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Pathogenesis of inflammatory bowel diseases (IBDs) is associ-
ated with disrupted intestinal barrier functions1,2, imbalance 
of the gut microbiome3–5 and subsequent dysregulated muco-

sal immune responses to gut commensal bacteria3–5. Traditional 
medical interventions for IBDs have mainly focused on managing 
the symptoms of IBDs by suppressing immune responses6; however, 
they generally do not address the underlying causes of IBDs, includ-
ing damage to the mucus layer in the gastrointestinal tract, subse-
quent loss of intestinal barrier functions and dysbiosis of the gut 
commensal microorganisms. Moreover, despite advances in local-
ized drug delivery7–9, conventional immunosuppressive drugs based 
on small molecules or biologics can cause off-target systemic side 
effects, and their long-term use may lead to serious complications, 
such as opportunistic infections, malignancies, autoimmunity and 
liver toxicity6,10. Towards the goal of addressing this unmet medical 
need, we have developed a nanotherapeutic platform that can tar-
get inflamed colonic epithelium, modulate the gut microbiome and 
promote anti-inflammatory immune responses in local tissues, with 
improved efficacy compared with traditional IBD therapeutics in a 
murine model of acute colitis.

We have designed a HABN system that is formed by nano-
aggregation of an amphiphilic conjugate between hyaluronic acid 
(HA) and bilirubin. HA, which is a glycosaminoglycan biopolymer  
commonly found in synovial fluid and extracellular matrix, has 
immunomodulatory properties, including regulation of macro-
phages11, induction of antimicrobial peptides12 and regulatory CD4+ T  
(Treg) cells13. While free HA or HA-based nanoparticles have been 
explored for treating IBDs14,15, their efficacy has been hampered 
by hyaluronidase-mediated rapid turnover of HA and the harsh 
oxidative conditions in inflamed colon14,16. On the other hand,  

bilirubin (BR), a hydrophobic byproduct of haemoglobin break-
down found in bile, has strong reactive oxygen species (ROS)-
scavenging, anti-oxidant and cytoprotective properties17,18; however, 
its clinical development has been limited due to its hydrophobic-
ity and toxicity, and it remains unknown how to exploit the salient 
features of BR for treating local inflamed tissues, such as damaged 
colon in IBDs.

Here we show that while BR is practically insoluble in water, 
the HA shell permits aqueous formulation of BR and allows target-
ing of orally administered HABN to inflamed colonic epithelium 
and pro-inflammatory macrophages via HA−CD44 interactions. 
Moreover, the BR core confers HABN with hyaluronidase resistance 
and potent ROS-scavenging capacity, protecting colonic epithelial 
cells against apoptosis in a murine model of dextran sulfate sodium 
(DSS)-induced acute colitis—a widely used model with clinical and 
histological features of human ulcerative colitis, including intesti-
nal inflammation, loss of epithelium barrier functions, dysregu-
lated host innate immunity and gut microbiome, severe bleeding 
and finally mortality19. Unexpectedly, our studies reveal that HABN 
modulates the gut microbiota, increasing its richness and diversity, 
and restores the expression of tight junction-associated proteins and 
intestinal barrier functions, thereby exerting strong anti-inflamma-
tory effects against acute colitis.

ROS-scavenging HABN accumulates in inflamed colon
Specifically, we constructed a series of HA−BR polymers (Fig. 1a 
and Supplementary Fig. 1) and confirmed the synthesis of HA−BR 
conjugates using NMR (Supplementary Fig. 2). Whereas BR was 
insoluble in water, HA−BR conjugates with an average conjugation 
density of ~4 molecules of BR per each 100 kDa HA molecule were 
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readily dispersed in aqueous buffer (Supplementary Fig. 3a,b). As 
shown by transmission electron microscopy (TEM) and dynamic 
light scattering measurements, HA−BR conjugates in aqueous buf-
fer self-assembled to form HABN (Fig. 1a). As the molecular weight 
(MW) of HA increased from 10 kDa (10 K HA) to 700 kDa (700 K 
HA), the hydrodynamic size of HABN increased from 86 ± 5 nm to 
416 ± 9 nm, and its zeta potential decreased from −35.6 ± 1.6 mV 
to −46.2 ± 5.2 mV, respectively (Supplementary Fig. 3c,d). HABN 
exhibited significant ROS-scavenging activity (P < 0.0001, com-
pared with HA and HAoxBR, an oxidized form of HABN, Fig. 1b) 
and protected human HT-29 colonic epithelial cells from ROS-
mediated cytotoxicity (Fig. 1c). HABN rapidly dissociated on expo-
sure to ROS in the presence of a free radical, NaOCl, or a peroxy 
radical generator, 2,2’-Azobis(2-amidinopropane) dihydrochloride 
(AAPH; Supplementary Figs. 4 and 5). In contrast, control nanopar-
ticles self-assembled from HA−cholesterol conjugates (HACN) did 
not exhibit ROS-responsiveness (Supplementary Figs. 6–8) and 
failed to protect HT-29 cells from ROS (Fig. 1c), suggesting a cru-
cial role of BR in the cytoprotective effect of HABN. In addition, 
HABN was significantly more resistant to hyaluronidase-mediated 
degradation, compared with free HA (Fig. 1d), potentially due to 
steric hinderance from self-assembled nanostructures.

