Check for
updates

Opportunities and Challenges 1 2
in Targeted Carrier-Based Intracellular

Drug Delivery: Increased Efficacy

and Reduced Toxicity

Sagar Dhoble, Shrikant Dhage, Sreeranjini Pulakkat,
and Vandana B. Patravale

Contents
12,1 INEPOAUCHION. .« ettt ettt ettt et e e . 404
12.2  Advantages of Targeted Drug Delivery...........ooiiiiiiiiiiiiiiiiiiiiii it 406
12.3  Targeted Delivery Approaches. .........covuiiiiuiiiiiiiiiii it 408
12.3.1 Passive Targeting OppOortunities. ...........ooevviiiiiiiiiniiiiiiiiiiiinniinen. 409
12.3.1.1 Pathophysiological Factors...............cccoiiiiiiiiiiiiiiinnn.. 409
12.3.1.2  Anatomical Factors.............cooiiiiiiiiiiiiiiiiiiiiii i 409
12.3.1.3  Physicochemical Factors...............ccooiiiiiiiiiiiiiii.. 410
12.3.2  Active Targeting OppOrtunities. .. .....eeeuueeeennneeeeiteeeaineeeenineeaannnns 410
12.4  Design Considerations for Carrier-Mediated Intracellular Drug Targeting.............. 411
12.4.1  Shape and SizZe€........cooiuiiiiiniiiii i 411
12.4.2  COMPOSIIONL 1.ttt ettt et e et e et e et e et e et e et e et e eaneeennaen 412
12.4.3  Surface CharacteristiCs. . .....uueeiuuteiitt it eaaaene 412
12,44 Target SPECHICILY. .. uueenet ettt e e 413
12.5 Opportunities in Intracellular Drug Delivery............cooooiiiiiiiiiiiiiiiiiiiieen 414
12.5.1  Nuclear Targeting. . .. .couuueetnnutett i 415
12.5.2 Mitochondrial Targeting. . .......uevueieiintintt it 416
12.5.3  Lysosomal Targeting. ........couuiiiuutiriiteiieeiiteaie it eaieeaineeannns 418
12.5.4  GOIZI/ER Targeting. . ....couuuueentttiiit e eaae 419
12.6 Challenges in Intracellular Drug Delivery.............cooiiiiiiiiiiiiiiiii e, 419
12.7 Toxicological Considerations in Intracellular Nanoparticulate Delivery................ 421
12,8 CONCIUSION. . uetee ettt e . 422
REFEIEICES. ...ttt 423

Abstract

The discovery of new therapeutic agents and targets depending upon the patho-
physiology of various diseases has necessitated the delivery of therapeutic
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molecules to specific cellular sub-compartments. The efficiency of various treat-
ments can be improved by carefully designing new therapeutic strategies involv-
ing modifications of nanocarriers enabling organelle-specific targeting of
bioactives. In order to do that, in-depth studies to unravel the pathophysiology of
diseases, internalization and intracellular trafficking pathways, as well as the
time-dependent fate and release of encapsulated cargo from nanocarriers within
the organelles are much needed. Despite the interdisciplinary efforts from the
fields of medicine, materials science, and engineering, and the development of
various nanomedicines with a precise control over their physical and chemical
attributes, the subcellular targeted delivery still presents formidable challenges.
Further, considering the fact that drug repurposing is now gaining interest, an
intersection of nanocarriers and drug repurposing would provide key benefits
like reduced time, cost, and risk in developing safer and more effective treat-
ments for several indications. The significant opportunities and challenges in
further progress toward bench-to-bedside translation of organelle-targeted nano-
medicines are discussed in this chapter.
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12.1 Introduction

The concept of targeted delivery of a drug to a desired region was envisioned as
early as the 1900s when Nobel laureate Paul Ehrlich proposed the “magischekugel”
or “magic bullet,” which embodied a targeting agent along with the drug [1]. Later
with the increase in the use of nanomaterials for biomedical applications, the
research in the field of targeted drug delivery experienced an exponential surge.
Targeted drug delivery involves directing a therapeutic molecule or drug specifi-
cally and preferably only to its site of action. Therapeutic index of a drug molecule
depends on its effective delivery in the active form to the target site. But in most of
the cases, it is associated with the lack of target site affinity toward the pathological
site causing off-target side effects and toxicity issues as well as high-dose require-
ment for efficacy. Nanosized drug delivery systems play a vital role as carriers for
the delivery of active molecules to their target sites. The main requirements of an
ideal targeted drug delivery system include retention, evasion, target specificity, and
release. The drug/gene should be properly loaded into an appropriate delivery vehi-
cle and protected from degradation in vivo, and in case of intravenous administra-
tion, it should possess a longer circulation time. The chemical conjugation or
physical encapsulation of the active molecules within a carrier should not inactivate
the cargo and the targeting ligand employed. Further, the drug delivery vehicle
should be stable in vivo and reach the desired site of action before effectively releas-
ing the encapsulated drug at a predetermined rate of release with minimal
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nonspecific accumulation. The drug carrier employed should be nontoxic, nonim-
munogenic, preferably biodegradable, and easily eliminated from the body. The
synthesis or fabrication of the targeted nanocarriers should be reasonably simple,
reproducible, cost-effective, and industrially feasible [2—4].

Drug targeting may be broadly classified into first, second, and third order of
targeting based on the target. First-order targeting or organ-level targeting utilizes a
tissue or organ as the target, e.g., lymphatics, eyes, cerebral ventricles, etc. When
the target is a specific cell like a tumor cell, macrophage, or Kupffer cell, it is
referred as second-order targeting or cell-level targeting. Majority of the nanocarrier
systems are designed for second-order targeting against specific cells. The third-
order targeting involves targeting intracellular organelles and specific intracellular
molecules like DNA inside the nucleus, mitochondria, Golgi apparatus, lysosomes,
etc. Each level of targeting is associated with its own advantages and complexities.
For instance, if all the cells in the targeted organ require therapeutic intervention,
then organ-specific delivery may be preferred, whereas to target only specific dis-
eased cells in an organ, cell targeting may be useful [2, 5, 6].

Intracellular targeting or the third level of targeting poses tremendous research
opportunities as the site of action of most of the drugs are within specific organelles.
For instance, pro-apoptotic drugs are targeted to mitochondria and lysosomes, anti-
cancer drugs interfering DNA replication need to reach the nucleus, drugs interfer-
ing protein metabolism are targeted to endoplasmic reticulum (ER), and many other
active pharmaceutical agents, including large molecules like proteins, antibodies,
enzymes, etc., are to be delivered subcellularly for their therapeutic effect. In addi-
tion, gene delivery against several genetic disorders also demands delivery of spe-
cific DNA sequences or protein/nonprotein drugs to specific intracellular
compartments. It is postulated that efficient localization of drugs in specific organ-
elles can enhance treatment efficiency and reduce adverse effects. Passive accumu-
lation of drugs within cells often leads to a nonuniform distribution between
organelles. However, smart drug delivery systems equipped with specific residues
like nuclear localization sequences/signals (NLS), organelle-specific signal pep-
tides, mitochondriotropic residues, etc., which can alter the intracellular trafficking,
can be envisioned to deliver their cargo at specific organelles. In-depth knowledge
of molecular and cell biology, cellular uptake, as well as trafficking mechanisms is
of prime importance while designing subcellular targeted drug carriers [7-9].

