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ABSTRACT: Sonodynamic therapy (SDT) is a promising
alternative to photodynamic therapy for achieving site-specific
cytotoxic therapy. Porphyrin derivative molecules have been
reported extensively in photodynamic therapy. We have previously
shown that the glycosylation of porphyrin-based sonosensitizers
can enhance their cellular uptake. However, the sonodynamic
potential of these water-soluble glycosylated porphyrins has not
been investigated. In this study, we characterized the sonodynamic
response of two water-soluble glycosylated porphyrin derivatives.
Ultrasound (US) exposure was performed (1 MHz frequency,
intensities of 0.05−1.1 W/cm2) for 0−3 min in continuous mode.
Reactive oxygen species (ROS) generation was quantified via
ultraviolet−visible (UV−vis) spectrophotometry. MTT assay was
used to quantify cytotoxicity caused by sonodynamic effects from these derivatives in the human mammary carcinoma (SUM-159)
cell line in vitro. ROS generation from the porphyrin derivatives was demonstrated at a concentration of 15 μM. No significant
cytotoxic effects were observed with the sonosensitizer alone or US exposure alone over the tested range of intensities and duration.
The free base porphyrin derivative caused 60−70% cell death, whereas the zinc-porphyrin derivative with Zn metal conjugation
caused nearly 50% cytotoxicity when exposed at 0.6 W/cm2 intensity for 3 min. These studies demonstrate the potential of
anticancer SDT with soluble glycosylated porphyrins.

1. INTRODUCTION
Among the subtypes of breast cancer, triple negative breast
cancer (TNBC) is characterized by poor prognosis and a
higher likelihood of recurrence and metastasis.1 TNBC is
characterized by lack of estrogen receptors (ERs) and
progesterone receptors (PRs) and is devoid of human
epidermal growth factor receptor 2 (HER2) as well.2 The
heterogeneity of TNBC and absence of well-defined molecular
targets make the treatment challenging. Surgery, chemo-
therapy, and local radiotherapy are the mainstays of TNBC
management. In case of advanced and metastatic stages of the
disease, an improved approach like poly(ADP-ribose)
polymerase inhibitor (PARP)-assisted targeted therapy has
demonstrated limited potential in improving the overall
survival rates in patients.3,4 Therefore, developing new
therapeutic methods for the treatment of TNBC is an active
area of research.
Of the various adjunct therapies developed by researchers,

modulation of the intracellular concentration of reactive
oxygen species (ROS) has shown potential in cancer
therapy.5,6 Sonodynamic therapy (SDT) is a newer therapeutic
approach that is gaining prominence.7 When specific chemicals
called sonosensitizers are combined with ultrasound (US)
exposure, they produce ROS that enable a cytotoxic response
specifically at the tumor location.8 SDT is analogous to the

clinically approved photodynamic therapy (PDT), in which
light is combined with a photosensitizer to produce a cytotoxic
effect. Although PDT is clinically effective, it is limited by the
depth of penetration of light. SDT is an attractive alternative
because it can be used for treating targets deep-seated within
the body.9 Hence, researchers are employing SDT as a
potential alternative to light-based PDT because of the
capability of the US to activate sonosensitizers.
Researchers have also reported a combination of PDT and

SDT for exploiting their synergy.10−12 A combination of SDT
and PDT has been explored for reducing the dosage of both
the sensitizers and US exposure or light irradiation13 to reduce
side effects without compromising therapeutic efficacy. The
combined therapy is reported to have the potential of inducing
apoptosis and autophagy via a decrease in cell migration and
mitochondrial membrane potential.14
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The therapeutic effects of SDT can be controlled by tuning
US exposure parameters such as the amplitude and duration.
Acoustic cavitation, or the growth and collapse of bubbles in
response to US, is a dominant mechanism of ROS generation
in SDT. In addition to activating sonosensitizing agents for
ROS generation, US insonification in SDT also generates
cavitation and shear stress.15 This mechanical effect enhances
membrane permeability by sonoporation and can have a
synergistic anticancer effect. The sonoporation effect of
cavitation can also enhance tumor regression versus conven-
tional treatment.16

