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Abstract

Systemic drug delivery methods such as oral or parenteral administration of free drugs possess 

relatively low treatment efficiency and marked adverse side effects. The use of nanoparticles for 

drug delivery in most cases substantially enhances drug efficacy, improves pharmacokinetics and 

drug release and limits their side effects. However, further enhancement in drug efficacy and 

significant limitation of adverse side effects can be achieved by specific targeting of nanocarrier-

based delivery systems especially in combination with local administration. The present review 

describes major advantages and limitations of organic and inorganic nanocarriers or living cell-

based drug and nucleic acid delivery systems. Among these, different nanoparticles, 

supramolecular gels, therapeutic cells as living drug carriers etc. have emerged as a new frontier in 

modern medicine.
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1. Introduction

It is well known that the main goal of drug delivery is effective and safe delivery of a drug to 

its target tissues, organs and cells. However, transport of a drug to its specific targets 
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represents one of the major challenges for an effective drug delivery [1]. Conventional 

enteral or parenteral drug delivery methods of systemic drug administration include the 

formulation of a drug into suitable dosage forms for oral/gastrointestinal administration (e. 

g. tablets, capsules, solutions, suspensions, syrups, etc.) or sterile drug preparations 

(solutions, suspensions, emulsions, or reconstituted lyophilized powders) suitable for 

administration by injection (intravenous, epidural, intramuscular, subcutaneous, etc.) [2, 3]. 

Nevertheless, these systemic drug delivery methods are associated with several limitations 

such as relatively low site-specific bioavailability of administered drugs, unfavorable 

distribution of drugs throughout the body and, in most cases, low accumulation in the target 

site, adverse side effects, etc. [4]. Besides, these drug delivery systems can’t fulfill the ever-

growing need of the modern medicine such as personalized medicine and targeted therapies. 

Therefore, there was an urgent need to develop novel drug delivery systems for localized and 

targeted delivery of therapeutics. Over the decades, researchers have extensively studied 

development of carrier-based drug delivery systems with truly targeted features towards 

specific disease as well as to prevent drug degradation, resistance, drug side effects and also 

improve the potential of individualized medicine [5, 6]. Various surface markers and 

cytokines such as integrins, folate, growth factors etc., which are known to express on 

disease cells and their microenvironments, were explored for developing counter marker 

functionalized drug carrier to recognize the target disease cells [7]. Carrier-based targeted 

and localized drug delivery systems, e.g. supramolecular gels [8, 9], nanocarriers such as 

different types of nanoparticles [10-14], liposomes [15-19], nanostructures lipid carriers [20, 

21], dendrimers [22-28], quantum dots [29], live cells as living drug carriers [30], micelles 

[31-33], polymeric nanoparticles [34, 35] emulsions [36] and microemulsions [37, 38], etc. 

were widely explored in the past few years. Such targeted drug delivery systems not only 

lead to accumulation of drug in the specific organs, tissues or cells resulting in increased 

treatment efficacy, but also reduce the drug availability into other organs thereby decreasing 

adverse side effects. To keep a distinctive perspective, contributions describing drug delivery 

through polymeric system [39], micelles [31], emulsions [36] have been already described in 

corresponding reviews and are out of the scope of this review. This review will present the 

advances of various carrier based targeted drug delivery systems and provide their 

perspectives on future directions. Mainly, we will summarize major research findings on the 

development of various nanocarriers, nanostructured supramolecular gels, and live cell-

based targeted drug delivery approaches as outlined in Fig. 1.

2. Targeted drug delivery

Targeting a drug delivery system to the specific organs, cells or cell organelles increases the 

accumulation of the delivered active components(s) in the desired site of action and limits 

their accumulation in the healthy organs, tissues and cells. This in turn enhances the efficacy 

of the treatment and prevents severe adverse side effects upon the healthy organs and tissues. 

Previously, we proposed to subdivide all possible types of drug targeting on two major 

categories: passive and active targeting (Fig. 2) [40]. So-called passive targeting relies on 

specific conditions in an entire organ or tissue which led to the accumulation of a drug 

delivery system with a specific size, molecular mass, charge, etc. In the case of cancer, it 

was found that high molecular weight drugs are preferentially accumulated in the solid 
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tumors. Such situation was termed by Maeda and co-workers as enhanced permeability and 

retention (EPR) effect and results from the increased permeability of tumor vasculature in 

combination with limited lymphatic drainage [41, 42]. However, such passive targeting is 

effective only when the diseased cells are localized in a relatively compact structure (e.g. 

solid tumor in case of cancer) and will not work if the affected cells are spread over the 

entire body (e.g. cancer metastases). In addition, passive targeting approach may utilize 

specific conditions in the diseased tissues or cells (e.g. low pH) or the local delivery of 

active components specifically to the affected organ or tissue (e.g. topical delivery to skin or 

inhalation for lung delivery). In contrast, active targeting allows for a precise hunting for 

diseased cells whether they are localized in a certain part or spread over the body. The active 

targeting in most cases is achieved by adding to the surface of a carrier a targeting moiety – 

a ligand specific to a certain substances overexpressed on the surface of targeted cells (for 

targeting specific cells) or inside cells (for targeting intracellular organelles). For these 

purposes, antibody or their fragments [43-45], peptides, proteins or other ligands for the 

receptors overexpressed in targeted cells [46-50] or some exotic targeting mechanisms 

(sandwich targeting [51-53], promoter-targeted delivery [54-56], indirect targeting [57-59] 

or targeting by external stimuli [60-65]) are mainly used. In the present review, we briefly 

describe the use of targeting ligands to the receptors overexpressed in targeted cells, 

specifically in cancer cells. For more details related to other methods of active targeting the 

reader is referred to the corresponding reviews [40, 66-70].

2.1 Targeting ligands for cancer cells

Probably, the one of the first and most widely used targets for the delivery of drugs, nucleic 

acids and other therapeutics specifically to cancer cells are folate [71-73]. Folate receptors 

are overexpressed in most types of cancer cells. Consequently, conjugation of a ligand to a 

folate receptor with an anticancer drug or, most efficiently, to a drug delivery system, will 

provide for an active targeting of a payload explicitly to cancer cells. Folic acid and anti-

folate receptor antibodies are the most widely used ligands to folate binding proteins on the 

surface of cancer cells [74]. Antibodies to specific cancer cells or their fragments are also 

being widely used directly as therapeutic agents against various cancers or as targeting 

moieties for drug delivery systems [75-79]. However, the lack of specificity of folate-based 

ligands and possible adverse side effects of antibodies as xenobiotics limit their clinical use 

for cancer targeting of drugs or nucleic acids [80-82]. Peptide receptors represent another 

promising object for active targeting of drug delivery to cancer cells. Many peptide ligands 

(somatostatin analogs, vasoactive intestinal peptide, gastrin-releasing peptide, 

cholecystokinin/gastrin, neurotensin, substance P, neuropeptide Y, luteinizing hormone-

releasing hormone - LHRH, bombesin, etc.) for these receptors have been used as targeting 

moieties for a specific delivery of drugs and nucleic acids to cancer cells [12, 13, 16, 21, 

83-87]. Our laboratory pioneered in the use of LHRH peptide for targeting of its receptors in 

different cancer cells [12, 13, 16, 21]. We found that receptors specific to LHRH peptide 

overexpressed in many types of cancer cells and do not express in cells from visceral organs 

[16, 18, 88]. One interesting finding was revealed in our laboratory related to the use of 

LHRH peptide for targeting different nanoparticles to cancer. As expected, we found 

differences in organ distribution of non-targeted nanoparticles. However, the addition of 

LHRH peptide as a targeting moiety to all studied and protein-based nanoparticles, etc.; 
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inorganic – gold, mesoporous silica nanoparticles leveled off these differences. All different 

nanocarriers (polymers, dendrimers, liposomes) targeted with LHRH peptide were equally 

efficient for tumor-specific treatment and imaging [16].

