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ABSTRACT

Mesoporous silica nanoparticles (MSNs) are widely known
for their versatile applications. One of the most extended is
as drug delivery systems for the treatment of cancer and
other diseases. This review compiles the most representative
examples in the last years of functionalized MSNs as photo-
sensitizer carriers for photodynamic therapy (PDT) against
cancer. Several commercially available photosensitizers (PSs)
demonstrated poor solubility in an aqueous medium and
insufficient selectivity for cancer tissues. The tumor specificity
of PSs is a key factor for enhancing the PDT effect and at
the same time reducing side effects. The use of nanoparticles
and particularly MSNs, in which PS is covalently anchored
or physically embedded, can overcome these limitations. For
that, PS-MSNs can be externally decorated with compounds
of interest in order to act as an active target for certain can-
cer cells, demonstrating enhanced phototoxicity in vitro and
in vivo. The objective of this review is to collect and compare
different nanosystems based on PS-MSNs pointing out their
advantages in PDT against diverse types of cancers.

INTRODUCTION

Besides surgery, chemo- or radiotherapy are conventional treat-
ments applied against cancer. However, depending on the type
of cancer an effective cure has not been found yet (1-3). More-
over, these treatments usually cause important side effects owing
to their lack of selectivity for cancer cells inducing high toxicity
to normal cells (4-7).

In this context, photodynamic therapy (PDT) is considered a
complementary and minimally invasive procedure able to kill
cancer cells by the cytotoxic effect emerge from the production
of reactive oxygen species (ROS), mainly singlet oxygen (‘Oy)
after the photosensitizer activation by suitable light irradiation
(7-12). Preclinical and clinical trials have proven PDT to be
effective in early-stage tumors or the palliation of advanced
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cancers, such as skin, head, neck, esophageal, or lung cancer,
improving patient survival (7,8,10,13-16).

At present, although there are a wide variety of families of
PSs with high singlet oxygen production (Fig. 1; [17]), few of
them have been approved for PDT clinical use by the FDA.

Advanced conditions are required for PDT-PS: nontoxic in
dark conditions, selectively accumulated in cancer tissues, suit-
able pharmacokinetics in vivo (related to biodistribution, stability
and excretion time), intense absorption bands coefficients in the
phototherapeutic window (630-850 nm) to maximize the light
penetration and amphiphilic nature to ensure solubility in aque-
ous media and cross cell membrane ability (3,17-20). Most of
the PDT-PSs belong to the porphyrin-like family. For instance,
Photofrin® belongs to the first generation of PSs and although it
is efficient in destroying cancer cells, its demonstrated poor
selectivity to malignant tissues and long term-accumulation into
the tissue (3). The second generation of PSs, that is Visudyne®
or porphyrin-based macrocyclic structures like chlorins, bacterio-
chlorins or phthalocyanines, presents better antitumor effects
ascribed to higher absorption coefficients and singlet oxygen
quantum yield, better tumor-to-normal selectivity and shorter tis-
sue accumulation time. Nonetheless, in some cases, the hydro-
phobic nature and solubility problems in aqueous media lead to
molecular aggregation decreasing the potential effectiveness.
Nowadays, a huge effort is devoted in the development of the
third generation of PSs to enhance PDT efficiency. One strategy
is based on the design of new operative PSs by rationalized
chemical modification, that is by attachment (bio)targeting moie-
ties to their molecular structure to increase water solubility and
tumor selectivity (3,21). A second strategy is based on the use of
nanoparticles (NPs) as carriers for PS (3,22-28), which serve as
delivery systems able to enhance the selectivity, protect them
from degradation by plasma components and increase their solu-
bility in physiological media, lowering the required doses,
increasing the therapeutic efficacy and minimizing the side
effects. Besides, NPs can provide combined treatments
(photodynamic-, chemo- or immuno-therapies) or imaging and
diagnostic capabilities in the same nanoplatform.

There are many types of nanoparticles with potential use in
biomedicine, based on different materials: metallic (gold, iron or
quantum dots) and nonmetallic (micelles, liposomes, polymeric
nanoparticles, carbon nanotubes or silica-based nanosystems;
[3,5,29-44]). In this context, one of the most interesting nano-
platforms for transporting photosensitizers is mesoporous silica
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Figure 1. Molecular structure of known photosensitizers (12).

nanoparticles due to their high surface area, easy functionaliza-
tion, biocompatibility, and their optical transparency, essential
for PDT (22,24,38,41,45-48). In this review, we mainly focused
on the use of silica mesoporous nanoparticles (MSNs) in PDT to
enhance the properties of photosensitizers to destroy efficiently
nearby cancer cells.

NANOPARTICLES IN PHOTODYNAMIC
THERAPY

The use of nanoparticles as carriers, which is commonly known
as nanomedicine, offers many advantages: (1) their large surface
to volume ratios allow the administration of a high amount of
drug, (2) prevention from enzymatic degradation or inactivation
of the drug by plasma components, (3) stabilization of hydropho-
bic drugs in the aqueous medium, and (4) enhancement the
selective accumulation inside the tumor cells and their retention
by enhanced permeability and retention (EPR) effect or so-called
passive targeting (6,23). That is because tumor cells usually
growing very fast in a more disorganized distribution and pre-
senting large gap junctions (between 100-600 nm), allowing a
greater entry of nanoparticles with respect to healthy ones. Thus,
nanoparticles of a diameter size between 30-200 nm, are prefer-
entially accumulated in the tumor cells, whereas they are unable
to penetrate through tight endothelial junctions of normal blood
vessels (2-20 nm). Moreover, tumors show poor lymphatic
drainage, aiding longer time retention. Besides, the specificity to
tumor tissues can be increased by using a particular (bio)target,

known as active targeting. By external surface functionalization
with certain ligands, such as proteins, polysaccharides, nucleic
acids, peptides, and small molecules, which specifically bind to
receptors overexpressed in malignant cells but not in healthy
cells (36,47).

Currently, there are several nanosystems approved by the
(FDA), and an average of 2-3 new ones per year is being
approved for specific clinical uses since 1990. Systems based on
liposomes and polymeric nanoparticles were initially leading but
nowadays the use of micellar, metallic or protein based nanopar-
ticles is more extended (Fig. 2; [5,38,40]).

In the particular case of PDT, several have been used as PSs
transports. For instance, polymeric NPs from natural or synthetic
biocompatible polymers, particularly poly(D,L-lactic-coglycolic
acid; PLGA), which degrades to biocompatible and nontoxic
products and are physiologically removed from the body, have
been approved by FDA to be used in humans (3,27,50,51). Other
typical NPs for PS transport are liposome-based nanosystems
(3,50). These nanocarriers were one of the first used in medicine
and nowadays there are over 11 formulations approved for clini-
cal use. However, they show short plasma half-time and they
required extra modifications of their external surface to enhance
the fast degradation before reaching the target area (3).

Apart from organic NP, metallic carriers have been also stud-
ied for PDT (50). Gold NPs have great interest due to the possi-
bility to combine surface plasmon resonance (SPR) and the
conversion of light energy to heat, what is known as Photother-
mal Therapy applications (PTT), with PDT. Regarding magnetic
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Figure 2. Examples of different types of nanoparticles used in biomedicine for drug transports. Source: Image taken with permission from (49).