Of the various classes of sensitizers known, porphyrin
derivatives are the most studied in PDT due to their low dark
toxicity and selective accumulation in tumors. Although certain
drugs are clinically approved for PDT, they are associated with
notable limitations. For instance, drugs like Foscan (Biolitec
Pharma Ireland Ltd.) and Photofrin (Concordia Laboratories
Inc., US) are known for affecting healthy tissues owing to their
nonspecificity.17,18 Further, a palladium bacteriochlorin-a
porphyrin-based sensitizer is hydrophobic and therefore has
relatively long retention times in tissues.19,20 To address these
shortcomings, Gupta and co-workers have developed novel
porphyrin derivatives via carbohydrate functionalization.21

These molecules are trans-A2B2 porphyrins chemically
modified via glucose functionalization and therefore have a
better solubility in water. The rationale behind this
modification was that the malignant cells are known to
overexpress carbohydrate-binding proteins. The glucose
functionalization on these molecules assists them in specifically
targeting the tumor by carbohydrate-binding lectins via
receptor-mediated endocytosis. They also observed that these
porphyrins have high solubility and cellular uptake. Colocaliza-
tion studies carried out in A549 lung cancer cell lines revealed
significant endoplasmic localizations especially of the Zn-
metalated derivatives as well as partial colocalization in
lysosomes and mitochondria. These porphyrin derivatives
with Zn metal conjugation showed good PDT activity and
ROS generation in human breast cancer cells via an effective
type-I photo reaction. However, the sonodynamic potential of
these agents has not been previously evaluated, which was the
focus of the present study. Specifically, we employed two
derivatives from this class of compound (free base porphyrin
derivative and its Zn metal complex, shown in Figure 1) and

evaluated their sonodynamic response in vitro in a triple
negative breast cancer cell line.

2. MATERIALS AND METHODS
2.1. Materials. Rose Bengal (RB, C20H2Cl4I4Na2O5) was

procured from Alfa Aesar; thio-glycosylated trans-A2B2-type
porphyrin and its Zn metal complex were synthesized at IIT
Gandhinagar. 1,3-Diphenylisobenzofuran (DPBF) and phos-
phate-buffered saline (PBS, 10× solution, pH 7.4) were
procured from Sigma-Aldrich. Dimethyl sulfoxide (DMSO)
was procured from SRL. 3-(4,5-Dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) was procured from
Invitrogen.
2.1.1. Synthetic Protocol for Free Base Porphyrin. The

novel porphyrin molecules were synthesized and characterized
in Prof. Iti Gupta’s Lab at IIT Gandhinagar. The detailed
synthesis scheme and characterization were previously
reported.21 Briefly for the synthesis of prophyrins, glycosylated
dipyromethane (0.07 mmol, 1.5 equiv) and aldehydes (0.05
mmol, 1 equiv) were dissolved in DCM (4 mL) and stirred for
2 min. Later, trifluoroacetic acid (10 μL, 2.6 equiv) was added.
The resulting reaction mixture was stirred at room temperature
under an inert atmosphere (nitrogen) for 9 h in the dark.
Later, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 0.15
mmol, 3.0 equiv) was added, and the reaction mixture was
stirred under air for 2 more hours. The reaction progress was
monitored via TLC, and 80% DCM/hexane was used as the
mobile phase. The formation of porphyrin was confirmed by
the appearance of a brown color spot on TLC. The product
was purified using neutral alumina column chromatography,
and the desired molecules were eluted using 80% DCM/
hexane as the solvent.
2.1.2. Synthetic Protocol for Zinc Porphyrin. Free base

porphyrin (1 equiv) was dissolved in DCM (20 mL), and
zinc(II) acetate (1.2 equiv) dissolved in chloroform (15 mL)
was added to it. The reaction mixture was stirred for 4 h under
a nitrogen atomosphere. The formation of the desired product
was indicated by a polar green spot of zinc porphyrin on silica
TLC. The pure zinc porphyrin was obtained by neutral
alumina column chromatography using a 100% DCM/hexane
mixture.
The structural confirmation of product formation and

molecular weight determination was done using 19F NMR,

Figure 1. Chemical structures of (a) free base porphyrin and (b) zinc-porphyrin having thiogalactose sugars (shown in red) used in this study.
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MALDI-MS, and FTIR. Also, the spectral properties of the
molecules were determined by recording the UV−vis
absorption spectra and fluorescence studies (as reported in
Pandey et al.).
A stock solution of 1.52 mM ROS scavenger (DPBF) and

0.52 mM SS (standard-RB and novel-porphyrin derivatives) in
DMSO was prepared. The solution was transferred to amber
vials and sealed with Teflon and parafilm tape to avoid any
degradation due to light. The solution was stored at −20 °C
for future use and thawed to room temperature before use.

