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Physically cross-linkegh-lactoglobulin (BLG) protein gels containing theophylline and sulfamethoxazole low
molecular weight drugs were prepared in 50% ethanol solution at pH 8 and two protein concentrations (6 and 7%
(w/v)). Swelling behavior of cylindrical gels showed that, irrespective of the hydrated or dehydrated state of the
gel, the rate of swelling was the highest in water. When the gels were exposed to water, they first showed a
swelling phase in which their weight increased 3 and 30 times for hydrated and dehydrated gels, respectively,
due to absorption of water, followed by a dissolution phase. The absorption of solvent was however considerably
reduced when the gels were exposed to aqueous buffer solutions. The release behavior of both theophylline and
sulfamethoxazole drugs from BLG gels was achieved in a time window ranging from 6 to 24 h. The drug release
depended mainly on the solubility of the drugs and the physical state of the gel (hydrated or dry form). Analysis
of drug release profiles using the model of Peppas showed that diffusion through hydrated gels was governed by
a Fickian process whereas diffusion through dehydrated gels was governed partly by the swelling capacities of
the gel but also by the structural rearrangements inside the network occurring during dehydration step. By a
judicious selection of protein concentration, hydrated or dehydrated gel state, drug release may be modulated to
be engineered suitable for pharmaceutical as well as cosmetics and food applications.

Introduction particularly of great importance to the food industry. In recent
years, the concept of using whey proteins as microencapsulating
Chemical and physical cross-linked hydrogels for controlled agents has been establisHé& Emulsification, heat gelation
and/or sustained core release have been developed for pharmaand chemically cross-linked whey protein based microcapsules
ceutical and other applications using both synthetic and naturalhave been developed for controlled release applicatfors.
polymers. Natural polymers suitable for developing hydrogels Wall matrixes consisting of whey proteins isolate (WPI) have
for such applications include mainly proteins and polysaccha- been reported to provide effective protection against oxidation
rides. Therefore, there is an increasing interest in physically of encapsulated lipids in storage conditions that are known to
cross-linked hydrogels because the use of cross-linking agentspromote lipid oxidatiori® A series of studies have demonstrated
to prepare such hydrogels is avoided. Several physical interac-that whey proteins exhibit excellent microencapsulating proper-
tions were exploited to design hydrogels such as ionic interac- ties and are suitable for microencapsulation of volatile and
tions, e.g., alginate gels? hydrophobic interhelical interfaces  nonvolatile core materiaf$-25 However, thermal treatment or
(coiled-coil interactions) taking place in self-assembled artificial chemical cross-linkint§ needed to induce gelation of BLG limits
proteins}® or antigen antibody interactions by making an their application in formulations containing heat sensitive
antigen-sensitive hydrogel prepared by the application of the ingredients and toxicity problems of chemical agents may
antiger—antibody binding at cross-linking points in the hydro- damage incorporated active agents. Furthermore, for whey
gel$ proteins, an alternate gelation method, involving low temperature
Proteins have been shown to present a significant potential (i.e., cold gelation) have been exploited to overcome this
as wall materials for controlled and sustained release of different limitation.26 This method requires preheating of protein solution
drugs, and most of the reported research has been focused ofollowed by addition of chilled C& salt solution. The amount
different albuming. 1! Both chemical and physical cross-linking ~ of salt used to form a cold-set gel is likely to be the major
methods have been used to create protein hydrogels. Indeterminant of the structure and spatial organisation of protein
chemically cross-linked gels, covalent bonds are present betweeraggregates’
different protein aggregates. In physically cross-linked protein  To create physically cross-linked gels, another alternative and
gels, dissolution is prevented by physical interactions existing original method based on gelation/phase separation at room
between protein aggregates. temperature using cosolvent such as water/ethanol solution has
Among proteins, whey proteins (WP) gi-lactoglobulin been investigatetf 3 The protein hydrogel formed by this way
(BLG) are widely used as food ingredients, because of their can be used directly in virtually any biological system, as the
high nutritional value and their remarkable functional proper- ingredients used to prepare gels are biocompatible and biode-
ties1213 Among these is their gel forming ability, which is  gradable provided part or total ethanol amount is removed. It
has significant advantages for purification and drug loading in
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of ethanol on structural changes of BLG in dilute solutions has gels manipulation. 25 mL of protein solutions at the two different
been extensively studied using spectroscopic methods andconcentrations and two different pHs (2 and 8) were homogenized by
revealed that BLG shifted from a predominantBtsheet vortexing the tubes for a few seconds followed by degassing to remove
structure to ana-helical structure when ethanol percentage air bubbles. The solutions were then poured into circular Teflon moulds,
increased? This conformational change has been demonstrated which were previously fixed onto Teflon plate with the'help of silicon
to be reversible, i.e., the protein fully recovered its native 9rease.The upper partof the moulds were covered with glass plates to
conformation after removal of etharfdlThe gelation kinetics ~ @void samples dehydration. Depending on the pH and concentration
of BLG in 50% (v/v) water/ethanol solution were studied at 25 US€d: the equilibrium gel state was reached in a time period ranging
°C by using rheological measurements and microscopic meth- oM 1 10 7 days. Constant equilibrium time of one week was chosen
0ds?® The phase state diagrams as a function of pH and ethanoIWhatever the cpndltlons used to _obtaln BLG gels in order to achieve
concentration showed that a gel structure appeared after a perio& ompletde fgelatlﬁn anfcli 1o get I3t|ﬁ gdels. Aﬂ: ' donhe wgek, gel!s dW.e’f

