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Abstract

Introduction: Nanocarrier-based delivery systems offer multiple benefits to overcome limitations 

of the traditional drug dosage forms, such as protection of the drug, enhanced bioavailability, 

targeted delivery to disease site, etc. Nanocarriers have exhibited tremendous successes in targeted 

delivery of therapeutics to the desired tissues and cells with improved bioavailability, high drug 

loading capacity, enhanced intracellular delivery, and better therapeutic effect. A specific design of 

stimuli-responsive nanocarriers allows for changing their structural and physicochemical 

properties in response to exogenous and endogenous stimuli. These nanocarriers show a promise 

in site specific controlled release of therapeutics under certain physiological conditions or external 

stimuli.

Areas covered: This review highlights recent progresses on the multifunctional and stimuli-

sensitive nanocarriers for targeted therapeutic drug delivery applications.

Expert opinion: The progress from single functional to multifunctional nanocarriers has shown 

tremendous potential for targeted delivery of therapeutics. On our opinion, the future of targeted 

delivery of drugs, nucleic acids, and other substances belongs to the site-targeted multifunctional 

and stimuli-based nanoparticles with controlled release. Targeting of nanocarriers to the disease 

site enhance the efficacy of the treatment by delivering more therapeutics specifically to the 

affected cells and substantially limiting adverse side effects upon healthy organs, tissues, and cells.
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1. Introduction

The primary objective in developing a drug delivery system is to carry the drug effectively at 

its target site with minimum side effects. In conventional drug delivery methods, it is 

difficult to achieve the desired therapeutic efficiency of many drugs because of various 

associated issues which include low bioavailability, sensitive toxicity, poor specificity, etc. 

[1,2,3]. Therefore, a suitable carrier is required to ensure site-specific delivery of 

therapeutics. Nanomedicine, which deals with nanosized biomaterials for applications in 

disease diagnosis and therapies, showed tremendous promise in target-specific delivery of 

therapeutics [4,5,6]. Over the decades, various nano-based materials and methods have been 

developed for disease diagnosis and treatment applications. For examples, nanocarriers such 

as nanoparticles [7–10], liposomes [11–13], nanostructures lipid carriers [14,15], dendrimers 

[16,17], Janus nanoparticles [18], etc. are the most widely exploited carriers for the delivery 

of drugs, bio-active agents, genes, imaging probes, etc. for several targeted diseases. Further, 

to achieve active targeted drug delivery, multifunctional nanocarrier system have been 

designed in recent years by conjugating various targeting ligands such as folic acid (FA), 

peptide, antibodies, etc. on the surface of the nanomaterials [19,20,29]. Such multifunctional 

nanocarriers were found to increase the accumulation of therapeutics in the specific tissues 

resulting in improved therapeutic efficacy, as well as decreased availability of the therapeutic 

into other organs thereby reducing adverse side effects observed in systemic delivery of 

nontargeted free drug. However, such active targeting nanomaterials also suffer from 

inadequate delivery of therapeutics at targeted sites. To overcome such shortcomings in 

targeted drug delivery, researchers paid significant attention in recent years to develop 

stimuli-responsive nanocarriers [30,31,32,33,34], which can undergo property change upon 

various stimuli, leading to controlled and adequate delivery of drugs and gene at the target 

site [35,36,37,41]. Stimuli-responsive nanocarrier is usually composed with various 

environmental sensitive functionalities within their structures and thus it can release the 

loaded therapeutics in response to various environmental factors such as temperature, pH, 

redox potential, enzymes, etc. endogenous stimuli as well as electromagnetic, light, 

radiation, ultrasound, etc. exogenous stimuli. A schematic representation displaying design 

of various stimuli-based multifunctional nanocarriers and its therapeutic release application 

has been outlined in Figure 1 [42]. In this review, we will be highlighting recent reports on 

the multifunction nanocarriers as well as various endogenous and exogenous stimuli-

responsive nanocarriers and their corresponding therapeutic delivery applications.

2. Multifunctional nanocarriers

Nanoscale carriers have been intensively explored in the past two decades for selective 

delivery of therapeutic agents to its targeted cells with minimum exposure to the healthy 

tissues [26,43,44,45,46]. Because of both small size and large surface area to volume ratio, 

nanocarriers possess unique properties which allow them to carry various drugs, therapeutics 

and imaging agents with high loading efficiency [47]. Over the decades, various nanocarriers 

such as liposomes, nanostructured lipids, dendrimers, micelles, nanoemulsions, polymeric 

nanoparticles, Janus nanoparticles, organic-based nanocarriers as well as carbon nanotubes, 

quantum dots, mesoporous silica nanoparticles, magnetic nanoparticles, inorganic-based 

nanocarriers, etc. have been studied for targeted therapeutic delivery applications. These 
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nanocarriers were found not only to improve bioavailability of the drugs, but also protect its 

payloads from degradation – thereby making it a suitable device for effective drug delivery 

application [48]. Though such first generation of single-functional nanocarriers capable of 

carrying a drug addressed issues of bioavailability, stability, control release, etc. of many 

drugs; design of more complex nanocarriers came with additional functions such as more 

specific targeting as well as imaging of the tissue and cells simultaneously to address 

challenges associated with many diseases of different characteristics. These complex 

nanocarriers were named as ‘multifunctional nanocarriers’ which can simultaneously 

perform multiple functions including drug, nucleic acid delivery, and peptide delivery, 

optical imaging, etc. [26,49,50,49,51,52,53,54,55,56]. A common strategy to develop 

targeted multifunctional nanocarriers included surface modification of the parent 

nanocarriers via physical or covalent attachment of affinity ligands selective for certain 

receptors on the target cell, imaging agents, stimuli-sensitive components, cell-penetrating 

agents, etc. through a polymeric linker such as polyethylene glycol (PEG) as outlined in 

Figure 2. Many targeting ligands such as monoclonal antibodies, folate, aptamers, peptides, 

etc. have been explored for active targeting of nanocarriers to its disease cells as well as their 

receptor specific targeting features have been outlined in Figure 3 [21,22,57,58]. For 

instance, targeting of nanocarrier-based delivery systems by specific peptide to luteinizing 

hormone-releasing hormone (LHRH) receptors that are overexpressed in plasma membrane 

of different cancer cells leads to the preferential accumulation of nanocarrier and its 

payloads in the tumor and, as a result, enhancing efficiency of the treatment and limiting 

adverse side effects (Figure 4) [16,23,24,25,27,29,46,59,60]. As shown in Figure 4A, LHRH 

targeting peptides are attached to the surface of nanocarrier (dendrimer, nanostructured lipid 

carrier, neutral liposome, cationic liposome or mesoporous silica nanostructure) through 

linkers. Different types of such spacers (citric acid, PEG polymer, etc.) were conjugated to 

the carrier via nondegradable (e. g. amide) bond. Therapeutic components (drugs, nucleic 

acids, etc.) can be conjugated to the carrier via bio-degradable (e.g. ester) bond, coupled 

using electrostatic interaction between an active component (e.g. negatively charged nucleic 

acids) and charged carrier (e.g. cationic liposomes) or incorporated into the outer lipid 

membrane or lipid inner core (for lipophilic payload), dissolved in water-based inner core 

(for hydrophilic cargo) of nanoparticles or encapsulated into inner pores of transporters. 

