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Abstract Drug delivery systems for cancer therapeutics have revolutionized medicine. De-
livery systems have improved the efficacy and reduced the toxicity of current therapies
and resulted in the development of new ones. Today, millions of cancer patients have di-
rectly benefited from drug delivery systems, and polymers have been at the frontline of
these technological advances. Targeted delivery systems of chemotherapeutics to the tu-
mour compartment can be achieved systemically, either passively or actively. Polymer
conjugation radically changes the pharmacokinetics of the bound drug, and conjugates
with prolonged circulation times target tumours passively via the enhanced permeabil-
ity and retention (EPR) effect. Polymer conjugates can also be modified with moieties
to directly target the tumour cells or the tumour vasculature. In this chapter, we review
the successful clinical application of polymer-protein conjugates, and promising clini-
cal results arising from trials with polymer-anticancer-drug conjugates. Over the last
decade more than twelve polymer-drug conjugates have entered Phase I/II clinical trial
as intravenously injectable anticancer agents. Only one of the polymer conjugates that
has reached clinical trial directly targets tumour cells, while another one targets the tu-
mour vasculature. Conjugation to polymers may save the fate of the many promising
drug/peptide chemotherapies that fail each year due to high toxicity or poor pharma-
cokinetics. Yet, these technologies have not been exploited to their full potential. Only
a few combinations of a limited number of chemotherapeutic drugs and polymer delivery
systems are being tested in clinical and preclinical trials today. Furthermore, genomics
and proteomics research is producing novel peptides, proteins and oligonucleotides that
lack effective delivery systems. Thus, the full potential for drug delivery systems based on
NCEs (new chemical entities), such as “polymer therapeutics”, lies ahead.
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Abbreviations
Amino-DAQ 1,5-diazaanthraquinone derivative

ASCO American Society of Clinical Oncology
ASGP Asialoglycoprotein
ASGPR Asialoglycoprotein receptor

ATWLPPR  Alanine-threonine-tryptophan-leucine-proline-proline-arginine
AUC Area under the curve

BBB Blood brain barrier

BCNU 1,3-bis(2-chloroethyl)-1-nitrosourea

bFGF Basic fibroblast growth factor

CM Carboxymethyl

CPT Camptothecin

Da Daltons

DAO D-amino acid oxidase

DES Diethylstilboestrol

DIT Dose limiting toxicity

DMXAA Dimethyl-xanthenone-4-acetic acid

DOTA 1,4,7,10-tetraazacyclododecane-N,N’,N” ,N"’-tetraacetic acid
Dox Doxorubicin

DSPE Distearoylphosphatidylethanolamine

EC Endothelial cell

EGF Epidermal growth factor

en Ethylenediamine

EPR effect  Enhanced permeability and retention effect

FDA Food and Drug Administration

FPLC Fast protein liquid chromatography

HIV/AIDS Human immunodefficiency virus/Acquired immunodefficiency syndrome
HO Heme oxygenase

HPLC High-pressure liquid chromatography

HPMA N-(2-hydroxypropyl)methacrylamide

Hulg Human immunoglobulin

i.p. Intraperitonealy

iv. Intravenously

IFL Irinotecan, fluorouracil, and [calcium folinate] leucovorin
IFN-o Interferon-o

IFN- Interferon-p

IgG Immunoglobulin

IL-6 Interleukin-6

LAK cells  Lymphokine-activated killer cell

LDy Dose of drug lethal to 10% of animals

MA Methacryloyil

mADb Monoclonal antibody

MAG HPMA: methacryloyl-glycine (MA-Gly)-ONp 95:5 or 90:10
MMP-2 Matrix metalloproteinase-2

MMP-9 Matrix metalloproteinase-2

mPEG monoPEG
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MTD Maximum tolerated dose

NCE New chemical entities

NGR Asparagine-glycine-arginine

NK Natural killer cells

NSCLC Non-small-cell lung carcinoma

(O Superoxide anion

ONp p-Nitrophenyl

PAAm Polyacrylamide

PCT Paclitaxel

PDAAmM Polydimethylacrylamide

PDEPT Polymer directed enzyme prodrug therapy

PEG Polyethyleneglycol

PEG-G-CSF PEGylated recombinant methionyl human granulocyte colony stimulating
factor

PEI Poly(ethyleneimine)

PELT Polymer enzyme liposome therapy

PGA Poly-L-glutamic acid

PLC Phospholipase C

POG Pediatric Oncology Group

PS2 Poor performance status 2

PVA Polyvinyl alcohol

PVP Polyvinylpyrrolidone

RES Reticuloendothelial system

RGD Arginine-glycine-aspartate

ROS Reactive oxygen species

s.C. Subcutaneously

ScFv Single-chain Fv antibody fragment

SCID Severe combined immunodeficiency disease

SCLC Small-cell lung cancer

SMANCS Styrene-co-maleic anhydride-neocarzinostatin
SS-NH-PEG Succinimidyl ester of PEG
STELLAR  Selective targeting for efficacy in lung cancer, Lower adverse reaction

TBA Thiobutylamidine

TEM Tumor endothelial marker

TNFo Tumor necrosis factor-o

VEGF/VPE Vascular endothelial growth factor/Vascular permeability factor
VEGFR Vascular endothelial growth factor receptor

VTA Vascular targeting agents

X0 Xanthine oxidase

ZnPP Zinc protoporphyrin

1

Introduction

Chemotherapeutic treatment of neoplastic diseases is often restricted by ad-
verse systemic toxicity, which limits the dose of drug that can be admin-
istered, or by the appearance of drug resistance. Lack of selectivity is only
one (albeit a major) obstacle hindering the optimisation of drug effective-
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ness. Others include inaccessibility of target, premature drug metabolism and
allergic reactions [1]. There is a great demand for innovative drug delivery
systems that can better target antitumour drugs and that can overcome resist-
ance in its many forms. The question is: how can we meet these challenges?

A great deal of research has concentrated on ways to develop new can-
cer therapeutics that specifically target tumour cells compared with normal
cells, exploiting the differences between neoplastic and normal tissues. These
targeted therapies should be more effective and decrease toxicity to normal
tissues.

Several systems have been developed in order to restrict the delivery of
the chemotherapeutic agent to the tumour site. With the identification of
cell-specific receptor/antigens on tumour cells [2] and tumour endothelial
cells [3], it has been possible to actively target chemotherapeutic or antian-
giogenic agents using ligand- or antibody-bearing delivery systems. Alterna-
tively, the drug can be loaded into high-capacity drug carriers such as lipo-
somes or entrapped in degradable polymers for sustained drug release and
localized chemotherapy systems [4]. In the controlled polymer drug delivery
systems, the active molecule is released continuously at therapeutic levels by
polymer degradation and diffusion through the polymer pores. Clinical ap-
proved examples include Zoladex [5, 6], Lupron Depot, and Decapeptyl [7],
which are injectable polymer rods or microspheres of luteinizing hormone-
releasing hormone (LHRH) analogues for the treatment of advanced prostate
cancer [4,8]. Localized chemotherapy systems have been particularly ap-
pealing for the brain, where the presence of the blood-brain barrier limits
delivery of therapeutics by blood. Gliadel, an implantable polymer wafer
that locally delivers carmustine, has been used successfully for the treatment
of malignant gliomas after surgery [9]. Interestingly, we found that HPMA
copolymer-TNP-470 (caplostatin) [10] was able to treat orthotopic intracra-
nial U87 human glioblastoma in mice [11], even though it does not cross the
blood brain barrier, a fact that eliminated the neurotoxicity associated with
the unconjugated TNP-470. This can be attributed to the leakiness of blood
vessels in some brain tumours, allowing polymer conjugates to target these
tumours by the EPR effect.

Drugs can also be conjugated to polymer carriers, named “polymer
therapeutics” [12], that can be either directly conjugated to targeting
proteins/peptides or derivatised with adapters conjugated to a targeting
moiety. “Polymer therapeutics” [13] is a term used to describe polymeric
drugs [14], polymer-drug conjugates [15], polymer-protein conjugates [16],
polymeric micelles to which a drug is covalently bound [17], and multi-
component polyplexes that are being developed as nonviral vectors [18]
(Fig. 1). All subclasses consist of at least three parts: (a) a specific water-
soluble polymer, either as the bioactive itself or as an inert functional part
of a multifaceted construct for improved drug, protein or gene delivery; (b)
a biodegradable polymer-drug linker, and; (c) the bioactive antitumour drug.
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Fig.1 Schematic diagram of possible combinations of actively targeted conjugates:
A Soluble polymer-protein conjugate (20 nm) or polyplex: hydrophilic polymers bearing
a cationic block-DNA complex (40-60 nm); B Soluble polymeric drug (5-15nm) carrier
(polymer therapeutics, modified from [87]); C Polymeric micelle (60-100 nm) - am-
phiphilic block entrapping a drug; D Soluble polymeric drug carrier bearing a targeting
moiety (5-15nm); E PEGylated stealth liposome carrying the active entity conjugated to
a targeting moiety (200-500 nm)

Because in polymer therapeutics the drugs are chemically conjugated, they
differ from controlled drug delivery systems in that they are more like new
chemical entities (NCE). Not only is their pharmacokinetic profile distinct
from that of the parent drug, but the route of cellular uptake may also dif-
fer, as the polymer-drug can only enter cells by the endocytic route, leading
to lysosomotropic drug delivery. Several conjugates can release drug intracel-
lularly while others release it extracellularly, depending on the polymer-drug
linker and the activating moiety. While polymer therapeutics share many
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features with other macromolecular drugs and prodrugs (proteins, antibod-
ies, and oligonucleotides, and immunoconjugates), their chemistry makes
them amenable to flexible tailoring, for example of their molecular weight,
number and types of drugs per polymer, targeting moieties and even biore-
sponsive elements [12]. Polymer-protein conjugates have made it to the
clinic since the early 1990s, with the approval of polyethylene glycol (PEG)-
adenosine deaminase, PEG-L-asparaginase and styrene maleic anhydride
(SMANCS) [19]. During the past two decades, the field of polymer therapeu-
tics has continued to grow due to the advances in both polymer chemistry
and biological sciences, and promising results from clinical trials involv-
ing polymer-anticancer-drug conjugates [12]. With the emergence of hybrid
biotechnologies, which combine the synthesis of innovative polymers with bi-
ological macromolecules (proteins, oligonucleotides, antibodies), a number
of compounds have been developed that are suitable for clinical development
and use (Tables 1, 2, and 3).

It is surprising, however, that with the abundance of novel drugs and
targets offered in the post-genomic era and novel sophisticated chemistry
available, only four drugs (doxorubicin, camptothecin, paclitaxel and plati-
nate) and four polymers (HPMA copolymer, Poly-L-glutamic acid, PEG, and
Dextran) are repeatedly used to develop these promising new polymer ther-
apeutics. Therefore, we will examine here future directions and challenges
in this field. The purpose of this chapter is to compare different therapeutic
targeted delivery systems and strategies for chemotherapeutic and antian-
giogenic agents, focusing on those polymer therapeutics that have been ap-
proved by the FDA or that are undergoing clinical and preclinical trials. The
rationale for the design of preclinical lead compounds is summarised, and
the challenges for effective and clinical development of these complex macro-
molecular prodrugs are discussed.

2
Passive or active targeting?

Targeting can be achieved either actively, by specifically including a recog-
nition moiety into the carrier (“active targeting”), or passively, as a result
of some physical or chemical characteristics of the carrier (“passive target-
ing”) [20] (Fig. 2). The active approach relies upon the selective localisation
of a ligand at a cell-specific receptor. Passive targeting refers to the exploita-
tion of the natural (passive) distribution pattern of a drug-carrier in vivo. The
latter is based upon mechanical entrapment of the carrier by shape or size
or uptake by the cells of the reticuloendothelial system (RES). Maeda called
the passive targeting phenomenon the “enhanced permeability and retention
(EPR) effect” [21], and attributed it to two factors: the disorganised pathol-
ogy of angiogenic tumour vasculature with its discontinous endothelium,
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Fig.2 Schematic representation of internalization of polymer-anticancer conjugates into
cells. At the fop, panel A represents low molecular weight (MW) drugs able to diffuse
through normal vasculature to any tissue and internalise into cells. Panel B represents
high molecular weight macromolecules unable to fenestrate through the normal vascula-
ture, but able to extravasate through the leaky and permeable vasculature in the tumour
tissue. At the bottom, low molecular weight drugs diffuse throughout the cells, while
the macromolecule-drug conjugates internalize into the cells through passive targeting by
the enhanced permeability and retention (EPR) effect. The conjugates can internalize by
fluid phase pinocytosis through (I) the lysosomotropic pathway, releasing the drug in the
lysosome by diffusion out to the cytoplasm and to its target; or (II) the endosomotropic
pathway, where the bioresponsive polymer changes conformation and causes an increase
in endosomal membrane permeability which allows the macromolecular drugs to escape
into the cytoplasm; or (III) through active targeting by receptor-mediated endocytosis to
cells presenting the target antigen

leading to hyperpermeability to circulating macromolecules, and the lack
of effective tumour lymphatic drainage, which leads to subsequent macro-
molecular accumulation (Fig. 2). This concept is described in more detail
elsewhere in this volume (Maeda, Greish and Fang). Long-circulating macro-
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molecules - including albumin and polymer conjugates, polymeric micelles
and liposomes - accumulate passively in solid tumour tissue by the EPR
effect, and intravenously-administered drug delivery systems can increase
the tumour concentration of antitumour drugs up to 70-fold. However, vas-
culature permeability and intertumoural hydrostatic pressure vary during
tumour progression. These features, together with irregular blood flow, can
lead to heterogeneous distribution of macromolecular medicines in tumour
tissue [22]. Furthermore, some drugs cause a decrease in tumour vessel hy-
perpermeability [23] by themselves. Therefore, there is an increasing need
for novel targeting moieties to target the tumour endothelial cells since the
polymer conjugation causes a siginificant increase in the half-life of the free
drug.

3
Targeting tumour cells or tumour vasculature?

The process of angiogenesis (Fig. 3), new capillary blood vessel growth from
pre-existing vasculature [24], is now recognised as an important control point
in cancer. Most tumours do not start out angiogenic, but remain as small,
dormant tumours for years or a lifetime. They cannot grow until they can
recruit new blood vessels. As a result, the microvascular endothelial cell
recruited by a tumour has become an important second target in cancer
therapy. A basis for this concept has been that tumour vascular endothelial
cells are genetically stable unlike tumour cells. However, it has been recently
reported that tumour endothelial cells could also acquire cytogenetical ab-
normality in the tumour microenvironment [25]. It is becoming clear that
tumour vasculature is much more complex than initially thought.

Angiogenesis involves many growth factors and their receptors, cytokines,
proteases and adhesion molecules [26,27]; thus, multiple targets for thera-
peutic intervention and targeting opportunities for antiangiogenic therapy
for cancer exist. Treating both the cancer cell and the endothelial cell in
a tumour may be more effective than treating the cancer cell alone. Table 4
summarises the advantages of targeting the vessels of the tumour instead of,
or in addition to treating the tumour itself.

Angiogenesis inhibitors are emerging as a new class of drugs. In the US
there are currently more than 40 angiogenesis inhibitors in various clinical
trials for late stage cancer. Members of this family of drugs differ by their
targets and vary from low MW molecules to polypeptides and antibodies.
The fact that the development of a functional vasculature within a tumour
is a requisite for its growth and progression [28] has led to the design of
therapies directed toward the tumour vasculature. These therapies aim ei-
ther to prevent the formation of new vessels (antiangiogenic cytostatic agents
such as Endostatin, Angiostatin and TNP-470, vascular endothelial growth
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Fig.3 Angiogenic steps. Schematic representation of the angiogenesis process. Polymer
therapeutics can be used to target each one of the steps

factor (VEGF) antagonists or VEGF receptor (VEGFR) inhibitors); or to dam-
age existing vessels (cytotoxic vascular targeting agents (VTA)). VTAs allow
rapid destruction of existing blood vessels in tumours containing activated
EC. They consist of antitubulin agents such as combretastatin [29] analogues
and colchicine analogues. Other drugs such as flavone acetic acid analogue
and dimethyl-xanthenone-4-acetic acid (DMXAA) induce TNF-« and sero-
tonin and inhibit blood flow.

Despite the differences between various angiogenesis inhibitors, the com-
mon ground is that all can benefit from specific targeting. A proper delivery
system would enable optimisation of their pharmacokinetic profiles. Currently,
antiangiogenic proteins are delivered into the circulation and achieve their high
therapeutic index by selective inhibition of proliferating and migrating EC in
an angiogenic focus, without having a similar effect on quiescent endothelium
in the remaining vasculature. If these direct angiogenesis inhibitors, such as
thrombospondin, angiostatin and endostatin [30], could be targeted to the an-
giogenic focus in a tumour, potency could be potentially enhanced. However,
for those angiogenesis inhibitors where dose cannot be increased because of
side-effects (such as TNP-470, a Fumagillin analogue [31]), or for those whose
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efficacy is not improved by dose escalation, targeting to the microvascular en-
dothelium in a tumour bed may greatly increase the usefulness of the inhibitor.
Conjugating these novel antianigogenic agents and vascular targeting agents
to polymers will significantly improve their efficacy by (i) increasing their tu-
mour specificity and solubility; (ii) improving their pharmacokinetics; and (iii)
reducing their toxicity. Here we will review some of the polymer therapeu-
tics targeted to the vasculature and other agents which can benefit from being
conjugated to polymers in the future.

4
Parenteral drug targeting

Modern approaches to parenteral drug targeting include liposomes, immuno-
conjugates, polymeric microparticles and biodegradable polymeric implants
designed for localised or sustained-controlled release [2, 8]. Each has advan-
tages and disadvantages. Immunoconjugates provide selective targeting, but
antibodies can be immunogenic, their pharmacokinetics are governed by mo-
lecular weight, and they have a limited drug-carrying capacity. Liposomes
have a high drug-carrying capacity, but stability can be an issue (either re-
leasing the drug too quickly or entrapping too strongly), and they are prone
to reticuloendothelial system capture. Polymer conjugates can be synthesised
to specific molecular weight and composition, but their drug-carrying cap-
acity is relatively low, and they can present challenges for characterisation.
The past decade has seen the realisation that the ideal platform for drug
delivery will marry the benefits of these three components into hybrid nan-
otechnolgies for each application. A PEGylated liposome DOXIL (containing
doxorubicin) [32] is a successful anticancer treatment, and many polymer
conjugates use antibodies to mediate cell specificity [33]. Another interest-
ing hybrid is a polymerised cationic liposome that has been linked to an
endothelial targeting ligand and used to deliver a mutant Raf gene [34].
Polymer-protein and polymer drug conjugates share many common features,
but the biological rationale for their design is very different.

5
Polymer-protein conjugates

Recombinant DNA and monoclonal antibody technology have created
a biotech revolution that is providing a growing number of peptide-, protein-
and antibody-based drugs [35, 36]. Most of these proteins are limited in their
clinical applications because of unexpectedly low therapeutic effects. The rea-
son for this limitation is that these proteins are immediately decomposed
by various proteases in vivo and are rapidly excreted from the blood cir-
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culation, leading to a short plasma half-life. Furthermore, they are limited
by poor stability and, for proteins, immunogenicity. Consequently, frequent
administration at an excessively high dose is required to reveal their thera-
peutic effects in vivo. As a result, homeostasis is destroyed, and unexpected
side effects occur. Therefore, there has been a continuing search for im-
proved alternatives. Bioconjugation with water-soluble polymers improves
the plasma clearance and body distribution, resulting in increased therapeu-
tic effects and decreased side effects. In the 1970s, pioneering research by
Davis, Abuchowski and colleagues foresaw the potential of the conjugation
of polyethylene glycol (PEG) to proteins [37]. This concept is described in
more detail elsewhere in this volume (Pasut and Veronese). This technique
is now well established and is called PEGylation [38]. PEGylation increases
protein solubility and stability, and hence prolongs plasma half-life, and can
reduce protein immunogenicity [39,40]. Moreover, by preventing rapid re-
nal clearance of small proteins and receptor-mediated protein uptake by cells
of the reticuloendothelial system, PEGylation can be used to prolong plasma
half-life. The resultant need for less frequent dosing is of great benefit to
the patient and encourages compliance. PEG is a particularly attractive poly-
mer for conjugation. It is widely used as a pharmaceutical excipient, and
the flexible, highly water-soluble polymer chain extends to give a hydrody-
namic radius that is some 5-10 times greater than that of a globular protein of
equivalent molecular weight. There are three requirements for optimised syn-
thesis of a polymer-protein conjugate: a semitelechelic polymer-that is, one
with a single reactive group at one terminal end to avoid protein crosslinking
during conjugation; the ability to introduce a linker that will not gener-
ate toxic or immunogenic by-products and that will provide appropriate
stability characteristics (dependent on the protein being bound); and an ap-
proach that will provide reproducible site-specific protein modification. Of
paramount importance is the maintenance of the biological activity of the
protein after PEGylation and covalent binding to the polymer. Recently, im-
proved conjugation techniques have been developed, including site-specific
modification following protein mutagenesis [41,42], the use of the enzyme
transglutaminase to PEGylate selectively at glutamine in the protein [43],
and the design of degradable PEG-protein linkages to maximize the return
of protein bioactivity [43]. With increasingly sophisticated conjugate design,
many of the early challenges for the clinical development of polymer-protein
conjugates are being met [44]. Although there are few available polymers
for conjugation such as HPMA copolymers, poly(ethyleneimine) (PEI), lin-
ear polyamidoamines, polyvinylpyrrolidone (PVP), polyacrylamide (PAAm),
polydimethylacrylamide (PDAAm), polyvinyl alcohol (PVA), chitosan, dex-
trin and dextran, PEG is still the most popular option since the clinical
value of PEGylation is now well established. PVP, PAAm, and PDAAm could
be functionalised by introducing various comonomers upon radical poly-
merisation. PVA and dextran have many primary OH groups that can be
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used for bioconjugation on the side chain. Introduction of other polymers
for protein conjugation include the following conjugates: HPMA copolymer-
B-lactamase [45], HPMA copolymer-cathepsin B [46], polyvinylpyrrolidone
(PVP)-TNF« [47, 48], PVP-IL-6 [49], and so on.

5.1
PEG-adenosine deaminase

PEG-adenosine deaminase (ADAGEN; Enzon) was the first PEGylated protein
to enter the market, in 1990 [50]. It is used to treat adenosine deaminase-
deficient X-linked severe combined immunodeficiency disease (SCID), com-
monly known as the “bubble boy disease”. It is an alternative to bone marrow
transplantation and enzyme replacement by gene therapy. Since the introduc-
tion of ADAGEN, a large number of PEGylated-protein and -peptide pharma-
ceuticals have followed (Table 1).

Table 1 Polymer-protein conjugates in preclinical, early clinical trials or on the market

Polymer-protein Name Indication Status Refs.
PEG-adenosine Adagen SCID syndrome 1990 [50]
deaminase
Styrene maleic Zinostatin, Hepatocellular 1993 [240]
anhydride- Stimalmer carcinoma (Japan)
neocarzinostatin
(SMANCS)
PEG-L-asparaginase Oncaspar Acute 1994 [241]
lymphoblastic
leukemia
PEG-interferon-o 2b PEGINTRON  Hepatitis C 2000 [79]
PEG-interferon-o 2b PEGINTRON  Cancer (Renal Various  [79, 80, 161]
cell carcinoma, clinical
hemangiomas, trials
angioblastomas,

giant cell tumours),
multiple sclerosis,

HIV/AIDS
PEG-interferon-o 2a PEGASYS Hepatitis C 2002 [242, 243]
PEG-human growth Pegvisomant  Acromegaly 2002 [244]
hormone (HGR) (EU)
PEG-granulocyte- PEG- Prevention of 2002 [55]
colony stimulating filgrastim, chemotherapy-
factor (G-CSF) Neulasta associated

neutropenia
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Table 1 (continued)

Polymer-protein Name Indication Status  Refs.
PEG-anti-TNFa Fab CD870 Rheumatoid Phase II  [42]
arthritis
PEG-insulin Diabetes Pre- [245, 246]
clinical
EGF-N- Imaging human Pre- [84]
hydroxysuccinimide- brain tumors clinical

PEG3400-biotin
to 0X26/streptavidin.

(Transferrin)

HPMA copolymer- Activating moiety Pre- [221]

GLy-Gly-cathepsin B in a PDEPT clinical
combination

HPMA copolymer- Activating moiety Pre- [45]

Gly-Gly-B-lactamase in a PDEPT clinical
combination

PVP-IL-6 Enhancement of Pre- [49]
thrombopoietic clinical
activity

PVP-TNF« Sarcoma-180 Pre- [47,48]

clinical
5.2

PEG-L-asparaginase

The chemotherapy agent L-asparaginase has been an important part of acute
lymphoblastic leukemia therapy for over 30 years. Leukemia cells have a re-
quirement for the amino acid L-asparagine. Two of the main disadvantages
of the drug are the need for frequent intramuscular injection and a very
high rate of allergic reactions. Because of this, L-asparaginase seemed like
an ideal target for PEGylation and PEG-L-asparaginase was developed in
the 1970s and 1980s. PEG-L-asparaginase (ONCASPAR; Enzon) was the first
antitumour PEGylated protein to be approved for clinical use in 1994 as
a treatment for acute lymphoblastic leukaemia. The conjugate contains multi-
ple PEG chains of MW ~ 5000 Da linked to the enzyme, and it has successfully
overcome many of the problems associated with the use of L-asparaginase
derived from E. coli. The conjugate has undergone extensive testing and ap-
pears to retain its antileukemic effectiveness while allowing less frequent ad-
ministration than the native compound. Compared with the native enzyme,
PEG-L-asparaginase has the advantages of reduced hypersensitivity, a longer
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plasma half-life (8-30h to ~ 14 days) and slower total clearance [51]. Con-
sequently, PEG-L-asparaginase can be administered by a 1h infusion every
two weeks, instead of the 2-3 times per week for four weeks required for
the native enzyme to ensure depletion of circulating levels of L-asparagine.
L-Asparagine levels fall below the limit of detection within an hour and this
effect is sustained throughout the two-week interval [51]. Recently, PEG-L-
asparaginase was administered weekly based upon the results of the Pedi-
atric Oncology Group (POG) 9310, which demonstrated the superiority of
weekly administration compared with every other week PEG-L-asparaginase
in the induction for relapsed ALL [52]. While the actual cost to patients
for PEG-L-asparaginase is greater than that of multiple injections of other
L-asparaginases, the reduced need for physician visits and treatment of com-
plications of therapy may make overall treatment costs considerably less than
that of the conventional L-asparaginases. Most importantly, PEGylation of L-
asparaginase decreases hypersensitivity reactions to only 8% of patients and
the conjugate can be used in combination with chemotherapy to treat patients
that are hypersensitive to the native enzyme. Recently, a Phase I-II trial of
PEG-L-asparaginase was conducted in patients with multiple myeloma [53].
In the 17 patients who were evaluable for response, a complete response was
observed in one patient after four doses, and stable disease was observed in
eight patients.

53
PEG-granulocyte-colony stimulating factor (PEG-G-CSF)

Recombinant methionyl G-CSF (filgrastim) is a protein of MW 19000 Da ob-
tained by bacterial fermentation from E. coli. It was developed by Amgen Inc.
as an adjunct to chemotherapy. Administration of G-CSF moderates the neu-
tropenia frequently induced by cytotoxic chemotherapy. Recently, PEGylated
recombinant methionyl human granulocyte colony stimulating factor (PEG-
G-CSF; pegfilgrastim; PEG-rmetHuG-CSF; Neulasta; Amgen) was approved
for clinical use [54], and is used to prevent severe cancer chemotherapy-
induced neutropenia [55]. The covalent attachment of PEG to the N-terminal
amine group of the parent molecule was attained using site-directed reduc-
tive alkylation. In this case, a single chain of PEG of MW ~ 20000 Da is
bound to the protein. PEGylation increases the size of filgrastim so that it
becomes too large for renal clearance. Consequently, neutrophil-mediated
clearance predominates during elimination of the drug. Conjugation to PEG
extends the median serum half-life of pegfilgrastim to 42 hours, compared
with 3.5-3.8 hours for filgrastim, though in fact the half-life is variable, de-
pending on the absolute neutrophil count, which in turn reflects the ability of
pegfilgrastim to sustain production of those same cells. Because of this, PEG-
G-CSF has the benefit of less frequent administration, being given by a single
subcutaneous injection (100 pg/kg s.c.) on day 2 of each chemotherapy cycle.
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The native G-CSF must be given daily (5 pg/kg/day s.c.) for two weeks to
achieve the same protection. Although some allergic reactions have been ob-
served following administration of GCSF, none were observed in clinical trials
using the PEG-G-CSF, and the major side-effect observed with both the free
form and the conjugate is bone pain [56, 57].

5.4
PEG-interferon-« (IFN-ot)

IFNs are multifunctional regulatory cytokines involved in the control of cell
function and replication, and IFN-« and IFN- directly inhibit the prolifer-
ation of tumour cells of different histological origins [58, 59]. IFN-« is also
an antiangiogenic molecule. The first evidence that IFN-« had antiendothe-
lial activity was reported in 1980 when it was found to inhibit the motil-
ity of vascular endothelial cells in vitro in a dose-dependent and reversible
manner [60], and subsequently found to inhibit angiogenesis in vivo [58].
Recent studies indicate that IFN-« and IFN-f can also down-regulate the ex-
pression of proangiogenic molecules, such as basic fibroblast growth factor
(bFGF) [61], IL-8 [62], and the metalloproteases, matrix metalloprotease-2
(MMP-2) and MMP-9 [63], and to activate host effector cells [64].

IFN-« has been widely used not only as an antiviral agent to treat chronic
hepatitis, but also as a cytotoxic agent to treat certain leukaemias and some
bladder cancers [58]. Experimental studies in mice showed that the antian-
giogenic efficacy of IFN-« is optimal at low doses and declines at higher
doses [65]. At low doses, IFN-« inhibits tumour-cell production of bFGF [61,
66], as well as endothelial-cell motility, and therefore can be considered to
have both direct and indirect antiangiogenic activity [60]. For therapy of
human bladder carcinoma grown in athymic nude mice, the optimal biolog-
ical dose (the dose that exerts a maximal antiangiogenic effect) is relatively
low; for example 10000 units administered on a daily schedule [65]. Low
dose IFN-« is the most successful therapy against life-threatening heman-
giomas [67, 68], where new blood vessel growth is associated with increased
expression of bFGF [69-72]. Certain tumours, such as giant-cell tumours of
the bone and angioblastomas, only or mainly produce bFGF, making them
ideal candidates for interferon therapy. When patients with these tumours
were treated with interferon (IFN)-« at low daily doses, drug resistance was
not observed with therapy of 1-3.5 years duration [69, 70].

Pharmacokinetic studies have demonstrated that the half-life of IFNs in
the circulation of patients is on the order of minutes [73], thus making
therapeutic levels difficult to sustain, which may in turn compromise the ef-
fectiveness of IFN in the therapy of bFGF producing solid tumours [73, 74].
PEGylation of IFN delays its clearance and reduces its immunogenicity [74].
Therapeutic levels can be maintained through once-weekly dosing [75]. Re-
cent clinical trials have shown that PEG-IFN-« is significantly more effective
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than free-form IFN-« in the treatment of chronic hepatitis C [76, 77], and dif-
ferences in clinical outcome have been related to the ability of PEGylation to
sustain absorption, restrict the volume of distribution, and reduce clearance
of IFN-« [76]. Two PEG-interferon-o conjugates (IFN-a-2a and IFN-a-2b),
Pegasys (Roche) [78] and PEG-Intron (Schering) [79] have been approved as
treatments for hepatitis C [38]. IFN-«-2a and IFN-«-2b display similar bio-
logical activities and only differ in respect to a single amino acid, but the
molecular weight of PEG used for conjugation and the linker employed is very
different in each product. Pegasys is a conjugate containing Roche’s IFN-o-2a
linked to a 40000 Da branched PEG. PEG-Intron is a conjugate of Schering-
Plough’s IFN-c-2b linked to a 12000 Da PEG. The latter is synthesised using
degradable carbamate linker to histidine residues in the protein, designed to
minimize loss of protein activity. Consequently, Pegasys has a higher specific
activity in vitro and a longer plasma half-life than PEG-Intron. Both con-
jugates have shown clinically superior antiviral activity compared to IFN-a.
PEG-IFN-« is also under clinical evaluation in other indications, including
cancer, multiple sclerosis and HIV/AIDS. Efficacy of IFN-« in the treatment
of melanoma and renal cell carcinoma is well established, but there are prob-
lems, including toxic side effects (mild to moderate nausea, anorexia, fatigue
and depression) and a short plasma half-life (¢, = 2.3 h) that necessitate ad-
ministration three times per week. In a Phase I/II study, PEGylated IFN-«-2b
was given by subcutaneous injection (0.75 to 7.5 ug/kg s.c.) once per week for
twelve weeks to patients with advanced solid tumours (primarily, renal cell
carcinoma). PEGylated IFN-a-2b had a maximum tolerated dose (MTD) of
6.0 pg/kg/week, and produced an objective response rate of 14% in 44 pre-
viously untreated renal-cell carcinoma patients and was well-tolerated [80].

5.5
Styrene-co-maleic anhydride-neocarzinostatin (SMANCS)

Maeda and colleagues characterized a conjugate of two polymer chains of
styrene maleic anhydride (SMA) covalently bound to the antitumour pro-
tein neocarzinostatin (NCS) [81]. It was originally synthesised to increase
NCS lipid solubility and thus facilitate therapeutic artery administration
(via femoral artery access) in the phase-contrast agent Lipidol and to in-
crease the plasma half-life of NCS. SMANCS demonstrated significant antitu-
mour activity in a number of animal models and moreover the remarkable
tumour/blood ratio for SMANCS in Lipidol of > 2500 measured in a rab-
bit liver tumour model demonstrated much higher targeting than reported
for any other system [82]. The first clinical evaluation of SMANCS was re-
ported in 1983. 44 patients, mostly with nonresectable hepatoma, were treated
with SMANCS, 86% demonstrated decreased «-fetoprotein levels and 95%
demonstrated a decrease in tumour size [83]. SMANCS (3-4 mg) can be
administered every 3-4 weeks, while X-ray imaging confirmed selective re-
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tention of SMANCS in the tumour. Subsequent and more rigorous evaluation
has validated these early trends, and a multi-center phase II study involving
400 patients with primary hepatoma has been completed in Japan [83]. In
this study the sizes of the tumors were measurable in 322 out of 400 patients,
and of these 322, 308 patients displayed regression. One year after the initial
administration of the drug, all tumours were reduced to < 50% of the initial
size [83]. SMANCS received market approval in Japan in 1990 for hepatocellu-
lar carcinoma. SMANCS is described in more detail elsewhere in this volume
(Maeda, Greish and Fang).

5.6
Preclinical polymer-protein conjugates

PEGylated construct of '2°I-EGF and a MAb to the transferrin receptor

Human brain gliomas overexpress the receptor for epidermal growth factor
(EGF), and radiolabeled EGF is a potential peptide radiopharmaceutical for
imaging human brain tumours, should this peptide be made transportable
through the blood-brain barrier (BBB) in vivo. To achieve this goal, pep-
tide drug delivery to the brain has been explored by conjugating a pep-
tide radiopharmaceutical ! I-EGF to a BBB drug delivery vector [84]. The
0X26 monoclonal antibody (MAb) undergoes receptor-mediated transcytosis
through the BBB via the brain capillary endothelial transferrin receptor, and
is therefore a good delivery vector to the brain. In this study, the radiophar-
maceutical was conjugated to the delivery vector via the streptavidin/biotin
complex using either a short linker or a PEGylated linker. EGF was monobi-
otinylated with either N-hydroxysuccinimide-bis(aminohexanoyl)-biotin or
hydroxysuccinimide-PEG3400-biotin, which uses poly(ethylene glycol) (PEG)
of 3400 Da molecular mass (PEG3400), and both constructs were evaluated.
Attachment of ['2>I]JEGF-PEG3400-biotin to the OX26/streptavidin conjugate
did not impair binding of the construct to the EGF receptor in C6 glioma
cells [84]. These studies demonstrate that the use of the extended PEG linker
releases steric hindrance of MADb transport vectors upon binding of EGF to its
cognate receptor on glioma cells. Attachment of EGF peptide radiopharma-
ceuticals to BBB drug delivery systems such as the 0X26 MAb using extended
PEG linkers allows for retention of the bifunctionality of the conjugate with
binding to both EGF and transferrin receptors.

6
Polymer-drug conjugates

Cancer drug targeting is a rapidly developing research discipline that has
recently yielded a number of different drug-delivery approaches. One such
strategy has been to couple small-molecular-weight cancer drugs to poly-
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mers. This coupling results in an altered biodistribution of the drugs follow-
ing intravenous administration that favors concentration of the drug in tu-
mours. Normally, low-molecular-weight anticancer drugs will nonselectively
penetrate most tissues, because they pass rapidly through cell membranes.
This results in a relatively rapid distribution of the drug with no tumour se-
lectivity. In the case of polymer-drug conjugates, however, the polymer-drug
linkages are designed to be stable in the bloodstream. This feature, along
with the fact that the higher molecular weight polymer-drug can only gain
entry into cells via endocytosis, results in circulation of the polymer-drug
for a longer period than with the drug alone. Because most normal tis-
sues have nonleaky microvasculatures, the polymer-drug accumulates more
in tumour tissue, which has a notoriously leaky vascular supply. Conjugates
with prolonged circulation times target tumours by the EPR effect. Once in
the tumour interstitium the polymer-drug can only enter cells by the en-
docytic route, leading to lysosomotropic drug delivery. Several conjugates
have peptidyl polymer-drug linkers amenable to cleavage by lysosomal thiol-
dependent proteases. In this case, prodrug activation occurs intracellularly.
In contrast, other conjugates that contain an ester link between drug and
polymer can release drug by chemical hydrolysis or esterase degradation
extracellularly. There are currently more than 12 different polymer-drug con-
jugates at various stages of clinical trials and further compounds are reported
in preclinical development (Table 2). The first synthetic polymer-drug con-
jugate to enter clinical evaluation was HPMA copolymer-doxorubicin (PKI,
FCE28068) in 1994 (Fig. 4). Since then five other anticancer compounds and
two gamma camera imaging agents (!3!1 or 12*I-labelling) conjugated to this
polymer have been evaluated clinically.

Tumour-specific polymer-drug conjugates can also be created by adding
specific targeting moieties to the polymer to aid in treatment of specific
tumours (for example by adding galactosamine to target hepatocellular car-
cinoma). HPMA copolymer-Gly-Phe-Leu-Gly-doxorubicin containing galac-
tosamine (PK2, FCE28069) is the only polymer-drug conjugate bearing a tar-
get ligand to be tested clinically [85] (Fig. 5). PK2 is tumour-specific in the
sense it targets a receptor as hepatocellular carcinoma. Although most of the
conjugate was localised to normal liver hepatocytes, it was estimated that the
doxorubicin concentration in hepatoma would still be 12-50-fold higher than
could be achieved by the administration of free drug. With a better under-
standing of biological targets combined with advances in synthetic chemistry,
novel and improved polymer therapeutics for cancer treatment are in con-
stant development and should soon be on the market [13].

Also in the 1970s, the combination of De Duve’s realization that the en-
docytic pathway might be useful for “lysosomotropic drug delivery” [86]
(Fig. 2) and Ringsdorf’s vision of the idealized polymer chemistry for drug
conjugation [87] produced the concept of targetable polymer-drug conjugates
(Fig. 1). Whereas protein PEGylation was born from the desire to improve the
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Table2 Polymer-drug conjugates in early clinical trials as anticancer agents

Polymer-drug
(linker)

Dextran-doxorubicin

HPMA copolymer-
doxorubicin (Amide)

HPMA copolymer-
doxorubicin-
galactosamine
(Amide)

HPMA copolymer-
paclitaxel (Ester)

HPMA copolymer-
camptothecin
(Ester)

HPMA copolymer-
platinate
(Malonate)

PGA-paclitaxel
(Ester)

PGA-camptothecin
(Ester)

PEG-camptotecin
(Ester)

PEG-paclitaxel

Polysaccharide
(CM-dextran-
polyalcohol)-
camptothecin

PEG-aspartic acid-
doxorubicin micelle
(Amide/free drug)

Name

AD-70, DOX-
OXD

PK1, FCE
28068

PK2, FCE
28069

PNU166945

MAG-CPT,

PCNU 166148

AP5280

CT-2103,
XYOTAX

CT-2106

Prothecan

DE-310

NK911

Company

UK Cancer
Research
Campaign/
Pfizer Inc.
UK Cancer
Research
Campaign/
Pfizer Inc.

Pfizer Inc.

Pfizer Inc.

Access
Pharmaceuticals
Inc.

Cell
Therapeutics
Inc./Chugai
Pharmaceutical
Co Ltd.

Cell
Therapeutics
Inc.

Enzon Inc.

Daiichi
Pharmaceutical
Co., Ltd.

National Cancer
Institute Japan

Status

Phase I

Phase II

Phase I/II

Phase I

Phase I

Phase I/1I

Phase
I1/111

Phase I

Phase II

Phase I
Phase I

Phase I

Refs.

[137]

(15, 96]

(15, 85]

[109]

[247]

(91,117, 118]

[119, 120, 125]

[128]

[133]

[115]
[151]

(140, 248]
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Table 2 (continued)

Polymer-drug Name Company Status
(linker)
HPMA-DACH AP5346 Access Phase I
platinate Pharmaceuticals
Paclitaxel- NK105 National Cancer Phase I
incorporating Institute Japan
micellar
nanoparticle
formulation
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Table 3 Antiangiogenic versus conventional therapy

Effect

Accessibility

Targeting therapy

Side effects/Toxicity
Duration of treatment
Expected regression
Goal

Endothelial cells (EC)

1 EC supplies O, and
nutrients for 50-100 TC.
Applicable to all solid
tumours

EC are in direct contact
with the circulation

Tumour associated - EC
possess unique
phenotypic characteristics

Few or no side effects
Long
Slow

Stable disease
Regression to avascular State

R. Satchi-Fainaro et al.

Tumour cells (TC)

Al TC

“Hidden” in the tumour
tissue

Few identified specific
tumour cell antigens for
selective tumour types

Yes
Short
Fast

Eradication of Tumour Cells
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properties of protein pharmaceuticals, polymer-drug conjugation was seen as
a means to improve the cell specificity of low-molecular-weight drugs. Sup-
plementary features are needed to design an effective polymer-drug conju-
gate. These include: a bioresponsive polymer-drug linker that is stable during
conjugate transport and able to release drug at an optimum rate on arrival at
the target site; adequate drug-carrying capacity in relation to the potency of
the drug being carried; and the ability to target the diseased cell or tissue by
an active (receptor-ligand) or a passive (pathophysiological) mechanism. As
the drugs carried often exert their effects via an intracellular pharmacologi-
cal receptor, it is essential that they eventually access the correct intracellular
compartment [12, 86, 87]. Routinely used cytotoxic chemotherapy distributes
randomly in the body, and this feature, which is frequently combined with
poor tumour selectivity in the mechanism of action, results in a relatively
low therapeutic index. Those common solid tumours (breast, prostate, lung
and colon cancer) that are the major cause of cancer mortality are particu-
larly difficult to treat, hence the global quest for improved tumour targeting.
Many researchers are trying to design improved low-molecular-weight pro-
drugs [88]. However, covalent attachment of chemotherapy to a polymeric
carrier is particularly attractive, as the increased molecular weight produces
a radical change in the pharmacokinetics at both the whole body and cellular
levels [89] (Fig. 2). Initially, it was believed that receptor-mediated target-
ing would be a prerequisite for tumour selectivity, and conjugates have been
synthesised to contain a plethora of ligands, including antitumour antibod-
ies and peptides. So far, no tumour-specific conjugate has progressed into
clinical development. The realization that the prolonged plasma circulation
of polymer-conjugated drug itself led to significant passive tumour target-
ing [21,90,91] by the “enhanced permeability and retention” (EPR) effect
(Fig. 2) [21] did, however, pave the way for the continued clinical development
of simpler polymer conjugates that contain only covalently bound drug but no
targeting ligand (Table 2). Careful tailoring of polymer-drug linkers is essen-
tial to the creation of a polymeric prodrug that is inert during transport but
allows drug liberation at an appropriate rate intratumourally.