2.2. US Treatment. The US exposure was performed using
an apparatus consisting of an US system equipped with a 1
MHz probe (Physiogears, Chennai, India). The transducer had
a 35 mm aperture diameter, and a focal length of 20 mm was
used. The probe was calibrated in the free field at 1 MHz at a
distance of 4 mm from the transducer aperture by using a 1
mm diameter needle hydrophone (NH 1000, Precision
Acoustics, Dorchester, UK). The 4 mm distance was
considered taking into account 1.5 mm of the cell well plate
and a nearly 2 mm thickness of intervening US gel. The spatial
average temporal average intensity was computed after
considering the attenuation of US at 1 MHz through the cell
well plate. The US transducer was positioned in the vertical
direction in the probe holder such that the transducer aperture
was facing upward. For subjecting the reaction to US exposure,
US gel was applied to the transducer, and a 35 mm Petri dish
containing the sonosensitizer solution was placed on it. The
US exposure parameters used were as follows: 1 MHz
frequency, 100% duty cycle. The intensities and exposure
times ranged from 0.05 to 1.1 W/cm2 for 0−3 min,
respectively. When this approach is translated to in vivo
studies, we plan to use a focused transducer for site-specific
targeting. We reported acoustic intensities in the present study.
The US system used in this study also provided the intensity
values on its interface/dials. However, the US intensity can
vary with spatial distance and the position of the beam. As the
cell well plate was located close to our transducer surface (4
mm in the near field) in our experiments, we calibrated the
field close to the surface of the transducer for our experiments.
Our quantitative hydrophone measurements indicate that the
nominal intensity listed on the US system’s buttons was likely
calibrated at the Rayleigh distance of the transducer (30 mm)
and is thus not relevant for the present study.

2.3. Instrumentation. The UV−vis absorption studies
were conducted using a Shimadzu UV 1800 spectrophotom-
eter, recording the spectra in continuous scan mode in the
wavelength range of 200−900 nm in steps of 1 nm. The
absorbance for the MTT assay was recorded with a multiplate
reader (Bio-Tek multiplate reader) at 570 nm.

2.4. Evaluation of US-Mediated ROS Generation.
Singlet oxygen (1O2) is the dominant species that prevail
and cause cytotoxicity.21 In this study, the assessment of US-
mediated singlet oxygen generation from a similar porphyrin
derivative and its Zn complex was made in aqueous media. For
analyzing the US-triggered ROS generation from the novel
sonosensitizers, a chemical trap method was employed, in
which DPBF acted as the scavenger of singlet oxygen species.
The choice of DPBF as the ROS scavenger was made based on
previously reported work that demonstrated the capability of
DPBF to efficiently capture singlet oxygen species that is
dominantly produced with these porphyrin derivatives.
Porphyrin derivatives are known to generate singlet oxygen
as the dominant ROS via a type II pathway when irradiated