3. Nanoscale-based localized and targeted delivery systems

Nanoscale drug delivery [89] is an integral part of the drug delivery systems. This type of 

system encapsulates drug or other therapeutically active components and carries them to its 

target site. Recently, nanoscale-based drug delivery has attracted considerable attention due 

to their wide applications in the targeted delivery, controlled release of drugs, as carriers for 

DNA, RNA in gene therapy etc. [90]. To date, a large number of nanoscale drug delivery 

systems (organic and inorganic) have been developed and investigated. Organic and 

inorganic nanoparticles represent materials of multiple dimensions that demonstrate unique 

physical and chemical properties dependent on size, shape and composition. Organic and 

inorganic nanocarriers include but are not limited to: organic - dendrimers, polymeric 

micelles, liposomes, solid lipid and protein-based nanoparticles, etc.; inorganic – gold, 

mesoporous silica, superparamagnetic iron oxide and paramagnetic nanoparticles, quantum 

dots, etc. [91, 92]. This includes the first Food and Drug Administration (FDA) approved 

liposomal nanoparticles “Doxil”, which was known for encapsulating doxorubicin and its 

use in treatment of various cancers [93]. In past few years, researchers paid significant 

attention to develop various types of nanocarrier-based systems for targeted drug delivery 

application. Here, we will summarize the advances and limitations of such nanocarrier-based 

organic and inorganic systems which are known to encapsulate, protect, and target 

therapeutics towards the disease site.

3.1. Polymeric nanoparticles and dendrimers

Biodegradable polymeric nanoparticles are versatile in delivering small molecule drugs, 

nucleic acids, proteins etc. Over the decades, both synthetic and natural polymer-based 

nanoparticles such as polylactic acid-co-glycolic acid (PLGA), poly (alkyl cyanoacrylate) 

(PACA), polycaprolactone (PCL), polyanhydrides, polyethyleneimine (PEI), chitosan, and 

gelatin were investigated in therapeutic delivery applications (Fig. 3) [94, 95]. Among these, 

PLGA is an FDA approved nanoparticle platform for delivery of leuprolide for prostate 

cancer [96, 97].

Number of reports revealed that PEG-PCL nanoparticles are safe, biocompatible and 

provided efficient delivery of hydrophobic payloads (e.g., anticancer drugs, imaging agents 

etc.) to various cancer tumors [34, 35, 98-100]. PCL based nanoparticles were also explored 

for the controlled release of many anticancer drugs. Due to slow degradation of the PCL 

polymer, it can be used as a long term-controlled delivery device of therapeutics [101]. PEI 

is a cationic polymer and it can non-covalently interact with nucleic acids to produce 

nanoparticles, which were explored for the delivery of siRNA or DNA for gene therapy 

[102]. However, due to cationic property, PEI nanoparticles without bound nucleic acid were 

found to be toxic in live cells. Wu et al. modified PEI with a neutral polymer PEG to 

decrease its toxicity [103]. Other types of modifications were proposed to make PPI and 

polyamidoamine (PAMAM) dendrimer complexes with nucleic acids, chemotherapeutic 
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drugs and phototherapeutic agents, practically non cyto- and genotoxic to cells and animals 

and enhance their cellular internalization (Fig. 4) [23, 24, 26-28, 104, 105].

Dendrimers have been widely used as delivery vehicles for many anticancer drugs such as 

cisplatin, paclitaxel, doxorubicin etc. For examples, Kirkpatrick et al. [106] developed 

various polyamidoamine dendrimers for active carriers for cisplatin. The authors observed 

that both drug loading and release were dependent on the size of the dendrimer and with an 

increase in the size of dendrimer, both loading and release of cisplatin increased. The 

anticancer activity of cisplatin conjugated dendrimer was assessed against various ovarian 

cancer cell lines such as A2780, A2780cis and A2780cp and in animal studies against 

A2780 xenografts. Ooya et al. [107] prepared polyglycerol dendrimers of paclitaxel (poorly 

water-soluble hydrophobic drug) and observed improved water solubility of the drug even at 

a very low dendrimer concentration. Khandare et al. [22] prepared dendrimer by conjugating 

paclitaxel with a linear bis-PEG and polyamidoamine. The authors observed a higher 

anticancer activity of the dendrimer conjugate against A2780 human ovarian cancer cells. 

Doxorubicin is another well-known anticancer drug for the treatment of many types of 

cancer. Kojima et al. [108] designed DOX-dendrimer with surface decorated by PEG and 

collagen peptides. This dendrimer-DOX prodrug was more active against highly invasive 

MDA-MB-231 cells when compared with free non-bound drug.

3.2. Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) produced from natural lipids or synthetic lipids are non-

toxic and versatile nanocarriers for drug delivery application since they are made without 

any organic solvent and can carry both the lipophilic or hydrophilic drugs [109]. SLNs have 

large surface area and high drug loading ability and offer controlled release and protection of 

drugs [110].

In a recent study, Shen et al. demonstrated that dual targeted SLNs composed of both 

doxorubicin (DOX) and superparamagnetic iron oxide nanoparticles (SPIONs) for chemo/

magneto-thermal combination therapy against colon cancer. The surface of these SLNs was 

coated with hierarchical targeting of folate (FA) and dextran in a sequential layer-by-layer 

manner. The authors observed enhanced accumulation of the DOX/SPIONs-loaded SLNs at 

colon tumor sites leading to effective inhibition of the orthotopic colon tumor in mice (Fig. 

5). These results demonstrated the prominent therapeutic efficacy of dual targeting SLNs for 

local treatment by oral administration [111].

3.3. Liposomes

Liposomes are a type of small nanosized vesicles that are composed of self-assembled 

phospholipids into bilayers with spherical shape [112, 113]. Due to the polar nature of the 

liposomal core, it can encapsulate hydrophilic drugs within the vesicles as well as 

hydrophobic therapeutics can be easily incorporated within the phospholipid bilayers. 

Neutral conventional and PEGylated liposomes are also nontoxic and can be modified with 

various ligands or functionalities for site specific drug targeting [16, 104, 112, 113]. Because 

of these features, liposomes are widely used for drug delivery applications. Recently, an 

important new finding was reported: liposomal formulation of paclitaxel prevented 
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paclitaxel induced neuropathy [114]. Cationic liposomes were successfully used for gene 

and nucleotide delivery [18, 115-117]. In fact, liposome-based anticancer therapeutics such 

as DaunoXome, Myocet, VincaXome, DepoCyt, and Caelyx are currently available in the 

market for clinical use and many new liposomal formulations have been explored for clinical 

trials (Table 1) [118, 119].

Liposomal delivery system composed of an anticancer drug doxorubicin, an antisense 

oligonucleotides targeted to MRP1 mRNA as a suppressor of pump resistance and BCL2 

mRNA as a suppressor of nonpump resistance was investigated using an orthotopic murine 

model of human lung carcinoma [120]. High anticancer efficiency and low adverse side 

effects on healthy organs of this nanoscale drug delivery system were observed when 

compared with the individual components of the system used for treatment separately (Fig. 

6). This was a successful demonstration of a combinatorial local inhalation delivery of drugs 

and suppressors of pump and nonpump cellular resistance for the treatment of lung cancer.

Another work demonstrated that liposomal formulation for the local pulmonary delivery of 

prostaglandin E2 (PGE2) in combination with siRNA – suppressors of signaling pathways of 

idiopathic pulmonary fibrosis (IPF) was successfully used to treat IPF [115, 121]. The 

results obtained on mice with bleomycin-induced IPF revealed that treatment with PGE2 and 

selected siRNAs delivered by liposomes prevented the disturbances in the expression of 

genes associated with the development of IPF whereas restricted inflammation and fibrotic 

injury in the lung tissues as well as limited hydroxyproline accumulation in the lungs.

3.4. Nanostructured lipid carriers

Lipid nanoparticles commonly known as nanostructured lipid carriers (NLCs) have gained 

recent attention for drug delivery applications. NLCs are usually prepared from 

biodegradable and biocompatible lipid materials and offer advantages such as enhanced drug 

loading capacity, prevention of drug expulsion, etc. as compared to that of the 

nanoemulsions, polymeric nanoparticles etc. carriers [122, 123]. Researchers have 

developed NLCs to deliver the drugs by different administration routes (intravenous 

injection, topical skin, ocular, pulmonary delivery, etc.). Because of these unique 

advantages, NLCs has become a versatile platform for both drug and gene delivery 

applications [21, 124, 125].

Earlier studies revealed that NLCs formulation of both camptothecin and topotecan showed 

better cytotoxicity and cellular uptake properties against melanoma and leukemia tumor 

cells [126]. Since, PEG is not recognized by the cells of reticuloendothelial system (RES), 

various NLCs decorated with PEG polymers were developed to achieve both long time 

stability and bioavailability in circulation [127]. Liu and co-workers prepared docetaxel-

containing NLCs made up of biocompatible components such as stearic acid, glyceryl 

monostearate, soy lecithin, etc. and investigated their anticancer activity in lung cancer cells. 

