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ABSTRACT: In generic terms, a drug delivery substrate (DDS) can be described as a vehicle to transport drug to
the point of interest. A DDS that would ideally have the capability to control drug dosage and achieve target specific-
ity, localization, and higher therapeutic efficacy has been pursued as a holy grail in pharmaceutical research. Over
the years, diverse classes, structures, and modifications of DDS have been proposed to achieve this aim. One of its
major deterrents, however, is rapid elimination of drug by the immune system before intended functionality. Stealth
engineering is broadly defined as a method of designing a drug carrier to minimize or delay opsonization until the
encapsulated drug is delivered to the intended target. Stealth-engineered DDS has been successful in extending drug
circulation lifetime from a few minutes to several days. Currently, this field of research has made much progress since
its initiation in 1960s with liposomes to DNA boxes. Activity has also benefited several areas of medicine, where it
has been applied in cancer, gene therapy, bone regrowth, and infection treatment. This review covers the progress of
some types of DDS that have been published and indexed in major databases (including ScienceDirect, PubMed, and

Google Scholar) in the scientific literature.
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ABBREVIATIONS: ADR, Adriamycin; CPT, camptothecin; DDS, drug delivery substrate; DNA, deoxyribose nucleic acid;
GM1, monosialoganglioside; mPEG, methoxy polyethylene glycol; MPS, mononuclear phagocytic system; NP, nanoparticle;
PX, poloxamine; PAMP, pathogen-associated molecular patterns; PC, phosphatidylcholine; PEG, polyethylene glycol; PEI, poly-
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reticulo-endothelial system; ROS, reactive oxygen species; SM, sphingomyelin; SPIO, super paramagnetic iron oxide; TLR, toll-
like receptor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor

I. INTRODUCTION

Since the latter half of the 20th century, there has
been an escalating interest in developing an ideal
drug carrier that could be injected intravenously, en-
dure a long circulation period, and release drug in
a controllable manner. This could facilitate external
monitoring and regulation of drug dosage without
causing the discomfort of repeated bolus injections
to the patient. In addition, target-specific drugs
could be administered easily without degradation
in vivo before the intended delivery period. Numer-
ous types of systems have been developed for this
purpose; however, most suffer from surface opso-
nization by plasma proteins and elimination from
circulation.
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A. Mononuclear Phagocytic System

The mononuclear phagocytic system (MPS), tradi-
tionally referred to as reticulo-endothelial system
(RES), is a part of the immune system consisting of
cells that originate in bone marrow and ultimately
settle in tissues as macrophages. The monocyte/mac-
rophage cell family has a key role in the body’s innate
and adaptive immune responses and is on the front
line for detection of foreign molecules and patho-
gens. Macrophages are a complex heterogeneous
group of cells found throughout the body that provide
a vast number of functions. The monocytes migrate
from the blood into tissue to replenish long-lived tis-
sue-specific macrophages of the bone (osteoclasts),
alveoli, central nervous system (microglial cells),
connective tissue (histiocytes), skin (Langerhans),
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gastrointestinal tract, liver (Kupffer cells), spleen,
and peritoneum.! These cells are phagocytic and
search for older, worn out, or damaged cells such as
erythrocytes (to conserve iron and hemoglobin) and
virally infected cells to clear them from the circula-
tory system.> They also remove cellular debris from
cells such as neutrophils, that have undergone apop-
tosis, as well as foreign debris including that from
implanted biomaterials.> Macrophage phagocytic
actions replenish this debris ceaselessly from the
tissue without producing inflammatory or immune
mediators.* However, debris from cells that have un-
dergone necrosis yield molecular danger signals such
as mRNA and heat shock proteins that activate the
macrophages to secrete proinflammatory cytokines.’
The role of classically activated macrophages in host
defense to intracellular pathogens has been well doc-
umented."** Classically activated macrophages re-
lease growth factors, such as platelet-derived growth
factor (PDGF) and vascular endothelial growth factor
(VEGF) to initiate repair, and produce inflammatory
cytokines such as tumor necrosis factor o (TNFa),
MIF), interleukin-1a (IL-1a), IL-6, IL-8, and induc-
ible nitric oxide synthase (iNOS or NOS2) to activate
cellular programs, amplifying their own and other
immune cells’ antimicrobial activities. IL-1 and IL-6
mobilize other immune cells.?

Macrophages detect these danger signals specif-
ically through toll-like receptors (TLRs), intracellu-
lar pattern-recognition receptors, and the IL-1 recep-
tor.**!° These have evolved over millions of years
to detect pathogen-associated molecular patterns
(PAMPs) related to pathogenic molecules such as
lipopolysaccharide, lipoteichoic acid, and muramyl
peptides derived from peptidylglycans. TLR activa-
tion then initiates signals (e.g., interleukin-receptor-
associated kinases 1 and 4), activating the transcrip-
tion factor NF-«f and regulating inflammatory gene
expression.'"'? These macrophages detect the bac-
teria in this process and become primed and acti-
vated, yielding microbicidal oxygen radicals such as
superoxide anions, oxygen, and nitrogen-free radi-
cals that kill pathogens as well as proinflammatory
cytokines such as IL-6, IL-23, IL-1f, and TNFa. En-
hanced release of superoxide has also been shown to
occur in response to interferon y (IFNy), irradiation,
pH, osmolarity, and temperature changes.'* !¢

