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Reduction of colitis in mice by chemically S
programmed supramolecular nanoassemblies
of vitamin-lipid conjugates

Shiyun Xian'?", Fanchao Meng'?!, Xiaona Chen?, Liging Zhu*" and Hangxiang Wang"*'

Abstract

Inflammatory bowel disease (IBD) is a relapsing disorder characterized by uncontrolled chronic inflammation of the
gastrointestinal tract, posing a significant therapeutic challenge owing to the limited efficacy and undesirable side
effects of current therapeutic options. A key pathological hallmark of IBD is the excessive production of reactive
oxygen species (ROS). Hence, therapeutic strategies aimed at reducing ROS levels are promising for relieving

these inflammatory conditions. Vitamin C—a natural nutrient for the human body—is well known for its potent
antioxidant effects. However, the clinical development of vitamin C as a therapeutic drug has been hindered by its
poor stability, rapid metabolism, and inadequate tissue accumulation. Herein, we report that the bioavailability of
vitamin C can be enhanced by chemically reprogramming it with a small panel of long-chain fatty acids that aid in
the aqueous self-assembly of the resulting drug conjugates to create self-deliverable nanoassemblies, enhancing
their inflammation disease—oriented delivery and cellular uptake. In mice with dextran sulfate sodium-induced
colitis, the optimal vitamin C-lipid nanoassemblies preferentially accumulated in inflamed colonic tissues following
systemic administration and substantially ameliorated disease severity. We extended this strategy to incorporate the
clinically approved glucocorticoid budesonide into the vitamin C nanosystem, facilitating a synergistic combination.
In the chronic colitis model, the combination treatment reduced inflammation without compromising global
immunity. Mechanistically, the treatment modulated the intestinal inflammatory microenvironment and altered

the immune cell landscape, partly through regulation of the gut microbiome. Given its anticipated negligible

side effects, this novel nanoassembly platform leveraging small-molecule lipidation may become a promising
therapeutic for treating various inflammatory diseases.
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Introduction

Inflammatory bowel disease (IBD), including ulcerative
colitis and Crohn’s disease, is a complex and relapsing
disorder characterized by uncontrolled chronic inflam-
mation of the gastrointestinal tract, resulting in intestinal
damage [1]. The global burden of IBD has increased dras-
tically, afflicting over 3.5 million individuals worldwide
[2]. Notably, chronic and long-standing inflammation in
patients with IBD has led to an increased risk of develop-
ing colorectal cancer and other severe complications [3,
4]. Furthermore, current therapeutic options for IBDs,
such as immunosuppressants, biological therapies, and
antibiotics [5], only provide limited efficacy, with a large
proportion of patients experiencing undesired adverse
effects. The necessity for lifelong medication further
exacerbates the risk of infections and malignancies, high-
lighting the critical need for alternative treatments for
IBD with negligible side effects.

Oxidative stress is closely associated with the patho-
genesis of various inflammatory conditions, such as IBD
[6, 7]. Excessive production of reactive oxygen species
(ROS) has been implicated in the development of colitis
[8], suggesting that the depletion of ROS using with anti-
ROS therapies could offer therapeutic benefits. Vitamin
C (V¢), also known as ascorbic acid, is a potent natural
antioxidant and an essential nutrient for human health
[9, 10]. Despite its potential, the clinical development of
V¢ as a drug for effective IBD treatment is hindered by
its poor stability, rapid clearance and metabolism from
the body, and insufficient accumulation in inflamed tis-
sues [11, 12]. We hypothesize that a nanotherapeutic
strategy could enhance the targeting and accumulation
of antioxidant agents at sites of inflammation. However,
creating therapeutic nanoparticles from the hydrophilic
and unstable V- molecule while maintaining its phar-
macologic efficacy has remained a significant technical
challenge.

To overcome these challenges, we aimed to develop a
straightforward yet broadly applicable approach for reus-
ing V¢, a molecule with suboptimal drug-like proper-
ties, as an inflammation-protective nanotherapeutic.
Supramolecular nanotherapeutics, constructed through
noncovalent interactions between molecular compo-
nents, offer superior therapeutic outcomes compared to
their free counterparts in treating various diseases [13].
By integrating active compounds into these nanostruc-
tures via physical encapsulation or covalent conjugation,
their intrinsic biological characteristics are preserved
[14, 15]. For example, the attachment of lipid moieties
such as squalene to drugs results in prodrug amphiphi-
les that can assemble into colloidally stable nanoaggre-
gates [13]. Additionally, natural polyunsaturated fatty
acids (PUFAs) facilitate the rational design of therapeu-
tics into self-deliverable nanoplatforms with enhanced

Page 2 of 19

pharmacokinetics and pharmacological efficacy [16, 17].
In addition to therapeutically active drugs, only PUFAs,
which are both abundant in the human body and benefi-
cial for the health, are released upon systemic adminis-
tration [18]. Inspired by the “PUFAylation” technology
previously applied to anticancer agents [19], we aim to
broaden the use of PUFAs as assembly motifs for nanoas-
semblies that deliver antioxidant agents for treating intes-
tinal injuries.

We covalently attached V. to a series of fatty acids to
validate our approach. Fatty acids are hydrophobic, and
V(. is hydrophilic. Thus, when two molecules are ligated,
they form amphiphilic lipid conjugates that are capable of
self-assembling into nanostructures in an aqueous solu-
tion (Fig. 1A). A panel of V. amphiphiles was synthe-
sized through esterification, which spontaneously formed
nanoparticles (Fig. 1B). Screening for stability and ROS-
scavenging capacity led to the identification of linoleic
acid (LA)—derived nanoassemblies as a promising nano-
therapeutic candidate. These engineered nanoassemblies
preferentially targeted sites of intestinal inflammation
and effectively neutralized ROS production induced
by dextran sulfate sodium (DSS) [20]. Furthermore, the
integration of the clinically approved glucocorticoid drug
budesonide (Bud) into the V. nanosystem facilitated a
combination treatment approach for inflammatory dis-
eases. In murine models of acute and chronic colitis, the
optimized V. or combination nanoassemblies success-
fully alleviated intestinal injury from the onset of colitis.
Our study highlights the potential of lipid conjugation
and nanoassembly to convert V. into a therapeutic agent
for inflammatory diseases.

