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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Orally administered saccharide-sequestering 
nanocomplex to manage carbohydrate  
metabolism disorders
Xin Zhao1, Huijun Zhang1, Jiacheng Li1, Meng Tian1, Juanjuan Yang1, Songxuan Sun1, Qixin Hu1, 
Liu Yang2, Shiyi Zhang1*

Excessive carbohydrate intake is linked to the growing prevalence of diabetes, nonalcoholic fatty liver disease (NA-
FLD), and obesity. -Glucosidases inhibitor, the only Food and Drug Administration–approved drug for limiting 
the absorption of polysaccharides and disaccharides, is ineffective for monosaccharides. Here, we develop a 
boronic acid–containing polymer nanocomplex (Nano-Poly-BA), absorbing all saccharides into nanocomplex 
with the diol/boronic acid molar ratio far above 1, to prevent saccharides’ absorption in the gut. The orally ad-
ministered Nano-Poly-BA is nonabsorbable and nontoxic. When tested against four kinds of carbohydrates and 
three real-world foods (coke, blueberry jam, and porridge), Nano- Poly-BA shows remarkable after-meal blood 
glucose reductions in wild-type, type 1, and type 2 diabetic mouse models. In a NAFLD mouse model induced by 
fructose, Nano-Poly-BA shows substantial reduction of hepatic lipogenesis. In short, the orally administered 
saccharide-sequestering polymer nanocomplex may help prediabetic, diabetic, overweight, and even healthy 
people to manage sugar intake.

INTRODUCTION
Overnutrition has been a growing global health threat (1, 2). Excessive 
sugar intake increases the disease burden of cardiovascular disease 
(3), diabetes (4), obesity (5), nonalcoholic fatty liver disease (NAFLD) 
(6), and other metabolic disorders (7). Policy-making and patient 
education on sugar restriction have only limited effect, while tech-
nical breakthroughs in medication await (8). As the only Food and 
Drug Administration (FDA)–approved medication for limiting sugar 
intake, the -glucosidase inhibitor (9) (mainly acarbose) is ineffec-
tive to monosaccharides (e.g., glucose and fructose), which limits its 
clinical usage for people adhering to the Western diet (10). Beyond 
diabetes, excessive consumption of fructose has a tight association 
with NAFLD, nonalcoholic steatohepatitis (NASH), and many other 
diseases (6). However, there is no drug approved or in clinical studies 
that act to limit the fructose intake.

The gastrointestinal (GI) tract has attracted increasing attention 
as a therapeutically target for its crucial role in metabolic disorders 
(11, 12). For sugar intake, the GI tract is the major place where poly-
saccharides and disaccharides are digested into monosaccharides 
through enzymolysis and where monosaccharides are transported 
from the intestinal lumen, across the epithelium, and then into blood 
(13). With respect to these physiological facts, we design polymers 
appending saccharide-binding units to bind polysaccharides, disac-
charides, and monosaccharides in the lower GI tract environment 
(pH > 6.8), therefore preventing their enzymolysis and absorption 
and then allowing egestion of undigested saccharides from the body 
as feces. Boronic acid binds diol on different kind of saccharides 
(14). With the fear of serious side effects caused by the uncontrolled 
and unwanted interactions between boronic acid and natural glycan 

units in the blood, biomedical applications of boronic acid–containing 
polymers were mostly limited to sugar sensing and sugar-responsive 
delivery of therapeutic agents (15–19). Contrary to the popular belief, 
the orally administered synthetic polymers, as therapeutic agents, 
were approved by FDA with different safety requirements than intra-
venously administered drugs or implants because they were non-
absorbed in the GI tract and had zero systemic exposure (examples 
of reasonable abbreviation of safety study in the official pharmacology 
review of FDA-approved polymer drugs as shown in fig. S21) (20). 
From the safety standing point, the high molar mass (>3000 Da) of 
these polymer drugs ensures the nonabsorbed property and mini-
mizes systemic side effects. For example, polyethylene glycol (PEG; 
3350 Da) is approved as laxative (21), polyallylamine (Colesevelam) 
is a bile acid sequestrant for hyperlipidemia (22), polyfluoroacrylic 
acid (Veltassa) is a potassium sequestrant for hyperkalemia (23), and a 
deprotonated amine-containing polymer (TRC101, recently completed 
two phase III studies) as a proton sequestrant for metabolic acidosis 
(24). The now available polymer sequestrants are all based on the 
electrostatic interaction between ion pairs; therefore, 1 M polymer 
ion is needed to remove just 1 M unwanted ion. With the dynamic 
exchangeable function of boronic acid–diol binding and the encap-
sulation property of self-assembled nanostructure, we envisage that 
the boronic acid–containing polymer nanocomplex (Nano-Poly-BA) 
could provide a platform for binding saccharide with the diol/
boronic acid molar ratio above 1, thereby enabling a safe and effec-
tive saccharide binder to prevent their digestion and absorption.

Here, we report the first example of an orally administered polymer 
nanocomplex (Nano-Poly-BA) for preventing saccharide absorption 
in the GI tract by serving as a dynamic covalent nano-sequestrant 
for all types of saccharides (Fig. 1) with the diol/boronic acid molar 
ratio far above 1. Although there have been extensive studies using 
boronic acid–containing polymers for diagnosis or responsive 
delivery of therapeutic cargos for diabetes (15–19), the application 
of boronic acid itself as the therapeutic agent is seldom reported 
(25). This manuscript presents a novel utilization of the boronic 
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acid–containing nanoparticle itself as a safe therapeutic agent for 
the management of multiple disorders of carbohydrate metabolism. 
Negative charge and/or PEG unit on Poly-BA render nonabsorbed 
and nonfouling properties, thereby providing a zero systemic expo-
sure and an ideal safety profile. Poly-BA self-assembles into nano-
structures in water and serves as the sponge to absorb a large 
number of saccharides through dynamic bonds. The hierarchical 
design from molecular level to nano level is highly customizable, 
owing to the enriched monomer library and one-pot polymer 
chemistry, and may lead to extensive applications by controlling 
the absorption of the widely existing saccharide analogs as nutri-
ents, drugs, toxins, and even glycosylated biomolecules for other 
medical needs.

