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Gastric retention of enzyme-digestible hydrogels in dogs was studied to develop a platform for long-
term oral drug delivery. The movements of hydrogels in the canine stomach and the gastric tissue-
hydrogel interactions were visualized in real-time using three imaging techniques: radiography, fluo-
roscopy, and 2-D ultrasonography. Hydrogels with appropriate size and integrity were retained in the
stomach for more than 24 h even under fasted conditions. Gastric retention was prolonged up to 60 h
when the 24 h-fasted state was followed by a once-a-day pelletized meal. In vitro drug release from
enzyme-digestible hydrogels was examined. The hydrogels were loaded with flavin mononucleotide
(FMN) and air-dried for 7 days. FMN was released from the gels in the simulated gastric juice for up
to 454 h and 650 h in the presence and absence of pepsin, respectively. About 90% of the loaded FMN
was released in 300 h. During this time, the presence of pepsin in the solution did not make any signif-
icant difference in the release profiles. When the FMN-containing hydrogels were administered to dogs,
the blood concentration of FMN was maintained at the level of 0.75 ug/ml for 24 h under fasted
conditions. In each experiment, the presence of a hydrogel in the stomach was confirmed using the
three imaging techniques. When the 24-h-fasted state was followed by a once-a-day meal, appreciable
FMN concentration was detected in the blood for up to 54 h. This study showed that once-a-day oral
drug delivery is possible even with a drug which is absorbed only from the upper small intestine and
has a short half-life.

Key words: Gastric retention; Enzyme-digestible hydrogels; Flavin mononucleotide; Once-a-day oral
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the GI transit time of the dosage irrespective of

Introduction

Although significant advances have been made
in controlled drug delivery [1-4], the applica-
tion of controlled release technology to oral drug
delivery has been limited. This is mainly due to
the fact that the extent of drug absorption from
the gastrointestinal (GI) tract is determined by
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the controlled release properties of the device. In
general, the transit time from mouth to cecum
can vary from 3hto 16 h [5-8]. The transit time
in the small intestine ranges from 3 h to 4 h un-
der both fasted and fed conditions [7,9]. Thus,
the time for absorption from the GI tract is lim-
ited for most drugs. If drug absorption is re-
stricted to the upper small intestine, the duration
of absorption is even further reduced. The gas-
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tric emptying time of drug delivery systems is
usually within one to two hours in the fasted state
[7,9~12]. The gastric emptying time, however,
can be extended to over 14 h if fed state condi-
tions are maintained [13 ]. Many attempts were
made to control the gastric retention time by al-
tering the size [6,12,14-17], shape [16,17],
density [15,16,18-20], and surface properties
[21-23] of the device. These attempts, however,
have resulted in only limited success. Recently,
Cargill et al. showed for the first time that ob-
Jects can be retained in the stomach for 24 h un-
der fasted conditions if they possess certain te-
trahedral or ring-like geometries [24-25]. Their
work demonstrated that the combined effects of
size, shape, and flexibility were important in gas-
tric retention. The mechanisms of gastric reten-
tion of those devices, however, are not under-
stood. To develop a platform for long-term gastric
retention, it is necessary to understand the phys-
iological factors that control the gastric empty-
ing. Thus, the physiology of gastric emptying will
be discussed.

Gastric emptying of solid meals differs from
emptying of liquid meals [26-29 ]. Although the
mechanisms controlling solid/liquid partition-
ing are still unclear [26,30], it is generally agreed
that the proximal stomach regulates the empty-
ing of liquids while the distal stomach controls
the emptying of solids | 28,30-34]. The gastric
emptying of liquids precedes the emptying of
solids in a mixed meal [ 26,28-30]. The gastric
emptying time of a complete meal depends on
the type [27,35-38] and the nutritive density of
the meal [39]. Dosage forms ranging from ap-
proximately | mm to 5 mm in diameter can be
emptied from the stomach simultaneously with
the meal [5,12,15,16]. Gastric emptying of non-
digestible dosage forms with a diameter greater
than 5 mm occurs once a significant fraction of
the meal is emptied [12,14,1 5,40]. Since the rate
of gastric emptying is dependent on the proper-
ties of the meal, the gastric emptying time of dos-
age forms will vary with different meals
[6,15,40-42]. Mojaverian et al. [13] have
shown that a Heidelberg capsule (7 mm in di-
ameter by 20 mm in length) can be retained in

the stomach for over 14 h with the frequent
administration of food. Thus, the gastric empty-
ing time of the device can be controlled as well
as prolonged by maintaining fed conditions.
Maintenance of fed conditions, however, is not
a viable approach for long-term gastric retention
of dosage forms since the same type of food needs
to be consumed at regular intervals throughout
the day.

