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Abstract 

In recent years, nanoparticles based drug delivery is being used to treat liver diseases.  Even 

though curcumin is a potent antioxidant, reactive oxygen species (ROS) scavenger and anti-

inflammatory agent, its use at clinical level is very limited due to its poor bioavailability 

rendered by its physiochemical property. In this study, biodegradable liver specific pullulan 

acetate nanoparticles (PA) loaded with curcumin were developed for the first time. These 

curcumin loaded PA nanoparticles were found to improve the encapsulation efficiency and 

stability of curcumin with sustained release, under physiological conditions. Thus, Curcumin 

loaded pullulan acetate nanoparticles (PAC) could solve the physicochemical defects of 

curcumin like solubility, pH stability, photo-stability, and be used as an effective hepato-

protective agent against Diethyl nitrosamine (DEN) induced liver damages.  

 

Key words: Pullulan acetate nanoparticles, curcumin, DEN, hepato-protective agent, zebrafish, 

antioxidant enzymes 
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1. Introduction 

In liver, hepatocellular carcinoma is the most common cancer caused by hepatitis virus and other 

carcinogens.  It has been estimated that 748,300 new cases and 695,900 deaths are reported every 

year due to hepatocellular carcinoma worldwide.
1
 N-nitrosamines are a well-known group of 

carcinogens that can induce liver cirrhosis which leads to liver cancer. People who are exposed 

to unknown quantities of N-nitrosamines develop cancer as these are present in food, beverages, 

herbicides, pesticides and industrial pollution.
2
 Metabolism of N-nitrosodiethylamine (DEN) in 

rats is similar to human and hence it is being used as a model carcinogen, to induce liver cancer. 

DEN produces  many reactive metabolites that act together with DNA leading to the formation 

of DNA adducts, followed by mutations.
3
 8-hydroxyguanine is over expressed by the free 

radicals generated by DEN.
4
 Excess amount of ROS accumulation causes damage to proteins, 

lipid, DNA, carbohydrates and membranes, resulting in oxidative stress and carcinogenesis.
5
  

Chemoprevention is the best and perfect approach for the treatment of hepatic diseases.  

Curcumin, a natural polyphenolic compound, has been used as a drug for hepatocellular 

carcinoma in rat model 
6,7

 and hepato-protective agent against DEN.
8
 However, pre-clinical to 

clinical applications for curcumin have not been developed successfully due to its poor 

bioavailability, low solubility, susceptibility for photolysis and pH dependent degradation. 

Targeted drug delivery systems based on nano formulations could provide permanent solutions 

for such problems.
9
 Nano formulations developed by different methods

10,11
 using natural, 

synthetic biocompatible polymers, like zein/quaternized chitosan,
12

 PLGA,
13

 biotin modified 

cholesteryl pullulan,
14

 chitosan
15 

and β-lactoglobulin
16

 are being used to enhance the therapeutic 

efficacy of curcumin. 

Pullulan is one such polysaccharide secreted by a fungus, Aureobasidium pullulans. It 

contains repeated malto-triose units, connected through α-1, 6 linkages. Due to its 

biocompatibility, it is recently being used for various biomedical applications including tissue 

engineering, targeted drug and gene delivery.
17

 As pullulan is liver specific, it  is exploited for 

targeting liver.
18-20

 Pullulan shows a specific affinity for asialoglycoprotein receptors, which are 

greatly expressed on sinusoidal membranes of hepatocytes. Partial modification of pullulan by 

cholesterol produces amphiphilic properties which help in formation of self-assembled 

nanoparticles for delivering drugs to cells.
21, 22
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Pullulan acetate polymer could be used as a drug carrier, due to its non-toxic, non-

immunogenic and biodegradable properties. It has high biocompatibility and solubility in a 

variety of organic solvents. Its good affinity towards the asialoglycoprotein receptor leads to 

receptor-mediated endocytosis that internalizes the pullulan to hepatocytes.
23, 24 

To improve the physicochemical properties of curcumin, curcumin loaded pullulan 

acetate nanoparticles have been synthesized for the first time. The nanoparticles thus prepared 

were characterized for particle size distribution, surface morphology and in-vitro drug release.  

Further, the hepato-protective efficacy of these nanoparticles against DEN induced liver damage 

was studied in rats.  

