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ABSTRACT: A new polymeric drug carrier system using amino acid-based polymers was developed. Amino acid-based polymers with

controlled molar mass and narrow molecular weight distribution have been synthesized by reversible addition-fragmentation chain

transfer polymerization of four amino acid-carrying monomers having different chirality and hydrophilicity. Metronidazole (MTZ)

was immobilized onto the amino acid-based polymers, and the release profiles of the polymer-MTZ adducts were investigated in

phosphate buffer solutions (pH ¼ 2.0, 7.4, and 8.5). The model drug was released by the hydrolysis of the ester group, and the release

rate and behavior of the polymeric prodrugs strongly depended on the configuration of the amino acid-based polymers-MTZ adducts

and the pH of the release media. The release kinetics was determined using the Higuchi and Korsmeyer equations, which revealed the

release mechanism of the polymeric prodrugs. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

In the past decades, considerable attention has been paid to the

development of advanced drug delivery systems to improve drug

efficacy using polymeric prodrugs or polymer-drug conjugates.1–7

Polymeric drug delivery systems offer several advantages such as

enhancement of drug bioavailability owing to an increase in water

solubility of low soluble or insoluble drugs; protection of drugs

from deactivation and preservation of its activity during circula-

tion; reduction in the toxic side effects of the drugs; and achieve-

ment of selective transportation of drugs to targeted organs, tis-

sues, and cells.2 The rational design of polymer-based drug

delivery systems is required to optimize the therapeutic properties

of drugs and render them safer, more effective, and reliable.3 A

polymeric carrier can be either an inert or a biodegradable poly-

mer, and the drug can be fixed directly or via a spacer group onto

the polymer backbone.1 The proper selection of this spacer opens

the possibility of controlling the site and the rate of release of the

active drug from conjugate by hydrolytic or enzymatic cleavage.

Synthetic polypeptides and amino acid-based polymers have

attracted significant research interest, because of their potential

applications as biodegradable and biomedical polymers, as well

as their feasibility to create highly ordered hierarchical struc-

tures through noncovalent forces, such as hydrogen bonding.

Amino acids are the constitutional components of peptides and

proteins, which are able to produce highly ordered hierarchical

structures scaling from nanometers to several microns. Incorpo-

ration of a high degree of amino acid functionality and chirality

in polymer chains can enhance the potential to form secondary

structures and higher ordered structures.8–16 These synthetic

polymers derived from amino acids can be useful as chiral rec-

ognition stationary phases,17 metal ion absorbents,18 drug deliv-

ery agents,19,20 and biocompatible materials.21 For example,

Domb and coworkers21 investigated the biological activity of

various poly(N-acryl amino acid)s having different lipophilic

characteristics and charged functional groups. They demon-

strated that the heparin-like activities were significantly affected

VC 2012 Wiley Periodicals, Inc.
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by the structure of the amino acid moieties in the poly(N-acryl

amino acid)s.

In this article, we report a new controlled drug-release system

based on amino acid-based polymers having well-defined struc-

tures, which were prepared by reversible addition-fragmentation

chain transfer (RAFT) polymerization. The employment of

amino acid-based polymers as a drug carrier offers the advant-

age of using amino acid as a spacer, on the basis of which the

chirality, charge, amphiphilicity, configuration, and ordered

structures of the prodrug can be manipulated arbitrarily. In

such systems, the release rate and behavior are expected to be

tuned by selecting the nature of the amino acid moiety used as

the functional group for covalent linkage of a model drug to

the polymer backbone, in addition to the structure and the

property of the original polymers. Moreover, polymeric drugs

prepared by controlled polymerization techniques should have

predetermined molecular weights and low polydispersity, and

the resulting well-defined polymer molecules should be free of

either very small or very large molecules, which could exhibit

nonuniform pharmacological properties.22 Recently, we devel-

oped a novel synthetic method to produce various amino acid-

based polymers having well-defined structures and characteristic

chiroptical properties by RAFT polymerization of acrylamides

that have amino acid moieties in the side chains.8,9 In this

study, four amino acid-based polymers synthesized by RAFT

polymerization were employed for the preparation of well-

defined polymeric prodrugs, as shown in Scheme 1. The release

profiles were investigated in terms of the nature of the amino

acids and the release conditions.

