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ABSTRACT: Immunotherapies have become the standard treatment for melanoma. To further improve patient responses,
combinations of immunotherapies and radiotherapy (RT) are being studied, since radiotherapies can potentially provide additional
immune stimulation, in addition to direct antitumor effects. FLASH-RT is a novel, ultrahigh dose rate, radiation delivery approach,
with the potential of at least equivalent tumor control efficacy and reduced damage to healthy tissue. However, the effects of
combining FLASH-RT and immunotherapy have not been extensively studied in melanoma. Toll-like receptor (TLR) agonists, such
as imiquimod (IMQ), are potent immunostimulatory agents, although their utility is limited due to poor solubility and systemic side
effects. We therefore developed a novel combination therapy for melanoma consisting of IMQ delivered to the tumor via a
radiopaque and radiation responsive hydrogel combined with FLASH-RT. We found that FLASH was able to effectively stimulate
IMQ release from the hydrogel. In addition, we found that the combination of FLASH and released IMQ resulted in synergistic
melanoma cell killing in vitro. The combination therapy reduced tumor growth compared to controls, enhanced survival, and
resulted in remarkable enhancements in certain tumor cytokine levels. CT imaging allowed the hydrogel to be monitored in vivo. In
addition, no adverse effects of the treatment were observed. Overall, this IMQ-gel and FLASH-RT combination may have potential
as an improved treatment for melanoma and indicates that the interactions of FLASH-RT and TLR agonists merit further study.

1. INTRODUCTION
Several immunotherapies have been approved by the FDA for
use in treating melanoma, such as CTLA-4 inhibitors and PD-1
antibodies. Nevertheless, melanoma is responsible for approx-
imately 71% of skin cancer deaths, over 9,000 each year, largely
due to aggressive metastatic disease.1,2 Therefore, approaches
to enhance the effects of immunotherapies are of great interest.
Radiotherapies are known to create immunostimulation and
changes in the tumor microenvironment, which can result in
synergistic effects when combined with immunotherapies.3

Recently, ultrahigh dose rate radiation, or FLASH-RT, has
attracted substantial attention in the radiation oncology field,
as it can markedly improve healthy tissue tolerance to radiation
damage. FLASH-RT delivers the radiation dose in milliseconds

with dose rates exceeding 40 Gy/s, as opposed to conventional
radiotherapy, where the same dose is delivered at much slower
dose rates (∼2 Gy/min) over several weeks for multiple
fractions.4 FLASH-RT can currently be delivered via electron
or proton modalities, with the latter much more clinically
applicable to deeper-seated tumors. The rationale behind the
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improved normal tissue tolerance is thought to be the massive
oxygen consumption from FLASH-RT, which results in
transient protective hypoxia in normal tissue. Despite the
promising results being reported for FLASH-RT, the combined
effects of FLASH-RT and immunotherapies have received little
attention thus far and not at all in melanoma.
IMQ is a TLR 7 agonist used as an immune response

modifier that activates the innate immune system. It has been
approved by the Food and Drug Administration (FDA) for
topical treatment of various skin malignancies and viral warts
in the form of a cream that is known as Aldara. IMQ has been
studied for its potential use as a treatment for melanoma.5,6

Interestingly, recent studies have revealed that TLR agonists
can activate the host immune system as adjuvants and have
emerged as a potential complement to conventional radio-
therapy.7,8 However, the utility of TLR agonists, including
IMQ, is limited by their poor solubility that effectively prevents
their use as oral drugs as well as undesirable side effects when
administered systemically.9 These limitations have therefore
spurred interest in delivery vehicles for TLR agonists that can
increase site-specific drug concentrations and reduce systemic
exposure to the drug.10

In this report, we studied FLASH-RT combined with
immunotherapy in the form of a radiation responsive,
radiopaque hydrogel loaded with IMQ, as a novel theranostic
approach for the treatment of melanoma. The hydrogel used is
imageable with CT via inclusion of gold nanoparticles (AuNP)
and was previously shown to release an encapsulated drug on
demand upon exposure to photon-based radiotherapy.11 CT is
especially valuable in localizing hydrogels in vivo since the
deployment and retention of the hydrogels can be assessed
over time via onboard CT scanners integrated in radiotherapy
systems.12,13 We herein report the formation of this IMQ-
loaded hydrogel, its characterization, and its response to
exposure to FLASH-RT. We examine the cytocompatibility of
the hydrogel and the cytotoxicity and immunostimulatory
properties of IMQ released from the hydrogel by FLASH-RT
in vitro. Moreover, we assess the imaging properties, antitumor
effects, immunostimulation, and biocompatibility of the
hydrogel/FLASH-RT combination therapy in vivo.

