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ABSTRACT: Alternate N-vinyl pyrrolidone/maleic anhydride (NVPMA) copolymers were
obtained by radical solution polymerization in dioxane with various MA contents in the
monomer feed. The conversion of each monomer was monitored by proton nuclear
magnetic resonance spectroscopy (1H NMR), and the kinetics investigation showed that
both monomers had identical polymerization rates if both monomers were present in
the reaction mixture. The presence of excess NVP in the polymerization medium
increased the kinetics of the polymerization and the molar masses of the resulting
polymers. This increase was attributed to a cosolvent effect due to NVP, which is a
better solvent for the polymer than dioxane. The hydrolysis rate constant of the
polymers increased with pH, and NVPMA copolymers were more prone to hydrolysis
(by a factor 10) than the methyl vinyl ether ones. Finally, the immobilization of bovin
serum albumin (BSA) was investigated. A 25 mM phosphate buffer (pH 5.5) was the
best medium to covalently bind 5 BSA molecules onto a 29 kDa NVPMA copolymer and
13 BSA molecules onto a 58 kDa sample, with grafting efficiencies . 90%. Noncovalent
interactions with the hydrolyzed form of the polymer and BSA occured at pHs lower
than the isoelectric point of BSA, and the resulting complexes were insoluble in water.
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Key words: bovine serum albumin; poly(N-vinyl pyrrolidone-alt-maleic anhydride);
kinetics by 1H NMR; charge transfer complex radical polymerization; light scattering

INTRODUCTION

Conjugation of proteins to polymers has many
applications, in particular in diagnostics in which
better efficiency of immobilization is required. In
a preceding work we demonstrated that the cova-
lent immobilization of recombinant HIV-1 core
protein P24 could take place in an aqueous me-
dium in very high yields. High grafting efficien-
cies were obtained in low ionic strength buffers
with a recombinant protein, RH24K, bearing a

six-lysine residue tag at the amino terminus. In a
continuing effort to improve the quality of poly-
mer–protein conjugates, we envisioned using N-
vinyl pyrrolidone (NVP)-based maleic copolymers
because poly(NVP) is known to be quite biocom-
patible and to improve adhesion.1

Alternating copolymers of NVP and maleic an-
hydride (MA) have already been obtained in ben-
zene by various authors2–4 or in tetrahydrofuran
(THF).5 To our knowledge, in most of the works
just cited, characterizations were incomplete in
terms of yields, molar mass, polymerization ki-
netics, and rate of hydrolysis in aqueous media.
The latter is of paramount importance for use the
polymers for the covalent immobilization of pro-
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teins in aqueous buffers. Furthermore, in our
hands, some experimental conditions failed, in
particular when trying to dissolve the monomers
in THF at a molar concentration of 2.

In this paper we report the synthesis of (N-
vinyl pyrrolidone-alt-maleic anhydride) copoly-
mers and their chemical and physicochemical
characterizations. The covalent and noncovalent
interactions of the synthesized polymers with bo-
vine serum albumin (BSA) as a model protein are
also described.

EXPERIMENTAL

Chemicals

Maleic anhydride (49.5 g) was recrystallized from
chloroform (300 mL), with a yield of 61% after
drying under vacuum. N-Vinyl pyrrolidone was
distilled under reduced pressure in the presence
of hydroquinone as inhibitor. The monomers were
store at 14°C. Azobis isobutyronitrile (2.5 g) was
recrystallized from ethanol (450 mL). After 48 h
at 220°C, the product was filtered, and the re-
crystallization yield was 38.4%. Dioxane was dis-
tilled over aluminium hydride and stored under
nitrogen before use.

Proteins

Bovine serum albumin (BSA; 67,000 g/mol) was
used as received from Sigma. The isoelectric point
of BSA is close to pH 4.9, and it is constituted of a
single polypeptide chain containing 584 amino
acid residues. Its ellipsoidal shape had a diameter
of 38 Å and a length of 150 Å.6 According to the
manufacturer, the water content was 5.8%, nitro-
gen content 14.6%, and solubility in water 50 g
z L21.

