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The therapeutic outcomes of conventional oral medications against ulcerative colitis (UC) are restricted
by inefficient drug delivery to the colitis mucosa and weak capacity to modulate the inflammatory
microenvironment. Herein, a fluorinated pluronic (FP127) was synthesized and employed to functionalize
the surface of mulberry leaf-derived nanoparticles (MLNs) loading with resveratrol nanocrystals (RNs).
The obtained FP127@RN-MLNs possessed exosome-like morphologies, desirable particle sizes (around
171.4 nm), and negatively charged surfaces (—14.8 mV). The introduction of FP127 to RN-MLNs greatly
improved their stability in the colon and promoted their mucus infiltration and mucosal penetration
capacities due to the unique fluorine effect. These MLNs could efficiently be internalized by colon
epithelial cells and macrophages, reconstruct disrupted epithelial barriers, alleviate oxidative stress,
provoke macrophage polarization to M2 phenotype, and down-regulate inflammatory responses.
Importantly, in vivo studies based on chronic and acute UC mouse models demonstrated that oral
administration of chitosan/alginate hydrogel-embedding FP127@RN-MLNs achieved substantially improved
therapeutic efficacies compared with nonfluorinated MLNs and a first-line UC drug (dexamethasone),
as evidenced by decreased colonic and systemic inflammation, integrated colonic tight junctions, and
intestinal microbiota balance. This study brings new insights into the facile construction of a natural,
versatile nanoplatform for oral treatment of UC without adverse effects.
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Introduction

Ulcerative colitis (UC) is a chronic and recurrent inflammatory
disorder in the colon, whose morbidity increased steadily
worldwide in recent decades [1]. Existing studies are deemed
to stem from increased oxidative stress, impaired colonic epi-
thelial barrier, persistent mucosal inflammation, and microbi-
ota dysbiosis [2]. Current clinical medications, such as steroids,
immunomodulators, and biological drugs, can partially relieve
UC symptoms mainly through the suppression of inflammatory
reactions [3]. Still, their long-term utilities lead to unsatisfac-
tory therapeutic outcomes, drug resistance, and serious adverse
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effects (e.g., hepatotoxicity, infections, and cancers) [4]. Therefore,
the development of novel therapeutic regimens is urgently
required for the treatment of UC.

The oral route is the most widely used approach for drug
administration due to its high patient compliance, relative safe,
cost-effectiveness, and direct drug delivery to the colitis mucosa
[5]. However, oral drug delivery to the colon tissues has been
rendered incredibly challenging owing to numerous anatomical
and physiological obstacles in the gastrointestinal tract (GIT),
including gastric acid, digestive enzymes, mucus layer, and
epithelial barrier [6]. Recently, we and other groups reported
that natural exosome-like nanotherapeutics could be massively
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extracted from diverse edible plant (e.g., tea leaf, grape, and
ginger), which presented excellent biosafety and maintained
stability during their passage through the GIT [7,8]. Nevertheless,
they could accumulate in the colon tissues and be selectively
internalized by activated macrophages via galactose recep-
tor-mediated endocytosis, achieving preventive and therapeu-
tic effects against colon diseases [7]. Therefore, they have been
brought into the clinic for treating irritable bowel disease
and colon cancer (https://clinicaltrials.gov; NCT04879810
and NCT01294072).

Despite the promising clinical application of edible plant-
extracted nanotherapeutics, they are still undergoing sev-
eral translational barriers, mainly including the following
6 aspects: (a) hard to massive production, (b) cold chain storage
(usually —80.0 °C), (c) low contents of bioactive components,
(d) lack of mucus penetration capacity, (e) limited mucosa
accumulation, and (f) ineflicient cellular uptake [8-10]. To
address the first 3 barriers (a, b, and c), lipids were extracted
from edible plants on a large scale and further encapsulated
exogenous drugs to attain the freeze-dried nanomedicines [11].
Colonic mucus (~830 pm) is a highly adhesive and viscoelastic
network that effectively capture and eliminate foreign matters
via intestinal peristalsis and mucin turnover [12]. Therefore,
the mucus layer has been regarded as the toughest barrier for
oral drug delivery to the underlying colonic mucosa [13,14].
It was reported that the surface decoration of nanoparticles
(NPs) with poly(ethylene glycol), poly(2-alkyl-2-oxazolines),
and polyzwitterionic polymer facilitated their mucus pene-
tration through the decreases of hydrogen bonding and hydro-
phobic interactions with glycomucins [15]; however, these
molecules also hindered the cellular uptake of NPs [16].
Subsequent studies led by our group as well as others demon-
strated that pluronic F127 (P127), a Food and Drug Administration-
approved polymer, could not only improve the mucus penetration
capacity but also increase the cell internalization efficiency of
NPs [17,18]. A recent investigation revealed that fluoroalkyl-
ation could enhance the physiological stability, resist the adsorp-
tion of surrounding proteins, and improve the bladder mucus
penetration of polymeric NPs due to the fluorination effect [19,20].
Given these attractive properties of fluoroalkylation, we hypoth-
esize that the introduction of fluorocarbon to P127 (FP127) would
overcome the drug delivery barriers (a, b, and c) of edible plant-
derived nanomedicines in the GIT, leading to the improved thera-
peutic outcomes against UC.

To verify this hypothesis, we selected resveratrol as a model
drug [21-23], processed it into nanocrystals (RNs), and further
loaded them into FP127-functionalized mulberry leaf lipid
(MLL)-based NPs (MLNs) to obtain multifunctional thera-
peutic regimens (FP127@RN-MLNs) (Fig. 1A). After oral admin-
istration, FP127@RN-MLNs could remain stable during their
passage through the upper GIT and be released explicitly to
the colonic lumen assisted by a chitosan/alginate hydrogel.
Thereafter, these MLNs penetrated through the mucus layer
and the disrupted epithelial barrier in the presence of FP127
and enhanced permeation and retention effect. They were inter-
nalized by the colonic epithelia and macrophages because of
the end galactose groups in the MLLs. Eventually, they exerted
therapeutic effects against UC through promigration of colonic
epithelium to the wound, free radical elimination, down-
regulation of proinflammatory cytokines, propolarization of
macrophages to M2 type, and intestinal microbiota rebalance
(Fig. 2).
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Results

