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Oral biomacromolecule delivery is considered a promising alternative for patients who must receive long-term
invasive injections, providing better patient compliance. However, it still faces great challenges due to the
harsh gastrointestinal environment, including instability and poor intestinal absorption. Here, we report an
antioxidant moiety (manganese ion, Mn**)-assembled metal-organic framework (MOF) presenting functional-
ized coatings consisting of an inner layer of hyaluronic acid-polyethylene glycol and an outer layer of Eudragit®
$100 for enhanced colon-targeted delivery of an anti-mouse tumor necrosis factor-alpha (TNF-a) antibody via
oral route. The developed anti-TNF-a antibody-MOF system presented gastric resistance, enhanced targeting of
the inflamed intestine, and antioxidant activity. In acute inflammatory bowel disease (IBD) models, the thera-
peutic effect of the oral anti-TNF-a antibody-MOF system was similar, or even better, than that of intravenous
injections at the same antibody dose, with superior antioxidant and mucosal healing capacities. We also
demonstrated that in a chronic murine colitis model, the oral anti-TNF-a antibody-MOF system significantly
reduced the pathological features of the disease, especially the levels of proinflammatory factors and oxidation
markers, which did not differ significantly from those in healthy mice. Overall, this study provides a promising
strategy for the oral delivery of antibodies in IBD treatment.

1. Introduction

Oral biomacromolecule delivery is considered the preferred thera-
peutic strategy for patients with chronic gastrointestinal (GI) diseases,
such as inflammatory bowel disease (IBD), who often receive invasive
needle injections [1]. IBD, which includes ulcerative colitis (UC) and
Crohn’s disease (CD), is an autoimmune, relapsing-remitting chronic
disease of the GI tract (GIT) whose prevalence has increased substan-
tially worldwide and is becoming a public health threat [2]. Conven-
tional IBD treatment includes aminosalicylates, corticosteroids, and
immunomodulators, often accompanied by additional measures or sur-
gical interventions [3]. The advent of biologic monoclonal antibody
therapies has revolutionized IBD treatment, improving response and
remission rates [4]. However, this class of biomacromolecule drugs,
whose molecular weight can reach 150 kDa [5], requires repeated
invasive parenteral administrations, causing severe systemic side effects
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and poor patient compliance [6]. Therefore, the development of delivery
systems that can deliver antibody drugs to the site of intestinal inflam-
mation via alternative delivery routes is needed.

Oral administration would represent a more convenient alternative
for the delivery of biologic monoclonal antibody therapies in IBD since
this route is painless, and can directly target the site of inflammation in
the GIT [7]. Nevertheless, no biologic monoclonal antibody drug
formulation has been approved for oral use owing to the multiple bio-
logical and physiological barriers at the GIT, often resulting in poor
stability and low bioavailability [8]. These include harsh acidic condi-
tions in the stomach, different proteolytic enzymes (such as pepsin,
trypsin, and chymotrypsin), and thick and viscous mucus layers [9,10].
IBD is associated with dysfunction of the intestinal mucosal barrier,
leading to the invasion of luminal contents into the gut mucosa and
triggering hyperactive immune responses characterized by elevated
levels of reactive oxygen species (ROS) and proinflammatory cytokines
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and chemokines [11]. Although injectable monoclonal antibodies tar-
geting proinflammatory cytokines, such as anti-tumor necrosis factor-
alpha (TNF-a) antibodies, have shown remarkable efficacy at allevi-
ating IBD symptoms, there is still no cure for IBD [12]. Strategies tar-
geting multiple pathological pathways involved in IBD have shown
additional benefits for IBD treatment [13-15]. Furthermore, owing to
the impact of the disease in the colon, colon-targeted oral drug delivery
is an attractive strategy for IBD treatment [16]. The specific physio-
logical and pathological characteristics of colon lesions in IBD patients
represent promising targets, presenting enhanced permeability and
retention at inflamed sites and the overexpression of certain receptors on
activated macrophages (e.g., cluster of differentiation 44, cluster of
differentiation 98 or folate receptor) [17,18].

Various strategies, including enzyme inhibitors, permeation en-
hancers, and nanocarriers, have been explored to facilitate oral antibody
delivery, with nanoparticle-based approaches showing particular
promise [19-21]. However, the effectiveness of most of these
nanoparticle-based strategies for the oral delivery of monoclonal anti-
body drugs is still limited and has not met the clinical needs [22-27].
Metal-organic frameworks (MOFs), consisting of organic ligands and
metal ions/clusters via coordinative bonds and electrostatic interactions,
are highly ordered, porous, and crystalline materials with protective
effects on proteolysis. MOFs can be prepared by mild synthesis with
biomacromolecules via biomineralization, and offer versatile surface
functionalization [28], holding great potential for biomacromolecule
delivery [29]. Furthermore, some metal ions possess inherent thera-
peutic activities; for example, manganese (Mn*")-based nanozymes
exhibit antioxidant effects, such as superoxide dismutase (SOD)-like,
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highlighting their potential as antioxidant therapy [30].

In this study, the antioxidant Mn** was integrated with the organic
ligand 2-methylimidozole, enabling the successful loading of an anti-
mouse TNF-a monoclonal antibody (mAb-MOF) with high encapsula-
tion efficiency. The mAb-MOF was further functionalized with muco-
penetration and inflammatory cell-targeting properties via a hyaluronic
acid-polyethylene glycol (HA-PEG) coating (mAb-MHP) to maximize the
benefits of anti-inflammatory biomacromolecules and ROS-scavenging
agents against IBD [31,32]. Considering the potential advantages of
local treatment, to enhance colonic targeting while minimizing systemic
exposure [16], we further coated the mAb-MHP with the pH-sensitive
polymer Eudragit® S100 (mAb-MHPE) for colon-specific release.
Eudragit® S100 (ES100) remains nonionized under acidic conditions,
avoiding the degradation of nanoparticles and drugs, and has been
found to be released at the colonic site at a pH above 7 [16]. In summary,
an antioxidant MOF coated with functional layers was engineered for
oral colonic antibody delivery in IBD treatment (Scheme 1). To the best
of our knowledge, no previous studies have reported MOF-based nano-
systems capable of specifically targeting inflamed colon sites and alle-
viating IBD symptoms, while protecting antibodies and achieving
therapeutic efficacy comparable to, or even better than, that of intra-
venous administration at the same dosage.

2. Materials and methods
2.1. Materials

An anti-mouse TNF-a antibody (mAb) was purchased from BioxCell
(Lebanon, USA). 2-methylimidozole (2-MIM), manganese(II) chloride
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Scheme 1. Schematic illustration of an antioxidant MOF nanoparticle for enhanced oral anti-TNF-o antibody delivery to treat IBD. After oral administration, mAb-
MHPE protected the loaded mAb during gastrointestinal (GI) transit and delivered mAb to the inflamed colon. It alleviated several pathological pathways involved in

IBD by decreasing TNF-a levels and scavenging ROS.



