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A B S T R A C T

This study focuses on multifaceted applications of plant-based natural products in the treatment of diabetes, 
specifically aiming to use flavonoids as both active ingredients and extended-release excipients for drug delivery. 
Three flavonoids (Chrysin, Biochanin A and Gardenin B) were acrylated and subsequently block copolymerised 
with 3-acrylamido phenyl boronic acid (AAPBA) to yield p(AAPBA-b-Chrysin), p(AAPBA-b-BiochaninA) and p 
(AAPBA-b-Gardenin B), collectively referred to as p(AAPBA-b-acrylic acid flavone) nanoparticles (NPs). The 
polymers were next formulated into NPs, and their stability, pH-responsiveness and glucose sensitivity were 
evaluated. These NPs can be loaded with insulin and have sustained-release properties, with insulin release being 
accelerated in the presence of glucose. The cytocompatibility of p(AAPBA-b-acrylic acid flavone) NPs was 
confirmed via cytotoxicity tests in vitro, which revealed that they were mainly accumulated in the liver and 
kidneys 24 h after injection. In a diabetic mouse model, these NPs were shown to reduce blood sugar levels in the 
long term; protect liver, kidney and heart function; reduce inflammatory factor levels; and balance oxidative 
capacity. Therefore, our flavonoid-based NPs can serve as efficient drug delivery systems for the treatment of 
diabetes.

1. Introduction

Natural compounds have shown many advantages in the medical 
field as they are widely available from plant resources, have good 
biocompatibility and biodegradability and are highly tolerated by the 
body [1,2]. Many biomedical materials derived from natural products 
gradually decompose and are metabolised in the body, reducing po
tential risks caused by long-term retention [3]. However, further 
research is needed into the development of these materials [4,5], 
particularly in terms of exploring their use as multifunctional platforms. 

For example, some studies have investigated the application of poly
saccharides from Bletilla striata as excipients in the treatment of skin 
diseases [6,7] and also explored cell wall polysaccharides from Panax 
notoginseng [8] and other plants [9,10]. However, only a few studies 
have directly investigated whether natural products can be used as both 
active pharmaceutical ingredients and sustained-release excipients.

Flavonoids are an important group of plant extracts. They are widely 
found in various plants and, as monomers, exhibit significant pharma
cological activity [11]. As natural anti-inflammatory and antioxidant 
agents, flavonoids offer various health benefits, including immunity 
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enhancement, anti-diabetic effects, oxidative stress reduction and anti- 
ageing properties. Additionally, they can promote wound healing and 
improve microcirculation [12]. Structurally, all flavonoids share a 
diphenylchromone core, with different compounds arising from the 
various functional groups attached to it [13].

Previously [14], we showed that p-hydroxyphenethyl anisate could 
be esterified with acryloyl chloride and copolymerised to produce 
nanoparticles (NPs). These NPs were then loaded with insulin and tested 
for their potential in diabetes treatment in a murine model. The results 
showed that they were capable of reducing blood glucose levels, with p- 
hydroxyphenethyl anisate also exhibiting protective effects on the kid
neys. We also adopted a similar approach to prepare poly(3- 
acrylamidophenyl boric acid-b-pterostilbene) NPs loaded with insulin 
and again observed promising physiological activity in an in vivo model 
[15]. Herein, we further explore the use of natural products as both 
active pharmaceutical ingredients and slow-release excipients.

First, we screened the current traditional Chinese medicine database 
(TCM Database@Taiwan) and selected three beneficial natural com
pounds: chrysin, biochanin A and gardenin B. These three flavonoids 
have demonstrated pronounced protective effects on the liver, kidney 
and heart as well as notable abilities to ameliorate oxidative stress and 
reduce micro-inflammatory reactions [16–18]. If acrylated, they could 
potentially be used to generate slow-release excipient polymers with the 
same pharmacological activity. To test this hypothesis, we aimed to 
polymerise the three flavonoids via 3-acrylamide phenylboronic acid 
(AAPBA) based on our previous study [14]. We here provide a full 
characterisation of the tested materials and explore their activity both in 
vitro and in vivo. Detailed experimental procedures, materials informa
tion and characterisation methods, all supported by schematic diagrams 
and verification data (Figs. S1–S5), are described in the Materials and 
methods section of the Supplementary materials.

