
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/polymers

Polymer
 Chemistry

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Polymer Chemistry RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Competitive binding-accelerated insulin release from 

polypeptide nanogel for potential therapy of diabetes† 

Li Zhao,
a,b

 Chunsheng Xiao,
a
 Jianxun Ding,

a
 Xiuli Zhuang,

a
 Guangqing Gai,

b
 

Liyan Wang
c
 and Xuesi Chen*

a
 

One kind of glucose-sensitive polypeptide nanogel was prepared via a two-step procedure. First, 

methoxy poly(ethylene 

glycol)-block-poly(γ-benzyl-L-glutamate-co-(γ-propargyl-L-glutamate-graft-glucose) 

(mPEG-b-P(BLG-co-(PLG-g-Glu))) was synthesized by clicking of 

2′-azidoethyl-O-α-D-glucopyranoside to the PLG unit in mPEG-b-P(BLG-co-PLG), which was 

synthesized by the ring-opening polymerization (ROP) of γ-benzyl-L-glutamate N-carboxyanhydride and 

γ-propargyl-L-glutamate N-carboxyanhydride with mPEG-NH2 as a macroinitiator. And then, the novel 

kind of nanogel was subsequently prepared by cross-linking the glucose moieties through 

adipoylamidophenylboronic acid (AAPBA). The formation of nanogel, i.e., the successful incorporation 

of phenylboronic acid (PBA) in the core, was systematically verified. The resultant nanogel showed 

remarkable glucose-sensitivity in phosphate-buffered saline (PBS). Thus, insulin as a model drug was 

loaded into the glucose-sensitive polypeptide nanogel. The in vitro drug release profiles revealed that the 

release of insulin from nanogel could be triggered by the presence of glucose through a competitive 

binding mechanism with the conjugated glucose. In detail, a faster release rate and a more amount of the 

releasing insulin were observed by the increased glucose concentration in PBS, which confirmed the 

potential application of the nanogel. Furthermore, the excellent cytocompatibility and hemocompatibility 

of the nanogel were demonstrated. Therefore, the biocompatible nanogel with an intelligent capability of 

glucose-accelerated payload release should be promising for the application in diabetes treatment. 

 

1 Introduction 

Diabetes, a chronic disease, becomes one of the three major diseases 

that endanger human health following cancer and cardiovascular 

disease, where it is unable for the body to regulate the blood glucose 

concentration within normal physiological levels.1 Recently, the total 

number of peoples with diabetes increases sharply, so the treatment 

of diabetes is imminent.2 The frequent administrations of exogenous 

insulin include injection3 and non-invasive/non-injectable routes, 

such as, oral,4,5 nasal,6,7 pulmonary,8,9 and transdermal insulin 

delivery system.10,11 For the non-invasive/non-injectable insulin 

administration, the low bioavailability and other disadvantages limit 

its wide use for the treatment of diabetes. However, the frequent 

administration of exogenous insulin by injection every day is not 

comfortable because of the inevitable pain. In present, the 

glucose-responsive insulin delivery systems (GRIDSs) are 

developing rapidly, which are expected to be a promising therapy 

approach to replace the frequent insulin injection administration. The 

GRIDSs are practical, which can regulate insulin release 

continuously and automatically in response to the elevated level of 

blood glucose for minimizing the intervention toward patient and 

improving the quality of life.12 

To develop the GRIDSs, a common strategy is based on the 

incorporation of glucose oxidase (GOx) with pH-responsive 

polymeric materials.13,14 GOx consumes glucose to gluconic acid 

that grants the pH change of the microenvironment, and thus it 

causes swelling or shrinking of the carriers incorporated with GOx 

and leads to the accelerated insulin release in a relatively high 

glucose level.15 However, the disadvantages of using enzyme 

reaction for GRIDSs, such as limited pH and temperature range, and 

possible bioactivity loss during the preparation of carriers, restrict 

the potential application in self-regulated insulin release.16 

Concanavalin A (Con A) is also used for fabricating 

glucose-sensitive platforms, which is a well-investigated plant lectin 

protein possessing specific binding capacity with glucose, mannose, 

and polysaccharide.17,18 Unfortunately, the instability and biotoxicity 

of Con A limit its application in GRIDSs.19 

In contrast, phenylboronic acid (PBA) and its derivatives, known 

to reversibly form cyclic boronic ester with cis-diol compounds, 

have better potential application in glucose-sensitive insulin delivery 

due to the better stability and long term storability than GOx and 

Con A, which are biological molecules and liable to denature.20–22 

In aqueous solution, the PBA moiety has two forms due to the 

equilibrium between the neutral trigonal-planar species (marked as 

PBAneu) and the negatively charged tetrahedral boronate species 

(noted as PBAneg). The PBAneu is relative hydrophobic (pH < pKa of 

PBA, ~ 8.2),23 while the PBAneg is relative hydrophilic (pH > pKa of 

PBA). Both the two structures can form complexes with diols. 

