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A B S T R A C T   

Notoginsenoside R1 (R1), which originated from the rhizomes and roots of Panax notoginseng, is 
classified as a Biopharmaceutical Classification System class III drug with good solubility but poor 
oral absorption. Although R1 can alleviate the inflammation of dextran sulfate sodium (DSS)- 
induced colitis in mice, the problem of acid degradation and low bioavailability limit its appli-
cation. The purpose of this study was aimed to design one kind of pH-dependent solid dispersion 
for oral colon-targeted delivery of R1. Using Eudragit S100 (ES 100) and PEG 4000 as the pH- 
dependent carriers, R1 solid dispersion (R1-SD) was fabricated by solvent evaporation method. 
Scanning electron microscopy, differential scanning calorimetry, and powder X-ray diffraction 
analysis indicated that R1-SD was completely formed, the surface was smooth surface and the 
strip crystal structure of R1 disappeared. The in vitro release profile of R1-SD (R1-ES 100-PEG 
4000, 1:7:1, weight ratio) exhibited that R1-SD was not released in media simulating the 
gastric condition (pH 1.2), but better release characteristics of the drug could be obtained in 
media simulating the intestinal condition (less than 30% in pH 6.8 phosphate-buffered saline and 
more than 90% in pH 7.6 condition). The in vitro colon absorption test showed that the absorption 
rate and cumulative release of R1-SD were higher than those of R1. R1-SD and R1 had apparent 
protective effect on colon shortening, inflammatory infiltrating tissue injury, weight loss, diar-
rhea, blood stool in mice with ulcerative colitis induced by DSS, and the protective effect of R1-SD 
was better than that of R1, which indicated R1-SD has good practical application prospects.   

1. Introduction 

Notoginsenoside R1 (R1, Fig. 1), one kind of protopanaxatriol saponins which isolated from Panax notoginseng (Burk.) F. H. Chen, is 
proved to have a great many of pharmacologic activities, including neuroprotective [1], anti-inflammatory [2], cardioprotective [3], 
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and anticancer effects [4]. Our previous studies have shown that R1 could mitigate the inflammatory reaction of dextran sulfate 
sodium (DSS)-induced colitis in mice by reducing cytokines production, inhibiting the activity of myeloperoxidase, decreasing the 
expression of proinflammatory genes, and restraining the phosphorylation of IkBα, IkB kinase, and p65 in the colon [5]. However, R1 is 
classified as a Biopharmaceutical Classification System III drug [6,7] and liable to degradation in the gastric acid environment [8] with 
poor oral bioavailability [9,10], which limits its clinical application. 

Oral colon-targeted drug delivery system (OCTDDS) is one new type of targeted drug delivery systems that utilize drug delivery 
technology to maximize the delivery of oral drugs to the colon for release and achieve the local or systemic therapeutic effects [11–14]. 
OCTDDS can be used to treat a series of local diseases related to colon, for instance, Crohn’s disease, hemorrhagic enteritis, irritable 
bowel syndrome, ulcerative colitis (UC), colorectal cancer, etc. It can also be used to treat asthma, angina pectoris, arthritis, and other 
diseases with time rhythm [15,16]. OCTDDS is mainly divided into several types, such as pH-dependent drug release system, 
time-dependent drug release system, intestinal pressure-dependent drug release system, multi-trigger drug release system, and enzyme 
response drug release system. Among them, pH-dependent drug release system is on account of the different pH of human gastroin-
testinal tract to achieve colon-targeted drug release. 

