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Multicomponent DNA Polymerization Motor Gels

Ruohong Shi, Joshua Fern, Weinan Xu, Sisi Jia, Qi Huang, Gayatri Pahapale,

Rebecca Schulman,* and David H. Gracias*

Hydrogels with the ability to change shape in response to biochemical stimuli
are important for biosensing, smart medicine, drug delivery, and soft robotics.
Here, a family of multicomponent DNA polymerization motor gels with dif-
ferent polymer backbones is created, including acrylamide-co-bis-acrylamide
(Am-BIS), poly(ethylene glycol) diacrylate (PEGDA), and gelatin-methacryloyl
(GelMA) that swell extensively in response to specific DNA sequences. A
common mechanism, a polymerization motor that induces swelling is driven
by a cascade of DNA hairpin insertions into hydrogel crosslinks. These
multicomponent hydrogels can be photopatterned into distinct shapes, have

a broad range of mechanical properties, including tunable shear moduli
between 297 and 3888 Pa and enhanced biocompatibility. Human cells adhere
to the GelMA-DNA gels and remain viable during =70% volumetric swelling of
the gel scaffold induced by DNA sequences. The results demonstrate the gen-
erality of sequential DNA hairpin insertion as a mechanism for inducing shape
change in multicomponent hydrogels, suggesting widespread applicability of
polymerization motor gels in biomaterials science and engineering.

1. Introduction

Hydrogels have been widely investigated as important functional
materials due to their similarity to biological tissue.ll The high
water content, low interfacial tension, and high permeability pro-
vide unique environments of relevance to drug delivery, tissue
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engineering, and soft robotics."? Recently,
self-folding, shape change, and 4D printed
devices have been developed using stimuli-
responsive hydrogels toward the ultimate
goal of creating biomimetic, autonomous,
and adaptive smart structures, robots, and
biomedical devices.?l Among the different
stimuli-responsive  hydrogels, biomole-
cules can be used to induce shape change
without the physiological side effects that
may occur in response to traditional shape
change stimuli, such as temperature,
pH, light, ultrasound, or electric field."
Hydrogels that respond to specific DNA
sequences are also important because they
can be structured in a combinatorial variety
of ways to program responsivity to dif-
ferent biomolecular stimuli.”! Such bioma-
terials could potentially detect physiological
signals and direct therapeutic release or
apply mechanical forces to control tissue
formation or remodeling.®!

Recently, we described acrylamide (Am)-co-DNA hydrogels
in which sequential insertion of DNA hairpins with specific
sequences induces high-degree expansion of the hydrogels."!
In contrast to conventional DNA stimuli-responsive gels that
swell uniaxially by only 10-20%, these DNA polymerization
motor gels can swell significantly, by over 100-fold volumetri-
cally.”® The term “motor” here refers to the chemical cascade
that occurs at the hydrogel crosslinks upon stimulation by the
DNA sequence input.””! The swelling process is driven by the
operation of a polymerization motor that operates by proces-
sively incorporating DNA sequence inputs, i.e., fuel, into the
hydrogel's crosslinks, lengthening them.”' Such insertion
polymerization at a specific initiation site can perform work by
displacing structures at the ends of the polymer, as actin poly-
merization displaces a membrane.l'!l In this context, this poly-
merization, which displaces the copolymers at the crosslinks’
ends and leads to DNA accumulation within the hydrogel,
drives hydrogel swelling.”] These high-swelling DNA polymeri-
zation motor gels can deliver high strains and cause significant
bending key for many potential applications in biology and med-
icine.'”l The DNA crosslinks can also be modified to lock and
unlock DNA hairpin-induced swelling by either DNA sequences
or other chemical signals, which can also be amplified before
swelling.'l DNA-directed swelling could therefore also be a
platform to allow swelling in response to a variety of chemical
stimuli at different concentrations or combinations of stimuli.l"’]

Materials with different molecular components and physical
properties such as moduli or swelling propensity are critical to
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Figure 1. Conceptual schematic of multicomponent DNA polymeriza-
tion motor gels. Gels containing DNA crosslinks with different backbone
polymers: Am, Am-BIS, PEGDA, and GelMA, before (left panel) and after
(right panel) swelling in an aqueous buffered solution of polymerizing
and terminating DNA hairpins.

embody different functionalities and applications, as is evident
by observing the diversity of soft tissues in the human body
(e.g., brain vs muscle) and animals (e.g., jellyfish vs elephant).['
One of the limitations of our previously described DNA polym-
erization motor gels is that they were based on an acrylamide
copolymer which lacked covalent chemical crosslinks, resulting
in very soft (e.g., shear modulus about 500 Pa) hydrogels. The
ultrasoft nature of this DNA polymerization motor gel makes
it challenging to handle, process, and integrate into func-
tional devices as they are fragile and prone to tearing. Also, the
previously utilized uncrosslinked Am monomer residue is
potentially a carcinogen and can cause peripheral neuropathy,
which can limit the use of this DNA polymerization motor gels
in biomedical applications in vivo."!

In this paper, we investigate the development of DNA polym-
erization motor gels with chemical crosslinks that give them
a Young’s modulus up to an order of magnitude larger than
our previously reported DNA polymerization gels. We also
study the possibility of creating DNA polymerization motor
gels with biocompatible copolymers for potential tissue engi-
neering applications. Specifically, we investigate the creation
of DNA polymerization motor gels with the following com-
ponents: acrylamide (Am), acrylamide-co-N, N“methylenebis
(acrylamide) (Am-co-BIS, or Am-BIS), polyethylene glycol dia-
crylate (PEGDA) and gelatin-methacryloyl (GelMA) (Figure 1).
The choice of each of these polymers establishes how a variety
of polymer backbones with different chemical properties and
affinities for hydration can be driven to swell by DNA strand
displacement. Am has a high affinity for water, and we utilized
it in our previous work; in this study, it serves as the control
sample.’1 By adding N,N“methylenebis (acrylamide), (BIS), a
commonly used crosslinker for hydrogels, we investigated how
the storage modulus of the Am-DNA material can be tuned and
increased significantly.'”! We studied the inclusion of polyeth-
ylene glycol (PEG) as a component in our DNA gels because
of good biocompatibility, high oxygen permeability, and rela-
tively robust mechanical properties.'#18 We developed gelatin-
based DNA polymerization motor hydrogels since gelatin is an
irreversibly hydrolyzed form of collagen with good biocompat-
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ibility, cell adhesion, and biodegradation properties, and has
previously been used to create cross-linked matrices to study
the behavior of cells in synthetic environments and is widely
utilized in cell culture and tissue engineering.’”! These new
multicomponent materials demonstrate how the DNA polym-
erization motor provides a general means to induce a stimuli-
responsive swelling behavior in hydrogels and open up new
opportunities to use DNA sequences or other biomolecules to
induce hydrogel shape change.

