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A B S T R A C T   

Co-delivery of anti-inflammatory drugs and reactive oxygen species (ROS) scavengers by stimuli-responsive oral 
nanoparticles is deemed to be a favorable strategy for inflammatory bowel disease (IBD) therapy. In this study, 
using micelles formed by CUR conjugated hydroxyethyl starch (HES) as vehicles, dexamethasone (DEX)-loaded 
HES-CUR nanoparticles (DHC NPs) with desirable size, negative surface charge, good stability in the harsh 
gastric environment, and excellent ROS scavenging activity are developed as a colon-targeted oral formulation 
for treating IBD. Due to the degradation of HES in response to α-amylase overexpressed in the inflamed colon, the 
DHC NPs release drugs in an α-amylase-responsive manner. Meanwhile, the DHC NPs can be effectively inter
nalized by macrophages and show excellent cytocompatibility with macrophages since they are composed of 
food-derived compounds. Importantly, in vivo studies reveal that the DHC NPs are capable of targeting the 
inflamed colon induced by dextran sulfate sodium (DSS), and the targeted and combination therapy enhances the 
efficacy of free DEX and significantly relieves the impairment caused by DSS-induced ulcerative colitis. Incor
porating the merits of targeted drug delivery and combined therapy with an anti-inflammatory drug and ROS 
scavenger, the DHC NPs are promising for developing novel oral formulations for IBD therapy.   

1. Introduction 

Inflammatory bowel disease (IBD), a chronic, relapsing-remitting, 
and multifactorial inflammatory disorder of the gastrointestinal tract, 
is clinically manifested in the forms of ulcerative colitis (UC) and 
Crohn’s disease (CD) (Abraham and Cho, 2009). UC is characterized by 
inflammation of the colonic mucosa, with a continuous and segmental 
distribution, extending from the proximal colon to the rectum, while CD 
is a transmural, non-continuous layer inflammation that develops along 
the whole GIT, most commonly the terminal ileum or the perianal region 
(Guan, 2019). The prevalence of UC and CD in developed countries is 
higher than 0.3% and their morbidity continues to increase sharply in 
newly industrialized countries (Ng et al., 2017). Typically, the clinical 

presentation consists of abdominal pain, diarrhea, rectal bleeding, 
general fatigue, and weight loss. Besides, IBD predisposed patients have 
a high incidence of developing various complications and other condi
tions, such as stenosis, fistula, and colitis-associated cancer, which often 
lead to high mortality (Kotla et al., 2018; Graham and Xavier, 2020). 
Currently, there is no complete cure for IBD. Clinically, immunosup
pressants and anti-inflammatory drugs including aminosalicylates, and 
glucocorticoids are mostly prescribed for IBD therapy (Jeong et al., 
2019). 

Anti-inflammatory glucocorticoids such as dexamethasone (DEX), 
budesonide, and betamethasone are commonly used for severe IBD 
because they can down-modulate innate and adaptive immune cell 
activation (Seshadri et al., 2018). Unfortunately, long-term systemic 
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administration of glucocorticoids is usually associated with extra- 
intestinal manifestations and complications, such as hypertension, dia
betes, low bone mass, and osteoporosis (Sood et al., 2002). Instead of 
systemic administration, recent studies focus on the strategies for 
delivering drugs to the inflammatory site explicitly by employing 
nanoparticles-based oral formulations due to the epithelial enhanced 
permeation and retention effect (eEPR) in inflammatory tissues 
(Kesharwani et al., 2018; Zai et al., 2018; Dou et al., 2020; Nguyen et al., 
2021). The loss of intercellular junctions between endothelial cells leads 
to leaky and unstable nascent vascular networks in inflamed tissues, thus 
nanoparticles can passively target the inflammatory sites (Gou et al., 
2019). In addition, it was reported that nanoparticles are capable of 
penetrating the mucus layer in the bowel deeply (Le et al., 2021). 
Furthermore, the microenvironment of IBD is associated with patho
physiological characteristics such as high levels of reactive oxygen 
species (ROS), lower pH, overexpressed enzymes (α-amylase, neutrophil 
elastase, myeloperoxidase, etc.) (Kotla et al., 2018; Bertoni et al., 2018; 
Hua et al., 2015; Zhang et al., 2020; Fousekis et al., 2018; Castangia 
et al., 2015). Therefore, nanoparticles, especially stimuli-responsive 
nanoparticles are promising vehicles for targeted drug delivery in IBD 
treatment. Ali et al. reported budesonide-loaded poly(lactic-co-glycolic) 
acid nanoparticles with a pH-sensitive coating for improved mucosal 
targeting in IBD therapy (Ali et al., 2014). Wang et al. developed DEX- 
loaded esterase-responsive nanovesicles based on poloxamer and the 
co-delivery of DEX and tannic acid achieved combined treatment of IBD 
(Wang et al., 2018). However, most of these nanoparticles were based on 
synthetic materials which arouse safety concerns, and the carriers 
themselves lack pharmacological activity. 

