
Materials Today Bio 13 (2022) 100181
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
Novel glucose-responsive nanoparticles based on p-hydroxyphenethyl
anisate and 3-acrylamidophenylboronic acid reduce blood glucose and
ameliorate diabetic nephropathy

Qiong Ma a, Ligong Bian b, Xi Zhao a, Xuexia Tian a, Hang Yin a, Yutian Wang a, Anhua Shi a,**,
Junzi Wu a,*

a The Key Laboratory of Microcosmic Syndrome Differentiation, Education Department of Yunnan, Yunnan University of Chinese Medicine, Kunming, Yunnan, 650500, PR
China
b Department of Medical Biology, College of Basic Medicine, Yunnan University of Chinese Medicine, Kunming, Yunnan, 650500, PR China
A R T I C L E I N F O

Keywords:
3-acrylamidophenylboronic acid
P-hydroxyphenethyl anisate
Diabetic nephropathy
Slow release
Glucose response intelligent system
* Corresponding author. Yunnan University of Ch
** Corresponding author. Yunnan University of C

E-mail addresses: 2697349858@qq.com (A. Shi)

https://doi.org/10.1016/j.mtbio.2021.100181
Received 7 October 2021; Received in revised form
Available online 3 December 2021
2590-0064/© 2021 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

An insulin delivery system that self-regulates blood sugar levels, mimicking the human pancreas, can improve
hyperglycaemia. At present, a glucose-responsive insulin delivery system combining AAPBA with long-acting slow
release biomaterials has been developed. However, the safety of sustained-release materials and the challenges of
preventing diabetic complications remain. In this study, we developed a novel polymer slow release material
using a plant extract—p-hydroxyphenylethyl anisate (HPA). After block copolymerisation with AAPBA, the pre-
pared nanoparticles had good pH sensitivity, glucose sensitivity, insulin loading rate and stability under physi-
ological conditions and had high biocompatibility. The analysis of streptozotocin-induced diabetic nephropathy
(DN) mouse model showed that the insulin-loaded injection of nanoparticles stably regulated the blood glucose
levels of DN mice within 48 h. Importantly, with the degradation of the slow release material HPA in vivo, the
renal function improved, the inflammatory response reduced, and antioxidation levels in DN mice improved. This
new type of nanoparticles provides a new idea for hypoglycaemic nano-drug delivery system and may have
potential in the prevention and treatment of diabetic complications.
1. Introduction

Diabetic nephropathy (DN) is one of the most common complications
of diabetes and is the main cause of chronic renal failure [1]. The inci-
dence of DN in patients with type 2 diabetes is as high as 50% and is still
rising, regardless of nationality or ethnicity [2]. At present, DN treatment
drugs can be divided into two categories. The first group reduces blood
glucose levels, including metformin, which is a glucagon-like peptide-1
receptor agonist [3,4]; however, there are several disadvantages, such as
their short effective half-lives or large dosages required. They can reduce
blood sugar levels to an extent where the hypoglycaemic effect is not
enough, accelerating the occurrence and progress of DN [5,6]. Therefore,
a new method to stabilise and regulate blood glucose levels over
extended periods is warranted. The second group includes
non-hypoglycaemic drugs, such as pentoxifylline, paricalcitol, and
non-steroidal mineralocorticoid inhibitors. Although these drugs can
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inhibit renal inflammation, increase antioxidant levels, and prevent renal
fibrosis [7–9], patients may experience gastrointestinal discomfort, car-
diovascular toxicity, hypotension, and other toxic side effects [10–12].
This further highlights the need to develop drugs with few side effects,
high safety, low price, and long-term use to prevent DN.

Considering that the consumption of hypoglycaemic drugs may result
in fluctuations in blood glucose levels, recent studies have found that
variable blood glucose levels may induce more serious renal injury in
diabetes, including renal oxidative stress, leading to the apoptosis of
renal mesangial cells, which can promote inflammation and damage the
liver and kidney function in DN patients. In this context, scientists have
developed nanoparticle-based insulin delivery systems in response to
glucose stimulation [13]. Phenylboronic acid (PBA) has a more stable
structure, can be easily modified, and has a low price. Therefore,
compared with other glucose response intelligent systems (such as
glucose oxidase, concanavalin A, and other glucose response systems),
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the PBA-based glucose response system has been extensively researched
[14]. Studies have shown that the pKa value of PBA can be reduced by
polymerizing PBAwith polymer sustained-release excipients, so that PBA
can react with glucose under human physiological conditions. The
polymer can maintain an effective drug concentration in vivo for an
extended time after insulin loading, which can greatly improve efficacy
[15]. However, the chronic effects and long-term toxicity of drug prep-
arations, including polymer materials generated in the post-injection
degradation process, in the body are unclear [16] and has even been
reported to induce oxidative stress and inflammation [17]. Therefore, it
is necessary to determine the safety of related products.

Interestingly, plant-derived drugs have shown promise in the pre-
vention and treatment of complex diseases, including DN. Botanical
drugs have many advantages, such as low cost, fewer adverse reactions,
and various forms. Therefore, botanical drugs are gradually becoming
viable substitutes to improve DN [18,19]. Research has shown that anise,
a plant food material, modulates dyslipidaemia, lowers blood glucose
levels, and improves the antioxidant capacity in diabetic rats, exerting a
protective effect on renal injury [20]. P-hydroxyphenylethyl anisate
(HPA) is a natural compound extracted from anise. As a methoxy de-
rivative, HPA has protective effects on the kidney as well as
anti-bacterial, anti-inflammatory, and anti-oxidative activities. For
example, Anna et al. [21] combined anisic acid and lysophosphati-
dylcholine (LPC), resulting in the formation of a covalent bond at the n-1
position. Combined 1-benzoyl-2-hydroxy-sn-glycerin-3-phosphate
choline can improve glucose-stimulated insulin secretion (GSIS),
whereas the MIN6 β pancreatic cell line can mobilise intracellular cal-
cium to prevent and treat diabetes. In addition, Sayed et al. [22] found
that anisic acid displayed protective effects on DN rats. After treatment
with anisic acid for 21 weeks, blood glucose levels, renal function, and
proteinuria significantly improved in DN rats. Antioxidant indices, such
as superoxide dismutase (SOD), glutathione peroxidase, and catalase,
increased in the renal tissue, whereas the levels of inflammatory factors,
such as IL-6, decreased. These studies show that HPA performs well in the
prevention and treatment of DN, which may be able to solve the adverse
side effects and high prices. However, there are few reports on
plant-derived drugs being directly used as biomaterials.

Based on the above, we used plant extracts to construct a new slow
release material, which can be effectively combined with a glucose-
responsive intelligent system for stable glucose reduction, which may
treat or delay DN progression. For this reason, we esterified HPA by
acryloyl chloride for long-term slow release and better safety. Following,
a new polymer (AAPBA-b-HPA) was synthesised by block copoly-
merisation with AAPBA, which was used as a drug carrier to encapsulate
insulin for nanoparticle injection. Finally, the nanoparticles were injec-
ted into DN mice to observe its preventive and therapeutic effects:
detection of hypoglycaemia, protection of renal function, reduction in
the inflammatory state, and oxidative stress (Scheme 1). Our new intel-
ligent glucose-response system can provide new ideas for the prevention
and treatment of patients with DN.

