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Abstract
Objective  Malignant pleural mesothelioma (MPM) is the most prevalent subtype of malignant mesothelioma that affects 
the pleural lining of the lungs. Conventionally, chemotherapy via systemic injections has shown limited efficacy due to 
off-target effects, and inefficacious deposition at the disease site. In our previous study, we reported the development and 
optimization of UV-initiated methacrylate gelatin (GelMa)-acrylamide based hydrogel formulation for local intracavitary 
administration of therapies. The current study utilizes a pre-established GelMa formulation for delivering a small molecule 
chemotherapeutic agent, Doxorubicin (Dox), against in-vitro MPM models.
Methods  Dox-loaded hydrogel (DLH) precursor solution was prepared by dissolving Dox in the precursor solution. The 
gels were characterized for physical properties such as gelling time, swelling index, bio adhesion, and injectability and were 
compared to blank hydrogels. Dox-loaded hydrogels were also tested for therapeutic efficacy in MPM cells in various 2D 
and 3D cell culture models.
Results  It was revealed that Dox-loaded hydrogels retained similar physical properties, including gelling time (< 25 s), 
swelling index (~ 1,200%), bio-adhesion (> 20 g detachment force), and injectability (< 2N force for injecting precur-
sor), compared to blank hydrogels. Moreover, the gel formulation effectively sustained the release of hydrophilic Dox 
HCl over a period of 12 days by increasing the degree of crosslinking between GelMa and its crosslinkers. Further, 
the therapeutic efficacy of Dox was retained even after loading into hydrogels, indicating that no chemical interactions 
took place between gel excipients and the drug. Studies in MPM cell-based models revealed that DLH showed excel-
lent potential in inhibiting 2D and 3D cell growth, with DLH being more effective than plain Dox in suppressing tumor 
growth in 3D spheroid models.
Conclusions  Overall, the results of the present study suggest that Dox-loaded hydrogels (DLH) may be a good candidate for 
efficacy study in preclinical mesothelioma models, with strong potential for clinical translation.

Keywords  doxorubicin hydrochloride · hydrogel · intracavitary · local delivery · malignant pleural mesothelioma · 
methacrylate gelatin (GelMa)

Introduction

Malignant Pleural Mesothelioma (MPM) is one of the most 
common types of mesothelioma that, till date, haunts about 
3,000 patients in the USA, annually [1]. Statistically, MPM 
is an extremely rare disease, however, it is the most fatal 
among all types of cancers, exhibiting the lowest 5-year 
patient survival, with < 10% patients surviving beyond five 
years of diagnosis [2]. This high patient fatality may be 
attributed to the high latency period between exposure to 
MPM causative agents and development of symptoms [3]. 
This latency ranges between 20- to 50-years and is usually 
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indicative of a more aggressive form of cancer [4]. While 
there have been a few early-stage cases where patients were 
completely cured [5], to date, there is no cure for MPM 
[6]. This condition develops due to excessive inhalation of 
asbestos or asbestos-like fibers [7]. During the untimely col-
lapse of world trade centers on 09/11, there were copious 
amounts of asbestos that was released from ground-zero, 
which was involuntarily inhaled by first-responders and 
surviving victims. Considering the latency period of this 
disease, those victims and first-responders remain at high-
risk of developing MPM [8, 9]. MPM is often diagnosed at 
late-stage leaving surgical resection the first-choice therapy 
with extra pleural pneumonectomy and pleurectomy decor-
tication being performed on patients [10]. However, surgi-
cal resection never guarantees complete tumor resection, 
which leads to tumor relapse in majority of the cases [11]. 
To avoid tumor relapse and to manage MPM prior to surgi-
cal resection, a small-molecule combinatorial therapy has 
been approved by the USFDA in 2004 which utilizes cispl-
atin and pemetrexed (Alimta®) [12]. Since then, no small-
molecule therapy has been approved in the USA for MPM 
management. An immunotherapy involving Nivolumab, 
and Ipilimumab was recently repositioned and approved 
by USFDA for the treatment of MPM [13]. However, this 
therapy is plagued with systemic toxic effects, while being 
expensive [14]. Also, the major drawback for both small 
molecule and immunotherapy is their minimal improvement 
in patient survival with chemotherapy extending patient 
survival to 12–14  months and immunotherapy extend-
ing it to 18–19 months [13]. In spite of this being a great 
achievement, there have been multiple reports that suggest 
that patient-survival can be further improved by delivering 
therapeutically efficacious molecules locally to the pleural 
cavity [15]. However, till date, clinical use of local therapy 
has been limited to intra-operative or post-operative thera-
pies, that too in investigative settings. Currently, the most 
important challenge faced is the frequency of administering 
local therapy to the pleural cavity without a need for recur-
rent invasive procedures. Theoretically, a delivery system 
can be designed that can deliver therapeutic payloads locally 
over a sustained period, while residing in the pleural cavity.

The most important parameters that need to be addressed 
while developing a localized delivery system include bio-
compatibility, residence time in the pleural cavity and the 
release profile of therapeutic payloads. One such delivery 
system that can address all these parameters is hydrogels, 
which is a 3D crosslinked network of hydrophilic polymers 
[16]. Crosslinking of polymers to form hydrogels can be 
initiated via multiple stimuli such as temperature, pH, or 
photo-crosslinking [17–20]. For instance, pluronic F127 
is a widely used thermosensitive polymer that undergoes 
sol–gel transition at elevated temperatures [20]. Moreover, 
certain PEGylated aldehydes such as PEG benzaldehyde, 

