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It is both challenging and desirable to have drug sensitizers released at acidic tumor pH for photodynamic

therapy in cancer treatment. A pH-responsive carrier was prepared, in which fumed silica-attached

5,10,15,20-tetrakis(4-trimethylammoniophenyl)porphyrin (TTMAPP) was encapsulated into 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC) nanocomposite liposomes. The sizes of agglomerates were

determined by dynamic light scattering to be 115 nm for silica and 295 nm for silica-TTMAPP-DOPC

liposomes. Morphological changes were also found in TEM images, showing liposome formation at pH

8.5 but collapse upon silanol protonation. TTMAPP release is enhanced from 13% at pH 7.5 to 80% at pH

2.3, as determined spectrophotometrically through dialysis membranes. Fluorescence emission of

TTMAPP encapsulated in the dry film of liposomes was reduced to half at pH 8.6 when compared to that

at pH 5.4, while the production of singlet oxygen was quintupled at pH 5.0 compared to pH 7.6. Upon

treatment of human prostate cancer cells with liposomes containing 6.7 mM, 13 mM, 17 mM and 20 mM

TTMAPP, the cell viabilities were determined to be 60%, 18%, 20% and 5% at pH 5.4; 58%, 30%, 25% and

10% at pH 6.3; and 90%, 82%, 68% and 35% at pH 7.4, respectively. Light-induced apoptosis in cancerous

cells was only observed in the presence of liposomes at pH 6.3 and pH 5.4 but not at pH 7.4, as

indicated by chromatin condensation.
Introduction

Developing a drug carrier that is capable of releasing medica-
tion at acidic pH, as found in the sites of tumor growth,1,2 is
benecial but challenging.3 Smart nanocarriers4 have been
actively investigated for this purpose, in which porous inorganic
supports are used for cargo loading and functional gated
materials for cargo sealing and release.5 Among those delivery
systems, there are few using a built-in trigger (e.g., photo-
thermal core stimulator of gold nanoparticles6–8) to stimulate
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carrier disassembly. Such a strategy greatly expands the choice
of gated materials and has yet to be developed in terms of easy
preparation, desirable biocompatibility and acidic sensitivity.

Unlike the widespread applications of mesoporous silica
nanoparticles as a direct pH-trigger,9–13 a protective shell for
liposomes,14,15 and a support for lipid layers,16–19 much less is
known about the properties of fumed silica for nanomedicines.
Thermally treated fumed silica is a voluminous powder
composed of aggregates, which cluster into three-dimensional
branched networks called agglomerates.20,21 Their wide varia-
tion in cross linked holes and strong affinity of numerous
silanols22 for hydrogen bonding make them a promising drug
carrier through various interfacial mechanisms. Gomes and
coworkers found that the Si-MCM-41 samples synthesized with
fumed silica presented better adsorption performance than
those synthesized with tetraethyl orthosilicate.23 A recent study
showed that a porphyrin array coated with amorphous silica
allowed the efficient production of singlet oxygen (1O2),24

a reactive oxygen species used in the dosimetry of photody-
namic therapy (PDT).25 Fumed silica has been widely used as
food additives for decades.26,27 The United States Food and Drug
Administration (FDA) allows an addition up to 2% silica by
weight of food.27 In recent years, there are a number of studies
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Formation of silica-TTMAPP-DOPC.
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indicating the toxicity of fumed silica through the formation of
reactive oxygen species,28 the accumulation in rats' spleen,29 etc.
This topic is currently under discussion in terms of dose-
dependence, risk research and regulatory decisions.30

The work presented herein uses fumed silica cores to stimulate
drug release from liposomes. A cationic 1O2 sensitizer, 5,10,15,20-
tetrakis(4-trimethylammoniophenyl)porphyrin (TTMAPP), adsor-
bed onto anionic silica surface at basic pH through electrostatic
attraction. This silica–TTMAPP complex was then fused with 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) to form nano-
composite liposomes (silica-TTMAPP-DOPC in Scheme 1). Upon
the protonation of silanol groups at weak acidic pH, negative
discharge occurs on the silica surface,31 thus leading to TTMAPP
desorption and liposome collapse. This paper reports the prepa-
ration and characterization of silica-TTMAPP-DOPC as well as
initial evaluation of therapeutic effectiveness in treating human
prostate cancer cells.
Experimental section
Materials and instruments