2. Results and discussion

The first step of this study was to identify the optimum ratio of 
flavonoid to AAPBA for polymer synthesis. In the early stages, following 
a systematic series of trial experiments, the optimal ratio was deter
mined based on comprehensive performance indicators such as particle 
size and the polydispersity index (PDI) (Fig. S6). A flavonoid-to-AAPBA 
ratio of 10:1 was ultimately selected.

Successful synthesis of the p(AAPBA-b-acrylic acid flavone) polymers 
was first verified via 1H NMR (Fig. 1A–D and S7A–D). Fig. 1A shows the 
characteristic NH peak of AAPBA at 6.47 ppm (1H, 3-H). This peak 
shifted to 2.31 ppm (1H, 1-H) after polymerisation (Fig. 1B), indicating a 
significant change in the chemical environment. Additionally, as shown 
in parts A and B of Fig. 1, the hydrogen peaks on the C=C double bonds 
located at 5.75 ppm (2H, 1-H) and 6.67 ppm (1H, 2-H) moved to 2.21 
ppm (1H, 3-H) and 2.75 ppm (2H, 4-H), respectively, after polymeri
sation. This demonstrates the breakage of C=C bonds and participation 
in the polymerisation reaction to generate p(AAPBA). As shown in 
Fig. 1B, the B-OH hydrogen peak was at 8.4 ppm (2H, 4-H), further 
confirming the polymerisation of p(AAPBA).

With regard to the polymerisation of p(AAPBA-b-chrysin), the 
hydrogen on the acrylic acid-chrysin C=C group moved from 6.1–6.4 
ppm (1H, 2-H) and 6.6 ppm (1H, 3H) (Fig. 1C) to 2.7 ppm (1H, 2-H) and 
2.4 ppm (4H, 3H) (Fig. 1D), respectively, indicating a successful reac
tion. In the polymerisation of p(AAPBA-b-Biochanin A), the original 
methyl hydrogen signal shifted from 3.81 ppm (1H, 1-H) to 3.95 ppm 
(3H, 2-H) (Fig. S7A-B). The B-OH peak was visible at 8.76 ppm (2H, 1-H) 
in this polymer. The hydrogen atoms on the C=C bonds also moved from 
6.21 ppm (2H, 3-H) and 6.24 ppm (2H, 4-H) to 2.95 ppm (1H, 4-H), 
further confirming the successful polymerisation of p(AAPBA-b-Bio
chanin A). Finally, in the polymerisation of p(AAPBA-b-Gardenin B), the 
original methyl proton peak of acrylic acid-Gardenin B shifted from 
3.95 ppm (9H, 1-H) to 3.56 ppm (9H, 1-H) (Fig. S7C–D). Simulta
neously, the BOH proton peak also shifted from 8.4 ppm to 7.92 ppm 

(1H, 3-H). The hydrogen atoms on the C=C bonds also moved from 6.45 
ppm (2H, 4-H) and 6.06 ppm (2H, 5-H) to 2.91 ppm (1H, 4-H). These 
shifts, which denoted significant changes in the chemical environment 
of hydrogen atoms, also indicated successful p(AAPBA-b-Gardenin B) 
polymerisation.

Fig. S8 illustrates the 13C NMR spectra obtained from the p(AAPBA-b- 
acrylic acid flavone) polymers. The carbonyl and amide groups in the 
polymers were difficult to observe, and only the methyl peak could be 
observed in the spectra. The spectra were also noisy due to the polymers’ 
poor solubility, which meant polymer synthesis could be confirmed only 
via proton NMR [19].

Next, polymer synthesis was verified using infrared spectroscopy 
(Fig. 1E). The characteristic peaks of AAPBA included the C=O stretch 
(1668 cm− 1), C=C stretch (1586 cm− 1) and O-B-O bend (1351 cm− 1). 
For chrysin, biochanin A and gardenin B, the characteristic peaks of 
diphenyl chromone included the C-O-C stretching (ca. 1164 cm− 1), C=O 
stretching (1612–1620 cm− 1) and C=O stretching (1750–1755 cm− 1) of 
the ether bond as well as the C=C double bond stretching (1650–1655 
cm− 1). In the spectrum of pAAPBA, the characteristic peak of the AAPBA 
C=C group disappeared. For p(AAPBA-b-Chrysin), p(AAPBA-b-Bio
chanin A), and p(AAPBA-b-Gardenin B), the characteristic C=C bands 
also disappeared. The characteristic peaks of pAAPBA were present in all 
three polymers. These observations, which are in line with the findings 
of Sun et al. [20], indicated the successful synthesis of the three 
flavonoid-containing polymers.