Importantly, in mice given 3% DSS in drinking water as an acute 
model of colitis, orally administered Cy5.5-conjugated HABN 
nanoparticles (HABN−Cy5.5; as well as Cy5.5-conjugated HACN 
nanoparticles (HACN−Cy5.5)) accumulated in DSS-inflamed 
colon and associated with F4/80+ macrophages in the colonic 
mucosa within 6 h (Fig. 1e–g and Supplementary Figs. 9 and 10); 
however, HABN was not detected in the colon of healthy mice 
(Fig. 1e−g). When HABN was incubated with murine lamina 
propria mononuclear cells in vitro, HABN was taken up by mac-
rophages (CD11b+CD11c+ and CD11b+CD11c−) and granulocytes 
(CD11b+CD11c−Ly6G+) (Supplementary Fig. 11). When incubated 
with M0/M1/M2 J774A.1 macrophages in vitro, HABN was strongly 
associated with pro-inflammatory M1 macrophages, with minimal 
signal from conventional M0 or M2 macrophages (Supplementary 
Fig. 12a,c). Pretreatment of M1 macrophages with either free HA or 
antibody against its known receptor, CD44, abrogated HABN signal 
(Supplementary Fig. 12b,d), suggesting CD44-mediated association 
of HABN in macrophages.

efficacy against colitis and comparison with other IBD drugs
We next evaluated the therapeutic efficacy of HABN against DSS-
induced acute colitis. We first examined whether the MW of HA 
influenced the therapeutic outcomes of HABN since the MW of 
HA is known to modulate pro- and anti-inflammatory responses16. 
C57BL/6 mice were given 3% DSS in drinking water for 6 d, and 
various HABN formulations were administered via oral gavage on 
days 0, 2, 4 and 6. Compared with PBS, 100K HABN treatment sig-
nificantly protected animals against DSS-induced bodyweight loss 
and shortening of colon length, while suppressing colonic tissue 
damage, immune cell infiltration and IBD-associated myeloper-
oxidase (MPO) activity in colon20 (Supplementary Fig. 13). In con-
trast, mice treated with 10K HABN or 700K HABN did not achieve 
full bodyweight recovery and a subset of animals had shortened 
colon length.

Based on the promising outcomes of 100K HABN, we directly 
compared its efficacy against free 100K HA, 100K HACN, as well 
as PEG−BN, a control nanoparticle group with the HA moiety 
switched to PEG (Supplementary Figs. 14 and 15, and Fig. 2a). 
Whereas DSS-colitis mice treated with HABN quickly recovered 
their bodyweight, other control treatment groups failed to pre-
vent the bodyweight loss (Fig. 2b). Furthermore, colon length in 
the HABN group was similar to that in healthy mice and signifi-
cantly longer than that in other treatment groups (P < 0.01, Fig. 2c).  
HABN treatment also protected colonic epithelium against  

pathological damage and suppressed the MPO activity (P < 0.001, 
compared with PBS, Fig. 2d,e). Furthermore, HAoxBR failed to pro-
tect animals against DSS-induced colitis (Supplementary Fig. 16). 
These studies suggest that the efficacy of HABN was derived in part 
by both HA and BR.

We next directly compared the efficacy of HABN against other 
conventional IBD therapeutics widely used in the clinic, including 
5-aminosalicyclic acid (5-ASA), methylprednisolone (MPS) and 
dexamethasone (DEX)6. Compared with 5-ASA, MPS and DEX 
used at their clinical doses, HABN treatment exhibited significantly 
enhanced efficacy against DSS-induced acute colitis, achieving 
full bodyweight recovery, maintaining colon length and reducing 
colonic damage and MPO activity (Fig. 2f–j). Unlike small molecule 
drugs, such as MPS known for systemic side effects including thy-
mic involution21, HABN treatments did not trigger any overt signs of 
systemic toxicity, autoimmunity or pathologies in the major organs 
(Supplementary Figs. 17 and 18). We also confirmed that the free 
mixture of HA and bilirubin (HA+BR) had minimal therapeutic 
effect (Fig. 2f–j). Taken together, HABN formed by self-assembled 
conjugates of HA and bilirubin protected animals against colitis in 
an effective and safe manner.

Restoration of colonic epithelium
Intrigued by these results, we examined the impact of HABN on 
DSS-inflamed colonic epithelium with disrupted intestinal bar-
rier functions1,2. DSS-colitis mice orally administered with HABN 
normalized the expression patterns and messenger RNA levels of 
ZO-1 and occludin-1, which are tight junction-associated proteins 
that play pivotal roles in gut homeostasis2 (Fig. 3a,b); however, other 
control groups, including free HA, HACN, PEG−BN and HA+BR 
treatment, had minimal impact. Furthermore, compared with other 
treatments, HABN prevented systemic exposure of fluorescein iso-
thiocyanate (FITC)-dextran after oral administration in DSS-colitis 
mice (P < 0.001, Fig. 3c), demonstrating restoration of intestinal 
barrier functions. HABN also induced the expression of antimicro-
bial peptides, including murine β-defensin 3 in vivo (Fig. 3d). When 
tested in the DSS-induced model of colitis associated with ROS-
mediated colonic damage22, HABN treatment markedly reduced the 
level of apoptosis in the colonic epithelium, as shown by the termi-
nal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 
assay (Fig. 3e). Furthermore, HABN treatment significantly reduced 
the local levels of pro-inflammatory cytokines, such as interleukin 
(IL)-1β, tumour-necrosis factor (TNF)-α and IL-6 (Fig. 3f), while 
increasing the levels of anti-inflammatory IL-10 and transforming 
growth factor (TGF)-β cytokines (Fig. 3g). Moreover, HABN treat-
ment significantly decreased the frequencies of pro-inflammatory 
CD11b+Ly6C+Ly6G– monocytes and CD11b+Ly6C+Ly6G+ neu-
trophils in lamina propria of DSS-colitis mice, while increasing 
the frequencies of anti-inflammatory CD11b+Ly6CLy6G–MHCII+ 
tissue-resident macrophages, CD3+CD4+Foxp3+ regulatory T cells 
and MHCII+CD11c+CD11b− dendritic cells (DCs) (Supplementary 
Fig. 19). Notably, HABN-mediated induction of IL-10 and TGF-β 
was only transient and returned to the basal levels after 10 d of stop-
ping HABN treatment, and DSS-colitis mice treated with HABN 
lost the ability to accumulate HABN in colon (Supplementary  
Figs. 20 and 21), suggesting normal recovery of the colon tissue.