RESULTS
Boronic acid–containing polymer with optimal saccharide 
sequestration capability and nonfouling property
We synthesized a library of boronic acid–containing copolymers 
and studied the structure-property relationship to screen for the 
optimal saccharide sequestration capability and nonfouling prop-
erty. The saccharide-sequestering copolymer, Poly-BA, was synthe-
sized from two or three kinds of monomers. The water insoluble 
4-vinylphenylboronic acid (4-VPBA) was used as the primary mono-
mer as the saccharide-binding unit (19). Eight different acrylic 
monomers, M1 to M8, charged or neutral, negatively charged or 
positively charged, hydrophilic or hydrophobic, were used as co-
monomers (Fig. 2A and table S1). 4-VPBA was copolymerized with 
comonomers (M1 to M8) with the mass ratio of 1/1 by microemul-
sion polymerization and purified to yield boronic acid–containing 
copolymers P1 to P8, respectively. Anti-enzymolysis test was con-
ducted to evaluate Poly-BA’s effectiveness in sequestering different 
saccharides from enzymolysis. In principle, polysaccharides and 

disaccharides need to be hydrolyzed by enzymes into monosaccharides 
for absorption. Poly-BA and disaccharides/polysaccharides could 
form some kind of complex to limit the accessibility of necessary 
enzymes to disaccharides or polysaccharides, thereby making a por-
tion of disaccharides/polysaccharides undigestible (Fig. 2I). Forty 
percent of a disaccharide (maltose) could be hydrolyzed by the cor-
responding enzyme with P1 to P8 (Fig. 2B), while less than 60% of 
a polysaccharide (glycogen) could be hydrolyzed with P1 to P8 
(Fig. 2C). Different comonomers had different contributions to the 
saccharide-sequestering capability (Fig. 2, B and C, and fig. S4). 
M1- and M4-derived P1 and P4 had the best saccharide sequestra-
tion capability among all eight copolymers for five common dietary 
saccharides. Higher water solubility of P1 and P4 and resulting bet-
ter accessibility of boronic acid groups may explain their superior 
saccharide-sequestering capability (table S1).

For our purpose of fast transition through GI tract, the fouling of 
Poly-BA on mucus should be avoided. Thus, we studied the non-
fouling property of Poly-BAs on mucus, a highly glycosylated 
network (26). Poly-BAs were labeled with fluorescein by adding fluo-
rescent comonomer during the polymerization (table S1). Then, we 
conducted an ex vivo mucus retention test by washing fresh porcine 
duodenum after the addition of fluorescent-labeled Poly-BA. As 
shown in Fig. 2, D and E, negatively charged P1 was easily washed 
out by phosphate-buffered saline (PBS) with seldom retention (1%), 
while positively charged P4 was mostly retained (66%). Neutral 
hydrophilic P5 showed less retention (18%) than that of neutral 
hydrophobic P8 (33%). The mucus network is hydrophobic and 
negatively charged (26). Therefore, hydrophobic and positively 
charged polymers are intrinsically mucus adhesive, while hydro-
philic and negatively charged polymers are more likely to be non-
fouling (26). Considering the excellent biocompatibility of pegylated 
polymer, we further synthesized terpolymer with 4-VPBA, M1, 
and M5 to obtain P19 to P21 (table S1). Balancing the excellent 

Fig. 1. Schematic illustration of nonabsorbed boronic acid–containing polymer nanocomplex (Nano-Poly-BA) sequestering a full spectrum of saccharides in the 
lower GI tract, thereby reducing their digestion and absorption by forming the nanocomplex through the dynamic exchangeable bonds between boronic acid 
groups and diol units. 
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Fig. 2. Study of structure-property relationship of a library of the boronic acid–containing polymers for optimal saccharide binding capability and nonfouling 
property. (A) A library of different Poly-BAs was obtained from the copolymerization of 4-vinyl phenylboronic acid (4-VPBA) with eight different comonomers. (B and C) In 
enzymolysis tests, M1 and M4 contributed significantly to reducing the degree of hydrolysis of disaccharides (B) and polysaccharides (C) by enzymes. n = 4. (D and 
E) Nonfouling tests of fluorescein-labeled Poly-BAs on the mucus of porcine duodenum showed that the negatively charged P1 was completely washed out by PBS with 
seldom retention, while the positively charged P4 was mostly retained on the mucus. Left: original duodenum; middle: after adding Poly-BA; right: after washing. (F and 
G) Enzymolysis tests with different mass ratio of P1 and saccharide showed that P1 had capability of binding more than 1 M equivalent disaccharides (F) and polysaccharides 
(G) to prevent their hydrolysis by enzymes. One-way ANOVA with **P ≤ 0.01 and ****P ≤ 0.0001; n = 3. n.s., not significant. (H) DLS results showed that P1 formed nano-
complex in SIF, and it swelled after binding saccharides. (I) Schematic illustration of Nano-Poly-BA binding to polysaccharides and disaccharides through dynamic interaction, 
therefore preventing their enzymolysis by more than 1 M equivalent ratio. Error bars show SEM.
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saccharide-sequestering capability and nonfouling property, P1 and 
P20 (fig. S10) were selected for further study.

We explored Poly-BA’s saccharide-sequestering capacity and 
studied its nanostructures in water. We conducted a series of anti- 
enzymolysis tests with different mass ratio of P1 to saccharide from 
0.01 to 1 (0.012 to 1.2 as molar ratio of boronic acid group to diol 
unit). As shown in Fig. 2F,   1 ⁄ 50   of P1 was able to significantly reduce 
the hydrolysis of maltose by enzyme, and   1 ⁄ 2   of P1 could reduce 
enzymolysis to below 20%. For glycogen, a polysaccharide, even 
  1 ⁄ 100   of P1 suppressed the hydrolysis of glycogen significantly 
(Fig. 2G). These results showed that one equivalent of boronic acid 
group on P1 could reduce the hydrolysis of more than one equiva-
lent of saccharides. The high saccharide-sequestering capacity of P1 
also recurred in sucrose, starch, and dextrin (fig. S6). By changing 
the BA ratio of P1 to higher or lower degrees, we found that the 
saccharide-sequestering capability was disproportionate with the 
BA ratio (fig. S7), implying that the interaction between saccharide 
and Poly-BA was not merely the dynamic covalent binding between 
boronic acid and diol. We hypothesized that the super saccharide- 
sequestering capability of P1 partially came from the unique self- 
assembled nanostructure. As shown in Fig. 2H, dynamic light 
scattering (DLS) results showed that P1 formed nanocomplex with 
the average hydrodynamic diameter of 256 nm in simulated intestinal 
fluid (SIF), while the average diameter increased notably with the 
addition of sucrose or maltose. Transmission electron microscopy 
(TEM) imaging also confirmed the nanocomplex structure of P1 
with the diameter around 250 nm (fig. S8, A and D). After adding 
sucrose or maltose, P1/saccharide nanocomplex showed expanded 
morphology (fig. S8, B, C, E, and F). Results of DLS and TEM indi-
cated that P1 nanocomplex could expand its volume after encapsu-
lating saccharides. Nuclear magnetic resonance diffusion-ordered 
spectroscopy measurement of sucrose with or without P1 in deuter-
ated SIF demonstrated that sucrose had lowered diffusion rate with 
P1 (fig. S9), confirming that sucrose was interacting with P1 by the 
dynamic exchangeable binding between boronic acid and diol. The 
dynamic exchangeability allowed one equivalent boronic acid unit 
to interact with multiple equivalents of saccharides, which have been 
absorbed in the nanocomplex. In short, Poly-BA first self-assembled 
into a nanocomplex, and then, this nanocomplex absorbed saccharides 
by dynamic exchangeable bond between diol and boronic acid. In 
the nanocomplex, not every saccharide molecule has the direct inter-
action with boronic acid group at the one moment. Still, the movement 
and diffusion of saccharides were notably limited because of the 
dynamic exchangeable binding and the hierarchical nanostructure; 
therefore, Nano-Poly-BA (Poly-BA with nanocomplex structure) 
could trap more than one equivalent of saccharides and then pre-
vent them from hydrolysis by corresponding enzymes (Fig. 2I).