ing from 1 min to 1 week, depending on the physicochem- removed from the Teflon moulds and punched them into cylindrical
irSErlllglcnognditions” Viscoelasticity and infrared measurements shapes except those formed atpH 2 which were too brltt_le and flnally
- : ) . X unabled to be punched into cylindrical shapes. As it was impossible to
indicated that,a|C0h0|"nduced gelation would proceed via a two- panqje gels without breaking the structure, BLG gels formed at pH 2
step mechanism: small aggregates loosely connected betweel)qre discarded from our study.

them were first built up, and a real network took place in a  pehydrated Gel Preparation and Characterization.BLG hydrated
second step. The coarse and irregular structures formed ingels were dried at room temperature until a constant weight was reached.
aqueous ethanol gels revealed by confocal laser scanningrhe solvent content after complete dehydration of protein gels was
microscopy could be analyzed in terms of a phase separ@tion. evaluated by the Karl Fisher method and was found to be 4% for all of
BLG in water-ethanol solution would undergo either an the gels. Wide-angle X-ray diffraction was used to characterize the
inhibition of the demixing by gelation or a binary phase amorphous or crystalline phases present in the solid transparent protein
separation accompanied by an irreversible gelation transition. matrixes.

In this paper, results from the encapsulation of two different ~ Encapsulation.10% (w/w) of two different drugs, SF and TP, with
model drugs, theophylline (TP) and sulfamethoxazole (SF), in respect to protein dry mass, were dispersed into the protein solutions
BLG networks formed by the gelation/phase separation methodat pH 8 separately in 30 mL plastic tubes. An appropriate volume of
at room temperature and pH 8 were presented. The objectivesethanol was then added giving a 50% (w/v) ethanol concentration and
were to demonstrate the combined swelling and controlled 2 total protein concentration of 6 or 7% (w/v). It was checked that

release capacities of these protein hydrogels in order to find dispersion of model drugs in ethanol before mixing with protein
potential applications in the microencapsulation field solutions did not affect drug release kinetics. Immediately after adding
' ethanol, the tubes were subjected to homogenization for a few seconds

followed by degassing to remove air bubbles. The drug containing
Materials and Methods solutions were placed into circular Teflon moulds to form gels. The
Teflon moulds were covered with glass plates to avoid samples
B-lactoglobulin (BLG) was obtained from Davisco International, Inc.  dehydration. After one week, circular gel disks were removed from
(Lot number JE 001-1-922, Le Sueur, MN). Protein content was Teflon moulds and punched into cylindrical shape gels. Some pieces
determined with the semi-micro Kjeldahl method (AOAC, 1984) using  of gels were dried at room temperature while other pieces of gels were
N-factor of 6.38 and was found to be 89.8%. Hydrophobic C18 stored in closed plastic bottles before use.
chromatography using a water-TFA (0.1%) gradient (solvent A) and a  Swelling of Hydrated and Dehydrated Gels in Different Solvents.
TFA (0.1%)-acetonitrile gradient (solvent B) gave two major peaks A known weight of both hydrated and dehydrated protein gels was put
corresponding to BLG variants A and B (98.2%) and a minor peak in different conical flasks, and 50 mL of different solvents such as
(1.6%) corresponding ta-lactalbumin. The mineral composition was  water, water/ethanol, phosphate buffer solution (PBS) pH 7.8, PBS
(g per 100 g) 0.013 Mg, 0.079 C&", 0.576 N4, 0.097 K*, and 0.050 dithiothreitol (DTT), PBS+ 1 M urea, PBS+ 3 M urea, sodium
CI™. BLG was extensively dialyzed against water (until conductivity chloride (NaCl) solution, and Na€HCI buffer pH 1.2 were added
close to water was reached) before use and freeze-dried. SF (lot no.separately. The flasks were kept in a shaking water bath (100 rpm) at
101K1461) and TP (anhydrous, minimum 99% purity, lot no. 093K0122) 37 °C, the gels being removed at different times, blotted with a tissue
compounds were purchased from Sigma-Aldrich. TP has a moderatepaper to remove surface water, and weighed. The swelling ratio was
aqueous solubility of 8.3 g/L at 2%, whereas its solubility in ethanol  defined as the weight of absorbed solvewt) per weight of initial
is 12.5 g/L at 25°C. SF has a very low aqueous solubility of 0.2 g/l gel weight V). The swelling ratioQ of the gels was then calculated
at 40°C, whereas it is sparingly soluble in alcohol. Buffer solutions using the equation:
were prepared using analytical grade chemicals.

