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Drug Delivery Method
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Currently available animal models for delivery of drug capsules and pharmacokinetic testing are limited by either inter-
subject variability in gastric emptying time or the need to sedate animals when using targeted delivery methods of drug
capsules. With the increasing development of large-molecule biologics, better in vivo models for testing the pharmacokinet-
ics of capsule-delivered drugs are urgently needed. To this end, we made engineering modifications to an existing bovine
surgical cannula device, successfully implanted this modified cannula into pigs, and delivered drug capsules directly to the
proximal duodenum. In our porcine model, capsule insertion and serial blood samples were all acquired without the use of
sedatives. Furthermore, we were able to maintain cannulated pigs for weekly pharmacokinetic testing for more than 18 mo,
with minimal postoperative complications. This study demonstrates a novel and effective porcine model of sedation-free
drug delivery and blood collection that eliminates inconsistencies associated with models that require either gastric empty-

ing or animal sedation.

Abbreviation: VAP, vascular access port

In vivo models of drug delivery often involve testing of
mice and rats,” whose major benefits as an animal model in-
cludes their small size, short gestation time, wide availability
of genetically modified models, and relatively low expense,
compared with large animal models. Biologics accounted for
22% of the sales of large commercial pharmaceutical compa-
nies in 2013 and are estimated to comprise as much as 32% of
sales in 2023.? In the last decade, the increased development
of biologics drugs has significantly increased the demand for
large-molecule drug therapy testing. The high molecular mass
of biopharmaceutical drugs causes challenges regarding enteric
delivery of these products, particularly their reduced perme-
ability across mucosal and cell membranes.! To overcome these
challenges, several novel drug delivery devices and capsules
are emerging.'* A large animal model that accommodates en-
teric drug and capsule delivery for preclinical pharmacokinetic
testing will allow scientists to test these novel delivery methods
in vivo before moving to clinical trials. The porcine duodenal
cannula drug delivery method we describe here offers a novel
large animal model for pharmacokinetic testing and success-
fully overcomes several mechanical obstacles in other similar
animal models.™

The benefit of cannulation drug delivery is 3-fold: it allows
the delivered drug to bypass the stomach; it enables the tar-
geting of a specific area of the intestine; and it accommodates
the insertion of a large capsule or drug without the need for
sedation or anesthesia. Targeted drug delivery to specific ar-
eas of the small intestine has been accomplished in rabbit and
dog models through the use of a modified vascular access port
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surgically implanted into the intestine.""** Although these mod-
els allow for direct delivery to specific areas of the intestine, the
small size of the port (5 French) limits delivery to liquids."*
Small intestinal cannulation has been described in pigs, goats,
sheep, and cows for the sampling of gastrointestinal contents
during nutrition studies.'*”!%!? Publications specifically on can-
nulated pig models for the purpose of intestinal sampling date
back to the 1970s. The surgical techniques described in these
older publications include many of the same techniques that we
used in the present study, with moderate modifications based
on the updated surgical anesthetics, instruments, and plastics
materials currently available.®'® In our porcine duodenal cannu-
lation model, we modified a cannulation technique used previ-
ously in nutritional studies'* so that we could instead deliver
a solid (in the form of a capsule) and subsequently test drug
absorption. The larger cannula of our model (internal diameter,
1.4 cm) compared with the 5-French catheter (internal diameter,
0.007 cm) used previously enabled us to deliver whole capsules
into the small intestine of pigs.

Inserting a cannula directly into the duodenum eliminates
inconsistencies associated with gastric emptying time and the
ability of the capsule to pass through the pyloric sphincter. The
physiology of digestion in swine is remarkably similar to that
of humans,” but due to the pig’s anatomy, gastric emptying of
large solids and capsules takes considerably longer than in hu-
mans.* In comparison, gastric emptying of large-sized solids in
the dog model is more similar to that in humans, but it still var-
ies between subjects and, on average, occurs much faster than
in humans making it a less-than-ideal model.* In addition, a
duodenal cannula enables us to insert the capsule into a pig’s in-
testine without the use of sedation. Given that major side effects
of sedation are decreased intestinal motility and secretion,'®*
our new method has a marked advantage over other methods,
such as endoscopic placement of drugs or capsules, which can
only be performed under general anesthesia in animal models.



