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Aim: Iridoid glycosides (IG) as the major active fraction of Syringa oblata Lindl. has 
a proven anti-inflammatory effect for ulcerative colitis (UC). However, its current commer
cial formulations are hampered by low bioavailability and unable to reach inflamed colon. To 
overcome the limitation, dual functional IG-loaded nanoparticles (DFNPs) were prepared to 
increase the residence time of IG in colon. The protective mechanism of DFNPs on DSS- 
induced colonic injury was evaluated in rats.
Materials and Methods: We prepared DFNPs using the oil-in-water emulsion method. 
PLGA was selected as sustained-release polymer, and ES100 and EL30D-55 as pH- 
responsive polymers. The morphology and size distribution of NPs were measured by 
SEM and DLS technique. To evaluate colon targeting of DFNPs, DiR, was encapsulated 
as a fluorescent probe into NPs. Fluorescent distribution of NPs were investigated. The 
therapeutic potential and in vivo transportation of NPs in gastrointestinal tract were evaluated 
in a colitis model.
Results: SEM images and zeta data indicated the successful preparation of DFNPs. This 
formulation exhibited high loading capacity. Drug release results suggested DFNPs released 
less than 20% at the first 6 h in simulated gastric fluid (pH1.2) and simulated small intestine 
fluid (pH6.8). A high amount of 84.7% sustained release from NPs in simulated colonic fluid 
(pH7.4) was beyond 24 h. DiR-loaded NPs demonstrated a much higher colon accumulation, 
suggesting effective targeting due to functionalization with pH and time-dependent polymers. 
DFNPs could significantly ameliorate the colonic damage by reducing DAI, macroscopic 
score, histological damage and cell apoptosis. Our results also proved that the potent anti- 
inflammatory effect of DFNPs is contributed by decrease of NADPH, gene expression of 
COX-2 and MMP-9 and the production of TNF-α, IL-17, IL-23 and PGE2.
Conclusion: We confirm that DFNPs exert protective effects through inhibiting the inflam
matory response, which could be developed as a potential colon-targeted system.
Keywords: iridoid glycoside, ulcerative colitis, Syringa oblata Lindl., pH-sensitive and 
time-dependent, colon-targeted nanoparticles

Introduction
Ulcerative colitis (UC) is a chronic inflammatory disorder of the rectum and colon.1 

The incidence of UC is increasing during the past three decades worldwide, which 
may progress to colorectal cancer.2 The symptoms of UC range from diarrhea, fecal 
blood and weight loss to ulceration and complete obstruction of the gastrointestinal 
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tract (GIT), which can negatively affect daily life of 
patients.3,4 However, the therapeutic effect of many cur
rently marketed formulations (tablets and capsules) remain 
unsatisfactory for its clinical treatment, most often due to 
their low oral bioavailability attributed to the lack of 
targeted delivery of drugs specifically to the inflamed 
colon tissue.5 After administration, the entire drug is 
rapidly released in the stomach and small intestine, and 
most of the drug is absorbed into the blood circulation. 
Consequently, the systemic drug concentration resulted in 
related side effects and lower drug concentration in the 
inflamed colon, which led to poor therapeutic efficacies. 
Therefore, it is essential to develop an innovative strategy 
to specifically delivery therapeutic agents to the inflamed 
colon for a prolonged period in a sustained manner while 
improving oral bioavailability and reducing the risk of 
systemic adverse effects.6

Iridoid glycosides (IG), the main bioactive fraction 
isolated from the leaves of Syringa oblata Lindl. is 
a Chinese medicine ingredient traditionally used for treat
ment of inflammatory bowel disease (IBD).7,8 Our pre
vious studies have reported the protective effects of IG 
on UC because of its anti-inflammatory, anti-apoptotic, 
anti-oxidative and immunomodulatory properties.2,9 The 
capsules and tablets of IG have been developed in Drug 
Standard by Ministry of Health of People’s Republic of 
China (PRC).4 Despite the role of IG in chemotherapy, the 
beneficial effect of IG on colonic tissue is constrained by 
its conventional oral formulations due to the nonspecific 
drug release in the upper GIT and rapid metabolism,10 

which lead to low oral bioavailability of IG. The therapeu
tic goal of drug delivery in colitis therapy is to deliver the 
maximum amount of drug to the inflamed colon while 
minimizing systemic drug absorption and unwanted side 
effects in the early parts of the GIT.11 Hence, it is urgent to 
develop a high-loading colon-targeted formulation for IG 
that can improve its oral bioavailability and prolong its 
retention in colon.

In recent years, the development of colon-targeted oral 
nanoparticles (NPs) have been paid more attention as 
a powerful tool to deliver therapeutic agents for the treat
ment of UC owing to their ability to selectively accumu
late in inflamed colonic mucosa.12 Several studies have 
demonstrated that colon-targeted local drug delivery 
approach can improve local drug concentration, reduce 
dosage and minimize systemic drug absorption to avoid 
adverse effects.13,14 In addition, colon-targeted oral NPs 
exhibit size-dependent adhesion to inflamed tissues of the 

colon, enhance the systemic bioavailability of poor 
absorbed drugs as the long retention time in colon in 
experimental UC.15,16 In this study, we prepared dual- 
functional IG-loaded colon-targeted oral polymeric NPs 
using poly (lactide-co-glycolide) (PLGA) as a sustained- 
release polymer, as well as EL30D55 and ES100 as 
a combination of pH-sensitive polymers to overcome the 
limitations of single-triggered release systems. PLGA 
copolymers were approved by the FDA for numerous 
applications, including controlled-release NPs for colon 
targeting.17 It has been proven that the time required for 
the degradation of PLGA is associated to the ratio of 
monomers used in its production, ie, controlling the degra
dation rate can be achieved by adjusting the ratio of DL- 
lactide to glycolide in the copolymer.18 EL30D55 and 
ES100 are proven to be biocompatible enteric polymers 
for oral formulations.19,20 The enteric polymers EL30D-55 
usually used as outer coating layer for oral formulations 
can prevent the drug release in gastric acidic conditions, 
and then manipulate the drug release within the desired pH 
range of 5.5~7.0 in the distal small intestine.21 ES100 is 
a pH-sensitive methacrylate copolymer that dissolves 
above pH 7.22 The appropriate colon dissolution pH of 
delivery system can be controlled by optimizing the ratio 
of EL30D55 and ES100 for targeted drug delivery to the 
inflamed colon and thus improve the therapeutic efficacy 
of the drug. The objectives of this combination of dual- 
functional IG-loaded colon-targeted oral polymeric NPs 
were to minimize early drug release in the stomach and 
small intestine, to obtain sustained drug release throughout 
the colon, and to target the inflamed colonic mucosa.

