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 17 

Abstract: 18 

Tetrahydrocurcumin (THC) is a natural molecule with anticancerous, antioxidant and other 19 

beneficial activities. However, its low aqueous solubility leads to poor bioavailability. Sodium 20 

caseinate (NaCas) is an ideal natural protein carrier with amphiphilic and non-toxic properties, 21 

which provides a new possibility for improving the aqueous solubility of THC. In this study, 22 

THC loaded protein nanoparticles (THC@NaCas) were successfully prepared by a 23 

nanoprecipitation method. The protein-based carrier awarded an encapsulation efficiency of 24 

about 98 % for THC. The structure and physicochemical characteristics of THC@NaCas 25 

nanoparticles were characterized by Fourier Transform Infrared Spectroscopy (FTIR), X-ray 26 

diffraction, and Scanning Electron Microscopy (SEM). The solubility test comfirmed that 27 

protein nanoparticles awarded greater solubility of THC. Furthermore, THC@NaCas had a 28 

greater antioxidant activity compared to free THC, resulting in a free radical scavenging ability 29 

of THC@NaCas 2.6 times greater than that of free THC. The in vitro cytotoxicity test showed 30 

that the THC@NaCas nanoparticles had a stronger inhibitory effect on cancer cells compared 31 

with free THC, and good biocompatibility for non-cancerous cells. In a short, Our results 32 

demonstrate that protein-based nanoparticles have the potential to improve the bioactivity of 33 

hydrophobic drugs in clinical application. 34 
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 37 

1. Introduction 38 

Oxidative stress, induced by free radicals produced through normal cellular metabolism, has 39 

been suggested to be a factor contributing to the development of various diseases such as 40 

diabetes, cancer, atherosclerosis and neurodegeneration, and the accelerated onset of aging [1-3]. 41 

Free radicals, which have a single unpaired electron in their outer orbit, are able to damage and 42 

alter a range of biomolecules including lipids, nucleic acids, and proteins in the body, 43 

potentially leading to the onset of the above mentioned disorders [3, 4]. Therefore, there is an 44 

urgent need for a drug or natural ingredient to eliminate the excessive free radicals produced in 45 

the body. 46 

Various phytochemicals possess properties that have antioxidant, anti-inflammatory, and 47 

anti-cancerous properties [5]. Tetrahydrocurcumin (THC), a major metabolite of curcumin, has 48 

displayed the ability to prevent oxidative effects caused by various diseases and has been shown 49 

to possess anti-cancerous properties [3]. THC exhibits a greater antioxidant activity in vivo 50 

systems when compared with curcumin and has shown the potential to control free radicals by 51 

protecting cells against oxidative stress by trapping free radicals produced during diabetes [6]. 52 
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In a clinical study conducted on male diabetic Wistar rats, THC was found to have a positive 53 

impact on erythrocyte membrane bound enzymes by imposing an antioxidant defence [6]. 54 

Compared with curcumin, THC is significantly more potent under physiological conditions, has 55 

higher antioxidant activity, and induces a more effective tumor angiogenesis [7, 8]. However, 56 

THC has poor aqueous solubility, degrades rapidly on exposure to oxygen and is poorly 57 

absorbed in the gastrointestinal tract, which hinders its dietary/nutraceutical application [5, 9]. 58 

Hence the requirement for the development of a natural delivery system can overcome the 59 

disadvantages in the efficient delivery of THC.  60 

It has been reported that the delivery of active drugs to the cytoplasm of tumor cells must go 61 

through five steps. (1) Nanoparticles are transported through the blood circulation. (2) The 62 

permeability of nanoparticles makes them accumulate in tumor site. (3) Gradually penetrate 63 

into tumor tissue. (4) Nanoparticles are internalized by tumor cells via endocytosis. (5) Active 64 

drug release via lysosome [10, 11]. Therefore, ideal drug delivery systems have a high drug 65 

loading efficiency and nanocarriers with large surface area to volume ratio which improve the 66 

delivery of the drug to the required tissues/cells [9]. The biocompatibility and efficiency of 67 

natural compounds, which are now considered key components in the prevention of diseases 68 

such as cancer, diabetes, and inflammation, are markedly improved through the creation of 69 

protein-based delivery systems [3]. In a protein-based drug delivery system, proteins are used 70 
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as stable encapsulation carriers with the ability to improve dispersion, protect the compounds 71 

they carry and improve the physical stability of these compounds in a range of environments [9, 72 

12]. Sodium caseinate’s amphiphilic tendencies makes it an effective protein used in drug 73 

delivery systems [13]. Sodium caseinate (NaCas), is derived from caseinate, a protein typically 74 

derived from bovine milk [14, 15]. NaCas is produced following the precipitation of casein at 75 

its isoelectric point (pH 4.6) and the readjustment of the pH to 6.7 using sodium hydroxide [16]. 76 

Due to its high content of hydrophobic amino acids, NaCas has emulsifying properties which 77 

makes it as a naturally occurring amphiphilic block copolymer [5, 13]. Amphiphilic block 78 

copolymers exhibit both immiscibility in water and hydration tendencies, properties that are 79 

necessary to encapsulate hydrophobic bioactive compounds such as THC [5, 17]. Amphiphilic 80 

block copolymers are commonly used for drug delivery systems, specifically as carriers for 81 

nanomedicine [18], which self-assemble in aqueous solutions to form micelles [17]. When the 82 

NaCas micelles self-assemble they can encase the hydrophobic bioactive compounds, the 83 

micelles then act as an effective carrier to improves the dispersibility of the encapsulated guest 84 

compounds in aqueous solution [17-20].  85 

In this study, sodium caseinate was employed to encapsulate THC in a green and safe 86 

self-assembled manner to facilitate an enhanced cellular uptake and antioxidant activity 87 

(Scheme 1). The efficiency of THC incorporation into NaCas was assessed by means of Fourier 88 
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Transform Infrared (FTIR) spectroscopy and X-Ray Diffraction (XRD), following which the 89 

encapsulated THC was evaluated for its antioxidant capabilities and cell uptake through testing 90 

on non-cancerous embryonic cells (3T3 cells) and cancerous melanoma cell (A375 cells). Our 91 

results showed that the cell uptake and antioxidant capabilities of THC were significantly 92 

improved and the prepared nanoparticles had good biocompatibility. 93 

 94 

Scheme 1: Schematic representation of the synthesis, cellular uptake and cellular antioxidant 95 

activity of THC@NaCas. After the DCFH-DA entered the cells, it cleaved into DA and DCFH, 96 

AAPH decomposed and produced free radicals, which could transform DCFH into fluorescent 97 

DCF, THC@NaCas were able to scavenge the free radicals to reducing the production of DCF. 98 

 99 
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2. Materials and methods 100 

2.1. Materials  101 

2,2-Azobis(2-amidinopropane)-dihydrochloride (AAPH) and 2,7-dichlorodi-hydro- 102 

fluorescein diacetate (DCFH-DA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 103 

Sodium caseinate (NaCas) and tetrahydrocurcumin (THC) were purchased from Mackin 104 

Biochemical (Shanghai, China). L-tyrosine (25KU, from mushroom) was supplied by Aladdin 105 

Inc. (Shanghai, China). Dimethyl sulfoxide (DMSO) was bought from Sinopharm Chemical 106 

Reagent Co., Ltd (Shanghai, China). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo 107 

Laboratories (Tokyo, Japan). 3T3 cells (Mouse embryonic fibroblasts) and A375 cells (Human 108 

melanoma cells) were got from the Cell Resource Center, Peking Union Medical College 109 

(Beinjing, China). The cell culture medium was DMEM with 10 % Fetal Bovine Serum, and the 110 

cells were incubation with 5 % CO2 and 95 % air at 37 ºC. All other materials were obtained 111 

from Beijing Biochemical (Beijing, China).  112 

 113 

2.2. Synthesis of THC@NaCas 114 

The THC stock solution was prepared by dissolving 20 mg of THC in 10 mL ethyl alcohol. 115 

The NaCas stock solution was prepared by dissolving 200 mg of NaCas in 100 mL deionized 116 

water under vigorous stirring for 30 minutes. To create the THC@NaCas, 10 mL of THC 117 
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solution was dropwise added into 100 mL of NaCas solution under vigorous stirring for 4 hours 118 

at room temperature. Then the mixed solution was centrifuged at 400 g for 10 minutes. The 119 

supernatant contained THC@NaCas and the precipitation was THC which had not been 120 

successfully encapsulation. Followed, the un-encapsulated THC was measured using 121 

UV-visible spectrophotometer (Shimadzu, UV-2450, Japan) at 280nm in order to evaluate the 122 

encapsulation efficiency (EE). Then the supernatant was freeze-dried to obtain solid powder 123 

and used to determine THC loading capacity (LC). The LC of THC was tested by high 124 

performance liquid chromatography (HPLC) (LC-15C, Japan) with a detection wavelength is 125 

280 nm. Acetonitrile and phosphoric acid aqueous solution (50:50, v/v) were used as a mobile 126 

phase. Ethanol was used to extract the encapsulated THC from the protein nanoparticles, and 127 

then the ethanol solution was filtered by 0.22 µm membrane to remove the insoluble protein. 128 