6.1
HPMA copolymer-Gly-Phe-Leu-Gly-doxorubicin (PK1, FCE28068)

HPMA homopolymer was originally developed by Kopecek and colleagues
as a plasma expander [15]. Collaborative research with Duncan and col-
leagues in the early 1980s produced two HPMA copolymer-doxorubicin
conjugates [15] that subsequently progressed into Phase I/II evaluation.
PK1 was synthesised by aminolysis of an HPMA copolymer-Gly-(D,L)Phe-
Leu-Gly-ONp precursor (HPMA:MA-peptide-ONp 95:5) with doxorubicin
(Fig. 4) [40-42]. The conjugate used in the Phase I clinical trial had a mo-
lecular weight of ~ 30000 Da; a doxorubicin content ~ 8.5wt % and a free
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doxorubicin content < 2% of the total doxorubicin. This tetrapeptide Gly-
Phe-Leu-Gly linker is stable in the circulation [92], but is cleaved by the
lysosomal thiol-dependent proteases, particularly cathepsin B [93, 94] follow-
ing endocytic uptake of conjugate from the tumour interstitium (Fig. 2). This
approach resulted in the concentration of approximately 70 times more dox-
orubicin in mouse melanoma tumours than in normal tissues. Importantly,
this approach also increased the maximum tolerated dose of the polymer-
drug by up to ten times that of the free drug.

Preclinical studies showed remarkable antitumour activity of PK1 coupled
with reduced toxicity. These results led to the move to clinical evaluation [20,
95]. During Phase I PK1 was administered as a short infusion every three
weeks [96]. Dose escalation progressed cautiously as neither polyHPMA nor
any HPMA copolymers had previously been administered to humans. A start-
ing dose of 20 mg/m2 (doxorubicin-equivalent) was chosen (1/10th the LDyg
in mouse preclinical studies [97]) and escalation progressed to a max-
imum tolerated dose (MTD) of 320 mg/m2 (doxorubicin-equivalent) [96].
No polymer-related toxicity (or immunogenicity) was observed. The dose-
limiting toxicity (DLT) was typical of the anthracyclines and included febrile
neutropenia and mucositis. Alopecia was not seen until doses > 180 mg/? and
nausea was mild without the need for antiemetics until doses of > 240 mg/2.

PK1 administration produced two partial and two minor responses in
the cohort of 36 patients enrolled. These were in non-small-cell lung can-
cer (NSCLC), colorectal cancer and anthracycline-resistant breast cancer at
80 mg/m? (doxorubicin-equivalent) and anthracycline naive breast.

Preclinical pharmacokinetics showed very little free doxorubicin in plasma
after PK1 administration to mice [98]. In Phase I trials PK1 was adminis-
tered as a short infusion every three weeks, and the maximum tolerated
dose was 320 mg/m2 (doxorubicin-equivalent) [96]. This is a four- to five-
fold increase compared with the normal safe dose of free drug. The dose-
limiting toxicities seen were typical of the anthracyclines, and included febrile
neutropenia and mucositis. Despite cumulative doses of up to 1680 mg/m?
(doxorubicin-equivalent), no cardiotoxicity - a side-effect that is typical of
anthracyclines - was observed. Antitumour activity seen in patients con-
sidered to be chemotherapy resistant/refractory and at lower doxorubicin
doses (80-180 mg/m?) was consistent with EPR-mediated targeting, although
gamma camera imaging conducted as part of this study had poor reso-
lution and failed to show clear evidence of selective tumour localization in
all patients. Clinical pharmacokinetics assessed by HPLC and gamma camera
imaging using a !3!I-labelled analogue confirmed prolonged plasma half-
life when doxorubicin was administered in conjugate form (t;,a=1.8h
and t1/,8 = 93 h), absence of liver accumulation and rapid renal elimination
(50-75% over 24 h) [96]. Polymer-bound doxorubicin detected in plasma was
always higher (>1000) than levels of free doxorubicin. Uptake was seen in
known tumour sites in 6 of the 21 patients studied. Tumour levels of radioac-
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tivity were 2.2% dose at 2-3 h, 1.3% dose at 24 h and 0.5% dose after eight
days. Neither dose-dependency in pharmacokinetics, nor contributory clini-
cal factors causing changes in the clearance of polymer-bound or free drug
were observed [96, 99]. Most importantly, this pivotal clinical study confirmed
that cumulative doses of HPMA copolymer > 20 g/m? could be administered
without signs of immunogenicity or polymer-related toxicity. The fact that
the rodent models established to document the preclinical pharmacokinetics
and toxicology of PK1 [15] correlated well with the subsequent clinical obser-
vations [96] validated the approach as a useful preclinical predictive tool.

A PK1 dose of 280 mg/m? was recommended as the Phase II dose. PK1 is
currently undergoing phase II trials for breast, non-small-cell lung and colon
cancers. Although full publication of the Phase II results are awaited it has
been reported that PK1 showed no activity in a colorectal cancer, but activity
has been seen in breast and NSCLC.

6.2
HPMA copolymer-Gly-Phe-Leu-Gly-doxorubicin-galactosamine (PK2, FCE28069)

PK2 is the only polymer-drug conjugate bearing a targeting ligand to be tested
clinically. It was designed as an asialoglycoprotein (ASGP) biomimetic with the
aim of targeting the hepatocyte and hepatocellular carcinoma ASGP receptor
for the treatment of liver cancer. It should be emphasized that both normal
hepatocytes and hepatoma bear the ASGP receptor. In this case the polymer
precursor is synthesised using a monomer feed ratio of HPMA : MA-peptide-
ONp adjusted to 90 : 10 [100-102] to provide the additional side-chains needed
for conjugation of both doxorubicin and galactosamine. PK2 has a MW
~ 25000 g/mol, a doxorubicin content of ~ 7.5 wt %, and a galactosamine con-
tent of 1.5-2.5 mol % (Fig. 5). Free doxorubicin content < 2% total doxorubicin.

This galactosamine-containing conjugate was the first synthetic biomimetic
(of an asialoglycoprotein) polymer. It is also the only “targeted” polymer-
drug conjugate so far to enter GCP clinical trial. Physiologically, loss of termi-
nal sialic acid residues from ageing glycoproteins exposes galactose signalling
plasma clearance. Endocytic uptake by hepatocytes after interaction with the
asialoglycoprotein receptor (ASGPR) leads to lysosomal trafficking and their
subsequent degradation [103]. PK2 was designed with the aim of improving
treatment of primary hepatocellular carcinoma and metastatic liver disease.
The latter would only be feasible if released drug diffused into liver metas-
tases and could act via the “bystander effect”. PK1 is not inherently hepa-
totropic, but preclinical studies confirmed that addition of galactosamine to
HPMA copolymers promoted significant hepatocyte targeting after i.v. in-
jection (~ 80% of dose) [104]. The magnitude of targeting (% dose) was
markedly dose-dependent due to ASGP receptor saturation [105].

Phase I/II trials were conducted in 31 patients of which 23 had pri-
mary hepatoma [85] and the compound was given by intravenous infusion
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every three weeks, initially at an infusion rate of 4.16 ml/min (2 mg/ml
doxorubicin-equivalent), but due to pain during infusion this was reduced
to an infusion rate of 2 ml/min with a 1.0 mg/ml solution. Six patients were
given FCE28069 by 24 h infusion to see if this improved targeting efficiency.
The starting dose was again 20 mg/m? (doxorubicin-equivalent) and the
FCE28069 MTD was 160 mg/m?. The dose-limiting toxicity was typical of an-
thracyclines, principally myelosuppression and mucositis [85]. Interestingly
the PK2 MTD was significantly lower than seen for PK1 and the authors
speculated that this might be due to the presence of extrahepatic galactose re-
ceptors. This is possible, but the pharmacokinetic data were not indicative of
normal tissue targeting, other than the hint of lung localisation at early times
in the gamma camera images. It is more likely that the reduced solubility of
FCE28069 contributed to this change in toxicity profile. The reactions seen
on infusion would be consistent with this hypothesis, as would transient lung
localisation of polymer aggregates.

Of the 23 patients entered, two had a measurable partial response, a third
patient showed reduction in tumour volume, and there were 11 others with
stable disease [85]. Gamma camera imaging confirmed galactose-mediated
liver targeting to 15-20% dose at 24 h [85,106]. Although most of the con-
jugate was localized to normal liver hepatocytes (16.9% vs 3.2% dose in the
hepatic tumour), it was estimated that the doxorubicin concentration in hep-
atoma tissue would still be 12-50-fold higher than could be achieved by
administration of free drug.

The extent of FCE28069 liver localisation seen clinically was lower than ob-
served in preclinical studies [104]. This could be due to a lower number of
ASGP receptors present on human hepatocytes compared to those in the rat.
However, it is noteworthy that the FCE28069 conjugates used in the clinic had
lower galactose (1.5-2.0 mol %) content than suggested as optimal for liver
targeting in preclinical studies (~ 4 mol %) [104]. It is well known that the
asialoglycoprotein receptor requires a multivalent ligand so a high galactose
density along the polymer chain is crucial if maximum liver targeting is to
be achieved. Lack of increased liver uptake after a 24 h infusion of FCE28069
was suggested as indicative of lack of receptor saturation. However, compar-
isons of liver levels were made at 24 h and this may not be the best time point
for comparative studies since hepatocyte targeting is usually rapid (~ 5 min),
and at longer time points liver levels are complicated by elimination due to
hepato-biliary transfer and excretion.

6.3
HPMA copolymer-antibody-doxorubicin conjugates

Rihova, Ulbrich and colleagues have reported preliminary clinical experi-
ments in six patients with refractory disease (angiosarcoma, and breast
carcinoma) [107,108]. HPMA coplymer-Gly-Phe-Leu-Gly-doxorubicin (or
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epirubicin)-human immunoglobulin (Hulg) has been synthesised on a case-
by-case basis for patient treatment. The Hulg used was either autologous
IgG from sera by precipitation with 40% ammonium sulfate, or was a com-
mercially available allogenic human y-globulin. The primary aim of these
preliminary studies was to evaluate the immunomodulatory effects of these
conjugates. Disease progression was monitored and a large number of bio-
chemical and immunological parameters were assessed. Despite difficulty
assessing the data obtained objectively, it is interesting to note that in some
patients antitumour effects were seen. The conjugate did not seem to induce
anti-Ig antibodies. Increased levels of CD16756 and CD4" cells in periph-
eral blood and activation of NK and LAK cells supported the suggestion that
HPMA copolymer-doxorubicin conjugates can be immunostimulatory.

6.4
HPMA copolymer-paclitaxel (PNU166945)

The poor water solubility of paclitaxel combined with hypersensitivity reac-
tions associated with the standard ethanol and Cremophor formulation made
it a good candidate for polymer conjugation. An HPMA copolymer conjugate
of paclitaxel was developed by Pharmacia, with the aim of improving drug
solubility and subsequent controlled release of paclitaxel thereafter. A glycine
derivative of paclitaxel was synthesised via the 2" position of paclitaxel and
this was attached to an HPMA copolymer precursor containing -Gly-Phe-Leu-
peptide side-chains. In this case the drug is linked via the same tetrapeptide
linkage used to create PK1 and PK2 with an additional terminal ester bond.
The resulting conjugate (PNU166945) (Fig. 6) was more soluble than paclitaxel
(>2 mg/ml conjugate compared to 0.0001 mg/ml paclitaxel) and had a low
drug content of ~ 5wt % [109]. Theoretically paclitaxel or peptidyl deriva-
tives will be released from the polymer by hydrolytic or enzymatic (esterases)
degradation of the ester bond, or proteolytic cleavage of the peptidyl linker.

In Phase I study, PNU166945 was administered by a 1h infusion every
three weeks [109]. The starting dose of 80 mg/m? (paclitaxel-equivalent) was
one-third of its MTD in dogs. The highest PNU166945 dose administered
was 196 mg/m? (paclitaxel-equivalent), although no DLTs were seen at this
level. The toxicity observed was consistent with commonly observed pacli-
taxel toxicities including flu-like symptoms, mild nausea and vomiting, mild
haematological toxicity and neuropathy. Neurotoxicity grade 2 occurred in
two patients at a dose of 140 mg/m? (although grade 1 was pre-existing on
their entry) and one patient at 196 mg/m? had grade 3 neuropathy after
the fourth cycle. Interestingly, alopecia was absent throughout. Studies were
curtailed due to concerns of potential clinical neurotoxicity following obser-
vations in preclinical animal studies [109]. Even in this small patient cohort,
antitumour activity was observed. A paclitaxel-refractory breast cancer pa-
tient showed remission of skin metastases after two courses at 100 mg/m?
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Fig.6 HPMA copolymer-paclitaxel (PNU166945)

(paclitaxel-equivalent). Two other patients had stable disease at a dose of
140 mg/m?. Plasma pharmacokinetics measured over 48 h using HPLC was
linear with dose for both PNU166945 and the released paclitaxel. The conju-
gate had a t;; ~ 6.5 h and its volume of distribution indicated plasma circu-
lation. Free paclitaxel released from the conjugate had a t;,, ~ 1.2 h and free
drug levels were low, ~ 1% of the paclitaxel present in plasma as conjugate.
Antitumour activity was seen at a relatively low paclitaxel dose (100 mg/m?).
Conclusion of the Phase I to identify the Phase II dose and possible schedule
optimisation would have been interesting.

6.5
HPMA copolymer-camptothecin (MAG-CPT; PNU 166148)

Camptothecin (CPT) from an Oriental tree, Camptotheca acuminata, is an
inhibitor of topoisomerase I and has exhibited a promising antitumour ac-
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tivity in various experimental tumours. However, CPT is extremely water
insoluble, and this feature has severely restricted its clinical application [110].
Recently, novel CPT analogues with an improved water solubility, CPT-11
and topotecan, have emerged as a new class of antitumour agents [111].
CPT-11 has been available in Japan since 1994, where it is approved for
the management of colorectal, cervical, ovarian, uterine, gastric, breast, and
lung cancer. In the United States, CPT-11 is presently used for the treatment
of advanced colorectal adenocarcinoma. Camptothecin’s poor solubility and
nonspecific toxicity has made it an attractive candidate for polymer con-
jugation [113]. The only option for drug conjugation was an ester linkage.
The HPMA copolymer-camptothecin conjugates (so-called MAG-CPT deriva-
tives) were synthesised from an HPMA copolymer precursor composed of
HPMA : methacryloyl-glycine (MA-Gly)-ONp 95:5 or 90: 10 (Fig. 7); hence
the MAG acronym used to describe this copolymer. Camptothecin was first
modified at the C-20 a-hydroxy group to give a peptidyl prodrug (such as
Gly-camptothecin) and then bound to the polymer intermediate. The resul-
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Fig.7 HPMA copolymer-camptothecin (MAG-CPT; PNU 166148)
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tant conjugates had a MW of 20000-30 000 Da depending on their side-chain
content, and a camptothecin loading of 5-10 wt %. Although conjugates con-
taining a library of different peptidyl linkers were examined preclinically,
the conjugate PNU166148 (MAG-CPT) containing the Gly-Ce-Gly-linkage was
selected for Phase I clinical studies. Camptothecin is released from this conju-
gate by either chemical or esterase-mediated hydrolysis.

Two dosing schedules were studied during Phase I evaluation of MAG-CPT.
An i.v. infusion over 30 min every 28 days [114], and as an alternative, daily
treatment (x3) repeated every four weeks [115]. In the first study [114] 62 pa-
tients were entered starting at a dose of 30 mg/m? (camptothecin-equivalent).
Dose escalation progressed to an MTD of 240 mg/m? with 200 mg/m? the
recommended dose for further studies. At 240 mg/m? the DLTs included
grade 4 neutropenia and thrombocytopenia, and grade 3 diarrhoea. Severe
and unpredictable cystitis was also seen.

In the recently reported Phase I study [114], MAG-CPT was administered
as a 30 min infusion on three consecutive days every four weeks. The start-
ing dose was 17 mg/m?/day and this was escalated to 130 mg/m?/day; total
dose per cycle = 390 mg/m?. Haematological toxicity was rare, but cumula-
tive bladder toxicity was dose-limiting at doses of 68 mg/m? or greater. This
could only be resolved by withdrawal of treatment. Of the 16 patients entered
in this trial, 11 were evaluable for clinical responses after two courses. These
two Phase I studies were the first involving HPMA copolymer conjugates in
which no objective clinical responses were seen. However, one patient with
renal cell carcinoma had tumour shrinkage and a colon patient had stable
disease for 62 days.

Using HPLC analysis no dose-dependency of plasma clearance of either
MAG-CPT or the released drug was seen [114,116]. Plasma levels of free
camptothecin were 100 times lower than conjugated drug and there was no
significant difference in terminal half-lives ~ 8-10 days of free and polymer-
bound drug. Camptothecin (measured as total drug) was still appearing in
urine at four weeks with ~ 69% dose excreted in urine after four days. Pa-
tients suffering from the worst renal toxicity had a relatively higher plasma
AUC of MAG-CPT, suggesting that it was due to impaired renal function.

Bladder toxicity of MAG-CPT had not been anticipated. However early
studies with camptothecins did highlight toxicities including vomiting, diar-
rhoea and chemical or haemorrhagical cystitis. The acidic environment in the
bladder causes the formation of the insoluble lactone form of camptothecin.
The bladder toxicity of MAG-CPT has been attributed to variable conversion
of the inactive open ring form to the active closed ring form of the drug.
However the biodistribution of the compound would also have contributed.
HPMA copolymer molecular weight has been specifically optimised to ensure
effective renal elimination. This has been clearly visualised by gamma camera
imaging of other HPMA copolymer conjugates. There is always a likelihood
of kidney or bladder toxicity if the polymer-drug linker degrades in urine to



Polymer Therapeutics for Cancer: Current Status and Future Challenges 31

deliver high local doses of any cytotoxic agent. As urinary excretion of the
MAG-CPT is very high (66% at 24 h) and the conjugate was still detectable in
urine after four weeks [114, 116], bladder toxicity was perhaps not surprising.

By contrast, Phase I results with HPMA copolymer-paclitaxel and HPMA
copolymer-camptothecin were disappointing, and underline the need for
careful optimisation of the polymer-drug linker to ensure stability during
transit. Both conjugates contain relatively low drug loading (< 10 wt % com-
pared to 37 wt % paclitaxel in CT-2103). Rapid hydrolysis of the polymer-
drug ester linkage could explain why MAG-CPT displayed dose-limiting cu-
mulative bladder toxicity - probably due to drug liberation during renal elim-
ination - and HPMA copolymer-paclitaxel displayed neurotoxicity, which is
typical for free paclitaxel [114].

6.6
HPMA copolymer-platinate (AP5280)

A number of HPMA copolymer-platinates synthesised as “cisplatin” or “car-
boplatin” mimetics have been recently described [91, 117, 118] (Fig. 8). These
conjugates were prepared from HPMA copolymer precursors containing ei-
ther -Gly-Gly-ONp or Gly-Phe-Leu-Gly-ONp side-chains (5 or 10 mol %).
The side chains were modified by hydrolysis (- COOH), or aminolysis with
ethylenediamine (en), aminomalonate or aminoaspartate to provide the ter-
minal ligands for platination. A HPMA copolymer Gly-Phe-Leu-Gly-en-Pt
required lysosomal activation to release active platinum species, confirmed
by the observation that conjugates containing the nondegradable linker -Gly-
Gly-en-Pt were completely inactive in vivo. Whereas the — COO-Pt released
platinum species much too rapidly for useful delivery, the malonate deriva-
tive showed a slower, more useful rate of hydrolysis [118]. Using platinum
NMR it has been shown that the malonato ring rearranges with time to the
more thermodynamically favourable structure (AP5280) shown in Fig. 8. The
pharmaceutical product AP5280 contains approximately 8.5 wt % of Pt and
has a molecular weight of approximately 25000 and MW /Mn = 1.7.

Phase I studies conducted in Europe were recently described [117]. Pa-
tients with solid tumours received AP5280 as a 1-h i.v. infusion every 21 days.
Twenty-nine patients were treated at eight dose levels (90-4500 mg Pt/m?).
The dose-limiting toxicity was Common Toxicity Criteria grade 3 vomiting
and was experienced at 4500 mg Pt/m? in two of six patients. The maximum
tolerated dose on this schedule was therefore 4500 mg Pt/m?, and the recom-
mended dose for a Phase II study is 3300 mg Pt/m? once every three weeks.
Renal toxicity, neurotoxicity and myelosuppression, toxicities typically ob-
served with cisplatin and carboplatin, were minimal for AP5280. The area
under the curve of total Pt increased with increasing AP5280 dose. Plasma
clearance of total Pt was 644 4-266 ml/h, and the terminal half-life was 116 4
46.2 h. After AP5280 administration, Pt-guanine-guanine DNA adduct con-
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centrations in WBCs ranged from 70 to 1848 pmol/ug DNA, concentrations
that were substantially lower than the concentrations measured after admin-
istration of therapeutic doses of cisplatin.

6.7
HPMA copolymer-DACH platinate (AP5346)

A second lead HPMA copolymer-platinate (AP5346) has been identified with
a similar Gly-Phe-Leu-Gly-aminomalonate side chain, but in this case termi-
nating in a 1,2-diaminocyclohexyl (DACH) palatinate (Fig. 8). In Phase I clin-
ical trial, it was administered as intravenous infusion of 80-1280 mg Pt/m?
once a week in 28-day cycle to patients with a broad cross-section of tumour
types. Out of the 12 evaluable patients, one demonstrated a partial response.
Dose limiting toxicity was neutropenia but also nausea, vomiting, asthenia,
fatigue and diarrhoea were observed (as presented in October 2004 at the 16th
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EORTC-NCI-AACR Symposium in Geneva). An Investigational New Drug ap-
plication was filed with the FDA in December 2004.

6.8
Poly-L-glutamic(PG)-paclitaxel (CT-2103, XYOTAX)

Poly-L-glutamic acid (PG) was effectively used in the 1990s by Wallace and
colleagues [119] and a PG-paclitaxel conjugate (acquired by Cell Therapeu-
tics Inc.), CT-2103, has been advancing successfully and rapidly through an
early clinical development programme. CT-2103 contains 37 wt % paclitaxel
linked through the 2’ position - that is, via an ester bond - to the y-carboxylic
acid of PGA (MW ~ 40000 g/mol) (Fig. 9). Moreover, it is 80 000 times more
soluble than paclitaxel. This conjugate has the advantage of a biodegradable
PG polymer backbone, and it is cleaved by cathepsin B to liberate diglutamyl-
paclitaxel [120]. Remarkable antitumour activity was seen in a variety of in
vivo tumour models which, together with evidence of tumour targeting by
the EPR effect, paved the way for clinical testing [119, 121, 122]. Interestingly,
it has been shown in preclinical studies combining conjugate administra-
tion with radiation treatment that tumour targeting of PG-paclitaxel by the
EPR-effect is significantly increased, leading to enhanced antitumour activ-
ity [123]. This has important implications for possible clinical development
of this and other polymer-drug conjugates. CT-2103 is currently undergoing
an extensive Phase I/II programme in Europe and the USA [120, 124-126]. In
one Phase I study, CT-2103 was administered as a single agent i.v. over 30 min
every three weeks. The starting dose was ~ 11 mg/m? (paclitaxel-equivalent)
and dose escalation progressed to a MTD of 266 mg/m?. In another Phase I
study, a fixed dose of cisplatin (75 mg/m?) or carboplatin was given with es-
calating doses of CT-2103 every 21 days. CT-2103 was administered first by
a 10 min iv. infusion followed by platinate by i.v. infusion. In these stud-
ies, CT-2103 has shown manageable toxicity and a significant number of

Fig.9 Poly-L-glutamic-paclitaxel (CT-2103, XYOTAX)
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patients displayed partial responses or stable disease (mesothelioma, renal
cell carcinoma, NSCLC and a paclitaxel-resistant ovarian cancer patient). In
the Phase II programme, CT-2103 is being evaluated against recurrent col-
orectal cancer, recurrent ovarian, fallopian tube or peritoneal cancer, and
NSCLC. Conjugate is administered at doses of 175 mg/m? or 210 mg/m? (Pt-
equivalent) and in certain trials is given in combination with cisplatin or
carboplatin. Early results show antitumour activity and minimal toxicity. Ex-
cept for some hypersensitivity reactions, no serious drug-related events have
been reported. In addition, Phase III trial has recently started in which CT-
2103 is given in combination with carboplatin to ovarian cancer patients.
Clinical pharmacokinetics data show that CT-2103 is stable in plasma; data
are consistent with prolonged tumour exposure and reduced systemic expo-
sure to active drug. Based on the promising results in phase I/II studies, three
phase III trials of CT-2103 were initiated in advanced non-small-cell lung can-
cer (NSCLC) [127]. These Selective Targeting for Efficacy in Lung Cancer,
Lower Adverse Reaction (STELLAR) trials represent the largest randomized
phase III programs in patients with NSCLC and a poor performance status.

Preliminary reports from the STELLAR 3 and STELLAR 4 phase III clinical
studies of XYOTAX for the first-line treatment of non-small-cell lung cancer
(NSCLC) patients with poor performance status 2 (PS2) were recently pre-
sented at the 2005 Annual Meeting of the American Society of Clinical Oncol-
ogy (ASCO). STELLAR 3 and STELLAR 4 were designed to determine if XY-
OTAX could improve survival while reducing serious side-effects when com-
pared to standard single agents, gemcitabine or vinorelbine (STELLAR 4), or
when used with a second chemotherapeutic agent, carboplatin (STELLAR 3).
For platinum-based doublet therapy, XYOTAX provided an easier administra-
tion, was better tolerated, and a more convenient first-line treatment for PS2
patients over paclitaxel. However, the combination of XYOTAX/carboplatin
yielded similar rates of overall survival in the first-line treatment of PS2 pa-
tients with NSCLC to the current standard paclitaxel/carboplatin. As a single
agent, XYOTAX offered a better tolerated, less toxic treatment option than
chemotherapeutic agents currently available, and showed a 40% improvement
in overall survival over the approved agent vinorelbine (40%). At one year,
26% of XYOTAX recipients were alive compared to 7% of vinorelbine patients,
and at two years, 15% of XYOTAX patients were alive compared to none of
the vinorelbine and 12% of gemcitabine recipients. An overall significant re-
duction in on-study deaths compared to both gemcitabine and vinorelbine,
a significant increase in the number of patients able to complete the full
six doses of therapy compared to vinorelbine, and a significant reduction
in nausea/vomiting and in potential life threatening side-effects (grade 3/4)
associated with gemcitabine and vinorelbine were also observed. While ad-
ditional results for both STELLAR trials are still awaited, these initial results
show promise for XYOTAX as a single agent in the first-line treatment setting
for PS2 NSCLC patients.
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Preliminary data from a study of XYOTAX in combination with carbo-
platin produced a major tumor response in 98% of first-line ovarian cancer
patients (Presented at ASCO, 2005). The phase II study was for first-line in-
duction and single-agent maintenance therapy of advanced stage III/IV ovar-
ian cancer. XYOTAX was administered over a 10-minute infusion at doses of
210 mg/m? in 20 patients and 175 mg/m? in 62 patients followed by carbo-
platin (AUC = 6) on day one of each 21-day cycle for up to six cycles. After six
cycles, patients with stable disease or better continued on to receive single-
agent XYOTAX at a dose of 175 mg/m? for up to 12 four-week cycles. Of the
82 patients studied, 80 patients, or 98%, achieved a major tumor response
(CR+PR based on a reduction in CA-125 levels) during the induction phase
of the therapy, including 85% with complete response and 12% with partial
response. Some grade 3/4 side-effects at the 175 mg/m? dose in combination
with carboplatin included neuropathy, nausea, vomiting, febrile neutropenia,
thrombocytopenia and anemia. Data presented at ASCO include only the in-
duction phase of the trial. The maintenance portion of the trial is ongoing.
CTI and the Gynecologic Oncology Group (GOG) are presently evaluating
XYOTAX (135mg/m?) as monthly maintenance in a phase III clinical trial
in ovarian cancer patients who have achieved a complete response following
standard first-line chemotherapy.

Separately, Cell Therapeutics reported initial data from a phase I study
of weekly XYOTAX given in combination with radiation for patients with
esophageal and gastric cancer. Of the 11 patients with locoregional disease
that could be evaluated for tumor response, four patients achieved a com-
plete disappearance of their tumor and five patients achieved a 50% or greater
shrinkage of their cancer.

6.9
Poly-L-glutamic(PG)-camptothecin (CT-2106)

Camptothecins, topoisomerase I inhibitors, are an important and rapidly
growing class of anticancer drugs. However, like taxanes, their full clinical
benefit is limited by poor solubility and significant toxicity. Oral analogs
such as topotecan and irinotecan are soluble, but are less effective in com-
bating tumours. Camptothecins are important drugs in the treatment of
advanced colon, lung, and ovarian cancers. Cell Therapeutics Inc. is also de-
veloping a camptothecin conjugate using the same polyglutamate polymeric
carrier, CT-2106 [128]. Conjugates containing different linkers including -Gly,
-glycolic acid, -y-Glu and --Ala have been described [129-131]. These were
synthesised using polymers of molecular weight 33000-74000 Da. Linking
a camptothecin to polyglutamate polymer renders it water-soluble [130], and
preclinical studies suggest that it permits up to 400% more drug to be ad-
ministered without an increase in toxicity. CT-2106 as a single agent and/or
in combination with 5FU showed significantly enhanced antitumour activ-
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ity in several animal tumour models [131]. The lead conjugate PG-Gly-CPT
(CT-2106) containing 33-35 wt % camptothecin and of molecular weight of
55000 Da entered Phase I trials in 2002. Phase I/II clinical trials of CT-2106
in patients with advanced cancers were initiated in 2004.

6.10
PEG-camptothecin (PROTHECAN)

Following its successful application to protein conjugation, PEG has also been
used to create drug conjugates [132, 133]. The safety profile of PEG is well
documented so its use as a potential drug carrier has been obvious for > 20
years and many conjugates have been described in the literature [44, 133].
Whilst the HPMA copolymer conjugates and PG conjugates described above
all contain multiple pendant functional groups for drug attachment, PEG con-
tains only two terminal — OH groups suitable for conjugation. This severely
limits drug-carrying capacity to two drug molecules per PEG chain unless
more sophisticated chemistry is used to amplify the number of terminal bind-
ing sites. However, the PEG polymer chain can be reproducibly synthesised
to give molecules of uniform molecular weight (polydispersity, MW/MN
~ 1.0), which results in a homogenous product. Enzon Inc. selected a PEG-
camptothecin conjugate (PEG-CPT; PROTHECAN®, Pegamotecan) for first
Phase I pharmacokinetic and safety trials [132] (Fig. 10). Camptothecin is
linked to PEG at the C — 20 — OH position thus favouring the desired lactone
ring configuration. The ratio of PEG-CPT to active drug is reported to be 60:1,
indicating a drug content of 1.7 wt %. This is a rather low loading and illus-
trates the limitation of PEG as a drug carrier, namely that drug can only be
bound via the two reactive termini. In Phase I study, PEG-CPT was adminis-
tered every three weeks at doses of 600-4800 mg/m? (conjugate) (estimated
to represent ~ 10-82 mg/m? camptothecin-equivalent). It had a maximum
tolerated dose of 200 mg/ m? (camptothecin-equivalent) [120]. DLT was neu-
tropenia and thrombocytopenia, observed at the highest dose level. Prelimi-
nary pharmacokinetic studies suggested that PEG-CPT produced prolonged
circulating levels of camptothecin (¢;,, > 72 h). Phase II trial in patients with
small cell lung cancer (SCLC) was initiated.
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Fig.10 PEG-camptothecin (Prothecan)
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6.11
PEG-paclitaxel

In May 2001, Enzon Inc reported the start of a Phase I clinical trial using
a PEG-paclitaxel conjugate. The protocol has been designed to determine the
safety, tolerability and pharmacology of PEG-paclitaxel in patients with ad-
vanced solid tumours and lymphomas. Although PEG-paclitaxel conjugates
have been reported in preclinical studies [115, 134], there is not yet informa-
tion on the chemistry of this particular conjugate or its clinical progress to
date.

6.12
Dextran-doxorubicin (AD-70, DOX-OXD)

Polysaccharides have long been a popular choice for synthesis of polymer-
drug conjugates [135,136]. Dextran (mainly «-1,6-polyglucose with some
a-1,4 branching) has been particularly popular owing to its clinical approval
for use as a plasma expander. A dextran-doxorubicin conjugate (AD-70) was
tested clinically. A dextran polymer with a molecular weight of ~ 70000 Da
was used to prepare the conjugate. Drug conjugation seemed to be by Schiff
base formation using oxidised dextran also modified with glycine as a pen-
dant group for reaction with the anthracycline [137]. The rationale of this
conjugation approach was to utilise hypoxic conditions in the tumour to pro-
mote drug liberation.

In a Phasel trial involving 13 patients, AD-70 was administered every
21-28 days by a 30 min infusion. A starting dose of 40 mg/m? (doxorubicin-
equivalent) was chosen as 1/10 the mouse LDjg. As unexpected toxicities oc-
curred, the dose was reduced to the range 12.5-40 mg/m? [137]. At the lowest
level there was minimal toxicity and 12.5 mg/m? was suggested as a Phase I
dose. The conjugate MTD was 40 mg/m? (doxorubicin-equivalent). Throm-
bocytopenia and severe hepatotoxicty were the DLTs. Hepatotoxicity lasted
for several weeks suggesting liver localisation of the conjugate with slow re-
lease of doxorubicin over time thereafter. Toxicity was attributed to uptake
of the polysaccharide by the reticuloendothelial cells in the liver. This would
result from use of dextran (polyglucose) as a carrier (there is a macrophage
receptor for glucose) and/or the fact that doxorubicin was conjugated to ox-
idised dextran via a Schiff base - residual aldehydes would surely be present
after drug conjugation.

6.13
Polymeric micelles

Block copolymers spontaneously assemble into nanoscaled polymeric mi-
celles. Self-assembling block copolymer micelles have long been explored
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as drug carriers. A pluronic block copolymer micelle incorporating doxoru-
bicin and able to circumvent p-glycoprotein-mediated resistance has recently
shown promising results in Phase II clinical evaluation [138]. Like other more
traditional micellar formulations, the drug was noncovalently entrapped in
this case. By contrast, Kataoka and colleagues have designed self-assembling
polymeric micelles (NK911; 42 nm in diameter) using block copolymers of
PEG (MW ~ 5000 g mol!)-poly(aspartic acid) that also include a fraction
of doxorubicin that is covalently bound to the polymer (~ 45%), as well as
free drug [139, 140]. This is, therefore, truly a polymer therapeutic as defined
above. NK911 accumulates preferentially in tumour tissue by the EPR effect,
leading to a three- to four-fold improvement in targeting [140]. However, in
this case, the covalently bound drug is inactive, and it is the free drug slowly
escaping over 8-24 h that destroys tumour cells. Polymeric micelles provide
a promising formulation for cancers with limited vasculature [141].

6.14
Brain tumour implants - local delivery of chemotherapy

Cancer drugs can cause enormous toxicity. By placing the drug next to the tu-
mour environment in a polymer drug delivery agent following surgery, both
the safety and efficacy of cancer chemotherapy can be improved. Higher local
drug concentrations can be achieved, and the systemic toxicity usually as-
sociated with standard drug treatments can be minimized. Novel polymers
such as polyanhydrides have been designed and used for local delivery of
chemotherapeutics [142]. In brain cancer, polyanhydride polymers shaped
like wafers have been used to locally deliver drugs such as carmustine (1,3-bis
(2-chloroethyl)-1-nitrosourea, BCNU) [143] following surgery. After removal
of as much of the tumour as is possible, small polymer drug wafers are placed
at the surface of the brain within the tumour resection cavity. The wafers
release the entrapped drug in a controlled fashion, locally delivering it for
approximately three weeks to destroy any remaining tumour. Side-effects as-
sociated with systemic delivery are minimized. Although these wafers do not
fully fit under the description of “polymer therapeutics” as the chemother-
apeutics are not covalently bound but are rather entrapped, they represent
one of the most powerful and successful clinical uses of polymers in can-
cer treatments to date. One clinical trial showed that after two years, 31% of
the patients treated were alive whereas only 6% of patients receiving stan-
dard brain tumour therapies survived [144]. In 1996, the US Food and Drug
Administration (FDA) approved brain tumour implants for patients with re-
current glioblastoma, the first new brain cancer therapy approved in over
20 years. In 2003, the FDA approval was extended to include initial surgery
for malignant glioma based on two additional randomized prospective stud-
ies that demonstrated improved survival and safety [145]. Studies have also
reported benefits for experimental brain metastases [146] and invasive pitu-
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itary adenomas [147]. Local delivery of chemotherapeutics from longlasting
implantable lipid formulations to spinal fluid has also been used clinically to
treat carcinomatous meningitis [148].

7
Other compounds in preclinical stage

7.1
DE-310

A polysaccharide-camptothecin (DE-310) conjugate containing the new
camptothecin analogue DX-8951f is currently in Phasel trial (Fig. 11).
The drug is covalently bound to the carrier via a Gly-Gly-Phe-Gly pep-
tide linker [149-151]. Duncan and colleagues also developed a dextrin-
doxorubicin (a-1,4-polyglucose) conjugate [152] which is currently in pre-
clinical development (ML Laboratories Inc.).

7.2
Carboxymethyl dextran-CPT analogue (T-2513) conjugate (T-0128)

The main clinical adverse effects of CPTs are myelosuppression and gastroin-
testinal toxicity, especially severe diarrhoea. These side-effects are closely
related to its pharmacokinetic properties [153, 154]. To alter its pharmacoki-
netic behavior in order to decrease its toxicity and increase the therapeutic
efficacy of CPT, a new macromolecular prodrug, denoted T-0128, was synthe-
sised (Fig. 12). This prodrug is a novel CPT analogue (T-2513)-carboxymethyl
(CM) dextran conjugate via a triglycine spacer, with a molecular weight of
M; 130000 [155-158]. The in vivo antitumour study against Walker-256 car-
cinoma demonstrated that T-0128 was ten times as active as T-2513. Addition-
ally, comparative efficacy studies of T-0128, T-2513, CPT-11, and topotecan
were performed using a panel of human tumour xenografts in nude mice,
showing the advantage of T-0128 over these CPTs [158]. A single i.v. injec-
tion of T-0128 at 6 mg/kg (based on the amount of T-2513 bound to CM
dextran) induced complete regression of MX-1 mammary carcinoma. T-0128
at 10 mg/kg weekly for three weeks (one-tenth of its MTD) cured LX-1 lung
carcinoma, St-4 gastric and HT-29 colorectal tumour xenografts that are
highly refractory to CPTs. These demonstrate the broad range of therapeu-
tic doses achieved with T-0128. Pharmacokinetic studies showed that after
i.v. administration of T-0128, the conjugate continued to circulate at a high
concentration for an extended period, resulting in tumour accumulation in
Walker-256 tumour model. The significant increases in the amount and expo-
sure time of released T-2513 in the tumour explain the enhanced efficacy of
T-0128 well.
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Fig. 11 Polysaccharide-camptothecin (DE-310)
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An attractive approach was developed by Vicent et al. containing the bioac-
tive agent as an integral part of the polymer backbone. Polyacetals were
synthesised incorporating a drug with bishydroxyl functionality into the
polymer backbone. Degradation of the polymer backbone in the acidic en-
vironment of the lysosome or the extracellular fluid of some tumours would
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Fig. 12 Camptothecin analogue-carboxymethyl dextran (T-0128)

then trigger drug release, eliminating the need for a biodegradable linker.
A tert-polymerisation approach was used to incorporate nonsteroidal oestro-
gen diethylstilboestrol (DES) into the main chain of water-soluble polyacetals
synthesised using as comonomer PEG of MW 2900 or 3400 g/mol [159].
When PEG2900 was used the resultant polymer had a MW of 18900 g/mol,
a MW/MN of 1.9 and a DES loading 4.3 wt %. With PEG3400 the polymer
MW was 43000 g/mol, MW/MN = 1.8 and it had a DES loading 4.7 wt %.
DES-polyacetal displayed greater cytotoxicity than DES against human and
murine tumour cell lines (ICsp =48 and 420 pg/ml against MCF-7 human
breast cancer cells and ICso = 97 and 560 pg/ml against BI6F10 murine
melanoma cells, respectively). These polymers showed no significant haemol-
ysis at concentrations up to 20 mg/ml, confirming their suitability for further
in vivo evaluation. An enhanced rate of hydrolytic degradation of the polymer
backbone was seen at pH 5.5, (65% trans-DES released in 96 h), compared to
pH 7.4 (4% trans-DES released in 96 h). These bioresponsive DES-polyacetals
tert-polymers are the first water-soluble anticancer polymeric drugs designed



42 R. Satchi-Fainaro et al.

for acidic pH-triggered release of a drug incorporated into the polymer main
chain. Their in vitro characteristics suggest that further in vivo evaluation is
warranted.

7.4
HPMA copolymer-1,5-diazaanthraquinone

1,5-Diazaanthraquinones (DAQs) are promising anticancer drugs, but their
clinical potential is limited due to poor solubility. A library of HPMA copoly-
mer conjugates containing a novel amino-functionalised 1,5-diazaanthra-
quinone derivative (amino-DAQ) have been synthesized [160]. Conjugation
to HPMA copolymers improved amino-DAQ aqueous solubility by 7-fold. The
HPMA copolymer-amino-DAQ conjugates were slightly less haemolytic than
the parent compound. When conjugates were incubated with isolated rat liver
lysosomal enzymes (tritosomes), the rate of amino-DAQ release was influ-
enced by both drug loading and the composition of the peptidyl side chain
used to link the drug to the carrier. The higher the drug loading, the lower the
rate of drug release. Whereas the GG linker did not release amino-DAQ, up
to 26% of the amino-DAQ was released from a GFLG linker over 24 h. HPMA
copolymer-amino-DAQ conjugates showed much lower in vitro cytotoxicity
than the free drug against BI6F10 murine melanoma and MCF-7 breast can-
cer cell lines. Nonetheless, the observed lysosomal activation of the HPMA
copolymer-Gly-Phe-Leu-Gly-amino-DAQ conjugates suggests that evaluation
of the antitumour potential in vivo is warranted.