Despite such differences in the mechanisms of drug loading into nanoparticles, one basic 

requirement should always be fulfilled, namely, drug or other active payload of nanoscale 

based carrier must be released inside targeted cells. Such release can be achieved by the 

disruption of spacers used for conjugation of cargo to vehicles (or stoppers that seal internal 

pores of nanoparticle) or complete degradation of entire nanoparticles in order to release a 

payload inside the targeted cell or its specific organelle(s). Targeting of drugs and nucleic 

acids to the site of action usually guarantees more favorable drug/nanoparticle distribution in 

the organism with a predominant accumulation of payload in targeted organs, cells or 

cellular organelles (Figure 4B). In addition, a complex multifunctional system can provide 

not only a desired therapeutic effect, but also suppress cellular defensive mechanisms that 

fight against the drug. For instance, adding siRNAs that suppress multidrug resistance in 

cancer cells and antiapoptotic cellular defense to the cancer targeted delivery system (LHRH 

PPI dendrimer) containing an anticancer drug (paclitaxel) significantly enhanced its 
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antitumor activity to the level that cannot be achieved either by anticancer drug or siRNAs 

alone (Figure 4C).

Various complex multifunctional nanocarriers have been developed in recent years for 

therapeutic and diagnostic purposes. Here, we will be discussing recent developments of 

both liposome and nanostructured lipid carrier (NLC)-based multifunctional nanocarriers 

and their various biomedical applications. To keep a distinctive perspective, here we have 

summarized widely used nanocarriers such as multifunctional liposome- and lipid-based 

nanocarriers for drug delivery applications. Contributions for drug delivery through others 

organic and inorganic nanocarriers such as polymeric nanoparticle [62], dendrimers [63], 

micelles [64], emulsions [65], and metal nanoparticle [66] have been already described in 

corresponding reviews.

2.1. Liposomes

Liposomes are lipid-based nanosized vesicles consisting of a lipid bilayer of biodegradable 

and biocompatible phospholipids, steroids and an aqueous core. The lipid bilayers and the 

aqueous core of liposomes can carry both hydrophilic and hydrophobic therapeutics [67]. 

Hydrophilic drugs are typically trapped inside the aqueous core of the liposome whereas 

hydrophobic drugs are found in the hydrocarbon chain of the liposome [60,68]. Liposomes 

are usually prepared by thin layer hydration followed by solvent evaporation and surfactant 

solubilization [69]. Surface of the liposomes is usually conjugated with polyethylene glycol 

(PEG) and its analog for maintaining steric equilibration. Various affinity ligands, 

antibodies, peptides etc. can be attached with the PEG linker for targeting specific disease 

cells [27,70]. Liposome is one of the widely explored nano-carrier-based systems for 

targeted therapeutic delivery [26,71,72]. Doxorubicin-based liposome ‘Doxil’ was the first 

FDA approved liposome-based drug delivery system for the treatment of AIDS-related 

Kaposi’s sarcoma, breast cancer, ovarian cancer, and other solid tumors. Many liposomes-

based anticancer therapeutics such as Doxil, AmBisome, Abelcet, Amphotec, DaunoXome, 

VincaXome, DepoCyt are currently under investigation in clinical trials [73,74]. A list of 

FDA-approved liposome-based drug delivery systems have been summarized in Table 1 

[75]. By incorporating various cationic lipids, a new series of cationic liposome-based 

systems have been also prepared for targeted delivery of anionic therapeutics such as small 

interfering RNA (siRNA), antisense oligonucleotides, aptamers etc. [17,76,77,77,78,79]. For 

examples, Peddada et al. designed a complex nanocarrier by decorating poly (propyl-acrylic 

acid) (PPAA) polymer backbone with a cationic DOTAP (1,2-dioleoyl-3-

trimethylammonium-propane) liposome, an anionic copolymer and antisense 

oligonucleotide. This complex nanocarrier with grafted poly (alkylene oxides) (g-PAO) 

increased antisense gene silencing activity in human ovarian cancer A2780 cells. Authors 

also observed higher amount delivery of antisense oligonucleotide in ovarian tumor 

xenografts and demonstrated that this DOTAP/PPAA-g-PAO nanocarrier system can be used 

for delivery of antisense oligonucleotide for gene silencing [80].

Kang et al. developed a dual targeted liposomal system using Pep-1 peptide as a cell 

penetrating peptide and folic acid as an affinity ligand for folate receptor (FR). The authors 

prepared this dual ligand (Pep-1 and folate)-modified liposome by separately attaching both 
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the ligands on the surface of the liposomal using a short (PEG-2000) and long (PEG-3400) 

polymer linker. Cellular uptake of various fluorescent tagged liposomes was studied in FR-

positive HeLa and FR-negative HaCaT cells. Higher cellular uptake was observed in FR 

positive cells as compared to that of the FR negative cells – representing suitability of this 

multifunctional liposomal system for FR-selective drug targeting [81]. Previously, we 

reported a liposome-based nanoscale delivery system prepared from the anticancer drug 

doxorubicin and MRP1 mRNA targeting antisense oligonucleotides as a suppressor of pump 

resistance. This nanoscale system was evaluated in vivo using an ortho-topic murine model 

of human lung cancer and observed increased antitumor activity as compared to the separate 

inhalation treatment of the individual components [82].

Another important factor of complexation of nucleic acids to the positively charged carriers 

is a dramatic decrease in the cyto- and genotoxicity of cationic carriers. We investigated a 

wide range of nanocarriers with different composition, architecture size and surface charge 

including poly(ethylene glycol) polymers, neutral and cationic liposomes, micelles, poly-

(amidoamine) and poly(propyleneimine) dendrimers, quantum dots, mesoporous silica, and 

supermagnetic iron oxide (SPIO) nanoparticles [83]. It was found that even when being 

applied in noncytotoxic concentrations some of these nanocarriers demonstrated a 

significant genotoxicity. The magnitude of such genotoxicity positively correlates with zeta 

potential of nanoparticles. However, the complexation of nucleic acids with cationic carriers 

dramatically decreased their genotoxicity.

2.2. Nanostructured lipid carriers (NLCs)

Solid lipid nanoparticles consisting of both solid and liquid lipids matrix has been employed 

in recent years for therapeutic delivery applications. Such lipid-based nanocarriers are 

termed as nanostructured lipid carriers (NLCs). Most therapeutic drugs are usually more 

soluble in liquid lipids than in solid lipids [84], and NLCs are prepared with higher 

composition of liquid lipids. The lipid phase is first heated above its melting point, and the 

drug is dissolved in the melted lipid. The resulting drug containing melted lipid mixture is 

dispersed in the aqueous phase. The hot microemulsion is then homogenized using a 

homogenizer to get the NLC mixture. NLCs are generally prepared from biocompatible and 

biodegradable lipid materials and surfactants and capable of carrying both hydrophobic and 

hydrophilic therapeutics to its target tissues.

Because of ease of preparation, small size, enhanced drug loading capacity, and improved 

stability, NLCs have become a versatile platform for targeted therapeutic delivery 

applications [85]. As compared to other lipid-based nanocarriers, NLCs have demonstrated 

successful delivery of therapeutics through various routes such as ocular, topical, pulmonary, 

intranasal, and oral administration [86]. The use of siRNA as therapeutic is limited due to its 

poor stability and delivery to the target tissue. To enhance therapeutic efficacy of siRNA, a 

new strategy such as encapsulation of siRNA into NLCs was explored by many research 

groups. Over the years, researchers attempted to develop various lipid-based multifunctional 

NLCs for targeted drug and siRNA delivery. For examples, Minko and her group developed 

a multifunctional NLC-based system composed of anticancer drug (doxorubicin or 

paclitaxel), siRNA targeted to MRP1, another siRNA targeted to BCL2 mRNA, and a 
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synthetic peptide derivative as a targeting moiety for luteinizing hormone-releasing hormone 

(LHRH). These lipid nanocarrier systems showed effective inhalation delivery of the loaded 

drugs in lungs as well as enhanced antitumor activity [17] and codelivery with high loading 

efficiency of two drugs Lumacaftor and Ivacaftor by inhalation route in treating lung 

manifestations of cystic fibrosis [87,88]. In a recent study, Emami et al. reported paclitaxel 

(PTX)-loaded and transferrin (Tf)-conjugated multifunctional nanostructured lipid carrier 

(Tf-PTX-NLC) for the treatment of glioblastoma. The authors first prepared the PTX loaded 

NLCs followed by conjugating transferrin as targeting ligands with the PTX-NLC. Average 

particle size and entrapment efficiency of these Tf-PTX-NLCs were 205.4 ± 11 nm and 91.8 

± 0.5% respectively. Cytotoxicity of the Tf-PTX-NLCs was tested against U87MG brain 

cancer cell line and the results revealed that Tf-PTX-NLC was more cytotoxic as compared 

to nontargeted NLCs and free drug treatments [89].