UC is a chronic intestinal inflammation with complex 
pathogenesis, which was triggered by numerous inflamma
tory mediators and cytokines.2,23 In the inflammatory pro
cess, lots of inflammatory mediators and cytokines, such 
as NADPH oxidases (NOXs), cyclooxygenase (COX)-2, 
matrix metalloprotein-9 (MMP-9), tumor necrosis factor-α 
(TNF-α), interleukin 17 (IL-17) and IL-23 involved in the 
immune response.24,25 Oxidative stress has been identified 
as a major factor that contributes to the pathogenesis and 
progression of IBD, and NADPH oxidases (NOXs) are the 
main sources of ROS.2 Growing evidence suggests that 
there is a positive correlation between upregulated 
NADPH oxidase (NOX) expression and gastrointestinal 
inflammation.26 Prostaglandin E2 (PGE2) is also another 
important inflammatory mediator produced from arachido
nic acid metabolites catalyzed by COX-2 in inflammatory 
responses.27
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In current work, the pH/time dependent dual-functional 
IG-loaded NPs intended for inflamed colon targeted-drug 
delivery in UC were prepared using the oil-in-water emul
sion solvent evaporation method. For comparison, single 
pH-dependent NPs and time-dependent NPs were also 
prepared. The physicochemical properties of the dual- 
functional NPs were characterized, and their therapeutic 
efficacy was evaluated and compared in mouse model of 
dextran sulfate sodium (DSS)-induced colitis. 
Furthermore, oral pharmacokinetics, live images and 
organ fluorescent distribution studies were performed in 
rats to confirm the colonic release of drug. To investigate 
the protective mechanism of dual-functional IG-loaded 
NPs on DSS-induced colonic mucosal injury, the produc
tion of TNF-α, IL-17, IL-23 and PGE2 in colon mucosa 
were detected by enzyme-linked immunosorbent assay 
(ELISA). The activity of NADPH was also evaluated. 
The mRNA and expressions of COX-2 and MMP-9 were 
measured by real-time quantitative PCR, respectively.

Materials and Methods
Materials
Iridoid glycosides (IG) were extracted from the leaves of 
Syringa oblata Lindl., and purified by macroporous resin 
under the guidance of our previously established 
procedure.2 PLGA (DL-lactide/Glycolide 50:50 copoly
mer) was synthesized by solid phase polycondensation 
reaction as our previous work.28 Methacrylic acid copoly
mers, EL30D-55 and ES100 were supplied by Röhm 
GmbH (Darmstadt, Germany). Methanol (HPLC grade) 
was purchased from Sigma Aldrich (St. Louis, MO, 
USA). Dextran sulfate sodium (DSS, molecular weight 
36~50 kDa) was provided by MP Biomedicals (Irvine, 
California (CA), USA). TdT-mediated dUTP nick end 
labeling (TUNEL) cell apoptosis detection kit was 
obtained from Roche Systems, Inc. (Basel, Switzerland). 
The cytokine enzyme-linked immunosorbent assay 
(ELISA) kits were supplied by R&D Systems 
(Minneapolis, MN, USA). The primers for real-time PCR 
were synthesized by Invitrogen Biological Engineering 
Technology & Services Co., Ltd. (Beijing, China). All 
other reagents were the highest analytical grade commer
cially available.

Animals
Sprague-Dawley (SD) rats (male, 200~220 g) and imprint
ing control region (ICR) mice (male, 20~25 g) were 

provided by the Center of Experimental Animals of 
Harbin Medical University (Harbin, China). All animals 
were housed at least 1 week to adapt to the new environ
ment with a temperature of 22 ± 1°C and a relative humid
ity of 65% ± 5% under a 12 h light/dark cycle. Animal 
experiments were approved by the Institutional Animal 
Care and Use Committee of Northeast Agricultural 
University under the approved protocol number SRM-06 
in accordance with the guidelines followed for the welfare 
and ethics of the laboratory animals of Northeast 
Agricultural University (NEAUEC20200402).

Preparation of IG-Loaded NPs
The pH/Time dependent dual-functional IG-loaded NPs 
were prepared by an oil-in-water emulsion/solvent eva
poration method with some modifications.11 The single 
pH-sensitive NPs and time-dependent NPs were also pre
pared for comparison. Briefly, for the formulation of pH- 
sensitive NPs, ES100 (12% w/v) was dissolved in 1 mol/L 
NH4OH and homogenized for about 1h to form 
a homogenous polymer solution. Then, ES100 dispersion 
was filled into EL30D-55 dispersion (30% w/v) under 
continuous stirring to form a pH-sensitive polymer mix
ture. The pH-sensitive polymer mixture (100 mg) was 
dissolved with IG (10 mg) in 3 mL of acetone/methanol 
solvent mixture (1: 2 v/v). This solution was slowly 
injected using a syringe pump at a flow rate of 0.5 mL/ 
min into 40 mL of 0.25% w/v polyvinyl alcohol-124 
(PVA-124) solution with 500 rpm stirring.

IG-loaded time-dependent NPs were prepared via the 
optimized emulsion/solvent evaporation method according 
to our previous reports.28 Briefly, 100 mg PLGA and 
10 mg IG were dissolved in 3 mL dichloromethane, and 
then 1 mL of 0.25% PVA-124 aqueous solution was added 
drop-wise. The mixture was then emulsified by sonication 
(200 w) under the conditions of ultrasound 10 s, intermit
tent 10 s with a Digital Control Ultrasonic Instrument 
(KQ5200-DB, Kunshan Ultrasonic Instrument Co. Ltd, 
China) for 10 min in an ice water bath. The emulsion 
was immediately poured into 30 mL of stirring 0.5% 
PVA-124 solution for 20 min under magnetic stirring and 
dichloromethane was eliminated by evaporation under 
magnetic stirring for 4 h. The resulting IG-loaded time- 
dependent NPs suspension was purified by centrifugation 
(15,000 rpm, 10 min) using an AvantiJXN-30 centrifuge 
(Beckman Counter, California (CA), USA) at 4°C. 
Thereafter, IG-loaded time-dependent NPs were 
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resuspended and washed with ultra-pure water to remove 
excess PVA-124.

For the preparation of pH/Time dependent delivery 
system, IG-loaded dual-functional NPs were prepared 
with PLGA and pH-sensitive polymer mixture (1:1 w/w) 
using the oil-in-water emulsion/solvent evaporation 
method. Briefly, PLGA (50 mg) and pH-sensitive polymer 
dispersion (EL30D-55 and ES100, 50 mg) was dissolved 
in 3 mL dichloromethane with IG (10 mg). This organic 
mixture was then emulsified in 10 mL acidic PVA-124 
solution (0.5% w/v) using an ultrasound probe sonicator 
(200 w, 5 min) in an ice bath. This emulsion was then 
diluted with 50 mL of acidic PVA-124 solution (0.25% w/ 
v). The organic solvent was evaporated at room tempera
ture for 6 h in a fume hood under magnetic stirring. After 
evaporating the residual solvent, the NPs were collected 
by centrifugation (15,000 rpm for 30 min), and washed 
with deionized water 3 times. The pH/Time dependent 
dual-functional NPs were collected for further analysis.

