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Abstract

The purpose of this work was to investigate the physical properties of drug-loaded poly(methacrylic acid-g-ethylen¢R(lytah-g-EG)}
particles, their biocompatibility with the gastrointestinal tract of rats and also the effects of these patrticles on the tight junctions offetbignat in
epithelium. Model drugs such as diltiazem HCI, diclofenac Na, ciprofloxacin HCI and isoniazid were used in this study. P(MAA-g-EG) particles
were prepared by free radical solution polymerization of methacrylic acid (MAA) and poly(ethylene glycol) (PEG). The loading efficiency of
the model drugs in the particles and in vitro release profiles were investigated in pH 7.4 phosphate buffer and in gradually pH changing buffer:
(pH 1.2, 5.8, 6.8 and 7.4). The stability of free particles and drug-loaded particles was established by Fourier transform infrared spectroscop
(FT-IR) and differential scanning calorimetry (DSC). In conclusion, P(MAA-g-EG) particles controlled the release rate of small molecular weight
model drugs according to the pH of the medium. Stability of those particles loaded with drugs did not change in accelerated stability conditions.
Histopathological results indicated that loading drugs to the particles prevented cell and tissue damage after 20 h. Free particles showed no char
of tight junctions after 2 and 10 h. The results of TEM showed that increasing the amount of P(MAA-g-EG) particles from 100 to 385 mg clearly
opened the tight junction, but with serious epithelial cell disruption.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In this study, diltiazem HCI, diclofenac Na, ciprofloxacin HCI
and isoniazid were chosen as model drugs since all were small
Hydrogels are used as carriers for the delivery of drugs, pepnolecules having different ionic properties at pH 7.4 and all
tides and proteins, as targeting agents for site-specific delivergommonly cause gastric irritatioD(kes, 1988
or as components for preparation of protein or enzyme conju- P(MAA-g-EG) polymers are molecularly designed to con-
gates Peppas, 1997, 1999; Nakamura et al., 20@®polymer  tain poly(ethylene glycol) (PEG) chains promoting mucosal
networks of poly(methacrylic acid) grafted with poly(ethylene adhesion and poly(methacrylic acid) (PMAA) backbones with
glycol) henceforth designated as P(MAA-g-EG), exhibit pH carboxylic pendant groups (—COOH), which can act as calcium
swelling due to the reversible formation/dissociation of inter-binders leading to epithelial cell junction openindgdadsen and
polymer complexes. In the acidic environment of the stomachPeppas, 1999ATR-FT-IR, atomic absorption spectroscopy and
the gels are in a complexed state. As the polymer passes fro@aco-2 cell studies indicated that P(MAA-g-EG) particles could
the stomach into the intestine, the environmental pH increasdsind to calcium ions which increase the paracellular permeabil-
above the transitiongy of the gel. Then, the complexes disso- ity of epithelial cell monolayers by opening the tight junctions
ciate and the network mesh size rapidly increases leading to t{®#adsen and Peppas, 1999; Sipahigil et al., 2002; Torres-Lugo
release of the drugPeppas et al., 2001; Donini et al., 2002 et al., 2002; Foss and Peppas, 200hese particles are inves-
tigated as potential carriers for protein drugs such as insulin
and calcitonin llowman et al., 1999; Torres-Lugo and Peppas,
1999. Cell culture methods, also known as cytotoxicity tests,
* Corresponding author. Tel.: +90 216 414 29 65; fax: +90 216 345 29 52. Can be used t‘? evaluate the toxicity of the hydrogels. Th_e histo-
E-mail address: azgur@superonline.com (A.U&soy). logical analysis of polyy-(2-hydroxy ethyl)pL-aspartamide]
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(PHEA) showed no gross lesion of the stomach or duode- Drug loading was accomplished by swelling particles in pH

num when observed 24 h. after their oral administration to rat3.4 phosphate buffer solution (USP XXIV) containing drug

