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Clinically used small-molecular photosensitizers (PSs) for photodynamic therapy (PDT) share similar
disadvantages, such as the lack of selectivity towards cancer cells, short blood circulation time, life-
threatening phototoxicity, and low physiological solubility. To overcome such limitations, the present
study capitalizes on the synthesis of ultra-small hydrophilic porphyrin-based silica nanoparticles (core—

shell porphyrin-silica dots; PSDs) to enhance the treatment outcomes of cancer via PDT. These ultra-
small PSDs, with a hydrodynamic diameter less than 7 nm, have an excellent aqueous solubility in water
(porphyrin; TPPS3-NH>) and enhanced tumor accumulation therefore exhibiting enhanced fluorescence
imaging-guided PDT in breast cancer cells. Besides ultra-small size, such PSDs also displayed an
excellent biocompatibility and negligible dark cytotoxicity in vitro. Moreover, PSDs were also found to be

stable in other physiological solutions as a function of time. The fluorescence imaging of porphyrin

revealed a prolonged residence time of PSDs in tumor regions, reduced accumulation in vital organs,

and rapid renal clearance upon intravenous injection. The in vivo study further revealed reduced tumor
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growth in 4T1 tumor-bearing bulb mice after laser irradiation explaining the excellent photodynamic

therapeutic efficacy of ultra-small PSDs. Thus, ultrasmall hydrophilic PSDs combined with excellent

DOI: 10.1039/d2na00704e

rsc.li/nanoscale-advances cancer imaging and therapy.

1. Introduction

Despite the tremendous achievement made in treating cancer
during the past few decades, the key challenge is to attain the
adequate concentration of therapeutic agents at the desired
tumor site, thereby destroying cancerous cells more efficiently
while minimizing potential damage to healthy tissues.'” In this
regard, it is highly imperative to design a single therapeutic
agent with enormous potential to make significant contribu-
tions in preventing cancer proliferation. Nanotechnology has
significantly contributed to the advances in medicine as nano-
scale assemblies pledge to improve on earlier established
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imaging-guided therapeutic abilities and renal clearance behavior represent a promising platform for

diagnostic and therapeutic strategies as a consequence of
enhanced delivery.** Over the past decades, numerous efforts
have been made for the investigation of smart drug delivery
systems as innovative medicines by taking advantage of newly
developed multifunctional nano-agents.®*” Among the various
types of multifunctional nanomaterials, silica-based nano-
materials have been highlighted as promising candidates due to
their unique structural and functional properties. Recently,
tremendous efforts have been made for the development of
nanoscale siliceous materials for biomedical applications.*™ In
particular, by incorporating photosensitizers (PSs), siliceous
nanoparticles (NPs) have been well designed and employed as
promising therapeutic agents for photodynamic therapy (PDT)
of cancer cells."* These siliceous NPs can effectively integrate
PSs as building units, offering a high loading capacity of PSs to
generate reactive oxygen species (ROS), under light irradiation,
for efficient destruction of cancer cells."**

Despite the promising results acquired from the preclinical
investigation, several drawbacks of the current siliceous NP
based PDT system still remain, which hinder their clinical
translations and further medical usage.'*"® Nevertheless,
surface-functionalized mesoporous silica NPs (MSNs) have
gained tremendous attention from researchers, but their clin-
ical applications confronted great difficulty mainly due to the

Nanoscale Adv., 2023, 5, 277-289 | 277


http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00704e&domain=pdf&date_stamp=2022-12-17
http://orcid.org/0000-0001-9578-3201
http://orcid.org/0000-0001-7299-3329
http://orcid.org/0000-0002-8283-3190
https://doi.org/10.1039/d2na00704e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00704e
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA005001

Open Access Article. Published on 29 November 2022. Downloaded on 4/5/2026 5:08:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

fact that the silica often required a pretty long time to be dis-
solved under normal physiological conditions, causing particle
accumulation and long-term toxicity.**°

To overcome these challenges, Wiesner et al. synthesized
water-based ultra-small fluorescent silica NPs (size <10 nm) by
co-condensing silane-conjugated dye molecules/fluorophores
into the matrix of silica.® The incorporation of fluorescent
dyes into the silica matrix can tune the optical properties of
silica NPs from visible to NIR part of the spectrum. They also
revealed that additional shells of silica can be easily added
during the synthesis process while keeping the overall diameter
of the particles below 10 nm.***> The core-shell architecture of
silica NPs can improve the fluorescence brightness of dyes
compared to the parent core and dye molecules alone.”® The
newer generation of silica dots prepared in water is referred to
as Cornell prime dots (C’ dots).**

It is well known that the size of NPs can influence their
accumulation level in tumors, circulation half-lives, and bio-
distribution in different organs, since they can control various
biological processes, including cellular uptake, diffusion in
tumor tissues, crossing blood vessels, and so on.>*** Through
analysis of previously reported results, NPs with a hydrody-
namic diameter ranging from 10 to 200 nm are eventually
accumulated in reticuloendothelial system (RES) organs like
livers or spleens and can be retained by the body for a prolonged
period, which causes potential toxicity and compromises their
uptake by cancer. However, NPs with a hydrodynamic diameter
between 5 and 10 nm usually showed better diffusion and fast
accumulation in the tumor. Besides, these ultra-small NPs can
easily pass through the kidney filtration and have renal clear-
ance properties in their intact form. Thus, ultrasmall NPs can
exquisitely balance the requirement between high tumor spec-
ificity and clearance efficacy.

Moreover, most of the PSs used for PDT, including those
approved for human use, tend to form face-to-face aggregates,
causing extremely low solubility in aqueous media,*® which
renders the PSs photodynamically inactive in water and
considerably restricts their in vivo therapeutically and medical
applications.” Thereby, water-soluble and NIR-absorbing PSs
are urgently required for efficient PDT.

Inspired by the aforementioned features and taking advan-
tage of the excellent theranostic properties of porphyrin, herein
we report the facile synthesis of water-soluble porphyrin (TPPS;-
NH,) and its conjugation with ultra-small silica NPs for
imaging-guided enhanced PDT of cancer. Due to their ultra-
small size and surface modification (PEGylation), these well-
defined water-soluble porphyrin-loaded silica NPs (porphyrin-
silica dots: PSDs) exhibit higher tumor accumulation and
renal clearance properties compared to the free porphyrin
(TPPS;-NH,) molecules. Besides, by taking advantage of the
imaging system, PSDs were easily tracked in vivo providing
information regarding the tumor size, location, and bio-
distribution of NPs in healthy organs and importantly the
therapeutic efficacy can be monitored before and after PDT. All
these collective properties of PSDs not only highlight their
candidacy for imaging-guided enhanced PDT of cancer but also

278 | Nanoscale Adv, 2023, 5, 277-289

View Article Online

Paper

promote further development of ultrasmall silica-based nano-
theranostic agents for clinical translation.

