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Reactive oxygen species-responsive nanocarrier
ameliorates murine colitis by intervening
colonic innate and adaptive immune responses
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Ulcerative colitis (UC) is a chronic or relapsing inflammatory
disease with limited therapeutic outcomes. Pterostilbene
(PSB) is a polyphenol-based anti-oxidant that has received
extensive interest for its intrinsic anti-inflammatory and anti-
oxidative activities. This work aims to develop a reactive oxygen
species (ROS)-responsive, folic acid (FA)-functionalized nano-
particle (NP) for efficient PSB delivery to treat UC. The result-
ing PSB@NP-FA had a nano-scaled diameter of 231 nm and a
spherical shape. With ROS-responsive release and ROS-scav-
enging properties, PSB@NP could effectively scavenge H2O2,
thereby protecting cells from H2O2-induced oxidative damage.
After FA modification, the resulting PSB@NP-FA could be
internalized by RAW 264.7 and Colon-26 cells efficiently and
preferentially localized to the inflamed colon. In dextran sul-
fate sodium (DSS)-induced colitis models, PSB@NP-FA
showed a prominent ROS-scavenging capacity and anti-inflam-
matory activity, therefore relieving murine colitis effectively.
Mechanism results suggested that PSB@NP-FA ameliorated
colitis by regulating dendritic cells (DCs), promoting macro-
phage polarization, and regulating T cell infiltration. Both
innate and adaptive immunity were involved. More impor-
tantly, the combination of the PSB and dexamethasone
(DEX) enhanced the therapeutic efficacy of colitis. This ROS-
responsive and ROS-scavenging nanocarrier represents an
alternative therapeutic approach to UC. It can also be used as
an enhancer for classic anti-inflammatory drugs.
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INTRODUCTION
Ulcerative colitis (UC) is an inflammatory disease that occurs in the
colon caused by an interaction of genetics, immune responses, and
environmental factors, and is characterized by alternating periods
of disease onset and remission.1,2 It begins at the rectum and extends
to the entire colon, resulting in significant disturbance of colon
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homeostasis and severe damage to intestinal barrier function.3 Com-
mon symptoms of active UC include abdominal pain, diarrhea,
weight loss, and rectal bleeding.4 UC is prone to colon cancer if not
effectively treated, leading to life-threatening consequences.3,5

There are many factors involved in the occurrence and development
of UC. Among them, reactive oxygen species (ROS) are closely asso-
ciated with the pathological process of UC.6 Although ROS at low
levels can effectively regulate cellular signaling and oxygen homeosta-
sis, high levels of ROS can cause cell damage during oxidative stress.7

A large number of immune cells infiltrate the inflamed colon tissues
in the pathological process of UC, producing a large amount of ROS,
inducing cell oxidative stress damage, and exacerbating the inflam-
matory response.8 H2O2 is the most abundant and stable non-radical
ROS in cells.8 In addition, T lymphocytes and their cytokines also play
an important role in regulating gut immune responses and in the
pathogenesis of intestinal inflammation.9 In healthy intestinal mu-
cosa, T lymphocytes maintain intestinal homeostasis and maintain
autoimmune tolerance and resistant stability.10 Intestinal immune
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responses of patients with UC are often characterized by activation
and infiltration of lamina propria T lymphocytes (LPLs) with potent
effector functions, releasing cytokine, histamine, and proteases.11,12

CD4+ T lymphocytes account for 60% to 70% of T cells in the LPL
and have a significant contribution to the pathogenesis of UC.13

Thus, the altered bowel physiology of patients with UC may relate
to immune mechanisms.

Clinically, for treatment, UC is generally managed by traditional
methods, including 5-aminosalicylic acid, corticosteroids, immuno-
suppressive agents, and monoclonal antibodies.14 Most of these treat-
ments are anti-inflammatory drugs, which have potentially serious
side effects and only control the condition within a short time.2 There
are still a large number of patients who cannot be relieved by drugs
and require surgery.15 However, due to the complex etiology and
various symptoms of UC, the treatment effect is still not ideal. There-
fore, it is necessary to develop safe and effective drugs for the treat-
ment of UC.

Pterostilbene (PSB), a natural phenolic compound, is widely distrib-
uted in various natural medicinal plants.16,17 PSB has attracted
considerable attention due to its good biocompatibility and bioac-
tivity. It has anti-oxidant, anti-inflammatory,18,19 anti-cancer,20 and
anti-cardiovascular properties, and so can improve the function of
normal cells, inhibit malignant cells, and effectively treat and prevent
human diseases.21 It has been shown to have preventive and thera-
peutic effects on a variety of human diseases, including colitis, neuro-
logical, cardiovascular, and hematologic diseases, and can effectively
scavenge free radicals.22 Recently, the anti-inflammatory effect of PSB
has been used as alternative therapy for patients with UC who failed
to be treated with traditional drugs.23 However, the poor oral effect,
low targeting efficiency, rapid plasma clearance, and poor water sol-
ubility limit the use of PSB for further application.24 The ideal state of
the drug delivery system in UC treatment is to deliver the drug to the
inflamed colon at a maximum dose to minimize systemic drug expo-
sure. Therefore, there is an urgent need to develop a drug delivery sys-
tem to solve the above-mentioned problems, such as targeting deliv-
ery capabilities and high drug encapsulation efficiency.

As a US Food and Drug Administration (FDA)-approved polymer,
poly(lactic-co-glycolic acid) (PLGA) is permitted to be used in clinical
treatment. It can effectively solve the above problems, including
improving the bioavailability of drugs, colon targeting, and controlled
release.25,26 The PLGA polymer-based nano-drug delivery system
has the characteristics of a simple synthesis method, high stability,
improved drug solubility, and slow release of encapsulated drugs.27,28

Polyethylene glycol (PEG) has good amphiphilic and biosafety and
has been approved by FDA because of its low toxicity. PEG modifica-
tion can improve the long circulation time of nanoparticles (NPs)
in vivo, thus avoiding being cleared by the reticuloendothelial system
(RES), reducing immunogenicity, and improving the biocompati-
bility of NPs. In addition, passive targeting is achieved through the
enhanced permeability and retention (EPR) effect due to increased
tissue permeability at the site of inflammation.29,30 By modifying
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the targeting molecule, the NPs can be actively targeted to the inflam-
matory tissue, reducing systemic exposure, increasing the accumula-
tion of drugs in the inflammatory site, and enhancing the drug’s
efficacy. More and more studies show that PLGA-based nano-drug
delivery systems can effectively treat UC,31–34 which may be an alter-
native approach in the nanotherapeutics of UC.

In this work, an ROS-responsive (thioketal linkage), folic acid (FA)-
functionalized nanocarrier for efficient PSB delivery (PSB@NP-FA)
to the inflamed colon was designed. With ROS-responsive and
ROS-scavenging properties, PSB@NP could effectively scavenge
H2O2, thereby protecting RAW 264.7 cells from H2O2-induced
oxidative damage. Mediated by FA targeting, PSB@NP-FA could be
internalized by RAW 264.7 cells and Colon-26 cells efficiently
in vitro and preferentially localized to the inflamed colon after intra-
venous administration. PSB@NP-FA ameliorated UC efficiently by
regulating DCs and colonic M1/M2 macrophage polarization (two
kinds of cells mainly involved in innate immune responses) and
T cell infiltration (Figure 1). More importantly, the combination of
the PSB and dexamethasone (DEX) enhanced the therapeutic efficacy
of colitis. Without appreciable systemic toxicity, this nanocarrier rep-
resents an alternative therapeutic approach to UC, and it can also be
used as a synergist for classic anti-inflammatory drugs of UC.

