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a b s t r a c t 

Nanoparticle-based oral drug delivery systems have the potential to target inflamed regions in the gas- 

trointestinal tract by specifically accumulating at disrupted colonic epithelium. But, delivery of intact pro- 

tein drugs at the targeted site is a major challenge due to the harsh gastrointestinal environment and the 

protective mucus layer. Biocompatible nanoparticles engineered to target the inflamed colonic tissue and 

efficiently penetrate the mucosal layer can provide a promising approach for orally delivering monoclonal 

antibodies to treat inflammatory bowel disease. The study aims to develop mucus-penetrating nanopar- 

ticles composed of poly(lactic-co-glycolic acid, PLGA) polymers with two different polyethylene glycol 

(PEG) chain lengths (2 kDa and 5kDa) to encapsulate monoclonal antibody against tumor necrosis factor- 

α (TNF- α). The impact of different PEG chain lengths on the efficacy of the nanosystems was evaluated in 

vitro, ex vivo, and in vivo . Both PLGA-PEG2k and PLGA-PEG5k nanoparticles successfully encapsulated the 

antibody and significantly reduced TNF- α secretion from activated macrophages and intestinal epithelial 

cells. However, only antibody-loaded PLGA-PEG2k nanoparticles were able to alleviate the experimental 

acute colitis in mice demonstrated by improved colon weight/length ratio, histological score, and reduced 

tissue-associated myeloperoxidase activity and expression of proinflammatory cytokine TNF- α levels com- 

pared with the control group. The results suggest that despite having no significant differences in the in 

vitro cell-based assays, PEG chain length has a significant impact on the in vivo performance of the mucus 

penetrating nanoparticles . Overall, PLGA-PEG2k nanoparticles were presented as a promising oral delivery 

system for targeted antibody delivery to treat inflammatory bowel disease. 

Statement of significance 

There is an unmet therapeutic need for oral drug delivery systems for safe and effective antibody ther- 

apy of inflammatory bowel disease. Therefore, we have developed PEGylated PLGA-based nanoparticulate 

drug delivery systems for oral targeted delivery of anti-TNF- α antibody as a potential alternative treat- 

ment strategy. The PEG chain length did not affect encapsulation efficiency or interaction with mucin in 

vitro but resulted in differences in in vitro release profile and in vivo efficacy study. We demonstrated the 

superiority of anti-TNF- α mAb-PLGA-PEG2k over mAb-PLGA-PEG5k nanoparticles to effectively exhibit 

anti-inflammatory responses in an acute murine colitis model. These nanoparticle-based formulations 

may be adjusted to encapsulate other drugs that could be applied to a number of disorders at different 

mucosal surfaces. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Inflammatory bowel disease (IBD) is a relapsing chronic inflam- 

atory disorder of the gastrointestinal (GI) tract. Ulcerative coli- 

is and Crohn’s disease are the two variants of IBD, with inflamed 

esions which are colon-specific or widespread, respectively. IBD 
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s a highly prevalent GI disease, with 6.8 million cases world- 

ide and increasing [1] . Conventional therapeutic options for IBD, 

uch as aminosalicylates, corticosteroids, thiopurines, mainly pro- 

ide symptomatic relief [2] . However, with increased knowledge 

nd understanding of the underlying pathology of IBD, the role 

f the pro-inflammatory cytokine, TNF- α, in orchestrating the in- 

ammatory process has been recognized [3] . Researchers have also 

emonstrated effective control of the IBD by blocking these in- 

ammatory pathways [4–6] . Thus, systemic administration of an- 

ibodies against TNF- α (anti-TNF- α Ab), such as infliximab and 

dalimumab, has been established as a treatment approach for 

evere ulcerative colitis [7] . Owing to the chronicity of disease, 

epeated intravenous administration of the antibody is needed, 

hich is linked with high cost, lower adherence rate, and sys- 

emic exposure-related life-threatening complications [8–10] . Most 

f these complications could be resolved by developing an orally 

elivered system that could deliver the anti-TNF- α antibody locally 

o the disease site. 

Oral drug delivery systems are relatively cheaper and have 

igher patient compliance compared to injectables [11] . Further- 

ore, they can be exploited to locally deliver the antibody and 

aintain therapeutic concentrations in the inflamed regions whilst 

educing systemic exposure. Among several oral delivery strate- 

ies, nanoparticle-based drug delivery systems are a promising ap- 

roach to improve the efficacy of therapeutics at lower drug con- 

entrations by enhancing the targeted interaction and uptake by 

nflamed regions in the colon. Furthermore, the preferential ac- 

umulation of nanosized particles in the inflamed sites of the GI 

ract due to pathophysiological changes (enzyme up-regulation, 

ucus layer depletion, accumulation of positively charged pro- 

eins) has already been demonstrated in previous studies [12–15] . 

mong several alternatives, nanoparticles based on biocompati- 

le and biodegradable polymer poly(lactic-co-glycolic-acid) (PLGA) 

ave demonstrated advantages over other systems by accumulating 

t the leaky regions of the inflamed intestine, thereby significantly 

xtending their residence time [16] . PLGA based nanoparticles has 

hown to successfully encapsulate and release peptides and pro- 

eins [ 17 , 18 ]. 

Additionally, the nature of particle surface also plays a key role 

n its fate after oral administration. The colloidal stability of the 

anoparticles after oral administration is a crucial factor for the 

uccessful delivery of encapsulated payload at the targeted site. 

he use of poly(ethylene glycol) (PEG) to modify the surface of 

anoparticles imparts hydrophilicity to the surface thus reducing 

ts interaction with the intestinal luminal content, enabling unob- 

tructed passage to the targeted site [ 19 , 20 ]. The hydrophilic PEG 

urther confers a mucus-inert property to nanoparticles, resulting 

n diminished interaction with the mucus layer and enhancing the 

ranslocation through the mucus to the mucosa [ 11 , 21 ]. Further- 

ore, the beneficial impact of the PEGylated surface on the attach- 

ent of nanoparticles to leaky inflamed intestinal regions has also 

een demonstrated, along with the capacity to translocate across 

he epithelium [22] . Thus, in this study, PEGylated PLGA nanopar- 

icles were selected as a drug delivery vehicle for oral delivery of 

nti-TNF- α Ab to the inflamed colon. However, despite the impact 

f PEGylation on the efficacy of the oral nanosystems, the influ- 

nce of PEG densities on antibody encapsulation and its efficacy in 

reclinical colitis models has not been studied yet. 

Herein, we developed PLGA-PEG nanoparticles with two dif- 

erent PEG chain lengths for oral delivery of anti-TNF- α antibody 

mAb). We evaluated the influence of two different PEGs on the 

fficacy of PLGA-PEG nanoparticles as oral anti-TNF- α antibody de- 

ivery systems. For this, PLGA-PEG polymer with PEG chain lengths, 

 kDa and 5 kDa, were selected (PLGA-PEG2k and PLGA-PEG5k). 

he nanoparticles were characterized in vitro based on size, sur- 

ace charge, stability, and antibody encapsulation, and release be- 
562 
avior. The cellular compatibility and the cellular interactions of 

he nanoparticles were evaluated with the intestinal cell line, Caco- 

. The anti-inflammatory effect of these nanoparticles was also 

tudied in lipopolysaccharide (LPS)-stimulated macrophages and 

ntestinal cell models. In vivo oral efficacies of the nanoparticles 

ere also studied in acute and chronic colitis models by studying 

he clinical activity, colon histological analysis, and quantification 

f neutrophil infiltration and local cytokines. Finally, the interac- 

ion of the nanoparticles with inflamed colonic tissues was also 

valuated in an ex vivo model. 

