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A B S T R A C T   

Targeted nanomaterials for cancer theranostics have been the subject of an expanding volume of research studies 
in recent years. Mesoporous silica nanoparticles (MSNs) are particularly attractive for such applications due to 
possibilities to synthesize nanoparticles (NPs) of different morphologies, pore diameters and pore arrangements, 
large surface areas and various options for surface functionalization. Functionalization of MSNs with different 
organic and inorganic molecules, polymers, surface-attachment of other NPs, loading and entrapping cargo 
molecules with on-desire release capabilities, lead to seemingly endless prospects for designing advanced 
nanoconstructs exerting multiple functions, such as simultaneous cancer-targeting, imaging and therapy. 
Describing composition and multifunctional capabilities of these advanced nanoassemblies for targeted therapy 
(passive, ligand-functionalized MSNs, stimuli-responsive therapy), including one or more modalities for imaging 
of tumors, is the subject of this review article, along with an overview of developments within a novel and 
attractive research trend, comprising the use of MSNs for CRISPR/Cas9 systems delivery and gene editing in 
cancer. Such advanced nanconstructs exhibit high potential for applications in image-guided therapies and the 
development of personalized cancer treatment.   

1. Introduction 

Precise and simultaneous personalized chemotherapy is a long- 
sought research goal in the battle against all types of cancer. This 
research is driven by different side effects, which are known to occur 
regularly in all currently applied chemotherapy regimens against can
cer. Conventional chemotherapies use highly toxic and reactive mole
cules as drugs, which may react with the healthy tissues but also exert 
wide interindividual pharmacokinetic variability with 2–10-fold varia
tions in exposures after standard doses of cytotoxic drugs [1]. Thus, a 
large portion of introduced drugs may not be capable of reaching the 
desired cancer tissue, leading to increasing the dosages of chemothera
peutics and subsequently to enhancing their adverse effects. Therefore, a 
constant balancing between enhancing the activity of drugs and mini
mizing their undesirable effects, along with inclusion of other drugs for 
damage mitigation is driving formulations for conventional therapies. 
Even though novel types of molecular drugs are being developed for 
targeted cancer therapies, designed to interact selectively with specific 

features of cancer tissues, these targeted therapies may still be inefficient 
due to tumor heterogeneity, development of drug resistance and other 
factors related to unpredictive properties of tumor physiologies in 
different patients [2]. 

Developing drug delivery systems (DDS) to overcome limitations and 
enhance the specificity of anticancer drugs is an ever expanding research 
area [3–5]. Controlled DDS, aimed at localizing the release and effect of 
therapeutics, have attracted particular attention [6–8]. A promising 
strategy to enhance the effectiveness of “precision oncology” lies in 
combining several cancer-targeting modalities. This may be achieved 
through application of carefully designed nanocarriers, which may be 
functionalized with different cancer-specific ligands, aimed to selec
tively deliver cancer therapeutics, along with simultaneous capabilities 
for cancer imaging. Different types of nanomaterials are being devel
oped for cancer treatment, with several liposomal, one albumin-based 
nanovesicle and one hafnium oxide-based nanoparticle approved for 
clinical use and numerous nanoparticles based on liposomes, proteins, 
polymers, iron oxide and silica undergoing clinical trials [9,10]. The 
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differences and advantages between various types of nanocarriers have 
been detailed in the previous review articles [11–13]. Even though 
silica-based nanoparticles have not demonstrated superior properties so 
far in terms of delivery efficiency to solid tumors [14], it is interesting to 
see how the design of nanoparticles involving silica provides key ad
vantages mainly with respect to stability and drug loading capacity 
[15–19]. Thus, silica NPs are being increasingly studied as promising 
cancer-targeting nanocarriers, while the database of clinical studies (htt 
ps://www.clinicaltrials.gov/) reveals that silica-based nanomaterials, 
Cornell Dots, are being currently investigated in clinical trials for im
aging of nodal metastases, brain and prostate cancer (NCT02106598, 
NCT03465618, NCT04167969). 

Silicon is naturally found in human body, having a beneficial role in 
bone and connective tissues [20]. Silica nanoparticles, most notably 
mesoporous silica nanoparticles (MSN), exhibit large surface area and 
well-structured porosity. The porosity features can be utilized for 
loading different therapeutics, including nucleotides, targeting molec
ular drugs, water-insoluble or soluble drugs, imaging agents, as well as 
their different combinations, which may be simultaneously released 
within the cancer tissues to enhance their local concentration and ach
ieve synergistic cancer therapy and diagnostics (theranostics) [21,22]. 
MSNs can be also designed to allow controlled release of loaded cargo in 
response to an externally applied, cancer tissue-focused stimuli, e.g. 
magnetic field, ultrasound (US) or light, or upon exposure to a weakly 
acidic extracellular environment of cancer tissues, to the presence of 
cancer-overexpressed enzymes or other biomolecules [23–27]. Func
tionalization of the external MSN surface may be utilized for active 
cancer-targeting, to circumvent the immune system for achieving pro
longed presence of the nanocarrier in blood circulation or as moieties for 
enhancing biocompatibility of nanomaterials. Previous literature re
ports have described the optimization of MSN features for biomedical 
applications, highlighting their high biocompatibility, high drug loading 
capacity, adjustable surface properties and release profiles [28–31]. 

The possibility to use MSNs as cancer theranostics has also been 
proposed in the literature [23,32,33]. Herein, we focus our analysis on 
the studies published since 2015, describing the advanced nano
constructs with capabilities for concurrent cancer-targeting, treatment 
and imaging. Selected characteristics of the recent studies on cancer 
theranostic nanomaterials are summarized in Table 1. In addition, 
advanced MSN-based strategies for cancer therapy through gene editing 
are reviewed, considering the significance of the topic, spotlighted by 
the 2020 Nobel prize in Chemistry “for the development of a method for 
genome editing” awarded to Emmanuelle Charpentier and Jennifer A. 
Doudna. 

2. Targeted therapy of cancer 

Targeting cancer through the application of nanomedicines can be 
achieved by passive and active mechanisms [78–81]. Passive targeting 
can be rationalized as the accumulation of NPs within cancer tissues by 
means of the enhanced permeability and retention (EPR) effect [82]. 
Active targeting includes all targeting that is achieved beyond the EPR 
effect, which may involve modifications of the surface of nanoparticles 
with ligands for specific interaction with overexpressed receptors, 
through designing nanosystems for triggering the drug release by 
exploiting overexpressed biomolecules or the weakly acidic extracel
lular environment in tumors [83], or through externally applied stimuli, 
such as light irradiation, magnetic field or US [84–87]. 

2.1. Passive cancer targeting with MSNs 

The EPR was discovered by Matsumura and Maeda over three de
cades ago [29,88]. The EPR effect occurs due to the rapid growth of the 
tumor, which further leads to the creation of new blood vessels (i.e. 
neoangiogenesis) necessary to supply the tumor tissue with a sufficient 
amount of oxygen and nutrients needed for its further proliferation. In 

general, cancer cell death will initiate the secretion of growth factors 
that promote the formation of new blood vessels from the surrounding 
capillaries. This will further lead to the extremely rapid development of 
new, irregular blood vessels showing a discontinuous and single thin 
layer of flattened endothelial cells with the absence of a basement 
membrane. Thus, NPs can leave blood vessels and penetrate the adjacent 
tumor tissue through the discontinuous leaking membrane (Fig. 1). This 
effect does not apply to normal, healthy tissue in which the fluid in the 
bloodstream is constantly subjected to lymphatic drainage. The effi
ciency of the drainage system is suppressed significantly in tumors, 
directing to enhanced retention of NPs in tumor tissues [29,78,79]. 

The effectiveness of passive cancer-targeting may differ for NPs 
having different sizes, shapes, and surface properties. The size of MSNs 
plays an essential role in blood circulation, biodistribution, penetration 
into tissues, and cell internalization. Namely, the two main pathways of 
elimination of injected MSNs include the reticuloendothelial system 
(RES) and renal clearance [79]. According to Waterman and Brieger, 
MSNs must be at least 10 nm in diameter to avoid renal clearance, while 
the size of 100–200 nm is considered optimal for avoiding RES and 
achieving efficient accumulation and retention in the tumor matrix 
mediated by the EPR effect [90]. 

A number of studies demonstrate that the shape of NPs plays a sig
nificant role when it comes to cellular interaction and systemic bio
distribution [91–93]. Li and coworkers investigated MSNs with an 
aspect ratio of 1, 1.75 and 5 on their in vivo biodistribution, excretion 
and toxicity after oral administration [92]. The results showed that in 
vivo biodegradation decreased, absorption of MSNs by the small intes
tine and other organs decreased and the urinary excretion increased, 
with the increasing aspect ratio. Shao et al. studied the effects of MSNs 
with aspect ratios 1, 2, and 4 upon intravenous injection into tumor 
bearing mice, to determine their destination in vivo [93]. The MSNs were 
mostly detected in the RES organs including liver, spleen and kidney, 
with spherical MSNs preferentially detected in the liver, while long-rod 
MSNs exhibited more retention in the spleen. In general, rod-like MSNs 
exhibited enhanced accumulation within tumor tissue in comparison to 
the spherical MSNs. 

The surface properties of MSNs have an impact as well on achieving 
effective passive targeting. Namely, overly hydrophobic or charged 
systems can be rapidly opsonized by the mononuclear phagocyte system 
(MPS). Manipulation of the surface properties of MSNs can dictate the 
time (prolongation) of the circulation of these NPs in the bloodstream, as 
well as a decrease in renal clearance [94]. Nude (i.e. unfunctionalized) 
MSNs are characterized by exposed silanol groups on their surfaces, 
which are negatively charged under physiological conditions. These 
surface silanol groups will tend to interact with the erythrocyte mem
brane, which could lead to hemolysis [79]. However, due to their lower 
density of surface silanol groups, some studies suggest that MSNs have 
lower hemolytic activity than amorphous silica [95], which can be 
further reduced by incorporating organic components into the silica 
framework [96,97]. 

In 2010, He et al. showed that PEGylation of MSNs reduces 
nonspecific binding of serum proteins and cellular responses [98]. 
Today, PEGylation is considered the most effective strategy for modi
fying NPs to significantly increase the half-life by delaying opsonization. 
Besides, PEGylation has been found to reduce the distribution of MSNs 
in the liver and spleen, as well as to prolong the life of MSNs in blood 
circulation and reduce the rate of excretion [99]. 

Sweeney et al. injected mice with PEG-functionalized MSNs, also 
containing Gd2O3 for magnetic resonance imaging (MRI) [100]. Three 
hours after injection of functionalized MSNs, there was a difference of 
the T2-weighted signal in kidneys of the treated group, appearing dark 
relative to the surrounding tissue, in the area where formed urine col
lects. However, no accumulation of particles was detected in the renal 
cortex where glomerular filtration takes place. Free floating MSNs 
(mean hydrodynamic diameter of 187 nm) were cleared by the kidneys 
within 3 days based on the timing of MRI intensity changes. 
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Table 1 
Overview of recent studies on MSN-based cancer theranostic nanomaterials.  

Composition Drug delivered Cancer type Method of therapy Method of imaging Method of targeting Ref. 