RESULTS
Characterization of PSB@NP-FA

NPs require precise size and morphology modulation to adapt to the
pathological conditions of different diseases.35 Based on the charac-
teristics of PEG-modified PLGA, we used them to encapsulate drugs
by adjusting and optimizing the ratio of the PLGA-PEG derivatives
and drugs to synthesize optimized PSB@NPs and DEX/PSB@NPs
with superior performance and high encapsulation efficiency. As
shown in Figure 2A, transmission electron microscopy (TEM) images
showed that the morphology of PSB@NP-FA had a regularly spher-
ical shape and smooth surface, indicating the successful preparation
of PSB@NP-FA. As measured by dynamic light scattering (DLS),
the average diameter of the NPs was 231.6 nmwith low polydispersity
index (PDI) less than 0.1 (Figure 2B). The zeta potential of PSB@NP-
FA was about �21.8 ± 1.76 mV (Figure 2C). A UV-visible (UV-vis)
spectrophotometer was used to measure the loading capacity (LC%)
and encapsulation efficiency (EE%) of PSB in NPs by establishing a
standard curve (Figures S1A and S1B). By adjusting the ratio of poly-
mer/PSB, the optimal encapsulation rate was obtained when PSB was
at 2.5 mg (Figure S1C). Under this condition, the EE% and LC% of
PSB@NP-FA are 85.27% ± 0.51% and 3.74% ± 2.69%, respectively
(Figure S1C).

Fourier transform infrared spectroscopy (FTIR) was used to charac-
terize the successful synthesis of PSB@NP (Figure 2D). In the FTIR
spectrum of Mal (maleimide), TK (thioketal), and NP (PSB@NP),
the benzene skeleton of Mal and the carboxyl bond of TK produced
characteristic peaks with obvious tensile vibration at 1,487.51 cm�1,
1,895.24 cm�1, and 1,210.98 cm�1. The FTIR spectra of characteristic
peaks verified the successful conjugation of TK linkage, which could



Figure 1. Schematic diagram of the ROS-responsive nanocarrier ameliorates murine colitis

PSB@NP-FA were synthesized by a single microemulsion method and could be cleaved under ROS stimulation. Upon intravenous injection, PSB@NP-FA preferentially

localized to the inflamed colon and ameliorated murine colitis via regulating colonic DCs, M1/M2 macrophage polarization, and T cell infiltration.
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be rapidly cleaved in response to ROS stimulation. FA can bind to FA
receptors with high affinity, and FA receptors were highly expressed
in the inflamed colonic mucosa.36,37 Hence, we used FA to function-
alize PSB@NP to endow the colon inflammation-targeting ability.
The FTIR spectrum showed that the absorption peak of FA appeared
at 2,953.75 cm�1, 1,251.71 cm�1, and 912.59 cm�1 (Figure S2). After
FA conjugation, the amide stretch vibrations at 1,554.57 cm�1 ap-
peared, indicating the successful conjugation of FA with
PSB@NP-FA.

PSB@NP is designed to degrade in an ROS-triggered manner. When
PSB@NP is placed in the ROS environment, the thioketal linker in
PLGA-TK-PEG-COOH will be cleaved to form ketones and
mercaptan. The morphology of PSB@NP will be destroyed, and grad-
ually cracked, and the PSB will be released from PSB@NP. H2O2, a
member of ROS, was used to measure the drug-release ability of
PSB@NP under the stimulation of ROS. We compared the drug-
release rates of TK-based NPs (PSB@PLGA-TK-PEG) and PLGA-
based NPs (PSB@PLGA) in solution with or without H2O2 (10 mM)
at different pH values (6.5 or 7.4). As presented in Figure 2E, the
cumulative release of PSB@PLGA-TK-PEG reached 85.1% within
48 h in a solution containing H2O2 at pH 6.5, while the cumulative
release of PSB@PLGA was only 66.8%. The cumulative release of
PSB@PLGA-TK-PEG without H2O2 was 20% less than with H2O2

over 48 h. A similar result was also observed at pH 7.4 (Figure 2F),
and the release amounts of PSB@PLGA and PSB@PLGA-TK-PEG
in the presence of H2O2 were 59.3% and 86.2%, respectively. In the
absence of H2O2, the release of the PSB@PLGA was around 56.4%,
which was similar to PSB@PLGA-TK-PEG. These results showed
that PSB@PLGA-TK-PEG had ROS-responsive drug-release ability,
Molecular Therapy Vol. 31 No 5 May 2023 1385
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which might be due to the destruction of the structure of NP caused
by TK bond fracture, leading to the release of encapsulated drugs.
Moreover, higher release efficiency of PSB@PLGA-TK-PEG was
observed at pH 6.5 compared with pH 7.4 (Figures 2E and 2F), sug-
gesting that the ROS-responsive drug release may be further
improved in an acidic environment.

ROS-scavenging and ROS-responsive properties of PSB@NP

in vitro

With the occurrence and development of UC, the concentration of
ROS in intestinal cells increased in the course of inflammatory and
immune activation, which further exacerbated the disease.8,38 We
next examined whether PSB@NP retained the ROS-scavenging
capability based on PSB presence. H2O2 is one of the most abundant
and stable ROS in the body. As shown in Figure 2G, when the
PSB@NP or the free PSB was mixed with H2O2, the remaining
H2O2 decreased significantly along with the increased concentration
of PSB. Excitingly, 1 mM free PSB and PSB@NP (equal to PSB)
could scavenge 50 mM H2O2. There was no significance between
free PSB and PSB@NP, indicating PSB in NPs still retained its orig-
inal anti-oxidant capability. Next, the protective effect of free PSB
and PSB@NP on cells from ROS-induced oxidative damage was
investigated. When treated with H2O2 to cause oxidative stress,
the cell viability was significantly decreased. When pre-treated
with free PSB and PSB@NP, the cell viability was rescued consider-
ably in a concentration-dependent manner (Figure 2H). These find-
ings suggested that PSB@NP retained the anti-oxidant capability of
PSB and could protect RAW 264.7 cells from ROS-induced oxida-
tive stress.

DCFH-DA (2,7-dichlorodihydrofluorescein diacetate), a general ROS
probe, was also used to assess the anti-oxidant capability of PSB@NP.
As shown in Figure 2I, in the negative control group, RAW 264.7 cells
showed a tiny DCFH-DA fluorescence signal, indicating a few pro-
ductions of ROS. In contrast, in the positive control group (LPS
(Lipopolysaccharide) group), a large amount of DCFH-DA fluores-
cence signal was detected, indicating that LPS treatment significantly
increased ROS level in RAW 264.7 macrophages (Figure 2I). After be-
ing pre-treated with free PSB, PSB@PLGA, or PSB@PLGA-TK-PEG,
when compared with the positive control group, the DCFH-DA fluo-
rescence signal decreased significantly (Figure 2I), indicating that free
PSB, PSB@PLGA, and PSB@PLGA-TK-PEG had the scavenging
capability of ROS, and ROS-scavenging ability was mainly played
by PSB instead of thioketal moiety. Flow cytometry results were
consistent with fluorescence imaging (Figure 2J). These results indi-
Figure 2. Characterization and in vitro drug release, ROS-scavenging, ROS-re

(A) Representative TEM images of PSB@NP-FA. Scale bar, 100 nm. (B) Representative

(n = 3). (D) FTIR analysis of the polymer materials and the PSB@NP-FA (NP). (E) The rel

(pH 6.5) (n = 3). (F) The release profile of PSB from PLGA and PLGA-TK-PEG with or wit

and PSB@NP was evaluated in vitro. (H) Cytoprotective effect of free PSB and PSB@N

evaluate the anti-oxidant capability of free PSB, PSB@PLGA, and PSB@PLGA-TK-PEG

quantified by flow cytometry. (K) Representative TEM images of PSB@PLGA and PSB@

bar, 200 nm. (L) Inflammatory factors (IL-6, IL-1b, TNF-a, IL-12, and IL-10) were evalu
cated that LPS could induce the production of intracellular ROS,
and PSB treatment could effectively remove ROS and protect cells
from oxidative stress damage.