EXPERIMENTAL

Materials

Acryloyl chloride (99%) was purchased from Aldrich. 2,20-Azo-
bis(isobutyronitrile) (AIBN, Kanto Chemical, 97%) was purified

by recrystallization from methanol. Metronidazole (2-methyl-5-

nitroimidazole-1-ethanol, metronidazole [MTZ]) was purchased

from TCI, Japan. N, N0-Dicyclohexylcarbodiimide (DCC, 99%)

and 4-(dimethylamino)pyridine (DMAP) were purchased from

Sigma-Aldrich. L-Phenylalanine (L-Phe-OH, Kanto Chemical,

99%), D-phenylalanine (D-Phe-OH, Kanto Chemical, 99%),

L-alanine (L-Ala-OH, Kanto Chemical, >99%), and D-alanine

(D-Ala-OH, Kanto Chemical, >99%) were used as received.

Methanol (dehydrated MeOH, Kanto Chemical, 99.8%), N, N-

dimethylformamide (dehydrated DMF, Kanto Chemical, 99.5%),

and other materials were used as received. Benzyl 1-pyrrolecar-

bodithioate used as a chain transfer agent (CTA) was synthe-

sized according to a previously reported procedure.8 CTA was

purified by column chromatography on silica with n-hexane as

the eluent to afford the corresponding product as yellow oil.

Characterization
1H (400 MHz) and 13C NMR (100 MHz) spectra were recorded

on a JEOL JNM-ECX400. FTIR spectra were obtained with a

JASCO FT/IR-210 spectrometer. The number-average molecular

weight (Mn) and molecular weight distribution (Mw/Mn) were

estimated by size exclusion chromatography (SEC) using a

Tosoh HPLC-8220 system equipped with refractive index and

ultraviolet detectors at 40�C. The column set was as follows:

four consecutive hydrophilic vinyl polymer-based gel columns

Scheme 1. Synthesis of amino acid-based polymers by RAFT polymerization and immobilization of metronidazole (MTZ).

2 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37611 WILEYONLINELIBRARY.COM/APP

ARTICLE

http://onlinelibrary.wiley.com/


[TSK-GELs (pore size, exclusion limited molecular weight): a-
M (13 mm, >1 � 107), a-4000 (10 mm, 4 � 105), a-3000 (7

mm, 9 � 104), a-2500 (7 mm, 5 � 103), 30 cm each] and a

guard column [TSK-guard column a, 4.0 cm]. The system was

operated at a flow rate of 1.0 mL/min, using DMF containing

10 mM LiBr as an eluent. Polystyrene standards were employed

for calibration. UV spectra was recorded using a PerkinElmer

Lambda 35 UV-vis spectrophotometer. Elemental analysis was

carried out on a Perkin-Elmer 2400 II CHNS/O analyzer. The

surface morphology of the final resultant materials was studied

using JEOL GSM-6610LV scanning electron microscope.

Synthesis of Amino Acid-Based Polymers

The amino acid-carrying monomers, N-acryloyl-L-phenylalanine

(A-L-Phe-OH, I), N-acryloyl-D-phenylalanine (A-D-Phe-OH, II),

N-acryloyl-L-alanine (A-L-Ala-OH, III), and N-acryloyl-D-ala-

nine (A-D-Ala-OH, IV) were prepared by the reaction of acryl-

oyl chloride with the corresponding amino acids according to a

method reported previously.9,23 The reaction of the sodium salt

of the amino acid with acryloyl chloride in aqueous solution,

followed by acidification of the medium, produced acrylamide

with the corresponding amino acid as a white solid. The prod-

uct was purified by column chromatography on silica with ethyl

acetate as the eluent to yield the amino acid-carrying monomer.

The amino acid-based polymers were synthesized by RAFT poly-

merization of the amino acid-carrying monomers using benzyl 1-

pyrrolecarbodithioate as a CTA, according to a previously

reported procedure.9,23 All polymerizations were carried out with

AIBN as the initiator in a degassed sealed tube. A representative

example is as follows: the monomer, CTA, AIBN, and solvent

(dehydrated MeOH for the polymerization of A-Ala-OH and

dehydrated DMF for the polymerization of A-Phe-OH) were

placed in a dry glass ampule equipped with a magnetic stirring

bar, and then, the solution was degassed by three freeze-evacuate-

thaw cycles. After the ampule was flame-sealed under vacuum, it

was stirred at 60�C for 24 h. For the SEC measurement, the

resulting polymer was converted into its methyl ester form by

treating the carboxylic acid groups using trimethylsilyldiazome-

thane. In all cases, the SEC traces of the resulting products were

unimodal with no evidence of high molecular weight species.