However, only the PBAneg can form the stable cyclic boronic ester 

with cis-diol compounds, which makes the equilibrium shift to the 
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negatively charged form and improves the hydrophilicity of 

PBA-functionalized materials.24,25 Glucose bearing cis-diol groups is 

well-documented to form stable glucose-PBA complex at neutral or 

alkaline pH. When PBA or its derivatives are immobilized in the 

drug delivery matrices, the presence of glucose can induce the 

swelling of platforms and subsequent release of the payload via the 

formation of hydrophilic glucose-PBA complex.26,27 However, the 

further practical application is limited by the unbiodegradable 

materials, such as poly(acrylic acid) polymers28–32 and silica-based 

materials,33,34 which incorporate PBA used for mostly GRIDSs. 

Synthetic polypeptides are one of the most important 

biocompatible and biodegradable polymers, which have been widely 

studied for various biomedical applications, such as, drug and gene 

delivery,35–39 antibacterial materials,40,41 and tissue engineering.42,43 

However, polypeptides have rarely been used as drug-loaded 

materials for GRIDSs.27,44 In this work, the glucose-sensitive 

nanogel was prepared by crosslinking glycopolypeptide using 

adipoylamidophenylboronic acid (AAPBA). Insulin, a model drug, 

was loaded into the glucose-sensitive polypeptide nanogel, and the 

drug release behaviors triggered by glucose at physiological pH were 

studied. Moreover, the biocompatibility of nanogel was also 

confirmed. 

2 Experimental section 

2.1 Materials 

γ-Benzyl-L-glutamate N-carboxyanhydride (BLG NCA), 

γ-propargyl-L-glutamate N-carboxyanhydride (PLG NCA), and 

2′-azidoethyl-O-α-D-glucopyranoside were similarly synthesized as 

our previous works.27,39,45 D-(+)-Glucose (99%) was purchased from 

Alfa Aesar (Shanghai, P. R. China) and used as received. Methoxy 

poly(ethylene glycol) (mPEG, number average molecular weight (Mn) 

= 5,000 Da) was purchased from Sigma-Aldrich (Shanghai, P. R. 

China) and used without further purification. The amino-terminated 

mPEG (i.e., mPEG-NH2) was synthesized according to the literature 

procedure.46 3-Aminophenylboronic acid (APBA), 

N-(3-dimethylaminopropyl)-N-ethyl-carbodiimide hydrochloride 

(EDC·HCl), N-hydroxysuccinimide (NHS), and insulin (bovine 

pancreas, > 27 IU mg–1, Sigma-I5500) were purchased from 

Sigma-Aldrich (Shanghai, P. R. China). 

N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA) and 

cuprous bromide (CuBr) (99.99%) were purchased from Aladdin 

Reagent Co., Ltd., Shanghai, P. R. China. N,N-Dimetylformamide 

(DMF) and dimethyl sulfoxide (DMSO) were stored over calcium 

hydride (CaH2) and purified by vacuum distillation. 

2.2 Preparation of nanogel 

2.2.1 Synthesis of methoxy poly(ethylene 

glycol)-block-poly(γ-benzyl-L-glutamate-co-(γ-propargyl-L-gluta

mate) (mPEG-b-P(BLG-co-PLG)). mPEG-b-P(BLG-co-PLG) was 

synthesized by the ring-opening polymerization (ROP) of BLG NCA 

and PLG NCA using mPEG-NH2 as a macroinitiator. Typically, 

mPEG-NH2 (1.04 g, 0.21 mmol) was dissolved in 25.0 mL of dry 

DMF in a flame-dry flask, and then BLG NCA (1.64 g, 6.24 mmol) 

and PLG NCA (1.32 g, 6.24 mmol) solution in 100.0 mL of dry 

DMF was added under vigorously stirring. After stirring for 3 days 

at 25 °C, the excess solvent was removed under reduced pressure. 

