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This  research  describes  the  development  and  validation  of  a  biorelevant  in  vitro  release/permeation  sys-
tem to  predict  the  in  vivo  performance  of oral  transmucosal  dosage  forms.  The  system  is a biorelevant
bidirectional  transmucosal  apparatus  which  allows  better  simulation  of  oral  cavity  physiological  variables
in comparison  to  compendial  dissolution  apparatuses  and  therefore  may  be  a better  predictor  of  in  vivo
behavior.  The  feasibility  of  the  bidirectional  apparatus  was  studied  using  smokeless  tobacco  (snus)  as  a
model  oral  transmucosal  product.  In  this  research,  nicotine  release  and  permeation  was  investigated  from
commercially  available  snus  using  a modified  USP  IV  flow-through  apparatus,  a  commercially  available
iorelevant in vitro release testing
odified USP IV flow-through apparatus

ertical diffusion cell
idirectional transmucosal apparatus

vertical  diffusion  cell  and  a fabricated  novel  bidirectional  transmucosal  apparatus.  The  percent  nicotine
released/permeated  was  utilized  as  an  input  function  for  the  prediction  of  in  vivo  plasma  nicotine  profiles
by back  calculation  based  on  the  Wagner–Nelson  method.  The  prediction  errors  in Cmax and  AUC0–∞ with
the  USP  IV flow-through  device,  vertical  diffusion  cell  and  novel  apparatus  were  4.03,  22.85  and  1.59  and
−5.85, 5.85  and  −9.27%  respectively.  This  work  demonstrated  the  suitability  of  the  novel  bidirectional
transmucosal  apparatus  for  predicting  the  in  vivo  behavior  of  oral  transmucosal  products.
. Introduction

Oral transmucosal dosage forms have provided attractive alter-
ative for efficacious drug delivery due to the multiple advantages
hat it provides over conventional products like tablets and cap-
ules. Oral transmucosal dosage forms deliver drug directly into
he systemic circulation through the mucosal linings of the oral
avity (Madhav et al., 2009; Washington et al., 2001). This route is
uitable for drugs with gastric incompatibility and provides bene-
ts such as quick onset of drug action and avoidance of hepatic first
ass metabolism (Madhav et al., 2009; Patel et al., 2011). Because of

he above mentioned advantages, many oral transmucosal dosage
orms are on the market and many more are in the pipeline (Pather
t al., 2008; Pfister and Ghosh, 2005; Rathbone et al., 1996).
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Predictive drug dissolution/release testing is required as an
evaluation tool for cost effective and expedited pharmaceutical
product development (Azarmi et al., 2007; Emami, 2006). Drug
dissolution/release tests when performed under simulated in vivo
conditions can predict the in vivo behavior of the drug product
through in vitro in vivo relationships (IVIVR) (Emami, 2006; Polli,
2000; Wang et al., 2009). These drug dissolution/release tests are
referred to as biorelevant and can be used as a quality control and
research tool. The IVIVR can either be linear or nonlinear; the lin-
ear IVIVR is most commonly known as in vitro in vivo correlation
(IVIVC) (Polli, 2000). Standard/compendial methods of drug release
testing do not mimic the unique physiological environment desired
for performance testing of novel dosage forms (Azarmi et al., 2007).
Therefore, efforts are underway to develop modified in vitro drug
release testing to accurately characterize the release of drugs from
novel dosage forms (Brown et al., 2011; Chidambaram and Burgess,
1999; Crist, 2009; Iyer et al., 2007a; Kvist et al., 1999; Morjaria et al.,
2004).

The USP monograph for sublingual and buccal tablets suggests
the use of conventional dissolution and disintegration tests with
a large volume of media (USP, 2009a,b,c,d). These compendial dis-

solution methods do not allow sufficient simulation of the unique
physiological environment of the oral cavity to which oral trans-
mucosal dosage forms are exposed and therefore may  not be good
predictors of in vivo behavior. In order to test oral transmucosal
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ormulations in vitro in a biorelevant fashion, low liquid surround-
ngs, saliva composition, salivary secretion and swallowing rate,

ild agitation, mucosal barriers and blood flow rate are major
actors that need to be considered. Efforts have been made to mod-
fy drug release testing of oral transmucosal dosage forms either
y incorporating small volume dissolution or modification of the
pparatus to reflect in vivo conditions. These include a system
or drug release from bioadhesive buccal tablets using chicken
uccal membrane (Mumtaz and Ch’ng, 1995), a supported liquid
embrane system for nicotine release from snuff (Luque-Pérez

t al., 1999), a low liquid system for drug release based on ionic
urrent measurement (Frenning et al., 2002), a system for drug
elease study of dissolve in mouth dosage forms (Hughes, 2003),

 flow through diffusion cell for drug permeation study using
uccal mucosa (Lestari et al., 2009) and a system for sublingual
ablets (Rachid et al., 2011). The above in vitro systems simulated
ither small fluid volume or the membrane barrier or both; how-
ver, these systems did not simulate the physiological variables of
he oral cavity completely. In addition, these in vitro systems are
uited to specific types of oral transmucosal products and none of
hem have been validated by relationship of in vitro with in vivo
ehavior.

This research was initiated to design and develop a biorelevant
n vitro system for characterization of drug release and permeation
rom oral transmucosal dosage forms in a more physiologically
ealistic manner. To fulfill this objective, a novel bidirectional trans-
ucosal apparatus was designed and evaluated that allows better

imulation of in vivo oral cavity conditions. The device also allows
djustment of biorelevant parameters to optimize an IVIVR. Snus, a
mokeless tobacco product, was selected as a model oral transmu-
osal product because in vivo nicotine pharmacokinetic data were
vailable for comparison. Snus is put under the upper lip for nico-
ine delivery through the buccal-labial and gingival membranes. In
he present research, the in vivo prediction by novel bidirectional
ransmucosal apparatus was compared with that of a modified USP
V flow-through apparatus and commercially available vertical dif-
usion cell for its evaluation. The development of this novel system
ill find application in the development and regulation of smoke-

ess tobacco products in addition to that of the pharmaceutical
osage forms.