Construction and physicochemical properties
of MLNs

In an alkaline environment, the hydroxyl groups of P127
reacted with the epoxy groups of tridecafluoroheptyl ethylene
oxide (TFEO) using triethylenediamine as a catalytic agent,
and the fluorinated product (FP127) was obtained during this
nucleophilic substitution process (Fig. 1B). 'H nuclear mag-
netic resonance spectra revealed that following the reaction
with TFEO, FP127 appeared at characteristic peaks H-1 and
H-2 at chemical shifts 5.33 (peak a) and 2.01 ppm (peak b), and
the substitution rate of the functional group in P127 was about
46.5% (Fig. S1). Additionally, the area of peak b was equal to
approximately twice as large as peak a, indicating that the num-
ber of hydrogen atoms at compound b doubled that at a, in line
with the chemical structural formula of FP127. Prior to the
preparation of RNs, resveratrol was fully dissolved in ethanol
to form an organic phase, and polyvinylpyrrolidone was dis-
solved in deionized water to form an aqueous phase. Upon
rapidly adding this organic phase to the aqueous phase, resver-
atrol nanocrystals (RNs) were generated by crystalline precip-
itation due to the low aqueous solubility of resveratrol. Three
types of MLL-based NPs (namely, RN-MLNs, P127@RN-MLNs,
and FP127@RN-MLNs) were fabricated by the thin-film hydra-
tion method. During the formation of FP127@RN-MLNSs, the
hydrophobic sections of FP127 (poly(phenylene oxide blocks)
penetrated into the phospholipid bilayers, while the hydrophilic
segments (poly(ethylene oxide blocks) and hydro-oleophobic
segments (perfluorocarbons) of FP127 surrounded MLNs and
stabilized them due to steric hindrance.

The particle sizes and zeta potentials of MLNs were deter-
mined by dynamic light scattering. RNs possessed a diameter
of 86.8 nm and a negative-charged surface of —18.0 mV. After
surface coating, the particle sizes of RN-MLNs, P127@RN-
MLNs, and FP127@RN-MLNs increased to 280.0, 162.5, and
171.4 nm, respectively, and the polydispersity indexes of all
these MLNs were less than 0.3, indicating their uniform size
distributions. Compared with the particle sizes of RN-MLNs,
P127@RN-MLNs and FP127@RN-MLNs showed smaller
particle sizes, and this phenomenon could be attributed
to the presence of P127 or FP127 on their surfaces, which
avoided the aggregation of MLNs in aqueous suspensions.
Furthermore, the morphological characteristics of these
MLNs were detected by atomic force microscopy (AFM). It
was observed that all MLNs were spherical, and their particle
sizes were lower than 100 nm (Fig. 1C to E). The particle sizes
of MLNs obtained from AFM were much smaller than those
determined by dynamic light scattering, which could be attrib-
uted to the dehydration and shrinkage of MLNs during AFM
examinations.

To evaluate the stabilities of MLNs in the colon lumen, their
variations in particle sizes and surface charges were studied in
simulated colonic buffers (pH = 6.8). Even though the surface
charges of RN-MLNs maintained stable, their particle sizes
increased sharply during the initial 4-h incubation in the
colonic simulation solutions (pH = 6.8), possibly due to the
aggregation of these MLNs (Fig. 1F and Fig. S2). Thereafter,
their particle sizes gradually decreased, which could be ascribed
to the disintegration of MLN aggregates in a shaker. However,
P127@RN-MLNs and FP127@RN-MLNs showed quite stable
particle sizes, suggesting that P127 and FP127 could prevent
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Fig.1.Fabrication and physicochemical characterization of FP127@RN-MLNs. (A) Schematic diagram showing the procedures for fabricating FP127@RN-MLNSs. (B) Synthetic
route of FP127. Particle size distributions and AFM images of (C) RN-MLNSs, (D) P127@RN-MLNs, and (E) FP127@RN-MLNs. Scale bar = 400 nm. (F) Variations of
hydrodynamic particle sizes of RN-MLNs, P127@RN-MLNs, and FP127@RN-MLNs during incubation in the colonic simulation solutions (pH = 6.8) for 72 h. Data are
expressed as means + SEM (n = 3). (G) Cumulative drug release behaviors of RNs, RN-MLNs, P127@RN-MLNs, and FP127@RN-MLNs in the colonic simulation solutions
(pH = 6.8). (H) Antioxidant activities of RN-MLNs, P127@RN-MLNSs, and FP127@RN-MLNs at different resveratrol concentrations. Data are expressed as means + SEM
(n = 3). PDI, polydispersity index.

the aggregation of MLNs and endow them with excellent sta-
bilities in the colon lumen. Since controlled drug release to the
colitis tissues is essential for UC treatment, we studied the
resveratrol release profiles. Figure 1G showed that all samples
presented constant drug release behaviors. The resveratrol

Yang et al. 2023 | https://doi.org/10.34133/research.0188

release rate of RNs was markedly faster than those of MLL-
coated MLNs, which was attributed to the surface coating
of RNs with MLLs. During UC development, activated mac-
rophages produce excessive amounts of reactive oxygen species
(ROS) [24], aggravating mucosal damage and inflammatory
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reactions in the colonic region. To investigate whether MLNs
could address the adverse effects of ROS, we determined their
total antioxidant capacity using a 2, 2"-azino-di-(3-ethylbenz-
thiazoline sulfonate) assay kit. Figure 1H revealed that the
antioxidant properties of these MLNs increased as the resver-
atrol concentrations increase, and FP127@RN-MLNs showed
superior antioxidant activity when compared with RN-MLNs
and P127@RN-MLNs.

FP127 increases uptake efficiency of MLNs by CT-26

cells and improves cell migration

The excellent biocompatibility of nanomedicines is a requi-
site for their medical applications. Colonic epithelial cells and
macrophages are 2 target cells in treating UC [25,26], and
accordingly, their 2 representatives (CT-26 cells and Raw
264.7 macrophages) were selected, against which we evaluated
the in vitro cytotoxicities of MLNs using tetrazolium assay.
As seen in Fig. S3, the viabilities of both cell lines receiving
the treatment of RN-MLNs, P127@RN-MLNs, and FP127@
RN-MLNs were over 85.2% after coincubation for 24 h, sug-
gesting their good in vitro biosafety.