Results

Rational design and self-assembly of V-lipid conjugates
V¢ is chemically unstable and rapidly eliminated from
the body, hindering its accumulation and therapeu-
tic efficacy in inflamed tissues [11]. To overcome these
limitations, we engineered a series of V-lipid conju-
gates by tethering hydrophobic lipid moieties to the V.
molecule, enhancing its amphiphilicity. We selected a
wide range of fatty acids, including saturated fatty acids
such as heptanoic acid (HA) and decanoic acid (DA),
monounsaturated fatty acids such as oleic acid (OA),
and polyunsaturated fatty acids such as LA, linolenic
acid, eicosapentaenoic acid (EPA), and docosahexaenoic
acid (DHA) for this purpose. The synthesis of seven dis-
tinct V-lipid derivatives, namely VcHA, VDA, V-OA,
VcLA, VCLNA, VCEPA, and VDHA, was achieved
through the esterification of Vs hydroxyl group with the
respective fatty acids catalyzed by lipase. The successful
synthesis of these conjugates was validated by "H NMR
spectroscopy (Figure S1-S7), and their purities were
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Fig. 1 Rational design and characterization of lipid-vitamin C (V) conjugates and their aqueous nanoassemblies (NAs) for colitis treatment in animal
models. (A) Chemical structures of fatty acid-conjugated V- and budesonide (Bud) derivatives. (B) Schematic illustration of self-assembly of the resultant
prodrugs into VLA or V-LA/Bud nanoassemblies in aqueous solutions. (C) These nanoassemblies are designed to target and accumulate in the inflamed
colon upon intraperitoneal administration, where they specifically modulate the inflammatory microenvironment. The therapeutic effects include the
elimination of reactive oxygen species (ROS), alteration of macrophage subtypes, regulation of T cells, reduction of proinflammatory cytokines, and
modulation of the gut microbiome. (D) Representative TEM images of VLA nanoassemblies. (E) Hydrodynamic size distribution and polydispersity index
of V(LA nanoassemblies determined by dynamic light scattering (DLS). (F) Stability assessment of V- nanoassembilies stored at 4 °C over one week (n=3).
(G) Particle size changes of VLA nanoassemblies after incubation with mouse plasma (n=3). (H) Analysis of the integrity of the VLA conjugates fol-

lowing incubation with rat serum, as determined by reverse-phase high-performance liquid chromatography (RP-HPLC) (n=3). Data are presented as
mean + standard deviation (s.d.)
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confirmed by reversed-phase high-performance liquid
chromatography (RP-HPLC; Figure S8).

The resultant V—lipid derivatives exhibited poor water
solubility but showed good miscibility with polar organic
solvents such as dimethyl sulfoxide (DMSO). Employing
a standard nanoprecipitation protocol, wherein DMSO-
dissolved V-lipid conjugates were added to water, fol-
lowed by the removal of DMSO through dialysis, led to
the formation of water-dispersible nanoassemblies. These
nanoassemblies were characterized by their transpar-
ent solutions and further analyzed using transmission
electron microscopy (TEM), which revealed their nearly
spherical morphologies (Fig. 1D and S9A). Dynamic
light scattering (DLS) analysis indicated that the particle
sizes of these seven different V- nanoassemblies varied
largely, ranging from 100 to 500 nm (Fig. 1E and S9B).
Among them, the nanoassemblies derived from V.LA
exhibited narrow size distributions and are stable colloi-
dal suspensions (Fig. 1F and S9C). Upon incubation with
mouse plasma, the particle size of VLA nanoassemblies
increased due to protein corona formation but remained
stable over a 6-h incubation period (Fig. 1G). Further-
more, the chemical stability of VLA nanoassemblies was
maintained throughout the incubation period (Fig. 1H).
These findings underscore the potential of V-lipid con-
jugates as promising candidates for preparing injectable
formulations and enhancing their stability, paving their
way for the application in therapeutic interventions.

Evaluation of the antioxidant activity of V- nanoassemblies
in vitro

The antioxidant potential of V-lipid nanoassemblies
was assessed to determine if they retained the ROS-scav-
enging capacity of natural V.. We evaluated the neutral-
izing capacity of these nanoparticles against hydrogen
peroxide (H,0,), a key endogenous ROS involved in
inflammatory responses. Employing the 2,2'-azino-bis
(3-ethylbenzo-thiazoline-6-sulfonic  acid)  (ABTS+»)
assay, we observed that the lipid derivatization of V.
and its subsequent nanoaggregation did not compro-
mise the antioxidant activity, as evidenced by the strong
radical-scavenging capability comparable to that of free
V¢ (Fig. 2A). Additionally, the 2-phenyl-4,4,5,5-tetrame-
thylimidazoline-1-oxyl 3-oxide (PTIO.) scavenging assay
for in vitro ROS reaffirmed that the anti-ROS potential of
V—lipid nanoassemblies remained largely intact despite
modifying the V. hydroxyl group with hydrophobic fatty
acids (Fig. 2B).

The conjugation of fatty acids to V. increases its lipo-
philicity, which enhances the transport of V. derivatives
and related nanoassemblies across cellular membranes,
thereby amplifying their intracellular antioxidant activ-
ity [21]. The intracellular ROS-scavenging ability of V.
nanoassemblies was examined using the DCFH-DA
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fluorescence probe. Lipopolysaccharide (LPS) can simu-
late the polarization of mouse macrophage RAW264.7
cells, accompanied by ROS overproduction. Upon expo-
sure to LPS (1 pg/mL), the cells exhibited morphological
changes (Figure S10B) and emitted a robust green fluo-
rescence signal indicative of intracellular ROS genera-
tion (Fig. 2C). Pretreatment with free V. attenuated the
fluorescence intensity in LPS-stimulated RAW?264.7 cells.
Notably, VLA nanoassemblies effectively diminished the
fluorescence signal (Fig. 2C), suggesting their capacity to
mitigate ROS production in RAW?264.7 cells. The ability
of VLA nanoassemblies to protect RAW?264.7 cells from
oxidative stress—induced death was further assessed.
Calcein-AM/propidium iodide (PI) staining revealed that
VLA nanoassemblies increased the proportion of live
cells (green fluorescence), whereas free V- exhibited a
moderate protective effect, likely due to limited cellular
uptake (Fig. 2D). Consistent results were obtained from
the CCK-8 viability assay (Fig. 2F), indicating the efficacy
of VLA nanoassemblies in safeguarding RAW264.7 cells
against ROS-mediated cytotoxicity. Moreover, the pro-
tective efficacy of V-LA nanoassemblies was validated
in a normal human colon mucosal epithelial cell line,
NCM460, through live/dead cell staining and a CCK-8
assay, confirming their ability to alleviate oxidative stress
in the cells (Fig. 2E and G). In vitro ROS-scavenging
capacity and favorable stability led to the selection of
VLA nanoassemblies for further investigations.

In vivo ROS-scavenging capacity and nanoassembly
accumulation in the inflamed colon

IBD is a complex disorder characterized by persistent
inflammation in the gastrointestinal tract, particularly
in the ileum, rectum, and colon [22]. Sustained genera-
tion of ROS is a key factor in the pathogenesis of IBD
[23]. Given the promising antioxidant and cytoprotective
properties of V-LA nanoassemblies observed in vitro, we
sought to evaluate their potential to mitigate ROS over-
production in a DSS-induced colitis mouse model (exper-
imental design is illustrated in Fig. 3A). To monitor ROS
levels in vivo, we administered the near-infrared fluores-
cence (NIRF) probe L-012 to DSS-induced colitis mice.
Remarkably, the ROS levels in mice treated with VLA
nanoassemblies were considerably lower than those in
mice treated with saline or free V. (Fig. 3B), highlighting
the ROS-scavenging capacity of the nanoassemblies.

