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Polymer therapeutics encompasses polymer—drug conjugates that are nano-sized, multicomponent
constructs already in the clinic as antitumor compounds, either as single agents or in combination with
other organic drug scaffolds. Nanoparticle-based polymer-conjugated therapeutics are poised to
become a leading delivery strategy for cancer treatments as they exhibit prolonged half-life, higher
stability and selectivity, water solubility, longer clearance time, lower immunogenicity and antigenicity
and often also specific targeting to tissues or cells. Compared to free drugs, polymer-tethered drugs
preferentially accumulate in the tumor sites unlike conventional chemotherapy which does not
discriminate between the cancer cells and healthy cells, thereby causing severe side-effects. It is also
desirable that the drug reaches its site of action at a particular concentration and the therapeutic dose
remains constant over a sufficiently long period of time. This can be achieved by opting for new

formulations possessing polymeric systems of drug carriers. However, many challenges still remain
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Accepted 18th July 2019 unanswered in polymeric drug conjugates which need to be readdressed and therefore, can broaden the
scope of this field. This review highlights some of the antitumor polymer therapeutics including

DOI: 10.1039/c9ra04358f polymer—drug conjugates, polymeric micelles, polymeric liposomes and other polymeric nanoparticles
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1 Introduction

Cancer or the big ‘C’ is an invincible predator, not just
a complex disease. Cancer is a malignant growth in which
a group of cells divide uncontrollably beyond the normal limit;
subsequently intrude into the near or distant tissues, a condi-
tion called metastasis, ultimately causing death. According to
the World Health Organization, globally approximately 13% of
all deaths worldwide are due to cancers which makes it the
leading cause of man's mortality and morbidity." For over half
a century, extensive research has been undertaken, and
tremendous resources are being invested in prevention, diag-
nosis, and treatment of tumor. Cancer can be effectively treated
with surgery, chemotherapy and radiotherapy either alone or in
combination. However, the mainstay treatment regime is
chemotherapy involving various natural and synthetic
compounds that have the potential to kill or check the
unwanted proliferation of cancerous cells.>™*

The modern use of transition metal complexes as chemo-
therapeutic agents dates back to the serendipitous discovery of
cisplatin by Rosenberg et al. in 1965.° It is one of the most
potent chemotherapeutic drug widely used for the treatment of
solid malignancies.® Following the success of cisplatin, various
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that are currently under investigation.

other Pt-based drugs™'® have been developed, although only
a small subset (e.g., carboplatin and oxaliplatin) has received US
Food and Drug Administration (FDA) approval (Table 1). In
spite of therapeutic success, the clinical use of platinum drugs
is severely hindered by adverse side effects, systemic toxicity
and intrinsic resistance and off-target reactivity.**> Therefore,
various delivery systems have been developed to prevent the
shortcomings of Pt-based chemotherapy and to increase their
efficacy.”

Current cancer chemotherapies often fail to improve patient
mortality and morbidity due to severe adverse effects on normal
tissues.'* Nowadays, a number of internal triggers, including pH
gradient and enzyme activity, and external stimuli such as light
and magnetic field have been integrated with different inor-
ganic and organic materials for a range of biomedical applica-
tion such as diagnosis, tissue engineering and cancer
therapy.*>*® Development of new drug molecule is expensive
and time consuming. Improving safety efficacy ratio of “old”
drugs has been attempted using different methods such as
individualizing drug therapy, therapeutic drug monitoring, and
targeted delivering of the drug at controlled rate. A major
impetus for innovation chemotherapy is improving the thera-
peutic index of drugs. A vast majority of clinically used drugs in
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practice are low molecular-weight compounds usually less than
500 g mol ', that exhibit a short half-life in the blood stream
and a high overall clearance rate. They rapidly diffuse into
healthy tissues and are distributed evenly within the body. As
a result, relatively small amounts of the drug reach the target
site, and therapy is associated with side effects.

However, in the last decade, much emphasis has been placed
on the development of nano-medicine therapeutics by using
liposomes, dendrimers, polymeric micelles, as nano-carriers for
the tumor targeted delivery of anticancer agents, among which
polymeric drug delivery system are of immense interest."””*° The
primary goal of drug delivery in cancer therapy is to transport
sufficient drugs to target disease site(s) while minimizing their
exposure to healthy tissues. Two main strategies have been
extensively exploited to achieve this by altering the pharmaco-
kinetic properties of the drug in some way. First, the use of
a nanoparticle delivery vehicle, that encapsulates the drug and
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dictates the biodistribution through its own physicochemical
properties; second, the covalent modification of the drug with
some small moiety that temporarily masks or limits the drug’s
bioactivity and confers overall desirable pharmacokinetic
properties (prodrug strategy).>

Since cancers exhibit acquired characteristics that enable
their malignant phenotype, there is a need to search for more
targeted cancer therapeutic drugs, which has been supported by
a better understanding of malignancy at the molecular level.
The traits which provide a target for drug therapy include
replicative immortality, evasion of growth suppressors, angio-
genesis induction, tissue invasion and metastases, resistance to
cell death, deregulated cell metabolism, tumor-promoting
inflammation and the ability to evade the immune system.”
Cancers interact with their local microenvironment or stroma
through angiogenesis, inflammation and immune responses.*
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Targeted drug delivery system is a rational solution to toxicity-

related issues because it deliver the drug specifically through
a carrier molecule to the site of tumor, leaving on-cancerous/
healthy cells unaffected.”® An ideal drug delivery system
should be capable of delivering the drug to a specific tumor site
in a specific time and release pattern. Polymers have been in use
to design polymer therapeutics that include linear or branched
polymer chains, working either as the bioactive molecule, such
as a polymeric drug or as the inert carrier to which a drug can
either be covalently linked, e.g., polymer-drug conjugates, or
non-covalently tethered such as dendrimers, polymeric
micelles, polymeric liposomes and other nano-sized systems.**

Polymer conjugated drugs offer good opportunistic systems
for antitumor drug delivery due to (i) their great versatility from
the structural point of view, (ii) their nano size, (iii) prolonged
plasma half-life, (iv) ability to boost stability of drugs, (v) ability
to lower immunogenicity and antigenicity and specific targeting
to tissues or cells, (vi) have the potential to improve pharma-
cological therapy of a variety of tumors, (vii) the possibilities to
combine both type of drugs (hydrophobic and hydrophilic),
(viii) polymer-drug interactions that offer many possibilities to
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design and prepare polymer—antitumor drug formulations with
specific properties and functions, (ix) has potential for targeted
drug delivery and (x) their biodegradable nature, they can be
easily degraded into smaller non-toxic molecules in the
body.**** Moreover, if the polymer is not biodegradable, the
drug can be covalently attached to the polymeric structure by
a linker which can be degraded under different conditions such
as in an acidic medium or by different enzymes; while the
targets can be bound covalently to the surface which will help
the directionality of the vector to the site of action.”” Therefore,
an ideal nano-carrier for drug delivery and cancer chemo-
therapy should (i) stabilize without altering the pharmacolog-
ical activity of the drug, (ii) prevent premature metabolic
degradation of the drug in the systemic circulation such that it
arrives in a pristine state at the intended target, (iii) release the
drug at the intended site/tumor, and (iv) exhibit similar or lower
toxicity than that of the free drug.

