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ABSTRACT: Developing a cancer theranostic nanoplatform with
diagnosis and treatment capabilities to effectively treat tumors and
reduce side effects is of great significance. Herein, we present a
drug delivery strategy for photosensitizers based on a new liquid
metal nanoplatform that leverages the tumor microenvironment to
achieve photodynamic therapeutic effects in pancreatic cancer.
Eutectic gallium indium (EGaIn) nanoparticles were successfully
conjugated with a water-soluble cancer targeting ligand, hyaluronic
acid, and a photosensitizer, benzoporphyrin derivative, creating
EGaIn nanoparticles (EGaPs) via a simple green sonication
method. The prepared sphere-shaped EGaPs, with a core−shell
structure, presented high biocompatibility and stability. EGaPs had
greater cellular uptake, manifested targeting competence, and
generated significantly higher intracellular ROS. Further, near-infrared light activation of EGaPs demonstrated their potential to
effectively eliminate cancer cells due to their single oxygen generation capability. Finally, from in vivo studies, EGaPs caused tumor
regression and resulted in 2.3-fold higher necrosis than the control, therefore making a good vehicle for photodynamic therapy. The
overall results highlight that EGaPs provide a new way to assemble liquid metal nanomaterials with different ligands for enhanced
cancer therapy.
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1. INTRODUCTION

Adenocarcinoma of the pancreas is a malignant disease with
less than a 10% survival rate.1,2 The current mainstay of
treatment for pancreatic cancer involves fractionated radiation
and chemotherapy following surgical resection.3,4 Despite
treatment with chemotherapy and radiation therapy, pancreatic
survival rates have remained low because of the anatomical
location of the cancer resulting in inoperable surgery.4

Furthermore, chemotherapy is associated with severe systemic
toxicity. The need for a spatially localized therapy was fulfilled
by photodynamic therapy (PDT), a spatiotemporally con-
trolled technique, which has been recently shown to reduce
pancreatic tumor volume in humans, making previously
unresectable tumors resectable and also lead to an increase
in median survival of 9.5 months after the treatment.5−7

The PDT mechanism of action involves activation of
molecules called photosensitizers (PSs) in targeted tissues
under the radiation of a specific wavelength generating
cytotoxic reactive species including reactive oxygen species
(ROS).8 Compared to traditional radiation or chemotherapy,
PDT features high disease specificity, leaving normal tissues
unharmed.5 Therefore, its therapeutic efficacy is relatively high
with minimal side effects. However, the primary limitations

include insufficient PS delivery, tumor-oxygenation depend-
ency, and inaccurate dosimetry in aggressive tumors.9,10

Additionally, conventional photosensitizers for PDT generally
suffer from undesirable hydrophobicity and low bioavailability.
Benzoporphyrin derivative (BPD), a highly efficient second-
generation PS and FDA-approved PDT agent, has been well
characterized for its therapeutic efficacy in in vivo cancer
models.11−14 The phase I/II study in patients with locally
advanced unresectable pancreatic adenocarcinoma showed that
BPD-based PDT treatment induced tumor necrosis and
reduced tumor volume.6,7 The strong absorption of BPD in
the near-infrared (NIR) region at 690 nm promotes better
tissue penetration of light as is appropriate for treating tumors
in solid organs like the pancreas. Therefore, several strategies
have been explored to develop PDT for effective disease
treatment using nanoparticles as vehicles for conventional PSs,
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thus enhancing the bioavailability of these PS molecules.13−17

Moreover, nanoparticles can also be modified with specific
ligands to achieve active tumor targeting. Hyaluronic acid
(HA) is one such tumor-targeting moiety that can bind to
CD44 receptors that are over-expressed in several types of
tumors, including pancreatic cancer and tumor-initiating stem
cells.18−23 The CD44 overexpression is implicated in tumor
progression and enhanced metastasis, and it can specifically
bind HA, thus making it an attractive receptor for targeted
PDT.24

Various inorganic materials have been reported in recent
years as photodynamic agents or carriers and have been
reviewed extensively elsewhere.9,25,26 Many of these particles
such as gold nanoparticles, semiconductor nanoparticles,
hydrogel nanostructures, and polymer composites are used
not only for delivery of the photosensitizer but also to enhance
PDT efficacy through photocatalytic mechanisms for applica-
tions involving cancer and infectious diseases.27−30 For
example, gold nanoparticles have attracted much attention as
good optical contrast agents and also carriers of PSs due to
their excellent photochemical, surface properties, and simple
thiolation chemistry for the functionalization of desired
molecules, thus enhancing their capability for loading PS
drugs.30−33 Semiconductor hybrid nanostructures containing
Ag/Ag@AgCl/ZnO exhibit excellent photocatalytic activity
and demonstrate highly effective antibacterial activity under
visible light irradiation.34 They showed that incorporation of
Ag/Ag@AgCl nanostructures enhanced the photocatalytic and
antibacterial activity of ZnO due to the enhancement of
reactive oxygen species by visible light. Xiang et al. developed
semiconductor heterojunctions of ZnO/CDots/C3N4 with
enhanced photocatalytic efficiency to kill bacteria effectively
within a very short time under the irradiation of visible light.35

These studies point to the potential inorganic nanoparticles
have in delivering PS to tumors for PDT due to high surface-
to-volume ratio, chemical inertness, photocatalytic properties,
bioconjugation, and broad optical properties.36,37 However,
they need to be engineered specifically to respond under low
pH cancer cellular conditions, involve complex fabrication
procedures, and are generally not biocompatible with
agglomeration in the liver, spleen, and at the tumor site.38

Lately, the focus on the advancement of gallium-based liquid
metals such as eutectic gallium indium (EGaIn, 75% Ga, 25%
In) nanoplatforms for therapy, imaging, and biosensing of
cancers has increased due to their unique tunable properties,
which can be manipulated by the surrounding environ-
ment.12,39,40 They rapidly form a thin passivating oxide layer
on their surface when exposed to oxygen,41 which presents
opportunities to synthesize nanomaterials with engineered
surface properties, thus paving the way for a variety of
biomedical applications. Researchers have shown that liquid
metal nanoparticles can rapidly heat up and produce reactive
oxygen to deform and release the drug under NIR
radiation.42−44 The usage of EGaIn in the biosystem is
relatively new but is gaining much attention since it has shown
a wide range of benefits, such as low cytotoxicity,
biocompatibility, photocatalytic activity, and high conductiv-
ity.45 Therefore, EGaIn nanoparticles are suitable candidates as
theranostic agents. Functionalizing the oxide skin with drugs
and targeting agents can create a promising and novel system
for drug delivery. The oxide surface of EGaIn will degrade in
the mild acidic microenvironment of the endosomes
promoting acid-triggered drug release.46 Furthermore, gallium

itself is an anticancer agent and can reverse drug resistance in
drug-resistant cancer cells.47 Moreover, these nanoparticles
have a liquid core that leads to fewer reactive sites after the
dissolution of the oxide skin and can reduce their potential
systemic toxicity. In fact, a study has shown that EGaIn
nanoparticles modified with a water-soluble polymer showed
higher cell viability than gold nanoparticles and carbon
nanotubes.44

