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Liver-Target and Glucose-Responsive Polymersomes toward 
Mimicking Endogenous Insulin Secretion with Improved 
Hepatic Glucose Utilization

Aohua Wang, Weiwei Fan, Tiantian Yang, Shufang He, Yiwei Yang, Miaorong Yu, Li Fan, 
Quanlei Zhu, Shiyan Guo, Chunliu Zhu, and Yong Gan*

Oral insulin therapy that targets the liver and further mimics glucose-
responsive secretion holds promise for correcting defects in glucose metabo-
lism caused by peripheral delivery. This work describes the construction of 
polymersomes (Pep-PMS), which are composed of glucose-responsive poly-
mers decorated with peptides that readily bind to the ganglioside-monosialic 
acid (GM1) receptor in the intestinal epithelium. Pep-PMS are efficiently 
transported across the intestinal epithelium through GM1-mediated transcy-
tosis, leading to their abundant accumulation in the liver. Moreover, Pep-PMS 
can efficiently encapsulate insulin in euglycemia and release them in hyper-
glycemia. Under hyperglycemic conditions, the Pep-PMS dissociate to release 
the encapsulated insulin in response to glucose oxidase (GOx)-induced H2O2. 
Surprisingly, the postprandial blood glucose levels of diabetic rats treated with 
Pep-PMS can be maintained even after being challenged by glucose admin-
istration. Hepatic glucose uptake and glycogen production are also elevated 
after treating diabetic rats with Pep-PMS, which is similar to glucose utiliza-
tion in normal rats. Oral delivery systems that target the liver and serve as a 
reservoir for glucose-responsive insulin secretion may improve the therapeutic 
effect in people with diabetes.
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2017.[1] For type I and advanced type II 
diabetic patients, the administration of 
exogenous insulin is the only therapy. 
However, exogenous insulin adminis-
tration is different from endogenously 
secreted insulin with respect to the physi-
ological portal-to-peripheral gradient, 
leading to peripheral hyperinsulinemia. 
Under physiological conditions, the glu-
cose absorbed after digestion of food leads 
to elevated postprandial blood glucose 
levels, and immediately in response to 
this, insulin is secreted from pancreatic β 
cells.[2] After entering the liver through the 
portal vein, insulin mostly accumulates in 
the liver to stimulate glucose intake and 
glycogenesis. Furthermore, this insulin 
is released into the blood circulation with 
proper acting concentration through the 
liver, thus resulting in a much higher con-
centration than that in the peripheral tis-
sues.[3] This portal-to-peripheral insulin 
gradient ensures the control of postpran-
dial blood glucose levels without side 

effects.[4] Moreover, the synthesized hepatic glycogen is respon-
sible for the maintenance of normoglycemia between meals. As 
reported, subcutaneous injection of insulin cannot resolve the 
defect in postprandial hepatic glycogen storage in type I diabetic 
patients.[5] Oral delivery of exogenous insulin is preferred and 
promising because it can simulate the biodistribution of endog-
enous insulin, which satisfies the high portal-to-peripheral 
gradient. So far, many nanocarriers such as liposomes, nano-
particles, and polymersomes (PMS) have been developed to 
improve the oral absorption of insulin.[6] Although the hypogly-
cemic effect has been achieved, these conventional nanocarriers 
cannot respond to blood glucose fluctuations, i.e., they cannot 
repeatedly exert their hypoglycemic potency. Meanwhile, it is 
extremely important for exogenous insulin to take effect only 
under hyperglycemic conditions. Therefore, it may be prom-
ising to deliver an insulin reservoir to the liver via oral route 
and release preloaded insulin in a glucose-responsive manner, 
mimicking the endogenous hypoglycemic mechanisms through 
insulin and ameliorating the glucose utilization in the liver.

The intestinal epithelium is the most formidable bar-
rier limiting the oral absorption of insulin. In contrast, over 
a long period of symbiosis between microbes and humans, 

1. Introduction

Diabetes mellitus is the most prevalent chronic metabolic dis-
ease worldwide, with 425 million people suffering from it in 

Adv. Funct. Mater. 2020, 1910168

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.201910168&domain=pdf&date_stamp=2020-02-14


www.afm-journal.dewww.advancedsciencenews.com

1910168  (2 of 15) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

some pathogenic bacteria have found several pathways to 
deliver toxins across the intestinal epithelium.[7] Among them, 
cholera toxin subunit B (CTB) has been reported to be trans-
ported across the intestinal epithelium through the ganglio-
side GM1-mediated transcytosis pathway.[8] After binding to 
GM1 in the apical membrane, CTB can be internalized and 
then transferred to the Golgi apparatus from the endosome via 
a retrograde pathway, thus bypassing lysosomes and avoiding 
lysosomal degradation. Finally, CTB moves to the basolateral 
membrane to facilitate exocytosis.[9] Inspired from this, a GM1-
targeted nanocarrier may efficiently overcome the intestinal 
epithelium barrier.

To acquire glucose-dependent release properties, insulin 
carriers are fabricated to typically incorporate glucose-sensing 
components such as glucose oxidase (GOx), glucose-binding 
proteins, or phenylboronic acids to regulate the release rate of 
insulin by polymer degradation, structure switching, or glucose-
binding competition.[10] GOx has been extensively used because 
of its catalytic conversion of glucose to gluconic acid, resulting 
in a lower pH, hypoxia, and increased concentration of H2O2.[11] 
As recently reported, many functional polymers have been syn-
thesized that can respond to GOx-induced hypoxia and abun-
dant H2O2, leading to satisfactory glucose-responsive insulin 
release from the delivery systems.[12] Because the intestinal 
environment is highly associated with hypoxia and varying pH, 
to avoid destroying the systems before absorption, designing 
nanocarriers sensitive to H2O2 may provide a glucose-respon-
sive function that is applicable for oral delivery.[13]

Here, we developed smart PMS (Pep-PMS) that can 
accumulate in the liver after oral administration and release 
insulin in a glucose-responsive manner (Scheme 1). We intro-
duced a GM1-targeting peptide screened from a phage library 
into the PMS to overcome the intestinal epithelium barrier.[14] 
After accumulation in the liver, Pep-PMS could release insulin 
under hyperglycemic conditions due to the oxidation of the 

polymer by the high H2O2 levels induced by GOx. In vivo phar-
macodynamics (PD) studies showed that Pep-PMS could sub-
stantially reduce the blood glucose level; especially, when this 
level is elevated due to food intake, the loaded insulin could 
again be released in the liver to regulate postprandial blood 
glucose levels. Furthermore, on treating diabetic rats with Pep-
PMS, glucose uptake in the liver was found to be elevated and 
more hepatic glycogen was produced. This work demonstrates 
that developing smart oral delivery systems that can mimic the 
glucose-responsive secretion of endogenous insulin is a prom-
ising alternative to the current insulin therapy. Most impor-
tantly, we provide a biomimetic strategy widely applicable for 
all insulin delivery systems to improve glycemic control for dia-
betes treatment.

2. Results

2.1. Synthesis and Characterization of Functional Polymers

2.1.1. Synthesis and Characterization of mPEG-PolyMet

Polymers that contain sulfide bond can respond to H2O2. 
Thus, the sulfide bond-containing diblock copolymer mPEG-
PolyMet was first synthesized by amine-initiated ring-opening 
polymerization of α-methionine-N-carboxyanhydride (Met-NCA; 
Figure  1a). It is reported that such type of polymer composed 
of poly(amino acids) and polyethylene glycol (PEG) has good 
biocompatibility and biodegradability.[12c,15] The synthesis of 
Met-NCA from methionine was confirmed by 1H and 13C NMR 
spectroscopy (Figure S1, Supporting Information). Then, after 
polymerization, the characteristic peaks of mPEG and Met in 
the 1H NMR spectrum of the isolated product were observed 
(Figure  1b), demonstrating the successful synthesis of mPEG-
PolyMet. The molecular weight of mPEG-PolyMet measured 
by gel permeation chromatography (GPC) was found to be 
5917 g mol−1 with a narrow distribution (Figure S2, Supporting 
Information). The structural changes of mPEG-PolyMet after 
incubation with H2O2 were confirmed by Fourier transform 
infrared spectroscopy (FTIR), and stretching vibrations of sul-
fone moieties at ≈1033 cm−1 were observed (Figure 1e).[16] These 
results demonstrated that the synthesized mPEG-PolyMet exhib-
ited H2O2-sensitivity. To evaluate the minimum H2O2 concentra-
tions to induce the oxidation of mPEG-PolyMet, the absorbance 
of Pep-PMS through self-assembly of polymer at 500 nm in the 
presence of different H2O2 concentrations was recorded. As 
shown in Figure S3 in the Supporting Information, no obvious 
changes in the absorbance were observed when the H2O2 con-
centration was low. As the H2O2 concentration increased to 
25 × 106 m, a larger change in absorbance was observed. This 
demonstrated that the minimum H2O2 concentration to oxi-
dize mPEG-PolyMet was 25 × 106 m. To further investigate the 
integrity of the polymer chain, 1H-NOESY was performed as 
reported previously.[16b] The cross-peaks between PEG and other 
protons were observed both before and after H2O2 incubation. 
Combined with the result that the same chemical bonds existed 
in the FTIR spectra after incubation (Figure  1e), these results 
confirmed that the product of mPEG-PolyMet left the chain sub-
stantially intact (Figure S4, Supporting Information). Moreover, 
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Scheme 1.  Illustration of Pep-PMS traversing the intestinal epithelium, 
accumulating in the liver, and releasing insulin in response to elevated 
blood glucose levels. GOx, glucose oxidase. PEG-PolyMet, methoxypoly-
ethylene glycol-polymethionine. Pep-PEG-PLGA, ganglioside GM1-tar-
geting peptide-modified PEG-poly (lactide-co-glycolide).
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the degree of polymerization of the Met block in mPEG-PolyMet 
was calculated to be 30 from the 1H NMR spectrum and GPC 
result. Thus, the proportion of hydrophilic mass of the polymer 
was approximately 33.8%. As reported, polymers with a ratio of 
hydrophilic to total mass between 25% and 45% can generate 
PMS in water, so mPEG-PolyMet can theoretically form PMS in 
water and further respond to H2O2.[17]