2. Materials and methods

2.1. Materials

2.1.1. Reagents
AAPBA was purchased from Wuhan Jusheng Technology Co., Ltd.

(Beijing, PR China). Acrylic acid-HPA was purchased from Hangzhou
Yuhao Chemical Industry Co., Ltd. (Hangzhou, PR China). The design
plan was provided by our team, and the synthesis method used was
described previously [23]. Insulin (95% purity, 27 μL/mg) was pur-
chased from Shanghai McLean Biochemical Technology Co., Ltd.
(Shanghai, PR China). Dimethyl sulphoxide (DMSO), ether, methanol,
and other analytical pure solvents were purchased from the National
Pharmaceutical Chemical Reagent Co., Ltd. (Shanghai, PR China).
Ultra-pure water was prepared in our laboratory.
2

2.2. Preparation of p(AAPBA-b-HPA) polymer

2.2.1. Construction of acrylic acid-HPA
The structure of the HPA monomer was modified by acryloyl chloride

esterification. The preparation scheme was as follows (Scheme 2a):
tetrahydrofuran and pyridine mixed solvent with HPA was added into a
four-neck flask for stirring, then acryloyl chloride (molar ratio of acrylic
acid-HPA of 1:5) was added in a drop-wise manner followed by heating
(50 �C, 4 h). After the reaction, acrylic acid-HPA was poured into a large
amount of water and neutralised with hydrochloric acid. Then, the
acrylic acid-HPA product was obtained by repeated washing and drying.
Finally, the acrylic acid-HPA product with high purity was obtained via
separation column, and the HPA monomer was treated to have a C

–

–C
bond. Table S1 and Table S2 show whether the modified HPA can still
achieve therapeutic effects.

2.2.2. Synthesis of p(AAPBA-b-HPA) polymers
The C––C double bond of acrylic acid-HPA can be block copoly-

merised with the C¼ C double bond of p(AAPBA) to form different pro-
portions of polymer p(AAPBA-b-HPA) via the one-pot method [24]. The
synthesis of this new type of high molecular weight polymer was divided
into two steps. First, the macromolecular initiator p(AAPBA) was syn-
thesised with AAPBA as the monomer, AIBN as the initiator, and dime-
thylformamide (DMF) as the solvent (with a mass ratio of the initiator to
AAPBA of 1:1000 and a mass ratio of solvent to AAPBA of 2:1), the
resulting mixture and magnetic stirrer were sealed into a dry and clean
50 mL round bottom flask. A vacuum pump was used to pump the air out
of the bottle until the mixture was stirred without air bubbles, before
adding nitrogen. The latter was repeated three times before placing the
flask at 70 �C in a magnetic oil bath for 12 h under the protection of
nitrogen. After 12 h, the round bottom flask was removed and immedi-
ately cooled in ice water for 5 min, before adding 1 mL methanol to
dissolve the polymer. Finally, the dissolved polymer was removed using a
syringe, carefully placed into a beaker containing 50 mL ether, washed
and precipitated, filtered and separated, and placed into a vacuum drying
box for two days to obtain p(AAPBA) (Scheme 2b).

When synthesizing p(AAPBA-b-HPA), we used the same methods as
described above. Using acrylic acid-HPA and p(AAPBA) as monomers,
AIBN as an initiator, Na2SO3 to provide an alkaline environment, DMF as
a solvent, and following the same steps as those used in p(AAPBA)
preparation, the p(AAPBA-b-HPA) polymer was obtained (Scheme 2c).
Three polymers were prepared by changing the ratio of AAPBA to HPA
as: p(AAPBA-b-HPA)1: (AAPBA:HPA ¼ 1000:200), p(AAPBA-b-HPA)2:
(AAPBA:HPA ¼ 1000:100), and p(AAPBA-b-HPA)3: (AAPBA:HPA ¼
1000:50).

2.3. Characterisation of p(AAPBA-b-HPA) polymers

The structure of the synthesised sample was characterised using 1H
nuclear magnetic resonance (1H NMR; JNM-ECZ400S, Japan Electronics
Co., Ltd). The sample synthesised by weighing 5–10 mg was completely
dissolved in a deuterated reagent (1 mL) and added to a nuclear magnetic
tube for hydrogen spectrum determination. The p(AAPBA) and acrylic
acid-HPA solvent was treated with deuterated DMSO (1 mL), and the
solvent of p(AAPBA-b-HPA) was treated with deuterium oxide (D2O) (1
mL) þ sodium hydroxide deuterium (NaOH) (1 mg).

Fourier-transform infrared (FTIR) (Thermo Fisher Scientific, Hercu-
les, USA) characterisation of acrylic acid-HPA, AAPBA, p(AAPBA), and
p(AAPBA-b-HPA) was conducted. The scanning wavelength measured
ranged between 400 and 4000 cm�1, with a scanning interval of 2 nm/s.

A thermogravimetric analyser (TGA5500, TA Instruments Co., Ltd.,
Newcastle, USA) was used to observe the relationship between the
quality of the measured samples and temperature. The samples (5 mg)
were heated from 30 �C to 800 �C under nitrogen conditions at a heating
rate of 20 �C/min. Polymer weight changes (AAPBA and acrylic acid-
HPA) were analysed based on temperature. The infrared and



Scheme 1. Glucose-responsive delivery of insulin and release of p-hydroxyphenethyl anisate (HPA) after nano-injection.
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thermogravimetric results were analysed using Origin Pro 9.0 software.
The molecular weight (Mw and Mn), molecular weight distribution,

and dispersion (polydispersity index, PDI) of the polymer were deter-
mined using gel permeation chromatography (GPC) coupled with light
scattering (LS) (Waters LLC, Massachusetts, USA). During the test,
p(AAPBA-b-HPA) from different samples was dissolved to form a tetra-
hydrofuran solution of 4 mg/mL. The detection flow rate conditions were
1 mL/min with a column temperature of 35 �C.
2.4. Preparation of p(AAPBA-b-HPA) nanoparticles

The prepared p (AAPBA-b-HPA) polymer was dissolved in the mixed
solvent of 100 μl methanol and placed in a shaking bed (600r/min)
overnight. After it was fully dissolved, the solution was carefully added
into a 50 mL beaker with 20 mL ultra-pure water (place a magnetic
agitator with a rotation speed of 300 rpm/min). Tween-80 (0.5 mg) was
added after 3 h, the mixture was stirred for approximately 6 h, and
transferred to a dialysis bag (MWCO 6000 Da) replace with fresh DMF
3

every 4 h, and then dialyzed with deionized water for 72 h. After dialysis,
the solution was frozen overnight at �80 �C, and then freeze-dried at
�65 �C for 3–4 days with a vacuum freeze dryer until the slow release
excipient nanoparticle carriers of p(AAPBA-b-HPA) could be obtained.
2.5. Properties of p(AAPBA-b-HPA) nanoparticles

The morphology of the nanoparticles was observed using a JEM-2100
transmission electron microscope (TEM; Tokyo, Japan). A liquid transfer
gun was used to draw 6 μL of the prepared p(AAPBA-b-HPA) nanoparticle
aqueous suspension (0.4 mg/mL), which was casted on a copper grid
covered with a carbon film at 38 �C for drying before observing the
morphology.

