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Abstract 

Ulcerative colitis (UC) is a challenging inflammatory gastrointestinal disorder, whose therapies encounter limitations 
in overcoming insufficient colonic retention and rapid systemic clearance. In this study, we report an innovative poly-
meric prodrug nanoformulation for targeted UC treatment through sustained 5-aminosalicylic acid (5-ASA) delivery. 
Amphiphilic polymer-based 13.5 nm micelles were engineered to incorporate azo-linked 5-ASA prodrug motifs, ena-
bling cleavage via colonic azoreductases. In vitro, micelles exhibited excellent stability under gastric/intestinal condi-
tions while demonstrating controlled 5-ASA release over 24 h in colonic fluids. Orally administered micelles revealed 
prolonged 24-h retention and a high accumulation within inflamed murine colonic tissue. At an approximately 
60% dose reduction from those most advanced recent studies, the platform halted DSS colitis progression and out-
performed standard 5-ASA therapy through a 77–97% suppression of inflammatory markers. Histological analysis 
confirmed intact colon morphology and restored barrier protein expression. This integrated prodrug nanoformulation 
addresses limitations in colon-targeted UC therapy through localized bioactivation and tailored pharmacokinetics, 
suggesting the potential of nanotechnology-guided precision delivery to transform disease management.
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Introduction
Oral drug administration, one of the most common 
routes for therapeutic delivery, is widely favored for its 
convenience, non-invasiveness, and patient compliance 
[1]. However, the oral route also presents several chal-
lenges that can impede the effectiveness of treatment 
[2]. The primary concerns is the variable bioavailability 
of drugs, influenced by factors such as gastrointestinal 
pH, enzymatic degradation. Furthermore, the first-pass 
metabolism in the liver can significantly alter the concen-
tration of the drug located at the desired position, which 
lead to a higher dose to achieve the desired therapeutic 
effect, and in turn increase the risk of side effects [3]. 
Thus, taking full advantage of these characters is crucial 
in designing effective oral drug delivery systems, particu-
larly when addressing chronic and localized conditions.

The advent of nanotechnology in drug delivery has rev-
olutionized the field of oral medications [4]. Nanomedi-
cines offer numerous advantages, including enhanced 
solubility, stability, and the potential for targeted delivery 
to specific sites within the body. However, despite these 
advancements, oral nanomedicines have their own set of 
challenges, such as premature release and robust release 
at target site [5]. Oral prodrug is another method also 
used to enhance the bioavailability and efficacy of active 
pharmaceutical ingredients [6]. Prodrugs are chemically 
modified, inactive derivatives of active drugs, designed 
to undergo transformation within the body to release 
the active drug. This strategy often addresses the limita-
tions of direct drug delivery by improving solubility and 
stability. However, a major concern is ensuring that the 
conversion to the active drug occurs precisely at the tar-
geted site [7]. In conditions where specific localization is 
required, achieving site-specific activation of prodrugs 
can be particularly challenging. Furthermore, the many 
enzymes in the gastrointestinal environment can acti-
vate the prodrug with robust kinetics, thus reducing the 
therapeutic efficiency. Thus, while oral prodrugs offer a 
promising avenue for improved drug delivery, address-
ing their inherent challenges is crucial for developing 
effective treatments, particularly for targeted therapy in 
diseases.

Ulcerative colitis (UC) is a chronic inflammatory 
bowel disease whose treatments primarily rely on oral-
based small-molecule anti-inflammatory drugs, such 
as 5-aminosalicylic acid (5-ASA), aiming to induce 
and maintain remission and manage symptoms during 
flare-ups [8–12]. However, as an oral drug, its effective-
ness for UC is often hampered by the challenges men-
tioned above [13–15]. Moreover, many patients with 
UC experience periods of increased intestinal motility 
and promoted emptying, which can further complicate 

the retention and effectiveness of orally administered 
therapies [16–18]. Thus, strategies to overcome reten-
tion and specificity would great benefit the therapeutic 
of UC.

Nanoparticles combining prodrugs have been used 
for 5-ASA oral delivery to treat UC [19–25]. These 
systems, designed to extend the drug’s presence in 
the colon, often involve surface modifications such 
as imparting a negative charge to target inflamed 
colonic mucosa selectively [26–28]. However, rapid 
drug release and subsequent clearance from the colon 
remain significant limitations of these systems, even 
with those who were linked through covalent bonds 
[29–31]. As a result, drugs get cleared before they have 
a chance to exert their therapeutic effect. Zero-order, 
sustained release allows constant therapeutic levels to 
be maintained, overwhelming drug-delivery systems 
with robust releasing [32–37]. Hence, the desired drug 
delivery nanoparticle designs should be equipped with 
not only targeted retention, but also extended slow-
release profile.

Our laboratory has developed a series of polymers 
for different applications [38–45]. Very interestingly, 
we found that the molecules trapped inside the hyper-
branched structure of polymer can alternate its reac-
tion kinetic towards the outside environment [46]. 
Thus, in this study our investigative efforts focused on 
the development of a polymeric prodrug nanoformula-
tion, characterized by its structural simplicity, which 
affords targeted and sustained release of therapeutic 
agents within the colon (Fig. 1a). This nanoformulation 
prodrug design involves an amphiphilic polymer-based 
micellar architecture, yielding a delivery vehicle of nano-
sized micelles to avoid premature drug absorption. The 
surface charge of these micelles has been engineered 
to possess a negative charge, thereby enhancing affin-
ity for the positively charged inflamed colonic tissue of 
UC and ensuring preferential localization [47]. 5-ASA is 
conjugated via an azo linkage, which is specifically cleav-
able within the colonic environment by azoreductase 
enzymes [48–51]. The polymer’s side chains strategically 
hinder the prodrug, moderating its release and enabling 
a controlled, extended drug release profile. This design 
effectively tempers the rapid cleavage of azo-linked 
molecules, allowing for an extended drug release time-
line that surpasses previous research in both retention 
and drug release duration. Such a desired drug delivery 
behavior led to a decrease of 5-ASA dosage dramatically 
but with a commendable therapeutic effect, offering 
a novel drug delivery system that promises to improve 
patient outcomes by addressing the limitations of con-
ventional treatments.



