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a  b  s  t  r  a  c  t

Chitosan  nanoparticles  (CS-NPs)  have  been  used  to enhance  the  permeability  of  furosemide  and  ranitidine
hydrochloride  (ranitidine  HCl)  which  were  selected  as candidates  for two  different  biopharmaceutical
drug  classes  having  low  permeability  across  Caco-2  cell  monolayers.  Drugs  loaded  CS-NPs  were  prepared
by ionic  gelation  of  CS  and  pentasodium  tripolyphosphate  (TPP)  which  added  to  the  drugs  inclusion
complexes  with  hydroxypropyl-�-cyclodextrin  (HP-�CD).  The  stability  constants  for  furosemide/HP-
�CD  and  ranitidine  HCl/HP-�CD  were  calculated  as  335  M−1 and  410  M−1,  whereas  the association
efficiencies  (AE%)  of  the  drugs/HP-�CD  inclusion  complexes  with  CS-NPs  were  determined  to be  23.0
and  19.5%,  respectively.  Zetasizer  and  scanning  electron  microscopy  (SEM)  were used  to characterise
anitidine hydrochloride
ydroxypropyl-�-cyclodextrin
aco-2 cell
athematical model

drugs/HP-�CD-NPs  size  and  morphology.  Transport  of  both  nano  and  non-nano  formulations  of  drugs/HP-
�CD  complexes  across  a Caco-2  cell monolayer  was  assessed  and  fitted  to mathematical  models.
Furosemide/HP-�CD-NPs  demonstrated  transport  kinetics  best  suited  for  the  Higuchi  model,  whereas
other  drug  formulations  demonstrated  power  law  transportation  behaviour.  Permeability  experiments
revealed  that  furosemide/HP-�CD and  ranitidine  HCl/HP-�CD  nano  formulations  greatly  induce  the
opening  of  tight  junctions  and  enhance  drug  transition  through  Caco-2  monolayers.
. Introduction

Chitosan (CS), a partial deacetylation product of chitin that con-
ists of glucosamine and N-acetylglucosamine, is a biocompatible,
iodegradable, safe and low toxic polymer, particularly in the case
f oral route of drug administration, with low immunogenicity pos-
esses various applications in medical and pharmaceutical fields
Singla and Chawla, 2001; López-León et al., 2004; Wu et al., 2005).
his polymer is widely used as a carrier for low molecular weight
rugs, vaccines and DNA (Bowman and Leong, 2006). Nanoparticle
NP) formulations as excitement approaches to enhance the solu-
ility and cellular permeability of drugs which result in improved
linical efficacy have been widely investigated in recent years (Xua

t al., 2006; Li et al., 2009).

Statistics show that nearly 40% of the manufactured drugs
hrough the world have unfavourable water solubility which

∗ Corresponding author. Tel.: +98 21 88009440; fax: +98 21 88009440.
E-mail address: Dorkoosh@tums.ac.ir (F.A. Dorkoosh).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.11.016
© 2011 Elsevier B.V. All rights reserved.

limits the application of these medicines in physiological environ-
ments (Gao et al., 2008). Hydroxypropyl-�-cyclodextrin (HP-�CD)
belongs to a large family of cyclic oligosaccharides which have been
extensively studied are used to increase aqueous solubility and per-
meability of poorly soluble drugs (Loftsson and Brewster, 1996;
Zhang et al., 2008).

Intracellular and paracellular pathways which believed as the
most important pathways for drug absorption and permeation
across cellular routes could be activated by CS-NPs which have a
great potential to increasing the permeability of hydrophobic drugs
(Huang et al., 2002; Dong et al., 2006; Gao et al., 2008; Sadeghi et al.,
2008; Trapani et al., 2009). Paracellular drug transport is enhanced
by CS-NPs transient and reversibly (Artursson et al., 1994) due to
electrostatic interactions between positive charge of CS and nega-
tive charge of sialic acid involved in the cell tight junctions (Dodane
et al., 1999; Lee et al., 2006; Wang et al., 2008). Depolymerisation of

cellular F-actin as a consequence of the interactions between CS and
ZO-1 (zonula occludin), a protein located in the cellular membrane,
considered as another mechanism for raising drugs paracellular
permeation using CS-NPs (Huang et al., 2002).

dx.doi.org/10.1016/j.ijpharm.2011.11.016
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Dorkoosh@tums.ac.ir
dx.doi.org/10.1016/j.ijpharm.2011.11.016
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Ranitidine hydrochloride (ranitidine HCl) (C13H22N4OS3 HCl,
w = 350.9, pKa = 0.2 for ionised form and 1.2 for unionised form),
hich has high solubility and low permeability, is a class III com-
ound (Mirmehrabi et al., 2004) and furosemide (C12H11ClN2O5S,
w = 330.7, pKa = 4), with low solubility and permeability, is a class

V substance according to the biopharmaceutical classification sys-
em (Beyers et al., 2000).