Saccharides retention in simulated GI environments
To reveal the Nano-Poly-BA’s saccharide-sequestering capability for 
broader saccharide spectrum in complicated GI environments, we 
designed and conducted three in vitro experiments with P1 and P20 
(Fig. 3A). First, for disaccharides (sucrose in Fig. 3B and maltose in 
fig. S11A) and polysaccharides (dextrin in Fig. 3C, starch in fig. 
S11B, and glycogen in fig. S11C), less than 10% of saccharide could 
be hydrolyzed by enzymes in the presence of Nano-Poly-BA in 
SIF. Second, monosaccharides needed to diffuse freely to the corre-
sponding transporters on absorptive cells for absorption. Nano- 
Poly-BA could interact with monosaccharides and prevent their free 

diffusion, in turn, limiting their absorption. To study this process, 
we used a dialysis bag to mimic the intestinal membrane, which was 
permeable to glucose, but not to the polymer, and mixed glucose 
with P1 in SIF (Fig. 3D). The glucose concentration outside of 
the dialysis bag was measured as an indicator for Nano-Poly-BA’s 
glucose-binding capacity. Figure 3 (E and F) shows that the diffu-
sion rate of glucose greatly slowed down, and about half of glucose 
was still trapped in the dialysis bag after 6 hours compared with the 
control experiment. Incubation in simulated gastric fluid and then 
redissolving in SIF simulated the procedure of Nano-Poly-BA pass-
ing through the stomach environment to duodenum, and we found 
that the pH change did not affect the saccharide-sequestering capacity 
of Nano-Poly-BA (fig. S12). By adding nonsaccharide nutrient model 
molecules into the mixture of P1, maltose, and -glucosidase, we 
further found that the Nano-Poly-BA–induced reduction of hydrol-
ysis of saccharide by enzyme was barely affected by lipid, protein, 
and vitamin (fig. S19), owing to the lack of formation of chemical 
binding (fig. S20). To summarize the in vitro experiments, after 
passing through acidic stomach to small intestinal environment, 
Nano-Poly-BA could specifically bind all types of saccharides and 
prevent their hydrolysis or absorption efficiently while being inert 
to other nutrients that are encouraging for further studies in vivo.

Nano-poly-BA is nonfouling, nonabsorbed, and safe
We conducted a set of experiments to study the nonfouling and non-
absorbed properties of Nano-Poly-BA. To confirm the nonfouling 
nature, an ex vivo mucus retention test was conducted. As shown in 
fig. S14, sulfo-Cy5–labeled Nano-Poly-BA (fig. S13) could be easily 
washed out and was seldom retained on the surface of fresh porcine 
duodenum, revealing that the nonfouling Nano-Poly-BA had min-
imal interaction with the mucus surface (Fig. 3J). To study the non-
absorbed property, we conducted biodistribution experiments in 
mice. Mice were kept fasting to exclude the impact of uncontrolled 
food intake. As shown in Fig. 3G, 15 min, 60 min, 2 hours, and 
5 hours after the gavage of sulfo-Cy5–labeled Nano-Poly-BA, fluo-
rescent emission was only observed in the abdominal area without 
diffusion and then completely disappeared after 24 hours. Next, se-
lected critical organs were isolated after the gavage, and no fluorescent 
signal was able to be detected, which implied that Nano-Poly-BA 
had the zero systemic exposure (Fig. 3H). We further studied the 
passage of Nano-Poly-BA through GI tract, by ex vivo imaging the 
whole GI tract at different time points after the gavage (Fig. 3I). As 
short as 15 min, a portion of polymer reached as far as approximately 
one-third of the length of small intestine, manifesting the fast evac-
uation of P1 from stomach to intestine. Between 1 and 3 hours, the 
fluorescence signal was spread out the whole GI tract, and green 
feces excreted by the mice were observed after 1 hour (fig. S15A). 
No fluorescence was detectable after 24 hours, indicating the rapid 
passage of Nano-Poly-BA. We also evaluated the GI transit with the 
impact of uncontrolled food intake, by permitting the mice to free 
access to standard chow and water after gavage of sulfo-Cy5–labeled 
Nano-Poly-BA (fig. S16). Fluorescent polymer rapidly passed to 
lower GI tract and was completely eliminated within 75 min, implying 
strong binding of Nano-Poly-BA with food allowing faster passage. 
These results collectively demonstrated that Nano-Poly-BA was 
nonfouling and nonabsorbed in GI tract (Fig. 3J).

Because of the zero systemic exposure, minimal interaction with 
GI surface, and fast passage, our acute toxicity study has proven an 
acceptable safety profile of Nano-Poly-BA. No adverse effect was 
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observed, at a high-dose oral administration (5 g/kg per day) of Nano- 
Poly-BA on C57BL/6J mice for continuous 7 days. The body weights 
among P1, P20, and saline control groups showed the same trend, 
with no detectable differences (fig. S15B). Histology images of the 
proximal intestine (duodenum), harvested after 1-week free drinking 
of P1 [5 weight % (wt %)], showed healthy epithelium structures 
and no pathological difference with water group (Fig. 3K), implying 
the lack of local impact of Nano-Poly-BA on GI tract. These results 

demonstrated that Nano-Poly-BA was nontoxic in the high dose 
(5 g/kg per day).

Nano-Poly-BA reduces postprandial glucose
In the initial in vivo test, we conducted a standard oral glucose tol-
erance test (OGTT) and oral carbohydrates tolerance tests (OCTTs) 
in wild-type mice to assess whether Nano-Poly-BA could act as a 
full-spectrum saccharide binder (Fig. 4A). We challenged mice with 

Fig. 3. In vitro assessment of Nano-Poly-BAs in the prevention of saccharides digestion and glucose absorption in the simulated intestinal environment, bio-
distribution, and acute toxicity studies in mice. (A) Chemical structures of selected Nano-Poly-BAs (P1 and P20). (B and C) Results of enzymolysis tests showed that P1 
and P20 greatly reduced the degree of hydrolysis of disaccharides and polysaccharides by enzymes. One-way ANOVA, n = 5. (D) Schematic illustration of Nano-Poly-BA 
binding to monosaccharide, therefore limiting its diffusion. (E) Results of the glucose diffusion test indicated that Nano-Poly-BAs retained the glucose and prevented its 
free diffusion. Two-way ANOVA with ****P ≤ 0.0001, n = 5. (F) The area under the curve (AUC) results of (D). Student t test, two-tailed, n = 5. (G) The whole-body in vivo 
fluorescence imaging 15 min, 60 min, 2 hours, 5 hours, and 24 hours after gavage of sulfo-Cy5 labeled Nano-Poly-BA. (H) Ex vivo imaging of five critical organs 30 min and 
3 hours after gavage. No fluorescence signal was detected in those critical organs. (I) Ex vivo imaging of the whole GI tract harvested from stomach to large intestine, 
15 min, 30 min, 60 min, 3 hours, 5 hours, and 24 hours after gavage, showed a gradual transition of sulfo-Cy5 labeled Nano-Poly-BA from stomach to large intestine without 
any detectable retention. (J) Schematic illustration of the nonfouling and nonabsorbed properties of Nano-Poly-BA in the GI tract. (K) Representative histology images of 
proximal intestine (duodenum) of mice, which were set to free drinking of either normal sterile water or P1 solution (5 wt %) for 7 days, showed no physiological differ-
ences between two groups. Scale bars, 200 m. Error bars show SEM.
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monosaccharide (glucose), disaccharides (sucrose and maltose), and 
polysaccharide (dextrin) after gavage of PBS, P1, P20, and acarbose. 
In PBS control group, a significant rise of blood glucose level was 
detected 15 min after the saccharides load, and a hill-like curve was 
depicted in a 2-hour period [black line in Fig. 4 (B to D and fig. S18]. 
Acarbose, an FDA-approved drug that inhibits enzymes needed to 

