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a b s t r a c t

Drug delivery systems (DDS) are used to deliver therapeutic drugs to improve selectivity and reduce side

effects. With the development of nanotechnology, many nanocarriers have been developed and applied

to drug delivery, including mesoporous silica. Mesoporous silica nanoparticles (MSNs) have attracted a

lot of attention for simple synthesis, biocompatibility, high surface area and pore volume. Based on the

pore system and surface modification, gated mesoporous silica nanoparticles can be designed to real-

ize on-command drug release, which provides a new approach for selective delivery of antitumor drugs.

Herein, this review mainly focuses on the “gate keepers” of mesoporous silica for drug controlled re-

lease in nearly few years (2017–2020). We summarize the mechanism of drug controlled release in gated

MSNs and different gated materials: inorganic gated materials, organic gated materials, self-gated drug

molecules, and biological membranes. The facing challenges and future prospects of gated MSNs are dis-

cussed rationally in the end.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Drug delivery systems (DDS) are used to transport therapeutic

drugs to a specific site in the body at a specific time [1]. These

systems are usually designed to meet people’s expectations, ei-

ther improving the pharmacological activity of drugs or alleviat-

ing toxic and side effects with the help of drug carriers. Recent

years, nanotechnology has shown great potential in the treatment

of diseases [2,3]. A large number of nanocarriers with different

characteristics have been developed and applied to drug deliv-

ery, such as liposomes [4], micells [5], polymers, quantum dots

(QDs) [6,7], black phosphorus [8], metal oxide nanoparticles [9],

mesoporous silica nanoparticles (MSNs) [10]. Among these, meso-

porous silica nanoparticles have gained extensive attention from

researchers because of their simple synthesis [11], uniform mor-

phology, high surface area and pore volume [12,13], tunable meso-

pore size and pore shape, controllable diameter and high biocom-
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patibility [14]. The high surface area and pore volume provide the

ability to load different kinds of drug molecules and MSNs with di-

verse particle sizes have been studied as nanocarriers for the deliv-

ery of small drug molecules and antigen [15–17]. In addition, MSNs

can be modified by different functional groups through the silane

chemistry [18,19]. Most importantly, MSNs possess commendable

biocompatibility not merely in vitro but also in vivo, and they are

proved to be safe when circulating into the blood [20]. The degrad-

ability and clearance of mesoporous silica nanoparticles are in a

high level, which make them one of the promising candidates for

the biomedicine application [21,22].

Based on the pore system, mesoporous silica nanoparticles

(MSNs) can realize on-command drug delivery and the limitation

of premature drug release before arriving at the target sites can be

avoided. The loaded cargoes can be released in a controllable way

with the design of the “gate keepers” responding to certain stimuli.

Normally, the gate keepers seal the drug molecules in the pore. In

the presence of intracellular or extracellular stimuli, the gated ma-

terials may undergo size/shape/conformation changes or dissociate

to release the drug. Moreover, MSNs can be targeted to specific

tissue sites by modifying the outer surface of the gated material
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with ligands. In this way, the effectiveness of the drug is greatly

increased and the damage to the whole body is reduced. Recently,

the study of cancer remains a focal point, there have been numer-

ous scientists doing their efforts to solve the toxic and side ef-

fects of chemotherapy drugs. In view of the application of meso-

porous silica in antineoplastic drug delivery [23,24], this review

aims to summarize the recent progress about the development of

mesoporous silica gated materials in nearly few years (2017-2020).

In the previous reviews, there have been some reports on meso-

porous silica nanoparticles, however, they are more focused on the

process of nanoparticles entering the organism, with only a small

amount of space devoted to gating, and the classification of ma-

terials is not clear [25,26]. In addition, with the progress of sci-

ence and technology, some new materials are emerging. Therefore,

here we will make a unified statement on the gated materials of

MSN, so as to provide more references for the future develop-

ment of mesoporous silica in drug delivery. We mainly focus on

the “gate keepers” of mesoporous silica for drug controlled release

and present from the following categories: inorganic gated materi-

als, organic gated materials, self-gated drug molecules, and biolog-

ical membranes.

2. Mechanism of drug controlled release

The ideal mesoporous silica nanocarrier is capable of delivering

antitumor drugs to the tumor site and releasing high concentration

of the therapeutic cargo on-demand, which is mainly dependent

on changes of gate keepers to regulate the “on” and “off” of meso-

porous silica pores under specific stimulus, known as the stimulus

response. The stimulus responses in tumor site include endogenous

stimulus response and exogenous stimulus response.