C. Chen et al.

tetrahydrate (MnCl2e4H-0), hydrogen peroxide (H20), sodium bicar-
bonate (NaHCOs), sodium carbonate (Na2COs), sodium azide (NaNs),
Tween® 20, dimethyl sulfoxide (DMSO), sodium taurocholate, sodium
chloride, polyvinyl alcohol, 3-(4,5-dimethylthiazolyl-2)-2,5-diphe-
nyltetrazolium bromide (MTT), 2,4,6-trinitrobenzenesulfonic acid
(TNBS), hexadecyltrimethylammonium bromide (HTAB), cetyl-
trimethylammonium bromide (CTAB), barium iodide, lipopolysaccha-
rides (LPS) from Escherichia coli 026:B6, and polyvinyl alcohol (PVA)
were purchased from Sigma-Aldrich (St. Louis, USA). 1-Step™ Ultra
TMB-ELISA, RPMI-1640 medium, and Dulbecco’s phosphate-buffered
saline (DPBS) were purchased from Thermo Fisher Scientific (Massa-
chusetts, USA). Eudragit® S100 (ES100) was kindly provided by Evonik
Operations GmbH (North Rhine-Westphalia, Germany). TRIzol and
ELISA assay buffer were purchased from Invitrogen (Massachusetts,
USA). Sodium hyaluronate (Mw 1 MDa) was purchased from Lifecore
Biomedical LLC (Chaska, MN, USA). PEGylated hyaluronic acid (Mw HA
1mDa and PEG 2 kDa) was purchased from Creative PEGWorks (North
Carolina, USA). DSPE-PEG (Mw 2 kDa) was purchased from Nanosoft
Polymers (NC, USA). Protease inhibitor cocktail tablets (cOmplete mini,
EDTA free) were purchased from Roche Diagnostics (Vilvoorde, BE).
Triton X-100 was purchased from Carl Roth (GmbH, DE). Sodium
dodecyl sulfate (SDS) was purchased from Bio-Rad (BE). Dextran sulfate
sodium (DSS, Mw ~40 kDa) was purchased from TdB Consultancy
(Uppsala, SE). Mouse TNF-o ELISA kits and V-PLEX Custom Mouse
Biomarkers ELISA kits were purchased from Meso Scale Discovery
(Maryland, USA). The primers used within the manuscript were pur-
chased from Integrated DNA Technologies (Lowa, USA). FaSSIF-V2
powder and FaSSCF powder were purchased from Biorelevant (Lon-
don, UK). All chemical reagents utilized in this study were of analytical
grade.

2.2. Preparation and characterization of mAb-MOF

The mAb-MOF was prepared by mixing 500 pL of the mAb (1 mg/
mL) with 250 pL of 2-MIM (13 mg/mL) and incubating the mixture for
10 min. Subsequently, 250 pL of MnCl.e4H-0 (7.9 mg/mL) was added to
the mixture, followed by the addition of 50 pL of H20: (3.7 mg/mL)
under vigorous stirring. The mAb-MOF was then obtained by centrifu-
gation (VWR® Mega Star 1.6R, USA) at 7000 x g for 10 min. The
encapsulation efficiency of the mAb was determined using a Bradford
protein assay kit (Thermo Scientific, USA), and the encapsulation effi-
ciency of Mn was assessed by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES). X-ray photoelectron spectroscopy was
employed to analyze the chemical valence of Mn [33].

2.3. Competitive ELISA

The activity of the loaded mAb was evaluated via a competitive
ELISA, as described by Zhang et al. [34]. TNF-a was dissolved in a
coating buffer containing 1.59 mg/mL NaHCOs, 2.94 mg/mL Na2COs,
and 0.5 mg/mL NaNs. A volume of 100 pL of this solution was added to
each well of a 96-well plate and incubated overnight at 4 °C. The plate
was then washed three times with 0.05 % (v/v) Tween® 20 and blocked
with ELISAPOT for 2 h. Serial dilutions of mAb and mAb-MOF solutions
(ranging from 40 pg/mL to 0.31 pg/mL) were prepared, and 50 pL of
each diluted sample was mixed with 50 pL of biotin-labeled mAb (660
ng/mL). The resulting 100 pL mixture was incubated in the wells for 2 h
at room temperature. Following incubation, the wells were washed
three times and 100 pL of streptavidin-horseradish peroxidase (20 ng/
mL in ELISA buffer) was added, followed by a 45-min incubation at
37 °C. The wells were subsequently washed six times, and 100 pL of TMB
solution was added. After a 15-min incubation, 100 pL of 1 M phosphoric
acid was added to stop the reaction. Absorbance was measured at 450
nm using a SpectraMax® plate reader (Molecular Devices, USA).
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2.4. Preparation and characterization of mAb-MHP

A preformulation investigation was conducted by varying the feed
ratio of mAb:HA-PEG (weight ratio) from 4:1 to 1:4. mAb-MHP by
adding 1 mL of HA-PEG (0.25, 0.5, 1, 2, or 4 mg/mL) dropwise to 1 mL of
the mAb-MOF solution containing mAb at 1 mg/mL under vigorous
stirring for 20 min. The mixture was sonicated using a Branson 450
Digital Sonifier® (10 % amplitude, 30 s, 5 s on, 5 s off) and then
centrifuged at 12,000 x g for 15 min. The pellet was collected and
resuspended in water by sonication (10 % amplitude, 30 s, 5 s on, 5 s off)
to obtain the formulations. Particle size and zeta potential were
measured by dynamic light scattering (DLS, Malvern Zetasizer, UK) and
morphology was examined by transmission electron microscopy. mAb-
MHA and mAb-MPEG were prepared using the same procedure,
replacing HA-PEG with HA (1 mL, 1 mg/mL) or DSPE-PEG (1 mL, 1 mg/
mL), respectively. 'H NMR spectra of the formulations were recorded
with a Bruker Ultrashield Advance I 400 MHz instrument in D50 (5 mg/
mL).

2.5. HA quantification

HA was quantified based on the formation of a complex between HA
and cetyltrimethylammonium bromide (CTAB) as previously described
[35]. The supernatant obtained after centrifugation of the formulation
preparation was collected for free HA quantification. Briefly, 50 pL of
the supernatant or HA calibrators (HA-PEG or HA, 15.625-1000 pg/mL)
was added to each well (clear 96-well flat-bottom plate). Then, 50 pL of
acetate buffer (0.2 M sodium acetate and acetic acid, 0.15 M sodium
chloride, pH 6.0) was added, and the plate was incubated at 37 °C for 15
min. Then, 100 pL of 2 % (w/v) CTAB in 2 % (w/v) sodium hydroxide
was added to each well, followed by shaking on a Rotamax platform
shaker (Heidolph, Germany) for 1 min. Absorbance was measured at
600 nm using a SpectraMax® plate reader (Molecular Devices, USA).
Integrated HA content within the formulation was calculated using the
equation below:

Total amount of HA — free HA

100
Total weight of formulation

HA modification content (%) =

2.6. PEG quantification

PEG was quantified based on the complex formed by PEG and barium
iodide as previously reported [36]. The supernatant collected after
centrifugation of the formulation preparation was used for free PEG
quantification. First, 100 pL of the supernatant or PEG calibrators (HA-
PEG or DSPE-PEG, 1.87-120 pg/mL) was added to each well (clear 96-
well flat-bottom plate). Then, 25 pL of 5 % (w/v) barium chloride in 1 M
hydrochloric acid was added, followed by the addition of 25 pL of 1.3 %
(w/v) iodine in 2 % (w/v) potassium iodide. The plate was incubated at
room temperature for 15 min. Absorbance was measured at 535 nm
using a SpectraMax® plate reader (Molecular Devices, USA). Integrated
PEG content within the formulation was calculated using the equation
below:

Total amount of PEG — free PEG

Total weight of formulation 100

PEG modification content (%) =

2.7. Storage stability of the nanosystem

The storage stability of the formulations, including mAb-MOF, mAb-
MHA, mAb-MPEG, and mAb-MHP, was studied at 4 °C for 48 h. At
predetermined time points, samples were withdrawn and analyzed by
DLS (Malvern Zetasizer, UK).
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2.8. Drug release in biomimetic GI fluids in vitro

The drug release profiles of the formulations, including mAb-MOF,
mAb-MHA, mAb-MPEG, and mAb-MHP, were studied in fasted-state
simulated gastric fluid (FaSSGF) for 2 h, in fasted-state simulated in-
testinal fluid (FaSSIF) for 6 h, and in fasted-state simulated colonic fluid
(FaSSCF) for 10 h. Given the absence of standardized protocols for
enzyme concentrations and activities in simulated GI fluids, particularly
under IBD pathological conditions, we employed commercially avail-
able biomimetic GI fluids from Biorelevant (FaSSIF and FaSSCF) that
reproduce the physicochemical characteristics of the fasted-state GI
environment, including pH, bile salt, and lipid composition. Notably,
biomimetic GI fluids with representative pH values (FaSSGF, pH 1.6;
FaSSIF, pH 6.5; FaSSCF, pH 7.8) were used to evaluate the pH-
responsive colon-targeting ability of the formulations. The composi-
tions of the FaSSGF, FaSSIF, and FaSSCF are shown in Table S1. The
formulations were dispersed in 5 mL of biomimetic GI fluid and main-
tained at 37 °C with gentle agitation (100 rpm). At predetermined time
points (0, 0.5, 1, and 2 h for FaSSGF; 0, 1, 2, and 4 h for FaSSIF; and 0, 2,
4,7, and 10 h for FaSSCF), 500 pL samples were collected and replaced
with fresh prewarmed media. The aliquots were then centrifuged at
20,000 x g for 10 min. The mAb concentration in the supernatant was
analyzed using a Bradford protein assay kit (Thermo Scientific, USA).