Immobilization of Metronidazole onto Polymers

Poly(N-acryloyl-L-phenylalanine-2-(2-methyl-5-nitro-imidazol-1-

yl)-ethyl ester), poly(A-L-Phe-OMTZ) IX, was prepared in the

following manner.24,25 To a solution of poly(N-acryloyl-L-phe-

nylalanine) V (0.8 g, 3.65 mmol) and 4-(dimethylamino)pyri-

dine (DMAP, 44.67 mg, 0.36 mmol) in 15 mL of DMF, a solu-

tion of DCC (0.75 g, 3.65 mmol) in 5 mL of DMF was added

dropwise at �5�C. The mixture was kept at �5�C for 20 min,

and then, a solution of MTZ (0.63 g, 3.65 mmol) in 5 mL of

DMF was added dropwise within 30 min. The reaction mixture

was stirred at �5�C for 3 h and slowly returned to room tem-

perature and stirred for more than 20 h. The formed precipitate

(dicyclohexyl urea) was removed by filtration. The solvent was

concentrated to 2 mL using a rotavapor at 70�C. The product

was precipitated by dropwise addition to water (100 mL),

washed with water (100 mL), and dried at 55�C under vacuum

overnight to afford 1.10 g (yield ¼ 81.0%) of poly(A-L-Phe-

OMTZ) IX. 1H NMR (400 MHz, CDCl3, ppm, from Si(CH3)4);

d 8.0 (1H, -CONH), 7.8 (1H, ANACH¼¼CA, imidazole), 7.5–

6.7 (5H, Ar.), 4.5–4.0 (5H, >NHCHA, AOCH2CH2NA), 3.4

(2H, ACH2Ph), 3.1–1.1 (6H, ACH3, ACH2CH-) ppm. FT-IR

(KBr): 3328 (NAH, amide), 3029 (CAH, aromatic), 2930

(CAH, aliphatic), 2852 (ACH3), 1671 (AC¼¼CANA), 1822

(C¼¼O, ester), 1743 (C¼¼O, amide), 1531 (NO2, amide), 1428

(CAC), 1263–1188 (CAN), 1043 (CAO) cm�1.

Poly(N-acryloyl-D-phenylalanine-2-(2-methyl-5-nitro-imidazol-1-

yl)-ethyl ester), poly(A-D-Phe-OMTZ) X, was prepared by the

reaction of poly(N-acryloyl-D-phenylalanine) VI with MTZ using

the same procedure described above for the preparation of

poly(A-L-Phe-OMTZ) IX. The yield of poly(A-D-Phe-OMTZ) X

¼ 85.3% (1.16 g). 1H NMR (400 MHz, CDCl3, ppm, from

Si(CH3)4): d 8.1 (1H, ACONH), 7.9 (1H, ANACH¼¼CA, imid-

azole), 7.5–6.7 (5H, Ar.), 4.5–4.1 (5H, >NHCHA,

AOCH2CH2NA), 3.5 (2H, ACH2Ph), 3.1–1.0 (6H, ACH3,

ACH2CHA) ppm. FTIR (KBr): 3327 (NAH, amide), 3029

(CAH, aromatic), 2929 (CAH, aliphatic), 2851 (ACH3), 1627

(AC¼¼CANA), 1822 (C¼¼O, ester), 1743 (C¼¼O, amide), 1532

(NO2, amide), 1455 (CAC), 1263–1189 (CAN), 1044 (CAO)

cm�1.