Unlike normal tissues and cells, tumor tissue has its specific tu-

mor microenvironment and many physiological parameters are dif-

ferent [27]. In general, the pH of cytoplasm, blood, and normal tis-

sues is about 7.0−7.4, while the pH of tumor microenvironment is

weakly acidic about 6.5−6.8, and the pH of endosome/lysosomal

organelles is about 4−6 [28]. This can induce the cleavage of acid-

sensitive molecules. In addition, higher glutathione (GSH) level and

lower oxygen level are prominent characteristics of tumors, indi-

cating good conditions for redox reactions. There are also some

highly expressed enzymes in tumor sites, such as matrix metal-

loproteinases (MMPs), proteinases K, cathepsin B, hyaluronidase

(HAase) [29], which can hydrolyze the corresponding substrates

specifically. All of these endogenous stimuli can be good triggers

applying to gated mesoporous silica design.

Apart from endogenous stimuli, exogenous stimuli are also im-

portant components, mainly including heat, magnetic field, ultra-

sonic wave, light, etc. [30,31]. Compared with endogenous stimu-

lation, exogenous stimulation can achieve safer and more effective

controlled release, and it can overcome the different effects caused

by internal individual differences. With the aid of exogenous phys-

ical stimulations, the physicochemical changes of materials can ac-

celerate the release of drugs and realize spatiotemporal controlled

manipulation. Exogenous stimuli not only prevent premature drug

release and reduce side effects, but also can cause additional ther-

apeutic effects, such as photothermal therapy, photodynamic ther-

apy.

3. Inorganic gated materials

Inorganic materials are a large class of materials, which are

commonly used to seal mesoporous silicon nanoparticles. To date,

plenty of them have been developed and applied as sealants of

MSNs, such as gold nanoparticles, zinc derivatives, copper sulphide,

metal polyphenol and calcium materials, and they possess different

characteristics and advantages. Most of these materials are pH sen-

sitive or contain breakable chemical bonds to regulate drug release.

In addition to serve as gate keepers, some with excellent metallic-

ity can also play roles in promoting synergistic cancer therapy. Due

to the excellent biocompatibility plus biodegradability, inorganic

gated materials have shown wide range of applications [32,33].

3.1. Gold nanoparticles

Gold nanoparticles are good candidates for mesoporous silica

gating because of their following properties. (1) Gold nanoparticles

have good biocompatibility, chemical inertness and especially ad-

justable size, which makes them very befitting for blocking pores

[34]. (2) By means of covalent bonds or linkers, gold nanoparticles

can be well attached to MSNs surface [35]. (3) Gold nanoparticles

exhibit excellent photothermal properties, which can convert the-

NIR light into heat, thus realizing the binding of chemotherapy and

photothermal therapy, and enhancing the therapeutic effectiveness

[36]. Up to now, the preparation of gold nanoparticles has been

very mature [37], which makes gold nanoparticles become popular

caps of MSNs. Yang et al. [35] have prepared a gold nanoparticles-

gated MSNs drug delivery system loading with classic anticancer

drug doxorubicin (DOX), which was triggered by redox response.

MSN was first modified by mercaptan, and then ultrafine Au

nanoparticles were appended to the openings of mesoporous sil-

icon in vitue of Au-S bonds, which, like the disulfide bonds, could

be cracked under the condition of high GSH. On account of the

significant difference of glutathione concentration in and out of

tumor cells [38,39], drug molecules displayed specific release be-

havior. Moreover, gold nanoparticles had strong photothermal con-

version capability, on the one hand, chemo-photothermal therapy

was realized, on the other hand, the killing efficacy of chemother-

apy agents on tumor was improved since tumor was more sensi-

tive to chemotherapy drugs under high temperature conditions. In

addition to blocking drugs within mesoporous, ligand modification

can also be performed on the surface of gold nanoparticles to im-

prove drug targeting. A gold nanoparticle-biotin conjugate was in-

troduced by Eskandari et al. [40] to grafted onto the pore outlets.

It was finished with the help of a peptide which can be cleaved

by the matrix metalloproteinases, the enzymes with high expres-

sion in tumor tissues [41]. Therefore, a multifunctional nanocarrier

with both enzymatic responsiveness and active targeting was ob-

tained.

3.2. Zinc derivatives

Zinc derivatives include zinc oxide (ZnO), zinc sulfide (ZnS)

and so on. ZnO quantum dots (QDs) have many merits, such as

easy to synthesis, inexpensiveness, acid sensitivity, excellent bio-

compatibility and biodegradability [42], that is why they are em-

ployed as ideal candidates to gate MSN. Liu and his coworkers re-

ported a magnetic mesoporous silica platform gated with zinc ox-

ide, which was used to transmit chemotherapy drug daunomycin

[43]. In a neutral environment, MMSN could stably accommodate

daunomycin, whereas at low pH of the tumor, zinc oxide rapidly

dissolved into zinc ions (Zn2+), which resulted in the release of

anticancer drugs. Furthermore, the increased zinc ions concentra-

tion enhanced the toxicity towards the tumor cells [44] and real-

ized the chemo-/ions cooperative treatment effect. Besides zinc ox-

ide, zinc sulfide can also act as a gated molecule. The rich physical

and chemical properties of ZnS nanomaterials make them widely

used, of which the most important is that they are non-toxic [45].

