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Hydrogels, prepared from natural polymers, are attractive bio-
materials for diverse biomedical applications due to their excellent
biocompatibility and bioactivity. However, the majority of conven-
tional hydrogels are mechanically weak and unsuitable for use in
the repair of load-bearing tissues. Herein, we utilized DNA as a
natural biopolymer and two-dimensional nanosheets of tungsten
disulfide (WS,) to engineer mechanically tough nanocomposite
hydrogels. Single network hydrogels were formed via covalent
crosslinking of DNA chains in the presence of alginate-exfoliated
WS, nanosheets. A polyethylene glycol-based bi-functional cross-
linker with epoxide end groups was used to join the DNA strands via
chemical crosslinking. Thereafter, the alginate chains in the hydrogel
formulation were ionically crosslinked with Ca* ions to form double
network polymeric hydrogels. Oscillatory shear rheology and
uniaxial compression testing elucidated the beneficial effects of
nanosheets and the formation of double network on the mechanical
and structural properties of resulting hydrogels. Significant
enhancement in compressive moduli and yield stress further
corroborated the reinforcing effects of WS, and secondary network.
Improved mechanical properties increase the applicability of these
nanocomposites because of their enhanced tissue-mimicking
abilities. In vitro cytotoxicity assays with human stem cells confirmed
the biocompatibility of formulated nanocomposite hydrogels. To
conclude, we envision these tough DNA-based hydrogels can be
effectively used in the future as a scaffold for various biomedical
applications, including delivery of drugs such as proteins, growth
factors, small molecules, among others.

1 Introduction

In recent years, two-dimensional (2D) transition metal dichal-
cogenides (TMDs) such as molybdenum disulfide (MoS,) and
tungsten disulfide (WS,) have shown immense potential to be
used as a new class of materials in a diverse range of biomedical
applications, including controlled drug delivery, biosensing, and
formation of tissue engineering scaffolds, among others.'” This
applicability stems from their high surface area and distinctive
mechanical, structural, and antimicrobial properties.’”
Moreover, 2D TMDs are excellent photothermal agents that
can convert near-infrared light into thermal energy.®® As a resul,
2D TMDs are gaining popularity as vehicles for contact-free light-
triggered drug delivery and as photothermal agents for the
ablation of tumors.’®"? Despite their enormous potential, a
major limiting factor for the use of TMDs in biomedical applications
is their water insolubility and hence difficulty to exfoliate in aqueous
media, a process that ultimately leads to the formation of ultrathin
sheets. However, few recent studies have exploited the possibility of
using bovine serum albumin, sodium alginate, as well as DNA
strands as exfoliating agents."*™® Recently, a polyvinyl pyrrolidone
exfoliated 2D tungsten disulfide nanosheet was used for in vivo
thermal imaging and treating colon adenocarcinoma."” Such exfo-
liated, ultrathin 2D nanosheets of TMDs have been incorporated
within hydrogel-based therapeutic ~devices for biomedical
applications.'®"®

Hydrogels are three-dimensional (3D), hydrophilic, cross-
linked polymeric network-based biomaterials that can retain
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large quantities of water, making them appealing for both drug
delivery and tissue engineering applications.>*>® However,
traditional hydrogels often lack in terms of their responsiveness
to chemical (pH, ionic strength) or physical (light, magnetic
field) stimuli or may display weak physical properties.*® To
improve the functionality and the applicability of hydrogels,
nanomaterials are often incorporated within these crosslinked
polymeric networks, forming external stimuli-responsive,
mechanically robust nanocomposite hydrogels.”’*° 2D TMDs
have been used to enhance the mechanical properties of
hydrogels, thereby increasing the applicability of natural
polymers.>* DNA can be one such natural, generic, precisely-
programmable polymer that can be paired with nanomaterials to
synthesize advanced nanocomposite hydrogels for biomedical
applications.>”” Xu et al fabricated a self-assembled, multi-
functional hydrogel containing DNA and graphene oxide.*®
Recently, Pandey et al. developed a TMD quantum dot reinforced
fluorescent DNA hydrogel.*> When paired with 2D TMDs, such
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multifunctional, biocompatible nanocomposite hydrogels can
show enhanced responsiveness to near-infrared light stimuli
and favorable physical properties, such as porous network
structures for cell infiltration.