In the fasted state, GI motility is characterized
by a four-phase, cyclically recurring complex
known as the interdigestive myoelectric motor
complex (IMMC) [43,44]. In the canine stom-
ach, pacesetter potentials originating in the
greater curvature half of the orad corpus control
the frequency of peristaltic contractions associ-
ated with the IMMC [45,46]. In man, the IMMC
can originate in the esophagus [47]. When pa-
cesetter potentials are coupled with action po-
tentials, peristaltic contractions arise [48]. Phase
I is a quiescent phase where less than 5% of the
pacesetter potentials are associated with action
potentials. Phase IT is marked by random peri-
staltic activity associated with 10% of pacesetter
potentials. Phase III activity is known as the ac-
tivity front whereby 100% of the pacesetter po-
tentials are coupled with action potentials [43].
Phase IV, which follows the activity front, is
characterized by a rapid decline in peristaltic ac-
tivity. It is the phase III activity that propels the
residual stomach contents into the small intes-
tine [10,49-51]. The gastric emptying time of
conventional oral dosage forms is therefore de-
termined mainly by the onset of phase III activ-
ity of the IMMC. Under maintained fasted con-
ditions, phase III activity in the antrum occurs
approximately every 100 min and usually lasts
about 12 min [43]. Consequently, for once-a-day
oral drug delivery to be feasible, controlled re-
lease devices must be constructed t0 overcome
the propulsive efficiency of peristaltic contrac-
tions associated with phase III of the IMMC.

In our laboratory, albumin-crosslinked hydro-
gels have been used as a platform for long-term
oral drug delivery [52]. The swelling and degra-
dation properties of these hydrogels can be con-

trolled by adjusting the degree of vinylic func-
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tionality on the albumin crosslinker [53].
Swelling of those gels in simulated gastric fluids
was found to depend on both the degree of func-
tionality and the concentration of functionalized
albumin. Hydrogel degradation by pepsin was
characterized by a predominance of either bulk
or surface degradation depending on the degree
of albumin functionality. Transition from sur-
face degradation to bulk degradation was ob-
served when the degree of functionality ex-
ceeded 15%. We chose hydrogels undergoing bulk
degradation in the presence of pepsin for in vivo
studies, since the idea of our approach for the
long-term gastric retention was initially based on
the large swollen size of the gels. The focuses of
this study were: (1) to characterize hydrogel be-
havior in the canine stomach, (2) to determine
hydrogel properties necessary for gastric reten-
tion under fasted conditions, and (3) to achieve
in vivo absorption of flavin mononucleotide
(FMN) for more than 24 h under fasted condi-
tions using selected hydrogels.

Experimental Methods
Hydrogel preparation

Human serum albumin was functionalized as
previously described [52,53]. Albumin-cross-
linked polyvinylpyrrolidone hydrogels were pre-
pared by free radical polymerization at 60°C un-
der nitrogen using 1-vinyl-2-pyrrolidinone
(Aldrich) as monomer, 2,2-azobis(2-methyl-
propionitrile) (Eastman Kodak Co.) as initia-
tor, and functionalized albumin (FA) as cross-
linking agent. Synthesized hydrogels were washed
over a 3-day period with distilled deionized
water. The gels were then dried at room temper-
ature for one week and then at 37°C for an ad-
ditional week.

Imaging techniques

Healthy mongrel dogs weighing 16 kg were
used throughout the study. In each experiment,
an unanaesthetized animal was fasted for at least
18 h and a radiograph was made to ensure the
absence of food in the stomach. Following the
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administration of a hydrogel, standard lateral and
ventrodorsal radiographs of the abdomen were
made using a 1200 Ma, 150 KVP X-ray genera-
tor (General Electric Corporation). The animal
was positioned in right lateral and dorsal recum-
bency. The same radiographic technique (76 and
86 KVP, 12 Ma$S), X-ray cassettes, film and film
processing were used so that the decreasing
opacity of the hydrogel could be monitored.
Fluoroscopy was accomplished with the animal
in sternal recumbancy. This allowed the hydro-
gel to be positioned in the body and/or pyloric
antrum so that observations of the hydrogel
movements could be made and recorded on video
tape.

