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Biologics have been widely used as injectables in the treatment of inflammatory bowel disease (IBD). Different
local treatment attempts have been developed in recent years. However, maintaining systemic levels of biologics
is still crucial for achieving colitis remission. An equilibrium between systemic and local concentrations of bi-
ologics is therefore essential for treatment of colitis. Current formulations struggle to create optimal balance
between drug concentrations in plasma and the colonic wall. Addressing this challenge, we developed a rectally
delivered in situ foam that generates CO5 via a reaction between potassium bicarbonate (PB) and citric acid (CA)
without the aid of an external device. An anti-TNF-a antibody fragment (Fab) was loaded into the foam
formulation, which promoted prolonged colon retention and improved Fab distribution up to proximal colon
following rectal administration to mice. In addition, we observed increased plasma Fab concentrations in mice
receiving the rectal Fab foam compared to a Fab solution. In a non-everted rat gut ex vivo model, a single
exposure to the COg-containing foam improved macromolecule transepithelial flux across colonic tissue by over
ten-fold. Foam efficacy for Fab was investigated in a range of colitis mouse models, from acute to chronic. This
non-invasive formulation platform demonstrates potential to overcome existing limitations in delivering bi-
ologics to inflamed colonic tissue.

1. Introduction to small molecule drugs such as mesalamine, thiopurines or metho-

trexate.[®! However, current biological formulations require invasive

Inflammatory Bowel Disease (IBD) comprising of Crohn’s disease,
ulcerative colitis and indeterminate colitis is a chronic condition char-
acterized by a pattern of relapsing and remitting episodes.!! It presents
a spectrum of symptoms including abdominal pain, diarrhea, rectal
bleeding, and weight loss.'”! IBD necessitates lifelong medication and, in
severe cases, surgical intervention, substantially impeding patient life
quality. The global incidence of IBD is on the rise,[* ! positioning it as a
looming health challenge worldwide. Despite extensive research, the
precise etiology of IBD remains unknown, and as of now, there is no
cure. Biologics such as anti-TNF-o antibodies have been utilized as the
next stage drugs to induce remission in moderate-to-severe disease.®”]
They are considered the best options for IBD patients who fail to respond

administration routes and carry the potential risk of severe side effects,
including infusion reactions, infections, and malignancies.'®] On the
other hand, achieving systemic levels of biologics has been correlated
with mucosal healing in IBD patients.[”!”] Development of a non-
injected biologic formulation capable of achieving high local concen-
trations in the inflamed colon along with adequate systemic levels would
be an advance in IBD management.

Foams are dispersions of gas within a liquid or solid phase,'®! which
have extensive application in the pharmaceutical and cosmetic in-
dustries.l'" For IBD treatment, rectal foam formulations have been
successfully used to deliver small molecule therapeutics including
budesonide to treat ulcerative colitis of the sigmoid and transverse
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colon."?! However, the integration of biologics into foam formulations
for IBD treatment has been less explored. This gap is possibly due to the
challenges posed by traditional foam production methods, where the
turbulence from pumps and propellants can lead to the aggregation of
biologic molecules, diminishing their bioactivities.['®! To surmount this
challenge, we selected an alternative gas generation method and devised
an in situ foam formulation employing a simple chemical reaction. It is a
two part formulation mixture. Specifically, we devided a pre-foam so-
lution into an acidic part containing citric acid (CA) and a basic part
containing potassium bicarbonate (PB). The mixture of the two phases in
the colon generates carbon dioxide (CO3), thereby enabling formation of
the foam.

We selected a murine anti-TNF-a antibody fragment (Fab, molecular
weight (Mw) 47.8 kDa)) as a model biologic. We characterized the foam
formulation, ensuring that the activity and the stability of the Fab was
preserved during the foaming process. Through evaluation of the local
retention, distribution and absorption from in vivo studies, we demon-
strated that the foam increased the retention of the Fab at the colonic
region, while enhancing systemic absorption. The therapeutic effects of
the Fab-entrapped foam formulation were tested in several murine co-
litis models, differing in the degree of severity of the disease. Ex vivo
studies were carried out in isolated rat colonic mucosae to investigate
the potential permeation enhancement effect of the foam in the colonic
delivery, comparing the effect to an established gold standard intestinal
permeation enhancer (sodium caprate (Cjg)).

2. Methods
2.1. Materials

A murine anti-TNF-a fragment antibody (Fab) was obtained from
UCB under a MTA agreement. Gelot™ 64, Tefose® 63 and Sedefos™ 75
were gifts from Gatefossé, France. Tween® 20, gelatin, sodium bicar-
bonate, sodium azide, sodium carbonate, potassium bicarbonate,
gelatin, potassium bicarbonate, O-dianisidine, guanidine chloride and
fluorescein isothiocyanate (FITC)-dextran (FD) were purchased from
Sigma-Aldrich, USA. Silica nanoparticle (50 nm silica nanospheres,
standard) was purchased from Nanocomposix, USA. Mouse TNF-q,
ELISAPOT, streptavidin-horseradish peroxidase, Tris-HCl, sodium
deoxycholic acid, sodium chloride, 3,3’,5,5-Tetramethylbenzidine
(TMB) substrate, EDTA, 2,4,6-Trinitrobenzene sulfonic acid (TNBS) and
hexadecyltrimethylammonium bromide (HTAB) were purchased from
Thermo Fisher Scientific, IL, USA. Dextran sodium sulphate (DSS) was
purchased from Tdb Labs., Sweden. Triton X-100 was purchased from
Carl Roth GmbH, Germany. SDS (Electrophoresis purity reagent) was
purchased from Bio-Rad Laboratories, Japan. Protease inhibitor cocktail
tablets were purchased from Roche Diagnostics GmbH, Germany.

