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In this review, the use of mesoporous silica nanoparticles for photodynamic therapy (PDT) applications is

described for the year 2017. Since the pioneering work in 2009, nanosystems involving mesoporous silica

nanoparticles have gained in complexity with a sophisticated core–shell system able to perform multi-

imaging and multi-therapies, not only for cancer diseases but also for anti-microbial therapy, athero-

sclerosis, or Alzheimer disease. Near-infrared, excitation light based on up-converting systems, X-rays or

persistent luminescent systems are described for deeper tissue treatments.

1. Introduction

Mesoporous silica nanoparticles (MSNs) have emerged as new

and promising vectors for biological applications.1–19 Since

their first synthesis in 2001, around 3000 studies have been

published dealing with MSNs, based on SciFinder. Their

tunable diameter and pore size, easy functionalization,20–23

and biocompatibility24–26 allowed building efficient complex

nanostructures27 compared to other kinds of nanoparticles.

Ligands can be readily attached onto their surface,28,29 and

stimuli-responsive (pH, redox, light, heat…) gatekeepers30–38

can be integrated to avoid premature release of the payload

and to deliver the active agent exclusively at the diseased site.

MSNs functionalized with photosensitizers (PS) are also of

great interest for photodynamic therapy (PDT). PDT is a form

of treatment that administers orally or intravenously photosen-

sitizing agents, which concentrate in certain cells, followed by

exposure of the tissue to light, in order to destroy abnormal

tissue.39,40 When photosensitizers are exposed to a specific

wavelength of light, reactive oxygen species (ROS), in particular

singlet oxygen, known for their cytotoxic nature, are produced.

PDT can be applied for the treatment of various diseases

including cancer cell ablation as well as for the treatement of

infections. To enhance the selectivity towards tumor cells and

the efficiency of PDT, photosensitizer encapsulation in nano-

particles is a promising method that has gained tremendous

focus. Many nanoparticulate vectors have been proposed for

PDT, one of them being silica-based nanostructures.41–49

MSNs were proposed for the first time as highly promising

vectors for PDT in 2009. The photosensitizers used were por-

phyrins integrated either inside the MSN pores50,51 or into the

MSN walls.52 Vectorization could be achieved using ligands

such as mannose52 or RGD peptides53 and used for anti-tumor

applications. Since then, the field expanded largely and was

recently reviewed showing the biocompatibility of MSNs.54 Core

shell and more elaborated nanostructure-based MSNs have been

designed for theranostic applications. In the present review, we

highlight the most recent progess made concerning the use of

different MSN derivatives for efficient PDT.

2. Photodynamic therapy (PDT) using
mesoporous silica nanoparticles

A common feature of most tumors is a low level of oxygen,

called hypoxia.55 Tumor hypoxia is known to be associated

with radio/chemo-resistance and metastasis that eventually

lead to cancer progression. It prevents the sucess of cancer

therapies such as chemotherapy, radiotherapy and PDT. Kim

et al. developed biocompatible manganese ferrite (MF,

MnFe2O4) nanoparticles of 6 nm diameter conjugated to

50 nm-sized mesoporous silica nanoparticles (MFMSNs) in

order to improve the therapeutic effects of PDT against

hypoxia.56 Manganese ferrite nanoparticles (MFNs) are Fenton

catalysts, continously decomposing hydrogen peroxide (H2O2)

into O2 and H2O. With hydrogen peroxide being an abundant

metabolite produced in an hypoxic microenvironment the

presence of MFNs can counterbalance the oxygen loss by pro-

ducing O2 (Fig. 1). After attachment of MFNs to MSNs, the
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high Brunauer–Emmett–Teller (BET) surface area of

429.4 m2 g−1 with a pore size of 2.8 nm allowed a high loading

of the photosensitizer Ce6. Functionalization was made with

polyethylene glycol (PEG) to prevent nonspecific protein

binding and enable passive targeting via the EPR effect.

MFMSNs showed high r2 relaxivity suitable for use as a

magnetic resonance imaging (MRI) contrast agent. Using U-87

MG cells incubated with a hypoxic medium (1% O2, 5% CO2,

and 94% N2) for a few hours, the degree of hypoxia could be

determined by monitoring hypoxia-inducible factor (HIF-1α)

levels, upregulated under hypoxic conditions.

Western blot assays showed that the HIF-1α signal intensity

decreased when the concentration of MFMSN-Ce6 increased.

Furthermore, MFMSN-Ce6 generated 2 times more ROS under

hypoxia than Ce6 alone, as determined by singlet oxygen

sensor green (SOSG) experiments. PDT was then carried out

under hypoxic conditions using U-87 MG cells. The group also

examined PDT in vivo with xenografted solid tumors of U-87

MG cells in BALB/c nude mice. After intravenous injection,

MFMSNs accumulated in the tumor by the EPR effect as

shown by MRI. Using immunohistochemistry (IHC) to monitor

HIF-1α levels, it was found that after MFMSN treatment, down-

regulation of HIF-1α occured due to the production of a sub-

stantial level of oxygen at a low H2O2 concentration under

hypoxia in vivo.

Another important example is the treatment of malignant

melanoma, considered as the most risky type of skin cancer in

terms of epidemiology, increasing two-fold every 10–20 years

worldwide. The increase in melanoma is simply driven by

populations that are both growing and aging. Surgery is gener-

ally used to treat skin cancer, with PDT being very promising

for melanoma therapy. Rizzi and coworkers coupled amino-

propyltriethoxysilane modified MSNs with verteporfin (Ver)

through amide bond formation. The obtained nanosystem

(Ver-MSNs) was examined using an in vitro model for PDT of

melanoma (Fig. 2).57 SK-MEL-28 cell line irradiation with red

light resulted in nearly 70% decrease in cell growth after 180 s

exposure as monitored using optical microscopy. In contrast to

the control and MSNs, Ver-MSN based PDT provided a signifi-

cant morphological change in SK-MEL-28 cells, a high meta-

static melanoma cell line (Fig. 2) by significantly reducing cell

proliferation. Ver-MSNs could therefore offer a PDT anti-tumor

modality for quite invasive melanoma.

Wong et al. used covalent linking to immobilize zinc(II)

phthalocyanine (ZnPc) dimer to MSNs.58 Two strategies have

been adopted in this work using (i) acid-cleavable (cPc) and

non acid-cleavable (nPc) linkers (Fig. 3). Inside the mesopores,

the dimeric ZnPc showed weak fluorescence emission and 1O2

generation both in N,N-dimethylformamide and PBS due to

the self-quenching effect, compared to the free molecular

counterparts. In contrast, the singlet oxygen generation

efficiency, as reflected by the rate of photodegradation of 1,3-

diphenylisobenzofuran (DPBF), increased at lower pH for

cPc@MSN, but not for nPc@MSN, over the pH range 5.5–7.4,

demonstrating the pH-responsive photosensitizing property of

cPc@MSN. Interestingly, the 1O2 generation efficiency of

cPc@MSN was comparable to that of monomeric ZnPc (mPc)

after 24 h at pH 5.5.

The cytotoxicity of cPc@MSN and nPc@MSN was examined

on human colon adenocarcinoma HT29 cells using the classi-

cal MTT assay. While both nanosystems were not cytotoxic in

the absence of light, cPc@MSN was highly potent under

visible light irradiation (610 nm, 40 mW cm−2, 48 J cm−2) with

an IC50 value of 31 nM, comparable to 46 nM recorded for free

cPc. The nPc@MSN remained non-photocytotoxic in the con-

centration range tested. In vivo studies on a HT29 xenograft in

Balb/c nude mice treated with an intratumoral dose of

cPc@MSN or nPc@MSN (equivalent to 40 nmol of cPc or nPc

per kg body weight) revealed that the intratumoral fluo-

rescence intensity increased gradually over 24 h for cPc@MSN,

while it remained very weak for nPc@MSN. The results suggest

that cPc@MSN can be potentially used as an activatable photo-

sensitizing agent for PDT.

To enhance the therapeutic effect and minimize systemic

toxicity, Yuan et al. developed redox-responsive photodynamic

MSNs through incorporation of protoporphyrin IX (PpIX) and

Fig. 1 Schematic illustration of the use of Ce6 and manganese ferrite

(MF) loaded mesoporous silica nanoparticles (MFMSN). Reprinted with

permission of ref. 56. Copyright 2017 American Chemical Society.

Fig. 2 PDT effects on cell proliferation of three different cell lines,

control, MSNs and verteporfin modified MSNs. Optical microscopy

images magnification = 10×. CNT = control, MSNs (10 μg mL−1), Ver-

MSNs (10 μg mL−1). Reprinted from ref. 57, with permission from

Elsevier.
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multifunctional peptides, BHQ-MSN-SS-PpIX&RGD.59 The syn-

thetic route is illustrated in Fig. 4. RGD peptide was incorpor-

ated to achieve tumor cell targeting, given that the strong inter-

action of the tumour-targeted peptide sequence RGD with the

αvβ3 integrin receptor (overexpressed on tumour cells) is well-

established. PpIX was modified with a PEG linker to enhance

its long circulating property, while the presence of the

S–S bond allows effective release of the PpIX inside the cells by

bond breaking by excess glutathione (GSH) present in tumour

cells. The active targeting ability of BHQ-MSN-SS-PpIX&RGD

for integrin-positive tumour cells was confirmed by confocal

laser scanning microscopy (CLSM) using HeLa cells

(cervical cancer cells). HeLa cells incubated with

BHQ-MSN-SS-PpIX&RGD displayed obviously red fluorescence,

indicating PpIX fluorescence recovery. This is in contrast to

HeLa cells pre-treated with free RGD. The data suggest that, by

blocking the αvβ3 integrin receptor with free RGD, the cellular

uptake of nanoparticles in the HeLa cells was inhibited.