Zeta potential was measured using a potential analyser (Zeta PALS/
90plus, Brookhaven Instruments Corporation, New York, USA). During
the determination, 0.4 mg of p(AAPBA-b-HPA) nanoparticles were
weighed, 1 mL deionized water was added, and the mixture was poured
into the sample tube for determination.



Scheme 2. Synthesis of molecular structure of acrylic acid-HPA (a), p(AAPBA) (b), and p(AAPBA-b-HPA) (c).
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Dynamic Light Scattering (DLS) was used to detect a change in the
nanoparticle size in simulated body fluids (SBFs) with different glucose
concentrations (the main ion concentration of SBFs is shown in Table S3).
The sample tubes were oscillated continuously at a speed of 80 rpm at 37
�C. The DLS was measured at pre-set time intervals, and the dialysis was
continued to record the changes in the particle size with various pH
sensitivity (i.e. 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, and, 9.5) by dissolving 4
mg nanoparticles in 10 mL of the PBS solution for 3 h.

p(AAPBA-b-HPA) nanoparticles (5 mg) were placed in SBFs with pH
7.4 to remove bacteria by filtration using a 0.2 μm filter for 28 d. The
ambient temperature was maintained at 37 �C, and the degradation of
nanoparticles was observed weekly using a projection electron
microscope.
4

2.6. In vitro release of insulin and HPA from p(AAPBA-b-HPA)
nanoparticles

2.6.1. Preparation of p(AAPBA-b-HPA) nanoparticles containing insulin
The preparation of p(AAPBA-b-HPA) nanoparticles containing insulin

was as follows: 20 mg sample p(AAPBA-b-HPA) was obtained, and the
subsequent steps after adding 1 mg insulin were the same as those fol-
lowed for the preparation of the p(AAPBA-b-HPA) blank nanoparticles to
obtain insulin-loaded nanoparticles.

EE¼ðtotal insulin mass� free insulin massÞ = total insulin mass� 100%

LC¼ðtotal insulin mass� free insulin massÞ =mass of nanoparticles� 100%

All measurements were repeated three times and averaged.
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2.6.2. Insulin release from nanoparticles in vitro
The insulin release behaviour of insulin-coated nanoparticles in the

SBF buffer with pH 7.4 was studied using dialysis. During the determi-
nation, 5 mg p(AAPBA-b-HPA) nanoparticles with different proportions
were dispersed in SBFs with different sugar concentrations (0, 6, and 18
mmol/L) and pH of 7.4. The dialysate (1 mL) was extracted at pre-set
time intervals, and then 1 mL of SBF with corresponding glucose con-
centration was replenished. After the reaction with the BCA kit (Thermo
Scientific, New York, USA), the amount of free insulin was measured
using a UV-Vis spectrophotometer at 562 nm. Finally, the average result
was calculated.

2.6.3. HPA release from nanoparticles in vitro
The method for the determination of HPA drug release is consistent

with the above-mentioned method for the determination of insulin. The
HPLC determination conditions were as follows: chromatographic col-
umn: Phenomenex C18 (4.6 mm � 250 mm, 5 μm; Beijing Xianming
Leshi Science and Technology Development Co., Ltd.); mobile phase:
acetonitrile �1% glacial acetic acid (30:70); flow rate: 1 mL/min;
detection wavelength: 257 nm; sensitivity: 0.02 AUFS. The regression
equation of the UV detector set at 256 nm and 40 �C was Y ¼ 20464 X þ
2842, r ¼ 0.9998, with a 0.206–4.120 ng/L linear range.

2.6.4. Circular dichroism (CD) detection spectrum
The conformation of released insulin was tested using BRIGHT TIME

Chirascan (Jasco-815, UK Applied Optophysics). Visible and near-
ultraviolet light were used as incident light sources to obtain the mo-
lecular structural information of the photoactive groups present in in-
sulin and to compare the secondary structure of the released insulin with
that of standard insulin using CD and asymmetric molecules to analyse
the difference in absorption produced by left and right circularly polar-
ised light.

2.7. Toxicological experiments

2.7.1. Cell viability
In this study, the cytotoxicity of p(AAPBA-b-HPA) was determined

using a thiazolyl bromide tetrazolium assay (MTT) to verify its biocom-
patibility. Human liver normal L02 cells and cancer SMMC-7721 cells
were cultured in the active growth stage as experimental cells in 96-well
plates at 37 �C, with 5% CO2 for 24 h. Then, different proportions of
p(AAPBA-b-HPA) aqueous solution samples (25 μL) were added to the
plates, and the same amount of the PBS buffer solution (pH 7.4) was
added to the first row of cells in each plate as controls. After 24 h of
incubation, a 20 μL mixture of MTT and phenazine methosulphate was
added to each well (20:1). After 4 h of incubation, the culture medium
was carefully removed and DMSO was added, shaking the plate for 10
min to ensure that crystals were fully dissolved.

The absorbance of each well was measured (absorbance wavelength:
490 nm) using an enzyme-labelled instrument. The experiment was
repeated thrice, and the cell survival rate was calculated. Cellular toxicity
was evaluated according to the RGR value, based on the toxicity classi-
fication method of the American Pharmacopoeia, as shown in Table S4.

2.7.2. Animal toxicology study
Animal research procedures were conducted following the regula-

tions from the Administration of Experimental Animals. All research
protocols were approved by the Animal use and Ethics Committee of
Yunnan University of Chinese Medicine (approval no.: R-062021G006)
(animal certificate: KMMU 2014002).

Twenty mice weighing 19–23 g (male C57BL/6, Department of
Experimental Zoology, KunmingMedical University) were adaptively fed
in the animal room for one week (temperature: 20–22 �C, relative hu-
midity: 40%–70%, and natural lighting: light and dark cycling for 12 h).
Mice were randomly divided into four groups: normal control group,
p(AAPBA-b-HPA)2 low-dose, medium-dose, and high-dose observation
5

groups (n¼ 5). The control group received 1 mL/kg/d normal saline, and
the low, middle, and high dose groups received p(AAPBA-b-HPA)2
nanoparticle solutions (10 mg/kg/d, 20 mg/kg/d, and 40 mg/kg/d,
respectively). The diet, activity, hair glossiness, and death of the mice
were recorded over 14 days. Mice were sacrificed after 14 days, and the
blood was collected for routine blood tests (using the automatic
biochemical instrument in the laboratory department of the first people's
Hospital of Yunnan Province). The liver, kidney, spleen, heart, and lung
were collected for HE staining, and histopathological changes were
observed using a microscope (BX53 microscope, Olympus, Japan).

2.8. In vivo study of STZ-induced DN in mice

Before the experiment, the mice were fed adaptively in the animal
room (temperature: 20–22 �C, relative humidity: 30%–70%, natural
lighting: 12 h of light and dark cycling) for one week. Mice were
randomly divided into a normal (n ¼ 10) and model (n ¼ 30) groups and
were given high-fat and high-sugar diets (the formula was 75% normal
diet þ 10% lard þ 12% sucrose þ 2.9% cholesterol þ 0.1% sodium
cholate). Four weeks later, the mice in the model group were intraperi-
toneally injected with streptozotocin (STZ, 35 mg/kg), prepared using a
sodium citrate buffer solution. The mice in the normal group were
injected intraperitoneally with the corresponding volume of citrate
buffer. On days 3, 5, and 7 after modelling, blood samples were collected
from the abdominal aorta of two mice randomly selected from each
group and urine was collected every 24 h to determine the fasting blood
glucose (7 h later) and urine protein, respectively. The success criteria of
the DN model were blood glucose �16.7 mmol/L and 24 h urinary
protein �30 mg. The successful mice were randomly divided into three
groups: DN model group (n ¼ 10), insulin solution injection group (n ¼
10), and p(AAPBA-b-HPA)2 nano-injection group (n¼ 10). Among them,
the p(AAPBA-b-HPA) of the p(AAPBA-b-HPA)2 injection group was
encapsulated with 0.4 mg insulin (dissolved in 0.5 mL normal saline and
then injected subcutaneously). The insulin solution for the insulin in-
jection group consisted of 1 mg insulin dissolved in 1 mL normal saline
and was administered as 0.16 mg/d. The blank and model groups were
treated with the same volume of normal saline via injection.