Nanotechnology-based drug delivery systems
emerging multi-disciplinary program in biomedical field and
they resolve the challenges such as bioavailability due to less
solubility, poor intestinal absorption mechanism by degrada-
tion, deficient delivery mechanism at target site, therapeutic
potency, side effects and plasma in consistency of drugs.?®

This paper reviews some of the important anticancer polymer
therapeutics with emphasis on those that are either approved or are
in any phase of clinical trials. These include polymer-drug conju-
gates, polymeric micelles, polymeric liposomes and nanoparticle-
assisted antitumor agents. It gives an idea of the effects of poly-
mer conjugation on the antitumor activity of the drug, the possible
drawbacks and future perspectives that could expand this field of
drug targeting via polymeric systems for the successful treatment of
a wide spectrum of tumors.

are the

2 Targeted drug conjugates

The major limitations of prevalent Pt-based chemotherapeutic
agents are the issues with solubility, formulation, bio-
distribution and ability to cross cell membranes. In order to
overcome these shortcomings; tumor targeted delivery system
employing both Pt-based and non-Pt based organic nano-
antitumor drug formulations could be a viable option for
improving the delivery of antitumor drugs to the target
sites.>***** They may be micelles, liposomes, micro- or nano-
spheres, implants or simply polymer-drug conjugates.**** The
field of drug delivery systems utilizing synthetic polymers either
by covalent conjugation or by composite of micellar drugs has
become a new domain for drug development program for the
treatment of numerous chronic diseases viz., cancers.
Targeted drug delivery involves the delivery of hydrophobic
polymer drugs across the cell membranes to the specific tar-
geted cancerous cells.**** Previous literature reports have
demonstrated that improving the delivery of Pt-based drugs
could lead to reduced side effects, greater efficacy at lower doses
of drug.***” For a drug delivery system to be effective, it must
have high plasma stability, low toxicity and immunogenicity,
and protect drugs against premature metabolism. “Targeted
drug delivery” is distinct from “targeted therapy” as former

RSC Adv., 2019, 9, 24699-24721 | 24701
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Table 1 Platinum complexes in clinical use as antitumor therapeutics
Complex Structure Clinical use Approval Reference
H3N,// \\\\Cl
Cisplatin /'Pt‘ Metastatic, testicular, ovarian, advanced bladder tumors Worldwide 5
H3;N Cl
O
HN, O
Carboplatin Pt Advanced ovarian tumor Worldwide 7
H;N \O
o
H
= HZ 0]
an P
Oxaliplatin Pt Metastatic colorectal tumor Worldwide 8
ay /N/ \O
o o
. H3N//,, N Head and neck tumor, small and non-small lung tumor,
Nedaplatin Pt . . Japan 9
AR esophageal and bladder tumors, cervix carcinomas
H;N o
NH, 0 . .
. / Breast, testicular, ovarian, small-cell lung, .
Lobaplatin Pt . . . . . China 10
., gastric carcinomas, chronic myeloid leukemia
///NHZ O
o
//,
Heptaplatin J: Pt Gastric tumors Korea 6

refers to predominant drug accumulation within a target zone
that is independent of the method and route of drug adminis-
tration.*® Whereas, targeted therapy means specific interaction
between a drug and its receptor at the molecular level.>**

2.1 Passive targeting and active targeting

Targeted delivery is a well-known field in which the drug
carriers target tumor cells via two different processes; passive or
active drug delivery.*> The passive targeting exploits the tumor
vascular system through the enhanced permeability and reten-
tion (EPR) effect. Whereas, active targeting takes advantage of

Normal tissue

Carrier-drug ¥,
conjugate .

*
?&’,_I‘ (‘Z:—-wReleased drug
cul®
* <
2 A DNA
Fig. 1 Schematic representation of the EPR effect. Reprinted with
permission from ref. 42, Royal Society of Chemistry.

Tumour tissue *
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both the EPR effect and achieve specific cancer cell targeting by
modifying the drug carrier surface through covalent attachment
of drug specific for receptor molecule that is overexpressed in
the cancerous cells (Fig. 1).***” Due to EPR effect polymer-drug
conjugates can increase the therapeutic index of antitumor
agents.” In active targeting, targeting ligands are attached at
the surface of the nanocarrier for binding to appropriate
receptors expressed at the target site. It is the tendency for
macromolecules and nanoparticles (NPs) to accumulate more
in tumor than in normal tissues. Normal vessels have a tight
endothelium, while tumor vessels are disorganized and leaky,
allowing preferential extravasation of circulating macromole-
cules. In tumor tissues, the carrier-drug conjugate is cleaved to
generate the active platinum species, leading to the formation
of cell-lethal DNA adducts. Generally, the binding affinity of the
ligands (viz., monoclonal antibodies and antibody fragments or
non-antibody) influences the tumor penetration because of the
“binding-site barrier” targeting ligands are either ligands.*® All
polymer—drug conjugates including NPs exhibit superior anti-
tumor efficiency owing to enhanced EPR effect.

2.2 Polymeric drug conjugates: from Ringsdorf's model to
the clinic

In 1975, a rational model for pharmacologically active polymers was
first proposed by Helmut Ringsdorf.* In Ringsdorf's original model,
a number of drug molecules were bound to a macromolecule

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Ringsdorf's model of polymer—drug conjugate.

through a spacer molecule, which incorporated a predetermined
breaking point to ensure release of the drug at the specific target site
(Fig. 2). The polymer conjugates additionally contain recognition
moieties, for example, antibodies or sugar moieties, which target
disease related antigens or their receptors. In addition, solubilizing
groups can be attached to the polymer backbone to modify the
bioavailability of the polymer-drug conjugate. These polymer-drug
conjugates offer several significant advantages over traditional
small molecule therapeutics. First, the aqueous solubility of a drug
can be dramatically improved following conjugation to a water
soluble polymer.*** Secondly, polymer-drug conjugates offer the
potential for a drug to be delivered in a controlled manner, with
drug release from the conjugate occurring over a defined time
interval. In this way, the rate and duration of delivery can be custom
designed to achieve the desired therapeutically effective concen-
tration. Moreover, polymer conjugation also provides an opportu-
nity to alter drug pharmacokinetics and biodistribution. This is
particularly useful for drugs which exhibit a short blood plasma
half-life due to rapid metabolism or clearance or for drugs which
exhibit off target toxicities (ie. antitumor agents). Polymer-
conjugated drugs exhibit prolonged halflife, higher stability,
water solubility, lower immunogenicity and antigenicity and often
also specific targeting to tissues or cells.

These systems are able to selectively deliver the bioactive
payload to the target tissue, cells or even sub-cellular compart-
ments and release it there in a triggered way. In these types of
polymer-drug conjugates, the goal is to improve the mecha-
nism of cellular internalization and cell specificity to achieve
optimal release of the drug at the proposed target. In contrast,

Table 2 PEG-drug-conjugates in clinical trials
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the systems in which the drugs are embedded or encapsulated
in the polymer seek to enhance the distribution and serum
stability and to attain a decrease in drug immunogenicity
through a controlled distribution at the correct site and over
time.*® A large number of antitumor drug polymer conjugates
have been studied in tumor therapy due to their promising
clinical applications in chemotherapy.*>*-*

2.2.1 Linear polymers. A large number of drug conjugates
have been synthesized using water-soluble linear polymers such
as poly(vinylpyrrolidone) (PVP),**> poly(vinyl alcohol) (PVA),*
poly(glutamic acid) (PGA),** and poly(malic acid),** however,
most widely used polymers are based on poly(ethylene glycol)
(PEG) drug conjugates®® and N-(2-hydroxypropyl)meth-
acrylamide (HPMA) copolymers.*

2.2.1.1 PEG-drug conjugates. PEG presents unique proper-
ties such as (i) lack of immunogenicity, antigenicity and toxicity;
(ii) high solubility in water and in many organic solvents; (iii)
high hydration and flexibility of the chain, which is at the basis
of the protein rejection properties; and (iv) approval by FDA for
human use. A few important polymer-drug conjugates have
been summarized in Table 2.

Prothecan, a camptothecin conjugate, was the first PEG-
drug conjugate in clinical trials in which the 20-OH position was
a conjugated through camptothecin with PEG through a glycine
spacer. Preclinical results with prothecan showed better efficacy
in animal models of human tumors than free camptothecin.®*7°
The drug loading corresponds to 1.7 wt%, which is rather low if
compared with other multivalent polymers. Prothecan,
currently being assessed in phase II studies administered every
3 weeks at mg m~> displayed a promising treatment of
adenocarcinoma of the stomach and gastroesophageal (GE)
junction; and appeared to be well tolerated, with a low inci-
dence of toxicities (Fig. 3a).