The body has a number of different molecules
such as complement proteins, fibronectin, and vit-
ronectin that may associate with biomaterials or in-
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troduced molecules.!” The interactions of these en-
dogenous proteins with biomaterial may change the
nature of the two components such that local macro-
phages may become activated. Therefore, avoiding
or regulating macrophage priming and activation in
a way that would inhibit the activity of other immune
cells is a goal of stealth molecule technology. One
possible group of regulatory molecules is the prosta-
glandins (PG). High concentrations of PG E, (PGE))
are found at sites of infection, where it inhibits mac-
rophage proinflammatory functions such as phago-
cytosis, reactive oxygen species (ROS) production,
release of antimicrobial peptides, and production of
TNFa, macrophage inflammatory protein la, and
leukotriene (LKT) B4, but it enhances the produc-
tion of anti-inflammatory IL-10."*"* PGE, also inhib-
its ROS and LKT production by neutrophils and may
enhance production of endogenous IL-10, which
down-regulates dendritic cell functions.?*?' Finally,
PGs inhibit fibroblast collagen and fibronectin syn-
thesis and PDGF-stimulated migration.?>?

Stealth engineering is the generic term assigned
to drug delivery substrate (DDS) modification to
delay its opsonization and ultimately renal elimina-
tion. This review provides a summary of recent re-
search in stealth engineering for in vivo DDS, which
is of particularly high interest for many therapeutic
applications including chemotherapy for cancer, tu-
mor treatment, bone regeneration, and blood sugar
management.

B. Need for Stealth Engineering

The foundation for DDS was probably laid by Bang-
ham et al., who reported selective restriction to diffu-
sion of cations by swollen bilayer ovolecithin struc-
tures,” also known as Bangasomes or liposomes.
This was followed by abundant research on these
structures.3? Several other investigators proposed
other DDS structures, such as dendrimers, polymer
nanoparticles (NPs), micelles, and red blood cells.
From ingestion to final therapeutic activation,
a drug carrier encounters several deterrent factors.
Segal et al. injected radiolabeled compounds en-
trapped by liposomes in rat testicle and recorded
testicular radioactivity, attributing the liberation to
probable macrophageal endocytosis.?’ Carrier char-
acteristics such as surface chemistry, charge, flex-
ibility, size, and shape have an acute influence on
in vivo lifetime. Designing an optimal carrier for
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maximal efficacy is a vast research area in itself
and has been explored extensively. It was suggested
that adsorption of plasma protein on the surface of a
drug particle caused clearance from circulation, af-
ter observing protein-binding behavior in vivo and
in vitro; a higher capability to bind protein was asso-
ciated with faster clearance kinetics.3*** The protein
was suggested to consist of high amounts of opsonin
that triggered phagocytic uptake by the MPS. Par-
ticles of size >200 nm were observed to accumu-
late in spleen, whereas those <10 nm were prone to
glomerular filtration.>” In addition, because the
glomerular membrane contains anionic polysaccha-
rides, cationic particles are sieved more quickly than
anionic particles.>” Hydrophobicity is another aspect
that can prematurely terminate vasculature circula-
tion and is usually solved by grafting hydrophilic
polymers onto the carrier surface.’**° Increased
flexibility and branching of these steric shields fur-
ther decrease macrophageal recognition by creating
a high-density conformational barrier. NP shapes are
also observed to affect pharmacokinetic behavior.
Discher et al. showed that filamentous micelles had
longer circulation than chemically similar spheri-
cal polyethylene-glycolated vesicles.*’ Champion
and Mitragotri fabricated worm-like polystyrene
particles with high aspect ratios (>20) and reported
negligible phagocytosis, compared to that of spheri-
cal particles of the same volume (1-3 um diameter),
when tested against a rat alveolar macrophage cell
line.** They attributed this to reduction in curva-
ture and limiting to only the endpoints of the worm
shapes, which theoretically in turn should decrease
phagocytosis.

Early attempts to curb phagocytic reaction to
drug carriers by temporarily causing MPS block-
ade occurred by administering a predose of similar
particles. Researchers in 1980 studied the effect
of an intravenous high dose of empty multilamel-
lar liposomes on opsonization rate of a second dose
encapsulating 14C-inulin injected at 1, 5, and 24
h.*® They observed that in comparison to a control
group for which only the second dose was given,
14C-inulin level in blood increased by a factor of
29 and decreased by a factor of 6 in liver when a
preemptive dose was administered 1 h before actual
dose. A similar method describes injecting a predose
of large unilamellar liposomes to limit the clearance
of the second drug dose.** Furthermore, different
sizes of liposomes were comparatively studied to

Volume 43, Issues 5-6, 2015

349

understand the dependency, if any, of MPS flush-
ing on particulate size of such consecutive doses.***
Small liposomes (40-200 nm) were shown to have a
relatively higher circulation when compared to their
larger counterparts.