Another perspective to address the urgent need for overcoming drug resistance
and improved efficacy is drug repurposing, which refers to the identification and
discovery of novel therapeutic uses for already clinically approved drugs by screen-
ing them against relevant disease targets. A repositioned drug goes directly to pre-
clinical and clinical trials, thus reducing risk and costs. The structural optimization,
preclinical and/or clinical trials, and clinical safety analysis of such drugs have
already been completed, and the toxicological, pharmacological, and clinical safety
information is already available [10, 11]. Majority of the studies investigating nano-
carriers for repurposed drugs are preclinical studies for antimicrobial and anticancer
applications. One such drug is disulfiram, an anti-alcoholism drug that shows anti-
cancer properties. However, its clinical application in cancer treatment is limited
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due to its very short circulation half-life. Several nanocarriers have been designed to
improve the pharmacokinetic properties of disulfiram and enhance its anticancer
efficacy [12—14]. The use of targeted nanocarriers for the repurposed drugs would
reduce the risks and costs related to the failures in early stages of development and
warrant enhanced clinical efficacy.

Currently, nanocarriers that have been clinically approved or under clinical trial
are primarily developed to enhance pharmacokinetic and/or pharmacodynamic
properties of drugs. In the majority of cases, these nanocarriers employ passive
targeting, which involves nonspecific accumulation in the diseased tissue. Since
1995, about 50 nanopharmaceuticals are in clinical use after receiving the FDA
approval. Table 12.1 provides few examples of the FDA-approved nanodrugs in
clinical use with intracellular targets. Table 12.2 provides some of the nanomedi-
cines undergoing clinical trials, while Table 12.3 provides examples of patents for
intracellularly targeted nanocarriers.

12.2 Advantages of Targeted Drug Delivery

e The main advantage of targeted drug delivery is that it enables preferential accu-
mulation of the therapeutics in target cells versus normal cells, thereby minimiz-
ing the potential side effects and enhancing therapeutic efficacy as well.

e Some of the pharmacokinetic shortcomings in terms of bioavailability, short
half-life, large volume of distribution, etc. can be overcome as the pharmacoki-
netic behavior of the drug-loaded carriers depends on the delivery system as
opposed to the encapsulated drugs.

Table 12.1 Examples of the FDA-approved nanodrugs in clinical use [15]

Nanocarrier (manufacturer, Intracellular site of
formulation) Indication action
DOXIL® (Janssen, doxorubicin Ovarian cancer, Kaposi’s DNA
HCl liposome injection) sarcoma, multiple myeloma
DepoCyt (Sigma-Tau, liposomal Lymphomatous meningitis DNA
cytarabine)
Onivyde (Ipsen Pancreatic cancer Topoisomerase
Biopharmaceuticals, liposomal 1-DNA complex
irinotecan)
Vyxeos (Jazz Pharmaceuticals, Acute myeloid leukemia (AML), | Topoisomerase
liposomal daunorubicin, and AML with myelodysplasia related
cytarabine) changes
Ryanodex (Eagle Pharmaceuticals, | Malignant hypothermia Sarcoplasmic
dantrolene sodium) reticulum
Abraxane (Celgene, albumin-bound | Breast cancer, non-small-cell lung | Microtubules
paclitaxel) carcinoma (NSCLC), pancreatic

cancer
Ontak (Eisai, denileukin diftitox) Cutaneous T-cell lymphoma Cytoplasm
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Table 12.2 Examples of nanomedicines under clinical trial [15]

Clinical
trial Intracellular
Name of formulation Drug phase target Indication
Arikayce (Insmed, Inc., | Amikacin Phase 3 Bacterial 30S Chronic lung
liposomes) ribosomal infections
subunit

Promitil (LipoMedix Mitomycin C Phase 1 | DNA Anal squamous cell
Pharmaceutical, Inc., carcinoma
PEGylated liposomes)
MM-302 (Merrimack Doxorubicin Phase 1 | HER2 receptor HER2-positive
Pharmaceuticals, Inc., targeted breast cancer
liposomes)
NKTR-102 (Nektar Etirinotecan Phase 3 | Topoisomerase I | Metastatic breast
Therapeutics, inhibitor cancer
PEGylated polymer
nanoparticles)
CRLX101 (drug, Camptothecin | Phase 2a | Topoisomerase Relapsed/refractory
cyclodextrin-PEG inhibitor small cell lung
conjugate) cancer
Nanoplatin (NC-6004, | Cisplatin Phase 3 DNA Pancreatic cancer
NanoCarrier Co., Ltd.,
micellar formulation)
SN-38 (micellar Active Phase 2 | Topoisomerase I | NSCLC and
formulation) metabolite of inhibitor triple-negative

irinotecan breast cancer
Genexol-PM Paclitaxel Phase 2 | Microtubule Hepatocellular
(Samyang Biopharm, assembly carcinoma
mPEG-block-D,L-PLA
micellar formulation)
MAT2203 (Matinas Amphotericin Phase 2 | Fungal cell Invasive fungal
BioPharma, B membrane infections
nanocrystal)
MAT2501 (Matinas Amikacin Phase 1 | Bacterial 30S Non-tuberculous
Biopharma, ribosomal Mycobacterium
Nanocrystal) subunit infections
Aurimune Recombinant Phase I | Mononuclear Advanced cancer
(CytImmune, gold human TNF phagocyte
nanoparticles with a system
PEG linker)
RSV-F Vaccine (RSV) fusion Phase2 |- Respiratory
(Novavax, protein protein syncytial virus
nanoparticle)
DTXSPL8783 Docetaxel Phase 1 | Microtubule Advanced solid
(Dendrimer) assembly tumor and NSCLC
VivaGel (Starpharma, | SPL7013 or Phase 3 | gp120 proteins Prevention of HIV
dendrimer-based gel) astodrimer on the viral and HSV-2 genital

sodium surface infections in

women
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Table 12.3 Representative patented intracellular drug delivery system

Patent no Formulation Targeting ligand References
US20050163832A1 | Cationic liposome Transducing polypeptides [16]
WO02017049245 Liposome Modified PEG [17]
US20020192275A1 | Liposome Antibody fragment [18]
WO02006007560A2 | Liposome, microbubble, Mammalian lysosomal [19]
dendrimer, or micelle protein
USS5711964A Liposome Thiocationic lipid [20]
US5459127A Cationic liposome Lysophosphatide [21]
US20060083711A1 | Cationic polymer Glycosaminoglycan [22]
nanoparticle
US20070292494A1 | Liposome CTL/CTLD receptor-specific | [23]
anchor
US20030026831A1 | Anionic liposome Low-density lipoprotein [24]
JP2009286709A Liposomes Peptide containing basic [25]
amino acid residues

¢ Intracellular drug delivery via nanocarriers, in particular, is beneficial because
the amount of drug required to exert therapeutic action is reduced significantly,
which in turn reduces the side effects [26].

e Multidrug resistance, a major hurdle in chemotherapeutic and antimicrobial drug
therapy, can be to an extent overcome using intracellularly targeted nanocarriers.
Since most of the transporter proteins recognize and expel drugs at the plasma
membrane, internalized nanocarriers bypass this mechanism, thereby improving
the efficacy of the drugs [27, 28].