The PDT efficacy of BHQ-MSN-SS-PpIX&RGD under visible

light irradiation was assessed in vitro on HeLa cells using the

MTT assay. Without irradiation, BHQ-MSN-SS-PpIX&RGD exhibi-

ted low cytotoxicity on the tumour SCC-7 and HeLa cells, and

the normal COS7 cells. Upon 30 min visible light irradiation,

the cell viabilities of the tumour cells were much lower than

Fig. 3 Synthesis of zinc(II) phthalocyanine dimer immobilized through an acid-cleavable linker to MSNs using “click” chemistry. Reprinted with per-

mission from ref. 58. Copyright 2017 American Chemical Society.

Fig. 4 Synthesis of of MSNs BHQ-MSN-SS-PpIX&RGD nanostructures. Reproduced from ref. 59 with permission from the Royal Society of

Chemistry.
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that of the normal cells under otherwise identical conditions,

indicating specific targeting of the tumour cells. The half-inhibi-

tory concentration (IC50) of BHQ-MSN-SS-PpIX&RGD under

visible light irradiation was 85 µg mL−1 for HeLa cells.

Although the first generation of photosensitizers (PS),

mainly based on porphyrins, has shown to be efficient in the

treatment of many cancer types, it has disadvantages, related

to their low absorption of light and poor light penetration into

the tumor due to the relatively short wavelength absorption.

These drawbacks can be overcome by the use of PS that can be

activated in the NIR (700–980 nm) spectrum of light. Miletto

et al.60 integrated different brominated squaraine based dyes

(Br-NH, Br-C2, Br-C4) (Fig. 5) onto MSNs by pre-treating the

particles at 100 °C overnight followed by simple impregnation

at room temperature and assessed the 1O2 release ability of the

three MSN platforms using 1,3-diphenylisobenzofuran (DPBF)

in solution upon irradiation at 630 nm (450 W xenon lamp).

The Br-NH/MSN nanoplatform was found to be more effective

in 1O2 generation compared to Br-C2/MSN and Br-C4/MSN.

Based on the spectroscopic data and theoretical investigation,

it was suggested that Br-NH is homogeneously distributed on

the MSN, while the other squaraine molecules experienced

aggregation. Even though this study was limited to the solu-

tion phase behaviour of squaraine/MSN nanoplatforms, it pro-

vides valuable physico-chemical data on how PS adsorption on

MSNs affects 1O2 generation, which represents an important

step for PDT applications.

3. Upconverting nanoparticle
(UCNP)-based MSNs

A new generation of luminophores, also termed upconversion

nanoparticles (UCNPs), has the ability to convert near infrared

radiation with lower energy into visible radiation with higher

energy via a nonlinear optical process.61 UCNPs have thus

been considered as alternative fluorescent labels, showing

great potential for imaging and biodetection assays both

in vitro and in vivo. These particles have also found interest in

PDT. The group of Han described mesoporous-silica-coated

upconverting nanoparticles loaded with photosensitizers for

PDT.62 Ultrathin mesoporous silica shell (12 ± 2 nm thickness)

coated UCNP particles (NaYF4:Yb/Er/Nd@NaYF4:Nd) called

UCNP@mSiO2(CTAB) (Fig. 6) were functionalized with amino-

propyltriethoxysilane in order to covalently link the carboxyl

groups of 1-adamantane carboxylic acid (AD-COOH). CTAB was

removed and the free channels functionalized with amino-

propyltriethoxysilane, so that the inner channels of the

UCNP@mSiO2-AD become positively charged allowing the

integration of negatively charged Rose Bengal (RB) very rapidly

(2 min). A hydrophilic host molecule, β-cyclodextrin (CD), was

coated onto the surface of RB-NH2-UCNP@mSiO2-AD through

inclusion with the guest AD to further block the pores and to

stabilize the nanoparticles in biological media, leading to

RB-NH2-UCNP@mSiO2-AD-CD. The nanoparticles did not

show any significant cytotoxicity on HeLa cells without NIR

irradiation. The in vitro PDT effect of RB-NH2-UCNP@mSiO2-

Fig. 5 Chemical structure of different squaraine derivatives adsorbed onto MSNs. Reproduced from ref. 60 with permission from the Royal Society

of Chemistry.

Fig. 6 (a) Schematic diagram for the synthesis of UCNP@m-

SiO2(CTAB). (b) Schematic illustration of the preparation of RB-NH2-

UCNP@mSiO2-AD by functionalization (Process I), and 808 NIR-light-

triggered 1O2 generation after β-CD surface capping (RB-NH2-

UCNP@mSiO2-AD-CD) (Process II). Reproduced with permission from

ref. 62, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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AD-CD nanoparticles upon 808 nm NIR light irradiation was

examined as a function of irradiation time, power density, and

concentration and these parameters were optimized in order

to lead to very efficient NIR PDT. Note that 808 nm NIR light

was much safer than commonly used 980 nm NIR light, which

leads to an overheating effect.

Wang et al. designed a novel modality for deactivation and

detection of vulnerable atherosclerosis plaques based on a

UCNP (NaYF4:Yb/Er) core with a uniform shell of 28 ± 1 nm

thick mesoporous silica shell (Fig. 7) to which Ce6 was loaded

forming UCNP@mSiO2-Ce6.
63 Atherosclerosis (AS) is a

common chronic inflammatory vascular disorder, seen in

clinical patients which represents a serious health problem of

people. Macrophages constitute 20% of the cells in athero-

sclerotic lesions. They are in a critical position for the athero-

sclerosis development and the ruptured unstable plaque devel-

opment which form during atherosclerosis. Although the

mechanical endovascular techniques reduced the deaths

from this disease, they include restenosis owing to intimal

hyperplasia or constrictive remodeling. The in vitro test proved

that UCNP@mSiO2-Ce6 could induce the apoptosis of

THP-1 macrophages and 40% cell death at 16 µg mL−1 nano-

particle concentration and 60 s laser irradiation time (power

density 1.8 W cm−2), which confirmed that NIR PDT with

UCNP@mSiO2-Ce6 was efficient and could be used for athero-

sclerosis theranostics.

Kuk et al. have shown the application of NaYF4 based

UCNPs co-doped with Yb/Er and coated with a rattle-structured

phenylene based organosilica (ROS)-shell as a therapeutic plat-

form for Alzheimer’s disease, a neurodegenerative disorder

(Fig. 8).64 The pathological characteristic of Alzheimer’s

disease is the excessive generation and aggregation of the

β-amyloid (Aβ) peptide in the brain. The method is based on

the NIR-light-induced suppression of Aβ aggregation utilizing

Rose Bengal (RB) as a photosensitizer. The circular dichroism

(CD) spectrum of non-treated Aβ peptides demonstrates a

β-sheet-rich protein structure, which has positive and negative

bands at 195 nm and 216 nm, respectively, representing the

assembly of Aβ monomers into fibrils. According to the CD

spectrum two active peaks of β-sheets definitely disappeared

when Aβ monomers were incubated with RB/UCNP@ROS

upon NIR light irradiation. Aβ aggregation was efficiently sup-

pressed by RB-loaded core/shell upconverting nanoparticles

and photosensitization upon 980 nm NIR light irradiation.

Furthermore, Aβ peptides incubated for 24 h with PC12 Cells

indicated a high toxicity of the Aβ aggregates. When PC12 cells

were incubated with Aβ peptide solution previously treated

with PDT, the solution was not toxic. Therefore RB/

UCNP@ROS was biocompatible and efficient in preventing the

Aβ-induced cytotoxicity upon NIR light irradiation. The results

showed that the combination of RB/UCNP@ROS and NIR light

is promising for the development of PDT for Alzheimer’s

disease.

Another example is that of Xu et al., who used yolk-struc-

tured multifunctional up-conversion nanoparticles (UCNPs)

that combine photodynamic and sonodynamic therapy to era-

dicate antibiotic resistant bacteria.65 A multi-step process was

used to synthesize the multi-functional UCNP@SiO2-RB/

HMME nanoparticles (Fig. 9).

Given that both sonodynamic therapy (SDT) and PDT are

based on PS activation and 1O2 generation, the activity of

UCNP@SiO2-RB/HMME NPs for 1O2 production was investi-

gated under various conditions, each mimicking SDT, PDT or

a combination of both. NIR irradiation or ultrasonic treatment

Fig. 7 Schematic illustration of NIR activated upconversion PDT and

photosensitizer-based downconversion imaging for THP-1 macrophage

using UCNPs@mSiO2-Ce6 nanoparticles. Reprinted from ref. 63, with

permission from Elsevier.

Fig. 8 Schematic illustration of β-amyloid aggregation inhibition by

NIR-mediated rattle structured UCNPs loaded with RB. Reproduced with

permission from ref. 64, Copyright 2017 Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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of a DPBF solution in the absence of UCNP@SiO2-RB/HMME

NPs was not able to generate 1O2. In contrast, the 980 nm

irradiation or 20 min ultrasonication of a DPBF solution in the

presence of UCNP@SiO2-RB/HMME NPs led to a decrease of

DPBP absorption to 50% and 41%, respectively. The DPBF

absorption decreased even further to reach 12% when a

sequential treatment consisting of 980 nm irradiation and

20 min ultrasonication was performed. The efficacy of

UCNP@SiO2-RB/HMME NPs against drug-resistant Gram-posi-

tive MRSA and Gram-negative ESBL-producing E. coli was

assessed under NIR irradiation, ultrasonic treatment or the

combination of the two modalities. While the application of a

single modality did not lead to complete bacteria eradication

(74.2% for PDT and 70% for SDT), treatment using a dual

modality (PDT + SDT) led to 100% bacteria killing using

125 µg mL−1 of UCNP@SiO2-RB/HMME NPs, a concentration

that was not toxic to both bacterial strains under dark

conditions.

Independently, Xu et al. prepared IR-808-sensitized up-con-

version nanoparticles (NaGdF4:Yb,Er@NaGdF4:Nd,Yb) coated

with mesoporous silica loaded with Ce6 (red-light-excited

photosensitizer) and MC540 (green-light-excited photosensiti-

zer) through covalent bonding and electrostatic interactions,

respectively (Fig. 10).66 The nanoparticles were biocompatible

for concentrations up to 500 µg mL−1. Interestingly, the pres-

ence of Gd3+ in the NPs was beneficial to realize MRI, while Yb

element enhanced the CT imaging capability of the material.