Physicochemical Characterization of NPs
The morphology of IG-loaded dual-functional NPs was 
analyzed by a scanning electron microscope (SEM, 
SUPRA 55 SAPPHIRE, ZEISS, Germany). The particle 
size, size distribution and polydispersity index (PDI) zeta 
potential of this Nano drug delivery system were measured 
using a Nano ZS90 Zetasizer (Malvern Zetasizer, Malvern 
Insturments, Malvern, UK) based on the dynamic light 
scattering (DLS) technique.

IG entrapped in the dual-functional NPs was evaluated 
using high-performance liquid chromatography (HPLC) 
according to our previously established method.2,4 The 
HPLC system used for IG analysis was an UltiMates 
3000 DGLC dual three element liquid chromatographic 
system (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) with a reverse-phase Waters C18 
column (250 mm×4.6 mm, 5 µm). The mobile phase 
consisted of methanol and 0.2% (v/v) orthophosphoric 
acid solution (40: 60, v/v) and the flow rate was set at 
1.0 mL·min −1. Diode array detection ultraviolet (DAD: 
UV) maximum absorbance was at 221 nm. The column 
temperature was maintained at 25°C. The drug loading 
efficiency (LE) and encapsulation efficiency (EE) of IG- 
loaded dual-functional NPs were calculated using the fol
lowing equations:

LE% ¼ M1 � M2=M3 � 100% (1) 

EE% ¼ M1 � M2=M4 � 100% (2) 

Where M1 is the total amount of IG entrapped into the 
dual-functional NPs; M2 is the free unloaded IG in ES100/ 
EL30D-55 and PLGA suspension; M3 is total amount of 
IG-loaded dual-functional NPs; M4 is total amount of 
free IG.

In vitro Drug Release Study
In vitro drug release of IG from the dual-functional NPs 
was initiated in a phosphate buffer system with gradually 
changing pH values and general transit time corresponding 
to the normal variations along the gastrointestinal tract 
(GIT), ie, form stomach (pH1.2, 0~2h), upper small intes
tine (pH6.8, 2~6h), and both ileum and colon (pH7.4, 
6~24h), respectively.11,13 Briefly, cumulative IG release 
from dual-functional NPs was determined by dispersing 
1 mg/mL of the drug-loaded NPs in 0.01 M phosphate 
buffer, and incubating it in a shaking water bath (60 rpm, 
37°C). 0.2% Polysorbate 80 (w/v) was added to phosphate 
buffer to facilitate the solubilization of IG. Aliquots of the 
dispersion were withdrawn at 0 min, 15 min, 30 min, 1 h, 
2 h, 4 h, 6 h, 8 h, 10 h, 12 h and 24 h, and centrifuged at 
15,000 rpm for 25 min. Volume of the dispersion with
drawn was replaced with fresh phosphate buffer. The 
supernatant was collected and the concentrations of IG 
were analyzed by HPLC. The experiments were performed 
in triplicates.

Pharmacokinetics and Organ Distribution 
Analysis
Pharmacokinetic characteristics of IG-loaded dual- 
functional NPs were evaluated in SD rats with free IG 
suspended in 0.5% sodium CMC as control. Briefly, the 
rats were randomly divided into two groups (n = 10) 
receiving the same dose of IG (30 mg/kg) in two different 
formulations p.o., respectively. At each time point, 0.5 mL 
blood sample was collected and centrifuged (3000 rpm, 10 
min) to obtain the plasma. IG in the plasma were then 
extracted by addition of 1mL acetonitrile. The mixture was 
vortex-mixed for 1 min followed by centrifugation at 
12,000 rpm for 10 min. The supernatant was evaporated 
under protection of nitrogen and then re-dissolved in 200 
μL mobile phase before HPLC-MS analysis. The pharma
cokinetic parameters were calculated from the plasma 
concentrations of IG by linear trapezoidal rule and com
pared between free drug and the dual-functional NPs using 
DAS 2.1 software system. The pharmacokinetic 
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parameters we calculated include maximum plasma con
centration (Cmax), maximum plasma time (Tmax), the area 
under the plasma concentration-time curve (AUC0~48h) 
and mean residence time (MRT).

Next, we investigated the biodistribution of IG-loaded 
dual-functional NPs (DFNPs) in stomach, small intestine 
and colon to further evaluate its potential as a drug deliv
ery system. Free drug, IG-loaded pH-sensitive NPs (PNPs) 
and IG-loaded time-dependent NPs (TNPs) were used as 
controls. Briefly, SD rats were randomly divided into four 
groups (n = 5), each group was given a single dose of 
30 mg/kg free IG and the other two formulations by 
intragastric administration, respectively. Animals were 
sacrificed at 24 h and 48 h after oral administration. 
Then, the entire GI tract was excised and segmented into 
stomach, small intestine, and colon. The mesenteric and 
fatty tissues were separated. Blood was cleared prior to 
organ distribution study. Stomach, small intestine, and 
colon were weighed and homogenized, respectively. The 
homogenate was centrifuged at 6000 rpm for 15 min at 4° 
C and supernatants were collected. The amount of drug 
distributed in unit mass of stomach, small intestine and 
colonic tissue were determined by HPLC at 24 h and 48 h, 
respectively.

Induction of DSS-Mediated Colitis
Acute colitis in male ICR mice and male SD rats were 
induced using a dose of 4% (w/v) DSS in drinking water 
ad libitum for 7 days, respectively.2,13 After induction of 
colitis, the administration of DSS was stopped and 
replaced with tap water. Mean DSS water consumption, 
body weight, and development of clinical symptoms of 
colitis, such as diarrhea and rectal bleeding, were assessed 
daily during the colitis induction period.11

Distribution of NPs in the GIT of Mice 
with DSS-Induced Colitis
To evaluate specific colon targeting of the dual-functional 
NPs after UC, the same procedure was followed for the 
preparation of fluorescent loaded dual-functional NPs. IG 
was replaced by the fluorescent marker DiR to facilitate 
in vivo analysis of the distribution and localization of the 
dual-functional NPs in the GIT of ICR mice with DSS- 
induced colitis.13 DiR-loaded dual-functional NPs were 
prepared by dispersing blank dual-functional NPs 
(10 mg) in PBS buffer (3 mL, 0.1 M, pH = 7.0). DiR 
fluorescent dye (1 mg) solubilized in 0.1 mL dimethyl 

sulphoxide (DMSO) was then added to the buffer. The 
solution was stirred overnight in the dark at room tem
perature. After reaction, the mixture was centrifuged 
(6000 rpm, 10 min) 4 times.

For live imaging studies, ICR mice with DSS-induced 
colitis were orally administrated with DiR-loaded dual- 
functional NPs at a dose of 5 mg·kg−1. In vivo distribution 
of dual-functional NPs was evaluated using a BRUKER 
IS4000MM PRO image station system (BioSpin, 
BrukerCorporation, Billerica, MA, USA) 6 h and 12 
h after administration. Associated default conditions for 
fluorescence imaging: exposure time = 2 s and the camera 
was set to an f-stop = 2. Filter setting: excitation (470 nm)- 
emission (0 nm).