2.1.2. Synthesis and Characterization of Pep-PEG-PLGA

To utilize the GM1-mediated transcytosis pathway, the 
GM1-targeting peptide (Pep) was conjugated to PEG-poly 

(lactide-co-glycolide) and named Pep-PEG-PLGA (Figure  1c). 
Here, maleimide-polyethylene glycol amine (Mal-PEG2000-NH2) 
was first conjugated with PLGA-COOH through an amide reac-
tion. Pep was then conjugated to Mal-PEG-PLGA to generate 
Pep-PEG-PLGA. The 1H NMR peak corresponding to Mal groups 
at ≈6.7 ppm disappeared after Pep conjugation (Figure 1d), sug-
gesting the successful synthesis of Pep-PEG-PLGA.

2.2. Preparation and Characterization of PMS

The 1H NMR spectra of unmodified PMS prepared by the self-
assembly of mPEG-PolyMet only showed peaks corresponding 
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Figure 1.  Preparation and characterization of functional polymers and PMS. a) The synthetic route to mPEG-PolyMet. b) 1H NMR spectrum of mPEG-
PolyMet. Peaks are assigned according to the labels in panel a. c) The synthetic route to Pep-PEG-PLGA. d) 1H NMR spectra of Mal-PEG-PLGA and 
Pep-PEG-PLGA. Peaks are assigned according to the labels in panel (c). The red arrow indicates missing Mal group. e) FTIR spectrum of mPEG-PolyMet 
before and after incubation with H2O2. f) Size distribution and surface zeta potentials of PMS and Pep-PMS characterized by DLS. Data are means ± 
SD, n = 3. g) Cryo-TEM images of PMS and Pep-PMS. Scale bars: 100 nm.
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to PEG, whereas those of PolyMet were missing (Figure S5, 
Supporting Information), confirming the formation of PMS. 
To prepare GM1-targeting PMS, a Pep-PEG-PLGA solution 
was premixed with an mPEG-PolyMet solution to obtain Pep-
PMS. Dynamic light scattering (DLS) revealed that PMS were 
147.4 nm in size with a zeta potential of −3.58 mV, whereas 
Pep-PMS were 154.0 nm in size with a zeta potential of 
+5.22 mV (Figure  1f). The particle size slightly increased and 
the zeta potential became weakly positive after Pep-PEG-PLGA 
was added, which further confirmed the surface modification 
of Pep. Then, the dispersibilities of PMS and Pep-PMS in dif-
ferent conditions such as culture medium and phosphate-buff-
ered saline (PBS) were evaluated by recording the alteration 
of particle sizes and polydispersity indexes (PDIs). PMS and 
Pep-PMS showed outstanding dispersibilities under both con-
ditions which may be caused by the existence of outer PEG 
corona after the formation of PMS (Figure S6, Supporting 
Information).[18] The morphologies of both types of PMS were 
observed by cryogenic transmission electron microscopy (cryo-
TEM). Both PMS were spherical with cavities that were suit-
able for insulin encapsulation (Figure  1g). Additionally, the 
hydrophobic layer was clearly visualized. The entrapment effi-
ciencies of insulin were determined to be 46.2% and 42.9%, 
and the loading capacities were 8.4% and 7.9% for PMS and 
Pep-PMS, respectively. The integrity of fluorescein isothiocy-
anate-labeled insulin (FITC-Ins)-loaded and 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindocarbocyanine (DiI)-labeled Pep-PMS 
(double fluorophores-labeled Pep-PMS) was confirmed via 
fluorescence resonance energy transfer (FRET) measurements. 
Upon self-assembly into Pep-PMS, the emission intensity of 
FITC-Ins decreased at 520 nm and that of DiI increased at 
575 nm owing to FRET in intact PMS (Figure S7, Supporting 
Information).

2.3. Glucose-Responsive Insulin Release of Pep-PMS

To achieve the glucose-responsive insulin release properties, we 
followed a fact that sulfide groups can be oxidized to sulfoxides 
and ultimately to sulfones, turning hydrophobicity into hydrop
hilicity.[12c,16b,19] We first confirmed that H2O2 can be produced 
by coloaded GOx in the presence of glucose. It was obvious that 
the amount of H2O2 was positively related to glucose concen-
tration (Figure S8, Supporting Information). The pH of the 
Pep-PMS solution significantly decreased after incubation with 
glucose (400 mg dL−1), which demonstrated the successful dif-
fusion of glucose into Pep-PMS, caused by the oxidation of glu-
cose by the loaded GOx (Figure S9, Supporting Information). 
Afterward, the hydrophobic PolyMet groups would be oxidized 
by produced H2O2 leading to the dissolution of mPEG-PolyMet. 
Therefore, the H2O2-responsive dissociation of Pep-PMS was 
investigated. First, the absorbance of Pep-PMS significantly 
decreased over the course of 6 h, whereas it remained almost 
unchanged in the absence of the highest concentration of 
H2O2 (Figure S10a, Supporting Information). Moreover, the 
encapsulated insulin was released from Pep-PMS in PBS with 
H2O2 (Figure S10b, Supporting Information). These results 
demonstrated that Pep-PMS was H2O2 sensitive and could 
release insulin at different rates with respect to the glucose 

concentration. It has been reported that a polymer contained 
thioether could remove the excess H2O2, the cellular toxicity 
could be lowered.[12c] This character is essential for nanocar-
riers to mimic endogenous insulin secretion because endog-
enous insulin is released quickly from pancreatic β cells only 
under hyperglycemic conditions.

The physicochemical changes of Pep-PMS, including the 
size and morphology, were observed in response to low and 
high glucose levels. The size of Pep-PMS remained almost 
unchanged under low glucose levels (Figure  2a). Under high 
glucose levels, however, the size decreased, and the size distri-
bution became wider (Figure  2b). Cryo-TEM images showed 
that Pep-PMS were transformed into smaller PMS in 1 h, and 
most Pep-PMS were dissociated within 2 h (Figure 2c). Corre-
spondingly, the FRET phenomenon changes further confirmed 
the dissociation degree of Pep-PMS at low and high glucose 
solutions. The fluorescence intensity of DiI slightly decreased 
and that of FITC-Ins slightly increased over 2 h in a low glucose 
solution (Figure 2d), from which we concluded that only a few 
Pep-PMS were dissociated. However, at high glucose concentra-
tions, the fluorescence intensity of DiI significantly decreased 
and that of FITC-Ins remarkably increased in 2 h (Figure 2e). 
Stimulated emission depletion (STED) microscopy was used to 
visualize the morphological changes in double fluorophores-
labeled Pep-PMS after incubating with a high glucose solution. 
At the start of the experiment (Figure  2f, 0 h), a DiI-labeled 
hydrophobic layer was observed encapsulating FITC-Ins. At  
1 h, a gap, caused by the partial dissolution of mPEG-
PolyMet, was clearly observed in the out layer, and FITC-Ins 
was released. Finally, at 2 h, both green and red fluorescence 
bands were barely observed which indicated that Pep-PMS was 
completely dissociated. In addition, confocal laser scanning 
microscopy (CLSM) was conducted to observe the release pro-
cess of insulin from Pep-PMS. As shown in Figure S11 and  
Movies S1–S3 in the Supporting Information, the green fluo-
rescence slightly decreased in a low glucose medium, whereas 
it rapidly decreased in a high glucose medium. These results 
implied that Pep-PMS could readily dissociate and release 
insulin rapidly under hyperglycemic conditions.

In vitro glucose-responsive insulin release profiles of Pep-
PMS were studied by incubating Pep-PMS in PBS containing 
various concentrations of glucose (0, 100, 200, 300, and 
400 mg dL−1). Significantly faster insulin release was observed 
at hyperglycemic levels, whereas limited insulin release 
occurred at the normoglycemic (100 mg dL−1) and control 
levels (PBS; Figure 2g). Moreover, if the glucose concentration 
changes with food intake, Pep-PMS could still release insulin 
at a corresponding rate (Figure 2h). Such a property would be 
beneficial to maintain euglycemia.