Dextran sulphate (DS) was also used to lower
the rate of clearing foreign particles from the blood-
stream by impeding MPS functioning, in some cases
even resulting in absolute cessation of immunologi-
cal response.*’*® Patel et al. demonstrated a sup-
pression of liver uptake of multilamellar liposomes
by injecting a maximal dose of 50 mg DS/kg body
weight that caused a temporary liver blockage lasting
48 h.* Liver uptake was observed to have dropped
as early as 2 h after infusion of DS. Prior dosage of
a monoclonal antibody such as 2.4G2 demonstrated
an inhibition in clearance of liposomes loaded with
dinitrophenyl.>

The half-life and area under the plasma-concen-
tration time curve provide an accurate assessment
of how long the DDS survives in vivo. Toutain and
Bousquet-Melou defined plasma terminal half-life
as, “...following intravenous (IV) administration,
the terminal half-life is the time required for plas-
ma/blood concentration to decrease by 50% after
pseudo-equilibrium has been reached; then, termi-
nal half-life is computed when the decrease in drug
plasma concentration is due only to drug elimina-
tion, and the term elimination half-life is applica-
ble.”! Zhang et al. published a detailed 2013 review
of materials that have been tested for drug delivery
along with FDA approval dates for those that were
successful.*?

In this article, we review some DDSs that have
been widely studied. Table 1 summarizes impor-
tant data of various formulations reported. The data
provided are not intended to highlight a negative
comparison among adequacies; they simply serve
to provide knowledge about various developmental
approaches to DDS. Data were primarily collected
and summarized from the databases maintained
through FDA archives and the Drugbank of Canada.
Figure 1 shows a layout of this review.

Il. ARTIFICIAL STEALTH ENGINEERING
TECHNIQUES FOR IN VIVO DRUG
DELIVERY

Various types of polymers and other biological enti-
ties have been artificially developed for the required
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FIG. 1: Broad classification of the types of DDSs. Only major groups are shown here and discussed in this review.

camouflage ability of stealth-engineered DDS for
in vivo applications. Some of these techniques have
shown promise and have been tested in animal stud-
ies. Major stealth engineering techniques for in vivo
DDS are discussed in this section.

A. Liposomes

Liposomes are phospholipid bilayers that encap-
sulate drug in the inner compartment, whereas the
outer bilayer acts as its shield (Fig. 2). Some drugs
can also be entrapped in the vesicular space. Lipo-
somes were discovered by Bangham in 1961 and
were extensively adopted as DDS, followed by
various approaches to extend their short half-life
in vivo. A comparative study of in vivo circulation
time between nonentrapped neuraminidase and
neuraminidase enclosed in liposomes with varying
lipid concentration was done by Gregoriadis et al.’!
These researchers reported a higher circulation time
for liposomes with a higher constituent of lipids,
thus concluding that the rate of renal elimination is
dictated by the drug carrier, rather than by the drug
itself. Furthermore, it was observed that cholesterol-
rich liposomes displayed enhanced in vivo lifetimes
over cholesterol-poor or cholesterol-nil liposomes
by impeding serum opsonin binding.®*> Semple et
al. also noted that cholesterol inclusion improves
packing density of liposomal phospholipid mol-
ecules, thereby decreasing ion permeability.®
Negatively charged liposomes cleared faster
when compared to neutral or positively charged li-
posomes; hence, the negative charge on liposomes
was labeled as a probable factor of recognition by
the MPS.3* As a remedy for this, liposomes were

structured with a low molar fraction of a negatively
charged glycolipid, such as monosialoganglioside
(GM1)** or phosphatidylinositol, and a neutral phos-
pholipid was used as the major constituent.” These
modified liposomes that were termed sterically sta-
bilized had a longer circulation time without MPS
blockage. The effect of different concentrations of
ganglioside and sphingomyelin (SM) modifications
in liposomes on liver uptake was studied,**”>* and
it was conclusively demonstrated that these modifi-
cations provided a longer lifetime in vivo than that
of classical liposomes; they were called stealth lipo-
somes. The liposomes of SM:phosphatidylcholine
(PC):cholesterol:GM1 in the molar ratio 1:1:1:0.2
were classed as the first generation.

Abuchowski et al.*! were among the first to cova-
lently couple polyethylene glycol (PEG) to a bovine
liver catalase, which provided a hydrophilic shield
around the enzyme and delayed recognition by the
MPS. This method transcended to liposomal modi-
fication by PEG and performed better than earlier
methods that used glycolipids. This was followed
by several publications on superior performance of
PEGylated liposomes tested in vivo with various
drugs.®>67:688293 Allen and Hansen demonstrated an
elaborate pharmacokinetic performance that was
dependent on the dosage effect between the stealth
and conventional liposomes; a comparison was also
made between the half-lives of first-generation GM1
liposomes and second-generation PEG(1900)- dis-
tearoylphosphatidylethanoalamine.>’#> Gabizon et
al. were the first to demonstrate the extended blood
lifetime of PEGylated liposomes encapsulating
doxorubicin in human subjects.®® This was followed
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FIG. 2: Schematic of a copolymer liposome structure. The constituent building blocks have a hydrophobic tail and
hydrophilic head that self-assemble to form the unique bilayer membrane. The liposomal surface can be conjugated to
any functional molecule pertaining to the desired application and PEGylated for increased steric shielding.