2. Results and Discussion

2.1. Acrylamide-co-(Bis-Acrylamide)-co-DNA (Am-BIS-DNA)

Polyacrylamide (PAAm) gels composed of the Am monomer
are highly water absorbent, forming a soft gel when hydrated
and used in biochemistry and bioanalytical chemistry.[16:20]
BIS is a bi-functional molecule commonly used to cross-link
acrylamide via a free radical vinyl polymerization mecha-
nism.l?! By varying the concentration of BIS, it is possible to
tune the pore size and stiffness of PAAm gels.[72122]

We created Am-BIS-DNA hydrogels by cross-linking Am
(10 wit%) and Acrydite modified DNA duplex crosslinker
(1154 x 107* ™) with 2, 5, or 10 X 107> m of BIS. We photopat-
terned 1 mm X 1 mm X 160 um square shaped gels using a
previously described protocol.7823] We observed that the
Am-BIS-DNA hydrogels formed were less sticky, easier to
handle, and less prone to rupture during processing than the
Am-DNA hydrogels. We rationalize this observation by noting
that since BIS is a bifunctional crosslinker, it enhances the
extent of cross-linking, leading to a stiffer gel.?2?¥ In con-
trast to Am-DNA gels, Am-BIS-DNA gels have two kinds of
crosslinks, one involving the covalent C—C bonds between the
cross-linked vinyl groups and the other involving hydrogen
bonding between DNA nucleobases.

While polymerizing hairpins extend the crosslinks by
strand displacement to cause swelling, terminator hairpins
with non-complementary hairpins terminate strand displace-
ment and arrest swelling.”] By changing the ratio of poly-
merizing/terminating strands, we can tune the swelling of
hydrogel to a desired final size. We noticed that the use of
20 x 10°® M of 98% polymerizing and 2% terminator DNA
hairpin solution gave well-controlled swelling results, so we
utilized the same ratio of polymerizing/terminating hairpins
for all our swelling experiments throughout the paper unless
otherwise stated.

Despite the existence of covalent C-C crosslinks that are
up to 8.7x (10 x 1073/1.154 x 10~3 m) of DNA crosslinks in the
Am-BIS-DNA hydrogels, we observed that they could undergo
DNA-induced expansion (Figure 2b). The hydrogels expanded
in response to polymerizing and terminating DNA hairpins and
maintained their square shape after expansion. We observed
that the rate of gel swelling and the swelling ratio AL/L, (change
in the side length with respect to the original side length) both
decreased with increasing concentration of BIS (Figure 2c). We
attribute this observation of reduced swelling to the increased
stiffness of this gel, which is reflected in the modulus meas-
urements (Figure 2d). By increasing the BIS concentration, we
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Figure 2. Am-BIS-DNA hydrogels. a) Molecular structures of acrylamide and bis-acrylamide. b) Fluorescence images of Am-2 X 10 m BIS-DNA and
Am-10 x 10~* m BIS-DNA gels immediately (0 h) after and 72 h after immersion in a buffer solution containing 20 X 10° m of 98% polymerizing, 2%
terminating hairpins. The scale bar represents 1 mm. c) Graphs of the linear swelling fractional ratio of square Am-BIS-DNA hydrogel films plotted

as a function of time for different concentrations (0, 2 x 1073, 5 x 107, and 10 x 1073

M) of BIS. The dotted lines surrounding each curve represent

the standard deviations over at least three measurements. d) Bar plot of the shear moduli of Am-BIS hydrogels with different concentrations of

BIS (0,2 %1073, 5x 1073, and 10 x 1073

are also increasing the non-DNA or C-C crosslink concentra-
tion; these crosslinks resist swelling of the gel that is driven by
the DNA polymerization motors. It is noteworthy that Am-BIS
hydrogels are stiffer with DNA than without DNA at all con-
centrations of BIS, which suggests that the double-strand DNA
crosslinks in the gels also strengthen the gels. These results
indicate that the inclusion of stimuli unresponsive chemical
crosslinks (i.e., BIS) in an Am gel while stiffening the gel still
allows it to swell by the DNA polymerization motor, although
the extent of swelling is decreased. Together, our findings show
that BIS concentration can be utilized to tailor the modulus and
swelling ratio of the DNA polymerization motor gels.

2.2. PEGDA-co-DNA (PEGDA-DNA)

PEGDA is a biocompatible polyether with many applications
from industrial manufacturing to medicine.1*1825] By co-
polymerizing PEGDA with an Acrydite-modified DNA duplex
crosslinker at both C and C’ strands, we were able to form
PEGDA-DNA polymerization motor gels. We investigated the
effect of PEGDA pre-polymer molecular weight on the swelling
characteristics of these gels in response to polymerizing and
terminator DNA hairpins, as shown in Figure 3b,c.