The in vitro PDT efficacy of the nanoparticles was examined on

HeLa cells. While direct 808 nm irradiation of the cells did not

show any apparent cell killing (decrease of cell viability), incu-

bation with the nanoparticles followed by 808 nm irradiation

led to effective cell killing. It is important to note that 980 nm

laser-irradiation had a lower cell-killing efficacy than that at

808 nm. The in vivo efficacy of the synthesized nanoparticles

was evaluated on U14 tumour-bearing mice under 808 nm

irradiation, by recording the body weight and tumour size

every 2 days during two weeks after the initial treatment. No

body weight loss was observed using the nanoparticles or their

components, suggesting that the samples have no adverse

drug reaction or side effects on the mice. More importantly,

the mice treated with the nanoparticles and irradiated with a

NIR laser exhibited the highest tumour inhibition efficiency,

along with the highest level of tissue damage as revealed by

the histological studies.

Another therapeutic agent based on enzyme and pH-

responsive nanocarriers was reported lately.67 This 75 nm size

nanoplatform comprises an up-conversion nanoparticle

(UCNP, NaYF4:Yb,Er@NaYF4) core and a mesoporous silica

shell loaded with embedded chlorine e6 (Ce6) (UCNP@mSiO2-

Ce6). The nanoparticles were functionalized with the sensitive

succinic acid–glycine–phenylalanine–leucine–glycine (SGFLG)

linker to encapsulate an anticancer drug (DOX). The targeting

property of the nanoplatform was ensured through modifi-

cation with transferrin (Tf) owing to the overexpression of Tf

receptors (TfR) in tumour cells (Fig. 11). Inside the cells, drug

release can be initiated by the presence of a high concen-

tration of cathepsin B and low pH through SGFLG “gate”

opening. Furthermore, under NIR (980 nm, 0.5 W cm−2)

irradiation, the UCNPs emit visible light able to excite Ce6 to

generate ROS and achieve PDT. The DOX release from

UCNP@mSiO2/Ce6–DOX–SGFLG2 was investigated for

different concentrations of cathepsin B in PBS (pH 6.8). It was

observed that cathepsin at a concentration of 2 × 107 mol L−1

induced up to 60.17% DOX release, while a lower concen-

tration (<2 × 108 mol L−1) of cathespsin showed a limited

(23.86%) DOX release.

Similarly, DOX release from UCNP@mSiO2/Ce6–DOX–

SGFLG2 was pH-dependent (in the absence of cathepsin B)

with drug release levels reaching 52.37% at pH 5.0, 70.41% at

pH 3, and 78.36% at pH 1.2. The pH-dependence drug release

was ascribed to amide breaking in the SGFLG linker under

acidic conditions.

The cell viability was investigated on tumour cancer cells

(HeLa) and normal human liver cells (L02) incubated with

UCNP@mSiO2/Ce6–SGFLG–Tf and UCNP@mSiO2/Ce6–DOX–

SGFLG–Tf in the concentration range of 0–500 µg mL−1 using

the MTT assay. Both L02 and HeLa cell lines exhibited negli-

gible reduced cell viability for UCNP@mSiO2/Ce6–SGFLG–Tf

(∼95%) even for the highest concentration (500 µg mL−1)

Fig. 9 Illustration of the different steps for the synthesis of

UCNP@SiO2-RB/HMME NPs. Reproduced from ref. 65 with permission

from the Royal Society of Chemistry.

Fig. 10 Functionalization of dye-sensitized UCNPs with mesoporous

silica and the dual-photosensitizer Ce6 and MC540 for imaging-guided

PDT. Reprinted with permission from ref. 66. Copyright 2017 American

Chemical Society.
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studied, indicating the good biocompatibility of the nano-

carrier. A different behaviour was observed for HeLa cells incu-

bated with UCNP@mSiO2/Ce6–DOX–SGFLG–Tf; a decrease of

cell viability to 53% was recorded due most likely to the

excess expression of cathepsin B in this cell line. For the

normal L02 cells, a high cell viability (∼92%) was attained.

Upon 980 nm irradiation for 5 min of HeLa cells incubated

with UCNP@mSiO2/Ce6–DOX–SGFLG–Tf, the cell viability

decreased to 45%, indicating the synergistic effect of chemo-

therapy and PDT. By increasing the irradiation time to 15 min,

the cell viability decreased further to 33%. The enhanced

nanoparticle uptake by HeLa cells was evidenced by fluo-

rescence imaging.

4. Persistent-luminescent
nanoparticles (PLNPs)

Many of the porphyrin-based PSs exhibit excitation wave-

lengths in the UV-Visible spectrum. Continuous exposure of

living cells and tissues to UV-blue light can lead to DNA

damage and cell killing. Wang et al. proposed novel persistent-

luminescent nanoparticles (PLNPs), which cause effective

cancer cell destruction upon low-dose UV light applied by frag-

mented irradiation, and therefore the side-effects arising from

prolonged UV irradiation could be reduced.68 They designed

phosphorescent Zn1.25Ga1.5Ge0.25O4:0.5%Cr3+,2.5%Yb3+, and

0.25%Er3+ triple-doped (TD-ZGGO) nanoparticles by co-adjust-

ing the Ge, Cr3+, Yb3+, and Er3+ loadings in the matrix

(Fig. 12).

Mesoporous silica coated TD-ZGGO nanoparticles demon-

strated important fluorescence emission, long afterglow

luminescence, monodisperse nanoparticle size distribution,

minimum toxicity, and high biocompatibility with HeLa cells.

TD-ZGGO@mSiO2 persistent luminescent nanoplatforms were

loaded in the pores of the amino-functionalized mesoporous

silica shell with sulfonated aluminum phthalocyanine (AlPcS)

through electrostatic interactions. A significant amount of

singlet oxygen was produced by AlPcS via the FRET system.

With the afterglow luminescence of TD-ZGGO nanoparticles,

the FRET process can substantially minimize the UV light

dosage utilized to activate the conjugated PS for PDT appli-

cations. Therefore, HeLa cell necrosis and apoptosis were eval-

uated through laser scanning confocal microscopy (LSCM) and

flow cytometry after incubation with TD-ZGGO@mSiO2-AlPcS.

The cancer cell killing effect was improved for a cumulative

light dose (8 J cm−2) with fractioned light irradiation. The PS-

conjugated PLNPs displayed an important enhanced cancer

cell destruction feature.

5. Other MSNs used for PDT

PDT is inadequate for the treatment of tumors in internal

organs. To overcome this limitation, X-PDT technology has

Fig. 11 Schematic illustration of the synthesis of UCNP@mSiO2/Ce6–

DOX–SGFLG–Tf and enzyme/pH induced release process. Reproduced

from ref. 67 with permission from the Royal Society of Chemistry.

Fig. 12 Physical characteristics of TD-ZGGO nanoparticles. (A) TEM

image of bare TD-ZGGO nanoparticles. (B and C) TEM images of

TD-ZGGO@mSiO2 at relatively low (B) and high (C) magnifications. The

lower-right inset in (C) presents the fluorescence of TD-ZGGO@mSiO2

under 405 nm irradiation. (D and E) EDX spectroscopy patterns of

TD-ZGGO nanoparticles before (D) and after (E) coating with a meso-

porous silica shell. Reproduced from ref. 68 with permission from the

Royal Society of Chemistry.
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been recently carried out. In this original approach, scintillator

nanoparticles are used as transducers and X-rays can indirectly

activate PDT. A study by Chen et al. used 2,3-naphthalocyanine

(NC) and LiGa5O8:Cr(LGO:Cr) co-loaded mesoporous silica

nanoparticles (NC-LGO:Cr@mSiO2) as an original scintillator

for effective X-PDT against non-small cell lung cancer

(NSCLC).69 The NC-LGO:Cr@mSiO2 nanoparticles were mixed

with singlet oxygen sensor green (SOSG) in order to calculate

the singlet oxygen generation under X-rays. X-rays alone pro-

vided a small luminescence increase, however NC-LGO:

Cr@mSiO2 induced an important and time-dependent

increase of fluorescence intensity, indicating efficient singlet

oxygen generation through X-PDT. X-PDT demonstrated good

efficacy with ∼100 nm NC-LGO:Cr@mSiO2. NC-LGO:

Cr@mSiO2 could effectively mediate X-PDT, generate singlet

oxygen and destroy cancer cells. LGO:Cr emits strong persist-

ent X-ray triggered optical luminescence (XEOL) in the NIR

(∼720 nm) efficiently allowing deep tissue detection. NC-LGO:

Cr@mSiO2 was conjugated with cetuximab (CTX) in order to

target lung cancer. Therefore imaging-guided X-ray therapy

was carried out in vivo in a lung orthotopic tumor model in

mice (Fig. 13). Intravenous injection of NC-LGO:Cr@mSiO2-

CTX and X-PDT allowed efficient X-PDT, suggesting X-PDT as a

new treatment modality.

The “always-on” type PDT agents have limitations such as

nonspecific production of fluorescence and 1O2, poor imaging

contrast and long-term skin photosensitivity. To overcome

such drawbacks, Hong et al. examined the design of “off-on”

type PDT agents utilizing hollow mesoporous silica nano-

particles (HMSNPs) to allow an enhanced delivery of PSs to

cancer cells and switchable optical features of the PSs.70

Fluorescence and 1O2 production remain “off” in the native

state of HMSNPs due to FRET between the loaded photosensi-

tizers. Using talaporfin sodium (TS), a second generation PDT

agent as a PS model, the PSs could be released from the

HMSNPs, subsequently turning “on” the fluorescence and

singlet oxygen production (Fig. 14). The intercellular uptake of

TS@HMSNPs and fluorescence turn-on in vitro were followed

by confocal laser scanning microscopy. After 24 h of incu-

bation with SCC-7 cancer cells, fluorescence imaging showed

that the intercellular uptake of TS@HMSNPs was much better

than free TS. Additionally, the uptake of TS@HMSNPs was

35.4 times higher compared to free TS. Under CW laser

(670 nm) illumination, cancer cell viability was 20% with

TS@HMSNPs, wheras free TS at 20 µM showed 82% viability.