Fumed silica powders (primary particle size¼ 7 nm, density¼ 2.3
lb per 3) were purchased from Sigma-Aldrich. Tetrakis(4-
trimethylammoniophenyl)porphyrin tetrachloride or tetra(p-tol-
uenesulfonate) (TTMAPP), and meso-tetrakis(p-sulfonatophenyl)
porphyrin (TSPP) were purchased from Frontier Scientic, Inc. or
Sigma-Aldrich. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), deuterium oxide and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) were purchased from Fisher Scientic.
All chemicals were obtained with the highest grades available.
Human prostate cancer cell line, DU145, was purchased from
ATCC (Manassas, VA). Cell Counting Kit-8 (CCK-8) was purchased
from Dojindo Molecular Technologies. A Thermo Scientic
Evolution 220 UV-visible spectrophotometer was used for
measuring light absorbed. A scanning confocal uorescence life-
time imaging microscope based on an inverted Olympus IX81
frame (100�, 0.95NA Olympus dry lens) was used to record uo-
rescence lifetime and intensity images upon optical excitation at
410 nm resulted from a frequency doubled Ti:sapphire laser
(Spectra Physics Maitai) with 85 fs pulses of 8 MHz repetition rate
[with the help of a 560 nm dichroic (Semrock) and a 600 nm long
pass lter (Semrock)]. The detailed instrument setup can be found
from our previous work.32 A Q-switched Nd:YAG laser with a pulse
duration of 3–4 ns and a maximum energy of 30 mJ at 532 nm
(Polaris II-20, New Wave Research Merchantek Products) and
a repetition rate of 20 Hz in combination with a FT 200 Fluo-
rimeter (Picoquant) equipped with an InGaAs Hamamatsu micro
This journal is © The Royal Society of Chemistry 2020
channel photomultiplier were used for time-resolved 1O2 lumi-
nescence measurements. The luminescence decay of 1O2 at
1270 nm was monitored at the right angle. Time-resolved data
were t using the Fluot Picoquant soware. A JEM-1400 Trans-
mission Electron Microscope (TEM) from JEOL USA, Inc. and 200
Mesh Copper TEM grids from TED PELLA, Inc. were used for
particle characterization. A Malvern Zetasizer (Nano Series) was
used for dynamic light scattering (DLS) analysis of particle sizes
and distributions. An AccuTherm Microtube Shaking Incubator
from Labnet International, Inc. and an ultrasonic bath from
Fisher Scientic, Inc. were used for liposome preparation. The
irradiation light power was determined by Newport Optical Power
Meter (1916-C). All experiments were carried out at ambient
temperature.
Preparation of colloidal silica solution

The colloidal silica was prepared by dispersing 1.0 g fumed
silica powers in 500 mL pH 9–10 NaOH solution, followed by
stirring for days under basic pH and ltering with the double
layers of Whatman qualitative lter paper (Grade 4). Its
concentration is reported in terms of primary particles (CSiO2

,M)
with an estimated diameter of 7 nm and silica density of dSiO2

¼
2.3 g cm�3 to better reect experimental conditions (eqn (1)).
This silica stock solution has a particle concentration around
8 � 10�6 M.

CSiO2
;M ¼

CSiO2
; g L�1

dSiO2
; g cm�3

4

3
p

�
fSiO2

; nm

2
� 1� 10�7

�3

6:02� 1023
(1)
Preparation of silica-attached TTMAPP

An aliquot of 1.00 mL 2.0 � 10�4 M aqueous TTMAPP solution
was added into 4.00 mL of stock silica solution. Themixture was
stirred for ca. 30 minutes. The silica-attached TTMAPP nano-
particles were then separated from free TTMAPP in solution by
centrifugation, followed by re-dispersing in 10.00 mL of pH 9
NaOH or 0.05 M pH 7.4 HEPES buffer solutions.
Preparation of silica-TTMAPP-DOPC nanocomposite
liposomes

