Chapter 7
Polymer-Drug Conjugates

Cristina Fante and Francesca Greco

Abstract Polymer-drug conjugates are nanosized drug delivery systems, which
comprise several drug molecules covalently attached to a polymeric carrier. This
chapter provides an overview of this technology in the context of drug delivery.
Particular emphasis is given to different approaches and techniques used to synthe-
sise and characterise polymer-drug conjugates. In the final part of the chapter cur-
rent applications of this technology are also discussed.

7.1 Materials Chemistry

7.1.1 Definition of Polymer-Drug Conjugates and General
Background to This Technology

Polymer-drug conjugates are a drug delivery technology where a polymer carrier is
used to improve the performance of a drug (e.g. improve drug selectivity towards the
target site). Unlike other systems, such as liposomes or nanoparticles where the
drug is physically entrapped within the carrier, in a polymer-drug conjugate the drug
is covalently attached to the polymer via a biodegradable linker (Fig. 7.1).

The concept of conjugation of a drug to a polymeric carrier was first introduced
in the 70s by Helmut Ringsdorf as a strategy to enhance the selectivity, cellular
uptake and solubility of a drug (Ringsdorf 1975). Since then, extensive work has
been carried out which has resulted in polymer-drug conjugates reaching clinical
evaluation (Vasey et al. 1999; Seymour et al. 2009, also reviewed in Duncan 2006;
Canal et al. 2011).
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Fig. 7.1 Schematic representation of a polymer-drug conjugate and other drug delivery tech-
nologies. In polymer-drug conjugates the drug is covalently attached to the polymer via a biode-
gradable linker

The rationale for conjugating a drug to a polymer stems from the fact that the
biological behaviour of the drug can be significantly altered by increasing its molec-
ular weight (MW). Covalent conjugation to a polymer results in:

— Prolonged circulation time of the drug. The polymer can protect the conjugated
drug from premature inactivation during its delivery to the site of action; in addi-
tion, the macromolecular size of the conjugate prevents the early elimination of
the drug through renal filtration.

— Restricted body distribution. An intravenously administered drug is generally
able to diffuse throughout the body, with no selectivity towards the target tissue.
On the other hand, the macromolecular size of a conjugate prevents extravasation
of the drugs in areas where the vascular endothelium is continuous. In fact, con-
jugation to a polymer restricts drug access to those tissues where the vasculature
presents fenestrations and gaps of appropriate size (>20 nm). The tumour tissue,
for instance, is characterised by a defective vasculature which is permeable to the
conjugate. This and other features (discussed in Sect. 7.4.1) make the tumour
tissue an ideal target for polymer-drug conjugates.

— Selective drug release. Polymer conjugation can also alter the cellular pharmaco-
kinetics of the drug. Because of its size, the conjugate is taken up by cells exclu-
sively by endocytosis, firstly into endosomes, then into lysosomes. The lysosomal
compartment has two peculiar characteristics: an acidic pH (4-5) and a high
concentration of proteolytic enzymes (e.g. cathepsin B). This unique environment
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Therapeutic applications and performance
« Used in cancer treatment;

* Non-selective (doxorubicin is cardiotoxic);
* Potent.

Chemical features o
» Functional group(s) that allow conjugation to a polymeric —]

carrier: primary amino group and hydroxyl group;
» Detectable for characterization (UV visible, fluorescent).

Fig. 7.2 Chemical structure of doxorubicin. Key characteristics that make this drug a suitable
candidate for use in the context of polymer-drug conjugates are annotated

can be turned into a useful trigger for drug release from the conjugate. Indeed,
polymer-drug conjugates have been designed with biodegradable linkers either sen-
sitive to acidic pH or selectively degraded by proteolytic enzymes. This allows the
drug to be released exclusively intracellularly and to effectively reach its biological
target (generally the nucleus and the DNA in case of anticancer drugs).

The biological behaviour of a polymer-drug conjugate is strongly affected by
each of its constituents and by the overall physico-chemical properties of the system
(e.g. water solubility). The next section will look at each component of a polymer-
drug conjugate.

7.1.2  Composition of a Polymer-Drug Conjugate.

As previously described, a polymer-drug conjugate is constituted by three (to four)
components: a drug, a polymeric carrier, a linker and, optionally, a targeting group.
In this section we will look at each component individually.

7.1.2.1 Drug

The vast majority of the polymer-drug conjugates that have been proposed to date
have been designed for application in cancer therapy (see Sect. 7.4). Therefore,
most of the drugs used in polymer-drug conjugates are anticancer agents; examples
include: doxorubicin, paclitaxel and camptothecin.