8
Targeting tumour vasculature

An exciting alternative to cytotoxic chemotherapy is the destruction of an-
giogenic vasculature itself. The number of antiangiogenesis therapeutic drugs
in clinical trials is steadily growing. Many of the first-generation antiangio-
genic proteins in clinical testing are delivered systemically and, for the most
part, target active endothelium, such as that feeding a solid tumour, as op-
posed to the quiescent endothelium that supports normal, healthy tissues.
These agents consist of small molecules, proteins, and antibodies, and their
efficacy could potentially be improved by drug delivery systems. If these an-
giogenesis inhibitors could be selectively targeted to the metabolically active
endothelium of tumours, a much higher therapeutic index could be achieved.

One can envision different approaches to using polymer therapeutics to
target the tumour vasculature. The first consists of using antiangiogenesis
therapeutic drugs, which inhibit endothelial cell proliferation, and to conju-
gate them to a polymer as a polymer therapeutic, in order to direct them to
the tumour compartment actively or passively. Although a large number of
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antiangiogenic agents are already in clinical development [161], this goal was
recently achieved with the development of a water-soluble polymer conjugate
used to deliver an antiangiogenic agent, HPMA copolymer-TNP470 conjugate
(Caplostatin) [10]. In addition to this compound, the PEG backbone has been
conjugated to IFN-a-2b as we previously described (Sect. 6.4), and when used
in combination with thalidomide [162] or docetaxel [58], they have yielded
very encouraging results. PEGylation of xanthine oxidase (PEG-XO) [163] re-
duced the affinity of the native protein for all endothelium while inducing
tumour accumulation of the protein by the EPR effect, leading to significant
suppression of tumour growth following administration of hypoxanthine (de-
scribed in detail in Sect. 9.3.1).

8.1
Use of targeting moieties to deliver drugs to the tumour vasculature

An alternative approach for targeting the tumour vasculature with a polymer
therapeutic consists of functionalizing the cytotoxic drug-polymer conjugate
with a targeting moiety that specifically recognizes the tumour endothelial
cell. Directing targeting moieties to the tumour endothelium rather than
to the tumour cells offers multiple advantages. Tumour endothelium is sig-
nificantly more accessible than the tumour cells themselves. Because each
tumour endothelial cell can support the growth of up to 100 tumour cells,
killing the tumour endothelial cell should be more effective than killing each
individual tumour cell. Because of the intrinsic genetic instability of tumour
cells, their patterns of tumour marker expression are often heterogenous and
change with time [164] (Table 4).

8.1.1
Targeting tumour vessels using markers of angiogenesis

Tumour endothelium differs from normal endothelium, and few markers of
angiogenesis, located either on the surface of endothelial cells or in the modi-
fied subendothelial extracellular matrix, have been described and character-
ized (reviewed in [164]). Tumour endothelial specific markers are useful for
targeting with drug delivery systems. Some of these include VEGFR2 (vascu-
lar endothelial growth factor receptor II), integrin oy 83 and «y 85 [165-167],
ED-B domain of fibronectin [168], the large isoforms of tenascin C [169],
phosphatidyl serine phospholipids [170], and endoglin [171]. VEGFR2 is the
receptor for VEGE, one of the principal mediators of vascularization in solid
tumours. The humanized neutralized antibody to VEGF (Avastin, Genentech)
has been recently approved for colorectal cancer. Antibodies to VEGFR2, such
as 2C3, have antitumour activity against tumour xenografts in mice [172].
One of the best targeting moieties is the human antibody fragment L19
in single-chain Fv antibody fragment configuration “scFv” recognizing the
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Table 4 Targeted delivery systems to tumour vasculature under development

Compound

Polymer-angiogenesis inhibitor conjugate

HPMA copolymer-TNP-470

Antiendothelial immunoconjugates

Anti-ED-B domain of FN (L19)-tissue
factor

L19-interleukin 12

L19-interleukin 2
L19-astatine 211

Anti-endoglin-deglycosylated Ricin A
(dgRA)
Anti-endoglin-dgRA

Antiendothelial fusion proteins
Endostatin-human prolactin (hPRL)
antagonist

Anginex-albumin (EPR effect)

Antiendothelial peptide conjugates
NGRpeptide (targeting CD13)-
Doxorubicin (Dox)

RGDpeptide (targeting ay83)-Dox
RGDpeptide (targeting oy 83)-Human
monoclonal antibody
Antiendothelial liposomes
APRPGpeptide (homing angiogenic
peptide)-liposome-DPP-CNDAC
(antitumour nucleoside)
APRPGpeptide-liposome-Dox

Ab fragment to ED-B domain of FN-
liposomes-2’-deoxy-5-fluorouridylyl-
N*-octadecyl-1-8-D-
arabinofuranosylcytosine

Name

HPMA-TNP-
470

L19-TF
L19-IL12

L19-1L2
L19-21 At

Y4-2F1-dgRA

P3-2G8-dgRA

Endostatin-
GI129R

Anginex-
albumin

NGRpep-Dox

RGDpep-Dox
RGDpep-
HuMADb

APRPGpep-
Lip-DPP-
CNDAC
APRPGpep-
Lip-Dox

ScFv-5FdU-
NOAC-
liposomes

Mouse models

Melanoma,
Lewis Lung
carcinoma

Teratocarcinoma
Colon carcinoma

Teratocarcinoma
Colon carcinoma

Teratocarcinoma

Teratocarcinoma,
sarcoma
Breast carcinoma

Breast carcinoma

Breast
carcinoma

Ovarian
carcinoma

Breast cancer

Breast cancer
Melanoma

Melanoma

Melanoma

Teratocarcinoma

Refs.

(10]

[249]
[250]

[251]
[175]

[252]

[252]

[253]

[254]

(193],
[255]

[255]
[256]

(203],
(257],
[258]
(203],
(257],
[258]
[259]
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ED-B domain of fibronectin [173], which has been used to target tumour
and nontumour angiogenesis in animal models [174-177] and in cancer pa-
tients [178]. Radiolabeled monoclonal antibodies for large tenascin C have
been investigated clinically for both diagnostic and immunotherapeutic ap-
plications [179-182]. A more specific antibody that recognizes an extra-
domain C within the large isoform specific for aggressive tumours and unde-
tectable in normal tissues has been recently described [183].

In addition to these proteins, novel candidate markers preferentially ex-
pressed in tumour endothelium have been generated by proteomic [184-186]
and transcriptomic techniques [3, 187, 188]. Biopanning of phage display li-
braries [189, 190] has revealed peptide motifs [190, 191] and antibodies [192]
that specifically home in to tumour vasculature and are useful targeting moi-
eties. Some surface proteins in tumour endothelium recognized by peptides
motifs, such as aminopeptidase N (for NGR-containing peptides) [193] and
integrin ay83 (RGD-containing peptides) [194], have been validated, and the
protein expression of a few of the novel tumour endothelial markers (TEMs)
identified by serial analysis of gene expression [3,187] has also been con-
firmed [195, 196]. Although comprehensive immunohistochemistry analysis
using specific monoclonal antibodies as well as biodistribution studies in an-
imal models of angiogenesis-related diseases is still necessary to confirm the
specificity of most novel markers [164], it is foreseeable that many could serve
as targeting moieties for protein therapeutics.

8.1.2
Drug targeting to angiogenic vessels using peptide motifs

In the last decade, the use of peptide-targeting moieities to deliver drugs
to the tumour vasculature has increased exponentially. RGD-containing
peptides are the most well characterized; RGD-containing peptides or
biomimetic ligands recognizing integrin «y83 have been effectively used as
targeting moieties to deliver drugs to the tumour compartment [34, 197] and
for radioimaging of tumour animal models [198, 199].

Pasqualini and Ruoslahti reported a novel in vivo phage display that
distinguished between active proliferating microvascular EC in a tumour
and quiescent nonproliferating EC elsewhere in the vasculature [200]. This
methodology permitted angiogenesis-related targeting of tumour blood ves-
sels. Moreover, they demonstrated that a small peptide could be specifically
targeted to tumour vasculature inhibiting angiogenesis, tumour growth and
invasion [201, 202]. This approach has been pursued by several investigators,
and a number of peptide motifs that home in to all tumour endothelium or to
organ-specific tumour vasculature have been identified [203]. The vast major-
ity of the proteins/sugars recognizing the peptide sequences are unknown, so
it is still uncertain as to how specific they will be with respect to nonendothe-
lial cells. Because the peptides are delivered by intravenous administration,
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binding to potential nonvascular cells should be reduced. To date, many pep-
tide sequences identified by phage display have been successfully used in
mice as targeting vehicles for drugs such as toxins (Fig. 1A) and liposomes
(Fig. 1E) to the tumour vasculature (Table 4). Recently, Arap, Pasqualini and
their colleagues reported in vivo screening of a peptide library in a patient
for the first time [204]. Specific peptide motifs were found to home to the
endothelium of different organs, proving that the vasculature of each organ
is unique. If such a molecular map of the human vasculature is eventually
achieved and the results are taken together with the recently identified genes
that encode endothelial markers overexpressed during tumour angiogene-
sis [3], a novel pharmacologic approach to angiogenesis-dependent diseases
can be envisioned. Some of the many potential clinical applications of this
elegant technology were reviewed previously [201, 205].

Few examples of polymer conjugates using peptides as endothelial tar-
geting moieties have been reported. These are the HPMA copolymer-
doxorubicin-RGD conjugates [206], the technetium 99 m-labeled-HPMA-
copolymer carrying doubly cyclized RGD motifs (HPMA-copolymer-RGD4C
conjugate) [207] and the PEGylated cyclic RGD radiotracers (64-Cu-DOTA-
PEG-RGD and '%°I-RGD-mPEG) [208,209]. In addition, in vitro studies of
PEG-liposomes coupled to cyclic RGD or ATWLPPR peptides that target
tumour vasculature have been performed [210]. These polymers provide
a foundation for targeted polymer delivery of drugs to the tumour vasculature
of solid tumours.

8.2
HPMA copolymer-TNP-470 (caplostatin)

The tumour endothelium has proven to be an exciting target for anticancer
drugs whose goal is to stop the angiogenesis required for tumour growth
and progression. TNP-470, a low molecular weight analogue of fumagillin,
was first shown to be antiangiogenic in 1990 by Ingber and colleagues [31].
More recently, when tested in clinical trials against a variety of tumours,
TNP-470 treatment showed promising antitumour activity when used alone
or in combination with conventional chemotherapy [211,212]. However, the
promise of this drug was significantly limited by neurotoxicity that occurred
at the optimal anticancer dose [213,214]. Using an approach that combines
a drug-polymer cojugate with targeted delivery to the neovasculature, Satchi-
Fainaro and coworkers were able to achieve enhanced and prolonged activ-
ity of TNP-470 in a variety of in vivo models [10]. We designed and syn-
thesised a water-soluble conjugate of N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer, a Gly-Phe-Leu-Gly-ethylenediamine linker, and TNP-
470 (Fig. 13). HPMA copolymer-Gly-Phe-Leu-Gly-en-TNP-470 conjugate se-
lectively accumulated in the tumour microvasculature due to the passive
targeting phenomenon first described by Matsumura and Maeda, the EPR
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effect [21]. The HPMA copolymer-TNP-470 conjugate potently inhibited tu-
mour angiogenesis and subsequent tumour growth in both in vivo tumour
models (A2058 human melanoma, U87 human glioblastoma, COLO-205 hu-
man colon carcinoma, PC3 human prostate carcinoma and Lewis Lung carci-
noma) and a hepatectomy model. In addition, this conjugate did not cross the
blood-brain barrier and did not induce neurotoxicity as did the unconjugated
TNP-470. This very promising approach is worthy of further development.
In fact we hope that combination of HPMA copolymer conjugates containing
RGD motifs to promote integrin oy f3 receptor-mediated targeting [207] with
antiendothelial chemotherapy might enhance the effects seen further. In situ-
ations where the tumour is well vascularised, but vasculature permeability is
poor, this strategy might be essential.

Approaches such as these hold significant promise for the development of
new targeted antiangiogenic therapies as well as for the optimization of ex-
isting antiangiogenic drugs. Current interest is focusing on an even earlier
stage in tumour progression, the point at which a dormant, avascular tumour
acquires the ability to grow and metastasize by “switching on” angiogene-
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sis [215]. As sensitive biomarkers and imaging systems capable of detecting
the nascent microvasculature are developed, it is possible to imagine using
a potent angiogenesis inhibitor that targets the first generation of angiogenic
vessels developing in a tiny tumour lesion that is in the process of acquiring
the angiogenic phenotype. Such an agent might be capable of maintaining the
dormancy of that lesion indefinitely [216].

8.3
Delivery schedules and vehicles to target angiogenesis

In the last several decades, the development and use of controlled release
polymers has enabled the design of bioassays for the in vivo identification
and testing of angiogenesis inhibitors. This, in turn, has led to the intro-
duction of a significant group of new cancer therapeutics, which target the
new capillary growth that invades and nurtures developing tumours. This
antiangiogenic strategy to treat human cancer, pioneered by Judah Folk-
man, was recently validated in a large randomized clinical trial. In this trial,
reported by Hurwitz and coworkers, bevacizumab (Avastin), a vascular en-
dothelial growth factor (VEGF)/vascular permeability factor (VPF) antago-
nist, was administered along with conventional chemotherapy and signifi-
cantly improved the survival of patients with metastatic colorectal cancer.
Bevacizumab, a recombinant humanized anti-VEGF monoclonal antibody;,
was given in combination with the standard chemotherapy of irinotecan, flu-
orouracil, and [calcium folinate] leucovorin (IFL) to a cohort of over 800
patients. Patients who received the combination therapy showed a median
survival of 20.3 months compared to 15.6 months for the placebo group.
Studies aimed at achieving maximum therapeutic efficacy of some antian-
giogenic drugs have led to the development of what is now referred to as
an “antiangiogenic scheduling” of conventional chemotherapies [217]. This
regimen is able to circumvent the drug resistance induced by these same
anticancer drugs delivered on the traditional chemotherapeutic schedule, as
the main target is now the tumour endothelial cell. The first example of this
phenomenon was seen in studies with the chemotherapeutic agent cyclophos-
phamide, when it was delivered on a low-dose, high-frequency schedule as
opposed to standard bolus administration [217]. This schedule resulted in ef-
fective control of tumour growth, with a concomitant lack of drug resistance
in a number of tumour models. This delivery schedule, also termed “low-
dose metronomic chemotherapy” is currently being tested in clinical trials.
The unique vasculature of tumours, characterised by increased permeabil-
ity and their complex 3-D architecture, has recently been exploited as an
approach to delivering tumour-suppressing drugs with increased efficiency.
By manipulating the physicochemical properties of liposomes, they can be
made responsive to the specific physiologic features of a tumour (such as
low pH), so that the liposomes release their carried drug selectively in tu-
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mour tissue. Liposome-mediated delivery of anticancer drugs has improved
significantly with a concomitant increased accumulation of drug in tumour
vessels.

8.4
Related technologies: PEGylated-liposomes
to target tumour vasculature

Long-circulating liposomes, such as PEGylated liposomes (sometimes re-
ferred to as Stealth [218]), are also accumulated at the tumour site by the EPR
effect [219]. This accumulation is followed by the gradual release of drug in
situ and its subsequent diffusion to the intracellular tumour compartment. As
in the case of the polymeric wafers for brain chemotherapy, these PEGylated-
liposomes do not fully fit under the description of “polymer therapeutics”,
as the chemotherapeutics are not covalently bound but are rather entrapped.
However, they represent a beautiful example of hybrid technologies. Tumour
biopsy following the administration of the liposomal anthracyclines Doxil
and DaunoXome confirmed EPR mediated tumour targeting in the clinical
setting.

8.4.1
PEGylated-liposome-Raf mutant

A further step in liposomal drug delivery to tumour angiogenesis is to devise
an active targeting strategy by coupling ligands to the liposome surface that
will recognize specific receptors of the tumour endothelial cell (Fig. 1E). By
delivering a large drug payload directly into the endothelial cell, an increased
therapeutic effect is expected. As an example of this approach, a polymerised
cationic liposome has been linked to an endothelial targeting ligand recog-
nizing a3 and used to deliver a mutant Raf gene. Systemic injection of the
conjugate into mice resulted in apoptosis of the tumour-associated endothe-
lium, leading to tumour cell apoptosis and regression of established primary
and metastatic tumours [34].

8.4.2
Liposomal-PEG-Ala-Pro-Arg-Pro-Gly (DSPE-PEG-APRPG)

Another example of targeted PEGylated-liposomal delivery to the tu-
mour vasculature is liposomal-PEG-Ala-Pro-Arg-Pro-Gly (DSPE-PEG-
APRPG) [220]. In this compound, the peptide Ala-Pro-Arg-Pro-Gly
(APRPG) [203], identified from phage-display libraries as a target moi-
ety for tumour endothelium, is conjugated to hydrophobized polyethylene
glycol (distearoylphosphatidylethanolamine [DSPE]-PEG) [220]. Liposomes
containing DSPE-PEG-APRPG specifically bound to human umbilical vein
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endothelial cells stimulated by vascular endothelial growth factor in vitro,
and showed enhanced accumulation in tumours in vivo when tested in
colon 26 NL-17 carcinoma-bearing mice. The results indicate that PEG conju-
gate endowed liposomes with long-circulating character through avoidance of
RES trapping. Furthermore, PEG-APRPG conjugate liposome accumulated in
tumour more than PEG liposome at 24 h after the injection, and adriamycin-
encapsulated liposomes modified with APRPG-PEG caused more efficient
tumour growth suppression than adriamycin-encapsulated liposomes modi-
fied with PEG alone (Fig. 1E). Thus, the improved delivery of liposomes to the
tumour tissues was both due to enhanced passive targeting through the EPR
effect (via PEGylation), as well as active targeting to the tumour angiogenic
vasculature (via conjugation of the targeting moiety APRPG). This study and
the PEGylated-liposome-Raf mutant study described above demonstrate that
long-circulating liposomes encapsulating anticancer drugs and targeting the
tumour neovasculature can be effectively used to eradicate cancerous cells by
damaging angiogenic endothelial cells.

9
Combination of polymer therapeutics

A prerequisite for pharmacological activity of constructs delivered via the
lysosomotropic or endosomotropic routes (Fig. 2) is cellular internalization
and high levels of activating enzyme. Slow cellular uptake, transient cessa-
tion of endocytosis or too low levels of the activating enzyme could, in theory,
render cells resistant. To thwart this potential problem, polymer-based ap-
proaches containing cancer chemotherapy, or alternatively antiangiogenic
agents, are now being designed for extracellular drug delivery (Figs. 14A and
15A).

9.1
Polymer directed enzyme prodrug therapy (PDEPT)

PDEPT is a two-step approach combining a polymeric prodrug and polymer-
enzyme conjugate, thereby generating cytotoxic drug selectively in the
tumour interstitium (Fig. 14A). HPMA copolymer-cathepsin B combined
with HPMA copolymer-Gly-Phe-Leu-Gly-doxorubicin (Fig. 14B), and an
HPMA copolymer-S-lactamase conjugate and an HPMA copolymer-Gly-Gly-
cephalosporin-doxorubicin combination (Fig. 14C), have shown in vivo proof
of concept [45,221,222]. To achieve proof of concept HPMA copolymer-
Gly-Phe-Leu-Gly-doxorubicin (PK1) was selected as the model prodrug, and
HPMA copolymer-cathepsin B as the activating enzyme conjugate (Fig. 14B).
In vivo, 1?°I-labelled HPMA copolymer-cathepsin B and PK1 showed tu-
mour targeting by the EPR effect in a sc B16F10 model. Moreover, when
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Fig. 14 A Polymer directed enzyme prodrug therapy (PDEPT) is a two-step approach that
relies on activation of a polymer-drug conjugate by a complementary polymer-enzyme
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PK1 (10 mg/kg doxorubicin-equivalent) i.v. injection was followed after 5h
by the cathepsin B conjugate, there was a rapid increase in doxorubicin re-
lease within the tumour tissue (3.6-fold increase in the AUC compared to
that seen for PK1 alone). This confirmed the ability of triggered drug re-
lease in the extracellular space [221]. Subsequently, a nonmammalian enzyme
combination, HPMA-copolymer-Gly-Gly-cephalosporin-doxorubicin (HPMA
copolymer-C-Dox) and HPMA copolymer-Gly-Gly-§-lactamase were synthe-
sized (Fig. 14C) [45]. Again the two-step administration led to release of free
doxorubicin in vivo, and this PDEPT combination caused a significant de-
crease in tumour growth, in a B16F10 tumour model that was nonresponsive
to free doxorubicin and HPMA copolymer-C-Dox. As the PDEPT combina-
tion displayed no general toxicity at the doses used and did not lead to an
increase in free doxorubicin concentration in normal tissues, further devel-
opment of this concept is warranted [222].

The use of HPMA copolymer conjugates of catalytic antibodies for pro-
drug activation is an imaginative step further along this road [222] (Fig. 14D).
We reported the preparation of a novel catalytic antibody-polymer conjugate
for selective prodrug activation [222]. Antibody 38C2 catalyses a sequence
of retro-aldol retro-Michael cleavage reactions, using substrates that are not
recognized by human enzymes. Therefore, nonspecific prodrug activation
should be minimised. Furthermore, the antibody has recently demonstrated
its efficiency in activating several prodrugs in vitro and in vivo [223,224].
HPMA copolymer was conjugated to catalytic antibody 38C2 through an
amide bond formation between the e-amino group of the lysine residue from
the antibody molecule and a p-nitrophenyl ester of the polymer. The con-
jugate was purified over a size exclusion column using FPLC, similar to the
way it was done for HPMA copolymer-Gly-Gly-g-lactamase [45]. The result-
ing conjugate retained most of its catalytic activity (75-81%) in comparison
to the free antibody. Furthermore, the conjugate inhibited tumour cell growth
in vitro by activating an etoposide prodrug (Fig. 14D). Cell growth inhibi-
tion in the presence of the prodrug and the conjugate was almost identical
to inhibition by the free antibody and the prodrug. This is the first time that
a catalytic antibody was conjugated to a passive targeting moiety while re-
taining its catalytic ability to activate a prodrug. HPMA copolymer-catalytic
antibody 38C2 can be used for selective activation of prodrug in the PDEPT
approach by replacing the enzyme component with catalytic antibody 38C2
and conjugating the etoposide prodrug to a polymer.

9.2
Polymer-enzyme liposome therapy (PELT)

Similarly, HPMA copolymer-phospholipase C (PLC) conjugates can accel-
erate drug release from liposomes (Fig. 15B); this “polymer-enzyme lipo-
some therapy” (PELT) [13] could present another opportunity for combi-
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Fig.15 A Polymer-enzyme liposome therapy (PELT) relies on the liberation of drug from
liposomes by the action of a polymer-phospholipase conjugate. B PEGylated liposomal
doxorubicin (Doxil) activated by HPMA copolymer-Gly-Gly-phospholipase C conjugate.
C Comparison of enzymatic activity of free phospholipase C and HPMA copolymer Gly-
Gly-phospholipase C in vitro. Release of doxorubicin from Daunoxomes in the presence
of phospholipase C (), HPMA copolymer-Gly-Gly-phospholipase C (A) or Triton X-
100 (1%) (e) and in the absence of enzyme as a control (4) (R. Satchi and R. Duncan,
unpublished results)
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nation chemotherapy. Incubation of HPMA copolymer-PLC with liposomal-
doxorubicin (DaunoXome) in buffered solutions led to complete release of
free doxorubicin (Fig. 15C). HPMA copolymer-PLC conjugate retained enzy-
matic activity as the free PLC (Fig. 15C). Nonspecific release of doxorubicin
from the liposomes was not observed in buffered solutions in the absence of
PLC over 24 h (R. Satchi and R. Duncan, unpublished results).

9.3
Combination of polymer therapeutics inducing oxidative stress

Reactive oxygen species (ROS) are highly cytotoxic. Many antitumour drugs
and proteins exhibit their antitumour effects based on their ability to generate
ROS. However, systemic distribution of these drugs causes many undesirable
effects [225]. Maeda and coworkers have reported three polymer therapeu-
tics designed to generate oxidative stress within the tumour tissue: PEGylated
xanthine oxidase (PEG-XO) [163], PEGylated D-amino acid oxidase (PEG-
DAO) [226], and PEGylated zinc protoporphyrin (PEG-ZnPP) [227-230],
all of which show tumour-selective targeting via the EPR effect. Individu-
ally, each polymer therapeutic has potent antitumour activity, with tumour
growth suppressed even after discontinuation of the treatment. The combina-
tion of PEG-DAO and PEG-ZnPP has been shown to be a powerful therapy,
with tumour regressions observed in 3/8 treated mice.

9.3.1
PEG-XO0

Native xanthine oxidase, which generates superoxide anion (O;~) and hydro-
gen peroxide (H;0;), has potent antitumour effects [231,232]. Yet, it nor-
mally binds to all endothelial cells via its e-amino group in lysine residues,
causing accumulation in normal tissues and systemic toxicity. In an ele-
gant study, Sawa and coworkers used PEGylation of xanthine oxidase to its
lysine residues in order to achieve both (a) hindrance of the high affin-
ity interaction of native XO for all vascular cells, and (b) accumulation of
the protein within the tumour environment via the EPR effect [163]. PEG
conjugation significantly increased both blood and tumour accumulation of
PEG-XO compared with that of native XO, and caused significant suppression
of tumour growth of mouse sarcoma S-180 cells following administration of
hypoxanthine, which was not observed with native XO.

9.3.2
PEG-DAO

PEGylated D-amino acid oxidase (PEG-DAO) is another oxidative chemother-
apeutic agent that generates hydrogen peroxide in the tumour environment
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after administration of its substrate D-proline [226]. Because D-amino acids
do not exist in mammalian systems to a significant level, the activity of the
enzyme can be regulated by exogenous administration of its substrate. PEGy-
lation of DAO increased the protein’s short half-life in vivo, as the molecular
size of the native protein (M, 39000) is slightly smaller than the renal ex-
cretion threshold (M; ~ 50000), and also targeted the protein to the tumour
environment via the EPR effect. Tumour growth of mouse sarcoma S-180 cells
was significantly suppressed in mice administered PEG-DAO plus D-proline.
Growth suppression continued to at least 27 days after tumour implantation,
which was 15 days after the last treatment with PEG-DAO and D-proline. In
contrast, no significant antitumour effect was observed in mice treated with
native DAO plus D-proline.

9.3.3
PEG-ZnPP

Another skillful approach to targeting the tumour compartment by oxida-
tive stress is to make the tumour more vulnerable to oxidative insults. This
was achieved when PEG was conjugated to zinc protoporphyrin (ZnPP),
a heme oxygenase (HO) inhibitor [227-230, 233]. Tumour and normal cells
are protected from oxidative damage by the stress inducible heme oxyge-
nase (HO — 1), which is induced in cells after insults such as hypoxia [234],
ROS [235], and UV irradiation [235]. HO — 1 catalyses the initial and rate-
limiting step of heme degradation; oxidative cleavage of the heme leads to
formation of the antiapoptotic molecule carbon monoxide (CO), free iron,
and biliverdin, the latter of which is subsequently reduced to the potent an-
tioxidant bilirubin [236,237]. HO —1 exerts its protective role by multiple
mechanisms [228], including decreasing pro-oxidant levels (heme) [238], and
increasing antioxidant (bilirubin) levels [239]. Zinc protoporphyrin (ZnPP)
is a specific HO inhibitor. PEG-ZnPP, a water-soluble derivative of ZnPP, ex-
erts cytotoxic effects by itself [227]. Because it makes cells more vulnerable
to toxic insults, PEG-ZnPP also effectively potentiates the toxicity induced
by peroxides and anticancer agents both in vitro and in vivo [228]. When
PEG-ZnPP was used to treat mouse sarcoma S-180 tumours in mice, potent
antitumour effects were observed. PEG-ZnPP treatment produced tumour-
selective suppression of HO activity as well as induction of apoptosis, pre-
sumably through increased oxidative stress [227-230].

9.3.4
PEG-DAC and PEG-ZnPP combination

Building on these findings, Fang and coworkers reported a sophisticated ex-
ample for targeting the tumour compartment by oxidative damage using the
combined actions of PEG-DAC and PEG-ZnPP [228]. PEG-DAC selectively
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delivers oxidative damage to the tumours and PEG-ZnPP makes them more
susceptible to these oxidative insults. In this example, tumour growth was al-
most completely suppressed when the mice were pretreated with PEG-ZnPP
followed by PEG-DAO plus D-proline [229]. Importantly, lower doses of PEG-
DAO and PEG-ZnPP were used in these experiments than in the reports
described above. Continuous suppression of tumour growth was observed
even 22 days after the last treatment with PEG-DAO and D-proline, and com-
plete regression of tumour growth was observed in 3/8 mice. This study
demonstrates that polymer therapeutics are promising effective mediators of
oxidative therapy, and warrants further investigation for their clinical appli-
cation.

10
Conclusions

In general, an ideal delivery system is one that can enable the conjugation of
a targeting moiety and an active entity in a simple chemical platform. In the
near future the various technologies for drug delivery will be combined to tar-
get pathological angiogenesis with minimal side-effects (schematically shown
in Fig. 1D). Paul Ehrlich’s magic bullet dream (1906) may not have materi-
alised yet, but combination therapy targeting tumour vasculature with drug
delivery systems of cytotoxic chemotherapeutic drugs will probably be the
ideal attack on both compartments of the tumour; the endothelial and the
tumour cell.
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Abstract Block copolymers spontaneously assemble into nanoscaled polymeric micelles,
which have significant potential as drug carriers. Following much work in related fields
over the last decade, a drug carrier based on polymeric micelles has been created. Ad-
vances in polymer chemistry have significantly contributed to progress in polymeric
micelle-based drug carrier research, because the micelle parameters that are most im-
portant to successful drug delivery can be modulated by engineering the structures
of the micelle-forming block copolymers. More intelligent polymeric micelles enabling
environmentally-sensitive drug release and cell type-specific targeting have also recently
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emerged and have attracted increasing interest in the field of polymer chemistry. This pa-
per therefore reviews recent progress in research on polymeric micelles for drug delivery,
focusing upon the relationship between the chemical design of polymeric micelles and
their physicochemical and biological properties.

Keywords Block copolymer - Drug delivery system (DDS) - Drug targeting -
Gene delivery - Polymeric micelle

Abbreviations

ADR Adriamycin

AFM Atomic force microscopy

AmB Ampbhotericin B

ASGP Asialoglycoprotein

BPEI Branched polyethyleneimine

CDDP cis-Diamminedichloroplatinum(II), cisplatin
CL e-Caprolactone

CMC Critical micelle concentration

CNV Choroidal neovascularization

DDS Drug delivery system

DMAc N,N-Dimethylacetamide

DPT Dipropylene triamine

EO Ethylene oxide

EPR effect Enhanced permeability and retention effect
FDA Food and Drug Administration

GA Glycolic acid

LCST Lower critical solution temperature

LPEI Linear polyethyleneimine

NCA N-carboxyanhydride

ODN Oligonucleotides

PCL Poly(e-caprolactone)

PDLLA Poly(p,L-lactide)
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PEO Poly(ethylene oxide)
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PEO-b-DPT PEO-b-poly(3-[(3-aminopropyl)amino]propylaspartamide)
PEO-b-PAAs PEO-b-poly(amino acids)

PEO-b-PAMA PEO-b-poly[(2-dimethylamino)ethyl methacrylate]

PEO-P(Asp-ADR) PEO-b-poly(«, B-aspartic acid)
PEO-b-P(Asp) Adriamycin-conjugated PEO-b-P(Asp)
PEO-b-P(Asp-Hyd) PEO-b-P(Asp) processing the hydrazide groups in the side chains

PEO-b-PBLA PEO-b-poly(B-benzyl L-aspartate)
PEO-b-PCL PEO-b-poly(e-caprolactone)
PEO-b-PDLLA PEO-b-poly(p,L-lactide)

PEO-b-PE PEO-b-phosphatidylethanolamine
PEO-b-PEE PEO-b-polyethylethylene
PEO-b-P(Glu) PEO-b-poly(glutamic acid)
PEO-b-P(His) PEO-b-poly(L-histidine)
PEO-b-PLGA PEO-b-poly(lactide-co-glycolic acid)

PEO-b-PLA PEO-b-poly(lactide)
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PEO-b-PLLA PEO-b-poly(r-lactide)

PEO-b-P(Lys) PEO-b-poly(L-lysine)

PEO-b-P(Lys-IM) PEO-b-P(Lys) that has the side chain partially substituted with
a 1-imino-4-mercaptobutyl group

PEO-b-P(Lys-MP) PEO-b-P(Lys) that has the side chain partially substituted with
a 3-mercaptopropionyl group

PEO-b-P(Lys(Z))  PEO-b-poly(e-benzyloxycarbonyl L-lysine)

PGA Poly(glycolic acid)

P(His) Poly(r-histidine)

PIC Polyion complex

PLA Poly(lactide)

PLLA Poly(L-lactide)

Pluronic PEO-b-poly(propylene oxide)-b-PEO

P(Lys) Poly(L-lysine)

pNP p-Nitrophenylcarbonyl group

RES Reticuloendothelial system

siRNA Small interfering RNA

SPDP 3-(2-Pyridyldithio)propionate

TEM Transmission electron microscopy

Tg Glass transition temperature

32(-)DP Third generation dendrimer with 32 carboxylic acid groups
on the periphery

32(+)DP Third generation dendrimer with 32 quaternary trimethylamino

groups on the periphery

1
Introduction

Block copolymers, which are composed of two or more covalently-linked
polymers with different physicochemical properties, have attracted growing
interest from academia and industry since the 1960s [1]. Amphiphilic block
copolymers spontaneously form spherical, rodlike, lamellar or vesicular ag-
gregates in selective solvents depending on parameters such as the chemical
structure, the composition, and the concentration [2, 3]. One typical form of
block copolymer assembly is the polymeric micelle, which has a hydropho-
bic core surrounded by a hydrophilic coronal shell. Recently, there has been
increasing interest in the application of polymeric micelles as drug deliv-
ery systems (DDS) [4-10, 12, 13]. Polymeric micelles have several advantages
as drug carriers, such as (1) their applicability to a variety of therapeu-
tic agents (such as hydrophobic substances, metal complexes and charged
macromolecules such as polypeptides and polynucleotides), (2) ease of phys-
ical loading of drugs without chemical modification, (3) simplicity of micelle
preparation, (4) high drug loading capacity, and (5) controlled drug release.
These properties can be optimized by modulating the micelle core-forming
blocks depending on the chemical properties of the drugs. It should also be
noted that the pharmacokinetic properties of polymeric micelles are not af-
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fected by the properties of the loaded drugs but instead are mainly governed
by their sizes and surface properties. Furthermore, recent advances in syn-
thetic chemistry have allowed us to design smart polymeric micelles with
functions such as molecule-specific targeting and stimuli-responsive drug re-
lease (Fig. 1). The number of articles related to the application of polymeric
micelles to gene and drug delivery has increased remarkably over the past
decade, as seen in Fig. 2.
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Fig.1 Smart block copolymer micelles for drug delivery
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Fig.2 Trend graph of the number of articles related to drug delivery systems (DDS)
and micelles published in the last decade. This literature search was performed using
SciFinder Scholar software (American Chemical Society)
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2
Drug delivery systems

The major objective of using drug carriers is to modulate drug disposition
in the body. The long-circulating nature (stealth property) of drug carriers
is a requisite for successful drug targeting. The main obstacles to long cir-
culation of drug carriers are considered to be glomerular excretion in the
kidney and recognition by the reticuloendothelial system (RES) located in the
liver, spleen and lung [14] (Fig. 3). Since a threshold molecular weight ex-
ists for glomerular filtration (42 000-50 000 for water-soluble synthetic poly-
mers [15]), this can be avoided by increasing the molecular weight of the
carriers. On the other hand, drug carriers with low biocompatibility can be
recognized by the RES and then eliminated from blood circulation. Surface
modification of the carriers with biocompatible polymers can impair or even
avoid recognition by the RES [16, 17]. Among such biocompatible polymers,
poly(ethylene oxide) (PEO) is probably the most commonly used, due to the
high flexibility of its structure, its high degree of hydration, its nontoxicity
and its weak immunogenecity, and as such it has been approved by the Food
and Drug Administration (FDA) [18]. PEO chains where one end is attached
to the surface are particularly effective at preventing the adsorption of pro-
teins and the adhesion of cells due to high steric repulsion effects [19].
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Fig.3 Itinerary of a drug carrier after intravenous administration
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One of the most important reasons for using macromolecular carriers is
their preferential accumulation in solid tumors. This elevated macromolecule
accumulation in tumors is currently explained by their microvascular hy-
perpermeability to circulating macromolecules and the impaired lymphatic
drainage of macromolecules in tumor tissues. This phenomenon was termed
the “enhanced permeability and retention (EPR) effect” by Maeda and Mat-
sumura [20,21] (Fig. 4). It has been suggested that tumor microvascular hy-
perpermeability is due to overexpression of the vascular pemeability factor
(VPF)/vascular endothelial growth factor (VEGF) [22, 23] as well as the se-
cretion of other factors such as the basic fibroblast growth factor (bFGF) [24],
bradykinin, nitric oxide and peroxynitrate in tumor tissues [25, 26]. To date,
an increasing number of studies have reported that biocompatible carriers,
including synthetic polymers, liposomes and polymeric micelles, accumulate
in various types of tumors due to the EPR effect [27, 28].

3
Preparation and characterization of block copolymer micelles

3.1
Synthesis of block copolymers

In this section we describe the syntheses of functional PEO-b-poly(lactide)
(PEO-b-PLA) and PEO-b-poly(amino acids) (PEO-b-PAAs) block copoly-
mers. The synthesis routes for them have been mainly established by our
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group. Although a variety of block copolymers forming polymeric micelles
have been studied, these two types of block copolymers are particularly inter-
esting from the standpoint of biomedical applications because of their safety
for clinical use and the wide variety of chemical designs available for a specific
functionality.

Poly(lactide) (PLA) is a synthetic polymer widely used for biodegradable
biomaterials such as implants due to the desirable biodegradable and non-
toxic properties, which led to it being approved by the FDA [29]. Since there
are two stereoisomeric forms for lactic acid, p and L, two types of PLAs,
poly(r-lactide) (PLLA) and poly(p,L-lactide) (PDLLA), have been extensively
studied. PLLA has a semicrystalline nature and its mechanical toughness
makes it suitable for implant devices for fixing fractures [29]. On the other
hand, amorphous PDLLA is applicable to drug delivery devices due to its cap-
acity for drug incorporation and subsequent drug release, as mediated by
its nonenzymatic hydrolysis, which is autocatalyzed by the carboxylic group
at the PLA end [29]. To achieve a desirable degradation rate, LA is often
copolymerized with glycolic acid (GA) and e-caprolactone (CL), since PGA
and PCL give faster and slower degradation rates than PLA, respectively [30-
35]. The scheme for the facile and one-pot synthesis of the end-functionalized
PEO-PDLLA is shown in Fig. 5a. Ethylene oxide (EO) polymerization is initi-
ated by potassium 3,3-diethoxypropanolate, forming a heterofunctional PEO
(which means that the PEO possesses different functional groups at the o-
and w-ends), without any side reaction [36]. In this reaction, a series of
potassium alkoxides with protected functional groups can be used as ini-
tiators, yielding various heterotelechelic PEOs possessing aldehyde [36] and
benzaldehyde groups [37], a primary amino group [38], and monosaccha-
ride residues [39] at the a-end. The polymerization is followed by an anionic
ring opening polymerization of p,L-lactide from the w-end of the hetero-
functional PEO to obtain «-acetal-PEO-b-PDLLA [40], and occasionally the
w-end of the PLA segment is functionalized using an end-capping reagent
such as methacrylic anhydride [41]. This polymerization proceeds almost
quantitatively, and the molecular weight of each block can be controlled by
the initial monomer/initiator ratio. The synthesized copolymers have a nar-
row molecular weight distribution (M,,/M, < 1.1). This narrow molecular
weight distribution is a critical factor in the constituent PEO-b-PDLLA form-
ing monodispersive polymeric micelles with a distinct core-shell structure.

The acetal moiety at the «-end of PEO can be easily converted into a reac-
tive aldehyde group by gentle treatment with a weak acid solution (pH ~ 2).
No scission of the PLA segment occurs during the conversion of the acetal
group into the aldehyde group, since the PLA segment is segregated in the
hydrophobic core of the micelles. The reactive aldehyde group at the dis-
tal end of the PEO chain is available for conjugation with targetable ligand
molecules such as monosaccharide derivatives [42] and peptides [43] via a re-
ductive amination reaction using NaBH3CN (Fig. 5b). This reaction permits
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high functionalization (> 50%) of the PEO end of the copolymer. On the other
hand, the methacryloyl group at the w-end of PLA allows the polymerization
of the micellar core, which is initiated by azobis(2,4-dimethylvaleronitrile)
(V-65) at 60 °C [41]. The core-polymerized polymeric micelles were quite
stable regardless of the concentrations, solvents (organic solvents) and the
presence of surfactant, providing stable nanospheres with a range of applica-
tions in biomedical applications (for example, they can be used as a platform
for the electrophoretic separation of DNA [44]).

PEO-b-PAAs are synthesized by the ring-opening polymerization of an
N-carboxyanhydride (NCA) of an amino acid with a protected side chain,
initiated from the primary amino group of a-methoxy-w-aminoPEO [45].
For example, PEO-b-poly(B-benzyl L-aspartate) (PEO-b-PBLA) and PEO-
b-poly(e-benzyloxycarbonyl L-lysine) (PEO-b-P(Lys(Z))) are synthesized by
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polymerizing the NCAs of S-benzyl L-aspartate and e-benzyloxycarbonyl
L-lysine, respectively [46-48] (Fig. 6). Deprotection of the benzyl ester and
Z groups of PEO-b-PBLA and PEO-b-P(Lys(Z)) resulted in the formation
of PEO-b-poly(«, B-aspartic acid) (PEO-b-P(Asp)) and PEO-b-poly(L-lysine)
(PEO-b-P(Lys)), respectively (Fig. 6). The polymerization of the NCAs per-
mits the synthesis of PEO-b-PAAs with a narrow molecular weight distribu-
tion (My,/M, < 1.2), and the degree of polymerization of the PAAs is con-
trollable up to around 100. The advantages of using PEO-b-PAAs are that
a variety of functional groups are available on the side chains of the PAAs for
the formation of polymeric micelles through various interactions, including
hydrophobic interactions, electrostatic interactions, hydrogen bonding and
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metal complexation, as well as chemical modification. All of these are feasible
ways to conjugate the drugs and to control the physicochemical properties of
the formed polymeric micelles [6, 7]. The secondary structure of the PAA (o-
helix and B-sheet) can also be a critical parameter for the formation [49] and
stabilization of the micelles [50].