The effective delivery of therapeutic nanoparticles to
sites of intestinal inflammation is crucial for the success-
ful treatment of colon diseases. The elevated ROS lev-
els at inflamed sites can disrupt endothelial junctions,
facilitating the accumulation of nanosized particles in
the damaged colon [24]. We investigated the localiza-
tion of nanoparticles in the colons of healthy versus
DSS-induced colitis mice (Fig. 3C). After intraperitoneal
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Fig. 2 In vitro assessment of the antioxidant capacity of V- nanoassemblies (NAs). (A and B) The antioxidant capacity of a series of V- nanoassemblies
and free V- was evaluated using PTIO- and ABTS+ assays. The numbers in the figure represent the average percentages of three experimental results
at the same V- concentration. (C) Representative fluorescence images depict the ROS levels in RAW264.7 cells treated with various agents (PBS, LPS,
LPS+V¢, and LPS +V LA nanoassemblies) for 24 h. DCFH-DA was employed to visualize ROS production (green) and Hoechst staining was used to visual-
ize nuclei (blue). (D) Live/dead cell assay using calcein-AM/PI staining assessed the protective effect of VLA nanoassemblies on RAW264.7 cells. VLA
nanoassemblies demonstrated enhanced protective effects against cell death compared to free V. (E) Cell viability of RAW264.7 coincubated with 600
UM H,0, and increasing concentration of free V- or VLA nanoassemblies, as measured by the CCK-8 assay. (F) Fluorescence microscopy images for dead/
live cell staining of NCM460 cells. Following drug treatments, cells were costained with calcein-AM (green, live cells) and propidium iodide (red, dead
cells) (n=3). (G) Cell viability of NCM460 cells after treatment with various concentrations of free V- or VLA nanoassemblies (n=3). Data are presented

as mean = standard deviation (s.d.)

injection of the NIRF dye (i.e., Cy5.5-LA)-labeled VLA
nanoassemblies, major organs were harvested and ana-
lyzed using NIRF imaging. Notably, the colons of colitis
mice exhibited stronger NIRF signals from VLA nano-
assemblies than colons of healthy mice, indicating pref-
erential nanoparticle accumulation at the inflamed sites
(Fig. 3D). Quantitative analysis confirmed a threefold
increase in fluorescence intensity in the colons of DSS-
treated mice compared to healthy controls (Fig. 3E). Con-
focal laser scanning microscopy further validated the

abundant accumulation of nanoparticles in the colons of
colitis-infected mice (Fig. 3F and G). Overall, our find-
ings demonstrate that systemically administered VLA
nanoassemblies can effectively localize to inflamed intes-
tinal tissues and reduce ROS levels in a mouse model of
colitis. Furthermore, the preferential delivery and ROS-
scavenging capacity suggest the potential of V-LA nano-
assemblies as a promising therapeutic strategy for the
treatment of IBD.
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Amelioration of acute colitis by VLA nanoassemblies in a
DSS-induced mouse model

To evaluate the translational potential of VLA nanoas-
semblies for IBD treatment, we conducted in vivo efficacy

studies using an acute colitis mouse model. The well-
established DSS-induced colitis model was employed,
where six-week-old C57BL/6 mice were exposed to
3% DSS in drinking water for 7 days to induce acute
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Fig. 3 In vivo ROS-scavenging capacity and accumulation of VLA nanoassemblies (NAs) in the inflamed colon. (A) Schematic representation of the ex-
perimental protocol for evaluating reactive oxygen species (ROS) levels in vivo (n=4-5). (B) Near-infrared fluorescence (NIRF) images of ROS levels before
and after treatment with free V- or VLA nanoassemblies. C57BL/6 mice were administered water containing 3% dextran sulfate sodium (DSS) to induce
colitis. The rise or decline in ROS levels in each mouse was determined before and after treatment using a ROS-specific probe. (C) Schematic representa-
tion of the protocol for investigating the localization of nanoparticles in the colons. After intraperitoneal injection of Cy5.5-labeled VLA nanoassemblies,
tissue biodistribution was assessed in healthy mice and DSS-induced colitis mice using NIRF imaging (n=4). Ex vivo NIRF imaging (D) and quantitative
analysis (E) of VLA nanoassemblies quantity in major organs postadministration (n=4). (F) Representative confocal microscopy images of tissue sections
showed that VLA nanoassemblies (red) tend to target the inflamed colon. (G) Quantification of the red fluorescence intensity in confocal images (n=4).

Data are presented as mean + standard deviation (s.d.)

colitis [4, 25], mimicking key aspects of IBD in humans
(scheme of animal experiment illustrated in Fig. 4A).
The drug treatment was initiated accordingly, and VLA
formulated in liposomes (termed lipo V-LA) was also
included for comparison. The onset of colitis was char-
acterized by severe bloody diarrhea and loose stools by
day 6, with mice treated with saline or free V. exhibit-
ing pronounced colitis symptoms (Fig. 4B). A significant
reduction in body weight, nearly 20%, was observed in
these groups (Fig. 4C). In contrast, mice receiving VLA
liposomes or nanoassemblies demonstrated a less pro-
nounced decrease in body weight (Fig. 4C). The severity
of bloody diarrhea was further assessed using an occult
blood test paper on day 6. Additionally, the Disease
Activity Index (DAI) was calculated based on weight fluc-
tuation, stool consistency, and stool occult blood (Table
S1). The scoring results indicated that V-LA nanoassem-
blies treatment effectively mitigated the progression of
colitis (Fig. 4D and E).

At the end of the study, mice were euthanized, and
their spleens and colons were harvested for histopatho-
logical analysis. Splenomegaly, commonly observed in
chronic inflammation diseases, including IBD, was evi-
dent in mice with colitis. Notably, the administration of
VLA nanoassemblies significantly ameliorated spleno-
megaly (Fig. 4F and G). Morphometric analysis revealed
that the colons of mice with colitis who received saline
and free V. were shorter than those treated with VLA
liposomes or nanoassemblies (Fig. 4H and I). Further-
more, histopathological examination using hematoxylin
and eosin (H&E) staining showed that colons from both
VcLA-treated groups closely resembled those of healthy
mice. In contrast, saline- or free V-treated mouse colons
presented typical features of colitis, including loss of
epithelial crypts, inflammation, and ulceration (Fig. 4]).
Masson’s staining indicated that V-LA nanoassemblies
could decrease aberrant collagen proliferation (Fig. 4K).
Furthermore, periodic acid-Schiff (PAS) staining
revealed that after VLA nanoassembly treatment, colons
preserved the integrity of goblet cells, which is essential
for mucus secretion and maintaining physiological func-
tions (Fig. 4L). Although free V. demonstrated strong
antioxidant activity in vitro, it failed to exert a protective
effect in the colitis mouse model, with mice receiving V.
treatment developing a similar degree of DSS-induced

colitis as control saline—treated mice. In contrast to free
V., self-assembled VLA nanoparticles exhibited a pro-
tective role in DSS-induced colitis, underscoring their
potential as a therapeutic strategy for IBD.