The ultrasound examination of the stomach
was performed with a real time mechanical sec-
tor scanner (Interspec) using a 5 mHz trans-
ducer. After clipping the hair on the ventral right
side of the body just caudal to the costal arch,
copious amounts of an ultrasound transmission
gel (Lafayette Pharmacal Inc.) was applied to the
skin. With the animal in a standing position, a
transverse view of the cranial abdomen (sagittal
view of the stomach) was obtained. The gastric
tissue-gel interactions were observed and re-
corded on video tape. With a sagittal view of the
hydrogel frozen on the monitor, the image of the
gel was measured and recorded on a video for-
mat camera (Sony).

Gastric retention of hydrogels in the presence of
water

Dried cylindrical gels (10 mm in diame-
ter X 12 mm in length ) were allowed to swell in a
4% (v/v) solution of Gastrografin (GG, diatri-
zoate meglumine/sodium diatrizoate, Squibb
Diagnostics) for 32 h at 37°C. GG was loaded
to make the gels radiopaque. The gels were then
air dried for one week and oven dried at 37°C
for at least one week. Just prior to administra-
tion of the gel to a dog, the dried hydrogel was
partially swollen in a 4% (v/v) GG solution for
15 min to impart lubricity on the gel surface to
ensure safe transit to the stomach. The partially
swollen dimensions were 14 mm in diame-
terx 16 mm in length. In each experiment, 380
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ml of water was instilled just prior to gel admin-
istration. The initial instillation of water was fol-
lowed by an additional 380 ml of water every 30
min for up to 8 h to maintain gastric distention.
Water was administered using a gastroesopha-
geal tube and syringe.

Gastric retention of hydrogels under fasted
conditions

The effects of the hydrogel integrity and size
on gastric retention were studied under fasted
- conditions using the protocol for gel and animal
preparation described above. In each experi-
ment, 380 ml of water was instilled just prior to
gel administration. The initial instillation of
water was followed by an additional 380 ml of
water every 30 min for 2.5 h for the larger dried
hydrogels and 3 h for the smaller dried hydrogels

(see below). Integrity of hydrogels was varied by -

controlling the size of the glassy core in the cylin-
drically shaped gels. The overall diameter and
length of hydrogels in the stomach were kept the
same. Only the size of the glassy core was varied.
This was achieved by using hydrogels with dif-
ferent dimensions in the dried state and by con-
trolling the time of hydrogel exposure to water in
the stomach. Smaller dried gels (23 mm in di-
ameterX 16 mm in length) swelled to a com-
pletely amorphous network in about 4 h. Larger
dried gels (27 mm in diameter X 27 mm in
length ), however, contained a glassy core and an
amorphous outer layer after the water had emp-
tied from the stomach. The glassy core and
amorphous outer layer of a partially swollen hy-
drogel were visualized by ultrasound imaging.
Although the overall dimensions were approxi-
mately the same for both types of gels, the phys-
ical properties were distinctly different. The an-
imal was fasted for 24 h after the gel
administration. Once the hydrogel was retained
in the stomach for 24 h, the animal was given a
standard pelletized meal once-a-day. This al-
lowed examination of the effects of food on hy-
drogel retention.

In vitro drug release

Hydrogels which were retained in the stomach
for more than 24 h under fasted conditions were
loaded with flavin mononucleotide (FMN, ri-
boflavin-5'-phosphate, Eastman Kodak Co.).
Hydrogels were swollen in a saturated solution
of FMN in distilled deionized water containing
4% (v/v) GG for 48 h at 37°C. After loading,
the gels were dried as described above. FMN was
chosen as a model drug since its absorption is re-
stricted to the upper small intestine [54] and its
biological half-life is only about 70 min [55]. The
release of FMN was examined using a USP II
dissolution apparatus. The paddle speed was
maintained at 50 rpm. Release studies were per-
formed at 37°C using both pepsin-free and pep-
sin-containing (250 units/ml) simulated gastric
fluids [56]. A pepsin concentration of 250 units/
ml was chosen since the gel degradation was con-
centration-independent at pepsin levels greater
than 125 units/ml [57]. In addition, pepsin
concentrations under fasted conditions in man is
estimated to be three times larger than the con-
centration used in the present study [50,58]. At
timed intervals, 500 ml of simulated gastric fluid
was removed from 1 liter vessels and replaced
with 500 ml of fresh fluid. The collected samples
were diluted with distilled deionized water and
the FMN concentrations were measured spectro-
fluorometrically using a SLM 8000 spectrofluo-
rometer (SLM Instruments, Inc.) at an excita-
tion wavelength of 410 nm. FMN concentrations
were calculated using a calibration curve. The
calibration curve was constructed by determin-
ing the area under the curve (AUC) between 500
nm and 600 nm of the emission spectra for
known concentrations of FMN in the simulated
gastric fluid. The AUC was calculated using a
computer program provided by SLM Instru-
ments Inc. Appropriate control samples were
prepared to correct for the effect of pepsin on the
concentration of FMN. The relationship be-
tween the AUC and FMN concentration was
found to be linear within the range of 0.1 ug/ml
and 5 ug/ml.
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[n vivo drug release