(Giammona et al., 1997 (diltiazem HCI or diclofenac Na or ciprofloxacin HCI or iso-
In this study P(MAA-g-EG) particles were used as carriers ofniazid) by stirring mechanically on an oscillating plate for 24 h.

small molecular drugs and also their biocompatibility with the After 0.1N HCI was added for the complexation, drug-loaded

gastrointestinal tract of the rats and their in vivo effect on tightparticles were filtered from membrane filter under vacuum

junctions and cells of gastrointestinal system were investigatednd lyophilized (Leybold-Heraeus Lyovac GT2). Drug:patrticle
The objectives of this study were the following: ratios were (1:25) and (5:25).

e Toevaluate the physical characteristics of P(MAA-g-EG) par-2.3. Drug release from particles
ticles such as loading efficiency, release rates and the stability.

e To characterize the histopathology of the ileum after free Drug-loaded particles were placed within a dialysis bag (Cel-
particles or pure drugs and drug-loaded particles were admirulose membrane, Sigma Chemical Co., St. Louis, MO, USA)

istered orally to rats. and immersed into a vessel containing the buffer solution. Drug
e To examine the effect of drugs and particles on epithelial tightelease studies were carried out att30.5°C under mechani-
junctions in vivo by TEM (Jeol, 1200 EX). cal stirring at 120 rpm in different dissolution media using USP
XXIV paddle method. pH 7.4 phosphate buffer solution (USP
2. Materials and methods XXIV) was used as dissolution medium. The gradual pH change
method was also utilized for dissolution studies. In this method,
2.1. Materials at 1.5 h intervals the pH of the dissolution media was changed

from pH 1.2 t0 5.8, 5.8 to 6.8 and 6.8 to 7.4 by adding 0.5M

Methacrylic acid (MAA) and poly(ethylene glycol) NaOH. Drug amounts were determined spectrophotometrically.
monomethacrylate (PEGMA) were purchased from Poly-
sciences Inc. (Warrington, PA). Tetra(ethylene glycol)2.4. Stability studies
dimethacrylate (TEGDMA) was purchased from Aldrich
Chemical Co. (Milwaukee, WI). Irgacure 184(1-hydroxy Drug-loaded particles were stored in a stability chamber
cyclohexyl phenyl ketone) was purchased from Ciba-GeigyBinder 240, Germany) at 402°C and 75:5% relative
Corp. (Hawthorne, NY). Diltiazem HCI, diclofenac Na, humidity for 3 months in order to evaluate the effect of acceler-
ciprofloxacin HCI and isoniazid were obtained respectivelyated conditions on the release profiles of these systems. FT-IR
from llsanlltas A.S., Fako, Koak and Deva, Turkey as a gift. and DSC analysis were also performed before and after the

All reagents used were of analytical grade. stability study. FT-IR spectra were obtained with a Nicholet
Magna-550 spectrophotometer using KBr disc method. The

2.2. Preparation of P(MAA-g-EG) particles and drug DSC scans were recorded by a Mettler Toledo apparatus, model

loading TSO 801 Ro, DSC 822. The measurements were made using an

aluminium sample pan, in nitrogen atmosphere with a flow rate
Particles were prepared by free radical solution polymerof 10 ml/min at a heating rate of 2C/min.
ization of methacrylic acid (MAA) and methoxy-terminated
poly(ethylene glycol) monomethacrylate (PEGMA). The MAA 2.5. Laboratory animals
was vacuum distilled at 542/25 mmHg to remove the inhibitor,
methoxyethylhydroquinone. PEGMA was used as received. The Wistar rats, 150-250 g, used for the histopathology and trans-
monomers were mixed in 1:1 molar ratio of MAA/EG repeating mission electron microscopy studies, were fasted for 24 h before
units with PEG of molecular weight 1000. The monomer mixturethe treatment. Throughout the experiments the rats were housed
was diluted with a mixture of 50% (w/w) ethanol and deionizedin iron cages. Approval was obtained by the Ethics Committee
water. TEGDMA was added as the crosslinking agent in theof the Faculty of Medicine of Marmara University.
amount of 75% of the total moles of the monomers. Irgacure
184° was used as the photoinitiator. 2.6. Histopathological study
The solution was purged with nitrogen to remove oxygen,