NPs, the most common in PDT is iron oxide. In this case, these
nanosystems can also provide tracking and diagnosis by mag-
netic resonance imaging (MRI; [3,27]).

Another type of nanoplatforms are fullerenes, a carbon allo-
trope with a spherical shape composed usually of 60 (C60) or 70
(C70) carbon atoms, which are sometimes considered a carrier
despite their small size (approximately 0.7-1 nm). It generates
high ROS species, particularly singlet oxygen (quantum yield
near unity) under UV light. Unfortunately, UV light is not suit-
able irradiation for human tissues, being responsible for DNA
damage and genetic defects or mutations (3,27,52-54).

Finally, silica NPs, mainly with mesoporous structure
(MSNSs), are also widely used, and could be considered one of
the most interesting nanocarriers for PSs due to is optically trans-
parent to light absorption and biocompatibility (3,32,50,55).

MESOPOROUS SILICA NANOPARTICLES: TYPES,
SYNTHESIS AND FUNCTIONALIZATION

The silica nanoparticles can be classified into three different
types: (1) Stober silica nanoparticles (56), (2) organically modi-
fied silica (ORMOSIL) and (3) mesoporous silica nanoparticles
(MSN). These different types are differentiated based on their
structure or nature of core; without porous structure (nonporous),
with porous of few nanometers (mesoporous) or a more organo-
philic core by the combination of different silica sources (ormo-
sil). Note here, any of the three types of silica nanoparticles can
enclose functionalized shells (Fig. 3).

Among these three types, nonporous silica nanoparticles were
the first one on which the method was developed to control
nanoparticle growth, shape, and distribution in 1986 by Stober
and Fink, currently known as the Stober method (56). This is
based on the sol-gel process, starting from an alkoxide (tetra-
ethoxysilane, tetramethoxysilicate or others) in a water/ethanol
mixture and using ammonium hydroxide as a catalyst. As a
result, monodisperse, spherical and electronically stabilized silica
nanoparticles are obtained by hydrolysis and condensation reac-
tions (Fig. 4).
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Figure 3. (a) Schematic representation of core-shell structure sphere
nanoparticles; (b) TEM image of a mesoporous silica nanoparticle with
core-shell structure, scale bar = 50 pm.

In the other two types: ormosil and mesoporous, modifications
in the Stober method are required. For ormosil nanoparticles, a
second silica source with a more organophilic character is used
(36,57). Regarding MSN, the addition of a cationic surfactant
into the synthesis gel is required to act as a template and through
micelle formation, pores are generated with a size range from 2
to 50 nm, after removing the surfactant (58,59). As a result, the
MSNs present two areas of work, the mesoporous structured core
and their external surface, in which different drugs and targeting
moieties would be accommodated (Fig. 3). For that reason,
MSNs are considered more versatile than nonporous silica NPs.
Besides, MSNs could be synthesized with different shapes:
sphere-like, yolk-shell, hollow and peanut-like structures, being
sphere nanostructures preferred for their use as carriers (60-63).
Their potential use as a drug delivery system was firstly pro-
posed by Vallet-Regi in 2001 (64). So far, the great increase in
the number of publications about these nanosystems, demon-
strates they fulfill the crucial requirements for their use in
nanomedicine.

Regarding their synthesis, nowadays, many different works
described the effect of reaction conditions on the size, morphol-
ogy, and distribution of mesoporous silica nanoparticles. In gen-
eral, five parameters are mainly considered; (1) temperature, (2)
pH value, (3) silica source concentration and nature (4) type of
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1.Hydrolisis
Si-(OR)s + HO === Si-(OH)4 + 4R-OH

2. Condensation
Si-(OH)y === 2 (Si-0-Si) + 4H,0
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Figure 4. Scheme of Stober method; hydrolysis and condensation reactions.

alcoholic solvent used and (5) surfactant type and concentration
(46). The variations of these conditions induce a modification of
the NP size ranging from 25 nm to 2 um (Fig. 5). Thus, all these
factors have to be taken into account in the synthesis of meso-
porous silica nanoparticles:

1 Temperature. In general terms, MSNs size tends to decrease
when the reaction temperature increases. For example, Lin
et al. (59) obtained MSN with 260 nm at 30°C, while the
diameter size of 24 nm reached at 60°C was drastically
reduced.

2 pH. This parameter has a great impact on the hydrolysis of the
silica source, being faster as pH increases. Conversely, the
condensation is not directly related to pH and is favored at pH
values between 7.5-8.4. For that reason, at a low pH, the reac-
tion time becomes very slow modifying the NP morphology
and size. In this regard, different bases could be used, being
the most common ammonium hydroxide (NH4OH) or sodium
hydroxide (NaOH; [46,59,60]).

3 Alkoxide concentration. It is proportional to the size of nano-
particles, meaning that if the concentration raises, the size of
the nanoparticles does too (59). In the case of the silica source

Figure 5. TEM images of MSN of different size for an example: 50 nm
(a,b) and 250 nm (c,d).

type, the shorter the carbon chain the smaller the size of the
nanoparticles, attributed to a less steric effect during the nucle-
ophilic attack by water (46).

4 Alcohols as a cosolvent. It facilitates the alkoxide solution.
Note that long-chain alcohols lead to high nanoparticles size
and wider size distribution. For this reason, obtaining smaller
and more homogeneous nanoparticles, methanol or ethanol is
convenient (59).

5 Surfactant. It is crucial to obtain the characteristic mesoporous
nature inside the nanoparticles, which is the result of complex
interactions between the micelles and the silica oligomers dur-
ing condensation. The surfactant concentration affects the
hydrolysis and its micellization. Generally, MSN presents a
more homogenous and spherical distribution at lower concen-
trations of surfactant. The most typically used are salts of
dodecyl or cetyltrimethylammonium (CTA), such as cetyltri-
methylammonium chloride (CTAC) or cetyltrimethylammo-
nium bromide (CTAB; [60]).

The mesoporous nature is an essential parameter in MSN and
implies a new area of functionalization. To exploit this inner
mesoporous structure, surfactant has to be previously removed,
commonly by (1) calcination (46,65,66) or (2) acid treatment
(67-69).

Interestingly, both areas (external and internal surfaces) of
mesoporous silica nanoparticles can be easily functionalized
(38,70,71). In this context, depending on the functional groups
required, different silica sources are available (Table 1).

The presence of different organic groups opens the opportu-
nity to chemically tether a great number of compounds of inter-
est (drugs, biomolecules, biopolymers) in the shell or/and in the
core of the nanoparticles (68,72-74). In many cases, only one of
the two areas is selectively functionalized. MSN allows multiple
combinations to carry the different molecules of interest. For
example, some components could be physically embedded in the
pores without any covalent union (36), whereas others could be
covalently anchored at the external functionalized shell
(66,69,75-80).