. Experimental 

.1. Materials and cell lines 

The materials used in this study are given in detail in Supple- 

entary information S1. 

The cell lines and culturing techniques used are also detailed in 

upplementary information S2. 

.2. Preparation of nanoparticles 

mAb-loaded PLGA-PEG2k (mAb-PLGA-PEG2k) and PLGA-PEG5k 

mAb-PLGA-PEG5k) nanoparticles were prepared using a modified 

ouble emulsion technique [ 17 , 23 ]. Briefly, the oil phase comprised 

f 50 mg of PLGA-PEG2k or PLGA-PEG5k dissolved in 0.5 mL of 

ichloromethane (DCM). The mAb solution (100 μL, ca. 20 mg/ml 

n buffer) was added to the oil phased and then homogenized us- 

ng probe sonication (Branson Digital Sonifier, CT, USA) for 60 s 

sing an ultrasound burst of 15 s followed by a 15 s pause 

t 30% amplitude to form a primary water-in-oil emulsion. Then 

he primary emulsion was added to 4 ml of emulsifier solution 

0.5% sodium cholate solution, w/v), and was immediately homog- 

nized using probe sonication for 2 min using an ultrasound burst 

f 15 s followed by a 15 s pause (30% amplitude). The finally 

ormed w/o/w emulsion was then added to 12 mL of the emulsi- 

er solution and stirred at room temperature for 90 min, to allow 

he evaporation of residual solvents. Thus, formed nanoparticles 

ere washed twice with water using ultracentrifugation (27,216 

 g, 30 min, 4 °C) (Avanti® J-E, Beckman Coulter, USA). Finally, 

anoparticles were suspended in Milli-Q water at a concentration 

f 10 mg/mL and stored at 4 °C until further use. Human mAb 

as used for all the experiments, except for in vivo studies where 

urine mAb was used instead. The same protocol was used for 

oth the antibodies. 

Empty nanoparticles were prepared using water, instead of 

rug solution, and using the same protocol as above. For 

he preparation of fluorescently labeled nanoparticles, 3,3 ′ - 
ioctadecyloxacarbocyanine Perchlorate (DiO) was used as the 

ipophilic dye. DiO solution was prepared by dissolving in 

ichloromethane (1 mg/mL, w/v). 100 μL of DiO solution was 

dded to the PLGA-PEG solution in DCM. Then, the same proto- 

ol, as mentioned above, was used to prepare the fluorescently 

abeled nanoparticles. The DiO-labeled nanoparticles (DiO-PLGA- 

EG2k and DiO-PLGA-PEG5k) were used freshly after preparation. 

.3. In vitro characterization of nanoparticles 

.3.1. Size and charge 

The nanoparticles were characterized based on their physico- 

hemical properties, such as size (hydrodynamic diameter, z- ave, 

nd polydispersity index, PdI), and surface charge (zeta potential, 

-potential). The size and PdI were measured using the dynamic 

ight scattering technique, and the ζ -potential was measured us- 

ng Laser Doppler Velocimetry. Both of the characteristics were 

easured using Malvern Zetasizer Nano (Malvern Instruments Ltd., 
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nited Kingdom). Before measurement, 100 μL of the nanoparticle 

ispersion was suspended in 900 μL of 10 mM NaCl solution. 

.3.2. Stability study 

The storage stability of the nanoparticles was evaluated at 4 °C 

or 28 days. The size and charge of nanoparticles were measured 

sing the abovementioned protocol at different points. 

The stability of the empty PLGA-PEG nanoparticles was also 

tudied in simulated GI fluids: simulated gastric fluid (SGF), fasted 

tate simulated intestinal fluid (FaSSIF), and fed state simulated in- 

estinal fluid (FeSSIF). A detailed description of the simulated fluids 

s given in Supplementary Information S3. The stability of PLGA- 

EG nanoparticles was studied in gastric and intestinal conditions 

or 2 h and 6 h, respectively. 2.5 mg of nanoparticles were dis- 

ersed in pre-heated simulated GI fluids and incubated at 37 °C 

nder moderate shaking. During the test period, 200 μL samples 

ere withdrawn and dispersed in 800 μL of 10 mM NaCl solution, 

nd size was measured using the dynamic light scattering tech- 

ique. After each sample collection, the withdrawn volume was re- 

laced with the respective pre-heated simulated fluids. 

.3.3. Drug encapsulation and release 

mAb loaded PLGA-PEG nanoparticles (mAb-PLGA-PEG) were 

lso studied based on the encapsulation efficiency (%, w/w) and 

oading degree (%, w/w), which were calculated using equations as 

hown in Supplementary information S4. The unencapsulated an- 

ibody was separated from the nanoparticles using ultracentrifu- 

ation (24,0 0 0 g for 30 min at 4 °C) (Avanti® J-E ultracentrifuge 

Beckman Coulter, USA). The antibody concentration was quantified 

sing high-performance liquid chromatography (HPLC). The HPLC 

uantification method used is described in detail in Supplementary 

nformation S5. 

The drug release was performed by suspending mAb loaded 

LGA-PEG nanoparticles in SGF (without pepsin) and FaSSIF, for 

 h and 6 h, respectively. The mAb-PLGA-PEG2k and mAb-PLGA- 

EG5k nanoparticles were dispersed in 5 mL of SGF or FaSSIF and 

ncubated at 37 °C with mild stirring (100 rpm). 750 μL of sam- 

les were collected at predetermined time intervals and replaced 

ith prewarmed fresh release media. The collected aliquots were 

entrifuged (17,860 g for 10 min, 4 °C) and the supernatant was 

nalyzed using HLPC to quantify the antibody released from the 

anoparticles (see Supplementary information S5). 

.4. PEG quantification 

The total and surface PEG were quantified using 1 H NMR using 

 Bruker 400 REM instrument, using a method as described else- 

here [23] . Briefly, the 1 H NMR spectra were recorded at 400 MHz 

ith relaxation time set at 10 s and ZG at 90 °, and the num-

er of scans set to 8. PLGA-PEG nanoparticles were prepared us- 

ng the previously mentioned method, but with deuterated sol- 

ents. To measure the surface PEG content, 3-(trimethylsilyl)-1- 

ropanesulfonic acid, sodium salt (1 wt.-%) was used as an internal 

tandard. A standard calibration curve was prepared for PEG2k and 

EG5k homopolymer, with 1% 3-(trimethylsilyl)-1-propanesulfonic 

cid, sodium salt, and deuterated water (D20), which was used 

o quantify the PEG content on the surface of the nanoparticles. 

he actual mass of the nanoparticles was determined by weighing 

yophilized nanoparticles. The total PEG content was determined 

y dissolving the lyophilized nanoparticles in Deuterated chloro- 

orm (CDCL3), with hexadeuterodimethyl sulfoxide (1 wt.-%, TMS) 

s an internal standard. A standard calibration curve was prepared 

or PEG2k and PEG5k homopolymer, with 1% TMS in CDCL3, which 

as used to quantify the total PEG content in the nanoparticles. 

he surface and total PEG content were calculated using the equa- 

ion described in Supplementary information S6. 
563 
.5. In vitro nanoparticle stability in mucin 

PLGA-PEG2k and PLGA-PEG5k nanoparticles (5 mg/mL) were 

ispersed in 10 mg/ml mucin (porcine mucin, Sigma Aldrich, USA) 

nd incubated at 37 °C under gentle agitation. Mucin solution was 

repared by dissolving mucin powder in water overnight, and then 

entrifuged at 10 0 0 x g to remove undissolved mucin fibers. The 

ctual mucin concentration was determined by lyophilizing the 

ucin solution and weighing the resultant solid. Samples were col- 

ected at predetermined time points, and the size of the nanopar- 

icles was measured using the dynamic light scattering technique 

Malvern Zetasizer Nano ZS, Worcestershire, U.K.). Measurements 

ere performed in triplicate at room temperature. 