The EE and LC were calculated according to the following equations: 129 

EE (%) =
𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑇𝐻𝐶 − 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑇𝐻𝐶 𝑜𝑛 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑇𝐻𝐶
× 100% 130 

 131 

LC (%) =
amount of THC loaded

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑁𝑃𝑠
× 100%   132 

  133 

2.3. Characterization of THC@NaCas 134 

The particle size and zeta potential of NaCas and THC@NaCas were measured using a 135 
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dynamic light scattering instrument at 25 ºC (Mastersizer 2000, Malvern Instruments Ltd., 136 

Malvern, Worcestershire, UK). Before the measurement, a certain amount of solid powder was 137 

diluted with deionized water. Each set of data was collected by balancing the emulsion in the 138 

measuring room for 120 s. 139 

The morphology of NaCas and THC@NaCas was recorded using a HITACHI S-4700 140 

scanning electron microscope (SEM) (Tokyo, Japan). All samples were attached to brass stubs 141 

with double-sided tape before sputtered-coated with a thin gold layer for analysis.  142 

The X-ray diffraction patterns of THC, NaCas and THC@NaCas were recorded on an X-ray 143 

diffractometer (Bruker, D8 ADVANCE, Karlsruhe, Germany) equipped with a copper target 144 

X-ray tube. The voltage and current applied were set at 40 kV and 40 mA, respectively. The 145 

diffraction angles were scanned from 5° to 90° in 2θ at a scan rate of 10°/min and a step of 146 

0.02°.  147 

A FTIR spectrometer (JASCO FT-IR 6600, Madison, WI, USA) equipped with a DLaTGS 148 

detector was used to investigate the changes in the secondary structure of the NaCas as well as 149 

the dynamics of its interaction with THC. THC, NaCas and THC@NaCas were pressed into 150 

KBr salt tablets at 10 mg sample per g of KBr with the spectrometric scanning range between 151 

4000 and 400 cm-1. 152 

In order to determine the effect of temperature and concentration on the solubility of 153 
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THC@NaCas in water, various amounts of THC@NaCas powder were dissolved in 20 mL 154 

deionized water. The final concentrations of THC@NaCas suspensions were 0, 10, 20, 30, 40, 155 

50 mg/mL. The THC@NaCas suspensions were agitated in an orbital shaking incubator at 100 156 

rpm for 30 min at either 25 °C or 37 °C, following which samples were filtered through a 0.22 157 

μm membrane to remove any insoluble substances. 500 µL of the filtrate was taken and diluted 158 

with absolute ethanol to 12.5 mL. The absorbance was measured at 280 nm UV-visible 159 

spectrophotometer (Shimadzu, UV-2450, Japan) and the THC dissolution was calculated 160 

compared with the standard curve ranging from 6 to 14 µg/mL THC which had a correlation 161 

coefficient of R2>0.994 (Figure S1). 162 

 163 

2.4. Stability evaluation of THC@NaCas 164 

Thermal stability and pH stability of free THC and THC@NaCas were determined according 165 

to previous research methods [21, 22] with appropriate modification. Two solutions containing 166 

the same amount of THC were placed at 80 ºC water bath and heated continuously for several 167 

hours. Taking out a certain volume of liquid every half an hour and detecting THC content by 168 

high performance liquid chromatography (HPLC). Similarly, a certain amount of THC@NaCas 169 

solid powder and free THC were dissolved into different phosphate buffer solution respectively 170 

(pH=7.0 and pH=5.4) for 2 hours. Finally, the retention rate was selected as the index to reflect 171 
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the stability of THC, the initial concentration of THC in all samples was set as 100 %.  172 

 173 

2.5. In vitro release of THC@NaCas  174 

  The in vitro release kinetics of THC@NaCas in stimulated gastric fluid and normal saline 175 

were studied according to previous method [23] with appropriate modification. First, 50 mg 176 

THC@NaCas freeze-dried powder was dissolved in deionized water and dispersed in dialysis 177 

bag (MWCO, 3500Da). The dialysis bag was soaked in 200 mL stimulated gastric fluid (SGF, 178 

2.0 mg/mL NaCl, 3.8 mg/mL pepsin and hydrochloric acid adjusts pH to 1.2) or saline solution 179 

(pH=7.0) and was stirred slowly at the speed of 100 rpm under 37 ºC. A certain time interval, 1 180 

mL solution was extracted and added the same volume of fresh solution.  181 

  182 

2.6. Cellular uptake of THC@NaCas 183 

The intracellular delivery of THC@NaCas was evaluated by Confocal Laser Scanning 184 

Microscope. Cultured human melanoma cells (A375 cells) were allowed to attach to the surface 185 

of the laser confocal dish for 12 h. Then the cells were treated with equal concentration of free 186 

THC or THC@NaCas (2 mL, 5 µg/mL) for 6 h, after which the cells were washed using fresh 187 

PBS and then fixed by adding a 4% paraformaldehyde solution. Finally, the cells were stained 188 

by adding 200 µL the nucleus-staining 4,6-diamidino-2-phenylindole (DAPI) dye for 15 min. 189 
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The confocal laser scanning microscope images were obtained by exciting THC and DAPI at 190 

405 nm, with emissions measured at 410 nm and 460 nm respectively.  191 

     192 

2.7. Cell toxicity test 193 

The relative toxicity of free THC and THC@NaCas were tested on non-cancerous mouse 194 

embryonic cells (3T3 cells) and cancerous human melanoma cells (A375 cells) according to a 195 

modified CCK-8 method described elsewhere [24]. Both cell types were inoculated at a density 196 

of 6×104 cell/well in 96-well microplates and incubated at 37 °C for 24 h, containing 50 μL of 197 

cell suspension and 50 µL different concentrations of THC (at 0, 1, 2, 3, 4, 5 µg/mL) and 198 

THC@NaCas (also at 0, 1, 2, 3, 4, 5 µg THC-equivalent/mL). Progression in cell growth was 199 

determined by measuring the optical density 450 nm by UV-VIS spectrophotometer. Three 200 

independent experiments were run with nearly identical results. The cell survival rate was 201 

calculated according to the following equations: 202 

Cell survival rate(%) =
Abs 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

Abs 𝑏𝑙𝑎𝑛𝑘
× 100% 203 

 204 

2.8. Cell antioxidant capacity test 205 

The cellular antioxidant activity (CAA) of THC@NaCas was determined by the CAA 206 

method according to Wolf and Liu [25] and modified appropriately. Both cell types (3T3 cells 207 
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and A375 cells) were seeded at a density of 6×104 cell/well on 96-well microplates (100 μL per 208 

well). Each sample was treated with 10 μL of THC or THC@NaCas solution at various 209 

concentrations, plus 5 μL of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (25 μM). 210 

After incubation at 37 ºC for one hour, each sample was treated with 2,2′-azobis 211 

(2-amidinopropane) dihydrochloride (AAPH) (1.2 mM, 100 μL). Samples were then incubated 212 

for one hour at 37 °C with the fluorescence being measured every 5 min at the excitation 213 

wavelength of 538 nm and the emission wavelength of 485 nm [25]. Following this, the 214 

quantification of CAA was undertaken according to Wolfe and Lui [25] using the following 215 

equation: 216 

CAA(unit) = 100 −
∫ SA

∫ CA
× 100  217 

Where ʃ SA represents the integrated area under sample time-fluorescence curve; while ʃ CA 218 

represents the integrated area from control curve. 219 

 220 

2.9. Tyrosinase inhibition experiment 221 

THC is a known inhibitor of tyronase [26], as such we investigated the inhibitory influence 222 

of both free and encapsulated THC on tyrosinase activity. The THC@NaCas nanoparticles were 223 

prepared by mixing 1mL of NaCas (2.0 mg/mL) with 100 µL of THC (2.0 mg/mL), which was 224 

vigorously stirred by means of a magnetic stirrer for 30 min. From this stock solution four 225 
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THC@NaCas nanoparticles samples were diluted with PBS to different concentrations of THC 226 

(5, 10, 15 and 20 μg /mL), while free THC was diluted with PBS to the same concentration as 227 

the THC@NaCas nanoparticles. The different nanoparticles of THC@NaCas and free THC 228 

were mixed with 0.5 mL of L-tyrosine and kept at 37 °C for 5 min. Then 0.25 mL of tyrosinase 229 

(100 Units/mL) in PBS and 1.25 mL of PBS were added into each solution and incubated at 230 

37 °C for 10 min with continuous agitation, following which the absorbance was measured at 231 

475 nm [27]. Determining the inhibition of tyrosinase activity was based on the following 232 

equation [26, 28]. 233 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
A − B

A
× 100% 234 

A represents the absorbance of the sample, B represents the absorbance of the blank control. 235 

 236 

3. Results and discussion 237 

3.1. Preparation and characterization of THC@NaCas 238 

In order to maximize the content of THC in prepared nanoparticles, we studied the influence 239 

of different concentrations of THC on the LC and EE. Table 1 showed the LC and EE of THC 240 

by using different ratio of NaCas and free THC. When the concentration of NaCas was 1 241 

mg/mL, the LC of THC was gradually increased from 2.30 % to 2.76 % as the increase of the 242 

concentration of THC solution. The EE of THC increased to a certain value and then began to 243 
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decline. Similar results were found at the concentration of NaCas was 2 mg/mL. When the 244 

concentrations of NaCas and THC were both 2mg/mL, it had the best LC (3.00 ± 0.26 %). We 245 

chose the condition to prepare THC@NaCas in the following research.    246 

The surface potential and the average diameter of nanoparticles were also characterized by 247 

dynamic light scattering (DLS). The surface potential of THC@NaCas increased slightly 248 

compared with NaCas, which increased from -22.5 mV to -21.3 mV (Table. S1). The high 249 

surface negative potential endows THC@NaCas with high stability and good dispersion as a 250 

result of electrostatic repulsion between the particles. The particle sizes of NaCas and 251 