Recent progress using EGaIn nanoparticles for diverse
therapeutic applications concentrates on the formulation of
EGaIn nanoparticles and their biofunctional moieties, which
influence their properties and performance.42,44,46,48−50 To
date, many thiolated ligands such as cyclodextrin, HA, and
poly(ethylene glycol) have been used as capping agents to
form systemically stabilized EGaIn nanoparticles.42,46 How-
ever, due to the photolabile characteristics of thiols and their
ability to inactivate metalloenzymes in living organisms, they
can cause unwanted side effects and toxicity.51 Our previous
work showed the synthesis of stabilized core−shell EGaIn
nanoparticles in carboxylic acids in which the carboxylate
group was chemically bound to the oxide layer.52,53 Since, both
HA and BPD contain carboxylic groups, they can covalently
bind directly to the surface of EGaIn forming carboxylate
bonds. In this work, we presented a “green” nanoformulation
strategy to construct multifunctional EGaIn nanoparticles
having advantageous morphology, favorable biocompatibility,
splendid versatility, and the ability to deliver drugs for
anticancer therapy. Specifically, we illustrated a synthesis
process that is simple, highly reproducible, and inexpensive for
the production of stable, PS- and HA-coated EGaIn nano-
particles. We report the surface chemistry, namely, the
functionalization of EGaIn nanoparticles with BPD and HA
to fabricate EGaPs and the stability of the produced
nanoparticles through various spectroscopic techniques. The
use of a targeting ligand resulted in improved cellular uptake
and internalization of the PS. The inherent dark toxicity and
PDT effectiveness of EGaPs were demonstrated in vitro with
multiple pancreatic cancer cell lines. Finally, in vivo studies
with the pancreatic cancer xenograft murine model revealed
that EGaP-based PDT significantly inhibited tumor growth
suggesting an adaptive therapeutic influence. This study
confirms the versatility of EGaIn nanoparticles functionalized
with both PS and targeting ligands that can be utilized for
enhanced cancer therapy.

2. EXPERIMENTAL SECTION
2.1. Materials. Gallium−indium eutectic (≥99.99% trace metal

basis), BPD-benzoporphyrin derivative monoacid ring A (≥94%),
hyaluronic acid sodium salt from Streptococcus equi (molecular weight:
130,000−150,000), and Dulbecco’s phosphate buffer solution (PBS)
were purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO),
muscovite mica V-2 (50-949-111), and conical polypropylene
centrifuge tubes (05-539-9LC) were obtained from Thermo Fisher
Scientific. Throughout all of the experiments, deionized (DI) water
with a resistivity of 18.2 MΩ·cm was used.

2.2. Fabrication of Stable Targeted EGaIn Nanoparticles
Loaded with Photosensitizers. EGaIn nanoparticles loaded with
PSs were synthesized with BPD and HA (EGaPs). HA, a water-
soluble ligand, was chosen as a surface ligand due to its
multifunctional nature, acting not only as a targeting moiety but
also as a stabilizing agent.54 In synthesizing EGaPs, the first liquid
EGaIn was sonicated in an aqueous solution of HA to create HA-
coated EGaIn nanoparticles (EGaIn-HA). Thirty microliters of EGaIn
was used as received. EGaIn was added to a 50 mL centrifuge tube,
which contained 1 mg of HA (0.1 mg/mL) in 10 mL of deionized
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water. The centrifuge tube was placed in a water bath and the solution
was sonicated for 75 min by a probe sonicator (Qsonica Q125) with
50% amplitude. The sonication conditions were used with a pulse 59 s
and a pause 1 s to avoid the heating of nanoparticles. After sonication,
the large particles in the resulting suspension were removed by mild
centrifugation (rotating speed of 1000 rpm). The supernatant
containing EGaIn-HA was further purified by centrifugation with a
speed of 4700 rpm and washed with DI water three times. Finally,
EGaIn-HA was resuspended in the PBS buffer.
To synthesize EGaPs, 30 μL of EGaIn was added to a 50 mL

polypropylene tube, which contained 1 mg of HA in 7.6 mL of water.
The centrifuge tube was placed in an ice water bath to prevent heating
of nanoparticles and the solution was sonicated for 75 min by a probe
sonicator with 50% amplitude. The sonication conditions were used
with a pulse 59 s and a pause 1 s to avoid the heating of nanoparticles.
Once the sonication is complete, 2.4 mL of BPD with a concentration
of 300 μM in DMSO solution was added to the EGaIn-HA slurry
solution and further sonicated for 1 h to produce EGaPs. The large
particles in the resulting suspension were removed by mild
centrifugation, at a speed of 1000 rpm. The supernatants containing
EGaPs were further purified by centrifugation at a speed of 4700 rpm
and washed with DI water three times. Finally, EGaPs were
resuspended in the PBS buffer. The EGaPs were stored at 4 °C.
The color of the suspension changed from gray to dark greenish-gray
once the BPD was loaded onto the surface of EGaIn-HA (Figure
S1a,b). The dark color of the solution indicates that highly
concentrated, stable nanoparticles are formed. The preparation
route of EGaPs is illustrated in Figure 1.
2.3. Atomic Force Microscopy (AFM). For AFM sample

preparation, 2 μL of EGaP solutions was dropped on the freshly
cleaved mica surface. The sample was left to air dry for 30 min and
then rinsed with deionized water. The excess deionized water was
gently removed by tapping with a corner of a Kimtech wipe. AFM
measurements were performed with a Bruker Innova AFM under
ambient conditions. The microscope was placed on an air table to
minimize vibrational noise. All measurements were performed in the
taping mode. Silicon probes (Bruker) with a spring constant of 42
Nm−1 were used. The AFM tips were made from silicon with a 30 nm
aluminum coating. The topographical images were recorded at 512-
line resolution. The morphological structures of EGaPs were further
processed using NanoScope Analysis 1.9 software (Bruker) to
determine the diameter of the individual EGaPs. A total of 200
nanoparticles were traced and analyzed.
2.4. Scanning Electron Microscope (SEM). A Zeiss Ultra Plus

Field Emission SEM was used to examine the nanostructure of the
formed EGaPs on a carbon wafer substrate. Samples were imaged
using an electron beam accelerating voltage of 5 kV and a working
distance of 2.8−3.2 mm. Images were collected using an in-lens
detector. The diameters of 200 nanoparticles from SEM images were
analyzed using Smart TiffV3 software (Zeiss).

2.5. Dynamic Light Scattering (DLS). DLS (Horiba SZ-100-HZ
with a fixed angle dispersion of 90°) was used to measure the ζ
potential, hydrodynamic diameter, polydispersity index (PDI), and ζ
potential of the EGaPs. Polystyrene cuvettes with an optical path
length of 1 cm (Sarstedt) filled with 100-fold diluted EGaP solution in
PBS were used. The data reported are an average of three separate
measurements.