To further investigate the ROS-responsive properties of PSB@NP, the
morphology of PSB@NP under H2O2 conditions were observed
by TEM. The TEM images showed that the morphology of
PSB@PLGA-TK-PEG remained intact in PBS (Figure 2K). When
added to H2O2, PSB@PLGA-TK-PEG degraded gradually, and the
complete structure of PSB@PLGA-TK-PEG disappeared in all tested
H2O2 concentrations (Figure 2K), which should be attributed to the
thioketal linkages in the polymer being quickly oxidized and cleaved
by H2O2. However, the morphology of PSB@PLGA without ROS-
responsive properties remained intact even in 10 mM H2O2 solution
(Figure 2K). These findings suggested the ROS-responsive perfor-
mance of PSB@PLGA-TK-PEG, indicating the potential to be a
controlled delivery carrier.

Anti-inflammatory effect of PSB@NP in vitro

Inflammatory factors are involved in the occurrence and develop-
ment of UC, and the imbalance of inflammatory factors and the
severe increase of pro-inflammatory factors further aggravate the
inflammatory response.39 Next, we studied the anti-inflammatory
effects of PSB at the cellular level. Interleukin (IL)-6, IL-1b, tumor ne-
crosis factor alpha (TNF-a), and IL-12 are the major pro-inflamma-
tory cytokines secreted byM1macrophages during inflammation.We
used LPS to stimulate RAW264.7 macrophages to secrete pro-inflam-
matory cytokines and then observed whether pretreatment with free
PSB or PSB@NP could reduce their expression. Results showed that
the expression of IL-6, IL-1b, TNF-a, and IL-12 were upregulated
in the LPS-treated group compared with the untreated control group
(Figure 2L). Strikingly, the mRNA level of pro-inflammatory cyto-
kines in the free PSB and PSB@NP pre-treated group decreased
significantly (Figure 2L). Meanwhile, the expression of IL-10, a
main anti-inflammatory cytokine secreted by M2 macrophages,
increased after PSB treatment (Figure 2L), indicating that PSB could
effectively eliminate LPS-induced inflammation and have an anti-in-
flammatory effect, and PSB@NP could have better anti-inflammatory
effects than free PSB.

Cellular uptake of PSB@NP-FA by macrophages and colon-26

cells

Efficient anti-inflammatory drug delivery can increase drug concen-
tration in the colon and improve cellular uptake of drugs, which is
important for UC treatment.40 In addition, efficient delivery can cut
sponsive, and anti-inflammatory profiles of NPs

size distribution and PDI of PSB@NP-FA (n = 3). (C) Zeta potential of PSB@NP-FA

ease profile of PSB from PLGA and PLGA-TK-PEG with or without H2O2 in solution

hout H2O2 in solution (pH 7.4) (n = 3). (G) The ROS-scavenging capacity of free PSB

P was assessed by MTT assay. (I) DCFH-DA, a general ROS probe, was used to

. Scale bar, 50 mm. (J) Green fluorescence caused by ROS probe, DCFH-DA, was

PLGA-TK-PEG in H2O2 solution with different concentrations were obtained. Scale

ated (n = 3).
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down the dosage of administration and reduce the side effects of the
drug. Folate receptor (FR) families include FR-a, FR-b, FR-g, and
FR-d. FR-b is little or not expressed in most normal cells and highly
expressed in cancer cells and activated RAW264.7 cells.36 Colon-26, a
colon cancer cell, can be used as a colon epithelial-like cell to test
cellular uptake of PSB@NP-FA. FA on the surface of PSB@NP-FA
acts as a targeted molecule that binds specifically to FR-b. The results
showed that the level of FR-bmRNA expression was low on NIH/3T3
cells and normal RAW 264.7 cells but was high on LPS-activated
RAW 264.7 cells and Colon-26 cells (Figure 3A), confirming the feasi-
bility of FA as a target molecule. We then qualitatively investigated
the cellular uptake profiles of NPs using confocal microscopy to colon
epithelial cells and RAW 264.7 macrophages. Confocal images
showed that the PSB@NP-FA-labeled with DiL (1,1’-dioctadecyl-
3,3,3’,3’-tetramethylindocarbocyanine perchlorate) could be taken
up by Colon-26 cells and RAW 264.7 cells, presenting a remarkable
intracellular red fluorescence signal, which was stronger at 4 h (Fig-
ure 3C). The uptake capacity of cells pre-treated with FA was signif-
icantly reduced (FA + PSB@NP-FA group) (Figure 3C). Furthermore,
the fluorescence intensity of DiL was also quantified by flow cytom-
etry, which was consistent with the results of confocal images, indi-
cating PSB@NP-FA could indeed target Colon-26 cells and RAW
264.7 cells (Figures 3D and 3E).

PSB@NP-FA preferentially localized to the inflamed colon

FR-b is expressed at sites of severe injuries, such as DSS-induced
colitis in mice.37 We detected the mRNA expression of FR-b in the
colon of mice with colitis. The results showed that FR-b was not
expressed in the colon of normal mice but was highly expressed in
the colon tissues of mice with colitis (Figure 3B). To evaluate the
colon-targeting ability of PSB@NP-FA, PSB@NP-FA-labeled by
DiR (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine io-
dide) were intravenously administered to healthy mice and colitis
mice. Images for the whole-body fluorescence distribution were ac-
quired at 1, 2, 3, 6, 12, and 24 h after injection. Fluorescent images
showed the highest fluorescence signal in vivo was detected at 3 h
(Figures 3F and 3G). After sacrificing the mice, the main organs
and colons of mice were imaged to observe the localization of NPs.
Fluorescence images of major organs showed that the PSB@NP-FA
were mainly distributed in the liver, spleen, and lung, and the fluores-
cence signal disappeared 24 h later, indicating that the PSB@NP-FA
were gradually expelled from the body (Figures 3F and 3H). In addi-
tion, the fluorescence signal of colon tissues reached the highest at
3 h, indicating effective uptake of PSB@NP-FA in colon tissues
(Figures 3F and 3I). Compared with the healthy mice, the fluores-
cence intensity in colitis mice was much stronger, indicating the effec-
tive targeting of PSB@NP-FA to the inflammation site (Figures 3F
and 3I). The pharmacokinetic results showed that the fluorescence in-
tensity of PSB@NP-FA decreased over time, and the half-life (t1/2) of
PSB@NP-FA in blood was 0.6169 ± 0.27 h (Figure 3J). We then
observed the location of DiL-labeled NP in colonic frozen sections.
Fluorescence images showed that the NPs were successfully targeted
to the colon and taken up by colon epithelial cells (Figure S3). In
conclusion, PSB@NP-FA are highly enriched in the inflammatory
1388 Molecular Therapy Vol. 31 No 5 May 2023
site of the colon but also gradually metabolized out of the body within
24 h, showing the good inflammation-targeting ability and biosafety
of PSB@NP-FA.

Biocompatibility of NP

Biocompatibility is a prerequisite for the application of drug delivery
platforms. We incubated different concentrations of Blank@NP and
PSB@NP-FA with RAW 264.7 cells for different hours and detected
cell viability by MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-
H-tetrazolium bromide) assay. There was no significant decrease in
cell viability after co-culture with Blank@NP or PSB@NP-FA at
different concentrations for 24 or 48 h (Figures S4A and S4B), even
up to 400 mg/mL, indicating the good biosafety of PLGA-based
Blank@NP and PSB@NP-FA in vitro.