Polymer Synthesis

Polymerization reactions were run in anhydrous
dioxane. The reaction mixture was deaerated un-
der nitrogen and warmed at 60°C, and then a
dioxane solution of initiator (AIBN) was added so
that the amount of initiator corresponded to 1%
molar (referring to the total amount of mono-
mers). After cooling the medium, the polymer was
precipitated in diethyl ether and dried under vac-
uum.

Polymerization Kinetics

Kinetics experiments were run as described at a
total monomer concentration of 2 mol z L21 in

anhydrous dioxane, in the presence of trioxane as
an internal reference for monitoring by proton
nuclear magnetic resonance spectroscopy (1H
NMR). Aliquots (0.3 mL) were taken via a sy-
ringe, and the polymerization was stopped with
hydroquinone and by immersion of the samples in
ice cold water. Then, 0.3 mL of deuterated di-
methylsulfoxide (DMSO-d6) was added to the ali-
quots for 1H NMR analysis (see Figure 1).

Polymer Hydrolysis for Average Molar Mass
Determination

To analyse the molar mass distribution, the poly-
mers were hydrolyzed prior to injection in the size
exclusion chromatography (SEC) columns. One-
hundred milligrams of sample were dissolved into
20 mL of bi-distilled water and then hydrolyzed
by adding two equivalents of sodium hydroxide
per anhydride. The resulting solution was diluted
with 80 mL of 50 mM borate buffer to give a
polymer solution of 1 mg z mL21. The pH of the
final solution was ; 10, which gave an equilib-
rium between the acid and carboxylate forms of
the anhydride units. Therefore, the polymer com-
position was estimated, using the titration
curves, as being comprised of ; 43% COONa
moles and 7% COOH moles. The molar mass of a
single repeat unit was calculated as followed:

M 5 ~0.5 3 111! 1 ~0.43 3 160!

1 ~0.07 3 116! 5 132 gzmol21 (1)

From the number average molar mass, Mn, ob-
tained experimentally by SEC on line with a mul-
tiangle light scattering system (SEC-MALS), we
calculated the polymerization degree of polymers
(DPn) with the following expression:

DPn 5 2 3 Mn hydrolyzed/132 (2)

The Mn value of the nonhydrolyzed polymer was

Mn nonhydrolyzed 5 DPn 3 104.6 (3)

Hydrolysis Kinetics

We used the following procedure: The polymer
was dissolved into 1 mL of dimethylsulfoxide, and
then this solution was poured onto 19 mL of a
stirred buffer solution of known pH. The decrease
of pH with time was followed by a pH-metric
method. The concentration range of the polymer
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in the medium was 1–8 mg z mL21. Two polymers,
of 20 kDa Mn, were used for this work. Phosphate
and borate buffers were prepared to cover the pH
range from 5.6 to 10.

Polymer Titration

Polymer (100 mg) was dissolved in 10 mL of milli
Q grade water (Millipore) at 67°C and allowed to
stay at this temperature for 30 min. After cooling
to room temperature, the polymer solution was
titrated with a 0.1M sodium hydroxide solution
(Merck) using a Minisis 800 pH-meter (Tacussel)
fitted with a Xerolyt electrode (Ingold).

Molar Mass Distribution Analysis

Hydrolyzed polymer samples were lyophilized
and then dissolved in 0.1 N borate buffer (pH 10).
The molar mass distribution was determined by
SEC-MALS. The SEC setup consisted of two col-
umns, Ultra Hydrogel 500 and 2000 (Waters), and
a high-performance liquid chromatography (HPLC)
pump (Waters 510), with 0.1M borate buffer (pH
10) as a mobile phase (flow rate of 0.5 mL z min21).
The refractive index increment of the polymers in
the buffer, determined with a Brice-Phoenix dif-
ferential refractometer equipped with a 633-nm
wavelength laser, was 0.175 mL z g21, taking into
account that after lyophilization, the polymers
contained 15% water in weight. The apparatus
was calibrated with aqueous KCl solutions as
standards. For the detection part, a Waters 484
UV absorbance detector, a Waters 410 differential
refractometer, and a three-angle MINI DAWN F
detector (Wyatt Technology) at 690 nm were used
on-line.