2.6. Fluorescence Spectroscopy. For fluorescence measure-
ments, EGaPs were diluted 100-fold in DMSO in a 96-well black-
walled flat-bottom plate. A SpectraMax i3X multimode plate reader
(Molecular Devices) in top-read mode was used to measure EGaP
fluorescence. An excitation wavelength of 420 nm and an emission
wavelength range of 600−800 nm were used. The results reported
were the average of three separate measurements.

2.7. Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy (DRIFTS). DRIFTS spectra (128 scans, 2 cm−1 resolution)
were collected using Nicolet iS 50 FTIR spectrometers (Thermo
Fisher Scientific, MCT-High D* detector) equipped with a Praying
Mantis diffuse reflectance accessory (Harrick Scientific). The Praying
Mantis accessory was situated inside the sample compartment of the
FTIR, which was under constant N2 purge. The EGaPs were dropped
cast on a KBr powder-filled sample cup and spectra were collected
from 750 to 4000 cm−1.

2.8. Raman Spectroscopy. Raman measurements were per-
formed with a Bruker SENTERRA confocal Raman Microscope in air
using a 532 nm laser, 6.25 mW of laser power, and 9−15 cm−1

resolution. The light was focused an approximately 2 μm spot using a
50× objective and a slit aperture of 50 × 1000 μm. The XYZ
movement was controlled accurately using a motorized stage. Raman
signals for clusters of EGaPs were collected at multiple spots using a
10 s integration time and 5 coadditions at each selected spot to
increase the signal-to-noise ratio. Spectra were collected in the
wavenumber range of 45−4450 cm−1.

2.9. UV−visible Spectroscopy. UV−visible absorption spec-
trophotometry was performed using a Cary UV−visible spectropho-
tometer (Agilent Technologies) with a double beam setup and a
PbSmart detector, with a spectral bandwidth of 2 nm and a scan rate
of 600 nm/min. Samples were put into quartz cuvettes, and the
absorbance was measured from 175 to 800 nm.

2.10. Drug Release from EGaPs. The controlled release of BPD
from EGaPs was performed by incubating the samples in glycolic acid
buffer of pH 6, 7.4, and 9 at 37 °C. The time points were set at 0, 6,
24, and 96 h. At each time point, the samples were centrifuged at
4700 rpm for 5 min and the concentration of free BPD in the
supernatant was determined by UV−visible absorption spectropho-
tometry. The controlled release rate of BPD at different pH values was
compared.

2.11. Photochemical and Photophysical Characterizations.
Singlet oxygen measurements were performed in a 96-well, black-
walled, transparent bottom plate. Solutions of 1 μM free BPD (stock
in DMSO) or EGaPs were prepared either in PBS or in glycolic acid

Figure 1. Schematic depiction of the protocol to fabricate stable EGaPs.
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(pH 6) and incubated at 37 °C for 1 or 24 h. The solutions (190 μL)
were mixed with 10 μL of 50 μM Singlet Oxygen Sensor Green
(SOSG; Thermo Fisher Scientific) prior to light irradiation. The
solutions were irradiated with a 690 nm laser (HPD 7401; High
Power Devices, Inc.) at an irradiance of 50 mW/cm2 with fluencies of
0, 1, 2.5, 5, 10, and 20 J/cm2. Therefore, the cumulative doses
received by the wells are 0, 1, 3.5, 8.5, 18.5, and 28.5 J/cm2. Following
each individual dose application, the fluorescence intensity of SOSG
was measured using a Synergy H1 microplate reader (BioTek) with
an excitation of 460 nm and a collecting emission at 530 nm. The
thermal response of EGaPs when irradiated with a 690 nm laser was
investigated using a thermocouple-based oxygen/temperature bare-
fiber sensor (OxyLite system; Oxford Optronix). The EGaPs, EGaIn-
HA, and free BPD samples (1 mL; EGaIn concentration: 6085 μg/
mL; BPD concentration: 45 μM) were irradiated in a 4 mL
polystyrene cuvette (Sarstedt) for 30 min. The temperature of the
solution was recorded at regular intervals and the experiment was
performed in triplicates.
2.12. Cell Culture. AsPC-1 (pancreatic cancer derived from

ascites) and MIA PaCa-2 cells (pancreatic ductal adenocarcinoma)
were obtained from ATCC (American Type Culture Collection).
AsPC-1 cells were maintained in the Roswell Park Memorial Institute
1640 (RPMI) medium with L-glutamine (Gibco), while MIA PaCa-2
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM).
All media were supplemented with 10% fetal bovine serum (Gibco)
and 1% Penicillin/Streptomycin (1:1 v/v, Corning), and cells were
maintained in a humidified incubator at 37 °C and 5% CO2.
2.13. Cellular Uptake of EGaPs. For evaluating EGaPs’ cellular

uptake, AsPC-1 and MIA PaCa-2 cells at 70−90% confluence were
seeded in a 24-well plate at a density of 50,000 cells per well and
incubated with free BPD or EGaPs at a concentration of 0.25 μM of
BPD equivalent for 0, 1, 2, 4, 6, and 24 h. Cells were washed with ice-
cold PBS and lysed using 2% Triton X-100 at 4 °C. BPD fluorescence
was measured using a Synergy H1 microplate reader (BioTek) with
appropriate standard solutions facilitating fluorescence intensity to be
converted to moles of BPD. Protein concentration was quantified
using a bicinchoninic acid protein assay kit (Millipore Sigma). To
verify the EGaP internalization and uptake using fluorescence
imaging, AsPC-1 and MIA PaCa-2 cells at 70−90% confluence
were seeded in 35 mm glass-bottom dishes (MatTek Corporation) at
a density of 50,000 cells per dish and incubated with 1 μM free BPD
or EGaPs for 1, 2, 4, 6, and 24 h. Before imaging, cells were washed
with PBS and nuclei were stained with Hoechst 33342 (2 μg/mL;
Thermo Fisher Scientific). Live-cell imaging was performed using an
EVOS M7000 imaging system (Invitrogen) using a 40× objective.
Hoechst and BPD were imaged with a DAPI light cube and Qdot 705
light cube, respectively. The fluorescence images were processed using
ImageJ software.
2.14. CD44 Expression and Targeting of EGaPs in