2.9. Nanosystem stability in biomimetic GI fluids in vitro

The stability of the formulations, including mAb-MOF, mAb-MHA,
mAb-MPEG, and mAb-MHP, was studied in FaSSGF for 2 h, in FaSSIF for
6 h, and in FaSSCF for 10 h. The formulations were dispersed in 5 mL of
biomimetic GI fluid and maintained at 37 °C with gentle agitation (100
rpm). At predetermined time points, samples were withdrawn and
analyzed by DLS (Malvern Zetasizer, UK).

2.10. Lyophilization

Freshly prepared formulations were resuspended in water, 3 % su-
crose, 5 % sucrose, 3 % trehalose, or 5 % trehalose. The formulations
were then frozen at —20 °C for 12 h, followed by lyophilization at
—38 °C and 0.238 mBar for 48 h with a freeze-dryer (Labconco, USA).

2.11. Cell culture

The J774A.1 murine macrophage cell line was cultured in RPMI-
1640 medium, which was supplemented with 10 % fetal bovine serum
and 1 % penicillin-streptomycin. The cells were grown in 75 cm? flasks
and maintained at 37 °C in an incubator (BINDER GmbH, Germany)
with an atmosphere of 5 % CO2 and 95 % relative humidity. The culture
medium was replaced every other day, and cells were passaged when
they reached 80 % confluence.

2.12. Cell viability study

The cytotoxicity of mAb-MOF and its variants with different coat-
ings, including mAb-MHA, mAb-MPEG, and mAb-MHP, was evaluated
in J774A.1 cells using the MTT assay. In brief, 20,000 cells were seeded
into each well of a 96-well plate and allowed to adhere overnight. The
cells were treated with 100 pL of various concentrations of nanoparticles
(ranging from O to 2500 pg/mL of mAb) for 6 h at 37 °C. Then the cells
were washed with PBS, and a 0.5 mg/mL MTT solution was added to
each well, followed by a 3-h incubation at 37 °C. The MTT solution was
then removed, and 100 pL of DMSO was added to dissolve the formazan
crystals. Absorbance was measured at 560 nm using a SpectraMax®
plate reader (Molecular Devices, USA).
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2.13. Anti-inflammatory study in vitro

The in vitro anti-inflammatory activity of the nanoparticles was
assessed in J774A.1 cells under two conditions: (1) using mAb-MOF at
varying mAb concentrations (1 to 500 pg/mL) and (2) using mAb-MOF,
mAb-MHA, mAb-MPEG, and mAb-MHP at a fixed mAb concentration of
100 pg/mL. A total of 200,000 cells were seeded into each well of a 24-
well plate and allowed to adhere overnight. The following day, the cells
were washed with PBS and treated with 500 pL of LPS (100 ng/mL) in
cell culture medium for 8 h to induce inflammation. Subsequently, 10 uL
of nanoparticles was added to the cells and incubated for 4 h. The su-
pernatants were then collected and centrifuged to remove debris. TNF-a
level in the supernatants were measured using a mouse TNF-o ELISA kit
(Meso Scale Discovery, USA) according to the manufacturer’s in-
structions. IL-6, MCP-1, and MIP-1a levels were quantified using a V-
PLEX Custom Mouse Biomarker ELISA Kit (Meso Scale Discovery, USA)
following the manufacturer’s protocol.

2.14. Invitro antioxidant study

The in vitro antioxidant capacity of the nanoparticles was evaluated
in J774A.1 cells under two different conditions: (1) with mAb-MOF at
varying Mn concentrations (0.8 to 400 pg/mL) and (2) with mAb-MOF,
mAb-MHA, mAb-MPEG, and mAb-MHP at a fixed Mn concentration of
80 pg/mL. A total of 25,000 cells were seeded into each well of a black
96-well plate with a clear bottom and allowed to adhere overnight. The
following day, the cells were washed with PBS and exposed to 100 pM
H:0: to induce oxidative stress. The nanoparticles were then added and
incubated for 4 h. ROS levels were measured using 10 pM DCFH-DA
(Abcam, UK) according to the manufacturer’s instructions. Fluores-
cence intensity was measured using a SpectraMax® plate reader (Mo-
lecular Devices, USA) with excitation and emission wavelengths set at
485 nm and 535 nm, respectively.

2.15. Preparation and characterization of mAb-MHPE

ES100 was dissolved at different concentrations in 2 mL of a 2 % PVA
solution supplemented with 4 mL of methanol and 0.15 mL of 1 M so-
dium hydroxide. Subsequently, 100 pL of mAb-MHP (100 mg/mL) was
added dropwise into 1 mL of the ES100 solution (at concentrations of
0.1, 1, 5, 10, 20, and 40 mg/mL) with continuous stirring for 30 min.
The nanoparticles were then collected by centrifugation at 12,000 x g for
15 min. The particle size and zeta potential of mAb-MHPE were char-
acterized using DLS (Malvern Zetasizer, UK). The drug release profile
and stability of mAb-MHPE in biomimetic GI fluids were studied using
the aforementioned methods.

2.16. Animal studies

All animal experiments were approved by and conducted in accor-
dance with the local animal ethics committee (2023/UCL/MD/25) and
the Belgian Law of 29 May 2013 on the protection of laboratory animals.
Six-week-old male C57BL/6 J mice (20-25 g) were obtained from
Janvier Laboratories, France. The animals were housed under standard
conditions and provided with food and sterilized tap water for a 2-week
acclimation period prior to the experiments.

2.17. Evaluation of mAb-MHP efficacy in an acute murine DSS-induced
colitis model

Mice were randomly divided into nine groups (n = 8 per group):
healthy control, DSS-induced colitis group, mAb intravenous (i.v.) (mice
receiving intravenous mAb and DSS), mAb oral (mice receiving oral
mAb and DSS), MOF (mice receiving oral MOF and DSS), mAb-MOF
(mice receiving oral mAb-MOF and DSS), mAb-MHA (mice receiving
oral mAb-MHA and DSS), mAb-MPEG (mice receiving oral mAb-MPEG
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and DSS), and mAb-MHP (mice receiving oral mAb-MHP and DSS).
Colitis was induced by administering 3 % (w/v) DSS in the drinking
water for five consecutive days. From Day 1 to Day 6, the mice were
orally administered 100-150 pL of nanoparticle suspensions, delivering
a mAb dose of 10 mg/kg. Untreated controls received water. On Day 7,
the mice were anesthetized with isoflurane and evaluated via colonos-
copy. Subsequently, the mice were euthanized, and colon tissues were
collected for further analysis. The body weight of mice was measured
every day from Day 1 to Day 7 and it was normalized to the initial day.

2.18. Evaluation of mAb-MHP efficacy in an acute murine TNBS-induced
colitis model

Mice were randomly allocated to nine groups (n = 8 per group):
healthy control, TNBS control, mAb intravenous (i.v.) + TNBS, mAb oral
+ TNBS, MOF + TNBS, mAb-MOF + TNBS, mAb-MHA + TNBS, mAb-
MPEG + TNBS, and mAb-MHP + TNBS. Colitis was induced by admin-
istering 50 pL of TNBS (100 mg/kg in 0.9 % NaCl-ethanol, 50:50 v/v)
intrarectally under isoflurane anesthesia. On Days 1 and 2, the mice
received oral doses of nanoparticle formulations (100-150 pL, equiva-
lent to 10 mg/kg mAb), while the untreated control group received
water. On Day 3, colitis severity was assessed via colonoscopy under
isoflurane anesthesia. Following this, the mice were euthanized, and
colon tissues were harvested for further analysis of colitis severity.