Poly(N-acryloyl-L-alanine-2-(2-methyl-5-nitro-imidazol-1-yl)-ethyl

ester), poly(A-L-Ala-OMTZ) XI, was prepared by the reaction of

poly(N-acryloyl-L-alanine) VII with MTZ using he same proce-

dure described above for the preparation of poly(A-L-Phe-

OMTZ) IX to give 1.65 g of poly(A-L-Ala-OMTZ) (XI) as a yel-

lowish white solid (yield ¼ 94.5%). 1H NMR (400 MHz, CDCl3
ppm from Si(CH3)4): d 8.2 (1H, ACONH), 7.9 (1H,

ANACH¼¼CA, imidazole), 4.6–3.9 (5H, >NHCHA,

AOCH2CH2NA), 2.5 (3H, ACH3, imidazole), 2.4–1.0 (6H,

ACH3, ACH2CHA) ppm. 13C NMR (100 MHz, CDCl3, ppm,

from Si(CH3)4): d 175.2 (ACONHA), 171.7 (ACOOA), 162.6

(ANAC¼¼NA), 138.0 (ANAC¼¼CA), 132.5 (ANAC¼¼CA), 60.5

(AOCH2CH2NA), 47.5 (>NHCH<), 33.4 (AOCH2CH2NA),

24.3 (ACH2CHA), 16.3 (ACH3), 15.3 (ACH2CHA), 13.8

(ACH3, imidazole) ppm. FT-IR (KBr): 3327 (NAH, amide),

2929 (CAH, aliphatic), 2851 (ACH3), 1627 (AC¼¼CANA), 1747

(C¼¼O, ester), 1534 (C¼¼O, amide), 1311 (NO2, amide), 1455

(CAC), 1263–1188 (CAN), 1046 (CAO) cm�1.

Poly(N-acryloyl-D-alanine-2-(2-methyl-5-nitro-imidazol-1-yl)-ethyl

ester), poly(A-D-Ala-OMTZ) XII, was prepared by the reaction of

poly(N-acryloyl-D-alanine) VIII with MTZ using the same proce-

dure described above for the preparation of poly(A-L-Phe-OMTZ)

IX. The yield of poly(A-D-Ala-OMTZ) XII ¼ 87.9% (1.45 g). 1H-

NMR (400 MHz, CDCl3 ppm, from Si(CH3)4): d 8.2 (1H,

ACONH), 7.9 (1H, ANACH¼¼CA, imidazole), 4.6–4.1 (5H,

>NHCHA, AOCH2CH2NA), 2.5 (3H, ACH3, imidazole), 1.9–1.0

(6H, ACH3, ACH2CHA) ppm. 13C-NMR (100 MHz, CDCl3 ppm,

from Si(CH3)4): d 176.7 (ACONHA), 172.7 (ACOOA), 162.6

(ANAC¼¼NA), 138.6 (ANAC¼¼CA), 132.4 (ANAC¼¼CA), 63.0

(AOCH2CH2NA), 48.4 (>NHCH<), 35.4 (AOCH2CH2NA), 26.3

(ACH2CHA), 25.8 (ACH3), 17.2 (ACH2CHA), 14.3 (ACH3, im-

idazole) ppm. FT-IR (KBr): 3328 (NAH, amide), 2930 (CAH, ali-

phatic), 2851 (ACH3), 1627 (AC¼¼CANA), 1748 (C¼¼O, ester),

1535 (C¼¼O, amide), 1364 (NO2, amide), 1458 (CAC), 1263-1188

(CAN), 1046 (CAO) cm�1.
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In Vitro Drug Release

The release of MTZ was followed spectrophotometrically by

measuring the absorbance at kmax ¼ 230 nm as a function of

time using a UV–vis spectrophotometer. The following proce-

dure was used: 10 mg of the polymer-MTZ adduct was placed

into bottles containing 10 mL phosphate solutions buffered at

pH ¼ 2.0, 7.4, and 8.5 at body temperature (37�C). At specified
time intervals, 2.8 ml was collected for analysis, and this volume

was returned to the release medium. The cumulative percentage

of MTZ released was calculated using the standard calibrating

curve for MTZ. All the experiments were carried out in

triplicate.

Model Used for the Analysis of Drug Release Kinetics

The drug release kinetics was analyzed according to Higuchi26

(Equation 1) and Korsmeyer et al.27 (Equation 2):

Mt=M1 ¼ kt1=2 (1)