2.2. Foam preparation

To prepare the in situ foam, PB was dissolved in phosphate buffer
saline (PBS) to yield different concentrations (2 M (200 g/L) and 3 M
(300 g/L)) as basic pre-foam solution. The acidic pre-foam solution was
prepared by mixing the emulsifier (Gelot™ 64 and Tween® 20) and a
different volume of 3 M citric acid. Gelot™ 64 was melted at 75 °C and
mixed with Tween® 20 in a mass ratio of 1:5 emulsifier mixture. The
citric acid solution was prepared by dissolving gelatin in CA (3 M) in
MiliQ water at 75 °C with stirring at 200 rotations per min, followed by
dilution with a silica nanoparticle solution (10 mg/mL in Mili-Q water)
and Milli-Q water to achieve different citric acid concentrations (1 M
and 2 M). The final citric acid solution contained gelatin (200 mg/mL)
and silica nanoparticles (3 mg/mL). The emulsifier and the citric acid
solution were then mixed at a mass to volume ratio of 1:4 at 75 °C with
stirring at 100 rotations per min to produce the acidic pre-foam solution.
The acidic and basic pre-foam solutions were mixed at a 1:1 volume
ratio. The mixture of PB (3 M) basic part and CA (1.6 M) acidic part was

255

Journal of Controlled Release 374 (2024) 254-266

referred to as foam (F), while the mixture of PB (2 M) basic part and CA
(0.8 M) acidic part was referred as “low” foam (LF) (referring to lower
concentrations of CO5 content).

The anti-TNF-o Fab was incorporated into the formulation. The
external buffer of the Ab fragment was first replaced with the basic so-
lution of the foam. This was accomplished using a 10 kDa ultrafiltration
membrane and subjecting the mixture to a speed of 5000 g for 10 min at
4 °C. This process was repeated for a total of 8 cycles. The Fab in foam or
LF pre-foam solution were stored at 4 °C until further utilization.

2.3. Foam characterization

Foam expansion was measured using a scaled falcon tube. Specif-
ically, acidic pre-foam solution (200 pL) and basic pre-foam solution
(200 pL) were mixed at 37 °C. The volume of the resulting foam was
measured over time, and the maximum expanded volume was recorded.
The point at which the foam completely disappeared was used as an
indicator of its stability.

Subsequently, the materials underwent microscopic characterization
to investigate the bubble formation within the foam using a Zeiss mi-
croscopy (Discovery V12, Carl Zeiss, Germany). The size distribution of
the bubbles was assessed by mixing the acidic foam phase (40 pL) with
the basic foam phase (40 pL) on a glass slide. Serial microscopy was then
performed for both of the foam and LF at designated times to evaluate
the morphology of the bubbles over time.

To assess the feasibility of incorporating the Fab into the basic pre-
foam solution, the stability of the Fab was investigated in different
ways. Fab in pre-foam basic solution and pre-LF basic solution were
stored at 4 °C (25 mg/mL).

Fab aggregation was evaluated by examining its UV spectrum. The
UV spectrum of diluted Fab (2 mg/mL) was recorded using a Nano-
Drop™ 2000/2000c Spectrophotometer (Thermo Fisher Scientific Inc.,
USA). In addition, the UV absorbance at 340 nm was specified to
investigate the turbidity of the antibody over time. The UV spectrum and
turbidity of the Fab in basic pre-foam solutions were compared to that of
the freshly thawed antibody in its original buffer.

The conformational stability of the Fab was studied via intrinsic
fluorescence spectrum as previously described.!"*! The Fab in basic foam
solution and freshly thawed Fab were both diluted (200 pg/mL). To
prepare the unfolded Fab, guanidine chloride (6 M) was used to dilute
the Fab (200 pg/mL) and incubated at room temperature for 10 min. The
fluorescence spectrums of the Fab were then measured by a Spec-
traMax® using an excitation wavelength of 280 nm and an emission
wavelength ranging from 310 nm to 410 nm. The maximum emission
wavelength of the antibody in the basic foam solution was compared to
that of the freshly thawed Fab and the unfolded antibody.

The binding affinity of the Fab procured post-foaming process was
evaluated by mixing the basic foam solution (20 pL) with the acidic foam
phase (20 pL). The mixture was then incubated at 37 °C for 30 min.
Then, 960 pL of PBS was added to dissolve the foam followed by vor-
texing. The foam dilution was centrifuged at 5000 g for 15 min and the
supernatant was collected to measure the antibody activity using the
following method with a self-modified competitive ELISA. TNF-a was
dissolved in a coating buffer (50 pg/mL, composed of 1.59 mg/mL
NaHCOs, 2.94 mg/mL NayCO3 and 0.5 mg/mL NaN3). The TNF-a so-
lution (100 pL) was added into 96-well plates and incubated at 4 °C
overnight. The plate was then washed thrice with 0.05% (v/v) Tween®
20 and blocked with ELISAPOT for 2 h. Fab in foam (FabF) and Fab in
low foam (FabLF) post-foaming solution were serially diluted (concen-
trations ranging from 200 pg/mL to 25 ng/mL), alongside freshly
thawed Fabs. These Fab solutions were subsequently combined with
biotin-labeled Fab (660 ng/mL) in a 1:1 volume ratio. Fab solution (100
pL) was added into the wells and incubated for 2 h at room temperature.
After triple washing, streptavidin-horseradish peroxidase (100 pL, 20
ng/mL in ELISA buffer) was introduced and incubated for 45 min at
37 °C. Post six washes, TMB substrate (100 pL) was added, followed by a
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15-min incubation period and the addition of phosphoric acid (100 pL, 1
M). The plate was subsequently analyzed at an absorbance of 450 nm
utilizing a SpectraMax® plate reader (Molecular device, USA).

2.4. In vivo studies

All experimental protocols were approved by and performed in
accordance with the local animal committee (2021/UCL/MD/030 and
2024/UCL/MD/020) and as specified by the Belgian Law of 29 May
2013 on the protection of laboratory animals.

2.4.1. Foam retention and distribution

Six-week-old male C57BL/6J mice (20-25 g) were purchased from
Janvier Laboratories, France. Animals were randomly divided into two
groups and housed in a controlled environment (room temperature of 23
+ 2°C, 12 h daylight cycle) with ab libitum food intake and sterile water.
To evaluate in vivo foam adhesion, C57BL/6 mice were administered
with basic pre-foam (40 pL) containing Fab (25 mg/mL) and acidic pre-
foam solution (40 pL) rectally. Colonoscopic images were captured at
specific time intervals, and the residual foam was examined. Foam
adhesion was evaluated using IVIS and fluorescently labeled Fab
(described in Supplementary Information). Mice were anesthetized with
isoflurane and received acidic pre-foam solution (40 pL) and basic pre-
foam solution (40 pL) containing fluorescein-labeled Fab (25 pg/mL)
rectally at a dose of 1 mg /25 g mouse. Mice were imaged employing an
IVIS Illumina XMRS camera (Perkin-Elmer, USA) after 30 min and 2 h
post-administration (4 mice per group).