For the sake of achieving the effect of colon pH-dependent drug release, Eudragit S100 (ES 100), the colon soluble material, is 
usually selected as the pH-sensitive material to achieve the purpose that let drug does not release in stomach, not or a bit release in 
small intestine [17–21]. Drug molecules, colloidal, microcrystalline, or amorphous state can be highly fragmented in ES 100 to form a 
solid dispersion (SD) system, which could improve the dissolution and bioavailability. The main characteristic of SD is the use of 
carriers with different properties to keep drugs in a highly dispersed state, achieving different requirements for drug use purposes. The 
use of strong hydrophilic carriers can increase the solubility and dissolution rate of insoluble drugs, thereby improving the 
bioavailability of drugs. The use of insoluble carriers can delay or control drug release. Alternatively, enteric soluble carriers can be 
used to control drug release in the small intestine. Secondly, the encapsulation effect of the carrier can delay the hydrolysis and 
oxidation of drugs, cover up the unpleasant odor and irritation of drugs, and solidify liquid drugs, etc. Maghsoodi et al. [22] used ES 
100 as the carrier to fabricate enteric release SD of piroxicam (PX) by spherical crystallization technique. The in vitro dissolution results 
showed that the drug did not release in pH 1.2 phosphate-buffered saline (PBS) while an obvious increase in dissolution of PX dispersed 
in ES 100 was noted in pH 7.4 PBS. SD can not only improve the dissolution rate but also the dispersion uniformity of the drug by 
transforming the drug from the original crystalline state to the amorphous state, so as to enhance the permeability and make the drug 
be absorbed more easily [23–26]. SD is a promising new formulation technology and with the advancement of global medical tech-
nology, the SD market will further develop. 

In this study, a pH-dependent colon-soluble SD was fabricated to improve the stability and intestinal absorption of R1. Then, the 
preparation was characterized by scanning electron microscopy (SEM), powder X-ray diffraction (PXRD), and differential scanning 
calorimetry (DSC). Besides, the dissolution and release properties, the absorption in small intestine and protective effect on UC mice of 
the preparation were also studied. 

Fig. 1. The chemical structure of R1.  
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2. Materials and methods 

2.1. Materials 

R1 (the active ingredient, purity >98%) was purchased from Chengdu Purify Biotechnology Co., LTD. (Sichuan, China). ES 100 was 
provided by Shanghai Chine-way Pharmaceutical Accessories Co., LTD. (Shanghai, China). Polyethylene glycol (PEG 4000, PEG 6000) 
were purchased from Dalian Meilun Biological Technology Co., LTD. (Dalian, China), and hydrogenated soybean phosphatidylcholine 
(HSPC 100, purity >99%) was supplied by Lipoid GmbH (Ludwigshafen, Germany). DSS (molecular mass 36–50 kDa) was provided by 
MP Biomedicals (Solon, USA). Acetonitrile was chromatographic purity. The other reagents were all analytical pure grade. 

2.2. Animals 

SD rats (male, weight 300 ± 30 g) and eight-week-old C57BL/6 mice (female, weight 20 ± 2 g) were both purchased from the 
Shanghai Laboratory Animal Center (Shanghai, China) and raised in Animal Experiment Center of Shanghai University of traditional 
Chinese Medicine (Production license: ACSHU-2018-9180). This study protocol was conformed to the ethical guidelines authorized by 
the Animals Ethics Committee of Shanghai University of Traditional Chinese Medicine (animal ethics number: 
PZSHUTCM202023016). All animal studies were complied with the ARRIVE guidelines. 

The animals were kept in plastic cages with two rats per cage and eight mice per cage, setting temperature at 25 ± 2 ◦C and 12 h 
light/dark cycle. The animals were free access to food and water. 

2.3. R1 determination method 

R1 concentration for in vitro release rate and intestinal absorption test were determined by Agilent 1260 Infinity Series HPLC system 
(Agilent Technologies, Santa Clara, CA, USA). By using a Platisil ODS column (4.6 × 250 mm, 5 μm) (Dikma Technologies, Beijing, 
China), R1 was detected with acetonitrile/water (20/80, v/v) as the mobile phase at 30 ◦C. The flow rate was set at 1.0 mL/min, the 
injection volume was 20 μL and the detection wavelength was 203 nm. 

