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Abstract
Six well known drugs, captopril, metformin·HCl, metroniazole, nortriptyline·HCl, fluoxetine·HCl and betahistin·HCl,

were grafted to poly(styrene–alt–maleic anhydride) (PSMA). Grafting was attained by combining of anhydride groups

in the PSMA with therapeutic agents containing NH, OH or SH groups. The covalently grafted drugs were identified by

infrared, 1H NMR and UV-Vis spectroscopy. The drug release data at different times fit well to the Korsmeyer-Peppas

equation. The analysis of the exponent n of this model revealed a dominant Fickian diffusion mechanism under the in

vitro conditions. Furthermore, mean dissolution time values (45.9 to 86.7 h) indicate a high resistance against drugs

transport, the highest being obtained for betahistin·HCl.
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1. Introduction

Chemically controlled drug delivery systems can be
used for (1) sustained constant concentration of therapeu-
tically active compounds in the blood with minimum fluc-
tuation; (2) protection of bioactive compounds having a
very short half-life; (3) elimination of side-effects, waste
of drug and frequent dosing; (4) optimized therapy and
better patient compliance.1

In these systems, therapeutic agent is chemically lin-
ked to the backbone of polymer with degradable chemical
bonds and the drug is released by hydrolytic or enzymatic
cleavage. The rate of drug release is controlled by the rate
of hydrolysis. This approach provides an opportunity to

target the drug to a particular cell type or tissue. Chemi-
cally controlled systems have two choices; pendant–chain
system and biodegradable system. In a pendent–chain sys-
tem drug is chemically bonded to a polymer backbone. In
the body, in the presence of enzymes and biological fluids,
chemical hydrolysis or enzymatic cleavage, occurs with
concomitant release of the drug at a controlled rate.2 In the
biodegradable system, the controlled release of the drug
involves polymers that gradually decompose. The drug
dispersed uniformly throughout the polymer and is slowly
released as the polymer disintegrates.3

Poly(styrene-alt-maleic anhydride) (PSMA) be-
longs to a group of vinylic polymers and has been used for
the preparation of chemically and diffusionally controlled
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polymeric prodrugs of dopamine,4 ampicillin,5 arciflavi-
ne,6 4-hydroxybenzoic acid,7 4-aminophenol,8 fenoprofen
and gemfibrozil.9 The most successful example is attach-
ment of the neocarzinostatin to PSMA by amide linkage.
Maeda and coworkers,10 used low molecular weight PS-
MA copolymers clinically to deliver the antitumor protein
neocarzinostatin.

In this work, we report novel types of polymer-
drug conjugates, combining PSMA with medically im-
portant compounds such as nortriptyline (treatment of
depression),11 fluoxetine (antidepressant),12 betahistine
(antivertigo drug),13 metformin (antidiabetic drug),14

metronidazole (antibiotic),15 and captopril (treatment
of hypertension).16 Drugs with active group (NH, SH or
OH) are linked to PSMA by amide, thioester or ester
bond formation. The hydrolysis reactions are carried
out in buffer solution of pH = 1.3 at 37 °C. The kinetics
and mean duration time of drug release are also investi-
gated.

2. Experimental Section

2. 1. Materials
Styrene, maleic anhydride, anhydrous dimethylfor-

mamide (DMF), tetrahydrofuran (THF), and benzoyl
peroxide were purchased from Merck. Drugs, such as
metformin·HCl, betahistin·HCl, nortriptyline·HCl, fluoxe-
tine·HCl, metronidazole and captopril were purchased
from Shenyang Antibiotic Manufacturer. All chemicals
were used without further purification.

2. 2. Characterization

IR spectra were taken on a Shimadzu 435-U-04
spectrophotometer using KBr pellets. 1H NMR spectra
were recorded on a Bruker 300 MHz spectrometer using
(CD3)2SO as solvent. Molecular weight of PSMA copoly-
mer was determined with a Waters 150 GPC analysis in-
strument (mobile phase: THF; flow: 1.0 mL min–1 and co-
lumn temperature: 30 °C).