The molecular weight (MW) of the PEGDA pre-polymers
strongly affects the mechanical properties of the cross-
linked PEGDA hydrogels. For example, previous studies have
shown that photo-crosslinked PEGDA gels with pre-polymers
of 700 MW had a shear modulus of 241 kPa as compared
to 4.1 kPa for a pre-polymer with 10k MW.'3 We studied
PEGDA-DNA gels composed of PEGDA 575 MW, 6k MW, 10k
MW, and 20k MW with the same pre-polymer concentration
(10 wt%) and Acrydite-modified DNA duplex crosslinker con-
centration (1.154 x 1073 m). We observed a significantly faster
swelling speed and larger swelling ratio AL/L, for gels with a
higher MW of PEGDA, consistent with the dependence of the
degree and rate of swelling on hydrogel stiffness observed for
Am gels. In fact, no significant swelling was observed for gels
with 575 MW PEGDA, suggesting that the DNA polymerization
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motors used at the concentrations, and associated hydration do
not apply enough force to swell relatively high shear modulus
gels (based on the literature cited value of 241 kPa for 700 MW
PEGDA).["®] We note that in our experiments, the ratio of DNA
crosslinks/PEG crosslinks is very small; we can estimate the
ratio as 0.66% for the PEGDAS75 MW-DNA and 11.54% for the
PEGDA10k MW-DNA (see calculation details in the Supporting
Information). This low fraction of DNA crosslinks in the
575 MW PEGDA gels should also contribute to the small extent
of DNA-directed swelling observed in this gel since it is the
hydrogen bond crosslinks that increase in length when DNA
polymerizing hairpins are introduced into the solution.

2.3. GelMA-co-DNA (GelMA-DNA)

GelMA is the methacrylation product of gelatin, which is a
denatured form of collagen.">2%] We investigated the creation
of GelMA-DNA polymerization motor gels for potential tissue
engineering applications.

First, we attempted to incorporate DNA crosslinks into the
GelMA network and were able to photo-polymerize GelMA-
DNA gels. During the swelling of the GeIMA-DNA gels in the
DNA hairpin solution, we observed that after an initial period
of swelling, the swelling sped up, the gel became less detectable
in fluorescence and eventually disappeared after 50 h (Figure 4b
and Figure S2a, Movie S4, Supporting Information). We inves-
tigated the disappearance of GelMA-DNA polymerization motor
gels on swelling with DNA hairpins by systematically varying
the methacrylate crosslink density and terminator to polymer-
izing hairpin ratio. We also studied the stability of the gels in
non-complementary DNA hairpins (see detailed data in the Sup-
porting Information). We observed that the gel always disap-
pears in the presence of DNA hairpin strands and the TAE/Mg?*
buffer, which is commonly used in DNA technology to screen
the negative charge on the phosphate backbone and facilitate
DNA hybridization.””) Surprisingly, the gels also dissolved even
when immersed in a solution containing non-complementary
DNA hairpins. This result suggests that the dissolution process
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Figure 3. DNA directed swelling of PEGDA-DNA hydrogels. a) Molecular
structure of PEGDA. b) Fluorescence images of PEGDA575 MW-DNA and
PEGDA10k MW-DNA gels immediately (0 h) after and 72 h after immer-
sion in a buffer solution containing 20 x 10°° m of 98% polymerizing,
2% terminating hairpins. The scale bar represents 1 mm. c) The linear
swelling fractional ratio of square PEGDA-DNA hydrogel films plotted as
a function of time for different PEGDA molecular weights of 575, 6k, 10k,
and 20k. The dotted lines represent the standard deviation over at least
three measurements.
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Figure 4. GelMA-DNA hydrogels. a) Molecular structure of GelMA.
b) Fluorescence images of GelMA80% DoS-DNA gels 0, 24, 48, and
72 h after immersion in 20 X 107 m of 98% polymerizing, 2% terminating
DNA hairpins of Mg?* buffer and Na* buffer. The scale bar represents
1 mm. c) Graphs of the linear swelling fractional ratio versus time for
square-shaped GelMA-DNA hydrogels with 40% or 80% methacrylate
group DoS. d) Fluorescence images of HelLa/GFP reporter cells (green)
cultured on the GelMA-DNA gels (red) on the first and third day of
DNA-directed swelling. The scale bar represents 500 um.

does not involve a direct change in the gel structure due to DNA
hairpin insertion, but rather dynamic interaction of species that
can interact both with the hydrogel network and with free DNA
hairpins in solution. We note that the GelMA pre-polymer has
ionized carboxylic acid groups, which associate with the divalent

© 2020 Wiley-VCH GmbH
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Figure 5. Microstructure and modulus characterization of the multicomponent DNA polymerization motor gels. a) SEM images of the Am-DNA,
Am-5 x 1073 m BIS-DNA, PEGDA10k MW-DNA, and GelMA80% DoS-DNA, as prepared and after swelling 2 days in 20 x 10°% m of 98% polymerizing,
2% terminating DNA hairpin solution. The SEM images were taken of gels that were frozen and lyophilized. The scale bar represents 50 um. b) Bar
plot of the shear moduli of the Am-DNA, Am-5 x 107 m BIS-DNA, PEGDA10k MW-DNA, and GelMA80% DoS-DNA gels before and after DNA-directed
swelling for 1 and 2 days. The moduli were measured at 1% strain and a frequency of 2 Hz.

Mg?* ions and act as a bidentate ligand to form ionic crosslinks
within GelMA-DNA gel.? We postulated that as DNA hairpins
were added, the Mg?" ions compete between the phosphate
backbone of DNA and carboxylic acid groups in GelMA, disrupt
the ionic crosslinks and destabilizing the gel. We tested this
hypothesis by substituting the divalent Mg?* ion buffer with a
buffer containing only monovalent Na* ions, sodium phosphate-
sodium chloride (SPSC, 1 m NaCl, 50 x 107> m Na,HPO,; pH 75)
buffer while keeping the crosslink and hairpin content the same
as stated above. We observed that GelMA-DNA gels with both
40% and 80% methacrylate group degree of substitution (DoS)
swelled and reached a stable final size in response to DNA hair-
pins in SPSC (Figure 4c). We tested whether gels would swell
in a buffer with a lower sodium concentration using Dulbecco’s
Modified Eagle Medium (DMEM) cell culture media as a buffer
([Na*] =120 x 103 m) and observed that DNA directed swelling
occurred in DMEM (Figure S3c, Supporting Information).