With the help of an example (doxorubicin) we are now going to look at what
characteristics make a drug suitable for conjugation to a polymeric system (also
summarised in Fig. 7.2).
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Fig. 7.3 Chemical structure of PGA. Key characteristics that make it a good polymer within the
context of polymer-drug conjugates are highlighted

Doxorubicin is a potent anticancer agent, used for the treatment of metastatic
breast cancer (Paridaens et al. 2000). The main issue with the therapeutic use of
doxorubicin is its cardiotoxicity, which is a result of the lack of selectivity of this
drug (Jensen 2006). Such lack of selectivity makes it an ideal candidate for polymer
conjugation, as the polymer will promote drug accumulation in the tumour tissue.
The chemical structure of doxorubicin also makes it a suitable candidate for conju-
gation. In particular, this molecule contains a primary amino group and a hydroxyl
group. Both these functional groups can be exploited for linking the drug onto a
polymer (e.g. via formation of an amide bond or an ester bond for the amino group
or hydroxyl group, respectively). In addition, doxorubicin absorbs UV—vis light and
is inherently fluorescent. These are two favourable properties as the presence of the
drug can be detected using appropriate instruments (see Sect. 7.3).

7.1.2.2 Polymer

Many polymeric carriers have been suggested for use within the context of polymer-
drug conjugates. In particular, four of them have been tested clinically: N-(2-
hydroxypropyl)-methacrylamide (HPMA) copolymers, polyethylene glycol (PEG),
polyglutamic acid (PGA) and oxidised dextran (Duncan 2006).

With the help of an example (PGA) we are now going to look at what character-
istics make a polymer suitable for use in a polymer-drug conjugate system (also
summarised in Fig. 7.3).

PGA is a polymer constituted by units of glutamic acid linked together via amide
bonds. PGA is water-soluble and this is an important characteristic for intravenous
drug delivery as biological fluids, such as the blood, are essentially water-based
systems.

PGA is biodegradable, which means that in biological systems it is degraded to
smaller fragments. This is an advantage for a polymeric carrier as it ensures that the
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carrier is eliminated from the body after drug release. Non-biodegradable polymers,
such as PEG, can also be used, but their size has to be such that allows excretion via
the kidneys (typically lower than 40,000 Da).

Each monomer of PGA has a pendant side chain, which terminates with a
carboxyl group. These carboxyl groups can be exploited for conjugation to a drug,
for instance, to an amino group to produce an amide bond or to a hydroxyl group to
produce an ester bond. All polymers suggested for use as a carrier need to have a
functional group that allows conjugation to a drug. If a polymer has multiple conju-
gation sites (such as PGA), each polymer chain will be able to carry several drug
molecules. In the case of PGA, each polymeric chain could carry one drug molecule per
monomer (i.e. 200 drug molecules per chain, for 30,000 Da PGA). This property of
a polymeric carrier (i.e. the ability to carry drug molecules) is called ‘loading capac-
ity’. In general, a higher loading capacity is to be preferred, as less of the carrier
needs to be used in order to administer a therapeutic dose of the drug.

Finally, PGA is non-toxic and non-immunogenic (i.e. does not stimulate an
immune response). These are key properties, as toxicity from a drug delivery carrier
would not be considered acceptable.

7.1.2.3 Linker

In a polymer-drug conjugate the linker is the part that connects the drug to the poly-
meric carrier. Many types of linkers have been suggested, which includes peptidyl
linkers and pH-labile linkers (Duncan 2006).

With the help of an example (the peptidyl linker Gly-Phe-Leu-Gly) we are now
going to look at what characteristics make a linker suitable for use in a polymer-
drug conjugate system (also summarised in Fig. 7.4).

Early studies on a series of HPMA copolymer-doxorubicin conjugates compared
different peptidyl linkers, including Gly-Phe-Leu-Gly. The conjugate containing
this linker was then progressed for evaluation into clinical trials (Vasey et al. 1999;
Seymour et al. 2009). Stability tests carried out in plasma showed that the linker was
stable (i.e. did not release the drug) in these conditions. This was a positive finding,
as a good linker needs to be stable in the blood to avoid premature drug release.
Other studies carried out on a mixture of lysosomal enzymes (mimicking the envi-
ronment found by the conjugate in the lysosomes) showed drug release in these
experimental settings. Biodegradability at the target site is also an important char-
acteristic as drug release is necessary to drug activity.

