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bstract

The preparation and physicochemical and biological characterization of a novel polyaminoacid hydrogel have been reported. The �,�-poly(N-2-
ydroxyethyl)-dl-aspartamide (PHEA) has been used as a starting polymer for a derivatization reaction with methacrylic anhydride (MA) to give
ise to the methacrylate derivative named PHM. Photocrosslinking of PHM has been performed in aqueous solution at 313 nm and in the absence
f toxic initiators. PHM-based hydrogel has been characterized by scanning electron microscopy, X-ray diffractometry, swelling measurements in
queous media; the degradation of PHM-based hydrogel has been evaluated as a function of time in the absence or in the presence of esterase.
esides, the biocompatibility of this hydrogel and of its degradation products has been evaluated by performing in vitro assays on human chronic

yelogenous leukaemia cells (K-562), chosen as a model cell line. Finally, ATR-FTIR measurements have showed that interaction between PHM-

ased hydrogel and each of four plasma proteins (albumin, �-globulin, transferrin and fibrinogen) does not cause change in protein conformation
hus supporting its potential use as a material to prepare parenteral drug delivery systems.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogels, i.e. polymeric three-dimensional networks able
o swell in the presence of an aqueous medium, are extensively
mployed in biomedical and pharmaceutical field as soft contact
enses, wound dressing, drug delivery systems, biosensors and
mplantable devices in tissue engineering (Blanco et al., 2000;
ryant and Anseth, 2000; Maris et al., 2001; Mellot et al., 2001;
oppimath et al., 2001; Ju et al., 2001; Gan et al., 2001; Lloyd et
l., 2001; Razzak et al., 2001; Quintanar-Guerrero et al., 2001).

Most commonly polymers employed to prepare hydro-
els include poly(hydroxyethylmethacrylate) (PHEMA);

polymethylmethacrylate) (PMMA); polyacrylic acid (PAA);
oly(diethylaminoethylmethacrylate) (PDEAEMA). However,
hese synthetic polymers are not biodegradable by hydrolytic or

∗ Corresponding author. Tel.: +39 0916236154; fax: +39 0916236150.
E-mail address: giopitar@unipa.it (G. Pitarresi).
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nzymatic mechanisms and this is a limitation for their appli-
ation as implantable devices or biosensors. On the contrary,
he use of biodegradable polymers, such as polyaminoacids,
roteins and polysaccharides gives the opportunity of preparing
ore versatile hydrogels (Brondsted et al., 1998; Park et al.,

998; Markland et al., 1999). In particular, polyaminoacids are
n interesting class of materials because of their protein-like
ature and the possibility of preparation via chemical or
iosynthetic routes with the proper molecular weight and a
arrow molecular weight distribution. Besides, it is possible
o synthesize polyaminoacids containing functional groups
uitable for: (i) chemical functionalization to prepare various
erivatives (polymeric surfactants, polycations, polymeric
igands); (ii) conjugation with active molecules, for example,
rugs to prepare macromolecular prodrugs; (iii) crosslinking to

repare hydrogels.

However, in despite of their several advantages, the prepa-
ation of polyaminoacids on large scale can cause complex
echnical and economic problems. For this reason, few sci-

mailto:giopitar@unipa.it
dx.doi.org/10.1016/j.ijpharm.2006.11.012
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ntific papers report the preparation of hydrogels based on
olyaminoacids such as poly(aspartic acid), poly(l-lysine),
oly(l-glutamic acid), poly(hydroxyethyl-l-glutamate) and
oly(l-ornithine) (Dickinson et al., 1981; Yamamoto and Hirata,
995; Kunioka and Choi, 1995; Gonzales et al., 1996; Tomida
t al., 1997; Ohkawa et al., 1998).

Fortunately, the thermal approach for synthesizing
olyaminoacids, by dry heating of starting monomers, is
promising approach to overcome these drawbacks. On this

oint, the synthesis of analogues derivatives of poly(aspartic
cid) is of particular interest. Among them, the �,�-poly(N-2-
ydroxyethyl)-dl-aspartamide (PHEA) is a synthetic polymer
btained by a simple aminolysis with ethanolamine of a
olysuccinimide (PSI), in its turn easily synthesized by thermal
olycondensation of d,l-aspartic acid.

PHEA is a water soluble and biocompatible polymer already
roposed as a plasma expander, carrier for drugs and starting
aterial to prepare polycations for gene delivery and chemical

ydrogels (Giammona et al., 1997, 1999a,b, 2001; Cavallaro et
l., 2001, 2004; Pitarresi et al., 2004; Licciardi et al., 2006).

In this work, we have prepared and characterized a novel
hemical hydrogel obtained by UV irradiation of a PHEA
erivative, named PHM, containing in the side chains pho-
ocrosslinkable groups such as methacrylate functions.