The resultant mPEG-b-P(BLG-co-PLG) was dissolved in 30.0 mL of 

chloroform and precipitated into excessive diethyl ether. The 

obtained product was further washed twice with diethyl ether and 

dried under vacuum to a constant weight at room temperature, 

affording 85.6% yield, Mn, NMR = 15800 g mol–1, Mn, GPC = 12700 g 

mol–1, and Mw/Mn = 1.63. Proton nuclear magnetic resonance (1H 

NMR, DMSO-d6):δ = 5.06 ppm (C6H5CH2−, 2H), 4.65 ppm 

(CH≡CCH2−, 2H), 3.92 − 4.21 ppm (−C(O)CH(CH2−)NH−, 1H), 

3.52 ppm (−CH2CH2O−, 4H), and 1.78 − 2.38 ppm (−C(O)CH2CH2−, 

4H, and CH≡CCH2−, 1H). 

2.2.2 Synthesis of methoxy poly(ethylene 

glycol)-block-poly(γ-benzyl-L-glutamate-co-(γ-propargyl-L-gluta

mate-graft-glucose) (mPEG-b-P(BLG-co-(PLG-g-Glu))). The 

glycopolypeptide mPEG-b-P(BLG-co-(PLG-g-Glu)) was 

synthesized by clicking 2′-azidoethyl-O-α-D-glucopyranoside to the 

PLG unit in mPEG-b-P(BLG-co-PLG). Briefly, 0.39 g of 

mPEG-b-P(BLG-co-PLG) containing about 0.69 mmol alkyne 

pendants, 0.19 g of 2′-azidoethyl-O-α-D-glucopyranoside (1.1 

equivalent of alkyne pendants), and 14.5 µL of PMDETA (about 

0.07 mmol) were dissolved in 30.0 mL of DMF. Oxygen was 

removed from the solution by three freeze-pump-thaw cycles. CuBr 

(0.01 g, 0.07 mmol) was quickly added into the frozen solution, and 

the flask was reevacuated, backfilled with nitrogen, and sealed. The 

reaction mixture was stirred at room temperature for 3 days, and then 

150.0 mg of Dowex HCR-W2 resins (Sigma-Aldrich) were added 

and stirred at room temperature over night to remove the copper ions. 

After filtrating out the resins, the solution was dialyzed against 

deionized water for 3 days using a dialysis bag (molecular weight 

cut-off (MWCO) = 7,000 Da) and then lyophilized. Yield: 69.1%, 

Mn, NMR = 22700 g mol–1, Mn, GPC = 13500 g mol–1, and Mw/Mn = 

1.66. Proton nuclear magnetic resonance (1H NMR, DMSO-d6): δ = 

5.06 ppm (C6H5CH2−, 2H), 4.65 ppm (CH≡CCH2−, 2H), 3.67 − 4.21 

ppm (−C(O)CH(CH2−)NH−, 1H, and hydroxyl groups from glucose), 

3.52 ppm (−CH2CH2O−, 4H), 2.95 – 3.12 ppm ( C6H12O6CH2−CH2−, 

4H, and hydroxyl groups from glucose), and 1.78 − 2.38 ppm 

( −C(O)CH2CH2−, 4H).  

2.2.3 Synthesis of AAPBA. AAPBA was prepared simply 

through the condensation reaction as the following description. 

Briefly, 1.86 g of APBA (10.93 mmol, 2.2 equiv) was dissolved in 

25.0 mL of pyridine, and the solution was incubated in ice bath, to 

which 0.79 mL of adipoyl chloride (5.46 mmol) was added drop by 

drop. The final solution was stirred at room temperature for 24 h. 

Then, 120.0 mL of deionized water was added into the solution to 

yield the little yellow solid precipitate. After three times washing 

with deionized water, the precipitate was collected and recrystallized 

in ethanol/water (1:1, V/V) at 65 °C. The final product AAPBA was 

dried under vacuum to a constant at room temperature and obtained 

as a white solid (Yield: 85.5 %). Proton nuclear magnetic resonance 

(1H NMR, DMSO-d6): δ = 1.62 ppm (dd, −C(O)CH2CH2−, 2H), 

2.32 ppm (dd, −C(O)CH2CH2−, 2H), 7.21 − 7.82 ppm (dd, d, d, s, 

ArH, 1H each), 7.99 ppm (s, B(OH)2, 2H), and 9.82 ppm (s, NH, 

1H). The 1H NMR spectrum of AAPBA was shown in Fig. S1, ESI†. 

