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Abstract

Polymer conjugation is of increasing interest in pharmaceutical chemistry for delivering drugs of simple structure or complex
compounds such peptides, enzymes and oligonucleotides. For long time drugs, mainly with antitumoral activity, have been
coupled to natural or synthetic polymers with the purpose of increasing their blood permanence time, taking advantage of the
increased mass that reduces kidney ultrafiltration. However only recently complex constructs were devised that exploit the
‘enhanced permeability and retention’ (EPR) effect for an efficient tumor targeting, the high molecular weight for adsorption or
receptor mediated endocytosis and finally a lysosomotropic targeting, taking advantage of acid labile bonds or cathepsin
susceptible polypeptide spacers between polymer and drug. New original, very active conjugates of this type, as those based on
poly(hydroxyacrylate) polymers, are already in advanced state of development. Labile oligonucleotides, including antisense drugs,
were also successfully coupled to polymers in view of an increased cell penetration and stabilization towards nucleases. However,
the most active research activity resides in the field of polypeptides and proteins delivery, mainly for the two following reasons:
first of all because a great number of therapeutically interesting compounds are now being produced by genetic engineering in
large quantity and, secondly, because these products are difficult to administer to patients for several inherent drawbacks. Proteins
are in fact easily digested by many endo- and exo-peptidases present in blood or in other body districts; most of them are
immunogenic to some extent and, finally, they are rapidly excreted by kidney ultrafiltration. Covalent polymer conjugation at
protein surface was demonstrated to reduce or eliminate these problems, since the bound polymer behaves like a shield hindering
the approach of proteolytic enzymes, antibodies, or antigen processing cell. Furthermore, the increase of the molecular weight of
the conjugate allows to overcome the kidney elimination threshold. Many successful results were already obtained in peptides and
proteins, conjugated mainly to water soluble or amphiphilic polymers like poly(ethylene glycol) (PEG), dextrans, or styrene–
maleic acid anhydride. Among the most successful are the conjugates of asparaginase, interleukin-2 or -6 and neocarcinostatin,
to remind some antitumor agents, adenosine deaminase employed in a genetic desease treatment, superoxide dismutase as
scavenger of toxic radicals, hemoglobin as oxygen carrier and urokinase and streptokinase as proteins with antithrombotic
activity. In pharmaceutical chemistry the conjugation with polymers is also of great importance for synthetic applications since
many enzymes without loss of catalytic activity become soluble in organic solvents where many drug precursors are. The various
and often difficult chemical problems encountered in conjugation of so many different products prompted the development of
many synthetic procedures, all characterized by high specificity and mild condition of reaction, now known as ‘bioconjugation
chemistry’. Bioconjugation developed also the design of new tailor-made polymers with the wanted molecular weight, shape,
structure and with the functional groups needed for coupling at the wanted positions in the chain. © 1999 Elsevier Science S.A.
All rights reserved.
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1. Introduction

Since the pioneering studies of Ringsdorf [1], biocon-
jugation has become a central issue in pharmaceutical
sciences: it is at the basis of the stabilization of sub-
stances in circulation [2], of protection of labile prod-
ucts from enzymatic degradation [3–9], of reduction of
immunogenicity of polypeptides [10], and of the ex-
ploitation of new pathways in cell penetration [11–14],
and also for the development of highly specific diagnos-
tic agents. Indeed, as far as drugs are concerned, bio-
conjugation has been mostly studied and exploited with
proteins as the drug moiety, for the unique advantages
that can be obtained with these molecules (Table 1),
although relevant examples have also appeared with
low molecular weight compounds, some of which have
already reached the stage of general application or
advanced clinical experimentation.

In the spirit of this journal, it seemed interesting to
review the main achievements obtained in the field of
bioconjugation for pharmaceutical purposes, together
with the advantages and limits of this technology.
Therefore, in this paper, a few relevant examples of
polymer–drug conjugates (both with low molecular
weight drugs and with the more complex peptides and
proteins), that have been developed in recent years, will
be taken into consideration, together with the merging
studies on oligonucleotide conjugation. The main chem-
ical aspects of conjugation will also be reported; how-
ever, only the chemistry that yields drug–polymer
products will be taken into consideration since, when
low molecular weight compounds are involved in drug
conjugation the procedure falls into the classic pro-drug
approach. To be more precise, despite the many possi-
ble definitions of the word ‘bioconjugate’, in this paper
the term will be used to describe any macromolecular
complex, synthetically obtained by covalently binding a
drug molecule (or more than one) to a polymer
molecule. Antibodies directed drugs or toxins, although
based on the same chemistry for what the conjugation
is concerned, will not be reviewed here because, for the
major part, they rely on biologically obtained products
(for pertinent references see Refs. [15–17]).

2. Bioconjugates with low molecular weight drugs

2.1. A successful example of bioconjugation

The greatest achievements in drug conjugates have
emerged from the collaboration among the researchers
of Kee University, led by R. Duncan (presently at
London University), those from Salt Lake City, headed
by J. Koocheck, the Prague polymer chemist K. Ul-
brich, and industrially developed by Pharmacia. This
collaboration aimed at the development of the ‘magic
bullet’, in accordance with an early dream of Erhlich
[18], by using the polymer N-(2-hydroxypropyl) methyl-
acrylamide (HPMA) for the release of doxorubicin to
tumor cells [19–21].

The new concepts developed by these authors repre-
sent the basis for any further development of bioconju-
gates with low molecular weight drugs so they deserve
to be described in detail. In these studies, doxorubicin
was linked to HPMA in order that the non-toxic and
water-soluble polymer could protect the labile drug
from degradation and could slow down its renal ultrafi-
ltration. Furthermore, this new construct, due to its
specific structure, allowed exploitation of new pathways
both in targeting the drug to specific organs (such as
cancer tissue) and in the route of penetration inside the
cells.

As far as tissue targeting is concerned, the high
molecular mass of the polymer was found to promote
tumor localization of the conjugates because, at this
level, the vascular epithelium is more fenestrated [14].

Besides, tissue localization could also be improved by
linking, along the HPMA molecule, antibodies or sugar
moieties [22–24] that direct the bioconjugates to the
body region with specific ligands for these molecules.

It is also important to note that, in these studies, the
molecular mass of the polymer had to be properly
tuned in order to avoid rapid kidney ultrafiltration and,
in the opposite case, an undesired polymer accumula-
tion in the body [25]; the Second World War’s sadly
known ‘polymeric syndrome’, due to poly(N-vinyl-
pyrrolidone) transfusions, remains an unforgettable les-
son. Regarding the route of cell penetration, a totally
new pathway takes place with these high molecular
weight conjugates. In fact, the high molecular mass of
the polymer forces the conjugates to enter the cells only
through the endocytosis process while the diffusion
driven by concentration-gradient, typical of small
molecules, is only of limited relevance.

In order to improve cell-penetration and cell-disposi-
tion of the conjugants, suitable spacers between the
polymer and the drug were introduced, consisting, for
example, in specific peptide sequences that are not
cleaved by blood enzymes but by lysosomal proteases
only. By using these spacers, once the macromolecule
has entered the cell by the endocytic pathway, the drug

Table 1
Advantages of bioconjugation in pharmaceutical chemistry

Stabilization of labile drugs from chemical degradation
Protection from proteolytic degradation
Reduction of immunogenicity
Decreased antibody recognition
Increased body residence time
Modification of organ disposition
Drug penetration by endocytosis
New possibilities of drug targeting
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can be liberated from the polymeric matrix only by the
lysosomal enzyme machinery. In this respect, the recent
knowledge in lysosome composition (for example, re-
garding the potent cysteine enzymes with unusual spe-
cificity or the low pH of the endosomes), has been very
important for the design of spacers cleavable only
intracellularly [7,20]. One of the best sequences for the
spacer was found to be Leu–Gly–Val–Phe, although
other tetrapeptides or tripeptides were also found to be
effective, differing from each other for the susceptibility
to cleavage.