The authors observed stronger cytotoxicity effect of the NLC-drug in A549 lung cancer cells 

when compared with treatment by drug duopafei only. The inhibition rate of the tumor 

growth on melanoma-bearing mice was 43%, 63%, and 90% for the duopafei, NLCs (10 mg/

kg), and NLCs (20 mg/kg) treatment respectively.
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The multifunctional nanocarrier-based system containing nanostructured lipid carriers, 

anticancer drug (doxorubicin or paclitaxel), siRNAs targeted to MRP1 and BCL2 mRNAs 

(suppressors of pump and non-pump cellular resistance) and a synthetic analog of 

luteinizing hormone-releasing hormone (LHRH) as a targeting moiety specific to the 

receptors that are overexpressed in the plasma membrane of lung cancer cells have been 

used for treatment by inhalation of mice with orthotropic model of human lung cancer. The 

results demonstrated high efficiency of multifunctional NLCs for tumor-targeted local 

delivery by inhalation of anticancer drugs and mixture of siRNAs (Fig. 7) [21]. Recently, 

NLCs were used for the inhalation co-delivery of lumacaftor and ivacaftor for treatment of 

lung manifestations of cystic fibrosis [125].

NLCs have a potential of delivering drugs via the follicles in skin. Follicle is composed of 

sebaceous glands, which release sebum (a mixture of triglycerides, squalene and waxes). 

This lipid like environment in follicles is beneficial for entrapping NLCs since the presence 

of glyceride lipids in NLCs make it easier to entrap into the follicles/sebaceous glands in 

skin (Fig. 8) [128]. NLCs are generally formulated with bio-compatible and bio-degradable 

lipids such as Precirol, PEG-containing triglycerides with some emulsifiers, which are most 

common ingredients in the topical cosmetics. Since the drug is encapsulated into NLCs, the 

administration of NLCs may reduce irritation and other side effects of the drug due to 

avoidance of direct contact with the skin tissues [129].

Recently, researchers exploited NLC based formulations of various anti-inflammatory agents 

for treating inflammation-related skin diseases. Han and co-workers prepared NLC 

formulation of flurbiprofen (a NSAID widely used for gout and arthritis treatment) and 

investigated its stability as well as skin permeation through rat skin [130]. The authors 

reported that the flurbiprofen contained NLCs were stable over a long period of time. Also, 

the permeation of flurbiprofen after 12 h was 4.5 times higher when delivered by NLCs 

when compared with free drug treatment in PBS. González-Mira et al. also prepared 

flurbiprofen based NLCs using stearic acid or Compritol as solid lipids, and a mixture of 

medium chain triglycerides and castor oil as liquid lipids [131]. The authors observed an 

improved flurbiprofen delivery when the drug was trapped in Compritol NLCs when 

compared with the other control treatments. The authors investigated in vitro and in vivo 
irritancy and tolerability by the Skintex and Draize tests, and the results revealed that the 

NLCs are non-irritants. Doktorovová et al. developed and tested NLCs for topical delivery of 

fluticasone, which is mostly used for the treatment of skin disorders caused by atopic 

dermatitis and psoriasis [132]. The authors observed high entrapment efficacy of fluticasone 

and storage stability of NLCs. Similar results were reported by other group that studied 

NLC-based valdecoxib, celecoxib anti-inflammatory formulations [133, 134]. Thus, these 

studies concur that NLCs have been found to show promising treatment efficiency due to 

their controlled release over time, enhanced permeability into the skin, minimal skin 

irritation, etc.

3.4.1. Recent advances in application of nanomaterials for inhalation 
delivery of siRNA and antisense oligonucleotide—Over the past decade, numerous 

reports revealed that nanoparticles can be employed as efficient vehicles for local delivery of 

therapeutic agents (drugs and nucleic acids) to the lungs via inhalation [13, 14, 21, 115, 116, 
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120, 121, 125, 135-139]. It was confirmed experimentally that by changing the delivery 

route from parenteral to pulmonary, some nanoparticles predominantly localized and 

retained in the lungs while their accumulation in other organs was limited [13, 14, 116, 120, 

121, 135, 140, 141]. By analyzing various nanomaterials (e.g., micelles, liposomes, lipid 

nanoparticles, etc.), extensive research conducted in our laboratory showed that lipid-based 

nanoparticles demonstrate superior accumulation in the lungs in comparison to non-lipid-

based carriers and they are most appropriate for effective delivery of therapeutic agents via 

the inhalation route [116]. Among various therapeutic agents, siRNA and/or antisense 

oligonucleotides have a significant potential for the treatment of lung diseases either alone or 

in combination with conventional drugs [21, 115, 120, 135, 138, 139]. To avoid nucleolytic 

degradation and improve cellular internalization of unmodified nucleic acids, nanoparticles 

were extensively explored as vehicles for pulmonary delivery of siRNA and/or 

oligonucleotides molecules to various disease sites [21, 115, 120, 138, 139, 141-146]. 

Although there are numerous reports focused on the development of nanocarriers for siRNA 

via the inhalation route, not all of them evaluated the prepared formulations in animal 

studies. In this review, we summarize recent reports that validated the potential of 

nanoparticles for siRNA or antisense oligonucleotide delivery to the lungs via inhalation 

route in suitable animal models.

Most of the systems employed for the delivery of nucleic acids were prepared by 

complexation of negatively charged siRNA with positively charged lipids or polymers 

resulting in nanoparticles with a size in the range of 80 – 420 nm. It was shown that siRNA 

delivered by both lipid- and polymer-based nanoparticles via inhalation results in significant 

suppression of the mRNA in the targeted diseased cells [21, 115, 121, 135, 141-146]. For 

instance, it was shown that three types of mRNAs - MMP3, CCL12, and HIF1Alpha were 

highly overexpressed in idiopathic pulmonary fibrosis - IPF (Fig. 9). Inhalation delivery by 

lipid-based nanoparticles of the mixture of three siRNAs targeted to MMP3, CCL12, and 

HIF1Alpha mRNAs substantially suppressed all of these mRNAs (Fig. 9A). However, the 

suppression of targeted mRNAs led to only limited improvement in mice survival (Fig. 9B, 

plot 3). In contrast, the delivery of these siRNAs in combination with a therapeutic agent 

(prostaglandin E2) substantially improved the survival of mice with IPF (Fig. 9B, plot 4) 

[115]. In addition, the delivered siRNA molecules in combination with conventional drugs 

demonstrate the significant therapeutic potential for treating lung diseases such as cancer 

and pulmonary or cystic fibrosis [21, 115, 120, 125, 141-146]. Our research group 

significantly contributed to this field by developing nanostructured lipid carriers (NLCs), 

and demonstrating their efficiency to concurrently deliver multiple siRNA sequences and 

small drug molecules to different disease cells in the lungs [21, 115]. For example, NLC as a 

vehicle was employed for the mentioned simultaneous delivery of prostaglandin and three 

different siRNAs to the lungs [115]. In a separate study, Taratula et al. [21] further validated 

the NLC efficiency to concurrently deliver multiple siRNAs and chemotherapeutic agents 

via the inhalation to the lungs of mice with lung cancer.

In addition to the favorable organ distribution of therapeutics locally delivered to the lungs 

by inhalation, the efficacy of the treatment and further limitation of adverse side effects on 

healthy lung tissues can be achieved by targeting delivery systems specifically to diseased 

cells. Previously we showed that luteinizing hormone-releasing hormone (LHRH) receptors 
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are highly expressed in many cancer cells including lung cancer [16, 18, 88]. Consequently, 

it was hypothesized that conjugation of LHRH peptide to a nanocarrier would enhance its 

accumulation predominately in lung cancer cells mostly avoiding healthy lung tissues. The 

hypothesis was supported by several studies. In particular, it was found that targeting of lung 

cancer cells by LHRH peptide significantly influences NLCs distribution in the lungs 

following inhalation. It was revealed that PEGylated NLCs labeled with a fluorescent dye 

(Cy5.5) were uniformly distributed throughout the lungs after inhalation [21]. The same 

NLCs equipped with LHRH peptide accumulated in tumors while avoiding healthy lung 

tissues (Fig. 10) [21]. Hence, the NLC-mediated tumor-targeted delivery of siRNAs and 

chemotherapeutic agents resulted in efficient inhibition of cancer growth and prevention of 

adverse side effects on healthy organs.