2. Results and discussion

2.1. Synthesis of hydrophilic porphyrin (TPPS;-NH,)

Porphyrins and their derivatives are usually insoluble in water
mainly due to their hydrophobic planar structure and their
consequent capability to aggregate easily through 7 stacking.
Therefore, in order to solubilize porphyrins in water, a formal
charge is usually positioned on the structure to enable
porphyrins to interact with water molecules. To this end, we
have synthesized 4,4',4”-(20-(4-aminophenyl)porphyrin-5,10,15-
triyl)tri-benzenesulfonate (TPPS;-NH,) according to a previ-
ously reported protocol with slight modifications®® and the
synthetic route is shown in Fig. S1.f Briefly, TPP was first
prepared from benzaldehyde and pyrrole in the presence of
AICl; as a catalyst, accompanied by nitration with fuming
HNO;, followed by reduction and reaction with concentrated
H,SO, to get TPPS;-NH,. The prepared TPPS;-NH, was well
dissolved in water. Furthermore, the structure of the compound
was further confirmed by high-resolution mass spectroscopy
(HRMS) (Fig. S27). Then the obtained TPPS;-NH, was used to
assemble into nanoparticles.

2.2. Synthesis of sub-10 nm porphyrin-silica dots

It was observed that the meso-substituted charged aromatic
rings located outside the porphyrin planar structure can block
face-to-face (H-type) aggregation, however, some aggregation is
still possible, resulting in aggregation-caused fluorescence
quenching and low 'O, production. To address this issue,
TPPS;-NH, was covalently encapsulated within silica nano-
particles through a modified Strober sol-gel method of Cornell
prime dots (C' dots). Briefly, TMOS and the TPPS;-NH,-silane
conjugate was added in an aqueous solution of ammonium
hydroxide (pH ~ 8). The growth of homogeneous sub-10 nm
silica nanoparticles was triggered by fast hydrolysis and
condensation of silane molecules in water. The particle growth
was then terminated through the addition of silane-
functionalized polyethylene glycol (PEG-silane). A subsequent
overnight heat treatment (80 °C) was applied to enhance the
covalent attachment of PEG-silane on the surface of particles. In
order to remove the reaction reagents, the synthesized nano-
particles were cleaned by dialysis for 6 days. The nanoparticles
were filtered through a syringe filter (200 nm) to eliminate any
possible dust or aggregated particles. As-synthesized porphyrin-
silica dots (referred to as PSDs) were then purified through gel
permeation chromatography (GPC) and characterized through
a DSL, TEM, and UV and fluorescence spectrophotometer.

2.3. Characterization of porphyrin-silica dots

The morphological dimensions and optical properties of PSDs
were carefully investigated. The TEM images disclosed that
designed PSDs exhibited uniform spherical morphology with
a size distribution of 6.2 £+ 2.3 nm (Fig. 1b), ensuring their
preferential accumulation in tissues via the EPR effect. DSL

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of PSDs; (a) size distribution profiles of PSDs
measured by DLS, (b) TEM image, (c) zeta potential value of TPPS3-NH,
and PSDs, (d) colloidal stability of PSDs in water and DMED with FBS
(10%) as a function of time.

measurements further revealed that PSDs showed a relatively
uniform size dispersion in DI water, with an average diameter
of 7 nm (Fig. 1a). Besides, zeta potential measurements
revealed a negative surface charge of —16 mV on PSDs
(Fig. 1c). Furthermore, negligible variation in the size of PSDs
was observed over a span of one week in aqueous solution and
DMEM, suggesting their good stability without any aggrega-
tion (Fig. 1d), besides, the hydrodynamic diameter of PSDs
was also observed when incubated with water and fetal bovine
serum (FBS) containing Dulbecco’s modified eagle medium
(DMEM) at 4 °C, indicating minimal chances of aggregation of
this nanoformulation in the presence of serum proteins
(Fig. 1d).

The UV-vis spectrum of PSDs in water exhibited the charac-
teristic peak of the typical porphyrin ring, with an intense Soret
band (400-500 nm) and less intense Q bands (500-700 nm),
which is consistent with the absorbance peak of TPPS;-NH,
(Fig. 2a). In addition, this UV-vis peak at 420 nm was further
used to determine the concentration of TPPS;-NH, in PSD
samples. Therefore, we investigated the link between the
feeding concentration of TPPS;-NH, and the amount of TPPS;-
NH, finally loaded on PSDs from UV-vis spectra. It was found
that the loading content of TPPS;-NH, at PSDs is ~28.9% (W
TPPS;-NH, in PSDs/W TPPS;-NH, initially added x 100 =
1.15752 mg/4 mg x 100 = 28.9%).

The fluorescence spectra of PSDs and TPPS;-NH, at the same
concentration of porphyrin were also recorded at an excitation
wavelength of 420 nm. The fluorescence intensity of TPPS;-NH,
in water was significantly lower, which might be due to the self-
aggregation of porphyrin molecules themselves.>® On the other
hand, PSDs were remarkably fluorescent in an aqueous solu-
tion. This enhancement in the fluorescence intensity is mainly
attributed to the silica matrix of PSDs, which might prevent the
porphyrin molecules from aggregation and thus avoids fluo-
rescence self-quenching (Fig. 2b).*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Spectroscopic analysis of PSDs: (a) absorption spectra of
TPPS3-NH, and PSDs between 300 nm and 800 nm and (b) fluores-
cence spectra of TPPS3z-NH, and PSDs. Evaluation of the photody-
namic efficiency of PSDs: (c) time-dependent generation of singlet
oxygen under light irradiation for TPPSs-NH, and PSDs and (d) PSD
concentration-dependent singlet oxygen generation.

2.4. Generation of singlet oxygen ('0,) in solution

To explore the role of water-soluble porphyrin in PSDs for
successful photodynamic therapy (PDT), we first detected the
generation of singlet oxygen (*O,) in solution. '0O,, the first
excited electronic state of molecular oxygen, is usually produced
when a photosensitizer (PS) is irradiated with laser light of
a suitable wavelength. It is highly reactive and can trigger
cellular damage and apoptosis.** Moreover, a handful of liter-
ature has been reported demonstrating that the silica matrix is
permeable to oxygen and the entrapped photosensitizers (e.g.
Hp IX),** upon irradiation, generate 'O, which diffuses very
efficiently to the solution. Therefore, we assumed that the silica
matrix is porous enough to allow the interaction of porphyrin
molecules with molecular oxygen, which must diffuse through
the pores to reach the entrapped porphyrin molecules. In the
presence of light, this process leads to the generation of singlet
oxygen ('0,), which needs to diffuse out of the matrix to
produce the cytotoxic effect on diseased cells. Therefore, we
investigated the light-triggered 'O, generation ability of TPPS;-
NH, and PSDs indirectly using a fluorescence probe, singlet
oxygen sensor green (SOSG). In the presence of '0,, SOSG
transformed into SOSG endoperoxides (SOSG-EP) resulting in
an increase in its fluorescence intensity (Ex = 504 nm and Em =
525 nm), and thus, offering a straight forward approach of
monitoring 'O, generation ability.> As shown in Fig. 2c,
minimal 'O, was generated with TPPS;-NH, under 650 nm
irradiation (0.2 W cm™?) because of the presence of high
aggregation in porphyrin molecules. With PSDs, the relative
fluorescence intensity of SOSG increased (~4 fold compared to
TPPS;-NH,) as a function of irradiation time, indicating

Nanoscale Adv., 2023, 5, 277-289 | 279
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efficient 'O, generation ability. In addition, the 'O, generation
ability of PSDs was also examined against a series of concen-
trations of PSDs. An obvious increase in the relative fluores-
cence intensity of SOSG was observed for increasing the
concentration of porphyrin in PSDs from 0.218 ug mL ™" to 3.5
ug mL ", indicating that the PSDs can induce sufficient 'O, for
PDT (Fig. 2d).