.6. In vitro cell-based studies 

.6.1. Cellular viability study 

The cellular toxicity of the PLGA-PEG2k and PLGA-PEG5k 

anoparticles was tested on intestinal cells (Caco-2) and 

acrophages (J774) using a colorimetric assay with 3-(4,5- 

imethylthiazol-2-yl)-(2,5-diphenyltetrazolium bromide) (MTT) 

24] . Briefly, 20,0 0 0 cells (10 0 μL of 2 × 10 5 cells/mL) were

eeded individually in each well in a 96 well plate (Nunc, Den- 

ark), which were incubated overnight to allow the cells to attach 

o the well surface. The cells were washed once with pre-warmed 

BSS buffer (prewarmed to 37 °C). To each well, 100 μL of dif- 

erent concentrations of nanoparticles (0.01–5 mg/mL) dispersed 

n a complete growth medium were added. The nanoparticles 

ere incubated with cells for 4 h at 37 °C. After incubation, the 

ells were washed twice with HBSS buffer, and 0.5 mg/mL of MTT 

olution was added to each well and incubated for 3 h at 37 °C. 

fter that, the excess MTT solution was removed and 200 μL 

f dimethylsulfoxide was added to dissolve the formed purple 

ormazin crystal. The absorbance of the plate was read at 560 nm 

sing a MultiSkan EX plate reader (Thermo Fisher Scientific, MA, 

SA). Cell culture media and 0.5% Triton X-100 were used as 

egative and positive controls, respectively. The negative controls 

ere used to calculate the percentage of cellular viability. 

.6.2. Anti-inflammatory study 

The in vitro anti-inflammatory activity of the empty and mAb- 

LGA-PEG2k and mAb-PLGA-PEG5k were tested on J774 s and 

aco-2 cell monolayers. The study allowed us to evaluate the abil- 

ty of the antibody-loaded nanoparticles to inhibit the TNF- α se- 

retion from cell lines exposed to inflammatory agents Murine 

ntibody-loaded nanoparticles were used for evaluation in J774 

onolayers, and human antibody loaded nanoparticles were used 

or study on Caco-2 monolayers. For J774 cells, 1 × 10 5 cells were 

eeded per well in each well in a 48-well plate and were al- 

owed to attach overnight. The cells were then rinsed with pre- 

armed HBSS solution and 300 μL of LPS (100 ng/mL) [24] in 

ell culture media were added to each well and incubated for 

0 h. At the end of the incubation, 30 μL of nanoparticles (both 

mpty and antibody-loaded) stock solution were added to LPS- 

reated cells to reach the final test concentrations (0.01 mg/mL, 

.1 mg/mL and 1 mg/mL). Nanoparticles were incubated with the 

ells for 4 h, and the supernatant from each well was collected. 

he supernatants were then centrifuged to remove any cell de- 

ris and then used to measure the TNF- α release, using an ELISA 

it (eBioscience, Austria). The supernatant was also used to assess 

he cytotoxicity of these formulations on the stimulated cells us- 

ng an LDH assay kit (Roche Diagnostics GmbH, Germany). The to- 

al protein content was also quantified by lysing the cells and us- 

ng a bicinchoninic acid (BCA) assay. All the kits were used fol- 

owing the manufacturer’s instructions. The results were expressed 

s the fold decrease in the TNF- α secretion compared to control 
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LPS-stimulated cells in the absence of formulations). Subsequently, 

ased on the results obtained from the anti-inflammatory stud- 

es in the macrophages, antibody-loaded nanoparticles were also 

ested in Caco-2 cell monolayers. The detailed procedure of de- 

eloping Caco-2 cell monolayers is given in Supplementary infor- 

ation S7. LPS and interleukin-1 β were used to induce inflamma- 

ion in the Caco-2 cell monolayer [25] . The cell monolayers were 

ashed with pre-warmed HBSS buffer, and then 500 μL culture 

edia supplemented with LPS (10 μg/mL) and IL-1 β (25 ng/mL) 

ere added to the apical chamber of the cell monolayer and incu- 

ated for 20 h at 37 °C. Then, mAb-PLGA-PEG2k and mAb-PLGA- 

EG5k nanoparticles (final mAb concentration of 1 mg/mL) were 

dded to cells and incubated for a further 4 h. The supernatants 

ere collected and used to perform an LDH assay to assess cyto- 

oxicity. The cell monolayers were then washed with pre-warmed 

BSS buffer, and they were lysed using three freeze-thaw cycles. 

he intracellular TNF- α content was quantified using ELISA (Invit- 

ogen, USA). The total protein content was measured using a BCA 

it (Pierce TM BCA Protein Assay Kit, Thermo Fisher Scientific). The 

its were used as per the instructions from the manufacturer. 

.6.3. Cellular interaction study 

The interaction of fluorescently-labeled PLGA-PEG2k and PLGA- 

EG5k nanoparticles were evaluated with Caco-2 cells. Both qual- 

tative and quantitative approaches were undertaken to assess the 

ellular interactions [26] . The cellular interaction was quantita- 

ively studied with flow cytometry, and confocal microscopy was 

sed for qualitative analysis. For the quantitative study, 500 μL of 

 × 10 6 cells/mL were seeded in a 24 well plate for 24 h. Then, the

ells were washed twice with HBSS, and 500 μL of PLGA-PEG2k or 

LGA-PEG5k nanoparticles (1 mg/mL) were added to the cells and 

ncubated for 4 h at 37 °C. After the incubation period, the cells 

ere washed twice with HBSS buffer, and the cells were detached 

sing a trypsin-EDTA solution. The detached cells were washed 

nce with HBSS buffer and were dispersed in 400 μL of phos- 

hate buffer saline and analyzed using BD FACSVerse TM flow cy- 

ometer (BD Bioscience, USA). For each sample, 10,0 0 0 events were 

ecorded and the results were analyzed using the FlowJo analysis 

oftware package (TreeStar, USA). 

A confocal microscope (Zeiss TM confocal microscope, LSM 150, 

eiss, Germany) was used to qualitatively observe the interaction 

f the DiO-labeled nanoparticles with the Caco-2 monolayers. Be- 

ore the study, the cell monolayer was washed twice with pre- 

armed HBSS buffer. Then, DiO-labeled nanoparticles (1 mg/mL) 

ere added to each well and incubated for 4 h at 37 °C. After in-

ubation, the cells were washed with HBSS buffer. The cell mono- 

ayers were fixed with 4% paraformaldehyde. The cell membranes 

ere stained with rhodamine-phalloidin and the nuclei were DAPI- 

tained, before observation under the confocal microscope. The im- 

ges were analyzed by the Zen software (Zeiss, Germany) to obtain 

-z, x-z, and x-y views of the cells. 