Modulation of gut microbiome
Emerging evidence suggests the influence of gut microbiome on 
IBDs3–5 as well as the impact of bile organic compounds and polysac-
charides on intestinal microbiota23,24. Thus, we examined whether 
HABN treatment modulated the composition of gut microbiota 
in DSS-colitis mice. Analyses of faecal samples by 16S ribosomal 
RNA gene sequencing in the V4 regions showed that HABN treat-
ment significantly improved bacterial richness (observed opera-
tional taxonomic unit (OTU) richness) and diversity (Shannon 
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and inverse-Simpson indices) in DSS-colitis mice, compared with 
other control groups (Fig. 4a,b). The non-metric multidimensional 
scaling (NMDS) plots revealed that DSS-colitis mice treated with 

HABN had distinct gut microbiota profile, compared with other 
treatment groups (Fig. 4c). Further analysis at the phylum/fam-
ily level showed that HABN treatment significantly increased the  
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relative abundance of Akkermansia muciniphila (known to be asso-
ciated with protective intestinal barrier functions25–27), Clostridium 
XIVα (known to induce Treg cells28) and Lactobacillus (known for 
beneficial roles in both IBD animal models29–31 and patients with 

IBDs32–35) (Fig. 4d–f), which are all key factors that are prominently 
decreased in patients with IBDs28,32,36,37. Interestingly, when we pre-
treated DSS mice with broad-spectrum oral antibiotics, known to 
disrupt gut commensal microbes38, this resulted in significantly 
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by measuring the FITC-dextran signal in blood after 4 h. d, Expression pattern of beta-defensin 3 was visualized by confocal microscopy. e, Colon tissues 
from healthy or DSS-colitis mice treated as shown were processed by the TUNEL assay, followed by visualization by confocal microscopy. Scale bars,100 μm 
(a, d), 50 μm (e). f,g, On day 9, colon tissues were analysed for the concentrations of pro-inflammatory (f) and anti-inflammatory (g) cytokines. Shown are 
representative images from ten slides with n = 5 biologically independent animals from two independent experiments. Data are presented as mean ± s.e.m. 
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, analysed by one-way ANOVA with Tukey’s HSD multiple comparison post hoc test.
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reduced efficacy of HABN against DSS-colitis (P < 0.05, compared 
to HABN without antibiotics, Fig. 4g–i and Supplementary Fig. 22),  
suggesting that the benefits of HABN are partially attributed to 
modulation of gut microbiome.

Amelioration of colitis after delayed treatment
Lastly, we examined the efficacy of HABN in a setting of delayed 
therapy. C57BL/6 mice were given 3% DSS in drinking water for 5 d 
and administered with HABN three times starting on day 5 (Fig. 5a).  
Within 3 d of initiating the HABN treatment, DSS mice started  
to recover bodyweight and by day 5 of HABN treatment (day 10 
of the experiment) the animals were potently protected against 

DSS-induced shortening of colon length, colonic damage and MPO 
activity (Fig. 5b–e). HABN treatment also suppressed the levels of 
IL-1β and TNF-α in colon while increasing the levels of anti-inflam-
matory IL-10 and TGF-β (Fig. 5f,g).

In summary, we have developed HABN with unique anti- 
inflammatory properties and demonstrated its therapeutic efficacy 
after oral administration in a murine model of acute colitis (Fig. 1a).  
While recent reports have explored systemic administration 
of polymer-modified BR for disease treatments39–41, our work  
reported here demonstrates the promise of modulating intestinal 
barrier, microbiome and immune responses with orally adminis-
tered HABN. We show that HABN accumulated in DSS-damaged  
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responses against colitis. As dysregulated gut microbiota and intes-
tinal barrier functions are highly associated with systemic diseases, 
our strategy described here may offer a convenient yet powerful 
platform for treatment of other inflammatory diseases.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41563-019-0462-9.
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colonic epithelium and pro-inflammatory macrophages (Fig. 1e–g  
and Supplementary Figs. 10–12) and upregulated the expres-
sion levels of tight junction-associated proteins and antimicro-
bial peptides in colon, while restoring intestinal barrier functions 
and protecting the epithelial layer against apoptosis (Fig. 3a–e). 
Additionally, HABN treatment had a potent immune-modulatory 
impact in the lamina propria, characterized by significant decreases 
in pro-inflammatory cytokines and immune cells with concomitant 
increases in anti-inflammatory factors (Fig. 3f,g and Supplementary 
Fig. 19). Moreover, HABN promoted rapid recovery from body-
weight loss, inhibited colon and mucosa damage, and decreased 
colonic MPO activity in the DSS murine model of acute colitis, 
whereas other control groups, including free HA mixed with bili-
rubin, HACN, as well as HAoxBR, failed to protect animals against 
colitis (Fig. 2 and Supplementary Fig. 16). In addition, PEG–BN, 
which had shown good efficacy against colitis after intravenous 
administration in a previous study39, exerted only a moderate effect 
after oral administration in this study (Fig. 2), potentially due to 
the lack of HA-mediated targeting of inflamed colon. Importantly, 
HABN alleviated the symptoms of colitis more effectively than 
other conventional IBD therapies used in the clinic, such as 5-ASA, 
MPS and DEX (Fig. 2f–j). While adverse events, such as opportunis-
tic infections, autoimmunity and liver toxicity, are associated with 
conventional immunosuppressive agents6,10, we did not observe any 
overt toxicity after repeat HABN treatments, and HABN only tran-
siently elevated local levels of anti-inflammatory IL-10 and TGF-β, 
which returned to the basal levels after stopping the HABN treat-
ment (Supplementary Figs. 18 and 20). Taken together, these results 
show the efficacy and safety of HABN and demonstrate that both 
the HA shell and the BN core play critical and complementary roles 
in multi-faceted benefits of HABN against colitis.