with light.22 Previous studies with Zn-metalated porphyrins
suggest that singlet oxygen will be the main ROS species when
SDT is performed.23 It may be challenging to use DPBF in
complex biological systems as a 1O2 detector due to the
presence of other free radicals. However, in a controlled
environment such as that employed in this study, DPBF has
been reported by us21 and others24−26 for measuring 1O2.
Further, species other than 1O2 are challenging to detect in
solution. We will employ techniques such as EPR in our future
studies to investigate other ROS generated, if any, during the
US exposure of our sonosensitizer. The ROS generation was
compared to that of RB, a well-characterized sonosensitizer.
UV−vis spectrophotometry was used to monitor the spectral
changes of DPBF in response to its interaction with ROS.
Baseline correction was performed by using Milli-Q water prior
to the actual measurements. Next, the absorbance of
sonosensitizers was fixed at 0.5 and that of DPBF was fixed
at 1.0, and their effective concentrations were calculated from
the stock solutions. For the standard RB, its DMSO solution
showed an absorption peak that was observed at 540 nm. First,
a control UV−vis spectra scan was run on a sample containing
a scavenger molecule added to a solution of the sonosensitizer
in order to assess the stability of the molecules in the absence
of US exposure. The solution showed characteristic absorption
maxima at 540 nm corresponding to RB and at 510 nm as well
as at 324 nm corresponding to DPBF. Later, sham measure-
ments were also performed using the concentrations of RB and
DPBF as mentioned above by placing the solution-filled Petri
dish over the transducer without turning it on. This
measurement served as a negative control. US exposure was
given with a physiotherapy transducer of 1 MHz center
frequency having a 35 mm aperture diameter, and a focal
length of 20 mm was used. The US exposure was given over a
range of intensities and varying exposure times. The singlet
oxygen generated due to sonosensitization of porphyrin reacts
with DPBF to form an endoperoxide 1 which then decomposes
to 1,2-dibenzoylbenzene (DBB).25 This causes a decrease in
the intensity of the absorption band corresponding to DPBF at
324 nm, which was monitored using a UV−vis spectropho-
tometer.
The ROS generation was evaluated from both the novel

porphyrin derivatives in response to US exposure using the
same protocol. For the mixture of the solution containing
DPBF and porphyrin, peaks were observed at 324 and 516 nm,
respectively, as reported previously by Pandey et al. Since the
characteristic peak of the porphyrin derivatives at 516 nm
overlaps with the absorption maxima of DPBF at 510 nm,
therefore, to ascertain the singlet oxygen generation, the
decrease in the absorption at 324 nm was analyzed.

2.5. Quantum Yield Calculation. The quantum yield of
ROS generation for novel porphyrins was calculated by using
RB as the standard in DMSO as reported previously.27,28

Briefly, for the experiments, DPBF with a fixed concentration
of 98 μM was prepared in the dark and was protected from
stray light exposure. The absorbance was fixed at 0.6, and the
effective concentrations for standard RB and porphyrin were
calculated from the stock solutions. The absorbance for RB
and porphyrin was recorded, and the decay in absorbance was
plotted at 324 nm to obtain the slopes. The quantum yield of
ROS was calculated as

S Sslope( )/slope( )S S( ) ( 0) 0= × { } (1)
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where S is the slope obtained from porphyrin and S0 is the
slope obtained from RB.

2.6. Cell Culture. Human breast cancer cells (SUM159)
were cultured in Hams-F12 media and 5% fetal bovine serum
(FBS), 10 μg/mL insulin, 10 μg/mL dihydrocortisone, and
100 U/mL penicillin−streptomycin, incubated at 37 °C in a
5% CO2 atmosphere with 90% humidity. The cells were grown
in T25 flasks, and they were harvested with trypsin/EDTA
once the flask achieved 90% confluency. For the experiments,
the cells were seeded in 6-well plates with a density of 1−1.5 ×
105 cells/mL and incubated for 48 h at 37 °C in 5% CO2 prior
to treatment. Post 24 h incubation, RB (150 μM) was added to
selected wells and further incubated at 37 °C for 2 h with O2/
CO2/air (20:5:75, v/v/v), following which the media was
removed and washed with 200 μL of PBS buffer (pH-7.4).
Each well was filled with fresh SFM and subjected to US
exposure. The media was changed post US exposure, and cell
viability was analyzed using the MTT assay. The same protocol
was followed when free base porphyrin (15 μM) and metalated
porphyrin (15 μM) were evaluated as sonosensitizers. The
glycosylation of the porphyrin derivatives used in this study
enhances its solubility in water. However, to ensure complete
solubility, sparing amount of DMSO is typically used. The
concentration of DMSO (<5%) used for sample preparation is
so low that it cannot exert cytotoxic effects on the cells, as
observed from the previous study by Pandey et al. This
approach also aligns with previously reported literature
wherein studies have been carried out for evaluating photo-
dynamic effect-mediated cytotoxicity using sensitizer molecules
dissolved in DMSO.29−31

2.7. MTT Assay. Briefly, 5 min after the treatment, the SF
medium was removed, and 0.5 mg of MTT in 1 mL of media
was added to the wells containing treated cells. The cells were
incubated for 2 h at 37 °C with O2/CO2/air (20:5:75, v/v/v).
After incubation, the solution was removed, and 1 mL of
DMSO was added. The cells were then incubated for an
additional 5−10 min, and then the absorbance was recorded at
570 nm using a multiplate reader. The proportion of viable
cells for treatment was calculated from the values obtained
with reference to the control group.