GelMA hydrogels are widely used for cell adhesion, prolif-
eration, and migration studies since they contain the RGD
(arginine-glycine-aspartic acid) cell adhesive peptide motif.(1"]
Incorporating GelMA instead of Am or PEGDA as the copol-
ymer enhances the biocompatibility of the gel for cell culture
applications without adding peptides or proteins.??”! To validate
cell compatibility of GelMA-DNA gels, we cultured fluores-
cent HeLa GFP reporter cells and verified green fluorescence
on GelMA-DNA hydrogels. Cell density will increase with
increasing GelMA concentration, and despite the relatively low
fractional concentration (5 wt%) of GeIlMA in our GelMA-DNA
hydrogel, we still observed high cell confluency after 2 days in
culture.®™ Importantly, cells that were first adhered to as pre-
pared GelMA-DNA gels were viable even after DNA directed
swelling was induced by adding a DNA hairpin solution to a
final concentration of 10 x 107° m (Figure 4d).

2.4. Microstructure and Modulus Measurements

To understand how the gel's mechanical properties and
structure could be varied using a DNA stimulus, we charac-
terized the microstructure of the Am-DNA, Am-5 x 1073 M
BIS-DNA, PEGDA10k MW-DNA, and GelMA80% DoS-DNA
hydrogels before and after DNA hairpin-triggered swelling
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using scanning electron microscopy (SEM) (Figure 5a).
Before DNA hairpin triggered swelling, the Am-DNA and
Am-BIS-DNA hydrogel had pore sizes of several microns,
which is consistent with previous reports on Am based DNA
hydrogels.3% Before DNA-directed swelling, the microstruc-
ture of all the gels except for the GeIMA-DNA gels was similar.
The GeIMA-DNA gels had smaller visible pores and a denser
microstructure than the other gels. Notably, after DNA-directed
swelling, the microstructure of all the gels changed dramati-
cally: the gels’ pore sizes increased by factors of 5-10. This rela-
tive change in porosity for our DNA polymerization motor gel
is larger than the change in the porosity of stimuli-responsive
DNA hydrogels reported previously,?®*" which we attribute
to a significantly higher degree of deformation due to a larger
extent of swelling in the polymerization motor gels.

We measured the shear storage modulus for the Am-DNA
hydrogels as 491.2 + 171 Pa, consistent with the previously
reported value.”! The modulus of the Am-BIS-DNA hydrogels
increased significantly to 2255.1 + 1373 Pa for Am-BIS-DNA
gels with 10 x 107 m BIS [moduli of other Am-BIS(-DNA)
gels can be found in Table S2, Supporting Information]. This
increase is due to increased cross-linking in bifunctional BIS
cross-linked gels.”3%31 We observed that the stiffness of the
PEGDA10k MW-DNA hydrogels was significantly higher at
3887.8 £ 493.4 Pa than the modulus of the Am-DNA gels. This
modulus could also be tuned by varying the molecular weight
of the PEGDA pre-polymer.'®d This measured modulus was
also of a similar order of magnitude as the reported moduli
of ethylene glycol diglycidyl ether (EGDE) based DNA hydro-
gels when corrected for the extent of hydration, which varied
in different test conditions.?? The modulus of the GelMA-DNA
gel was 2970 £ 23.0 Pa, which is significantly lower than the
DNA gels mentioned above and similar to the modulus of pure
cross-linked GelMA.["" Previous studies have established that
PEGDA gels have higher modulus as compared to Am and
GelMA gels with the same polymer weight fraction due to a
combination of chain rigidity, pore size, and extent of cross-
linking, and our DNA gels followed the same trend.*»33]

We also observed that the moduli for all gels decreased after
DNA-directed swelling, which agrees with our SEM observation
of the increased sizes of the microstructural pores in the gels after
swelling. We hypothesize that such a decrease in modulus can
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be caused by increased hydration which reduces the density of
the polymer chains.’¥ Importantly, our rheology studies convinc-
ingly demonstrate that the storage modulus of the DNA polymer-
ization motor gels can be varied by over a factor of 13 between the
soft GeIMA-DNA gels and the significantly stiffer PEGDA-DNA
gels before swelling while remaining stimuli responsive. The
ability to tune the modulus of gels is important for applications
ranging from tissue engineering to soft robotics.2¢3°)

3. Conclusion

In summary, we have demonstrated that DNA polymeriza-
tion motor gels can be formulated with different copolymers,
including Am, Am-BIS, PEGDA, and GelMA of varying com-
position. We showed how these different gels, while each
responsive to DNA signals can have a variety of mechanical
and chemical properties. We optimized the recipes for each gel
co-polymer synthesis and developed photopatterning protocols,
making it possible to assemble these gels at scale in custom
shapes. Our photopatterning methods are also compatible
with those used to structure previously described shape-
change devices, allowing these new gels to be incorporated into
architected materials that can change shape through selective
deformation in response to DNA stimuli.

From an intellectual perspective, our results validate the idea
that the incorporation of DNA hairpin strand displacement
and crosslinks into hydrogels might be viewed as a generalized
means of creating materials that show high swelling responses
to specific biomolecular sequence motifs. As compared to
Am-DNA polymerization motor gels, we observed that PEGDA-
DNA and Am-BIS-DNA polymerization motor gels are seven to
eight times stiffer but still swell appreciably achieving a AL/L,
of at least 0.3, with less stiff gels achieving significantly more
response. We note that there is a tradeoff between the extent
of swelling and stiffness within Am-BIS-DNA hydrogels. In cer-
tain applications such as expansion microscopy, a high degree
of swelling is paramount, while in others like soft-robotics
modulus can be more important and the higher swelling Am
gels tend to rupture more easily.*®! Enhancing the mechanical
performance of these materials will extend the application area
toward soft robots and machines.’3®3] We have also shown
how DNA-responsive hydrogels with different chemical proper-
ties can be readily assembled using the polymerization motor
gel concept. GeIMA-DNA gels can be utilized for live cell cul-
ture during and after DNA hairpin triggered swelling, opening
up opportunities for creating cell-laden gels that can respond to
specific biomolecular signals while cells grow and divide, pro-
viding possibilities in tissue engineering, cell therapy, and for
the assembly of bioimplants. We note that our demonstration of
GelMA-DNA gels was done to show applicability of the gels in
cell culture. Elsewhere, there is significant literature that shows
how the modulus of GelMA hydrogels can be varied such as by
changing the gelatin methacrylation ratio, and these approaches
could be investigated in our gels for broader tissue engineering
applications.®®38] We also note that a key advantage of our
GelMA-DNA hydrogel is that cells can be cultured without func-
tionalizing the polymer with RGD peptides.
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We anticipate that these multicomponent DNA-responsive
gels might also be used in the assembly of programmed and
autonomous untethered smart devices that are fueled or con-
trolled by biomolecular signals. The use of biomolecular
sensing and signaling cascades might also allow these struc-
tures to be responsive to small molecule signals or specific
combinations of biomolecular signals.'¥l The ability to pro-
gram the mechanical properties of these structures can be used
to create architected robots that can support weight across a
range of size scales or to create compliant domains that deform
readily in response to the actuation of softer domains.