HABN also altered the gut microbiome, increasing the diver-
sity and relative abundance of A. muciniphila, Clostridium XIVα 
and Lactobacillus (Fig. 4). In particular, patients with IBDs have 
dramatically decreased abundance of A. muciniphila, known to 
promote mucus production and expression of tight junction pro-
teins25–27; Clostridium XIVα whose metabolic byproduct, butyrate, 
induces Treg cells in lamina propria28; and Lactobacillus, known to 
exert anti-inflammatory effects in both animal models of colitis29–31 
and patients with IBDs32–35. Notably, when we depleted commensal 
gut microbes with broad-spectrum oral antibiotics, HABN therapy 
partially lost its efficacy against DSS-colitis (Fig. 4g–i). While we 
speculate that the therapeutic efficacy of HABN was mediated in 
part by changes in the gut microbiome, further investigation is war-
ranted to understand the role of altered microbiome on colitis. In 
addition, our current studies are limited to the mouse model of 
DSS-induced acute colitis, and validation in other advanced pre-
clinical models of IBD is needed. Overall, these results suggest that 
ROS-responsive and hyaluronidase-resistant HABN accumulate in 
DSS-inflamed colon and protect colonic epithelium against inflam-
mation while restoring disrupted intestinal barrier functions and 
gut microbiome.

It is increasingly recognized that the gut microbiome has a crucial 
role in human health, and the dysregulated microbiome has been 
implicated in a number of human diseases, including IBDs, obe-
sity, diabetes, cancer and neurological disorders3,42,43. In particular, 
inorganic nanoparticles, such as silver nanoparticles widely used for 
their antimicrobial properties in consumer products and pharma-
ceutical products, have been shown to disrupt the gut microbiome, 
thus raising awareness of nanotoxicology and unintended outcomes 
of nanotechnology44–46. Whereas a recent study has reported a nano-
gel system that can overcome the dysregulated gut microbiome for 
vaccine applications in a mouse model of metabolic syndrome47, 
our work represents a demonstration of oral nanomedicine capable 
of targeting inflamed colon and directly modulating the intestinal 
barrier and gut microbiota while exerting potent anti-inflammatory 
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100K HACN were monitored at predetermined times by dynamic light scattering. 
The reaction was also monitored for 1 h by measuring absorbance at 453 nm using 
a Synergy NEO HTS multi-mode microplate reader.

Fluorescence measurement of dichlorofluorescin diacetate (DCFDA) on 
ROS and HABN. First, 50 μM of DCFDA in PBS was incubated with 1 mM of 
AAPH in the presence of BR (50 μM), HA (1 mg ml−1), HABN (1 mg ml−1) or PBS. 
Fluorescence signals of fluorescent 2’,7’-dichlorofluorescein (DCF) generated from 
DCFDA by oxidation were monitored for 1 h at 37 °C using a Synergy NEO HTS 
multi-mode microplate reader at 490 nm excitation and 520 nm emission.

Preparation of a native polymer form of oxidized HA−BR fragments 
(HAoxBR). For acquiring HAoxBR, 100K HABN in water was incubated with a 
100 mM solution of AAPH for 1 h at 37 °C. After the reaction, the solution was 
centrifuged with a Amicon Ultra-Centrifugal filter with a membrane of 10 kDa at 
17,500g at 4 °C for 15 min three times to remove the remaining AAPH. The filtered 
solution was lyophilized, to yield HAoxBR.

Colorimetric assessment of terminal N-acetyl-d-glucosamine (hyaluronan 
breakdown products). N-acetyl-d-glucosamine, a breakdown product of HA 
after exposure to hyaluronidase (HYAL), was measured using a colorimetric 
method described previously by Reissig et al.49. Briefly, 100K HABN (1 mg ml−1) 
or 100K HA (1 mg ml−1) in pH 6.0 PBS buffer was treated with 100 IU ml−1 of 
HYAL II (Sigma-Aldrich) at 37 °C for 6 h. 1 mg ml−1 of N-acetyl-d-glucosamine 
was used for the control group. At determined time points (0 h, 10 min, 0.5 h, 
1 h, 2 h, 4 h and 6 h), 100 µl of the samples were taken, and the mixture was made 
up to 0.5 ml of PBS and heated for 5 min at 100 °C to stop the enzyme reaction. 
Then, 0.1 ml of 0.8 M potassium tetraborate (pH 9.0) was added to the mixture, 
which was further heated for 3 min at 100 °C and cooled in tap water. Then 3 ml 
of p-dimethylaminobenzaldehyde (DMAB) reagent (10 g of DMAB dissolved in 
100 ml of glacial acetic acid containing 12.5% (v/v) of 10 M HCl) were added and, 
immediately after mixing, the tubes were placed in a water bath at 37 °C. After 
20 min, the solution was measured at 544 nm wavelength using a Synergy NEO 
HTS multi-mode microplate reader.

Preparation of Nile Red-loaded 100K HABN. First, 10 µl of 1.5 mg ml−1 of Nile 
Red (Sigma-Aldrich) in methanol was added to 500 µl of 1 mg ml−1 of 100K HABN 
in water, and then ultrasonication (140 W, 26 Hz, in short intervals of 2 s on and 3 s 
off) was performed for 5 min at 4 °C. After moderate magnetic stirring overnight 
at RT to evaporate any remaining organic solvent, filtration through a 0.45 µm 
filter membrane was performed to remove the remaining unloaded aggregated 
Nile Red, yielding evenly sized Nile Red-loaded 100K HABN. The loaded  
amount of Nile Red in the nanoparticles was measured by high-performance 
liquid chromatography.

Animals. Animals were cared for following federal, state and local guidelines. 
All work performed on animals was in accordance with and approved by the 
Institutional Animal Care and Use Committee (IACUC) at University of Michigan, 
Ann Arbor. All animals were obtained from the Jackson Laboratory (Bar Harbor, 
ME) as mixed littermates and housed under pathogen-free conditions in the 
animal facility at the North Campus Research Complex of University of Michigan. 
Mice were cohoused for a week before random assignment to experimental 
groups to synchronize the gut microbiome among individual mice and reduce 
the heterogeneity of the gut microbiome50. The investigators were not blinded 
to allocation during experiments and outcome assessment, unless each section 
particularly included any blind assessment.