7.1.2.4 Targeting Group

The targeting group is the fourth (but optional) structural component of a polymer-
drug conjugate. Its role is to actively direct the conjugate towards the desired tissue.
With the help of an example (galactosamine) we are now going to look at what
characteristics make a targeting group suitable for use in a polymer-drug conjugate
(also summarised in Fig. 7.5).
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Fig. 7.4 Chemical structure of the peptidyl linker Gly-Phe-Leu-Gly. Key characteristics that make
this linker a suitable candidate for use in the context of polymer-drug conjugates are highlighted

Biological behaviour:
Tissue-specific (binds selectively to the
hepatocyte galactose receptor, liver-specific);

HO OH
Chemical features o
Functional group that allows conjugation to Ho-C
a polymeric carrier (primary amino group). OH \
OH

Fig. 7.5 Chemical structure of galactosamine. Key characteristics that make it a good targeting
group within the context of polymer-drug conjugates are highlighted

Galactosamine is an amino sugar able to bind selectively to the hepatocyte galactose
receptor, a liver-specific receptor (Ashwell and Harford 1982). The ability to bind to
tissue-specific markers (which are generally proteins associated to a certain tissue
and not expressed elsewhere in the body) is an essential requirement for a targeting
group. In addition, galactosamine presents a primary amino group, which can be
used for linking this molecule to the polymer (as for the conjugated drug). These
features make galactosamine a suitable targeting group to be exploited in the context
of drug delivery. Galactosamine was covalently bound to an HPMA copolymer-doxo-
rubicin conjugate designed for the treatment of liver cancer (Seymour et al. 1991;
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Pimm et al. 1993; Julyan et al. 1999). This conjugate was investigated clinically
(Phase I and Phase II) and clinical imaging confirmed preferential accumulation in
the liver (Seymour et al. 2002).

In this chapter we have already discussed the ability of a conjugate to target the
tumour tissue with a passive mechanism based on its physico-chemical properties
(i.e. its molecular weight, see Sect. 7.1.1). For this reason, the targeting group is an
optional component in a polymer-drug conjugate designed for anticancer therapy.

7.2 Polymer-Drug Conjugates Synthesis

7.2.1 Synthetic Strategies

There are two main synthetic approaches that can be used to produce a polymer-drug
conjugate: polymer-analogous reaction and copolymerisation of appropriate mono-
mers (Fig. 7.6).

* Polymer-analogous reaction. This synthetic strategy starts with a polymeric
precursor in which the sites of conjugation are chemically modified to increase
their reactivity (e.g. a carboxylic acid converted into an ester containing an
appropriate leaving group) and to produce a reaction with the drug (Fig. 7.6a).

e Copolymerization of appropriate monomers. This approach involves two
steps: (1) coupling of the drug to the monomer; (2) polymerization of such
drug-monomer derivatives with the monomers, to yield the conjugate
(Fig. 7.6b).

The copolymerisation strategy presents the advantage that, at least theoretically,
drug loading can be increased or decreased by adjusting the ratio between the mono-
mers containing the drug and the other monomers. However, the polymer-analogous
reaction is by far the most commonly used approach, as it normally requires milder
reaction conditions compared to those used in polymerisation reactions. Hence, with
this strategy there is generally less of a chance to degrade the drug during the conju-
gation process.

Conjugation of a drug to a polymeric carrier can also be defined in relation to the
position of the conjugation site within the polymer chain. This is largely driven by
the chemical structure of the polymeric carrier used. Two types of conjugation can
be identified: terminal conjugation and pendant chain conjugation (Fig. 7.7).

o Terminal conjugation: this is typical of polymers with functional groups present
only at the end termini (e.g. unmodified PEG). For unmodified linear polymers,
this type of conjugation results in a conjugate with a low carrying capacity, as a
maximum of two drug molecules can be carried by each polymeric chain. More
recently, however, polymers with regular branching at the termini have been
developed (dendronised systems) to accommodate additional drug molecules in
each polymer chain (see Fig. 7.7a).
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Fig. 7.6 General approaches for polymer-drug conjugation: (a) polymer-analogous reaction; (b)
conjugation of the drug to a monomer and copolymerization of the polymeric precursors

e Pendant chain conjugation: this refers to the conjugation to polymers with
suitable functional groups present along the chain (see Fig. 7.7b). This is the case
with polymers such as the HPMA copolymer, where side chains are attached to
the main polymeric backbone, or PGA that naturally contains a side carboxyl
group per monomer and allows a theoretical maximum loading of one drug molecule



7 Polymer-Drug Conjugates 167

a b

Terminal conjugation Pendant chain conjugation

Linear polymer

o 5 o OH
0. COCH3
HN. /
NH = K
_— EPl Ep1- EPI = “O‘ o
HN7S0 Y
EPI O O OH ?

HsC o
HO
VTIH

Dendritic PEG-epirubicin

Fig. 7.7 Types of conjugation according to the position of the conjugation site within the polymer
chain. The drug can be attached to the polymer through (a) its terminal groups; (b) its side chains

per monomer. Pendant chain conjugation has the advantage that the loading
capacity is typically higher than that achievable with terminal conjugation.

With regard to the actual conjugation reaction, the choice is primarily driven by
the functional groups present on the drug and on the polymeric carrier, but standard
synthetic reactions can be employed. For instance, an amino group present in the
drug can be linked to a carboxylic acid group on the polymer after appropriate
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activation of the carboxylic acid group via standard coupling reactions (e.g. N,N'-
dicyclohexylcarbodiimide (DCC) or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) coupling).