Hydrogels which were used in the in vitro drug
release study were also employed in the in vivo
study. Hydrogels were loaded with FMN and GG
as described above. GG was added to identify the
location of hydrogels in the GI tract by radiog-
raphy. At the beginning of each experiment, dried
gels were partially swollen in a solution of satu-
rated FMN and 4% (v/v) GG for 15 min to im-
part lubricity on the surface. Prior to gel admin-
istration, a blood sample was taken from the
cephalic vein to measure the background con-
centration of total riboflavin which consists of
FMN, flavin adenine dinucleotide, and free ri-
boflavin. The gel was administered to the animal
with 380 ml of water using a gastroesophageal
tube and syringe. The same amount of water was
given every 30 min for an hour. This was in-
tended to promote gel swelling. Gastric retention
was monitored using the imaging techniques de-
scribed above. Venous blood samples were taken
over time and stored at 4°C in sodium EDTA-
coated vials (Vacutainer Systems). As a control
in another experiment, a 7 cc gelatin capsule
containing equivalent amounts of FMN (1200
mg) and GG (1 ml) was administered to the an-
imal and the blood samples were obtained over
time. After 24 h in the fasted state, a standard
meal was given to the animal once-a-day. The
concentration of FMN in the meal was 4 ppm.

The total riboflavin concentrations in the

whole blood were measured by a spectrofluoro-
metric procedure described by Baker and Frank
[59]. The changes in the total riboflavin concen-
tration in the whole blood following gel admin-
istration reflected the changes in the FMN con-
centration arising from FMN absorption in the
small intestine. With the excitation wavelength
of 410 nm, the AUC between 500 nm and 600
nm of the emission spectra was calculated. FMN
concentration was calculated using a standard
calibration curve which was constructed by add-
ing known amounts of FMN to blood samples
obtained from a dog fasted for 18 h. The rela-
tionship between the AUC and the total ribo-
flavin concentration was found to be linear
within the range of 0.01 yg/mlto 2.14 ug/ml.
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Results

Gastric retention of hydrogels in the presence of
water

The real-time movements of hydrogels in the
stomach were visualized using both fluoroscopic
and 2-D ultrasound imaging. Ultrasound imag-
ing (Fig. 1) allowed visualization of the gel
movements in relation to the gastric wall (g), the
peristaltic contraction (p), and the degree of
gastric distention. Hydrogel swelling was as-
sessed by monitoring either the recession of the
glassy core or the dimensional changes of the
swelling gel. As swelling continued, the glassy
core disappeared and the gel became sonolucent
within 1 h (Fig. 1). If the gel was not completely
swollen, the interface between the glassy core and
the rubbery gel produced a bright echo and an
acoustic shadow. When the stomach was dis-
tended by a large volume of water, the move-
ments of the hydrogel in response to gastric con-
tractions were minimal. The peristaltic
contractions moving through the distended
stomach appeared to be ineffective in propelling
the hydrogel from the body to the pyloric an-
trum. Consequently, hydrogel movements were
virtually independent of fluid movements and
peristaltic activity. The hydrogel was retained in

Fig. 1. A sagittal view of the stomach by ultrasound imaging.
The sonolucent hydrogel (h) in the body of the stomach (B)
can be easily observed in the near field. Spleen (s), gastric

wall (g), and peristaltic contraction (p) are also shown in
the figure.
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the stomach as long as the stomach was dis-
tended with water. Gels were retained in the
stomach during 8-h experiments if 380 ml of
water was administered every 30 min. The size
of the hydrogels at the end of 8 h was approxi-
mately 19 mm in diameter and 26 mm in length.

When the degree of gastric distention was not
maintained (i.e. no additional water was admin-
istered after the emptying of previously admin-
istered water), the hydrogel moved into the py-
loric antrum where it was propelled and
retropelled repeatedly. The gel was in contact
with the gastric tissues and propelled toward the
pyloric sphincter during the migration of peris-
taltic contractions through the pyloric antrum.
Retropulsion of the gels occurred as soon as the
peristaltic contraction passed the most distal re-
gion of the gel. Once most of the residual water
was emptied, the hydrogel became axially aligned
with the pyloric sphincter and was emptied
within minutes. The emptying of hydrogels re-
sulted usually within 70 min to 120 min after the
last administration of water.