Fig. 1F and G depict the TG and DTG profiles of pAAPBA, p(AAPBA- 
b-Chrysin), p(AAPBA-b-Biochanin A) and p(AAPBA-b-Gardenin B). The 
mass loss of pAAPBA at 50 ◦C–110 ◦C (peak at 73 ◦C) was due to water 
volatilisation. The subsequent mass losses at 218 ◦C and 398 ◦C were due 
to the thermal decomposition of the suspended sugar residue and that of 
the main chain, respectively. The residual masses of p(AAPBA-b- 
Chrysin) and p(AAPBA-b-Biochanin A) at 372 ◦C and 373 ◦C were 
similar to that of pAAPBA, and the corresponding mass losses at 434 ◦C 
and 412 ◦C were due to degradation of the main chain. p(AAPBA-b- 
Gardenin B) showed mass losses at 438 ◦C, also due chain degradation.

As shown in the GPC results in Fig. 2A, the Mw values of p(AAPBA-b- 
Chrysin), p(AAPBA-b-Biochanin A), and p(AAPBA-b-Gardenin B) were 
8.1 × 104, 7.5 × 104 and 8.2 × 104 Da, respectively, while the Mn values 
were 7.0 × 104, 6.3 × 104 and 7.0 × 104 Da, respectively. The PDI values 
of these three polymers were 1.157, 1.190 and 1.171, indicating a 
relatively broad molecular weight distribution.

The polymers were subsequently processed into NPs, and the ζ po
tential of the obtained polymer-based NP formulations was initially 
examined (Fig. 2B). Values ranging from +10 to − 10 mV commonly 
signify poor stability, leading to aggregation, whereas values exceeding 
+30 mV or below − 30 mV indicate stable dispersion [21,22]. The ζ 
potential values of p(AAPBA-b-Chrysin), p(AAPBA-b-Biochanin A), and 
p(AAPBA-b-Gardenin B) NPs were all less than − 30 mV, which was 
indicative of their robust dispersion and stability. Analysis via dynamic 
light scattering (DLS) showed that these NPs had average hydrodynamic 
diameters of 120.3 ± 0.1, 123.2 ± 0.3 and 124.3 ± 0.10 nm, respec
tively, demonstrating a uniform size profile (Fig. 2C). Further investi
gation of their long-term storage stability demonstrated that the NP 
diameters remained constant after storage at 4 ◦C for 40 days (Fig. 2D). 
It is noteworthy that the p(AAPBA-b-Chrysin) NPs were smaller than the 
NPs obtained from the other two compounds. This difference in size may 
have resulted from specific interactions between chrysin and the poly
mer matrix, possibly due to differences in molecular weight, hydro
phobicity or steric factors affecting the self-assembly process. 
Subsequently, the NPs’ glucose sensitivity was evaluated (Fig. 2E and F). 
It has been shown that at low glucose concentrations (≤1 mg/mL), 
preferential complexation occurs between PBA and the glucose molecule 
1,2-diol, leading to cross-linking and shrinkage of PBA-based NPs [23]. 
Conversely, at higher glucose concentrations (>1 mg/mL), PBA-based 
NPs swell, resulting in a considerable increase in particle size [24]. 
Our results are consistent with the above observations: at pH = 7.4 and 
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Fig. 1. Characterisation of p(AAPBA-b-acrylic acid flavone) polymers showing the 1H NMR spectra of 3-acrylamidophenylboronic acid (AAPBA) (A), p(AAPBA) (B), 
acrylic acid-Chrysin (C), and p(AAPBA-b-Chrysin) (D), together with FTIR spectra (E). TG and DTG traces are also included in parts (F) and (G), respectively.
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low glucose concentrations (0–1 mg/mL), the particle sizes of p(AAPBA- 
b-Chrysin), p(AAPBA-b-Biochanin A), and p(AAPBA-b-Gardenin B) NPs 
exhibited minimal variation (Fig. 2G). However, as glucose concentra
tion increased from 1 to 3 mg/mL, they increased by ~80, 60 and 55 nm, 
respectively. The flavonoid-containing NPs are hence glucose sensitive. 
Additionally, a glucose elasticity test (Fig. 2F) was conducted by 
assessing the NPs’ response to the addition and removal of glucose. The 
results showed that NP size was glucose-dependent.