The hydrogel has been extensively characterized from the
hysicochemical and biological point of view including swelling
bility, susceptibility of chemical and enzymatic hydrolysis and
ell compatibility. Finally, in order to obtain some preliminary
nformation on the possible use of this material for parenteral
dministration, the interaction between this hydrogel and some
lasma proteins has been evaluated by using the attenuated total
eflection infrared spectroscopy (ATR-FTIR).

. Materials and methods

.1. Materials

All reagents were of analytical grade, unless otherwise
tated. d,l-Aspartic acid, ethanolamine, anhydrous N,N-
imethylacetamide (DMA), methacrylic anhydride (MA) and
riethylamine (TEA) were from Fluka (Italy). Albumin from
uman serum (99%), �-globulin from human blood (99%),
uman transferrin (≥98%) and fibrinogen from human plasma
50%) are from Sigma (Italy).

�,�-Poly(N-2-hydroxyethyl)-dl-aspartamide (PHEA) was
repared by reaction of a polysuccinimide (PSI), obtained
y thermal polycondensation of d,l-aspartic acid, with
thanolamine in DMF solution, purified and characterized
ccording to a previously reported procedure (Giammona et
l., 1987). The batch of PHEA used in the present study had
weight–average molecular weight of 56.9 kDa (Mw/Mn 1.79),
etermined by size exclusion chromatography (SEC) analysis.
.1.1. Cell culture
Human chronic myelogenous leukaemia cells (K-562) were

rown in RPMI-1640 medium (Sigma, Milan, Italy) supple-
ented with 10% fetal calf serum (Sigma, Milan, Italy), 1% (v/v)

V
c
b
(
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enicillin–streptomycin solution and 1% (v/v) amphoterycin B
olution, incubated at 37 ◦C in a humidified atmosphere contain-
ng 5% CO2.

.2. Apparatus

FT-IR spectra were recorded as pellets in KBr in the range
000–400 cm−1 using a Perkin-Elmer 1720 Fourier Transform
pectrophotometer with a resolution of 1 cm−1; each spectrum
as recorded after 100 scans.
UV irradiation was performed by using a Rayonet reactor

quipped with a Rayonet Carousel motor assembly and 16 mer-
ury lamps of 8 W at medium pressure with an emission at
13 nm.

Centrifugations were performed with an International Equip-
ent Company Centra MP4R equipped with a 854 rotor and

emperature control.
Scanning electron microscopy (SEM) was performed with
Leo stereoscan 420; the sample surface was made con-

uctive by the deposition of a layer of gold in a vacuum
hamber.

X-ray diffraction analysis was performed using a diffrac-
ometer Philips PW 1729 X-ray generator diffractometer. The
xperimental parameters were set as follows: Cu K� radia-
ion, tube setting 40 kV, 20 mA; angular speed 2◦ (2θ/min);
ange recorded 10–60◦ (2θ/min); time constant 1 s, chart speed
cm/min.

.3. PHM synthesis

The derivatization reaction of �,�-poly(N-2-hydroxyethyl)-
l-aspartamide (PHEA) with methacrylic anhydride (MA) to
btain PHM copolymer, was carried out in organic phase
anhydrous DMA), using TEA as a catalyst, according to a
reviously reported procedure (Mandracchia et al., 2004). In
articular, 2 g of PHEA were dissolved in 40 ml of anhydrous
,N-dimethylacetamide (DMA) and then suitable amounts of

riethylamine (TEA) and methacrylic anhydride were added,
ccording to X = 0.5 and Y = 0.5, being

= moles of methacrylic anhydride

moles of PHEA repeating unit
,

= moles of TEA

moles of methacrylic anhydride

The reaction was kept at 40 ◦C under continuous stirring
or 48 h. After this time, the reaction mixture was precipitated
ith 2-propanol and centrifuged for 10 min, at 12,000 × g and
◦C. The product was recovered by filtration, washed four times
ith 2-propanol and four times with acetone, then dried under
acuum.

The obtained PHM copolymer was dissolved in twice-
istilled water and subjected to extensive dialysis by using

isking Dialysis Tubing (18/32 in.) with a molecular weight
ut-off of 12,000–14,000. After dialysis, the solution was dried
y freeze-drying. PHM was obtained with a yield of 97–99%
w/w), based on the starting PHEA and characterized by FT-IR
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nd 1H NMR analyses. Spectral data were in agreement with
he attributed structure (Mandracchia et al., 2004).

The degree of derivatization (DD), determined by 1H NMR
nalysis, resulted to be 30 ± 1 mol%.

.4. Preparation of PHM-based hydrogel

An aqueous solution of PHM (60 mg/ml) was placed in a
yrex tube equipped with an internal Pyrex piston in order to
ave a sample of about 2 mm in thickness, then irradiated with
UV source at 313 nm under argon for 3.5 h.