2. 3. Synthesis of PSMA Copolymer

Poly(styrene-alt-maleic anhydride) (PSMA) was
prepared through  thermally initiated free-radical poly-
merization of styrene and maleic anhydride (Scheme 1a):
A mixture of the equimolar amounts (0.043 mol) of styre-
ne (5.0 mL) and maleic anhydride (4.23 g), in addition to
4.3 mmol of benzoyl peroxide (1.04 g), as an initiator, in
25 mL of THF were placed in a flask equipped with a ref-
lux condenser and a magnetic stirrer. The reaction was
carried out at 80 °C under nitrogen atmosphere for 7 h.
The viscous liquid of PSMA was purified and precipita-
ted by cold methanol. The precipitated pure PSMA co-
polymer was collected and dried under vacuum at room
temperature.

2. 4. General Procedure for Drug–Loading
on PSMA
The loading of drugs having free NH, OH, or SH

groups to PSMA was carried out by following method: 1g

Scheme 1. General synthetic scheme: (a) synthesis of PSMA alternating copolymer, and (b) grafting of drugs (metformin, betahistin, nortriptyline,

fluoxetine, metronidazole, and captopril) to the PSMA.
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of PSMA dissolved in dry DMF (25 mL) with a magnetic
stirrer for 15 min, and then 5 mmol of selected drug was
added into solution. In the reaction of grafted betahistine
HCl to PSMA 5 mmol of triethylamine was also added to
the solution for dissolving betahistine HCl in DMF. Reac-
tion was carried out at room temperature under nitrogen
atmosphere for 12 h. Resulting products were purified by
distilled water and dried under vacuum at room tempera-
ture (Scheme 1b).

2. 5. In Vitro Drug Release Study

In vitro drug release studies of grafted drugs have been
achieved by placing dried samples in defined volume of buf-
fer pH 1.3 at 37 °C. The standard calibration curve of drugs
after suitable dilution was first prepared using a UV-Vis
spectrophotometer (Shimadzu UV-265) for the absorbance
measurements at λmax in buffer solution, and then quantity of
hydrolyzed drugs were determined. The λmax of the used
drugs in buffer solution are given in Table 1. Buffer solution
of pH 1.3 was prepared by adding 25 mL of KCl (0.2 mol
L–1) to the 33.6 mL of HCl (0.2 mol L–1) in volumetric flask
and diluting to 100 mL with distilled water.17

3. Results and Discussion

3. 1. Characterization of PSMA Copolymer

IR spectrum of PSMA copolymer shows that the
band corresponding to the anhydride groups is at 1856
cm–1, 1799 cm–1 (cyclic anhydride C=O) and 1224 cm–1

(cyclic C-O-C). In 1H NMR spectrum of PSMA copoly-
mer broad overlapping absorptions between δ = 1.1–2.8
ppm and absorptions between δ = 6–7.9 ppm are due to
methylene/methane and aromatic ring hydrogens of styre-

Table 2. Polymer characteristics of the PSMA copolymer used in

this study

polymer Mw (g mol–1) Mn (g mol–1) PDI
PSMA 3995 1973 2.024

Table 3. IR absorption bands for the selective drugs grafted to PSMA solid samples.

Compound Region (υυ, cm–1) Band assignments
PSMA-NRE, PSMA-FUE, PSMA-BTE, 1779, 1779, 1780,

PSMA-MTN, PSMA-MTE 1778, 1778
Anhydride C=O stretch vibration

PSMA-NRE, PSMA-FUE, PSMA-BTE, 1855, 1856, 1857,

PSMA-MTN, PSMA-MTE 1856, 1855
Anhydride C=O stretch vibration

PSMA-NRE, PSMA-FUE, PSMA-BTE, 1651, 1615, 1647,

PSMA-MTN, PSMA-CPL 1648, 1647
Amide C=O stretch vibration

PSMA-NRE, PSMA-FUE, PSMA-BTE, 1712, 1721, 1726,

PSMA-MTN, PSMA-MTE, PSMA-CPL 1720, 1724, 1728
Carbonyl C=O stretch vibration

PSMA-NRE, PSMA-FUE, PSMA-BTE, 3442, 3440, 3504,

PSMA-MTN, PSMA-MTE, PSMA-CPL 3443, 3448, 3438
Carboxylic acid O-H stretch vibration