2. MATERIALS AND METHODS
2.1. Hydrogel Formation. 2.1.1. AuNP Hydrogel. The formation

of AuNP-hydrogel was adapted from the method previously reported
by our group.11 In brief, 1 mL of PCPP (4 mg mL−1), 5 mg of AuNP
solution, and Na2HPO4 (10.3 mg, 10.3 mg mL−1, PBS) were mixed
together, and HCl (1 M) was added to the mixture to adjust the pH
to 7.4. Next, 1.4 μL of selenocystamine dihydrochloride (110 mg
mL−1, PBS) was added to the PCPP and AuNP mixture and vortexed
for 30 s. The resulting mixture was added into 10 mL of CaCl2
solution (8.8%, DI water) dropwise while stirring at 350 rpm and was
left to react for 20 min at room temperature. Following that, the
hydrogel was collected and transferred to 15 mL conical tubes and
centrifuged at 2,000 rpm for 8 min. The supernatant was discarded,
and the hydrogel was resuspended in DI water. This process was
repeated three times. Finally, the hydrogel was collected in 1 mL of
DI water, centrifuged at 14,000 rpm and stored at 4 °C for subsequent
use. The final concentration of AuNP in the sample was determined
using ICP-OES.
2.1.2. IMQ-Loaded AuNP Hydrogel. To load with both hydrogel

AuNP and IMQ, 10 μg of IMQ (1 mg mL−1, DMSO) was mixed with
the PCPP, AuNP, and Na2HPO4 solution described above, and the
pH was adjusted to 7.4 by addition of HCl (1 M). The resulting
mixture was vortexed and incubated for 10 min before cross-linking
with selenocystamine dihydrochloride as described above. The final

concentration of IMQ in the sample was determined using UV−
visible spectroscopy.

2.2. Cell Culture. The B16−F10 cell line was used to evaluate the
vitro biocompatibility of AuNP hydrogel and cytotoxicity of the IMQ
released from the IMQ-loaded AuNP hydrogel. Cells were cultured
according to the instructions from ATCC at 37 °C and 5% CO2, and
all experiments were performed in triplicate.
2.2.1. Effect of FLASH-RT Combined with Triggered IMQ Release

on Cells. The IMQ-loaded AuNP hydrogels were prepared as detailed
in the Supporting Information. Following the last purification step of
IMQ-loaded AUNP hydrogel, an appropriate amount of cell culture
media was added to hydrogel based on the AuNP concentration
determined through ICP-OES, such that [Au] would be 0.5 mg mL−1

if the hydrogel released all of the AuNP. The hydrogels were then
irradiated with 0 Gy (mock irradiation), 60 Gy FLASH-RT, or 60 Gy
proton irradiation using a conventional dose rate (CONV-RT) before
incubating at 37 °C in a water bath for 24 h. Meanwhile, the B16−
F10 cells were seeded as detailed in the Supporting Information.
Following a 24 h incubation period, the Scells were either treated with
100 μL of IMQ containing supernatants from the hydrogel and then
irradiated with 10 Gy FLASH-RT or CONV-RT, or irradiated with 10
Gy FLASH-RT or CONV-RT directly. After the treatments, the cells
were further incubated at 37 °C and 5% CO2 for 48 h. The MTS assay
was then performed as described in the Supporting Information.

2.3. Effect of IMQ on Cytokine Secretion. Proinflammatory
cytokines (TNF-α and IL-6) from splenocytes were assessed.
Splenocytes were isolated from C57BL/6J mice. To harvest the
spleens, mice were euthanized with CO2 gas followed by cervical
dislocation according to the IACUC-approved protocol. The
abdominal cavities were opened and then perfused with 20 mL of
PBS in the left ventricle. After that, spleens were collected and then
transferred to 1 mL of Erythrocyte Lysis Buffer in a 6-well plate.
Spleens were mashed using a syringe plunger until the white pulps
appeared, and the mashed spleens were incubated with the buffer for
3 min. Spleen mixtures were pipetted slowly onto filter papers placed
over 15 mL conical tubes containing 10 mL of DMEM supplemented
with FBS buffer, and the resulting cell suspension in media was
collected. The mixtures were then centrifuged at 1250 rpm for 5 min.
The supernatants were removed, and 1 mL of fresh cell medium was
added. The total splenocytes were then plated in 96-well plates using
lymphokine-activated killer (LAK) cell medium (α MEM with 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1%
penicillin-streptomycin-glutamine (PSG), 1 × 10−5 2-mercaptoetha-
nol, and 10% FBS). After 24 h incubation, the splenocytes were
treated with the IMQ released from the IMQ-loaded AuNP hydrogels.
The IMQ treatment and FLASH-RT conditions were identical to
those described in the Supporting Information. At the end of the
treatment, the medium was removed to evaluate the cytokine levels of
TNF-α and IL-6 via ELISA kits.