Liposomes were prepared by lipid lm hydration. Briey, 0.03 g
DOPC was thoroughly dissolved in 1 mL chloroform in a 20 mL
glass vial that was then placed in a vacuum desiccator overnight
to yield a dry lipid lm. The DOPC lm was stored frozen until
ready to hydrate. 10 mL of silica-attached TTMAPP in pH 9
NaOH solution or 0.01 M pH 7.4 HEPES buffer solution was
added into the dry lipid lm. The mixture was shaken at room
temperature under 700 revolutions per minute for up to 1 hour,
and then sonicated until a homogeneous dispersion was ob-
tained. The prepared liposomes were precipitated by centrifu-
gation and re-dispersed in NaOH or HEPES buffer solutions as
needed to remove any free TTMAPP in the solution.
RSC Adv., 2020, 10, 17094–17100 | 17095
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Production of 1O2 and its quantum yield

The generation of 1O2 was observed directly at its 1270 nm
emission upon irradiation of desorbed TTMAPP at 532 nm in
D2O. The kinetic tting of

1O2 decay was obtained using FluoFit
soware. The quantum yield of 1O2 production (fD) by TTMAPP
was determined using previously established methods10 and
calculated according to eqn (2). The absorbance of TTMAPP
samples and a reference of TSPP with a known quantum yield of
0.63 (ref. 33) was controlled between 0.01 and 0.8 at an excita-
tion wavelength of 532 nm. The initial 1O2 intensities were
extrapolated to time zero for each measurement. The data
points from the initial few ns were not used due to interfering
signals from more rapid events coincident with the laser pulse
(e.g., scattered light, electronic interference of the detector, etc.).

fD;TTMAPP

fD;TSPP

¼ slopeTTMAPP

slopeTSPP
(2)

Here fD,TTMAPP and fD,TSPP are fD from TTMAPP sample and
TSPP reference, respectively. SlopeTTMAPP and slopeTSPP repre-
sent the slopes derived from linear response of 1O2 signals as
a functional of absorbance at 532 nm for TTMAPP and TSPP,
respectively (Fig. S1 in ESI†).
pH-controlled porphyrin release and liposome stability

A 10 mL aliquot of nanocomposite liposomes was transferred
into pre-hydrated dialysis tubing. The dialysis membrane was
mechanically sealed and placed into a beaker containing 1 L of
deionized water at different pH ranging from 2 to 9 adjusted by
adding an appropriate amount of NaOH or HCl. For the
TTMAPP release test, samples of 3.00 mL dialysates at different
pH were taken aer 5 hours of dialysis (Fig. 3). For liposome
stability test, samples of 3.00 mL dialysates were taken at an
interval of two or more hours for up to a timespan of 60 hours
(Fig. S2 in ESI†). The pH of each 3.00 mL of dialysate was then
adjusted to be the same for TTMAPP analysis spectrophoto-
metrically at 412 nm using an extinction coefficient of 3.6 �
105 M�1 cm�1 (Fig. S3 in ESI†).
Cell culture

DU145 cells were cultured in RPMI 1640medium supplemented
with penicillin/(100 U mL�1) streptomycin 10 mg mL�1 and 10%
heat inactivated fetal calf serum cells at 37 �C in a humidied
atmosphere containing 5% CO2. Cells were plated on 96 well
plate at 1 � 104 cells per well. On the next day cells were
changed to serum-free RPMI 1640 medium and processed for
treatment with silica-TTMAPP-DOPC at different pH.
Fig. 1 TEM images of silica-TTMAPP-DOPC at pH 8.5 (A), 5.0 (B) and
2.0 (C).
Treatment

Complete medium from the cells was replaced with serum-free
medium. Two sets of DU145 cells on 96 well plates were exposed
to different doses of silica-TTMAPP-DOPC and corresponding
control solutions containing the same amounts of silica and
DOPC in the absence of TTMAPP at pH 5.4, pH 6.3 and pH 7.4,
respectively, respectively. One set was irradiated at 250–600 nm
with an average power of 8.7 mW for 60 minutes. Another set
17096 | RSC Adv., 2020, 10, 17094–17100
was kept under darkness. The cells were then placed in the cell
incubator for 3 hours.
Cell viability assay

The cell viability was evaluated by CCK-8 assay. The medium
was aspirated out of the wells and replaced with 100 mLmedium
containing CCK-8 and incubated for an additional 3 hours. The
absorbance was taken at 450 nm against untreated cells using
a microplate reader (VICTORX3 PerkinElmer). Percent viability
was calculated as