Page 3 of 17Tang et al. Journal of Nanobiotechnology          (2024) 22:468  

Fig. 1 a Proposed mechanism of P3 to treat UC. b Temporal dependence of UV–Vis absorption profile for P3 (0.5 mg mL
−1 ) in PBS at 25◦ C. c 

Statistical distributions of the size for micelles formed by P3 (0.5 mg mL
−1 ) determined by DLS in PBS at 25◦ C. d TEM image of micelles formed by P3 

in PBS. e Temporal dependence of size for P3 (0.5 mg mL^-1) in PBS at 25◦ C. f Plots of the emission intensity ( �Ex = 494 nm, �Em = 512 nm), recorded 
at 25◦ C after combining MeOH solutions of BODIPY and P3, distilling the solvent off under reduced pressure, and dispersing the residue in PBS 
(1 mL), against the polymer concentration. g Zeta-Potential of P2 and P3 (0.5 mg mL

−1 ) in PBS at 25◦C.
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Results and discussion
Synthesis and characterization
The synthesis of the 5-ASA polymeric prodrug (P3) 
involved the incorporation of three essential compo-
nents: a hydrophobic poly(methacrylate) backbone, 
hydrophilic side chain, and azo-linked 5-ASA prod-
rug units. This was achieved through a three-step pro-
cedure, as described in Scheme S1. In the first step, a 
radical copolymerization reaction was carried out using 
polyethylene glycol methacrylate (PEGMA, Mn = 950 g 
mol−1 ) and N-Boc-protected N-(2-aminoethyl)meth-
acrylamide as monomers, with azobisisobutyronitrile 
(AIBN) serving as the initiator. The reaction took place 
in tetrahydrofuran at 75◦C for 2 days. The integration 
of the proton signals from the PEG side chain’s terminal 
methyl group (-OCH3 , 3.4 ppm) and the Boc protecting 
group (1.5 ppm) in the 1 H NMR spectrum (Figure S14) 
allowed for an estimation of the mole ratio of the two 
monomers, which was found to be 1:3. The spectrum also 
indicated the complete elimination of the monomers, as 
the olefin signals between 5–6 ppm disappeared entirely. 
Subsequently, the Boc-protecting groups were cleaved 
using HCl (4 M in dioxane), resulting in the formation of 
a cationic copolymer P2. Finally, the azo-linked 5-ASA 
prodrug unit was conjugated to the polymer backbone 
by reacting the primary amines with compound 3 at a 1:2 
molar ratio, employing NaBH3 CN as a reducing agent. 
The absence of peaks around 10.1 ppm in the NMR spec-
trum of P3 (Figure S17), indicating the proton signal from 
an aldehyde group, demonstrates the covalent linkage of 
the prodrug unit to the polymer. GPC data (Figure S18) 
showed a monodispersed molecular weight distribution 
of P1, P2 and P3, with their Mw calculated as 22.5, 17.1 
and 18.8 kDa, respectively.

The UV–vis absorption measurements demonstrated 
the presence of an absorption peak at 370 nm in P3, 
which was identical to the peak observed in compound 
3 (Fig. 1b and S1b). By utilizing UV absorption measure-
ments and the molar extinction coefficient of compound 
3 (22,800 M−1 cm−1 , calculated from Figure S1c), it was 
determined that the loading of 5-ASA in the polymer was 
11.5 wt%. The consistent absorption profile of P3 over a 
period of 72  h provided evidence of the stability of the 
azo bond under physiological conditions. P3 effectively 
self-assembled into micelles with an average diameter of 
approximately 13.5 nm, with a PDI of 0.43, as depicted 
in Fig.  1c, displaying a nearly uniform size distribution. 
The size of the micelles was further validated by TEM 
image (Fig. 1d). These micelles exhibited exceptional sta-
bility, with no significant change in size observed over 
a 72-hour storage period at room temperature in PBS 
(Fig.  1e). It is crucial to note that the large size of the 
micelles, in comparison to the small molecule 5-ASA 

(which is rapidly cleared), is expected to ensure pro-
longed retention in the inflamed colon. As demonstrated 
in Fig.  1f, the critical micelle concentration (CMC) was 
determined to be 0.59 µ M, preventing micelle disas-
sembly upon dilution in biological fluids. The inclusion 
of anionic azo prodrug units within the micelles altered 
the zeta potential from +19 mV for the precursor P2 to 
−24.2 mV for P3 (Fig. 1g). This negative surface charge is 
anticipated to minimize adhesion in the healthy colon, 
where the mucus layer also carries a negative charge. 
Conversely, the negative charge facilitates adhesion to 
the positively charged inflamed colonic epithelium [52]. 
These favorable physicochemical properties of the 5-ASA 
polymeric prodrug offer promising prospects for targeted 
and sustained delivery of 5-ASA for colitis therapy.

In vitro drug release
The release profile of 5-ASA from a model azo prodrug 
was first investigated in  vitro using compound 3. Com-
pound 3 contains an azo linker attaching a 4-aminoben-
zaldehyde group to 5-ASA, providing a representative 
small molecule mimic of the polymeric azo prodrug. 
Analysis of compound 3 by HPLC revealed a peak at 
a retention time of 4.2  min under the elution condi-
tion (Fig.  2a). To simulate colonic azoreductase activity, 
compound 3 (100 µ M) was incubated with the reducing 
agent sodium dithionite (SDT) in double distilled water 
[53–55]. At an SDT concentration of 2.5 mM, the peak at 
4.2 min disappeared within 30 min of incubation at room 
temperature (Fig.  2a). Concurrent formation of a new 
peak at 1.1 min was observed, corresponding to 5-ASA 
based on comparison with the 5-ASA standard, released 
after the reduction of the azo bond.

Similar release behavior was observed for polymeric 
prodrug P3. The original absorption peak at 370 nm 
decreased upon treatment with different equivalents of 
SDT in double distilled water for 0.5 h (Fig.  2b). Direct 
MS analysis of the reaction mixture showed the appear-
ance of a peak at m/z 152.1 after 0.5 h, confirming 5-ASA 
release (Fig. S2). In simulated gastric fluid (SGF) and sim-
ulated intestinal fluid (SIF), P3 micelles remained intact, 
and no 5-ASA was detected over 3 h by MS (Fig. S2). DLS 
measurements were consistent with the spectrophoto-
metric and MS data. The mean diameter of P3 micelles 
remained around 12 nm after incubation in SGF, while 10 
nm in SIF, for 24 h each. In contrast, a rapid decrease in 
size to 5 nm was observed within the first 4 h incubation 
in SIF containing 25 eq SDT.

After the confirmation of the 5-ASA release mecha-
nism, the in vitro release kinetics from polymeric prod-
rug P3 versus small molecule sulfasalazine (SSZ), a 
commercially available azo-based prodrug of 5-ASA, 
were investigated by HPLC. P3 and SSZ were firstly 
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incubated in gastric contents for 4 h and small intestinal 
contents for 12  h, representing typical maximum tran-
sit times in mice, [56–59] before injected into the size 
exclusive column. HPLC analysis of P3 conducted under 
gastric contents and small intestinal contents did not 
reveal any detectable presence of 5-ASA, as exemplified 
in Figures  S3a and 2d, indicating the excellent stability 
of P3 in these environments. In contrast, SSZ exhibited 
no 5-ASA release in gastric contents (Figure  S3b) while 
a partial release under intestinal conditions, with a small 
peak emerging at the retention time of standard 5-ASA 
indicating approximately 25% release in 12  h (Figs.  2g 
and S4a). This release behavior in the small intestine 
decreases its potential therapeutic effect.