Materials and Methods

Female Yucatan pigs (Sus scrofa; n = 7; weight, 35 to 50 kg)
were used for this study. The pigs were housed and maintained
according to the Guide for the Care and Use of Laboratory Animals®
in an AAALAC-accredited facility. The housing room was tem-
perature- and humidity-controlled, with a 12:12-h light:dark
cycle. The primary enclosure for each pig consisted of a pen a
with solid floor, pine shavings, and an enrichment toy. The pigs
had free access to water through an automatic sipper and were
given 400 g of pelleted feed twice daily, along with 4 ounces of
marshmallow or mixed dried fruit treats for training. Pig runs
were cleaned daily by husbandry staff, and the animals were
checked daily by veterinary technicians or veterinarians. Hay
was withheld due to a concern for intestinal blockage at the site
of the cannula. All procedures performed on the animals were
approved by the Tufts University IACUC.

The pigs were fasted 12 h before cannula insertion surgery.
The pigs were premedicated with ketamine (4 mg/kg IM), xyla-
zine (4 mg/kg IM), and tiletamine—zolazepam (8 mg/kg IM)
prior to endotracheal intubation. Once intubated, the animals
were maintained under anesthesia with isoflurane gas (2% to 3%).

The pigs were positioned in left lateral recumbency. Skin over
the surgical site was shaved and prepped with chlorhexidine
and alcohol. A vascular access port (VAP) was placed in the
right external jugular vein, with the port inserted under the skin
over the right shoulder by using standard techniques.’

The duodenal cannula (ANKOM Technologies, Macedon, NY;
Figure 1 A) underwent several modifications (Figure 1 B), which
included shortening the intraintestinal piece of the cannula by
cutting it to create a half pipe instead of a complete closed lu-
men pipe so that it would fit in the pig duodenum. In addition,
the external plastic ring was modified from hard plastic to a
silicone ring to reduce skin irritation. The external end of the
plug was modified from a wing-nut design to a flat rubber top
to prevent tearing of outer bandaging by the sharp edges on
the wing nut. The cannula device was autoclaved prior surgical
implantation.

A 10-cm linear skin incision was made on the pig’s right lateral
flank 1em caudal to the last rib by using a no. 10 scalpel blade
(Figure 2). Ano. 10 blade was used to incise through the internal
oblique muscle tissue and create a paracostal laparotomy to ex-
pose the duodenum. The duodenum was located manually by
following it from the gastric pylorus. A section of the duodenum
6 to 10 cm distal to the pylorus was located and the cannula
placed over this area for size measurement. Vessel loops, made
from soft flexible silicon, were placed around the duodenum
to prevent it from slipping back into the abdomen. Sufficient
laparotomy sponges were used to pack off the isolated intestinal
segment to avoid contamination of the abdominal cavity.

A full-thickness linear incision (length, approximately 3 cm)
on the antimesenteric surface of the duodenum was created by
using a no. 11 scalpel blade. This incision was just large enough
for insertion of the cannula. The cannula, which was unplugged,
was inserted into the intestine. When manual insertion was in-
sufficient, Debakey forceps were used to gently stretch the in-
testinal tissue over the cannula. A double pursestring suture
was created with 0 to 3-0 multifilament polyester—polybutylate
nonabsorbable suture, to secure the cannula in place. Both ties
from the pursestring were cinched down to secure the cannula
and then tied in place by using surgeon square knots (Figure 3).
The cannula was then plugged, and the intestine visually
checked for leaks by applying gentle pressure to the intestinal
tissue adjacent to the cannula and watching for air or fluid leak-
age around the cannula and intestinal sutures.
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Figure 1. (A) Bovine intestinal cannula before modification. (B) In-
testinal cannula used in the pigs after several modifications: open lu-
men design and reduction of the intraintestinal size of the cannula,
modified silicone material for the outer ring instead of hard plastic,
modified plug with flat top, and heavier c-clamp to secure the outer
ring. Components of the duodenal cannula system include the plug
(1) and outer silicone skin ring and metal washer (2) which are secured
in place by the c-clamp. The inner fabric ring (3) sits inside the peri-
toneal wall to prevent the cannula from slipping out. The end of the
T-shaped hard plastic insertion (4) sits inside the duodenum. (C) The
plug (1) can be removed and reinserted into the plastic cannula to pre-
vent intestinal leakage and allow direct access into the duodenum.