The fact that these bioconjugates were designed for
therapeutic applications, therefore with strict requisite
of identity, gave a relevant input to the development of
new analytical tools since, as only recently faced by
Pharmacia, a precise characterization of the constructs
is a necessary step in gaining the authorities’ approval
[26]. Bioconjugate analysis requires the separation and
contemporaneous evaluation of each of the compo-
nents, drug, polymer, spacer and, eventually, targetable
moiety, but also of the construct as a whole [27]. The
need to characterize the products obtained by bioconju-
gation is a general and often difficult issue in this field
of research, independently of the class of drug molecule
that is used for the bioconjugation reaction and will be
recalled often throughout this paper.

2.2. Other bioconjugates

The molecular basis of the HPMA–doxorubicin con-
structs described above inspired several scientists and,
since those pioneering studies, many other drugs have
been coupled to polymeric moieties to modify their
bioavailability and their phamacokinetic profiles. For
example, polymer derivatives of other antitumor agents
such as melphalan [28] or sarcolysin [29] have recently
been developed.

More simple constructs have been used to evaluate
the effect of drug binding chemistry, the spacer compo-
sition and polymer structure on the delivery of poly-
mer-anticancer drugs. For example, Ohya et al. [30]
compared the antitumor activity of doxorubicin, when
bound to PEG, either through an amide, an ester or a
Schiff base. They demonstrated that the Schiff-base
conjugate, stable in physiological conditions but
cleaved in the lysosomal environment, maintains the
highest activity. The authors also pointed out the for-
mation, in aqueous solution, of self-aggregates of these
agents [31] and suggested the possibility that the forma-
tion of micelles might influence the endocytic process.

PEG–doxorubicin conjugates having different amino
acid or peptide spacers were synthesized in the authors’
laboratory. In this case, increased blood stability, de-
creased toxicity and maintenance of cytotoxic activity
were found to be dependent upon the nature of the
spacer [32]. Poly(PEG–lysine) [33] a copolymer devised

to increase the coupling capacity of drugs, was studied
for doxorubicin conjugation. The linkage was obtained
by means of an amide bond but also through a Schiff
base in order to maintain the positive charge in the
drug. More precisely, the Schiff base was obtained
either by coupling the amino groups of doxorubicin to
an aldehyde PEG or, alternatively, by using an hy-
drazide on the polymer and the 3-ketogroup in the drug
[34].

A thorough investigation on the hydrolytic stability,
lysosomal digestion and antitumor activity was carried
out by Shacht and co-workers [35] with polymer–drug
conjugates using PEG (MW 5 kDa), dextran (MW 38.4
kDa) or poly(2-hydroxyethyl)-L-glutamine (MW 36.4
kDa) and different spacers.

The natural polysaccharide dextran (MW 36.5 kDa)
was conjugated to the antimicrobial drug norfloxacin to
improve its pharmacokinetics. Here too, the spacers
Gly–Phe–Ala–Leu or Gly–Phe–Leu–Gly, linked to
the piperazine amino function of the drug, were found
to be stable in circulation while allowing the drug
release by action of the lysosomal cathepsins [36].

In some cases, bioconjugation with hydrophilic poly-
mers has been used to overcome the problem of low
solubility that characterizes certain drugs, this being a
relevant drawback to their use. For example, bifunc-
tional PEG has been coupled to taxol, the potent
chemotherapeutic agent for breast and ovarian cancer,
by using both hydroxylic ends of the polymer as an-
choring sites. An increase in solubility of six order of
magnitudes of this highly insoluble drug was achieved,
without any loss in taxol activity. It is interesting to
note that, in these studies, a molecular mass of PEG of
40 kDa, was found to be critical in reaching a t1/2 of
hydrolysis higher than the t1/2 of excretion [37]. In-
creased solubility without any loss of drug activity was
also obtained with methotrexate and doxorubicin cou-
pled to high molecular weight PEG. Polymer conjuga-
tion was also studied with the sesquiterpene
endoperoxide artemisin, a drug with important anti-
malarial activity whose use is hampered by low solubil-
ity. In this case, the conjugation to a bifunctional PEG
yielded a product with solubility and activity even
higher than that of the parent drug [38]. Among them
other drugs that were successfully coupled to polymers
we would like to report camptothecin. Camptothecin is
a very active topoisomerase-1 inhibitor, that was suc-
cesfully conjugated to PEG yielding longer lasting ester
derivatives in blood [33]. A product called Prothecan®

is now ready for the market. Polymers with different
properties have also been studied for these applications.
Among them we remember poly(mPEG–lysine) as well
as poly(PEG–aspartic acid) [31] that were used to
circumvent the problem of the limited amount of drug
molecules loaded by PEG.



F.M. Veronese, M. Morpurgo / Il Farmaco 54 (1999) 497–516500

Other synthetic or natural polymers have also been
studied with different purposes. Among these, poly(di-
vinylethermaleic anhydride) (DIVEMA) of 7 kDa
molecular mass, also known as pyran copolymer [39–
42], poly(aspartic acid) [43], poly(L-glutamic acid) [44],
poly(hydroxyethyl-L-glutamine) [45] albumin [46], all of
them used for doxorubicin conjugation [47]; the copoly-
mer N-(2-hydroxyethyl) methacrylate-N-vinylpyrroli-
done was used in daunomicin binding [44]; poly(a-malic
acid) for 5-fluoruracil [48] and the block copolymer of
poly(ethyleneimine) and palmitic acid were used for
cyclophosphamide derivatives conjugation [49]. How-
ever, in these cases, a systematic investigation on the
role of the conjugation chemistry, the spacer properties,
the role of polymer molecular weight or structure was
seldom carried out.

Derivatives of a,b-polyaspartic acid were recently
proposed as drug carriers by Giammona et al. They are
obtained by reaction of polysuccinimide with amine or
hydrazine [50–52]. Many drugs were conjugated di-
rectly or by a succinic spacer. Increased solubility and
bioavailability was observed as in the case of aciclovir
or ribovuridine [53,54]. The a,b-polyaspartyl hydrazide
was demonstrated useful also as blood expander and
drug carrier for its excellent biocompatibility and fa-
vourable reactivity [55].

A quite different application of polymers, namely the
conjugation with low molecular weight PEG, was also
successfully investigated to increase the transdermal
penetration of the anti-inflammatory agent, in-
domethacin [56].

2.3. Ad6antages in the preparation of bioconjugates
with low molecular weight drugs

One of the main achievements obtained by coupling
low molecular weight drugs to polymers is the modifica-
tion of the drugs’ pharmacokinetic profile and, as a
consequence, of their bioavailability. However, as it is
clear from the examples reported above, the methodol-
ogy described here differs from the one that yields to
the best known pro-drug compounds. In fact, in the
classic pro-drugs approach (as, for example, with acyl
moieties) the modification of the drug pharmacokinetic
or metabolic profiles is mainly based on a simple drug’s
slow release in plasma from the low molecular weight
carriers by the action of water only or by enzymes, or
on modification in body disposition. On the other
hand, in the bioconjugation technology with high
molecular weight polymers described here, several fac-
tors act together to affect the pharmacokinetics and,
therefore, the bioavailability of the drug. Among them,
the following should be remembered:
1. the shielding effect of the polymer that conveys a

relevant protection from chemical or enzymatic
degradation to the conjugated drug. Similarly, poly-

mers are very effective in masking the antigenic sites
of the drugs. As a consequence, their antigenic/
immunogenic characteristics that, if present, can be
responsible for drug depletion, may be greatly re-
duced. In the case of PEG, both these phenomena
have been correlated to the high mobility, associated
with conformational flexibility, and water-binding
ability of the polymer chain. These characteristics
prevent, mainly by thermodynamic effects, the ap-
proach of any macromolecule, such as immunoglob-
ulins or degrading enzymes, as well as conjugate
adhesion to surfaces;

2. the reduction in renal excretion, due to the large
volume of the macromolecular conjugate. This re-
duction generally occurs when the threshold of
serum albumin volume is reached. It is to be noted
that, in the case of PEG, the critical point of the
albumin hydrodynamic volume is reached at a
molecular mass of about one third of the protein
with same mass. This is due to the quasi-random
coil conformation of the polymer and to its high
hydration [57–59];

