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Abstract

1251 Jabelled tomato lectin ((*®I]TL) was evaluated as a bioadhesive for oral drug delivery following intra-gastric
administration to adult rats. It was compared with two control molecules, [!Z I]polyvinylpyrrolidone ((!*IIPVP), an
inert polymer, and '*I-labelled bovine serum albumin (('*I|BSA), a degradable protein of similar molecular weight.
The intestinal transit, body distribution and degradation of the macromolecules were determined 1, 5, 10 or 24 h
after oral feeding and the behaviour and patterns of distribution were compared. TL was found to be resistant to
degradation, with 12% of the recovered dose appearing as high molecular weight fractions in the faeces after 24 h.
After 1 and 5 h, 80 and 50% of the recovered activity was found in the gastrointestinal (GI) tract, respectively. Up to
20% of the radioactivity was associated with intestinal tissue at these time points. 100% of the PVP was recovered in
the faeces after 24 h. At 1 and 5 h, virtually all the PVP activity was associated with intestinal washings. BSA was
degraded completely during transit with 95% of the recovered activity found in the urine and 5% in the thyroid
gland after 24 h. Although these results indicate that TL is resistant to degradation in the GI tract and that it
adheres to intestinal tissue, little difference was seen in the transit times of TL and PVP. This may have been due to
interactions of TL with intestinal mucus and could limit the potential of TL for use as an intestinal bioadhesive.
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1. Introduction

One of the major problems with oral drug
delivery formulations is the speed with which they
pass through the gastrointestinal tract. With a
small intestinal transit time of less than 3 h, the
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contact time of a drug formulation, or its resi-
dence time within the small intestine, is often too
short to allow complete absorption of a drug.
Thus, a drug delivery system may pass rapidly
through the small intestine, the area of maximum
drug absorption, and arrive at the colon and
release most of its drug there, at a non-optimal
site. If the residence time of a drug in the small
intestine could be increased, this may lead to
improved drug absorption and allow less frequent
dosing, thus approaching the goal of once-a-day
therapy.
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One approach to delaying intestinal transit has
been the use of bioadhesives, although as most of
these systems have been developed as gastroad-
hesives, the delay in transit is really an effect
caused by a delay in gastric emptying (Fell et al.,
1987; Read and Sugden, 1987; Harris et al., 1990).
Bioadhesives have been used to promote dosage
form residence time as well as improving intimacy
of contact with various absorptive surfaces of
biological systems. They can also act as platforms
for controlled release dosage forms and may ex-
ert some control over the rate and amount of
drug release and contribute to the therapeutic
advantage of such systems (Gupta et al., 1990).
Bioadhesives have been shown to work in the
mouth and cervix, but authors dispute their effec-
tiveness, particularly in the GI tract where strong
shear forces may prevent adherence and mucus
may interfere with the binding (Davis, 1985; Gru-
ber et al., 1987).

To date, most intestinal bioadhesives have been
based on synthetic polymers (Duchene et al.,
1988; Leung and Robinson, 1990), which are usu-
ally known as ‘mucoadhesives’ because of their
ability to attach to the intestinal mucus. Gupta
(1990) suggested that most bioadhesive polymers
bind to mucus and never penetrate deep enough
to form a bond with the underlying epithelial
cells. Our approach to bioadhesion, however, has
been a biological one, utilizing carbohydrates ex-
posed on the epithelial cell surface. The epithe-
lium may become exposed when the mucus layer
is interrupted, thus allowing bioadhesives access
to the carbohydrates of the enterocyte surface.

Carbohydrates are found bound covalently to
proteins and lipids to form glycoproteins and
glycolipids, which are an integral part of the
enterocyte membrane. The carbohydrate chains
project out from the cell surface and form the
glycocalyx or ‘fuzzy coat’, which is maintained
and synthesized continuously by the underlying
cells. These carbohydrates represent important
binding sites for bacterial adhesion. For example,
enterotoxigenic Escherichia coli attach to the in-
testinal epithelium via surface lectins on the pili
(Festa, 1987; Gupta, 1990) and colonize the gut.
Lectins, which are carbohydrate-binding proteins
or glycoproteins that bind specific sugar residues,

may be used as bioadhesives, following this model
of bacterial adhesion, and research is now taking
place to investigate the use of type I fimbriae
from E. coli as intestinal bioadhesives for drug
delivery (Caston et al., 1990).