2.3. Iron-oxide nanoparticles

Iron oxide nanoparticles are the widely studied inorganic nanocarriers, which have received 

popularity in various biomedical and imaging application [66,90]. Because of magnetic 

nature, this nanoparticle can be observed by Magnetic Resonance Imaging (MRI) thereby 

making it suitable for MRI based applications [28]. Recently, various drug conjugated iron 

oxide nanoparticles have been extensively explored for targeted delivery applications. For 

example, Marcu et al. prepared iron oxide nanoparticle by laser pyrolysis with an average 

diameter of 8–10 nm for drug delivery of antracyclinic antibiotic Violamycine B1 to breast 

cancer cells [91]. The authors observed better internalization of these nanoparticles and the 

accumulation of the anticancer agent in the cytoplasm of human breast cancer MCF-7 cells 

when compared with other commercially available chemically prepared iron oxide 

nanoparticles with a larger size. Finally, these nanoparticles reduced the proliferation of the 

breast cancer cells. In recent years, iron oxide nanoparticles were explored for gene therapy 

of tumor cells. For this end, supermagnetic iron oxide nanoparticles (SPIONs) can be 

functionalized with cationic polymers (e.g. polyethylenimine) allowing for an attachment of 

nucleic acids on their surface [92]. In addition to the delivery of nucleic acid for cancer 

therapy, such theranostics SPIONs can be successfully used for imaging of cancer cells. In 

2019, Jin et al. developed iron oxide Fe3O4 nanoparticles for targeted delivery of siRNAs to 

oral cancer cells [93]. These magnetic Fe3O4 nanoparticles were modified with 

polyethyleneimine (PEI) for attachment of the therapeutic siRNAs on the surface of the 

nanostructure. The nanoparticle system was capable of delivering siRNAs specifically to the 

B-cell lymphoma-2 (BCL2) targeted gene in Ca9–22 cells and inhibited in vitro proliferation 

of the oral cancer cells. Ferumoxytol, ferridex I.V., combidex etc. are a few commercial iron 

oxide nanoparticles, which are used for various therapeutic or imaging applications [94].

2.4. Mesoporous silica nanoparticles

Mesoporous silica particles with nanosized diameter have been also exploited in the past 

decades for targeted drug delivery and imaging applications. Mesoporous silica 

nanoparticles (MSNs) possess large and tunable pore size along with a high surface area and 

thermal stability. Their sealable pores allows for the incorporation of different payloads. 

Various functional groups, ligands, peptides etc. can be conjugated on the large surface area 

of the MSNs for targeted drug delivery applications. For examples, Cheng et al. designed 
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and synthesized pH responsive multifunctional MSN system comprised of poly dopamine, 

poly (ethylene glycol) and folic acid for targeted delivery of doxorubicin [95]. The authors 

observed release of the encapsulated drug from this MSNPDA-PEG-FA nanosystems in 

acidic pH and high antitumor activity [95]. Researchers have also prepared multifunctional 

MSNs by decorating their surface with cationic polymers which facilitate electrostatic 

attachment and delivery of anionic therapeutics such as nucleic acids, siRNA, etc. [96]. In 

2016, Yang et al. developed a disulfide-bridged ‘degradable dendritic mesoporous 

organosilica nanoparticles (DDMONs) for therapeutic protein delivery to cancer cells [97]. 

This DDMONs system showed a higher rate of glutathione (GSH)-responsive degradation 

and release of the therapeutic protein in B16F0 cancer cells, while the degradation of the 

nanoparticle was low in the normal HEK293t cells.

2.5. Carbon nanomaterials

Carbon based nanomaterials such as 1D carbon nanotubes (CNTs) [98], graphene oxide, 

diamond-like carbon etc. have received significant attention in recent years for various 

biomedical applications including drug delivery. Among the various carbon materials, 

single-wall CNTs possess unique structural, thermal, mechanical properties as well as good 

biocompatibility which made them one of the widely used carbon nanomaterials for targeted 

drug delivery. The surface of the CNTs is usually coated with functional polymer such as 

PEG and drugs are conjugated via non-ovalent or covalent bonding with the functional 

groups on the surface of CNTs [99,100,101]. CNTs have been explored as nanocarriers for 

the delivery of drugs [102] as well as biomolecules such as DNA, siRNA etc. [103,104]. In 

an early study, researchers developed a PEGylated CNT complex loaded with paclitaxel for 

breast cancer treatment [105]. This CNT-paclitaxel complex was tested in a 4T1 murine 

breast cancer model and showed better treatment efficacy when compared to free paclitaxel 

alone. Recently, Cheng et al. designed a poly (lactic-coglycolic) (PLGA) functionalized 

CNT system for delivery of proapoptotic protein caspase-3 (CP3) in bone cancer cells with 

reduced toxicity [106]. The authors successfully prepared CNT-PLGA-CP3 nanocomplex 

which showed efficient transfection of CP3 in cells and suppressed their proliferation. Such 

CNT-PLGA system showed good transfection rate with the transcription factors and the 

release profile of the payload can be controlled by changing the molecular weight and ratio 

of the PLGA polymer [106]. Mehra et al. developed a multi wall PEG-CTN complex loaded 

with doxorubicin (DOX) for the treatment of cancer [107]. Both folic acid (FA) and estrone 

(ES) were attached as targeting moieties on the surface of this DOX/ES-PEG-MWCNT 

system. The authors treated Balb/c mice bearing MCF-7 tumor with this DOX/ES-

PEGMWCNT nanoformulation and observed a long survival of the mice.

2.6. Quantum dots

Quantum dots (QDs) are a type of nanosized semiconductor materials with good 

photoluminescence, optical and electronic properties, which made these materials suitable 

for image guided drug delivery applications [108]. QDs can be decorated with the targeting 

ligands for tissue specific therapeutic delivery application. Over the years, various such 

targeted QDs were studied for diagnosis and therapeutic delivery applications [109] For 

examples, Chen et al. developed a quantum dot-based FRET system for image guided drug 

delivery in the cellular nucleus [110]. The authors prepared graphene quantum dots (GQDs) 
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and decorated its surface with the TAT peptide to facilitate the nuclear localization of the 

nano carriers and delivery of the GQDs in the nucleus. This quantum dot-based FRET 

system showed real-time monitoring of the therapeutic delivery as well as image-based 

tracing of the release process. A recent report showed that conjugation of QDs with lipid 

nanocarriers reduced their cytotoxicity specifically for metal based QDs and improved the 

safety profile [111]. Mahajan et al. developed a quantum dot system comprised of 

antiretroviral drug saquinavir and a targeting ligand transferrin (Tf), which was conjugated 

on its surface carboxyl groups through carbodiimide coupling reaction [112]. This quantum 

dot formulation was prepared for targeting transferrin receptors in the apical surface of the 

blood brain barrier. The authors investigated this system to enhance the transport of 

saquinavir through blood brain barrier for treating HIV-1 infected cells in brain. A pH 

responsive QD system for the treatment of ovarian cancer was designed and developed in 

our laboratory [113]. The surface of the developed QDs was decorated with a DNA aptamer 

for targeting of mutated MUC1 mucin overexpressed in ovarian cancer. Doxorubicin was 

linked on the surface of the QD through a pH labile hydrazine linker, which undergo hydro-

lysis at acidic pH of the tumor microenvironment resulting in controlled release of the drug. 

