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Abstract: Single pH-dependent drug delivery systems have been widely used for colon-targeted 

delivery, but their efficiency is often hampered by the variation in gut pH. To overcome the 

limitation of single pH-dependent delivery systems, in this study, we developed and evaluated 

the therapeutic potential of budesonide-loaded dual pH/time-dependent nanoparticles (NPs) for 

the treatment of colitis. Eudragit FS30D was used as a pH-dependent polymer, and Eudragit 

RS100 as a time-dependent controlled release polymer. Single pH-dependent NPs (pH_NPs), 

single time-dependent NPs (Time_NPs), and dual pH/time-dependent NPs (pH/Time_NPs) 

were prepared using the oil-in-water emulsion method. The physicochemical properties and 

drug release profiles of these NPs in gastrointestinal (GI) tract conditions were investigated. 

The therapeutic potential and in vivo distribution of the NPs were evaluated in a dextran sulfate 

sodium (DSS)-induced colitis mice model. The pH/Time_NPs prevented a burst drug release 

in acidic pH conditions and showed sustained release at a colonic pH. The in vivo distribution 

study in the mice GI tract demonstrated that pH/Time_NPs were more efficiently delivered to 

the inflamed colon than pH_NPs were. Compared to the single pH_NPs-treated group, the pH/

Time_NPs-treated group showed increased body weight and colon length and markedly decreased 

disease activity index, colon weight/length ratios, histological damage, and inflammatory cell 

infiltration in colon tissue. Our results demonstrate that the dual pH/time-dependent NPs are 

an effective oral colon-targeted delivery system for colitis therapy.

Keywords: colon-specific delivery, dual-sensitive delivery, budesonide, inflammatory bowel 

disease

Introduction
Inflammatory bowel disease (IBD) affects millions of patients worldwide, and the 

incidence of the disease is increasing.1 It is considered an intractable disease because its 

etiology and pathogenesis are not well understood. IBD symptoms range from bloody 

diarrhea and weight loss to ulceration and complete obstruction of the gastrointestinal 

(GI) tract, which can negatively affect daily life.2 The general approach toward IBD treat-

ment is to induce remission of outbreaks, facilitate mucosal healing, and reduce the need 

for surgeries and hospitalizations.3 Symptoms of mild-to-moderate IBD are treated with 

mesalazine or systemic corticosteroids.4 In many cases, pharmacotherapy for IBD con-

sists of life-long administration of one or more of the aforementioned drugs. Therefore, 

it is essential to address the quality and severity of adverse effects of these therapeutic 

regimens. Consequently, innovative strategies for specific and sufficient drug delivery 

to the inflamed colon for a prolonged period in a sustained manner while reducing the 

risk of systemic adverse effects are required for successful IBD treatment.5
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Various pharmaceutical approaches to colon-targeted 

drug delivery such as pH-sensitive polymer coatings, time-

dependent release systems, and enzyme-dependent release 

systems have been developed.6 The majority of commercial-

ized systems for local drug delivery to the colon are based on 

pH changes during GI tract passage.7 Despite the simplicity 

of pH-dependent systems, their suitability as a single colonic 

delivery system in different physiological or pathological con-

ditions in the GI tract has been doubtful.8 The pH-dependent 

release of these formulations means that there is no effective 

rate-controlling mechanism to ensure extended release of the 

drug along the entire length of the colon.9 Time-controlled 

release systems are also limited because of the large variation 

in the gastric emptying time, resulting in poor time predic-

tion and site specificity.10 Combination of pH-dependent and 

time-dependent polymers also has been studied. Akhgari et 

al reported polymeric mixture of pH-dependent and time-

dependent polymers as a coating material for colon-targeted 

drug delivery of indomethacin pellets, suggesting that a drug 

release profile in colon could be optimized by addition of time-

dependent polymer to pH-dependent polymer.11 Therefore, the 

combination of pH-dependent and time-dependent polymers 

in a single system to lessen the pH dependency of the former 

system and to ensure sustained drug release throughout the 

colon would be an ideal delivery system.