THC@NaCas were 263.6 nm and 269.8 nm, respectively. This result indicated that THC 252 

successfully inserted into the hydrophobic site of NaCas, so that the nanocomposite still 253 

maintain a small size.    254 

SEM was applied to visualize the surface morphology of NaCas and THC@NaCas particles 255 

(Fig. 1A and Fig. 1B). The morphology of NaCas was relatively uniform and spherical (Fig. 256 

1A), which was consistent with previous reports [29]. Following the encapsulation of THC in 257 

NaCas the morphology of the THC@NaCas changed not only in shape but also in size, which 258 

agreed with the results of previously reported encapsulating experiments [30]. The morphology 259 

of the THC@NaCas showed uneven and irregular spherical and angular shapes (Fig. 1B). This 260 

was taken as an indication that THC was encapsulated into a NaCas casing.  261 
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X-ray diffraction (XRD) was applied to investigate the nanoparticle formation of THC 262 

encapsulation into NaCas (Fig. 1C). Our results revealed that pure THC displayed obvious and 263 

characteristic peaks at angles 8.16, 11.48, 14.40, 17.78, 24.02, which was consistent with a 264 

previous report [31], indicating that pure THC was in a highly crystalline form. However, no 265 

obvious peaks were detected in the XRD patterns of NaCas, displaying amorphous 266 

characteristics. The THC@NaCas scan displayed a more amorphous background with only 267 

some minor evidence of crystalline forms. The minor crystalline signals might be due to 268 

fractions of the entrapped THC protruding from the NaCas casing, which was likely to be the 269 

result of the spontaneous encapsulation of free THC by NaCas, as also described elsewhere [32]. 270 

However, the self-assembly that occurred when the THC@NaCas was formed proved that the 271 

spontaneous encapsulation shielded most of the crystalline THC from the external environment. 272 

The crystalline peaks that were observed for THC@NaCas did not line up entirely with the 273 

peak seen for pure THC, the most likely explanation for this was that the presence of the 274 

caseinate proteins caused some steric hindrance during crystal packing affecting its 275 

configurative alignment [33].   276 

We further investigated the nanoparticle formation of the encapsulation of THC by NaCas by 277 

means of FTIR spectroscopy (Fig. 1D). Our results revealed changes in the secondary structure 278 

of NaCas as well as the dynamics of its interaction with THC. THC was characterized by 279 
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distinct absorption peaks at 3417 cm-1 and 2848 cm-1 (O-H stretching on the phenolic groups), 280 

1720 cm-1 (C=O stretching on the diketone groups), 1614 cm-1, 1000 cm-1 and 700 cm-1 (C=C 281 

bending on the aromatic rings), 1515 cm-1 (C=C stretching in aromatic ring), 1450 cm-1 (C-H 282 

bending on methyl groups) and 867 cm-1 (C-H bending on alkane chains), and 1300-1200 cm-1 283 

(=C-O-CH3 stretching of alkyl-aryl ether groups) [34].  284 

NaCas was characterized by broad absorption peaks between 3500 and 2700 cm-1, which 285 

included N-H stretching due to the secondary amines in the peptide bonds and C-H stretching 286 

on the peptides and a distinct peak near 3100 cm-1 due to amine salts, the peak position of the 287 

amide-I band of NaCas at 1740 to 1680 cm-1 (C=O stretching, representing an α-helix structure), 288 

and its amide-II was occurred at 1640 cm-1 (C-N stretching coupled with N-H bending, 289 

representing antiparallel β-sheet structures), 1520 cm-1 (-CH2 shear vibration), and 1200 cm-1 290 

(C-O bending) [35].  291 

The FTIR spectrum of the THC@NaCas was broadly similar to NaCas over the range from 292 

4000 to 2000 cm-1, which represented the principle peptide related absorbances. After NaCas 293 

encapsulated THC, the peak position of NaCas for the amide-I band shifted from 1739 cm-1 to 294 

1652 cm-1 and for the amide-II band from 1640 cm-1 to 1519 cm-1, indicating a conformational 295 

change in the NaCas peptides due to the steric effect of THC on NaCas. Similarly, the peaks for 296 

the alkyl-aryl ether groups on THC appeared to have shifted from 1300-1200 cm-1 to 1100-1000 297 
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cm-1, which reiterated the XRD results that the presence of the caseinate proteins influence the 298 

molecular packing of encapsulated molecules, affecting their configurative alignment. These 299 

results indicate that the formation of nanocomposites between NaCas and THC was 300 

accompanied by changes in secondary structure and chemical microenvironment of both NaCas 301 

and THC. 302 

In order to assess whether THC has a greater overall solubility when encapsulated into 303 

NaCas compared to free THC we dissolved both free THC and THC@NaCas into deionized 304 

water at two different temperatures. In the subsequent phase solubility experiments (Fig. S2), 305 

we found that the solubility of THC incorporated as THC@NaCas increased with the increase 306 

of concentration at both 25 °C and 37 °C, with a greater solubility at 37 °C compared to 25 °C. 307 

The solubility of THC in deionized water was calculated to be 258.3 µg/mL and 179.2 µg/mL at 308 

37 °C and 25 °C respectively when the concentration of THC@NaCas suspensions were 10 309 

mg/mL. The solubility of THC in THC@NaCas was 53 and 28 times higher compared to free 310 

THC (3.4 µg/mL at 25 °C and 9.2 µg/mL at 37 °C). Hence, the solubility is markedly improved 311 

when encapsulated into a NaCas casing, which is in agreement with findings by Park and 312 

coworkers who reported similar results when encapsulating turmeric into a biodegradable 313 

carrier [36].  314 

Table 1 315 
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The loading capacity and encapsulation efficiency of THC on different condition 316 

NaCas (mg/mL) THC (mg/mL) EE (%) ± SD LC (%) ± SD 

1 0.5 86.64 ± 0.67 2.30 ± 0.08 

1 1 95.95 ± 0.49 2.45 ± 0.12 

1 1.5 94.91 ± 0.58 2.56 ± 0.25 

1 2 87.36 ± 0.89 2.76 ± 0.17 

2 0.5 97.60 ± 0.73 2.47 ± 0.39 

2 1 98.63 ± 1.23 2.63 ± 0.34 

2 1.5 98.71 ± 0.66 2.71 ± 0.09 

2 2 96.34 ± 0.23 3.00 ± 0.26 

Abbreviation: NaCas: sodium caseinate; THC: Tetrahydrocurcumin; EE (%): encapsulation 317 

efficiency; LC (%): loading capacity. All measurements are means ±SD (n=3).  318 

 319 

 320 
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 321 

Fig. 1. Characterizations of nanoparticles. SEM images of (A) NaCas and (B) THC@NaCas. (C) 322 

XRD spectra and (D) FTIR analysis of NaCas, THC and THC@NaCas. 323 

 324 

3.2. Stability of THC@NaCas  325 

  The stability of free and encapsulated THC in extreme environments was also studied, such 326 

as high temperature and strong acidic conditions. Thermal stability experiment (Fig. 3A) 327 

showed that free THC had good thermal stability. After heated at 80 ºC for 2.5 h, the 328 

degradation rate of free THC was only 20 %. THC was encapsulated with NaCas not only had 329 

no effect on the stability but further improvement. Free THC and THC@NaCas also could 330 

maintain strong stability in different pH solution. As shown in Fig. 3B, THC@NaCas degraded 331 
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more slowly in phosphate buffer solution of 7.0 compared to 5.4. The instability of NaCas in 332 

acidic conditions led to the degradation rate of THC@NaCas faster than in neutral environment.  333 

 334 

Fig. 3. The stability of free THC and THC@NaCas at 80 ºC and different pH. (A) The 335 

degradation curve of free THC and THC@NaCas at 80 ºC. (B) Retention of free THC and 336 

THC@NaCas after storage in different phosphate buffer solution (PBS) for 2 hours.    337 

 338 

3.3. In vitro release of THC@NaCas 339 

  In order to study the release kinetics of THC from THC@NaCas in stimulate gastric fluid 340 

and normal saline, we dispersed THC@NaCas in two solutions at the same time. As shown in 341 

Fig. 4, the release of THC from THC@NaCas was faster in acidic gastric fluid than in normal 342 

saline. In the first 2 hours, the release of THC showed a rapid trend, the release of THC reached 343 

45 % in stimulate gastric fluid and 40.2 % in normal saline. This might be due to some weak 344 

absorptive THC existed near the surface of sodium caseinate. Similar experimental phenomena 345 
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had also been reported in past study [37]. Subsequently, THC released more slowly and 346 

presented a slower and more lasting release pattern. The above phenomena indicated that 347 

NaCas could effectively restrain THC release from THC@NaCas. This will greatly prolong the 348 

residence time of THC in clinical application and keep lasting pharmacodynamics activity.  349 