The human colorectal adenocarcinoma cell line Caco-2, is used
s a standard model to assessing drugs absorption and transporta-
ion (Zuo et al., 2000).

Raising the solubility and permeability of drugs using a cosol-
ent like (HP-�CD), decreasing the size of formulations and
nhancing their permeation by CS-NPs as a polymeric drug car-
ier have been investigated in this research. Main approach in this
esearch was assessing only the effects of CS-NPs as a nanoparticu-
ate drug carrier in order to increasing drugs permeability. So, high
oluble ranitidine HCl was also complexed with HP-�CD to ignore
he permeation enhancing effects of CD. On the other hand, present-
ng logic mathematical models to describe and distinguish between
ano and non-nano drug/HP-�CD formulations and determine the
ffects of CS-NPs in the transport of two drug formulations across
he biological monolayer were investigated.

. Materials and methods

.1. Materials

ChitoClear® CS base (viscosity 1%, w/v solution, 463 mPa  s
nd 95% degree of deacetylation) was purchased from Primex
Siglufjörǒur, Iceland). Caco-2 cells were obtained from the Insti-
ute Pasteur (Iran). Ranitidine HCl was received as a generous
ift from Shahre Daru Pharmaceutical Company (Tehran, Iran),
nd furosemide was a generous gift from Chemidarou Pharma-
eutical Company (Tehran, Iran). Pentasodium tripolyphosphate
TPP) was obtained from Merck (Darmstadt, Germany). HP-�CD
as purchased from Sigma–Aldrich (Saint Louise, USA). HPLC-

high performance liquid chromatography) grade acetonitrile was
cquired from Merck. All other reagents used in this study were of
nalytical grade.

.2. HPLC analysis

Furosemide and ranitidine HCl analyses were performed by a
ully automated HPLC (Knauer, Germany) containing a UV detector.

 LiChrospher 100 RP8 EC (250 mm × 4.6 mm,  5-�m particle size)
tainless steel analytical column was used for both drugs. When
easuring the levels of furosemide, the mobile phase consisted of
ater and acetonitrile in a ratio of 60:40 (v/v). The mobile phase
H was adjusted to 3.5 by adding 25 �l of orthophosphoric acid
o 100 ml  water. The flow rate was 2 ml/min, and UV detection
as achieved at 228 nm.  When assessing ranitidine HCl levels, the
obile phase was prepared by phosphate buffer (10 mM,  pH = 7.1)

nd acetonitrile in a ratio of 80:20 (v/v). The flow rate was 1 ml/min,
nd UV detection was achieved at 230 nm.  Furosemide and ran-
tidine HCl were detected at retention times of 5.5 and 11 min,
espectively.

.3. Phase solubility studies of drugs/HP-ˇCD inclusion complexes

Stability and phase solubility analyses for the HP-�CD inclu-
ion complexes of furosemide and ranitidine HCl were performed
ccording to the method depicted by Higuchi and Connors (1965).

riefly, excess amounts of drugs were added to different concentra-
ions of HP-�CD (1–5 mM)  in 0.02 N HCl solutions. Light exposure
as avoided, and the mixtures were rotated end-over-end for 72 h

t 25 ◦C. After achieving equilibrium, excess amounts of drugs were
harmaceutics 422 (2012) 479– 488

filtered through a cellulose nitrate Sartorius filter (0.45 �m).  The
filtered solutions were then diluted with methanol and analysed
by HPLC-UV at 228 and 230 nm for furosemide/HP-�CD and rani-
tidine HCl/HP-�CD, respectively. Analyses were used to determine
the amounts of soluble drugs in the presence of different concen-
trations of HP-�CD, which functioned as a cosolvent and stabilizer.
The K1:1 stability constant (KC) for both drugs was calculated from
an initial straight line portion of the phase solubility diagram using
the following equation:

KC = Slope
S0 × (1 − Slope)

(1)

In this equation, S0 and Slope represent the intrinsic solubility of
the drug and the Slope of the phase solubility diagram, respectively.

2.4. CS-NPs synthesis

CS-NPs were produced by ionic gelation method first described
by Calvo et al. (1997).  Electrostatic forces between negative species
generated from the dissociation of TPP in aqueous solution and pos-
itively charged CS result in the formation of CS-NPs. In the present
work, the molar ratio of CS/TPP was changed to achieve CS-NPs with
optimal physicochemical properties. The hydrodynamic size, poly-
dispersity index (PDI) and zeta potential of CS-NPs were evaluated
in order to select the optimal CS/TPP molar ratio for nanoparticle
formation.