by clinical trials of doxorubicin in stealth liposomes
on 15 human immunodeficiency virus (HIV)-infect-
ed patients for the treatment of Kaposi’s sarcoma.®
Liposomes modified with PEG were also used as
drug carrier devices for gene delivery, specifically
for delivery of pDNA* and siRNA.* In 1990, the
FDA approved adagen, a polymer—drug conjugate of
adenosine deaminase with PEG. This was followed
by approval of PEGylated liposomal doxorubicin for
cancer treatment in 1995. Many researchers inves-
tigated the versatility of PEGylated liposomes for
various drug deliveries, including those for cancer,
and conclusively established the higher lifetime of
PEGylated DDS.7%-11® Compared to first-generation
stealth liposomes such as the GM and SM liposomes
mentioned above, PEGylated liposomes demonstrat-
ed the ability to evade activating the immune sys-
tem. Gradually, however, several disadvantages were
identified and associated with PEGylation in subse-
quent research, known as the “PEG dilemma.”'"!
Earlier, the pharmacokinetics of PEG liposomes
were proven to be independent of dosage unless the
quantity administered was too low, at which acceler-
ated blood clearance, abbreviated as the ABC-effect,
was observed. This phenomenon occurred after suc-
cessive bolus injections of liposomes were adminis-
tered, after a prior sample was already injected.”1%
This event is attributed to production of anti-PEG
immunoglobulin from spleen in reaction to the prior
doses, which increase uptake by Kupfter cells and
can be suppressed to some extent by choosing antip-
roliferative drugs or moieties.*’
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B. Polymeric Micelles, Polymeric NPs, and
Solid Lipid NPs

Micelles (Fig. 3) differ from liposomes in their
structure. Liposomes are lipid bilayers (Fig. 2) that
separate an internal aqueous phase from an external
aqueous environment, whereas polymeric micelles
(PM) are lipid monolayers (Fig. 3) with two func-
tional parts: an inner hydrophobic core that deter-
mines loading efficiency of desired drugs and an
outer hydrophilic shell that controls pharmacokinet-
ic behavior of the micelle in vivo.**'?"'2 The outer
polymeric corona acts as a steric shield, camouflag-
ing the drug loaded in the solid inner core, and it can
be conjugated to targeting or recognition moieties.
They are smaller in size (<100 nm), have superior
stealth properties when compared to liposomes, and
are created by self-assembly of amphiphilic diblock
or triblock copolymeric molecules, which in turn
are a mix of hydrophilic and hydrophobic compo-
nents. Lee et al. showed superior pharmacokinetic
properties of polymeric vesicles over stealth lipo-
somes.*® This class of DDS has gathered much inter-
est because of their similarity to natural biological
transport systems; their unique characteristics delay
uptake by RES and facilitate efficient intracellular
drug delivery.'

Any amphiphilic biocompatible polymer capa-
ble of significant steric hindrance such as PEG and
polyvinylpyrrolidone can be used to make micelles.*
A popular class of micelles marketed as Pluronics®,
also known under the nonproprietary name of po-
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FIG. 3: Schematic of a polymeric micelle/SLN. The inner matrix holds the drug cargo, protected by the outer shell

that may be activated by attachment of various molecules.

loxamers, consists of polyethylene oxide (PEO) and
polypropylene oxide in an ABA triblock structure.
These micelles have relatively longer elimination
half-lives than liposomes.'* For instance, P85 was
shown to have a half-life of between 60 and 90 h.*®

Poloxamine (PX) and poloxamer were noticed
to impart stealth properties when coated on a drug
particle. Illum and Davis were among the first
to use them for modification of polystyrene and
poly(methyl methacrylate) NP.!2+!125 Uptake by liver
was seen to decrease by 20% and 40% for NPs coat-
ed with poloxamer-188 and -338, respectively. Po-
loxamer-407 was seen to perform even better than
either in terms of evading phagocytosis, whereas PX
proved to be superior over poloxamer.'? Rudt and
Muller conducted an assay of NP and microparticle
pharmacokinetics affecting phagocytosis for polys-
terene modified by PX.'>” Moghimi et al. established
that injecting PX-908 caused rapid clearance of a
second dosage, most likely by resident macrophages
and Kupffer cells present from the previous dose.
Such behavior was noticed to be exactly similar to
that resulting from coating the particle with PX-
908.128129 Modification with other polymers, such as
poly(lactic-co-glycolic) acid (PLGA), also resulted
in enhanced circulation lifetimes.'3%!%

PEG has also been widely used as a constituent
of diblock and multiblock copolymer micelles that
were shown to have longer circulation lifetimes.'?
Several stimuli-responsive PM have been de-
signed,'** and some are in final stages of clinical tri-
als.* Triblock copolymer micelles of ABA and BAB
combinations of PEG and poly(lactic) acid (PLA)

