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a  b  s  t  r  a  c  t

An  equation  including  the  Hildebrand  solubility  parameter  ı  of  the  drugs  is used  for
the  first  time  to model  drug  release  from  hydroxypropyl  methylcellulose  (HPMC)  gels:
ln  M =  −21.578  + 2.102ı  −  0.037ı2 +  0.48  ln t +  1.028  ln Ci (r2 = 0.94  for a  total  of 286  cases).  The  experimen-
tally  determined  release  data  of six  drugs  having  different  polarity  (caffeine,  theophylline,  paracetamol,
salicylic  acid,  naproxen  and  diclofenac)  at several  initial  concentrations  Ci were  included  in the  equation.
In  general,  the  amount  of drug  delivered  is linear  at the  first  5–6  h  of the  release  profiles  and  the
zero  order  constants  Ko increase  as  the  solubility  parameter  of  the  drugs  become  larger.  The  Peppas
exponential  law  M/M∞ = Ktn is  applicable  to  larger  fractional  release,  until  67–87%  (48–51  h) for  the
less  polar  drugs  (diclofenac  and  naproxen,  lower  ı  values)  and more  than  80%  (26–28  h)  for  the more
affeine
heophylline
aracetamol
alicylic acid
aproxen
iclofenac

polar  drugs  (higher  ı values,  theophylline,  salicylic  acid,  caffeine  and  paracetamol).  The Peppas  release
rate  (ln  K) shows  a parabolic  relationship  with  the  drug  solubility  parameter.  The  diffusional  exponent
n  varies  between  0.40  and  0.58  indicating  that  drug  release  is mainly  controlled  by diffusion.  An
extended  form  of  the  Peppas  equation  is  also  tested  for  each  drug  including  all the  initial  concentrations:
ln  M =  a  +  b  ln  t + c ln Ci (r2 =  0.88–0.94).  The  logarithm  of  the  octanol–water  partition  coefficients  can  also
be  used  in combination  with  the  drug  concentrations.
. Introduction

Hydroxypropylmethylcellulose (HPMC) is widely employed for
ontrolled delivery due to its low toxicity and compatibility with
any drugs. The influence of a number of physicochemical and

echnological factors on drug release from HPMC matrix tablets has
een studied (Roberts et al., 2007). The release is faster as the HPMC
olecular weight decreases for the lower viscosity grades (Kim and

assihi, 1997a,b) whereas little differences are observed among the
argest viscosity grades (Kurahashi et al., 1996). Drug delivery also
epends on the loading dose and drug solubility (Kurahashi et al.,
996; Xu and Sunada, 1995). Large concentrations of highly soluble
rugs show increased release rates from HPMC matrices (Kim and
assihi, 1997a). However, the diffusion coefficient of oxprenolol
ydrochloride (water soluble) is lower than that of theophylline
less water-soluble), a fact that was attributed to drug–polymer
nteractions (Bettini et al., 1995). Drug delivery from hydrophilic
atrices is accomplished via swelling, dissolution and/or erosion
nd the release kinetics may  be Fickian or non-Fickian (Kim and
assihi, 1997a). Swelling of HPMC is not influenced by variations
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of ionic strength and pH, due to the non-ionic nature of the poly-
mer  (Kim and Fassihi, 1997c).  The relative importance of diffusion
and macromolecular relaxation on the mechanism of drug release
can be analyzed from the exponent value of the Peppas power law
(Peppas et al., 2000):

M

M∞
= Ktn (1)

M∞ is the amount of drug delivered at infinite time, being equal
to the initial loading Mo if the total dose is released, and M is the
amount of drug released at time t. The Peppas model is gener-
ally applied to the first 60% of the total amount of drug released
(M/M∞ ≤ 60%). K is a kinetic constant (t−n) and the exponent n is
related to the transport mechanism (Kim and Fassihi, 1997a; Pérez-
Marcos et al., 1996). Water-soluble drugs as sodium naproxen
are mainly released by diffusion whereas poorly water-soluble
drugs as naproxen are delivered by polymer erosion (Katzhendler
et al., 2000). The diffusional exponent n is lower for less solu-
ble drugs (Kim and Fassihi, 1997b)  but this is not a general rule
(Fu et al., 2004). Loading dose and matrix composition may  influ-
ence the release mechanism. Prednisolone follows Case II transport

