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ABSTRACT

This study aimed to synthesize a nanogel system based on Heparin (Hep) and Pluronic F127
(F127) copolymers with optimal Hep:F127 ratio for delivering poor water soluble drug and
Platinum-based drugs. Firstly, Hep-F127 conjugates were formed via disulfide bridges of
cystamine molecules. The obtained Hep-F127 systems were then proved and characterized using
Proton nuclear magnetic resonance (*H-NMR), Dynamic Light Scattering (DLS)) methods.
Cisplatin (CPT) was used as the Pt drug model, meanwhile Paclitaxel (PTX) was used as poor
water-soluble drug model. The encapsulation ability for CPT and PTX was investigated and
compared to choose the optimal Hep-F127 ratio. This Hep-F127 nanogel system is expected to
be a good carrier for delivering drugs with different properties.
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1. INTRODUCTION

The development of drug delivery technology has contributed to solving some main problems
of chemotherapy in cancer treatment, such as side effects, low solubility, poor stability, poor
distribution, and multidrug resistance [1]. Many drug delivery systems have been studied and
developed, mainly nanoparticles [2]. These nanoparticles offer impressive advantages over free
drugs, including encapsulation to prevent drugs exposure to off-targets and the ability to control
drug release at the targeted sites. Depending on the properties of the drugs to be delivered,
appropriate material components would be chosen and designed so that the obtained
nanoparticles would have the highest encapsulation ability and best controlled drug release [3].

Pluronics F127, an amphiphilic tri-block copolymer have that was FDA-approved andhas
been used for drug delivery applications [4]. Their molecules composed of a central hydrophobic
poly(propylene oxide) (PPO) template flanked by hydrophilic poly(ethylene oxide) (PEO)
chains. This structure, on the one hand makes pluronic good biocompatibility; on the other hand,
it can improve the solubility of encapsulated poorly soluble drugs [5, 6]. Meanwhile, heparin, a
biomolecule with masignificantrboxylic groups, has been reported to form pH-responsive
complexes with platinum atoms of Platinum-based anticancer drugs [7]. These complexes make
Pt-drug be released sustainably in physiological environment and rapidly in tumor
microenvironment [8].

Considering the above characteristics of pluronic F127 and heparin, a drug delivery system
based on these two components not only helps the system have good encapsulation for both
poorly soluble drugs and Pt-based drugs, but also improve the biocompatibility and cellular
uptake of the delivery system [9]. Besides, free heparin has been reported as a factor causing an
increased bleeding risk. A drug delivery system based on the connection between F127 and
heparin, therefore, is expected to avoid the bleeding risk caused by free heparin during
circulation in the body [10].
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In this study, nanogel systems were prepared from copolymers of Heparin and Pluronic F127
at different component ratios of Heprain and F127, from 1:1 to 1:20, for the delivery of poor
water soluble drug and Platin drug. Of which, the Hep-F127 conjugates were formed via
disulfide bridges of cystamine molecules and the obtained Hep-F127 systems were proved. The
encapsulation ability for poor water soluble drug and Pt drugs was investigated and compared to
choose the optimal Hep-F127 ratio. This Hep-F127 nanogel system is expected to be a promising
carrier for the delivery of drugs with different properties.

2. MATERIALS AND METHODS

2.1. Materials

Heparin sodium (Hep) with MW of 12,000 - 15,000 Da, 3-amino-1-propanol (Ami), p-
nitrophenyl chloroformate (NPC), 1-ethyl-3-3-dimethylaminopropyl carbodiimide (EDC),
cystamine (Cys), Pluronic F127 (12400 Da) were purchased from Sigma-Aldrich. Cisplatin
(CPT) and Paclitaxel (PTX) were purchased from Toronto Research Chemiscals INC. Solvents
were obtained from Fisher. Deionized water (DIW) and distilled water (DW) were supplied by
the Institute of Chemistry and Materials.

2.2. Methods
2.2.1. Preparation of Copolymer Heparin-F127 (CHF)
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Figure 1. Synthesis of heparin-F127 copolymer (CHF).