were designed and tested as a DDS for paclitaxel
in mice."** Moffatt and Cristiano used one such co-
polymer, PLGA-PEG-PLGA, as a gene delivery ve-
hicle for encapsulated salicylhydroxamic acid-PEl/
pDNA.!35 Various other polymeric NPs were for-
mulated and tested for suitability as a drug carrier.
Verrechia et al. modified PLA/albumin to PLA-PEG
copolymer and recorded an extended half-life of 6 h
more than the former’s few minutes.® Zhiqing et al.
studied PEGylated PLGA NPs (stealth NPs) as car-
riers for arsenic trioxide and showed that they had
lower uptake by murine peritoneal macrophages
compared to that of naked arsenic trioxide.!*® Bazile
et al. developed the methoxy-based NP Me-PEG-
PLA and recorded a longer half-life of 6 h, com-
pared to a few minutes for F68-coated NP."*” This
was followed by other PLA-PEGs complexed with
NPs for stealth delivery.'**!* In addition, PEGylated
PGLA microparticles encapsulating VEGF with im-
proved circulation times was proposed recently.'*
Gref et al. structured NPs with PLA and mono-
methoxy polyoxyethylene,'*! followed by Peracchia
et al., who developed coated polycyanoacrylate NPs
and poly(isobutyl-2-cyanoacrylate) with PEG. The
researchers observed increased circulation time and
decreased cytotoxicity.'**'* Ahmed and Discher!#
designed PEG-PLA, PEG-polycaprolactone, and
PEG-polybutadiene hydrolysis—triggered polymero-
somes. PEG was incorporated to improve in vivo
circulation, and the authors presented a comparison
between PEG-polymerosome and stealth liposome.
Lee et al. reported a best half-life of 47.3 + 1.8 h®
for polymerosome-10, whereas Photos et al. report-
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ed a half-life of 28 + 10 h for OB16.” Both results
were significant improvements over the half-lives of
stealth liposomes.

PEO was extensively studied as a prospective
drug particle shield. Jaeghere et al. modified NPs
with PEO and assayed the factors that determined
MPS uptake.'*® Vittaz et al. conducted a similar
study with a complex of PLA-PEO and concluded
that the decrease in phagocytosis is directly pro-
portional to the surface density of PEO.'"” PLA
NPs, when modified into a diblock copolymer by
monomethoxypoly(ethylene oxide)-poly(lactic)acid,
were seen to undergo delayed phagocytosis in guinea
pigs.'*® Butsele et al. tested poly(2-vinylpyridine)-
PEO-poly(caprolactone) (P2VP-PEO-PCL) triblock
copolymer as a pH-triggered drug delivery device
and found it to possess stealth behavior.'* A detailed
review of various polymeric coatings and the behav-
ior of complement activation mediated by polymeric
structure is provided by Salmaso and Caliceti.'*

NKO911 is a micelle with a diameter of 40 nm,
constructed from PEG-poly(aspartic acid) block
copolymer and encapsulating doxorubicin. NK911
is the first polymeric micelle that was approved for
clinical trial on 23 patients with malignant tumors.>®
PEG formed the outer core, adding the “stealth”
characteristic, and the poly(aspartic acid) chain con-
jugated to doxorubicin built the inner hydrophobic
core. The dosage was gradually increased from 6.0
to 67 mg of doxorubicin equivalent/m™ in several
levels. The half-life for NK911 was observed to be
longer than that of free drug. Following this, several
other micelle structures were developed that pro-
ceeded to human trials.'s' Micelles have been con-
jugated to antibodies, nucleic acids, peptides, and
other biomolecules to augment target specificity and
localization.

Solid lipid nanoparticles (SLNs), usually char-
acterized as having a solid lipid core, have been pro-
posed as an alternate drug carrier.'> Following this,
Bocca et al.”** modified SLNs with dipalmitoylphos-
phatidylethanolamine-PEG and stearic acid—PEG as
stealth agents for fluorescent rhodamine B. Stealth
SLNs were noticed to be nonphagocytized after 60
min of administration, compared to phagocytosis
of plain SLNs in few minutes. This was followed
by the use of stealth SLNs to deliver doxorubicin in
rats’ and icariin in mice.”” Madan et al. also used
PEG NPs to deliver noscapine across the blood—
brain barrier to glioblastoma cells.'>*
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C. Dendrimers

Dendrimers (Fig. 4), a whole new class of drug carri-
ers, were proposed in the 1980s."> Since then, these
highly branched macromolecules with low polydis-
persity have been extensively explored as drug car-
riers. They have garnered much interest as a phar-
maceutical vehicle because of their unique structural
properties. Dendrimers have a central core that can
be loaded with hydrophobic drugs, a branched shell
that can impart steric stability, and surface three-
dimensional (3D) moieties that can be conjugated
with targeting bioactive molecules.'*® Polyamido-
amine (PAMAM) dendrimers or Starburst® den-
drimers are the most common. These are dendrimers
made of poly(lysine), poly(propyleneimine), poly-
ester, polyol, and triazine. PEGylated dendrimers
with comparatively longer terminal lifetimes have
been also reported.” 57158 It was observed that cat-
ionic dendrimers were flushed out of circulation in
Wistar rats at higher accelerated rates than anionic
dendrimers, which reconfirmed that surface charge
is a factor that significantly determines opsoniza-
tion rate.!’® Detailed pharmacokinetic dependency
between dendrimer shape and drug content on its
longevity in vivo has been studied.”!%

Vivagel™  (Starpharma), an amide-based
(SPL7013) dendrimer microbicide, was cleared for
clinical trials against herpes simplex virus (HSV)
and HIV in 2004.'°-1¢2 SPL.7013 has a core of ben-
zhydrylamine amide of L-lysine bonded to four lay-
ers of L-lysine branches, and each of the 32 amine
groups on the surface were terminated by a sodium
1-(carboxymethoxy) naphthalene-3,6-disulfonate
group. It was suggested that SPL7013 attached it-
self to gp120 proteins on viral surfaces, and this may
have prevented it from adhering to human cells.

