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Abbreviation Explanation

MSNs Mesoporous silica nanoparticles
NP Nanoparticle

DDS Drug delivery system

SBA Santa Barbara Amorphous 

MCM Mobile Crystalline Material 

MSU Michigan State University Materials 
PAA Poly acrylic acid
CTAB Cetyltrimethylammonium bromide 
EPR Enhanced permeability and retention 
MDR Multidrug resistance 
HeLa Human cervical carcinoma
DOX Doxorubicin
β-CD β-cyclodextrin 
PEG Polyethylene glycol 
HMSNs Hollow mesoporous silica NPs 
VEGF Vascular endothelial growth factor
PDA Polydopamine 
HA Hyaluronic acid 
PDT Photodynamic therapy 
SCC7 Squamous cell carcinoma 7 
ETS Etoposide 
PEMs Polyelectrolyte multilayers 
GSH Glutathione 
DTT Dithiothreitol 
Cyt C Cytochrome C 
TPT Topotecan 
US Ultrasonic 
NIR Near-infrared 
CuS Copper sulfide 
MRI Magnetic resonance imaging
OI Optical imaging
PET Positron emission tomography
CT Computed tomography
PNIPAAM Poly(N-isopropyl acrylamide) 
LCST Low critical solution temperature 
PEI Poly(ethylenimine)
HER2 Human epithelial growth factor receptor 2 
GQDs Graphene quantum dots 
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CDs Carbon dots 
RES Reticuloendothelial system 
PTT Photothermal therapy 
TPGS Tocopheryl polyethylene glycol 1000 succinate 
PLH Poly (L-histidine) 
TAT Trans-Activator of Transcription
MPS Mononuclear Phagocyte System
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53 Abstract

54 Cancer is the second cause of human mortality after cardiovascular disease around the globe. 

55 Conventional cancer therapies are chemotherapy, radiation, and surgery. In fact, due to the lack 

56 of absolute specificity and high drug concentrations, early recognition and treatment of cancer 

57 with conventional approaches have become challenging issues in the world. To mitigate against 

58 the limitations of conventional cancer chemotherapy, nanomaterials have been developed. 

59 Nanomaterials exhibit particular properties that can overcome the drawbacks of conventional 

60 therapies such as lack of specificity, high drug concentrations, and adverse drug reactions. 

61 Among nanocarriers, mesoporous silica nanoparticles (MSNs) have gained increasing attention 

62 due to their well-defined pore size and structure, high surface area, good biocompatibility and 

63 biodegradability, ease of surface modification, and stable aqueous dispersions. This review 

64 highlights the current progress with the use of MSNs for the delivery of chemotherapeutic agents 

65 for the diagnosis and treatment of cancer. Various stimuli-responsive gatekeepers, which endow 

66 the MSNs with on-demand drug delivery, surface modification strategies for targeting purposes, 

67 and multifunctional MSNs utilized in drug delivery systems (DDSs) are also addressed. Also, the 

68 capability of MSNs as flexible imaging platforms is considered. In addition, physicochemical 

69 attributes of MSNs and their effects on cancer therapy with a particular focus on recent studies is 

70 emphasized. Moreover, major challenges to the use of MSNs for cancer therapy, biosafety and 

71 cytotoxicity aspects of MSNs are discussed.

72

73 Keywords: Mesoporous silica; Nanoparticles; Cancer therapy; Diagnostics; Drug delivery 

74

75
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76 1. Introduction

77 Cancer is a combination of a large group of diseases with several environmental and genetic 

78 factors. Common genetic and external factors that impact cancer death in humans include 

79 exposure to physical carcinogens, chemical carcinogens, environmental pollutants, diet and 

80 obesity, infections, biological carcinogens, and radiation. Conventional methods for the 

81 treatment of cancer include chemotherapy, radiotherapy, and surgery (Hasan-Nasab et al., 2021; 

82 Mohammady et al., 2016). Unfortunately, radiotherapy and surgery are limited to the treatment 

83 of localized cancers that are found in one area of the body (Baskar et al., 2012). On the other 

84 hand, although chemotherapy is a treatment for advanced cancers that enter 

85 the bloodstream or lymph system, most anticancer drugs cause severe side effects on healthy 

86 cells and are limited by cancer cells induced multidrug resistance (MDR) (Bukowski et al., 2020; 

87 Kankala et al., 2020b). It is therefore vital to develop new strategies for the targeted delivery of 

88 chemotherapeutics to release them precisely at the tumor site and thereby reducing side effects, 

89 MDR, metastasis, and tumor recurrence caused by traditional treatments (Sodagar-Taleghani et 

90 al., 2021). For diagnosis, monitoring, and treatment of cancer, nanotechnology can be a 

91 promising strategy for the development of drug delivery systems (DDSs) (Sodagar-Taleghani et 

92 al., 2020).

93 So far, the differences in nanoscale DDSs have been greatly observed in increasing the 

94 effectiveness of anticancer agents. The highest therapeutic efficiency for delivery into anticancer 

95 DDS has been obtained for average particle diameters lower than 100 nm. At a scale of 1-100 

96 nm, nanomaterials have a large surface area and high functional groups on their surfaces, which 

97 allow them to be conjugated with several diagnostic and therapeutic agents. Nanoparticles (NPs) 

98 represent a wide range of substances that effectively improve drug delivery via conquering 
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99 anatomical and chemical barriers within the cancer microenvironment. This enhances the mean 

100 circulation time by reducing renal clearance and increasing active targeting (Yao et al., 2020).

101 The high capacity of nanomaterials for the loading of therapeutic agents is considered a novel 

102 approach for achieving considerable therapeutic efficacy with minimal side effects, especially for 

103 cancer medicines. Generally, a high specific surface area is one of the main advantages of all 

104 nanomaterials (Sadeghi-Ghadi et al., 2021). Nanomaterials have received much attention as they 

105 can be utilized in different fields based on their unique electrical, optical, biological, magnetic, 

106 mechanical, thermal, and catalytic properties. When a specific surface area per mass of a 

107 material increases, a greater amount of nanomaterials can come into contact with 

108 microorganisms, which can affect reactivity. The characteristics of the nanostructures such as 

109 chemical modification, or coating, size distribution and, surface morphology/topography can 

110 influence the anticancer properties of drugs (Raj et al., 2021; Sadeghi-Ghadi et al., 2020). 

111 Although a large number of nanomaterials with various morphologies have been synthesized, 

112 some NPs have been extensively used in medical and anti-tumoral fields. NPs possess unique 

113 physical and chemical properties that allow the prediction of their interaction in both prokaryotic 

114 and eukaryotic cells (Rosenblum et al., 2018).

115 NPs in the field of biomedicine (sensing, drug delivery, photo-thermal therapy, imaging, etc.), 

116 can be used as probes to study biological processes. NPs can be arranged into various groups 

117 based on their size, shape, morphology, and physical and chemical properties. Some include 

118 different carbon group-based NPs, ceramic NPs, polymeric NPs, metal NPs, semiconductor NPs, 

119 and lipid-based NPs. NPs have two main classifications based on their composition, which 

120 include organic and inorganic nanomaterials. These NPs are used to protect drugs from 

121 degradation and control the release of drugs, especially drugs conjugated to NPs, resulting in 
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122 extended retention/accumulation in the target area. Many organic NPs induce strong anticancer 

123 efficacy, but their clinical applications are limited due to the lack of stability (Li et al., 2017b).

124  Among the various NPs, mesoporous silica nanoparticles (MSNs) have had enormous 

125 considerations due to features which include their tunable and uniform pore size, high pore 

126 volume, large surface area, ease of surface modification, external and internal pores, the gating 

127 function of the pore opening, high biocompatibility and biodegradability, high mechanical and 

128 thermal stability, high loading capacity, and stable aqueous dispersions (Gupta et al., 2020; Liu 

129 et al., 2021; Narayan et al., 2018). This review provides an overview of the updated 

130 achievements in the use of MSNs drug delivery including their characteristics, efficacy, and 

131 toxicity as a versatile platform for both diagnosis and therapy of cancer. The review also 

132 addresses the challenges and future outlook of MSNs.

133

134 2. Mesoporous Silica Nanostructures 

135 MSNs have gained considerable attention as promising platforms for different biomedical 

136 applications (Deodhar et al., 2017; Sodagar-Taleghani et al., 2019; Yu et al., 2017) particularly 

137 for diagnosis (M Rosenholm et al., 2011), biosensing (Hasanzadeh et al., 2012), targeted drug 

138 delivery (Bharti et al., 2015), and cellular uptake mechanisms (Huang et al., 2010). MSNs can 

139 enhance drug solubility and stabilize/control different therapeutic agents (Suzukin et al., 2004). 

140 Researchers have indicated that MSNs can effectively induce endocytosis in vitro with various 

141 kinds of mammalian cancer cells including CHO, Panc-1, lung, and HeLa (human cervical 

142 carcinoma) (Živojević et al., 2021). The unique structural properties of MSNs make it a suitable 

143 reservoir for loading therapeutic/diagnostic agents as has been described as an invention in some 

144 patents (Table 1). The hydrophobic core of mesoporous silica is useful for drug loading whereas 
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145 the hydrophilic surface blocks opsonic phagocytosis and leads to easier motion in the body 

146 (Kankala et al., 2020c).

147 MSNs can be divided into different families depending on the pore size, particle diameter, 

148 surface area, and synthesis method. Among various mesoporous silica structures, Santa Barbara 

149 Amorphous (SBA-), Mobile Crystalline Material (MCM-), and Michigan State University 

150 Materials (MSU-) families have been widely studied for drug delivery.  Figure 1 indicates the 

151 commonly used MSNs in the formulation of DDSs (Trzeciak et al., 2021). 

152 Sol-gel method (Singh et al., 2014), flame synthesis (Kammler et al., 2004), and reverse 

153 microemulsion (Finnie et al., 2007) are the most common techniques used to synthesize MSNs. 

154 The sol-gel technique is widely applied to synthesize silica nanostructures due to its ability to 

155 control the morphology, size distribution, and particle size by monitoring the reaction variables 

156 (Rahman and Padavettan, 2012). MSNs can be fabricated using tetraethyl orthosilicate (TEOS) 

157 as a precursor. Water is the most commonly used solvent for the manufacture of MSNs through 

158 the sol-gel process (Lei et al., 2020).

159 The biological behavior of NPs (e.g., cytotoxicity, biocompatibility, and biodegradability,) is 

160 affected by changes in the NP’s size, shape, pore, and surface properties. Hence, the setting up of 

161 the physicochemical properties has gained much attention to ascertain an appropriate biological 

162 function. To achieve MSNs as an ideal carrier in DDS, the size of particles, the shape of 

163 particles, and topology are considered to improve loading capacity. These factors can be adjusted 

164 by varying the experimental factors including changing the temperature, the reaction mixture pH, 

165 type and concentration of surfactant as well as the source of silica. Adjusting the synthesis 

166 parameters such as methanol’s amount ratio in the solvent causes the size of the mono-dispersed 

167 MSNs with radial rowed mesoporous to range from tens to several hundred nanometers 
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168 (Rahikkala et al., 2018). 

169 The MSNs with various pore sizes can be tailored by selecting the different types of surfactants. 

170 The longer hydrophobic chain in surfactants gives rise to MSNs with high pore sizes whereas the 

171 shorter chain length results in MSNs with smaller pores (Egger et al., 2015; Ganguly et al., 2010; 

172 Yano and Fukushima, 2004). The origin of the high surface area in MSNs may be attributed to 

173 the presence of nanochannels in each silica crystal membrane (Narayan et al., 2018).

174 To fabricate dual-mesoporous materials, binary surfactants are used. For instance, Niu and 

175 coworkers synthesized core-shelled MSNs with bimodal porosities with a larger tunable pore 

176 structure in the core and smaller tunable pore in the shell by using an amphiphilic block 

177 copolymer composition (polystyrene-b-poly(acrylic acid), PS-b-PAA) and 

178 cetyltrimethylammonium bromide (CTAB) as co-templates particles (Niu et al., 2010). Besides 

179 ammonia, other organic amines have also been widely used to provide the effect of basicity on 

180 the synthesis of MSNs. Bein et al. demonstrated that a substitute reaction of the base 

181 triethanolamine based on NaOH or NH4OH was an efficient reaction system for the preparation 

182 of colloidal MSNs with diameters of 20-150 nm (Moeller et al., 2007).