To assess the biocompatibility of Blank@NP in vivo, the mice were
intravenously administered daily with Blank@NP at a dose of
30 mg/kg for 7 days. By measuring weight changes on a daily basis,
the results showed that there was no significant weight loss within
7 days compared with untreated control mice (Figure S4C). At the
end of the experiment, the blood was collected for hematological
and biochemical analyses, and the major organs (heart, liver,
spleen, lung, and kidney) for H&E staining. The hematological
or biochemical parameters results showed that Blank@NP-treated
mice were consistent with those of the control mice (Figure S5A).
Histological sections also showed no pathological changes in
organs in both Blank@NP-treated mice and control mice (Fig-
ure S5B), indicating the excellent biocompatibility of Blank@NP
in vivo.

PSB@NP-FA alleviates DSS-induced acute colitis

The anti-oxidant and anti-inflammatory properties of PSB@NP-FA
and the capability of ROS-responsive drug release made it promising
for clinical application. We then used DSS-induced mice colitis to
verify its anti-inflammatory activity further, and the experimental
design illustration is shown in Figure 4A. It was found that the
body weight of DSS group mice decreased significantly from the third
day and decreased sharply from the fifth day. In contrast, the
PSB@NP-FA-treated group prevented the body weight loss to some
extent (Figure 4B), indicating that PSB@NP-FA was helpful in the
treatment of UC. In addition to changes in body weight, the disease
activity index (DAI) including stool consistency and fecal occult
blood was also analyzed. As shown in Figure 4C, compared with
the DSS group, the DAI of mice in the PSB@NP-FA group increased
slowly, and the effect in the 30 mg/kg of PSB@NP-FA-treated group
was the best. The colon length also showed that the colon in DSS
group mice was significantly shortened (p < 0.01) and recovered to
a certain extent after PSB@NP-FA treatment (Figures 4F and 4G).
Glutathione (GSH) is an important anti-oxidant in the body, which
is also an important indicator to measure the anti-oxidant capacity
of drugs. The content of GSH in the colon of the healthy control
group was as high as 19 mM/g protein, and in the DSS group
decreased significantly (Figure 4D). After treatment with PSB@NP-
FA, the content of GSH increased in a dose-dependent manner,



Figure 3. Evaluation of the targeting ability of PSB@NP-FA both in vivo and in vitro

(A) FR-b mRNA expression in different cell lines. (B) FR-b mRNA expression in the colon of healthy control mice and DSS-induced colitis mice. (C) DiL-labeled PSB@NP-

FA were efficiently internalized by RAW 264.7 cells and Colon-26 cells. Here, NPs were labeled by DiL (red) and nucleus was stained by DAPI (blue). Scale bar, 20 mm. (D)

Cellular uptake efficiency of NP by RAW 264.7 cells was quantified by flow cytometry. (E) Cellular uptake efficiency of NP by Colon-26 cells was quantified by flow

cytometry. (F) Fluorescence images of healthy mice and DSS-induced colitis mice, organs, and colon tissues at indicated time points after intravenous injection of

PSB@NP-FA. (G) Quantification of the fluorescence intensity in vivo. (H) Quantification of the fluorescence intensity of major organs. (I) Quantification of the fluorescence

intensity of colon tissues. (J) Pharmacokinetics of PSB@NP-FA in DSS-induced colitis mice.
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with the highest increase at the dose of 30 mg/kg (Figure 4D). More-
over, Figure 4E shows that myeloperoxidase (MPO) activity increased
in the DSS group, indicating inflammation and a large amount of
MPO secreted by neutrophil infiltration. In contrast, PSB@NP-FA
treatment reduced inflammation, as demonstrated by MPO activity,
but only PSB@NP-FA-treated groups (30 mg/kg) exhibited a marked
decrease. To evaluate the anti-oxidant capacity of PSB@NP-FA
in vivo, we used frozen sections of the colon of each group of mice
and detected the fluorescence intensity with ROS probe DCFH-DA
to reflect the content of ROS in the colon tissues. The results in Fig-
ure S6A showed that there was almost no fluorescence signal in
healthy tissues except for the spontaneous fluorescence in the
muscular layer, while the fluorescence signal in the DSS group was
significantly enhanced, indicating the production of a large number
of ROS in the tissues. After treatment with PSB@NP-FA, fluorescence
intensity decreased in a dose-dependent manner, reflecting the
decrease of ROS content in the colon. The intensity of the fluores-
cence signal in each group was calculated by ImageJ and displayed
as a histogram (Figure S6B).

The results of inflammatory factors showed that the expression levels
of pro-inflammatory factors (TNF-a, IL-6, IL-12, and IL-1b) in the
DSS-treated group were significantly upregulated compared with
the control group (p < 0.01) (Figure 4H). When treated with
PSB@NP-FA at different concentrations, the expression level of
TNF-a, IL-6, IL-12, and IL-1b was significantly decreased compared
with the DSS group, while the expression of anti-inflammatory factor
IL-10 was increased (Figure 4I).

Additionally, endoscopic images showed a reduction in the number
of ulcers in the colonic mucosa of PSB@NP-FA-treated mice
(30 mg/kg) (Figure 4K). In contrast, inflammation remained severe
in the DSS group, with extensive redness and ulcers (Figure 4K). Re-
sults with PSB@NP-FA (10 mg/kg or 20 mg/kg) offered lower effi-
cacy. Histological staining with H&E was used to observe the injury
and lesion of colon tissue, and the differences among groups were
statistically analyzed by histological scores. Results showed that
the colonic mucosa of healthy mice in the control group was intact,
and the crypt was apparent (Figure 4L). In contrast, crypts disap-
peared, and neutrophils infiltrated in colonic tissues of mice with
colitis (Figure 4L). Compared with the DSS group, the colonic tissue
of the PSB@NP-FA treatment group recovered, and the morphology
was similar to that of the healthy control group. The histological
scores were obtained, and the results showed that the histological
score in the DSS group was much higher than the PSB@NP-FA-
treated groups; the histological score significantly decreased after
PSB@NP-FA treatment and gradually returned to the healthy level
Figure 4. PSB@NP-FA alleviates DSS-induced acute colitis

(A) Illustration of the experimental design. (B) Bodyweight loss. (C) DAI scores. (D) The

groups. (G) Colon length. (H) The mRNA levels of pro-inflammatory factors (TNF-a, IL-6,

(n = 3). (J) Histological score of H&E sections. (K) Endoscopic images of colons. The dot

Arrows indicated neutrophil infiltration. Scale bar, 20 mm. The symbol I stands for DSS

DSS+PSB@NP-FA(30 mg/kg).
in a dose-dependent manner, with the lowest score at the dose of
30 mg/kg (Figure 4J). The above results indicated that PSB@NP-
FA had a good scavenging capacity of ROS and anti-inflammatory
activity, and could effectively relieve DSS-induced colon inflamma-
tion in mice.

PSB@NP-FA relieves colonic inflammation by regulating DCs

and colonic M1/M2 macrophage polarization

Dendritic cells (DCs) and macrophages are two kinds of cells mainly
involved in innate immune responses. DCs are antigen-presenting
cells, and their dysfunction is the main cause of UC.41 DCs from the
intestinal tract can not only promote the activation of T cells but
also induce T cells to move toward the intestinal tract, and the inter-
action between DCs and T cells can induce immune responses. Intes-
tinal intraepithelial lymphocytes (IELs) are located in the basal layer of
intestinal epithelial cells and maintain intestinal homeostasis. We
observed that the number of DCs in IELs decreased significantly after
PSB@NP-FA treatment (Figures 5A and S7), and the proportion of
DCs in LPL in each group did not change significantly (Figures 5B
and S8). However, the number of DCs in the DSS group increased
significantly, and decreased significantly after PSB@NP-FA treatment
(Figure 5C). The results showed that, in theDSS-induced colitis model,
DCs were involved in initiating intestinal mucosal immune responses,
and the PSB@NP-FA restored the intestinal immune homeostasis,
possibly due to changes in the number and function of DCs.