3. in some cases, polymer coupling was demonstrated
to promote a targeted delivery of drugs to body sites
characterized by an increased capillary permeability
as, for example, inflamed tissues. This phenomenon
is also at the basis of the so-called ‘enhanced perme-
ability and retention’ (EPR) effect. EPR allows the
specific localization of a drug at the level of cancer
tissue thanks to the higher permeability of blood
capillaries in that area, accompanied by a reduced
lymphatic drainage. Both these phenomena permit
the accumulation of the drug–polymer at the level
of the tumor tissue through an ultrafiltration pro-
cess [60]; and

4. besides the modification of the pharmacokinetic
profiles, the macromolecular characteristic of the
bioconjugates is responsible for the exploitation of a
totally new pathway for the drug’s entrance into the
cell that can only be based on adsorption- or recep-
tor-mediated endocytosis [61,62]. This new pathway
has been exploited even more thoroughly by the
design of specific linkages arms between polymer
and drug. This linkage has to be stable in blood
while cleavable only intracellularly, because of the
acidic environment of endosomes or by means of
the rich enzymatic machinery of the lysosomes. In
this first case, esters or amide conjugates to a-dou-
ble bonds carrying bicarboxylic acids, labile at low
pH while stable at physiological conditions, were
found to be a useful approach for targeted drug
delivery [63,64], while for the second approach, spe-
cific amino acid sequences, described earlier, were
found of help.
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2.4. Limitations in the conjugation of polymers to low
molecular weight drugs

Despite the advantages of bioconjugation, many
problems still have to be overcome before an ideal
polymeric construct can be obtained. Most of the prob-
lems are related to technical tasks that still need to find
their optimization. Among the goals to be achieved, we
ought to remember:
1. to improve the chemistry of binding in order to find

out conditions of activation and conjugation that
are mild enough not to affect the stability of the
polymer, since chain cleavage with reduction of
molecular mass does sometimes occur, and this reac-
tion is not easy to detect;

2. to develop suitable chemical approaches that allow
those sites in the drug molecule that are involved in
its receptor binding to remain accessible or un-
masked. This task, even if not trivial, is more easily
achieved in the modification of polypeptides and
proteins that carry several different sites which are
potentially suitable for polymer anchoring;

3. to develop analytical methods for the characteriza-
tion of the constructs as a whole and of their
individual components, after proper degradation
and separation;

4. to obtain well-characterized polymers, possibly with
low polydispersivity; and

5. to choose, if possible, polymers which have already
been approved by the FDA or, alternatively, with
are highly likely to be so.

3. Bioconjugates with protein drugs

3.1. General considerations

The rationale of polymer conjugation to proteins for
pharmaceutical applications is somehow similar to that
described for low molecular weight drugs. Also in this
case, the attachment of soluble and biocompatible poly-
mers aims at the improvement of protein stability and
at the modification of their pharmacokinetic profiles.
As a matter of fact, one of the major drawbacks in the
use of biologically active proteins in therapy is the
common short body residence time of these molecules
that are either rapidly removed by renal ultrafiltration
or inactivated by the immunosystem or by plasma
enzymes. After polymer conjugation, the stability and
the pharmacokinetic profile of a protein is generally
improved because, as in the case of low molecular
weight drugs, the polymer increases the drug’s volume,
protects it from enzymatic and hydrolytic degradation
and shields its immunological epitopes. Again, as in the
case of low molecular weight drugs, the polymer may
also direct the bioconjugate to specific organs or areas
in the body.

Many polymers are being studied for these applica-
tions, the most popular are dextran and mPEG, the
first is poly-functional while the second mono-func-
tional. Other mono-functional polymers with properties
similar to mPEG are also being studied. Among these,
a new form of poly(N-vinyl pyrrolidone) [65] and
poly(N-acryloyl morpholine) [66], both having a single
activable end terminal residue (�COOH or �OH) per
polymer chain. These polymers are obtained by radical
polymerization of N-vinyl pyrrolidone or N-acryloyl
morholine with isopropoxyethanol in the case of the
former monomer, and mercaptoacetic acid or mercap-
toethanol in the case of the latter. Poly(oxazolines) and
poly(vinylalcohol) are also mono-functional polymers
that have been considered for protein modification
[67,68]. Poly-functional synthetic polymers that have
also gained in popularity due to their intrinsic proper-
ties are the co-polymers of divinyl-ether and maleic
anhydride (DIVEMA) and of styrene–maleic anhydride
(SMA).

In the following sections, we report on some exam-
ples of protein conjugates with dextran, PEG and other
synthetic polyfunctional polymers that we believe to be
among the most relevant.

3.2. Dextran protein conjugates

There are at least 20 polypeptides and proteins conju-
gated with polysaccharides, mainly dextrans, but only
few representative examples will be reported in this
review.

Streptokinase was the first therapeutic enzyme to be
conjugated to a polymer (dextran of 35–50 kDa molec-
ular mass) with significant therapeutic success. Since
1980, after its approval for clinical use in the treatment
of cardio-vascular and ophtalmological pathologies
caused by thrombosis, it has been produced in Russia,
on a large scale, under the trade name of
‘Streptodekase®’. This streptokinase conjugate is char-
acterized by long body permanence in humans where it
can last for over three days. As a consequence, strep-
tokinase may be administered in a single bolus instead
of by continuous infusion as needed for the non-
modified form, whose body permanence is of only a few
minutes. Also the overall toxicity of streptokinase is
decreased after dextran conjugation, as demonstrated
by reduced hemorragic complications, rethromboses
and allergic reactions. When the native enzyme is used,
these complications are observed in 72, 16 and 27% of
the patients, respectively, while the same problems are
reduced to 6, 5.5 and 2%, respectively, using
Streptodekase® [69].

Another protein, also involved in the coagulation
pathway, that has been modified with dextran is plas-
min. This proteolytic enzyme was coupled to oxidized
dextran yielding a conjugate retaining 85% of the origi-
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nal activity and sharing similar pharmacokinetic and
immunologic advantages as those described for strep-
tokinase [70].

Hemoglobin was coupled to a bromo–amino or an
aldehyde dextran yielding products with oxygen-carrier
properties unchanged with respect to the native
hemoglobin, but which had a 3–20-fold higher blood-
circulation time [71]. With these dextran derivatives,
transfused animals with hematocrit values of B2%,
survived and fully recovered without further enrichment
with air and oxygen.

Aprotinin, a low molecular weight peptide active as a
tripsin–kallicrein inhibitor, was coupled to cyclo-
xymethyl dextran in order to solve the problem of its
rapid excretion. Significant increase in survival was
observed in dogs with experimental acute pancreatitis
since the polymer conjugates increased by up to 10-fold
the residence time in circulation while the activity in
vitro was not reduced. Interestingly, when galactose
was contemporarily bound to the polymer, the conju-
gates were found to accumulate in the liver. This sugar
targeted the complex to this organ due to the presence
of galactose receptors at its surface [72–74].

3.3. Problems and solutions in polymer–protein
conjugation

Despite the important results obtained with
Streptodekase®, dextran has not gained general success
in polymer derivatization. This is due to the easy occur-
rence of cross-linking because both dextran and
proteins are poly-functional molecules and their cou-
pling usually yields a complex and heterogeneous mix-
ture of products. This problem is generally avoided by
using mono-functional polymers [75,76], the only ones
that, in the case of poly-functional drug entities, such as
peptides or proteins, give rise to chemically homoge-
neous products. However, micro-heterogeneity may
also occur in this case, because of the several amino
acid reactive sites present at the protein surface, all
potentially reactive, but characterized by different ac-
cessibility or reactivity [77].

Only in certain specific cases are poly-functional
polymers preferred to the mono-functional ones in
protein modification. This happens when an increased
conformational stability is needed as, for example,
when the protein is to be used as a biocatalyst in
organic solvents. In this case the reticulated complex
that is formed from the reaction between the two
poly-functional entities (the polymer and the protein)
often confers a higher stability towards denaturing
environments.

A few mono-functional polymers are used nowadays
for bioconjugation of proteins although PEG is the
most studied. Other mono-functional polymers, as men-
tioned above, are a new form of poly(N-vinyl

pyrrolidone) [65], and poly(N-acryloyl morpholine)
[66], poly(oxazolines) and poly(vinylalcohol) [67,68]. It
is important to note that all of these polymers are
obtained synthetically which allows one to reach the
desired molecular weight and sufficiently low polydis-
persivity. Besides, when polymers obtained through
chemical synthesis are used, the possibility of tailoring
their structure according to need is an important
advantage.