183

184 3. Therapeutic Applications of MSNs

185 3.1 Functionalization of MSNs for Active Tumor Targeting 

186 The surface properties of MSNs are usually insufficient in terms of the induction of the desired 

187 biological response or inhibiting a potentially adverse reaction. They should therefore be 

188 functionalized before application or any further processing such as coating with functional 

189 materials. Surface functionalization of MSNs can be used to improve their physical properties to 

190 confirm higher drug adsorption, better drug delivery, and in obtaining extended drug release in 



10

191 target cells (Natarajan and Selvaraj, 2014). Das et al. proved that the functionalization of MSNs 

192 with organic groups increases drug absorption. This may be due to the strong hydrogen bonding 

193 interaction between the carboxylic acid groups of some drugs and the amino groups of the 

194 amine-modified mesoporous particles (Das et al., 2020). 

195 The incorporation of long-chain organic compounds (-C8 and -C18 groups) onto the MSNs has a 

196 certain effect on their properties. There are three main types of the most common modifications 

197 for MSNs: reduction of the pore size, chemical interaction among the pore surface and adsorbed 

198 pharmaceutical drug, and the reduction of the humidity of the surface area of the pore via 

199 aqueous solutions (Doadrio et al., 2006). 

200 An important surface property of MSNs is their charges or covalent bonding to a variety of 

201 functional groups such as amino, sulfhydryl, and carboxyl groups (Croissant et al., 2018). The 

202 different features of various functional groups can produce different interactions with the host 

203 drug molecules through favorable interactions such as covalent bonding, electrostatic attraction, 

204 or hydrogen bonding (Cheng et al., 2011). MSNs with proper surface modifications can therefore 

205 be good candidates for efficient drug loading and in providing effective drug release. MSNs can 

206 be functionalized organically by using different approaches such as post-synthesis (grafting) and 

207 direct synthesis (co-condensation) methods (Lee et al., 2009). Silanol groups (Si-OH) on the 

208 nanopores surface and the outermost surface of MSNs act as an anchor for chemical cross-

209 linking. This unique feature provides MSNs with two distinct domains that can be individually 

210 modified. The internal pores can keep DNA, RNA, drugs, and a large number of organic 

211 molecules such as fluorescent or magnetic resonance imaging (MRI) contrast agents. The outer 

212 surface can be modified to provide site-specific drug targeting capacity for intracellular delivery 

213 (Wu et al., 2011). 



11

214 The main feature of multifunctional MSNs is their ability to selectively deliver anticancer agents 

215 to tumor tissues. Here, the toxic side effects on normal cells can be minimized. To achieve this 

216 aim, active and passive targeting or a combination of both targeting needs to be developed. 

217 Passive targeting of tumors can be achieved by the enhanced permeability and retention (EPR) 

218 effect (Bertrand et al., 2014; Mir and Ebrahimnejad, 2014). Solid tumors grow rapidly, and this 

219 comes with increased nutrient and oxygen demand in tissues. As a result, new capillary blood 

220 vessels are generated, and this process is called angiogenesis.  Compared with healthy blood 

221 vessels, these new vessels are often disordered, discontinuous and contain several fenestrations. 

222 Due to the enhanced permeability of the EPR effect, the NPs can leak into tumor tissues through 

223 the gaps. Moreover, owing to the poor lymphatic drainage of solid tumors, molecules smaller 

224 than 4 nm can diffuse back to the blood circulation, whereas the diffusion of larger NPs is 

225 hindered, thus accumulating in solid tumors. This phenomenon refers to the retention of the EPR 

226 effect (Figure 2) (Fox et al., 2009).

227 Although passive targeting via the EPR effect is a good strategy for the delivery of 

228 chemotherapeutic agents, it has several drawbacks such as the inability to distinguish between 

229 healthy and diseased tissues, inadequate tumor accumulation, inter- and intra-tumor as well as 

230 inter-individual tumor heterogeneity (Subhan et al., 2021). Active targeting and second-

231 generation nanomedicines with improved functionalities and increased efficacy have therefore 

232 been applied in overcoming the obstacles of passive targeting. This is usually accomplished by 

233 the attachment of a targeting ligand on the outer surface of MSNs, which is specific for the 

234 corresponding receptor. Using cancer-specific targeting ligands for modification of MSNs 

235 surfaces can improve cellular uptake of MSNs into cancerous cells compared to healthy cells 

236 (Sodagar-Taleghani et al., 2021). Various types of ligands have been used for targeting purposes, 
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237 such as peptides, aptamers, small molecules like folate and mannose derivatives, proteins 

238 including lectin, lactoferrin, transferrin, DARPins, monoclonal antibodies, and their engineered 

239 fragments, which specifically attach to receptors overexpressed at the target area (Jafari et al., 

240 2016; Sharifi et al., 2021a; Srinivasarao and Low, 2017).

241 Folic acid is a vitamin that acts as a targeting ligand and can be conjugated to the therapeutic 

242 molecule for targeting folate receptors overexpressed in numerous human cancer cells found in 

243 the breast, ovarian, colorectal, endometrial, and lung (Ebrahimnejad et al., 2021). Apart from 

244 folic acid, other small cell nutrient molecules such as mannose have been shown to selectively 

245 enhance the cellular uptake of MSNs by breast cancer cells. For example, Tamanoi et al. showed 

246 high efficacy for the delivery of camptothecin as a hydrophobic anticancer drug, with MSNs as a 

247 drug delivery carrier (Lu et al., 2007). The experiments showed that cellular uptake efficiency in 

248 the cancer cells was improved by attaching folic acid to the MSN surface.

249 Knežević et al. constructed folic acid-modified MSNs with pore-bonded vinblastine and 

250 fullerenol-capped as an anticancer drug. The efficacy of therapy on the targeting of cancer-

251 overexpressed folate receptors compared to cell viability after the healthy MRC-5, cervical 

252 cancer HeLa cells, and breast cancer MCF-7 therapy indicate that the cancer-targeting ability of 

253 the DDS and folate receptor-dependent activity of the prepared material may be constructed for 

254 tumor tissues selective therapy (Knežević et al., 2016).

255 Carbon dots (CDs) as novel kind of fluorescent carbon-based nanomaterials have attracted great 

256 attentions in various research fields such as drug delivery, bioimaging, and biosensors (Wan et 

257 al., 2021). Sun and coworkers prepared a fluorescent mesoporous silica-carbon dot nanohybrid. 

258 CDs, from folic acid as the raw material, were synthesized in situ and functionalized via a 

259 microwave-assisted solvothermal reaction on the amino-modified MSNs (MSNs-NH2) surface. 
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260 The nanohybrid showed bright yellow emission-stable and retained the MSNs' superior features 

261 showing the ability for fluorescence imaging-guided drug delivery. This MSNs-CDs nanohybrid 

262 was utilized to target folate receptor-overexpressing HeLa cells. Due to the FA function-alike 

263 structure of the CDs on the surface of MSNs, it is considered a nanocarrier for efficiently 

264 delivering drugs into tumor environments and subsequently reducing the side effects of 

265 chemotherapy (Figure 3) (Zhao et al., 2019).

266 In another study, iron oxide core@shell MSNs were fabricated and decorated with 

267 polyethyleneimine (PEI) layer and folic acid moieties for efficient delivery of erlotinib. The 

268 results showed that the folate-targeted NPs had higher toxicity in HeLa cells in comparison with 

269 the free erlotinib (Avedian et al., 2018).

270 Park et al. showed cancer cell-targeting NPs which can load multiple therapeutic agents for 

271 important therapeutic effects and specific therapies for cancer. To achieve these goals, 

272 hyaluronic acid (HA) was attached to targeting MSNs for efficient cancer cell drug delivery. To 

273 minimize the side effects of chemotherapy and synergistic therapeutic effects of chemotherapy. 

274 CD44-targetable MSNs have been used for chemotherapy and photodynamic therapy (PDT). 

275 HA-MSNs are remarkable nanocarriers with favorable CD44-targeting with the ability for 

276 efficient delivery of dual-drug (Ce6 and doxorubicin (DOX)) to CD44-expressing squamous cell 

277 carcinoma 7 (SCC7) cells. DOX/Ce6/HA-MSNs indicated high efficient cytotoxicity on green 

278 fluorescent protein-expressing SCC7 whereas up to 250 μg/ml of HA-MSNs was viable for most 

279 of the cells (>95%). This suggested that HA-MSNs are non-toxic and biocompatible nanocarriers 

280 (Park et al., 2019).

281 Wang et al. fabricated HB5 aptamer-modified mesoporous silica-carbon-based DOX-loaded 

282 nanosystems (MSCN-PEG-HB5/DOX) which were characterized for the treatment of human 
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283 epithelial growth factor receptor 2 (HER2)-positive breast cancer cells (Wang et al., 2015). 

284 Aptamer HB5-modified NPs indicated significantly higher cellular uptake in HER2-positive 

285 breast cancer in comparison to the untargeted particles, thereby leading to the highest cell-killing 

286 effect.

287

288 3.2. MSNs-based controlled release systems for cancer treatment

289 It is necessary to inhibit the initial burst release of drugs from DDSs enabling the nanocarriers to 

290 ensure the ability to release drugs at the right place and time. To design and equip MSNs with 

291 controlled-release capabilities, two major approaches can be employed. One method to control 

292 the release of guest molecules is the attachment of drugs to the MSNs surface through stimulus-

293 responsive linkages. Due to the differentiated pathologies in the cancer medium, different 

294 internal stimuli (i.e., pH, enzyme, and redox) can be used to stimulate the release of a drug. 

295 Besides, external stimuli (i.e., temperature, light, magnet, and ultrasound) can also be utilized to 

296 enable the MSNs responsiveness ability (Table 2, Figure 4) (Aznar et al., 2009; Climent et al., 

297 2009; Lai et al., 2003; Lee et al., 2010; Saint-Cricq et al., 2015; Zhu et al., 2009).  Another 

298 approach named “capping” or “gating” includes the joining of organic molecules at the pore 

299 opening thereby inhibiting the release of a drug that exists in the pore. “Nanovalves” can be 

300 connected to the pore openings to present close and open functions for drugs loaded in the 

301 mesopores. The chemotherapeutic agents stored in the mesopores thus remain inside NPs by the 

302 closure of the nanovalves. The release of stored chemotherapeutics can therefore be achieved by 

303 opening the nanovalves. To date, different capping (gating) materials such as Au (Yoon et al., 

304 2003), rotaxanes and pseudorotaxanes (Gayam and Wu, 2014), metal NPs (Chen et al., 2011), 

305 dendrimers (Nadrah et al., 2013b), and proteins (Schlossbauer et al., 2009) have been developed.
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306  

307 3.2.1 pH-Responsive Systems

308 The pH-sensitive formulations have been designed in order to overcome the deficiency of 

309 conventional drug formulations. Generally, pH triggering is the common method used to control 

310 drug release. Because of the acute disorganized vasculature, hypoxia, and raised interstitial 

311 pressure in the internal milieu of tumors, increased glucose consumption and production of 

312 additional metabolites -mostly lactic acid- (known as Warburg's hypothesis), it results in creating 

313 tumor acidosis. The pH in tumor tissues is less than that of normal tissues (Liberti and Locasale, 

314 2016). This property provides massive benefits with regards to targeted delivery to cancer cells. 

315 The pH-sensitive binders are a class of chemically degradable binders that can be attached to 

316 MSN-based nanocarriers for controlled drug release in cancer cells (Casasús et al., 2004). 

317 Blocking the MSNs pores with a non-covalently bonded pH-sensitive polymer is an efficient 

318 method in controlling drug release. At low pHs, polymers can be separated from the particles, 

319 and thereby the release of a drug at a specific acidic tumor site can be achieved. Among these 

320 methods, using polyelectrolyte multilayers (PEMs) is one of the main approaches to control the 

321 release of drugs. PEMs are polymers whose repeating units bear electrolyte groups. They are 

322 typically attached to the MSNs surface to work as a pH-triggered release system by 

323 conformational transition under various pHs (Yang et al., 2014b). The polyelectrolytes strongly 

324 coil around the MSNs thus inhibiting the drug release under a weakly basic or neutral milieu. For 

325 instance, to induce a pH-sensitive swelling and de-swelling capability to MSNs for controlling 

326 the drug release rate, MSNs were modified with PEMs of poly (allylamine hydrochloride) 

327 (PAH)/sodium polystyrene sulfonate (Tamanna et al., 2015). Moreover, various functional 

328 groups have been employed to be used as attachments to MSNs for pH-triggered drug release. 
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329 For example, Che and coworkers have designed an MSN-based pH-triggered delivery system by 

330 coordinating the bonding of functional groups on the pores with drugs and metal ions (Zheng et 

331 al., 2011). This “host-metal-guest” framework showed significant constancy over fast pH 

332 responsivity and was identified as a novel approach for pH-triggered release in cancer treatment. 

333 Lee et al. prepared calcium phosphate capped-MSNs as a DDS that releases drugs under acidic 

334 pH (Zheng et al., 2011).