Recently, the use of natural product-based therapies for the treat
ment of IBD has increased substantially owing to the broad range of 
beneficial biological activities and excellent biosafety (Debnath et al., 
2013). Particularly, it was reported the combination of anti- 
inflammatory drugs and natural polyphenols with ROS scavenging ac
tivity could achieve a better therapeutic effect for IBD because excess 
ROS is involved in the initiation and progression of IBD (Liu et al., 
2020). Curcumin (CUR), an active hydrophobic polyphenol derived 
from the perennial herb Curcuma longa, has been identified as one of the 
most active natural polyphenols for IBD due to its effective antioxidant 

and anti-inflammatory activity both in vivo and in vitro (Vecchi Brumatti 
et al., 2014; Gao et al., 2021). IBD is generally characterized by the 
upregulation of cytokines presented inside the intestinal lumen, acti
vated through various inflammatory cascades, and associated with 
oxidative stress (Friedrich et al., 2019). Ajaikumar B et al. summarized 
the therapeutic potentials of CUR including reduction of tissue damage 
and oxidative stress, cytokine expression modulation, and suppression 
of inflammation-related gene expression. Apart from inhibiting activa
tion of transcriptional factors, multiple protein kinases, and anti- 
apoptotic proteins, CUR was also found to modulate various inflam
matory cytokines, through the suppression of inflammatory transcrip
tion factor NF-κB (Kunnumakkara et al., 2008). In addition, gut health 
and permeability change significantly because of the interaction be
tween CUR and intestinal microbes (Pluta et al., 2020). It has been found 
that CUR transforms into tetrahydrocurcumin by the enzymatic activity 
of Escherichia coli, which affects intestinal permeability (Hassaninasab 
et al., 2011). Yasuyuki Deguchi has demonstrated that CUR, as a 
nontoxic natural dietary product, could be beneficial in the therapeutic 
strategy for IBD patients (Deguchi et al., 2007). Therefore, we hypoth
esized that co-delivery of CUR and anti-inflammatory drugs such as DEX 
using stimuli-responsive nanoparticles may achieve a remarkable cura
tive effect for IBD. However, oral nanoparticles capable of co-delivering 
DEX and CUR haven’t been developed and their therapeutic effect 
against IBD remains unknown. 

Previously, we reported the fabrication of polymeric micelles by 
conjugating CUR to food-derived hydroxyethyl starch (HES) via a 
cleavable ester linker and self-assembly of the obtained HES-CUR con
jugates (Chen et al., 2020). The polymeric micelles exhibited excellent 
stability, biocompatibility, acid-responsive behavior, and significantly 
enhanced the ROS scavenging activity and bioavailability of CUR by 
increasing the solubility of CUR in water. Herein, we further utilized 
these polymeric micelles to encapsulate anti-inflammatory drug DEX 
and fabricated DEX-loaded HES-CUR nanoparticles (DHC NPs) as an oral 
nanomedicine for IBD therapy. As illustrated in Fig. 1, the orally 
administered DHC NPs can accumulate in the inflamed colons via the 
eEPR effect and then be internalized by macrophages. Subsequently, the 
α-amylase in the colon or the acidic environment in lysosome/endosome 
will trigger the release of loaded drugs and achieve the therapeutic effect 

Fig. 1. Schematic illustration of fabrication and oral drug delivery process of DHC NPs.  
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by anti-inflammation and ROS scavenging. The morphology, zeta po
tential, drug-loading capacity, biocompatibility, intracellular ROS 
scavenging activity of the DHC NPs, as well as cellular uptake by mac
rophages were characterized. The oral delivery process was simulated in 
the environment of gastric and intestinal fluid to demonstrate the sta
bility and drug release behavior of the combined drug delivery system. 
We also evaluated the potential of this novel oral nanomedicine in IBD 
therapy by investigating the targeting effect to inflamed colon and the 
therapeutic effect against dextran sulfate sodium (DSS)-induced UC in 
mice. 

2. Materials and methods 

2.1. Materials 

DEX (98%), 2,2-diphenyl-1-picrylhydrazyl (DPPH, 97%), thiazolyl 
blue tetrazolium bromide (MTT), paraformaldehyde (99%), and 4′,6- 
diamidino-2-phenylindole dihydrochloride (DAPI, 98%) were pur
chased from Aladdin Industrial Corporation (Shanghai, China) and used 
as received. Lipopolysaccharide (LPS) and 2′,7′-dichlorofluorescein 
diacetate (DCFDA) were purchased from Beyotime Biotechnology 
(Shanghai, China). Rhodamine phalloidin (RP) was purchased from 
ABclonal Inc. (Woburn, Maryland, USA). Dextran sulfate sodium (DSS, 
colitis grade, molecular weight 360 ~ 500 kDa) was purchased from MP 
Biomedicals (Santa Ana, California, USA). Near-infrared dye IR780 
(99%) was obtained from Energy Chemical (Shanghai, China). Dulbec
co’s modified Eagle medium (DMEM) and fetal bovine serum (FBS) were 
purchased from Gibco. HES-CUR was synthesized following our previ
ous report (Chen et al., 2020). All other reagents were analytical grade 
and used directly. 