To evaluate the stability of PMS and Pep-PMS after oral 
delivery, NPs were incubated with PBS at different pH values 
mimicking gastrointestinal environments. As shown in 
Figure S12a in the Supporting Information, insignificant 
changes in size were observed after incubation with ultra 
acidic or nearly neutral conditions for 2 and 6 h, respec-
tively. Furthermore, the insulin release profiles were recorded 
(Figure S12b, Supporting Information), and the results showed 
that all the insulin release rates were slow. The amount of 
insulin released from both PMS and Pep-PMS was less than 

Adv. Funct. Mater. 2020, 1910168
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10% after incubation with ultra acidic conditions (pH 1.2) for  
2 h and nearly neutral conditions (pH 6.8) for another 6 h. 
These results indicated that the PMS and Pep-PMS could keep 
stable in the gastrointestinal tract before being absorbed into 
systemic circulation.

An in vivo study through subcutaneous injection was per-
formed in diabetic rats to evaluate the dynamic release of 
insulin from Pep-PMS. An oral glucose tolerance test (OGTT) 
was performed at 1 h after the subcutaneous injection of Pep-
PMS. The blood glucose levels of diabetic rats treated with 
Pep-PMS increased relatively slowly after glucose adminis-
tration and then declined to a normoglycemic state within 

2 h, which was similar to the response observed in healthy 
rats (Figure S13a, Supporting Information). In contrast, 
blood glucose levels steadily increased in diabetic rats treated 
with insulin solution (Ins) during 2 h. To quantify the glu-
cose response to the various formulations, the area under the 
curve (AUC) was calculated between 0 and 120 min for each 
group. As shown in Figure S13b in the Supporting Informa-
tion, diabetic rats treated with Pep-PMS showed significantly 
improved blood glucose control to the glucose challenge com-
pared with those treated with Ins. Importantly, when healthy 
rats were treated, the Ins group produced significantly reduced 
blood glucose levels compared to those produced by Pep-PMS 

Adv. Funct. Mater. 2020, 1910168

Figure 2.  In vitro glucose-responsive insulin release of Pep-PMS. a) Size distribution of Pep-PMS after incubation with low glucose (100 mg dL−1) solu-
tions at 37 °C. b) Size distribution of Pep-PMS after incubation with high glucose (400 mg dL−1) solutions at 37 °C. c) Cryo-TEM images of Pep-PMS 
after incubation with a high glucose solution at 37 °C for 1 and 2 h. Scale bars: 100 nm. d) Emission spectra of double fluorophores-labeled Pep-PMS 
with excitation at 420 nm after incubation with a low glucose solution at 37 °C for the indicated times. e) Emission spectra of double fluorophores-
labeled Pep-PMS with excitation at 420 nm after incubation with high glucose solutions at 37 °C for the indicated times. f) In vitro glucose-responsive 
morphological change in single Pep-PMS in a high glucose solution observed by STED. Scale bars: 100 nm. g) In vitro insulin release profiles of Pep-
PMS at different glucose concentrations at 37 °C. Data are means ± SD, n = 3. h) The insulin release profile of Pep-PMS at simulated diabetic blood 
glucose levels. Data are means ± SD, n = 3.
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(Figure S13c, Supporting Information), indicating that there 
was only little insulin leakage from Pep-PMS under normogly-
cemic conditions. Pep-PMS exhibited a remarkably lower hypo-
glycemia index compared to that exhibited by Ins (Figure S13d, 
Supporting Information).

2.4. Overcoming the Mucus Barrier

The mucus layer on the intestinal epithelial surface is consid-
ered a significant barrier to the absorption of nanocarriers.[20] 
Therefore, we examined the mucus penetration of PMS and 
Pep-PMS using mucus-secreting HT29-MTX-E12 cells. Both 
PMS could penetrate the mucus layer efficiently within 1 h 
(Figure S14, Supporting Information) likely because of their 
hydrophilic PEG surface and neutral charge. More Pep-PMS 
than PMS were internalized into the E12 cell monolayer, 
implying the significant influence of peptide modification.

2.5. GM1-Mediated Transcytosis of Pep-PMS

We studied whether Pep-PMS could traverse the intestinal 
epithelium by a mechanism similar to that used by the CTB, 
i.e., by GM1-mediated endocytosis, lysosome-evading pathway, 
Golgi-targeting pathway, and basolateral exocytosis (Figure 3a). 
Caco-2 cell monolayers were used to simulate the in vitro intes-
tinal epithelium, and the cells were pre-incubated with GM1 
(5 × 10−3 m) added to the cell medium for 4 h to increase cell-
associated GM1 levels because of the negligible expression level 
of GM1 in the Caco-2 cells.[21] As shown in Figure S15 in the 
Supporting Information, after pre-incubation with GM1, Caco-2 
cells expressed much more GM1 on the cytomembrane and the 
transcytosis of CTB and Pep across the Caco-2 cell monolayers 
was significantly enhanced. These results confirmed that abun-
dant exogenous GM1 was successfully immobilized on the 
membranes of Caco-2 cells. Moreover, intestinal absorption of 
CTB was performed to illustrate the abundant existence of GM1 
on the membrane. As shown in Figure S16 in the Supporting 
Information, the fluorescence intensity of Caco-2 with GM1 
incubation was almost the same as that of the epithelium. It is 
reported that GM1 was expressed in the intestinal epithelium 
cells; thus, we can reasonably speculate that in vivo absorption 
pathways can be estimated from in vitro cellular results.[22]

After construction of the in vitro model, an MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay was performed to evaluate the cytotoxicity of Pep-PMS. 
With concentrations ranging from 0.1 to 2 mg mL−1, Pep-
PMS did not significantly reduce cell viability (Figure S17a, 
Supporting Information). When encapsulated with GOx, no 
remarkable reduction in cell viability was observed as com-
pared with that observed in the control groups, which may be 
caused by the ability of this type of polymer to remove excess 
H2O2 (Figure S17b, Supporting Information).[12c] The uptake of 
double fluorophores-labeled Pep-PMS by Caco-2 cells was then 
qualitatively studied using CLSM by comparing with double 
fluorophores-labeled PMS and FITC-Ins. The Pep-PMS group 
exhibited stronger green fluorescence intensity than the Ins- 
and PMS-treated groups (Figure 3b). Moreover, the green and 

red fluorescence showed strong colocalization, indicating that 
both PMS and Pep-PMS remained intact in the Caco-2 cells. 
Insulin uptake by Caco-2 cells under different formulations 
was also quantitatively analyzed. The amount of insulin inter-
nalized into cells incubated with FITC-Ins-loaded Pep-PMS 
was 7.13- and 2.72-fold higher than that in cells treated with 
FITC-Ins and FITC-Ins-loaded PMS, respectively. Upon inhibi-
tion of GM1 with free Pep, the cellular uptake of insulin from 
Pep-PMS significantly decreased to levels similar to those from 
PMS. Similarly, cellular uptake of insulin from Pep-PMS was 
reduced in Caco-2 cells without GM1 (Figure 3c). These results 
demonstrated that cellular internalization of Pep-PMS mainly 
occurred through GM1-mediated active endocytosis.

In general, after being internalized into cells, nanocarriers 
may be transferred from endosomes to lysosomes for degra-
dation.[23] Therefore, the fate of PMS and Pep-PMS in Caco-2 
cells after endocytosis was studied. With GM1-targeting peptide 
modification, we proposed that the intracellular pathway could 
be the same as that of CTB, which is transported through the 
cell via GM1 binding. CTB is one of the subunits of cholera 
toxin (CT). When stably combined with GM1 existing in the 
cell membrane, CTB endocytosis could be mediated. Nest, the 
CTB-GM1 complex mainly traffics retrograde to the Golgi appa-
ratus which may attribute to the lipid rafts at the cell surface. It 
is reported that such a retrograde pathway is not related to the 
lysosome.[9,24] As shown in Figure 3d, most green fluorescence 
of PMS was observed to colocalize with the red fluorescence of 
Lyso-Tracker Red-stained lysosomes at 1 and 2 h. However, few 
Pep-PMS were entrapped in the lysosomes. The colocalization 
coefficients of the Pep-PMS group were much lower than those 
of PMS group at 1 and 2 h (Figure  3e). From 3D images, we 
observed that Pep-PMS were close to the basolateral membrane, 
whereas lysosomes were present on the apical side (Figure S18, 
Supporting Information). Thus, Pep-PMS could avoid entering 
lysosomes. Furthermore, Pep-PMS were observed to largely 
colocalize with the Golgi apparatus at 1 and 2 h (Figure  3f). 
However, PMS could not be transferred to the Golgi appa-
ratus. Correspondingly, the colocalization coefficients for the 
Pep-PMS group were much higher than those for PMS group 
at 1 and 2 h (Figure 3g). These results further confirmed that 
the GM1-mediated retrograde pathway had been successfully 
applied in Pep-PMS, which includes GM1-mediated lysosome-
evading and Golgi-targeting intracellular pathway in Caco-2 
cells. Such intracellular delivery of Pep-PMS may be beneficial 
to maintain the activity of encapsulated insulin.