when combined with chitosan can form a pH sensitive gel 
that can expand or shrink based on the pH [17]. This can 
help control the release of therapeutic payloads. Such sys-
tems are widely used in tissue engineering applications, 
however, apart from their application in tissue engineering 
and wound healing, hydrogels have been recently reposi-
tioned to be used as effective drug delivery systems [21]. 
This repositioning can be attributed to its ability to delay 
drug release and sustain it over a period of 10 days. Apart 
from this, versatility in the excipients that can be used to 
formulate hydrogels renders a wide range of physicochemi-
cal properties such as mechanical strength, bio adhesion, 
biocompatibility, elasticity, etc. One such widely used mate-
rial is methacrylate gelatin (GelMa), a semi-synthetic poly-
mer derived from gelatin [22]. Methacryloyl substitution on 
gelatin imparts photo-crosslinking ability to gelatin which 
can be exploited to form gels using an external stimulus 
such as a UV source [22]. This property allows GelMa to 
form covalent crosslinks with certain photo-initiators such as 
Irgacure 2959 or lithium acylphosphinate salts [23]. Photo-
crosslinking not only aids gel formation but also improves 
the mechanical strength of gelatin, which is an essential trait 
to possess for a delivery system that is intended to reside in 
the dynamic environment of the pleural cavity [24]. Apart 
from the mechanical strength, hydrogels fabricated using 
GelMa also have intrinsic bio-adhesive properties, which 
can be attributed to the presence of cell and tissue binding 
arginine-glycine-aspartic acid motifs present within GelMa 
[22]. Over time, GelMa hydrogels are prone to enzymatic 
degradation by enzymes such as matrix metalloproteinases 
(MMP) which cleave certain amino acid residues within 
GelMa [25]. This biodegradability of GelMa makes it an 
excellent choice for local delivery to the pleural cavity as the 
pleural fluid is rich in MMP enzymes [26]. Local delivery 
to the pleural cavity can be achieved by injecting a precur-
sor solution of GelMa hydrogels followed by provision of 
external UV stimulus to set the gel in place. This hydrophilic 
precursor solution will comprise of the polymeric backbone, 
crosslinkers and active therapeutic payload. GelMa hydro-
gels can be curated to carry hydrophobic and hydrophilic 
therapeutic payloads. However, due to the intrinsic hydro-
philicity of hydrogels, use of hydrophilic payloads is encour-
aged as the loading process is straightforward and yields 
homogenous systems readily.

One such heavily tested hydrophilic chemotherapeu-
tic agent is Doxorubicin Hydrochloride (DOX). DOX, an 
anthracycline derivative, was approved by the USFDA 
in 1995 for the treatment multiple cancers such as breast 
cancer, lung cancer, ovarian cancer, etc. [27]. DOX has an 
intrinsic water solubility of > 10 mg/ml making it a suitable 
candidate for incorporation with hydrogels [28]. Moreover, 
DOX has been extensively tested for its therapeutic effect 
against MPM and has been administered as an infusion in 
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combination with platinum-based molecules such as cispl-
atin [29]. In 2019, DOX was administered as a hyperthermic 
intrathoracic chemoperfusion along with cisplatin for a post-
operative local treatment of MPM [30]. The local delivery of 
chemotherapeutics has been widely reported to improve the 
therapeutic outcomes in patients with MPM with a multiple-
fold increase in the patient survival [31]. The use of hydro-
gels as a localized sustained release delivery system will 
yield these enhanced therapeutic outcomes without a need 
for frequent invasive procedures and thus improve patient 
compliance and increase the ease of therapy.

With this in mind, this study focuses on developing a 
hydrogel-based delivery system capable of local delivery 
to the pleural cavity using GelMa, lithium acylphosphinate 
salts and a chemical cross linker (NN-methylenebisacryla-
mide) along with DOX. Development and optimization of 
hydrogels was previously reported in a study that elaborated 
on the development for hydrogel formulations using a design 
of experiment approach. Extensive physical characterization 
was performed to ascertain the formulation composition. 
This study leverages the formulation that was developed in 
our previous report to demonstrate the therapeutic benefits 
of DOX-loaded hydrogels against MPM. Extensive in-vitro 
testing to validate the physical properties of drug loaded 
hydrogels is being reported. Moreover, this study dwells into 
the therapeutic testing of DOX-loaded hydrogels in 2D- and 
3D-cell based MPM models. To our knowledge, this is the 
first study describing intracavitary applications of GelMa 
based hydrogels for malignant mesothelioma treatment.

Materials

Photogel® Methacrylated Gelatin (GelMa) was purchased 
from Advanced Biomatrix inc. (Carlsbad, CA, USA). Lith-
ium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), the 
photoinitiator used to crosslink with GelMa, was procured 
from Sigma-Aldrich (St. Louis, MO, USA). A chemi-
cal crosslinker, NN-methylenebisacrylamide (BIS), was 
procured from Acros Organics B.V.B.A (Geel, Belgium). 
Doxorubicin Hydrochloride salt was procured from LC Labs 
(Woburn, MA, USA). A UV source with an intensity of 760 
µwatts/cm2 was procured from Analytik Jena (Upland, CA, 
USA). Guinea Pig lungs for bio adhesion studies were pro-
cured as frozen samples from Lampire Biological Labora-
tories Inc. (Pipersville, PA, USA). MSTO-211H and H226 
cells were used to assess toxicity of fabricated dox-loaded 
hydrogels and were procured from ATCC (Manassas, VA, 
USA). Cell titer blue and Lactate Dehydrogenase (LDH)-
Glo™ cytotoxicity assay kits were procured from Pro-
mega Corporation (Madison, WI, USA). Live/dead cyto-
toxicity assay kit which was used to study the viability of 

mesothelioma cells, was procured from Biotium Inc. (Fre-
mont, CA, USA). Other reagents were of analytical grade, 
and were purchased from various third-party vendors.

Methods

Drug‑Excipient Compatibility Studies

To evaluate the compatibility of various hydrogel compo-
nents and DOX, we performed extensive drug-excipient 
compatibility studies by using UV spectroscopy, FT-IR, and 
UPLC based assessment. The detailed methods for these 
studies are provided in Supplementary Information.

Fabrication of Hydrogel Precursor Solution (PS)

Hydrogel precursor solution (PS) was formed by solubilizing 
DOX (0.1 mg), GelMa (5% w/v), LAP (0.5% w/v) and BIS 
(2.5% w/v) in phosphate buffer saline to yield a Dox-loaded 
hydrogel precursor solution (DLH-PS). The concentrations 
and rationale for each hydrogel component was previously 
established in our published study [32]. Briefly, a design 
of experiment approach was undertaken by designing a 23 
factorial design. Multiple formulations were developed in-
house and subjected to rigorous physical characterization. 
Gelling time was the defining factor for attrition of multiple 
formulations. Bio adhesion led to the attrition of the formu-
lations further help attain the optimized formulations for 
GelMa hydrogels with GelMa (5% w/v), LAP (0.5% w/v) 
and BIS (2.5% w/v). Further, this formulation was subjected 
to bath sonication at 37°C for 30 min followed by overnight 
shaking at 180 rpm. The precursor solution was stored at 
4°C.