Both in vitro and in vivo studies revealed better therapeutic outcome for this QD system 

when compared with free doxorubicin.

3. Stimuli-responsive nanocarriers

Nanocarriers which can change their certain property upon endogenous or exogenous 

stimuli, offered a wide range of biomedical applications including controlled release of 

therapeutics directly at the desired site thereby reducing side effects in the surrounding 

healthy tissue [114]. Such nanocarriers are referred to as stimuli-responsive nanocarriers, 

which have attracted enormous attention in recent years in the field of targeted drug delivery 

from various research groups throughout the world. Stimuli-responsive nanocarriers are 

generally made of a hydrophobic inner core and a hydrophilic or amphiphilic outer shell, 

which is usually an amphiphilic stimulus-responsive polymer sensitive to various 

endogenous or exogenous stimuli. The amphiphilic compound can be any of the natural 

lipids or lipid like materials or surfactants which are usually pH, redox, temperature, light, 

enzyme, or magnetic responsive polymers. For some nanocarriers, the hydrophobic part of 

amphiphilic polymers is modified with cationic groups for conjugating anionic agents such 

as nucleic acids in the hydrophobic core [115]. In addition, these nanocarriers sometime 

contain another component such as a targeting ligand or adhesion ligand which is specific to 

its receptor on target cells or tissues. Various stimuli-sensitive nanocarriers developed for 

drug and gene delivery application have been summarized in Table 2 [34,38,39,40,116–126]. 

We will be discussing various endogenous or exogenous stimuli-responsive nanocarriers for 

targeted therapeutic delivery applications.

3.1. Endogenous stimuli-sensitive nanocarriers

Here, we will discuss stimuli-responsive nanocarrier-based drug delivery systems, which are 

sensitive to various endogenous stimuli factors such as pH, redox potential, enzymes, etc.
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3.1.1. pH-sensitive systems—pH-sensitive systems have been widely used for 

delivery of several therapeutics in specific organs where pH changes are found due to 

pathological conditions including cancer, inflammation etc. pH sensitive nanocarrier systems 

are usually designed to have a surface polymer with acid-sensitive bonds which undergo 

dissociation in response to environmental pH resulting in release of the loaded therapeutics 

specifically at the target disease tissues. pH responsive nanocarriers decorated with a 

targeting moiety or ligand can bind to its target cell resulting in its internalization. After 

entering in acidic intracellular environment, pH responsive nanocarriers can dissociate and 

deliver the loaded therapeutics. Thus, pH responsive nanocarriers can be exploited for 

selective delivery of therapeutics into target cells over nontarget cells [127]. Recently, 

Nikravan et al. developed a pH responsive cross-linked nanoparticle system derived from 

different molar ratios of poly (acrylic acid) (PAA) and ethylene glycol dimethacrylate for 

controlled release of doxorubicin. pH-responsive behavior of this nanocarrier was less 

effective with higher cross-linking degrees. The release of model drug doxorubicin was 

studied at pH values of 1.2, 5.3, and 7.4. Lower burst release of doxorubicin (change in 

hydrodynamic diameter) was observed with increase in the cross-linker content and pH of 

the release medium. pH-sensitive behavior of this PAA nanoparticle systems with higher and 

lower cross-linking ratios has been shown schematically in Figure 5 [128].

3.1.2. Redox-sensitive systems—The release of therapeutics from nanocarriers can 

be triggered through a redox reaction by decorating the nanocarriers with redox sensitive 

bonds and/or linker such as di-sulfide bond. Nanocarriers decorated with di-sulfide-based 

bond and/or linker that is known to cleave by glutathione (GSH), can be used to deliver the 

therapeutics in response to redox reaction. Drug release can be triggered from di-sulfide 

linker-based nanocarriers by GSH, which is known to present in the intracellular 

compartments and tumor tissues compared with normal ones. A schematic illustration for 

GSH mediated intracellular drug release has been shown in Figure 6 [117,129]. As shown in 

this Figure, the disulfide bond of this nanocarrier is reduced to thiol groups after endocytosis 

inside the tumor cell with high level of GSH resulting in the dissociation of the 

nanostructure and release of the encapsulated drugs. Cho et. al, reported a redox-sensitive 

polymeric nanoparticle for tumor-targeted drug delivery. Authors used a redox-responsive 

biodegradable polymer to prepare the paclitaxel-incorporated nanoparticle, which was 

capable of delivery paclitaxel in response to reduction reaction [130]. Other examples 

include liposomes prepared from quinone-lipid conjugate [131] or di-sulfide crosslinked 

nanomaterials [132] showed promising results. Yang et al. designed a redox-responsive 

magnetic nanovectors (RMNs) system comprised of a redox-responsive polymer and Fe3O4 

nanoparticles for effective delivery of therapeutic proteins [133]. The authors loaded 

fluorophore cya-nine 5.5 (Cy5.5) linked human serum albumin (HSA) and observed low 

cytotoxicity and high stability of this RMN structure. This RMNs-HSA-Cy5.5 system 

showed low release of the protein under physiological conditions, whereas the release rate 

was higher at the presence of glutathione. RMNs-HSA-Cy5.5 can be used for simultaneous 

fluorescence and magnetic resonance imaging as revealed in the in vivo study. Such 

multifunctional RMNs potentially can be used for effective protein delivery applications.
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3.1.3. Enzyme-sensitive systems—Many enzymes such as proteases, 

phospoholipases, glycosidases, etc. are known to be found at the site of tumors, and 

inflammatory tissues. Substrate of such enzymes can be used as the component of drug 

delivery system to achieve enzyme mediated drug release at the target tissue. In a recent 

study, researchers used a metalloproteinases cleavable short peptide as a linker between the 

surface PEG chains and TAT-functionalized liposomes as represented in Figure 7 

[34,134,135]. After cleavage of this linker, loaded drugs and bioactive agents were exposed 

to the target site as compared to that of nanocarriers without such linker. Such nanocarriers 

systems were used for siRNA delivery showing almost 70% gene-silencing activity in 

tumor-bearing mice [136,137,138]. In another recent study, Zhang et al. designed a 

mesoporous silica nanoparticle by grafting hyaluronic acid (HA) as a targeting moiety on its 

surface via biotin–streptavidin interaction for enzyme triggered delivery of doxorubicin 

(MSN-HA/Dox). A schematic outline showing MSN-HA/Dox nanoparticle mediated 

delivery of doxorubicin to cancer cells has been displayed in Figure 8. In vitro results 

revealed that the release of doxorubicin (Dox) was significantly higher in the presence of 

enzyme hyaluronidase. MSN-HA/Dox system also displayed increased antitumor effects in 
vivo as compared to that of the free drug doxorubicin treatment only (Figure 9) [139].

3.2. Exogenous stimuli-sensitive nanocarriers

Delivery of therapeutics from nanocarriers can be induced by various external stimuli such 

as light, temperature, or ultrasound application. Such external stimuli can be applied to a 

specific location or organ to trigger release of therapeutics from the nanocarrier while it 

passes the targeted location or organ. By applying heat or cold, a local temperature shift can 

be achieved in the target location or organ in the body to dissociate the nanocarriers at that 

location resulting in delivery of the therapeutics. Similarly, nanocarriers can be formed that 

are sensitive to various radiation (ionizing radiation, micro-waves, or radio-waves); light 

(ultraviolet, near infrared or far infrared, etc.) and sound waves (ultrasound). Few examples 

of such exogenous stimuli-responsive nanocarriers have been summarized below.