Herein, we have designed one such DNA-based hydrogel
platform, reinforced with 2D nanosheets of WS, (WS,-Alg)
to form a nanocomposite scaffold suitable for biomedical
applications. We have exfoliated WS, powder into ultrathin
nanosheets by dispersing the powder in an aqueous solution of
sodium alginate (Na-Alg), followed by vigorous sonication. The
exfoliated WS,-Alg nanosheets were then used to reinforce a
covalently crosslinked single network DNA hydrogel. Finally,
the alginate used for the exfoliation of WS,-Alg nanosheets was
crosslinked by the addition of calcium chloride to generate a
mechanically robust double network DNA based hydrogel.
Such double network hydrogels contain a combination of inter-
connected polymer networks and hence demonstrate significantly
improved mechanical properties.*®*' The formulated hydrogels
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Fig. 1 Synthesis and appearance of two-dimensional WS,-Alg nanosheets. (A) Schematic showing the process of preparing ultrathin, two-dimensional
nanosheets of tungsten disulfide (WS;) using tungsten disulfide powder and sodium alginate (Na-Alg) solution. WS, powder was suspended in a 1% (w/v)
sodium alginate solution and then sonicated for exfoliation into nanosheets. (B) Pictures comparing the sonicated precursor solutions of 1% sodium
alginate and 1% tungsten disulfide with exfoliated, two-dimensional 1% tungsten disulfide. After 24 hours, the sonicated WS, powder precursor
sedimented, whereas the WS,-Alg nanosheets stayed stable in suspension. (C) Images showing the appearance of 2% and 3% exfoliated WS,-Alg after
2 and 3 days. 3% WS,-Alg displayed aggregation and settled down with minimum stability over extended time spans, whereas 2% WS,-Alg remained
stable after 3 days. (D) Transmission electron micrograph displaying the morphology of ultrathin, two-dimensional nanosheets of 2% WS,-Alg (scale bar =
50 nm). (E) Graph displaying the increase in UV-vis absorbance (at 630 nm wavelength) with an increase in the concentration of exfoliated WS,-Alg
nanosheets. Results are represented as mean =+ standard deviation (n = 3) (***p < 0.001).
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were characterized via dynamic mechanical analysis and oscillatory
shear rheology to illustrate the effect of both WS,-Alg nanosheets
and the second network of ionically crosslinked alginate chains on
the mechanical properties of the DNA-based platform. Next, the
physical properties, i.e. the morphology and the swelling behavior,
of the hydrogels were monitored. Physical characterization was
followed by examining the biocompatibility of the developed
nanocomposite hydrogels by in vitro cytotoxicity assays with human
adipose stem cells (hASCs). Lastly, we propose a variety of bio-
medical applications of the designed DNA-based hydrogel.

2 Results and discussion

2.1 Preparation of exfoliated ultrathin 2D nanosheets of
tungsten disulfide

Fig. 1A illustrates the method for exfoliating 2D WS,-Alg
nanosheets. Polymers are widely used for exfoliating WS,
powder to form nanosheets.'®** Following literature, we used
1% sodium alginate as the exfoliating solution."> WS, belongs
to the class of transition metal dichalcogenides, which makes it
structurally similar to MoS,. Fig. 1B shows the appearance of
exfoliated and sonicated WS,-Alg nanosheets after 24 hours of
exfoliation. Fig. 1C demonstrates the stability of WS,-Alg as a
function of concentration. It was observed that the one with 2%
nanosheets remain dispersed in suspension even at 3 days after
exfoliation. However, 3% nanosheets aggregate and sediment
within 3 days. Next, we observed irregular lateral morphology of
the exfoliated nanosheets using transmission electron micro-
scopy (Fig. 1D). Similar morphology has been reported
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elsewhere.'®