2.4. Preparation of R1 solid dispersions (R1-SD) 

2.4.1. Selection of water-soluble excipients 
R1-SD were prepared by solvent evaporation method. ES 100 is the basic carrier for the preparation of pH-dependent colon-tar-

geted formulations. The addition of water-soluble excipients enables the rapid dissolution of drugs in the colon. Taking in vitro 
dissolution as the main investigation index, different water-soluble excipients (PEG 4000, PEG 6000, and HSPC 100) were added to 
investigate their effects on the cumulative release of R1 in ES 100 (3 copies were prepared in parallel). 

2.4.2. Selection of the ratio of ES 100 to PEG 4000 
The fixed reaction solvent was anhydrous ethanol, the concentration of R1 was 2 mg/mL, the stirring temperature was 45 ◦C, and 

the stirring speed was 800 rpm for 2 h. The ratio of ES 100 to PEG 4000 was screened using cumulative release in vitro as an index (3 
copies were prepared in parallel). 

2.4.3. Preparation of R1 solid dispersions (R1-SD) 
R1, ES 100 and PEG 4000 (1:7:1, w/w/w) were put into ethanol to obtain a clear solution under the condition of stirring (800 rpm, 

45 ◦C for 2 h). Then, the solvent was evaporated by a rotary evaporation equipment at 50 ◦C. The obtained solid material was dried in a 
vacuum drying furnace at 25 ◦C for 24 h, then ground with a mortar, and passed through a sieve (60-mesh). 

2.4.4. Determination of R1 and R1-SD cumulative release in vitro 
Samples were put into ordinary capsules respectively, each containing R1 50 mg, and tested at 37 ◦C and 100 rpm under the 

condition of pH 1.2 dilute hydrochloric acid buffer for 2 h, pH 6.8 PBS for 4 h, and pH 7.6 PBS for 8 h, respectively. 
The same amount of 1 mL samples was withdrawn at regular intervals, filtered by a 0.45 μm syringe filter, and determined by an 

optimized HPLC method. The same amount of release medium was added to keep the volume constant. All results were from three 
separate experiments and reported as average values. The formula for calculating the cumulative dissolution is as follows: 

Cumulative dissolution = CnV2+(Cn− 1+…+C2+C1)V1
m × 100%. 

Cn is the sample concentration at each time point, V1 is the fixed volume taken for sampling at each time point, V2 is the volume of 
dissolution medium, and m is the amount of R1 in the dissolution cup. 

2.5. Characterization of R1-SD 

2.5.1. Scanning electron microscopy (SEM) 
Shape and surface morphology of R1, the physical mixture of R1, PEG 4000 and ES 100, the physical mixture of PEG 4000 and ES 

100, and the R1-SD powder were all observed by SEM (8500-FE, Agilent, USA). The dried preparation samples were smeared on the 
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special sample table with conductive double-sided glue, and the sample table was placed in the ion sputtering instrument for surface 
gold plating (6 nm/min) in a vacuum of 60 s (6 Pa). The thickness of the film was 22 nm, and then observed by SEM. 

2.5.2. Powder X-ray diffraction (PXRD) 
R1, the physical mixture of R1, PEG 4000 and ES 100, the physical mixture of PEG 4000 and ES 100, and the R1-SD were measured 

by PXRD (Bruker D8 advance, Germany) under the condition of using Cu–K radiation with nickel filter under 40 kV, angle range 2θ 
between 3◦ and 40◦, and counting time at 0.1 s per step. 

2.5.3. Differential scanning calorimetry (DSC) 
The thermal behaviors of R1, the physical mixture of R1, PEG 4000 and ES 100, the physical mixture of PEG 4000 and ES 100, and 

the R1-SD powder were studied by DSC (Q-2000, TA, USA). The samples were weighed in a standard open aluminum pan with the 
same empty pan as reference. The heating procedure was executed for each sample to run at a speed of 10 ◦C/min between 25 ◦C and 
250 ◦C, while nitrogen was used as the purging gas. Indium was used to calibrate the temperature and heat flux in vitro dissolution and 
release of R1 and R1-SD capsules. 