which acts as a free radical scavenger. The mixture was then After fasting for 24 h with free access to water, rats 6 rats)
poured between microscope slides (75mB0 mmx 1 mm)  were lightly anaesthetized with ether. Free particles (100 mg),
(Fisher, Pittsburgh, PA) separated by teflon spacers with adrugs (0.2mg diltiazem HCI, 0.4mg diclofenac Na, 2mg
approximate thickness of 1 mm. The monomer mixture in theciprofloxacin HCI, 1 mg isoniazid) and particles containing the
microscope slides was then exposed to UV light. The filmssame amount of drugs (drug-loaded particles) were adminis-
were washed for 7 days in deionized water (changed dailydered to Wistar rats orally with a gavage, separately. Rats were
to remove the solvent and any unreacted monomer. After thkilled after 2, 10 and 20 h for histopathological examination.
washing period, the films were dried under vacuum &t@&nd  The stomach, small intestine and colon of the rats were removed
pulverized into shapeless crushed particles and the size of tlieom the abdominal cavity and washed with 0.9% (w/v) saline.
particles was determined using the standard sieves. These tissues were processed routinely and embedded in paraf-
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fin. Sections (fum) were stained with haematoxyline eosine

(H&E). Tissues were fixed at least 24 h in phosphate buffered

10% formalin solution. Microscobic assessment by light

microscopy was performed blind on coded slices. Histological
damage was scored on a 0-3 scale as follows; 3: necrotic ulcers

ed %

2: haemorrhage or non-necrotic ulcers, 1.5: mild haemorrhage, 8

1.0: erythema, 0.5: mild erythema, 0: no observable damageE,

(Giammona et al., 1997 Histological damage index was
obtained by calculating the mean score for each group.

2.7. Transmission electron microscopy (TEM)

After fasting for 24 h with free access to water, rais-6
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rats) were |Ight|y anaeSthetlze_d _Wlth ether. Free part_ldes (109ig. 1. In vitro release profiles of diltiazem HCI, diclofenac Na, ciprofloxacin
and 385mg), drugs (0.2mg diltiazem HCI, 0.4 mg diclofenacyci and isoniazid from drug-loaded P(MAA-g-EG) particles in pH 7.4 phos-
Na, 2 mg ciprofloxacin HCI, 1 mg isoniazid) and ciprofloxacin phate buffer solution (meat S.D.).

HCI loaded particles containing 2 mg ciprofloxacin HCI were
administered to Wistar rats orally with a gavage, separately. Th

e

rats were anaesthetized and were sacrificed after 2 or 10 h. Thetween acidic insulin groups and amino groups of chitoBan (
small intestine was dissected between the pylorus and caecuest.al., 2000.
| However factors other than ionic interaction could be relevant
was cleared several times with phosphate buffer. After a perfufor the drug loading. In a study by Morishita et al. molecu-
sion with the fixative, the dissected specimens were immerseldr weight, complex nature and shape of the drug molecules
in the same fixative consisting of 2.5% gluteraldehyde and 4%insulin, theophylline, vancomycin and dextran) were found
paraformaldehyde mixture in phosphate buffer for 24 h. A postto be influencing factors for loading drugs to P(MAA-g-EG)
fixation process with 1% osmium tetraoxide and 3% lanthaniunmicroparticles. The low loading of theophylline (#10.5%)
nitrate in phosphate buffer was performed. The specimens weend vancomycin (14.% 0.3%) was attributable to the fact that

After removal of the intestinal content manually, the whole cana

then dehydrated, cleared and embedded in epoxy resin (Epahe small molecular weight drugs were “squeezed” out of the
812). Semi thin sections and thin sections were made, stainggkl when they were washed with the acidic solution during the
with uranyl acetate and lead citrate and observed with Jeol tranfsading process, while insulin was sufficiently large to remain

mission electron microscope. For all experimental groups thentrapped in the geMorishita et al., 200R

ileal region was investigated.
3. Results and discussion

3.1. Size and drug loading

sieved particles having 1§0m diameter were used throughout pffer solution.

the study.