Pancreatic Cancer Cells. For examining the CD44 expression,
MIA PaCa-2 and AsPC-1 cells were seeded in 35 mm glass-bottom
dishes at a density of 50,000 cells per dish and incubated overnight at
37 °C and 5% CO2. The cells were then fixed with 4%
paraformaldehyde for 15 min and permeabilized with 1% Triton X-
100. Cells were then incubated with the primary antibody (anti-
CD44, Invitrogen) overnight at 4 °C. Following the incubation, cells
were stained with a fluorescent dye-tagged secondary antibody
(Invitrogen) for 1 h at room temperature. Cells were counterstained
with Hoechst 33342 (2 μg/mL) and visualized using an EVOS
M7000 imaging system. The fluorescence images were processed
using ImageJ. To investigate the targeting ability of EGaPs, MIA
PaCa-2 cells were seeded in 35 mm glass-bottom dishes at a density of
50,000 cells per dish and incubated overnight. Prior to incubating
with 1 μM EGaPs for 1 h, cells were incubated with or without 1 mg/
mL of free HA for 4 h. Cells were counterstained with Hoechst 33342
(2 μg/mL) and imaged using an EVOS M7000 imaging system.
Image processing was performed using ImageJ.
2.15. In Vitro Cytotoxicity of EGaPs. To evaluate the

cytotoxicity (no light) of EGaPs, AsPC-1 cells were seeded in a 24-
well plate at a density of 50,000 cells per well. The following day, cells

were incubated with varying concentrations of free HA or EGaIn-HA
for either 1 or 24 h. Following the incubation, media is replaced with
fresh media and cells were incubated for a further 24 h prior to
performing the viability assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Thermo Fisher Scientific). The
media was replaced with fresh cell culture media containing MTT
(0.25 mg/mL) and incubated for 1 h at 37 °C. The formazan crystals
formed inside the cells were dissolved using DMSO and the
absorbance was recorded at 570 nm using a Synergy H1 microplate
reader (BioTek). Cell viability was calculated as a percentage
absorbance at 570 nm with respect to untreated controls.

2.16. Intracellular ROS Evaluation. To evaluate the intracellular
ROS production by EGaPs and free BPD, MIA PaCa-2 cells were
seeded in 35 mm glass-bottom dishes at a density of 50,000 cells per
dish. After 24 h of seeding, the cells were incubated with a 0.25 μM
concentration of BPD equivalent to EGaPs for 1 h. Following the
incubation, media was exchanged for fresh media and PDT was
performed with a 690 nm laser at an irradiance of 50 mW/cm2 with
fluencies of 0 and 1 J/cm2. After irradiation, intracellular ROS was
detected using an Image-iT LIVE Green Reactive Oxygen Species
Detection Kit (Invitrogen) as per the manufacturer’s instructions. For
the experimental control, ROS was induced by incubating cells with
200 μM tert-butyl hydroperoxide (TBHP) for 1 h. Briefly, cells were
incubated with 5-(and-6)- carboxy-2′,7′-dichlorodihydrofluorescein
diacetate (carboxyH2DCFDA) for 30 min at 37 °C. Following the
incubation, cells were washed with PBS and imaged with a 40×
objective using an EVOS M7000 imaging system to visualize
intracellular ROS. Image analysis was performed using ImageJ.

2.17. Photodynamic Therapy of Pancreatic Cancer Cells
Using EGaPs. For the PDT study, AsPC-1 and MIA PaCa-2 cells
were seeded in 35 mm Petri dishes at a density of 1 × 105 cells per
dish. The following day, cells were incubated with s 0.25 μM
concentration of BPD equivalent to EGaPs for 24 h. As a control, 0.25
μM free BPD or EGaPs incubated for 1 h were included as well.
Following incubation, media was replaced with fresh culture media
and cells were irradiated with a 690 nm laser at an irradiance of 50
mW/cm2 with fluencies of 0, 1, 2.5, 5, and 10 J/cm2. Cell viability was
determined at 24 h after irradiation using an MTT assay as described
in the previous section

2.18. In Vivo Therapy Efficacy of EGaPs. Animal experiments
were performed in compliance with the Institutional Animal Care and
Use Committee (IACUC) of Tufts University. Foxn1nu mice were
raised in aseptic conditions in the institution’s animal facility with 12
h light and dark cycles. AsPC-1 cells at 80−90% confluence were
trypsinized, collected, and suspended in a 1:1 v/v mixture of Matrigel
and PBS at a density of 5 × 106 cells per 100 μL and injected
subcutaneously in the mice. When the tumors reached an average size
of ∼50 mm3, either EGaPs or liposomal BPD at a dose of 0.5 mg/kg
equivalent to BPD was administered to mice via tail vein injection.
After a drug light interval of 90 min, PDT was performed with a 690
nm laser with an irradiance of 75 mW/cm2 and a fluence of 200 J/
cm2. After PDT, the tumor volumes were monitored biweekly with
ultrasound imaging for 30 days. Few tumors from each treatment
group were euthanized on 48 h after PDT, and hematoxylin and eosin
(H&E) staining was performed to visualize the damage caused to the
tumors by EGaPs and liposomal BPD.

3. RESULTS AND DISCUSSION

3.1. Size Analysis of EGaPs. The synthesis of biostable
and biocompatible liquid metal nanoparticles, EGaPs, was
easily achieved using high-power sonication.55 The one-step
sonication process, using probe activation, breaks up the bulk
EGaIn liquid into small nanoparticles with a coating of HA on
the oxide layer acting as a stabilizing agent, producing stable
liquid metal nanoparticles by lowering the surface tension.55

The carboxylic acid groups of HA and BPD chemically react
with the gallium oxide surface of EGaIn and adsorb covalently
to the surface.52 Thus, we developed a novel yet a simple and

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c04353
ACS Appl. Nano Mater. 2022, 5, 6125−6139

6128

www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c04353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


convenient synthetic method for creating stable EGaPs with
core−shell structure, for the targeted delivery of the PS for
PDT of pancreatic tumors. This fabrication methodology with
one-step sonication involves no harsh chemicals and is safer
and greener than other methods for preparing metal
nanoparticles and liposomes.52,56 The core−shell structure of
EGaIn nanoparticles consists of the EGaIn metal alloy core
with the gallium oxide layer bound with BPD and HA as the
shell and it has been previously reported.42,43,49,57 Further
analysis was performed with AFM, SEM, and DLS to better
understand the structure, shape, size distribution, and stability
of EGaPs.
The size of the nanoparticles is an important factor in drug

delivery, as nanoparticles smaller than 10 nm can be easily
cleared by the kidneys, while larger nanoparticles need to
overcome the reticuloendothelial system.58−61 Nanoparticles
within the range of 20−200 nm were shown to have a higher
chance to accumulate at tumor sites due to leaky tumor
vasculature, making them ideal for drug delivery.62−64 From
the AFM images shown in Figure S2a, the bright yellow,
smooth spherical structures represent individual EGaPs, while
the brown featureless surface represents the mica substrate. A

total of 20−25 images were collected from different areas of
the sample and were used to determine the size distribution of
200 EGaPs. Obvious agglomerates were excluded from the
analysis. Since the particles are spherical, height measurements
were used to determine particle diameters. The histogram in
Figure S2b illustrates the size-distribution analysis of 200
different EGaPs, giving an average diameter of 38 ± 10 nm and
a size range of 25−65 nm. Figure 2a depicts the SEM image of
EGaPs taken under vacuum, and the spherical structure of the
nanoparticles is clearly still intact and visible. The diameters of
200 EGaPs were determined using 5−10 SEM images. The
histogram of the size distribution from SEM images shows that
the average size of the EGaPs is 97 ± 37 nm with a range of
30−210 nm (Figure 2b).
HA- and BPD-coated EGaIn nanoparticles were nano-

spheres as confirmed by both AFM and SEM. Visually, no
difference in the morphologies of EGaPs was observed in the
AFM and SEM images. However, the calculated diameters of
the nanoparticles from SEM images were higher (more than
doubled) than those determined from AFM size analysis. The
AFM methodology is considerably different than SEM as it
provides a 3D topographical image, which is used to determine