2.5.4. In vitro release of R1 and R1-SD 
R1 and R1-SD were put into ordinary capsules respectively, each containing R1 50 mg. According to the third method of 

“Determination of Dissolution and Release” in the four general rules of the Chinese Pharmacopoeia (2020 edition), namely the small 
cup method, R1 capsules and R1-SD capsules were tested at 37 ◦C and 100 rpm in the following order: pH 1.2 dilute hydrochloric acid 
buffer for 2 h, pH 6.8 PBS for 4 h, and pH 7.6PBS for 8 h. Other operations were carried out according to the method under 2.4.4. 

Following mathematical models were used to fit the drug release behavior of R1-SD in the condition of pH 7.6: (1) Zero-order 
release model: Q = k t + b; (2) First-order release model: ln (1-Q) = -k t + b; (3) Higuchi model: Q = k t1/2+ b. Where Q is the 
drug release (%), t is the time of drug release. 

2.6. In vitro intestinal absorption of R1 and R1-SD 

According to the protocol, SD rats were divided into two groups randomly (group R1 and group R1-SD). Five rats in each group 
were fasted but free to water for 20 h before the experiment. After the rats being sacrificed with 3.5% chloral hydrate, a segment of 
ileum was carefully separated along the midline to remove mesentery and fat, taken for 10 cm, and washed with Krebs-Ringer buffer 
(118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 25 mM NaHCO3, 1.2 mM KH2PO4, 2.5 mM CaCl2, and 11 mM glucose, pH 6.8, 4 ◦C) 
[27–30]. 

Ligate the end of the ileum segment near bowel and secure the other end of the ileum to the orifice of the instrument (Fig. 2). 2 mL 
R1 and R1-SD aqueous solutions (both containing R1 6 mg/mL) were injected into the ileum with syringes, respectively. After ligating 
the orifice, the ileum segment was placed vertically in a McIntosh bath containing 15 mL Krebs-Ringer buffer. 

The whole process of the experiment was maintained at 37 ◦C and in the water bath of 95% O2/5% CO2. After an equilibration of 5 
min, 1 mL of samples were withdrawn according to the predetermined time interval (15, 30, 45, 60, 90, 120 min), and then filtered by a 
0.45 μm syringe filter. The same amount of release medium was added to keep the volume constant. The concentration of R1 in each 

Fig. 2. The device of in vitro intestinal absorption test.  
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sample was determined via an optimized HPLC method and normalized by measuring the length of the sacs after incubation. 

2.7. Protective effects on DSS colitis mice of R1 and R1-SD 

DSS colitis model mice were induced according to references [31]. In this study, modeling and administration were conducted at 
the same time. In brief, the mice were administered with 4% (w/v) DSS aqueous solution successively for 9 days after a 2-day con-
ventional feeding, whereas the mice in the vehicle group drank water instead (10 mice per group). Meanwhile, the mice in the R1 
group and R1-SD group were administered with R1 (25 mg/kg) and R1-SD (equivalent to R1 25 mg/kg) in 0.5% CMC-Na for the 9 days, 
respectively. While the mice in the vehicle group and the model group were administered with 0.5% CMC-Na instead. The dosage of R1 
was selected according to the results of the previous studies [5]. 

The severity of diarrhea was observed throughout the whole process of the experiment. After sacrificed under anesthesia, the mice 
colon length of was measured, and then the colons were separated and fixed in 10% formalin buffer. Histological examination (H&E) 
stain was performed after paraffin embedding. Histological scores were obtained through blind method by two pathologists according 
to the scoring roles for tissue damage (score 0–3) and inflammatory cell infiltration (score 0–3), as described previously [32–34]. Body 
weight and spleen weight were also recorded every day during the whole experiment. 

2.8. Statistical analysis 

Data are expressed as mean ± SD, and analyzed using GraphPad Prism 8. The data were tested by one-way ANOVA followed by post 
hoc analysis with Bonferroni’s test, and p < 0.05 was considered to be statistically significant. 