After irradiation, the obtained hydrogel of PHM was purified
y several washing with twice-distilled water, centrifuging, from
ime to time, at 12,000 × g and 4 ◦C for 15 min, then recovered
fter freeze-drying.

The experiment was performed in triplicate and the mean
ield % (based on the starting amount of PHM) resulted to be
9% (w/w).

PHM-based hydrogel was characterized by FT-IR spec-
rophotometry. In particular, FT-IR spectrum (KBr) showed a
road band centred at 3300 cm−1 (νas OH + νas NH), bands
t 1730 cm−1 (νas COO), 1656 cm−1 (Amide I), 1543 cm−1

Amide II) and 1170 cm−1 (νs COO).

.4.1. Swelling studies
Swelling ability of PHM-based hydrogel was determined in

wice-distilled water and phosphate buffer (NaCl, Na2HPO4,
H2PO4) at pH 7.4 (simulated physiological fluid).
In particular, aliquots exactly weighed of the hydrogel were

laced in tared 5 ml sintered glass filters (Ø 10 mm; porosity, G3)
nd left to swell at 37.0 ± 0.1 ◦C by immersing the filters plus
upports in beakers containing liquid medium. After suitable
ime intervals the excess of liquid was removed by percolation at
tmospheric pressure. The filter was placed in a properly sized
entrifuge test tube then centrifuged at 700 × g for 5 min and
eighed. The filter tare was determined after centrifugation with
ater alone. The weight swelling ratio (q) was calculated as

ollows:

= Ws

Wd

here Ws and Wd are the weights of the swollen and dry sample,
espectively.

Each experiment was carried out in triplicate and the results
ere in agreement within ±2% standard error.

.4.2. Chemical and enzymatic hydrolysis studies
Aliquots of the PHM-based hydrogel (30 mg) have been dis-

ersed in phosphate buffer (NaCl, Na2HPO4, KH2PO4) at pH
.4 in the absence or in the presence of esterase (final enzyme
oncentration 0.5 mg/ml) at 37.0 ± 0.1 ◦C under continuous stir-
ing (100 rpm) for 1, 3, 5, 10 and 20 days. For the experiments
erformed in the presence of esterase, a new dose of enzyme was

dded after each 24 h. Enzyme solution was prepared immedi-
tely before the experiment. After each chosen time, the samples
ere centrifuged at 12,000 × g at 4 ◦C for 15 min and the super-
atant was separated. For each sample, the remaining hydrogel

2

g
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as washed several times with twice-distilled water under con-
inuous stirring for 1 h at 37 ◦C to extract soluble polymer
egradation products, electrolytes and enzyme entrapped in the
etwork. Finally, the hydrogel was recovered by freeze-drying,
eighed and characterized by swelling measurements in twice-
istilled water.

Each experiment was performed in triplicate and the results
ere in agreement within ±3% standard error.

.5. Cytotoxicity assay

.5.1. Indirect method
Detection of cytotoxic effects of PHM-based hydrogel was

erformed indirectly using the growth medium conditioned by
he biomaterial.

At the beginning, the biomaterial was incubated in RPMI-
640 medium without fetal calf serum (FCS) at 37 ◦C for 120 h
nto a 25 cm2 flask. After incubation, the medium was cen-
rifuged at 12,000 × g, 4 ◦C for 30 min and later sterilely filtrated
n order to remove hydrogel.

K-562 cells were suspended at a density of 1 × 105 cells/ml in
PMI-1640 conditioned medium and supplemented with 10%
CS, transferred to 24-well plate (1 ml per well), and incubated
t 37 ◦C for 48 h.

The assay was performed using a growth medium both 100%
onditioned and 8% (dilution 1:12 with RPMI-1640) condi-
ioned. Viability of cells was assessed by the Trypan blue
xclusion assay.

After incubation, cells were diluted 1:1 with Trypan blue
olution (0.4%, w/v) and transferred into the Burker chamber. In
his experiment, the cells with damaged cytoplasm membranes
ere coloured and determined in sight field of microscope. Via-
ility was expressed as a percentage of the uncoloured cells.

In control experiments, cells were incubated in RPMI-1640
ot conditioned by the hydrogel.

Each experiment was performed in triplicate and the results
ere in agreement within ±5% standard error.

.5.2. Direct method
PHM-based hydrogel was tested in vitro for its activity

gainst K-562 cells using a “direct contact” assay. The cells
ere suspended at a density of 1 × 105 cells/ml in RPMI-1640
edium and directly incubated with hydrogel sample kept on

he well bottom of a 24-well plate.
Viable cells number was calculated in a hematocytometer by

ye exclusion with Trypan blue after incubation for 48 h. The
ecrease in cell viability caused by hydrogel was estimated in
erms of percentage of cell viability. In control experiments,
ells were incubated in RPMI-1640 medium in the absence of
he hydrogel.