335 Mu et al. fabricated a pH-sensitive MSN-based DDS modified with poly (L-histidine) (PLH) and 

336 PEG for tumor-specific release of sorafenib. The PLH is pH-dependent and therefore, the coating 

337 showed an “on-off” mechanism of release. The NPs exhibited negligible hemolysis activity, 

338 good anti-proliferative activity, and inhibited tumor growth (Mu et al., 2017).

339 Huang et al. prepared MSNs that were functionalized via polydopamine (PDA) for the extended 

340 release of a cationic amphiphilic drug, desipramine (DES). MSNs-DES-PDA had a strong pH-

341 sensitivity pattern. The DES release patterns from MSNs-DES and MSNs-DES-PDA were 

342 dramatically different with the release of drugs from MSNs-DES-PDA increasing with a rising 

343 increase in acidity. The in vitro cytotoxicity investigation indicated that compared with the free 

344 DES, MSNs-DES-PDA had a higher cytotoxicity effect on cells. The IC50 values of HeLa cells 

345 treated with MSNs-DES-PDA at 24 h and 48 h were 7.21 ± 0.36 and 1.96 ± 0.13 µg/ml 

346 respectively versus those of the free DES (22.31 ± 1.12 and 8.59 ± 0.56 µg/ml respectively), 

347 suggesting that the formers were 3.09- and 4.38-fold effective. It was therefore concluded that 

348 MSNs-DES-PDA had a higher cytotoxicity effect against HeLa cells because of the sustained 

349 drug release rate (Chang et al., 2016).

350 Saroj et al. synthesized pH-responsive PAA-MSN and Etoposide (ETS) and introduced them 

351 into PAA-caged MSNs for cancer therapy. MSN-PAA was investigated as carriers for loading 
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352 and for the controlled release profile of ETS at various pHs. The PAA-MSNs had a high loading 

353 content of 20.19%. The release profile of ETS-MSN-PAA and ETS-MSN was measured as a 

354 function of pH and time. The cumulative drug release percentage at different pH values of 5.6, 

355 6.8, and 7.4 was calculated to be 85%, 70.72%, and 36.21%, respectively. The maximum drug 

356 release was observed at the lowest pH of 5.6. This was because PAA was protonated at lower pH 

357 values (5.6 and 6.8), which eventually resulted in the detachment of strong electrostatic forces 

358 between PAA and ETS. The strong electrostatic forces with PAA prevented drug release at 

359 higher pH. The results of the MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium 

360 bromide) assay revealed that the drug-loaded MSN-PAA NPs were more cytotoxic against PC-3 

361 and LNCaP prostate cancer cell lines, compared to the free ETS (Saroj and Rajput, 2018).

362 dos Apostolos et al. synthesized Cu-containing mesoporous silica/hydroxyapatite-based 

363 nanocomposites which were modified with the pH-sensitive polymer, methacrylic acid (MAA), 

364 and tetraethylene glycol dimethacrylate as a linker. Methotrexate (MTX) can be presented in the 

365 anionic and cationic forms, related to the protonated amino group. At pH 5, the MAA is in its 

366 non-ionized form. The results proved that the existence of hydrogen bonds between the polymer 

367 and the cationic group of MTX could control the release of MTX at pH 5. Although the 

368 synthesized NPs exhibited 70 times lower MTX than the free drug, they showed a high cytotoxic 

369 effect for both cells when in vitro cytotoxic activity of the NPs in fibroblast and Saos-2 cells 

370 were investigated (dos Apostolos et al., 2019).

371

372 3.2.2 Redox-Sensitive Systems

373 The potential of redox occurs generally in the tumor environment and has been regarded as a 

374 viable biomarker for drug release. Redox-responsive vectors can reply to the different 
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375 concentrations of glutathione (GSH) between extracellular environments equal to 10 µM and 

376 intracellular environments in the range of 1-10 mM (Zheng et al., 2011). The specific redox 

377 potential difference between the inside and outside of cells is referred to as the trigger release of 

378 particulate drugs within the intracellular domain of the tumor environment (internal trigger). The 

379 most important aspect of disulfide bonds is their cleavage, which occurs in the intracellular space 

380 with a comparatively high concentration of GSH. Therefore, various redox-responsive cargo 

381 release systems have been developed. These compose of various nanocaps, for example, CdS 

382 (Lai et al., 2003), Fe3O4 (Giri et al., 2005), gold NPs (Torney et al., 2007), and biomolecules that 

383 are covalently attached to the MSNs. The disulfide bond is used as a redox-responsive linkage 

384 between nanocaps and MSNs. The disulfide bridge is cleaved at high intracellular GSH 

385 concentrations creating two thiol groups at the targeted tumor site. These phenomena may lead 

386 GSH to operate as a reduction agent (Nadrah et al., 2013a). Many in vitro investigations have 

387 demonstrated that mercaptoethanol and dithiothreitol (DTT) act as disulfide-reducing agents to 

388 confirm the redox potential mechanism. For instance, Liu et al. synthesized crosslinked poly(N-

389 acryloxysuccinimide) connected to the MSNs pore gateway (Nadrah et al., 2013a). DTT cleaved 

390 the disulfide bridges of the cystamine which resulted in the spatial disruption (and weakening) of 

391 the polymer system and caused the redox-triggered drug release. Besides the polymers, Lin et al. 

392 attached the inorganic iron oxide NPs as caps to MSNs (Giri et al., 2005). These Fe3O4-capped 

393 MSN-based nanocarriers exhibited “zero-release” before reaching cells of the target tissues with 

394 the cargo being released by dissociation internalization. A study on a redox-responsive delivery 

395 system showed that a disulfide bridge was used to attach a mercapto-containing drug, 6-

396 mercaptopurine, to mercapto-functionalized MSNs (Zhao et al., 2014a). Also, by a simple 

397 modified grafting process, various anticancer drugs such as cisplatin and DOX can 
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398 accept a mercapto group and then be covalently grafted to MSNs by a disulfide bond (Ahn et al., 

399 2013; Wang et al., 2013). Many redox-responsive MSN-based platforms hold the cargoes within 

400 their mesopores with gatekeepers grafted on their surfaces through disulfide bonds. These 

401 systems can be fabricated by employing heparin (Dai et al., 2014), collagen (Luo et al., 2011), 

402 PEG (Wang et al., 2015), cytochrome C (Cyt C) (Zhang et al., 2014), etc. as end-capping agents 

403 for redox-sensitive MSNs. Cyt C can attach to apoptotic protease activating factor (Apaf-1), 

404 which induces the caspase cascade pathway to result in cell apoptosis (Matapurkar and Lazebnik, 

405 2006).

406 In a redox-responsive DOX/siRNA co-delivery system, the surface of MSNs was decorated with 

407 the adamantane (Ad) units via a disulfide bond (Ma et al., 2014). The DOX was blocked inside 

408 the mesopores through the formation of a host-guest complex among Ad and ethylenediamine-

409 modified α-cyclodextrin (α-CD). The amine groups could form complexes with siRNA via 

410 electrostatic interaction. Due to the cleavage of disulfide bonds, a high amount of GSH mediated 

411 reduced environment for triggering DOX/siRNA release. The simultaneous delivery of siRNA 

412 and DOX by prepared NPs could enhance the cytotoxicity against HeLa cells and significantly 

413 inhibit the growth of liver tumors (P=0.0291).

414

415 3.2.3 Enzyme-Triggered Systems

416 The control of anticancer drug release based on enzyme-trigger is obtained due to good 

417 biocompatibility, and specific and high biological enzymatic activity. MSNs have been used to 

418 protect anticancer cargos by blocking the pores using capping agents such as proteins, peptides, 

419 and lipids which can be removed in the presence of enzymes as stimuli (Li et al., 2019). Matrix 

420 metalloproteinases (MMPs) are a type of proteases that destroy the extracellular matrix 
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421 components. The overexpression of these materials have been observed in many cancer types. 

422 They are overexpressed in some tumor microenvironments and have been exposed to improve 

423 the migration of tumor cells from primary cancer throughout metastasis (Du et al., 2015; Overall 

424 and Kleifeld, 2006). For example, gelatin, as an MMP2-sensitive linker, has been used for 

425 enzyme-triggered drug delivery, indicating a comparatively higher degree of hydrolyzation and 

426 controllable drug release kinetics (Zou et al., 2015). 

427 The MSN-based enzyme-triggered systems can be applied for drug delivery in cancer treatment 

428 studies. Some biopolymers such as chondroitin sulfate and HA have been reported as 

429 multifunctional capping agents for the retention of drugs in MSNs, targeting cells or organs, and 

430 bio-responsive release of the drug. CD44 biomarkers in tumor cells are overexpressed by 

431 chondroitin sulfate capping agents causing a slower encapsulated drug release followed by 

432 trigging with enzymes such as lysosomal hyaluronidase which is abundant within tumor cells (Li 

433 et al., 2021). For instance, an MSN-based enzyme-sensitive DDS was developed for targeting 

434 cancer cells and mitochondria (Naz et al., 2019). Triphenylphosphine (TPP), a mitochondria-

435 targeting compound, was attached to the surface of MSNs with DOX loaded into the mesopores. 

436 HA capped on the surface of MSNs and imparted a powerful sealing ability in normal cells while 

437 enhancing selective uptake by cancer cells via CD44 receptor-mediated endocytosis processes. 

438 Furthermore, the HA-modified NPs demonstrated enzyme-responsive DOX release under the 

439 degradation of the overexpressed hyaluronidase in the cancer cells. In addition, the existence of 

440 TPP enabled the DDS to target mitochondria and release DOX at the subcellular organelle (Naz 

441 et al., 2019).

442

443
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444 3.2.4 Light-Activated Systems

445 Leveraging on the different signs of progress in PDT therapeutic agents, light irradiation is used 

446 to trigger the drug release operatively for site-specific release of drugs. O-nitrobenzyl ester, 

447 thymine, coumarin, azobenzene, and aluminum phthalocyanine disulfonate as photochemical 

448 responsive bonders are common capping agents for efficient light-triggered release from MSNs 

449 (Murugan et al., 2021).

450 Photo-induced hyperthermia, which is relatively non-invasive is utilized as a trigger for 

451 controlled drug delivery in cancer therapy. The benefits of the application of light rely on its low 

452 toxicity, simple usage, and fine position of the focalized light in the right position. However, the 

453 chief disadvantage is its poor and slow penetration (Ferris et al., 2009). The initial light-triggered 

454 release system based on MSNs was investigated by the Tanaka group (Mal et al., 2003). They 

455 synthesized a UV-light sensitive smart drug delivery containing coumarin derivatives attached to 

456 the pore walls to control the release of the drug. Li et al. designed a red-light responsive MSN-

457 based nanosystem and employed a cyanine dye that was linked to the surface of MSN-doped 

458 with DOX, which was further wrapped by PEG. Upon red light (650 nm) irradiation, the 

459 photolabile cyanine-azide linker was cleaved and led to the dePEGylation of the nanocarrier. The 

460 encapsulated DOX could then be effectively released in xenografted 4T1 tumor-bearing BALB/c 

461 mice (Li et al., 2020).

462 Under near-infrared (NIR) light, the tissue exhibits deep penetration but low absorbance. A 

463 broad type of photothermal NPs show poor absorption within NIR ranging from 750 nm to 2500 

464 nm. The photon energy absorption is transformed into warmth with great capability. Heat 

465 induces a temperature rise in the target tissue, which leads to a destruction of the endosome and 

466 an improvement in the endosomal escape of the nanocarriers and thus an increase in membrane 
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467 permeability (Martinez et al., 2010).