According to their functions and secretory factors, macrophages can
be divided into classically activated M1 phenotype macrophages and
selectively activated M2 macrophages. M1 phenotype macrophages
mainly secrete pro-inflammatory factors and play an important role
in the early stage of inflammation. M2 phenotype macrophages
express anti-inflammatory cytokines and play a role in inhibiting
the inflammatory response and tissue repair. We further examined
the effects of PSB@NP-FA on macrophage polarization. A strong
M1 response occurred in the colon in the DSS-induced model, which
was represented by an increase in the number of M1 in LPLs and the
percentage of M1 in LPLs (Figures 5D and 5E). However, as shown in
Figure 5F, the proportion of M2 phenotype macrophages in LPL
decreased. After administration with PSB@NP-FA, the percentage
of M1 phenotype macrophages significantly reduced, and the per-
centage of M2 phenotype in LPLs remarkably increased compared
with the DSS group (Figures 5D–5F). Flow cytometry results reflected
changes in the proportion of M1 and M2 macrophages in LPLs and
showed that DSS could increase the percentage of M1 phenotype
macrophages, which could be effectively reduced after PSB@NP-
FA treatment (Figure 5G). The percentage of M2 phenotype macro-
phages in LPLs decreased after DSS induction but increased after
content of GSH. (E) MPO activity. (F) Photographs of the excised colons in different

IL-12, and IL-1b) in colon tissues (n = 3). (I) The mRNA levels of IL-10 in colon tissues

ted boxes represented ulcers and inflammation. (L) H&E staining of colonic sections.

+PSB@NP-FA(10 mg/kg), II stands for DSS+PSB@NP-FA(20 mg/kg), III stands for
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being administrated with PSB@NP-FA (Figure 5H). These results
suggested that PSB@NP-FA promotes the macrophage phenotypic
switching from an inflammatory M1 phenotype to an alternatively
activated M2 phenotype, which is beneficial for the remission of
colonic inflammation.

PSB@NP-FA reduces colonic inflammation by regulating T cell

infiltration

To identify the therapeutic effect of PSB for UC is through the regu-
lation of T cell infiltration, flow cytometry was used to measure the
T cell profile in LPLs and IELs. After DSS-induced colitis in mice,
the number of IELs changed significantly (Figure 6A), suggesting
that the disorder of IELs is related to inflammation. As shown in Fig-
ure 6B, the total number of activated cells in LPLs increased in the
DSS group, but decreased significantly in the PSB@NP-FA group,
suggesting that PSB@NP-FA has an effective immunomodulatory ef-
fect on DSS-induced colitis in mice.

Regulatory T cells (Treg) are a subset of CD4+ T cells with significant
immunosuppressive effects, which can inhibit the immune responses
of other cells and play an important role in maintaining the immune
balance of the body. The proportion of Treg cells in the DSS group
was increased, but there was no statistical significance (Figures 6C
and S9). The number of Treg cells was significantly increased in the
DSS group but was significantly decreased in the PSB@NP-FA group
(Figure 6D), suggesting that PSB@NP-FA may play an anti-inflam-
matory role in alleviating UC by regulating Treg cell subsets.

Several studies have shown that CD4+ T cells are closely related to the
pathogenesis of UC.11,42 According to the expression of CD45RA and
CCR7, the majority phenotype of CD4+ T cells could be divided into
central memory T cell (TCM), effect T cell, and T-naive groups. The re-
sults showed that the percentage of CD4+ T cells in LPLs increased in
mice with colitis but decreased after PSB@NP-FA treatment
(Figures 6E and S10). The other three main phenotypes of CD4+
T cells also changed in different groups (Figures 6F–6H and S11). In
terms of cell number, CD4+ T cells in LPLs significantly increased in co-
litis mice, but it could be effectively reversed by PSB@NP-FA
(Figures 6I–6L). The same results were observed in CD8+ T cells in
LPLs (Figures 6M, 6N, and S12). The proportion of CD8+ T cells in
IELs did not change significantly, but the number decreased in both
the DSS group and PSB@NP-FA group (Figures 6O, 6P, and S13), indi-
cating that CD8+ T cells in IELs were also involved in the immune
response process.

Furthermore, the proportions of the secretion of cytokines (inter-
feron gamma [IFN-g], IL-17, and TNF-a) in CD4+ T cells were
not significantly different among the three groups (Figures 7A–
Figure 5. PSB@NP-FA relieves colonic inflammation by regulating DCs and co

(A) The number of DCs in IEL. (B) The percentage of DCs in LPLs. (C) The number of DCs

of M1 phenotype macrophages in LPLs. (F) The proportion of M2 phenotype macrophag

cytometry. (H) Representative image of the proportion of M2 in LPLs demonstrated by

supplemental information.
7C and S14), but the number was significantly increased in the
DSS group (Figures 7D–7F). Compared with the DSS group,
the number of IFN-g, IL-17, and TNF-a were decreased in the
PSB@NP-FA group (Figures 7D–7F), indicating a significant
decrease in the number of CD4+ T cytokine-secreting cells. More-
over, there was no statistical difference in the proportion of CD8+

T cytokines (IFN-g, IL-17, and TNF-a) in LPLs (Figures 7G–7I),
but the number increased significantly in the DSS group and could
be reversed by the PSB@NP-FA group (Figures 7J–7L). These re-
sults suggested that T cells infiltrated in colitis, and the alleviating
effect of PSB@NP-FA on UC was achieved by regulating T cells.

The combination of the PSB and DEX enhances the therapeutic

efficacy of colitis

DEX, a corticosteroid, is one type of medication that may be pre-
scribed to treat inflammation of the gastrointestinal tract. DEX is
used as a short-term treatment for Crohn’s disease and UC because
it reduces inflammation quickly. The nano-delivery platform with
fewer doses can achieve a similar therapeutic effect to free DEX,
and targeted delivery avoids systemic toxic side effects. Because of
the good therapeutic effect of PSB@NP-FA on UC, we next evaluated
whether the combination of the PSB and DEX could enhance the
therapeutic efficacy of colitis. First, we synthesized DEX/PSB@NP-
FA, which is spherical in shape (Figure S15A), with a particle size
of 190.14 nm (Figure S7B) and a potential of �28.11 mV (Fig-
ure S15C). The entrapment efficiency and LC% of DEX were
64.69% and 9.51%, respectively (Figures S15D and S15E), and it
had sustained release characteristics (Figures S15F). After establishing
the UC model, free DEX, PSB@NP-FA, and DEX/PSB@NP-FA were
used to treat colitis mice. As expected, body weight loss, DAI level,
and MPO activity were high in the DSS group (Figures 8A–8C). In
contrast, by being treated with free DEX, PSB@NP-FA, and DEX/
PSB@NP-FA, they effectively attenuated body weight loss and DAI
as well as MPO activity (Figures 8A–8C). Among them, the DEX/
PSB@NP-FA group had the best anti-inflammatory effect. By
observing the colonic tissue and mesenteric lymph nodes of each
group, it was found that DSS successfully induced colitis, specifically
manifested as colon shortening andmesenteric lymph node hyperpla-
sia (Figure 8D). DEX/PSB@NP-FA could effectively restore colon
length and relieve mesenteric lymph nodes (Figure 8D). Statistical re-
sults of colon length are shown in a histogram (Figure 8E). In addi-
tion, the expression of pro-inflammatory factors (TNF-a, IL-1b,
IL-6, and IL-12) in colon tissues of the DSS group was higher than
that of the healthy group (p < 0.05) (Figure 8F). The levels of
TNF-a, IL-1b, IL-6, and IL-12 in PSB@NP-FA, free DEX, or DEX/
PSB@NP-FA treatment groups significantly reduced, among which
the lowest level was the DEX/PSB@NP-FA group (Figure 8F). The
expression level of IL-10 also increased in the treatment group
lonic M1/M2 macrophage polarization

in LPLs. (D) The number of M1 phenotype macrophages in LPLs. (E) The proportion

es in LPLs. (G) Representative image of the proportion of M1 in LPLs shown by flow

flow cytometry. Representative scatterplots of flow cytometry are provided in the
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Figure 6. PSB@NP-FA reduces colonic inflammation by regulating T cell infiltration