Mt=M1 ¼ k0tn (2)

where Mt /M1 is the fractional drug release into the dissolution

medium at time t, k, and k0 are kinetic constants related to the

properties of the drug/polymer system, t is the release time, and

n is the release exponent that depends on the release mechanism

and the shape of the matrix tested.28 When n ¼ 0.5, the drug

diffuses through and is released from the polymeric matrix with

a quasi-Fickian diffusion mechanism. For n > 0.5, an anoma-

lous, non-Fickian drug diffusion occurs. When n ¼ 1, a non-

Fickian, case II or zero-order release kinetics could be

observed.28

RESULTS AND DISCUSSION

In this article, we developed a new controlled drug release sys-

tem based on the use of well-defined amino acid-based poly-

mers having characteristic hydrophilicity and chirality (Scheme

1). In the first step, amino acid-based polymers were synthe-

sized by RAFT polymerization, which enables the synthesis of

functional polymers with controlled molar mass, narrow molec-

ular weight distribution, and well-defined architectures and

functionalities.8,9,23 Then, the immobilization of metronidazole

(MTZ) onto the amino acid-based polymers was carried out via

an esterification reaction in the presence of DCC as condensa-

tion agent and DMAP as a catalyst. Finally, we conducted an

in vitro drug release study of the polymeric prodrugs.

Synthesis of Amino Acid-Based Polymers

Well-defined amino acid-based polymers with characteristic chi-

roptical properties were synthesized by RAFT polymerization of

enantiomeric N-acryloyl amino acids (L and D forms) having

different hydrophilicities (Scheme 1). Four amino acid-carrying

monomers, N-acryloyl-L-phenylalanine (A-L-Phe-OH, I), N-

acryloyl-D-phenylalanine (A-D-Phe-OH, II), N-acryloyl-L-alanine

(A-L-Ala-OH, III), and N-acryloyl-D-alanine (A-D-Ala-OH, IV),

were prepared by the reaction of acryloyl chloride with corre-

sponding amino acids according to a previously reported

method with a slight modification.9,23 We selected A-Ala-OH (L

and D forms) as enantiomeric amino acid-carrying monomers,

because alanine is one of the simplest a-amino acids and should

be more hydrophilic than other aliphatic and aromatic amino

acids. Poly(A-Phe-OH)s obtained by RAFT polymerization of L

and D form monomers (A-L-Phe-OH and A-D-Phe-OH) are

employed as a hydrophilic segment with low hydrophilicity. In

general, phenylalanine is classified as nonpolar because of the

hydrophobic nature of the benzyl side chain. Because A-Ala-OH

and A-Phe-OH have a carboxylic acid in the monomer unit,

these polymers can be recognized as weak polyelectrolytes, in

which the degree of ionization is governed by the pH and ionic

strength of the aqueous solution. In this study, the carboxylic

acid moiety in the amino acid-based polymers was used as sites

to bind biorelated material.

To obtain well-defined polymers derived from various amino

acids, we conducted a RAFT polymerization of the unprotected

monomers using benzyl 1-pyrrolecarbodithioate, because the

chain transfer agent (CTA) is known to be efficient in achieving

controlled RAFT polymerization of monosubstituted acryla-

mides.9,23 Direct RAFT polymerization of the amino acid-carry-

ing monomers was conducted without any protection chemistry.

The results are summarized in Table I. In all cases, almost full

conversion (>90%, as determined by 1H-NMR spectroscopy)

was obtained at 60�C after 24 h, when polymerization was car-

ried out at a [M]0/[CTA]0/[AIBN]0 ratio of 150/2/1. The amino

acid-based polymers having pre-determined molecular weights

(Mn ¼ 15000–20000 in the carboxylic forms) and low polydis-

persities (Mw/Mn ¼ 1.27–1.41) were employed for the immobili-

zation of MTZ.

Immobilization of Metronidazole onto Amino

Acid-Based Polymers

MTZ was immobilized onto the amino acid-based polymers

(V–VIII) via an esterification reaction in the presence of DCC

as a condensation agent and DMAP as a catalyst at �5�C. In
this study, we selected MTZ as the model drug, because it is

an orally administered antimicrobial drug.29 In addition, MTZ

is widely used to treat a broad range of infections caused by

anaerobic protists and bacteria, such as Trichomonas vaginalis,

Entamoeba histolytica, and Giardia lamblia. Despite its benefi-

cial activity, it has some adverse effects involving anaphylactic

shock, hyperpyretic convulsion, and damage to DNA.30

Table I. Preparation of Amino Acid-Based Polymers by RAFT

Polymerization Using Benzyl 1-Pyrrolecarbodithioate at 608C for 24 h

([M]/[CTA]/[AIBN] 5 150/2/1)