3. Results and discussion 

3.1. R1 determination method 

Quantitative analysis of R1 was performed via the HPLC 1260 system. Within the tested concentration range of 11.75–3000.00 μg/ 
mL, the calibration curve of R1 was drawn by the corresponding concentrations (x, μg/mL) versus the peak areas (y) and expressed as y 
= 4197.6 x + 57.68 (r2 = 0.999). The recovery of R1 was between 98.79% and 103.22% (RSD < 2.14%). The repeatability and 
precision of inter- and intra-day were expressed by RSD value. Results showed that the peak areas repeatability was 2.68%, and the 
intra- and inter-day precision was below 2.70%. These results demonstrated that the optimized HPLC method was suitable for R1 
quantitative determination. 

3.2. Optimisation of R1-SD Procession 

3.2.1. Confirmation of water-soluble excipients type 
The results of the effect of different water-soluble excipients (PEG 4000, PEG 6000 and HSPC 100) on the cumulative percentage 

dissolution of R1 in the primary carrier ES 100 are shown in Fig. 3. 
R1 was insoluble in all prescriptions except API at pH 1.2 (Fig. 3a). The cumulative dissolution in the condition of pH 6.8 for all 

prescriptions was lower than that of API, with 30% for PEG 4000, 40% for PEG 6000 and 42% for HSPC 100, respectively (Fig. 3b). At 
pH 7.6, the dissolution rate and final dissolution amount of PEG 6000 and HSPC 100 were similar, while the dissolution rate of PEG 
4000 was significantly faster than that of PEG 6000 and HSPC 100, with a cumulative dissolution amount of 80% in 3 h (Fig. 3c). 

According to the screening indexes of colonic preparations, PEG 4000 was selected as the water-soluble excipient based on the 
principles of pH 1.2 insolubility, pH 6.8 low solubility and pH 7.6 high solubility. 

3.2.2. Determination of the ratio of ES 100 to PEG 4000 
The results of the cumulative percent solubility of R1 in different formulations (R1:ES 100:PEG 4000 in the ratios of 1:3:1, 1:5:1, 

1:7:1, 1:8:1, 1:9:1, and 1:9:2, respectively) are shown in Fig. 4. 

Fig. 3. In vitro cumulative releasing profiles of formulations with different water-soluble excipients. (a: pH 1.2. b pH 6.8. c pH 7.6).  
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R1 was not dissolved in any of the prescriptions except API at pH 1.2 (Fig. 4a). In the condition of pH 6.8, the cumulative amount of 
R1 dissolved in different prescriptions was relatively low and meet the requirements for colon preparations at the ratios of 1:7:1 
(29.7%), 1:8:1 (30.9%), and 1:9:2 (31.6%)(Fig. 4b). At pH 7.6, the cumulative dissolution of R1 in different prescriptions was fastest 
and greatest at the three ratios of R1:ES 100:PEG 4000 of 1:5:1 (95.5%), 1:7:1 (97.8%) and 1:9:2 (95.8%) (Fig. 4c). According to the 
screening indexes of colonic preparations, R1:ES 100:PEG 4000 ratio 1:7:1 was selected as the prescription for R1-SD. 

3.3. Characterization of the optimized R1-SD 

3.3.1. SEM analysis 
SEM, which reveals the surface morphology and internal structure of nanoscale particles, is usually used to characterize solid 

dispersions. Drugs form solid dispersions generally in an amorphous state [35]. 
SEM photographs are shown in Fig. 5. Free R1 appeared as prismatic crystals (Fig. 5a), PEG 4000 was in a compact mass, and ES 100 

was in spherical shape (Fig. 5c), respectively. The prismatic crystals of the free R1, the spherical ES 100 and the massive PEG 4000 all 
could be seen in the physical mixture of R1, PEG 4000 and ES 100 (Fig. 5b). However, the R1-SD solid dispersion presented as a 
homogeneous, plate-like structure (Fig. 5d), and it was quite different from free R1 and the adjuvants. These results directly proved 
that the complete formation of R1-SD. 

3.3.2. DSC analysis 
DSC is a technique for measuring the temperature difference between a substance and a reference substance as a function of 

temperature, under the control of a temperature programme. If drug crystals are present in the solid dispersion, a heat absorption peak 
will appear; the more drug crystals there are, the larger the area of the heat absorption peak will be [35–37]. 