2.2.4 Preparation of nanogel. The nanogel was prepared by 

cross-linking of mPEG-b-P(BLG-co-(PLG-g-Glu)) with AAPBA via 

the formation of boronic ester. Briefly, 60.0 mg of 

mPEG-b-P(BLG-co-PLG-Glu) (about 0.074 mmol glucose pendants) 

and 17.2 mg of AAPBA (1.1 equivalent of glucose pendants) were 

dissolved in 3.0 mL of DMSO. And then, the solution was stirred 

overnight before 1.0 mL of deionized water was added slowly. The 

mixture was further stirred for about 12 h, and then filtered and 

dialyzed against deionized water for 2 days using a dialysis bag 

(MWCO = 7,000 Da). The final nanogel was obtained as a white 

spongy solid by lyophilization (Yield: 59.1 %). 

2.3 Characterizations 

1H NMR spectra were recorded on a Bruker AV 400 NMR 

spectrometer in DMSO-d6. The molecular weight distributions 

(Mw/Mn) were determined by gel permeation chromatography (GPC) 

equipped with Waters 515 HPLC pump, and Waters Styragel HT3 
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and HT4 columns. DAWN EOS 18 Angles Laser Light Scattering 

Instructment (Wyatt Technology) and OPTILAB DSP 

Interferometric Refractometer (Wyatt Technology) were used as the 

detectors. The eluent was DMF containing 0.01M lithium bromide 

(LiBr) at a flow rate of 1.0 mL min–1 at 40 °C. Fourier-transform 

infrared (FT-IR) spectra were recorded on a Bio-Rad Win-IR 

instrument using potassium bromide method. Transmission electron 

microscopy (TEM) measurements were performed on a JEOL 

JEM-1011 transmission electron microscope with an accelerating 

voltage of 100 kV. To prepare the TEM samples, a small drop of the 

nanogel solution (0.10 mg mL–1 in deionized water) was deposited 

onto a 230 mesh copper grid coated with carbon and allowed to dry 

at 25 °C before measurements. Dynamic laser scattering (DLS) 

measurements were performed on a WyattQELS instrument with a 

vertically polarized He-Ne laser (DAWN EOS, Wyatt Technology) 

at a collecting optics of 90°. All samples were prepared in aqueous 

solution with a concentration of 0.10 mg mL–1, and measurements 

were carried out at 25 °C. Each sample was kept in the thermostat 

for 30 min prior to measurements. 

 

 
Scheme 1. Synthetic pathway for glucose-sensitive nanogel. 

2.4 In vitro insulin loading and release 

The insulin-loaded nanogel was prepared similarly as the preparation 

of nanogel. The difference was that 1.0 mL of insulin aqueous 

solution (16.0 mg insulin) substituting 1.0 mL of deionized water 

was added into the solution of mPEG-b-P(BLG-co-(PLG-g-Glu)) 

and AAPBA. The insulin-loaded nanogel was obtained as a white 

flocculent solid by lyophilization. The entrapment capacity (EC) and 

entrapment efficiency (EE) were calculated by Equations (1) and (2): 

amount of insulin in nanogel  
EC (wt. %) 100%

amount of insulin-loaded  nanogel 
= ×

  

(1) 

amount of insulin in nanogel 
EE (wt. %) 100%

total amount of feeding insulin 
= ×

     (2) 

In vitro insulin release from the insulin-loaded nanogel was 

evaluated in PBS at pH 7.4 with different glucose concentrations (0, 

0.5, 1.0, 2.0, and 3.0 mg mL–1). Typically, 5.0 mg of insulin-loaded 

nanogel was first dispersed in 3.0 mL of PBS and subsequently 

introduced into a dialysis bag (MWCO = 7,000 Da). The release 

experiment was initiated by placing the end-sealed dialysis bag into 

10.0 mL of PBS at 37 °C with continuous shaking at 70 rpm. Aliquot 

of dissolution medium was taken out at predetermined time-point, 

and isometric fresh release medium was added. The insulin amount 

was determined by the bicinchoninic acid protein assay. All the 

release experiments were carried out in triplicate, and the results 

were reported as mean ± standard deviation. 

