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Abstract

Vitamin E Poly(ethylene glycol) monoplatinum ester (TPGS) nanoparticles have attracted much
attention in recent years for overcome multidrug resistance. Herein, a well-defined folic acid (FA)-
conjugated and disulfide bond-linked polymer (FA-SS-TPGS) was synthesized. These polymer
nanoparticles were utilized as theranostic agents for tumor-targeted magnetic resonance imaging
(MRI) and chemotherapy. By loading doxorubicin (DOX) and superparamagnetic iron oxide (SP1O)
particles into TPGS nanoparticles, FA-SS-TPGS@DOX/SPIO nanoparticles are obtained. In vitro
drug release studies revealed that under a reducing environment in the presence of glutathione (GSH),
approximately 100% of the doxorubicin (DOX) was released from the disulfide bond-linked
theranostic nanoparticles within 24 h. DOX and SPIO were efficiently delivered into HepG2-ADM
cells due to the folate receptor-mediated endocytosis process of the nanoparticles. Additionally, the
presence of glutathione (GSH) triggered the cleaving of the disulfide bonds, further facilitating the
delivery of DOX and SPIO into the cells. Furthermore, the FA-SS-TPGS @DOX-SPIO nanoparticles
exhibited strong MRI contrast enhancement properties. In conclusion, FA-SS-TPGS@DOX/SPIO
are potential nanoparticles for tumor-targeted MRI and chemotherapy, which can also overcome
multidrug resistance.

1. Introduction

Multiple-drug resistance (MDR) poses a significant challenge in tumor chemotherapy, as it significantly limits
the effectiveness of chemotherapy in killing tumor cells. This presents a major problem for clinicians seeking to
cure patients [ 1, 2] Numerous studies have focused on finding solutions to overcome multidrug resistance.
Some common approaches involve prolonging drug circulation time, enhancing cell-specific or tissue-specific
targeting, and reducing systemic side effects. These strategies aim to improve the therapeutic efficacy of
chemotherapy while minimizing its adverse effects [3-7].

Nanotechnology has made rapid progress in the treatment of tumors and is gradually showing its potential
[8, 9]. Nanotechnology can deliver chemotherapeutic drugs to target cells more accurately by encapsulating or
binding them to nanocarriers, which provides new ideas and prospects for avoiding multidrug resistance [10].
Tocopheryl Poly(ethylene glycol) succinate (TPGS) is a vitamin E-related derivative, which is esterified by
vitamin E succinate carboxyl and Poly(ethylene glycol). TPGS acts as an excellent surfactant and, when
polymerized into micelles with drugs, can improve the absorption rate in the gastrointestinal tract, thus
significantly enhancing drug utilization [11-13]. Moreover, TPGS nanoparticles exhibit increased drug

© 2023 The Author(s). Published by IOP Publishing Ltd
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encapsulation efficiency, facilitate the uptake of chemotherapy drugs by cells, prolong blood circulation time,
and enhance the bioavailability of anticancer drugs [ 14, 15]. Due to its tocopherol ester structure, TPGS also
possesses antioxidant properties, making it more stable than other preparations. Owing to the pH sensitivity,
TPGS nanoparticles showed higher targeting for tumor cells [16]. And the nano-drug delivery system, such as
liposomes, micelles, and nano-particles, stands out due to the better outcomes of tumor-targeting, anti-tumor
activities, immune-sensitization, stability, and safety [17]. Consequently, synthesizing TPGS-based
nanoparticles improves the absorption and cellular uptake of anticancer drugs, enhancing drug utilization and
therapeutic effectiveness [11, 18].

Environmentally responsive polymer materials can play a crucial role in controlling drug release and
enhancing the efficiency and effectiveness of drug delivery. Disulfide bonds (-SS-) are known to be stable under
normal physiological conditions, such as body temperature and pH. However, they can be easily reduced and
broken in the presence of glutathione (GSH) [19]. GSH is abundant in cells and serves as an intracellular
reducing agent. By incorporating disulfide bonds into polymer nanoparticles, drug release can be triggered in a
controlled manner by taking advantage of the high GSH levels found within cells. Many studies have shown that
doxorubicin can be rapidly released under acidic conditions. This is mainly due to the fact that doxorubicinisa
hydrophobic molecule with a monoamino group. Under acidic conditions, the amino group of doxorubicin
becomes protonated, resulting in the formation of a more water-soluble doxorubicin amino salt, such as
doxorubicin hydrochloride. The increased solubility of doxorubicin hydrochloride under acidic conditions
leads to the rapid release of the drug from drug delivery systems, which can enhance the therapeutic efficacy in
tumor microenvironments with low pH levels [20]. This allows for site-specific drug release and improved
therapeutic outcomes.

