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Nanoparticles prepared from pterostilbene =«

reduce blood glucose and improve diabetes
complications

Xi Zhao'", Anhua Shi'", Qiong Ma', Xueyan Yan?, Ligong Bian®, Pengyue Zhang* and Junzi Wu'~

Abstract

Background: Diabetes complications are the leading cause of mortality in diabetic patients. The common complica-
tions are decline in antioxidant capacity and the onset of micro-inflammation syndrome. At present, glucose-respon-
sive nanoparticles are widely used, as they can release insulin-loaded ultrafine particles intelligently and effectively
reduce blood sugar. However, the toxicology of this method has not been fully elucidated. The plant extracts of
pterostilbene (PTE) have a wide range of biological applications, such as antioxidation and inflammatory response
improvement. Therefore, we have proposed new ideas for the cross application of plant extracts and biomaterials,
especially as part of a hypoglycaemic nano-drug delivery system.

Results: Based on the PTE, we successfully synthesised poly(3-acrylamidophenyl boric acid-b-pterostilbene)
(P[AAPBA-b-PTE]) nanoparticles (NPs). The NPs were round in shape and ranged between 150 and 250 nm in size. The
NPs possessed good pH and glucose sensitivity. The entrapment efficiency (EE) of insulin-loaded NPs was approxi-
mately 56%, and the drug loading (LC) capacity was approximately 13%. The highest release of insulin was 70%, and
the highest release of PTE was 85%. Meanwhile, the insulin could undergo self-regulation according to changes in the
glucose concentration, thus achieving an effective, sustained release. Both in vivo and in vitro experiments showed
that the NPs were safe and nontoxic. Under normal physiological conditions, NPs were completely degraded within
40 days. Fourteen days after mice were injected with p(AAPBA-b-PTE) NPs, there were no obvious abnormalities in the
heart, liver, spleen, lung, or kidney. Moreover, NPs effectively reduced blood glucose, improved antioxidant capacity
and reversed micro-inflammation in mice.

Conclusions: p(AAPBA-b-PTE) NPs were successfully prepared using PTE as raw material and effectively reduced
blood glucose, improved antioxidant capacity and reduced the inflammatory response. This novel preparation can
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enable new combinations of plant extracts and biomaterials to adiministered through NPs or other dosage forms in

order to regulate and treat diseases.

Keywords: 3-acrylamidophenylboronic acid (AAPBA), Diabetes complications, Diabetes mellitus, Insulin delivery,

Nano-carrier, Pterostilbene (PTE)

Background

Diabetes (diabetes mellitus, DM) is a metabolic disease
that is characterised by high blood glucose, which is
caused by dysfunction in insulin secretion and/or insulin
resistance [1]. It causes damage or defects in various tis-
sues, especially the eye, kidneys, heart, blood vessels and
chronic nerves. Diabetes complications such as cardio-
vascular disease are major causes of mortality. Glycaemic
instability and a long-term microinflammatory state are
two central factors in the development of diabetes com-
plications [2]. At present, the most direct and effective
way to treat diabetes is to supplement deficient insulin
creation with exogenous insulin. However, daily injection
of insulin reduces patient adherence to insulin therapy
and reduces their quality of life. Insufficient or excessive
insulin injections and/or irregular use of medications
can cause blood glucose instability [3]. Moreover, many
diabetic patients experience long-term low antioxidant
capacity and micro-inflammation [4]. The decrease in
antioxidant capacity is determined by decreases in super-
oxide dismutase (SOD) and glutathione (GSH) in the
blood, whereas the microinflammatory state refers to an
increase in hypersensitive C-reactive protein (Hs-CRP),
interleukin-1 (IL-1) and tumour necrosis factor-a (TNF-
a). The decrease or increase of these markers can predict
the occurrence of cardiovascular events and the progno-
sis of diabetes complications. Therefore, it is necessary to
improve the antioxidant capacity and long-term micro-
inflammatory status of diabetic patients. An approach to
achieving this aim is to discover ways to modify the insu-
lin pharmacokinetics, thus making its onset faster or its
effect longer lasting and closer to the human pathophysi-
ological state.

Phenylboronic acid (PBA) has always been a research
hotspot as a potential mechanism for controlling blood
sugar stability [5, 6]. The phenylboronic acid group can
be reversibly combined with sugar compounds contain-
ing cis-diol chains [7]. Under a mutual repulsion inter-
action of the same charge in the molecule, polymers of
the reticular carrier structure undergo different degrees
of swelling or damage and then release the correspond-
ing encapsulated drugs [7]. Phenylboronic acid-based
nanocarriers can not only achieve effective sustained
release of insulin but also can regulate their drug release
rate according to the glucose concentration in the body
[8]. For this reason, increasingly more studies have been

devoted to developing glucose-responsive drug release
systems. The normal pH of the human physiological
environment is 7.4, while the pKa range of PBA and its
derivatives is generally 8.2-8.6 [9]. The pKa of the glu-
cose-responsive polymer based on phenylboronic acid is
higher than the physiological pH. Therefore, when phe-
nylboronic acid groups in the polymer are not in the ion-
ised state, it is difficult for the polymer to react to glucose.
Therefore, a prerequisite for the application of a phenylb-
oronic acid drug carrier in the treatment of diabetes is to
reduce its pKa so that it can achieve a glucose-sensitive
performance within the physiological environment. To
achieve this aim, researchers have tried different meth-
ods. For example, Matsumoto [10] proposed a molecu-
lar strategy to operate an insulin delivery system that is
self-regulated under normal physiological conditions
(pH 7.4, 37 °C), including the use of a novel phenylbo-
ronic acid derivative (4-[1,6-dioxo-2,5-diaza-7-oxamyl]
phenylboronic acid: DDOPBA), which has a rather low
pKa (~ 7.8), and the adoption of poly(N-isopropylmeth-
acrylamide) (PNIPMAAm) for the main chain. Zheng
[11] et al. also prepared an amphiphilic glycopolymer
(p[LAMA-r-AAPBA]), which can be delivered with lower
blood glucose through the nasal cavity. In previous stud-
ies, we used N-vinylcaprolactam (NVCL), diethylene
glycol dimethacrylate (DEGMA) and 6-O-vinylazeloyl-
d-galactose (OVZG) to copolymerise with AAPBA, with
which a variety of glucose-sensitive carriers were suc-
cessfully synthesised [12-14]. In a summary of previ-
ous studies, various formations of polymers, including
thermosensitive monomers, pH-sensitive monomers,
polyaminoacids, and glycolipid monomers, can be made
glucose responsive through various processing methods
(Summarised in Additional file 1: Table S1). However,
neither the degradation time nor process has been fully
elucidated, especially for the functional monomer. Bio-
materials can develop chronic and long-term toxicity
during the in vivo degradation process, which may cause
secondary damage to the human body; therefore, further
research and improvement of glucose-sensitive carriers
are required [15].