BIOCOMPATIBILITY AND BIODISTRIBUTION
STUDIES OF MESOPOROUS SILICA
NANOPARTICLES

In vivo studies carried out in mice related to pharmacokinetics of
MSN have revealed very promising results for their implementa-
tion into clinical trials. In this section general trends are detailed
since the outcomes usually depend on their size and morphology
and chemical composition, besides the injected dosage and
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Table 1. Examples of the different alkoxysilane sources available and their corresponding functional group at the nanoparticle.

Alkoxysilane source

Functionalization in nanoparticle
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expose-routes (oral, intravenous, subcutaneous, intraperitoneal or
intramuscular administrations; [81,82]). As an example, MSNs of
around 50 nm diameter and different functionalities at the external
surface (OH-, COOH or PEG- groups) displayed different blood
circulation times, being pegylated particles those with longer reten-
tion times, lower liver uptake and reduced toxicity, as have been
generally observed for other PEG-decorated nanoparticles (82). In
general terms, in vivo studies have demonstrated that MSNs of
diameter between 50-200 nm are preferentially accumulated into
tumor tissues due to EPR effect. In addition, this selectivity was
further promoted by conjugation with specific small molecules,
ligands or antibodies at their external surface (83,84).

According to the toxicological profile of MSNs, dosage of
50 mg kg™' is considered nontoxic and can be safely used
(81,83,85). However, coating strategies are also able to reduce
toxicity and higher doses might not reveal toxic effects (82). As
mentioned above, the excretion process is closely related to the
distribution of MSNs and the administration method. On aver-
age, in vitro studies indicated that MSNs are evacuated out of
the body through renal and fecal routes, and a complete clear-
ance is typically reached between 4 to 7 days after injection
(81,83).

Although in vivo biocompatibility profile of MSNss is still very
limited and further studies should be completed, these prelimi-
nary findings impart MSNs as suitable nanovehicles of PSs to

overcome some of their limitations, such as low selectivity to
malignant tissues or long term-accumulation into the tissue (even
for weeks). MSN has also allowed the combination of PDT with
other therapies and can be provided with bioimaging capabilities.
Many studies, through in vitro and in vivo experiments, have
demonstrated their potential applicability in the nanomedicine
field. Different examples of PS-MSN systems and their benefits
in the PDT implementation are detailed below.

PHOTOSENSITIZERS LOADED IN SILICA
NANOPARTICLES

Mesoporous silica nanoparticles has been used as carrier for PS,
and different types of photosensitizers have been tethered outside
or encapsulated inside. Moreover, many targets are used in other
to tackle different types of cancers. In this review, we have
focused on recent works on the applicability of MSN as PS-
vehicles for PDT. In the following sections, the most representa-
tive examples are divided by the type of PS used.

Porphyrins

One of the most studied type of PSs is the porphyrin family.
As mentioned above, the first PS applied in clinical trials was
Hematoporphyrin (86-88). In fact, a great number of studies
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were carried out with PSs derivative of this family. For
example, Bouffard et al. encapsulate a neutral porphyrin (bear-
ing a maleimide arm) inside MSN of 130 nm diameter, to use
against prostate cancer in cell culture. (89) Mannose was
selected as a specific target and the effect of this target on the
phototoxic efficiency was analyzed by comparing three different
designed nanoparticles: (1) without target (MSN), (2) with one
molecule of mannose (MNS-M6C) and (3) with dimannoside
derivative (MSN-M6C-Man) in Human prostate adenocarcinoma
cells (LNCaP). They exposed the cells to the three nanosystems
at the same concentration of 80 pg mL ™' at different incuba-
tion times (Fig. 6), and cells were irradiated for 20 min under
650 nm (3 mW, 11257 cm ). Their experiment showed a
higher effect of dimannoside derivative at lower times, being
MSN-M6C-Man able to destroy 73% of the cells while MSN-
M6C and MSN only 35% and 10%, respectively, for 6 h of
incubation. It was a good example of how a better affinity to
the cancer cell receptors enhances the phototoxicity effect of
the nanoparticles in vitro (89).

Bretin et al. in 2019 (6) also tethered a porphyrin, 5-(2-[3-
carboxypropyloxy] phenyl)-10,15,20-triphenylporphyrin
(TPPOH), in the surface of silica nanoparticles of 80 nm diame-
ter to treat human colorectal cancer (CRC). They used a hemicel-
lulose (xylan) as a bridge to control the TPPOH delivery. (90)
Xylan is natural, biodegradable, and nontoxic biomaterial, which
improves the biodistribution of the nanosystem. Bretin et al.
compared the toxicity of the new hybrid nanosystem with respect
to TPPOH-free in solution both under dark and irradiation condi-
tions through in vitro experiments in three human CRC cell
lines: (1) HT-29 (2) HCT116 and (3) SW620.

After exposing the cells to red irradiation (630—660 nm) and
analyzing the phototoxicity 48 h later, similar tendencies were
found in the three cell lines: both TPPOH-free and TPPOH-
@NP (TPPOH-X-SNPs) were nontoxic under dark conditions
but the phototoxicity showed by the nanosystem were higher
than TPPOH-porphyrin in solution, Table 2. HCTI116 and
SW620 showed the same ICsy whereas HT-29 cells were rela-
tively most resistant to the phototreatment according to their
higher ICsq value, Table 2 (6).

The analysis of the internalization and colocalization in vitro
of the TPPOH@nanosystem and free TPPOH inside HT-29 cells
(Fig. 7), at the same concentration (1 pM), determined a much
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higher uptake of TPPOH-X-SNP with respect to TPPOH in solu-
tion, particularly 98.8% vs a 2.32%, after 24 h of incubation.
Similar, results were obtained at 2, 6, and 12 h of postincubation
and for the other two cell lines. The colocalization test indicated
that nanosystems preferably colocalized with lysosomes (50.8%),
although to some extent also in mitochondria (12%) for HT-29
cells, alike for HCT116 and SW620.

This group has also studied the antitumor efficacy in vivo,
demonstrating an increased apoptosis and cell proliferation inhi-
bition after the injection of TPPOH (@NP and free in solution).
The accumulation capability of TPPOH-X-SNP and TPPOH
inside the tumors was analyzed 24 h postinjection. TPPOH-free
(red circles) showed a minimal accumulation at tumor sites in
contrast to TPPOH-X-SNP (Fig. 8). The ex-vivo fluorescence
imaging of tumors and major organs at 24 h postinjection indi-
cated a higher accumulation in the liver and kidney with respect
to other organs or tumors, confirmed by quantitative ROI
analysis.

Li et al. (91) also considered the MSN, in this case of 88 nm
diameter, a suitable nanotransport for porphyrin. In this case,
5,10,15,20-tetrakis (1-methyl 4-pyridinio) porphyrin tetra (p-
toluenesulfonate) (TMPyP) was encapsulated inside the mesopor-
ous of MSN, together with silicon nanoparticles (SiNPs) during
the MSN synthesis to attain two-photon fluorescence for bioima-
ging. Moreover, they analyzed the possibility of combining PDT
with chemotherapy, by coadsorbing doxorubicin (DOX), a
widely known anticancer drug, inside the mesoporous core. They
have targeted Human Breast Carcinoma and Human Lung Can-
cer by studying MCF-7 and A549 cell lines, respectively. To
enhance the specific selectivity of the nanosystems, Li et al. teth-
ered Folic Acid at the MSN surface. Briefly, Folic Acid (FA) is
a small molecule widely used as a target for a great number of
cancer cells to enhance selectivity (74,92,93).