Poly (tannic acid) modified 
MSN 

DOX Breast cancer pH NIRF HER2 antibody, pH- 
responsive 

[34] 

Lipid-coated MSN Irinotecan Hepatocellular 
carcinoma 

pH NIRF Galactosyl, pH-responsive [35] 

MMSN DOX Breast cancer, cervical 
carcinoma 

Redox T2-weighted MRI Arg-Gly-Asp (RGD), redox- 
responsive 

[36] 

Core/shell Cu1.8S/MSN DOX and curcumin Breast cancer NIR Infrared thermal 
imaging 

Aptamer GC-rich DNA helix, 
NIR responsive 

[37] 

Two-photon sensitive PMO DOX Breast cancer NIR TPF NIR-responsive [38] 
HMON phagocytosed into 

macrophage 
DOX Breast cancer HIFU-induced 

hyperthermia 
US enhanced echo 
signal 

Macrophage natural 
migration toward cancerous 
cells 

[39] 

Core/shell MSN, UCNPs DOX and camptothecin Cervical and breast 
cancer 

ATP-responsive LRET FA [40] 

Dual-porous mesoporous silica- 
coated mesoporous carbon 
NPs 

DOX Breast cancer pH/redox/NIR Photothermal pH/redox/NIR multi- 
responsive 

[41] 

MMSN DOX Breast cancer pH/redox T2-weighted MRI citraconic anhydride, pH, 
redox 

[42] 

MMSN DOX Fibrosarcoma MMP-2 enzyme 
responsive peptide 

T2-weighted MRI MMP-2 substrate peptide, 
enzyme 

[43] 

MSN-coated Mn0.6Zn0.4Fe2O4 DOX Breast cancer Magnetothermal, 
chemodynamic 

T2-weighted MRI Magnetic field [44] 

MSN with Gd2O3 DOX Liver cancer pH T1-weighted MRI FA, pH [45] 
Zn2+-Doped Fe3O4 Core/MSN DOX Cervical cancer pH T2-weighted MRI FA, pH [46] 
MSN labeled with 68Cu 

radioisotope 
CpG and 
photosensitizer 
chlorine e6 (Ce6) 

Colon carcinoma Redox PET neoantigen peptides (ADP- 
dependent glucokinase, 
Adpgk), redox 

[47] 

Au@Gd2O3@MSN  Breast cancer Photothermal MRI and TPF FA, light responsive [48] 
MSN Tirapazamine Squamous cell carcinoma Enzyme NIR fluorescence 

and MRI 
Hyaluronic acid, enzyme 
responsive 

[49] 

Alginate/chitosan MMSN with 
Au and iron oxide 
bifunctional core 

DOX, Ce6 Breast cancer pH, PDT CT/MRI magnetic targeting, pH [50] 

Au nanostar -coated HMSN  Glioma PTT US/CT/PA/ 
Thermal 

light responsive [51] 

Gd doped-MSN DOX Breast cancer PTT NIRF, PA and MRI FA, light responsive [52] 
PFH-encapsulated PDA-MSN ICG, PFH Breast cancer PTT/PDT US and NIRF FA, light responsive [53] 
99mTc- MnOx-MSN DOX Breast cancer pH SPECT/MRI pH responsive [54]. 
QD yolk/shell HMSN DOX Breast cancer pH PET/optical chimeric antibody TRC105, 

pH responsive 
[55] 

PMO coated Prussian blue DOX Breast cancer pH and photo heating MRI and PA pH and light [56] 
MSN-coated Au nanorods 5-fluorouracil Melanoma pH, NIR, PDT, PTT TPF, PA, PTI pH and light [57] 
Wormhole MSN Carboplatin or 

paclitaxel 
Ovarian cancer pH MSOT low pH insertion peptide V7, 

pH-responsive 
[58] 

Rattle-structured PDA-MSN Chloroquine Hepatocellular 
carcinoma 

NIR irradiation PTT PA NIR responsive [59] 

Superhydrophobic MSN DOX Transgenic 
adenocarcinoma of 
mouse prostate 

Chemotherapy, 
sonodynamic therapy 

US US-responsive [60] 

99mTc radio-labeled MSN DOX Triple-negative breast 
cancer 

Enzyme SPECT MUC1 aptamer, enzyme [61] 

PEGylated MSN–titania NPs  Squamous cell carcinoma US-responsive ROS 
generation 

PA US [62] 

MnFe2O4-decorated large pore 
MSN- lanthanide UCNPs  

Hepatocellular 
carcinoma 

PDT UCL imaging/MRI Light [63] 

Zn and Mn-doped MSN  Glioma X-ray-induced PDT X-ray imaging RGD peptide, X-ray [64] 
MSN-UCNPs DOX Hepatocarcinoma pH, PDT Upconversion/MRI FA, pH, light [65] 
MnFe2O4-MSN  Glioblastoma PDT in hypoxic cancer MRI Light [66] 
MSN-Au  Breast cancer Acidity induced NIR 

PDT/PTT 
PTI RLA peptide (Ada-GG- 

(RLARLAR)2), light 
[67] 

MSN-Au Cisplatin/Avastin Cervical cancer NIR irradiation PTT PTI/MRI AE105 peptide, light [68] 
ICG and catalase loaded 

dendritic MONs 
ICG Breast cancer PDT PA/US Light [69] 

PMO coated with Prussian blue 
NPs 

5-ALA Glioma PDT T2-weighted MRI, 
fluorescence 

Light [70] 

MMSN loaded with UCNPs  Breast cancer NIR PDT/PTT NIR PA/UCL Magnetic targeting, light 
and FA 

[71] 

MSN@Au, Gd-TPPS Gd-TPPS Breast cancer PDT/PTT NIRF/MSOT/CT/ 
MRI 

Light [72] 

CuS-89Zr HMSN loaded with 
porphyrin 

TCPP, CuS, DOX Breast cancer PTT/PDT PET/FL/CL/CRET Light [73] 

HMONs, Mn-protoporphyrin 
(PpIX) 

Mn-PpIX Breast cancer Sonodynamic T1-weighted MRI US-responsive [74] 

(continued on next page) 
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In vivo biocompatibility of MSNs and their capabilities for tumor- 
targeted treatment were first demonstrated in 2010 by Lu et al. [101] 
Since this initial investigation, different authors reported detailed in vivo 
studies, which need to be conducted on each novel nanoconstruct, as any 
change in structure and surface properties of MSNs influence their in vivo 
behavior. For example, biocompatibility and biodistribution of redox/ 
pH/NIR multi-responsive doxorubicin (DOX) delivery system based on 
MSN grafted with polydopamine (PDA) via disulfide bonds (MSN-SS- 
PDA/DOX) was tested in experiments on 4 T1 tumor-bearing mice 
[102]. Free DOX and MSN-SS-PDA/DOX suspensions containing 10 mg 
kg− 1 DOX were injected through the tail vein and biodistribution results 
showed that in the case of the free DOX group, the concentration of DOX 
in the tumor reached a maximum at 2 h post-injection, and then grad
ually decreased. On the contrary, upon the treatment with MSN-SS- 
PDA/DOX, the concentration of DOX showed a maximum value at 6 h 
post-injection, which could be attributed to the EPR effect. In addition, 
the treatment with free DOX evidenced therapeutic effects but also 
toxicity to healthy tissues, while the treatment with constructed nano
material showed high biocompatibility against healthy tissues and 
potent anticancer activity upon the stimuli-induced DOX release. 

2.2. Active targeting of overexpressed receptors in cancer tissues 

Once the size and shape of MSNs are optimized, their capability for 
targeting tumor tissues can be further enhanced by modifying their 
surface with cancer-specific ligands [29]. Ligand-modified MSNs can 

recognize receptors that are selectively expressed or overexpressed on 
tumor cell membranes, leading to the enhancement of antitumor 
selectivity [90,103]. Different types of molecules are used for these 
purposes: peptides, aptamers, antibodies, proteins, polysaccharides, 
small molecules, and others (Fig. 2). 

Peptides containing the RGD motif (Arg-Gly-Asp) are widely used 
for targeting cancer, which is due to their strong and selective interac
tion with αvβ3 integrins [104,105]. Integrins belong to heterodimeric 
cell surface receptors that mediate adhesion to extracellular matrix 
(ECM) and immunoglobulin superfamily molecules. Their role in the 
regulation of a diverse array of cellular functions, crucial to the initia
tion, progression and metastasis of solid tumors is well known. The most 
investigated integrins in cancer research are αvβ3, αvβ5, a5β1, a6β4, 
a4β1 and αvβ6 whose overexpression is in correlation with disease 
progression in various tumor types [106]. Another frequently used tar
geting motif is NGR (Asn-Gly-Arg) peptide, which targets tumor neo
vasculature by specifically binding to the metalloprotease 
aminopeptidase N receptor (also known as CD13, APN receptor) [107]. 
CD13 is commonly overexpressed in tumor cells and is associated with 
neoangiogenesis and cancer progression. It is identified as a cell-surface 
marker for malignant myeloid cells and investigations showed that it 
reached high levels of expression correlated with progression in various 
cancer types, including breast, ovarian, and prostate [108]. 

One more group of peptides which can be used for effective tumor- 
targeting are cell-penetrating peptides (CPPs) [109]. CPPs are small 

Table 1 (continued ) 

Composition Drug delivered Cancer type Method of therapy Method of imaging Method of targeting Ref. 

EuGdOx-doped MSN 
frameworks 

DOX, EuGdOx Melanoma NIR light triggered 
chemo and PDT 

Fluorescence/MRI FA, NIR-responsive [75] 

BSA-Gd capped MSN-ss-HA DOX Breast cancer Redox MRI HA-targeting, Redox- 
sensitive 

[76] 

PEGylated core/shell 
CuS@MSN 

DOX Breast cancer pH-responsive PET TRC105-based vasculature 
targeting, pH-responsive 

[77] 

5-ALA – 5-aminolevulinic acid, ADP – Adenosine diphosphate, ATP – Adenosine triphosphate, BSA – Bovine serum albumin, Ce6 – Chlorine e6 photosensitizer, CT – 
Computed tomography, DOX – Doxorubicin, FA – Folic acid, HA – Hyaluronic acid, HIFU – High-intensity focused ultrasound, HMONs - Hollow mesoporous orga
nosilica nanoparticles, HMSN – Hollow mesoporous silica nanoparticles, ICG – Indocyanine green, LRET – Luminescence resonance energy transfer, MMSN – Core/ 
shell magnetic mesoporous silica nanoparticles, MONs – Mesoporous organosilica nanoparticles, MSN – Mesoporous silica nanoparticles, MRI – Magnetic resonance 
imaging, MSOT – Multispectral optoacoustic tomography, NPs – Nanoparticles, NIR – Near-infrared, NIRF – Near-infrared fluorescence imaging, PA – Photoacoustic 
imaging, PDA – Polydopamine, PEG – Polyethylene glycol, PFH – Perfluorohexane, PDT – Photodynamic therapy, PET – Positron emission tomography, PMO – Periodic 
mesoporous organosilica, PTI – Photothermal imaging, PTT – Photothermal therapy, QD – Quantum dot, ROS – Reactive oxygen species, SPECT – Single-photon 
emission computed tomography, TCPP – (4-carboxyphenyl)porphyrin, TPPS – Tetraphenylporphine sulfonate, TPF-Two-photon fluorescence, UCL – Upconversion 
luminescence, UCNPs – Upconversion nanoparticles, US – Ultrasound. 

Fig. 1. Schematic representation of the selective accumulation of NPs in ma
lignant tissues through the EPR effect and delivery of active agents. Adapted 
with permission [89]. 

Fig. 2. Schematic representation of different types of functional groups that 
could be functionalized on MSNs for active cancer-targeting. 
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(5–30 amino acids) peptides that are increasingly used to decorate NPs 
to design constructs for active tumor-targeting. Decoration of NPs with 
CPPs can improve NPs potential under physiological conditions and 
enhance their cellular uptake. CPPs, which are often cationic, allow 
translocation across biological membranes to allow targeted delivery to 
intracellular target sites through NP-CPP conjugates [110]. A low pH 
insertion peptide (pHLIP) called V7 is also applicable for targeting 
cancer. Endocytosis of pHLIP-functionalized NPs is not favored unless 
Asp residues of this peptide get protonated at weakly acidic pH of tumor 
microenvironment [107,108]. 