After the cannula was inserted into the intestine and secured

with the double pursestring suture, the inner fabric ring was
applied above the intestine but below the peritoneal membrane.
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Figure 2. The caudal ribs and pelvis were palpated and marked to
avoid these areas. The cannula exteriorization point has been marked
with a circle just caudal to the last rib. The linear incision for access to
duodenum is outlined just below.

Figure 3. Cannula has been inserted into the duodenum and secured
with a double pursestring suture. Laparotomy sponges are used to
pack off the rest of the abdominal cavity, to prevent any leakage of
intestinal contents into the peritoneal cavity. Care is taken to avoid
tearing the intestine during insertion.

A full-thickness incision was made through the skin, muscle,
and peritoneum by using a 10-mm punch biopsy and no. 11
blade. Care was taken to position the cannula opening through
the skin such as to minimize pulling and kinking of the duode-
num. An insertion device was tunneled through the full-thick-
ness opening and inserted into the open cannula. This device
was then used to pull the cannula back out through the skin
(Figure 4). The final step to secure the cannula in place by ap-
plying the outer silicone ring and washer above skin and affix-
ing this apparatus by using a c-clamp (Figure 5). The tightest
possible notch was used to secure the outer ring in place. The
peritoneum, muscle, and skin layers were closed separately in a
4-layer closure for the lateral laparotomy incision.

Ampicillin (6 mg/kg IV) was given intraoperatively to pre-
vent infection secondary to gastrointestinal surgery. Pain as-
sociated with cannula placement was alleviated with local
bupivacaine on the day of surgery, a dermal fentanyl patch
(25 ug/h) placed 24 h before surgery, and ketoprofen (3 mg/kg
IM) at surgery and then once daily postoperatively as needed
for a minimum of 3 d.

Cannulas were bandaged to reduce the leakage of intestinal
contents and protect the cannulas from being dislodged during
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Figure 4. Insertion device used to pull the cannula through the muscle
wall and skin after the cannula has been secured in the intestine by us-
ing a double pursestring suture. This device is placed into the tubular
port of the cannula, where the plug goes. This insertion device is re-
moved after surgical placement of the duodenal cannula is complete.

Figure 5. Immediate postoperative view of cannula insertion. The lin-
ear incision has been closed by using a subcuticular pattern. The ex-
ternal cannula sits just behind the last rib. The silicone ring and metal
washer hold the cannula in place and allow enough flexibility to ac-
commodate minor postoperative swelling.

rubbing along the sides of the runs. Bandages were created by
placing a thin foam dressing (Tegaderm, 3M, Maplewood, MN)
over the cannula and securing in place with medical tape. Ap-
plying tincture coating (Compound Benzoin Tincture Swab-
stick, 4 in., Medex Supply, Passaic, NH) to the skin extended
the life of the bandage by further securing the tape to the skin.
After several months of bandage replacements as needed, we
switched to using a fabric (nylon and cotton) reusable bandage
that fit over the area of the cannula and was secured in place
with hook-and-loop fasteners. This arrangement offered more
breathability than the tape bandages and thus less irritation of
the skin surrounding the cannula yet still provided protection
from physical damage.

The pigs were given 2 wk to heal from implant surgery, after
which we began weekly pharmacokinetic studies that included
insertion of a drug capsule through the duodenal cannula fol-
lowed by serial blood collection through the VAP at timed inter-
vals to evaluate drug absorption (Figure 6). A modified tracheal
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Figure 6. Demonstration of insertion of a size 0 capsule (outer diam-
eter, 7.65 mm) into the cannula (inner diameter, 1.4 cm); the cannula
is sufficiently wide to accommodate the insertion of large capsules.

tube was inserted behind the capsule, to flush the capsule into
the intestine (Figure 7). In this particular study, a polymer cap-
sule was used to deliver several biologics. The same method was
used to insert a video capsule into the cannula to capture live im-
ages of intestinal mucosa as well as measure intestinal and cap-
sular transit times. By inserting the capsule in unsedated pigs
and then sedating (ketamine, 2 mg/kg IM; xylazine, 2 mg/kg;
and tiletamine-zolazepam, 4 mg/kg IM; with isoflurane gas
[1% to 2%] as needed) them 4 h later for fluoroscopic imaging,
we were able to visualize the progression of the capsule through
the intestine (Figure 8 B).