hydrolyze oligosaccharides and disaccharides into glucose and other 
monosaccharides, was chosen to make the head-to-head comparison. 
Although acarbose effectively lowered postprandial glucose (PPG) 
in polysaccharide and disaccharide groups (Fig. 4, C and D, and 
fig. S18), it did not work for glucose (Fig. 4B). In a sharp contrast, 
P1 and P20 efficiently reduced the glucose excursions (GEs; the 

Fig. 4. Blood glucose lowering effect in wild-type, type 1 diabetic, and type 2 diabetic mice with saccharides and real-world foods. (A) The representative illustration 
shows that Nano-Poly-BA binds saccharides in gut lumen and reduces glucose intake, thereby suppressing the PPG excursion. OCTT curves and incremental area under 
the curves (iAUC) of wild-type mice gavaged with different saccharides [(B) a monosaccharide, glucose; (C) a disaccharide, sucrose; (D) a polysaccharide, dextrin] and 
Nano-Poly-BAs (P1 and P20) showed dose-dependent reduction of PPG by Nano-Poly-BA binding to saccharides. Mice gavaged with PBS were used as a negative control 
and acarbose as a positive control. Nano-Poly-BA has glucose lowering effect for monosaccharides, disaccharides, and polysaccharides. Two-way ANOVA, n = 8 for blood 
glucose curves; one-way ANOVA, n = 8 for iAUC. (E) Blood glucose curves of an OGTT conducted on diet-induced obesity (DIO) mice gavaged with glucose and P1 (PBS and 
acarbose as controls). Two-way ANOVA, n = 7. (F) iAUC results of DIO mice, gavaged with different kind of saccharide and P1 (PBS and acarbose as controls). One-way 
ANOVA, n = 7. (G) Blood glucose curves and positive incremental area under the curves (pAUC) results of an OGTT of streptozotocin (STZ)–induced type 1 diabetic mouse 
model, gavaged with glucose. Two-way ANOVA, n = 8. (H) Schematic illustrating that lean mice and obese mice were challenged with PBS (control), blueberry jam, coke, 
or rice porridge. (I) Glycemic excursions of OCTT results for lean mice (n = 8), and (J) glycemic excursions of OCTT results for obese mice (n = 10), indicating the well control 
of after-meal glucose for real-world foods. One-way ANOVA for (I) and (J). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 for (B) to (E) and (G). Error bars show SEM.
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increased glucose level from the glucose level at t = 0 min to the 
peak glucose value of PPG, 51.5 ± 14.5% and 48.3 ± 13.6% reduc-
tion, respectively) and incremental area under the curves (iAUC; 
32.5 ± 6.0% and 27.5 ± 5.5% reduction, respectively) when the dose 
of Nano-Poly-BA was   3 ⁄ 4   the dose of glucose for the glucose chal-
lenge. These results indicated that Nano-Poly-BA suppressed PPG 
excursion after oral glucose load. In OCTT experiments, Nano- 
Poly-BA had similar PPG control effectiveness as acarbose for di-
saccharides and polysaccharide [  3 ⁄ 4   the dose of saccharide in Fig. 4 
(C to D) and fig. S18]. Furthermore, P1 nanocomplex showed 
dose-dependent reduction of PPG after saccharide challenge. For 
monosaccharide (glucose), oral administration of P1 nanocomplex 
in   1 ⁄ 2   the dose of glucose was able to bring significant reduction in 
iAUC (Fig. 4B). For disaccharides (sucrose and maltose), P1 nano-
complex could lower iAUC significantly in   1 ⁄ 4   the dose of disaccharides 
(Fig.  4C and fig. S18). For polysaccharide (dextrin), even   1 ⁄ 10   the 
dose of polysaccharide loading of P1 nanocomplex reduced iAUC 
effectively (Fig. 4D). These results indicated that a small amount of 
P1 nanocomplex could suppress after-meal blood glucose effectively. 
All these results demonstrated that P1 nanocomplex is an ideal 
full-spectrum saccharide binder for further evaluations.

In addition, to test our hypothesis that P1 nanocomplex acts as a 
saccharide binder locally in the GI tract and not through a systemic 
effect, we compared the impact of oral P1 treatment on an OGTT 
versus an intraperitoneal glucose tolerance test (IPGTT). The OGTT 
study evaluated P1’s impact on glucose absorption, while an IPGTT 
skipped the step of intestinal absorption excluding the polymer-glucose 
interaction in the GI tract and tested for other systemic effects. As 
shown in fig. S17, plasma GE reduced significantly in OGTT, whereas 
iAUC was reduced by 36.2 ± 13.7%. In contrast, P1 had no positive 
impact on IPGTT, which suggested that P1 bounds to saccharides 
locally in the GI tract and not by a systemic effect.

We further studied Nano-Poly-BA in diabetic mouse models. In 
Fig. 4E, diet-induced obesity (DIO) mice, a type 2 diabetic mouse 
model (27), showed significant raise of glucose levels (150.8 ± 
15.3 mg dl−1) after glucose administration (0.5 g/kg). P1 nanocom-
plex reduced the glucose levels at all time points within 3 hours. P1 
nanocomplex showed remarkable reduction of glucose response in 
iAUC results for a full spectrum of saccharides (32.7 to 41.2% reduc-
tion in iAUC), which outperformed acarbose for all the saccharides 
tested (Fig. 4F). In a streptozotocin (STZ)–induced type 1 diabetic 
mouse model (Fig. 4G), P1 nanocomplex substantially shortened the 
time for the glucose level restoring to the baseline level (60 min for 
P1 and 120 min for PBS and acarbose) and significantly reduced 
the positive incremental area under the curves (pAUC) of OGTT 
(44.8 ± 40.6% reduction). These results collectively demonstrated 
that P1 nanocomplex could effectively reduce after-meal glucose 
levels in both type 1 and type 2 diabetic mouse models for a full 
spectrum of saccharides.