PEG-SN38 (EZN-2208)™ is entering phase II clinical testing.
This compound was obtained by coupling a 4armPEG of 40 kDa
with the camptothecin derivative SN38, through a glycine spacer
(Fig. 3b). SN38 is a camptothecin analog and therefore has the
same function as camptothecin (topoisomerase I inhibitor) and
a similar structure, containing a lactone ring. EZN-2208 showed
a 207-fold higher exposure to SN38 compared to irinotecan in
treated mice, longer blood circulation half-life and the a tumor

Name Polymer Drug Function Results Clinical trial Reference
Prothecan PEG Camptothecin Gastric and gastroesophageal Lower drug loading of 1.7 wt% as Phase II 68-70
(with glycine linker) tumors compared to other polymers
Better efficacy in animal models of
human tumors than free camptothecin
EZN-2208 PEG SN38 Metastatic breast tumor Prolonged blood circulation half-life Phase II 71 and 72
(camptothecin analog) Increased tumor to plasma drug
concentration ratio
NKTR-102 PEG Irinotecan second line colorectal tumor, Prolonged half-life of 15 days as Phase II 66
metastatic breast tumor, compared to free irinotecan (4 h)
platinum-resistant ovarian 1.2-6.5 fold higher cumulative exposure
tumor and metastatic cervical
tumor
This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 24699-24721 | 24703
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Fig. 3 Structures of PEG—drug conjugates in clinical trials.

to plasma drug concentration ratio increased over the time
during the four days long pharmacokinetic and biodistribution
studies. Antitumor efficacy was also demonstrated in xenograft
models of breast, colorectal, and pancreatic tumor.”

24704 | RSC Adv., 2019, 9, 24699-24721

PEG-irinotecan (NKTR-102) has been covalently bound to
a four arms PEG (Fig. 3c). It is the first long-acting topoisom-
erase I inhibitor. In preclinical studies NKTR-102 plasma half-
life was evaluated in a mouse model taking into consideration

This journal is © The Royal Society of Chemistry 2019
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the active metabolite SN-38, released from irinotecan. The
conjugate showed prolonged pharmacokinetic profiles with
a half-life of 15 days when compared to 4 h with free irinote-
can.® Cumulative SN38 exposure in patients treated with NKTR-
102 was 1.2 to 6.5 fold higher than that predicted for irinote-
can.”*”® Multiple phase 2 studies are ongoing with NKTR-102
alone or in combination with cetuximab for the treatment of
ovarian, breast, colorectal and cervical tumor.

2.2.1.2 N-(2-Hydroxypropyl)methacrylamide (HPMA) copoly-
mers-drug conjugates. Copolymers of HPMA were first developed
by Kopecek and co-workers, have been widely investigated as
hydrophilic, biocompatible, polymeric drug carriers.®”7%””

HPMA copolymer doxorubicin (PK1) was the first water
soluble antitumor drug conjugated with a polymer to be tested
clinically.” The structure of an HPMA copolymer contains
a tetrapeptide linker degradable by thiol-dependent lysosomal
proteases (glycine-phenylalanine-leucine-glycine (GFLG)). Dox
was bound to the carboxy terminus of the glycine via an amide
bond. PK1 in comparison with free Dox demonstrated
decreased cardiotoxicity and bone marrow toxicity in animals,
17-70 fold increased tumor accumulation of doxorubicin in
melanoma tumor bearing mice.”” A phase I study revealed
a fivefold increased maximum tolerated dose (MTD) was 320 mg
m~> Dox equivalents, demonstrating antitumor activity in
refractory cancers, no polymer related toxicity. The results of
phase II trials showed antitumor activity for the treatment of
breast and non-small cell lung tumor but no response in
patients with colorectal tumor.*
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Another HPMA copolymer-doxorubicin galactosamine (PK2)
a 27 kDa HMPA copolymer derivatized with 6.5% mol/wt, <2%
free doxorubicin, and 2% mol/wt galactose was synthesized
having a similar structure to PK1 but having galactosamine
which specifically targets liver tissues (Fig. 4).*"** In a phase I
study, 31 patients with primary or metastatic liver cancer were
evaluated.®® The molecular weight and the loading ratio are very
similar in both conjugates PK1 and PK2, the MTD of PK2 was
160 mg m > doxorubicin equivalents which is approximately
half the MTD value of PK1. A dose limiting toxicity was associ-
ated with severe fatigue, neutropenia, and mucositis; therefore
a dose of 120 mg m™? doxorubicin equivalents was recom-
mended for phase II studies.

PNU166945, HPMA copolymer-paclitaxel conjugate with
same structure as HPMA copolymer-Dox but paclitaxel was
conjugated to the terminal glycine via an ester bond (Fig. 5a).
Since paclitaxel has poor water solubility it is pharmaceutically
formulated in a mixture of ethanol and Cremophor EL (poly-
oxyethyleneglycerol triricinoleate 35).

Another HPMA copolymer is AP 5346 platinate that has pro-
gressed into clinical trials, which is a cytotoxic diaminocyclohexane
(DACH)-platinum moiety coupled to a HPMA via a pH-sensitive
linker (Fig. 5b).**® It is consequently released in the extracellular
space of tumors and/or the intracellular lysosomal compartment.
The small size of this polymer-drug conjugate (~25 kDa), allows its
renal clearance enabling it to reach tumor cells through endothelial
cells. Therefore, AP 5346 has a longer half-life relative to small
platinum drugs that enables it to reach tumor cells by a passive
process and then release the drug. Partial responses in antitumor

(Ifﬂw (I:Hs ?HJ (|3H3 (I:H3
N—QCHZ,(I,‘ CHZ—(Ij—)F\IV‘ JV\—QCHZ,(j-—)-a—(CHZ—(IZ—)—b(CHZ—(IZ—)HIV‘
— — I ¢
(I:—O (I:—O (|j=() CcC=0 Cc=0
NH NH
CH, CH, G CH, | CH, G
_ e I PI [
HC—OH C=0 HC—OH L (I:o
CH; TH (I:H3 Leu T H
HC—CH
HPMA | 2 F HPMA Gly H(I‘,—(~]'lz—® F
c=0 | c=0
DOX |
NH
| CH;
l-l(IT—CHz—C\ L
?zo CH,
TH
(qu G
(I',=()
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HO
o OH
on CH0H g
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PK2

Fig. 4 Structures of HPMA copolymer doxorubicin (PK1) and HPMA copolymer-doxorubicin galactosamine (PK2).
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Fig. 5 Structures of (a) PNU166945 and (b) AP 5346.

(a) PNU166945

activity in metastatic melanoma and ovarian tumor to AP 5346 were
observed in a phase I study. Thus, this drug has been shown to have
a higher therapeutic index in multiple preclinical tumor models and
it is entering phase II clinical testing under the new name of
Prolindac.”

Although both HPMA camptothecin and paclitaxel
conjugates entered phase I clinical trials, but the products
showed the toxicity of the respective free drugs due to the
rapid hydrolysis of the ester bond in vivo.*® Therefore, there

Table 3 HPMA-copolymer-drug-conjugates in clinical trials
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CH,
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0 *Na'O O/ H,
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(b) AP-5346

Prolindac (partial structure)

is a need for optimization of the drug design, emphasizing
on the stability of the ester linkage between polymer and
drugs and drug loading.

The results have been summarized in Table 3.