There has been considerable research interest into glucose- 
responsive drug-loaded micelles featuring PBA owing to their biocom
patibility and cost-effectiveness [25,26]. However, PBA and its de
rivatives have an obvious disadvantage: they are pH-responsive only 
within a narrow range. Copolymerisation with other monomers can 
mitigate this problem and enhance pH-responsiveness [27]. Hence, we 
sought to determine whether the three flavonoids examined influenced 
the pH-responsiveness of the corresponding copolymers. First, the size of 
NPs at different pH levels was assessed (Fig. 2G). Minimal alteration was 
observed at pH < 7.0, whereas notable increases were observed at pH >
7.0, with particle size increasing by ~65–70 nm at pH 9.5. These ob
servations indicated that the copolymer-based NPs exhibited a markedly 
greater pH-responsiveness compared to AAPBA, in line with previous 
reports [28,29].

The next step after determining the pH- and glucose-responsiveness 
of the polymer-based NPs was to examine their characteristics in terms 
of drug loading and release. As shown in detail in Tables S1–3, a suitable 
balance between drug loading capacity (LC%) and encapsulation effi
ciency (EE%) was achieved by combining 10 mg of p(AAPBA-b-Chrysin), 
p(AAPBA-b-Biochanin A) or p(AAPBA-b-Gardenin B) with 1 mg of in
sulin. The application of lower glucose concentrations led to a higher EE 
% but lower LC%, whereas higher concentrations resulted in a higher LC 
% but reduced EE%. At a polymer: insulin w/w ratio of 10:1, the LC% 
was ca. 7.4 %–7.8 %, with an EE% ranging between 70 % and 78 %. This 
LC% was lower than that obtained for p(AAPBA-b-N-vinylcaprolactam) 
[30] and p(AAPBA-b-diethylene glycol methyl ether methacrylate) [31] 
NPs synthesised in our previous research. This discrepancy may be due 
to the low hydrophilicity of flavones compared to N-vinylcaprolactam or 
diethylene glycol methyl ether methacrylate. Subsequent analysis of the 

morphology of NPs after insulin encapsulation (Fig. 3A–C) revealed that 
they retained their spherical shape but increased in size, and NP ag
gregation was observed in TEM images. When comparing DLS and TEM 
images, the NPs appeared smaller in the latter than in the former.

After storage at 4 ℃, 25 ℃ and 37 ◦C in PBS for 20 days, the diameter 
of the insulin-loaded NPs was found to be largely unchanged 
(Fig. S9A–C). With regard to the particles’ pH-responsiveness 
(Fig. S9D–F), a notable growth in size was observed at pH > 7.5.

Generally, insulin-loaded NPs are designed to ensure controlled 
release, i.e. they allow the gradual release of insulin in response to 
increasing glucose concentrations. The biological activity of insulin 
depends on its secondary and tertiary structures, and if such structures 
are degraded during encapsulation or release, its function will be 
affected. In this study, circular dichroism spectroscopy was used to 
assess the structural integrity of insulin after release. As depicted in 
Fig. S10, fresh insulin exhibited characteristic peaks at 208 nm and 222 
nm in the near-ultraviolet region, corresponding to the α-helical struc
ture and β-pleated sheets, respectively. These peaks were also detected 
in the insulin released from the NPs, suggesting minimal alteration in 
structure. Analysis of FTIR spectra (Fig. S11A) showed that insulin had 
an amide II signal peak near 1550 cm− 1. Compared with the polymer 
thermogravimetric graph (Fig. 1F and G), the TGA results (Fig. S11B, C) 
indicated that the insulin-loaded NPs exhibited higher thermal decom
position and main chain degradation temperatures, better thermal sta
bility and a slightly higher residual mass.