3.2.1. Thermoresponsive systems—Thermoresponsive system is a widely explored 

stimuli-responsive drug delivery approach for several diseases. Thermoresponsive 

nanocarrier is usually made up of one component with temperature sensitive material and it 

can release its loaded drug in response to its surrounding temperature. Such nanocarrier 

systems can usually be capable of holding their load at body temperature but deliver the 

loaded drug at sites of locally heated tissues which are usually observed at the sites of 

inflammation, injury, infection, and cancer [140]. Thermoresponsiveness is also associated 

with decrease in temperature phenomena. In this case, a locally cooling effect can increase 

the porosity of the nanocarrier system leading to free diffusion of the loaded therapeutics at 

the target site. For example, Pluronic F127–polyethyleneimine (PEI) nanocapsule was 

explored for effective delivery of siRNA into the target cell resulting in silencing of a target 

messenger RNA (mRNA) [141]. Poly (N-isopropylacrylamide) (PNIPAM) is a commonly 

used building block for the preparation of thermosensitive polymeric nanocarriers because of 

its temperature transition property [142,143]. Such thermosresponsive nanocarriers can be 

further decorated with receptor affinity ligands for target specific therapeutic delivery. For 

example, Chen et al. designed a bubble-generating thermoresponsive liposomal system by 
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encapsulating doxorubicin and ammonium bicarbonate inside the nanocarriers. At an 

elevated temperature, ammonium bicarbonate undergoes decomposition generating carbon 

dioxide bubbles which creates permeable pores in the lipid bilayer of the liposomal 

nanocarriers resulting in rapid release of the loaded drug doxorubicin [144].

3.2.2. Ultrasound-triggered drug delivery—Ultrasound has received significant 

attention in recent years in the targeted-drug delivery research [145,146]. Ultrasound-

triggered drug delivery systems offer spatiotemporal control of therapeutic delivery at the 

specific site thereby reducing side effects to the normal tissues. Major advantages of such 

system include its noninvasiveness nature, no requirement of ionization radiations and its 

easy exposure and tissue penetration depth, etc. Ultrasound waves trigger the release of the 

drug via thermal and/or physical forces induced by the radiation phenomena 

[147,148,149,150]. Jung et al. prepared a dual functional Gd(III)-DOTA-modified 

sonosensitive liposomes for targeted delivery of doxorubicin as well as to acquire magnetic 

resonance imaging. About 30–40% release of doxorubicin was observed after inducing the 

sonosensitive liposome with 20 kHz ultrasound. In addition, this sonosensitive liposome 

system displayed excellent contrast efficiency in magnetic resonance imaging [151].

3.2.3. Light-triggered drug delivery—Light-responsive nanocarriers have also 

received significant attention in targeted drug delivery research. Light-responsive drug 

delivery systems are generally noninvasive and can be remotely controlled in spatiotemporal 

manner. These systems can deliver therapeutics at the target site in response to application of 

specific wavelength of light such as UV, visible or near-infrared (NIR) etc. [152]. 

Nanocarriers-based systems have been developed in recent years. Usually, drug release is 

triggered by either reversible or irreversible photo-induced structural modifications of the 

nanocarriers. For examples, azobenzene and its derivative-based nanocarriers are widely 

used for control drug delivery at its target by site specific application of ultraviolet–visible 

light and/or light in the visible region that allow its structural modification resulting in drug 

release as outlined in Figure 10 [34,153,154,155,156]. One such light triggered drug 

delivery system has been prepared via azobenzene functionalization of the pore interior of 

mesoporous silica nanoparticles [157,158]. Li and co-others reported a near infrared laser-

triggered nanocarrier system made of gold nanorod core surrounded with mesoporous silica 

shell [159]. In addition, single-stranded DNA valves were capped within the nanocarrier. 

This system displayed good stability, biocompatibility, resistance nuclease enzymes and 

controlled release of the cargo molecule with response to the laser on/off conditions. Upon 

laser radiation, the valves of this nanocarrier opened and the cargo molecules were released 

through the mesopores. Intracellular imaging experiments revealed that the controlled 

release was successful in living cells (Figure 11) [159].

3.3. Tumor microenvironment sensitive nanocarriers

Cancer is one of the prime causes of death globally for both men and women [160]. The 

physiochemical properties of tumor microenvironment are different from that of the normal 

tissues [161,162]. For examples, the extracellular matrix (ECM) pH in tumor tissues is more 

acidic (6.5–6.9) than that of the blood pH (7.4) at 37°C [163]. Besides, other physiochemical 

properties such as temperature is higher, oxygen concentration is less (hypoxia) and many 
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chemical and cytokines are known to over express in tumor cell microenvironment as 

compared to normal cells [164,165,166,167,168,172]. Therefore, developing stimuli-

responsive nanocarriers that can respond to tumor cell microenvironment will be a promising 

basis for targeted delivery of therapeutics to combat cancers. A schematic representation of 

pH activation of nanocarrier system by tumor microenvironment has been described in 

Figure 12. Nanocarriers, which are known to be sensitive to endogenous stimuli such as pH, 

reactive oxygen species, glutathione etc. and exogenous stimuli such as light, ultrasound, 

heat etc., can be used as stimuli-responsive anticancer nanomaterials for tumor tissue 

specific delivery of therapeutics. Over the years, researchers have developed such tumor 

microenvironment responsive nanocarriers for targeted drug delivery applications 

[173,174,175,176,177]. For examples, He et al. developed dual stimuli nanocarriers derived 

from polyethyleneimine-nitroimidazole micelles (PEI-NI) and Ce6-linked hyaluronic acid 

for delivery of anticancer drugs with response to both hypoxia and photo-induction at the 

tumor microenvironment (TME). A schematic illustration of hypoxia-responsive drug 

delivery has been shown in Figure 13. Hydrophobic nitroimidazole, a known hypoxia-

responsive electron acceptor was used in the nanocarriers to induce hypoxia mediated 

condition. Hydrophobic nitroimidazole converts into hydrophilic 2-aminoimidazole under 

hypoxia condition resulting in delivery of the loaded doxorubicin from the nanocarrier 

system to the TME [116,169,170,171]. Wang et. al. reported multifunctional nanocapsules-

based smart drug delivery system with both light and tumor microenvironment triggered 

release of anticancer drugs. The authors prepared the nanocapsules using a PLGA-polymer 

matrix along with Fe/FeO core-shell nanocrystals, chemotherapy drug and photothermal 

agent. The nanocapsules were able to respond in the TME to produce reactive oxygen 

species resulting in hypoxia condition for triggering drug release [178]. Recently, Yang et al. 
designed and synthesized a negatively charged hierarchical tumor acidity-responsive 

magnetic nanobomb (HTAMN) made of polypeptide ligand, mPEG, superparamagnetic iron 

oxide nanoparticles for tumor acidity responsive theranostics applications [179]. These 

negatively charged HTAMNs converted into positively charged nanoparticles in the acidic 

tumor environment resulting in accumulation in the tumor cells. The photosensitizers of the 

HTAMNs are activated inside the more acidic intracellular component of the cancer cells 

allowing the image-based diagnosis of tumor cells. Such HTAMNs based systems are highly 

promising for the development of cancer theranostics.