Gastric retention of hydrogels under fasted
conditions

Gastric retention of hydrogels with different
rigidity was examined under fasted conditions.
In the first set of experiments, hydrogels which
were 23 mm in diameterX 16 mm in length in
the dried state were used. After 2.5 h in the stom-
ach, the gel increased in size to approximately 33
mm in diameter X 29 mm in length. The gels be-
came completely amorphous after 4 h as de-
tected by ultrasound imaging. In the fasted state,
the gel was located in the pyloric antrum.
Through fluoroscopy, when a peristaltic contrac-
tion moved through the pyloric antrum, the gel
became compacted and partially deformed
against the pyloric sphincter. As the contraction
moved along the gel’s surface, the hydrogel be-
came significantly deformed (Fig. 2). Arrows in
Fig. 2 indicate the location of the contraction.
Once the contraction reached the distal end of
the hydrogel, the gel was retropelled toward the
body of the stomach. Fluoroscopic images taken
after 5 h located the gel in the small intestine

Fig. 2. Fluoroscopic image illustrating extensive deformation
of the hydrogel at the pylorus in response to a peristaltic con-
traction. A peristaltic contraction moving toward the pyloric
sphincter compresses the gel (arrows ). The pyloric sphincter
is on the right side of the gel. The gel was retropelled once the
contraction passed the gel and reached the pyloric sphincter.
The hydrogel was amorphous without a glassy core. The im-
age was taken 4 h after gel administration.

where the gel transitted quite rapidly with fluid-
like characteristics.

The second set of experiments used hydrogels
whose size was 27 mm in diameterx27 mm in
length in the dried state. After 2.5 h in the stom-
ach, the gel length became 36 mm. Ultrasound
imaging at 3.5 h showed an acoustic shadow
which was attributed to the glassy core. Once
most of the fluids had emptied, the gel resided in
the pyloric antrum. When a contraction moved
through the pyloric antrum, the gel became com-
pacted against the pyloric sphincter. As the wave
migrated axially toward the most distal region of
the gel, deformation occurred only at the gel edges
(arrows in Fig. 3). The gel was subsequently re-
tropelled toward the body of the stomach. Over
the first 24 h under fasted conditions, the peris-
taltic contractions were ineffective in deforming
the gel and pushing it through the pyloric sphinc-
ter. The gel integrity resulting from the presence
of a glassy core was important for the gastric re-
tention of the gel. When the size of the gel was
10 mm in diameter and 12 mm in length, gastric
emptying occurred in spite of the presence of the
glassy core [60]. Thus, it appears that the gel size
and the gel integrity are two parameters critical
to hydrogel retention under fasted conditions.




Fig. 3. Fluoroscopic image illustrating minimum deforma-

tion of the hydrogel in response to a peristaltic contraction.

The deformation of the gel was limited to the edges of the gel

(arrow) during peristalsis. The gel was only partially swollen

and maintained a glassy core. The image was taken 12 h after

the gel administration. The pyloric sphincter is on the right
side of the gel. ‘

Once most of the administered water is emptied
from the stomach, swelling of the hydrogel is ex-
pected to be minimal since the gastric fluid con-
tent under fasted conditions is not significant
[50]. Therefore, the gel integrity is expected to
be maintained. In the absence of water, however,
assessment of the glassy core with ultrasound was
no longer effective due to the attenuation of
sound arising from the presence of gas in the lu-
men. In this case, fluoroscopic imaging was used
to indirectly monitor the presence of the glassy
core by assessing the gel deformation.

On radiographic images made 24 h after the
gel administration, significant quantities of GG
were detected in the animal’s colon. Since GG
has fairly low solubility in gastric fluid, the re-
lease of GG from the hydrogel was most likely
due to the attrition arising from contacts be-
tween the gastric tissue undergoing peristaltic
contractions and the gel surface. The surface ero-
sion of hydrogels was supported by the extensive
fragmentation at the gel surface and the gradual
decrease in gel size in the stomach (compare Fig.
4A and B). Furthermore, radiographic images of
a GG-loaded hydrogel in the simulated gastric
fluid showed that the loss of GG from the gel was
insignificant. This indicates that the release of
GG under fasted conditions may be due to a
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Fig. 4. Radiographic image of the GG-loaded gel made at 12

h (A),24h (B)and 48 h (C) after administration to a dog.