7.2.2 Purification

Once the conjugation reaction has been carried out, the conjugate needs to be purified
from reaction by-products and from residual reagents, as these might present
unwanted biological activity (e.g. they might be toxic). Standard purification tech-
niques routinely used for purifying small molecules can be applied to the purifica-
tion of the conjugates (e.g. precipitation, filtration). In addition, as the conjugate and
the reagents differ significantly in size, size-exclusion chromatography is typically
used in this context.

One type of impurity that needs particular attention is residual, unreacted free
drug, as it will have a different biological activity and a different pharmacokinetic
profile compared to the conjugated drug. This aspect is further discussed in
Sect. 7.3.1.

7.3 Polymer-Drug Conjugates Characterisation

After preparation, polymer-drug conjugates must be carefully characterised.
Thorough characterisation prior to any testing is essential to correctly interpret bio-
logical behaviours observed for the conjugate. In addition, as conjugates progress
into clinical trials, it is important to guarantee the reproducibility of their preparation
and the overall quality of the final products. Because the drug is covalently attached
to the polymeric carrier, polymer-drug conjugates cannot be treated simply as a new
formulation of the drug (even if they carry a well-known and clinically established
drug). In fact, these technologies are considered by the regulatory authorities as ‘new
chemical entities’ (i.e. as completely new drugs) and, as such, they need to undergo
extensive testing to ensure their safety and efficacy. Both European (i.e. EMA) and
American (i.e. FDA) regulatory authorities have set the standards for the quality of
medicines in order to guarantee their efficacy and safety.

7.3.1 Characterisation Parameters

Proof of conjugation. The initial characterisation of a polymer-drug conjugate
includes finding evidence that a covalent bond between the drug and the polymer
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has been formed (i.e. that the drug is attached to the polymer and not physically
‘entrapped’ within the polymer). Several techniques have been used to achieve this
purpose and, in many cases, different techniques have to be used in conjunction of
one with the other (see Sect. 7.3.2).

Total drug content. When the formation of the conjugate is confirmed, it is essential
to understand how much drug is bound to the polymer. The total drug content can be
expressed in two different ways: (i) as the percentage in weight of the whole conju-
gate; (ii) as the percentage of functional groups contained in the polymer that have
been conjugated to the drug. (i) and (ii) are strictly related but convey different
information. In particular, (i) gives an immediate measure of total drug content. For
example, a PGA-paclitaxel conjugate was synthesised that contained approximately
37 % wlw of paclitaxel (e.g. 100 mg of conjugate contain 37 mg of paclitaxel) (Li
et al. 1998). Conversely, (ii) is often used to indicate how efficient a conjugation
reaction was (e.g. 80 % of the functional groups available on a polymer reacted with
the drug or, in other words, the drug loading was 80 % of the maximum theoretical
loading). Different techniques can be used to assess the drug content of a conjugate,
as described in more detail in Sect. 7.3.2.

Impurities and residual-free drug content. We have already discussed the impor-
tance of an accurate purification of the conjugate from excess reagents and reaction
by-products (Sect. 7.2.2). One type of impurity that needs particular attention is
residual, unreacted free drug. As the free drug will have biological activity and a
different pharmacokinetic profile compared to the conjugated drug, removing it is
particularly key. To this end, size-exclusion chromatography is the technique most
frequently used, as the free and conjugated drug differ significantly in size.
The content of residual-free drug is typically expressed as a percentage of the total
drug content and, in general, the purification of the conjugate should aim to achieve
levels below 1 %.

Size. Determining the size of the conjugate is very important, as this is arguably the
key parameter that drives the distribution of the conjugate in the body and deter-
mines how quickly the conjugate (or the unloaded polymer) will be excreted from
the body. However, it should be highlighted that most polymeric systems are poly-
disperse (i.e. polymers are constituted by a range of polymeric chains varying in
length, depending on the number of monomers per chain). This means that most
polymer-drug conjugates are polydispersed systems too. Therefore, the molecular
weight stated is an average of the molecular weight of the various chains and should
always be accompanied by the polydispersity value for that system.

7.3.2 Techniques Employed to Characterise Conjugates

To achieve the information described above, a variety of analytical techniques can
be used.
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Fig. 7.8 Schematic representation of how to monitor a conjugation reaction by TLC. In this example,
the TLC plate is placed under an UV lamp. The drug (in D) can be detected by UV, while the
polymer (in P) does not absorb UV light, therefore is not visible; lane (R) contains the reaction
mixture (the change in colour of the spot on the baseline refers to the drug being conjugated to the
polymer; as a consequence the spot of the free drug tends to disappear); lane (M) contains the
mixture of the polymer and the drug in absence of activators of the reaction

7.3.2.1 Thin Layer Chromatography (TLC)

TLC is a very simple technique that is routinely used during conjugation reactions
to obtain an indication of how the reaction is progressing. A sample from the reac-
tion mixture is spotted onto a TLC plate and run with an appropriate mobile phase.
Typically, the TLC plate is then viewed under a UV lamp (if, the drug absorbs at
UV). Alternatively, specific stains are used to detect functional groups present in the
drug and make the TLC spot visible (e.g. ninhydrin stain, which turns the spot pink
in presence of compounds containing primary amino groups). The mobile phase can
be modified to ensure that the free drug and the conjugated drug have different
retention times (Fig. 7.8). As the reaction progresses, the drug starts to get detected
at the retention factor of the polymer (see Fig. 7.8).