Resveratrol is known to exert its therapeutic effects mainly
within cells, and thus, it becomes necessary to internalize
resveratrol-loaded MLNs by the target cells. To track the
in vitro biodistribution of MLNs, coumarin-6 (C6) was used
as a fluorescent probe. The cellular uptake efficiencies of various
MLNs were comparatively investigated by confocal laser scan-
ning microscopy and flow cytometry. Figure 3A presented that
C6-MLN-treated cells displayed weaker green fluorescence
than CT-26 cells with the treatment of P127@C6-MLNs
and FP127@C6-MLNs. We further found that the uptake
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percentages of MLNs by CT-26 cells changed in an incubation
time-dependent manner. The FP127@C6-MLN-treated cells
showed the highest cellular uptake percentage among all the
treatment groups (Fig. 3B). In particular, 2 h after coincubation,
the cell internalization percentage of FP127@C6-MLNs was
5.8- and 1.7-fold higher than those of C6-MLNs and P127@
C6-MLNS, respectively. It was worth noting that over 95% of
CT-26 cells took up FP127@C6-MLNs after incubation for 4 h.
The fluorescence images and mean fluorescence intensity (MFI)
results confirmed the synergistically improved cellular uptake
effects of P127 and fluoroalkane (Figs. S4 and S5), which might
be ascribed to the enhanced interaction between MLNs and
cell membranes.

The colonic epithelial layer serves as the first barrier for the
underlying mucosa, which is, unfortunately, prone to being
disrupted during the development of UC. This causes the inva-
sion of pathogenic microorganisms and foreign matters into
the colon tissues, leading to aggravating UC symptoms [27].
Therefore, mucosal restoration was one of the most essential
therapeutic aims for UC treatment [28]. Considering that cell
migration is a critical step during epithelial wound healing,
we assessed the improved migration of CT-26 cells by various
MLNs using the scratch-wound assay. As revealed in Fig. 3C,
the scratch widths of all the experimental groups decreased as
incubation time increased. Twenty-four hours after coincuba-
tion, the FP127@RN-MLN-treated cells showed the narrowest
scratch area (Fig. 3D). After 48 h, the control group showed
the largest cell scratch width among all the groups, and the
scratch width in the cell layers receiving the treatment of
RN-MLNs, P127@RN-MLNs, and FP127@RN-MLNs decreased
t0 36.4%, 32.1%, and 13.9%, respectively (Fig. 3E). As reported,
high expression levels of N-Cadherin and Cyclin D1 proteins
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Fig.3.Cell internalization profiles of MLNs by CT-26 cells and wound healing capacities of various MLNs. (A) Fluorescence images of CT-26 cells with the treatment of C6-MLNs,
P127@C6-MLNSs, and FP127@C6-MLNs for 4 h. Scale bar = 50 pm. (B) Quantification of cellular uptake percentages of C6-MLNs, P127@C6-MLNs, and FP127@C6-MLNs by
CT-26 cells after coincubation for 1, 2, and 4 h, respectively. Data are expressed as means + SEM (n = 3). (C) Scratch images of the CT-26 cell layers with the treatment of
RN-MLNs, P127@RN-MLNs, and FP127@RN-MLNSs for 24 and 48 h, respectively. Quantitative analysis of the scratched widths for CT-26 cell layers after the treatment with
RN-MLNs, P127@RN-MLNs, and FP127@RN-MLNs for (D) 24 and (E) 48 h, respectively. Data are expressed as means + SEM (n = 3). (F) Expression profiles of N-Cadherin and
Cyclin D1 proteins in CT-26 cells with the treatment of FP127@RN-MLNs for 24 h. a-Tubulin was selected as a control. (G) Schematic diagram of the promigration mechanism
of FP127@RN-MLNs. DAPI, 4/, 6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate.

can activate migration-related signaling pathways [29]. Western
blot results indicated that the expression levels of these 2 pro-
teins were up-regulated in the FP127@RN-MLN-treated cells,
compared with those in the control group (Fig. 3F), thereby
promoting the migration of CT-26 cells to the wound surface
and facilitating wound healing (Fig. 3G).

FP127 increases macrophage uptake efficiency and

anti-inflammatory activity of MLNs

The internalization profile of MLNs by Raw 264.7 macrophages
was similar to that of CT-26 cells, with the strongest green
fluorescent intensity in FP127@C6-MLN-treated cells (Fig.
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4A). MLNs were internalized into Raw 264.7 macrophages in
a time-dependent manner (Fig. S6). It is known that MLLs
possess abundant end galactose moieties [30], and these mon-
osaccharide tails are ligands for the galactose lectins, which are
massively expressed on the surface of activated macrophages
[31]. Accordingly, we presumed that MLNs could naturally
target macrophages. To verify this, Raw 264.7 macrophages
were incubated in the medium containing free galactose and
FP127@C6-MLNSs. It was found that the presence of free galac-
tose led to a remarkable decrease in the internalization per-
centages of FP127@C6-MLNs by macrophages. For instance,
4 h after coincubation, the cellular uptake percentage of the
FP127@C6-MLN-treated macrophages was 4.1-fold higher
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(J) Quantification of the relative contents of ROS by using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) probe in Raw 264.7 macrophages by flow cytometry. Data
are expressed as means + SEM (n = 3; ns = no significance).

Yang et al. 2023 | https://doi.org/10.34133/research.0188 6


https://doi.org/10.34133/research.0188

Research

than that of the macrophages with the treatment of FP127@
C6-MLNSs in the presence of free galactose (400 pg/ml), veri-
tying that MLNs were internalized by macrophages via galac-
tose receptor-mediated endocytosis (Fig. 4B). This observation
was consistent with the reduced MFI values of FP127@C6-MLN-
treated cells in the presence of free galactose (Fig. S7).