Figure 2. (a) SEM image of EGaPs. (b) Size distribution of 200 EGaPs measured with SEM images. (c) DLS measurements of EGaPs up to 6
weeks. (d) Temporal distribution plots from DLS measurements on Day 1, 7, and 42. (e) Fluorescence measurements of EGaPs as a function of
time for 6 weeks. For (a), scale bar = 180 nm. For (c), the results are expressed as mean ± standard deviation (n = 3) and are not significant; One-
way ANOVA with Tukey’s multiple comparison test: p > 0.05. For (f), the results are expressed as mean ± standard error (n = 6; two experiments
with three replicates each). Two-way ANOVA with Tukey’s post hoc test; ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and *** = p
< 0.0001.
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the height as the diameter in the z-direction.65−67 One of the
main factors that may explain the size difference is that AFM
analysis of EGaPs is done by selecting particles individually,
while the SEM software measures the diameter of all particles
within an image without individual selection. Another factor is
that EGaPs might be flattened (wetting the surface of the
substrate) due to the presence of the oxide layer, which would
reduce the height and increase the width.68 One potential issue
with SEM is that as x−y distances are used for particle
diameter calculation, the lateral magnification becomes
important. On AFM, lateral magnification is not an important
factor since dimensions (height) are measured on the z-axis,
and with lower levels of noise and higher resolution, it is a
better measurement technique for nanoparticles of any size.
Overall, SEM and AFM techniques are complementary to each
other,65 and both methods show that the average diameter is
well within the 20−200 nm range needed for effective
nanocarriers.
DLS was used to evaluate the hydrodynamic diameter of the

EGaPs in solution. Figure 2c presents the results of DLS
measurements taken with 100-fold diluted EGaPs in PBS,
showing an average diameter of 182 ± 8 nm. This result
indicates that the hydrodynamic diameter of EGaPs is greater
than the size distribution obtained from either AFM or SEM. It
is important to note that DLS takes a different approach to size
analysis where an average size is determined by the intensity of
the light scattering when the particles are in the solution.69

Since light scattering measures not only the hydrodynamic
diameter of the particles but also the ionic and solvent layers
within the solution, it is not appropriate to directly compare
DLS with microscopic measurements.67 Typically, the
diameters obtained using AFM and SEM on dried solutions
are significantly smaller than those determined via DLS,
primarily because solvated particles have a larger diameter.
Therefore, these diameter inconsistencies are expected. In
short, none of these measurements is wrong; they are simply
portraying the morphological properties using different
techniques and conditions. Along with the hydrodynamic
diameter, DLS also measures the polydispersity index (PDI), a
measure of the heterogeneity of particle sizes in the mixture.
PDI normally ranges from 0.0 to 1.0, and for perfectly uniform-
sized nanoparticles, the PDI value would be 0.0, while a PDI
value close to 1.0 indicates a highly polydisperse sample with
multiple particle sizes; traditionally PDI values less than 0.5 are
acceptable distributions in terms of size uniformity.70 The PDI
of EGaPs is 0.425 (Figure S3a) indicating satisfactory size
uniformity.
The temporal stability of EGaPs for a period of 6 weeks was

evaluated using DLS and displayed in Figure 2c,d. EGaPs were
stored at a temperature of 4 °C for the 6-week experiment time
period. The average diameter measured on day 0 (the day of
preparation) was 182 nm and on day 42 was 194 nm. The size
increased only about 7% after 6 weeks and there was no
statistical difference (p > 0.05; One-way ANOVA with Tukey’s
multiple comparison test) showing remarkable stability of the
particles. The distribution plots obtained from DLS measure-
ments were overlapping on day 1 and day 42. The EGaPs also
remained homogeneous over the same time frame judged by
the nanoparticle suspension and their PDI values (Figure
S3a,b). Furthermore, the ζ potential was measured to
demonstrate the surface charge of the EGaPs. The ζ potentials
of EGaIn-HA nanoparticles and EGaPs in PBS were 40.96 ±
1.06 and 50.90 ± 1.17 mV, respectively (Figure S3c). We

performed additional measurements in DI water to investigate
the effect of ions on PBS. The ζ potentials of EGaIn-HA and
EGaPs in DI water were −93.67 ± 4.51 and −102.43 ± 4.44
mV, respectively (Figure S3b). The net increase in the ζ
potential observed after the binding of BPD indicates the
successful absorption of BPD onto the surface of EGaIn-HA.
The carboxylic functionalized nanoparticles become positively
charged due to the co-ion-specific effect of phosphate buffer.71

Additionally, several studies have reported that cationic
nanoparticles correlate with higher cellular uptake,72−74 and
hence, EGaPs aid in achieving the goal of increased cellular
delivery of BPD.
Additionally, fluorescence spectroscopy was used to monitor

the changes in fluorescence of BPD-bound EGaPs for long-
term storage. Figure 2f shows the fluorescence spectra of
EGaPs as a function of time for 6 weeks. The EGaPs when
excited at 420 nm had an emission at 694 nm due to the
presence of BPD.75 The fluorescence of EGaPs was consistent
over time with a minimal increase in intensity. The observation
can be explained based on the fact that dequenched BPD has
higher fluorescence emission. BPD is densely packed onto the
EGaIn surface on day 1 (freshly prepared sample). Though not
significant, there is a minimal release of BPD from our particles
over the 42-day time period. This release of BPD reduces the
number of BPD molecules on the nanoparticles leading to
dequenching and therefore increase in the fluorescence signal
of BPD. These fluorescence results coupled with the DLS
analysis show that the EGaPs maintain constant diameter and
consistent drug loading for up to 6 weeks when stored in a
buffer solution at 4 °C.

3.2. Surface Characterization of EGaPs. The energy-
dispersive X-ray spectroscopy (EDS) map of the stable EGaPs
obtained during the SEM measurements is shown in Figure S4.
The EDS map clearly shows a uniform distribution of gallium
and indium on the EGaP surface. However, it was not possible
to distinguish the HA and BPD coating in the EDS map since
the substrate was carbon tape and no contrast was observed.
Thus, DRIFTS and Raman spectroscopy were used as more
suitable techniques to gain additional insights into the ligands
bound to the surface of the EGaPs. Both HA and BPD have
carboxylic acid anchor groups that will react with the gallium
oxide skin on the EGaIn nanoparticles to form surface
carboxylates. The DRIFTS and Raman spectra shown in
Figure S5 confirm the binding and show features representative
of these surface carboxylates at ∼1600 cm−1 (νas) and ∼1300
cm−1 (νs).