To determine the Fab concentration in colon, mice were euthanized
30 min after administration of Fab solution, FabF and FabLF (5 mice per
group, 1 mg/mouse). Colon was then harvested and dissected into two
segments with equal length, labeled as proximal and distal. Lysis buffer
was prepared, comprising NaCl (500 mM), EDTA (2 mM), 1% Triton X-
100, 0.5% sodium deoxycholic acid, 0.1% SDS, protease inhibitor
cocktail, and Tris-HCI (50 mM) in Milli-Q water. The dissected colon was
weighed while remaining frozen. Then, 300 mg of tissue per mL of cold
lysis buffer was added. Tissues were homogenized with a homogenizer
at 4000 g for 1 min, with four cycles at 4 °C and then centrifuged at
100,000 g for 20 min. Fab concentration in colon was measured via a
customized ELISA using a MULTI-ARRAY® 96-well plate (MesoScale
Discovery, USA). The detailed method is included within the Supple-
mentary Information. The plate was read using a MESO QuickPlex SQ
120 plate reader (MesoScale Discovery, USA). Results were normalized
to the overall protein concentration in the buffer using a Pierce™ BCA
Protein Assay Kit.

2.4.2. Pharmacokinetics study

Six-week-old male C57BL/6J mice (20-25 g) were purchased from
Janvier Laboratories, France. Animals were randomly divided into two
groups and housed in a controlled environment (room temperature of 23
+ 2°C, 12 h daylight cycle) with ab libitum food intake and sterile water
(5 mice per group). Mice were administered with Fab solution and FabF
ata 1 mg/mouse Fab dose. At different time points (0, 0.25, 0.5, 1, 2 and
4 h), blood samples were collected from the tip of the tail vein, which
were then centrifuged at 1500 g for 10 min, and the Fab plasma con-
centration was quantified using the ELISA method described in section
2.4.1.

2.4.3. In vivo murine colitis models

Six-week-old male mice were purchased from Janvier Laboratories,
France and housed in a controlled environment (room temperature of 23
+ 2°C, 12 h daylight cycle) with ab libitum food intake and sterile water.
Chemically-induced murine colitis models were developed following
previously reported dosages/regimens (8 mice per group).l'™ In the
acute dextran sodium sulfate (DSS) model, disparate degrees of colon
inflammation were induced by adding distinct concentrations of DSS in
drinking water. Mild and severe colitis were induced using 3% and 5%
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DSS solutions, respectively, in drinking water for 5 days. The DSS so-
lution was replaced every other day, while the healthy control group
received only water. Rectal foam administration to the mice was con-
ducted under anesthesia via isoflurane, with a 1 mg/mouse dose on days
3 and 6 of the experiment. On day 6, DSS water was replaced with fresh
water, and mice were sacrificed on day 8 for further analysis.

In the 2,4,6-Trinitrobenzene sulfonic acid (TNBS) acute model, mice
underwent a 12-h fasting period before intrarectal TNBS administration.
Mice (10 mice/group) were anesthetized with isoflurane, and TNBS
(100 mg/kg, in 0.9% NaCl-ethanol, 50:50, v/v) was intrarectally
administered to induce colitis. Healthy mice received a solution of 0.9%
NaCl-ethanol (50 pL, 50:50, v/v). On the second day post-TNBS injec-
tion, foam was rectally administered to mice at a 1 mg/mouse Fab dose.
Mice were euthanized on day 4 for subsequent analysis.

In the chronic mice model (8 mice/group), colitis was induced by 3%
DSS in drinking water for 7 consecutive days, with the solution replaced
every other day. On day 8, DSS water was substituted with fresh water
for 2 weeks to facilitate recovery. This process was repeated for two
additional DSS cycles. Specifically, at week 4, DSS concentration was re-
introduced at 3% for 7 days, followed by a 2-week DSS-free period. DSS
was then re-introduced for 7 days during week 7, after which mice were
humanely euthanized for further study. Healthy mice had access to
water during the entire experiment. This chronic model emulates human
inflammatory bowel disease clinical manifestations, providing a more
accurate model for evaluating potential treatments. Foam treatment
started during week 4 and was rectally administered to mice on days 3
and 6 of the week with a 1 mg/mouse dose.

On the final day, a colonoscopy video was recorded to assess disease
severity index, with scoring standards outlined in our previous publi-
cation.!'® This process was conducted by a gastroenterologist (T. Mor-
eels) in a single-blinded manner. While anesthesized, blood was
collected via cardiopuncture, and mice were humanely euthanized. The
colon was harvested, rinsed with PBS to remove feces, and the cecum
was discarded. The colon length and weight were measured to calculate
the colon weight/length ratio. The colon was then sectioned into mul-
tiple pieces for further analyses.

2.4.4. In vivo efficacy evaluation

The weight of the mice was measured starting from day 1. The per-
centage of weight loss was calculated by dividing the current weight by
the initial weight on the first day. This percentage was recorded
throughout the entire experimental procedure.

Colon was homogenized using the same method as described in
section 2.4.1. To assess cytokine concentrations in colon tissue, the
concentrations of the series of colonic pro-inflammatory cytokines and
chemokines were determined with a V-PLEX Plus Mouse Cytokine 19-
Plex ELISA kit (MesoScale Discovery, USA) following the manufac-
turer’s instructions using a MESO QuickPlex SQ 120 plate reader
(MesoScale Discovery, USA). Specifically, lysis buffer was prepared as
described in section 2.4.1. The dissected colon was weighed while
remaining frozen. Then, 150 mg of tissue per mL of cold lysis buffer was
added. Tissues were homogenized using the aforementioned method
and then centrifuged at 100,000 g for 20 min. An aliquot of the super-
natant (25 pL) was collected and analyzed to determine cytokine con-
centration in the tissue. The results were normalized to the protein
content, quantified with a Pierce™ BCA Protein Assay Kit.

Histological scoring was performed following a previously described
method."”! Colon segments were initially fixed overnight in 4% buff-
ered formalin, then sequentially washed with 70% ethanol, and
embedded in paraffin. These sections underwent hematoxylin-eosin
(H&E) staining for histological evaluation, adhering to the histopatho-
logic criteria established by Koelink et al.[*®]

2.5. Non-everted gut ex vivo study

The ex vivo studies were conducted in adherence to the University
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College Dublin (UCD) Animal Research Ethics Committee Protocol
#14-28. Colonic segments were extracted from euthanized rats as pre-
viously described,'”? and promptly immersed in pre-oxygenated, warm
Medium 199. The fecal content was gently expelled from the colon. In
line with established methods, sacs in a non-everted configuration were
prepared, yielding two to three sacs per colon, each approximately 5.5
cm in length.H!