Absorbance of sample

Absorbance of control
� 100:

For statistical analysis, comparisons between the groups
were performed using one-way analysis of variance (ANOVA).
Differences between means of different treatments were
inspected with Bonferroni multiple comparison post hoc tests.
The data were analyzed using GraphPad Prism (GraphPad
Soware La Jolla, CA, USA). P values of <0.05, <0.01, and <0.001
were considered as statistically signicant.
DAPI staining for apoptosis

DU145 cells (5 � 104 cells per well) were grown in 6 well-plates
on a glass cover slip and treated with liposomes containing 13
mMTTMAPP at pH 5.4, pH 6.3 and pH 7.4. The treated cells were
washed with PBS and xed in 3.8% formaldehyde for 15 min.
Cells were then stained with 40,6-diamidino-2-phenylindole
(DAPI, 1 mg mL�1) in PBS at 37 �C for 30 min, followed by
uorescence microscopy analysis.
Results and discussion
Formation of nanocomposite liposomes

The biocompatibility and encapsulating capability make lipo-
somes a promising carrier for both hydrophobic and hydro-
philic drugs.34 With isoelectric point values between pH 2 and
4,31 fumed silica particles are ready to attach to cationic
TTMAPP molecules via electrostatic attraction in weak basic
solutions. This silica-attached TTMAPP complex was then fused
with DOPC to form nanocomposite silica-TTMAPP-DOPC lipo-
somes. The morphology of silica-TTMAPP-DOPC was examined
by TEM at different pH. Fig. 1 shows that lipid layers are visible
at pH 8.5 due to the formation of amorphous liposomes (image
A). The variation of pH changes the protonation of silanol
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Effect of pH on the release of TTMAPP from liposomes after 5
hours of dialysis (n ¼ 2–6).
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groups, thus the charge and morphology of nanocomposite
liposomes. The sizes of primary particles in silica-TTMAPP-
DOPC decreased from ca. 25 nm at pH 8.5 (image A) to ca.
15 nm at pH 5.0 (image B) to ca. 10 nm at pH 2.0 (image C),
which is comparable to commercially reported value of 7 nm for
primary fumed silica particles. Additional TEM images of silica-
TTMAPP-DOPC at basic pH can be found in Fig. S4 in ESI.† The
diameters of agglomerates were also determined by dynamic
light scattering (DLS) to have increased from 115 nm for silica
colloids to 295 nm for liposomes (Fig. 2). For easy character-
ization, silica particle concentrations were calculated using its
primary size although the actual framework is much larger due
to the formation of amorphous agglomerates. The number of
TTMAPP molecules adsorbed onto each primary silica particle
was estimated to be 4.5 by examining the ratios of TTMAPP to
silica particles at pH 9 (Fig. S1 in ESI†).

Effect of pH on TTMAPP release

The nature of the permeability barrier in the membranes still
remains unclear, especially with respect to ionic solutes. It has
long been known that proton leakage through lipid membranes
takes place even in the absence of channels, and its transport
proceeds up to several orders of magnitude faster than that of
other small cations.35 To reveal the process of pH-triggered
collapse of nanocomposite liposomes, the amount of TTMAPP
passing through the dialysis tubing was monitored spectro-
photometrically as a function of pH through the course of 5
hour-dialysis, using an extinction coefficient of 3.6 �
105 M�1 cm�1 for TTMAPP (Table S1 and Fig. S2 in ESI†). The
initial pH of liposomes was controlled to be 7.4 while the pH of
dialysates varying between 2 and 9. As illustrated in Fig. 3,
TTMAPP release from liposomes is negligible at pH 8–9 (�10%)
and pH 7.5 (�13%) but is dramatically accelerated up to 38% at
pH 6.0, 49% at pH 5.2, 53% at pH 4.8, 66% at pH 3.3 and 80% at
pH 2.3, indicating a pH-responsive porphyrin release and
proton permeability across the imperfect lipid layers. The pores
formed with lipid head groups have been suggested to be
responsible for the passage of ions and polar molecules across
membranes.36 Moreover, our stability test reveals a complete
liposome collapse in 35 hours at pH 7.5 but 15 hours at pH 5.6,
indicating an optimum endurance of silica-TTMAPP-DOPC in
basic solution (Fig. S3 in ESI†). With TTMAPP released by 13%
Fig. 2 Dynamic light scattering of silica colloids with a diameter of
115 nm (black line and picture in black frame) and silica-TTMAPP-
DOPC with a diameter of 295 nm (red line and picture in red frame) in
pH 9 NaOH solutions.