D. Polymeric Modifications of Other
Substrates

Liu et al. grafted PEG onto single-walled nanotubes
(SWNTs) and noticed increased circulation time with
increased chain length,'® recording 15 h for triple-
branched PEG grafted onto SWNTs. Prencipe et
al. reported 22.1 h for polyglutamic acid—pyrene—
mPEG.'* Niidome et al. layered gold nanorods with
PEG to decrease its cytotoxicity and increase its life-
time, with an objective of photothermal therapy and/
or photocontrolled DDS.'%'% Yokoyama et al. con-
jugated the antitumor drug adriamycin (ADR) with
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FIG. 4: Schematic of the PAMAM dendrimer. Starting from an initiator core, the branching increases outward in a
tree-like structure that is terminated by amine branches. The dendrimer surface can also be conjugated to other mol-

ecules by correct protonization.

PEG and showed it to have a longer half-life (70 min)
than noncomplexed ADR (18 min).® Zhou et al. used
camptothecin (CPT) to form PEG-block-dendritic
polylysine-CPT nanospheres/nanorods of different
sizes intended for drug delivery to cancerous cells.'®’
PEG-tetra-CPT-nanorods with dimensions <500 nm
were found to have the longest lifetime and target
specificity among all other sized nanorods.

In 1997, Cho et al. proposed a carbohydrate
coating of NP that eluded phagocytic tagging by the
MPS.'® In the same year, Maruyama et al. devel-
oped a new class of gene carrier with polysaccharide
and PLA grafted onto poly(L-lysine).'® Recently,
super paramagnetic iron oxide (SPIO) NPs have
been gaining popularity as MRI contrast agents and
for treatment of cancer by hyperthermia. However,
SPIO is not biocompatible and must be shielded
from phagocytosis. SPIO with surface modifica-
tions of chitosan,'” PLA-PEG,'"”! PEG,'”? and PEG-
poly(amino) acid!'”® have been proposed.

lll. NATURAL AND SEMINATURAL STEALTH
ENGINEERING TECHNIQUES FOR IN
VIVO DRUG DELIVERY

Liposomes, PM, SLNs, and dendrimers are artifi-
cial DDSs developed in an attempt to extend drug

longevity in vivo. However, research has shown
that they were still subjected to rapid elimination
from the blood. This motivated several researchers
to explore natural biological structures as potential
DDSs, including erythrocytes and capsids. The fol-
lowing section presents a short review on such de-
velopments.

A. Red Blood Cell (Erythrocyte)-Based
DDSs

Red blood cells (RBCs; also called erythhrocytes)
are anucleate cells that transport oxygen and carbon
dioxide between lungs and tissues via the circulato-
ry system. In humans, healthy mature RBCs are bi-
concave shaped, measure ~7.7 um in diameter, and
have a lifetime of ~120 d. Their cytoplasm contains
hemoglobin, a metalloprotein of iron that binds with
oxygen. RBCs are found in all vertebrates (except
for the family Channichthyidae) and a few inverte-
brates. The discocytes are biocompatible, abundant,
and nontoxic and normally do not instigate the MPS
for opsonization. Additionally, their anucleate na-
ture allows a considerably inert intracellular condi-
tion and high drug loadability. These aspects make
this cell a probable DDS with extended vascular cir-
culation, thereby reducing frequency and intensity
of dosage.””'’* A common method to insert a load
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into an RBC is to degrade it in hypotonic solutions,
which is followed by drug absorption and mem-
brane resealing. However, research has shown that
this method almost always caused hemolysis, irre-
versible morphological damage to the RBC struc-
ture, and phosphatidyl sterine (PS) exposure. PS has
been associated with early removal of RBC by the
MPS.'”> RBCs can also be loaded by pretreating with
chlorpromazine, which causes reversible swelling
and endocytosis of payload. In other research, RBC
membranes were fused with liposomes containing
the therapeutic load, and the liposomes then release
it gradually inside the erythrocytic cell.'”>!7® Other
common methods are electroporation by exposure
to a strong electric field and drug-induced endocyto-
sis.'®” In 2014, He et al. proposed a novel method of
loading protein into RBCs by using covalent bond-
ing between the protein and a cell-penetrating pep-
tide (CPP) via a disulfide link.'”” The CPP penetrates
the RBC without any membrane disruption. Once
inside the RBC, the disulfide bond dissociates, thus
successfully enclosing the protein inside the cell and
ensuring its structural and functional integrity.
RBCs have surface antigens that react with an-
tibodies present in blood of a different type; this
necessitates proper matching during transfusion. To
facilitate easy transfusion without cross-matching,
shielding the antigens by modifying RBCs with
mPEG was first achieved by a group of researchers
in 1996.17 This was soon followed by work of other
investigators, some attempting to optimize polymer
structure with respect to cytotoxicity.!””'*¢ Scott and
Chen extended PEGylation to other allogenic and
xenogenic cells including white blood cells.'s’
Several drugs have also been successfully en-
capsulated and tested in vivo.””'" One of the early
clinical studies on nine volunteers using 51Cr-
labeled autologous RBC showed a normal in vivo
half-life of 19-29 d.!8® This was succeeded by an-
other clinical study of PEG-conjugated adenosine
deaminase (pegademase) and native adenosine de-
aminase (ADA)-loaded 51Cr-labeled RBC by hypo-
osmotic dialysis. A half-life of 20 d and 12.5 d was
reported for erythrocyte-entrapped pegademase and
ADA, respectively, compared to 3—6 d of exposed
pegademase.'®® Chambers and Mitragotri attempted
noncovalent binding of 200-450-nm polystyrene
NPs to RBC membrane, which were injected in
Sprague-Dawley rats. Results showed an increment
in circulation time for the RBC NPs; ~5% were
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still circulating after 12 h, whereas >99.9 % of un-
bound particles cleared in 2 min.'° In a clinical trial
to evaluate potency of low doses of corticosteroid
in cystic fibrosis patients, autologous erythrocytes
were loaded with dexamethasone 21-phosphate and
administered to 17 subjects in two phases during
a time interval. Although no side effects or toxic-
ity were recorded, a persistent level of dexametha-
sone was detected in plasma for at least up to 10 d
after injection, proving efficacy of these low dexa-
methasone doses over standard direct therapeutic
dosage.””! Amikacin, an aminoglycoside antibiotic,
was encapsulated in RBCs for protection against en-
zymatic degradation and then targeted to peritoneal
macrophages in rats. The study revealed a signifi-
cant improvement in pharmacokinetics of the anti-
biotic, with more than a fivefold increase in half-life
of enclosed drug over free drug.'”>!* Phenylalanine
hydroxylase (PAH), an enzyme that initiates and
controls processing of phenylalanine, is an essential
amino acid; a deficiency can cause phenylketonuria.
To find a sustained alternate enzyme replacement
therapy for PAH, Yew et al. enclosed PAH in RBCs
by hypotonic dialysis and then injected the drug into
mice. A persistent level of PAH remained in cir-
culation for at least 10 d, along with a decrease in
phenylalanine levels by 80%.'** Chitosan is another
popular colloidal drug delivery substrate; however
as an intravascular DDS, it becomes flushed out
from circulation easily. To extend its lifetime, low-
molecular-weight chitosan was attached onto RBC
surface by electrostatic attraction and the combi-
nation was demonstrated to be a feasible DDS.'
Among several such therapeutic molecules enclosed
in RBCs are immunophilin,'® paclitaxel,'” bovine
serum albumin,'”® piperine,'” and IFNa 2b.2* Apart
from their use with drugs, RBCs have also been
used to encapsulate gold NPs to facilitate high con-
trast in dynamic X-ray imaging,*®' which indicates
the flexibility and lucrativeness of RBCs as a func-
tional DDS.