Physical Characterization of Dox‑Loaded Hydrogels 
(DLH)

DLH was physically characterized for its gelling time, inject-
ability, bio-adhesion, swelling index, elasticity (tensile 
strength), and scanning electron microscopy. These char-
acterizations were completed as per our previously reported 
study [32]. Detailed methods can be found in the Supple-
mentary Information of this manuscript.

Effect of Gelling time on In‑Vitro Release

As previously established, increasing the UV exposure 
time on hydrogel PS increases the degree of crosslink-
ing, leading to a minimization of burst release of small 
molecules [32]. To assess the extent of release of DOX 
from DLH and to ascertain the gelling time for DLH which 
would yield the desired DOX release profile, release of 
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DOX from DLH was analyzed when hydrogels were gelled 
at their original gelling time (25 s.), two times the gel-
ling time (2x, 50 s.) and four times the gelling time (4x, 
100 s.). 1 mL of 1X PBS was used as the release medium 
and released DOX was analyzed by evaluating the fluo-
rescence intensity (565 ex/595 em) using a plate reader 
(Tecan, Mannedorf, Switzerland).

In‑Vitro Release

To determine the drug release profile of DOX from DLH, 
an in-vitro release study was designed using 1X PBS as the 
release media, following the protocol established earlier. 
Briefly, 100 µg of DOX was loaded onto 0.3 ml of hydro-
gel PSs. DLH-PS was gelled and placed in a 60 mm petri 
dish along with 1 ml of 1X PBS solution. Release media 
was completely replenished at every time point and the 
amount of DOX released from DLH was analyzed by evalu-
ating the fluorescence intensity (565 ex/595 em) on a plate 
reader (Spark 10 M, Tecan, Mannedorf, Switzerland). DOX 
release from DLH was tested on release kinetic models (Zero 
order, First order, Higuchi model, Hixson-Crowell model, 
and Korsmeyer-Peppas model) to predict the order of drug 
release.

Precursor Solution Accelerated Stability Studies

To assess the stability and performance of DLH-PS after 
being exposed to long term storage conditions, an accel-
erated stability study was designed. Briefly, DLH-PS was 
stored at 40°C/75% RH for four weeks. Gelling time and 
DOX entrapment were analyzed prior and after the four-
week storage. Gelling time was evaluated as previously men-
tioned, while DOX entrapment was evaluated by measuring 
the fluorescence intensity (565 ex/ 595 em) using a plate 
reader (Tecan, Mannedorf, Switzerland).

Therapeutic Testing

Cell Lines and Culture Conditions

In this study, MSTO-211H and H226 immortalized malig-
nant mesothelioma cell lines were procured from American 
Type Culture Collection (ATCC, Manassas, VA, USA); and 
were used to perform in-vitro efficacy testing. Both cell lines 
were cultured using RPMI-1640 cell growth medium supple-
mented with 10% Fetal Bovine Serum, 1% sodium pyruvate 
and 1% penicillin–streptomycin. The cells were grown at 
37 °C/5% CO2 in tissue culture (TC) treated T75 cell culture 
flasks (Eppendorf, Hauppauge, NY, USA) until 80–85% con-
fluency was reached. Confluent cells were trypsinized and 
used for in-vitro experiments.

Determination of IC50 Value for DOX in MPM Cells

To determine the IC50 value for DOX in MPM cells, 
MSTO-211H and H226 immortalized MPM cell lines 
were used. Briefly, cells were cultured as described in the 
previous section followed by seeding in sterile TC-treated 
96-well plates at a density of 2,500 cells/well. Cells were 
incubated overnight at 37 °C/5% CO2 to facilitate adher-
ence. The following day, cells were treated with varying 
concentrations of DOX (9-nM to 10-µM) and incubated 
further for 48 h. Cell viability was evaluated using Cell 
titer® Blue cell viability assay kit (Promega Corporation, 
Madison, WI, USA) by following manufacturer’s protocol. 
Briefly, after 48 h of treatment, 20µL of cell-titer blue 
reagent was added to the cells without aspirating the treat-
ments. Cells were then incubated at 37 °C/5% CO2 for two 
hours followed by a measurement of fluorescence. Cell 
viability was calculated relative to control. IC50 values 
for DOX in both cell lines was calculated using Graph-
Pad Prism software (GraphPad Software, San Diego, CA, 
USA). All cell viability assays were performed in dupli-
cates with n = 6 each time.

Live/Dead Assay

To evaluate the therapeutic efficacy of DLH, a live/dead 
cell assay was designed. Briefly, a live/dead assay was 
performed using MSTO-211H cells. Cells were seeded in 
a TC-treated 24-well plate at a density of 40,000 cells/
well. Following overnight incubation at 37 °C/5% CO2 to 
facilitate adherence, cells were treated with DOX (0.15- 
and 0.39- µM) and DLH (0.39- and 0.78-µM) for a period 
of 48 h. DLH was made by exposing DLH-PS to UV light 
(365 nm) while maintaining sterile conditions. Hydrogels 
were then carefully placed inside the 24-well plates such 
that adhered cells were in contact with the gels. This strat-
egy was adopted to simulate the potential intrapleural inter-
action between the cells of the pleural lining and adhered 
hydrogels as reported earlier [32]. After that, live and dead 
cells were stained using Live/dead viability/cytotoxicity 
assay kit (Biotium, Fremont, CA, USA), following manu-
facturer’s protocol. Briefly, treatments were aspirated after 
the set time point followed by addition of sterile phos-
phate buffer saline spiked with calcein AM and ethidium 
homodimer III dyes. Cells were stained for 30 min at room 
temperature. Live cells were stained using calcein AM 
and dead cells were stained using ethidium homodimer III 
(EthD-III). Cells were imaged using an Evos FL fluores-
cence microscope (4 × objective) (Thermo Fisher Scien-
tific, Waltham, MA, USA) using GFP (green fluorescence 
protein for calcein AM) and RFP (red fluorescence protein 
EthD-III) filters respectively.
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3D Spheroid Models