During the experiment, the coat colour, body weight, and blood
glucose of mice in each group were observed. During the continuous
eight weeks of intervention, the urine of mice from each group was
collected daily using a metabolic cage, and blood was collected from the
tip of the tail at a fixed time point. To observe the hypoglycaemic char-
acteristics of p(AAPBA-b-HPA)2 nano injection, changes in blood glucose
and insulin levels weremeasured within 48 h using a blood glucosemeter
(GT-1640; Guilin Renke Medical Science and Technology Development
Co., Ltd., Guilin, China). We further evaluated the pharmacodynamics of
HPA release by p(AAPBA-b-HPA)2 nano injection during the degradation
of carrier drugs. The serum and kidney tissues were collected after the
mice were sacrificed. Renal tissues fixed with 4% paraformaldehyde
solution were routinely embedded in paraffin, sectioned, stained with
HE, and the histopathological changes were observed using a micro-
scope. The levels of serum creatinine (SCr) and blood urea nitrogen
(BUN) were detected using an automatic biochemical analyser, and the
changes in the urinary protein (UTP) (24 h urinary protein quantity ¼
urinary protein concentration� 24 h urine volume) weremeasured using
the biuret method. The oxidation and antioxidation indices of serum
malondialdehyde (MDA), total antioxidant capacity (T-AOC), gluta-
thione (GSH), and SOD were detected using a commercial kit (Nanjing
Jiancheng Institute of Biological Engineering). Serum C-reactive protein
(hs-CRP), Interleukin-1 (IL-1), Interleukin-6 (IL-6), Interleukin-8 (IL-8),
and tumour necrosis factor-α (TNF-α) were detected using ELISA kits.

2.9. Statistical analysis

The data were analysed using GraphPad Prism 5.0 statistical software
package for one-way ANOVA. Single-factor analysis of variance was used
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for comparison among more than two groups, and a t-test was used for
comparison between two groups. A P< 0.05 indicated that the difference
was statistically significant.

3. Results and discussion

3.1. Synthesis and characterisation of p(AAPBA-b-HPA) polymers

p(AAPBA-b-HPA) polymers were synthesised using the three-step
method (Scheme 2 a, b and c), and the raw materials and polymers
were analysed using 1H NMR and FTIR to determine the success of each
step.

The chemical structures of raw materials and polymers were char-
acterised using 1H NMR spectroscopy, which can further determine
whether the polymerisation was successful. Fig. 1a (DMSO-d6) δ displays
following assignments for AAPBA: 5.6 (2H,1-H), 6.4 (1H,2-H), 6.1 (1H,3-
H), 10.0 (1H,4-H), and 7.9–7.1 (H of benzene ring). Fig. 1b (DMSO-d6) δ
shows the following assignments for HPA: 7.10–8.12 (H of benzene ring),
5.9 (1H, 1-H), 6.11–6.15 (2H, 2-H), 6.38 (1H, 3-H), 3.63 (3H, 4-H), 3.0
(1H, 5-H), and 4.47 (1H, 6-H). Fig. 1c (NaOD þ D20; pH ¼ 9.5) δ shows
Fig. 1. 1H nuclear magnetic resonance (1H NMR) spectra of 3-acrylamidophenylboro
p(AAPBA-b-HPA). (d) Fourier-transform infrared (FTIR) spectra. (e) Thermal analysi
(DTG) (g).

6

the following allocation for p(AAPBA): 8.31 (1H, 4-H), 2.13 (1H, 5-H),
2.58 (H, 6-H), 2.78 (2H, 7-H), 6.65–7.81 (H of benzene ring), and
0.5.1–1.51 (H of C12H25 group). Fig. 1d (NaOD þ D2O; pH ¼ 9.5）δ
indicates the following assignments for p(AAPBA-b-HPA)2: 8.31 (1H, 4-
H), 3.1 (1H, 5-H), 4.52 (1H, 6-H), 3.70 (3H, 7-H), 0.51–1.51 (H of C12H25
group), and 6.45–7.78 (H of the benzene ring); the peaks at 2.49, 2.7,
2.82, and 3.57 ppm are the H peak positions on the polymer backbone.
The distributions of AAPBA and p(AAPBA) spectra are consistent with
that of Li et al. [25,26]. In addition, compared with AAPBA and HPA, the
p(AAPBA-b-HPA)2 polymer has a characteristic monomer peak, a peak of
the corresponding C

–

–C double bond disappears, and a peak of H at a
position where the main chain appears, which confirm the occurrence of
a polymerisation reaction. Our results are consistent with the findings of
Guo et al. [27]. In their study, a sugar polymer was successfully syn-
thesised by p(AAPBA) and D-gluconamidoethyl methacrylate. The 1H
NMR results show that the resonance signal of the proton assigned to the
C
–

–C double bond disappears completely, and a new resonance signal
appears at the position of the main chain. Similarly, the successful syn-
thesis of polymers in the study of Zheng et al. [28] shows the same
characteristics, which indicate successful polymerisation in the present
nic acid (AAPBA) (a), P-hydroxyphenethyl anisate (HPA) (b), p(AAPBA) (c), and
s of the polymers: thermogravimetric (TG) (f) and derivative thermogravimetric
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study.
FTIR results are shown in Fig. 1e, and the absorption bands of the

AAPBA spectrum are shown as C
–

–O tensile (1660 cm�1), C
–

–C tensile
(1640 cm�1), O-B-O bending (1351 cm�1), and benzene ring vibration
(1555–1610 cm�1). There were four characteristic peaks in the HPA
spectrum: CH3 stretching (1714 cm�1), C––C stretching (1630 cm�1),
C
–

–O stretching (1510 cm�1), and –COO stretching (1070 cm�1). In the
p(AAPBA) and p(AAPBA-b-HPA) spectra, the absorption caused by the
C
–

–C group disappeared, indicating successful polymerisation. The
characteristic peaks of the monomers appeared in the polymer, such as
CH3 stretching (1714 cm�1) and –COO stretching (1060 cm�1) of HPA,
C––O stretching of AAPBA (1660 cm�1), and the vibration of p(AAPBA)
benzene ring, indicating that HPA was successfully bound to AAPBA. Our
results are consistent with those of Luo et al. [29]. In their study, after the
reaction of chitosan (CS) with 3-carboxyl-4-fluorophenylboric acid
(FPBA), the absorption peak of the C group of the synthesised product
CS-FPBA also disappeared. In addition, Gui et al. [30] further confirmed
that successfully synthesised copolymers can detect the characteristic
peaks of reactant monomers.