To produce the NPs, CS was  dissolved in acetic acid at concen-
trations of 0.75, 1.5, 2.25, 3, 3.75, and 4.5 mg/ml to form a positive
charge on the ammonium groups of CS, allowing for suitable water
solubility. In all cases, NPs were prepared by adding 8 ml  of TPP
solution (0.5 mg/ml) and 1 ml  of the drug inclusion complexes
(drugs + 5 mM HP-�CD) to 20 ml  of CS solution (pH 4.5) with vari-
ous concentrations (0.5, 1, 1.5, 2, 2.5, and 3 mg/ml) under stirring
conditions at room temperature. NPs were obtained after ultracen-
trifugation at 20,000 × g for 1 h. To separate NPs from the solution,
the supernatant was  discarded, and the pellet was  resuspended
with deionised water. Finally, the produced NPs were characterised
by Zetasizer 3000 HS (Malvern instrument, Malvern, Worcester-
shire, UK) at 25 ◦C with a detection angle of 90◦ to perform NPs
size, zeta potential and PDI. Scanning electron microscopy (SEM)
images of the synthesized NPs were taken by a ZIESS DSM 960A,
SEM (Carl Zeiss Inc., Oberkochen, Germany).

2.5. Association efficiency, loading capacity, and drugs release
profiles

To determine association efficiency (AE%) and loading capac-
ity (LC%)of the drugs nano formulations, NP solutions were first
ultracentrifuged (20,000 × g at 4 ◦C) for 1 h, then the supernatants
were discarded and pellets resuspended by deionised water. The
amounts of non-associated and -loaded drugs in supernatants were
calculated by measuring the difference between total amounts of
drugs added to the NPs solution and the quantity of unbounded
drugs using HPLC methods according to the following equations:

AE% = total amounts of drugs − amounts of free drugs
total amounts of drugs

× 100 (2)

LC% = total amounts of drugs − amounts of free drugs
NPs weight

× 100 (3)

To obtain drugs release profiles, 1 mg  of each lyophilised drugs
were dissolved in 1 ml  of 0.1 M phosphate buffered saline solution

(PBS) at pH of 7.4 and 4.0, representing the physiological environ-
ment (Apical side) and endolysosomal compartment (Intracellular
space), respectively. 1 ml  of the both drugs/HP-�CD-NPs were incu-
bated in a dialysis bag and immersed in 19 ml  of PBS (Boonsongrit
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t al., 2006). The glass containers of PBS buffer (pH 4.0 and 7.4)
hich were used to test the release profiles of drugs from CS-NPs
ere kept at 37 ◦C and stirred for 4 h. At 30, 60, 90, 150, and 240 min

ime intervals, 1 ml  of the samples were withdrawn from the buffer
edium and replaced with 1 ml  of fresh medium. Released drug

evels were detected using the previously mentioned HPLC meth-
ds. The percentage of the released drugs was calculated using the
ollowing equation:

elease(%) =
(

Released drug
Total drug

)
× 100

.6. Release and transport kinetic studies

To analyse drugs release from CS-NPs and the transport mecha-
isms involved in crossing the Caco-2 monolayer, several different
inetic models were used to describe the optimal release and trans-
ort kinetics for ranitidine HCl/HP-�CD and furosemide/HP-�CD in
oth nano and non-nano formulations. Eq. (3) is based on the zero-
rder kinetics, indicative of uniform drug release from the matrix
ith respect to the time (Mansour et al., 2010) used to describe sys-

ems where the rates of drug release and transport are independent
f drug concentration in the matrix (Shoaib et al., 2006; Amgaokar
t al., 2011). It is represented by the following equation:

Mt

M∞
= K0t, (4)

here Mt/M∞ is the fractional drug release, K0 is the zero-order
inetic constant and t is time. First order kinetic describes systems
or which the rate of drug release is dependent on the drug concen-
ration (Amgaokar et al., 2011). First order kinetics is represented
s:

Mt

M∞
= 1 − exp(−K1t), (5)

here K1 is the first order kinetic constant that is fitted according
o the experimental data.

Eq. (6) is based on the Hixson–Crowell cube root model, which
tates that the mechanism of drug release depends upon the change
n surface area or particle size (Hixson and Crowell, 1931). This

odel is represented as:

1/3
0 − M1/3

t = KHCt, (6)

here M0 is the initial amount of drug in the carrier, Mt is the
mount of drug released at time t, and KHC is a kinetic constant.