Copolymer Heparin-F127 (CHF) was formed based on Hep-F127 conjugates via disulfide
bridges of Cystamine molecules. The CHF synthesis was carried out through 3 steps as follows:
Pluronics F127 was activated using NPC. After that, F127-Cys system was synthesized based on
the urethane bonds created between NPC-F127-OH and Cystamine dihydrochloride. Finally,
CHF was synthesized on the basis of amide linkage (-NHCO-) between Heparin and F127-Cys
through the coupling agent EDC. Different amount of heparin with molar ratio to F127 of 1:1,
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1:5, 1:10, 1:15 and 1:20 was dissolved in cold DIW in round flasks. Then, the same cold aqueous
solution of F127-Cys was added dropwise into each flask. The reaction was maintained for 24 h
at about 15 °C. Then, the mixture was dialyzed against DW for 5 days using cellulose membrane
(MWCO 14 kDa) and lyophilized to obtain the Hep-F127 samples. The synthesis scheme of
CHF system from H eparin and F127-Cys through coupling agent EDC is shown in figure 1.

2.2.2. Preparation of Nanogel Heparin-F127 (NHF)

The five CHF systems with different component ratios including 1:1, 1:5, 1:10, 1:15 and 1:20
were dissolved completely in 1 ml cold DIW (around 15 °C). Then, the temperature of the
solutions was gradually increased and the optical conversion of the solution was recorded every
5 degrees. The temperature at which the solution changed from transparent to partially opaque
was known as the nanogel formation temperature. NHFs were described through Zeta potential
and DLS analysis.

2.2.3. Characterization

The formed conjugations of CHF systems were determined by Proton Nuclear Magnetic
Resonance Spectroscopy (*H-NMR), Bruker.

The formation of nanogel was confirmed by Dynamic Light Scattering (DLS) Particle
Analyzer meanwhile Zeta potential ({) was determined through a Helium-neon (He-Ne) laser
beam with the setting detection angle of 90°, temperature of 25 °C and wavelength of 532 nm
using a Zetasizer Nano SZ (SZ-100, Horiba, Kyoto, Japan).

2.2.4. Study of loading capacity and loading efficiency of NHF

The drug loading capacity (DLC) and drug loading efficiency (DLE) of NHF, Paclitaxel
(PTX) and Cisplatin (CPT) were used as model drugs [11, 12].

Cisplatin was dissolved in DI, named solution C. Various component ratio NHF systems were
dispersed in water-cooled at 4 °C, named solution A. C was slowly dripped into A with magnetic
stirring for 24 h. The mixture was then dialyzed in water for 8 h to remove the unloaded drug and
lyophilized to obtain the drug-encapsulating products CPT@NHF.

Paclitaxel was dissolved in MeOH, named solution P. Various component ration NHF
systems were dispersed in water-cooled at 4 °C, named solution A. P was slowly dripped into A
with magnetic stirring for 24 h. The mixture was then dialyzed in water for 8 h to remove the
unloaded drug and lyophilized to obtain the products PTX@NHF.

The DLC and DLE of NHF were determined by quantifying unloaded drug. CPT was
determined by UV-Vis using the o-phenylenediamine (OPDA) colorimetric assay [13, 14] while
PTX was determined by high-performance liquid chromatography (HPLC) [15-18]. The DLE
and DLC values of CPT@NHF and PTX@NHF were calculated using the following equations:

m
DLE (q,@):M < 100 1)
Mnitial Drug
m
DLC (%): Loaded Drug < 100 )

My faterials Wy o oded Drug

Where: M oaded Drug is ML oaded PTX OF Mioaded CPT; MMaterials is the MCHF raitos; Minitial Drug is the Minitial
pTX OF Minitial cPT

3. RESULTS AND DISCUSSION

3.1. Synthesis of CHF
The successful synthesis of the copolymer Hep-F127 of different component ratios was
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proved through *H-NMR, Zeta potential and DLS experiments.