Monomer
Conv.
%a

Mn

(SEC)b
Mw/Mn

(SEC)b Mn, COOH
c

A-L-Phe-OH (I) 99 20500 1.36 19200

A-D-Phe-OH (II) 97 21000 1.29 19600

A-L-Ala-OH (III) 97 18800 1.27 17100

A-D-Ala-OH (IV) 94 17100 1.41 15600

aCalculated by 1H NMR in DMSO-d6, bMethylated samples were mea-
sured by size exclusion chromatography (SEC) using polystyrene stand-
ards in N, N-dimethylformamide (DMF, 10mM LiBr), cThe number-average
molecular weights of the carboxylic acid forms were calculated from the
values of the methylated samples determined by SEC.
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Therefore, the immobilization of MTZ onto polymers via

esterification can be used as a tool to improve its therapeutic

effects.29

Esterification was carried out in DMF under cooling conditions

to avoid racemization and N-acylurea formation31 and to afford

the polymer-MTZ adducts (IX–XII), as shown in Scheme 1. In

all cases, the polymer-MTZ adducts were purified by precipita-

tion from a concentrated DMF solution into a large excess of

water. Table II summarizes the results of the immobilization of

MTZ onto the amino acid-based polymers (V–VIII). In all

cases, the yields of the products calculated on the basis of the

amount of the water-insoluble part were more than 80%. The

nitrogen analysis showed that the conversion was 83.3, 80.8,

91.7, and 85.6% for the polymer-MTZ adducts (IX–XII),

respectively. In all cases, the 1H-NMR spectra of the products

showed a characteristic signal attributed to the imidazole group

at around 7.9 ppm. Figure 1 shows 1H-NMR spectrum of a rep-

resentative polymer. The structures of the immobilized polymers

were also confirmed by FTIR and 1H- and 13C-NMR measure-

ments. These results indicate that the esterification reaction

effectively immobilizes the model drug into the amino acid-

based polymers to produce novel polymeric drug carriers with

high conversion (degrees of the substitution) and recovery. SEM

micrographs revealed that four different polymer-MTZ adducts

possessed dense macroporous voids, as shown in Figure 2.

In Vitro Drug Release Study

The rate of MTZ released from the polymer-MTZ adducts was

studied at various pH values. The rate of release is expected to

depend on the configuration of the amino acid-based polymers,

hydrophilicity, and bulkiness of the amino acid moiety near the

ester linkage, as well as the pH of the release media. The effect

of the configuration of the amino acid-based polymer on the

release of MTZ from the polymer-MTZ adducts (IX–XII) was

studied on the basis of the amino acid structure change from D-

to L-configuration, as shown in Scheme 1. The drug release was

investigated in phosphate buffer at different pH values.

The drug release profiles from the different polymer-MTZ

adducts at pH 8.5 (alkaline pH) are illustrated in Figure 3. The

release studies were performed over 48 h, and all experiments

were carried out in triplicate. The polymer-MTZ adduct,

poly(A-L-Phe-OMTZ) IX, showed 51% of its drug content after

48 h at 37�C, whereas poly(A-D-Phe-OMTZ) X released about

93% of its drug content under the same conditions. Similar

results were obtained for the alanine-based adducts, poly(A-L-

Ala-OMTZ) XI and poly(A-D-Ala-OMTZ) XII, which showed

release of 50 and 89% of its drug content, respectively, under

the same conditions. These results indicate that the polymer-

MTZ adducts containing the D-configuration show higher drug

release than the ones containing the L-configuration, which may

be due to the difference in the hydrolysis rate of each enan-

tiomer. In contrast, there is approximately no difference in the

MTZ release if the amino acid changes from alanine to phenyl-

alanine in the polymer-MTZ adducts, suggesting no significant

effect of the bulkiness and the hydrophilicity of the amino acid

moiety on the hydrolysis of the ester linkage in the side chain.