With continuous exploration of the development and
application of traditional Chinese medicine, natural plant
extracts have gradually attracted people’s attention. It was
discovered that many plant extracts improve antioxidant
capacity and anti-inflammatory effects. Pterostilbene
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(PTE; trans-3,5-dimethoxy-4’-hydroxystilbene), a trans-
stilbene compound, is a methylated derivative of resvera-
trol which has a higher, more stable bioavailability than
resveratrol [16]. PTE has a variety of biological activi-
ties, such as lowering blood lipids and blood glucose,
fungi inhibition, antioxidation and anti-tumorigenesis
[17, 18]. In addition, it has a variety of preventive and
therapeutic effects on neurological diseases, cardiovas-
cular diseases, metabolic diseases and blood diseases
[19-21]. An experimental study by Tastekin [22] found
that the blood glucose, serum insulin and malondial-
dehyde (MDA) levels were close to normal after PTE
administration in diabetic rats, and the rats showed bet-
ter morphological and structural enhancement of skeletal
muscle. Kosuru [23] et al. administered PTE treatment to
fructose-induced diabetic rats and found that it success-
fully improved blood sugar control and insulin sensitivity,
as well as reduced metabolic disorders and liver oxidative
stress. PTE improved antioxidant capacity and reduced
the microinflammatory response [24]. For example, PTE
activates nuclear factor-2, which can cause a high expres-
sion of heme oxygenase-1 and glutathione reductase,
thus playing an antioxidative and anticancerous role [25].
In addition, PTE can activate protein kinase C reduced
coenzyme II oxidase, thereby stimulating neutrophils to
produce superoxide anions and peroxidase, which in turn
decreased the expression of related inflammatory fac-
tors [26]. As these activities can improve the condition
of diabetic patients, PTE has become a research focus
for its potential to reduce blood glucose and treat dia-
betes complications. However, Lin [27] et al. conducted
pharmacokinetic studies on standard deviation (SD) rats
by using intravenous injection and oral administration
of PTE and found that the half-life and clearance rate of
intravenous PTE were (96.6+£23.7) min and (37.0£2.5)
min, respectively, and that the bioavailability of PTE by
oral administration was greatly reduced. The reason may
be that the first pass effect reduces the blood content of
PTE. In addition, most plant extracts like PTE are eas-
ily oxidised, have poor water solubility, and low oral bio-
availability, which limits their application. Many scholars
have tried to improve the bioavailability of PTE by alter-
ing the dosage form or adjusting the production process
to fully exploit the pharmacological activity of PTE for its
potential to treat human diseases.

Here, we hypothesised that PTE could be esterified
into a high molecular material and copolymerised with
AAPBA to form a glucose-responsive polymer. To test
this hypothesis, insulin was entrapped in polymers to
prepare a batch of drug carriers that could release insulin
intelligently. The performance, toxicology and therapeu-
tics of the glucose-responsive polymer was investigated
in the development of a batch of safe and nontoxic
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glucose-responsive drug carriers. Our research examined
whether the glucose-responsive drug carriers could intel-
ligently release insulin, and whether the pharmacologi-
cal activity of PTE could be released when the polymer
degraded. Furthermore, we investigated whether these
capabilities stabilised blood glucose levels, improved
antioxidant capacity and/or reversed the microinflam-
matory state. We aimed to demonstrate the strong nat-
ural activity of plant extracts and their potential to be
exploited for the development of numerous safe, nontoxic
and effective copolymers. Considering the pharmacologi-
cal activity and characteristics of PTE, plant extracts have
the potential to reduce unknown toxicities of biomateri-
als to improve their adaptability for medical applications
in the human body.

Materials and methods

Materials

Esterified PTE was synthesised by Hangzhou Yu Hao
Chemical Industry; AAPBA was synthesised by Wuhan
Jusheng Technology Co., Ltd.; 2, 2-azobisisobutyroni-
trile (AIBN) was purchased from Sigma Aldrich (Shang-
hai, China); insulin (27 U.mg ~!) was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China); and dimethyl sulfoxide, diethyl ether
and methanol and other analytical pure solvents were
purchased from Sinopharm Chemical Reagent Co., Ltd.
for used in storage. Human normal liver LO, cells and
human hepatoma SMMC-7721 cells were purchased
from Shanghai Jia YUAN Biological Co., Ltd. (Shang-
hai, China); an (3-[4,5-dimethylthiazol-2yl]-2,5-diphe-
nyl-tetrazolium bromide) (MTT) kit was purchased
from Shanghai Enzyme Technology Co., Ltd. (Shanghai,
China); ultrapure water was obtained from home-made
in the laboratory.

Preparation of P(AAPBA-b-PTE)

The first step involved preparing acrylic acid-PTE by
using acryloyl chloride to endow the C=C double bond
of pterostilbene (Scheme 2a), so that it could be used as
a component in the polymer materials. P(AAPBA) was
prepared according to our previously published proto-
col [12]. Next, as shown in Scheme 1C, p(AAPBA-b-
PTE) was synthesised via ‘one-pot, as reported in our
previous literature [13]. In the first step, p(AAPBA) and
acrylic esterified PTE were used as reaction monomers
(Scheme 2b) and AIBN was used as the initiator (propor-
tion shown in Table 1), which were mixed in dimethyl-
formamide (DMF) and water (DMF: water=9:1 ml) and
sealed in a 50 ml round bottom flask. The second step
involved the use of a vacuum pump to pump out the
air and nitrogen until the bubbles disappeared. Then,
nitrogen was added to the flask, which was repeated in
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three cycles, and the flask was placed in an oil bath for
12 h at 70 °C and stirred at a rotating speed of 20 r/min
(Scheme 2c). Finally, the reaction flask was placed in ice
water to stop the polymerization; the solution was pre-
cipitated three times in ether, filtered and dried in a vac-
uum for 24 h. Finally, p(AAPBA-b-PTE) was obtained.

Characterisation of p(AAPBA-b-PTE)

Proton nuclear magnetic resonance ("H NMR)

Samples weighing 5 mg were tested in a nuclear mag-
netic tube containing a deuterium solvent consisting of
water + deuterium with sodium hydroxide, which was
vortexed for 1 min to mix the sample thoroughly. Then,
5 mL was added to the NMR tube, tested and analysed
with an Avance400 Nuclear Magnetic Resonance Spec-
trometer (Japan Electronics Co., Ltd., Beijing, China),
and the results were analysed with MestReNova software.

Fourier transform infrared spectroscopy (FTIR)

Samples weighing 5 mg were dried in a vacuum and
grinded into powder. The scanning method was used
for infrared measurement; the scanning range was 400—
4,000 cm™%; and the scanning interval was 4 cm™'. The
FTIR samples were collected and recorded with spectral
data, and their chemical structures were deduced accord-
ing to their characteristic absorption peaks. A Thermo
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Scientific Nicolet 5 FTIR Spectrometer (Thermo Fisher
Scientific, Hercules, CA, USA) was used, and the results
were analysed by OriginPro 9.0 software.

Thermogravimetry (TG) or thermogravimetric analysis (TGA)
The 5 mg samples were tested in a small dry spot under
the condition of nitrogen at a rate of 10 °C/ minutes, and
the results were detected using a thermogravimetric ana-
lyser (TGA5500, TA Instruments Co., Ltd., Newcastle,
DE, USA). The results were carried out using OriginPro
9.0 analysis software.

