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In the present study polyvinylpyrrolidone (PVP) wgmafted with crotonic acid (CrA) in
order to obtain novel hydrogels which are pH — oesjve. The grafting was performed by
mixing the polymer solution with various concentas of CrA and applying gamma
radiation at different doses. The effects of theparation conditions such as the irradiation
dose and CrA concentration on the gelation procass$ swelling of the synthesized
copolymer were investigated. The hydrogel systers wsed as carrier for a model drug,
ketoprofen, the release behaviour of the drug fiben hydrogel was monitored in two
different release media (pH 1 and pH 7.2), andasedd amounts of ketoprofen were followed
up spectrophotometrically. The release was lowha dcidic medium compared to a better
and extended release in the neutral medium suggette possibility of using this hydrogel
as potential drug carrier to allow targeted releagbe intestinal medium.
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1. Introduction

Hydrogels are polymeric networks that have theitgbib swell considerably in aqueous
media. The hydrophilic groups attached to the pelytrackbone provide the hydrogel with
its water absorbing characteristics. Meanwhiledtwsslinking between the polymeric chains
prevent it from dissolving in aqueous environmeneérfnink et. Al, 2002; Hoffman, 2002;
Tanaka, 1978; Shibayama and Tanaka, 1998).

These hydrogel systems have been employed in wapplications including medicinal and
pharmaceutical fields due to their properties otewabsorbance, mucoadhesive and bio-
compatibility (Rosiak et al., 1983; Peppas and Mijkd986; Peppas, 2004; Lugéo et al.,
1998, 1999; Ajji et al., 2005, 2008; Wu et al., 20Mozalewska, 2017; Szafulera et al.,
2018). Hydrogels responding to external stimulirsas heat, pH, chemical environments and
ionic strength are often referred to as “intelligérydrogels” (Qiu, 2001). pH-responsive
hydrogels have been investigated in controlled dleigrery where the release of the drug is
triggered by a change in the pH of the surroundimeglia which could occur naturally at
different sites in the human body. For examplehgzart of the gastrointestinal (Gl) tract has
its own pH value. A pH change could also be a sigabnormality such as the tumour acidic
microenvironment (Mooney, 2016). Thus, by using rogeél pH-responsive system a
targeted delivery of the drug to a specific site patentially be achieved. For instance, the
gastric pH (<3) is much lower the pH that of théestine, so the swelling of an anionic
hydrogel in the acidic stomach is minimal leavihg drug entrapped and shielded in the
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polymer structure. When the system passes to tlestine milieu, the negatively charged
pendant groups will repel each other causing hyelregelling and drug release (Du et al.
2015; Rizwan, 2017). This Gl targeted delivery seful for drugs with poor gastric stability
and to reduce the irritating effect of the drugtbe gastric mucosa. The hydrogels could be
usually prepared from hydrophilic polymers whichllwie grafted with multi-functional
linkers through physical, chemical or ionising diaion methods. The irradiation techniques
have the advantages of providing clean cross-lingetymers without initiator residue
(Ahmed et al., 2015). The preparation of these tianalized hydrogels attracted the
attention of many researchers in the world foirtpetential application in adrorption and
separation heavy metals (Saraydin et al., 199%eGiet al., 1999; Ajji, 2005; Ajji et al,
2005; Ajji, 2007; Ajji et al., 2009a, 2009b; Nagcafal., 2012; Saraydin et al., 2016).

Polymerization and copolymerization of crotonic daqiCrA) has been studied in the
temperature range of 77-350 K. It had been folwadl ¢rotonic acid monomer had not been
added to radical propagating centres of a polyrhaincat temperatures below 165 K. This
low activity of the monomer was attributed to theetding of the double bond by the CH
group preventing the addition of acid to the ralibievertheless, crotonic acid can be added
to propagating radicals of the chain of other moamm(acrylates) in copolymerization at
temperature higher than 165 K. However the fornaelical active centre of crotonic acid has
the low activity because of steric hindrances e@dty CH3 and COOH groups (Kuzina et.
al., 1992). Caykara et. al. reported on the prejgaraof Poly(N-vinyl-2-pyrrolidone—
crotonic acid) copolymers by means of gamma-raytistp from various monomer
compositions. Some properties had been presentedudace free-energy, gelation and
swelling (Caykara et al., 2004a, 2004b).