Protein Solutions Preparation. The protein was dissolved in water W, — W,
(stock solution 20%, w/w, dry-matter basis) and the pH adjusted to 8 Q=——+ Q)
with NaOH solutions (0.1 or 1 M). The solutions were stirred overnight W,
at 4°C to ensure both complete hydration and maximum solubility of
the material. The undissolved material was, therefore, removed by Each swelling experiment was repeated two times=(2).
centrifugation at 11 0@pfor 40 min. The concentration of the protein In Vitro Release. Two different concentrations (6 and 7%, w/v) of
stock solution was determined from the optical density at 278 nm, hydrated and dehydrated protein gels containing two different drugs
corrected for turbidity, using the valueﬂﬂ’m = 9.6 for the specific of 10% w/w (with respect to protein weight) were used for in vitro
absorption coefficient. release studies in three different solvents: water, PBS pH 7.8, and

Hydrated Gels Preparation. Appropriate volumes of water and ~ NaCIl—HCI buffer pH 1.2. Briefly, known weights of drug containing
ethanol were added to BLG stock solution to give the required hydrated and dehydrated gel pieces were taken in 200 mL conical flasks,
concentrations of BLG (6 or 7%, w/v) in aqueous ethanol solutions, and 100 mL of water and buffer solutions were added separately to
the final ethanol concentration in the mixture being 50% (w/v). These each flask. The flasks were placed in a constant shaking water bath at
two protein concentrations were chosen for two reasons: first, critical 37 °C. Aliquots (0.5 mL) were withdrawn periodically to determine
gelation time § was appropriate for swelling and drug release studies, drug concentration and, in all cases, equal volumes of dissolution
i.e.,tg = 4000 and 500 min for 6 and 7% (w/v) protein concentration, medium were immediately added to maintain a constant volume. TP
respectively) and second, gel strength was in agreement with furtherand SF concentrations were determined spectrophotometrically a(t;%)?\z}
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Figure 1. Morphologies of g-lactoglobulin (BLG) gels (C = 7%, w/v) 0 10 20

formed in 50/50 (w/v) water/ethanol solvent (A) fresh hydrated gel Time (h)

(B) dehydrated gel (C) dehydrated gel after equilibrium swelling in . . o .

PBS. Figure 2. Swelling kinetics of -lactoglobulin hydrated gels (C = 7%

(wiv), 50/50 (w/v) water/ethanol) in different solvents (n = 2). Inset:
and 264 nm, respectively. Absorbance from blank (gels without drug) Same figure without data collected in water, (#) water, (©) 50/50 (w/
as a function of time was systematically measured and subtracted from¥) Water/ethanol, (a) PBS pH 7.8, () PBS + DTT, (@) PBS + 1 M
the drug loaded gels absorbance value. This measurement ensured t rea, (O) PBS + 3 M urea, (W) NaCl, and (0) NaCl—HCI buffer pH
take into account the partial solubilization of gels in the external solvent
that might occur during the time of release experiments. Samples were T T T T T T T T
withdrawn until two successive aliquots showed no increase in
absorbance. The amount of TP and SF released from the hydrated and 30
dehydrated gels in a dissolution medium, at a given time, was calculated

using standard curves of TP and sulfamethazole in corresponding buffers

and expressed as percentage of total drug content of the investigated~

gels. Each drug release experiment was repeated three tirre8). % 20 4 _

Drug Release MechanismThe controlled-swelling characteristic % % I

of the hydrogel allows its release kinetics to be analyzed with Fickian o, c

and non-Fickian diffusional behaviét Equation 2 displays the model % =§ ' 1

which the TP and SF release data can be fit to u;) 10 @
M, B T
- = Time (h)
M kt" 2)

whereM; andM., represent drug release at tinteand at equilibrium, " ' 10 ' 20 ' 30 40 T 0
respectivelyk is the rate constant characteristic of the system,rand Time (h)

is the diffusional exponerit Equation 2 can only be applied to the ) ] o )
first 60% of drug release. The diffusional exponentié calculated as ~ Figure 3. Swelling kinetics of f-lactoglobulin dehydrated gels
the slope, and the rate constakj {s calculated as the intercept of E\r/\?/f/l;I\t/:/r;%efrr/%m:ng?;(ji:\afj?#e?:LF;%?\zﬁt(js ?;E;;:ﬁ’s(ev:_/vi:;g f5|gl/1 E;g
||n§ar regression lines fitted to the lmM"") versus log time plot& without data collected in water, (®) water, (<) 50/50 (w/v) water/
Ultimately, the value of n determines if the hydrogel release represents gipangl. (a) PBS pH 7.8, (A) PBS + DTT, (®) PBS + 1 M urea, (O)

Fickian (= 0.5) or non-Fickian diffusionr( > 0.5). PBS + 3 M urea, (M) NaCl, and (O0) NaCl—HCI buffer pH 1.2

Results and Discussion tures were identified in the flasks leading to the hypothesis that
the reversibility would not be total.