Coassembled lipid nanotherapy for alleviating chronic
inflammation in a mouse model of DSS-induced colitis
Chronic colitis poses significant therapeutic chal-
lenges and increases the risk of colorectal cancer, neces-
sitating the development of safe and effective new
treatments [26]. In this study, we explored the integration
of budesonide (Bud), a clinically approved glucocorticoid
drug for inflammatory diseases, into the self-assembled
VLA nanosystem to combat chronic colitis [27, 28].
The conjugation of Bud with unsaturated fatty acid (e.g.,
LA) resulted in a novel prodrug entity, BudLA (Fig. 1A),
demonstrating self-assembling capacity in an aqueous
solution [29]. We investigated whether BudLA could
coassemble with V-LA nanoparticles to form a transpar-
ent codelivery therapeutic solution, termed V-LA/Bud
nanoassemblies (Fig. 5A and B). V-LA/Bud nanoassem-
blies exhibited a hydrodynamic diameter of ~ 120 nm and
remained stable at room temperature for over a month,
as determined by DLS analysis (Fig. 5C and D).

Armed with the coassembling nanotherapy, we evalu-
ated its efficacy against chronic colitis onset using a well-
established mouse model by administering 3.5% DSS
in drinking water for 5 days in two cycles [30] (Fig. 5E).
In this model, mice treated with saline or BudLA nano-
assemblies exhibited severe bloody diarrhea (Fig. 5E).
Administration of either VLA or V-LA/Bud nanoassem-
blies provided adequate protection against DSS-induced
chronic colitis, as evidenced by restored body weights
and no mouse mortality during the study, whereas four
out of six mice treated with saline succumbed to colitis
onset (Fig. 5F and G). Additional assessments included
measuring bloody diarrhea and calculating the DAI,
which further confirmed the superior therapeutic effi-
cacy of the V.LA/Bud nanoassemblies over monothera-
pies (Fig. 5H and I). Notably, the combination treatment
inhibited splenomegaly and maintained normal colon
length in DSS-induced colitis mice, indicating a favor-
able prognosis (Fig. 5]-L). Histopathological evaluations
of colon tissues demonstrated that treatment with code-
livered nanoassemblies preserved intact epitheliums,
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well-defined crypt structures, reduced collagen deposi-
tion, and maintained goblet cell integrity during colitis
(Fig. 5M). Thus, treatment with V-LA/Bud nanotherapy
after the onset of inflammation effectively controlled coli-
tis and attenuated intestinal damage in animal models.

Rewiring the intestinal inflammatory microenvironment in
DSS-induced colitis mice

Emerging studies underscore the imbalance between
proinflammatory and anti-inflammatory cytokines as a
key driver in IBD progression [31]. IL-1 « is reported to
be upregulated in the inflamed intestinal track, exerting
proinflammatory effects by disrupting the gut micro-
bial ecosystem, leading to mucosal disease, barrier dys-
function, and tissue damage [32] (Fig. 6A). Moreover,
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IL-17 A, secreted by T helper cell 17 (Th17), is overex-
pressed in the colonic lamina propria (cLP) during IBD
onset [33]. We choose serum to evaluate systemic inflam-
matory responses, which are crucial for determining the
overall immune modulation induced by the treatment.
Our results demonstrated that DSS treatment led to an
increase in IL-1a and IL-17 A, but V-LA/Bud nanoas-
sembly treatment notably downregulated both cytokines
in serum, reflecting the alleviation of intestinal inflam-
mation (Fig. 6A). Specifically, we evaluated the produc-
tion of granulocyte-macrophage colony—stimulating
factor (GM-CSF), primarily secreted by activated T cells,
B cells, or epithelial cells. During IBD development, GM-
CSF is considered an instigator of inflammation [34].
Surprisingly, our results revealed a reduction in GM-CSF
secretion after administering V-LA/Bud nanoassemblies,
facilitating the swift recovery from colitis (Fig. 6A). These
data highlight the potential of V-LA/Bud nanoassemblies

to modulate the intestinal inflammatory microenviron-
ment, particularly by regulating proinflammatory cyto-
kines IL-1a, IL-17 A, and GM-CSF levels.

The critical role of macrophages in host immune func-
tions prompted our investigation into macrophage altera-
tions within the cLP in a DSS-induced colitis mouse
model [35]. Flow cytometry analysis indicated an ele-
vated percentage of colonic macrophages in DSS-colitis
mice due to severe inflammation. Intriguingly, V-LA/Bud
nanoassemblies substantially reduced the proportion of
macrophages (Fig. 6B and S11). The results revealed a
significant upregulation of the proinflammatory M1-sub-
type cell population in the inflamed colon. In contrast,
the M1-subtype cell population in the cLP post-treat-
ment with V-LA/Bud nanoassemblies closely resembled
that of the healthy colon (Fig. 6B). Furthermore, M2-sub-
type cells were significantly upregulated in V-LA/Bud
nanoassemblies-treated tissues compared to normal
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and DSS-treated tissues. Tregs, a critical immunosup-
pressive cell to protect tissues against excessive immune
responses [36], was highly enriched in the colon of mice
treated with V-LA/Bud nanoassemblies (Fig. 6B). Addi-
tionally, the immunofluorescence staining of tissue sec-
tions indicated a similar alteration of M1-, M2-subtype
cell and Tregs populations in the cLP in the nanoparticle-
treated mice than in the saline group (Fig. 6C).

Modulation of the gut microbiome by V.LA/Bud
nanoassemblies in mice with colitis

The gut microbiome plays a pivotal role in the patho-
genesis of IBD, influencing disease onset and progres-
sion [37, 38]. We further explored the impact of V-LA/
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Bud nanoassemblies on the gut microbiota of mice sub-
jected to different treatment regimens (Fig. 7A). 16 S
ribosomal RNA gene sequencing revealed no significant
changes in community a-diversity (Shannon and Simp-
son indices) between V-LA/Bud-treated mice and saline-
treated controls (Fig. 7B). However, partial least squares
discriminant analysis (PLS-DA) and nonmetric multidi-
mensional scaling (NMDS) analysis demonstrated a dis-
tinct shift in community clustering patterns in p-diversity
in mice treated with 3% DSS compared to healthy con-
trols (Fig. 7C and D). Further analysis of community
barplots and heatmaps revealed significant alterations
in gut microbiota distributions following DSS treatment
compared to healthy mice. In contrast, mice receiving
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VcLA/Bud treatment exhibited gut microbiota profiles
that were more similar to those of healthy mice (Fig. 7E
and F). Notably, treatment with V-LA/Bud nanoassem-
blies substantially increased the relative abundance of
beneficial microbiota, such as Akkermansia and Clostrid-
ium XVIII, along with a significant reduction in harm-
ful Streptococcus populations (Fig. 7G). Akkermansia is
known for maintaining a healthy mucosal barrier in the
gut [39-41], while Clostridium XVIII is recognized as a
butyrate producer, essential for providing energy to colo-
nocytes in the intestinal tract [42].