Salinas et al. [46] fabricated a new gate control system based on

the ZnS. ZnS was wrapped with phenylboronic acid first of all, af-

ter that it was attached to the entrance of MSN through form-

ing pH-sensitive boronate ester bond, which revealed “zero prema-
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Fig. 1. (A) Cargo release process of MSNs capped with boronic-acid-coated ZnS

nanocrystals. Reproduced with permission [46]. Copyright 2018, American Chemi-

cal Society. (B) An example of multifunctional MSN coated with metal-polyphenol

complexes. Reproduced with permission [61]. Copyright 2017, Wiley.

ture cargo release” and biocompatibility (Fig. 1A). Recently, metal

organic frameworks have also attracted strong attention in the

biomedical field due to their biocompatibility and biodegradability

[47–49]. Among them, MOFs containing zinc have great application

potential in this field [50,51]. Chandan et al. recently reported a

new strategy to modified the mesoporous silica nanoparticle with

metal organic framework [52]. They encapsulated doxorubicin into

MSN first, and then combined the MSN with metal organic frame-

work to form complexes. External stimulation both pH and lipo-

some were the triggers used to guide the drug release, the results

showed good compatibility and low toxicity, and it opens up a new

method for controlled drug delivery.

3.3. Copper sulphide

Copper sulphide (CuS), with its strengths of hypotoxicity [53],

low cost, and photostability, is widely used as a photothermal

agent owing to its high molar extinction coefficient and excellent

photothermal conversion efficiency [54,55]. Remarkable chemo-

photothermal therapy can be achieved by combining copper sul-

fide with mesoporous silica. To solve the kidney clearance prob-

lem, Wei et al. [56] adopted the renal-clearable ultrasmall nanodots

(CuSNDs) to seal doxorubicin (DOX)-loaded mesoporous silica NPs

for tumor imaging and cancer therapy. Copper sulfide nanoparti-

cles can be grafted onto mesoporous silica surfaces with the aid of

cleavable chemical bonds [57] or macromolecules [13]. For exam-

ple, Yang et al. fabricated a versatile supramolecular drug delivery

system, which consisted of pyridinium (Py)-modified hollow meso-

porous silica nanoparticles and carboxylatopillar [5] arene (CP5)-

functionalized CuS nanoparticles (CP5-CuS) [13]. The CP5 rings and

Py stalks can recognize with each other and exist supramolecular

host-guest interactions, thus actting as gating entities. The CP5-CuS

served as not only a gate keeper for on-demand drug release but

also a special agent for NIR-guided photothermal therapy.

3.4. Metal-polyphenol complexes

Metal-polyphenol complexes include the natully occurring

polyphenols, such as tannic acid (TA), gallic acid (GA)) and metal

ions, which have become a multifunctional surface dressing agent

for the adhensiveness [9,58]. With the high content of dihydrox-

yphenyl and trihydroxyphenyl, the polyphenols can form coordina-

tion bonds with different metal ions, thereby crosslinking result-

ing in three-dimensional stabilized metal-phenolic networks [59].

The method for the metal-polyphenol coating is rapid and low

cost, which is simply a mixture in one-pot in the presence of sub-

strates [60]. Of note, the metal polyphenol network provides a pH-

sensitive property, which is very beneficial for drug release in the

acidic environment of tumors. MSNs with signal-induced guests

release were reported by Park et al. [61]. In their design, pho-

toacid generators (PAGs) and polyphenol-metal coordination chem-

istry were combined for payloads “going out”. Upon exposure to

UV light, acid was produced by PAGs due to the photolysis, which

enabled the channels open by decomposing the the coordination

interaction of tannic acid with CuII ions (Fig. 1B). Besides, some

metal-polyphenol complexes also have photothermal conversion

characteristics. For instance, Yang et al. have fabricated a carrier

system combining photothermal therapy and chemotherapy, which

possesses both acid and photothermal response [62]. The core-

shell nanoparticles composed of a mesoporous silica nanoparticle

(MSN) as the porous matrix for accommodating small molecular

anti-tumor drug doxorubicin, and the tannic acid-FeIII/AlIII complex

shell coating the pores, which exhibited outstanding effectiveness

and superior biocompatibility.