2.5. Detection of singlet oxygen ('0,) in cancer cells

After successful monitoring of 10, generation in solution, we
next established the fact that the mechanism of cell death in
cancer cells is also initiated by the generation of '0,. Therefore,
the 'O, level was observed in 4T1 cells treated with TPPS;-NH,
and PSDs in the dark as well as under irradiation with 650 nm
(0.2 W em™?). To access this, 4T1 cells were incubated with
TPPS;-NH, and PSDs for 4 h, followed by 5 min of laser treat-
ment (650 nm; 0.2 W cm ™ ?). An increased level of 'O, was
observed in the case of irradiated samples of TPPS;-NH, and
PSDs as compared to control and samples in the dark (Fig. 3a).
Moreover, the higher green fluorescence of SOSG was observed
in cells treated with PSDs than TPPS;-NH,. The fluorescence
intensity of SOSG was also quantified with a microplate reader
at Ex/Em: 490/530 nm, indicating a 4.5-fold increase in the
relative fluorescence intensity of SOSG in cells treated with PSDs
in comparison to the cells treated with TPPS;-NH, (Fig. 3b).
To further estimate the intracellular production of 'O, from
TPPS;-NH, and PSDs in 4T1 cells, H,DCFDA as a fluorescent
probe was used. H,DCFDA is a nonfluorescent cell-permeable
indicator for 'O, in the cells, however, after the cleavage of its
protective acetate group by intracellular esterases, it becomes
fluorescent.*> Under excitation, H,DCFDA exhibited bright
green fluorescence, which can be easily detected under a fluo-
rescence microscope. To access this, 4T1 cells were treated with
PBS, TPPS;-NH,, and PSDs, with or without laser irradiation.
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Fig. 3 (a) Detection of singlet oxygen generation ability of PSDs in 4T1
cells with fluorescent probe SOSG. SOSG showed green fluorescence
in the presence of singlet oxygen (scale bar = 500 um); quantitative
analysis of the fluorescence of (b) SOSG and (c) H,DCFDA in 4T1
cancer cells.

280 | Nanoscale Adv., 2023, 5, 277-289

View Article Online

Paper

As anticipated, 4T1 cells treated with TPPS;-NH, and PSDs
without laser irradiation showed negligible fluorescence signals
of H,DCFDA, indicating low or no 'O, generation. However, as
shown in Fig. S3, the stronger green fluorescence of H,DCFDA
has emerged in 4T1 cells incubated with PSDs than those
incubated with TPPS;-NH, under irradiation, which is mainly
due to the increase in total 'O, and in good agreement with
previous results. Moreover, the higher 'O, generation ability of
PSDs was also quantitatively detected by measuring the fluo-
rescence intensity of H,DCFDA (Ex = 485 nm, Em = 535 nm)
with a fluorescence microplate reader. As confirmed by the
quantitative experiment, the relative fluorescence intensity of
H,DCFDA increased almost 10-fold in the PSDs group as
compared to the other groups (Fig. 3c). These results further
confirmed that PSDs can greatly kill cancer cells by generating
a large amount of '0,.

2.6. Cellular uptake of porphyrin-silica dots

To explore the cellular internalization behavior of TPPS;-NH,
and PSDs, we used confocal laser scanning microscopy (CLSM)
and flow cytometry. Briefly, TPPS;-NH, and PSDs (10 uM
equivalent porphyrin concentration) were incubated with 4T1
cells for pre-determined time intervals of 0, 3, 6 h, and exam-
ined by CLSM to investigate the cellular uptake.

As depicted in Fig. 4a, the cytoplasm of 4T1 cells was lit up by
the red fluorescence of porphyrin, suggesting that both TPPS;-
NH, and PSDs were efficiently taken up into the cytoplasm by an
endocytosis mechanism even after 3 h of incubation. When the
incubation time was further prolonged to 6 h, remarkably
enhanced red fluorescence signals of porphyrin were found in
the cytoplasm of the 4T1 tumor cells treated with PSDs as
compared to those treated with TPPS;-NH,, indicating that sub-
10 nm PSDs can readily be internalized into the tumor cells.

Cellular internalization of TPPS;-NH, and PSDs was further
quantified by flow cytometry analysis. As compared to TPPS;-
NH,, an obvious enhancement in the fluorescence intensity of
PSDs was observed with a prolonged incubation time (Fig. 4b
and c). After 6 h of incubation, the average fluorescence inten-
sity of PSDs taken up by the 4T1 cells was 13.3 folder than the
control and 1.8-fold higher than TPPS;-NH, (Fig. 4d). Both
CSLM and flow cytometry analysis revealed remarkably
enhanced intracellular delivery of the photosensitizer by using
PSDs as the nanocarrier.

2.7. Evaluation of in vitro photodynamic therapy

Subsequently, in order to assay the biocompatibility of TPPS;-
NH, and PSDs, HUVEC cells were incubated with different
concentrations of TPPS;-NH, and PSDs for the specified time
duration. In vitro cytotoxicity was determined without light
exposure by the MTT assay. As shown in Fig. 5a, both TPPS;-
NH, and PSDs showed minimal cytotoxicity towards HUVEC
cells without light exposure. The cell viability of HUVEC can be
maintained at about 91.28% and 89.72% with a concentration
of the TPPS;-NH, and PSDs as high as 100 uM. These results
validated the biocompatible nature of both TPPS;-NH, and
PSDs towards HUVEC cells. Furthermore, to establish the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Confocal microscopy images of 4T1-tumor cells incubated with TPPS3-NH, and PSDs at different time intervals, with an equivalent

concentration of porphyrin of 10 uM (scale bar 100 um); (b—d) time dependent quantitative analysis of the fluorescence intensity of TPPSs-NH,

and PSDs in 4T1 cells analyzed by flow cytometry.

potential of TPPS;-NH, and PSDs in anti-tumor photodynamic
therapy, the 4T1 tumor cells were treated with different
concentrations of TPPS;-NH, and PSDs. After 4 h of incubation,
the cells were washed (as mentioned in the Materials and
methods) and further incubated for 12 h. As expected, no
significant differences in the cytotoxicity were found in the 4T1
tumor cells treated with TPPS;-NH, and PSDs without laser
irradiation, suggesting that the material itself couldn't cause
distinct damage to living cells (Fig. 5b).

For the TPPS;-NH, group, laser irradiation (650 nm, 0.2 W
em™?) could lead to a decrease in the viability of 4T1 cells to
around 62%. On the other hand, PSDs with laser irradiation can
significantly decrease the viability of cells to ~18%. Such
dramatically enhanced photodynamic therapeutic efficacy
offered by PSDs, as compared to the TPPS;-NH, is greatly
attributed to the enhanced cellular uptake of ultra-small PSD
nanocarriers by tumor cells which eventually generates 'O,
inside the cells under 650 nm laser irradiation for effective
cancer cell killing. Hence, in vitro cytotoxicity studies consis-
tently suggest that ultra-small nanocarriers (PSDs) as a photo-
sensitizer delivery system are more effective for photodynamic
therapy of cancer cells.