. Materials and methods

.1. Materials

Snus (Nicotine 8.0 mg,  1.0 g pouch) was obtained from Old
irginia Tobacco Co., Richmond, VA, USA. Hanks’ Balanced Salt (H-
387), N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)
HEPES, 1 M)  buffer, (−)-nicotine hydrogen tartrate and sodium
ydroxide solution (10 N) were purchased from Sigma, St. Louis,
O,  USA. Glacial acetic acid was procured from EMD, Gibbstown,
J, USA. HPLC grade ammonium acetate was bought from Fisher
cientific, Fair Lawn, NJ, USA. HPLC grade methanol was  purchased
rom Honeywell Burdick and Jackson, Muskegon, MI,  USA. Water
as obtained in-house (the Nanopure DiamondTM, Barnstead, IO,
SA). Polyethersulfone, polypropylene and regenerated cellulose
embranes for permeation study were obtained from Pall Life Sci-

nces, Ann Arbor, MI,  USA; Sterlitech Corporation, WA,  USA; and
hermo Scientific, Rockford, IL, USA respectively. Fluorinated ethy-

ene propylene (FEP) and Tygon® platinized silicon tubing were
urchased from Cole-Parmer, Vernon Hills, IL, USA. Teflon unions
nd leur fittings for tubing connections were bought from Upchurch
cientific, Oak Harbor, WA,  USA.
Fig. 1. The smokeless tobacco: snus.

2.2. Description of the snus

Snus is a type of moist snuff containing tobacco packed
in a porous bag. The snus weighed 0.98 ± 0.03 g (n = 6). Each
packet of snus contained 8.0 mg  of nicotine. The snus was
3.2 cm × 1.7 cm × 0.43 ± 0.03 cm (length × width × depth, n = 6) in
size. The other ingredients of snus are water, salt, humectant, acid-
ity regulators, natural and artificial flavors. Fig. 1 displays a picture
of the snus used in this study. The snus is placed under the upper lip
and nicotine from the tobacco permeates through the buccal-labial
mucosa from one side and the gingival mucosa on the other.

2.3. Medium for release and permeation study

A Hanks’ Balanced Salt Solution modified by the addition
of HEPES buffer was  used as a biorelevant release/permeation
medium for the present study. HEPES was added to simulate blood
pH of 7.4 as it has a pKa of 7.5. The medium was prepared by
dissolving 9.8 g of the Hanks’ salt mixture in 975 mL  of deionized
water followed by pH adjustment to 7.4 ± 0.1 with 1 M of sodium
hydroxide solution in water. The HEPES solution (25 mL of 1 M)
was  added into the above medium, mixed well, and vacuum fil-
tered through 0.45 �m nylon filter. The pH of the Hanks’ medium
was  adjusted to 7.4 ± 0.05, if required, using 1 M sodium hydroxide
or 1 M hydrochloric acid solution.

2.4. Apparatuses

Nicotine release and permeation studies from a commer-
cially available smokeless tobacco buccal pouch (Snus, 1.0 g) were
performed using a vertical diffusion cell, a modified USP IV
flow-through apparatus, and a novel bidirectional transmucosal
apparatus. Fig. 2 presents diagrammatic representations of all three
apparatuses. The vertical diffusion cell is commercially available
from Hanson Research (Chatsworth, CA, USA) and is widely used
for the transdermal and semisolid dosage form drug release testing
(Hanson, 2010). The USP IV flow-through cell is a compendial appa-
ratus and has received wide acceptance for both conventional and
novel dosage form testing. The USP IV flow-through apparatus was
modified according to Iyer et al. (2007a) except that the two poly-
carbonate cells were replaced with conical glass cells (Iyer et al.,
2007a).  The bidirectional transmucosal apparatus is a novel sys-
tem designed to better simulate oral cavity conditions and study
the effect of physiological variables on drug release and perme-
ation. The vertical diffusion cell can be used for drug permeation
studies, whereas; the modified USP IV flow-through apparatus

can be utilized for drug release only. The bidirectional transmu-
cosal apparatus provides the capability of studying drug release
and permeation simultaneously. Physiological variables that can be
simulated using the bidirectional transmucosal apparatus include
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Fig. 2. Experimental set-up with three apparatuses ((a) modified USP IV
flow-through apparatus; (b) vertical diffusion cell; and (c) novel bidirectional trans-
m

l
t
b
l
l

analyzed for nicotine release and permeation using a validated High
ucosal apparatus).

ow liquid surroundings, saliva secretion and swallowing rate, agi-
ation movement, bidirectional release and permeation through
iorelevant barriers and blood flow rate. In the present study, only
ow liquid surroundings and bidirectional permeation were simu-
ated to test the suitability of the system.
f Pharmaceutics 430 (2012) 104– 113

2.4.1. Novel bidirectional transmucosal apparatus
In contrast to the vertical diffusion cell, the novel bidirectional

transmucosal apparatus consisted of one donor and two receptor
chambers. One receptor chamber was present on each side of the
donor chamber (Fig. 2c). The presence of two  receptor chambers
allows study of the bidirectional permeation of nicotine from snus
that occurs in vivo. When the snus is placed under the upper lip,
nicotine from the tobacco permeates through the buccal mucosa
from one side and the gingival mucosa on the other. The cham-
bers were separated by an artificial membrane and were stacked
together and secured by screws. The artificial membranes represent
the buccal and gingival mucosa in the in vitro system. The appara-
tus was made of polymethyl methacrylate (PMMA). The receptor
chamber volumes were 7.5 mL  and that of the donor chamber was
10 mL  based on the height and diameter of the chamber needed to
hold the snus in its proper orientation. The dimensions of the donor
chamber were chosen such that it provides low liquid surround-
ing and simultaneously hold the snus appropriately even after it
gains height due to the media absorption. The receptor chamber
s were 4 cm in diameter and 0.6 cm in height, whereas; the donor
chamber was  4 cm in diameter and 0.8 cm in height. The membrane
area exposed to the media in each receptor chamber was 14.5 cm2.