Additionally, mice exposed to 3% DSS exhibited dis-
tinct alterations in gut microflora composition at both
the phylum and species levels compared to those receiv-
ing standard water (Fig. 7H and I). This change was
characterized by an elevated abundance of specific detri-
mental microbial taxa, such as Peptococcaceae and Strep-
tococcaceae, underscoring the successful induction of the
colitis model. Remarkably, fecal samples from the group
subjected to V-LA/Bud nanoassemblies treatment dem-
onstrated a discernible resurgence of beneficial micro-
bial consortia, with notable enrichment of Akkermansia
species. Linear discriminant analysis effect size (LEfSe)
analysis further identified specific enrichments in the
DSS- and V:LA/Bud-treated groups. Based on clado-
gram and linear discriminant analysis scores, Bacteroi-
des and Prevotellaceae exhibited a significant increase in
mice receiving VLA/Bud nanoassemblies. In contrast,
Enterobacteriaceae, Streptococcaceae, Klebsiella, and
Peptococcaceae, which impact the prognosis of intestinal
inflammation, were enriched in DSS-treated mice (Fig-
ures S12A and B).

Safety profile assessment of V.LA/Bud nanoassemblies

Intrigued by the exceptional anti-inflammatory efficacy
against two colitis animal models, we conducted a com-
prehensive toxicity assessment of V-LA/Bud nanoassem-
blies. Initially, RAW264.7 and NCM460 cells were treated
with increasing concentrations of nanoassemblies, and
cell viability was measured after 24—-48 h. Notably, no
cytotoxicity was detected in both cell lines, even at a high
concentration of 100 uM (V. equivalence) (Figure S10A).
Subsequently, the safety profiles of V-LA/Bud nanoas-
semblies were examined in healthy ICR mice. The admin-
istration dose was increased to twice the therapeutic dose
in the chronic colitis model. Throughout the observation
period until day 12, post the first injection, mice exhib-
ited healthy and consistent weight growth in each group
(Fig. 8A). Additionally, no variations in organ index were
observed, as determined by organ weights (Fig. 8B). We
further collected peripheral blood for routine blood and
blood biochemical analyses. The blood test results indi-
cated no significant differences in any indicator between
the treatment groups (Fig. 8C-E). Histopathological
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examination of organ tissues revealed no remarkable
morphological changes (Fig. 8F). These findings high-
light the favorable biocompatibility of V-/Bud nanoas-
semblies. Importantly, the biosafety assessment of these
nanoassemblies provides theoretical support for their
practical application in IBD and encourages further steps
toward clinical translation.

Discussion

The pathogenesis of IBD is complex and influenced
by multiple factors, including diet, genetics, microbi-
ome dynamics, and immune system interactions [43].
Although the exact mechanisms remain partially eluci-
dated, emerging evidence from preclinical models and
clinical settings suggests the role of excessive ROS pro-
duction in the inflamed intestinal tissues of IBD-affected
individuals. This overproduction of ROS considerably
contributes to oxidative stress and disrupts redox homeo-
stasis, which has been shown to play an essential role in
the pathophysiology of IBD. ROS are known to com-
promise the integrity of the intestinal barrier—a critical
component for maintaining gut homeostasis. Damage
to this protective epithelial layer results in the exposure
of immune cells to intestinal microbes [44], which may
further exacerbate the inflammatory response and pro-
mote disease progression [45]. Consequently, therapeu-
tic approaches that effectively attenuate ROS levels are
increasingly recognized as potential strategies for allevi-
ating the debilitating symptoms of IBD.

V¢ is an essential nutrient and potent natural anti-
oxidant, capable of donating electrons to neutralize free
radicals [46]. The reactive hydroxyl group in V. allows
for chemical modification and prodrug development,
enabling the resulting prodrugs to self-assemble in aque-
ous solutions. Additionally, vitamin C not only exhibits
potent antioxidant properties but also serves as an essen-
tial nutrient for the body, making it a safe option with
minimal side effects. Upon oxidation, it will lose electrons
and convert to free radicals named semihydroascorbic
acid or ascorbyl radicals, which are inactive and rela-
tively stable [47]. These merits make the V- molecule a
promising candidate for treating oxidative stress—related
diseases. However, the development of V- as a therapeu-
tic agent has been hindered by some limitations, such as
poor bioavailability, a short plasma half-life, insufficient
disease site accumulation following systemic admin-
istration (either oral or intravenous), and low potency
(necessitating a high dose) [48]. Thus, we employed the
PUFAylation technology to develop a V. self-deliver-
able nanoplatform by conjugating the V- molecule with
long-chain fatty acids, followed by a subsequent nano-
assembly protocol. This approach involved conjugating
V with long-chain fatty acids to form lipid derivatives
that spontaneously assemble into nanoparticles. These
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nanoassemblies enhanced the bioavailability of V, pro-
viding a sustained antioxidant effect.

The nanoassembly of V-lipid derivatives without
needing exogenous excipients enhanced the bioavail-
ability and provided a prolonged therapeutic effect. Par-
ticularly, VLA nanoassemblies retained the antioxidant
activity as ROS scavengers, protecting cells from oxida-
tive stress injury. The lipophilic nature of the nanoas-
semblies increased their affinity for cell membranes and
facilitated endocytosis, leading to a significant reduction
in ROS levels and accumulation in the inflamed colon of
mice. Therapeutic efficacy was examined in acute and
chronic colitis models, with V-LA nanoassemblies acting

as a “nanosweeper” to clear pathologically increased ROS
in the inflamed intestinal tissues. Interestingly, the
inflammatory microenvironment was modulated, with
a decrease in total macrophages and proinflammatory
M1-like phenotypes and an increase in anti-inflamma-
tory M2-like phenotypes.

The advantages of this approach are manifold. First,
V—lipid derivatives released active ingredients through
ester hydrolysis in vivo, acting as a drug reservoir for
continuous antioxidant provision. Second, the anti-
oxidant and anti-inflammatory properties of PUFAs
could amplify the therapeutic effects of V., although
the effect of PUFAs was not discussed in this study [49].
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Furthermore, inflammation-induced enhanced perme-
ability and retention allowed nanoassemblies to pas-
sively target inflammatory lesions, increasing delivery
efficiency. Finally, the modular assembly strategy enabled
the incorporation of additional drug-lipid conjugates,
such as Bud, a clinically approved glucocorticoid, into
the hybrid nanoplatform, further enhancing IBD therapy
compared to a single-drug regimen.