A further problem in polymer–protein conjugation is
the difficulty to fractionate the different entities ob-
tained after coupling due to the presence of the polymer
that greatly reduces the resolution in any chromato-
graphic medium. This often impairs the purification of
single species of conjugates as well as the establishment
of the exact number of polymer chains linked to each
protein.

Furthermore, the precise sites of polymer coupling
along the protein primary sequence are very difficult to
identify.

As a matter of fact, this last problem can be solved
using a chemical approach recently devised in the au-
thors’ laboratory [78]. This approach relies on the use
of a new PEG derivative, terminating with the dipep-
tide spacer methionine–norleucine (Met–Nle). This
dipeptide is easily cleavable by means of BrCN treat-
ment so that, when a protein modified with this PEG
derivative is exposed to BrCN, the polymer moiety is
removed leaving the norleucine residue on the protein
at the site where the polymer was bound [78,79]. Once
the polymer has been removed from the protein, any
method of digestion, peptide fractionation and amino
acid analysis may be used to establish the location of
the norleucine reporter groups and, consequently, the
sites of polymer attachment.

The long-debated problem of the exact quantification
of the number of polymer chains linked to each protein
can now be overcome by the use of a single amino acid
spacer between polymer and protein. For example,
when the unnatural amino acid, norleucine (but also
b-alanine) is used as the spacer, amino acid analysis
after acidic hydrolysis of the product allows one to
calculate the number of bound polymer chains. In fact,
this number corresponds to the amount of Nle evalu-
ated by using certain stable amino acids in the protein
as internal reference standards [80]. This method has
proven to be more accurate than the more common
colourimetric [81,82] and fluorimetric ones [83] that
measure the amount of unmodified primary amines in
the protein to calculate the PEGylated ones by differ-
ence. In fact, these methods are subjected to the vari-
ability of the primary amines location on the protein
molecule that affects both the accessibility of the
reagents and the extinction coefficient of the chro-
mophore. On the other hand, all of these methods only
give the average value of conjugation. With the more
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recent MALDI mass spectrometry, the pattern of the
individual conjugated species is obtained. Unfortu-
nately, this technique cannot be considered quantita-
tive, mainly because each mass specie presents in the
sample is characterized by a different yield of extraction
from the matrix in the ionization process. Therefore,
when a mixture of products is analyzed, it is not
possible to say whether the pattern which appears in
the mass spectrum corresponds quantitatively to the
composition present in the sample.

NMR, associated to the UV quantification of the
protein, has also been used for polymer evaluation. In
this case, the polymer content is evaluated by carrying
out NMR analysis of the sample, dissolved in D2O
containing an internal standard (whose signal does not
overlap with that of the polymer). The protein concen-
tration in the same sample is evaluated by UV (or by
any colourimetric procedure) while a calibration curve,
obtained by running NMR spectra of polymer samples,
dissolved in D2O at known concentrations, is used as a
reference to evaluate the polymer quantity.

A further problem in enzyme conjugation is the
possible loss of activity related to the polymer attach-
ment to amino acids involved in the active site or
located in its close environment. This limitation is more
relevant for enzymes acting on high molecular weight
substrates, because their approach to the active site
may be hampered by the hindrance of the close bound
polymer. In some enzymes, the problem has been over-
come by carrying out the conjugation in the presence of
an enzyme substrate or a reversible inhibitor in solu-
tion. An evolution of this approach that proved more
efficient is to work in a heterogeneous state, in the
presence of an active site inhibitor linked to an insolu-
ble resin. Because of steric effects, the resin–inhibitor
complex hinders the conjugation also at the active-site
surroundings [84].

A further method to protect the active-site area is the
use of a more hindered polymer such as the branched
PEG. This ‘Y’ shaped PEG derivative was obtained in
the authors’ laboratory by linking two PEG chains at
both amino groups of lysine while the amino acid
carboxylic group is exploited for the coupling reaction
[85]. The hindrance of the branched PEG prevents or
reduces the entrance into the cleft of the active enzyme
site as demonstrated in asparaginase and uricase mod-
ifications [86]. Branched PEG also allows one to
achieve a higher protection from proteolytic degrada-
tion of the conjugated proteins and an increased reduc-
tion of immunogenicity and antigenicity as compared
to the modification carried out with the linear polymers
bound at an equal number of amino acid residues [86].
A similar ‘Y’ shaped PEG has been also synthesized by
Maeda and co-workers using a trichlorotriazine acti-
vated polymer [87]. However, the use of this PEG for

biopharmaceutical applications is impaired by the po-
tential toxicity of the activating compound.

3.4. Poly(ethylene glycol) protein conjugation

Besides the advantages related to its monofunctional-
ity that prevents the formation of reticulated material,
mPEG is non-toxic, non-immunogenic, it can be ob-
tained under GMP conditions and it is FDA-approved
[11,88,89]. So far, a large number of proteins and
peptides has been conjugated with mPEG and it is
difficult to select which one to describe in this review
(Table 2). However, bovine adenosine deaminase and
asparaginase conjugates cannot be ignored by the au-
thors since they are the first ones whose conjugates
have been approved by FDA. Besides, at least part of
the work that has been carried out with the enzyme
superoxide dismutase (SOD) and with hemoglobin (Hb)
deserve special mention. The former protein has been
chosen because of the large number of papers dealing
with its derivatization while the latter is a significant
example of polypeptide devoid of enzymatic activity.

The most impressive clinical results with PEG-en-
zymes were obtained with adenosine deaminase (ADA).
The deficiency of this enzyme causes severe im-
munodeficiency that is inherited as an autonomal reces-
sive trait. Among other problems, it causes recurrent
infections, due to the impaired immune function [90].
When adenosine deaminase was conjugated to PEG of
5 kDa molecular mass, the conjugate was still active
and had a longer permanence in the body as compared
to the original enzyme [91,92]. Most importantly, its
immunogenicity was dramatically reduced, a property
that allows the repeated administrations needed in this
life-long disease [93]. Up to now, the results obtained
with the administration of PEG–ADA to several dis-
eased children (now, still alive after some years of
treatment) appear more promising than those obtained

Table 2
Peptides and proteins so far modified by polymers (partial list)

Enzymes
Adenosine deaminase, Alkaline phosphatase, Arginase,

Asparaginase, Catalase, Chimotripsin, Cytochrome-C, Elastase,
Galactosidase (a and b), Gluconato oxydase, b-Glucuronidase,
Glutaminase–asparaginase, Kallicrein, Lipase, Peroxidase,
Phenylalanine ammonia-lyase, Purine nucleoside phosphorylase,
Streptokinase, Superoxide dismutase, Thermolysin, Tissue
plasminogen activator, Trypsin, Tryptophanase, Urokinase,
Uricase.

Polypeptides
Albumin, Antigen E, Butroxobina, Erythropoietin, Factor VIII,

G-CSF, G-MGSF, Hb, H-Growth hormon, Hirudin, Honeybee
venom, IgG, Immunotoxin, Insulin, Interferon (a2A and a2B),
Interleukin-6, Interleukin-2, Melanin, a-Proteinase inhibitor,
Ragweed allergen, Somatostatin, Tumor necrosis factor.
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with the administration of the adenosine deaminase
gene, the alternative therapeutic approach for the treat-
ment of this genetic disease [94,95].

PEG–ADA (Adagen®) was approved by the FDA,
as was PEG asparaginase (Oncospar®), an antitumor
agent which is specific for the treatment of acute
lymphocytic leukemia. Asparaginase is commonly used
in free form, but some patients develop an immune-
based resistance that may, however, be overcome by the
PEGylated form. In fact, asparaginase modification
with PEG is accompanied by decreased immunogenic-
ity, antigenecity and proteolytic susceptibility, probably
all related to the polymer chain characteristics, as men-
tioned in the previous paragraphs. The positive charac-
teristics of PEG–asparaginase are even enhanced with
the branched form of PEG. The ‘Y’ shaped PEG also
seems more convenient in preserving the enzyme activ-
ity after conjugation [96]. Most probably this effect is
related, as previously reported, to the increased hin-
drance of the branched PEG that, in this specific case,
prevents its own access and coupling at the active site
region, located in a cleft between the two subunits of
the enzyme.