Furthermore, we studied Nano-Poly-BA for real-world foods and 
drinks. We selected high-carbohydrate blueberry jam, cola, and 
porridge, because of their popularity in either Western or Eastern 
menu and their potential risk to diabetic and prediabetic popula-
tions. In lean mice (Fig. 4, H and I), P1 nanocomplex significantly 
protected mice from fast postmeal GE in all tested foods (28.7 to 
34.1% reduction in GE). On the contrary, acarbose did not work for 
jam or coke, whose major component is monosaccharide. The per-
formance of P1 nanocomplex on DIO mice (Fig. 4J; 26.0 to 49.6% 
reduction in GE) mirrored the results found on wild-type mice, 

suggesting the robust efficacy of P1 nanocomplex on lowering PPG 
for both lean and obese mice. Thus, in addition to refined carbohy-
drates, Nano-Poly-BA can manage sugar intake and control blood 
glucose level for real-world foods and drinks, which may have great 
clinical significance for a wide population.

Nano-Poly-BA reduces fructose absorption and liver adiposis
The association of excess ingestion of fructose with the increasing 
risks of hyperfructosemia, fructosuria, obesity, hypertension, NAFLD, 
and NASH is mediated by stimulating de novo lipogenesis and 
blocking fatty acid oxidation in the liver (6). Sadly, fructose, as the 
predominant sweetening agent added in modern foods and drinks 
either as sucrose (50% fructose) or as high-fructose corn syrup (42 
or 55% fructose), is heavily consumed. However, no drugs are avail-
able to prevent the absorption of fructose. To address this global 
health issue, we studied the potential of Nano-Poly-BA in the man-
agement of fructose intake and prevention of the resulting liver 
steatosis. To study the management of fructose intake, we detected 
the fructose levels in portal vein of mice after gavage of fructose and 
with or without P1 nanocomplex (Fig. 5A). P1 nanocomplex lowered 
the portal vein fructose level in 30 min (Fig. 5B), thus reducing the 
fructose flux into the liver. We further studied the prophylactic ef-
fect of Nano-Poly-BA on fatty liver in an early stage NAFLD mouse 
model. As the hallmark of NAFLD, hepatic triglyceride (TG) accu-
mulation was obviously increased in fructose group than in water 
control group, as depicted by the raised TG level (39.7 ± 19.9%) de-
tected in the liver homogenates (Fig. 5C) and validated by the 
erubescent Oil Red O staining liver section (Fig. 5, D and E). On the 
other hand, P1 nanocomplex efficiently reduced the TG level in the liver 
(45.1 ± 21.2% lowered, compared to fructose group) to a similar level 
with control group (Fig. 5, C, D, and F). Free fatty acid, the major 
indicator of lipotoxicity in the liver and main contributor to the 
pathogenesis of NASH (28), was elevated after the fructose intake, 
which was also reduced by Nano-Poly-BA (Fig. 5C). In addition, 
Nano-Poly-BA reduced the total cholesterol (Fig. 5C). These results 
collectively suggested that Nano-Poly-BA reduced fructose absorp-
tion in GI tract and prevented the resulting hepatic steatosis. Nano- 
Poly-BA may have notable benefit on the prophylaxis and treatment 
of NAFLD, NASH, and other fructose related diseases.

DISCUSSION
In summary, the oral Nano-Poly-BA is nonfouling and nonabsorbed 
in the GI tract. It can effectively bind to a full spectrum of saccharides, 
therefore controlling multiple disorders of carbohydrate metabolism, 
such as type 1 diabetes, type 2 diabetes, and NAFLD. More detailed 
studies on the molecular level chemical interactions between the 
polymer nanocomplex and saccharides in the GI environment will 
be one of next steps. When Nano-Poly-BA is chemically optimized 
for a specific setting to manage a specific metabolic disorder, an 
elaborate study is needed to elucidate the underlying physiological 
mechanism. Additional preclinical studies in large animals with more 
complicated food will provide necessary information to further im-
prove formulations for human studies. Before the clinical develop-
ment, long-term safety studies in nonrodent species could give us 
more safety understandings on this gut-restricted polymer drugs.

It is still an unmet need to control PPG for some severe diabetics. 
For these patients, to suppress the uncontrolled glucose level, using 
a strong glucose lowering agent, e.g., fast-acting insulin, does not 
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always interpret a better treatment efficacy, in the case of lethal 
hypoglycemia onset and the depressing consequence of weight gain. 
Acarbose, as an oral drug to lower after-meal blood glucose, lacks 
these problems and is more patient-friendly than the injectable 
insulin. Thus, acarbose does occupy a comparatively big diabetic 
market share in Asia. However, the same popularity does not exist in 
Western countries, because of its ineffectiveness on monosaccharides 
(9, 10). Here, Nano-Poly-BA reduces sugar GI intake and covers all 
sugar types. Nano-Poly-BA may provide a new option for those pa-
tients who do not like injection or are vulnerable to hypoglycemia. 
For patients with impaired renal function, systemic drugs are con-
traindicated, as they require kidney excretion and increase the 
burden of already impaired kidney. Nano-Poly-BA, as an oral non-
absorbed drug, will help those patients to control PPG without 
further renal injury.

MATERIALS AND METHODS
Materials
4-VPBA, acrylic acid (AA), 3-sulfopropyl acrylate potassium salt, 
2-(dimethylamino)ethyl acrylate, [2-(acryloyloxy)ethyl]trimethyl-
ammonium chloride, PEG methyl ether acrylate [PEGA; weight- 
average molecular weight (Mw) = 480], 2-hydroxyethyl acrylate, 
2-methoxyethyl acrylate, butyl acrylate, fluorescein o-acrylate, sodium 
persulfate (Na2S2O8), sodium bisulfite (NaHSO3), tetramethylethyl-
enediamine (TEMED), ammonium persulphate, sodium hydroxide 
(NaOH), SDS, PEG (average Mw = 400), sodium polyacrylate (PAAS; 
average Mw = 5000), glucose, fructose, maltose, sucrose, dextrin, 
starch, hydrochloric acid (37%), sodium bicarbonate, 2-(N-morpholino)
ethanesulfonic acid, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride, N- hydroxysulfosuccinimide sodium salt, acarbose, 
STZ, -glucosidase, amylase, 13C-labeled fructose, deuterium oxide 
(D2O), isoflurane, glucose assay kit, cholesterol quantification assay 
kit, triglyceride quantification colorimetric kit, free fatty acid quan-
titation kit, and total protein kit were used as received from Sigma- 
Aldrich. Sulfo-Cy5 amine was purchased from Xi’an Ruixi Biological 
Technology Co., Ltd. Phosphate buffer (1× PBS, pH 7.4) and sodium 
citrate buffer (0.1 M, pH 4.5) were purchased from Thermo Fisher 
Scientific. The 10% SDS–polyacrylamide gel electrophoresis (PAGE) 
Gel SuperQuick Preparation Kit, prestained color protein marker 
solution, and SDS- PAGE protein staining and loading buffer were 
purchased from Beyotime Biotechnology. Optimal cutting tempera-
ture (OCT) compound was purchased from Solarbio Life Sciences. 
One liter of SIF (pH 6.8) was made by dissolving 6.8 g of KH2PO4 
and 0.896 g of NaOH in water and adjusting to 1000 ml with dis-
tilled deionized water (dd-H2O).