NMR
1H NMR spectra were recorded at 27°C on a
Bruker AC 200 spectrometer working at 200 MHz
or a Varian Unity-plus operating at 500 MHz;
tetramethylsilane (TMS) was used as internal
standard (d 5 0 ppm).

13C NMR spectroscopy was carried out at 27°C
with a Bruker AC200 apparatus working at 50.3
MHz. In the organic solvent (DMSO-d6), TMS was
used as internal standard (d 5 0 ppm) and in the
aqueous solvent (deuterated water), TMS was re-
placed with trimethyl silyl-3 propionic acid (d
5 22.35 ppm).

Elemental Analysis

Elemental analyses were performed at Service
Central d’Analyses (CNRS—Vernaison).

Chemical Coupling of Proteins to Copolymers

The appropriate amounts of polymers were dis-
solved in anhydrous dimethylsulfoxide (DMSO)
at 37°C. To a protein buffer solution at the appro-
priate concentrations was added the required vol-
ume of polymer solution in DMSO. The reaction
mixture was stirred for 3 h at 37°C. The pH of the
buffers was measured and monitored with an In-
gold HA405-DXK-58/120 electrode and a Minisis
8000 pH-meter (Taccussel-Radiometer, France).

Analyses of the Coupling Reactions

The crude coupling mixture was analyzed by SEC
with a Waters Ultra-Hydrogel 500 column, a Kon-
tron HPLC 422 pump, a Kontron HPLC autosam-
pler 465, and a Kontron UV diode array detector
on line. Purifications were run in a 0.1M phos-
phate buffer (pH 6.8) at a flow rate of 0.5 mL
z min21. Detection was achieved by measuring the
absorbance at 280 nm, corresponding to the BSA
(at the concentrations used, the polymer did not
absorb). The ratio of the peak area corresponding
to the polymer-bound BSA versus the sum of the
two peaks corresponding to the unbound and to
the bound BSA (i.e., the total amount of protein
involved in the reaction) gave the coupling yield,
Y. The extinction coefficient of the bound protein
was similar to that of the unbound BSA. This
result was checked by comparing the areas of the
peaks obtained by HPLC, observed at 280 nm, for
bound and unbound BSA.

The average amount N# of protein molecules
bound per polymer chain was assessed according
to eq. 4:

N# 5 n z Y/n9 (4)

where n and n9 correspond, respectively, to the
number of protein molecules and the number of
polymer chains in the reaction mixture. As a first
approximation, we assumed that each polymer
chain reacted according to the same pattern (that
is the case for oligonucleotide immobilization).7

Noncovalent Protein/Polymer Interactions

Pure electrostatic interactions between the poly-
mers and the proteins were investigated by mix-
ing an aqueous solution of hydrolyzed polymer
with a BSA solution at the respective concentra-
tions of 0.15 and 1 g z L21, with subsequent addi-
tion of 1M or 0.1M hydrochloric acid solutions to
lower the pH. For each pH value, samples were
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analyzed by HPLC as already described. The pro-
tein was detected by measuring the absorbance at
280 nm, whereas the polymer could only be de-
tected at 220 nm. Blanks containing only BSA or
the polymer were run for control.

RESULTS

Free Radical Copolymerization of Maleic
Anhydride and N-Vinyl Pyrrolidone

Preliminary experiments showed that at a con-
centration of 2 mol z L21, the monomers were not
soluble in either benzene or toluene. Dioxane was
chosen for its ability to yield clear monomer solu-
tions. At lower monomer concentrations, the poly-
mers obtained had a molar mass too low for the
desired applications. At monomer concentration
. 2 mol z L21, solubility problems were very im-
portant, in particular during the polymerization.