The high therapeutic efficacy of TS@HMSNPs to deliver TS

molecules more effectively into the cancer cells is a result of

Fig. 13 In vivo therapy of X-PDT. (a) Tumor growth, assessed by moni-

toring BLI signal changes at different time points. Compared to

irradiation alone, X-PDT suppressed much more efficiently tumor

growth. P < 0.001. (b) Representative BLI images for the three treatment

groups, taken on day 7. (c) H&E staining on tumor tissues. Compared to

the control and irradiation alone, X-PDT effectively controls tumor

generation in the lungs. Scale bars: 200 µm. Reproduced from ref. 69

with permission from the Royal Society of Chemistry.

Fig. 14 Schematic diagram of the TS@HMSNP for activatable fluor-

escence imaging and PDT. Reproduced with permission from ref. 70,

Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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the cell lysate, as confirmed by fluorescence experiments. The

TS@HMSNP composite demonstrated excellent capacity for

selective fluorescence imaging and PDT of cancers.

The major issues of PDT agents are nonspecific fluo-

rescence and 1O2 production causing poor imaging contrast

and severe side effects such as skin sensitivity, respectively.

Indeed, developing activatable PDT agents are of great interest

to solve these problems. In this context, Suk ho and coworkers71

reported the synthesis of hollow mesoporous silica nano-

particles (HMSNPs) loaded with indocyanine green (ICG) as a

photosensitizer. ICG is a water-soluble tricarbocyanine dye

approved by FDA for clinical use, which has absorption and

emission bands in the near-infrared range (NIR, 650–850 nm).

It produces 1O2 and heat upon NIR irradiation, but it also pre-

sents some important drawbacks: it is quite sensitive in

aqueous solutions since it decomposes upon light irradiation

and/or heat and it has a quite short half-life of a few minutes

in blood limiting its bioavailability. The nanoparticles reported

by Choi and coworkers (Fig. 15), namely ICG@HMSNPs, were

obtained by loading ICG in preformed HMSNP and a sub-

sequent PEGylation reaction. Around 177 mg of ICG could be

loaded per g of HMSNPs. The obtained ICG@HMSNPs have a

mean diameter of ∼160 nm, a mean hydrodynamic radius of

227 nm, and a zeta-potential of 26.2 mV. Due to the fact that

ICG molecules are aggregated within ICG@HMSNPs, the fluo-

rescence intensity is quenched and 118 times lower than that

of free ICG. At the same time, 1O2 production is also comple-

tely turned off. In vitro studies on SCC-7 squamous carcinoma

cells indicate that intracellular uptake of ICG@HMSNPs was

better compared to free ICG, and that the fluorescence of ICG

was turned on inside the cells. The brighter fluorescence

(2.75 times higher than that of free ICG) observed is attributed

to the release of ∼44% of ICG from the nanoparticles after 4 h

incubation. The authors also observed an increased cyto-

toxicity of ICG@HMSNPs compared to free ICG, which is

attributed to a higher intracellular uptake of ICG@HMSNPs.

The photodynamic therapeutic effect is also much higher with

ICG@HMSNP than free ICG when irradiated at 810 nm

(1 W cm−2 for 10 mn). This is also due to the fact that

HMSNPs release ICG slowly and continuously once the nano-

particles have been taken up by cancer cells. Moreover, this

slow release process is advantageous to improve the circulation

time and bioavailability.

The expansion of antibiotic resistance leads to the necessity

of exploring new anti-bacterial methods. Photodynamic inacti-

vation (PDI) is an alternative treatment method of paramount

importance in the post-antibiotic era. PDI efficiency is usually

better against Gram-positive bacteria than Gram-negative bac-

teria. Silver nanoparticles (SNPs) are the most active agents

against Gram-negative bacteria, including Escherichia coli

(E. coli), and many others. Therefore, Kuthati et al. synthesized

curcumin (cur) loaded in copper-impregnated mesoporous

silica nanoparticles (Cu-MSN) decorated with SNPs through

NHNH2 coordination, presented in Fig. 16.72 They treated

E. coli with Cu-MSNs or Cur-Cu-MSNs with or without SNPs at

different concentrations. Cur-Cu-MSN-SNPs showed a good

bacterial killing efficacy in a dose-dependent manner upon

light activation as a result of a photo-enhanced release of

silver ions and curcumin activation. Toxicity in the dark was

negligible. The results revealed that the Cur-Cu-MSN-SNP

nanohybrid compound has all attributes of a good PDI agent

against E. coli because of the synergistic influence of silver, Cu

and curcumin when compared to sole curcumin and SNP

modified Cu-MSNs.

6. Synergistic therapies with MSN
based PDT
6.1. PDT-drug delivery

Combining chemo- and phototherapy proved to be an efficient

strategy for cancer treatment. Because antibody therapy rep-

resents a promising alternative to chemotherapy, the conju-

gation of photosensitizers (PS) with monoclonal antibodies

(mAbs) is of interest. Since mesoporous silica nanoparticles

Fig. 15 Scheme of activable near-infrared (NIR) fluorescence imaging

and photodynamic therapy using ICG loaded HMSNPs. (a) Synthesis of

ICG-loaded HMSNPs (ICG@HMSNP). (b) Fluorescence emission and

singlet oxygen (1O2) generation of ICG were quenched in HMSNPs

(aggregation of ICG in HMSNPs). After endocytosis into cancer cells, ICG

is released from the HMSNPs, after which ICG becomes highly fluor-

escent and phototoxic. Reproduced with permission from ref. 71,

Copyright 2017 IOPscience.
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with small pores are not suitable to incorporate and deliver big

biomolecules such as mAbs, Yu and coworkers used dendritic

mesoporous silica nanoparticles (DMSNs) with large and open

pore channels.73 Core–shell nanoparticles were synthesized

with (i) a solid core doped with fullerene C60 acting as a PS for

PDT and a dye for imaging (ii) a dendritic shell functionalized

with hydrophobic C18 chains to load mAbs anti-pAkt (Fig. 17).

These core–shell structures are uniform and monodisperse

with a mean diameter of 119 nm ± 1 nm (hydrodynamic radius

measured by DLS = 121 nm). They present large mesopores

with a broad pore size of 28 nm. The BET surface area and

pore volume are 294 m2 g−1 and 1.01 cm3 g−1, respectively.

The presence of C60 was evidenced from the UV-visible and

IR spectroscopy data. Generation of 1O2 upon irradiation with

UV light is effective according to photobleaching experiments

with 9,10-anthracenediylbis(methylene) dimalonic acid. A

loading capacity of 12 μg of mAbs anti-pAkt per mg of DMSNs

functionnallized with C18 was determined. MCF-7 treated with

DMSNs show red fluorescence (due to C60) in the cytoplasm

indicating the successful cellular uptake (better for C18 modi-

fied DMSNs compared to the non-modified ones). The syner-

gistic effect of PDT and therapeutic mAb anti-pAkt was investi-

gated. These DMSNs deliver mAbs anti-pAkt more efficiently

than if mAbs were used alone (cell viability is 45% with a

nanoparticle concentration of 125 μg mL−1, whereas it is 94%

with a concentration of mAbs anti-pAkt of 15 μg mL−1). After

5 min irradiation, the cell viablity dropped to 23% showing

that PDT and antibody delivery are both effective. Control

experiments revealed that the Bcl-2 protein (an antiapoptotic

protein) level in MCF-7 decreased upon treatment with DMSNs

suggesting an improved delivery of mAbs anti-pAkt compared

to the experiment where mAbs are used alone (no DMSNs).

Interestingly, UV irradiation caused an additional decrease of

Bcl-2 protein level, demonstrating the efficiency of combined

antibody/photodynamic therapy for cancer therapy.

Tong et al. developed NIR-activated (980 nm) theranostic

nanocomposites by combining PDT and chemotherapy.74 They

Fig. 16 Schematic illustration of surface modification and plausible mechanism of the antibacterial efficacy of curcumin and SNP immobilized Cu-

MSN. Reprinted from ref. 72, with permission from Elsevier.

Fig. 17 Schematic illustration of the procedure of FD (core–shell

silica–fullerene@DMSN) for applications in imaging and combined

protein/PDT. Reproduced with permission from ref. 73, Copyright 2017

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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prepared core NaYF4:Tm,Yb@NaYF4 particles post-coated with

mesoporous silica to achieve core–shell nanoparticles

(UCNPs@mSiO2). The post modification step was utilized to

incorporate TiO2 (as a photosensitizer) nanoparticles in the

pores. This supplies plenty of space to store doxorubicin (DOX)

molecules in the pores as well. A UV sensitive o-nitrobenzyl

derivative gate-keeper (TC) was prepared and grafted after DOX

encapsulation to avoid the premature release of DOX. UV emis-

sion from the core NaYF4:Tm,Yb@NaYF4 upon NIR irradiation

could stimulate TiO2 to produce singlet oxygen and induce

the photodecomposition of TC binder and therefore DOX

release (Fig. 18). The HeLa cell viabilities incubated with

different concentrations of UCNPs@mSiO2/TiO2 and

DOX-UCNPs@mSiO2/TiO2-TC were analyzed using the MTT

assay. The cell viability did not decrease obviously when the

concentration of the sample increased, without irradiation.

The combination of PDT and chemotherapy induced enhanced

cytotoxicity of DOX-UCNPs@mSiO2/TiO2-TC to HeLa cells

under NIR irradiation. DOX-UCNPs@mSiO2/TiO2-TC holds

promise for the treatment of cancer by NIR light with

minimum side effects.