.7. In vivo efficacy of antibody loaded nanoparticles 

Murine mAb-loaded nanoparticles were studied in six weeks 

ld C57BL/6 female mice (18–20 g; Janvier Laboratories, France). 

oth acute and chronic colitis models were used to study the in 

ivo efficacy of the PLGA-PEG2k and PLGA-PEG5k nanoparticles 

27] . Animals were housed under standard approved conditions 

ith an ad libitum supply of food and tap water. The protocols 

sed in this study were approved by the Université catholique de 

ouvain animal committee (2014/UCL/MD/033). For the acute col- 

tis model, the inflammation was induced by the administration 

f 3 % w/v dextran sulfate sodium (DSS) in drinking water for 

ve consecuti ve days, and colitis was assessed on day 8 [28] . The
564 
hronic colitis model is explained in detail in Supplementary infor- 

ation S8. Briefly, the inflammation was induced by the adminis- 

ration of 2.5% dextran sulfate sodium (DSS) in drinking water in 

hree cycles, and the colitis was finally assessed on day 50. The 

chematic representation of the acute study is shown in supple- 

entary information S9. Four groups were created with 10 ani- 

als in each group, and were treated differently: (i) healthy mice, 

ntreated control group; (ii) mice with colitis, DSS-treated control 

roup; (iii) mAb-PLGA-PEG2k nanoparticles treated group (5 mg/kg 

f mAb), and (iv) antibody loaded mAb-PLGA-PEG5k nanoparticles 

reated group (5 mg/kg of mAb). The nanoparticles were adminis- 

ered via oral gavage (5 mg/kg of the nanoparticles, the concentra- 

ion of nanoparticles used was 10 mg/mL), and for control groups, 

ater was administered via the same method. The gavage was per- 

ormed every day until day 7. The weights of the animals were as- 

essed every day until the end of the experiment. On day 8, the 

nimals were sacrificed, and colon tissue samples were collected 

or further analysis. 

.7.1. Clinical activity scoring 

The clinical activity scoring was performed for each animal in 

 group using the method described elsewhere [29] . Weight loss, 

tool consistency, and rectal bleeding were used to calculate the 

core (0–4) [29] . 

.7.2. Colon weight/length ratio 

After the sacrifice of animals, the colons were excised, and 

he luminal contents were cleaned. The colon’s length and weight 

ere measured and weighed respectively, to calculate the colon 

eight/length ratio. This ratio is used as an indicator of the sever- 

ty and degree of colitis inflammation [ 24 , 30 ]. 

.7.3. Myeloperoxidase (MPO) activity 

MPO assay was performed to quantify the MPO activity in the 

olonic tissue, which correlates with the severity of inflammation. 

olon specimen from each animal were snap-frozen in liquid nitro- 

en immediately after extraction and stored at -80 °C until further 

ssessment. The tissue sections were placed in hexadecyltrimethy- 

ammonium bromide HTAB buffer (0.5% HTAB in 50 mM potas- 

ium phosphate buffer, pH 6) containing protease inhibitor cocktail 

nd homogenized gently while on ice. The homogenate was cen- 

rifuged at 10,0 0 0 g for 15 min at 4 °C. The supernatants were col-

ected and 21 μL were added to a 96-well plate in triplicates (Nunc, 

enmark). To each well 200 μL of a 0.167 mg/mL, O-dianisidine 

olution and 500 ppm in hydrogen peroxide in 50 mM phos- 

hate buffer was added. The plate was then read at 460 nm for 

0 min using a spectrophotometer (Spectrophotometer Spectramax 

2e & program SoftMax Pro, USA) to determine the MPO activ- 

ty. The total protein content was also analyzed using BCA analy- 

is (Pierce TM BCA Protein Assay Kit, Thermo Fisher Scientific). The 

esults were expressed as MPO units per g of protein, and each 

nit of MPO activity was defined as the amount equivalent that 

egrades 1 mmol/min of hydrogen peroxide at 25 °C [24] . 

.7.4. Tissue cytokine quantification 

The concentration of pro-inflammatory cytokine, TNF- α, in the 

olonic tissue was quantified using an ELISA kit (Invitrogen, USA). 

olon homogenates were prepared from the snap-frozen colonic 

issue samples using extraction buffer comprising of PBS with 1% 

odium dodecyl sulfate and 1 tablet of complete protease inhibitor 

ocktail per 10 mL of extraction buffer (Roche Diagnostics, Bel- 

ium). UltraTurrax (IKA T18 Basic, Germany) was used to pre- 

are the homogenates. The homogenates were then centrifuged for 

0,0 0 0 g for 15 min at 4 °C. The supernatants were collected and

tored at -80 °C until further analysis. The TNF- α was quantified 
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n supernatants using ELISA, based on the manufacturer’s instruc- 

ions. The total protein content of the supernatants was also ana- 

yzed using a BCA assay (Pierce TM BCA Protein Assay Kit, Thermo 

isher Scientific). 

.7.5. Histological assessment 

The colon segments fixed overnight with 4% formalin solution 

ere used for histological assessment. The fixed tissue sections 

ere embedded in paraffin. Two sets of three sections (10 μm) 

ere cut which were 150 μm apart. Hematoxylin-eosin stain- 

ng was performed on the sections, and the histological scoring 

as performed in a blind manner [24] . The classification system 

omprised of five grades of inflammation (0–4): 0, no structural 

hange; 1, inflammation visible; 2, leukocytes present in the lam- 

na propria; 3, leukocytes present in the epithelium (3.1 < 5% 

rypts involved, 3.2 < 50% crypts involved, 3.3 > 50% crypts in- 

olved); and 4, visible crypt destruction. Each mouse was scored 

ndividually and blindly, and each score is a representation of sev- 

ral sections from each mouse. 

.8. Ex vivo interaction study 

The interaction between DiO labeled nanoparticles and the 

ouse colon with acute colitis was also studied using the ex 

ivo Eppendorf chamber model [ 31 , 32 ]. The Eppendorf chamber 

ethod is described in detail and demonstrated schematically in 

he Supplementary information S10. Briefly, the colonic tissues 

ere collected from the acute colitis murine model. The acute 

odel was developed as mentioned above, and the animals were 

acrificed on day 6 to obtain the colonic tissue. The colonic tis- 

ues were immediately placed on the Eppendorf chamber (as de- 

cribed in the Supplementary information S10). Krebs-Henseleit 

KH) buffer was used as the medium in both apical and basolat- 

ral chambers. The media in the basolateral chamber was contin- 

ously oxygenated using carbogen gas (95% oxygen and 5% car- 

on dioxide). 75 μL of DiO labeled nanoparticles (2 mg/mL) dis- 

ersed in KH buffer were added to the apical side of the cham- 

er and incubated for 2 h at 37 °C. At the end of the incubation

eriod, the colonic tissues were washed gently, and directly em- 

edded in OCT media (Tissue-Tek, USA). Cryosections (10 μm) of 

mbedded tissues were cut and stored at -80 °C until further use. 

he slides containing sections were thawed at room temperature 

or 5 min and rinsed with PBS twice. Then, the sections were fixed 

sing formaldehyde 4% for 10 min at room temperature and con- 

equently washed twice with PBS. Then, the tissue sections were 

tained using wheat germ agglutinin (10 μg/mL, for 10 min at 

7 °C). The sections were then washed three times with PBS and 

hen mounted using DAPI enriched mounting media (Vectashield) 

nd a glass coverslip. The slides were allowed to dry overnight in 

ark, and were observed with a confocal microscope ((Zeiss TM con- 

ocal microscope, LSM 150, Zeiss, Germany), and data were ana- 

yzed with the Zen 3.0 Blue software (Zeiss, Germany). 

