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Abstract

Amphiphilic polymers (HA-ANI) were prepared by grafting hyaluronic acid (HA) and 6-(2-nitroimidazole)hexylamine (ANI)
and then self-assemble in water to form nanoparticles (NPs) that could be loaded with paclitaxel (PTX) and gemcitabine
(GEM) by dialysis. Infrared spectroscopy and 'H-NMR indicated the successful synthesis of HA-ANI. Three different ratios
of NPs were prepared by adjusting the ratios of hydrophilic and hydrophobic materials, and the particle size decreased
as the ratio of hydrophilic materials increased. When HA:ANI=2.0:1, the nanoparticles had the smallest size distribution,
good stability and near spherical shape and had high drug loading and encapsulation rates. In vitro release experiments
revealed that NADPH could accelerate the drug release from NPs. Cellular uptake rate reached 86.50% at 6 h. The toxic
effect of dual drug-loaded nanoparticles (P/G NPs) on MDA-MB-231 cells at 48 h was stronger than that of the free drug.
The AO/EB double-staining assay revealed that a large number of late apoptotic cells appeared in the P/G NPs group,
and the degree of cell damage was significantly stronger than that of the free drug group. In the cell migration assay, the
24 h-cell migration rate of the P/G NPs group was 5.99%, which was much lower than that of the free group (13.87% and
17.00%). In conclusion, MDA-MB-231 cells could effectively take up P/G NPs, while the introduction of the nano-codelivery
system could significantly enhance the toxicity of the drug to MDA-MB-231 cells as well as the migration inhibition effect.
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Introduction

Triple-negative breast cancer (TNBC) is a highly metastatic, heterogeneous disease with a poor prognosis and high recur-
rence rate up to five years after treatment compared to non-TNBC cases [1, 2]. There is a lack of targeted drugs due to
low expression of the three major receptors (ER, PR and HER-2) [3]. Systemic chemotherapy remains the main treatment
modality for patients with TNBCs [4, 5], and drug resistance often occurs after chemotherapy [6, 71. There is an urgent
clinical need to develop new chemotherapy strategies that target resistance and potentiation.

Paclitaxel [8] is the first-line drug for the conventional treatment of triple-negative breast cancer and mainly
inhibits mitosis and causes apoptosis in cancer cells by stabilizing and enhancing the polymerization of microtubule
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proteins and preventing microtubule depolymerization [9, 10]. Conventional paclitaxel drugs are bound by cosol-
vents as well as liposomal phospholayers, which are slow-releasing, toxic, and prone to causing allergic reactions
and therefore require preemptive anti-allergic treatment prior to administration, as well as long infusion times,
limiting their application to some extent [11, 12]. Gemcitabine (GEM) [13] is a pyrimidine antitumor drug whose
main metabolite penetrates into DNA intracellularly, interferes with DNA synthesis, and inhibits nucleotide reduc-
tase. The results of several clinical trials have shown that its combination with albumin paclitaxel can achieve better
therapeutic effects [14-16]; however, neuropathy as well as gastrointestinal reactions are still more pronounced
[17]. Therefore, it is important to enhance the anti-TNBC effect by combining paclitaxel and gemcitabine through
different pathways and anticancer mechanisms and to develop a novel delivery system to improve its efficacy and
reduce toxic side effects to improve the therapeutic effect.

Nanodelivery systems have good biocompatibility, low toxicity, targeting, and controlled release properties, which
offer good prospects in cancer therapy [18, 19]. More importantly, nanocarrier-based antitumor drug delivery systems
clearly show the potential to overcome the problems associated with conventional chemotherapy [20]. Nanodrug codeliv-
ery systems include at least two anticancer drugs with different physicochemical and pharmacological properties loaded
into a single delivery system, solving the problems associated with the differences in the biodistribution and transport
mechanisms of the two drugs [21]. Nanoparticles with different surface properties can be prepared by adjusting the ratio
of different components in the carrier material as well as the ratio of drug to carrier while optimizing the drug loading and
encapsulation rate, with a higher loading capacity favoring a better therapeutic effect. Passive targeting is achieved by
modaulating the size and surface properties of nanoparticles to promote their selective accumulation in tumors through
the EPR effect [22]. Active targeting can be achieved by modifying nanomaterials with high-affinity ligands, such as HA
[23], folic acid [24], and mannose [25]. In addition, nanoparticles can effectively respond to the stimulation of the tumor
microenvironment (e.g., low pH [26], high glutathione (GSH) [27]and reactive oxygen species (ROS) levels [28]) and release
drugs in a controlled manner, thus killing tumor cells and protecting normal tissues from damage.