In this system, the insoluble prodrugs would become water-

soluble products with the release of MTZ, depending on the

structure of the amino acid moiety and pH value. The poly(A-

Ala-OH) was soluble in basic water (pH > 10) and neutral

water in the presence of a salt (e.g., 0.5 mg of NaCl/mL), while

being insoluble in acidic water, suggesting that the degree of

ionization and water solubility are affected by the pH value. In

contrast, the poly(A-Phe-OH) with less hydrophilicity due to

the presence of the phenyl group was soluble only in basic water

(pH > 11), while insoluble in neutral water (pH � 7) and

acidic water (pH < 4). Hence, the solubility change of the pro-

drugs during the release experiments may affect the release rate

only in the cases of poly(A-Ala-OMTZ), XI and XII, at pH ¼
8.5 and 7.4. However, no difference in the MTZ release when

the amino acid changes from alanine to phenylalanine in the

polymer-MTZ adducts is detected (Figure 3), suggesting the fact

that the solubility change of the prodrugs has no significant

effect on the release rate. Furthermore, the release rate is

affected apparently by the chirality of the amino acid moiety,

even if the effect of the solubility change of the prodrugs on the

release rate should be independent on the chirality of the amino

acid moiety. These results suggest that the solubility change of

Table II. Immobilization of Metronidazole onto Amino Acid-Based

Polymers

Polymer-MTZ
product

Amino
acid-based
polymera

N
content
(%)b

Conversion
(%)c

Yield
(%)d

Poly(A-L-Phe-OMTZ)
(IX)

V 12.46 83.3 81

Poly(A-D-Phe-OMTZ)
(X)

VI 12.09 80.8 85

Poly(A-L-Ala-OMTZ)
(XI)

VII 17.22 91.7 95

Poly(A-D-Ala-OMTZ)
(XII)

VIII 16.07 85.6 88

aSee Scheme 1, bDetermined by elemental analysis, cConversion of the
immobilization (degree of the substitution) was calculated from N con-
tent, dWater-insoluble part.

Figure 1. 1H NMR (CDCl3) spectrum of poly(N-acryloyl-D-alanine-2-(2-

methyl-5-nitro-imidazol-1-yl) ethyl ester) (Poly(A-D-Ala-OMTZ)) (XII).

The asterisk indicates the signals attributed to impurities involving DCC

urea and DMAP.
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the prodrugs during the release experiments is not a crucial fac-

tor to determine the release rate and behavior

As mentioned earlier, the release rate analysis was carried out

according to Higuchi26 and Korsmeyer et al.27 equations. The

main parameter values are listed in Table III. The four matrices

showed, in general, a good fit to the different equations. Matri-

ces of the D-form (X and XII) were released from the polymer

faster than those of the L-form. In addition, the D-form matrices

have values of n > 0.5, which were obtained from the Kors-

meyer equation. This means that the drug release mechanism

can be controlled by an anomalous, non-Fickian drug diffusion.

These results suggest that the drug release either from D- or L-

form is govern by diffusion, which is attributed to the macropo-

rous voids (open holes) in the polymer-MTZ adducts, as shown

in SEM micrographs (Figure 2). In contrast, the n values from

the Korsmeyer equation are equal to 0.52 for the L-form, sug-

gesting that the drug release mechanism is mainly governed by

quasi-Fickian drug diffusion. These results indicate that the

Figure 2. SEM micrographs of the polymer-adducts; (a) poly(A-L-Phe-OMTZ) (IX), (b) poly(A-D-Phe-OMTZ) (X), (c) poly(A-L-Ala-OMTZ) (XI), and

(d) poly(A-D-Ala-OMTZ) (XII).

Figure 3. Effect of polymer microstructure on the cumulative release of

MTZ from the polymer-MTZ adducts (IX-XII) in phosphate buffer of pH

8.5 at 37�C. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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configuration of the amino acid-based polymers affects not only

the rate of the drug release but also the release mechanism,

which is most probably related to the difference in the environ-

ment around the ester linkage in the buffer solution, resulting

in the occurrence of the stereoselective hydrolysis. After the

release of MTZ from the insoluble prodrugs, it would become

water-soluble products having carboxylic acid moiety with

increasing the release, in which the degree of ionization is gov-

erned by the pH and ionic strength of the aqueous solution.

For example, the insoluble prodrug poly(A-Ala-OMTZ) was

changed into poly(A-Ala-OMTZ-co-A-Ala-OH) by the hydroly-

sis, and the reacted polymer become water-soluble product if

the content of the poly(A-Ala-OH) component is high enough

at neutral pH range. In contrast, the reacted polymer, poly(A-

Ala-OMTZ-co-A-Ala-OH), was insoluble in acidic water. In the

cases of the poly(A-Phe-OMTZ), the reacted polymer, poly(A-

Phe-OMTZ-co-A-Phe-OH), was insoluble in water, independent

on the degree of the hydrolysis and pH value, because the

poly(A-Phe-OH) was insoluble in neutral water and acidic

water. It means that the pH value slightly affects the water-solu-

bility of the reacted polymers in the buffer solution, which is

related to the release rate, in addition to the actual hydrolysis

rate of the ester bonds between the polymers and MTZ. In

other words, the hydrolysis rate of the ester bonds, the diffusion

rate, and the solubility of the reacted products may affect the

release rate.