3D cell-based tumor spheroids were developed for MSTO-
211H cells using PrimeSurface® 3D culture Ultra-low 
Attachment 24 well flat bottom plate (S-bio, Hudson, NH, 
USA). Briefly, 20,000 cells/well were seeded in 24-well 
plates and were incubated at 37 °C/5% CO2 conditions for 
three days to yield robust tumor masses. After three days, 
tumor masses were treated with varying concentrations 
of DOX (0.15- and 0.39-µM) and DLH (0.39- and 0.78- 
µM) for a period of six days. DLH was made by exposing 
DLH-PS to UV light (365 nm) while maintaining sterile 
conditions. Hydrogels were then carefully placed inside the 
24-well plates such that adhered cells were in contact with 
the gels. This strategy was adopted to simulate the potential 
intrapleural interaction between the cells of the pleural lining 
and adhered hydrogels as reported earlier [32]. 3D-tumor 
masses were imaged using Evos FL fluorescence microscope 
(4 × objective) (Thermo Fisher Scientific, Waltham, MA, 
USA) using the transmittance filter after treatments on day 
one, three and six; and images were subjected to evaluation 
of tumor mass area using ImageJ software. Media replenish-
ment was done on day 3 when tumor masses were supplied 
with a fresh nutrient media.

LDH‑Glo Cytotoxicity Assay

To evaluate the therapeutic efficacy of DOX and DLH in 
tumor spheroids, an LDH-Glo cytotoxicity assay was carried 
out to assess the lactate dehydrogenase content in the nutri-
ent media that housed tumor masses. Briefly, cell culture 
media samples were collected three days after treatment with 
DOX (0.15- and 0.39- µM) and DLH (0.39- and 0.78- µM), 
analyzed for their LDH levels using LDH-Glo™ cytotoxicity 
assay kit (Promega corporation, Madison, WI, USA) fol-
lowing manufacturer’s protocol. Cell culture media samples 
were diluted using a storage buffer comprised of Tris–HCL 
(200 mM, pH 7.3), glycerol (10%) and BSA (1%) at spe-
cific concentrations. Diluted media samples were further 
incubated with LDH detection mix and reductase substrate 
enzyme for 30 min followed by recording luminescence sig-
nals using a Tecan plate reader (Mannedorf, Switzerland).

Statistical Analysis and Data Presentation

All data presented here are mean ± SD or SEM (n = 3–6). 
Unpaired student’s t-test was used to compare two groups 
whereas to compare more than two groups, one-way 
ANOVA followed by Tukey’s post hoc multiple comparison 
test was used. p < 0.05 or less was considered statistically 
significant and is reported throughout the manuscript.

Results

Drug‑Excipient Compatibility Studies

FT‑IR

To mimic formulation conditions, DLH-PS and blank hydro-
gel PS were formulated followed by lyophilization to remove 
all water. Lyophilized formulations were subject to FT-IR 
analysis to qualitatively determine the presence of DOX in a 
stable form, i.e., free of chemical interactions with hydrogel 
components. Figure 1A represents the IR spectra for pure 
DOX, lyophilized blank hydrogel-PS and DLH-PS. As can 
be seen that DOX showed characteristic peaks at 1731 cm−1 
(Carbonyl stretching) and 3313 cm−1 (Amine stretching.) PS 
without DOX also exhibited peaks at similar wavenumber, 
indicating an overlap of carbonyl and amine stretching from 
the hydrogel components. Due to these overlapping peaks, 
it is difficult to qualitatively determine the presence of DOX 
in a stable form.

UV‑Based Assessment of DOX Stability

A UV spectrophotometry study was designed to evaluate the 
compatibility of DOX with hydrogel components in a liquid 
state without the need for lyophilization. Figure 1B shows 
that DOX had an absorbance peak at 488 nm wavelength, 
while no other hydrogel component exhibited an absorbance 
peak at that wavelength. Further, DOX was solubilized along 
with GelMa, LAP and BIS as separate mixtures at the ratio 
representative of the final DLH formulations. Moreover, 
absorbance scan of DLH-PS and DLH was also performed 
to understand the compatibility of DOX in the final formula-
tion. Figure 1B revealed the characteristic DOX absorbance 
peak at 488 nm in all liquid mixtures including DLH-PS and 
DLH. This indicated that DOX is present in a stable form 
inside the formulations and is compatible with all hydrogel 
components.

UPLC Analysis to Assess Dox Degradation

To further establish the compatibility of DOX with all 
hydrogel components, DOX in its free form and in DLH-
PS was analyzed using UPLC. As seen in Fig. 1C, DOX 
has a retention time of 1.055 min when analyzed using 
a reversed phase C18 column at 234 nm wavelength (as 
described in Methods). Whereas, when injected as DLH-
PS, DOX peak slightly shifts to 1.135 min (Fig. 1D), while 
exhibiting excipient peaks that belong to GelMa, LAP and 
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BIS. However, no degradation in DOX peak was observed 
when injected as DLH-PS, indicating excellent compatibil-
ity between DOX and all hydrogel components. This study 
further confirmed that DOX exhibits good compatibility 
with GelMa, LAP or BIS.

Physical Characterization of Dox‑loaded Hydrogels 
(DLH)

For a complete therapeutic evaluation of the previously 
established formulation, DOX was loaded into optimized 
hydrogels and tested against in-vitro models of malignant 
pleural mesothelioma. Loading cargo into pre-established 
hydrogels may lead to alterations in certain physical prop-
erties for hydrogels. This alteration may be attributed to 
the interference of the loaded cargo with crosslinking of 
the polymeric backbone and crosslinkers, leading to a 
diminished or amplified degree of crosslinking [33]. This 
change in crosslinking can either negatively or positively 
affect previously established physical properties of the 
optimized hydrogels. In an ideal scenario, any cargo that 
is loaded into the hydrogels should be inert and should 
not significantly change the physicochemical properties 
of the gels.

Gelling Time

This study was designed to ascertain that loading DOX into 
hydrogels does not affect the time required for a complete 
sol–gel conversion, as DOX does not interact with any 
hydrogel component, as confirmed via drug-excipient com-
patibility studies (Fig. 1). In this study, the gelling time for 
DLH was found to be 23.7 ± 2.9 s whereas blank hydrogel 
was 26.2 ± 7.6 s (Fig. 2A). This difference in gelling time 
pre- and post-DOX loading was found to be statistically 
insignificant, indicating no change in gelling time post-DOX 
loading.