(n > 0.95) from pectin–HPMC matrices (Kim and Fassihi, 1997a). The
n values range from 0.29 to 0.80 for indomethacin depending on
HPMC–lactose ratio in the tablets. The kinetics changes from first
order to nearly zero order at high HPMC contents (Xu and Sunada,
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995). Fu et al. (2004) developed regression equations for HPMC
atrix tablets using polymer concentration, aqueous solubility and
olar volume of the drugs.
The studies on drug delivery from HPMC gels are less frequent

han those related to matrix tablets (Mitchell et al., 1990; Shin et al.,
004; Sawant et al., 2010). Hydrogels have excellent potential for
ontrolled delivery of low molecular weight drugs and proteins
Peppas et al., 2000) and the release mechanisms and design cri-
eria have been reviewed (Lin and Metters, 2010). The aim of this
ork is to develop a model combining drug concentration and solu-

ility parameters for drug release from HPMC hydrogels. Empirical
odels can help to predict drug release and to elucidate the mech-

nisms involved in the release process. The solubility parameter
 is the square root of the cohesive energy density and it is a
easure of polarity (Barton, 1991) ant it forms a polarity scale rang-

ng from about 14 to 48 MPa1/2 from the least to the most polar
ompound. This parameter is widely used for solvent selection in
olymer science and it has potential application to drug release.
owever the studies using ı in pharmaceutical and biological sci-
nces are scarce (Bustamante and Sellés, 1986; Sloan et al., 1986;
iang et al., 1998; Ghafourian et al., 2010). In pharmaceutical tech-
ology, the solubility parameter has been used for lipid selection

n solid lipid nanoparticles (Jensen et al., 2010) and in formulation
f microspheres (Matsumoto et al., 1997; Lee et al., 2002) and solid
ispersions (Fini et al., 2011). Six drugs with different polarity have
een chosen. The gels were loaded with concentrations below and
bove the aqueous solubility of the drugs. The solubility parameter
f the drugs is tested for its correlation with the release constants
btained from a zero-order model (Ko) and the Peppas exponential
odel (K).

. Materials and methods

.1. Materials

Hydroxypropyl methylcellulose (HPMC, Sigma, batch
05H0611), 28–30% methoxy and 7–12% hydropropoxy groups,
000 cP average viscosity (2% aqueous solution), average molec-
lar weight 86 kDa. The following drugs were purchased from
igma–Aldrich®, St. Louis (USA): anhydrous caffeine (74H0886),
heophylline (68H0610), paracetamol (123H0169), salicylic acid
26H3429), naproxen (12K3727). Diclofenac (967005) was pur-
hased from Unique Pharmaceuticals Laboratories (India). The
urity degree of the drugs was ≥99% (w/w). Deionized water
Milli-Q) was used for all experiments.

.2. HPLC analysis

A Beckman Gold System, 116 or 126 pump, Genesis C-18 column
4 �m,  4.6 mm × 15 mm),  116 UV-V detector at variable wavelength
nd Gold System Software for data collection and storage was
sed. The mobile phases were mixtures of methanol (MeOH) and
lacial acetic acid (Ac) or phosphate buffer aqueous solutions. The
ollowing concentrations, flow rates and UV wavelengths were
sed. Caffeine: 39:61 MeOH + Ac (1%), 1.5 ml/min, 272 nm.  Theo-
hylline: 50:50 MeOH + Ac (1%), 1.5 ml/min, 272 nm.  Paracetamol:
5:65 MeOH + Ac (1.25%), 1 ml/min, 254 nm.  Salicylic acid: 65:35
eOH + Ac (1.7%), 1.2 ml/min, 303 nm.  Naproxen: 80:20 MeOH + Ac

2%), 1.2 ml/min, 254 nm.  Diclofenac: 75:25 MeOH + phosphate
uffer (pH 2.5), 1.1 ml/min, 276 nm.  Reference solutions were pre-
ared for each drug to calibrate the system and to determine the

olume to be injected to obtain a satisfactory response. 20 �l of
he solutions were injected intercalating reference solutions. Drug
oncentrations were determined from peak areas and the coeffi-
ients of variation CV were less than 2%. The method was  validated
f Pharmaceutics 414 (2011) 125– 130

for each drug according to ICH/CPMP to determine the following
parameters: specificity, linearity, accuracy, precision, robustness
and stability after 24 h storage.