2.4. In Vivo Studies. All in vivo studies were performed on female
C57BL/6J mice that were 12 weeks old. All animal procedures were
performed under protocol number 807148, which was approved by
the Institutional Animal Care and Use Committee (IACUC) of the
University of Pennsylvania. The Public Health Service (PHS) policy
on the Humane Care and Use of Laboratory Animals (Public Law 99-
158) was followed.
2.4.1. In Vivo B16−F10 Xenograft Melanoma Tumor Model. To

develop the xenograft B16−F10 tumor model, B16−F10 melanoma
cells were cultured as described in previous sections. For inoculation,
cells were removed from culture flasks and resuspended in sterile
DPBS. Eight ×104 cells were subcutaneously implanted on the right
flank of mice and allowed to grow to an average volume of
approximately 100 mm3. Tumor growth and mouse health were
monitored daily. Tumor volume was measured with electric calipers
every other day and calculated using the following equation: tumor
volume = (length x width2)/2. Tumors were allowed to grow up to 1
cm in diameter, as per IACUC standards, after which the mice were
sacrificed. For the intratumoral injection, mice were anesthetized with
isoflurane, and anesthesia was maintained with isoflurane via the use
of a nose cone. Groups received 50 μL of hydrogels ([AuNP] = 8 mg
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mL−1, [IMQ] = 832 μM) via intratumoral injection on the right flank
via the use of a 1 mL syringe and a 25 gauge needle.
2.4.2. In Vivo FLASH-RT. FLASH-RT was administered to mice 24

h after the hydrogel treatments. The mice were first anesthetized with
isoflurane. A total radiation dose of 10 Gy at a dose rate of 95−103
Gy/s was administered using a proton beam with an energy of 230
MeV, delivered via a horizontal beamline in a dedicated research
room with an IBA Proteus Plus C230 Cyclotron, through a 1 cm-
diameter circular collimator. Mice were placed in the entrance region
of the proton depth-dose curve using a shoot-through technique.
Additional system setup information and parameters can be found in
the Supporting Information.
2.4.3. In Vivo CT Imaging. In vivo CT imaging was performed

using a MILabs micro-CT scanner. Mice were scanned before
injection, 3 days postinjection, and 14 days postinjection. The
following parameters were used to acquire the images: tube voltage =
50 kV, tube current = 190 μA, slice thickness = 100 μm, and in-plane
resolution = 100 μm. The obtained images were analyzed using
OsirixMD by drawing ROIs in the organs of interest. The ROI
segmentation tool was used to delineate the hydrogel from the
surrounding14 tumors. The attenuation values (HU) were recorded.
2.4.4. In Vivo Immune Response Cytokine Profiling Assay. The

immune regulatory effects of IMQ in combination with FLASH-RT
were investigated by the Milliplex cytokine/chemokine magnetic
bead-based multiplex assay (Millipore Sigma, Burlington, MA). The

xenograft B16−F10 tumor model was developed as previously
described. Mice were sacrificed at 4 days posttreatment. To prepare
the tumor lysates, tumor was collected and weighed, and 10 mL/g of
tumor of the Tissue Extract Reagent (Invitrogen, Grand Island, NY)
was added. Tumors were homogenized in a homogenizer at 25 Hz for
1 min at 4 °C and centrifuged at 10,000g for 5 min at 4 °C. The
supernatants were collected, their total protein concentration was
measured using Bradford protein assay (Biorad Laboratories,
Hercules, CA) and they were diluted to 10 mg protein/mL with 1
× DPBS. The samples were then processed and assayed for cytokine
content by the Human Immunology Core at the University of
Pennsylvania.
2.4.5. Survival Analysis. All mice were examined at least twice

weekly for distress and body condition, as per IACUC Rodent Tumor
and Cancer Model guidelines. Mice were euthanized if the tumor
affected their gait or normal posture, ability to eat, urinate, or
defecate, independent of the size of the tumor, or if the tumors
reached 1 cm in diameter. The survival time until the mice reached
this maximum tumor growth or died was calculated from the date of
hydrogel administration (day 0).