7.3.2.2 UV-vis Spectroscopy

Many drugs have a chemical structure that absorbs light in the UV—vis region of the
electromagnetic spectrum. As such, these drugs can be detected and quantified in
solution by a UV-vis spectrophotometer. On the other hand, the most common
polymers used in conjugation (PEG, PGA, HPMA copolymers) do not absorb
UV-vis light. These represent very useful features when characterising a polymer-
drug conjugate, as the UV-vis spectrum of the polymer is expected to change
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dramatically after conjugation. However, for a correct interpretation of the conjugate’s
spectrum, it is important to remember the following considerations:

e UV-visis a useful technique to identify and quantify the tofal drug content of the
conjugate, but it cannot normally discriminate between bound and free drug as,
typically, both absorb at the same wavelength; therefore UV—vis spectroscopy
alone is not a valid proof of conjugation and it becomes meaningful only when
supported by other techniques.

* Polymer conjugation often alters the extinction coefficient of a drug (i.e. the free
drug and the conjugated drug might have different extinction coefficients; Vicent
et al. 2005), which can lead to errors. In particular, if the drug content in a con-
jugate was estimated using a calibration curve of the free drug, this could result
in an over- or under-estimation of the total drug content.

7.3.2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is a technique commonly used to prove that conjugation has
occurred. The presence of signals belonging to the drug in the spectrum of the con-
jugate is not an indication of conjugation per se, as they might belong to the unbound
drug. However, a shift in the resonance of the protons and carbons adjacent to the
conjugation site is an indication that their electronic environment has changed and
this might be due to conjugation. In addition, the sharp peaks typical of the spec-
trum of small molecules become broad after conjugation to macromolecules, as a
consequence of the slower molecular tumbling of the polymeric chains. A shift in
resonance combined with the broadening of the peaks represents an indication of
successful conjugation of the drug.

In some cases the overlapping of crucial peaks does not allow a complete inter-
pretation of the spectrum. In these cases, 2D NMR spectroscopic analyses represent
a valid and powerful alternative to the usual spectrum. For instance, the nuclear
overhauser effect spectroscopy (NOESY) and the total correlation spectroscopy
(TOCSY) have been used to prove the formation of the amide bond between HPMA
copolymer and doxorubicin (Pinciroli et al. 1997).

NMR spectroscopy can also be used to determine drug content within the conjugate.
This can be achieved by relative integration of the signals from the drug and those
from the polymeric backbone. This allows the calculation of a molecular ratio
between drug molecules and polymer monomers, which can be converted into drug
content expressed as percentage in weight.

7.3.2.4 Infrared Spectroscopy (IR)

IR is a technique very useful to identify functional groups. Polymer conjugation
often results in the formation of new bonds (e.g. ester or amide bonds) between the
drug and the polymer, which can be detected in an IR spectrum. A comparison of
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Fig. 7.9 Schematic representation of the different conformations that a conjugate may assume
after conjugation to a drug: extended (a) or compact (b)

the spectrum of the conjugate with the spectra of the unbound drug and polymer can
reveal the formation of the new bond. However, this might result in a challenging
task when the newly formed bond is a functional group already present in the polymer.
For example, PGA is constituted by monomers of glutamic acid joined together via
amide bonds. If the drug is joined to the polymer via an amide bond, it might be
difficult to discriminate which component of the IR signal is due to the amide bonds
of the polymer and which is due to the conjugated drug. Conversely, formation of an
amide bond in a PEG-based conjugate would be easier to detect as unmodified PEG
does not contain this type of bond.

7.3.2.5 Matrix-Assisted Laser Desorption/Ionisation Time of Flight
(MALDI-TOF)

MALDI-TOF analysis is a particular type of mass spectrometry that has been
employed to characterise polymer-drug conjugates (Wu and Odom 1998). In par-
ticular, this technique can detect the shift in the mass of the conjugate due to conju-
gation with a drug. A mass increase in the polymer, which matches the added mass
due to the presence of the drug, constitutes strong proof of conjugation. Therefore,
MALDI-TOF is useful in the context of confirming covalent linkage and also in
determining the molecular weight and the polydispersity of the conjugate.