Injectability

This study was carried out to understand the effect of DOX 
loading on the ability of DLH-PS to be injected through 
a 26-gauge needle. A 26-gauge needle (internal diameter 
of 0.26 mm) was selected to mimic the potential route of 
administration of the optimized hydrogel formulations which 
is through a catheter tubing that accesses the pleural cavity 
in MPM patients, and has an average internal diameter of 
0.3 mm. The force required to inject hydrogel PS may be 
affected due to DOX loading if DOX loading is enhanc-
ing the viscosity of the pre-established hydrogel PS. It was 

Fig. 1   (A) FTIR analysis spectra representing DOX, blank precursor solution and DLH-PS. (B) Plots represent UV absorption peaks for hydro-
gel components and DOX. UV analysis was done for DOX solubilized along with excipients, DLH-PS, and DLH. (C) Chromatograms represent 
standard DOX peak in comparison with peak for (D) DOX extracted from DLH. All data represents n = 3 (mean ± SD).
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revealed that DLH-PS required a force of 0.59 ± 0.23 N to be 
injected through the 26-gauge needle, which was minutely 
statistically significant (p = 0.0473) to the force required to 
inject hydrogel PS without DOX (1.0 ± 0.1 N). However, the 
difference is insignificant as compared to a solution of 1X 
PBS (0.52 ± 0.16 N) (Fig. 2B). This study confirmed that 
DLH-PS can still be injected through a catheter tube for 
local delivery of DOX to the pleural cavity.

Bio‑Adhesion

Bio-adhesion of hydrogels depends on the degree of 
crosslinking between the polymeric backbone and crosslink-
ers. This degree of crosslinking may be affected after load-
ing cargo such as DOX in hydrogels. So, to assess the effect 
of DOX loading on bio-adhesion, the force of detachment 
of blank hydrogels and DLH from activated guinea pig lung 
tissues was evaluated using a texture analyzer (TA_XT 
Plus). This experiment revealed that there was no signifi-
cant difference in the force required to detach blank hydro-
gels (17.55 ± 3.15 g) and DLH (23.37 ± 3.45 g) (p = 0.0971) 
(Fig. 2C). However, both hydrogel formulations required sig-
nificantly higher force to detach as compared to a reference 

solution 1X PBS (5.97 ± 1.77 g), indicating the degree of 
bio-adhesion for the fabricated hydrogel. Therefore, this 
study confirmed that DOX loading did not affect the intrin-
sic bio-adhesion properties of the optimized blank hydrogel.

Swelling Index

This study was designed to assess the effect that DOX may 
have on the swelling index of hydrogels by interfering with 
the degree of crosslinking between GelMa, LAP and BIS. 
The swelling index for blank hydrogel was found to be 
928.8 ± 119.7% whereas for DLH it was 1238.9 ± 104.5% 
(p = 0.0278) (Fig. 2D). It can be concluded that DLH loaded 
hydrogels tend to swell more as compared to blank hydro-
gels. A higher degree of swelling should be ideal for a sus-
tained release of DOX from hydrogels.

Tensile Strength Measurement

Hydrogels designed to live in physiological cavities may 
withstand dynamic environments such as fluid exchange in 
the peritoneal cavity, lung inflation and deflation in the pleu-
ral cavity, etc. Therefore, it is critical to assess the hydrogel’s 

Fig. 2   (A) Plot represents gelling time analysis for blank hydrogels and DOX-loaded hydrogels. (B) Plot represents the force required to inject 
blank hydrogel PS and DLH-PS relative to the force required to inject 1X PBS. (C) Plot represents the force required to detach blank hydrogels 
and DLH from guinea pig lung tissues. (D) Plot represents swelling index for blank hydrogels and DLH. All data represents n = 3 (mean ± SD). 
(*p < 0.05). 
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elasticity. Elasticity for blank and DOX-loaded hydrogel 
(DLH) was evaluated using TA.XT Plus texture analyzer, 
by measuring the force required to puncture hydrogels 
with respect to the distance traveled by the probe (Fig. S1). 
Values of Young's modulus (MPa) was then calculated to 
ascertain the degree of elasticity. Young's modulus for the 
blank and DLH was computed to be 7.5 ± 0.8 × 10–4 MPa 
and 7.79 ± 1.9 × 10–4 MPa, respectively. Both values were 
found to be extremely low (< 0.1), suggesting that all formu-
lations are very elastic and would not impede the function-
ing of the organ located in the cavity of interest. Moreover, 
no significant difference in Young’s Modulus was observed 
between blank and DLH.

Scanning Electron Microscopy

Morphological analysis of blank hydrogels and DLH exhib-
ited a macroporous structure which reaffirmed that hydro-
gel swelling was not affected by DOX loading (Fig. 3). 

Retention of the macroporous structure also suggested that 
other physical characteristics of hydrogels, such as mechani-
cal strength or elasticity, which depend on the existence of 
macropores, may not be impacted by DOX loading. Moreo-
ver, Fig. 3 showed that DOX crystals were found encircling 
the matrix hydrogel structure after freeze drying.

Effect of Gelling Time on In‑Vitro Release

It was previously established that increasing gelling time 
beyond the minimum time that is required to gel hydrogels 
using LAP and BIS can curb the extent of burst release for 
hydrophilic small molecules [32]. This phenomenon was 
tested to evaluate the extent of burst release of DOX from 
DLH to curate the sustained release of DOX over a period 
of 2- and 4-h. Figure 4A revealed that in 2 h, 25 s of gel-
ling resulted in a DOX release of 37.1 ± 3.1% whereas by 
increasing the gelling time by 2 × and 4x, DOX release in 
the first two hours was significantly delayed to 24.0 ± 4.5% 

Fig. 3   (A) Micrographs represent the mesh-like hydrophilic polymeric network within hydrogels without Dox loading (500x). (B) & (C) Dox-
loaded hydrogels were lyophilized followed by sectioning and loading on SEM-compatible stubs. Micrographs reveal DOX crystals around the 
hydrophilic polymeric matrix structure within hydrogels. (B) represents micrographs at 1000 × and (C) represents micrographs at 5000×.