2.5. Statistical Analysis. All in vitro experiments were performed
independently at least three times. Two-way ANOVA with multiple
comparisons was used to examine statistical significance in differences
between the groups in all in vitro and in vivo experiments unless stated
otherwise. P-values ≤ 0.05 were considered statistically significant. All

Figure 1. (A) Schematic representation of the FLASH-RT triggered release of IMQ drug and AuNP from the AuNP-IMQ hydrogel. Influence of
radiation on the release of payloads from hydrogels. Quantification of the released IMQ from the hydrogel irradiated with (B) FLASH-RT of 60
Gy, CONV-RT of 60 Gy, photon radiation of 60 Gy, or mock irradiation of 0 Gy. (C) FLASH-RT and CONV-RT with radiation dose from 0 to 60
Gy. Quantification of the released gold from the hydrogel irradiated with (D) FLASH-RT (E) CONV-RT with radiation dose from 0 to 60 Gy.
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statistical analyses were carried out using GraphPad Prism 8 software
(San Diego, CA).

3. RESULTS
3.1. Synthesis and Characterization of AuNP-IMQ

Hydrogel. The hydrogel fabrication method was adapted and
modified from our previous study.11 AuNP-IMQ-gel consists
of a biodegradable polymer PCPP, a radiation-sensitive cross-
linker selenocystamine, contrast-generating material sub-5 nm
AuNP, and an immunomodulatory drug IMQ (Figure 1). The
hydrogel formulation has the ability to load large amounts of
cargoes including AuNP and IMQ drugs in a range of
concentrations while maintaining the consistency of a hydrogel
(Figure S1A,B). To encapsulate the contrast-generating
materials and therapeutics, the cargoes were simply added to
the polymer solution before the cross-linking process.11 The
dispersion of AuNP in hydrogels was assessed by TEM (Figure
S1C). The composition of the AuNP-IMQ-gel was studied
with FT-IR (Figure S2A), XRD (Figure S2B), EDX (Figure
S2C), and elemental mapping (Figure S3). Scanning electron
microscopy (SEM) of the hydrogel revealed a relatively low
level of porosity (Figure S4).15,16

3.2. FLASH-RT Triggered Hydrogel Degradation.
FLASH-RT delivers radiation dose at a ultrahigh rate, which
can reduce radiation-induced normal tissue toxicities.17,18 To
investigate the triggered degradation of the hydrogel by
different forms of radiation, the hydrogels were irradiated with
photon RT, proton RT at a conventional dose rate (CONV-
RT), and proton FLASH-RT. The payloads (i.e., AuNP and
IMQ) released from the hydrogels were quantified to confirm
the degradation of the hydrogels. Hydrogels irradiated with
either photon or proton beams showed significantly higher
IMQ release than the nonirradiated hydrogels, suggesting the
effectiveness of the radiation-triggered degradation of hydro-
gels (Figure 1B). However, the payload release upon photon or
proton irradiation at conventional dose rates was not different.
On the other hand, hydrogels irradiated with FLASH-RT
released significantly more IMQ than hydrogels irradiated with
photon beams or proton beams at conventional dose rates,
indicating that the dose rate of radiation delivery affected the
hydrogel degradation. Next, we further investigated the effect
of radiation dose on the triggered degradation of hydrogels
(Figure 1C), where we found that irradiation with low
radiation doses had a moderate effect with both modalities.

However, higher radiation doses (i.e., 45 and 60 Gy) proved
effective for the triggered release of IMQ. Similarly, the release
of AuNP from the hydrogels was quantified with both CONV-
RT and FLASH-RT with a range of radiation doses from 0 to
60 Gy. Both modalities had an effect on triggered release of
AuNP from hydrogels (Figure 1D,E), however, FLASH-RT
resulted in significantly higher AuNP release rates than
CONV-RT (Figure S5).
The mechanical properties of hydrogels with and without