Fig. 1E displays the concentration-dependent
increase in ultraviolet-visible (UV-vis) absorption at 630 nm,

which is characteristic of the WS,-Alg nanosheets.**

2.2 Fabrication and mechanical characterization of single
network nanocomposite DNA hydrogels

Fig. 2A displays the method for synthesizing the tungsten
disulfide-impregnated single network DNA hydrogel. The
formulated hydrogels with 0.1875%, 0.375%, and 0.75% WS,
concentrations (w/v%) are labelled as “Low”, “Medium”, and
“High”, respectively. The hydrogel without any WS, is
designated as “Gel”. The structural and mechanical properties
of the designed single network DNA hydrogel reinforced with
the three different concentrations of WS,-Alg were determined
by uniaxial compression testing. The stress vs. strain plots
displayed an increase in the ultimate stress with the addition
of exfoliated WS, to the DNA-based system (Fig. 2B). The
compressive moduli were calculated from the slope of the
stress vs. strain curves in the initial region of 0.1~0.2 mm mm™*
strain. A significant increase in the compressive modulus from
3.62 kPa to 8.13 kPa was detected with an increase in WS,
concentration from 0 to 0.75%. Previous studies have reported
the use of WS, for the formation of reinforced composites in
conjunction with biodegradable polyesters and poly(r-lactic
acid) for bone tissue engineering.***> Although not studied
here, the large surface area and high aspect ratio of these two-
dimensional nanosheets make them ideal candidates as nano-
fillers for the development of tissue engineering scaffolds.*®
Next, we monitored the behavior of the developed DNA-WS,
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Fig. 2 Strategy for fabricating single network DNA-WS, hydrogels and characterizing their mechanical behavior. (A) Schematic depicting the method for
developing single network DNA-WS, hydrogels. Here, double stranded DNA (dsDNA) chains were covalently crosslinked with polyethylene glycol
diepoxide (PEGDE) to form the desired nanoparticle-impregnated material. (B) Stress vs. strain plots of the DNA-WS, hydrogels containing different
concentrations ("Low”, “Medium”, and “High") of WS,. "Gel" represents the hydrogel without nanoparticles. Comparison of the compressive moduli of
the DNA-WS, gels containing different concentrations of WS,. Results are represented as mean =+ standard deviation (n = 4) (***p < 0.001). Frequency-
sweep results of the DNA-WS, gels containing different concentrations of WS,. (C) Images showing the appearance of precursor solutions of single
network DNA-WS, hydrogels impregnated with different concentrations of WS, nanosheets. (D) Pictures depicting the same formulations after gelation.
The stable nanocomposite hydrogels remain in place even after inverting the microcentrifuge vials.
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hydrogel under the application of shear forces via oscillatory
shear rheology. The storage modulus values of the “High” gel
were observed to be the highest over the entire range of tested
frequencies. This improved mechanical performance can be
attributed to the presence of non-covalent interactions between
the surface of the dichalcogenide and nitrogenous bases of
DNA strands!*”. Previous studies have demonstrated the
presence of Van der Waals interactions between DNA and
WS,-Alg nanosheets.””*® The presence of these interactions
results in the formation of reinforced nanocomposites with
enhanced compressive and storage moduli as well as higher
yield stress values. Fig. 2C and D displays the prepolymer
solutions and the corresponding gels that were tested here.
However, the formulation designated as ‘“High” was selected
for further studies since it provided the best set of mechanical
properties.

2.3 Development and mechanical characterization of double
network DNA-WS, hydrogels

Following the optimization of the nanosheet concentration in
the single network DNA hydrogel based on its mechanical
properties, we crosslinked the alginate chains with Ca®" to
formulate the double network structure. Fig. 3A shows the
process by which the designed single network DNA hydrogel
was converted to a double network hydrogel. Alginate aqueous
solution (1% w/v) was used to exfoliate WS,-Alg into nanosheets
for the exploitation of their maximum potential as reinforcing
nanofillers. Sodium alginate has been previously used for its
capability to intercalate between the dichalcogenide layers for
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achieving extensive exfoliation."> An aqueous solution of
sodium alginate has been successfully employed for the exfo-
liation of MoS, which possesses similar structural properties to
WS,."? For this reason, we used alginate as the dispersing agent
in our studies for fabricating the DNA nanocomposites.
Consequently, the DNA-WS, hydrogels contained alginate
chains distributed in the single network of covalently cross-
linked DNA chains. The double network hydrogels were formed
by immersing the DNA-WS, nanocomposite hydrogels in
0.025 M calcium chloride aqueous solutions. Divalent Ca**
ions interact with the carboxylate groups mainly on the gulur-
onate residues of the alginate backbone, creating an ionically
crosslinked alginate network."®