4. Experimental Section

DNA Sequences and Preparation: The DNA crosslinks and hairpins
used are listed in Table S1 (Supporting Information). To enable
co-polymerization, the DNA crosslink strands were modified with the
Acrydite moiety. The DNA sequences used in this study were those
reported previously by Cangialosi et al. as System 2 strands.”l The DNA
crosslinks and hairpins were purchased in a lyophilized form from
Integrated DNA Technologies (IDT) without additional purification.
The DNA crosslinks and hairpins using TAE/12.5 X 103 M Mg?" buffer
(1% TAE buffer was diluted from 50x stock, Life Technologies, #24710-030;
magnesium acetate tetrahydrate, Sigma #228648) were suspended and
the DNA concentrations were verified using absorbance spectroscopy
at 260 nm and were then determined using the extinction constants
supplied by IDT. The DNA crosslinks were heated to 90 °C then slowly
cooled down to 20 °C using an Eppendorf PCR instrument at a rate of
1 °C min™ at a concentration of 3 x 107> m per strand. The hairpin
strands were diluted to 200 X 10® m and heated to 95 °C for 15 min and
then cooled in ice for 5 min.

Preparation of the Am-BIS-DNA Pre-Gel Solution: The concentration
of acrylamide as 1.41 m was kept the same in all the Am-BIS-DNA gels,
where a 40 wt% acrylamide monomer stock was made using acrylamide
from BIO-RAD #161-0100 and MilliQ water. The BIS concentration
was varied by adding from a 100 x 10 m BIS stock solution
made from an N,N’-methylenebis(acrylamide) powder (Sigma-Aldrich,
#146072), to make Am-2 X 107 m BIS-DNA, Am-5 x 10 m BIS-DNA,
and Am-10 x 1073 m BIS-DNA gels, respectively. The concentrations of
the other components in the pre-gel solutions were: 1.154 x 1073 m of
annealed DNA crosslinks, 3% v/v Omnirad 2100 (formerly known as
Irgacure 2100, iGM Resins USA, #55924582) photoinitiator (previously
made to a 75% volume fraction of butanol solution), and 2.74 x 107 m
methacryloxyethyl thiocarbamoyl rhodamine B (Polysciences, Inc,,
#23597) fluorescent dye in TAE/12.5 X 1073 m Mg?* buffer. It was noted
that as Omnirad 2100 was a liquid and hence it was easier to mix with
the liquid components in the pre-gel formulations. The use of alternate
free radical initiators in powder form requires dissolution in solvents
such as dimethyl sulfoxide (DMSO) which can induce cell apoptosis
and cause denaturation of DNA.Pl Also, Irgacure 2100 has been utilized
previously for cross-linking gels for cell culture applications. !

The pre-gel solution was well mixed with a pipette and then degassed
under vacuum for at least 10 min. The pre-gel solution was made fresh
and used immediately for photopatterning.

Preparation of PEGDA-DNA Pre-Gel Solution: A 10 wt% of PEGDA
hydrogel with 575 (Sigma-Aldrich, #437441), 6k (Sigma-Aldrich,
#701963), 10k (Sigma-Aldrich, #729094), and 20k (Sigma-Aldrich,
#767549) MW PEGDA monomer was assembled. Other procedures and
final concentrations were the same as Am-BIS-DNA gels except that the
pre-gel solutions were mixed ultrasonically for 5 min before degassing
to allow the Omnirad 2100 to distribute more evenly within the pre-gel
solution.

Preparation of GelMA-DNA Pre-Gel Solution: The process used to
make GelMA-DNA pre-gel solution was the same as the PEGDA-DNA

© 2020 Wiley-VCH GmbH
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gel, except the use of 5 wt% of gelatin methacryloyl (300 g Bloom,
DoS 80%, Sigma-Aldrich, #900496; 300 g Bloom, DoS 40%, Sigma-
Aldrich, #900629) instead of PEGDA monomers, and 2% of Omnirad
2100 instead of 3%. The reduced concentration of GelMA monomer
enhanced solubility, and the Omnirad 2100 concentration was reduced
to minimize hydrogel cytotoxicity. The buffer content was changed from
TAE/12.5 x 1073 M Mg?* to sodium phosphate-sodium chloride (SPSC, 1 m
NacCl, 50 x 10 M Na,HPO,; pH 7.5) after the disappearance of the DNA
hydrogel in Mg?" buffer was found. The pre-gel solution was heated to
60 °C before sonication to prevent it from gelling.