2. Materials and methods 

2.1. Material  

Pullulan (MW = 200 kDa) was obtained as a gift sample from Hayashibara (Tokyo, Japan). 

Curcumin was purchased from Hi-media. Millipore milli Q water was used for all the 

experiments. All other chemicals and reagents were of analytical grade. 

2.2. Methods 

2.3. Synthesis of pullulan acetate  

Pullulan acetate (PA) was produced by the method of Motozato.
25

 Briefly; 2 g of pullulan was 

solubilized in 20 mL of formamide, and stirred strongly at 54ºC. To this solution, 6 mL of 

pyridine and 15 mL of acetic anhydride were added to change the degree of acetylation. The 

mixture was then stirred at 54°C for 48 h. A dark-brown precipitate thus obtained was purified 

by re-precipitation with 1000 mL of distilled water and 500 mL of methanol. The solid material 

was dried under vacuum for 24 h, and a white powder of pullulan acetate was obtained.  

 The degree of acetylation was found out by hydrolysis method.
26

 In short, 0.5 g of the 

powder was accurately weighed and placed in a 250 mL Erlenmeyer Flask with stopper. To this 

10 mL of reverse osmosis water, 25 mL of 0.1 N NaOH and a few drops of phenolphthalein were 

added. The mixture was stirred gently in a magnetic stirrer at room temperature for 2 h. 

Subsequently, the excess alkali was titrated with 0.1 N HCl until the pinkish red color of 

phenolphthalein disappeared. The same procedure was carried out for native starch. The DS was 

calculated using the following equation. 

…………..(1) 
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Where, V0 is the titration volume of acid for the native starch (mL), V1 is the titration volume of 

acid for the acetylated sample (mL), NHCl is the normality of used HCl and mM is the mass of the 

acetylated sample (g). 

2.4. Formulation of curcumin loaded pullulan acetate nanoparticles (PAC) 

The solvent diffusion method was used to prepare pullulan acetate nanoparticles.
22

 In brief, 10, 

20 and 30 mg of PA was mixed with 5 mg of curcumin and dissolved in 10 mL of acetone. This 

solution was then added drop wise to an aqueous solution containing various concentration of 

polyvinyl alcohol by means of a syringe under moderate stirring. Then the formulation was 

centrifuged at 4000 rpm for 10 minutes to remove free curcumin from nanoparticles loaded 

curcumin. Then, the free curcumin was dissolved in DMSO. Curcumin loading content was 

measured by UV-Visible spectroscopy method at 426 nm. The supernatant thus obtained was 

concentrated by centrifugation again at 13,000 rpm for 1 hour and the pellet was redispersed in 

water. Table s1 shows the optimization of PAC.  

The percentage loading of curcumin in pullulan acetate nanoparticles was calculated using the 

following formula 

Amount of drug added during preparation Amount of drug in the supernatant
Loading efficiency 100

Amount of drug added during preparation

−
= ×

2.5. Characterization of pullulan acetate and curcumin loaded pullulan acetate 

nanoparticles 

Fourier transform infrared (FTIR) spectra of pullulan, PA, and PAC were recorded using Perkin 

Elmer Fourier Transform Infrared Spectroscopy. The scan was performed in the range 4000-400 

cm
-1

. Surface morphology of PAC was carried out using Techni-20 Philips Transmission 

Electron Microscope operated at 80 kev. TEM samples were prepared by placing 2–3 drops of 

PAC solution on a copper grid and dried at room temperature after removing excess solution 

with filter paper. The particle size and distribution of drug-loaded PAC were elucidated by 

ZETASIZER (Malvern Instruments, Germany). The proton nuclear magnetic resonance (
1
H 

NMR) spectra of PA and PAC were recorded on a Jeol spectrometer at 500MHz, using d-DMSO 

as a solvent. 