468 Au nanostructures and carbon-based materials (Monem et al., 2014), copper sulfide (CuS) NPs 

469 (Wu et al., 2014) and Pd nanosheets (Zhao et al., 2014b) have been employed to prepare 

470 mesoporous silica platforms for chemo-photothermal therapy (PTT) (Gao et al., 2020). Zheng et 

471 al. used Ag NPs as the capping agent for MSN-coated gold nanorods for photothermal and 

472 photodynamic cancer therapy (Zhang et al., 2015b). Upon NIR irradiation, the photothermal 

473 effect of Au nanorods led to a fast increase in the local temperature, consequently, causing 

474 improved cell cytotoxicity. It can therefore be concluded that photothermal and photodynamic 

475 therapy have a synergistic effect on killing tumor cells. CuS NPs, as a cap, were bonded to 

476 MSNs through two complementary oligonucleotides to inhibit the premature release of DOX 

477 from MSNs (Liu et al., 2011a). Under NIR irradiation, the temperature increased, which caused 

478 the release of DOX. In another example, a gold nanoshell was attached to MSNs. NIR laser 

479 irradiation increased temperature and this hyperthermia was a marker for the severe toxicity of 

480 cells. Under the NIR irradiation, the localized generated heat induced the dehybridization of the 

481 DNA duplex and unlocked the pores which resulted in the quick release of DOX.

482

483 3.2.5 Magnetically-Triggered Systems

484 The use of magnetic field as an external stimuli to generate controlled DDSs has 

485 the advantage of high tissue penetration capability without damaging the surrounding tissues. To 

486 achieve this goal, a specific kind of NP that possesses an iron oxide magnetic core is used (Liong 

487 et al., 2008). The large amount of pure magnetic NPs is synthesized in organic solvents and 

488 indicates low aqueous stable dispersion. These are normally in an aggregated state but not 

489 segregated (Pan et al., 2017). The aggregation can reduce the heating efficiency of the magnetic 
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490 NPs (Kumar et al., 2017). In clinical applications, the magnetic field can trigger the release of 

491 drugs and penetrate living organisms. Considerable attention has been paid to the encapsulation 

492 of superparamagnetic iron oxide nanocrystals ranging in diameter from 5 to 10 nm into a silica 

493 matrix. Magnetic MSN-based delivery systems, due to the intrinsic properties of it being 

494 magnetic means it can be utilized in MRI and the production of thermal energy can be used to 

495 induce the enhanced and controlled release of encapsulated drugs.

496 For example, Chen et al. synthesized monodispersed Fe3O4-capped MSNs via chemical bonding. 

497 The incorporation of Fe3O4 into the MSNs indicated a higher accumulation of nanocarriers in the 

498 cancer cells under external magnetic field stimulation as compared to bare MSNs. The drug 

499 toxicity and uptake of MSN@Fe3O4 nano-complexes were affected by the distance between 

500 magnet and cells thus exhibiting their efficiency in magnetic drug targeting (Li et al., 2016; Yang 

501 et al., 2014a). Li et al. fabricated mesoporous silica shell-coated Fe3O4-Au core-shell 

502 nanocomposites (Fe3O4@Au@mSiO2). MSNs without magnetic induction showed a 37.5% of 

503 Au concentration in HeLa cells uptake. Under the magnetic field for 2 h, the amount of Au 

504 increased to 63.8% (Li et al., 2014).

505

506 3.2.6 Temperature-Responsive Systems

507 Amongst external stimuli employed for DDSs, temperature-sensitive DDSs have many 

508 advantages due to their passive targeting capability, regulating the phase transition temperatures, 

509 and flexibility in design (Thrall et al., 1986). Polymers like poly(N-isopropyl acrylamide) 

510 (PNIPAAM), which possess temperature-sensitive properties, can be connected to the MSNs for 

511 controlling/modulating the release of drugs. Such polymers have a low critical solution 

512 temperature (LCST) factor. At temperatures below the LCST, PNIPAAM becomes soluble and 
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513 moves to the swelling state because of the strong hydrogen bonding between water molecules 

514 and polymer chains. Above the LCST, the hydrogen bonds break, leading to insolubility and 

515 collapse of the PNIPAAM thus causing the pore opening and drug release (Colilla et al., 2013). 

516 Pure PNIPAAM indicates LCST at ~32°C which is not sufficient for the DDS, while the 

517 temperature of the body is higher, which induces the pores to open. The copolymerization of 

518 PNIPAAM with other monomers, for example, N-isopropylmethacrylamide or acrylamide 

519 (Nagase et al., 2007; Zintchenko et al., 2006) leads to an increase (to ~37 °C) in the LCST 

520 (Hoare et al., 2009; Keerl et al., 2008).

521 The surface-initiated atom transfer radical polymerization method was used by Dargaville et al. 

522 to attach PNIPAAM to the porous silicon materials surface (Dargaville et al., 2013). The 

523 composite indicated high drug loading capacity and unique controlled drug release property.

524 Baeza et al. designed a new nanodevice to control the small molecules and protein release based 

525 on the alternating magnetic field (Baeza et al., 2012). This MSN-based nanosystem is composed 

526 of iron oxide NPs encapsulated in the silica matrix and a thermo-responsive copolymer of 

527 PEI/PNIPAM, which was grafted on the outer surface of MSNs. Thermo-responsive polymers 

528 were used as gatekeepers to block the pores and to link proteins to the polymer shell via 

529 hydrogen bonding and electrostatic interactions. This technique inhibited uncontrolled drug 

530 release at low temperatures and when temperature increased (35-40 °C), the entrapped molecules 

531 were released (Baeza et al., 2012).

532 Other temperature-sensitive products such as DNA or lipids have been used in clinical 

533 applications. Schlossbauer et al. indicated that the molecular valve of the double-stranded DNA 

534 capped MSNs were opened by melting the DNA strand at the specific melting temperature of the 

535 oligonucleotide, which led to the controlled release of fluorescein from the pores (Schlossbauer 
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536 et al., 2010). Schlossbauer et al. attached biotin-labeled DNA strands to the outer surface of 

537 MSNs and regulated the pore-opening temperature through the length of DNA strands 

538 (Schlossbauer et al., 2010). Martelli et al. showed that coiled-coil peptide motifs can be used as a 

539 temperature-responsive cap to control drug release in MSNs (Martelli et al., 2013). These 

540 gatekeeper materials are biodegradable, biocompatible, and non-toxic which makes them a good 

541 choice for clinical carcinoma treatment.

542

543 3.2.7 Ultrasound-Triggered Systems

544 Ultrasonic (US) response is an effective external trigger for delivery of cargo at the desired site 

545 because of features such as the absence of ionizing radiations, non-invasiveness cycles and 

546 exposure time, cost-effectiveness, and safety in the clinic. High-frequency ultrasound has got 

547 many potential applications in nanomedicine because of its ability to deliver local therapies 

548 without any damage to normal tissues (Sirsi and Borden, 2014). Cavitation and heat are two 

549 unwanted effects of ultrasound technology that have been harnessed in the delivery of drugs. 

550 Researchers have designed encapsulated microbubbles (MBs) with MSNs nanosystems to load 

551 the drug in MBs for region targeting under image monitoring of US (Bae et al., 2011). Nonlinear 

552 wave propagation in tissue can provoke many physical impacts which can be utilized as US-

553 triggered drug release. The mechanical and thermal properties of US have been applied to trigger 

554 the drug release from various nanocarriers.

555 For instance, Amin et al. developed a US-responsive DDS composed of lipid-coated MSNs for 

556 avoiding premature release as well as triggered drug release at the target site (Amin et al., 2021). 

557 DOX, as an anticancer drug, and perfluoropentane (PFP) as a US responsive agent, were 

558 encapsulated inside the MSN pores. The lipid layer improved the cellular uptake and also acted 
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559 as a gatekeeper at the pore openings to avoid premature release. Upon US irradiation, the liquid-

560 gas phase transition of PFP led to the rupture of the lipid coating which resulted in a triggered 

561 drug release (Figure 5) (Amin et al., 2021).

562

563 3.3 Multi-Stimuli Responsive MSNs

564 Controlling the precise delivery of therapeutics in a particular part of the body can be achieved 

565 by designing delivery systems triggered by multiple stimuli that can work synergistically to 

566 ensure the release of the drug only in the target tissue or cells. The versatility and 

567 functionalization capability of MSNs means the insertion of at least two kinds of responsive 

568 moieties or functional groups in the same nanodevice is possible. The pore caps may thus be 

569 opened either by one or another stimuli or simultaneously by both. It can also be possible to 

570 design a stimuli cascade in which one stimulus triggers the unblocking process of MSNs or leads 

571 to the release of various payloads in a sequential manner.

572 Zhu et al. synthesized graphene quantum dots (GQDs) caped MSNs for chemo-PTT. The GQD-

573 MSNs showed pH and temperature-responsive release behavior and under NIR irradiation, 

574 effectively produced heat to destroy tumor cells. DOX-loaded GQD-MSNs induced higher 

575 uptake efficiency, cytotoxicity, and increased intracellular accumulation in 4T1 breast cancer 

576 cells (Sasikala et al., 2016). 

577 Luo et al. designed a multifunctional MSN-based enveloped nanosystem for the co-delivery of 

578 the antineoplastic drug, topotecan (TPT), and therapeutic peptide (TPep) to tumor cells (Luo et 

579 al., 2014). TPT was entrapped in the mesopores of MSNs and the mitochondria-targeted 

580 therapeutic molecule, TPep, was attached to the surface of MSNs by a disulfide bond. The NPs 

581 were modified with PEG-poly(L-lysine) (PLL) and 2,3-dimethylmaleic anhydride (DMA) 
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582 moieties and were introduced into the polymeric chains. This made the system sensitive to the 

583 pH alteration thus making the cellular uptake of the enveloped NPs at pH 6.8 much more than 

584 that of the NPs at neutral pH. After internalization by the cancer cells, the disulfide bonds 

585 cleaved in the presence of intracellular GSH, TPT, and TPep could be released from the MSNs. 

586 This in turn destroyed both the nucleus and tumor mitochondria respectively hence 

587 demonstrating complementary synergistic therapeutic effects (Figure 6) (Luo et al., 2014).

588 A dual responsive MSN with poly (NIPAM-co-MA) polymer and a lipid coating was fabricated 

589 by Feng et al. to co-deliver berberine and evodiamine. This pH and the temperature-responsive 

590 system showed that the cumulative release of evodiamine and berberine was 89.01% and 57.98% 

591 respectively at a pH value of 5 and a high temperature (~41°C) which simulated the lysosome in 

592 the tumor cell. Also, NPs showed excellent synergistic therapeutic effects in vitro and an 

593 enhanced rate of apoptosis to suppress tumor growth in mice (Feng et al., 2018).

594 Because reactive oxygen species (ROS) levels in tumor cells are much higher than in normal 

595 cells, ROS-triggered drug release has indicated officious cancer treatment (Liu et al., 2019). Yu 

596 et al. used a temperature and ROS dual responsive polymer, 4-(4,4,5,5-tetramethyl-1,3,2- 

597 dioxaborolan-2-yl) benzyl acrylate, to modify MSNs for the delivery of DOX to cancer cells. A 

598 high drug-loading content was attained at low temperature and the pore-blocking was obtained 

599 by raising the temperature (37 °C). A fast drug release was achieved in the existence of H2O2 

600 because of the coated-polymer phase transition from hydrophobic to hydrophilic, whereas there 

601 was no burst release under physiological conditions (Yu et al., 2018a).

602 In a research study, the thermoresponsive polymer MEO2MA and 2-(2-methoxyethoxy) ethyl 

603 methacrylate were combined with an US-responsive monomer (THPMA) to prepare copolymers 

604 sensitive to heat and US (Paris et al., 2015). Grafted copolymers with MSNs facilitated an 
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605 efficient loading of drugs into the prepared nanostructures at 4 °C due to the open conformation 

606 of the thermosensitive polymer chains at this temperature. At higher temperatures (37 °C), the 

607 thermosensitive polymer collapsed to close the pore entrances. Under US irradiation, the 

608 sensitive polymer changed its hydrophobicity and adopted a coil-like conformation that opened 

609 the gates and released the drug cargo. This dual responsivity allowed the NPs to carry and 

610 control drug release which is significant in transporting cytotoxic drugs to treat cancer.

611 Furthermore, if tumor-targeting ligands are attached to the gatekeepers, stimuli-responsive DDs 

612 for selective delivery to specific cancer cells and highly controllable drug release can be 

613 obtained. For example, Zhang et al. prepared multifunctional MSNs for the targeted delivery of 

614 DOX to cancer cells. The surface of the MSNs was modified with amino β-cyclodextrin (β-CD) 

615 rings via disulfide bonds. The amino β-CD ring was utilized as a cap to block drug molecules 

616 within the mesopores. In this study, PEG-modified with Ad units and folate moieties were 

617 successfully attached to the MSNs via the Ad/β-CD complexation. The obtained multifunctional 

618 MSNs including the folate targeting units were trapped efficiently by folate receptor-rich HeLa 

619 cancer cells via receptor-mediated endocytosis. Under the same conditions, the folate-receptor-

620 poor human embryonic kidney 293 normal cells presented less endocytosis. The main cellular 

621 uptake mechanism was endocytosis which could lead to the release of loaded DOX into the 

622 cancer cells triggered through endosomal acidic pH. Following the endosomal escape of NPs and 

623 its transfer to the cytoplasm of cancer cells, a high amount of GSH could be trapped in the 

624 cytoplasm and result in the elimination of the β-CD capping rings through the cleavage of 

625 disulfide bonds to enhance further drug release in the cytoplasm of cancer cells. These drug-

626 loaded multifunctional MSNs could considerably reduce the growth of cancer cells due to the 

627 high potency of cellular uptake via receptor-mediated endocytosis and stimuli-triggered drug 
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628 release (Zhang et al., 2012). Some of the different materials that have been attached to MSNs for 

629 different applications in cancer treatment are shown in Table 3.