Synthesis of Poly-BA
Poly-BAs were synthesized by the free radical copolymerization of 
4-VPBA with different comonomers in aqueous solution by two 
methods to tune their molecular weights. In method 1, overdose of 
chain transfer agent was added to obtain polymers with low molec-
ular weight. As an example, P1 was polymerized with 4-VPBA and 
AA as the comonomers in the mass ratio of 1/1 (molar ratio as 1/2), 
NaHSO3 as a chain transfer agent in 8 weight % (wt %) of the mono-
mers, and Na2S2O8 as an initiator in 1.6 wt % of the monomers. SDS 
and PEG were added as the surfactants to form the microemulsion. 
As a general synthesis route, to a solution of 4-VPBA (1480.0 mg, 
10.0 mmol), AA (1480.0 mg, 20.6 mmol), NaHSO3 (236.8 mg, 
2.3 mmol), PEG (15,780.0 mg, 39.5 mmol), and SDS (3950.0 mg, 

Fig. 5. Control of fructose level for the prevention of liver steatosis. (A) Schematic representing that Nano-Poly-BA binds fructose and prevents its absorption in GI 
tract, which otherwise will be transported through the portal vein into the liver. Distinct from glucose, fructose is mostly metabolized to lipid molecules and accumulated 
in the liver causing liver diseases; thus, fructose can only be detected in portal vein. (B) Relative fructose levels in portal vein and AUC of the curves of mice after oral 
administration of fructose with or without P1, and control PBS solution, demonstrating P1 greatly reduced GI absorption of fructose. n = 4, significant difference analysis 
between Fruc and Fruc + P1; two-way ANOVA for the curves with *P ≤ 0.05 and ***P ≤ 0.001, one-way ANOVA for the columns. (C) Three groups of mice were set for 1-week 
free drinking of water, fructose solution, and fructose + P1 solution. One-way ANOVA, n = 8. The levels of three lipid biomolecules, triglyceride (TG), free fatty acid (FFA), 
and total cholesterol (TChol) in liver, and representative images of Oil Red O–stained liver sections of mice given (D) water, (E) fructose, and (F) fructose + P1 indicated a 
beneficial effect in preventing the liver pimelosis. Scale bars, 50 m. Error bars show SEM.
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13.7 mmol) in 40 ml of dd-H2O was added a solution of Na2S2O8 
(47.4 mg, 0.2 mmol) in 2 ml of dd-H2O dropwise. The reaction was 
stirred at 72°C overnight for polymerization. The polymer solution 
was neutralized by 1 M NaOH aqueous solution and then transferred 
to a circulation system supported by a peristaltic pump in connection 
with cross flow cassettes [Sartorius Vivaflow 50, molecular weight 
cut-off (MWCO) = 10,000] for purification and concentration (fig. S1). 
After lyophilization, P1 was obtained as a white solid with an average 
yield of 91%. P20 was synthesized in the same process as that of P1 but 
with different species and ratios of comonomers. Feed ratios (weight, 
molar) of comonomers for P20: 4-VPBA/AA/PEGA = 1/0.5/0.5 and 
1/1/0.15; average yield for the polymerization of P20 was about 
85%. As shown in table S1, copolymers P1 to P8 (M1 to M8 in Fig. 2), 
P13 to P18 (fig. S7), and P19 to P21 (fig. S10) were all synthesized in 
the same process as that of P1 (method 1) but with different species 
and ratios of comonomers. 4-VPBA was further copolymerized with 
comonomers M1, M4, M5, and M7 by method 2, to obtain copoly-
mers P9 to P12 (fig. S5) with relatively high molecular weights. As 
an example, copolymer P9 was synthesized with following procedure. 
To a solution of 4-VPBA (1480.0 mg, 10.0 mmol), AA (1480.0 mg, 
20.6 mmol), TEMED [3.0 mg, 25.8 mol, 0.5 mole percent (mol %) of 
the monomers], PEG (7890.0 mg, 19.8 mmol), and SDS (1975.0 mg, 
6.9 mmol) in 40 ml of dd-H2O was added a solution of ammonium 
persulphate (11.4 mg, 50.0 mol, 1 mol % of the monomers) in 2 ml 
of dd-H2O dropwise. The reaction was stirred at 45°C overnight for 
polymerization. The purification and drying process was as same 
as that of P1. P10 to P12 were synthesized in the same process as that 
of P9 but with different species of comonomers. Fluorescein-labeled 
Poly-BAs were synthesized in dark with the same process as the unlabeled 
counterparts (P1, P4, P5, and P8), but fluorescein o-acrylate (1 mol 
% of 4-VPBA, 0.1 mmol) was added during the polymerization.

In vitro enzymolysis tests of disaccharides and 
polysaccharides with Poly-BA in SIF
Disaccharides and polysaccharides are digested by enzymes before 
absorption by intestine epithelium in human body. To examine the 
efficacy of the polymers to block saccharides from enzymolysis in 
the intestine lumen, in vitro tests were performed in SIF to simulate 
the process in vivo. Typically, for disaccharides (maltose or sucrose), 
10 ml of polymer solution (0.1 to 10 mg/ml), 10 ml of disaccharide 
solution (10 mg/ml), and 10 ml of -glucosidase solution (1.0 mg/ml) 
were prepared separately using SIF as solvent and were mixed. As a 
control group, disaccharide was mixed with -glucosidase without 
polymer. For polysaccharides, two kinds of enzymes (-glucosidase 
and amylase) were added together to degrade polysaccharides (starch, 
dextrin, or glycogen) down to glucose. Six replicates of mixed solu-
tions for each polymer and saccharide conditions were incubated at 
37°C on a shaker plate at 200 rpm for 4 hours. Then, the glucose 
levels in each solution were measured by glucose oxidase-peroxidase 
method using a glucose (GO) assay kit (Sigma-Aldrich) and a 
microplate reader (Infinite M1000 PRO, Tecan). Typically, 10 l of 
testing solution was diluted with 950 l of SIF and then added with 
2.0 ml of glucose assay reagent, incubated for 30 min at 37°C, 
quenched by adding 2.0 ml of 6 M H2SO4, and measured the absorb-
ance at 540 nm. The glucose level was calculated by comparing the 
absorbance of samples with the glucose standard (1 mg/ml). Degree 
of hydrolysis is defined as the fraction (or percentage) of the total 
complex saccharides (polysaccharides and disaccharides), which is 
hydrolyzed. It is calculated by dividing the detected glucose level by 

the theoretical glucose level of 100% hydrolysis. For example, as for 
1 M maltose, its theoretical glucose level after complete hydrolysis 
should be 2 M; if the detected glucose level is 1.5 M, the degree of 
hydrolysis equals to 1.5 divided by 2, which is 75%. Statistical signif-
icance was determined using one-way analysis of variance (ANOVA) 
with *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.