DSS-induced model of colitis. Six-week-old female C57BL/6 mice were housed in 
groups of five mice per cage and acclimatized for 1 week before inclusion in the study. 
Mice received 3% DSS (40 kDa; Alfa Aesar) supplemented in the drinking water 
for 5 or 6 d, followed by normal water. Control healthy mice were provided with 
normal water only. Then 30 mg kg−1 of HA (10 kDa, 100 kDa, 700 kDa or 1,500 kDa), 
30 mg kg−1 of HAoxBR, 30 mg kg−1 of HABN (10 kDa, 100 kDa or 700 kDa), 
30 mg kg−1 of PEG−BN, 30 mg kg−1 of HACN, HA+BR mixture (equivalent dose of 
HA and BR of HABN), 1 mg kg−1 of MPS, 1 mg kg−1 of DEX, 40 mg kg−1 of 5-ASA or 
PBS was administered via an oral route into mice on predetermined days. In some 
experiments, we pretreated mice by administering a cocktail of antibiotics (ampicillin 
1 g l−1, vancomycin 0.5 g l−1, neomycin 1 g l−1 and metronidazole 1 g l−1) in drinking 
water for 5 d before DSS treatment. Changes in bodyweight were assessed daily over 
the 9- or 10-d experimental period. Faeces were collected on the predetermined day 
for microbiome analysis. On the last day of the experiment, mice were sacrificed 
and the entire colon was excised. Colon length was measured and gently washed 
with physiological saline. Then, two pieces 0.5 cm in length of the distal section were 
used for histological assessment and immunofluorescence staining. The remaining 
colon tissue samples were used for fluorescence-activated cell sorting analysis and 
determining MPO activity and the concentrations of cytokines.

Histology. For histological analyses, hematoxylin and eosin (H&E) colonic tissue 
sections were prepared by the Unit for Laboratory Animal Medicine (ULAM) 

Methods
Synthesis of HA−BR and HA−Chol conjugates. Before synthesizing HA−BR,  
an acid form of HA from HA sodium salt (Lifecore Biomedical) and an 
aminoethylene−bilirubin conjugate (AE−BR) were prepared. The acidic form of 
HA from HA sodium salt was prepared by dialysis against 0.01 M HCl overnight 
followed by lyophilization. AE−BR was prepared as previously described with 
modifications48. Briefly, 750 µmol of bilirubin (Lee Biosolutions) and 520 µmol 
of N-hydroxysuccinimide (NHS, Sigma-Aldrich) were added to 7.5 ml of 
dimethyl sulfoxide (DMSO) containing 0.225 µl of trimethylamine. Subsequently, 
337.5 µmol of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Sigma-
Aldrich) was added to the mixture. After stirring for 10 min at room temperature 
(RT), 562.5 µmol of ethylenediamine was added to the mixture, and the reaction 
was allowed to proceed with stirring for 4 h at RT under nitrogen gas. 50 ml of 
chloroform was added to the mixture and then washed twice with 50 ml of 0.1 M 
HCl, 0.1 M NaHCO3 and then water. After evaporating the chloroform solution, 
45 ml of methanol was added to the reaction mixture and then centrifuged at 
3,000g for 10 min. The supernatant was then evaporated to yield AE−BR.

To synthesize HA−BR or HA−Chol conjugate, 80 µmol of an acidic form of 
HA and 40 µmol of NHS were added to 4.8 ml of DMSO and then, after adding 
140 µmol of EDC, the mixture was stirred for 10 min at RT. Subsequently, 20 µmol 
of AE−BR or 5 µmol of cholesterol-PEG-NH2 (Nanosoft Polymers) was added to 
the mixture overnight at RT under nitrogen gas. The mixture was slowly poured 
into 30 ml of 0.01 M NaOH and then dialysis was performed against 0.01 M NaOH 
for 5 h. Further dialysis was performed against a 1:1 ratio of water/acetonitrile 
three times for 1 d, followed by dialysis against distilled water three times for 2 d. 
The resulting solution was finally lyophilized, yielding HA−BR (native sodium salt 
form; 26.5 µg ml−1 of BR in 1 mg ml−1 of HABN) or HA−Chol. 1H-NMR spectra 
were obtained on a Varian 500 MHz system (Varian); chemical shifts represent 
ppm downfield from tetramethylsilane. The bilirubin portion of HABN was 
calculated by measurement of ultraviolet/visible spectra using a Synergy NEO HTS 
multi-mode microplate reader (BioTek Instruments Inc).

Synthesis of PEG−BR. PEG−BR was prepared as previously described with 
modifications48. Here, 75 µmol of bilirubin and 33.75 µmol of EDC were added 
to 0.6 ml of DMSO containing 225 µl of trimethylamine and 52 µmol of NHS for 
10 min at RT. Then, 15 µmol of polyethylene glycol 20K-amine (PEG-NH2, Nanocs) 
was added, and the mixture was stirred for 4 h under nitrogen gas. Subsequently, 
the mixture was added to 50 ml of chloroform and then the organic solvents 
were washed by 50 ml of 0.1 M HCl twice, followed by washing with 50 ml of 
0.1 M NaHCO3 twice and finally washed with 50 ml of distilled water twice. The 
organic layer was evaporated and 50 ml of methanol was added to the residue. 
After centrifugation at 3,000g for 10 min, the supernatant was collected and then 
evaporated. Dialysis was performed as described in the previous section. To yield 
PEG−BR, lyophilization was performed. The final structure was confirmed by 
1H-NMR. 1H-NMR spectra were recorded on a Varian 500 MHz system; chemical 
shifts represent ppm downfield from tetramethylsilane.

Synthesis of HA−Cy5.5, HA−Chol−Cy5.5 and HA−BR−Cy5.5 conjugates. 
Before conjugating HA−BR or HA−Chol with Cy5.5 amine (AAT Bioquest), a 
native sodium salt form of HA−BR, HA−Chol or free HA was converted into an 
acidic form of HA−BR, HA−Chol or free HA by dialysis processes for efficient 
dissolution to DMSO. Here 10 µmol of each power form was dissolved in 5 ml 
of distilled water. Dialysis was performed against 0.1 M HCl overnight and then 
the solution was dialysed against distilled water three times for 1 d. The resulting 
powder was obtained through a lyophilization step. Then 10.5 µmol of the acidic 
form of HA−BR, HA−Chol or free HA was dissolved in 0.8 ml of DMSO overnight. 
Then 2 µmol of NHS and 2 µmol of EDC were added to the mixture. After mixing 
for 10 min at RT, 0.1 µmol of Cy5.5-NH2 was further added to the reaction mixture. 
After stirring overnight at RT, dialysis was performed against 0.01 M NaOH 
three times for 1 d, followed by dialysis against distilled water twice for 2 d. After 
lyophilization, the native sodium salt form of HA−Cy5.5, HA−Chol−Cy5.5 or 
HA−BR−Cy5.5 conjugate was obtained.