Drug-loading percentage (wAvS.D.) of P(MAA-g-EG)
particles were 2.020.06, 1.79£0.21, 0.93:0.11 and
0.54+ 0.05 mg for isoniazid, diltiazem HCI, diclofenac Na and
ciprofloxacin HCI, respectively. Raising the initial drug con-

centration up to five times did not change the percentage o

3.2. Drug release

As shown in Fig. 1 69.47+1.00% of diltiazem HCI,
66.744+3.11% of diclofenac Na, 85.A#7.64% of cipro-

) ) floxacin HCl and 82.2% 2.40% of isoniazid were released from
Since particles were crushed, they were shapeless and ony(\AA-g-EG) particles at the end of 10 h in pH 7.4 phosphate

i

loaded drug amount. Among the drug-loaded particles, loadg

ing efficiencies of diltiazem HCI and isoniazid were compara-
tively higher than the loading efficiencies of diclofenac Na and

ciprofloxacin HCI. This might be due to the ionic interaction

1]
@
o
[]
T

between diltiazem HCI or isoniazid and the polymer because
during the drug-loading process in pH 7.4 phosphate buffer, dil-
tiazem HCI and isoniazid were cationic and the polymer was

anionic. On the other hand, ciprofloxacin HCI being neutral

and diclofenac Na being anionic in pH 7.4 resulted in low drug

loading.
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. . . . . Fig. 2. In vitro release profiles of diltiazem HCI, diclofenac Na, ciprofloxacin
_ In a Stu_dy of insulin |0_aded chitosan partlcles_, h'gh Ioa}d'HCI and isoniazid from drug-loaded P(MAA-g-EG) particles in gradually pH
ing of insulin was also attributed to the electrostatic interactiorchanging buffer solutions (pH 1.2, 5.8, 6.8 and 7.4) (me&hD.).
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Fig. 2 shows the in vitro release profile of the drugs from pH increased, the complexes dissociated allowing the net-
P(MAA-g-EG) particles in gradually changing pH buffers work to swell and rapid drug release occurred. Among
(pH 1.2, 5.8, 6.8 and 7.4). It is clear that due to thethe drugs, ciprofloxacin HCl gave a significantly rapid
complexation and decomplexation mechanism of the partirelease profile at pH 5.8 and 6.8 compared to other release
cles at pH 1.2, there was no drug released and as tharofiles.

Fig. 3. Histological analysis of the ileal region of the gastrointestinal system taken from the rats: (a) treated 2 h earlier with drug freeeatedes: (4@.m);

(b) treated 20 h earlier with drug free particles (scale bayi.d; (c) treated 2 h earlier with diclofenac Na (scale barpf§; (d) treated 20 h earlier with diltiazem
HCI (scale bar: 4Qum); (e) treated 20 h earlier with diclofenac Na loaded particles (scale bam3Q(f) treated 2 h earlier with ciprofloxacin HCI loaded particles
(scale bar: 9¢.m).



134 0. Sipahigil et al. / International Journal of Pharmaceutics 311 (2006) 130-138

3.3. Stability study caused by ciprofloxacin HCI and isoniazid reduced to erythema
in ciprofloxacin HCI loaded particles (0.950.49) Fig. 3)