In addition to the NLCs, mesoporous silica nanoparticles and several polymers such as 

polyesters, polyethylenimine, and chitosan derivatives were successfully employed for the 

preparation of siRNA-loaded nanoparticles for inhalation therapies [141-143, 145, 147]. For 

example, Yan et al. developed novel amino thiols, -ene functional polyesters for 

complexation of siRNA into nanoparticles and demonstrated that these polyester-based 

nanoparticles specifically deliver siRNA to the mouse lungs after inhalation and result in 

~65% knockdown of a targeted luciferase gene in A549-Luc orthotopic lung tumors [141, 

147]. Xu et al. also used poly(ester amine) polymer as a nanocarrier for Akt1 siRNA to 

urethane-induced lung cancer tumors in mice through a nose-only inhalation system. The 

delivered siRNA dramatically suppress the expression of the targeted Akt1 protein in the 

lungs (>80%) but did not affect its expression in other organs. As a result, the Akt1 siRNA 

delivered to mice twice a week for four weeks substantially inhibit lung tumor growth [145].

Luo et al. [143] demonstrated that guanidinylated chitosan-based nanoparticles can be 

considered as promising carriers for siRNA delivery to the lungs and specifically to the 

bronchial epithelial cells. It was also validated that a targeting ligand, salbutamol, enhanced 

specificity of these nanoparticles to lung cells harbored with the β2-adrenergic receptor and 

substantially increase the siRNA-mediated gene silencing in vivo, resulting in ~40% 

knockdown of the targeted gene. Capel et al. [142] reported that piperazine-substituted 

chitosans can efficiently complex siRNA into nanoparticles and deliver siRNA to the lungs 

following intratracheal aerolisation. The obtained results, however, suggested that the 

delivered siRNA was not homogeneously distributed through the lungs and the accumulation 

pattern varied from mouse to mouse.

Finally, polyethyleneimine (PEI)-based nanoparticles represent another type of siRNA 

vehicle for inhalation delivery. Xu et al. [144] designed a conjugate of 25 kDa PEI and 

doxorubicin for electrostatic complexation of siRNA molecules into nanoparticles. 

Pulmonary administration of the designed nanoparticles to the mice with metastatic lung 

cancers provided a preferential accumulation of both DOX and siRNA in the lungs and 

resulted in significant anticancer effect. However, histopathological analysis of the lungs 

treated with the PEI-based nanoparticles revealed thickening of the alveolar wall due to the 

inflammatory response.
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In summary, by using various murine models, it was verified that specifically designed lipid- 

and polymer-based nanoparticles can be used as efficient and safe carriers for pulmonary 

delivery of siRNA. The novel combinatorial therapies based on these nanoplatforms can 

potentially shift the current paradigm for the treatment of lung diseases. However, only a 

limited number of reports have been published on the inhalation delivery of siRNA. These 

investigations can be considered only as a proof-of-concept for the idea of inhalation 

treatment of lung disease by the combination delivery of siRNA and other therapeutic 

agents. A further validation of these platforms in suitable large animal models is essential 

for advancing the designed therapies to clinical trials.

3.5. Mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSNs) are a type of nonbiodegradable nanoparticles 

which were also exploited for various drug delivery applications including peptides and 

nucleic acids [13, 148-150]. By modulating the additives used in the preparation of MSNs, 

their properties such as pore size, mesoporous nature, load efficiency etc. can be altered to 

facilitate their drug delivery application. Hom and co-workers developed modified MSNs by 

decorating its surface by covalent conjugation or non-covalent entrapment of PEG molecules 

or targeting ligands for selective drug delivery applications [151]. They also modified the 

surface of MSNs with the cationic polymer such as PEI which electrostatically attract 

anionic nuclei acid molecules and facilitate their delivery.

Cheng et al. developed a poly (ethylene glycol)-folic acid-functionalized and poly 

dopamine-modified multifunctional MSNs (namely, MSNs@PDA-PEG-FA) for site specific 

controlled delivery of doxorubicin [152]. Doxorubicin was released from the MSNs@PDA-

PEG-FA system when these MSNs were dispersed in acidic conditions by pH stimulation. 

Treatment using the MSNs system exhibited better antitumor effects (Fig. 11).

Recently, Pan et al. modified MSNs with trans-activating transcriptor (TAT) peptide for 

nuclear-targeted anticancer drug delivery application [153]. This TAT peptide-modified 

MSNs (MSNs-TAT) system showed intra-nuclear localization in cancer cells and released 

the loaded drug inside the nucleus. Later, the authors decorated the TAT peptide-modified 

MSNs with RGD peptide. This dual targeted MSNs (MSNs-RGD/TAT) were found to first 

bind to the tumor vasculature and then to the cell membrane and finally to the nucleus 

leading to its nuclear uptake. This sequential dual targeting system enhanced the therapeutic 

efficacy (Fig. 12) [153].

3.6. Gold and iron-oxide nanoparticles

Gold nanoparticles have unique physicochemical and optical properties which enable their 

extensive use in image based diagnostic and drug delivery applications [154]. Because of 

very small size in nature, gold nanoparticles can easily penetrate cells and deliver drugs, 

genes, and imaging agents. Gold NPs can be easily modified by various functional groups, 

targeting ligands and PEG-containing linkers to conjugate therapeutics or nucleic acids for 

cell specific payload delivery. Gold nanoparticles were also found to be less toxic due to 

inert nature of metallic gold and have higher efficiency in cellular uptake as well as stability 
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in the circulation. Hence, gold nanoparticles have been widely used not only for drug or 

gene delivery, but also for imaging applications [11, 155].

Iron oxide nanoparticles, which are also known as super paramagnetic nanoparticles, have 

received significant attention to both researchers and clinicians because of their wide scope 

of applications [12, 156, 157]. Due to magnetic nature, iron oxide nanoparticles can be 

visualized by Magnetic Resonance imaging (MRI) and it can be used for MRI based 

imaging applications [158, 159]. In addition, magnetic iron oxide nanoparticles generate 

heat after exposure to an alternating magnetic field and therefore, they are employed for 

magnetic hyperthermia and temperature-triggered drug release [98, 160]. Finally, iron oxide 

nanoparticles can be attracted to the tumor cells to deliver the drugs through an external 

magnetic field. This strategy can prevent release of the loaded drug or therapeutics in 

healthy tissue thereby reducing the systematic side effects. These nanoparticles also have 

potential for in vivo applications due to their easy biodegradable feature and the degraded 

iron can be absorbed by hemoglobin in body. Some of the commercial iron oxide 

nanoparticles such as ferridex I.V., ferumoxytol, and combidex were used or continued 

currently to be used for therapeutic or imaging applications [161].

3.7. Supramolecular gels

Topical drug delivery for skin diseases via the transdermal route is more convenient and 

safer than the other drug delivery routes - since administering drugs locally rather than via 

systemic routes decreases side effects and drug toxicity as well as increase treatment’s 

efficiency [162]. Recently, nanostructured supramolecular gels have been utilized to design 

formulations as topical and localized systems for the delivery of drugs [163].

Supramolecular gels are viscoelastic liquid like or solid like material, made up of a liquid 

phase immobilized in a solid three-dimensional matrix. The formation of this solid 3-D 

network is a result of self-assembly process of gelator molecules through various non-

covalent bonding such as hydrogen bonding, π–π stacking, van der Waals interactions etc. 

[164]. Small molecular weight (MW ≤ 3000) substances which can solidify different organic 

and aqueous solvents are termed as low molecular weight gelators (LMWGs) [165]. Based 

on the type of solvent (organic or aqueous), the subsequent gel is named as organogel or 

hydrogel, respectively [166]. Gels derived from LMWGs are known as “Supramolecular 

Gels” [167].

Over the years, LMWGs have been used in a number of plausible applications (e.g. in 

sensors [168], dye adsorbing agents [169], MRI contrast agents [170], oil spill recovery 

[171] etc.). Researchers also explored supramolecular gels for different biomedical 

applications (e.g. tissue engineering [172], biomineralization [173], wound treatment [174], 

medical diagnostics [175], enzyme mimics [176], inhibitors of cancer cell growth [177, 

178], 3D cell cultures [179] etc.). Recently, supramolecular gel has also become an 

emerging carrier in controlled drug delivery devices as outlined in Fig. 13 [180, 181]. In 

topical formulations, a drug molecule is loaded into a vehicle molecule such as a polymer. 