2.5 Circular dichroism (CD) measurements 

The stability of the releasing insulin was also determined by 

comparing the conformation with standard insulin. The free insulin 

solution with the concentration of 0.2 mg mL–1 was prepared in PBS 

at pH 7.4. CD measurements were performed on a MOS-450 CD 

spectrophotometer (France Biologic Company, Grenoble, France) at 

25 °C with a cell length of 0.1 cm. For the CD spectra, samples were 

scanned from 190 to 260 nm with the scanning speed of 1 nm/20 s. 

All CD data were expressed as mean residue ellipticity. 

Page 3 of 9 Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 4  

2.6 MTT assays 

The cytotoxicities of copolymers and nanogel were assessed through 

a methyl thiazolyl tetrazolium (MTT) viability assay against HeLa 

cells as our previous works.26, 27 Polyethyleneimine with 

weight-average molecular weight (Mw) of 25 kDa (PEI25k) and 

AAPBA were used as positive controls. The cells were plated in 

96-well plates at 7,000 cells per well in 200.0 µL of complete 

Dulbecco's modified Eagle's medium (DMEM) containing 10% 

(V/V) fetal bovine serum, supplemented with 50.0 IU mL-1 penicillin 

and 50.0 IU mL-1 streptomycin, and incubated at 37 °C in 5% (V/V) 

carbon dioxide atmosphere for 24 h. At the following day, the 

medium was removed and the cells were treated with the solutions of 

copolymers and nanogel in 200.0 µL of complete DMEM with the 

concentrations from 0 to 0.1 mg mL-1. After 72 h incubation, 20.0 

µL of MTT stock solution (5.0 mg mL-1 in PBS) was added into each 

well to achieve a final concentration at 0.5 mg mL-1. The cells were 

subjected to MTT assay after being incubated for another 4 h. The 

absorbance of the solution was measured on a Bio-Rad 680 

microplate reader at 490 nm. Cell viability was calculated based on 

the equation (3): 

sample

control

Cell viability (%) 100%
A

A
= ×    (3) 

Where, Asample and Acontrol were denoted as the absorbances of 

sample and control wells, respectively. 

2.7 Hemolysis activity tests 

The blood compatibility of nanogel was examined by 

spectrophotometry technique.47 The Experimental Animal Center of 

Jilin University supervised the experiments and offered the 

dipotassium ethylene diamine tetraacetate (K2EDTA)-stabilized 

rabbit blood. First, 5.0 mL of blood sample was added into 10.0 mL 

of physiological saline, and then red blood cells (RBCs) were 

isolated from serum by centrifugation at 1200 g for 8 min. The 

RBCs were further washed five times with 10.0 mL of physiological 

saline. The purified blood was diluted to 50.0 mL by physiological 

saline. Then, 0.4 mL of diluted RBC suspension was added into 0.4 

mL of mPEG-b-P(BLG-co-PLG), 

mPEG-b-P(BLG-co-(PLG-g-Glu)), nanogel, and AAPBA at 

systematically varied concentrations and mixed by vortexing. 

Herein, RBCs incubated with physiological saline (−) and Triton 

X-100 (10.0 mg mL–1) (+) were used as negative and positive 

controls, respectively. All the sample tubes were kept in static 

condition at 37 °C for 1 h. Finally, the mixtures were centrifuged at 

3000 g for 10 min, and 100.0 µL of the supernatant of all samples 

was transferred into a 96-well plate. The absorbance values of the 

supernatants at 540 nm were determined by a Bio-Rad 680 

microplate reader. The hemolysis ratio (HR) of RBCs was calculated 

using the Equation (4): 

sample negative control

positive control negative control

HR (%) 100%
A A

A A

−
= ×

−

  (4) 

Where, Asample, Anegitive control, and Apositive control were denoted as the 

absorbances of sample, negative, and positive controls, respectively. 