The transformation occurred when P3 was exposed to 
the colon contents, where the presence of azoreductase 
activity triggered the selective release of 5-ASA. HPLC 
quantification of the released 5-ASA over a 24-hour incu-
bation period, representing typical transit time, [60–62] 
unveiled a controlled and sustained release profile, with 
approximately 60.0% of the loaded 5-ASA being liberated 
at a sustained rate(Figs. 2e and f ). In stark contrast, SSZ 
exhibited a significantly different release profile. Within 
the colon, SSZ released the majority of its 5-ASA payload 
(82.9%) within a mere 2-hour period and minimal further 
release beyond 2 h (Figs. 2h, i and S4b), as opposed to the 
controlled and sustained release observed with P3. Such a 
robust release profile may not guarantee the maintenance 

Fig. 2 a HPLC chromatograms of model compound 3 (0.1 mM) after reaction with SDT (2.5 mM) for 0.5 h. C18 chromatography performed using 
10–100% acetonitrile: water gradient mobile phase. b UV–vis absorption spectra of P3 (0.05 mg mL

−1 ) treated with varying SDT equivalents. c Size 
distribution by DLS for P3 micelles after incubation in SGF, SIF, or SIF with SDT. Results are the average of 3 measurements. HPLC chromatograms 
of P3 after incubation in d SI contents and e colon contents. SI contents and colon contents were collected from healthy mice. P3 (3 mg mL

−1 ) 
were incubated with SI contents for 2, 8 and 12 h, or with colon contents for 2, 4, 8, 12 and 24 h, followed by ultrafiltration to remove polymers 
and proteins. Size exclusion chromatography was performed using 150 mM PBS as mobile phase. f Accumulated release of 5-ASA over time from P3 
in gastric, small intestinal and colonic conditions. The blue area stands for the 5-ASA released after 2 h. Equivalent data for SSZ highlighting release 
in g SI, h colonic contents, and i accumulative release of 5-ASA over time from SSZ in gastric, small intestinal and colonic conditions. Size exclusion 
HPLC used MeOH: PBS (1:1, v: v). Control samples include 5-ASA standard (1 mM), SI contents only, colon contents only, and SSZ standard (1 mM).
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of effective 5-ASA concentrations afterward, potentially 
resulting in a diminished therapeutic effect. The area 
under the curve for 5-ASA concentration over time after 
2 h was 6.5-fold higher for P3 compared to SSZ, indicat-
ing substantially enhanced long-term drug exposure. P3’s 
sustained release kinetics closely simulate the colonic 
environment, confirming specificity of sustained 5-ASA 
release in response to azoreductase. Compared to SSZ’s 
initial burst release, P3’s sustained release profile ena-
bles maintenance of therapeutic 5-ASA concentrations 
in inflamed colonic tissue for a prolonged duration. Such 
data prove that our novel drug delivery system presents 
a promising approach to controlled delivery to optimize 
ulcerative colitis therapy, addressing the limitations asso-
ciated with conventional treatments with small mole-
cules, like SSZ.

Retention in colon
Prior to the in  vivo test, the toxicity of P2 and P3 was 
first evaluated in vitro using Caco-2 cells and RAW 264.7 
macrophages (Figure S5). Cells were incubated with vary-
ing concentrations of polymers P2 and P3 for 24 h before 
assessing cell viability using the CCK-8 assay. Both pol-
ymers exhibited minimal toxicity in either cell line up 
to the maximum tested concentration of 5  mg mL−1 . It 
demonstrates that the polymers exhibit excellent bio-
compatibility and negligible cytotoxicity in colon-rele-
vant cell types at concentrations well above the intended 
therapeutic range.

To further validate the electrostatic targeting capa-
bilities of the polymeric prodrug nanoparticles, in  vitro 
adhesion studies were performed using surfaces coated 
with mucin, a major component of colonic mucus. 
Freshly cleaved mica sheets were coated with a 1  mg 
mL−1 mucin solution to create an anionic surface mim-
icking healthy colonic mucosa, then incubated with 
TRITC-labeled P3 (TP3, absorption and emission spec-
tra presented in Figure  S6) nanoparticles (1  mg mL−1 ). 
Fluorescence microscopy revealed minimal nanopar-
ticle adhesion, with sparse coverage on the mucin layer 

(Fig.  3b). This aligns with the goal of avoiding reten-
tion in unaffected colon. In contrast, when the mucin 
coatings were treated with the cationic polyetherimide 
(1  mgmL−1 ) to generate a net positive surface charge, 
TP3 nanoparticles exhibited an dramatic increase in 
adhesion density. As similar charge reversal is observed 
in UC lesions compared to healthy mucosa, this design 
could ensure an enhanced adherence to the inflammation 
part [52]. Taken together, these results confirm that the 
anionic polymeric prodrug nanoparticles can selectively 
bind to and be retained by positively charged inflamed 
colonic tissue versus the negatively charged healthy 
mucosa.

In vivo evaluation of P3 and a small molecule dye, 
Nile Blue (NB), was performed to assess their respec-
tive retention profiles in healthy and DSS-induced coli-
tic mice using comprehensive whole-body fluorescence 
imaging (as depicted in Fig. 3c). Due to the fluorescent 
quenching effect of azo compound towards most fluo-
rophores, TP3 is not suitable for whole body imaging 
in this case [63]. Thus we applied a NIR BODIPY (NBP, 
structure and spectra shown in Figure S1 and S7) to be 
encapsulated in P3 micelle for tracking [64]. The inves-
tigation commenced immediately following oral gavage 
and entailed tracking at time points of 0.5, 3, 6, 12 and 
24 h post-administration. At 0.5 h, both P3 encapsulat-
ing NBP (NBP@P3) and NB exhibited pronounced sig-
nals within the upper bally region, indicative of their 
initial gastric retention. By the 3-hour mark, NB fluo-
rescence in DSS-induced colitic mice exhibited a rapid 
decline, primarily attributed to its swift evacuation from 
the gastrointestinal tract, while in healthy mice, resid-
ual signals had a moderate decrease. As the evaluation 
continued, the 6-hour time point revealed a remarkable 
reduction of NB fluorescence by approximately 77% in 
healthy mice, attributable to processes involving absorp-
tion and subsequent systemic clearance. In contrast, 
within the DSS-induced colitic mice, NB fluorescence 
became nearly undetectable, aligning with the notable 
lack of retention.