Table 1. Maximum absorbance wavelength of used pure drugs in buffer solution of pH 1.3.

drug nortriptyline·HCl fluoxetine·HCl betahistine·HCl metformin·HCl metronidazole captopril
λmax (nm) 239 210 260 207 278 207

ne respectively. Methine protons of maleic anhydride ap-
pear between δ = 3.3–3.5 ppm. Molecular weight of PS-
MA was determined by gel permeation chromatography
(GPC). Table 2 shows the average molecular weight (Mw),
number average molecular weight (Mn) and polydisper-
sity (PDI = Mw·Mn–1) of PSMA.

3. 2. Characterization of Drugs Grafted 
to PSMA Copolymer
The loading of a drug onto PSMA copolymer was

performed by formation of chemical bond to a polymer
backbone (Scheme 1). Characterization of functional
groups of drugs covalently bonded to PSMA was per-
formed by IR and UV-Vis spectroscopic methods. Amide,
ester and thioester groups are created by reaction of OH,
NH or SH groups of drugs with anhydride groups in PS-

MA. Table 3 summarizes the main observed bands in IR
spectrum of polymer-drug conjugates. By integration of
appropriate absorptions area in 1H NMR spectra, the mo-
lar ratio of attached drug per unit of monomer was calcu-
lated separately for each PSMA-drug copolymer sample.
The evaluated percentages of attached drug per unit of
monomer were about 70.8, 33.8, 73.3, 38.6, 78.2 and
22.4% for captopril, metformin, metroniazole, nortriptyli-
ne, fluoxetine and betahistin, respectively. 

The solubility characteristics of PSMA-drug co-
njugates and PSMA in different solvents were also inve-
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stigated. The results showed that an increase in the solu-
bility in organic solvents was resulted from binding of
the selected drugs on PSMA copolymer, and the highest
solubility was attained in acetone. Table 4 shows the so-
lubility of various polymer-drug conjugates in different
solvents.

3. 3. In Vitro Release of Drug From 
Drug-Loaded PSMA System

All drugs used in this research are oral. Therefore, in
vitro hydrolysis investigations of drug-loaded PSMAs we-
re performed according to the simulated gastric juice con-
dition of human body18 at acidic pH values (range of
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1.1–1.5). In such acidic medium, drug-loaded PSMAs
hydrolysis were completed gradually as shown in Figure
1. In this way drug release is more controlled and perma-
nent. The percentage of released drug was measured by
following the absorbance of the solution at λmax, corres-
ponding to the pure selected drugs (see Table 1). Samples
were taken at different intervals (Figure 1) and the rate of
drug release is rather fast at the beginning of the process
(first 50 hours). 

In the buffer solution of pH 1.3, hydronium ion in the
presence of water catalyzes the hydrolysis reaction of the
drug from the polymer. It is notable that, due to the basicity
of amines, hydrochloride salts are formed in the buffer so-
lution of pH 1.3 from the amino drugs (Scheme 2).

Table 4. Solubility of various polymer-drug conjugates in different solvents.a

Solvent PSMA-NRE PSMA-FUE PSMA-BTE PSMA-MTN PSMA-MTE PSMA-CPL PSMA
DMSO + + + + + + +

DMF + + + + + + +

Acetone + + + + + + –

EtOH – – – – – + –

CHCl3 – × – – – – –

Acetonitrile × + – + + – –

Ethyl acetate – – – – × – –

CH2Cl2 – – – – – – –

n-Hexane – – – – – – –

a Soluble (+), insoluble (–), and dispersible (×).