The Higuchi model (1963) describes drug release from a matrix
s a diffusion process based on Fick’s law which represented as the
quare root of a time-dependent process (Siepmanna and Peppas,
000). The equation for the Higuchi model is as follows:

Mt

M∞
= KHt1/2, (7)

here Mt/M∞ is the fractional drug release, and KH is the Higuchi
onstant.

Finally, Eq. (8),  derived by Korsmeyer–Peppas (1983),  repre-
ents power law release kinetics which follows non-Fickian release
echanism used to describe drug release that has an exponential

elationship with respect to time. This model is represented by the
ollowing equation:

Mt

M∞
= KPtn, (8)

here n, like other constants in the above models, was determined

y fitting release and transport data with respective models, and KP

epresents the power law constant. Both of the dedicated param-
ters are experimentally determined factors and depend on the
eometry of carrier boundaries. All practically achieved data were
harmaceutics 422 (2012) 479– 488 481

fitted by MapleTM 14 to evaluate theoretical models of drug release
and transport.

Sum square of errors (SSE), sum square of regression (SSR) and
sum square of total variation (SST) using Eqs. (9),  (10), and (11),
respectively, were calculated to evaluate the coefficients of deter-
mination (R2) for each model and the accuracy of the best fitted data
by the suggested mathematical models based on Eq. (12). These
equations are as follows:

SSE =
n∑

i=1

e2 =
n∑

i=1

(yi − yfi)
2, (9)

SST =
n∑

i=1

(yi − ȳ)2, (10)

SSR = SST − SSE, (11)

R2 = 1 − SSE
SST

, (12)

where yi represents the vector of dependent observed variables for
an observation, yfi is a fitted variable value, e is the error vector and
ȳ is the mean value of yi.

The relative sizes of the sums of squares terms demonstrate how
“good” the regression is in terms of fitting the calibration data. If
the regression is “perfect”, then SSE is zero, and R2 will be 1.

2.7. Caco-2 cell culture and preparation of the cell monolayer

Caco-2 cells (passage number 40–45) were maintained at 37 ◦C
and grown in 25 ml  Nunc flasks in an incubator with a controlled,
humidified atmosphere consisting of 5% CO2 and 95% air. Cells were
cultured in an enriched medium consisting of RPMI-1640, Dul-
becco’s modified Eagle medium (DMEM), fetal bovine serum (FBS)
and penicillin/streptomycin (100 U/ml) in a ratio of 50:35:15:1
which was  changed every second day. Cells were trypsinised by
trypsin–EDTA (1%) and resuspended in a culture medium at 70–80%
confluency.

Cells were seeded on semipermeable filter inserts (Nunc 24-well
Transwell plates) at 4 × 105 cells/cm2 density on 0.47-cm2 polycar-
bonate membranes with a pore size of 0.4 �m (Markowska et al.,
2001). Caco-2 cell monolayers were used after 21 days of incubation
on the filter inserts. To enhance cell adhesion, filters were precoated
prior to seeding the cells with 40 �l of diluted rat tail collagen
(type I) solution in 1 N acetic acid in a ratio of 1:9 (10× dilution)
(Masungi et al., 2004). Coated filter inserts were dried in an incu-
bator overnight, and cells were then seeded on the polycarbonate
filters.

2.8. Transport studies

All transport experiments were conducted at 37 ◦C under lami-
nar air flow. Prior to the transport experiments, cells were washed
twice with PBS and preincubated with Hanks’ balanced salt solu-
tion (HBSS, pH 7.4) supplemented with 25 mM HEPES for 25 min.
Culture medium was replaced by transition buffer (HBSS–HEPES)
during the transportation experiments. Drugs in both nano and
non-nano formulations were added to the apical compartment
of the monolayer at a final concentration of 1 mg/ml in 0.5 ml
HBSS–HEPES buffer. The basolateral side of the monolayer con-
tained only 1 ml  of transition buffer. All transport analyses were
conducted in the apical (A) to basolateral (B) direction of the mono-
layer. At the defined time intervals (30, 60, 90, 150 and 240 min),

200 �l of samples were removed from the basolateral side of the
monolayer and replaced with an equal amount of fresh transition
buffer. The collected samples were analysed using the previously
mentioned HPLC methods for each drug.
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ig. 1. Phase solubility diagrams of (a) furosemide/HP-�CD and (b) ranitidine HCl/H
ncubated at 35 ± 2 ◦C.

Apparent permeability coefficients (Papp) for each formulation
ere calculated according to the following equation:

app = Vr × Cr

A × t × C0
, (13)

here Vr corresponds to the volume of the receptor compartment,
r is the drug concentration at the receiver compartment, A repre-
ents the filter surface area, t is time and C0 represents the initial
rug concentration at the apical side.