2.2. Preparation and characterization of DHC NPs 

HES-CUR conjugate and HES-CUR NPs (HC NPs) were prepared as 
previously described (Chen et al., 2020). To prepare the DHC NPs, HES- 
CUR conjugate (10 mg) and DEX (0.5 or 1 mg) were dissolved in 500 μL 
of DMSO and the solution was slowly injected into 1 mL of ultrapure 
water under stirring through a syringe pump within 20 min. After 
dialysis against ultra-pure water for 6 h (MWCO: 3500 Da) and centri
fugation (10000 rpm, 3 min) to remove the organic solvent and exces
sive DEX, the DHC NPs solution was obtained for further experiments. 
Using a similar method, IR780 loaded HES-CUR NPs (IHC NPs) were 
prepared for the biodistribution analysis. 

The morphology of DHC NPs was observed by transmission electron 
microscopy (TEM, HT7700, Hitachi, Japan) after the samples were 
negatively stained by 2 wt% sodium phosphotungstate. The hydrody
namic average sizes and zeta potentials were assessed by dynamic light 
scattering (DLS) using a zetasizer (Nano-ZS, Malvern, UK). 

2.3. Determination of drug loading and encapsulation efficiency of DEX 
in DHC NPs 

A certain amount of freeze-dried DHC NPs was dispersed in a certain 
volume of methanol solution and the solution was sonicated at 37 ◦C for 
10 min to release DEX completely. The concentration of DEX in the 
solution was detected by high performance liquid chromatography 
(HPLC, Thermo Ultimate 3000, USA) with a detection wavelength of 
240 nm and a mixture of methanol and ultra-pure water (7:3, v/v) was 
used as the mobile phase at a flow rate of 1.00 mL/min. The drug loading 
efficiency (DLE) and encapsulation efficiency (EE) were calculated using 
the following equation: 

DLE(%) = CDEXV
MDHCNPs

× 100% 
EE(%) = CDEXV

MDEX
× 100% 

Where CDEXV is the amount of DEX recovered, MDHC NPS is the 
amount of DHC NPs, MDEX is the amount of initially fed DEX. 

2.4. Stability of DHC NPs in gastrointestinal simulations 

The stability of DHC NPs in simulated gastric fluid (SGF, pH 1.2) and 
simulated intestinal fluid (SIF, pH 6.8) with α-amylase (0.064 KNU/mL) 
was investigated by monitoring the variation of size of the DHC NPs in 
these solutions. Specifically, the freeze-dried DHC NPs powder was 
dispersed in SGF and SIF containing α-amylase with a concentration of 1 
mg/mL, respectively. The solutions were incubated at 37 ◦C in a shaker 
(100 rpm) and the hydrodynamic size of the DHC NPs was measured by 
DLS at predetermined intervals. The stability of DHC NPs in SGF and SIF 
was monitored for 4 h and 20 h respectively. 

2.5. In vitro release of DEX from DHC NPs 

Following the previous report (Wang et al., 2018), the in vitro release 
profile of DEX from DHC NPs was evaluated in simulated gastric fluid 
(SGF, pH 1.2) and simulated intestinal fluid (SIF, pH 6.8). SGF was used 
as release medium for the first 4 h and then SIF with or without 
α-amylase (0.064 KNU/mL) was used as release medium for the 
following 20 h, respectively. A series of DHC NPs solutions with 
equivalent DEX concentration were prepared by dispersing the freeze- 
dried DHC NPs powder in the releasing medium (the final concentra
tion of DEX is 109 μg/mL). Then the samples were incubated at 37 ◦C in 
a shaker (100 rpm). Three samples were taken out at predetermined 
intervals and the DEX concentration in the samples was measured by 
HPLC. The cumulative release rate (%) of DEX was calculated according 
to the following formula: 

Cumulative release(%) = CtV
mDEX

× 100% 
where Ct is the concentration of released DEX after t hours, V is the 

volume of release medium, and mDEX is the total mass of DEX in the DHC 
NPs. 

2.6. In vitro DPPH radical scavenging assay 

200 μL of DPPH solution (0.04 mM) in ethanol was added to the 96- 
well plate, then the HC NPs and DHC NPs dispersed in 20 μL of ultrapure 
water were added to make the final DHC NPs concentration be 0 ~ 1000 
μg/mL. The solutions were then incubated in the dark for 30 min at room 
temperature, and the absorbance of the solution was measured at 517 
nm with a microplate reader (BioTek, Synergy H1, USA). DPPH inhibi
tion rate was calculated according to the following formula: 

DPPH inhibition(%) = Ac − Ae
Ac

× 100% 
Where Ac is the absorbance of the control (no sample, only DPPH), 

and Ae is the absorbance of the solution treated with NPs. Each exper
iment was repeated three times. 

2.7. In vitro cellular uptake 

Macrophage RAW 264.7 were incubated in DMEM supplemented 
with 10% FBS and 1 wt% penicillin/streptomycin at 37 ◦C in a 5% CO2 
incubator for 2 or 3 days. When the cells reached a confluence of about 
80%, 1 mL of trypsin solution was added to detach the cells. The cells 
were gently blown with a pipette to form cell suspension, which was 
then centrifuged to collect the cells. Subsequently, an appropriate 
amount of fresh culture medium was added to form a cell suspension 
with a density of 2 × 105 /mL, and 1 mL of cell suspension was seeded in 
the glass-bottomed confocal culture dish. 