Folic acid has been widely used as a targeting ligand for tumor drug therapy. The effectiveness of folic acid
conjugated drugs mainly depends on the presence of folate receptors (FRs) on the surface of target cells. FRs are
overexpressed on many tumor cells, including hepatocellular carcinoma (HCC) cells, compared to normal cells
[21]. Thereis alot of literature linking FA to the hydrophilic end of PEG. The introduction of folic acid has
shown an increase in the uptake capacity of tumor cells and an improved inhibitory effect of drugs on tumor cell
growth [22]. Therefore, nanoparticles conjugated with folic acid can specifically target and deliver drugs to HCC
cells. This approach improves the therapeutic efficacy and reduces systemic side effects, making it a promising
strategy for targeted drug delivery in cancer therapy [23].

Superparamagnetic iron oxide (SPIO) nanoparticles are commonly used in negative contrast agents for
magnetic resonance imaging (MRI) due to their high safety and higher contrast ratio compared to traditional
contrast agents [24, 25]. These particles can shorten the transverse relaxation rate and improve image quality.
They can also be used in drug therapy and controlled under magnetic resonance imaging guidance, allowing for
targeted tumor therapy [26]. In addition, Iron oxide nanoparticles, specifically SPIONs, exhibit low toxicity in
humans. Hence, SPIONSs have received approval for use as contrast imaging agents in MRI due to their high
safety factor. In contrast with other metal oxide nanoparticles, iron oxide nanoparticles demonstrate superior
drug safety and no cytotoxicity at mass concentrations less than 100 g ml~" [27].

Regarding DOX-loaded TPGS micelles, a systematic evaluation was performed at the cellular level to
investigate their ability to reverse multidrug resistance (MDR) mechanisms. TPGS micelles have shown promise
in overcoming MDR due to their ability to enhance drug uptake, prolong blood circulation time, and improve
the bioavailability of anticancer drugs. By encapsulating DOX into TPGS micelles, drug resistance mechanisms
can be reversed at the cellular level, resulting in improved therapeutic efficacy [28]. The investigation focused on
developing a drug delivery system called FA-SS-TPGS@DOX /SPIO nanoparticles, specifically designed to
overcome multidrug resistance (MDR). The nanoparticles were fabricated by loading DOX into the
nanoparticles using the dialysis method. The cytotoxicity of these DOX-loaded nanoparticles was then evaluated
against HepG2-ADM, and the mechanism for overcoming MDR was studied.

2. Materials and methods

2.1. Materials

N,N-dimethylformamide (DMF, 99.5%) was purchased from the Chemical Reagent Sinopharm Group. Folic
acid (FA, 99%), allyl PGE 1000, doxorubicin hydrochloride (DOX.HCI); glutathione (GSH), ferric acetyl
acetonate (111,99%), D-«a-tocopherol succinate (99%), vitamin E Poly(ethylene glycol) monoplatinum ester
(TPGS), and N,N’-carbonyl diimidazole (CDI) were acquired from Aladdin Chemical Company (Shanghai,
China). Sodium ascorbate (99%), copper sulfate (CuSO,4-5H,0, 95%), and Doxorubicin hydrochloride (99%)
were acquired from Alfa Aesar. Tetrahydrofuran (THF) was purchased from Guangzhou Jianhua Biological
Technology Company. Dulbecco’s modified Eagle medium (DMEM), trypsin-ethylenediaminetetraacetic acid
(trypsin-EDTA), Penicillin streptomycin, and fetal bovine serum (FBS) were purchased from Gibco-BRL
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(Melbourne, Australia). Prussian blue stain (for cells) was purchased from Beijing Regen Biological Company,
and 4 0 6-Diamidino-2-phenylindole (DAPI) was purchased from Beyotime Institute of Biotechnology
(Nanjing, China). CCK-8 kit was purchased from MedChemExpress. Calcein-AM /PI double dye reagent was
purchased from Shenzhen Xinbosheng Company.