To visually observe the photodynamic therapeutic efficacy of
PSDs, a live/dead assay was used to distinguish the cell viability,
in which dead cells were stained with propidium iodide (PI, red)
and the live cells were stained with Calcein AM (green). A
previously reported protocol was adopted to conduct this
assay.* As expected, widespread green fluorescence signals

© 2023 The Author(s). Published by the Royal Society of Chemistry

were observed in the group treated with control, TPPS;-NH,,
and PSDs without laser exposure (Fig. 5¢), suggesting negligible
cytotoxicity of both TPPS;-NH, and PSDs without irradiation. In
addition, a control group treated with 650 nm (0.2 W cm™?) for
10 min was unable to induce cell death as no obvious red signal
was monitored, indicating that the laser itself can't inhibit the
tumor growth. However, widespread green signals and little red
signals were monitored in the group treated with TPPS;-NH,
followed by laser irradiation, which indicates a slightly higher
viability of 4T1 tumor cells under this condition. In stark
contrast, 4T1 cells treated with PSDs and laser irradiation
exhibited much stronger cytotoxicity as very clear red fluores-
cence signals along with fewer green signals (Fig. 5c). This
enhanced phototherapeutic effect is primarily due to the
stronger 'O, generation by PSDs. These results also suggest that
the inhibition of cell proliferation by PSDs was partially attrib-
uted to its apoptotic effect.

To further confirm the photodynamic efficiency of PSDs, the
apoptotic and necrosis cell distribution was observed using an
annexin V-FITC/PI apoptosis detection kit using flow cytometry.
In this assay, annexin V'/PI" are usually necrotic/late apoptotic
cells, while annexin V'/PI" cells are considered as early
apoptotic cells. As shown in Fig. 6, compared with the apoptosis
ratio of the TPPS;-NH, group without laser irradiation (4.34%
and 4.40% for early and late apoptosis), the PSDs group without
laser irradiation showed a slightly enhanced apoptosis ratio
with 7.27% for early apoptosis and 13.7% for late apoptosis.
However, upon 650 nm laser irradiation, the TPPS;-NH, group

Nanoscale Adv, 2023, 5, 277-289 | 281


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00704e

Open Access Article. Published on 29 November 2022. Downloaded on 4/5/2026 5:08:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

120-{ I TPPS3-NH
$ a Il PsDs
]

1.56 3.125 6.25
Concentration of Porphyrin (uM)

125 25 50 100

(c)

Irradiation (-)
TPPS3-NH,

Control _ PSDs

Fig. 5

(b)

View Article Online

Paper

TPPS3-NH2 (1)
4364 ] 2

@
=3
n

Cell Viability (%)

Control 1.56 3.125 6.25

125 25
Concentration of Porphyrin (uM)

Irradiation (+)

Control TPPS3-NH PSDs

(a) Biocompatibility analysis of the different concentrations of TPPSs-NH, and PSDs against HUVEC cells (without light irradiation); (b)

comparison of photocytotoxicity of different concentrations of TPPSs-NH, and PSDs against the 4T1-tumor cell line. (c) Fluorescence
microscopy images of 4T1 tumor cells treated with TPPS3-NH, and PSDs in the presence and absence of laser irradiation (650 nm) and then
stained with calcein-AM/PI. Live 4T1 cells are represented by the green fluorescence signals of calcein-AM/PI. Live 4T1 cells are represented by
the green fluorescence signals of calcein-AM, while dead cells are represented by the red fluorescence signals of PIl. Scale bar = 25.8 um. The

values in (b) are represented as mean =+ SD, *p < 0.05, **p < 0.01.

Control (-)

TPPS3-NH, (-) PSDs(-)

5 fa a2 5 {ai
10" 0.740% 440% 107 11.30%

Q2
13.7%

PE-A
w

PE-A
"

Q3
4.34%

5

Q4 B e Q3
77.8% 747%
5

Q4 &
90.5%

0102 103 1(!4 10
FITC-A

0102 103 II)‘ 10
FITC-A

PSDs (+)

5

0102 il)= 10‘ 105
FITC-A

10t 10

010 M’
FITC-A

Fig. 6 Flow cytometry analysis of 4T1-tumor cell apoptosis induced
by TPPS3:-NH, and PSDs with or without laser irradiation based on
annexin V-FITC/PI staining.

showed obvious apoptosis with 38.9% for early and 34.3% for
late apoptosis respectively, which was largely due to the NIR
laser-induced phototoxicity of the photosensitizer. Meanwhile,
the 4T1 cells when exposed to PSDs followed by laser treatment
(650 nm; 0.2 W cm ™ ?) showed a maximum apoptotic ratio
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(45.5% for early apoptosis and 33.9% for late apoptosis) (Fig. 6).
Under light exposure, the total apoptotic ratio of the PSD group
(79.3%) was higher than that of the TPPS;-NH, group (73.2%),
probably because of the higher internalization ability of PSDs
into the tumor cells owing to the ultra-small size. The results
obtained from flow cytometry analysis disclosed that the early
and late apoptosis are the basic modes of death in 4T1 cells,
which was caused by the efficient 0, production.

2.8. Pharmacokinetics and biodistribution profile of
porphyrin-silica dots

In order to maximize the therapeutic efficiency of in vivo
photodynamic therapy, it is critical to investigate the time-
dependent biodistribution of the photosensitizer in the mice,
especially its accumulation in the tumor region, which is crucial
for choosing the suitable time point for laser irradiation.
Therefore, to monitor the biodistribution and tumor accumu-
lation of ultra-small PSDs in 4T1 tumor-bearing female nude
mice, a fluorescence imaging approach was adopted. PBS,
TPPS;-NH,, and PSDs were intravenously injected via the tail-
vein and fluorescence images were acquired until 24 h.
Briefly, TPPS;-NH, and PSDs at a dose of 2.5 mg kg ' were
injected intravenously in 4T1 tumor-bearing BALB/c female
nude mice, and then the fluorescence signals at an excitation
wavelength of 650 nm were traced at various pre-determined
time points with an animal imaging system. As shown in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Biodistribution images of 4T1-tumor-bearing mice after
intravenous injection of PBS, TPPS3-NH,, and PSDs, with the white
circle representing the tumor region. The excitation wavelength of
porphyrin was 620 nm. (b) Quantification of the relative fluorescence
intensity of porphyrin obtained at predetermined time points (i.e., 1, 2,
4, 8,12, and 24 h). (c and d) Ex vivo fluorescence images and quanti-
fication of the fluorescence intensity of TPPS3;-NH, and PSDs in
various organs at 24 h determined by the fluorescence intensity of
porphyrin (Ex/Em = 620/710 nm). The data are shown as mean =+ SD.

Fig. 7a, in the TPPS;-NH, group, the fluorescence signals of
porphyrin were observed in major organs of the mice at 1 h of
intravenous injection, but no tumor accumulation was
observed. Consistent with our spectrophotometric results, we
assumed that the intramolecular attachment between the
TPPS;-NH, molecules would lead to fluorescence quenching,
and it seems difficult to observe any accumulated dye in the
tumor region using the fluorescence imaging system. On the
other hand, in the PSDs group, strong fluorescence signals in
the tumor region, the organ of interest for PDT, were observed
even at 1 h post-injection. The fluorescence intensity reached
the maximum within 4 h. This indicates that PSDs passively
accumulate in the tumor region, which is attributed to their
small size that allowed the enhanced permeability and reten-
tion (EPR) effect to happen in the tumor region. After that,
fluorescence signals of porphyrin began to gradually become
week but still remained at a reasonably high level even at 24 h
post-injection, as indicated in Fig. 7b. Nevertheless, PSDs
exhibited higher tumor accumulation and a longer retention
time compared to the TPPS;-NH,. Moreover, the highest tumor
accumulation of PSDs in the tumor was observed at 4 h post-
injection, we selected this time point for tumor light irradia-
tion for the in vivo PDT cancer therapy.