Figure 1. Drug Release profiles (pH =1.3, T =37 °C): (a) betahistin·HCl (PSMA-BTE), (b) metronidazole (PSMA-MTE), (c) metformin·HCl (PS-

MA-MTN), (d) captopril (PSMA-CPL), (e) nortriptyline·HCl (PSMA-NRE).and (e) fluoxetine·HCl (PSMA-FUE).
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Different expressions can be used for describing the
kinetics of drug release from polymeric systems. The ki-
netics of drugs release from PSMA was determined by
searching the best proportion of the provided data with the
well-known models. In this work, first-order (eq. 1),19 Hi-
guchi (eq. 2)20 and Korsmeyer-Peppas (eq. 3)21 models
were examined for describing drug release from drug-loa-
ded PSMA systems.

formula (1)

formula  (2)

formula  (3)

where Ct is the amount of drug released at time t, C∞ is the
maximum amount of released drug measured experimen-
tally after long times (more than 200 h), k1 is the first or-

der drug releasing constant, kH is the Higuchi rate con-
stant, kKP is the Korsmeyer-Peppas rate constant and n is
the reaction order.

To study the release kinetics, data obtained from in
vitro drug release studies were plotted as (a) – ln[1 –
(Cr/C∞)] versus time in first order model, (b) amount of
drug released versus square root of time in Higuchi mo-
del, and (c) log (Cr/C∞) versus log t in Korsmeyer-Peppas
equation.

Figure 2 demonstrates results of these three used
models. The kinetic parameters were obtained from slope
and intercepts, and the results, together with the correla-
tion coefficient r2 are listed in Table 5. The analysis of re-
sults shows that the best kinetic model for describing of
the release of selected drugs from drug-loaded PSMA is
Korsmeyer-Peppas equation. Results also reveals that first
order model indicates better coherence than Higuchi mo-
del for all the drugs under investigation.

Scheme 2. The proposed mechanism of hydrolysis of PSMA-drug conjugates.

Table 5. Kinetic parameters and correlation coefficient (r2) for release of selected drugs from drug-loaded PSMA.

drug
model parameter nortriptyline fluoxetine betahistine metformin metronidazole coaptopril

HCl HCl HCl HCl
first-order k1 (h

–1) 0.0126 0.0192 0.0097 0.0168 0.0155 0.017

r2 0.9434 0.9765 0.9033 0.9513 0.9174 0.9318

Higuchi kH(ppm h–1/2) 1.9628 4.2641 1.9172 1.4816 5.162 4.4035

r2 0.9296 0.8762 0.9001 0.8657 0.8095 0.8744

kKP (h
–n) 0.1809 0.1758 0.1558 0.1878 0.1825 0.1978

Korsmeyer n 0.2983 0.3317 0.3153 0.3088 0.3135 0.3002

-Peppas r2 0.9624 0.9897 0.9934 0.9912 0.9949 0.9981
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3. 4. Water Uptake
The water diffusion into polymer-drug conjugates is

based on Fickian diffusion that supposes proportionality
between the flux and concentration gradient.22 Water upta-
ke of the PSMA-drug conjugates (Sw) was obtained gravi-
metrically in distilled water at room temperature over-
night (Ws). Before each measurement, the dry weight of
polymer (Wd) which was dried under vacuum overnight,
was also determined. The excess amount of water was
gradually removed with filter paper. The water uptake was
calculated by using the following equation:22

formule (4)

Obtained swelling percentages were 30, 67, 73, 59,
50, 48, and 62% for PSMA, PSMA-CPL, PSMA-MTE,
PSMA-MTN, PSMA-NRE, PSMA-FUE, and PSMA-
BTE, respectively. These results indicate that drug-loaded
PSMA systems have greater water uptake potential com-
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Figure 2. Drug release Kinetic plots for drug release obtained by

fitting experimental data to (a) first order release model, (b) Higuc-

hi release model and (c) Korsmeyer-Peppas kinetic model.

pared to the original polymer. Due to the possible hydro-
gen bonding of residual carboxylic acid groups in skele-
ton of drug-loaded polymeric chains, the swelling degree
was increased.