2.5. In vitro release/permeation study

2.5.1. Experimental set-up/conditions
A single weighed snus was placed in the donor chamber or glass

cell of the apparatuses. With the vertical diffusion cell and bidirec-
tional transmucosal apparatuses, the donor chamber was separated
from the receptor chamber by an artificial membrane. The Hanks’
medium was re-circulated from the reservoir into the apparatus
in a closed loop flow pattern at a flow rate of 1 mL/min using a
peristaltic pump, fluorinated ethylene propylene (FEP) and Tygon®

platinized silicon tubing. The donor chamber of the vertical diffu-
sion cell contained non-circulating Hanks’ medium because it was
not possible to circulate donor fluid with this device. The medium
reservoirs were 20 mL  capacity scintillation glass vials placed in
a water bath to maintain temperature at 37 ◦C. The Hanks’ media
in the reservoirs were stirred using a magnetic stir bar through-
out the experiment. Three separate reservoirs were used for each
chamber in the experiment with the bidirectional transmucosal
apparatus. A schematic representation of the experimental set up
for all apparatuses is shown in Fig. 2.

The donor chamber of the vertical diffusion cell contained 1.5 mL
of Hanks’ medium; whereas, the donor chamber reservoirs of the
modified USP IV and bidirectional transmucosal apparatus con-
tained 30 mL  including the volumes of tubing and reservoir. The
receptor chamber reservoirs of the vertical diffusion cell and bidi-
rectional transmucosal apparatus contained 25 and 20 mL  of Hanks’
medium respectively which also included the volumes of tubing
and reservoir. Samples (1 mL)  were collected from the reservoir at
an interval of 2.5 min  for the initial 10 min, 5 min for the subse-
quent 20 min  and 15 min  for last 30 min  (0, 2.5, 5, 7.5, 10, 15, 20,
25, 30, 45 and 60 min) for experiments with all apparatuses. These
time points were similar to the plasma sampling time points for an
in vivo human clinical study that was  to be used for IVIVR purposes.
In the experiment with the vertical diffusion cell and bidirectional
transmucosal apparatus, sampling was done from receptor cham-
ber reservoirs at the above time intervals and at the last time point
from the donor chamber reservoir. The samples were replaced by
an equivalent volume of fresh Hanks’ Balanced Salt Solution. The
samples were frozen at −20 ◦C until analysis. The samples were
Performance Liquid Chromatographic (HPLC) method and cumu-
lative nicotine amounts were calculated. Each experiment was
performed in replicates. Nicotine permeated through both artificial
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embranes into the receptor chambers of the bidirectional appa-
atus was added to represent the total permeation achieved at each
ime point.

.5.2. Biorelevance
The presence of snus in the oral cavity stimulates the whole

alivary secretion and swallowing rate. These changes would
mpact the rate and extent of nicotine release and ultimately
ffecting the overall extent of its permeation. Due to this, it
as important to simulate the stimulated secretion rate in the
onor chamber. The chewing stimulated salivary secretion rate
tudied in a population with an average age of 25.4 years, was
.9 ± 0.094 mL/min (Navazesh et al., 1992). Based on this infor-
ation, it was  decided to use 1 mL/min flow rate in the donor

hamber of the bidirectional transmucosal and modified USP IV
ow-through apparatus. The flow rate in the receptor cham-
ers of the vertical diffusion cell and bidirectional transmucosal
pparatus were both maintained at 1 mL/min. Plasma compo-
ition was simulated by use of Hanks’ Balanced Salt Solution
n the receptor chambers as a biorelevant permeation medium
Iyer et al., 2007b).  The same solution was used as a release

edium in the donor chamber of the apparatuses as the major
norganic components of saliva and plasma are qualitatively sim-
lar (Krebs, 1950; Rehak et al., 2000). In addition, employing
he same media in the donor and receptor chambers allows the
ample analysis of both chambers utilizing the same analytical
ethod.

.5.3. Bidirectional transmucosal apparatus orientation
The orientation of the vertical diffusion cell and modified USP

V flow-through cell could only be vertical due to the apparatus
esign. However, the bidirectional transmucosal apparatus could
e oriented horizontally and vertically. Therefore, it was  necessary
o select the orientation of the bidirectional transmucosal appa-
atus that provided consistent and equivalent permeation in both
he receptor chambers. The effect of horizontal and vertical appa-
atus orientation on the nicotine permeation was studied using a
olyethersulfone membrane (30 kDa MWCO, approximately 3 nm
ore size) at a flow rate of 1 mL/min. The samples from the top
nd bottom receptor chamber’s reservoir were collected at 0, 10,
0, 30, 45 and 60 min. The experiment was carried out in triplicate.

t is important to mention here, that this set of experiments was
one using the bidirectional transmucosal apparatus made up of
EEK which did not allow for visual examination of air entrapped
nside the apparatus during the experiment. Therefore, in order to
etermine if equivalent permeation occurred during the study, the
verage of mean ratios of the cumulative amount of nicotine per-
eated in the bottom and top receptor chambers as a function of

ime was calculated. Equivalent permeation was expected as both
embrane barriers are similar. The orientation that provided an

verage ratio of one which indicates equivalent permeation (i.e.
he absence of air entrapment) was considered as the optimal
rientation.