In the current investigation the hydrogels wereppred by grafting PVP with various CrA

concentrations using different gamma irradiatioseto The objectives of this study are to
develop a novel PVP-based hydrogel by gamma irtiadiaand to test its ability as a pH-

responsive drug carrier. Ketoprofen was used asdehof a hydrophobic anti-inflammatory

nonsteroidal drug that causes stomach irritati@netiore it is preferable to be incorporated
into a carrier resistant to gastric media to bessghently released in the intestinal milieu.

2. Experimental

2.1. Materials

PVP (MW = 72000) was obtained from Merck, crotaaad (purity > 99%) from Fluka.
2.2. Methods

Graft copolymerization

The direct radiation-induced grafting of CrA ontolyvinylpyrrolidon (PVP) was used as a
preparation technique. 6 g PVA (MW = 72000) wassaliged in 90 ml distilled water and
heated. Different amounts of CrA (0.2 — 4 g) wessalved in the PVP solutions, and poured
into glass tubes. The tubes containing all reastamére irradiated in air at ambient
temperature using a &Gamma cell (dose rate 3.5 kGy/h) to different dageto 85 kGy.
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Scheme 1

Scheme 1 suggests few reaction possibilities of @WithA the polymeric chains; it might build
a bridge between the polymer chains or bonded fsomside with the polymeric chain and
forming a free radical which could react with sumding species.

Determination of Gelation

After drying the irradiated sample®Vf), the samples were soaked in distilled water up to
constant weightWks) to remove soluble and unreacted species. Theoggts were then dried
again W), and the degree of gelation (%) was calculatedlbswvs:

Degree of gelation (%¥F WE x100

(0]

Determination of maximum swelling

After soaking of the dried hydrogel in distilled t&a for 3 days at least, the maximum
swelling was calculated:

Maximum swelling (%¥ WWW° x100

(]

WhereWs is the weight of gel at equilibrium, aid, is the weight of dried gel.

Loading and release of Ketoprofen

100 mg of Ketoprofen was dissolved in 10 ml phosphmffer of around pH 7.2. The dry
hydrogels were (32.2 mg, 0.2% crotonic acid) waaked in the drug solution at room
temperature until equilibrium. The PVP-g-CrA hydebtpaded with Ketoprofen was allowed
to swell in hydrochloride acid solution (pH = 1)daa 0.2 M phosphate buffer solution (pH =
7.2) to perform the release studies. The drug-ldddelrogel was put in 25ml of 0.2 M HCI
(pH = 1) for 3.5 h, then transferred into 100 n? & phosphate buffer (pH 7.2) for 47 h.
The concentration of drug was measured using an\VI&/-spectrometer, Shimadzu (type
UV-1601).

3. RESULTSAND DISCUSSION
3.1.Characterization of PVP/CrA hydrogels



Figure 1 represents the percent of gelation witdpeet to the irradiation dose for various
concentrations of the crotonic acid. It can be s#sat the gelation% increases with
increasing the irradiation dose which can be erpldiwith the increase in the crosslink
density due to increasing the irradiation dose. Tiwease in the CrA leads to lower
gelation% and raising the gelation dose. The adgghtract as reaction inhibitor as this was
reported in the literature as well using other tymé acids (Ajji, 2005). It can also be
observed that no insoluble samples were obtainedtiflh CrA concentration at low doses
compared with the samples using lower acid conagatr.