(A) The number of cells in IELs. (B) The number of cells in LPLs. (C) The percentage of Tregs in LPLs. (D) The number of Tregs in LPLs. (E) The percentage of CD4+ T cells in

LPLs. (F) The percentage of CD4+ T cells-effect T cell in LPLs. (G) The percentage of CD4+ T cells-TCMs in LPLs. (H) The percentage of CD4+ T cells naive in LPLs. (I) The

number of CD4+ T cells in LPLs. (J) The number of CD4+ T cells-effect T cell in LPLs. (K) The number of CD4+ T cells-TCMs in LPLs. (L) The number of CD4+ T cells naive in

LPLs. (M) The percentage of CD8+ T cells in LPLs. (N) The number of CD8+ T cells in LPLs. (O) The percentage of CD8+ T cells in IELs. (P) The number of CD8+ T cells in IELs.

Representative scatterplots of flow cytometry are provided in the supplemental information.
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(Figure 8G), indicating the therapeutic effect on murine colitis. H&E
staining sections showed that free DEX, PSB@NP-FA, or DEX/
PSB@NP-FA reversed colon damage, and the DEX/PSB@NP-FA
had the best protective effect on colon epithelial cells compared
1394 Molecular Therapy Vol. 31 No 5 May 2023
with the free DEX (Figure 8H). Taken together, these results showed
that DEX/PSB@NP-FA achieved a better therapeutic effect than free
DEX at a much lower dose and accelerated the recovery of the
impaired intestinal mucosa in UC therapy.



Figure 7. The number and percentage of cytokines secreted by CD4+ and CD8+ T cells

(A) The percentage of CD4+ T cells-IFN-g in LPLs. (B) The percentage of CD4+ T cells-IL-17 in LPLs. (C) The percentage of CD4+ T cells-TNF-a in LPLs. (D) The

number of CD4+ T cells-IFN-g in LPLs. (E) The number of CD4+ T cells-IL-17 in LPLs. (F) The number of CD4+ T cells-TNF-a in LPLs. (G) The percentage of CD8+

T cells-IFN-g in LPLs. (H) The percentage of CD8+ T cells-IL-17 in LPLs. (I) The percentage of CD8+ T cells-TNF-a in LPLs. (J) The number of CD8+ T cells-IFN-g in

LPLs. (K) The number of CD8+ T cells-IL-17 in LPLs. (L) The number of CD8+ T cells-TNF-a in LPLs. Representative scatterplots of flow cytometry are provided in the

supplemental information.
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Figure 8. The combination of the PSB and DEX enhances the therapeutic efficacy of colitis

(A) Body weight (n = 6). (B) DAI scores. (C) MPO activity. (D) Colons andmesenteric lymph nodes. (E) Colon length. (F) ThemRNAs expression of TNF-a, IL-12, IL-6, and IL-1b

in different groups (n = 3). (G) The mRNA expression of IL-10 in different groups (n = 3). (H) H&E staining of colonic sections among different groups. Scale bar, 20 mm.
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DISCUSSION
PSB relieved a series of symptoms of DSS-induced colitis in mice,
such as changes in inflammatory factors, decreased DAI, and histo-
logical morphology by modulating macrophage phenotypic and the
infiltrations of immune cells. It is worth noting that PSB was known
1396 Molecular Therapy Vol. 31 No 5 May 2023
as the second generation of resveratrol. Notably, as a dimethylated
analogue of resveratrol, PSB and resveratrol exhibited many pharma-
cological similarities. PSB had a higher bioavailability than resveratrol
because of two methoxy groups, which increased lipophilic and oral
absorption.43–45 Therefore, PSB was more biologically active than
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resveratrol in anti-inflammatory and anti-oxidant activity. Moreover,
a low oral dose of PSB was beneficial to cognitive function,46 and di-
etary PSB could effectively prevent intestinal-related diseases.47,48

Still, the mechanism of PSB remained to be further studied.

Receptors, such as CD98, CD44, and FRs, are highly expressed on
colonic cells during UC, which provides a potential strategy for tar-
geted modification of NPs. Recent studies have shown that hyaluronic
acid-modified bilirubin NPs can target macrophages in the inflamma-
tory site and treat UC by regulating innate immunity.49 Polymer NPs
loaded with HSP90 could target the inflamed colon via FA ligand,
which enhanced cell internalization efficiency, and increased the
drug concentration in the colon to alleviate UC.50

Particle size plays an important role in targeting ability and cell inter-
nalization. The loose arrangement of cells in inflammatory tissues and
the increased vascular permeability makes it easier for smaller NPs to
accumulate in inflammatory sites preferentially. The particle size of
the PSB@NP-FA is about 200 nm, which is excellent for targeted
drug delivery. In addition to passive targeting, it can also actively
target the colon to effectively scavenge ROS in colon tissues and
play an anti-inflammatory and anti-oxidant role.

ROS are closely associated with the pathological process of UC. A
large number of immune cells infiltrate the inflamed colon tissue in
the pathological process of UC, producing a large amount of ROS,
inducing cell oxidative stress damage, and exacerbating the inflam-
matory response. H2O2 is one of the most common endogenous
ROS. In this work, a ROS-responsive (thioketal linkage), FA-func-
tionalized nanocarrier for efficient PSB delivery (PSB@NP-FA) to
the inflamed colon was designed. It is generally believed that the phys-
iological concentration of H2O2 in normal cells is about 10 nM and
that in inflammatory tissue cells is more than 100 mM.51,52 In this
study, concentrations of H2O2 ranging from 10 mM to 10 mM were
used to demonstrate the ROS-responsive property of PSB@PLGA-
TK-PEG (PSB@NP-FA). With ROS-responsive and ROS-scavenging
properties, PSB@NP-FA could break down and release the encapsu-
lated PSB when it reached the site of high expression of ROS in colon
inflammation, thereby protecting RAW 264.7 cells from H2O2-
induced oxidative damage.

In this study, the PSB dose (10, 20, and 30mg/kg/day) was selected for
the UC model. PSB@NP-FA with 30 mg/kg treatment showed more
decisive anti-inflammatory action with the lowest body weight loss,
the most extended colon length, and the lowest DAI. In contrast,
PSB@NP-FA with 10 mg/kg treatment did not perform well in
most results. These results suggested that the anti-inflammatory ac-
tion of PSB@NP-FA was dose dependent, and the dosage in the ani-
mal model should be optimized. In addition, DEX/PSB@NP-FA
achieved a similar therapeutic effect in a lower dose compared with
the free DEX, which is one of the advantages of NPs.