2.19. Invivo evaluation of mAb-MHPE efficacy in an acute murine DSS-
induced colitis model

Mice were randomly assigned to four groups (8 mice per group):
healthy control, DSS control, oral mAb-MHP + DSS, and oral mAb-MHP
+ DSS. Colitis was induced by administering 3 % (w/v) DSS in the
drinking water for five consecutive days. From Day 1 to Day 6, the mice
received oral doses of 100-150 pL of the formulations (mAb dose: 10
mg/kg). On Day 7, the mice were anesthetized with isoflurane, and
colitis severity was evaluated via colonoscopy. Blood samples were then
collected from the portal vein. Finally, the mice were euthanized, and
colon tissues were harvested for further analysis.

2.20. Invivo evaluation of mAb-MHPE efficacy in a chronic murine DSS-
induced colitis model

Chronic colitis was induced in mice through three cycles of 3 % (w/v)
DSS treatment, each lasting 7 days, with a 14-day washout period be-
tween cycles [37]. The mice were randomly assigned to six groups (n =8
per group): healthy control, DSS control, oral mAb + DSS, oral mAb-
MHP + DSS, oral MHPE + DSS, and oral mAb-MHPE + DSS. From Day 4
to Day 11 of the second and third DSS cycles, the mice were adminis-
tered 100-150 pL of the formulation, corresponding to a mAb dose of 10
mg/kg. On Day 53, the mice were anesthetized with isoflurane for co-
lonoscopy to assess colitis severity. Subsequently, the mice were
euthanized, and colon tissues were collected for further evaluation of
colitis severity. The body weight was measured every other day from
Day 1 to Day 53 and it was normalized to the initial day.

2.21. High-resolution colonoscopy in live mice

In vivo colonoscopy was performed on mice using the Coloview®
system (Karl Storz, Tuttlingen, DE). On the sacrifice day, the mice were
anesthetized with isoflurane, and a mini-endoscope was carefully
inserted through the anus. The colon was insufflated with air, enabling
video recording and image capture for each mouse. The severity of co-
litis was assessed using the murine endoscopic index of colitis severity
(MEICS), which evaluates five parameters: colon thickening, vascular
pattern alterations, presence of fibrin, mucosal surface granularity, and
stool consistency. Each parameter was scored on a scale from 0 to 3,
reflecting the severity of the disease [38].
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2.22. Histological scoring

Histological scoring was conducted on hematoxylin and eosin
(H&E)-stained slides. The scoring system assessed various parameters:
the extent of inflammatory cell infiltration, goblet cell depletion, crypt
density, crypt hyperplasia, muscle layer thickening, submucosal
inflammation, crypt abscess formation, and ulceration. Each parameter
was graded on a scale from 0 to 3, indicating the severity of the observed
histopathological change [39].

2.23. Myeloperoxidase activity

MPO activity was assessed according to the protocol established by
Hanning et al. [40]. Colonic tissue samples were placed in 1.5 mL
Eppendorf tubes containing 500 pL of HTAB buffer (0.5 % HTAB in 50
mM potassium phosphate buffer, pH 6) and homogenized on ice using a
Branson 450 digital sonifier® (30 % amplitude, 10 s). The homogenates
were centrifuged at 20,000 x g for 10 min at 4 °C. Aliquots of the su-
pernatant (7, 14, or 21 pL) were then transferred to 96-well plates and
mixed with 200 pL of MPO assay solution (50 mM potassium phosphate
buffer, pH 6, containing 0.167 mg/mL o-dianisidine and 500 ppm H20x2).
MPO activity was quantified by measuring absorbance at 460 nm over
30 min using a SpectraMax® plate reader (Molecular Devices, USA).
MPO levels were normalized to total protein content, determined using a
Pierce™ BCA Protein Assay Kit (Sigma—-Aldrich, USA).

2.24. ROS intensity

Colonic ROS levels were quantified using the DCFDA method [41].
Colonic samples were put in 1 mL of Tris-HCI buffer (50 mM, pH 7.4) on
ice and homogenized using a Branson 450 digital sonifier®. The ho-
mogenates were centrifuged (2,700 x g, 15 min, 4 °C). 50 pL of the su-
pernatant was transferred to a black 96-well plate and incubated with
50 pL of DCFH-DA (10 pM) solution for 30 min at 37 °C. Fluorescence
intensity was measured by a SpectraMax® plate reader (Molecular De-
vices, USA) with excitation and emission wavelengths of 485 nm and
535 nm, respectively. The results were normalized to total protein
content, determined using a Pierce™ BCA Protein Assay Kit (Sigma-
—Aldrich, USA).

2.25. Cytokine and chemokine quantification by ELISA

Colonic tissue samples were homogenized in ice-cold lysis buffer
containing 500 mM NaCl, 2 mM EDTA, 1 % Triton X-100, 0.5 % sodium
deoxycholic acid, 0.1 % SDS, 50 mM Tris-HCl, and protease inhibitors.
Then, the samples were sonicated using a Branson 450 digital sonifier®
(Marshall Scientific, US) at 30 % amplitude for 10 s. The homogenates
were then centrifuged at 20,000 x g for 10 min, and the supernatant was
collected for the cytokine quantification. The levels of cytokines and
chemokines in the colon, including IFN-y, IL-1p, IL-6, KC/GRO, IP-10,
MCP-1, MIP-1a, and TNF-a, were quantified using V-PLEX Custom
Mouse Biomarker ELISA Kits (Meso Scale Discovery, USA) according to
the manufacturer’s instructions. All measurements were normalized to
protein content, determined using a Pierce™ BCA Protein Assay Kit
(Sigma-Aldrich, USA).

2.26. Real-time qPCR analysis

RNA extraction from colon tissues was performed using TRIzol re-
agent according to manufacturer’s guidelines. The RNA was purified
using lithium chloride following the method described by Viennois et al.
[42]. cDNA synthesis was carried out using the Promega GoScript
Reverse Transcription Kit (Promega Benelux BV). The program was set
as follows: primers were annealed at 25 °C, DNA were polymerized at
42 °C for 1 h, and enzymes were inactivated at 70 °C for 15 min. qQPCR
was performed using the Promega GoTaq qPCR Master Mix on a
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QIAquant 96 2plex (QIAGEN GmbH, Germany). The qPCR protocol
included 45 cycles of denaturation at 95 °C for 3 s, primer annealing at
60 °C for 26 s, and extension at 72 °C for 10 s. A melting curve analysis
was conducted post-amplification to ensure reaction specificity. 60S
ribosomal protein L19 (RPL19) was used as the reference gene. Results
were calculated relative to the control group using the delta-delta Ct
method [43]. Primer sequences are provided in Table S2.