This paper describes the in vivo interaction of
the non-toxic tomato lectin (TL), with the adult
rat intestine after intra-gastric administration.
This lectin has previously been shown to bind
avidly to small intestinal gut rings in vitro, and to
individual glycoproteins isolated from enterocyte
brush border membranes (Naisbett and Woodley,
1994a). This binding was shown to be specific and
inhibited by preincubation with competing sugars.
In an improved in vitro culture system of gut sacs,
TL has also been shown to be taken up by ente-
rocytes by adsorptive endocytosis (Naisbett and
Woodley, 1994b).

The strong bioadhesive properties of TL in
vitro suggested that the lectin may have potential
for increasing the intestinal residence time of
drugs in vivo. The experiments described here
were developed to follow the intestinal transit
and body distribution of radiolabelled tomato
lectin, ['*1ITL, after oral administration to adult
rats. The behaviour and pattern of distribution
were compared with radiolabelled polyvinylpyrro-
lidone ([(**IJPVP) and bovine serum albumin
([**1]BSA), control macromolecules representing
an inert polymer and a degradable protein, re-
spectively.

2. Materials and methods
2.1. Tomato lectin

TL was purified by chromatofocusing and radi-
olabelled with Na'*1 using Iodobeads, as de-
scribed earlier (Naisbett and Woodley, 1994a).
BSA was radiolabelled via the same method and
['">®I1]PVP was purchased from Amersham Inter-
national, plc, U.K.

2.2. Transit time and body distribution

Radiolabelled substrate was administered (in
0.6 ml of 0.85% w/v NaCl) by intubation to the
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stomach of lightly anaesthetised adult male Wis-
tar rats (250-300 g) which had been starved for
24 h. Animals were allowed to recover and were
kept in metabolic cages (with free access to food
and water), to facilitate collection of urine and
faeces, before killing at times up to 24 h. Blood
was collected (50 ul) from the heart and immedi-
ately suspended in 1.0 ml of 1 M NaOH. The
total blood volume was calculated from the esti-
mate that for every 100 g of body mass, an adult
rat contains 7.2 ml of blood (Seymour et al.,
1987). The small intestine, stomach, caecum and
large intestine were removed and each part
washed out separately with 0.85% (w/v) NaCl.
The intestinal tissues were weighed and digested
in 1 M NaOH. Other organs were excised,
weighed and digested in 1 M NaOH, faeces were
suspended in 1 M NaOH and the remaining
carcass was digested in 10 M NaOH. The intesti-
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nal washings, digested intestinal tissue, organs,
carcass, urine and faeces were counted for ra-
dioactivity and the amount of radioactivity found
in each part was calculated as a percentage of the
total dose recovered.

Table 1 lists the organs which were removed
routinely during these experiments.

2.3. Paper electrophoresis

Urine and faeces were analysed by paper elec-
trophoresis, to indicate the amount of high and
low molecular weight radiolabelled fragments
produced by digestion during transit. Solutions of
urine or faeces were loaded 5 cm from the end of
a length of chromatography paper (Whatman
No.1, 5 ¢cm X 30 ¢m) and electrophoresed in 0.1
M barbitone /sodium barbitone, pH 8.6, in a
Shandon-Southern electrophoresis tank for 20
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Fig. 1. ['*1]TL body distribution. (a) 1 h; (b) 5 h; (¢) 10 h; (d) 24 h. Results are the mean of three animals.
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Table 1
Organs removed during in vivo experiments
Organ Symbol
Blood B
Stomach St
Small intestine part 1 11
Small intestine part 2 12
Small intestine part 3 13
Small intestine part 4 14
Caecum and large intestine CL
Heart H
Liver L
Spleen S
Lungs Lu
Thymus Tm
Thyroid Ty
Kidneys K
Urogenital tract Ug
Urine Ur
Faeces F
Carcass Ca
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min at 13 mA, 400 mV. A total of four strips was
electrophoresed each time to ensure that the
current was consistent. The paper strips were
then cut into strips of equal size (0.5 cm) and
counted individually for radioactivity.