T lymphocytes play an important regulatory role in the immune sys-
tem and widely exist in the normal intestinal mucosa.53–55 Among
them, 60%�70% of T cells in intestinal lamina propria are CD4+

T cells.56,57 Dysregulation of CD4+ T cells might lead to a variety of
autoimmune diseases and inflammatory diseases,58,59 which was
proved by our experiment. We found that the total number of
CD4+ T cells and related cells secreting cytokines decreased in
LPLs, thus confirming the involvement of CD4+ T cells in regulating
colonic mucosal immunity. Its lack might be an important factor in
the pathogenesis of UC. IFN-g was one of the most abundant pro-in-
flammatory cytokines produced by CD4+ T cells in the mucous mem-
brane of patients with UC, which was secreted by Th1 and Th17 cells.
The decrease of IFN-g in UC also supported this conclusion. How-
ever, it was not clear whether the differentiation state of CD4+

T cells affects the development and remission of chronic inflamma-
tory and autoimmune diseases, and the interaction mechanism be-
tween CD4+ T cells and macrophages also needs to be further studied.

It was shown that remission of murine colitis was achieved by inter-
vening immune responses. However, the number of IELs was not
reversed after PSB@NP-FA treatment (Figure 7A), which may be
due to the fact that IELs were divided into two subgroups, natural
IELs and induced-type IELs. Induced-type IEL was a kind of cytotoxic
T cell and the specific classification of which type is dominant needs
further investigation. Moreover, the proportion of CD8+ T cells in
IELs did not change significantly (Figure 7O), but the number of cells
decreased in the DSS group and did not reverse this result in the
PSB@NP-FA group (Figure 7P), which may be due to the large differ-
ence in the total number of cells in IELs among the three groups.

Generally speaking, T cells changed little at day 8 of inflammation in
many studies, but CD4+ T cells in LPL in the DSS group changed
significantly in our results. This may be because the total number
of LPL cells in the DSS group is much higher, so the proportion of
CD4+ T cells is correspondingly much higher. In addition, unacti-
vated naive cells account for the largest proportion of CD4+ T cells,
up to 40%. Therefore, most naive CD4+ T cells only migrate to the in-
flammatory site of the colon but have not yet been involved in the
local immune response. In addition, DCs and macrophages, which
were mainly involved in the innate immune response, accounted
for a large proportion of the cell subsets, and CD4+ T cells and
CD8+ T cells were also involved, indicating that the DSS-induced mu-
rine colitis model includes both innate and adaptive immune
responses.

In summary, we designed a nanocarrier-loading PSB (PSB@NP-FA)
with ROS-responsive capability via thioketal linkage and realized
the controlled PSB release to alleviate UC. PSB@NP-FA showed
excellent ROS-scavenging, ROS-responsive properties, and anti-in-
flammatory effects in vitro. PSB@NP-FA could be efficiently inter-
nalized by Colon-26 cells and RAW 264.7 cells and preferentially
localized to the inflamed colon by intravenous administration. In
the colitis model, PSB@NP-FA could efficiently relieve UC by regu-
lating DCs and colonic M1/M2 macrophage polarization (two kinds
of cells mainly involved in innate immune responses) and T cell
infiltration (involved in adaptive immune responses). More
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importantly, the combination of the PSB and DEX could enhance
the therapeutic efficacy of colitis. With dependable biocompatibility,
this nanocarrier represents an alternative therapeutic approach to
UC, and it can also be used as a synergist for classic anti-inflamma-
tory drugs of UC.

MATERIALS AND METHODS
Materials

Lactide: glycolide (50:50) (PLGA, wt: 38,000�54,000), poly(vinyl
alcohol) (PVA, 86%–89% hydrolyzed, low molecular weight), FA-
SH, and PLGA-TK-PEG-COOH were obtained from Ruixi Biological
Technology (Xi’an, China). PSB and DEX were fromMeilun Bio (Da-
lian, China). PLGA-PEG-Mal (PEG MW 5000) was acquired from
NSP-Functional polymers and copolymers (Winston-Salem, USA).
Fluorescent dyes (DiL and DiR) were obtained from Promokine (Hei-
delberg, Germany).

Design, preparation, and characterization of a ROS-

responsive NP

The Blank@NP, PSB@NP, and DEX/PSB@NP were prepared using a
versatile single-step surface-functionalizing technique described in
our previously published work.34 PLGA, PLGA-PEG-Mal, and
PLGA-TK-PEG-COOH (a ROS-responsive polymer) were used as
polymers to load drugs. PSB, DEX, and the polymers mentioned
above were dissolved in dichloromethane (DCM, 2 mL) with a spe-
cific proportion. An oil-in-water emulsion was formed by emulsifying
the polymer solution in 4 mL of 2.5% w/v aqueous PVA solution drop
by drop. Then a probe sonicator was used at 25% amplitude for 4 min
(Branson S-450; Danbury, USA) on an ice bath followed by 0.5 h of
vacuum evaporation with a rotary evaporator to remove the residual
DCM. The emulsion was stirred overnight at room temperature. NPs
were recovered by centrifugation and washed with deionized water
three times. NPs suspension was then lyophilized to obtain a dry pow-
der and then the entrapment efficiency and LC% of PSB in NPs was
measured by UV-vis spectrophotometer (U-3310, Hitachi, Japan).
The calculated formulas were as follows:

Entrapment efficiency (%) = weight of encapsulated drug/weight of
drug added � 100%

LC% = weight of encapsulated drug/weight of NPs � 100%

FA was then chosen to conjugate with NPs through the Michael addi-
tion reaction between the maleimide moiety in PLGA-PEG-Mal and
the sulfhydryl group in FA-SH. The product was subsequently char-
acterized by FTIR spectrometry. Infrared spectra were recorded as
neat samples on a PerkinElmer FTIR spectrometer (100S).

The particle size, polydispersity index, and zeta potential of the
PSB@NP were measured using a Zetasizer Nano-ZS90 (Malvern,
UK) at room temperature. TEMwas used to measure the morphology
of the NPs, 5 mL of NPs solution was dripped onto the carbon-coated
copper TEM grid for 5 min, then the NPs were negatively stained by
phosphotungstic acid before TEM characterization.
1398 Molecular Therapy Vol. 31 No 5 May 2023
In vitro ROS-responsive release study

PSB@PLGA-TK-PEG were placed into a membrane of a molecular
weight cutoff of 10 kDa using the dialysis method and dialyzed sepa-
rately in PBS solutions (pH 6.8 and pH 7.4) with or without 10 mM
H2O2 at 37�C under shaking at 100 rpm. For comparison,
PSB@PLGA was used as a control group. The concentration of NP
in the dialysis bag was 1 mg/mL with 5 mL in total. The volume of
the released media outside the dialysis bag is 50 mL. At the scheduled
times, 3 mL of released media was collected, and the same amount of
fresh dialysis fluid was added. Finally, a UV-vis spectrophotometer
was used to measure the PSB concentrations in the released media.
Determination of ROS-scavenging capability of PSB@NP

To evaluate the H2O2-scavenging capacity of PSB@NP, different
concentrations of PSB@NP or free PSB were incubated with varying
concentrations of H2O2 for 20 min. A fluorimetric hydrogen peroxide
assay kit (MAK165, Sigma-Aldrich) was used to measure the concen-
tration of residual H2O2.

To study the protective effect of PSB@NP on cells from oxidative
stress damage, RAW 264.7 macrophages were incubated overnight
in 24-well plates at a concentration of 1 � 105 cells/well. After cell
adherence, the medium was removed and replaced with a medium
containing PSB@NP (200 mg/mL) or free PSB (equal to PSB@NP)
and co-incubated for another 24 h. After removing the medium, cells
were washed with PBS twice and then added to the medium contain-
ing 100 mM H2O2. Cell viability was detected by MTT assay.