3.5. Calcium materials

Calcium related material is one of the most frequently-used in-

organic materials. The mechanism by which calcium materials con-

trol drug release is acid sensitivity. Many calcium salts, such as

calcium carbonate and calcium phosphate, are highly soluble in

acids. They remain intact under physiological conditions, but are

easy to react with hydrogen ions (H+) and degrade in tumor lower

pH environment., which makes them biologically safe and good ac-

tivity [63,64]. In addition to calcium carbonate and calcium phos-

phate themselves can be good carriers [64], they are also excel-

lent auxiliary materials. Srivastava et al. reported an ATP-decorated

mesoporous silica nanoparticle with biomineralization of calcium

carbonate [65]. Calcium carbonate was employed as a gatekeeper

through the interaction between calcium carbonate and ATP to

ensure the no leak of doxorubicin and the stability of ATP dur-

ing circulation. This novel design significantly reduced the tumor

burden and increased survival rate. Calcium phosphate, most com-

monly used for gene delivery, can apply to the preparation of com-

posite mesoporous silicon nanoparticles and is also a fascinating

encapsulating material [66,67]. Ma et al. prepared calcium phos-

phate coated MSNs loading chemotherapy drug and photosensi-

tizer at the same time, which realized the synergetic treatment of

chemotherapy and photodynamic therapy [67].

4. Organic gated materials

Beyond a variety of inorganic gated materials, organic mate-

rials also account for a considerable part, including natural ma-
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terials, synthetic polymer materials, mussel-inspired material and

biomolecular materials. Natural materials like cyclodextrin, chi-

tosan, and hyaluronic acid have potential advantages in biocom-

patibility due to their natural sources, and synthetic polymer ma-

terials have a wide variety because of their structural diversity.

Mussel-inspired polydopamine possesses many excellent proper-

ties. Biological macromolecules can be targeting ligand simultane-

ously due to their origin in the body. These gated materials can

offer additional functions to MSNs. The interaction between host

and guest, acid response, enzyme response, hypoxia response etc.

are the main influencing factors to control the gating molecular

switch state.

4.1. Natural materials

4.1.1. Cyclodextrins(CDs)

Cyclodextrins, a natural compound family of cyclic oligosaccha-

rides connected by α-1,4-glucosidic bonds, have enjoyed great pop-

ularity in the field of drug delivery due to low toxicity and high

stability, as well as large molecular cavities. According to the num-

ber of glucopyranose units, cyclodextrins (CDs) can be divided into

α-, β-, and γ -CD, which contain six, seven, and eight monomers,

respectively [68,69]. Among them, β-cyclodextrin is the most fa-

vored by researchers because of its low production cost and good

properties. Bulky molecular cavities allow host-guest interactions

in a reversible way and are well propitious for stimulation-induced

drug release. The binding degree between the host and the guest

will decrease under the influence of internal and external en-

vironment, which will cause the automatical departure of guest

molecules from the CD cavities [70]. In other words, host-guest

complex is an environment-regulated switch at the mesoporous

silicon gate. Cyclodextrin molecules can be grafted onto meso-

porous silicon by covalent bonds or intermolecular interactions.

For example, Hu et al. established a β-cyclodextrin-gated self-

accelerating nanoplatform through the ROS-cleavable thioketal (TK)

linker to encapsulate doxorubicin and ROS production agents α-

tocopheryl succinate (α-TOS) [71]. Wu et al. [72] used disulfide

bonds to connect cyclodextrin onto mesoporous silicon, construct-

ing an smart system with dual internal redox and external light

stimuli. Mesoporous silica nanoparticle can also be functionaliza-

tion modified first, and then the functional group as guest molecu-

lar to interact with cyclodextrin. Sánchez et al. grafted benzimida-

zole groups to the mesoporous silica outer surface, and capped the

entrance by the formation of inclusion complexes between benz-

imidazole and cyclodextrin-modified urease [73]. Cargo release is

only triggered at acidic pH due to the protonation of benzimida-

zole groups and loss of supramolecular interaction. Moreover, the

enzyme-powered nanomotors were self-propelled because the ure-

ase units allowed the enhanced Brownian motion of nanoparticles

in the existence of urea as biofuel (Fig. 2).