7.3.2.6 Gel Permeation Chromatography (GPC)

GPC is a type of size-exclusion chromatography in which compounds are separated
according to their size (or, more precisely, to the volume they occupy in solution,
i.e. hydrodynamic volume): bigger molecules elute from the column faster (have
shorter retention times) than smaller molecules. After conjugation to a drug,
the hydrodynamic volume of a polymer may change significantly depending on the
type of drug used (Fig. 7.9). The conjugate could adsorb molecules of water within
its structure and adopt an extended conformation, which would result in a shorter
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retention time compared to the free polymer. On the other hand, the conjugate may
adopt a more compact conformation and display a smaller hydrodynamic volume
than that of the corresponding free polymer, which would result in a prolonged
retention time.

7.3.2.7 High Performance Liquid Chromatography (HPLC)

HPLC is a technique widely employed in the synthesis and characterisation of
polymer-drug conjugates. The use of HPLC within the context of polymer-drug
conjugates relies on the fact that the free drug and the conjugated drug are likely to
interact differently with the stationary phase and the mobile phase, and therefore are
likely to elute from an HPLC column at different times. Preparatory HPLC can be
used to isolate and purify the conjugate from the free drug. Columns for preparative
HPLC are relatively large (internal diameter: 5-20 mm) and allow loading of large
amounts of a compound (up to milligrams of compounds). In a similar manner,
analytical HPLC can be used to check that the conjugate is free from unconjugated
drug or to quantify the total drug content and the content of residual-free drug.
Columns for analytical HPLC are smaller (internal diameter typically 4.6 mm) and
allow loading of small amounts of compound (up to few micrograms).

In addition, HPLC is often employed during stability studies, to verify that the
conjugate is stable, and no drug is released from the conjugate during storage.
Finally, HPLC can also be used to measure drug release under different physiologi-
cal conditions. For example, samples from the blood or the urine of a patient can be
analysed by HPLC to detect the stability of the conjugate in biological fluids and the
rate of drug release.

7.3.2.8 Small Angle Neutron Scattering (SANS)

SANS is a technique that has been used to investigate the behaviour of the conjugates
in solution (Paul et al. 2007). This type of analysis can provide key information
about the conformation of the polymer (e.g. radius of gyration). A comparison
between the scattering behaviour of different conjugates can also provide informa-
tion about structure-activity relationships.

7.4 Application of Polymer-Drug Conjugates

This section describes the different therapeutic areas to which the concept of
polymer-drug conjugates has been applied (Sects. 7.4.1 and 7.4.2). A recent devel-
opment in the field (the use of polymer-drug conjugates to deliver drug combina-
tions) is also reported (Sect. 7.4.3). The final section (Sect. 7.4.4) provides an update
on the current status of polymer-drug conjugates.
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7.4.1 Treatment of Cancer

The vast majority of polymer-drug conjugates that have been developed to date and
that have undergone clinical evaluation are designed for application to cancer treat-
ment. The tumour tissue represents an ideal target for polymer-drug conjugates.
Firstly, it is characterised by a leaky vasculature, which allows extravasation of the
conjugate from the capillaries feeding the tumour tissue to the tumour tissue itself.
Conversely, the large size of the conjugate prevents extravasation of this system into
normal tissues. In addition, the tumour tissue is also characterised by a poor lym-
phatic system, which is unable to effectively clear the extracellular fluid. As a con-
sequence, the conjugate is retained in the tumour tissue for longer. The combination
of these two factors (leaky vasculature and poor drainage) has been called ‘enhanced
permeability and retention (EPR) effect’ and is a phenomenon typical of solid
tumours (Matsumura and Maeda 1986; reviewed in Maeda et al. 2013).

The EPR effect results in the passive accumulation of macromolecules into the
tumour tissue and makes polymer conjugation an ideal strategy to selectively target
this disease. Unconjugated drugs are unable to take advantage of the EPR effect for
the following reasons: (1) they are low MW molecules, able to diffuse throughout
the body with no selectivity (i.e. size exclusion) for a specific tissue; (2) their clear-
ance from the biological fluids does not rely on the lymphatic system, therefore they
do not accumulate in the tumour tissue.

As the EPR effect promotes an improved selectivity towards the tumour tissue,
the toxicity of polymer-drug conjugates compared to their parent-free drug is gener-
ally lower. For example, the maximum tolerated dose (a parameter indicating the
toxicity of a therapeutic agent) of free doxorubicin is 60-80 mg/m? (Muzykantov
and Torchilin 2003), while that of an HPMA copolymer-doxorubicin is 320 mg/m?
(Vasey et al. 1999).

Within the context of cancer treatment, many established anticancer agents (e.g.
paclitaxel and doxorubicin) have been proposed in the form of polymer-drug conju-
gates. More recently, the concept of polymer-drug conjugates has also been applied
to experimental anticancer agents that had shown promising anticancer activity, but
that had failed to progress into the market due to toxicity or other unfavourable
properties. For instance, the antiangiogenic agent TNP-470 has been conjugated to
an HPMA copolymer with a view to maintaining the anticancer activity while
reducing its toxicity (TNP-470 is neurotoxic when administered as a free drug)
(Satchi-Fainaro et al. 2004, 2005).