Based on the surface markers, macrophages can be divided
into proinflammatory M1 phenotype and anti-inflammatory
M2 phenotype [32]. M1-type macrophages preferentially
secrete proinflammatory cytokines (e.g., tumor necrosis factor-a
[TNF-a]), while M2-type macrophages tend to produce anti-
inflammatory factors (e.g., interleukin-10 [IL-10]) [33]. It
was reported that the conversion of M1-type macrophages into
M2-type macrophages by certain stimulating factors was ben-
eficial in alleviating inflammatory responses [34]. Accordingly,
we investigated the influence of MLNSs on the phenotypic polar-
ization of macrophages. As presented in Fig. 4C and D, the
control macrophages only receiving the treatment of lipopol-
ysaccharide (LPS) showed the vigorous red fluorescence inten-
sity of M 1-type markers (inducible nitric oxide synthase [iINOS]).
In contrast, the lowest amount of iNOS was observed in the
FP127@RN-MLN-treated macrophages. We further found that
the expression levels of M2-type markers (macrophage man-
nose receptor, CD206) appeared to have an opposite tendency
to iNOS, with the weakest green fluorescence intensity in
control cells and the strongest green fluorescence intensity in
FP127@RN-MLN-treated cells (Fig. 4C and E). All these find-
ings demonstrate that FP127@RN-MLNs have the most vital
capacity to promote the transformation of macrophages into
M2 phenotype, which is expected to be beneficial to the treat-
ment of inflammatory diseases.

Activated macrophages in the colitis tissues are reported to
secrete large amounts of proinflammatory cytokines, further
exacerbating the inflammatory responses [35]. Thus, the secre-
tion profiles of the typical inflammatory factors from various
MLN-treated macrophages were studied using their corre-
sponding enzyme-linked immunosorbent assay (ELISA) Kkits.
Figure 4F indicated that the negative-control macrophages
secreted the least amount of the typical proinflammatory
cytokine (TNF-a), while the positive-control group (LPS
treatment) showed the most considerable TNF-a amount.
Importantly, MLN treatment greatly decreased the secreted
amounts of TNF-a, and the FP127@RN-MLN-treated group
yielded the lowest quantity of TNF-a among all the MLN-
treated groups. We further found that the expression levels
of the specific anti-inflammatory factor (IL-10) exhibited an
opposite trend when compared to the TNF-a results (Fig. 4G).
ROS is a critical indicator of the inflammatory status, which
can cause oxidative damage to the normal tissues due to the
lipid peroxidation, protein oxidation, and DNA damage [36].
Inspired by the strong antioxidant activity of MLNs in the acel-
lular environment, we further determined their intracellular
antioxidant activity. It was observed that LPS treatment greatly
increased the green fluorescence signals within cells, while the
FP127@RN-MLN-treated cells exhibited the weakest fluores-
cence intensity (Fig. 4H and I). Moreover, we quantified the
intracellular ROS levels in various cell groups. The treatment
of FP127@RN-MLNs attained the lowest levels of intracellular
ROS among all the LPS-involved groups (Fig. 4]), consistent
with the results in Fig. 41.

These above observations demonstrate that FP127@RN-
MLNs exhibit the strongest capacity to propolarize macrophages
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to the anti-inflammatory M2 phenotype, down-regulate proin-
flammatory cytokines, up-regulate anti-inflammatory factors,
and relieve intracellular oxidative stress among all MLNs. They
might be attributable to their preferential cell internalization
by macrophages through the mediation of fluorinated P127 and
galactose, constant intracellular release of anti-inflammatory drugs
(resveratrol), and inherent antioxidant activity of resveratrol.

FP127 improves colonic mucus penetration and
mucosa accumulation of MLNs

The mucus layer separates colonic epithelia from microbiota,
which is a functional barrier for both pathogenic microbiota
and oral nanomedicines [37]. Thus, we evaluated the mucus-
penetrating capacity of MLNs in the simulated mucus. Fig. 5A
implied that the movement of RN-MLNs loading with DIO
(DIO-RN-MLNs) was impeded in the simulated mucus, which
might be attributed to their increased particle sizes in the
colonic mucus and their physicochemical interactions with
mucus contents. Moreover, the introduction of P127 to the
surface of MLNs enhanced their locomotory activities, and
this result is consistent with our previous studies [38,39].
Interestingly, the FP127@DIO-RN-MLNs showed the strongest
locomotory activity among various MLNs. The mean-square
displacement (MSD) has been considered an important factor
to reflect the movement ability of NPs [40], and the MSDs of
various MLNs were thus assessed. After coincubation of MLNs
in the simulated mucus for 3 s, the MSD value of FP127@DIO-
RN-MLNs was 5.7- and 3.2-fold higher than those of DIO-RN-
MLNs and P127@DIO-RN-MLNG, respectively (Fig. 5B). We
further found that FP127@DIO-RN-MLNs presented the
highest velocities and speeds among all MLNs (Fig. 5C and D).
Three-dimensional fluorescence images illustrated that FP127@
MLNs loading with curcumin nanocrystals (FP127@CN-MLNs)
achieved the longest permeation distance (Fig. 5E). The
improved motion performance of MLNs in the simulated
mucus might arise due to their poly(ethylene oxide end chains
and fluoroalkanes in FP127, which attenuate the molecular
interactions between MLNs and mucoglycoproteins.

Oral nanomedicines are confronted with the harsh intes-
tinal environments, including strong acidic solution, digestive
enzymes, and food debris [41]. To protect MLNs during their
passage through the GIT, we embedded them into a facilely
fabricated hydrogel composed of chitosan and alginate, which
were used by our group for oral delivery of various nanoplat-
forms [42,43]. Energy storage modulus (G’) is related to the
cross-link density and stiffness of the hydrogel network [44].
Figure S8A revealed that the G’ value of chitosan/alginate
hydrogel in the presence of Ca** was observably higher than
that of the hydrogel in the absence of Ca®". This observation
might be attributed to the fact that the introduction of Ca*" to
the chitosan/alginate hydrogel increases its cross-link density.
Therefore, this hydrogel can resist the harsh gastrointestinal
environment and prevent the premature release of the loaded
drugs in the upper GIT. As shown in Fig. S8B, few resveratrol
(23.1%) was released from the FP127@CN-MLN-embedded
hydrogel in simulated gastric fluid (pH 2.0) and simulated
intestinal fluid (pH 7.4) after incubation for 10 h. The percent-
age of the released resveratrol (54.7%) increased dramatically
in simulated colonic fluid (pH 6.8), suggesting that this chi-
tosan/alginate hydrogel could controlled release the encapsu-
lated agents to the colon. To evaluate the in vivo distribution
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of MLNS, a near-infrared probe (DIO) was encapsulated into
MLNs. Subsequently, mice with UC were administered with
hydrogel-embedding FP127@DIO-RN-MLNs via the oral route,
and MLNs were visualized using an in vivo imaging system. It
was observed that at 12 h, the colon tissue showed the most
vigorous fluorescence intensity that diminished over time (Fig.
5F and Fig. S8C). In addition, the fluorescence intensities of
the 5 principal organs (heart, liver, spleen, lung, and kidney)
exhibited a similar decrease trend as those of the colons (Fig.
S9), which were much weaker compared with those of the
colons at each time point.