2.8. Scratch Assay. The effect of the uptake of SDT on
collective cell migration was analyzed using a scratch assay.
SUM-159 cells were used in this study. For the experiments,
the cells were grown in 6-well plates, and at 100% confluency, a
scratch was made using a 200 μL tip. The closure of this
wound under various treatment conditions was analyzed. The
treatment groups consisted of control with no treatment and
cells treated with only RB, free base porphyrin, and Zn
porphyrin alone. The effect of US exposure alone at 0.3 and 0.6
W/cm2 of exposure for 3 min on the wound closure was also
assessed. For the SDT treatment groups, the sonosensitizer
concentration was 15 μM, and US exposure was performed
using the same intensities. The cells were observed
immediately after the treatment, and images were acquired
using the bright-field mode of the Nikon fluorescence
microscope; this observation has been termed as 0 h. Later,
the cells were observed, and imaging was done at 12 and 24 h.

2.9. ROS Generation DHR Assay. The ROS generation
within cell SDT was estimated using dihydrorhodamine
(DHR). This assay employed a nonfluorescent molecular
probe, DHR, that generates a fluorescent compound rhod-
amine 123, a fluorescent compound upon oxidation when ROS
are produced. Intracellular ROS generation was monitored via

fluorescence microscopy. For visualization of ROS generated,
DHR was excited at 488 nm, and the emission was observed in
the range of 500−540 nm (green region) using a fluorescence
microscope. The ROS generation was assessed in treatment
groups where cells were subjected to SS alone, US alone, and
SDT.
For these measurements, SUM-159 cells were dosed with 15

μM concentration of the sonosensitizer (RB, free base
porphyrin, or Zn porphyrin) and incubated for 2 h. In the
group where SDT was given, after 2 h of incubation, the cells
were exposed to US at 0.3 and 0.6 W/cm2 intensity for 3 min.
After the treatment, the cells were stained with a 2.5 μM
concentration of DHR 123 (DHR) for 30 min at 37 °C.
Subsequently, the cells were fixed with 4% PFA and mounted
on slides using nuclear stain DAPI. The fixed cells were imaged
using the 40X objective of fluorescence microscope by exciting
DHR at 488 nm and receiving the emission in the range of
500−540 nm. The micrographs of cells are represented as
composite images of DHR (green fluorescence, showing the
presence/absence of ROS generation) and DAPI (blue
fluorescence, showing a nuclear morphology).

2.10. Statistical Analysis. GraphPad Prism 9.3.1 was used
to analyze the data and plot graphs. All data are expressed as
the mean ± standard deviation of 5 independent experiments.
The variations between the groups were analyzed using a one-
way analysis of variance (ANOVA), and post hoc comparison
between groups was performed using the Tukey’s honest
significance difference test.

3. RESULTS
3.1. Singlet Oxygen Generation via the Sonodynamic

Effect. The molecular structures of the novel porphyrin
molecules are shown in Figure 1.
The UV−vis spectral changes shown in Figure 2a

demonstrate no change in the absorbance of DPBF when
the porphyrin solution was subjected to sham, suggesting that

Figure 2. Comparison of UV−vis spectra of the 12 μM porphyrin
solution containing 98 μM DPBF subjected to sham and US exposure
at varying power intensities (0.05, 0.3, 0.6, and 1.1 W/cm2).
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ROS generation does not take place. US exposure in the
absence of a sonosensitizer did not generate detectable levels
of ROS for the US intensities used in the present study (Figure
S1).
However, upon exposure to the US, there is a decrease in the

absorbance of DPBF indicative of ROS generation caused by a
sonodynamic effect (as shown in Figure 2b−e). We observed
that the ROS generation is dependent on the US intensity. The
ROS generation was quantified and presented in the form of
bar plots (Figure 3).
The quantification suggested that an US intensity of 1.1 W/

cm2 caused a significant ROS generation at 1 min of exposure
(Figure 3a), and at 0.6 W/cm2, 2−3 min of exposure is
required to cause significant ROS generation (Figure 3b,c).