The morphologies of BLG gels produced in water/ethanol  Swelling Kinetics. BLG gels produced in aqueous ethanol
solvent in various physical states, swelled in water after 24 h, solutions were essentially formed by intermolecular hydrogen
totally dehydrated and freshly hydrated, were depicted in Figure bonding and/or hydrophobic interactions. Since intramolecular
1. Totally transparent and homogeneous samples were observedross-links do not contribute to the effective elasticity of the
whatever the physical state. Using wide-angle X-ray diffraction network, the swelling of the network is mainly governed by
to identify crystalline or amorphous phases, no changes in boththe intermolecular cross-links. Intramolecular cross-links are
intensity and peak position were observed on the dehydratedpredominantly formed when networks are prepared by cross-
and the annealed sample. As in native protein powder, two peakslinking diluted low molecular weight polymer solutions, whereas
at 9.9 and 4.5 A were observed (results not shown). The absencéntermolecular cross-links are formed by cross-linking concen-
of new peaks in the dehydrated gels would mean that no increaserated polymer solution®:36The ratio inter/intramolecular cross-
of crystalline phases, therefore, appeared in the solid transparentinking will then depend on the extent the polymer chains are
matrix (dehydrated state). entangled. The polymer chains will start to entangle when the

The samples corresponding to the equilibrium states of total volume occupied by the hydrated BLG molecules equals
swollen gels in water were liquid after 30 days. This observation the total volume of the solution.
would lead to the conclusion that gels formed in water/ethanol  Figures 2 and 3 displayed the swelling capacities of hydrated
solutions are reversible. However, some protein fibrous struc- and dehydrated gels in different solvents, respectively. EB(%/
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solvents used to study the swelling of the gels were water, 50/ in water than in other solvents. From a thermodynamic point
50 (w/v) water/ethanol, PBS pH 7.8, PBSDTT, PBS+ 1 M of view, three forces which interact to either expand or shrink
urea, PBSt+ 3 M urea, NaCl solution, and Na€HCI buffer polymer networks were identified. The forces are the rubber
pH 1.2. elasticity, the polymerpolymer affinity and the hydrogen-ion

In the case of BLG gels swelling in different solvents except Pressure. The sum of these three forces was called the osmotic
water, results in Figure 2 (inset) showed that the rate of swelling Pressure of the gel. The hydrogen-ion pressure gives rise to
of hydrated gels decreased in the order PBBTT, 50/50 (w/ pressure in the gel. At equilibrium, the total free energy variation
v) water/ethanol, PBS- urea 3 M, PBS+ urea 1 M, NaCl is zero, which means that for swollen hydrogels, a decrease in
solution, PBS pH 7.8, and Na€HCI pH 1.2. The results in free energy, due to mixing ions and solvent molecules with the
Figure 3 (inset) differed only for dehydrated gels swelled in network chains, is balanced by an increase in free energy due
water/ethanol where the swelling rati@)was quite similar to ~ t0 stretching of the network chains. It can be expected that,
those obtained in NaCIHCI pH 1.2. The peculiar swelling ~ Upon increasing the number of anionic residues in the hydrogel,
profile of the hydrated gel in the presence of water/ethanol the driving force for swelling increases. This thermodynamic
(Figure 2) was unexplained. The highest swelling ratio obtained consideration could explain t_he .resglts obtalned in the case of
in the case of PBS- DTT, whatever the physical state of the BLG swollen gels Wh_ere the_lonlzatlon of amino an_d carboxyl _
gels, would mean that disulfide bonds between protein ag- 9roups increases n_otlceabl_yln agueous soIvent._Th|s hypothesis
gregates would exist in these gels and would be disrupted Was given to explain the higher degree of swelling when heat-
through the action of DTT. In addition, the difference in swelling St albumin or gelatine gels swelled in solutions prepared at
behavior between PBS and PBS DTT was obvious on  PH’s far from the isoelectric poiri:®®
dehydrated gels (Figure 3). This result would mean that disulfide  Matrix Mesh Sizes. To fully characterize BLG hydrogels,
bonds were very likely to be formed in the dehydrated state. the mesr_l sizes of the protein matrixes were calculated _based
As a consequence, solvent molecules would enter the protein®n & Variation of the FloryRehner method. The underlying
network and disrupt protein aggregates allowing the sotvent physms is that tighter cross-llnk_ed structures will swell (or
solute interactions to occur through hydrogen bonding. The meshSNrnk) less than opened cross-linked structures. The method
size of the network would thus increase more easily than in "€lates the volumetric swelling ratiQ to the hydrogel mesh
other solvents and would cause the gel to swell. The use of SiZ&§, according to the following equation:
urea alone provoked the disruption of hydrogen bonding
between protein aggregates and allowed the gel to swell at a E= Q1’3\/r—02 3)
rate however lower than in the case of DTT.