 350 

Fig. 4. The release kinetic curve of nanoparticles in stimulate gastric fluid and normal saline. 351 

  352 

3.4. Cellular uptake of THC@NaCas 353 

Cellular uptake capacity is an important factor for evaluating the intracellular biological 354 

activity of drugs [38]. Thus, we used confocal laser scanning microscope (CLSM) to observe 355 

the delivery of THC@NaCas in cancerous human melanoma (A375) cells. The cells were 356 

co-cultured separately with THC and THC@NaCas, while in the control group the cells were 357 

co-cultured with DMSO. The blue fluorescence visualizes the structure of A375 cells and the 358 

green fluorescence visualizes the intracellular distribution of THC in the cells. At equal 359 
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concentrations of THC, both free THC and THC@NaCas were co-cultured with A375 cells (Fig. 360 

5). Encapsulated THC (THC@NaCas) showed a much more pronounced fluorescence 361 

compared to free THC, suggesting that the ability of THC to enter cells was enhanced through 362 

forming THC@NaCas. Furthermore, the rapid degradation of free THC in cancer cells could 363 

also have led to a weak fluorescence signal. Our results showed that encapsulated THC 364 

(THC@NaCas) could facilitate the stability of THC and release THC into the intracellular 365 

environment of cancer cells. 366 

 367 

 368 

Fig. 5. Confocal laser scanning microscopy images of cancerous human melanoma (A375) cells 369 

after incubation with DMSO, THC and THC@NaCas for 4 h. (Nanoparticles: 2 µg/mL; DAPI: 370 

cell nuclear blue fluorescent probe). 371 
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 372 

3.5. Cell toxicity test 373 

To determine the effects of THC on the survival/viability of cancerous and non-cancerous 374 

cells, in a free form and the encapsulated form (NaCas), we applied the CCK-8 assay [24]. The 375 

non-cancerous mouse embryonic cells, were not negatively affected by the presence of either 376 

free or encapsulated THC under the conditions of our experiment (Fig. 6A). These results 377 

suggested that THC had good biocompatibility with healthy non-melanoma cells and displayed 378 

no biological toxicity. Furthermore, THC@NaCas appeared to promote the growth of mouse 379 

embryonic cells at the lowest concentration (cell survival reached 123 % at 1 μg/mL), but the 380 

growth-stimulation effect did not persist at any of the higher THC@NaCas concentrations (c > 381 

2 µg/mL). Free THC imposed a growth-stimulation effect on the non-cancerous mouse 382 

embryonic cells at almost all concentrations tested with an average growth stimulation at 111.2 383 

± 8.3% (Fig. 6A). This stimulatory effect might be due to the upregulation of the FOXO4 384 

transcription factor by THC, which had been shown to linked to longevity in 3T3 cells [39]. 385 

Free THC did not inhibit the growth of cancerous human malignant melanoma cells at low 386 

concentrations, in fact growth was somewhat stimulated at concentrations up to 3 μg/ml (Fig. 387 

6B). However, the growth of the malignant melanoma cells was retarded at the higher 388 

concentrations (cell viability was 95 % and 91 % at 4 and 5 μg/mL respectively). THC@NaCas 389 
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imposed an inhibitory effect on growth at almost all concentrations (Fig. 6B), with a very 390 

marked growth inhibition at 4 and 5 μg/mL and the cell viability was 94 % and 87 % 391 

respectively. Similar results with curcumin rather than THC were shown elsewhere [40-42], 392 

Several studies suggested that curcumin induced A375 cells apoptosis by modulating multiple 393 

signaling pathways to exert its anticancer effect and caused DNA damage in A375 cell [43, 44]. 394 

THC inhibited the growth of mouse hepatoma cells (H22 cells) by inducing mitochondrial 395 

apoptosis in previous study [45]. At present, there is no related literature report on the 396 

anticancer mechanism of THC against A375 cells.   397 

 398 

Fig. 6. Cell toxicity of THC and the THC@NaCas against mammalian cell lines at different 399 

concentrations. (A) Cell toxicity against non-cancerous mouse embryonic (3T3) cells. (B) Cell 400 

toxicity against cancerous human melanoma (A375) cells. 401 

 402 

3.6. Cell antioxidant capacity test 403 

To further investigate the antioxidant capabilities of THC and THC@NaCas, we adapted the 404 
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cellular antioxidant capacity (CAA) assay as described by Wolf and Liu [25]. The free radical 405 

scavenging ability of THC can be reflected by monitoring the fluorescence intensity caused by 406 

dichlorofluorescein (DCF). The principle of CAA was showed in Scheme 1. Mouse embryonic 407 

cells (normal cells) and malignant human melanoma cells (tumor cells) were chosen as models 408 

to evaluate intracellular antioxidant capacities. Our data revealed that in both cells 409 

THC@NaCas had a greater ability to scavenge free radical compared to free THC (Fig. 7A 410 

&C). When calculating the corresponding CAA units, it was found that the free radical 411 

scavenging capacity of THC@NaCas in non-cancerous mouse embryonic cells and cancerous 412 

human melanoma cells reached 29.15 and 12.58 respectively, which was 1.84 and 2.56 times of 413 

the response of free THC (Fig. 7B &D). The elevated CAA response due to the presence of 414 

THC@NaCas indicates the greater ease by which THC can be delivered into the cells, 415 

regardless of whether they are cancerous cells or not. However, the reduced CAA response 416 

when comparing cancerous and non-cancerous cells (regardless of whether the THC was 417 

encapsulated) reiterates the possibility that THC has the ability to reduce the effective ability of 418 

glutathione by depleting it [46]. Antioxidants like THC play an important role in the protection 419 

against oxidative stress, especially in the case of cancer [37], more specifically THC has been 420 

shown to cause a decrease in gene expression leading to anti-angiogenesis [47]. As mentioned 421 

before, it appears that cancerous cells must have a greater inherent requirement for glutathione 422 
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and that even at relatively low concentrations of THC their viability is reduced. 423 

 424 

 425 

Fig. 7. The cellular antioxidant capacity of THC and the THC@NaCas. (A) Kinetics curve of 426 

DCF fluorescence from CAA of THC, THC@NaCas, control and blank sample against 427 

non-cancerous mouse embryonic (3T3) cells. (B) CAA values of THC and THC@NaCas 428 

against non-cancerous mouse embryonic (3T3) cells. (C) Kinetics curve of DCF fluorescence 429 

from CAA of THC, THC@NaCas, control and blank sample against cancerous human 430 

melanoma (A375) cells. (D) CAA values of THC and THC@NaCas against cancerous human 431 

melanoma (A375) cells. 432 
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 433 

3.7. Tyrosinase inhibition by free and encapsulated THC 434 

THC is a known inhibitor of tyronase [26], an enzyme involved in the proliferative 435 

production of melanin. The inhibitory influence of both THC and THC@NaCas on tyrosinase 436 

was tested in vitro. The inhibitory effect of both free THC and THC@NaCas increased with the 437 

increase of the total concentration of THC (Fig. 8), however the inhibitory effect of 438 

encapsulated THC (THC@NaCas) was more pronounced compared to free THC. When the 439 

concentration of THC is 10 µg/mL, the inhibition effect of THC@NaCas is about 20 times 440 

more potent compared to free THC. Similarly, the tyronase inhibitory effect of 10 µg/mL THC 441 

as THC@NaCas was similar to the tyronase inhibitory effect at 20 µg/mL of free THC, 442 

indicating that the ultimate dose of THC could be halved if encapsulated to achieve the same 443 

inhibitory results. These results indicate that the bioavailability of encapsulated THC is 444 

markedly improved at low THC concentrations. This high tyrosinase inhibition activity might 445 

be attributed to the good dispersion and stability of encapsulated THC nanoparticles in an 446 

aqueous solution.   447 
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 448 

Fig. 8. The inhibition activity of THC and THC@NaCas on tyrosinase at different THC 449 

concentration 450 

 451 

4. Conclution 452 

In this study, THC was successfully encapsulated in sodium caseinate to form THC@NaCas 453 

nanoparticles. FTIR and XRD analyses demonstrated the THC@NaCas particles were formed 454 

efficiently with the THC entrapped within a conglomerate protein matrix. The encapsulation of 455 

THC in NaCas greatly improved the antioxidant activity, the cellular uptake and the inhibition 456 

activity on tyrosinase of THC. Besides, the in vitro cytotoxicity test showed that the 457 

THC@NaCas nanoparticles had inhibitory effect on cancer cells, however no inhibitory effects 458 

were observed against non-cancerous cells by either free THC or THC@NaCas. Therefore, in 459 

terms of clinical application perspective, THC@NaCas can be used as a safe and effective 460 

anti-melanoma drug for medical treatment. In addition, it can also be used as an additive in 461 
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cosmetics, which has good antioxidant effects and have no any toxic effect on other tissues of 462 

the human body. It can be seen from our experimental results that NaCas has a strong advantage 463 

as a carrier of nano-delivery system. It can not only improve solubility and stability of 464 

hydrophobic drugs but also delay the release of drugs. Cell uptake result also shows that NaCas 465 

can enhance the cellular uptake of hydrophobic drugs. All in all, NaCas is a viable and 466 

promising candidate for the safe and effective encapsulation of THC to improve its 467 

bioavailability in clinical treatment. 468 
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 17 