3.4. Dual/multi-stimuli responsive nanocarriers

To make more specific and effective nanocarrier systems, recently researchers have designed 

multi-stimuli responsive nanocarriers by combining two or more stimuli-responsive 

components in a single nanocarrier system [180,181,182]. For example, Jia et al. designed a 

redox/enzyme responsive nanoparticle capable of releasing nitric oxide (NO) for anti-cancer 

therapy [183]. This nanoparticle was made of an organic-inorganic composite and 

encapsulated with a glutathione S-transferases π (GSTπ) – responsive NO releasing drug. In 

response to GSH at tumor site, these nanoparticles undergo biodegradation resulting in the 

release of the NO within the tumor [184]. In another case, Menon et al. reported a multi-

stimuli responsive nanoparticles with both pH and temperature sensitive system, comprised 

of a copolymer of poly (N-isopropylacrylamide) and carboxymethylchitosan as the shell and 

PLGA as the core of the nanosystem. This nanoparticle was loaded with an image contrast 
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agent such as superparamagnetic iron oxide (SPIO), which showed dual function of image 

contrast agent and inductor of temperature change by external magnetic field. This 

temperature alternation caused conformational change of the nanosystem resulting in drug 

release. The pH sensitive shell of the nanosystem also facilitated drug release at the acidic 

pH cancer environment [185]. Lee et al. prepared reactive oxygen species and light 

responsive nanoparticles encapsulated with an antioxidant agent bilirubin [186]. The 

structure of these bilirubin nanoparticles disrupted upon exposure to either reactive oxygen 

species or external laser light resulting in release of the encapsulated drugs. This bilirubin 

nanoparticle loaded with the anticancer drug doxorubicin inhibited tumor growth in a 

xenograft model upon irradiation with 650 nm laser light. Xiong et al. developed pH/redox 

sensitive micelles for the delivery of doxorubicin in cancer cells [187]. This nanosystem was 

made of an amphiphilic copolymer of poly(ε-caprolactone)-ss-poly(2-(dimethylamino) ethyl 

methacrylate) (PCL-SS-PDMAEMA). Doxorubicin was loaded in hydrophobic PCL region 

and gold nanoparticle was loaded in the hydrophilic PDMAEMA region of the micelle. At 

low pH in tumor site, the PDMAEMA part undergo protonation resulting in swelling of the 

outer shell leading to release of the drugs. Similarly, di-sulfide bond undergo cleavage in 

response to GHS, thereby degrading the micellular shell and releasing the drugs and imaging 

agent gold nanoparticles [12]. In a recent study, Yang et al. developed a redox/pH dual 

stimulus responsive nanosized polypeptide micelle system using a disulfide linker between 

methoxy poly(ethyleneglycol) and poly[2-(dibutylamino)ethylamine-L-glutamate] 

copolymers (mPEG-SS-PNLG) for delivery of anti-cancer drugs [188]. An anticancer drug 

doxorubicin (DOX) was loaded inside these mPEG-SS-PNLG micelles for the treatment of 

liver cancer. The authors observed a low rate of DOX release at pH 7.4, while the drug 

release rate was significantly higher at lower pH of 5.0 and a higher redox potential 

condition indicating a pH/redox dual responsive system. Drug loaded DOX-mPEG-SS-

PNLG micelle system displayed improved in vivo activity against the HepG2 liver cancer 

model as compared to the free drug DOX only treatment. This micelle system showed a 

promising result for targeted delivery of anticancer drugs. Development of such multistimuli 

responsive nanocarriers systems showed promising results for more precision and targeted 

delivery of therapeutics at the disease site. A schematic representation of different stimuli-

responsive multifunctional nanocarriers for targeted drug delivery applications has been 

shown in Figure 14.

4. Clinical studies of nano-drug delivery systems

Because of their ability to protect the therapeutic agents from the physiological and 

enzymatic degradation as well as reduce the adverse drug side effects, nanocarrier-based 

systems have been evaluated in a number of clinical trials for the treatment of various 

diseases [189]. Most of the current nano-drug delivery systems in clinical trials included 

existing drugs which were encapsulated in the nanocarriers to improve their therapeutic 

benefit [75]. Liposome-based nanocarriers have been extensively studied in several clinical 

trials for the treatment of various cancers. For example, anticancer drug doxorubicin-based 

liposomal formulation namely Doxil® was one of the first tested nanoparticle-based drug in 

clinical trials for Karposi’s sarcoma, ovarian cancer and multiple myeloma [190]. 

ThermoDOX is another doxorubicin-based thermosensitive liposomal formulation which 
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have been evaluated in clinical trial for the treatment of breast cancer (phase II) and 

hepatocellular carcinoma (phase III). ThermoDOX was stable at body temperature, but it 

dissociates and delivers the encapsulated drugs at the elevated temperature at the tumor 

microenvironment. Recently, ThermoDOX was also tested for other cancers by various 

research groups [191]. A list of nano-drug delivery systems in clinical trials is shown in 

Table 3 [192].

As discussed in this review, the past two decades have witnessed significant progresses on 

the development of various nanosized carriers for targeted therapeutic delivery and disease 

diagnostic applications. However, the success rate of their translation into clinical 

application was very limited [193]. Detail toxicology studies, quality control assay and cost-

effectiveness of the production are the key challenges for the successful translation 

developed nanomaterials into clinical application [193]. To achieve this goal, various studies 

such as bulk scale laboratory preparation of nanomedicines as per the industry standards, 

performing preclinical, conducting early clinical trials as well as cost-benefit analysis need 

to be carried out to expedite the translation of the nanotechnology based products into the 

clinical or commercial applications. Further, to improve the safety and efficacy of the 

product, there is a need to establish a standard preparation and characterization methods 

throughout the development of the nanomaterials. Over the years, researchers paid attention 

to establish strategies for improving efficacy and safety of the nanomaterials. Recently, 

researchers introduced ‘Safe-by-Design’ approach as a strategy for the development of safe 

and effective nanomaterials [194–197]. The purpose of ‘Safe-by-Design’ approach is to 

assess the safety of the nanomaterials from its early stage of innovation process, reduce 

adverse effects on human health by modifying the design of the nanomaterials as well as to 

maintain safety of the nanomaterials throughout their development stages. In traditional risk 

assessment method, safety is accessed when the product is fully developed, but in ‘Safe-by-

Design’ concept, safety is considered throughout the all development stages of the product 

[198]. Designing safer nanomaterials has become a key focus in latest years. In a recent 

report, Borchard and coauthors have discussed ‘Safe-by-Design’ approach to enhance the 

safety and efficacy of chitosan-based protein drug delivery systems. Taking insulin as a 

model protein drug, the authors have discussed various challenges still need to be overcome 

for successful encapsulation and release of insulin from the chitosan nanoparticles 

[195,196]. In another recent report, researchers addressed various parameters that affect 

safety and efficacy of iron nanoparticles for the treatment of iron deficiency diseases. As an 

alternative to oral iron supplements, the authors have summarized the factors affecting 

intravenous iron-carbohydrate nanoparticles during their production, storage, and clinical 

studies. Such information is needed for the clinicians to establish the best clinical protocol 

for the product. Thus, successful implementation of ‘Safe-by-Design’ approach would be 

beneficial in developing safe nanomaterials from the beginning of the innovation.

5. Human studies of nanodrug delivery systems

Over the last two decades, various nanomedicines have been evaluated for therapeutic 

delivery application [199,200]. Because of small size, nanocarriers can easily cross various 

biological barriers in the human body [201] Lipid and polymer based nanocarriers (such as 

liposomes, dendrimers) have been extensively used for various medical applications and 

Majumder and Minko Page 14

Expert Opin Drug Deliv. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



human studies [202]. The distribution of nanoparticles in the body after inhalation and oral 

delivery was examined in several animal and human studies [203,204] It was revealed that in 

contrast to low molecular weight drugs, physiology and anatomy of the organism, 

biodistribution, tissue penetration, phagocytosis, opsonization, and endocytosis of nanosized 

materials as well as specific properties have a major impact on their toxicity [205]. Also, 

larger size nanocarriers were found to be more toxic as compared to the smaller size 

nanocarrier of the same composition [206]. However, available safety and toxicity data of 

nanoparticles are highly inconsistent [207]. Therefore, more evaluation studies should be 

conducted and novel methods need to be developed for reducing the toxicity issues as well 

as safe use of the nano-sized medicines in human health.