Lithography  Preparation and Photopatterning:  Photolithography
chambers were assembled as reported previously.”'® Briefly, the
chamber consisted of a glass substrate (bottom) and a Cr mask (top)
to selectively expose UV light through the transparent part of the mask
and initiate a free radical chain polymerization reaction in the pre-gel
solution. The Cr mask was prepared by spin coating SC1827 (Microchem,
Microposit S1800 Series) at 3000 rpm for 5 min and then baked on a
110 °C hot plate for 1 min, followed by curing with 180 m) cm=2 dose of
365 nm UV light through AutoCAD-designed plastic masks (printed by
Fineline Imaging). The glass slide was then developed using a 1:5 w/w
solution of Microposit 351 Developer (Shipley) and water. After drying in
air, a 150 nm thick layer of Cr was deposited onto the glass slides using
thermal evaporation. The slides were washed with acetone and isopropyl
alcohol to remove the unexposed photoresist. To pattern square DNA
hydrogel single-layer films, 1 x 1 mm square masks were prepared
as described above. The thickness of the layers could be tuned using
different thicknesses of spacers (160 um in this paper). The pre-gel
solution was injected into the chamber and then exposed to a 365 nm
UV light source (Neutronix Quintel aligner). The energy doses for
Am-DNA, Am-BIS-DNA, PEGDA-DNA, GelMA-DNA hydrogels were 160,
160, 600, 200 m) cm~?, respectively. After UV exposure, the chamber was
gently disassembled, and a TAE/Mg?" buffer was used to wash out the
extra pre-gel solution and hydrate the gel. The hydrogel was then stored
in the TAE/Mg?" buffer at 4 °C to achieve complete hydration before
DNA-directed swelling experiments; the portion of intrinsic swelling with
the buffer was not included in the swelling kinetics calculations.

Swelling Experiments: The extent of swelling of the hydrogel was
recorded using time-lapse fluorescence imaging with a gel imager
(Syngene EF2 G:Box) equipped with a blue light transilluminator (Clare
Chemical, max emission at =450 nm) and a UV 032 filter (Syngene,
bandpass 572-630 nm). The hydrogel samples were transferred to wells
within a 48 or 96 well plate to isolate the gels from each other while
swelling. In this paper, the concentration of DNA hairpin monomers
was diluted to 20 x 107 m for each strand, with 98% of polymerizing
monomers and 2% terminator monomers using a TAE/12.5 x 107 m
Mg?* buffer or sodium phosphate-sodium chloride (SPSC, 1 m NaCl,
50 x 107 M Na,HPO,; pH 7.5) buffer (only for GelMA-DNA gels) with
0.001% TWEEN20 (Sigma, #051MO01811V). Images over 30-min time
intervals were taken for at least 3 days. The side lengths of the DNA
hydrogels using MATLAB or manually using Image] were quantified
when the gels were not easily identifiable because they had moved during
swelling or had low fluorescence intensity. It was chosen to use AL/L,
because length is the commonly used parameter to display hydrogel size
change in prior literature, including in our own work, and it can be easily
and intuitively scaled to both Avolume/volume, and Aarea/areao.”# At
least three samples were used to generate the mean value and standard
deviation for each swelling kinetics curve. The solid curves represented
the changes in length with respect to the original side length, and the
dotted curves around each solid curve represented the standard deviation.

Cell Culture: HelLa/GFP reporter cells were purchased from Cell
Biolabs Inc. (#AKR-213). After defrosting, the cells were cultured
using a DMEM medium (Corning Cellgro, 10-013-CV) containing
10% FBS (ThermoFisher, 26140079) and 1% Penicillin-Streptomycin
(ThermoFisher, 15140122). 5-10 mL of cells were cultured in 25 cm?
culture flasks (Falcon, 353109) at 37 °C with 5% CO,. Hela cells
were released from the flask surface using 1 mL 0.05% Trypsin-EDTA
(ThermoFisher, 25300054) and split every 2 days. When culturing cells on
the gels, 10 X 10 m of DNA hairpin solution was prepared with media
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as described above. This lower concentration of hairpins was used to
minimize apoptosis that can occur with high concentrations of DNA
hairpins. Nearly 10° cells were passed onto one well of a 96 well plate with
200 pL of media. After seeding, the hydrogel was transferred to a clean
well with culturing media containing DNA hairpins for better imaging.
Fluorescence images were taken using a Nikon AZ100 multi-zoom
epifluorescence microscope with a Nikon DS-Fil camera. Fluorescence
images of HeLa/GFP cells were captured using a Nikon B-2E/C filter cube
(excitation 465-495 nm, bandpass emission filter 515-555 nm), whereas
images for GelMA-DNA gels were captured using a Nikon G-2E/C filter
cube (excitation filter 528-553 nm, bandpass emission filter 590-650 nm).
There was minimal movement of the gels during the imaging period, and
the gels were washed with media before every image.

Sample Preparation for Shear Modulus Measurements: A 1 mm  thick
negative PDMS mold with cylindrical holes was made using a 6 mm hole
punch and then stuck to a clean glass slide. The hydrogel pre-gel solution
was made as described above only without rhodamine B and was injected
into the holes and polymerized using 365 nm UV light with an intensity
of 40 mW cm™2 for 20 min to ensure complete curing. Then the samples
were soaked in a TAE/Mg2* buffer overnight to hydrate the gels fully. Three
samples of each type of hydrogel were tested for calculating the mean
value and standard deviation. The shear modulus of the hydrogel samples
was measured using a TA instrument rheometer (ART500EX) with an
8 mm plate. A solvent trap attachment was used to prevent the hydrogel
from dehydrating during the measurement. Sandpaper was glued to both
surfaces of the plate to prevent slippage between the gel and the plate.
Time sweeps were used with a 1% strain at a 2 Hz frequency. After testing
the as-prepared gel, the gel was soaked in 20 X 107® m of DNA hairpin
solution and used again for testing after 1 and 2 days.

SEM Imaging: Hydrogel samples were prepared as described in the
previous section (Sample Preparation for Shear Modulus Measurements).
The gels were allowed to hydrate in TAE/Mg?* buffer overnight or were
swollen in TAE/Mg?" buffer containing 20 X 107¢ m of corresponding DNA
hairpin solution with 2% terminator hairpins for 2 days. The gel samples
were then frozen in a —80 °C refrigerator for 24 h and lyophilized for
2 days to fully remove the water. The samples were then preserved at 4 °C
under nitrogen gas until imaging. SEM images were taken using a JEOL
SEM (JSM IT100), and the gels were cut with a razor blade, sputter-coated
with gold to enhance contrast and imaged on the cross-section.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This work was supported by the National Science Foundation

(EFMA-1830893 and DMR-1709349).

Conflict of Interest

We have a patent application filed.