3.2
Properties of polymeric micelles

Amphiphilic block copolymers in selective solvents undergo self-assembly
into various nanosized morphologies [2, 3]. Typical aggregates formed by the
block copolymers are polymeric micelles with spherical shapes consisting
of a core and a coronal shell. These spherical polymeric micelles are several
tens of nanometers across with a narrow size distribution, and they are char-
acterized by their unique core-shell structure, in which a core composed of
insoluble blocks is surrounded by a palisade of soluble (hydrophilic) blocks.
So far, polymeric micelles intended for biomedical use have been prepared
from a variety of amphiphilic block copolymers including PEO-b-PBLA [51-
56], poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
(PEO-b-PPO-b-PEO) (Pluronic) [9], PEO-b-phosphatidylethanolamine (PEO-
b-PE) [12,13], PEO-b-PDLLA [40-43], PEO-b-poly(e-caprolactone) (PEO-b-
PCL) [11], and PEO-b-poly(lactide-co-glycolic acid) (PEO-b-PLGA) [57].

Polymeric micelles are typically prepared from amphiphilic block copoly-
mers using the dialysis method [11, 58]. The polymers are dissolved in a good
solvent (such as N,N-dimethylacetamide (DMAc)) (polymer concentration:
1 ~ 2 mg/mL), and then the polymer solutions are dialyzed against distilled
water (selective solvent) to remove the good solvent. This method allows for
kinetic control of the micellization. Since the good solvent is removed from
the core, the equilibrium between the unimers and micelles is frozen due
to the glassy nature of the core-forming blocks. Alternatively, polymeric mi-
celles are prepared by the direct dissolution method [11]. This method is
employed when block copolymers are soluble in water at a specific tempera-
ture and over a certain concentration range (as for Pluronic). Treatment by
heating or ultrasonication is often used to obtain thermodynamically stable
polymeric micelles.

Compared to surfactant micelles, polymeric micelles have a much higher
thermodynamic stability. It is well-known that micelles have a critical mi-
celle concentration (CMC) below which only unimers exist but above which
both micelles and unimers are present. It was reported that polymeric mi-
celles have a CMC around 107°-10~7 M [58, 59], which is 1000-fold lower than
that of surfactant micelles (10~°-10*). The CMC of polymeric micelles is af-
fected by many factors, including the properties of the core-forming blocks,
such as hydrophobicity, the glass transition temperature (Ty), the degree of
crystallinity, and the length and ratio of the hydrophilic and hydrophobic
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blocks. Also, polymeric micelles are assumed to have a higher kinetic stabil-
ity (slower dissociation rate into unimers) than surfactant micelles due to the
integrated molecular effect and the entangling of the core-forming blocks. In
our previous study, the dissociation rate of the micelles of adriamycin (ADR)-
conjugated PEO-b-P(Asp) into unimers was estimated to be on the order of
days in phosphate-buffered saline as well as in the presence of 50% rabbit
serum [60]. These slow dissociating properties of polymeric micelles are cer-
tainly an advantage for their use as nanocarrier systems, since they lead to the
sustained release of encapsulated drugs.

To stabilize the micelle structure, core and shell crosslinking has been
studied [41, 61-63]. Recently, Shen et al. reported that amphiphilic brush
copolymers composed of PEO and PCL chains, which were synthesized by
macromonomer copolymerization, formed polymeric micelles in which the
core-shell interface was crosslinked [64]. The diameters of the crosslinked mi-
cellesincreased with increasing PCL/PEO chainratio in therange 27.4-198 nm.
The crosslinked micelles were 100 times more stable against dilution compared
with micelles from corresponding amphiphilic block copolymers.

Here, the physicochemical properties of PEO-b-PDLLA micelles are de-
scribed in detail as a typical polymeric micelle useful for drug delivery [59,
65, 66]. PEO-b-PDLLA, where the M,, of PEO and that of PDLLA were 5700
and 5400, respectively, self-assembled into narrowly-distributed polymeric
micelles with approximately 35 nm across in aqueous media after a dialysis or
ultrasonication-aided dispersion method was applied. The important aspect
of the PEO-b-PDLLA micelles is that the thermal properties of the micelles
changed at the T of the PDLLA segment (~ 42 °C) [59]. The CMC of the PEO-
b-PDLLA micelles was determined at various temperatures (25-55 °C) using
physically entrapped pyrene as a fluorescent probe to monitor the change in
the polarity of the microenvironment in the micelle core. At temperatures
above Ty, the CMC value increased with the temperature according to the
following equation, AGY ~ RTIn(CMC), where G° and R are the Gibbs stan-
dard free energy and the universal gas constant, respectively. In contrast, an
almost constant CMC (6.0 x 10~/ M) was observed regardless of the tempera-
ture change below the Tg. This result was associated with a gradual increase
in the chain mobility of the PDLLA segment in the core of the micelles at
temperatures above Tg, which was estimated by IH-NMR measurements of
the PEO-b-PDLLA micelles in D,0. The mobility of the core-forming segment
was also related to the exchange behavior of the constituent block copolymers
between the micelles. The chain exchange rates between the micelles were ap-
preciably accelerated by increasing the temperature from 25 °C to 40 °C. The
frequency of the chain exchange rate may correlate with the possible interac-
tion of the block copolymers with biological components, including proteins
and cellular membranes. Thus, the characteristics of the core-forming blocks
significantly affect the crucial properties of the micelles as drug carriers.
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3.3
Blood circulation and tissue distribution

The biodistributions of polymeric micelles are predominantly affected by
their sizes and the properties of the outer shell. To obtain polymeric mi-
celles that exhibit stable circulation in the bloodstream, the hydrophilic shell-
forming block of PEO needs to be regulated at an M,, of 5000 to 12000, and
the length of it should preferably be greater than that of the core-forming
block [67]. The outer PEO shell of the micelle inhibits the surface adsorption
of proteins and other biological components, which is related to the micelle’s
elimination from the blood circulation through a mechanism involving the
RES [18, 19]. The particle size of the micelle should be less than 100-150 nm,
since larger particles may be susceptible to clearance by the RES. Also, it ap-
pears that smaller micelles might show a high accessibility to tumor tissues
through the porous tumor capillaries [68] and deeper tissue penetration into
the tumors [69].

Polymeric micelles may not dissociate when they are strongly diluted
after intravenous injection into a human or animal body. In our previous
study [70], 0.4 mg of PEO-b-PDLLA micelles were intravenously injected into
mice (body weight: 20 g). Assuming that the volume of plasma in mice is
45.6 mL/kg, the initial concentration of the polymeric micelle in the plasma
was calculated to be 440 mg/L, which is more than 50-fold higher than the
CMC value of the PEO-b-PDLLA micelles (8 mg/L at 40 °C). Even if the initial
micelle concentration in the plasma is below the CMC, micelle dissociation
may be kinetically slow, allowing the micelles to circulate in the bloodstream
for an appreciable time period. Indeed, the PEO-b-PDLLA micelles showed
prolonged blood circulation (t;/, ~ 18h) after intravenous injection, and
25% of the injected dose remained in circulation at 25 h-post injection [70].
During the circulation, the micelles did not interact with blood cells. The sta-
ble circulation of the micelles was confirmed by a gel filtration assay [70].
During tissue distribution, the polymeric micelles were localized in the vas-
cular spaces of the normal organs including the lung, kidney, liver and spleen
for up to 24 h [70]. The minimal accumulation of the micelles in the liver and
spleen suggests that they are able to avoid recognition by the RES and en-
trapment by hepatic sinusoidal capillaries, as characterized by large interen-
dothelial cell junctions (~ 100 nm) and the absence of basement membranes
despite the relatively small size of the micelles (~ 40 nm). It is worth men-
tioning that the PEO-b-PDLLA micelles were slowly excreted into the urine
(24% of injected dose at 24 h-post injection), since the molecular weight of
the block copolymers is much lower than the threshold of glomerular excre-
tion [70]. These results indicate little cumulative accumulation of the drug
carriers in the body.

To study the effects of the surface charge of the polymeric micelle on
its blood circulation and tissue accumulation, small neutral and negatively-
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charged peptides (Try and Try-Glu, respectively) were installed on the micelle
surface by placing a reactive aldehyde group to the PEO end, resulting in
the preparation of neutral and negatively-charged polymeric micelles with
zeta potentials of 1.3 mV and - 10.6 mV, respectively [43]. Both of the mi-
celles showed almost the same profiles in the blood circulation, but a slightly
lower accumulation in the liver and spleen was observed for the negatively-
charged micelles [70]. The lower cellular uptake of the negatively-charged
micelles may be due to electrostatic repulsion by the negatively-charged cell
membranes. Nevertheless, there was no appreciable difference between the
biodistributions of the neutral and negatively-charged micelles [70], suggest-
ing that surface modification of the micelles with small ligand molecules
hardly affects their circulation and disposition in the body.

Long-circulating polymeric micelles can preferentially accumulate in solid
tumors due to the aforementioned EPR effect. It has been suggested that the
EPR effect is universally observed in malignant tumors. Jain et al. reported
that vascular cut-off sizes in solid tumors range from 380 to 780 nm, depend-
ing on the type and size of the tumor and its microenvironment [22-24].
Therefore, the vascular pore cut-off size of the tumor is unlikely to be an ob-
stacle to transvascular transport of polymeric micelles, which are less than
100 nm across. Such anatomical characteristics of solid tumors appear to al-
low polymeric micelles to accumulate in a tumor in a passive manner. Indeed,
we have demonstrated that antitumor drug-incorporated micelles achieve
a 10 ~ 20-fold higher accumulation in tumors than a free drug does, while
showing reduced accumulation in normal tissues [67,71-73]. On the other
hand, polymeric micelles with targeting moieties may be of further interest
due to their ability to specifically bind to tumor cells. However, the tumor
cells are generally located outside of the microvasculature, so that extravasa-
tion of the micelles, which is a passive process governed by particle size and
longevity in blood circulation, is a prerequisite for specific interactions with
tumor cells.

More recently, it has been suggested that polymeric micelles accumulate
not only in solid tumors but also in other diseased sites. We have recently
found that a balloon injury in the rat carotid artery caused a marked and sus-
tained increase in vascular permeability, allowing significant accumulation
of polymeric micelles in the balloon-injured artery [74]. As a result, ADR-
incorporated micelles inhibited neointimal formation in the injured artery,
offering a new approach to the prevention of restenosis after percutaneous
coronary intervention during clinical cardiosurgery [74]. Similarly, Torchilin
et al. reported that PEO-b-PE micelles selectively accumulated in the area
of an experimental myocardial infarction after intravenous injection [75]. It
appears that the infarct area might have anatomical characteristics that are
similar to those of solid tumors (the EPR effect). On the other hand, exuda-
tive age-related macular degeneration, which is a major cause of visual loss
in aged adults in developed countries, is characterized by choroidal neovas-
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cularization (CNV). We have recently reported that polymeric micelles also
accumulate in CNV sites in rat models, which were experimentally created by
laser photocoagulation, after intravenous injection [76]. This accumulation
of micelles at the CNV sites was maintained for as long as 168 h. This result
may offer a new approach to the treatment of CNV, via drug targeting with
polymeric micelles.

4
Polymeric micelles for drug delivery

4.1
Encapsulation of hydrophobic drugs

The encapsulation of a drug by polymeric micelles is achieved by the dialysis
method or the oil in water (o/w) emulsion method [58] (Fig. 7). In the former
method, the drug and block copolymers are dissolved in a good solvent and
then dialyzed against a selective solvent. As polymeric micelles form during
the dialysis process, the drug is incorporated into the cores of the micelles.
Excess drug is also removed during the dialysis process. In the latter method,

(A) Dialysis method
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;

Dialysis
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% selective
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Ao 2 —
L ¢
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Block copolymers and
drugs in good solvent Micellization process Drug-incorporated  micelle

Livaporation
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Fig.7 Methods for physical encapsulation of drugs in polymeric micelles: A dialysis
method, and B O/W emulsion method
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a drug dissolved in an organic solvent (such as dichloromethane) is added
dropwise to a solution of micelles in water. The cores of the micelles entrap
an emulsion containing the drug, and the drug is incorporated as the organic
solvent evaporates. The free drug can be removed by purification using ultra-
filtration. Both methods ensure a high incorporation ratio of drug to block
copolymers, achieving around 20% (w/w) [58]. The effect of a high loading
of drugs on the biodistribution of the micelles may be reduced due to the
segregated core-shell structure and compacted inner core.

The structures of the block copolymers significantly influence the ability
of polymeric micelles to carry hydrophobic drugs, affecting key properties
such as the stability, size, size distribution, loading capacity, release kinetics
and biodistribution of the micelles. In other words, these critical parameters
can be changed or controlled by tailoring the block copolymers for a par-
ticular task. The hydrophobic cores of the polymeric micelles made from
amphiphilic block copolymers serve as a nano-reservoir for hydrophobic
drugs. Therefore, the chemical structures and properties of the core-forming
blocks significantly affect the drug loading efficiency and drug release rate.
In many cases, polymeric micelles produce a sustained release of the drug
over a period of hours or days. The drugs appear to be released by a mech-
anism of drug diffusion from the micelle core or by micelle disintegration.
Micelles with a frozen core (in other words the T values of the core-forming
blocks are above the physiological temperature) can give a slower core drug
diffusion rate. Also, the diffusion rate can be slowed down if a favorable in-
teraction exists between the drugs and the core-forming blocks (as in the
case of PEO-P(Asp-ADR) micelles, described below). On the other hand, the
amount of the drug loaded affects its release kinetics. It was reported that
higher loadings of hydrophobic drugs (such as lidocaine and clonazepam)
cause drug crystallization inside the micellar core, leading to a reduced drug
release rate [57,77]. In any case, considering the harsh in vivo conditions,
a slower drug release seems to be required to achieve efficient drug delivery
to the target.

The compatibility between the core-forming blocks and the drugs to be
loaded is one of the most important factors to take into account when de-
signing block copolymers. In our previous study, ADR was covalently intro-
duced into the side chain of PEO-b-P(Asp) via an amide bond between the
carboxyl group in P(Asp) and the primary amino group of the glycosidyl
residue in ADR in order to obtain the micelle-forming amphiphilic block
copolymers PEO-b-P(Asp-ADR) [46,47,71,72,78,79] (Fig. 8). An inner core
of PEO-P(Asp-ADR) micelles can be charged with free ADR, and the physi-
cally entrapped ADR was found to produce more cytotoxic activity than the
chemically conjugated one [80]. However, it was found that the chemically
conjugated ADR contributes to the stable physical entrapment of unconju-
gated drugs through a 7-7 interaction between the anthracycline structures
in conjugated and unconjugated drugs [60]. Indeed, the efficiency of entrap-
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ment of the unbound ADR into the micelles increased with the ratio of the
chemically conjugated ADR to the P(Asp) segment, and increased amounts of
both the physically entrapped and chemically conjugated ADRs were shown
to improve the micellar structure based on a column chromatography as-
say [60]. The PEO-P(Asp-ADR) micelles showed a stable blood circulation
and preferential accumulation in solid tumors after intravenous injection into
tumor-bearing mice, consequently achieving significantly enhanced antitu-
mor activity [71, 72]. The optimized formulation of the PEO-P(Asp-ADR) mi-
celles is currently being studied in a phase II clinical trial in Japan [81]. Kwon
et al. reported that amphotericin B (AmB) was efficiently encapsulated into
polymeric micelles possessing AmB compatible moieties (saturated fatty acid
esters) in the side chains of the core-forming blocks [82, 83]. Also, Yokoyama
et al. reported the efficient encapsulation of KRN5500, a spicamycin deriva-
tive composed of a long-chain fatty acid, glycine, aminoheptose and adenine,
into the micelles from PEO-b-PBLA derivatives with a substituted cetyl ester
group in the side chain [84].

Recently, Kissel et al. reported that the core crosslinking of the PEO-b-
PCL micelles not only improved the thermodynamic stability of the micelles
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against dilution but also increased the loading efficiency of paclitaxel in the
micelles [85]. Despite the core crosslinking, the biodegradability of the PCL
segments ensures no long-term accumulation of the drug carriers in the

body.

4.2
Encapsulation of other drugs

In addition to hydrophobic molecules, metal complexes can be incor-
porated into polymeric micelles. In our recent studies [73,86,87], cis-
diamminedichloroplatinum(II) (cisplatin, CDDP), a metal complex antitu-
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Fig.9 Chemical structure and formation of CDDP-incorporated micelles, and their disso-
lution behavior in physiological saline at 37 °C
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mor drug, was complexed with a PEO-b-P(Asp) or PEO-b-poly(glutamic
acid) (PEO-b-P(Glu)) copolymer through a ligand substitution reaction of the
platinum(II) in distilled water, forming CDDP-incorporated polymeric mi-
celles of size ~ 30 nm, with a remarkably narrow size distribution (Fig. 9).
The CDDP-incorporated micelles were stable in distilled water, but showed
a sustained release of CDDP in physiological saline, which might be at-
tributed to an inverse ligand substitution of the platinum (II) from the
carboxylates in the micelle core to the chloride ions in the medium. Of
interest is the fact that the CDDP-incorporated micelles gradually disso-
ciated into small aggregates or unimers synchronized with the release of
CDDP, because the driving force of the micelles is polymer-metal com-
plex formation. When intravenously injected into tumor-bearing mice, the
CDDP-incorporated micelles showed a remarkably prolonged blood circu-
lation (13% dose at 24 h post-injection) and they accumulated effectively
in solid tumors (in a 20-fold higher concentration than free CDDP). An in
vivo antitumor activity assay revealed that the micelles had significant an-
titumor activity, achieving a 40% complete cure without significant body
weight loss in colon 26-bearing mice, whereas the free CDDP showed no
cure of solid tumors at the dose in which 20% body weight loss was ob-
served [73]. Thus, the CDDP-incorporated micelles could be a promising
formulation of CDDP for the targeted therapy of solid tumors. Hydro-
gen bonding interactions also appear to be available for encapsulation
of the drugs into polymeric micelles. Recently, an antidiuretic hormone
oligopeptide, (Arg®)-vasopressin, was successfully incorporated into poly-
meric micelles by hydrogen bonding with PEO-b-P(Asp) in a free acid
form [88].

4.3
Stimuli-triggered drug release

The drug release from polymeric micelles can be triggered by several phys-
ical stimuli. Rapoport et al. reported that ultrasound irradiation enhanced
ADR release from Pluronic micelles and cellular uptake of both the free
and encapsulated drugs [89]. This technique has been proven to be applica-
ble for in vivo use, and it was observed that the application of ultrasound
significantly reduced the tumor size in rats compared with nonsonicated con-
trols [89], suggesting the possibility of using this method to enhance the drug
activity at the tumor site. On the other hand, polymeric micelles with thermo-
responsive coronal shells were prepared from poly(N-isopropylacrylamide-
co-N,N-dimethylacrylamide)-b-PDLLA copolymers [90]. The thermally re-
sponsive polymeric micelles had a low critical solution temperature (LCST) at
40 °C, and the ADR-loaded micelles gave faster ADR release at 42.5 °C (above
the LCST) than that at 37 °C (below the LCST), resulting in enhanced cyto-
toxicity against bovine aorta endothelial cells at 42.5 °C [90]. A combination
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of selective delivery to solid tumors by polymeric micelles and local heating
at the tumor sites might offer a new strategy for an effective tumor-targeted
therapy.

We recently reported on pH-sensitive polymeric micelles where drug re-
lease was triggered by decreasing the pH. PEO-b-P(Asp) possessing hydrazide
groups in the P(Asp) side chains (PEO-b-P(Asp-Hyd)), which was synthe-
sized by a modified acid anhydride reaction, was coupled with ADR through
an acid-labile hydrazone bond between the C13 of ADR and the hydrazide
groups (PEO-b-P(Asp-Hyd-ADR)) [91] (Fig. 10). The pH-sensitive polymeric
micelles showed an appreciable ADR release at low pH (4.5-5.5), whereas they
were stable at physiological pH (~ 7.0). Confocal microscopy observations re-
vealed the localization of the micelles in acidic lysosomal compartments in
living cells and the subsequent time-dependent intracellular release of ADR.
On the other hand, Bae et al. recently reported pH-sensitive polymeric mi-
celles from PEO-b-poly(r-histidine) (PEO-b-P(His)) block copolymers [92].
Poly(r-histidine), which has pK, values similar to physiological pH, behaves
as a hydrophobic segment at comparatively high pH (~ 8.0) while show-
ing hydrophilicity, biodegradability and fusogenic activity at low pH (< 7.0).
The PEO-b-P(His) micelles gave an increased ADR release rate as the pH de-
creased from 8.0. To shift the pH range so that the drug release occurs at
more acidic conditions, PEO-b-P(His) was blended with PEO-b-PLLA to form
mixed micelles. These mixed micelles gave accelerated ADR release in the pH
range 6.6-7.2, the exact pH depending on the mixing ratio of the two kinds
of block copolymers. These pH-sensitive micelles could achieve stable blood
circulation with minimal drug leakage but accelerated drug release inside the
tumor cells. This strategy ensures safe and effective drug delivery.
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44
Surface-functionalized polymeric micelles

Acetal-PEO-b-PDLLA, which is synthesized according to the scheme shown
in Fig. 5, formed polymeric micelles with reactive aldehyde groups on their
surfaces. Sugar moieties (lactose, galactose and mannose) [42, 93] or peptidyl
ligands [43] were installed on the surfaces of the polymeric micelles through
Schiff base formation and further reductive amination reactions. The func-
tionality of the ligand molecules, defined as the number of ligand molecules
per 100 copolymer chains, was maintained as high as 80%, while the par-
ticle size and size distribution remained unchanged [93, 94]. Such targetable
polymeric micelles might be useful for active targeting by specifically bind-
ing to the targeted tissues or cells as well as facilitating cellular uptake by
receptor-mediated endocytosis. Indeed, the lactose-PEO-b-PDLLA micelles
specifically interacted with RCA-I lectin, whereas the mannose-installed mi-
celles were specifically bound to the Con A lectin [93]. The interaction of the
lactose-installed micelles with the RCA-I lectin protein bed simulating the
glycoreceptors on hepatocytes was further studied by surface plasmon res-
onance [94]. In this study, enhanced binding was observed for lactose func-
tionalities higher than 40%, suggesting the importance of ligand molecule
multivalency on the surfaces of the polymeric micelles.

Bae et al. have conjugated a folic acid to the mixed micelles of PEO-b-P(His)
and PEO-b-PLLA (see Sect. 4.3), and demonstrated that the folate-conjugated
micelles show a higher in vitro cytotoxicity of loaded ADR against hu-
man breast adenocarcinoma MCF-7 cells than nontargeted micelles, probably
due to a combination of folate receptor-mediated endocytosis and subse-
quent accelerated drug release in the endosomal compartment [92]. Torchilin
et al. recently reported antibody-conjugated polymeric micelles (immunomi-
celles) [95]. Amphiphilic block copolymers(PEO-b-PE) with a reactive p-
nitrophenylcarbonyl (pNP) group on the distal end of PEO were synthesized by
coupling PEO-(pNP), with PE [96], and the pNP moiety was used to conjugate
the tumor-specific antibody onto the micellar surface. They found that the im-
munomicelles recognized and bound various tumor cells in vitro, and showed
a higher accumulation in experimental tumors than the nontargeted micelles.
The immunomicelles improved the in vivo antitumor activity of paclitaxel [95].
It should be noted that the immunomicelles were prepared from a mixture of
pNP-PEO-b-PE and PEO-b-PE, of which the M,, values of PEO were 3500 and
2000, respectively. Conjugation of the antibody to the longer PEO end on the
micellar surface might ensure its specific binding to the target.

Wooley et al. have extensively studied shell crosslinked nanoparticles
with functional ligands on their surface [63,97-99]. The shell crosslinked
nanoparticles were prepared using amidation-based crosslinking of the
acrylic acid residues of the micelles from poly(acrylic acid)-b-PCL [98] or
poly(acrylic acid)-b-poly(methyl acrylate) [99]. In the former case, hydrolysis
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of the PCL segments resulted in the formation of shell crosslinked nanocap-
sules. The surfaces of the shell crosslinked nanoparticles were then modified
with a cell membrane penetrating the Tat peptide through the coupling of the
amino chain end of the Tat peptide with the acrylic acid residues present on
the surfaces of the nanoparticles [98, 99]. Fluorescence microscopy observa-
tions revealed that transduction of nanoparticles labeled with a fluorescent
probe occurred into cells, suggesting that the membrane-penetrating pep-
tides on the nanoparticle surfaces were functioning properly.

4.5
Intracellular localization of micelles

In general, polymeric micelles are assumed to enter the cell by endocytosis,
resulting in localization in the endosome and lysosome. However, Maysinger
et al. has recently reported that fluorescence-labeled PEO-b-PCL micelles
localized not only in the lysosome but also in the mitochondrion, Golgi ap-
paratus and endoplasmic reticulum [100]. It is hypothesized that the micelles
may disassemble into single chains in the lysosome and permeabilize the
lysosomal membranes to relocalize the micelles. If this is the case, intracel-
lular localization of polymeric micelles may depend on their thermodynamic
and kinetic stabilities, which are associated with the properties of the block
copolymers. A shell of PEO chains may also contribute to the localization of
the micelles in cytoplasmic organelles, since amphiphilic PEO possibly in-
teracts with the cellular membranes. Indeed, Hasan et al. reported that the
introduction of PEO graft chains into the poly(L-lysine)-drug conjugates re-
sulted in their localization in mitochondrion [101].

From the viewpoint of pharmaceutical applications, polymeric micelles
may alter the internalization route, intracellular localization and concen-
tration gradient of a drug, leading to an improvement in its pharmaco-
logical activity. Kavanov et al. have studied Pluronic micelles as a carrier
for hydrophobic drugs, and found that Pluronic micelles inhibit the P-
glycoprotein-mediated drug efflux system in several cell lines [102]. Here,
the Pluronic unimers are likely to play an essential role in the inactivation
of P-glycoprotein. It was also found that Pluronic micelles enhanced drug
accumulation in the brains of mice through the blood-brain barrier [103].
Recently, we have studied the gene expression profiles of cells (human non-
small-cell lung cancer PC-14 cells) treated with CDDP-incorporated micelles
using a gene expression array [104]. The expression patterns of the genes re-
lated to cell cycle regulation, apoptosis-related proteins, detoxification and
DNA repair enzymes, which are considered to be associated with free CDDP-
induced cytotoxicity, were similar in both the cells treated with the free CDDP
and the CDDP-incorporated micelles. However, the CDDP-incorporated mi-
celles down-regulated the genes encoding integrins and matrix metallopro-
teinases (MMPs), which play an integral role in tumor invasion, metastasis
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and angiogenesis, whereas the free CDDP up-regulated them. These results
suggest the possibility that the micellar carriers may improve the pharma-
cological activity of the free CDDP. A better understanding of the universal
effects of micellar carriers may be helpful for their clinical use, and may lead
to the creation of more effective micellar formulations.

5
Polyion complex (PIC) micelles

5.1
Properties of the PIC micelles

Recently, new types of block copolymer micelles formed through via electro-
static interactions between a pair of oppositely charged block copolymers or
a pair of charged block copolymers and oppositely charged macromolecules,
which are termed “polyion complex (PIC) micelles”, have attracted much
attention in various fields, including drug delivery [48,105-110]. For ex-
ample, mixing negatively charged PEO-b-P(Asp) and positively charged PEO-
b-P(Lys) [48] or P(Lys) homopolymers [105] in stoichiometric charge ratios
in aqueous media resulted in the spontaneous formation of PIC micelles with
sizes of 30-50 nm and significantly narrow size distributions, comparable to
natural viruses. The structures of the PIC micelles, where the PIC core is
surrounded by a hydrophilic PEO segment shell, prevents precipitation or ag-
gregate formation over a wide range of concentrations. The physicochemical
properties of the PIC micelles are significantly affected by many factors such
as the molecular weights, charge densities and flexibility of charged segments,
the pK, values, the bulkinesses and the mobilities of the charged groups. In
particular, it is known that the PIC micelles are destabilized with increasing
ionic strength due to electrostatic shielding [61]. Recently, PIC micelles were
prepared from a combination of charged block copolymers (PEO-b-P(Lys) or
PEO-b-P(Asp)) and oppositely charged third-generation dendrimers with 32
charged groups on the periphery (32(-)DP or 32(+)DP, respectively) [111].
The 32(+)DP/PEO-b-P(Asp) micelles showed higher stability against NaCl
concentration than the P(Lys),7/PEO-b-P(Asp) micelles, which may be ex-
plained by assuming that the PIC from a rigid dendrimer may produce
a smaller entropy gain upon dissociation than that from a flexible P(Lys) ho-
mopolymer. It was also suggested that hydrogen bonds may form between the
carboxylic acid groups of the dendrimers and the primary amine groups of
the P(Lys) blocks in the 32(-)DP/PEO-b-P(Lys) micelles, providing further
stabilization of the micelle structure against an increase in NaCl concentra-
tion up to 1500 mM, ten times higher than physiological concentration.
Interestingly, we recently found that the PIC micelles formed from a pair
of PEO-b-P(Asp) and PEO-b-P(Lys) exhibit a unique phenomenon - chain
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length recognition - during their formation [112, 113]. A pair of oppositely
charged block copolymers form PIC micelles that possess the same chain
length of charged segments in the PIC core even if two kinds of block
copolymers with matched and unmatched chain lengths exist in the system.
For example, adding PEO-b-P(Asp) (the degree of polymerization of P(Asp)
(DPp(asp)) = 18) to the mixture of PEO-b-P(Lys) (DPp(1ys) = 18) and PEO-b-
P(Lys) (DPp(1ys) = 78) resulted in the selective formation of the PIC micelles
from PEO-b-P(Asp) (DPp(asp) = 18) and PEO-b-P(Lys) (DPp(1ys) = 18) with
a stoichiometric mixing ratio, leaving the PEO-b-P(Lys) (DPp(1ys) = 78) free.
This chain length recognition during the formation of the PIC micelles ap-
pears to be due to the strict phase separation between the PEO shell and PIC
core domains, which requires regular alignment of junctions between PEO
and the charged segments at the interface.

PIC micelles also form from a combination of charged block copolymers
and oppositely charged biologically active molecules, including proteins [62,
114-116] and nucleic acids [106-110]. For example, the mixing of PEO-b-
P(Asp) and a lysozyme, a cationic enzyme, at the charge stoichiometric ratio
(the ratio of aspartic acid residue in PEO-b-P(Asp) to the total number of
lysine and arginine residues in lysosome (R = 1.0)) led to the formation of
PIC micelles of size ~ 50 nm. In terms of the stoichiometry of PIC micelle
formation, stoichiometric micelles and free lysozymes exist in the system at
R < 1.0, indicating micelle formation in a cooperative manner [114, 115]. On
the other hand, nonstoichiometric micelles possessing excess PEO-b-P(Asp)
were formed at R > 1.0, and the micelle size increased linearly with increas-
ing R [114,115]. It appears that the existence of free block copolymers in
the system is unfavorable at these conditions due to the thermodynamic
penalty, which gives them their strong tendency to assemble into the PIC
micelles. Lysozymes in PIC micelles showed 100-fold increased enzymatic
activity against a small substrate, 4-nitrophenyl-di-N-acetyl-g-chitodioside
((NAG);), due to a remarkable decrease in the Michaelis constant (K, ), which
indicates an increase in the affinity of a substrate for the lysozymes in the
micelle core [116]. This result led to a new idea of on-off regulation of the
enzymatic activity of lysozymes in the PIC micelles using an external elec-
tric field, which should affect the structure of the micelles [117]. Indeed,
quick and distinct on-off switching of the enzymatic reaction was achieved
by applying a pulsed electric field with a voltage of 65-70 V/cm to the PIC
micelles. On the other hand, the micellization of the lysozymes resulted in
reduced lytic activity against a large substrate, Micrococcus luteus cells, be-
cause cell access to the PIC core was prevented by the outer PEO layer. This
phenomenon facilitated the on-off switching of lysozyme cell lysis activity by
changing the salt concentration in the media, which significantly affected the
stability of the PIC micelles [118].
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5.2
PIC Micelles for gene delivery

Recently, enormous effort have been devoted to the development of non-
viral gene carriers based on cationic polymers (polyplexes) in order to
achieve gene transfer into the target cells through topical or systemic ad-
ministration [6,7,119-121]. Nonviral gene carriers have many advantages
compared with recombinant viral vectors, such as safety (due to the lack of
specific immunogenecity), simplicity of use, and ease of large-scale produc-
tion. So far, a variety of polycations including P(Lys) [122, 123], linear or
branched polyethyleneimine (LPEI or BPEI, respectively) [124-127], cationic
dendrimers [128], and chitosan [129, 130] have been studied as nonviral gene
carriers due to their ability to mask the negative charge of the plasmid DNA
(pDNA) and package it into a small particle (< 200 nm) for effective cellular
uptake via endocytosis and the protection of DNA from enzymatic or hy-
drolytic degradation, and their ability to transfer genes to cultured cells have
been demonstrated. However, these polyplexes may not be useful for in vivo
gene delivery due to their cationic nature, which might lead to uncontrol-
lable biodistribution in the body [131] and may even cause fatal toxicity [132].
It has been suggested that this in vivo polyplex toxicity might be associated
with erythrocyte aggregation, causing occlusion of the lung capillaries [132].
In this regard, surface modification o cationic polyplexes with hydrophilic
polymers such as PEO is a promising way to improve their biocompatibil-
ity [133]. A typical core-shell type polyplex (polyplex micelle) can be formed
from PEO-b-P(Lys) block copolymers [110, 134]. PEO-b-P(Lys) and pDNA
formed polyplex micelles with a low absolute zeta-potential value, where
a PIC core consisting of P(Lys) and a single pDNA molecule was covered
with dense PEO palisades, at a charge ratio (Lys/nucleotide unit ratio) of
2 [134]. Atomic force microscopy (AFM) revealed that the polyplex micelles
consisted of a toroidal structure of size 60-100 nm and a rod-like struc-
ture with a long axis of length 150-300 nm [135]. The PEO-b-P(Lys)/pDNA
polyplex micelles showed high serum tolerance, maintaining the condensed
state of pDNA in the PIC core due to decreased nonspecific interactions with
biological components. Eventually, the cellular uptake and the transfection
efficiency of the polyplex micelles were not hampered by incubation with
serum, whereas the structures and functions of the P(Lys)/pDNA polyplexes
and the cationic liposome/pDNA complexes (lipoplexes) were substantially
spoiled by the serum incubation [134, 136]. When the polyplex micelles were
injected intravenously, pDNA was observed in the blood circulation after
as long as 3 h, whereas the naked pDNA was degraded in the blood within
5min [137], indicating that the polyplex micelles appear to have excellent
blood circulating properties.

Despite modifying the surfaces with hydrophilic polymers, the poly-
plexes can become destabilized under harsh in vivo conditions, especially
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by polyelectrolyte exchange reactions with negatively charged biomolecules.
However, the introduction of disulfide crosslinks into P(Lys) further sta-
bilized the polyplexes. The disulfide bonds are quite stable in the extra-
cellular milieu, whereas they are cleavable in intracellular reductive envi-
ronments, allowing the polyplexes to be stabilized with minimal loss of
gene transfer activity. It was reported that the introduction of the disul-
fide crosslinks into the P(Lys)/pDNA polyplexes coated with PEO chains
increased the blood concentration of pDNA from 6% to 40% of the dose
at 30min post-injection [138]. In our recent study [135], PEO-b-P(Lys)
was thiolated using either of two thiolation reagents, N-succinimidyl 3-
(2-pyridyldithio)propionate (SPDP) or 2-iminothiolane (Traut’s reagent), to
give the thiolated PEO-b-P(Lys) with decreased charge density (PEO-b-
P(Lys-MP), MP: 3-mercaptopropionyl group) or that with the charge dens-
ity maintained (PEO-b-P(Lys-IM)), respectively (Fig. 11). Although both of
the crosslinked polyplex micelles made from PEO-b-P(Lys-MP) and PEO-b-
P(Lys-IM) showed no dissociation upon a counter polyanion exchange under
nonreductive conditions, only the crosslinked micelles from PEO-b-P(Lys-
MP) gave efficient release of pDNA under reductive conditions mimicking
the intracellular environment. A decrease in the cationic charge density of
the P(Lys) segment is likely to promote pDNA release from the micelles upon
cleavage of the disulfide crosslinks. It was also demonstrated that the optimal
substitution degree of P(Lys) with thiol groups exists in the PEO-b-P(Lys-
MP) system, which allows it to achieve such an environmentally sensitive
PDNA release. Consequently, the crosslinked polyplex micelles with opti-
mized cationic charge densities and disulfide crosslinking produced better
gene transfer than noncrosslinked polyplex micelles. These results strongly
suggest that it may be important to optimize a balance between the cationic
charge density and the disulfide crosslinking in the crosslinked micelles in
order to achieve pDNA release under a specific intracellular condition for
enhanced gene expression.

To achieve cell type-specific in vivo gene delivery, the polyplexes coated
with hydrophilic polymers were modified with targetable ligands such as
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Fig.11 Chemical structures of thiolated PEO-b-P(Lys) with decreased charge density
[PEO-b-P(Lys-MP)] and maintained charge density [PEO-b-P(Lys-IM)], used in disulfide
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peptides [139] and antibodies [140, 141]. We recently synthesized «-lactosyl-
PEO-b-poly(2-dimethylamino)ethyl methacrylate block copolymers (lactose-
PEO-b-PAMA) as a targetable in vivo gene carrier [142]. The synthetic scheme
for lactose-PEO-b-PAMA is shown in Fig. 12 [142-144]. The lactosylated
polyplex micelles from lactose-PEO-b-PAMA resulted in more efficient gene
transfer to asialoglycoprotein (ASGP) receptor-expressing human hepatoma
HepG2 cells than nontargetable micelles [142]. The transfection efficiency of
the lactosylated polyplex micelles was significantly attenuated by the addition
of excess asialofetuin, a natural ligand against the ASGP receptor [142], sug-
gesting the internalization of the lactosylated micelles via receptor-mediated
endocytosis. The targetable polyplex micelles possess great potential for in vivo
site-specific gene transfer via systemic administration.

In addition to pDNA delivery, the development of in vivo carrier systems
for a new class of nucleic acid medicines such as antisense oligonucleotides
(ODN) and small interfering RNA (siRNA), which can repress or silence the
gene expression in a sequence-specific manner, is strongly desired. Recently,
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Park et al. and our group have separately reported PEO-b-oligonucleotide
(PEO-b-ODN) conjugates with an acid-cleavable linkage, a new class of PIC
micelle-forming block copolymers [145, 146]. In our synthetic scheme, the
PEO-b-ODN was synthesized by a Michael reaction of the 3’-thiol-modified
ODN with an w-acrylate group of a heterobifunctional PEO that has an acetal
group at the w-end for the subsequent conjugation of the ligand molecules
(Fig. 13) [146]. The PEO-b-ODN and LPEI spontaneously formed PIC micelles
of size 103 nm at the stoichiometric charge ratio. The PIC micelles showed
remarkable stability against degradation by nuclease and minimal interac-
tion with serum proteins. The cleavage of the -thiopropionate linkage (ester
linkage), eliminating PEO chains from the PIC micelles, was selectively ob-
served at endosomal pH (= 5.5), suggesting intracellular release of free ODN.
Park’s group has already observed that PIC micelles composed of the PEO-b-
ODN conjugate and BPEI possess in vitro and in vivo antiproliferative activity
against ovarian cancer cells [147].

The drawback of the nonviral DNA or RNA carriers is their inefficient ex-
pression of drug activity inside cells. The major obstacle to successful DNA
or RNA delivery to cells is assumed to be their inefficient transport from the
endosome to the cytoplasm [119-121]. Many previous studies have described
that polyplexes made from polycations with a comparatively low pK, undergo
efficient gene transfer to cultured cells [124-128, 148, 149]. Such efficient trans-
fection might be explained by the “proton sponge effect” [150], where the
protonation of polycations with low pK, in the endosomal compartment (pH
= 5.5 ~ 6.0) causes osmotic swelling of the endosome, leading to the disruption
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Fig. 13 Synthesis of PEO-b-ODN block copolymer with an acid-labile linkage
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of the endosomal membrane and the subsequent release of DNA or RNA into
the cytoplasm. However, there are several problems to be solved before using
such polycations for the in vivo delivery of DNA or RNA. First, polycations
with a low pK, have weak affinities to nucleic acids, resulting in the forma-
tion of PIC that is easily dissociated under physiological conditions. Second,
the proton sponge effect may be hampered by the protonation of polycations
due to the zipper effect or the neighboring group effect during the formation
of PIC with DNA or RNA [151]. These problems could be solved by adding ex-
cess polycations to form polyplexes with cationically-deviated compositions;
however, such polyplexes may not be practical for in vivo use because excess
polycations are likely to be liberated from the polyplexes under the highly di-
luted and harsh conditions in the body, resulting in the decreased efficiency of
the endosomal escape of DNA or RNA, as well as the emergence of toxicity de-
rived from free polycations. Ideal in vivo DNA or RNA delivery systems require
the following properties: (i) high biocompatibility, to achieve longevity during
blood circulation as well as no systemic toxicity; (ii) high stability against en-
zymatic and hydrolytic degradation as well as exchange by ionic molecules,
and; (iii) high buffering capacity for the proton sponge effect. To fulfill these
requirements, we have recently reported a novel type of block copolymer,
PEO-b-poly(3-[(3-aminopropyl)amino]propylaspartamide) (PEO-b-DPT), for
siRNA delivery [152]. PEO-b-DPT, which was synthesized by an aminoly-
sis (ester-amide exchange) reaction of the side chain of PEO-b-PBLA with
dipropylene triamine (DPT), has primary amine (pK; 9.9) and secondary
amine groups (pK, 6.4) at the distal end of the polymer side chain and at the
position close to the polymer backbone, respectively, in one monomer unit
(Fig. 14). This unique structure of PEO-b-DPT may allow only the primary
amino group to be involved in the PIC formation, thereby maintaining the
buffering capacities of the secondary amino groups for the proton sponge ef-
fect. Indeed, the PEO-b-DPT/siRNA complexes showed remarkably enhanced

PEO-NH-(CO-CI)H-NHWH LN H NH PEO-NH-('CO-CIH-NHWH
'CH2 SE) e\@/ro Mmin: (l;HZ
b0 ssyordvon &0
OCH2© Aminolysis > NH
PEO-b-PBLA

Secondary amino group
with a buffering capacity |€& — — — — HN
for the proton sponge effect

Primary amino group
for stable complex €< — — — — NH:
formation with siRNA PEO-5-DPT

Fig. 14 Block copolymers with spatially regulated cationic moieties for siRNA delivery



Nanostructured Devices 95

siRNA activity against not only the transfected luciferase but also the endoge-
nous gene (Lamin A/C) compared with complexes made from the cationic
block copolymers with either primary amine or tertiary amino groups [152].
The gene silencing activity of the PEO-b-DPT/siRNA complexes was not af-
fected by serum incubation due to the stable PIC structure formed between
the primary amines in the polymer and siRNA, suggesting their feasibility for
application to in vivo siRNA delivery.