Gel permeation chromatography

The 5 mg samples were dissolved in 25 ml tetrahydro-
furan solution and the molecular weight (Mw, Mn)
and molecular weight distribution of the sample was
detected using a gel permeation chromatography instru-
ment (Waters LLC, Milford, MA, USA) at a flow rate of
1.0 mL/min and temperature of 35 °C.

Dynamic light scattering (DLS)

The 5 mg sample was weighed and dissolved in distilled
water to prepare a solution with a concentration of 1 mg/
ml. The hydrodynamic diameter (Dh [Particle size])
and polydispersity index (PDI) of the NPs in water were
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Table 1 Study the polymerisation reaction of different ratios
(AAPBA, PTE) and AIBN

Samples p(AAPBA) PTE(mg) AIBN(mg) Yield (%)
p(AAPBA-b-PTE)1 1000 500 15 794
P(AAPBA-b-PTE)2 1000 100 12 80.2
p(AAPBA-b-PTE)3 1000 50 1.1 77.1

The yield was calculated using the final collected polymer amount/the input
material amount

measured using DLS. The results were expressed as the
mean+SD. (n=3).

Preparation of p(AAPBA-b-PTE) NPs

First, 5 mg of the p(AAPBA-b-PTE) was dissolved in a
mixed solution of 2 mL dimethyl sulfoxide (DMSO) and
water (1:1v/v), which was then slowly added at 600 rpm
to 20 mL pure water, in which a small magnet it was
placed. After 3 h of ice water bath at 4 °C, the suspen-
sion was centrifuged at 12,000 rpm in a low-temperature,
high-speed centrifuge for 10 min. Then, the suspension
was dispersed into ultrapure water (10 mL), transferred

to a dialysis tube (MWCO6000) for 72-h dialysis at room
temperature, and the water was changed every 4 h dur-
ing dialysis to remove organic solvents. Then, the pro-
tein solution was frozen in a — 79 °C refrigerator for 12 h,
then freeze-dried in a — 55 °C in a vacuum freeze-dryer to
obtain p(AAPBA-b-PTE) NPs without insulin.

Properties of p(AAPBA-b-PTE) NPs

Transmission electron microscopy (TEM)

Under 38 °C temperature, 1 mg/mL samples of the sus-
pension of were added, one by one, to the copper net
covered with a Formvar carbon film with an eyedropper.
After the solvent was completely evaporated, the sample
was dried. A transmission electron microscope (JEM-
2100, JEOL, Japan) was used to select different areas for
signal acquisition.

Zeta potential

To determine the zeta potential, 0.4 mg samples were
dispersed in 1 mL deionised water, then analysed using
a Zeta Potential Analyser (ZetaPlus/90Plus, Brookhaven
Instruments Corporation, New York, NY, USA).
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pH sensitivity test

The 4 mg samples were placed in PBS (10 mL) at different
pH levels (5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, or 10.0),
and the particle size distribution of the samples in the
aqueous phase was measured by DLS nanoparticle size
analyser (Zetasizer Nano S, Malvern Instruments, Mal-
vern, England, UK).

Temperature sensitivity test

The 4 mg NPs were dissolved in 10 mL PBS aqueous solu-
tion with a pH of 7.4, and the temperature was controlled
at 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, 40 °C or 45 °C.
DLS was used to detect changes in particle size.

Glucose sensitivity test

The samples were dissolved in a 10 mL pH aqueous solu-
tion of 7.4 PBS, then the glucose concentration of the
PBS solution was adjusted to—0.5, 0, 0.5, 1, 1.5, 2, 2.5, 3
or 3.5 g/L, and the particle size was detected using DLS.

Elasticity test

The sample was added to 10 mL PBS aqueous solution
with a pH value of 7.4, and then the glucose concentra-
tion of PBS solution was adjusted to 0, 3, 0, 3, 0, 3, 0, or
3 g/L. The hydrodynamic diameter was measured using
DLS.

Preparation of p(AAPBA-b-PTE) NPs containing insulin

The preparation method for insulin-encapsulated
p(AAPBA-b-PTE) NPs is basically the same as that of
insulin-free p(AAPBA-b-PTE) NPs. The difference is that
a certain amount of insulin is weighed in advance, and
50 mg p(AAPBA-b-PTE) is dissolved in a mixed solvent
of 1:1 v/v of DMSO to 2 mL water volume. The follow-up
operation was consistent with the preparation of insulin-
free NPs.

Detection of drug loading and the sealing rate

After the p(AAPBA-b-PTE) NPs containing insulin
were obtained, they were centrifuged at 12,000 rpm and
washed with water three times. The drug loading and
entrapment efficiency (EE) of insulin were determined
using the bicinchoninic acid (BCA) method, and the
amount of free insulin in the supernatant after the BCA
reaction was measured using the Bradford method with
an ultraviolet spectrophotometer (Shimadzu UV2550) at
562 nm. The entrapment efficiency (EE) and drug loading
(LC) of NPs were calculated using the following formulae:

EE = (total insulin mass — free insulin mass)
/total insulin mass x 100%;
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LC = (total insulin mass — free insulin mass)
/mass of NPs x 100%

All measurements were repeated three times and
averaged.

Insulin release test

To test the efficiency of insulin release, four samples of
5 mg loaded insulin p(AAPBA-b-PTE) NPs were dis-
persed in 20 mL PBS (0.1 m) aqueous solution with a pH
of 7.4 and a temperature of 37 °C. The glucose concentra-
tions of the four aqueous solution were 0, 1, 2 and 3 mg/
mlL, respectively. Under the condition of 100 rpm oscil-
lation, the drug release was determined at a fixed time
point. When preparing the samples, the supernatant of
1 mL was taken out with a liquid transfer gun, and then
a fresh preheating buffer was added (without insulin).
After that, the content of free insulin was detected by an
ultraviolet spectrophotometer and BCA reagent under
562 nm.

PTE release test

The chromatographic column used for the PTE release
test was an X select HSS T3 column (4.6 mm x 250 mm,
5 pm); the flow rate was 0.8 ml/min; the mobile phase was
acetonitrile water (60:40); the detection wavelength was
306 nm and the injection volume was 10 puL. A mixture
of 20 mg PTE with 200 ml distilled water was dispersed
and dissolved with an ultrasonic wave, and the volume of
the release medium was fixed as the mother liquor. The
mother solution into the buffer solution, and six differ-
ent concentrations of PTE solutions (10, 20, 30, 40, 60,
80 p g.ml™1) respectively, were prepared. The absorbance
was determined at 306 nm, and the drug release curve of
the carrier was obtained. The standard curve of PTE was
drawn according to the relationship between the concen-
tration and the absorbance, and the standard curve equa-
tion (y=80831x+ 51,327, R?=1.0000) was established to
calculate the drug release rate.