Fig. 4   (A) Plot represents the effect of gelling time on DOX release from DLH. (B) Plot represents the release profile of DOX over 12 days after 
25 s and 50 s of gelling time. All data represents n = 3 (mean ± SD). (*p < 0.05, ** p < 0.01, **** p < 0.0001).
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(p < 0.01) and 7.5 ± 0.9% (p < 0.0001), respectively relative 
to 25 s of gelling. A similar effect was observed within the 
first 4 h of DOX release where in 25 s of gelling resulted in 
53.3 ± 7.3% of DOX release which was significantly more 
than the release after 2x (38.8 ± 1.7%, p < 0.05) and 4x 
(13.9 ± 2.1%, p < 0.0001) gelling times. This result indicates 
that it is possible to curate the burst release of hydrophilic 
small molecules from hydrogels, which is crucial while 
designing a localized sustained release delivery system.

In‑Vitro Release

While studying the effect of gelling time on DOX release, 
it was revealed that DOX has a burst release of 53.3 ± 7.3% 
within the first four hours. Increasing the gelling time two 
folds significantly reduced the burst release and thus to study 
the in-vitro release profile and kinetics of DOX from DLH, 
DOX release after 25 s of gelling was compared with DOX 
release after 50 s of gelling. A four-fold gelling of DLH 
(100 s) resulted in a significant delaying of DOX release, 

which may not be suitable to achieve the desired therapeu-
tic response in MPM; and hence was not tested. Figure 4B 
represents the in-vitro release of DOX over 288 h (12 days) 
from DLH gelled for 25- and 50-s. As can be seen, DLH 
gelled for 25 s had an average DOX release of 40.3 ± 4.6% 
in the first hour while for 50 s exhibited a DOX release of 
10.3 ± 4.7% in the first hour. DOX release steadily increased 
over a period of 12 days when DLH gelled for 25 s had a 
cumulative release of 97.3 ± 9.3%, which was significantly 
more than the cumulative release of DOX from DLH gelled 
for 50 s. (70.8 ± 11.4%, p < 0.05).

Release kinetics of DLH were assessed using numerous 
mathematical models, including first-order release, sec-
ond-order release, Higuchi release model, and Korsmeyer-
Peppas release model, utilizing data obtained from the in 
vitro release study. Among these models, Higuchi release 
kinetic model (R2 = 0.9248 and 0.9983) demonstrated 
the best fit for DLH gelled for 25 s and 50 s respectively 
(Table I). Fig. S2 displays a linear curve for the Higuchi 
model compared to other models. This observation confirms 
that increasing the gelling time of DLH results in a con-
trolled and sustained release of DOX via a diffusion mecha-
nism due to a higher degree of crosslinking.

Precursor Solution Accelerated Stability Studies

To account for the storage conditions of the precursor solu-
tion, accelerated storage stability conditions were simulated 
for DLH-PS. The key performance factor for DLH-PS after 
long term storage is its ability to gel on UV exposure as 
well as the amount of DOX loaded into hydrogels.. Fig-
ure 5A demonstrates that the least amount of time needed 
for DLH-PS to gel and produce DLH was 24.5 ± 1.3 s on day 
0 whereas the measured gelling time was 24.3 ± 0.52 s after 

Table I   The Regression Coefficient of In-Vitro Release Kinetic Mod-
els Observed for DLH Formulations

R2: Regression coefficient

Release kinetic models Formulations

25-sce gelling (R2) 50-s gelling (R2)

Zero-order 0.7213 0.9292
First-order 0.8554 0.9518
Higuchi 0.9248 0.9983
Hixon-Crowel cube root 0.8138 0.9445
Korsmeyer-Peppas
n = Release exponent

0.6731
(n = 0.1966)

0.8514
(n = 0.8233)

Fig. 5   Plot represents the precursor solution stability for DLH-PS, assessed with respect to (A) gelling time and (B) DOX entrapment in DLH 
over a period of 28 days. Dox-loaded precursor solutions were stored at 40°C/75% RH for a period of 28 days followed by performance assess-
ment. All data represents n = 3 (mean ± SD).
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4 weeks of incubation (Day 28). DOX loading recorded on 
day 0 was found to be 88.6 ± 1.3% while after a 4-week incu-
bation, it was 97.6 ± 19.0% and no statistical significance 
was observed between the DOX loading, indicating excellent 
precursor solution storage stability (Fig. 5B).

Therapeutic Testing

Determination of IC50 Value for DOX in MPM Cells

This proof-of-concept experiment was designed to determine 
the IC50 values of DOX in 2D in-vitro cell-based models 
comprising of MSTO-211H and H226 immortalized cells. 
These IC50 values would further be used to test DLH efficacy 
in both 2D and 3D models. Preliminary cytotoxic evalua-
tion of the potent chemotherapeutic DOX in both cell lines 
revealed excellent DOX efficacy in both cell lines with IC50 
values of 0.11 ± 0.02 µM (MSTO-211H) and 0.27 ± 0.01 µM 
(H226) (Fig. 6A). 2D and 3D therapeutic models for testing 
the efficacy of DLH would be designed based on the IC50 
values obtained from this study.

Live/Dead Assay

Live/Dead cell assay was used to visualize the population of 
live and dead cells within untreated and treated MSTO-211H 
cells. A higher loading of DOX was required to test out DLH 
in an in-vitro setting to account for the sustained release of 
DOX from DLH. Cumulative release of DOX from DLH 
in 48 h was 46.49 ± 10.9211.0% and thus, an accurate com-
parison of DLH efficacy would be to compare the dead 
cell population of 0.15- and 0.39-µM DOX treated group 
with 0.39- and 0.78-µM DLH treated cells, respectively. In 
Fig. 6B, live cell population is represented by green fluo-
rescence, whereas dead cell population is presented by red 
fluorescence. As shown in Fig. 6B, untreated MSTO-211H 

cells did not exhibit abundance of red punctate that denoted 
dead cells, indicating higher cellular viability after 48 h of 
incubation. However, cells treated with DOX and DLH, at 
both tested concentrations have abundant red punctate, indi-
cating therapeutic efficacy in inhibiting MSTO-211H cell 
survival after a 48-h treatment period. The population of 
red punctate in 0.39 µM DLH treated cells was higher than 
0.15 µM DOX treated cells, and this may be attributed to 
the higher cellular interaction of MSTO-211H cells with 
hydrogels due to the presence of cell-binding motifs such 
as the RGD sequence in the polymeric backbone (GelMa) 
of hydrogels (Fig. 6B). This qualitative study revealed the 
efficacy of both DOX and DLH in enhancing necrotic cells 
population in MSTO-211H cells.