.9. Transepithelial electrical resistance measurement (TEER
ssay)

Transepithelial electrical resistance (TEER) of Caco-2 cell mono-
ayers was measured 15–21 days after seeding cells on the filter
nserts. An EVOM equipped with “chopstick” electrodes (World Pre-
ision Instruments, Sarasota, FL) was used to ensure the integrity

f Caco-2 cell monolayers on the filter inserts. TEER measurements
ere also performed during the permeation experiment at prede-

ermined time intervals (0, 2, 4, 8, 12 and 24 h) to assess the effects
f CS-NPs on the opening of tight junction barriers during and after
D in the presence of different concentrations of HP-�CD in a 0.02 N solution of HCl

the transport experiment. TEER values were calculated based on
the following equation:

TEER = (Rmonolayer − Rblank) × A(� cm2),

where Rmonolayer is the measured resistance of Caco-2 monolayer,
Rblank represents the resistance of filter inserts without cell mono-
layer, and A is the available filter inserts surface area.

2.10. Statistical analysis

Data are reported as mean ± standard deviation from 3 inde-
pendent experiments. Statistical significance between mean values
was calculated using independent sample t-test and one-way anal-
ysis of variance (ANOVA) with Dunnett’s T3 post hoc test (SPSS 15.0,
SPSS, Inc.). Probability values <0.05 were considered significant.

3. Results and discussion
3.1. Phase solubility results

Phase solubility of furosemide and ranitidine HCl with HP-�CD
was assayed in a solution of 0.02 N HCl at 35 ± 2 ◦C. According to
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Table 1
Characterisation of CS-NPs using various CS/TPP molar ratios.

CS/TPP
molar ratio

Particle size
(nm) ± SD

Zeta potential
(mV) ± SD

PDI ± SD

1:1 815 ± 20 +23 ± 7.52 0.58 ± 0.24
2:1  243 ± 15 +35 ± 4.50 0.38 ± 0.42
3:1  391 ± 35 +32 ± 3.51 0.68 ± 0.31
4:1  196 ± 22 +41 ± 6.53 0.33 ± 0.18
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5:1  230 ± 16 +36 ± 7.46 0.40 ± 0.28
6:1  1062 ± 45 +22 ± 5.50 0.47 ± 0.34

ig. 1a and b, increasing HP-�CD concentrations resulted in a lin-
ar enhancement in the solubility of furosemide and ranitidine
Cl. These diagrams depicted a linear relationship between the
mounts of solubilised drug in 0.02 N HCl and the concentration of
P-�CD over an indicated range (Mora et al., 2010). The provided
iagrams can be classified as AL-type solubility diagrams, accord-

ng to the Higuchi and Connors method. These diagrams indicate
he formation of a first order dependency of the interactions on the
yclodextrin concentration (Loftsson and Brewster, 1996). Using
he stability constant, Eq. (1) which mentioned previously, stability
onstants (KC) for furosemide/HP-�CD and ranitidine HCl/HP-�CD
ere determined to be 335 M−1 and 410 M−1, respectively. Based

n these results, it can be concluded that stable inclusion complexes
etween HP-�CD and drug in a 1:1 molar ratio have been formed
Onyeji et al., 2009).

.2. Nanoparticle characterisation

Measured size, PDI, and zeta potential of CS-NPs made with
ifferent CS/TPP molar ratios have been provided in Table 1. A
S/TPP molar ratio of 4:1 demonstrated superior physicochemical
roperties, such as low particle size, low PDI and high zeta poten-
ial, which represents desirable colloidal stability relative to the
ther nanoparticle formulations (Mohanraj and Chen, 2006), was
elected for loading both drugs (Table 2). At 1:1 CS/TPP molar ratio,
he equal amounts of CS positive charge and TPP negative charge
esults in the formation of agglomerate particles where by increas-
ng CS concentration from 0.5 mg/ml  to 2 mg/ml, long amine groups
revent the TPP anions adsorption and probably, results in a high
mount of positive electrical double layer thickness which prevents
articles aggregation. Raising CS concentration more than 2 mg/ml
esults in the formation of huge amounts of CS positive species,
hich prevents the desirable interaction between positive and neg-

tive charges to produce CS-NPs. Optimum zeta potential and PDI
or the CS-NPs, were achieved by increasing the CS/TPP concentra-
ion ratio to 4:1. Increasing the CS/TPP molar ratio to more than
:1 resulted in reduced zeta potential and increased PDI. AE% and
C% for the produced ranitidine HCl/HP-�CD-NPs were calculated
s 23% and 18% whereas these parameters were 19.5% and 14% in
he case of furosemide/HP-�CD-NPs. The SEM images of the free-
orm CS-NPs (Fig. 2a) as well as furosemide/HP-�CD- and ranitidine
Cl/HP-�CD-loaded CS-NPs (Fig. 2b and c) are provided. Particles
ithout associated drug have a smooth spherical shape, whereas
rug-loaded NPs have an asymmetric, rough spherical morphology,
robably due to the drugs attachment.