4.1.2. Chitosan (CS) and chitin

Chitosan and chitin are natural-sourced polysaccharide with

high biodegradability, biocompatibility, non-toxicity and other

functions [74]. Chitin is synthesized by numerous living organ-

isms and occurs in nature as major structural component in the

exoskeleton of arthropods [75]. The main commercial sources of

chitin are the shell waste of shrimps, lobsters, krills and crabs. Due

to the poor solubility of chitin in common solvents, it is often con-

verted to its deacetylated derivant, chitosan, in the presence of al-

kali. However, in a recent study, carboxymethyl chitin (CMCH), a

soluble derivative, was first applied by Ding et al. to modify hol-

low mesoporous silica nanoparticle (HMSN) as drug delivery sys-

ten for cancer therapy [19]. The HMSN template was chemically

modified by thioketal (TK) linker and then gated with CMCH by

electrostatic interaction, achieving pH/ROS dual responsive protec-

tion. Chitosan is a polyelectrolyte and is preferred generally. It can

be protonated under acidic pH, which will lead to depolymeriza-

tion, making chitosan per se an attractive pH-responsive material

and a wider range of applications [76,77]. Yan et al. developed a

chemo- and phototherapy platform by sealing the mesoporous sil-

ica pore with chitosan [78]. The nanocarrier showed excellent drug

controlled release properties based on the pH-dependent swelling

effect of the coating layer. Chen et al. reported a self-targeting and

controllable drug delivery system bedecked with a chitosan-based

thin film layer cross-linked by N,N’-bis(acryloyl)cystamine (BAC) via

disulfide bond [18]. The folium was stable at physiological condi-

tions, but impressible to tumor acidic and high GSH conditions,

which prevented the premature release of the drug. Moreover, folic

acid (FA) was connected to the chitosan thin film membrane to en-

hance the recognition of tumor cells [18].

4.1.3. Hyaluronic acid (HA)

Hyaluronic acid, a natural polysaccharide, is the main ex-

tracellular matrix of connective tissue and is widely used for

drug delivery due to its good biocompatibility, non-toxicity, non-

immunogenicity and so on [79–81]. It can also serve as a capping

agent to prevent drug leakage due to its large molecular size. In tu-

mor tissues rich in hyaluronidase (HAase), it can be degraded into

small molecular fragments to facilitate drug release, which also

endows it enzyme responsiveness [82]. More importantly, HA can

specifically interact with CD44 receptors overexpressed in tumor

sites and act as a targeting ligand to actively target the tumor [83].

Recently, Meng et al. [84] proposed a multistage targeted deliv-

ery and controlled release strategy. They constructed a multifunc-

tional intelligent nanomedicine named as FeCO-TPP@MSN@HA. The

mitochondria-targeted and intramitochondrial micro-environment-

responsive prodrug (FeCO-TPP) was encapsulated into mesoporous

silica nanoparticle, which was further coated with hyaluronic acid

by electrostatic assembly [84]. Combined with the enhanced per-

meability and retention (EPR) effect of nanoparticle, tumor tissue-

cell-mitochondria-targeted multi-stage delivery and controlled re-

lease of CO were successfully achieved (Fig. 3).

4.2. Synthetic polymer materials

Regarding drug delivery, synthetic polymers are the most pop-

ular innovative materials due to their diversities in structure and

form, which endow them extensive functions [85–87]. Gated meso-

porous silica nanoparticles based on synthetic polymers can re-

alize the sustained and controlled release of drugs in response

to different internal or external stimuli, thus improving the fate

and therapeutic performance of drugs. These polymers can act

individually or in combination, including poly(2-(diethylamino)-

ethyl methacrylate) (PDEAEMA) [88], poly(acrylic acid) (PAA) [89],

poly(N-isopropyl acrylamide) (PNIPAAm) [90], poly(ethylenimine)

(PEI) [91] etc. The main ways in which polymers are con-

nected to mesoporous silica nanoparticles contain “graft to”

and coating. For example, Chen et al. Adopted poly(allylamine)-

dimethylmaleic anhydride-polyethylene glycol (PAH-DMMA-PEG)

and polyethyleneimine (PEI) to fabricate a size and charge dual-

transformable mesoporous nanoassembly for enhanced drug de-

livery and tumor penetration [92]. Li et al. coated the MSN pore

with pH-responsive N-(2-hydroxypropyl) methacrylamide (HPMA)

copolymer shell, forming a disassembled nanohybrid for anti-

tumor therapy [93]. Polymers control drug molecule release mainly

depending on three strategies: curl-stretch, swelling and degrada-

tion. Mu et al. constructed a novel pH-controlled smart and re-

versible “on-off ” switch system by grafting the poly(l-histidine)-

poly(ethylene glycol) (PLH-PEG) to the the surface of MSN [94].

The PLH-PEG could restrain the leakage of drugs under systemic
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Fig. 2. Schematic illustration of the preparation and performance of enzyme-powered stimuli-responsive nanomotors. Reproduced with permission [73]. Copyright 2019,

American Chemical Society.