Polymerization Kinetics

The polymerization kinetics were obtained from
the analysis of the 1H NMR spectra, recorded at
500 MHz in the presence of trioxane as internal
reference. The conversions of each monomer were
deduced from the peak area measurements corre-
sponding to the vinylic protons of MA (HMA) and
NVP (HNVP) (singlet at 7.4 ppm, doublet of dou-
blet centered at 6.95 ppm for NVP, see Figure 1),
using the following equations:

% MA~t! 5 1 2
~HMA/HRef!t

~HMA/HRef!t0

% NVP~t! 5 1 2
~HNVP/HRef!t

~HNVP/HRef!t0
(5)

1H NMR allowed independent monitoring of the
consumption with time of both monomers, as seen
in Figure 1 for a 24% MA content. Using these
representations for various monomer composi-
tions, it was possible to obtain the polymerization
rate for each monomer at each composition. Re-
porting the variation of the polymerization rate
versus the maleic anhydride content in the mono-
mer feed ( fa), Figure 2, demonstrated that both
monomers have the same polymerization rate
over the investigated monomer composition range.
Furthermore, as the NVP content increased (de-
crease of fa), the polymerization kinetics increased.

NMR

1H and 13C NMR were used to characterize the
polymers and, apart from C7 and C8, every other
carbon atoms were unambiguously attributed
(Figure 3 and Table I).

Molar Mass Distribution

The determination of the molar mass distribu-
tions was achieved by SEC-MALS using a borate
buffer (pH 10) as the mobile phase. The results
are reported in Table II.

Interestingly, the Mn increases with decreas-
ing MA content in the monomer feed (Figure 4) in
a similar way as the polymerization rate (Figure 2).

Elemental Analyses

The compositions of some copolymers were
checked by elemental analysis. Whatever the ini-
tial mixture composition, polymer compositions
were close to 50/50, as can be seen in Table III.
The weight percentages of nitrogen and oxygen
for entries B and C (initial compositions of 35/65
and 15/85, respectively) clearly demonstrate the
synthesis of alternating copolymers.

Polymer Hydrolysis and Base Titration

The kinetics of hydrolysis of the anhydride groups
of the copolymers were investigated at various pHs
by monitoring the pH variation with time in differ-
ent buffers. The hydrolysis rate can be expressed as

rH 5 k @polymer#a (6)

The hydrolysis rate constants and orders of the
reaction were determined by plotting ln rH versus
ln[polymer] over the investigated pH range and
are reported in Table IV.

The titration of hydrolyzed polymers by 0.1M
sodium hydroxide showed two equivalence points
(data not shown), as reported by Nagasawa et al.4

and by Ladavière et al. for (maleic anhydride-alt-
methyl vinyl ether) (MAMVE) copolymers.8 This
acid/base titration method was a means of check-
ing the overall amount of MA in the polymers
obtained at various monomer feed compositions,
as reported in Table V.

Using data acquired by the titration of the
hydrolyzed polymers, it was possible to deter-
mine, for the first acidity, the pKao by plotting the
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Figure 1 Polymerization kinetic by 1H NMR in DMSO-d6 for a NVPMA mixture
(25/75).



variation of pKa as a function of the dissociation
degree a9 (i.e., the ionization of the polymer). Ex-
trapolation to a9 5 0 afforded the value of pKa1

Figure 2 Polymerization rate versus initial molar fraction of MA in the medium. (E)
MA; (‚) NVP.

Figure 3 NVPMA formula and 13C labels.

Table I 13C NMR Chemical Shiftsa

13C d (ppm)

1 42.41
2 30.95
3 177.75
4 30.95
5 15.74
6 44.10
7 49–50
8 49–50
9 173.69

10 171.92

a In acetone d6; temperature 5 27°C; carbon numbering
according to Figure 3.
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5 1.6. The second equivalent point could not eas-
ily be unambiguously determined.

Protein Covalent Immobilization

Based on results obtained by Ladavière et al. with
copolymer MAMVE 1A,9 BSA was immobilized in
a phosphate buffer (pH 5.5) at varying ionic
strengths. The immobilization efficiency was in-
creased with decreasing salt concentration, as re-
ported in Figure 5. Therefore, the immobilization
isotherms of BSA (Figure 6) were obtained for two
polymer samples of different Mn values; that is,

29 and 58 kDa at a salt concentration of 25 mM.
From Figure 6, the maximal amount of immobi-
lized BSA per polymer chain appears to be pro-
portional to the Mn of the polymer; that is, ; 5
BSA molecules can be immobilized on a 29 kDa
NVPMA sample and 13 on a 58 kDa polymer.