2.2.2 Other polymer-drug conjugates in clinical trials.
XYOTAX (CT-2103) is another highly promising antitumor
polymer drug conjugate possessing characteristics of an ideal
polymeric drug carrier, such as biodegradability, high drug
loading, stability in circulation, and apparent lack of

Name Polymer-drug conjugate Linker Function

Results Clinical trial Reference

PK1
tumors

PK2

galactosamine carcinoma

PNU166945 HPMA copolymer-paclitaxel Ester

Prolindac
(AP 5346)

HPMA copolymer-platinate A pH-sensitive

linker

24706 | RSC Adv., 2019, 9, 24699-24721

HPMA-copolymer-doxorubicin Gly-Phe-Leu-Gly Lung and breast

HPMA-copolymer-doxorubicin- Gly-Phe-Leu-Gly Hepatocellular

Solid tumors

Solid tumors,
specifically recurrent enabling it to reach tumor
ovarian tumors

Decreased cardiotoxicity and Phase II 78 and 79
bone marrow toxicity as

compared to free doxorubicin
17-70% increased tumor
accumulation of doxorubicin

in melanoma

tumor bearing mice

5-Fold increased MTD of 320 mg m >
MTD of 160 mg-m 2, but dose
limiting toxicities were associated
with severe fatigue, neutropenia,
lower dose of 120 mg m >
recommended for phase II

Soluble in water, hence no need for
cremophor El, (responsible for
hypersensitivity reactions)

MTD of 196 mg m >

Hematologic toxicity was mild and
dose independent

Small size allows renal clearance

Phase /I 81 and 82

Phase I 88

Phase /Il 84-86
cells through endothelial cells

Relatively longer half-life

Higher therapeutic index in multiple

preclinical tumor models

This journal is © The Royal Society of Chemistry 2019
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immunogenicity. It structure comprises of a PGA, poly(i-gluta-
mic acid), of molecular weight 17 000 Da, conjugated to pacli-
taxel through an ester bond reaching the impressive high drug
loading of 37 wt%,* the final conjugate molecular weight was
49 000 Da. It has been studied in numerous clinical trials,
including phase III trials for various solid tumors®** (Fig. 6a).
In phase I/II clinical studies in patients with mesothelioma,
renal cell carcinoma, NSCLC and in paclitaxel-resistant ovarian
cancer, a significant number of partial responses stable disease
were shown. Now XYOTAX is under in a phase III trial, known as
the PIONEER trial, in women with advanced lung cancer to
validate the earlier clinical results (Table 4).**

CT-2106 is polymer conjugate of poly(i-glutamic acid), PG
and camptothecin in which camptothecin is covalently attached
to poly(i-glutamic acid) through a glycine linkage. PG was an
effective solubilizing carrier of camptothecin (CPT) and

(0] O“

View Article Online
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stabilized the E-ring lactone structure in CPT. PG-CPT conjugate
was obtained by directly coupling the hydroxy group at the
C20(S)-position of CPT with the carboxylic acid of PG.”
Increasing the molecular weight of PG from 33 to 50 kDa
improved the antitumor efficacy of PG-Gly-CPT, probably
because of an increased plasma half-life and reduced renal
clearance.” Considering its ease of synthesis, superior aqueous
solubility and stability, and marked efficacy in various in vivo
tumor models, PG-Gly-CPT with 30-35% CPT was selected for
further study and has entered phase I/II trials against solid
tumor malignancies.®***

CRLX101 (formerly IT-101) is a conjugate of camptothecin
and a linear cyclodextrin-based polymer (CDP). The compo-
nents of CDP are B-cyclodextrin and PEG (Fig. 6b). Pharmaco-
kinetics and preclinical studies have demonstrated that this
conjugate exhibited prolonged plasma half-life and enhanced

[ (0}

O'Na*

(a) CT2103
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H

o
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O | OH R
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Fig. 6 Structures of other polymer—drug conjugates.
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Table 4 Other polymer—drug conjugates in clinical trials
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Name Polymer Drug Spacer  Function Results Clinical trials Reference
XYOTAX (CT-2103) Poly(i-glutamic acid) Paclitaxel Ester Variety of High drug loading of 37 wt% Phase III 89 and 90
solid tumors Biodegradability of PGA backbone
Liberation of paclitaxel and its
glutamic acid derivatives in
vitro and in vivo
CT-2106 Poly(r-glutamic acid) Camptothecin Gly-ester Solid tumor Increased plasma half-life Phase I/II 93 and 94
malignancies Reduced renal clearance
Super aqueous solubility
CRLX101 Cyclodextrin-based ~ Camptothecin Advanced Increased plasma half-life Phase Ila 95

polymer (CDP)

distribution to the tumor tissue when compared to CPT alone.”
A phase Ila safety and pharmacokinetic study of CRLX101in the
treatment of advanced solid tumors is being carried out.***

3 Polymeric nanoparticles for
antitumor drug delivery
3.1 Polymeric micelles

Polymeric micelles are characterized by a core-shell structure.
They are primarily composed of block-copolymers with hydro-
philic and hydrophobic units that self-assemble into a hydro-
phobic core surrounded by a hydrophilic shell (Fig. 7).*® Each
micellar monomer unit can be assembled in various fashions
such as A-B diblock copolymers, A-B-A triblock copolymers,
and grafted copolymers. Micellar encapsulation helps to solu-
bilize, stabilize, and deliver the hydrophobic drug to the
target.>® PEG due to its water-soluble nature and ability to resist

Hydrophilic block

shell

core

targeting moiety or

fluorescent tag

Fig. 7 Schematic representation of a block copolymer micelle; lipo-
philic drug (red color) is encapsulated in the micelle core. Reprinted
with permission from ref. 98, Elsevier.

24708 | RSC Adv., 2019, 9, 24699-24721

solid tumors

Enhanced distribution to
tumor tissue as compared to
free drug

Good tolerability against wide
range of solid tumors

uptake by the reticuloendothelial system (RES) is the most
commonly employed hydrophilic polymer. However, a number
of other hydrophilic polymers which include poly(N-vinyl-2-
pyrrolidone) (PVP),* poly(vinyl alcohol) (PVA)," and poly(-
ethyleneimine) (PEI)*** have been used to prepare micelles. The
majority of polymeric micelles investigated cannot be classified
as polymer-drug conjugates, as no covalent bonds exist between
the drug and the micellar carrier.

3.1.1 Mechanism of polymeric drug micelle formation.
Micelles are colloidal particles with a size usually within a range of
5-100 nm consisting of amphiphiles or surfactants, existing in two
distinct regions: a hydrophilic head-group and a hydrophobic tail.
At low concentrations in an aqueous medium, the amphiphiles
exist as monomers in true solution, but when the concentration
increases, aggregation and self-assembly take place within a narrow
concentration window, and micelles are formed. The concentration
at which micelles are formed is referred to as the critical micelle
concentration (CMC)." At very low concentrations, the polymers
only exist as single chains. As the concentration increases CMC,
polymer chains start to associate to form micelles in such a way that
the hydrophobic part of the copolymer will avoid contact with the
aqueous media in which the polymer is diluted. At the CMC, an
important quantity of solvent can be found inside the micellar core
and micelles are described as loose aggregates which exhibit larger
size than micelles formed at higher concentrations.'®

3.2 Polymeric micelles in clinical trials

A number of studies have been carried out to study the poly-
meric micelles in which the anti-tumor drug conjugated side
chains form the hydrophobic micellar core, while the hydro-
philic segment forms the micellar shell.”*****® A few polymeric
micelles that are in clinical trials have been discussed here
(Table 5).

NK911, is the first antitumor drug candidate on polymer
micelles to have progressed to phase I clinical trials for anti-
tumor therapy in Japan developed by Kataoka's group.® It is
based on poly(ethylene oxide)-b-poly(aspartic acid) (PEO-b-
PAsp) block copolymers conjugated with doxorubicin. PEO is
believed to form the outer shell of the micelles and the

This journal is © The Royal Society of Chemistry 2019
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Table 5 Polymeric micelles in clinical trials
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Polymeric micelle Block copolymer Drug Indication Results Clinical trial Reference
NK911 Poly(ethylene oxide)-  Doxorubicin Pancreatic tumor High antitumor Phase I 53
b-poly(aspartic acid) activity
(PEO-b-PAsp) than free drug
MTD of 67 mg m™ >
NK105 PEG-P(aspartate) Paclitaxel Advanced stomach Decreased Phase II 111 and
tumor hypersensitivity 112
Can be
administered
without the use of
antiallergic
agents
SP1049C Pluronic L61 and Doxorubicin Adenocarcinoma of  Increased AUC in Phase III 114
F127 oesophagus, tumor tissue
gastroesophageal
junction
and stomach
NC-6004 PEG-PGlu(cisplatin)  Cisplatin Solid tumors Prolonged Phase I/II 118-120
circulation in
blood
Increased AUC and
half-life
Sustained release of
active
Pt species
Low Cpax indicating
low toxicity
Genexol-PM PEG-P(p,1-lactide) Paclitaxel Breast tumor 3-Fold increased Phase IV 122 and
Pancreatic tumor MTD, Phase 11 123
Non-small-cell lung  without the Phase II
tumor in occurrence of
combination with hypersensitivity
carboplatin reactions
Pancreatic tumor in Phase I/1I
combination with
gemcitabine
Ovarian tumor in Phase I/II

combination with
carboplatin

doxorubicin conjugated poly(aspartic acid) chain is hydro-
phobic and forms the hydrophobic core of the micelles in
aqueous media. The hydrophobic core enables NK911 to entrap
a sufficient amount of doxorubicin expressing higher in vivo
antitumor activity than free doxorubicin because of the EPR
effect. Parameters such as the maximum tolerated dose of
67 mg m~ > (grade 4 neutropenia lasting more than 5 days), dose
limiting toxicities, and the recommended dose for phase II were
determined.