.3. In vitro drug release studies

.3.1. Experimental drug release studies
Ranitidine HCl/HP-�CD- and furosemide/HP-�CD-loaded CS-

Ps were immersed in PBS (pH 7.4 and 4.0) to simulate the

hysiological pH observed at the apical side and endolysosomal
ompartment of Caco-2 cells, respectively. As depicted in Fig. 3a
nd b, ranitidine HCl/HP-�CD and furosemide/HP-�CD have differ-
ng release profiles because of their different chemical structures.
Fig. 2. SEM images of (a) hallow CS-NPs, (b) furosemide/HP-�CD-CS-NPs and (c)
ranitidine HCl/HP-�CD-CS-NPs.

Faster release kinetic was observed for ranitidine HCl/HP-�CD at
the lower pH (4.0) compared to its release at the neutral pH. The
amine groups presented in the structure of ranitidine HCl/HP-�CD
could protonate at the lower pH, and as a result, the drug would
solubilise in water more easily and releases from the CS matrix
to the aqueous environment. As illustrated in Fig. 3, 80% of raniti-
dine HCl/HP-�CD was released from CS-NPs at pH 4.0 after 90 min,
whereas only 50% of ranitidine HCl/HP-�CD was released at pH
7.4. In contrast, furosemide/HP-�CD release from CS-NPs is slower
relative to ranitidine HCl/HP-�CD during 4-h incubation at pH 4.0.
At acidic pH values, the protonated amine groups electrostat-
ically repulsed by CS positive charge, and release occurred faster
than ranitidine release at neutral pH. The burst effect followed by
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Table  2
Characterisation of drugs loaded CS-NPs.

Drugs-NPs Size (nm) ± SD PDI ± SD Zeta potential (mV) ± SD AE% LC%

Ranitidine HCl/HP-�CD-NPs 244.5 ± 24 0.40 ± 0.15 +35 ± 12 23.0 18.0
Furosemide/HP-�CD-NPs 196.0 ± 35 0.33 ± 0.22 +41 ± 16 19.5 14.0

Table 3
Release parameters for the nano formulation of ranitidine HCl/HP-�CD obtained after fitting data with five different mathematical models of drug release kinetics.

pH Fitted theoretical models

Zero order First order Hixson–Crowell Higuchi Power lawa

pH 4.0 K0 0.40 K1 0.01 KHC 0.01 KH 0.76 KP 765.30
R2 0.63 R2 0.51 R2 0.75 R2 0.74 R2 0.84

n 0.05
SSE 1045.26
SST 6450.18
SSR 5404.92

pH  7.4 K0 0.27 K1 0.01 KHC 0.005 KH 304.46 KP 507.39
R2 0.71 R2 0.54 R2 0.81 R2 0.80 R2 0.89

n 0.05
SSE 309.59
SST 2811.92
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a Significant data.

ustained release was observed for ranitidine HCl/HP-�CD release
rom CS-NPs. Miro et al. (2006) have shown that, hydrophilic CDs
HP-�CD) could be able to prolong drug release, so it can be con-
luded that CS-NPs are responsible for the preliminary burst effect
ollowed by sustained release.

At lower pH values (pH 4.0) in contrast to higher pH values (pH
.4), the ability of carboxylic group of furosemide to be depro-
onated decreases which results in decreasing the solubility of
urosemide in aqueous medium at pH 4.0 compare to its solubil-
ty at neutral pH. Furosemide/HP-�CD release showed sustained
elease profile at acidic pH compare to its release at neutral pH
Fig. 3b).