In subsequent experiments, insulin release was investigated at 
glucose concentrations of 0 mg/mL and 3 mg/mL. As shown in Fig. 3E 
and 4F, the release profiles of insulin-loaded p(AAPBA-b-Chrysin) and 
insulin-loaded p(AAPBA-b-Biochanin A) NPs were very similar, whereas 
the profile of insulin-loaded p(AAPBA-b-Gardenin B) NPs, while still 
similar to those above, was less so, showing a greater extent of release at 
each timepoint. At 0 mg/mL glucose, drug release occurred over a 
period of 24 h, whereas at 3 mg/mL glucose, release was accelerated and 
completed after 12 h. The AAPBA group in the insulin-loaded p(AAPBA- 
b-Chrysin), p(AAPBA-b-Biochanin A) and p(AAPBA-b-Gardenin B) NPs is 
thought to play a key role in regulating drug release. This group can 
specifically bind to the dihydroxyl group in glucose to form a 

Fig. 2. Characterisation of the p(AAPBA-b-acrylic acid flavone) NPs. Polymer molecular weight (A) and ζ potential values (B); distribution of NP sizes for p(AAPBA-b- 
Chrysin), p(AAPBA-b-Biochanin A), and p(AAPBA-b-Gardenin B) NPs (C); NP stability in PBS at pH 7.4 over a period of 40 days (D); hydrodynamic NP diameters in 
PBS supplemented with different glucose concentrations (E); measurement of the glucose elasticity of NPs (F); NP sizes in PBS at different pH levels (G).
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hydrophilic borate structure. As glucose concentration increases, the 
binding force between the AAPBA group and glucose also increases, 
causing the originally hydrophobic polymer to gradually transform into 
a hydrophilic compound. This structural transformation leads to sig
nificant changes in the size and glucose sensitivity of NPs [32], accel
erating the insulin release process. The reduced release observed for p 
(AAPBA-b-Chrysin) and p(AAPBA-b-Biochanin A) NPs compared to p 
(AAPBA-b-Gardenin B) NPs could be attributed to hydroxyl groups in 
chrysin and biochanin A facilitating the formation of stable complexes 
with insulin.

Flavonoid release occurred over a period of ca. 10–16 days and then 
reached a plateau (Fig. 3G-H). No marked differences were observed 
between the insulin-loaded p(AAPBA-b-Chrysin) and p(AAPBA-b-Bio
chanin A) NPs, whereas p(AAPBA-b-Gardenin B) again showed a slightly 
more rapid release. Release varied under different glucose concentra
tions, occurring over 16 days and 10 days at glucose concentrations of 0 
mg/mL (Fig. 3G) and 3 mg/mL (Fig. 3H), respectively.

Flavonoids exhibit specific pharmacological activities [33]; howev
er, the impact on such activities after flavonoid incorporation into 
polymers remains uncertain. To address this question, L02 and HepG2 
cells were used to investigate the cytocompatibility of the flavonoid- 
containing NPs (Fig. 4A and B). The relative viability of healthy L02 
cells exceeded 80 % after 24 h of incubation with the NPs; the same as 
that of untreated cells or even greater. Conversely, some toxicity was 
detected for HepG2 cells, with viability below 80 % after 24 h of incu
bation in some cases. This indicated that the NPs are slightly toxic to 
cancer cells, in accordance with the known antitumor effects of flavo
noids [34].

Subsequently, the NPs’ safety was further evaluated in vivo through 
both short-term high-dose and long-term low-dose administration in 
mice. By providing information on accumulated toxicity, long-term 
exposure to low doses assists in elucidating chronic harm [35]. Mice 

received daily subcutaneous injections at a low dosage of 20 mg/kg for 
60 days. Subsequent routine blood tests were conducted to examine the 
number and morphology of various blood cells. As illustrated in Fig. 4C 
and Table S4, none of the measured indicators in the experimental 
groups differed significantly from those in the control (p > 0.05). H&E 
staining demonstrated no apparent damage to the liver, kidney, heart, 
spleen and lung tissues of mice, confirming the NPs’ non-toxicity 
(Fig. 4D). Moreover, no pathological changes were observed in the 
mice’s skin on the 60th day post-injection (Fig. 4E). Specifically, the skin 
of mice in the p(AAPBA-b-Chrysin), p(AAPBA-b-Biochanin A) and p 
(AAPBA-b-Gardenin B) NP-treated groups showed no obvious signs of 
pigmentation, ulceration or inflammation compared with the control 
group. At the same time, histological sections showed that the epidermis 
and dermis of mice in each group were intact, with no obvious signs of 
inflammatory cell infiltration or fibrosis, further proving that these NPs 
do not cause skin damage under long-term exposure. After testing 
chronic toxicity, we then investigated acute toxicity. Detailed results are 
provided in Figs. S12 and S13 and Table S5. No toxicity was observed in 
this case either.