*  When compared with drug conjugates, a nanocarrier system can simultaneously
incorporate high density of drug and present targeting ligands at its surface. This
enhances the ligand-target interaction through multivalency and subsequent
internalization of the targeted carrier.

e Targeted carriers can be designed to simultaneously deliver synergistic ligand
molecules along with the encapsulated drug. This has been particularly advanta-
geous in anticancer nanopreparations combining monoclonal antibodies with a
chemotherapeutic drug, which were proven more beneficial than the drug alone
or antibody alone [29-31].

12.3 Targeted Delivery Approaches

Active and passive targeting are the two key approaches explored for the targeted
delivery of drug by nanosystems.
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12.3.1 Passive Targeting Opportunities

The accumulation of drug or carrier system at the desired site of action owing to
specific pathophysiological or anatomical factors is considered as passive
targeting.

12.3.1.1 Pathophysiological Factors

Many diseases alter physiology and physiological functions of the diseased tissue,
which can be used as a tool for intracellular targeting. Infection/inflammation leads
to the release of various chemotactic mediators during tissue remodelling, which
causes increased leukocyte extravasation. This pathophysiological abnormality
leads to the increased vascular permeability of drug and drug carriers allowing
extravasation and selective localization of the nanocarrier at the damaged tissue.
This phenomenon, known as the enhanced permeation and retention (EPR) effect,
is more pronouncedly used in anticancer drug targeting where solid tumors present
more preferable conditions for drug accumulation [32, 33]. Angiogenesis recruits
new blood vessels around the tumor to meet the demand of nutrition for the cells.
But unlike the normal vasculature, this endothelium is leaky in between the adjacent
cells leading to increased vascular permeability and reduced lymphatic drainage in
tumors. However, a drug carrier system should have a longer circulation time to
attain the EPR effect for passive targeting. Many nanosystems like liposomes, poly-
meric micelles, and nanoparticles target the tumor vasculature passively using EPR
effect [34-36].

12.3.1.2 Anatomical Factors

These factors involve the delivery of the drug or drug carrier system directly into the
anatomical region where the action of drug is desired. This is an indirect method of
targeting the cells of a particular region like lungs, knee joints, eyes, etc. Here, the
advantage of the anatomical entry of the drug has been taken into consideration in
comparison with the traditional drug delivery system like tablets and capsules. This
site-specific drug delivery prevents the unwanted exposure to the other tissues,
which in turn avoids side effects [37, 38].

A classic example is delivery to the brain, which is limited due to the tight barrier
of the blood-brain barrier (BBB) making the permeation of drug molecules difficult.
Although various selective transport mechanisms like diffusion amd receptor-
mediated or fluid-phase endocytosis play important roles in the absorption and
transport of drugs via the BBB, the systemic administration and subsequent trans-
port of therapeutic agents to the brain are still challenging. Efflux mechanisms are
mainly responsible for preventing the drug delivery systems from reaching the tar-
get site. To overcome these challenges in brain drug delivery, microinjection tech-
nique or nose-to-brain drug delivery has been researched as alternatives.
Microinjection technique involves the direct injection of the drug solution or nano-
carrier system into the cerebrospinal fluid, which takes the drug to the brain. Nose-
to-brain delivery utilizes the nasal pathway for the drug delivery to the brain. This
leads to higher drug concentrations in the brain owing to bypassing of the BBB
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[39-41]. As an example, R Jain et al. developed and characterized micellar nanosys-
tems of sumatriptan for intranasal delivery and further evaluated the biodistribution
in rats. The nanomicellar carriers were found to be homogenous and spherical in
shape. In vivo biodistribution and radiography studies revealed significantly higher
sumatriptan brain uptake from the micelles as compared to sumatriptan drug solu-
tion given by nasal route. This investigation thus indicated the potential to target
nanocarriers for brain drug delivery via nasal pathway [42].

12.3.1.3 Physicochemical Factors

Various physiological factors like size, surface charge, and hydrophilicity, which
play an important role in the biodistribution and clearance of the nanocarriers, can
be manipulated for passive targeting of the drug. Reticuloendothelial system (RES)
clears 90% of the nanosystems out of the systemic circulation when injected intra-
venously from liver and spleen. This inherent tendency of nanosystems having size
less than 100 nm to accumulate in the liver and spleen presents excellent opportuni-
ties for passive targeting to these organs. This has been utilized for the intracellular
passive targeting of antiviral and antimicrobial agents. Although this approach is
more promising for targeting to highly perfused organs, it holds the drawback of
rapid clearance of the drug from the circulation. Many approaches have been
researched and optimized to escape the RES uptake, improve the circulation of the
nanosystems, and exhibit the action of the drug molecule at the desired site of action
[43-45].

12.3.2 Active Targeting Opportunities

Passive targeting presents limited scope in drug delivery, and hence immense efforts
have been directed toward active targeting of the drug or nanocarrier via modifica-
tion with active ligands having selective affinity toward specific receptors or pro-
teins on the cell membrane or lipid components of the cell compartments. A wide
number of studies were carried on by direct coupling of a ligand to nanosystems like
polymeric nanoparticles, liposomes, dendrimers, micellar systems, etc. to enhance
the efficacy and minimize the off-target side effects of the drug. In many cases, the
active-targeted nanosystems act as carriers to deliver the cargo to the inner compart-
ments of the cell where they lack the entry phenomenon. In many diseased states,
some receptors or surface antigens/proteins are expressed uniquely, or there is a
structural or molecular change in the cellular membrane structure as compared to
normal cells. Taking benefit of these changes, active agents like ligands, antibodies,
or antigens have been extensively employed for active targeting. Various drugs are
delivered by the active targeting approach at different receptors like folic acid recep-
tors, LDL receptors, peptide receptors, G-protein-coupled receptors, etc. The fol-
lowing agents can be used as targeting moieties: antibodies and their fragments;
lipoproteins; hormones; lectins; mono-, oligo-, and polysaccharides; and low
molecular weight ligands like folate. Recently, monoclonal antibodies are the most
commonly used vector molecules against characteristic tissue components.
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The major targets involve different body compartments and pathologies like
components of cardiovascular system, RES, lymphatic system, tumors, infarcts,
inflammations, infections, transplants, etc. Currently, coupling a drug directly to the
targeting ligand seems the easiest method for active targeting, for example, the
development of direct drug-antibody conjugates has been explored for treatment of
malignant diseases, such as cancer [46].