However, major concerns related to such drug delivery systems include physical or chemical 

loading of the drug into the transporter polymer and its release, synthetic access of the 

polymeric vehicle molecule, biocompatibility, biodegradability and cytotoxicity of the 
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polymeric vehicle molecule, etc. To overcome these restrictions, researchers developed an 

alternative approach named the self-delivery [182], where a vehicle molecule is not needed. 

In a self-delivery system, the drug is directly transformed to supramolecular gelator after 

non-covalent or covalent synthesis. These types of gel may be used for the delivery of the 

gelator drugs to the affected site by a local or systemic administration.

3.7.1. Supramolecular hydrogels—Supramolecular hydrogels possess high degree of 

physical stability, chemical tunability, loading capacity, temperature-sensitive functionality 

etc. properties which make these materials suitable for drug delivery application. Xu and his 

team were one of the pioneers in developing supramolecular gel-based drug delivery 

application [183]. They demonstrated that a taxol-tetrapeptide conjugate formed hydrogels 

upon enzymatic cleavage of a phosphate group. MTT assay of this conjugate in HeLa cells 

showed similar IC50 values like the free taxol. Also, the hydrogel formulated from this 

conjugate showed slow and sustained release profile which was comparable to other taxol 

based gel formulations [184-186]. Gao et al. reported another hydrogelator based on the 

well-established antineoplastic agent paclitaxel. The IC50 value of this hydrogelator in HeLa 

cells was found to be 25 nM, which was comparable to the parenterally administered drug 

paclitaxel (Fig. 14) [184].

Bajaj and his co-workers developed amino acid based injectable hydrogel for the entrapment 

and controlled delivery of a well-known anticancer drug doxorubicin [187]. The results of 

the experiments showed controlled release of DOX from the hydrogel. Mice bearing colon 

and breast tumors were treated with hydrogel containing DOX (DOX-gel) and the results 

revealed that subcutaneously injected DOX-gel reduced the tumor volume better as 

compared to the untreated control and hydrogel gel without any DOX as well as direct 

intravenous injection of DOX solution (Fig. 15). Yang and his group designed and 

synthesized a gelator precursor by decorating paclitaxel with a folic acid - a targeting ligand 

for folate receptor overexpressed in cancer and tyrosine phosphate - an precursor known to 

promote self-assembly [188]. This enzymatic precursor molecule produces a transparent 

hydrogel in PBS buffer upon dephosphorylation by phosphatases. This hydrogel was capable 

of releasing the parent drug upon the enzymatic cleavage of the ester bond by esterases 

[189].

Dastidar and his group made a significant contribution to development of supramolecular gel 

based topical drug delivery systems to treat diseases such as skin inflammation, allergy etc. 

In a separate investigation of this group, researchers altered naproxen with amino acids/

alcohols to generate several hydrogelator molecules to produce opaque hydrogels which 

demonstrated tape and/or sheet like morphologies revealed by scanning or transmission 

electron microscopes. All there hydrogels were non-toxic and showed the level of anti-

inflammatory properties similar to the free parent drug (Fig. 16). Among these, a pair of 

hydrogels demonstrated a continuous persistent drug release indicating their possible 

application as self-delivery system [190].

Barthelemy and co-authors developed a lipid-based hydrogel for the slow and sustained 

delivery of nucleic acid to the targeted cells. By combining a monosaccharide, a lipid chain, 

and a nucleoside together they designed a gelator which was capable of gelling water above 
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2.5 wt %. Their studies indicated that this hydrogelator was non-toxic in Huh7 cells after 5 

days of treatment. The authors also observed an improved uptake of oligonucleotides by the 

cells [191]. Wang and co-workers described the gelation of water using a bioactive butanoic 

acid and hydrogelation was probed by hydrogen bonding interaction. When this hydrogel 

was immersed in a 37 °C water bath, gel dissociated and released the bio-active drug 

molecules [192]. Saez et al. described a new class of hydrogelators derived from model 

drugs such as benzylamine and phenethylamine. These model drug-based hydrogels showed 

nanofiber morphology in TEM images. The authors observed that the amide bond of the 

gelator scaffold undergo hydrolysis in presence of trypsin to release the model drug [193].

Patil et al. developed an amphiphile-based hydrogelator derived from essential biomolecule 

riboflavin. This amphiphile molecule forms hydrogels both at low and neutral pH. The 

hydrogel was found to bio-compatible and capable of delivering siRNA efficiently into 

human cells [194]. Lin with co-authors developed and synthesized amphiphile peptide based 

hydrogelators obtained from the anticancer drug paclitaxel. This peptide amphiphile self-

assembles to form 3D SAFINs resulting in gelation in PBS. This hydrogel suppressed the 

proliferation of various cancer cells including breast, lung and prostate cancer. The authors 

found that the use of GSH induced the discharge of paclitaxel from this hydrogel [195].

Dastidar and co-authors delivered another NSAID namely indomethacin using 

supramolecular topical gel [196]. The authors reported a new type of peptide based 

indomethacin conjugates, most of which displayed excellent gelation ability in water, 0.9 % 

NaCl and a few organic solvents. All these gelators were biocompatible as assessed in MTT 

assay and two of these gelators showed anti-inflammatory effect similar to indomethacin as 

revealed in PGE2 assay. Leaching experiment demonstrated that these hydrogels have 

potential to release the gelator drug in localized and controlled way.

3.7.2. Supramolecular organogels—Supramolecular organogels produced from 

vegetable and synthetic oils and pharmaceutical solvents such as methyl salicylate have been 

recently exploited for various biomedical applications [197]. Though their use is tempered 

mostly because of non-biocompatible nature of components of the organogels, still some 

recent attempts were made on the design of biocompatible organogels for drug delivery 

application. Leroux with co-workers described a series of amphiphilic organogelators based 

on L-alanine [198]. These gelators were able to produce thermoreversible gels in various 

vegetable and synthetic oils. The organogels were injected subcutaneously in rat and the 

tissue samples were investigated by histopathological analysis. These results revealed a 

decent biocompatibility of the organogels within the 8 weeks of treatment and represented a 

platform for the slow and prolonged release of payload. In another work, Leroux et al. 
developed tyrosine based organogelator, which was capable of producing injectable 

organogel in safflower oil [199]. An acetylcholinesterase (AChE) inhibitor rivastigmine, was 

loaded in this organogel and injected in rat for the treatment of Alzheimer’s disease. The 

authors analyzed the rat-hippocampus tissue sample and observed that this organogel 

treatment inhibitited the AChE in the brain. These results suggested that tyrosine based 

organogels may be useful for the sustained delivery of cholinesterase inhibitors.
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By exploiting supramolecular synthon approach [200, 201], Dastidar and his group 

discovered a new set of simple salt adducts of the well-known drug naproxen. One of this 

salt-adduct prepared from amino acid serinol, showed gelation ability in methyl salicylate in 

presence of 1 % menthol. This naproxen-serinol gelator salt was non-toxic in RAW 264.7 

cells and retained its anti-inflammatory property like its parent drug. The methyl salicylate/

menthol topical gel was capable to treat imiquimod (IMQ)-induced skin rash, redness and 

other pathological conditions in mice [202]. Majumder et al. modified an anti-allergic drug 

(cetirizine) to its simple salt based supramolecular gelator. This gelator produced 

biocompatible and nontoxic supramolecular topical gel in ethylsalicylate/menthol solvent 

mixture [203]. This supramolecular gel was topically applied to treat allergic ear and skin 

redness conditions in mice caused by dinitrochlorobenzene (DNCB). In the histology 

studies, the authors observed both reduced epidermis skin thikness and increased growth of 

hair folicles in mice with topical gel treatment when compared with non-treated controls 

(Fig. 17).

Following this simple salt formation strategy, Roy et al. developed a multi-drug containing 

supramolecular topical gel system derived from a NSAID and an anti-viral agent [201]. The 

authors designed and synthesized several primary ammonium monocarboxylate salts and 

different NSAIDs and an antiviral drug. Most of these salt adducts were capable of forming 

supramolecular gels in various organic solvents. One of these gelator salts obtained from 

diclofenac showed anti-inflammatory response and can be used for combination therapy.