NK105 is micellar formulation consisting of PEG and
modified polyaspartate, of which half of the carboxylic groups
were esterified with 4-phenyl-1-butanol after treatment with the
condensing agent 1,3-diisopropylcarbodiimide. This was done
to increase its hydrophobicity and improve drug incorporation
as hydrophobic block."**** Paclitaxel is physically incorporated
in the core by hydrophobic interactions with the hydrophobic
block. NK105 is expected to possess a clinical advantage similar
to that of paclitaxel formulations and it displayed similar cyto-
toxicity in 12 human tumor cell lines (lung, gastric, oesophagus,
colon, breast and ovarian) compared to paclitaxel'** (Fig. 8).

This journal is © The Royal Society of Chemistry 2019

Hamaguchi et al. has reported phase I study with NK105, less
hypersensitivity reactions occurred in patients suffering from
pancreatic, bile duct, gastric, and colonic tumors compared to
systemic paclitaxel treatment."*® The results of this clinical trial
show that NK105 can be administered safely as a short infusion
(1 h) without the administration of antiallergic agents like
dexamethasone and antihistamine. Currently, a phase II study
in patients with advanced stomach tumor is underway."**
SP1049C is a polymeric micelle formulation of doxorubicin
with Pluronic block copolymers that has shown activity in phase
II clinical trials; high objective response rates of 43% in patients
were observed with inoperable metastatic adenocarcinoma of
the oesophagus and gastroesophageal junction.*** Pluronics are
amphiphilic triblock copolymers of poly(ethylene oxide) (PEO)
and poly(propylene oxide) (PPO) with PEO-PPO-PEO structure.
In vitro studies revealed that SP1049C exhibited greater efficacy
than doxorubicin against a variety of tumor cell lines."* In
preclinical in vivo studies, SP1049C demonstrated an increased
AUC (area under plasma concentration vs. time) in tumor tissue
in multiple animal tumor models and in doxorubicin resistant

RSC Adv., 2019, 9, 24699-24721 | 24709
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Baseline
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Fig.8 Serial CT scans of a 60 year-old male with pancreatic tumor who was treated with NK105 at a dose level of 150 mg m~2. Baseline scan (upper
panels) showing multiple metastasis in the liver. Partial response, characterized by a more than 90% decrease in the size of the liver metastasis (lower
panels) compared with the baseline scan. The antitumor response was maintained for nearly 1 year. Reprinted with permission from ref. 113, Springer.

tumors compared to free doxorubicin.*'*” SP1049C is currently
investigated in phase III in patients with metastatic adenocar-
cinoma of the oesophagus, gastroesophageal junction and
stomach.

NC-6004 is composed of PEG and a poly(y-benzyl r-glutamate)/
cisplatin complex. In a small phase I study, it was shown that NC-
6004 was well-tolerated by patients suffering from colorectal carci-
noma, upper gastrointestinal tumors, non-small-cell lung carci-
noma (NSCLC), melanoma and other tumor types.**"° The
pharmacokinetic analysis after the administration of NC-6004 dis-
played prolonged circulation of in the blood, delayed and sustained
release of potentially active Pt species. A lower Cp,y for ultra-
filterable Pt compared with that of non-protein-bound cisplatin,
might be responsible for reduction of cisplatin related toxicity.
Furthermore, the higher AUC and halflife for ultrafilterable Pt
compared with that of non-protein-bound cisplatin enhances the
efficacy of NC-6004. Phase I study confirmed that NC-6004 exhibited
pharmacokinetic profile completely different from those of
cisplatin, resulting in the reduction of cisplatin-related toxicity."* A
DLT phase III study with NC-6004 in combination with gemcitabine
is in progress with patients suffering from locally advanced
pancreatic tumor and metastatic pancreatic tumor."*

Genexol-PM is a micellar paclitaxel formulation consisting of
PEG and poly(p,r-lactic acid) (PDLLA).*** Preclinical in vivo
studies with Genexol-PM demonstrated a 3-fold increase in the
MTD and a significantly increased antitumor efficacy compared
with free paclitaxel.”” The AUC of Genexol-PM was similar to
paclitaxel, but the concentration of paclitaxel was 2-3 times
higher in tissues, including liver, spleen, kidneys, lungs, heart
and tumor. In phase I studies, a MTD 390 mg m ™2 every 3 weeks

24710 | RSC Adv., 2019, 9, 24699-24721

or 120 mg m™> every week was determined without the occur-
rence of hypersensitivity reactions.’”'** In phase II studies,
Genexol-PM was found to be effective and safe with high
response rates in patients suffering from metastatic breast
cancer and advanced pancreatic cancer.’***®* It has been under
clinical trials for several types of tumors including breast,
ovarian,'?>'*>?® pancreatic,'”” non-small-cell lung tumor."®

3.3 Polymeric liposomes

Liposome was first described in 1965 and is considered the
most established drug-delivery vehicle.’*® Liposomes are artifi-
cial, single, or multilaminar vesicles made with bilayered
membrane structures, composed of natural or synthetic
amphiphilic lipid molecules (Fig. 9). As drug delivery carriers,

Fig. 9 Structure of liposome. Reprinted with permission from ref. 11,
Elsevier.

This journal is © The Royal Society of Chemistry 2019
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liposomes exhibit several unique properties including favorable
safety profiles, long systemic circulation half-life, and ease of
surface modifications.”* One major advantage of this tech-
nology is its ability to work with both hydrophobic and hydro-
philic drugs; hydrophobic drugs can be enclosed within the
phospholipid bilayers, while hydrophilic drugs can be entrap-
ped in the aqueous cavity."*

PEGylated liposomal doxorubicin (Doxil) was the first lipo-
somal drug formulation approved by the FDA, for the treatment
of AIDS associated with Kaposi's sarcoma in 1995."** Doxil
consists of a packed PEGylated surface (2 kDa PEG chains) and
is loaded with doxorubicin. The modification increases the
circulatory half-life of the drug leading to its enhanced
bioavailability at the tumor site."** PEGylated liposomal doxo-
rubicin has fewer side effects on healthy cells than regular
doxorubicin.'®>**¢ PLD has improved pharmacokinetic features,
such as long circulation time of about 60-90 h for doses in the
range of 35-70 mg m~? in patients with solid tumors. After PLD
administration, nearly 100% of the drug in the plasma remains
in the encapsulated form. Moreover, in comparison to free
doxorubicin PLD, plasma clearance is dramatically slower and
its volume of distribution remains very small, which is roughly
equivalent to the intravascular volume.**° It is currently used
to treat Kaposi's sarcoma and recurrent ovarian tumor (Table 6).

ThermoDox, is doxorubicin-loaded PEGylated liposome
which releases encapsulated doxorubicin at elevated tissue
temperature. For ThermoDox, the concentration of the drug
is up to 25 times more in the treatment area than doxoru-
bicin, and has several fold higher concentration of other
liposomally encapsulated doxorubicins.****** Currently, it is
under phase III clinical trial for hepatocellular carcinoma.