12.4 Design Considerations for Carrier-Mediated
Intracellular Drug Targeting

Carrier-mediated passive targeting for intracellular delivery can be possible by uti-
lizing pharmacological and physicochemical factors. Pathophysiological conditions
such as leaky vasculature and change in pH of cancerous cells pave the way for
passive targeting, specifically by modulating size, shape, surface charge, or compo-
sition of carrier.

12.4.1 Shape and Size

Particle size plays a vital role in pharmacokinetics of the drug-loaded carrier.
Particle size affects the attachment, adhesion, cellular uptake, circulation half-life,
and accumulation of the carrier [47]. Modulation of particle size can also help in
avoiding or encouraging cellular uptake by endocytosis [48, 49]. Small nanoparti-
cles having size 10-20 nm exhibit extensive accumulation in several organs by
crossing the tight endothelial junctions and show rapid hepatic as well as renal
clearance. Thus, having carrier particle size greater than 20 nm can ensure avoid-
ance of clearance by filtration through the kidneys [50, 51]. Polymeric particles and
liposomes with higher particle size (200 nm—few pm) generally exhibit phagocytic
uptake. So nanocarriers of size between 10 and 100 nm are ideal [52]. Particle size
not only affects the mode of cellular uptake but can also mediate the essential
molecular processes for regulating cellular functions [53]. The smaller molecules
easily diffuse, while EPR effect dominates in the case of larger and long-circulating
nanocarriers (> 100 nm) due to lack of effective lymphatic system [54].

Apart from size, particle shape is also a strong determinant of cellular uptake of
the carrier. Although traditionally, spherical nanocarriers such as polymeric
nanoparticles, liposomes, and micelles dominated the targeted delivery research,
lately it has been observed that non-spherical shapes have great potential as drug
delivery vectors. Non-spherical carriers of ellipsoid, rod, and worm shapes offer
several advantages in terms of improved drug delivery efficiency owing to high drug
loading efficiency, long circulation time, enhanced attachment and binding affinity
to target cells, and better cellular uptake [55, 56]. Sharma et al. showed that nanopar-
ticles with at least one extended axis, like prolate ellipsoids, are promising long-
circulating drug carriers. Non-spherical particles bypassed phagocytosis because of
incomplete actin structure formation [57]. Particle shape was also found to
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influence attachment and internalization during phagocytosis [58]. Yoo et al. com-
pared non-spherical geometry of elliptical disks with spherical geometry and
showed that the former exhibits slow uptake kinetics with equilibrium distribution
of particles in cells [59].

12.4.2 Composition

The composition of subcellular targeted nanocarriers designed to deliver drug intra-
cellularly through either passive or active means has also shown to influence their
trafficking. Inclusion of negatively charged phospholipids such as phosphatidylser-
ine and phosphatidyl glycerol in multilamellar vesicles containing phosphatidyl-
choline greatly favored the binding and phagocytosis by macrophages as compared
to neutral phospholipids [60]. However, nanocarriers internalized via the endocytic
pathway get entrapped in the endosome and lysosome and eventually get degraded
by the action of the lysosomal enzymes. Therefore, several strategies have been
attempted to achieve delivery of nanocarriers like liposomes, micelles, etc. into the
cell cytoplasm, circumventing the endocytic pathway.

Torchilin et al. showed that incorporation of different polymers into liposomes
can result in enhanced circulation time as a function of concentration. In addition,
the use of pH-sensitive carriers, which destabilize endosomal membrane at low pH
and liberate the loaded cargo into the cytoplasm, is a promising approach to avoid
lysosomal degradation. [61, 62] Micelles, including polymeric micelles, are also
widely studied pharmaceutical carriers owing to their smaller size, in vivo stability,
feasibility to load water insoluble anticancer drugs, and prolonged circulation times
[63]. Passive targeting of micelle is possible due to the small micellar size and the
EPR effect. Modification of composition of amphiphilic polymer micelles with
phosphatidyl ethanolamine and lipid moieties as hydrophobic blocks that cap
hydrophilic polymer chains endows additional advantages like particle stability and
enhanced accumulation [64]. Further modification of these micelles with cationic
lipids may improve the internalization of drug-loaded micelles within cells and
facilitate the escape from endosomes to enter the cytoplasm [65].

12.4.3 Surface Characteristics

Surface charge of nanoparticles shows significant impact on the circulation, biodis-
tribution, internalization, and trafficking. It also effects the opsonization by macro-
phages, which further affects their biodistribution [47]. Anionic cell membrane
shows better interaction with positively charged nanocarriers leading to higher
phagocytic uptake and less circulation time than negatively charged nanocarriers
[66, 67]. Conversely, it has also been demonstrated that neutral and cationic
nanoparticles exhibit limited internalization of particles by RES and are cleared less
rapidly than the anionic ones [68]. Xiao et al. studied both cationic and anionic
nanocarriers for their in vivo fate. This study demonstrated that nanocarriers with
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high positive or negative surface charge get internalized nonspecifically by macro-
phages in vitro and in vivo, resulting in high liver uptake after systematic adminis-
tration [69]. Further, upon investigating the uptake of both cationic and anionic
nanocarriers in phagocytic and non-phagocytic cells, it was observed that a slightly
negative surface charge of nanocarriers was optimal for use as drug delivery carriers
in cancer therapy [68].

Apart from charge, surface hydrophobicity can also affect the opsonization,
phagocytosis, blood circulation, and biodistribution of nanocarriers [47]. As hydro-
phobic nanocarriers are preferentially coated and scavenged by RES, increasing the
surface hydrophilicity is seen as a promising strategy to evade RES. PEGylation of
nanocarriers such as dendrimers, polymeric nanoparticles, liposomes, etc. is one of
the most explored strategies to prolong circulation half-life and improve the accu-
mulation of nanocarriers in tumor cells [70]. PEGylated proteins, micelles, and low
molecular weight drugs showed improved therapeutic efficacy by passive targeting
in a novel way [71].