Surface erosion (arrow) and size reduction were apparent in

B. The reduction in the hydrogel size and the extent of sur-

face erosion (arrows in C) were more significant in the pres-
- ence of food.

mechanism other than simple diffusion. The
presence of food, appeared to increase the rate of
hydrogel surface erosion. As shown in Fig. 4C a
reduction of the gel size was more prominent
when the meal was given to the animal. In this
case, the retention of the hydrogel in the stomach
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was observed for up to 60 h. The gel was neither
in the stomach nor in the intestine on radi-
ographic images made at 72 h after the gel
administration. This observation suggested that
the hydrogel had disrupted in the stomach.

In vitro drug release from hydrogels

In the in vitro drug release and in vivo drug
absorption studies, hydrogels which were re-
tained in the stomach up to 60 h were used. The
release of FMN from hydrogels in the simulated
gastric fluid occurred for more than 400 h (Fig.
5). Only 17% of the total FMN content in the
hydrogels was released after 24 h. Over a 60 h-
period, less than 30% of the total FMN was re-
leased from the gels. The presence of pepsin did
not significantly alter the release of FMN from
the hydrogels. This suggested that the FMN re-
lease from the gels was independent of the fluc-
tuations in the pepsin concentration during fasted
and fed conditions. It has been shown that FMN
binds to albumin in the plasma through electro-
static interactions [61]. The binding of FMN to
the albumin molecules may have inhibited pep-
sin from cleaving the albumin molecules. In ad-
dition, it is possible that the presence of large
quantities of FMN inside the gel can block pep-
sin from interacting with albumin. If this were
the case, then hydrogel degradation would prog-
ress more slowly and the contribution of enzy-
matic digestion to FMN release would be mini-
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Fig. 5. FMN release from enzyme-digestible hydrogels in the

simulated gastric fluid. The percentage of FMN released was

observed in the presence of pepsin (250 units/ml) (A ), and
in the absence of pepsin ([J). Average+SD, n=3.

mized. The effects of FMN binding on hydrogel
degradation,  however, requires  further
investigation.

In vivo drug absorption

The FMN-containing hydrogels used in the in
vitro drug release study were administered to
dogs and the total riboflavin concentrations in
the blood were measured over time. As shown in
Fig. 6, the concentration of FMN in the blood
was maintained for up to 54 h. It should be noted
that the dogs were under fasted conditions for the
first 24 h. The early rise in the FMN concentra-
tion was probably due to the burst release of
FMN residing on the outer surface of the gel. The
FMN concentration in the blood gradually de-
clined to the steady value at approximately 2 h
following the gel administration. Radiographic
images made at each time point confirmed the
retention of the hydrogel in the stomach for up
to 36 h. The deformation of FMN-containing
hydrogels in response to peristaltic contractions
in the pyloric antrum (Fig. 7) was more pro-
nounced than the gels without FMN shown in
Fig. 3. Apparently, the presence of the FMN
throughout the gel weakened the integrity of the
gel to a certain extent. The integrity of the FMN-
containing gels, however, was still high enough
to withstand the propelling activity of the peris-
taltic contractions in the pyloric antrum.

In control experiments, FMN was adminis-
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Fig. 6. The FMN concentration versus time profile in dogs
following administration of FMN-containing hydrogels. Dogs
were maintained under fasted conditions for the first 24 h
and were given meals once-a-day afterwards. FMN was ex-
pressed as total riboflavin in the blood. Average +SD, n=4.




Fig. 7. Fluoroscopic image illustrating moderate deforma-

tion of the FMN-containing hydrogel in response to a peris-

taltic contraction. Gel deformation was pronounced only at

the edges of the gel (arrows). The image was taken 12 h after

the administration of the gel. The pyloric sphincter is on the
right side of the gel.

A

— 050

E 0454

g

2 40

3 035

o

@ 0304

£ 0254

£ 0204 )

5 015

2 015

S ] :

2 0.104

o ; A

5 005

:g‘o.oo..,......‘.

0 2 4 8 8 10 12 14 16 18 20 22 24

B Time (h)

~ 10

E

5 o.g1

2 o081

T o074

o

@ 064

£ os4O

£ 04

>

2 031

2

£ o021

5 01

S oo ——

T y T T
[} 2 4 8 8 10 12 14 16 18 20 22 24
Time th)
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following administration of FMN-containing hydrogels (A)

and gelatin capsules (B). Dogs were maintained under fasted
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boflavin in the blood. Average+SD, n=4 for A and n=3
for B.
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tered using a gelatin capsule. The blood concen-
tration-time profiles of FMN delivered by hy-
drogels and gelatin capsules were compared (Fig.
8). Fig. 8A was redrawn from Fig. 6 to compare
the blood profiles obtained using gelatin cap-
sules (Fig. 8B). The absorption of FMN from the
gelatin capsule reached a peak within 60 min and
then declined to an insignificant level within 6 h
after the capsule was administered (Fig. 8B). The
transient peak of the FMN concentration in the
blood was expected since FMN is known to be
absorbed only from the upper small intestine
[54] and has a half-life of about 70 min. All the
capsules separated within 30 min after adminis-
tration as detected by radiographs. Some cap-
sules, however, separated in less than 5 min.