3D Spheroid Models

At every time point (Days 0 (treatment day) 1 (24  h), 
3 (72 h) and 6 (144 h)), tumor masses were imaged and 
analyzed for their surface area using ImageJ opensource 
software (Fig. 7A). It was revealed that over a period of 
6 days, untreated tumor masses had a 1.7 ± 0.2-fold increase 
in their area as compared to their area on Day 0, whereas 
DOX and DLH treated spheroid either had a constant area 
over six days or had multiple fold reduction in their area 
(Fig. 7B). Accounting for the slow release of DOX over 
6 days (55.3 ± 9.1%), the efficacy of DOX 0.15- and 0.39-
µM directly compared to the efficacy of DLH 0.39- and 
0.78-µM, respectively. DOX 0.15 µM treated tumor masses 
had 0.91 ± 0.16 times area relative to the day of treatment 
(Day 0) whereas DLH 0.39-µM treated tumor masses had 
a 0.67 ± 0.14 times area on day 6 relative to the area of the 
group on day 0 (Fig. 7B) (n = 6, p = 0.0200). Similarly, 
DOX 0.39 µM treated tumor masses had 1.00 ± 0.13 times 
area relative to the day of treatment (Day 0), whereas DLH 
0.78-µM treated tumor masses had a significantly lower area 

Fig. 6   (A) Plot represents the % cell viability for MSTO-211H and H226 cells after DOX treatment for 48 h. Table represents the IC50 values 
of DOX in both cell lines. (B) Images represent the live and dead cell population in MSTO-211H cells after DOX treatment for 48 h. Scale bar 
50 µm. All data represents n = 3 (mean ± SD).



Pharmaceutical Research	

(0.56 ± 0.12) on day 6 relative to the area of the group on 
Day 0, p < 0.0001) (Fig. 7B). Along with the availability 
of released DOX inside the well plate, a higher therapeutic 
effect of DLH in 3D MPM models may also be attributed 
to the presence of cellular binding motifs in GelMa that 
promote tumor cells binding with hydrogel which exposes 
tumors to DOX within the hydrogel.

LDH‑Glo Cytotoxicity Assay

LDH levels were evaluated on day 3 since fresh nutrient 
media was supplied to tumor masses on day 3 to provide 
nourishment for tumor growth. It was revealed that relative 
to the LDH levels in nutrient medium of untreated tumor 
masses, DOX 0.15 µM treated tumor mass medium had 
1.05 ± 0.07-fold higher LDH levels whereas DLH 0.39 µM 
treated tumor mass medium had 1.42 ± 0.10-fold significant 
higher (p < 0.01) LDH levels than untreated cells. Simi-
lar enhancement in LDH levels were observed for DLH 
0.78 µM (1.33 ± 0.08-fold, p < 0.01) treated nutrient medium 
which was significantly higher than LDH level amplification 

in DOX 0.39 µM (1.02 ± 0.12 fold) treated nutrient medium 
(Fig. 7C). Higher levels of LDH in nutrient media treated 
with DLH indicates higher therapeutic efficacy in disrupting 
the cell membrane of cells that make up the robust 3D tumor 
mass which can be correlated to higher efficacy against 
MPM tumor masses.

Discussion

Malignant Pleural Mesothelioma (MPM) is an incurable dis-
ease that is caused almost exclusively due to the inhalation 
of asbestos [34]. MPM has been reported to have the low-
est patient survival [2] with conventional chemotherapeutic 
infusion of potent chemotherapeutics improving the patient 
survival marginally. There has been a rise in strategies to 
improve patient survival and immunotherapeutic interven-
tions are now approved for the treatment of MPM. However, 
these therapies are plagued with systemic side effects, limit-
ing their extensive use.

Fig. 7   (A) Images represent growth of 3D tumor models comprised of MSTO-211H cells over six days with or without DOX and DLH inter-
ventions. Arrows indicate the disintegration of intact tumor masses over 6 days of treatment with free-dox or DLH (B) Plot represents the fold 
difference in the tumor mass area over 6 days. (C) Plot represents the fold difference in LDH levels in the nutrient media that housed treated and 
untreated spheroids. Scale bar 1000 µm. All data represents n = 3 (mean ± SD). (** p < 0.01, **** p < 0.0001).
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With an aim to provide therapeutic alternatives for MPM 
management, developability assessment of hydrogels was 
investigated in this study. Multiple pre-operative and post-
operative hydrogel based therapies have been developed 
pre-clinically and have been reported with minimum to no 
clinical translation [35]. With an aim to provide an efficient 
and scalable platform, Dox loaded GelMa hydrogels have 
been developed and evaluated as part of this study. Criti-
cal quality attributes (CQA) such as high bio adhesion and 
biocompatibility were heavily investigated. Along with these 
CQAs, sustained release capabilities of delivering Dox over 
a few days was investigated. The listed CQAs along with 
a sustained delivery of therapeutic payloads may result in 
improved patient compliance and this can be attributed to 
a reduction in invasive procedures and reduced dosing fre-
quency. Moreover, local delivery will ameliorate toxic off-
target effects of potent chemotherapeutics. GelMa hydrogels 
have been previously reported to be bio adhesive [32] and, 
in this study, it was ascertained that loading Dox does not 
compromise the adhesive properties of the system. Moreo-
ver, GelMa, BIS and LAP have all been reported to be bio-
compatible [36] and this was further confirmed by the bio-
compatibility studies performed in the previously reported 
development study in 2023 [32].