Recently, nanoparticles (NPs)-based systems have 

emerged as a new strategy for IBD therapy because of their 

distinctive ability to accumulate in inflamed tissues in the 

colon.12,13 In our previous study, we developed a polymeric 

mixture NPs composed of an enzyme-sensitive azo polyure-

thane and a pH-sensitive methacrylate copolymer, Eudragit 

S100, for targeted drug delivery to the inflamed colon, to 

overcome the limitations of single-triggered release systems.14 

In this study, NPs were prepared using Eudragit FS30D (EFS) 

and Eudragit RS100 (ERS), both of which are proven to be 

biocompatible polymers for oral formulations. EFS was used 

as a pH-sensitive polymer, and ERS was used as a controlled-

release polymer. The objectives of this combination were to 

minimize early drug release in the stomach and small intes-

tine, to obtain sustained drug release throughout the colon, 

and to target the inflamed colonic mucosa by using NPs.

The pH/time dual-dependent NPs (pH/Time_NPs) intended 

for inflamed colon targeted-drug delivery in IBD were pre-

pared using a single oil-in-water emulsion solvent evaporation 

method. Budesonide, a corticosteroid with high topical activity 

and low systemic availability because of extensive metabo-

lism by the liver, was loaded into the NPs.15 For comparison, 

single pH-dependent NPs (pH_NPs) and time-dependent 

NPs (Time_NPs) were also prepared. The physicochemical 

properties of the NPs were characterized, and their therapeu-

tic efficacy was evaluated and compared in mouse model of 

dextran sulfate sodium (DSS)-induced colitis.

Materials and methods
Materials
Budesonide, coumarin-6 (C-6), polyvinyl alcohol (PVA, 

MW =30,000–70,000), and 4′,6-diamidino-2-phenylindole 

dihydrochloride (DAPI) were purchased from Sigma-Aldrich 

(St Louis, MO, USA). Eudragit® FS30D (EFS) and Eudragit® 

RS100 (ERS) were generously donated by Evonik Korea 

Ltd. (Seoul, Korea). Dextran sodium sulfate (DSS, MW = 

36,000–50,000) was obtained from MP Biomedicals (Irvine, 

CA). All other reagents and solvents were of the highest 

analytical grade commercially available.

Methods
Preparation of nPs
pH_NPs, Time_NPs, and pH/Time_NPs were prepared by 

an oil-in-water emulsion/solvent evaporation method with 

some modifications (Figure 1).16 Briefly, for the preparation 

of pH_NPs, EFS equal to100 mg was taken from a 30% 

(w/v) dispersion and dissolved with budesonide (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 PVA solution 

with 500 rpm stirring. For the preparation of Time_NPs and 

pH/Time_NPs, a probe sonication method was used. Briefly, 

100 mg of ERS was dissolved in 2 mL of dichloromethane 

(DCM), while 100 mg of a polymeric mixture of EFS and ERS 

(1:1 w/w) was dissolved in acetone and a DCM co-solvent 

(1:2). Then, 10 mg budesonide was added to the polymeric 

solution. The organic phase was added to 40 mL of 0.25% 

w/v PVA solution at 90 W sonication power and 400 rpm 

stirring. After evaporating the residual solvent under a fume 

hood, the NPs were collected by centrifugation at 20,000× g 

for 30 minutes and washed with deionized water three times. 

The final dispersion was freeze-dried for 24 hours. Budes-

onide was replaced by the hydrophobic fluorescent marker 

C-6 (1 mg) to facilitate the in vivo analysis of NPs distribution 

and localization in the mice GI tract. The same procedure was 

followed for the preparation of C-6-loaded NPs.

Physicochemical characterization of nPs
scanning electron microscopy
The morphology of the NPs was analyzed by scanning elec-

tron microscopy. NPs suspended in water were dropped on 
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a carbon tape and air-dried at room temperature in a fume 

hood or a desiccator. Samples were then coated with plati-

num for 2 minutes in vacuum and viewed by field emission 

scanning electron microscopy (S4800, Hitachi, Japan) at an 

acceleration voltage of 1–5 kV.