6
Polymer vesicles

Associates of block copolymers other than typical core-shell type polymeric
micelles have also been studied recently [2,3]. In particular, polymer vesi-
cles have received considerable attention due to their possible applications as
drug-delivering vehicles and stable microstructured biomaterials [153, 154].
It is well known that phospholipids form vesicles consisting of lipid bilay-
ers. The vesicles can effectively entrap various soluble compounds and they
can also accumulate hydrophobic substances within the lipid bilayers. Thus,
the vesicles from phospholipids (liposomes) are currently used as vehicles for
various drugs. Similarly, some block copolymers can also self-assemble into
bilayered or more interdigitated membranes in dilute solution, forming poly-
mer vesicles (polymersomes) [153,154]. The formation of polymer vesicles
and their biomedical applications have been described in other review art-
icles [153, 154]. Polymer vesicles can efficiently incorporate hydrophobic sub-
stances into the vesicle bilayers and encapsulate hydrophilic low molecular
weight and macromolecular compounds inside the vesicle, in a comparable
way to liposomes [155]. From the standpoint of drug release, polymer vesicles
have decreased fluidity and permeability and greater thickness of the vesicle
membranes in comparison with liposomes [156], leading to a slower release
rate of encapsulated molecules. In principle, the release of the encapsulated
substances, which is usually triggered by external stimuli (such as changes
in pH or temperature) or hydrolytic and enzymatic degradation of the poly-
mers, can be achieved by careful chemical design and modification of the
vesicle-forming block copolymers, in similar design approach to that used for
polymeric micelles, which have been extensively reviewed in this paper.
Stability of polymer vesicles in biological media is another essential prop-
erty of drug carriers. One important feature of polymer vesicles that is dis-
tinct from liposomes is the remarkable stability of the vesicles against disso-
ciation by surface-active molecules such as surfactants and amphiphilic pro-
teins. It was reported that polymer vesicles formed by PEO-polyethylethylene
(PEO-b-PEE) were stable for at least five days in 50% blood plasma [157].
Interestingly, Meier et al. have recently reported that naturally occurring
membrane proteins can be reconstituted into the membranes of polymer
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vesicles formed from poly(2-methyloxazoline)-b-poly(dimethylsiloxane)-b-
poly(2-methyloxazoline) copolymers [158]. Reconstituted channel proteins
allowed the virus-assisted loading of virus DNA into polymer vesicles. Thus,
polymer vesicles can be endowed with biomimetic functions.

Recently, Discher et al. reported that giant and stable worm micelles
formed from PEO-b-PEE block copolymers, which resemble filamentous
phages, showed a remarkably prolonged circulation of several days after in-
travenous injection into rats [159, 160]. To our knowledge, such a remark-
ably long blood circulation of the polymer assembly, which was termed the
“super-stealth property”, has not been reported. Since the worm micelles can
be charged with a large amount of hydrophobic drugs (such as paclitaxel),
they also have great potential as drug delivery systems.

Thus, polymer vesicles have very interesting properties, which may not
be achieved by polymeric micelles and liposomes, which makes them poten-
tially very useful as drug carriers and tools for studying the mechanisms of
biosystems. This new technology will continue to attract great interest from
researchers in the fields of chemistry, biology and medicine.

7
Concluding remarks

Nanoscaled block copolymer micelles have significant potential for the sys-
temic delivery of various therapeutic agents, including hydrophobic drugs
and genetic medicines. The micelle core, which serves as a drug reservoir,
is surrounded by the coronal shell, which is composed of biocompatible and
hydrophilic polymers, providing excellent structural stability in the body,
irrespective of the properties or loading amount of the drug. The key param-
eters related to drug delivery (such as the CMC, the loading capacity and the
release kinetics of the drug, stability in the bloodstream and tissue accumu-
lation) are significantly affected by the chemical structures and compositions
of the micelle-forming block copolymers, as well as the compatibility between
the core-forming blocks and the drugs to be loaded. Thus, tailor-made block
copolymers for a particular drug may be the key to successful drug delivery
based on polymeric micelles. Besides, recent advances in synthetic polymer
chemistry have allowed new functional block copolymers to be synthesized.
Environmentally-sensitive or stimuli-responsive polymeric micelles can acti-
vate the loaded drugs selectively at the target site without any drug leakage or
loss of activity during blood circulation. Also, targetable polymeric micelles
can ensure efficient uptake or internalization of the loaded drugs by the tar-
geted cells, which may be useful when delivering macromolecular drugs such
as plasmid DNA or drugs impermeable to the cell membrane. Thus, poly-
meric micelles will continue to attract much interest from both a theoretical
and a practical standpoint.
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Abstract Blood vessels in tumors are different to normal blood vessels because they have
abnormal architectures and impaired functional regulation. We have studied these ab-
normalities, in particular vascular permeability in tumors, and found greatly enhanced
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permeability for macromolecules, which are retained in tumors for extended periods. We
named this phenomenon the “enhanced permeability and retention (EPR) effect”. This ef-
fect, related to the transport of macromolecular drugs composed of liposomes, micelles,
proteinaceous or polymer-conjugated macromolecules, lipid particles, and nanoparti-
cles into the tumor, is the hallmark of solid tumor vasculature. These macromolecular
species are therefore ideal for selective delivery to tumor. The EPR effect has facilitated
the development of macromolecular drugs consisting of various polymer-drug conjugates
(pendant type), polymeric micelles, and liposomes that exhibit far better therapeutic
efficacy and far fewer side effects than the parent low-molecular-weight compounds.

Here, we discuss various aspects of the EPR effect via examples, including the use of
polymeric drugs such as SMANCS [poly(styrene-co-maleic acid-half-n-butylate) (SMA)-
conjugated neocarzinostatin (NCS)]. In addition, we review our new macromolecular
drug candidates that generate reactive oxygen species via a novel mode of action. Because
solid tumors frequently lack antioxystress enzymes, generating oxystress in tumor tis-
sue may be another unique anticancer strategy. Most tumor cells have a weak or limited
defense system against reactive oxygen species, and the oxygen radical-generating tech-
niques that we have developed are primarily endogenous. Consequently, an approach to
cancer therapy based on the EPR effect and oxyradical induction in order to produce
apoptosis appears promising.

Keywords EPR effect - Drug targeting - Macromolecular drugs - SMANCS -
Cancer drug delivery - Plasma half-life - Reactive oxygen radicals

Abbreviations

ACE Angiotensin-converting enzyme

AT II Angiotensin II

AUC Area under the concentration-time curve

BK Bradykinin

BSA Bovine serum albumin

COX Cyclooxygenase

CT Computed tomography

EPR effect Enhanced permeability and retention effect in solid tumor
HO-1 Hemoxygenase-1

HPMA N-(2-Hydroxypropyl) methacrylamide copolymer
MDR Multidrug resistance

MMPs Matrix metalloproteinases

Mw Weight-average molecular weight

NCS Neocarzinostatin

NO Nitric oxide

NOS Nitric oxide synthase

PEG-DAO PEG-Conjugated p-amino acid oxidase

PEG Poly(ethylene glycol), also called polyoxyethylene
PEG-ZnPP PEG-Conjugated zinc protoporphyrin IX

PG Prostaglandin

ROS Reactive oxygen species

SMA Poly(styrene-co-maleic acid/anhydride)

SMANCS  Poly(styrene-co-maleic acid-half-n-butylate) conjugated
with neocarzinostatin
Tax Paclitaxel, also known as Taxol



The EPR Effect and Cancer Targeting 105

1
Introduction

Cancer remains the first or second biggest cause of death in humans, and
great efforts have been undertaken to treat it [1]. However, a major problem
that limits the success of many anticancer agents is an inability to selectively
target tumor cells and tissues; instead, such agents also affect normal tissues
and organs. Since the 1970s, many strategies have tried to make anticancer
drugs more selective to tumors, particularly those utilizing antibodies dir-
ected against specific tumor epitopes or angiogenic effectors. Recently, some
success has been achieved in this area, such as the use of trastuzumab to
treat HER2-positive breast cancer; rituximab and the radiolabeled antibodies
ibritumomab tiuxetan (Zevalin) and '3!I tositumomab (Bexxar) to treat non-
Hodgkin’s lymphoma; imatinib to treat chronic myeloid leukemia; and the
application of bevacizumab (Avastin) as an inhibitor of vascular endothelial
growth factor [2]. However, if an antibody is directed to the tumor-associated
antigens in circulation before it reaches the tumor, its targeting efficiency
is reduced. In addition, tumor antigen heterogeneity and the emergence of
resistant subclones may present future challenges to this avenue of targeted
anticancer therapy.

Another approach to the selective targeting of drugs to tumors is based on
the tumor vasculature, and is related to the vascular leakage or permeabil-
ity in tumor tissues. Indeed, we could selectively deliver large-molecular-size
anticancer agents to tumor tissues because of a universal phenomenon that
characterizes solid tumors; we coined the term “the enhanced permeability
and retention (EPR) effect” of macromolecules and lipids in tumor tissues
to describe this phenomenon [3-24]. SMANCS, or poly(styrene-co-maleic
acid-half-n-butylate) (SMA)-conjugated neocarzinostatin (NCS), is the first
clinically approved polymeric drug that takes advantage of the EPR effect: it
has a long plasma half-life and pronounced tumor targeting efficiency. The
highly selective delivery of SMANCS, given in Lipiodol formulations via the
tumor-feeding artery, resulted in a clearly smaller tumor in > 90% of cases
of primary hepatoma, with much better survival scores and (especially no-
table) an improved quality of life, as well as very few side effects compared to
conventional avoidable anticancer drugs [25-29].

Many polymeric drugs with excellent EPR effects are now in clinical use,
in clinical trials, or in development; these drugs include poly-L-glutamic acid
conjugates of paclitaxel (Tax), Camptothecin, cisplatinum, or Supratek’s SP
series. Doxil (Stealth liposomes containing doxorubicin) is in the market. The
purpose of this article is to describe the mechanism of the EPR effect in tumor
tissues in the context of macromolecular drug delivery. We will also provide
examples of the effectiveness of the polymeric anticancer agent SMANCS and
poly-L-glutamic acid conjugates [30, 31], as well as a new class of polymeric
anticancer agents that we have developed that exploit the EPR effect and that
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involve a new mode of action - the generation of oxygen radical species in
tumor cells [32-36].

2
EPR Effect: Theory and Principles

When aggregates of tumor cells achieve a diameter of 1-2 mm, they need new
blood vessels, or neovasculature, to supply nutrients and oxygen [37]. These
newly formed vessels usually have irregular and incomplete architectures and
impaired physiological responses [37-41]. Table 1 summarizes the abnormal
characteristics of tumor vessels.

The characteristics of vascular pathophysiology listed in Table 1 contribute
to the selective, enhanced accumulation and prolonged retention of macro-
molecular drugs or lipid particles in tumor tissue (EPR effect). Evans blue
dye, which forms complexes with albumin (67 kDa) or Lipiodol (a lipid con-
trast agent), clearly revealed the presence of the EPR effect in rodent tumors
after intravenous injection of Evans blue bound albumin, or after arterial

Table 1 Abnormal characteristics and factors of solid tumors that influence the EPR effect
of macromolecular drugs in vivo

Unique characteristics and factors Refs.

(i) Active angiogenesis and high vascular density [37]
(ii) Extensive production of vascular mediators
that facilitate extravasation

a) Bradykinin [10-12, 15,16, 18]
b) Nitric oxide (NO) [14-18,52-56]
¢) VPF/VEGF* [41]
d) Prostaglandins [16,23,50,51]
e) Collagenase (matrix metalloproteinases, [18]
or MMPs)
f) Peroxynitrite [18,57]
(iii) Defective vascular architecture, for example, [21,22,37-41, 46]

lack of smooth muscle layer cells,
lack of or fewer receptors for angiotensin II,
large gap in endothelial cell-cell junctions,
anomalous conformation of tumor vasculature
(such as branching or stretching)
(iv) Impaired lymphatic clearance of macromolecules [3-5]
and lipids from interstitial tissue
(—prolonged retention of these substances)

* VPF, vascular permeability factor, later identified as the same as VEGF, vascular en-
dothelial growth factor



The EPR Effect and Cancer Targeting 107

injection of Lipiodol, by producing an intense blue color only in tumor tis-
sues [3-8,16-20]. This distribution is quite different from that seen in nor-
mal tissues, except for the normal tissues surrounding a tumor or a site of
inflammation.

In contrast to the description above, one hypothesis suggested that high in-
terstitial pressure in tumor tissue would impede any macromolecular drugs
from entering the tumor, and thus delivery of small as well as macromolec-
ular drugs into tumor tissue would be exceedingly difficult [42]. However,
many experimental findings (ours and others) clearly showed that the puta-
tive interstitial pressure in tumors did not prevent the transport of various
macromolecules, including liposomes, and that these substances do indeed
accumulate in tumor tissues. For instance, Duncan and Sat used an N-(2-
hydroxypropyl) methacrylamide (HPMA) copolymer-doxorubicin conjugate
(PK1) as a probe to study the extent of the EPR effect in different tumor
models, and found many mouse and human xenograft tumors with clear tu-
mor size-dependent EPR-mediated targeting of drug to tumor (from ~ 20%
dose/g of tumor tissue in small tumors to 1-5% dose/g in large tumors) [43].
This result was consistent with previous reports describing the accumulation
and retention of '2°I-labeled HPMA copolymer in B16F10 melanoma and sar-
coma 180 (S-180) tumors [3-6, 44,45]. These findings agree with all our data
describing the accumulation of SMANCS, ! Cr-labeled bovine serum albumin
(BSA), !*'I-labeled HPMA copolymer, and Evans blue-albumin complex in
various tumor models: Meth A, S-180, and colon 38 in mice; Walker 256 and
Yoshida sarcoma in rats; and VX-II carcinoma in rabbits ( [4, 14-18, 20, 28],
and unpublished data). SMA-doxorubicin micelles, polyglutamate conjugates,
and other polymeric drug conjugates also exhibited an EPR effect.

In other studies of the transport of macromolecules into tumor tissues,
Yuan et al. measured the size of tumor vessel pores in LS174T human colon
adenocarcinoma implanted in dorsal skin chambers in severe combined im-
munodeficient mice [38]. They showed that tumor vascular pores could be
as large as 0.4 um in diameter [38]. Skinner et al [39] and Suzuki et al [40],
as well as Hashizume et al. (who used electron microscopy) [46], in elegant
work, identified structural abnormalities in the endothelium of tumor blood
vessels. These abnormalities included intercellular openings with a mean
diameter of 1.7 pm (range, 0.3-4.7 um) and transcellular holes with a mean
diameter of 0.6 um in mouse mammary carcinomas [45]. It should be noted
that the effective diameter of 67-kDa serum albumin is 7.2 nm. Ohkouchi
et al. used the Walker 256 solid tumor system to study the EPR effect of mito-
mycin C-dextran conjugates, and they confirmed a similarly increased uptake
in solid tumors [47].

For the EPR effect to function, the molecular sizes of the macromolecules
must belarge enough to escape renal clearance (> 40 kDa) [3, 5-8, 20]. Another
prerequisite for the EPR effect is that the plasma concentration of the drug, as
measured by the area under the concentration-time curve (AUC), must remain
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Fig.1 Comparison of the EPR effect seen with low-molecular-weight drugs (A) and
with macromolecular drugs (B). Orange circles represent tumor tissues. Blood vessels
are uneven and large gaps exist between endothelial cells, so that almost all molecules
can pass through. However, only macromolecules can only enter and remain in the ex-
travascular space. For low-molecular-weight drugs, it is usually difficult to keep the drug
concentration in the tumor tissue higher than the blood drug level for long periods (A).
Macromolecular drugs (B) show enhanced uptake by tumor and are retained for a pro-
longed time at higher concentrations in the tumor tissue

high; preferably, in the case of rodents, for more than 6 hours [3, 5, 6, 20, 45, 48].
As aresult of these requirements, extravasation of the polymeric drugs into tu-
mor tissue can increase progressively with time (over several hours or days), but
clearance of these macromolecular drugs from the tumor tissues does not occur
rapidly if at all (Fig. 1). We obtained the same results with poly(ethylene gly-
col) (PEG)-conjugated p-amino acid oxidase (PEG-DAO), SMA-doxorubicin
micelles, and other agents [32, 33, 35], as described later in this article. The re-
lease of active ingredients from polymeric conjugates (or liposomal or micellar
drugs) must occur continuously so as to maintain drug levels in tumor tissue
above the therapeutic concentration.

3
Further Augmentation of Drug Delivery by Modulating the EPR Effect

3.1
Angiotensin-Induced Hypertension

In 1981, Suzuki et al. found that raising the systolic blood pressure by infusing
angiotensin II (AT II) into tumor-bearing rats caused a two- to six-fold selec-
tive increase in tumor blood flow, the increase depending on the induced blood
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pressure [21]. This finding was in great contrast to the blood flow in normal
organs and tissues, which remains constant regardless of the induced blood
pressure [20-23]. In other words, blood vessels in normal organs, but not those
in cancerous tissues, show excellent homeostatic autoregulation of blood flow.

We have examined whether this increased tumor blood flow would in-
fluence the EPR effect in an AT II-induced hypertensive state and thereby
improve macromolecular drug delivery. We raised systolic blood pressure
from 100 to 150 mm Hg for 15 min by infusion of AT II after i.v. injection
of > Cr-labeled SMANCS or the putative macromolecular drug (radiolabeled
BSA) [20]. We found that both radiolabeled BSA and SMANCS, which binds
to albumin in vivo and thereby forms an apparent molecular mass of about
80 kDa, exhibited a 1.3 to three-fold increased accumulation in tumor tis-
sues. However, the amount of drug delivered to normal organs such as kidney
and bone marrow was reduced because of the vasoconstriction occurring in
normal organs under AT II-induced hypertension; tighter endothelial inter-
cellular gaps suppressed the transvascular transfer of macromolecules larger
than 40 kDa. It is known that the dose of common anticancer agents can-
not be increased to more than 2-3 times higher than the recommended dose
because of the narrow safety margin. However, the use of macromolecular
drugs in the AT II-induced hypertensive state resulted in effects similar to
those achieved with higher dosages of the same drug. We demonstrated this
result with macromolecular drugs in the clinical setting by arteriography;
under the same conditions, however, mitomycin C (334.3 Da) did not produce
the same effect [9, 20]. We are currently achieving a better therapeutic effect,
with far fewer side effects, by using this method with SMANCS/Lipiodol for
tumors such as cholangiocarcinoma, metastatic liver cancer, and renal cell
carcinoma [10].

3.2
Bradykinin

Bradykinin (BK), which we have studied extensively in inflammation, infec-
tion, and cancer [11-13, 17], is an important mediator of the EPR effect. We
have reported that the BK-generating cascade is normally activated in tumor
tissues and that BK is involved in the enhancement of vascular permeability
and accumulation of malignant ascitic and pleural fluids accumulation [11-
13,16,17,19]. Also, both Bhoola’s group and our group reported the presence
of excessive levels of BK receptor (B2) in various human and rodent solid
tumors [19,49]. BK is degraded by many peptidases, especially angiotensin-
converting enzyme (ACE). Therefore, inhibition of ACE by ACE inhibitors
will caused locally increased BK levels (at the tumor site, where BK generation
is greatest).

On the basis of these data, we used the ACE inhibitors enalapril and temo-
capril to inhibit BK degradation, and we showed that the elevated BK level
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resulted in further enhancement of vascular permeability, or the EPR ef-
fect [16,17,22,23]. ACE inhibitors thus increase delivery of macromolecular
drugs to tumors, even under normotensive conditions.

3.3
Prostacyclin Agonists

Prostaglandin (PG) biosynthesis (via cyclooxygenases COX-1 and 2), partic-
ularly PGE, production, is markedly elevated in human and experimental
tumors [50,51]. The COX inhibitor indomethacin significantly suppressed
vascular permeability in S-180 and other solid tumor models [16]. In ad-
dition, we found that injection of a stable prostacyclin (PGI;) agonist, be-
raprost sodium which has a much longer t;/; than PGI; in vivo (60 min
versus a few seconds), resulted in roughly double the EPR effect, similar to
the situation for ACE inhibitors and BK [23]. As an incidental finding, these
vasoactive mediators reduced downstream blood flow to an almost negligible
amount (about 10%) [23]. Thus, it may be possible to enhance the selective
accumulation of macromolecular anticancer agents in tumors by using PGI,
agonists. Likewise, macromolecular tumor-imaging agents may be concen-
trated in tumor tissues, although this possibility must be demonstrated in
clinical settings.

34
Other Inflammatory Mediators

Many factors other than the above-described mediators (such as BK and PGs)
are implicated in the EPR effect in solid tumors. For instance, nitric oxide
(NO), which is synthesized by NO synthase (NOS) from L-arginine, influ-
ences tumor vascular permeability [14-18]. Consequently, the NOS inhibitor
N®-monomethyl-L-arginine (L-NMMA) suppressed vascular permeability in
solid tumors [15,16,18]. Meyer et al. also found that this NOS inhibitor
irreversibly attenuated blood flow in R3230Ac rat mammary adenocarci-
noma [52]. Similarly, Tozer et al. demonstrated a selective reduction in tumor
blood flow with another NOS inhibitor, N“-nitro-L-arginine, in P22 tumor-
bearing rats [53]. Also, NO is now known to play a key role in angiogenesis,
cell proliferation, and extravasation or the EPR effect, which facilitates the
supply of nutrients and oxygen. Consequently, inhibition of NO generation
was found to suppress tumor growth [15, 16,54-56]. In addition, we found
that pro-matrix metalloproteinases (proMMPs) are activated by peroxyni-
trite (ONOO™), which is produced extensively in tumor and inflammatory
tissues [8, 18, 57]. MMPs facilitate cancer metastasis on the one hand, but also
enhance the EPR effect, which helps support nutritional supply, angiogene-
sis and growth of solid tumors [15-18]. The MMP-induced EPR effect was
inhibited by many MMP inhibitors [18].
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4
Enhancing Intracellular Uptake of Macromolecular Drugs

Macromolecular drugs (MW >40kD) usually benefit from the EPR effect
during tumor targeting, as discussed earlier. These drugs are less likely to be
transported into cells by simple diffusion because of their size; endocytosis
appears to be the usual means of internalization, or, alternatively, internal-
ization occurs by specific binding to receptors [58,59] or by more specific
receptor-mediated uptake. After internalization of the drugs into the cyto-
plasm via phagosomes, the phagosomes fuse with lysosomes, which are rich
in proteolytic and hydrolytic enzymes (such as cathepsins) with a low pH.
Active principles are then released. For many pendant-type linked drugs,
the types of chemical linkages to polymers become important: and pep-
tidyl linkers must be selected to facilitate cleavage of the linkage and thus
meet the requirements of cathepsins or other specific enzymes [43, 44, 60].
In the case of SMANCS, an acidic pH environment liberates the active com-
ponent (NCS) by spontaneous hydrolysis of the maleyl amide bond. NCS
then diffuses into the cytoplasm or the nucleus, where the drug action oc-
curs. It was recently reported that more active drug uptake and endocy-
tosis occur during mitosis [61], which should mean greater selectivity for
tumor and a higher uptake efficiency of dividing cancer cells for macro-
molecular drugs, so that tumor tissues are targeted while the EPR effect is
achieved.

In a different context, intracellular uptake of macromolecular drugs serves
to protect against P-glycoprotein-dependent efflux in multidrug-resistant
(MDR) cells [62-64]. This result suggests that the EPR-mediated targeting
of polymeric anticancer drugs not only improves the accumulation of drugs
in tumor tissues, but also ensures accumulation and higher intracellular ac-
tivity of these drugs against MDR-positive cancer cells despite efflux of P-
glycoprotein. A strategy for managing MDR may thus be possible.

5
Examples of Macromolecular Anticancer Therapeutics

5.1
SMANCS

NCS is a proteinaceous antitumor antibiotic produced by Streptomyces carzi-
nostaticus var. F-41 [65]. NCS, at a dose of 0.01 pug/ml or less, shows cytotoxi-
city against mammalian cells as well as gram positive bacteria by inhibiting
DNA synthesis through direct DNA strand scission as well as superoxide
generation by cytochrome P450 reductase [65-68]. We demonstrated that
chemical conjugation of NCS with the copolymer of styrene-maleic acid-half-
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n-butylate (SMA) greatly improved the physicochemical, biochemical, and
pharmacological properties of NCS (Fig. 2).

These advantages are attributed to the macromolecular size of SMANCS,
which is further enhanced by binding to plasma albumin, so that the appar-
ent molecular size becomes about 90 kDa in plasma. The hydrophobicity of
the styrene ring in SMA confers lipophilicity to SMANCS, which permits its
use with the lipid contrast medium Lipiodol. Lipiodol was originally used as
a contrast agent in lymphographic imaging. An oily formulation of SMANCS
in Lipiodol (SMANCS/Lipiodol), with a tumor-imaging capability, thus be-
comes possible [7,9,25-29,69]. Both Lipiodol itself and SMANCS/Lipiodol
accumulate in an extremely tumor-selective manner because of the EPR ef-
fect. Injected SMANCS eventually breaks down via proteolysis, and the SMA
polymer is released and eliminated mainly in bile and to a lesser extent by the
kidney into urine.

5.2
Clinical Status of SMANCS

SMANCS/Lipiodol, approved in Japan 1993 for treatment of liver cancer, is
administered via a catheter according to Seldinger’s method into a tumor-
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feeding artery, such as the hepatic artery for hepatoma. This preparation
allows the drug to accumulate in cancer tissue much more effectively or se-
lectively than aqueous formulations [25-29]. In a rabbit model, for example,
the concentration of SMANCS in tumor was more than 2000 times higher
than that in blood plasma [4]. In addition to an improved therapeutic efficacy
or response rate of hepatoma (more than 90%) to SMANCS/Lipiodol, tumor
imaging becomes much sharper and more sensitive [4,26-28]. Tumors, even
those smaller than 5 mm in diameter, can be readily identified by conven-
tional computed tomography (CT) [26,27]. Furthermore, the timing of drug
doses and the proper dosing regimen can be determined more accurately, by
quantifying the high-density (stained) area of the tumor, which indicates the
presence of SMANCS/Lipiodol. In other words, calculation of the required
prescription drug dosage is based on tumor size, not on body weight or body
surface area. This dose calculation principle is significantly different to that
used for common anticancer drugs, which is based on the maximum tolerable
dose, which is proportional to the body surface area [70].

We developed a grading system for the filling rate of SMANCS/Lipiodol
in the tumor area that includes four grades: grade I indicates less than 10%
retention; grade II, 10-50% filling; grade III, 50-75% filling; and grade IV,
75-100% filling with SMANCS/Lipiodol, as judged by CT [27]. When
grade III or grade IV is obtained, a positive therapeutic effect can be expected
(a 90% response). This dose regimen for SMANCS/Lipiodol that depends on
tumor size was substantiated not only by our group in Kumamoto, Japan, but
also by a group in Birmingham in the UK [70].

For all cases of primary hepatomas combined (that is, Child’s criteria
A to C with liver cirrhosis), the five- to seven-year survival rate for i.a.
SMANCS/Lipiodol is about 30%. More recent data for Child A and B for five-
year survival is about 70% (unpublished). In contrast, during this time frame,
no survival is achieved with other treatments. Hepatoma patients with milder
liver cirrhosis (such as Child’s grade A) and with tumor spread confined to
one or two segments of the liver have an approximately 90% survival rate
at seven years with SMANCS/Lipiodol [69]. The superiority of the SMANCS
compound over conventional low-molecular-weight drugs was confirmed in
a randomized clinical trial in which SMANCS/Lipiodol and epirubicin in Li-
piodol were both administered by transcatheter arterial infusion [71]. Greater
tumor regression was associated with SMANCS/Lipiodol therapy than with
epirubicin treatment (47.1% versus 7.7%, respectively). Clinical trials aimed
at standardizing the use of SMANCS/Lipiodol in hepatocellular carcinoma
are underway at the national level in Japan [72, 73].
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5.3
Quality of Life

Use of EPR effect-based targeted delivery of drugs such as SMANCS improves
not only the clinical outcomes of patients, but also their quality of life. For
example, patients receiving SMANCS usually require only a day or so of bed
rest, and can then resume his or her work on the second or third day after

Table2 Side effects of intra-arterial SMANCS/Lipiodol therapy in patients with
hepatoma?

Symptoms or sign Parameter change % change
Dermatological (exanthema) 0.36
Nausea 5350
Vomiting 4.06 ®
Anorexia 3.63 P
Abdominal pain (transitory) 5.53
Liver function
GOT ¢ Increased 2.16°
GPT € Increased 2120
Bilirubin (> 1.5 mg/dl) 3.45°
Hypotension 2.22
Blood counts
WBCs ¢ Decreased 0.38
Increased 0.83
PMNs ¢ Decreased 0.04
Increased 0.28
Platelets Decreased 0.83 P
Renal function Impaired 0.71
BUN € Increased 0.41
Anaphylaxis/shock 0.14
Rigor (transitory) 4.88
Chest pain (transitory) 0.20
Fever (low grade, 2-7 days) 27.80
CRP € Increased 0.67
Ascites formation 1.35P

2 Based on 3956 patients (post marketing survey data supplied by Yamanuchi Pharmaceu-
tical Co.)

b These results are frequently associated with impaired hepatic function (such as caused
by liver cirrhosis), and most patients tend to show these effects as liver function deterio-
rates and disease progresses without the use of SMANCS

¢ GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic transaminase; WBCs,
white blood cells; PMNs, polymorphonuclear neutrophils; BUN, blood urea nitrogen;
CRP, C-reactive protein
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drug administration. Most of these patients will require the next treatment
after an interval of one month or longer, the time depending on the clearance
of the drug from the tumor tissue in the liver as revealed by CT, as well as
on how well SMANCS/Lipiodol filled the tumor (grade II or IV for example).
This type of therapy does not cause bone marrow suppression or toxicity
in the liver or the kidney, which is in great contrast to conventional low-
molecular-weight chemotherapeutic agents (Table 2). Also, it usually does not
cause loss of appetite. By any parameter used to evaluate the quality of life
for SMANCS-treated patients, such as healthy days of life lost, one can clearly
show the advantages of this treatment option.

6
Poly-L-Glutamic Acid Conjugates

6.1
Paclitaxel Conjugates

Paclitaxel (Tax) is a natural compound, a member of the taxane diterpenoid
family. The drug was first isolated in 1967, and was chemically defined in
1971. Tax was approved by the FDA for treatment of ovarian cancer in Decem-
ber 1992 and for treatment of breast cancer in April 1994. The drug had global
sales of more than US$1.5 billion in 2000. The major problem with the use
of Tax is its poor water solubility. For this reason, Tax was dissolved in Cre-
mophor and ethanol for clinical use, which resulted in allergic reactions and
neurotoxicity in a subset of patients. To improve its solubility in water and in-
tratumor concentration, Tax was conjugated with poly-L-glutamic acid via an
ester bond between the y-carboxylate of poly-L-glutamic acid and the 2’-OH
of Tax. This conjugation resulted in an 80-kDa water-soluble drug, as deter-
mined by gel permeation chromatography with multi-angle light-scattering.
Although the ester bond is usually labile in plasma because of the presence
of esterase, rapid release of free drug into plasma did not occur, probably as
a result of steric hindrance in this conjugate.

When tumor distribution of Tax after administration of the free *H-Tax or
its conjugates to C57BL/6 mice harboring B-16 melanoma tumors was ana-
lyzed, the conjugate had an AUC that was 11 times higher and a Cmax that
was 1.7 times higher than free H-Tax. This improvement in drug pharma-
cokinetics and concentration in tumor reflected a three-fold improvement in
activity in vivo compared with free drug (the delay in tumor growth achieved
by free Tax at the maximal tolerated dose). These encouraging experimen-
tal in vivo results led to rapid initiation of clinical trials that are currently
underway and are very promising [30]. The clinical dosage regimen via the
i.v. route is every four weeks, which offers patients greater freedom than the
conventional regimen (which requires confinement to bed).
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6.2
Camptothecin Conjugates

Camptothecins are potent cytotoxic agents first isolated from Camptotheca
accuminata. They exert their effects in dividing cells by inhibition of topoi-
somerase I. Besides the common problem of little specificity for tumor cells
that occurs with low-molecular-weight anticancer drugs, camptothecins pos-
sess two major limitations: weak solubility in water, and a high affinity for
human serum albumin via a reaction that renders the drug inactive. 20(S)-
Camptothecin contains a lactone ring that is essential for the cytotoxic drug
effect that targets topoisomerase I. The camptothecin with this lactone ring
usually exists in equilibrium with an open-ended carboxylate form, which
reacts with human albumin at physiological pH, the drug being converted
into the inactive form. Similar to the modification of free Tax, a conjugate of
camptothecin with poly-L-glutamatic acid was used to enhance the water sol-
ubility of this agent as well as to protect the labile lactone ring, so that the
conjugate could benefit from the EPR effect. Therefore, this conjugate has im-
proved pharmacokinetics and intratumor accumulation as a result of the EPR
effect [31]. A Phase I/II study is now underway in the United States and Eu-
rope. This conjugate offers a marked advantage, very similar to that of the Tax
conjugate, compared with free camptothecin.

6.3
Other Unique Polymer Conjugates for Tumor-Targeted Drug Delivery
that Induce Oxystress and Utilize the EPR Effect

Antioxidant enzymes such as catalase and Cu, Zn-SOD (superoxide dismu-
tase) are highly down-regulated in tumor cells (Fig. 3). To compensate for
this, almost all cancer cells possess highly up-regulated hemoxygenase-1
(HO-1) [74-80]. HO-1 induction results in generation of bilirubin, via bil-
verdin, which functions as a potent antioxidant in the tumor cells [35,
36,77-84]. Thus, tumor cells could be killed if one could block HO-1,
their major anti-reactive oxygen species (ROS) system, with the effect be-
ing enhanced when ROS such as H,0, are generated in the tumor tis-
sues [32,33].

Examples of agents used include PEG-DAO [33] and PEG-conjugated zinc
protoporphyrin IX (PEG-ZnPP), an inhibitor of HO-1 [34-36]. These poly-
meric dugs achieved tumor-targeted delivery on the basis of the EPR-effect.
Thus, both generation of ROS selectively in tumor tissue and inhibition of the
enzyme HO-1 via PEG-ZnPP would result in a marked increase in both ROS
and oxystress at the tumor site, and so these agents have marked antitumor
effects.

In one study [36], these conjugates were used to treat SW480 cells, a breast
cancer cell line. PEG-ZnPP-treated SW480 cells became more vulnerable
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Fig.3 Schematic showing a new anticancer strategy: oxidation therapy. The generation of
ROS in solid tumor tissue is accomplished via two approaches. One approach is through
exogenous delivery of ROS-generating enzymes (such as PEG-XO [xanthine oxidase] and
PEG-DAO) and by capitalizing on the EPR effect. The second approach is indirect, by
inhibiting the antioxidant defense system of the tumor; for example, by using an HO-1
inhibitor. In tumor cells, conventional anti-ROS enzymes such as catalase and superoxide
dismutase (SOD) are highly down-regulated, whereas HO-1 is up-regulated and replaces
these enzymes in their antioxidative role. Thus the EPR effect-based targeted inhibition
of HO-1 in tumor cells by PEG-ZnPP will abrogate the tumor’s primary antioxidant de-
fense (biliverdin and bilirubin). Normal cells, however, have the advantage of an adequate
amount of catalase, and they are not targeted for destruction. Consequently, the increased
ROS in tumor cells will cause tumor apoptotic cell death, which will produce a marked
and favorable antitumor effect, but without apparent side effects [32-35]. GS-peroxidase,
glutathione peroxidase

to various conventional chemotherapeutic agents. In another study, PEG-
ZnPP pretreatment significantly reduced tumor growth in mice receiving
PEG-DAO plus p-proline compared with either treatment alone (Fig. 4d).
More important, each dose in this combination therapy was greatly reduced
and the number of treatments were fewer compared with either PEG-DAO
or PEG-ZnPP alone; no or very little antitumor effect was found with low
doses of the agents given alone (Fig. 4d). In addition, PEG-ZnPP in com-
bination with conventional chemotherapeutic agents such as camptothecin
or doxorubicin showed enhanced therapeutic efficacies [36]. These find-
ings suggest that HO-1 is an attractive target for chemotherapeutic inter-
vention and that an inhibitor of HO-1, such as PEG-ZnPP, may be a use-
ful candidate for combination therapy with a broad range of anticancer
agents such as cisplatin, camptothecin, doxorubicin, mitomycin C, and etopo-
side [36].
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Fig.4 Antitumor effect of PEG-XO (A), PEG-DAO (B), PEG-ZnPP (C), and the combi-
nation of PEG-ZnPP plus PEG-DAO in mice with S-180 solid tumor. S-180 cells were
implanted subcutaneously in ddY mice. A Arrowheads point to the time of administra-
tion of native XO or PEG-XO. o control without treatment; ¢ PEG-XO + hypoxanthine;
A PEG-XO alone; A native XO + hypoxanthine; [J hypoxanthine alone. Data are means
+ SE (n=6-8). *P <0.001 in e versus A or [1. B Mice were treated with 1.5U of na-
tive DAO (A) or PEG-DAO (e) followed by D-proline (0.5mmol, i.p., 2 and 4h after
DAO administration). Open circles show control data (mice received no treatment).
Data are means + SE (n =4-8). *P <0.001 in e versus A. C Mice received different
doses of PEG-ZnPP (e, 5mg/kg, 1.5mg/kg) or inactive control PEG-PP (o, 5 mg/kg)
daily for 6 days. Control mice (o) received physiological saline. Data are means + SE
(n=6-8). *P<0.001, PEG-ZnPP groups versus PEG-PP and control groups. D PEG-
ZnPP plus PEG-DAO group. PEG-ZnPP, 5 mg/kg, was injected on day 6. o Control (no
treatment); ¢ PEG-DAO plus PEG-ZnPP; ¢ PEG-DAO but no PEG-ZnPP; A PEG-ZnPP
alone. Data are means =+ SE (n = 8-12). *P < 0.01, control versus each treatment. PEG-
DAO, 0.75 U/mouse, was injected i.v. daily from days 7 to 9, with D-proline injected i.p.
4h after each PEG-DAO administration; in addition, D-proline was injected at 2 days
(x2/day) after cessation of PEG-DAO, at a dose of 0.5 mmol/mouse, in the PEG-DAO
+ PEG-ZnPP group. All figures are from [32-36] with permission (see details in these
references)
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7
Conclusions

The therapeutic concept based on the EPR effect will have a great impact on
cancer chemotherapy. Polymer-conjugates or micellar forms with apparently
macromolecular size can be engineered from various low-molecular-weight
anticancer agents, and they will have greatly improved characteristics, par-
ticularly in terms of their pharmacokinetic properties (prolonged t;/;, less
toxicity, and much improved distribution to tumor). In addition, they will
have enhanced tumor-targeting efficiencies, which will ensure better thera-
peutic outcomes with far fewer side effects. However, one unsettled question
concerns the optimal rate of drug release from the complex or conjugate in
the tumor tissue, which differs for each case and depends on the chemical na-
ture or binding of the complex. HO-1 inhibitors and oxidative stress-inducing
drugs, which include most of the currently available anticancer agents (such
as cisplatin, doxorubicin, and camptothecin), show great potential for future
clinical application when used in combination. Also, the EPR effect-based tar-
geting strategy ensures a better quality of life and improved compliance of
patients.

We expect that some of the polymeric drugs that are currently in clinical
trials will prove to have these great advantages. Data for these trials will be
available in 2005.
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Abstract The atomic force microscope (AFM) is capable of acquiring a range of struc-
tural and physicochemical information on a wide range of biopolymers. The ability to
achieve nanoscale resolution, coupled with the potential to image and manipulate real-
time molecular-scale events, suggests that AFM is one of the most promising techniques
available for the study of biopolymers. AFM offers the potential to obtain a wide range
of both quantitative and qualitative information on biopolymers, ranging from their con-
formations in physiological buffers to the forces involved in bond cleavage. This review
explores the most common modes of AFM operation including imaging (contact and
tapping mode) and force spectroscopy. The application of these modes to biopolymer
characterisation will be discussed, with an emphasis on key studies.

Keywords AFM - Biopolymer - DNA - RNA - Proteins

Abbreviations

3-MPA 3-Mercaptopropanoic acid

11-MUA 11-Mercaptoundecanoic acid

AFM Atomic force microscope or atomic force microscopy
APTES 3-Aminopropyltriethoxysilane (used to create AP-mica)
AP-mica APTES-mica

Bp Base pair(s)

BR Bacteriarhodopsin

BSA Bovine Serum Albumin

BSA-MPAD BSA conjugated with a mercaptopropanoic acid derivative of atarazine
CBHI An exoglucanase enzyme (a cellulase)

CMA Carboxymethylamylose

CM-AFM Contact mode AFM

CMC Carboxymethylcellulose

CNT Carbon nanotubes

Cryo-AFM Cryogenic atomic force microscopy

csA Glycoprotein contact site AS

DMSO Dimethylsulfoxide

dsDNA Double-stranded DNA

dsRNA Double-stranded RNA

EDC 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
EDTA Ethylenediaminetetraacetic acid

EGII Endogluconase
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EtBr Ethidium bromide

FDC Force-distance curve

HPI Hexagonally packed intermediate layer
Ig Immunoglobin

LT Large tectosquares

MoMLV Moloney murine leukaemia virus
MPADT mercaptopropanoic acid derivative of atarazine
NCM-AFM Noncontact mode AFM

NHS N-hydroxysulfosuccinamide

oT Optical tweezers

PAMAM Poly(amidoamine) (a type of dendrimer)
pBR322 An E. coli DNA plasmid

PBS Phosphate-buffered saline

PEGylated Polyethylene-glycolated

PEI Polyethylenimine

PID Proportional-integral-differential

pLL poly-(r-lysine)

pLL-AsOR pLL-Asialoorosomucoid
pLL-g-pHPMA Polyhydroypropylmethacrylamide-graft-pLL

POPC Palmitoyl-oleoyl phosphatidylcholine
pRSVluc A luciferase plasmid

PVAL Poly(vinyl) alcohol

RH Relative humidity

RNAP RNA polymerase enzyme

SAM(s) Self-assembled monolayers

SMFS Single molecule force spectroscopy
SPM Scanning probe microscope

sSRNA Single-stranded RNA

STM Scanning tunnelling microscope
Ti-O Titanium oxide

TM-AFM Tapping mode AFM

TMEV Theiler’s murine encephalomyelitis virus
tRNA Transfer RNA

WLC Worm-like coil

YO Oxide yellow (a dye)

YO-PRO-1 An intercalating dye based on YO
YOYO Dimerised YO

1

Introduction

Atomic force microscopy (AFM) enables the visualisation of biopolymers in
their native hydrated state [1, 2] in liquid, in a partially dehydrated state in air,
in a dehydrated state in an ultra-high vacuum, or in their frozen state with
cryogenic AFM. Liquid imaging is often preferred where there is a desire to
observe dynamic events, or acquire more biologically relevant data [1,3-6].
The data obtained from AFM may also be more biologically relevant, as no



126 J.S. Ellis et al.

staining [7] or use of heavy metal ions are required [8] (which are typically
required for non-cryogenic electron microscopy). In addition, it is possible
to use a wide range of buffers and ionic strengths with liquid AFM, enabling
us to observe the effects of environmental factors such as pH changes and
ionic strength on polymer conformation [3,8-11]. In this respect, AFM offers
a clear advantage over other high-resolution imaging techniques.