Abstract: 18 

Tetrahydrocurcumin (THC) is a natural molecule with anticancerous, antioxidant and other 19 

beneficial activities. However, its low aqueous solubility leads to poor bioavailability. Sodium 20 

caseinate (NaCas) is an ideal natural protein carrier with amphiphilic and non-toxic properties, 21 

which provides a new possibility for improving the aqueous solubility of THC. In this study, 22 

THC loaded protein nanoparticles (THC@NaCas) were successfully prepared by a 23 

nanoprecipitation method. The protein-based carrier awarded an encapsulation efficiency of 24 

about 98 % for THC. The structure and physicochemical characteristics of THC@NaCas 25 

nanoparticles were characterized by Fourier Transform Infrared Spectroscopy (FTIR), X-ray 26 

diffraction, and Scanning Electron Microscopy (SEM). The solubility test comfirmed that 27 

protein nanoparticles awarded greater solubility of THC. Furthermore, THC@NaCas had a 28 

greater antioxidant activity compared to free THC, resulting in a free radical scavenging ability 29 

of THC@NaCas 2.6 times greater than that of free THC. The in vitro cytotoxicity test showed 30 

that the THC@NaCas nanoparticles had a stronger inhibitory effect on cancer cells compared 31 

with free THC, and good biocompatibility for non-cancerous cells. In a short, Our results 32 

demonstrate that protein-based nanoparticles have the potential to improve the bioactivity of 33 

hydrophobic drugs in clinical application. 34 
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Keywords: Sodium Caseinate; Tetrahydrocurcumin; Nanoparticles; Cellular uptake; 35 

Antioxidant 36 

 37 

1. Introduction 38 

Oxidative stress, induced by free radicals produced through normal cellular metabolism, has 39 

been suggested to be a factor contributing to the development of various diseases such as 40 

diabetes, cancer, atherosclerosis and neurodegeneration, and the accelerated onset of aging [1-3]. 41 

Free radicals, which have a single unpaired electron in their outer orbit, are able to damage and 42 

alter a range of biomolecules including lipids, nucleic acids, and proteins in the body, 43 

potentially leading to the onset of the above mentioned disorders [3, 4]. Therefore, there is an 44 

urgent need for a drug or natural ingredient to eliminate the excessive free radicals produced in 45 

the body. 46 

Various phytochemicals possess properties that have antioxidant, anti-inflammatory, and 47 

anti-cancerous properties [5]. Tetrahydrocurcumin (THC), a major metabolite of curcumin, has 48 

displayed the ability to prevent oxidative effects caused by various diseases and has been shown 49 

to possess anti-cancerous properties [3]. THC exhibits a greater antioxidant activity in vivo 50 

systems when compared with curcumin and has shown the potential to control free radicals by 51 

protecting cells against oxidative stress by trapping free radicals produced during diabetes [6]. 52 
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In a clinical study conducted on male diabetic Wistar rats, THC was found to have a positive 53 

impact on erythrocyte membrane bound enzymes by imposing an antioxidant defence [6]. 54 

Compared with curcumin, THC is significantly more potent under physiological conditions, has 55 

higher antioxidant activity, and induces a more effective tumor angiogenesis [7, 8]. However, 56 

THC has poor aqueous solubility, degrades rapidly on exposure to oxygen and is poorly 57 

absorbed in the gastrointestinal tract, which hinders its dietary/nutraceutical application [5, 9]. 58 

Hence the requirement for the development of a natural delivery system can overcome the 59 

disadvantages in the efficient delivery of THC.  60 

It has been reported that the delivery of active drugs to the cytoplasm of tumor cells must go 61 

through five steps. (1) Nanoparticles are transported through the blood circulation. (2) The 62 

permeability of nanoparticles makes them accumulate in tumor site. (3) Gradually penetrate 63 

into tumor tissue. (4) Nanoparticles are internalized by tumor cells via endocytosis. (5) Active 64 

drug release via lysosome [10, 11]. Therefore, ideal drug delivery systems have a high drug 65 

loading efficiency and nanocarriers with large surface area to volume ratio which improve the 66 

delivery of the drug to the required tissues/cells [9]. The biocompatibility and efficiency of 67 

natural compounds, which are now considered key components in the prevention of diseases 68 

such as cancer, diabetes, and inflammation, are markedly improved through the creation of 69 

protein-based delivery systems [3]. In a protein-based drug delivery system, proteins are used 70 



- 5 - 

 

as stable encapsulation carriers with the ability to improve dispersion, protect the compounds 71 

they carry and improve the physical stability of these compounds in a range of environments [9, 72 

12]. Sodium caseinate’s amphiphilic tendencies makes it an effective protein used in drug 73 

delivery systems [13]. Sodium caseinate (NaCas), is derived from caseinate, a protein typically 74 

derived from bovine milk [14, 15]. NaCas is produced following the precipitation of casein at 75 

its isoelectric point (pH 4.6) and the readjustment of the pH to 6.7 using sodium hydroxide [16]. 76 

Due to its high content of hydrophobic amino acids, NaCas has emulsifying properties which 77 

makes it as a naturally occurring amphiphilic block copolymer [5, 13]. Amphiphilic block 78 

copolymers exhibit both immiscibility in water and hydration tendencies, properties that are 79 

necessary to encapsulate hydrophobic bioactive compounds such as THC [5, 17]. Amphiphilic 80 

block copolymers are commonly used for drug delivery systems, specifically as carriers for 81 

nanomedicine [18], which self-assemble in aqueous solutions to form micelles [17]. When the 82 

NaCas micelles self-assemble they can encase the hydrophobic bioactive compounds, the 83 

micelles then act as an effective carrier to improves the dispersibility of the encapsulated guest 84 

compounds in aqueous solution [17-20].  85 

In this study, sodium caseinate was employed to encapsulate THC in a green and safe 86 

self-assembled manner to facilitate an enhanced cellular uptake and antioxidant activity 87 

(Scheme 1). The efficiency of THC incorporation into NaCas was assessed by means of Fourier 88 
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Transform Infrared (FTIR) spectroscopy and X-Ray Diffraction (XRD), following which the 89 

encapsulated THC was evaluated for its antioxidant capabilities and cell uptake through testing 90 

on non-cancerous embryonic cells (3T3 cells) and cancerous melanoma cell (A375 cells). Our 91 

results showed that the cell uptake and antioxidant capabilities of THC were significantly 92 

improved and the prepared nanoparticles had good biocompatibility. 93 

 94 

Scheme 1: Schematic representation of the synthesis, cellular uptake and cellular antioxidant 95 

activity of THC@NaCas. After the DCFH-DA entered the cells, it cleaved into DA and DCFH, 96 

AAPH decomposed and produced free radicals, which could transform DCFH into fluorescent 97 

DCF, THC@NaCas were able to scavenge the free radicals to reducing the production of DCF. 98 

 99 
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2. Materials and methods 100 

2.1. Materials  101 

2,2-Azobis(2-amidinopropane)-dihydrochloride (AAPH) and 2,7-dichlorodi-hydro- 102 

fluorescein diacetate (DCFH-DA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 103 

Sodium caseinate (NaCas) and tetrahydrocurcumin (THC) were purchased from Mackin 104 

Biochemical (Shanghai, China). L-tyrosine (25KU, from mushroom) was supplied by Aladdin 105 

Inc. (Shanghai, China). Dimethyl sulfoxide (DMSO) was bought from Sinopharm Chemical 106 

Reagent Co., Ltd (Shanghai, China). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo 107 

Laboratories (Tokyo, Japan). 3T3 cells (Mouse embryonic fibroblasts) and A375 cells (Human 108 

melanoma cells) were got from the Cell Resource Center, Peking Union Medical College 109 

(Beinjing, China). The cell culture medium was DMEM with 10 % Fetal Bovine Serum, and the 110 

cells were incubation with 5 % CO2 and 95 % air at 37 ºC. All other materials were obtained 111 

from Beijing Biochemical (Beijing, China).  112 

 113 

2.2. Synthesis of THC@NaCas 114 

The THC stock solution was prepared by dissolving 20 mg of THC in 10 mL ethyl alcohol. 115 

The NaCas stock solution was prepared by dissolving 200 mg of NaCas in 100 mL deionized 116 

water under vigorous stirring for 30 minutes. To create the THC@NaCas, 10 mL of THC 117 
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solution was dropwise added into 100 mL of NaCas solution under vigorous stirring for 4 hours 118 

at room temperature. Then the mixed solution was centrifuged at 400 g for 10 minutes. The 119 

supernatant contained THC@NaCas and the precipitation was THC which had not been 120 

successfully encapsulation. Followed, the un-encapsulated THC was measured using 121 

UV-visible spectrophotometer (Shimadzu, UV-2450, Japan) at 280nm in order to evaluate the 122 

encapsulation efficiency (EE). Then the supernatant was freeze-dried to obtain solid powder 123 

and used to determine THC loading capacity (LC). The LC of THC was tested by high 124 

performance liquid chromatography (HPLC) (LC-15C, Japan) with a detection wavelength is 125 

280 nm. Acetonitrile and phosphoric acid aqueous solution (50:50, v/v) were used as a mobile 126 

phase. Ethanol was used to extract the encapsulated THC from the protein nanoparticles, and 127 

then the ethanol solution was filtered by 0.22 µm membrane to remove the insoluble protein. 128 