Next, to determine whether the synthesised polymer has thermal
decomposition and stability, the polymer p(AAPBA-b-HPA) was evalu-
ated using thermogravimetric and derivative thermogravimetric (DTG)
analyses. The thermogravimetric results from samples in the temperature
range of 100–800 �C in a nitrogen environment (Fig. 1f) indicate that the
polymer had a weight loss peak when the temperature was less than 300
�C, whichmight be due to the volatilisation of water. With the increase in
temperature, the decomposition rate increased until combustion was
completed, indicating that the p(AAPBA-b-HPA) polymer underwent
thermal decomposition. DTG analysis (Fig. 1g) shows that p(AAPBA) had
three mass losses at approximately 150, 338, and 404 �C, whereas
p(AAPBA-b-HPA) had four mass losses at 180, 210, 320, and 400 �C. The
mass loss of p(AAPBA) and p(AAPBA-b-HPA) at 150 and 180 �C,
respectively, are attributed to the volatilisation of water, that at 320 and
338 �C�C, respectively, are attributed to the thermal decomposition of
hanging sugar residues, that at 400 and 404 �C�C, respectively, are
attributed to the thermal decomposition of the main chain, whereas the
mass loss of p(AAPBA-b-HPA) at 210 �Cmay be due to the decomposition
of hydrogen-bonded free groups.

It can be seen from the curve that the degradation temperature of
p(AAPBA-b-HPA) is lower than that of p(AAPBA) due to the addition of
HPA, whereas its thermal stability is improved. These observations are
consistent with the thermal decomposition characteristics of AAPBA-
based polymers in other studies, suggesting that p(AAPBA-b-HPA) can
be used for further studies.

Finally, the molecular weight and its distribution (PDI) of the syn-
thesised polymer were determined using GPC, as shown in Table 1. The
Mw and Mn of the copolymers p(AAPBA-b-HPA)1, p(AAPBA-b-HPA)2,
and p(AAPBA-b-HPA)3 increased. As proved by Li et al. [31], with the
increased proportion of AAPBA, the molecular weight of the copolymer
increases, and the intermolecular aggregation of nanoparticles is
enhanced, roughly stabilising the PDI.
3.2. p(AAPBA-b-HPA) nanoparticle performance

The morphology and size of the nanoparticles were observed using
TEM. As shown in Fig. 2, the TEM images show that before and after the
treatment with 18 mmol/L glucose, the p(AAPBA-b-HPA)2 nanoparticles
Table 1
The molecular weights (Mw and Mn) and polydispersity index (PDI) of the co-
polymers prepared in this work.

Samples AAPBA/HPA mass ratio Mw Mn PDI

p(AAPBA-b-HPA)1 1000:200 7.0 � 104 5.7 � 104 1.23
p(AAPBA-b-HPA)2 1000:100 7.3 � 104 5.8 � 104 1.25
p(AAPBA-b-HPA)3 1000:50 7.6 � 104 6.0 � 104 1.27
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without insulin release (Fig. 2a) and after insulin release (Fig. 2b) are
spherical, and there is no significant difference in morphology. The
particle size of the nanoparticles was observed using the DLS method.
From Fig. 2c, we can see that the nanoparticles are uniformly distributed
and have good dispersion.

The main physical and chemical properties of nanoparticles deter-
mined are shown in Fig. 2d. It was observed that with an increase in the
AAPBA ratio, the zeta potential of nano-gels became increasingly nega-
tive, which may be due to the higher hydrophobic AAPBA content,
protecting them from any damage in the aqueous solution and providing
relative stability. This is consistent with relevant studies [32], suggesting
that p(AAPBA-b-HPA) nanoparticles are stable in aqueous solutions.

AAPBA is a Lewis acid that can react with 1mine2-or 1pyr3-diol
compounds to form reversible five- or six-membered cyclic esters [33].
Therefore, when the concentration of glucose in the environment in-
creases, the ionised PBA ions continue to combine with glucose mole-
cules, and the balance shifts to the right, increasing the proportion of
ionised AAPBA. Because the pKa value of AAPBA ranges from 8.2 to 8.6
[34], and the pH of the human physiological environment is approxi-
mately 7.4 [35], it is necessary to reduce the pKa value of the
glucose-responsive PBA-based drug delivery system before the treatment
of diabetes. To reduce the pKa of AAPBA and improve its response to
glucose under physiological conditions, a sustained-release excipient
HPA was introduced to stabilise borates through protonated groups and
establish electrostatic attraction. Therefore, under physiological condi-
tions, the PBA group in the p(AAPBA-b-HPA) polymer will combine with
the dihydroxyl groups in glucose to form a hydrophilic borate structure.
In addition, binding increases as glucose concentration increases, the
hydrophobic polymer is converted to a hydrophilic compound, and the
amphiphilic molecules are destroyed, which leads to changes in the size
and glucose sensitivity of nanoparticles [36]. To confirm that the func-
tional binding of AAPBA and HPA carriers can maintain glucose sensi-
tivity and good stability under physiological conditions, we evaluated the
characteristics of nanoparticles under different pH levels, glucose con-
centrations, and ultra-low temperature conditions.

Fig. 2e shows the glucose sensitivity of nanoparticles. In the SBF
simulating the physiological conditions outside the human body, the
particle size changes of p(AAPPA-b-HPA)1, p(AAPPA-b-HPA)2, and
p(AAPPA-b-HPA)3 nanoparticles are detected at the same time interval
using the DLS method with different glucose concentrations (0, 6, and 18
mmol/L). When the concentration of glucose was 6 mmol/L, the nano-
particles displayed glucose sensitivity. With the increase in glucose
concentration, the size of the three samples also increased, which is due
to the dissociation of more nanoparticles. At the highest glucose con-
centration, the particle size of nanoparticles increased significantly since
the AAPBA ratio increased from p(AAPPA-b-HPA)1 to p(AAPPA-b-HPA)
3. It is thus confirmed that p(AAPPA-b-HPA) nanoparticles exhibit a
glucose response, and the results are consistent with the behaviour of
boric acid-containing block copolymers studied by Wang et al. [37].

Fig. 2f shows the response of nanoparticles to pH. It can be observed
that when the pH is 6–6.5, the nanoparticle size remains nearly un-
changed. This is because the nanoparticles are electrically neutral, have
no protonation, and tend to contract. Particle size began to change after
pH 6.5. Further, the particle size increased as the AAPBA proportion
increased in the sample. This is because a large amount of AAPBA in the
polymer is ionised and the polymer is negatively charged, resulting in
electrostatic repulsion between particles and increased size of the
nanoparticles. These results suggest that the new nanoparticles show
glucose sensitivity when the pH is 6.5, which is higher than that reported
in the literature [38]. Further, the addition of HPA can reduce the pKa
value of AAPBA and improve glucose sensitivity of materials under
human physiological conditions.

Fig. 2g shows the stability test of nanoparticles. By storing different
proportions of nanoparticles at 4 �C for 30 days, the three types are
relatively stable, with insignificant size changes.