To eliminate sedation and its side effects, we tried several
methods of training and restraint to achieve multiple blood
sampling in unsedated pigs and minimize distress to the ani-
mals and staff. The animals were clicker-trained by using posi-
tive reinforcement methods' to accustom the pigs to handling
and to get them to voluntarily enter into a sling restrainer. Topi-
cal lidocaine (2.5%)-prilocaine (2.5%) cream was applied 45 min
prior to blood sampling to decrease pain associated with needle
insertion into the VAP. To further decrease the pain associated
with multiple needle sticks into the VAP, a Huber needle set
(that is, a Huber needle, tube clip, and 3 in. of extension tubing)
was fixed by using medical tape so that multiple blood samples
could be collected after a single needle insertion. A chlorhexi-
dine prep stick (2% chlorhexidine gluconate and 70% isopropyl
alcohol) was used to cleanse the skin before any needle sticks, to
help prevent infection. Heparin lock solution (5 mL, 100 U/mL)
was used to flush the VAP after blood sampling to maintain
patency between draws. After 3 to 4 wk of weekly blood draws,
along with daily 15-min maintenance training sessions, we were
able to place and secure Huber needle catheters in unsedated
pigs inside their cages without the use of the restraint sling.

All pigs were euthanized by intravenous pentobarbital—
phenytoin overdose (Beuthanasia-D, Merck Animal Health,
Millsboro, DE) at study end point.

Results

Duodenal cannula placement and long-term maintenance in
our pig model was successful. Blood work results, fluoroscopic
imaging, and video capsule monitoring confirmed that use of
the cannula for capsule delivery led to capsule progression
through the small intestines and subsequent drug absorption
(Figure 8). Four of the cannulated pigs were necropsied at the
experimental end point. All 4 pigs had abdominal adhesions
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Figure 7. Amodified (size 6) tracheostomy tube was used to flush 10 mL
of saline into the cannula after capsule insertion, to ensure that the
capsule reached the intestine and did not remain inside the cannula.

associated with the fabric ring of the inner cannula (Figure 9).
These adhesions created a seal between the cannulated intestine
and the rest of the peritoneal cavity, thus helping to prevent the
leaking of gastrointestinal contents into the peritoneum. Video
capsule imaging supported the absence of obstructions and de-
layed intestinal transit due to these adhesions.

Representative tissues of skin at the cannulation site and in-
testine adjacent to the duodenal cannula were collected, fixed
by immersion in 10% neutral buffered formalin, embedded in
paraffin, sectioned at 5 um, and stained with hematoxylin and
eosin. The tissue lining the tract of the cannula as it transited
the body wall was lined by a thick layer of stratified squamous
epithelium (Figure 10). The skin surrounding the external sili-
cone ring was mildly thickened (Figure 11). Postmortem histol-
ogy of the intestine directly adjacent to the internal portion of
the duodenal cannula contained atrophied villi, fibrosis of the
mucosa with loss of crypts, consistent with chronic rubbing of
the mucosa by the cannula (Figure 12). Histology of the duode-
num taken 6 cm distal to the cannulated intestine was normal
(Figure 13), indicating that the presence of the indwelling can-
nula did not affect the integrity of duodenal mucosa distal to
the cannulated portion of intestine (Figure 13). The histology
and gross necropsy findings indicate a pig with a healthy intact
cannula; this pig was euthanized due to external migration and
failure of the VAP.