In this study, amphiphilic polymers were prepared by grafting hyaluronic acid (HA) and 6-(2-nitroimidazolyl)hex-
ylamine (ANI). The resulting HA-ANI self-assembled in water to form nanoparticles that could be coloaded with the
chemotherapeutic drugs PTX and GEM for combined chemotherapy. As shown in Fig. 1, nanoparticles can preferentially
accumulate at tumor sites through the EPR effect and enter tumor cells through CD44 receptor-mediated endocytosis.
Inside the tumor cells, the nanoparticles rapidly dissociate under the action of the bioreductant NADPH, releasing PTX
and GEM into the cytoplasm to exert antitumor effects. A series of in vitro experiments were conducted to demonstrate
the feasibility and advantages of the nanodrug delivery system.

Materials and methods
Materials

PTX, 2-nitroimidazole and N-Boc-6-bromohexylamine were purchased from Aladdin Reagent (Shanghai) Co., Ltd. GEM,
N-hydroxysuccinimide and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride were purchased from
Maclean’s Biochemical Technology Co., Ltd. Dimethyl sulfoxide was purchased from Sinopharm Reagent (Shanghai)
Co., Ltd. Phosphate buffered salt solution (PBS) and DMEM were purchased from Gibco (USA). Fetal bovine serum was
purchased from BI.

MDA-MB-231 cells were obtained from Prof. Xiyun Deng’s group at the School of Medicine, Hunan Normal University
in September 2021.

Synthesis of ANI

2-Nitroimidazole (150 mg; 1.33 mmol) and K,CO; (280 mg; 2.03 mmol) were dissolved in dimethylformamide (DMF). Then,
N-Boc-6-bromohexylamine (390 mg; 1.39 mmol) was added to the DMF solution, and the reaction was stirred at 80 °C
for 4 h. The solid impurities were removed by filtration and washed with methanol. The solid product was obtained by
washing with methanol and evaporating the residual solvent. The above solid was suspended in deionized water and
extracted with ethyl acetate, the organic layer was collected and the BOC-protected 6-(2-nitroimidazolyl)hexylamine
(QANI) was obtained by rotary evaporator. This product was redissolved in methanol, and 5 mL of 1.25 M HCl was added
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Fig. 1 Schematic diagram of the preparation of P/G NPs and their application in combination chemotherapy

to the methanol solution and stirred at room temperature for 24 h. Afterward, the product ANI was obtained by remov-
ing the solvent from the reaction mixture using a rotary evaporator.
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Synthesis of HA-ANI

60 mg of HA (molecular weight of approximately 30 kDa) were dissolved in water, to which N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDCI) (107.35 mg; 0.56 mmol) and N-hydroxysuccinimide (NHS) (64.40 mg;
0.56 mmol) were added and stirred at room temperature for 1 h. ANI (30 mg; 0.14 mmol) was added to the mixture,
and the reaction was carried out at room temperature for 24 h. The reaction mixture was transferred to a dialysis bag
(MW =3000) for dialysis, and the product HA-ANI was obtained by lyophilization after prefreezing at -20 °C.

Preparation of P/G NPs

Approximately, 10 mg of HA-ANI polymer was dissolved in DMSO and stirred at 40 °C for 2 h. Approximately, 5 mg
of PTX and 2 mg of GEM were predissolved in appropriate amounts of DMSO and then mixed with HA-ANI solution
and stirred at 40 °C for 4 h. The liquid mixture was then transferred to a dialysis bag (MW =3000) and dialyzed with
deionized water to completely remove DMSO. After prefreezing at -20 °C, the lyophilization was performed in a
freeze-dryer to obtain P/G NPs. HA-ANI NPs and HA-ANI@Cy5 NPs were prepared by the same method.

Characterization of P/G NPs

The structures of HA, ANl and HA-ANI were characterized by infrared spectroscopy and nuclear magnetic resonance
hydrogen spectroscopy ("H-NMR); the size, potential and polymer dispersity index (PDI) of the nanoparticles were
detected by dynamic light scattering (DLS); and the morphology of the nanoparticles was observed by transmission
electron microscopy.

