDNA to use in §4. Third, mix SA1 polymerized solution, SA2 polymerized solution, and 100% or 80% L2 solution
in a ratio of 10:10:6 (SA1:SA2:L2) to form 100% and 80% gels, respectively. (§1.3).

1. Preparation of SA1 and SA2 Polymerized Solutions

1. Select and order the appropriate SA1, SA2, L2, and R2 base sequences from Tables 1 and 2. Base sequences and sequence length were
optimized in previous reports 9-11,13,14.

2. Calculate all solution formulations (Tables 3-4). NOTE: Meticulously document calculations for troubleshooting purposes. Construction of
an Excel template is recommended and can be used repeatedly for DNA gel preparation. Please see Tables 3 and 4 for an example of the
tabulation for Design 2 (Tables 1 and 2). The volumes specified in Table 4 will be used throughout this protocol but volumes will vary with
every aliquot of lyophilized ssDNA.

Solution Stock Concentration of Solution Percentage of Stock Solution
in SA1 or SA2 Polymerized
Solution (v/v)

Final Concentration of Solution
in SA1 or SA2 Polymerized
Solution

Acrylamide (No-Bisacrylamide) 40% 25 10%

SA1 or SA2 solution 100% 60 60%

TBE buffer 10x 10 1x

TEMED 20% 2.5 0.50%

APS 2% 2.5 0.05%

Table 3. Percentage of solutions for fabricating SA1 or SA2 polymerized solutions. The first column shows the solutions for formulating the
DNA gels. The second column shows the stock concentrations of these solutions. The third column shows the percentage of the stock solutions
in SA1 or SA2 polymerized solutions (v/v). The last column reflects the final concentrations in SA1 and SA2 solutions.

Solution Components

Solution Stock
Concentration 

Final Solution
Concentration

Calculation Amount to Add Comments

ssDNA solutions (§1.1)

SA1 solution is 60% of SA1
polymerized solution.  

107 µl / 0.600 = 178 µl

SA1 solution 320.7 nmol of
lyophilized SA1
ssDNA

3.00 mM 320.7 nmol /
3.00 nmol μl-1 =
107 µl

107 µl of
TE buffer to
lyophilized
ssDNA

178 µl is the total volume of SA1
polymerized solution (Table 3).

SA2 solution is 60% of SA2
polymerized solution.

108 µl / 0.600 = 180 µl

SA2 solution 324.4 nmol of
lyophilized SA2
ssDNA

3.00 mM 324.4 nmol /
3.00 nmol μl-1 =
108 µl

108 µl of
TE buffer to
lyophilized
ssDNA

180 µl is the total volume of SA2
polymerized solution (Table 3).

100% L2 solution 657.4 nmol of
lyophilized L2
ssDNA

3.00 mM 657.4 nmol /
3.00 nmol μl-1 =
219 µl

219 µl of
TE buffer to
lyophilized
ssDNA

Dilute an aliquot of 100% L2 to
80% L2 solution

80% L2 solution 80 µl of 100% L2
ssDNA

80% — 20 µl of TE
buffer to 80 µl
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of 100% L2
solution

Control solution 332.6 nmol of
lyophilized poly
T or A ssDNA

3.00 mM 332.6 nmol /
3.00 nmol μl-1 =
111 µl

111 µl of
TE buffer to
lyophilized
ssDNA

R2 solution 193.8 nmol of
lyophilized R2
ssDNA

3.00 mM 193.8 nmol /
3.00 nmol μl-1 =
64.6 µl

64.6 µl of
TE buffer to
lyophilized
ssDNA

Polymerized solutions (§1.2)

40% acrylamide 10% 178 µl x 0.25 =
44.5 µl

45 µl Calculate the amount of
acrylamide, TBE, APS, and
TEMED based on a total volume of
178 µl (see above and Table 3).

10x TBE 1x 178 µl x 0.10 =
17.8 µl

18 µl

100% SA1
solution

60% — 107 µl SA1 solution is 60% of the SA1
polymerized solution (see above
and Table 3).

2% APS 0.05% 178 µl x 0.025 =
4.45 µl

4.5 µl Add and mix APS before adding
TEMED.

SA1 polymerized solution

20% TEMED 0.50% 178 µl x 0.025 =
4.45 µl

4.5 µl

40% acrylamide 10% 180 µl x 0.25 =
45 µl

45 µl Calculate the amount of
acrylamide, TBE, APS, and
TEMED based on a total volume of
180 µl (see above and Table 3).