3. Results and discussion
3.1. Lectin body distribution

The distribution of radioactivity recovered fol-
lowing oral administration of '*I-labelled tomato
lectin is shown in Fig. la—d. Hatched bars show
radioactivity associated with intestinal washings
and solid bars indicate radioactivity found in the
tissues. After 1 h (Fig. 1a), over 80% of the dose
was recovered from the stomach and small intes-
tine, with the greater part of this radioactivity
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Fig. 2. ['**T]PVP body distribution. (a) 1 h; (b) 5 h; (¢) 10 h; (d) 24 h. Results are the mean of three animals.
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being found in the stomach. Although the major-
ity of the activity was recovered from gut wash-
ings rather than gut tissue, tissue-associated activ-
ity accounted for 20% of the recovered dose.
20% of the dose was recovered from the carcass.

After 5 h (Fig. 1b), gastric-associated radioac-
tivity had fallen to less than 10% and caecum and
large intestine accounted for almost 20% of the
dose. However, GI radioactivity still accounted
for almost 50% of the recovered dose and ap-
prox. 14% of this was associated with gut tissue.
Activity was also found in the blood, urine and
thyroid gland and 30% of the dose was found in
the carcass. This indicated breakdown and up-
take of lectin fragments by the gut. However,
over 10% of the dose was recovered in the faeces.
After 10 h, a residual amount of lectin was found
in the GI tract, the majority of this activity being
found in the intestinal washings (Fig. 1c). 5% was
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retained in the stomach and 5% in the caecum
and large intestine. The majority of the dose after
10 h was recovered from the urine, thyroid gland
and carcass and over 20% in the faeces.

After 24 h (Fig. 1d), 80% of the dose was
found in the urine, 12% in the faeces and the
remainder in the carcass and thyroid. Samples of
faeces after 24 h dosing were analysed by paper
electrophoresis to determine whether TL was still
in a high molecular weight form.

3.2. PVP body distribution

['*IJPVP was used as a control inert, non-
metabolizable polymer to follow and compare the
transit time of the labelled macromolecules. Re-
sults are shown in Fig. 2a—d.

1 h after feeding ['*I]PVP (Fig. 2a), over 70%
of the dose was recovered in the gastrointestinal
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Fig. 3. ['®1IBSA body distribution. (a) 1 h; (b) 5 h; (c) 10 h; (d) 24 h. Results are the mean of three animals.
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tract. Virtually all of this radioactivity was associ-
ated with gut washings and, except for the stom-
ach, there was little or no tissue association. This
was in contrast with lectin which showed signifi-
cant tissue association. 10% of the dose was
found in the carcass.

After 5 h (Fig. 2b), almost 90% of the PVP
remained in the GI tract. 80% was found in the
fourth part of the small intestine, caecum and
large intestine in contrast with lectin which
showed a more even distribution over the whole
length of the intestine, with up to 10% of the
lectin remaining in the stomach.

A small amount of activity (< 2%) was discov-
ered in the urine and the thyroid gland after 5 h.
Whilst PVP was thought to be an inert polymer,
it was possible that a small amount of the ['*°I]
label may have been non-covalently bound to the
polymer and dissociated from the polymer during
transit. Although it has been postulated that there
are deiodinases in the intestine which remove
iodide from macromolecules (particularly pro-
teins) (Jones, 1977), there has been no direct
evidence to show their presence. ['*IJPVP was
purchased from Amersham International Plc. and
there was a possibility that some of these batches
were not monodisperse and there may have been
fragments which were below 40 KDa molecular
weight and which may have been small enough to
appear in the urine. This would not explain the

1500 7
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appearance of radioactivity in the thyroid, which
is thought to be due to the uptake of free iodide.