2.27. Statistical analysis

Statistical analyses were conducted using GraphPad Prism 10 (CA,
USA). The Grubbs test was utilized to identify and exclude outliers
within each group. For multiple group comparisons, one-way ANOVA
followed by Tukey’s post hoc test was employed. If significant variance
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differences were observed between groups, Kruskal-Wallis test followed
by Dunn’s post hoc test was performed. Differences between two groups
were analyzed using the t-test. If the dependent variable was not nor-
mally distributed, the Mann-Whitney test was used instead. Results are
presented as mean + standard errors of the mean (SEM). A p-value of
less than 0.05 was considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of an oral MOF-based antibody
delivery nanosystem

An mAb-MOF was synthesized using a biomineralization-like
approach, wherein the mAb interacted with Mn and 2-methylimidazole
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Fig. 1. Preparation and characterization of oral MOF-based antibody delivery nanosystems. (A) Particle size, polydispersity index (PDI), and (B) zeta potential of
mAb-MOF and mAb-MOF with different surface coatings. mAb-MHA: mAb-MOF coated with HA. mAb-MPEG: mAb-MOF coated with PEG. mAb-MHP: mAb-MOF
coated with HA-PEG (mean + SEM; n = 9 from 3 independent experiments). (C) Encapsulation efficiency of mAbs in mAb-MOF, mAb-MHA, mAb-MPEG, and mAb-
MHP (mean + SEM; n = 9 from 3 independent experiments). (D) mAb release profiles of mAb-MOF, mAb-MHA, mAb-MPEG, and mAb-MHP in biomimetic
gastrointestinal fluids, including fasted-state simulated gastric fluid (FaSSGF), fasted-state simulated intestinal fluid (FaSSIF), and fasted-state simulated colonic fluid
(FaSSCF) (mean + SEM; n = 9 from 3 independent experiments). (E) Variations in the particle sizes of mAb-MOF, mAb-MHA, mAb-MPEG, and mAb-MHP following
an incubation in FaSSGF, FaSSIF, and FaSSCF for predetermined time intervals (mean + SEM; n = 9 from 3 independent experiments).
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(2-MIM), providing scaffolds for the formation of the MOF [44]. Previ-
ous studies have suggested that the antioxidant activity of Mn-based
nanozymes increases as the valency of Mn increases to +4 [30]. To
this end, H202 was introduced to oxidize the Mn in the mAb-MOF, and
the X-ray photoelectron spectroscopy (XPS) analysis revealed that Mn**
prevailed (Fig. S1). The mAb-MOF presented a particle size of 171.5 +
7.3 nm (Fig. 1A) and a high mAb encapsulation efficiency of 94.64 % +
1.38 % (Fig. 1C). Transmission electron microscopy (TEM) was used to
study the morphology of the mAb-MOF, confirming its homogenous
distribution (Fig. S2). Given that the therapeutic action of the mAb re-
quires the neutralization of TNF-a, we evaluated its ability to bind to
TNF-a via a competitive binding enzyme-linked immunosorbent assay
(ELISA) [34]. The results revealed that the inhibition curve of the mAb-
MOF aligned with that of the free mAb, indicating that the mAb was
successfully integrated into the MOF without compromising its binding
activity (Fig. S3).

Three different polymers were employed to functionalize and in-
crease the oral efficiency of the mAb-MOF: HA for mucoadhesion via
hydrogen bonding with mucin. Specifically, high molecular weight HA
(1 MDa) was chosen for disease targeting through the HA-cluster of
differentiation 44 (CD44) interaction, and for anti-inflammatory effects
by preventing interaction between Toll-like receptors 2 and 4 (TLR2/4)
and pathogen-associated molecular patterns (PAMPs) (the formulation
was referred to as mAb-MHA) [32,45]; PEGylation for mucopenetration
owing to its uncharged and hydrophilic nature (the formulation was
referred to as mAb-MPEG) [31]; and an HA-PEG conjugate of both
coatings (the formulation was referred to as mAb-MHP). The formula-
tion composition of mAb-MHP was optimized by varying the feed ratio
of mAb:HA-PEG from 4:1 to 1:4. The ratio of 1:1 was selected, as further
increases in HA-PEG concentration did not significantly change the
particle size or zeta potential (Fig. S4). The same ratio was applied for
the preparation of mAb-MHA and mAb-MPEG. The characterization of
the formulations by dynamic light scattering (DLS) revealed that the
polymer-coated mAb-MOF, including mAb-MHA (size: 211.2 + 12.7
nm, zeta potential: —14.78 + 1.61 mV), mAb-MPEG (184.0 + 12.9 nm,
—15.06 + 1.62 mV), and mAb-MHP (194.12 + 11.4 nm, — 15.15 + 1.07
mV), exhibited larger hydrodynamic sizes and more negative surface
charges than the uncoated mAb-MOF (171.5 + 7.3 nm, 2.06 + 0.97
mV), indicating successful polymer coating (Fig. 1A and B). In addition,
the quantification of HA and PEG showed that mAb-MHP contained
10.71 + 1.32 % of HA and 2.48 + 0.38 % of PEG, mAb-MHA contained
13.23 4+ 2.15 % of HA, and mAb-MPEG contained 11.08 4 1.69 % of
PEG (Fig. S5). TH NMR further confirmed the presence of HA and/or PEG
in the coated formulations (Fig. S6-S8). In addition, the polymer coat-
ings improved the storage stability of the formulations, with PEGylation
further increasing the stability (Fig. S9).

The profile of mAb release from the formulations was evaluated in
biomimetic GI fluids. Three conditions were employed to mimic the
transit of the formulations in the GIT: incubation in fasted-state simu-
lated gastric fluid (FaSSGF) for 2 h, incubation in fasted-state simulated
intestinal fluid (FaSSIF) for 4 h, and incubation in fasted-state simulated
colonic fluid (FaSSCF) for 10 h. Compared with the mAb-MOF, the rates
of mAb and Mn release from the mAb-MHA, mAb-MPEG, and mAb-MHP
were lower in these biomimetic GI fluids (Fig. 1D and Fig. S10), prob-
ably due to the steric hindrance of the polymer coating on the MOF
surface. In addition, all formulations loaded with mAbs were stable in
vitro in the different simulated GI fluids (Fig. 1E).

3.2. Invitro anti-inflammatory and antioxidant effects of the MOF on
J774A.1 macrophages

The cytotoxicity of the formulations was evaluated in the J774A.1
murine macrophage line. mAb-MOF and mAb-MHP demonstrated good
biocompatibility, with cell viability exceeding 80 % within the mAb
concentration range of 0-2500 pg/mL (Fig. S11). The anti-inflammatory
and antioxidant effects of different doses of mAb-MOF were evaluated in
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J774A.1 cells. Since the antibody neutralizes TNF-a, we interpret the
reduction as a result of functional inhibition rather than decreased
expression. Treatment with mAb-MOF significantly decreased TNF-a
levels in lipopolysaccharide (LPS)-stimulated cells within the mAb
concentration range of 1-500 pg/mL (Fig. 2B). Moreover, mAb-MOF
treatment significantly decreased the intracellular ROS levels in
hydrogen peroxide (H202)-stimulated cells when the Mn concentration
ranged from 0.8 to 400 pg/mL (Fig. 2D). A concentration-dependent
antioxidant effect was observed, with superior ROS scavenging ach-
ieved at Mn concentrations of 80-400 pg/mL (Fig. 2D). The anti-
inflammatory and antioxidant effects of the different formulations
were further compared at concentrations of 100 pg/mL mAb and 80 pg/
mL Mn. All the formulations, including mAb-MOF, mAb-MHA, mAb-
MPEG, and mAb-MHP, exhibited similar efficacy at decreasing TNF-a
level in LPS-stimulated J774A.1 cells (Fig. 2C) and comparable ROS
scavenging capabilities in H2O2-stimulated J774A.1 cells (Fig. 2E), with
the mAb-MHP group showing profound TNF-a reduction (up to 57 %)
and ROS scavenging (up to 44 %). Notably, mAb-MOF, mAb-MHA, mAb-
MPEG, and mAb-MHP significantly suppressed the secretion of
interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), and
macrophage inflammatory protein-1 alpha (MIP-1a), which are key
proinflammatory cytokines and chemokines involved in IBD progres-
sion, in LPS-stimulated J774A.1 cells (Fig. 2F) [46]. These results
confirmed our hypothesis that mAb-MOF can alleviate IBD by acting
through different pathological pathways involved in IBD.