In the case of the swelling media such as PBS alone, NaCl whererq? is the root-mean square distance between the cross-
solution, or NaCHHCI buffer, the rate of swelling of both  links and for BLG, it is assumed that this distance is the
hydrated and dehydrated gels was the lowest. The presence ohydrodynamic diameteD, = 5.5 nm for BLG in its dimeric
these ions would cause a reduction of the interactions betweenform). This assumption was confirmed and measured in the case
protein and solvent molecules decreasing thus drastically theof BSA networks'® The root-mean square distance is related
swelling ratio Q). The possible consequences of salt ions in to this diameter as follows:
the swelling medium was to vary the osmotic pressure due to
differences in the ionic concentration of the interior of the gel r\M2
and the external solution. This would be due to decrement in on = 5.5nm
the expansion of the gel network because of repulsive forces of
counterions acting on the polymeric chain shielded by the bound yheren is the number of repeat units or residues in the protein,
ionic charges. Therefore, the difference in the osmotic pressureangn = 162 for BLG. The mesh sizes values based on swelling
between the gel network and the external solution decreased,qtios determined for both hydrated and dehydrated BLG gels
with an increase in the ionic strength of the salt concentration. \yere Jisted in Table 1. Mesh sizes values ranged from 65 to
This osmotic pressure effect could compete with chemical 149 nm for the hydrated state and from 103 to 308 nm for the
effects in the particular case of PBSDTT external solvent.  gepydrated state depending on the solvent conditions used to
Struct_ural chang_es_ln5|de protein network would be the q”vmg swell protein gels. These findings would mean that some
force instead of ionic strength differences between the interior yaarrangements inside the networks occurred during dehydration
of the gel and the external solution to explain the higher swelling and |eaded to more open structures during swelling, i.e., higher
ratio Q obtained in the particular case of PBSDTT. The £ values. In additionZ values obtained in our case would be in
results obtained in the case of PBS and NaKICl buffer were  3greement with a pure Fickian diffusion mechanism of mol-
in good agreement with those previously reported in the case gcyles with sizes lower than the mesh size. This hypothesis will
of protein based microcapsuls. be checked in the next part dealing with in vitro release kinetics

The results displayed in Figures 2 and 3 showed also that, of model drugs and data fitting according to eq 2.
irrespective of the state of the gel, whether hydrated or In Vitro Drug Release Kinetics. The release of the drugs
dehydrated, the rate of swelling was the highest in water. The from gels can be controlled by increasing the physical or
increase of swelling ratioQ) was however 10 fold higher in  chemical cross-linking densit{.Physically entangled polymer
the case of the dehydrated gels. The lo@evalues obtained  systems slowly dissolve and release the drug simultaneously
with hydrated gels could be due to the presence of ethanol, with polymer dissolution. Chemically cross-linked polymer gels
which may interrupt further penetration of water molecules by degrade due to hydrolysis or enzymatic digestion and drug in
forming hydrogen bonds with protein molecules thereby reduc- these delivery systems is released at a rate that is dependent on
ing the swelling capacity of the hydrated state gel. When the rate of polymer degradatidh Hydrogels that swell after
hydrated and dehydrated protein gels swelled in water, the contact with water permit diffusion of macromolecules through-
interactions solventsolute were predominant other solite out the entire matrix, drugs being released through a porous
solute interactions leading to a rate of swelling much important structure that expands during swellifigThe size of the pore&DV

(4)
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Table 1. Swelling Ratios (Q), Mesh Sizes (&, nm) and Diffusion has a very low solubility in both solvents (see Materials and
Exponents (n) for f-Lactoglobulin (BLG) Hydrogels (C = 7% (w/v), Methods). However, it was recently demonstrated that the
g?;fgs(""/") Water/Ethanol) in Both Hydrated and Dehydrated solubility of drug-like organic compounds could be enhanced
— in cosolvents® SF solubility increased by a factor of 100 when
diffusion drug was solubilized in PEG/water (50/50 v/v) mixed solvent.
hydrated  hydrated exponent TP solubility was rather unchanged in pure aqueous and PEG/
solvent conditions Qv & (nm) drug n water solvent. These findings, demonstrated on 122 drug-like
water 1.51 149 SF 0.43 organic compounds, would mean that cosolvents such as water/
TP 0.51 ethanol may also enhance drugs solubility. In addition, com-
water/ethanol 0.89 88 plicated solubility behavior of TP and SF could arise from the
PBSpH 7.8 0.77 76 SF 0.45 fact that the nature of external solvent (water, PBS, or NaCl
P 0.46 HCI) was in all cases different from the solvent used to prepare
PBS+DTT 0.90 89 gels (water/ethanol).
PBS-+urea 1M 0.79 8 Panels A-C on hydrated gels and panels-B on dehydrated
PBS+urea 3M 0.87 86 gels in Figure 4 showed that the percentage of drug release of
NaCl 0.78 77 . -
NaCH-HCI pH 1.2 0.66 65 SF drugs was npt directly related to the drug solubility. Panels A
P e and C of Figure 4 revealed that the release of drugs from
hydrated BLG gels in water and PBS as external solvent were
diffusion identical. It was thus demonstrated that total release of SF and
dehydrated  dehydrated exponent TP occurred after-6 h, whereas the solubility of these two
solvent conditions ovs & (nm) drug n drugs are known to be very different in aqueous solvent. Another
water 311 308 SE 0.67 hypotheS|§ would be that SF has a higher solublhty in thg wat'er/
™ 0.66 ethanol mixed solvent as suggested below, allowing a diffusion
water/ethanol 1.15 114 similar to TP outside the protein matrix. Drug release differences
PBS pH 7.8 1.23 122 SE 0.63 were more pronounced in the dehydrated gels case (Figure
TP 0.65 4B,D). It was thus demonstrated for instance that 95% of TP
PBS+DTT 1.62 160 was released in water as external solvent after 6 h, whereas
PBS-+urea 1M 1.32 131 only 80% of SF was released during the same time. The
PBS+urea 3M 1.45 144 difference of TP and SF drug release percentage was however
NaCl 1.27 126 less important in the case of PBS as external solvent (95% vs
NaCIl+HCI pH 1.2 1.04 103 SF 87%, respectively, after 9 h). These results would mean that
TP 0.74 TP and SF release are in accordance with their different
solubility behavior only in the case where protein gels were
dehydrated.