Another approach has been published by Liu et al. on the

fabrication of MSN@C-dots/RB that incorporates C-dots and

rose bengal (RB) with multiple functionalities for drug deliv-

ery, synergistic chemo/photodynamic cancer treatment and

bacteria inhibition (Fig. 19).75 The presence of C-dots in the

nanostructures and RB allowed cell fluorescence imaging and

efficient PDT. They obtained 1.4 times higher singlet oxygen

generation in their multifunctional nanostructure under

10 min light irradiation (540 nm) than RB alone. Additionally,

antimicrobial assay showed an important bacterial (E. coli)

inhibitory effect by loading ampicillin into the MSNs@C-dots/

RB nanoparticles.

MSNs@C-dots with and without RB and DOX, under light

or not were investigated to treat H1299 cancer cells. The associ-

ated therapy showed a crucially enhanced therapy relative to

single chemotherapy or PDT. Their outcomes displayed con-

siderably enhanced cancer treatment in the human lung

cancer cell line NCI-H1299 (H1299) in vitro because of the

synergistic chemo/photodynamic therapy impact.

Supramolecular PSs (supraPSs) are attracting much atten-

tion as efficient photodynamic therapy (PDT) agents owing to

their superior photodynamic characteristics. These supramole-

cular compounds efficiently produce singlet oxygen even at

high concentrations. Chen and collaborators used a supraPSs

assisted assembly method to easily construct a multiple thera-

nostic nanostructure for tumor-targeted treatment.76 The mul-

tiple nanoplatform (TPZ@MCMSN) was achieved by coating

tirapazamine (TPZ)-loaded MSNs using a layer-by-layer (LbL)

assembled multilayer. The multilayer was composed of cyclo-

dextrin-conjugated hyaluronic acid, and tetraphenylporphyrin

sulfonate (TPPS) was included in the cyclodextrin moiety by

host–guest interactions. The porphyrin moiety was metallated

with paramagnetic Gd3+ ions. The TPZ@MCMSN-Gd3+ could

be particularly taken up by the CD44 receptor overexpressed in

tumor cells and reacted with hyaluronidase (HAase) to activate

the release of TPZ (Fig. 20).

The cell viability of COS7, MCF-7, and SCC-7 was assessed

via MTT assay under various pO2 conditions. SupraPS based

PDT with TPZ demonstrated superior advantages over single

therapy, which removes tumor cells synergistically, in the

hypoxic medium with limited PDT. The in vivo tumor-targeting

capacity of TPZ@MCMSN-Gd3+ was examined on SCC-7 tumor-

bearing nude mice via NIR fluorescence and MR imaging.

Both the NIR and MR results strictly demonstrated the prefer-

able tumor accumulation of TPZ@MCMSN-Gd3+.

TPZ@MCMSN-Gd3+ has potential advantages such as efficient

tumor targeting, enzyme (HAase)-responsive drug release,

dual-modal imaging, and inhibition of the tumor progression

Fig. 18 Illustration of the synthesis and chemo/photothermal synergis-

tic therapy under single 980 nm NIR light. Reprinted from ref. 74, with

permission from Elsevier.

Fig. 19 Illustration of the multifunctional nanoplatform based on

MSNs. Reproduced from ref. 75 with permission from the Royal Society

of Chemistry.
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via the association of PDT and bioreductive chemotherapy

upon NIR fluorescence/MR imaging. The combination of

supraPSs and a bioreductive prodrug offers an alternative per-

ception to deal with malignant tumors.

Wong et al. studied an original mesoporous silica nano-

particle that contains a zinc(II) phthalocyanine (ZnPc)-based

photosensitizer attached to DOX via an acid-cleavable hydrazone

binder (Fig. 21).77 The high uptake of ZnPc by human hepatocel-

lular carcinoma HepG2 cells was evidenced through the strong

intracellular fluorescence intensity. The hydrazone binder was

cleaved inside the acidic subcellular divisions of the cells as a

result of the co-appearance of ZnPc with DOX fluorescence.

The cytotoxicity of the nanosystems against HepG2 cells

was investigated without and with light irradiation (Fig. 22). By

regulating the dose of light, the photocytotoxicity of immobi-

lized ZnPc along with the chemocytotoxic DOX effect func-

tioned synergistically. Combination index (CI) values were

measured for the cytotoxicities of the drugs detected via the

MTT assay to study the association mode of PDT and chemo-

therapy. As seen in Table 1, when the ZnPc concentration was

4 µM ([DOX] = 1.26 µM), the CI was only 0.27, which proved

the synergism of two cytotoxic effects. These nanoparticles

have the capacity to operate as a dual therapeutic agent with

the combination of PDT and controlled chemotherapy, and as

a nanosystem for pH-controlled drug release.

Photochemical internalization (PCI), derived from the

development of PDT, contributes to the endosomal escape of

therapeutic drugs with high temporal and spatial control

through an external laser. Liu et al. described a complex nano-

system based on a core–shell MSN@tLB (LB lipid bilayers)

nanocompound for PCI-mediated PDT and chemotherapy on

cancer cells.78 MSNs were encapsulated with the model drug

zoledronic acid (ZOL), or the fluorescent dye calcein, then a

lipid bilayer was attached onto the MSN surface through a

hyperbranched polyethylenimine (PEI) linker, and the lipophi-

lic photosensitizer IR-780 iodide was incorporated into the

lipid bilayer (Fig. 23).

The cytotoxicity of the nanoparticles was investigated on

MCF-7 cells using the CCK-8 assay. Unloaded nanoparticles

had good cytocompatibility. PCI of calcein was monitored by

CLSM and was very efficient; after PDT, the dye diffused from

the endo/lysosomes to the cytosol of the cells. The therapeutic

efficiency of ZOL, MSN-ZOL, and MSN-ZOL@tLB-IR780 was

studied on MCF-7 cells without and with NIR laser irradiation

(Fig. 24). In the dark, the cells treated with

MSN-ZOL@tLB-IR780 exhibited minor cytotoxicity. To high-

light the cell apoptosis state, cell nuclei were stained with

Hoechst 33342 (blue fluorescence) and PI (red fluorescence) at

the same time and visualized by confocal laser scanning

microscopy (CLSM). The MSN-ZOL@tLB-IR780 group at

808 nm demonstrated higher apoptosis than ZOL and

MSN-ZOL groups. The MSN-PEI-ZOL@tLB-IR780 nanoplatform

displayed high stability, high biocompatibility, and also no sig-

nificant dark toxicity properties. Under 808 nm laser

irradiation, it can produce singlet oxygen to damage endo/lyso-

somal membranes for the release of the PCI-mediated cyto-

toxic agent (ZOL) from MSNs into the cytoplasm, hence yield-

ing associated chemotherapy-PDT against cancer cells.

Light-responsive drug delivery systems can release drug into

a tumor at the desired time in a controlled manner. Shiqiang

and coworkers79 reported the synthesis of light responsive

cyclodextrin (CD) containing chlorin e6 (Ce6) as a photosensi-

tizer for PDT (Fig. 25). MSNs used were MCM-41 type with a

mean diameter of ∼100 nm, a surface area of 1077 m2 g−1 and

a pore size of 2.7 nm. After functionalization of MSNs with

APTES, a part of surface amine groups were functionalized

with a molecule containing a carboxylic group at one end (to

form the covalent amide bonds with the MSNs) and an azo

group at the other (enable a host–guest supramolecular inter-

action with CD). The spacer used contained a 1O2 sensitive bis-

(alkylthio)alkene linkage which can be oxidized and cleaved.

The remaining free amine groups were functionalized with

Ce6 through the formation of amide bonds too. The obtained

particles are able to generate 1O2 upon irradiation at 660 nm

(0.5 W cm−2). MSNs were loaded with molecular compounds

such as rhodamine B (RhB, ∼50 µmol per gram of MSNs) and

CDs interacting with the azo groups were used as a gatekeeper.

Drug release experiments in water showed that RhB can be

released upon irradiation with red light. The release can be

well controlled with a 660 nm laser, because the 1O2 produced

by Ce6 can further cleave the linker to trigger the departure of

CD. Switching experiment results showed that the release was

stopped when the laser was switched off confirming that there

Fig. 20 (A) Layer-by-layer assembly of HA-CD and TPPS4 on TPZ

loaded MSNs to prepare the theranostic nanoplatform

TPZ@MCMSN-Gd3+. (B) Schematic illustration of the tumor-targeted

versatile theranostic nanoplatform to achieve a superior antitumor

efficacy by the cooperation of supraPSs-based PDT and bioreductive

chemotherapy. Reprinted from ref. 76, with permission from Elsevier.
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Fig. 21 Synthesis of ZnPc–Dox conjugate 10. Reproduced with permission from ref. 77, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Fig. 22 Cytotoxic effect of MSN 11 and 10@MSN (a), and 9@MSN and 10S@MSN (b) in the absence or presence of light irradiation (λ > 610 nm,

40 mW cm−2) for 20 min. (c) Cytotoxic effect of 9@MSN and 10S@MSN in the absence or presence of light irradiation (λ > 610 nm, 40 mW cm−2) for

1 min. Reproduced with permission from ref. 75, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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is no outward diffusion of RhB. In vitro experiments on HeLa

cells were performed with calcein (a green fluorophore, which

can be excited at 488 nm) as model cargo. CDs functionalized

with folic acid (FA) target ligand were used as a gatekeeper,

since FA receptors are over-expressed by various cell lines

such as HeLa cells. In situ drug release experiments at the

cellular level were performed with MSN-linker-azo/

Ce6@calcein@CD-FA nanoparticles. Before irradiation, red

and green fluorescence of Ce6 and calcein were perfectly colo-

calized within the cell, indicating that the MSNs were interna-

lized and that calcein was trapped inside the nanoparticles.

After irradiation at 660 nm (0.5 W cm−2), the green fluo-

rescence quickly (1–3 min) spread out into the entire cell due

to the release of calcein in the cytosol. Indeed, these MSNs are

suitable for the light triggered release of drugs with spatio-

temporal controllability. Moreover, PDT is also efficient

because the viability of the cells was significantly decreased

upon irradiation (∼80% cell death).

