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ABSTRACT: The development of tunable, ultrasound-responsive
hydrogels that can deliver protein payload on-demand when
exposed to focused ultrasound is described in this study. Reversible
Diels—Alder linkers, which undergo a retro reaction when
stimulated with ultrasound, were used to cross-link chitosan
hydrogels with entrapped FITC-BSA as a model protein
therapeutic payload. Two Diels—Alder linkage compositions with
large differences in the reverse reaction energy barriers were
compared to explore the influence of linker composition on
ultrasound response. Selected physicochemical properties of the
hydrogel construct, its basic degradation kinetics, and its
cytocompatibility were measured with respect to Diels—Alder
linkage composition. Focused ultrasound initiated the retro Diels—
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Alder reaction, controlling the release of the entrapped payload while also allowing for real-time visualization of the ongoing process.
Additionally, increasing the focused ultrasound amplitude and time correlated with an increased rate of protein release, indicating

stimuli responsive control.
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B INTRODUCTION

Spatiotemporally controlled drug delivery systems allow for
fewer side effects and better patient outcomes in re§enerative
medicine by precisely modulating payload release."”” Conven-
tional polymer-based systems for drug delivery typically rely on
passive diffusion and polymer degradation, providing spatial
localization but not temporal control of the payload release.”
By contrast, recently developed platforms for on-demand drug
delivery provide a means to modulate the intensity and
frequency of drug release via either the application of external
stimulation (ultrasound, light, magnetic field) or chemical
triggers.“’S

Specifically, focused ultrasound has been demonstrated as a
potent and safe external stimulus, allowing for deep tissue
penetration while being nonionizing and noninvasive.’
Focused ultrasound, delivering a spatiotemporal pressure
wave, can be used to interact locally with hydrogels, releasin
drugs through thermal or mechanical mechanisms."**”
Ultrasound can achieve temperatures from mild hyperthermia
(<6 °C) up to boiling temperatures at the focus; it can also
create, oscillate, and collapse acoustic cavitation bubbles within
the focus. Focused ultrasound can be accurately targeted and
monitored in real time, with temperature fluctuations most
often monitored with magnetic resonance imaging, while
cavitation is primarily monitored with ultrasound imaging.”

“Click chemistry” reactions have become increasingly
popular for the preparation of hydrogels due to their selective
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reactivity and rapid reaction kinetics.'”"" Among them, the
Diels—Alder reaction occurs orthogonally, in water, and
without catalysts.'”"® Consequently, Diels—Alder linkers have
been used to cross-link several different types of hydrogels such
as hyaluronic acid, gelatin, chitosan, PEG, and polyurethane,
providing enhanced stability and gelation kinetics."*™>'
Furthermore, the Diels—Alder reaction is reversible at higher
temperature, yielding back the original diene and dienophile
reactants and thus acting as a stimuli-responsive switch
releasing payloads after localized heat induction.””** Rever-
sible Diels—Alder linkers have successfully been used in
photocontrolled and alternating magnetic field activated drug
delivery applications to provide spatiotemporally controlled
release from nanoparticles.”>**

Hence, we sought to develop ultrasound-responsive hydro-
gels using reversible Diels—Alder linkages that could deliver a
drug on demand when exposed to focused ultrasound.
Chitosan was chosen to prepare hydrogels due to its

biocompatibility and ease of functionalization.””™>' Bovine
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Figure 1. (a) Diels—Alder reaction between 6-maleimidohexanoic acid and a thiophene or furan-based diene. (b) Cross-linking of chitosan with a

Diels—Alder linker (FDA or TDA) via EDC/NHS coupling reaction.

serum albumin labeled with fluorescein (FITC-BSA) was
entrapped as a model payload. Diels—Alder linkers, which
undergo a reversible retrograde reaction when stimulated with
ultrasound, were used to cross-link these hydrogels. When
initiated by focused ultrasound, the retro Diels—Alder reaction
restructured the hydrogel, releasing the entrapped protein. We
demonstrate the capability for focused ultrasound excitation to
control the release of entrapped BSA protein payloads in
Diels—Alder cross-linked hydrogels while allowing for real-time
visualization of the ongoing process. The physiochemical
properties of the hydrogel as well as the basic degradation
kinetics and cytocompatibility of the hydrogel construct are
described.