No significant changes were observed in the release ratesd reduced to mild haemorrhage in isoniazid loaded particles
of the drugs after a storage period of 3 months in accelerf1.534 0.69) (data not shown) 2 h after the oral administration.
ated conditions 48-2°C and 75+ 5% relative humidity in  The observation of erythema caused by ciprofloxacin HCI and
the stability chambep(>0.05). The results of FT-IR and DSC isoniazid after 20 h resulted in a reduction of the lesions showing
analysis performed before and after the storage period in theormal villus structure with mild erythema when ciprofloxacin
stability chamber with the accelerated conditions showed né&iCl (0.50+ 0.41) or isoniazid (0.580.41) were loaded into
structural differences of pure drugs (diltiazem HCI, diclofenacparticles (data not shown). It can be concluded that loading these
Na, ciprofloxacin HCI and isoniazid), particles and the drug-drugs to the particles decreases cell damage to a certain degree

loaded particles (data not shown). after 20 h.
In an histopathological study of oral administration of free
3.4. Histopathological study diflunisal, a non-steroidal anti-inflammatory drug, character-

ized by gastric hemorrhage resulted in a significant reduction of

The histopathological examination of free particles showedjastric lesions when diflunisal was loaded into PHEA micropar-
erythema and focal erosion (0.840.41) 2 h after oral admin- ticles (Giammona et al., 1997Budesonide (BDS) and Eudragit
istration to rats Fig. 3a), but this result was reduced to mild microparticles containing BDS loaded cellulose acetate butyrate
erythema with focal erosion (0.670.00) 10 h after (data not (CAB) cores were administered orally to rats with experimen-
shown) and normal villus structure (0.600.52) was observed tally inflamed colons. A significant decrease in the score of
after 20 h Fig. 3b). These results indicated damaged cells andhe histological damage was observed in the rats treated with
tissues in the ileum of the gastrointestinal tract during 2 or 10 lEudragit S microparticles containing BDS-loaded CAB cores
due to the free particles but a recovery from the damage, afterompared with BDS suspensiodRddriguez et al., 2001
20h.

Apart from the free particles, pure drugs (diltiazem HCI, 3.5. Transmission electron microscopy
diclofenac Na, ciprofloxacin HCl and isoniazid) were also exam-
ined histopathologically 2 and 20 h after oral administration Minimal disruptions of tight junctions 2h after the oral
to rats. Diltiazem HCI (data not shown) (1.80.52) and administration of free particles (100 mg) to rats is shown in
diclofenac Na (1.1% 0.55) (Fig. 3c) showed erythema in the Fig. 4a. Goblet cells were increased in number and enterocytes,
ileum after 2 h but 20 h after the treatment, erythema with dif-paneth and endocryne cells were normalin shape. Ten hours after
fused erosion was observed indicating a progressive damagiee oral administration of free particles (100 mg) to rats, mini-
caused by diltiazem HCI (1.34 0.52) Fig. 3d) and mild haem- mal disruptions of tight junctions were also observed as shown
orrhage with diffused erosion and desquamation with diclofenam Fig. 4b. Goblet cells, enterocytes, paneth and endocryne cells
Na (data not shown) (1.500.41) were observed. On the other were normal in shape.
hand, haemorrhage with focal erosion (1488.41) was obvious Enlargement of interstitial space (tight junction disruption)
2 h after the administration of ciprofloxacin HCI, but after 20h 2 h after §ig. 4c) and shrinking of tight junction 10 h after
only erythema (1.08:0.52) was observed (data not shown). (Fig. 4d) the oral administration of ciprofloxacin HCI to rats were
Haemorrhage (1.84 0.41) observed 2 h after the administra- observed. Two and 10 h after the oral administration of diltiazem
tion of isoniazid reduced to erythema (14&0.55) 20 h after HCIto rats minimal disruptions of tight junctions were observed
the administration of isoniazid (data not shown). Mild recoveryand goblet cells were active and their secretion increased while
from the damage could only be observed 20 h after the admirpaneth and endocrine cells were in normal shajg. @e and
istration of drugs. f). Dilation of interstitial space and minimal disruption of tight