Particle size analysis
A qNano size analyzer (Izon Sciences, Christchurch, New 

Zealand) coupled with an air-based variable pressure module 

(VPM) was used for the size determination of NPs using 

200 nanopore and 200 nm calibration particles. NPs and 

calibration particles (5 μL) were suspended separately in 

1,000 μL of Izon Tris buffer electrolyte and sonicated for 

at least 30 minutes prior to use. Each recorded measure-

ment was based on at least 500 particles. Particle sizes were 

determined using Izon control suite 2.2 software and were 

also evaluated using a Zetasizer.

Drug loading and entrapment efficiency
The budesonide entrapped in the NPs was evaluated using 

high-performance liquid chromatography (HPLC) accord-

ing to an established method.17 The HPLC system used 

for the budesonide analysis was an LC-20AT (Shimadzu, 

Tokyo, Japan) equipped with an auto sampler processor, an 

SPD-20A UV detector, and a Luna C18 column (5 μm, 

150 mm ×4.6 mm, Phenomenex, Torrance, CA, USA). The 

ultraviolet (UV) detector wavelength was set to 254 nm, 

and a combination of methanol and water (70:30) at a flow 

rate of 0.8 mL/min was used as the mobile phase. A linear 

calibration curve (R2 =0.9997) was obtained over the range 

of 0.125–250 μg/mL using standard budesonide solution. 

Specific amounts of NPs were dissolved in methanol, and 

the budesonide content was determined using the calibration 

curve. Samples were prepared in triplicate, and the drug 

loading efficiency and encapsulation efficiency (%) were 

calculated using the following equations:

 
Loading

efficiency (%)

Amount of budesonide in NPs

Amount of NPs
10= × 00  

Encapsulation

efficiency (%)

Amount of budesonide in NPs

Amount of
=

bbudesonide initially added
×100

In vitro drug release study
In vitro drug release was initiated in a buffer system at 

pH 1.2, and after 2 hours and 6 hours, the pH was changed 

to 6.5 and 7.4, respectively, corresponding to the pH in the 

stomach, upper small intestine, and both ileum and colon, 

respectively.18,19 Drug-loaded NPs (10 mg) were suspended 

in 30 mL of the release medium and incubated in a shaking 

water bath (60 rpm, 37°C). Tween-80 (0.2% w/v) was 

added to the release medium to facilitate the solubilization 

of budesonide released from NPs. Aliquots of the dissolu-

tion medium (150 µL) were withdrawn at predetermined 

time intervals and centrifuged at 17,000× g for 30 minutes. 

Supernatants containing budesonide released from the NPs 

were analyzed using HPLC as described earlier. All experi-

ments were performed in triplicate.

Animal studies
All animal experiments were performed in accordance 

with the regulations of Pusan National University and 

Korean legislation on animal studies. Male imprinting 

control region (ICR) mice (7 weeks of age; body weight, 

30–32 g) were purchased from Samtako Bio Korea (Osan, 

Figure 1 schematic illustration of nPs preparation.
Notes: Time-nPs and ph/Time_nPs were prepared with eudratig rs100 and mixture of eudratig Fs30D:eudragit rs100 (1:1 w/w), respectively, using O/W emulsion 
method supplemented by sonication while ph-nPs were prepared with eudratig Fs30D without sonication.
Abbreviations: nPs, nanoparticles; ph/Time_nPs, eudratig Fs30D/eudratig rs100_nPs; O/W, oil-in-water; ph-nPs, eudratig Fs30D_nPs; Time-nPs, eudratig rs100_nPs.
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Korea) and acclimatized in the university animal facility 

at 25°C±3°C under a 12 hours light/dark cycle for 1 week 

before experimentation.

Induction of DSS-mediated colitis
Colitis was induced in ICR male mice by oral administration 

of DSS at 2.5% (w/v) in tap water ad libitum for 7 days. Age-

matched male ICR mice receiving normal tap water served 

as controls. Mean DSS water consumption, body weight, 

and development of clinical symptoms were assessed daily 

during the treatment period.