Next, we investigated the effect of adding the second net-
work on the structural and mechanical properties of the
formulated hydrogels. The single network hydrogels were
designated as SN-High, where High denotes the highest concen-
tration (0.75%) of WS,-Alg. The double network hydrogels were
labelled as DN-High. The stress vs. strain plots under uniaxial
compression displayed a marked enhancement in the ultimate
stress values, indicating the formation of tough double network
hydrogels in comparison to their single network counterparts
(Fig. 3B). In addition, the presence of a second network resulted
in a significant increase in the compressive modulus from
8.13 kPa to 17.09 kPa (Fig. 3C and D). In the next step, we
monitored the response of the single and double network
systems under shear forces. An increase in yield stress as well
as yield strain was detected from the stress and strain sweep
plots (Fig. 3E). The ionically crosslinked alginate network
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Fig. 3 Method for developing double network DNA-WS, hydrogels and comparing their mechanical properties with single-network counterparts.
(A) Illustration displaying the chemical strategy for designing a double network nanocomposite hydrogel. Divalent calcium chloride ions crosslinked the
carboxyl group of alginates to form the double network hydrogel. The image shows the appearance of this stable, double network hydrogel (scale bar =
4 mm). (B) Stress vs. strain plots of single and double network hydrogels containing the highest concentration of WS,. (C) Stress vs. strain plots magnified
in the section from 0 to 0.35 mm mm™* strain. (D) Comparison of the compressive moduli of the single and double network hydrogels. Results are
represented as mean + standard deviation (n = 4) (***p < 0.001). (E) Top panel: Stress-sweep comparison between single and double network systems.
The dotted line represents the yield stress values for each gel. Bottom panel: Strain-sweep plots for the single and double network systems. The dotted

line represents the yield strain values for each gel.
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enables the double network system to possess improved shear
properties in comparison to the single network hydrogel.

2.4 Physical characterization of WS,-Alg-impregnated single
and double network hydrogels

The surface morphology of the formulated hydrogels was
monitored by scanning electron microscopy (SEM) (Fig. 4A).
The single network hydrogels consisting of a distribution of
WS,-Alg nanosheets in a DNA-based network displayed a
porous morphology. Such a porous architecture may allow
larger uptake of water, greater drug loading, and enhanced
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cellular infiltration and modulation.”® Additionally, the SEM
micrograph of the double network hydrogel shows the main-
tenance of the porous structure even after the incorporation of
a second network. The porosity of this nanocomposite material
will allow for cell infiltration and nutrient transfer when used
for tissue healing applications. In the next step the water
uptake ability in the form of swelling behavior of the hydrogels
was monitored. As expected, the swelling ratios of the double
network hydrogels were lower compared to the single network
nanocomposites over the entire timeframe of the study
(Fig. 4B). The double network hydrogel consists of a tightly
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Fig. 4 Physical characterization of DNA-WS, hydrogels, evaluation of their in vitro biocompatibility, and proposing their applications. (A) Scanning
electron micrographs showing the porous polymeric mesh of single and double network hydrogels containing the “high” concentration of exfoliated
WS, (scale bar = 200 pum). (B) Comparison of the swelling ratios for single and double network hydrogels as a function of time. Results are shown as mean +
standard deviation (n = 4). (C) Fluorescence micrographs depicting the biocompatibility of the designed nanocomposite hydrogels. Human adipose-derived
stem cells were exposed to the designed hydrogels for 72 hours, after which the fluorescence images were collected (scale bar = 1000 pum). (D) MTS assay
of human adipose stem cells after 24 and 72 hours of contact with the respective hydrogels. Results are shown as mean =+ standard deviation (n = 3).
(E) Table describing the relevant features of the designed DNA-WS, hydrogels. These hydrogels can be used for diverse biomedical applications as proposed in
the illustration.
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crosslinked structure with a combination of two networks and a
higher crosslink density. The higher extent of entanglements or
crosslinks is responsible for the detected decrease in swelling
ratios. The observation of reduced swelling ratios is consistent
with earlier studies with double network hydrogels.