Superoxide dismutase is an enzyme with scavenger
activity towards the toxic superoxide ions which are
overproduced in many pathological states such as in-
flammation or ischemia followed by reperfusion. Cer-
tainly, this is the enzyme mostly studied for PEG
conjugation, and some derivatives are already at an
advanced stage of clinical experimentation even though,
to our knowledge, no product has yet been approved
for marketing. The main results of the research on
superoxide dismutase conjugates are:
1. a dramatic increase in body permanence after i.v.

injection that, from the t1/2 of 2–3 min of the
non-modified enzyme, reaches several days in the
case of PEG conjugates [97,98];

2. a slower absorption rate of the conjugate, as com-
pared to the free enzyme, when administered subcu-
taneously or intramuscularly [96];

3. a higher efficacy of PEG–SOD, as compared to
both the native enzyme and the dextran–SOD
derivative, in reducing the heart necrosis size after
ischemia and reperfusion [99]; and

4. the understanding of the role played by the polymer
structure in conjugate behavior. Interestingly, it be-
came clear that it is the overall amount of polymer
mass linked to the protein that affects the degree of
increased body permanence. More precisely, the
same improvement can be achieved by linking sev-
eral low molecular weight polymer chains or one
only single chain with a very high molecular mass
[100].

Hemoglobin (Hb) was PEGylated with great success
(presently in Phase II clinical trial by Enzon) leading to
a new product for blood transfusion that appears to be

superior to stroma-free hemoglobin or to the dextran
conjugate [101]. The conjugation, performed with PEG
of 5 kDa molecular mass activated as succinimidyl
carbonate, gave a product with a molecular weight in
the range of 120–130 kDa. This conjugate, formulated
in bicarbonate or phosphate buffers, at a 6% concentra-
tion, was administered for the treatment of hemorragic
hypotension. These PEG–Hb solutions, in contrast to
the physiological saline or to the dextran–Hb deriva-
tives, restored the mean arterial blood pressure, the
cortical oxygen pressure and the extravascular level of
striatum dopamine to the same level as did the treat-
ment with whole blood [102]. PEG–Hb was also found
to be efficient in the oxygenation of solid tumors in rats
even after three days after injection [103]. This property
is considered useful for the therapy of many solid
tumors, since it was proved that the effectiveness of
many antineoplastic agents may depend on the level of
cellular oxygenation [104,105]. Indeed, the PEG–Hb
therapeutic indication is primarily for radio-sensitiza-
tion of solid hypoxic tumors.

Other proteins being very much studied at present
are citokines, and among them a-interferon, already in
Phase III of clinical trial by Shering Plough, either
alone or in conjugation with riboflavin (Rebetol®), for
malignant melanoma and chronic myelogenous
leukemia.

A further field of success in PEGylation is in produc-
ing more efficient targetable drug carriers: antibodies
based on single chain. These simplified PEGylated anti-
bodies replace the most known monoclonal products
and present greater tumor penetration than the previ-
ous ones.

Finally, the very easily available albumin was also
PEGylated with blood expander indications and it has
already been on the market for some years.

3.5. Synthetic poly-functional polymers

In some cases, poly-functional polymers, despite the
disadvantages discussed above (see Section 3.3), may
have properties that are useful for the biomedical appli-
cation of their conjugates. For example, this is the case
of DIVEMA, the copolymer of divinyl-ether and maleic
anhydride (also known as pyran copolymer), character-
ized by an intrinsic anti-tumor activity [106,107]. Sev-
eral enzymes were coupled to it in search of a synergic
effect, even though the risk of cross-linking is always
present. Special care has to be taken in the coupling
reaction in order to avoid undesired cross-linked com-
plexes and activity loss. For example, superoxide dis-
mutase was modified with DIVEMA using an original
chemistry devised to prevent excessive cross-linking and
enzyme inactivation [108]. In this case a reversible
protection of part of the protein lysines, using 2,3-
dimethylmaleic anhydride, was achieved before polymer



F.M. Veronese, M. Morpurgo / Il Farmaco 54 (1999) 497–516 505

coupling, so that only the unprotected amino groups
reacted with the polymer through its anhydride func-
tions. After polymer coupling, the amide bond between
the protected amines and 2,3-dimethylmaleic anhydride
could be easily hydrolyzed by lowering the pH to 6.0,
leaving the enzyme in a very active state. Interesting
anti-inflammatory activities were exhibited by this DI-
VEMA conjugate.

However, a review of the literature demonstrates,
without any doubt, that the most successful synthetic
polyfunctional polymer is the copolymer of styrene and
maleic anhydride (SMA). A very thorough chemical,
pharmacological and clinical investigation was carried
out in Japan by the group of Maeda that used the
copolymer for the conjugation of the 12 kDa mass
polypeptide neocarcinostatin, the most powerful (and
toxic) anti-tumor polipeptide. Under suitable condi-
tions of coupling, only two SMA chains were linked to
the protein, in its a position and at the o NH2 of lysine
40. It is thought that each SMA chain has a favorable
conformation with a bulky interior formed by the
styrene moieties and a negative surface due to the
hydrolyzed maleic anhydride COOH groups. Probably,
this negatively charged protein conjugate, that also
possesses a favorable molecular weight for blood per-
manence, is entrapped by the cells through EPR mecha-
nism followed by endocytosis. Clinical results are
extremely promising with a success in 70–90% of the
treated tumor patients [109].

The negative charge of both DIVEMA and SMA
polymers were also exploited in targeting anti-inflam-
matory enzymes to diseased areas, following the same
rationale as described for the HPMA conjugates.

4. PEG–enzyme modification for bioconversion in
organic solvents

Although not exactly within the scope of this article,
we would like to briefly mention another important
application of bioconjugation, namely the conjugation
of enzymes, with potential usefulness in organic solvent
biocatalysis, with amphiphilic polymers.

Bioconjugation is used in the field of biocatalysis to
overcome some of the limitations related to the use of
enzymes in non-natural organic environment. In fact,
one of the most limiting drawbacks in the use of
enzymes in bioconversion is their poor solubility in
organic solvents where, on the other hand, most of the
substances of pharmaceutical interest are soluble. This
fact is responsible for a substantial reduction in the
catalytic rate which was only partially solved by the use
of enzymes in a fine powder or crystalline form, by
entrapment in reverse micelles or by their immobiliza-
tion onto insoluble supports [110,111]. On the other
hand, the coupling of an amphiphilic polymer to an

enzyme, transfers to the complex many of the proper-
ties of the polymer itself and, among these, the organic
solvent solubility. It is not a general case but, often, the
bioconjugate conformational structure and biological
activity in the organic environment are maintained
[112,113].

For this application too, PEG is the polymer mostly
used since it is highly soluble in water and in most
organic solvents, with the exclusion of a few of them
like, for example, diethyl ether and n-hexane. This last
property is indeed very useful because it allows one to
carry out the bioconversion in organic solvents, (usu-
ally chlorinated or aromatic ones) and, at the end of the
reaction, to recover the enzyme by precipitation after
ether or n-hexane addition. The recovered enzyme may
be used for another step of biocatalysis or dried out for
later use. Relevant results have been obtained, for
example, with the enzyme catalase: when 42% of its 112
amino groups were coupled with PEG, the enzyme
activity in benzene was shown to be higher than that of
the unmodified starting enzyme [114]. Similarly, PEG–
lipase, where half of the seven amino groups were
modified, was found to catalyze efficiently both ester
synthesis and ester exchange in chlorinated solvents.

As mentioned above, this biocatalytic application of
polymers is not an exclusive characteristic of PEG, but
it is shared with many amphiphilic polymers. In our
laboratory, lipase was modified with poly(N-acryloyl
morpholine) (see above) and, when four to six chains of
polymer were bound to each enzyme molecule this
retained, in chlorinated solvent, over 50% of its original
activity. The derivative displayed high trans-esterifica-
tion properties in several solvents and, when compared
to PEG–lipase, it showed lower solubility but better
catalytic activity in organic media [115].