10x TBE 1x 180 µl x 0.10 =
18 µl

18 µl

100% SA2
solution

60% — 108 µl SA2 solution is 60% of the SA2
polymerized solution (see above
and Table 3).

2% APS 0.05% 180 µl x 0.025 =
4.5 µl

4.5 µl Add and mix APS before adding
TEMED

SA2 polymerized solution

20% TEMED 0.50% 180 µl x 0.025 =
4.5 µl

4.5 µl

Gel solutions (§1.3)

100% SA1
polymerized
solution

10 parts — 10 µl Compose 100% gels with the
following SA1:SA2:L2 ratio,
10:10:6.

100% SA2
polymerized
solution

10 parts — 10 µl

100% Gel solution

100% L2 
solution

6 parts — 6 µl

100% SA1
polymerized
solution

10 parts — 10 µl Compose 80% gels with the
following SA1:SA2:L2 ratio,
10:10:6.

100% SA2
polymerized
solution

10 parts — 10 µl

80% Gel solution

80% L2 solution 6 parts — 6 µl

Dynamic gels (§3-4)

Calculation 1:

(20 µl / 26 parts)
x 6 parts = 4.6 µl

80→100% gel 80% gel 100% gel 1 µl of 100%
L2 solution into
culture media

Calculations are based on having
20 µl gels on cover slips. First,
convert the parts of 100% L2
solution in the 20 µl of gel into µl.
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Calculation 2:

5 µl x 0.2 = 1 µl

Second, calculate the amount (in
µl) of 100% L2 solution needed for
an additional 20% of crosslinking.
Add this amount of 100% L2
solution to gel.

Calculation 1:

(20 µl / 26 parts)
x 6 parts = 4.6 µl

Calculation 2:

100→80% gel 100% gel 80% gel

5 µl x 0.2= 1 µl

1 µl of 100%
R2 solution into
culture media

Calculations are based on having
20 µl gels on cover slips. First,
convert the parts of 100% L2
solution in the 20 µl of gel into µl.
Second, calculate the amount (in
µl) of 100% L2 solution needed to
be removed to compose a 20%
gel. Add this amount of R2 solution
to gel.

100% gel (Control) 100% gel 100% gel — 1 µl of control
solution into
culture media

Amount of control solution is
equivalent to the amount of R2
solution added.

80% gel (Control) 80% gel 80% gel — 1 µl of control
solution into
culture media

Amount of control solution is
equivalent to the amount of 100%
L2 solution added.

Table 4. Example calculations for DNA gel preparation. Mock numbers are provided to illustrate the calculations for the preparation of 80%,
100%, 100→80%, and 80→100% gels. DNA gels are Design 2 in Table 1.

3. Centrifuge lyophilized SA1 ssDNA at 2,000 x g for 15 sec to ensure all ssDNA is at the bottom of the vial. NOTE: Proper concentration of SA1
solution is critical for DNA gel synthesis.

4. Prepare 3 mM of SA1 solution by adding 107 µl of 1x Tris-EDTA, pH 8.0 buffer (TE buffer) to the vial (Tables 3-4).
5. Heat SA1 in TE buffer at 70 °C for 5 min or until ssDNA pellet is completely dissolved. NOTE: Heating temperature should be a minimum of 5

°C above melting temperature (Tm) to ensure DNA is in a single-stranded state.
6. Prepare SA1 polymerization solution by adding 40% acrylamide and 10x Tris-Borate-EDTA (TBE) buffer at the indicated percentages (Table

3). In this example, add 45 and 18 µl, respectively, to 107 µl of SA1 solution (Table 4).  
7. Degas with nitrogen gas for 3 min to facilitate mixing. Insert a p200 tip attached to a nitrogen gas source into the solution and slowly allow

nitrogen gas to pass through the solution. Test the flow rate of nitrogen gas in water prior to degassing SA1 solution to prevent splatter.
8. Centrifuge for 15 sec at 2,000 x g to gather solution.
9. Add 4.5 µl of 2% ammonium persulfate (APS, Tables 3-4) to initiate gel polymerization.
10. Invert the tube several times to mix.
11. Centrifuge for 15 sec at 2,000 x g to gather solution for homogenous polymerization.
12. Add 4.5 µl of 20% tetramethylethylenediamine (TEMED, Tables 3-4) to catalyze polymerization.
13. Invert the tube several times to mix.
14. Centrifuge for 15 sec at 2,000 x g to gather solution for homogenous polymerization.
15. Degas with nitrogen gas for 3-5 min to complete polymerization and minimize un-reacted monomers.
16. Incubate solution for 10 min at RT to complete polymerization. NOTE: This solution is called SA1 polymerized solution.
17. Repeat steps 1.1.3-1.1.16 with lyophilized SA2 ssDNA, but add 45, 18, 4.5, and 4.5 µl of acrylamide, TBE, APS, and TEMED, respectively, to