To examine the colitis mucosa-accumulating capacity of
MLNs, the healthy mice and mice with UC were orally
administered with hydrogel-embedding P127@CN-MLNs and
FP127@CN-MLNs. Twelve hours after oral administration,
the colon tissues were obtained, sectioned, and stained with 4,
6-diamidino-2-phenylindole and rhodamine-labeled phalloi-
din. As revealed in Fig. 5G, the healthy colon tissues showed
faint green fluorescence signals, whereas the colitis tissues
exhibited abundant green signals, suggesting that MLNSs pref-
erentially accumulated in the colitis mucosa. These results
might be due to the damaged colonic epithelial barriers, allow-
ing for efficient infiltration of MLNs into the mucosa. Notably,
the FP127@CN-MLN-treated mice showed noticeably more
green fluorescence signals in their colitis mucosa than those
treated with P127@CN-MLNs, which could be attributed to
the stronger mucus penetration capacity of FP127@CN-MLNs
compared with P127@CN-MLNs (Fig. 5H).

FP127 improves invivo retardation effect of MLNs

against acute UC
Making use of the advantageous features of FP127@RN-MLNs,
including wound healing, anti-inflammation, antioxidation,
and mucus penetration, we further evaluated their retardation
effect against UC in vivo. The experimental protocol was shown
in Fig. 6A. Mice in the healthy group gained body weight at a
steady rate, as opposed to that in the dextran sulfate sodium
(DSS) control group, which lost a dramatic amount of body
weight by approximately 15.0% (Fig. 6B). As expected, the
MLN-treated groups reduced body weight loss, and the FP127@
RN-MLN-treated group only lost 2.8% of their body weight,
not as much as those in the groups receiving the treatment of
P127@RN-MLNs and dexamethasone (DXMS). Colonic length
is a typical criterion for determining the severity of UC [45].
Among all groups, the DSS control group had the shortest colon
length (5.0 cm), while the FP127@RN-MLN-treated group
possessed a significantly longer colon length than the DSS
control group (Fig. 6C). Myeloperoxidase (MPO) level is a crit-
ical parameter for assessing neutrophil infiltration into the
inflamed tissue [46]. The treatment of FP127@RN-MLNs
induced the lowest MPO activity among all the treatment
groups, including the DXMS-treated group (Fig. 6D). It has
been reported that immune cells are activated and proliferated
during the development of UC, and preferentially accumulated
in the spleen, resulting in the enlargement of spleen [47].
Therefore, the splenic index could be critical in determining
UC severity. As illustrated in Fig. 6E, the DSS control group
presented a significantly higher spleen index than the other
groups, whereas the FP127@RN-MLN-treated group had a
spleen index that was equivalent with the healthy control group.
The development of UC is inextricably associated with
inflammatory cytokines. TNF-a is a critical proinflammatory
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factor that exacerbates inflammatory reactions and mucosal
damage, while IL-10 can down-regulate inflammatory responses
and protect colonic epithelial barriers [48]. Figure 6F revealed
that compared with the DSS control group, the treatments of
P127@RN-MLNs, FP127@RN-MLNs, and DXMS significantly
decreased the serum TNEF-« levels. Notably, the FP127@RN-
MLN-treated group possessed the lowest TNF-a secretion level
among all treatment groups, and its TNF-a level was compa-
rable to that in the healthy group. Meanwhile, the healthy con-
trol group and the FP127@RN-MLN-treated group showed
lower IL-10 concentrations than the DSS control group (Fig.
6G). This phenomenon was inconsistent with the in vitro
results (Fig. 4G), which was also observed in our previous
reports [7]. As mentioned above, macrophages were incubated
with LPS to trigger excessive inflammatory reactions. Cells
receiving MLN treatments would secret large quantities of the
anti-inflammatory factor (IL-10) to suppress the inflammatory
responses. However, in vivo investigations suggested that MLN
treatments efficiently relieved UC symptoms, shifting the UC
phase from the active status to the recovery status, in which
antigen-presenting cells would provide feedback regulation to
decrease the secreted amount of IL-10 [49].

Furthermore, hematoxylin-eosin (H&E) staining, periodic
acid-Schiff (PAS) staining, and immunofluorescence staining
were performed to analyze the histomorphological changes,
mucus amounts, and tight junction profiles in the colon tissues
(Fig. 6H). It was observed that obvious histological damage
were detected in the DSS control group when compared to the
healthy control group, including colonic epithelial damage, loss
of crypts, reduced goblet cells, and massive accumulation of
immune cells. The treatments of P127@RN-MLNs and DXMS
obtained much less histological damage, and remarkably,
the histological appearance of the colon tissues in the FP127@
RN-MLN-treated group was similar to that of the healthy con-
trol group, which was reflected by the histological scores (Fig.
S10). Previous studies indicated that the mucus layer became
thin or even destroyed during UC development [12]. The muco-
polysaccharide amount in the DSS control group was the
lowest among all the experimental groups. After oral treat-
ment of various MLNs, the mucopolysaccharide amounts
clearly increased without significant difference between the
FP127@RN-MLN-treated group and the healthy control
group. Additionally, the mucopolysaccharide-positive area was
dramatically more prominent in the FP127@RN-MLN-treated
group than that in the P127@RN-MLN-treated group (Fig. 6I).
Mucin (MUC2), a typical mucoprotein, is secreted mainly by
goblet cells, which is an important component of the mucus
[50]. The MUC?2 levels in various groups (Fig. 6]) presented a
similar trend as that of mucopolysaccharides detected by PAS
staining. The integrity of the colonic epithelium layer was main-
tained by the tight junction proteins, such as Occludin and
zonula occludens protein 1 (ZO-1). Compared with the healthy
control group, the DSS control group exhibited much less green
fluorescence signals of Occludin and ZO-1; however, the
FP127@RN-MLN-treated group showed comparable green
signals as the healthy control group (Fig. 6K to M).