Fig. 3 a Proposed mechanism of inflamed colon-targeted delivery for P3. The negative surface charge minimizes mucoadhesion in healthy 
colon. Electrostatic adhesion to positively charged inflamed colonic tissue enables site-specific retention. Sustained colonic release improves local 
efficacy. b Evaluation of polymeric prodrug nanoparticle adhesion to surfaces with defined charge. Fluorescence microscopy images showing 
minimal adhesion of TP3 nanoparticles on mucin protein coatings while increased TP3 adhesion when mucin coatings are treated with the cationic 
polymer polyetherimide to provide a positively charged surface. Scale bar: 200 µ m. c Whole body fluorescence images at 0.5, 3, 6, 12, and 24 h 
after oral gavage in healthy and DSS colitic mice, with background signal subtracted. NBP@P3 exhibits prolonged retention up to 24 h in DSS mice 
compared to rapid clearance of NB. d, e Quantitative analysis of fluorescence intensity in the belly region from whole-body images in Figure 3c. f NB 
biodistribution at 3 h shows fluorescence appeared in the livers and low levels in other organs. g Biodistribution of NBP@P3 fluorescence intensity 
in excised organs at 3 h. No fluorescence is detected in the heart, liver, spleen, lung, or kidneys. h NBP@P3 fluorescent image in the isolated colonic 
region of healthy versus DSS colitic mice over 24 h. i Quantitative analysis of fluorescence intensity in the excisional colonic region of healthy 
versus DSS colitic mice after treating with NBP@P3 for 24 h

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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In sharp contrast to the behavior of NB, NBP@P3 
demonstrated a strikingly different retention profile 
(Fig.  3c–e). At the 6-hour interval, NBP@P3 exhibited 
intense fluorescence specifically within the lower belly 
region of DSS-induced colitic mice. This observation 
underscores the exceptional ability of the polymeric 
prodrug to achieve prolonged retention and targeted 
delivery to inflamed colonic tissue. Subsequent meas-
urements at the 12-hour time point unveiled a distinc-
tive outcome: NB fluorescence remained undetectable 
in both healthy and DSS-induced colitic mice, signifying 
complete clearance from the system. In contrast, NBP@
P3 fluorescence, while exhibiting a reduction compared 
to the 6-hour signals, remained readily detectable within 
the colons of both groups. Ultimately, at the 24-hour time 
point, NBP@P3 fluorescence persisted at detectable lev-
els in DSS-induced colitic mice, further reinforcing its 
capacity for prolonged retention and targeted delivery to 
inflamed colonic tissue. In contrast, within the healthy 
mice, NBP@P3 exhibited a comparable reduction in 
fluorescence levels, highlighting the similarities in their 
clearance rates under different physiological conditions. 
Considering the quicker clearance rates in colitic mice, 
P3 demonstrated a distinct advantage in terms of reten-
tion [65].

Fluorescence imaging of excised organs unveiled dis-
tinct biodistribution patterns, providing further insights 
into the exceptional performance of NBP@P3 in tar-
geted colitis therapy. In contrast to NB-treated mice, 
where fluorescence signals primarily localized in the liv-
ers at the 3-hour mark (Fig.  3f ), NBP@P3 exhibited an 
entirely different distribution profile. Notably, NBP@
P3 displayed negligible fluorescence in critical organs 
such as the heart, liver, spleen, and kidneys (Fig. 3g). The 
nanoparticle formulation NBP@P3 exhibited remarkable 
retention and colon-targeting capabilities, evidenced by 
significantly higher fluorescence intensities observed in 
the colons of DSS-induced colitic mice compared to their 
healthy counterparts at the 24-hour time point (Fig.  3h 
and 3i). This preferential accumulation can be attributed 
to the electrostatic interactions facilitated by the anionic 
surface charge of NBP@P3. Notably, the accelerated gas-
trointestinal transit and emptying typically observed in 
UC mice would be expected to reduce the retention time 
of orally administered agents. However, the enhanced 
retention of NBP@P3 in the DSS-induced colitic mice 
suggests a prolonged localization within the inflamed 
colonic tissue. Such enhanced retention is attributed to 
the electrostatic interactions arising from NBP@P3’s 
negative surface charge, facilitating its specific adhesion 
to the positively charged colonic mucosa in the context 
of colitis.

Therapeutic efficacy
The therapeutic efficacy of P3 was evaluated in vivo using 
a DSS-induced mouse model of colitis, [66] along with 
controls including precursor polymer P2 and a physical 
mixture of P2 + free 5-ASA. Mice were provided 2.5% 
DSS in drinking water for 7 days to induce colonic inflam-
mation (Fig. 4a). They were then treated by daily oral gav-
age for 7 days with either PBS, 5-ASA (30 mg kg−1 ), P2 
(270 mg kg−1 ), P2 + 5-ASA (270 mg kg−1 + 30 mg kg−1 ), 
or an equivalent 5-ASA dose of P3 (300 mg kg−1 , equiva-
lent to 30 mg kg−1 5-ASA). During the 7-day treatment 
period, P3-treated mice halted weight loss and began 
gaining starting on day 9 (the second day post-treat-
ment), while other groups continued declining until day 
11 (Fig.  4b). After the 7-day treatment, P3-treated mice 
weighed only 8.34% less than healthy controls with no 
significant difference (Fig.  4c). In contrast, PBS, 5-ASA, 
P2, and P2+5-ASA groups lost 21.06% (P < 0.0001), 
17.09% (P < 0.0001), 22.63% (P < 0.0001), and 17.43% (P 
< 0.0001) of the body weight respectively compared to 
controls. These data demonstrate P3’s excellent efficacy 
in ameliorating DSS-induced weight loss. The polymer 
backbone P2 alone showed no therapeutic effect, con-
firming that efficacy arises from targeted 5-ASA delivery 
rather than the carrier polymer.

A similar trend was seen in changes of the Disease Activ-
ity Index (DAI), an integration of weight loss, stool con-
sistency, and fecal blood [67, 68]. In PBS and P2 groups, 
DAI peaked at 10±1.7 and 10±1 on days 8–9 before recov-
ering slightly (Fig.  4d). However, DAI remained elevated 
at 5.67±0.94 and 5.87±1.36 on day 14 (both p < 0.0001 
vs. control) (Fig.  4e). 5-ASA and P2+5-ASA groups fol-
lowed similar trends, peaking at day 8-9 and dropping to 
4.88±1.05 and 5.13±1.05 by day 14 (p < 0.0001 vs. control). 
In contrast, the DAI of the P3 treatment group began to 
decline on day 9 of the experiment, showing an earlier 
recovery, and dropped to 2.25±1.09 on the fourteenth day 
of the experiment, which was significantly lower than that 
of the other groups (p < 0.01). By integrating multiple met-
rics of disease progression, the DAI results further confirm 
the enhanced therapeutic efficacy of P3.