2.2. Synthesis of FA-SS-TPGS

Briefly, 10 g of allyl Poly(ethylene glycol) 1000 was added into a 250 ml round-bottom flask, and then 100 ml
anhydrous dichloromethane was added and dissolved while stirring in an ice water bath. Furthermore, 2 g
p-methylbenzene sulfonyl chloride was added along with 3 ml triethylamine, and was continued to stir for 2 h,
leaving it to stir continuously for the next 24 h. The organic phase was washed three times with saturated sodium
bicarbonate solution and then separated to obtain the organic phase. The dichloromethane was removed by
pressure distillation, and the product was obtained. The product was dissolved with deionized water,and 2 g
sodium azide was added. The reaction was carried out at 85 °C for 24 h, and then, the solution as cooled to room
temperature and 250 ml dichloromethane was added. The PEG was extracted into the organic phase and was
separated, and the product was obtained by vacuum distillation. The product solution was deionized water, and
argon was pumped to remove oxygen, Then, cysteamine hydrochloride and ammonium persulfate were added
under the protection of argon. Reaction with 70 °C for 24 h. The pH value of the reaction solution was adjusted
to alkaline by NaOH, and the product was extracted by dichloromethane and by reduced pressure distillation to
obtain NH,-PEG-N3. NH,-PEG-N; was dissolved in anhydrous DMSO, followed by EDC, NHS, and folic acid.
After folic acid was completely dissolved, it was kept away from light for 24 h at room temperature. The mixed
solution was put into a dialysis bag and dialyzed with deionized water for 48 h. The dialysis fluid was collected
and freeze-dried to obtain the yellow powder product FA-PEG-N3. Dissolve tocopherol succinate in anhydrous
dichloromethane, and then add EDC, NHS, and proparynyl carbamate ethyl dimercapto ethylamine after fully
dissolving. The organic solvent was removed by vacuum distillation at room temperature for 24 h under light
protection, and the product was dissolved with DMSO and placed into a dialysis bag for dialysis purification.
After 24 h of dialysis, the dialysate was collected and freeze-dried to obtain the product Alkyne-SS-TPGS.
FA-PEG-N; and Alkyne-SS-TPGS were added to a 50 ml round-bottom burner, dissolved in DMSO, and
permeated with argon. After 10 min, cupric sulfate pentahydrate and sodium ascorbate were added and then
permeated with argon for 10 min. The flask was sealed with a rubber plug, and the reaction was performed at

50 °C for 24 h. After the reaction, the solution was put into a dialysis bag and dialyzed with deionized water for
48 h. The dialysate was collected and freeze-dried to obtain FA-SS-TPGS as a product. The production of SPIO
in this study is based on the established method previously develop [29].

2.3. Invivo studies

2.3.1. Infrared spectrogram

The infrared spectrogram of the sample was measured by a Nicolet Nexus 670 infrared spectrometer at room
temperature. The sample was mixed with KBr and pressed with a scanning range of 500 cm ™' ~4000 cm .

2.3.2. Nuclear magnetic resonance hydrogen spectrum (' H-NMR)
Hydrogen Nuclear Magnetic Resonance (‘H-NMR) was measured by the Mercury Plus 300 nuclear magnetic
resonance apparatus (CDCl; as solvent and Si(CH3), as an internal standard) at room temperature.

2.3.3. Dynamic light scattering experiment

The dynamic light scattering experiment was carried out by a bi-200SM dynamic and static laser light scatterer
produced by Brookhaven Corporation in the United States. The light source was an argon ion laser, the laser
emission wavelength was 532 nm, the temperature was 25 °C, and the scattering light intensity was measured at
90 °C. The Contin and Cumulants were used to process the time correlation function. Before determination, the
sample was filtered and dedusted with a 0.45 pum filter head.

2.3.4. Transmission electron microscopy (TEM)

The aggregation morphology of the polymer was observed by JEM2010 transmission electron microscopy
(TEM) at an accelerated voltage of 80 keV. A drop of micelle solution was added to the copper wire and dried at
room temperature. The polymer was dyed with a 2% phosphotungstate solution and dried at room temperature
for 10 min.

2.3.5. DOX release efficiency
Usinga UV-2501PC UV-visible spectrophotometer (Shimadzu Company), by measuring the absorbance at
485 nm, the standard operating curve of the drug concentration was calculated.
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2.3.6. Preparation of Amphiphilic block micelles

Dialysis is a common method for the preparation of amphiphilic block micelles. First, 10 mg FA-SS TPGS, FA-
TPGs, and TPGS were dissolved in 2 ml DMSO, stirring for 1 h. Then, the polymer solution was placed ina
dialysis bag with a molecular weight of 3500 and dialyzed with deionized water at 25 °C for 24 h. The final
dialysate was filtered with a 0.45 pim needle filter and then tested for dynamic light scattering.