630

631 3.4 Overcoming Multidrug Resistance (MDR)

632 One of the biggest barriers to cancer chemotherapy is the emergence of MDR, which severely 

633 impedes the efficacy of chemotherapeutic agents. Drug resistance in tumor tissues is a complex 

634 process that involves multiple cellular mechanisms (Kankala et al., 2017). MDR can be 

635 commonly classified into two groups; pump and non-pump resistance. Pump resistance is the 

636 overexpression of drug efflux pumps such as multidrug resistance protein (MRP1) and P-

637 glycoprotein (P-gp). These expel several anticancer drugs out of cancerous cells and thereby 

638 reduce the intracellular drug concentration. The major mechanism of non-pump resistance is the 

639 activation of the cellular antiapoptotic defense system, such as the drug-induced expression of B-

640 cell lymphoma-2 (BCL-2) protein, which leads to a reduction in drug sensitivity. Furthermore, 

641 there is mutual interaction between these two resistance mechanisms (Tanwar et al., 2014). To 

642 overcome drug resistance, various design strategies based on the outstanding features of MSNs 

643 have been employed. The MSNs nanostructures can facilitate cellular uptake, enhance the 

644 accumulation of drugs in the tumor region, and improve antitumor efficacy (He and Shi, 2014). 

645 MSNs can co-deliver various agents, such as antitumor drugs and MDR reversal agents. For 

646 instance, to tackle the MDR of MCF-7/ADR cells, Jia et al. synthesized MSNs for the co-

647 delivery of tetrandrine (TET) and paclitaxel (PTX) (Jia et al., 2015). The efflux of P-gp can be 

648 inhibited by TET and thereby result in the enhancement of the antitumor activity of PTX. Several 

649 research groups have utilized MSNs to deliver anticancer drugs and nucleic acids. Nucleic acids 

650 in combination with chemotherapeutics provide the opportunity for silencing specific genes 
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651 involved in drug resistance such as the drug efflux transporter gene P-gp and antiapoptotic 

652 protein gene BCL2. Thus, the intracellular drug concentration needed for effective cytotoxicity 

653 and apoptosis can be restored (Famta et al., 2021; Torres-Martinez et al., 2021). In another study, 

654 Meng et al. modified MSNs to effectively deliver P-gp siRNA and anticancer agent DOX to 

655 MDR cancerous cells (KB-V1cell line) (Meng et al., 2010). It was perceived that the dual 

656 delivery of siRNA and DOX improved the intracellular and intranuclear drug concentrations 

657 more than the free DOX or DOX-loaded MSNs without siRNA.

658 It has been reported that an ideal nuclear-targeted nanoparticulate DDS can help overcome MDR 

659 (Pan et al., 2014). To construct a nuclear-targeted anticancer DDS, MSNs can be modified with a 

660 Trans-Activator Transcription (TAT) peptide. For instance, Pan et al. developed an active 

661 nuclear-targeted DDS by attaching TAT peptides onto the MSNs for MDR circumvention in 

662 cancer cells (Pan et al., 2013). The attachment of the TAT peptide facilitated direct drug release 

663 in the nucleoplasm by the nuclear pore complex and subsequent intranuclear binding of the 

664 MSNs-TAT. Direct intranuclear drug delivery of DOX was more efficient in overcoming MDR 

665 of MCF-7/ADR cancer cells by improving the intranuclear and intracellular drug concentrations 

666 compared to the free drug or untargeted MSNs. Thus, direct nuclear-targeted drug delivery may 

667 help the drugs bypass the P-gp drug efflux pump by reducing ATP levels, overcoming the MDR, 

668 and increasing apoptotic signaling of MCF-7/ADR cells (Figure 7) (Pan et al., 2013).

669 In another study, MSNs were modified with Alpha-tocopheryl polyethylene glycol succinate 

670 (TPGS) for multidrug-resistant lung cancer treatment. New generation coatings TPGS were 

671 utilized to reduce P-gp meditated process multidrug resistance in the cancer cells. Enhanced 

672 cellular uptake in drug-resistant A549 cells was obtained from the MSNs coated TPGS, therefore 

673 proving the relapse of drug resistance (Cheng et al., 2017).
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674 4. Diagnostic Applications of MSNs

675 Non-invasive imaging techniques such as MRI, optical imaging (OI), positron emission 

676 tomography (PET), computed tomography (CT), and ultrasound (US) represent a powerful asset 

677 for the diagnosis of diseases. Imaging clarity can be remarkably enhanced by using an associated 

678 contrast agent (Peng et al., 2021). Due to the poor solubility and low fluorescence quantum yield 

679 in physiological solutions, the biological applications of fluorescent dyes are limited and they are 

680 not the favored selection for clinical imaging (Yuan et al., 2020). Compared to conventional 

681 molecular analogs, MSNs as flexible imaging platforms can be attached to imaging agents and 

682 provide considerable advantages (Kankala et al., 2019). 

683  

684 4.1 Magnetic Resonance Imaging

685 MRI is one of the most powerful imaging modalities, which can identify many disease states due 

686 to its high 3D resolution, penetration depth, and convenience. MRI however suffers from 

687 intrinsic low sensitivity. In order to overcome this obstacle, contrast agents can be used 

688 (Wahsner et al., 2018). Based on the generated contrast enhancement, MRI contrast agents are 

689 classified as being longitudinal (T1) or transverse relaxation (T2). T1 (positive contrast agents) 

690 brighten the region of interest and T2 (negative contrast agents) darken the desired area (Ni et al., 

691 2017).

692 MSNs with the ability to shorten longitudinal relaxation rates can be achieved by the formation 

693 of a core/shell structure comprising a mesoporous silica shell and a magnetic core. For example, 

694 Liu et al. investigated the long-term usefulness/contrast improvement of Mag-Dye@MSNs with 

695 magnetic and optical features, both upon intravenous injection and grafting of Mag-Dye@MSN-

696 labeled human mesenchymal stem cells at the brain olfactory cortex through MRI (Liu et al., 
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697 2008). In this study, the reticuloendothelial system (RES) caused the accumulation of Mag-

698 Dye@MSNs into organs, particularly in the spleen and the liver. The NPs were visualized in the 

699 liver for 90 days, demonstrating that the ratio of signal-to-noise improved after 3 months. This 

700 indicated that the Mag-Dye@MSNs were stable and not simply eliminated from the body.

701

702 4.2 Optical Imaging

703 OI is a non-invasive and non-ionizing imaging technique, which provides excellent spatial 

704 resolution and versatility. Various luminescent materials (e.g., luminescent inorganic 

705 nanocrystals, organic fluorophores, etc.) have been widely studied, however, some of them have 

706 limitations. For example, organic fluorophores suffer from poor photostability and rapid 

707 photobleaching. Moreover, most of the nanosized luminescent materials have colloidal stability 

708 or present serious concerns for toxicity (Sun et al., 2021). To tackle these aforementioned 

709 problems, these luminescent materials can be encapsulated into the MSN scaffold. For instance, 

710 Xie et al. functionalized the surface of MSN with carboxyl groups to covalently conjugate 

711 fluorescent probes (Xie et al., 2013). Cy5 was conjugated on the surface of carboxyl-modified 

712 MSNs to obtain Cy5@MSN/COOH. In vitro cellular uptake studies using MCF-7 cells indicated 

713 that Cy5@MSN/COOH were internalized by the cells and were located in the cytoplasm. In vivo 

714 imaging experiments were conducted in MCF-7 tumor xenograft mice. An obvious and strong 

715 fluorescent signal was observed in the tumor region after the injection of Cy5@MSN/COOH into 

716 the subcutaneous tumor of the mouse. After 96 h post-injection, the fluorescent signal was still 

717 bright, which indicated that Cy5@MSN/COOH has great potential for in vivo tumor imaging.

718

719
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720 4.3 Computed Tomography

721 CT imaging comprises 3D anatomical imaging based on differences in the X-ray attenuation 

722 coefficient. It is an important modality in diagnostics, which has low cost and high spatial 

723 resolution (Han et al., 2019). Current CT contrast agents are based on iodine analogs that suffer 

724 from anaphylaxis, potential renal toxicity, and poor blood circulation time. Encapsulation of 

725 these CT agents within the MSN structure can facilitate their use and also improve the retention 

726 time and biocompatibility. In addition, compared to iodine analogs, bismuth and gold possess 

727 improved X-ray attenuation meaninga lower concentration required to be utilized in vivo (Xue et 

728 al., 2014).

729 MSN-coated gold NPs were fabricated by Song et al. for fluorescence/CT imaging (Song et al., 

730 2015). NIR fluorescent dyes were encapsulated into MSNs shells for fluorescent imaging 

731 through electrostatic interactions. The in vitro CT imaging of MSNs-Au at different 

732 concentrations showed different CT values that increased in linearly with the increase of Au 

733 concentration. The in vivo CT imaging studies were conducted by the injection of MSNs-Au into 

734 male nude mice through the tail vein within 4 h. The high-resolution obtained images revealed 

735 that the MSNs-Au were mainly distributed in the liver and spleen tissues.

736

737 4.4 Positron Emission Tomography

738 It is well-perceived that PET is the most sensitive imaging modality which can provide 

739 information at a molecular level in living systems (Goel et al., 2017). The visualization of in vivo 

740 biological processes using PET requires the preparation of specific radiolabeled probes. 

741 Moreover, PET has limitless penetration depth and a wide range of clinically applicable probes. 

742 However, radiolabeled molecules evoke concerns about their long-term in vivo integrity and 



34

743 stability. Thus, it is a key improvement to develop MSN-based carriers for the application of 

744 positron-emitting radionuclides with longer half-lives. The conjugation of radionuclides with 

745 long half-lives, including zirconium-89 (89Zr) or copper-64 (64Cu) in MSNs have been 

746 investigated by several research groups (Chen et al., 2015a; Chen et al., 2014a; Miller et al., 

747 2014).

748 Short half-life radionuclides have also been incorporated into MSNs by efficient 

749 loading/conjugating. For instance, Fluorine-18 (18F) (T1/2 = 109.771 min)-labeled MSNs were 

750 described by Jeong et al. for in vivo imaging, with conjugation obtained using a strain-promoted 

751 alkyne azide cycloaddition (SPAAC) reaction (Jeong et al., 2019). The surface of PEGylated 

752 MSNs was modified by cyclooctyne and intravenously injected into the tumor-bearing mice. A 

753 few days later, the NPs functionalized with the 18F-labelled azide species were injected. The 

754 accumulation of radiolabelled NPs in the tumor region was observed and visualized by PET 

755 imaging.

756

757 4.5 Ultrasound Imaging

758 US imaging as a simple, flexible, non-invasive, and inexpensive modality is the primary and 

759 widely used technique for screening many different diseases (Kiessling et al., 2014). 

760 Microbubbles produced by agitating saline have been utilized as a contrast agent for US imaging 

761 (Liu et al., 2017). These contrast agent microbubbles with acoustic behavior coupled with MSNs 

762 have been broadly investigated for US imaging. For example, an MSN-based enhancement agent 

763 for ultrasound imaging developed by Wang et al. and loaded with a temperature-sensitive 

764 compound, perfluorohexane (PFH), as a bubble generator (Wang et al., 2012). Upon ultrasound 

765 exposure, the liquid PFH vaporized into a large number of small bubbles. PFH bubbles generated 
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766 heat to the MSNs-PFH (6 mg mL−1) at 70 ᵒC. While the unmodified MSNs did not generate any 

767 microbubbles in the overall heated area, numerous microbubbles were observed after the heat 

768 treatment of MSNs-PFH. Phosphate buffered saline (control), MSNs, and MSNs-PFH were 

769 separately injected into excised bovine livers and then exposed to ultrasonic irradiation at 70 W 

770 for 10 s. The results showed that MSNs-PFH could be an effective diagnostic agent for 

771 ultrasound imaging due to its high physiological stability, efficient loading and release of PFH, 

772 and easy penetration through tumor tissue.