(i.e., mesh sizes) located within the network, which is related )
to the extent of cross-linking and the degree of swelling, 1 he percentage of drug release from hydrated gels in NaCl

determines the drug release rate. The rate of drug release fronfiC! PH 1.2 as external solvent was however very different
hydrogel networks can be modified by varying the degree of P€tween TP and SF. 24% of SF was released &fte (26%
physical entanglements within the gel, i.e., by varying concen- ONly after 24 h), whereas 93% of TP was released during the
tration of the matrix or altering the number of chemical (or S&Me time. The slow release of SF could be related to its poor
physical) cross-links between the polymer matrix and the solubility in acidic buffer. The consequence would be tha_t the
molecule of interest! For example, polymerdrug interaction percentage of SF relea_sed after 24 h would correspond in fact
can be modified by the use of ionisable groups on the polymer to the_total soluble fract_lon of the drug. The slow release _of SF
network, so that oppositely charged molecules are stabilized With time was also noticed when the drug was loaded in the
by the matrix and like charged molecules are excluded from dehydrated gels (Figure 4B,D).
the polymer matrix> It appeared from the above results that the drug release of
The 10% SF and TP loaded hydrated (Figure 4A,C) and both TP and SF may be independent of their solubility behavior
dehydrated (Figure 4B,D) 7% (w/v) BLG hydrogels were used except when NaGtHCI pH 1.2 was used as external solvent
to conduct release studies in three different external solventswhere the low pH would play a crucial role on SF diffusion.
such as water, PBS pH 7.8, and Na€ICI buffer pH 1.2. These results were partly in agreement with previously data
It was first demonstrated that the drug release was not reported on release rate of drugs by using hydrophilic polysac-
dependent on the drug concentration loaded in the gels nor thecharide matrixes where it was concluded that TP release was
protein concentration used (6 or 7% wi/v) to prepare gels (data always faster than those of $FThe faster release of TP
not shown). It was however noticed that slight differences compare to SF was therefore evident in our study in the
existed in the case of loaded TP dehydrated gels where thedehydrated protein gels case. The release of drug is generally
release rate was always slightly higher for the 6% (w/v) prepared controlled, from hydrophilic matrixes, by both diffusion and
protein gels. The independence of drug release rate on proteinerosion phenomena, erosion phenomenon dominating the release
concentration used to prepare gels would mean that the networkrate of low aqueous solubility drug& About 70% of SF and
structure, and in particular the matrix mesh size, was unaffected TP drugs were released @ h inwater and PBS buffer from
by the difference of protein concentration used to prepare gels.both hydrated and dehydrated gels, whereas only 20% of SF
The release of the drugs depended mainly on the solubility was released in Na€HCI buffer even after 24 h. These huge
of the drug in the medium, the physical state of the gel and the differences between water and PBS on one hand and-NaCl
nature of the external solvent. HCI buffer on the other hand could be related to both an
Effect of Drug Solubility on Release Kinetics.TP is known abnormal solubility of drugs and a very low swelling behavior
to have a moderate solubility in water and ethanol while SF of protein gels in acidic medium. CDV
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Figure 4. Sulfamethoxazole (SF) and theophylline (TP) release from hydrated (A, C) and dehydrated (B, D) 7% (w/v) BLG gels in different
external solvents (n=3): (M) water, (O0) PBS pH 7.8, and (®) NaCI—HCI pH 1.2

Effect of Gel State on Release KineticsComparison in capacity of gel in water vs PBS buffer. The rate of release of
Figure 4 of panels A and B on one hand and panels C and D both drugs in dehydrated gels was thus always faster while the
on the other hand revealed that the drugs release depended oswelling ratioQ was the highest in water. The release of drugs
the state of the gel (hydrated or dehydrated forms). The through the protein matrix would be partly governed by the onset
percentage of drug release was always higher in the case ofof swelling allowing a diffusion of molecules in the external
hydrated gels. This higher drug release percentage was noticedolvent. The process of release would be however considerably
for both water and PBS external solvents and particularly slowed in agreement with the swelling kinetics occurring in the
pronounced in the case of Na&HCl buffer external solvent. dry matrixes.

However, drug release percentage plateau values, for both These hypotheses dealing with the release of drugs in the
hydrated and dehydrated gels, were reached at approximatelycase of both hydrated and dehydrated protein gels will be
the same time except those of SF release in N&{| buffer. checked in the analysis of drug release through the calculation
In addition, the drug release percentage would be partly of the diffusion exponent n in the different external solvents
independent of the swelling capacities of hydrated and dehy- (see the next section).

drated gels. In the case of hydrated gels, the rate of release of However, the higher percentage drug release measured in
both drugs in water and PBS was similar whereas the swelling hydrated gels compared to dehydrated gels would not only
ratio Q was 7-fold higher in water compare to PBS. This depend partly on swelling of the matrix but also on its glass-
behavior could be attributed to the fact that the release of drugstransition temperaturdg. In the hydrated state, the protein

is governed by a purely diffusion process through the hydrated aggregates (or polymer) are wet, soft and in the rubbery state
protein matrix independently of its swelling capacities. Small and would have lowefy, favoring molecules diffusion both
molecules like drugs are thus released immediately through ainside and outside polymeric matrix.