Each experiment was performed in triplicate and the results
ere in agreement within ±5% standard error.
.6. ATR-FTIR spectroscopy

To evaluate the interaction between the PHM-based hydro-
el and some plasma proteins, a FTIR spectrometer (Vector 22
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Fig. 1. Schematic representation of t

ruker) with a horizontal ATR accessory (Specac) and equipped
ith a cover to prevent solvent evaporation, was used in the

onfiguration shown in Fig. 1.
This arrangement allows to IR beam to enter the layer of gel to

small fixed depth and to be specifically attenuated according to
he molecules that are in this region. The ATR crystal was ZnSe
ith an angle of incidence of 45◦, 50 mm long, 10 mm wide

nd 2 mm thick. The cell and ZnSe crystal were sealed together
y using a petroleum gel and the joints monitored for leaks.
he measurements were performed under nitrogen in order to
void the interference of water vapour and carbon dioxide. A
hosphate buffer solution at pH 7.4 in contact with ZnSe crystal
as always used as a background for all the experiments. A

ample of swollen PHM-based hydrogel (containing 20%, w/v
n polymer and 80%, w/v in water) was placed on the crystal in
rder to have a layer whose thickness was measured at multiple
oints using a digital micrometer and it was found to be 1 mm
hick. The gel was kept in contact with 5 ml of phosphate buffer
t pH 7.4 in the absence or in the presence of plasma proteins
albumin, �-globulin, transferrin or fibrinogen) (concentration
0%, w/v). As a comparison the spectrum of each plasma protein
n phosphate buffer solution at pH 7.4 and in the absence of was
ecorded.

. Results and discussion

.1. PHM synthesis

The partial derivatization of �,�-poly[N-(2-hydroxyethyl)-
l-aspartamide] (PHEA) with methacrylic anhydride (MA)
llows to introduce in the side chain double bonds and ester
roups, giving rise to the copolymer named PHM. Double bonds
re reactive towards UV radiations chosen to crosslink PHM;
hereas ester groups make potentially degradable the resulting
HM-based hydrogel.

In this work, a PHM copolymer with a derivatization degree

f 30 ± 1 mol% has been prepared as previously reported
Mandracchia et al., 2004). Analytical and spectral data of PHM
re in agreement with the attributed structure (Mandracchia et
l., 2004).

w
i
s

R-FTIR experimental arrangement.

.2. Preparation of PHM-based hydrogel

An aqueous solutions of PHM has been irradiated, in the
bsence of photoinitiators at 313 nm for 3.5 h under argon to
btain the hydrogel schematically reported in Scheme 1.

The preparation of hydrogel without photoinitiators start-
ng from PHM is possible thanks to the presence of several

ethacrylate residues in PHM structure that after UV irradiation
ive rise to a radical crosslinking. The absence of photoinitiators
such as benzophenone, acetophenone and 2,2-dimethoxy-2-
henylacetophenone) is important and advantageous since it is
ell known that they are reactive molecules usually dangerous

or humans. As a consequence, hydrogels obtained without the
se of photoinitiators are potentially biocompatible.

PHM-based hydrogel recovered after freeze-drying has been
xtensively characterized.

.3. Characterization of PHM-based hydrogel

The occurrence of a chemical crosslinking has been con-
rmed by FT-IR analysis. In fact, FT-IR spectrum of PHM-based
ydrogel shows the complete disappearance of the peaks
t 1300 cm−1 (scissoring –C C–H) and 950 cm−1 (wagging
C C–H) that are showed in the spectrum of the starting PHM
see Fig. 2). This result confirms that the crosslinking reaction
nvolves the double bonds of PHM, probably through the forma-
ion of free radicals that give rise to inter- and intra-polymeric
arbon–carbon crosslinked bonds.

The physical state of PHM-based hydrogel has been deter-
ined by X-ray analysis; the X-ray diffraction patterns of

ncrosslinked and crosslinked PHM (data not showed) evidence
hat both these samples are in an amorphous state, therefore, dur-
ng the crosslinking reaction, no crystalline region was formed.

SEM micrography of PHM-based hydrogel, reported in
ig. 3, shows a porous surface of the hydrogel in agreement
ith the formation of a polymer network.

The presence of micropores could facilitate the interaction

ith the aqueous medium, potentially improving swelling abil-
ty of PHM-based hydrogel. On the other hand, biocompatibility,
urface properties, rate of enzymatic or chemical degradation,
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Scheme 1. Schematic representation of the formation of PHM-based hydrogel.