Promising results have also been obtained by Inada
with a poly-functional ‘comb-shaped’ PEG that, thanks
to its multi-point attachment sites, conferred to en-
zymes a high stability towards denaturation [112].

5. Polymers for oligonucleotide transport

Only recently was the research starting to take ad-
vantage of the potentials of oligonucleotides as drugs:
oligonucleotides (ODNs) can be used as antigenes ex-
ploiting the formation of triple helices with genomic
DNA [116], as antisenses hybridizing single stranded
mRNA [117] or as ribozymes for sequence-specific
cleavage of RNA [118]. However, for an efficient ac-
tion, similar limitations as those found in protein drugs
must be overcome, namely rapid proteolytic digestion,
chemical instability and renal excretion. Moreover, the
polar and highly charged ODNs suffer from poor cellu-
lar uptake so that many approaches are being investi-
gated to overcome this problem. For example,
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positively charged polymers interacting with the ODN
phosphate charges (polylysine), positively charged
lipoidic particles (liposomes) as carriers, or synthetic
amphipatic peptides that form specific complexes with
plasmid DNA [119] are being studied. Despite some
promising data, the tenuous results so far obtained
seem to suggest the need of having more defined chem-
ical entities such as ODNs chemically modified with
hydrophobic molecules as, for example, cholic acid
[120], long chain alcohols [121], steroids [122] or am-
phiphilic polymers [123]. As a matter of fact, modifica-
tion with amphiphilic polymers seems to have both
advantages of improving the ODNs stability and of
masking their charges.

Following the important results obtained in protein
conjugation, PEG is the first polymer to have been
evaluated for ODN modification, and even though this
approach is still at its initial stages, promising biologi-
cal results, although sometimes contradictory, have al-
ready been obtained.

Similarly to what observed with PEG–proteins, the
stability to enzymatic digestion is increased. For exam-
ple, Jaschke et al. demonstrated a great decrease in
exonuclease activity towards phosphodiesterase I in the
case of PEG–oligo conjugates and complete stability to
phosphodiesterase II, as compared to the non-modified
oligo [124]. Increased stability towards single-stranded
endonuclease S1, that parallels the one in human and
mice serum, was also observed in 5%-PEG conjugated
products [125]. These authors’ data are in agreement
with our laboratory experience where a 3%-PEG dode-
camer was found to be more stable towards the hy-
drolytic activity of the snake venom phosphodiesterase
[123].

This behavior is reflected in increased residence time
in circulation after intravenous administration observed
in mice of a PEG-5%–oligodeoxynucleotide, where the
naked oligonucleotide disappears rapidly [125].

The role of the molecular weight of PEG in the
conjugate body permanence was also investigated and,
similarly to what found with proteins, it was demon-
strated that a critical mass value also holds for PEG–
ODNs [126]. Forty kilodaltons is a convenient
molecular weight for PEG to confer a long body reten-
tion to the conjugate.

As far as the body absorption and cellular uptake of
chemically modified ODNs are concerned, the results
reported in the literature so far seem to be quite contra-
dictory and further investigation is probably needed.
For example, disappointing results were shown in a
single example in which the absorption of the various
antisense agents, using human and murine serum as
models, has been investigated. In this study, ODNs
coupled with PEG, polyamines or cholic acid were
compared to unmodified ODNs and lower absorption
and activity, together with lower cellular localization,

were observed for the conjugated compounds [127]. On
the other hand, in another work, higher activity of a
PEG-3%–antisense ODN directed towards the HIV virus
was reported [128].

6. Chemistry of polymer–drug conjugation

6.1. General considerations

The chemistry of bioconjugation is extensive because
it deals with a large variety of molecules, either as
ligands or as biologically active moieties. Different
approaches may be used depending on the properties of
the bioactive molecule to be modified (a small organic
compound, a protein, a glycoprotein or a nucleic acid)
and of the ones of the ligand to be coupled (a colored,
fluorescent or enzymatic probe, a monofunctional poly-
mer such as PEG or a polyfunctional one such as
polysaccarides or polyacrylates). Despite the large vari-
ability that characterizes this field of chemistry, a com-
mon feature shared by the reactions used in
bioconjugation is the fact that all of them must be
carried out in mild conditions, so that the structure,
and therefore the activity, of the biologically active
molecules is not disrupted.

In this part of the review, the discussion of the
chemical aspects of conjugation will be divided into
three sections: in the first, the functional groups most
commonly represented in the drug molecules will be
described; the second section will regard the functional
groups normally present on the polymeric moiety; in
the third, the most common strategies for the coupling
reactions will be described.

However, due to the large variety of chemical reac-
tions that have been exploited in this field, only the
basic aspects of the technology will be reported here,
while reading the specialized literature is recommended
for a more detailed approach [129,130]. Furthermore,
since polypeptides are the most studied compounds
considered for conjugation, more space will be deserved
to their chemistry.

As a preliminary consideration it may be important
to note that, generally, both the drug molecule and the
polymer are not reactive by themselves and a prelimi-
nary step of activation is usually needed before cou-
pling. Furthermore, since the drug molecule often
carries more than one functional group, it is the poly-
meric moiety that is generally (although not always)
transformed into a reactive agent that is then coupled
to the drug.

In some cases, it may be necessary to introduce a new
functional group in either drug or polymer molecule.
This may be achieved either through a specific chemical
reaction that transforms a functional group into the
desired one [131], through the use of a bifunctional
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reagent [132] or, as in the case of proteins, through
genetic recombinant techniques that allow the introduc-
tion of one amino acid with the desired reactivity, as, for
example, the thiol function of cysteine [133] or amino
group of lysine [134].

6.2. Functional groups on the drug

6.2.1. Proteins
Among the 21 amino acids of peptides and proteins,

up to nine may be derivatized more or less easily at their
side chains. All of these amino acids possess functional
residues that in the appropriate environment may-
act, thanks to their ionizable side chains, as nucleo-

philes. Table 3 summarizes the main characteristics of
these amino acid side chains, their structure and their pKa

values. The terminal amino and carboxylic functions are
also groups that can be considered as possible sites of
conjugation. Due to the nucleophilic properties of these
residues, the most common reactions that take place in
protein conjugation are nucleophile-to-electrophile at-
tacks. The nucleophilicity of each amino acid residue
may be modulated by changing the environmental pH
since only when the pH is close or above the residue’s
pKa, can nucleophilic attack take place. As a conse-
quence, the order of nucleophilicity for the major groups
in proteins, provided that each unprotonated form is
more nucleophilic than its protonated parent, can be
summarized as follows [125,130]:

R�S−\R�NH2\R�COO− =R�O−

Although according to this rank order, cysteine thiols
are the most reactive groups in proteins, this amino acid
is generally quite rare and when present, it often plays
an important role in catalysis or in binding. For these
reasons the main target in protein bioconjugation is the
a-amino or o-lysil amino residue. This amino acid is
present with high frequency in proteins (up to about 10%
of the overall amino acids) and only a few of its residues
can be involved in the active site. Nevertheless, in some
cases, cysteines have been successfully used as anchoring
sites after being introduced into the protein, by recombi-
nant techniques [133], into positions that are known as
unimportant for the protein’s biological activity.

Carboxyl carrying amino acids are considered as
targets of coupling only when the modification of the
more reactive lysines is known to impair the biological
activity of the protein. The reason why these amino acids
are considered as a second choice is because it is difficult
to avoid cross-linking with the same protein’s amino
groups.

In glycoproteins, the sugar moiety can also be used as
the target for polymer conjugation. Sugars may carry a
few possible sites for modification such as the reducing
aldehyde end groups, hydroxyl groups or, in some special
cases, primary amines, carboxylates or phosphates. Fur-

Table 3
Structure and property of protein amino acid residues

thermore, vicinal-hydroxyl groups can be easily oxidized
by periodate, leading to two reactive formyl residues.