3 Results and discussion 

3.1 Synthesis and characterization of glucose-sensitive nanogel 

PBA and its derivatives that can reversibly interact with diols have 

been widely utilized as glucose sensors or in GRIDSs.48,49 In this 

work, the biocompatible glucose-sensitive nanogel was prepared by 

cross-linking mPEG-b-P(BLG-co-(PLG-g-Glu)) with AAPBA. 

mPEG-b-P(BLG-co-(PLG-g-Glu)) was prepared through a two-step 

procedure. First, mPEG-b-P(BLG-co-PLG) was first synthesized by 

the ROP of BLG NCA and PLG NCA using mPEG-NH2 as a 

macroinitiator. The azido-functionalized glucose was coupled with 

PLG unit by clicking reaction to afford 

mPEG-b-P(BLG-co-(PLG-g-Glu)) (Scheme 1). The chemical 

structures of block copolymers were confirmed by 1H NMR and 

FT-IR spectra. As shown in Fig. 1a, the representative spectrum of 

mPEG-b-P(BLG-co-PLG) was characterized as follows (δ, ppm): 

5.06 ppm (f, C6H5CH2−, 2H), 4.65 ppm (e, CH≡CCH2−, 2H), 3.92 − 

4.21 ppm (b + c, −C(O)CH(CH2−)NH−, 1H), 3.52 ppm (a, 

−CH2CH2O−, 4H), and 1.78 − 2.38 ppm (d, −C(O)CH2CH2−, 4H, 

and g, CH≡CCH2−, 1H). The DP of both BLG and PLG blocks was 

calculated to be 28 based on the intensities of methylene group in 

mPEG (−CH2CH2O−, 3.52 ppm) and those in the pendent groups of 

P(BLG-co-PLG) at 5.06 ppm (f, C6H5CH2−, 2H) and 4.65 ppm (e, 

CH≡CCH2−, 2H), respectively. The 

mPEG-b-P(BLG-co-(PLG-g-Glu)) copolymer was prepared by 

clicking reaction between azido-functionalized glucose and PLG unit. 

The 1H NMR spectrum was shown in Fig. 1b and revealed new 

signals at 2.95 − 3.12 and 3.67 − 4.21 ppm, which were attributed to 

the glucose and indicated the successful preparation of 

glycopolypeptides, that is, mPEG-b-P(BLG-co-(PLG-g-Glu)). 

 
Fig. 1 1H NMR spectra of mPEG-b-P(BLG-co-PLG) (a), 

mPEG-b-P(BLG-co-(PLG-g-Glu)) (b), and nanogel (c) in DMSO-d6. 

 
Fig. 2 FT-IR spectra of AAPBA (a), mPEG-b-P(BLG-co-(PLG-g-Glu)) (b), 

and nanogel (c). 

Page 4 of 9Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

Subsequently, nanogel was successfully prepared by 

cross-linking with boronic ester bond using AAPBA as a 

cross-linker (Scheme 1). As shown in Fig. 1c, the signals from the 

glucose and the pendent groups of copolymer weakened or even 

disappeared, while the new signals at 7.5 − 8.0 ppm appeared from 

AAPBA. It indicated that the nanogel was prepared successfully by 

incorporating AAPBA with the glucose moieties. FT-IR spectra 

were further employed to characterize the copolymers and nanogel 

(Fig. 2). The typical absorption bands of the phenyl ring in AAPBA 

at 1428, 1584, and 1608 cm–1 in the nanogel implied that AAPBA as 

cross-linker was successfully introduced into the core of 

nanogel.50–53 

 

 
Fig. 3 Rhs and distributions of nanogel (a) and insulin-loaded nanogel (b). 

The inset microimages were the typical TEM micrographs of corresponding 

nanogels. 

The hydrodynamic radius (Rh) of nanogel was characterized to 

be 84.7 ± 1.5 nm (polydispersity index (PDI) = 0.12) in PBS by DLS 

technique (Fig. 3a). TEM observation indicated that the nanogel was 

spherical with an average diameter of about 65 ± 7.0 nm (Fig. 3a, 

inset). The smaller size of nanogel from TEM observation should be 

attributed to the collapse of nanogel in the preparation process of 

TEM sample. In addition, the nanogel was demonstrated to have 

excellent stability in aqueous solution. As shown in Fig. S2, ESI†, 

the size of the nanogel did not change as its concentration decrease. 

The Rh of nanogel at 25 °C was same as that at 37 °C owing to the 

fact that there was no thermo-sensitive segment in nanogel (data was 

not shown). The Rh of nanogel in DMF was 106 ± 6.0 nm (PDI = 

0.13), which was larger than that in PBS at pH 7.4 due to the 

swelling of nanogel core in DMF ( Fig. S3, ESI†). 