Examination of degradation

p(AAPBA-b-PTE) NPs weighing 5 mg were ultrasonically
dispersed in a conical flask filled with 10 mL standard
buffer solution (pH="7.4), which was placed in a constant
temperature oscillator. Each sample was centrifuged at
regular intervals at 37 °C and freeze-dried to obtain the
residues. A transmission electron microscope (JEM-
2100, JEOL, Japan) was used to select different areas for
signal observations of the morphological characteristics.
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Cell viability

The survival rate of p(AAPBA-b-PTE) NPs was evalu-
ated by using human normal liver LO, cells and human
hepatoma SMMC-7721 cells. An MTT reagent was pur-
chased from Promega company, and the experimental
method was performed according to the manufacturer’s
instructions. SMMC-7721 cells in the logarithmic growth
phase were digested and separated with 0.25% trypsin
and then re-suspended in RP-mi-1640 medium con-
taining 10% foetal bovine serum. The number of cells
was adjusted to 5 x 10* cells/ml, and 200 pl per well was
added to the 96-well culture plate. L02 cells were cul-
tured in a Dulbecco’s modified Eagle’s medium. Cells
containing 20% foetal bovine serum were cultured in a
humid environment containing 5% CO, at 37 °C. Then,
different concentrations of p(AAPBA-b-PTE) NPs were
added to the plate for incubation. After 24 h, 40 pl of
5 pg/ml MTT solution was added to each well, and the
culture was continued at 37 °C for 4 h. The supernatant
culture medium in each well was sucked and discarded,
and 300 pl DMSO was added to each well. The absorb-
ance value (A) at 570 nm was detected with an enzyme
reader (BS-1101, Huatai hehe [Beijing] Trading Co., Ltd.,
China). The cell viability was determined using the fol-
lowing formula: cell survival rate (%)= (average a value
of experimental group/average a value of blank control
group) x 100% (n=3).

Animal toxicology study
Twenty-four Kunming mice (19-23 g, half male and half
female) were randomly divided into four groups. All ani-
mal experiments were approved by the Animal Use and
Ethics Committee of Yunnan University of Chinese Med-
icine. In addition, all the mice used in this experiment
were purchased from the Department of Experimen-
tal Zoology, Kunming Medical University, with Animal
Qualification Certificate No. SYXK (Dian) K2020-0006.
The mice in each experimental group were intra-peri-
toneally injected with p(AAPBA-b-PTE)2 NPs of 10, 50
or 100 mg/kg/day. The control group was injected with
normal saline of 1 ml/kg/day. Two weeks later, blood
was taken from the Laboratory Department of the First
People’s Hospital of Yunnan Province to measure the red
blood count (RBC), white blood count (WBC), mean
cell volume (MCV), haematocrit (HCT) and other blood
routine indexes, which were detected using an automatic
biochemical instrument.

Experimental design

Twenty-four Kunming mice (19-23 g, half male and
half female) were reared in an environment-controlled
room (temperature: 25+2 °C, humidity: 554+5%, and
12 h light-dark cycle). A hyperglycaemia model was
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induced with a high-fat and high-sugar diet for 2 months
and intra-peritoneal injection of streptozotocin (STZ)
[28]. The successful standard of the model was a fasting
blood glucose >11.1 mmol/L and symptoms of polydip-
sia and polyuria [29]. After successful establishment of
the model, the mice were randomly divided into three
groups: the model group (n=6), insulin injection treated
group (n=6) and p(AAPBA-b-PTE)2 group (n=6).
In addition, six healthy mice were selected as a normal
group. After grouping the mice, a corresponding treat-
ment was given. During treatment, the p(AAPBA-b-
PTE)2 group was administered a single injection of
p(AAPBA-b-PTE) nano-injection preparation coated
with insulin (the injection volume was determined
according to the simulated drug release in vitro), and the
insulin-treated group was given an insulin solution injec-
tion (0.16 mg/day, 1 mg insulin was dissolved in sodium
acetate solution of 0.05 mL). The model group and nor-
mal group were given a normal saline injection (0.05 ml/
day). The general condition and subcutaneous injection
were observed daily. The blood of the mice in each group
at corresponding time points was collected from the tail
vein, and the glucose level was determined using a glu-
cometer (GT-1640; Guilin Renke Medical Technology
Development Co., Ltd, Guilin, China). Two weeks later,
all mice were anaesthetised with chloral hydrate and
killed. The skin and main organs (heart, liver, spleen,
lung and kidney) were collected, and staining was used
to evaluate the morphology. The activity of malondialde-
hyde (MDA), total antioxidative capacity (T-AOC), glu-
tathione (GSH) and serum SOD in serum was detected
with a commercial reagent box (Nanjing Institute of Con-
struction Biology Engineering), and the expression char-
acteristics of Hs-CRP, IL-1, IL-6, IL-8 and TNF-a were
detected using an enzyme-linked immunosorbent assay
(ELISA Kit, Wuhan Doctoral Biotechnology).

Statistical analysis

The measurement data were expressed as the mean + SD.
SPSS 23.0 software was used for statistical analysis. One-
way analysis of variance was used to compare the mean
between groups, and the least significant difference was
used to compare the mean between groups. The differ-
ence was statistically significant (p <0.05).

Results and discussion

Characterisation of p(AAPBA-b-PTE)

In our study, the structure of polymer p(AAPBA-b-PTE)
was analysed using 'H nuclear magnetic resonance spec-
troscopy and Fourier transform infrared transmission
spectroscopy (FTIR). As shown in Fig. 1a—d, we detected
the '"H NMR spectra of AAPBA, PTE, p(AAPBA) and



Zhao et al. J Nanobiotechnol (2021) 19:191

p(AAPBA-b-PTE)2 and their infrared peaks, which
clearly indicated that polymerisation was successful.

The '"H-NMR spectrum of Fig. la—d exhibit individ-
ual peaks and peak positions. The spectrum of AAPBA
(DMSO-d6) 6 showed the following assignments: 5.71
(2H,1-H), 6.48 (1H,2-H), 6.35 (1H,3-H), 10.0 (1H,4-H)
and 7.2-8.0 (the H of benzene ring). PTE showed the
following assignments: "H NMR (DMSO-d6): &: 6.03—
6.08 (2H, 1-H), 6.26 (1H,2-H), 3.73 (3H,4-H), 6.82 (1H,
5-H) and 7.28-7.69 (the H of benzene ring). p(AAPBA)
(NaOD +D,0O; pH=9.5) § showed the following assign-
ments: 8.3 (1H-4-H), 2.23 (1H,5-H), 2.64 (2H,6-H), 2.85
(1H,7-H) and 6.68-7.8 (the H of benzene ring). And
p(AAPBA-b-PTE) (NaOD + D,O; pH=9.5) d showed the
following assignments: 4.75(1H,1-H), 2.64 (1H,2-H), 3.67
(6H,6-H), 2.35 (4H,7-H), 8.4 (2H,8-H) and 6.32-7.439
(the H of benzene ring). The trend of our results is nearly
consistent with the research of Zhang and Liu [30, 31].
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The results indicated that PTE and AAPBA were success-
fully polymerised.