.5.4. Membrane selection
Three types of membranes were studied for nicotine perme-

tion from snus. Two of them were polymer based, polypropylene
100 nm pore size, 75–110 �m thickness) and polyethersulfone (30
nd 300 kDa MWCO; 3 and 30 nm pore size respectively, 220 �m
hickness) membranes, whereas; the third membrane was regen-
rated cellulose membrane (10 kDa MWCO, approximately 2.5 nm
ore size, 23 �m thickness). The membranes were studied with

oth, the vertical diffusion cell and bidirectional transmucosal
pparatus to confirm that the results obtained are a function of the
embrane and not the apparatus. The polypropylene membrane
as studied only with the bidirectional transmucosal apparatus.
 Pharmaceutics 430 (2012) 104– 113 107

The effect of pore size on nicotine permeation was studied using
the polyethersulfone membranes of 3 and 30 nm pore diameters
using only the bidirectional transmucosal apparatus. The criteria
for membrane selection were based on consistent nicotine per-
meation and negligible adsorption of nicotine on the membranes.
The later was  studied by sonication of the membrane in 5 and
10 mL  of modified Hanks’ Balanced Salt Solution for 10 min  sepa-
rately for each experiment performed with the vertical diffusion
cell and bidirectional transmucosal apparatus respectively. The
sonication is proved to be efficient method for cleaning mem-
branes and hence same was used for extracting nicotine adsorbed
on membranes in the present study (Kyllonen et al., 2005). The
sonicated solution was analyzed for nicotine adsorption. The cumu-
lative in vitro nicotine permeation from snus (1.0 g) obtained
with the optimal membrane was  compared to the in vivo nico-
tine absorption from the same snus product. This was  done in
order to examine the capability of the apparatuses for predic-
tion of pharmacokinetic parameters for oral transmucosal dosage
forms.

2.5.5. Nicotine adsorption study on acrylic bidirectional
transmucosal apparatus

The study on adsorption of nicotine on the acrylic bidirectional
transmucosal apparatus and assembly components was necessary
due to the reported adsorption of nicotine on different materials
(Caka et al., 1990; Grubner et al., 1980; Piade et al., 1999; Van Loy
et al., 1997; Zahlsen et al., 1996). For this study, a single snus was put
in 500 mL  of Hanks’ Balanced Salt Solution for 30 min  under con-
tinuous stirring. The resulting nicotine solution was  filtered and
used for the adsorption study. Sixty eight milliliters of the above
nicotine solution from a single glass reservoir at 37 ◦C tempera-
ture was re-circulated at 1 mL/min into the acrylic bidirectional
transmucosal apparatus assembly without membranes in place.
The nicotine solution in the reservoir was stirred using a mag-
netic stir bar throughout the experiment. The nicotine solution was
sampled from the reservoir at 0, 10, 20, 30, 40, 50 and 60 min  and
replaced by an equivalent volume of fresh nicotine solution. The
adsorption study was  performed in triplicate. The samples were
analyzed using the validated HPLC method. The percent deviation
in the mean nicotine amount at 60 min  was  calculated relative to
the mean nicotine amount at 0 min.

2.6. In vivo study

The in vivo nicotine absorption from the snus used in this
research was  obtained from a human clinical study designed and
carried out by the Center of Research and Technology, Altria, Rich-
mond, VA, USA. The in vivo nicotine pharmacokinetic study was
conducted on 18 adult smokeless tobacco users and mean plasma
nicotine concentration time profiles along with their standard devi-
ations were investigated. Snus was put in the oral cavity for 30 min
during the study.

2.7. Sample analysis

All in vitro samples were analyzed with an HPLC method which
was  modified from a method reported for nicotine in immediate
and extended release tablets (Tambwekar et al., 2003). HPLC anal-
ysis was  performed on a Waters 600E multisolvent delivery system
with a Waters 717 autosampler, Shimadzu solvent degasser DGU-
14A and 996 Waters photodiode array detector. A reverse phase
chromatographic column, Luna C18(2) (100 Å, 250 mm × 4.6 mm,

5 �m,  Phenomenex, Torrance, CA) was used for the separation.
The column temperature was  45 ◦C. The mobile phase for isocratic
mode chromatographic separation was 10 mM ammonium acetate
in 0.005% acetic acid (pH 5.5): methanol (42:58%, v/v). The flow rate
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f mobile phase was set to 1 mL/min. The sample volume injected
as 20 �L. The UV detection of samples was performed at 260 nm,

he wavelength maxima for nicotine analysis. The retention time
f nicotine under the above chromatographic separation condition
as 4.3 min.

.8. Data analysis/pharmacokinetic assessment

All calculations for data analysis were performed in Microsoft®

xcel 2010. Nicotine concentrations (�g/mL) were utilized for
alculating the cumulative amount of nicotine released and/or
ermeated at each time point. The in vitro nicotine perme-
tion observed with the vertical diffusion cell, modified USP
V flow-through apparatus and novel bidirectional transmucosal
pparatus employing the optimal membrane was related to the
n vivo nicotine absorption and the plasma nicotine profile was
redicted.