For an even lower intensity exposure of 0.3 W/cm2, a
significant singlet oxygen production was seen at 4 min of
exposure (Figure 3d). It was observed that exposure of even 5
min did not aid in the generation of a significant quantity of
ROS (Figure 3e).

3.2. Quantum Yield of Singlet Oxygen Generation.
The quantum yield of singlet oxygen generation of the novel
porphyrin derivatives was calculated by employing RB as the
reference sonosensitizer RB (ΦΔ = 0.76 in DMSO) using
DMSO as the solvent. The absorption data obtained at an US
intensity exposure of 0.6 W/cm2 was fitted to eq 1, and the
quantum yield was found to be 0.59 ± 0.05 for the free base
porphyrin (Figure 4) and 0.39 ± 0.02 for the zinc derivative.

Figure 3. Bar plots showing quantification of singlet oxygen generated at various intensities for exposure of (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5 min.

Figure 4. Rate of decrease in absorption values at 324 nm upon sonosensitization of (a) RB, (b) porphyrin, and (c) metalated porphyrin at 0.6 W/
cm2. The concentrations of solutions were DPBF (98 μM), porphyrin and metalated porphyrin derivative (12 μM), and RB (14 μM).
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3.3. In Vitro Studies. 3.3.1. Cell Viability Assay. The effect
of SDT on the cell viability of SUM 159 cells analyzed via the
MTT assay is demonstrated in Figure 5. The results revealed

no cytotoxic effects of US exposure alone over the tested range
of power intensities and time, as shown in Figure S2. The effect
of SDT using RB as the standard is shown in Figure 5a. The
studies carried out for quantification of ROS generation
revealed that a 15 μM free base sonosensitizer was required for
significant ROS generation. Therefore, this concentration was
selected for reporting the in vitro evaluations. For a fair
comparison of the sonodynamic effect, the concentration of
metalated porphyrin was also kept at 15 μM. The cyan colored
bar plots in Figures 5b and 6c corresponding to free base and
metalated porphyrin revealed that both the sonosensitizers at
the selected concentration did not induce any cytotoxic effects

to the cancer cells. The cell viabilities are ∼99% for both of
these sonosensitizers. Later, the cells were subjected to sham
(negative control), the pink-colored bar plots in Figures 5b and
6c represent this treatment group, and the results showed
∼100% cell viability for both the novel sonosensitizers.
The singlet oxygen generation studies indicated no

significant ROS generation at 0.05 W/cm2, and therefore, for
the in vitro experiments, this intensity was skipped. The cells
were subjected to intensities of 0.3, 0.6, and 1.1 W/cm2 over a
time interval of 1, 3, and 5 min. We did not proceed beyond
1.1 W/cm2 intensity because the preliminary investigations
showed that the cells get detached from the surface on
subjecting to an intensity greater than 1.1 W/cm2.
The effect of SDT using free base porphyrin is shown in

Figure 5b. Cytotoxicity was caused at the investigated US
intensities. At 15 μM concentration, 45−55% of cell death was
observed over the tested intensities when exposed for 1 min.
The cell viability dropped further 60−70% when the exposure
time was increased to 3 min. Further increase of exposure time
to 5 min did reduce the cell viability, but a temperature rise
was also observed under these conditions. Under these
conditions, it is anticipated that thermal effects will also affect
cell viability, and the cell death will not be purely due to the
sonodynamic effect. With these observations, we identified 0.6
W/cm2 of US exposure for 3 min as well-suited for therapy.
Similarly, the sonodynamic effect of metalated porphyrin at