The results of FTIR are shown in Fig. le. First, AAPBA
has four main characteristic absorption bands, which
are C=0 str (1660 cm™!), C=C str (1640 cm™'), and
0-b-0 (1351 cm™}). Moreover, we can see that the ben-
zene ring skeleton of AAPBA exists between 1555 cm ™
and 1610 cm™}, and an absorption peak of m-substituted
benzene occurs at 698 cm™'. There are two main char-
acteristic peaks of PTE, C=C str (1660 cm '), CH; str
(1370 cm™) and C=0 str (1510 cm ™). In p(AAPBA-b-
PTE)2, the absorption peaks of C=C of PTE and AAPBA
disappeared, which proves that polymerisation was suc-
cessful. Furthermore, the FTIR spectra of p(AAPBA-
b-PTE)2 showed two obvious absorption peaks of PTE
(1370 cm™!, 1510 cm™!), which proved that PTE was
successfully embedded in the p(AAPBA-b-PTE) polymer.
Compared with p(AAPBA), p(AAPBA-b-PTE)2 has an
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(f) and TG (g)

Temperature (°C)
Fig. 1. TH-NMR spectra results of AAPBA (a); PTE (b); p(AAPBA) (c); p(AAPBA-b-PTE) (d). e FT-IR spectra results. Thermal analysis of the polymers: DTG

&3 )
=) " DMSO @ pMSO
a e en@m [
HO § o " 0./ "CHy@m o b
e L8 wo oo~ LT P @
K3} Bz .- " /
e =
The M ol bemrene ring
= _— @ - © o 7
| T 'I‘.I ‘ |
1A il
19 ? # z s 3 4 3 % 1 9 10 9 8 7 6 s 4 3 2 1 0
Chemical shife(ppm) Chembeal shife(ppm)
o, 53] "
on Ol wol en 3y . L8 s s  Nson
C 09 cn =) (@x] G Cually S fiy Lo e ¢ &] "o d
RS Ty Y
i N . /
. - "
) - m)“ o
o o ]
"()4 on m m II,(E
=@
Toe 1t ol beaseme riog
=] {j o =)
— e K S 4 A FIV.T S ———
10 9 8 7 § 6 s 4 3 2 1 0 10 9 8 7 6 5 4 3 2 1 0
Chembcal shift{ppm) Chemical shiflt(ppm)
AAPBA-b-PTE)2
€ :urnu f 100 = P(AAPBA) 0
——PTE * PAAPBA-b-PTE)2 g #m_
—— AAPBA o e ~ o1 i }
——
MWy B 2 &8 M-
wa 11X M| & & iy
T > s 3 02
1385 o £ e+ *
—— VWY = ~
J {Y'."ql\ "\"(‘"q“ Z o o3 \\ ,{I
/ P : \
e g %z w0 z 4 llq[]
: - >
— —\H/“.\ P 0| - r aad | lu:-«\'f e
10688 -\ hsa'y 4 2 2 X * | |
1w - —
“"u‘s'uo_ : .v_'* | o 25 PIAAPBA) J h e
| Pl . A o h
1660 .,,...VI;“ e ot | 0 ‘ i ' ' " PAAPBA-b-PTE)2 e,
W0 M0 Me0 290 20 190 100 S0 100 200 400 500 €00 100 500 €0

200 300 400
Temperature (°C)




Zhao et al. J Nanobiotechnol (2021) 19:191

O-B-O STR absorption peak at 1330 cm™! and an NH
absorption peak at 1560 cm™!, which indirectly proves
that AAPBA was successfully incorporated into the poly-
mer. Similar to PTE, curcumin also has anti-inflamma-
tory, anticancer, antivirus, and other pharmacological
activities but also shows poor solubility and bioavail-
ability [32]. To date, several curcumin carriers have been
synthesised as drug delivery systems using viruses,
liposomes, magnetic NPs, ultrasound microbubbles and
so on [33, 34]. Meng [35] successfully prepared zein/car-
boxymethyl dextrin NPs to encapsulate curcumin. An
electrostatic interaction and hydrogen bonding between
zein and carboxymethyl dextrin CMD may have occurred
in the formation of the composite NPs. The characteristic
peaks of curcumin disappeared or transferred in the zein/
CMD-cur NPs. Our results were similar. The little char-
acteristic peaks of the PTE disappeared or shifted, which
confirmed that we successfully prepared PTE as part of
the NPs.

Next, we observed the TG curves (Fig. 1f) and deriv-
ative TG (DTG) curves (Fig. 1g) of p(AAPBA) and
p(AAPBA-b-PTE)2. The TG results revealed that the
higher the temperature was, the lower the weight of
p(AAPBA-b-PTE) was. The TG curves decreased
sharply between 100 °C and 350 °C, which indicated
the removal of solvent molecules from the sample. The
DTG results mainly showed three degradation tempera-
tures of p(AAPBA-b-PTE)2: 290 °C, 342 °C and 404 °C.
It can be seen that two degradation stages occurred at
approximately 342 °C and 407 °C for p(AAPBA). The first
degradation temperature of p(AAPBA-b-PTE)2 can be
considered a hydrogen-bonded free group. The second
degradation temperature of p(AAPBA) and p(AAPBA-b-
PTE)2 was 342 °C, which may be the thermal decompo-
sition temperature of the side chain residues. The peaks
of p(AAPBA) at 407 °C and p(AAPBA-b-PTE)2 at 404 °C
are the thermal degradation temperature of the main
chain. These results demonstrated that p(AAPBA-b-
PTE) was stable and thermolytic. The molecular weight
and polydispersity index (PDI) of p(AAPBA-b-PTE) are
shown in Additional file 1: Table S1. As the PTE content
in p(AAPBA-b-PTE) decreased, its MW and Mn gradu-
ally increased, and the PDI remained stable.

Performance of p(AAPBA-b-PTE) NPs

Since the pKa of PBA and its derivatives is much higher
than the pH of the human body, it does not have an ideal
glucose sensitivity in pH 7.5 conditions [36]. To ensure
that glucose sensitivity can be maintained under nor-
mal physiological conditions, the copolymers need to
reduce the pKa (the pH in the human body) to maintain
a dynamic balance. Therefore, we measured the pH, tem-
perature and glucose sensitivity of p(AAPBA-b-PTE) NPs
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and comprehensively considered its performance in the
human physiological environment.

Figure 2a—c revealed the results of the pH, tempera-
ture and glucose sensitivity of p(AAPBA-b-PTE) NPs.
First, the size of p(AAPBA-b-PTE) NPs increased with
the increase in pH, which may have been related to the
pH sensitivity of AAPBA. When the pH was between
6.0 and 6.5, the particle sizes of NPs were in a relatively
stable state. When the pH is greater than 6.5, phenylbo-
ronic acid groups began to appear in the AAPBA, which
induces an increase in the size of NPs. It has good glu-
cose sensitivity under physiological conditions.

Second, p(AAPBA-b-PTE) NPs are sensitive to tem-
perature change. The particle size of p(AAPBA-b-PTE)
NPs was stable at 12.5-17.5 °C. The higher the tempera-
ture, the larger the particle size. P(AAPBA-b-PTE) NPs
have no temperature sensitivity, but as the temperature
increases, PTE was released from p(AAPBA-b-PTE) NPs.
Therefore, the NPs become hydrophilic, so the particle
size increases.