Glucose absorption tests using a dialysis method
Glucose is absorbed directly by intestine epithelium. To examine the 
capacity of the polymers to intercept glucose from absorption, an 
in vitro simulation tests were carried out. A dialysis bag (MWCO = 
1.0 kDa) was prepared as a physical barrier to mimic the intestinal 
tract spatially with the interior and the exterior space that referred 
to intestine lumen and the inner system of the body, respectively. 
Typically, 2.4 g of P1 and 2.4 g of glucose were dissolved in 8 ml of 
SIF, and then, the solution was transferred into a dialysis bag placed 
in a 50-ml centrifuge tube. Thirty milliliters of PAAS SIF solution 
(300 mg/ml) was added to the tube to keep the same polymeric 
osmotic pressure outside with inside. As a control group, 2.4 g of 
PAAS polymer was added into the dialysis bag instead of P1. The 
tubes were kept at 37°C on a shaker plate at 100 rpm, and at each 
predetermined time point, 10-l solution outside the dialysis bag 
was withdrawn and diluted 20 times for the glucose measurement. 
Areas under the curves (AUCs) were calculated with the initial glu-
cose concentration (0 mg/ml) as the baseline. Statistical significance 
was determined using two-way ANOVA for the dialysis curves and 
Student’s t tests (two tailed) for the AUC results with *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.

Animals
All procedures were conducted in agreement with the guideline of 
the Institutional Animal Care and Use Committee of Shanghai Jiao 
Tong University. Male C57BL/6J mice (6 to 8 weeks) were purchased 
from Shanghai SLAC Laboratory Animal. DIO mice were obtained 
from Model Animal Research Center of the Nanjing University and 
were used as type 2 diabetic mouse model. The type 1 diabetic 
mouse model was induced by STZ injection to C57BL/6J mice. The 
STZ solution [10 mg/ml in sodium citrate buffer (pH 4.5)] was 
freshly made and sterilized by filtering with 0.22-m Millipore filter 
membrane before use. After fast for 12 hours, each mouse was in-
jected intraperitoneally with 0.2 ml of STZ solution in a dose of 
60 mg/kg per day for 5 days consecutively. Fasting plasma glucose 
of mice was measured 1 week after injection, and mice with fasting 
glucose levels over 16.7 mM were selected for further study. All mice 
were acclimatized under a 12-hour light/12-hour dark cycle for at 
least 1 week with ad libitum access to normal chow or high-fat 
mouse chow (D12492 from Research Diets Inc. for DIO mice).

One-week acute toxicity study
To evaluate the acute toxicity of the polymer, gavage was carried 
out on C57BL/6J male mice with Poly-BA (P1 or P20) solution in 
a dose of 5 g/kg (0.2 ml and 2.5 g/kg for each gavage, twice ga-
vage a day) per day for 7 days. Mice given PBS was regarded as 
the control group. Mortality, body weight (fig. S15), water and 
food consumption, and any other adverse effects were moni-
tored carefully. Mice were euthanized and dissected after 7-day 
gavage. Anatomy observation was focused on GI lesion and bowel 
obstruction, which were the major concerns for these nonabsorbed 
medicines.
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To assess the potential localized adverse effects of the polymer on 
GI tract, mice were supplied with P1 aqueous solution (5 wt %) or 
normal sterilized water for 1 week with body weight, water, and food 
intake recorded. To avoid the possible harm by frequent gavage, we 
added P1 into drinking water for free consumption. At the end of 
the experiment, mice were euthanized, and GI tracts were harvested 
for histological assessments (Fig. 3K). The histological procedure: 
The freshly harvested GI tracts were washed gently with cold saline, 
fixed in 4% paraformaldehyde for 24 hours, dehydrated using graded 
ethanol, vitrificated by dimethylbenzene, embedded in paraffin, and 
sectioned with 5-m thickness. The sections were further stained 
using hematoxylin and eosin staining.

Mucus retention test of Poly-BAs on porcine duodenum
To identify the contributions of different comonomers to the nofoul-
ing fouling nature of Poly-BAs on intestinal mucus, we conducted 
an ex vivo mucus retention test. The proximal duodenums of five 
male (castrated) finishing pigs (Duroc × Landrace × Large White, 
weighing 110 to 130 kg) were collected from a local abattoir. A 6- to 
8-cm section of fresh porcine duodenum was isolated, opened, and 
gently washed. Fluorescein-labeled Poly-BAs [shown as M1, M4, M5, 
and M8 in Fig. 2 (D and E)] were synthesized by adding fluorescein 
o-acrylate (1 mol % of monomers) into the copolymerization of 
4-VPBA with M1/M4/M5/M8. Fluorescein-labeled Poly-BA solution 
(150 l, 10 mg/ml) was dropped onto the internal surface (mucosa) 
of duodenum. Ten minutes later, the duodenum was washed with 
1 ml of PBS. Images were captured by a small-animal imaging sys-
tem [Caliper In Vivo Imaging System (IVIS) Lumina II]. The poly-
mer retention on mucus was revealed by the fluorescence retention, 
calculated from the fluorescent intensity results of the images by 
(after washing − original)/(after adding − original).

Hydrodynamic size measurement of P1
Nano-Poly-BA aggregates into nanocomplex in water by the supra-
molecular interaction (hydrogen bond) between boronic acid groups 
and carboxylic acid groups. The dense distribution of boronic acid 
groups and carboxylic acid groups has large capability to encapsu-
late and trap the saccharide molecules by both dynamic covalent 
bonds and hydrogen bonds. By swelling and binding of saccharides, 
Nano-Poly-BA is supposed to be inflated. DLS measurement was 
carried out in NanoBrook 90Plus particle size analyzer to monitor 
the dimensional change of Nano-Poly-BA in SIF to demonstrate the 
binding of saccharide onto Nano-Poly-BA. P1 (2 mg/ml), sucrose 
(2 mg/ml), and maltose (2 mg/ml) in SIF were prepared and filtered 
with 0.45-m membrane. P1 solution was mixed with SIF, sucrose, 
or maltose solution 1/1 (v/v) to obtain samples as P1, P1 + Suc, and 
P1 + Mal, which were incubated for 5 min before testing. Scattering 
light was detected at 90°.

Fluorescence imaging of mouse body and selected organs 
with polymer gavage
Near-infrared dye-labeled (sulfo-Cy5) P1 was used to study the bio-
distribution and elimination in mouse model. Mice were either kept 
fasting until the end of the test (Fig. 3) or set for free access to standard 
chow (fig. S16) to exclude or incorporate the impact of uncontrolled 
food intake. The IVIS Lumina III In Vivo Imaging System was used 
for mouse fluorescence imaging. For in vivo imaging, mice were 
orally administered with sulfo-Cy5–labeled polymer (0.2 ml, 1.0 g/kg, 
or 125 mg/ml for mouse body weight of 25 g) at t = 0 min and were 

sedated with isoflurane at each time point. Images were captured 
with excitation at 650 nm and emission at 670 nm. Imaging recon-
structing and analysis were accomplished through Living Image 
Software. For ex vivo imaging, mice were euthanized at each time 
point and dissected immediately; GI tract and selected viscera were 
fetched and arranged on clean dishes for imaging.