12.4.4 Target Specificity

Active targeting is preferred for the subcellular targeted delivery of macromolecular
drugs such as DNA, siRNA, and proteins. However, nanocarriers upon endocytosis
may undergo degradation, which may not be desirable for nucleic acid or macro-
molecules delivery. Such drugs must be thus delivered to specific cellular organelles
like nuclei, lysosomes, mitochondria, etc. to exert their therapeutic action. For
example, to overcome the enzymatic degradation as well as poor cellular uptake and
endosomal escape of nucleic acid therapeutics like antisense oligonucleotides, small
interfering RNA, etc., viral vectors have been employed. Viral vectors such as ade-
noviruses, herpesviruses, hepadnaviruses, influenza viruses, etc. have been investi-
gated for gene therapy, but these showed several drawbacks such as toxicity,
immunogenicity, and limitation in the size of the plasmid to be inserted.
Polyelectrolytes diffuse passively into the nucleus and tend to be retained due to
cationic histone and anionic nucleic acids [72]. Complexes with cationic polymers
like chitosan, poly-L-lysine and poly(ethyleneimine), and lipoplexes (complexes
with cationic lipids) have also been employed for nucleus targeting [73].
Lysosomal targeting strategies mainly revolve around two main objectives: (i) to
directly target lysosomes through receptor-mediated endocytosis and (ii) to protect
the cargo molecule from lysosomal degradation and make it available in the cyto-
plasm for further action [74]. Similarly, the distinct mitochondrial features includ-
ing high membrane potential across the inner mitochondrial membrane, the
organelle’s protein import machinery, and the mitochondrial fusion process have
been exploited for developing a targeting strategy to the mitochondria within living
mammalian cells [75]. Lipophilic cations owing to their cationic charge and hydro-
phobic surface area possess low activation energy for their movement across the
membrane and, hence, can easily transverse across the plasma membrane and the
mitochondrial membranes. Triphenylphosphonium (TPP) cation was originally
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used to assess the mitochondrial membrane potential, and its uptake into mitochon-
dria is well recognized. It can be easily incorporated into a compound late in the
chemical synthesis scheme, typically by displacing a leaving group [76].
Mitochondrial targeting signal (MTS) peptide can be used to deliver proteins to the
mitochondrial matrix. The MTS sequence leads the cargo protein to the mitochon-
dria and is then cleaved enabling localization and function of the fused protein [77].

The various opportunities for subcellular targeting to the different organelles
have been discussed in detail in the following sections.

12.5 Opportunities in Intracellular Drug Delivery

Recent advances in molecular biological techniques have led to the detailed under-
standing of the pathophysiology of diseases. This lead to the identification of newer
cellular and molecular targets for drug discovery and imaging purposes. Further, the
integration of the computer-aided drug designing along with molecular biology has
opened paths for the target-specific drug molecules or drug delivery carriers.
However, the molecular complexity and inaccessible drug targets lead to the evolve-
ment of novel nanodrug carrier systems as the most desirable option. Several nano-
drug delivery systems were designed to target intracellular organelles. Treatment
strategies against a host of diseases have been explored by targeting the cellular
organelles like mitochondria (cancer, diabetes mellitus, cardiomyopathy), Golgi
apparatus (Alzheimer’s disease, CDG syndrome), ER (cystic fibrosis), lysosomes
(Tay-Sachs diseases, autoimmune diseases), plasma membrane (familial hypercho-
lesterolemia, infectious diseases), as well as the nuclear envelope (progeria, muscu-
lar dystrophy) (Fig. 12.1).

Mitochondria
+ Cardiomyopathy
Diabetes mellitus
Nucleus +  Obesity
+ Cancer
Neurodegenerative
disorders
Endoplasmic
Reticulum
«  Cystic fibrosis
Golgi body + ERstorage diseases

Cardiomyopathy
+ Diabetes mellitus

Aizhgmer_ s, Lysosome
Parkinson's, <
iy 8 + Tay-Sachs disease
- + Gaucher’s disease
disease, :
Fabry disease

Fig. 12.1 Examples of cell organelle-associated diseases
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12.5.1 Nuclear Targeting

Nucleus is the eukaryotic cell controller responsible for the regulation of gene
expression, transcription, and translocation of proteins from nucleus to cytoplasm
for various cellular processes. The human nuclear genome database contains two
copies each of 3.2 billion base pairs, of which only 2% codes for 30,000 diverse
proteins. Several disorders like cancer, heart dysfunction, and neurodegenerative
and other brain diseases are manifestations of mutations in the promoter/enhancer
regions of these genes and their splice sites. Various drugs used in the treatments of
cancer act at the DNA to prevent the transcription of genes. However, only some of
the total drug administered translocate into the nucleus from the cytoplasm to exert
its action, which ultimately warrants a higher dose of the drug to be administered.
In addition, proliferating cells develop genetic changes, which may lead to resis-
tance to a particular drug. This may also result in the generation of new drug-
resistant daughter cells, which have the properties of the parent cells. This
necessitates the need for nanoparticle-based delivery systems for direct and effec-
tive nuclear delivery of drugs or plasmids to avoid the adverse drug reactions
[78-82].

The main barriers for nuclear-targeted carriers are in the form of cell membrane,
entrapment and degradation in endo-/lysosomes, cytoplasmic trafficking, and
nuclear membrane. The smaller nanoparticles (< 25 nm) have been found to enter
the cells passively, while the larger nanocarriers are taken up by endocytosis and
traverse the endolysosomal pathway or get trafficked to other organelles or exocy-
tosed. Nanocarriers modified with ligands targeting LDL receptors, transferrin
receptors, epidermal growth factor receptors, etc. undergo clathrin-mediated endo-
cytosis and ultimately get degraded in the lysosomes. Ligands like folic acid, albu-
min, cholesterol, etc. have been found to assist in caveolae-mediated and lipid raft
endocytosis that allow bypassing of endosomal pathway, cytoplasmic trafficking,
and delivery to non-lysosomal compartments by activating signal transduction cas-
cade [83]. Nuclear pore complex (NPC), a central perforated channel of 9 nm, plays
a vital role in all the passive and active transport of the molecules measuring less
than 50 kDa across the nuclear envelope. Molecules larger than 50 kDa need assis-
tance from NLS and NPC. NLS specifically interacts with the NLS receptor in an
energy-dependent recognition successively docking the cargo by an energy-
dependent translocation and subsequent release into the nucleus [84]. Several viral-
mediated gene delivery strategies have been developed following the advances in
the field of viral infection mechanisms. Adenovirus type 2 and type 5, the most
commonly studied virus for gene delivery, get endocytosed by the epithelial cells,
enter the cytosol in an integrin-dependent manner, and are translocated to a micro-
tubule organizing complex and then nucleus [85]. Simian virus has also been inves-
tigated to facilitate caveolae-mediated endocytosis, and simian virus NLS have been
employed to assist nanocarriers in nuclear localization [86]. Viral-mediated nuclear
delivery offers an advantage of high translocation efficiency, but their use in drug
delivery is limited owing to the considerable toxicity associated with the viral com-
ponents. Various non-viral vectors (liposomes, nanoparticles) have also been
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surface modified with the identified NLS sequences for nuclear-targeted gene deliv-
ery. The NLS-modified carriers bind and interact with the NLS binding domain of a
cytoplasmic transporter, importin-o, and the resultant complex then binds to
importin-p. The final complex then interacts with nucleoporins and docks into the
NPC effecting nuclear entry [87].