After 10 h (Fig. 2¢), almost 100% of the recov-
ered dose was found in the faeces, with a residual
amount (< 2%) in the caecum and large intesti-
nal washings. This pattern was echoed by the
graph showing body distribution of PVP after 24
h (Fig. 2d), where almost 100% of the dose was
found in the faeces.

3.3. BSA body distribution

['*I]BSA was used in this system to determine
the body distribution of a degradable macro-
molecule (protein) with a similar molecular weight
to the lectin, and to compare its distribution
pattern with that of tomato lectin. Results are
shown in Fig. 3a—-d.

1 h after feeding ['*IIBSA (Fig. 3a), 30% of
the dose was recovered from the gut (mainly from
the washings), and 55% found in the carcass.
BSA was distributed widely amongst the other
organs; liver, thyroid, kidneys and uro-genital
tract. This indicated rapid degradation by the gut
and uptake of small fragments into the blood-
stream. However, very little radioactivity could be
found in the blood samples.

After 5 h (Fig. 3b), 20% of the dose remained
in the gut, most of this being associated with the
stomach washings. Less than 10% was tissue-as-
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Fig. 4. Paper electrophoresis of faeces 24 h after oral administration of ['2I]TL.
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sociated. The thyroid showed 7% accumulation,
whilst 60% of the dose appeared in the urine and
carcass.

10 h post-dosing (Fig. 3¢), the majority of the
radioactivity was found in the urine and carcass,
with a trace amount in the gut and the liver. The
thyroid again accumulated almost 7% of the ac-
tivity. A small amount of the dose was also recov-
ered from the faeces ( < 2%). This may have been
due to some BSA remaining undigested or, more
likely, faeces may have been contaminated by
urine due to ineffective separation of urine and
faeces by the metabolic cage apparatus.

After 24 h (Fig. 3d), almost 95% of the dose
was recovered in the urine and 5% in the thyroid
gland. Residual activity was found in the carcass
and again, slight contamination of the faeces was
seen.

3.4. Recovery of material in the faeces

Samples of faeces were analysed by paper

electrophoresis after 24 h feeding experiments
with tomato lectin, to determine whether the
radioactivity measured was present as high or low
molecular weight species.
Fig. 4 shows the appearance in the faeces of
I-labelled lectin or '*I-labelled lectin frag-
ments. The position of free ['*Iliodide, which
was co-clectrophoresed on separate strips, is
marked with an arrow on the profile as a refer-
ence. The profile of activity shows most of the
radioactivity to be confined to a large high molec-
ular weight peak with some spreading about the
peak. This shows that the activity in the faeces
represents essentially undegraded or high molec-
ular weight fragments of lectin.

If a radiolabelled non-degradable macro-
molecule is given as an oral dose, it will be
expected to remain intact throughout its passage
through the GI tract and appear as high molecu-
lar weight species in the faeces. Very little ra-
dioactivity would be expected in other body com-
partments. In contrast, if a degradable macro-
molecule is administered orally, it will undergo
substantial enzymatic degradation with subse-
quent uptake into the circulation of di- and

125

tripeptides and amino acids. These degradation
products are eventually excreted by the kidneys
(molecular mass cut off <50 kDa, depending on
molecular size, charge and shape; Smith et al.,
1983), and appear as relatively small molecular
weight fractions in the urine. Any free ['*Iliodide
will appear in the thyroid gland which can accu-
mulate ingested iodide at 25-40 times the plasma
concentration (Smith et al., 1983). Very little ra-
dioactivity would be expected in the faeces.

In this study, PVP and BSA were used as
model non-degradable and degradable macro-
molecules, respectively, in order to compare their
body distribution patterns with that of tomato
lectin, which was thought to resist digestion to
some extent in the GI tract (Kilpatrick et al.,
1985). As PVP is an inert polymer, it was also
thought to be a good model for measuring GI
transit time as it would show little or no interac-
tion with GI mucus or gut mucosa.