Proteins involved in the accelerated metabolism of cancer cells, such 
as transferrin (Tf), which participates in the transport of iron into cells, 
and Epidermal Growth Factor (EGF), which stimulates cell growth and 
differentiation, can be also used to target tumor cells [111]. Iron is 
known as a key element associated with various physiological and 
pathological processes. The disturbance of its metabolic balance can be 
associated with various serious diseases, including cancer. Transferrin is 
a plasma iron-binding protein which binds to transferrin receptors 
(TFRs), TFR1 and TFR2. TFR1 is ubiquitously expressed, and its levels 
are regulated by cellular iron levels, whereas TFR2 is mainly expressed 
in the liver and its levels are regulated by transferrin saturation. TFR1 is 
referred to in the literature as a receptor that is overexpressed in various 
cancers [112]. On the other hand, understanding the physiological 
function of Epidermal Growth Factor Receptors (EGFR) is extremely 
important because it explains why EGF is increasingly being used to 
modify NPs for the active targeting of cancer cells. The main role of 
EGFR is regulating the development of epithelial tissue and homeostasis 
that are disrupted in pathological conditions. Different types of cancers 
arise from mutation and overexpression of EGFR, which is why EGFR are 
increasingly used as targets in multiple cancer therapies currently 
adopted in clinical practice [113]. Vascular endothelial growth factor 
(VEGF) is also one of the most attractive target proteins, often used for 
cancer targeted therapy. This is mainly a consequence of its easy access 
since it circulates in the blood and acts directly on endothelial cells. 
Besides, VEGF is a key mediator of neoangiogenesis, the process of 
forming new blood vessels necessary to provide nutrients and oxygen to 
tumor cells [114]. 

Antibodies are regarded as highly specific and efficient targeting 
ligands, where the monoclonal antibodies (or their fragments) are often 
used for cancer therapy. Among the antibodies circulating in the serum 
(IgG, IgA, IgM, IgE), IgG is the main antibody used for cancer therapy 
and diagnosis. It has a Y-shaped structure of which the two arms of the 
structure contain antigen recognition sites, and the stem structure brings 
about effector functions [115]. Even though their interaction with an
tigens may be influenced upon attachment to nanomaterials and their 
presence may instigate early clearance of the functionalized NPs [116], 
there is an increasing number of studies describing the use of antibodies 
as cancer-targeting components. For example, Dréau et al. reported the 
development of NIR emitting dye-doped MSNs, conjugated to a tumor- 
specific MUC1 antibody (ab-tMUC1-NIR-MSN) for in vivo optical 
detection of breast adenocarcinoma tissue [117]. Additionally, Goel 
et al. conducted a study in which the targeting of CD105-specific 
vascular tumors was successfully demonstrated in a mouse model of 
metastatic breast cancer using biodegradable MSNs conjugated to 
TRC105 (antibody to CD105) [118]. A complex MSN-based nano
construct, containing PEGylated core/shell CuS@MSN for photothermal 
therapy (PTT), chelated 64Cu for PET imaging and TRC105 antibody for 
targeting tumor neovasculature (64Cu-CuS@MSN-TRC105), was 
demonstrated in vivo for long-term biocompatibility at a high dosage of 
90 mg kg− 1 on tumor-bearing mice [77]. After intravenous injection, 
two months after the treatment, tissues from the heart, liver, spleen, 
lung and kidney were investigated for potential signs of toxicity, but no 
histological differences were observed between the treatment and con
trol groups. 

For cancer-targeting purposes, an antibody for the enzyme carbonic 
anhydrase (CA) IX is also applicable, as it is expressed on the surface of 

cancer cells with limited expression in healthy tissues [119]. These en
zymes are considered as very important in mediating the pH of tumor 
cells, by modulating the concentration of bicarbonate and protons for 
cell survival and proliferation. Namely, there are 12 active CA isoforms, 
two of which, CA IX and XII, are considered as effective anti-cancer 
targets [120]. 

Aptamers are short (12–80 nt) single-stranded oligonucleotides 
generated by SELEX (Systematic Evolution of Ligands by Exponential 
Enrichment) technology, that can bind to a specific target molecule with 
high specificity and affinity. Aptamers are frequently termed as 
“chemical antibodies” since their function is similar to conventional 
antibodies. However, aptamers are quite smaller, can be synthesized in a 
much faster and less expensive way, can be chemically modified in 
various ways, have flexible structure and low immunogenicity [121]. 
Furthermore, many aptamers are internalized upon binding to the li
gands on the cell surface, which makes them a suitable tool for targeted 
delivery to the specific cells [122]. 

Li et al. developed anti-miR-155-loaded MSNs modified with poly
dopamine (PDA) and AS1411 aptamer for the targeted treatment of 
colorectal cancer (CRC) [123]. MicroRNA-155 (miR-155) is an onco
genic miRNA, overexpressed in many cancers, including CRC. Hence, 
the authors aimed to deliver the anti-miR-155 (a specific microRNA that 
suppresses expression of miR-155) via the MSNs functionalized on the 
surface with the SH-terminated AS1411 aptamer. The AS1411 is a 26 nt 
G-rich DNA aptamer and the first aptamer approved by the US Food and 
Drug Administration [124]. AS1411 is used to target the tumor cells 
since it specifically binds to nucleolin, which is overexpressed on the cell 
surface in CRC as well as in many other tumors. An additional benefit is 
achieved via PDA coating, enabling pH-sensitive controlled release of 
the MSN-cargo in the acidic environment of the tumor. Targeted de
livery of the MSNs-anti-miR-155@PDA-AS1411 efficiently down
regulated miR-155 expression in SW480 cells (human CRC cell line) and 
achieved high targeting efficiency and enhanced therapeutic effects in 
both in vivo and in vitro experiments. 

Tang et al. have developed a system for photo-reactive delivery of 
DOX, based on the non-covalent assembly of cancer-targeting Ci5.5- 
AS1411 aptamer on graphene oxide (GO), which is also used as the 
light-responsive pore-blocking moiety, for the entrapment and delivery 
of DOX (MSN-DOX@GO-Apt) [125]. Hanafi-Bojd et al. developed a 
MUC-1 aptamer- conjugated MSNs for targeted delivery of epirubicin to 
breast cancer cells [126]. The MUC1 aptamer selectively binds to 
abnormally glycosylated mucin-1, which is expressed on various cancer 
cells including breast, ovarian, pancreas, prostate, colon and lungs. 

Another aptamer that is often used to decorate the surface of NPs for 
the active targeting of cancer is the aptamer for human epidermal 
growth factor receptor-2 (HER2) - also known as HApt aptamer [112]. 
Amplification or overexpression of HER2 occurs in approximately 
15–30% of breast cancers and 10–30% of gastric/gastroesophageal 
cancers and serves as a prognostic and predictive biomarker [127]. 
Overexpression of HER2 has also been found in other cancer types like 
ovary, endometrium, bladder, lung, colon, and head and neck. An 
example of the use of HApt aptamer for decoration of MSNs was pro
posed by Zhang et al., who demonstrated the capabilities of HApt 
aptamer to act as a targeting agent and as an antagonist to maximize the 
efficacy of MSN-based DDS for HER2-positive breast cancer [128]. 

Polysaccharides are also a class of molecules that are increasingly 
used as biodegradable, hydrophilic agents to decorate MSNs for active 
cancer-targeting. The most commonly used polysaccharides for this 
purpose include chitosan, dextran, and hyaluronic acid (HA) - most 
often mentioned in the literature due to their specific interaction with 
CD44 and CD168 receptors involved in many types of cancer [129–131]. 
For example, due to the specific binding of HA to CD44, DOX-HA-MSN 
nanocarriers showed enhanced cytotoxic activity against 4 T1 breast 
cancer cells compared to normal GES-1 gastric mucosal cells [132]. 
Zhang & Xu have developed multifunctional envelope-type nanodevices 
(MEND), which can specifically target cancer cells and respond to 
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upregulated extracellular matrix metalloproteinase-2 (MMP-2) in tu
mors while providing an enhanced cellular internalization via HA 
receptor-mediated endocytosis [133]. 

The use of small molecules, i.e. molecules of a low molecular weight 
(typically <1000 Da), for cancer-targeting is also attracting attention 
due to their simple structure and low cost. This primarily refers to vi
tamins - natural or from synthetic sources. The most used targeting 
element is folic acid (FA, vitamin B9) [134], which can be attached to 
MSNs through a facile amidation of amino-organosilanes [135]. This 
type of active targeting is made possible by the specific binding of FA to 
folate receptors, overexpressed in many tumors compared to healthy 
tissues [29]. Khosravian el al. reported the capability of docetaxel 
(DTX)-loaded folic acid-functionalized MSNs to target breast cancer 
tissues in vivo [136]. In addition to FA, many studies describe the use of 
other vitamins such as biotin (vitamin B7 or H) or cyanocobalamin 
(vitamin B12) for decoration of MSNs, to construct cancer-targeting DDS 
[137–139]. Additionally, synthetic small molecules such as phenyl
boronic acid (PBA) are implemented for targeting cancer by MSNs as 
well [140]. Mannose and Mannose-6-phosphate are also being applied 
in cancer targeting [141], Due to the high demand of nutrients needed 
for their rapid proliferation, cancer cells have very high affinity for 
carbohydrate molecules compared to normal cells, and mannose re
ceptors are overexpressed by tumor-associated macrophages [142]. 
These conditions enable the use of different Si-based nanoparticles for 
application in cancer-targeted theranostics [143–145]. 

2.3. MSN based nanomaterials for pH-responsive targeted cancer 
theranostics 

Oncogenic metabolism generates a large amount of lactate, excess 
protons, and carbon dioxide, altogether leading to increased acidifica
tion of the extracellular tumor microenvironment [146]. Consequently, 
the extracellular environment of cancer cells has lower pH compared to 
normal cells [147]. It is considered that low extracellular pH helps 
tumor progression, metastasis, resistance to therapy and inhibition of 
immunological response [148]. The average intracellular pH (pHi) of 
both tumor and normal tissue is 7.2, while the extracellular pH (pHe) is 
7.4 in the normal tissue and in tumors is typically measured in the range 
6.8–7.2, and even lower [147]. Researchers have been reporting on 
various strategies for designing the most efficient pH-sensitive MSN- 
based drug carrier. One of the principal, widely examined methods, is 
the introduction of a pH-responsive linker for binding a pore capping 
agent [149–151]. For example, acid-responsiveness of an acetal linker 
was utilized for loading and release of DOX from MSNs, capped with 
polyacrylic acid [152]. Another possibility is to use a hydrazone bond, as 
in the case of the photosensitizer zinc(II) phthalocyanine (ZnPc) bound 
to stellate mesoporous silica (SMSN) to achieve controlled and enhanced 
PDT of cancer [153]. The conjugation of ZnPc onto SMSN resulted in 
quenching the fluorescence emission and inhibiting reactive oxygen 
species (ROS) generation, whereas photodynamic properties were 
established again once the photosensitizer was released. 

pH-responsive shells for MSNs have been explored as well, such as 
reversible pH-sensitive shell for drug delivery [34]. MSNs loaded with 
DOX and with a polymer shell composed of tannic acid/tetraethylene
pentamine (TA/TEPA) were shown to swell reversibly upon changing 
the pH, which enabled enhanced release of DOX at pH 6.8 and pH 5, 
versus the release at physiological pH. The nanomaterials were also 
functionalized with HER-2 antibody as a targeting ligand, which was 
demonstrated by in vivo studies to facilitate the accumulation of NPs in 
cancer tissues and to effectively inhibit tumor growth through targeted 
DOX delivery. Likewise, the lipid-based coating was demonstrated as a 
pH-responsive shell for MSNs [35]. The lipid shell was composed of 
(2E)-4-(dioleostearin)-amino-4‑carbonyl-2-butenonic (DC), which 
changes its charge in weakly acidic environment from negative to 
neutral. The lipid shell also incorporated galactosyl-conjugated PEO- 
PPO-PEO surfactant (P123) for targeting hepatocellular carcinoma 

(HCC). Enhanced release of antitumor drug irinotecan (CPT-11) was 
demonstrated from MSNs in weakly acidic conditions, in addition to 
enhanced tumor uptake and selective drug delivery to tumor by in vitro 
and in vivo studies. 