108 µl of SA2 solution (Tables 3-4). NOTE: SA1 and SA2 polymerized solutions can be stored at 4 °C for up to one month.

2. Preparation of L2, R2, and Control Solutions

1. Repeat steps 1.1.3-1.1.5 with lyophilized R2 ssDNA but add 64.4 µl of TE buffer (Table 4).
2. Repeat steps 1.1.3-1.1.5 with lyophilized control ssDNA but add 111 µl of TE buffer (Table 4).
3. Repeat steps 1.1.3-1.1.5 with lyophilized L2 ssDNA but add 219 µl of TE buffer (Table 4). NOTE: This is 100% L2 solution. Adding 100% L2

solution to SA1 and SA2 polymerized solutions (see §1.3) will form a 100% crosslinked DNA gel (100% gel) because SA1, SA2, and L2 will
be stoichiometrically equivalent.

4. Dilute an aliquot of 100% L2 solution to 80% by adding 20 µl of 1x TE buffer to 80 µl of 100% L2 solution (Table 4). NOTE: This solution is
80% L2 solution. Adding 80% L2 solution to SA1 and SA2 polymerized solutions (see §1.3) will form an 80% crosslinked DNA gel (80% gel)
because only 80% of SA1 and SA2 will be crosslinked to L2. Solutions can be stored at 4 °C for up to one month.

3. Preparation of Gel Solutions

1. Heat SA1 and SA2 polymerized solutions at 70 °C until solution viscosity is reduced (about 1 min). Raise the temperature up to 80 °C if
solution is still too viscous to pipette.

2. Add 10 µl or 10 parts of SA1 polymerized solution to 10 µl or 10 parts of SA2 polymerized solution (Table 4). NOTE: SA1 and SA2
polymerized solutions are extremely viscous and difficult to pipette. Since concentrations are critical to gel formation, use a positive-
displacement pipette from this point forward or see discussion for other handling techniques. Also, pipette in multiple, small aliquots (>20 µl)
rather than a single, large volume. 

3. Mix SA1 and SA2 polymerized solutions together via alternating heating (for 15 sec at 70 °C) and stirring (for 15 sec with a pipette tip) for a
total of 1 min.

4. Add 6 µl or 6 parts of 100% L2 solution to form a 100% gel (Table 4).
5. Mix by alternating heating and stirring as described in step 1.3.3.
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6. Heat gel for 1 hr at the optimal annealing temperature (35 °C). Calculate annealing temperature by subtracting 5 °C from the ssDNA
sequence with the lowest melting temperature (Table 1).

7. Pipette the 100% gel into a 60-mm Petri dish.
8. Allow DNA crosslinks to continue to rehybridize by incubating gel for 4 hr at RT.
9. Cover gel with PBS containing calcium and magnesium and incubate O/N at RT. NOTE: Gels will swell about 3 times their initial volume. In

addition, gels will equilibrate with buffer and excess acrylamide will diffuse out of the gels. Calcium and magnesium in the PBS stabilize DNA
hybridization and prevent gel bursting (see Discussion for toubleshooting gel bursting).

10. Remove remaining buffer from Petri dish.
11. To fabricate 80% gels, repeat steps 1.3.1-1.3.10 but replace 100% L2 solution in step 1.3.4 with 80% L2 solution. Store 100% and 80% gels

at 4 °C for up to one month. NOTE: The stiffness differences between 80% and 100% gels are physically distinguishable.

2. Gel Immobilization on Glass

NOTE: Immobilize aliquots of 100% or 80% gels onto glass cover slips (Figure 2).