FTIR spectra were recorded using a Nicolet 670Ctsp@eter for the PVP raw powder,
crotonic acid, and the PVP-g-crotinic acid (Fig@)e The FTIR spectra of PVP shows the
following characteristic bands associated wittsttsicture. The absorption band at 3448tm
could be attributed to the O-H stretching vibrasioithe band at 2924 ¢his due to C-H
stretching vibrations, while the absorption band1665 cn could be attributed to the
stretching carbonyl group C=0. The peak at 1383 ismiue to C-H bending and the peak at
1287 cnt could be due to C-N stretching vibrations. Theftggahydrogel with carboxylic
acid onto the crosslinked PVP shows a thresholdlgmeak around 1577 cthwhich could
be the most clear evidence of the grafting of @émdaxylic acid onto PVP; this peak could be
due to carbonyl group of carboxylic acid which rafted onto PVP.

Figure 3 represents the maximum swelling with rdgao the irradiation dose for various
concentrations of crotonic acid. It can be seen th@ maximum swelling decreases with
increasing the irradiation dose which can be erpldiwith the increase in the crosslink
density due to increasing the irradiation dose thatlers the polymeric chains to expand/
move freely. The increase in the CrA concentratied to lower gelation% and higher
maximum swelling. To be mentioned that at higheA Concentration and lower doses, the
samples stayed liquid or dissolved in water dutirggwashing procedure.

The swelling behaviour of hydrogels plays an imawettrole in controlled drug release
behaviour. Therefore, it was important to invesegthe effect of the pH on the hydrogel
swelling. Swelling of the hydrogels in different pMalues had been performed (pHs 1 to 8).

Figure 4 represents the swelling of the PVP-g-Cy#irbgels with respect to pH values. A
significant increase in the swelling can clearlydixeserved with increasing pH value of the
solution, which indicates that drug release could gossible. This is consistent with
polyelectrolyte systems, that the maximum swelliveye achieved between pH 6 and 7 due
to complete dissociation of acidic groups of CrAhas pH value. The disassociation constant
of CrA is pK; = 4.69 (Butler, 1964). The swelling values of théselrogels show atmost
sudden increase at the pH values around correspppéia value.

The hydrogel swells with time achieving a platefferaalmost 40 h as shown in Figure 5; it
indicates the influence of the irradiation dose & concentration on the maximum
swelling of the prepared hydrogels as mentioned@bo

Diffusion

When a hydrogel is brought in contact with watetisons, water diffuses into the hydrogel
and the network expands resulting in swelling efhlydrogel. Analysis of the mechanisms of
water diffusion into swellable polymeric systems hhaceived remarkable attention in recent
years, because of various important applicationssweéllable polymers in biomedical,
pharmaceutical, environmental, and agriculturairegying (Karadag et al., 2005).

The following equation is used to determine theuretof diffusion of water into the
hydrogels.
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where F is the fractional uptake at time /(M « ), k a constant incorporating characteristic
of the macromolecular network system and the pategtand n is the diffusion exponent,
which is indicative for the transport mechanismp(ges and Franson, 1983). The equation is
valid for the first 60% of the fractional uptakeckian diffusion and Case Il transport are
defined by n values of 0.5 and 1, respectively. Aalmus transport behavior (non-Fickian
diffusion) is intermediate between Fickian and Clhs€hat is reflected by n between 0.5 and
1 (Peppas and Franson, 1983).

For the prepared PVP-g-CA hydrogels, Ln (F) istgldtversus Ln (t), and the results are
represented in Figure 8. Diffusion exponents () diffusion constants (k) are calculated
from the slopes and intercepts of the lines, respg, and are listed in Table 1.

Table 1 shows diffusion exponents (n) and diffustonstants (k) in acidic and slight alkaline
media; the number (n) determines the type of siffio. (n) is over 0.5 in neutral-alkaline
media for all doses. Hence, the diffusion of watéo the super absorbent hydrogels have a
non-Fickian character as generally described inliteeatue (Peppas and Franson, 1983;
Saraydin et al., 2004).