In summary, this work presents a simple and broadly
applicable strategy for transforming a poorly drugga-
ble natural antioxidant into an effective self-deliverable
nanoassembly platform. The potential for preventing and
treating acute and chronic inflammation was also investi-
gated using DSS-induced colitis as a mouse model. Given
that only two components (i.e., LA and V) are released
upon hydrolysis of the ester bond, this nanosystem is safe
and highly tolerable in vivo. Further preclinical and clini-
cal studies are warranted to assess the long-term safety
and therapeutic efficacy of this V. delivery nanoplatform
in various inflammatory diseases.

Materials and methods

Materials

V was obtained from Tokyo Chemical Industry (Shang-
hai, China). Bud was obtained from Macklin Biochemical
Co., Ltd. (Shanghai, China). Fatty acids were purchased
from Macklin Biochemical Co., Ltd. (Shanghai, China).
Lipase was obtained from Sigma-Aldrich (MO, USA).
PTIO. was purchased from Tokyo Chemical Indus-
try (Shanghai, China). ABTS+¢ was purchased from
Sigma-Aldrich (MO, USA). DCFH-DA was provided
by Beyotime (Shanghai, China). The calcein-AM/PI
Double Staining Kit and Cell Counting Kit-8 (CCK-8)
were obtained from Dojindo China Co., Ltd. (Shanghai,
China).

Antibodies for flow cytometry analysis: BV510-anti-
mouse CD45 (157219, BioLegend), BUV395-antimouse
CD11b (565976, BD Biosciences), BV605-antimouse
F4/80 (123133, BioLegend), FITC-antimouse CD3
(100203, BioLegend), NUV675-antimouse CD4 (612974,
BD Biosciences), BV421-antimouse CD25 (101923, Bio-
Legend), and PE-Cyanine5.5-antimouse FoxP3 (750024,
Invitrogen).

Synthesis of V-lipid Bud-lipid conjugates

V—lipid derivatives were obtained through an esterifica-
tion reaction catalyzed by lipase. Specifically, V- (3.52 g,
20 mmol) and fatty acids (e.g., LA, 1.42 g, 5 mmol) were
dissolved in 25 mL of anhydrous acetonitrile. Then, lipase
(0.30 g) and a molecular sieve were added. The mixture
was warmed to 55°C and stirred for 12 h to allow a com-
plete reaction. After the reaction, the solvent is volatil-
ized by rotary evaporation under reduced pressure. Next,
silica gel was used as a stationary phase, and a gradient
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of dichloromethane (DCM) and methanol as eluents was
employed for purification by column chromatography to
obtain the product. V—lipid derivatives were character-
ized via'H NMR and RP-HPLC. For the preparation of
Bud conjugates, Bud (4.31 g, 10 mmol) and LAs (2.80 g,
10 mmol) were mixed in 10 mL of anhydrous DCM. Then
4-dimethylaminopyridine (1.34 g, 11 mmol) and N, N'-
diisopropylcarbodiimide (1.39 g, 11 mmol) were added
to the above solution. The mixture was warmed up to
45 °C and stirred for 10 h, and the subsequent purifica-
tion methods were the same as for V-lipid derivatives.

Preparation of carrier-free V. nanoassemblies

The serial V. nanoassemblies were prepared using a
nanoprecipitation method. Furthermore, 10 mg V.
equivalent V—lipid derivatives were dissolved in 0.5
mL of DMSO and then slowly injected into 9.5 mL of DI
water under ultrasonic conditions to obtain 1 mg/mL V.
equivalent nanoassemblies. After 5 min of sonication,
the nanoassembly solution was transferred to a clean
tube and stored at 4 °C for use. With regard to lipo V,
equivalent V-LA was dissolved in DMSO and mixed in
an ethanol solution containing egg-PC, cholesterol, and
DSPE-PEGy, with a mass ratio of 35:5:8 (1 mL, ethanol/
DMSO, v/v, 10/1). Next, the above mixture was injected
dropwise into 9.0 mL of DI water under magnetic stir-
ring. After that, excess ethanol was evacuated into a
fume hood. And then the nanoassemblies were loaded
into a 1 kDa molecular weight cutoff dialysis bag. The
dialysis bag was then placed in a beaker containing 1 L
of deionized (DI) Milli-Q water (Millipore) and stirred
for 36 h. During this process, the double-distilled water
was replaced three times to ensure the effective removal
of DMSO. The final drug concentration was determined
using reverse-phase high-performance liquid chromatog-
raphy (HPLC). For the preparation of V-LA/Bud nanoas-
semblies, the V- conjugates (V-LA) and Bud conjugates
(BudLA) were dissolved in 0.5 mL of DMSO at a mass
ratio of 50:1 and then slowly injected into 9.5 mL of DI
water to prepare a coassembled nanoparticle solution.

Preparation of VcLA liposomes

VcLA liposomes were prepared by ethanol dilution as
described by the previous report [50]. Briefly, the lipid
mixture consisting of Egg-PC, cholesterol and DSPE-
PEG2k was first dissolved in ethanol (0.9 mL) at a mass
ratio of 35:5:8. Next, 0.1 mL of DMSO containing VLA
(at a concentration of 10 mg/mL, equivalent to V) was
added to the above ethanolic solution, mataining a lipid-
to-VcLA ratio at 25:1 (w/w). The mixture (1 mL) was then
rapidly injected into DI water, yielding stable liposomes
in water with a concentration of 0.1 mg/mL (V-equiva-
lent concentration). Finally, the resulting liposomes were
reprecipitated by ultracentrifugation at 100,000 g for
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20 min and washed three times with DI water to remove
organic solvents. The detailed protocol has been added to
the revised Materials and Methods section.

Evaluation of free radical-scavenging ability in vitro
PTIO« and ABTS+. free radicals were employed to eval-
uate the in vitro free radical-scavenging capacity of V-
lipid derivatives. The elimination of PTIO. free radicals
was determined by incubating Vi or V-lipid deriva-
tives (at concentrations ranging from 12.5 to 800 pg/mL
VC equivalent) with PTIO« (1 mM) in the dark for 2 h
at room temperature, followed by measurement of absor-
bance at 557 nm using a multimode microplate reader.
ABTS++ elimination was assessed by incubating V. or
VLA nanocomponents (at concentrations ranging from
12.5 to 800 pg/mL V(- equivalent) with ABTS++ (0.1 mM)
for 10 min in the dark at room temperature and measur-
ing absorbance at a wavelength of 415 nm using a multi-
mode microplate reader.