Furthermore, to quantitatively examine the biodistribution
of PSDs in major organs or tissues, these mice were sacrificed at
24 h post-injection, and organs were excised for ex vivo fluo-
rescence imaging. The fluorescence intensity of porphyrin was
measured and it was found that the tumor region in the PSDs-
treated mice displayed the highest fluorescence signals among
all the other organs, implying higher tumor accumulation effi-
cacy of these ultra-small nanocarriers (Fig. 7c and d).

Moreover, the pharmacokinetics of PSDs was further quan-
tified by monitoring the blood circulation of PSDs in vivo. The
fluorescence of porphyrin in PSDs was measured in blood
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plasma samples, which were collected at different time points.
The long blood circulation half-life, which is encouraging for
passive tumor targeting and accumulation of nanomaterials
due to the EPR effect, was determined to be ~2.294 h by fitting
the data to a single exponential equation using GraphPad Prism
(Fig. S47). After 1 h of i.v injection of PSDs, the urine of the mice
was collected, and the fluorescence signals of porphyrin were
observed. Time-dependent analysis of fluorescence intensity of
porphyrin revealed that injected PSDs were excreted from the
mouse bodies mainly through the renal pathways (Fig. S57).

2.9. In vivo antitumor efficacy of porphyrin-silica dots

Encouraged by the superior in vitro antitumor performance and
in vivo biodistribution analysis, we further evaluated the anti-
tumor activity of PSDs in 4T1 tumor-bearing mice. When the
mice tumors reached a normalized volume (100-200 mm?), they
were divided into six groups including PBS, PBS (+), TPPS;-NH,
(), TPPS;-NH, (+), PSDs (=), and PSDs (+). PBS, TPPS;-NH,
(5 mg kg™ ') and PSDs (equivalent porphyrin concentration 5 mg
kg~ ') were intravenously injected into the tumor-bearing mice.

In order to evaluate the PDT efficacy, mice in the groups PBS
(+), TPPS;-NH, (+), and PSDs (+) were irradiated with a laser of
650 nm (0.2 W cm ™) for 30 min 4 h post-injection. As shown in
Fig. 8a, in PBS, PBS (+), TPPS;-NH, (—), and PSDs (—) groups, the
tumor of the mice was observed to grow approximately 10-times
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Fig. 8 Tumor growth inhibition activity in different groups of 4T1-
tumor-bearing mice. PBS, TPPS3-NH, and PSDs were injected intra-
venously only once during the course of experiments at an equivalent
porphyrin concentration of 5 mg kg™ . Out of the six, three treatment
groups were also irradiated with a 650 nm laser after 4 h of injection:
(a) changes in the tumor volume, (b) change in the body weight, (c)
photographic images of resected tumors after different treatments,
and (d) weight of the resected tumors of each treatment group. Data
are expressed as mean + SD, *P < 0.05, **P < 0.01.
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larger in volume, indicating the negligible therapeutic effect of
laser, TPPS;-NH, and PSDs alone. In contrast, the mice treated
with TPPS;-NH, (+) showed partial inhibition of tumor growth,
which was prominent in the first 5 days, afterward the tumor
started to regrow and reached a size of ~468 mm?®. This limited
tumor growth inhibition of TPPS;-NH, (+) is due to its poor and
non-specific tumor accumulation. On the other hand, mice
treated with PSDs (+) exhibited the most efficient tumor delayed
growth with no tumor recurrence within 11 days of treatment.
For this group, the tumor regions left with black scars imme-
diately after PST treatment (Fig. S61). All these results indicated
that PSD (+) treatment was found to be more effective in
retarding tumor growth compared to the other groups, which is
mainly attributed to the better tumor accumulation efficacy and
enough cytoplasmic distribution of PSDs.

After confirmation of the inhibition trend of tumor growth
by directly comparing the weight of the extracted tumor
(Fig. 8d), hematoxylin and eosin (H&E), terminal deoxy-
nucleotidyl transferase dUTP nick and labeling (TUNEL), and
Ki-67 assays were performed. H&E staining of tumor sections
also confirmed that the most potent tumor tissue apoptosis was
caused by the PSDs-mediated PDT (Fig. 9). Ki-67 is regarded as
the reference biomarker for cell proliferation and the TUNEL
assay is widely used to observe the apoptotic cells in tumor
tissues. Ki-67 and TUNEL assays further confirmed that PSDs
with laser irradiation largely inhibited the tumor proliferation
and improved the cell apoptosis compared with the other
treatment groups (Fig. 9).

Additionally, the potential toxicity of a particular treatment is
accessed by monitoring the body weight and evaluating the
damage to healthy tissues. No significant body weight loss or
obvious abnormality was observed in all the treatment groups
during the course of therapy (Fig. 8b). Meanwhile, H&E staining
analysis of major organ slices (i.e., heart, liver, spleen, lung, and
kidney) didn't reveal any pathological abnormality or lesions
(Fig. S77), suggesting negligible toxicity of our therapeutic agents.

The liver and kidney are generally considered as the most
important toxicological organs against harmful substances or
nanomaterials. Therefore, blood toxicology profile analysis was
performed by collecting the blood samples of the mice 24 h
post-injection. As shown in Fig. 10, liver function indicators
including ALT, ALP, AST, TP, and ALB in both TPPS;-NH, and
PSDs-treated groups were not statistically different from the

TPPS3-NH, (-) TPPS3-NH, (+)

D TR )

PSDs (+)

TUNEL

Ki-67

Fig. 9 In vivo therapeutic effect of PSDs. Optical microscopy images
of tumor sections stained with hematoxylin and eosin (H&E), terminal
deoxynucleotidyl transferase dUTP nick and labeling (TUNEL), and Ki-
67 from different treatment groups.
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control group. Similarly, the absence of renal damage or toxicity
was also confirmed by the measurement of CREA, UREA, and
UA concentrations as standard kidney function biomarkers.
Moreover, the blood lipids (TG and TC) were also within the
normal range and were at a similar level or slightly lower than
those of the control group. All these results reveal no obvious
injury to the liver and kidney with exposure of mice to PSDs,
indicating their potential application for cancer treatments with
negligible systemic toxicity.