3.3. In vivo efficacy evaluation of the MOF in an acute DSS-induced
colitis model

Encouraged by the promising in vitro efficacy, we further evaluated
the in vivo therapeutic efficacy of the formulations in a dextran sulfate
sodium (DSS)-induced murine colitis model [37]. DSS (~40 kDa) dis-
rupts tight junctions and increases intestinal permeability, facilitating
the translocation of bacteria and associated antigens into the gut mucosa
and triggering hyperactive immune responses [37]. The mice were
provided with 3 % DSS in their drinking water for five consecutive days
to induce colitis. As illustrated in Fig. 3A, all the treatments were
administered orally from Day 1 to Day 6, except for the mAb intravenous
(i.v.) group, which received the mAb via intravenous injection to mimic
the clinical administration of the anti-TNF-o antibody (infliximab) [47].
mAb-MOFs with different coatings (mAb-MHA, mAb-MPEG, and mAb-
MHP) were included to screen the most promising therapeutic candi-
dates. The mice were sacrificed on Day 7, and the colons were harvested
for subsequent analysis. The body weight of mice was measured daily
and calculated based on the body weight on Day 1. The results revealed
that the DSS-treated mice tended to experience weight loss (Fig. S12A
and S12B), and the DSS group and mAb oral group presented an
increased colon weight/length ratio (Fig. S12C). The macroscopic
severity of colitis was assessed through a histological analysis of he-
matoxylin and eosin (H&E)-stained colon tissues (Fig. S13A) and high-
resolution colonoscopy in live mice at the endpoint of the experiment
(Fig. S13B). The DSS group presented a significant increase in both the
histological score and murine endoscopic index of colitis severity
(MEICS), confirming the successful establishment of the colitis model.
We observed no significant differences between all the treatment groups
and the DSS group, but the histological scores and MEICS scores of the
mAb-MHA, mAb-MPEG, and mAb-MHP groups were reduced to similar
levels as those in the mAb i.v. group (Fig. S13).

We further analyzed the colonic ROS level, evaluating the antioxi-
dant capacity in vivo, and the activity of colonic myeloperoxidase
(MPO), a biomarker of neutrophil infiltration (Fig. 3B and C) [40]. The
ROS level and MPO activity in the mAb i.v. group were not significantly
different from those in the DSS group. In contrast, treatment with mAb-
MHP resulted in profound reductions in both the ROS levels (—71 %)
and MPO activity (—67 %) in the mice with colitis, surpassing the re-
ductions observed in the mAb i.v. group and the other mAb-loaded MOF
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Fig. 2. Invitro evaluation of the anti-inflammatory and antioxidant effect of the MOF on J774A.1 macrophages. (A) Schematic illustration of the ability of the mAb-
MOF to decrease TNF-a levels and scavenge ROS in activated macrophages. (B) Effect of mAb-MOF on TNF-ua secretion from lipopolysaccharide (LPS)-stimulated
J774A.1 cells after 4 h of treatment with increasing mAb concentrations ranging from 1 to 500 pg/mL (mean + SEM; n = 9 from 3 independent experiments). (C)
Effects of different formulations on TNF-a secretion in LPS-stimulated J774A.1 cells (mAb concentration: 100 pg/mL) (mean + SEM; n = 9 from 3 independent
experiments). (D) Effect of mAb-MOF on the ROS level in H,O»-stimulated J774A.1 cells after 4 h of treatment with increasing Mn concentrations ranging from 0.8 to
400 pg/mL. The Mn concentration in the ROS evaluation corresponded to the mAb concentration in the TNF-a evaluation (mean + SEM; n = 9 from 3 independent
experiments). (E) Effects of different formulations on the ROS levels in HyO»-stimulated J774A.1 cells (Mn concentration: 80 pg/mL) (mean + SEM; n = 9 from 3
independent experiments). (F) Effects of different formulations on IL-6, MCP-1, and MIP-1a secretion by LPS-stimulated J774A.1 cells (mAb concentration: 100 pg/
mL) (mean + SEM; n = 9 from 3 independent experiments). Data with different superscript letters are significantly different (*p < 0.05) according to one-way
analysis of variance followed by Tukey’s post hoc test. The black arrows represent the reduction in the mAb-MHP group with respect to the LPS group.

p.o. groups (Fig. 3B and C). The colonic levels of proinflammatory cy-
tokines, including TNF-a, IL-1p, IL-6, and interferon-gamma (IFN-y), and
chemokines, including keratinocyte chemoattractant/human growth-
regulated oncogene (KC/GRO), IFN-y-inducible protein 10 (IP-10), and
MCP-1, which are known to be elevated in the DSS model [48], were
quantified by ELISA (Fig. 3D and E). The DSS group presented signifi-
cantly elevated levels of these cytokines and chemokines, indicating
severe immune cell infiltration and immune activation in the mice with
colitis. Compared with the DSS group, treatment with mAb-MOF or
mAb-MOF with different coatings resulted in reduced levels of proin-
flammatory cytokines and chemokines. Notably, the results revealed
that the levels of almost all proinflammatory cytokines and chemokines,
including TNF-a, IL-1p, IL-6, IFN-y, KC/GRO, IP-10, and MCP-1, were
significantly reduced in the groups treated with the mAb-MOF with

different coatings, reaching the same statistical level as the mAb i.v.
group. Interestingly, in these oral treatment groups (mAb-MHA, mAb-
MPEG, and mAb-MHP), the levels of proinflammatory cytokines and
chemokines, such as TNF-a, IL-6, IP-10, and MCP-1, were not signifi-
cantly different even from those in healthy mice. In contrast, oral mAb
treatment failed to decrease the levels of the tested proinflammatory
cytokines and chemokines (Fig. 3D and E). Strikingly, among all the
orally administered mAb-MOF treatments, the mAb-MHP treatment
(surface modified with both PEG and HA) presented the greatest anti-
inflammatory effect, with significantly decreased levels of IL-1p (—65
%), KC/GRO (—41 %), and MCP-1 (—50 %), suggesting the alleviation of
the proinflammatory cascade. In addition, mAb-MHA treatment signif-
icantly increased the expression of mucin 2 (MUC2), the primary gel-
forming mucin in the colon, by 2.3-fold and that of the tight junction
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administered the free mAb or orally administered free mAb, MOF, mAb-MOF, mAb-MHA, mAb-MPEG, or mAb-MHP (10 mg/kg mAb) for 6 days. (B) Colonic ROS
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protein Zonula Occludens-1 (ZO1) by 4.5-fold, suggesting a marked
attenuation of DSS-induced gut barrier disruption (Fig. 3F).

3.4. In vivo efficacy evaluation of the MOF in an acute TNBS-induced

colitis model

We further evaluated the therapeutic efficacy of the orally

administered anti-TNF-a monoclonal antibody-loaded MOFs in the
TNBS-induced colitis model. This colitis model was induced by the
intrarectal administration of 2,4,6-trinitrobenzene sulfonic acid (TNBS),
which elicits a T-cell-mediated response against hapten-modified
autologous proteins [37]. Treatments were administered orally for two
days at the same dosage used in the DSS model. The mice were sacrificed
on Day 3, and the colons were collected for analysis (Fig. 4A). Compared
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with the TNBS group, the mAb-MOF-treated groups (mAb-MHA, mAb-
MPEG, and mAb-MHP) presented no significant differences in weight
loss (Fig. S14A and S14B), the colon weight/length ratio (Fig. S14C), the
expression of gut permeability biomarkers (Fig. S14D), or the histolog-
ical and colitis endoscopic score (MEICS) (Fig. SI5A and S15B). Notably,
compared with the DSS treatment, the regimen of administration was
reduced, which could at least partially explain why we did not observe
changes in these parameters. However, with respect to oxidative stress
and inflammatory markers, the i.v. mAb treatment had no significant
effect on the colonic ROS level or MPO activity, whereas the oral
administration of different mAb-MOFs effectively alleviated the ROS
levels and MPO activity in the colon, among which mAb-MHP had the
most pronounced effect, significantly reducing the colonic ROS level
(—84 %) and MPO activity (—58 %) (Fig. 4B and C). These results
indicated that mAb-MHP effectively attenuated oxidative stress and
alleviated neutrophil infiltration and activation at the inflamed colon
site. Compared with the TNBS group, the oral mAb-MHP group pre-
sented a trend toward reduced levels of proinflammatory cytokines,
including TNF-a (—36 %), IL-1p (—42 %), and IL-6 (—26 %), and che-
mokines, including KC/GRO (—15 %), IP-10 (—23 %), MCP-1 (—23 %),
and MIP-1a (—50 %) (Fig. 4D and E).