Imaging modality incorporated into a nanoplatform provides novel 
materials with advanced properties for treatment guidance, monitoring 
of pharmacokinetics, simplified and personalized cancer treatment with 
potentially more successful outcomes. The development of novel 
theranostic nanovectors that can be used for on-demand delivery of 
therapeutic agents combined with simultaneous non-invasive imaging 
techniques is the focus of interest in the paper by He et al. [154] MSNs 
were co-loaded with gadolinium oxide (Gd2O3), a well-known MRI 
contrast agent, and DOX to give Gd2O3@MSN-DOX. In order to prevent 
cargo leakage, the composite was capped with pH-responsive poly
electrolytes. Once the as-synthesized composite reaches the cancer cell 
with acidic pH, the surface copolymer undergoes a pH-triggered charge 
reversal process, which disintegrates the polyelectrolyte layer and in
duces cargo release. The nanoplatform was modified with FA to ensure 
cancer-targeting and enhanced cancer uptake. In vivo testing on VX-2 
tumor-bearing rabbits showed a persistent elevation in T1-weighted 
signal intensities within 1 week after intratumoral injection and 
50.2% of apoptotic cells 48 h after the treatment. 

Dual-modal upconversion/MR imaging was demonstrated by core/ 
shell structured mesoporous silica-coated gadolinium-doped upconver
sion NPs [65]. Photosensitizer Rose Bengal (RB) was incorporated 
within the silica shell and the external surface was decorated with a 
zeolitic imidazolate framework-90 (ZIF-90). Finally, DOX and amino- 
PEG modified FA were covalently attached to ZIF-90, to enable tar
geted chemotherapy. At weakly acid conditions ZIF-90 is degraded, 
which releases oxygen for achieving synergistic chemotherapy and 
oxygen-enhanced PDT. Further, upconversion NPs exhibited a lumi
nescence signal upon excitation at 808 nm, suitable for fluorescence 
microscopy, while MRI contrast enhancement was enabled due to Gd- 
doping, which makes the described nanomaterial an excellent candi
date for dual-modal imaging. 

Novel theranostic nanoplatform based on wormhole MSNs as a dual 
targeting system for the lower extracellular pH was recently developed 
[58]. Silica NPs with asymmetric wormhole pores were synthesized, the 
pores were loaded with paclitaxel or carboplatin and capped by a pH 
responsive gatekeeper chitosan (pKa of 6.5), which gets protonated at 
the weakly acidic environment and enables the cargo release. The 
resulting composite was further conjugated with a low pH insertion V7 
peptide for cancer targeting purposes. Multispectral optoacoustic to
mography (MSOT) modality was also enabled through loading the pores 
with IR780 imaging dye, for efficient targeted theranostics of ovarian 
cancer in vitro and in vivo. 

Core/shell magnetic MSNs, containing Au and iron oxide bifunc
tional core, photosensitizer chlorine e6 (Ce6) and DOX loaded inside the 
pores was also reported [155]. Alternating polyelectrolyte multilayers of 
alginate and chitosan acted as pH-sensitive gatekeepers, while the P- 
glycoprotein short hairpin RNA (P-gp shRNA) was attached electro
statically, for battling multidrug resistance. Dual-modal imaging – MR 
and computed tomography (CT) imaging, is enabled by Fe3O4-Au 
combination in the core of these NPs while in vivo synergistic anti-tumor 
effects were achieved by chemo-photodynamic combined gene therapy. 
FA-functionalized magnetic core/shell MSNs for simultaneous MRI and 
tumor-targeted, pH-responsive DOX delivery was developed containing 
superparamagnetic iron oxide nanoparticle (SPION) core doped with 
Zn2+, which improved saturated mass magnetization values providing 
significant contrast ability in T2-weighted MRI [46]. 

The development of dual nanoprobes combining single-photon 
emission computed tomography (SPECT) and MRI was also of interest 
for cancer imaging [156], as SPECT is characterized by outstanding 
sensitivity, whereas MRI shows high spatial resolution. For this purpose, 
99mTc was labeled on the surface of manganese oxide-based MSNs and in 
vivo MRI measurements showed significant T1-contrast enhancement 
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15 min p. i., reaching its maximum signal intensity at 3 h post injection. 
T1-weighted MRI performance was caused by the gradual accumulation 
of nanocomposites in the tumor tissues and the release of Mn2+ triggered 
by the weakly acidic tumor microenvironment, which was also followed 
by the enhanced DOX delivery. A quantum dot (QD) yolk/shell- 
structured hollow mesoporous silica nanosystem, functionalized with 
a chelated 64Cu radioisotope and cancer-targeting TRC105 antibody, 
was also employed for tumor vasculature targeting, dual-modal positron 
emission tomography (PET)/optical imaging and pH-sensitive drug de
livery [55]. 

2.4. MSN-based redox-responsive targeted theranostics of cancer 

Glutathione (GSH) is an intracellular reducing agent, which plays a 
significant role in the control of the redox state of cells and its concen
tration is an important factor in determining the redox environment 
[157]. Cancerous cells suffer from oxidative stress due to increased ROS 
generation, which often leads to redox compensation and upregulation 
of GSH, among different other antioxidant molecules [158]. As studies 
showed that intracellular GSH level in tumor cells is higher than in 
healthy cells [159], this feature can be exploited for selective drug de
livery to cancer tissue. Disulfide linker is the most widely used redox- 
sensitive linker [160]. For instance, Chen's group reported MSN-based 
nanocarrier for redox-responsive DOX delivery by exploiting disulfide 
linkage established between MSNs and a targeting ligand, anti‑carbonic 
anhydrase IX antibody (A-CAIX Ab) [161], which also serves to block the 
entrance of the pores and entrap DOX. On the other hand, Gd-based 
bovine serum albumin (BSA-Gd) complex was also demonstrated to 
entrap DOX within MSN mesopores, through the disulfide linkage [76]. 
Efficient in vivo cancer theranostics was achieved, with Gd as MRI 
contrast agent, redox-responsive cancer therapy and externally func
tionalized HA for cancer targeting. 

Other than disulfide, coordination compounds which are also sen
sitive to the reducing tumor microenvironment could be utilized for 
redox-responsive drug delivery. Chen and co-workers designed RGD- 
functionalized magnetic redox-responsive MSN nanocarriers with the 

use of a Pt(IV) pro-drug as a redox-sensitive linker between MSN and 
pore-capping β-cyclodextrin [36]. After being exposed to the redox 
environment, Pt(IV) prodrug is transformed into active form - Pt(II) 
drug, which also releases the pore-loaded DOX for efficient cancer- 
targeted therapy. Magnetically enhanced accumulation of magnetic 
MSN and high contrast MRI for mapping tumor tissue were also 
demonstrated in vivo. 

MSNs of small diameter (80 nm), with large pore size (5–10 nm) and 
pore volumes (2.3 cm3 g− 1), exhibiting fast biodegradation rate 
(releasing >81% of its Si content within 9 days in simulated body fluid) 
were recently applied as a multifunctional nanoplatform for combina
tion immunotherapy and PET imaging [47]. Biodegradable MSNs 
(bMSNs, Fig. 3) contained radioisotope 64Cu for PET imaging along with 
loaded CpG oligodeoxynucleotide adjuvant (CpG ODN) and photosen
sitizer Ce6 for synergistic PDT–immunotherapy. The as-synthesized 
bMSNs were PEGylated and conjugated with neoantigen peptides 
(ADP-dependent glucokinase, Adpgk) on the surface of MSNs through 
disulfide linkers that are easily cleavable in the highly reductive envi
ronment of tumors for antigen delivery. PET imaging confirmed the 
accumulation of prepared nanoconstructs in tumors, while employment 
of PDT with laser irradiation engaged dendritic cells to specific tumor 
sites to induce the production of antigen-specific, tumor-infiltrating 
cytotoxic T-lymphocytes for efficient PDT-enhanced personalized 
immunotherapy. 

2.5. Enzyme-responsive MSN-based targeted cancer theranostics 

Studies investigating enzyme-responsiveness of MSN-based nano
materials for targeted cancer therapy use different overexpressed or 
increasingly active enzymes, to stimulate therapeutic activity at the 
tumor site [162]. For example, organotin-based metallodrug has been 
covalently attached to the MSNs surface through GFLG tetrapeptide 
linker [163], which is highly sensitive to the lysosomal cysteine protease 
cathepsin B that is overexpressed in breast adenocarcinoma. The ma
terial was also functionalized with FA for cancer-targeting and the ma
terial showed high in vitro activity, while in vivo studies demonstrated 

Fig. 3. Schematic representation of the synthesis of the nanoconstruct and its application for PDT-induced immunotherapy. Reproduced with permission [47].  
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preferential accumulation in tumor tissues and potent reduction of 
tumor size. Alternatively, Vaghasiya et al. incorporated collagen coating 
for controlling the release of Cisplatin (Cis) from MSNs in response to 
overexpressed MMP-2 [164]. A 2.4-fold higher amount of Cis was 
released when MMP-2 was present, implying good responsiveness and 
efficient capping capacity of the designed system. In a recent study, 
MSNs were functionalized with triphenylphosphine (TPP), a 
mitochondria-targeting compound, while DOX was encapsulated by the 
addition of HA, which endowed MSNs with pore sealing and targeting 
capability, as well as sensitivity to cancer-overexpressed hyaluronidase 
(HAase) [165]. The material was demonstrated to efficiently target 
mitochondria and preferentially deliver DOX to cancer cells. Dual 
enzyme-responsive DDS was also reported, such as in the case of fluo
rescence doped MSNs (FMSN), shelled with HA and collagen I, which are 
degraded by MMP-2 and HAase in tumor cells to release DOX [166]. 

When considering the nanosystems constructed for simultaneous 
therapy and imaging, a recent study reported MMP-2-responsive drug 
delivery based on the core/shell Fe3O4@MSN nanoplatform modified 
with a peptide PLGVR substrate [43]. In addition to the enzyme- 
responsive DOX delivery upon reaching the cancer tissue, magnet- 
guided composite accumulation in the tumors was demonstrated in 
vivo, while the presence of Fe3O4 allowed enhanced capabilities for T2- 
weighted MRI of cancer. 

In another work, the authors dealt with constructing a novel tumor- 
targeting nanoplatform with dual imaging properties and PDT/chemo 
therapy [167]. Aminated MSN was first loaded with tirapazamine (TPZ) 
anticancer drug followed by a layer-by-layer alternating deposition of 
the negatively charged per-O-methyl-β-cyclodextrin-grafted-hyaluronic 
acid (HA-CD) and TPPS4 (porphyrin derivative) that eventually formed 
CD-TPPS4 supramolecular photosensitizers (supraPSs), Fig. 4. In order 
to introduce MRI modality, Gd3+ was chelated to TPPS4 giving the final 

multilayer-coated MSN-based theranostic nanoplatform TPZ@MCMSN- 
Gd3+. Active targeting is achieved with overexpressed CD44 receptor 
and upregulated HAase activity that triggers the release of TPZ and 
supraPSs. 