In addition to reduced weight loss, P3 treatment mark-
edly attenuated DSS-induced colonic shortening, a 
marker of inflammation and tissue damage (Fig.  4f and 
g) [69]. On day 14, the average colon length of PBS and 
P2-treated mice were 6.23 cm and 6.38 cm respectively, 
compared to 7.87 cm for healthy controls. 5-ASA and 
P2+5-ASA partially preserved colon length to 6.43 cm 
and 6.54 cm respectively (P < 0.0001 vs. control), while 
P3-treatment resulted in a length of 7.35 cm (P < 0.05 
vs. control), very close to healthy mice. The spleen/body 
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weight ratio was also calculated as a metric of systemic 
inflammation. In healthy mice, the average spleen/body 
weight ratio was 27.04 (Fig.  4h). This was significantly 
increased to 83.27 in PBS-treated colitic mice, indica-
tive of splenomegaly. Treatment with standard 5-ASA 

moderately reduced this ratio to 53.35, while the poly-
meric prodrug P3 decreased it back to 40.65, similar 
to that of healthy mice. Mice receiving the precursor 
polymer P2 alone without 5-ASA conjugation exhib-
ited a ratio of 76.73, no different than PBS controls. The 

Fig. 4 Therapeutic efficacy of P3 compared to controls against DSS-colitis in mice. a Schematic of the experimental design. Mice were randomized 
into 6 groups (Control: PBS+normal water, PBS+DSS water, 5-ASA+DSS water, P2+DSS water, P2+5-ASA+ DSS water, P3+DSS water). Colitis 
was induced with 2.5% DSS drinking water for 7 days followed by 7-day treatment with oral gavage of PBS, 5-ASA, P2, P2+5-ASA, or equivalent 
5-ASA dose of P3. b Body weight changes from day 1 to day 14 and c the statistical chart of weight change on day 14. d DAI changes from day 
0 to day 14 and e the statistical chart of the disease index on day 14. f Schematic diagram of colonic tissue in each group and g the statistical 
chart Colon length on the day 14. h Spleen/Body weight ratio. i IL-1β , j IL-6 and k TNF-α in serum. All data represent mean ± SEM, n = 3 mice 
per group. Statistical significance was determined by Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to healthy control 
or as indicated
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combination of P2+5-ASA resulted in an intermediate 
ratio of 57.38, comparable to 5-ASA-treated mice but 
higher than P3-treated ones.

Similarly, serum levels of pro-inflammatory cytokines 
IL-1β , IL-6, and TNF-α were massively overexpressed in 
PBS-treated colitic mice compared to healthy controls 
(Fig. 4i–k) [70, 71]. 5-ASA partially reduced their levels 
by 64%, 40%, and 51% respectively, relative to PBS-treated 
mice. However, P3 decreased IL-1β by 97%, IL-6 by 77%, 
and TNF-α by 89% back to basal levels, a far greater sup-
pression compared to 5-ASA. It is important to note that 
the levels of IL-1β , IL-6, and TNF-α in P3 treated mice 
showed no significant difference compared to the healthy 
mice. Mice receiving P2 alone showed moderate cytokine 
changes compared to PBS. The combination P2+5-ASA 
treatment lowered cytokines to a degree similar to 5-ASA 
alone but was significantly higher than P3-treated mice.

These results suggest that the conjugation of 5-ASA to 
the polymeric carrier P3 as an azoreductase-activated 
prodrug resulted in the greatest suppression of systemic 
and intestinal inflammatory markers as well as superior 
therapeutic efficacy in DSS-induced colitis. The poly-
mer alone did not confer bioactivity, and the physical 

combination with 5-ASA had no enhancement com-
pared to 5-ASA alone, highlighting the unique benefits of 
the prodrug nanoformulation. It is noteworthy to men-
tion that this platform utilized a notably reduced dosage 
of 5-ASA at 30 mg kg−1 , 60% lower than the dosages in 
recent research cases, yet achieved commendable thera-
peutic effects. These results demonstrate the potential of 
this polymeric prodrug approach to improve colitis treat-
ment through targeted and sustained 5-ASA delivery to 
the inflamed colonic mucosa.

Histological analysis
H&E staining was performed on colon sections to assess 
tissue morphology and inflammation (Fig.  5 and S8-
S10). Healthy control mice displayed intact colonic epi-
thelium with abundant goblet cells and no immune cell 
infiltration. Mice receiving only DSS showed extensive 
disruption of epithelial architecture, massive loss of gob-
let cells, submucosal edema, and massive infiltration of 
immune cells including neutrophils and macrophages. 
Mice treated with just the precursor polymer P2 after 
DSS induction showed similar histological features as the 
DSS alone group, indicating the polymer carrier itself did 

Fig. 5 Representative micrographs and quantitative analysis a H&E, b Occludin, c Claudin-1 and d ZO-1 stained colon sections from mice 
in the various treatment groups. After the 7-day treatment period, colon samples were harvested, fixed in 42% paraformaldehyde, and embedded 
in paraffin. Sections were cut to 4 µ m thickness and stained. Images were acquired on an upright microscope for H&E staining and rest using 
a confocal microscope. P3-treated mice showed preserved colonic morphology similar to healthy controls, while other DSS groups exhibited 
damage that was partially ameliorated by 5-ASA treatment. Scale bar: 300 µm
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not confer bioactivity. DSS mice receiving 5-ASA therapy 
displayed moderate improvement in tissue integrity com-
pared to DSS controls, with some residual goblet cell loss 
and immune cell infiltration. The combination therapy of 
P2+5-ASA resulted in an intermediate degree of struc-
tural damage and inflammation. In contrast, mice treated 
with P3 showed remarkably intact colonic morphology 
comparable to healthy controls, with an intact epithelial 
barrier, abundant goblet cells, and minimal immune cell 
infiltration. P3 therapy effectively preserved the colonic 
epithelial architecture and suppressed inflammation, 
highlighting its significant therapeutic efficacy compared 
to standard 5-ASA treatment.

To further evaluate the efficacy of polymeric prodrug 
P3 at a molecular level, immunofluorescence staining 
was performed to visualize the expression and localiza-
tion of key tight junction proteins that maintain colonic 
epithelial barrier integrity (Figs.  5b–d, S7-S9). These 
included ZO-1, Occludin, and Claudin-1 in colon sec-
tions from healthy mice or DSS-colitic mice treated with 
various regimens described previously. Confocal micros-
copy revealed intense staining and continuous membrane 
localization of all three proteins in a healthy control 
colon. In contrast, mice with untreated colitis showed 
severely disrupted staining and gaps between epithelial 
cells, indicating loss of barrier function. Notably, mice 
receiving P3 therapy displayed a remarkable restoration 
of tight junction protein expression, organization, and 
localization profiles matching healthy control. In con-
trast, only partial recovery was observed after treatment 
with standard 5-ASA or P2+5-ASA combination, while 
precursor polymer P2 alone showed no improvement 
versus untreated colitic mice. Taken together with the 
H&E analysis, these results confirm that sustained tar-
geted delivery of 5-ASA mediated by the polymeric prod-
rug nanoformulation effectively preserves colonic barrier 
integrity on histological and molecular levels in this UC 
model. The ability to restore tight junction protein func-
tion highlights its potential to improve clinical outcomes.