FLASH-RT further confirmed the radiation-triggered degrada-
tion after FLASH-RT at 60 Gy. Hydrogels that received
FLASH-RT had lower storage modulus, loss modulus, and
viscosity than hydrogels without RT, due to the degraded
cross-links upon the radiation trigger (Figure S6A,B). Both
groups showed elastic properties as hydrogels, as indicated by
greater storage modulus than loss modulus. Hydrogels showed
decreases in viscosity with increasing shear, indicating their
shear-thinning properties before and after FLASH-RT (Figure
S6C).
Furthermore, the contrast generation of hydrogels, as well as

after exposure to FLASH-RT, was examined using a micro-CT
system. The X-ray attenuation of the hydrogels is due to
loading with a contrast agent, i.e., AuNP, whose strong X-ray
attenuation and high density allowed the deployment and
retention of the hydrogel to be assessed over time. CT scans
demonstrating the ability of micro-CT to distinguish hydrogels
irradiated with FLASH-RT are shown in Figure 2A. We
observed that there is a significant difference in CT attenuation
values between the hydrogel before FLASH-RT and the
hydrogel after FLASH-RT, indicating the degradation of
hydrogels upon FLASH-RT (Figure 2B). This result supports
our assumption that the degradation of the hydrogel can be
monitored through CT imaging.
The mechanisms involved in the FLASH-RT-triggered

degradation of hydrogels were investigated in an environment
in which ROS production is absent. We have previously found
the effect of photon radiotherapy on hydrogel degradation to
be via ROS generated by irradiation.11 Diselenium-containing
molecules were found to degrade upon radiation-induced ROS
response, which is a molecular basis of ionizing radiation.19

Hydrogels were therefore incubated in degassed medium or in
the presence of the well-documented ROS scavenger ascorbic
acid (AA), and then treated with FLASH-RT. Significantly less
AuNP was released from the hydrogels when incubated in

Figure 2. Phantom imaging of hydrogels with a micro-CT. (A) CT phantom scans of hydrogels before and 7 days after FLASH-RT. (B)
Quantification of CT attenuation values of the images in panel (A).
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degassed medium or with AA, confirming that FLASH-RT-
induced ROS production results in the degradation of the
hydrogels (Figure S7B,C).

3.3. In Vitro Cytocompatibility and FLASH-RT
Induced Cytotoxicity of AuNP-IMQ-gel. The high
cytocompatibility of AuNP-hydrogel without drug was
previously determined with host cells (i.e., hepatocytes
(HepG2), kidney cells (Renca), and endothelial cells
(SVEC4−10)) in a study from our group.11 Herein, the
cytocompatibility of the AuNP-hydrogel was further assessed
on B16−F10 melanoma cells. No acute toxicity was observed
with these hydrogels, suggesting the high cytocompatibility of
the degradation byproducts from drug-free hydrogels (Figure
3A). Furthermore, we probed the effects of FLASH-RT on
B16−F10 melanoma cells. We exposed B16−F10 cells to
either FLASH-RT or CONV-RT with a range of radiation
doses from 0 to 10 Gy, and the cells were incubated for 48 h
before assessing their viability (Figure S8A). Their viability
decreased as the radiation dose increased. As can be seen in
Figure 3B, no significant difference in cell viability was
observed between cells that received FLASH-RT and
CONV-RT with the same radiation dose (note that the
advantages of FLASH-RT would be observed in vivo, as
opposed to in vitro). The cytotoxicity of free IMQ on B16−
F10 cells was also evaluated (Figure S8B). As expected, higher
IMQ concentrations and longer incubation times with cells
resulted in more cell killing. The cytotoxicity of enhanced
delivery of IMQ by FLASH-RT was evaluated in the same cell
line. The combination treatment of FLASH-RT and IMQ
resulted in significantly lower cell viability compared to the
either treatment alone (Figures 3C and S8C). This result
confirmed that the FLASH-RT degradable hydrogel can not
only deliver a cytotoxic amount of drug in response to
radiation but also has a synergistic effect with cell exposure to
FLASH-RT.

3.4. In Vitro Immunostimulation of IMQ and FLASH-
RT. We assessed the cytokine secretion of proinflammatory
cytokines, TNF-α and IL-6, upon IMQ treatment to validate
that the immunomodulatory properties of IMQ can lead to the
upregulation of inflammatory activities. Splenocytes were
isolated from mice, and ELISA assays were performed to

detect and quantitate the concentration of cytokines. AuNP-
IMQ-gel received 60 Gy FLASH-RT and was incubated for 24
h to allow the triggered release of IMQ. We then incubated
splenocytes with released IMQ and collected supernatants for
ELISA analysis, which revealed a marked increase in both
TNF-α and IL-6 levels upon TLR 7 stimulation through IMQ
treatment (Figure S7A). This result supports the possibility of
increased B16−F10 cell killing via immune cell responses in
addition to direct effects.