1. Heat 100% gel at 70 °C for about 30 sec or until gel is less viscous for pipetting.
2. Place glass cover slips onto a 70 °C heat block and allow to heat for 1-2 min.
3. Add a drop of optical adhesive to each glass cover slip.
4. Add 20 µl of 100% gel to each glass cover slip (Table 4). NOTE: 10-30 µl can be dispensed on each cover slip.
5. Allow gel to melt and spread over glass cover slip. NOTE: If gel topology does not appear even after melting, flatten gel with a siliconized

glass cover slip. However, additional swelling will occur in subsequent steps and contribute to gel unevenness.
6. Remove glass-containing gel from heat block and place into a 24-well tissue culture dish.
7. Repeat steps 2.1-2.6 with 80% gel.
8. Heat gels for 1 hr at the optimal annealing temperature (35 °C). NOTE: It is normal for gels to become dry and this will be resolved when gels

are incubated in PBS.
9. Expose plates containing 80% and 100% gels to ultraviolet (UV, 365 nm) light for 15 min. NOTE: UV exposure simultaneously cures glue

and sterilizes gels. If a UV crosslinking chamber is not available, gels can be placed under a UV light that is equipped in a biological safety
cabinet. After UV exposure, perform subsequent steps of this protocol under a biological safety cabinet to maintain gel sterility. Also, use
sterile solutions from this point forward.

10. Allow DNA crosslinks to rehybridize at RT for 4 hr.
11. Add PBS and incubate O/N at 4 °C. NOTE: PBS incubation rinses, equilibrates, and swells gels again because repeated heating can

dehydrate the gels.

 

Figure 2. Schematic of gel immobilization and functionalization. After DNA gels (grey) are prepared, gels are attached to glass cover slips
(white) by optical glue (green). Gels are simultaneously cured and sterilized by UV light. After swelling, gels are approximately 1-mm thick. Next,
gels are functionalized in a two-step process (red outlined box). First, sulfo-SANPAH is conjugated to acrylamide on the gel surfaces by UV light
exposure. Second, gels are incubated with collagen or poly-D-lysine, which attaches to the sulfo-N-hydroxysuccinimide ester in sulfo-SANPAH.
This figure has been modified from 10.

3. Gel Functionalization

NOTE: DNA gel functionalization is required for cell adhesion since polyacrylamide gels are inert materials (Figure 2). In this section, gels will be
functionalized in two-steps. First, N-Sulfosuccinimidyl-6-(4'-azido-2'-nitrophenylamino) hexanoate or sulfo-SANPAH will be covalently linked by
photolysis of nitrophenyl azide group to the polyacrylamide backbone of the DNA gels. Second, primary amines in collagen or poly-D-lysine will
attach to the sulfo-N-hydroxysuccinimide ester in sulfo-SANPAH to attach the proteins to the gel surface.
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1. Remove buffer in wells with a pipette and be careful not to aspirate the gel. NOTE: Do not perform vacuum aspiration to reduce the
probability of aspirating the gel.

2. Optional) Wash gels thrice for 15 min at RT to remove excess acrylamide monomer, TEMED, and APS.
3. Add about 300 µl of sulfo-SANPAH to cover each gel.
4. Expose gels to UV (365 nm) for 5 min.
5. Remove sulfo-SANPAH.
6. Rinse gels once with PBS to remove excess sulfo-SANPAH.
7. Repeat steps 3.3-3.6.
8. Incubate gels in about 300 µl of 0.2 mg/ml of poly-D-lysine for 1 hr at RT  or O/N at 4 °C. NOTE: Alternatively, incubate gels with 0.2 mg/ml of

collagen type 1 O/N at 4 °C.
9. Wash gels twice with PBS for 5 min to remove excess poly-D-lysine.
10. Incubate gels in about 300 µl of media for 30 min to equilibrate gels.
11. Remove media immediately before plating cells.

4. Cell Culturing and Imaging

NOTE: In this section, we provide details regarding the softening or stiffening of gels after cell plating. A detailed cell culturing protocol is not
provided for several reasons. First, numerous cell types can adhere onto DNA gels and each cell type will require specific adjustments by the
researcher for cell plating. Second, standard cell and tissue culturing techniques are used for these experiments and can be found in numerous
original articles, technical articles, and reference books. Techniques for specifically plating fibroblasts and neurons onto DNA gels can be found
in previous publications 9-11,19-21.

1. Plate cells. For protocols regarding dissection and/or culturing of neurons or fibroblasts mentioned in this article, refer to one of the following
publications 9-11,19-21.