Distribution of NPs in the GI tract 
of mice with induced colitis
In vivo distribution of C-6-loaded pH and pH/Time_NPs 

in the GI tract was evaluated using a mice model of DSS-

induced colitis to mimic IBD conditions. Food was withheld 

from all mice for 24 hours prior to the administration of NPs. 

The NPs at a C-6 dose of 0.5 mg/kg were administered by oral 

gavage under isoflurane esthesia, and the mice were sacrificed 

2 hours, 6 hours, and 10 hours after administration. Then, all 

GI tract segments including luminal contents were collected 

and divided into four sections, stomach, small intestine, 

cecum, and colon. The tissue samples were homogenized in 

PBS and then subsequently extracted with an ethanol/DMSO 

mixture (1:1 v/v).14 Specimens excised from the nontreated 

mice were homogenized as mentioned earlier and used as 

blanks. Samples emitting less than double the blank’s signal 

were discarded and not included in the quantitation.20 C-6 

contents in the samples were analyzed using a fluorescence 

plate reader (triStar LB 941; Berthold Technologies, Bad 

Wildbad, Germany).

In vivo therapeutic efficacy
After quarantine for 7 days, as described earlier, the mice 

were divided into four groups of eight each: healthy control, 

untreated colitis control, budesonide-loaded pH NPs, and 

pH/Time_NPs-treated groups. In the healthy control group, 

mice were given fresh tap water and food ad libitum and 

changed twice a week for 2 weeks. In the DSS group, 2.5% 

DSS in tap water was administered 1 week after the begin-

ning of the experiment to induce colitis, and the mice were 

fed with food. After induction of colitis, DSS administration 

was stopped and replaced with tap water and drug treat-

ment was started in the treated groups. Each treated group 

received an equal dose of budesonide (0.168 mg/kg) in the 

form of suspended NPs administered orally by gavage for 

7 days.21

Evaluation of colitis severity by 
disease activity index
The clinical course of colitis was monitored daily using a 

disease activity index (DAI) consisting of three parameters: 

weight loss, stool consistency, and anal bleeding, as described 

previously.22 Briefly, colitis was scored on a scale from 0 to 4. 

No weight loss was scored as 0 points, 1%–5% weight loss as 

1 point, 5%–10% weight loss as 2 points, 10%–20% weight 

loss as 3 points, and 20% weight loss as 4 points. For stool 

consistency, 0 points were assigned for well-formed pellets, 

2 points for pasty and semiformed stools, and 4 points for 

liquid stools that stuck to the anus. Bleeding was scored as 

0 points for no blood, 2 points for positive findings, and  

4 points for gross anal bleeding.

Macroscopic assessment of colitis
The mice were sacrificed 24 hours after the last drug admin-

istration. The entire colon was removed, from the cecum to 

the anus. Colon length was measured before dividing the 

colon for histology and evaluation of immune cell infiltra-

tion by immunostaining. Resected colon tissue samples 

were opened longitudinally and rinsed with iced phosphate 

buffer to remove luminal content. Then, tissue wet weight 

and colon length were determined and expressed as a colon 

weight/length quotient.

Histological analysis of colitis
For the microscopic examinations, tissue samples harvested 

from the healthy, untreated, and treated mice colons were 

stored in 4% formalin solution at 4°C for 48 hours to fix 

the tissue. The tissues were washed with PBS to remove 

excessive formalin solution and then transferred to 30% 

(w/w) sucrose solution for another 24 hours to protect the 

tissue from freezing damage during subsequent cryosec-

tioning. Tissue sections with a thickness of 20 were cut 

with a cryomicrotome (Reichert, Germany).23 Sections 

(20 μm) were stained with hematoxylin/eosin (H&E), 

followed by light microscopy analysis (Zeiss, Axioskop, 

Germany).24,25

Immunofluorescence staining of 
colon tissue
For fluorescence immunostaining, colon cryosections were 

prepared as described earlier. Sections were incubated at 

4°C overnight with primary antibodies (anti-F4/80; 1:500, 

abcam) for the detection of macrophages. Sections were then 

incubated with anti-rabbit IgG labeled with Alexa Flour 568 

(Thermo Fisher Scientific, Waltham, MA, USA) for 3 hours 
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at room temperature and then incubated in DAPI (a nuclear 

dye) solution (5 μg/mL) at room temperature for 20 minutes. 