The organ indexes (Fig. S11) and H&E-staining results
(Fig. S12) of the 5 principal organs revealed the excellent
in vivo biosafety of FP127@RN-MLNs via the oral route.
Nevertheless, we also noticed that lung tissues from the DSS
control group and the DXMS-treated group contained a large
number of immune cells, suggesting that the inflammatory
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severe status in the colon could impact on the inflammatory
microenvironment in the lung. Blood samples from each exper-
imental group were analyzed, and no significant difference was
found between the healthy control group and the FP127@
RN-MLN-treated group (Fig. S13). All these findings demon-
strate that oral administration of hydrogel-embedding FP127@
RN-MLNSs attained excellent therapeutic outcomes and yet
negligible systemic adverse effects for UC treatment through
increased secretion of mucus, protection of colonic epithelial
barriers, and mitigation of colonic inflammation.

FP127 improves invivo therapeutic effect of MLNs

against acute UC

In practice, patients often take medications after the occurrence
of acute UC. To simulate this clinical event, we initially estab-
lished a mouse model of acute UC by the induction of DSS
solution for 5 d, followed by 5 d of oral drug dosages (Fig. 7A).
It was observed that all groups involving DSS treatment grad-
ually gained body weight during the period of recovery from
UC. Compared with the healthy control group, the DSS control
group showed the lowest weight gain efficiency, whereas the
FP127@RN-MLN-treated group had the largest body weight
gain and reached a comparable body weight of the healthy con-
trol group on day 11 (Fig. 7B). Moreover, the colon length in
the FP127@RN-MLN-treated group was visibly longer than
those in the DSS control group and the P127@RN-MLN-
treated group (Fig. 7C). We also found that the treatment of
FP127@RN-MLNs remarkably decreased the colonic MPO
activity (Fig. 7D), spleen index (Fig. 7E), serum TNF-a amounts
(Fig. 7F), and serum IL-10 amounts (Fig. 7G), compared with
the DSS control group.

H&E staining showed that the DSS control group showed
obvious inflammatory signs in the colon tissues. In stark con-
trast, the FP127@RN-MLN-treated group presented minor
epithelial damage and meager accumulated amounts of immune
cells, which were similar to the healthy control group (Fig. S14A
and B). We further observed that the secreted quantities of
mucus contents (mucopolysaccharides and mucoproteins) in
the FP127@RN-MLN-treated group were much more than
those in other DSS-involved groups (Figs. S14C and S15),
including the P127@RN-MLN-treated and DXMS-treated
groups. As reported, colitis tissues produce a more amount of
sialomucin and a less amount of sulfomucin than the healthy
colon tissues, and these 2 types of mucins have critical impacts
on the regulation of inflammatory reactions and intestinal
microbiota [51,52]. It was observed that the DSS control group
showed much higher levels of sialomucin in the colon tissues
compared with the healthy control group, and the treatment of
FP127@RN-MLNs greatly decreased the secretion of sialomu-
cin. However, sulfomucin presented an opposite variation trend
in the colon tissues from various treatment groups. In addition,
FP127@RN-MLN treatment greatly increased the expression
levels of tight junction proteins (Occludin and ZO-1) compared
with other treatment groups (Figs. S16 and S17). It can be found
from the literature that the extent of neutrophil infiltration is
positively correlated with the severity of UC, and Ly6G and
CD11b are considered the hallmarks of neutrophils [53].
Therefore, we investigated the infiltration profiles of neutro-
phils in the colon tissues using immunofluorescence staining.
As revealed in Fig. S18, the DSS control group presented the
largest amounts of Ly6G-positive and CD11b-positive cells in
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the colon tissues. The treatments of MLNs and DXMS greatly
reduced the infiltrated levels of neutrophils. Especially, the
FP127@RN-MLN-treated group showed the minimum num-
ber of infiltrated neutrophils, which was similar to that of the
healthy control group. Additionally, FP127@RN-MLN treat-
ment resulted in negligible histopathological damage to the 5
principal organs (Fig. S19), unapparent variations in organ
indexes (Fig. $20), and routine blood parameters (Fig. S21),
demonstrating their desirable in vivo biosafeties after oral
administration.

MLNs modulate intestinal microbiome homeostasis

during the treatment of acute UC

Accumulating evidence has suggested that the pathogenesis
of UC is associated with intestinal microbiota, and dysbiosis
could trigger metabolic disorders, mucosal damage, and inflam-
mation exacerbation [54,55]. To determine whether MLNs
could modulate the intestinal microbiota, we analyzed the
compositions of intestinal microbes in the feces at the end
of the therapeutic experiments against acute UC. Shannon
and Chao indexes implied that the DSS control group showed
the lowest microbial community abundance and diversity,
which increased obviously in all MLN-treated groups, peak-
ing in the FP127@RN-MLN-treated group (Fig. 7H and I).
The Venn plots illustrated that FP127@RN-MLNs efficiently
increased the abundance of microbial communities compared
with other DSS-involved groups (Fig. 7]). Further data anal-
ysis revealed that FP127@RN-MLNs obviously increased the
microbial compositions at the order level (Fig. 7K) and the
phylum level (Fig. 7L).

The heatmap is used to visualize the similarity in species
compositions between the healthy control group and the FP127@
RN-MLN-treated group (Fig. S22). The following principal
coordinate analysis suggested the different microbial compo-
sitions among the experimental groups. It was worth noting
that an evident overlap in microbial compositions was found
among the DSS control group, the P127@RN-MLN-treated
group, and the DXMS-treated group. However, the microbial
compositions in the FP127@RN-MLN-treated group were clos-
est to those in the healthy control group, compared with other
DSS-involved groups (Fig. 7M). FP127@RN-MLNs were used
to achieve a better therapeutic effect against UC by decreasing
the relative abundance of harmful species, such as Parasutterella
and Oscillibacter, while increasing the relative abundance
of beneficial groups, such as Clostridium and Parabacteroides
(Fig. $23).