Our investigation encompassed various groups, including a mixture
of the emulsifier (containing all foam components except those enabling
gas generation), two gas solution (a blend of PB and CA, mirroring the
compositions of LF and foam respectively), foam and LF variants
themselves and C;o. One end of each colon sac was sealed with surgical
suture. Initially, composition with out fluorescein isothiocyanate (FITC)-
dextran (FD) was introduced into the lumen (40 pL). Subsequently, the
other end was loosely tied, allowing for needle insertion without tissue
penetration. Solutions containing FD were then injected in the same
volume as the initial solution. Following rapid needle retraction, the sac
was securely sealed. Each sac was individually placed in an organ bath at
37 °C, containing oxygenated Medium 199 (8 mL). The medium was
gassed with 95% of Oy and 5% of CO5, Sample collection from the bath
medium occurred at regular intervals: initially every 1 min for the first 5

Foam

<I|l|l||]l]l|l|||l|l]l|l| E
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min, then every 5 min up to 30 min, and subsequently every 10 min until
the 90-min mark. These samples were directly transferred onto a Nun-
clon® 96-well white Maxisorp plate (Thermo Scientific, USA), and the
FITC signal intensity was measured as previously described.!'” Post-
experiment, the gut sacs were preserved in 10% formalin and sub-
jected to H&E staining. The stained samples were then examined under a
microscope for histological analysis.

2.6. Statistical analysis

The statistical analysis in our study was carried out using GraphPad
Prism 9 software (USA). Grubbs test was applied to identify and support
the exclusion of any outliers in each group. Depending on the homo-
geneity of variances, as determined by the Brown-Forsythe test, we
utilized either two-way or one-way ANOVA, followed by Tukey’s post-
hoc test for multiple group comparisons. In cases where significant
variance differences were observed between groups, we conducted a
nonparametric analysis. For comparing two groups specifically, Stu-
dent’s t-test was applied. Results were presented as the mean + standard
error of the mean (SEM). A p-value (*p) of <0.05 was set as the threshold
for statistical significance.

10_ . Kkkk '60
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-40 o
6 N %
4 El
20 2
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0- T T 0
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Fig. 1. Physico-chemical characterization of the foam. A) Schematic of the preparation of the foam. B) Effect of foaming emulsifiers on the expansion and stability of
the foam (n = 7). C) Effect of SNP concentrations on the expansion and the stability of the foam (n = 7). D) The expansion and the stability of the foam (n = 9). E)
Expansion kinetic of the foam (n = 9). F) Time-coursed microscopic image of the foam. Statistical analysis was conducted via a Student’s t-test. Results were presented
as the mean =+ standard error of the mean (SEM).
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3. Results

The foam was prepared through mixing two pre-foam solutions, a
basic and an acidic, consisting of PB and CA, respectively, resulting in a
chemical effervescence system. A solution of 3 M PB, a close-saturated
PB solution, and a solution of 1.6 M CA were used to maximize gas
generation. The fabrication of the foam was demonstrated as Fig. 1A.
The foam composition was further optimized. Our primary focus was on
foams with the greatest volumetric expansion which exhibited pro-
longed stability. A series of surfactants and foaming reagents were
evaluated for their efficacy at enhancing the foam’s expansion and its
temporal stability. Among the selected excipients, the non-ionic emul-
sifier, polysorbate 20 (Tween® 20), promoted the highest degree of
foam expansion with stability over 40 min (Supplementary Information,
Fig. S1). The oil-in-water emulsifier, Gelot™ 64, was also identified as
an additional critical component in the preparation of a stable foam
matrix to enhance foam stability (Gelot™ 64 vs no Gelot™ 64, ****p <
0.0001, Fig. 1B.). We incorporated silica nanoparticles (SNP) into our
foam formulation, a technique commonly employed in industry to sta-
bilize foams, but not yet to our knowledge applied in pharmaceutical
foams.'?’! The integration of silica nanoparticles at a concentration of 3
mg/mL amplified foam expansion by 1.3-fold and doubled its stability
duration (Fig. 1C). The stability and volumetric expansion of the opti-
mized foam are illustrated in Fig. 1D. The foam expanded up to 8 mL, ~
20 times the volume of the original pre-foam mixture. The composition
enabled the foam to be maintained in vitro for ~40 min. Expansion was
not immediate; it took 6 min to attain full volume, as shown in its kinetic
profile (Fig. 1E). Microscopic examination of foam bubbles on a glass
slide, presented in Fig. 1F, revealed that while the overall bubble frame
and size were maintained for up to 2 h (Supplementary Information
Fig. S2), foam deformation and collapse began at 30-min. Further
analysis of the foam’s rheological properties indicated that the foam
behaved as a viscoelastic solid-like material (Supplementary Informa-
tion, Fig. S3).

We then loaded an anti-TNF-a Fab into the foam. To ensure the
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stability of the anti-TNF-a Fab in this solution, we monitored its intrinsic
fluorescence and optical density for over two months (Fig. 2). The
quaternary structure of the Fab is crucial for its efficacy. The unfolding
of the Fab was evaluated by observing the red shift in the intrinsic
fluorescence maximum emission wavelength. Guanidine hydrochloride
was used to completely unfold the antibody. As demonstrated in Fig. 2A,
the Fab in the basic pre-foam formulation showed no change in its
maximum emission wavelength, suggesting that the basic pre-foam so-
lution did not affect the quaternary structure of the Fab. The aggregation
of the Fab was then tested using UV methods. The optical density of Fab
in the basic pre-foam formulation was compared with that of newly
thawed Fab, and identical spectra were observed (Fig. 2B). This result
was also validated via a turbidity test (Fig. 2C). Turbidity was measured
by UV absorbance at 340 nm, and there was no increase in Fab in basic
pre-foam formulation compared with newly thawed Fab. These results
confirmed that Fab remained stable when stored in the basic pre-foam
solution. Given that the Fab’s therapeutic action in treating colitis re-
quires the neutralization of TNF-a through association, we evaluated
whether its binding affinity to TNF-o was preserved post-foaming via a
competitive binding ELISA. The results, depicted in Fig. 2D, showed that
the inhibition curves of the Fab post-foaming aligned with those of the
freshly thawed unformulated Fab. Moreover, the ICsg values for both the
post-foam Fab and the freshly thawed Fab were similar (p > 0.05;
Fig. 2E), indicating no loss in binding affinity during the foaming pro-
cess. These results supported our hypothesis that this foam system could
be used as a potential delivery vehicle without compromising the ther-
apeutic efficacy of Fab even with the generation of water-gas interface.