7.4.2 Polymer-Drug Conjugates in Diseases
Other Than Cancer

Traditionally polymer-drug conjugates have been developed for the treatment of
cancer, but recently the versatility of this approach has been exploited also in other
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therapy areas. Representative examples of different therapeutic areas to which the
concept of polymer-drug conjugates has been applied are described here.

Rheumatoid arthritis is a chronic inflammatory disease of the joints. Chronic
inflammation is associated with leaky vasculature and enhanced vascular permea-
bility. Therefore, the ability of macromolecules to selectively extravasate in corre-
spondence of the inflamed tissue has supported the development of polymer-drug
conjugates specific for this disease (e.g. PEG-dexamethasone, Liu et al. 2010; linear
cyclodextrin-a-methylprednisolone, Hwang et al. 2008).

Leishmaniasis is a protozoal infection transmitted by the bite of a certain type of
sand fly. The visceral form of the disease is caused by the migration of the parasite
to vital organs and is often lethal. In order to improve the treatment of the disease,
two HPMA copolymer conjugates of the anti-leishmanial drug 8-aminoquinoline
have been developed (with and without the targeting moiety mannose) and have
shown promising results in pre-clinical studies (Roy et al. 2012; Nan et al.
2001, 2004).

Polymer-drug conjugation is a relatively new concept and its development has
focused on the use of well-known drugs, with the aim of proving the advantages
of the new approach by comparison. With conjugation becoming a more estab-
lished approach, innovative drugs targeting new molecular mechanisms have also
been conjugated. For instance, it is now clear that cardiovascular and neurodegen-
erative disorders are often associated with increased apoptosis (i.e. the mecha-
nism of programmed cell death) (Haunstetter and Izumo 1998; Mattson 2000).
Consequently, anti-apoptotic agents have been investigated to limit inappropriate
apoptosis and arrest the progression of the disease (Malet et al. 2006). One of
these drugs (called ‘peptoid 1”) was shown to achieve only limited efficacy in cel-
lular models because of its poor ability to permeate the cell membrane. A lysoso-
motropic delivery of the drug was then needed to improve its performance and
polymer conjugation was the strategy selected. Indeed, conjugation to PGA
resulted in enhanced uptake and intracellular trafficking of the anti-apoptotic drug
(Vicent and Perez-Paya 2006).

7.4.3 Combination Therapy

Many diseases (e.g. cancer and HIV) are treated with cocktails of drugs rather than
with a single therapeutic agent. The overall aim of this type of therapeutic regimen
(combination therapy) is to maximise efficacy while decreasing toxicity. For
instance, in the case of anticancer treatment, different chemotherapeutic agents are
administered jointly over repetitive treatment cycles. The development of drug
delivery platforms able to carry multiple types of drugs could allow the simultane-
ous administration of the drugs in combination, resulting in improved patient com-
pliance and simplified therapies. To this purpose, in recent years, polymer-drug
conjugates carrying two types of drugs have been developed and tested pre-clinically.
Examples of this approach are reported in Table 7.1.
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Table 7.1 Examples of polymer-drug conjugates containing combination therapy

Conjugate Type of combination Reference

HPMA copolymer- Chemotherapy; Endocrine therapy ~ Vicent et al. (2005),
doxorubicin- Greco et al. (2007)
aminoglutethimide

PEG-NO-epirubicin Chemotherapy; cardioprotective Pasut et al. (2009),

agent. Santucci et al. (2006)

HPMA copolymer- Antiangiogenic agent; bisphospho-  Segal et al. (2009)
TNP470-alendronate nate drug.

HPMA copolymer- Chemotherapy; biphosphonate drug. Miller et al. (2011)
paclitaxel-alendronate

HPMA copolymer- Chemotherapy; anti-inflammatory Kostkova et al. (2011)
doxorubicin-dexamethasone and anti-proliferative agent

PEG-paclitaxel-alendronate Chemotherapy; biphosphonate drug. Clementi et al. (2011)

7.4.4 Current Status of Polymer-Drug Conjugates

Polymer-drug conjugates have shown promise for cancer therapy, but to date, no
polymer-drug conjugate has reached the market. However, an increasing number of
polymer-drug conjugates have entered and are progressing through clinical evaluation.
Table 7.2 summarises the polymer-drug conjugates that have undergone clinical
evaluation.