15 μM is shown in Figure 6c. The results indicated <50% of
cell death over all the three tested values of intensities when
exposed for 1 min. On increasing the time of exposure to 3
min, the cell viability dropped to approximately 50%.
Both porphyrin derivative sonosensitizers showed higher

cytotoxic effects as compared to the standard sonosensitizer
(RB) (Figure 5a), which showed comparable cytotoxicity to
the metalated porphyrin even at 10 times higher concen-
trations (150 μM). The comparison of cellular viability assays
indicates that free base porphyrin demonstrated the highest
cytotoxic effects among the sonosensitizers tested.
3.3.2. Wound Healing Assay. The effect of SDT on cell

migration was evaluated via a scratch assay. As shown in
Figures 7 and 8, it was observed that cells in the control group
migrate, which is evident from the presence of live cells in the
scratched area post 24 h of treatment. The treatment of the
cells with SS alone does not allow cell migration (Figure S3),
which is an interesting finding. US exposure alone allows the
cells to migrate (Figure S4), showing that these exposure
intensities are mild. Interestingly, 24 h after exposure to SDT
in addition to the loss of migration ability, the cells in the
unscratched areas were observed to be under stress. This is
evident from the loss of cell density in the unscratched areas as
well as the presence of debris in the cell well plates (also seen
in the microscopic images). The loss of cell viability is more
pronounced in the treatment groups subjected to SDT at 0.6
W/cm2 of intensity. These results suggest that SDT imparts
irreversible damage to the cells, affecting their migration and
proliferation rates 24 h post treatment. SDT also prevents cell
migration, which is a desirable effect to stop tumor invasion.
Although further studies are needed to assess what additional
effect SDT has on the sensitizer alone in limiting cell
migration, these results add to the insights obtained with cell
viability and microscopy studies.
The presence of dead cells corroborates the MTT assay

results wherein cytotoxicity after SDT is being observed.

Figure 5. Bar plots showing cell viabilities on subjecting them to SDT
using (a) RB & and (b) novel porphyrin as the sonosensitizer. N = 5,
* represents p < 0.05.

Figure 6. (a) Comparison of UV−vis spectra of the 17 μM metalated
porphyrin solution containing 98 μM DPBF subjected to US exposure
at 0.6 W/cm2 intensity, (b) quantification of singlet oxygen
generation for an exposure of 3 min N = 5, * represents p < 0.05,
and (c) bar plots showing cell viabilities post SDT using metalated
porphyrin (15 μM) as the sonosensitizer. N = 5, * represents p <
0.0001.
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3.3.3. Intracellular ROS Generation. Figure 9 shows
intracellular ROS generation observed using fluorescence
microscopy and the molecular probe DHR. In the untreated
control group, no ROS generation was apparent, which is
evident from the absence of green fluorescence in the cells, and
thus, only the nucleus is visible from DAPI staining. Similarly,
in the groups dosed with only sonosensitizers or only US
exposure, ROS generation was not observed (Figure 9, rows A
and B). However, in the groups where SDT was performed
(Figure 9, rows C and D), ROS generation was apparent from
the green fluorescence emanating from the cells. With the
novel porphyrin molecules as the sonosensitizers, cell death
was more prominent, which can be observed from the
agglomerated dead cells showing fluorescence due to ROS
generation.

4. DISCUSSION
While the fundamental processes of PDT are well recognized,
the relative contributions of the multifaceted mechanisms of
SDT are still being investigated. Acoustic cavitation is

recognized as a dominant mechanism for the sonodynamic
effect.32,33 It can activate the sonosensitizer, which leads to the
generation of ROS. Sonoluminescence, a process in which light
is formed when a solution is irradiated with US, is another
likely mechanism for ROS generation.23,34 Under the
appropriate insonation conditions, gas bubbles can be
nucleated. While the gas bubbles undergoing inertial cavitation
grow and expand to a maximum size before collapsing, the
bubbles undergoing stable cavitation oscillate, imparting a
mixing effect on the surrounding media.
Within the tumor microenvironment, the energy generated

by these disintegrating bubbles can cause the formation of
sonoluminescent light, triggering the electrons in the ground
state of the sonosensitizer to move to an excited state.35 When
the excited electron returns to its stable ground state from the
transient excited state, the energy released can assist the
formation of ROS from the oxygen molecules present. The
cellular damage has been linked to the generation of oxygen
ion, peroxide, and singlet oxygen species, and in some
instances, deeper damage is caused due to the generation of

Figure 7. Bright-field microscopy images taken at different time points using a Nikon camera showing the migration of SUM-159 cells in groups
subjected to SDT with a sonosensitizer concentration of 15 μM and an US intensity of 0.3 W/cm2 for 3 min.