The original scanning probe technique, the scanning tunnelling micro-
scope (STM), paved the way for the visualisation of polymers and surfaces to
atomic resolution [12]. Whilst STM is still used today in biopolymer charac-
terisation [13], its inability to characterise nonconductive surfaces in ambient
conditions [14] is a hindrance. The subsequent development of the AFM [15]
enabled the nanoscale visualisation of biopolymers [16] in both ambient [17]
and liquid environments [3,9,11]. AFM thus facilitates the imaging of dy-
namic molecular events at interfaces [9, 18-20].

Since the invention of AFM, thousands of papers have been published
demonstrating its application across a wide range of disciplines, from study-
ing the surfaces of Martian meteorites [21] to biochemistry, where many
natural processes have been studied, including enzyme action [9], disease
processes [22], and DNA condensation [10, 23, 24]. In this latter area AFM has
been used to investigate how natural phenomena such as DNA packing into
viruses [25] can aid DNA condensation to improve DNA delivery in gene ther-
apy [9, 10, 19, 26]. Besides imaging, AFM single molecule force measurements
have been obtained to understand fundamental aspects of the structural, me-
chanical and binding properties of biopolymers. For example, the effects of
DNA binders and intercalators on DNA [27] have been studied using atomic
force microscopy.

11
AFM Instrumentation

The AFM (Fig. 1) has been described in many reviews [14, 28-30] as a rela-
tively straightforward instrument comprising a probing tip and a detection
system (laser and photo diode) used to monitor the position of the tip [31].
The tip is located on the apex of a flexible cantilever, and is commonly
composed of silicon (Si). This tip-cantilever set-up is often described in me-
chanical terms as a ball (tip) on the end of a flexible spring (cantilever),
which, in theory, is capable of measuring forces with a resolution down to
the femtonewton range [16]. However, in reality, forces lower than around
ten piconewtons are rarely detected. The AFM tip may hence be described as
a nanoscopic force sensor [32], which has a terminal radius that ranges from
2-15nm [1, 33] for sharp probes to 10-50 nm [34] for unsharpened probes
(often used in force-distance work).

The cantilever’s flexibility (spring constant) varies between tips, and is par-
ticularity important when considering force measurements. Force constant
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Fig.1 The mechanism of detection in atomic force microscopy. The surface topography
is tracked by the movement of a tip connected to a cantilever. The movement of the can-
tilever is then monitored by a laser beam, which is bounced off the cantilever surface and
then reflected by a mirror into a slit photodiode detector

calibration can be achieved by various means [35], including methods that
use the cantilever’s free thermal fluctuation [36]. During operation, the beam
from a small low-powered diode laser is directed onto the apex of the can-
tilever (above the tip), which in turn is focused towards a photodiode using
a mirror. The laser position enables the position of the cantilever deflection
relative to the surface to be determined. In addition, the bending and twisting
of the cantilever can be measured using this approach.

The substrate of choice for AFM imaging is dependent upon the biopoly-
mer to be studied. Ultra-flat muscovite or ruby mica are commonly em-
ployed for DNA, proteins and RNA [37, 38]. Other common substrates include
gold, silicon and glass [39]. To achieve the scale of tip movement required
to achieve nanometre resolution, a piezo-ceramic scanner is used. Being
voltage-responsive, this piezo scanner is capable of altering dimensions by
approximately 1A per volt (0.1 nm per volt), enabling accurate control of
the tip position relative to the sample surface [32]. This actuator operates
with a feedback loop that effectively controls the relative position of the tip.
Plotting cantilever deflection as a function of the tip position on the sam-
ple surface produces an “image” of the sample (actually an “isoforce” map,
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which for homogenous samples can be interpreted as an “image” of the
sample).

1.2
Modes of Operation of AFM

Different modes of operation of AFM may be applied to the characterisation
of biopolymers. As biopolymers differ in their rigidity (Young’s modulus),
their responses to the normal and sheer forces applied by the AFM tip will
also differ. As different modes of AFM are available, the user can forego
resolution in order to minimise sample distortion (as in the case of tapping
mode atomic force microscopy), or improve the resolution using noncontact
or cryogenic AFM.

Soft biopolymers such as DNA and RNA are prone to tip-induced dam-
age, often resulting from the relatively large capillary forces (when imaging
in air) or friction forces experienced in contact mode. In this latter case, tap-
ping mode atomic force microscopy (TM-AFM) may be used [40-42]. We will
briefly discuss the most commonly employed modes of operation of AFM that
are routinely used to obtain sample topography. The most common modes
are contact mode AFM (CM-AFM) [2,43] and TM-AFM [44, 45].

1.2.1
Contact Mode

The simplest of AFM modes, CM-AFM maintains the tip in direct and con-
tinuous contact with the sample surface; changes in topography are therefore
evident if the cantilever deflection is plotted as a function of the tip move-
ment. We can further subdivide CM-AFM into either constant height or con-
stant force imaging, where the former maintains the cantilever at a constant
height (z) relative to the sample, allowing for variation in the force between
sample and tip. The latter (constant force microscopy) maintains consistency
in the force between the tip and surface, and therefore varies the height (z)
of the cantilever relative to the surface (whilst the tip remains in contact with
the surface) to achieve this [46]. Such force control is possible by monitoring
the deviation of the laser on the photodiode as the cantilever scans and bends;
changes in force are translated into deflection of the cantilever. These changes
are translated into a signal (error signal) signifying any change from constant
force [46]. The information is sent to a computer, which uses a feedback loop
termed the “proportional-integral-differential circuit” (PID). This PID causes
a voltage to be applied to the piezo scanner to adjust the separation between
tip and surface, ensuring that the contact force stays constant.

CM-AFM can produce resolution (~ 0.5nm) sufficient to resolve sub-
molecular structure [17] in both ambient and liquid conditions [39]. How-
ever, the formation of a thin water layer (capillary layer) on the sample surface
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can cause capillary forces (in ambient conditions) which may lead to both
imaging artefacts and degradation of tip and sample [47]. These forces can
be alleviated by imaging in liquid [48], or by selecting a cantilever whose ef-
fective spring constant is far less than that of the sample [49]. In general,
the forces are minimised and kept between 50-100 pN [50], as biopolymer
damage may occur if this value is exceeded.

Imaging biopolymers with CM-AFM is often problematic, as there is a ten-
dency for the poorly immobilised molecules to be either swept away or dam-
aged. In this instance, tapping mode AFM may be advantageous, as there
is a reduced risk of damaging biopolymers, and sweeping poorly adsorbed
polymers off the substrate. This comes, however with a modest reduction in
ultimate resolution [50].

1.2.2
Tapping Mode Atomic Force Microscopy

TM-AFM (or “intermittent mode” atomic force microscopy) utilises a com-
bination of both long-range attractive and short-range repulsive forces to
monitor the sample topography [39, 51]. It is the most versatile method for
analysing biopolymers [48], allowing “faithful” high-resolution imaging of
biopolymers [52]. TM-AFM utilises a piezoelectric actuator (often found at
the base of the cantilever, or on the tip holder) to oscillate the cantilever close
to or at its resonant frequency, such that it overcomes the capillary forces
when imaging in air. Here the cantilever is oscillated at typical amplitudes
from 20-100 nm [11, 53], where a feedback loop maintains constant ampli-
tude of oscillation. During this oscillation, the cantilever “taps” the sample,
touching the surface at the end of its oscillation cycle [50, 54].

Contact with the surface lowers the amplitude of the cantilever compared
to the free amplitude when the tip is not in contact [1]. Changes in amplitude
are then translated into topography, and such a system is capable of measuring
height changes down to the nearest 0.01 nm [1]. Whilst not true noncontact
AFM, the reduced lateral force exerted on the sample enables minimal dis-
ruption of biopolymers [11]. However, compression forces are still significant,
introducing the possibility of reduced height measurements [55].

1.2.3
Phase Imaging

When an AFM tip strikes the surface of the studied biopolymer, energy is
transferred to the surface. As a consequence, the cantilever’s phase of oscilla-
tion will lag behind the driving signal by an amount that depends on the level
of interaction with the sample. Energy can be lost due to inelastic processes,
capillary forces, and hydrophobic forces that arise during the tip—sample in-
teraction [56,57]; such energy loss is depicted by the phase lag, and is an
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extension of TM-AFM, which can be used to provide insights into the surface
properties of biopolymers. The phase lag is able to resolve the size, shape and
spacing of surface features, and as such is a useful tool in identifying varia-
tions in the surface composition [56]. As a result it is possible to obtain useful
information when it is difficult to interpret the topography data. Fig. 3 depicts
typical information obtained when imaging condensed DNA using AFM; here
the left hand image depicts the topography of the sample, whereas the image
on the right depicts the phase image.

1.24
Cryogenic Atomic Force Microscopy

In the search for routine submolecular resolution of biopolymers, cryo-AFM
appears a real possibility. First described in 1991, cryo-AFM studies samples
at very low temperatures, using liquid nitrogen vapour [58] to cool the sam-
ple. This increases the rigidity and mechanical strength of the biopolymers
(increases the Young’s modulus) [59] to as great as 1000 to 10000 times the
original hydrated strength [39]. This is believed to greatly reduce the sample
deformation and damage induced by the tip [60], facilitating the application
of sharper tips to the sample surface and enabling greater sample resolution.
Whilst good resolution of certain biopolymers has been achieved (in the
3-5nm range) [59] the lack of commercial availability of the machines and
the high maintenance costs make other methods of microscopy more suitable.
With further research, cryo-AFM may be as useful as other forms of AFM.

1.2.5
Liquid Imaging

There are many advantages to using liquid AFM to characterise biopolymers;
these advantages include the elimination of capillary forces (responsible for
tip-adhesion) and reductions in van der Waals forces [11, 51,61, 62]. Liquid
imaging also allows the degree of biopolymer immobilisation to be adjusted
by controlling substrate-polymer interactions [3, 5, 63, 64].

A switch from air imaging to liquid imaging cannot, however, be made
without taking the cantilever into account. Changes in both Stokes law (vis-
cosity) and the effective mass of the cantilever will affect the resonant
frequency of the cantilever [65]; as a result oscillation is dampened in li-
quid [51]. Taking tip resolution into account, the cantilever quality factor (Q)
is related (Eq. 1) to the effective mass of the cantilever (), the cantilever’s
resonant frequency (W,) and the dampening factor of the cantilever (y) [66].
The value of Q can vary from as high as 10000 in a vacuum to around 1 in
liquid conditions, where a quality factor of 100 is expected in air [66]. Low-
quality factors reduce the force sensitivity of the cantilever, and thus affect
the resolution, whereas a quality factor that is too high leads to problems with
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long settle times and reduced imaging speeds.
Q=mW,/y [66]. (1)

A method for improving the force sensitivity of cantilevers in liquid environ-
ments was proposed [66], where a positive feedback loop enhanced the quality
factor of the cantilever by as much as three orders of magnitude. This feedback
mechanism was applied to the study of single DNA molecules imaged on mica,
where the sample was first dried under nitrogen, then imaged in liquid (bu-
tanol). In this instance, the quality factor using the active Q feedback loop was
increased from 1 (as expected inliquid) to 1000. Parts of the DNA molecule were
more easily defined with this enhanced quality factor. It was also suggested [66]
that the height of the DNA molecule was more realistic using the enhanced qual-
ity factor than with other AFM methods, suggesting the images were a better
representation of the molecule’s state in vivo.

1.2.6
Tip Geometry and Carbon Nanotubes

Tip geometry is an important influence on sample resolution [67], which
can often be improved by using extra-sharp tips, such as oxide-sharpened
tips [68]. As the terminal radius of an AFM tip is usually larger, or of the same
order, as the width of the biopolymer under investigation, the observed image
will often be larger than the actual area due to tip-sample convolution. Arte-
facts may also occur due to the presence of an extraneous object protruding
from the tip, which creates an image referred to as a “double tip” [69]. Silicon
tips generally give superior resolution to silicon nitride tips, since they can
be etched so as to develop an extremely sharp apex with a radius of less than
1 nm [70]. Silicon tips are often manufactured so that the crystal is orientated
in the [1] direction [14], as this will leave only one single silicon atom at the
apex, with three dangling bonds, as opposed to the [111] orientation, which
has a wider apex. However, these tips are very fragile, and rapidly become
blunt. Carbon nanotubes (CNT) may provide better resolution due to their
very narrow dimensions [60, 67], with radii of 0.5 to 7 nm, and they are also
more resistant to blunting. In this respect, CNTs are believed to be superior to
standard AFM tips. However, no reliable commercial source currently exists
for CNT AFM tips, so these must be made by the user, limiting widespread
use.

1.2.7
Nontopographical Applications of AFM

In addition to classical topographical images, the AFM can provide a wealth
of additional information on the biopolymer under investigation. For ex-
ample, an individual biopolymer can be tethered between a tip and surface
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and stretched to obtain a force-distance curve (FDC) during force spec-
troscopy [71,72] where a plethora of information on the biopolymer can be
derived, including such properties as the Young’s modulus [56].

1.2.8
Force-Displacement Measurements

AFM can provide a vast degree of localized mechanical information [73]
by utilising probe-sample interactions to obtain a force curve, measured by
noting the deflections of the cantilevers, that theoretically has femtonewton
sensitivity [16]. However, ambient noise limits the level of detection. The de-
flection in the cantilever 5. (measured by the laser on the photodiode) is
determined and is used to generate a force-distance curve based on the prin-
ciples of Hookes Law (shown in Eq. 2).

F=-kebe . @)

Here F is the force, d. is the cantilever deflection in nanometres and k. is the
cantilever spring constant in Nm~!. An FDC is produced by measuring the de-
flection of the cantilever as it moves toward and away from the sample. The
force curve generated can be used to derive properties of the sample, such as
elasticity, adhesion and electrostatic forces [72, 74].

Measurements can be conducted both in ambient conditions and liquid,
although liquid is more commonly used to avoid capillary forces and allow
for environmental control by changing buffers [32], enabling the effect of
ionic strength to be determined [75-77]. Where naked tips are preferred for
imaging, chemical modification may be required to increase the likelihood of
interaction [78, 79] and polymer pick-up for force-distance work. “Chemical
force microscopy” may be used to describe the application of a functionalised
tip in AFM to map surface properties [80-82].

A typical FDC between an AFM tip and a surface is depicted in Fig. 2,
where there are two distinct traces, the approach and retract traces [34, 72].
At the start of the FDC, the distance between tip and surface is so great that
there is no interaction between them. As the approach begins, the distance
between tip and surface reduces such that a point is reached in which at-
tractive forces (such as van der Waals) cause the tip to instantaneously snap
towards the surface. It is possible for long-range repulsive forces to dominate
prior to the tip-surface contact, in which case the cantilever bends away from
the surface before the snap-in [72].

The occurrence of the snap-in may be minimised by using buffer solu-
tions that prevent excessive interactions [34, 83]. When the tip is in contact
with the surface repulsive forces predominate [39, 72], causing the cantilever
to bend away from the surface; this is described as the “contact region” of
the force curve. Here many properties of the sample and the tip-sample in-
teraction may be assessed, including the Young’s modulus and the contour
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Fig.2 Representation of a force-distance curve (FDC). At the beginning of the cycle (A)
the probe is moved towards the surface (the approach trace, red line) until contact is
made (B) and finally a predefined point of maximal load is reached (C). The tip is then
removed from the surface (retraction trace, blue line). As the cantilever withdraws, it re-
mains in contact with the surface until the maximum adhesion force is overcome (D).
Reproduced with permission from [230]

Fig.3 Comparison between topography (left) and phase data (right), Z = 10 nm and 60°
respectively. Scale bar = 200 nm. Figure depicts condensed DNA in the presence of 25 kDa
polyethylenimine (PEI)

length [72]. When the pre-set maximum load of the cantilever is exceeded,
the direction of motion of the cantilever is reversed, and the tip begins to
retract from the surface [84]. The retraction curve may follow the approach
curve; however, hysteresis often changes the curve’s shape [34]. Hysteresis is
often experienced in air due to the capillary forces arising from the fluid layer
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on the surface [34]; such forces may be such that they mask the fundamental
force of interaction under investigation [84].

If pick-up of individual polymer molecules is achieved by the AFM probe,
the retraction curve will depict this, by displaying a negative deflection (see
Fig. 2) of the cantilever until the polymer becomes detached from the tip
and/or the surface. Here specific events associated with biopolymer stretch-
ing and conformational changes can be interpreted based on the specific
shape of the curve [34].

2
Advances in Single Molecule Biopolymer Investigations Using AFM

2.1
DNA

DNA is one of the most frequently studied biopolymers, not least because of
its biological importance, but also because of the ease at which it can be syn-
thesized and prepared for imaging [2, 17]. Early images of DNA were obtained
in air using contact mode [17], soon after the ability to resolve DNA in li-
quid conditions was realized, enabling a more natural confirmation of DNA
to be achieved [85]. The number of different applications of AFM to DNA are
numerous in the literature. Here we discuss specific areas of interest, includ-
ing the mechanisms of immobilization of DNA to mica, and the application of
AFM to the study of gene therapy DNA systems. For gene therapy, DNA may
be condensed with a cationic polymer and this is then used to deliver DNA
to a cell in order to replace damaged or faulty parts of a genome [86]. AFM
can be used to study the process of DNA condensation [10, 30] and to charac-
terise different morphologies of condensed DNA [87]. The circumvention of
DNA degradation in the endosome is an important task for gene therapy [88];
AFM has been used to investigate the process of DNA degradation with en-
zymes [9, 18, 89], therefore enabling the protection conferred by polymers to
be predicted. In addition to gene therapy research, a lot of interest has been
shown in the use of AFM to investigate both drug-DNA and protein-DNA
interactions [30, 90]; these interactions are important pharmacologically and
provide interesting studies in which AFM can be used to explore the physical
and chemical processes that occur.

2.1.1
DNA Immobilisation

Muscovite mica is often the preferred substrate to image DNA, but the natural
negative surface charge of mica needs to be overcome to enable immobili-
sation. There are two paths to immobilisation; firstly by treating the surface
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of the mica with cationic chemicals such as silanes [24,91], and secondly
by using both monovalent and divalent cations [5,9,28,92] to attach DNA
to mica. The mechanical properties of DNA differ according to the method
of immobilisation [30]. The process of adsorption of DNA onto a mica sur-
face has been described as a transition from three dimensions (solution) to
two dimensions (surface), reducing the number of conformational possibil-
ities of the molecule [93]. Adsorption follows two possible routes, (i) where
DNA is free to change position (equilibrate) on the surface, and (ii) where
DNA becomes kinetically trapped to the surface; the conformation it adopts
on the surface represents its conformation upon adsorption. The latter case
does not allow us to determine the effect of the substrate on DNA conform-
ation [93].

Surface Pretreatment of Mica Using Silanes

The silane aminopropyltriethoxysilane (APTES) is commonly used to func-
tionalise the mica surface with positively charged amino groups [24, 91],
producing AP-mica [94]. Here, surface functionalisation enables effective re-
producible imaging of DNA [95]; however, the persistence length of DNA may
be lowered to approximately half the original value in doing so [56], and
may initiate DNA condensation in some circumstances [23]. It is however,
still possible to image dynamically with AP-mica [96]. In addition, as with
divalent cations [97], it is possible to modify the number of adsorbed DNA
molecules by adjusting the silane concentration, allowing for the visualisation
of single DNA molecules [98].

Immobilisation by Divalent Cations

Divalent cations are frequently used to immobilise DNA to mica before imag-
ing in air or liquid. Here, dilute DNA solutions containing between 1 and
10 mM of divalent ions are deposited onto mica, and either imaged im-
mediately, or dried under nitrogen [3,5,92]. Both nickel and zinc ions are
commonly employed where it is believed DNA is secured to mica by kinetic
trapping processes [99] caused by the action of counter-ion correlations [100-
102], coulombic repulsions [3,5] and ion-base pair interactions [92]. It was
originally proposed that both the ionic radius and the enthalpy of hydration
of the immobilising ion affected the strength of binding of DNA to mica,
where a greater binding force was achieved with the smaller ions such as Ni?*,
Co?* and Zn**, with maximal deposition at concentrations of 1 mM [97].
Interestingly, the binding efficacies of both Mg?* and Ca?* were believed in-
sufficient to mediate immobilisation [97, 99].

There is an increasing need for DNA to have a greater degree of confor-
mational freedom on a surface. Thomson et al. [64] found that both pH and
ionic strength influenced the degree of DNA immobilisation, allowing us to
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adjust the extent of immobilisation of DNA. Subsequent work utilised the
competition between both monovalent and divalent ions to modify immobil-
isation [63], enabling the study of DNA-protein interactions at physiological
ion concentrations.

Immobilisation of DNA in the Presence of Monovalent lons

The first discussion of DNA immobilisation by monovalent ions was pub-
lished in 1991 [103], where both monovalent and divalent ions were used
to immobilise DNA to quartz sand. A recent publication [3] cited, for the
first time, direct AFM evidence of monovalent ion immobilisation of DNA.
Here, plasmid DNA was diluted in 10% PBS and incubated for either 10 min
or 24 h at room temperature. After incubation, DNA was imaged on un-
treated, freshly cleaved mica using TM-AFM. The mobility of DNA could
be observed with both immobilisation times. However, the immobilisation
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Fig.4 DNA plasmid pBR322 mobile on mica after 10 minutes incubation with 10% PBS.
Reproduced from [3] with permission from Blackwell Publishing
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was greater after 24 h of incubation than after 10 min, suggesting a greater
degree of immobilisation after 24 h (Fig. 4). However, this approach is less
reliable in comparison to other immobilisation methods. At this stage, the
use of divalent cations or pretreated ionised mica to image DNA is pre-
ferred.

2.2
AFM Investigations of DNA Condensation

2.21
Visualisation of DNA Condensation by Polycations

AFM has been used extensively in the study of DNA condensation and sys-
tems related to gene therapy [23, 24, 30, 104-106]. Both Hansma et al. [107]
and Golan et al. [26] used TM-AFM to image various stages of DNA con-
densation with both poly(r-lysine) (pLL) and pLL-asialoorosomucoid (pLL-
AsOR).

Here DNA was shown to collapse upon the addition of pLL, where small
rods and toroids were observed as endproducts of condensation [26]. The
presence of intermediary structures suggested a state of equilibrium between
these rods and toroids. These data supported earlier findings suggesting that
an equilibrium exists between rods and toroids [105]. The AFM data pre-
sented by Golan et al. [26] suggested incomplete DNA condensation with pLL
compared with pLL-AsOR, which showed effective DNA condensation. In ad-
dition, the polymeric chain length had little effect on the DNA condensation
with pLL, but had a significant effect where pLL-AsOR was concerned. The
high charge density surrounding the AsOR moiety was believed to be respon-
sible for the increased condensation, increasing the interactions between the
anionic DNA and the cationic polymer [26, 30]. Time-lapsed AFM may also
been used [19] to identify the pathways of DNA condensation. Fig. 5 depicts
a series of images showing the formation of toroidal DNA.

AFM has also been used to investigate the condensation of DNA by the
cationic polymer poly(ethylenimine) (PEI) [108, 109]. Kleeman et al. [110],
for example, used AFM to investigate the effect of both air-jet and ultrasonic
nebulisation on PEI-condensed DNA. Smaller nonspherical DNA condensates
were observed with air-jet nebulisation in comparison to untreated control
samples. In contrast, ultrasonic nebulisation appeared to have little effect on
the morphology and size of condensed DNA [110]. An additional study [111]
used AFM to investigate the morphology of PEI-condensed DNA both before
and after freeze-drying, where freeze-drying was shown to have little effect
on either the physical stability or the biological activity of the condensed
DNA.

Ambient TM-AFM has also been used to investigate the effect of PEI: DNA
ratios on particle morphology [105]. An increase in polymer : DNA ratio from
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0.08 : 1 to 1.6: 1 resulted in a change from partial condensation to complete
condensation; here compact structures of 20-40 nm were observed. DNA
characterisation was aided by the pretreatment of mica with poly-L-ornithine
to create a uniform negative charge over the mica surface. In this study the
ability of AFM to resolve single DNA strands within condensed DNA enabled
the visualisation of looping and packing of DNA into the condensates [105].
In addition to PEI, a recent study by Wittmar et al. [87] investigated
the use of amine-modified poly(vinyl alcohol) (amine-PVAL) as gene ther-
apy agents using AFM amongst other techniques. Using TM-AFM, Wittmar
et al. used TM-AFM in liquid to investigate the effects of various polymer
properties (amine spacer length, the degree of amine substitution, and the
polymer : DNA ratio) on the degree of DNA condensation. Both spacer length
and polymer : DNA ratio were shown to have a significant effect on the size
and morphology of condensates. In addition, distinct differences were seen
between low (2%) and high (35%) amine substitutions, where fewer amine
substitutions showed less compact condensation with very few immobilised
molecules, and more amine substitutions produced more compact, occasion-
ally aggregated condensates which demonstrated a greater surface coverage.

2.3
Direct Visualisation of DNA-Protein Interactions

A great deal of interest has been shown in the study of DNA-protein interac-
tions [30]. As such, many reviews cite the application of AFM to these interac-
tions [30, 104, 112, 113]. AFM has been used to provide structural information
on DNA binding sites and the stoichiometry of proteins that bind to the
DNA [62]. The regulation of bacterial transcription [104], and the mechan-
isms involved in its initialisation are of considerable interest [114, 115], as
is the application of AFM in order to elucidate mechanisms of DNA-protein
interactions that are involved in the repair [62] and replication [90, 116] of
DNA.

In relation to DNA repair, van Noort et al. [62] used a home-made AFM,
offering increased cantilever deflection sensitivity and a modified liquid cell,
to investigate the action of the photolyase enzyme (obtained from Anacys-
tis nidulans) on a restriction fragment of DNA. Photolysase repairs lesions in
DNA and is specific to pyrimidine dimers resulting from UV damage [112].
AFM data suggested the photolyase enzyme showed mobility on loose (im-
mobilised) sections of the otherwise immobilised DNA molecules; this en-
zyme mobility was limited to the sections of DNA that were not immobilised
to mica.

A subsequent study by van Noort [117] used the Ncol enzyme to digest
DNA plasmid pET-XPB to produce both 1150 and 735 bp fragments. Using
persistence length measurements, van Noort identified UV-damaged DNA
fragments using AFM, where undamaged DNA molecules showed contour
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Fig.5 Depicts a series of real-time images of the condensation of DNA plasmid pBR322
with cationic polymer. Each image depicts a 5 minute scan. Scale bars are equivalent to
200 nm. Reproduced with permission from [19]



140 J.S. Ellis et al.

lengths of < 300 nm, whereas damaged DNA molecules suggested greater
contour lengths (>300nm). The photolyase enzyme adopted a globular
structure, measuring some 3 nm in height, causing a 36 +30° bend in DNA
at the site of binding [117].

In addition to measuring protein-induced DNA bending [62, 117], AFM
can be used to map protein binding sites on DNA, as demonstrated by Yokota
et al. [118], where the interactions between the GAL4 protein and Xbal with
linearised DNA (ratio of 100 : 1 protein : DNA) were monitored using a sample
preparation technique which prepared samples with straightened DNA, facil-
itating the creation of a large-scale map of protein binding sites. Using this
technique, protein molecules were mapped at the apexes of bends of DNA, in
addition, the binding sites of both Xbal and GAL4 were determined to be at
23 and 35% of the DNA’s total length.

RecA is an additional protein that is important for the recombination of
two DNA strands. The interaction between DNA and RecA has been investi-
gated using TM-AFM operating with CNT tips [119]. The morphology of the
RecA-DNA complex was investigated ata 1 : 3 (protein : DNA) molecular ratio,
suggesting that RecA was bound to DNA as a monomer, and not a hexamer as
previously believed. However, as tapping mode in air was used, the mobility
of the molecules was limited [4]. The formation of RecA-DNA complexes was
studied over a timescale of one hour, suggesting an initial “lag phase” where
nucleation was slow which was then followed by a faster growth phase.

An additional investigation [120] studied the interaction between the tu-
mour suppressor protein (p53) and partially immobilised DNA. A series of
time-lapsed images displayed the movement of p53 across the DNA, where
it was observed that ~ 25% of p53 stayed stationary, ~ 25% moved less than
100 nm and ~ 50% moved by as much as 400 nm. As a further control study,
p53-DNA complexes were imaged in air using TM-AFM to ensure that they
were capable of forming complexes. Unlike other protein-DNA experiments,
the positions of the p53 molecules on DNA appeared to be random. This find-
ing is compatible with the two known modes of binding of p53, namely direct
and initial nonspecific binding with one-dimensional diffusion to a specific
site on DNA [120].

DNA-enzyme interactions have also been investigated using AFM [9, 30,
121]. Here DNA-enzyme activity has particular relevance to gene therapy,
where enzymatic degradation of DNA in the endosome is a major hindrance
to successful transfection [88]. TM-AFM in air has been used to investigate
the protection that chitosan confers to DNA for gene delivery [121]. Here the
appearance of DNA fragments with naked DNA suggested no protection from
enzymatic assault, but when chitosan was present, little evidence of DNA
degradation was seen [121].

The use of time-lapse AFM to image enzyme action on DNA was explored
by Bezanilla [18], where the process of DNA degradation in the presence of
DNasel was observed. The rate at which images were recorded (one every
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30-60 seconds) suggests that key stages in the metabolism of DNA were not
observed. Subsequent work showed the endonuclease enzyme EcoKI cleaving
DNA following the addition of ATP to the DNA-EcoKI complex [89].

An early attempt to determine the rate of degradation of DNA was de-
scribed by Hansma [30], where a small prototype cantilever capable of cap-
turing one image every two seconds was employed. Here, the rates of degra-
dation of DNA were observed with two DNase concentrations. Interestingly,
a ten-fold difference in the rate of degradation was observed. A kinetic study
of the degradation process using a specialised imaging programme (Scion
Image Software) suggested a reaction rate of 16 particles per second (the
number of additional particles observed on the mica surface).

Finally, building on the previous success of both Ellis et al. [89] and
Bezanilla et al. [18], Abdelhady et al. [9] used AFM to depict a series of
time-lapse images (Fig. 6) of the degradation of DNA-polymer complexes by
DNasel. Here DNA was exposed to the enzyme either in its condensed state
(condensed by poly(amidoamine) (PAMAM) dendrimers) or its naked state
(in the absence of polymer). The protection conferred to DNA by the PAMAM

Fig.6 A series of images depicting the degradation of a 1:1 ratio of G4 PAMAM den-
drimers: DNA where the dendrimers were incubated with DNA for 15 minutes (a) and
2 hours (b) prior to deposition onto mica. Scale bars show 70 and 100 nm for a and
b respectively, Z = 3 and 5 nm respectively. Figures c,d,e depict G4-DNA complexes at ra-
tios of 0.5, 1 and 5: 1, respectively. No degradation is observed in e, so the pH was raised
to 11.4 to collapse the complexes. Reproduced from [9] with permission from Oxford
University Press
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dendrimers was investigated, where the polymer : DNA ratios were seen to
affect the breakdown of DNA. A lower ratio suggested the formation of “open-
nicked DNA” which then degrades into smaller dinucleotides. In addition, it
was possible to observe a globular feature, believed to be an individual DNase
enzyme, interact with the DNA complex, resulting in the degradation and
opening-out of complexed DNA.

24
DNA-Drug Interactions

Many medicines and chemicals can interact with DNA by a series of mechan-
isms, including intercalation, bis-intercalation, and minor and major groove
binding [8,27,122-126]. Using these interactions, AFM, and in particular
single molecule force spectroscopy (SMFS), has been used to detect changes
in DNA contour length in both the presence and absence of DNA-active
drugs [127]. SMEFS can provide a wide range of information on the mechan-
ical properties of a polymer. Apart from AFM [123-129], other techniques
may also be used to investigate the effects of force on DNA, including optical
tweezers, magnetic beads and glass needles [75]. Although the force associ-
ated with these techniques differs, for AFM SMFS, the forces are typically in
the range of 10 to 1000 pN [75].

Many studies [122-126, 130] have used SMEFS to investigate the elastic
properties of DNA; often to study the binding properties of small molecules.
As DNA yields a unique fingerprint when stretched [124], SMFS can reveal
specific force-extension characteristics dependent on the concentration and
type of molecule bound to it [123]. There are several mathematical models
that describe the force—extension characteristics of DNA when stretched, in-
cluding the worm-like chain (WLC) model [75] which can be used to describe
DNA stretching up to a force of 50 pN [131]. The WLC model cannot be ap-
plied after this force [123], so an alternate model must be used. At higher
forces (between 65 and 70 pN), a plateau is usually seen in the force curve, de-
picting the overstretching of B-DNA [125, 126], where it may stretch by up to
1.8 times its original contour length.

Higher forces are believed to disrupt the double helix, breaking hydrogen
bonds and leading to the loss of DNA base stacking interactions [131]. When
forces in the range of 150 pN are encountered, strand separation (melting)
occurs [126]. Relaxation enables the recombination of single DNA strands,
enabling the reformation of the DNA double helix.

2.4.1
DNA Crosslinkers

Cisplatin is an example of a crosslinker commonly used for the combined
treatment of neuroendocrine tumours [132]. It exerts its pharmacological ac-
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tion by crosslinking two guanine bases at their N7 positions [126]. Krautbauer
et al. [126] used SMFS to show how cisplatin affects the shape of the FDC
using linear fragments of A-phage DNA stretched between a gold tip and
a gold substrate. Upon the introduction of cisplatin, the FDC was found to
be significantly different to that of untreated DNA, where, even with forces
as high as 318 22 pN, no B-S transition was observed. In addition, the re-
laxed curve generally followed the extension curve, even up to forces as high
as 500 pN. The effect of incubation time (DNA with cisplatin) on the FDC fin-
gerprint was also discussed, where the DNA molecule appeared shorter after
1 hour of incubation, with a similar FDC to that of untreated DNA. Here the
presence of the crosslinker stabilised the DNA double-helix and prevented
strand separation (melting), so no melting transition was observed. A more
pronounced effect was observed after 24 hours incubation with DNA, where
a decreased overstretching force was observed at the start of the plateau.
These data agree with solution experiments that show decreased melting tem-
peratures of DNA with cisplatin.

24.2
Intercalators

The phenanthridine dye ethidium bromide (EtBr), whilst not a drug, is com-
monly used in biochemistry as a UV marker for gel retardation assays [9].
A single EtBr molecule is known to insert between base pairs of DNA, causing
both an increase in the base pair rise and an unwinding of the double helix
by 26° [133]. Krautbauer et al. [123] demonstrated the effect of EtBr on DNA
using the same SMEFS set-up as for the cisplatin experiments. It was noted that
only a very small ratio (one molecule of EtBr to ten DNA) was sufficient to
significantly change the FDC, where the B-S transition with 1: 10 EtBr : DNA
base pairs occurred at a reduced force, showing a steeper gradient during the
B-S transition. A high force melting transition and hysteresis were observed
with the 1: 10 ratio. The 1: 2 ratio showed no hysteresis, with no apparent B-
S plateau. The curve shows a gradual, almost exponential increase in force. At
this high ratio it was suggested that EtBr prevents the separation of the DNA
strands; in addition, EtBr induces the unwinding of the double helix at high
concentrations, so it reduces the likelihood of a B-S transition and increases
the contour length of DNA.

Proflavine is another example of an intercalating dye, which has its uses in
the treatment of warts. Its mode of action is similar to EtBr, where it inserts itself
between two base pairs, although proflavine shows little sequence selectivity.
Once incorporated into the DNA double helix, proflavine induces unwinding
by approximately 11° per bound molecule [124]. Single molecule studies [124]
suggest a shortening of the B-S plateau with increasing proflavine concentra-
tion, where ratios of 1: 10, 1:4 and 1:1 (proflavine molecules : base pairs)
are concerned. As with the EtBr study by Krautbauer [123], the melting hys-
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teresis was dramatically reduced with increasing proflavine concentration. In
addition, the extension curve differs very little from the relaxation curve.

A follow-up study by Eckel et al. [130] used a synthetic dsDNA molecule
(724 bp) containing poly(dG-dC) to investigate the effects of different chemi-
cals on DNA’s FDC. Here DNA was immobilised onto a gold surface overnight
at ambient conditions, and then a typical AFM set-up was used to investi-
gate the effects of the intercalators, daunomycin, EtBr, oxazole yellow (YO)
and dimerised YO (YOYO). YO and YOYO both bind to the major groove and
intercalate DNA. As predicted, the DNA showed considerable resistance to
pulling in the presence of intercalators, with no evident plateau suggesting
a B-S transition. The FDC from the bis-intercalators YO and YOYO differed
slightly in terms of their overstretching behaviour [130]. It appears that in-
tercalators stabilise the DNA helix, giving some resistance to melting and
preventing strand breakage. This is reflected in the various FDCs by virtue of
the lack of a B-S transition, and similar extend-retract curves.

24.3
Minor Groove Binders

Many minor groove binders are secreted by viruses or fungi and they in-
teract selectively with the minor groove of DNA [134], requiring only slight
adaptations in the conformation of the double helix of DNA [122]. Dis-
tamycin A is an example of a protein-based antibacterial and antiviral minor
groove binder which is secreted by the actinomycete Streptomyces distalli-
cus. Distamycin A exerts its action by reversibly binding to the minor groove
of DNA by a mixture of hydrogen bonds, van der Waals forces and elec-
trostatic interactions, demonstrating a strong preference for DNA sequences
rich in adenine and thiamine [134]. Using the same synthetic dsDNA, Eckel
et al. [130] used SMFS to study the effect of distamycin A on the FDC of DNA,
where little difference was observed between DNA in the presence of and in
the absence of this groove binder.

Another minor groove binder, netropsin, was investigated by Krautbauer
et al. [124] with a ratio of one netropsin molecule per 0.4 base pairs of
A-phage DNA (which contains a random sequence of bases). Operating in
a similar way to distamycin A, each end of netropsin forms three hydrogen
bonds with DNA, stabilising the structure. As observed by Eckel et al. [130],
initially the FDCs for DNA both with and without netropsin appeared similar,
but netropsin appeared to increase the force (75-90 pN) required to over-
stretch DNA. Other groove binders (Berenil and Hoechst 33258) were also
investigated, again showing an increase in the B-S transition from ~ 65 pN
to 70-90 pN. However, as Berenil behaves as both a groove binder and an
intercalator, data analysis has hidden complexities [123].
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25
Direct Imaging of DNA-Drug Interactions

2.5.1
Intercalators

An initial study by Pope et al. [8] demonstrated the effect of the addition of
EtBr (8 : 1 EtBr : base pair stoichiometry) to previously immobilised DNA. Am-
bient TM-AFM data depicts changes in the morphology of DNA, where DNA
appears to change from a relaxed open loop to a more tightly wound plasmid
with supercoiled (plectonomic) loops. Similar events were observed inliquid 12
minutes after the addition of EtBr; again DNA is seen to become progressively
more supercoiled until plectonomic morphologies are observed.

A subsequent study [27] used both AP-mica and a magnesium-containing
buffer to immobilise DNA to mica. Following DNA immobilisation a range of
EtBr concentrations (1:50 to 8: 1 EtBr to DNA bp) were used to investigate
the effect of EtBr on DNA morphology. At low (1:50 to 1:10) EtBr: DNA ra-
tios intercalation seemed to have minimal effects on DNA, but when the EtBr
concentration was increased to 1: 5 and 1 : 2.5, toroidal DNA was evident [27].
As the concentration of EtBr increased, so too did the degree of supercoiling
until a complete plectonomic-like structure was formed again.

A later study [135] describes the structural changes pBR322 underwent
following the addition of EtBr, where the DNA molecule was first relaxed by
a topoisomerase I enzyme prior to the addition of EtBr. Following the ad-
dition of EtBr, some DNA molecules presented a rod-like morphology and
were described as having condensed plectonomic forms [135]. The degree
of compaction was believed to increase with increased EtBr concentration.
The three studies (by Pope et al. [8,27] and Utsuno et al. [135]) have pro-
vided a new perspective on the ability of AFM to observe the impact of drug
molecules on the macromolecule conformation of DNA.

An interesting study by Kaji et al. [136] measured the changes in persis-
tence length (stiffness of DNA), contour length and end-to-end distance of
DNA in the presence of the intercalating dye YO-PRO-1. Assuming that the
500 and 1000 bp DNA fit the worm like-chain model, Kaji et al. plotted the
persistence length versus YO-PRO-1 concentration [136]. YO-PRO1 appeared
to increase the persistence length from 33.0 nm (no YO-PRO1) to as high as
80.7 nm (1000 bp DNA with a relatively low YO-PRO1 concentration). Where
the effect of EtBr increased with concentration, this was not the case for YO-
PROL1. The persistence length was at its greatest (for both 500 bp and 1000 bp
DNA molecules) at medium concentrations. With these data in mind, Kaji et al.
suggested that the intercalation of one molecule causes a deformation of three
other sites, rather like the reverse of allosterism. They went on to suggest that
over half of all binding sites will be deformed at a ratio of 0.2, and as a result the
intercalators will not be able to bind [136]. In addition, it was suggested [136]
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that YO-PROI changes the persistence length by two mechanisms, namely
electric effects and nonelectric effects. The electric effects (charge-related) de-
crease the persistence length (make DNA less flexible), whereas the nonelectric
effects counteract these to increase the persistence length.

3
AFM Studies of RNA

RNA is an important molecule that is involved in almost all key processes
of cellular metabolism [137]. Despite such importance, comparatively few
studies have been conducted on it using AFM. For this reason, RNA has
been described as the “Cinderella” of the nucleic acids [39]. The lability of
RNA [94, 138, 139] is believed to account for the apparent lack of studies, since
it makes reliable imaging and immobilisation difficult [39]. In addition, the
natural tertiary and secondary conformations of RNA required for biological
applications are highly dependent on environmental conditions [94, 140]. For
example, ionic strength was shown to have a dramatic effect on the stability of
dsRNA from Penicillium chrysogenum [141]. An early method for immobilis-
ing RNA to mica using silanes was described by Lyubchenko et al. [142]. The
AFM images obtained in air depict rather convoluted packed morphologies,
but the resolution was believed to be on par with electron microscopy [142].