After incubation for 24 h, the medium was removed and fresh me
diums containing DHC NPs (0.2 mg/mL) were added. After incubation 
for 2 and 12 h respectively, the medium was removed, the cells were 
washed with PBS (2 mL, pH 7.4) for 3 times, and then fixed with 4% 
paraformaldehyde for 10 min. The cells were then washed with PBS for 3 
times and treated with RP for 30 min and DAPI (1.0 μg/mL) for 15 min in 
sequence to label the cytoskeleton and nuclei respectively. Finally, the 
cells were washed with PBS for 3 times again and fixed on the culture 
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dish. The localization of DHC NPs in raw 264.7 cells was monitored by 
confocal laser scanning microscopy (CLSM, Nikon Eclipse TE2000, 
Japan) using FITC channel (excited at 488 nm). 

The cellular uptake was also analyzed using flow cytometry. After 
incubated with DHC NPs (0.2 mg/mL) for 2 and 12 h respectively, the 
medium was removed, and the cells were harvested with trypsin by 
centrifugation and then resuspended in PBS. The cell suspension was 
analyzed on a flow cytometer (BD Accuri C6 plus, USA) and the intensity 
of FITC channel was used to indicate the internalization of DHC NPs. 

2.8. Cytotoxicity assay 

The biocompatibility of HC NPs and DHC NPs was evaluated by MTT 
assay using macrophage RAW 264.7 as a model cell. The cells were 
seeded in 96-well plates with a density of 2 × 104 cells per well and 
incubated for 24 h. Then the medium in each well was replaced with 
200 μL of fresh medium containing HC NPs or DHC NPs with a con
centration of 200 ~ 1000 μg HES-CUR equiv./mL. After incubation for 
24 h, the medium was replaced with 200 μL of fresh medium and 20 μL 
of MTT was added to each well and followed by incubation for 2 h. Then 
the medium was removed and 200 μL of DMSO was added to dissolve the 
blue and purple nail crystals. The absorbance of each well was measured 
at 570 nm with a microplate reader. Relative cell viability was calcu
lated by comparing the absorbance of the well treated with the sample to 
that of the negative control. 

2.9. Intracellular ROS scavenging of DHC NPs 

RAW 264.7 cells were seeded in 96-well plates with a density of 2 ×
104 cells per well and incubated for 24 h. Then the medium in each well 
was replaced with 200 μL of fresh medium containing 100 ng/mL of LPS 
to stimulate the generation of ROS, except that one group was replaced 
with 200 μL of fresh medium without LPS. Subsequently, one group of 
LPS-treated cells didn’t receive any treatment, the other groups were 
treated with CUR (13 μg/mL), HC NPs (100 μg/mL) and DHC NPs (100 
μg/mL) respectively. After incubation of 24 h, the medium was dis
carded and the cells were washed with PBS for 3 times before adding 

ROS probe DCFDA (10 μM). After incubated in dark for 30 min, the 
fluorescence emission at 525 nm was detected by a microplate reader at 
an excitation wavelength of 488 nm to quantify the level of intracellular 
ROS. 

Similarly, RAW 264.7 cells were seeded in glass-bottomed confocal 
culture dishes with a density of 2 × 105 cells per dish and then treated 
with the same procedures as mentioned above. After treatment, the 
nuclei of cells were stained with DAPI (1.0 μg/mL) and ROS probe 
DCFDA was added to detect the intracellular ROS. The localization and 
level of intracellular ROS were then monitored by CLSM using FITC 
channel (excited at 488 nm). 

2.10. In vivo studies of the DHC NPs 

BALB/c mice (male or female, aged between 8 and 12 weeks) were 
used in the in vivo studies. The mice were housed under SPF conditions 
and all experiments performed on them comply with the institutional 
ethics committee and the guidelines for the care and use of laboratory 
animals of Fuzhou University. UC model was created by replacing the 
drinking water with DSS solution (3%, w/v) for 7 consecutive days. 

2.10.1. Biodistribution 
Before the experiments, normal mice or mice with DSS-induced UC 

(n = 3) were treated with paraffin depilation, fasting, and free water. 
The next day, 400 μL of IHC NPs suspension (1 mg/mL) was adminis
tered by oral gavage. After 3 h, 10 h, and 24 h, the mice were intra
peritoneally injected with an anesthetic (5% chloral hydrate, 150 μL), 
and then fluorescent images of the mice and colons were captured using 
an in vivo near-infrared imaging system (In-Vivo Master, Grand-imaging 
Technology Co., Ltd, Wuhan, China). 