Evaluation of in vivo Therapeutic Efficacy
SD rats were randomly divided into 5 groups (n = 6). (Ⅰ) 
Normal control group: mice received 0.9% saline only; by 
contrast, (Ⅱ) Model group (colitis control): rats with DSS- 
induced colitis treated with blank dual-functional NPs; 
(III) IG-loaded pH-sensitive NPs (PNPs) treatment 
group; (Ⅳ) IG-loaded time-dependent NPs (TNPs) treat
ment group; and (V) IG-loaded dual-functional NPs 
(DFNPs) treatment group. Rats were orally treated with 
IG-loaded different NPs at a dose of IG 30 mg/kg once for 
14 days after administration of DSS.

In the experimental period, weights of rats were 
recorded daily. The colitis severity was evaluated daily 
using a disease activity index (DAI) consisting of three 
parameters: weight loss, stool consistency, and anal bleed
ing, as described previously.9,29 Macroscopic damage was 
assessed based on the previously established scoring 
system.4

Histological Study of Colitis by H&E 
Staining
The therapeutic potential of colon-targeted IG-loaded dual- 
functional NPs for UC was also supported by histological 
examination of the colon tissues from all treatment groups. 
Therefore, rats were sacrificed, and the colon tissue was 
excised at the termination of the experiment. The colon 
tissues were fixed in 4% paraformaldehyde, then embedded 
in paraffin, and finally sectioned in 4 μm sections. The 
samples were stained with hematoxylin and eosin (H&E) 
according to the standard procedures for histological 
evaluation.2,4 Microscopic examination of prepared slides 
was performed to analyze pathomorphological changes in 
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the mucosal, sub mucosal, muscular and serosal layers of 
colon specimen. The histological damage scores were 
assessed based on the previously established scoring system.2

Apoptosis Assay
The colonic cell apoptosis was assessed using the terminal 
deoxynucleotidyl transferase- (TdT-) mediated dUTP- 
biotin nick end labelling (TUNEL) kit. TUNEL-positive 
epithelial cells in colonic tissue were clearly identified as 
brown-stained nuclei, which suggested DNA fragmenta
tion due to apoptosis. TUNEL-positive expression was 
detected via 1000 cells in random fields.

Assessment of the Activity of NADPH 
Oxidase
The activity of NADPH oxidase was detected as pre
viously reported.2 In brief, colon samples were homoge
nized in 10 volumes of 0.1M Tris-HCl buffers (pH7.4) 
using an electric homogenizer (IKA T10, Germany) in an 
ice bath. The homogenate was centrifuged at 10,000 rpm 
at 4°C for 30 min and obtained the supernatant. 20 µL 
supernatant of homogenized and centrifuged brain samples 
was added into a 96-well luminescence plate, then mixed 
with 80 µL phosphate-buffered saline and 6.25 µL 1 
M lucigenin. NADPH was added to start the reaction, 
and photoemission was determined by the absorbance at 
340 nm, which is monitored every 30 s for 5 min.

Determination of Proinflammatory 
Cytokine
The colon tissues were homogenized in ice-cold physiological 
saline at the final concentration of 10% (w/v). 
Proinflammatory cytokine levels of TNF-α, IL-17, IL-23 and 
PGE2 in colon tissue homogenates (1/5 dilution) were 
detected using ELISA Kits (Nanjing Jiancheng Biological 
Engineering Institute, Jiangsu, China) following the manufac
turer’s protocol.

Immunohistochemical Staining of Colon 
Tissues
The protein expressions of COX-2 and MMP-9 were quan
tified according to a method described previously.2,9 

Briefly, 4 μm colon sections were first treated with 3% 
hydrogen peroxidase for 10 min to block endogenous 
peroxidase, then incubated with the polyclonal primary 
antibody of COX-2 and MMP-9 (diluted to 1: 100) over
night at 4°C. The colon sections were then washed with 
phosphate-buffered saline (PBS) and incubated with poly
clonal rabbit anti-mouse biotinylated secondary antibody 
(Dako, CA, USA). After that, colon sections were incu
bated with 3, 3′-diaminobenzidine solution (Sigma- 
Aldrich, St. Louis, MO, USA) and then stained with 
hematoxylin. Finally, images were observed under an 
Olympus BH-2 microscope (Tokyo, Japan).

Real-Time PCR
Colon tissues were homogenized in a lysis buffer for RNA 
isolation. Total RNA isolation from colonic cells was per
formed using the TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s manual. RNA was 
transcribed into cDNA using the first-strand cDNA synthesis 
kit (Fermentas International Inc., Burlington, Canada) in 
accordance with the manufacturer’s instructions. The primer 
sequences for real-time PCR analysis are shown in Table 1. 
mRNA expressions were normalized to GAPDH (18 
S rRNA endogenous control) and calculated according to 
the 2−ΔΔCt method (n = 6).

Statistical Analysis
All the experimental data are presented as mean ± standard 
deviation (Mean ± SD). ANOVA (Design Expert version 
7.0.0) was used to evaluate the significance in differences 
among results. One-way ANOVA with post hoc test was 
applied to the in vivo therapeutic study. Statistical analysis 

Table 1 Sequences of the Amplification Primers Used in the Real-Time PCR

mRNA Species Oligonucleotides (5′→3′) Product Size (bp)

COX-2 Forward ACTACGCCGAGATTCCTGACA 584

Reverse ACTGATGAGTGAAGTGCTGGG

MMP-9 Forward GCAAACCCTGCGTATTTCCATT 283

Reverse GCGATAACCATCCGAGCGAC

GAPDH Forward TTCCTACCCCCAATGTATCCG 270

Reverse CCACCCTGTTGCTGTAGCCATA
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was performed with SPSS 19.0 statistical software. P-values < 
0.05 were considered to be a statistically significant difference.

Results
Characterization of Dual-Functional NPs
In the current study, SEM morphology images indicated 
the successful preparation of IG-loaded dual-functional 
NPs with regularly spherical shape and a smooth surface 
(Figure 1A). Further, dynamic light scattering (DLS) also 
revealed the homogeneous nanosize distribution of IG- 
loaded dual-functional NPs with average diameter equal 
to 247 ± 26 nm (Figure 1B) and a low polydispersity index 
(PDI) (0.21 ± 0.05). The zeta potential of IG-loaded dual- 
functional NPs was determined to be −22.4 ± 1.76 mV. 
The drug loading capacity (LC%) and encapsulation effi
ciency (EE%) of IG-loaded dual-functional NPs are 12.77 
± 0.51% and 39.47 ± 2.69%, respectively.