We then investigated both local and systemic in vivo behavior of the
foam formulation. Foam was administered rectally to healthy mice. A
colonoscopy set was utilized to examine the Fab-loaded foam (FabF)
adhesion to the colon wall over time. As illustrated in Fig. 3A, FabF
enabled colon adherence for up to 2 h, with residual foam still visible
after 4 h. The foam distributed along the colon lining in a homogeneous
pattern. For further visualization of the Fab distribution post-foaming,
we labeled the Fab with FITC (FITC-Fab), and used an IVIS® system to
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Fig. 2. Stability of Fab in foam A) Intrinsic fluorescence spectrum of Fab and Fab in basic pre-foam formulation (Fab basic) after 2 months at 4 °C. (n = 3) B) Optical
density of Fab and Fab basic after 2 months at 4 °C. (n = 3) C) Turbidity of Fab basic after 2 months at 4 °C. (n = 3) D) Inhibition curve of the Fab post-foaming
process compared with newly thawed Fab (n = 3). E) ICs, for binding affinity of Fab post-foaming and newly thawed Fab (n = 3). Statistical analysis was conducted
via a Student’s t-test. Results were presented as the mean =+ standard error of the mean (SEM).
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capture fluorescence intensity within the colon (Fig. 3B and C).
Compared to FITC-Fab in solution, mice treated with FITC-FabF dis-
played higher fluorescence intensity, 1.65-fold at 30 min post-
administration (*p = 0.0115). After 2 h, fluorescence in the FITC-Fab
solution group returned to baseline, whereas the FITC-FabF group
retained ~30% of the initial intensity. In addition, we observed pro-
nounced fluorescence in the proximal colon, indicating broad area
coverage by FabF. Quantitative analysis confirmed these visual findings
(Fig. 3D). Colons were dissected into distal segments and proximal
segments. Thirty min post-administration, dissected colons were ho-
mogenized to measure FITC-Fab concentrations. The results revealed a
substantial increase in FITC-Fab levels in both sections for the FITC-FabF
group, up to 10-fold in the distal colon and over a 100-fold in the
proximal colon compared to mice receiving rectal FITC-Fab solution (*p
= 0.03 and *p = 0.02, respectively).

A pharmacokinetic (PK) study was conducted to evaluate the impact
of the foam on Fab systemic levels. As demonstrated in Fig. 3E, the
administration of the rectal foam to mice significantly elevated plasma
concentrations of Fab at 15 and 30 min post-administration (Fab solu-
tion vs FabF, ****p < 0.0001). This amounted to an over 4-fold increase
in the area under the curve (AUC) for the foam Fab formulation over
solution. These findings indicated that the foam not only augments the
local distribution of Fab along the murine colon, but also enhances its
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systemic absorption in colon compared to the solution of the Fab when
administered as a rectal enema.

Subsequently, an established acute chemically-induced murine co-
litis model was used to assess therapeutic efficacy of the rectal FabF. A
solution of 3% dextran sodium sulphate (DSS) was added to drinking
water for 5 days to induce mild colitis in mice.[*! Fab solution and FabF
were rectally-administered twice, at day 3 and day 6 (Fig. 4A). The
progression of colitis was monitored by recording the weight loss per-
centage, illustrated in Fig. 4B. Although the FabF failed to reverse the
weight loss of the colitis mice, it would also not aggravate the process.
The colonic weight-to-length ratio, an indicator of colonic inflamma-
tion, was significantly reduced in the FabF-treated group compared with
the colitis control group (Fab vs DSS-treated group; ***p < 0.001),
indicating alleviated inflammation (Fig. 4C). The Fab solution did not
yield a comparable reduction (Fab vs DSS group, p > 0.05). Disease
severity was further evaluated using colonoscopic and histological
analysis, as shown in Figs. 4D & E, respectively. The murine endoscopic
index of colitis severity (MEICS) results indicated a downward trend in
disease severity among the FabF-treated group compared to control and
Fab-treated groups, although this did not reach statistical significance (p
> 0.05) (Fig. 4D). Similarly, histological evaluations revealed that the
disease severity in the FabF-treated mice was indistinguishable from
that of healthy mice (FabF vs healthy group, p > 0.05), indicating
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efficacy of FabF (Fig. 4E). Conversely, according to histology read-outs,
the Fab solution did not demonstrate efficacy.

We extended our investigation of FabF efficacy to two acute severe
colitis disease models: one induced by 5% DSS drinking water (Sup-
plementary information, Fig. S8) and another by rectal 2,4,6-Trinitro-
benzene sulfonic acid (TNBS) administration (Fig. 5).[2” In the 5%
DSS model, the protocol was analogous to the one described above for
3% DSS. For the TNBS model, rectal administration of FabF or Fab was
followed by treatment on the second day (1 mg Fab/mouse), with the
protocol outlined in Fig. 5A. Mice weight loss percentages were moni-
tored over the treatment period (Supplementary information, Fig. S6).
Although the FabF-treated mice did not achieve a positive response in
the 5% DSS model (Supplementary information, Fig. S7), in the TNBS
model, FabF ameliorated the weight-to-length ratio of the colon
compared to the colitis control group (p = 0.04), as shown in Fig. 5B.
MEICS scores in the TNBS model also indicated a similar disease severity
compared with healthy mice (FabF vs Healthy, p > 0.05; TNBS vs
Healthy, *p < 0.05) (Fig. 4C). In both of these severe murine colitis
models, FabF did not alleviate disease severity using histological anal-
ysis (Fig. 5D).