2. After a minimum of 48 hr, modulate gel stiffness by pipetting 1 µl of control, L2, or R2 solution close to the gel (Table 4).
1. To stiffen gels from 80% to 100% crosslinked (80→100% gels), add the remaining 20% of L2 to 80% gels by adding 1 µl of 100% L2

solution close to the gel.
2. To soften gels from 100% to 80% crosslinked (100→80% gels), add R2 to remove 20% of the crosslinks from 100% gels by adding 1 µl

of 100% R2 solution close to the gel.
3. For controls, add equal volumes of control solution to a subset of 100% and 80% gels by adding 1 µl of control solution close to the gel.

3. Perform the desired cell processing and data analysis after a minimum of 48 hr.

Representative Results

Prior to our studies, cell-ECM interactions were observed on static compliant biomaterials or on irreversible and unidirectional dynamic
substrates. These substrates do not accurately reflect the dynamic nature of the cellular microenvironment. Our work shifts the existing technical
paradigms by providing a more physiologic model for studying cell-ECM interactions on softening and stiffening dynamic biomaterials. In
previous studies, we analyzed the effects of dynamic substrates on cells by examining various cell morphologies and phenotypes on these gels.
In one example, we determined the effects of substrate stiffening on fibroblasts by evaluating fibroblast morphology on dynamic DNA gels. L929
cells, a mouse-derived fibroblast cell line, were plated on 80% and 100% gels (Figure 3) 11. Two days after plating, 20% additional L2 solution
was added to media of 80% gels to stiffen the gels to 100% crosslinked (80→100%, center panel). 100% gels and another set of 80% gels
received control ssDNA to remain static (right and left panel, respectively). Light microscopy images were captured two days after delivery of
DNA to the media. Image blurriness, as seen in Figure 3, was due to gel surface unevenness and is typical and unavoidable. Gel swelling and
contraction, resulting from the addition of buffers and L2 18,21, contributes to gel unevenness. Morphology was evaluated with ImageJ software
(NIH, Bethesda, MD) and served as an indicator of function. Fibroblasts grown on stiffening gels (80→100%) had no alterations in aspect ratio,
but exhibited a larger projection area than fibroblasts grown on 100% gels 11. Interestingly, the morphology of fibroblasts grown on static gels
was dissimilar to the morphology of fibroblasts grown on dynamic gels. Fibroblasts grown on 100% gels had a smaller projection area and
larger aspect ratio than fibroblasts grown on 80% gels. These results indicate that fibroblast behavior is dependent on the dynamic nature of the
microenvironment. In another study, the effects of substrate softening on neurons was determined by analyzing neuronal phenotypes including
dendrite number, dendrite length, and axon length (Figure 4) 10. Rat-derived spinal cord neurons were grown on 100% and 50% gels. Four
days after plating, 50% R2 was added to the media of 100% gels to soften the gels to 50% crosslinked (100→50%, center panels). 50% gels
and another set of 100% gels received control ssDNA to remain static (right and left panels, respectively). After three days, neurons were fixed
and immunostained with a dendritic marker (MAP2, top panels), an axonal marker (Tau, middle panels), and nuclei (DAPI, bottom panels) to
evaluate phenotypes. Neurons grown on softening gels (100→50%) had no differences in primary dendrite number or axon length, but exhibited
shorter primary dendrites than neurons grown on 50% gels. As in fibroblast studies, neural phenotypes on static gels were dissimilar to neural
phenotypes on dynamic gels. Neurons grown on 50% gels had fewer primary dendrites and longer axons than neurons grown on 100% gel.
In conclusion, fibroblast and neuron images demonstrate that multiple cell types can be studied on dynamic and static DNA gels, DNA gel
unevenness causes imaging challenges, standard morphological and immunostaining techniques are feasible, and most importantly the behavior
of cells is dependent on substrate dynamics.
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Figure 3. Fibroblasts grown on static and dynamic DNA gels. Representative light microscopy images of L929 fibroblasts grown on 80% (left
panel), 80→100% (center panel), and 100% gels (right panel). Scale bar is 100 μm. This figure has been modified from 11. Please click here to
view a larger version of this figure.