Next, we investigated the glucose elasticity of nanoparticles after



Fig. 2. Transmission electron microscopy (TEM) im-
ages of p(AAPBA-b-HPA)2 polymer nanoparticles (a)
before and (b) after treatment with 18 mmol/L glucose.
(c) The particle size and polydispersity index (PDI) of
p(AAPBA-b-HPA)2 nanoparticles. (d) The zeta poten-
tials of the p(AAPBA-b-HPA) nanoparticles. The
different hydrodynamic diameters were as follows: (e)
glucose concentration; (f) pH; (g) and time. (h) Glucose
sensitive elasticity of nanoparticles. TEM showed the
degradation of nanoparticles after immersion in simu-
lated body fluids (SBF) for 7 (i), 14 (j), 21 (k), and 28
(l) days.
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adding and removing glucose. Since the borate ester bond between the
block copolymer containing boric acid and diol is dynamically covalent,
and the dynamic covalent property of borate ester promotes the recon-
struction of the bond structure and boric acid bond in the presence of
other competitive diols, it displays reversible glucose sensitivity [39].
Fig. 2h shows the elastic test results of three proportions of
p(AAPBA-b-HPA) nanoparticles. The size of three proportions first in-
creases and then returns to the original size after treatment with 18
mmol/L glucose for 4 h followed by dialysis with water for 24 h. As
treatment time increases, the particle size increases too. This shows that
nanoparticle size is glucose-dependent, which confirms their reversible
glucose sensitivity, which is consistent with the performance results of
the related AAPBA [40].

Biodegradability is a very important property of biomaterials. The
degradation performance of materials in vivo often determines the suc-
cess or failure of materials injected into the body [41]. Therefore, it is
necessary to evaluate the degradation of biomaterials. The surface
morphology of p(AAPBA-b-HPA)2 nanoparticles after soaking in SBF for
28 d is shown in the TEM images in Fig. 2i, j, 2k, and 2l. The nano-
particles displayed no obvious change in the early stage of the degra-
dation process. After a week, the nanoparticle structure became looser,
and the degradation degree of nanoparticles gradually deepened, indi-
cating that p(AAPBA-b-HPA) nanoparticles can maintain slow and stable
degradation in the simulated physiological environment. In the terms of
applicability, this means that it can provide sufficient time for cell pro-
liferation and differentiation, tissue regeneration and formation, and
shows good biological activity. Therefore, when AAPBA is used as a drug
carrier, it will gradually degrade and displays good safety, which is
consistent with the research conducted by Zhang et al. [42].
3.3. In vitro release of insulin and HPA from p(AAPBA-b-HPA)
nanoparticles

3.3.1. Release of insulin from nanoparticles
According to the above results, our nanoparticles can intelligently

respond to the changes in blood glucose concentration under physio-
logical conditions and have the potential to deliver hypoglycaemic drugs.
As this treatment method has the potential to regulate the blood glucose
level in diabetes, we evaluated the loading of insulin nanoparticles.

The insulin entrapment efficiency (EE) and drug loading capacity (LC)
of nanoparticles are the keys to follow-up treatment evaluation, which
determine the feasibility of nanoparticles as an insulin delivery system.
Table 2 shows the results of drug loading and EE of insulin with different
proportions of nanoparticles. It can be seen that p(AAPBA-b-HPA)1,
p(AAPBA-b-HPA)2, and p(AAPBA-b-HPA)3 show good EE and LC when
the amount of insulin is 1 mg. This is due to the positive and negative
electric interaction of insulin during the assembly onto the nanoparticles.
These interactions enable insulin to be loaded on the polymer to form a
stable complex [43]. With the increasing proportions of p(AAPBA), the
LC and EE of insulin significantly increased and decreased, respectively.
This is related to the high number of OH groups in p(AAPBA), and the
dynamic borate bond between boric acid and insulin increases the
binding rate to insulin [44]. The polymers prepared herewith have
shown higher drug loading rates than other AAPBA-based polymers [45],
which may be due to differences in the performance of HPA materials or
drug loading methods.

Next, we investigated the insulin release of nanoparticles at different
Table 2
Insulin loading capacity (LC) and entrapment efficiency (EE) of p(AAPBA-b-HPA)
2 polymer nanoparticles.

Samples Insulin concentration (mg/mL) EE (%) LC (%)

p(AAPBA-b-HPA)1 1.0 63.0 � 5.1 13.4 � 2.5
p(AAPBA-b- HPA)2 1.0 65.6 � 5.8 16.2 � 2.1
p(AAPBA-b- HPA)3 1.0 65.1 � 5.4 16.3 � 1.3
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glucose concentrations (0, 6, and 18 mmol/L) in vitro. As shown in
Fig. 3a, b and c, p(AAPBA-b-HPA)1, p(AAPBA-b-HPA)2, and p(AAPBA-b-
HPA)3 nanoparticles displayed rapid insulin release within the first hour.
This may be because some insulin is attached to the surface of the pre-
pared nanoparticles, hence when the nanoparticles contact the release
medium, insulin is rapidly released. At the same concentration of
glucose, the release order is p(AAPBA-b-HPA)3 > p(AAPBA-b-HPA)2 >

p(AAPBA-b-HPA)1, which may be attributed to the increased proportion
of AAPBA and mediates increased glucose binding, resulting in increased
insulin dissociation. Fig. 3d shows the increasing insulin release rate of
p(AAPBA-b-HPA)2 as glucose concentration increases. This is because
the enhanced glucose binding under hyperglycaemic conditions leads to
an increase in negative charge density in the polymer matrix, resulting in
particle size changes and weakening of the electrostatic interaction be-
tween insulin and the matrix, hence the rapid release of insulin [46].
Compared to previously reported drug release rates [47], the drug release
rate reported in the present study is significantly higher.

3.3.2. Release of HPA from nanoparticles
Furthermore, whether HPA can be released into the environment

from the polymer with the glucose response of p(AAPBA-b-HPA) is an
important condition for its pharmacological activity. As shown in Fig. 3e
and f, it took approximately 20 and 10 days for p(AAPBA-b-HPA) to
release HPA in 0 mmol/L or 18 mmol/L glucose solution, respectively.
With the increase in glucose concentration, the HPA release rate of
p(AAPBA-b-HPA)2 increases significantly. This shows that HPA release is
glucose-dependent. The release characteristics of HPA from these three
samples are similar to those of insulin, indicating that HPA can cooperate
with insulin release to play a pharmacological role. Based on the results
of the above three samples, when insulin loading is 1 mg, p(AAPBA-b-
HPA)2 was selected for a follow-up study considering that it displays
the best insulin release behaviour, drug loading performance, encapsu-
lation efficiency, and cumulative release.

3.3.3. CD study of insulin released by nanoparticles
For the insulin delivery system, it is imperative to maintain the

bioactive functionality of insulin, and the conformation of insulin is
closely related to its biological activity [48]. We next used CD to evaluate
the conformational comparison of insulin released by nanoparticles and
standard insulin. The results in Fig. S1 show that the peaks at 208 and
222mm represents the a-helix and β-structure of insulin, and both insulin
have these characteristic bands (at 206 and 235 mm). These results show
that the stably released insulin by nanoparticles can effectively maintain
the secondary protein structure with normal biological activity.