The effect of pH on the release rate of MTZ was investigated at

37�C in specific pH media: pH 2.0 (stomach pH), pH 7.4

(physiological fluids pH), and pH 8.5 (colon pH). The percent-

age of the cumulative release of MTZ from the polymer-MTZ

adduct (IX) in buffer solution at different pH values is shown

in Figure 4. After 48 h, the polymer–MTZ adduct (IX) released

about 18% of its drug content at pH 2.0, whereas about 41 and

52% of MTZ were released from the adduct (IX) at pH 7.4 and

pH 8.5, respectively. The total amount of MTZ released from

the polymer-MTZ adduct (X) was 37% of its drug content after

48 h at pH 2.0, compared to 77 and 93% at pH 7.4 and 8.5,

respectively (Figure 5). Similar behavior was also observed in

the alanine-based adducts (Figures 6 and 7), in which the per-

centages of the cumulative release were 25, 36, and 51% for the

Table III. Mathematical Modelling and Drug Release Kinetics of

Metonidazole from the Polymer-MTZ Adducts at pH 5 8.5

Higuchi equation Korsmeyer equation

Polymer
code k (min�0.5) R2 N k0 (min�n) R2

IX 0.016 0.9915 0.51 0.012 0.9885

X 0.021 0.9958 0.61 0.049 0.9978

XI 0.031 0.9872 0.52 0.025 0.9942

XII 0.040 0.9972 0.71 0.037 0.9756

k, Higuchi kinetic constant; n, release exponent; k0, Korsmeyer kinetic
constant.

Figure 4. Effect of pH on the cumulative release of MTZ from poly(A-L-

Phe-OMTZ) IX in phosphate buffer with pH values of 2.0, 7.4, and 8.5 at

37�C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 5. Effect of pH on the cumulative release of MTZ from poly(A-D-

Phe-OMTZ) X in phosphate buffer with pH values of 2.0, 7.4, and 8.5 at

37�C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 6. Effect of pH on the cumulative release of MTZ from poly(A-L-

Ala-OMTZ) XI in phosphate buffer with pH values of 2.0, 7.4, and 8.5 at

37�C. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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L-form adduct (XI) and 36, 77, and 90% for the D-form adduct

(XII). These results indicate that the release rate of MTZ from

the polymer–MTZ adducts increases with the pH value, inde-

pendent of the nature of the amino acids (L and D forms, ala-

nine, and phenylalanine). This is an indication that polymer-

MTZ adducts (IX–XII) show high hydrolytic stability in acidic

medium (i.e., stomach pH), whereas the release rate of MTZ is

the highest in an alkaline medium (i.e., colon pH). Similar

tendency was observed in other systems.3,24,31–33 Because the

prepared prodrugs were adequately stable at acidic pH and

more sensitive to the alkaline hydrolysis, these prodrugs seem to

be suitable for the development of a colonic drug delivery sys-

tem for MTZ.

CONCLUSIONS

We have demonstrated a new amino acid-based polymer system

for drug delivery. Amino acid-based polymers synthesized using

RAFT polymerization were employed to fix a model drug in the

side chain via amino acid moiety as the spacer. The rate of met-

ronidazole (MTZ) release from the polymeric products derived

from four different amino acids, L-phenylalanine, D-phenylala-

nine, L-alanine, and D-alanine, was studied at various pH values.

The release rate was found to mainly depend on the configura-

tion of the amino acid-based polymer/MTZ adducts and the

pH of the release media. The kinetic studies showed that the

polymers containing the D-configuration were released faster

than those containing the L-configuration, which was related

to the difference in the release mechanism. In addition, the

polymer-MTZ adducts showed high hydrolytic stability in acidic

medium (i.e., stomach pH), whereas the release rate of MTZ

was the highest in an alkaline medium (i.e., colon pH). These

results suggest that amino acid-based polymers could be useful

carriers in controlled release systems.
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