B. Viral Capsid DDSs

Viruses are submicroscopic parasitic agents that are
characterized by an RNA/DNA core that is encap-
sulated by a protein coat. They can effortlessly pen-
etrate living cells and cause unwanted effects, such
as infection or mutation. However, because of this
same property, platforms derived from viral sources
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have been evaluated for possible DDSs.*” A cap-
sid is the outer shell of a virus composed of protein
subunits called capsomeres. The viral genetic ma-
terial can be extracted and then substituted by the
desired load, and the capsid is then reassembled.?”
Such a process prevents the capsid from replicating
and infecting the host, but still retains their MPS-
evasive properties. Viral vectors are slowly gaining
preference as carrier of transgenes for gene therapy,
because they enable efficient transfer and sustained
gene expression. Cooper and Shaul used hepatitis B
viral capsid to enclose oligonucleotides (ONs). They
first permeabilized the virus and treated it with ribo-
nuclease, causing evacuation of endogenous RNA.
This process was followed by incubation with ONs
and capsid restructuring, which successfully encap-
sidated the ONs.?” These investigators also tested
the particles on cultured HeLa cells and observed a
higher cell uptake than that of naked ONs and as well
as a lack of cytotoxicity, providing proof of ONS as
a viable DDS. Adeno-associated viral (AAV) sero-
types were obtained by transfection of 293T cells.?*
AAV was then injected into neonatal mice brain at
delivery, and the mice were sacrificed after 30 d. An
examination of the brain sections affirmed efficient
transduction. AAV serotypes have also been used to
provide a medium for conjugation and delivery of
paclitaxel.?® This process could eliminate the poten-
tial virulence of chemical solvents currently used to
deliver paclitaxel, which has low water solubility.
In a thorough review by Selvam et al.,?® several vi-
ral vectors were modified for gene transportation in
lacrimal glands.

Plant viruses, which are expected to be less
pathogenic and immunostimulatory than animal
viruses, were used to show viability as DDSs. A
group of investigators encapsulated doxorubicin in
hibiscus chlorotic ringspot virus and targeted it to
an ovarian cancer cell line, observing a statistically
higher uptake and cytotoxicity in cancer cells.?”” Cu-
cumber mosaic virus was also loaded with doxoru-
bicin and conjugated with folic acid as a targeting
moiety.””® The combination was tested both in vitro
and in vivo and exhibited enhanced antitumor action
and reduced cardiotoxicity.

C. DNA-Based Drug Delivery Systems

The quest to develop an ideal DDS that avoids op-
sonization and renal flushing by MPS recognition

Mohapatra et al.

as a native molecule has seen the design of a novel
group of delivery structures based on the endoge-
nous structure of DNA. DNA is a biopolymer that
encodes genetic information that is uniquely char-
acterized to every living organism. It is inherently
biocompatible, biodegradable, and physiologically
stable and has engaged much interest during the past
few years as a possibility for an efficient DDS.?"
DNA consists of two polynucleotide strands coiled
helically. Each nucleotide in a strand is constructed
from either one from purine base (adenine, guanine)
or one pyrimidine base (cytosine, thymine) on a de-
oxyribose sugar and phosphate backbone. The phos-
phate of one nucleotide covalently binds to the sugar
of an adjoining nucleotide, and its nitrogenous base
forms a pair with the base of the other strand, to-
gether also known as base pairs. Base pairs can only
be formed between adenine and guanine or cytosine
and thymine, and this is commonly termed comple-
mentary base pairing.