3. Conclusions

In brief, we synthesized seemingly ultra-small organic-inor-
ganic hybrid fluorescent core-shell silica NPs (referred to as
PSDs) covalently encapsulating a highly water-soluble PS
(TPPS;-NH,) for fluorescence imaging-guided PDT against
breast cancer in vivo. In this system, high loading of PS, and
sufficient aqueous solubility were easily achieved by the
simplicity and versatility of the as-synthesized silica nano-
carrier. Besides, the optimized ultra-small size, PEG surface, the
hydrophilicity of PS, and the high stability of the silica shell
under physiological conditions enable improved tumor accu-
mulation, prolonged circulation, and a high therapeutic index.
The PSDs demonstrated good biocompatibility in the HUVEC
cell line even at higher concentrations explaining the excellent
biocompatibility for their further use in vivo. Moreover, the
cellular photocytotoxicity during exposure to the laser was
significantly higher than the controls and TPPS;-NH, depicting
excellent 'O, generation ability of designed PSDs. The in vivo
animal study further confirmed the therapeutic efficacy by
eliminating tumors in a 4T1-bearing mice model. Collectively,
PSDs can provide a promising platform for effective diagnosis
and treatment and improve therapeutic outcomes of cancer
cells via fluorescence imaging-guided photodynamic therapy.

4. Experimental
4.1 Chemicals and materials

Benzaldehyde, pyrrole, aluminum chloride (AICl;), sodium
nitrite (NaNO,), sodium carbonate (Na,CO;), magnesium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sulfate (MgS0O,), tin(u) chloride (SnCl,), and trifluoroacetic acid
(TFA) were purchased from Sigma-Aldrich and used without
further purification. All the other reagents such as N,N-dime-
thylformamide (DMF), dichloromethane (DCM), ethanol, and
methanol were bought from Beijing Chemicals (Beijing, China)
and were wused without further purification. 3-Iso-
cyanatopropyltrimethoxysilane (MW-205.28 ¢ mol '), N,N-dii-
sopropylethylamine, tetramethyl orthosilicate (TMOS), and
2.0 M ammonia in ethanol were purchased from Sigma-Aldrich.
Methoxy-terminated poly(ethylene glycol) chains (PEG-silane,
MW ~500 g mol ') were purchased from Gelest. Fetal bovine
serum (FBS), penicillin/streptomycin (P/S), trypsin-EDTA
(0.25%), and Rose Park Memorial Institute (RPMI-1640) cell
culture medium were supplied by Thermo Fisher Scientific.
Singlet oxygen sensor green (SOSG) and methylthiazolyol
tetrazolium (MTT) were obtained from KeyGEN (Nanjing,
China). The annexin-V/propidium iodide (PI) apoptosis detec-
tion kit and calcine-AM (live-dead detection kit) were purchased
from Yeasen Biotechnology Cooperation (Shanghai, China). De-
ionized water (resistivity, 18.2 MQcem ™) produced by the Mili-Q-
purification system was used in all the experiments. All the
other chemicals and reagents not mentioned here were of
analytical grade.

4.2. Synthesis of water-soluble porphyrin (TPPS;-NH,)

TPPS;-NH, was synthesized and purified according to the
procedures described previously with slight modification.?***

4.2.1. Synthesis of 5,10,15,20-tetraphenylporphyrin (TPP).
2.0 g of freshly distilled benzaldehyde and 1.2716 g of pyrrole
were heated with 50 mL of DMF in the presence of anhydrous
AlCl; (2.4 g) for 2.5 h. After completion of the reaction, the
reaction mixture was then kept at room temperature overnight
for cooling. The purple solid crystals were filtered off, thor-
oughly washed with water and ethanol, and air-dried overnight
in an oven (T = 4 °C) under reduced pressure. The crude purple
crystals were then subjected to aluminum oxide (Al,O3) column
chromatography, while DCM was used as the eluent. After
purification, the sample was recrystallized and finally dried in
an oven to obtain a purple solid. MS (MALDI-TOF) calculated for
CysH3oN, [M + H]" m/z 614.25, found 615.3.

4.2.2. Synthesis of 10-(4-nitrophenyl)-5,15,20-
triphenylporphyrin (TPP-NO,). NaNO, (21.32 mg) was added to
a solution of TPP (0.1 g) in TFA (5 mL). After 5 min stirring at
room temperature, the reaction was quenched with 100 mL of
water and the mixture was extracted with DCM. The organic layer
was washed once with saturated aqueous Na,CO; and once with
water before being dried over anhydrous MgSO,. After filtration,
the product was purified with silica-gel column chromatography
using PE: DCM = 1:1 as the eluent. MS (MALDI-TOF) calculated
for C44H,oN50, [M + H|" m/z 660.24, found 660.27.

4.2.3 Synthesis of 4-(5,15,20-triphenylporphyrin-10-yl)
aniline (TPP-NH,). The nitro group of TPP-NO, was reduced
to an amino group to synthesize TPP-NH, under the catalysis of
tin(u) chloride (SnCl,). Specifically, TPP-NO, was dissolved in
concentrated hydrochloric acid (HCl; 3 mL), while stirring,
SnCl, (0.11 g) was carefully added. The mixture was then heated
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at 65 °C for about 1 h under argon protection before being
poured into 50 mL of cold water. The pH of aqueous solution
was adjusted to 8 by adding aqueous ammonia. The organic
layer was extracted with chloroform, concentrated under
vacuum, and purified with silica gel chromatography using
chloroform as the eluent. MS (MALDI-TOF) calculated for
Ca4H31N5 [M + H]" m/z 629.26, found 630.27.

4.2.4 Synthesis of 4,4,4"-(20-(4-aminophenyl)porphyrin-
5,10,15-triyl)tribenzenesulfonate (TPPS;-NH,). 5 mL of sulfuric
acid (H,SO,4) was slowly added in 0.1 g of TPP-NH,. The reaction
mixture was heated at 70 °C for 2 days under continuous stirring
and then it was left at 25 °C for 3 days. The mixture was then
poured into cold water and neutralized with aqueous NaOH in an
ice-bath until pH 7-8. Evaporation of all the solvents was per-
formed under reduced pressure, resuspension in methanol, and
filtration of solid NaOH, followed by purification via column
chromatography, affording TPPS;-NH, as a purple-colored solid.
The resultant sample was easily dissolved in water, confirming
the hydrophilic nature of the photosensitizer. MS (MALDI-TOF)
calculated for C,,H,gNs00S;>~ [M + H]" m/z 288.70, found 285.03.

4.3. Synthesis of sub-10 nm porphyrin-silica dots

For the synthesis of sub-10 nm PEGylated porphyrin-silica dots
(PSDs), TPP;-NH, was first covalently conjugated with (3-iso-
cyanatopropyl)trimethoxysilane (silane-CNO) in the presence of
N,N-diisopropylethylamine. Briefly, a mixture of TPPS;-NH, (4
mg), silane-CNO (4.5 pL), and N,N-diisopropylethylamine (3.04
pL) in ethanol (1 mL) was stirred overnight at room tempera-
ture. MS (MALDI-TOF) calculated for C4yH,sN50S5°~ [M + H]"
m/z 357.06, found 346.03.