The results obtained show that PVP is a good
model for a non-degradable, inert macro-
molecule. 100% of the dose recovered appeared
in the faeces, with little radioactivity being found
outside the GI tract. Furthermore, radioactivity
in the gut was mainly found in the washings
fraction and very little was tissue-associated.

BSA showed typical results of a degradable
protein. Within 1 h, although the majority of the
dose was in the carcass, other organs, including
the liver and thyroid, showed the presence of
radioactivity, Virtually no BSA was present in the
faeces and almost 100% of the dose was recov-
ered in the urine after 24 h.

Body distribution of orally administered tomato
lectin displayed characteristics of both non-de-
gradable and degradable macromolecules. After
24 h at least 12% of the dose was found in the
faeces and this was shown by paper electrophore-
sis to be high molecular weight material (Fig. 4).
However, the majority of the radioactivity was
found in the urine at this time point, and this
showed very small labelled fragments on paper
electrophoresis (data not shown). 5% of the dose
was also found in the thyroid. In summary, whilst
tomato lectin was degraded to a large extent by
gastrointestinal enzymes during transit, it also
demonstrated some resistance to digestion.
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3.5. Radioactivity in the carcass

With both BSA and tomato lectin, the obser-
vation was made that, whilst virtually no radioac-
tivity could be detected in any of the blood sam-
ples at any time point, a large proportion of the
doses recovered up to 10 h was found in the
carcass. This discrepancy may have been due to
the very small (50 pl) samples of blood taken.
The radioactivity in the carcass however was as-
sumed to be from the blood volume of the animal
as all major organs had been removed although
some of the dose may have accumulated in one or
a few tissues which were digested with the car-
cass.

This does not explain radioactivity found in
the carcass of rats fed PVP after 1 and 5 h (10
and 6%, respectively). No PVP was found in the
urine so it is unlikely that radioactivity in the
carcass represents PVP in the blood or other
organs remaining in the carcass. There is the
possibility that some of the radioactive dose may
have been delivered into the oesophagus rather
than the stomach and occasionally animals were

found to have retained some radioactive material
in their mouths.

3.6. Transit time

Although these experiments have shown that
tomato lectin can resist degradation to some ex-
tent during transit, it is more difficult to deter-
mine from these data whether the lectin could be
used effectively to delay GI transit time. When
compared with PVP, there is only 50% lectin in
the GI tract after 5 h but 90% of PVP present.
This would seem to imply that PVP has a slower
transit time than lectin, but these data need to be
analysed carefully. Although only 50% of the
lectin remains in the GI tract after 5 h, 50% has
been metabolised (that is, degraded and taken
into the circulation). 50% of the lectin has there-
fore been ‘taken out’ of the model and is unavail-
able to the GI tract. Thus, it would seem difficult
to draw any definite conclusions about transit
time from a comparison of a non-degradable
macromolecule with a partially degradable
macromolecule, as metabolism of the latter com-
plicates the data.

Table 2
Lectin and PVP % dose recovered (gastrointestinal tract = 100% dose recovered)
1h 5h 10h 24 h
T? w?b T w T w T W
(i) Lectin
Stomach 16.31 46.41 2.67 17.89 345 32.01 442 23.76
SI€ part I 2.13 5.02 0.65 3.04 1.59 1.59 497 442 ¢
SI part 11 4.53 6.58 2.19 4.66 2.19 2.52 2.76 20.44 ¢
SI part III 4.76 6.65 3.84 5.59 1.46 10.56 331 773 ¢
SI part IV 2.52 4.75 8.89 12.58 1.99 345 2.21 5.52
CLI ¢ 0.11 0.23 11.21 26.80 6.44 32.74 ¢ 2.76 17.68 ©
(ii) PVP
Stomach 2.53 48.50 0.56 355 1.12 8.31 0 15.15
SI € part I 0.57 1.53 0.05 0.36 6.29 0.67 0 0
SI part I 0.69 14.33 0.12 0.57 0.90 2.25 0 0
SI part 111 0.56 17.93 0.74 5.91 0.90 3.15 0 ¢]
SI part IV 0.60 11.32 0.75 22.19 0.67 3.60 3.03 3.03
CLI 0.14 1.31 2.32 62.88 13.71 58.43 18.18 60.61

? Tissue-associated radioactivity.

b Washings-associated radioactivity.