2.3. Solubility experiments

Since the solubility parameter of HPMC is near that of water
(Bustamante et al., 2005), the aqueous solubility of the drugs was
measured to estimate the concentrations needed to obtain satu-
rated and non-saturated gels. A slight excess of drug was added to
50 ml of solvent in 100 ml  flasks that were placed in a thermostat
shaking bath (Heto SH 02/100) at 32 ± 0.2 ◦C until equilibrium solu-
bility was  reached. The time needed to reach equilibrium was tested
for each drug by plotting the concentration dissolved against time.
The samples were taken at the asymptotic region of the plots. The
solid non-dissolved phases were separated by filtration through
Durapore® membranes (0.2 �m pore size) and the clear solutions
were assayed by HPLC. All the experiments were performed in
triplicate and the coefficient of variation (CV = SD × 100/mean) was
within 3% in all cases.

2.4. Preparation of the hydrogels

6% (w/w) HPMC was dispersed in hot water (70 ◦C) and then
cooled under continuous agitation until formation of a homo-
geneous gel. Drug concentrations below and above their water
solubility were dispersed or dissolved in a water volume as small
as possible and incorporated during the preparation of the gel. The
formulations were centrifuged (3000 rpm, 15 min) to eliminate air
bubbles and they were allowed to stay for at least 24 h before the
experiments. All the formulations were prepared by triplicate.

2.5. Release experiments

Three Franz type diffusion cells with a receptor volume of 10 ml
of distilled water and a diffusional area of 1.98 cm2 were used for
each formulation. In the case of diclofenac and naproxen the vol-
ume  employed was  70 ml  to ensure sink conditions. Franz cells
were placed on a multiple magnetic stirrer allowing continuous
agitation to obtain the same conditions for each of the triplicate
experiments. The temperature was  kept at 32 ◦C using a thermo-
static water pump which circulated water through each chamber
jacket. Two grams of each formulation were placed into the donor
compartment. The donor and receptor compartments were sepa-
rated by a hydrophilic membrane Durapore® (0.45 �m pore size).
The membrane only serves as a mechanical support allowing free
diffusion of the drug from the gel to the receptor medium. The
membranes did not interfere the HPLC assay. Drug recovery was
ensured in previous experiments filtering and analyzing several
drug concentration solutions. Samples (50-�l) were taken at time
intervals previously determined (0.5–196 h) and the volume was
replaced with fresh medium equilibrated at the experimental tem-
perature. The CV among replicated experiments was less than 3%
in most cases.

3. Results and discussion

3.1. Release behavior at several initial drug concentrations

Table 1 includes the experimental water solubility (Sw) and
the initial drug concentration ranges Ci used. By visual inspec-
tion, the saturated gels appear turbid while the non-saturated gels

are transparent. The cumulative amount M released as a func-
tion of time is shown in Fig. 1. Drug delivery initially shows
steeper concentration gradients which are declining with time until
an asymptotic region is reached. For most drugs the maximum
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Table 1
Water solubility (Sw) and initial drug concentration ranges (Ci) for saturated (turbid)
and non-saturated (transparent) gels.

Drug Sw (mg/ml) % Ci ranges

Transparent Turbid

Naproxen 0.24 0.01–0.02 0.04
Diclofenac 0.28 0.01–0.03 0.035–0.05
Theophylline 8.4 0.5–1 2–5
Salicylic acid 3.5 0.10–0.20 0.25–0.35

a
C
t
F
b
t
n
d
c
b

and naproxen, Fig. 2). Conversely, the most hydrophilic drugs with

F
p

Caffeine 25 0.5–1.5 2–2.5
Paracetamol 20.7 1–1.5 2–5

mount released M∞ increases as the drug initial concentration
i becomes larger. In swollen matrices this has been attributed
o greater channel formation at higher drug loadings (Kim and
assihi, 1997a).  The exception is diclofenac where no apprecia-
le differences are observed for the saturated gels containing
he higher concentrations (Ci = 0.04–0.05% Fig. 1b). The gels do

ot deliver the total dose, a fact that can be related to hindered
iffusion. The polymer chains are entangled with polar groups
losely located and water molecules may  simultaneously hydrogen
ond with two or more polar groups becoming highly immobi-
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ig. 1. Cumulative amount (mg) released at several per cent drug initial concentrations. K
aracetamol.
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lized (Katzhendler et al., 2000). An average of 2.3 water molecules
is bound on the HPMC K4M monomer unit (Baumgartner et al.,
2002).