Author Contributions

R.S., R.S., and D.H.G. conceived this study. R.S. performed synthesis
and experiments. R.S. and J.F. processed the data. W.X. and Q.H. helped
characterizing the gels using scanning electron microscopy. S.J. and
G.P. helped with cell culturing. R.S., R.S., and D.H.G. wrote the paper
with input and edits from all authors. Some of the authors are listed as
inventors on a patent pending on the DNA polymerization motor gels.

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

Keywords

DNA nanotechnology, hydrogels, shape change, soft robotics, tissue
engineering

Received: May 11, 2020
Revised: June 26, 2020
Published online: August 9, 2020

[1 a) N. A. Peppas, ). Z. Hilt, A. Khademhosseini, R. Langer, Adv.
Mater. 2006, 18, 1345; b) E. M. Ahmed, J. Adv. Res. 2015, 6, 105.

[2] a) A. Richter, G. Paschew, S. Klatt, J. Lienig, K. F. Arndt,

H. J. Adler, Sensors 2008, 8, 561; b) T. Billiet, M. Vandenhaute,

J. Schelfhout, S. Van Vlierberghe, P. Dubruel, Biomaterials 2012,

33, 6020; c) F. llievski, A. D. Mazzeo, R. F. Shepherd, X. Chen,

G. M. Whitesides, Angew. Chem., Int. Ed. 2011, 50, 1890.

a) S. ). Jeon, A. W. Hauser, R. C. Hayward, Acc. Chem. Res. 2017, 50,

161; b) L. lonov, Adv. Healthcare Mater. 2018, 7, 1800412; c) O. Erol,

A. Pantula, W. Liu, D. H. Gracias, Adv. Mater. Technol. 2019, 4,

1900043.

a) E. M. White, J. Yatvin, J. B. Grubbs, J. A. Bilbrey, J. Locklin,

J. Polym. Sci., Part B: Polym. Phys. 2013, 57, 1084; b) I. Tokarey,

S. Minko, Soft Matter 2009, 5, 511; ¢) D. H. Gracias, Curr. Opin.

Chem. Eng. 2013, 2, 112.

a) D. Wang, Y. Hu, P. Liu, D. Luo, Acc. Chem. Res. 2017, 50, 733;

b) R. V. Ulijn, N. Bibi, V. Jayawarna, P. D. Thornton, S. J. Todd,

R. J. Mart, A. M. Smith, J. E. Gough, Mater. Today 2007, 10, 40;

c) G. R. Hendrickson, L. Andrew Lyon, Soft Matter 2009, 5, 29.

a) C. De las Heras Alarcon, S. Pennadam, C. Alexander,

Chem. Soc. Rev. 2005, 34, 276, b) M. A. Mohamed, A. Fallahi,

A. M. A. El-Sokkary, S. Salehi, M. A. Akl, A. Jafari, A. Tamayol,

H. Fenniri, A. Khademhosseini, S. T. Andreadis, C. Cheng, Prog.

Polym. Sci. 2019, 98, 101147; c) ). M. Knipe, N. A. Peppas, Regener.

Biomater. 2014, 1, 57.

[7] A. Cangialosi, C. Yoon, ). Liu, Q. Huang, J. Guo, T. D. Nguyen,
D. H. Gracias, R. Schulman, Science 2017, 357, 1126.

[8] a) D. C. Lin, B. Yurke, N. A. Langrana, J. Biomech. Eng. 2005, 127,
571; b) Y. Murakami, M. Maeda, Biomacromolecules 2005, 6, 2927.

[9] S. Venkataraman, R. M. Dirks, P. W. K. Rothemund, E. Winfree,
N. A. Pierce, Nat. Nanotechnol. 2007, 2, 490.

[10] S. ). Green, D. Lubrich, A. J. Turberfield, Biophys. J. 2006, 97, 2966.

[11] a) J. A. Theriot, Traffic 2000, 1, 19; b) T. D. Pollard, J. Cell Biol. 1986,
103, 2747.

[12] A. Menciassi, N. Engl. J. Med. 2018, 378, 864.

[13] ). Fern, R. Schulman, Nat. Commun. 2018, 9, 3766.

[14] a) M. A. C. Stuart, M. A. Cohen Stuart, W. T. S. Huck, ]. Genzer,
M. Miiller, C. Ober, M. Stamm, G. B. Sukhorukov, I. Szleifer,
V. V. Tsukruk, M. Urban, F. Winnik, S. Zauscher, I. Luzinov,
S. Minko, Nat. Mater. 2010, 9, 101; b) P. A. Janmey, D. A. Fletcher,
C. A. Reinhart-King, Physiol. Rev. 2020, 100, 695; c) D. E. Discher,
P. Janmey, Y. L. Wang, Science 2005, 370, 1139; d) C. F. Guimar3es,
L. Gasperini, A. P. Marques, R. L. Reis, Nat. Rev. Mater. 2020, 5, 351.

[15] a) K. L. Dearfield, C. O. Abernathy, M. S. Ottley, . H. Brantner,
P. F. Hayes, Mut. Res., Rev. Genet. Toxicol. 1988, 195, 45; b) A. Shipp,
G. Lawrence, R. Gentry, T. McDonald, H. Bartow, . Bounds,
N. Macdonald, H. Clewell, B. Allen, C. Van Landingham, Crit. Rev.
Toxicol. 2006, 36, 481.

[16] a) D. H. L. Bishop, J. R. Claybrook, S. Spiegelman, J. Mol. Biol. 1967,
26, 373; b) R. F. Bozarth, E. H. Harley, Biochim. Biophys. Acta (BBA),
Nucleic Acids and Protein Synth. 1976, 432, 329.

[17] R. Bansil, M. K. Gupta, Ferroelectrics 1980, 30, 63.

18] a) N. A. Alcantar, E. S. Aydil, J. N. Israelachvili, J. Biomed. Mater.
Res. 2000, 57, 343; b) H. Lin, B. D. Freeman, J. Membr. Sci. 2004,

3

[4

[5

[6

Small 2020, 16, 2002946

2002946 (8 of 8)

www.small-journal.com

239, 105; ¢) M. Jamal, S. S. Kadam, R. Xiao, F. Jivan, . M. Onn,
R. Fernandes, T. D. Nguyen, D. H. Gracias, Adv. Healthcare Mater.
2013, 2, 1066.