Images were obtained using a FV10i FLUOVIEW Confocal 

Microscope (Olympus, Tokyo, Japan).

Statistical analysis
The student’s t-test in GraphPad Prism 5.0 (GraphPad 

Software, Inc., La Jolla, CA, USA) was applied for the sta-

tistical difference between two treatment groups (one-way 

analysis of variance [ANOVA] followed by Tukey–Karmar 

test in case of multiple comparison). P-values 0.05 were 

accepted as a statistically significant difference. All the 

results were presented as the mean ± SD.

Results and discussion
nPs preparation and characterization
NPs were prepared using a single O/W emulsion solvent 

evaporation method.16 To determine the optimal NPs 

fabrication method, we evaluated a peristaltic pump injec-

tion method and a probe sonication method. For pH_NPs 

preparation, polymer was dissolved in a solvent mixture of 

acetone and methanol (1:2), and NPs were prepared using 

the injection method. However, for Time_NPs and pH/

Time_NPs preparation, the probe sonication method was 

used because ERS has good solubility in DCM and resulted 

in a high yield of NPs. All formulations resulted in spherical 

NPs with high yields, uniform sizes, and high encapsulation 

efficiencies, as shown in Table 1 and Figure 2A.

Particle size is an important factor in the development 

of colon-specific drug delivery strategies for IBD treatment 

because it affects drug accumulation in the inflamed colon.26 

Particle size was determined using a qNano size analyzer 

(Figure 2B) and a zetasizer (Table 1). All the prepared 

formulations resulted in particles with nanorange sizes with 

a monodisperse size distribution and polydispersity index 

values between 0.1 and 0.2. Size histograms of pH_NPs and 

 ×  × ×

Figure 2 Morphology and size distribution of nPs.
Notes: (A) seM images of nPs (scale bar =500 nm). (B) qnano size histogram of nPs.
Abbreviations: nPs, nanoparticles; seM, scanning electron microscopy; ph_nPs, eudratig Fs30D_nPs; Time-nPs, eudratig rs100_nPs; ph/Time_nPs, eudratig Fs30D/
eudratig rs100_nPs.

Table 1 Physicochemical characteristics of nPs

Formulations Particle  
size (nm)

Polydispersity  
index

Loading  
efficiency (%)

Encapsulation  
efficiency (%)

Yield (%)

ph_nPs 235±15 0.09±0.01 4.8±0.2 52.4±4.8 75.3±3.5
Time_nPs 273±42 0.20±0.07 5.5±0.5 61.6±5.5 52.3±4.0
ph/Time_nPs 251±27 0.15±0.04 6.2±0.4 69.3±4.3 67.6±2.5

Note: results are expressed as mean ± sD (n=3).
Abbreviations: nPs, nanoparticles; ph_nPs, eudratig Fs30D_nPs; Time_nPs, eudratig rs100_nPs; ph/Time_nPs, eudratig Fs30D/eudratig rs100_nPs; sD, standard 
deviation.
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pH/Time_NPs showed that most NPs fell in the size range 

of 200–250 nm, while Time_NPs fell within a size range of 

250–300 nm (Figure 2B).

in vitro drug release at different 
ph values
The pH-dependent drug release from NPs was evaluated at 

pH values of 1.2, 6.5, and 7.4, which resemble the stomach, 

small intestine, and ileum/colon pH values, respectively. 

pH_NPs and pH/Time_NPs showed a strong dependence 

on the pH of their respective buffer system while Time_NPs 

showed pH-independent release (Figure 3). Time_NPs 

showed sustained release and the rate was not affected by 

changes in the release medium pH. Approximately 70% of 

the drug was released in the first 6 hours at pH 1.2 and 6.5, 

and the premature drug release would lead to absorption in 

the small intestine, which resulted in unwanted side effects 

and less drug availability to the inflamed colon, indicating 

that single time systems are not suitable for colon delivery. 

pH_NPs and pH/Time_NPs at pH 1.2 and 6.5 exhibited 

a slower drug release than that exhibited by Time_NPs. 