Fig. 2 compares the fraction of the initial dose (M/Mo) released
from gels containing the lowest drug concentration required to
achieve saturation. The initial drug concentrations Ci used are dif-
ferent (Table 1) due to the solubility differences of the drugs in
water and in the polymer. The gels saturated with an excess of
non-dissolved drug (a suspension) show the highest thermody-
namic activity and facilitates comparison of the release behavior
among drugs. The maximum per cent of release fraction varies
between 30 and 90% and it increases with the water solubility
of the drug (Table 1 and Fig. 2). The release behavior can be also
related to drug polarity using two  indexes, the solubility param-
eter ı and the octanol–water partition coefficient log P (Table 2).
The more lipophilic drugs (corresponding to smaller ı values or
larger log P values) release lower amounts of drug at the asymp-
totic region of the curve (30–42% of the initial dose for diclofenac
larger solubility parameter values display the highest per cent
released (77–88% of the initial dose for caffeine and salicylic acid,
Fig. 2).
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Table 2
Polarity parameters (ı and log P), molar volume of the drugs (V), rate constant (Ko) and fractional release (% M/M∞) according to zero-order kinetics for saturated gels.

Drug ı (MPa1/2) Log P V (cm3/mol) Ko (�g h−1) M/M∞ (%) (5–6 h)

Naproxen 23.4 3.34 178.3 13.2 9
Diclofenac 24.7 4.32 182.9 87 6
Theophylline 25.3 −0.02 114.6 725 17
Salicylic acid 25.6 2.19 90.9 266 37
Caffeine 26.8 −0.06 134.6 1952 46
Paracetamol 27.8 0.49 105.4 2217 37

Table 3
Total amount (M)  and fraction (% M/M∞) of drug released according to Eq. (1) from several initial drug concentrations Ci and diffusional exponent (n).

Ci (%) Naproxen (t = 48 h) Diclofenac (t = 51 h)

M (mg) M/M∞ (%) n M (mg) M/M∞ (%) n

0.01 0.14 87 0.45 0.08 72 0.55
0.02  0.19 67 0.45 0.11 55 0.57
0.03  – – – 0.18 47 0.59
0.035a – – – 0.18 44 0.58
0.04a 0.27 70 0.56 0.18 45 0.58
0.05a – – – 0.18 49 0.58

a Saturated gels.
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3.3. Peppas exponential model

Eq. (1) is tested for each drug initial concentration Ci. Since not
all the loaded dose is released, the maximum amount delivered

Table 4
Total amount (M)  and fraction (% M/M∞) of drug released according to Eq. (1) from
several initial drug concentrations Ci and diffusional exponent (n).

Ci (%) Salicylic acid (t = 28 h)

M (mg) M/M∞ (%) n

0.10 1.38 92 0.40
0.15  2.24 91 0.46
0.20  2.49 92 0.45
0.25a 3.25 84 0.52
ig. 2. Release fraction (M/Mo) from saturated gels. Key: (�) naproxen; (�)
iclofenac; ( ) salicylic acid; (�) theophylline; (�) caffeine; (�) paracetamol.

.2. Zero order release

The amount of drug delivered over time is linear only at the ini-
ial part of the release profiles (until 5–6 h). The maximum release
raction M/M∞ according to a zero order process varies between

 and 46% (Table 2). The values of the apparent zero order con-
tants Ko (�g/h) increase with the drug initial concentration and
end to level off for the saturated gels. In the saturated gels Ko also
ncreases as the solubility parameter ı becomes larger (Table 2).
he release rate of salicylic acid is smaller than expected from its
olubility parameter value. This drug may  self-associate through
ydrogen bonding, decreasing its actual solubility parameter to a
alue of about 20 MPa1/2 (Sloan et al., 1986). The trend is similar
hen the partition coefficient is used as a measure of polarity; Ko

ends to increase for the most hydrophilic molecules (lower log P
alues). There is not a clear relationship between the zero-order
elease rates and the molar volume of the drug, in particular if sal-
cylic acid is considered (Table 2). The molar volumes of the drugs
ere obtained from the Fedors group contribution method (Barton,
991). Fig. 3 shows that the relationship between ı and ln Ko tends
o be parabolic, as suggested from regular solution theory. Parabolic
Fig. 3. Relationship between the zero order and Peppas release rate constants and
the  drug solubility parameters. Key: (�) ln Ko; (�) ln K.