3.7.3. Supramolecular metallogels—Metal based therapeutics have been known from 

the discovery of cisplatin as one of the widely used chemotherapeutic drugs for various 

cancers [204-206]. Recently, researchers also focused on the development of metal or metal 

ion based nano-structured supramolecular gels for biomedical applications. Supramolecular 

gel containing a metal or metal ion as a part of its gel forming self-assembled network is 

referred as metallogel [207-209]. Like supramolecular gel, metallogel formation is also 

controlled by week non-covalent bonding and interactions including hydrogen bonding [210, 

211], π–π interactions [212, 213], metal coordination [214] and host–guest inclusion [215] 

of the gelator molecules. Metallogels have highly tunable and stimuli responsive properties, 

which makes them suitable for different material applications as well as drug delivery [216].

Zhang and co-authors introduced the first supramolecular metallo-hydrogel derived from a 

tripeptide gelling scaffold and a ruthenium complex. The sol-gel transition phenomenon of 

this metallo-hydrogel was dependent on the redox state of the metal ion. This 

metallohydrogel showed low affinity to nucleic acids suggesting its cell compatibility even 

at high concentration and it can be used as a hydrogelator for biomedical applications [217]. 

Micklitsch and co-workers reported a metal-responsive hydrogel system, which was formed 

when β-hairpin peptide scaffold was reacted with zinc complex [218]. The quantity of zinc 

ion present in the metallohydrogel was controlled by the quantity of the gelator scaffold (β-

hairpin). This metallohydrogel showed controlled delivery of Zn2+ ions via. a wound bed to 

promote the healing of bacterial infection. Xu et al. also observed that zinc ion could trigger 

the self-assembling of a naphthyl-based peptide molecule into hydrogels [219]. The 

morphology and the mechanical properties of this metallohydrogel were dependent on the 

quantity of zinc present in the gel system. The authors investigated the growth of E. coli 

Majumder et al. Page 14

Adv Drug Deliv Rev. Author manuscript; available in PMC 2020 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



culture using this hydrogel and found that the addition of zinc improved anti-bacterial 

activity of a non-metal containing gel.

By using salt metathesis technique, Roy et al. developed a metallohydrogels composed of 

Zn(II) and a NSAID-based peptide scaffold for drug delivery application [220]. The authors 

observed salt metathesis of various NSAIDs and their amide derivatives in presence of 

Zn(NO3)2 and the resulted Zn(II)-NSAID complex displayed metallohydrogel formation. 

One such metallohydrogel produced from DIF.TRIS.Zn complex was non-toxic and it 

showed both anti-inflammatory and antibacterial activities.

Thus, the suprasmolecular gel based systems have been reported to show promising results 

in delivery of drugs without the use of an additional vehicle such as various polymers 

usually used in commercial topical gel formulation thereby making this system more 

feasible and attractive than traditional polymeric gel system in biomedical application. 

However, the practical use of supramolecular gels in drug delivery is still in its infancy. 

Nevertheless, there are still many opportunities for further improvements of supramolecular 

gels in various biomedical applications.

3.8. Live cell-based drug delivery systems

Cell-based drug delivery systems have received growing interest in the past decade since 

they revolutionized the current diagnostic and therapeutic delivery techniques [221-225]. 

Therapeutic cells such as circulating erythrocytes, stem cells and immune cells have innate 

disease sensing property which enables these cells to function as living carriers for disease 

targeting [226, 227]. Besides, such therapeutics cells are mobile in nature and can travel 

through blood without showing any immunogenicity as well as these cells have the ability to 

pass through the blood brain barrier to access disease cells in the brain [228]. Because of 

these unique features, therapeutic cells have received significant attention to both researcher 

and clinicians to explore for targeted drug delivery applications [229, 230]. Cell based drug 

delivery system is prepared by covalent or non-covalent conjugation of drugs or drug-loaded 

particles such as therapeutic nanoparticles on the surface of live cells. Over the decade, 

various chemo selective methods have been exploited to conjugate cargo molecules/

therapeutic agents on the surface of live cells [231-233]. Researchers also exploited 

nanoparticle mediated conjugation of therapeutics, proteins and biologics on the surface of 

live cells [234]. This review highlights the recent advances in developing cell-based living 

drug delivery systems. We will mainly focus on the methods of drug and/or therapeutic 

nanoparticle conjugation on the surface of live cells and their applications.

3.8.1. Drug/Therapeutic conjugated live cell-based drug delivery system—
Live cell membrane is abundant with several functional groups including primary amines 

and thiols which have been widely used for bioconjugation of small molecules and 

therapeutics on live cell surface for biomedical applications. For example, Muzykantov with 

co-authors conjugated a thrombolytic agent on the surface of red blood cells (RBCs) through 

avidin-biotin bridges [235, 236]. These surface modified RBCs were used for prophylactic 

fibrinolysis. In early studies, researchers used carrier erythrocytes to encapsulate or 

conjugate small–molecule drugs, nucleic acids, proteins, and therapeutic nanoparticles 

employed for different applications and treating various diseases [237]. Due to high 
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biocompatibility, these systems showed better therapeutic benefits. Many types of stem cells 

(SCs) such as mesenchymal stem cells (MSCs) and neural stem cells (NSCs) were also 

explored as carriers for tumor-specific drug delivery research due to their intrinsic ability to 

migrate towards tumor microenvironment [238]. Genetically modified stem cells are able to 

secret various therapeutic cytokines such as interferon-β (IFN-β) [239, 240], IL12/18 

[241-243] and inhibit the growth of the tumor.

In a recent work, Takayama et al. developed a method for long-term modification of a stable 

reporter protein (Nluc) as a model drug on the surface of murine mesenchymal stem cells 

C3H10T1/2 cells through avidin-biotin complex method [244]. This cell surface 

modification lasted for at least 14 days in vitro without major effects on the cell viability, 

migration and differentiation ability while this modification lasted in vivo for at least 7 days. 

These results suggested that this method could be useful for long-term surface modification 

of drugs for effective MSC-based therapy.

3.8.2. Nanoparticle conjugated live cell-based drug delivery system—In order 

to increase the accumulation of nanoparticles in tumor tissue, researchers developed cell 

based drug delivery system where therapeutic nanoparticles were conjugated on the surface 

of live steam cells [245-247]. It was shown that DOX loaded anti-CD73 antibody linked 

silica nanoparticles were anchored on the surface of steam cells [248, 249]. Treatment with 

these nanoparticle modified steam cells increased cell apoptosis and inhibited the metastasis 

of U251 glioma tumor. Phagocytic cells were also explored to load and deliver various 

nanomaterials such as nanoparticles, liposomes etc. For example, Mooney et al. developed 

steam cell based system by phagocytosis of therapeutic gold nanoparticles [250]. This gold 

nanoparticle encapsulated steam cells displayed better distribution of gold nanoparticles in 

tumor tissue and potentially high photothermal therapeutic efficiency when compared with 

free gold nanoparticles. In another work, Mooney et al. decorated the surface of neural stem 

cells (NSCs) with docetaxel (DTX)-loaded pH sensitive nanoparticles via biotin-avidin 

linker [245]. The authors observed that drug-loaded nanoparticles can be conjugated to 

NSCs without impairing NSC viability and the distribution of the nanoparticles was better in 

intratumoral region.

Stephan et al. functionalized maleimide-modified nanoparticles on the surface thiol groups 

for the T-cell synapse specific delivery of therapeutics (Fig. 19) [251]. These surface- 

conjugated nanoparticles rapidly polarized toward the nascent immunological synapse. The 

authors loaded a dual inhibitor of Shp1 and Shp2 namely NSC-87877 (which downregulate 

T-cell receptor activation in the synapse) within a nanoparticle followed by its conjugation 

with the surface of tumor-specific T cells. Adoptive transfer of NSC-87877 loaded 

nanoparticle conjugated T cells into mice with advanced prostate cancer resulted in better 

survival of treated animals.

Irvine and co-authors proposed a strategy to enhance the outcomes of cell therapy via the 

conjugation of adjuvant drug-loaded synthetic nanoparticles on the surfaces of live 

therapeutic T-cells [252]. The authors observed that the nanoparticle conjugation was stable 

on cell surface and it did not affect the key cellular functions. These results also 

demonstrated that conjugation of drug-loaded particles directly to the donor cells increases 
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their therapeutic impact. In another recent work from the same group, Tang et al. reported 

delivery of a protein drug by live T cells [253]. Large quantities of supporting protein drugs 

were conjugated on the surface of T cells forming protein nanogels (NGs) that selectively 

release the therapeutic protein in response to T cell receptor activation in tumor 

microenvironment. It was shown that the usage of the cytokine interleukin-15 nanogel 

increased the T cell expansion, allowed for the delivery of much higher doses of cytokine 

without notable cytotoxicity and enhanced the efficacy of tumor clearance by mice (Fig. 18).