As shown in Fig. 6, free R1 had obvious characteristic of heat absorption peak at 118.7 ◦C (Fig. 6a), but there was no significant 
characteristic heat absorption peak in the physical mixture of PEG 4000 and ES 100 (Fig. 6c). The characteristic heat absorption peak 
of R1 disappeared in R1-SD (Fig. 6d), but existed in the physical mixture of R1, PEG 4000 and ES 100 (Fig. 6b), indicating that R1 was 
dispersed in an amorphous state in the carrier. 

3.3.3. PXRD analysis 
PXRD is widely used in the qualitative analysis of crystalline materials. Each crystalline substance has its own specific structure, 

and its powder diffraction pattern has its own characteristics. After the drug forms an amorphous solid dispersion, its characteristic 
crystal diffraction peak will disappear [35–37]. 

There was an obvious characteristic diffraction peak in free R1 (Fig. 7a), while no crystal diffraction peak was demonstrated in the 
physical mixture of PEG 4000 and ES 100 (Fig. 7c). Besides, the characteristic diffraction peak of the drug still existed in the physical 
mixture of R1, PEG 4000 and ES 100 (Fig. 7b). For R1-SD, the characteristic diffraction peak disappeared completely, indicating that 
R1 existed in amorphous form in R1-SD (Fig. 7d). 

3.4. In vitro release of R1 and R1-SD 

The in vitro release of R1 and R1-SD in human physiological pH changing environments was studied. Among them, R1 capsules and 
R1-SD capsules were released in gastric juice environment (hydrochloric acid solution at pH 1.2) for 2 h, small intestine environment 
(PBS at pH 6.8) for 4 h, and then transferred to colon environment (PBS at pH 7.8) for release. The experimental results are shown in 
Fig. 8. The cumulative release rate of R1 capsules at pH 1.2 for 2 h is about 40%, and the release rate exceeds 70% in PBS at pH 6.8 for 4 
h, The release rate exceeds 80% in PBS with a pH value of 7.4 for 2 h. However, R1-SD capsules did not release at pH 1.2, with a release 
rate of less than 30% at pH 6.8 and over 90% at pH 7.6. The cumulative release rate of R1-SD meets the requirements of the Chinese 
Pharmacopoeia (2020 edition) for colon preparations. The significant release of R1 in the colon may be due to the pH sensitivity of the 
main supporting material ES 100, which can only dissolve under conditions with pH values above 7. Therefore, R1-SD can effectively 
prevent R1 from being destroyed under acidic conditions. 

Three common drug release mathematical models were used to study the linear fitting curve of R1-SD at pH 7.6 as shown in Table 1. 

Fig. 4. In vitro cumulative releasing profiles of formulations with different ratio of ES 100 to PEG 4000. (a: pH 1.2. b pH 6.8. c pH 7.6).  
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As can be seen from Table 1, the optimal linear fitting for R1-SD release was Higuchi release model with R2 was the highest close to 
1. It means that the drug in R1-SD is mainly released in the form of diffusion [38]. 

3.5. In vitro intestinal absorption of R1 and R1-SD 

Comparing with the cumulative ileum absorption of R1, a significant increase was observed in R1-SD group after 45 min (p < 0.05, 
Fig. 9). The increase of absorption was not obvious between 0 and 45 min might be related to the sustained release skeleton of ES 100 
which a certain time for swelling to release was needed. 

Fig. 5. SME photographs. (a: R1. b: Physical mixture of R1, PEG 4000 and ES 100. c: Physical mixture of PEG 4000 and ES 100. d: R1-SD.)  

Fig. 6. DSC thermograms. (a: R1. b: Physical mixture of R1, PEG 4000 and ES 100. c: Physical mixture of PEG 4000 and ES 100. d: R1-SD.)  
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Fig. 7. PXRD patterns. (a: R1. b: Physical mixture of R1, PEG 4000 and ES 100. c: Physical mixture of PEG 4000 and ES 100. d: R1-SD.)  