2.3.7. Invitro MR imaging and cellular internalization of nanoparticles studies

The effect of the contrast agent is closely related to the relaxation rate of T2-weighted images. Relaxation rates of
different probes will be measured to test the contrast effect of the probes on MR development. We matched the
probes with six different concentrations, namely, 0, 0.03125, 0.0625, 0.1250, 0.2500, and 0.5000 mM, and then
put the probes with six concentrations into six holes and put them into MR to measure the relaxation time of T2.

2.4. Preparation of DOX-Loaded nanoparticles
Insituloading of DOX/SPIO was achieved by the dialysis method. Then, 1 mg DOX, 1 mg SPIO, and 10 mg
polymer were dissolved in 2 ml DMSO, and then the dialysis was performed in phosphate buffer solution (PBS)
with a pH of 7.4 after full stirring for 2 h. The outer solution of the dialysis bag is changed every 3 h, and the
unwrapped drugs will be removed by dialysis within 12 h. The determination method of drug content in micelles
was as follows: micelles were destroyed by adding drug-carrying micelle solution into DMSO/PBS (v/v = 90:10)
mixed solvent, the absorbance of the obtained system was measured at 372 nm after filtration, and the
quantitative calculation was performed according to the standard curve. Then, 3 ml drug-loading micelles were
loaded into a dialysis bag with a retained molecular weight of 3500 D, and 27 ml PBS dialysate with a pH of 7.4
was placed outside, which was released by shock at 37°C. At a specific time interval, 3 ml (Ve) was sampled from
the external fluid of the dialysis bag, followed by 3 ml PBS to maintain the total volume unchanged. The
concentration of DOX was determined by a standard working curve, and the determination was repeated three
times for each sample. The cumulative release percentage (Er) of drugs was calculated by the following formula
(1):

Vel G+ VoG

Mpox

E. (%) = X 100% (1)
mDOX represents the mass of DOX in micelles, V0 is the total volume of release medium (VO = 30 ml), Ciis the
concentration of the i-th sample of DOX. DOX drug loading content (DLC %) was calculated according to
Formula 2:

DLC(%) = YL % 100% )
w2
where w1 is weight of loaded drug and w2 is weight of the drugloaded polymer. DLC % of micelles was
calculated by the absorbance value measured at 485 nm by an ultraviolet spectrophotometer.

The loading of SPIO nanoparticles in polymer micelles was determined by atomic absorption
spectrophotometer (AAS). The micelles loaded with DOX/SPIO were added into a 1 M hydrochloric acid
solution to completely dissolve the SPIO nanoparticles. Iron concentration was measured at a specific iron
absorption wavelength (248.3 nm) according to a pre-established calibration curve. The SPIO loading content
(SLC) was calculated from the following equation:

SLC(%) = 2 % 100% )
w2

Where w3 is weight of the loaded SPIO and w2 is weight of polymer.

2.5. In vitro cytotoxicity

CCK-8 (Cell Counting Kit-8) Kit was used for biocompatibility and cytotoxicity experiments. The HepG2-ADM
cells with good growth were inoculated into 96-well plates, with 4 x 103 cells per well, and then divided into
different concentrations of 0, 50, 100, 150, 200, and 250 ug ml ! according to each blank probe, and four
multiple wells were set for each concentration. Cells were cultured for 24 h and then CCK-8 was added for 24 h.
Finally, the absorbance (OD) is measured at 450 nm using a microplate reader. According to the formula:
growth inhibition rate = [(control group OD value — experimental group OD value)/control group OD

value] x 100% to calculate the required cell survival rate.

In the cytotoxicity test of CCK-8, HepG2-ADM cells were inoculated into 96-well plates with 4 x 10> cells
per well for 12 h. Then, the TPGS@DOX/SPIO, FA-TPGS@DOX/SPIO, FA-SS-TPGS@DOX SPIO, and Free
DOX were divided into different concentrations of 10, 20, 30, 40, 50, and 60 ug/ml. Four multiple wells were set
for each concentration. It was then left in an incubator for 24 h. Furthermore, 10 ul CCK-8 reagent was added to
each well, and then placed in an incubator for 2—4 h. Then, the absorbance (OD) was measured at 450 nm using a
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microplate reader. After that, the growth inhibition rate was calculated using the formula: [(CONTROL group
OD value — experimental group OD value)/control group OD value] x 100% .