.9. Statistical analysis 

The experiments were performed three times, with at least 

hree independent replicates in each experiment ( N = 3, n ≥ 9). 

he data are represented as mean ± standard error of mean (Mean 

SEM). The normality of the data was analyzed using the Shapiro- 

ilk normality test, and a one-way analysis of variance (ANOVA) 

ollowed by Tukey’s post-hoc test was used. For other analyses, stu- 

ent’s t -test or Mann-Whitney tests were used. The level of sig- 

ificance was set at probabilities of ∗ p < 0.05, ∗∗ p < 0.01, and 

∗∗ p < 0.001. The data were treated and analyzed using GraphPad 

rism 8 program (CA, USA). 
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. Results 

.1. Preparation and characterization of the nanoparticles 

PLGA-PEG nanoparticles with two different PEG chain lengths, 

 kDa and 5 kDa (referred to as PLGA-PEG2k and PLGA-PEG5k) 

ere prepared using the double emulsification method. Two dif- 

erent PEG molecular weights were used to compare the influ- 

nce of different PEG lengths on their in vitro, in vivo, and ex vivo 

erformance. Empty PLGA-PEG2k and PLGA-PEG5k nanoparticles 

emonstrated a diameter of 209 and 211 nm, respectively. mAb- 

LGA-PEG2k and mAb-PLGA-PEG5k nanoparticles demonstrated a 

ignificant increase in the size to 239 and 235 nm, respectively, 

ompared to the corresponding empty nanoparticles (shown in 

ig. 1 A). Both empty and mAb loaded nanoparticles were monodis- 

erse as exhibited by the low polydispersity index (PdI) of < 0.2 

 Fig. 1 B) [33] . PLGA-PEG2k nanoparticles demonstrated a negative 

urface charge ( ζ -potential) of −13.0 ± 0.8 mV, whereas PLGA- 

EG5k nanoparticles showed a near-neutral surface charge of - 

.4 ± 0.2 mV. After mAb encapsulation, the surface charge of 

LGA-PEG2k and PLGA-PEG5k nanoparticles were slightly changed 

o -10.5 ± 1.6 mV and -0.8 ± 0.6 mV, respectively. Both PLGA- 

EG2k and PLGA-PEG5k demonstrated similar encapsulation effi- 

iency (approximately 70%) and drug loading (approximately 2%) 

or both human ( Fig. 1 C) and murine mAb. 

In addition, the stability of the nanoparticles was also as- 

essed using dynamic light scattering. The colloidal stability of the 

anoparticles was assessed by monitoring the changes in the size 

nd the PdI. The storage stability study demonstrated that both 

anoparticles were able to retain their size and PdI for at least 

8 days when stored at 4 °C (data not shown). Furthermore, both 

LGA-PEG2k and PLGA-PEG5k nanoparticles demonstrated stabil- 

ty in SGF and FaSSIF by retaining their size and PdI, as shown 

n Fig. 1 D and Supplementary information S11, respectively. How- 

ver, when incubated in FeSSIF, the size of the PLGA-PEG2k and 

LGA-PPEG5k nanoparticles decreased and the PdI increased. Fur- 

hermore, the destabilization effect in FeSSIF was observed to a 

igher extent in PLGA-PEG5k nanoparticles. 

The in vitro release of the antibody from the nanoparticles was 

lso evaluated SGF (without pepsin) and FaSSIF. To mimic the pas- 

age of the nanoparticles in the GIT, transit time of the stomach 

nd intestine was considered and thus the release studies were 

erformed for 2 h in SGF and 6 h in FaSSIF [26] . The release pro-

le of mAb from PLGA-2k and PLGA-PEG5k nanoparticles in SGF 

nd FaSSIF are shown in Fig. 1 E, respectively. A biphasic mAb re- 

ease, with initial burst release followed by sustained release, was 

bserved from both nanoparticles in both conditions. In acidic gas- 

ric condition, antibody was released in higher amounts (25%) from 

LGA-PEG5k nanoparticles as compared to PLGA-PEG2k nanoparti- 

les (18%) at the end of the 2 h incubation. However, there were 

o significant differences in the cumulative antibody released from 

oth the nanoparticles in simulated intestinal fluid. 

.2. PEG quantification and in vitro mucin stability 

The PEG content on the surface of the nanoparticles and in total 

as evaluated using the 1 H NMR method, as described elsewhere 

23] . A calibration curve was prepared individually for quantifying 

he surface and total PEG content (shown in Supplementary infor- 

ation S6). As shown in Fig. 2 A, the total PEG content observed 

as 10% (w/w) and 22 % (w/w) for PLGA-PEG2k and PLGA-PEG5k 

anoparticles, respectively. For both the nanoparticle types, it was 

bserved that > 90% of the PEG was present on the surface of the 

anoparticles. After quantifying PEG content in the nanoparticles, 

he colloidal stability of these mucus-inert properties of PLGA-PEG 

anoparticles was studied in mucin solution using dynamic light 
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Fig. 1. Physicochemical characterization of PLGA-PEG2k and PLGA-PEG5k nanoparticles. (A) Size and (B) polydispersity index of empty PLGA-PEG2k and PLGA-PEG5k nanopar- 

ticles (NPs) and mAb loaded (mAb-NPs), determined using DLS technique. (C) Anti-TNF- α antibody encapsulation efficiency (%, dot plot) and loading degree (%, bar graph) 

in mAb-PLGA-PEG2k and mAb-PLGA-PEG5k nanoparticles. 9D) The in vitro stability study of PLGA-PEG2k and PLGA-PEG5k nanoparticles in simulated gastric fluid (SGF), 

Fasted state simulated intestinal fluid (FaSSIF), and fed state simulated intestinal fluid (FeSSIF). The size of the nanoparticles were measured using dynamic light scattering 

technique (E) The in vitro release profile of anti-TNF- α from PLGA-PEG2k and PLGA-PEG5k nanoparticles in simulated gastrointestinal fluid at 37 °C. Data is shown as mean 

± SEM. ( N = 3, n = 9). ( ∗ p < 0.05, and ∗∗∗ p < 0.001) 

Fig. 2. PEG quantification and in vitro mucin stability (A) Total and surface PEG density determined using 1 H NMR. (B) In vitro mucin interaction. The size distribution of 

PLGA-PEG2k and PLGA-PEG5k nanoparticles after incubation with mucin solution for 3 h at 37 °C. Data is shown as mean ± SEM. (N = 3) ( ∗∗ p < 0.01, PLGA-PEG2k vs 

PLGA-PEG5k). 
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cattering. The stability of the nanoparticles was tested in mucin 

olution at 37 °C for 3 h. As shown in Fig. 2 B and C, the parti-

le size and particle size distribution did not change significantly 

uring incubation in the mucin solution until 3 h. 

.3. Cellular studies 

.3.1. Cellular viability studies 

Before performing in vitro cell-based studies, the nanoparticles’ 

nfluence on the viability of the tested cell lines was assessed. 

he cellular viability studies were performed on human colonic 

denocarcinoma enterocytes (Caco-2) and murine macrophages 

J774) using MTT assay. The presence of possible concentration- 

ependent and formulation-dependent toxicity was studied by in- 

ubating different concentrations of nanoparticles with both cell 

ines for 4 h. Both empty and mAb-loaded PLGA-PEG nanoparticles 

ere evaluated for possible toxicity. In Caco-2 cells, a decrease in 

ellular viability was observed in a concentration-dependent man- 

er ( Fig. 3 A). A similar concentration-dependent trend was also ob- 

erved when nanoparticles were exposed to the J774 cells ( Fig. 3 B). 

onetheless, even at the highest tested concentration (5 mg/mL), 

ll the nanoparticle variants demonstrated cellular viability of > 

0% in both Caco-2 cells and J774 cells. Based on the cellular via- 

ility studies, the concentration of nanoparticles with no or mini- 

al cytotoxic effects was selected for further cell-based studies. 