The PSDs with ultra-small sizes were synthesized based on
a previously reported protocol.>?*® More specifically, for the
synthesis of sub-10 nm PSDs, 1 mL of 0.02 M ammonia was
added into DI water (9 mL) and stirred for 10 min. The silane-
conjugated TPPS;-NH, was then added together with TMOS
(0.43 mmol) under vigorous stirring in the reaction mixture,
followed by overnight magnetic stirring at room temperature.
The molar ratio of TMOS to silane-conjugated TPPS;-NH, was
~100: 1. Subsequently, 0.21 mmol of PEG-silane was added and
the solution was further stirred overnight by magnetic stirring at
room temperature. After that, the stirring of the reaction mixture
was stopped, and the temperature was raised to 80 °C. The
solution was then left static overnight at this temperature. After
cooling the reaction mixture to room temperature, the resulting
PSDs were transferred to a dialysis membrane tube (MW cutoff =
10 000). The PSDs in the dialysis membrane tube were dialyzed in
DI water (~2000 mL) for ~6 days and water were changed once
a day to rinse away any unreacted reagent. Afterward, any particle
aggregates or dust particles were removed by filtering the as-
synthesized PSDs through a 200 nm-syringe filter. The result-
ing PSD sample was then stored at 4 °C and characterized by
DLS, TEM, UV-vis, and fluorescence spectroscopy.

4.4. Characterization of porphyrin-silica dots

The morphological dimensions particularly the size distribu-
tion of PSDs were investigated by transmission electron
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microscopy (TEM, Hitachi, H-7650). A 90Plus/BI-MAS DLS
analyzer (Brookhaven Zeta PALS instruments) was used to
acquire the value of zeta potential, hydrodynamic particle size,
and size distribution. Each DLS sample was measured 3-times.
UV-visible absorption spectra of PSDs were measured using an
Evolution 220 spectrophotometer, while a Lumina spectropho-
tometer (Thermo Fisher Scientific) was used to measure the
fluorescence emission spectra.

4.5. Loading efficiency of porphyrin in porphyrin-silica dots

The loading efficiency (LE) of porphyrin in PSDs was measured
using a UV-visible spectrophotometer. Briefly, freshly prepared
PSDs were suspended in water and the absorption band of the
porphyrin at 420 nm was evaluated. A linear calibration curve
was then used to measure the amount of porphyrin encapsu-
lated inside the PSDs. Moreover, the loading efficiency was then
calculated using the following equation:

LE% = weight of porphyrin in PSDs/weight of porphyrin initially
used x 100.

4.6. Generation of singlet oxygen ('0,) in solution

The generation of singlet oxygen by TPPS;-NH, and PSDs upon
light irradiation was conducted using SOSG (molecular probe,
USA). Briefly, 10 puL of SOSG (0.5 mM), 5 uL of TPPS;-NH,, and
PSDs (different concentrations of TPPS;-NH, and PSDs were
considered to investigate the effect of concentration of photo-
sensitizer on 'O, production) were mixed with 85 pL of water
and transferred to 96-well plates. The solution was kept in the
dark and irradiated with a 650 nm laser for predefined time
intervals and the fluorescence intensity of SOSG was monitored
at Ex/Em: 490/520 nm using a BioTek Synergy HT microplate
reader. Error bars are based on triplicate samples.

4.7. Cellular uptake of porphyrin-silica dots

For in vitro studies, the 4T1 cell line was used. The cells were
cultured in a regular growth medium consisting of RPMI 1640
medium, supplemented with 1% penicillin/streptomycin and
10% fetal bovine serum (FBS) under an atmosphere of 37 °C
under 5% CO,.

To observe the cellular uptake of PSDs, 4T1 cancer cells with
1 x 105 density were cultured on a cover-glass in a 24-well plate
and left for 24 h until confluency. Subsequently, the cell culture
medium was removed, and the cells were rinsed twice with
phosphate-buffered saline (PBS, pH 7.4). The cells were incu-
bated with a fresh medium containing porphyrin (10 pM) and
PSDs (10 uM porphyrin equivalence) for different periods of
time (0 h, 3 h, and 6 h). After washing the cell-containing glass
slides with PBS three times, the cells were fixed with 4% para-
formaldehyde at 4 °C for 15 min, followed by staining with
DAPI, as per the standard protocol.’” Finally, the cells were
rinsed twice with PBS, and cellular internalization of TPPS;-NH,
and PSDs was observed under a Zeiss LSM 410 confocal laser
scanning microscope (CLSM). The red channel for porphyrin
and PSDs was excited at 420 nm and its red emission was
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collected in the range of 650-800 nm, while the blue channel for
DAPI was excited at 402 nm and its blue emission was collected
in the range of 435-480 nm.

In order to further quantify the cellular uptake of PSDs, flow
cytometric analysis was performed. 4T1 cells were pre-seeded in
6-well plates at a density of 2.0 x 105 per well and maintained
for ~24 h. Afterward, the cells were separately incubated with 10
uM of TPPS;-NH, and PSDs for 0 h, 3 h, and 6 h at 37 °C. For
flow cytometry measurements, the cells were washed with PBS
thrice, treated with trypsin, washed with medium, centrifuged,
and finally dispersed in 500 pL PBS. Finally, the cellular fluo-
rescence intensity of porphyrin in PSDs was measured with
excitation at 405 nm by flow cytometry (FACSAria IIII, BD).

4.8. Cellular ROS detection

To verify the intracellular 'O, generation, 4T1 cells at a density
of 5 x 10* per well were cultured on 24-well plates and kept at
37 °C in a 5% CO, humidified atmosphere for 24 h. Then, the
medium was replaced with a fresh medium containing TPPS;-
NH,, and PSDs (equivalent porphyrin concentration of 20 uM).
After 4 h of incubation, a sample containing medium was
removed, and the cells were washed twice with PBS, followed by
the addition of fresh medium (serum-free) containing SOSG (50
puM) and incubation for 30 min. The cells were then consecu-
tively subjected to 650 nm laser irradiation (0.2 W ¢cm™?) for
5 min. After 30 min of incubation, the 4T1 cells were washed
with PBS twice and the SOSG fluorescence intensity (Ex/Em:
490/530 nm) was measured using a microplate reader (BioTek
Synergy HT), and the cells were imaged using a fluorescence
microscope (Leica DM 13000B (Wetzlar, Germany).

Cellular ROS generation was also confirmed by using
another ROS probe (H,DCFDA, 20 pM). The ROS detection
experiment was performed with a similar procedure mentioned
above except that the fluorescence intensity of H,DCFDA was
measured at an excitation wavelength of 485 nm.

4.9. Photodynamic treatment and cytotoxicity assessment

The cytotoxicity assessment of PSDs was carried out against 4T1
tumor cells by the MTT assay. Briefly, 4T1 cells at a density of 1
x 10° per well were seeded in 96-well plates and incubated for
24 h. Then, the dead cells containing media were removed and
the cells were washed twice with PBS.

The cells were replenished with medium containing TPPS;-
NH, and PSDs at various concentrations (1.56-50 uM) or only
medium (for the control group) and incubated for 4 h for
optimal uptake. Afterward, the drug-containing medium was
removed, and the cells were replenished with fresh medium,
accompanied by irradiation treatment with 650 nm light irra-
diation (0.2 W cm ™2, 5 min). After dark incubation for 12 h, the
MTT solution (10 pL, 5 mg mL™"), an indicator to probe the
viability of cells, was added to each well for quantitative evalu-
ation of the photodynamic cytotoxicity and the plates were
incubated for 4 h. Subsequently, the media were removed and
100 uL of DMSO was added to dissolve the purple formazan
crystals. After shaking the plates for 15 min, the plates were
scanned using a microplate reader at 570 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Except for the MTT assay, the cytotoxicity of PSDs was also
investigated by the calcein-AM and propidium iodide (PI) assay.
For co-staining of live and dead cells, 4T1 cells were seeded on
24-well plates at a density of 5 x 10* cells per well. The cells were
then incubated with porphyrin and PSDs (equivalent porphyrin
concentration of 20 uM) for 4 h followed by irradiation with
a 650 nm laser (0.2 W cm™?) for 10 min. After 1 h of further
incubation, the cells were co-stained with calcein-AM/PI (10 uM
calcein-AM, 5 uM PI) and incubated for 30 min at 37 °C. The 4T1
cells were washed with PBS three times and images were
captured with a fluorescence microscope (calcein AM A, =
488 nm, Aey, = 515 nm: PI Ao, = 535 nm, A, = 617 nm).