2.10.2. In vivo therapeutic effect against DSS-induced UC 
Groups of mice with induced UC (n = 5 for each group) were treated 

with DEX suspension (2 mg/kg), HC NPs (72 mg/kg), DHC NPs (low 
dosage, 37 mg/kg) and DHC NPs (high dosage, 74 mg/kg) daily for 5 
days via oral gavage. The healthy mice and those received DSS only were 
used as controls. All mice were examined daily to monitor body weights 

Fig. 2. Morphology and physicochemical properties of DHC NPs. (A) Representative TEM image of DHC NPs. (B) Size distributions of DHC NPs determined by DLS. 
The variation of (C) size and (D) PDI of DHC NPs in SGF and SIF with α-amylase. (E) In vitro release of DEX from the DHC NPs in SGF and SIF. (F) DPPH radical 
scavenging activity of HC NPs, DEX, and DHC NPs. 
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and disease activity index (DAI) scores, which were determined from 
weight loss, stool consistency, and stool bleeding as described in a 
previous report. After the treatment was ended, the mice were sacrificed 
by CO2 euthanasia and the lengths of the colons were measured. Sub
sequently, the colon segments were fixed in formalin solution and 
embedded in paraffin. Then the colon samples were sectioned at a 
thickness of 5 μm and stained with hematoxylin and eosin (H&E) for 
histological analysis. 

2.11. Statistical analysis 

Data were presented as mean ± standard deviation (SD). Student’s t- 
test was performed to compare the statistical difference between groups, 
*P < 0.05 was considered to have a significant difference. The plotting 
was performed using GraphPad Prism 8 software. 

3. Results and discussion 

3.1. Preparation and characterization of DHC NPs 

Our previous studies demonstrated that the amphiphilic HES-CUR 
conjugate could self-assemble into micellar nanoparticles (HC NPs) 
with an appropriate hydrophilic/hydrophobic ratio (Chen et al., 2020). 

As a hydrophobic drug, DEX can be encapsulated in the hydrophobic 
region of nanoparticles via hydrophobic interaction. By adjusting the 
mass ratio of DEX and HES-CUR, we prepared DHC NPs with different 
mass ratios of DEX and HES-CUR, named as 5% DHC NPs and 10% DHC 
NPs respectively. The average particle size, PDI, Zeta potential, DLE, and 
EE of these NPs were summarized in Table S1. The mean hydrodynamic 
diameter of 5% DHC NPs and 10% DHC NPs were<100 nm with uniform 
distribution (Table S1 and Fig. S1). The zeta potential of the 5% DHC 
NPs and 10% DHC NPs were about − 28.0 and − 29.4 mV respectively, 
which will help them to keep stable by electrostatic repulsion. 
Increasing the feeding ratio of DEX and HES-CUR from 5% to 10% didn’t 
show enhancement of DLE, therefore we chose 5% DHC NPs as the 
appropriate formulation for the following research, which was referred 
to as DHC NPs. As shown in Fig. 2A, the DHC NPs are spherical with a 
size of about 40–60 nm, in accordance with the size determined by DLS 
(Fig. 2B). The concentration of DEX in the DHC NPs solution is 110 μg/ 
ml, which is 10 times higher than the solubility of DEX in water, indi
cating the good solubilization effect. 

3.2. Stability of DHC NPs in gastrointestinal simulations 

The harsh gastric environment is a crucial challenge for oral for
mulations. A successful oral formulation for IBD should keep stable in 

Fig. 3. Cellular uptake and cytotoxicity of DHC NPs against RAW 264.7 cells. (A) CLSM images and (B) fluorescence intensities determined by flow cytometry of 
RAW 264.7 cells after incubation with DHC NPs for 2 and 12 h. Blue: nuclei; Red: cytoskeleton; Green: DHC NPs. (C) Cell viabilities of RAW 264.7 cells after in
cubation with HC NPs and DHC NPs for 24 h. 
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the gastric environment and then cleave in the inflamed colon to release 
payloads. To investigate the stability of the DHC NPs during the oral 
delivery, the size and PDI of the DHC NPs in SGF and SIF were monitored 
by DLS. α-Amylase was added to the SIF to mimic the microenvironment 
of inflamed colon and the stability of DHC NPs was monitored for 4 h 
and 20 h respectively to simulate the transportation time of orally 
administered formulations in the human gastrointestinal tract (Camilleri 
et al., 1989). As shown in Fig. 2C-D, both the size and PDI of the DHC 
NPs showed negligible variation during the 4 h of incubation in SGF, 
indicating that the DHC NPs can keep stable during their stay in the 
harsh gastric environment. The excellent stability of DHC NPs in the 
acidic SGF is probably ascribed to that the acid-labile ester groups in the 
HES-CUR conjugates are embedded in the hydrophobic core of the mi
celles and separated from protons in the SGF. While in the SIF with 
α-amylase, the size and PDI of DHC NPs increased a lot after 2 ~ 4 h due 
to the cleavage of the DHC NPs induced by degradation of HES in 
response to α-amylase and formation of large and heterogeneous ag
gregates. Subsequently, the size and PDI decreased gradually in the 
following hours, indicating that the further degradation resulted in 
small fragments or nanoparticles formed by reassembly of the frag
ments. These results suggested that the DHC NPs can resist the harsh 
gastric environment, deliver payloads to the intestinal tract and release 
payloads in the inflamed colon. 