76−78

EGaPs had high light absorption, making UV−visible
absorbance spectroscopy challenging to determine the
concentration of BPD on the nanoparticle, as illustrated in
Figure S1c. Thus, fluorescence measurements were used to
quantify the concentration of BPD bound on the surface of
EGaPs, with excitation at 420 nm and collecting emission at
694 nm.79 A standard curve of the intensity of the fluorescence
as a function of BPD concentration was used to estimate the
loading efficiency on the EGaPs. The BPD loading efficiency
was determined to be between 17 and 20% for EGaPs using
our green synthesis method. To date, the loading efficiency on
metallic nanoparticles is reported between 15 and 25% in most
of the published work for targeted drug delivery.46,80 For
example, in one study, doxorubicin loading capacity was
determined as 24% on EGaIn nanoparticles.46 In another
study, the loading efficiency of Ce6 (PS) on gold nanoparticles
was reported as 18%.80 These results indicate that the loading
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efficiency of EGaPs is comparable to other metallic particles
that are proposed for use in targeted cancer therapy.
3.3. BPD Release from EGaPs. One of the many benefits

of employing nanoformulations in delivering drugs is that it
allows for stimulus-triggered drug release to enhance delivery
to target sites while minimizing adverse reactions in non-
specific regions.81,82 We hypothesize that since BPD is
chemically adsorbed to the oxide layer and incubating EGaPs
in physiologically relevant environments will release BPD from
the oxide layer. To study the BPD release from EGaPs in a
physiologically relevant environment, we performed several
experiments in DI water and glycolic acid buffer solutions of
varying pH (6, 7.4, and 9). We chose pH 6 buffer solution
specifically since cancer cells are known to have mild acidic
tumor microenvironments around this range.83,84 We mim-
icked the tumor microenvironment for drug release studies by
incubating EGaPs in pH 6 buffer solution at 37 °C. We also
experimented with neutral (pH 7.4), basic (pH 9) buffer
solutions and DI water as a control. The control DI water had
constant BPD release between 11 and 15% at different time
points of the experiment (Figure 2f). At the initial baseline
time point of 0 h, all of the buffer solutions had ∼1.5 to 2.5%
BPD release. As the hours of incubation increased, the pH 9
had a steady release in BPD and peaked at 24 h with 69% of
total BPD being released. This could be due to the reduction
of gallium oxide to gallium ions by the basic buffer solution
prompting the release of BPD.68 On the other hand, pH 6 and
7.4 did not have significant BPD release till 6 h and had 32 and
26% drug release at 24 h, respectively. The amount of BPD
released in pH 6 increased steadily thereafter and about 97% of
total BPD was released at 96 h. Contrastingly, pH 7.4 peaked
at 24 h and did not change at further time points. The release
mechanism in pH 6 could be attributed to the disruption of the
oxide layer leading to the fusion of EGaPs and ultimately
release of BPD. Additionally, we performed DLS size analysis
on the EGaIn-HA samples and found a significant increase in
size after incubating in pH 6 buffer for 48 h (Table S1). The

increase in size supports our reasoning and was in good
agreement with the previously reported results.46 Altogether
we expect EGaPs to behave similarly under in vivo conditions
due to the acidic tumor microenvironment and release BPD by
fusion of EGaPs due to disruption of the oxide layer.

3.4. Photoactivity of EGaPs. One of the key motivations
for conjugating BPD with EGaIn-HA is to improve the PS
delivery and uptake in tumors. In addition, nanoformulation or
nanoparticle association will improve the solubility in
physiologically relevant buffers and help to retain BPD’s
photoactivity.14 Hence, we evaluated the fluorescence emission
spectra of free BPD and EGaPs in PBS and glycolic acid. From
Figure 3a, we observe that the BPD fluorescence of EGaPs
(blue line) is quenched in PBS as compared to the free BPD
(red line). The reduction in the EGaP fluorescence is due to
aggregation of many BPD molecules conjugated on the surface
of EGaIn-HA. The proximity of BPD particles to each other
and to the inorganic nanoparticle caused the fluorescence
quenching. However, in the tumor microenvironment because
of the slightly acidic pH of the cancer cytosol,83,84 the oxide
layer of EGaPs is degraded,46,55 resulting in the release of BPD.
We demonstrated the dequenching of EGaPs in glycolic acid
buffer solution (pH 6), where the BPD fluorescence of EGaPs
increased. Meanwhile, free BPD showed a reduction in the
fluorescence emission in glycolic acid (pH 6) and this
phenomenon has been observed for other types of PS and
fluorescent dyes in acidic solutions.85,86 This change in the
fluorescence was further quantified in Figure 3b by calculating
the fractional difference between maximum fluorescence
emission intensity in PBS and maximum fluorescence emission
intensity in glycolic acid. The fluorescence intensity of EGaPs
significantly increased under biologically relevant conditions
compared to free BPD.
BPD is predominantly a type II PS that primarily depends

on oxygen in the environment to generate cytotoxic singlet
oxygen molecules.79 In this study, we explored the rate of
singlet oxygen generation for both free BPD and EGaPs using a

Figure 3. Photophysical and photochemical characterization of EGaPs. (a) Fluorescence spectra of BPD and EGaPs under physiologically relevant
conditions. Fluorescence quenching was observed for EGaPs. (b) Change in fluorescence is defined as the fractional difference between maximum
fluorescence emission intensity in PBS and maximum fluorescence emission intensity in glycolic acid. Photoactivity of EGaPs is improved in
glycolic acid. (c) SOSG emission with the increasing fluence of the 690 nm wavelength of light irradiation. (d) Rate of increase in SOSG emission.
The results are expressed as mean ± standard error with n = 4 separate experiments. (d): One-way ANOVA with Tukey’s multiple comparison test:
ns = p > 0.05.
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singlet oxygen-sensitive probe, SOSG. As SOSG is a cell-
impermeable molecule, we performed the experiment in vitro
using solutions. Upon irradiation with 690 nm light, SOSG
fluorescence increased in a dose-dependent manner (Figure
3c). Free BPD produced higher singlet oxygen in PBS (red
line) than EGaPs (blue line), and the lower singlet oxygen
generation of EGaPs correlates with the fluorescence
quenching shown in Figure 3a. Moreover, when the experi-
ment was performed at a slightly lower pH (incubated with
glycolic acid, pH of 6 for 1 or 24 h), the SOSG fluorescence
intensity of both BPD and EGaPs reduced. This is due to the
scavenging of singlet oxygen by the glycolic acid.87−89

Furthermore, no differences in the rate of increase in SOSG
fluorescence were observed for BPD and EGaPs in both PBS
and glycolic acid (Figure 3d), suggesting that the global
average of singlet oxygen production is unaffected by the pH of
solution or presence of the nanoparticle.
Recent studies have shown the promising potential of liquid

metal nanoparticles, such as EGaIn, as photothermal agents in
both in vitro and in vivo models.42,44,90 Following those studies,
we investigated the thermal response of EGaPs when irradiated
with a 690 nm wavelength of light. We observed a modest
increase in the temperature of ∼5 °C from a baseline of 22 °C
at the end of 30 min of irradiation at a power of 50 mW/cm2