Whether Pep-PMS could exit the cell monolayers by basolat-
eral exocytosis was subsequently studied. After Caco-2 cell mon-
olayers were incubated with double fluorophores-labeled Pep-
PMS for 2 h, the basolateral medium was collected to detect 
the FRET signal of Pep-PMS. An intense FRET spectrum was 
observed (Figure  3h), which verified the transepithelial trans-
port of intact Pep-PMS. Moreover, Pep-PMS were also visual-
ized in the basolateral medium by cryo-TEM (Figure 3h, inset).

For the transepithelial pathway and efficiency of encapsu-
lated insulin, the transepithelial electrical resistance (TEER) 
values were measured to monitor the integrity of tight junc-
tions of Caco-2 cell monolayers. No significant decrease in 
TEER was observed after Caco-2 cell monolayers were incu-
bated with any of the formulations (Figure S19, Supporting 
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Figure 3.  GM1-mediated transcytosis of Pep-PMS. a) Schematic illustration of the GM1-mediated transcytosis of Pep-PMS. b) CLSM images of Caco-2 
cells incubated with FITC-labeled insulin (Ins), double fluorophore-labeled PMS, and double fluorophore-labeled Pep-PMS. Cell nuclei were stained with 
DAPI (blue). Scale bars: 20 µm. c) Quantitative determination of insulin cellular uptake for different treatments. “+ Pep” indicates that free peptide was 
added as an inhibitor. “- GM1” means that Caco-2 cells were not preincubated with GM1. Data are means ± SD, n = 3, p values were obtained using 
two-tailed Student’s t test, *p < 0.05. d) CLSM images of the colocalization of FITC-Ins-loaded PMS and Pep-PMS (green) with lysosomes (red) after 
incubation for the indicated times. Enlarged images are shown in the white square. Cell nuclei were stained with Hoechst 33342 (blue). Scale bars: 20 µm. 
e) Pearson’s coefficients of FITC-Ins-loaded PMS and Pep-PMS colocalized with lysosomes. Data are means ± SD, n = 3, p values were obtained using 
two-tailed Student’s t test, *p < 0.05 as compared with PMS. f) CLSM images of the colocalization of PMS and Pep-PMS (green) with the Golgi apparatus 
(red) after incubation for the indicated times. Enlarged images are shown in the white square. Cell nuclei were stained with Hoechst 33342. Scale bars: 
20 µm. g) Pearson’s coefficient of PMS and Pep-PMS colocalized with the Golgi apparatus. Data are means ± SD, n = 3, p values were obtained using 
two-tailed Student’s t test, *p < 0.05 as compared with PMS. h) Emission spectra and cryo-TEM images (inset) of the basolateral medium after the Caco-2 
cell monolayer was incubated with double fluorophores-labeled Pep-PMS for 2 h. Scale bar: 100 nm. i) Apparent permeability coefficient (Papp) of insulin 
in different formulations across Caco-2 cell monolayers. Data are means ± SD, n = 3, p values were obtained using two-tailed Student’s t test, *p < 0.05.
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Information), which confirmed the transcellular transport 
pathway of insulin. As shown in Figure 3i, the apparent perme-
ability coefficient (Papp) of Pep-PMS was 17.52 × 10−7 cm s−1, 
which was 14.02- and 4.85-fold higher than those of Ins and 
PMS, respectively. Moreover, after inhibition of GM1 with free 
Pep or in the Caco-2 cell monolayers without GM1, the Papp of 
insulin from Pep-PMS was significantly reduced, further indi-
cating the important role of GM1 in the transcytosis of Pep-
PMS. Overall, the results suggested that the use of Pep-PMS 
resulted in increased transepithelial transport of insulin via the 
GM1-mediated transcytosis pathway.

2.6. In Vivo Intestinal Absorption of Pep-PMS

To investigate the in vivo intestinal absorption of PMS, we 
visualized the transport of double fluorophores-labeled PMS 
and Pep-PMS in the intestinal villi by CLSM. Much more 
intense fluorescence was observed in the Pep-PMS-treated villi 
compared with that in the PMS group (Figure  4a). Moreover, 
almost all green fluorescence was colocalized with that of the 
red channel, indicating that both PMS and Pep-PMS remained 
intact. The results confirmed the better intestinal absorption of 
intact Pep-PMS versus PMS. The transepithelial transcytosis of 
Pep-PMS could lay the foundation of further studies on the in 
vivo distribution and glucose-responsive insulin release of Pep-
PMS to intelligently control the blood glucose levels.

2.7. In Vivo Liver Accumulation of Pep-PMS

We investigated the glucose-responsive property and trans-
cytosis character of Pep-PMS. The in vivo biodistribution of 
such PMS is vital to control blood glucose level. In a healthy 
body, endogenous insulin is secreted from β cells in the pan-
creas, after which it enters the liver through the portal vein and 
mainly accumulates there, resulting in a much higher concen-
tration than that in the peripheral tissues. However, exogenous 
insulin goes into the peripheral tissues first and then moves to 
the liver, which is different from the pathway of endogenous 
insulin. To this end, first, we imaged the organs of rats 4 h after 
oral administration with FITC-Ins-loaded PMS and Pep-PMS 
using an in vivo imaging system (IVIS). Only the liver from 
rats treated with Pep-PMS yielded a strong FITC-Ins signal 
(Figure 4b). Correspondingly, the fluorescence intensity of Pep-
PMS in the liver calculated from the homogenate was much 
higher than that of the other organs, which indicated Pep-PMS 
had mainly accumulated in the liver (Figure 4c).

To further assess the integrity of the PMS in the livers of 
healthy and diabetic rats, we labeled Pep-PMS using double 
fluorophores. We observed a strong fluorescence intensity 
corresponding to Pep-PMS in the liver lobules of healthy rats 
(Figure 4d), which confirmed the accumulation of Pep-PMS in 
the liver again. Moreover, green and red fluorescence colocal-
ized well, indicating that Pep-PMS remained intact in the livers 
of healthy rats. In contrast, after administration to diabetic rats, 
Pep-PMS were found in lower abundance in the liver. This 
result might have arisen from the partial dissociation of Pep-
PMS under hyperglycemic conditions.

3D images of precision-cut liver slices obtained by CLSM 
were reconstructed to further examine the localization of Pep-
PMS in the liver. Widespread green fluorescence of FITC-Ins-
loaded Pep-PMS was observed in the liver slices (Figure  4e). 
Furthermore, from the xz and yz section images, we found 
that only a small number of Pep-PMS was internalized into the 
hepatocytes and that most Pep-PMS were localized in the space 
of Disse, where the blood flow rate becomes much slower and 
the fenestrations allow blood plasma to interact with hepato-
cytes.[25] Because insulin must interact with the insulin receptor 
in the cytomembrane of hepatocytes to elicit physiological 
effects, insulin released from Pep-PMS in the space of Disse 
under hyperglycemic conditions could directly bind to the 
insulin receptor on the hepatocytes. This might be attributed 
to the synergistic factors including size distribution, neutrally 
charged zeta potential, and PEG corona. Detailed mechanisms 
may require intense study in the future.

2.8. In Vivo Glucose-Responsive Insulin Release in the Liver

Delivering insulin carriers to the liver and releasing insulin in a 
glucose-responsive manner are both important to mimic endog-
enous insulin secretion. Here, to investigate glucose-responsive 
insulin release from Pep-PMS in the liver, precision-cut liver 
slices were separately incubated in PBS containing glucose at 
a low or high concentration. The intensity of the green fluo-
rescence of FITC-Ins-loaded Pep-PMS changed slightly over 
30 min in the low glucose (LG) group. However, in the high 
glucose (HG) group, we clearly observed that the green fluo-
rescence significantly decreased in 30 min, indicating the accel-
erated dissociation of Pep-PMS (Figure 5a and Movies S4–S6, 
Supporting Information). Correspondingly, the relative inte-
grated densities of Pep-PMS in the HG group at 15 and 30 min 
were markedly lower than those in the LG group (Figure  5b). 
These results demonstrated that Pep-PMS dissociated in the 
liver in response to elevated hepatic glucose concentrations.