Preparation of Cy5.5-tagged HABN, HACN or PEG−BN nanoparticles. After 
dissolving HA−BR, HA−Chol, PEG−BR, HA−BR−Cy5.5 or HA−Chol-Cy5.5 
in water or PBS, ultrasonication (140 W, 26 Hz, in short intervals of 2 s on and 
3 s off) was performed for 5 min at 4 °C. After filtration through a 0.45 µm filter 
membrane, HABN, HACN, PEG−BN, HABN−Cy5.5 or HACN−Cy5.5 were 
acquired. The size and zeta potential of the nanoparticles were obtained using a 
Nanosizer ZS90 (Malvern Instruments Ltd). Morphology was examined by TEM 
using a JEOL 1400-plus transmission electron microscope (JEOL USA). The 
resulting nanoparticles were diluted in PBS or culture medium for in vitro and 
in vivo experiments.

ROS-responsiveness of 100K HABN and 100K HACN. 100K HABN or 100K 
HACN in PBS was incubated with or without a 100 mM solution of a peroxy 
radical-generating reagent AAPH (Sigma-Aldrich), 5 mM solution of hydrogen 
peroxide (H2O2, Sigma-Aldrich) or 1 mM solution of sodium hypocholrite (NaOCl, 
Sigma-Aldrich) for 1 h at 37 °C. The hydrodynamic size of the 100K HABN or 
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Isolation of intestinal lamina propria mononuclear cells (LPMCs). Colon was 
removed and placed in cold Ca2+, Mg2+-free Hank’s balanced salt solution (HBSS; 
Gibco). After removal of the mesentery, the colon was opened longitudinally, 
thoroughly washed in HBSS and cut into small pieces. The dissected mucosa 
was incubated with HBSS containing 1 mM dithiothreitol (Sigma-Aldrich) and 
5 mM EDTA (Quality biological) for 30 min at 37 °C to remove the epithelial layer. 
The pieces of intestine were washed and placed in HBSS containing 1.5% foetal 
bovine serum (FBS), 200 U ml−1 collagenase Type 3 and 0.01 mg ml−1 DNase (all 
Worthington Biochemical Corporation) for 1 h at 37 °C. The digested tissues were 
washed, resuspended in 40% Percoll (GE Healthcare) and overlaid on a 75% Percoll 
fraction. Percoll gradient separation was performed by centrifugation at 700g for 
20 min at RT. Mononuclear cells were collected at the interphase, washed and 
resuspended in staining buffer containing PBS, 0.5% BSA and 2 mM EDTA for 
flow cytometry or RPMI-1640 medium (Sigma-Aldrich) containing 10% FBS.

Flow cytometry. Cells were preincubated with a FcγR-blocking monoclonal 
antibody (CD16/32; 2.4G2, BD Bioscience) for 20 min followed by incubation with 
specific monoclonal antibodies for 20 min on ice. After staining surface molecules, 
the cells were resuspended in fixation/permeabilization solution (eBioscience),  
and intracellular staining of FOXP3 was performed with a FOXP3 staining  
buffer kit (eBioscience). Flow cytometric analyses were performed on a LSR II 
system (Becton Dickinson), and data were analysed using Flowjo software (Tree  
Star). Background fluorescence was assessed by staining with isotype-matched 
control monoclonal antibodies. FITC-, PE-, PerCP-Cy5.5-, APC-, PE-Cy7-,  
APC-Cy7- or AlexaFluor 647-conjugated monoclonal antibodies against CD4  
(GK1.5), CD3 (145-2C11), CD11b (M1/70), CD11c (N148), Ly6c (HK1.4), MHCII 
(M5/114.15.2), 7AAD and FOXP3 (FJK-16S) were from eBioscience; CD45 (30-F11)  
and Ly6G (1A8) were from Invitrogen.

Microbiome analysis. One pellet of faeces was added to each well of PowerMag 
Glass Bead plate (Qiagen). The plate was properly packaged and shipped to the 
University of Michigan Medical School Host Microbiome Initiative (HMI) for 
microbiome analyses. Briefly, genomic DNA was extracted by using the Qiagen 
MagAttract Power Microbiome kit DNA/RNA kit (Qiagen, catalogue no. 27500-4-
EP) on the EpMotion 5075 (Eppendorf) liquid handler. Extracted DNA was then 
used to generate 16S rRNA libraries for community analysis51 using the MiSeq 
Illumina sequencing platform. Barcoded dual-index primers specific to the V4 
region of the 16S rRNA gene were used for the construction.

Sequences were curated using the community-supported software program 
mothur (v.1.39)52 and by following the steps outlined in the MiSeq SOP (http://
www.mothur.org/wiki/MiSeq_SOP)53. Sequences were assigned to OTUs using 
a cut-off value of 0.03 and classified against the Ribosomal Database Project 
16S rRNA gene training set (v.9) using a naive Bayesian approach with an 80% 
confidence threshold. Curated OTU sequence data were converted to relative 
abundance ± s.e.m. The Shannon diversity and inverse-Simpson indices were 
used to calculate alpha diversity, and the Yue and Clayton dissimilarity metric 
was used for beta diversity measures. Analysis of molecular variance was used 
to detect significant clustering of different treatment groups in non-metric 
multidimensional scaling. To confirm what specific bacterial taxa were over- and/
or under-represented among groups, we analysed relative abundance results by 
using linear discriminant analysis effect size.