Stability of P/G NPs

The P/G NPs were stored at room temperature and monitored for changes in particle size, potential, and PDI on days
1,3,5,7,14,and 21.

Drug loading capacity and encapsulation efficiency

Five milligrams of paclitaxel and gemcitabine were dissolved in 25 mL of DMSO, respectively, and prepared into a
standard stock solution of 200 pg/mL. Then, a series of solutions with different concentrations were prepared using
the dilution method to draw the standard curve. The absorbance of P/G NPs was measured by UV spectrophotom-
etry, and the drug loading capacity and encapsulation efficiency were calculated using the standard curve equation.

. . _ Wloaded
Drug loading capacity[LC(%)] = ———— X 100%
P/G NPs

14
Encapsulation efficiency[EE(% )] = —loaded ' 100%
added

In vitro drug release

First, 1 mL of 1 mg/mL P/G nanoparticles was precisely measured into each dialysis bags (MW =3000). The bags were
then placed in pH 7.4 PBS and pH 7.4 PBS containing 1 mM NADPH, 1 mL of 1 mg/mL PTX and 1 mL of 1 mg/mL GEM
was placed in dialysis bags (MW =3000). The dialysis bags were then placed in pH 7.4 PBS and shaken at 37 °C and
100 rpm, protected from light. A 3 mL sample of release medium was taken at 0, 0.083, 0.25,0.5, 1, 2, 4, 8, 12, 24, 36,
48, and 72 h, while the same volume of release medium was used to replenish the tube. A UV—vis spectrophotometer
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was used to determine the release of PTX and GEM, and the release rates were calculated separately according to
the following equations.

Q%) = (cn XV+V, Y c,.)/w s LC(%)
t=0

W is the total weight of nanoparticles, C,, is the sample concentration at T,, Vis the total volume of release medium,
V, is the sample volume, and C; is the sample concentration at T; (i=0,0.083,0.25...... hours, V,, C, is equal to 0).

Cell culture

MDA-MB-231 cells were selected as the model cell line, and the cells were cultured in DMEM containing 10% FBS and
1% PS in an incubator at 37 °C and 5% CO,.

Cell uptake

MDA-MB-231 cells at the exponential growth stage were seeded in 6-well plates (2 mL, 5% 1 0* cells/well) and incubated
at 37 °Cand 5% CO, for 24 h until the cell wall fusion rate reached 80%. HA-ANI@Cy5 NP-treated cells were placed in a
cell culture incubator at 37 °C and 5% CO, for 2 h, 4 h and 6 h, and then, the culture medium was aspirated and discarded.
The cells were washed gently with PBS 3 times and fixed with 4% paraformaldehyde for 15 min, after which they were
stained with DAPI staining solution for 5 min, and images were taken under an inverted fluorescence microscope.

In vitro cytotoxicity

Cytotoxicity studies were performed by the MTT method. MDA-MB-231 cells at the exponential growth stage were grown
in 96-well plates (100 pL, 5000 cells/well) and incubated at 37 °C and 5% CO, for 24 h until the cells were completely
adhered to the wall. The cells were treated with serial concentrations of free PTX, free GEM, free PTX/GEM or P/G NPs
and incubated in a cell incubator at 37 °C and 5% CO, for 48 h. For the control group, an equal volume of medium was
added to continue the culture. 48 h later, 20 pL of 5 mg/mL MTT solution was added to each well, and the culture was
continued for 4 h. After careful aspiration and discarding of the culture solution, 150 pL of DMSO was added to each
well, and the cell survival rate was calculated by determining the OD value of each well at 570 nm with a multifunctional
enzyme marker after shaking for 15 min at room temperature.

Cell migration

Cell migration was studied by scratch assay. MDA-MB-231 cells at the exponential growth phase were seeded in 6-well
plates (2 mL, 1x1 0° cells/well) and incubated at 37 °C with 5% CO, for 24 h until the cell wall fusion rate reached 100%.
Straight lines were drawn in the wells with a 10 pL pipette tip, and the scratched cells were rinsed with PBS, followed by
the addition of serum-free DMEM containing P/G NPs (Cpry=0.16 uM; Cgpyy =0.057 pM), PTX (0.16 pM), GEM (0.057 pM),
and PTX/GEM (Cpry=0.16 pM; Ciepy =0.057 uM). The cells were incubated in a constant temperature incubator. Cell images
were taken at 0, 6, 12 and 24 h.