Further therapeutic efficacy assessment was conducted by quanti-
fying pro-inflammatory cytokines (TNF-a, IL1p, IL-6, and KC/GRO) in
colon tissues (Fig. 6). The chemically induced murine colitis models
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produced uneven effects in the colon from the two models, more severe
at the distal end and less so at the proximal end.!”!! Due to this het-
erogeneous distribution, colon sections were collected from the prox-
imal and distal ends, respectively. Remarkably, in both the 5% DSS and
TNBS models, FabF treatment resulted in reduced cytokine levels in the
proximal colon, as illustrated in Fig. 6A. Specifically, in the proximal
colon of mice subjected to 5% DSS and treated with FabF, there was a
reduction, exceeding 70%, in the levels of all four measured cytokines.
The decrease in TNF-a surpassed 75% compared to the colitis control,
albeit without statistical significance. Most notably, IL-1f concentra-
tions were significantly lowered by >90% with FabF treatment
compared to the DSS group (p = 0.0294). Levels of IL-6 and KC/GRO
were comparable to those in healthy mice. A similar pattern was
observed in the TNBS model, where FabF treatment led to a reduction in
pro-inflammatory cytokines by >25% in the proximal colon. Specif-
ically, TNF-a and IL-6 levels in the proximal colon were decreased to a
similar level in healthy mice (P > 0.05, FabF vs Healthy). FabF treatment
did not reduce pro-inflammatory cytokine levels in the distal colon
(Fig. 6B). However, TNF-a levels in the distal colon showed a decreasing
trend in both the DSS and TNBS models, comparable to those in healthy
mice (P > 0.05, FabF vs Healthy). Furthermore, MPO levels were
assessed in both the distal and proximal colon. In both models, no sig-
nificant differences were observed between groups in the proximal
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colon. In contrast, neither Fab nor FabF treatments effectively reduced
MPO levels in the distal colon (Supplementary Information, Fig. S8).
To better emulate the clinical scenario of IBD, we tested our foam
formulation in a chronic colitis mouse model. As our prototype foam
formulation reached maximal expansion capacity due to the saturation
of PB, we introduced a variation that produced less CO2, designated as
low foam (LF). The properties of this LF foam are described in
Suplemmentary information Fig. S4 and Fig. S5. The chronic colitis
model was induced using 3% DSS in the drinking water, with a longer
experimental timeline and dosing regimen depicted in Fig. S10A. FabF
and Fab-loaded LF (FabLF) were rectally administered to groups of mice
alongside with unloaded original foam and unloaded LF as controls. As
for our previous acute mouse colitis studies, a Fab solution control was
also administered rectally. Weight loss was monitored throughout, and
towards the last DSS cycle, a diminishing trend in weight loss was noted
for groups treated with FabF, FabLF, and the Fab solution, although no
significant differences were observed between the groups (Fig. S6). No
changes were observed in the colon weight-to-length ratios (Fig. S10B).
Mice receiving FabF and FabLF demonstrated improved endoscopic
MEICS scores (t-test; FabLF vs DSS, p = 0.02; FabF vs DSS, p = 0.032)
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(Fig. SIOC&E). Similar data was observed in the histological score for
FabLF-treated mice, where improved inflammation condition was noted
(t-test; FabLF vs DSS, p = 0.023) (Fig. S10D&F). However, statistical
significances in both analyses were lost using Kruskal-Wallis test (p >
0.05) followed by Dunn’s post hoc test. No differences were observed
with the rest of the treated groups. These results demonstrated that,
based on macroscopic standards, both FabF and FabLF failed to
ameliorate chronic inflammation in the colon. However, a trend of
decreased MEICS and improved histological images demonstrated the
potential of FabLF in treating chronic colitis. It is also noteworthy that
rectal Fab solution showed even no trend of therapeutic effect towards
colitis mice.

In this study evaluating the efficacy of our foam in chronic colitis,
both FabF and FabLF yielded significant reductions in inflammatory
markers compared to colitis mice within the distal colon, demonstrating
their therapeutic potential (Fig. 7A). In detail, both the FabF and FabLF
formulations substantially decreased TNF-a levels >60% compared to
the DSS group (p = 0.036 for FabF and p = 0.022 for FabLF). Addi-
tionally, the FabLF formulation also achieved a 90% reduction in IL-6
levels compared to untreated colitis mice (p = 0.0499), and similarly,
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Fig. 6. Pro-inflammatory cytokine TNF-a, IL-1f, IL-6, and KC/GRO in the colon in acute murine colitis models, 5% DSS and TNBS. Colitis relative percentage referred
to pro-inflammatory cytokine concentration in colitis group as 100%. A) Pro-inflammatory cytokine levels in proximal colon (n = 5-10). B) Pro-inflammatory
cytokine levels in distal colon (n = 5-10). Statistical analysis was conducted via one-way ANOVA followed by Tukey’s multiple comparison test or Kruskal-
Wallis test followed by Dunn’s multiple comparison test. The letters (a, b, ab, etc.) represent the results of Tukey’s multiple comparison or Dunn’s multiple com-
parsion. They are a shorthand to show which groups’ means are significantly different from each other. Data are presented as mean + SEM.

we observed a 70% reduction in KC/GRO cytokine levels in mice treated
with FabLF when compared to colitis mice (t-test, p = 0.038), although
the significant difference was lost when analyzed with Kruskal-Wallis
test followed by Dunn’s multiple comparison. In contrast, cytokine
levels in the proximal colon did not exhibit differences, with even the
colitis control group exhibiting low levels comparable to healthy mice.
We also extended our analysis to include other chemokines such as MIP-
la. Here, only the FabLF group showed a significant reduction when
compared with the colitis control (p = 0.042, Fig. 7B). Collectively, these
reductions in inflammatory markers in the colon provide evidence of the
therapeutic benefits offered by both FabF and FabLF in a chronic colitis
model. Despite the difference in the CO5 composition in FabF and FabLF,
their therapeutic effects seemed comparable. We have observed that
both FabF and FabLF could adhere to colon in the DSS model over 2 h
(Supplementary information, Fig. S11), suggesting the difference of CO,
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production had no effect on the main characteristic of the formulation.
Regarding MPO levels, all seven tested groups showed similar levels in
the proximal colon. However, in the distal colon, mice treated with only
DSS demonstrated significantly higher MPO levels compared to all other
groups (Supplementary Information, Fig. S8). In summary, FabLF
demonstrated the most potent therapeutic effect in the chronic colitis
model. Although FabF also showed some therapeutic effect, it was less
pronounced. The Fab solution exhibited only minor therapeutic effects.
These results validate that the foam formulation can significantly
enhance the therapeutic effect of rectally- administered Fab.