The internalization of MSN without DOX (Fig. 9) was ana-
lyzed by recording the fluorescence of SiNPs by two-photon
excitation with 800 nm laser as excitation source. The lower blue
fluorescence emission for A549 cells in comparison with MCF-7
cells was attributed to a lesser number of folate receptors in this
cell line (91). To evaluate the (photo)toxicity in MSNs were
incubated in culture media at different concentrations ranging
from 0 to 100 ug mL™" and irradiated at 655 nm with a dose
light of 27J cm? (300 mW cm 2 during 90s). The
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Figure 6. LNCaP cell survival after incubation with MSN, MSN-M6C, or MSN-M6C-Man and irradiation at 650 nm. Source: Figure taken with per-

mission from (89).
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Table 2. Summary table of PS-MSNs hybrid systems used in vitro assays.

Diameter PS Trradiation Power
System (nm) position Target Cell Line Light (nm) @ cm?) 1Cs0 MSN 1C5o Free REF
TPPOH-XSNP 80 Outside  Xylan HT-29 630-660 75 0.55 um 6 um (7)
(CRC)
TPPOH-XSNP 80 Outside  Xylan HCT116 630-660 75 0.073 pm 3 um )
(CRO)
TPPOH-XSNP 80 Outside  Xylan SW620 630-660 75 0.075 um 3 um (7)
(CRC)
MSN@SiNPs@TMPyP- 88 Inside FA MCF-7 655 27 80 pgmL™' - (92)
FA (Breast)
MSN@SiNPs@TMPyP- 88 Inside FA MCF-7 655 27 60 pgmL™' - 92)
FA/DOX (Breast)
MSN@SiNPs@TMPyP- 88 Inside FA A549 655 27 90 pg mL~' - 92)
FA/DOX (Lung)
MSN 130 Inside - LNCaP 650 11.25 - - (90)
(prostate)
MSN-M6C 130 Inside mannose LNCaP 650 11.25 - - (90)
(prostate)
MSN-M6C-Man 130 Inside dimannoside LNCaP 650 11.25 - - (90)
derivate (prostate)
MSNNR @MoS,-HSA/ 200 Outside ~ Human 4T1 808/660 450/300 ~80 pg mL~' 200 pg mL™!  (95)
Ceb serum (mammary
album carcinoma)
MSN-Ce6-FA 150-180 Outside  FA MDA-MB-231 670 60 ~2 UM >5 um (40)
(breast)
Ce6@MSN 50 Outside  FA HeLa 655 15 5.3 um 0.7 um (83)
(cervical tumor) 890 pg mL™!
Ver-MSN 160-180 Both - HaCaT 650 - - - 96)
(normal human
keratinocyte)
Ver-MSN 160-180  Both - A375pP 650 - - - (96)
(a low metastatic
melanoma)
Ver-MSN 160-180  Both - SK-MEL-28 650 - - - (96)
(highly invasive
melanoma)
RB @HMSNNs-N=C- 170 Inside HA 4T1 532 3 8.89 uyg mL™" 9 ug mL™! (108)
HA (mammary
carcinoma)
RB-DOX@HMSNNs- 170 Inside HA 4T1 532 3 023 ygmL™" 9 pgmL~! (108)
N=C-HA (mammary
carcinoma)
RB@MSN 50 Outside  FA HeLa 518 10 0.55 pum 1.04 pum (83)
(cervical tumor) 27 pg mL™!
MSN-L-BDP-PEG 90 Outside - HeLa 500 4.8 5 pg mL ™! - 24)
(cervical tumor)
BDP1-NP 50 Outside  FA HeLa 435 10 1.1 pm - (83)
(cervical tumor) 36 pg mL~!
BDP3-NP 50 Outside  FA HeLa 518 10 0.4 um <0.1 um (83)
(cervical tumor) 10 ng mL™!
BDP4-NP 50 Outside  FA HeLa 518 10 0.4 pum 4 pum (83)
(cervical tumor) 88 ug mL™!
BDP5-NP 50 Outside ~ FA HeLa 518 10 0.1 pm 4 pum (83)
(cervical tumor) 10 pg mL™!
BDP6-NP 50 Outside  FA HeLa 655 10 <0.1 um <0.1 pm (83)
(cervical tumor) <14 pg mL™!
ID@HMSNs-B-HA 170 Inside HA 4T1 808 600 135 pgmL™" >16 ug mL™"  (46)
(mammary
carcinoma)
MSN-PEG@Cur 100 Inside - HeLa 430 36 55pgml™t 229 pgmL™' (13)
(cervical tumor)
G-Ru3 200 Inside - MRC-5 480 8.7 66 pg mL~! 1500 nm (115)
(Noncancerous 57 nm
Human Normal 540 9.5 74 pg mL™! 3700 nm
Lund Fibroblast) 64 nm
G-Ru-4 200 Inside - MRC-5 480 8.7 44 ng mL™' 2400 nm (115)
(Noncancerous 48 nm
Human Normal 540 9.5 49 ng mL™' 5600 nm
Lund Fibroblast) 54 nm
(continued)

95UB01 SUOWIWOD SA 81D 8 [dedtdde au Ag peusenob a1e sejoie VO ‘8sN JO S9N 1o} Aiq1T8UIIUO A8]IA UO (SUOTHPUOD-PUE-SLUIBY/WOY™A8| 1M Afe.d jBuUO//SdNL) SUONIPUOD PuUe SW | 81 88S *[£202/20/c0] U0 ArlqiTauluo A8 |IM ‘00seASked A PepseAIN AQ Z08ET dud/TTTT 0T/I0p/Woo A8 1M Aelqpuljuo//sdiy Woly pepeojumod ‘€ ‘€202 ‘Z60TTSLT
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Diameter PS Trradiation Power
System (nm) position Target Cell Line Light (nm) ( cm?) 1C5o MSN 1Csq Free REF
G-Ru3 200 Inside - A2780 480 8.7 72 pg mL~! 2200 nm (115)
(Cancerous Human 62 nMm
Ovarian 540 9.5 83 ug mL™! 2900 nm
Carcinoma) 71 nm
G-Ru-4 200 Inside - A2780 480 8.7 51 ug mL™! 2700 nm (115)
(Cancerous Human 56 nm
Ovarian 540 9.5 64 ug mL~' 3300 nm
Carcinoma) 70 nm
G-Rul 200 Inside FA MRC-5 480 8.7 >500 pg 1500 nm (115)
(Noncancerous mL™!
Human Normal > 133 nm
Lund Fibroblast) 540 9.5 >500 pg 3700 nm
mL™!
>133 nm
G-Ru-2 200 Inside FA MRC-5 480 8.7 >500 pg 2400 nm (115)
(Noncancerous mL™!
Human Normal >360 nm
Lund Fibroblast) 540 9.5 >500 pg 5600 nm
mL™!
>360 nm
G-Rul /G-Ru-2 200 Inside FA A2780 480 8.7 159 pg mL™' 2200 nm (115)
(Cancerous Human 42 nm
Ovarian 540 9.5 187 pg mL™" 2900 nm
Carcinoma) 50 nm
G-Rul/G-Ru-2 200 Inside FA A2780 480 8.7 43 pg mL™! 2700 nm (115)
(Cancerous Human 31 nm
Ovarian 540 9.5 61 ugmL™' 3300 nm
Carcinoma) 44 nm