The glucose-responsive dissociation of Pep-PMS in vivo 
in diabetic mice was confirmed using IVIS. A FRET pair, IR 
783 and Tide Quencher 7WS (TQ7), was coloaded with insulin 
and GOx into Pep-PMS for in vivo imaging. According to the 
user manual, TQ7 can absorb the fluorescence of IR 783. 
Thus, the resulting Pep-PMS emitted weak fluorescence in 
vitro, as observed by the IVIS (Figure  5c). The diabetic mice 
were first injected subcutaneously with an insulin solution 
(t = 0 h) to lower the blood glucose level and avoid the release 
of Pep-PMS that was orally administrated following insulin 
injection. At 2 h post Pep-PMS administration, little fluores-
cence was detected in the mice and a glucose solution was 
administered to the mice through intraperitoneal injection 
to induce hyperglycemic conditions. At 3 h (1 h post-glucose 
administration), we observed an intense fluorescence signal in 
the liver (Figure 5c), which indicated that Pep-PMS dissociated 
and IR 783 was released in response to the elevated blood glu-
cose level. Insulin would also be released which could result in 
a decrease in the blood glucose level. Consequently, the fluo-
rescence intensity and thus Pep-PMS dissociation significantly 
decreased from 3 to 6 h. To simulate food intake-induced 
hyperglycemia, glucose was again administered at 6 h. As a 

Adv. Funct. Mater. 2020, 1910168
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result, a similar effect was observed. The fluorescence inten-
sity in the liver increased at 7 h and then decreased from 7 to 
10 h (Figure 5c). These results demonstrate that Pep-PMS can 
facilitate glucose-responsive insulin release in the liver. Thus, 
Pep-PMS could overcome multiple barriers including the 
mucus and intestinal epithelia after oral administration, and 

importantly, intact Pep-PMS were found to accumulate abun-
dantly in the liver and exhibit glucose-responsive behavior. By 
combining these series of phenomenon, we concluded that 
Pep-PMS could simulate the endogenous insulin secretion 
through oral administration, which may aid in better blood 
glucose control than other carriers.

Adv. Funct. Mater. 2020, 1910168

Figure 4.  In vivo intestinal absorption and liver accumulation of Pep-PMS. a) CLSM micrographs of small intestinal villi sections prepared from rat 
intestinal loops 2 h post administration with double fluorophore-labeled PMS or Pep-PMS. The boxed areas are enlarged at the right panel. Cell nuclei 
were stained with DAPI (blue). Scale bars: 200 µm. b) In vivo tissue distribution of FITC-Ins-loaded PMS and Pep-PMS after oral administration to 
healthy rats determined by IVIS. H, heart; Li, liver; S, spleen; Lu, lung; K, kidney. c) Quantitative determination of biodistribution of FITC-Ins-loaded 
PMS and Pep-PMS after oral administration to healthy rats. Fluorescence intensities of different tissue homogenates were measured. Data are means 
± SD, n = 3, p values were obtained using two-tailed Student’s t test, *p < 0.05, compared with fluorescence intensity in the livers of the PMS-treated 
rats. d) The accumulation of Pep-PMS in the liver after oral administration to healthy or diabetic rats. The black dashed circles indicate liver lobules. 
The boxed areas were observed at a higher magnification. Cell nuclei were stained with DAPI (blue). Scale bars in bright field images: 500 µm; CLSM 
images: 50 µm. e) 3D images showing the localization of FITC-Ins-loaded Pep-PMS in a precision-cut liver slice. Cell nuclei were stained with Hoechst 
33342 (blue) and cytomembrane were stained with Alexa 555-wheat germ agglutinin (red). Scale bars: 30 µm.
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Figure 5.  Hepatic glucose-responsive release, in vivo absorption of Pep-PMS and hepatic glucose utilization. a) Glucose-responsive release process of 
FITC-Ins-loaded Pep-PMS on precision-cut liver slices (shown in the picture on the left) from rats obtained 4 h after oral administration of Pep-PMS. LG, 
low glucose concentration (100 mg dL−1). HG, high glucose concentration (400 mg dL−1). Cell nuclei were stained with DAPI (blue). Scale bars in bright 
field images: 500 µm; CLSM images: 20 µm. b) Relative integrated densities of Pep-PMS measured by ImageJ in the precision-cut liver slices. Data are 
means ± SD, n = 3, p values were obtained using two-tailed Student’s t test, *p < 0.05 as compared with LG. c) Live animal imaging to examine the glucose-
responsive dissociation of Pep-PMS in a diabetic mouse. IR 783, TQ7, insulin, and GOx were coloaded into Pep-PMS. Pep-PMS were orally administered to 
the diabetic mouse following insulin injection at 0 h. A glucose solution was administered via intraperitoneal injection at a dose of 1.5 g kg−1 at 2 and 6 h. 
d) Blood glucose level versus time profiles of diabetic rats following oral gavage of Ins, insulin-loaded PMS, and Pep-PMS (100 IU kg−1) and subcutaneous 
injection of insulin solution (Ins-sc, 5 IU kg−1). A glucose solution (2 g kg−1) was orally administered to the diabetic rats 6 h after oral gavage of insulin-loaded 
Pep-PMS to simulate food intake. Data are means ± SD, n = 6. e) Peripheral serum insulin level versus time profiles of diabetic rats following oral gavage 
of Ins, insulin-loaded PMS, and Pep-PMS (100 IU kg−1) and subcutaneous injection of insulin solution (5 IU kg−1). Data are means ± SD, n = 6. f) Portal 
serum insulin level versus time profiles of diabetic rats following oral gavage of Ins, insulin-loaded PMS, and Pep-PMS (100 IU kg−1). g) PET/CT images 
of 18F-FDG uptake in the liver of the diabetic rats administered with different formulations and healthy rat. h) Hepatic glycogen content of the diabetic rats 
treated with different insulin formulations for several days. Data are means ± SD, n = 6, p values were obtained using two-tailed Student’s t test, *p < 0.05.
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2.9. In Vivo PD and Pharmacokinetics (PK) Studies

The hypoglycemic effect and PK of Pep-PMS in diabetic 
rats were studied. As anticipated, oral administration of Ins 
(100 IU kg−1) failed to decrease the blood glucose level, indi-
cating poor oral absorption of free-form insulin (Figure  5d). 
Subcutaneous injection of insulin (5 IU kg−1) produced a sharp 
decrease in the blood glucose level, which reached a minimum 
at 2 h post insulin injection and gradually returned to baseline. 
In contrast, oral gavage of insulin-loaded PMS (100 IU kg−1) 
induced a slower but prolonged hypoglycemic effect for up to 
12 h. The blood glucose level of diabetic rats administered the 
insulin-loaded Pep-PMS (100 IU kg−1) was rapidly reduced, 
and a normal glucose level was attained within 6 h. To simu-
late food intake, an OGTT was performed at 6 h after gavage 
of Pep-PMS. The blood glucose level increased 1 h post glucose 
administration and then decreased to normoglycemia again. 
No hypoglycemic phenomenon occurred in these diabetic rats 
treated with Pep-PMS. The results demonstrated that a high 
dose of Pep-PMS can respond to hyperglycemia and release 
insulin twice to maintain blood glucose levels.

Consistent with the PD results, the PK profiles (Figure  5e) 
showed that the Ins-sc group exhibited a sharp increase in 
peripheral serum insulin levels 1 h post injection, and the 
levels rapidly decreased again in the following 2–3 h. In con-
trast, oral administration of insulin-loaded PMS and Pep-PMS 
led to a slower increase in peripheral serum insulin levels, 
and the maximum insulin concentrations appeared at 3 h post 
PMS administration. Higher peripheral serum insulin levels 
were obtained in the Pep-PMS group than in the Ins and PMS 
groups. Additionally, after OGTT was performed in the Pep-
PMS group, one more insulin peak was observed, which dem-
onstrated insulin release in response to the elevated glucose 
level. As shown in Table 1, the AUC of serum insulin level in 
the Pep-PMS was 172.8 μIU*h mL−1, with a relative bioavail-
ability of 3.9%. Because Pep-PMS largely accumulated in the 
liver, there might be a bias in using the peripheral serum 
insulin concentration to calculate the relative bioavailability. 
Thus, portal blood samples of diabetic rats treated with Ins, 
insulin-loaded PMS, and insulin-loaded Pep-PMS were col-
lected to measure the portal serum insulin concentration. The 
absorption of Pep-PMS into the portal blood was significantly 
higher than that of PMS and Ins during 1–6 h post-adminis-
tration (Figure  5f). Compared with that of the Ins group, the 
total insulin absorptions from PMS and Pep-PMS were 4.9- and 

20.3-fold higher, respectively (Table 2). We can reasonably spec-
ulate that the improved oral delivery efficiency of insulin was 
caused by the reasonable design of Pep-PMS. Such insulin car-
riers could utilize the GM1-mediated transcytosis to overcome 
multiple barriers and then simulate the endogenous insulin 
secretion in liver. They can avoid the complication of hyperin-
sulinemia and prevent the wastage of insulin, thus helping con-
trol blood glucose more strictly.