Finally, p(AAPBA-b-PTE) NPs have good glucose sen-
sitivity. When the glucose concentration was 1.5 g/L
(general blood glucose value of diabetic patients), the
P(AAPBA-b-PTE) NPs began to show good glucose sen-
sitivity. It was suggested that p(AAPBA-b-PTE) NPs can
intelligently release insulin in diabetic patients. Com-
pared with our previously prepared p(NVCL-co-AAPBA)
NPs [12], the addition of PTE did not damage the phe-
nylboronic acid functional group, which had a more
stable glucose sensitivity. The results of the structural sta-
bility test of the p(AAPBA-b-PTE) NPs showed that the
particle size was relatively stable within 35 days of stor-
age, and there was little difference in the particle size. It
was reported that the particle size of NPs can affect drug
release, cell uptake and so on, which is an important
parameter for determining the drug delivery efficiency of
NPs [8]. If the prepared NPs can intelligently adjust the
particle size under human physiological conditions, it is
easier to disperse through the barrier to various parts of
the body. In terms of our results, the particle size distri-
bution and law of change are beneficial in managing the
treatment of diabetes.

It is a challenge to achieve reversible and repeatable
release of glucose-sensitive drugs under specific physi-
ological conditions. Figure 2e reveals that p(AAPBA-b-
PTE) NPs have good dynamic regulation properties and
reversible glucose sensitivity. When p(AAPBA-b-PTE)
NPs were treated with a 3 g/L concentration of glucose,
they swelled and the particle size gradually increased.
Then, when placed in 0 g/L glucose concentration, the
size of p(AAPBA-b-PTE) NPs was significantly reduced,
close to their original size. After repeated testing, the
results were consistent. This suggests that the prepared
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NPs can adapt to different concentrations of blood glu-
cose by improving the particle size. The trend of the
results is consistent with the characteristics of NPs pre-
pared by Wu [13]. In the presence of glucose, more
phenylboronic acid groups are transformed from hydro-
phobic non-ionic groups into hydrophilic, negatively
charged phenyl borate esters, so the swelling degree of
NPs increased. The p(AAPBA-b-PTE) NPs exhibited an
obvious glucose response after the introduction of phe-
nylboronic acid groups.

Next, we observed the size of p(AAPBA-b-PTE) NPs
using DLS and analysed its stability based on the zeta
potential. The results are shown in Fig. 2f—g. The size of
the NPs was approximately 170 nm and its zeta poten-
tial was negative. The circulation of the nano-drug
delivery system with a negative charge on the surface is

expected to last longer in the blood. As the PTE content
in p(AAPBA-b-PTE) NPs decreases, the zeta potential
increases and its absolute value decreases. The lower that
the absolute value of the zeta potential is, the more likely
it is to condense. This indicated that the PTE stabilised
and dispersed the p(AAPBA-b-PTE) NPs. In addition,
the distribution of the PDI did not change significantly.
It was confirmed that the p(AAPBA-b-PTE) NPs were
uniformly distributed and exhibited good dispersion
stability.

Figure 2h—i display a TEM diagram of the p(AAPBA-
b-PTE) NPs. NPs are spherical, but exhibit aggregation
adhesion. Compared with that in the phosphate-buft-
ered saline (PBS) solution, the NPs containing insulin
appeared as large pieces of fusion in the glucose solu-
tion, the particle size was obviously enlarged and the
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distribution gradually broadened. This indicated that
the NPs containing insulin could effectively decompose
and release insulin in the glucose solution. Guo [37]
et al. synthesised an amphiphilic block sugar copolymer
(P[AAPBA-b-GAMA]) from phenylboronic acid and
carbohydrates. It was spherical with good dispersibility.
Ayubi [38] et al. modified the surface of magnetic NPs
(MNP@PEG-Cur) with pegylated curcumin, and the NPs
displayed aggregation and adhesion. The p(AAPBA-b-
PTE) NPs also exhibited adhesion and poor dispersion.
It may be that the esterified PTE combined with AAPBA
facilitates swelling and aggregates in the glucose solution.
Due to the great interest of researchers in the drug
product development of NPs, more methods are needed
to evaluate the quality, safety and efficacy of NPs. Li
[39] summarised the pharmacokinetic modelling and
simulation methods based on physiology to describe
and predict the absorption, distribution, metabolism
and excretion of NPs in vivo. The degradation process
of p(AAPBA-b-PTE) NPs was observed by TEM. Addi-
tional file 1: Fig. S1 shows that p(AAPBA-b-PTE) NPs
completely degraded within 40 days. First, the NPs began
swelling on day one and then continued to spread out-
ward. After three days, a reticular structure and dilu-
tion were observed. After 10 days, only a few NPs had
not been degraded whereas the rest had dissolved. After
40 days, the NPs were completely degraded under a
500 nm microscope. The results also indirectly confirmed
that p(AAPBA-b-PTE) NPs could be effectively degraded
in the human physiological environment. Zhang [40]
et al. prepared a multifunctional microgel by using the
precipitation emulsion method with N-isopropyl acryla-
mide (NIPAAm), ethyl methacrylate (2-dimethylamino)
methacrylate (DMAEMA) and AAPBA, and they gradu-
ally degrade with time (the specific complete degradation
time was not reported). In the physiological environment
of the human body, PTE releases its own pharmacologi-
cal activity, which causes the structure of p(AAPBA-b-
PTE) NPs to dissolve and become absorbed in the body.

Insulin loading and release of PTE

The performance test of p(AAPBA-b-PTE) NPs deter-
mined their capability to encapsulate insulin in NPs and
intelligently release the insulin in diabetic patients. The
results in Table 2 show that the EE of insulin-loaded
p(AAPBA-b-PTE) NPs was approximately 56%, and the
LC was approximately 13%. Moreover, the EE and LC
exhibited little fluctuation and remained stable. How-
ever, the EE of insulin NPs prepared with chitosan and
water-soluble snail mucin by Mumuni MA [41] et al.
was 88.6%. Chen [42] prepared spherical NPs from six-
armed star-shaped poly(lactide-co-glycolide)(6-s-PLGA)
NPs that were used to encapsulate puerarin (PU-NPs).
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Its EE was 89.52+1.74%, and the LC was 42.97 £1.58%.
It is speculated that the reason for the relatively low EE
of p(AAPBA-b-PTE) NPs is that insulin is a hydrophilic
drug, which means that it easily enters the outer water
phase from the organic phase. Overall, the PTE formed
a more compact complex structure with AAPBA. Fig-
ure 3a—e show the insulin release characteristics of
p(AAPBA-b-PTE) NPs. Next, the release rule of insulin
from p(AAPBA-b-PTE) NPs was analysed. At 1 ml and
3 ml glucose concentrations, insulin achieved a rapid
release within 10 h and remained stable after 30 h, with a
release amount up to 70% (Fig. 3b, c). The insulin release
of p(AAPBA-b-PTE)2 increased as the glucose con-
centration increased. The release trend of p(AAPBA-b-
PTE)2 was similar to that of p(AAPBA-b-PTE)1, and it
had a suitable release amount. From the perspective of
environmental protection and performance, we consid-
ered p(AAPBA-b-PTE)2 for related research. Meanwhile,
the circular dichroism (CD) spectrum was detected by
BRIGHT TIME Chirascan (Jasco-815, UK Applied Opto-
physics). The CD spectra results (Additional file 1: Fig.
S2) concluded that the structure of insulin in NPs was
not destroyed. The CD spectrum of insulin released from
NPs was nearly consistent with that of standard insulin.
Insulin could be effectively encapsulated in p(AAPBA-
b-PTE) NPs. This also indirectly illustrated that the
hypoglycaemic effect of insulin was not impaired by its
encapsulation in the NPs.