The famous DNA “origami” technique proposed
by Paul Rothemund?'? is contingent on the unique
base-pairing feature of DNA (Fig. 5a). Rothemund
manipulated DNA strands using short complemen-
tary synthetic ON staples to assemble various shapes
and patterns, such as a smiley face, map of China/
North America, and stars. Lo and coworkers were
the first to use DNA origami to create 3D structures,
followed by other research groups.?!! To deliver Cy3
to cancer cells, Ko et al. used 52-base-long single-
stranded DNA with four palindrome segments to
self-assemble into DNA-NTs of length 50-200 nm
and a diameter of 40 um.?'? Bhatia et al. described
the potential of these nanostructures for cargo deliv-
ery by designing DNA icosahedra using a modular
assembly approach and encapsulating with gold NPs
(Fig. 4)."* These structures are suitable for drug de-
livery because they have a high capacity to carry drug
as well as a well-defined structure, biocompatibility,
stability in physiological environment, and com-
mendable half-lives.'* Two-dimensional triangular
and 3D tubular origami structures were indepen-
dently loaded with doxorubicin by intercalation and
exposed to regular and doxorubicin-resistant human
adenocarcinoma breast cells (MC7).2'* Although the
DNA nanostructures by themselves were noncyto-
toxic to the cell line, those loaded with drug induced
cell death in both types of MC7; free doxorubicin
was ineffective against the resistant type. Another
group conjugated DNA tetrahedron with doxorubi-
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FIG. 5: (a) Structure of DNA shows Watson—Crick complementary pairing. Adenine can bond only with thymine and
guanine with cytosine. (b) The DNA box can ideally be used to store drug molecules until the lid is opened by an ON

chain, complementary to the “lock.”

cin and tested it on both receptive and resistive MC7
cell lines. They obtained similar results, confirming
that DNA nanostructures had an enhanced intra-
cellular uptake and were thus capable of reversing
drug resistivity.?'® Chang et al. incorporated doxoru-
bicin in DNA-icosahedra (Doxo@DNA-icosa) and
aptamer-conjugated DNA-icosahedra (Doxo@Apt-
DNA-icosa) and then exposed the drug to MUC-1—
negative Chinese hamster ovary cell (CHO-K1) and
MUCI-positive human breast cancer cell (MCF-7)
cultures.?'’

Doxo@Apt-DNA-icosa showed a higher intra-
cellular absorption in MCF-7 but not in CHO-K1
cells. Doxo@DNA-icosa had greater cell lethality to
MCF-7 when compared with free doxorubicin and
Doxo@DNA-icosa. These data indicate the possi-
bility of an efficient targeted DDS. Choi et al. for-
mulated a cancer-cell-targeting DNA hybrid duplex
of DNA-cholesterol and DNA-peptide that self-as-
sembled into liposomal NPs in solution.?'® The du-
plex was then loaded with doxorubicin. These NPs
released drug at acidic pH, thus demonstrating their
capability of functioning as a controllable smart
drug. Another research group loaded a similar DNA
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complex with circumin and docetaxel at a high load-
ing efficiency and studied its cytotoxicity against the
human lung cancer cell line A549.2"°

Chitosan, another biocompatible polymer
sourced from chitin, was paired with DNA and
doxorubicin as a nanocomplex and had an extended
half-life when compared to naked DOX. Its efficacy
was also verified against various cell lines.?? Roll-
ing circle amplification (RCA) is an isothermal pro-
cess that generates very long periodically sequenced
single-stranded DNA. DNA nanoribbons and a few
staple ONs were fabricated by RCA.?2! They were
then coupled with CpG oligodeoxynucleotides as a
model drug to prove functionality as a viable DDS.
DNA hydrogels composed of CpG DNA were used
to deliver doxorubicin and CpG motifs.””> Ander-
sen et al. proposed an advanced delivery system in
which they designed a “DNA box” of dimensions 42
% 36 x 36 nm? that could only be opened by a match-
ing ON “key”** (Fig. 5b).

IV. CONCLUSIONS

Stealth engineering for DDSs to prolong circula-
tion time and maintain therapeutic levels of drugs in
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blood by camouflaging the substrate from the MPS
has been a topic of interest for the past 50 years.
From surface PEGylation to designing DNA boxes,
there have been many optimistic attempts to create
the perfect DDS. This review describes the progres-
sion of engineering techniques used for DDS and
the key results from in vitro, in vivo, and clinical
studies. Such research has many therapeutic appli-
cations for humans, including systemic cancer treat-
ment, bone regeneration, gene therapy, pathogenic
infection treatment, and insulin control. It has al-
lowed initiation of advanced research in several vis-
tas, such as completely controllable drug delivery,
where the dose intensity, duration, and instant can
be precisely monitored. An exponential growth of
such smart DDSs can be predicted.
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