The biodistribution and metabolism of our NP formulations were 
explored following subcutaneous injection into the back of mice. Fluo
rescence images revealed that fluorescence in the free DiR group was 
visible in every part of the body at 12 h after injection and completely 
disappeared after 72 h. Conversely, fluorescence in the NP-treated 
groups was concentrated at the injection site (extending towards the 
side) at 12 h and lasted for 84–96 h (Figs. S14A, S15), indicating that the 
NPs persisted in the body for a prolonged period of time. Most previous 
reports [36,37] indicate that DiR has a fluorescence quenching time of 
24–48 h, whereas in this study it was 72–96 h.

Experiments testing NP distribution in different organs (Fig. S14B-C) 
showed that the DiR group mainly accumulated in the liver after 24 h 
(intensity order: liver > kidney > lung > spleen > heart), whereas NPs 

Fig. 3. Drug loading and release from p(AAPBA-b-Acrylic acid flavone) NPs. TEM images of insulin-loaded p(AAPBA-b-Chrysin) (A), p(AAPBA-b-Biochanin A) (B), 
and p(AAPBA-b-Gardenin B) (C) NPs; cumulative insulin release in vitro at glucose concentrations of 0 mg/mL (E) and 3 mg/mL (F); cumulative flavone release in vitro 
at glucose concentrations of 0 mg/mL (G) and 3 mg/mL (H).
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were concentrated in the liver and kidney. The high fluorescence in the 
liver may be related to the specific binding of the B-OH group of AAPBA 
in the NPs to the sialic acid on the liver surface. This result reveals the 
liver-targeting ability of the NP formulations as well as their advantages 
in terms of sustained release, providing an important reference for the 
design of drug delivery systems.

To establish the effect of the NP formulations, free insulin, blank NPs 
and insulin-loaded NPs were set as control groups. Due to restrictions on 
the number of animals posed by ethical guidelines for animal experi
mentation, this study only tested cellular inflammatory factors and 
oxidative stress indicators in the three control groups, and the results 
showed good biosafety levels (Fig. S16). Additionally, further experi
ments were conducted on the anti-inflammatory effects of chrysin, 

chickpea protein A, gardenia protein B and their polymers on RAW 
264.7 macrophages stimulated by lipopolysaccharides. Experimental 
data showed that the three flavonoid compounds still retained signifi
cant pharmacological activity after polymerisation (Fig. S17).

The in vivo hypoglycaemic effects of the NP formulations were next 
evaluated (Fig. 5A-B). The control (healthy mice given a normal diet) 
and diabetic groups exhibited stable blood glucose levels, maintained at 
6 mmol/L in the former and at 24 mmol/L in the latter. Blood glucose 
levels in the three NP-treated groups dropped rapidly within the first few 
hours after injection, as similarly observed in the insulin injection group. 
However, a significantly greater amount of time was required for blood 
glucose levels to rise again in the NP-treated groups than in the insulin 
injection group. The NP formulations clearly have a significant 

Fig. 4. Cytocompatibility and in vivo chronic toxicity of p(AAPBA-b-acrylic acid flavone) NPs. Cytocompatibility was tested on healthy L02 (A) and cancerous HepG2 
(B) cells. (C) Histogram showing key blood biochemical markers after 60 days of treatment; (D) H&E staining images of the heart, liver, spleen, lung and kidney (scale 
bar = 50 μm); (E) photos of the injection site and representative H&E images of the skin of mice (scale bar = 50 μm) (E).
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Fig. 5. Changes in blood glucose concentration in mice given various p(AAPBA-b-flavone)-based treatments, measured over 72 h (A) and 24 h (B); (C) H&E images of 
the heart, liver, spleen, lung and kidney tissues of mice after 4 weeks of treatment with NPs (scale bar = 50 μm).
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hypoglycaemic effect and maintain a lower blood sugar level. These 
results suggested that insulin-loaded NPs effectively lower blood glucose 
levels over a period of 24 h after injection.