The EE and LC were calculated according to the following equations: 129 

EE (%) =
𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑇𝐻𝐶 − 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑇𝐻𝐶 𝑜𝑛 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑇𝐻𝐶
× 100% 130 

 131 

LC (%) =
amount of THC loaded

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑁𝑃𝑠
× 100%   132 

  133 

2.3. Characterization of THC@NaCas 134 

The particle size and zeta potential of NaCas and THC@NaCas were measured using a 135 
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dynamic light scattering instrument at 25 ºC (Mastersizer 2000, Malvern Instruments Ltd., 136 

Malvern, Worcestershire, UK). Before the measurement, a certain amount of solid powder was 137 

diluted with deionized water. Each set of data was collected by balancing the emulsion in the 138 

measuring room for 120 s. 139 

The morphology of NaCas and THC@NaCas was recorded using a HITACHI S-4700 140 

scanning electron microscope (SEM) (Tokyo, Japan). All samples were attached to brass stubs 141 

with double-sided tape before sputtered-coated with a thin gold layer for analysis.  142 

The X-ray diffraction patterns of THC, NaCas and THC@NaCas were recorded on an X-ray 143 

diffractometer (Bruker, D8 ADVANCE, Karlsruhe, Germany) equipped with a copper target 144 

X-ray tube. The voltage and current applied were set at 40 kV and 40 mA, respectively. The 145 

diffraction angles were scanned from 5° to 90° in 2θ at a scan rate of 10°/min and a step of 146 

0.02°.  147 

A FTIR spectrometer (JASCO FT-IR 6600, Madison, WI, USA) equipped with a DLaTGS 148 

detector was used to investigate the changes in the secondary structure of the NaCas as well as 149 

the dynamics of its interaction with THC. THC, NaCas and THC@NaCas were pressed into 150 

KBr salt tablets at 10 mg sample per g of KBr with the spectrometric scanning range between 151 

4000 and 400 cm-1. 152 

In order to determine the effect of temperature and concentration on the solubility of 153 
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THC@NaCas in water, various amounts of THC@NaCas powder were dissolved in 20 mL 154 

deionized water. The final concentrations of THC@NaCas suspensions were 0, 10, 20, 30, 40, 155 

50 mg/mL. The THC@NaCas suspensions were agitated in an orbital shaking incubator at 100 156 

rpm for 30 min at either 25 °C or 37 °C, following which samples were filtered through a 0.22 157 

μm membrane to remove any insoluble substances. 500 µL of the filtrate was taken and diluted 158 

with absolute ethanol to 12.5 mL. The absorbance was measured at 280 nm UV-visible 159 

spectrophotometer (Shimadzu, UV-2450, Japan) and the THC dissolution was calculated 160 

compared with the standard curve ranging from 6 to 14 µg/mL THC which had a correlation 161 

coefficient of R2>0.994 (Figure S1). 162 

 163 

2.4. Stability evaluation of THC@NaCas 164 

Thermal stability and pH stability of free THC and THC@NaCas were determined according 165 

to previous research methods [21, 22] with appropriate modification. Two solutions containing 166 

the same amount of THC were placed at 80 ºC water bath and heated continuously for several 167 

hours. Taking out a certain volume of liquid every half an hour and detecting THC content by 168 

high performance liquid chromatography (HPLC). Similarly, a certain amount of THC@NaCas 169 

solid powder and free THC were dissolved into different phosphate buffer solution respectively 170 

(pH=7.0 and pH=5.4) for 2 hours. Finally, the retention rate was selected as the index to reflect 171 
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the stability of THC, the initial concentration of THC in all samples was set as 100 %.  172 

 173 

2.5. In vitro release of THC@NaCas  174 

  The in vitro release kinetics of THC@NaCas in stimulated gastric fluid and normal saline 175 

were studied according to previous method [23] with appropriate modification. First, 50 mg 176 

THC@NaCas freeze-dried powder was dissolved in deionized water and dispersed in dialysis 177 

bag (MWCO, 3500Da). The dialysis bag was soaked in 200 mL stimulated gastric fluid (SGF, 178 

2.0 mg/mL NaCl, 3.8 mg/mL pepsin and hydrochloric acid adjusts pH to 1.2) or saline solution 179 

(pH=7.0) and was stirred slowly at the speed of 100 rpm under 37 ºC. A certain time interval, 1 180 

mL solution was extracted and added the same volume of fresh solution.  181 

  182 

2.6. Cellular uptake of THC@NaCas 183 

The intracellular delivery of THC@NaCas was evaluated by Confocal Laser Scanning 184 

Microscope. Cultured human melanoma cells (A375 cells) were allowed to attach to the surface 185 

of the laser confocal dish for 12 h. Then the cells were treated with equal concentration of free 186 

THC or THC@NaCas (2 mL, 5 µg/mL) for 6 h, after which the cells were washed using fresh 187 

PBS and then fixed by adding a 4% paraformaldehyde solution. Finally, the cells were stained 188 

by adding 200 µL the nucleus-staining 4,6-diamidino-2-phenylindole (DAPI) dye for 15 min. 189 
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The confocal laser scanning microscope images were obtained by exciting THC and DAPI at 190 

405 nm, with emissions measured at 410 nm and 460 nm respectively.  191 

     192 

2.7. Cell toxicity test 193 

The relative toxicity of free THC and THC@NaCas were tested on non-cancerous mouse 194 

embryonic cells (3T3 cells) and cancerous human melanoma cells (A375 cells) according to a 195 

modified CCK-8 method described elsewhere [24]. Both cell types were inoculated at a density 196 

of 6×104 cell/well in 96-well microplates and incubated at 37 °C for 24 h, containing 50 μL of 197 

cell suspension and 50 µL different concentrations of THC (at 0, 1, 2, 3, 4, 5 µg/mL) and 198 

THC@NaCas (also at 0, 1, 2, 3, 4, 5 µg THC-equivalent/mL). Progression in cell growth was 199 

determined by measuring the optical density 450 nm by UV-VIS spectrophotometer. Three 200 

independent experiments were run with nearly identical results. The cell survival rate was 201 

calculated according to the following equations: 202 

Cell survival rate(%) =
Abs 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

Abs 𝑏𝑙𝑎𝑛𝑘
× 100% 203 

 204 

2.8. Cell antioxidant capacity test 205 

The cellular antioxidant activity (CAA) of THC@NaCas was determined by the CAA 206 

method according to Wolf and Liu [25] and modified appropriately. Both cell types (3T3 cells 207 
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and A375 cells) were seeded at a density of 6×104 cell/well on 96-well microplates (100 μL per 208 

well). Each sample was treated with 10 μL of THC or THC@NaCas solution at various 209 

concentrations, plus 5 μL of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (25 μM). 210 

After incubation at 37 ºC for one hour, each sample was treated with 2,2′-azobis 211 

(2-amidinopropane) dihydrochloride (AAPH) (1.2 mM, 100 μL). Samples were then incubated 212 

for one hour at 37 °C with the fluorescence being measured every 5 min at the excitation 213 

wavelength of 538 nm and the emission wavelength of 485 nm [25]. Following this, the 214 

quantification of CAA was undertaken according to Wolfe and Lui [25] using the following 215 

equation: 216 

CAA(unit) = 100 −
∫ SA

∫ CA
× 100  217 

Where ʃ SA represents the integrated area under sample time-fluorescence curve; while ʃ CA 218 

represents the integrated area from control curve. 219 

 220 

2.9. Tyrosinase inhibition experiment 221 

THC is a known inhibitor of tyronase [26], as such we investigated the inhibitory influence 222 

of both free and encapsulated THC on tyrosinase activity. The THC@NaCas nanoparticles were 223 

prepared by mixing 1mL of NaCas (2.0 mg/mL) with 100 µL of THC (2.0 mg/mL), which was 224 

vigorously stirred by means of a magnetic stirrer for 30 min. From this stock solution four 225 
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THC@NaCas nanoparticles samples were diluted with PBS to different concentrations of THC 226 

(5, 10, 15 and 20 μg /mL), while free THC was diluted with PBS to the same concentration as 227 

the THC@NaCas nanoparticles. The different nanoparticles of THC@NaCas and free THC 228 

were mixed with 0.5 mL of L-tyrosine and kept at 37 °C for 5 min. Then 0.25 mL of tyrosinase 229 

(100 Units/mL) in PBS and 1.25 mL of PBS were added into each solution and incubated at 230 

37 °C for 10 min with continuous agitation, following which the absorbance was measured at 231 

475 nm [27]. Determining the inhibition of tyrosinase activity was based on the following 232 

equation [26, 28]. 233 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
A − B

A
× 100% 234 

A represents the absorbance of the sample, B represents the absorbance of the blank control. 235 