2.6. Analysis of photo-physical properties 

Encapsulation and binding efficiency of curcumin in PAC was further examined by 

spectroscopic analysis. We measured the absorbance and fluorescence spectra of curcumin 
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(dissolved in methanol) and PAC (in aqueous solution) at a concentration of 4 µg/mL. Curcumin 

was quantified spectrophotometrically at 426 nm and fluorescence emission spectra were 

recorded from 450 to 700 nm with an excitation wavelength of 420 nm.
27 

2.7. pH stability 

To evaluate the pH stability of curcumin in curcumin loaded PA nanoparticles (PAC), the equal 

concentration of PAC (0.5 mL dispersed in aqueous solution) and 0.5 mL of free curcumin 

(dissolved in DMSO) were added to buffers with various pH (1.2, 4.5, 6.7, and 7.4). These 

solutions were incubated at 37°C for 6 h. Samples were removed periodically and the amount of 

pH stable free curcumin (curcumin without PA nanoparticles) and curcumin loaded in PA 

nanoparticles was analyzed spectrophotometrically at 426 nm.
28 

2.8. Photostability  

To evaluate photo-stability, solutions of curcumin and PAC were kept in both ordinary and 

amber coloured bottles under normal light conditions. Sampling was done periodically and the 

amount of photostable curcumin in free curcumin and PAC was analyzed spectrophotometrically 

at 426 nm. 

2.9. Solubility  

To evaluate aqueous solubility of curcumin loaded in pullulan acetate nanoparticles against free 

curcumin, equivalent quantity of PAC and curcumin was dispersed in phosphate buffered saline 

(PBS, pH 7.4). Solubility of curcumin was compared visually and photographed.
27

 

2.10. In vitro release 

To find out in vitro release of curcumin from PAC, 2 mL of PAC was diluted in 10 mL of PBS 

(pH 7.4) and stirred in a magnetic stirrer at 37°C. At particular intervals, 0.5 mL of sample was 

taken and centrifuged at 4000 rpm for 10 minutes; the supernatant was poured into original 

solution. The pellet was redispersed in DMSO and the amount of curcumin released was 

determined spectrophotometrically at 426 nm. The experiment was performed in triplicate. 

2.11. Hemolysis 

Fresh blood was collected from healthy volunteers in sterile lithium heparin containers. RBCs 

were separated from whole blood by centrifugation at 1500 rpm for 10 minutes. The pellet 

containing RBCs was collected and diluted in PBS (pH 7.4) while the supernatant containing 

plasma and platelets was discarded. The RBCs were further washed three times with sterile PBS 
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solution. 1 mL of the RBCs pellet was re-suspended in 3 mL of PBS. Then 0.05 mL of diluted 

RBC suspension was added to 0.5 mL of PAC in PBS of different concentrations. After being 

slightly vortexed the suspension was stored at static condition for 4 h at 37°C. Then, the mixture 

was briefly vortexed again and centrifuged at 13,000 rpm for 10 minutes. The hemolysis was 

assessed by measuring absorbance of the supernatant at 575 nm.  0.05 mL of diluted RBC 

suspension was incubated with 0.5 mL of water and used as the positive control. The experiment 

was performed in triplicate. The percentage of hemolysis was calculated as follows.
29

 

( )

( )

  
1 100

4

 
 %

 

sample absorbance negative control
Hemolysis

positive negative control
×

−

−
=  

2.12. In vivo toxicity study of PAC in zebrafish embryo model  

In vivo toxicity of PAC was assessed in zebrafish embryo model as mentioned in our previous 

report.
30

 Briefly, fertilized eggs were collected from natural mating of adult zebrafish and 

embryos were gathered within 2 h of spawning. From the newly fertilized eggs approximately 2 

h post fertilization (hpf), 10 healthy embryos were transferred to each well of a 24 well plate 

along with 1 mL of E3 medium. The embryos were exposed to different concentrations of 

curcumin and PAC, for 4 days. Tests were performed in duplicates. Embryos without treatment 

served as control. The dead embryos were removed immediately from the medium during the 

observation period and the remaining embryos were counted. At the end of the experiment, the 

larvae were transferred to a microscopic slide and then anesthetized with 0.016% tricaine. The 

preliminary morphological changes such as mortality rate, hatching rate, growth retardation and 

edema accumulation were monitored and photographed using an Olympus Stereo microscope. 