Fig. 3. Construction and transport of FeCO-TPP@MSN@HA nanomedicine. Reproduced with permission [84]. Copyright 2020, American Association for the Advancement of

Science. This article is licensed under a Creative Commons Attribution 4.0 International License.

circulation, but upon the nanoparticles accumulated in tumor site,

the conformation of PLH changes from curled (“off ” state) to

stretched (“on” state) as a result of protonation, which enabled

drug release. In another research, polyacrylic acid (PAA) coated

hollow mesoporous silica nanoparticles (HMSNs) loaded with cal-

cium peroxide (CaO2) were reported by Wu et al. [95] for prostate

cancer therapy. This pH-responsive release derived from the dis-

tinct swelling behavior of PAA under different pH conditions.

Cracking of polymers is also a major cause of drug release. Yan

et al. [96] proposed the hypoxia-responsive azobenzene polymer,

poly(4,4′-azodianiline) (pDAB), to block MSN (Fig. 4A). Under the

hypoxic condition of the tumor, the azobenzene received electrons

and then was destroyed into aniline, which gave rise to the poly-

mer degradation and rapid cargo release. This work enriched the

gated materials as well as the family of stimuli-responsive meso-

porous silica nanocarriers, and expanded the application of MSNs

in pharmaceutical and biomedical areas.

4.3. A mussel-inspired material: polydopamine (PDA)

Polydopamine, formed by the oxidation of dopamine, is a

melanin-like mimic of mussel adhesive protein, which possesses

many advantages, such as good biocompatibility, degradability, low

toxicity, easy to functionalization and synthesis [97,98]. Since Lee

et al. first reported the synthesis of PDA via simple oxidative self-

polymerization of dopamine in 2007, its application is becoming

more and more extensive [99]. Under weakly alkaline conditions,

the catechin groups of dopamine can be oxidized to quinones,

which then further react with other catechins and/or quinones

to form a water-insoluble PDA film [100,101]. It has been shown

that PDA has similar structure and superior adhesion to adhesion

proteins, indicating it a promising molecule for forming an adhe-

sion layer. PDA can be anchored to a variety of substrates, includ-

ing mesoporous silica. Because the PDA layer is highly sensitive

to pH, it can block drug molecules in a neutral environment and
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Fig. 4. (A) The schematic diagram shows the preparation process and action mechanism of hypoxia-responsive mesoporous silica nanocarriers (MSNs). Reproduced with

permission [96]. Copyright 2019, American Chemical Society. (B) Schematic illustration of doxorubicin-loaded and PDA-coated MSNs-DOX@PDA-TPGS. Reproduced with per-

mission [102]. Copyright 2017, Wiley.

release drugs in an acidic environment, making it an important

member of the MSN gate keepers. What is more, functional ligand

molecules containing nucleophilic functional groups can be mod-

ified to PDA via Michael addition reaction or Schiff base reaction,

and physical interactions (van der Waals’ force or hydrogen bond)

are also useful [100]. In one research, Zeng et al. [102] developed

a polydopamine-coated mesoporous silica nanoparticle system for

pH-responsive delivery of doxorubicin (DOX) (Fig. 4B). The func-

tional ligand, d-α-tocopheryl polyethylene glycol 1000 succinate

(TPGS), which has been approved by US FDA as a safe pharmaceu-

tical adjuvant, was introduced to their system (MSNs-DOX@PDA-

TPGS). It not only suppressed P-glycoprotein (P-gp) meditated mul-

tidrug resistance (MDR) in cancer cells by inhibiting P-gp activity

but also prolonged blood circulation time and improved cellular

uptake. In addition to acid responsiveness, PDA has excellent pho-

tothermal properties and can absorb the near-infrared (NIR) light.

When irradiating with 808 nm NIR light, it can convert light into

heat to destroy tumor, which manifests its great potential in pho-

tothermal therapy [103]. A mesoporous silica nanosystem gated by

doxorubicin and polydopamine (PDA) film was designed by Chen

and his colleagues to load P-gp siRNA [104]. The surface folic

acid endowed it active targeting property. Due to the photother-

mal conversion capability of the PDA layer, this multifunctional

nano-platform realized the synergistic treatment of chemotherapy,

gene therapy and photothermal therapy. In vitro and in vivo exper-

iments both demonstrated the higher lethality of the nanoparticles

on multidrug resistant tumor.