773

774 5. Theranostics applications of MSNs 

775 The theranostics paradigm uses nanoscience to combine both diagnostic and therapeutic 

776 capabilities to form a single dose, which allows diagnosis, drug delivery, and monitoring of 

777 therapeutic response (Baeza and Vallet-Regí, 2020). Therapeutic methods including 

778 radiotherapy, photodynamic therapy, hyperthermia, chemotherapy, and nucleic acid delivery are 

779 coupled with one or more imaging agents for both in vitro and in vivo investigations. Various 

780 imaging probes such as nuclear imaging agents, fluorescent markers, and MRI contrast agents 

781 can be added to the therapeutic molecules or DDSs to obtain important information about the 

782 intracellular trafficking pathways and efficiency of delivery (Živojević et al., 2021). Moreover, 

783 to overcome undesirable differences in selectivity and biodistribution between distinct 

784 therapeutic and imaging agents, theranostics combine the functions and features of separate 

785 materials into one class. The theranostic nanomedicine has advanced abilities including 

786 multimodality diagnosis, stimuli-responsive release, targeted delivery, and sustained/controlled 

787 release in a single platform (Jafari et al., 2019). The combination of diagnosis and therapy in a 

788 single theranostic nanocarrier was achieved from the incorporation of imaging agents such as 
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789 magnetic nanocrystals (Sanson et al., 2011), molecular fluorophores (Gao et al., 2016), 

790 radionuclides (Jakobsson et al., 2019), or ultrasound contrast agents (Shi et al., 2013) into 

791 nanocarriers. 

792 In a research study, the two-photon paracyclophane fluorophores and azobenzene stalk groups 

793 were attached to MSNs pores to be used as a nanovalve for monitoring the release of an 

794 anticancer drug (Croissant et al., 2014). The fluorescence MSNs were efficient in the imaging of 

795 the MCF-7 breast cancer cells at low power of two-photon irradiation. In the presence of high-

796 power irradiation, the nanovalves displayed efficient two-photon triggered drug delivery in 

797 cancerous cells. 

798 In another study, TRC105 was joined onto the surface of MSNs against CD10 to target the 

799 cancer cells as a specific vascular marker for tumor angiogenesis (Chen et al., 2014b). Compared 

800 to non-targeted controls, the obtained results proved that there was significant progress in both 

801 PET and fluorescence imaging resolution which were conducted in 4T1 murine breast tumor-

802 bearing mice. Vascular targeting could enhance tumor accumulation two times more than passive 

803 targeting alone. In this study, TRC105 could be used as both an imaging and therapeutic agent, 

804 leading to a theranostic platform (Figure 8) (Chen et al., 2014b). 

805

806 6. The Influence of Physicochemical Properties of MSNs on Biological Systems

807 The influence of physicochemical properties of NPs such as surface area, shape, and size on 

808 biological systems plays a pivotal role in the efficient delivery of chemotherapeutics (Kankala et 

809 al., 2020a). MSNs have a high specific surface area (>1000 m2/g), which can be decreased by 

810 surface modification strategies such as amination or coating (Heidari et al., 2021; Van Rijt et al., 

811 2016). The NPs with large pores (~ 10 nm) show a smaller specific surface area (Möller et al., 
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812 2016). A larger surface area can increase the loading efficiency of therapeutic molecules. For 

813 instance, compared to the FDA-approved liposomal formulation Doxil®, a nearly 1000-fold 

814 amount of DOX can be loaded in MSNs (Watermann and Brieger, 2017). 

815 Size is very important to improve the stability and blood circulation time of MSNs. It is 

816 generally recognized that the NPs with a diameter of less than 10 nm is quickly removed by the 

817 kidneys, whereas larger NPs (> 200 nm) are likely to be removed by the RES. The preferred size 

818 to ensure long circulation half-time for MSNs is therefore 50-300 nm (Vallet-Regí et al., 2022). 

819 The lower limit is set to prevent the fast-renal clearance whereas the upper limit is set to 

820 avoid embolisms due to aggregation into the capillaries and alveoli. It should be noted that 

821 MSNs with a size range of 50-100 nm exhibit optimal levels of cell internalization (Vallet-Regí, 

822 2012).

823 Research indicates that the shape of MSNs can have a strong impact on their performance. It has 

824 been demonstrated that the best cellular uptake was achieved by rod-shaped MSNs, followed by 

825 spherical MSNs (Shao et al., 2017). The in vivo evaluation of rod-like MSNs revealed that short-

826 rod MSNs were easily trapped in the liver while long-rod MSNs were preferentially accumulated 

827 in the spleen (Huang et al., 2011b).

828 The surface charge also influences the cellular uptake of MSNs. The positively-charged MSNs 

829 can be taken up faster than their negatively-charged or neutral counterparts by human cancer 

830 cells. This is due to the electrostatic interaction between the negatively-charged cellular 

831 membrane and the positively charged MSNs (Slowing et al., 2006). In a physiological 

832 environment, MSNs are coated by various serum proteins resulting in the formation of a protein 

833 corona, which changes the in vitro determined parameters such as size and surface charge, and 

834 thereby influences cellular uptake (Nel et al., 2009). The absorbed proteins can facilitate 
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835 clearance by the mononuclear phagocyte system (MPS). Coating the surface of MSNs with PEG 

836 can prevent this phenomenon and increase the circulation time of NPs in blood (Cauda et al., 

837 2010a).

838

839 7. MSN Biosafety (Biocompatibility, Biodistribution, Degradation, Cytotoxicity)

840 The applications of MSNs in biomedical fields such as tumor targeting, drug/gene delivery, and 

841 tumor imaging have dramatically accelerated (Yanagisawa et al., 1990). Many research studies 

842 have been conducted in investigating the biosafety of MSNs. In some studies, histopathology and 

843 hematology outcomes indicated no specific toxic properties through any advanced MSNs. Some 

844 consequently confirmed the MSNs biosafety besides the MSNs biodistribution which can be 

845 valuable in producing MSN nanosystems for in vivo usage (Farjadian et al., 2019; He et al., 

846 2020; Huang et al., 2011a). Despite the advancement of MSN nanotherapeutic systems, concerns 

847 about the toxicity in living systems have been presented (Asefa and Tao, 2012). Although several 

848 studies have reported the safety of silica-based materials, specifically MSNs, the experimental 

849 evidence is very ambiguous and as such, there is no common opinion on the biosafety of these 

850 nanomaterials (Fadeel and Garcia-Bennett, 2010; Lu et al., 2010). However, the biocompatibility 

851 and general behavior of MSNs can be optimized through simple modifications based on 

852 accessible conformation. This is because of their strong dependence on physicochemical 

853 properties such as surface morphologies, particle dimensions, shape, pore size, and crystallinity 

854 (Kohane and Langer, 2010). Experimental data confirm that control of particle shape and size is 

855 the basic factor in the toxicity and biodistribution of MSNs. The toxicity and safety of MSNs 

856 depends therefore on the dose of the MSNs. The surface properties of MSNs also have an 
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857 excessive influence on their biocompatibility and biodistribution (Croissant et al., 2018; Tozuka 

858 et al., 2005). 

859 Compared to traditional drug molecule carriers, MSNs have demonstrated an improvement in the 

860 pharmacokinetics of therapeutic agents and therefore a reduction in toxicity by increasing their 

861 concentration in the target cells (Alexis et al., 2008). Although MSNs have emerged as a 

862 significant category of porous materials for use in advanced biomedical applications, their 

863 interaction with the body cells is still not fully understood. The absorption and distribution of 

864 MSNs into the body depend on the various routes of administration. Unlike the IV route of 

865 administration, in which drug-loaded MSNs are absorbed directly into the bloodstream, in the 

866 oral route of administration of MSNs, drugs must pass through the gastrointestinal (GI) tract to 

867 be absorbed into the bloodstream (Fu et al., 2013). Before the biomedical application of MSNs, 

868 an investigation into their total elimination from the body is warranted (Vega-Villa et al., 2008). 

869 Upon the administration of MSNs in the body following different exposure routes, elimination 

870 mainly occurred through both feces and urine. Previous reports indicated that after injection of  

871 MSNs, about 95% of Si was discharged via feces and urine, which shows that it can be easily 

872 expelled and degraded from the body (Lu et al., 2010; Moghaddam et al., 2019). The 

873 pharmacokinetics of MSNs may be dependent on the different routes of administration. 

874 Furthermore, the morphology, pore size, particle size, thermal oxidation, surface coating, surface 

875 functionalization, and oxidation can directly affect the in vivo fate of MSNs (Croissant et al., 

876 2017). 

877 The poor water solubility of hydrophobic anticancer drugs along with the unavailability of a 

878 successful biocompatible delivery system are the major concerns in cancer treatment. It is 

879 imperative to solve the important challenges of drugs such as their poor solubility and instability 
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880 in the aqueous environment which prevent their biomedical applications, especially for IV 

881 injection applications. Due to the poor solubility of anticancer drugs, the improvement of new 

882 approaches for these molecules without the use of organic solvents has earned considerable 

883 interest. MSNs suggest some potential capacities for improving the dissolution rate of poorly 

884 soluble drugs (Thomas et al., 2010b) by impacting the crystallinity or surface area. The pore size 

885 of MSNs is just to some extent greater than the size of the drug molecule, so, the production of a 

886 crystalline form of drugs is limited by the restricted space of the pores. The drug therefore 

887 maintains its non-crystalline (amorphous) form. In comparison with the crystalline phase, the 

888 amorphous state is identified to show higher dissolution rates (Ahuja and Pathak, 2009; Biswas, 

889 2017; Thomas et al., 2010b).

890 The biodistribution of MSNs is affected by their physicochemical properties. The most 

891 significant change would be the gradual conversion of silica-based NP to polysilicic acid or 

892 silicic acid, which are non-toxic and often eliminated/absorbed from the body slowly 

893 (Gonçalves, 2018). Clinical trials mainly focus on designing highly biodegradable MSNs (Janjua 

894 et al., 2021).

895 The main pathway of silica toxicity is due to the interaction between the silanol groups from the 

896 surface and the membrane components which causes lysis and leakage of cellular components 

897 and finally cells death (Nash et al., 1966; Slowing et al., 2009).  Compared to non-porous silica, 

898 mesoporous silica presents a less hemolytic effect (Mohammadpour et al., 2020). This could be 

899 associated with the low silanol density on the mesoporous surface (Lin and Haynes, 2010).

900 It has been reported that the cytotoxicity of various types of MSNs depends on the administration 

901 route instead of particle size (Hudson et al., 2008). Here, the MSNs were manufactured in 

902 various sizes by the use of neutral and cationic surfactants and their toxicity was measured in 
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903 rats. After intravenous injection with an equal dose of all MSNs types, fast death was detected 

904 (Hudson et al., 2008). Subcutaneous particle injection presented no major toxic effects. There 

905 was also no sign of size as a basic factor in the MSNs' biocompatibility in rats (Hudson et al., 

906 2008). Another study proposed that the administration route can influence the MSNs biosafety. 

907 This shows that internalization, cellular uptake, and MSNs lifecycle are difficult routes that are 

908 not determined via only one parameter (Smith et al., 2008; Tallury et al., 2008).

909 In addition, the fate of MSNs after various administration routes should be considered. In vivo 

910 distribution and elimination studies have shown that MSNs via oral or intravenous routes are 

911 relatively safe materials for biomedical applications (Kankala et al., 2022). Fu et al. examined 

912 MSNs with a particle size around 110 nm in ICR (Institute of Cancer Research) mice (Fu et al., 

913 2013). The administration of MSNs through the intravenous method led to the accumulation of 

914 MSNs in the spleen and liver at the end of 24 h and 7 days, while other routes of administration 

915 did not display any fluorescence in these tissues. At the end of 24 h and 7 days, no 

916 histopathological variations were found in the liver, spleen, kidney, and lung through various 

917 routes of exposure. The experimental data showed that MSNs were found to be well-tolerated 

918 and safe when administered through intravenous and oral methods (Fu et al., 2013; Tang et al., 

919 2012). 

920 Researchers have investigated the repeated and single-dose MSNs toxicity after intravenous 

921 injection in mice (Liu et al., 2011b; Narayan et al., 2018). The value of LD50 for MSNs was 

922 found to be higher than 1000 mg kg-1. In the studies of single-dose toxicity, mice treated with 

923 MSNs did not survive at doses above 1280 mg kg-1. Reciprocally, there were no behavioral 

924 variations or any pathological or hematological changes in the low-dose MSN-treated groups. 

925 Further studies have indicated that employing MSNs with a lipid layer can lead to development 



42

926 progress in pharmacokinetics, performance, and biosafety (Souris et al., 2010). Liu et al. used 

927 macrophage cells and zebrafish embryos to test the possible hazards of various surface-

928 functionalized PEG-MSNs. Several MSNs with the same size but with various zeta potentials, a 

929 strong or weak positively-charged surface and the strong or weak negatively-charged surface 

930 were manufactured. Upon the embryos’ incubation via 50 or 100 μg ml-1 of the MSNs, it was 

931 observed that the particles with strong positively-charged surfaces were uptaken through 

932 embryos and caused the death (approximately 94%). However, mortality did not happen with the 

933 embryos which were exposed to other surface-charged MSNs. These phenomena confirmed the 

934 effect of surface modifications on MSNs biosafety (Liu et al., 2015b; Sharifi et al., 2021b). 