The study of diffusion phenomena of water into logehls is of high value in clarifying
polymer behavior. The diffusion coefficients fordnggels can be calculated by various
methods; the short time approximation method isliegpgor the calculation of diffusion
coefficients of PVP-g-CrA hydrogels (Am Ende an@pas, 1997). This method is valid for
the first 60% of initial swelling. The diffusion etiicients of the cylindrical PVP-g-CrA
hydrogels using the following relation:

%
FZA{DtJ
Th?

where D is in crhs ?, tin s and r is the radius of a cylindrical pomsample.

For the prepared hydrogels, F was plotted veréuartd obtained results are shown in Fig. 7,
and the diffusion coefficients were calculated fritra slope of the lines and listed in Table 2.
A slight increment in the diffusion coefficient Withe increase in the irradiation dose could
be observed in agreement with the another systesistong of acrylamide-co-CrA published
previously (Karadag et al., 2005)

Release of Ketoprofen

The chemical structure of Ketoprofen is illustratediollowing scheme:



Hydrogen bonds between the carboxylic functionaugs of ketoprofen and the carboxylic

group of the grafted crotonic acid could be fornasdvell as with the amide groups of PVP;
also the keto functional group might interact wpidrtially positively charged hydrogen of

the carboxylic or amid groups. Hydrophobic intei@ts are also possible between the alkyl
backbone of the polymer and the benzene rings,imdme weak attractive forces.

The release experiments were carried out in asidligtion (pH 1) which is almost similar to
that of fasted- state gastric medium for 3.5 h anbluffer solution of pH 7.2 which simulates
the pH of the intestinal medium for 47 h.

Figure 8 shows the drug release behaviour of P\RA)hydrogel as a function of time at
pH 1 and 7.2. The figure shows that there is vemyteéd drug release at pH 1 whereas the
drug release occurs as soon as the copolymer eéra@dfinto the buffer solution of pH 7.2.
The results show that the drug release is pH degpegndnd could be considered as pH
responsive release system. This could be explawitdthe presence of strong hydrogen
bonds in the acidic medium due to protonated hydrgroups, which hinders the release of
ketoprofen. In alkaline medium the hydrogel netwakpands due to the decrease in
hydrogen bonds and consequently the drug mightleased as the experiments showed.

Conclusion

Polyvinylpyrrolidone was grafted successfully withtA obtaining novel pH — responsive

hydrogels. The effects of the reaction conditiomshsas the irradiation dose and CrA
concentration on the gelation process and swelliage investigated. The hydrogel system
was also tested as carrier for a model drug, kefepr and the release of the drug was
monitored in two different release media (pH 1 phld7.2). The release was limited in acidic
medium relatively to a higher and extended relaasthe neutral medium suggesting the
possibility of using this hydrogel as potential glrcarrier to allow targeted release in the
intestinal medium.
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Table 1. diffusion exponents (n) and diffusion danss (k)
0.2% crot. pH=1 pH=7.2
Dosg n | ? | k n| 72| k
45 0.54| 0.99| -2.81| 0.54| 0.99| -2.87
65 0.49| 0.99| -2.64| 0.59| 0.99| -3.15
85 0.45| 0.99| -2.21| 0.51| 0.99| -2.55




Table 2. diffusion coefficients for PVP-g-CrA hydeds
0.2%crot, pH=1 pH=7.2
Dosg D || D | P
45 0.075/ 0.99| 0.073| 0.99
65 0.066( 0.99| 0.073| 0.99
85 0.083] 0.99| 0.083| 0.99




90 T T

T T T T T
80 | 1
§
S 70 i
ks
o)
]
60 - —O— 0.0% crot. acid |
—%*— 0.2% crot. acid
—*— 0.6% crot. acid
—— 1.0% crot. acid
50 L L L h 1 1 1