3.5. Synergistic Antitumor Effect of IMQ Combined
with FLASH-RT. To investigate the anticancer effects of IMQ,
FLASH-RT, and the combination of both in vivo, we induced
xenograft melanoma tumors by subcutaneous implantation of
B16−F10 melanoma cells in C57BL/6J mice. Treatment with
intratumoral injection of the hydrogel, local irradiation (10 Gy
FLASH-RT targeted to the subcutaneous tumor), or the
combination of both hydrogel and FLASH-RT started when
the tumors were established. The timeline of the study is
shown in Figure 4A. AuNP-IMQ-gel and FLASH-RT were
compared to four control groups. The survival analysis (log-
rank testing) indicated the effectiveness of the treatments. The
mice injected with only DPBS all died after 18 days, whereas
all mice in the IMQ-gel + FLASH group survived until the end
of the study (Figure 4B), which was a statistically significant
difference (p = 0.002). On the other hand, none of the other
groups were statistically significantly different from the DPBS
control group.

3.6. In Vivo Cytokine Expression. Several cytokines have
shown their direct antiproliferative activities or indirect
stimulation of immune cells against tumor cells.20 To
investigate the potential antitumor activity of cytokines in
the FLASH-RT and IMQ combination treatment, a Luminex
Multiplex assay was performed to profile the production of
cytokines in B16−F10 tumors. Mice received the treatments
described in section 3.4. Mice were sacrificed 4 days after
FLASH-RT, tumors were collected, and tumor lysates were
extracted for cytokine expression analysis. Significant elevations
of G-CSF, IL-9, IP-10, MCP-1, MIP-2, and VEGF were
observed in groups treated with both FLASH-RT and IMQ,
compared to other control groups (Figure 5A,B). A similar
pattern of treatment-dependent cytokine expression was

Figure 3. (A) Effect of AuNP-IMQ-gel on B16−F10 cell viability after 8 h incubation. (B) Effect of 10 Gy FLASH-RT and 10 Gy CONV-RT on
B16−F10 cell viability after 48 h incubation. (C) Viability of B16−F10 cells after receiving treatment of eluted drug from the nonirradiated AuNP-
IMQ-gel, 10 Gy FLASH-RT, FLASH-triggered released drug from AuNP-IMQ-gel, or the combination of FLASH-RT and FLASH-triggered
released drug from AuNP-IMQ-gel.
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observed for other cytokines, such as eotaxin and MIP-1a at
much lower concentrations. This potentially suggests that the
synergy of FLASH-RT and IMQ triggered the release of
certain cytokines, which may result in antitumor effects.

3.7. CT Monitoring of Hydrogel Degradation. The in
vivo degradation of hydrogels can play an important role in
achieving the desired therapeutic outcomes. Most radiotherapy
systems, including FLASH-RT, use CT for radiation treatment
planning, and a radiopaque hydrogel would facilitate precise

delivery of radiation treatments and hydrogel monitoring over
time.13,21 Moreover, imaging the hydrogel can provide insight
into the release kinetics of payloads. Therefore, to confirm the
radiopacity and imageable properties of hydrogels in vivo, we
used CT imaging to track the erosion of hydrogel over time.
Mice were scanned with a micro-CT system before the
hydrogel administration and at 3 and 14 days after the
injection. Representative 2D and 3D images from a mouse
injected with AuNP-IMQ hydrogel and treated with FLASH-
RT are shown in Figure 6A,B. Hydrogels in the tumor tissues
were visualized and delineated due to the production of strong
CT contrast by AuNP. The ROI of the injection site was
isolated and highlighted in both 2D and 3D images (Figure
6C). The volume of the hydrogels was found to be significantly
lower in the IMQ-gel + FLASH group versus the IMQ-gel
group at 14 days after the hydrogel administration (Figure
6D). The results confirmed the enhanced degradability of
hydrogels with FLASH-RT and their in vivo biodegradability
over time.

3.8. In Vivo Histopathological Analysis and Biodis-
tribution of Released AuNP. As shown in Figure S9, H&E
staining of the major organs did not reveal any noticeable
changes in the tissue structures of both control (DPBS) and
hydrogel-treated groups, confirming that there are no acute
toxicity or adverse effects and supporting the in vivo tolerability
of the hydrogels. On the other hand, tumor necrosis was
observed in hydrogel and FLASH-RT-treated mice, indicating
the death of portions of tumor cells after the treatments. No
significant difference in the weight of mice in any treatment
group was observed (Figure S10) and no adverse effects were
observed, suggesting the high tolerability of the hydrogels to
mice.