The apoptotic and necrotic cell distributions were identified
by the annexin V-FITC/PI apoptosis assay, as per the protocol
provided by the manufacturer. More specifically, 4T1 tumor
cells (2.5 x 10° cells per well) were pre-seeded in triplicate in 6-
well plates and cultured for 24 h to ensure the firm attachment
of cells on the plate. Six groups named; (i) control without laser
irradiation, (ii) control with laser irradiation, (iii) TPPS;-NH,
without laser irradiation, (iv) TPPS;-NH, with laser irradiation,
(v) PSDs without laser irradiation, and (vi) PSDs with laser were
prepared in triplicate. The 4T1 cells of groups (iii) and (iv) were
co-incubated with TPPS;-NH, (20 uM), while the 4T1 cells of
groups (v) and (vi) were co-incubated with PSDs at an equivalent
concentration of 20 pM of porphyrin for 4 h. The cells in the
control group were refreshed with a fresh medium only. After
4 h, the medium of all the groups was refreshed and the cells of
groups (ii), (iv), and (vi) were irradiated at 650 nm (0.2 W cm %)
for 10 min.

After 12 h of additional incubation at 37 °C, the cells were
trypsinized, harvested, washed with PBS twice, and resus-
pended in 200 pL of binding buffer containing 5 uL. Annexin V-
FITC and 5 pL PI solution for 15 min under dark conditions. 300
puL of binding buffer was then added to each sample and
analyzed by flow cytometry (FACSAria, III, BD). The data were
interpreted and reported using FlowJo 7.6 software.

4.10. Establishment of a tumor model

Healthy female BALB/c nude mice (4 week-old, 16-18 g) were
handled according to the approved procedure and guidelines by
the Institutional Animal Care and Use Committee of Peking
University. The subcutaneous xenograft tumor model was
established by efficiently injecting 4T1 murine breast cancer
cells (at a density of 1 x 107 cells in 80 pL PBS) into the right
hindlimb of the anesthetized mice. When the tumor volume
reached ~100-200 mm?, the subsequent animal studies were
conducted.

4.11. Pharmacokinetics and biodistribution analysis

Tumor-bearing mice were i.v. injected with PBS, TPPS;-NH,,
and PSDs (concentration of porphyrin = 5 mg kg™ ') via tail vein
administration. In vivo fluorescence imaging was carried out at
designated time intervals (1, 2, 4, 8, 12, 24 h) using an IVISTM-
200 (Xenogen Corp) with an excitation filter of 660 nm, and the
emission filter was set at 710 nm. Mice were anesthetized with
isoflurane gas in oxygen flow during the imaging process. After

© 2023 The Author(s). Published by the Royal Society of Chemistry
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24 h post-injection, the mice were sacrificed and the tumor and
other organs, including heart, liver, spleen, lungs, and kidneys
were excised and analyzed for ex vivo imaging and semi-
quantitative biodistribution of porphyrin and PSDs. The
acquisition parameter was Ex/Em = 660/710 nm.

For monitoring the blood clearance rate of PSDs, 6 weeks old
female BALB/c nude mice were i.v. injected with the PSD solu-
tion at a porphyrin dose of 5 mg kg~ '. At pre-determined time
intervals (0, 2, 4, 8, 12, and 24 h), blood samples were collected
with heparin-coated capillary tubes from the orbital plexus. The
blood plasma samples were obtained after centrifugation (3000
rmp, 10 min). The content of porphyrin in the collected plasma
was measured by recording the fluorescence intensity of
porphyrin at 650 nm as a function of time using a microplate
reader. The half-life (¢,/,) was calculated using GraphPad Prism
software.

For renal clearance analysis, the BALB/c nude mice were i.v.
injected with the PSD solution (concentration of porphyrin =
5 mg kg™'). Afterward, the urine of the mice was collected at
different time-points. The content of porphyrin in the collected
urine was measured by recording the fluorescence intensity of
porphyrin at 650 nm as a function of time.

4.12. In vivo antitumor efficacy

When the tumor volume reached about 100 mm?, the 4T1
tumor-bearing mice were randomly distributed into six groups
(n = 5). Different treatments were applied to each group: (i) PBS
group injected with saline, (ii) PBS with laser group injected
with saline and subjected to laser irradiation, (iii) porphyrin
group treated with porphyrin (5 mg kg™ ') only, (iv) porphyrin
with laser group injected with porphyrin (5 mg kg™') and irra-
diated, (v) PSDs group injected with PSDs (5 mg kg ), (vi) PSDs
with laser group treated with PSDs (5 mg kg™ ') and laser irra-
diation. Aliquots (100 pL) of freshly prepared formulations were
i.v. injected into the mice only once throughout the in vivo
study. After 4 h, laser treatment was performed on the groups
(ii), (iv), and (vi) by irradiating the tumor region with a 650 nm
laser (0.2 W cm™?) for approximately 30 min. All treatment
groups were kept under dark conditions throughout the
experimental period. The tumor size was monitored with
a Vernier caliper into two perpendicular dimensions every third
day for 15 days. The tumor volume was calculated as V = length
x width?/2. Besides, the bodyweight of each mice was also
recorded to ensure negligible treatment-induced toxicity. After
15 days, some mice were sacrificed, and tumors were collected
and washed with saline. The tumor photos were captured using
a digital camera (Nikon, Japan).

4.13. Histological analysis

After 15 days of PDT, mice from each treatment group (n = 3)
were isolated and sacrificed. Tumor and major organs were
collected, washed with saline, and fixed in 4% formalin. After
that, these formalin-fixed paraffin-embedded tissues of major
organs and tumors were stained with hematoxylin and eosin
(H&E) to ensure biosafety and biocompatibility. Besides,
paraffin-embedded tumor tissues were also analysed by TUNEL
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and Ki-67 assays to evaluate apoptosis and cell proliferation. All
the stained tissues were finally visualized using a fluorescence
microscope system.

4.14. Toxicology profile

For toxicology profile analysis of PSDs, the mice blood was
collected from each treatment group 24 h post-injection. Whole
blood was collected in an EDTA tube, and serum was separated
by centrifugation and analyzed for ALT (alanine aminotrans-
ferase), ALP (alkaline phosphatase), AST (aspartate amino-
transferase), ALB (albumin), TP (total protein), UREA (urea),
CREA (creatinine), UA (uric acid), TG (triglyceride), and TC (total
cholesterol).

4.15. Statistical analysis

Experimental data were expressed as mean + SD data. Graph-
Pad Prism 8 and Microsoft Excel software were used to conduct
the statistical analysis. The significance of results was evaluated
using analysis of variance (ANOVA) particularly for comparing
the different groups. The difference of p < 0.05 was considered
statically significant.
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