2.13. In vitro antioxidant assay 

In vitro antioxidant activity of the prepared PAC nanoparticles was determined using DPPH (2, 

2’-Diphenyl-1-picrylhydrazyl). Various concentrations of PAC nanoparticles (2µg-10µg) were 

taken and 1 mL of DPPH (0.36 mM in ethanol) was added and kept in dark at room temperature 

for 20 minutes, then absorbance was measured at 517 nm. The values were expressed in µg 

equivalence of vitamin E, which served as the standard.
31

  

2.14. Animals and grouping 

Wistar albino rats weighing between 150-200 g, purchased from King Institute, Chennai, were 

used for the in vivo experiments. The rats were maintained in polypropylene cages under 
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controlled conditions of light/dark cycle (12:12 hrs), temperature at 29-31°C and fed with 

commercial rat feed and water ad libitum. All procedures were carried out according to the 

stipulations of the Institutional animal care and use committee (IACUC). A formal approval from 

the animal ethical committee has also been obtained.  

Animals were divided into three groups each comprising of five rats. Group I animals 

served as the control. Groups II animals were administered with PAC orally, once a day for 4 

consecutive days at a concentration of 20 mg/kg body weight. Group II and III animals were 

administered intraperitoneally with DEN at a concentration of 20 mg/kg body weight on 5
th

 day.  

After 48 h of DEN administration, all the animals were sacrificed and blood was 

collected. Liver tissue was also excised from the rats and washed completely with ice cold 

physiological saline to remove adhering blood and other tissues and stored at -20°C until used 

for the biochemical estimations.
32 

2.15. Lipid peroxidation assay 

Liver tissue homogenate was taken to evaluate lipid peroxidation. The lipid peroxides (as 

malondialdehyde) were determined by thiobarbituric acid reaction.
33

 and were expressed as 

nmoles of MDA/100 mg of wet liver tissue. 

2.16. Assay for liver marker enzymes 

Liver marker enzymes like aspartate transaminase (AST), alanine transaminase (ALT), alkaline 

phosphatase (ALP) and lactate dehydrogenase (LDH) were estimated in both serum and tissue 

homogenate to assess the liver function as reported earlier.
34-36 

2.17. Levels of antioxidants in liver tissue 

Enzymatic and non-enzymatic antioxidants levels were determined in liver tissue homogenate. 

Enzymatic antioxidants like superoxide dismutase (SOD), catalase (CAT), glutathione 

peroxidase (GPx), glutathione-S-transferase (GST) and glutathione reductase (GR) were 

analyzed. Non-enzymatic antioxidants like reduced glutathione (GSH), vitamin E and vitamin C 

were also quantified as per standardized protocols in the literature.
37-43

 

2.18. Statistics 

Data were expressed as mean ± SD and the results were statistically evaluated using students 

paired t test and one-way ANOVA. All the statistical analyses were performed using graph pad 

prism (version 5.0; Graph Pad software Inc. San Diego CA, California, USA). 
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3. Results and discussion 

3.1. Optimization and characterization of PAC  

Pullulan, being a nonionic hydrophilic polymer, could be used as a carrier for many hydrophilic 

substances. But only a very small amount of hydrophobic compounds could be loaded due to its 

hydrophilic property. This problem could be overcome by making pullulan as pullulan acetate 

which is amphiphilic in nature, by acetylation process. PA can be self-assembled in to 

nanoparticles when exposed to non-solvent medium containing surfactants. The PA 

nanoparticles could be used as carriers for delivering drugs.
44-47

  

The degree of acetylation was studied by hydrolysis method to confirm the formation of 

pullulan acetate from pullulan. The degree of substitution was found to be 4.96 and the % 

acetylation was found to be 57.62. These results confirm that our synthesis method is effective to 

form pullulan acetate. Percentage loading efficiency of curcumin in PA nanoparticle formulation 

is given in Table s2.  

PAC formation was optimized by keeping the concentration of curcumin as constant but 

changing the concentration of PA and volume of aqueous phase with different strength of 

polyvinyl alcohol surfactants. Curcumin loading efficiency in PA nanoparticle was found to be in 

the range of 22.72 ± 1.02 to 85.87 ± 1.09 %. The formation of nanoparticles is possible within 

some moderate concentrations of PA as seen in Table s2. An increase in concentration of 

pullulan acetate in nanoparticle formulation leads to increased encapsulation efficiency of 

curcumin. Results of F6 and F7 in Table s1 showed little decrease in loading efficiency due to 

low concentration of the polyvinyl alcohol. As F5 found to have higher loading efficiency with 

85.87 ± 1.09 %., further study was carried out using F5 formulation. 