Fig. 8. In vitro cumulative releasing profiles of R1 and R1-SD (n = 3).  

Table 1 
Fitting of release kinetic equations.  

Release models Fitting equation R2 

Zero-order (a) Q = 0.0178 t + 0.4934 0.8173 
First-order (b) ln (1-Q) = − 0.0404 t – 0.6750 0.8475 
Higuchi (c) Q = 0.0725 t1/2 + 0.4256 0.8945  

Fig. 9. Cumulative intestinal absorption of R1 and R1-SD (n = 5).  
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3.6. Protective effects on DSS colitis mice of R1 and R1-SD 

DSS-induced colitis model has been widely used to elucidate the pathogenesis of UC [39]. Animals are orally administrated with 4% 
DSS water solution for 6–10 days, and the inflammatory reaction usually affects the mucosal lining of the intestinal wall, and the 
characteristics of the disease are similar to those of human [40]. In this study, R1 treatment could alleviated the inflammation 
symptoms such as bloody diarrhea, body colon shortening, weight loss, and histologic damage [5]. 

To evaluate whether the effect of R1-SD on DSS colitis model mice was correspond to or better than that of R1, efficacy based on 
some indexes of colitis was examined. 

3.6.1. Changes in colonic morphology and length of UC mice 
The results are shown in Fig. 10a and b. After the mice were sacrificed, the appearance of the colon in the vehicle group were 

normal, without erosion, congestion and ulcer, and there were feces formed in the colon. While, in the DSS model group, the colon was 
shortened obviously with severe edema, hemorrhage, and hyperemia occurred in the colon tissue, as well as severe ulcerations in the 
mucosa were observed. In addition, no feces was formed in the colon. 

In the R1 group and R1-SD group, the states of hyperemia and edema were significantly alleviated accompany with the area 
reduction of ulcer necrosis and the elongating colon. At the same time, formed feces could be observed in the colon of mice in the R1-SD 
group. Significant differences were found in both R1 group and R1-SD group compared to the model group (p < 0.05, p < 0.01). 

3.6.2. Changes in blood stool of UC mice 
During the whole modeling process, the blood stool of mice were recorded every day and scored according to the classic histological 

injury scoring criteria of Cooper et al. [41]. After DSS water was given for 5 days (the 7th day in Fig. 10c), diarrhea began to appear in 
the model group, and there was a remarkable difference between the model group and the vehicle group (p < 0.05). The degree of 
diarrhea and bloody stool in the R1-SD group was alleviated more obviously than that in the R1 group. The R1-SD group significantly 
inhibited the blood stool of UC mice from day 8 (p < 0.01), while the R1 group also significantly inhibited the blood stool of mice from 
day 10 (p < 0.01) (Fig. 10c). 

3.6.3. Changes in body weight of UC mice 
During the whole experiment, it was found that the mice in the vehicle group had sensitive reactions with smooth and shiny fur, and 

gradually increased their weight. In contrast, after drinking DSS water for 2–4 days, depression and reduced food intake occurred in 
DSS model group, although there was no obvious change in fecal status and body weight. After drinking DSS water for 5–9 days, the 
rats in the model group showed hematochezia, fur lackluster, aggravation of depression, cluster, reduction of diet and water, and their 
body weights were significantly lower than those in the vehicle group (p < 0.01). 

In the early stage of DSS inducing, there was a tendency to inhibit body weight loss both in the R1 group and R1-SD group, but no 
obvious difference was found between the drug treatment group and the DSS model group. The R1-SD group showed a significant 
inhibition of weight loss on the 8th day after a 6-day treatment (p < 0.001), on the other hand, the R1 group was able to significantly 
inhibit body weight loss in UC mice on day 9 (p < 0.05) (Fig. 10d). 

3.6.4. Changes in spleen weight of UC mice 
The spleen weight of the DSS induced model mice increased significantly comparing with the vehicle group (p < 0.001). Both the 

R1 group and R1-SD group could significantly inhibit the increase of spleen weights of mice (p < 0.001) which were close to that of the 
vehicle group. But there was no statistic difference between the R1 group and R1-SD group (Fig. 10e). 