Lipoplatin is another promising PEGylated cisplatin lipo-
somal platinum drug formulations under clinical investigation
comprising ~9% cisplatin and ~91% lipids (w/w) correspond-
ing to a drug-to-lipid ratio of 1:10 (ref. 142 and 143) and
methoxy-PEG distearoyl phosphatidylethanolamine
(mPEG2000-DSPE). Phase I human studies of Lipoplatin albeit
revealed its mild hematological and gastrointestinal toxicity,
did not show other side effects unlike cisplatin treatment.***
Phase II clinical studies of Lipoplatin in combination with
gemcitabine demonstrated significant clinical benefit of the
combination regimen in patients previously resistant to
chemotherapy'' and presently it is in various phase II/III clinical

Table 6 Polymeric liposomes in clinical trials
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studies, for NSCLC,"** HER2/neu negative metastatic breast
tumor™® and advanced gastric tumor.

SPI-77, a PEGylated liposomal formulation of cisplatin, is in
phase II trials for patients with recurrent epithelial ovarian
tumor,"® and a nano liposomal formulation of irinotecan (CPT-
11) is in phase I trials for glioma. The drug loading is much
lower (drug to lipid ratio ~1 : 70) compared to lipoplatin. This
drug did not progress to phase III because of a lack of activity in
phase II trials.

Non-PEGylated liposomal drugs used in clinical practice
today include AmBisome (amphotericin B liposomes), Dau-
noXome (daunorubicin liposomes), Myocet (Doxorubicin),
DepoCyt (cytarabine liposomes), and Visudyne (verteporfin
liposomes).*>**>*

147-149

3.4 Other polymeric nanoparticles

Nanoparticle drug delivery agents can improve the clinical
performance of conventional chemotherapeutic agents by
changing the biological disposition, reducing toxicity,
enhancing the efficacy and perhaps attenuating the dose of
therapy.***®* For successful implementation of the
required functional properties in the nano-delivery system,
its structure should be chemically flexible. Polymer based
delivery system possess a unique advantage over other nano-
carriers in this regard."”*'** Structure of a polymeric nano-
particle is depicted in Fig. 10. Polymeric NPs have been used
as a preferred nanoscale drug delivery vehicle especially for
their excellent endocytosis efficiency, passive tumor-
targeting, high encapsulation efficiency, and delivery of
a wide range of therapeutic agents.'®*

3.4.1 Mechanistic action of polymeric drug nanoparticles.
The mechanistic action of the polymeric nanoparticles-drug
conjugate into the tissue has been studied in detail for tumor
and solid tumors.’ The NP encapsulating a chemotherapy
drug is targeted to the tumor cell surface by the tumor cell-
specific ligand. While active targeting requires the therapeutic
agent to be achieved by conjugating the therapeutic agent or
carrier system to a tissue or cell-specific ligand.**® The concept
of NP drug targeting relies on these mechanistic aspects. First
specific cellular binding, (ii) intracellular uptake of nano-
particle drug carrier by targeted cells, and (iii) controlled release
of carried drug molecules in an active form depending upon the

Polymeric liposome Polymer Drug Function Clinical trials Reference

Doxil®/Caelyx® PEG Doxorubicin Breast tumor, ovarian tumor, multiple Approved 133
myeloma, Kaposi's sarcoma

Thermodox® PEG Doxorubicin Liver tumor, breast tumor Phase III 140 and 141

Lipoplatin PEG Cisplatin NSCLC, breast tumor, gastric tumor Phase III 142 and 143

SPI-77 PEG Cisplatin Ovarian tumor Phase II 150

AmBisome Amphotericin B In tumor patients with neutropenia Approved 151

DaunoXome Daunorubicin Kaposi's sarcoma Approved 152

DepoCyt Cytarabine Leukemia Phase III 153
Glioblastoma Phase I/II

Myocet® Doxorubicin Breast tumor Approved 154

This journal is © The Royal Society of Chemistry 2019
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_7 Targeting ligand

Nucleic acid
(Drug target)

Fig. 10 A polymeric nanoparticle.

pore sizes of the encapsulating polymers and controlled gating
of the polymer triggered in response to certain stimuli.'*® The
NP binds to the tumor cell surface by recognizing the receptor,
resulting in internalization of the NP by endocytosis. In these
conditions, the epithelial cells which line the nearby vascula-
ture are less ordered than healthy tissue, and allow for the
trapping of NPs by the local matrix (Fig. 11)."”° Passive targeting
is achieved by incorporating the therapeutic agent into
a macromolecule or nanoparticle that passively reaches the
target organ. Drugs encapsulated in nanoparticles or drugs
coupled to macromolecules can passively target tumors through
the EPR effect described earlier.'”* Inside the tumor cell, the NP
undergoes endosomal escape, leading to the release of the
treatment cytotoxic drug, which then activates consecutive
steps, resulting in cell death.'>*7

In tumor, targeted polymeric nanoparticles (NPs) can be
used to deliver chemotherapies to tumor cells with greater

Imaging agent «___
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P >~

Cell surface

Intracellular

-
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efficacy and reduced cytotoxicity on peripheral healthy tissues.
Biodegradable polymers such as poly(p,i-lactic acid) (PLA),
poly(p,L-lactide-co-glycolide) (PLGA) and poly(e-caprolactone)
PCL and their copolymers diblocked or multiblocked with PEG
have been commonly used to form polymeric nanoparticles
(NPs) to encapsulate a variety of antitumor drugs (Fig. 12).

3.4.2 Antitumor drugs encapsulated on PLGA nano-
particles. PLGA is approved by FDA for therapeutic use in humans.
Protocols have been optimized for PLGA NPs synthesis and
numerous tumor related drugs have been incorporated in PLGA.

9-Nitrocamptothecin (9-NC), derivative of camptothecin is
a promising antitumor agent which targets topoisomerase-I
enzyme. On the other hand, camptothecin derivatives lose
their antitumor activity due to pH dependent rapid and
reversible hydrolysis from closed lactone ring to the inactive
hydroxyl carboxylated form. PLGA has been used to encapsulate
9-NC successfully by nano-precipitation methods having more
than 30% encapsulation efficiency with its complete biological
activity and without disturbing lactone ring."”* The in vitro drug
release profile showed a sustained 9-NC release up to 160 h
indicating the suitability of PLGA nanoparticles in controlled 9-
NC release. The in vitro drug release profile showed a sustained
9-NC release up to 160 h indicating the suitability of PLGA
nanoparticles in controlled 9-NC release.

Paclitaxel has neoplastic activity against primary ovarian
carcinoma breast and colon tumors but due to its poor solu-
bility paclitaxel has been rendered less useful for clinical
administration. PLGA intermingled with vitamin E, and toco-
pheryl polyethylene glycol succinate (TPGS) has been used to
encapsulate and in vitro controlled release of this drug has been
studied."”™'® Using some additive to the PLGA nanoparticles
100% drug encapsulation efficiency was achieved with its full
antitumor activity. It has also been demonstrated that incor-
poration of paclitaxel in the PLGA nanoparticles strongly
enhances its antitumoral efficacy as compared to free drug with
prolonged incubation times with cells.'”®

The cisplatin has been encapsulated on PLGA-mPEG nano-
particles. ~ PLGA-methoxy(polyethylene  glycol)  (mPEG)

Targeting | Antibody
moiety Protein
Small molecule
Oligonucleotide
Drug

Cell death

Fig. 11 Schematic diagram representing the mode of action of targeted multifunctional nanoparticle (NP). Reprinted with permission from ref. 170.
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Fig. 12 Structures of biodegradable polymers for encapsulation of
antitumor drugs.

nanoparticles revealed prolonged drug residence in blood upon
intravenous administration.””” However, at the targeted site
PLGA-mPEG nanoparticles encapsulated with cisplatin exhibi-
ted rapid degradation and sustained release. These character-
istics help in preventing the tumor growth.

3.4.3 Antitumor drugs encapsulated on PCL nanoparticles.
Poly(e-caprolactone), PCL is degraded by hydrolysis of its ester
linkages in physiological conditions (such as in the human
body) and has therefore received a great deal of attention for use
in drug delivery.

PEG-PCL amphiphilic block copolymeric nanospheres con-
taining taxol with a relatively high drug loading of more than
about 20% are reported to show promising antitumor activity.'”®
It was reported that this mPEG/PCL diblock copolymeric
nanospheres system could be potentially useful as a novel
delivery system for antitumor drug taxol having outer shell of
mPEG and the hydrophobic inner core of PCL. In addition,
considering the extremely lipophilic characteristics of taxol, this
mPEG/PCL nanosphere system with high taxol loading content
and suspended properties in water could be useful for the
delivery of taxol.'””