The *H-NMR spectra of the five Heparin-F127 copolymers were showed in figure 2. The
characteristic resonance peaks of F127 appeared at 6H = 1.25 ppm (f) and dH = 3.77 ppm (c),
corresponding to the resonance of the —CHjs proton in PPO and the OCH,—CH,0O- proton in PEO
[19]. The signals of protons -O—CH-CH>-O— at 6H = 3.27 ppm (i) and dH = 2.1 ppm (j) were
characteristic signals of heparin [20, 21]. Notably, the signals of protons —CH,—NH—-(C=0)- at
chemical shift 6H = 3.15 ppm (a) and protons —CH>—S— at chemical shift 3H = 2.97 ppm (b)
proved that heparin and F127 were successfully conjugated via disulfide bridge of Cystamine
molecules [22].
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Figure 2. "H-NMR spectra of CHF Hep-F127 at five ratios of Hep:F127.

To confirm the successful synthesis of CHF Hep-F127, zeta potential and DLS size of the
nanogel systems formed from CHF Hep-F127 (NHF) at different component ratios were
determined and compared to those of F127.

It could be seen from figure 3 that zeta potential of F127 micelles approximated zero
meanwhile those of NHF systems were negative. The zeta potential of NHF (1:1) was the most
negative with the value of -16.26 mV. When the F127 proportion in the CHF formula increased,
the zeta potential of corresponding NHF increased and that of NHF (1:20) reached the maximum
value at -9.66 mV. This proved that the presence of F127 in the CHF copolymer system reduces
the negative zeta potential of heparin. In addition, it was possible to predict that the composition
of F127 in CHFs increased gradually with the F127 ratio in the synthesized formula.

The DLS size of F127 micelles and NHF nanogel at different Hep:F127 ratios were

determined and presented in figure 4. It could be seen that the size of the NHF nanogel increased
with the increase of the F127 proportion. As the F127 proportion increased, the amount of F127
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in the CHF copolymer increased, leading to an increase in the size of NHF nanogel. This result
was completely consistent with the zeta potential results.
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Figure 3. Zeta potential of NHF Hep-F127 at different component ratios.

In terms of the size of a nanomaterial in drug delivery application, NHF (1:1) and NHF (1:5)
nanogels can be considered as potential carriers, as their size are close to the optimal value of
100 nm. This optimal size was reported to be suitable for carrying a sufficient amount of drug,
high absorption capacity, as well as avoiding clearance during administration [23-24]. In terms of
the ability to encapsulate drugs, the ratio of the two components Heparin and F127 in the NHF
nanogel play important roles. Therefore, NHF nanogels with different component ratios need to

be evaluated for drug loading capacity and drug loading efficiency in order to select appropriate
Hep:F127 ratios.
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Figure 4. DLS diameter of CHF Hep-F127 at different component ratios.
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3.2. Drug loading capacity and loading efficiency of NHF

The DLC and DLE of NHF systems for CPT and PTX are presented in figure 6. The results
showed that when the Hep:F127 ratios increased from 1:1 to 1:20, the encapsulation ability of
NHF gradually decreased for CPT and slightly increased for PTX. In detail, DLC and DLE for
CPT reached the highest values at the Hep:F127 ratio of 1:1 (16.2% and 85.2%, respectively),
meanwhile those for PTX increased when the Hep:F127 ratios changed from 1:1 to 1.5 and
remained stable for the other Hep:F127 ratios (about 18% and 92%, respectively). This was due
to the encapsulation of CPT through the complexation with heparin molecules in NHF system.
Therefore, the higher the proportion of heparin in NHF system, the better the CPT encapsulation
ability of the NHF system. Furthermore, PTX is a poorly soluble drug that can be well
encapsulated in the PPO blocks of the F127 molecules. Consequently, the higher the proportion
of F127 in the NHF system, the better its ability to encapsulate PTX. However, there was no
significant difference among the NHF samples from 1:5 to 1:20. This might be due to the
stereospecific interference effect which lead PTX being mainly encapsulated into the PPO units
of the outer F127 molecules of the NHF systems.
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Figure 5. Loading capacity and loading efficiency for a) PTX@NHF, b) CPT@NHF.