IVIS. To check ability of HABN to target the inflamed site in the colon, 1 d 
after preparing colitis mice or heathy mice by giving 3% DSS water or normal 
water for 5 d, 7.5 mg kg−1 of HABN−Cy5.5, HACN−Cy5.5 or HA−Cy5.5 (each 
containing 0.3% Cy5.5 w/w) was orally administered to the mice. After 6 h, mice 
were euthanized and organs including heart, kidney, lung, spleen, liver, stomach, 
small intestine and colon were excised. Fluorescence intensities in organs from 
each group were analysed using a Xenogen IVIS Lumina in vivo imaging system 
(PerkinElmer) with a Cy5.5 filter channel and an exposure time of 5 s.

Cell culture. J774A.1 murine macrophage and HT-29 colonic epithelial cell lines 
were obtained from the American Type Culture Collection (all cell lines were 
tested negative for mycoplasma contamination). J774A.1 cells or HT-29 cells in 
DMEM medium (Gibco) containing 10% (v/v) heat-inactivated FBS, 100 IU ml−1 
penicillin/streptomycin and l-glutamine were cultured in a humidified 5% CO2 
atmosphere at 37 °C.

In vitro analysis of LPMCs. For the uptake study with LPMCs, LPMCs were 
isolated from the colon as described in Isolation of intestinal lamina propria 
mononuclear cells (LPMCs). LPMCs were cultured with 10 µg ml−1 of 100 K 
HABN−Cy5.5 for 3 h at 37 °C and then cells were preincubated with a FcγR-
blocking mononuclear antibodies (CD16/32; 2.4G2, BD Bioscience) for 20 min, 
followed by incubation with specific mononuclear antibodies for 20 min on ice as 
detailed in Flow cytometry. Flow cytometric analyses were performed on a LSR II 
system and data were analysed using Flowjo software.

In vitro confocal microscopy. For the uptake study with the J774A.1 murine 
macrophage cell line, J774A.1 cells in culture medium were seeded onto cover 

In vivo Animal Core. Briefly, a 1 cm section of the distal colon was first fixed 
by incubation with 4% (v/v) buffered formalin and 70% (v/v) alcohol, and then 
embedded in paraffin. Tissue sections of the distal colon were then prepared, 
stained with H&E and analysed by Mantra quantitative pathology workstation 
(PerkinElmer). The severity of colonic histological damage was scored in a 
blinded fashion to prevent observer bias, as previously described39. Briefly, colonic 
damage was assigned scores as follows: 0, normal; 1, hyperproliferation, irregular 
crypts, and goblet cell loss; 2, mild to moderate crypt loss (10–50%); 3, severe 
crypt loss (50–90%); 4, complete crypt loss, surface epithelium intact; 5, small- to 
medium-sized ulcers (<10 crypt widths); 6, large ulcers (≥10 crypt widths).  
Inflammatory cell infiltration was scored separately for the mucosa (0, normal;  
1, mild; 2, modest; 3, severe), submucosa (0, normal; 1, mild to modest; 2, severe) 
and muscle/serosa (0, normal; 1, moderate to severe). Scores for epithelial  
damage and inflammatory cell infiltration were summed, resulting in a total 
scoring range of 0 to 12.

MPO activity measurement. MPO activity was determined as previously 
described39. Briefly, a colon segment (1:10 w/v) in 50 mM phosphate buffer (pH 
6.0) was homogenized using an IKA T25 ULTRA-TURRAX basic homogenizer 
(IKA Works, Inc.) at 4 °C. The colon suspension was 10-fold-diluted with 50 mM 
phosphate buffer containing 0.5% hexadecyltrimethylammonium bromide (Sigma-
Aldrich). After sonicating for 10 s and subjecting to three freeze−thaw cycles, each 
sample was centrifuged at 17,000g for 5 min. Then 10 µl of each supernatant was 
added to 290 µl of 50 mM phosphate buffer (pH 6.0) containing 0.167 mg ml−1 of  
o-dianisidine dihydrochlrodie (Sigma) and 0.005% H2O2, and changes in 
absorbance at 460 nm were measured over 5 min. The protein concentration of the 
supernatant sample was measured using a Micro BCA Protein Assay Kit (Thermo 
Fisher Scientific). MPO activity was determined by comparison to a standard MPO 
curve (Sigma-Aldrich).

In vivo enzyme-linked immunosorbent assay (ELISA) analysis. For determining 
the concentrations of cytokines in the colon tissue, the colon segment in 50 mM 
phosphate buffer (pH 6.0) was homogenized (1:10 w/v) using an IKA T25 
ULTRA-TURRAX basic homogenizer (IKA Works, Inc.) at 4 °C. Each sample 
was centrifuged for 10 min at 10,000g at 4 °C. The levels of cytokines in the 
resulting supernatants or medium were measured by ELISA at the Cancer Center 
Immunology Core of the University of Michigan.

In vivo immunofluorescence imaging. For acquiring in vivo confocal microscopy 
images, 5 cm of colon tissue was placed in Tissue-Tek optimum cutting 
temperature (OCT) cryomold blocks and transferred to a freezer at −70 °C. Tissue 
sections of the distal colon from the OCT-embedded frozen blocks were fixed with 
4% para-formaldehyde (PFA), permeabilized with 0.1% or 0.25% Triton X-100 and 
blocked with phosphate buffered saline with Tween 20 (PBST) containing 1% or 
3% BSA and 22.52 mg ml−1 of glycine. The sections were stained with 1 µg ml−1 of 
murine anti-beta defensin 3 (an orthologue of human beta-defensin 2) polygonal 
rabbit antibody for 1 h followed by 2 µg ml−1 of anti-rabbit secondary antibody 
conjugated with AlexaFluor-594, 5 µg ml−1 of anti-F4/80 antibody conjugated 
with AlexaFluor-488, 5 µg ml−1 of anti-beta-catenin antibody conjugated 
with AlexaFluor-594, 2 µg ml−1 of anti-EpCAM antibody conjugated with 
AlexaFluor-594, 5 µg ml−1 of anti ZO-1 antibody conjugated with AlexaFluor-488, 
and/or 1 µg ml−1 of anti occludin-1 antibody conjugated with AlexaFluor-594. 
Nuclei were counter-stained with Hoechst 33342. Images of random fields of 
view were acquired by confocal laser-scanning microscopy (Nikon A1; Nikon 
Instruments Inc). TUNEL assay was performed to detect apoptosis in OCT-
embedded frozen blocks according to the manufacturer’s instructions.