An interesting strategy was proposed to achieve maximal

chemotherapeutic efficacy of doxorubicin (DOX) and improve

Table 1 Combination index (CI) based on MTT results at different con-

centrations of ZnPc and DOX at a fixed ratio (1 : 0.31) in 10S@MSN

Concentration of ZnPc (µM) Concentration of DOX (µM) CI

4 1.26 0.27
2 0.63 1.01
1 0.31 1.46
0.5 0.16 1.49
0.25 0.08 1.17

Fig. 23 Schematic representation of the preparation of ZOL and the

IR-780 co-loaded MSN@tLB-based drug delivery system and the

mechanism of endosomal escape and drug release for combination of

PDT and chemotherapy. Reproduced from ref. 78 with permission from

the Royal Society of Chemistry.

Fig. 24 In vitro cell evaluation of the cancer cell inhibition effect. Cell

viability of MCF-7 cells after different treatments with or without NIR

irradiation (808 nm, 1.2 W cm−2, 10 min). Reproduced from ref. 76 with

permission from the Royal Society of Chemistry.

Fig. 25 Synthesis of CD-FA-gated MSNs functionalized with linker-azo

and Ce6 and the release of cargo encapsulated in the pores of MSNs.

The mechanism of bond cleavage by singlet oxygen is given.

Reproduced with permission from ref. 79, Copyright 2017 IOPscience.
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the photodynamic efficiency of rose bengal (RB) through their

encapsulation in MSNs.80 Fig. 26 summarizes the different

steps used to construct the pH-sensitive RB and DOX loaded

mesoporous silica nanoparticle (MSNs-AH-DOX@RB) nano-

system. The MSNs were functionalized with a pH-sensitive

linker, 4-hydrazinobenzoic acid (HBA). RB was then loaded

into the HBA-functionalized MSNs, followed by DOX immobil-

ization to the linker through hydrazone bond formation to

yield the MSN-AH-DOX@RB nanoplatform.

The in vitro release of RB and DOX from MSN-AH-DOX@RB

was determined by dialysis in PBS at pH 7.4 and 5.5 at 37 °C.

The absence of DOX release at pH 7.4 indicates that the nano-

platform displays a good stability under physiological con-

ditions. A completely different behavior was observed at pH

5.5, where a significant DOX release was obtained. Meanwhile

the release of RB remained very limited at both pH values.

The ability of MSN-AH-DOX@RB for 1O2 production under

532 nm laser irradiation (0.5 W cm−2) was evaluated. It was

found that the amount of 1O2 generated under these con-

ditions was quite low. This has been ascribed to the strong

absorption of light by the external DOX layer. Indeed, upon

DOX release under acidic conditions, the nanoplatform can

generate 1O2 efficiently.

The in vitro cellular toxicity of free DOX, free RB,

MSN-AH@RB, MSN-AH-DOX, and MSN-AH-DOX@RB on

MCF-7 cells was analysed using the CCK-8 assay. In the dark,

all these systems exhibited low cytotoxicity. Upon laser

irradiation for 5 min, MSN-AH-DOX@RB displayed the highest

cell mortality, suggesting a synergy of chemo-photodynamic

treatment.

Another example of multi-functional nanoparticles was

reported by Yang et al.81 This system consists of magnetic

MSNs loaded with Ce6 and doxorubicin (DOX), which was

additionally coated with biocompatible alginate/chitosan poly-

electrolyte multilayers to adsorb P-gp shRNA and achieve pH-

responsive drug delivery. This nanoplatform enables several

functions such as MR and CT imaging, and combined PDT

and chemotherapy. The P-gp shRNA was used to reverse the

multidrug resistance. The different steps for the synthesis of

the nanosystem (M-MSN(Dox/Ce6)/PEM) are summarized in

Fig. 27.

Briefly, M-MSNs were prepared by a sol–gel method and

subsequently functionalized with APTS to produce amine-

terminated nanoparticles (M-MSNs-NH2). Simple mixing of DOX,

Ce6 and M-MSNs-NH2 was performed to load DOX and Ce6 on

the nanoparticles (M-MSN-DOX/Ce6). The M-MSN(DOX/Ce6)/

PEM/P-gp shRNA nanocomposite was obtained through

functionalization of M-MSN-DOX/Ce6 with biocompatible

ALG/CHI polyelectrolyte multilayers (PEM), followed by electro-

static adsorption of P-gp shRNA.

In vitro drug release profiles of DOX and Ce6 from M-MSN

(DOX/Ce6)/PEM were studied at two different pH values,

namely 7.4 and 4.0, at 37 °C. The results revealed that DOX

and Ce6 release from the nanoplatform was pH-dependent

with a high release at low pH (4.0). For example, only 12% of

Ce6 were released at pH 7.4 over 30 h, while almost complete

Fig. 26 Schematic illustration of the synthesis of the pH-sensitive

MSNs-AH-DOX@RB for controlled drug release. Reprinted from ref. 80,

with permission from Elsevier.

Fig. 27 Procedure for the synthesis of M-MSN(DOX/Ce6)/PEM.

Reproduced from ref. 81 with permission from the Royal Society of

Chemistry.
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release (>95%) was achieved at pH 4.0 over 36 h. A similar

trend was observed for DOX release with a less marked con-

trast. Indeed, 30% release was obtained at pH 7.4 over 32 h;

this value increased to 46% at pH 4.0 after 32 h.

The cytocompatibility of M-MSN/PEM nanoparticles was

demonstrated on MCF-7, EMT-6 and HUVEC cell lines using

the CCK-8 assay. The nanoparticles exhibited no obvious cyto-

toxicity for all investigated concentrations (20, 50, 100 and

200 μg mL−1) after 24 or 48 h incubation. Similarly, the

M-MSN/PEM nanoparticles were homocompatible with limited

hemolysis (∼5%) activity of the human red blood cells detected

for a wide concentration range (25–400 µg mL−1).

The efficacy of the M-MSN(DOX/Ce6)/PEM/P-gp shRNA

nanocomposite for cancer cell killing in vitro was assessed on

various cell lines, including MCF-7, EMT-6 and MCF-7/ADR

cells under laser irradiation (660 nm). The results showed a

great decrease of cell viability even for drug-resistant tumour

cells (MCF-7/ADR) with more than 60% inhibition. The data

also clearly indicated that the combined therapy was much

more efficient than any monotherapy performed under these

experimental conditions. The mechanism of inhibition of cell

proliferation induced by M-MSN(DOX/Ce6)/PEM/P-gp shRNA

upon laser irradiation was ascribed partially to an apoptotic

effect.

In vivo studies performed on EMT-6 tumor-bearing Balb/c

mice confirmed that the combined chemotherapy, PDT and

gene therapy was very efficient to remove/eradicate the tumour

in mice without apparent body weight loss, suggesting that the

treatment with M-MSN(DOX/Ce6)/PEM/P-gp shRNA + laser was

not toxic to the mice. The results were further corroborated by

histological analysis showing limited adverse effects of the

main organs.

Finally, the potential of M-MSN(DOX/Ce6)/PEM/P-gp shRNA

as a nanoprobe for CT/MR dual-modal imaging and MR

imaging of tumours was demonstrated in vitro and in vivo,

respectively.

Liu and coworkers reported the synthesis of core–inter-

layer–shell Fe3O4@mSiO2@lipid-PEG-methotrexate nano-

particles (FMLM) for multimodal imaging and chemo-photo-

dynamic therapy.82 Fe3O4 nanoparticles were prepared by

coprecipitation of Fe2+ and Fe3+ upon addition of NH3 aq.

Then, a mesoporous silica (mSiO2) interlayer was added

according to a modified Stöber procedure to obtain the corres-

ponding FM nanoparticles. The cores contain one or more

Fe3O4 nanocrystals. The shell is mesoporous: the BET surface

area of FM nanoparticles is 516.66 m2 g−1, with a cumulative

pore volume of 0.5 cm3 g−1 and an average pore size of

3.89 nm. Finally, the obtained FM nanoparticles were covered

with methotrexate (MTX) conjugated PEGylated liposomes

(Fig. 28).

Doxorubicin (DOX) and zinc phthalocyanine (ZnPc) were

used as a chemotherapeutic and photosensitizer for PDT,

respectively. Their encapsulation was performed at different

stages of the synthesis of FMLM. The chemotherapeutic agent

DOX was encapsulated in the mSiO2 interlayer by treating FM

with DOX overnight. ZnPc was encapsulated into the bilayer

membrane of liposomes. The obtained FMLM have a mean

diameter of ∼230 nm and their surface is negatively charged

(zeta potential ∼−22.6 mV), providing electrostatic stability at

physiological pH. The external shell consisting of methotrexate

conjugated PEGylated liposomes brings several advantages:

(i) it acts as a stopper preventing premature release of DOX,

(ii) it allows the hydrophobic ZnPc to be incorporated in the

shell, (iii) their methotrexate groups act as tumor targeting

ligands for folic acid (FA) receptors, (iv) it extends the circula-

tion time, suppresses macrophage uptake and retards in vivo

clearence. FMLM nanoparticles conjugated with MTX, which

is a FA analogue, are more internalized in FA receptor-positive

Fig. 28 (A) Schematic routes for the synthesis and drug loading of

FMLM. (B) Schematic illustrations of the FMLM on multimodal therano-

stic and synergistic PDT–chemo-cancer therapy. (1. Multistage targeting

strategy of FMLM depends on early-phase magnet targeting cooperated

with late-phase active cellular targeting by folate receptor-mediated

endocytosis; 2. DOX/ZnPc-FMLM used as a self-fluorescent tracker by

ZnPc in fluorescence imaging; 3. FMLM used as both a MRI contrast

agent and PAI agent in the multimodal diagnosis platform; 4. the encap-

sulated DOX was released in the acidic tumor environment in a pH-

responsive and magnet-stimulated response manner, magnetic vibration

resulted in increasing DOX release with the help of AMF; 5. PDT of DOX/

ZnPc-FMLM irradiated by 630 nm laser irradiation.) Reprinted from ref.