2.6. Invitro uptake assay

Flow cytometry was used to quantitatively analyze the fluorescence intensity of DOX in HepG2-ADM cells.
Drug-resistant liver cancer cells were inoculated into 6-well plates and cultured in a constant temperature
incubator for 24 h. After removing and discarding the medium, TPGS@DOX/SPIO, FA-TPGS@DOX/SPIO,
FA-SS-TPGS@DOX,/SPIO, and Free DOX. The dosage was 200 11/well, and the concentration was 10 g ml ™.
Then, trypsin was added to each well for 3 min for digestion. Then, the digested solution was collected for
centrifugation, the supernatant was removed, and 1 ml PBS was added to re-suspend the cells. Finally, flow
cytometry was performed, and the excitation wavelength was 488 nm. The emission wavelength is 575 nm.

Prussian blue staining was performed to detect the cellular uptake of SPIO. HepG2-ADM cells were first
inoculated into 24-well plates, and the cell density was set at 2 x 10° cells/well. Then, HepG2-ADM cells were
cultured in a constant temperature incubator for 24 h, and the medium was discarded. Then, 10 ug ml ! ofeach
TPGS/SPIO, FA-TPGS/SPIO, and FA-SS-TPGS/SPIO were added to three different blank probes prepared by
us, and three multiple holes in each group were set as reference. After incubation for 24 h, the culture medium
was discarded and rinsed three times with PBS. Then it was fixed with 4% paraformaldehyde for 10-20 min and
washed with distilled water for 2—3 min. Add Prussian blue dye and stain for 4-8 h. After rinsing, add the
nucleus-solid red dye and rinse for 3 min. Then, the 24-well plate was sucked clean and dried, and the Prussian
blue particles were observed under a microscope to enter HepG2-ADM cells.

DAPI staining was performed to confirm the uptake of nano-polymers by cells. In this study, drug-resistant
liver cancer cells were inoculated into a confocal petri dish with 1x 10° cells/well. After 24 h, TPGS@DOX/
SPIO, FA-TPGS@DOX/SPIO, FA-SS-TPGS@DOX/SPIO, and Free DOX. The concentrations were 10 ug ml !
and 30 g ml . After 24 h, the medium was discarded and 1 ml DAPI dye was added. Finally, the laser confocal
microscope was used to observe. The excitation wavelength of DOX and DAPI was 485 nm and 358 nm,
respectively. DOX and DAPI have emission wavelengths of 590 nm and 455 nm, respectively.

2.7. Invitro apoptosis analysis

HepG2-ADM cells were inoculated into confocal petri dishes at a density of 1 x 10°/well. After 24 h, the medium
was discarded and TPGS@DOX/SPIO, FA-TPGS@DOX /SPIO, FA-SS-TPGS@DOX SPIO, and Free DOX were
added at concentrations of 10 yg/mland 30 ug ml~'. Furthermore, 24 h later, the discarded medium was
removed, and then, 50 pl of calcein-AM /PI was added to each confocal petri dish, and they were observed under
a confocal microscope after 15 min.

3. Result and discussion

3.1. Characterization of synthesized copolymer

TPGS nanoparticles were prepared by a series of reactions. The overall design is shown in figure 1. Figure 2
shows the infrared spectrum of N3-PEG-FA. The characteristic absorption peak of the azide group was seen at
2109 cm ™" and c-H vibration peak of methylene CH, at 2900 cm . According to the nuclear magnetic
resonance hydrogen spectrum (1 H-NMR) of N3-PEG-FA in figure 3, it was observed that the proton on the
benzene ring of folic acid was in the range of 6.5-8 ppm, and the methylene H was in the range of 3.5 ppm. IR
spectrum of alkyne-SS-VES showed that the C-H vibrational peak was located at 2900 cm ™', and the C=0O
stretching vibrational absorption peak was located at 1750 cm ™. As figure 4 showed, the C-H vibrational peak is
located at 2900 cm ', and the C=0 stretching vibrational absorption peak is located at 1750 cm ™. The
characteristic peaks at 3.5 and 4.25 PPM, showed in figure 5, belong to methylene on propargyl carbamate ethyl
dimercaptoethylamine. Thus, alkyne-SS-VES was successfully prepared. The H NMR of Final product FA-SS-
TPGS was shown in figure 6.

Figure 7 shows the particle size distribution and morphology test results of blank FA-SS-TPGS micelles and
FA-SS-TPGS@DOX/SPIO micelles. According to the DLS test results, the average particle size of blank FA-SS-
TPGS micelles was about 95.6 nm, and the average particle size of FA-SS-TPGS@DOX /SPIO micelles was about
134.6 nm. The significant increase in particle size was mainly caused by the entry of hydrophobic DOX and SPIO
into the hydrophobic core of nanoparticles. TEM observation showed that FA-SS-TPGS self-assembled
spherical nanoparticles in aqueous solution.