.3.2. Theoretical drug release studies
To determine the best equation to describe drugs release profiles

or different physiological situations, all experimental release data
ere fitted by five mathematical models. Results for fitting ran-

tidine HCl/HP-�CD and furosemide/HP-�CD release profiles into
espective equations are provided in Tables 3 and 4, respectively.
itting release data with the five different equations revealed that
he ranitidine HCl/HP-�CD release profile was more appropriate

or the power law model, with correlation coefficients of 0.84 and
.89 for pH 4.0 and 7.4, respectively (Fig. 4a). This finding sug-
ests that the relationship between the concentration of released
rug versus time is exponential and concentration independent.

able 4
elease parameters for the nano formulation of furosemide/HP-�CD obtained after fitting

pH Fitted theoretical models

Zero ordera First order Hi

pH 4.0 K0 0.21 K1 0.01 KH

R2 0.95 R2 0.69 R2

SSE  70.81 

SST  1299
SSR 1228

pH 7.4 K0 0.45 K1 0.01 KH

R2 0.95 R2 0.69 R2

SSE  253.40 

SST 5613.30
SSR  5359.60

a Significant data.
SSR 2502.32

The power law release exponent (n), which is indicative of a drug
release mechanism, fit similar to other equation constants when
plotting the experimental data. The furosemide/HP-�CD release
profile was  best fit to the zero order kinetic model, with correlation
coefficients of 0.95 for both pH values which shows a non-Fickian
(case II transport) release behaviour (Fig. 4b). A linear relationship
between the concentrations of the released drug versus time indi-
cates a concentration independent profile for furosemide/HP-�CD
release from CS-NPs.

3.4. Monolayer integrity

The development of Caco-2 cell monolayers on polycarbonate
filter inserts was investigated by TEER for 21 days. The mea-
sured TEER value for Caco-2 cells grown on filters after noted
time was 600 � cm2, which indicates the formation of tight junc-
tions and good cell integrity. The addition of drugs in the forms
of HP-�CD/drugs-NPs and drugs/HP-�CD formulations resulted in
the reduced TEER values (Fig. 5). Nano formulations caused more
considerable reduction in the cell integrity relative to non-nano
formulations particularly in the case of furosemide/HP-�CD-NPs.

The decrease in cell integrity which was observed in the presence
of drugs/HP-�CD formulations less than HP-�CD/drugs-NPs, sug-
gested slight permeation enhancement of HP-�CD due to its effects
on the monolayer TEER value which was similarly reported by Zuo

 data with five different mathematical models of drug release kinetics.

xson–Crowell Higuchi Power law

C 0.004 KH 4.60 KP 0.38
0.93 R2 0.92 R2 0.94

n 0.90

C 0.013 KH 4.60 KP 0.38
0.81 R2 0.92 R2 0.94

n 0.90
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Fig. 4. Model fit of the experimentally determined amounts of (a) ranitidine HCl/HP-
ig. 3. In vitro release of (a) ranitidine HCl/HP-�CD and (b) furosemide/HP-�CD
rom CS-NPs in 0.1 M PBS buffer at pH 7.4 (©) and pH 4.0 (�). Data are shown as

ean ± SD (n = 3).

t al. (2000).  The furosemide/HP-�CD nano formulation resulted
n lower TEER values than all other formulations. Probably, higher
eta potential of furosemide/HP-�CD-NPs is an acceptable reason
or the observed phenomenon.

.5. Drug transport

Both nano and non-nano formulations of drugs were added

o the apical side of the Caco-2 cell monolayer to evaluate
he effects of CS-NPs on the opening of cell tight junctions.
pparent permeability for each formulation is provided in
able 5. A significant difference was not detected between the

able 5
ermeability coefficients of ranitidine HCl/HP-�CD and furosemide/HP-�CD in both
ano and non-nano formulations.

Drugs Papp (×10−6 cm/S) ± SD

Furosemide/HP-�CD-NPs 7.56 ± 0.21
Furosemide/HP-�CD 3.4 ± 0.24
Ranitidine HCl/HP-�CD-NPs 4.23 ± 0.56
Ranitidine HCl/HP-�CD 3.45 ± 0.12
�CD and (b) furosmide/HP-�CD release from CS-NPs at pH 4.0 (�) and pH 7.4 (©).
Experimental and theoretical data are represented by circles and black solid lines,
respectively.

transports of the ranitidine HCl/HP-�CD and ranitidine HCl/HP-
�CD-NPs, when comparing with the corresponding formulations
of furosemide (Fig. 6). Equations and correlation coefficients
for nano and non-nano formulations of ranitidine HCl/HP-�CD
and furosemide/HP-�CD are provided in Tables 6 and 7 were
applied to the five previously mentioned equations, respectively.
Slow transport kinetics for both ranitidine HCl/HP-�CD formu-
lations was  best fitted by the power law models (Fig. 7a).
Furosemide/HP-�CD transport across the monolayer was best
fitted by the power law equation, whereas furosemide/HP-�CD-

NPs transport was more appropriate for the Higuchi kinetic
model (Fig. 7b). Faster apical to basolateral transportation of nano
furosemide/HP-�CD was observed due to its higher positive zeta
potential and smaller particle size, compare to the nano ranitidine
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Table  6
Transport of ranitidine HCl/HP-�CD in both nano and non-nano formulations across Caco-2 cell monolayer fitted by five theoretical models.

