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Preparation and enhanced photodynamic therapy of supramolecular
nanoparticles to overcome tumor hypoxia
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(1. School of Pharmacy, Fujian University of Traditional Chinese Medicine, Fuzhou 350108, China;
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Abstract: The therapeutic effect of tumor photodynamic therapy is severely limited by the hypoxic tumor
microenvironment. Inhibiting tumor celloxygen consumption is a more effective way than increasing its oxygen
supply to overcome the tumor hypoxia and enhance photodynamic therapy. To carry out this strategy, the supramo-
lecular nanoparticles VER-ATO-SMN loaded with photosensitizer verteporfin (VER), oxygen-consuming inhibitor
atovaquone (ATO), and stabilizer polyvinylpyrrolidone (PVP)-K30 were prepared by the nanoprecipitation method,
and the optimal prescription was screened and optimized by single factor experiments. The results showed that the
optimal prescription for VER-ATO-SMN was ATO: VER (w/w) = 1.1, PVP-K30 = 100 mg, N, N-dimethylfor-
mamide: water (v/v) = 1:10. The morphology, particle size, particle dispersion index and encapsulation efficiency
of supramolecular nanoparticles were characterized. The VER-ATO-SMN showed a spherical morphology and was
well dispersed. The hydrodynamic size of VER-ATO-SMN was 101.21 + 4.30 nm as determined by dynamic light
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scattering (DLS). The encapsulation efficiencies of VER and ATO in VER-ATO-SMN prepared with the optimal
prescription were 70.86% and 77.52%, respectively. The VER-ATO-SMN exhibited good laser stability and also
showed high stability in conditions which simulated the physiological solution. Compared with free VER and VER
liposome, VER-ATO-SMN performed enhanced therapeutic effect at the cell level. The mechanism was that VER-
ATO-SMN could effectively incorporate into cells and improving the intracellular oxygen concentration by reducing
the oxygen consumption of tumor cells could increase the amount of reactive oxygen species generated by VER
mediated photodynamic therapy. The in vivo anticancer efficacy results of tumor-bearing mice suggested that
VER-ATO-SMN could effectively inhibit the tumor growth or even completely eliminate the tumor. All animal
experiments were performed in line with national regulations and approved by the Animal Experiments Ethical

Committee of 900 Hospital of the Joint Logistics Team.
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supramolecular nanoparticle
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[F] B 6, 5% ATO A6 7 4 % 91 25 (verteporfin, VER),
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Atovaquone

Verteporfin

Figure 1  Molecular structures of cellular respiration inhibitor

atovaquone (ATO) and photosensitizer verteporfin (VER)
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IR /R FLIREAE (AT1400E) W E
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electron microscopy, TEM) &, M 22 gl KL 45
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B2k P, gk A2 AR LA L
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J# X-100 (Triton X-100). | = J¢ 2% 1 8 44 (sodium
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6.8.10.15 umol-L?) ) VER-ATO-SMN ¥ ¥ 100 pL,
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A PBS ¥E 3%, hioN 1 mL 38 B 40 23 e i (b )
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1105 /FL 40 M H iz Fh T 6 FLAR H, £5 20 i s BE S5,
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PREAE NI LA T 402 DL B, N4 A i
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PRI EEL R
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Figure 2 Chromatograms of free ATO and ATO in VER-ATO-SMN at 276 nm (A) and free VER and VER in VER-ATO-SMN at 427 nm
(B) determined by HPLC method. SMN: Supramolecular nanoparticles
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Figure 3 The study of formulation optimization. A: Hydrodynamic diameter of different formulations; B: Encapsulation efficiency of
different formulations; C: Actual concentration of different formulations; D: The fitting curve of the ratio of drug added and measured.
Hydrodynamic diameter of formulations prepared with differentvolume of N,N-dimethyl formamide (DMF) (E), different molecular weight
(MW) of polyvinylpyrrolidone (PVP) (F), and different weight of PVP-K30 (G) (n = 3, X = 5)
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Table 1 The UV absorbance (427 nm) of VER-ATO-SMN and
free VER irradiated with 635 nm laser at different times

Time / min
Group 0 5 10 15 30 60
VER-ATO-SMN 0588 0556 0535 0515 0495 0472
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Figure 4 Physicochemical characterization of VER-ATO-supramolecular nanoparticles (VER-ATO-SMN). A: Hydrodynamic size distribu-
tion, and the representative transmission electron microscopy (TEM) image. Scale bars represent 200 nm; B: Zeta potential; C: UV-Vis
absorption spectra of the ATO, VER and VER-ATO-SMN; D: The stability of diluted VER-ATO-SMN in phosphate buffer saline (PBS, pH
7.4) for 7 days; E: The stability of diluted VER-ATO-SMN in PBS buffer supplemented with 10% (v/v) fetal bovine serum (FBS) for 7 days.
Black lines represent the change of particle size; blue lines represent the change of polymer dispersity index (PDI) (n = 3, x + s); F: The
image of VER-ATO-SMN solution before lyophilization, VER-ATO-SMN powder after lyophilization and VER-ATO-SMN resuspended in
water; G: The size distribution of VER-ATO-SMN re-suspended in water after lyophilization
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Figure 5 UV-Vis absorbance spectra of VER-ATO-SMN (A) and free VER (B) irradiated with 635 nm laser within 60 min and 30 min,
respectively
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Figure6 VER-ATO-SMN dissociation by Tween 20, Triton X-100,
sodium dodecyl sulfonate (SDS), urea and NaCl (n = 3, x + 5)
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Figure 7 The viability of 4T1 cells treated with VER-ATO-SMN in various concentrations without irradiation under normoxia and hypoxia
(A). The viability of 4T1 cells treated with free VER, VER-liposome and VER-ATO-SMN in various concentrations with 5mwW-cm-? irradia-
tion at 635 nm for 10 min under normoxia (B) and hypoxia (C). n =6, x +s. P < 0.05, “P < 0.01, P < 0.001
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Figure 8 Fluorescence microscope images of 4T1 cells incubated with free VER and VER-ATO-SMN for 2 and 6 h, respectively. Scale

bar =50 pm
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Figure 9 Measurement of oxygen consumption rate (OCR, A) (n = 3, X # s). Reactive oxygen species (ROS) generated in cells treated with
PBS, free VER, VER-liposome and VER-ATO-SMN, irradiated with an 635 nm laser (5 mW-cm?, 1 min each). Green fluorescence under
confocal microscopy indicated positive staining for ROS probe 2', 7'-dichlorodihydrofluorescein diacetate (DCFH-DA, E, = 502 nm, E_, =
523 nm) (B). Scale bars represent 100 um. Quantitative analysis of ROS production by flow cytometry (C). *P < 0.05, "P < 0.01
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Figure 10 In vivo fluorescence images of 4T1 tumor-bearing mice taken at different time points after injection with VER-ATO-SMN (A).
Quantitation of the mean fluorescence of tumor sites (B).Tumor sites have been circled in red
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Figure 11 VER-ATO-SMN exhibited improved PDT effects in vivo. A: Tumor growth curves following different treatments; B: Body
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