It may be interesting to remind also a quite different
strategy, useful for a site specific PEGylation, that was
used for the conjugation of the growth hormone releasing
factor, a polypeptide of 29 amino acids normally ob-
tained by solid phase synthesis. In this case, side chain
PEGylated amino acids (lysine or aspartic acid) were
directly introduced at the desired level of the sequence
during the synthetic preparation of the peptide [135]. This
strategy is actually applicable to any low molecular
weight peptide that can be obtained by synthesis, and
the chemistry used in coupling the polymeric moiety to
the starting amino acids involves the same chemical
residues (�COOH, �NH2) as in coupling of the whole
polypeptides.

6.2.2. Small organic molecules
The main sites of polymer attachment in small organic

molecules share similar characteristics with those de-
scribed for proteins in the sense that they often possess
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nucleophilic residues. However, they must be devoid of
critical relevance for the molecule’s biological activity
to be considered as sites of conjugation. Therefore, a
polymer is generally attached to a small drug through
its �OH, �NH2 or �COOH groups and, as in the case of
proteins, these, or other residues, if not available di-
rectly in the molecule, may be introduced through a
desired spacer by means of an intermediate synthetic
step.

6.2.3. Nucleic acids
The strategy for polymer modification of nucleic

acids, as with antisense nucleotides, is different from
the one used for proteins and small molecules for two
main reasons: (a) the nucleic acid molecules do not
carry the same reactive groups as those present in
proteins and primary �NH2, �COOH, �SH or aromatic
�OH functions are not normally present; and (b) the
oligonucleotides are obtained by synthesis (chemical or
enzyme-driven) so that, if a specific tag has to be linked
to the sequence, the synthesis itself may be planned to
obtain a final product with the desired properties.

In general, modified nucleic acids can be obtained by
two general approaches: by nucleic acid polymerization
using nucleotides which have already been modified
with the desired tag, or by modification of the oligonu-
cleotide molecule after its synthesis has been achieved.

In many cases, the synthesis can also be planned in
such a way that, instead of introducing the desired
molecule (polymer, a molecular probe, etc.) directly in
the nucleotide structure, a proper spacer arm carrying
at its end a desired nucleophilic group (�SH, �NH2,
�COOH) can be used. In this case, the final modifying
agent will be introduced in a second step by using the
same chemistry as that used in protein conjugation.

The chemistry that allows the introduction of any
molecule, (spacer arm, polymer, probe) on a nucleotide
or on a nucleic acid molecule may be different. Modifi-
cation can be carried out at the level of the nucleotide
bases, of the sugar molecule (ribose or deoxyribose) or
also at the 3% or 5% end hydroxyl groups of the nucleic
acid molecule.

Many reactions can be used to modify specific sites
on the nucleic acid bases, but most of this chemistry
applied to the introduction of low molecular weight
probes, such as biotin, digoxygenin or fluorescent
markers. However, when a polymer molecule has to be
introduced, the most common anchoring sites are the 5%
and 3% end groups. In the case of PEGylation, the 3%
modification is achieved either in solid- or liquid-phase
synthesis, by using a PEG-modified solid support in the
former case [136] or, in the latter case, by using PEG as
a soluble polymeric support according to the so-called
‘HELP’ procedure [137]. PEGylation at the 5% end has
been achieved by coupling the PEG chain to the oligo
molecule after its synthesis [124,127,138,139].

The soluble polymer-supported synthesis has also
been exploited by using monofunctional amphiphilic
polymers others than the most known linear PEG. For
example, a branched, more hindered form of PEG
[123,140] and poly(N-acryloyl morpholine) [141] were
used, leading to products which were structurally simi-
lar to the linear PEG conjugates, but with different
physico-chemical characteristics.

6.3. Polymeric moieties

There are many polymers used in the preparation of
bioconjugates for pharmaceutical application. Because
of their application in the biomedical field, they all
share the common properties of being highly hydrated,
non-toxic, non-immunogenic and of having a molecular
weight sufficiently low to allow, when they are not
biodegradable, filtration (although slow), through the
kidney. The two most common polymers presently
employed are PEG and dextran but others are also
being used, namely, poly(L-lysine), poly(L-aspartic acid)
or other poly(amino acids), poly(vinyl alcohols), poly-
(acrylates), poly(N-vinyl pyrrolidine), poly(N-acryloyl
morpholine), poly(hydroxypropyl acrylate), SMA and
DIVEMA or copolymers of the same.

From a general point of view, these polymers can be
divided into two main groups, poly- and mono-func-
tional. In bioconjugation, as already mentioned, the
choice of a mono- or a poly-functional polymer mainly
depends on the type of drug that has to be modified
and, generally, mono-functional polymers (mPEG,
PVP, PAcM derivatives, etc.) are preferred in the mod-
ification of poly-functional or high molecular weight
bioactive molecules (such as the proteins). On the other
hand, poly-functional polymers are mostly used for the
modification of small mono-functional drugs, where the
risk of cross-linking does not exist and a more favor-
able drug/polymer ratio is often desired.

Beside the different structure in their polymeric back-
bone, the polymers used in bioconjugation have only a
limited number of functional residues that are normally
exploited in the coupling reaction. Also in this case, the
most common anchoring groups are �COOH, �OH and
�NH2. These groups must be activated in order to react
with the desired drug molecule and many mild activa-
tion methods are presently available. Of course, the
chemistry of binding can also be planned by the other
way round, so that it is the drug molecule to be
activated first. The strategy is determined by the best
conditions for preserving the drug activity.

Special attention must also be paid to the 3D struc-
ture of the polymers, their hydrophobic/hydrophilic
balance, their flexibility and biodegradability. All of
these factors are important in dictating the fate of the
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Scheme 1.

drug in vivo, the rate of elimination from blood and the
protection from degradation, both in vivo and in the
pharmaceutical formulation. As general rules, it may be
important to remember that:
1. C�C backbones are degraded only in rare cases in

the body;
2. highly hindered polymers (as, for example, the

polysaccharides), greatly protect from chemical and
enzymatic degradation;

3. hydrated and flexible polymers (like PEG) are
slowly eliminated from the kidney: for a similar
reason, they give rise to entanglement of ultra-
filtration membranes;

4. hydrophobic polymers are more frequently localized
in organs;

5. high molecular weight polymers may localize in
specific sites because of the EPR effect, from where
they are captured by the cell through an endocytic
mechanism;

6. the degradation of polymers inside the cell may
occur by means of the action of specific, very active
lysosomal enzymes or because of the acidic endoso-
mal environment; and

7. often the polymer, especially when its mass
overcomes that of the drug, dictates the in vivo be-
havior of the conjugate.

6.4. Functional groups and coupling reactions

6.4.1. Hydroxyl functions
Hydroxyl groups can be transformed into many acti-

vated species (see Scheme 1) that are suitable for cou-
pling to nucleophilic residues: for example, they can be
activated as mesylates and tosylates but also as succin-
imido- or imidazolyl-carbonates, or as p-nitrophenyl-
formates [5]. All of these activated residues react readily
with primary amines, leading to secondary amines in
the case of tosylates and mesylates or to stable carba-
mate bonds in the other cases. Hydroxyl functions can
also be oxidized to aldehydes or ketones that, upon
reaction with amines, lead to Schiff bases that can in
turn be reduced to a stable secondary amine linkage.
This latter approach is widely used in coupling of
polysaccharides where vicinal diols in sugar molecules
are oxidized to aldehydic residues by periodate and
then react with amine carrying molecules.

Hydroxyl functions can also be activated into
cyanate esters by CNBr, a chemistry widely known for
its use in the immobilization of amine containing
molecules into hydroxyl-carrying chromatographic sup-
ports [142].

Another activation method for the coupling of
hydroxyl functions to primary amines is through
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Scheme 2.

boxylic groups can also be coupled directly to amines
without NHS, with the use of condensating agents such
as carbodiimides. Either water- or organic-soluble car-
bodiimides can be used, depending on the reaction
environment and the solubility of the reagents.

In proteins, the activation of carboxylic groups to
conjugate amino-carrying polymers cannot be carried
out without the risk of cross-linking with the amino
groups of the same protein. An original procedure to
avoid this problem is through the use of a water soluble
carbodiimide to activate the protein carboxylic func-
tions at pH 4–5, in the presence of a hydrazide-con-
taining polymer. In these conditions, only the polymer
hydrazide residues, having a very low pKa, will react,
while the primary amines will remain unaffected [54].