Cell apoptosis analysis

Apoptosis was studied by the AO/EB double-staining method. MDA-MB-231 cells at the exponential growth phase were
seeded in 6-well plates (2 mL, 5% 10* cells/well) and incubated at 37 °C with 5% CO, for 24 h. Then, 200 pl of P/G NPs
(Cpry=0.16 uM; Cgppy=0.057 M), PTX (0.16 uM), GEM (0.057 uM), and PTX/GEM (Cpry=0.16 uM; Cggpy =0.057 uM) was used
to treat cells and the same volume of PBS was added to the control group. 48 h later, the cells were collected, the density
was adjusted to 1x 106 cells/mL, the prepared AO/EB staining solution was added and incubated at room temperature
for 15 min, and images were obtained by inverted fluorescence microscopy.

@ Springer



Research Discover Nano (2023) 18:119 | https://doi.org/10.1186/511671-023-03899-1

Statistical analyses

Prism software was used for statistical significance analysis. The signal indicated a significant difference (*P<0.01,
**P <0.005, ***P <0.001, ****P <0.0001).

Results
Preparation and characterization of P/G NPs

We grafted HA and ANI by an amide reaction and characterized the structures of NI, HA, ANI, and HA-ANI using infrared
spectroscopy and nuclear magnetic resonance hydrogen spectroscopy ('H-NMR). In the IR spectrum (Fig. 2a), ANI had
a stretching vibrational absorption of -NO, at 1360 cm™' and 1540 cm™', and HA-ANI showed a stretching vibrational
absorption of -NO, at 1380 cm™' and 1550 cm™' due to the shift of conjugation to lower wavenumbers; moreover, HA
had a stretching vibrational absorption of C=0 of amide at 1650 cm™' and 1730 cm™', and the C=0 stretching vibration
absorption of carboxylic acid at 1730 cm™' in HA-ANI disappeared, which showed the successful attachment of 6-(2-nitro-
imidazole)hexylamine to hyaluronic acid through the amide bond. In the "H-NMR (Fig. 2b), the shielding effect of the
heterocyclic ring in HA shifted the chemical shift of each hydrogen spectrum in HA-ANI upfield. All the above results
suggested the successful synthesis of the HA-ANI polymer.

The average hydrodynamic diameter, zeta potential and PDI of blank nanoparticles and drug-loaded nanoparticles
were measured by the dynamic light scattering method (Figs. 3 and 4), and the specific values of size, potential and PDI
of blank nanoparticles and drug-loaded nanoparticles with different mass ratios of HA and ANI are listed in Tables 1
and 2, respectively. When HA:ANI=2.0:1, the nanoparticles showed a better size distribution, the dispersion index (PDI)
was < 0.3 for all ratios. Moreover, the PDl increased after drug loading, probably due to nanoparticle aggregation. All three
ratios of nanoparticles have negative potential, which can ensure the stability of the nanoparticles in blood circulation.

The morphology of P/G NPs with a ratio of 2.0:1 was observed by TEM (Fig. 5d), and it was found to show a subspherical
shape and a more uniform distribution. Then, the stability conditions of the three ratios of drug-loaded nanoparticles
stored at room temperature for 21 d were monitored (Fig. 5a, b and c), and it was found that the particle size of the P/G
NPs varied more with HA:ANI=1.8:1, which was close to 100 nm, and less with HA:ANI=1.9:1 and 2.0:1, which was within
20~50 nm with a smaller PDI.