 236 

3. Results and discussion 237 

3.1. Preparation and characterization of THC@NaCas 238 

In order to maximize the content of THC in prepared nanoparticles, we studied the influence 239 

of different concentrations of THC on the LC and EE. Table 1 showed the LC and EE of THC 240 

by using different ratio of NaCas and free THC. When the concentration of NaCas was 1 241 

mg/mL, the LC of THC was gradually increased from 2.30 % to 2.76 % as the increase of the 242 

concentration of THC solution. The EE of THC increased to a certain value and then began to 243 
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decline. Similar results were found at the concentration of NaCas was 2 mg/mL. When the 244 

concentrations of NaCas and THC were both 2mg/mL, it had the best LC (3.00 ± 0.26 %). We 245 

chose the condition to prepare THC@NaCas in the following research.    246 

The surface potential and the average diameter of nanoparticles were also characterized by 247 

dynamic light scattering (DLS). The surface potential of THC@NaCas increased slightly 248 

compared with NaCas, which increased from -22.5 mV to -21.3 mV (Table. S1). The high 249 

surface negative potential endows THC@NaCas with high stability and good dispersion as a 250 

result of electrostatic repulsion between the particles. The particle sizes of NaCas and 251 

THC@NaCas were 263.6 nm and 269.8 nm, respectively. This result indicated that THC 252 

successfully inserted into the hydrophobic site of NaCas, so that the nanocomposite still 253 

maintain a small size.    254 

SEM was applied to visualize the surface morphology of NaCas and THC@NaCas particles 255 

(Fig. 1A and Fig. 1B). The morphology of NaCas was relatively uniform and spherical (Fig. 256 

1A), which was consistent with previous reports [29]. Following the encapsulation of THC in 257 

NaCas the morphology of the THC@NaCas changed not only in shape but also in size, which 258 

agreed with the results of previously reported encapsulating experiments [30]. The morphology 259 

of the THC@NaCas showed uneven and irregular spherical and angular shapes (Fig. 1B). This 260 

was taken as an indication that THC was encapsulated into a NaCas casing.  261 
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X-ray diffraction (XRD) was applied to investigate the nanoparticle formation of THC 262 

encapsulation into NaCas (Fig. 1C). Our results revealed that pure THC displayed obvious and 263 

characteristic peaks at angles 8.16, 11.48, 14.40, 17.78, 24.02, which was consistent with a 264 

previous report [31], indicating that pure THC was in a highly crystalline form. However, no 265 

obvious peaks were detected in the XRD patterns of NaCas, displaying amorphous 266 

characteristics. The THC@NaCas scan displayed a more amorphous background with only 267 

some minor evidence of crystalline forms. The minor crystalline signals might be due to 268 

fractions of the entrapped THC protruding from the NaCas casing, which was likely to be the 269 

result of the spontaneous encapsulation of free THC by NaCas, as also described elsewhere [32]. 270 

However, the self-assembly that occurred when the THC@NaCas was formed proved that the 271 

spontaneous encapsulation shielded most of the crystalline THC from the external environment. 272 

The crystalline peaks that were observed for THC@NaCas did not line up entirely with the 273 

peak seen for pure THC, the most likely explanation for this was that the presence of the 274 

caseinate proteins caused some steric hindrance during crystal packing affecting its 275 

configurative alignment [33].   276 

We further investigated the nanoparticle formation of the encapsulation of THC by NaCas by 277 

means of FTIR spectroscopy (Fig. 1D). Our results revealed changes in the secondary structure 278 

of NaCas as well as the dynamics of its interaction with THC. THC was characterized by 279 
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distinct absorption peaks at 3417 cm-1 and 2848 cm-1 (O-H stretching on the phenolic groups), 280 

1720 cm-1 (C=O stretching on the diketone groups), 1614 cm-1, 1000 cm-1 and 700 cm-1 (C=C 281 

bending on the aromatic rings), 1515 cm-1 (C=C stretching in aromatic ring), 1450 cm-1 (C-H 282 

bending on methyl groups) and 867 cm-1 (C-H bending on alkane chains), and 1300-1200 cm-1 283 

(=C-O-CH3 stretching of alkyl-aryl ether groups) [34].  284 

NaCas was characterized by broad absorption peaks between 3500 and 2700 cm-1, which 285 

included N-H stretching due to the secondary amines in the peptide bonds and C-H stretching 286 

on the peptides and a distinct peak near 3100 cm-1 due to amine salts, the peak position of the 287 

amide-I band of NaCas at 1740 to 1680 cm-1 (C=O stretching, representing an α-helix structure), 288 

and its amide-II was occurred at 1640 cm-1 (C-N stretching coupled with N-H bending, 289 

representing antiparallel β-sheet structures), 1520 cm-1 (-CH2 shear vibration), and 1200 cm-1 290 

(C-O bending) [35].  291 

The FTIR spectrum of the THC@NaCas was broadly similar to NaCas over the range from 292 

4000 to 2000 cm-1, which represented the principle peptide related absorbances. After NaCas 293 

encapsulated THC, the peak position of NaCas for the amide-I band shifted from 1739 cm-1 to 294 

1652 cm-1 and for the amide-II band from 1640 cm-1 to 1519 cm-1, indicating a conformational 295 

change in the NaCas peptides due to the steric effect of THC on NaCas. Similarly, the peaks for 296 

the alkyl-aryl ether groups on THC appeared to have shifted from 1300-1200 cm-1 to 1100-1000 297 
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cm-1, which reiterated the XRD results that the presence of the caseinate proteins influence the 298 

molecular packing of encapsulated molecules, affecting their configurative alignment. These 299 

results indicate that the formation of nanocomposites between NaCas and THC was 300 

accompanied by changes in secondary structure and chemical microenvironment of both NaCas 301 

and THC. 302 

In order to assess whether THC has a greater overall solubility when encapsulated into 303 

NaCas compared to free THC we dissolved both free THC and THC@NaCas into deionized 304 

water at two different temperatures. In the subsequent phase solubility experiments (Fig. S2), 305 

we found that the solubility of THC incorporated as THC@NaCas increased with the increase 306 

of concentration at both 25 °C and 37 °C, with a greater solubility at 37 °C compared to 25 °C. 307 

The solubility of THC in deionized water was calculated to be 258.3 µg/mL and 179.2 µg/mL at 308 

37 °C and 25 °C respectively when the concentration of THC@NaCas suspensions were 10 309 

mg/mL. The solubility of THC in THC@NaCas was 53 and 28 times higher compared to free 310 

THC (3.4 µg/mL at 25 °C and 9.2 µg/mL at 37 °C). Hence, the solubility is markedly improved 311 

when encapsulated into a NaCas casing, which is in agreement with findings by Park and 312 

coworkers who reported similar results when encapsulating turmeric into a biodegradable 313 

carrier [36].  314 

Table 1 315 
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The loading capacity and encapsulation efficiency of THC on different condition 316 

NaCas (mg/mL) THC (mg/mL) EE (%) ± SD LC (%) ± SD 

1 0.5 86.64 ± 0.67 2.30 ± 0.08 

1 1 95.95 ± 0.49 2.45 ± 0.12 

1 1.5 94.91 ± 0.58 2.56 ± 0.25 

1 2 87.36 ± 0.89 2.76 ± 0.17 

2 0.5 97.60 ± 0.73 2.47 ± 0.39 

2 1 98.63 ± 1.23 2.63 ± 0.34 

2 1.5 98.71 ± 0.66 2.71 ± 0.09 

2 2 96.34 ± 0.23 3.00 ± 0.26 

Abbreviation: NaCas: sodium caseinate; THC: Tetrahydrocurcumin; EE (%): encapsulation 317 

efficiency; LC (%): loading capacity. All measurements are means ±SD (n=3).  318 

 319 

 320 
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 321 

Fig. 1. Characterizations of nanoparticles. SEM images of (A) NaCas and (B) THC@NaCas. (C) 322 

XRD spectra and (D) FTIR analysis of NaCas, THC and THC@NaCas. 323 

 324 

3.2. Stability of THC@NaCas  325 

  The stability of free and encapsulated THC in extreme environments was also studied, such 326 

as high temperature and strong acidic conditions. Thermal stability experiment (Fig. 3A) 327 

showed that free THC had good thermal stability. After heated at 80 ºC for 2.5 h, the 328 

degradation rate of free THC was only 20 %. THC was encapsulated with NaCas not only had 329 

no effect on the stability but further improvement. Free THC and THC@NaCas also could 330 

maintain strong stability in different pH solution. As shown in Fig. 3B, THC@NaCas degraded 331 
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more slowly in phosphate buffer solution of 7.0 compared to 5.4. The instability of NaCas in 332 

acidic conditions led to the degradation rate of THC@NaCas faster than in neutral environment.  333 

 334 

Fig. 3. The stability of free THC and THC@NaCas at 80 ºC and different pH. (A) The 335 

degradation curve of free THC and THC@NaCas at 80 ºC. (B) Retention of free THC and 336 

THC@NaCas after storage in different phosphate buffer solution (PBS) for 2 hours.    337 

 338 

3.3. In vitro release of THC@NaCas 339 

  In order to study the release kinetics of THC from THC@NaCas in stimulate gastric fluid 340 

and normal saline, we dispersed THC@NaCas in two solutions at the same time. As shown in 341 

Fig. 4, the release of THC from THC@NaCas was faster in acidic gastric fluid than in normal 342 

saline. In the first 2 hours, the release of THC showed a rapid trend, the release of THC reached 343 

45 % in stimulate gastric fluid and 40.2 % in normal saline. This might be due to some weak 344 

absorptive THC existed near the surface of sodium caseinate. Similar experimental phenomena 345 
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had also been reported in past study [37]. Subsequently, THC released more slowly and 346 

presented a slower and more lasting release pattern. The above phenomena indicated that 347 