In vitro Drug Release and Particle Size at 
Different pH Values
In order to investigate the release behavior of IG form 
DFNPs, the release profiles of IG from different NPs were 
determined in gradually pH-changing simulated medium (pH 
1.2, 6.8, and 7.4), which resemble the pH values of the 
stomach, the upper part of the small intestine, and ileum/ 
colon, respectively (Figure 2A). As expected, no significant 
difference in drug release behavior were observed between 

PNPs and DFNPs at the stomach pH (pH 1.2) and small 
intestine pH (pH 6.8), with less than 20% of the IG released 
during the first 6 h. However, TNPs showed sustained release 
and its release rate was not affected by pH changes in the 
simulated release medium. Compared with the other two 
nanoformulations, TNPs exhibited a burst drug-release pro
file in the first 6 h because of the pH independent character
istics of PLGA. Approximately 70% of IG was released from 
TNPs in simulated gastric fluid (pH 1.2) and simulated small 
intestine fluid (pH 6.8). The premature drug release of TNPs 
would lead to absorption in the small intestine, which 
resulted in unwanted side effects and insufficient drug deliv
ery to the inflamed colon. The release behavior of TNPs 
demonstrated that single time-dependent NPs are not suitable 
for colon delivery.

Apparently, PNPs and DFNPs showed remarkably dif
ferent release profiles at the ileum/colon pH (pH 7.4). PNPs 
showed a sudden burst release (nearly 100%) of IG, owing 
to the complete dissolution of pH-sensitive polymers 
(ES100 and EL30D-55) at pH > 7. The release behavior 
of PNPs indicated that the single pH-dependent nano for
mulation would not be suitable for colon-specific delivery 
because of the burst drug release in the ileum. In contrast, 
DFNPs can avoid complete drug release at pH 7.4 and show 
sustained drug release properties. These results confirmed 
that pH/Time-dependent DFNPs can efficiently retain the 
entrapped drug until reaching the colon, improving the 
bioavailability of drug in the colon, which is a potential 
nanoformulation for colon-targeted delivery.

The particle size of three respective NPs at different pH 
values agree with their release behaviors (Figure 2B). All 
NPs exhibited no size changes at pH 1.2 and 6.8. Specially, 
PNP particles were not observed at pH 7.4, indicating 
complete dissolution of the enteric polymers (ES100 and 
EL30D-55) and the drug release. However, TNPs and 
DFNPs maintained their intact nanoparticle morphology at 
pH 7.4 and no significant change in size was detected. In 
brief, the results of size analysis demonstrated that DFNPs 
possessed dual characteristics of pH-sensitive and sustained 
release, while maintaining nanoparticulate morphology. 
These characteristics of dual-functional nanoformulation 
are desirable for colon-targeted UC therapy.

Pharmacokinetics and Biodistribution 
Study
To evaluate the in vivo performance of IG-loaded dual- 
functional NPs, the systemic pharmacokinetics in DSS- 
induced colitis rats were studied with free drug as the 

Figure 1 Morphology and size analysis of IG-loaded dual-functional NPs: (A) SEM 
images; (B) size histograms.
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control. The pharmacokinetic parameters evaluated are 
listed in Table 2. The study showed longer Tmax value for 
dual-functional NPs than free IG. However, Cmax and 
AUC0~48h values were higher in case of free drug than dual- 
functional NPs. As shown in Figure 3, free IG can not be 
considered as colon specific because the drug starts appear
ing in plasma at 40 min after administration (0.13 ± 0.11 µg/ 
mL). Drug concentration was rapidly increased and reached 
to maximum concentration (Cmax 7.69 ± 0.46 µg/mL) at 4 h, 
and then quickly cleared from blood. The higher Cmax and 
AUC0~48 of free IG is due to the absorption of maximum 
amount of drug from the upper part of GI tract. Notably, 
Free IG was almost not detectable in plasma at 8 h due to its 
poor stability and short half-life, which could be easily 
phagocytosed by the reticuloendothelial system (RES).10

In contrast, Cmax (2.76 ± 0.27 µg/mL) of IG-loaded 
dual-functional NPs was measured in plasma at 10 h, 
since the degradation of pH-sensitive polymers (ES100 
and EL30D-55) and time-dependent PLGA by colonic 
microflora is a slow process that requires several hours 
for completion. IG-loaded dual-functional NPs exhibited 
significantly prolonged retention in blood, which could 
still keep higher drug concentrations in plasma 

16 h after oral administration (0.32 µg/mL). Especially, 
the plasma drug concentration of the dual-functional 
nanoformulation could be detected in plasma even 
after 20 h (0.08 µg/mL). AUC 0~48h and MRT of the 
dual-functional nanoformulation significantly extended 
2.5 times and 3 times compared with free drug, respec
tively. The longer Tmax of the dual-functional NPs indi
cated that this nanoformulation can prevent drug release 
in the upper part of the GI tract and releases it in the 
colon. The lower value of Cmax and AUC0~48 of the 
dual-functional NPs would account for its low systemic 
bioavailability. Thus, minimal amount of drug is avail
able systemically for interaction with non-target site 
such that most of the drug resides in the colonic tissue 
for longer duration for its desired local action at the 
inflamed colon. The pharmacokinetic parameters prove 
dual-functional NPs to be efficient colon-target delivery 
vehicles for IG.

The therapeutic goal of colon-targeted delivery for UC is 
to deliver the maximum amount of drug to the inflamed 
colon while minimizing systemic drug absorption and 
unwanted side effects in the early parts of the GI tract. 
Therefore, organ distribution study was performed to further 
confirm the targeting potential of dual-functional NPs by 
detecting the drug concentration in the stomach, small intest
inal and colonic tissues. As shown in Figure 4A, drug con
centration was nearly not detected in the stomach at 
24 h when rats were administered with free IG while the 
amount in small intestine and colonic tissues were relatively 
lower, 0.28 ± 0.15 µg/g and 0.09 ± 0.05 µg/g, respectively. 
The amount of IG in stomach and small intestine tissue from 
PNPs were obviously higher than TNPs and DFNPs at 24 h, 
include 1.49 ± 0.51 µg/g and 2.23 ± 0.67 µg/g, respectively 
(p < 0.01). Distribution results in the colon indicated that IG 

Figure 2 In vitro drug-release profiles and size analysis of IG-loaded pH-sensitive NPs (PNPs), IG-loaded Time-dependent NPs (TNPs), and IG-loaded dual-functional NPs 
(DFNPs): (A) in vitro drug release in gradually pH-changing simulated medium; (B) size analysis at different pH values.

Table 2 The Main Pharmacokinetic Parameters of IG Following 
Oral Administration of Free Drug and IG-Loaded Dual- 
Functional NPs

Pharmacokinetic 
Parameters

Free IG IG-Loaded Dual- 
Functional NPs

Tmax (h) 2.51 ± 0.34 10.16 ± 0.49

Cmax (µg/mL) 7.69 ± 0.46 2.76 ± 0.27
AUC 0~48h (µg/l/h) 18.26 ± 3.94 7.31 ± 1.89

MRT (h) 12.74 ± 2.18 4.26 ± 0.78
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levels were significantly higher in rats administered DFNPs 
than administered PNPs or TNPs (p < 0.01).