It was also found that the mean particle size of micelles observed by TEM was smaller than that by DLS,
probably because DLS tests were carried out in aqueous solution, while TEM observations were carried out in a
dry environment. In addition, TEM results also indicated that FA-SS-TPGS@DOX/SPIO nanoparticles also
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Figure 2. The characteristic absorption peak of azide group was seen at 2109 cm ™' and c-H vibration peak of methylene CH, at
2900 cm ™.

form spherical nanoparticles. It could also be seen that the particle size of FA-SS-TPGS@DOX/SPIO was larger

than that of FA-SS-TPGS nanoparticles.
As can be seen from table 1, the prepared FA-SS-TPGS had high loading capacity for both DOX and SPIO.

Compared with TPGS, FA-SS-TPGS had a better loading capacity for DOX and SPIO.
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Figure 3. Proton on the benzene ring of folic acid is in the range of 6.5-8 ppm, and the methylene H is in the range of 3.5 ppm.
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Figure 4. The C-H vibrational peak is located at 2900 cm ', and the C=0 stretching vibrational absorption peak is located at
1750cm ™",

3.2.Drugrelease rate testing

The in vitro release experiments for DOX were conducted under two conditions: in the presence and absence of
glutathione (GSH) in phosphate-buffered saline (PBS) at a pH of 7.4. The results are presented in figure 8. We
released the drugat a single concentration and acknowledged that if different concentrations of GSH were
utilized, varying release rates would occur. The drug release data demonstrated that the FA-SS-TPGS micelles
exhibited a reductant-triggered release profile, as evidenced by 100% release of DOX from the micelles within
12 hin the presence of GSH. In contrast, only approximately 40% release of DOX was observed under non-
reductive conditions within 24 h. The accelerated DOX release under reductive conditions was attributed to the
degradation of the disulfide linkages in the micelles. The FA-SS-TPGS micelles could be effectively mitigated,
leading to a significant enhancement in therapeutic efficacy and successful overcoming of MDR.

3.3. MRI contrast measurement

Figure 9 showed the magnetic properties of nanoparticles loaded with SPIO. SPIO based nanoparticles could
shorten the T2 relaxation time. TPGS@SPIO containing SPIO had a magnetic conductivity of about

126.8 FemM ~'s ™. The magnetic properties of FA-TPGS@SPIO containing SPIO was about 261.3 FemM ~'s .
FA-SS-TPGS@SPIO containing SPIO had a magnetic conductivity of approximately 230 FemM ~'s~'. It can be

7



10P Publishing

Mater. Res. Express 10 (2023) 115404

ZLietal

" oo
o N s M -0 c
I N a a 2
o T/Ill o (1}1_, CHy LlH.
HC” N7 S NN PPN cH
5 CH; d d d d 4 a
a
Cc
d
DCcCl, e
9}
b
i h ‘ k}v ‘\M
AL a vl A U]
T T T T
8 7 6 5 - 3 2 1
Chemical shift (ppm)
Figure 5. The characteristic peaks at 3.5 and 4.25 PPM belong to methylene on propargyl carbamate ethyl dimercaptoethylamine.

i N\L 2 ! 2
" 5 N o NS _)K/\ro ¢
\/\+ \i/}l?/\\/ : \Icl,/ s ;I ) CHy | . \ " ,
cH, CHs CH; CHa
. HiC o CH;
1k m N '\ﬁ/\“ c CH, d ¢ 4 4 g a
N - i H /(\ fo c a
HO-C—C-N—-C—{ Hp—N-Cc” N
H H, | B OH
N—C—C—CH; 1k
0
J
m n! k i
L A h s o 1)
rer o . TP T T T
9 8 7 6 5 E 3 2 1 0
Chemical shift (ppm)
Figure 6. The H NMR of Final product FA-SS-TPGS.

seen that FA-TPGS and FA-SS-TPGS, two novel TPGS derivatives prepared in this study, had better magnetic

properties than TPGS when they were loaded SPIO. It verified that the NPs were useful for MRI imaging.