Fig. 2. FT-IR spectra of: (A) uncrosslinked PHM; (B) crosslinked PHM.
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Fig. 3. SEM micrograph of outside surface of PHM-based hydrogel.

bsorption and diffusion of solutes and mechanical character-
stics strongly depend on the swelling behaviour. For these
easons, the weight swelling ratio, q, of the PHM-based hydrogel
as been determined in twice-distilled water and in phosphate
uffer solution at pH 7.4 as a function of time. Experimental data
eported in Fig. 4 evidence a rapid swelling and a good affin-
ty of the hydrogel towards the investigated media. The small
ifference found by varying the external medium, is probably
ue to the osmotic pressure in phosphate buffer solution at pH
.4 that causes a weight swelling ratio lower than that found in
wice-distilled water.

Owing to the presence of ester bonds potentially biodegrad-
ble by chemical and/or enzymatic hydrolysis, the PHM-based
ydrogel has been incubated in phosphate buffer solution at pH
.4 in the absence or in the presence of esterase until 20 days.

The yield of the hydrogel recovered as a function of the incu-
ation time and its swelling ability (evaluated in twice-distilled
ater) have been taken as a measure of the occurred progressive
egradation (see Figs. 5 and 6, respectively).

It is evident that PHM-based hydrogel undergoes a decrease

n its weight whereas its swelling ability increases as a func-
ion of hydrolysis time, especially in the presence of esterase.
esides, at longer incubation times, the hydrolytic effect of
sterase is more pronounced; this suggests a slow action of the

ig. 4. Weight swelling ratio, q, of the PHM-based hydrogel determined in
wice-distilled water (�) and in phosphate buffer solution at pH 7.4 (�) as a
unction of time.
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ig. 5. Residual weight percentage of the PHM-based hydrogel recovered after
ncubation with phosphate buffer solution at pH 7.4 in the absence or in the
resence of esterase (0.5 mg/ml) at 37 ◦C as a function of hydrolysis time.

nzymes that, probably, initially hydrolyze the external sites of
he hydrogel, but, elapsing time, they penetrate into the poly-

er network hydrolyzing also internal sites. Obviously, the
egradation of PHM-based hydrogel after hydrolysis of ester
roups, affords the formation of the starting PHEA that is a bio-
ompatible polymer whose renal excretion has been elsewhere
eported (Rypacek et al., 1982; Caliceti et al., 2001). There-
ore, potentially, the degradation of PHM-based hydrogel does
ot cause accumulation of fragments in the body. In addition, the
low degradation that PHM-based hydrogel undergoes, could be
n advantageous property in designing, for example, implants
ased on this material.

.4. In vitro biocompatibility studies

The biocompatibility of the prepared hydrogel has been eval-
ated in vitro either by indirect or direct method, using human
hronic myelogenous leukaemia cells (K-562), chosen as a
odel cell line (see Section 2).

No significant difference has been found between the sample

nd the control in both the employed methods (data not showed).
his result suggests that PHM-based hydrogel does not release,

n the growth medium, substances (e.g. degradation products),

ig. 6. Weight swelling ratio, q, of the PHM-based hydrogel recovered after
ncubation with phosphate buffer solution at pH 7.4 in the absence or in the
resence of esterase (0.5 mg/ml) at 37 ◦C as a function of hydrolysis time. The
alue of q has been determined in twice-distilled water.

o
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p
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hich affect cell viability and it does not cause a decrease in cell
iability after direct contact with the cells.

.5. Interaction of PHM-based hydrogel with plasma
roteins

It is well known that when an artificial surface is in con-
act with blood, a layer of adsorbed plasma proteins rapidly is
ormed on this surface (Van Damme, 1990). This phenomenon
ould cause conformational changes or denaturation of these
roteins that jeopardize the clinical success of the artificial
aterial employed for example for parenteral implant. More

pecifically the denaturation of adsorbed plasma proteins usu-
lly causes adhesion, aggregation and activation of platelets with
lood clotting and thrombus formation.

Various authors have investigated the interaction of plasma
roteins with different materials such as derivatives of
olyaminoetherurethaneurea, poloxamer and poloxamine stabi-
ized solid lipid nanoparticles, silica surfaces, polystyrene – graft
stearyl poly(ethylene oxide), poly(d,l-lactide-co-glycolide) or
oly(l-lactide) (Sanada et al., 1986; Luck et al., 1998; Ji et al.,
000; Tarasevich and Monakhova, 2002; Goppert and Muller,
005; Sibel et al., 2005). Among the new techniques that can
e employed to study this phenomenon, the attenuated total
eflection infrared spectroscopy (ATR-FTIR) has been success-
ully employed to evaluate, for example, the interaction between
lasma proteins and crosslinked hyaluronan (Barbucci et al.,
002) or polysulfone (Bummer, 1996).

In this work, ATR-FTIR technique has been used to study the
ehaviour of four plasma proteins such as human albumin, �-
lobulin, transferrin and fibrinogen when in contact with PHM-
ased hydrogel. All these proteins play important roles in the
uman organism, for example, albumin is necessary to regulate
he blood osmotic pressure, �-globulin is involved in the immune
esponse, transferrin transports iron to cells and fibrinogen is
ssential for the coagulation process. Obviously, the evaluation
f the interaction occurring between these plasma proteins and

HM-based hydrogel is of great interest with regard to its in vivo
erformance.