2.10. In Vivo Hepatic Glucose Utilization Studies

By now, most studies have been focusing on lowering the blood 
glucose levels alone while neglecting the glucose metabolism 
and utilization conditions. Actually, under physiological condi-
tions, food intake shifts hepatic glucose metabolism from glu-
cose production to glucose storage; insulin is a crucial regulator 
of this transition, and it primarily acts by activating glycogen 
synthase.[26] This process is crucial to blood glucose homeo-
stasis because glycaemia is maintained by degradation of hepatic 
glycogen during a fasting state. As reported, even optimized 
systemic insulin substitution cannot resolve the defect in post-
prandial liver glycogen storage in type I diabetic patients.[5] Here, 
we further investigated the hepatic glucose utilization induced by 
Pep-PMS in diabetic rats, including hepatic glucose uptake and 
hepatic glycogen production. As shown in Figure 5g, [18F]-fluoro-
deoxyglucose (18F-FDG) was barely transported into the liver of 
untreated diabetic rats because little insulin was produced. After 
treating the diabetic rat with a subcutaneous injection of insulin, 
a small part of insulin entered the liver via systemic circulation. 
Thus, a higher 18F-FDG uptake was observed in the liver of the 
diabetic rat. Compared with the untreated and Ins-sc groups, 
Pep-PMS induced the highest 18F-FDG uptake in the liver, sim-
ilar to the level of 18F-FDG in the liver of healthy rats, which 
could be attributed to the accumulation of Pep-PMS in the liver 
followed by the release of insulin under hyperglycemic condi-
tion. The quantitative analysis of SUV-bw values in the liver from 
different groups further confirmed the advantages of Pep-PMS 
(Figure S20, Supporting Information).

It is reported that insulin acts on liver insulin receptors to 
directly activate glycogen synthesis.[3] We further measured 
the hepatic glycogen contents of diabetic rats treated with dif-
ferent formulations. After treating for 1, 2, and 3 days, the sub-
cutaneous injection of insulin could lead to a higher hepatic 
glycogen content compared with the untreated diabetic rats. 
This content was however still less than that in diabetic rats 
treated with Pep-PMS (Figure 5h). The higher glycogen produc-
tion of Pep-PMS-treated rats is ascribed to the higher glucose 
uptake in the liver. When treating for 7 days, the production 
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Table 1.  Pharmacokinetic parameters calculated from peripheral serum 
insulin versus time profiles of different insulin formulations following 
administration to diabetic rats.

Ins-sc Ins PMS Pep-PMS

Dose (IU kg−1) 5 100 100 100

AUC (μIU*h mL−1) 221.7 ± 11.3 22.5 ± 5.4 85.0 ± 7.0 172.8 ± 15.8

Cmax (μIU mL−1)a) 121.9 ± 17.2 7.6 ± 3.3 22.5 ± 7.2 38.4 ± 11.0

Tmax (h)b) 1 2 3 3

F (%)c) 100 0.5 1.9 3.9

a)Cmax: maximum serum insulin concentration; b)Tmax: time at Cmax; c)F: relative 
bioavailability.

Table 2.  Analysis of portal serum insulin versus time profiles of different 
insulin formulations following administration to diabetic rats.

Ins PMS Pep-PMS

Dose (IU kg−1) 100 100 100

AUC (μIU*h mL−1) 66.4 ± 11.8 326.7 ± 55.1 1346.0 ± 95.8

Ratioa) – 4.9 20.3

a)Ratio: increased AUC ratio of PMS and Pep-PMS compared to the Ins group.
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level of glycogen in Pep-PMS-treated rats still remained the 
highest as compared with other groups (Figure S21a, Sup-
porting Information). Meanwhile, the body weight changes 
of rats were recorded, and no dramatic decrease appeared in 
Pep-PMS treated groups, which indicated the in vivo safety of 
Pep-PMS (Figure S21b, Supporting Information). Therefore, 
orally delivered Pep-PMS can improve the hepatic glucose utili-
zation of diabetic rats by inducing enough glucose transformed 
into hepatic glycogen to ensure the blood glucose homeostasis 
between meals.

Here, we further tested the biodegradability and biocom-
patibility of PMS to verify the promising application for oral 
delivery by using GPC, mass spectrometry (MS), and hema-
toxylin and eosin (HE) staining.[27] After incubation with PBS 
for 3 days, the GPC and MS results showed that some of the 
polymers were degraded into nontoxic small molecules which 
may be PEG and methionine according to the molecular weight 
observed via MS (Figure S22, Supporting Information). To 
investigate the biocompatibility of Pep-PMS, histological images 
of the liver and intestine obtained using HE staining were col-
lected after 1 week of administration once a day. The amount 
of polymer used here (912 mg kg−1) was 20 times higher 
than those in the effective dose (45.6 mg kg−1). As shown in 
Figure S23 in the Supporting Information, compared with the 
PBS-treated diabetic rat, no toxic signals in the liver or intestine 
were observed. After that, we further tested the biocompatibility 
of Pep-PMS containing GOx. No significant tissue damage was 
observed after oral administration for 14 days (Figure S24, Sup-
porting Information). The amount of polymer used here was 
the same as those in the effective dose (45.6 mg kg−1). Mean-
while, the blood biochemical indexes, particularly the aspartate 
aminotransferase and alkaline phosphate, were measured at 
the end of this experiment. It showed insignificant changes for 
Pep-PMS containing GOx-treated groups which indicated that 
Pep-PMS containing GOx had less liver toxicity (Figure S25, 
Supporting Information). As reported before, the polymer com-
posed by PEG and poly(amino acids) has excellent biodegrada-
bility and biocompatibility, which was further confirmed by our 
result.[12c,15] Thus, all these results indicated that our rationally 
designed Pep-PMS had favorable biodegradability and biocom-
patibility with the liver and intestine, and delivery through oral 
administration was found to be suitable.

3. Conclusion

In summary, we have designed a novel oral insulin delivery 
system, GM1-targeting PMS (Pep-PMS), which was self-assem-
bled by an amphiphilic diblock polymer (mPEG-PolyMet), to 
traverse the intestinal epithelium and accumulate in the liver. 
Pep-PMS can serve as a reservoir and further exhibit insulin 
secretion in a glucose-responsive manner in response to hyper-
glycemia, thus effectively controlling the postprandial blood 
glucose and improving the hepatic glucose utilization. Notably, 
the biomimetic strategy proposed here could be widely appli-
cable for all insulin delivery systems regardless of the adminis-
tration route. This may open up new avenues of investigations 
and potential uses of smart insulin carriers for the manage-
ment of diabetes mellitus.

4. Experimental Section

Experimental Reagents: l-Methionine (Met), triphosgene, anhydrous 
tetrahydrofuran (THF), and anhydrous dimethyl sulfoxide (DMSO) 
were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Methoxypolyethylene glycol amine (mPEG2000-NH2) 
and maleimide-polyethylene glycol amine (Mal-PEG2000-NH2) were 
purchased from Shanghai ToYongBio Tech. Inc. (Shanghai, China). Poly 
(d, l-lactic-co-glycolic acid) (PLGA-COOH, MW: 5,000) was purchased 
from Ruixi Biological Technology Co., Ltd. (Xi’an, China). The GM1-
targeting peptide (Pep) GWWYKGRARPVSAVAC was purchased from 
Bankpeptide Biological Technology Co., Ltd. (Hefei, China). Human 
insulin was provided as a gift by Novo Nordisk A/S. Glucose oxidase 
(GOx) was obtained from Meilun Biotech Co., Ltd. (Dalian, China). 
GM1 was purchased from Yuancheng Gongchuang Technology Co., 
Ltd. (Wuhan, China). Alexa 555-labeled wheat germ agglutinin (Alexa 
555-WGA) was purchased from Thermo Fisher Scientific (Oregon, 
USA). Lyso-Tracker Red, Golgi-Tracker Red, DAPI (4′,6-diamidino-2-
phenylindole), and Hoechst 33342 were purchased from Beyotime 
Biotechnology Co., Ltd. (Shanghai, China). IR 783 was purchased 
from Sigma-Aldrich (Shanghai, China). TQ7 was purchased from AAT 
Bioquest (California, USA). Human insulin ELISA kits were purchased 
from Mercodia (Uppsala, Sweden). Glycogen ELISA kits were purchased 
from Solarbio Science and Technology Co., Ltd. (Beijing, China). All 
other reagents were purchased from Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China).

Synthesis of Met-NCA: The monomer Met-NCA was synthesized 
from Met as reported with a slight modification.[15a,28] In brief, Met 
(2 g, 13.4 mmol) was suspended in anhydrous THF (80 mL). Then, 
triphosgene (2 g, 6.7 mmol) was added. The reaction mixture was stirred 
at 50 °C for 2 h. After the suspension cleared, the reaction mixture was 
concentrated under reduced pressure using a rotary evaporator. The 
product was finally purified by silica gel chromatography using EtOAc/
petroleum ether (3:7 then 1:1, v/v) as the eluent. After removing the 
solvents by using a rotary evaporator, a small amount of the pure 
product was dissolved in CDCl3 and characterized by NMR spectroscopy 
(Avance III 400, Bruker, Switzerland).