Notably, IG was almost undetectable throughout the 
GIT at 48 h when given as a free drug. Whereas, treatment 
with DFNPs, highest drug level (8.63 ± 0.94 µg/g) was 
detected in colonic tissues at 48 h compared with stomach 
(1.19 ± 0.48 µg/g) and small intestinal tissue (1.01 ± 1.09 
µg/g) (Figure 4B). Thus, highest amount of IG was 
achieved in the colonic tissue on administration of 
DFNPs at 24 h and 48 h with minimum determination in 
stomach and small intestine compared to administration of 
free drug. Thus, the high amount of IG in the colonic 
tissue suggests that the DFNPs were intact during transit 
through the stomach and small intestine which causes 
minimal drug release in the upper part of the GIT com
pared to colon. The results of organ distribution proved 

that the amount of IG in colonic tissue was increased by 
2.7 folds from 24 h to 48 h (p < 0.01), thus providing 
a greater scope for chemoprevention at the local site of 
inflamed colon due to high tissue retention of drug.

Evaluation of Targeted Properties of 
Dual-Functional NPs by in vivo 
Fluorescence Distribution
Evaluation of the colon-targeted properties of the dual- 
functional NPs was performed by in vivo fluorescence dis
tribution of fluorescent probe-loaded NPs in the GIT of mice 
with DSS-induced colitis compared with DiR-loaded pH- 
sensitive NPs (PNPs) and DiR-loaded time-dependent NPs 
(TNPs). Briefly, biodistribution of PNPs, TNPs and DiR- 
loaded dual-functional NPs (DFNPs) along the GIT at 

Figure 4 Distribution of free IG, IG-loaded pH-sensitive NPs (PNPs), IG-loaded time-dependent NPs (TNPs) and IG-loaded dual-functional NPs (DFNPs) in different tissues 
at 24 h (A) and 48 h (B) post administration. 
Notes: § p < 0.05, §§ p < 0.01 TNPs vs free IG; ☆ p < 0.05, ☆☆ p < 0.01 PNPs vs free IG; # p < 0.05, DFNPs vs free IG; ** p < 0.01 PNPs vs TNPs; ★★ p < 0.01 PNPs vs 
DFNPs; ※※ p < 0.01 TNPs vs DFNPs.

Figure 3 Plasma concentrations time profile of IG after a single oral dose of free drug and IG-loaded dual-functional NPs.
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6 h and 12 h post oral administration was analyzed using 
a BRUKER IS4000MM PRO image station system to inves
tigate the specificity of the NPs to target the colon.

As can be seen in the representative ex vivo biodistribu
tion images (Figure 5A), the fluorescence signals of TNPs 
accumulated less in all major sections of the GIT (ie, sto
mach, small intestine, and colon), and the live images of 
TNPs at the time points of 6 h and 12 h suggested similar 
trends, respectively (Figure 5B and C). These results demon
strated that maximum fluorescent dye was released in upper 
GIT (stomach and small intestine), and absorbed systemi
cally before reaching the colon. In contrast, the ex vivo 
image of PNPs exhibited stronger fluorescence signals in 
the distal small intestine at 6 h compared with TNPs (Figure 
5A, p < 0.01), indicating the complete dissolution of the pH- 
sensitive polymers at pH range 6.8~7.0 and release of the 
fluorescence probe DiR before reaching the colon. The live 
images of PNPs at the time points of 6 h and 12 h also 

confirmed similar results compared with TNPs (Figure 5B 
and C, p < 0.01), respectively.

However, weaker fluorescence signals of PNPs in ex vivo 
biodistribution (Figure 5A) and live images (Figure 5B and 
C) were observed in the colon at all time points compared to 
DFNPs (p < 0.01). This result indicated that the fluorescent 
dye was absorbed or cleared quickly from the GIT after the 
dissolution of the enteric PNPs. Impressively, DFNPs 
showed around 3-fold higher colon accumulation in colitis 
mice at all time points post-administration compared with 
PNPs. The relative fluorescence intensity (F/%) of DiR- 
loaded DFNPs and DiR-loaded PNPs at 6 h post- 
administration in colon were 15.76 ± 4.17 and 5.27 ± 1.32, 
respectively. Quantification fluorescent data of DiR-loaded 
DFNPs and DiR-loaded PNPs at 12 h post-administration 
were 24.52 ± 7.64 and 7.93 ± 2.86, respectively. In addition, 
DFNPs exhibited dominant fluorescence signals in the colon 
compared to the signals in the other regions of the GIT (such 

Figure 5 Representative ex vivo biodistribution of the GIT and live images at 6 h and 12 h after oral administration, evaluating the colon-targeted drug delivery and 
accumulation potential of DiR-loaded pH-sensitive NPs (PNPs), DiR-loaded time-dependent NPs (TNPs), and DiR-loaded dual-functional NPs (DFNPs), respectively. Ex vivo 
fluorescence images of organs harvested 6 h (A) after oral administration of DFNPs, PNPs and TNPs, respectively (from left to right). In vivo fluorescence images of animals 
at 6 h (B) and 12 h (C) after intragastric administration of DFNPs, PNPs and TNPs (from left to right), respectively.
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as stomach and small intestine), indicating enhanced drug 
delivery and maximum targeting accumulation in inflamed 
colon tissue.

Therapeutic Efficacy of DFNPs on 
DSS-Induced Colitis
The sustained drug release profile, favorable pharmacoki
netics, and high colon-targeting efficiency of DFNPs make 
them a promising candidate for further pre-clinical evalua
tion. We therefore evaluated their therapeutic efficacy in 
SD rats that with DSS-induced colitis. In this study, 
DFNPs were orally administrated daily at a dose equiva
lent to 30 mg IG/kg of IG for a total of 14 days after 
administration of DSS. PNPs and TNPs were administered 
in the control groups.

Macroscopic Injury and Colon Length
Macroscopic analysis of the colon revealed that DSS- 
induced model group showed significant macroscopic 
morphological changes, characterized by bowel inflam
mation, ulceration, bowel wall thickening and necrosis 
compared with normal control group (Figure 6, p < 
0.01). In contrast, administration of TNPs attenuated 
the macroscopic inflammatory injury of acute colitis. 
Treatment with PNPs markedly suppressed these 
pathological symptoms (Figure 6) with lower macro
scopic score compared with TNPs (Figure 7C, p < 
0.01). In particular, DFNPs exhibited a better therapeu
tic effect than single-function NPs (PNPs and TNPs) 
(p < 0.01).