.3.2. Anti-inflammatory studies in vitro 

The anti-inflammatory activity of mAb-PLGA-PEG2k and mAb- 

LGA-PEG5k nanoparticles was tested in LPS-stimulated J774 cells, 

nd was compared to different controls: buffer-treated, em pty 

anoparticles, and mAb solution. The mAb solution showed a sig- 

ificant reduction in TNF- α secretion from the J774 cells compared 

o medium-treated cells ( Fig. 3 C). Empty nanoparticles did not dis- 

lay any effect on the TNF- α levels, indicating that the nanopar- 

icles themselves did not have any anti-inflammatory effect. How- 

ver, for mAb-loaded nanoparticles, a concentration-dependent de- 

rease in the secretion of the cytokine was observed. No signifi- 

ant differences between the anti-TNF- α-loaded PLGA-PEG2k and 

LGA-PEG5k nanoparticles were detected. Based on these results, 

he nanoparticle concentration with the highest anti-inflammatory 

ctivity in stimulated J774 cells was selected to perform an anti- 

nflammatory activity study in LPS and IL-1 β stimulated Caco-2 

ell monolayers. In this study, culture media-treated cells were 

sed as the control group ( Fig. 3 D). Similar to J774 cells, both

he antibody-loaded nanoparticles significantly reduced the pre- 

timulated intracellular TNF- α content. Overall, this study demon- 

trated that the nanoparticles retained the biological activity of the 

ncapsulated antibody following synthesis. 

.3.3. Cellular interaction study 

In addition to understanding the biological activity of the en- 

apsulated antibody, it is also important to evaluate the nanopar- 

icle interactions at the cellular level. The interactions were an- 

lyzed qualitatively using confocal microscopy and quantitatively 

sing flow cytometry. For both the studies, DiO-labeled PLGA- 

EG2k and PLGA-PEG5k nanoparticles were used. The quantita- 

ive flow cytometry results ( Fig. 3 E) demonstrated that both DiO- 

LGA-PEG2k and DiO-PLGA-PEG5k nanoparticles interacted with 

he two intestinal cell lines, as observed with a significantly higher 

umber of positive events and mean fluorescence intensity. As 

een with previous studies, no differences were observed be- 

ween the two PEG molecular weights. In the confocal fluorescence 

mages ( Fig. 3 F), DiO-labeled nanoparticles represent the green 

hannel, the blue channel is indicative of the DAPI stained nu- 

lei and the red channel represents rhodamine-phalloidin stained 

ell membranes. Similar to quantitative analysis, the orthogonal 
567 
onfocal images demonstrate an interaction between nanopar- 

icles with the cell monolayer. Both the DiO-PLGA-PEG2k and 

iO-PLGA-PEG5k nanoparticles were found associated with the 

ell surface and were also observed in-between the cells and 

ntracellularly. 

.4. In vivo study in a murine colitis model 

The influence of mAb-PLGA-PEG2k and mAb-PLGA-PEG5k 

anoparticles was tested in both acute and chronic colitis models 

27] . Both models were induced by administering DSS in drinking 

ater in different schedules (as shown in Figs. S8 and S9 in the 

upplementary file). The mice were evaluated based on the inflam- 

atory clinical activity, colon structure and histology, MPO activity, 

nd pro-inflammatory cytokine levels in colonic tissues [ 24 , 30 ]. 

.4.1. Inflammatory response 

After the acute colitis experiment, the mice were sacrificed on 

ay 8, and the animals were evaluated based on clinical activ- 

ty scoring. The clinical activity scoring (on a scale of 0–4) was 

alculated considering the weight loss, stool consistency, and rec- 

al bleeding, using the protocol by Melgar et al. [29] . The results 

rom the performance of the free antibody solution in acute coli- 

is model is shown in detail in Supplementary file S12. The daily 

eight loss (%) of the mice during the acute colitis induction and 

reatment is shown in Fig. 4 A, and the clinical scoring on day 8 

s shown in Fig. 4 B. Both clinical activity scores and the drastic 

eight loss observed in DSS-treated mice, as compared to the con- 

rol mice groups demonstrate successful induction of acute colitis 

n all the DSS-tested groups. 

The severity and extent of inflammation in the mice colon were 

ssessed using the colon weight/colon length parameter of the ex- 

ised colon [ 30 , 34 ]. The observed colon weight/colon length ra- 

io for all the tested groups is shown in Fig. 4 C. When compared

o healthy mice, there is a significant increase in the ratio for all 

he DSS-treated groups, further indicating successful colitis induc- 

ion. The mAb-PLGA-PEG nanoparticles were compared with the 

SS control group. mAB-PLGA-PEG2k nanoparticles demonstrated 

 significant decrease ( ∗p < 0.05) in the colon weight/length ratio, 

s compared to the DSS control group, indicating its effectiveness 

s an anti-inflammatory system. However, despite showing a slight 

ecrease in the ratio for mAb-PLGA-PEG5k treated groups, it was 

ot significant compared to the DSS control group. 

.4.2. MPO activity and cytokine quantification in colonic tissue 

The colon tissue-associated MPO activity provides quantitative 

ata on neutrophil infiltration which displays the severity of col- 

tis [35] . The MPO activity in the excised colonic tissues of dif- 

erent groups on the day of sacrifice is shown in Fig. 4 D. Similar

o the colon weight/length parameter, only the mAb-PLGA-PEG2k 

anoparticles-treated group demonstrated a significant reduction 

n the colonic tissue associated MPO activity, compared to the DSS 

ontrol group ( ∗p < 0.05). 

In addition, the colonic tissue associated level of pro- 

nflammatory cytokine (TNF- α) was also quantified, as an antibody 

gainst TNF- α is being delivered via the nanoparticles. Contrary to 

he MPO activity study where only the mAb-PLGA-PEG2k nanopar- 

icles were efficacious, both types of antibody-loaded nanoparticles 

emonstrated a significant reduction in the level of TNF- α in the 

olonic tissue compared to the DSS control group. The decrease in 

he levels of TNF- α further confirms the effectiveness of the mAb- 

LGA-PEG2k nanoparticles for orally delivering anti-TNF- α. 

.4.3. Histological analysis 

The colonic tissues were evaluated for histological changes oc- 

urring due to inflammation. A blind histological scoring of the 
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Fig. 3. In vitro cell-based studies Cellular viability study of (A) Caco-2 cells and (B) J774 cells using MTT assay. The cells were individually incubated with PLGA-PEG2k and 

PLGA-PEG5k nanoparticles, empty and antibody loaded, for 4 h at 37 °C. Evaluation of the anti-inflammatory properties PLGA-PEG nanoparticles on the inhibition of TNF-a 

secretion in LPS-stimulated (C) J774 macrophages and (D) Caco-2 cell monolayer, after co-incubation for 4 h at 37 0 C. Cell nanoparticles interaction study (E) Flow cytometry 

analysis of interaction of the DiO-labeled PLGA-PEG2k and PLGA-PEG5k nanoparticles with Caco-2 cells after co-incubation for 4 h at 37 °C. The frequency of positive events 

and mean fluorescence intensity are represented in the bar graph, and the flow cytometry graph is also shown. (F) Confocal images of DiO labeled nanoparticles interacting 

with Caco-2 cell monolayer after co-incubation for 4 h at 37 °C. Red channel represents the cell membrane stained with rhodamine-phalloidin, blue channel represents DAPI 

stained nuclei and the green channel represents the DiO labeled nanoparticles (Scale bar = 50 μm). Data shown as mean ± SEM ( N = 3, n = 9) ( ∗ p < 0.05 and ∗∗∗ p < 0.001, 

as compared to untreated control group, (# p < 0.05, PLGA-PEG2k vs PLGA-PEG5k) 