Synthesis and Characterization of mPEG-PolyMet: mPEG2000-NH2 
(0.8 g, 0.4 mmol) was dissolved in anhydrous DMSO (60 mL). A 
solution of Met-NCA (3.5 g, 20 mmol) in anhydrous DMSO (5 mL) was 
then quickly added to the reaction with stirring. The polymerization was 
carried out under vacuum at room temperature for 48 h. The product was 
precipitated from the reaction mixture by adding diethyl ether (600 mL). 
The precipitate was collected by centrifugation (10 000 g, 10 min) and 
washed with diethyl ether and water five times. The polymer was dried 
in a vacuum oven under room temperature, and a small amount was 
dissolved in CDCl3 and characterized by NMR spectroscopy. GPC was 
performed on Tosoh HLC-8320 with RI detector. The separation of 
mPEG-PolyMet was achieved on TSKgel SuperMultiporeHZ-M column 
(Tosoh, 4 µm, 4.6 mm × 150 mm) at 50 °C using THF as mobile phase. 
The molecular weight of polymers was calibrated against standard 
PstQuick MP-M (0.3–700 kDa).

To confirm the H2O2-sensitive property of mPEG-PolyMet, the 
polymer was incubated with certain H2O2 (200 × 10−6 m) for 4 h, the 
structural changes of this polymer was investigated using FTIR (Thermo 
Fisher IS5, USA) after dialysis overnight.

Synthesis of Pep-PEG-PLGA: First, Mal-PEG-PLGA was synthesized 
by conjugating Mal-PEG2000-NH2 with PLGA-COOH through a coupling 
reaction. Then, Pep-PEG-PLGA was synthesized by conjugating the 
maleimide groups of PEG-PLGA with the thiol groups of Pep according 
to a previous report.[29] Generally, PLGA-COOH (0.2 g, 40 µmol) was 
dissolved in DMF (5 mL), and excess ethyl(dimethylaminopropyl) 
carbodiimide (23 mg, 120 µmol) and N-hydroxysuccinimide (9.2 mg, 
80 µmol) were added. Then, Mal-PEG2000-NH2 (80 mg, 40 µmol) was 
added and allowed to react for 24 h, followed by dialysis (MW cutoff: 
3500 Da) against water for 24 h. The product was lyophilized, and 
a small amount was dissolved in CDCl3 and characterized by NMR 
spectroscopy. Next, Mal-PEG-PLGA was conjugated with Pep (72.3 mg, 
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40 µmol) in DMF (5 mL) for 24 h at room temperature. Finally, the 
reaction solution was dialyzed (MW cutoff: 3500 Da) against water for 
24 h and then freeze-dried to obtain the Pep-PEG-PLGA polymer. A small 
amount of the polymer was dissolved in CDCl3 and characterized by 
NMR spectroscopy.

Preparation and Characterization of PMS: Pep-PMS were prepared by 
the solvent evaporation method.[12b] In brief, mPEG-PolyMet (40 mg) 
and Pep-PEG-PLGA (10 mg) were dissolved in THF (5 mL), followed by 
injection of aqueous solution (10 mL) with or without human insulin 
(10 mg) and GOx (1 mg). The mixture was stirred at room temperature 
for 30 min, and then THF was removed by bubbling with N2. The 
unloaded insulin was removed by gel filtration through Sephadex G50. 
For the preparation of PMS, 10 mg of Pep-PEG-PLGA was replaced by 
10 mg of mPEG-PolyMet, and a similar procedure was used. Both PMS 
were stored at 4 °C for further studies. To prepare double fluorophores-
labeled PMS and Pep-PMS, DiI in ethanol (1 mg mL−1, 100 µL) was 
added into the polymer solution (50 mg), FITC-Ins (10 mg) and GOx 
were loaded into PMS and Pep-PMS. After gel filtration, the FRET was 
detected with excitation at 420 nm by a microplate reader.

The mean particle size, PDI, and zeta potential of PMS and 
Pep-PMS were measured using a Malvern Zetasizer NanoZS (Malvern 
Instruments, UK). The entrapment efficiency (EE) and loading capacity 
(LC) were determined after centrifugation of PMS (18 000 g, 30 min) 
at 4 °C, and the amount of insulin in the supernatant was quantified 
using high performance liquid chromatography (HPLC; Agilent 1200, 
USA). The morphology of PMS and Pep-PMS was observed by cryo-TEM 
(TF20, FEI, USA).

In Vitro Glucose-Responsive Insulin Release Studies: Pep-PMS (10 mg) 
were incubated in PBS (1 mL) containing glucose (100 and 400 mg dL−1) 
for 2 h at 37 °C. The particle sizes were measured by DLS at different 
time points. In addition, the morphology of Pep-PMS in the high glucose 
solution (400 mg dL−1) was observed by cryo-TEM. Double fluorophores-
labeled Pep-PMS (10 mg) were incubated in PBS (1 mL) containing 
glucose (100 and 400 mg dL−1) at 37 °C. At predetermined time points, 
the FRET emission of the samples was measured with excitation at  
420 nm by a microplate reader. At 0, 1, and 2 h after incubation, samples 
from the high glucose solution were withdrawn for STED observation 
(TCS SP8, Leica, Germany).

In addition, insulin and GOx-loaded Pep-PMS (10 mg) were added 
to PBS (1 mL) containing glucose (0, 100, 200, 300, and 400 mg dL−1). 
The suspensions were incubated at 37 °C on a shaker at 100 rpm. At 
predetermined time points, samples (50 µL) were removed for analysis 
and replaced with fresh medium (50 µL). The insulin concentrations in 
the withdrawn samples were determined by HPLC after centrifugation 
(18 000 g, 30 min) at 4 °C. Furthermore, we studied the insulin release 
of Pep-PMS in repeated cycles with high, medium, and low glucose 
concentrations. In brief, insulin and GOx-loaded Pep-PMS (10 mg) 
were added to PBS (1 mL) containing glucose (400 mg dL−1) and 
incubated for 1 h at 37 °C. After collection by centrifugation (18 000 g, 
30 min) at 4 °C, Pep-PMS were incubated in PBS (1 mL) containing 
glucose (200 mg dL−1) for 1 h at 37 °C. Pep-PMS were then collected 
and transferred to PBS (1 mL) containing glucose (100 mg dL−1) 
and incubated for 4 h at 37 °C. Then, the particles were collected as 
before and subjected to a second cycle, as described above. At pre-
determined time points, the samples (50 µL) were taken out for analysis 
and replaced by fresh medium (50 µL). The insulin concentrations in 
the withdrawn samples were determined by HPLC after centrifugation 
(18 000 g, 30 min) at 4 °C.

Cellular Uptake Studies: Caco-2 cells were cultured on glass 
coverslips in a 12-well plate for 3 days. Before experiments, the cells 
were incubated with GM1 (5 × 10−3 m) added to the cell medium for 
4 h. Then, the cells were washed twice with PBS and equilibrated 
with prewarmed PBS for 30 min at 37 °C in a 5% CO2 incubator. To 
visualize the uptake and integrity of PMS, Caco-2 cells were incubated 
with either FITC-Ins solution, double fluorophores-labeled PMS, or 
double fluorophores-labeled Pep-PMS at an FITC-Ins concentration of  
50 µg mL−1 for 2 h at 37 °C. The cells were then washed with PBS and 
fixed with 4% paraformaldehyde. After staining with DAPI for 10 min, 

the slides were washed and observed by CLSM (FV1000, Olympus, 
Japan). To quantitatively measure the uptake and further evaluate the 
role of GM1 in the uptake of Pep-PMS, Caco-2 cells were incubated for 
2 h with either FITC-Ins solution, FITC-Ins-loaded PMS, FITC-Ins-loaded 
Pep-PMS, or FITC-Ins-loaded Pep-PMS with free Pep (100 × 10−6 m) at 
an FITC-Ins concentration of 50 µg mL−1. In addition, the cellular uptake 
of Pep-PMS was studied in Caco-2 cells without prior incubation with 
GM1. After incubation with different formulations for 2 h at 37 °C, the 
cells were washed with PBS and lysed in RIPA lysis buffer. The amounts 
of FITC-Ins and total protein were determined using a microplate reader 
and BCA protein assay kit, respectively.

Intracellular Fate of PMS: The intracellular fate of PMS and Pep-PMS 
was observed by colocalization with lysosomes and the Golgi apparatus. 
In brief, Caco-2 cells were first stained with Hoechst 33342 and Lyso-
Tracker Red or Golgi-Tracker Red for 30 min. Subsequently, FITC-Ins-
loaded PMS or FITC-Ins-loaded Pep-PMS at an FITC-Ins concentration 
of 50 µg mL−1 were added to the cells, which were then incubated at 
37 °C in a 5% CO2 incubator. After 1 and 2 h, the cells were observed 
by CLSM. Pearson’s coefficients of PMS and Pep-PMS were quantified 
using ImageJ software (NIH, USA).