6. Conclusions and outlook

In summary, here we report recent advances of multifunctional and stimuli-responsive 

nanocarriers in the development of site-specific delivery of therapeutics. Multifunctional and 

stimuli-responsive nanocarriers are able of increasing therapeutic efficacy and limiting the 

systemic adverse side effects usually associated with the conventional drug delivery 

methods. Such smart nanocarriers have shown a great promise in the improvement of disease 

diagnosis and therapy. Specially, stimuli-responsive nanocarriers showed possibility of 

controlled release of drugs at the target cells by acting as an active participant, rather than 

passive vehicle. However, there are still a few challenges associated with the multifunctional 

and stimuli-responsive nanocarriers. For examples, some endogenous stimuli are uncertain, 

such as variation of pH range in different diseased or normal organs and cells, presence of 

stimulus proteins in normal cells, etc. Though nanocarriers showed promising results against 

specific diseases, few drawbacks such as limited absorption, frequent injection of the 

nanomedicine for patients, etc. are associated with these nanocarrier-based delivery systems. 

Besides, such nanocarriers may undergo enzymatic degradation or physical entrapment on 

their way to the desired target site. Therefore, better understanding of the physiological 

environments of normal and disease cells as well as further development of nanocarrier-

based drug systems are necessary for targeted therapeutic delivery applications. In summary, 

as discussed sequentially in this review, the progress from single functional to 

multifunctional nanocarriers has shown tremendous potential for targeted delivery of 

therapeutics. Further development of stimuli-based multifunctional feature would make an 

unprecedented control over the delivery and release of therapeutics at the disease site.

7. Expert opinion

Nanoscale-based delivery systems are intensively explored in the past few decades for the 

improvement of disease treatment and diagnosis. Initially developed for solving only few 

limitations of free non-bound drugs (e.g. low water solubility, poor pharmacokinetics and 

cellular availability, degradation in the gastrointestinal tract, blood stream or by hepatic 

metabolism, etc.), further expansion of the approach led to the extension of the diagnostic 

and/or therapeutic aims of nanotherapeutic drug delivery. As a result, many modern 

nanoparticle-based drugs substantially enhance a specific activity of parent drugs. Enhanced 

drug activity (especially of anticancer, antiviral, or other toxic drugs) in turn may cause 

severe adverse side effects on healthy organs, tissues, and cells. In order to limit such 
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adverse side effects and further augment drug activity, different approaches for specific 

targeting of an entire delivery system to the site of action including a whole organ, definite 

parts of the organ, specific cell types or even intracellular organelles were developed. Many 

different targeting approaches have been exploited including passive or active targeting that 

employs specific properties of the nanocarriers or site of action (e.g. specific accumulation 

of nanoparticles with a certain size of molecular mass in deceased parts of the body, such as 

solid tumor), targeting to specific receptors or molecules expressed on the plasma membrane 

of cells under the attack (e.g. receptors, antigens, proteins, lipids, etc.) targeting to specific 

conditions in the site of action or neighboring tissues (e.g. pH, redox potential, specific 

enzymes, etc.) and many other relatively simple or complex approaches. Exploration of 

specific environment properties inside the targeted cells, tissues or entire organs led to the 

development of stimuli-responsive nanocarriers. Such nanocarriers mainly provide for a 

release of active components of a delivery system only under specific conditions (e.g. low 

pH in tumor or hypoxic microenvironment) or after the action of specific enzymes (e.g. 

oxidoreductases, transferases, hydrolases, etc.), which can destroy the bond between a 

carrier and active components or change a configuration of the nanoparticle triggering the 

drug release. In addition to endogenous conditions, various exogenous stimuli are used for 

targeting nanoparticles and release their components. These exogenous stimuli include but 

not limited to temperature, ultrasound, light, etc. In most cases one specific drug or simple 

nanocarrier-based system normally has one (or few) definite type(s) of action and solves 

only a limited number of tasks. By combining different active components in one complex, a 

simple pharmaceutical formulation with a limited number of functions can be converted to a 

complex multifunctional drug delivery system with ability to fulfill simultaneously several 

tasks. For instance, for the effective cancer treatment, a cell death should be induced in 

cancer cells alone with the suppression of cellular defensive mechanisms. Moreover, both 

these actions should be applied as an Ehrlich’s ‘magic bullet’ only to cancer cells leaving 

healthy cells intact. Based on such concept, we proposed several types of targeted 

multifunctional nanotechnology-based anticancer proapoptotic drug delivery systems which 

generally have four major components: a carrier (a nanoparticle which combines and holds 

all components together), targeting ligand (peptide, antibody or other class of agents that 

direct an entire system specifically to tumor, cancer cells or even intracellular organelles), 

cell death inducer (anticancer drug), suppressor(s) of multidrug resistance (antisense 

oligonucleotides, siRNAs, etc.) and suppressors of antiapoptotic cellular defense. In our 

opinion, this is a minimal configuration of anticancer delivery system that can provide an 

exceptionally high efficacy of cancer treatment, prevention and fighting over metastases and 

limiting severe adverse side effects upon healthy cells, tissues, and organs. Certainly, such 

system can be further enhanced to provide a stimuli-triggered release of the drugs, combine 

diagnostic features (such as imaging of tumor and metastases), improve pharmacokinetics 

and drug release, etc. However, the designing, testing, and especially production in large 

quality require tremendous efforts and financial expenses. These obstacles substantially limit 

interest to such complex multifunctional systems from industry and pharmaceutical 

companies which instead still prefer to develop small molecular weight anticancer drugs 

with relatively low efficacy and severe adverse side effects. Nevertheless, we hope that 

advances in research, development and formulation finally will result in the production of 
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such complex multifunctional systems in large scale and implementation into clinical 

practice
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Article highlights

• Various nano-based materials and methods have been developed for disease 

diagnosis and treatment applications.

• The use of nanocarriers for the drug delivery helps to solve most limitations 

of traditional nonbound drugs including but not limited to poor water 

solubility, low cellular penetration, unfavorable pharmacokinetics and body 

distribution, uncontrolled drug release, degradation in the process of journey 

to the targeted site, adverse side effects, etc.

• In general, the use of nanoparticles enhances the specific activity of drugs, 

diagnostic, and imaging agents.

• In order to avoid severe adverse side effects upon healthy organs, tissue, and 

cells and further enhance the specific effects of active components, a targeting 

to the specific site(s) of action is employed.

• With the intention of providing a controlled drug release and additional 

targeting to the specific conditions in the site of action, stimuli-responsive 

nanocarriers were developed.

• Although in the early stage, nanocarrier-based drugs were developed to fulfill 

predominately one task, modern nanoparticle drugs are multifunctional and 

often contain several distinct components.

This box summarizes key points contained in the article.
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Figure 1. 
Schematic representation of stimuli-responsive delivery of therapeutics and contrast agents 

into a diseased cell. After entering a targeted cell through endocytosis, nanoparticles 

undergo disassembly through various internal (acidity, actions of intracellular enzymes, high 

temperature) as well as external (light, magnetic field, temperature, ultrasoud, etc.) stimuli. 