B MATERIALS AND METHODS

Materials. Chitosan (75—85% deacetylated, S0—190 kDa), FITC-
BSA (fluorescein isothiocyanate conjugate, bovine albumin), 2-
thiophenecarboxylic acid (99%), 2-furoic acid (98%), 6-maleimido-
hexanoic acid (90%), methanol (anhydrous, 99.8%), glutaraldehyde
(solution, 25% in H,0), hydrochloric acid (HCI, 37%), N-
hydroxysuccinimide (NHS, 98%), and agarose (BioReagent) were
obtained from Millipore Sigma (St. Louis, MO). Tegaderm was
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acquired from 3M Health Care (St. Paul, MN). HeLa cells were
provided by the Sartorius Cell Culture Facility of the Pennsylvania
State University (University Park, PA). Fetal bovine serum (FBS) was
purchased from Corning (Corning, NY). Dulbecco’s phosphate
buffered saline (DPBS) was obtained from Cytiva (Pittsburgh, PA).
Disposable biopsy punches (Miltex, 4 and 8 mm diameter) were
acquired from Integra LifeSciences (Princeton, NJ). Tissue culture
plate inserts (polycarbonate membrane, translucent, 0.4 m pore size)
were bought from VWR (Radnor, PA). Dulbecco’s modified Eagle’s
medium (DMEM), 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride (EDC), LIVE/DEAD Viability/Cytotox-
icity kit, alamarBlue HS cell viability reagent, antibiotic—antimycotic,
and Quant-iT PicoGreen dsDNA assay kit were acquired from
Thermo Fisher Scientific (Waltham, MA). The 24-well no-bottom
plates were obtained from Greiner Bio-One (Monroe, NC). Reagents
were used as received.

Preparation of Diels—Alder Linkers. Two cycloadducts were
synthesized: FDA (2-(5-carboxypentyl)-1,3-dioxo-1,2,3,34,7,7a-hexa-
hydro-4H-4,7-epoxyisoindole-4-carboxylic acid), which was the
product of the cycloaddition between 2-furoic acid and 6-
maleimidohexanoic acid, and TDA (2-(S-carboxypentyl)-1,3-dioxo-
1,2,3,34,7,7a-hexahydro-4H-4,7-epithioisoindole-4-carboxylic acid),
which was the product between 2-thiophenecarboxylic acid and 6-
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maleimidohexanoic acid (Figure 1). For the preparation of FDA, 0.93
g of 2-furoic acid and 1.75 g of 6-maleimidohexanoic acid were
dissolved into 15 mL of methanol. The glass vial was then sealed, kept
in the dark at room temperature, and agitated for 7 days. TDA was
synthesized by combining 1.06 g of 2-thiophenecarboxylic and 1.75 g
of 6-maleimidohexanoic acid with 15 mL of methanol. The vial used
for the reaction was then sealed, kept in the dark, and left for 3 days in
a 60 °C oil bath.

Preparation of Chitosan Hydrogels. Chitosan (0.25 g) was
dissolved in water (S mL) with 17 yL of 1 M HCL. EDC/NHS (100
uL of a 100 uM solution) were added and reacted with the chitosan
for 15 min. Then 500 uL of the Diels—Alder linker (either FDA or
TDA) was added to the mixture prior to casting it in a 35 mm
diameter Petri dish. The hydrogels were left to cross-link overnight
and were lyophilized before characterization. Control chitosan
hydrogels without a thermally labile Diels linker were prepared with
glutaraldehyde (100 uL of a 25% solution in water) as previously
described.**™** For protein release studies, FITC-BSA (100 uL, 0.5
mg/ mL) was added to the chitosan prior to cross-linking.

Characterization of Hydrogels. A Bruker Vertex 70 instrument
was used to record FTIR spectra in the 4000 to 550 cm™' range. A
DSC Q2000 calorimeter (TA Instruments, New Castle, DE) was used
for differential scanning calorimetry (DSC) analyses. Thermal
properties were recorded at a heating rate of 10 °C/min between
25 and 200 °C using nitrogen as the purge gas.

Cell Culture. HeLa cells were cultured in DMEM supplemented
with 1% antibiotic—antimycotic and 10% fetal bovine serum. Cell
were kept at 37 °C in a humidified incubator with 5% CO,.