Less than 20% of the drug from pH_NPs and ~30% from 

pH/Time_NPs was released during the first 6 hours. The 

slightly increased premature drug release of pH/Time_NPs 

as compared to pH_NPs at acidic pHs can be explained by 

the presence of ERS in the NP which make the NPs less 

resistant to acidic conditions. At pH 7.4 (ie, pH of the ileum 

and colon); however, pH_NPs and pH/Time_NPs showed 

markedly different release profiles. pH_NPs showed a sudden 

burst release (nearly 100%) of the drug owing to complete 

dissolution of EFS at pH 7.4 as shown in Figure 3, confirming 

that the single pH-dependent system would not be suitable 

for colon-specific delivery because of the burst drug release 

in the ileum. Premature drug release in the ileum can result in 

systemic absorption, leading to unwanted side effects as well 

as insufficient drug delivery to the colon. On the other hand, 

pH/Time_NPs exhibited a sustained drug release profile at pH 

7.4 over 24 hours without burst drug release. These results 

demonstrated that pH/Time_NPs can efficiently retain the 

entrapped drug until reaching the colon, increasing the drug 

availability in the colon, which is a desirable approach for 

colon-targeted delivery.

in vivo distribution of nPs in the mice  
gi tract
The therapeutic goal of colon-targeted 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 GI tract. 

Therefore, we sought to evaluate NPs distribution in the GI 

tract of mice with DSS-induced colitis (Figure 4). The % 

dose of C-6 in each GI tract segment (stomach, small intes-

tine, cecum, and colon) was assayed 2 hours, 6 hours, and 

10 hours after the oral administration of NPs. We compared 

pH/Time_NPs with pH_NPs, which are most commonly 

used for colon delivery.7 For in vivo studies, Time_NPs 

were not evaluated due to their pH-independent burst drug 

release at pHs of the upper GI tract (stomach and early small 

intestine) as shown in Figure 3. Distribution results in the 

colon showed that C-6 levels were significantly higher in 

the pH/Time_NPs-treated mice than in the pH_NPs-treated 

mice after 6 hours and 10 hours of administration (Figure 4A 

and B). The results can be attributed to the different release 

patterns of the two NPs (Figure 3). pH_NPs released most of 

their C-6 content in the upper part of the GI tract or the ileum, 

leading to substantial systemic absorption by the small intes-

tine before reaching the colon. In the case of pH/Time_NPs, 

the sustained release of C-6 in the alkaline pH of the ileum 

prevented burst drug release, indicating that compared to 

single pH systems, dual pH/time systems deliver sufficient 

amounts of encapsulated drug specifically to the inflamed 

colon. The in vivo distribution results imply that dual pH/

time-dependent systems have greater therapeutic potential 

than single pH systems for colitis therapy.

In vivo therapeutic efficacy
Next, we studied the therapeutic efficacy of budesonide-

loaded NPs in a DSS-induced colitis mice model. Based on 

Figure 3 In vitro drug release profiles of NPs.
Notes: Drug release profiles of pH_NPs, Time_NPs and pH/Time_NPs at pHs 
1.2, 6.5, and 7.4 resembling stomach, early small intestine, and ileum and colon phs, 
respectively.
Abbreviations: nPs, nanoparticles; ph_nPs, eudratig Fs30D_nPs; Time_nPs, 
eudratig rs100_nPs; ph/Time_nPs, eudratig Fs30D/eudratig rs100_nPs.
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Figure 4 in vivo distribution of nPs in mice gastrointestinal tract.
Notes: (A) ph_nPs. (B) ph/Time_nPs (three mice per each time point, **P0.01).
Abbreviations: nPs, nanoparticles; ph_nPs, eudratig Fs30D_nPs; ph/Time_nPs, eudratig Fs30D/eudratig rs100_nPs.