568 
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Fig. 4. In vivo efficacy study in DSS induced acute colitis murine model. The study included four groups (with eight mice in each group): (i) healthy mice, (ii) DSS treated 

control mice, (iii) PLGA-PEG2k treated DSS mice, and (iv) PLGA-PEG5k treated DSS mice. (A) Daily changes in body weight in DSS-induced acute colitis mice and in healthy 

mice (% respect to initial weight at day 1). (B) Clinical activity scoring of the four groups on the day of sacrifice (Day 8). (C) Colon weight/length ratio for all the tested 

groups. (D) MPO activity and (E) pro-cytokine TNF- α levels in colonic tissues on day 8 (F) Blind histological scoring of the colonic tissues of the groups and (G) Histological 

sections of the colon stained with hematoxylin-eosin. (Scale bar = 400 μm) Data shown as mean ± SEM ( n = 8) ( ∗ p < 0.05, ∗∗ p < 0.01 as compared to DSS treated control 

group) 
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olonic tissues was performed on the H&E-stained tissue sections 

as shown in Fig. 4 F, and in supplementary information Fig. S13), 

hich demonstrated a significant reduction in the inflammation 

or mAb-PLGA-PEG2k treated group, as compared to the DSS con- 

rol group ( ∗p < 0.05). The reduction in inflammation in the mAb- 

LGA-PEG2k treated group was also observed in the hematoxylin- 

osin-stained colon sections ( Fig. 4 G). However, the PLGA-PEG5k 

anoparticles treated group did not demonstrate any improvement 

n the inflammation, as observed in histological scoring. The re- 

ults from the performance of the antibody-loaded nanoparticles in 

he chronic colitis model are given in detail in Supplementary file 

14S. 
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.5. Ex vivo interaction study 

The interaction of the nanoparticles with inflamed colonic tis- 

ues was studied using an ex vivo Eppendorf chamber model (as 

hown in Supplementary information S10). DiO-labeled nanoparti- 

les were used to study the interaction observed under a confocal 

icroscope (as shown in Fig. 5 ). In the image, the green chan- 

el represents DiO-labeled nanoparticles, the red channel repre- 

ents wheat germ agglutinin (WGA) stained glycoconjugates and 

he blue channel represents the DAPI stained nuclei. The images 

emonstrate both DiO-PLGA-PEG2k and DiO-PLGA-PEG5k nanopar- 

icles interact with the colonic tissues, however, it can be seen that 
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Fig. 5. Confocal images of DiO-PLGA-PEG2k and DiO-PLGA-PEG5k nanoparticles (green channel) interacting with colon from acute colitis murine model. (Red channel: Alexa 

fluor® 594 wheat germ agglutinin, Blue channel: DAPI stained nuclei) mounted in Eppendorf chamber ex vivo model. (Scale bars = 100 μm. A, apical side; B, basolateral side 
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he interactions are stronger for PLGA-PEG2k nanoparticles. The re- 

ults corroborate with the findings in the in vivo efficacy study in 

he acute colitis model, where mAb-PLGA-PEG2k nanoparticles ex- 

ibited higher effectiveness towards diminishing inflammation in 

he colon. 

. Discussion 

The use of orally administered nanoparticles for localized de- 

ivery of active pharmaceutical ingredients (including biologics) 

t targeted inflamed regions of GIT has been extensively studied 

 11 , 36 , 37 ]. There are several potential benefits of using an oral

nti-TNF- α mAb drug delivery system for treating IBD, including 

ower cost, improved patient adherence, easy administration, and 

ow systemic exposure leading to reduced risks of life-threatening 

omplications [8–10] . However, the efficiency of oral protein for- 

ulations for colon-targeted therapy is greatly diminished by sev- 

ral factors including premature release and degradation before 

eaching the inflamed colonic regions. Furthermore, the mucus bar- 

ier lining the GIT poses is another major barrier limiting the drug 

ccumulation at the site of action. The different com ponents of the 

ucus layer can entrap particulate-based drug delivery systems 

y forming multiple interactions (such as hydrophobic interac- 

ions, electrostatic interactions, polymer interpenetration) with the 

anoparticle surface. Herein, PLGA-PEG-based nanoparticles were 

elected to encapsulate and locally deliver anti-TNF- α mAb, as it 

ombines the targeted delivery potential of PLGA and mucus pen- 

trating property of PEG. The developed systems were evaluated in 

itro and in vivo to assess their potential for delivering anti-TNF- α
Ab to treat IBD. 

PEG modification of nanoparticles and drug delivery systems 

s used to improve stability, limit the interaction with biologi- 

al contents and increase blood circulation time. Several studies 

ave also demonstrated the influence of PEG content on impart- 

ng mucus-penetrating property to orally deliverable nanoparticles 

 23 , 38 , 39 ]. The interest in mucus-inert nanoparticles has signifi-

antly increased due to their ability to overcome one of the ma- 

or barriers to intestinal absorption [19] . Thus, we compared PLGA- 

EG nanoparticles with two different PEG chain lengths (PEG2k 

nd PEG5k) in their ability to successfully encapsulate and deliver 

nti-TNF- α mAb. We observed that using PEG with higher molec- 

lar weight (PLGA-PEG5k) resulted in nanoparticles with near- 

eutral surface charge as compared with PLGA-PEG2k nanoparti- 

les ( −13 mV vs. −2 mV, respectively) [23] . In addition to charac-

erization, understanding the stability of the nanoparticles in the 

IT is of utmost importance, as any changes on the surface and 
570 
hysiochemical properties of the nanoparticles can greatly alter 