3.4. Toxicity of nanoparticles

3.4.1. Cytotoxicity in vitro
The above studies have confirmed that our synthesised nanoparticles

display great potential as a drug carrier, but it is also very important to
maintain high biocompatibility when they are used to deliver insulin in
patients with diabetes. We next verified whether HPA, as a new type of
natural sustained-release excipients, exhibits improved biocompatibility
when combined with AAPBA. The cytotoxicity of three proportions of
p(AAPPA-b-HPA) nanoparticles on human normal liver L02 cells and
human liver cancer SMMC-7721 cells was observed using the MTT assay
to investigate the safety of the nanoparticles. The cells in the control
group were untreated, whereas the cells in the treatment group were
exposed to different ratios and concentrations of nanoparticles suspen-
sion, including p(AAPPA-b-HPA) low (25 μg/mL), medium (100 μg/mL),
and high (125 μg/mL) treatment groups. Fig. 4a shows results from the
treatment of human normal liver L02 cells. The concentration of nano-
suspension increases gradually from 25 to 125 (μg/mL), but the rela-
tive proliferation rate of cells in the three groups is more than 75%with a
grade I cytotoxicity, indicating that the nanoparticles are non-toxic to
normal cells and cell vitality increases with increased HPA proportion.



Fig. 3. Cumulative insulin release of p(AAPBA-b-HPA) nanoparticles in vitro with glucose concentrations of 0 mmol/L (a), 6 mmol/L (b), and 18 mmol/mL (c). (d)
Cumulative insulin release of p(AAPBA-b-HPA)2. Cumulative HPA release of p(AAPBA-b-HPA) nanoparticle in vitro with glucose concentrations of 0 mmol/L (e) and
18 mmol/L (f).
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Fig. 4b shows the results from the treatment of human hepatoma SMMC-
7721 cells. With the increased concentration of nano-suspension from 25
to 125 μg/mL, the survival rate of each treatment group gradually
decreased compared with that of the control group, indicating that
nanoparticles exert certain toxicity to tumour cells, which may be related
to the increased HPA concentrations. Studies have shown that anisic acid
has cytotoxic effects on various cancer cell lines and can induce caspase-
mediated apoptosis [49]. In general, these results show that the HPA in
the polymer reduces the cytotoxicity of p(AAPPA-b-HPA), relatively
enhancing the cytotoxicity towards tumour cells.
10
3.4.2. In vivo toxicity in animals
To further confirm the safety of HPA as slow release material, we also

carried out toxicity experiments in animals to observe whether p(AAPBA-
b-HPA) nanoparticles display good biocompatibility under complex drug
metabolism in vivo. During the 14 day in vivo toxicity test, these mice
exhibited good mental state and normal eating habits, and no mice had
died during this period. After mice were sacrificed on the 14th day, the
blood, liver, kidney, heart, spleen, and lung tissues were collected for
testing. The toxicity results in vivo are shown in Fig. 4c and Supple-
mentary Table S5. Fig. 4c shows the tissue sections of the heart, liver,
spleen, lung, and kidney indicated no obvious damage to the mice during



Fig. 4. (a), (b) Cell viability as a function of the concentration of p(AAPBA-b-HPA) nanoparticle using the MTT assay at 37 �C, after incubation for 24 h. Each value
represents the mean � SD (n ¼ 5). (c) HE staining representative images of heart, liver, spleen, lung, kidney, and skin in the normal group, (AAPBA-b-HPA)2
nanoparticle Low, Middle, and High treatment groups.
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the 14 d injection period. Table S5 shows no significant change in blood
biochemical indices between the control group and the treatment groups
14 days after injection. Taken together, the results in vivo and in vitro
show that the prepared materials are safe and can be used for extended
time periods, which provides a basis for the study of insulin-loaded
nanoparticles and hypoglycaemic experiments in vivo.

In addition, we evaluated the biocompatibility of the nanoparticles in
the injected skin tissue. Four days after injection, the skin tissue at the
injection site showed slight redness and swelling, which is a normal
phenomenon when biomaterials are injected into the subcutaneous skin.
The image taken on the 14th day after the injection of nanoparticles is
shown in Fig. 4c. The results of HE staining of skin tissue show that there
is rarely any substantial inflammation in the tissue, which is similar to the
image from the normal group. This is consistent with the literature re-
ports of AAPBA nano injection, which does not produce an inflammatory
reaction at the injection site [50]. It also further indicates that our nano
injection is a safe and effective strategy with potential application value
for safe in vivo insulin delivery.

3.5. Evaluation of hypoglycaemia characteristics and HPA
pharmacodynamics of nanoparticles in DN mice

3.5.1. Hypoglycaemic properties of nanoparticles in vivo
As a slow release adjuvant, HPA can slow release the loaded drug for

an extended time, prolong the effective time of the drug, and delay the
half-life. Studies have shown that the occurrence of DN is closely related
to hyperglycaemia, but generally oral and injection hypoglycaemic drugs
have short half-lives and are prone to blood glucose fluctuations, which
may accelerate the occurrence and development of DN [51]. Therefore, if
the drug can stably control blood glucose levels, it can significantly delay
the development of DN. The experiment evaluated whether
p(AAPBA-b-HPA)2 nanoparticles can solve this problem and realise the
ability of self-regulating insulin release to lower blood glucose levels in
mice. The animal model of diabetes induced by a high-fat and high-sugar
diet plus intraperitoneal injection of STZ was established, and different
samples were injected subcutaneously: (1) normal group, subcutaneous
injection of normal saline; (2) DN group, subcutaneous injection of sa-
line; (3) insulin injection group, subcutaneous single injection of insulin;
(4) p(AAPBA-b-HPA)2 groups, subcutaneous injection. The blood glucose
regulation levels of the four groups were carefully monitored after in-
jection. As shown in Fig. 5a, the blood glucose level in the model group
was significantly higher than that in the normal group. Compared with
the model group, each treatment group rapidly decreased the hyper-
glycaemic index to the upper limit of normal blood glucose within 1 h of
injection. However, for some time, the blood glucose level in the insulin
injection group was slightly lower than the lowest level of normal blood
glucose, and normal blood glucose levels were maintained for 4 h.
Compared with the insulin injection group, the p(AAPBA-b-HPA)2
treatment group maintained stable blood glucose levels for approxi-
mately 28 h. The hypoglycaemic effect observed in the p(AAPBA-b-HPA)
2 treatment group was of a much longer duration than that observed in
the insulin injection group, indicating that HPA sustained-release ex-
cipients can effectively prevent the rapid release of insulin and avoid
excessive reduction in blood glucose levels. This shows that nanoparticles
can exhibit good self-regulation and release of insulin in vivo, which is
similar to the physiological regulation of blood glucose in healthy mice,
to avoid excessive fluctuations in blood glucose.

3.5.2. HPA pharmacodynamic evaluation of the release of nanoparticles
The above experiments have proved that HPA as a sustained-release

excipient has good biocompatibility and long-term sustained-release
properties. Therefore, we next evaluated the pharmacological effect of
HPA on DN mice. We aimed to observe whether HPA released during the
degradation of p(AAPBA-b-HPA)2 can exert its pharmacological activity,
protect renal tissue and renal function, reduce oxidative stress and in-
flammatory reaction, and improve the pathological damage of renal
12
tissue structure in experimental DN mice. In our experiment, the DN
mouse model was established using a high-fat and high-glucose diet and
intraperitoneal injection of STZ. After eight weeks of subcutaneous in-
jection, different proportions of injection of nanoparticles and insulin
were injected. Thereafter, we determined the levels of related indices in
serum, urine, and tissue of mice, and pathological changes in kidneys
were detected to confirm the therapeutic effect of p(AAPBA-b-HPA) in-
jection of nanoparticles in DN mice.