To confirm the presence of curcumin in pullulan acetate nanoparticles, FTIR analysis was 

carried out. Fig. s1a-c shows the FTIR spectra of pullulan, PA and PAC respectively. Pullulan 

consists of C-1, 4 and C-1, 6 glycosidic linkages and is a water-soluble, neutral, linear poly 

saccharide. In the present study, pullulan was modified by replacing the hydroxyl groups of the 

glucose unit with acetate groups to produce a hydrophobically modified pullulan, PA. The 

spectra demonstrated the introduction of acetate group, as indicated by C=O stretching at 

1757cm
−1

, CH3 deformation at 1374cm
−1

, and O–C=O bonds at 600cm
−1

.
48
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Fig. s2 a-b shows 
1
H NMR spectra of PA and PAC. Hydroxyl proton signals of PA at 

4.5-5.6 ppm decreased when compared with that of pullulan, and methyl proton signals at 1.8-2.2 

ppm, which are assigned to the acetyl groups, appeared in the 
1
H NMR spectrum of PA. Some 

methine proton signals of pullulan shifted to lower magnetic field by acetylation. These results 

indicated that acetylation certainly occurred. No peaks of curcuminoids were observed in the 

spectra of PAC indicating the encapsulation of curcumin inside the nanoparticles was either in 

the form of molecular dispersion or amorphous. These results correlated with previously reported 

poly (butyl) cyanoacrylate nanoparticles loaded curcumin formulation.
49

 

The surface morphology of the PAC formulation was measured using TEM (Fig. 1a). The 

nanoparticles in the formulation appeared almost spherical in shape as reported by Jung et al.
48

 

Particles size analysis of PAC is depicted in Fig.1b. Average particle size was in the range of 

123.4 ± 2 nm. Measurement of the zeta potential values is the key indication for the stability of 

formulations. Results of zeta potential of PAC were in the range of -5.11 ± 1.0 which is shown in 

Fig. 1c. The lower value of zeta potential might be due to the non-ionic nature of pullulan. 

To confirm the encapsulation as well as binding of curcumin in the hydrophobic core of 

PAC, the photo-physical property of curcumin is taken into consideration. Pure curcumin in 

methanolic solution illustrated a discrete high absorbance peak at around 425 nm. The 

absorbance peak of PAC was close to the absorbance peak of pure curcumin. This result 

confirmed the successful entrapment of curcumin within PA (Fig. 2a). Similarly, consistent to 

curcumin absorbance spectra, the fluorescence spectra also exhibited similar trends.  

 When the fluorescence spectra of curcumin (emission wavelength from 450 to 650 nm) 

with excitation wavelength 420 nm were observed, we found that pure curcumin in methanol 

solution illustrated a sharp fluorescence peak at 522 nm (Fig. 2b), but the fluorescence spectrum 

of PAC was shifted towards blue spectrum and showed a well-defined peak at 491 nm. This blue 

shift could be due to encapsulation of curcumin within hydrophobic domain of PA present in 

PAC.
50, 51

 Similar results were observed in the formation of nano lipid carrier loaded drugs
52

 and 

polymeric nanoparticle loaded curcumin.
53

 

The solubility of PAC and curcumin was analyzed in PBS solution, pH 7.4. We found 

that PAC dispersed in aqueous solution gave a clear, well dispersed formulation with curcumin’s 

natural color (Fig. 2c right inset), in contrast to native curcumin which was poorly soluble in 
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aqueous media as seen as microscopic undissolved flakes. (Fig. 2c left inset). Similar results 

were observed in glyceryl monooleate based nanoparticles loaded curcumin as reported by 

Mohanty & Sahoo.
27

 

3.2. pH stability  

One of the major challenges of drug delivery to cancerous tissue is its instability and 

biodegradation at physiological pH. 90% of curcumin was reported to get degraded in phosphate 

buffer at pH 7.4 within 30 mins.
51, 54

 In an attempt to study the biodegradation and stability 

properties of curcumin, we incubated pure curcumin and PAC in PBS (pH 4.5 and 7.4), normal 

saline and E3 medium and estimated its concentration at different time intervals, 

spectrophotometrically.  