3.4.4 Other nanoparticles for antitumor drug delivery.
CALLA 01 is a nanoparticle formulation that has been formu-
lated by using cyclodextrin nanoparticles conjugated to trans-
ferrin and coated with PEG, and is the first one to enter under
phase I clinical trials for solid tumors.®*'#!

Abraxane® is albumin-bound nanoparticles of paclitaxel that
has been successfully used to deliver paclitaxel for the treat-
ment of metastatic breast tumor after failure of combination
chemotherapy for metastatic disease or relapse within 6 months
of adjuvant chemotherapy.'®>'** Abraxane has entered phase III
study which demonstrated the higher tumor response rates,
a better safety profile and improved survival compared with
conventional paclitaxel, in patients receiving second-line
chemotherapy.

4 Recent developments in polymer
drug conjugates

Two polymeric DOX nano-conjugates were developed, for which
the design was based on the use of multi-functionalized

This journal is © The Royal Society of Chemistry 2019
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poly(ethylene oxide)-block-poly(3-caprolactone) (PEO-b-PCL)
micelles decorated with avp3 integrin targeting ligand (i.e.
RGD4C) on the micellar surface.'® The delivery systems are
based on poly(ethylene oxide)-block-poly(3-caprolactone) (PEO-
b-PCL) micelles functionalized on the micellar shell (PEO) as
well as the micellar core (PCL) (Fig. 13). The pH-triggered drug
release, cellular uptake, intracellular distribution, and cytotox-
icity against MDA-435/LCC6WT (a DOX-sensitive tumor cell
line) and MDA-435/LCC6MDR (a DOX-resistant clone express-
ing a high level of P-glycoprotein) were evaluated. In MDA-435/
LCC6WT, the best cytotoxic response was achieved using
RGD4C-PEO-b-P(CL-Hyd-DOX), that correlated with the highest
cellular uptake and preferential nuclear accumulation of DOX.
In MDA-435/LCC6MDR, RGD4C-PEO-b-P(CL-Ami-DOX) was the
most cytotoxic, and this effect correlated with the accumulation
of DOX in the mitochondria.

Chen et al. reported a nano carrier system in which Pt(u)-
based drugs and catalase were incorporated into the aqueous
core of PLGA which releases both Pt(u)-based drugs and O, in
response to the local H,O, concentration which is typical of
tumor environments (Fig. 14)."* Cisplatin loading capacity of
the NPs and release kinetics with and without H,0O, using
inductively coupled plasma optical emission spectrometry (ICP-
OES) was carried out which showed negligible cisplatin release
from the NPs in the absence of H,0, within 24 h, signifying the
degradation process of PLGA was rather slow. In contrast, the
release rate of cisplatin from NPs in presence of H,O, was much
faster and a higher amount of cisplatin was released. The
release reached a plateau after incubation with 100 mM H,O,
for about 15 h, about 80% of cisplatin originally encapsulated
within the NPs was released into the medium. In vitro cytotox-
icity of the cisplatin loaded PLGA NPs was compared with free
cisplatin. The quantity of cisplatin released from NPs that
afforded 50% cell death was significantly lower than in case of
free cisplatin. However, PLGA NPs without catalase showed
a much lower in vitro cytotoxicity. In these nanocarrier systems,
Pt(un)-based drug exhibited the antitumor effect while O, was
utilized to overcome hypoxia-induced multidrug resistance
(MDR)."

In another recent study, Chen et.al. synthesized a novel
redox-responsive polymer-drug conjugates based on hydro-
philic diblock copolymer covalently linked paclitaxel (PTX) via
a disulfide linker and evaluated as intracellular drug delivery.'*
Utilizing the hydroxyl groups as an active reaction site, pacli-
taxel was covalently conjugated onto the backbone of diblock
copolymer, with a disulfide linker as spacer to bridge copolymer
and PTX (Scheme 1). Due to the distinguishing solubility of
segments in the polymer-drug conjugate, the amphiphilic PEG-
b-P(HEMA-PTX) could self-assemble into spherical micelles in
aqueous solution, with hydrophobic PTX as core and hydro-
philic PEG chains as a shell. The in vitro cytotoxicity results
showed that the diblock copolymer was biocompatible, with no
obvious cytotoxicity, whereas the PEG-b-P(HEMA-PTX) conju-
gate showed glutathione-dependent cytotoxicity with higher
cellular proliferation inhibition against glutathione monoester
pretreated HeLa cells than that of non-pretreated HeLa cells.
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Reprinted with permission from ref. 184, Elsevier.

A CD44-targeted macromolecular conjugate of docetaxel
(DTX) was prepared via a pH-sensitive linkage to hyaluronic acid
by Dinarvand et. al. which were evaluated for drug release,
cytotoxicity, cellular uptake, cell cycle inhibition, and subacute
toxicity in mice.'”” Cellular microscopic studies revealed that
CD44-expressing cells including MCF-7 cancer stem cells and
MDA-MB-231 metastatic breast cancer cells had internalized the
conjugates via a selective receptor mediated mechanism,
leading to cell cycle arrest in the G2/M phase. The toxicity of the
prepared HA-DTX conjugates was tested in NIH-3T3 fibroblast
cells and was compared with free DTX. Results indicated that
HA-DTX had no inhibitory effect from 5.0 to 300 uM while free
DTX was associated with toxicity, which was significant at 300
pM.*®®  Furthermore, HA-DTX conjugates showed specific
toxicity only in CD44-expressing cells in vitro, along with
a decreased risk of neutropenia and dose-dependent mortality
in vivo.

In a recent study, Huang et. al. described a novel fluorescence
method for HAase detection and tumor-targeting drug delivery and
imaging, using a probe prepared by electrostatic assembly of

24714 | RSC Adv., 2019, 9, 24699-24721

a cationic conjugated polymer (CCP) and anionic hyaluronan (HA)
conjugated with the anticancer drug, doxorubicin (Fig. 15).**® Poly
{[9,9-bis(6'-(N,N,N-diethylmethylammonium)hexyl)-2,7-fluorenylene
ethynylenel-alt-co{2,5-bis(3'-(N,N,N-diethylmethylammonium)-1'-
oxapropyl)-1,4-phenylene]} tetraiodide (PFEP) was used as CCP. In
vitro Dox release of PFEP/HA-Dox complex in presence of HAase was
carried out which demonstrated that Dox was released quickly at the
first 15 min and gradually reached a plateau after 25 min. From
these experiments, it could be inferred that PFEP/HA-Dox complex
can be employed as a multifunctional system; tumor targeting drug
delivery and cell imaging through the specific HA-CD44 binding
and the degradation of HA by HAase in tumor cells.

In another study two water soluble conjugates with an azide
linker (PEG-N3-PTX) or a succinic linker (PEG-suc-PTX) were
designed with 6 and 20 kDa MW PEG using ‘click chemistry’ for
pulmonary application in lung cancer.*” Conjugation to poly-
ethylene glycol improved the solubility of paclitaxel. Also, the
conjugates of both molecular weights showed good stability in
broncho alveolar lavage (half-life of 3 to 9 h) and in phosphate
buffer saline pH 6.9 (half-life = 72 h), but hydrolyzed quickly in

This journal is © The Royal Society of Chemistry 2019
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mouse serum (half-life of 1 to 3 h). However, the conjugates
showed less cytotoxicity to B16-F10 melanoma cells and LL/2
Lewis lung cancer cells than free paclitaxel or Taxol. The ICs,
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values of all the conjugates were 5-fold higher as compared to
Taxol and 7-fold higher than free PTX which could be attributed
due to the slow release of PTX from the conjugates. In vitro
cytotoxicity results revealed that the formation of the prodrugs
at 2/-OH on PTX increased the ICs, of all the conjugates.