Thus, the past decade has witnessed a remarkable progress in the development of live cell-

based targeted drug delivery systems and their clinical applications leading to a significant 

improvement in diagnostic and therapeutic outcomes. The major therapeutic benefit of cell-

based drug delivery systems includes their disease specific delivery of therapeutics as well as 

the ability to cure the hard to treat diseases.

4. Conclusion

Delivery of therapeutics by nanocarriers demonstrates clear advantages over free non-bound 

drugs in terms of pharmacokinetics, body distribution, limitation of adverse side effects and 

therapeutic efficacy. Moreover, targeting of drug carriers specifically to diseased organs, 

tissues and cells further enhances their organ distribution and therapeutic potential while 

limiting adverse side effects upon healthy tissues. Furthermore, it was found that such 

targeting practically nivellates differences in the body distribution and therapeutic efficacy 

between these nanoparticles. In addition to characteristics of nanoparticles and their 

targeting, the type of route of administration plays an important role in the efficacy and 

adverse side effects of treatment. While systemic delivery of non-targeted systems in most 

cases is accompanied by substantial adverse side effects, local delivery limits such effects 

whereas improves the treatment. Likewise, local delivery of targeted therapeutics (e.g. local 

pulmonary delivery of nanoparticles for treatment of diseases) combines the advantages of 

both approaches and further enhances the efficacy of the treatment and limits its adverse side 

effects. Nevertheless, some issues in formulation, toxicity, targeting, safety, efficacy and 

storage stability of nanoparticles need to be addressed in further investigations.
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Abbreviations

3D SAFINs 3-dimensional (3D) self-assembled fibrillar networks

AChE acetylcholinesterase

Cy5.5 cyanine5.5 NHS ester

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DMPG 1,2-Dimyristoyl-sn-glycero-3-phosphoglycerol
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DNCB dinitrochlorobenzene

DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine

DOPE 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine

DOX doxorubicin

DPPG 1,2-Dipalmitoyl-sn-glycero-3[Phospho-rac-1-glycerol

DSPC 1,2-Distearoyl-sn-glycero-3-phosphocholine

DSPE 1,2-Distearoyl-phosphatidyl ethanolamine

DSPG 1,2-Distearoyl-sn-glycero-3-phosphoglycerol

DTX docetaxel

EPR enhanced permeability and retention

FA folic acid1

GSH glutathione

HSPC hydrogenated Soy l-α-phosphatidylcholine

IC50 50% inhibitory concentration; here – a drug concentration that kills 

50% of cells

IFN-β interferon-β

IMQ imiquimod

IPF idiopathic pulmonary fibrosis

LHRH luteinizing hormone-releasing hormone

LMWGs low molecular weight gelators

MRI magnetic resonance imaging

MSCs mesenchymal stem cells

MSNs mesoporous silica nanoparticles

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NGs nanogels

NLCs nanostructured lipid carriers

NSAID nonsteroidal anti-inflammatory drug

NSCs neural stem cells

PACA poly (alkyl cyanoacrylate)
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PAMAM polyamidoamine

PCL polycaprolactone

PDA polydiacetylene

PEG poly(ethylene glycol)

PEI polyethyleneimine

PGE2 prostaglandin E2

PLGA polylactic acid-co-glycolic acid

PPI poly(propylene imine)

RBCs red blood cells

RES reticuloendothelial system

RGD arginylglycylaspartic acid

SCs stem cells

SEM scanning electron microscope

SLNs solid lipid nanoparticles

SPIONs superparamagnetic iron oxide nanoparticles

TAT trans-activating transcriptor

TEM transmission electron microscope
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Fig. 1. 
Various carrier-based systems for localized and targeted delivery of drugs and other 

therapeutics. Nanocarrier-based systems such as nanoparticles, liposomes, dendrimers, 

nanostructured lipid carriers are shown with drug/therapeutic (marked as red dot) 

encapsulated for their site-specific controlled delivery applications. Formation of 

nanostructured supramolecular topical gels and their in vivo application are shown as self-

delivery system. Other drug carriers such as therapeutic living cells decorated with drug (red 

color), nanoparticle (olive color), cytokine (orange color), fluorophore (green color) are 

shown as living delivery systems for disease specific drug targeting. Part of this figure was 

created using Servier Medical Art images, which are licensed under a Creative Commons 

Attribution 3.0 Unported License (https://smart.servier.com).
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Fig. 2. 
Different types of targeted delivery systems. Modified from [40].
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Fig. 3. 
Schematic illustration of nanoparticles used in drug delivery application Reproduced with 

permission from [95].
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Fig. 4. 
Surface modified and internally cationic quaternized PAMAM dendrimers for efficient 

nucleic acid intracellular delivery. (A) Traditional dendrimers with non-modified surface and 

external positive charges for siRNA or antisense oligonucleotides (ASO) binding. (B) 

Modified dendrimers with acetylated surface and internal positive charges for siRNA 

binding. (C) Cytotoxicity of a traditional (PAMAM-NH2) and surface-modified quaternized 

(QPAMAM-NHAc) dendrimers. Means ± SD are shown. *P < 0.05 when compared with 

PAMAM-NH2. (D) Cellular internalization of free siRNA, and dendrimer–siRNA 

complexes with a traditional (PAMAM-NH2) and internally cationic and surface-modified 
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(QPAMAM-NHAc) dendrimers. siRNA were labeled with a red fluorescence dye, 

conjugated with different dendrimers, and added to the incubation medium of living cancer 

cells. Real-time fluorescence was registered using a fluorescent microscope. Free siRNA and 

traditional dendrimer–siRNA complexes are poorly internalized by cancer cells, while 

modified dendrimers provided for an efficient intracellular delivery of siRNA. (E) 

Genotoxicity (formation of micronuclei) of traditional and modified PAMAM dendrimers. 

Representative fluorescence microscopy images of CHO-K1 cells incubated within 24 hours 

with non-modified and modified dendrimers. Modified from [6, 23, 104].
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Fig. 5. 
Schematic illustration of the hierarchically targetable solid lipid nanoparticles for the local 

chemo/thermo combination therapy against colon cancer by oral administration. Reproduced 

with permission from [111].
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Fig. 6. 
Local inhalation codelivery of anticancer drug and suppressors of pump and nonpump 

cellular resistance enhances apoptosis induction in the lung tumor, decreases tumor size, and 

prevents adverse side effects of treatment on healthy organs. An orthotopic mouse model of 

lung cancer was created by intratracheal instillation of human A549 lung cancer cells into 

nude mice. Untreated mice (1), mice treated by i.v injection of DOX (2), by i.v. injection of 

liposomal DOX (3), by inhalation with liposomal DOX (4), by inhalation with a mixture of 

the two systems (liposomal DOX + ASO targeted to MRP1 mixed with liposomal DOX + 

ASO targeted to BCL2 mRNA) (5), and by inhalation with one complex liposomal delivery 

system containing DOX, ASO targeted to MRP1, and BCL2 mRNA (6). (A) Apoptosis 

induction in the lungs with tumor and other organs 4 weeks after beginning of treatment. 

Enrichment of histone-associated DNA fragments (mono- and oligonucleosomes) per gram 

tissue in the tumor and organs of control animals was set to unit 1, and the degree of 

apoptosis was expressed in relative units. Apoptosis measurements were performed 24 h 

after last treatment. (B) Typical fluorescent microscopy images of tumor tissue slides labeled 

by TUNEL 24 h after last treatment. (C) Changes in tumor volume after beginning of 

treatment. Mice were treated on days 0, 3, 7, 11, 14, 17, 21, and 24. Mean ± SD are shown. 