In the presence of food, surface erosion of hy-
drogels was accelerated. The rate of reduction in
gel size appeared to be more prominent in the
FMN-containing gels than in the non-FMN con-
taining gels. The hydrogel was observed in the
stomach for only up to 36 h. It is believed that
the gel surface erosion was accelerated as a result
of continuous abrasive action between the gel,
gastric tissue and food. Although the gel was dis-
rupted, the presence of food was expected to re-
tain the FMN in the upper GI tract and therefore
prolong its absorption [62]. Bioavailability of
FMN delivered by the hydrogel system was 3.7
times larger than that by the gelatin capsule. The
important point here is that when FMN was de-
livered by hydrogels, relatively steady FMN con-
centrations in the blood were maintained even
under the fasted conditions during the first 24 h.

Discussion

Both fluoroscopic and 2-D ultrasound imag-
ing techniques were utilized in monitoring the
real-time movements of a hydrogel in the stom-
ach. Use of the two techniques allowed visualiz-
ation of hydrogel swelling, hydrogel deforma-
tion, gastric tissue-gel interactions, and fluid
movements. Ultrasound imaging was particu-
larly useful in examining hydrogel movements
and gastric motility simultaneously under vary-
ing degrees of gastric distention. Ultrasound dis-
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tinguishes between different objects based on the
acoustic impedance mismatch at the interface
[63]. This technique, however, has limitations
when used for human study. When images of the
body/fundus region of the stomach are needed,
ultrasound imaging may be time consuming due
to anatomical variations and body weight differ-
ences [64]. Ultrasound imaging is more effec-
tive and less time consuming for obtaining im-
ages of the pyloric antrum [65].

The propulsive efficiency of peristaltic con-
tractions varies depending on the viscosity of the
meal [37]. Prove et al. have shown that the depth
of indentations made by peristaltic contractions
was deeper with lower viscosity meals than with
higher viscosity meals. As a result, the low vis-
cosity meals emptied more rapidly than the high
viscosity meals. Thus, the efficiency of peristal-
tic contractions to empty the low viscosity meals
was higher than the efficiency to empty the high
viscosity meals. The efficiency of peristaltic con-

tractions to propel smaller hydrogels (10 mm in -

diameterX 12 mm in length) into the intestine
was found to be inversely proportional to the de-
gree of gastric distention resulting from the
administration of water. As the degree of gastric
distention increased, both the orad (retropul-
sive) and caudad (propulsive) movements of a
gel became less dependent on gastric motility.
Under such conditions, the efficiency of peristal-
tic contractions to propel water was much higher
than the efficiency to propel the hydrogel. Thus,
the gastric emptying of water preceded the gas-
tric emptying of the hydrogel. Conversely, as the
stomach became less distended due to the emp-
tying of water, the peristaltic contractions in-
creased gastric tissue-gel interactions and re-
sulted in a higher propulsive efficiency for the
hydrogels. Once most of the water had emptied,
the propulsive efficiency of peristaltic contrac-
tions reached a maximum. The degree of gastric
distention was only qualitatively estimated since
a sagittal view of the stomach was used in this
study. It should be noted that the degree of gas-
tric distention has been quantitatively deter-
mined through a transverse view of the stomach
lumen [65-67].

In the fasted state, the gastric retention of hy-
drogels was dependent on the size and integrity
of the gels. The contrasting physical properties
of the two different types of hydrogels served as
a useful comparison in understanding the effects
of gel integrity on gastric retention. When hydro-
gels deformed minimally in response to peristal-
sis, the gastric contractions were ineffective in
propelling the gel through the pyloric sphincter.
Hydrogels undergoing only slight deformation
apparently limited the propulsive efficiency of
peristaltic contractions. High integrity of gels
alone, however, does not guarantee the retention
in the stomach. In previous studies on gels (10
mm in diameter X 12 mm in length) which had
only a moderate degree of swelling, the gastric
emptying occurred within 2 h after administra-
tion [60]. The gel emptied from the stomach
even though its deformation in response to gas-
tric contractions was not significant. Thus, the
size of the gel must also be important to gastric
retention. Under fasted conditions, a certain
combination of the gel size and gel integrity
served to minimize the efficiency of the peristal-
tic contractions to propel the gels through the py-
loric sphincter. A third parameter that may in-
fluence gastric retention under fasted conditions
may be the gel’s surface properties. The “slip-
pery” surface of the gel arising from hydration
appeared to facilitate both the movements of
contractions along the gel surface and hydrogel
retropulsion. Since only one type of hydrogel

made of PVP was used in this study, the effects

of gel surface properties on gastric retention re-
quires further investigation. In this regard, the
gastric retention study with mucoadhesive hy-
drogels such as poly (acrylic acid ) gels should be
very interesting. :