porous structure that expands during swelling after the hydrogels Effect of External Solvent on Release Kineticdt appeared

are in contact with either water or buffer. Swelling tends thus clearly from Figure 4 that external solvent played an important
to expand the mesh size of the network and allows the drug torole in the drug release kinetics particularly in the SF release
be totally released into the medium. case whatever the gel state. It was therefore demonstrated that

In the case of dehydrated gels, a reasonable agreement waSF release percentage was much higher in PBS buffer pH 7.8
found between the rate of release of drugs and the swellingthan in NaC+HCI pH 1.2. These differences could not howe\é%v
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be directly related-to-swelling ratio differences, tQevalue drugs, hydrated or dehydrated gel state, drug release may be
differences being only 14 and 15% for PBS buffer and NaCl modulated to be engineered suitable for pharmaceutical as well
HCI buffer (see Table 1) for hydrated and dehydrated gels, as food applications. Strategy applying mechanical treatments
respectively. The drug release differences could be much more(i.e., shearing) during or after protein gelation would lead to
related to the SF solubility behavior as a function of pH. These fluid loaded gels that could find relevant cosmetics applications.
different external solvents used were chosen in agreement with

the gastro-intestinal tract pH conditions and the results obtainedReferences and Notes

could have importance for pharmaceutical applications of these
biocompatible hydrogels. The drug release kinetics were
therefore much less affected by the nature of external solvent
in the TP case, results in agreement with the higher solubility
of the drug whatever the pH used.

Analysis of Drug ReleaseThe diffusion exponents were
calculated according to eq 2. According to the model of Peppas
for swellable cylindrical device®,Fickian diffusion corresponds
to a diffusion exponent = 0.45, whereas polymer relaxation
occurs at highen values ( = 0.89). Data fitting results from
eq 2 (Table 1) showed thatfor TP and SF ranged from 0.43
to 0.74 irrespective of the solubility of the drug. The exponent
n was not determined in the case of SF drug release in NaCl
HCI buffer as only~20% of drug was released whatever the
physical state of the gel. The diffusion exponent values were
quite similar whatever the type of drug and solvent conditions.
However, it appeared clearly from Table 1 that the diffusion
exponents for hydrated gels were very close to the value given
for a Fickian diffusion § = 0.45) while those calculated for
dehydrated gels were intermediate between Fickian diffusion
and polymer relaxation according to Peppas’s model.

These findings would indicate that the most important
mechanism of drug release is by Fickian diffusion irrespective
of the swelling ratios for the hydrated protein matrixes. This
would confirm the fact that the diffusion of drugs through the
mesh size of the network was independent of the swelling
capacities of BLG hydrated gels, the diffusion rate being
however in all cases faster in water.

The mechanism of drug release for the dehydrated gel
matrixes would be more complicated and governed partly by
the swelling capacities of the gel but also by the structural
rearrangements inside the network occurring during dehydration

(1) Rowley, J. A.; Madlambayan, G.; Mooney, D Blomaterials1999
20, 45-53.

(2) Mumper, R.; Hoffman, A.; Puolakkainen, P.; Bouchard, L.; Gombotz,
W. J. Controlled Releas&994 30, 241—251.

(3) Liu, L. S;; Liu, S. Q.; Ng, S. Y.; Froiux, M.; Ohno, T.; Heller, J.
Controlled Releas&997, 43, 65—74.

(4) Petka, W.; Harden, J.; McGrath, K.; Wirtz, D.; Tirrel, Bcience
1998 281, 389-392.

(5) Wang, C.; Stewart, R. J.; Kopecek,Nature 1999 397, 417—420.

(6) Miyata, T.; Asami, N.; Uragami, TMacromolecule4999 32, 2082-
2084.

(7) Levy, M. C.; Rambourg, P.; Levy, J.; Porton, & Pharm. Sci1982
71, 759-762.

(8) Levy, M. C.; Guerin, DPharm. Acta Hel. 1987 62, 236-240.

(9) Gupta, P. K.; Hung, C. . Microencapsulatior1989 6, 463-472.

(10) Levy, M. C.; Andry, M. C.J. Microencapsulatior1991, 8, 335—
347.

(11) Levy, M. C.; Andry, M. C.Life Sci. Ad. 199Q 19, 219-227.

(12) de Wit, J. N. InFunctional properties of whey proteinsox, P. N.,
Ed.; Applied Science Publishers: London, NY, 1989; pp-2821.

(13) Morr, C. V.; Ha, E. Y. WCrit. Rev. Food Sci. Nutr1993 33, 431—
476.

(14) Lee, S. J.; Rosenberg, NL.Controlled Releas£999 61, 123-136.

(15) Rosenberg, M. U.S. Patent 5,601,760, February 11, 1997.

(16) Lee, S. J.; Rosenberg, Mood Sci. Technol200Q 33, 80—88.

(17) Moreau, D. L.; Rosenberg, NFood Struct.1993 12, 457-468.

(18) Moreau, D. L.; Rosenberg, M. Food Sci.1996 61, 39—43.