[19] a) S. C. P. Norris, S. M. Delgado, A. M. Kasko, Polym. Chem.
2019, 170, 3180; b) J. W. Nichol, S. T. Koshy, H. Bae, C. M. Hwang,
S. Yamanlar, A. Khademhosseini, Biomaterials 2010, 31, 5536,
c) M. Yamamoto, Y. lkada, Y. Tabata, J. Biomater. Sci., Polym. Ed.
2001, 12, 77.

[20] a) A. P. Sassi, A. Barron, M. Goretty Alonso-Amigo, D. Y. Hion,
J. S. Yu, D. S. Soane, H. H. Hooper, Electrophoresis 1996, 17, 1460;
b) A. A. Szalay, K. Grohmann, R. L. Sinsheimer, Nucleic Acids Res.
1977, 4, 1569.

[21] J. Baselga, M. A. Llorente, ). L. Nieto, I.
I. F. Piérola, Eur. Polym. J. 1988, 24, 161.

[22] D. Calvet, J. Y. Wong, S. Giasson, Macromolecules 2004, 37, 7762.

[23] S. Pandey, E. Gultepe, D. H. Gracias, J. Visualized Exp. 2013, 50022.

[24] ]. R. Tse, A. ). Engler, Curr. Protoc. Cell Biol. 2010, 47, 10161.

[25] M. B. Mellott, K. Searcy, M. V. Pishko, Biomaterials 2001, 22, 929.

[26] a) T. Billiet, E. Gevaert, T. De Schryver, M. Cornelissen, P. Dubruel,
Biomaterials 2014, 35, 49; b) H. Boedtker, P. Doty, J. Am. Chem. Soc.
1956, 78, 4267.

[27] R. Owczarzy, B. G. Moreira, Y. You, M. A. Behlke, J. A. Walder,
Biochemistry 2008, 47, 5336.

[28] a) A. Kondoh, T. Oi, Z. Naturforsch., A 1998, 53, 77; b) Q. Xing,
K. Yates, C. Vogt, Z. Qian, M. C. Frost, F. Zhao, Sci. Rep. 2015, 4,
4706.

[29] S. R. Caliari, ). A. Burdick, Nat. Methods 2016, 13, 405.

[30] a) G. Sicilia, C. Grainger-Boultby, N. Francini, ). P. Magnusson,
A. O. Saeed, F. Fernandez-Trillo, S. G. Spain, C. Alexander, Biomater.
Sci. 2014, 2, 203; b) Y. Hu, W. Guo, J. S. Kahn, M. A. Aleman-Garcia,
I. Willner, Angew. Chem., Int. Ed. 2016, 55, 4210; c) H. Kang, H. Liu,
X. Zhang, . Yan, Z. Zhu, L. Peng, H. Yang, Y. Kim, W. Tan, Langmuir
2011, 27, 399.

[31] B. Yurke, D. C. Lin, N. A. Langrana, DNA Comput. 2005, 417.

[32] F. Topuz, O. Okay, Biomacromolecules 2009, 10, 2652.

[33] a) Q. T. Nguyen, Y. Hwang, A. C. Chen, S. Varghese, R. L. Sah,
Biomaterials 2012, 33, 6682; b) K. Saha, ). Kim, E. lrwin, ). Yoon,
F. Momin, V. Trujillo, D. V. Schaffer, K. E. Healy, R. C. Hayward,
Biophys. J. 2010, 99, L94; c¢) H. M. James, E. Guth, J. Chem.
Phys. 1943, 11, 455; d) U. W. Gedde, Polymer Physics, Springer,
1999; e) J. M. Torres, C. Wang, E. Bryan Coughlin, J. P. Bishop,
R. A. Register, R. A. Riggleman, C. M. Stafford, B. D. Vogt,
Macromolecules 2011, 44, 9040.

[34] S. A. Chester, L. Anand, J. Mech. Phys. Solids 2010, 58, 1879.

[35] A. ]. Engler, S. Sen, H. Lee Sweeney, D. E. Discher, Cell 2006, 126,
677.

[36] a) A. T. Wassie, Y. Zhao, E. S. Boyden, Nat. Methods 2019, 16, 33;
b) C. Majidi, Adv. Mater. Technol. 2018, 4, 1800477.

[37] X. Liu, ). Liu, S. Lin, X. Zhao, Mater. Today 2020, 36, 102.

[38] a) Y. Wu, Y. Xiang, J. Fang, X. Li, Z. Lin, G. Dai, J. Yin, P. Wei,
D. Zhang, Biosci. Rep. 2019, 39, 20181748; b) A. I. Van Den Bulcke,
B. Bogdanov, N. De Rooze, E. H. Schacht, M. Cornelissen,
H. Berghmans, Biomacromolecules 2000, 7, 31.

[39] a) X. Wang, H. J. Lim, A. Son, Environ. Health Toxicol. 2014, 29,
2014007; b) J. L. Hanslick, K. Lau, K. K. Noguchi, J. W. Olney,
C. F. Zorumski, S. Mennerick, N. B. Farber, Neurobiol. Dis. 2009,
34, 1.

[40] A. A. Jaeger, C. K. Das, N. Y. Morgan, R. H. Pursley, P. G. McQueen,
M. D. Hall, T. J. Pohida, M. M. Gottesman, Biomaterials 2013, 34,
8301.

[47] a) L. Ma, Y. Shi, O. Siemianowski, B. Yuan, T. K. Egner,
S. V. Mirnezami, K. R. Lind, B. Ganapathysubramanian, V. Venditti,
L. Cademartiri, Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 11063,
b) K. Palomino, K. A. Suarez-Meraz, A. Serrano-Medina, A. Olivas,
E. C. Samano, |. M. Cornejo-Bravo, J. Polym. Res. 2015, 22, 199.

Hernandez-Fuentes,

© 2020 Wiley-VCH GmbH