Shao et. al. designed a smart prodrug of doxorubicin, Ac-Phe-
Lys-PABC-ADM in which a dipeptide Phe-Lys specific for
cathepsin B, and PABC (para-aminobenzyloxycarbonyl) as a self-
immolative spacer was tested on gastric cancers (Fig. 16)."" In
normal tissues and peripheral blood where there is little
cathepsin B activity, this prodrug was found to be inactive. Since
cathepsin B is activated and overexpressed on the exterior
membrane of the invading cancer cells, which is responsible for
the cleavage of the Phe-Lys dipeptide at the Lys-PABC bond. The
resulting PABC-doxorubicin decomposes at once to para-ami-
nobenzyl alcohol, CO,, and free doxorubicin, resulting in direct
killing of the invading cancer cells.

Further, in vitro release study of Ac-Phe-Lys-PABC-ADM
showed that the half-life of doxorubicin release at 37 °C was
16 minutes in cathepsin B solution, but no changes were
observed over 6 to 7 hours period in human plasma.**> However,
the prodrug has not yet been evaluated in a real life cancer
model due to some limitations (i) it focused on only a single
model system, limiting the antitumor spectrum of Ac-Phe-Lys-
PABC-ADM and (ii) pharmacological and pharmacodynamic
studies were not completely conducted.
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Etrych et al. designed and synthesized two types of HPMA
copolymer conjugates of doxorubicin; (i) the linear non-
degradable copolymer and (ii) biodegradable high molecular
weight diblock copolymer; partly bound via a pH-sensitive
hydrazone and partly via enzymatically degradable amide
bonds, each contributing to different mechanism of drug
release of the polymer-doxorubicin conjugate.*®® The results
revealed that the high molecular weight diblock copolymer
carrier containing a degradable disulphide bond between the
polymer blocks displayed a rapid degradation in a buffer con-
taining glutathione within the first few hours of incubation. The
conjugate with the amide bond-bound DOX require the pres-
ence of lysosomal enzyme cathepsin B to release DOX, whereas
the polymer-drug conjugate with the DOX bound via a hydra-
zone bond released DOX by pH-sensitive hydrolysis in a buffer

Ac{Phe- Lys

/?%NH 0]
\/%(N

of pH 5.0 at 37 °C but was fairly stable in buffer solutions at pH
7.4 at 37 °C, mimicking the blood stream and the endosomal
environment of the target cells, respectively.

From these experimental studies, it could be inferred that
the controlled release of DOX was achieved either by a simple
spacer tailored for pH-controlled hydrolysis, providing the drug
intracellular release, or by a more sophisticated oligopeptide
spacer, enabling enzymatically controlled intracellular drug
release in presence of a lysosomal enzyme.**

Recently Zhang et. al. synthesized a polymer, poly-L-lysine-
lipoic acid (PLL-LA), by dimethylmaleic anhydride (DA) and
applied it as a carrier which exhibited enhanced cell internali-
zation and intracellular pH- and reduction-triggered Dox
release.’ The results of MTT assay, including Dox-HCI (free
drug) and Dox-micelles, displayed a dose-dependent higher

Fig. 16 Structure of Ac-Phe-Lys-PABC-ADM hydrochloride. Reprinted with permission from ref. 191, John Wiley & Sons.
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cytotoxicity against A549 cell lines at pH 6.8 as compared to pH
7.4. This superior cytotoxicity of Dox-micelles at pH 6.8 was
attributed to the enhanced cell internalization. These results
demonstrated that the stepwise pH/reduction-responsive DA-
PLL-LA micelles showed high cytotoxicity to A549 cancer cells
in a pH-dependent way.

X. Chen et al. recently designed a dual sensitive dual drug
backboned shattering polymer (DDBSP); starting from a PP2A
inhibitor demethylcantharidin (DMC) and cisplatin, with exact
composition at a fixed DMC/Pt ratio (1 :2) for precise nano-
medicine.'”® Rapid breakdown of the polymer chain and release
of the drug payload in the cancer cells is vital for the anticancer
activity. This DDBSP self-assembled nanoparticle (DD-NP) was
triggered intracellularly to break down in a chain-shattering
manner under intracellular reduction/acidic microenviron-
ment for optimal anticancer efficacy to release the dual drugs
payload. The anticancer efficacy of DD-NP on the above PDLC
model was further evaluated. The results revealed that though
DD-NP were the most potent on inhibition of tumor growth,
they also showed least effect on loss of mice body weight and
higher survival rate. Moreover, DD-NP can be applied as
contrast agent to directly track the drug itself and NP via Pt
DMCT (drug-mediated computer tomography) and ICP-MS both
in vitro and in vivo due to the exceptional high content of heavy
metal Pt in polymer backbone. The authors claim, that DD-NP
could be the first example of nanomedicine tackling the
major challenges together including precise composition,
direct fate monitoring of drug, drug evaluation and screening
on reliable cancer models, validating the possible use of DD-NP
in clinie.

In another work, X. Chen et al. reported the synthesis of
photo-activatable Pt(iv) amphiphiles containing one or two
hydrophilic lactose targeting ligands per hydrophobic Pt(v)
prodrug for an all-in-one precise nanomedicine.”® The self-
assembly of these Pt(iv) amphiphiles resulted in either micelle
or vesicle formation with a fixed Pt/targeting moiety ratio and
high content of platinum. These micelles and vesicles were
capable of hepatoma cell targeting, fluorescence/Pt-based CT
imaging and have shown effective anticancer efficacy under
laser irradiation in vitro and in vivo. The Pt biodistribution of
tissues determined by average fluorescence signals and CT
values corresponded well to the results detected by ICP-MS.

5 Summary and future directions

In this review, a detailed overview of some intelligent polymer
based antitumor drug delivery approaches has been discussed,
which include polymer-drug conjugates, polymeric micelles,
polymeric liposomes and nanoparticle-assisted antitumor drug
delivery agents.

Polymer based drug delivery systems possess some
advantages as compared to small drug molecules such as (i)
improved pharmacokinetic profile with longer circulation
time and (ii) potential for tissue targeting. Many PEG and
HPMA-based polymer-drug conjugates have progressed into
clinical development, but their market approval has been
hindered by their non-biodegradable nature, reduced efficacy

This journal is © The Royal Society of Chemistry 2019
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of therapy, instability and toxicity. Targeting moieties linked
to the polymers by either chemical attachment or the phys-
ical encapsulation directs the drug to the target site of
pharmacological action. However, there is a tremendous
scope for the improvement of the design of polymer based
delivery systems.

Our current understanding of drug targeting to tumor cells is
based on the combination of a few independent phenomena
involving EPR effect, properties of nanoparticles, increased
retention in the blood circulation, and the type of ligand-
receptor interactions. Nanoparticles have emerged as a prom-
ising scaffold for drug delivery because of low inherent toxicity,
high surface area and tunable stability that provide a useful
complement to more traditional delivery vehicles. NP-mediated
drug delivery systems seem to be a promising strategy as they
have advantages over conventional drug delivery systems. They
can increase the bioavailability, solubility and permeability of
many potent drugs which are otherwise difficult to deliver
orally. There is a need to develop non-toxic, stable, and
controlled drug delivery system for cancer therapy.

To address these issues, biodegradable conjugates could
offer advantages in terms of biocompatibility, efficacy, ability to
optimize pharmacokinetics via increase in molecular weight,
and safety, due to their biodegradation and elimination post-
treatment. Biodegradable polymeric systems can offer
immense flexibility in customization and optimization of nano-
carriers to efficiently deliver new therapeutics and provide an
integral step in aiding their progression to clinical practice.

There is a need to synthesize more conjugates using
numerous lower molecular weight drugs with hydrophilic
polymers and to evaluate them on various cancer models.
There is a need for more clinical data to fully understand the
advantages and disadvantages of polymer therapeutics. This
new generation of polymer platforms could be more prom-
ising to improve cancer chemotherapy. Another aspect in this
regard could be time-controlled targeted drug delivery which
can be achieved depending on the features of the polymer by
modulating the structure of the polymer which can grant
either of these; an extended release formulation (either by
swelling of polymeric matrix or degradation of polymeric
capsules), a sustained-release formulation, a pulsatile-
release formulation (in which drugs are released only when
required by the body) and a delayed-release formulation, in
which the active ingredient is released at a time other than at
the time of administration.
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