3.2 Glucose-sensitivity of nanogel 

AAPBA incorporated in the core of nanogel endowed them with 

good glucose-sensitivity. Fig. 4a shows the Rh variation of nanogel 

in PBS with different glucose concentrations. With the increase of 

glucose concentration from 0 to 1.0 mg mL–1, the Rh of nanogel kept 

a slow growth of size from 84.7 ± 1.5 (PDI = 0.12) to 87 ± 1.9 nm 

(PDI = 0.11). Upon the glucose concentration increasing from 1.0 to 

3.0 mg mL–1, the Rh showed a rapid growth. The swelling 

phenomenon was induced by the structure of nanogel, which could 

be influenced by free glucose in the solution. In details, at a higher 

glucose concentration, more free glucose molecules entered into the 

core resulting in the swelling of nanogel. Moreover, more free 

glucose molecules formed the complexes with PBA, which 

destroyed the cross-linking and endowed the nanogel with more 

hydrophilicity resulting in the increase of nanogel size. When the 

glucose concentration was above 3.5 mg mL–1, the nanogel exhibited 

the largest expansion with Rh at 111.5 ± 1.7 nm (PDI = 0.10). The 

result should be attributed to the dissociation of nanogel in a higher 

glucose concentration. Fig. 4b shows the size distributions of 

nanogel at various glucose concentrations. As description, the Rh 

increased clearly, and the size distributions became much larger with 

the increase of glucose concentration. Furthermore, TEM 

measurement was employed to confirm the size change of nanogel. 

As shown in Fig. S4, ESI†, the average diameter of nanogel was 

about 85 ± 7.3 nm in PBS at pH 7.4 with 3.0 mg mL–1 of glucose, 

which was much larger than that in PBS without the addition of 

glucose (65 nm) indicating the excellent glucose-sensitivity of 

nanogel.  

 

 

 
Fig. 4 Rh of nanogel as a function of glucose concentration in PBS at pH 7.4 

(a), and size distributions of nanogel in different glucose concentrations (b). 

3.3 In vitro insulin loading and release 
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The successful fabrication of nanogel with great glucose-sensitivity 

provided a good basis to study the drug loading and release 

behaviors. The release behaviors of insulin-loaded nanogel were 

investigated in PBS with the presence of glucose at different 

concentrations. Insulin could be entrapped into the nanogel during 

the formation process with the EC and EE of the insulin-loaded 

nanogel at 9.5 and 47.5 wt.%, respectively. The Rh and morphology 

of the insulin-loaded nanogel were shown in Fig. 3b. The Rh of 

insulin-loaded nanogel was 105 ± 4.5 nm (PDI = 0.11), which was 

much larger than that without insulin (Fig. 3), indicating the efficient 

incorporation of insulin into nanogel. TEM micrograph further 

demonstrated that the insulin-loaded nanogel still exhibited the 

spherical morphology with a narrow size distribution and an average 

diameter of 74.1 ± 6.0 nm (PDI = 0.12; Fig. 3b, inset). 

 
Fig. 5 Cumulative insulin release from insulin-loaded nanogel in PBS with 

various glucose concentrations at pH 7.4, 37 °C. Each datum was represented 

the average of three independent determinations. 

As shown in Fig. 5, the release of insulin was also confirmed to 

be glucose-sensitive. As expected, the release of insulin increased 

with increasing glucose concentration. For all cases, there was a fast 

initial release because some insulin was entrapped on the surface of 

nanogel. At the first 2 h, the release profile exhibited a fast release at 

all examined glucose concentrations, and 12.3, 24.6, 33.2, 45.7, and 

56.5% of insulin released in PBS containing 0, 0.5, 1.0, 2.0, and 3.0 

mg mL–1 glucose, respectively. The cumulative amount of insulin 

had a slight increase after 2 h in PBS without glucose because the 

insulin was tightly wrapped in the hydrophobic core of nanogel 

through the hydrophobic, electrostatic, and/or hydrogen bonding 

interactions between the core of nanogel and insulin molecule.54 

 
Scheme 2 Glucose-responsive insulin release from PBA-functionalized 

polypeptide nanogel. 