Positive
coloc

Negative
coloc

Figure 7. Assay carried out by Bretin er al. Representative images of
colocalization of TPPOH-X SNPs and LysoTracker in HT-29 cells are
shown. Source: Figure taken with permission from (6).

nanosystems without DOX did not present any toxicity in dark,
and around 80% of the cells survived at the highest concentra-
tion (100 ug mL™"). When the nanosystems were incubated and
irradiated, a concentration of 90 ug mL ™' was required to obtain
the 50% of the cell death in A549, whereas a lower concentra-
tion of 60 ug mL™' was needed in MCF-7. This result demon-
strates the importance of an adequate target to obtain good
internalization of nanosystems inside the cells. Finally, adding
the combination of DOX and PS the effectivity of the NPs
against cancer slightly increases, reaching 50% of cell death at
80 and 60 pg mL~, respectively (Table 2; [91]).

Alternatively to these porphyrins, another common PS in PDT
is chlorin e6 (Ce6). It has been widely used in the last years, for
example by Yang et al. (94), Bharathiraja et al. (41) and our
group (79). Yang et al. covalent anchored this PS to MSN together
with Human Serum Albumin (HSA) as a target for breast cancer.
Their nanoparticles of 200 nm size were also combined with
molybdenum disulfide MoS, (a graphene-like 2D nanomaterial),
encapsulated in the core as photothermal agent under 808 nm laser
in order to combine both therapies. 4T1 breast cancer cell line was
incubated with (1) free Ce6 in solution, (2) MSN with MoS, and
HSA (without Ce6) and finally (3) the complete system
(MSNNR @MoS,-HSA/Ce6). Under dark conditions cell viability
above 80% was obtained even at the highest concentration
(200 pg mL ™), demonstrating a lack of toxicity. However, under
different light irradiations (660 nm at 300 J cm ™2, 808 nm at
450 J cm™ and both simultaneously), demonstrated a synergetic
effect between both therapies by increasing the effectivity of the
complete nanosystem (MSNNR @MoS,-HSA/Ce6) with respect to
separated ones (i.e. =~ 60% of the cells survival at 100 pg mL ™’
for Free Ce6 and MSNNR @MoS,-HAS vs 40% for in the com-
plete MSNNR @MoS,-HSA/Ce6 nanosystem; [94]). The in vivo
assays also demonstrated the prolongation of half-life of Ce6 when
linked to MSN, as well as a better specificity for the tumor by the
presence of HSA on their surface (94).

Bharathiraja ez al. (41), also covalent anchored Ce6 at the out-
side surface of MSN of 150-180 nm together with folic acid as
a target, likewise Li er al. (91) Bharathiraja et al. also analyzed
the effect of folic acid on the internalization into MDA-MB-231
breast cancer cell line with folate receptors (Fig. 10). They found
that MSNs were not internalized when FA was added to the
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Figure 8. Assay carried out by Bretin ez al. (a) In vivo fluorescence imaging of HT-29 tumor-bearing mice at 24 h postintravenous injection of Cy5.5-
labeled free TPPOH and TPPOH-X SNPs, at 1/100 LDs, for each group. The red circles indicate tumor sites. (b) Ex-vivo fluorescence imaging of
tumors and organs at 24 h postinjection. (c) ROI analysis of fluorescence intensity of tumors and organs at 24 h postinjection. Source: Figure taken with
permission from (6).
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Bright field Fluorescence Merged

MCF-7

Figure 9. Bright field (left), two-photon fluorescence (middle) and merge (right) images of MCF-7 cells and A549 cells incubated with 80 pg mL™' of
MSN@SiNPs@TMPyP-FA for 6 h excited by the 800 nm laser. The bar size is 50 um. Source: Figure taken with permission from (91).

culture media, as a consequence of the folate receptors were either internalized, demonstrating the importance of the specific
already linked to that free-FA (41). Regarding HepG2 (Fig. 10), target for every type of cancer. These MSNs did not show any
a cell line from the liver without folate receptors, the MSNs were toxic effect in dark conditions even at a relatively high
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Figure 10. Cellular uptake of silica-Ce6-FA (50 ug mL ') by MDA-MB-231 cells in the presence and absence of 1 mm free folic acid and uptake

activity by HepG2 cells. Source: Figure taken with permission from (41).

concentration (100 pg mL™Y) in MDA-MB-231 cells whereas
under light illumination evidenced a clear difference between the
free-Ce6 and anchorage to MSN, being Ce6@MSN considerably
more phototoxic in cell culture (ICsop ~ 2 pm in MSN vs
ICsp > 5 pM in solution), Table 2 (41).

Our group has also worked with the Ce6 tethered to the exter-
nal surface of MSN of 50 nm diameter, together with PEG (of
2000 Da) to ensure a homogeneous dispersity of MSNs in water,
and Folic Acid as biotarget for HeLa cancer cells (79). A previ-
ous study carried out in our group, demonstrated how the pres-
ence of FA increased the internalization of these pegylated
MSNs inside HeLa cells up to 20% at 1 ug mL™" (36). In this
case, the singlet oxygen quantum yield of Ce6 was unaffected
when it was linked to the external shell of MSNs indicative of
no molecular aggregation at the nanoparticle surface. In vitro
studies in HeLa cells were performed for Ce6@MSN and Ce6-
free in solution at normalized concentrations from 0 to 10 um.
The dark toxicity found for Ce6-free in solution (ICsy = 81 pum)
was removed when it was at the MSN external surface. Besides
Ce6@MSN demonstrated a better phototoxicity efficiency than
Ce6-free after the irradiation at 655 nm (15 J cm™2; Table 2).

Another common porphyrin-like PS used in PDT is Vertepor-
fin (Ver). Rizzi et al. published a work that analyzed the photo-
toxicity of this PS covalently linked to MSN in three different
cell lines: (1) a normal human keratinocyte (HaCaT), (2) a low
metastatic melanoma (A375P) and (3) a highly invasive

melanoma (SK-MEL-28). The phototoxic effect under red irradi-
ation at different light exposure times was compared in culture
media (95).

They demonstrated that Ver-MSN reduced the proliferation of
SK-MEL-28 to 40% under 180 s of irradiation with a standard
tungsten-halogen lamp (75 W) and a 650/8 filter. In the contrast,
negligible effects were detected under irradiation in the prolifera-
tion of the other two cell lines. In line with this, SK-MEL-28
cells underwent a clear change in morphology when they were
exposed to Ver-MSN, but this phenomenon was not appreciated
in the other two cell lines (HaCaT and A375P; Fig. 11). The
authors attribute the different behavior to a greater Enhanced
Permeability and Retention (EPR) effect in highly invasive mela-
noma cell lines, which according to Joffre er al., the endocytic
ability is directly correlated to tumor invasiveness (95,96).