Drugs Fitted theoretical models

Zero order First order Hixson–Crowell Higuchi Power lawa

Ranitidine HCl/HP-�CD K0 0.009 K1 0.004 KHC 0.0002 KH 0.2 KP 17.12
R2 0.69 R2 0.6 R2 0.71 R2 0.81 R2 0.91

n 0.05
SSE 0.26
SST 2.94
SSR 2.68

Ranitidine HCl/HP-�CD-NPs K0 0.01 K1 0.003 KHC 0.0002 KH 0.23 KP 0.5
R2 0.86 R2 0.76 R2 0.77 R2 0.94 R2 0.99

n 0.05
SSE 0.02
SST 3.82
SSR 3.79

a Significant data.

Table 7
Transport of furosemide/HP-�CD in both nano and non-nano formulations across Caco-2 cell monolayers fitted by five theoretical models.

Drugs Fitted theoretical models

Zero order First order Hixson–Crowell Higuchia Power lawa

Furosemide/HP-�CD K0 0.01 K1 0.009 KHC 0.0003 KH 0.35 K 28.23
R2 0.81 R2 0.69 R2 0.84 R2 0.90 R2 0.97

n  0.05
SSE 0.23
SST 9.45
SSR 9.21

Furosemide/HP-�CD-NPs K0 0.02 K1 0.003 KHC 0.0005 KH 0.5 K 0.28
R2 0.97 R2 0.93 R2 0.81 R2 0.99 R2 0.97

SSE 0.10 n 0.05
SST 19.68
SSR 19.58

H
f
t
c
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n
a

a Significant data.
Cl/HP-�CD formulation. Probably, higher zeta potential enabled
urosemide/HP-�CD-NPs to interact stronger with the tight junc-
ions which subsequently resulted in improved transition. In
ontrast to the difference observed between nano and non-nano

ig. 5. Transepithelial electrical resistance (TEER) values of Caco-2 monolayers mea-
ured after the addition of ranitidine HCl/HP-�CD and furosemide/HP-�CD, in both
ano and non-nano formulations, to the apical side of Caco-2 cell monolayers over

 period of 24 h. Data are shown as mean ± SD (n = 3).

Fig. 6. Comparison of the apical to basolateral transport of ranitidine HCl/HP-�CD
and furosemide/HP-�CD, in both nano and non-nano formulations, across Caco-2
cell  monolayer. The amounts of drugs on the basolateral side were measured at
the  specified time intervals after the addition of drug formulation (1 mg/ml). The
amounts of transported drugs are expressed as a percentage of the initial drugs
concentration on the apical side. Data are shown as mean ± SD (n = 3).
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Fig. 7. Model fit of the experimentally determined amounts of drugs, in nano and
non-nano formulations, transported across Caco-2 cell monolayers: (a) ranitidine
H
(

f
b
�
d
t

maceutical dosage forms: molecular pharmaceutics and controlled release drug
Cl/HP-�CD-NPs (©) and ranitidine HCl/HP-�CD (�); (b) furosmid/HP-�CD-NPs
©)  and furosmide/HP-�CD (�).

ormulations of furosemide/HP-�CD, a significant difference
etween the transport of nano and non-nano ranitidine HCl/HP-

CD formulations across the biological monolayer was  not
etected. A probable reason to justify this phenomenon is the rela-
ively larger nano ranitidine HCl/HP-�CD particle size and its lower
harmaceutics 422 (2012) 479– 488 487

positive zeta potential than that of the nano furosemide/HP-�CD
formulation.

4. Conclusion

Ranitidine HCl and furosemide were complexed with HP-�CD
to increase their water solubility and stability. This procedure
enhanced the aqueous solubility of both drugs and increased drug
permeability across the Caco-2 monolayer. Nano formulation of
drugs with CS-NPs increased drug permeation across the cell
monolayer by inducing electrostatic interactions with paracellular
proteins, results in the opening of tight junctions. Furosemide/HP-
�CD-NPs transportation across the cell monolayer showed fast
transport kinetics best suited for the Higuchi mathematical model,
whereas the kinetics of other drug formulations were better
described by the power law model. Lower nano furosemide/HP-
�CD particle size and higher zeta potential are the main reasons
for this enhanced drug transport across the Caco-2 monolayer. The
increased rate of transition across a biological membrane for the
nano furosemide/HP-�CD formulation relative to the non-nano for-
mulation in contrast to the similar transport rates for nano and
non-nano ranitidine HCl/HP-�CD formulations suggests that par-
ticle size and zeta potential are critical factors for drug transport
across the Caco-2 monolayer.
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