Interesting observations have also been made by Shao and Zhang [31],
who used cryo-AFM to investigate the effect of osmotic stress on the in-
fluenza virus, where the virus was first adsorbed onto mica, where excess
particles were removed. The remaining surface particles were then immersed
in deionised water, producing osmotic shock, which caused the capsid enve-
lope to burst and release RNA. Here the rupture pore was also clearly visible,
allowing the internal structure to be analysed.

Further advances were made by Kienberger et al. [143], who used a mag-
netically oscillating cantilever to visualise the release of RNA from a human
rhinovirus (HRV2). RNA release was promoted by the rapid reduction of pH
to 4.1; the pH was then increased to pH 7.6 after two hours. These RNA
molecules were observed both connected to HRV2 and on mica, where the
height of RNA varied between 1 and 1.5 nm. Average diameters were in the
region of ~ 10 nm, suggesting tip-induced broadening. The presence of RNA
was confirmed by the addition of RNaseA, which was injected into the li-
quid cell, and images obtained both before and after RNA degradation. Whilst
RNAs are commonly found to have interesting three-dimensional structures,
the molecules observed by Kienberger et al. were either straight or bent,
with no secondary structure. Fork-like RNA structures were classified as RNA
molecules that had fully dissociated themselves from the viral capsid. How-
ever, it was believed that complete genomes was observed, as the measured
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contour lengths were an order of magnitude lower than the predicted value
based on 7100 nucleotides.

One issue that came from the work of Kienberger et al. was that the lack of
use of RNAse inhibitor will allow partial degradation of RNA by endogenous
enzymes or contaminants. It was claimed that where RNA immobilisation on
mica was dense, the tight packing inhibited the action of the RNAse, so little
degradation was observed [143].

3.1
Observation of In Situ RNA Synthesis

Kasas et al. [144] visualised the synthesis of RNA using a 1: 1 molar ratio of
DNA to RNA polymerase (RNAP) with DNA templates, including a “rolling
circle plasmid” which is capable of producing transcripts as large as 9000
nucleotides (2.7 um) [145]. Here, RNA molecules were observed on the sur-
face of mica (where the sample was dried down as these molecules were
not visible in liquid); in addition enzyme molecules were observed attached
to transcribed RNA. Rates of RNA synthesis were determined based on
the length of the transcribed RNA and the time given to transcribe, where
rates between 0.4 and 1 bases per second were suggested. A time-lapsed
(liquid) investigation was also conducted [144], using 373 and 1047 bp ds-
DNA templates that were originally added to mica in a low salt Ni?* buffer.
Here, both DNA and RNAP were observed on the surface of mica, and once
mobility of DNA was observed, a transcription buffer containing four nu-
cleotides was added. The DNA was then seen to dissociate from three RNAP
molecules.

An additional study by Hansma et al. [146] used Ni-mica (1 mM nickel(II)
chloride) to immobilise @ X174 DNA and a purine-rich plasmid (5'-
GATTCCTTTCTTCTTTCCTTC) (the DNA templates) onto mica, where again
RNAP was employed to synthesise RNA in situ. Here both ribozyme (@ X174)
and purine-rich RNA (transcript product) were observed, for which three
main differences were observed. Finger-like projections (believed to be
formed by non-Watson-Crick base pairing) were seen to protrude from
purine-rich RNAs, but not from ribozymal RNA. However, ribozymal RNA
possessed flatter regions (0.3 nm), presumably due to the stacking energies
of this RNA. In addition, uniformly thick ribosomal RNAs were occasionally
observed; this was not the case for purine-rich RNAs.

3.2
RNA Tectonics

Tectonics describes the ability to break down large molecules of RNA into
smaller subunits with additive behaviour and reassemble them [147]. Here,
three-dimensional structures can be built from nanoscopic building blocks
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to create “jigsaw puzzle” pieces termed tectosquares [147]. Here we briefly
discuss the application of AFM to the science of RNA tectonics.

Hansma et al. [139] described the first use of AFM to characterise two
forms of RNA self-assembly, namely dimerisation of two RNA molecules by
the formation of a “kissing loop” and the formation of a supramolecular fibre
from tectoRNA. The kissing loop RNA was prepared from a 230 nucleotide
Moloney murine leukaemia virus (MoMLV), using polymer chain reactions to
generate the desired sequence.

An additional fascinating study recently published by Chworos et al. [147]
described AFM evidence for the formation of programmable jigsaw puzzles
using tectoRNA [147]. Here two sets of tectoRNA were used for the assembly
of both large and small tectosquares, with side lengths typically measuring
10 nm and 13 nm with hairpin stems of 9 and 15 base pairs respectively [147].
Large tectosquares (LT) were analysed in both air and liquid using TM-AFM.
Here it was suggested that the LT folds into a stiff-sided square morphology

§rapTa

Fig.7 Various AFM images of different nanopatterns, including fishnet (ST3-4),
striped velvet (ST3-LT4) and basket weave LT7-8-9 patterns. Reprinted with permission
from [147]. Copyright (2004) AAAS
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Fig.8 Various different nanogrids made from RNA tectosquares. Reprinted with permis-
sion from [147]. Copyright (2004) AAAS
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with sides measuring some 13 nm and corner angles of 70 and 110°. The
width of the helical region was determined to be 3 4+ 1 nm based on width at
half height measurements as described by Golan et al. [26]. The patterns were
constructed from a total of 22 tectosquares, which were originally synthesised
from 49 tectoRNAs. Patterns were formed in 15 mM magnesium acetate by
cooling the tectoRNA slowly from 50 °C to 4 °C, and monitored using liquid
AFM (Fig. 7). In addition to these patterns, tectoRNAs were designed to as-
semble into nanogrids, where 2 by 2, 3 by 3 and 4 by 4 grids were assembled
by controlling the directionality of the 3’ tail (see Fig. 8). In some cases, edges
were formed by removing the 3’ end at specified corners. Here AFM was used
to characterise a 4 by 4 grid showing how 27 different tectoRNAs can be re-
producibly arranged and controlled to form nanoscopic jigsaw puzzles [147].

33
RNA Crystallization

Many aspects of RNA crystallisation remain unclear [39], and very few AFM
studies have been conducted on RNA crystallisation. The first in situ (AFM)
study of RNA crystallisation was presented by Ng et al. [148], where phenylalan-
ine transfer RNA (tRNA) was investigated on glass substrates using a vapour
diffusion method. The glass substrate was transferred into a sealed liquid cell
with a thermoelectric cooler, where supersaturation conditions were controlled
by modulating the temperature. It was possible to observe the effects of tem-
perature on crystal habit; in the temperature range of 16-11 °C, a transition
from one growth mechanism to another was observed at a single locus. The
shape of the crystal became increasingly isotropic, and two-dimensional nu-
cleiappeared. At 12 °C, three-dimensional nuclei began forming on the surface,
appearing as large stacks of steps. This effect of crystal growth was completely
reversible; a rise in temperature above 16 °C promoted crystal dissolution. The
crystal formation and subsequent dissolution could be repeated consistently.

3.4
Force Investigations of RNA

In common with DNA, force investigations can reveal important informa-
tion on RNA properties, as demonstrated by the stretching of both dsRNA
and ssRNA in comparison to dsDNA [140]. Here both DNA and RNA were
stretched between a silicon nitride tip and a mica surface. First, identical
sequences of dsDNA and dsRNA were compared. DNA molecules adsorbed
to a tip were extended for approximately 200 nm and they showed the typ-
ical B-S transition at approximately 65 pN. The force curve was similar to
those described for DNA earlier. After applying forces in excess of 150 pN,
DNA melting occurred with subsequent detachment of DNA at approximately
350 pN. In comparison, RNA showed a plateau force of approximately 60 pN
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which measured 120 nm in length with no observed melting transition. RNA
detachment occurred at a much lower force of approximately 200 pN. After
more than 300 force measurements with RNA, the plateau force was found to
be in good agreement with the predicted value of 65 pN [149]. Here, a greater
stacking force between RNA nucleotides was suggested as the cause of the
difference between DNA and RNA. In addition it was suggested that RNA
hybrids may account for the greater melting temperatures.

4
Polysaccharides by AFM

Polysaccharides are abundant throughout nature with numerous applications
in both the pharmaceutical and food industries, and so they have been the
subject of considerable AFM investigation [150-153]. AFM investigations of
polysaccharides are important not only for our understanding of food sources
(as reviewed by Morris et al. [154]) but also for our understanding of the me-
chanical properties of polysaccharides and how these affect their host cells.

4.1
Cellulose

High-resolution images of cellulose I microcrystals [155] demonstrated the
application of CM-AFM to the study of large biopolymers. Here, the 0.52 nm
repeat along the chains of the cellulose from Valonia ventricosa (a dark-green
balloon-like marine alga) was observed. AFM has also been used to study
the polysaccharides present in wheat straw cell walls [156], where clear dif-
ferences can be seen both before and after de-waxing. Cellulose appeared to
form microfibrils which were orientated in one direction. These fibrils meas-
ured some 20 nm in diameter and are believed to contain as many as 60-80
cellulose molecular chains.

4.2
AFM of Starch Grains

An early study by Baldwin et al. [157] highlighted the application of AFM to
the characterisation of starch granules. This time-dependent study using TM-
AFM in combination with low voltage scanning electron microscopy investi-
gated both wheat and potato starch. High-resolution images were obtained,
enabling the determination of topographical differences between starches
of different species of plant. The surface of potato starch appeared much
rougher than that of pea starch, which was believed to be due to the presence
of “blocklet structures”, as previously described [158].
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Fig.9 A depiction of the topography (a) and the error signal (b) for a starch granule
embedded in resin. The arrow points to damage scars caused by cutting. Reproduced
from [159], with permission from Elsevier. Copyright (2002) Elsevier

A subsequent investigation by Ridout et al. [159] investigated the structure
of starch granules using CM-AFM in both air (Fig. 9) and liquid. Topographi-
cal images were presented showing the typical morphology of starch, where
the helium (air pocket in starch) is observable as a black hole. No growth
rings are observable with these starch granules, which have previously been
observed using AFM [160]. Higher magnification was utilised, and objects
measuring some 50-80 nm could be observed, displaying globular morpholo-
gies. These structures were observed on both potato and maize starch and
deemed to be of similar sizes. An early study [161] used AFM to investi-
gate the in situ degradation of starch granules by alpha-amylase enzymes,
where the creation of a “pin hole” in the centre of the granule was observed.
Subsequent studies by Ridout et al. [160,162] used similar techniques to
investigate the surface characteristics of pea starch imaged in air using CM-
AFM, where growth rings were present, allowing the spacing between the
rings to be measured. High-resolution images again suggested the appearance
of “blockets”, adding further evidence to the “blocket model” of starch struc-
ture proposed by Gallant et al. [158]. Latterly, a study by Ridout et al. [162]
investigated the effect of hydration on the structure of starch using CM-AFM.
A change in the surface topography suggested swelling of the granules, which
was reversible after three months of drying.
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Fig.10 A series of images depicting thiolated dextran on a gold surface before (a) and
after (b—f) the addition of water. Initial surface changes, showing spheroidal particles, are
seen after 5 minutes incubation in water (b). These swell on the surface until 70 min-
utes (d) , when a continuous film is formed. Reproduced with permission from [164].
Copyright (1997) American Chemical Society

4.3
Dextran

Dextran is a branched (a-p-glucan) polysaccharide that is often used as
a blood-plasma expander [163]. AFM has been applied to the study of dex-
tran [163-165], and has been used to investigate the effect of polymer mo-
lecular weight [163] and hydration [164] on dextran polymer morphology.
It was suggested [164] that the degree of hydration would affect the particle
morphology, as intramolecularly bound water provides structural support,
where it forms a bridge between two OH™ groups in the polymer. Fully hy-
drated dextran molecules are believed to adopt a spherical conformation,
whereas dehydrated molecules display an ellipsoidal morphology [163]. Sub-
sequent investigations by Frazier et al. [164], immobilised a 70 kDa thiolated
dextran polymer to a gold substrate (Fig. 10), where differences in morph-
ology were observed after the addition of water. The initial air image depicts
a dense coverage of globular structures, believed to be single molecules; after
the addition of water (5 min) spherical morphologies were observed, and as
time progresses these particles are observed to swell and coalesce into a con-
tinuous film. After one hour a continuous layer of dextran (no individual
spheroids) was observed, following the contours of the gold islands on the
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substrate. FDCs were used to study the tip-surface deformation, suggesting
a decrease in the elastic modulus of dextran as time increased (after ad-
dition of water). This is one of the first examples of a direct observation of
the collapse of a steric barrier. The subsequent addition of propanol caused
dehydration of the dextran, resulting in a FDC that is similar to that in air
and a decrease in stiffness. In addition, the AFM images show the reversal
of hydration after the addition of propanol to reform the globular structures.
Subsequent investigation by Frazier et al. [165] suggested the benefits of mod-
ifying dextran with thiol, where surface coverage increases with increased
degree of thiol substitution; this appeared irrespective of substrate (silver or
gold). Conversely, an increase in molecular weight was seen to produce a de-
crease in the surface coverage of dextran, which was believed to be due to an
increase in conformational freedom and steric hindrance, resulting in fewer
binding sites being available for the thiol groups.

44
Polysaccharide-Enzyme Interactions

Polysaccharide-enzyme interactions have not been extensively studied by
AFM. However Lee et al. [166] have used AFM to study the effect of two different
cellulases from the fungus Trichoderma reesei, which produce an exogluonase
(CBH I) and an endogluconase (EGII), on cotton fibres. Here, TM-AFM was
used under ultrapure nitrogen (< 5% RH), where native CBH I molecules were
imaged ona chemically treated gold substrate. Additional images were obtained
of inactivated (hexachloropalladate) CBH I molecules on cellulose, where it is
believed to be capable of binding to cellulose fibres. Size analysis suggested that
native CBH I had a width of 6.5 nm, while the inactivated enzyme appeared to
have a larger width of 13.1 nm; both enzymes appeared as spherical particles.

The appearance of pores (13.1 nm), in the cotton fibres (after incubation
with inactivated CBH I) was believed to be due to the insertion of the en-
zymes’ tails into the cellulose fibres at the binding sites. The subsequent
addition of active enzyme (CBH I) produced slight changes in the structures
of the fibres, where high-resolution images suggest surface indentations that
were not evident in the control studies. It was suggested that CBH I disrupts
the cotton surface by “tracking” along the fibres. It was also suggested that the
mechanisms of action of EGII and CBH I differ, although they appeared to act
in synergism when used together.

5

AFM of Proteins and Viral Capsids

Many classes of individual proteins have been successfully imaged by AFM,
sometimes with submolecular resolution [167]. Resolution is typically great-
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est when the protein is imaged in two-dimensional arrays [104]. As with other
biopolymers, the application of AFM to protein imaging and pulling has been
the subject of many reviews [6, 28, 56,104, 168]. Depending on the protein
under study, immobilisation strategies may differ compared to those used to
immobilise nucleic acids. The methodologies used to immobilise proteins dif-
fer depending upon the nature of the protein, the pH and ionic conditions in
which the study is conducted, and more importantly they are affected by the
chemistry of the protein. Here we will discuss some of the key AFM studies
that have investigated proteins.

5.1
Membrane Proteins

The purple membrane was one of the very first membranes to be char-
acterised by AFM [169]; here trimers of bacteriorhodopsin (BR) were ob-
served on membranes of Halobacterium halobium. BR serves as a light-driven
proton (H") pump. It contains eight typtophan residues and is composed
of seven helices [170]. Both the membrane and BR have been the subject
of a great deal of research [83,171-177] into the detailed structure of the
membrane, which consists of approximately 75% BR and 25% lipids [178].
Worcester et al. [179] presented a study of the purple membrane, using
platinum/palladium (80/20) wire cantilevers to study the membrane in air at
a controlled relative humidity (55-75%). This study enabled the observation
of unidirectional parallel rows, spaced approximately 5 nm apart from each
other. It was suggested that they directly represented the surface structure of
the purple membrane.

Following the adsorption of the purple membrane onto mica, Miiller
etal. [175] introduced a BR-specific antibody (which recognises the c-
terminus of BR) to label the purple membrane. Here AFM studies suggested
that some membranes remained unlabelled (no change in topography or
roughness), whereas the roughness of other membranes was seen to increase
due to antibody attachment. The subsequent removal of the c-terminus (using
Papain enzyme) of BR and the subsequent addition of antibody resulted in
the observation of a smooth membrane, suggesting no interaction between
membrane and antibody.

A later study by Miiller et al. [173] revealed important structural infor-
mation on the purple membrane, where trimeric structure of the BR was
observed (showing a side length of 6.2 nm). Each subunit boasted protrusions
extending some 0.83 nm above the membrane surface; these were believed to
be a loop that connects the a-helices E and F on BR [173]. This loop was be-
lieved to be quite flexible, as it was able to sustain forces of up to 200 pN,
returning to its original state after the reduction in force [173,176]. The
application of imaging forces greater than 200 pN forced this loop into a con-
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formational change of approximately 0.2 nm, which Miiller et al. suggested
corresponded to an energy difference of 4 k] mol™!.

Persike et al. [180] published an interesting study on the effect of illumina-
tion on the purple membrane using Halobacterium salinarum membrane. It
was suggested that proteins on the extracellular side appeared more compact
than those on the cytoplasmic side, possibly due to the proteins’ preference
for the extracellular side to be on the mica surface.

As Miiller et al. [173] suggested, the morphology of BR depends on the
force at which it is imaged. Persike et al. used an average force of 100 pN
to image BR, and the E-F loop was observed, which was compressed after
forces of 1000 pN were applied [173]. Further interesting observations were
made when BR was imaged in liquid in both the presence and absence of
(white) light). Here a force of 200 pN was applied and maintained on the
sample (light was observed to decrease the imaging force due to the effect
of temperature on the bending of the cantilever). It was possible to observe
clear structural changes after the sample had been irradiated. Their averaged
data suggested that changes in the crystal lattice occurred and that the pro-
tein trimers appeared to be more condensed. This process is believed to be
completely reversible [173].

In addition to natural membranes, artificial membranes have been con-
structed for the purpose of monitoring protein movement [181]; one
such membrane was constructed from palmitoyl-oleoyl phosphatidylcholine
(POPC), into which ion-driven rotors of Ileobacter tartaricus ATP synthase
were incorporated. AFM showed the formation of assemblies of proteins,
while some proteins failed to make contact with each other. Random move-
ments of single proteins were observed, although with diffusion coefficients
that were lower than predicted. Miiller et al. [181] gave two possible explana-
tions for this. First, the mobility coefficient through an adsorbed (supported)
membrane (to mica) is an order of a magnitude lower than through an un-
supported membrane. Secondly, when adsorbed onto mica, a layer of water
produces a 1 nm separation distance between the mica and the membrane,
which increases the friction on the protein whilst maintaining a degree of
mobility.

The application of TM-AFM to the study of protein and membrane sur-
faces was discussed by Moller et al. [54]; TM-AFM affords the ability to study
loosely immobilised membranes. In their study, Moller et al. used both the
hexagonally packed intermediate layer (HPI) from Deinococcis radiodurans
and the purple membrane from Halobacterium salinarum. TM-AFM clearly
identified the hexamer arrangement of single proteins found on the HPI layer.
When the dimensions were compared with CM-AFM (from [182]), good
agreement was found with TM-AFM.
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5.2
Viral Proteins

A range of substrate preparation methods have been employed to study viral
proteins. Poly-L-lysine, for example, has been used to prevent viral particles
form being dislodged from the surface [39]; in addition, three different anti-
bodies (anti-A5 anti-ELd and anti-E2d) have be used to immobilise Semliki
Forest virus particles to a silanised silicon wafer [183]. Dimension and height
measurements suggested collapse of the viral particle onto silicon. Interest-
ingly, the presence of an envelope on the viral capsid did not stop collapse,
although the collapse was less significant where the envelope was present.
An alternate immobilisation method was suggested by Kuznetsov et al. [184]
where 0.05% glutaraldehyde was used to fix the cells and virons to the
substrate. This was followed by subsequent fixation with osmium tetrox-

Fig. 11 Images a-c depict wild-type MoMLV exhibiting protein bumps on the surface of
the capsid; d depicts a capsid with an unnaturally low density of proteins on the surface.
Approximately 100 protein bumps per virus can be observed, extending the girth of the
virus by 6-10 nm. Reprinted from [184] with permission from Elsevier. Copyright (2004)
Elsevier
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Fig.12 Two MoMLV virons emerging from its host cell. The positions of the antibodies
are highlighted by the arrows (a-c). ¢ depicts two virons adjacent to each other; one has
been labelled by antibody whilst the other has not. Reprinted from [184] with permission
from Elsevier. Copyright (2004) Elsevier

ide, dehydration, and then imaging under ethanol (Fig. 11). High-resolution
AFM images showed a wild-type Moloney murine leukaemia virus (MoMLV)
emerging from an infected 43-D cell (Fig. 12). Here two virons were observed
escaping from a host cell. Soon after this was observed, monoclonal antibod-
ies against SU proteins were administered; soon after administration, 30 nm
gold-clustered secondary antibodies were added and were observed attached
to the primary antibody. Figure 12a-b depicts tagged virus particles leaving
the cell that have been marked by the antigens, and also depicts two virons
in close proximity, one of which is marked, while the other, which has the
characteristic protein blobs or tufts, remains unmarked by the antibody.

A similar study investigated both the ingress and release of Theiler’s
murine encephalomyelitis virus from baby hamster kidney cells [185]. Here,
it was concluded that there was no difference in the effect on the cell surface
between both enveloped and nonenveloped cells upon both entrance and de-
parture from the cell. Although line analysis suggests a difference between
the cells, it is hypothesised that this could be due to different mechanisms for
enveloped and nonenveloped cells.

5.3
Imaging Proteins on Substrates

AFM enables the observation of surface-immobilised proteins with a lateral
resolution of 0.2 [50] to 0.6 nm [186] (depending on the apex of the tip
amongst other factors) and a vertical (z) resolution of 0.1 nm. Whilst it has
been claimed that high resolution of proteins is possible irrespective of their
arrangement [186], Hansma et al. [104] suggest that resolution is highest
when the protein is packed into two-dimensional arrays, as has been shown
for ferritin [187]. Irrespective of resolution, the globular nature of many
proteins is believed to make their identification more difficult, especially if
this is to be based solely on their morphology [167]. An early investigation
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by Schneider et al. [167] suggested a correlation between protein molecular
weight and its volume as measured by AFM, where various proteins (mo-
lecular weights 38 to 900 kDa) were imaged on mica. Optimal resolution
was achieved not by simple fixation of proteins to mica, but by the use of
a detergent-spreading method [188]. This technique was particularly useful
when imaging proteins that possess few positively charged residues (such as
the immunoglobins), which tended to immobilise very loosely to mica, and
would therefore become loose during imaging without this method.

Proteins possessing a large number of positively charged residues require
little pretreatment of mica to facilitate immobilisation [167, 189]. Avidin is
an example of such a protein [189], and it has been investigated by Allen
et al. [190], who presented an early study investigating the adsorption of
streptavidin onto the surface of a polystyrene microtitre plate (as used in
enzyme-linked immunosorbant assays). Here, streptavidin was imaged on the
surface of a well, suggesting the formation of supramolecular networks on
the polystyrene surface, with random pores ranging between 20 and 50 nm.
The subsequent characterisation of a biotinylated antiferritin antibody on the
platerevealed similar supramolecular networks. Globular features were also ob-
served, measuring some 15 to 17 nm, which were believed to be individual IgG
molecules [190]. After the same surface was exposed to ferritin, a continuous
layer of spherical features was observed, this time measuring some 15 to 25 nm.

A subsequent study by Chen et al. [191] investigated the interactions be-
tween a protein (albumin)-coated tip and protein-coated polystyrene surfaces
using FDCs. Here it was possible to recognise the interaction between the tip
and the proteins adsorbed on the polystyrene surfaces, irrespective of how
they were adsorbed. In addition it was possible to image the proteins on the
surface of the polystyrene without any reduction in resolution.

An interesting immobilisation technique was also described by Li et al,
where uniform distributions of immuno reagents were observed on gold im-
mobilised with self-assembled monolayers (SAMs) of both carboxylic acid
and hydroxyl-terminated thiols (Fig. 13) [85]. These SAMs were activated
using N-hydroxysulfosuccinamide (NHS) prior to the addition of protein.
This study suggested that less deposition of protein occurred when the SAM
was composed solely of carboxylated groups, in comparison to a mixed
system (of carboxylated and hydroxylated SAMs). Using a sample reloca-
tion device [192-194], Li et al. investigated the binding of antibodies to
antigens using TM-AFM, enabling specific and nonspecific binding to be
differentiated. A similar investigation [195] studied the immobilisation of
the protein catalase on gold using two different SAMs based on either 3-
mercaptopropanoic acid (3-MPA), 11-mercaptoundecanoic acid (11-MUA),
or a mixture of the two. Both NHS and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) were also used to facilitate protein coupling to the SAMs,
and hence promote covalent immobilisation. Differing degrees of adsorption
of catalase were observed using AFM when the surface coverage was calcu-
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Fig. 13 TM-AFM images of immobilised anti-goat IgG on a mixed SAM before (a and b)
and after (¢ and d) the addition of goat IgG. The dashed circle refers to an area of non-
specific binding, whilst the arrow refers to an area of specific binding. Reproduced with
permission from [85]. Copyright (2002) American Chemical Society

lated [196]. Here it was suggested that, with both physical adsorption and
covalent immobilisation, the degree of deposition of catylase was greatest
when both 3-MPA and 11-MUA were present on the surface, while the least
deposition was observed with 3-MPA alone.

An investigation by Raab et al. [197] also used AFM to aid recognition
of antibodies, but this time using a magnetically oscillated cantilever, teth-
ered to an antibody. This cantilever was scanned across a lysozyme-bound
surface, where changes in the amplitude (in relation to the cantilever) high-
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lighted areas of recognition. The subsequent blocking of the recognition sites
(addition of free antibody) produced a topography that was equivalent to that
of a naked tip. In addition to observing proteins at the single molecule level
on substrates in order to gain an insight into their gross macromolecular
structures, there is a growing interest in the ability to image the distributions
and adsorptions of proteins on modified surfaces [198] and biomaterials [165,
199-206]. AFM may provide key insights into protein-surface interactions
for medical devices such as implants [200]. Unlike AFM substrates, these sur-
faces are often rough, making it difficult to observe individual proteins with
reasonable clarity. Holland and Marchant (2000) [200] overcame such ob-
stacles by exploring both the topography and phase data of fibrinogen on
different surfaces (polydimethylsiloxane and polyethylene). As anticipated, it
was harder to resolve protein on rougher surfaces, especially in the case of
(ePTFE). Where the surface demonstrated very high surface topology, phase
data enabled the observation of proteins that were otherwise not observable
in the topography image, presumably because they were hidden.

A subsequent study investigated the effect of titanium (Ti) roughness
on the ability to resolve fibrinogen proteins [201]. Here seven different Ti
surfaces were used, ranging from mechanically polished (smooth) to sand-
blasted and etched surfaces (rough); again the plasma protein fibrinogen was
used as a model protein. As with Holland and Marchant [200], protein reso-
lution was affected by the roughness of the sample surface, where protein
could only be visualised (with height, phase and amplitude data) on the two
smoothest substrates. The dimensions of proteins adsorbed on the polished
surfaces appeared larger than those on the ground surfaces, suggesting a con-
formational change, possibly occurring as a result of the roughness of the
surface.

5.4
Observation of Amyloid Formation

The formation of fibrillar deposits (also termed amyloids) due to the mis-
folding and subsequent aggregation of polypeptides has been of recent inter-

Table 1 Typical diseases associated with amyloid fibrils. Adapted from [207]

Disease Protein

Alzheimer’s disease Ap peptide

Spongiform encephalopathy Prions

Type 1I diabetes Fragment of islet-associated polypeptide
Haemodialysis-related amyloid angiopathy B2-microglobin

Atrial amyloidosis Atrial natriuretic factor
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est [207,208]. Some diseases commonly associated with amyloid formation
are listed in Table 1. The severity of many diseases associated with amyloid
formation has prompted research into the nature of these fibrils under the
AFM [22,208-213].

The 39-43 amino acid residue B-amyloid associated with Alzheimer’s
disease was initially studied in air [209] but later in liquid [210] using
TM-AFM. Here the formation of early fibrillar structures (nascent fibrils)
from smaller oligomeric units (constructed from five spherical units) was
observed, where the fibrils were seen to grow by the addition of further
monomers or oligomers [209]. Such growth has also been observed directly
and in situ [210], where bidirectional growth of premature fibrils (protofib-
rils) was identified.

9.5 hours

7.7 hours

7.5 hours

Fig. 14 Time-lapse images of amylin fibrils forming on a mica surface. Image a depicts the
formation of protofibrils, showing evidence of bidirectional growth. The boxed section
depicts the area in which the four previous images were taken (4.9 to 7.7 hours). Image
b depicts another experiment showing the growth of a protofibril (arrow) from a higher
order fibril. Scale bar 200 nm. Reprinted from [22] with permission from Elsevier. Copy-
right (1999) Elsevier
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In addition to the studies conducted by Blackley et al, Wang et al. [213]
utilised both TM-AFM (in situ) and STM (in vacuo) to study folded protein
structure on freshly cleaved HOPG. Self-assembled sheets of the protein with
a height of approximately 1 nm and narrow tubes were observed with ridges
exhibiting a right-handed axial periodicity using AFM. It was concluded that
fibrilisation followed two paths; one where the peptides aggregate into beads,
and the other being where the proteins self-assemble into filaments which
subsequently twist into fibrils. The data obtained in air suggested the appear-
ance of protofibrils, intermediary between protein monomer and amyloid.
This was taken as support for the theory that AS-amyloids are formed via the
association of these protofibrils with monomeric units of Ag-protein [213].

The application of real-time AFM to study the dynamic nature of fibril
amyloid formation has been briefly reviewed by Stolz et al. [214]. An ex-
ample of the application of time-lapse AFM to the study of amyloid fibrils
was presented by Goldsbury et al. [22], where the 37 amino acid hormone
amylin was observed undergoing fibrilization on a mica surface (Fig. 14). The
TM-AFM data shows the formation of protofibrils, which then formed com-
plete fibrils. It was established that fibrils form from each of their free ends,
whilst growth rates were deemed to be similar at both ends. A similar in-
vestigation used TM-AFM in air to image a 20-29 amino acid believed to
be a major constituent of the amyloid deposits formed in type II diabetes
mellitus [215]. Here aliquots were removed and imaged every two hours,
allowing for the observation of fibril formation. The interaction between
amyloid proteins and lipid bilayers has also been investigated. Rupture of the
lipid bilayer was observed, presumably due to the formation and spread of
defects [211, 216].

5.5
Single-Molecular Force Interactions of Protein Molecules

The application of force spectroscopy to the study of proteins has been cited
by many reviews [36,72,217-220] including Best et al. [36], which focuses
on the application of AFM to the study of protein folding. It has been sug-
gested that AFM can give new insights into protein folding and the effect of
force on protein unfolding, and can provide information on folding energy
landscapes.

5.6
SMFS Investigations of the Mechanical Properties of Proteins

The 3 MDa protein titin was the focus of many of the first SMFS investigations
into protein unfolding [221]. Titin is composed of multiple-tandem repeats of
Ig and fibronectin III-like domains [218]. Figure 15 depicts a typical force-
distance curve obtained from stretching titin 127 using SMFS. Each individual
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Fig.15 The application of force mode AFM to the pulling of titin 127 (c). (a) The AFM
set-up; (b) the force curve generated from titin, showing the unfolding of each different
domain. Reproduced from [36] with permission from the Royal Society of Chemistry

peak (or spike [218]) in the FDC of titin has a characteristic curvature. Best
et al. suggested that this is the soft elastic extension of the already unfolded
titin molecule [36]. Further stretching results in a drop in the force, resulting
from the unfolding of each domain, giving the characteristic “saw-tooth” ef-
fect [220]. The final peak observed in Fig. 15 shows the release of the protein
molecule from the tip. In this example of titin stretching, only seven out of
the eight domains (Fig. 15c) were observed using SMEFS. It has been suggested
that the first domain was involved in the binding of the protein to the tip, and
so it can’t be distinguished from the first peak, which usually accounts for
nonspecific surface-tip interactions [36]. Lack of homogeneity between the
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Ig domains within wild-type titins may produce variations in the FDC [220],
so proteins were synthesised with the aim of producing more homogenous
FDCs [222]. One such protein was investigated by Williams et al. [222] and
compared with wild-type titin 127 using SMFS. Where the process of 127 un-
folding was believed to occur via the formation of an intermediary structure
(in which the A-strand becomes detached) at around 100 pN [223], Williams
et al. further demonstrated that the force transitions of 127 were dependent
on the loading rates used. This has also been described using both optical
tweezers (OT) and AFM [224].

5.7
The Application of SMFS to Ligand—Receptor Interactions

The unusually high affinity of the receptor-ligand pair biotin-streptavidin
has lead to its frequent use as a model system for the study of receptor-ligand
interactions [72]. Such interactions have been described in detail in the re-
views by both Zlatanova et al. [72] and Willemsen et al. [225]. We shall briefly
discuss the application of SMFS to understanding protein-ligand interac-
tions. Early applications of SMFS to streptavidin-biotin interactions were first
published by Lee et al. [226]. Here AFM was used to investigate the interac-
tion between biotin and streptavidin using both glass microspheres and mica
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Fig. 16 The avidin-biotin interaction (A) and the process of tip coating (C). (B) shows
a FDC for the breakage of a small number of avidin-biotin bonds. Here it is suggested
that between one and six complexes are ruptured, where f3 refers to the force required to
rupture the last complex. Reprinted from [227], with permission from Elsevier. Copyright
(1999) Elsevier
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surfaces, and thus it was possible to investigate individual streptavidin-biotin
interactions. An additional study by Wong et al. [227] used both surface force
apparatus and AFM to investigate the interaction between avidin and bi-
otin (Fig. 16). It was suggested that the surface force apparatus permitted
the determination of long-range attractive forces, whereas the AFM allowed
short-range forces to be determined.

A more recent study by the Gaub group [228] used SMFS to investigate
cell-cell mediated interactions using the eukaryotic cell Dictyostelium dis-
coideum, where the cell glycoprotein contact site AS (csA) participates in
cell aggregation. A tipless cantilever functionalised with lectin was used to
pick up a cell from Dictyostelium discoideum. A target cell was positioned at
the bottom of a dish, and was approached until a contact force was felt. It
was possible to measure the desorption between the cells, which suggested
that the unbinding force was approximately 1nN. However, it was recog-
nised that it was not possible to resolve the nature of these interactions
(whether they were specific to csA or to another protein) [228]. As adhe-
sion was known to be calcium-dependent, the chelating agent EDTA was
used to remove calcium ions, which lead to a reduction in the number of
detectable adhesion interactions. Here both calcium-dependent de-adhesion
forces, and calcium-independent (EDTA had no effect) interactions were in-
vestigated. It was suggested that whilst the de-adhesive forces were within
the same range (piconewtons), differences existed between the two reactions:
calcium-dependent de-adhesion showed a broad range of forces, whereas
calcium-independent force showed a peak at 23 pN. It is believed [228]
that calcium-dependent adhesion utilises several molecules, each with dif-
ferent adhesion characteristics. On the other hand, EDTA-resistant adhesion
may involve a single molecule, such as csA. This provides an interesting
study of the application of AFM to living cells in order to identify import-
ant mechanisms of adhesion; however, due to the dynamic nature of living
cells, it was not possible to identify single molecule interactions using this
method.

Finally, Kaur et al. [229] discussed the use of SMEFS to investigate the in-
teraction between both antibodies and pesticides. Here a gold surface (gold-
coated glass) was used to immobilise the antihapten antibody using pro-
tein A on the gold surface. AFM tips (silicon nitride) were cleaned in sodium
hydroxide, and then in piranha solution, where they were functionalised with
APTES and glutaraldehyde. The probes were then further functionalised with
either BSA-MPAD (a mercaptopropanoic acid derivative of atarazine) or 2,4-
conjugated BSA. The substrate was blocked using 2% casein, and force curves
were recorded for each tip BSA-MPAD or 2,4-conjugated BSA. The method
used by Kaur et al. ensured the Fab site of the antibody remained free to
access the pesticides. Protein A has a high affinity for the Fc region of an-
tibodies [229], ensuring that the Fab region was unaffected. Here it was
possible to detect the antigen binding activities of two different pesticides and
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determine the adhesive forces involved in the interactions between the pes-
ticide and antibody (240-940 and 80-400 pN for MPAD and 2,4-conjugated
BSA respectively).

6
Conclusions

AFM is an extremely versatile area of microscopy, with numerous applica-
tions to the study of biopolymers. Here we discussed the application of AFM
to the study of DNA, proteins, RNA and polysaccharides, where both SMEFS
and imaging have been used to further our understanding of the proper-
ties and interactions of these biopolymers. Recent publications have proved
that AFM offers the potential to obtain a wide range of both quantitative
and qualitative information on biopolymers. The future of AFM should see
some further new and exciting information gather on both old and new
biopolymers. As major improvements and development of the instrument is
currently underway, and with the advances in computer technology (allowing
an increase in the rate of data collection), the future applications of AFM to
biopolymer research are likely to grow.
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Abstract Biological activities of biocompatible synthetic polymers used in drug delivery,
gene delivery, vaccine development or biomaterial surface modification are discussed.
Synthetic polymers display selective phenotypic effects in cells and in the body, affecting
signal transduction mechanisms involving inflammation, differentiation, proliferation,
and apoptosis. These effects are realized as a result of interactions of water-soluble poly-
mers with plasma cell membranes, delivery of polymers to intracellular organelles, and
at the sites of cell contacts with polymer-coated surfaces. The ability of the cells and
organisms to respond to the effects of these polymers can be dependent on phenotype
or genotype. In selected cases, polymer agents can bypass limitations on biological re-
sponse imposed by the genotype; for example, achievement of phenotypic correction of
immune response by polyelectrolytes. Overall, these effects are relatively weak as they do
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not result in cytotoxicity or major toxicities in the body. However, when combined with
specific biological agents, such as cytotoxic agents, bacterial DNA or antigens, either by
mixing or by covalent conjugation, the polymers can drastically alter specific genetically
controlled responses to these agents. Collectively these studies propose the need for thor-
ough assessment of pharmacogenomic effects of polymer materials in order to maximize
the clinical outcomes and understand the pharmacological and toxicological effects of
polymer formulations of biological agents — polymer genomics.

Keywords Artificial vaccines - DNA microarray - Drug resistance - Phenotype -
Signal transduction

1
Introduction

Pharmacogenomics has emerged as an important field at the interface of
pharmaceutics and genetics, which studies how an individual’s genetic in-
heritance affects the body’s response to drugs [1]. Pharmacogenomics holds
the promise that drugs might one day be tailor-made for individuals and
adapted to each person’s own genetic make-up. Of equal importance are stud-
ies of cellular responses to drugs, particularly in cancer chemotherapy and
other areas where chemotherapeutic agents can select genetic mutations that
result in acquired resistance to these agents [2]. The subject of this review,
“polymer genomics”, addresses the effects of biocompatible synthetic poly-
mer materials in responses to biological agents. This consideration may be
generally applicable to many types of biocompatible materials that come into
contact with cells and body tissues. However, the relevance and urgency of
this consideration in pharmaceutics has become more obvious because of
the tremendous growth of work using polymer-based drug and gene deliv-
ery systems. Polymer-based drug and gene delivery systems emerged from
the laboratory bench in the 1990s as a promising therapeutic strategy for
the treatment of devastating human diseases [3-9]. There is a fundamen-
tal reason why polymer materials are useful for solving drug delivery and
gene delivery problems. Polymers are relatively large compared to low mo-
lecular mass drugs, and when combined with these drugs they can augment
the drug’s performance and change their bioavailability. Moreover, synthetic
polymers are perfectly suited for producing formulations with biopolymers,
such as proteins and nucleic acids, since they can self-assemble with these
molecules, forming nanosized complexes that are useful in drug delivery and
gene therapy applications [10,11]. A number of polymer-based therapeu-
tics are presently on the market or are undergoing clinical evaluations as
treatments for cancer and other diseases [7]. The central paradigm of drug
delivery developed in these studies considers the polymers used in these for-
mulations as biologically inert excipients that protect biological agents from
degradation, prolong their exposure to tissues, and enhance the transport of
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biological agents into cells. However, such a view is undergoing major re-
vision due to the growing evidence that selected synthetic polymers, when
combined with biological agents (low molecular mass drugs, DNA or anti-
gens), can alter genetically controlled cellular responses to these agents [12].
This paper provides an overview of such studies. First, we consider the effects
of water-soluble amphiphilic block copolymers in multidrug resistant (MDR)
cancers and demonstrate that these effects are selective for MDR phenotype.
Second, we discuss the effects involving alterations of apoptotic signal trans-
duction pathways in cancer cells by water-soluble polymers mixed or cova-
lently conjugated with antineoplastic drugs. Third, we present evidence that
amphiphilic block copolymers can drastically alter gene expression profiles
and prevent the development of drug resistance during the biological selec-
tion of cancer cells with anticancer agents. Fourth, we demonstrate that these
polymers can change gene expression profiles and improve gene therapy
by activating transcription by affecting selected inflammatory signal trans-
duction pathways. Fifth, we analyze the effects of synthetic polyelectrolytes
on immune response, including its phenotypic correction, and studies de-
veloping fully synthetic vaccines on the basis of polyelectrolytes. Sixth, we
demonstrate that signal transduction in adherent cells of polymer-modified
surfaces can strongly depend on the surface chemistry. Based on these stud-
ies, we discuss the significance and future directions of polymer genomics
research.

2
Phenotypic selectivity of polymer-drug formulations for MDR cancers

In contrast to genotype, which is defined as the inherited genetic makeup
of the body, the phenotype defines properties acquired as a result of envi-
ronmental effects. In an evolutionary sense, biological selection acts on the
phenotypes, because differential reproduction and survival depend on the
phenotype. Thus, alterations in phenotype precede genotype changes, but
they still play a critical role in the response and survival of the cells. One ex-
ample of a phenotypic change of high significance for cancer chemotherapy
and treatment of other diseases is the development of MDR in response to
chemotherapy. Tumors with MDR phenotype overexpress efflux transporters
belonging to a superfamily of ATP binding cassette (ABC) proteins, such as
P-glycoprotein (Pgp), multidrug resistance-associated proteins (MRP), and
breast cancer resistance protein (BCRP), which pump drugs out of a cell
and thus reduce their cytotoxicity [13,14]. Furthermore, the glutathione
(GSH)/glutathione S-transferase (GST) detoxification system is frequently ac-
tivated in MDR cells, contributing to drug resistance [15, 16]. Another imped-
iment to treatment, which is present in MDR cells, involves the sequestration
of drugs within cytoplasmic vesicles, followed by drug extrusion out of the
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cell [17]. Drug sequestration in MDR cells is achieved through the mainte-
nance of abnormally elevated pH gradients across organelle membranes -
by the activity of H*-ATPase, an ATP-dependent pump [18, 19]. The combi-
nation of several mechanisms of drug resistance complicates chemotherapy
and reinforces the need to develop novel drug formulations that are effective
against drug-resistant cancers.