10 20 30 40 50 60 70 80
Irradiation dose (kGy)

Figure 1. Gelation% vs. the irradiation dose fatiasas concentrations of CrA

10



%0 PvP 1577 cm™
80

— PVP-g-CrA
70 fr T

60
50
40

Transmittance

30
20

10k . . . . . . L
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 2. FTIR spectra of PVP, crotonic acid, aMiPR)-CrA

11



T T T T T T T
1800 ‘
5 10 —%*— 0.0% crot. acid

45000 B oo —0— 0.2% crot. acid ||
" 2 10 —*— 0.6% crot. acid
% g 1000, —&— 1.0% crot. acid
E i
T 30000 ® 1
E R
7 Dose (kGy)
€
g
% 15000 - 7
]
=

(0

10 20 30 40 50 60 70 80 90
Dose (kGy)

Figure 3. Swelling % vs. the irradiation dose farigus CrA concentration

12



3000

—0— 0.6% crot. acid 85
2500 | —*— 0.2% crot. acid 85
—0—0.0% crot. acid 85

2000 -

1500 -

Swelling%

1000 [~

500

pH value

Figure 4: Swelling of the PVP-g-CrA hydrogels dtatient pH values

13



2500

2000 H 0.2% crot. acid .

—O0—45 kGy OC
| —0—65 kGy

2000 —*—85 kGy
1500 |- 1
o1
g 1500+ <
g 2
E T 1000 1
& 1000 H
s00 _ 500 |- &
kA — ek ———————————%
L 1 1 1 1 1 1 1 1 1 1 1 1 A 1 1 1 1 1
o 2 4 6 40 50 60 -1 0 1 2 3 4 5 3540 45 50 55 60 65

Time (h) Time (h)

Figure 5 The effect of the CrA concentration (ledind irradiation dose (right) on the
maximum swelling of the hydrogels

14



T T T T T 0.0 T T
0.2% crot. acid | PH=1 0.2% crot. acid| PH=7.2 A
0.0H * 45kGy * 45KGy
O 65kGy O 65kGy
A B5kGy -0.5+| & 85kGy
0.5
iy T -1of
= =
4 10} 5
-15F
15}k
1 1 1 1 1 _20 1 1 1 1 1
2.0 25 3.0 3.5 4.0 4.5 5.0 2.0 25 3.0 3.5 4.0 4.5 5.0
Ln(t) Ln(t)

Figure 6. Representation of the fractional swgllof PVP-g-CA prepared at different doses:
45, 65, 85 kGy (0.2% CrA concentration)

15



Crotonic acid = 0.2%; pH=1 Crotonic acid = 0.2%; pH = 7.2

1.0 T T T 1.0
* 45kGy A * 45KkGy
O 65kGy O 65kGy
A 85KGy A 85kGy
0.8 /6/
o6 s
w 7Y
- /@/6
0.4
N el
A /
02f %
. . . .
4 6 8 10 12 4 6 8 10 12
SQR(t) SQR(t)

Figure 7: Representation of the fractional swell{fy of PVP-g-CrA prepared at different
doses: 45, 65, 85 kGy (0.2% CrA concentration)

16



T
0.2% croton|
0.0F .7 s5ka
* 65kG
85 kG

-0.5

\(F)

N
(=)
o

[
o
o

100

Accomulated release (mg/g)
3
1

|

1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400
Time (min.)

Figure 8. Release profile of ketoprofen from PVEA-in acidic solution (pH 1) for 3.5 h
followed by a buffer solution of (pH 7.2) up to 47

17



Highlights

. PVP grafting with crotonic acid to obtain pH —pessive hydrogels

. Reaction conditions were investigated: irradiati@lose and crotonic acid
concentration

. The hydrogel system was tested as carrier forpkefen

. the release was low in the acidic medium, butebednd extended release in the
neutral medium

. Possible use as potential drug carrier targegtegpse in the intestinal medium
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