Cell lines and cell culture

The mouse macrophage—like cell line RAW?264.7 and the
normal-derived human colon mucosa cell line NCM460
were purchased from the cell bank of the Chinese Acad-
emy of Sciences (Shanghai, China). RAW?264.7 was cul-
tured in alexin-free DMEM, while NCM460 was cultured
in DMEM/F12. All media were supplemented with 100
units/mL penicillin, 100 pg/mL streptomycin, and 10%
fetal bovine serum (FBS). Cells were cultured at 37 °C,
containing 5% carbon dioxide.

Measurement of ROS in cell lines

RAW?264.7 was seeded into sterile 48-well plates at a den-
sity of 4 x 10* cells per well and cultured for 12 h. Subse-
quently, they were treated with various V. formulations,
including V¢ + LPS and V.LA NAs +LPS, both at a con-
centration of 100 pM V. equivalent and 1 pg/mL LPS.
PBS was used as a negative control, while 1 pg/mL LPS
served as a positive control. Following 6 h of incubation,
the existing solution was removed, and DCFH-DA was
added to detect the generation of ROS, while Hoechst
33,342 was utilized to stain the nuclei. Next, the fluores-
cence microscope was used to observe the fluorescence
intensity and record the images.

Calcein-AM/PI staining

For the H,0, removal experiment, RAW264.7 or
NCM460 were seeded into sterile 48-well plates at a den-
sity of 2 x 10* cells per well and cultured for 12 h. Subse-
quently, they were treated with different V- formulations,
including Ve + H,O, and VLA NAs+H,0,, at various
concentrations of V- equivalent (12.5, 25, and 50 pM) and
600 mM H,0,. PBS was used as a negative control, while
600 mM H,0, served as a positive control. Following 4 h
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of incubation, the cells were stained with calcein-AM/PI
and imaged using fluorescence microscopy.

CCK-8 assay

CCK-8 was employed to detect cell viability follow-
ing treatment with different H,O, formulations. Briefly,
RAW264.7 or NCM460 were seeded into sterile 96-well
plates at a density of 2x10* cells per well. After 12 h
of incubation, the medium was refreshed, and then
RAW264.7 was treated with various concentrations of
Ve or VLA nanoassemblies and a fixed concentration
of H,0, (600 mM). While NCM460 was treated with V.
or VcLA nanoassemblies (at a V- equivalent concentra-
tion of 50 uM) together with an increasing concentration
of H,0,. After incubating for 6 h, cell viability was mea-
sured using the CCK-8 assay.

Animal experiments

Animals were purchased from the Laboratory Animal
Center of Hangzhou Medical College (Hangzhou, China).
All animal studies complied with the National Laboratory
Animal Care and Use Institute guidelines. The animals
involved in the experiment were reviewed and approved
by the Ethics Committee of the First Affiliated Hospital,
School of Medicine, Zhejiang University.

Determination of in vivo anti-ROS ability

The in vivo anti-ROS efficacy of V-LA nanoassemblies
was evaluated using the commercial ROS probe L-012.
Six week-old C57BL/6 mice were administered water
containing 3% DSS for one week to induce colitis. Ini-
tially, L-012 was intraperitoneally injected at a dose
of 25 mg/kg for NIRF imaging, with the fluorescence
intensity serving as the baseline value. Then, mice were
treated with saline, Vi, or V-LA nanoassemblies (at a V¢
equivalent dose of 30 mg/kg) via intraperitoneal injection
(n=4-5). After 6 h of treatment, the same dose of L-012
was administered again for NIRF imaging, with fluores-
cence intensity serving as the post-treatment value.

Assessment of in vivo accumulation capacity of V.LA
nanoassemblies

The synthesis method for Cy5.5 conjugates (Cy5.5LA)
remained consistent with that of the previous study
[51]. Briefly, Cy5.5 amine (12.8 mg, 0.017 mmol) and LA
(5.8 mg, 0.020 mmol) were dissolved in 3 mL of DCM.
Furthermore, EDC (2.4 mg, 0.020 mmol) and DMAP
(3.2 mg, 0.020 mmol) were added to this solution. The
resulting mixture was stirred at 45°C for 3 h. Following
solvent removal, DCM was introduced and subjected to
sequential washes with 5% citric acid, a saturated sodium
bicarbonate solution, and brine. The organic layer was
dried over anhydrous sodium sulfate, filtered, and subse-
quently evaporated under vacuum. The resulting residue
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was purified using flash column chromatography on
silica gel, utilizing a mixture of DCM and methanol in a
ratio of 20:1, yielding Cy5.5LA.

For the preparation of Cy5.5-labeled VLA nanoas-
semblies, V-LA and Cy5.5LA were dissolved in 0.5 mL
of DMSO and slowly injected into 9.5 mL of DI water
to prepare a coassembled nanoparticle solution, achiev-
ing a final concentration of 1 mg/mL V. equivalence and
50 pg/mL Cy5.5 equivalence. The procedure for induc-
ing colitis followed the same protocol described above,
with a group receiving fresh water as a healthy control
(n=4). After colitis induction, mice were intraperitone-
ally administered 200 pL of Cy5.5-labeled VLA nano-
assemblies. After 6 h, mice were euthanized to collect
hearts, livers, spleens, lungs, kidneys, and colons for
NIRF imaging.

In vivo antioxidant activity in acute colitis

The modeling process of acute colitis followed the same
procedure described above, while another group was
given fresh water as a healthy control (n=>5). Notably,
mice were intraperitoneally injected with saline, V,
VcLA liposome, or V-LA nanoassemblies at a dose of
10 mg/kg (V¢ equivalent) every day for a total of seven
injections. The body weights of mice were recorded daily.
The feces of each mouse were collected for the DAI score
and fecal occult blood test via fecal occult blood test
paper on day 6. At the end of the experiment, mice were
euthanized, and their spleens were harvested for weigh-
ing. Additionally, colon lengths were measured after
washing off the feces.

In vivo antioxidant activity in chronic colitis

A chronic colitis mouse model was induced by adminis-
tering water containing 3.5% DSS intermittently, alternat-
ing with periods of fresh water. A healthy control group
received only fresh water (n=>5). Subsequently, mice were
treated with saline, BudLA nanoassemblies, VLA nano-
assemblies, or V-LA/Bud nanoassemblies at a dosage of
10 mg/kg V. equivalent and 0.2 mg/kg Bud equivalent
from day 15 to day 30 (n=5). Throughout the study, the
body weights and survival rates of mice were monitored.
Feces were collected for DAI assessment and fecal occult
blood testing as described above. After euthanasia, the
spleens and colons were harvested for weight or length
measurements.

Inflammatory microenvironment analysis

Cytokine assays and immune profiling were performed
using a chronic colitis model induced by administering
3.5% DSS in drinking water from days O to 5 and days
15 to 20, alternating with fresh water from days 5 to 15
and days 20 to 25. The healthy control group received
only fresh water throughout the experiment period.
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Starting on day 15, mice were treated once daily with
saline, BudLA nanoassemblies, VLA nanoassemblies, or
VLA/Bud nanoassemblies at doses equivalent to 10 mg/
kg of V. and 0.2 mg/kg of Bud. Samples were collected
on day 25 for further analysis.