A nanocomposite based on MSNs loaded with DOX, functionalized 
with aminopropyl groups, gated with negatively charged MUC1 aptamer 
for breast cancer controlled drug delivery and modified with 99mTc 
radioisotope for SPECT imaging was also reported [61]. The NPs 
managed to deliver DOX preferentially to tumor cells with the activity of 
DNAse I, while in vivo targeting ability and biodistribution of NPs were 
determined through SPECT imaging. 

2.6. Light-responsive systems based on MSN with simultaneous imaging 

Different recent reports describe the use of UV, visible or infrared 
irradiation to initiate the cancer treatment [143,168–170]. NIR light, 
which has higher tissue penetration capabilities than the light of lower 
wavelength, has been also applied to induce NIR-sensitive delivery of 
DOX and curcumin from mesoporous silica-coated Cu1.8S nanovehicle 
[37]. DNA hybrid helix was utilized as a sealing agent and controllable 
switch, allowing the cargo release due to its thermally-induced degra
dation, whereas conjugation with the aptamer enriched the system with 
targeting ability and improved cell membrane penetration. Photo
thermal (PT) performances of Cu1.8S NPs were also utilized for tumor- 
bearing Balb/c mice in vivo imaging. Thermosensitive liposomes have 
also been proposed for NIR irradiation-responsive cargo delivery. In 
their research, Sun et al. conjugated indocyanine green (ICG) and DOX- 
loaded/FA-modified thermosensitive liposomes onto the Gd-doped 
MSNs [52]. The complex design of nanoplatform was intended to 
accomplish chemo- and phototherapy of cancer, as well as diagnosis 
through triple-modal imaging. Efficient tumor shrinkage was noted by in 

Fig. 4. Schematic representation of the construction, composition and theranostic applications of the nanomaterial for dual imaging (NIR fluorescence and MRI) and 
dual therapy (Chemotherapy and PDT). Reproduced with permission [167]. 
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vivo experiments upon NIR laser-triggered controllable programmed 
synergistic chemo- and photo-therapy. In imaging modalities, ICG con
tributes to near infrared fluorescence (NIRF) imaging as well as photo
acoustic (PA) imaging, whereas Gd ensured MRI functionality. Croissant 
et al. constructed MSN-based two photon-responsive nanocarrier by co- 
condensation of silylated two-photon electron donor (2PS) and silica 
precursor, subsequently loaded with DOX and capped with bis(propyl) 
disulfide moiety, while two-photon responsivity endowed the material 
with theranostic feature [38]. 

In the study by Wang et al., biocompatible periodic mesoporous 
organosilica coated with Prussian blue NPs (PB@PMOs) were synthe
sized for the loading of a biocompatible prodrug 5-aminolevulinic acid 
(5-ALA), to give PB@PMO-5-ALA for the treatment of glioma [70]. In 
malignant cells, 5-ALA is converted to protoporphyrin IX (PpIX), a 
powerful photosensitizer that can further trigger the photosensitive ef
fect. PB exhibits catalytic ability to transform H2O2 to O2 which is 
beneficial for PDT, and moreover, as PB contains iron ions, it was uti
lized for T2-weighted MRI. Porous core/shell Fe3O4@mSiO2 containing 
upconversion NPs within the pores were also employed for simultaneous 
PTT and PDT upon excitation at 808 nm in vivo [171]. The as- 
synthesized platform exhibited magnetic-responsive cancer-targeting 
and strong PA and upconversion luminescence (UCL) signals. Yang et al. 
developed a nanoplatform consisting of rodlike mesoporous silica- 
coated with gold nanoshells (MSNR@Au hybrid) and further modified 
with ultrasmall gadolinium (Gd)-chelated supramolecular photosensi
tizers for in vivo quadmodal NIR fluorescence/MSOT/CT/MRI and NIR 
activated image-guided synergistic PTT/PDT anticancer therapy [172]. 
Two types of NIR-activatable, all-in-one lanthanide-doped mesoporous 

silica frameworks were developed by incorporating Eu/Gd oxide NPs 
[75]. The nanoconstructs were demonstrated for simultaneous bimodal 
fluorescence and T1-MRI, as well as for NIR light-triggered dual thera
peutic functions (DOX delivery/release and nanomaterial-mediated 
PDT). It was also found that EuGdOx@MSF-mediated PDT effect sup
presses the level of the P-glycoprotein (P-gp), which is associated with 
many cancers resistant to therapy. 

The work by Goel et al. reported on Zr-89 radiolabeled hollow 
mesoporous silica (HMSN) with filled meso-tetrakis(4-carboxyphenyl) 
porphyrin (TCPP) within the pores, whereas the exterior was deco
rated with CuS NPs, aimed for application in effective multimodal 
cancer imaging and therapy [173]. TCPP is a hydrophobic molecule 
exerting intrinsic fluorescence (FL) and the capability to couple with 
radionuclides through the Cherenkov radiation energy transfer (CRET) 
phenomenon, while CuS nanocrystals show high capabilities for PTT. 
The resulting HMSNs integrate PET/FL/CL/CRET imaging on-demand 
for image-guided therapy in vivo, whereas enhanced hyperthermia and 
ROS production make this nanoconstruct suitable for synergistic PTT 
and PDT, along with chemotherapy through the loaded DOX. Experi
ments on mice bearing 4 T1 murine breast tumors injected with the 
constructed material showed prolonged blood retention, enhanced 
tumor accumulation, minimal systemic toxicity and complete tumor 
elimination within a day of treatment. 

Huang et al. reported on improving PDT capabilities in hypoxic 
tumor tissues through exploiting high endogenous H2O2 concentrations 
in cancer cells and exposing the tumor environment to catalase for 
producing oxygen for PDT [174]. The authors constructed monodisperse 
dendritic mesoporous organosilica nanoparticles (MONs) with large 

Fig. 5. Schematic representation for synthesis and application of the nanomaterial in simultaneous PA imaging and PTT. Reproduced with permission [175].  
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pore sizes of 15.9 nm, followed by loading ICG and catalase to give ICG- 
CAT@MONs for PA/US dual-modality image-guided PDT of cancer. 
Rattle-structured NPs with core PDA and hollow mesoporous silica as 
the shell (PDA@hm), were constructed for in vivo PA imaging and 
augmented low-temperature PTT through inhibiting expression of heat 
shock proteins (HSPs) by glucose depletion and simultaneous inhibition 
of autophagy (Fig. 5) [175]. The central cavity of PDA@hm was used to 
load autophagy-inhibitor drug chloroquine (CQ), while glucose oxidase 
(GOx) was conjugated onto the surface of the mesoporous silica shell 
making a corona-like structure. In vitro and in vivo assessment upon 
exposure to 808 nm laser showed efficient PA imaging capabilities of 
PDA@hm@CQ@GOx, while increased cell apoptosis could be observed, 
indicating the pro-apoptotic effect of the nanoconstructs for low- 
temperature PTT, upon simultaneous cancer starvation and inhibition 
of autophagy. 

In another study, PDA-decorated MSN–based nanotheranostic plat
form was developed with an internal cavity containing perfluorohexane 
(PFH), ICG as NIR photosensitizer embedded within the PDA layer, and 
PEG-folate (FA) for cancer-targeting to give MSNs-PFH@PDA-ICG-PEG- 
FA [176]. This nanoplatform exhibits ultrasonic (US)/NIRF dual imag
ing that enables image-guided PTT and PDT combination therapy. In 
more detail, the PDA layer blocks the release of the encapsulated PFH 
while ICG, upon 808 nm NIR irradiation, triggers the formation of ROS 
and hyperthermia, which in turn opens the pores of MSNs and induces 
PFH phase transformation from liquid to gas. Consequently, this causes 
the formation of large bubbles exploited for US imaging. In vivo PTT/ 
PDT combination therapy confirmed tumor growth inhibition and 
complete curing in three out of five mice, without toxic side effects. 

2.7. MSN-based magnetic field responsive cancer theranostics 

Different core/shell analogues of MSNs can be constructed contain
ing magnetic (typically SPION) NPs as cores, which augment the prop
erties of MSNs with capabilities for magnetic-responsive targeting of 
cancer, triggering drug delivery in response to magnetic field and pos
sibilities to act as a contrast agent in T2-weighted MRI, which were 
recently reviewed in detail [24]. The surface of magnetic MSNs is 
typically functionalized with engineered thermosensitive polymers. 
Upon employing an alternating magnetic field (AMF) local temperature 
increases due to Néel and Brownian relaxation of SPION, which causes 
polymer shrinkage [177] or breakage [178], leading to the release of 
cargo molecules. 

Perton et al. developed magnetic core/shell nanocomposites with 
magnetic hyperthermia and MRI properties [179]. Carboxylated CdSe/ 
ZnS QDs were grafted inside the pores of large pore stellate mesoporous 
silica (STMS) shell for fluorescence imaging. Surface modification with 
isobutyramide enabled tight binding of human serum albumin, which 
ensures biocompatibility and increased presence of the NPs in blood 
circulation. Synergistic effects of magnetic hyperthermia at low fre
quency and amplitude field (100 kHz, 117 G or 9.3 kA m− 1), and DOX 
delivery were demonstrated to lead to efficient cancer cell death, in 
addition to capabilities for bimodal MRI and fluorescence imaging. 

Core/shell magnetic MSN-based nanosystem was also designed, 
capable of delivering the anticancer drug TPZ inside the nucleus of 
cancer stem cells (CSCs) owing to magnetic hyperthermia-triggered drug 
release [180]. The nanosystem structure consisted of four layers: 
superparamagnetic iron oxide NPs core, mesoporous silica shell, 
nucleus-targeting agent TAT peptide, and a thermo-sensitive azo linker 
conjugated antibody (anti-CD133). Such a structure enabled Fe3O4 NPs 
core to generate heat under AMF, which breaks the thermo-sensitive 
bond and further leads to exposure of TAT peptide for CSCs-nucleus 
targeting and finally induces MSN-loaded TPZ release. It has been 
demonstrated that thermal-triggered drug release significantly reduced 
the premature release in endosomes and lysosomes compared to pH- 
responsive drug release, and enhanced the accumulation of the drug 
in the cell nucleus. 

A novel nanosystem composed of a self-healing hydrogel based on 
natural polymers – benzaldehyde functionalized pullulan and amino 
containing PEG-modified chitosan, containing Rhodamine B isothiocy
anate -labeled/mesoporous silica-coated Mn0.6Zn0.4Fe2O4 nanospheres 
for MRI and magnetothermal-chemo-chemodynamic therapy was 
recently reported [181]. Unlike the use of conventional Fe3O4 based NPs 
as T2-contrast agents, Mn2+ and Zn2+ doped ferrite NPs exhibit higher 
SAR (specific absorption rate, conversion efficiency from electromag
netic energy into heat energy under AMF) and can show catalase-like 
activity. The tumor microenvironment is acidic and high in H2O2 con
centration, where these particles can induce Fenton-like reactions and 
generate toxic •OH radicals. Exposure to AMF leads to magnetic hy
perthermia and remarkable anticancer effects both in vitro and in vivo on 
4 T1 tumor cells. 

2.8. Ultrasound-responsive MSN-based delivery systems and simultaneous 
imaging 

In order to achieve the US-responsiveness of MSNs, Paris et al. 
modified its surface with the copolymer containing US-sensitive hy
drophobic tetrahydropyranyl (THP) monomers [182]. The loading and 
release principle is based on the conformational changes and US 
cleavage of tetrahydropyranyl monomers. Namely, cargo is loaded at 4 
◦C and trapped at physiological temperature due to the conformational 
changes from coil-like to a collapsed state. Upon US exposure and 
cleavage of mentioned moieties the polymer becomes more hydropho
bic, leading to coil-like conformation and pores opening, i.e. the cargo 
release. 