10

3.5. Preparation and characterization of colon-targeting MOF-based
antibody nanosystems

The mAb-MHP group exhibited promising anti-inflammatory effi-
cacy in vitro and in two in vivo colitis models. However, considering that
the rapid release of the mAb-MHP in FaSSGF (Fig. 1D) may hinder the
delivery of the mAb to the inflamed colon, we introduced the colon-
targeting, pH-sensitive polymer ES100 to enable the targeted delivery
of the mAb to the colon. ES100 can protect the formulation from gastric
acid while rapidly dissolving above pH 7.0, which mimics colonic fluid
conditions, thereby enabling colon-specific release [16]. The ES100-
coated mAb-MHP, named mAb-MHPE, was developed by nano-
precipitation. The composition of the mAb-MHPE formulation was
optimized by adjusting the ratio of mAb-MHP to ES100, which ranged
from 1:0.01 to 1:4 (w/w), based on the hydrodynamic size, size distri-
bution, surface charge, and drug release profile in FaSSGF (Fig. S16). A
ratio of 1:2 was selected because of the significantly decreased drug
release in FaSSGF (Fig. S16D and S16F). Compared with mAb-MHP,
mAb-MHPE had a larger hydrodynamic size of 243.4 + 13.8 nm, a
narrow size distribution (PDI: 0.13 + 0.08), and a more negative zeta
potential of —22.79 + 2.18 mV (Fig. 5A and B). The morphology of
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Fig. 5. Preparation and characterization of colon-targeting MOF-based antibody delivery nanosystems. (A) Particle size, polydispersity index (PDI), and (B) zeta
potential of mAb-MHP and the colon-targeting mAb-MHPE (mean + SEM; n = 9 from 3 independent experiments). (C) Encapsulation efficiency of mAbs in mAb-MHP
and mAb-MHPE (mean + SEM; n = 9 from 3 independent experiments). (D) mAb release profile of mAb-MHP and mAb-MHPE in biomimetic gastrointestinal fluids,
including FaSSGF, FaSSIF, and FaSSCF (mean + SEM; n = 9 from 3 independent experiments). (E) Variations in the particle sizes of mAb-MHP and mAb-MHPE
following an incubation in FaSSGF, FaSSIF, and FaSSCF for predetermined time intervals (mean + SEM; n = 9 from 3 independent experiments).

mAb-MHPE was evaluated by TEM and revealed a homogeneous dis-
tribution (Fig. S13A). Strikingly, compared with that of mAb-MHP, the
mAb release from mAb-MHPE after a 2-h incubation in FaSSGF
decreased significantly from 39.95 + 6.07 % to 3.87 + 2.29 % (Fig. 5D),
indicating that the ES100 coating could successfully prevent mAb
leakage during stomach transit. Moreover, compared with mAb-MHP,
mAb-MHPE resulted in slower mAb and Mn release in FaSSIF while
maintaining a rapid release profile in FaSSCF (Fig. 5D and Fig. S17). In
addition, as shown in Fig. 5E, mAb-MHPE exhibited aggregation in
FaSSGF, displaying a heterogeneous distribution (PDI: 0.47 + 0.11) and
a particle size of 3560.44 + 908.96 nm after 2 h of incubation, likely due
to the nonionizable nature of ES100 at the acidic pH of FaSSGF (pH 1.2).
However, upon transfer from FaSSGF to FaSSIF (FaSSIF 0 h), mAb-MHPE
disaggregated, achieving a uniform size distribution (PDI: 0.08 + 0.02)
with a particle size of 242.62 + 11.02 nm. Furthermore, after transfer
from FaSSIF to FaSSCF (FaSSCF 0 h), mAb-MHPE maintained a uniform
distribution (PDI: 0.10 + 0.04) with a size of 251.26 + 9.66 nm.
Notably, the particle size of mAb-MHPE decreased during a 10-h
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incubation in FaSSCF, indicating the progressive dissolution of the
ES100 coating (Fig. 5E). These results confirmed the successful devel-
opment of a colon-targeted nanosystem. We further optimized the
lyophilization method for mAb-MHPE to facilitate clinical translation
and commercialization. Various concentrations (3 % and 5 %) of cryo-
protectants, including sucrose and trehalose, were evaluated. Although
the size and uniform distribution of the lyophilized mAb-MHPE without
cryoprotectants were maintained (Fig. S18B), the binding activity of the
loaded mADb toward TNF-a was compromised (Fig. S18C). The inclusion
of cryoprotectants not only maintained the size and uniform distribution
of mAb-MHPE (Fig. S18B) but also preserved the binding activity of the
encapsulated mAb (Fig. S18C), with 3 % sucrose selected for further use
because of its cost-effectiveness compared with trehalose.

3.6. Invivo efficacy of the colon-targeting MOF in an acute DSS-induced
colitis model

Encouraged by the promising in vitro release profile, we further
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evaluated the therapeutic efficacy of the colon-targeted nanosystem
mAb-MHPE in a murine DSS-induced acute colitis model. The con-
struction of the model and treatment scheme were the same as those
described in Section 3.3 (Fig. 3A). The mice were randomly divided into
four groups: healthy (healthy mice), DSS, mAb-MHP (mice receiving
oral mAb-MHP + DSS), and mAb-MHPE (mice receiving oral mAb-

>
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MHPE + DSS).

The results showed that the oral administration of mAb-MHPE alle-
viated weight loss (Fig. SI9A and S19B) and decreased the colon
weight/length ratio (Fig. S19C) in mice after 7 days of treatment,
although these effects were not significantly different from those in the
DSS group. Strikingly, compared with the DSS group, mAb-MHPE
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Fig. 6. In vivo efficacy of the colon-targeting MOF in a murine DSS-induced acute colitis model. (A) Colonic levels of proinflammatory cytokines (TNF-a, IL-1p, IL-6,
and IFN-y) and (B) chemokines (KC/GRO, IP-10, MCP-1, and MIP-1a) were evaluated by ELISA (mean + SEM; n = 7-8). (C) Colonic ROS levels (mean + SEM; n = 8).
(D) Colonic MPO activity (mean + SEM; n = 6-8). (E) Endoscopic score (murine endoscopic index of colitis severity, MEICS) of the mice on Day 7 post-treatment
(mean + SEM; n = 7-8). (F) Representative colonoscopy images (mean + SEM; n = 6-8). Data with different superscript letters are significantly different (*p < 0.05)
according to one-way analysis of variance followed by Tukey’s post hoc test. The black arrows represent the reduction in the mAb-MHPE group compared with the
DSS group.
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significantly decreased the colonic levels of proinflammatory cytokines
(Fig. 6A), including TNF-a (—56 %), IL-1p (—66 %), IL-6 (—60 %), and
IFN-y (—40 %), as well as the proinflammatory chemokine KC/GRO
(=50 %) (Fig. 6B), indicating its robust immunomodulatory effects.
Remarkably, mAb-MHPE significantly reduced the colonic ROS level
(—85 % compared with the DSS group, Fig. 6C) and MPO activity (—61
%, Fig. 6D) to the same levels observed in healthy mice. Compared with
the DSS group, the mAb-MHPE group presented no significant differ-
ences in the mRNA expression of gut permeability biomarkers or in the
histological scores (Fig. S19D and S19E). Colonoscopy is the gold
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standard for the assessment of disease activity in the clinic [49].
Notably, mAb-MHPE treatment resulted in a substantial reduction in the
MEICS score, resulting in a decrease of up to 46 % compared with that of
the DSS group, underscoring its superior anti-inflammatory efficacy
(Fig. 6E). This improvement was confirmed across multiple parameters,
including reduced colonic thickening, normalization of vascular pat-
terns, alleviation of fibrin deposition, decreased granularity of the
mucosal surface, and improved stool consistency (Fig. 6F).
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Fig. 7. In vivo efficacy of the colon-targeting MOF in a DSS-induced chronic colitis model. (A) Chronic colitis was induced by three cycles of 3 % DSS (7 d of DSS
induction, 14 d of water). The mice were orally administered the free mAb, mAb-MHP, MHPE or mAb-MHPE from Day 4 to Day 11 of the second and third cycles.
Body weight (%) over the study period (53 days). The body weight (%) over the study period (53 days) and the weight change on Day 53 compared with Day 0 are
shown (mean + SEM; n = 6-10). (B) Colon length and the colon weight/length ratio (mean + SEM; n = 6-8). (C) Histological score indicating colitis severity (mean
+ SEM; n = 6-8). (D) MEICS score on Day 53 post-treatment (mean + SEM; n = 6-8). (E) Representative histological images of the colon (mean + SEM; n = 6-8). (F)
Representative colonoscopy images (mean + SEM; n = 6-8). Data with different superscript letters are significantly different (*p < 0.05) according to one-way
analysis of variance followed by Tukey’s post hoc test. The black arrows represent the reduction in the oral mAb-MHPE group compared with the DSS group.
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3.7. Invivo efficacy of the colon-targeting MOF in a chronic DSS-induced
colitis model