First, we examined whether different samples of nano-subcutaneous
injection improved renal histopathological changes in DN mice. Fig. 5b
shows that kidney tissues of mice were stained with HE, and the
morphology was observed using a microscope. The renal tissue structure
of the blank control group was normal, there was no inflammatory cell
infiltration, and there were no obvious pathological changes in the
glomerular sac, vascular loop, and basement membrane. The renal
tubular epithelial cells of the model group appeared detached and
accompanied by edema, marked mesangial cell proliferation, and sig-
nificant thickening of the basement membrane in most glomeruli. Mouse
kidneys displayed significant lesions and tissue structure damage after
modelling, which proved that the DN model was established successfully
[52]. Although the insulin treatment controlled the blood glucose of the
mice, the treatment could not better prevent the occurrence of compli-
cations. As shown in Fig. 5 (b), it was observed that the basement
membrane in the kidney tissue of the insulin group was thicker than that
in kidney tissue of the normal group, and the pathological improvement
was not significant in the insulin group. Fig. 5 (b) nano-injection group
shows that the degree of pathological injury in the kidneys of mice
improved significantly after intervention in the nano-injection group.

Persistent proteinuria and progressive decline of renal function are
the main characteristics of DN [53], therefore, we observed renal func-
tion indicators and 24 h urinary protein quantitative markers (UTP) to
determine the improvement of renal function and proteinuria. As shown
in Fig. 5c and d, the levels of SCr and BUN in the model group were
significantly higher than those in the normal group. Renal function
indices in the insulin treatment group were improved compared with
those in the model group, whereas the abnormal renal function param-
eters, such as SCr and BUN, in the p(AAPBA-b-HPA)2 group were
significantly improved compared with those in the model group (P <

0.05). In addition, the p(AAPBA-b-HPA)2 treatment improved renal
function to a greater degree than the insulin treatment. Some studies
have shown that the determination of urinary microalbumin can better
predict the occurrence of early DN, and the determination of UTP has
become the main index for the diagnosis of renal injury [54]. The UTP
inspection results of each group of mice are shown in Fig. 5e. From the
results, it can be seen that the UTP level in the model group was signif-
icantly higher than that in the normal group, and the UTP level gradually
increased with time (P< 0.05). Compared with those in the model group,
the mice in the treatment group improved, and over time, the effect of the
nanoparticle injection improved compared to the effects observed in the
insulin group (P < 0.05). It can be seen that the combination of
insulin-loaded p(AAPBA-b-HPA)2 nanoparticles has a greater potential to
prevent DN and control blood glucose than insulin alone.

We further investigated the mechanism underlying the effect of
p(AAPBA-b-HPA) on the prevention and treatment of DN in mice by
increasing the levels of antioxidation and inhibiting inflammation in vivo.
Literature indicates that oxidative stress can cause irreversible damage to
the cellular structure and function of the kidney, the inflammatory fac-
tors are widely involved in the pathogenesis of DN [55]. Hs-CRP is an
acute phase reaction protein. When insulin resistance occurs in the body,
hs-CRP synthesis increases, especially after renal damage in patients with
diabetes [56]. IL-1, IL-6, and IL-8 can mediate inflammatory responses
through cellular and humoural immunity and play an important role in
the synthesis of CRP in hepatocytes [57]. TNF-α, synthesised and secreted
by mononuclear macrophages, is an important mediator of inflammatory
response and a variety of pathophysiological processes. It can play an
immunomodulatory role at low levels and cause pathological damage at



Fig. 5. (a) Blood glucose concentration after injection over 28 h. (b) Pathological changes in renal tissue of mice in each group using HE staining ( � 400). The levels
of BUN (c), SCr (d), and UTP (e) in each group of mice. After intervention for eight weeks, the inflammation (f-j) and oxidative stress indexes (k–n) of mice in each
group were measured. Data are presented as mean � S.D. (n ¼ 10). *P < 0.05 vs Normal group; #P < 0.05 vs Model group. △P < 0.05 vs Insulin group.
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high levels [58]. Changes in inflammatory factors, such as TNF-α, IL-1,
IL-6, IL-8, and hs-CRP, in the serum of mice in each group were detec-
ted using ELISA. Results shown in Fig. 5f, g, h, i, and j indicate that the
levels of inflammatory cytokines in the insulin group and
p(AAPBA-b-HPA) group were lower than those in the model group (P <

0.05), and the level of inflammatory cytokines in the p(AAPBA-b-HPA)2
group were higher than those in the insulin treatment group (P < 0.05).
Oxidative and antioxidant indices, such as SOD, T-AOC, MDA, and GSH,
can reflect the oxidative stress damage in the kidney. Fig. 5k, l, m, and n
shows changes in SOD, T-AOC, GSH-PX, and MDA levels in serum of DN
mice treated with p(AAPPA-b-HPA) 2 subcutaneous injection for eight
weeks. Serum SOD, GSH, and T-AOC levels in the DN model group
decreased significantly compared with those in the normal group,
whereas MDA levels increased significantly (P < 0.05) in the DN model
group compared with those in the normal group. SOD, GSH, and T-AOC
levels in the insulin and p(AAPBA-b-HPA) groups were significantly
higher (P< 0.05) than those in the DNmodel group, whereas MDA levels
were significantly lower than those in the DNmodel group. Among them,
the antioxidant effects observed in the p(AAPBA-b-HPA)2 treatment
group were stronger than those observed in the insulin group (P < 0.05).

These results show that compared with insulin therapy alone,
p(AAPBA-b-HPA)2 treatment group combined with insulin and HPA had
better preventive and therapeutic effects on DN.

4. Conclusion

Taken together, our results show that this new glucose-responsive
intelligent system with HPA as a sustained-release adjuvant is very reli-
able for the prevention and treatment of DN. p(AAPBA-b-HPA) prepared
by block copolymerisation of acrylic acid-HPA and AAPBA displays good
pH sensitivity, glucose sensitivity and stability under physiological con-
ditions, and its glucose-sensitive behaviour is reversible. Polymer nano-
particles are safe, can be used for extended time periods, display low
toxicity to normal cells, and exert certain inhibitory effects on tumour
cells. Simultaneously, polymer nanoparticles do not exert toxic damage
to the heart, liver, spleen, lung, kidney, and serum biochemical indices of
mice, and are safe for skin tissue at the injection site. In addition,
nanoparticles can slowly release insulin and HPA. p(AAPBA-b-HPA)
nanoparticles can release HPA and insulin according to changing
glucose concentrations, with high encapsulation efficiency and loading
capacity of insulin, and released insulin maintains normal conformation
and biological activity. Finally, nanoparticle injections can steadily
reduce the blood glucose levels of DN mice up to 28 h, and with the
degradation of sustained-release excipients in vivo, the released HPA can
play its pharmacological role, improve the renal function and renal his-
topathology of DN mice, reduce inflammatory reactions and oxidative
stress, and protect the kidney of DN mice. In conclusion, this study
suggests that the copolymer of HPA sustained-release excipients and
AAPBA can be used as a new self-regulating glucose response intelligent
system in the future, is of great significance to reduce the incidence of DN
in patients with type 2 diabetes and may have potential in the field of
polymer sustained-release excipients.
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