Biocompatibility
To evaluate the potential toxicity of the lead polymeric 
prodrug P3, major organs including the heart, liver, 
spleen, lungs, and kidney were harvested from colitic 
mice treated with P3 and compared to controls (Fig-
ure S11). Microscopic examination of H &E stained tissue 
sections showed no observable differences in morphology 
or presence of pathologic signs between P3-treated and 
control mice in any of the analyzed organs. Heart sec-
tions displayed normal cardiomyocyte architecture with 
no inflammatory cell infiltration. Hepatocytes, spleno-
cytes, pulmonary alveoli, renal tubules, and all appeared 
intact without necrosis or apoptosis. Collectively, these 

results demonstrate that systemic administration of poly-
meric prodrug P3 does not induce toxicity or physiologic 
changes in major organs. The favorable safety profile and 
biocompatibility of P3 support its potential translation 
for colitis therapy.

Methods
Chemicals were purchased from commercial sources 
and used as received. H2 O (18.2 M �-cm) was purified 
with a Barnstead International NANOpure DIamond 
Analytical system. NMR spectra were recorded with a 
Zhongke Niujin QUANTUM-I-400MHz. GPC was per-
formed with a Phenomenex Phenogel 5-µ m MXM col-
umn (7.8 × 300 mm) operated with a Malvern TDA-305 
system in THF at a flow rate of 0.7 mL min−1 . Mono-
disperse polystyrene standards (5,000 - 123,000) were 
employed to determine the Mn of the polymers from the 
GPC traces. Transmission electron microscopy (TEM) 
was characterized with FEI Talos F200S. DLS measure-
ments were performed with a Malvern Zetasizer Nano 
ZS ZEN3600 apparatus. Absorption and emission spec-
tra were recorded with a ThermoFisher Varioskan LUX. 
High-performance liquid chromatography (HPLC) was 
performed with an Agilent Poroshell 300SB-C18 column 
(2.1 ×75 mm) or Agilent AdvanceBio SEC 300A column 
(2.6 ×150 mm) operated with an Agilent 1260 infinity II 
LC system. Fluorescence images were recorded with a 
Nikon A1 confocal laser-scanning microscope.

Synthesis of 3
4-Aminobenzaldehyde and sodium nitrite were dissolved 
in 50 mL of water in a molar ratio of 1:1.3. To this mix-
ture, concentrated hydrochloric acid in a molar ratio of 
1:4 was added. The reaction mixture was stirred at 4◦C in 
an ice bath for 30 min. Subsequently, a solution of sodium 
hydroxide in salicylic acid was added to adjust the pH to 
12 using 1 M NaOH solution, followed by stirring in an 
ice bath for another 3  h. Upon completion of the reac-
tion, the reaction mixture was filtered and dried, yielding 
compound 3 as a brownish solid with a yield of 80%. 1 H 
NMR (400 MHz, DMSO-d6, σ ): 10.11 (s, 1 H), 8.39 (d, J 
= 2.4 Hz, 1 H), 8.12 (d, J = 8.1 Hz, 3 H), 8.04 (d, J = 8.2 
Hz, 2 H), 7.19 (d, J = 8.9 Hz, 1 H); 13 C NMR (400 MHz, 
DMSO-d6, σ ): 193.10, 171.23, 171.12, 156.32, 142.93, 
136.75, 131.28, 127.61, 127.56, 122.90, 119.65, 118.80; 
HRMS (ESI) m/z: [M - H]  calcd for C14H9N2O4, 
269.0568; found, 269.0580.

Synthesis of P1
 Polyethylene glycol methyl ether methacrylate (PEGMA, 
Mn = 950  g mol−1 ) and Boc-protected N-(2-aminoe-
thyl)methacrylamide were dissolved in anhydrous 
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tetrahydrofuran (THF) in a molar ratio of 1:3. To this 
mixture, azobisisobutyronitrile (AIBN) at 3 mol% relative 
to the monomers was added as the initiator. The reaction 
was conducted at 75◦C in an oil bath under a nitrogen 
atmosphere for 48 h. Afterward, THF was removed from 
the reaction mixture by vacuum distillation. The poly-
mer was purified by LH-20 gel column chromatography 
(methanol/dichloromethane = 1:1, v/v) to obtain P1 as a 
colorless, transparent, viscous liquid with a yield of 58%. 
1 H NMR (400 MHz, CDCl3σ  σ ): 3.80 - 3.56 (m, 83  H), 
3.41 (s, 3 H), 3.36 - 3.09 (m, 7 H), 2.06 - 1.91 (m, 23 H), 
1.55–1.40 (m, 24 H).

Synthesis of P2
 Polymer P1 was stirred in a 4 M solution of HCl in diox-
ane at room temperature for 2 h. Subsequently, dioxane 
and HCl were removed from the reaction mixture by vac-
uum distillation. The resulting polymer was then dried 
overnight in a vacuum oven to obtain P2 as a colorless, 
transparent, viscous liquid with a yield of 99%. 1 H NMR 
(400 MHz, CDCl3, σ ): 3.80 - 3.55 (m, 82  H), 3.50–3.10 
(m, 19 H), 1.41–0.73 (m, 8 H).

Synthesis of P3
 Polymer P2 and compound 3 were dissolved in metha-
nol at a molar ratio of 1 (amount of amine): 2. After stir-
ring at room temperature for 1 h, a molar equivalent of 
sodium cyanoborohydride was added, and the mixture 
was stirred overnight at room temperature. The metha-
nol in the reaction mixture was then removed by vacuum 
distillation, and the resulting product was purified using 
LH-20 gel column chromatography (methanol/dichlo-
romethane = 1:1, v/v). The purified polymer was desig-
nated as P3 and appeared as a yellow solid with a yield of 
73.6%. 1 H NMR (400 MHz, D2 O, σ ): 9.02–6.05 (m, 3 H), 
4.50–3.36 (m, 67  H), 3.34–3.25 (m, 3  H), 1.70–0.95 (m, 
5 H), 0.95–0.30 (m, 2 H).

Synthesis of TP3
 P3 (50  mg) was dissolved in 5  mL of potassium car-
bonate buffer (pH 9). TRITC was dissolved in DMSO at 
20 mM and added to the polymer solution. The reaction 
was protected from light and allowed to proceed over-
night at room temperature with stirring. The labeled pol-
ymer was purified by LH-20 gel column chromatography 
(methanol/dichloromethane = 1:1, v/v) to obtain TP3 as 
a yellow solid.

Synthesis of NBP. The synthesis of NBP followed a pre-
vious literature [64]. In the presence of piperidine (1.0 
mL) and acetic acid (1.0 mL), a solution of BODIPY (1 
mmol) and p-tolualdehyde (3 mmol) in toluene (15 mL) 
was heated at reflux by using a three-necked flask 

equipped with a Dean-Stark apparatus. The resulting res-
idue was purified by column chromatography on neutral 
silica gel (hexane/EtOAc = 4 : 1) to give NBP in 76% yield 
(0.76 mmol).

Preparation of nanoparticle dispersions
A suitable volume of methanol solutions containing P2, 
P3 or TP3 (100 mg mL−1 ) was transferred to a glass vial. 
The solvent was distilled off under reduced pressure, the 
residue was dispersed in PBS (sterile, 1 mL) and the mix-
ture was sonicated for 5 min. The dispersion was then 
used for the spectroscopic and cellular experiments with-
out further purification.