IBD is a chronic relapsing-remitting disease characterized by alter-
nating periods of flare-ups and remission [2]. We developed a murine
model of DSS-induced chronic colitis to better recapitulate IBD pro-
gression [37]. As outlined in Fig. 7A, the model involved administering
3 % DSS in the drinking water for 7 days to induce flare-ups, followed by

Journal of Controlled Release 389 (2026) 114411

a 14-day washout period without DSS to simulate remission, consti-
tuting one cycle. This cycle was repeated three times to mimic the re-
lapsing phases of the disease, with the mice being sacrificed on Day 11 of
the third cycle (Day 53 of the entire model). Different treatment groups
were studied, including the mAb oral, mAb-MHP, MHPE (MHPE loaded
with bovine serum albumin instead of mAb), and mAb-MHPE groups, to
investigate the therapeutic potential of the formulations. All the treat-
ments were administered orally from Day 4 to Day 11 of the second and
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third cycles to better mimic the clinical practice of initiating therapy
after symptom onset.

Compared with DSS group, mAb-MHPE treatment significantly
reduced the colon weight/length ratio in mice (Fig. 7B), indicating its
protective efficacy against DSS-induced colonic damage. A decrease in
the histological score was observed in the mAb-MHPE group, but the
score was not significantly different from that of the DSS group (Fig. 7C).
mAb-MHPE treatment markedly reduced the endoscopic severity of
colitis, as evidenced by a significant decrease in the MEICS score of 33 %
(Fig. 7D). Strikingly, colonic ROS levels were significantly decreased in
the mAb-MHPE-treated group (—55 % compared with those in the DSS
group) to levels similar to those in healthy mice, demonstrating the
antioxidative ability of mAb-MHPE (Fig. 8A). mAb-MHPE treatment also
significantly lowered colonic MPO activity (—72 %) (Fig. 8B), indicating
its capacity to mitigate neutrophil infiltration in the chronic colitis
model. Strikingly, compared with the DSS group, mAb-MHPE treatment
significantly reduced the colonic levels of proinflammatory cytokines,
including TNF-a (—58 %) and IFN-y (—56 %) (Fig. 8C), as well as the
chemokine KC/GRO (—59 %) (Fig. 8D), highlighting its superior
immunomodulatory efficacy. The levels of IL-1p (—37 %), IL-6 (—70 %),
IP-10 (—31 %), MCP-1 (—44 %), and MIP-1a (—32 %) in the mAb-MHPE
group were reduced to the same levels as those in the healthy group
(Fig. 8C and D). In concrete, TNF-a levels in the mAb-MHPE group
decreased to the same level as that in the healthy group (—58 %
compared with the DSS group), whereas the mAb oral group showed no
trend toward TNF-a reduction (+3 % compared with the DSS group)
(Fig. 8C), indicating that mAb-MHPE successfully delivered the loaded
mAD to the inflamed colon and effectively neutralized TNF-a.

Given that IBD is often associated with systemic manifestations,
affecting up to 50 % of patients with at least one extraintestinal mani-
festation (EIM) [50], the systemic anti-inflammatory potential of mAb-
MHPE was also explored. The pathophysiology of EIMs possibly in-
volves the systemic extension of an immune-mediated response origi-
nating in the gut [50]. Therefore, we evaluated EIMs by analyzing
plasma proinflammatory cytokine levels via ELISA (Mesoscale, USA).
Compared with the DSS group, mAb-MHPE significantly decreased the
plasma levels of IL-18 (—49 %) and IFN-y (—75 %) and tended to reduce
TNF-o (—43 %) and IL-6 levels (—47 %) in UC mice (Fig. 8E). These
findings suggest that mAb-MHPE not only mitigated local colonic
inflammation but also attenuated systemic inflammation, underscoring
its potential to reduce systemic immune activation by controlling pri-
mary intestinal inflammation.

4. Conclusion

The oral delivery of antibodies, whose molecular weight can reach
150 kDa, remains a challenge because of degradation by the gastric acid
and proteolysis, mucus clearance, and limited epithelial permeability
[8]. We engineered antioxidant MOF nanoparticles with functional
layers for effective oral colonic antibody delivery to address these issues,
targeting different pathological pathways involved in IBD.

Previous studies for oral antibody delivery have mainly focused on
lipid- or polymer-based nanocarriers for this purpose, particularly in
IBD, given its chronic nature and the need for localized and sustained
therapy [21-26,51]. While antioxidant MOFs have attracted attention
for oral probiotic delivery due to their ability to protect cargo and
scavenge ROS, their application in oral antibody delivery remained
unexplored [52-54]. In this work, we leveraged these properties to
design an antioxidant MOF with functional coatings that serves not only
as a delivery vehicle for oral antibodies but also as a therapeutic agent,
offering a novel approach to address IBD treatment.

Previous studies in oral antibody delivery for IBD treatment focused
primarily on delivering infliximab [22-26]; however, the human con-
stant region (accounting for 75 %) of infliximab can diminish efficacy
and provoke immune responses in murine models [55]. Therefore, in
this study, a murine TNF-a monoclonal antibody was integrated into a
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mAb-MOF with high encapsulation efficiency and noncompromised
activity. The mAb-MOF was further functionalized with HA-PEG (mAb-
MHP) to exploit mucus penetration and target inflammation. In two
different acute murine colitis models, mAb-MHP demonstrated compa-
rable or superior anti-inflammatory efficacy to intravenous mAb
administration, whereas oral mAb solutions had no therapeutic effect.
We further coated mAb-MHP with ES100 to develop a colon-targeting
MOF nanosystem (mAb-MHPE). Its efficacy was assessed in murine
models of acute and chronic colitis. mAb-MHPE significantly decreased
oxidative stress, neutrophil infiltration, and the colonic levels of proin-
flammatory cytokines and chemokines. Notably, mAb-MHPE not only
attenuated local colonic inflammation but also mitigated systemic
inflammation in the chronic DSS model. Remarkably, in both acute and
chronic colitis models, mAb-MHPE successfully alleviated the endo-
scopic severity of colitis, as assessed by colonoscopy, which is the gold
standard for diagnosing remission in the clinic [3]. These findings un-
derscore the consistent superior therapeutic effect of mAb-MHPE for IBD
treatment.

While acute IBD models are widely used for rapid and cost-effective
assessments of the immune response, they fail to capture chronic im-
mune activation, which is central to IBD progression [37]. Our engi-
neered anti-mouse TNF-a-loaded MOF exhibited robust and consistent
therapeutic efficacy across multiple IBD models, including a chronic
colitis model. In conclusion, the engineered antioxidative multifunc-
tional MOF systems described in this work represent a step forward in
the application of oral antibody delivery to achieve enhanced antibody
delivery and effective local treatment.
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