Xanthenes

Another family of PS widely known is the xanthene-type dyes.
Particularly, Rose Bengal (RB) (Fig. 1), is extensively used as a
singlet oxygen reference (79,97-104). According to its absorp-
tion range (no absorbance above 600 nm), RB is not considered
a suitable PS for PDT. However, it has been demonstrated that
its PDT efficiency can be enriched by formulation, that is
occluded in lipid nanovesicles or chemically modified by cova-
lently attaching an amphipathic peptide, showing a potential use
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Figure 11. PDT effects on cell proliferation. Optical microscopy images
magnification = 10x. CNT, control; MSNs, plain mesoporous silica

nanoparticles (10 ug mL™"); Ver-MSNG, verteporfin loaded mesoporous
silica nanoparticles (10 ug mL™"). Source: Figure taken with permission
from (95).

to treat primary cutaneous melanoma lesions at early stages
localized in the epidermis, the outermost layer of the skin
(105,106).

To cite some examples of RB combined with silica nanoparti-
cles, Chen et al. have encapsulated RB inside MSNs of 170 nm,
together with the chemodrug Doxorububicin (DOX) for their
delivery in murine mammary carcinoma (4T1) cells. The external
surface of MSN was decorated with Hyaluronic acid (HA) as
selective target for this type of cancer cell (RB-DOX@HMSNs-
N=C-HA; [107]). Chen et al. demonstrated the importance of the
use of nanoparticles coated with HA to enhance the drug deliv-
ery selectively into the cells of interest.

They tested the nanosystem and compared it with free RB and
DOX in the 4T1 cells and 293 T cells, with and without overex-
pressed receptors, respectively (Fig. 12). RB and DOX were able
to accumulate in both cell lines while RB-DOX@HMSNs-N=C-
HA NPs were only internalized into 4T1 cell line. Moreover, when
they incubated the nanoparticles together with HA free in the

(@) (b)) (¢

Hoechst

Merge

4T1 cell

culture media a low cellular uptake of MSN in the 4T1 was
reached (Fig. 12d) denoting again the importance of the targeting
strategies to enhance internalization (107).

They have tested the different cyto- and phototoxicity in 4T1
cells by incubating the following systems: (1) free RB, (2)
RB@HMSNs-N=C-HA, (3) free DOX, (4) DOX@HMSNs-N=C-
HA and (5) RB-DOX@ HMSNs-N=C-HA. All the samples with
DOX demonstrated a cytotoxic effect in dark conditions at even
a low concentration (IC5o ~ 0.70 pg mL ). However, both free
RB in solution and RB@HMSNs-N=C-HA were nontoxic in
dark even at the highest nanoparticle concentration proving the
lack of toxicity of RB and MSN without light. Concerning pho-
totoxicity effects, RB and RB@HMSNs-N=C-HA showed simi-
lar ICsg, (9 and 8.89 pg mL™!) while the complete system in
which chemo and phototherapy are combined displayed a higher
effect with an ICso of 0.23 pg mL™', indicating the advantage
of the combination of two different approaches in the same
MSN (107).

We have also worked on functionalized MSNs with RB in
order to demonstrate an increase in the phototoxic action with
respect to RB free in solution. The RB was anchored to the
external surface of MSN with 50 nm of diameter together with
polyethylene glycol (PEG) and Folic acid (FA) to enhance the
stability in aqueous media and selectivity for cancer cells (79).
For the anchorage of RB, two different synthesis routes were fol-
lowed; RB was anchored at the amine groups of MSN and at the
hydroxyl groups. As the number of —OH was considerably
higher than —NH,, the amount of RB linked was double for the
second approach (20 pmol g=' vs 10 pmol g™ '), being a more
interesting system in terms of a lower amount (mg kg™') of
nanoparticles required. The systems displayed a high singlet oxy-
gen production together with a modest but suitable fluorescence
for bioimaging (®p ~ 0.85 and ®¢; ~ 0.10, respectively) mak-
ing them of potential interest to be used as theragnostic agents
(imaging and therapy, Fig. 13). It has been previously demon-
strated that these 50 nm diameter nanoparticles functionalized
with PEG and FA but Rhodamine (RH101) as fluorophore
instead of RB, are internalized into lysosomes of HeLa cells
(36). Although RB has a lower fluorescence quantum yield in
comparison with RH101, RB@MSNs can have enough bright-
ness to be visualized by conventional fluorescence images
whereas RB free in solution in faintly seen (Fig. 9). Besides,

(d) (a) (b)) (c) (d)

293T cell

Figure 12. Confocal laser scanning microscope images of 4T1 (left) and 293T (right) cells coincubated with (a) free DOX, (b) DOX + RB, (c) RB-
DOX@HMSNs-N=C-HA and (d) RB- DOX@HMSNs-N=C-HA + free HA for 4 h. Red fluorescence from DOX and RB, blue fluorescence from nuclei
stained with Hoechst 33342, and the last overlays of blue fluorescence and red fluorescence. Scale bar: 30 pm. Source: Figure taken with permission

from (107).
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Figure 13. Bright field (left), fluorescence (middle) and merge (right) images of HeLa cells exposed to RB free in solution (a-c) and cells exposed to
RB@MSN (d-i) at the same RB concentration (1 pm). Scale bars = 100 pm. Source: Figure taken with permission from (79).

they demonstrated by RB@MSN in culture media that the photo-
toxicity action under green light at 10 J cm™ 2 was higher in
comparison with the free RB, as shown in their ECs, in Table 2
(79).

BODIPYs

Besides porphyrins and xanthene-types, BODIPY dyes have
emerged as a new family of PSs. Although this chromophore is
more known as an excellent fluorophore, modifications of its
structure have allowed the tunability of the photophysical proper-
ties, leading to suitable photosensitizers for PDT (11,12,108—
113). Nevertheless, their poor solubility in water and the low
selectivity for cancer cells can be improved by attaching hydro-
philic and targeting groups at its molecular structure (109,114~
117) or by the use of nanoparticles (24,98,115,118-122).

In this context, Zhu et al. (24) tethered an iodinated-BODIPY
to the surface of the MSN of 90 nm diameter, coated also with
PEG. They demonstrated the internalization of this nanosystem
(MSN-L-BDP-PEG) in vitro in HeLa cells at two different times
of incubation (Fig. 14). According to these fluorescence micros-
copy images, the fluorescence increased with time indicating that
the internalization of MSN-I,-BDP-PEG was time-dependent.

DAPI BODIPY Merged

0.5 h MSNs-12BDP-PEG

2h MSNs-I2BDP-PEG

Figure 14. CLSM image of HeLa cells incubated with MSNs-I,BDP-
PEG. On the left side, DAPI-stained nuclei showed blue fluorescence,
BODIPY showed green fluorescence in cells, and the overlays of both
images were shown on the rightmost. From top to bottom, it represented
HeLa cells incubated with MSNs-I, BDP-PEG (0.5 and 2 h). Scale bar,
50 pum. Source: Figure taken with permission from (24).