On dissociation of the nanostructure, the encapsulated drugs or imaging agents are released 

and delivered to their specific targets in nucleus and cytoplasm.
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Figure 2. 
A multifunctional nanocarrier-based drug delivery system containing targeting moieties 

(antibody, peptide, aptamer, etc.) and active components (drug, nucleic acid, protein, 

contrast agent, etc.). Drugs and imaging agents are loaded in the core structure (or 

membrane) of the multifunctional nanocarrier, whereas the targeting moieties such as 

antibody, peptide, aptamer, etc. and nucleic acids in most cases are conjugated on the surface 

of the nanostructure through various linkers, electrostatic interactions as well as covalent or 

noncovalent bond formation.
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Figure 3. 
Mechanisms of drug transport through the blood-brain barrier using nanocarriers conjugated 

to receptor-specific ligands and cationized ligands. (1) Receptor-mediated endocytosis of the 

nanocarrier; (1a) Exocytosis of the nanocarrier; (1b) Dissociation of the receptor from the 

ligand-conjugated nanocarrier and acidification of the vesicle leading to the degradation of 

the nanocarrier and the release of the drug into the brain; (1 c and 1d) Recycling of receptors 

at the luminal cytoplasmic membrane; (2a) Adsorptive-mediated endocytosis of the 

nanocarrier conjugated to cationized ligands; (2b) Exocytosis of positively charged 

nanocarriers. Reproduced with permission [58].
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Figure 4. 
LHRH-targeted delivery systems. (A) Examples of different architecture of nanocarriers. (B) 

Distribution of tritium-labeled PEG and LHRH-PEG conjugates in tumor and different 

organs of mice bearing xenografts of human ovarian cancer. (C) Volume of tumor in mice 

bearing xenografts of human ovarian cancer treated with substances indicated. Means ± SD 

are shown. Modified from [8,9,16,17,25,27,46,61,82].
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Figure 5. 
Responses of the poly(acrylic acid) (PAA) nanoparticles with different monomer to cross-

linker ratios to pH and temperature. Reproduced with permission [128]. The change in 

hydrodynamic diameter and drug release from high and low cross-linked PAA has been 

displayed schematically.

Majumder and Minko Page 33

Expert Opin Drug Deliv. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Internalization of a redox-sensitive nanocarrier, cleavage of disulfide linker and drug release 

inside cells. Disulfide-linked nanocarrier is stable outside the tumor microenvironment with 

low level of GSH. However, the disulfide bond of this nanocarrier is reduced to thiol groups 

after endocytosis inside the tumor cell with high level of GSH resulting in the dissociation of 

the nanostructure and release of the encapsulated drugs. Reproduced with permission [117].
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Figure 7. 
Enzyme-sensitive drug delivery. (A) Multifunctional liposomal nanocarrier responsive to 

matrix metalloproteinases (MMP2) for drug delivery via TAT-mediated internalization. mAB 

2C5 – nucleosome-specific monoclonal antibody 2C5. (B) On-demand drug delivery 

triggered by bacterial lipase. Bacterial lipase causes cleavage of the internal PEG shell of the 

nanocarrier – resulting in release of the surface bioactive agents as well as encapsulated 

drugs. Reproduced with permission [34].
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Figure 8. 
Delivery and controlled release of doxorubicin (Dox) at cancer cells expressing 

hyaluronidase using mesoporous silica nanoparticles functionalized with biotin-modified 

hyaluronic acid (MSN-HA). (A) Drug loading steps to yield MSN-HA/Dox delivery system. 

Propylamine-functionalized silica (MSN-NH2) was first modified with desthiobiotin to 

obtain MSN-desthiobiotin, then by employing biotin (or desthiobiotin)–SA interaction, SA, 

and biotinylated HA were self-assembled on the external surface of MSN to yield MSN-HA. 

Optionally, therapeutic drug, doxorubicin, can be loaded into mesoporous silica 

nanoparticles to obtain MSN-HA/Dox. (B) Schematic illustration of the CD44 receptor-

mediated endocytosis and triggering of drug release in tumor cells. MSN-HA/Dox is 
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internalized by cancer cells via receptor-mediated endocytosis (HA–CD44 interaction), then 

loaded doxorubicin was released from the pore of MSN by the triggering of HAase and 

intracellular biotin. Reproduced with permission [139].
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Figure 9. 
Doxorubicin (Dox) release from mesoporous silica nanoparticles functionalized with biotin-

modified hyaluronic acid (MSN-HA) and antitumor effect of the formulation. (A) The 

biotin-and hyaluronidase-responsive release profiles of doxorubicin (Dox) under pH 6.5. 

The biotin- and HAase-responsive release profiles of doxorubicin (Dox) were evaluated. 

Drug release under pH 6.5 was conducted to mimic the condition of tumor 

microenvironment. Under different stimulus condition, biotin (2 mmol/L), HAase (150 U/

mL), or both were added to MSN-HA/Dox solution; as a control, MSN-Dox was employed. 

At specified time points (1, 2, 4, 6, 12, and 24 hours), cumulative drug release was measured 
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and compared. **P < 0.01. (B) Representative tumor images obtained from tumor-bearing 

mice treated for 18 days with saline (control), empty MSN-HA, free nonbound Dox, or 

MSN-HA/Dox. Modified with permission [139].
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Figure 10. 
Examples of light triggered drug delivery. (A) Schematic representation of an encapsulated 

in vitro transcription–translation liposomal system triggered by irradiating caged DNA with 

light. (B) Delivery of doxorubicin through the near-infrared-triggered induction of 

dehybridization of the DNA conjugated at the surface of gold nanorods. Upon irradiation of 

the gold nanorods with NIR laser, the resulting light to heat transformation increases local 

temperature and leads to the detachment of the DNA helices from the gold surface – 

resulting in the release of the encapsulated doxorubicin. Reproduced with permission [34].
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Figure 11. 
Near-infrared (NIR) light-triggered nanocarrier with reversible DNA valves for controlled 

release. (A) A schematic of light-controlled release of nucleic acid. Cargo loaded gold 

nanorods were coated with mesoporous silica shell and covered with reversible single 

stranded DNA valves. When such nanocarrier is irradiated with the NIR laser, the resulting 

photothermal effect disrupt the electrostatic bonding between silicon shell and DNA and 

activate the DNA valves to the ‘on’ state leading to the release of the encapsulated cargo 

molecules. Such release of the cargo is stopped when the NIR laser is turned off. (B) 
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Controlled release profile of a cargo under NIR laser irradiation (808 nm, 2.7 W·cm−2) for 

different on/off cycles. Reproduced with permission [159].
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Figure 12. 
pH-triggered release of cargo inside the tumor microenvironment (TME). pH-sensitive 

nanocarriers are usually made off with acid responsive polymer or moieties. At the slightly 

acidic pH of tumor microenvironment, the acid sensitive moieties of such nanocarriers 

undergo protonation leading to the disruption of the nanostructure and the release of the 

encapsulated therapeutics. Reproduced with permission [116].
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Figure 13. 
Hypoxia-responsive drug delivery. (A) Dual-stimuli-sensitive nanoparticles prepared from 

polyethyleneimine-nitroimidazole micelles (PEI-NI) co-assembled with Ce6-linked 

hyaluronic acid (HC). Hypoxia-mediated activation was achieved by the incorporation of a 

hypoxia-responsive electron acceptor (nitroimidazole, NI) converted to hydrophilic 2-

aminoimidazole under hypoxic conditions leading to the release of nanoparticle-loaded 

doxorubicin. (B) CD 44-mediated targeted delivery of doxorubicin in cancer stem cells and 

release of DOX in response to hypoxia generated by laser irradiation. CD44 is a cell surface 

receptor, which is overexpressed in most of the cancer stem cells. Hyaluronic acid (HA), a 
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strong affinity ligand for CD 44, is usually decorated on the surface of nanoparticles for 

recognizing and binding to the cancer stem cell leading to the delivery of the drug to the 

specific tumor cell. Reproduced with permission [116].

Majumder and Minko Page 45

Expert Opin Drug Deliv. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 14. 
Schematic representation of different stimuli-responsive multifunctional nanocarriers for 

targeted drug delivery applications. Various stimuli-responsive multifunctional nanocarriers 

such as polymeric nanoparticles, liposomes, nanostructured lipid carriers, etc. can 

disassemble their nanostructure under various exogenous (temperature, ultrasound, light, 

etc.) and endogenous (pH, enzyme, redox potential, etc.) stimuli actions resulting in release 

of the encapsulated drugs at the targeted disease cells.
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