From the experimental results to determine the drug encapsulation ability, together with the
DLS size results, it could be seen that NHF (1:1) and NHF (1:5) were the two best drug-carrying
systems for CPT and PTX, respectively. Depending on the properties of the desired encapsulated
drug, the ratio 1:1 or 1:5 could be selected. Moreover, these results make a very important
meaning for studies that develop a dual drug encapsulation system consisting of one poorly
soluble drug and one Pt drug.
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4. CONCLUSIONS

Nanogel Hep-F127 system with five component ratios was investigated to define the optimal
formula to deliver drugs with different properties. The five NHF systems, which were proved
through *H-NMR, Zeta potential, DLS, have monodisperse spherical shapes with DLS diameters
range from 83 to 121 nm. The proportion of F127 in the obtained NHF systems increased when
the F127 ratio in the Hep-F127 synthesis formula increased. The Hep:F127 optimal ratio was
defined as 1:1 for CPT delivery with DLE and DLC were 16.2% and 85.2%, respectively.
Meanwhile, that was defined as 1.5 for PTX delivery with DLE and DLC were 92% and 18%,
respectively. These findings suggested that NHF (1:1) and (1:5) would be potential nanocarriers
for effective delivery of poor water-soluble drug and Pt drug in cancer treatment. Moreover, dual
drug encapsulation and drug release profile of these optimal NHF should be further investigated.

Tap chi Nghién ciru KH&CN qudn su, 88 (2023), 58-65 63



Hoa hoc & Moi truong

Acknowledgements. This study was funded by the 562 Program (Basic Science Development in the
fields of life, earth, and marine science in the period of 2017-2025 orienting to 2030), under grant number
DTDL.CN-53/21.

REFERENCES

[1]. Cerqueira, M.A., et al., "Structural and thermal characterization of galactomannans from non-
conventional sources”. Carbohydrate polymers, 83(1): p. 179-185, (2011).

[2]. Yao, Y. etal., "Nanoparticle-based drug delivery in cancer therapy and its role in overcoming drug
resistance". Frontiers in molecular biosciences, 7: p. 193. (2020).

[3]. Hassanzadeh, P., F. Atyabi, and R. Dinarvand, "The significance of artificial intelligence in drug
delivery system design". Advanced drug delivery reviews, 151: p. 169-190. (2019).

[4]. Jarak, 1., et al., "Pluronic-based nanovehicles: Recent advances in anticancer therapeutic
applications”. European Journal of Medicinal Chemistry, 206: p. 112526. (2020).

[5]. Pitto-Barry, A. and N.P. Barry, "Pluronic® block-copolymers in medicine: from chemical and
biological versatility to rationalisation and clinical advances". Polymer Chemistry, 5(10): p. 3291-
3297. (2014).

[6]. Nguyen, T.T.C., et al, "Highly lipophilic pluronics-conjugated polyamidoamine dendrimer
nanocarriers as potential delivery system for hydrophobic drugs". Materials Science and
Engineering: C, 70: p. 992-999. (2017).

[7]. Xu, C., B. Wang, and S. Sun, "Dumbbell-/iike Au— Fe304 nanoparticles for target-specific platin
delivery". Journal of the American Chemical Society, 131(12): p. 4216-4217. (2009).

[8]. Park, S.S., et al., "Functionalised mesoporous silica nanoparticles with excellent cytotoxicity against
various cancer cells for pH-responsive and controlled drug delivery". Materials & design, 184: p.
108187. (2019).

[9]. Kemp, M.M. and RJ. Linhardt, "Heparin-based nanoparticles”. Wiley Interdisciplinary Reviews:
Nanomedicine and Nanobiotechnology, 2(1): p. 77-87. (2010).

[10]. Argyo, C., et al., "Heparin-Coated Colloidal Mesoporous Silica Nanoparticles Efficiently Bind to
Antithrombin as an Anticoagulant Drug-Delivery System. Chemistry"—A European Journal, 18(2): p.
428-432. (2012).

[11]. Peng, X.-H., et al., "Targeted delivery of cisplatin to lung cancer using SCFVEGFR-heparin-cisplatin
nanoparticles”. Acs Nano, 5(12): p. 9480-9493. (2011).

[12]. Nguyen, N.T., et al., "Synergic activity against MCF-7 breast cancer cell growth of nanocurcumin-
encapsulated and cisplatin-complexed nanogels”. Molecules, 23(12): p. 3347. (2018).