3.3. In vitro release of DEX from DHC NPs 

In vitro release was carried out at 37 ◦C in SGF with a pH of 1.2 and 
SIF with a pH of 6.8 in sequence to simulate the release profile of orally 
administered formulations. To investigate the α-amylase responsive 
behavior of the DHC NPs, the release profile in SIF with or without 
α-amylase was also monitored. Given that the transportation time of 
orally administered formulations in the human stomach and intestine is 
about 2–4 h and 12–48 h respectively (Camilleri et al., 1989), the release 
of DEX from DHC NPs in SGF and SIF was monitored for 4 h and 20 h 
respectively. Within the first 4 h, DHC NPs released<20% of DEX and 
only about 30 wt% of DEX released within the next 20 h in α-amylase- 
free SIF, while the cumulative release of DEX reached more than 50% in 
the SIF with α-amylase (Fig. 2E). It revealed that the presence of 
α-amylase accelerated the liberation of DEX from the DHC NPs in 
contrast to the slow drug release profile in SIF without α-amylase. This 
α-amylase responsive release manner is not surprised since the HES can 
be degraded by α-amylase. Besides, our previous study proved that a 

faintly acidic environment could accelerate the release of CUR from HC 
NPs since the CUR was attached to HES-CUR conjugates via an acid- 
labile ester bond (Chen et al., 2020). Considering the high level of 
α-amylase in the intestine of patients with IBD and the lower pH of 
inflamed tissues, IBD-specific drug delivery can be achieved using the 
DHC NPs. 

3.4. DPPH scavenging activity of DHC NPs 

Previous studies had reported that CUR has potential anti- 
inflammatory activity due to the ROS scavenging activity of its two 
phenolic hydroxyl groups and an enol from a β-diketone moiety 
(O’Toole et al., 2016; Cunha Neto et al., 2019; Burge et al., 2019). Our 
previous work verified that HC NPs self-assembled from HES-CUR 
conjugates enhanced the anti-oxidative activity of CUR owing to the 
improved solubility, though one phenolic hydroxyl group was sacrificed 
(Chen et al., 2020). To further examine whether DHC NPs retained the 
anti-oxidative activity of parent CUR, the ROS scavenging activities of 
HC NPs, DHC NPs, and DEX were evaluated using DPPH radical scav
enging assay. As summarized in Fig. 2F, both DHC NPs and HC NPs 
showed increased scavenging activity against DPPH radicals with the 
increase of concentration, while DEX had no scavenging activity on 
DPPH radicals at all, indicating the loading of DEX didn’t affect the 
excellent anti-oxidative activity of HC NPs. 

3.5. Cellular uptake and cytotoxicity of DHC NPs 

Macrophages in the inflammatory tissues of the colon are the most 
important targets of drug delivery for IBD therapy (Zhang et al., 2020), 
hence RAW 264.7 macrophages were chosen as a model cell line for 
cellular uptake and cytotoxicity investigations. Effective cellular uptake 
is an important step to implement the function of CUR and DEX. To 
monitor the internalization of DHC NPs, RAW 264.7 cells were treated 
with DHC NPs for 2 and 12 h, and the nuclei and cytoskeleton were 
labeled with DAPI (blue) and RP (red) respectively. Then the location of 
DHC NPs was tracked by taking advantage of the intrinsic green fluo
rescence of CUR. As expected, green fluorescence was observed in the 
cells and overlapped with the red fluorescence area (cytoskeleton) after 
being cultured with the DHC NPs for 2 h, suggesting the effective 
internalization of DHC NPs (Fig. 3A). With a longer incubation time, the 
uptake of DHC NPs increased a lot, which was proved by the stronger 
green fluorescence. Additionally, the internalization of DHC NPs by 

Fig. 4. Intracellular ROS scavenging activity of DHC NPs. (A) CLSM images of RAW 264.7 cells with different treatments. Blue: nuclei; Green: ROS. (B) Fluorescence 
intensity of DCFDA in RAW 264.7 cells with different treatments. **P < 0.01. 

C. Xu et al.                                                                                                                                                                                                                                       



International Journal of Pharmaceutics 623 (2022) 121884

7

RAW 64.7 was quantified by flow cytometry. As shown in Fig. 3B, the 
fluorescence intensity enhanced over culture time, which was consistent 
with the observations on CLSM. It has been reported that HES-based 
nanoparticles permeated across the cell membrane rapidly by endocy
tosis (Paleos et al., 2017; Hu et al., 2016), which may explain the time- 
dependent increase in intracellular uptake of DHC NPs. 

As vehicles composed of food-derived compounds, the HC NPs are 
expected to have excellent biocompatibility. Previously we confirmed 
that HC NPs were not toxic to human skin fibroblast cells (Chen et al., 
2020). In this study, we further investigated the cytotoxicity of HC NPs 
and DHC NPs against RAW264.7 cells by MTT assay to preliminarily 
evaluate their biosafety in IBD therapy. As demonstrated in Fig. 3C, the 
viabilities of cells treated by HC NPs with concentrations ranging from 
0.2 to 1 mg/mL were all above 95%. Similar to HC NPs, DHC NPs didn’t 
show toxicity to the RAW264.7 cells even at high concentrations, indi
cating the loading of DEX didn’t cause cytotoxicity to macrophages. The 
results implied that both HC NPs and DHC NPs have good biosafety in 
IBD therapy within the applied dose range. 