2.5 Evaluation of in vitro biocompatibility of the formulated
nanocomposite hydrogels

Finally, to envision the application of the designed nanocom-
posite hydrogels in tissue engineering, it was necessary to
evaluate their biocompatibility. The in vitro biocompatibility
was assessed by performing two cytotoxicity assays with human
adipose stem cells (hASCs). Such stem cells were selected for
the assays as it is easy to harvest them with high proliferation
rates.”” Furthermore, the cytotoxicity assays were conducted by
placing the gels inside cell culture inserts. This non-contact
method of testing the cytotoxicity of hydrogels avoids cell
apoptosis in adherent cell cultures arising from weight-
induced mechanical stress.”® The stem cells were visualized
via live-dead staining assays after growing them in contact with
the formulated hydrogels. The cells for both the groups of
single and double network hydrogels were well spread with a
healthy morphology similar to the ones without any gel
(Fig. 4C). Next, MTS assays, performed after 24 and 72 hours,
displayed greater than 95% cell viability for both single and
double network systems (Fig. 4D). Furthermore, nonsignificant
differences in cell viability were observed after the incorporation
of the second network. These results confirm the non-toxic
nature of WS, as well as the formulated single and double
network hydrogels. The components of the hydrogel did not
elicit any cytotoxic effects, thereby maintaining the cell
morphology and viability. Previous reports have also shown the
biocompatibility of WS, nanosheets.'®** Lastly, Fig. 4E high-
lights the critical features of the designed nanocomposite
scaffolds. Most notably, the developed hydrogels are mechanically
robust, porous, and biocompatible, which may lead to drug
delivery and tissue engineering-based applications. Based on the
applicability of similar nanocomposite hydrogel-based
scaffolds,”™>® we also propose different possible biomedical
applications of our nanocomposite DNA based hydrogel. How-
ever, in our study, we did not encapsulate the cells within the
hydrogel or seeded the cells on top of it. For a direct-contact
approach, the current formulation would require surface function-
alization that incorporates cell adhesive motifs. Instead, a non-
contact 2D cell culture model was used to represent the hydrogel as
a drug delivery depot. Such non-contact 2D representation has its
own limitations:> (a) it does not accurately represent the 3D
environment of the native tissue, and (b) the cell-cell interaction
is different from the native tissue. Surface functionalization of
these hydrogels with extracellular matrix-derived ligands is subject
to future research when it is aimed to be used as a 3D tissue-
mimicking scaffold. Therefore, the developed nanocomposite DNA
based hydrogel formulation has to go through further rigorous
biological characterization, at cellular and molecular levels, before
it can be adopted as a new healthcare material for diverse
biomedical applications.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3 Conclusions

In summary, this study demonstrates the development of a
double network nanocomposite hydrogel containing ultrathin,
2D nanosheets of a transition metal dichalcogenide (TMD). We
have explored the potential of WS, to form hydrogel scaffolds
using DNA as the base polymer matrix. The nanocomposite
scaffold exhibited an increase in compressive and shear
strength in contrast to the DNA-only formulation. Additionally,
the DNA-WS, based network was reinforced with an ionically
crosslinked alginate network, resulting in the formation of a
double network hydrogel. The double network hydrogels dis-
played a marked increase in compressive moduli, yield stress,
and yield strains compared to their single network counterparts.
The porous morphology of the DNA-based network was
maintained after the addition of the second network. The
hydrogel formulations were biocompatible since they did not
elicit any cytotoxic effects or hinder cell growth and proliferation
when human adipose stem cells were grown in contact with
them. Therefore, stem cells can be delivered using these
scaffolds, and they can potentially be used for tissue engineering
applications. With further studies, this new hydrogel platform
can also be used for the delivery of therapeutic molecules.
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