Figure 4. In vivo evaluation of the tumor growth inhibition effect of
the IMQ-loaded hydrogel and FLASH-RT over 18 days. The mice are
divided into the following groups: DPBS (vehicle control group),
FLASH (FLASH-RT only), Gel + FLASH (AuNP-hydrogel with
FLASH-RT), IMQ-gel (AuNP-IMQ-gel), and IMQ-gel + FLASH
(AuNP-IMQ-gel with FLASH-RT). (A) Experimental design of the
study. (B) Kaplan−Meier curve for the experiment. Statistical
comparisons were done with log-rank analysis using Datatab.

Figure 5. Luminex multiplex analysis of cytokine levels in B16−F10 tumors 4 days after treatment. A combination of FLASH-RT and IMQ
immunotherapy induces cytokine production in the B16−F10 tumors. (A) Cytokine profiles in B16−F10 tumors. (B) Concentrations of G-CSF,
IL-9, IP-10, MCP-1, MIP-2, and VEGF in B16−F10 tumors 4 days after treatment.
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Furthermore, we investigated the biodistribution of the
released AuNP from the hydrogel. The key to potential
translation of nanoparticle contrast agents is efficient renal
clearance so that the toxicity concerns that arise from long-
term retention in the reticuloendothelial system (RES) can be
avoided. We used sub-5 nm AuNP as the contrast-generating
material in the hydrogels since they are known for their
excellent excretion profile and low retention in the body.22 The
total gold content in major organs was found to be 4.0% ID,
suggesting a low AuNP retention (Figure S11). On the other
hand, 49% ID of AuNP was found in tumors, which was
expected since a fraction of hydrogel had not degraded at the
time mice were sacrificed for analyses. From our previous study
with this hydrogel, excretion of the AuNP at longer time points
(i.e., 100 days postadministration) is expected to be much
closer to 100%.11

4. DISCUSSION
In this study, we have developed a combination therapy for
treatment of melanoma by combining the novel radiation
responsive AuNP-IMQ-gel and FLASH-RT. The radiation
sensitivity of the AuNP-IMQ-gel allows for the FLASH-
triggered release of IMQ as part of the combination therapy.

FLASH-RT has been extensively studied over the past few
years since the treatment of the first patient with FLASH-RT
in Switzerland.4 However, most research has been focusing on
the physics, biological mechanisms, and their advantages over
traditional radiotherapies.23 In fact, this is the first study that
uses FLASH-RT to assist drug delivery with a hydrogel and
combines FLASH-RT and immunotherapy to treat melanoma.
Our in vitro drug release and in vivo mice tumor study results
indicate that this hydrogel formulation is not only sensitive to
photon RT but also to FLASH-RT. There has been a
significant amount of research reported on hydrogels with
stimuli-responsive properties where external triggers such as
temperature, pH, light, and magnetic and electric fields are
developed.24−27 However, using radiation, especially FLASH-
RT, as an external stimulus to regulate the hydrogel network
degradation to control the release of drug molecules has
multiple benefits over the other aforementioned triggers. First,
our approach is efficient, as FLASH-RT plays two roles: as an
anticancer treatment and as a trigger for drug release, so that
no additional external stimuli need to be introduced. Second,
FLASH-RT can be easily externally administered on demand
with, in effect, no depth penetration limit.28

To demonstrate the synergistic anticancer effects of the
immunotherapy drug and RT, we combined the AuNP-IMQ-

Figure 6. In vivo images and hydrogel volume analysis. (A) Representative CT images of AuNP-IMQ hydrogel injected in the right flank, at
different time points: preinjection, 3 days postinjection, and 14 days postinjection. Insets are enlarged images of injected hydrogels highlighted in
blue. (B) Representative 3D CT images of a mouse with the hydrogel highlighted in blue. (C) 3D reconstructions of the hydrogels based on CT
images in panel (B). (D) Quantification of the hydrogel degradation by comparing the hydrogel volumes.
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gel and FLASH-RT treatments on a B16−F10 melanoma
mouse model. This combination treatment resulted in
markedly greater anticancer activity both in vitro and in vivo
than either AuNP-IMQ-gel or FLASH-RT monotherapy,
suggesting that FLASH-RT is a potent adjuvant to IMQ
delivered by hydrogel. Our findings agree with the results of a
combined IMQ and RT study reported by Cho et al., although
they used conventional photon RT instead of FLASH-RT and
subcutaneous IMQ injections.29 Their study showed that IMQ
not only promotes autophagic cell death in vitro but also
enhances anticancer immunity in an in vivo melanoma mouse
model, suggesting that IMQ could be used as a synergistic
adjuvant to cancer radiotherapy for melanoma patients.29