Cheng et al. employed high intensity focused US (HIFU) to stimulate 
Gd-based cargo (Gd(DTPA)2− ) release from PEG-coated MSN nano
carrier [183]. The integration of PEG moiety blocked the entrance and 
enabled the opening of the pores due to HIFU induced polymer vibration 
and/or bond cleavage. The released amount of cargo could be adjusted 
by changing HIFU power levels and exposure time. These results were 
obtained by tracking Gd(DTPA)2− release in ex vivo chicken breast tissue 
samples by MRI. 

An interesting approach was obtained through designing so-called 
“cell bombs”, by loading DOX and phase transformable per
fluoropentane (PFP) into hollow mesoporous organosilica nanoparticles 
(HMONs), followed by their internalization into macrophages. Drug 
release was based on PFP HIFU-induced evaporation, subsequent mild 
hyperthermia and disruption of macrophages, which leads to DOX 
release [39]. Evaporation-induced bubbles generation produced an echo 
signal, which was further exploited for real-time tracking of constructed 
cell bombs and higher DOX amount was released in tumor cells in case of 
HIFU exposure. Eventually, the treatment of tumor tissues in mice with 
the combination of cell bombs and sonication inhibited the tumor 
growth, but more significantly, kept the mice alive 28 days longer. US- 
responsive PEGylated mesoporous silica-titania nanocarrier was also 
constructed having a therapeutic mechanism based on ROS generation 
by PFH, encapsulated gas precursor, due to US-induced cavitation [62]. 
Also, ROS generation was enhanced owing to efficient energy transfer to 
titania, resulting in improved antitumor therapy. Furthermore, PFH 
enabled prolonged PA imaging since its rapid vaporization gave a strong 
PA signal after 6 h. 

The study by Huang et al. reports on the fabrication of a high- 
performance multifunctional nanoparticulate sonosensitizer based on 
a mesoporous organosilica nanosystem for efficient in vivo MRI-guided 
sonodynamic therapy (SDT) for cancer treatment [74]. HMONs with 
disulfide bonds (S-S), responsive to the reductive tumor microenviron
ment, hybridized into the framework were developed as nanocarriers for 
the covalent attachment of the sonosensitizer protoporphyrin (PpIX). In 
order to obtain a T1-weighted MR imaging modality, paramagnetic 
manganese ions (Mn) were chelated into the porphyrin ring (HMONs- 
MnPpIX). In vitro tests on 4 T1 cells, as well as in vivo evaluations per
formed on 4 T1 cell-bearing mice demonstrated high SDT efficiency for 
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inducing cancer cell death and suppressing the tumor growth under US 
irradiation, while achieving high T1-weighted positive MRI contrast of 
the tumor region. 

Usage of interfacial nanobubbles (INBs) on superhydrophobic sur
faces as solid cavitation agents (Fig. 6) for US contrast imaging 
enhancement as well as for chemo-sonodynamic therapy was recently 
reported [184]. Multifunctional MSNs were loaded with DOX and 
designed to contain superhydrophobic fluorocarbon-modified surface 
and capping amphiphilic β-cyclodextrin moieties. Upon US exposure, 
INBs area accumulated at the interface of hydrophobic MSN surface, 
which subsequently enables anti-vascular therapy by mechanical force, 
along with simultaneous ROS generation for sonodynamic therapy and 
DOX release for chemotherapy. Repeated in vivo INB cavitation was 
demonstrated by single-injection FMSNs-DOX with multiple US soni
cation, demonstrating potent tumor growth inhibition along with 
simultaneous US imaging. 

Core/shell magnetic MSN for MRI-guided high-intensity focused US- 
responsive spatiotemporal drug delivery was also developed containing 
SPION core doped with manganese and cobalt for improving its T2 
contrast enhancement [185]. The chemotherapeutic DOX was capped 
with a HIFU-responsive aliphatic azo-containing compound, 4,4′-azobis 
(4-cyanovaleric acid) (ACVA). HIFU irradiation irreversibly cleaves co
valent C-N bonds of ACVA, enabling pore opening and drug release. 
Cellular experiments examined on human pancreatic cancer cells, 
PANC-1, showed therapeutic efficacy as a result of increased amounts of 
the released drug, self-reported by the associated MRI contrast change. 

2.9. Dual- and multi-stimuli responsive MSNs with simultaneous imaging 

As MSN surface can be selectively modified, typically with one type 
of functionalization on the external surface and another within the 
mesopores, possibilities exist for designing theranostics for combination 
cancer therapy [186,187]. Thus, cancer targeting may be enhanced in 

case of controlling the therapeutic activity in response to multiple 
cancer-specific stimuli, while combining different modes of therapy may 
circumvent the occurrence of drug resistance and enhance the thera
peutic efficacy. Chemo/PT therapeutic mesoporous silica-coated meso
porous carbon nanocomposite (MCN@Si) with multi-stimuli responsive 
behavior was fabricated by Lu and co-workers [41]. Carbon dots (CDs) 
as gatekeepers were covalently bonded on the surface of MCN@Si 
through disulfide bonds, and anticancer drug DOX was encapsulated 
inside the dual-porous system, which enhanced drug loading capacity. 
Exposure to weakly acidic pH, presence of GSH and NIR irradiation have 
been demonstrated to induce synergistic therapeutic effects against 
cancer cells in vitro and in vivo. 

Wan et al. reported on dual-responsive MSN-based nanoplatform 
intended for diagnosis and cancer treatment based on core/shell mag
netic MSNs with core-Fe3O4 as an MRI contrast agent [42]. MSN pores 
were loaded with DOX and capped with branched polyethyleneimine 
(PEI) via disulfide bonds. PEI was further coupled with citraconic an
hydride for precise targeting and increased biocompatibility. The amino 
groups of PEI are blocked by citraconic anhydride, thereby reversing the 
positive surface charge responsible for cytotoxicity and non-specific 
interactions with negatively charged serum albumin [188]. Controlled 
drug delivery was established dually, due to PEI charge conversion in 
response to acidic pH and redox responsiveness of a disulfide linkage. 

In the article by Fang et al. a dual-stimuli responsive (pH change and 
NIR light irradiation) nanotheranostic platform composed of meso
porous silica-coated gold nanorods (GNR@SiO2) was synthesized con
taining functionalized ICG for fluorescence imaging and PDT, and pore- 
loaded drug 5-fluorouracil (5-FU), for in vivo multimodal image-guided 
synergistic PTT, PDT and chemotherapy [57]. Image-guided PT- 
chemotherapy strategy for the highly aggressive triple negative breast 
cancer (TNBC) was developed by coating PB NPs with periodic meso
porous organosilica (PMO) shell [189]. PB NPs, due to their absorbance 
in the NIR region, high PT conversion efficiency and T1-weighted 

Fig. 6. Interfacial nanobubbles (INBs) are accumulated at the 
superhydrophobic surface of FMSNs-DOX upon US exposure to 
induce bubble cavitation, ROS generation, and drug release. 
Enhanced accumulation of FMSNs-DOX within tumor tissue 
was achieved upon single-injection FMSNs-DOX and subse
quent INB cavitation to produce anti-vascular effect. Repeated 
exposure to US allows additional therapy modalities, such as 
sonodynamic therapy and chemotherapy. Reproduced with 
permission [184].   
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contrasting ability, can be used for PA imaging, PTT and MRI. The 
combined PTT and chemotherapy effectively inhibited TNBC in the 
MDA-MB-231-Luc tumor-bearing mouse, by inducing cell apoptosis and 
necrosis in the tumor region, without harmful effects on major organs. 

3. MSNs for gene editing in cancer treatments 

Cancer gene therapy is based on the transfer of genes directly into the 
cancer cells or alternatively into the tissue surrounding the tumor. The 
goal of such therapy is to affect the abnormal genes in the cancer cells, 
either by regulation or replacement, and ultimately cause the death of 
the cancer cells either directly or via preventing the tumor neo
vascularization which should deprive the tumor cells of nutrients and 
cause them to die. 

Therapeutic genetic material can be oligonucleotides of DNA (such 
as plasmid DNA (pDNA) and minicircle DNA (mcDNA)), RNA oligonu
cleotides (such as small interfering RNA (siRNA), micro RNA (miRNA), 
messenger RNA (mRNA)) [190,191], and increasingly nucleic acid 
aptamers [192] and CRISPR/Cas9 nuclease system [193]. However, as 
therapeutic genetic material would get quickly degraded by serum en
donucleases and RNAses [194], effective gene delivery systems are 
needed to protect the genetic material as well as to enable it to reach the 
nucleus of the cell, over the physiological, extra- and intracellular bar
riers [195]. 

There is a number of excellent reviews addressing the various viral 
and non-viral gene delivery vectors used in cancer gene therapy. More 
specifically, we draw the readers' attention to recent reviews on silica- 
based gene delivery systems [196] and on MSNs for co-delivery of 
drugs and nucleic acids in oncology [197]. Herein we opted to cover a 
specific topic, namely MSNs for CRISPR/Cas9 systems delivery and gene 
editing, which is quite novel but also highly attractive research field as 
the Nobel Prize in Chemistry in 2020 was awarded to Emmanuelle 
Charpentier and Jennifer A. Doudna for the development of CRISPR/ 
Cas9 methodology. 

In general, MSNs are proving to be a good candidate for the delivery 
of therapeutic genetic material as the surface of MSNs can be modified to 
have net positive charges, e.g. by amination or cationic polymer func
tionalization [198], which can further increase adsorption of the nega
tively charged nucleic acid molecules and enable the so-called “proton 
sponge effect” to facilitate the escape of MSNs from endosomes/liso
somes [199]. 

3.1. MSNs for CRISPR/Cas9 systems delivery 

Clustered regularly interspaced short palindromic repeat-CRISPR- 
associated protein (CRISPR-Cas) is a method for genome editing that 
has been developed in the recent years and led to the Nobel Prize in 
Chemistry in 2020. The method exploits the prokaryotic adaptive im
mune system. 

There are two classes of CRISPR systems: Class 1 systems that utilize 
a complex of multi-Cas proteins and Class 2 which uses a single large Cas 
protein [200,201]. Each class has different types (Class 1 - Types I, III 
and IV, and Class 2 - Types II, V and VI). Type II CRISPR/Cas9 system is 
currently the main protein used for genome editing [202]. 

The type II CRISPR/Cas9 system is made of Cas9 endonuclease and 
guideRNA (gRNA) with its customizable component CRISPR RNA 
(crRNA) that enables specificity, i.e. binding to the specific DNA 
sequence. The system also contains a constant trans-activating crRNA 
(tracrRNA) [203]. Cas9 forms a ribonucleoprotein (RNP) complex with 
crRNA and tracrRNA, and this complex cleaves double-stranded DNA at 
the targeted sequence via crRNA matching. 

In the artificial systems and particularly important for the cancer 
applications, crRNA and tracrRNA can be transformed into synthetic 
single guide RNA (sgRNA) that functions as a guiding element and can 
direct Cas9 protein to generate site-specific double-stranded DNA breaks 
in any targeted genomic locus containing appropriate motif, i.e. 

protospacer-adjacent motif (PAM) [204]. sgRNA-mediated reprogram
ming of Cas9 allows targeting of several target gene sequences at the 
same time, which gives unparalleled opportunities for investigation of 
cancer-associated genes [205,206]. 