In addition, the content of paclitaxel and gemcitabine was determined by UV spectrophotometry, and it was found
that PTX had a maximum absorption at 229 nm and GEM had a maximum absorption at 269 nm by wave scan (Fig. 6a).
The standard curve for PTX was made at 229 nm as Y=-0.01519+0.04016X (Fig. 6b), and the standard curve for GEM
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Fig.2 Structural characterization of HA-ANI polymers. a IR spectra of HA, ANl and HA-ANI. b NMR hydrogen spectra of NI, HA, ANI and HA-
ANI
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Fig. 7 In vitro release curves of paclitaxel and gemcitabine in P/G NPs. a In vitro release profile of PTX. b In vitro release profile of GEM

was made at 269 nm as Y =0.00634 + 0.03189X (Fig. 6¢). Then, we calculated the drug loading and encapsulation rate
of the two drugs in P/G NPs using the standard curve, which are shown in Table 3. It was found that the nanoparticles
had higher drug loading and encapsulation rates at HA:ANI=2.0:1, with drug loading rates of 4.66% and 0.51% for PTX
and GEM, and encapsulation efficiency of 12.68% and 1.30%, respectively. We used this ratio of nanoparticles for the
follow-up study.

In vitro drug release studies
We further tested the effect of PTX and GEM release from NPs in different release media in comparison with free PTX

and GEM. As shown in Fig. 7a, free paclitaxel reached 77.42% release at 12 h in pH 7.4 buffer, drug-loaded nanopar-
ticles reached 41.95% release at 72 h in pH 7.4 buffer, and nanoparticles with 1 mM NADPH added reached 87.28%
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release at 72 h. As shown in Fig. 7b, the release rate of free gemcitabine in pH 7.4 buffer reached 93.79% at 24 h. The
drug-loaded nanoparticles in pH 7.4 buffer reached 37.97% at 72 h, while the nanoparticles with T mM NADPH added
reached 94.83% at 72 h. We found that the release rate of nanoparticles increased significantly after the addition of
NADPH. We speculate that this may be due to the reduction of nitro to amino caused by high levels of NADPH, further
leading to the dissociation of the nanoparticles to release the drug.

Cellular uptake

The uptake efficiency of NPs by MDA-MB-231 cells was analyzed by inverted fluorescence microscopy. As shown in
Fig. 8a, Cy5 loaded within NPs showed red fluorescence, and DAPI stained cell nuclei and showed blue fluorescence.
As shown in Fig. 8b, the quantitative analysis of the fluorescence of uptake revealed that the uptake rate was posi-
tively correlated with time, and the cellular uptake rate of NPs reached 86.50% at a coincubation time of 6 h with
NPs, which was significantly higher than 69.10% at 2 h and 75.80% at 4 h. We suggest that the uptake time may affect
the uptake rate of cells.
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Fig. 10 Cell migration experiments with different groups of drugs. a Images of the effects of different drug treatments on the migration of
MDA-MB-231 cells. b Statistical analysis of migration rates
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Fig. 11 Results of AO&EB staining of MDA-MB-231 cells treated with different drug groups for 24 h

Cell viability

The toxic effects of different preparations (free PTX, free GEM, free PTX + GEM and P/G NPs) on MDA-MB-231 cells were
assessed by the MTT method. As shown in Fig. 9, the IC50 values of free PTX, free GEM, free PTX + GEM and P/G NPs after
incubation with cells for 48 h were 0.46 uM, 9.66 puM, 0.06 uM and 0.48 uM, respectively. At a PTX concentration of 0.32 uM,
the toxic effect of P/G NPs on cells was comparable to that of free paclitaxel, at which time it was known from the release
assay that the release rate of the nanoparticles had only reached approximately 80%; therefore, with the extension of
the incubation time, it was speculated that stronger toxic effects might also be produced. All these results indicate that
the codelivery of PTX and GEM with nanoparticles can significantly increase the toxic effects on cells compared to the
use of either drug alone.

Cell migration

The cell scratch assay was used to evaluate the migration effect of cells in different drug treatment groups. As shown
in Fig. 10, the cell migration rates at 24 h were 22.49%, 13.87%, 16.99%, 11.820 and 5.99% in the control, free PTX, free
GEM, free PTX + GEM and P/G NP groups, respectively. The lowest cell migration rate was observed in the P/G NP group,
which indicated that the nano-codelivery system could significantly enhance the combined PTX and GEM use on cell
migration inhibition.