Hence, diltiazem HCI, diclofenac Na, ciprofloxacin HCI and junctions 2 h after the oral administration of diclofenac Na to
isoniazid were loaded into the particles and histopathologicalats Fig. 49) and shrinking of interstitial space and tight junc-
evaluation was carried out to investigate whether loading drugsons 10 h after the oral administration of diclofenac Na to rats
to particles could reduce the cell and tissue damage of free drug@:ig. 4h) were observed. Almost no enlargement of interstitial
The observation of erythema caused by free diltiazem HCI botkpace and minimal disruption of tight junctions was observed
after 2 and 20 h increased to haemorrhage (£8138) (data 2 h after the oral administration of isoniazifli§. 4) to rats.
not shown) 2 h after the administration of diltiazem HCI loadedShrinking of interstitial space and recovery of tight junction
particles. However after 20 h the result was a significant reductO h after oral administration of isoniazid to rats were observed
tion of the lesion showing no damage (084.52) (data not  (Fig. 4k).
shown). Diclofenac Na loaded particles gave similar results Among the drugs, only ciprofloxacin HCI (2 mg) showed
with free drug. Both showed erythema (1410.55) 2 h after the most distinctive enlargement of interstitial space, hence
the oral administration (data not shown). However 20 h afteciprofloxacin HCI (2 mg) loaded particles were investigated
the oral administration of diclofenac Na loaded particles a norto see whether any protective effect of the particles could be
mal villus structure with mild erythema (0.500.41) fig. 38).  observed. But no significant difference between ciprofloxacin
This judged to be a significant reduction of the mild haemor-HCI and ciprofloxacin HCI loaded particles were observed.
rhage caused by the free drug. The observation of haemorrha@gsruption of tight junctions 2 h after oral administration of
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Fig. 4. Transmission electron micrographs of tight junctional complexes of the rats: (a) treated 2 h earlier with drug free particles; (b) treatkerMith drug
free particles; (c) treated 2 h earlier with ciprofloxacin HCI; (d) treated 10 h earlier with ciprofloxacin HCI; (e) treated 2 h earlier with diltidzétid&ted 10 h
earlier with diltiazem HCI; (g) treated 2 h earlier with diclofenac Na; (h) treated 10 h earlier with diclofenac Na; (j) treated 2 h earlier witlljg&hiazated 10 h
earlier with isoniazid; (I) treated 2 h earlier with ciprofloxacin HCI loaded particles; (m) treated 10 h earlier with ciprofloxacin HCI loadesspém)itteated 2 h

earlier with 385 mg of drug free particless @il the figures arrows are showing junctional disruption and asterisks are showing foamy disruption except in (n) arrows
are showing enterocytes and asterisks showing junctional disruption).
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Fig. 4. (Continued).
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ciprofloxacin HCl loaded particles to rats were giverkig. 4. According to the literature, this study is the only in vivo inves-

Goblet hypertrophy and increase in secretion were observetigation on P(MAA-g-EG) particles histopathologically and for

Partial damage to the enterocytes were obvious. As shown itheir effect on epithelial tight junction of rats.

Fig. 4m, 10 h after oral administration of these drug-loaded par- Histopathological investigation of free particles showed cell

ticles to rats, enhanced enlargement of interstitial space amdamage in the ileum after 2 h but this effect slowly diminished

disruption of tight junction were observed. Goblet hypertro-after 10 h. Normal villus structure with no damage in the ileum

phy as well as partial damage in the enterocytes were observed the gastrointestinal system 20 h after oral administration of

again. particles to rats was observed. Hence, the observed cell or tis-
Since 385 mg free particles were necessary for loading 2 mgue damage with free drugs (diltiazem HCI, diclofenac Na,

ciprofloxacin HCI (loading percentage 0.50.05 mg), 385mg  ciprofloxacin HCI and isoniazid) were prevented at the end of

free particles were also investigated using the same procedu® h whenthose drugs were loaded into P(MAA-g-EG) patrticles.

in order to observe whether only particles without any drugOn the other hand, the results of TEM showed that increas-

have the ability to open the tight junctions. Two hours after,ing the amount of P(MAA-g-EG) particles from 100 to 385 mg

the absorptive cells of the small intestine displayed an enlargeslearly opened the tight junction but with serious epithelial cell

ment, distension and opening of the tight junctional complexdisruption.

The cell alignment was disrupted. Goblet cells were partially

damaged and partially not op;ervd?ig. 4n). On the ther Acknowledgments
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