Along with these CQAs, physical characterization of 
DOX-loaded hydrogels (DLH) evaluated in this report shed 
light on potential alterations in hydrogel properties in pres-
ence of a potent chemotherapeutic. Gelling time, a critical 
parameter for therapeutic applications, showed no signifi-
cant change post-DOX loading. However, minor decrease in 
injectability force and an increase in the degree of swelling 
that was observed is in harmony with findings from stud-
ies exploring the impact of drug loading on hydrogel [33]. 
The difference in injectability force can be attributed to the 
hydrophilic interaction of DOX with GelMa in the precur-
sor solution. In the past, injectable GelMa platforms were 
developed and successfully deployed for the management of 
conditions such as osteoarthritis. A 2022 review article by 
Wang et al. summarizes the use of various GelMa injectable 
platforms and the group discusses the various properties that 
are essential for such delivery systems [37]. In 2020, Suo et 
al. demonstrated the injectability of GelMA hydrogels for 
cartilage repair, indicating the ability of methacrylate based 
hydrogels to be injected to the site of action [38]. GelMa is 
an excipient that heavily contributes to the viscosity of the 
precursor solution. Presence of hydrochloride salt of DOX 
may have resulted in certain premature interactions involv-
ing GelMa which reduced the overall viscosity of the precur-
sor solution as reported [39]. As for the increase in degree of 
swelling, it is being hypothesized that the degree of swelling 
for hydrogels went up upon introduction of a hydrophilic 
small molecule into its matrix. This can be attributed to the 

hydrophilic interactions between DOX and polymeric back-
bone leading to higher levels of water retention [40].

It is indeed true that a higher degree of swelling is attrib-
utable to a lower degree of crosslinking. And it is common 
knowledge that a lower degree of crosslinking may lead to 
a burst release of DOX. Moreover, DOX HCl being hydro-
philic is extremely prone to a burst release. Therefore, a 
careful balance needs to be maintained between the degree 
of swelling, which provides certain physical resistance to 
the efflux of payloads, and degree of crosslinking which pro-
vides a chemical resistance. Since DOX loading resulted in 
a slightly higher degree of swelling which compromised the 
degree of crosslinking, to curb the burst release, we adopted 
a strategy to expose the gels to higher duration of UV light. 
The strategy to increase the degree of crosslinking was pre-
viously reported by Martinez et al. The study demonstrates 
the effect of increasing degree of crosslinking to delay the 
release of therapeutic payload [41]. The study concludes that 
this release-crosslinking interplay may be attributed to the 
increased microstructural tortuosity [41].

The mechanism of action for DOX has been widely stud-
ied and reported across multiple published literature and 
a variety of cancer subtypes, including malignant meso-
thelioma [42–44]. Chaudhari et al. have established that 
increased LDH activity indicated DOX induced cell mem-
brane damage and cytotoxicity [45]. In addition, it is known 
that DOX induces cell death by free radical formation, ulti-
mately resulting in apoptotic induction via caspase activa-
tion, and disruption of mitochondrial membrane potential 
[46, 47]. Low dose DOX has also been shown to induce a 
senescence-like phenotype, resembling senescence of nor-
mal cells [48]. Moreover, the drug-excipient compatibility 
data in our study (Fig. 1C and D) indicates no interaction 
between excipients and DOX, confirming that the released 
molecule of DOX is identical to free-DOX. Given the well-
established mechanism of action for DOX, and DOX-excipi-
ent compatibility, authors are confident about the lack of any 
novel mechanism of cell death following DOX encapsulation 
in hydrogel formulations.

Intrapleural chemotherapies have been reported in the 
past with a study from Sugarbaker et. al. being the most 
promising one. In 2013, the team demonstrated the efficacy 
of intrapleural intraoperative hyperthermic intervention of 
cisplatin and this therapy increased the interval for recur-
rence of MPM to 27.2 months as compared to 12.8 months 
after conventional chemotherapy [31]. However, this thera-
peutic intervention was utilized as a post-surgical interven-
tion. The hydrogel system designed in this study potentially 
may be used as a stand-alone or a combination therapy prior 
to surgical resection. However, further pre-clinical evalua-
tion is warranted to test this hypothesis. The current study 
lays solid groundwork to initiate pre-clinical testing. With 
established CQAs in place, this system can potentially be 



Pharmaceutical Research	

injected through a catheter that is used to flush out pleural 
effusions, circumventing the need for frequent invasive pro-
cedures. This type of a system has been developed in the past 
for post-surgical intervention by Jaiswal et al. [49] and this 
further cement our hypothesis that a local therapy for MPM 
management will be an effective therapeutic alternative. 
Moreover, this GelMa-based system can be used as a plat-
form technology with a high degree of tunability in terms of 
gelling time, release profiles and loading of diverse modali-
ties, making it a potential candidate to be further explored 
pre-clinically and clinically.

Conclusion

This one-of-a-kind study demonstrates the ability of GelMa/
LAP/BIS hydrogels to delay the release of a hydrophilic 
small molecule chemotherapeutic, Doxorubicin HCl. 
Extensive drug-excipient compatibility studies indicated 
no compatibility issues between DOX and hydrogel com-
ponents. Moreover, DOX release was sustained over a 
period of 12 days, indicating a potential for a local therapy 
in MPM. Multiple reports have indicated the benefits of a 
local therapy in improving MPM prognosis and develop-
ing a hydrogel-based local delivery will aid local delivery 
while improving patient compliance due to infrequent dosing 
requirement. Also, use of GelMa as the polymeric backbone 
promotes cell and tissue binding, while being biocompatible, 
strengthens the translational aspect of this formulation. This 
study demonstrates the in-vitro utility of DLH and achieved 
promising results. Having a therapeutic option such as DLH 
for the treatment and management of MPM would be revo-
lutionary. For hard-to-reach cancers such as MPM, frequent 
dosing has always been an issue with respect to patient 
compliance and DLH offers extended therapeutic benefits 
which potentially will improve treatment acceptance among 
patients. Moreover, sustained drug delivery systems have 
been proven to have improved pharmacokinetics, leading to 
improved efficacy in patients. Our DLH system is capable of 
prolonging drug release over a couple of weeks and has the 
tunability to extend the release beyond two weeks. However, 
pre-clinical studies are necessitated prior to clinical testing 
to test this hypothesis successfully. Extensive investigation 
is currently underway to curate a hydrogel-based delivery 
system for MPM prognosis and we believe this study will 
serve as base for progressing such platforms through clinics.
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