DSS induced a significant shortening of the colon 
length, which is an index of sufficient induction of 
colitis and is inversely associated with the severity of 
colitis.2,4 As shown in Figure 6, healthy rats usually had 
an average colon length of 14.3 ± 2.2 cm, while 
a notable shorten in colon length was observed after 
induction of DSS-induced colitis (average values of 5.9 
± 0.7 cm). Compared to the DSS-induced colitis group, 
TNPs treatment obviously reversed the colon shortening 
(8.1 ± 0.9 cm, p < 0.01), and a significant difference in 
colon length was observed between TNPs treated rats 
and DSS colitis rats. Moreover, administration of PNPs 
markedly improved the colon length shorting compared 
with TNPs (9.8 ± 1.0 cm, p < 0.01). Remarkably, 
administration with DFNPs restored colon length to 
almost 12.4 ± 1.3 cm, which was closer to baseline 
than other treat groups.

Body Weight Changes, Macroscopic Score and DAI 
of Colitis
As shown in Figure 7A, the animals of normal group 
averagely increased 14.17 ± 3.26 % in the body during 
the experimental period, whereas a dramatic body weight 
loss accompanied with obvious diarrhea in model group 
was observed as the result of DSS-induced acute colitis. In 
contrast, three groups treated orally with IG-loaded NPs 
could effectively improve the body weight loss compared 
with that in the colitis model group (p < 0.01). 
Interestingly, treatment of PNPs could significantly reverse 
the body weight loss induced by DSS compared to TNPs. 
Impressively, administration of DFNPs had a faster recov
ery of body weight loss than those in single-functional 
NPs group (TNPs and PNPs) (p < 0.01). We also evaluated 
other two important colon mucosa damage index including 
macroscopic scores and DAI, which were characterized by 
severe diarrhea, body weight loss, stool consistency, and 
rectal bleeding.2,9 The severity of colon injury induced by 
DSS were shown in Figure 7B and C, model group dis
played a significant increase of macroscopic scores and 
DAI compared to normal group (p < 0.01). However, 
TNPs-treated group could obviously decrease macroscopic 
scores and DAI compared with colitis control group (p < 
0.01). In contrast, PNPs could markedly reduce macro
scopic scores and DAI compared with TNPs (p < 0.01). 
Especially, DFNPs displayed the most prominent reduc
tion in macroscopic scores and DAI compared to the 
single-functional NPs (PNPs and ENPs, p < 0.01).

Histological Results
Histological observation results showed that there was no 
damage on the colon of normal control group (Figure 8A), 
but the colitis model group displayed serious injury of 
colonic mucosa (p < 0.01). As shown in Figure 8B, DSS 
administration distorted glandular formation and led to the 
recruitment of inflammatory cells into the submucosal 
layer, leading to necrosis, hyperemia, and the superficial 
epithelium was disruption and exfoliation. In addition, the 
histologic damage score in the DSS-induced colitis group 
was higher than that in normal group (Figure 8F, p < 0.01). 
In contrast, treatment with IG-loaded NPs substantially 
subsided the inflammatory damage of colonic mucosa 
with lower histologic damage scores (Figure 8C–F, p < 
0.01). However, histological sections from DFNPs-treated 
rats demonstrated epithelial restoration and alleviation of 
inflammation. Histological scores also confirmed the 
above results, indicating that treatment with DFNPs 
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remarkably attenuated colon inflammation compared to 
that in the single-functional NPs (TNPs and PNPs, 
Figure 8C–F, p < 0.01). Overall, histological findings 
demonstrate that DFNPs specially deliver sufficient drug 
to the inflamed colon, thereby significantly improving the 
mucosal inflammation of colon.

Effect of DFNPs on Colonic Epithelial Cell Apoptosis
TUNEL assay in the colonic mucosa was performed to inves
tigate the relationship between epithelial cell apoptosis and 
colitis severity. As shown in Figure 9B and F, TUNEL 

staining indicated that DSS ingestion could induce severe 
colonic mucosal damage compared with the normal group 
(Figure 9A and F) (p < 0.01) by significantly increasing 
brown apoptotic cells and intercellular apoptotic fragments. 
IG-loaded single-function NPs may scavenge colonic muco
sal damage by inhibiting the elevated levels of colonic apop
tosis cells, and there was significant differences between 
TNPs (Figure 9C) and PNPs (Figure 9D) (Figure 9F, p < 
0.01, compared with model group). Furthermore, DFNPs was 
the most effective in suppressing intestinal epithelial cell 
apoptosis (Figure 9E and F). These results further confirm 

Figure 6 IG-loaded nanoformulations can attenuate macroscopic injury and colon length shortening in DSS-induced colitis. Representative macroscopic analysis and colon 
length changes of rat colonic tissues are shown in this figure. Rats were orally treated with different NPs at a doses of 30 mg IG/kg once for 14 days after administration of 
DSS. Remarkably, IG-loaded dual-functional NPs (DFNPs) significantly attenuated the colon length shortening compared with IG-loaded pH-sensitive NPs (PNPs) and IG- 
loaded time-dependent NPs (TNPs). 
Notes: Data are presented as the mean ± SD (n = 6 per group). ## p < 0.01 model group vs the normal control group, ** p < 0.01 TNPs group vs the DSS-induced colitis 
group, §§ p < 0.01 PNPs group vs TNPs group, and ★★ p < 0.01 DFNPs group vs TNPs group.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 1416

Gao et al                                                                                                                                                              Dovepress

http://www.dovepress.com
http://www.dovepress.com


more efficient drug delivery to the inflamed colon with dual- 
functional NPs than with PNPs or TNPs for UC therapy.

Effect of DFNPs on the Activity of 
NADPH Oxidase and the Production of 
Pro-Inflammatory Cytokine
In the process of acute inflammation phase of colon, a variety 
of pro-inflammatory mediators were involved, such as 
NADPH oxidase, TNF-α, IL-17, IL-23 and PGE2. DSS- 
induced colitis is associated with elevated NADPH oxidase 
expression in the colon.30 Pro-inflammatory cytokines 
including TNF-α, IL-17 and IL-23 have been considered to 
play a central role in the processes of UC.31 PGE2 was 
increased significantly in patients with IBD, which was 
important indicator for evaluating the degree of UC.32 As 
shown in Figure 10A–E, The activity of NADPH oxidase and 
the production of pro-inflammatory cytokines (TNF-α, IL- 
17, IL-23 and PGE2) in the colonic mucosa induced by DSS 

was significantly up-regulated compared to normal control 
group (p < 0.01). Treated with IG-loaded single-function NPs 
could decrease the levels of NADPH oxidase and cytokines 
in the colonic mucosa compared to model group, and PNPs 
has more advantage than TNPs in alleviating the elevated 
free radicals and pro-inflammatory cytokines (p < 0.01). 
Especially, the inhibitory effect of DFNPs on NADPH oxi
dase and pro-inflammatory cytokines was prior to that of any 
single-function NPs (PNPs and TNPs, p < 0.01).