relationships with the solubility parameter have also been found for
the permeability coefficients of drugs through the skin (Sloan et al.,
1986) and protein binding (Bustamante and Sellés, 1986).
0.30a 3.98 80 0.47
0.35a 4.67 90 0.46

a Saturated gels.
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Table 5
Total amount (M) and fraction (% M/M∞) of drug released according to Eq. (1) from several initial drug concentrations Ci and diffusional exponent (n).

Ci (%) Theophylline (t = 26 h) Caffeine (t = 26 h) Paracetamol (t = 28 h)

M (mg) M/M∞ (%) N M (mg) M/M∞ (%) n M (mg) M/M∞ (%) n

0.5 6.0 86 0.48 7.5 93 0.58 – – –
0.75  8.5 86 0.47 – – – – – –
1  10.8 80 0.48 14.4 96 0.58 5.8 83 0.47
1.5  – – – 19.9 77 0.57 14.2 92 0.49
2a 15.2 89 0.53 29.0 83 0.59 21.6 95 0.55
2.5a – – – 32.5 81 0.58 28.3 90 0.50
3a 16.5 82 0.48 – – – 33.1 88 0.48
5a 13.2 81 0.47 – – – 43.1 86 0.52

a Saturated gels.

Table 6
Coefficients of Eq. (2), number of cases N and initial drug concentration ranges Ci included in the analysis.

Drug a b c r2 N Ci rangesa

Naproxen 4.6525 0.49 0.333 0.97 30
0.01–0.05Diclofenac 3.8086 0.58 0.295 0.99 54

Theophylline 7.6818 0.48 0.356 0.88 42 0.50–5.00
Salicylic acid 7.8413 0.44 0.875 0.99 66 0.10–0.35
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Caffeine 7.7486 0.58 

Paracetamol 7.4568 0.50 

a The detailed initial concentrations are given in Tables 3–5.

∞ corresponds to the asymptotic region of the curves (Fig. 1).
or the compounds studied here, Eq. (1) is applicable to release
ractions larger than 60%. For the least polar drugs a fraction until

/M∞ = 67–87% (naproxen) and 44–72% (diclofenac) is released in
8–51 h according with the power law (Table 3). For the most polar
rugs (theophylline, salicylic acid, caffeine and paracetamol) more
han 80% is released according to the Eq. (1) in a shorter time,
6–28 h (Tables 4 and 5). Fu et al. (2004) found that the Peppas
quation was valid for delivered fractions above 60% for several
rugs in HPMC tablets.

The diffusional exponents of the drugs n vary between 0.40 and
.58 (Tables 3–5). The values for diclofenac (n = 0.55–0.59) and caf-
eine (n = 0.57–0.59) are very similar although the former is much
ess water soluble than caffeine (Table 1). In general, the diffusional
xponents tend to be somewhat larger in the saturated gels. The
ighest value (n = 0.6, Tables 3–5)  is closer to n = 0.5 than to n = 1.
his indicates that drug release is mainly controlled by diffusion
nd in some extent by relaxation/dissolution.

The Higuchi equation relates the drug released with the square
oot of time and was also tested. The Peppas model was selected to
est correlations with the solubility parameter because this model
s applicable to a wider release range for all drugs.