[13]. Truong-Thi, N.-H., et al., "pH-Responsive Delivery of Platinum-based Drugs through the Surface
Modification of Heparin on Mesoporous Silica Nanoparticles”. European Polymer Journal, p.
111818. (2023).

[14]. Golla, E.D. and G.H. Ayres, "Spectrophotometric determination of platinum with o-
phenylenediamine”. Talanta, 20(2): p. 199-210. (1973).

[15]. Trang Le, N.T., et al., "Preparation of liposomal nanocarrier by extruder to enhance tumor
accumulation of paclitaxel”. Journal of Bioactive and Compatible Polymers, 37(1): p. 3-16. (2022).

[16]. Vu, M.T., et al., "Development and characterization of soy lecithin liposome as potential drug
carrier systems for codelivery of letrozole and paclitaxel™. Journal of Nanomaterials, p. 1-9. (2020).

[17]. Vu, M.T., et al., "Development, characterization and in vitro evaluation of paclitaxel and
anastrozole Co-loaded liposome". Processes, 8(9): p. 1110. (2020).

[18]. Le, N.T.T., et al., "Methoxy polyethylene glycol-cholesterol modified soy lecithin liposomes for
poorly water-soluble anticancer drug delivery". Journal of Applied Polymer Science, 138(7): p.
49858. (2021).

[19]. Shaikhullina, M., et al., "NMR relaxation and self-diffusion in aqueous micellar gels of pluronic F-
127". Journal of Molecular Liquids, 306: p. 112898. (2020).

[20]. Choi, J.H., et al., "Self-assembled nanogel of pluronic-conjugated heparin as a versatile drug
nanocarrier". Macromolecular research, 19(2): p. 180-188. (2011).

[21]. Pomin, V.H., "1H and 15N NMR analyses on heparin, heparan sulfates and related
monosaccharides concerning the chemical exchange regime of the N-sulfo-glucosamine sulfamate
proton". Pharmaceuticals, 9(3): p. 58. (2016).

64 N. T. Huong, ..., P. T. Chinh, “Heparin - Pluronic F127 nanogel ... drug delivery applications.”



Nghién ciru khoa hoc cong nghé

[22]. Nguyen, D.H., et al., "Targeting ligand-functionalized and redox-sensitive heparin-Pluronic
nanogels for intracellular protein delivery". Biomedical Materials, 6(5): p. 055004. (2011).

[23]. Mitchell, M.J., et al., "Engineering precision nanoparticles for drug delivery". Nature Reviews Drug
Discovery, 20(2): p. 101-124. (2021).

[24]. Chen, F., et al., "Engineering of hollow mesoporous silica nanoparticles for remarkably enhanced
tumor active targeting efficacy". Scientific reports, 4(1): p. 1-10. (2014).

TOM TAT

Heparin - Pluronic F127 Nanogel véi ty ¢ thanh phén t6i wu
cho ciac ing dung mang thuoc

Nghién civu tong hop copolyme trén co s¢ Heparin (Hep) va Pluronic F127 (F127) véi
1y 1é Hep:FI127 toi wu dé nang hod hai hé thuéc Paclitaxel va cisplatin. S tao thanh
copolyme ciia lién hop Hep-F127 dwoc hinh thanh thong qua cdc cau néi disulfide cua cdac
phan tir cystamine. Cac h¢ Hep-FI127 thu duoc da dwoc nghién cuu dac trung cdu tric
bang phirong phdp céng huong tir hat nhan Proton (1H-NMR), thé Zeta va tan xa dnh
sang déng (DLS). Duoc chat Cisplatin (CPT) duoc sit dung cho mé hinh nang hod dwoc
chdt tan trong nuéc, trong khi Paclitaxel (PTX) dwoc sic dung cho mé hinh nang hod
thuéc kém tan trong mede. Kha ning nang hod CPT va PTX ciia hé nanogel di dwoc khdo
sdt dé liwa chon ty 16 Hep-F127 t6i uu trong tirng mé hinh.

Tur khéa: Nanogel; Cisplatin; Pluronic F127; Paclitaxel.
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