The observed mean in vivo plasma nicotine concentration time
rofile was deconvoluted to its in vivo absorption time pro-
le by Wagner–Nelson modeling assuming a one compartment
pen body model (Wagner and Nelson, 1964). The area under
he curve, AUC0–300 min, was calculated by the trapezoidal rule.
he elimination rate constant (Ke) was estimated from the ter-
inal slope of the logarithmic plasma nicotine concentration

ime profile, which was further used for calculating AUC0–∞.
ll of the above parameters were employed for the determi-
ation of the fraction nicotine absorbed as a function of time
y Wagner–Nelson modeling. The cumulative amount absorbed
as further calculated by the equation: At = Ct × Vd; where

t = cumulative amount (ng) absorbed at time t, Ct = cumulative
oncentration (ng/mL) at time t obtained from Wagner–Nelson
odeling and Vd = volume of distribution (mL). The volume

f distribution of nicotine was obtained using Vd = CLtotal/Ke;
here, CLtotal = total nicotine clearance (mL/min). The total nico-

ine clearance was taken to be 1307 mL/min as estimated from
n intravenous (IV) pharmacokinetic study on 20 healthy adult
ubject of age 22–43 years (Molander et al., 2001). The per-
ent absolute bioavailability of nicotine from snus 1.0 g was
alculated. The AUC0–∞,IV and DoseIV was 1596 ng min/mL and
.77 mg  respectively (Molander et al., 2001). The cumulative per-
ent nicotine (% of 8 mg  dose) absorption time profile obtained
as employed for In Vitro In Vivo Relationship (IVIVR). The per-

ent cumulative in vitro nicotine released and/or permeated (%
f 8 mg  dose) was related to the percent cumulative in vivo
icotine absorbed (% of 8 mg  dose). The IVIVR model was used

or prediction of the in vivo amount of nicotine absorbed. The
redicted in vivo amount of nicotine was further applied as an

nput function for the prediction of in vivo plasma nicotine con-
entration time profiles by a convolution technique based on
ack calculation from the Wagner–Nelson equation (Gohel et al.,
005). This method of prediction for plasma drug concentra-
ion profiles has been validated by predicting pharmacokinetic
arameters of diltiazem hydrochloride 300 mg  extended release
apsules (Bendas, 2009). The obtained IVIVR model for nico-
ine was established by calculating the percent prediction errors
%PE) in nicotine pharmacokinetic (PK) parameters Cmax and
UC0–∞. The percent prediction errors should not exceed 15% to
emonstrate the predictability of the IVIVR (Malinowski et al.,
997). The percent prediction error was calculated using the
quation:
PE = [(Observed PK Parameter − Predicted PK Parameter) × 100]
Observed PK Parameter
f Pharmaceutics 430 (2012) 104– 113

3. Results and discussion

3.1. Sample analysis

The in vitro samples were analyzed using the HPLC method
described in Section 2.7.  The calibration curve was  linear over
the range of 0.5–32 �g/mL (r2 > 0.99) and the lowest standard
(0.5 �g/mL) showed inaccuracy and imprecision below 4 and 3%
respectively. The inaccuracy and imprecision of other standards
was  less than 3%. The intra run (n = 6) and inter run (n = 9) inac-
curacy and imprecision of quality control (QC) samples (Lower
QC = 1.5 �g/mL, Middle QC = 5 �g/mL and Higher QC = 28 �g/mL)
was  within 4%. The lower and higher QC samples analyzed after
subjecting them to three freeze thaw cycles showed inaccuracy
and imprecision less than 4%. Samples were also stable in the
autosampler as evident from the insignificant difference in stan-
dard concentrations at the start and end of the unknown sample
run (paired t-test: t = 1.84, df = 6, p-value > 0.05).

3.2. Validation of the system

3.2.1. Bidirectional transmucosal apparatus orientation
Fig. 3(a) and (b) represent the cumulative nicotine permeation

in the top and bottom receptor chambers when the apparatus was
oriented in horizontal and vertical positions respectively. The aver-
age of the mean ratio of the nicotine permeated in the bottom and
top receptor chambers at all-time points with the horizontal and
vertical orientation were 2.19 and 1.09 respectively. The ratio of
2.19 with the horizontal apparatus orientation indicates that the
permeation was two times higher in the bottom receptor chamber
when compared to the top receptor chamber. In the horizontal ori-
entation, total permeation was  higher in the bottom chamber due
to the initial 10 min, where the nicotine permeation was approxi-
mately 2.25 times higher than in the top receptor chamber. Nicotine
permeation was  comparable after the initial 10 min  as evident from
the parallel slopes of the cumulative nicotine permeation-time pro-
file of the horizontal apparatus orientation in Fig. 3(a). This initial
difference may  be due to entrapment of air in the donor chamber
below the top receptor membrane or a higher degree of contact of
the lower receptor membrane with the snus in the horizontal ori-
entation. The entrapment of air creates a void space between the
membrane of the top receptor chamber and the donor chamber and
negatively affects the permeation process. With the vertical orien-
tation, the ratio of 1.09 suggests equivalent permeation in both the
receptor chambers of the bidirectional apparatus and the absence
of air. Since, the extent of nicotine permeation was similar in both
receptor chambers in the vertical apparatus orientation; it was
decided to conduct future experiments positioning the apparatus
vertically. Also, snus placed horizontally in the novel apparatus that
is oriented vertically adds biorelevance to the novel system for the
reason that the snus is placed horizontally under the upper lip. In
addition, the nicotine available for permeation through the gingival
and buccal membranes may  be the same in vivo due to the absence
of air at the interface between snus and mucosa. The vertical orien-
tation mimics the availability of nicotine at both membrane-donor
media interfaces as indicated by equivalent permeation in both
receptors. With respect to the absence of void space and equal avail-
ability of nicotine for permeation at both membrane-donor media
interfaces; the vertical orientation was considered optimal and is
more physiologically relevant.