Further tests were then conducted on the pharmacological effects of 
the flavonoids contained in the NP formulations. To do so accurately, we 
used the insulin-loaded p(AAPBA-b-NVCL) NPs synthesised in our pre
vious study as a control [38]. As shown in the histopathological images 
included in Fig. 5C, the control group’s heart, liver, spleen, lung and 
kidney tissues exhibited no abnormalities, whereas the diabetic group 
displayed significant damage in the heart, liver and kidney, as evidenced 
by an increased amount of diseased tissue, cell necrosis and inflamma
tory cell infiltration. Compared to the diabetic group, the p(AAPBA-b- 
NVCL) NP-treated control group and the groups treated with the 
flavonoid-enriched NP formulations [p(AAPBA-b-Chrysin), p(AAPBA-b- 
Biochanin A), and p(AAPBA-b-Gardenin B)] showed some improvement, 
as reflected by a reduction in both inflammatory cell infiltration and 
amount of necrotic tissue and a more organised tissue structure. These 
histological changes suggest a protective effect against diabetes-induced 
damage. Notably, the groups treated with the flavonoid-based NP for
mulations demonstrated superior therapeutic effects compared to the p 
(AAPBA-b-NVCL) NP-treated group. Relevant biochemical indica
tors—such as cTnI, SCr, UA, AST and ALT for liver, kidney and heart 
function, as well as T-AOC, GSH, SOD, Hs-CRP, IL-1α, IL-6 and TNF-α for 

inflammation and oxidative stress—were significantly improved after 
NP treatment (Fig. 6). At the same time, the groups treated with the 
flavonoid-based NP formulations showed greater improvements 
compared to the p(AAPBA-b-NVCL) group. This was specifically man
ifested by significant reductions in the levels of inflammatory markers, 
such as TNF-α, IL-1α and IL-6, as well as reductions in levels of ALT and 
AST, indicating improved liver function. This stronger effect likely de
rives from the release of flavonoids from the NPs. The p(AAPBA-b-NVCL) 
NP-treated group also showed some improvement, possibly due to the 
protective effect of encapsulated insulin.

3. Conclusions

This study investigated the use of naturally occurring flavonoids both 
as active pharmaceutical ingredients and excipients to achieve extended 
drug release for diabetes treatment. A nanodelivery system was suc
cessfully developed by constructing smart responsive block copolymers 
containing three flavonoids (chrysin, biochanin A and gardenin B) and 
AAPBA. This system breaks through the limitation of traditional carriers 
with only a single delivery function and achieves the synergistic effect of 
controlled insulin release and flavonoid active ingredients. In vivo ex
periments confirmed that compared with insulin injection alone, the 
injection of insulin-encapsulated polymer-based NPs prolonged the 

Fig. 6. Effect of NPs on biochemical parameters at 60 days after administration in the control group (C), diabetic model group (M), p(AAPBA-b-NVCL) group (Y), p 
(AAPBA-b-Chrysin) group (1), p (AAPBA-b-Biochanin A) group (2) and p(AAPBA-b-Gardenin B) group (3); ****: p < 0.01 vs control group; ##: p < 0.05 vs con
trol group.
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blood glucose regulation time in a diabetic mouse model. Measurements 
of cTnI, SCr, UA, AST, ALT, T-AOC, GSH, SOD, Hs-CRP, IL-1α, IL-6 and 
TNF-α, which are markers of inflammation and oxidative stress, revealed 
significant improvements after NP treatment.

However, this study has some limitations. The main chains of the 
three block copolymers are all carbon chains and not biodegradable. 
Although we verified the NPs’ safety through relevant experiments, the 
excretion mechanism is still unclear. At the same time, the prepared NPs 
still have deficiencies in terms of particle size uniformity and dis
persibility. TEM images showed a relatively large particle size and some 
degree of aggregation. These characteristics may have a certain impact 
on the stability and drug delivery effect of its subsequent in vivo appli
cations. Therefore, future research should focus on optimising the NP 
preparation process; improving particle dispersibility and size unifor
mity; and further systematically evaluating in vitro and in vivo NP 
behaviour and sustained-release performance to promote the practical 
application of this nanodelivery system.
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