Figure 8. Bright-field microscopy images taken at different time points using a Nikon camera showing migration of SUM-159 cells in groups
subjected to SDT with a sonosensitizer concentration of 15 μM and an US intensity of 0.6 W/cm2 for 3 min.
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alkoxy and peroxy free radicals.36,37 The cytotoxicity of free
radicals such as OH and H produced during bubble collapse
was linked to their oxidative capability. In addition to these,
ROS may also be generated via direct pyrolysis of the
sonosensitizer or water molecules reacting with dissolved
oxygen when subjected to an US trigger.38,39

Despite recent advances in the regime of developing SDT as
an adjunct therapy, advances are needed in developing
sonosensitizers, identifying the correct US exposure regimen,
and providing image guidance to translate this therapy to the
clinic. Toward this development, the current work reports the
sonodynamic potential of a water-soluble carbohydrate-
functionalized porphyrin derivative in causing cytotoxicity to
triple negative breast cancer cells. The choice of cell line for
this study was motivated by two primary factors: (i) the need
for the development of new therapeutic strategies for triple
negative breast cancer owing to the absence of receptors that
make the treatment difficult and (ii) there is an increased
metabolic activity found in TNBC cells and a higher number of
glucose transporters that assist enhanced cellular internal-
ization of sugar-linked porphyrin moieties.40,41

Pandey et al. reported a high cellular uptake, ROS
generation efficiency, and photodynamic efficacy of water-
soluble thioglycosylated zinc(II) porphyrins relative to that of
the corresponding nonmetalated derivatives. However, we
observed a reversal in these trends when similar derivatives
were experimented for SDT. This is indicative of the basic

difference in the cell death mechanisms underlying both of
these therapies.
The primary limitation of our work is the difficulty in

evaluating the standing wave generation and possible multiple
reflections during the in vitro experiments. The reported
intensities were measured in the water tank in the presence of
the cell well plate but did not factor in the standing waves. The
experimental setup and geometry of the cell culture dish
contribute to the standing wave phenomenon. Also, it is
challenging to recreate the exact in situ parameters during the
experiments. However, the reproducible results and careful
measurement of downstream effects such as ROS suggest
consistency in the studies that were carried out. Future studies
can be conducted by using cavitation nuclei like microbubbles
or nanodroplets, and the therapeutic effect can be enhanced.
Cavitation detection can be incorporated to assess and quantify
cavitation. Although our findings showed no effect of only the
US exposure on cell viability, long-term effects on cell viability
and proliferation need further investigation. In addition to this,
previous studies by Pandey et al. showed the enhanced uptake
of these moieties in A549 (lung cancer) cells. A limitation of
the present study is that we did not show improved uptakes
specifically in TNBC cells. Whether glycosylation improves
therapeutic efficacy can be assessed only through in vivo
studies, which would be the subject of future work.
Nonetheless, as long as a sufficient concentration of the
sonosensitizer accumulates in the tumor, SDT is expected to

Figure 9. Fluorescence microscopy images of cells in various treatment groups from DHR staining studies performed to visualize intracellular ROS
generation in SUM-159 cells. Cells were treated with DHR (green, to detect ROS for 30 min). The cells were fixed, stained with DAPI (blue, to
stain the nucleus), and observed with a 40× objective. The images in rows A and B represent control group and the treatment groups where the
cells were subjected to exposure with either only SSs or US. The images in rows C and D represent groups where the cells were subjected to SDT.
Images in row C correspond to SDT with an US exposure at 0.3 W/cm2 intensity and in row D at 0.6 W/cm2 intensity. The scale bar is 50 μm.
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have a clinical effect. Moreover, the specificity of SDT can also
come from focused US exposure under image guidance, which
can avoid off target effects. A detailed in vivo study is required
to understand the systemic effects arising from the therapy and
evaluate its therapeutic potential.

5. CONCLUSIONS
This study demonstrated the sonodynamic efficacy of
porphyrin-based agents in vitro. Among the two sonosensi-
tizers tested, the free base porphyrin derivative showed higher
(60−70)% cell death relative to the agent with Zn metal
conjugation (50% viability). ROS generation within the cells
was found to be the mechanism of cell death. SDT not only
caused cytotoxicity but also arrested proliferation of the treated
cells. These findings demonstrate the SDT potential of
carbohydrate-modified porphyrin-based sensitizers and support
future in vivo studies to evaluate their therapeutic efficacy.
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