935 The size of pores also affects the activities of MSNs. The cytotoxicity study of non-porous and 

936 porous silica NPs offered upper hemolytic activity and cytotoxicity of non-porous silica NPs in 

937 comparison with their porous components (Lin and Haynes, 2010; Maurer-Jones et al., 2010). 

938 Many reports have suggested a relationship between the MSNs’ anti-cancer potential and their 

939 pore sizes in the release of drugs (Jia et al., 2013). Compared to MSNs with large pore sizes, 

940 MSNs with smaller pore sizes have demonstrated a sustained drug delivery pattern and a more 

941 anti-cancer potential (Jia et al., 2013). Such examinations have revealed the effect of various 

942 morphologies and particle structures on biocompatibility, biodegradability, and the in vivo/in 

943 vitro assay of MSNs. Choosing a significant nanosystem for various biological activities is a 

944 topic of great interest in this area.

945 Molecular organic or inorganic doping (such as disulfides (Hadipour Moghaddam et al., 2017; 

946 Huang et al., 2017) or tetrasulfides (Chen et al., 2014d) iron (Wang et al., 2017), calcium (Hao et 

947 al., 2016), and manganese (Yu et al., 2016)) to mesoporous organosilica can control the 

948 degradation rates of MSNs. Moreover, surface modification influences the degradation rate of 
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949 MSNs. Cauda et al. reported that surface PEGylation of MSNs resulted in slower biodegradation 

950 kinetics (Cauda et al., 2010a). They examined the degradation rate of MSNs with several 

951 functional groups including phenyl, chloropropyl, and aminopropyl. The authors concluded that 

952 the degradation rate of phenyl functionalized MSNs was significantly higher than that of the 

953 chloropropyl and aminopropyl functionalized MSNs (Cauda et al., 2010b).  It is well-perceived 

954 that the porous structure of MSNs greatly affects the rate of degradation. MSNs with lower 

955 porosity have a faster degradation rate. 

956 Different degradation kinetics can be a merit for various biomedical purposes. The fast 

957 degradation rate might be beneficial in some biomedical applications in which therapeutic drugs 

958 have a short half-life, whereas, in the field of drug delivery, a slow biodegradation rate may 

959 result in controlled drug release. The direct effect of the morphology, size, and degradation 

960 environment on the degradation rate of MSNs has been examined by researchers. The obtained 

961 results revealed that the physicochemical engineering of MSNs permits adjusting the dissolution 

962 rate of silica in the biological environment for particular biomedical activities (Croissant et al., 

963 2017).

964 Chen et al. confirmed that in simulated body fluid (SBF) at 37 °C, the MSNs degradation is 

965 independent of the diameters of NPs (Chen et al., 2015b).  He et al. showed the impact of the 

966 surface area on the mesoporous silica degradation when three samples of MSNs with different 

967 surface areas of 958, 829, and 282 m2 g-1 in SBF were compared (Li et al., 2015a). In the first 2 

968 to 4 h, burst degradation was observed, causing 30, 70, and 90% hydrolytic degradation of silica 

969 as the surface area increased.

970 Cancerous cells use much more sugars, for example, glucose, at considerably higher rates, 

971 compared to normal cells. The major drawbacks, such as the absence of tumor selectivity and the 
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972 poor solubility of celastrol lead to low concentrations of the therapeutic drug in subcellular 

973 compartments of the target tissue, which in turn makes these structures excellent candidates for 

974 nanoparticulate delivery. Niemelä et al., utilized glucose as the high-affinity ligand on MSNs to 

975 deliver high loading capacities of celastrol-loaded MSNs to cancer cells. This resulted in 

976 minimum off-target properties on normal cells. MSNs were modified with sugar moieties in 

977 various manners: i) attached directly to the surface of MSN ii) mediated through a 

978 hyperbranched polymeric; the latter to increase the cellular uptake by producing a net positive 

979 surface charge and also to promote conjugation of sugar inactive sites. The surface modification 

980 impact on the effectiveness of target-specific antitumor properties of the particles was examined 

981 by analyzing the uptake in A549 (human lung carcinoma) and HeLa cells as models of cancer 

982 cells compared to mouse embryonic fibroblasts as normal cells (Niemelä et al., 2015). 

983

984 8. Industrial Application of MSNs

985 The commercial transmission of knowledge mostly relies on scalability and therefore the 

986 preparation of MSNs at the production scale may be an obstacle to its industrialization. Due to 

987 their uniformity, highly particular characteristics, reproducibility, and collection, the industrial 

988 production of such products would be the biggest challenge for the pharmaceutical industry. 

989 Regarding the progressing biodegradable models, it is essential to use low-cost and eco-friendly 

990 sources of silica and organic agents, reduce the number of steps of synthetic methods, and 

991 perform synthesis under nontoxic status to address the challenges of environmental degradation 

992 (Mehmood et al., 2017). Industrial usage of MSNs progressed slowly when it was presented in 

993 the biomedical field. Biosensors were industrialized consuming mesoporous silica-based 

994 nanofibers for the Horseradish peroxide (HRP) immobilization (Patel et al., 2006). The larger 
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995 surface area, extreme porosity, and minor diameter of mesoporous silica nano-fibers cause the 

996 HRP enzyme encapsulation. Further enzymes can be encapsulated by a similar method. 

997 Yamauchi et al. immobilized capsaicin on the silica nano-particle surface in the presence of 

998 polyamidoamine and its stimulus activation was determined by Yamauchi and co-workers 

999 (Yamauchi et al., 2010). The successful encapsulation of capsaicin enlarged the stimulus activity 

1000 in comparison with capsaicin alone. Although inherent toxicity is a concern with the majority of 

1001 inorganic NPs, encouraging studies on the biocompatibility and effectiveness of MSNs in animal 

1002 models display their incredible ability to navigate this platform to medical conditions (Narayan 

1003 et al., 2018).

1004

1005 9. Conclusions and Future Outlook

1006 In this review, the usage of MSN-based materials with anticancer properties was discussed. 

1007 MSNs serve as an excellent candidate for cancer treatment because of their unique high specific 

1008 surface area and pore volume, tunable surface functionality, stability, good biocompatibility and 

1009 biodegradability, and the possibility of creating hierarchical structures. Despite the major 

1010 developments in the preparation and application of MSNs, many challenges remain with regards 

1011 to their application, processing, and following translation before industrialization, which hinders 

1012 their biomedical applications. To achieve simultaneous diagnosis and therapy as a future 

1013 viewpoint, novel investigation works and studies on the MSNs should be concentrated on 

1014 theranostics agents. Furthermore, care and consideration should be taken regarding the 

1015 mechanisms underlying the several aspects of NPs for example, size, charge, and shape on the 

1016 cellular activities in informing and designing more efficient MSN-based diagnostic and therapy 

1017 systems. As the usage of the product and clinical screening usually need production at industrial 

1018 scales, it is completely disparate from the laboratory scale. It is therefore extremely essential to 
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1019 advance several innovative and simplified approaches for scale-up. Some of these restrictions 

1020 and challenges can be overcome through using low-cost sources of silica and organic agents 

1021 needed for modification, decreased production steps, and improved safety caution through 

1022 forming potential hazard controls. Besides, the protocols of fabrication, surface modifications, 

1023 morphological alterations, and parameters of loading can make bring about variances in the 

1024 biosafety consideration. Furthermore, controlled degradability of the last progressive MSN 

1025 composites should be examined as a vital precondition for their usage in biomedical applications 

1026 as the non-degradable manufacture can pose prolonged accumulation caused biosafety risks. 

1027 Additionally, the ultimate elimination and degradability of their progressive prototypes solely 

1028 relied on the clearance and biodistribution which can be influenced via the surface charge. 

1029 Through modification, ligands that are sensitive to just one or two external stimuli such as 

1030 magnetic field, temperature, US, and light or inner tissue/cell accessible signals, such as redox 

1031 agents, enzyme, pH to the MSNs, can be employed as nanoplatforms for targeted delivery, 

1032 localized and controlled release of numerous chemotherapeutics, enzyme, RNA and proteins. 

1033 The anticancer properties of the prepared materials are expressively higher than that of free anti-

1034 tumoral. MSNs are generally used as a delivery reagent for the treatment of cancer and are 

1035 delivered in most cases by the simple diffusion of cargos from the mesoporous to the 

1036 surrounding medium. This significantly leads to a sustained delivery profile and improved cancer 

1037 therapy. MSNs may therefore have novel applications in the commercial applications of 

1038 nanomedicines. To aid this aim, clinical and pre-clinical trial examinations and laboratory 

1039 designs should endeavor to probe and study the various variables in diagnosis and therapeutic 

1040 applications in the future.

1041
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1771 Table 1. Summary of MSN-based materials-related patents for cancer therapy.

Patent number Year Inventor Type of drug
Type of 
cancer/ 
cell line

Title Reference

US20160008283A1 2016 Nel et al Gemcytabine Pancreatic 
cancer

MSNs was 
covered by lipid 
bilayer which 
indicate a high 
loading capacity 
for anticancer 
agents

(Nel et al., 
2016)

US20140079774A1 2014 Brinker 
et al

Anticancer 
agent

Liver 
cancer

Porous NP-
maintained lipid 
bilayers for 
targeted delivery 

(Brinker 
et al., 
2017)

US8926994B2 2015 Serda et 
al

TGF-β 
inhibitor 
LY364947 

Breast 
cancer

Mesoporous 
silicon for the 
production of 
tumor antigens 
and adjuvant for 
anticancer 
immunity

(Serda et 
al., 2015)
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1773

1774

1775

1776

1777
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1783

1784
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1787 Table 2. Examples of different stimuli-responsive SMNs.

Stimuli
Type 

of 
cancer

Type of 
cell

Surface 
modification

Types of 
drug/dye

Size of 
particle Application Ref.

Breast MCF-7

Poly (ethyleneimine
ne)-b-poly 
(Nisopropylacrylami
de)

Fluorescein and 
Soybean Trypsin
Inhibitor type 
II−S (STI).

200 nm

Control release of proteins and 
small molecules in reply to an 
alternating magnetic field

(Baeza 
et al., 
2012)

Breast
L929, 
MCF-7     Fe3O4, folic acid Doxorubicin 750 nm

Attaining a target drug 
accumulation in tumor tissue, 
optimum release profile and 
coexisting diagnostic imaging 
with therapy based on radial 
mesoporous silica

(Gao et 
al., 
2018)

Magnetic

Breast

(MDA-
MB-231

Zinc-doped iron 
oxide, pseudo- 
rotaxanes Doxorubicin         -

Display hyperthermic properties 
when located in an oscillating 
magnetic field, externally 
controlled DDS with cancer-
killing properties 

(Thom
as et 
al., 
2010a)

Breast MCF-7

Functional inorganic 
(Au, Fe3O4, SiO2, et) 
nanocrystals as 
cores, Gd-Si-DTPA 
grafted Au@mSiO, 
Au@SiO2@mSiO2

Doxorubicin -

Platform for Simultaneous Cell 
Anticancer Drug Delivery and 
Imaging 

(Chen 
et al., 
2010)

Brain 
cancer

U87
MG cells

RGD sequence-
enclosing
peptide attached 
through disulfide 
bonds

Doxorubicin 100 nm
Murder the cancer cell because 
of the disulfide bonds cleavage 
through intracellular GSH

(Li et 
al., 
2015b)

      - HeLa
cells β-CD joined via

disulfide bonds Doxorubicin 200 nm

Simplify the drugs accumulation 
in cancer environment , longer 
blood retention half-life, and 
improve cellular uptake

(de 
Oliveir
a 
Freitas 
et al., 
2017)

Redox

Liver 
cancer

HepG2
cells MnO2 nanostructure Doxorubicin 120 nm

GSH‐responsive DDS will 
causing a novel production of 
nanodevices for intracellular 
controlled delivery

(Yang 
et al., 
2015)

- Hep-G2 Pd@Ag nanoplates 
as core Doxorubicin 150 nm

Chemotherapy and PTT and for 
killing tumor cells. 