To evaluate the anti-oxidant capacity of PSB@NP in vivo, we used
frozen sections of the colon of each group of mice and detected the
fluorescence intensity with ROS probe DCFH-DA (Beyotime, China)
to reflect the content of ROS in the colon tissues.
In vitro anti-inflammatory effect of PSB@NP

RAW 264.7 cells were seeded in 24-well plates with a concentration of
1 � 105 cells/well. After cell adherence, the control group was re-
placed with a fresh medium, and different NPs were added into the
medium of the experimental groups. After the NPs were incubated
with RAW 264.7 cells for 6 h, 500 ng/mL of LPS was added to induce
inflammation. Subsequently, cells were collected and isolated of total
RNA, whereas the levels of inflammatory cytokines (TNF-a, IL-6, IL-
12, IL-1b, and IL-10) were quantified by qRT-PCR. The primers are
listed in Table S1.
In vitro cellular uptake assay

Cellular uptake and intracellular distributions of DiL-labeled
PSB@NP-FA in RAW 264.7 and Colon-26 cells were visualized by
confocal microscopy. For the experiment, cells were cultured on
glass plates and then incubated with DiL-labeled PSB@NP-FA
(200 mg/mL) for 6 h. Subsequently, the medium was removed and
washed with PBS twice, and then the cells were fixed with paraformal-
dehyde solution (4%) for 15 min. The cytoskeletons were stained with
fluorescein isothiocyanate (FITC)-phalloidin for 20 min, and the
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nuclei were stained with DAPI for 10 min. The cells were observed
under an FV-1000 confocal microscope (Olympus, Tokyo, Japan).

Additionally, the uptake of PSB@NP-FA by RAW 264.7 and Colon-
26 cells was detected using flow cytometry quantitatively. After cell
adhesion, NPs were co-incubated with cells for 6 h, the medium
was removed, and the cells were collected. The fluorescence intensity
of cells labeled by DiL was quantified by flow cytometry (Beckman
Coulter, CA, USA), which reflected the uptake efficiency of
PSB@NP-FA by RAW 264.7 and Colon-26 cells.

In vivo biodistribution study of PSB@NP-FA

To study the biodistribution of PSB@NP-FA in vivo, DiR-labeled
PSB@NP-FA were administered intravenously to healthy control
mice and DSS-induced colitis mice. Biodistribution of DiR-labeled
PSB@NP or PSB@NP-FA in mice was acquired at each time point us-
ing the Living Image software (PerkinElmer, Waltham, MA, USA).
Finally, mice were sacrificed, and the main organs (liver, heart,
lung, spleen, kidney, and colon) were obtained and imaged. The cor-
responding intensities were quantitatively assessed and displayed by
histogram.

In vitro cytotoxicity evaluation of NP

The cytotoxicity of Blank@NP and PSB@NP-FA was assessed by the
MTT assay. Briefly, RAW 264.7 cells were cultured in a 96-well plate
at the concentration of 5 � 104 cells/mL (100 mL/well). After incu-
bating overnight, NP with varying concentrations was added. At 24
or 48 h later, 20 mL of MTT (5 mg/mL) was added to each well and
incubated for a further 4 h. Finally, the medium was removed, and
DMSO (150 mL/well) was added to dissolve formazan. The absor-
bance wasmeasured at 490 nm using an enzyme-linked immunoassay
analyzer (BioTek Synergy, USA).

In vivo biocompatibility evaluation of Blank@NP

To evaluate the biocompatibility of Blank@NP in vivo, mice were
administrated with Blank@NP intravenously for seven consecutive
days. The body weight of the mice was recorded daily. At the end
of the experiment, the mice were sacrificed, and the main organs
(heart, kidney, liver, lung, and spleen) and colons were dissected
and fixed with formalin. After formalin fixation for more than
1 day, tissues were dehydrated and paraffin-embedded. H&E staining
was used for histological evaluations.

The whole blood and serum of the mice were collected for typical
routine blood tests and biochemistry analyses. The routine blood tests
include red blood cells, white blood cells, platelets, and hemoglobin
count. The biochemistry analyses include alanine aminotransferase,
aspartate aminotransferase, serum creatinine, and blood urea
nitrogen.

Colitis model of mice

C57BL/6 mice (6–8 weeks) provided by the Medical Experimental
Animal Center of Xi’an Jiaotong University (Shaanxi Province,
China) were used to build the colitis mice model. Colitis was
induced by adding 2.5% (w/v) DSS to drinking water for 7 days.
To evaluate the therapeutic efficacy of PSB@NP-FA and DEX/
PSB@NP-FA, mice with DSS treatment received intravenous injec-
tions every other day. Injection doses of PSB@NP-FA ranged from
10 to 30 mg/kg. The dose of DEX was 5 mg/kg, often used as the
optimal dose in mouse inflammatory models. DAI includes body
weight loss, rectal bleeding, and stool consistency and can be used
as an indicator of disease activity. By recording three indexes in
DAI of mice during the experiment every day, the combined scoring
statistics can reflect the situation of the UCmodel and the treatment
effect of NP. At the end of the experiment, the mice were sacrificed
to obtain blood samples, main organs, and colons. The length of co-
lons in each group was measured and photographed. The tissue
samples were stored in formalin for further tissue sections or stored
at�80�C for further qPCR andMPO analysis. All experiments com-
plied with the institutional Animal Care and Use Committee at
Xi’an Jiaotong University.

Isolation of LPLs

To isolate LPLs, the feces in the colon were first removed by flushing
with DMEM and 10% fetal bovine serum (FBS)s. Then the colon was
longitudinally dissected and cut into pieces (�0.5 cm). Solution I
(4 mL) was added to the colon pieces and shaken at 220 rpm for
30 min at 37�C. The samples were then vortexed for 10 s and passed
through a gray mesh (100 mm). Colon pieces on the gray mesh were
returned to the original tube, and the supernatant was collected in a
new tube. These steps (incubation, vortex, and grinding) were
repeated more than once. Solution II was added to the colon pieces
and incubated at 37�C for 45 min under shaking (220 rpm). Finally,
the colon pieces were passed through the gray mesh and centrifuged
at 1,500 rpm for 5 min at 4�C. The fraction contained the LPLs and
was stained by desired markers for flow cytometry analysis. Solutions
I and II were as follow:

Solution I: DMEM + 5% FBS + 5 mM EDTA + 0.15 mg/mL
(1 mM) DTT.

Solution II: 1640 + 10% FBS + 120 U/mL collagenase IV + 0.5 mg/mL
DNase I

Antibodies

APC/Cy7 anti-mouse CD4, FITC anti-mouse CD8, PE/Cy5 anti-
mouse TCRb (T cell receptor beta), PE/Cy7 anti-mouse CD44,
APC anti-mouse CD62L, PE anti-mouse CD25, FITC anti-mouse
CD11b, PE/Cy5 anti-mouse GR1, APC anti-mouse CD206, PE
anti-mouse iNOS, APC/Cy7 anti-mouse F4/80, PE/Cy7 anti-mouse
IFN-g, PB anti-mouse IL-17, APC anti-mouse TNF-a, FITC anti-
mouse CD11c, PE/Cy7 anti-mouse MHC-II, APC anti-mouse
CD80, and APC/Cy7 anti-mouse B220. All reagents were purchased
from BioLegend.

Flow cytometry

Cells taken from the mice were made into a cell suspension. For cell
surface analysis, a total of 1 � 5 � 106 cells were stained with
Molecular Therapy Vol. 31 No 5 May 2023 1399
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indicated antibodies in the dark at 4�C for 30 min. After washing with
cold fluorescence-activated cell sorting (FACS) buffer (1� PBS sup-
plemented with 2% FBS), cells were analyzed using CytoFLEX flow
cytometer (Beckman Coulter), and the data were analyzed using
FlowJo software (CytExpert).

Statistical analysis

The data are presented as the mean SDs in triplicate. The student’s
t test was used to analyze the difference between the two groups. Sta-
tistical analysis was performed using GraphPad Prism 7 software and
were defined as *p < 0.05, **p < 0.01, and ***p < 0.001.
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