3.4. In vitro cellular uptake studies

As shown in figure 10, the experiments evaluated the effects of FA and disulfide bonds on the cellular uptake
behavior and intracellular distribution of DOX in HepG2-ADM cells. Compare with DOX-loaded NPs, free
DOX was hardlylocated in the HepG2-ADM cells, which because of the reduced susceptibility of the cells.
TPGS@DOX/SPIO was mainly accumulated throughout the cytoplasm of HepG2-ADM cells and substantially
less accumulated in the nuclei. Meanwhile, TPGS could strengthen drug accumulation in drug resistant cells,
which may be attributed to the TPGS property as an inhibitor of P-gp [30]. FA-SS-TPGS@DOX /SPIO and FA-
TPGS@DOX/SPIO nanoparticles presented strong DOX fluorescence accumulated in the cytosol, and weak
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Figure 7. The particle size and morphology of nanoparticles were determined by dynamic light scattering and transmission electron
microscopy. (a) and (c) shows FA-SS-TPGS, respectively. (b) and (d) shows FA-SS-TPGS@DOX/SPIO, respectively.

100

804

S —&—TPGS

< 1 —8—FA-TPGS

2 —A—FA-SS-TPGS

g 60 1 —v—TPGS +GSH

< ] —4&—FA-TPGS +GSH

5 —<4—FA-SS-TPGS +GSH

2 40+

At

=

E ]

= 204
©)

0 T T ' T T T T T r
0 5 10 15 20 25
Time (h)
Figure 8. In vitro DOX release profiles from reduction-sensitive FA-SS-TPGS micelles under various GSH concentrations at 37 °C.

Table 1. Characteristics of blank micelles and DOX/SPIO micelles.

Blank micelles DOX/SPIO-loaded micelles
Sample code
Diameter (nm) PDI Diameter (nm) PDI DLC (%) SLE (%)
FA-SS-TPGS 95.6.5+2.7 0.06 £0.01 134.6+1.7 0.1040.01 6.6 7.5
FA-TPGS 88.7+2.0 0.09 +0.02 127.3+£3.6 0.124+0.04 6.2 6.9
TPGS 93.5+1.7 0.154+0.02 125.8+£2.3 0.10+0.04 5.3 7.3.
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Figure 9. (A) MRI T2-weighted images. (B) T2 relaxation rate of nanoparticles at various Fe concentration(mM).

fluorescence accumulated in the nuclei. FA-SS-TPGS@DOX/SPIO showed significant red fluorescence
throughout the cytoplasm, which manifested enhanced cell uptake. The results provided visual evidence
supporting the involvement of folate receptor-mediated endocytosis in the uptake and intracellular distribution
of DOX in these cells. The obtained results are consistent with the mechanism of folate receptor-mediated
endocytosis [31].

In order to verify the HepG2-ADM cells uptake rate induced by the DOX-loaded NPs, flow cytometry was
performed to carry out a quantitative analysis of the fluorescence intensity. In the experiment, 10 pg/ml
TPGS@DOX/SPIO, FA-TPGS@DOX/SPIO, FA-SS-TPGS@DOX/SPIO, and Free DOX were used to incubate
HepG2-ADM cells for 4 h. According to figure 11, flow cytometric analysis revealed that HepG2-ADM cells
treated with nanoparticles that were decorated with an FA-targeting ligand or contained disulfide bond linkages
exhibited significantly higher fluorescence intensity of DOX compared to nanoparticles that lacked FA and
disulfide bonds. Moreover, the fluorescence intensity in the cells showed that fluorescence intensity of FA-SS-
TPGS@DOX/SPIO group was the highest among the four drugs. This was consistent with the results of the first
experiment. This results proved the ability of DOX-loaded NPs could overcome MDR in HepG2-ADM cells.
Especially, FA-SS-TPGS@DOX/SPIO can enhance anticancer effects to a greater degree with a collaborative so
that it could effectively overcome MDR in cancer chemotherapy.

The in vitro cellular uptake effects of the star polymeric nanoparticles were demonstrated using Prussian blue
staining. According to figure 12, unloaded medicine TPGS/SPIO, FA-TPGS/SPIO, and FA-SS-TPGS/SPIO
could be seen in HepG2-ADM cells. It could be found remarkable blue fluorescence in the FA-SS-TPGS/SPIO
group. These findings are consistent with results reported in the literature [22]. Based on the experiments, FA-
SS-TPGS@DOX/SPIO could be used as anticancer drugs against HepG2-ADM cells.

3.5. In vitro cytotoxicity

The cytotoxicity of blank NPs was first tested by using HepG2-ADM cells treated with different NP
concentrations (0, 50, 100, 150, 200, and 250 ug ml ™). As figure 13 showed that when the concentration of each
blank vector reached 300 ug ml™, the survival rate of cells could still exceed 70%. It suggested that the blank NPs
at the tested concentrations exhibited nontoxicity on HepG2-ADM.