Furthermore, as the more glucose molecules were added into the 

medium, the more insulin agents released from the nanogel. With 1.0 

mg mL–1 of glucose, that is, the preprandial blood glucose level in 

healthy human body, 51.5% of insulin released after 24 h. In contrast, 

65.3 and 87.2% of insulin released in the glucose solution of 2.0 and 

3.0 mg mL–1, respectively, given that the prandial blood glucose 

concentration for diabetics is above 2.0 mg mL–1. As shown in 

Scheme 2, with the increase of glucose concentration in the medium, 

more glucose entered the nanogel and bound with PBA. It resulted in 

the swelling of nanogel and more release of insulin. Furthermore, the 

release of insulin from the nanogel was accelerated by the high 

glucose concentration equal to or above 2.0 mg mL–1 (i.e., the blood 

glucose level of diabetics), indicating the potential application of 

nanogel as a glucose-sensitive delivery vehicle for the treatment of 

diabetes. 

 
Fig. 6 CD spectra of releasing insulin and standard insulin in PBS at pH 7.4, 

25 °C. 

One critical demand for the insulin delivery system is to preserve 

the bioactivity of releasing insulin. Herein, to confirm the bioactivity 

of releasing insulin, CD spectroscopy was used to determine the 

conformation of insulin after its release from the nanogel.55 As 

shown in Fig. 6, no significant difference in CD spectra was 

observed between the releasing insulin and standard insulin, 

indicating that the secondary structure of insulin was undistorted 

after release from the nanogel. In other words, the insulin releasing 

from the nanogel substantially maintained the original bioactivity. 

3.4 In vitro biocompatibility of nanogel 

In this work, the in vitro cytotoxicity of nanogel toward HeLa cells 

was evaluated by a MTT assay. The cells were treated with nanogel 

at different concentrations for 72 h using PEI25k and AAPBA as 

positive controls. It was observed that the viability of HeLa cells 

treated with nanogel was above 95% at all test concentrations up to 

0.1 mg mL-1 (Fig. S5, ESI†), indicating the low cytotoxicity and 

good compatibility of nanogel. 

The blood compatibility of nanogel was assessed by a hemolysis 

assay. The HR represents the degree of RBC membranes destroyed 

by the substance in contact with blood. A smaller HR value 

represents better hemocompatibility of biomaterials. RBCs were 

coincubated with the nanogel at different concentrations for 1 h, and 

then the test results were visually sorted out (Fig. 7a), and HR values 

were determined with spectrophotometer (Fig. 7b). As shown in Fig. 

7, the nanogel did not show conspicuous hemolytic activity against 

RBCs even at a high concentration of 1.0 mg mL–1, indicating that 

the nanogel was hemocompatible for potential biomedical 

application. All the above results confirmed that the 

glucose-sensitive nanogel was biocompatible for promising 

biomedical applications. 

4 Conclusions 

A novel kind of nanogel was prepared by the ROP of BLG NCA and 

PLG NCA using mPEG-NH2 as a macroinitiator followed by 

clicking of azido-modified glucose to the PLG unit and subsequent 
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cross-linking with AAPBA. The resultant spherical nanogel showed 

remarkable glucose-sensitivity in PBS. The gradual increasing of Rh 

from 84.7 ± 1.5 to 110.5 ± 1.9 nm was observed as the glucose 

concentration increased from 0 to 3.0 mg mL–1. The in vitro release 

results revealed that the release of insulin from the nanogel was 

highly dependent on the glucose concentration, i.e., a higher release 

rate and a more amount of releasing insulin were achieved by 

increasing the glucose concentration in PBS. Additionally, the 

nanogel was demonstrated to be non-toxic. Therefore, the 

biocompatible nanogel with intelligent glucose-triggered drug 

release ability should be promising in self-regulated drug delivery 

for the therapeutic of diabetes. 

 

 
Fig. 7 Photographs (a) and percentages of RBC hemolysis (b) in the presence 

of copolymers, nanogel, and AAPBA. Physiological saline (−) and Triton 

X-100 (10.0 mg mL–1) (+) were used as negative and positive controls, 

respectively. Data were represented as mean ± standard deviation from three 

independent experiments. 
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Colour graphic 

 

 

Text 

A novel core cross-linked glycopolypeptide nanogel was prepared 

for glucose-triggered insulin delivery. 
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