3. 5. Mechanism of Drug Release

To evaluate the mechanism of drug release, the Kor-
smeyer-Peppas model21c, 21d can be used (eq. 5). This mo-
del is a semi-empirical power law model and to gain some
insight into the drug release mechanism can be given in
the form:

formula  
(5)

where (Cr/C∞) is the fraction of drug released at time t and
n is the exponent which depends on the release mecha-
nism and is thus used to characterize it.23 If the exponent n
is 0.45 or less the release mechanism is purely Fickian dif-
fusion (case-I), however, higher values 0.45 <n< 0.89 for
mass transfer follow indicate a non-Fickian model or ano-
malous transport (coupled diffusion/relaxation).24 An ex-
ponent n value of 0.89 is indicative for a typical zero-or-
der release (case-II transport),21b and n > 0.89 indicates a
polymer relaxation or swelling-controlled mechanism
(super case-II transport).25

As presented in Table 5, for all the formulations un-
der study, the n value vary between 0.29 and 0.33, i.e., is
smaller than 0.45 and indicating that in our study the
release mechanism is Fickian diffusion. This sort of relea-
se and transport of a drug through a polymeric controlled
device is an ordinary molecular diffusion. Therefore, drug
delivery devices can be designed that other mechanisms
control the release rate, such as polymer relaxation or
polymer swelling.

The mean dissolution time (tm) was also calculated
from kinetic measurements, according to the equation be-
low (eq. 6), which has already been used in summation
form by Vueba et al.23b

formula  
(6)

This parameter reflects the level of drug-release re-
tarding by the polymer matrix and the in vitro media. The
tm calculated values of the investigated drugs are presen-
ted in Figure 3. Mean dissolution times are within 45.9 to
86.7 h. Among drugs, betahistin·HCl and fluoxetine·HCl
show the highest and lowest dissolution times. This can be
mainly attributed to the electronic interaction between ni-
trogen of pyridine group in betahistine·HCl and carbonyl
groups of PSMA, causing the hydrolysis to be slow. Ester
bond breaks faster than amide bond, however, the presence
of electron-withdrawing CF3group accelerate the hydroly-
sis of fluoxetine·HCl.
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4. Conclusion

The covalent grafting of some known drugs with
different pharmaceutical activities to PSMA was achie-
ved by formation of amide, thioester and ester bond bet-
ween drugs having NH, SH or OH groups and the anhy-
dride group of PSMA. The study of in vitro release of
drugs from grafted PSMA shows that drug release can
occur from covalent PSMA-drug conjugate during long
times, and can be considered as a useful method for drug
release. The kinetic parameters, together with the mean
dissolution time, indicate that a Fickian diffusion con-
trols the release of drugs under study, and among them
betahistin·HCl and fluoxetine·HCl exhibit the slowest
and the fastest rate of release from drug-loaded PSMA,
respectively.
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Povzetek
Avtorji poro~ajo o vgradnji {estih zdravilnih u~inkovin (kaptopril, metformin·HCl, metroniazol, nortriptilin·HCl, fluok-

setin·HCl in betahistin·HCl) na poli(stiren–alt–maleinski anhidrid) (PSMA). Kovalentno vezavo so dosegli z reakcijo

anhidridnih skupin PMSA z NH, OH in SH funkcionalnimi skupinami zdravilnih u~inkovin ter jih tudi identificirali s

pomo~jo IR, 1H NMR in UV-Vis spektroskopije. [tudirali so tudi ~asovno spro{~anje u~inkovin s polimernega nosilca

in ugotovili, da se dobro ujema s Korsmeyer-Peppasovo modelno ena~bo. Analiza eksponentne vrednosti n iz tega mo-

dela ka`e na prete`no Fickijev difuzijski mehanizem pod in vitro pogoji. Povpre~ni ~as spro{~anja u~inkovin (45.9 do

86.7 ur) pa ka`e na veliko rezistenco pri transportu u~inkovin; najve~jo pri betahistinu·HCl.