*P < 0.05 when compared with untreated animals. Reproduced with permission from [120].
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Fig. 7. 
Changes in lung tumor volume after beginning of treatment. An orthotopic mouse model of 

lung cancer was created by intratracheal instillation of human A549 lung cancer cells into 

nude mice. Lung tumor was evaluated by bioluminescence optical imaging (IVIS), magnetic 

resonance imaging (MRI) and computed tomography (CT). Mice were treated on days 0, 3, 

7, 11, 14, 17, 21, and 24. 1 – Untreated mice; 2 – LHRH-NLC (inhalation); 3 – TAX (i.v.); 4 

– LHRH-NLC-TAX (inhalation); 5 – LHRH-NLC-TAX-siRNAs targeted to MRP1 and 

BCL2 mRNAs (inhalation). Means ± SD are shown. Modified from [21, 135].
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Fig. 8. 
Possible mechanisms of skin permeation by nanostructured lipid carriers (NLCs). Part of 

this figure was created using Servier Medical Art images, which are licensed under a 

Creative Commons Attribution 3.0 Unported License (https://smart.servier.com).
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Fig. 9. 
Treatment of mice with Idiopathic Pulmonary Fibrosis (IPF). IPF was induced by 

intratracheal instillation of 1.5 U/kg of bleomycin. Mice were treated by inhalation with 

substances indicated twice a week for three weeks starting next day after the bleomycin 

administration. (A) Expression of targeted genes in lung tissues of mice with IPF. At the end 

of treatment, lungs were harvested and homogenized. The expression of MMP3 (A), CCL12 

(B) and HIF1A (C) genes was measured by the QPCR and presented as fold change relative 

to the healthy animals. Means ± SD are shown. *P < 0.05 when compared with untreated 

mice with pulmonary fibrosis. (B) Survival of mice (Kaplan-Meier survival plot) with IPF. 

Modified from [115].
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Fig. 10. 
Distribution of NLCs in the lungs. (A) Distribution of fluorescently labeled (Cy5.5) non-

targeted and LHRH-tumor targeted NLCs in mouse lungs bearing human lung cancer. (B) 

Distribution of fluorescently labeled (Cy5.5) LHRH-tumor - targeted (NLC-LHRH) in 

mouse lungs bearing human lung tumor cells (tumor and non-tumor tissues; bright field and 

fluorescence microscope images; red color represents distribution of NLC-LHRH in tumor 

and non-tumor lung tissues). Modified from [21].
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Fig. 11. 
Schematic illustration of DOX-loaded MSNs@PDA–PEG–FA. Reproduced with permission 

from [152].
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Fig. 12. 
Sequential targeting drug delivery based on RGD and TAT peptides co-conjugated MSNs for 

effective cancer therapy. Reproduced with permission from [153].
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Fig. 13. 
Preparation and testing of supramolecular gels for topical drug delivery application Low 

molecular weight gelator molecule (derived from salt formation between the carboxylic acid 

functionalized drug and primary amine) first self-assemble to form 1D network which 

further self-assemble to form 3D cross-linked network - under which the solvent molecules 

are trapped to produce supramolecular gels. Drug based supramolecular topical gel is shown 

as self-delivery systems for treating skin diseases in mouse.
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Fig. 14. 
Toxicity and drug release profile of different taxol-loaded gels. (A) Structures of the gelators 

5a and 5b. (B) Cytotoxicity of taxol (1) and gelators 5a, 5b, and 4 after incubated with HeLa 

cells for 48 h. (C) Accumulative drug release profile of two types of taxol gels in 100 mM 

PBS buffers. Reproduced with permission from [184].
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Fig. 15. 
Structure of the gelator molecule 11. Mice were treated with DOX-local administration and 

with DOX-gel (made with gelator 11). (A) Tumor volume. Means ± SD are shown. *P < 

0.005. (B) representative pictures of excised tumors. Reproduced with permission from 

[187].
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Fig. 16. 
Modifications of nonsteroidal anti-inflammatory drug naproxen by decorating the parent 

drug with β-amino acid/amino alcohols/L-amino acids results in potent hydrogelators 

namely 2, 3, 10 and 11. (A) Structures of NSAID-naproxen derived various supramolecular 

gelators. (B) Opaque hydrogels and the corresponding gel-network morphologies. (C) 

Sustained release of hydrogelator 2 and 11 in PBS (pH 7.4). Reproduced with permission 

from [190].
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Fig. 17. 
Topical cetirizine gel application for treatment of dinitrochlorobenzene (DNCB)-induced 

allergic conditions. (A) Chemical structures of gelator salt 3; (B) Methylsalycylate/menthol 

topical gel and gel beads of salt 3; (C) Treatment of DNCB-induced allergic ears redness of 

BALB/c male mice with the anti-allergic gelator salt 3. (D) Histological features of the 

dorsal skin tissues of mice. (Group X) no skin allergic induction by DNCB as the normal 

mice; (Group Y1) no treatment after skin allergy induction by DNCB; (Group Y2) menthol 

solution application after skin allergy induction by DNCB; (Group Y3) mother drug 

cetirizine solution application after skin allergy induction by DNCB; and (Group Y4) 

methylsalycylate/menthol topical gel of salt 3 application after skin allergic induction by 

DNCB. Reproduced with permission from [203].
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Fig. 18. 
Synthesis and characterization of T cell receptor (TCR) signaling-responsive protein 

nanogels. (A) Scheme for protein nanogel (NG) synthesis and release of protein in response 

to reducing activity in the local microenvironment. (B) Representative transmission electron 

microscopy image of NGs prepared from a human IL-15 superagonist (IL-15Sa). Scale bar, 

50 nm. (C) Hydrodynamic sizes of different NGs, as determined by dynamic light scattering. 

Means ± SD are shown. (D) Release kinetics of cytokines from redox-responsive or 

nondegradable IL-15Sa-NGs in PBS with or without added glutathione (GSH) as a reducing 

agent. Means ± SD are shown. (E) Representative MALDI mass spectrometric analysis of 

released and native cytokines. Reproduced with permission from [253].
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Fig. 19. 
Targeted release of cell membrane-permeable, immunomodulatory compounds from T-cell-

linked nanoparticles. (A) Schematic view of strategy to modulate T-cell responses via 

nanoparticle conjugation to membrane proteins: Surface-conjugated drug-loaded 

nanoparticles slowly release their cargo compounds, which locally permeate the plasma 

membrane and block molecules in the cytosol that dampen T-cell activation. (B) 3D 

reconstruction of confocal microscopy images showing CD8+ effector T-cells (CFSE stain 

shown in blue) immediately after conjugation with fluorescent multilamellar lipid vesicles 

(yellow). Reproduced with permission from [251].
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Table 1.

Liposome-based anticancer therapeutics currently available in the market for clinical use. Modified from [118, 

119].

Product
name

Administration
route

Active drug or
therapeutic

Lipid
components*

Application References

Abelcet Intravenous Amphotericin B DMPC and DMPG Fungal infections [254]

Ambisome Intravenous Amphotericin B DSPG, HSPC, Cholesterol and 
amphotericin B

Fungal infections [255]

DepoDur Epidural Morphone sulfate DOPC, DPPG, Cholesterol and 
triolein

Pain treatment [256]

DepoCyt Spinal Cytarabine DOPC, DPPG, Cholesterol and 
triolein

Neoplastic meningitis [257]

Dauno-Xome Intravenous Daunorubicin DSPC and cholesterol Blood cancer [258]

Doxil Intravenous Doxorubicin HSPC, PEG and Cholesterol, Ovarian/Breast cancer, 
AIDS-related Kaposi's 
sarcoma

[259]

Epaxal Intramuscular Inactivated hepatitis 
A virus

DOPC and DOPE Hepatitis A [260]

Lipodox Intravenous Doxorubicin HSPC, DSPE PEG and 
Cholesterol,

Ovarian/Breast cancer [261]

Marqibo Intravenous Vincristine Sphingomyelin and Cholesterol Acute lymphoblastic 
leukemia

[262]

Lipoplatin Intravenous Cisplatin DPPG, SPC, MPEG-2000-DSPE 
and Cholesterol,

Pancreatic cancer, breast 
and lung cancer

[263]

*
DSPG: 1,2-Distearoyl-sn-glycero-3-phosphoglycerol; HSPC: Hydrogenated Soy l-α-phosphatidylcholine; DOPC: 1,2-Dioleoyl-sn-glycero-3-

phosphocholine; DPPG: 1,2-Dipalmitoyl-sn-glycero-3[Phospho-rac-1-glycerol; DSPC: 1,2-Distearoyl-sn-glycero-3-phosphocholine; DOPE: 1,2-
Dioleoyl-sn-glycero-3-phosphoethanolamine; DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG: 1,2-Dimyristoyl-sn-glycero-3-
phosphoglycerol; DSPE: 1,2-Distearoyl-phosphatidyl ethanolamine.
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