One approach to overcoming MDR is to use Pluronic block copolymers
in formulations used to treat drug-resistant cancers [20-22]. Pluronic block
copolymers consist of ethylene oxide (EO) and propylene oxide (PO) seg-
ments arranged in a basic A-B-A structure: EO, — POy, — EO, (Fig. 1). This
arrangement results in an amphiphilic molecule where altering the numbers
of the EO and PO units can vary the size, hydrophilicity and lipophilic-
ity of the molecule. Due to the self-assembly of hydrophobic PO chains,
Pluronic molecules can form micelles and gels (Fig. 2). Some early studies
using Pluronic focused on the use of polymeric micelles as nanocontainers
for targeted delivery of hydrophobic drugs [23-25]. However, it soon became
clear that Pluronic molecules themselves display unique properties that have
important implications for the delivery of drugs into cells [4]. One notable
example is the effect of Pluronic on MDR cancer cells. Pluronic results in
the chemosensitization of these cells to antineoplastic agents [20, 22, 26, 27].
Pluronic molecules have been shown to inhibit drug efflux transporters, such
as Pgp, expressed in MDR cells [27, 28]. The block copolymers exert a “dou-
ble punch” effect on Pgp by 1) inducing conformational changes that decrease
the affinity of the Pgp for drugs and ATP, and 2) causing intracellular de-
pletion of the ATP necessary for proper Pgp function [27,29]. The synergy
between these two effects results in the inhibition of the Pgp efflux sys-
tem, as well as some other ATP-dependent drug efflux transporters, such
as MRP [30]. Furthermore, Pluronic inhibited other energy-dependent drug
resistance mechanisms, such as the GSH/GST detoxification system and cy-
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Fig.1 Structures of selected Pluronic block copolymers available from BASF
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Fig.2 Self-assembly of Pluronic unimers into micelles occurs as the concentration of the
block copolymer reaches the critical micellization concentration (CMC) and the tempera-
ture reaches critical micellization temperature (CMT). A further increase in the block
copolymer concentration results in the formation of Pluronic gel

toplasmic drug sequestration in MDR cells [22, 30, 31]. This means that highly
potent chemosensitization of MDR cancer cells by Pluronic block copolymers
has been accomplished.

This combination of activities of Pluronic in MDR cells is due to the am-
phiphilic surfactant architecture of the block copolymer molecules, which
can incorporate into cellular membranes resulting in changes in membrane
permeability, membrane potential, and membrane transport of various com-
pounds. The likely targets of Pluronic effects are the cell plasma membrane
(where Pgp is localized) and the mitochondria membrane, where Pluronic
affects normal functioning of the drug efflux transporters and respiratory
chain, respectively [28, 32]. Selected Pluronics, which can translocate inside
the cell and thus affect intracellular compartments, in particular mitochon-
dria, are the most efficacious modulators in both Pgp inhibition and ATP
depletion [28].

The membrane-active properties of Pluronic are rather nonspecific. There-
fore, it is quite remarkable that both the ATP depletion and sensitization of
MDR cells correlate with the expression of drug resistance proteins in these
cells [33]. Figure 3 represents the correlation between the ECsy values, de-
termined as the concentrations of the block copolymer that induced 50%
depletion of ATP, and the levels of Pgp expression in various cells. As the
expression of Pgp was increased, the ATP-depleting potency of the block
copolymer was also elevated. This was related to the abnormally high energy
consumption observed in MDR cells, which rendered them very responsive
to respiratory inhibition by the block copolymer [27]. Conversely, the nonre-
sistant cells were more likely to adjust to the reduced respiration conditions
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Fig.3 Relationship between ATP depletion and Pgp expression levels in various cells.
The studies included human breast carcinoma cells, MCF-7, and their MDR subline,
MCF-7/ADR; human oral epidermoid carcinoma cells, KB, and their MDR subline, KBv;
wild-type porcine kidney epithelial cells, LLC-PK1, and human MDRI-transfected cells,
LLC-MDR1; human umbilical vein endothelial cells, HUVEC; bovine brain microvessel
endothelial cells, BBMEC; and murine myoblast cells, C2C12. ECs, values for each of the
cell lines were determined from the dose response curves as the concentration of Pluronic
P85 inducing a 50% decrease in intracellular ATP following 2 h exposure of the cells to
the block copolymer. The drug efflux transport proteins were identified using the im-
munoblot technique and normalized to constitutively expressed B-actin. Plotted using
data reported in [33]

and, thus, were less vulnerable to the block copolymer effects. This selec-
tivity of Pluronic with respect to the cells displaying MDR1 phenotype is
unique. It serves as an example that the biochemical activities of polymer-
drug formulations in cells can be determined by the cell phenotype. Based
on these studies, MDR gene expression could be a valuable pharmacogenomic
marker for the prediction of successful outcomes of chemotherapy with drug-
Pluronic formulations [33]. Indeed, out of several dozen different cancer lines
examined in our laboratory, the cancers overexpressing MDR1 were found to
be the most sensitive to the sensitization effect of Pluronic formulated with
Doxorubicin (Dox) (paper in preparation). This reinforces the use of a Dox-
Pluronic formulation in the ongoing clinical trials involving cancers with
a high incidence of MDR [34]. Future studies will extend the pharmacoge-
nomic approach to correlate gene expression profiles and chemotherapeutic
responses to Pluronic-based drug formulations in different tumors. This will
allow genetic markers that can predict the greatest response to such formula-
tions to be determined in order to maximize the clinical benefits. It is possible
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that similar studies could also be useful to improve therapeutic outcomes
using other polymer-drug formulations, including drugs incorporated in li-
posomes, polymer micelles, and polymer-drug conjugates.

3
Alteration of signal transduction pathways by polymers in cancer cells

Although polymer-drug formulations are used primarily to improve the de-
livery of the drugs to their molecular targets, evidence has begun to mount
that polymer excipients in these formulations may also affect the intracel-
lular signal transduction pathways that underlie specific genetically con-
trolled responses of cells to the drugs. Current examples include anticancer
drugs that are chemically bound to the polymer carriers, those incorpo-
rated into polymer micelles, or simply coadministered with the polymers,
such as Pluronic [35-38]. For example, conjugation of Dox with poly(2-
hydroxypropylmethacrylate) (PHPMA) resulted in the induction of addi-
tional (compared to the free drug) caspase-dependent apoptosis signaling
pathways in the sensitive and resistant human ovarian carcinoma cell lines
A2780 and A2780/AD [35]. Specifically, the polymer-drug conjugate induced
apoptosis by up-regulating caspases 3, 6, 7, 8, and 9, while the free drug
caused induction of only three caspases 9, 3, and 7. Moreover, following treat-
ment of cells with PHPMA-Dox conjugate, the bcl-2 gene responsible for the
cellular defense mechanism was down-regulated, resulting in further stimu-
lation of the proapoptotic route. Conversely, free Dox increased expression of
the bcl-2 gene, which partially mitigated its cytotoxic activity.

Alterations in signal transduction pathways were also demonstrated for
another polymer-drug conjugate in the A2780 cancer cell line [36]. It was
shown that conjugation of camptothecin with poly(ethyleneglycol) (PEG)
considerably increased expression of pro-apoptotic genes encoding caspase
activators (SMAC and APAF1), as well as caspases 9 and 3, compared to the ef-
fects of the free drug. Polymer-conjugated drug also induced up-regulation of
genes related to the cellular defense, bcl-2 and bcl-xI. Nevertheless, induction
of apoptosis with the polymer-conjugated drug was developed more rapidly
and to a greater extent than with the free drug, which resulted in the enhance-
ment of cell death pathways.

In collaboration with T. Minko (Rutgers University), we have recently
demonstrated that Pluronic P85 formulated with Dox also enhanced the
net proapoptotic response in MDR human breast carcinoma cell line
MCF7/ADR [39]. Specifically, in the presence of the block copolymer, expres-
sion of the proapoptotic genes BAX, P53, APAFI, caspase 9 and caspase 3 was
up-regulated, while the antiapoptotic cellular defense, BCL2, was decreased
compared to Dox alone. Therefore, in addition to enhanced drug delivery in
the cells due to the inhibition of the drug efflux systems, the block copolymer
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also enhanced the cytotoxic effect of the delivered drug by increasing the cell
death pathways in the MDR cells.

A DNA microarray technique has been a useful tool for elucidating com-
plex and interrelated cellular responses to polymeric drug formulations [40,
41]. This technique was applied by the group of Kataoka in order to analyze
the responses to cisplatin (CDDP) incorporated into polymeric micelles with
poly(ethylene glycol)-poly(glutamic acid) block copolymer in non-small-cell
lung cancer PC-14 cells [37]. It was reported that the expression levels of
genes related to cell cycle regulation, apoptosis, detoxification, and DNA re-
pair were different in the cells treated with free CDDP and CDDP formulated
with the micelles (CDDP/m). For example, incorporation of CDDP into poly-
mer micelles resulted in down-regulation of the gene expression of integrin
and matrix metalloprotease (MMP) families, while free CDDP up-regulated
these genes. This may reduce tumor invasion, metastasis, and angiogenesis,
leading to additional therapeutic benefits of CDDP/m.

Overall, these studies suggest that various polymer components in differ-
ent drug delivery formulations can substantially modulate the biochemical
effects of the anticancer drugs in the cells by altering the extent and direction
of signal transduction pathways.

4
Polymer effects on genomic profiles in drug-selected cancer cells

Selection of cells in the presence of chemotherapeutic agents results in drastic
changes in the gene expression profiles and development of drug resistance.
The principal question in the current consideration of polymer genomics is
whether polymer excipients can affect the outcomes of these changes and pre-
vent (or redirect) the development of drug resistance. An affirmative answer
to this question has been obtained in a recent study that demonstrated that
Pluronic P85 altered gene expression profiles in human breast carcinoma cells
(MCF?7) selected with Dox [38]. Two cell sublines were established from non-
resistant parental MCF7 cells. The first subline, MCF7/Dox, was derived by
exposure to increasing concentrations of Dox. The second subline, MCF7 /Dox-
P85, was selected with Dox in the presence 0f0.001% P85 in the culture medium.
As expected, the exposure of MCF?7 cells to Dox resulted in up-regulation of ex-
pression of the MDR1 gene and overexpression of functionally active Pgp, (the
appearance of the MDR1 phenotype). These cells were able to grow in the pres-
ence of as much as 10 000 ng/ml of Dox. In contrast, MCF7/Dox-P85 cells could
only tolerate 1000-fold lower concentrations of about 10 ng/ml of Dox. These
cells did not display alteration in MDR1 gene expression or increases in active
Pgp compared to the parental, nonresistant cancer cells.

The global 20 K gene expression profiles in selected cells were analyzed
by a cDNA microarray technique. For each cell subline, the relative levels of
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gene expression were plotted against levels of expression of the same genes
in the parental MCF7 cells (Fig. 4a,b). Deviations from the linear depen-
dences indicated by dotted lines suggested up- or down-regulation of specific
genes compared to the parental cells. There were significant changes in the
expression of several hundreds of genes in each selected cell subline. How-
ever, the genes implicated in MDR were differentially expressed in these cells.
In particular, GST pi gene (GSTPI), a clinical prognostic indicator for re-
sistance to chemotherapy in breast cancer, and MDR3 gene, a member of
the MDR/TAP subfamily involved in MDR (ABCB4), were up-regulated in
MCF7/Dox but not in MCF7/Dox-P85 cells. In addition, transcriptional reg-
ulation factor, NSEP1I, involved in the control of MDR1, was up-regulated in
MCF7/Dox, but not in MCF7/Dox-P85 cells. Practically no changes in the
gene expression levels of other drug efflux proteins, MRPs, BCRP, and lung
resistance protein (LRP) were found in either cell subline. Genes involved
in metabolic drug resistance (cytochrome P450, thioredoxin reductase, su-
peroxide dismutase 1), apoptosis (cytochrome C), and transcriptional factors
(zinc finger proteins, ZNF22, ZNF198) were also up-regulated in MCF7/Dox,
but not in MCF7/Dox-P85 cells. Finally, the connective tissue growth factor
(CTGF), which plays a role in the progression of breast cancer growth, was
up-regulated in MCF7/Dox, but not in MCF7/Dox-P85 cells.

Conversely, several genes involved in drug resistance mechanisms, such as
members of the metallothionein family (MT2A, MTIR, MT1g), heat shock
proteins (HSJ2, HSC71), and the vacuolar proton pump group, were up-
regulated in both cell sublines, indicating that formulation of the drug with
Pluronic can prevent development of some drug resistance mechanisms,
and not others. The S-tubulin expression levels were also increased in both
cell lines indicating the possible appearance of drug resistance to antineo-
plastic agents targeting microtubule assembly, drug binding, and dynamics.
Estrogen-dependent factor TFF1 was down-regulated in both cell sublines,
which indicated the possibility of increased cell proliferation and tumor-
invasive character. Importantly, MCF-7 parental cells cultured with Pluronic
P85 alone (MCF7/P85) did not show changes in the expression of these genes.
As is evident from the scatterplot presented in Fig. 4c, few, if any, genes were
altered in MDC7/P85 cells compared to the parental MCF7 cells. Therefore
block copolymer excipient alone was genetically benign.

Overall, this work demonstrated that formulation of antineoplastic drug
Dox with Pluronic P85 prevents development of MDR in breast cancer
cells. This reinforces the use of Pluronic block copolymers to improve the
chemotherapy of tumors; if resistance is intrinsic, the block copolymers sen-
sitize the tumor, whereas if resistance is acquired, MDR cells no longer have
a selective advantage. This supports the clinical use of Pluronic block copoly-
mers in chemotherapy and suggests that formulations using these block
copolymers may be useful in the treatment of resistant tumors and may have
an additional benefit in preventing the development of drug resistance.
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and € 0.001% P85 (MCF7/P85), related to the expression of the same genes in parental
MCF?7 cells. The DNA microarray scatterplots present fluorescence intensities of Cy5 label
coupled to the targeted cDNA elements from MCF7 sublines vs. fluorescence intensities of
Cy3 label coupled to the cDNA from parental MCF7 cells. The dotted lines indicate signifi-
cant up-regulation (upper dotted line) or down-regulation (lower dotted line) of the genes.
Reproduced with permission from [12]
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Another general conclusion is that formulation of a chemotherapeutic
drug with a polymer excipient, which is not even covalently bound to this
drug and has little if any affect on gene expression on its own, can drasti-
cally change the pharmacogenomic responses to the drug. Of considerable
interest are genes that are altered by the Pluronic-formulated drug, and not
altered by the drug alone. For example, MCF7/Dox-P85 cells displayed ele-
vated levels of mitochondrial creatine kinase (CKMT2), nuclear respiratory
factor (NRF1), succinate dehydrogenase complex II protein (SDHC), and cy-
tochrome C oxidase assembly protein (Cox11), which were not up-regulated
in MCF7/Dox cells. It is worth mentioning that these genes are involved in the
functioning of the respiratory chain and that their up-regulation may occur
in response to the need to compensate for respiratory inhibition by the block
copolymer. Another group of genes up-regulated in MCF7/Dox-P85 cells
are involved in signaling and regulation of apoptosis, such as programmed
cell death 5 (PDCD5) and tumor necrosis factor receptors (TNFRSF8, TN-
FSF10A). These results reinforce the need to consider the pharmacogenomic
effects of polymer excipients, including the potential for the development
of new resistance mechanisms, which are not found with the low molecu-
lar mass drugs. This conclusion may be of general significance for other
polymer therapeutics and drug delivery systems, such as polymer-drug con-
jugates and drugs entrapped in polymer micelles, liposomes and various
nanoparticles.

5
Analysis of the effects of polymers on gene expression profiles

Expression of several hundred genes can be up- or down-regulated follow-
ing selection of cells with biological agents. Thus, robust tools for analyzing
the effects of polymers formulated with biological agents on gene expression
are needed. For this purpose, the DNA microarray is an appropriate initial
high-throughput screening method, which is then followed by other methods
to assess the expression of selected genes [40]. Various bioinformatics tools
can be applied to the analysis of the DNA microarray data. For example,
self-organizing maps (SOM) permit visual examination of gene alterations
clustered in different map units [42]. Examples of such maps derived for
cells selected with different concentrations of Dox, Dox-P85 or free P85 are
presented in Fig. 5. The vertical colored bar chart represents the normalized
expression values of the genes in comparison with parental MCF7 cells. Each
colored octagon cell contains a specific cluster of genes, which are affected
to different extents. Two different patterns can be determined using these
maps. One pattern represents cells selected with high concentrations of drug:
Dox 200 ng/ml, Dox 1000 ng/ml, and Dox 5000 ng/ml (Fig. 5a-c), and low
concentrations of Dox-P85 (Fig. 5d). This pattern displays the overexpressed
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Fig.5 SOM outputs of genome transcriptional changes from MCF7 cells selected with
A-C high concentrations of Dox alone, D Dox formulated with 0.001% P85, E P85 alone,
and F low concentration of Dox alone. The data analysis was performed by Li Xiao (Ep-
pley Institute for Research in Cancer, UNMC) using MATLAB software (The MathWorks,
Inc.) and SOM toolbox for MATLAB (http://www.cis.hut.fi/projects/somtoolbox)

genes (red color) in the bottom right corner and the down-regulated genes
(blue) in the top left corner. Another pattern represents cells selected with
Pluronic alone, P85 (Fig. 5e), or with a low concentration of free drug, Dox
10 ng/ml (Fig. 5f). It displays the up-regulated genes in the bottom left cor-
ner, and down-regulated genes in the top right corner. Thus, by comparing
the SOMs for different selected cell samples, one can clearly see the differ-
ences in gene expression and relate the colored areas to the gene clusters
affected.

Perhaps even more convenient for the purpose of this analysis is the
method employing multivariate scatter plots comparing pairs of selected cell
lines. In these plots, the X-axis and Y-axis present the normalized levels of
gene expression for each cell line compared (Fig. 6a). Figure 6b schemati-
cally presents the situation where the same genes are up- or down-regulated
to the same extent in both cell lines. This situation is most closely exempli-
fied by the comparison of Dox 200 ng/ml and Dox 1000 ng/ml selected cell
lines (panel 13). Figure 6¢ illustrates the situation where only one of the two
compared cell lines displays substantial changes in gene expression. This situ-
ation, to some extent, is realized for the comparisons of P85 with each of the
free drug-selected cells (panels 6, 7, 8, and 9). Finally, Fig. 6d presents the
situation where some of the genes are altered in both cell lines, while other
genes are affected in only one line. This situation, in particular, is realized
for the comparison of Dox-P85 with Dox 1000 ng/ml, which was discussed in
greater detail in the previous section.
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Fig.6 Multivariate scatter plots of gene expression in selected cell lines (A) and schematic
representations of different expression patterns (B-D). The cases were normalized by
array median centering, with the median value of the gene expression in each case cen-
tered to zero and the standard deviation to one. The data analysis was performed by
Li Xiao (Eppley Institute for Research in Cancer, UNMC) using MATLAB software (The
MathWorks, Inc.)

6
Transcriptional activation of gene expression by synthetic polymers

This section discusses the effects of synthetic polymers on the delivery
and expression of DNA for gene therapy. Injection of plasmid DNA alone
(“naked” DNA) into skeletal muscle results in direct gene transfer into my-
ocytes and sustained gene expression in vivo [43]. Gene therapies involving
intramuscular (i.m.) injection of naked DNA were evaluated for the treatment
of muscular dystrophies (MDs), local or systemic secretion of therapeutic
proteins, and elicitation of immune responses against specific antigens of in-
fectious diseases or cancer [44-49]. The use of naked DNA can avoid some
inherent problems of recombinant viral vectors, including immune and toxic
reactions as well as viral recombination [50]. However, the potential of this
technique for gene therapy is limited, due to poor transduction efficiency and
high variability of gene expression observed with the naked DNA. Nonviral
vectors based on cationic lipids and polycations have been developed to en-
hance DNA delivery [51,52]. These agents act by 1) binding with the DNA,
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2) condensing the DNA, 3) protecting the DNA from nuclease degradation,
and 4) enhancing transport of the DNA into the target cell. These combined
effects result in higher levels of transgene expression in the cells. However,
the efficiency of gene delivery by these cationic molecules following injec-
tion into the muscle is usually quite low, and in many cases, less than that of
the naked DNA [4, 53]. Conversely, selected nonionic polymer carriers, such
as polyvinyl pyrrolidone (PVP), were shown to improve gene expression of
naked DNA in the muscle [54, 55]. Another nonionic polymer, Pluronic, has
also shown substantial promise by increasing gene expression of a plasmid
DNA in skeletal and cardiac muscle, as well as in solid tumors [56-62]. The
levels of gene expression in the muscle observed with Pluronic-formulated
DNA were much greater than those reported for PVP-DNA formulations [56]
and comparable with the expression achieved by electroporation [59]. Fur-
thermore, the Pluronic-based formulation of a plasmid DNA applied in com-
bination with electrotransfer resulted in a further increase in gene expression
in the muscle [62].

The mechanism by which Pluronic enhanced gene expression of plasmid
DNA was very different from those associated with the cationic lipids or poly-
cations. Pluronic did not bind with and condense the plasmid DNA, and
therefore did not protect DNA from degradation or facilitate transport into
the cell. However, compelling evidence was obtained that Pluronic effects in-
volved transcriptional activation of the gene expression in the muscle. This
was reinforced by the discovery of the promoter selectivity of the effect of
Pluronic on gene expression [63]. For example, a set of plasmids expressing
a reporter gene, luciferase, under the control of different transcription fac-
tors, the activator protein 1 (AP-1), the cyclic AMP response element (CRE),
NF-«B, and the tumor suppressor p53 (AP1-Luc, CRE-Luc, NF-«B-Luc, p53-
Luc), was used in recent experiments [64]. The studies demonstrated that
Pluronic activated the luciferase gene driven by the CMV promoter and the
NF-«B response element, while having much less or no effect on the gene
driven by the SV40 promoter or the AP-1 and CRE response elements (Fig. 7).
Analysis of the transcription factor binding sites in the CMV and SV40 pro-
moters suggested that while AP-1 and CRE sites are present in both pro-
moters, the NF-«B is unique to the CMV promoter. Thus, the differential
effects of Pluronic on these two promoters and the selectivity with respect to
the NF-«B response element was consistent with the activation of the NF-«xB
signaling pathway, which plays a central role in the regulation of the cel-
lular defense and immunological responses [65]. The promoter selectivity
study further concluded that Pluronic activated the gene driven by the p53
response element, which was not present in either of the promoters used.
Thus, Pluronic induced transcriptional activation of gene expression by ac-
tivating the p53 and NF-«B signaling pathways. Interestingly, some natural
amphiphilic agents, such as green tea polyphenol epigallocatechin-3-gallate
were shown to activate both p53 and NF-«B in the muscle cells [66].
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Fig.7 Promoter selective effect of Pluronic P85 on luciferase reported gene expression in
skeletal muscle. Groups of five Balb/c mice were injected i.m. with 0.3% P85-formulated
(black bars) or nonformulated (white bars) luciferase encoding plasmids driven by CMV,
SV40, CRE, AP-1, NF-«B or p53. Luciferase activity was determined 24 h after injections.
Data are the percentage of increase of P85-formulated DNA over the naked DNA, mean
=+ SEM (n = 10). *p < 0.05, n.s. not significant (p = 0.06)

The mouse strain studies showed that the effect of Pluronic on i.m. trans-
gene expression was exerted in both normal mouse strains Balb/c and
C57Bl/7, but was lost in the athymic nude mouse strain (Fig. 8). The athymic
nude mouse has a defective immune system lacking many immune and in-
flammation related components. Thus, the fact that the nude mouse did not
respond to Pluronic was generally consistent with the inflammatory promoter
selectivity of the block copolymer. On the other hand, NF-xB and frequently
p53 transcription factors are involved in inflammatory events. Combined,
these results suggest that the transcriptional activity of Pluronic may be di-
rectly related to the inflammation signaling pathways. Importantly, AP-1,
a proapoptotic factor that is also frequently regulated by the NF-xB system,
was not responding, which indicated that the Pluronic-mediated effect on
transcription was selective and not a result of a general nonspecific activation
of the immune defense system such as with a NO-mediated burst.

Pluronic block copolymers have long been known as adjuvants, increas-
ing immune responses and inflammation in vivo [67-72]. The inflammatory
responses caused by Pluronic are related to histamine release in the media-
tor containing cells, which in turn correlates with the ionophore properties
of the block copolymers selective for monovalent cations [73, 74]. There is
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Fig.8 Effect of P85 formulation on the expression of luciferase after i.m. administration of
the plasmid DNA in mice. Bilateral tibialis anterior muscles of Balb/c, C57Bl/6 or athymic
nu/nu mice were injected with 5 ug of gWiz Luc formulated with 0.3% w/v P85 or the
plasmid DNA alone

a considerable evidence that the amphiphilicity of Pluronic molecules result-
ing in the membrane activity is responsible for a variety of immunologic and
inflammatory activities of these compounds.

Though the formulations of plasmid DNA with Pluronic did not enhance
DNA uptake by cells in vitro, the recent studies suggested that Pluronic P85
and other block copolymers enhanced expression of reporter genes under the
control of CMV promoter and the NF-xB response element in stably trans-
fected mouse fibroblasts and myoblasts [75]. This study further reinforced
the conclusion that Pluronic block copolymers acted as biological response
modifying agents by up-regulating the transcription of genes through the ac-
tivation of selected signaling pathways.

The fact that Pluronic can affect the expression of genes that are already
delivered into cells raises the question of whether other polymer-based for-
mulations for gene delivery can also display similar effects. Recently, the
impact on global gene expression of another DNA delivery system com-
prised of the cationic polymer formulations Lipofectin and Oligofectamine
was studied in human epithelial cells A431 [76]. In this study, microarray ex-
pression profiling of 200 genes revealed marked changes in the expression
of several genes for both formulations in the treated cells. Lipofectin and
Oligofectamine treatment resulted in the (more than two-fold) altered expres-
sion of 10 and 27 genes, respectively. Particularly, of the genes represented
in the array, Lipofectin initiated up-regulation of the replication protein al
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(rpal), whereas Oligofectamine induced the overexpression of genes involved
in apoptosis, such as the bcl2-related protein al (bcl2al), caspase 8 iso-
form c (casp8), heat shock protein 70 (hsp70), and heat shock 60KDa protein 1
chaperonin (hspd1l). Overall, the downstream functional consequences of the
cationic polymer-induced gene expression alterations led to an increased ten-
dency of cells for early apoptosis. Further, Lipofectin triggered suppression
of endothelin receptor type b isoform 2 (ednrb), ribosomal protein 16 (rp16),
and endothelin receptor type b, isoform 1 (ednrb). At the same time, Oligo-
fectamine inhibited the expression of the genes annexin a2 (anxa2), retinoid x
receptor alpha (rxra), and s100 calcium-binding protein a8 (s100a8). Never-
theless, the observed gene expression changes were not sufficient to induce
any significant DNA damage, as assessed by single cell gel electrophoresis as-
say. Interestingly, these data suggested that gene changes - and thus the geno-
toxicity elicited by the cationic polymer formulations — were lipid-dependent,
as no extensive overlap was observed in the cells treated with Lipofectin or
Oligofectamine. It is emphasized that cationic polymer DNA delivery systems
may also affect the outcome of gene therapy experiments inducing, attenuat-
ing, or even masking the desired effects of the nucleic acid [76].

7
Phenotypic correction of immune response by synthetic polyelectrolytes

The studies presented in this section were initiated by a group of polymer
chemists in collaboration with immunologists in the Soviet Union over thirty
years ago [77-80]. Linear synthetic polyelectrolytes of diverse chemical struc-
ture, when introduced into organisms, were shown to markedly intensify
bone marrow formation and subsequent migration and settling of stem cells,
which are precursors of all immune cells, in particular macrophages and T-
and B-lymphocytes. The examples included negatively charged polyacrylic
acid (PAA) and positively charged poly-4-vinylpyridine (PVP), as well as
other polyelectrolytes. These synthetic polyelectrolytes had no structural re-
lationship to biopolymers, and so they were not antigenic. However, when
introduced in mixtures with typical antigens, such as proteins, natural micro-
bial polysaccharides, or their synthetic analogs, they acted as immunostim-
ulants, enhancing the immune response and increasing antibody production
several-fold.

Thereafter, it was shown that polyelectrolytes trigger immune system
response by a mechanism not encountered in nature. In particular, very
small amounts of these polyelectrolytes added to a suspension of isolated
B-lymphocytes activated DNA synthesis, induced cell fission, and, in the pres-
ence of antigens, triggered antigen-dependent differentiation of cells. Thus,
the polyelectrolytes actually initiated immune response in B-lymphocyte cell
suspension, notably, without the assistance of T-lymphocytes, antigen pre-
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senting cells (APC), or other cells of the immune system. Furthermore, the
ability of polyelectrolytes to trigger activation of B-lymphocytes was demon-
strated in vivo using mice devoid of T-cells. These mice did not respond to
the administration of ordinary antigens. However, when the same antigens
were introduced into the mixture with the polyelectrolytes, B-lymphocytes
were activated and then antibodies were produced in the spleen that exhibited
a strong immune response that was almost the same as seen in immuno-
competent animals. Thus, synthetic polyelectrolytes can activate the immune
response through an alternative pathway bypassing the control programmed
by the immune response genes (Ir-genes) of the main complex of histo-
compatibility. As a result, either well or poorly genetically protected species
reacted practically equally as strongly, which provides a unique example of
the phenotypic correction of the Ir-genic control of immune response [81].
The alternative triggering is based on the general ability of linear polyelec-
trolytes to bind with cellular membranes and aggregate membrane protein
molecules. It was shown that polyelectrolytes induce potassium vs. sodium
and calcium ion exchange, which activated (K*, Na*)- and Ca?*-ATPases, and
served as a signal for the activation of the division and differentiation of the
B-lymphocytes [82, 83].

This group developed a nontoxic biodegradable polycation, “polyoxido-
nium”, a water-soluble ternary copolymer of 1,4-ethylenepiperazine, 1,4-
ethylenepiperazine-N-oxide, and (N-carboxymethylene)-1,4-ethylenepipera-
zinjum bromide, permitted for administration as an immunostimulant to
humans in Russia [80]. The potency of polyoxidonium (and other polyelec-
trolytes) as an immunostimulator was greatly increased when it was cova-
lently conjugated to antigens. It was found that such conjugates enhanced spe-
cific immune responses by orders of magnitude. Furthermore, a copolymer
of acrylic acid (AA) with N-vinylpyrrolidone (VP) was shown to significantly
increase immune response to the conjugated low-molecular mass trinitro-
phenyl (TNP) group, which is not even immunogenic [84]. The repeated ad-
ministration of the conjugate into mice was accompanied by a strong produc-
tion of TNP-specific antibody-forming cells in the animal’s spleen. A similar
effect was observed when bovine serum albumin was attached to the syn-
thetic polyelectrolyte [85]. Discovery of the biological effect of conjugation of
polyelectrolytes with antigens has opened the door to a novel generation of
synthetic vaccines. In particular, individual bacterial or viral antigens, which
are not sufficiently active on their own, induced specific immune responses
when chemically conjugated to polyoxidonium [80]. The immunization of an-
imals with such conjugates elicited protection against mortal doses of the
corresponding bacteria or viruses [86, 87]. These studies led to the develop-
ment of polymer-subunit human vaccines. One such vaccine, “Grippol”, was
obtained by conjugation of polyoxidonium with protein subunits of influenza
viruses, hemagglutinin, and neuraminidase. About 50 million recipients have
been vaccinated with Grippol over the last seven years, and extensive statisti-
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cal data indicates the high efficiency and innocuous character of the vaccine
obtained [80, 88].

8
Effects of polymer-coated surfaces on signal transduction in adherent cells

The studies discussed above refer to the use of water-soluble or amphiphilic
membrane-active polymers, which were administered to cells or in the body
in aqueous dispersions. There is, however, an increasing body of evidence
that polymers immobilized at surfaces can also have significant phenotypic
effects at signal transduction and gene expression levels. It has long been
known that surface chemistry can modulate many critical functions of ad-
herent cells, such as adhesion, fusion, spreading, phagocytosis, and secretion.
These effects can reflect changes in expression levels of the corresponding
genes. Several studies have described such alterations in cells growing on sur-
faces coated with different polymers [89, 90]. In particular, Chinese hamster
ovary fibroblasts, CHO, were cultured on standard polystyrene dishes covered
with poly-2-hydroxyethyl methacrylate (PHEMA) or untreated dishes used
as a control [89]. The cells growing on PHEMA dishes acquired spheroidal
morphology and were of reduced size compared to the control cells. Fur-
thermore, these cells had round and reduced nuclear areas and displayed
a high degree of chromatin condensation compared to the control cells, which
had large ellipsoidal nuclei. Interestingly, the thicker the layer of the poly-
mer coating, the more pronounced the changes in the cells. These changes in
the cell morphology were accompanied by different levels of gene expression,
as determined by reverse transcriptase polymerase chain reaction (RT-PCR)
and RNA dot blot. In particular, transcriptional induction of oncogenes (c-
myc, c-fos, and c-jun) and a constitutive gene, collagen o1 (VI) chain, were
observed in cells grown on PHEMA surfaces. A remodeling of the structure
and organization of chromatin were suggested as a possible mechanism for
signal transduction from the cell surface interfacing the polymer layer to the
cell gene expression machinery. Unfortunately, this study did not examine
whether any polymer molecules can cross the cellular membranes and en-
ter the cells. In this case, PHEMA can also target intracellular organelles, for
example, mitochondria or nuclei, and exercise various approaches to gene
alteration.

The effects of various polymer coatings on signal transduction were
also studied in adherent monocyte/macrophages [91-93]. In these studies,
polyethylene terephthalate base surfaces were coated with poly(benzyl-N,N-
diethyldithio-carbamate-co-styrene) (BDEDTC) and then modified using
photograft-copolymerization with polyacrylamide, PAA sodium salt, or me-
thiodide of poly(dimethylaminopropyl-acrylamide), to yield hydrophilic,
hydrophobic, anionic, and cationic surfaces. Expression levels of genes re-
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sponsible for anti-inflammatory response, specifically, interleukins 8 and 10
(IL-8, IL-10), were evaluated by the RT-PCR method [92]. Expression of IL-
10 was significantly increased in the cells growing on hydrophilic and anionic
surfaces, but decreased in cells grown at the cationic surfaces. Conversely,
expression of IL-8 was significantly decreased in the cells adherent to the hy-
drophilic and anionic surfaces. Further analysis revealed that these surfaces
inhibited monocyte adhesion and IL-4 mediated macrophage fusion into for-
eign body giant cells. Overall, the hydrophilic and anionic surfaces promoted
an anti-inflammatory response by “imposing” selective cytokine production
in adherent monocytes and macrophages. It was also shown that the chem-
ical composition of the polymers coating can affect apoptosis in the adherent
cells [91, 93]. Thus, hydrophilic and anionic surfaces induced apoptosis of hu-
man adherent macrophages to a greater extent than hydrophobic or cationic
surfaces. The inverse correlation between induction of apoptosis and the abil-
ity of the surface to promote adhesion and IL-4-mediated fusion of adherent
macrophages was also demonstrated [91]. Finally, the effects of the surface
chemistries of model implants on leukocyte cytokine mRNA expression were
demonstrated in vivo [94]. This study demonstrated that hydrophilic sur-
face chemistries had significant effects on leukocyte cytokine responses by
decreasing the expression of inflammatory and wound healing cytokines by
inflammatory cells adherent to the biomaterial, as well as present in the sur-
rounding exudates. Overall, these findings can contribute to the design of
bioengineered implant surfaces that are less susceptible to failure due to the
host-foreign-body response.

9
Polymer genomics hypothesis and future studies

The studies described in this paper suggest that synthetic polymers can have
rather selective phenotypic effects in cells and in the body, affecting signal
transduction mechanisms involving inflammation, differentiation, prolifera-
tion and apoptosis. These effects can be realized as a result of interactions of
water-soluble polymers with plasma cell membranes, delivery of polymers to
intracellular organelles and at the sites of cell contacts with polymer-coated
surfaces. The ability of the cells and organisms to respond to the effects
of these polymers can be dependent on phenotype (such as ATP depletion
in MDR cells) or genotype (as with the effects of Pluronic on gene expres-
sion in muscle in immunocompetent and nude mouse). In selected cases,
polymer agents can bypass limitations to biological response imposed by
the genotype (as in phenotypic correction of immune response by polyelec-
trolytes). Overall, these effects are relatively “weak” or restricted, as they do
not result in cytotoxicity or major toxicities in the body. Indeed the poly-
mers described in these studies are generally safe, and some of them, such
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as Pluronic, PHPMA or polyoxydonium, are used in humans without ma-
jor side effects. Furthermore, selection of cells with these polymers, such as
Pluronic, does not induce major genomic alterations, suggesting that these
polymers are genetically benign - the cells can withstand the phenotypic ef-
fects of these polymers without drastic changes in cell function and life cycle.
However, when combined with specific biological agents, such as cytotoxic
agents, bacterial DNA, or antigens, either by mixing or covalent conjugation,
these polymers can drastically alter specific genetically controlled responses
to these agents. Thus, the central hypothesis of polymer genomics is that weak
phenotypic effects of polymer materials can be greatly amplified during the
response of a cell or organism to biologically active agents by changing the
magnitude, and in selected cases, the direction of these responses. Several ex-
amples have shown that combinations of synthetic polymers and biological
agents can be beneficial to health, for example preventing the development
of drug resistance during chemotherapy or enhancing the protective immune
response after vaccination. In other cases, these effects may result in unex-
pected or unwanted consequences, and these should be analyzed from the
standpoint of toxicology, immune reactions, and development of new resist-
ance mechanisms.

Future studies should determine the specific mechanisms by which poly-
mer materials modify biological responses. It should be expected, based on
available work (such as the effects of Pluronic block copolymers in MDR can-
cer cells), that these mechanisms could be quite complex and include multiple
and interrelated components. Therefore, mechanistic studies should focus
on identifying structural determinants of the polymer materials that render
them biologically active in various specific applications. One unifying prop-
erty of polymer materials is the ability to engage in cooperative interactions
with biomacromolecules and subcellular components. Due to their polymeric
structure, these materials contain numerous chemical groups, each of which
can engage in relatively weak and nonspecific van der Waals, electrostatic
or hydrophobic interactions with other macromolecular objects. Combining
all of these groups in polymeric species can result in profound effects on
biomacromolecules and subcellular components, such as changes in the con-
formations and functions of membrane proteins, alterations in the permea-
bility of biological membranes, and other biophysical properties. From this
standpoint, even polymeric species assembled from many small molecules
(such as lipid vesicles or nanosuspensions of hydrophobic drugs) can also
engage in substantial cooperative surface interactions within the cells and
modulate the activities of biological agents in the body. This consideration
becomes particularly significant because of the increasing use of polymer
therapeutics in humans and the development of a novel generation of nano-
materials for drug and gene delivery. In addition to being sufficiently large,
from the standpoint of being capable of cooperative interactions with other
macromolecular objects, these nanomaterials are also sufficiently small, and
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can be transported into the body and into cells to the sites where they can
reach different organelles and molecular targets. Thus the nanoscale range
of sizes is particularly important from the point of view of the abilities of
the polymer materials to modify biological responses and their pharmacoge-
nomic effects.

Studies of mechanisms should also focus on identifying the general sig-
nal transduction pathways affected by different types of polymer materials.
In this respect bioinformatics approaches can be of great help in determining
and analyzing multiple alterations in cells in combination with proteomics
and functional genomics approaches. It is possible that this analysis will al-
low several general pathways affected by different polymeric materials to be
identified and related to specific chemical compositions and physicochemi-
cal properties of the materials. In this respect, the studies relating physico-
chemical properties of various polymer-modified surfaces and inflammatory
cytokine responses to biomaterials described in the previous section are
exemplary. Obtaining information about structure-functional properties of
polymer materials will further facilitate the engineering of materials tailored
for different types of biological applications. It may also allow “responsive”
materials to be designed that can be delivered to specific sites in the body and
within the cell to locally modulate signaling pathways using external forces,
such as applied magnetic field, heat or ultrasound. Even though such a goal
may currently appear futuristic, it should be achievable with modern de-
velopments in site-specific drug delivery and the expanding possibilities in
nanomaterial design, particularly in the area of magnetic and temperature-
responsive nanoparticles.

Once substantial clinical information regarding various polymer-based
drugs and drug delivery systems becomes available, it will also be possible
to relate the toxicological and immunological properties of such materials,
as well as their efficacy in specific applications, to their potential biological
response-modifying and pharmacogenomic effects. This will underscore the
clinical significance of the polymer genomics approach to human health, and
allow us to determine its limitations.

10
Conclusions

Studies described in this paper were performed using different polymer ma-
terials and diverse biological models. These studies, however, present com-
pelling evidence that polymer materials can have significant effects on sig-
nal transduction mechanisms, gene expression, and the effects of biological
agents. We have only recently begun to explore the field of polymer ge-
nomics [12]. However, as often happens, some of the ideas underlying this
new field have been discussed before. This is illustrated by the following cita-
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tion: ... exciting prospects are linked to the studies of synthetic polyelectrolytes
as novel types of physiologically active agents. Ability for cooperative inter-
action with charged cell membranes and other components of living systems
most likely allows for extremely strong effects of ionizing macromolecules of
different chemical compositions on the basic functions of the living organisms,
effects that are currently hard to predict, and which can be directed towards
the benefit of the organism as well as to its harm.” (translated from [95]).
It became clear that the range of materials may be much broader than just
the initially proposed ionizing macromolecules and also includes nonionic
water-soluble and amphiphilic polymers, as well as various polymer-coated
surfaces. Importantly, these materials include safe polymer excipients, such
as the Pluronic block copolymers currently listed in pharmacopeias, PHPMA
and others. The pharmaceutical industry and health regulatory authorities re-
fer to some polymer excipients as “GRAS” compounds (“generally regarded
as safe”). We now suggest that this approach should be used with a de-
gree of caution, since some polymer excipients, particularly in combination
with biologically active agents, cannot be considered to be inert. Therefore,
the combination of a biological agent and an excipient in a drug or gene
delivery system may need to be thought of as a “new” entity rather than a re-
formulation of an existing one. In selected cases, the activities of polymer
excipients may have beneficial effects, such as overcoming drug resistance in
chemotherapy or enhancement of protective immune response during vacci-
nation. In any case, the pharmacogenomic effects of polymers require further
characterization, since they may play important roles in pharmaceutics and
perhaps other areas, such as tissue engineering. Collectively these studies
propose the need for thorough assessment of the pharmacogenomic effects of
polymer materials in order to maximize the clinical outcomes and to under-
stand the pharmacological and toxicological effects of polymer formulations
of biological agents - in other words polymer genomics.
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