¢ Small intestine.
9 Caecum and large intestine.

¢ p < 0.05 (after tissue and washings activities have been summed together).
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However, it is possible to re-analyse the lectin
and PVP data to allow a direct comparison of the
two macromolecules. Data can be recalculated
from the radioactivity recovered in the GI tract
alone. The radioactivity, (in terms of cpm) recov-
ered in the GI tract was summed and this was
recorded as 100%. The radioactivity in each sepa-
rate part of the GI tract was then calculated as a
percentage of the total dose recovered from the
entire GI tract. This would then allow the de-
graded lectin to be compared directly with the
non-degradable PVP. These data are shown in
Table 2.

From Table 2, it can be seen that after 1 h,
although there was no significant difference in
the distribution of the total amount of radioactiv-
ity along the GI tract for lectin and PVP, 30% of
the lectin radioactivity was tissue-associated, but
only 5% of the PVP was found with the tissue.
After 5 h, there was a greater amount of lectin in
the stomach than PVP, and it appeared that most
of the PVP had entered the caecum and large
intestine. Of this recovered dose, again, 30% of
the lectin was still associated with the mucosa,
compared with only 4% of the PVP.

10 and 24 h data were less clear. Although
there was significantly more lectin in the stomach
and more PVP in the caecum and large intestine
after 10 h, the small intestinal fractions showed
little difference. 24 h data did show a statistically
significant difference (p < 0.05) for small intes-
tine parts I-III, with more lectin recovered there
than PVP. Again, a proportion of this lectin activ-
ity was tissue-associated whereas little or no PVP
was found in the tissue fraction. There was also a
clear difference in dose associated with the cae-
cum and large intestine, with much more PVP
being recovered from these portions of the GI
tract than tomato lectin. However, the actual
amount of lectin and PVP in the GI tract at 10
and 24 h was residual and the data recalculated
at these time points were based on very low cpm
and thus subject to error. These re-analysed data,
however, did show some evidence of prolonged
gastrointestinal residence time for tomato lectin,
although the effect was not dramatic. An impor-
tant point which should be stressed, however, is
that a measurable percentage of the lectin dose

found in the GI tract was associated with the gut
tissue, but almost 100% of the PVP and the
majority of the BSA was recovered in the gut
washings.

From the in vitro data presented in previous
papers (Naisbett and Woodley, 1994a,b), it would
be expected that TL would bind avidly to the gut
and show a much increased GI residence time
when compared with these controls as TL binding
to gut rings showed an 11- and 6-fold increase
above PVP and BSA, respectively. However, this
effect was less obvious in vivo. The GI tract in
vivo is lined with a covering of mucus, which is
rich in carbohydrate and is known to contain
N-acetylglucosamine, and it is likely that, in vivo,
the lectin may simply be binding to the glycopro-
teins in the gastrointestinal mucus and travelling
down the GI tract bound to the mucus (propulsed
by peristalsis), and thus never ‘seeing’ the entero-
cyte surface. This would result in no significant
increase in GI transit time. Lehr et al. (1991)
have estimated mucus turnover time in rats to be
between 47 and 270 min, although other authors
have postulated a turnover of between 17-24 h
(Festa, 1987). This could represent a crucial phys-
iological factor for bioadhesive dosage forms. In
vitro, there was little or no mucus present in
either gut ring or gut sac preparations, which
would enable the lectin to have better access to
the enterocyte surface glycoproteins.

In conclusion, whilst these data show clearly
that tomato lectin is resistant to digestion in the
GI tract and that it adheres to gut tissue in vivo,
the transit time of the lectin shows only a small
increase compared with controls, although data
are difficult to interpret due to metabolism of the
macromolecules.
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