PTE, as a plant extract, reduces blood glucose and can
be used to treat diabetes complications. The pharma-
cokinetics of PTE has been confirmed in animals and
humans [43]. We examined the pharmacological activ-
ity and release pattern of PTE from p(AAPBA-b-PTE)
NPs under the glucose concentration. The results show
that p(AAPBA-b-PTE) NPs could effectively release PTE
(Fig. 3e, f). The PTE maintained a release amount of over
70% after 10 days and tended to remain stable. This indi-
cated that most of the pharmacological activities of PTE
were present in the p(AAPBA-b-PTE) NPs. PTE has been
released efficiently and persistently in p(AAPBA-b-PTE)
NPs, which indicates their superior role in the prevention

Table 2 Insulin LC and EE of p(AAPBA-b-PTE) NPs

Samples Insulin EE (%) LC (%)
concentration (mg/
mL)
p(AAPBA-b-PTE)1 1.00 55.1£54 133+1.6
P(AAPBA-b-PTE)2 1.00 56.7£6.1 138+14
pP(AAPBA-b-PTE)3 1.00 583+£5.1 145412

Data are presented as mean & SD
EE encapsulation efficiency, LC drug loading
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and treatment of diabetes complications in animal
experiments. Sanna [44] et al. developed a novel cati-
onic chitosan and anionic alginate (ALG)-coated poly (D,
1-lactide-glycolide) NPs loaded with bioactive polyphenol
trans-(E)-resveratrol (RSV). PTE, which is a derivative of
RSV and a polyphenolic compound, has similar biologi-
cal activities. The NPs encapsulated with RSV exhibited
a first burst release of RSV (approximately 70%) within
30 min, followed by a slow release of RSV within 6 h.
Although the first burst release of p(AAPBA-b-PTE)

NPs occurred within 10 days, we achieved a long-lasting,
effective release within 40 days, which had long-term
therapeutic effects on diabetes.

After that, we used Origin software to perform the Rit-
ger—Peppas equation to quickly fit the curve of the drug
release law of the carrier drug delivery system. It can
be seen in Additional file 1: Table S2 that p(AAPBA-b-
PTE)2 had N values ranging from 1 to 5 and R2 values
higher than 0.9 at glucose concentrations of 0, 1 and
3 mg/ml. k was greater than 0.89, and the transmission
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mechanism was non-Fickian diffusion. These results
mean that the drug release mechanism was skeleton dis-
solution, and the drug release was relatively complete,
which can be used in a polymer drug release system with
many potential applications.

Toxicological research
The process of treating diabetes is long; therefore, the
drug carrier used for treating diabetes must be safe,
nontoxic and biodegradable so that it will not cause sec-
ondary damage to the human body [45]. Thus, we con-
tinued to explore the toxicity and adverse side effects of
p(AAPBA-b-PTE) NPs and compared the differences
between NPs prepared at different ratios. First, we evalu-
ated the NPs through cell experiments. A cell culture is
sensitive to environmental changes and can sensitively
detect the existence of potentially toxic substances.
We selected human normal liver LO, cells and human
tumour SMMC-7721 cells for comparison. Non-pre-
treated cells were used as a negative control group. All
cells were exposed to suspensions of different concen-
trations (25-125 pg/mL). The results shown in Fig. 4a
revealed that the cell viability of human normal liver L0,
cells remained above 100% after treatment with differ-
ent concentrations of suspensions and different NPs. The
existence of p(AAPBA-b-PTE) NPs will not damage the
survival rate of human normal liver LO, cells. However,
the cell viability of human liver cancer SMMC-7721 cells
decreased to varying degrees after treatment with NPs,
with the lowest being 30%. The greater the PTE content
in p(AAPBA-b-PTE) NPs, the higher the cell survival
rate was. The pharmacological activity of PTE reduces
the toxicity of biomaterials, thus reducing the lethal-
ity of cells. Zhou [46] et al. prepared NPs (GLPNPs) by
boiling purified liquorice proteins in an aqueous solu-
tion. They employed LO,, MDCK, HepG2, and Caco-2
cell lines, respectively, for cytotoxicity evaluation. How-
ever, self-assembly into nanostructures did not signifi-
cantly alter the cytotoxicity of GLP proteins. Compared
with the p(AAPBA-b-OVZG) NPs previously prepared
with low toxicity [13], the toxicity study of p(AAPBA-b-
PTE) NPs achieved a breakthrough. Table 3 shows that
the p(AAPBA-b-PTE) NPs did not significantly affect the
blood biochemical indexes of mice compared with those
of the normal group. Lin [47] et al. observed subacute
effects of low-dose combined poisoning with silica NPs
(SiNPs) and lead acetate (PB) on the cardiovascular sys-
tem of SD rats through routine blood testing and blood
biochemical analysis. p(AAPBA-b-PTE) NPs were indi-
rectly demonstrated to be safe, nontoxic and suitable for
long-term prevention and treatment of diabetes.

The results of mouse histomorphology also con-
firmed the safety of NPs. It can be seen from Fig. 4c
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that, compared with the control group, the fat vacuoles
in the liver of the diabetic group increased; the liver
was damaged to some extent; and the remaining tissues
were almost unchanged. The mechanism of diabetes was
mostly related to heredity and abnormal glucose and lipid
metabolism, which are also causes of liver damage [48].
Compared with the control group, there was no signifi-
cant difference in the heart, liver, spleen, lung and kid-
ney of the group injected with p(AAPBA-b-PTE)2 NPs,
which further proved that NPs are safe and harmless.
Compared with the diabetic group, the damage to tis-
sues and organs was relatively reduced and was protected
from hyperglycaemia to some extent. In a chronic expo-
sure environment, only a limited number of studies have
focused on evaluating the effects of inorganic NPs on
organ toxicity, inflammation, immunotoxicity and geno-
toxicity [49]. At present, the long-term toxicity of NPs
has yet to be verified [50]. As far as our results are con-
cerned, PTE showed a good trend of lessening the toxic-
ity of NPs.