Figure 5 Dai and body weight changes of healthy, untreated, and nPs-treated groups during the whole experimental period.
Notes: (A) Dai. (B) Body weight changes. error bars are not shown for clarity reasons: n=8, mice/group, statistical significance (*P0.05, **P0.01, ***P0.001) compared 
with colitis control.
Abbreviations: Dai, disease activity index; nPs, nanoparticles; Dss, dextran sulfate sodium; ph-nPs, eudratig Fs30D_nPs; ph/Time_nPs, eudratig Fs30D/eudratig 
rs100_nPs.

the sustained drug release over a wide pH range (Figure 3) and 

maximum drug delivery potential to the colon (Figure 4B), we 

speculate that the pH/Time_NPs can avoid complete release 

of the loaded drug in the small intestine at an alkaline pH 

and that they may thus reach colitis lesions and have a local 

therapeutic effect. pH_NPs and pH/Time_NPs were orally 

administered daily to DSS-induced colitis mice for 7 days. 

After the treatment, we assessed colitis severity on the basis of 

DAI, body weight changes, colon length, histological analysis, 

and immunofluorescence staining of colon tissue sections.

Body weight changes and Dai
In DSS-induced colits mice model, the colitis group (ie, untreated 

group) exhibited severe diarrhea accompanied by bleeding as 

indicated by the increased DAI values (Figure 5A). Lower DAI 

values were observed in mice treated with budesonide-loaded 

NPs administered orally than in DSS-induced control colitis 

mice. The pH/Time_NPs-treated groups had significantly lower 

DAI values than those of the pH_NPs-treated group. Further-

more, compared to the healthy control group, the DSS-induced 

colitis groups showed significantly decreased body weight 

(Figure 5B). Before DSS administration, there were no inter-

group differences in body weight. However, the administration 

of 2.5% DSS in drinking water for colitis induction significantly 

decreased body weights in the colitis groups compared to the 

body weights in the healthy control group. A faster recovery of 

body weight was observed in the pH/Time_NPs-treated group 

than in the untreated and pH_NPs-treated groups.
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Figure 6 Macroscopic evaluation of colitis.
Notes: (A) representative photographs of colons from healthy, untreated, and treated groups; (B) colon length; (C) colon length-to-weight ratio. n=8, mice/group, statistical 
significance (*P0.05, ***P0.001) compared with colitis control.
Abbreviations: Dss, dextran sulfate sodium; nPs, nanoparticles; ph-nPs, eudratig Fs30D_nPs; ph/Time_nPs, eudratig Fs30D/eudratig rs100_nPs.

colon length and colon length/weight 
ratio
Colitis with severe bleeding and shortening of the large 

intestine was induced by DSS administration for 7 days. 

The colon was significantly shortened in mice with DSS-

induced colitis, which is an index of colitis (Figure 6A 

and B). Healthy mice had a colon length of 11.5 cm, while 

a significant reduction in colon length was observed after 

induction of DSS-mediated colitis with values of ~6 cm. 

Compared to the healthy controls, pH_NPs-treated mice also 

exhibited colon shortening. However, colon length markedly 

improved with pH/Time_NPs treatment, and a significant dif-

ference in colon length was observed between treated mice 

and DSS colitis mice. For the pH/Time_NPs-treated group, 

an increase in colon length to almost 10 cm was observed, 

a much closer return to baseline than what was observed in 

the remaining colitis groups. Similar to observations made 

regarding the clinical activity index, colon weight/length 

ratios after pH/Time_NPs treatment was found to be lower 

in comparison to the colitis group (Figure 6C). Again, oral 

administration of pH_NPs was slightly less efficient, while 

pH/Time_NPs at the same dose exhibited a significantly 

enhanced therapeutic effect as compared to pH_NPs.