Effect of DFNPs on Protein and mRNA 
Expressions of COX-2 and MMP-9 in 
DSS-Induced Colitis
Recent studies have demonstrated increased production of 
COX-2 and MMP-9 in IBD that are known to play a key role 
in the modulation of intestinal immune system.25,32 The 
levels of COX-2 and MMP-9 were increased in IBD and in 
colon cancer.33 Therefore, blockade of these inflammatory 

Figure 7 IG-loaded dual-functional NPs (DFNPs) attenuated the changes in body weight loss (A), macroscopic score (B), and DAI (C) during the experimental period. Rats 
were orally treated with IG-loaded different NPs at a dose of IG 30 mg/kg once for 14 days after administration of DSS. 
Notes: Data are presented as the mean ± SD (n = 6 per group). ## p < 0:01 vs the normal control group; ** p < 0.01 vs the DSS-induced colitis group; §§ p < 0.01 vs IG- 
loaded time-dependent NPs (TNPs) group; ★★ p < 0.01 vs IG-loaded pH-sensitive NPs (PNPs) group.Notes:
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mediators can offer an alternative therapy for UC. As it could 
be informed from Figures 11A and 12A, the mRNA levels of 
COX-2 and MMP-9 in normal group were very low. 
A significant increase in the protein and mRNA expressions 
of COX-2 (Figure 11B and F) and MMP-9 (Figure 12B and 
F) were exhibited in colonic epithelia cells of DSS-induced 
model group (p < 0.01). Compared to model group, the 
protein and mRNA expressions of COX-2 (Figure 11C, 
D and F) and MMP-9 (Figure 12C, D and F) were signifi
cantly down-regulated by treating with drug-loaded single- 
functional NPs (TNPs and PNPs). Furthermore, the effect of 
PNPs was prior to that of TNPs (p < 0.01). The IG-loaded 
dual-functional NPs exerted the optimum effect in suppres
sing the protein and mRNA expressions of COX-2 (Figure 
11E and F) and MMP-9 (Figure 12E and F, p < 0.01).

Conclusion
In the present work, we developed an IG-loaded dual- 
functional NPs (DFNPs) composed of pH-sensitive biocom
patible enteric polymers (EL30D55 and ES100) and time- 
dependent PLGA polymers for colon targeting delivery and 
sustained release during UC therapy. The dual-function 

nanoformulation presented notable advantages compared 
with single-function NPs and free drug: (ⅰ) avoiding 
burst drug release in the stomach, thus preventing unwanted 
side effects; (ⅱ) increasing the residence of drugs in the 
colon (MRT extended 6.7 times), thereby avoiding drug loss 
in the upper and middle regions of digestive system; (ⅲ) 
facilitating the maximum amount of special drug delivery to 
the inflamed colon (3-fold higher drug accumulation in 
colon than PNPs and 9-fold higher colon accumulation 
than free drug) for a prolonged period in a sustained release 
manner, while improving colon bioavailability.

By comparison, commercially available formulations for 
UC treatment are not as satisfactory as expected due to the 
low drug loading capacity, fast metabolic rate and lack of 
targeted delivery of drugs specifically to the inflamed colon 
tissue.5 This dual-ligand nanoformulation with sufficient 
drug delivery to inflamed colon can provide excellent anti- 
colitis activity. The next step work we will investigate the 
safety test of this nanoformulation. The current findings may 
encourage further researches into the application of dual-
targeting nanoformulation for delivery of therapeutic agents 
for precise therapy of patients with IBD.

Figure 8 The protective role of IG-load dual-functional NPs (DFNPs) on DSS-induced histological damage was evaluated by H&E staining (A-F). IG-loaded different NPs 
were orally administrated at a dose of IG 30 mg/kg once for 14 days after intake of DSS. Histopathological scores of each group were assessed. Colonic tissue sections were 
observed under a light microscope (100 ×). 
Notes: Data are presented as the mean ± SD (n = 6 per group). ## p < 0.01 vs the normal control group; ** p < 0.01 vs the DSS-induced colitis group; §§ p < 0.01 vs TNPs + 
DSS group, and ★★ p < 0.01 vs PNPs + DSS group.
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The results indicated that DFNPs could decrease the 
colon mucosa damage index by reducing the activity of 
NADPH oxidase, suppressing the productions of pro- 
inflammatory cytokines (TNF-α, IL-17, IL-23 and PGE2) 
and inhibiting gene expressions of inflammatory mediators 

(COX-2 and MMP-9). Therefore, current findings will 
provide strong scientific evidence for the IG-loaded dual- 
functional NPs to be considered as a new method for 
special delivery of therapeutic agents to inflamed colon 
and precise therapy of UC.

Figure 9 IG-load dual-functional NPs (DFNPs) attenuated apoptosis in DSS-induced colitis. The effect of different NPs on apoptosis in DSS-induced colitis was assessed by 
TUNEL staining (A-F). Apoptosis index scores of each group were evaluated. 
Notes: The scale bar is 50 µm. Data are presented as the mean ± SD (n = 6 per group). ## p < 0.01 vs the normal control group; ** p < 0.01 vs the DSS-induced colitis 
group; §§ p < 0.01 vs TNPs + DSS group, and ★★ p < 0.01 vs PNPs + DSS group.

Figure 10 Effect of IG-load dual-functional NPs (DFNPs) on the activity of NADPH oxidase and the production of TNF-α, IL-17, IL-23 and PGE2 in colonic tissues. 
Notes: The levels of NADPH oxidase, TNF-α, IL-17, IL-23 and PGE2 were analyzed by commercially available ELISA kits. Data are presented as the mean ± SD (n = 6 per 
group). ## p < 0.01 vs the normal control group; ** p < 0.01 vs the DSS-induced colitis group; §§ p < 0.01 vs TNPs + DSS group, and ★★ p < 0.01 vs PNPs + DSS group.
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Figure 11 IG-load dual-functional NPs (DFNPs) reduced mRNA and protein expressions of COX-2 in DSS-induced colitis (A-F). The protein levels of COX-2 were analyzed 
by immunohistochemical staining. The relative mRNA expressions of COX-2 were normalized to GAPDH. 
Notes: Data are presented as the mean ± SD (n = 6 per group). ## p < 0.01 vs the normal control group; ** p < 0.01 vs the DSS-induced colitis group; §§ p < 0.01 vs TNPs + 
DSS group, and ★★ p < 0.01 vs PNPs + DSS group.

Figure 12 IG-load dual-functional NPs (DFNPs) reduced mRNA and protein expressions of MMP-9 in DSS-induced colitis (A-F). The protein levels of MMP-9 were analyzed 
by immunohistochemical staining. The relative mRNA expressions of MMP-9 were normalized to GAPDH. 
Notes: Data are presented as the mean ± SD (n = 6 per group). ## p < 0.01 vs the normal control group; ** p < 0.01 vs the DSS-induced colitis group; §§ p < 0.01 vs TNPs + 
DSS group, and ★★ p < 0.01 vs PNPs + DSS group.
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