3.2.2. Membrane selection

Membrane selection was affected by the tendency of nicotine

to adsorb onto various materials (Grubner et al., 1980; Piade et al.,
1999; Van Loy et al., 1997; Zahlsen et al., 1996). Polypropylene
(100 nm pore size, 75–110 �m thickness) was first studied for
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ig. 3. Effect of apparatus orientation on nicotine permeation in receptor chambe
 = 3).

icotine permeation using the bidirectional transmucosal appara-
us. It was found that the nicotine permeation did not occur with
his membrane within the lower limit of quantification of the HPLC

ethod. The absence of nicotine permeation can be attributed to
he lack of wettability of the polypropylene due to its hydropho-
icity. The membrane observed at the end of the experiment was
ompletely dry. Therefore, it was concluded that the polypropy-
ene membrane was not a suitable membrane choice and was  not
urther investigated.

Table 1 shows results of nicotine release, cumulative nicotine
ermeation and nicotine adsorption on membranes studied with
he vertical diffusion cell and bidirectional transmucosal apparatus
ith both polyethersulfone and regenerated cellulose membranes.

he cumulative nicotine permeation with the polyethersulfone
embrane (3 nm pore size) was highly variable with both the

ertical diffusion cell (%RSD60 min = 63.88%) and bidirectional
ransmucosal apparatus (%RSD60 min = 49.64%). The overall nicotine
ermeated with the vertical diffusion cell and bidirectional trans-
ucosal apparatus at 60 min  using the polyethersulfone membrane
as only 0.2 and 0.6% of 8 mg  nicotine in the snus respectively
hich is much less than the 18% nicotine absorbed in vivo. However,

he bidirectional transmucosal apparatus provided approximately
hree times greater permeation than the vertical diffusion cell due
o the larger membrane surface area and bidirectional permeation.
n addition, an unexpected plateau in the cumulative nicotine per-

eation with the vertical diffusion cell was observed which could
e related to saturation of the small membrane surface. At the end
f the permeation study, the membranes were completely brown in
olor. The analysis of Hanks’ media used for sonication of polyether-
ulfone (3 nm pore size) membranes used in both the apparatuses
ndicated significant adsorption of nicotine which might have
een responsible for the observed low extent of permeation (two
ailed t-test at  ̨ = 0.05, vertical diffusion cell (0.114 mg/cm2):

 = 13.30, df = 4, p-value = 0.0002; bidirectional transmucosal appa-
atus (0.005 mg/cm2): t = 6.11, df = 2, p-value = 0.0258). Nicotine
ssayed from the donor chamber accounted for more than 50% of
he nicotine content in the snus (8 mg)  which supports the con-
lusion that the nicotine release is high enough for permeation to
ccur.

Subsequent studies were conducted using polyethersulfone
embranes with a pore size of 30 nm (n = 3) and the bidirectional

pparatus to investigate whether or not the small pore size with the
revious study might have been responsible for low permeation.
his study demonstrated the complete absence of permeation. As
bserved previously, membranes were completely brown at the
nd of the study and the sonication experiment suggested adsorp-
ion of nicotine. It is possible that nicotine is adsorbed on the tar
articles present in tobacco. These tar particles might have blocked
embrane pores of both types of polyethersulfone membranes and
hus provided low nicotine permeation. This study shows that the
ore size was not limiting for nicotine permeation. We  concluded
hat the polyethersulfone membrane was not a suitable membrane
or nicotine permeation.
tom receptor (�) and top receptor (�)) (Error bars represents standard deviation;

Cumulative nicotine permeation with the regenerated cellu-
lose membrane (2.5 nm)  was less variable as compared to the
polyethersulfone membrane with both the vertical diffusion cell
(%RSD60 min = 15.80%) and the bidirectional transmucosal appa-
ratus (%RSD60 min = 14.77). The overall nicotine permeated with
the regenerated cellulose membrane was 12.23 and 12.30% of
the nicotine content (8 mg)  in snus which is close to the 18%
nicotine absorbed in vivo. The analysis of regenerated cellulose
sonicate samples with both devices again indicated adsorp-
tion onto the membrane (two tailed t-test at  ̨ = 0.05, vertical
diffusion cell (0.005 mg/cm2): t = 4.42, df = 4, p-value = 0.0115;
bidirectional transmucosal apparatus (0.0002 mg/cm2): t = 3.76,
df = 4, p-value = 0.0198) although the regenerated cellulose pro-
vided significantly less nicotine adsorption as compared to the
polyethersulfone membranes (equal variance t-test at  ̨ = 0.05, ver-
tical diffusion cell: t = −12.64, df = 8, p-value < 0.0001; bidirectional
transmucosal apparatus: t = −5.86, df = 2.02, p-value = 0.0274). Also,
the regenerated cellulose membranes observed at the end of
the experiment were completely clear. The regenerated cellulose
membrane was selected for further study owing to consistent
nicotine permeation and less nicotine adsorption relative to the
polyethersulfone membrane. Nicotine, being a lipophilic molecule,
is highly permeable through the oral mucosa. Therefore, the oral
mucosa may  not be a major barrier to the availability of nicotine
in the systemic circulation. Similar nicotine permeation behavior
was  obtained with the use of regenerated cellulose membrane;
whereas, permeation through the polyethersulfone membrane was
limited due to adsorption of nicotine.

3.2.3. Adsorption of nicotine on the acrylic bidirectional
transmucosal apparatus and assembly components

In addition to the study of nicotine adsorption onto membranes,
it was also necessary to examine the adsorption of nicotine onto the
acrylic bidirectional transmucosal apparatus and assembly compo-
nents. The study was not performed with the glass vertical diffusion
cell as the glass had shown the least adsorption of nicotine among
different materials tested (Grubner et al., 1980). Besides, other
assembly components used for these two set ups were similar. The
nicotine adsorption study with the acrylic bidirectional transmu-
cosal apparatus set up was  conducted by re-circulation of nicotine
solution of a known concentration and the nicotine time profile
obtained from the study is shown in Fig. 4. The study indicated
that approximately 4% of nicotine from the solution was adsorbed
at 60 min. This deviation was not considered practically significant
and it was  concluded that the acrylic bidirectional transmucosal
apparatus and assembly components were suitable for further
work.