82, with permission from Elsevier.
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HeLa cells compared to FML nanoparticles without MTX. This

is not the case with FA receptor-negative A549 cells. This active

FA receptor-mediated endocytosis results in much stronger

antitumor activity for DOX-FMLM nanoparticles conjugated

with MTX than for DOX-FMFL nanoparticles without MTX.

Again, this is not the case with FA receptor-negative A549 cells.

Drug release experiments from DOX-FM and DOX-FMLM

nanoparticles showed that the DOX-FMLM is quite stable at

pH 7.4, and that the release for both types of nanoparticles is

faster at pH 5.0 than pH 7.4. Application of an alternating

magnetic field (AMF) enhanced DOX release and the sub-

sequent cytotoxicity of DOX-FMLM nanoparticles on HeLa

cells. DOX-FMLM nanoparticles are also able to generate 1O2

upon irradiation at 431 nm; an in vitro experiment on HeLa

cells confirmed the formation of ROS within the cells. Indeed,

the FLFM nanoparticles co-loading DOX and ZnPc are suitable

for chemo-photodynamic therapy and have the potential for

multimodal diagnosis by fluorescence imaging (FI), magnetic

resonance imaging (MRI), and photoacoustic imaging (PAI). In

vivo experiments on HeLa tumor bearing mice revealed that

the size of the tumors of mice treated with DOX/ZnPc-FMLM

nanoparticles was decreased by 9.5-fold compared to the

control group without apparent side effects. The treated

tumors presented decreased cellularity and increased necrosis

demonstrating the great therapeutic effect of DOX/ZnPc-FMLM

nanoparticles.

6.2. MSNs PDT combined with photothermal therapy (PTT)

A remarkable study was reported by Jang et al., in which they

utilized graphene oxide (GO) coated SiO2/TiO2 hollow nano-

particles (GO-HNP) as a nanocarrier (50 nm diameter) of proto-

porphyrin IX (PpIX), Fig. 29.83 GO-HNP-PpIX is evaluated for

the synergistic efficiency of PDT–PTT on MCF-7 human breast

cancer cells in vitro. PpIX release was activated through NIR

irradiation at 808 nm and LED light was selected rather than a

common laser as a reference PDT light source to kill the

cancer cells.

HNP-PpIX and GO-HNP-PpIX demonstrated very mild dark

toxicity toward MCF-7 cells without NIR or Vis-light at different

concentrations. The cell killing effect of GO-HNP-PpIX treated

MCF-7 cells reached 97.5%, under both NIR light and visible

light irradiation which was very efficient. The synergy between

NIR irradiation (PTT, PpIX release) and visible light (PDT) was

demonstrated. The GO-HNPPpIX/NIR laser/visible-light nano-

platform represents thus an effective external stimuli-respon-

sive anticancer therapy for human breast cancer cells.

Mesoporous silica nanorods (MSNRs) are better than meso-

porous silica nanoparticles (MSNPs) in terms of enhanced

ability for cell internalization, and higher drug loading per-

formance. The rod-like multi-functional mesoporous silica

nanomaterials are important for cell trafficking, cancer cell

metastasis monitoring, and drug/DNA delivery. The associ-

ation of PDT and PTT overcomes the limitations of PDT such

as high oxygen dependence. As a PTT agent, Au nanoparticles

have superior properties applied to the control of cancer. Sun

et al. reported MSNRs covalently doped with the Ce6 photo-

sensitizer and capped with gold nanorods (AuNRs), by electro-

static interactions denoted as AuNRs-Ce6-MSNRs, to perform

single wavelength light excited PTT/PDT therapy.84 Ce6 was

quenched by the presence of AuNRs. Upon single wavelength

NIR irradiation, the PTT effect was obtained which also led to

uncapping of MSNRs and activation of Ce6 for PDT. The

mechanism of combined PTT/PDT is illustrated in Fig. 30.

Futhermore dual imaging modalities were carried out.

Photoacoustic imaging arising from AuNRs and luminescence

arising from Ce6 were performed in vivo. In vivo experiments

on 4T1 bearing mice treated with PBS, AuNRs, free Ce6, Ce6-

MSNRs and AuNRs-Ce6-MSNRs showed, after 16 days of obser-

vation, the smallest tumour volume and weight change for the

specimen treated with AuNRs-Ce6-MSNRs. Also, the survival

rate was much higher (70%) for the AuNRs-Ce6-MSNRs

administered mice, compared to 40% recorded for the other

formulations. Histopathological studies corroborated the

above results, as confirmed by the significant damage of the

tumour tissues such as a decrease of the intercellular space

and shrinkage of the cell nucleus. In contrast, no difference in

the histopathological features was observed in the major

organs (heart, liver, spleens, lung, and kidneys) between the

Fig. 29 (a) Schematic representation of the preparation of

GO-HNP-PpIX. TEM images of (b) HNP and (c) GO-HNP. (Green arrow

shows GO enwrapping of HNPs.) Reproduced with permission from ref.

83, Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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control and the AuNRs-Ce6-MSNR treated ones, suggesting

that the developed platform represents a suitable candidate for

a single wavelength NIR PTT/PDT combined therapy in vivo.

Cai and coworkers developed the synthesis of hybrid

nanotheranostics integrating organic and inorganic building

(nano)blocks for multiple diganostic and therapeutic modal-

ities.85 These hybrid nanotheranostics are prepared from

hollow mesoporous silica nanoparticles (HMSNs) with dia-

meters of ∼150 nm radiolabeled with 89Zr (t1/2 = 78.4 hours)

for dual positron emission tomography (PET) and Cerenkov

luminescence (CL) imaging. Meso-tetrakis(4-carboxyphenyl)

porphyrin (TCPP) was then encapsulated in HMSNs (Fig. 31).

TCPP can be used as a dye for fluorescence (FL) imaging

and, simultaneously, as light harvesting coupled with 89Zr for

Cerenkov radiation energy transfer (CRET). TCPP can also be

used as a photosensitizer for photodynamic therapy (PDT).

The surface of HMSNs was decorated with copper sulfide (CuS)

nanoparticles with diameters of ∼10 nm and functionalized

with citrate, which can be used as a hyperthermia agent for

photothermal therapy (PTT) owing to their high photothermal

conversion efficiency. There are around 7833 CuS nano-

particles per HMSN firmly bound to their shell, since minimal

detachment was observed in high ionic strength physiological

solutions at pH 5.5 and 7.4. Indeed, the obtained nano-

structures enable tetramodal imaging (PET/FL/CL/CRET) and

bimodal therapy (PDT/PTT) for optimal diagnostic and therapy

and are stable enough for in vivo studies. Finally, the surface

core–satellite nanoconstructs (CSNCs) were coated with

branched poly(ethylene glycol) to ensure colloidal stability and

biocompatibility. The photothermal activity was demonstrated

upon irradiation at 980 nm (10 mn, 4 W cm−2) and a rapid

transient increase in temperature (Tmax > 45 °C) was observed.

The photodynamic activity was also demonstrated upon

irradiation at 660 nm (20 mn, 50 mW cm−2) by quantifying 1O2

generation. In vivo experiments were performed on mice

bearing subcutaneous 4T1 murine breast tumors and treated

with the CSNCs. PET and FL imaging showed prolonged blood

circulation and a gradual increase in tumor uptake after 24 h

after injection. After intratumoral injection, strong and persist-

ent signals were observed by PET, Cl, CRET and FL. Gradual

diffusion of FL signal is in agreement with the release of TCPP

molecules from CSNCs. Synergistic photothermal/photo-

dynamic therapy was also investigated, because the interaction

between PTT and PDT was found to be more effective than a

purely additive one. Such a synergism can be explained by the

possible improvement of blood flow in the tumor due to PTT.

It increases the oxygenation of the tumor, and this has an

important consequence in PDT effectiveness. Excellent results

were recorded when combining PTT and PDT, since complete

eradication of the tumors was obtained with complete healing

30 days after the treatment.

6.3. PDT–PTT-chemotherapy

Increasing attention is being paid to the design of effective

anticancer agents with the combination of versatile imaging

Fig. 30 Illustration of AuNRs-Ce6-MSNRs for synergistic PTT/PDT

treatment: (1) under NIR light irradiation, AuNRs generate a localized

hyperthermia PTT effect. (2) AuNRs were released from Ce6-doped

MSNRs after NIR irradiation. (3) Ce6 was dequenched and then 1O2 was

generated, fulfilling the PDT effect. Reprinted from ref. 84, with per-

mission from Elsevier.

Fig. 31 Schematic illustration of the self-assembly of radiolabeled

core–satellite nanoconstructs (CSNC) for simultaneous PET, FL, CL, and

CRET imaging and synergistic PTT–PDT in breast-tumor-bearing mice.

Reproduced with permission from ref. 85, Copyright 2017 Wiley-VCH

Verlag GmbH & Co. KGaA, Weinheim.
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and therapies into a single nanocomposite. Chen and co-

workers prepared original core–shell–shell nanoparticles

associating PDT, luminescence imaging with photothermal

therapy (PTT) and chemotherapy for improved antitumor ther-

anostics. They prepared upconversion (UC) core (NaYF4:Yb,

Tm@NaYF4), silica sandwich shell shaped with hypocrellin A

(HA)/carbon dots (C-Dots), with mesoporous silica outer-shell

(UCNPs@SiO2-C/HA@mSiO2) nano-objects.86 The designed

UCNPs@SiO2-C/HA@mSiO2 (85 nm in size) nanoplatform was

further functionalized with o-nitrobenzyl derivative linker (NB

linker) as a UV sensitive gate in order to immobilize the anti-

cancer drug (doxorubicin hydrochloride, DOX) inside the

mesopores (Fig. 32).