NaCas could effectively restrain THC release from THC@NaCas. This will greatly prolong the 348 

residence time of THC in clinical application and keep lasting pharmacodynamics activity.  349 

 350 

Fig. 4. The release kinetic curve of nanoparticles in stimulate gastric fluid and normal saline. 351 

  352 

3.4. Cellular uptake of THC@NaCas 353 

Cellular uptake capacity is an important factor for evaluating the intracellular biological 354 

activity of drugs [38]. Thus, we used confocal laser scanning microscope (CLSM) to observe 355 

the delivery of THC@NaCas in cancerous human melanoma (A375) cells. The cells were 356 

co-cultured separately with THC and THC@NaCas, while in the control group the cells were 357 

co-cultured with DMSO. The blue fluorescence visualizes the structure of A375 cells and the 358 

green fluorescence visualizes the intracellular distribution of THC in the cells. At equal 359 
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concentrations of THC, both free THC and THC@NaCas were co-cultured with A375 cells (Fig. 360 

5). Encapsulated THC (THC@NaCas) showed a much more pronounced fluorescence 361 

compared to free THC, suggesting that the ability of THC to enter cells was enhanced through 362 

forming THC@NaCas. Furthermore, the rapid degradation of free THC in cancer cells could 363 

also have led to a weak fluorescence signal. Our results showed that encapsulated THC 364 

(THC@NaCas) could facilitate the stability of THC and release THC into the intracellular 365 

environment of cancer cells. 366 

 367 

 368 

Fig. 5. Confocal laser scanning microscopy images of cancerous human melanoma (A375) cells 369 

after incubation with DMSO, THC and THC@NaCas for 4 h. (Nanoparticles: 2 µg/mL; DAPI: 370 

cell nuclear blue fluorescent probe). 371 
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 372 

3.5. Cell toxicity test 373 

To determine the effects of THC on the survival/viability of cancerous and non-cancerous 374 

cells, in a free form and the encapsulated form (NaCas), we applied the CCK-8 assay [24]. The 375 

non-cancerous mouse embryonic cells, were not negatively affected by the presence of either 376 

free or encapsulated THC under the conditions of our experiment (Fig. 6A). These results 377 

suggested that THC had good biocompatibility with healthy non-melanoma cells and displayed 378 

no biological toxicity. Furthermore, THC@NaCas appeared to promote the growth of mouse 379 

embryonic cells at the lowest concentration (cell survival reached 123 % at 1 μg/mL), but the 380 

growth-stimulation effect did not persist at any of the higher THC@NaCas concentrations (c > 381 

2 µg/mL). Free THC imposed a growth-stimulation effect on the non-cancerous mouse 382 

embryonic cells at almost all concentrations tested with an average growth stimulation at 111.2 383 

± 8.3% (Fig. 6A). This stimulatory effect might be due to the upregulation of the FOXO4 384 

transcription factor by THC, which had been shown to linked to longevity in 3T3 cells [39]. 385 

Free THC did not inhibit the growth of cancerous human malignant melanoma cells at low 386 

concentrations, in fact growth was somewhat stimulated at concentrations up to 3 μg/ml (Fig. 387 

6B). However, the growth of the malignant melanoma cells was retarded at the higher 388 

concentrations (cell viability was 95 % and 91 % at 4 and 5 μg/mL respectively). THC@NaCas 389 
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imposed an inhibitory effect on growth at almost all concentrations (Fig. 6B), with a very 390 

marked growth inhibition at 4 and 5 μg/mL and the cell viability was 94 % and 87 % 391 

respectively. Similar results with curcumin rather than THC were shown elsewhere [40-42], 392 

Several studies suggested that curcumin induced A375 cells apoptosis by modulating multiple 393 

signaling pathways to exert its anticancer effect and caused DNA damage in A375 cell [43, 44]. 394 

THC inhibited the growth of mouse hepatoma cells (H22 cells) by inducing mitochondrial 395 

apoptosis in previous study [45]. At present, there is no related literature report on the 396 

anticancer mechanism of THC against A375 cells.   397 

 398 

Fig. 6. Cell toxicity of THC and the THC@NaCas against mammalian cell lines at different 399 

concentrations. (A) Cell toxicity against non-cancerous mouse embryonic (3T3) cells. (B) Cell 400 

toxicity against cancerous human melanoma (A375) cells. 401 

 402 

3.6. Cell antioxidant capacity test 403 

To further investigate the antioxidant capabilities of THC and THC@NaCas, we adapted the 404 
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cellular antioxidant capacity (CAA) assay as described by Wolf and Liu [25]. The free radical 405 

scavenging ability of THC can be reflected by monitoring the fluorescence intensity caused by 406 

dichlorofluorescein (DCF). The principle of CAA was showed in Scheme 1. Mouse embryonic 407 

cells (normal cells) and malignant human melanoma cells (tumor cells) were chosen as models 408 

to evaluate intracellular antioxidant capacities. Our data revealed that in both cells 409 

THC@NaCas had a greater ability to scavenge free radical compared to free THC (Fig. 7A 410 

&C). When calculating the corresponding CAA units, it was found that the free radical 411 

scavenging capacity of THC@NaCas in non-cancerous mouse embryonic cells and cancerous 412 

human melanoma cells reached 29.15 and 12.58 respectively, which was 1.84 and 2.56 times of 413 

the response of free THC (Fig. 7B &D). The elevated CAA response due to the presence of 414 

THC@NaCas indicates the greater ease by which THC can be delivered into the cells, 415 

regardless of whether they are cancerous cells or not. However, the reduced CAA response 416 

when comparing cancerous and non-cancerous cells (regardless of whether the THC was 417 

encapsulated) reiterates the possibility that THC has the ability to reduce the effective ability of 418 

glutathione by depleting it [46]. Antioxidants like THC play an important role in the protection 419 

against oxidative stress, especially in the case of cancer [37], more specifically THC has been 420 

shown to cause a decrease in gene expression leading to anti-angiogenesis [47]. As mentioned 421 

before, it appears that cancerous cells must have a greater inherent requirement for glutathione 422 
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and that even at relatively low concentrations of THC their viability is reduced. 423 

 424 

 425 

Fig. 7. The cellular antioxidant capacity of THC and the THC@NaCas. (A) Kinetics curve of 426 

DCF fluorescence from CAA of THC, THC@NaCas, control and blank sample against 427 

non-cancerous mouse embryonic (3T3) cells. (B) CAA values of THC and THC@NaCas 428 

against non-cancerous mouse embryonic (3T3) cells. (C) Kinetics curve of DCF fluorescence 429 

from CAA of THC, THC@NaCas, control and blank sample against cancerous human 430 

melanoma (A375) cells. (D) CAA values of THC and THC@NaCas against cancerous human 431 

melanoma (A375) cells. 432 
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 433 

3.7. Tyrosinase inhibition by free and encapsulated THC 434 

THC is a known inhibitor of tyronase [26], an enzyme involved in the proliferative 435 

production of melanin. The inhibitory influence of both THC and THC@NaCas on tyrosinase 436 

was tested in vitro. The inhibitory effect of both free THC and THC@NaCas increased with the 437 

increase of the total concentration of THC (Fig. 8), however the inhibitory effect of 438 

encapsulated THC (THC@NaCas) was more pronounced compared to free THC. When the 439 

concentration of THC is 10 µg/mL, the inhibition effect of THC@NaCas is about 20 times 440 

more potent compared to free THC. Similarly, the tyronase inhibitory effect of 10 µg/mL THC 441 

as THC@NaCas was similar to the tyronase inhibitory effect at 20 µg/mL of free THC, 442 

indicating that the ultimate dose of THC could be halved if encapsulated to achieve the same 443 

inhibitory results. These results indicate that the bioavailability of encapsulated THC is 444 

markedly improved at low THC concentrations. This high tyrosinase inhibition activity might 445 

be attributed to the good dispersion and stability of encapsulated THC nanoparticles in an 446 

aqueous solution.   447 
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 448 

Fig. 8. The inhibition activity of THC and THC@NaCas on tyrosinase at different THC 449 

concentration 450 

 451 

4. Conclution 452 
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THC in NaCas greatly improved the antioxidant activity, the cellular uptake and the inhibition 456 

activity on tyrosinase of THC. Besides, the in vitro cytotoxicity test showed that the 457 

THC@NaCas nanoparticles had inhibitory effect on cancer cells, however no inhibitory effects 458 

were observed against non-cancerous cells by either free THC or THC@NaCas. Therefore, in 459 

terms of clinical application perspective, THC@NaCas can be used as a safe and effective 460 

anti-melanoma drug for medical treatment. In addition, it can also be used as an additive in 461 
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cosmetics, which has good antioxidant effects and have no any toxic effect on other tissues of 462 

the human body. It can be seen from our experimental results that NaCas has a strong advantage 463 

as a carrier of nano-delivery system. It can not only improve solubility and stability of 464 

hydrophobic drugs but also delay the release of drugs. Cell uptake result also shows that NaCas 465 

can enhance the cellular uptake of hydrophobic drugs. All in all, NaCas is a viable and 466 

promising candidate for the safe and effective encapsulation of THC to improve its 467 

bioavailability in clinical treatment. 468 
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