7.5 Conclusions

Polymer-drug conjugates are a drug delivery technology based on the covalent con-
jugation of drug molecules to a polymeric carrier. Conjugation to a polymer pro-
longs the circulation time of the drug, increases its selectivity for the target tissue
(e.g. the tumour tissue) and allows selective drug release. The development of a
polymer-drug conjugate requires a careful design and an accurate choice of its com-
ponents (polymer, linker, drug and optional targeting moiety). Optimised synthetic
conditions and extensive characterization are necessary to make a reproducible and
‘high quality’ polymer-drug conjugate. The application of this concept has mainly
focused on the treatment of cancer, with encouraging clinical results. While the first
marketed polymer-drug conjugate is still awaited, research is ongoing to further
develop this concept. Progress in polymer chemistry is leading to innovative poly-
mer architectures and new molecular targets are being investigated to extend this
technology to new applications.
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Table 7.2 Clinical status of polymer-drug conjugates that have entered clinical evaluation

Status Conjugate Name Reference
Phase III PGA-paclitaxel CT-2103; O’Brien and Oldham
Opaxio® (2005), Albain
et al. (2000),
Langer et al.
(2008), O’Brien
et al. (2008),
Paz-Ares et al.
(2008)
PEG-naloxone NKTR-118 Neumann et al. (2007),
Webster and Dhar
(2009)
Phase I1 HPMA-DACH-platinate AP5346; Campone et al. (2007)
ProLindac®
HPMA copolymer-doxorubicin PK1; FCE28068  Vasey et al. (1999),
Seymour et al.
(2009)
PEG-Irinotecan NKTR-102 Hamm et al. (2009),
Borad et al (2008)
HPMA PK2; FCE28069  Seymour et al. (2002)
copolymer-doxorubicin-
galactosamine
HPMA copolymer-carboplatinate ~ AP5280 Rademaker-Lakhai
et al. (2004)
PGA-camptothecin CT-2106 Homsi et al. (2007),
Daud et al. (2006)
PEG-SN38 EZN-2208 Guo et al. (2008)
Cyclodextrin IT-101 Oliver et al. (2008)
polymer-camptothecin
Phase I Carboxymethyldextran-exatecan DE-310 Soepenberg et al.
camptothecin (2005)
PEG-docetaxel NKTR-105 Calvo et al. (2010)
PHF-camptothecin XMT-1001 Sausville et al. (2010)
Discontinued ~ PEG-camptothecin Pegamotecan Scott et al. (2009)
PEG-paclitaxel - Beeram et al. (2002)
HPMA copolymer-camptothecin ~ MAG-CPT Schoemaker et al.
(2002)
HPMA copolymer-paclitaxel PNU166945 Meerum Terwogt et al.
(2001)
Oxidised dextran-doxorubicin DOX-0OXD Danhauser-Riedl et al.

(1993)
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Problem Box

Question 1.

Calculate the drug loading (expressed as % w/w) for a linear polymer-drug con-
jugate and for its dendronised derivative (schematic representation of the struc-
tures and the MWs of the various components are reported in figure below).
Briefly discuss the importance of drug loading within the context of polymer-drug
conjugates.

Important note. In your calculation assume that conjugation of the drug to the
polymer or to the branching unit results in the loss of a molecule of water (loss
of an H from the drug and loss of an OH from the polymer/branching unit).
Addition of each branching unit also results in a loss of a molecule of water.

N

Legend:

< Branching unit (MW: 161 Da)

\/\/\/ Polymeric chain (MW: 3,500 Da)

(@) Drug (MW: 543.98 Da)

Answer 1.
Step 1. Calculate the % w/w of the linear polymer-drug conjugate.

(a) Calculate the drug content:
(543.98x2)—2=1,085.96

(b) Calculate the total weight of the conjugate
(543.98x2)+3,500—-(18%2)=4,551.96

(c) Calculate the % w/w:
(1085.96/4551.96) * 100 = 23.8%

Step 2. Calculate the % w/w of the dendronised polymer-drug conjugate.

(a) Calculate the drug content:
(543.98x8)—8=4,343.84

(continued)
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Problem Box (continued)

(b) Calculate the total weight of the conjugate
(543.98%x8)+3,500+ (161 x6)—(18%x 14)=8,565.84
(c) Calculate the % w/w:
(4,343.84/8,565.84) x 100=50.7 %

Question 2.

The anticancer agent paclitaxel has been considered a promising candidate for
delivery via polymer-drug conjugate technology. Indicate what characteristics
of this drug molecule make it suitable for applications with this technology.

Answer 2.

(a) Paclitaxel is an anticancer drug with toxicity due to non-selective delivery
(conjugation to a polymer can improve selectivity); (b) paclitaxel is poorly
water-soluble and has to be administered in a oil-based formulation
(Cremophor), which has a certain toxicity; conjugation to a polymer can
improve solubility in biological fluids; (c) paclitaxel contains an hydroxyl
group (this can be used for conjugation via, for instance, an ester linkage); (d)
paclitaxel has a short plasma half-life (which can be prolonged by conjuga-
tion to a polymer).
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