4.4. Biomacromolecules

Apart from various polymers, biomacromolecules are also ex-

citing constituents for surface engineering modification of meso-

porous silica, like proteins and nucleic acids. In recent years, bio-

compatible capping agents have been developed by employing bi-

ologically active molecules. Several proteins have been used to

coat over the mesoporous silica nanoparticles surface, such as

bovine serum albumin (BSA) [105], human serum albumin (HSA)

[106], transferrin (Tf) [107], biotin-avidin complex, lectin [108], cy-

tochrome c (CytC) [109]. The selection of protein needs to take

charge into account, however in some instances, protein can be

fixed directly by covalent bonding. Drug release depends on re-

sponsive covalent bond rupture or protease hydrolysis to unbolt

the gate. The advantage of using proteins as sealants derives from

the specificity, because some proteins can bind to the receptors

which are upregulated at the site of lesion, effectively active target-

ing can be obtained. For example, Chen et al. designed a targeted

and controlled drug delivery system based on transferrin decorated

mesoporous silica nanoparticles (MSNs) [107]. Transferrin (Tf), an

endogenous protein, was modified to the surfaces of MSNs via GSH

responsive disulfide bonds, acting as not only a capping agent but

also a targeting ligand meanwhile. Moreover, due to the interfer-

ence caused by the adsorption of some proteins on nanoparticles

during transport, protein coating can be a good solution to this

problem. In a paper, Zhang et al. [106] probed the interaction be-

tween protein and prodrug as well as the influence on drug release
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Fig. 5. Schematic illustration of the drug DOX-self-gated MSNs. (A) The dynamic

interaction between DOX and benzaldehyde via pH-sensitive benzoic-imine bond.

(B) Drug release process with pH-respon-sive property. (C) Site-specific drug re-

lease and cell uptake of the self-gated system. Reproduced with permission [113].

Copyright 2017, Wiley.

behavior. Some proteins also possess therapeutic functions, and the

construction of protein-decorated nanocarriers is conducive to the

co-delivery of small molecular drugs and biomacromolecule drugs.

Nucleic acids, an admittedly powerful tool, can also act as

biotechnological materials for mesoporous silica, usually in the

forms of aptamer and fragments of partial nucleotides. They can

seal the channels by electrostatic deposition or by forming hybrid

chains [110]. Because of the coding role in living cells, substrate

or sequence recognition is the most promising, which equips them

precise targeting property [111]. Under the hydrolysis of DNAse en-

zymes, the chain breaks and cargo is released. Alternatively, some

fragments may be specifically designed to polymerize with the

mRNA when entering cells, thus leading to “gate” open [111, 112].

When the mesoporous silica is loaded with fluorescent molecules,

it will be a very good integrated platform for diagnosis and treat-

ment.

5. Self-gated drug molecules

Among all the gating methods mentioned above, extra aux-

iliary materials are used to seal mesoporous silica, and the po-

tential risks of these additives are inevitable. To solve the prob-

lem, Zeng et al. [113,114] proposed a drug-self-gating strategy. As

shown in Fig. 5, mesoporous silica nanoparticle was first function-

alized with benzaldehyde and then gated by doxorubicin, a rep-

resentative anticancer drug containing amino groups, through pH-

sensitive benzoic-imine covalent bonds. Amino polyethylene gly-

col was attached to the MSN surface in the same way, which

not only increased long circulation, but also promoted cell up-

take in tumor acidic environment due to bond breakage [113].

This ingenious design minimized the potential risks of the aux-

iliary cappers, and could be extended to the self-controlled de-

livery of other biomolecules, such as nucleic acids, peptides, and

proteins, due to their intrinsic amino groups. In another research,

drug-self gated MSN was used for the co-delivery of permeability

glycoprotein (P-gp) small interfering RNA (siRNA) and chemothera-

peutic drugs to defeat multidrug resistant tumors [115]. Besides,

the delivery system possessed active targeting characteristic and

tumor microenvironment-responsive on-demand drug release, re-

alizing the “four in one” multifunction. In brife, drug gated MSN

delivery systems put away complicated sealing agents, meanwhile,

it also reach controllable drug release caused by physiological stim-

uluses.

6. Biological membranes

Compared with other gated materials, biological membranes

have unique advantages in biocompatibility, which has attracted

extensive attention from researchers. In recent years, the use of

isolated biofilms to camouflage nanoparticles has aroused great

interest in the biomedical field, and has achieved visible results

in tumor therapy research [116,117]. Due to its inherent versatil-

ity, biological membrane coating is superior to polymer coating.

First, it can avoid being swallowed and attacked by the reticu-

loendothelial system (RES), extending the circulation time in the

blood and increasing the accumulation of drugs in the tumor site.