Insulin Transepithelial Transport Studies: Transwell inserts with TEER 
values in the range of 1000–1200 Ω × cm2 were used for the following 
experiments. Caco-2 cell monolayers were washed twice with PBS 
and incubated with prewarmed PBS for 30 min at 37 °C in a 5% CO2 
incubator. The donor solutions were prepared by diluting an aliquot of 
FITC-Ins, FITC-Ins-loaded PMS, or FITC-Ins-loaded Pep-PMS solution 
into PBS to yield a final insulin concentration of 50 µg mL−1. Moreover, 
Caco-2 cell monolayers with free Pep (100 × 10−6 m) or without prior 
GM1 incubation were used to evaluate the role of GM1 on the transport 
of Pep-PMS. At different time intervals, 200 µL of each acceptor sample 
was removed, and replaced by the same volume of fresh PBS. TEER 
values were also measured to determine the integrity of tight junctions. 
The amounts of FITC-Ins were measured using a microplate reader. The 
Papp values of insulin from the different treatments were calculated as 
reported.[30]

Caco-2 cell monolayers were also incubated with double fluorophores-
labeled Pep-PMS. After 2 h, the basolateral medium was collected and 
concentrated by ultrafiltration (MW cutoff: 100 kDa). Subsequently, 
FRET emission was measured on a microplate reader with excitation at 
420 nm. In addition, the presence of intact Pep-PMS in the basolateral 
medium was verified by cryo-TEM.

Animal Models: Male Sprague–Dawley rats (180–200 g) and ICR mice 
(18–20 g) were provided by the Animal Experiment Center of Shanghai 
Institute of Materia Medica, China. All of the animal experiments were 
performed in compliance with the Institutional Animal Care and Use 
Committee (IACUC) guidelines of Shanghai Institute of Materia Medica. 
For induction of type I diabetes, the rats were injected with streptozotocin 
(65 mg kg−1) dissolved in a citrate buffer (10 × 10−3 m, pH 4.5), and the 
mice were injected at a dose of 150 mg kg−1 as previously described.[31] 
A glucose meter (On Call EZ, Acon Biotechnology, Hangzhou, China) 
was used to determine blood glucose levels. Rats and mice were 
regarded as diabetic if their fasting blood glucose levels were higher 
than 300 mg dL−1 1 week after injection.[32]

Absorption Studies on Intestinal Loop: The intestinal absorption of PMS 
and Pep-PMS was assessed using the ligated intestinal loop model. In 
brief, after a rat was anesthetized, the abdomen was exposed, and then, 
5 cm loops of small intestine were made by ligation at both ends. Next, 
0.4 mL of double fluorophores-labeled PMS or Pep-PMS was injected 
into the loops. After 2 h, the rat was sacrificed, and both loops were 
excised and washed with PBS. Subsequently, the loops were fixed with 
4% paraformaldehyde at 4 °C for 2 h. 20 µm sections of each loop were 
cut using a cryostat (Leica CM 1950) and then stained with DAPI for 
10 min. The tissues were observed by CLSM.

In Vivo Biodistribution Studies: Healthy rats were fasted overnight 
before oral gavage of FITC-Ins-loaded PMS and Pep-PMS (10 mg). After 
4 h, the rats were sacrificed, and the heart, liver, spleen, lung, and kidney 
were harvested. First, ex vivo fluorescent images of the organs were 
obtained using the IVIS Spectrum system (Perkin Elmer, USA). Then, 
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0.5 g of each organ was homogenized in PBS containing 50% RIPA lysis 
buffer (2 mL). The lysate of each organ was centrifuged at 6000 g at 4 °C 
for 20 min, and then the fluorescence intensity of the supernatant was 
measured using a microplate reader.

Liver Accumulation Studies: Healthy and diabetic rats were fasted 
overnight before oral gavage with double fluorophores-labeled Pep-PMS 
(10 mg). After 4 h, the rats were sacrificed, and the livers were harvested. 
After washing with PBS, the livers were fixed with 4% paraformaldehyde 
at 4 °C for 2 h. 20 µm sections of the livers were cut using a cryostat 
(Leica CM 1950) and then stained with DAPI for 10 min. The tissues 
were observed by CLSM.

Localization and Glucose-Responsive Release Studies of Pep-PMS on 
Precision-Cut Liver Slices: One healthy rat was fasted overnight before 
oral gavage of FITC-Ins loaded Pep-PMS (10 mg). After 4 h, the rat 
was sacrificed, and the liver was harvested. Precision-cut liver slices 
were obtained according to the reported literature.[33] Some liver slices 
were stained with Hoechst 33342 and Alexa 555-WGA for 15 min. 
Z-stack images were captured using CLSM and processed with the 3D 
reconstruction software Imaris (Bitplane AG, Switzerland).

On the other hand, after staining with Hoechst 33342 for 15 min, 
some liver slices were incubated in PBS containing glucose at different 
concentrations (0, 100, or 400 mg dL−1) at 37 °C. Then, time-lapse imaging 
was performed using CLSM. The integrated densities of images at different 
time points were quantified using ImageJ. Taking the integrated density at 
the start of the experiment (0 min) as 1, the relative integrated densities at 
15 and 30 min were calculated. The integrated density changes in the PBS 
group were ascribed to the quenching of FITC-Ins. After subtracting the 
values of Pep-PMS in PBS, the relative integrated densities of Pep-PMS at 
low or high glucose concentrations were obtained.

In Vivo Glucose-Responsive Release Studies on Diabetic Mice: Diabetic 
mice were fasted overnight before the experiment. Pep-PMS were 
prepared by loading with insulin, GOx, IR 783, and TQ7. First, the mice 
were subcutaneously injected with an insulin solution at a dose of 
5 IU kg−1 to lower the blood glucose, and then Pep-PMS (70 mg kg−1) 
were orally administered. At 2 and 6 h after administration of Pep-PMS, 
a glucose solution was administered by intraperitoneal injection at a 
dose of 1.5 g kg−1. The mouse was anesthetized using isoflurane and 
visualized by the IVIS system at various time points.

In Vivo PD and PK Studies: Diabetic rats were fasted overnight 
before experiments but allowed free access to water, thus making 
the gastrointestinal tract clean which do not contain glucose. Ins, 
insulin-loaded PMS, and Pep-PMS were administered at a dose of 
100 IU kg−1 in a volume of 2 mL via gavage. Free insulin solution was 
also administered at a dose of 5 IU kg−1 via subcutaneous injection. 
At 6 h post administration, a glucose solution was administered via 
gavage at a dose of 2 g kg−1 to the Pep-PMS group. Blood samples were 
collected from the tail veins of rats prior to drug administration and 
at distinct time intervals after dosing. The blood glucose levels were 
determined using a glucose meter. For analysis of peripheral serum 
insulin levels, blood samples were centrifuged at 1800 g for 5 min, and 
the serum was incubated with high glucose solution for 12 h. Then, the 
peripheral serum insulin concentration was quantified using a human 
insulin ELISA kit (Mercodia, Sweden). The area under the peripheral 
serum insulin concentration versus time curve (AUC) was calculated 
for each group. The relative bioavailability (F %) of test PMS after oral 
administration was calculated using the following formula

% 100%oral sc

se oral
F

AUC Dose
AUC Dose

= ×
× ×

	
(1)

For analysis of portal serum insulin levels, diabetic rats were 
administered either Ins, insulin-loaded PMS, or Pep-PMS at a dose of 
100 IU kg−1 via gavage, and then blood samples were collected from 
the portal vein by cannulation. The samples were centrifuged at 1800 g 
for 5 min, and the serum was incubated with high glucose medium for 
12 h. Then, the portal serum insulin concentration was quantified using 
a human insulin ELISA kit. The area under the portal serum insulin 
concentration versus time curve was calculated for each group.

In Vivo 18F-FDG Uptake in the Liver: Diabetic rats were fasted overnight 
before experiments but allowed free access to water. The rats were treated 
with subcutaneous injection of insulin (5 IU kg−1) or orally administered 
Pep-PMS (100 IU kg−1) 2 h before 18F-FDG administration. The untreated 
diabetic rats were taken as negative control. Then a glucose solution 
(2 g kg−1) containing 18F-FDG (18.5 MBq) was orally administered to all 
diabetic rats. For the Ins-sc group, insulin (5 IU kg−1) was administered 
again through subcutaneous injection following the 18F-FDG 
administration. PET and CT scans were performed at 2 h after treatment 
using an Inveon PET/CT instrument (Siemens, Germany). 18F-FDG PET 
and CT images were fused using Inveon Research Workplace software. 
Also, the quantitative SUV-bw values were measured by the software.

Hepatic Glycogen Measurement: Diabetic rats were fasted overnight 
before experiments but allowed free access to water. The rats were 
treated with subcutaneous injection of insulin (5 IU kg−1) before each 
meal or orally administered with Pep-PMS (150 IU kg−1) before the first 
meal of every day. The untreated diabetic rats were taken as negative 
control. All rats were fed with standard food every 5 h and three times 
a day. After provided for 1 h, the food was deprived again. Finally, the 
rats were sacrificed 2 h after the last meal of 1, 2, and 3 days. The livers 
were harvested immediately and the hepatic glycogen contents were 
measured by a glycogen assay kit (Solarbio Science and Technology, 
China) according to the manual.

Statistical Analysis: All data were directly collected without any 
processing. All data were presented as mean ± standard deviations 
(SD). The sample size was three if not specified. All statistical analyses 
were performed using two-tailed Student’s t test when two groups were 
compared, or one-way analysis of variance (ANOVA) with Tukey’s post-hoc 
test when multiple groups were compared in GraphPad Prism 7.0 software. 
The differences were considered statistically significant for p values < 0.05.
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