Two 35-kg female Yucatan pigs were used as an initial trial
group for cannula implantation. The most challenging part of
the procedure was the placement of the cannula in the intes-
tine. Intestinal tearing occurred during the placement of the first
cannula because of the tension that the cannula caused inside
the duodenum. The tear was repaired by placing continuous
sutures along the tear adjacent to the cannula. Given the size
of capsule inserted through the cannula, decreasing the size of
the cannula was not an option. In the second group of 2 pigs,
we attempted to circumvent the problem regarding cannula fit
by using slightly larger pigs (45 kg); this modification made the
placement easier and eliminated tears, but the fit of the cannula
inside the duodenum was still very tight. The pigs in the third
group of 3 (60 kg) Yucatans did not have markedly larger intes-
tinal diameters, and their increased abdominal fat made it more
difficult to access and isolate the duodenum. Thus, according to
our experience, 45-kg female Yucatan pigs are most appropriate
for this device implantation model.
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Figure 8. This 2-view fluoroscopic image was acquired 4 h after cap-
sule insertion in an unanesthetized pig. The 3 radioopaque beads (ar-
rows) inside the capsule can be seen; their separation indicates that
the capsule has dissolved, thus releasing the beads. (A) Lateral view of
duodenal cannula. (B) Dorsal view of duodenal cannula. L, left side of
cannula; P, identification of individual pig (located dorsal to cannula);
R, right side of cannula.

Additional postoperative complications included mild to
severe external leaking of intestinal contents between the can-
nula and the skin or tissue layer (Table 1). Mild leakage was a
quarter-sized area of gastrointestinal liquid that soaked through
the bandage weekly. Moderate leakage consisted of a 2- to 4-cm
soiled area that necessitated bandage changes every 2 to 3 d.
Severe leakage was considerable leakage of contents daily that
resulted in daily bandage changes and frequent skin irritation
from the moisture. Skin irritations were managed with topical
application of 1% silver sulfadiazine or 40% zinc oxide cream.
Irritated areas of skin responded well to topical treatment and
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Figure 9. Fibrous peritoneal adhesions (arrows) between the intestine
and abdominal wall surrounding the duodenal cannula. A jejunal
loop is adhered to the duodenum and peritoneal wall at the site of the
duodenal cannula. No necrosis or obstruction was noted in the jejunal
loop at the cannula site. *, Body wall.

TR

200 ym
—

Figure 10. Histology of the tissue lining cannula tract through the
abdominal wall at 18 mo after implantation. The tract was lined by
hyperplastic epithelium contiguous with the epidermis of the skin.
Hyperkeratosis, small pockets of intraepithelial neutrophils, and a
mild superficial dermal mononuclear infiltrate are present. Hema-
toxylin and eosin stain.

further improved with use of the fabric bandage. The pig that
had the most severe periportal leakage from the cannula was left
unbandaged, which (in addition to topical cream application)
helped to alleviate the skin irritation. The cannula in this pig did
not become dislodged in the absence of bandaging, but despite
the cream application, after 5 mo, the skin around the port had
become thinner, with areas of moderate necrosis. Owing to the
compromised skin around the port, this pig was euthanized. In
addition, 2 other pigs experienced moderate intermittent leak-
age around the duodenal port site, which caused repeated tem-
porary skin irritations. The pigs rubbed at the irritated area but
did not experience any systemic signs of illness, such as change
in appetite, energy, or other behaviors. Application of topical
cream appeared to reduce the rubbing behavior and alleviate
potential pruritis associated with the irritation.

Our observation of natural pig behavior is that they fre-
quently rub against the sides of their cages, even in the absence
of an implanted cannula. For this reason, we constantly covered
the cannula site with bandages. On several occasions when a
bandage fell off, the cannula plug was completely dislodged as
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Figure 11. Histology of the normal sparsely haired skin adjacent to the
external silicone ring of the duodenal cannula at 18 mo after implanta-

tion. Mild perivascular and superficial dermal mononuclear infiltrates
are present. Hemotoxylin and eosin stain.

Figure 12. Histology of the duodenal mucosa at the cannulation site at
18 mo after cannula implantation. This section contains atrophied villi

and fibrosis of the mucosa with loss of crypts, consistent with chronic
rubbing of the mucosa by the cannula. Hematoxylin and eosin stain.

a result of the pig’s rubbing against the cage, leading to leakage
of intestinal contents and skin irritation. In these cases, skin ir-
ritation resolved after replacing the plug and rebandaging. Most
of the time, the skin surrounding the cannula grossly appeared
normal (Figure 14). In addition, the skin under the silicone outer
ring typically appeared grossly normal in the absence of leakage
(Figure 15).