To perform ATR-FTIR analysis, the apparatus and the pro-
edure reported in Section 2 have been employed. Fig. 7 shows

Fig. 7. ATR-FTR spectrum of PHM-based hydrogel alone.
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B
linked hyaluronan hydrogel on Fbg and HSA adsorption and conformation.
ig. 8. ATR-FTIR spectrum of each investigated plasma protein alone or in the
resence of PHM-based hydrogel.

he ATR-FTIR spectrum of PHM-based hydrogel alone, whereas
ig. 8 shows the spectrum of each plasma protein alone or in the
resence of PHM-based hydrogel.

It is known that, from the analysis of the Amide I and Amide
I bands, it is possible to obtain some information about the
rotein interaction with surfaces and, in particular, the protein
onformation (such as �-helix and �-sheet structures) is related
o the Amide I band structure.

Besides, it has been reported that protein adsorption strongly
epends on the surface properties. In particular, hydrophobic
haracter of a surface can be cause of interaction, adsorption
nd changes in conformation of plasma proteins, on the con-
rary a hydrophilic surface may be favourable for building up a
ydration layer thus avoiding the adsorption and successively the

enaturation of plasma proteins (Sanada et al., 1986; Barbucci
t al., 2002). Since PHM-based hydrogel shows a remarkable
ater affinity, as confirmed by swelling measurements in aque-
us media, it is reasonable to expect that the high amount of

B
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bsorbed water prevents absorption and conformational changes
f plasma proteins. On the contrary, if an interaction between
lasma proteins and PHM-based hydrogel occurs, changes in
he position and intensity of Amide I and Amide II bands should
e observed.

It is evident from Fig. 8 that there are not significant variations
n the Amide I and Amide II bands of each investigated protein
hen in contact with PHM-based hydrogel.
This result suggests that the investigated proteins do not

nteract significantly with the surface of PHM-based hydrogel.
lthough PHM-based hydrogel has a rather porous surface (as

hown by scanning electron microscopy, see Fig. 3) that should
ead to a larger surface area accessible for protein adsorption,
robably, the high rate of swelling, the great amount of adsorbed
ater and the large protein size avoid the adsorption and the con-

equent conformational changes of proteins. This is an important
esult, i.e. the absence of interaction between plasma proteins
nd PHM-based hydrogel could ensure a potential blood com-
atibility of this hydrogel, that is one of the requirements for
parenteral system. All these considerations make PHM-based
ydrogel an attractive material to prepare parenteral devices.

. Conclusions

The present study deals with the preparation and characteriza-
ion of a biodegradable and biocompatible hydrogel proposed as
new material for biomedical applications. The starting material
as been a methacrylate derivative of the synthetic polymer �,�-
oly(-N-2-hydroxyethyl)-dl-aspartamide (PHEA) obtained by
erivatization of this polymer with methacrylic anhydride and
amed PHM. Aqueous solutions of PHM give rise to a chemical
etwork after UV irradiation in the absence of toxic photoini-
iators. PHM-based hydrogel shows interesting physicochemical
roperties such as a porous and amorphous structure, a rapid and
emarkable swelling ability in simulated physiological medium
nd susceptibility of degradation, especially in the presence of
sterase. Besides, this material and its degradation products do
ot cause a decrease in the cell viability of human chronic myel-
genous leukaemia cells (K-562), chosen as a model cell line.
inally, ATR-FTIR spectroscopy demonstrated that the prepared
ydrogel does not cause significant conformational changes in
ome plasma proteins, such as albumin, �-globulin, transferrin
nd fibrinogen, thus indicating a potential blood compatibility of
his hydrogel. All these properties make PHM-based hydrogel a
otential candidate for preparing parenteral systems.
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lanco, M.D., Garcı̀a, O., Gòmez, C., Sastre, R.L., Theijòn, J.M., 2000. In vivo

drug delivery of 5-fluorouracil using poly(2-hydroxyethyl methacrylate-co-
acrylamide) hydrogels. J. Pharm. Pharmacol. 52, 1319–1325.



nal of

B

B

B

C

C

C

D

G

G

G

G

G

G

G

G

J

J

K

L

L

L

M

M

M

M

O

P

P

Q

R

R

S

S

S

T

T

G. Pitarresi et al. / International Jour

rondsted, H., Anderson, C., Hovgaard, L., 1998. Crosslinked dextran, a
new capsule material for colon targeting of drugs. J. Control. Rel. 53,
7–13.

ryant, S.J., Anseth, K.S., 2000. The effects of scaffold thickness on tissue
engineered cartilage in photocrosslinked poly(ethylene oxide) hydrogels.
Biomaterials 22, 619–626.