(Fang 
et al., 
2012)

Light

-

MCF-7
Hela

Pure coumarin 
derivative  or 
anticancer drug 
chlorambucil 
functionalized with 
7-amino-coumarin 
derivative was 
attached onto the 
AP-MSN surface 

Chlorambucil 130 nm

Irradiation of either one- or two 
photons excitations induced 
controlled release of anticancer 
drug, good biocompatibility, 
cellar uptake property, and 
efficient photo regulated drug 
release

(Lin et 
al., 
2010)
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Pancrea
tic and 
colon

PANC-1 
and 
SW480 
Cells

incorporate 4-
phenylazoaniline (4-
PAA) into the 
interiors of the 
particle pores

Camptothecin -

Light-activated nanoimpeller-
controlled drug release in cancer 
cells

(Lu et 
al., 
2008)

Breast 
cancer

MDA-MB-
231 cell Poly (â-amino esters) Doxorubicin -

Releases DOX in acidic solution 
or in the existence of porcine 
liver esterase

(Deniz
áYilma
z and 
Fraserá
Stodda
rt, 
2015)

Breast 
cancer HeLa

Rotaxane, azido-
GFLGR7RGDS, sev
en arginine Doxorubicin 130 nm

Progress avoidance to αv-β3-
positive HeLa cancer cells

(Cheng 
et al., 
2015)

Enzyme

Liver 
cancer

HepG2
tumor 
bearing

Serum albumin 
attached through 
polypeptide linker Doxorubicin 200 nm

Anticancer drug loading 
capacity could proficiently 
cause cell apoptosis in vitro and 
avoid tumor growth with least 
side effects.

(Liu et 
al., 
2015a)

Breast 
cancer

MCF-7
cells

DNA marked copper 
sulfide nanospheres Doxorubicin

~140-200 
nm.

NIR-responsive and temperature 
DOX release, with an enhanced 
release rate with GSH behavior 
and used as anticancer drug 
delivery carrier with triggered 
drug release and effective 
anticancer behavior in 
vitro subsequently NIR 
irradiation.

(Zhang 
et al., 
2015a)

Temperature

Cervica
l cancer

HeLa
cells

Poly(2-
(dimethylamino)
ethyl methacrylate) Doxorubicin

-

Biocompatible MSNs-coated 
zwitterionic sulfobetaine 
copolymer for temperature-
responsive release of drug 

(Sun et 
al., 
2012)

Bladder 
cancer

T 24 cells
Poly (2-vinyl 
pyridine) Doxorubicin

90 nm

Indicating pH-triggered release 
in the endosome, light-triggered 
endosomal escape with an on-
board photosensitizer, and 
effective folic acid-based cell 
targeting.

(Niede
rmayer 
et al., 
2015)

pH

Cervica
l cancer HeLa Alginate/chitosan 

polymer
Doxorubicin 167.4 nm

Safe and operative drug-
delivery systems with good 
tissue compatibility.

(Feng 
et al., 
2014)

Ultrasound

- L929
Dibenzo-crown 
ethers Doxorubicin 200 nm

Superparamagnetic iron oxide 
core with core@shell NPs, shell 
of mesoporous silica, and crown 
ether boundary was prepared for 
tumor cell imaging and drug 
delivery 

(Lee et 
al., 
2013)

1788
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1789 Table 3. Summary of applications of MSN-based materials for cancer treatment. 

MSN 
composite

Material
loading

Surface 
modification Cell type Cancer 

type Applications Ref

Magnetic 
MSNs

VEGF shRNA 
and DOX PEI, folic acid HeLa cell -

The targeting co-
delivery of 
chemotherapeutic 
agents and nucleic 
acid drugs

(Li et al., 
2016)

HMSNs

photosensitize
r chlorin e6 
(Ce6), GOx, 
bis[2,4,5-
trichloro-6-
(pentyloxycar
bonyl)phenyl] 
oxalate 
(CPPO), 
perfluoro 
hexane (PFC)

GSH

–NH2
Cancer cell 
coating

-

B16-F10

MCF-7

Lung

Breast

Synergistic 
chemical 
photodynamic-
starvation treatment 
to inhibit tumor 
metastasis. 

Glutathione-
sensitive hollow 
MSNs showed a 
high loading 
amounts of DOX, 
due to the large 
voids that 
might exist in the 
structures. 

(Yu et al., 
2018b)

(Moghaddam 
et al., 2018)

MSNs  VEGF

SiRNA,
PEI capping, 
PEGylation and
fusogenic 
peptide KALA 
modification

A549 cells, 
L02 cells, PC-
3 and 
HCCLM-3 Lung

Reduction of lung 
cancer growth and 
metastasis

(Chen et al., 
2014c)

MSNs DOX
Sub-6 nm CuS 
nanodots 
coating

     Sub-q
MDA-MB-
231 cells
HepG2 cells

Liver

Photoacoustic (PA) 
and infrared (IR) 
thermal imaging-
guided synergistic 
cancer treatment

(Wei et al., 
2018)

MSNs

Gemcitabine
(GEM), 
Paclitaxel 
(PTX)

lipid bilayer

xenograft and 
orthotopic 
animal 
models,

Pancreatic Pancreatic cancer 
therapy

(Meng et al., 
2015)

MSNs

PEGylated 
lipid bilayer
covering

Axitinib
Celastrol

Sub-q
SCC7 cells Breast

Effective delivery 
of drug to the 
cancer site with 
improved effects on 
angiogenesis and 

(Choi et al., 
2016)
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mitochondrial 
function, avoid of 
cell proliferation 
and induction of 
apoptosis, anti-
angiogenesis, 
improved antitumor 
function.

Magnetic 
mesoporous 
silica 
nanocomposi
tes

Dox, Ce6 Alginate/chitosa
n 

Breast cancer 
cell line
(MCF-7)

-

Dual-modal cancer 
imaging and 
synergistic chemo-
photodynamic with 
gene therapy

(Yang et al., 
2017)

MSNs

PEG/PDA,
AS-1411 
aptamer 
enveloping     CX-5461

Sub-q
HeLa cells Cervical

Cancer treatment 
via induction of 
selective pro-death 
autophagy

(Duo et al., 
2018)

Hollow 
mesoporous 
spheres DOX

folate-
conjugated 
rattle-type
Fe3O4@SiO2

Hela cells -

Synergistic targeted 
anticancer with 
receptor-mediated 
and magnetic 
targeting

(Zhu et al., 
2010)

HMSNs DOX
Au nanostar, 
RGD coating

Sub-q
U87MG cells Brain

Targeted 
photothermal and 
chemotherapy of 
cancer cells

(Li et al., 
2017a)

MSNs DOX   Transferinin

Human 
pancreatic can
cer cells, 
MiaPaCa-2 Pancreatic

Multifunctional 
MSN delivery 
system include pH-
sensitive nanovalves 
fluorescent 
molecules, and 
targeting proteins to 
improve the 
treatment of cancer 

(Hwang et 
al., 2015)

   MSNs

PLH
and PEG
covering   Sorafenib      Sub-q

H22 cells         -

pH-controlled 
system can be 
triggered to drug 
release in tumor 
specific 

(Mu et al., 
2017)

MSNs

CPT or 
paclitaxel
(TXL)

phosphonate 
and folic acid

PANC-1 and 
BxPC3 cells

pancreatic 
cancer

Magnetic resonance 
and fluorescence 
imaging, drug 
delivery, cell
Targeting, and 
magnetic 
manipulation 

(Liong et al., 
2008)

Gd-doped 
MSNs

ICG-loaded 
thermosensitiv
e DOX

Sub-q
4T1 cells Breast

Triple-modal 
imaging-guided 
synergistic 

(Sun et al., 
2018)
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liposomes treatment of tumor 

MSNs Camptothecin
photosensitizer 
and galactose

(HCT-116), 
(Capan-1) and
(MDA-MB-
231)

Colorectal 
pancreatic, 
breast

Photodynamic 
therapy and drug 
delivery 

(Zhao et al., 
2014b)

Mesoporous 
silica 
bounded 
gold nanorod

Attached with 
b-cyclodextrin
Peptide RLA 
([RLARLAR]
2)
Polymer 
CS(DMA)-
PEG

       ICG
Sub-q
MCF-7 cells -

PDT with PTT is a 
combination therapy 
for extension of 
tumor-bearing mice
survival time

(Williams, 
2009)

MSNs DOX TAT peptide Hela cells - Cell-nuclear 
targeted DDS

(Pan et al., 
2012)

Magnetic 
MSNs DOX Neutrophils 

carrying

Intracranially 
injection
C6-Luc or 
U87-Luc

Brain 
tumor

MR imaging 
tracking of 
inflammation-
activatable 
engineered 
neutrophils for 
targeted therapy 

(Wu et al., 
2018)

Magnetic 
silica

doxorubicin 
and paclitaxel

Transferrin, 
PLGA

glioma cells, 
U-87 and 
bEND.3

Brain 
cancer

The low penetration 
across the blood-
tumor barrier (BTB) 
and malignant brain 
glioma across the 
blood
brain barrier (BBB) 

(Cui et al., 
2013)

MSNs Camptothecin Folic acid, PEI Panc-1 Breast
Introduction of 
fluorescent and 
targeting moieties

(Rosenholm 
et al., 2009)

MSNs MTX Methotrexate HeLa -

Specific induction 
of apoptosis, 
targeted delivery of 
the 
chemotherapeutic

(Rosenholm 
et al., 2010)

silica 
nanospheres

Bovine serum 
albumin 
(BSA)

  Hollow       
chitosan MCF-7 Breast

pH-sensitive 
targeted delivery

(Deng et al., 
2011)

MSNs DOX RGDFFFFC U-87 MG, 
COS7 -

pH- and redox- 
dual-responsive 
tumor-triggered 
targeting

(Xiao et al., 
2014)

MSNs DOX Sgc8 Hela Breast 
Cancer

Spatio-temporal 
control to cancer 
therapy

(Xiao et al., 
2014)

MSNs Camptothecin Hyaluronic acid MCF-7, L929 -

Targeting specific 
tumor cells over-
expressing the 
CD44 protein

(Ma et al., 
2012)

MSNs TPE-PDT Mannose

MDA-MB-
231 ,MCF-7 
,HCT-116 Breast

photodynamic
therapy in cancer 
treatment

(Ma et al., 
2012)
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MSNs Sunitinib cRGDyK U87MG -

PET image-guided 
DDS and tumor 
vasculature 
targeting

(Chakravarty 
et al., 2015)

Fluorescent 
MSNs Camptothecin

trihydroxysilylp
ropyl 
methylphosphon
ate

Capan-1, 
AsPc-1, and 
PANC-1

Pancreatic, 
colon, 
stomach

Minimum leakage 
of drug into the 
buffer solution and 
cell medium, 
delivery system of 
hydrophobic 
anticancer drugs

(Lu et al., 
2007)
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1800

1801 Figure 1. Schematic depiction of various mesoporous materials utilized as DDSs (Trzeciak et al., 

1802 2021).
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1803

1804 Figure 2. Schematic depiction of the EPR effect: passive targeting to tumor tissue is achieved by 

1805 extravasation of NPs through the increased permeability of the tumor vasculature and ineffective 

1806 lymphatic drainage (Fox et al., 2009).
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1807
1808 Figure 3. Schematic representation of the preparation process and fluorescence imaging-guided 

1809 antitumoral drug delivery application of MSNs-CDs nanohybrid (Zhao et al., 2019). 
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1810

1811 Figure 4. Schematic representation of the various stimuli applied for the controlled release of 

1812 chemotherapeutics (Kang et al., 2018).
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1815
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1816

1817

1818 Figure 5. (A) In vitro release profile of DOX from Lip-PFP-DOX-MSNs and Lip DOX-MSNs 

1819 with and without US-irradiation. (B) Cellular uptake studies with confocal microscopy with 

1820 FITC (green) labelled NPs. DOX-MSNs, Lip-DOX-MSNs (Non-US), and Lip-PFP-DOX-MSNs 

1821 (US), showing localization of DOX (red) in the nuclei, stained with DAPI (blue). Scale bar is 20 

1822 µm (Amin et al., 2021).
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1823

1824 Figure 6. Schematic of the delivery process: (I) multifunctional enveloped nanosystem under 

1825 neutral pH, (II) detachment of PEG-PLL chains in acidic tumor microenvironment, (III) 

1826 Electrostatic interaction between cationic NPs and negatively charged cell membrane, (IV) 

1827 intracellular GSH-triggered TPT and TPep release, (V) specific binding and mitochondria 

1828 disruption (Luo et al., 2014).
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1829

1830 Figure 7. Schematic depiction of nuclear-targeted DDS based on MSNs modified with TAT 

1831 peptide to overcome MDR with enhanced chemotherapy efficacy (Pan et al., 2013).

1832
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1833

1834 Figure 8. PET images of 4T1 tumor-bearing mice at different time points post-injection of (a) 

1835 Cu-MSN-800CW-TRC105(Fab), (b) Cu-MSN-800CW, and (c) Cu-MSN-800CW-TRC105(Fab) 

1836 with a blocking dose of TRC105 (1 mg/mouse). The yellow arrowheads display tumors (Chen et 

1837 al., 2014b).
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