3.6. Intracellular ROS-scavenging activity of DHC NPs 

The anti-oxidative activity of the DHC NPs was preliminarily 
confirmed by the DPPH scavenging assay, but whether the DHC NPs will 
retain their anti-oxidative activity in the complicated intracellular 
environment remains unknown. Therefore, we further carried out 
intracellular ROS-scavenging assays in RAW 264.7 cells to evaluate the 
intracellular anti-oxidative activity of the DHC NPs. The generation of 
ROS in the cells was induced by LPS. After treatment with CUR, HC NPs, 

and DHC NPs, the intracellular ROS level was detected by DCFDA, which 
is a ROS probe that can only show fluorescence emission after being 
oxidized by ROS. The successful generation of ROS was confirmed by the 
bright green fluorescence in the cells treated with LPS, while the cells 
treated with CUR, HC NPs, and DHC NPs all showed decreases in the 
green fluorescence at different levels (Fig. 4A), manifesting that the 
intracellular ROS was scavenged by these formulations. Among the three 
formulations, DHC NPs demonstrated the best ROS-scavenging effect, 
which was also confirmed by the quantitative analysis summarized in 
Fig. 4B. Unlike that the HC NPs and DHC NPs showed similar scavenging 
activity in the DPPH scavenging assay, the intracellular ROS scavenging 
activity of DHC NPs is significantly higher than that of HC NPs. This 
difference can be explained by the different roles DEX played in the two 
assays. The DPPH scavenging activity of HC NPs and DHC NPs is only 
attributed to the CUR in these nanoparticles, and DEX showed no effect 
on the DPPH radicals. While in the intracellular ROS scavenging assay, 
the ROS generation was induced by inflammatory responses of the 
macrophages to the LPS stimulation. As an anti-inflammatory drug, the 
DEX might inhibit the generation of ROS by relieving inflammation, 
hence the better intracellular ROS scavenging activity of DHC NPs is 
owing to the synergetic effect of the anti-oxidative activity of CUR and 
anti-inflammatory activity of DEX. 

3.7. Inflammation targeting effect of DHC NPs 

As aforementioned, nanoparticles are capable of accumulation in the 
inflamed colon via the eEPR effect and enhanced mucosal penetration. 
Besides, it is worth mentioning that negatively charged nanoparticles 

Fig. 5. Biodistribution of IHC NPs in mice with or without DSS-induced UC. (A) Fluorescence images of mice after orally administered IHC NPs for different hours. 
(B) Quantitative analysis of fluorescence intensities at the regions of interest. (C) Fluorescence images of colons extracted from mice after orally administered IHC 
NPs for 24 h. (D) Quantitative analysis of fluorescence intensities at the colons. Data is presented by mean ± SD, n = 3, *P < 0.05, **P < 0.01. 
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are more likely to preferentially target the site of IBD because inflamed 
colon epithelium is positively charged due to the accumulation of 
positively charged proteins such as eosinophil cationic protein, trans
ferrin, and antimicrobial peptides (Hua et al., 2015; Tirosh et al., 2009; 
Vafaei et al., 2016). Therefore, we hypothesized that DHC NPs with 
negative charges are able to target colitis. To verify this, near-infrared 
dye IR-780 labeled HC NPs (IHC NPs) were orally administered to 
mice with or without DSS-induced UC respectively, then the distribution 
of the IHC NPs was monitored for 24 h. Fig. 5A demonstrated the fluo
rescence images of mice post oral administration for 3, 10 and 24 h. It 
was observed that the IHC NPs were presented in the intestinal tract, and 
the fluorescence in mice with UC (DSS+ group) was much stronger than 
that in normal mice (DSS- group) at each time point. The fluorescence 
intensities at the region of interest were summarized in Fig. 5B to 
quantify the difference between the two groups. The mean fluorescence 
intensities in both groups decreased over time, whereas the fluorescence 
intensities in the DSS+ group were significantly higher than that in DSS- 

group at 3 and 10 h post-treatment, which was in accordance with the 
visible observations. 

After oral administration for 24 h, the mice were sacrificed and their 
colons were collected and imaged. As shown in Fig. 5C, the colon of the 
DSS+ group exhibited a stronger fluorescence than the colon of the DSS- 

group, and the difference was significant as confirmed by the quanti
tative analysis (Fig. 5D). All these results verified that the HC NPs based 
formulations can accumulate in inflamed colon tissues and have po
tential for targeted drug delivery in IBD therapy. 

3.8. In vivo therapeutic effect of DHC NPs against DSS-induced UC 

In vivo therapeutic efficacy of DHC NPs against DSS-induced UC was 
evaluated using mice with DSS-induced UC, which was commonly used 
to test the efficacy of IBD therapy. UC is characterized by weight loss, 
diarrhea, and bloody stool, hence the body weight and a DAI calculated 
from the change in body weight, stool consistency, and presence of 
hematochezia were monitored to evaluate the severity of UC (Lin et al., 
2018). A higher weight loss and DAI score indicate more severe UC. 