3.3. In vitro release study
Fig. 5 illustrates the mean cumulative nicotine
release/permeation time profiles obtained with the modified
USP IV flow-through apparatus, vertical diffusion cell and novel
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Fig. 4. Nicotine amount time profile of nicotine adsorption study on acrylic bidirec-
tional transmucosal apparatus and assembly components (n = 3).

bidirectional transmucosal apparatus when regenerated cellulose
membrane was used. Nicotine release using the modified UPS
IV flow-through apparatus demonstrated first order release of
nicotine [cumulative nicotine release (mg) = 1.7954 × Ln (time in
min) − 2.0232, r2 = 0.957]; whereas, nicotine permeation with the
vertical diffusion cell and bidirectional transmucosal apparatus
showed zero order permeation of nicotine [cumulative nicotine
permeation (mg) = 0.0169 × (time in min) − 0.0342, r2 = 0.997
and cumulative nicotine permeation (mg) = 0.0207 × (time in
min) − 0.2392, r2 = 0.998 respectively]. The first order release
obtained with the modified USP IV apparatus might be due to
depletion of nicotine in the snus as a function of time result-
ing in the decreased release rate. The cumulative nicotine
amount released at 60 min  accounted 71.21% (5.697 mg  ± 0.341,
% RSD = 5.99, n = 5) of nicotine content in snus (8 mg). In contrast,
with the vertical diffusion cell and bidirectional transmucosal
apparatus, the donor nicotine concentrations were large relative
to the nicotine that permeated in the receptor chambers as shown
in Table 1; consequently linear permeation was obtained during
the 60 min  period.

Table 2 represents the cumulative nicotine release/permeation
as a function of time obtained with all apparatuses.

3.4. In vivo study

The mean plasma nicotine concentration time profile obtained
from a nicotine pharmacokinetic study carried out on 18 adult
smokeless tobacco users by the Center of Research and Tech-
nology, Altria, is shown in Fig. 6 and the mean pharmacokinetic
parameters are summarized in Table 3. The mean plasma nico-

tine concentration time profile deconvoluted to its in vivo percent
absorption-time profile by Wagner–Nelson modeling is displayed
in Fig. 7.

Fig. 5. The mean cumulative nicotine permeation/release time profiles with all three
apparatuses (modified USP IV flow-through apparatus (�); vertical diffusion cell
(�)  and bidirectional transmucosal apparatus (�)) (error bars represents standard
deviation; n = 5).
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Table  2
Cumulative nicotine release/permeation with all apparatuses (n = 5).

Mean cumulative nicotine release/permeation (mg) (%RSD)a

Time (min) Modified USP IV flow-through apparatus Vertical diffusion cell Bidirectional transmucosal apparatus

0 0 0 0
2.5  0.396 ± 0.145 (36.73) 0.006 ± 0.007 (110.68) 0.016 ± 0.012 (73.04)
5 0.734  ± 0.196 (26.69) 0.029 ± 0.018 (64.09) 0.026 ± 0.010 (37.20)
7.5 1.171 ± 0.413 (35.28) 0.070 ± 0.030 (43.59) 0.033 ± 0.010 (29.12)
10 1.658 ± 0.586 (35.34) 0.117 ± 0.041 (35.37) 0.042 ± 0.010 (24.77)
15  2.520 ± 0.604 (23.95) 0.218 ± 0.062 (28.64) 0.076 ± 0.022 (28.81)
20  3.323 ± 0.661 (19.88) 0.307 ± 0.066 (21.64) 0.161 ± 0.071 (43.85)
25  3.699 ± 0.592 (16.02) 0.386 ± 0.085 (21.90) 0.267 ± 0.105 (39.15)
30 4.112 ± 0.559 (13.60) 0.476 ± 0.094 (19.84) 0.390 ± 0.111 (28.35)
45 5.058 ± 0.402 (7.95) 

60 5.697 ± 0.341 (5.99) 

a Percent relative standard deviation.

Fig. 6. Plasma nicotine concentration time profile after snus administration in 18
adult  smokeless tobacco users.

Table 3
Mean pharmacokinetic parameters (n = 18) after administration of snus 1.0 g (8 mg
nicotine).

Pharmacokinetic parameters Snus 1.0 g

Cmax (ng/mL) 7.80
Tmax (min) 45.00
AUC0–300 min (ng min/mL) 1203.50
AUC0–∞ 1283.50
Vd (L) 140.54
Ke (min−1) 0.00932
Ka (min−1)a 0.04227
Half life (t1/2) (h) 1.24
Absolute bioavailability (%) 18.00

r

3
o

i

F

a Ka, the rate of absorption was estimated from the slope of the nicotine amount
emaining to be absorbed time profile.