BSA/Polymer Noncovalent Interactions

To check whether the proteins were effectively
bound onto the polymer via covalent interactions,
several series of experiments were conducted.
First, the anhydride moieties of the polymer were
hydrolyzed to the corresponding dicarboxylates,
and these samples were mixed with BSA solution
under identical experimental conditions as for co-
valent coupling. In HPLC traces, only the peak
corresponding to free BSA could be detected, with
no loss of proteic material. Then, in a second set of
experiments, the BSA and polymer solutions were
mixed and the pH was lowered by successive ad-
dition of 1 or 0.1M hydrochloric acid. For each pH
value, the solution was analyzed by HPLC, and
the variations in the amounts of free polymer and
free protein were monitored, as described in the
Experimental section, by integration of the areas
of the peaks corresponding to the polymer at 220
nm (; 13.7-min elution time) and to the protein
(at 17.1-min elution time). No disappearance of
either the free polymer or the protein was ob-
served until the pH dropped down to 4.55. A pre-
cipitate was clearly witnessed visually, and no
residual free BSA nor free polymer could be de-
tected by HPLC.

Table II Molar Mass Distributionsa

Entry Code
Initial
% AM

Mw

(103 g z mol21)
Mn

(103 g z mol21) Ipb
Mn

c

(103 g z mol21)
Yieldd

(%)
Time
(h)

1 31 15 122 73.3 1.7 58.1 24 1.5
2 33 24 134 73.6 1.8 58.4 55 1.0
3 32 30 129 66.8 1.9 52.9 33 3.0
4 30 35 113 50.5 2.2 40 37 4.0
5 29 50 90.1 34 2.6 26.9 50 3.0
6 28 75 47.8 17.7 2.9 13.2 83 19.0

a All polymers were obtained by AIBN (1% molar)-initiated free-radical copolymerization at 60°C in dioxane. Total monomer
concentration was 2 mol z L21. The reactions were stopped prior to NVP homopolymerization for entries 1–5.

b Polydispersity index.
c Calculated molar mass of the polymer under the polyanhydride form.
d Percent yield of precipitated polymer in ether, referring to the theoretical amount of 1/1 alternating copolymer, deduced from

the monomer composition.

Figure 4 Number average molar masses of the final
polymers versus initial molar fraction of MA in the
medium.
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DISCUSSION

In our hands, dioxane proved the best solvent to
allow dissolution of monomers up to 2 mol z L21.
Using these conditions, we investigated the effect
of NVP molar fraction in the monomer feed on the
initial polymerization rate and the average molar
mass. For both monomers, whatever the MA con-
tent, the initial polymerization rates were identi-
cal, confirming that MA and NVP copolymerized
as a 1 : 1 complex (Figure 2).

The increase in polymerization rate with in-
creasing NVP mole fraction, observed in Figure 2,
could be related to what Fujimori et al.10 observed
with maleic anhydride and isobutyl vinyl ether.
The authors interpreted this result in terms of
charge transfer complex concentration, which
was the highest close to the ideal 1 : 1 composi-
tion, in particular at high total monomer concen-
tration.

In our case, the maximum kinetic rate was
observed far from the ideal 1 : 1 composition, but
rather at the lowest MA molar fraction. This re-
sult could be explained by considering the com-
plex formation to be dependent on a mass action
law and that an excess of one monomer would
favor the formation of the complex, hence increas-
ing the polymerization rate. But if that was true,

the same effect should be observed in the pres-
ence of excess MA, which was not the case. This
acceleration effect should actually be attributed
to a solvent effect, with NVP acting as a better
solvent for the growing chains than dioxane from
which the polymer precipitated during the poly-
merization process. As an experimental proof of
this solvent effect, a polymerization reaction was
run at 30% molar fraction of MA and 70% molar
fraction of a mixture of NVP (30%) and N-methyl
pyrrolidone (40%) used to mimick the solvent
properties of NVP. Compared with the reference
experiment (MA 50%/NVP 50%), the initial poly-
merization rate was increased from 2.2 z 1025 to
3.6 z 1025 mole z L21 z s21, which was similar to the
value obtained when a 70% molar fraction of NVP
was used in the polymerization mixture.