This journal is © The Royal Society of Chemistry 2020
at pH 7.5 and 80% at pH 2.3, our results also indicated a limi-
tation toward specicity and effectiveness. Its physiological
efficacy would be even harder to be evaluated. A promising
alterative for active target is to use nano-carriers modied with
specic cancer target receptors, such as antibodies,37,38 folates,38

etc. This strategy could also be applied to silica-liposome
carriers for further improvement of drug delivery.

The pH-dependent TTMAPP release was also conrmed by
1O2 production (Fig. 4) and TTMAPP uorescence images as
well as its kinetic decays obtained from liposome dry layers
(Fig. 5). The quantum yield of 1O2 production upon irradiation
of TTMAPP at 532 nm was determined to be 0.76 in D2O using
TSPP as a reference (Fig. S5 in ESI†),33 which is consistent with
the literature report.39 The pH-controlled photosensitization of
TTMAPP is shown in Fig. 4, in which 1O2 production at pH 5.0
(black line) is �5-fold higher than that at pH 7.6 (green line).
The efficient quenching of 1O2 emission was observed in the
presence of NaN3 (red line), a trap of 1O2 with 2nd order
quenching rate constant over 8 orders of magnitude.40 Fig. 4
shows that the azide ions reduce not only the lifetime of 1O2 but
also its initial intensity, which can be explained by its reactions
with both 1O2 and excited states of the sensitizer.41 The lifetime
of 1O2 depends largely on its surroundings. A lifetime of 30 ms
was obtained under our experimental conditions, which is
shorter than that determined in pure D2O (e.g., 53 ms (ref. 42))
but acceptable if considering the complex experimental media.
Fig. 4 Emission of 1O2 at 1270 nm upon irradiation (532 nm) of
released TTMAPP at pH 7.6 (green line), pH 5.0 in the absence (black
line) and presence (red line) of 1 mM NaN3.

RSC Adv., 2020, 10, 17094–17100 | 17097
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Fig. 5 Representative fluorescence decays and lifetime images
monitored at 560 nm upon irradiation (410 nm) of TTMAPP in the dry
layers of liposomes at pH 8.6 (left) and pH 5.4 (right), dashed green
lines – experimental data, and solid black lines – 1st-order kinetic
fitting.

Fig. 6 (A) Light-induced cytotoxicity of silica-TTMAPP-DOPC on
DU145 cells incubated at pH 7.4 (solid black lines), pH 6.3 (solid blue
line) and pH 5.4 (solid red line) as a function of TTMAPP concentra-
tions. The corresponding colored dash lines represent controls with
same amount of silica and DOPC in the absence of TTMAPP. The data
represents the plot of mean cell viability � standard deviation with n ¼
4. (B) Detection of DU145 cell death by DAPI staining assay upon cell
treatments with silica-TTMAP-DOPC containing 13 mM TTMAPP at pH
7.4, pH 6.3 and pH 5.4. Representative fields out of six fields are shown
here.
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As shown in Fig. 5, TTMAPP uorescence lifetimes calcu-
lated by 1st-order kinetic tting at pH 5.4 and pH 8.6 remained
unchanged with an average of 9.5 ns for pH 8.6 (le decay) and
9.6 ns for pH 5.4 (right decay). However, a noticeable reduction
of initial intensity at basic pH (le decay and image) suggests
that TTMAPP molecules were encapsulated inside liposomes.
The coverage of DOPC layers over silica-attached TTMAPP at pH
8.6 acted as a neutral lter that to some extent hampered
TTMAPP from the absorption of excitation light, thus leading to
a lower initial intensity on the decay curve and a darker image of
uorescence. The emission nearly doubled as pH dropped from
pH 8.6 (cnts ¼ 1833, le image) to pH 5.4 (cnts ¼ 3568, right
image). In the acidic environment, released TTMAPP absorbs
excitation light efficiently, leading to a strong emission (right
image) and effective production of 1O2 (Fig. 4).
Cytotoxic effect of silica-TTMAPP-DOPC on human prostate
cancer cells