.4. Extended Peppas model

Eq. (2) is tested for each drug to predict the cumulative amount

 delivered at time t including all the initial drug concentrations

i used in the saturated and non-saturated gels:

n M = a + b ln t + c ln Ci (2)

able 7
oefficients of Eq. (5), number of cases N, release constant K (Eq. (6)) and initial drug conc

Drug a b c 

Naproxen 1.233 0.49 −0.299 

Diclofenac 1.542 0.58 −0.143 

Theophylline 2.968 0.48 −0.011 

Salicylic acid 2.804 0.44 −0.132 

Caffeine 2.659 0.58 −0.101 

Paracetamol 2.999 0.50 −0.106 

a The detailed initial concentrations are given in Tables 3–5.
33 0.99 50
0.50–5.0039 0.94 44

The coefficients a, b and c are obtained from multiple regression
analysis. Eq. (2) is an extension of the Peppas power law. Taking
logarithms into Eq. (1):

ln M = ln M∞ + ln K + n ln t (3)

Comparing Eqs. (2) and (3):

ln M∞ + ln K = a + c ln Ci (4)

The coefficient b of Eq. (2) represents the diffusional exponent
n of the Peppas model.

Table 6 summarizes the regression coefficients, r2 values, num-
ber of cases N and concentration ranges included for each drug.

The n exponent is ≤0.50 for naproxen, theophylline, paraceta-
mol  and salicylic acid (Table 6) and Fickian diffusion can be assumed
for these drugs. For caffeine and diclofenac n = 0.58, a value closer
to n = 0.5 than to n = 1. This suggests that Fickian diffusion is also
the main release mechanism.

Eq. (2) can be also written using the release fractions of drug
M/M∞ delivered where M∞ is the amount delivered at the asymp-
totic region of the release curves in Fig. 1(a–f):

ln
(

M

M∞

)
= a + b ln t + c ln Ci (5)

Comparing Eq. (3) and the Peppas model (Eq. (1)):

ln K = a + c ln Ci (6)
Eq. (5) is tested with all the initial concentrations Ci of each drug.
Table 7 summarizes the regression coefficients, r2 values, number
of cases N and concentration ranges included for each drug. The
apparent kinetic constants K (h−n) calculated from Eq. (6) are also

entrations ranges Ci included in the analysis.

r2 N K (h−n) Ci rangesa

0.98 30 2.54
0.01–0.050.99 54 4.05

0.98 42 19.15 0.50–5.00
0.98 66 14.46 0.10–0.35
0.99 50 12.9

0.50–5.000.98 44 18.04
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ig. 4. Relationship between the logarithm of the experimental and calculated
mounts of drug delivered (mg) using Eq. (9).

ncluded. Fig. 3 shows that the ln K values increase as the solubil-
ty parameter of the drug becomes larger, according to a parabolic
elationship.

.5. Modelling drug release with solubility parameters

A common equation including all the drugs and the overall initial
rug concentrations is written:

n M = C0 + C1ı − C2ı2 + C3 ln t + C4 ln Ci (7)

Eq. (7) assumes a parabolic relationship between the apparent
inetics constant K and the solubility parameter (the quadratic term
1, ı2

1) as suggested in Fig. 3. Comparing Eq. (7) with the extended
eppas model (Eq. (2)):

n K = C0 + C1ı − C2ı2 + C4 ln Ci (8)

Eq. (7) is tested including all the drugs and drug concentrations:

n M = −21.578 + 2.102ı − 0.037ı2 + 0.48 ln t + 1.028 ln Ci (9)

2 = 0.94, N = 286, SD = 0.54, F = 1118

The relationship between the experimental and calculated val-
es is good (r2 = 0.94, Fig. 4) considering the large number of cases

ncluded (N = 286) and the different structure of the drugs. The coef-
cient C3 = 0.48 of Eq. (9) (corresponding to the exponent n of the
eppas model) is very close to 0.5 indicating that a Fickian dif-
usion process can be assumed for all drugs. According to Eq. (9)
he amount delivered increases as the initial concentration and the
olubility parameter of the drug becomes larger.

The drug release can also be modeled using the logarithm of the
ctanol–water partition coefficient log P of the drugs as a polarity
ndex:

n M = 7.9563 − 0.4713 log P + 0.4860 ln t + 0.7673 ln Ci (10)

2 = 0.95, N = 286, SD = 0.22, F = 2074
According to Eq. (10), the amount released decreases as the par-
ition coefficient increases.
The results show that the release of drugs from HPMC gels can

e modeled with a common equation including the drug concen-
ration and the solubility parameter or the partition coefficient of
f Pharmaceutics 414 (2011) 125– 130

the drug. The results provide useful criteria to facilitate hydrogel
drug formulation. The larger the solubility parameter of the drugs
the greater the amount delivered and the release rate.
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