6.4.3. Primary amine functions
Amine-containing polymers are generally coupled to

carboxyl-containing drugs with the use of carbodiimide
reagents (see Scheme 3), as described in the previous
paragraph [143]. Besides, aromatic amines can also be
activated as isocyanates or isothiocyanates using phos-
gene or thiophosgene, respectively. These reagents can
then react with primary amines leading to isoureas or
isothioureas, respectively, and with hydroxyl-carrying
molecules leading to carbamate or thiocarbamate
bonds. Isoureas can also be obtained through activa-
tion of the primary amine into a succinimidyl carba-
mate using disuccinimidylcarbonate and triethylamine
and through further reaction of this activated reagent
with the second amine-carrying molecule [144].

6.4.4. Thiol reacti6e compounds
As previously mentioned, the thiol group is the most

reactive among the nucleophiles present in drug
molecules. The chemistry for the modification of this
group has been largely developed and many reactive
groups, that selectively react with it without affecting
the integrity of other nucleophiles, are presently avail-
able. Among them, the most popular are those carrying
activated double bonds (see Scheme 4), the haloacetyl
residues and the thiol–disulfide exchange reagents such
as the pyridyl disulfides or the TNB–thiol activated
reagents. These residues are not normally available on a
polymer but they may be introduced by a simple reac-
tion. For example, they may be introduced by means of
bifunctional reagents that carry the thiol reactive part
in one side of the molecule, while the other side is
activated for binding to the polymer. Several polymers,
already functionalized for reaction with thiols are avail-
able on the market (Shearwater Polymers, Huntsville,
AL, USA), as for example, PEG–pyridyldisulfide,
PEG–maleimide and PEG–vinylsulfone [145].

During thiol modification, special care has to be
taken in order to avoid the formation of disulfides that
may occur through the use of buffers which are not

trichlorotriazine (cyanuric chloride). This reagent, being
tri-functional, can cause the formation of cross-linking
and does not always lead to well-defined conjugates
[98]. This fact has often been pointed out as the cause
for activity loss that has been observed in many en-
zymes modified with trichlorotriazine activated poly-
mers. Other authors have also reported that this
reagent lacks in selectivity [4,53] and can react with
nucleophiles others than the lysines or primary amines
as for instance tyrosil residues. These facts, together
with the potential toxicity of the reagent, are the rea-
sons why it is now used only for the conjugation of
enzymes devised for bioconversion in organic solvents,
while it is practically ignored for drug modification.

6.4.2. Carboxyl functions
The most common activation method for carboxylic

functions (see Scheme 2) is through their N-hydroxy-
succinimidyl esters, using N-hydroxysuccinimide (NHS)
and a carbodiimide. These active esters are suitable for
coupling primary amines and, less frequently, hydroxyl
functions, leading to stable amides in the former case
and to hydrolytically unstable esters in the latter. Car-

Scheme 3.
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Scheme 4.

completely devoid of oxygen or in the presence of
traces of metals. Furthermore, it is important to re-
member that for some reagents (as vinyl sulfone or
maleimide) the specificity for the thiol residues holds
only if the pH is maintained below 6–7, since above
this value, some amino groups may also react. Unde-
sired amine reactivity can also occur at unexpected pH
if an amine with unusually low pKa is present, or the
reaction is carried out in organic–aqueous conditions
[146].

6.4.5. Guanidino groups
Arginine is an amino acid potentially interesting as

a target for conjugation because it is not highly rep-
resented in peptides and proteins and, consequently,
the coupling to its side chain could be selective. Un-
fortunately, a reproducible and specific chemistry for
arginine conjugation is still missing. Linkage to the
guanidino group (see Scheme 5) is usually achieved
by means of molecules carrying a-diketone residues
as, for example, 1,2-cyclohexanedione, in alkaline
conditions. Examples of arginine modification is
mainly reported in proprietary literature with phenyl-
glyoxal or 1,2-cyclohexanedione linked to PEG [147].
However, to our knowledge, conjugation to arginine
has not gained great success, most probably because
of the concurrent reactions with other amino acids
such as lysines, histidines, cysteines and those con-
taining hydroxyl functions [130].

7. Concluding remarks

In the past, bioconjugation proved to be a very
fascinating and useful technology that gave relevant

inputs to both basic and applied sciences. Bioconju-
gates, consisting of biologically active molecules cova-
lently coupled to a second moiety with different, but
desired, properties, have been developed in order to
obtain new chemical entities with improved character-
istics useful for their specific applications. In pharma-
ceutical sciences, as described in this article, the
conjugation of low or high molecular weight drugs
with different polymers allowed the development of
new and more powerful drugs and, in many cases,
solved problems related to the drug’s instability or
inefficient pharmacokinetics, body-distribution or cell-
penetration properties. Besides, in many cases, the im-
munological drawbacks often related to bioactive
peptides and proteins have been overcome by polymer
conjugation.

On the other hand, it is worth to noting that,
down the years, the study of new bioconjugates and

Scheme 5.
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of their interaction with biological moieties has been
of relevant importance for unraveling the mechanisms
involved in major biological processes, among which,
the EPR effect, endocytosis or pinocytosis and im-
munologic phenomena. It may therefore become clear
how important it is for those scientists involved in
this field of research to work in strict collaboration,
as different scientific backgrounds are needed for ba-
sic understanding and optimal results.

In our opinion, the main achievements of bioconju-
gation in the pharmaceutical field can be summarized
as follows:
1. improvement of the pharmacokinetics, biodistribu-

tion, targeting efficiency and stability of several
powerful drugs, among which low molecular
weight antitumor agents, proteins, and the newly
introduced oligonucleotides;

2. the unraveling of the mechanisms involved in the
cellular uptake and fate of macromolecules; and

3. the masking of antigenic sites and recognition by
antigen processing cells.

Some of the points mentioned above have been in-
vestigated by several scientists and allowed the devel-
opment of original drug bioconjugates that are
already available in the market or are in advanced
clinical experimentation. On the other hand, many
questions are still unsolved and a lot of work is
needed to develop new and better bioconjugates. As a
matter of fact, when conjugation is needed, it must
be remembered that every bioactive molecule is char-
acterized by its own chemical, pharmacodynamic and
immunological properties, so that any case has to be
studied as a unique one.

More specifically, if someone should ask what
could be the promising areas of research in this field,
few indications may be given:
1. the polymer conjugation of nucleic acids deriva-

tives, since this field is still at its infancy and,
although the preliminary results seem very promis-
ing, a great deal work still has to be done before
any product may gain practical application;

2. the study of more properly designed polymers will
be of continuous interest since some may come
out with quite new properties useful for the devel-
opment of original bioconjugates with pharmaceu-
tical applications. As an example, we would like
to mention the so-called dendrimers, polymers
that, thanks to their well defined structure, size
and shape [148] are well suitable as drug carriers;

3. the investigation, taking inspiration from the
trafficking of molecules in the body that nature is
offering, of new targeting molecules to conjugate
to drugs or to drug carrier constructs;

4. furthermore, an application of bioconjugation that
we believe will gain importance in the future is the
use of polymers for surface modification of drug

carrier microparticles. In fact, it has already been
shown that, when flexible and highly hydrated
polymers are covering a microparticle’s surface,
this carrier becomes invisible to the fagocytic cells
and to RES. PEG, PVP, PAcM and poly(oxazoli-
nes) all demonstrated to share this common fea-
ture. Thanks to this property, the term ‘stealth’,
referred to polymer-protected liposomes, has re-
cently become commonly accepted also for other
systems. The ‘stealth’ effect is probably based on
the same mechanism that is responsible for the
repulsion of proteolytic enzymes or antibodies by
polymer-conjugated proteins. It is our opinion
that, in the future, also thanks to these effects,
this aspect of the delivery technology will gain
large popularity for the delivery of both high and
low molecular weight constructs; and

5. finally, the combination of polymer-modified
bioactive molecules and their entrapment into par-
ticles, an area now at its infancy [149], should also
be considered in order to exploit the best achieve-
ments of both technologies.
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