Cell apoptosis assays
The AO/EB apoptosis assay kit was used to observe the effect of different drug treatment groups on apoptosis, as shown

in Fig. 11. No obvious apoptosis was detected in the PBS group; some early apoptotic cells were observed in the free PTX,
free GEM, free PTX+GEM, and P/G NP groups, marked by crescent-shaped or granular yellow—green AO nuclear staining,
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and a large number of late apoptotic cells appeared in the P/G NP group, as indicated by concentrated and asymmetrically
localized orange nuclear EB staining and necrotic cells. The volume increased and showed uneven orange—red fluores-
cence around them. The degree of cell damage was significantly enhanced in the P/G NP group compared to the free
group, indicating that the encapsulation of free drug by nanoparticles, at comparable concentrations, can significantly
enhance the degree of apoptosis.

Discussion

Since the combination of Abraxane and GEM demonstrates good synergistic effects in breast cancer [29], a single carrier
was designed in this study to codeliver PTX and GEM with optimized carrier size and drug ratio to achieve the intended
synergistic effect. HA-ANI nanocarriers were synthesized mainly by grafting hyaluronic acid with a nitroimidazole com-
pound, and the amphiphilic polymer was self-assembled with PTX and GEM by hydrodialysis to form dual drug-carrying
nanoparticles. The EPR effect of tumor cells makes the dual drug-loaded nanoparticles more easily enriched between
tumor cells compared to normal cells. When the drug enters the tumor cells, the low oxygen microenvironment makes
it extremely easy for the nanoparticles to reduce the nitro group in the carrier to an amino group under the action of the
bioreductant and change from a hydrophobic group to a hydrophilic group. The nanoparticles dissociate and release
PTX and GEM to exert antitumor effects. In conclusion, we prepared a nanocarrier for the efficient delivery of the dual
drug PTX and GEM for the dual drug synergistic treatment of TNBC.

Many experimental methods have been developed for drug codelivery by nanocarriers, including direct encapsula-
tion of drugs inside nanoparticles, covalent coupling of drug combinations to carriers, and surface attachment of drugs
to existing drug carriers [30-32]. There are studies on liposomes encapsulating cytarabine and erythromycin at a molar
ratio of 5:1 in a mouse model for the synergistic treatment of leukemia [33]; independent coupling of Adriamycin and
camptothecin with particles having a polymeric backbone for the treatment of human breast cancer [34]; and loading
of GEM monophosphate and cisplatin into PLGA particles at a 120:5 molar ratio for the treatment of bladder cancer [35].

In this study, we successfully prepared dual drug-loaded nanocarriers with nanoparticles of different sizes by adjusting
the different ratios of hydrophilic and hydrophobic components in the carrier materials. We found that as the proportion
of hydrophilic materials increased, the size decreased, and the drug loading and encapsulation rates increased. The results
of in vitro release experiments of P/G NPs showed that the release rate of PTX increased from 41.95% to 87.28% at 72 h
after the addition of 1 mM NADPH,; the release rate of GEM increased from 37.97% to 94.83% at 72 h, which suggests
that our nanocarriers may be dissociated by the action of NAPDH, resulting in rapid drug release. The investigation of
the toxic effects of free drugs and nanoparticles on MDA-MB-231 cells showed that the cytotoxicity of the nano-group
was significantly stronger than that of the free single drug group after 48 h of drug treatment. Although the direct com-
bination of free drugs showed significant cytotoxic effects, it may lead to cumulative toxic effects. Therefore, NPs have
significant advantages in terms of drug delivery methods and efficacy. The AO/EB double-staining assay observed that
the P/G NPs group had the strongest cell damage effect after 24 h of drug treatment. The migration inhibition effect of
different drug groups on cells was observed, and it was found that the cell migration rate of the nano-group was 5.99%
at 24 h, much lower than the 13.87% and 17.00% of the free group. The aim of this study was to design a nanolocalized
release formulation to perform the efficient delivery of dual drugs for localized drug release at the cellular level to exert
a synergistic anti-TNBC effect. The nano-codelivery system in this study integrates good biocompatibility, environmental
responsiveness, targeting, high stability and low toxicity into a single platform to provide a new therapeutic strategy
against TNBC.

Conclusion

In this study, nanoparticles with different ratios of hydrophilic and hydrophobic materials were prepared. The size of the
nanoparticles decreased and the drug loading capacity increased as the proportion of the hydrophilic material HA was
increased. Nanoparticles with a size distribution of 100-400 nm could be effectively taken up by MDA-MB-231 cells and
exert strong inhibitory effects on cell growth and migration.
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