This solvent effect could also explain the in-
crease, in Figure 4, of the number average molar
masses observed along with the acceleration of
the polymerization rate for low MA molar frac-
tions.

1H NMR monitoring of a polymerization with a
25% MA molar fraction showed a similar rate of
consumption when the two monomers were
present in the medium. After the total disappear-
ance of MA, the polymerization rate of NVP was
less rapid. The polymerization rate of the complex

Table III Elemental Analyses for Several Copolymers Obtained from Three Different
Initial AM/NVP Mixturesa

%
50/50

Theoretical

Feed
Composition

50/50
35/65

Theoretical

Feed
Composition

35/65
15/85

Theoretical

Feed
Composition

15/85

C 57.41 56.58 59.7 55.92 62.7 56.24
H 5.3 5.72 6.2 5.74 7.3 5.90
N 6.7 6.34 8.5 6.65 10.9 6.87
O 30.59 31.97 25.5 31.93 19.1 31.07

a The characters in bold print are the theoretical values for copolymers of composition identical to that of the initial mixture.

Table IV Hydrolysis Rate Constants and Order of the Reaction Determined
at 25°C as a Function of pH

Polymer Sample (Mn)
Buffer pH

(Composition) k (s21) a

NVPAM(20600) 5.6 (phosphate) 33.4 z 1023 1.11
NVPAM(20600) 6.8 (phosphate) 7.9 z 1023 1.19
NVPAM(20600) 8.0 (phosphate) 8.3 z 1023 1.03
NVPAM(19000) 10.0 (borate) 1.5 z 1022 1.27
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is much higher than that of NVP in homopolymer-
ization (data not shown). This phenomenon would
make it possible to obtain pure alternate copoly-
mers from a mixture containing excess of NVP if
the polymerization is stopped before the homopo-
lymerization of the latter starts.

The physicochemical characterization of the
products demonstrated that all the polymers ob-
tained had a 1 : 1 composition, irrespective of the
initial composition of the medium. The hydrolysis
rate constant in aqueous media of the polymer
functional groups was determined at 25°C, and
found to increase with increasing pH, which was
expected from our previous works.8 Interestingly,
the hydrolysis rate for a NVPMA copolymer was
higher than that of a MAMVE sample of similar
Mn. NVP being highly hydrophilic, the hydrolyz-
ing water molecules may have an easier access to
the reactive groups in a NVP copolymer than in a
methyl vinyl ether one. Closely related is the de-
termination of the first acidity, with pKao 5 1.6, a

value much lower than for the MAMVE copoly-
mer (pKao 5 3.59).8

The immobilization of BSA took place in an
acidic phosphate buffer. All other conditions, for
instance a 50 mM Tris buffer (pH 7) or 0.1M
borate buffer (pH 9.2), only yielded very small
amounts of conjugates, probably because of the
high propensity of the polymer toward hydrolysis.

The grafting efficiency of the protein was de-
pendent on the salt concentration of the buffer;
the lower the ionic strength, the more efficient the
reaction (Figure 5), which shows that physico-
chemical factors play a determinant role in the
course of the immobilization process. For the
chemical reaction to take place, the macromole-
cules should be able to get in close vicinity to one
another, at a distance inferior to the length of a
chemical bond, to allow the chemical reaction.
The fact that coupling yields increase with de-
creasing ionic strength demonstrates that attrac-
tive electrostatic interactions favor the approach
of the macromolecules. BSA is an amphoteric mol-
ecule whose isoelectric point, zero charge point
(IP), is at pH 4.9; the polymer, in the phosphate
buffer pH 5.5, can have some anhydride moities
hydrolyzed to partially dissociated carboxylate
groups. Therefore the interactions involve the
carboxylate groups on the polymer with some
patches of positive charges carried by the protein,
because the charges on BSA are unevenly distrib-
uted.11

The immobilization process is influenced as
well by the proteins bound onto the polymer,

Table V Bulk Copolymer Composition
Determined by Acid/Base Titrationa

Polymer Code 28 29 30 31

Initial AM ratio in the monomer
feed 75 50 35 15

AM ratio in the copolymer 52 53 47 45
53 51 50

a Results of duplicate experiments.