In addition, due to the similarity in the composition of biofilms,

these membranes can not only ensure blood compatibility, but

also promote entanglement and fusion with tumor biofilms, en-

hancing tumor targeting and internalization. Furthermore, biofilm

bionics can also reduce the adhesion of other free biological

blocks and improve the delivery efficiency. Currently, many dif-

ferent sources of biofilms have been used to camouflage meso-

porous silica nanoparticles (MSNs), such as red blood cell (RBC)

membranes, macrophage cell membranes, and cancer cells [118–

120]. For example, Li et al. [118] reported a laser-responsive red

blood cell mimicking mesoporous silica nanoparticle with longer

blood circulation time and tumor-specific drug release. It co-loaded

the photosensitizer chlorin e6 (Ce6) and the chemotherapy drug

doxorubicin, which avoided early drug leakage and could be used

for tumor imaging. Among diverse cell membranes, the cancer

cell membrane stands out for tumor-targeted delivery through its

excellent homology and tumor homing ability. In another case,

Shao et al. prepared mesoporous organosilica nanoparticles (MONs)

which contained X-ray- and reactive oxygen species-responsive

diselenide bonds [121]. Doxorubicin (DOX) was loaded in the pore,

and the 4T1 breast cancer cell membrane was employed to achieve

cancer cell targeting. The combination of DOX-mediated immuno-

genic cell death and PD-L1 immune checkpoint blocking ther-

apy further enhanced the anti-tumor and anti-metastasis effects

(Fig. 6). Although cell membrane coating endows mesoporous sil-

ica nanoparticles with prolonged circulation time, targeting prop-

erty and enhanced internalization, some flaws still remain. The

biomimetic MSNs have less structural flexibility than natural cells,

which may affect how they interact with cells in the body. More-

over, the rigid structure can affect its deformability, resulting in

defects in permeability and transport. It is also worth noting that

the size of mesoporous silica nanoparticles also needs to be taken

into account when wrapping them in cell membranes. Chen et al.

[122] synthesized a series of MSNs ranging from 10 nm to 200 nm

and investigated the effect of size on human erythrocyte mem-

brane encapsulation by a hypotonic dialysis-based method. Results

showed that effective encapsulation can be achieved when the par-

ticle hydrodynamic diameter was less than 30 nm. Despite great

progress has been made in the performance of biomimetic meso-

porous silicon nanoparticles in vitro and in vivo, it is still in its in-

fancy, and more research is needed on the mechanical properties

and interfacial interactions with cells of this composite material.
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Fig. 6. Schematic illustration for an example of cancer cell membrane-mimetic mesoporous organosilica nanoparticles containing chemotherapy and immunotherapy. Repro-

duced with permission [121]. Copyright 2020, Wiley.

7. Conclusion and perspective

Mesoporous silica is facinating drug delivery carrier. The de-

sign of gated mesoporous silica nanoplatform realizes controlled

release of drugs at tumor sites on demand, thus reducing early

leakage as well as toxic and side effects on normal tissues. Here,

we present the mechanisms of drug controlled release in gated

mesoporous silica nanoparticles (MSNs) in short and mainly review

the gated materials. The mechanisms that control drug release in-

clude internal stimuli caused by differences between tumor cells

and normal cells and external physical stimuli artificially applied,

which are used to fabricate MSNs delivery system and are the ba-

sis for the precise design of gated MSNs. “Gate keepers” includ-

ing inorganic materials, natural and synthetic polymers, biomacro-

molecules, drug molecules themselves, and biological membranes

are employed to seal mesoporous silica channels to improve anti-

cancer effects and avoid unexpected adverse impact. The introduc-

tion of these materials not only enhances the effect of chemother-

apy, but also can achieve a variety of therapeutic synergies due to

the intrinsic characteristics of gated materials themselves.

Gated mesoporous silica nanoparticle delivery systems have

been designed to break through the limitations of traditional

chemotherapy, however, some challenges still exist. First of all, how

to improve the sensitivity of the “gate keepers” to attain zero re-

lease in the blood circulation and complete release in the tumor

site remains to be solved. Second, surface modification by gated

materials will cause changes in physical and chemical properties,

and the harm to the body, covering acute injury and chronic toxic-

ity, needs to be verified in more experimental models. Third, in ad-

dition to the efficient delivery of therapeutic passenger molecules,

the biocompatibility and blood compatibility of the carrier are in-

surmountable gaps to achieve clinical translation. Since the pre-

dominant administration route of MSNs that in laboratory is intra-

venous route, MSNs should be highly compatible with blood com-

ponents, which will largely determine its administration capability.

Last but not least, it is very important to standardize production

procedures to solve the industrial scale production and repeatable

synthesis of functional MSNs.

From a general perspective, great progress has been made in

the design and development of mesoporous silica for biomedi-

cal field, and the join of “gate keepers” adds new functions and

vitality to the drug delivery system. It can be anticipated that

the cross integration and innovative development of materials sci-

ence, biomedicine and pharmaceutical science will overcome the

predicaments and illuminate the future.
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