So as to assess the cytotoxicity of DOX-loaded NPs to drug resistant cells, DOX-loaded NPs were tested by
using HepG2-ADM cells treated with different NP concentrations (10, 20, 30, 40, 50, and 60 ugml™ 1).
According to figure 14, DOX-loaded NPs enhanced cell cytotoxicity on HepG2-ADM cells. Free DOX exhibited
significantly lower cell cytotoxicity compared with that of DOX-loaded NPs. The HepG2-ADM cells exhibited
obvious drug resistance to Free-Dox with the drug incubation concentration of 10—60 pg ml~'. Meanwhile,
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Figure 10. HepG2-ADM cells were co-cultured with TPGS@DOX/SPIO, FA-TPGS@DOX/SPIO, FA-SS-TPGS@DOX/SPIO, and

Free DOX for DAPI staining.
100 7 &
80 7]
60 ]
40 7
20 ]
0. ‘
3 3 - 5

-10 0 10 10 10
PE-A

Normalized To Mode

Figure 11. (a) Blank control group, (b) FA-TPGS@DOX /SPIO group, (c) FA-SS-TPGS@DOX/SPIO group, (d) TPGS@DOX/SPIO
group, and (e) Free DOX group.
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Figure 12. Prussian blue staining of HepG2-ADM cells (scale 100 yim). (a) Normal growth of HepG2-ADM cells, (b) FA-SS-TPGS/
SPIO group, (c) FA-TPGS/SPIO group, and (d) TPGS/SPIO group.
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Figure 13. The survival rate of HepG2-ADM cells of blank materials at different concentrations.

DOX-loaded NPs could overcome the drug resistance of HepG2-ADM cells, so that they could increase the cell
cytotoxicity. With the drug concentration grew, the cell cytotoxicity of Dox- loaded NPs appeared significant
increased. Furthermore, the cytotoxicity of FA-SS-TPGS@DOX /SPIO was the most significant among the three

NPs. In summary, DOX-loaded NPs maintain the pharmacological activity of DOX. FA-SS-TPGS@DOX/SPIO
overcame MDR of HepG2-ADM cells effectively.

3.6. Cell apoptosis analysis

HepG2-ADM cells treated with Free DOX and DOX-loaded NPs. Then they observed by fluorescence
microscopy. As figure 15 shown, we could obviously found distinction of the cells treated by free-DOX and
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Figure 14. The survival rate of HepG2-ADM cells in different concentrations of drugs.

Figure 15. HepG2-ADM cells by calcein-AM/PI double staining (scale: 100 zzm) (a) FA-SS-TPGS@DOX/SPIO group, (b) FA-
TPGS@DOX/SPIO group, (c) TPGS@DOX/SPIO group, and (d) Free DOX group.

DOX-loaded NPs at the concentration of 30 ug ml~'. Among the four groups of drugs, the cells in the Free DOX
maintained well cellular morphology. In comparison, the DOX-loaded NPs could significantly influence cellular
morphology. Some nuclei shrank as well as apoptosis bodies appeared, which was the most obvious after
treatment with FA-SS-TPGS@DOX /SPIO. The above results showed that FA-SS-TPGS@DOX /SPIO exhibited
the strongest antitumor efficacy.
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4. Conclusions

In this study, we successfully synthesized folic acid and disulfide bond modified FA-SS-TPGS@DOX/SPIO. The
chemical characteristics of the polymer were confirmed through various tests such as infra-red spectrogram,
dynamic light scattering experiment, and 1H NMR Due to these characteristics, the amphiphilic nature of the
polymer enabled it to self-assemble into spherical nanoparticles with an average size of approximately 95.6 nm.
The amphiphilic nature of the polymer allowed it to self-assemble into spherical nanoparticles with an average
size of approximately 95.6 nm. These nanoparticles served as theranostic agents after loading with DOX and
SPIO. Drug release experiments demonstrated that the nanoparticles rapidly released DOX in a high GSH
environment, which is often found in cancer cells. Among the tested nanoparticles, FA-SS-TPGS@DOX/SPIO
was found to be the most effective. In vitro cellular uptake and cytotoxicity assays indicated that FA-SS-
TPGS@DOX/SPIO exhibited high intracellular uptake. Additionally, the nanoparticles showed a significant
change in the T2 signal, indicating their potential for imaging purposes. In conclusion, FA-SS-TPGS@DOX/
SPIO nanoparticles demonstrated great potential as theranostic agents for drug-resistant tumors. Their ability to
target tumor cells, release drugs in response to the intracellular environment, and provide imaging capabilities
make them promising candidates for overcoming multidrug resistance and improving cancer treatment
outcomes.
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