Liposomes, with their phospholipid bilayer nature, are unique because of their
ability to fuse with cell membrane. Upon entering the cell by fusion, the liposomes
avoid endosomal entrapment and deliver their cargo to the cytoplasm. However,
liposomes also get endocytosed, fuse with the endosomal membrane, and release
their cargo in the cytoplasm after endosomal escape [88, 89]. The chances of nuclear
delivery have been found to increase if the nanocarrier is modified to avoid the
endolysosomal pathway. Cell-penetrating peptides and various small viral peptides,
like KKKRKYV from SV40 large T antigen, fusogenic peptides like HA2 peptide
from influenza virus hemagglutinin, etc., have also shown effective nuclear local-
ization and, hence, are used for nuclear delivery [84, 90]. Certain cationic lipids and
polymers complexed with DNA, known as lipoplexes and polyplexes, respectively,
have also been developed to deliver DNA into the nucleus and are in the clinical
trials for the treatment of melanoma [91, 92]. Another study showed that a complex
of plasmid DNA and low molecular weight protamine efficiently translocated into
the cell and then entered the nucleus due to the structural similarity of protamine
with HIV-TAT peptide [93]. Few examples of nuclear-targeted nanocarriers are
given in Table 12.4.

12.5.2 Mitochondrial Targeting
Mitochondria, known as the powerhouse of the cell, provide adenosine triphos-

phate, ATP, to the cell by oxidative phosphorylation. They are also associated with
other metabolic pathways, like the citrate cycle, fatty acids oxidation, and the

Table 12.4 Few examples of nuclear-targeted nanocarriers

Nanocarrier Purpose Therapeutic effect

TAT-HA2 gelatin-silica Gene Efficient gene transfection [94]

nanoparticles therapy

NLS-poly(lactic-co-glycolic Gene Efficient gene transfection [95]

acid) (PLGA) nanoparticles therapy

Ultrasmall gold nanoparticles Gene Downregulation of gene and further
therapy reduction in cell viability [96]

Cationic polyplexes Gene Successful gene transfection [97]
therapy

NLS/RGD-silver nanoparticles Cancer Cytotoxicity, induction of apoptosis [98]
therapy

Mesoporous silica nanoparticle Cancer Cytotoxicity, induction of apoptosis,

TAT therapy inhibition of in vivo tumor growth [99]

Reprinted with permission from Tammam SN, Azzazy HME, Lamprecht A (2016) How successful
is nuclear targeting by nanocarriers? J Control Release 229:140-53
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synthesis of hormones and gluconeogenesis. Mitochondrial dysfunction and somatic
mutations contribute to various human disorders, like obesity, diabetes, cardiomy-
opathy, Parkinson’s, kidney and liver diseases, and stroke to name a few.
Mitochondria have a vital role in apoptosis, and the mutations in apoptosis-related
genes, viz., p53, PTEN, and Bcl-2, and their homologues cause chemoresistance in
most cancers. They also regulate the concentration of intracellular calcium ion and
reduce the oxidative stress by oxidative phosphorylation via the mitochondrial
respiratory chain. The multiple functionality of mitochondria thus makes them a
major target in pharmacological interventions. Reduction in oxidative damage and
calcium overload could prevent mitochondrial damage. Several strategies for target-
ing the mitochondria and nullifying the effect of mutant genes have been employed
for treating mitochondrial gene mutations [100-104].

Several clinically used drugs, such as paclitaxel, etoposide, lonidamine, ceramide,
etc., act on mitochondria directly and cause apoptosis. One of the attempts to target
the mitochondria is through transmembrane electrochemical gradient, contributed
from both negative membrane potential and pH difference (acidic outside). Owing
to the negative membrane potential, cationic molecules get attracted by the mito-
chondria. Vitamin E covalently coupled to a mitochondrotropic molecule, TPP cat-
ion, was driven across the mitochondrial inner membrane due to a large membrane
potential ranging from —150 to —180 mV. This leads to higher accumulation of vita-
min E in mitochondrial matrix as compared to its native form. TPP cation has also
been explored to realize mitochondrial delivery of antioxidants like coenzyme Q,
ubiquinone, nitroxides, peptide nucleic acids, cyclosporin A, etc. [105, 106].
Another strategy for mitochondrial targeting involves MTS, i.e., mitochondrial tar-
geting sequence. MTS are nonspecific and have similar physiochemical properties
of the mature protein of which they are a part of. There are several studies attempt-
ing gene therapy involving restriction enzymes that are targeted to the mitochondria
using MTS. An example of such an attempt involves targeted delivery of the restric-
tion endonuclease Smal to mitochondria and consequent removal of mutant mito-
chondrial DNA [107].

Another approach involves a molecule or nanocarrier that possesses specific
mitochondrial affinity. Dequalinium chloride (DQA), a single-chain bola mitochon-
driotropic amphiphile having two delocalized positive charge centers, has been
found to specifically accumulate in the mitochondria of cancer cells. Weissig et al.,
in 1998, first proposed DQA-based liposome-like vesicles (DQAsomes) as a
mitochondrial-specific drug delivery system. These bola-like amphiphiles (bolas-
omes) form cationic vesicles with diameters between 70 and 700 nm entrapping
various drugs and DNA and transport them to mitochondrion. Later, it was demon-
strated that DQAsomes conjugate with DNA and release it in mitochondria after
entering the cells [108—112]. It was also attempted to target liposomes to mitochon-
dria by modifying with a mitochondrial membrane fraction. The incorporation of
stearyl triphenylphosphonium (STPP) in liposomes enabled the stearyl residue of
STPP to act as an anchor for the TPP residue that would result in a liposomal for-
mulation having an inherent predisposition for mitochondria [113]. In another
study, the octaarginine residues used to modify liposomes enabled cell entry via
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macropinocytosis, while the lipid composition of the liposomes facilitated preferen-
tial fusion with the mitochondrial membrane and release of the encapsulated cargo
in mitochondria [114, 115]. TPP modified N-(2-hydroxylpropyl) methacrylamide
nanoparticles and inorganic nanoparticles like amorphous silica nanocages were
also explored for mitochondria-specific delivery although the exact mechanism of
mitochondrial accumulation of silica nanocages was not clear [116, 117].

12.5.3 Lysosomal Targeting

Lysosomes are single membrane-bound, subcellular organelles with acidic pH and
approximately 60 hydrolases that can degrade various biological molecules. They
also play a role in the recycling of cell surface molecules and receptors.
Macromolecules reach the lysosome exogenously via phagosomes or endosomes
and endogenously via autophagy. Certain inherited diseases like Tay-Sachs disease,
Gaucher’s disease, Fabry disease, Niemann-Pick disease, etc. are manifestations of
the deficiency of some lysosomal enzymes (lysosomal storage diseases) and can be
treated only by administering exogenous enzymes. Several glucosidases, glucocer-
ebrosidase, phenylalanine ammonia lyase, and other enzymes are used for treating
lysosomal storage diseases. For many disease conditions, the treatment with puri-
fied exogenous enzymes shows very encouraging results than with native enzymes.
Treatment with native enzymes gives short-term relief only because of short bio-
logical half-life and relatively inefficient lysosomal transport [118—120]. Liposomes
were researched as carriers for replacement enzymes that could avoid inactivation
of enzymes and improve their intracellular delivery and lysosomal transport. G
Gregoriadis studied the biodistribution of p-fructofuranosidase entrapped in lipo-
somes composed of phosphatidylcholine, phosphatidic acid, and cholesterol. It was
shown that after 6 h and 48 h, 45% and 25% of the administered enzyme activity,
respectively, was shown to be accumulated in the liver. It is of prime importance that
about 50% of the intracellular enzyme activity is localized within the lysosomal
fraction. Similar kind of study attempted the intravenous administration of
a-mannosidase and neuraminidase encapsulated in liposomes [121, 122]. Recently,
several targeting ligands like folate, RGD, rhodamine, transferrin, etc. were also
employed to functionalize liposomes and enhance their lysosomal delivery [123,
124].