TEM
0.2 mg mL−1 of micelles suspension was diluted 5 times 
with H2 O and then dropped onto copper mesh. Then, 
ammonium molybdate was used for staining for 30 s and 
dried overnight at 75◦C . The samples were then imaged 
with FEI Talos F200S.

DLS and Zeta potential
0.5 mg mL−1the nanoparticle formulation of P2 or P3 was 
prepared as described earlier. Subsequently, DLS and zeta 
potential measurements were performed using a Malvern 
Zetasizer Nano ZS ZEN3600 apparatus. The measure-
ments were conducted in triplicate to ensure accuracy 
and reproducibility of the results.

CMC
10 µ L of fluorescent probe BODIPY (500 µ M) dissolved 
in methanol was combined with varying amounts of P3 
in methanol. The resulting mixtures were subjected to 
solvent evaporation under reduced pressure to remove 
methanol. Subsequently, PBS was added to the dried resi-
dues and sonicated for 5 min to create nanoparticle dis-
persions. The fluorescent intensity of these dispersions 
was then measured using a ThermoFisher Varioskan 
LUX, �Ex = 475 nm, �Em = 500 nm. The emission intensi-
ties were plotted against the concentrations of P3.

HPLC analysis of compound 3 reacting with SDT
Model compound 3 (0.1 mM) was incubated with 
sodium dithionite (SDT, 2.5 mM) for 30 min at 37◦C in 
PBS (pH 7.4) to simulate colonic azoreductase activ-
ity. Intact compound 3 (0.1 mM) and 5-ASA (1  mM) 
were used as standards. Samples were filtered through 
a 0.22 μm membrane prior to HPLC injection. A vol-
ume of 5 µ L of each sample was injected into an Agi-
lent 1260 liquid chromatography system equipped 
with a C18 reverse-phase column (4.6 × 75 mm, 5 µ m 
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particle size). Compound separation was achieved 
using a mobile phase gradient of acetonitrile (10–100%) 
in water at a flow rate of 0.2 mL/min over 7  min. UV 
detection was performed at 330 nm to quantify the lev-
els of compound 3 and released 5-ASA.

HPLC analysis of 5‑ASA release from P3
Gastric contents, SI contents and colonic contents were 
collected from healthy mice. Following the euthaniza-
tion of mice with  CO2 gas, the gastrointestinal con-
tents were gathered and subsequently mixed with PBS 
to create a 10% (w/v) suspension. P3 was incubated 
with intestinal contents for 2, 8, and 12  h and colon 
contents for different time periods at 37◦ C under Ar 
(3 mg mL−1 P3 in each biofluid). After incubation, sam-
ples were centrifuged at a speed of 10,000 rpm for 20 
min and then filtered using a 10 kDa ultrafiltration unit 
to remove polymers and proteins. All collected sam-
ples were filtered through a 0.22 µ m membrane prior 
to HPLC injection. The filtrate containing released 
5-ASA was injected into an Agilent 1260 HPLC system 
equipped with a size exclusion chromatographic col-
umn (7.8 ×150  mm, 5 µ m particle size). 150  mM PBS 
(pH 7.0) was used as the mobile phase at a flow rate of 
0.35 mL min−1 . A sample injection volume of 20 µ L 
was used. 5-ASA was detected using a UV detector at 
330 nm based on comparison with retention time of an 
authentic standard. The released 5-ASA was quantified 
by integration of peak area.

HPLC analysis of 5‑ASA release from SSZ
 Gastric contents, SI contents and colonic contents were 
collected from healthy mice following the same proce-
dure as described above. SSZ was incubated with intes-
tinal contents for 2, 4, 8, and 12 h and colon contents for 
different time periods at 37◦ C under Ar (0.2 mM SSZ 
in each biofluid). After incubation, samples were cen-
trifuged at a speed of 10,000 rpm for 20 min and then 
filtered using a 10 kDa ultrafiltration unit to remove 
proteins. All collected samples were filtered through a 
0.22 µ m membrane prior to HPLC injection. The filtrate 
containing released 5-ASA was injected into an Agilent 
1260 HPLC system equipped with a size exclusion chro-
matographic column (7.8 ×150 mm, 5 µ m particle size). 
MeOH: PBS (1:1, v: v) was used as the mobile phase at a 
flow rate of 0.35 mL min-1. A sample injection volume of 
20 µ L was used. 5-ASA was detected using a UV detector 
at 330 nm based on comparison with retention time of an 
authentic standard. The released 5-ASA was quantified 
by integration of peak area.

MS analysis of 5‑ASA release from P3
P3 (0.05 mg mL−1 ) was incubated in simulated gastric 
fluid (SGF, pH 2.0), simulated intestinal fluid (SIF, pH 
6.8), or SIF containing sodium dithionite (SDT, 0.84 mM) 
at 37◦ C for 0.5  h. Controls included native P3 (0.05 mg 
mL−1 ) and 5-ASA standard (1  mM). After incubation, 
samples were filtered using a 3 kDa centrifugal filter unit 
to remove polymers. The filtrate was injected into an Agi-
lent 6520 Q-TOF LC-MS system equipped with an elec-
trospray ionization (ESI) source operating in negative ion 
mode. Mass spectra were acquired from m/z 150–500. 
Source parameters were: gas temperature 300◦ C, drying 
gas 9 L min−1 , nebulizer 45 psi, capillary voltage 3500 V.

Cell cytotoxic assays
The cell viability was evaluated using the standard Cell 
Counting Kit-8 (CCK-8) method. Caco-2 or RAW 264.7 
cells ( 5× 10

4
cells mL

−1 ) were inoculated into Petri 
dishes with DMEM, 10% fetal bovine serum, 1% penicil-
lin, and 1% streptomycin and cultured in 96-well plates 
for 24  h, and then different concentrations (0, 0.15, 
0.3, 0.6, 1.25, 2.5 and 5 mg mL−1 ) of the polymers were 
introduced and further incubated with the cells for 24 h 
at 37◦ C. Cells were then washed with PBS buffer thrice 
before being treated with CCK-8 solutions (100 µ L, 10%) 
for 2 h at 37◦ C. Finally, the cell viability was obtained by 
measuring the absorbance at 450 nm.

DSS induced colitis mouse model
In vivo studies were performed on male C57BL/6J mice 
(7 weeks old, 22–24  g), provided by Zhejiang Vital 
River Experimental Animal Technology Co. LTD). Mice 
received the housing process based on normal condi-
tion and were given adlibitum distilled water and food. 
The UC mice model was established by administering 
2.5% (w/v) dextran sulfate sodium (DSS, 36–50 kDa) in 
drinking water for 7 days and induced colonic inflam-
mation. The appearance of weight loss, loose stool, diar-
rhea, bloody stool or fecal occult blood, and ulcers were 
regarded as signs of successful modeling.