After 4 mo, the VAP of one pig became infected and was no
longer patent. The port was removed, and Actinomyces spp. was
cultured from the area. Anew port was inserted on the opposite
side, and we were able to continue using this animal for further
testing after treatment with ampicillin (6 mg/kg twice daily for
4 wk). Overall the VAP lasted longer than we expected: 6 of the
7 VAP remained patent and infection-free for more than 5 mo,
with once-weekly saline flushes and heparin lock application.

Discussion
As the end result, this surgical model enabled us to implant a
drug capsule directly into the duodenum of a pig and take serial

Novel porcine drug delivery model
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Figure 13. Histology of the normal duodenal intestinal mucosa 6 cm
distal to the indwelling cannula at 18 mo after cannula implantation.
Hematoxylin and eosin stain.

Table 1. Summary of postoperative complications

No. of pigs Complication

3 Moderate periportal leaking from duodenal cannula

2 Severe skin irritation associated with the cannula leakage
1 Infected VAP (positive for Actinomyces)

1 C-ring failure requiring surgical repair of cannula

1 Unexpected anesthetic death from sedation

Figure 14. Duodenal cannula (fabric bandage removed) in a pig at 5
mo after implantation.

blood samples without the use of sedation and with minimal
stress to the animals and handlers. In addition, we exceeded our
expectations by maintaining 6 of the 7 animals with minimal
complications between 4 to 18 mo dependent on experimental
end point. By getting repeated measurements from the same
animals, we are able to decrease overall animal numbers, reduce
overall animal costs, and use each pig as its own control.
Previously reported models of intestinal cannulation in pigs
used stainless steel T-shaped cannulas and were focused on
the use of the cannula to obtain samples from the intestinal
tract.*!? The relatively softer plastic material of the cannula we
used here allowed us to modify it into a half-pipe shape, keep-
ing the edges smooth to avoid damaging the intestinal mucosa
(Figure 1 B). Although the full-pipe design has not been tested
for the insertion of capsular drugs, we suspect that the capsule
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Figure 15. Skin beneath the external silicone ring surrounding the
duodenal cannula in a sedated pig at 18 mo after implantation.

would get stuck inside the cannula and thus inconsistently
reach the intestine after insertion.

Currently, preclinical pharmacokinetic testing of drugs can
be done through a variety of in vivo and ex vivo methods, each
of which has its pros and cons. Several factors influence drug
absorption and toxicity, including mesenteric blood circulation,
drug transporter proteins, intestinal metabolizing enzymes, mi-
croflora environment, and the flow rates and concentrations
of intestinal secretions.® The complexity of physiologic and
anatomic parameters that influence drug absorption makes ex
vivo testing especially challenging. To date, no ex vivo model
completely replicates all physiologic parameters involved in
pharmacokinetic testing, although models such as ‘organ on a
chip’*? are coming closer and closer. Even with these advances
in ex vivo technology, it is unlikely that the need for drug testing
in animal models will be eliminated in the next several decades.

Animal models are commonly used for pharmacokinetic
studies to test novel drug delivery methods, drug absorption
rates, and toxicity studies. For capsule delivery drug studies,
the most common models include endoscopic placement* into
the stomach or duodenum and oral delivery by pilling or hid-
ing the capsule inside a treat.’ Similar to endoscopic placement
or delivery through a 5-French port, providing a drug capsule
through a surgically implanted cannula allows placement into
a specific area of the gastrointestinal tract. The added benefit of
drug delivery through a surgically placed cannula is that the
drug capsule can be provided to an unsedated animal, which is
not possible with endoscopic placement. The benefit of drug de-
livery without sedation is that the intestinal effects of sedation,
mainly gastrointestinal stasis,'®*! are eliminated.

By training of the pigs and using a VAP, serial blood draws
after drug delivery are possible. Drawbacks of this model in-
clude the surgical challenge required to access the duodenum
without causing excessive strain or torque on the intestine. In
conclusion, our novel large animal model for drug delivery and
pharmacokinetic testing can provide valuable preclinical infor-
mation to support the development of new drugs and drug de-
livery methods such as those required to deliver large-molecule
medications.
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