Under 980 nm NIR light irradiation, the UC core emitted

UV light, leading to the cleavage of the NB linker and therefore

to drug release. The Vis emission at 450–480 nm triggered

singlet oxygen generation and PDT by energy transfer to

HA while NIR excitation of C-dots led to the PTT effect.

Furthermore, UCNPs@SiO2-C-Dots/HA exhibited green and red

luminescence emission in HepG2 cells upon NIR excitation

arising from C-Dot and HA doping, respectively. The synergis-

tic cooperation of PTT, PDT and chemotherapy led to very

efficient cancer cell killing in vitro.

Wang et al. synthesized an original core–shell–satellite

NaGdF4:Yb,Er,Mn,Co@mSiO2-CuS nanoplatform containing

up-conversion luminescent (UCL) NaGdF4:Yb,Er,Mn,Co as the

core, a mesoporous silica shell, photoactive CuS nanoparticles

as the satellites, DOX drug and ZnPc photosensitizer, Fig. 33.87

PDT and chemotherapy properties of the nanoplatform are

provided by ZnPc and DOX, respectively. The co-doping of Co2+

ions was used for T2-weighted MRI function, and the co-

doping of Gd3+ for T1-weighted MRI and CT imaging. The

intrinsic UC luminescence imaging, and the co-doping with

Mn2+ enhanced the red emission and led to PDT efficiency by

excitation of ZnPc via the fluorescence resonance energy trans-

fer (FRET) mechanism. Furthermore, the production of heat

from the CuS nanoparticles allowed PTT and improved DOX

release from the nanosystem under NIR light irradiation.

The viability of L929 fibroblasts was studied using an MTT

assay upon incubation with UCNP@mSiO2-CuS-ZnPc (UMCZ)

at different concentrations. The nanoparticles demonstrated

high viability up to a concentration of 500 µg mL−1. The

tumor-xenografted (liver cancer cell line H22) mice were intra-

tumorally treated through injection of UMCZ in the absence or

in the presence of DOX under NIR light or not. When

UMCZ-DOX was injected and irradiated with NIR light, the

association of heat enhanced chemotherapy and PDT, result-

ing in the highest tumor inhibition efficacy. A synergistic com-

bination of PDT, PTT and chemotherapy with multiple

imaging techniques (MRI, CT, and UCL) demonstrated a sig-

nificant promising theranostic capacity in vitro and in vivo.

In another study, Fang et al. described a hierarchical nano-

structure GNR@mSiO2-5-FU-ICG – including mesoporous

silica-coated gold nanorods as the core, through the coupling

of Indocyanine Green (ICG) on the surface, and immobiliz-

ation of 5-fluorouracil (5-FU) in the mesopores of silica shells –

for cancer treatment.88 ICG was exploited for fluorescence

imaging and PDT, and the model drug 5-FU was utilized for

chemotherapy. The GNR@SiO2-5-FU-ICG nanostructure led to

Fig. 32 Schematic illustration of the preparation and multitherapy of a

LA-UCNPs@SiO2-C/HA@mSiO2-DOX@NB nanocomposite. Reproduced

from ref. 86 with permission from the Royal Society of Chemistry.

Fig. 33 Schematic presentation of the synthesis of the NaGdF4:Yb,Er,

Mn,Co@mSiO2-CuS-ZnPc-DOX nanocomposite. Reproduced from ref.

87 with permission from the Royal Society of Chemistry.
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multiple imaging techniques such as two-photon lumine-

scence, fluorescence, photoacoustic, photothermal imaging,

and also trimodal synergistic therapy such as PTT, PDT, and

chemotherapy.

The cytotoxicity of GNR@SiO2-5-FU-ICG was studied on

A375 cells using a CCK-8 assay (Fig. 34). GNR@SiO2-5-FU-ICG

displayed better chemotherapeutic effects than free 5-FU, due

to the higher cellular uptake efficiency of GNR@SiO2-5-

FU-ICG. The trimodal synergistic therapy of GNR@SiO2-5-

FU-ICG was also examined on A375 cells (laser irradiation at

808 nm). The triple synergism of PTT–PDT-chemotherapy

clearly demonstrated superiority over the dual-mode PTT–PDT

and also PTT alone. The in vivo multimodal imaging guided

trimodal synergistic therapy was performed on A375 xeno-

grafted-tumor mice. The photoacoustic (PA) signal of mice

treated with GNR@SiO2-5-FU-ICG was much higher in the

tumor than that of mice treated with GNR@SiO2–NH2, sup-

porting the synergistic effect of GNR@SiO2 and ICG. The

tumor size and weight were measured for the anticancer

efficacy of GNR@SiO2-5-FU-ICG. The efficient killing efficacy of

GNR@SiO2-5-FU-ICG (PTT + PDT + chemotherapy) was proved.

The trimodal synergistic therapy-guided multimodal imaging

was successful with complete tumor destruction without

recurrence.

In a very recent report, Sun et al. proposed a NIR-triggered

triple modal imaging-guided multi-functional nanoplatform.89

The nanoplatform consists of doxorubicin (DOX)@Gd-doped

MSNs coated with thermosensitive liposomes conjugated with

indocyanine green (DOX@GdMSNs-ICG-TSLs). ICG was

expected to contribute to both PDT and PTT effects with

additional use for NIR fluorescence imaging (NIRFI) as well as

photoacoustic imaging (PAI), while Gd allows magnetic reso-

nance imaging (MRI). Coating of DOX@GdMSNs with folic

acid-functionalized TSLs was used to improve DOX leakage

and cellular uptake. Under NIR light illumination, ICG could

generate heat, leading to ICG-TSL rupture and subsequently to

DOX release (Fig. 35).

The photothermal properties of PBS, GdMSNs,

DOX@GdMSNs, ICG-TSLs, and DOX@GdMSNs-ICG-TSLs

nanocomposite were evaluated under 808 nm (1.5 W cm−2)

laser irradiation. A temperature increase to 55 °C was observed

after 5 min irradiation for both ICG-TSLs and DOX@GdMSNs-

ICG-TSLs, while the temperature was below 33 °C for the other

components. This clearly highlights the role of ICG in the PTT

mechanism. A photothermal conversion efficiency (η) of

11.72% was determined for DOX@GdMSNs-ICG-TSLs. The

PDT effect was monitored using DPBF trapping agent upon

irradiation at 808 nm for 8 min. Again, the results confirmed

that the presence of ICG in the nanoplatform was responsible

for 1O2 generation. Similarly, DOX release from

DOX@GdMSNs-ICG-TSLs was highly improved under NIR

irradiation, indicating the suitability of the platform for com-

bined PTT–PDT-chemotherapy.

Cellular cyctoxicity studies of DOX@GdMSNs-ICG-TSLs

with different DOX and ICG concentrations were assessed by

MTT assay using PBS, DOX@GdMSNs, ICG-TSLs + NIR as the

controls. It was found that the 4T1 cell viabilities decreased by

increasing the concentration of DOX or ICG and

Fig. 34 (a) Cytotoxicity of A375 cells incubated with GNR@SiO2,

GNR@SiO2–NH2, GNR@SiO2-ICG, and 5-FU or GNR@SiO2-5-FU-ICG at

several Au concentrations of 0.5–80 μg mL−1. (b) Cell viability of A375

cells incubated with GNR@SiO2–NH2, GNR@SiO2-ICG, or GNR@SiO2-5-

FU-ICG for 24 h and with laser irradiation (808 nm, 1.5 W cm−2) for

different times. Reproduced with permission from ref. 88, Copyright

2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 35 Schematic presentation of the functions of the DOX@GdMSNs-

ICG-TSL theranostic nanocomposite for fluorescence/photoacoustic/

magnetic resonance imaging-guided chemo- and phototherapy.

Reprinted with permission from ref. 89. Copyright 2018 American

Chemical Society.
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DOX@GdMSNs-ICG-TSLs + NIR experienced the highest

decrease of cell viability, compared to the controls.

In vivo experiments were performed on 4T1 tumour-bearing

mice under 808 nm (1.5 W cm−2) laser irradiation of the

tumour sites after DOX@GdMSNs-ICG-TSL intravenous injec-

tion. The relative tumour volume measured after 20 days was

10.67, 5.03, 5.50, and 1.75 for PBS, DOX@GdMSNs, ICG-TSLs +

NIR, and DOX@GdMSNs-ICG-TSLs + NIR, indicating the clear

advantages of combined therapy compared to monotherapy.

The results are consistent with the slight mice body weight

change recorded after DOX@GdMSNs-ICG-TSLs + NIR com-

pared to the controls.

Histological studies confirmed the suitability of the

DOX@GdMSNs-ICG-TSLs for tumour treatment, as witnessed

by the limited adverse effect on the major organs (heart, liver,

spleen, lung, and kidneys), and extensive necrosis and intra-

cellular space decrease in tumour tissue section.

7. Conclusion

Since the pioneering work in 2009 concerning PDT combined

with MSNs, the field has expanded and gained in complexity.

As shown in this review, very efficient sophisticated MSN-

based nanosystems involving PDT have been designed for

multimodal imaging (luminescence, PET, MRI, tomography),

and targeted controlled multitherapies (PDT, PTT, chemo-

therapy, radiotherapy). Many systems were prepared based on

up-conversion, persistent luminescence, X-ray absorption or

sonodynamic therapy for the treatment of deep tumors.

Although the majority of the studies described cancer appli-

cations, other diseases were also targeted such as Alzheimer’s,

atherosclerosis or antimicrobial PDT showing the high versati-

lity of MSNs combined with PDT. Therefore, major improve-

ments in PDT have been brought with MSNs. Indeed, a better

spatio-temporal control of PDT at the disease site has been

demonstrated with MSNs, avoiding general photosensitization

usually observed with a classical PS, and multi-therapies with

MSNs allow a very efficient treatment of the disease. MSNs

have been shown to be biocompatible, but the degradability of

MSNs has to be further studied in order to translate MSNs to

clinical applications. Therefore MSN based nanosystems com-

bined with PDT could be of great interest for personalized

nanomedicine applications in the future.
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