OGTT, OCTT, and IPGTTs
OGTT and OCTT (Fig. 4, A to G) were the main method to evaluate 
the efficacy of boric polymers on cutting down mealtime carbo-
hydrate absorption, and IPGTT (fig. S17) were carried out to testify 
the nonsystematic effect of P1 on lowering glucose. As a standard 
OGTT or OCTT procedure, mice were fasted overnight, generally 
13 hours starting from 8 p.m. the day before the test to the next 9 a.m. 
before a fasting glucose measurement (t = 0 min), and gavaged with 
0.2 ml of polymer (wild-type mice, 0.2 to 1.5 g/kg; DIO mice/STZ 
mice, 1.0 g/kg), acarbose (10 mg/kg), or PBS solution 15 min before 
gavage of 0.2 ml of carbohydrate solution (glucose, maltose, sucrose, 
or dextrin) in the predetermined dose (2.0 g/kg for wild-type mice, 
0.5 g/kg for DIO mice, and 1.0 g/kg for STZ mice). Different mouse 
models showed different glycemic responses even with the same 
saccharide and the same dose. The different doses of saccharides for 
different mouse models were determined to get similar glycemic 
response (glycemic excursion of 100 to 200 mg dl−1) and to limit 
the peak glucose level below the detection threshold of the glu-
cometer (600 mg dl−1). All the compounds and carbohydrates were 
dissolved in PBS with concentration calculated on the basis of body 
weights for each mouse, and the volume for each gavage was fixed 
on 0.2 ml. Plasma glucose levels were measured with a drop of blood 
collected from tail vein using a glucometer (Accu-Chek, Roche) at 
15, 30, 60, 90, and 120 min (and 180 min for DIO and STZ mice) 
after last gavage (n = 8 per arm for wild-type and STZ mice and 
n = 7 per arm for DIO mice). Time interval was controlled for 
each mouse. Data points of glucose level were plotted with time. 
GE was defined as the difference of glucose level between the peak 
value and the initial value at t = 0 min. iAUC of the tests on wild-type 

Table 1. The carbohydrate composition and contents of real-world 
carbohydrate-containing foods and drinks used in Fig. 4 (H to J), 
which were obtained on the basis of original commodity information 
or roughly estimated (for porridge). HFCS, high-fructose corn syrup. 

Blueberry jam Coke Porridge

Species HFCS, sucrose HFCS, sucrose Starch

Contents/wt % 62.5 10.6 10.0

Table 2. The dosages of real-world carbohydrate-containing foods 
and drinks used in Fig. 4 (H to J).  

Blueberry jam Coke Porridge P1

Lean mice 0.2 ml 0.4 ml 0.2 ml 1.5 g/kg, 
0.2 ml

DIO mice 0.05 ml +  
0.15 ml dd-H2O 0.2 ml

0.05 ml +  
0.15 ml 
dd-H2O

1 g/kg, 
0.2 ml
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and DIO mice and pAUC of the tests on STZ mice were calculated 
on the basis of the plot with the glucose level before gavage as a baseline. 
P values of glucose curves were determined by two-way ANOVA 
and that of iAUC and pAUC results by one-way ANOVA with *P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. In IPGTT tests, mice 
were treated the same as in the OGTT tests except that the glucose 
solution was injected into the peritoneum instead of gavage, to 
measure the changes in the glucose level for 2 hours (n = 8 per arm).

Real-world food challenge tests
To evaluate the performance of P1 on real food, we challenged both 
lean mice (C57BL/6J, male) and obese mice (DIO mice, male) with 
high-carb foods in real life (Fig. 4, H to J) instead of refined carbo-
hydrates (Fig. 4, A to G). Blueberry jam, coke, and porridge were 
used because of their high popularity. Blueberry jam and coke were 
purchased from supermarket, and plain porridge was homemade 
from Chinese rice. All these foods were homogenized before tests so 
as to be easy to gavage. The carbohydrate composition and contents 
of these carbos were obtained on the basis of original commodity 
information or roughly estimated (for porridge) and were listed in 
Table 1. The dosages of carbos were presented in Table 2. The dosage 
used in DIO mice group were lowered to ensure that the glucose 
levels measured would not exceed the detection range of glucometer. 
P values were calculated by one-way ANOVA with *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, and ****P ≤ 0.0001.

Oral fructose challenge tests
To determine the efficacy of Poly-BA on reducing fructose absorp-
tion, we conducted an oral fructose challenge test. Ingested fructose was 
transported through portal vein into liver, then was fast-metabolized 
in liver, and seldom exists in blood circulation (Fig. 5A). Therefore, 
we detected the fructose levels in portal vein of mice (C57BL/6), 
after gavage of fructose (1.0 g/kg) with or without P1 (1.5 g/kg) or 
PBS. Blood samples were collected using a reported method (29). 
Typically, mice were anesthetized with isoflurane via a nose cone. 
Then, the abdominal cavity was opened, and intestines were displaced 
to identity the portal vein. We used a springe to extract portal vein 
blood (~100 l) different time after gavage (7.5, 15, and 30 min). 
The blood samples were placed on ice in the absence of anticoagulant 
for 25 min, centrifuged at 12,000g for 10 min at 4°C to be made into 
serum, and extracted by methanol:acetonitrile:water (40:40:20). The 
extracts were analyzed by liquid chromatography–mass spectrometer 
with 13C-labeled fructose as the internal label. n = 4, two-way ANOVA 
for the fructose curves with *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and 
****P ≤ 0.0001, one-way ANOVA for the AUC results.

Early-stage fatty liver model induced by fructose
Fructose was metabolized in liver majorly to generate lipid that could 
be pathogenic when overloading. A fructose-induced early-stage 
fatty liver model was used to evaluate the potential benefit of P1 on 
fatty liver-based diseases. Mice were divided into three groups, 
placebo group with free drinking normal water, fructose group with 
fructose solution (20 wt %), and P1 group with mixed solution of 
fructose (20 wt %) and P1 (5 wt %), lasting for 15 days. Mice were 
euthanized, and the livers were isolated for biochemical and histo-
logical analysis. For biochemistry detection, livers were quickly dis-
sected, frozen in liquid nitrogen, and ground with a Cryomill 
(KH-III-F, Servicebio). The ground tissues were extracted with 
nine equivalents of cold normal saline at 4°C for 4 hours, followed 

by vortexing and centrifugation at 4000g for 10 min. The supernatant 
was put to the biochemical assay kits for measurement of total 
cholesterol, TG, and free fatty acid, respectively, and also for measure-
ment of total protein content. The normalized levels of total choles-
terol, TG, and free fatty acid were calculated by dividing the 
detected levels by the total protein content of each sample. For 
histological analysis, the freshly harvested liver tissues were washed 
with cold saline, embedded in OCT compound, and frozen-sectioned 
with 5-m thickness. The sections were further stained with Oil Red O 
and hematoxylin for the evaluation of TG level. P values were calculated 
by one-way ANOVA with *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and 
****P ≤ 0.0001. For histological analysis, livers were frozen-sectioned 
and stained by Oil Red O to visualize the TG accumulation. Sections 
were observed under a Nikon NI-E upright microscope.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/14/eabf7311/DC1
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