It is well known that light-activated photosensitizing reagents
cause oxidative stress and tumor cell death by producing reac-
tive oxygen species, especially 1O2.25 Enhanced apoptotic effects
upon phthalocyanine photosensitization were also observed.43

To mimic the acidic environment in tumor cells, silica-
TTMAPP-DOPC was adjusted to weak acidic pH and the
toxicity was evaluated in DU145, a human prostate cancer cell
line (Fig. 6A). Cells were exposed to silica-TTMAPP-DOPC at pH
5.4, 6.3 and 7.4 under light irradiation as well as in darkness,
and control treatments were done for silica–DOPC in the
absence of TTMAPP. Loss of cell viability was negligible when
exposed to light in the presence of silica–DOPC controls at all
pH (red, blue and black dash lines for pH 5.4, pH 6.3 and pH
7.4, respectively). However, reduced cell viability was observed
in the presence of silica-TTMAPP-DOPC in a TTMAPP-
concentration-dependent manner, as determined to be 60%,
18%, 20% and 5% at pH 5.4 (solid red line); 58%, 30%, 25% and
10% at pH 6.3 (solid blue line); and 90%, 82%, 68% and 35% at
pH 7.4 (solid black line) when treated with liposomes contain-
ing 6.7 mM, 13 mM, 17 mM and 20 mM TTMAPP, respectively.
Although reduced cell viability (35%) was observed in the
presence of 20 mM TTMAPP at pH 7.4, it was seven-fold higher
than that at pH 5.4 (5%). A signicant difference was found for
17098 | RSC Adv., 2020, 10, 17094–17100
silica-TTMAPP-DOPC between pH 7.4 and pH 5.4, as well as
between pH 7.4 and pH 6.3 (P < 0.001), and between silica-
TTMAPP-DOPC and silica–DOPC controls at pH 5.4 and at pH
6.3 (P < 0.001); while there was no difference in cell viability at
pH 7.4 between silica-TTMAPP-DOPC and silica–DOPC controls
for all TTMAPP concentrations (P > 0.05) except for the highest
one of 20 mM (P < 0.001). A loss of cell viability was not seen with
dark controls under all conditions above (Fig. S6 in ESI†). These
observations are consistent with pH-responsive TTMAPP release
and liposome collapse. It is known that apoptosis results in
specic and stage-dependent morphological alterations of the
cell nucleus. Chromatin condensation is typical of apoptotic
cells and oen precedes nuclear fragmentation. DU145 cells
were stained with DAPI and treated with liposomes containing
13 mM TTMAPP. The assessment of nuclear morphology by
uorescence microscopy was performed using cell-permeable
nucleic acid stains, such as DAPI.44 As shown in the photomi-
crographs in Fig. 6B the nuclear chromatin condensation was
only observed in photo-activated drug treated cells at pH 5.4 and
6.3 but not at pH 7.4. The number of nuclei in the eld were
counted displaying nuclear fragmentation, chromatin conden-
sation, or nuclear condensation (Fig. S7†).

Conclusions

A simple fabrication method was developed to encapsulate
fumed silica-attached porphyrin into liposomes composed of
DOPC. The nanocomposite liposomes prepared are relatively
stable in weak basic solutions but effectively release porphyrins
for 1O2 production at acidic pH for PDT in cancer treatment.
This journal is © The Royal Society of Chemistry 2020
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The potential application of this nanoplatform is indicated by
the pH-controlled sensitizer release, decreased uorescence of
encapsulated TTMAPP, quintupled 1O2 phosphorescence and
efficient loss of cell viability at tumor pH. An incorporation of
internal silica trigger with lipid layers not only greatly extends
the selection of lipids but also provides a function of lipid
modication for future targeting and detection.
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F. Štěpánek, Nanoscale, 2013, 5, 11490–11498.

39 J. B. Verlhac, A. Gaudemer and I. Kraljic, Nouv. J. Chim.,
1984, 8, 401–406.
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