Colons were excised and immersed in a cold Hank’s
Balanced Salt Solution (HBSS, devoid of Ca*" and Mg?").
After trimming their mesenteries, the colons were lon-
gitudinally opened, extensively washed with HBSS, and
then divided into small fragments. The dissected tissue
was subsequently placed in HBSS containing DTT (1
mM) and EDTA (5 mM) and incubated at 37 °C for 0.5 h
to remove the epithelial layer. After washing, the tissue
segments were incubated in HBSS containing 1.5% FBS,
collagenase III (200 U/mL), and DNase I (0.01 mg/mL)
for 1 h at 37 °C to facilitate digestion. Afterward, the tis-
sue was passed through a 70-pm filter to obtain single-
cell suspensions. These cells were then suspended in
Percoll, followed by centrifugation at 750 g for 20 min
at room temperature for Percoll gradient separation
to isolate intestinal lamina propria cells. Subsequently,
antibodies were used to stain lamina propria cells for
flow cytometry analysis as follows: anti-CD45 (BV510),
anti-CD11b (BUV395), anti-F4/80 (BV605), anti-CD86
(PE), anti-CD206 (APC), anti-CD3 (FITC), anti-CD4
(NUV675), anti-CD25 (BV421), and anti-FoxP3 (PE-
Cyanine5.5). To determine inflammatory cytokines, the
Mouse Inflammation Panel (Biolegend, USA) was applied
to measure the pathological changes of inflammatory fac-
tors in mice serum.

Microbiome analysis

Fecal samples were carefully collected from each mouse.
Fecal samples were properly packaged and sent to San-
gon Biotech (Shanghai) Co., Ltd. for microbiome analysis.
In short, genomic DNA extraction was performed using
an EZNA™ MagBind Soil DNA Kit (Omega, M5635-02,
USA), following the manufacturer’s instructions. The
resulting DNA was then used to construct 16 S rRNA
libraries for community analysis on the Illumina MiSeq
sequencing platform (Illumina MiSeq, USA). In particu-
lar, barcoded dual-index primers designed for the V3-V4
region of the 16 S rRNA gene were used for construct-
ing libraries. Following sequencing, the resulting short
Illumina reads were assembled using PEAR software
(version 0.9.8) based on overlap. The FASTQ files were
subsequently processed to produce separate FASTA and
QUAL files, which were then subjected to analysis using
standard methods. The valid tags were grouped into
operational taxonomic units (OTUs) with a similarity of
>97% using Usearch software (version 11.0.667). Chi-
meric sequences and singleton OTUs (those with only
one read) were eliminated. Subsequently, the remaining
sequences were assigned to each sample based on the
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OTUs. The most abundant tag sequences were chosen
as representative sequences within each cluster. Addi-
tionally, representative sequences of bacterial and fungal
OTUs were classified using the control RDP database and
the combined fungal ITS database, respectively.

Histological analysis of colon tissues

Histological analysis of colonic tissues was performed
using hematoxylin and eosin (H&E), Masson’s trichrome,
and periodic acid-Schiff (PAS) staining. Colons were
fixed in formalin and embedded in paraffin.

For H&E staining, tissue sections were stained with
hematoxylin for 5 min, followed by differentiation in
aqueous hydrochloric acid solution for 2 s. Then, the
slides were treated with aqueous ammonia solution for
15-30 s and rinsed in distilled water. Next, the sections
were dehydrated in 95% ethanol and stained with eosin
for 5-8 s. After mounting the sections with neutral gum,
images were acquired and analyzed using microscopy.

Masson’s trichrome staining was employed to visualize
collagen fibers in colon tissues. Briefly, paraffin-embed-
ded colon tissues were sectioned, dewaxed with xylene,
and rehydrated through a graded ethanol series. Sections
were stained with hematoxylin for 8 min, followed by
Biebrich scarlet—acid fuchsin staining for 10 min. After
been treated phosphotungstic/phosphomolybdic acid for
10 min, the sections were directly transferred into aniline
blue for 5 min. Following dehydration with a graded eth-
anol series and mounting with neutral gum, the stained
sections were observed under an optical microscope.

PAS staining was performed to detect mucopolysac-
charides and glycogen in colonic tissues. After dewaxing
and rehydration, sections were oxidized in 0.5% periodic
acid solution for 10 min, rinsed in distilled water, and
stained with Schift’s reagent for 10-15 min. The slides
were then washed in running water for 5 min, counter-
stained with hematoxylin for 1-2 min, and rinsed in dis-
tilled water. Finally, the sections were dehydrated through
a graded ethanol series, cleared in xylene, mounted with
neutral gum, and imaged using an optical microscope.

Immunofluorescence imaging
Immunofluorescence imaging was performed to visualize
specific protein expression in colonic tissues. Paraffin-
embedded tissue sections were deparaffinized in xylene
and rehydrated through a graded ethanol series. Antigen
retrieval was carried out by incubating sections in citrate
buffer (pH 6.0) at 95 °C for 15 min, followed by gradual
cooling to room temperature. After three washes with
phosphate-buffered saline (PBS), sections were blocked
with 5% bovine serum albumin (BSA) for 1 h at room
temperature to prevent non-specific binding.

Primary antibodies specific to the target proteins were
diluted in PBS containing 1% BSA and incubated with
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the sections overnight at 4°C in a humidified chamber.
After washing three times with PBS, sections were incu-
bated with fluorophore-conjugated secondary antibodies
at room temperature for 1 hour in the dark. To visualize
nuclei, sections were counterstained with 4,6-diamidino-
2-phenylindole (DAPI) for 5 min.

After final PBS washes, sections were mounted with
antifade fluorescence mounting medium and sealed with
coverslips. Fluorescence images were acquired using
a confocal laser scanning microscope, with excitation
and emission wavelengths set according to the fluoro-
phores used. Image analysis was conducted using Image]
software.

Safety study in mice

The safety of V-LA/Bud nanoassemblies in healthy ICR
mice was investigated. Mice were given daily intraperito-
neal injections of saline, V- + Bud (a mixture of V. and
Bud solution), or V-LA/Bud nanoassemblies at a dosage
of 20 mg/kg V. equivalent and 0.2 mg/kg Bud equivalent
from day O to day 6. Body weight was measured every
other day. On day 12, mice were euthanized, and organs
were weighed. Additionally, blood samples were collected
from mice for a complete blood count and blood bio-
chemistry tests.

Statistical analysis

Statistical analyses were conducted with Prism soft-
ware version 10.0 (GraphPad). Data were expressed as
mean + standard deviation (s.d.). The unpaired Student’s
t-test was used to assess statistical significance. Fur-
thermore, survival studies were analyzed using Kaplan—
Meier plots.
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