Cell Proliferation and Viability Assays. Hydrogels were
sectioned using disposable biopsy punches to obtain samples with a
uniform geometry and volume. For cytocompatibility assessment,
HeLa cells were seeded in 24-well plates (0.05 X 10° cells per well),
and hydrogels samples were added to the different wells using tissue
culture plate inserts. Assays were performed at days 1, 3, and 7 after
exposing the cells to the hydrogels. The metabolic activity of the cells
was measured using an alamarBlue assay, cell viability was assessed
using a LIVE/DEAD Viability/Cytotoxicity kit, and the total DNA
content was determined using a PicoGreen dsDNA assay kit as
previously described.”***

Immersion Heating. Hydrogels containing FITC-BSA were
sectioned using 4 mm diameter disposable biopsy punches to obtain
samples with a uniform geometry and volume. Each hydrogel sample
was placed in a microcentrifuge tube containing 1 mL of DPBS.
Sealed microcentrifuge tubes were then heated at either 20, 37, or 60
°C for 1 h. The 37 °C temperature was achieved with a water bath,
and the 60 °C temperature was achieved with an oil bath to avoid
water evaporation. Microcentrifuge tubes containing the samples were
then centrifuged for 10 min at 1200g. The amount of FITC-BSA
released by the immersion heating was evaluated by measuring the
fluorescence intensity at 495/520 nm (excitation/emission) of the
supernatant (three 150 yL aliquots per sample) using a Spectramax
MS microplate reader (Molecular Devices, San Jose, CA).

Ultrasound-Mediated Protein Release. Hydrogels containing
FITC-BSA were sectioned using 8 mm diameter disposable biopsy
punches to obtain samples with a uniform geometry and volume.
Hydrogels samples were placed in 24-well no-bottom plates sealed
with Tegaderm on both sides. Each well was filled with DPBS and
contained an hydrogel sample secured at its bottom with agarose
(1%). After ultrasound targeting, the fluorescence intensity of the
DPBS contained in each well was determined. These measurements
were obtained similarly to the protocol described for the immersion
heating experiment. Ultrasound targeting was applied with a
spherically curved single-element focused ultrasound H-234 trans-
ducer modified with a 42 mm diameter larger center opening (Sonic
Concepts, Bothell, WA). The ultrasonic energy was focused to a
depth of 45 mm by the geometrically curved body of the transducer.
Full width at half-maximum beam profiles of the focused ultrasound
transducer were measured at a peak positive pressure of 37 MPa to be
0.6 mm transversely and 5 mm axially.*® The transducer was driven at
an operational frequency of 1.5 MHz by using a 33600A Series

3214

waveform generator (Keysight, Santa Rosa, CA) and a 55 dB AS00
linear radiofrequency power amplifier (Electronic Navigation
Industries, Rochester, NY).>* Gels were targeted at the focus with
repeated pulses (20 ms, 1 Hz) with increasing peak positive pressures
of 37, §7, and 75 MPa (peak negative pressures of 16, 29, and 32
MPa, respectively). A HFO-690 fiber optic probe hydrophone
(ONDA, Sunnyvale, CA) was used to measure focal pressures in
the lowest-pressure case. A HIFU-beam simulator’” was used to
estimate the two higher pressure amplitudes, since they caused
cavitation damage to the tip of the fiber optic probe hydrophone.
Focused ultrasound treatments were applied for 1 or 5 min. Bubble
activity and transducer alignment were monitored coaxially with B-
mode ultrasound imaging using a Verasonics research ultrasound
system (Vantage-128, Kirkland, WA) and a P4-2 imaging transducer
(Philips/ATL, Bothell, WA).*® The focus was aligned 1.5 cm in depth
at one center location in the gel. A diagram and pictures of the setup
used for focused ultrasound are available in the Supporting
Information (Figures S1 and S2).

Statistical Analysis. Sample size (n) is indicated in the legend of
each figure. Results were expressed as mean + standard deviation
(SD). Data were analyzed using two-way ANOVA and Tukey’s
posthoc test. Statistical significance was set at p < 0.0S. GraphPad
Prism 8 was used for data analysis.