We subsequently explored which specific composition of the foam
led to the enhanced plasma concentration of Fab. We ascribed to
Tween® 20, which has been used as a permeation enhancer in previous
studies.*”) To validate this hypothesis, and to elucidate the contribution
of each excipient to this effect, we conducted ex vivo studies in isolated
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rat colon tissue. An Ussing chamber assay was employed to ascertain the
potential of foam excipients to enhance the transport of macromolecules
across colonic mucosa. The permeability of fluorescently-labeled
dextran molecules of 40 kDa (FD40K) and 4 kDa (FD4K) was assessed.
FD40K represents comparable size to Fab. Among the foam excipients,
Tween® 20 at a concentration of 83 mg/mL (corresponding to the
Tween® 20 concentration in the foam) was identified as the sole agent in
the foam capable of facilitating the transmucosal passage of FD4K.
However, contrary to our preliminary hypothesis, Tween® 20 failed to
enhance the transepithelial flux of FD40K (Supplementary information,
Fig. S12).

To further study the capacity of the foam to enhance permeability, a
non-everted rat gut sac model was used to further evaluate the effects of
foam on macromolecule transport (Scheme shown in Supplementary
Information, Fig. S13). (23] Foam excipients without CA and PB (referred
to as ‘emulsifier’), gas volumes equivalent to those found in the original
foam and LF formulations, foam and LF, were tested. Cy, a recognized
permeation enhancer, served as a positive control at a concentration of
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10 mM.?¥ Fig. 8A indicated a direct relationship between CO, content
in foam and FD4K transport across colonic sacs. High gas (HG), char-
acterized by a higher CO; concentration induced with the same CA and
PB as in the foam formulation used in mice studies, significantly
enhanced the flux of FD4K from the inside to the outside of the sacs,
displaying a more pronounced effect than low gas (LG). This relationship
highlights the critical role of CO5 content in facilitating FD transport.
Even though the theoretical gas volume was consistent across foam and
HG, and LF and LG, the addition of a foaming reagent appeared to hinder
the permeation capacity of FD4K. Despite this, both foam and LF were
still effective at enhancing FD4K transport. When analyzing the area
under the curve (AUC) at 30 min (Table 1), it was evident that HG
boosted the AUC of FD4K, increasing it by approximately 47 fold in
comparison to the control group (Ctrl vs HG p < 0.0001). Foam and LF
also demonstrated a substantial increase in the AUC for FD4K,
enhancing it by 19 and 13 fold (Ctrl vs Foam, p < 0.0001; Ctrl vs LF, p =
0.0047, respectively). This trend was sustained over 90 min. Upon
further evaluation at 90 min, a similar correlation between gas content
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Table 1
AUC of FD4K and FD40K transport across colon in non-everted rat gut sacs.
Ctrl Cio Emulsifier LF Foam LG HG
FD4K 30 min AUC 5.268 28.65 25.64 70.78 104.2 187.5 246.1
(pg/mL*min)
FD4K 90 min AUC 44.34 240.8 238.5 458.3 553.2 765.0 1104
(ng/mL*min)
FD40K 30 min AUC 1.480 7.488 5.700 6.449 38.27 57.75 64.62
(pg/mL*min)
FD40K 30 min AUC 17.51 44.89 44.39 42.21 194.5 236.7 265.6

(pg/mL*min)

and AUC was observed, where a greater amount of gas was associated
with a larger AUC. All gas-related formulations consistently amplified
the AUC by >10 times. In contrast, formulations with only emulsifier or
Cyo led to comparatively lower increases, approximately 5 times larger
AUC than the control.

Figure 8B illustrates the transport of FD40K across the gut sac. It was
observed that HG, LG, and foam were still effective in altering FD40K
permeation. However, LF showed a diminished capacity to sustain this
trend when dealing with increased molecular weights. Within the first
30 min, HG significantly enhanced the AUC, achieving a 47-fold increase
(p < 0.0001), while foam exhibited a 25-fold increase in AUC (p =
0.021). This trend remained consistent throughout the duration of the
experiment, up to 90 min. Interestingly, as shown in Fig. 8C, compared
to gut sacs treated with Cjo, which resulted in substantial epithelial
damage, the gas-containing formulations demonstrated negligible
epithelial damage even though they improved permeation of large
molecules.

4. Discussion

Rectal foam formulations, until now, have predominantly been used
for the administration of small molecule glucocorticoids in the treatment
of ulcerative colitis, with a primary focus on maximizing their local
therapeutic effects in the sigmoid and transverse colon.'”?7) The po-
tential wider benefits of these types of formulations have been under-
explored. We report here the development of a rectal foam to
accommodate macromolecular biologics. This innovative approach has
successfully demonstrated not only an improved local distribution and

264

retention of a biologic in the colon, but also a significant enhancement in
systemic absorption empowered by CO2 compared to solutions of the
biologic.

The gas-water interfaces during the foaming process presented a
concern due to their propensity to induce aggregation.!'*! Additionally,
the use of propellants and pump devices to generate foam has made it
challenging to successfully incorporate biologics into foams. Contrary to
these concerns, our research has shown that the foaming process of our
in situ foam could avoid the loss of Fab bioactivity. This could be
attributed to two main factors: (1) the design of our foam, which obvi-
ates the need for external devices, hence facilitating the loading of bi-
ologics, and (2) the inclusion of a non-ionic surfactant, Tween® 20,
which acts to stabilize proteins against agitation and minimizes their
contact with the interface, thus reducing protein aggregation.?*2"1

The localized administration of therapeutics to the colon is chal-
lenged by two significant barriers. Conventional rectally administered
therapies to patients with colitis are often quickly expelled due to colon
movement and the presence of liquified feces, diminishing local con-
centration of the treatment.[*"] Moreover, the anatomy of the colon can
impede the delivery of treatment to its proximal parts. Our foam
formulation addresses these issues. The integration of gelatin improved
the foam’s adhesiveness, ensuring prolonged drug retention within the
colon even in non-fasted mice, negating the influence of the feces.

Furthermore, the colon has traditionally been considered a subop-
timal site for absorption in the gastrointestinal tract. Its high trans-
epithelial electrical resistance (TEER) and low basal permeability to
hydrophilic substances pose a challenge for the permeation of macro-
molecules, thus limiting its potential as a target for delivery.!** We have
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demonstrated that the foam formulation could significantly enhance the
absorption of large molecules in vivo such as Fab, prompting a reas-
sessment of the colon as a delivery target where absorption can be
promoted.