 

Figure 4. Neurons grown on DNA gels. Representative fluorescent images of spinal cord neurons grown on 100% (left panels), 100→50%
(center panels), and 50% (right panels) gels. MAP2 immunostaining indicates dendrites (top panels), Tau-1 immunostaining indicates axons
(middle panels), and DAPI staining indicates nucleus (bottom panels). Scale bar is 100 μm. This figure has been modified from 10. Please click
here to view a larger version of this figure.
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Discussion

The ability of DNA gels to soften or stiffen before and after cell adhesion makes them an ideal model to study the role of dynamic tissue stiffness
on cell function. All three designs have been used in mechanical and biological studies. However, all three designs have similar elasticities at
various crosslink percentages, indicating crosslink length does not influence DNA gel elasticity (Table 2). In contrast, acrylamide concentration
affects elasticity. These designs may differ in crosslinking kinetics since gel bursting tendencies, or the tendency of gels to dissolve in media
or buffer, decreases with increasing crosslink length. However kinetic information on DNA gels is limited, but we do know an additional 30%
of crosslinking occurs two days after L2 delivery to 50% DNA gels 11. Nevertheless, the generation of expansive and contractile forces from
gel softening and stiffening, respectively, is unavoidable and cannot be decoupled 18,21. 100→70% gels generate about 0.5 Pa of stress 21,
while 50→100% gels only generate about 0.04 Pa of stress since more energy is required to form bonds among the three stands of ssDNA 18.
Therefore, the interpretation of results requires the consideration of stress and strain generated by the stiffening and softening of gels.

Technical challenges can arise when preparing DNA gels. The most frequent technical issue is gel bursting. Gel bursting can occur during
several stages of DNA gel preparation including gel swelling, storage, and cell growth. Gel bursting is caused by multiple factors. First, gel
bursting can be a result of improper solution composition. Common errors include insufficient dissolving of lyophilized ssDNA and improper
pipetting of the viscous liquids. To avoid pipetting errors, raise the heating temperature to reduce gel viscosity for easier pipetting of solutions
or aliquot the required amount of SA1 and SA2 polymerized solution prior to the second nitrogen bubbling step. Also, repeated heating of the
polymerized solutions can partially evaporate the solution and increase solution viscosity. Adding a few microliters of TE buffer can help to
reduce the viscosity. Second, gel bursting can be a result of poor DNA quality. QA/QC reports must be reviewed frequently. If QA/QC reports
are acceptable and gel bursting still occurs, HPLC purified ssDNA can improve DNA quality. Third, gel bursting can result from insufficient
DNA annealing. We have reduced the incidence of gel bursting by including annealing steps and rehybridization steps in the original protocol
(see steps 1.3.6 and 2.8; 1.3.8 and 2.10, respectively). Gel bursting might be prevented by extending annealing and cooling times. However,
additional exposure to heat can evaporate water to cause an increase in gel detachment from glass when gels are re-swelled. If detachment is
excessive for any annealing time, the annealing steps can be eliminated (1.3.6 and 2.8).

Another frequent technical problem encountered is insufficient cell adhesion. The swollen gels are softer than the unswollen gels (Table 2) 18

making cell adhesion difficult. Furthermore, since each cell type responds differently to tissue stiffness, some cell types may experience this
technical dilemma while other cell types do not. To resolve adhesion issues some of the follow steps should be considered: (1) use a high plating
density, (2) alternate the ECM proteins conjugated to sulfo-SANPAH, (3) modulate the stiffness parameters, (4) increase ECM protein or sulfo-
SANPAH concentration, and (5) increase incubation times. Residual toxic agents such as acrylamide monomer, APS, and TEMED could also
contribute to lack of adhesion and cell death on gels. We have not experienced this issue since extensive washes incorporated into the protocol
have proven sufficient, but we recommend performing Optional Step 3.2 if this issue occurs.

DNA gels can be utilized to more effectively study a variety of cell functions under dynamic or static conditions. We have shown that fibroblasts
and neurons grown on DNA gels are affected by the modulation of gel elasticity. Since cell-matrix interactions are typically three-dimensional
interfaces, information from three-dimensional dynamic matrix studies will help to produce more biologically relevant data. Therefore, we are
currently translating this technology into a three-dimensional scaffold. We are developing a technique that replaces the polyacrylamide backbone
with a more biocompatible material, while maintaining the DNA crosslinking technology. This new scaffold will serve as a three-dimensional,
dynamic model and a tissue-engineering scaffold. Its biocompatibility will open opportunities for medical device applications.
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