Maintenance of the FMN concentration in the
blood for 24 h in the fasted state using our hydro-
gels is very encouraging. The solubility of FMN
in the gastric fluid was approximately 0.8 mg/
ml. It behaved more like a hydrophobic drug in
the stomach and a hydrophilic drug in the small
intestine. Therefore, the diffusional release of
FMN from the hydrogel was expected to be lim-
ited since the content of gastric fluid under fasted




conditions is low. The in vitro release of FMN
from the hydrogels in the simulated gastric fluid
(Fig. 5) suggested that pure diffusional release
of FMN was very slow and may not have ac-
counted for the total amount of FMN released in
vivo. The size reduction and surface fragmenta-
tion of gels in the fasted state indicated that sur-
face erosion was significant and might also con-
tribute to the release of FMN. Therefore, it
appears that the release of FMN from the hydro-
gel in the fasted state was due to a combination
of diffusion-controlled and erosion-controlled
mechanisms. FMN is known to be absorbed only
from the upper small intestine. Thus, to achieve
drug absorption for 24 h under fasted condi-
tions, the hydrogel needed to reside in the upper
GI tract and release FMN at a rate large enough
to overcome the short half-life of FMN. The con-
centration profiles of FMN in the fed state (be-
tween 30 h and 54 h in Fig. 6), however, did not
reflect the accelerated surface erosion of the gel.
This may be due to the rate of gastric emptying
in the fed state which controlled both the amount
of food and FMN released into the duodenum.
The mechanism of drug release from the hydro-
gels in the fed state and subsequent drug absorp-
tion requires further investigation.

The deformation of FMN-containing gels in
response to peristaltic contractions was more ex-
tensive than that of control gels without FMN.
The reduced gel integrity was most likely due to
the presence of FMN dispersed throughout the
gels. The presence of large amounts of FMN may
have altered the glassy structure of the network.
It has been shown that the glass transition tem-
perature of a glassy polymer was reduced as the
drug content in the gel increased [68]. When
water molecules penetrate through the glassy hy-
drogel, the presence of drug molecules will facil-
itate the mobility of polymer chains [68-70]. In
effect, the FMN may have acted to plasticize the
gel and increase the rate of solvent penetration
[68]. The increased solvent uptake would,
therefore, reduce the integrity of FMN-contain-
ing gels. As a result, the gastric retention time (36
h) was shorter than expected (60 h). Study on
the rate of gastric fluid penetration into various
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hydrogels will be useful in understanding the ef-
fects of FMN on the hydrogel swelling.

Other studies have shown that FMN absorp-
tion from the upper GI tract occurs by a satura-
ble mechanism [54,55]. The FMN concentra-
tion in human blood is known to reach a
maximum value of 0.24 ug/ml if oral doses of
FMN exceed 50 mg [55]. In our study, the
amount of FMN loaded in the hydrogels and gel-
atin capsules was 1200 mg. This was substan-
tially larger than the amount required to produce
saturable absorption in man. Thus, the blood
profile of FMN obtained in dogs using the gela-
tin capsule may likely represent saturated ab-
sorption kinetics. Since the upper GI residence
time for the gelatin capsule was brief, only a small
percentage of the total drug load in the capsule
was absorbed from the GI tract. When FMN was
delivered using our hydrogels, the FMN in the
blood was maintained for up to 54 h including
the first 24 h in the fasted state (Fig. 6). This
clearly indicates that superior bioavailability can
be achieved using hydrogels which can be re-
tained in the stomach for more than 24 h.

Conclusions

In vivo study of enzyme-digestible hydrogels
identified the size and the integrity of hydrogels
as two parameters important to the long-term
gastric retention in the fasted state. Using hydro-
gels with specific properties, we were able to
maintain the blood concentration of FMN for
more than 24 h under fasted conditions. These
hydrogels may be used to release a variety of hy-
drophilic and hydrophobic drugs irrespective of
the state of the stomach. This study clearly
showed that a true once-a-day oral drug delivery
is feasible if hydrogels with certain properties are
used as a platform for drug delivery.
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