Retention of NBP@P3 and NB in vivo
The retention time of NBP@P3 and NB was assessed 
using whole-body fluorescence imaging experiment. The 
procedure involved the oral administration of NBP@P3 
(30 mg mL−1 , with 150 µ M NBP, 200 µ L) and NB (0.5 µ
mol kg−1 , 200 µ L) to both healthy and DSS-induced coli-
tic mice. The imaging study was performed at specific 
time points, including 0.5, 3, 6, 12, and 24 h post-admin-
istration. Each mouse group received the respective 
compound, and the imaging sessions were conducted 
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using an in  vivo imaging system equipped with �Ex = 
580 nm, �Em = 620 nm for NBP and �Ex = 620 nm, �Em = 
670 nm for Nile Blue fluorescence detection. At desired 
time, colon and major organs of mice were collected and 
imaged under the same conditions.

Treatment of the UC mice
The mice were separated into six groups, namely, healthy 
control group, DSS model group, 5-ASA-treated DSS 
group, P2-treated DSS group, 5-ASA and P2-treated DSS 
group and P3-treated DSS group. Control healthy mice 
received normal drinking water only. The colitic mice 
received daily oral gavage for 7 days with 200 µ L solu-
tions of PBS, 5-ASA (30 mg kg−1 ), P2 (270 mgkg−1 ), P2 
+ 5-ASA (270 mg kg−1 + 30 mg kg−1 ), or an equivalent 
5-ASA dose of P3 (300 mg kg−1 ). Mice were monitored 
daily for changes in body weight, stool consistency, and 
fecal occult blood as indicators of colitis severity. Mice 
were euthanized on day 14 for sample collection. At the 
end of treatment, colon, major organs and feces of mice 
were collected. All animal studies were conducted under 
protocols approved by the Institutional Animal Care and 
Use Committee at Wenzhou Institute, University of Chi-
nese Academy of Sciences.

Weight loss and Disease Activity Index (DAI)
Body weight loss and DAI were monitored daily as indi-
cators of colitis progression. Body weight was measured 
daily and percent change from day 0 was calculated. Stool 
consistency and fecal occult blood were evaluated using 
the following scoring system: Occult blood - 0, no blood; 
1, microscopic bleeding; 2, mild bleeding; 3, obvious 
bleeding; 4, gross bleeding. Stool consistency - 0, normal; 
1, loose stool; 2, mild diarrhea; 3, diarrhea; 4, severe diar-
rhea. DAI was calculated by combining the occult blood 
score, stool consistency score, and percent body weight 
change score, which was assigned as follows: 0, none; 1, 
1–5% loss; 2, 5–10% loss; 3, 10–20% loss; 4, >20% loss. 
Disease activity index (DAI) was obtained based on the 
summation of stool consistency state (0–4), fecal bleed-
ing (0–4), and body weight loss (0–4).

Spleen index
Spleens were harvested immediately after euthanasia. 
Wet weight of each spleen was measured, and the spleen 
index was calculated as: spleen weight (mg) / body weight 
(10  g). Higher spleen index indicates greater systemic 
inflammation.

Cytokine analysis
On day 14, whole blood was collected via eye bleed under 
isoflurane anesthesia. Blood was allowed to clot at room 
temperature for 30 min before centrifuging at 2500 rpm 

for 20 min at 4◦ C to isolate serum. Inflammatory cytokines 
including interleukin (IL)-1β , IL-6, and tumor necrosis 
factor (TNF)-α were quantified in serum using mouse-
specific ELISA kits per the manufacturer’s protocol.

Histological analysis
After euthanasia, the colon from cecum to anus was 
removed and length measured. A 0.5 cm portion of distal 
colon was fixed in 4% paraformaldehyde for 24 h followed 
by paraffin embedding and sectioning into 4  μm slices. 
Hematoxylin and eosin (H&E) staining was performed to 
assess tissue morphology. The images were taken using an 
upright microscope. Tight junction proteins ZO-1, Clau-
din-1, and Occludin were imaged by immunofluorescence 
staining. The images were taken using fluorescent micro-
scope and Confocal Laser Scanning Microscopy (CLSM).

Biocompatibility
For biocompatibility assessment, heart, liver, spleen, lung 
and kidney were harvested and fixed in 4% paraformal-
dehyde. Sections were paraffin-embedded, sliced to 4 
μm, and H &E stained to evaluate tissue morphology and 
identify any signs of toxicity.

Conclusion
In summary, this study represents a significant advance-
ment in the realm of UC therapy through the devel-
opment of a novel drug delivery system. Our research 
focuses on the rational design of amphiphilic polymeric 
prodrugs, specifically tailored to optimize 5-ASA release 
kinetics for colitis therapy. These prodrugs self-assemble 
into small micellar nanoparticles, offering several advan-
tages: (1) The incorporation of enzyme-cleavable 5-ASA 
prodrug units in the micelle corona enables specific 
drug release at the inflamed colonic site while avoiding 
systemic exposure. (2) The formation of micelles as well 
as negatively charged surface promotes the enhancing 
adhesion to diseased mucosa. (3) Additionally, the archi-
tecture of the polymeric design allows for controlled 
modulation of release kinetics.

Both in vitro and in vivo experiments provide compel-
ling evidence of the efficacy of this drug delivery system. 
In  vitro studies demonstrated selective 5-ASA release in 
the presence of azoreductase activity and validated stable 
circulation with negligible premature release followed by 
sustained colonic delivery, in stark contrast to burst release 
from sulfasalazine prodrugs. Furthermore, in  vivo stud-
ies using a DSS-induced mouse model of colitis demon-
strated that our negatively charged P3 formulation, with a 
reduced dosage of 5-ASA at just 30 mg kg−1 , 60% less than 
those used in the most advanced research cases, [27, 28, 
72] successfully prolonged retention time and surpassed 
the effectiveness of standard 5-ASA treatments. Instead 
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of compromising the therapeutic efficacy caused by lower 
dosage, this approach led to a halt in weight loss and even 
weight gain in treated mice. DAI results further supported 
the enhanced therapeutic efficacy of P3, as it exhibited 
earlier recovery and lower DAI scores compared to other 
treatment groups. Histological analysis showed that P3 
preserved colonic morphology and suppressed inflamma-
tion effectively, further validating its superior therapeu-
tic potential. While our in vitro and ex vivo data strongly 
support colon-specific 5-ASA release, we acknowledge 
the limitation of not directly visualizing drug release 
in vivo. Future studies employing advanced imaging tech-
niques, such as activatable fluorescent probes linked via 
azo bonds, could provide real-time visualization of 5-ASA 
release in the colonic microenvironment.

In conclusion, our polymeric prodrug approach 
offers a promising avenue for enhanced UC therapy. By 
addressing the limitations of conventional treatments, 
such as poor bioavailability, rapid clearance and unde-
sired release profile, our drug delivery system has the 
potential to significantly improve patient outcomes and 
quality of life.
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