(19) Rosenberg, M.; Lee, S. Y¥ood Struct.1993 12, 267-274.

(20) Rosenberg, M.; Young, S. [Eood Struct.1993 12, 31—41.

(21) Young, S. L.; Sarda, X.; Rosenberg, MDairy Sci.1993 76, 2868—
2877.

(22) Guerin, D.; Vuillemard, J. C.; Subirade, NL. Food Protect2003
66, 2076-2084.

(23) Rosenberg, M.; Sheu, T. Yat. Dairy J. 1996 6, 273-284.

(24) Young, S. L.; Sarda, X.; Rosenberg, MDairy Sci 1999 76, 2878~
2885.

(25) Sheu, T. Y.; Rosenberg, M. Food Sci 1995 60, 98—-103.

(26) Line, V. L. S.; Remondetto, G. E.; Subirade, fod Hydrocolloids
2005 19, 269-278.

step. These structural rearrangements would provoke some (27) Hongsprabhas, P.; Barbut, S.; Marangoni, AFGod Sci. Technol.

polymer relaxation, i.e., dissociation of the cross-links through

1999 32, 196-202.

protein aggregates disruption, during the dehydration step and (28) SDLfOU“ E.; Robert, P.; Renard, D.; Llamas,I@. Dairy J. 1998 8,

7-93.

further contact with external solvent. These combined processes (29) Renard, D.: Lefebvre, J.; Robert, P.: Llamas, G.; DufoutnE.J.

would explain the intermediate values found for the diffusion
exponent in the framework of the model of Peppas developed
for cylindrical swellable matrixes.

Conclusion

This study showed thai-lactoglobulin hydrogels could be

Biol. Macromol 1999 26, 35-44.

(30) Renard, D.; Robert, P.; Garnier, C.; Dufour, E.; LefebvreJ.J.
Biotechnol 200Q 79, 231-244.

(31) Dufour, E.; Robert, P.; Bertrand, D.; Haéytle J. Protein Chem
1994 13, 143—-149.

(32) Peppas, N. A.; Bures, P.; Leobandung, W.; Ichikawa&ibimaterials
2000 20, 27—46.

(33) Brahim, S.; Narinesingh, D.; Guiseppi-Elie, Biomacromolecules
2003 4, 1224-1231.

used to encapsulate active compounds, gelation proceeded(34) Kortesuo, P.; Ahola, M.; Kangas, M.; Yli-Urpo, A.; Kiesvaara, J.;

through a phase separation method using 50% ethanol solution

at room temperature. This technique was thus conducted in mild
conditions without using any harsh chemicals. Entrapment of

TP and SF drugs inside these biodegradable matrixes, provided

Marvola, M. Int. J. Pharm.2001, 221, 107-114.

Hennink, W. E.; van Nostrum, C. Rdv. Drug Delivery Re.. 2002

54, 13—36.

(36) Patel, S. K.; Malone, S.; Cohen, C.; Gillmor, J. R.; Colby, R. H.
Macromoleculesl992 25, 2541-2551.

(35

part or total ethanol was removed, revealed that drug release (37) Tanaka, T.; Fillmore, D. JI. Chem. Phys1979 70, 1214-1218.

depended mainly on the solubility of the drugs and the physical
state of the gel (hydrated or dry form). Analysis of drug release
profiles using the model of Peppas showed that diffusion through

(38) Park, H.-M.; Song, I.-H.; Kim, J.-H.; Kim, W.-$t. J. Pharm.1998
175 231-236.

(39) Yang, X. J.; Zheng, P. J.; Cui, Z. D.; Zhao, N. Q.; Wang, Y. F;
Yao, K. D. Polym. Int 1997, 44, 448-452.

hydrated gels was governed by a Fickian process, whereas (40) Bowen, W. R.; Williams, P. MBiotech. Bioeng1996 50, 125~

diffusion through dehydrated gels was governed partly by the
swelling capacities of the gel but also by the structural
rearrangements inside the network occurring during dehydration
step. By a judicious selection of hydrophilic or hydrophobic

135.
(41) Tonelli, A. E.; Helfand, EMacromolecules1974 7, 59-63.
(42) Latha, M. S.; Jayakrishnan, A.Pharm. Pharmacoll994 46, 8—13.
(43) Luo, Y.; Kirker, K. R.; Prestwich, G. Dl. Controlled Releas200Q

69, 169-184. cDV



330 Biomacromolecules, Vol. 7, No. 1, 2006

(44) Baldwin, S. P.; Saltzman, W. Mdv. Drug Delivery Rev. 1998 33,
71-86.

(45) Takamura, A.; Ishii, F.; Hidaka, H. Controlled Releas&992 20,
21-27.

(46) Rytting, E.; Lentz, K. A.; Chen, X.-Q.; Qian, F.; VenkateshABPS
J. 2005 7, Article 10, E78-E105; http://www.aapsj.org.

Reddy et al.

(47) Sumathi, S.; Ray, A. Rl. Pharm. Pharm. Sck002 5, 12—-18.
(48) Tarara, K.; Yamanoto, K.; Nishihata, Tht. J. Pharm.1996 133
17-27.

(49) Ritger, P. L.; Peppas, N. A. Controlled Releas&987, 5, 37—42.

BMO050688D

Ccbv