(Figure S6). However, a similar temperature rise (∼3.5 °C)
was also seen in the control group (BPD only). This minimal
temperature change is unlikely to cause photothermal-based
cell killing. Typically, photothermal-mediated cell killing occurs
when the local temperature reaches 43−45 °C or higher.91,92

Studies that demonstrated the use of liquid metal nanoparticles
for photothermal therapy of cancer have utilized a high power
of 1 W (8 W/cm2),44 1.8 W,42 and 2 W/cm290 to achieve
maximum effectiveness. It is well known that PDT uses lower
power than photothermal therapy. Here, we are achieving
significant cell death with lower light doses due to the
photodynamic action.
3.5. Quantification of EGaP Uptake in Pancreatic Cell

Lines. We investigated the uptake of EGaPs and free BPD in
AsPC-1 and MIA PaCa-2 cells at different incubation time

points using the extraction method to quantify the total BPD
uptake. Extraction analysis (Figure 4a) showed variation in
total BPD uptake between free BPD and EGaPs, as well as
between AsPC-1 and MIA PaCa-2 cells. The total intracellular
BPD concentration is reported in pmol/μg of protein. Both the
cell lines had a greater amount of EGaP internalization at initial
time points than free BPD. After 1 h of incubation, EGaPs had
BPD uptakes of 0.51 ± 0.03 and 0.49 ± 0.12 pmol/μg of
protein, whereas free BPD had an uptake of 0.08 ± 0.01 and
0.10 ± 0.01 for MIA PaCa-2 and AsPC-1, respectively. This
may be due to the combined effort of both passive uptake via
diffusion- and active receptor-mediated uptake as HA is known
to target CD44 receptors.20−22 Both the pancreatic cancer cell
lines used in the study exhibit CD44 expression (Figure S7a),
and the results were consistent with previous observations.19 A
competitive binding assay confirmed the targeting competence
of EGaPs to the CD44 receptor due to HA coating. Any prior
blocking of these receptors with free HA inhibited EGaP
binding (Figure S7b). As the time of incubation is increased,
the total amount of intracellular BPD for EGaPs reduced to
0.15 ± 0.02 and 0.14 ± 0.03 for MIA PaCa-2 and AsPC-1,
respectively, whereas uptakes of free BPD increased to 0.12 ±
0.01 and 0.11 ± 0.01 for the same cell lines. This decrease in
BPD for EGaPs may be due to intracellular BPD diffusing out
of cells to reach equilibrium with the extracellular concen-
tration. As BPD is known to fluoresce when activated with
light, we performed live-cell fluorescence imaging to show the
internalization of EGaPs compared to free BPD following 1 h
of incubation. Figure 4b shows the internalization of BPD and
EGaPs in the cytosol of MIA PaCa-2 and AsPC-1 cells,
respectively. Free BPD exhibited slightly higher fluorescence
than EGaPs at 1 h of incubation. This may be due to the higher
amount of EGaPs internalized for both the cell lines resulting
in the quenching of intracellular BPD, and this observation
correlates with the extraction assay results in Figure 4a.

3.6. In Vitro Photodestruction of Pancreatic Cells
with Light-Activated EGaPs. Before examining the photo-
toxicity of EGaPs, we assessed the associated toxicity of HA
and EGaIn-HA in AsPC-1 cells. HA had almost no toxicity

Figure 4. Cellular uptake of EGaPs and free BPD. (a) Quantification of intracellular BPD in MIA PaCa-2 and AsPC-1 cells incubated with EGaPs
and free BPD using the extraction assay. (b) Live-cell fluorescence imaging shows the internalization of BPD in the cytosol of MIA PaCa-2 and
AsPC-1 cells. Scale bar = 50 μm. The results are expressed as mean ± standard error with n = 3 separate experiments.
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until the concentration of 10 μg/mL for 1 and 24 h of
incubation, while an increase in the viability was observed
when HA was incubated with cells for 48 h (Figure S8a). This
increase in cell viability was expected for HA with 48 h of

incubation as it is known to enhance cellular proliferation and
viability.93,94 When the cells were incubated with 100 μg/mL
HA for 24 h, we observed ∼10% toxicity, while when
incubated for 1 or 48 h had none. At a higher concentration

Figure 5. Intracellular ROS analysis in MIA PaCa-2 cells with the DCFDA assay. (a) Fluorescence images of MIA PaCa-2 live cells treated with no
PS, 200 μM tert-butyl hydroperoxide (ROS inducer), BPD, and EGaPs with 0 and 1 J/cm2. Scale bar = 50 μm. DCF signal (ROS) is pseudo-
colored in green, BPD in red, and nuclear staining (Hoechst) in blue. (b) Quantification of DCF fluorescence intensity per cell. EGaPs produced
significantly higher ROS after PDT when compared to free BPD. The results are expressed as mean ± standard error (n = 30 images across three
separate experiments) and analyzed using one-way ANOVA with Tukey’s multiple comparison test. ns = p > 0.05, * = p < 0.05, and **** = p <
0.0001.
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of 750 μg/mL, we observed ∼12 to 20% toxicity for all of the
incubation time points. Based on the results of this experiment,
we decided to coat EGaIn with 0.1 mg/mL HA. Next, we
investigated the dark toxicity of EGaIn coated with 0.1 mg/mL
HA. The concentration of EGaIn-HA was increased to 160 μg/
mL and incubated at three different time points of incubation:
1, 24, and 48 h. EGaIn-HA did not have any significant effect
on the viability of the cells and a modest toxicity of ∼3 to 7%
was observed (Figure S8b). This result shows that the liquid
metal nanoparticles are nontoxic and are biocompatible at the
concentrations used in this study. Throughout our experi-
ments, the concentrations of EGaIn in EGaPs incubated with
cells were <100 μg/mL.
Next, we investigated the cellular ROS generation potential

of EGaPs as it determines the anticancer activity. Live-cell
fluorescence imaging showed enhanced DCF fluorescence
(pseudo-colored in green), implying high intracellular ROS
after induction with TBHP and PDT with EGaPs and free
BPD (Figure 5a). DCF fluorescence per cell was quantified
and is shown in Figure 5b. Altogether TBHP, EGaPs, and free
BPD with and without light irradiation induced a significant
quantity of ROS when compared to the control. EGaPs had
46% higher ROS generation upon light activation, while free
BPD had a 13% hike in ROS population when compared to
their respective no-light conditions. EGaPs induced a similar
level of ROS as free BPD under no-light conditions but had
significantly higher 1.27-fold ROS generation upon irradiation.
Finally, we assessed the phototoxicity of EGaPs and free