he expected interaction at the target site. Gastrointestinal fluids 

re highly complex media, thus studying the stability of nanopar- 

icles only in commonly used buffers will only yield limited in- 

ormation regarding the stability of the nanoparticles after oral ad- 

inistration [26] . Therefore, the stability of PLGA-PEG2k and PLGA- 

EG5k nanoparticles were studied in simulated gastrointestinal flu- 

ds: SGF, FaSSIF, and FeSSIF. Both nanoparticles demonstrated good 

tability in SGF and FaSSIF, however, reduced stability was ob- 

erved in FeSSIF. A possible explanation for the effect can be at- 

ributed to five-fold higher levels of bile salts, a natural solubiliz- 

ng agent in FeSSIF (see supplementary information S3). The pres- 

nce of a high amount of bile salts significantly accelerates the dis- 

olution of the nanoparticles, thus resulting in a decrease in the 

ize of the nanoparticles [ 40 , 41 ]. Furthermore, the higher destabi- 

ization effect of PLGA-PEG5K in FeSSIF can be accredited to the 

igher hydrophilicity of PLGA-PEG5k nanoparticles, owing to its 

igher PEG content [42] . Considering the stability profile in sim- 

lated gastrointestinal fluid, it can be recommended to adminis- 

er these nanoparticles in a fasted state to maintain their colloidal 

tability after administration. To fully establish the effectiveness of 

he formulation, it is critical to understand the in vitro mAb release 

rofile in GIT. As expected, a biphasic mAb release was observed 

or both PLGA-PEG2k and PLGA-PEG5k nanoparticles. However, a 

igher amount of drug was released from PLGA-PEG5k nanopar- 

icles (25%) in SGF, which could be explained by the higher hy- 

rophilicity of PLGA-PEG5k nanoparticles, which assists in faster 

elease of antibody in the aqueous release media [42] . When drugs 

re entrapped in a polymer matrix, the release is initiated when 

ater enters the matrix core, where it dissolves and releases the 

rug. Therefore, a more hydrophilic matrix will allow faster re- 

ease of the encapsulated drug [43] . The disparity in the amount of 

Ab released in SGF and FaSSIF can be attributed to the presence 

f bile salts (a natural surfactant) in FaSSIF which can augment 

he dissolution process, as discussed previously [40] . Such differ- 

nces in release pattern in SGF and FaSSIF has been reported pre- 

iously [ 26 , 44 ]. This study revealed that the drug release profile is

reatly influenced by both; the nature of the nanoparticle and the 

elease media. Overall, the differences in PEG content did not have 

ny influence on the physicochemical properties, drug encapsula- 

ion efficiency, and stability. However, the influence was clear in 

he in vitro release studies, where higher PEG content aided higher 

urst release of anti-TNF- α antibodies in the gastric medium. As 

xpected, a longer PEG chain length demonstrated a higher PEG 

ontent in the nanoparticle. A major proportion of the PEG chain 

as observed to be present on the surface of the nanoparticles, 
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hich demonstrated that the preparation method allowed most 

f the hydrophilic PEG chains to phase separate and assemble at 

he nanoparticle surface [ 45 , 46 ]. Similar outcome was also demon- 

trated by Xu et al., where the emulsification method allowed for 

ore complete partitioning of PEG on the surface of the nanopar- 

icles [23] . The observed minimal interaction of both PLGA-PEG2k 

nd PLGA-PEG5k nanoparticles with mucin solution could be ex- 

lain by the assembly of PEG chains in dense brush conformation, 

hich has been previously shown to occur when 5-25% PEG con- 

ent was present [23] . In brief, despite having significantly different 

EG content, both the PLGA-PEG nanoparticles exhibited very low 

nteraction with mucin. 

The nanoparticles were further evaluated using in vitro cell- 

ased studies and in vivo DSS-induced acute and chronic coli- 

is models. The cell-based studies were performed to evaluate 

he cellular toxicity, anti-inflammatory activity, and interaction 

ith intestinal cells. Similar cellular viability results and anti- 

nflammatory activity were observed for PLGA-PEG2k and PLGA- 

EG5k nanoparticles. The confocal images confirmed the ability of 

he PLGA-PEG nanoparticles to closely interact with the intestinal 

ell monolayer and be uptaken by the cells, despite different PEG 

ontent. A possible reason for these observations could be due to 

he similar configuration of PEG on the surface of the nanoparti- 

les for both molecular weights, resulting in similar interactions 

ith the cells. 

The in vivo efficacy of the mAb-loaded nanoparticles was evalu- 

ted by assessing the inflammatory response and tissue-associated 

PO activity and cytokine level in the acute DSS-colitis murine 

odel. Although no improvement in the weight of animals were 

bserved for all the groups, MPO levels were significantly raised 

n the DSS-colitis mouse model compared to healthy mice, which 

as significantly reduced when treated with mAb-PLGA-PEG2k 

anoparticles. This is vital as MPO activity is a crucial marker of 

nflammation in both clinical practice and animal models, espe- 

ially for the DSS-treated murine model. However, PLGA-PEG5k 

ere not able to demonstrate significant reduction when compared 

o the control group and PLGA-PEG2k treated group. Quantification 

f the tissue-associated TNF- α levels is another crucial parameter 

hen evaluating the anti-inflammatory response. Both, mAb-PLGA- 

EG2k and mAb-PLGA-PEG5k nanoparticles significantly reduced 

he TNF- α levels compared to the control groups, demonstrating 

fficient drug delivery to the inflamed colonic tissues. These re- 

ults demonstrate that reduction in the tissue cytokine level is not 

uite sufficient to observe an overall efficacy in the acute colitis 

urine model, as observed for mAb-PLGA-PEG5k-treated groups. 

verall, the in vivo efficacy study demonstrated the mAb-PLGA- 

EG2k nanoparticles alleviated inflammation in the colitis model, 

hereas mAb-PLGA-PEG5k nanoparticles exhibited a lesser pro- 

ounced anti-inflammatory response. To further understand dis- 

repancies observed in the in vivo study, the nanoparticles’ inter- 

ction with inflamed colonic epithelia was evaluated ex vivo. The 

n vivo results were confirmed where fluorescently-labeled PLGA- 

EG2k nanoparticles exhibited higher interaction with inflamed 

olonic tissues as compared with PLGA-PEG5k nanoparticles. One 

ossible explanation for this outcome could be the higher hy- 

rophilicity of PLGA-PEG5k nanoparticles, which would result in 

aster degradation of the nanoparticles, and untimely release of 

he antibody (as observed in the stability study in FeSSIF) [42] . A 

imilar effect on the release pattern of the antibody was also ob- 

erved in the in vitro release studies. Moreover, in the release ex- 

eriments, a higher amount of antibody was observed to be lost 

n the gastric conditions from PLGA-PEG5k nanoparticles, thus re- 

ulting in a smaller proportion of available antibodies in the intes- 

ine. Additionally, the induction of colitis results in alterations in 

he colonic mucosa, such as epithelial damage, changes in the mu- 

us layer, and colonic milieu. One interesting change in the colonic 
571 
ilieu is the increase in positive charges in the damaged colonic 

pithelia, due to the accumulation of positively charged molecules 

uch as transferrin and antimicrobial peptides [ 11 , 13 , 47 , 48 ]. There-

ore, the negatively charged PLGA-PEG2k nanoparticles will have a 

igher affinity to the positively charged target site as compared to 

LGA-PEG5k nanoparticles with a near-neutral charge. The higher 

inding ability of PLGA-PEG2k nanoparticles was also observed in 

he ex vivo tissue interaction study and could prolong the inter- 

ction and augment the accumulation of the released antibody at 

he target site. Thus, the difference in the surface charge of the 

anoparticles could also explain the discrepancies observed in the 

n vivo efficacy studies. The positively charged environment has 

reviously been used as a target site for negatively charged drug 

elivery systems [48] . Furthermore, it is also interesting to note 

hat despite observing similar efficacy in vitro and in cell-based 

tudies, the in vivo response showed PLGA-PEG2k nanoparticles as 

 superior system for oral anti-TNF- α delivery. 

. Conclusion 

In summary, we developed and compared PEGylated PLGA 

anoparticles with different surface PEG densities for effective oral 

elivery of anti-TNF- α. With the use of systematic in vitro charac- 

erization studies and in vitro cell-based screening, we demonstrate 

he capacity of both PLGA-PEG2k and PLGA-PEG5k nanoparticles to 

uccessfully encapsulate the anti-TNF- α mAb. Increasing the PEG 

hain length resulted in increased surface PEG density, however, 

oth PEG chain lengths were able to display minimal interaction 

ith mucin in vitro . The difference in PEG chain length resulted in 

ifferences in the in vitro release profile and in vivo efficacy study, 

hich can be attributed to the higher hydrophilicity of nanopar- 

icles with longer PEG chains. Additionally, in the first attempt 

o evaluate PLGA-PEG nanoparticles as an efficient oral carrier for 

nti-TNF- α, we demonstrated the superiority of mAb-PLGA-PEG2k 

ver mAb-PLGA-PEG5k nanoparticles, to effectively exhibit anti- 

nflammatory responses in an acute murine colitis model. These 

anoparticle-based formulations may be adjusted to encapsulate 

ther drugs that could be applied to several disorders at different 

ucosal surfaces, such as eyes and respiratory tract. 
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