Moreover, our remarkable finding with in vivo chemokine and
cytokine release showed the local activities of effector T cells.
In particular, the elevated IP-10 level indicated that CD8+ T
cells were recruited during the combination treatment as
studies have shown the crucial role for the chemokine
CXCL10 in the recruitment of effector CD8+ T cells.30 In
addition, the boosting effect of antitumor immunity is not
limited to IMQ; other TLR 7/8 agonists such as 3M-011 have
also been studied for their potential to augment immune
response when combined with RT.31 TLR4-dependent
contribution of the immune system to radiotherapy has also
been investigated.32 In fact, there has been evidence that
radiotherapy may activate effectors of innate immunity through
TLR-dependent mechanisms, thereby augmenting the adaptive
immune response to cancer.33 Overall, radiotherapy has the
potential to be an important adjunct to immunotherapies.
However, more immune-mediated mechanisms need to be
investigated to better understand this combination therapy,
especially with FLASH-RT.
The radioactivity of hydrogels was enabled by the loading of

AuNP contrast agents. The in vivo degradation of hydrogels
was monitored and quantified using a CT system. Radiopaque
hydrogels are most often used as radiopaque markers, known
as fiducials, to assist local therapy targeting and radiographic
tumor and normal tissue localization.34−36 Alternatively, they
can be used in wound healing, for instance, to prevent
postoperative adhesions, or in tissue engineering to evaluate
the formation of new tissues.37−39 However, few studies have
used radiopaque hydrogels for drug delivery to date.40−42

Thus, our study presents the potential use of CT imaging in
drug delivery using hydrogels.
While signs of the effectiveness of combination therapy of

AuNP-IMQ hydrogel and FLASH-RT have been indicated in
this study, we recognize some of the limitations of this study
and thus more extensive investigations will need to be
performed. For example, the safety of the hydrogel studied
here is limited to the B16−F10 cell line and mouse model, and
longer-term studies of its biocompatibility and in vivo
toxicology are desired for further clinical translation. For the
animal study, we studied only female mice. Since gender
differences could lead to different efficacy outcomes, a
comparison between the genders would be an important
point for future studies. The most effective drug dose regimens
can be further identified and optimized by performing
additional antitumor control studies. In addition, an examina-
tion of hydrogel degradation at multiple time points for longer
durations in animal models would be needed to fully
understand the long-term degradation profile of the hydrogel.
Comparisons of the in vivo therapeutic effects of the hydrogel
in combination with FLASH-RT and conventional radio-

therapies should be done. Lastly, studying systemic antitumor
immune activity upon the combination treatment would
further help to improve our understanding of the mechanisms
of these antitumor effects.

5. CONCLUSIONS
In this study, we reported a combination therapy using AuNP-
IMQ-gel and FLASH-RT that effectively suppressed tumor
growth in a mouse model of B16−F10 melanoma. The
injectable, radiopaque AuNP-IMQ-gel releases the immuno-
modulatory and tumor cell killing TLR 7 agonist IMQ upon a
FLASH-RT trigger. For the first time, proton FLASH-RT was
used in a drug delivery application, and its effectiveness for
tumor control and immunostimulation was shown. We found
that the combination therapy has significantly higher
anticancer effect compared to both AuNP-IMQ-gel or
FLASH-RT alone, suggesting that our AuNP-IMQ-gel can be
an effective adjuvant candidate to FLASH-RT for the
treatment of radioresistant melanoma. In addition, our
histopathological investigations confirmed the tolerability of
hydrogels within our study time frame. Moreover, in vivo CT
imaging results confirmed the strong CT contrast generation
provided by the AuNP payload in the hydrogel, suggesting the
potential of long-term in vivo monitoring of residence time and
degradation of hydrogel over time. Overall, our findings
demonstrate that the AuNP-IMQ-gel and FLASH-RT
combination therapy is a promising treatment method for
melanoma and that the combination of FLASH-RT and the
TLR agonist merits further study.
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