3.6.5. Histopathological changes and microscopic scores 
The histopathological changes in each group were presented in Fig. 11A. The morphology of colon in the vehicle group was normal 

under microscope (Fig. 11Aa). On the other hand, colon epithelial cells in DSS model group arranged disorderly with large areas of 
necrosis and exfoliation. Hyperemia and thickening of intestinal wall, significant reduction of goblet cells, disorganized glandular 
structure, and inflammatory cell infiltration in the submucosa were also observed in the DSS model group (Fig. 11Ab). The R1 group 
(Fig. 11Ac) and R1-SD group (Fig. 11Ad) showed moderate edema of submucosa and mild inflammatory changes of mucosa and 
submucosa. The structure of glands in the R1-SD group was similar to that of the vehicle group, but the glandular structure of R1 group 
was still slightly disordered. 

The microscopic scores of each group are presented in Fig. 11B. The loss of superficial epithelium, infiltrations of monocyte and 
neutrophils, hemorrhage, and edema were discovered in the DSS group. Moreover, the depth and width of ulcer lesion in the vehicle 
group were significantly different from those in the DSS model group (p < 0.001). Those results indicated that the colitis model was 
built successfully. Besides, the above ulcerative changes in the DSS model group were also significantly different from those in the R1 
group (p < 0.05) and the R1-SD group (p < 0.001). 

These results indicated that both R1 and R1-SD treatment could reduce the extent of colon hyperemia, edema and shortening, 
alleviate the degrees of diarrhea and bloody stool, as well as inhibit the body weight loss and spleen weight increase. The same effects 
could also be seen in the histopathological changes, such as reducing the areas of necrosis and exfoliation, improving the structure of 
glands, as well as alleviating the degree of the adhesiveness and infiltration of inflammatory cell in the submucosa. In addition, the 
protective effect of R1-SD on DSS colitis mice was significantly better than that of R1, which might be related to the better stability in 
acidic gastric environment and more absorption in colon of R1-SD. 
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4. Conclusion 

In this study, a pH-dependent colon-targeted drug delivery system of R1 was designed to maximize the release of R1 in the colon 
and improve its oral absorbability. R1-SD, a pH-dependent solid dispersion preparation, was fabricated by solvent evaporation 
method, in which R1 was existed in an amorphous state in ES 100 and PEG 4000. R1-SD confirms to the requirements for colon soluble 
preparations, that is pH 1.2 insolubility, pH 6.8 low solubility and pH 7.6 high solubility. The absorption rate and cumulative release of 
R1-SD were higher than those of R1 according to the in vitro colon absorption. Moreover, R1-SD showed much better protective effect 
on DSS induced colitis mice than that of R1, which could compensate the shortcomings of R1 including poor oral absorption and easy 
decomposition in the gastric area. 

Those above research has laid the foundation for the further development and application of R1. The fabrication process of R1-SD is 
simple, with high reproducibility, controllable quality, and good stability, demonstrating good anti-colitis effects. It is expected to be 
developed as a new formulation for treating colitis. 

Fig. 10. R1 and R1-SD attenuated DSS-induced colitis in mice. (a: Macroscopic observation of colon shortening. b: Assessment of colon shortening. 
c: The occurrence of bloody diarrhea, the data are plotted as a percentage of the total mice that had bloody diarrhea at different time points of DSS 
treatment. d: Changes in body weight following DSS induction of colitis, the data are plotted as a percentage of the original body weight. e: Spleen 
weight of each group. n = 10. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. vehicle group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. DSS 
model group.) 

Fig. 11. Pathological analysis results of colon tissues. (A: Representative H＆E-stained colon sections, magnification 200 × . B: Histology scoring for 
H＆E-stained colon sections. n = 10. ###p < 0.001 vs. vehicle group; *p < 0.05, ***p < 0.001 vs. DSS model group.) 
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