ummer, P.M., 1996. An FT-IR study of the structure of human serum albumin
adsorbed to polysulfone. Int. J. Pharm. 132, 143–151.

aliceti, P., Quarta, S.M., Veronese, F.M., Cavallaro, G., Pedone, E.,
Giammona, G., 2001. Synthesis and biopharmaceutical characterization of
new poly(hydroxyethylaspartamide) copolymers as drug carriers. Biochim.
Biophys. Acta 1528, 177–186.

avallaro, G., Pitarresi, G., Licciardi, M., Giammona, G., 2001. Polymeric pro-
drug for release of an antitumoral agent by specific enzymes. Bioconj. Chem.
12, 143–151.

avallaro, G., Maniscalco, L., Caliceti, P., Salmaso, S., Semenzato, A.,
Giammona, G., 2004. Glycosilated macromolecular conjugates of antiviral
drugs with a polyaspartamide. J. Drug Target. 12, 593–605.

ickinson, H.R., Hiltner, A., Gibbons, D.F., Anderson, J.M., 1981. Biodegrada-
tion of a poly(�-amino acid) hydrogel. In vivo. J. Biomed. Mater. Res. 15,
577–595.

an, L.H., Deen, G.R., Gan, Y.Y., Tam, K.C., 2001. Water sorption studies of
new pH-responsive N-acryloyl-N-methyl piperazine and methyl methacry-
late hydrogels. Eur. Polym. J. 37, 1473–1478.

iammona, G., Carlisi, B., Palazzo, S., 1987. Reaction of �,�-poly(N-
hydroxyethyl)-dl-aspartamide with derivatives of carboxylic acids. J.
Polym. Sci. Polym. Chem. 40, 2813–2818.

iammona, G., Cavallaro, G., Pitarresi, G., 1999a. Studies of macromolecular
prodrugs of zidovudine. Adv. Drug Deliv. Rev. 39, 153–164.

iammona, G., Pitarresi, G., Cavallaro, G., Buscemi, S., Saiano, F., 1999b. New
biodegradable hydrogels based on a photocrosslinkable modified polyas-
partamide: synthesis and characterization. Biochim. Biophys. Acta 1428,
29–38.

iammona, G., Pitarresi, G., Craparo, E.F., Cavallaro, G., Buscemi, S., 2001.
New biodegradable hydrogels based on a photo-cross-linkable polyas-
partamide and poly(ethylene glycol) derivatives. Release studies of an
anticancer drug. Colloid Polym. Sci. 279, 771–783.

iammona, G., Pitarresi, G., Tomarchio, V., Cacciaguerra, S., Govoni, P., 1997.
A hydrogel based on a polyaspartamide: characterization and evaluation of
in-vivo biocompatibility and drug release in the rat. J. Pharm. Pharmacol.
49, 1051–1056.

onzales, D., Fan, K., Sevoian, M., 1996. Synthesis and swelling character-
izations of a poly(gamma-glutamic acid) hydrogel. J. Polym. Sci. Polym.
Chem. 34, 2019–2027.

oppert, T.M., Muller, R.H., 2005. Protein adsorption patterns on poloxamer-
and poloxamine-stabilized solid lipid nanoparticles (SLN). Eur. J. Pharm.
Biopharm. 60, 361–372.

i, J., Feng, L., Qiu, Y., Yu, X., 2000. Stearyl poly(ethylene oxide) grafted sur-
faces for preferential adsorption of albumin. Part 2: the effect of molecular
mobility on protein adsorption. Polymer 10, 3713–3718.

u, H.K., Kim, S.Y., Lee, Y.M., 2001. pH/temperature-responsive behaviour of
semi-IPN and comb-type graft hydrogels composed of alginate and poly(N-
isopropylacrylamide). Polymer 42, 6851–6857.

unioka, M., Choi, H.J., 1995. Properties of biodegradable hydrogels prepared

by gamma-irradiation of microbial poly(lysine) aqueous solutions. J. Appl.
Polym. Sci. 58, 801–806.

icciardi, M., Campisi, M., Cavallaro, G., Cervello, M., Azzolina, A.,
Giammona, G., 2006. Synthesis and characterization of polyaminoacidic
polycations for gene delivery. Biomaterials 27, 2066–2075.