B RESULTS AND DISCUSSION

FTIR and DSC Characterization of the Diels—Alder
Chitosan Hydrogels. The FTIR spectra for unmodified
chitosan (Ch) and chitosan cross-linked with FDA (Ch-FDA)
and TDA (Ch-TDA) are displayed in Figure 2. The
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Figure 2. FTIR spectra of chitosan (Ch, black), chitosan cross-linked
with FDA (Ch-FDA, blue), and chitosan cross-linked with TDA (Ch-
TDA, red).

characteristic absorption bands of the polysaccharide are
present with bands at 897, 1033, 1072, and 1153 cm™! as
reported in the literature.””***” The characteristic peak of the
carbonyl (C=0) groups present on both Diels—Alder linkers
is also noticeable at 1692 cm™.

Ch-FDA and CH-TDA samples were also analyzed by DSC
as show in Figure 3. Peaks in relation to the retro-Diels—Alder
reaction energy barriers were observed at 101.9 °C for Ch-
FDA and at 119.7 °C for Ch-TDA.”

Immersion Heating. Thermal release immersion studies
were performed with chitosan hydrogels that contained FITC-
BSA as a model protein. (Figure 4). Fluorescence intensity
measurements were used to determine the amount of FITC-
BSA released by the retro Diels—Alder reaction. A higher
released protein amount was measured for the FDA linker
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Figure 3. DSC traces of (a) Ch-FDA and (b) Ch-TDA. Additional DSC traces with an expanded x-axis to show lower and higher temperatures are
available in Supporting Information Figure S3.
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of entrapped protein payloads in Diels—Alder cross-linked
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setup used for focused ultrasound are available in the Supporting Information (Figures S1 and S2).
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Figure 6. (a) Representative LIVE/DEAD staining of HeLa cells at days 1, 3, and 7. Green indicates live cells, and red indicates dead cells. Scale
bar = 200 um. (b) Metabolic activity relative to cells cultivated without exposure to hydrogels (n = 3). No significant difference found when
comparing groups at the same time point. (c) Total cell number relative to cells cultivated without exposure to hydrogels (n = 3). No significant

difference found when comparing groups at the same time point.

rate of protein release, indicating stimuli responsive control.
The protein release rate for Ch-FDA was higher than that
observed for Ch-TDA, in agreement with the data from the
thermal immersion study (Figure 4). These results suggest that
the retro Diels—Alder reaction energy barriers correlate with
the protein release rates, providing a means to tune the
hydrogel stability upon exposure to focused ultrasound,
through manipulation of the diene and dienophile composi-
tion. The amount of FITC-BSA released from the control
hydrogels cross-linked with glutaraldehyde was also signifi-
cantly lower than the amount released from the gels cross-
linked with thermoresponsive Diels—Alder linkers. A control
experiment (Supporting Information Figure S4) was also
performed to verify that the chitosan present in DPBS after
ultrasound treatment did not interfere with the FITC-BSA
fluorescence in the range of concentrations used for this study.

Biocompatibility. The cytocompatibility of the chitosan
hydrogels cross-linked with Diels—Alder linkers was assessed
by exposing HeLa cells directly to hydrogels and their
decomposition products. The metabolic activity, viability,
and total cell numbers were measured after 1, 3, and 7 days
(Figure 6). The hydrogels did not appear to induce any
cytotoxicity in these direct exposure in vitro studies. No visible
differences were apparent among the different groups on the
LIVE/DEAD fluorescent images. Similarly, no significant
difference could be measured between the Ch, Ch-FDA, and
Ch-TDA groups for the metabolic activity and cell numbers
over time. These results align with the literature, where
chitosan has been described as a biomaterial with an excellent
biocompatibility supporting robust cell proliferation.*' ™"
Likewise, other hydrogels cross-linked with Diels—Alder
linkers have also been reported as being suitable for cell

40,44
culture.
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B CONCLUSIONS

In this study, the successful cross-linking of chitosan hydrogels
with two distinct Diels—Alder linkers was reported. When
targeted with focused ultrasound, these reversible linkers
underwent a retro reaction, restructuring the hydrogel and
releasing the entrapped model protein therapeutic payload.
This release correlated with predicted retro reaction energy
barriers as calculated by density functional theory. Focused
ultrasound proved to be an effective external trigger to control
the payload release while also providing monitoring in real
time. Increasing the focused ultrasound amplitude and time
correlated with an increased rate of protein release, indicating
stimuli responsive control. Additionally, these hydrogels did
not induce any cytotoxicity in vitro. Taken together, these
findings suggest that this payload delivery system could be
further developed for clinical applications requiring on-demand
or precisely controlled drug delivery.
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