No single animal model can recapitulate all of the pathogenic and
clinical features of human ulcerative colitis.l'”! To obtain a deeper
comprehension on the therapeutic efficacy of the foam formulation, we
applied foams in different murine models based on disease severity and
acute/chronic duration. DSS and TNBS models induce colitis-like fea-
tures via distinct mechanisms, with DSS representing innate immune
responses in inflammation induction and TNBS illustrating adaptive
immune responses in inflammation induction.!”'! Additionally, since
IBD follows a chronic disease course, acute models do not replicate the
pathophysiological situation. Thus, we performed a further investiga-
tion using a chronic IBD model, which more closely emulates clinical
scenarios. In the severe acute models, the foam formulation displayed
reduction of colonic inflammatory cytokines in the less damaged prox-
imal colon (Fig. 6), demonstrating the foam was efficient at reaching and
treating this area. In contrast, the chronic model revealed that foam
formulation of the Fab displayed increased efficacy in the more severely
impacted distal colon. Cytokine concentrations in the proximal colon
indicated no differences between healthy and colitis mice (Fig. 7) in
chronic model. Remarkably, both FabF and FabLF administrations in the
chronic model facilitated a significant diminution of cytokines in the
more severely affected distal colon mucosae (Fig. 7). This discrepancy
could result from three major factors. (1) Different concentrations of
DSS were utilized to induce acute and chronic colitis: 5% DSS for acute
colitis and 3% for chronic colitis. This variation likely influenced disease
severity and the therapeutic response. (2) In the chronic colitis model,
mice received more doses of FabF (eight in total), potentially enhancing
its therapeutic effect. (3) FabF was administered during the remission
phase in the chronic model, which may have improved its efficacy. This
approach aligns with our earlier chronic study, where the previous
administration scheme did not involve FabF administration during the
washout period and failed to demonstrate amelioration in distal
cytokines.

Our research has also deepened understanding of how this foam
formulation potentially augments systemic absorption of macromole-
cules. Effervescent formulations were previously reported to increase
the plasma concentration of small molecule drugs.'*"*) However, it was
interpreted that this effect comes from the adjustment of pH by the bi-
carbonate, leading to a higher fraction of the non-ionized form of the
drug.’®>**1 Eichman et al. reported in 1998 that CO, could enhance drug
permeation across intestinal mucosae mounted in Ussing chambers.**!
Although CO; has been used to improve the transepithelial flux of in-
sulin, this effect was not regarded as a practical or efficacious type of
permeation enhancement.!®™! This process, requiring continuous CO»
input towards intestine membrane, resulted in only threefold increase in
insulin transport.[>™ On the contrary, earlier studies indicated that CO,
was ineffective in enhancing the permeation of larger biologic mole-
cules, such as Fab, even in the small intestine, a region regarded as being
favorable for achieving macromolecule transport.!**! Contrasting with
previous studies, our research demonstrates that a single dose of CO,
significantly enhances FD40K transport across murine colon ex vivo,
achieving a remarkable 43-fold increase compared to the control group.
Additionally, we demonstrated that this permeation enhancement
occurred in a rapid manner, showing substantial improvement within 3
min post-administration, kinetics not previously reported (Fig. 8). This
implied that the use of CO; as a permeation enhancer had the potential
to decrease the necessary interaction time with the colon, in contrast to
traditional permeation enhancers which typically required a retention
time of 2 h in the colon.[**! This enhancement effect correlated directly
with the volume of gas and its expansion speed. Increased foam excip-
ient such as Tween 20 and Gelot 64 ratio can prolong the time required
to reach maximum expansion of the foam (Supplementary information,
Fig. S14). A higher volume of gas and a faster expansion rate resulted in
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a more pronounced effect. These two factors could contribute to the
shear stress, which earlier in vitro studies have reported can regulate the
openining of tight junctions.’*>*”) How to exploit shear stress for
enhanced permeation requires further exploration. Intriguingly, our
foam formulation avoided the epithelial disruption in the sac model
commonly associated with traditional permeation enhancers like
C10.1'”? This implied that our foam could offer a solution to the long-
standing challenge of enhancing permeation without compromising
intestinal integrity, although the effects in the long-term upon chronic
administration should be further confirmed.

The results of ex vivo studies also indicated that the local effect of our
formulation plays a dominant role in therapeutic outcomes. This could
be explained by two results. First, FabLF demonstrated a reduced ca-
pacity to facilitate drug penetration across the colon ex vivo, while
maintaining therapeutic effects in the chronic colitis model, suggesting
that local distribution underpins efficacy. This argument is supported by
the improved retention and distribution of the FabLF in colons in vivo
following rectal administration (Supplementary information, Fig. S4
and S11). Second, although FabF substantially enhanced the murine
plasma levels of Fab compared to the Fab in solution, FabF failed to
significantly lower pro-inflammatory cytokines in plasma (Supplemen-
tary information, Fig. S9). This paradox could be attributed to the short
half-life of Fab in plasma.®* Anti-TNF-a Fab has been applied clinically
for IBD treatment in a long acting PEGylated version (Certolizumab
pegol) and the Fab required PEGylation to prolong its half-life.[>” While
systemic absorption of Fab was improved, overall the therapeutic ben-
efits in the mouse models are primarily due to effects of the formulation
in colonic mucosae. In the future studies, biologics with longer half-life
should be considered to improve the therapeutical efficacy of foam
formulation.

5. Conclusion

In the scope of our research, we have developed an in situ foam that
incorporates an anti-TNF-a Fab without compromising its biological
activity. A rectally-administered formulation markedly enhanced the
local distribution and retention of Fab in the murine colon, while also
increasing systemic absorption of the Fab. The therapeutic efficacy of
the FabF was evaluated across different murine colitis models, ranging
from acute to chronic, and from mild to severe. The rectal foam
formulation consistently exerted a measurable therapeutic effect in all
tested models. The mechanism of action of the foam was elucidated
through ex vivo rat colonic mucosae studies, which revealed the
importance of both the Tween® 20 excipient and CO, gas to enhance
epithelial permeation, with the gas proving more important in the sac
model. Hence, we have devised a novel platform that shows significant
promise as a non-injected delivery system to the large intestine for
macromolecules in the treatment of IBD.
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