Figure 5 Effect of the buffer ionic strength on the
course of the immobilization reaction: [BSA] 5 1 mg
z mL21; [NVPMA] 5 0.2 mg z mL21.

Figure 6 Immobilization isotherms at 37°C of BSA
on NVPMA samples (25 mM phosphate buffer, 3 h,
[polymer] 5 0.05 mg z mL21). (E) 29 kDa; (‚) 58 kDa.
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which can prevent the binding of others either via
steric hindrance or by modification of the electro-
static environment of the macromolecular chain.
The influence of these factors can be assessed by
plotting the ratio N/[BSA]eq versus N (N is the
number of BSA bound per polymer chain), which
is known as the Scatchard plot.12 Efficient grafting
processes will give high N/[BSA]eq values, whereas
poor reactions will lead to low values of this ratio.
As seen from Figure 7, high N values can be
obtained, but with a drastic reduction of the
N/[BSA]eq ratio. The sharp decrease observed in
the Scatchard plots is quite representative of a
behavior, designated as negative cooperativity, as
reported by Jennissen.12

If electrostatic interactions are involved in the
approach of the macromolecules prior to chemical
reaction, no polyelectrolyte complex was ever ev-
idenced on mixing the polymer, under the hydro-
lyzed form, and the protein in the experimental
conditions used for the covalent immobilization.
The HPLC traces only featured free BSA. Specific
experimental conditions to obtain polyelectro-
lyte–BSA complexes consisted of lowering the pH
of a solution containing both the polymer and the
protein. The formation of an insoluble complex

was evidenced in HPLC by consumption of the
polymer and the protein and it required a pH
inferior to the IP of BSA. Furthermore, the com-
plexes were insoluble in water.

These results confirm that the conjugates ob-
tained under the experimental condition for co-
valent binding result from a chemical grafting
and that the electrostatic interactions are of
sufficient energy to allow the macromolecules to
get close to each other, making possible the
chemical reaction, but are too weak to yield a
stable complex.

CONCLUSIONS

By free radical polymerization in dioxane, 1 : 1
N-vinylpyrrolidone/maleic anhydride copoly-
mers were obtained via the polymerization of
the corresponding charge transfer complex.
NMR kinetics, elemental analysis, and base ti-
trations ascertained the 1 : 1 composition of
copolymers. Kinetics experiments pointed out
that the complex polymerizes faster than NVP
homopolymerizes, which allows use of NVP as a
co-solvent for polymerization, to increase the
kinetics of the reaction and the average molar
masses of the products. The hydrolysis of the
anhydride group of NVPMA copolymer was a
faster process than for the methyl vinyl
ether/MA counterpart because the former is
more hydrophilic than the latter.

The covalent formation of polymer–BSA con-
jugate was obtained at low pH (5.5) and low
ionic strength without the formation of purely
polyelectrolytic complexes, which required a pH
lower than the BSA isoelectric point. As a pre-
requisite for the formation of a covalent bond
between the two reactants, BSA and NVPMA
molecules need to get in close contact, to about
the length of a chemical bond. The formation of
this transition state was demonstrated to rely
on the existence of attractive electrostatic inter-
actions. This transition state was formed ac-
cording to a process in which cooperativity is
negative, with already bound molecules pre-
venting the binding of others.

This preliminary study with BSA was valu-
able to assess the grafting capacity of copoly-
mers. Further use of these copolymers, with
HIV-1 P24 capside protein, is currently under
investigation.

Figure 7 Scatchard plots derived from the immobili-
zation isotherms at 37°C of BSA on NVPMA samples
(25 mM phosphate buffer, 3 h, [polymer] 5 0.05 mg
z mL21). (E) 29 kDa; (‚) 58 kDa.
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