Quantitative reverse transcription PCR. RNA was extracted from colonic  
tissues using the E.Z.N.A. Total RNA Kit I (Omega Bio-tek) according to  
the manufacturer’s protocol. Reverse transcription was performed using the  
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific).  
Quantitative PCR was performed with SYBR Green qPCR Kits (Alkali  
Scientific). The cycling conditions were 95 °C for 3 min and then 40 cycles of  
95 °C for 15 s and 60 °C for 1 min. The relative expression of target genes was 
calculated using β-actin as a reference gene. The following primer sets were  
used for amplifications: ZO-1-Fw; 5′-CTTCTCTTGCTGGCCCTAAAC-3′,  
ZO-1-Rv; 5′-TGGCTTCACTTGAGGTTTCTG-3′, occludin-Fw;  
5′-CACACTTGCTTGGGACAGAG-3′, occludin-Rv; 5′-TAGCCATAGCCTCC 
ATAGCC-3′, β-actin-Fw; 5′- AAGTGTGACGTTGACATCCG-3′, β-actin-Rv;  
and 5′- GATCCACATCTGCTGGAAGG -3′.

In vivo intestinal permeability assay. In vivo assay of intestinal permeability 
was performed using FITC-dextran, as described previously19. Briefly, mice were 
deprived of food and water for 4 h and then orally gavaged with 0.6 mg g−1 body 
weight of 4 kDa FITC-dextran (FD4, Sigma). Blood was collected retro-orbitally 
after 3 h, and FITC fluorescence intensity was measured in the serum samples 
(excitation, 485 nm; emission, 520 nm). FITC-dextran concentrations were 
determined using a standard curve generated by serial dilution of FITC-dextran in 
mouse serum.
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Statistical analysis. All experiments were performed at least twice with duplicate 
repeated measures. The results are expressed as means ± s.e.m. A one-way or 
two-way analysis of variance (ANOVA), followed by Tukey’s honestly significant 
difference (HSD) multiple comparison post hoc test was used for testing 
differences among groups. Data were approximately normally distributed and 
variance was similar between the groups. Experiments were repeated multiple 
times as independent experiments as indicated in the figure captions. Shown in 
each figure is a complete dataset from one representative, independent experiment. 
No samples were excluded from analysis. Statistical significance is indicated 
as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. GraphPad Prism v.6.0 
(GraphPad Software) was used for statistical analyses.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the article and its 
Supplementary Information files. All relevant data can be provided by the authors 
upon reasonable request.
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slips in 24-well plates (5 × 103 per well). After incubation for 2 d at 37 °C, the cells 
were treated with 100 ng ml−1 of lipopolysacchride (LPS) and 10 ng ml−1 of IFN-γ 
for M1 induction, 20 ng ml−1 of IL-4 for M2 induction, or control medium. After 
24 h, 5 µg ml−1 of 100K HABN−Cy5.5, 100 ng ml−1 of Nile Red, Nile Red-loaded 
100K HABN (Nile Red, 100 ng ml−1; 100K HABN 2.5 µg ml−1) or control medium 
was treated with the cells for 1 h. The cells were then fixed with 4% PFA for 
5 min, counter-stained with Hoechst 33342 for 10 min and analysed by confocal 
laser-scanning microscopy. For completion of the study, 5 mg ml−1 of free HA or 
500 µg ml−1 of anti-CD44 antibody was pretreated with the cells for 30 min before 
nanoparticle treatment.

In vitro immunofluorescence imaging. For comparing β-defensin 2 levels on 
HT-29 colonic epithelial cells, HT-29 cells in culture medium were seeded onto 
24-well plates (5 × 104 per well). After incubation for 2 d, 30 µg ml−1 of 100K HABN, 
100K HA, 100K HACN, 20K PEG−BN or control medium were treated with the 
cells for 24 h. The cells were fixed and permeabilized with 4% PFA for 10 min and 
then 0.1% Triton X-100 for 10 min, blocked with PBST containing 3% BSA for 
1 h, stained with anti-β-defensin 2 (human reactivity) rabbit polyclonal antibody 
(1 µg ml−1) followed by 2 µg ml−1 of anti-rabbit IgG secondary antibody conjugated 
with AlexaFlour 488, and then counter-stained with Hoechst 33342. Images of 
random fields of view were acquired by confocal laser-scanning microscopy.

CCK-8 assay. HT-29 cells in culture medium were grown in 96-well plates 
(0.7 × 104 per well) for 24 h at 37 °C. After the medium was removed, fresh 
medium, H2O2 (100 µM) or different concentrations of HABN (500 µg ml−1), 
HACN (500 µg ml−1) and HA (500 µg ml−1), with or without H2O2 (100 µM), was 
added to each well and plates were incubated for 24 h. After incubation, cells were 
washed with fresh culture medium and then 100 µl of fresh culture medium was 
added to each well, followed by the addition of 10 µl of CCK-8 (Dojindo Molecular 
Technologies, Inc.). After incubation for 1 h at 37 °C, the absorbance was measured 
at 450 nm using a 96-well plate microreader.

In vivo toxicity test. Six-week-old female C57BL/6 mice were housed in groups of 
five mice per cage and acclimatized for 1 week before inclusion in the study. Then 
30 mg kg−1 of HABN (10 kDa, 100 kDa or 700 kDa) or PBS was administered via an 
oral route on day 0, 2, 4 and 6. Mice were observed over a 1-week period for changes 
in behaviour or weight. Blood was collected from the jugular vein and immediately 
sent to the ULAM Pathology Core for Animal Research for blind blood assessment. 
Mice were sacrificed and their major organs (heart, liver, lung, kidney, spleen and 
colon) were collected for histopathological analysis. Each organ was fixed with 4% 
(v/v) buffered formalin and 70% (v/v) alcohol, and embedded in paraffin. Tissues 
were sectioned, stained with H&E and examined by microscopy. All histological 
assessments were performed in a blinded manner to prevent observer bias.
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