.5. In vitro–in vivo relationship and prediction of plasma profile

f nicotine

The cumulative nicotine release/permeation obtained in the
n vitro systems employing regenerated cellulose membranes is

ig. 7. The nicotine absorption time profile obtained by Wagner–Nelson modeling.
0.733 ± 0.119 (16.21) 0.719 ± 0.154 (21.42)
0.978 ± 0.155 (15.80) 0.984 ± 0.145 (14.77)

shown in Fig. 5. When related to the cumulative amount absorbed in
in vivo (Fig. 7) an in vitro in vivo relationship (IVIVR) model was  gen-
erated and is presented in Fig. 8(a)–(c). The IVIVR model obtained
for the modified USP IV flow-through apparatus and vertical dif-
fusion cell was  linear with r2 values of 0.99 and 0.89 respectively;
whereas, the model for the bidirectional transmucosal apparatus fit
a non-linear model with an r2 of 0.98. The non-linearity of the IVIVR
model with the bidirectional transmucosal apparatus might be due
to the relatively rapid in vivo nicotine absorption when compared to
in vitro permeation. This may  be because of the lower concentration
gradient that exists in the bidirectional transmucosal in vitro sys-
tem due to the lower receptor to donor volume ratio of 1.33. In the
case of the vertical diffusion cell, the in vitro permeation rate was
slow relative to the in vivo absorption rate regardless of the larger
concentration gradient (receptor to donor volume ratio of 16.67).
This slow in vitro permeation rate is justified by the slope (1.6) of the
IVIVR model which is greater than 1 and might be due to the lower
membrane surface area available for permeation. In spite of this, the
linear model was appropriate to describe the IVIVR achieved with
the vertical diffusion cell. The in vitro release rate with the modified
USP IV apparatus is relatively faster than the in vivo absorption as
evident from the slope (0.3) of the linear IVIVR model.

The convolution of the predicted nicotine amount absorbed
obtained from the respective IVIVR models provided the pre-
dicted plasma nicotine concentration time profiles as shown in
Fig. 8(a)–(c). The percent prediction errors calculated for Cmax and
AUC0–∞ relative to that of the observed parameters are tabulated
in Table 4. These established the IVIVR models for the respective
apparatus since errors were below 15% (Malinowski et al., 1997).
However, the prediction error in Cmax obtained with the IVIVR
model of the vertical diffusion cell was 22.85% above this accep-
tance limit which might be because of the less accurate IVIVR model
(r2 = 0.89).

3.6. Comparison of the three apparatuses

Overall, drug release/permeation testing apparatuses used in
the present research were able to provide IVIVR models that pre-
dicted the plasma nicotine time profile with less than 15% error in
Cmax and AUC0–∞ for smokeless tobacco although the vertical dif-
fusion cell failed this criterion. This suggests that the modified USP
IV flow-through and novel bidirectional transmucosal apparatuses
are suitable for the drug release/permeation testing of oral trans-
mucosal dosage forms. The bidirectional transmucosal apparatus
allows for better simulation oral cavity conditions. Simulation and

adjustment of in vivo conditions is very important to achieve better
IVIVR for the prediction of the in vivo behavior of the drug prod-
uct because drug dissolution and release kinetics are influenced
by these conditions (Dressman et al., 1998; Wang et al., 2009).
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Fig. 8. In vitro in vivo relationships (IVIVR) and plasma concentration time profiles of nicotine obtained with three apparatuses (predicted plasma nicotine concentration
time  profile (�) and observed plasma nicotine concentration time profile (�)).

Table 4
Observed and predicted pharmacokinetic parameters for snus 1.0 g (nicotine 8 mg).

Apparatus Cmax (ng/mL) AUC0–∞ (ng min/mL) %Prediction errors

Cmax AUC0–∞

Observed in vivo parameters 7.80 1283.50
Modified USP IV flow-through apparatus 8.09 1208.43 4.03 −5.85
Vertical diffusion cell 9.55 1358.65 22.85 5.85
Bidirectional transmucosal apparatus 7.90 1164.47 1.59 −9.27

Table 5
Simulation of oral cavity conditions by apparatuses.

Apparatus Media composition
and its physical
properties

Salivary secretion
and swallowing
rate

Agitation Blood flow rate Bidirectional
biorelevant
barriers

Permeation

Modified USP IV flow-through apparatus Yes Yes No No No No

A
r
c
s
fl
c
t
a
o
a
I
t

4

a

Vertical diffusion cell Yes No 

Bidirectional transmucosal apparatus Yes Yes 

s represented in Table 5, the bidirectional transmucosal appa-
atus allows adjustment of important oral cavity conditions that
an affect drug release/permeation. These in vivo conditions include
alivary secretion and swallowing rate in the donor chamber, blood
ow rate in the receptor chambers and agitation in the donor
hamber. In addition, it allows study of bidirectional permeation
hat occurs in vivo. The modified USP IV flow-through apparatus
nd vertical diffusion cell permits adjustment of only few physi-
logical variables as listed in Table 5. The degree of biorelevance
chievable with the apparatuses are in the order of modified USP
V flow-through apparatus < vertical diffusion cell < bidirectional
ransmucosal apparatus.
. Conclusion

A novel bidirectional transmucosal apparatus was developed
nd compared to two commercial devices for biorelevant in vitro
No Yes No Yes
Yes Yes Yes Yes

release and permeation testing of oral transmucosal dosage forms.
The bidirectional transmucosal system was validated in terms of
the orientation of the device, membrane performance and nico-
tine adsorption on the components. Of the membranes studied, the
regenerated cellulose membrane provided consistent permeation
and negligible nicotine adsorption. The bidirectional transmucosal
apparatus provided linear nicotine permeation profiles with the
rate and extent of nicotine permeation similar to the vertical dif-
fusion cell. The modified USP IV and the vertical diffusion cell
provided linear relationship between the percent in vitro nicotine
permeation and in vivo nicotine absorption; whereas, the bidirec-
tional transmucosal apparatus demonstrated non-linear relation.
Though the modified USP IV flow-through and novel bidirectional

transmucosal apparatuses were suitable for predicting the in vivo
behavior of nicotine from snus based on the pharmacokinetic
parameters’ prediction error, the novel system allows inclusion
of more biorelevant parameters for the oral cavity. In addition,
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