They studied the phototoxicity effect under green irradiation
(500 nm; 4.8 cm 2) in culture media. The nanosystem dis-
played a high effect under irradiation with an ICso = 5 pg mL™".
They demonstrated, by staining the live HeLa cells with calcein-
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Control MSNs-12BDP-PEG
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Figure 15. Fluorescence imaging of HeLa cells (Control, Control +
Light, MSNs-I,BDP-PEG in dark and MSNs-I,BDP-PEG + Light). Cells
were treated with live/dead staining: live cells were stained with calcein-
AM to emit green fluorescence, and dead/late apoptotic cells were stained
with propidium iodide (PI) to emit red fluorescence. Source: Figure taken
with permission from (24).

AM (green fluorescence) and the dead/late apoptotic cells with
propidium iodide, (PI, red fluorescence), that only the cells with
MSN-L-BDP-PEG previously irradiated showed red emission
(Fig. 15), whereas MSN-I,-BDP-PEG in dark conditions did not
show any toxicity (24).
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Our group also studied a great number of BODIPYs anchored
at the external surface of 50 nm diameter MSNs together with
PEG-2000 and FA (79). BODIPYs with different absorption
bands, from the blue to the red region, with iodine atoms in the
structure and even halogen-free BODIPY (based on orthogonal
dimers), have been tested (BDP-1, -2, -3, -4, -5, -6 and -7).

All PS-PEG-FA-MSNs were widely characterized. They
revealed high singlet oxygen generation (higher than 50%) to the
detriment of their fluorescence ability (lower than 5%) except for
red-iodinated-BODIPY, which presented a noticeable fluores-
cence (=20%). All the systems were tested in vitro in HeLa
cells, by irradiating at their respective wavelengths depending on
their absorption band (Fig. 16). The blue-BODIPY anchorage to
the MSN (BDP1-NP) under 435 nm irradiation at 10 J cm 2,
was able to induce around 70% cell death at 1 pm and near 90%
cell death at 5 pm (ECso = 1.0 um), Table 2. Green-BODIPY
nanosystem (BDP3-NP under a light exposure of 518 nm at 10 J
cm?) presented better performance reaching >80% phototoxicity
at 0.5 um and >90% at 1 pm, leading to ECso of 0.4 um
(Fig. 16, Table 2). Moreover, this BDP3-NP did not present
cytotoxicity in dark conditions while its analog BODIPY-free in
solution showed an ICsgga ~ 4 puM. Therefore, the use of MSN
contributes to the elimination of dark cytotoxicity of the
iodinated-BODIPYs derivatives at higher concentrations. Con-
cerning the green absorbing BODIPY dimer without halogen
atoms did not show toxicity in dark, but its phototoxicity action
was reduced when was incubated free in culture media in HeLa
cells, assigned to the lack of solubility and poor internalization.
However, its phototoxic effect was drastically enhanced when
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Figure 16. MTT assays of HeLa cells exposed to the PSs in solution: (a) BDP2 and (c) BDP4, and their corresponding nanosystems: (b) BDP3-NP and
(d) BDP5-NP under dark conditions (blue bars) and after green irradiation at 10 J cm ™2 (orange bars). Stars indicate significant differences with respect
to controls. Asterisks indicate significant differences between dark and light conditions at the same concentrations tested. Source: Figure taken with per-

mission from (79).
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the BODIPY dimer was tethered at the MSN surface (BDP5-NP)
reaching an ECso value 40 times higher than that for the dimer-
BODIPY in solution (Fig. 16 and Table 2; [79]).

Red-BODIPYs, the most interesting for potential PDT applica-
bility, were also designed and attached to functionalized MSNs.
BODIPY with red spectroscopic bands usually display lower
oxygen singlet production compared with those with absorption
bands in the green or blue region (11), but in this case, the pho-
totoxicity singlet action is balanced with a higher absorption
coefficient, accounted for  Phototoxic = Power  factor
(PP = & x ®,), which resulted in a low ECs5q < 0.1 pum (Table 2;
[79]). Note here, that once again a cytotoxic effect was obtained
under dark conditions for iodinated-red-BODIPY-free
(ECs09 &~ 4 um) but it was not the case for the MSN loaded with
those red-BODIPY. This system also endowed enough emission
to be tracked by fluorescence microscopy in HeLa cells as shown
in Fig. 17 (79).

Others Photosensitizers

Other families of PS also have been used in PDT loaded in MSN
(47,123,124). For instance, Zhou et al. encapsulated indocyanine
green (ICG) together with Doxorubicin hydrochloride (DOX)
inside MSNs. They prepared MSNs of 120 nm diameter and were
externally decorated with Hyaluronic Acid (HA), a target for
CD44 receptor (overexpressed on the surface of many tumor
cells), increasing the final diameter size to 170 nm (47). They
demonstrated the selectivity of their nanosystems by comparing
the internalization into cancer cells (4T1) with respect to nontu-
moral cells (293T) in culture media. They recorded, on the one
hand, how the free ICG and DOX were accumulated in both types
of cells, and on the other hand, how the nanocarriers with HA
coating were greater accumulated in the 4T1 cells than in the 293T
cells. This group analyzed the biocompatibility of MSNs without
the drugs, in dark and under light irradiation in cell culture.

Negligible cytotoxicity was displayed, obtaining around a
90% of the cell viability at the concentration of 200 pg mL ™'
(47). When they irradiated 4T1 cells previously incubated with
the ID@HMSNs-B-HA for 5 min with 808 nm light 2 W
em ™), an ICsy of 1.35 pg mL~"' was obtained for this system
but when the system did not contain DOX, this ICs, value
drastically increased (>16 pg mL™') likewise when the nano-
carrier only contained DOX (ICsy = 32 pug mL™"), indicating
the synergy in the combination of both drugs into the same
MSNs (47).

Another type of PS is curcumin (Cur), which is extracted
from Curcuma longa. It has diverse biological applications such

fluorescence
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as an antioxidant, antidiabetic and also anticancer agent.
Although it is not applicable PS for PDT in terms of its absorp-
tion range (band center at 425 nm), we have selected the work
performed by Kuang et al. (123) as a proof of concept of how
functionalized MSNs assisted the solubility in aqueous media
and cell internalization of PS.

In this context, Cur was occluded into MSNs of 100 nm
diameter and externally decorated with polyethylene glycol
(PEG) MSN-PEG@Cur nanoparticles showed good stability in
water and only a few NPs precipitated after 4 h of incubation,
while the Cur free in solution is not water-soluble. In vitro
assays indicated a good internalization of the MSN-PEG@Cur
nanosystem, proven by the higher fluorescence intensity recorded
with respect to that of free-Cur confocal laser scanning micros-
copy (Fig. 18; [123]).