FP127 improves invivo therapeutic effect of MLNs
against chronic UC

Chronic UC is another common type of inflammatory disease
in the colon [56]. Accordingly, we investigated the therapeutic
outcomes of FP127@RN-MLNs against chronic UC based on
IL-10 knockout mice, which could spontaneously develop
chronic UC. The treatment protocol was presented in Fig. 8A.
It was found that all mouse groups presented stable body weight
during the entire treatment period (Fig. 8B). After 8 d of dosing,
the FP127@RN-MLN-treated group showed the longest colon
length (Fig. 8C), the lowest colonic MPO activity (Fig. 8D),
and the smallest spleen index (Fig. 8E) among all groups. In
addition, the organ indexes of the heart, liver, lung, and kidney
exhibited no significant differences among these 4 groups (Fig. 8F).
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Fig. 7.In vivo therapeutic effect of MLNs on acute UC and capacity of MLNs to modulate intestinal microbial compositions. (A) Schematic illustration of the experimental
procedures. Mice were given drinking water or DSS solution (3.5%, w/v) for 5 d and orally administered with hydrogel-embedding P127@RN-MLNs, FP127@RN-MLNSs, and
DXMS every day on days 6 to 10. (B) Body weight variations over the whole experimental period. (C) Colon lengths, (D) MPO activities, and (E) spleen indexes of various
treatment groups. Data are expressed as means + SEM (n = 6). Concentrations of (F) TNF-& and (G) IL-10 in the serum from various treatment groups. Data are expressed
as means + SEM (n = 3; ns = no significance). (H) Shannon and (I) Chao indexes for OUT levels of intestinal microbes from various treatment groups. Data are expressed as
means + SEM (n = 3). (J) Venn diagrams of common and unique bacterial species from various treatment groups. (K) The relative abundances of intestinal microbiota from
various treatment groups. (L) Microbial compositions of various treatment groups at the phylum level. (M) Principal coordinate analysis of intestinal microflora from various
treatment groups. Data are expressed as means + SEM (n = 3).
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Fig. 8. In vivo therapeutic effect of MLNs on chronic UC. (A) Schematic illustration of the experimental procedures. IL-10 knockout mice were orally administered with
hydrogel-embedding P127@RN-MLNs, FP127@RN-MLNs, and DXMS every 2 d from days O to 8. (B) Body weight variations over the entire experimental period. (C) Colon
lengths, (D) MPO activities, and (E) spleen indexes of various treatment groups. Data are expressed as means + SEM (n = 6). (F) Organ indexes of various treatment
groups. Data are expressed as means + SEM (n = 6). Concentrations of (G) TNF-« in the serum from various treatment groups. Data are expressed as means + SEM
(n = 3; ns = no significance). (H) Endoscopic imaging of colon lumens and H&E/PAS-stained images of the colon sections from various treatment groups.
Scale bar = 100 um. (1) Histological scores of the colons from various treatment groups. (J) Quantification of PAS staining of the colon sections from various
treatment groups. Data are expressed as means + SEM (n = 3).
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and monocytes (Mon) decreased in all treatment groups when
compared to the control group, even though no statistically
significant difference was found among these groups (Fig. S25).
Regarding serum TNF-a, the treatment of FP127@RN-MLNs
achieved a significantly lower serum TNF-a concentration than
the control mice (Fig. 8G).

Furthermore, we conducted an endoscopic observation on
day 8. It was observed that the control group showed severe
intestinal bleeding, and the colon tissues from the P127@
RN-MLN- and DXMS-treated groups appeared red and slightly
congested. Strikingly, there was no bleeding and erythema at
the colonic site in the FP127@RN-MLN-treated group, and its
endoscopic appearances resembled that of the normal colon
(Fig. 8H), suggesting that FP127@RN-MLNs could efficiently
alleviate the symptoms of chronic UC. The protective effect of
FP127@RN-MLNs for the colonic epithelial barrier was veri-
fied, as evidenced by H&E and PAS results. As seen in Fig. 8H,
FP127@RN-MLNs markedly alleviated inflammatory phenom-
ena, such as damage to the epithelial barrier, depletions of
goblet cells, infiltrations of immune cells, and disruptions of
mucosal crypts. Histological scores were the lowest in the
FP127@RN-MLN-treated group compared to the other groups
(Fig. 81). The FP127@RN-MLN-treated group presented more
magenta areas (mucus) than the other groups (Fig. 8]).

Discussion

Over recent decades, there has been a pressing need for exploit-
ing green, effective, and safe drug systems for disease manage-
ments [7]. Edible plants have been considered well suited for
drug development, as they contain abundant biofunctional
ingredients [8]. Resveratrol, a natural polyphenolic compound,
is enriched in mulberry, grape, and cranberry, which owns
extraordinary benefits for human healthy, including antioxi-
dation, anti-inflammation, immune regulation, and mucosal
barrier protection [57]. Notably, the clinical studies reveal
that resveratrol supplementation (500 mg/day) greatly miti-
gates oxidative stress and reduces proinflammatory factors,
leading to decreasing the clinical UC activity index and improv-
ing the life quality of patients with UC [58]. Unfortunately, the
inherent hydrophobicity, high photosensitivity, rapid in vivo
metabolism, and lesion-targeting deficiency of resveratrol have
restricted its extensive clinical application [59].

The development of nanotechnology has opened new ave-
nues for oral drug delivery, and thus, various forms of NPs,
such as liposomes, micelles, and drug nanocrystals, have been
exploited recently [5]. Among these NPs, drug nanocrystals are
nanoscale drug suspension systems stabilized by trace quanti-
ties of surfactants or amphiphilic polymers, which can greatly
improve the aqueous drug solubility, drug bioavailability, and
drug loading amounts [60]. Therefore, resveratrol was pro-
cessed into nanocrystals in the present study (Fig. 1A).
Considering the 2 clinical UC treatment aims (recovery of
damaged colonic epithelial barriers and alleviation of inflam-
matory responses), colonic epithelia and macrophages have
been considered 2 types of target cells [61]. The colonic epithe-
lial cells are made readily accessible, as they are present on the
out layer of the colonic mucosa. For macrophages, FP127@
RN-MLNs bearing with the end galactoses could be specifically
identified by galactose-type lectins on the surface of activated
macrophages, resulting in high efficient cellular uptake (Figs.
3A and B and 4A and B).
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Once the internalization by the colonic epithelia, FP127@
RN-MLNs promoted the migration of these cells to the wounded
sites through the activation of cell migration-related signaling
pathways associated with N-Cadherin and Cyclin D1, resulting
in the accelerated recovery of the damaged epithelial barriers
(Fig. 3C to G). Meanwhile, the treatment of FP127@RN-MLNs
facilitated the transformation of macrophages from the proin-
flammatory M1 phenotype to the anti-inflammatory M2 type
(Fig. 4C to E). We further found that FP127@RN-MLNS signifi-
cantly decreased the secreted levels of proinflammatory cytokines
(TNF-a) and increased the levels of anti-inflammatory factors
(IL-10) (Fig. 4F and G). Nevertheless, these MLNs maintained
the antioxidative activities of resveratrol (Fig. 1H) and reduced
the intracellular oxidative stress (Fig. 4H to J). Importantly, the
FP127-RN@MLN treatment efficiently relieves the typical symp-
toms of both acute UC and chronic UC, as evidenced by reduced
body weight loss, colon length shortening, decreased MPO val-
ues, lowered spleen index, and mitigated inflammatory levels.
We also found that mice receiving the treatment of FP127@
RN-MLNs had similar colonic histological appearances, goblet
cell amounts, mucus contents, and microbial compositions as
those displayed by the healthy control group (Figs. S6 to S8). In
addition to the satisfactory therapeutic outcomes against acute
and chronic UG, it is essential to note that FP127@RN-MLNs
also exerted excellent biosafety during the entire treatment period
(Figs. S12, 520, and S24).