BPD in MIA PaCa-2 and AsPC-1 cells. Cells were incubated
with EGaPs for 1 or 24 h, while free BPD was incubated for 1 h
at a concentration of 0.25 μM of BPD equivalent (EGaIn
concentration in dilution was ∼40 μg/mL). The experimental
detail for PDT is illustrated in Figure 6a. At 24 h after
irradiation, viability was assessed using the MTT assay. Free
BPD and EGaPs had negligible toxicity under no-light
conditions but when activated showed a light dose-responsive
cell killing in both MIA PaCa-2 and AsPC-1 cells (Figure 6b,c
respectively). These results were expected and matched
previously published reports on these cell lines.95−97 A
significant difference in phototoxicity was observed for
EGaPs incubated for 1 or 24 h versus free BPD at 1 J/cm2

(Tables S2 and S3), while no significance was observed at

higher light doses. Overall, total cell killing was higher in MIA
PaCa-2 than in AsPC-1 cells. Although the total amount of
BPD from EGaPs internalized at 1 h of incubation (∼0.5
pmol/μg of protein) was significantly higher than at 24 h
(∼0.14 pmol/μg of protein), the BPD internalized at 24 h is
enough to achieve effective results. Besides, the total BPD
internalized from incubating free BPD at 1 h was ∼0.08 pmol/
μg of protein, which suggests that we could have achieved
similar PDT efficacy with EGaPs at an even lower
concentration than 0.25 μM of BPD equivalent that was
used. Furthermore, free BPD being hydrophobic requires
organic solvent such as DMSO to dissolve to be used for any in
vitro studies. The presence of these organic solvents can result
in cellular toxicity. As a result, they cannot be used in patients
(in vivo) by themselves and need a nanocarrier or lipid-based
nanoformulations. EGaP is a nanoformulation we developed to
aid in the delivery of BPD for PDT. As EGaPs had better
overall results than free BPD due to their greater BPD uptake
at an initial time point, higher ROS generation, and CD44
receptor targeting competency, we anticipate EGaPs to be
better PDT agents than free BPD.

3.7. In Vivo Photodynamic Efficacy of EGaPs. After the
in vitro PDT experiments with EGaPs, we evaluated their
efficacy in treating the AsPC-1 pancreatic cancer tumors
established in nude mice. The mice (each group contained four
mice) were randomly divided into three groups: no-treatment,
EGaPs with laser, and liposomal BPD with laser. Liposomes
are generally used as BPD delivery agents and have been
previously used in in vivo PDT studies.13,98 Here, we compared
the efficacy of liposomal BPD to that of EGaPs in vivo. The
weight of the mice was recorded along with the tumor volume
for 30 days after PDT. Figure 7a shows the normalized tumor
volume of each group. As expected, the tumor volume of the
nontreated group increased over time, while tumors treated
with EGaPs and liposomal BPD responded to PDT and had a
reduction in the tumor volume. A minimal loss in weight was
observed on day 2 after PDT (∼8%) for both liposomal BPD-
and EGaP-treated groups (Figure 7b). Thereafter, the body
weight increased and showed no statistical difference from the
no-treatment group. Additionally, pictures of representative
tumors from each treatment group are shown in Figure 7c.
Liposomal BPD- and EGaP-treated tumors developed swelling

Figure 6. Photodestruction of pancreatic cells with light-activated EGaPs. (a) Schematic of the experimental timeline for PDT with EGaPs and free
BPD. Dose response killing of light-activated EGaPs and free BPD in (b) MIA PaCa-2 and (c) AsPC-1 cells (n = 4 separate experiments).
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and scarring on day 2 as expected. A higher degree of scarring
was noticed on day 4. As the days progressed, the tumor
volume did not increase and continued to reduce. The tumors
in both the treated groups were significantly different from the
no-treatment group at the endpoint of the experiment (day 30)
(Figure 7c).
Finally, we probed the therapeutic effects of EGaP PDT in

the tumors 2 days after treatment via histological analysis.
Figure 7d shows the H&E image of the representative tumor
from each treatment group. Tumors from the no-treatment
group had less necrotic regions when compared to the
liposomal BPD or EGaP-treated tumors. Moreover, we
quantified the percent necrotic volume imparted in the
tumor by each treatment with a custom-written MATLAB
algorithm to calculate the total necrotic area within the tumor
(Figure S9).99,100 The nontreated tumors had ∼10% necrotic
area, while liposomal BPD-based PDT caused 1.7-times more
necrosis. On the other hand, EGaP PDT significantly caused
2.3-times higher necrosis in the tumor than the no-treatment.
The goal of this study was to characterize the novel liquid
metal nanoparticles for delivering PS for PDT. The in vivo

PDT efficacy of thus prepared EGaPs was compared to
liposomal BPD formulations that are more widely used in the
field.13,98 In our study, liposomal BPD and EGaPs had similar
tumor inhibitory effects, indicating that BPD’s cytotoxic effect
was not compromised when delivered via EGaPs. Furthermore,
we believe that EGaPs have greater leverage owing to higher
ROS generation, their competence for targeting CD44
receptors, and pH-triggered drug release. In addition, EGaPs
can also be used as a photoacoustic imaging contrast agent due
to their high light absorption property, an area that will be
explored in future studies. In summary, the results from our
study suggest that EGaPs can serve as a versatile agent for
targeted drug delivery, specifically for PDT, leading to efficient
antitumor effects.

4. CONCLUSIONS

In this study, a new liquid metal-based PDT drug delivery
platform has been developed for cancer treatment. We
formulated EGaIn nanoparticles coated with a water-soluble
targeting ligand, HA, and a PDT agent, BPD, forming EGaPs

Figure 7. In vivo treatment efficacy of EGaPs in the AsPC-1 tumor model. (a) Normalized tumor volume of mice treated with EGaPs and
traditionally used liposomal formulation of BPD. (b) Changes in the weight of the mice after PDT over duration of the experiment. The values
reported are mean ± standard error. (c) Photographs of the representative tumor from each treatment group on varying days after PDT. (d) H&E
image of the tumor from each treatment group. Scale bar = 1 mm. The results are expressed as mean ± standard error. (a): Two-way ANOVA with
Tukey’s multiple comparison test. **** = p < 0.0001.
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via a facile ultrasonication method. The fabrication process is
green, very straightforward, and timesaving compared to the
complex procedures for another inorganic such as gold-based
nanoparticles. The spherical EGaPs formed a highly biocom-
patible nanoplatform with suitable particle size and positive
charge, which facilitate the cell uptake for the nanoparticles.
We explored the binding mechanism of HA and BPD on
EGaIn using vibrational and fluorescence measurements. Acid-
triggered release of BPD from these nanoparticles showed the
capability of releasing PS at the targeted site without external
energy due to their inherent pH-sensitive properties.
Fluorescence imaging confirmed the uptake of BPD from
EGaPs and targeting capability. Systematic investigation of
phototoxicity experiment in vitro confirmed that EGaPs
generate intracellular ROS and damage cancer cells under
NIR radiation. In vivo xenograft treatment studies showed that
EGaP administration can cause tumor regression with tangible
therapeutic effect. The outcome reveals that EGaPs provide a
promising vehicle for liquid metal nanoparticle-based drug
delivery systems, contributing to the development of
synergistic and complementary strategies for cancer therapy.
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