It is worth noting that there are obvious bleeding spots
after subcutaneous injection of NPs in mice. The skin tis-
sue layer of the p(AAPBA-b-PTE)2 NPs group was clear,
with an orderly arrangement of epidermal cells and no
obvious degeneration or necrosis of the epidermal cells.
However, a small amount of vasodilation and congestion,
interstitial oedema and inflammatory cell infiltration can
be seen in the dermis, whereas the hair follicle structure,
sebaceous glands and other skin appendages appeared
normal. The current major challenge of oral insulin is
to overcome the multiple barriers of the gastrointestinal
tract. Different insulin polysaccharide NPs were used to
protect insulin from becoming chemically and enzymati-
cally degraded in the stomach and small intestine, pro-
mote mucus permeation and, finally, achieve sustained
hypoglycaemic effects [51]. Therefore, NPs encapsulated
with insulin usually enter the body through intravenous
injection. However, we selected subcutaneous injection
to make it possible to observe the mice skin pathology.
It may be that the relatively large size of NPs contributes
to the occurrence of bleeding points. NPs are difficult
to absorb subcutaneously, and capillaries have a certain
resistance to NPs. In our next work, we will attempt to
further improve the preparation method of NPs so that
it is closer to the human body barrier and can achieve a
sustained, more effective release.

Evaluation of hypoglycaemic characteristics, oxidation

and micro-inflammation in vivo

Under the condition of confirming that p(AAPBA-b-
PTE) NPs are safe and harmless, we further discussed
the hypoglycaemic effect of insulin-loaded NPs in vivo.
From the blood glucose curves, it can be seen that both
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Table 3 Effect of administration by injection of the NPs on the biochemical parameters of rats after 14 d (n=5, mean 4 SD)

Index/groups Normal P(AAPBA-b-PTE)2

10 mg/kg/d 50 mg/kg/d 100 mg/kg/d
RBC (x 10° ™" 10424045 10.354£0.68 10384046 10.514+0.34
MCV (fL) 41.56+1.06 40.891+0.98 4123+1.14 41.68+1.14
RDW(%CV) 17954254 18.01+£234 18.12+2.18 1824 +£2.21
HCT (vol.%) 43.03+£2.01 42.80+1.86 42.9542.04 43.01+£1.95
MCH (pg) 13.85+0.86 13.80+£0.78 13.924+0.65 13.95+062
MCHC (g/L) 3340£1.53 3380+ 1.68 33.50£148 3362+£1.54
WBC (x 10% ul™") 795+1.25 780+1.15 8.02+£095 790+1.20
NE (%) 18224257 18244238 18194226 18124212
EO (%) 272+£1.18 2.70+£1.22 274+£1.12 2.70+£1.20
BA (%) 1.80+£0.64 1794058 1.81+£0.70 1.78+£0.54
LY (%) 74.01£3.09 7431£2.85 73.69£2.92 74.19+£2.68
MO (%) 238+058 240+037 235+£065 2344£050
PLT (103 /mm?) 768.20 £ 150.80 770.35£ 14554 776.25+153.40 765.38 £ 148.26
MPV (fL) 601+£178 5.98+1.69 604+1.70 6.03+£0.26

the control group and diabetic group remained within
a stable curve range throughout the experiment. The
p(AAPBA-b-PTE)2 group and insulin injection treated
group exerted an obvious hypoglycaemic effect. How-
ever, the tendency to lower blood glucose was different
for these two groups. It can be seen from Fig. 5a that the
blood glucose in the insulin injection treated group was
stabilised at 5-6 mmol/L within 4 h, but then showed a
straight upward trend, after which it tended to be sta-
ble after 8 h. In the p(AAPBA-b-PTE)2 group, the blood
glucose was maintained at 5-6 mmol/L within 16 h.
P(AAPBA-b-PTE)2 NPs have been proven to have a
hypoglycaemic effect in vivo and can stably reduce blood
sugar within 16 h. Taili [52] synthesised carbon-NPs
(CNPs) through the hydrothermal treatment of polysac-
charides obtained from Arctium lappa L. They investi-
gated the hypoglycaemic effect of CNPs on a high-fat diet
plus streptozotocin-induced diabetic mice. The results
showed that CNPs reduced fasting blood glucose in mice
after 42 days. Relatively speaking, the NPs constructed
based on AAPBA had a remarkable and rapid effect of
reducing blood glucose. Furthermore, due to the addition
of PTE, the hypoglycaemic effect was more obvious and
long-lasting.

SOD, which directly reflects the antioxidation level of
the body. MDA is also a sign of oxidative stress and is the
final product of lipid peroxidation [53]. From Fig. 5b, we
found that p(AAPBA-b-PTE)2 NPs containing insulin
can up-regulate SOD activity and decrease MDA levels
in diabetic mice. Compared with the insulin injection
group, the GSH of the p(AAPBA-b-PTE)2 NPs group

significantly increased (p <0.05). P(AAPBA-b-PTE)2 NPs
containing insulin improved the antioxidant capacity and
micro inflammation status of diabetic mice by releasing
the pharmacological activity of PTE, which indirectly
proved that the plant extracts possessed a pharmacologi-
cal effect in polymer sustained-release materials.

Insulin resistance is the main pathophysiological fea-
ture of diabetes, and inflammation plays an important
role in the occurrence and development of insulin resist-
ance through various cytokines and molecular pathways.
It has been reported [54] that increases of inflammatory
cytokines, such as TNF-a and IL-6, are related to the
severity of diabetes. Hs-CRP is not only a nonspecific
marker of inflammation but is also directly involved in
cardiovascular diseases, such as inflammation and ather-
osclerosis, which is the most powerful predictor and risk
factor of cardiovascular diseases [55]. Figure 5c¢ shows
that the levels of IL-6 and TNF-« in mice after treatment
with p(AAPBA-b-PTE)2 NPs containing insulin for two
weeks were significantly lower than those of the model
group (p<0.05). There was no significant difference in
the CRP level, but there was a downward trend. Our
results suggest that p(AAPBA-b-PTE)2 NPs can reduce
the levels of TNFq, IL-6 and Hs-CRP in diabetic rats and
improve the inflammatory status. Pure use of bioma-
terials without plant extracts, such as those used in the
study by Zhang [40], which were prepared in a multifunc-
tional microgel from N-isopropyl acrylamide (NIPAAm),
2-dimethylaminoethyl methacrylate (DMAEMA) and
AAPBA using a precipitation emulsion method, can
reduce blood glucose but has no therapeutic effect for
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treating diabetes complications. The cross combination
of biochemical with plant extracts pioneers a new field.

Conclusions

In this study, PTE was used as part of a polymeric
material to prepare NPs, which reduced the toxicity of
AAPBA biomaterials while also improved the poor water
solubility and low bioavailability of PTE. PTE has higher
stability and more sustained release characteristics in
NPs. Moreover, the p(AAPBA-b-PTE) NPs fully exerted
the pharmacological activity of PTE, effectively lowered
blood glucose, improved the antioxidant capacity and
reduced the inflammatory response. NPs prepared with
the glucose-sensitive material AAPBA provide a ‘switch’
for insulin release in diabetic patients. PTE expands its
application in the treatment of diabetes through NPs or
other drug delivery media. In addition, plant extracts,
which possess similar activities to ginseng extract, tea
polyphenols, theanine and anthocyanins, play an impor-
tant role in improving cardiovascular function, anti-
cancer, prevention and treatment of diabetes and the
immune system. We predict that a nano delivery system
utilising plant extracts will provide new capabilities for
future therapeutic applications.
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