As summarized in Fig. 6A, the bodyweight of all DSS+ groups lost 
quickly during the stage of UC creation (first 7 days), indicating the 
successful creation of UC. Then in the following 5 days, the change in 
body weight of groups with different treatments exhibited the curative 
effect of different formulations. All groups with treatments showed a 
slowdown in the weight loss and even a reversion of the weight loss was 
observed in the group treated with high dose of DHC NPs, while the 
bodyweight of the DSS+ group without treatment kept dropping down. 
Besides, all nanoparticles-based formulations exhibited better effect in 
mitigating the weight loss than free DEX. Statistical analysis indicated 
that the therapeutic effect at the end of the treatment of the DSS+/DHC 
NPs group showed a significant difference relative to the DSS+ group 
and DSS+/DEX group. These results are unsurprising as the nano
particles can accumulate in the colon and both CUR and DEX are 
beneficial in relieving inflammation. Similar results were observed in 
the profile of DAI scores (Fig. 6B). The DAI scores rose significantly 
during the DSS treatment, then dropped down in varying degrees after 
the administration of different formulations. Thereinto, the DAI score of 
the DSS+/DHC NPs group showed a significant decrease in comparison 
to the DSS+ group and DSS+/DEX group, further proving that the DHC 
NPs have the best therapeutic effect against UC. 

The length of the colon also reflects the pathological degree of colitis 
because scarring of the inflamed site will shorten the colon (Nowarski 
et al., 2015). After treatment, the mice were sacrificed and the length of 
colons was measured. As displayed in Fig. 6C, the DSS treatment 
significantly shorten the colon relative to the untreated group. However, 
treatment with DEX or nanoparticle formulations preserved the length 
of the colon. The DSS+ group had the shortest average colon length of 
5.1 cm, relative to 6.6 cm of the DSS- group, while the average colon 
length of the DSS+/DEX, DSS+/HC NPs, DSS+/0.5 DHC NPs, DSS+/ DHC 
NPs was 5.1 cm, 5.5 cm, 5.0 cm, and 5.7 cm respectively (Fig. 6D). 
Further analysis manifested that the colon length of the DHC NPs treated 
group showed significant differences relative to the DSS+ group, indi
cating that the scarring-induced shortening of the colon can be 
ameliorated by oral administration of DHC NPs. 

Subsequently, the colon sections from each group were examined to 

Fig. 6. In vivo evaluation of the therapeutic effect of DHC NPs against DDS-induced UC. (A) weight loss and (B) DAI scores of mice with different treatments. (C) 
Colons extracted from mice with different treatments. (D) Quantitative analysis of the colon length of mice with different treatments. *P < 0.05, **P < 0.01, ***P 
< 0.005. 
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analyze the pathological lesions. The H&E-stained colon sections were 
shown in Fig. 7, which directly reflected the degree of lesions in the 
colons. In addition to obvious interstitial edema and dramatic loss of 
goblet cells, the colon section of DSS-treated mice exhibited massive 
destruction of entire epithelial, accompanied with a changed mucosa 
structure, indicating the severity of DSS-induced UC. Compared with the 
DSS+ group, the free DEX and HC NPs helped to improve the structure of 
intestinal mucosa slightly. Encouragingly, the ulceration and edema 
induced by DSS were fade away in the colon of mice treated with DHC 
NPs, and nearly the same morphological structures were observed be
tween DSS+/ DHC NPs and DSS- group. These histological findings 
confirmed that DHC NPs treatment is beneficial to alleviate inflamma
tory lesions caused by the DSS-induced UC. Overall, these results 
revealed that the DHC NPs with the merits of eEPR-mediated targeting 
and combined treatment are promising candidates for improved IBD 
therapy. 

4. Conclusion 

In summary, we prepared an oral nanoparticle formulation (DHC 
NPs) simultaneously loaded with an anti-inflammatory drug and ROS 
scavenger by encapsulating anti-inflammatory drug DEX into nano
particles formed by self-assembly of HES-CUR conjugates. The DHC NPs 
can keep stable in the harsh gastric environment and release loaded 
therapeutics in an α-amylase-responsive manner due to the degradation 
of HES in the environment of the inflamed colon. Since the vehicles 
consist of food-derived compounds, the DHC NPs are highly biocom
patible with macrophages. Besides, the DHC NPs show excellent intra
cellular ROS scavenging activity after being effectively internalized via 
endocytosis. Benefiting from the nanoscale size and negative charge, the 
DHC NPs can accumulate in the inflamed site of the colon via the eEPR 
effect and interaction with the positively charged epithelium in the 
inflamed colon. The in vivo evaluation of therapeutic effect against DSS- 
induced UC in mice revealed that the DHC NPs can enhance the efficacy 
of free DEX and significantly relieve the lesion caused by UC. Incorpo
rating the merits of targeted drug delivery and combined therapy with 
an anti-inflammatory drug and ROS scavenger, the DHC NPs hold great 
potential in developing novel oral formulations for advanced IBD 
therapy. 
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