A transmembrane glycoprotein called intercellular adhesion molecule-1 (ICAM-
1) has been widely explored to facilitate lysosomal delivery of nanocarriers. Anti-
ICAM-1 antibody-functionalized polymeric nanoparticles, solid-lipid nanoparticles,
polyelectrolyte complexes, etc. were developed against Pompe disease, Gaucher’s
disease, and Fabry disease [125-128]. Lysosomotropic agents like octadecyl rhoda-
mine B, anti-LAMPI antibodies, Gly-Leu-Phe-Gly peptide, etc. induce permeabil-
ity of lysosomal membrane and release of hydrolytic enzymes and reactive oxygen
species resulting in apoptosis of cells. Such agents have been used to functionalize
nanocarriers and enable their preferential accumulation in lysosomes and release of
their cargo, eventually leading to cell death [129-131]. Lysosomal targeting has
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also been explored to direct nanocarriers like single-wall carbon nanotubes, polybu-
tylcyanoacrylate nanoparticles, gold nanoparticles, etc. and induce autophagy in
neurodegenerative diseases, infectious diseases, as well as autoimmune disorders
[132—134]. For several therapies, it is required that the drug/nanoencapsulated cargo
need to escape from the endo-/lysosome and get released to the cytoplasm. In such
cases, “pH buffering” or “proton sponge” effect caused by polyethylene imine,
polyamidoamines, lipopolyamines, etc. is employed to cause endo-/lysosomal
escape. Membrane disruptive agents like poly(acrylic acid), polyethylacrylic acid,
pyridyldisulfide acrylate, etc. can also be employed to achieve the same
[135-137].

12.5.4 Golgi/ER Targeting

Golgi apparatus is one of the key organelles of the cell secretory pathway and has
functions similar to ER. It is mainly involved in the posttranslational modification
of newly synthesized proteins and synthesis of carbohydrate and proteoglycans
structures like glycosaminoglycans and polysaccharides. Certain alterations in the
Golgi apparatus caused by pharmacological agents, pathological changes, and over-
expression of associated proteins result in various neurodegenerative disorders
including Alzheimer’s, Parkinson’s, Niemann-Pick disease, etc. Further, the Golgi
apparatus and the ER are also involved in development of targeted anticancer ther-
apy against androgen-dependent and androgen-independent prostate cancer
[138-140].

The ER, a system of folded membrane tubules and sacs extending from the
nuclear membrane, is responsible for the folding of secretory and membrane pro-
teins, calcium storage, calcium signalling, and apoptosis regulation. The absence or
misfolding of a protein or the presence of a mutant protein can lead to ER storage
diseases like familial hypoparathyroidism, familial central diabetes insipidus,
chronic pancreatitis, etc. [141, 142]. Targeting mammalian target of rapamycin
(mTOR), the central regulator of cell growth and proliferation (e.g., by rapamycin),
is an example of targeting Golgi body or ER as an anticancer therapy [143, 144].
Some polymeric nanocarriers like polycaprolactone and PLGA nanoparticles were
found to accumulate in the Golgi-associated vesicles of late endosomes and hence
can be used for Golgi/ER targeting [145, 146].

12.6 Challenges in Intracellular Drug Delivery

The key problem in targeted delivery of different pharmaceutical active molecules
is the intracellular transport, especially to the subcellular organelles. Successful
drug targeting requires not just performance at the target site and drug receptor
interactions but also (a) high drug loading, (b) drug retention in active form within
the carrier until it reaches the target site, and (c) the pharmacodynamically appropri-
ate drug release upon reaching the desired site of action. The drug loss from the
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carrier due to release or degradation, uptake into nontarget sites, or reduction in
drug activity due to protein sequestration may result in failure of the drug delivery
system to deliver its cargo in sufficient quantities at the site of action or suboptimal
drug release rate limiting therapeutic effects. Further, limited knowledge about the
physical, biophysical, or biological nature of the target sites and the therapeutic
drug levels required at the individual organ or cell level may result in failure of
in vivo experiments. Although it is necessary that the drug remains encapsulated
during circulation, conversely, it may bind so tightly that it is not released at the
target site. The recirculation of drug carriers further increases opportunities to inter-
act with the target but also sustains the duration of the carrier in the circulation,
increasing the risk of drug leakage. In addition, there is untimely drug loss in the
case of time-dependent drug release, rather than triggered by some mechanisms (pH
change or enzymatic reaction) [147]. Further, if it is difficult for free drug molecules
in accessing tissues, the same problem may exist for the drug within a carrier, even
if it is taken in considerable quantities to the core of the target and then released.
Even after safe delivery of drugs into the cytoplasm, it is still challenging to reach
the specific organelles like nuclei, lysosomes, mitochondria, etc., where they are
expected to exert their therapeutic effect [148]. This is the main hurdle in the case
of gene delivery where the prime requirement is to release the cargo inside the
nucleus. In both non-viral and viral vector-mediated gene delivery, uptake and
movement toward the nucleus are decisive. Some early initial trials with different
vectors were encouraging; however, the latest results have posed certain concerns.
In many instances, aggregation of nanocarriers in circulation may happen, resulting
in the change of the desired particle size critical to reach targets or interact with
receptors. Studies on the oral delivery and uptake of nanoparticles have clearly
shown the limited size-dependent internalization of particles below 100 nm by
endothelial enterocytes and the M cells in Peyer’s patches in the order of 5% of the
administered dose. There is little success to increase the uptake and bioavailability
in turn by using absorption enhancers or efflux inhibitors [149]. The probability of
an individual nanoparticle recognizing and attaching to a receptor is also low, espe-
cially in dynamic blood circulation interactions. To counteract this, a large numbers
of particles may be administered, and a specific number of particles need to be
engaged to bring about a therapeutic effect [150]. Further, adhesion of the nanocar-
rier to the target does not necessarily lead to cellular uptake. Even if it does, the
carrier may not release the cargo within the cytoplasm or may be thrown out of the
cell. Therefore, the probabilities of adhesion, uptake, diffusion, and escape from the
cell into the adjacent ones should be taken into consideration [151, 152]. Another
factor to be considered while designing the targeted carrier is the fact that targets
can also change; tumors grow and are heterogeneous depending on their suscepti-
bility to chemotherapy [153]. The properties of nanosystems also undergo continu-
ous phase changes when they are administered. For example, the stability of an
aqueous formulation is altered when injected into the blood. The differences in the
viscosity of bimodal dispersions from that of monodisperse and polydisperse col-
loidal suspensions have also been established [154, 155]. Further, the particle flow
profile is also dependent on the pressure during flow in circulation, the particle size
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and distribution, the flocculation tendency, and the tube diameter. Several studies of
particle flow have been conducted to analyze the interaction of nanoparticles with
surface receptors without considering biological applications in mind. In concen-
trated Brownian suspensions, an initially uniform suspension can become less con-
centrated near the walls and more concentrated near the axis of the channel. On the
other hand, the circulating particles drift toward the vessel walls in the microcircula-
tion due to margination [156, 157]. Unlike cellular uptake, which may be a size-
dependent process, the diffusion in the cytoplasm is dependent on various factors
like concentration gradients, particle diameter, physical obstruction effects, and the
gel-like nature of some regions [53]. The NPC with its 8-nm-diameter limit for pas-
sage of particles presents the final barrier for gene delivery. Thus, multistage drug
delivery involving the use of micro- and nanosystems nested together may help in
successful delivery and targeting by overcoming some of the barriers. While the
inclusion of nanosystems within microsystems may protect the former while in cir-
culation, the downstream events may be affected by other variables [158, 159].