Furthermore, the genes can be regulated by utilizing the CRISPR in 
combination with the nuclease-deficient dCas9 which is specifically 
designed not to generate DNA cleavages, but to very precisely bind DNA 
when guided by sgRNA [206]. Such CRISPR-dCas9 systems show great 
potential for cancer therapy. Rahman and Tollefsbol show that when 
CRISPR-dCas9 is ligated to the epigenetic effectors. it forms the com
plexes that can perform epigenetic editing and consequently change the 
cancerous epigenetic features [207]. 

However, there are several technical aspects that render application 
of the “naked” CRISPR-(d)Cas9 systems difficult: 1) “Naked” CRISPR- 
Cas9 complexes are prone to degradation by serum nucleases, 2) can 
activate innate immune system, 3) can exert non-specific action on non- 
target cells and serum proteins, 4) do not enter target tissues from the 
blood vessels, and 5) can be cleared out by the renal system before 
entering the target tissues [208]. These need to be mitigated by efficient 
delivery strategies [208,209]. Various designs and methods of delivery 
are being investigated such as viral vectors, physical methods like 
electroporation, mechanical cell deformation etc., but the nanocarriers 
have been showing the greatest potential for several reasons. First of all, 
nanocarriers, similar to most other types of non-viral vectors, provide 
low immunogenicity, can be produced in a relatively easy way, can 
encapsulate significant amounts of therapeutic genetic material and 
importantly, can be functionalized with targeting molecules enabling 
the specific, targeted delivery of the genetic cargo. On the other side, the 
efficiency of the genetic cargo delivery by nanocarriers is still low in 
comparison with the viral vectors. This implies that nanocarriers should 
be further optimized. Rigid nanocarriers such as carbon and inorganic 
NPs are particularly well suited for further optimization due to their 
controllable features such as a high surface area to volume ratio, tunable 
size, surface functionalization and high stability in physiological envi
ronments [208,209]. However, one should always consider the toxicity 
of the nanocarriers. For example, gold and polymer NPs, and some lipid- 
based nanocarriers exert dose-dependent toxicity and have lower de
livery efficiency when compared to other nanocarriers with a greater 
surface area such as silica-based ones [210]. 

Noureddine et al. used modified monosized lipid-coated MSNs (LC- 
MSNs) for loading of CRISPR components (145 μg ribonucleoprotein 
RNP i.e. cas9-sgRNA complex or 40 μg plasmid pCRISPR i.e. expression 
vector for Cas9 and sgRNA per mg of MSNs) and release within HeLa 
cervical and A549 lung cancer cells [193]. Both options exerted good 
compatibility with both cell types, while pCRISPR@LC-MSN achieved 
modest effects in HeLa in comparison to A549 cells. The study showcases 
the potential of the carrier system (Fig. 7) composed of lipid-coated 
MSNs for CRISPR-components delivery in the cancer cells, although 
the achieved editing efficiency is still subpar, particularly for the 
plasmid pCRISPR-loaded NPs which showed negative results in terms of 
gene editing, probably due to the size of the plasmid. However, the RNP- 
loaded MSNs achieved editing of up to 10% in reporter cancer cells in 
vitro with more than 70% release of RNP from NPs within 72 h. 

MSNs modified to the state of “virus-like nanoparticle - VLN” were 
used by Liu et al. for co-delivery of CRISPR/Cas9 system and small 
molecule drugs for the treatment of malignant tumors [211]. VLNs had a 
core/shell structure, in which small molecule drug (axitinib) and 
CRISPR/Cas9 system (with sgRNA-targeting programmed death-ligand 
1 -PD-L1) are loaded in the MSN-based core, which is further encapsu
lated with a lipid shell. Such structure allows VLN stability in blood 
circulation. The MSNs were surface-thiolated (MSN-SH), axitinib was 
loaded into the pores, which were then locked by conjugating the 
ribonucleoprotein RNP to MSN-SH via disulfide bonds. This construct 
was then encapsulated by a lipid layer containing PEG2000-DSPE in 
order to prolong the circulation time and protect RNP from enzymatic 
degradation in a physiological environment. When VLNs reach the 
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tumor and get internalized, the high concentration of glutathione in 
tumor cleaves the disulfide bond between RNP and MSN-SH, allowing 
the RNP to get delivered into the nuclei of the tumor cells for the PD-L1 
targeted gene editing. This approach led to disruption of multiple 

immunosuppressive pathways and suppression of the growth of mela
noma in vivo. This platform shows great promise for intravenous appli
cation and co-delivery of small molecule drugs and CRISPR-Cas9 system, 
however, similarly to the previously reviewed study by Noureddine 

Fig. 7. Schematic showing the step by step formation of CRISPR-LC-MSN: (A) MSNs were suspended in water (1), followed by the addition of freshly complexed RNP 
or pCRISPR (2), then encapsulated in situ with positively charged liposomes to form CRISPR@LC-MSN (3). (B-C) TEM images of (B) surfactant-and lipid-free stellate 
MSNs; (C) RNP@LC-MSNs stained with phosphotungstic acid, arrows on the dark halo indicating lipid layers (scale bar = 100 nm). Reproduced with permis
sion [193]. 

Fig. 8. Schematic illustration of the functionalized MSNs-based nanocarrier for the delivery of CRISPR/Cas9 plasmids: a) preparation of Cy5.5-MSNs-NLS, plasmid 
loading, and polymer encapsulation; b) intracellular delivery of the two kinds of plasmids to the nucleus for paxillin gene knock in. Reproduced with permis
sion [212]. 
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et al. there is still room for optimization of the VLN construct for more 
specific targeting to the tumor cells. 

Xu et al. performed intracellular delivery of CRISPR/Cas9 plasmids 
by polymer-coated MSNs, functionalized with a fluorescent dye (Cy5.5) 
and the surface was conjugated with nuclear localization sequence 
(NLS), exhibiting high loading efficiency toward the paxillin (PXN) 
cutdown plasmid, GFP-Cas9-paxillin_gRNA and repair plasmid [212]. 
Paxillin family members have been linked to malignant cancer pro
gression, particularly in lung, breast and prostate tumors [213]. Polymer 
coating consisted of poly(dimethyldiallylammonium chloride) (PDDA) 
and was deposited onto MSNs by microfluidic nanoprecipitation. The 
coating showed good protection against denaturation and prevented 
premature release. In addition, it was observed that due to the positive 
charge and pH-responsive disaggregation of PDDA, coated MSNs ach
ieved enhanced cellular internalization (16 h) and endosomal escape (4 
h). After achieving escape to the cytoplasm, the NLS from the nano
particle surface facilitates nuclear transport of the CRISPR/Cas9 plas
mids leading to the successful GFP-tag knock-in of the PXN genomic 
sequence in human bone osteosarcoma epithelial cells (U2OS) cells 
(Fig. 8). Intracellular localization of the Cy5.5-labeled MSNs as well as 
the efficacy of the GFP knock-in transfection were visualized by fluo
rescence microscopy. 

As evidenced in the discussed studies, there is still an issue of tar
geting MSNs carrying genetic material to the specific cells. In a recent 
study, Ma et al. implemented CRISPR-dCas9 for the guidance of the 
MSNs into nuclei in combination with a telomerase-responsive nano
system for tumor-specific release of DOX [214]. The authors used sgRNA 
that targets telomere-repetitive sequences at the ends of chromosomes, 
in combination with a nuclease-deficient dCas9 protein. This enabled 
specific targeting of the CRISPR-dCas9/MSN constructs to the nucleus. 
In addition, they also achieved telomerase-mediated release of DOX 
from MSNs, by adding a specific wrapping DNA on the dCas9-MSN 
construct. The specific wrapping DNA gets extended in the presence of 
the overexpressed telomerase enzyme in the cancer cells. The used 
wrapping DNA is designed to have complementary 3′ and 5′ ends of the 
generated telomeric repeats, leading to the formation of a rigid hairpin- 
like DNA structure. The hairpin causes detachment of the wrapping DNA 
from the MSN surface and the release of DOX into the nucleus. The in 
vitro experiments in the HeLa cells indicated that DOX encapsulated in 
dCas9-MSNs/DOX/DNA was gradually released in the whole cell, and 
preferentially in the nucleus, during the period of 12–24 h post- 
transfection. The authors also evaluated the effects in HeLa tumor- 
bearing BALb/c mice and achieved 88% growth suppression at the 
end of treatments. 

4. Conclusions and outlook 

Characteristics of MSNs are highly suitable for designing complex 
multifunctional nanosystems for simultaneous cancer therapy and im
aging. A range of possibilities exist in devising nanotheranostics based 
on MSNs, with combinations of different treatment modalities, such as 
drug delivery in response to cancer-characteristic weakly acidic extra
cellular environment, to reductive intracellular conditions, or to the 
presence of overexpressed enzymes or receptors in tumors. External 
stimuli, applicable for localized cancer therapy, mainly include expo
sure to light, magnetic field and US, while their mechanism of action 
may involve triggering the release of cytotoxic drugs upon exposure to 
these stimuli or inducing the formation of reactive oxygen species (PDT 
or sonodynamic therapy) or heat (PTT or magnetic hyperthermia). 
Furthermore, MSNs offer a range of opportunities for devising nano
systems for gene therapy and editing. 

Therapeutic approaches using MSNs are being efficiently combined 
with different imaging modalities through various types of surface 
functionalization, construction of core/shell nanomaterials and through 
the entrapment of cargo molecules within the pores. The range of im
aging modalities employed includes: MRI (T1- and T2-weighted), PA, 

PT, NIRF and thermal imaging, PET, SPECT, CT (X-ray), sonography and 
MSOT. The theranostic capability, along with different possible mor
phologies and compositions of NPs, open virtually endless opportunities 
for the construction of multifunctional theranostic MSN-based nano
systems. Research on these multipurpose nanomaterials is expanding, 
and highly efficient novel theranostic nanomaterials have been pro
posed recently, demonstrating the richness and creativity of this 
research area and the high potential for future applications in image- 
guided and personalized therapies. However, despite the over
whelming advances, clinical trials of silica-based NPs for cancer treat
ment and imaging are substantially lagging behind the research. 
Therefore, it would be highly beneficial to stir future activities in this 
field of research, not necessarily toward designing increasingly complex 
nanotheranostics, but instead, focusing on the construction of MSN- 
based nanosystems with enhanced attractiveness for embarking on 
clinical trials and translation into clinical practice. 
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in vivo applications of gated mesoporous silica as drug delivery nanocarriers, 
Small. 16 (2020) 1902242, https://doi.org/10.1002/smll.201902242. 