Microscopic assessment of colitis by  
h&e staining
The therapeutic effect of pH/Time_NPs on colitis was also 

supported by histological examination of colon tissues 

in each group. As shown in Figure 7, the mucosa from 

the healthy control group showed no signs of disrupted 

morphology. However, the colon sections of DSS-induced 

colitis control mice exhibited severe mucosal inflammation 

in all layers of the bowel wall, including a marked increase 

in muscle layer thickness, severe submucosal edema, gob-

let cell depletion, inflammatory cell infiltration, and crypt 

abscesses. Inflammation subsided substantially and less 

tissue damage was observed in the NPs-treated groups. Inter-

estingly, the pH/Time_NPs-treated group showed signs of 

re-epithelization, and the histological appearance resembled 

that of normal mice, indicating the significant therapeutic 

effect on DSS-induced colitis. Overall, these findings indicate 

that pH/Time_NPs deliver sufficient drug to the inflamed 

colon, thereby significantly alleviating inflammation.

immunostaining
Macrophages produce proinflammatory cytokines such 

as interleukin-6 and tumor necrosis factor-α at intestinal 
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Figure 7 histological evaluation of colitis.
Notes: representative photograph of colon from healthy, untreated, and treated groups after h&e staining. Black arrows indicate necrosis and ulcers, and yellow arrows 
indicate re-epithelization in the mucosa of the colon (scale bars =50 μm).
Abbreviations: nPs, nanoparticles; ph-nPs, eudratig Fs30D_nPs; ph/Time_nPs, eudratig Fs30D/eudratig rs100_nPs; h&e, hematoxylin and eosin.

Figure 8 immunostaining of colon cryosections.
Notes: representative photographs of colons from healthy, untreated, and treated mice. Blue, DaPi nuclear staining; red, macrophages (F4/80). White arrows indicate 
macrophage infiltration.
Abbreviations: DaPi, 4′,6-diamidino-2-phenylindole dihydrochloride; nPs, nanoparticles; ph-nPs, eudratig Fs30D_nPs; ph/Time_nPs, eudratig Fs30D/eudratig  
rs100_nPs.
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Figure 9 Proposed mechanism of budesonide release and colon-targeting of the single-systems (ph–nPs and Time_nPs) and dual-system (ph/Time_nPs) under gi tract 
mimicking conditions.
Notes: after oral administration, Time_nPs release a substantial amount of budesonide in the stomach. although ph–nPs retain the drug in stomach and early part of the 
gi tract, complete drug release occurs at ileum (ph 7). The premature drug release can result in drug loss and systemic absorption in the stomach and small intestine 
before reaching the colon. in contrast, ph/Time_nPs can prevent the premature and complete drug release in acidic and alkaline ph harsh conditions of the gi tract and 
efficiently deliver the drug to sites of colitis.
Abbreviations: gi, gastrointestinal; nPs, nanoparticles; ph_nPs, eudratig Fs30D_nPs; Time_nPs, eudratig rs100_nPs; ph/Time_nPs, eudratig Fs30D/eudratig rs100_nPs.

inflammation sites and are believed to be involved in the patho-

genesis of colitis.27 Therefore, an immunohistochemical study 

of F4/80-positive cells in the colonic mucosa was undertaken 

to investigate the relationship between macrophage infiltration 

and colitis severity. Increased macrophage infiltration into 

the epithelium was induced by DSS intake in colitis control 

mice, confirming inflammation severity (Figure 8). Compared 

to colitis control mice, budesonide-loaded NPs-treated mice 

showed a reduced macrophage counts. More importantly, 

pH/Time_NPs treatment suppressed the increased macrophage 

invasion. Treatment with pH_NPs decreased the macrophage 

invasion into the colonic mucosa much less efficiently than 

pH/Time_NPs. These results further confirmed the enhanced 

therapeutic potential of pH/Time_NPs for colitis.

Conclusion
We designed and developed novel budesonide-loaded pH/

Time_NPs that can minimize premature drug release in the 

stomach and small intestine and release the drug in the colon 

in a sustained manner. An in vitro drug release and in vivo 

distribution study revealed that pH/Time_NPs exhibited 

improved colon-specific drug release and distribution while 

Time_NPs and pH_NPs showed unwanted premature drug 

release in the stomach and small intestine, respectively 

(Figure 9). Moreover, assessment of DAI, body weight 

changes, colon length, and histological and immunohis-

tochemistry investigations of colon tissue demonstrated 

that pH/Time_NPs alleviated DSS-induced colitis in mice 

more effectively than pH_NPs. Our findings suggest that pH/

Time_NPs are a promising alternative to single pH-dependent 

systems for colitis therapy.
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