V

Y

Pharmaceutics 335 (2007) 130–137 137

loyd, A.W., Faragher, R.G.A., Denyer, S.P., 2001. Ocular biomaterials and
implants. Biomaterials 22, 769–785.

uck, M., Pistel, K.F., Li, Y.X., Blunk, T., Muller, R.H., Kissel, T., 1998.
Plasma protein adsorption on biodegradable microspheres consisting of
poly(d,l-lactide-co-glycolide), poly(l-lactide) or ABA triblock copolymers
containing poly(oxyethylene): influence of production method and polymer
composition. J. Control. Rel. 55, 107–120.

andracchia, D., Pitarresi, G., Palumbo, F.S., Carlisi, B., Giammona, G., 2004.
pH-sensitive hydrogel based on a novel photo-cross-linkable copolymer.
Biomacromolecules 5, 1973–1982.

aris, B., Verheyden, L., Van Reeth, K., Samyn, C., Augustijins, P., Kinjet,
R., Van den Mooter, G., 2001. Synthesis and characterisation of inulin-azo
hydrogels designed for colon targeting. Int. J. Pharm. 213, 143–152.

arkland, P., Zhang, Y., Amidon, G.L., Yang, V.C., 1999. A pH- and ionic
strength-responsive polypeptide hydrogel: synthesis, characterization and
preliminary protein release studies. J. Biomed. Mater. Res. 47, 595–602.

ellot, M.B., Searcy, K., Pinsho, V., 2001. Release of protein from highly
cross-linked hydrogels of poly(ethyeleneglycol)diacrylate fabricated by UV
polymerization. Biomaterials 22, 929–941.

hkawa, K., Kitsuki, T., Amaike, M., Saitoh, H., Yamamoto, H., 1998.
Biodegradation of ornithine-containing polylysine hydrogels. Biomaterials
19, 1855–1860.

ark, H.Y., Song, I.H., Kim, J.H., Kim, W.S., 1998. Preparation of thermally
denatured albumin gel and its pH-sensitive swelling. Int. J. Pharm. 175,
231–236.

itarresi, G., Pierro, P., Giammona, G., Iemma, F., Muzzalupo, R., Picci, N.,
2004. Drug release from �,�-poly(N-2-hydroxyethyl)-dl-aspartamide based
microparticles. Biomaterials 25, 4333–4343.

uintanar-Guerrero, D., Villalobos-Garcı̀a, R., Alvarez-Colı̀n, E., Corneo-
Bravo, J.M., 2001. In vitro evaluation of the bioadhesive properties
of hydrophobic polybasic gels containing N,N-dimethylaminoethyl
methacrylate-co-methyl methacrylate. Biomaterials 22, 957–961.

azzak, M.T., Darwis, D., Sukirno, Z., 2001. Irradiation of polyvinyl alcohol
and polyvinyl pyrrolidone blended hydrogel for wound dressing. Radiat.
Phys. Chem. 62, 107–113.

ypacek, F., Drobnik, J., Chmelair, V., Kalal, J., 1982. The renal excretion and
retention of macromolecules. The chemical structure effect. Pflugers Arch.
392, 211–217.

anada, T., Ito, Y., Sisido, M., Imanishi, Y., 1986. Adsorption of plasma
proteins to the derivatives of polyaminoetherurethaneurea: the effect of
hydrogen-bonding property of the material surface. J. Biomed. Mater. Res.
20, 1179–1195.

ibel, T., Maitz, M.F., Steiner, G., Vàzquez, L., Pham, M.T., Salzer, R., 2005.
In situ conformational analysis of fibrinogen adsorbed on Si surfaces. Coll.
Surf. B: Biointerf. 42, 219–225.

oppimath, K.S., Kulkarni, A.R., Aminabhavi, T.M., 2001. Chemically modified
polyacrylamide-g-guar gum-based crosslinked anionic microgels as pH-
sensitive drug delivery systems: preparation and characterization. J. Control.
Rel. 75, 331–345.

arasevich, Yu.I., Monakhova, L.I., 2002. Interaction between globular proteins
and silica surfaces. Coll. J. 64, 482–487.

omida, M., Yabe, M., Arakawa, Y., 1997. Preparation conditions and properties
of biodegradable hydrogels prepared by gamma-irradiation of poly(aspartic
acid)s synthesized by thermal polycondensations. Polymer 38, 2791–2795.
an Damme, H., 1990. Protein adsorption on at solid–liquid interfaces. Ph.D.
Dissertation, University of Twente, The Netherlands.

amamoto, H., Hirata, Y., 1995. Gel properties as a hydrogel of crosslinked
poly(l-ornithine) using organic crosslinking agents. Polym. Gels Netw. 3,
71–84.


	A new biodegradable and biocompatible hydrogel with polyaminoacid structure
	Introduction
	Materials and methods
	Materials
	Cell culture

	Apparatus
	PHM synthesis
	Preparation of PHM-based hydrogel
	Swelling studies
	Chemical and enzymatic hydrolysis studies

	Cytotoxicity assay
	Indirect method
	Direct method

	ATR-FTIR spectroscopy

	Results and discussion
	PHM synthesis
	Preparation of PHM-based hydrogel
	Characterization of PHM-based hydrogel
	In vitro biocompatibility studies
	Interaction of PHM-based hydrogel with plasma proteins

	Conclusions
	Acknowledgement
	References