[27] A. Llopis-Lorente, B. Lozano-Torres, A. Bernardos, R. Martínez-Máñez, 
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K. Živojević et al.                                                                                                                                                                                                                               

https://doi.org/10.1172/JCI92284
https://doi.org/10.1021/acsnano.8b06164
https://doi.org/10.1016/j.biomaterials.2020.120635
https://doi.org/10.1002/smll.202005993
https://doi.org/10.1002/smll.202005993
https://doi.org/10.1002/advs.202002147
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0175
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0175
https://doi.org/10.1039/c3ra23127e
https://doi.org/10.1021/acs.inorgchem.0c01436
https://doi.org/10.1021/acs.inorgchem.0c01436
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0190
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0190
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0190
https://doi.org/10.1039/C8TB02741B
https://doi.org/10.1039/C8TB02741B
https://doi.org/10.1039/c7nr04445c
https://doi.org/10.1002/smll.201902242
https://doi.org/10.1039/C7TB00348J
https://doi.org/10.1039/C7TB00348J
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0215
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0215
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0215
https://doi.org/10.3390/pharmaceutics12060527
https://doi.org/10.3390/pharmaceutics12060527
https://doi.org/10.1038/s41578-020-0230-0
https://doi.org/10.1016/j.drudis.2020.06.006
https://doi.org/10.1002/adhm.201700831
https://doi.org/10.1002/adhm.201700831
https://doi.org/10.1002/adfm.201902634
https://doi.org/10.1002/adfm.201902634
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0245
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0245
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0245
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0245
https://doi.org/10.7150/thno.42008
https://doi.org/10.7150/thno.42008
https://doi.org/10.1016/j.biomaterials.2015.10.053
https://doi.org/10.1021/acsami.5b05522
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0265
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0265
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0265
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0265
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0270
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0270
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0270
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0275
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0275
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0275
https://doi.org/10.1016/j.colsurfb.2020.110941
https://doi.org/10.1016/j.jcis.2020.04.026
https://doi.org/10.1016/j.jcis.2020.04.026
https://doi.org/10.7150/ntno.25565
https://doi.org/10.7150/ntno.25565
https://doi.org/10.1016/j.cej.2020.126100
https://doi.org/10.1016/j.cej.2020.126100
https://doi.org/10.1039/c9tb01654f
https://doi.org/10.1021/acsabm.9b01244
https://doi.org/10.1021/acsabm.9b01244
https://doi.org/10.1021/acsnano.9b06691
https://doi.org/10.1021/acsami.9b14668
https://doi.org/10.1016/j.biomaterials.2016.11.057
https://doi.org/10.1039/C7BM00043J
https://doi.org/10.1039/C7BM00043J
https://doi.org/10.1021/acsami.6b15185
https://doi.org/10.1021/acsami.6b15185
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0335
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0335
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0335
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0335
https://doi.org/10.1002/adhm.201900840
https://doi.org/10.1002/adhm.201900840
https://doi.org/10.1039/c6nr07062k
https://doi.org/10.1039/c6nr07062k
https://doi.org/10.1007/s40820-018-0216-2
https://doi.org/10.1007/s40820-018-0216-2
https://doi.org/10.1002/advs.201600356
https://doi.org/10.1002/advs.201600356
https://doi.org/10.1002/smll.201602580
https://doi.org/10.1002/smll.201602580


Journal of Controlled Release 337 (2021) 193–211

208

nanoparticle, Biomaterials. 182 (2018) 114–126, https://doi.org/10.1016/j. 
biomaterials.2018.08.001. 

[59] L. Shao, Y. Li, F. Huang, X. Wang, J. Lu, F. Jia, Z. Pan, X. Cui, G. Ge, X. Deng, 
Y. Wu, Complementary autophagy inhibition and glucose metabolism with rattle- 
structured polydopamine@mesoporous silica nanoparticles for augmented low- 
temperature photothermal therapy and in vivo photoacoustic imaging, 
Theranostics. 10 (2020) 7273–7286, https://doi.org/10.7150/thno.44668. 

[60] Y.J. Ho, C.H. Wu, Q. Feng Jin, C.Y. Lin, P.H. Chiang, N. Wu, C.H. Fan, C.M. Yang, 
C.K. Yeh, Superhydrophobic drug-loaded mesoporous silica nanoparticles capped 
with β-cyclodextrin for ultrasound image-guided combined antivascular and 
chemo-sonodynamic therapy, Biomaterials 232 (2020), https://doi.org/10.1016/ 
j.biomaterials.2019.119723. 

[61] L. Pascual, C. Cerqueira-Coutinho, A. García-Fernández, B. de Luis, E. 
S. Bernardes, M.S. Albernaz, S. Missailidis, R. Martínez-Máñez, R. Santos-Oliveira, 
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K. Živojević et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.biomaterials.2018.08.001
https://doi.org/10.1016/j.biomaterials.2018.08.001
https://doi.org/10.7150/thno.44668
https://doi.org/10.1016/j.biomaterials.2019.119723
https://doi.org/10.1016/j.biomaterials.2019.119723
https://doi.org/10.1016/j.nano.2017.08.006
https://doi.org/10.1016/j.nano.2017.08.006
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0385
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0385
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0385
https://doi.org/10.1039/C9NR04858H
https://doi.org/10.1039/C9NR04858H
https://doi.org/10.1002/adma.201808024
https://doi.org/10.1021/acs.chemmater.8b04321
https://doi.org/10.1021/acs.chemmater.8b04321
https://doi.org/10.1021/jacs.7b05559
https://doi.org/10.1016/j.biomaterials.2017.12.003
https://doi.org/10.1021/acsami.9b15751
https://doi.org/10.1016/j.jcis.2020.09.028
https://doi.org/10.1016/j.jcis.2020.01.020
https://doi.org/10.1016/j.jcis.2020.01.020
https://doi.org/10.1039/c9bm00853e
https://doi.org/10.1021/acsami.8b19565
https://doi.org/10.1021/acsami.8b19565
https://doi.org/10.1002/adma.201704367
https://doi.org/10.1002/adma.201704367
https://doi.org/10.1021/jacs.6b11846
https://doi.org/10.1002/adfm.201603749
https://doi.org/10.1002/adfm.201603749
https://doi.org/10.1021/acsami.6b11802
https://doi.org/10.1021/nn507241v
https://doi.org/10.1021/nn507241v
https://doi.org/10.1517/17425247.2014.953051
https://doi.org/10.1016/j.nano.2015.10.018
https://doi.org/10.1016/j.nano.2015.10.018
https://doi.org/10.2174/0929867325666180501101044
https://doi.org/10.2174/0929867325666180501101044
https://doi.org/10.1002/cplu.201402369
https://doi.org/10.1080/10611860701539584
https://doi.org/10.3390/pharmaceutics13040460
https://doi.org/10.3390/pharmaceutics13040460
https://doi.org/10.1016/j.jconrel.2020.03.051
https://doi.org/10.1016/j.addr.2018.09.004
https://doi.org/10.1016/j.ijpharm.2016.10.013
https://doi.org/10.1021/nn1029229
https://doi.org/10.1021/nn1029229
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0515
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0515
http://refhub.elsevier.com/S0168-3659(21)00372-2/rf0515
https://doi.org/10.3390/ph7040392
https://doi.org/10.3390/ph7040392
https://doi.org/10.3390/nano7070189
https://doi.org/10.3390/nano7070189
https://doi.org/10.1021/nn200365a
https://doi.org/10.1021/nn200365a
https://doi.org/10.1016/j.nano.2015.07.004
https://doi.org/10.1016/j.nano.2015.07.004
https://doi.org/10.1016/j.actbio.2016.11.007
https://doi.org/10.1111/jphp.13098
https://doi.org/10.1111/jphp.13098
https://doi.org/10.1002/smll.200800926
https://doi.org/10.1002/adma.201204685
https://doi.org/10.1002/adma.201204685
https://doi.org/10.1002/adma.201400136
https://doi.org/10.1002/adma.201400136
https://doi.org/10.1016/j.biomaterials.2009.10.046
https://doi.org/10.1016/j.biomaterials.2009.10.046
https://doi.org/10.1002/adma.201104763
https://doi.org/10.1002/adma.201104763
https://doi.org/10.1166/jbn.2017.2369.Biocompatibility
https://doi.org/10.1166/jbn.2017.2369.Biocompatibility
https://doi.org/10.1002/smll.201000538


Journal of Controlled Release 337 (2021) 193–211

209

[102] W. Lei, C. Sun, T. Jiang, Y. Gao, Y. Yang, Q. Zhao, S. Wang, Polydopamine-coated 
mesoporous silica nanoparticles for multi-responsive drug delivery and combined 
chemo-photothermal therapy, Mater. Sci. Eng. C 105 (2019) 110103, https://doi. 
org/10.1016/j.msec.2019.110103. 

[103] N. Poonia, V. Lather, D. Pandita, Mesoporous silica nanoparticles: a smart 
nanosystem for management of breast cancer, Drug Discov. Today 23 (2018) 
315–332, https://doi.org/10.1016/j.drudis.2017.10.022. 

[104] J. Mo, L. He, B. Ma, T. Chen, Tailoring particle size of mesoporous silica 
nanosystem to antagonize glioblastoma and overcome blood-brain barrier, ACS 
Appl. Mater. Interfaces 8 (2016) 6811–6825, https://doi.org/10.1021/ 
acsami.5b11730. 

[105] F. Zhao, C. Zhang, C. Zhao, W. Gao, X. Fan, G. Wu, A facile strategy to fabricate a 
pH-responsive mesoporous silica nanoparticle end-capped with amphiphilic 
peptides by self-assembly, Colloids Surf. B: Biointerfaces 179 (2019) 352–362, 
https://doi.org/10.1016/j.colsurfb.2019.03.019. 

[106] J.S. Desgrosellier, D.A. Cheresh, Integrins in cancer: Biological implications and 
therapeutic opportunities, Nat. Rev. Cancer 10 (2010) 9–22, https://doi.org/ 
10.1038/nrc2748. 

[107] J. Hu, X. Zhang, Z. Wen, Y. Tan, N. Huang, S. Cheng, H. Zheng, Y. Cheng, Asn-Gly- 
Arg-modified polydopamine-coated nanoparticles for dual-targeting therapy of 
brain glioma in rats, Oncotarget 7 (2016) 73681–73696, https://doi.org/ 
10.18632/oncotarget.12047. 

[108] L. Guzman-Rojas, R. Rangel, A. Salameh, J.K. Edwards, E. Dondossola, Y.G. Kim, 
A. Saghatelian, R.J. Giordano, M.G. Kolonin, F.I. Staquicini, E. Koivunen, R. 
L. Sidman, W. Arap, R. Pasqualini, Cooperative effects of aminopeptidase N 
(CD13) expressed by nonmalignant and cancer cells within the tumor 
microenvironment, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) 1637–1642, https:// 
doi.org/10.1073/pnas.1120790109. 

[109] M.M. Khan, N. Filipczak, V.P. Torchilin, Cell penetrating peptides: A versatile 
vector for co-delivery of drug and genes in cancer, J. Control. Release 330 (2021) 
1220–1228, https://doi.org/10.1016/j.jconrel.2020.11.028. 

[110] I. Gessner, I. Neundorf, Nanoparticles modified with cell-penetrating peptides: 
Conjugation mechanisms, physicochemical properties, and application in cancer 
diagnosis and therapy, Int. J. Mol. Sci. 21 (2020) 1–21, https://doi.org/10.3390/ 
ijms21072536. 

[111] X. Chen, H. Sun, J. Hu, X. Han, H. Liu, Y. Hu, Transferrin gated mesoporous silica 
nanoparticles for redox-responsive and targeted drug delivery, Colloids Surf. B: 
Biointerfaces 152 (2017) 77–84, https://doi.org/10.1016/j. 
colsurfb.2017.01.010. 

[112] Y. Shen, X. Li, D. Dong, B. Zhang, Y. Xue, P. Shang, Transferrin receptor 1 in 
cancer: a new sight for cancer therapy, Am. J. Cancer Res. 8 (2018) 916–931. 

[113] S. Sigismund, D. Avanzato, L. Lanzetti, Emerging Functions of the EGFR in 
Cancer, Mol. Oncol. 12 (2018) 3–20, https://doi.org/10.1002/1878-0261.12155. 

[114] H.L. Goel, A.M. Mercurio, VEGF targets the tumour cell, Nat. Rev. Cancer 13 
(2013) 871–882, https://doi.org/10.1038/nrc3627. 

[115] H. Attarwala, Role of antibodies in cancer targeting, J. Nat. Sci. Biol. Med. 1 
(2010) 53–56, https://doi.org/10.4103/0976-9668.71675. 

[116] M. Ovacik, K. Lin, Tutorial on monoclonal antibody pharmacokinetics and its 
considerations in early development, Clin. Transl. Sci. 11 (2018) 540–552, 
https://doi.org/10.1111/cts.12567. 
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