The cytotoxicity and phototoxicity (under 430 nm irradiation
at 20 mW cm 2 for 30 min), were evaluated by MTT assay for
free-Cur and MSN-PEG@Cur after incubation at different con-
centrations (Fig. 19). Both systems were biosafety under dark
conditions without any cytotoxic effect, but under irradiation,
there were significant differences. Once again, MSN-PEG@Cur
was considerably more efficient in terms of destroying HelLa
cells than Cur Free, obtaining an ICsg 4 times higher than when
it was at MSNs (Fig. 19; [123]).

The last example of PSs is related to organometallic com-
pounds, especially those based on Ru (II) polypyridine com-
plexes (124, 125). Karges et al. were able to covalently link two
derivatives of Ru (II) polypyridine complexes at the mesoporous
silica nanoparticles of 200 nm diameter (124). In their work,
although these compounds do not show proper bands for PDT
(Table 2), the study is focused on the comparison of their toxic-
ity under dark and light conditions free in solution and in combi-
nation with MSNs in presence and absence of Folic Acid as
specific target for cancer cells. For that, they tested in culture
media the cyto- and phototoxicity under irradiation of 480 nm at
8.7 J cm™? or 540 nm at 9.5 J cm™? of the four nanosystems in
noncancerous human normal lung fibroblast (MRCS5) cells and
cancerous human ovarian carcinoma (A2780) cells, type of cells
without and with overexpressed folate receptors, respectively.
The results were compared with the Ru(Il) complexes-free in
solution.

The cytotoxic effect of the Ru(Il) in dark conditions led to
ICs0 gark = 23.7-38.1 pm in both cells line. This inherent toxicity
was reduced when the Ru(Il) was linked to MSN (ICs,
dak > 500 pg mL™'; >133-549 nm; [124]). Both Ru(ll)
complexes-free and anchorage in MSN but without Folic Acid
displayed nonselectivity phototoxicity for cancerous cells

BDP6-NP

Figure 17. Brightfield (left), fluorescence (middle) and merge (right) images of HeLa cells treated with 1 pm BDP6-NP for 24 h. Scale bars = 100 pum.

Source: Figure taken with permission from (79).
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Figure 18. CLSM images of Hela cells incubated with Cur or MSN-
PEG@Cur for 0.5 and 4 h (scale bar = 50 um). Source: Figure taken
with permission from (123).

(Table 2). However, MSNs decorated with the FA have shown a
marked difference in the internalization when noncancerous cell
line (MRC-5) and cancerous cell line (A2780) were compared
(Table 2) and as a consequence, selective phototoxicity for can-
cer cells was found (124).

Note here that all the in vitro studies presented in this review
are performed by MMT assay, a colorimetric test used to mea-
sure mitochondrial function by the activity of NAD(P)H-
dependent oxidoreductase enzymes as an indicator of cell viabil-
ity. It has advantages such as versatility, simplicity, low cost and
short duration. It is a powerful tool but it has limitations (126).
For instance, as a single-point assay there is no information
about the cells growth activity, and is in some cases can underes-
timate the viability of cells (127-129). For this reason, it would

be recommended to apply different in vitro assays, as clonogenic
assay (HTCA), commonly used to study survival of irradiated
cancer cells, and it has a greater correlation with clinical
response, to avoid misleading results and achieve a better reli-
ability in the determination of cell survival to advance in PDT
cancer treatment (130,131).

CONCLUSIONS AND FUTURE
PERSPECTIVES

This review underlines recent works related to mesoporous silica
nanoparticles as photosensitizer carriers. As is described along
this review, many PS-MSN are synthesized, characterized and
tested in vitro and in some cases in vivo, but the multiple differ-
ences among them impede a proper comparison. The variety of
the nanosystems includes: (1) the diameter size of the nanoparti-
cles (from 50 to 200 nm), (2) the type of PSs, PS loading exten-
sion and methodology followed (encapsulated inside and/or
tethered outside MANS), and final PS-MSM dosage incubation,
(3) the different biotargets used to specifically bind to different
overexpressed receptors (i.e. small molecules as folic acid or
mannose, antibodies as human serum albumin, glycosaminogly-
cans as hyaluronic acid or xylan) as well as diverse cell lines
(i.e. of skin, prostate, colorectal, breast, lung, cervical or ovarian
cancer) and finally (5) the type of light sources and the irradia-
tion doses, were generally different in each study.

However, we would like to highlight that all the cases in
which PS was combined with MSNs have shown beneficial
properties over the PS-free in solution. To mention the most
important results, PS-MSN hybrid nanosystems were able to: (1)
eliminate or minimize the cytotoxicity in dark conditions (2)
increase their solubility and stability in physiological media, (3)
enhance their selectivity and internalization in cancer cells, pro-
moting antitumor PDT efficacy at lower PS amount incubated
and ensuring safe use in clinical trials with respect the PS in
solution.

Accordingly, MSNs with high surface areas, large pore sizes,
simple and cost-effective synthesis and easy surface functionali-
zation are considered potential nanoplatforms for targeting the
delivery of PSs. Besides, they are able to combine different ther-
apeutic treatments (photodynamic-, chemo- or photothermal-
therapies), and provide imaging or diagnostic capabilities as
well.

At this moment, to develop more efficient PS-MSN platforms,
comprehensive and extensive studies to analyze their structure—

(a) (b)
1201 257 mmm cur
E
dond S 27 wm msnrec@ew
X =
> 5 154
'({:’ 609 @~ Cur kradiation (-) e
= =~ Cur kradiation (+) 2 )
8 30  =A~MSN-PEG@Cur Iradiation (-) b
8 %
¥~ MSN-PEG@Cur Ikradiation (+) [$) Not detected
0 T T 0 ™ : i ;
1.0 10 Irradiation (- ) Irradiation (+)

Cur concentration (ug/mL)

Figure 19. (a) In vitro assays of Cur in solution and MSN-PEG@Cur with or without irradiation against Hela cells for 72 h; (b) ICso values of Cur
(Cur mg mL™") and MSN-PEG@Cur (Cur mg mL™") against Hela cells after 72 h of incubation with or without irradiation. Irradiation (—) indicates
without irradiation. Irradiation (+) indicates irradiation. Source: Figure taken with permission from (123).
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activity relationship, cyto- and phototoxicity, biocompatibility,
biodistribution and excretion and dosages, by different vitro
assays (i.e. clonogenic assays as complementary to MTT assays)
and in vivo (on different animal and human models), are
required.

However, the lack of standardized protocols for their synthesis,
(external and internal) surface modification, bioconjugation, and
light sources and dosage leads to a poor reproducibility and makes
difficult the assessment of their final biological action (under light
and dark conditions), limiting their implementation in clinical tri-
als. A systematic preparation, treatment and functionalization to
control their morphology, particle and pore size, (photo)drug load-
ing and its precise release at a target site, by selected strategies and
model nanosystems will enhance their PDT applications. This
complex challenge should be addressed by interdisciplinary scien-
tific community to make the industrial translation a reality and
reach the market in a near future.

The continuous advances in PS-MSNs validate their importance
for future biomedical applications, providing a class of multifunc-
tional nanoplatforms for PDT and other therapeutic and diagnostic
applications. For all these reasons, we envisage a promising future
of PS- MSNs coated with different targeting moieties in the appli-
cation of PDT against cancer in clinical trials.
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