12.7 Toxicological Considerations in Intracellular
Nanoparticulate Delivery

The nanotechnology-based drugs are either aimed to improve release or uptake of
agents into target cells or to reduce toxicity associated with the agents. Although a
nanoparticle delivers the drug into or at the vicinity of target organs, recently several
findings have reported unexpected toxicities owing to nanoparticles, leading to the
origin of the field of nanotoxicology. However, the fundamental cause-effect rela-
tionships are not very well defined or explored in detail. Hence, there is an urgent
need of studies to demonstrate and identify different structural elements causing
cyto- and organ toxicity. Nanomaterial first interacts with proteins or cellular com-
ponents of cells and causes deleterious toxic effects. Several in vitro and in vivo
experimental studies have reported the potentially harmful effects of nanoparticles
and identified key physicochemical properties like particle size, composition,
charge, surface area, agglomeration, and dispensability influencing nanoparticle
toxicity [160, 161]. Particle size is one of the significant factors influencing nanopar-
ticle toxicity, and it varies in different dispersion mediums such as deionized water
and cell culture media. The nanoparticles having size less than 100 nm are postu-
lated to possess suitable mechanical, electrical, and chemical properties that are
essential for drug delivery. These smaller particles can pass through the BBB and
also trigger immune reactions as well as damage cell membranes. For example,
in vitro cytotoxicity study with 1.4 nm and 15 nm gold nanoparticles in connective
tissue fibroblasts, epithelial cells, macrophages, and melanoma cells showed that
particles of 15 nm size are nontoxic, but 1.4 nm gold particles efficiently inhibited
the growth at the same concentration [162]. Owing to their small size, the nanopar-
ticles offer higher surface area for the interaction with biological membranes and
tissues making them more susceptible to toxicity. The surface properties such as
composition, charge, and porosity are important factors affecting
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nanoparticle-associated toxicity [163]. Nanoparticle composition and surface
charge, generally indicated by zeta potential, can affect tissue accumulation and
toxicity. Zeta potential reflects the electrical potential of the nanosystems imparting
physical stability to the system as well as the tissue affinity in the circulation. For
example, cationic liposomes can result in dose-dependent toxicity and pulmonary
inflammation in in vivo models. DOTAP, a monovalent cationic lipid and lipo-
fectamine, a multivalent cationic liposome, accumulate in the vasculature and can
be preferentially internalized by the liver and the spleen. Stearylamine, the first-
generation monoalkyl cationic lipid, causes hemagglutination and hemolysis of
human erythrocytes. Hence, their use in humans is not recommended for drug deliv-
ery [164, 165]. Nanoparticles tend to agglomerate via Brownian motion and van der
Waals forces due to the increased surface area to volume ratio. Prevention of
agglomeration is a key factor during clinical use of nanoparticles since this may
alter the physicochemical properties such as size distribution, surface to volume
ratio, surface activity, as well as concentration of nanoparticles. This in turn affects
the potential toxicity of nanoparticles due to vascular or lymphatic blockage. Several
preventive measures like sonication, detergents, lung surfactants, PEG, and serum
can prevent agglomeration to decrease toxicity or deleterious side effects [166,
167].

Considering the risk associated with nanoparticles, detailed characterization of
nanoparticles and validated procedures are necessary for the assessment of nanopar-
ticles. Nanoparticle possesses special characteristics, which impose a higher chal-
lenge in assessing toxicity using classical assays. Furthermore, lack of standardized
guidelines for nanoparticle toxicological characterization could impede movement
of these agents to the clinic [168]. Characterization of physicochemical properties,
cellular and noncellular in vitro toxicity assays, and animal-based toxicological
assessment are the key elements needed to evaluate the potential toxicity. Chemical
composition, particle size and distribution, agglomeration, density, shape, and sur-
face properties such as area as well as charge are the physicochemical properties
that may influence the toxic effects of nanomaterials [169, 170]. In addition, various
in vitro assessments should be done for the safety and efficacy of nanoparticles like
biocompatibility assays, hemolysis and platelet aggregation assay, immune system
activation assay, reactive oxygen species and oxidative stress measurements, geno-
toxicity assay, mutagenicity assay, etc. [171].

12.8 Conclusion

Novel and improved therapeutic strategies evolve with the discovery of molecular
basis of diseases, new intracellular targets, and the mechanisms to specifically target
them. Though significant strides have been made in the direction of organelle-
targeted drug delivery in the recent past, this field of research demands more com-
petence. There have been few partially successful, yet promising, attempts at
directing therapeutics to the cytoplasm or individual organelles. Most of them pro-
vide qualitative analysis of intracellular sequestration of drugs based on the cell line
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or in vitro experiments. Sensible selection of materials and physical attributes of
drug carriers, real-time molecular and functional study of the various uptake mecha-
nisms, and the interaction of these carriers with cellular components are of para-
mount importance while designing organelle-targeted nanocarriers. Another
important factor to be considered is the intracellular fate and subsequent disposition
of these carriers warranting detailed nanotoxicological evaluations of the developed
drug delivery systems. Although the goal of organelle-targeting seems challenging
now, utilizing innovative nanomaterial and molecular biology advancements can
help in the success of this new paradigm in nanomedicine to achieve a realistic clini-
cal outcome. Further, innovative strategies like drug repurposing in combination
with nanotechnology advancements can help in overcoming the high attrition rates,
high costs, and slow pace of new drug discovery.
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