Collectively, FP127@RN-MLNSs act as a noninvasive, safe,
and effective therapeutic regimen based on a mouse model of
UC. To further confirm their UC treatment outcomes, they
have to be tested in clinical practice. Considering that UC is
a recurrent inflammatory disease, the preventive effect and
long-term safety of FP127@RN-MLNSs are necessary to be
studied. Nevertheless, it is critical for screening more plants to
exploit new lipids with improved biomedical functions, such
as enhanced stability in the GIT, intrinsic anti-inflammatory
activity, and high drug loading capacity. We believe that the
continuing exploitation of plant medicines will facilitate their
extensive clinical applications.

Materials and Methods

Synthesis of FP127

P127 (160 mg) was dissolved in dioxane (8 ml). Triethylenediamine
(1 mg) was used as a catalyst and added to the P127 solution.
TFEO (50 pl) was dissolved in dioxane and slowly dropped into
the P127 solution. The mixture was kept at 90 °C for 6 h. When
cooling down to the room temperature, the mixture containing
FP127 was firstly dialyzed against dioxane for 24 h, followed
by deionized water for 48 h. Finally, the product was freeze-
dried and stored at —20 °C.

Preparation of RNs and CNs

Resveratrol powders (5 mg) were dissolved in absolute ethanol
(2 ml) and quickly added to the polyvinylpyrrolidone aqueous
solution (0.05%, w/v). Blue opaline was observed in the solu-
tion, and the reaction system was placed on a magnetic stirrer
for natural volatilization for 2 h. Similarly, CNs were prepared
according to this method.

Fabrication of various MLNs
Xinjiang medicinal mulberry leaves were washed with tap water
to remove impurities, soaked in phosphate buffer saline, placed
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in the refrigerator at 4 °C overnight, and then milled with a juicer
to obtain mulberry leaf juice. Thereafter, the mulberry leaf juice
was centrifuged at 12,000 g for 2 h to collect the supernatant of
mulberry leaf juice, which was then mixed with dichlorometh-
ane, methanol, and deionized water, centrifuged at 2,000 g for 10
min to collect the lower organic phase, followed by mixing the
organic phase with the potassium chloride solution and centri-
fuging at 2,000 g for 10 min to collect the lower organic phase.
After washing with water, the lower organic phase obtained
through centrifugation was mixed with or without P127 and
FP127 (m(P127/FP127):m(BCA total protein) = 6:100), respec-
tively, and then evaporated into a film using a rotary evaporator.
Finally, RNs (m(RNs):m(BCA total protein) = 3:160) was added
to the film and sonicated in a water bath until the film was com-
pletely dissolved, and the prepared NPs were sonicated in a probe
at 100-W working power for 2 min. P127@RN-MLNs and
FP127@RN-MLNs were sealed and stored in a refrigerator at
4 °C. Similarly, CN-MLNs, P127@CN-MLNs, and FP127@
CN-MLNs were prepared similarly for in vivo imaging experi-
ments, and C6-MLNs, P127@C6-MLNs, and FP127@C6-MLNs
were prepared for cellular uptake experiments.

In vitro anti-inflammatory activities of MLNs

To evaluate the in vitro anti-inflammatory effect of various
MLNSs, Raw 264.7 macrophages were seeded into 12-well plates
at a density of 1.0 X 10” cells per well. After overnight incuba-
tion, cells were incubated with RN-MLNs, P127@RN-MLNS,
and FP127@RN-MLNs (equivalent to 2 pg/ml RNs) for 4 h.
Complete medium (500 pl) was supplemented in each well.
After 20 h, the suspension was discarded, and cells were stim-
ulated with LPS (1 pg/ml) for 4 h. Subsequently, cell superna-
tants were collected and centrifuged at 1,000 g for 10 min.
Finally, the concentrations of proinflammatory factor TNF-a
and anti-inflammatory factor IL-10 were measured by ELISA.
Cells without treatment of LPS and MLNs were used as a neg-
ative control, while cells stimulated with LPS but without MLNs
were used as a positive control.

In vivo therapeutic effect of MLNs against UC

Balb/c female mice (6 to 8 wk of age) were randomly divided
into 5 groups: the healthy control group, the DSS control group,
the P127@RN-MLN-treated group, the FP127@RN-MLN-
treated group, and the DXMS-treated group. After giving DSS
solution (3.5%, w/v) for 5 d, the DSS solution was replaced with
sterile water, while mice were treated with hydrogel-embedding
MLNs and DXMS. On day 11, mice were euthanized; colon
lengths were measured; and the 5 principal organs and colons
were gathered for H&E staining, PAS staining, and immuno-
fluorescent staining (MUC2, Occulidin, ZO-1, CD11b, and
Ly6G). Meanwhile, mouse feces were collected for intestinal
tlora determination. MPO levels were measured by the cor-
responding kit (Nanjing Jiancheng Bioengineering Institute,
Jiangsu, China). Mouse blood was obtained for routine
blood analysis (BC-2800 VET, Mindray, Guangdong, China).
Inflammatory factors were quantified by the corresponding
ELISA kits (Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China).

Statistical analysis
All values are expressed as mean =+ standard error of the mean
(SEM). Statistical analysis was conducted using Student ¢ test
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or 1-way analysis of variance, unless otherwise noted. Statistical
significance was represented by *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001.
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