Absorption spectra of PAC at various pH and time intervals were monitored for 24 h to 

know whether PA had any influence on the stability of curcumin and the results are shown in Fig 

3. In the acidic pH of 4.5 (Fig. 3a), PAC was more stable than free curcumin. But at pH 7.4 (Fig. 

3b), we observed only a minor change in the absorption maximum even after 8 h of incubation at 

37°C. The results reflect the stability of PAC at physiological pH. However, from the 

degradation profile of pure curcumin we could observe that about 50% of degradation occurred 

within 2.5 h, which confirmed that pure curcumin underwent rapid degradation (only 22% of 

curcumin left intact after 24 h of incubation). Whereas, PAC was more stable under the same 

conditions i.e. 92% was found to be intact. PAC had more stability in saline (Fig. 3c), PBS and 

E3 medium (Fig. 3d) than curcumin. Thus, it is important to note that PA increased the stability 

of curcumin by encapsulation at various pHs so that PA could be used as a carrier for in vivo 

curcumin delivery.  

3.3. Photostability 

The photostability of PAC and curcumin is depicted in Fig. 3e. PAC was stable in both light and 

dark conditions, whereas pure curcumin was more stable only in dark. At the end of 6 h, there 

was no significant degradation of curcumin from PAC but pure curcumin showed 20% 

degradation when kept in light. The reduced rate of degradation of curcumin in PAC might be 

due to its presence inside the polymer matrix which provided protection from the damaging 

effect of light.  

3.4. In-vitro drug release 
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The in vitro curcumin release behavior in PBS, (pH 7.4) was studied by dialysis method and 

shown in Fig. 3f. Curcumin was released from PAC in a biphasic pattern; a fast release rate in 

the first 1 h up to 39.36%, followed by a slow and uniform release. The initial burst of curcumin 

from nanoparticles suggested that some part of drug was adsorbed onto the surface of 

nanoparticles or loosely encapsulated in the hydrophilic domain of PA and the slow and uniform 

release could be caused by diffusion of the curcumin from PAC as observed by Ravi et al. for 

lopinavir loaded nanoparticles.
55

 It was observed that curcumin showed sustained release (up to 

80.95%) from PAC for 24 h. 

 Studying kinetics of encapsulated drug release from nanoparticles is important for 

biological activity. The drug release data were plotted in mathematical models according to the 

first order kinetic equation (r
2
=0.794), Hixson and Crowell's equation (r

2
=0.754), zero order 

equation (r
2
=0.662), to study mass transport of drug that play a role in controlled drug release 

from nanoparticles. The kinetic studies of PAC showed that the release profile followed 

Korsmeyer-Peppas equation. The release of curcumin from PAC (F5) was by controlled 

diffusion mechanism which was further confirmed by the Korsmeyer-Peppas plots that showed 

fair linearity (r
2
 > 0.92), with a slope value of 0.273, which was far less than 0.5. 

3.5. Hemolysis 

In vitro hemolysis of curcumin, PA and PAC was studied and the results are displayed in Fig. 4a, 

b. When the nanoparticles are injected into the blood stream for drug delivery or drug 

detoxification, detrimental interaction of these particles with blood constituents must be avoided.  

Nanoparticles used as carrier for drug delivery should be biocompatible with blood cell for in 

vivo application. Fig. 4a, b shows the hemolytic activities of PA nanoparticles (Fig. 4a), 

curcumin and PAC (Fig. 4b) dispersions at different concentrations. 

The results showed that % hemolytic activity of PA nanoparticles increased with increase 

in concentration. At a concentration of 5.5 mg/mL, the hemolysis was below 5% indicating that 

any concentration below 5.5 mg/mL is suitable for parenteral application. Pure curcumin showed 

4.139% hemolysis at 193.33 µg/mL; increasing the concentration above these limits lead to 

hemolysis more than 5%., whereas PAC demonstrated only 3.84% of hemolysis at 199.33 µg/mL 

concentration. 

3.6. Zebrafish toxicity 
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Zebrafish is an ideal model to study vertebrate development, aquatic toxicology, human 

pathology and drug screening. Zebrafish embryos, possessing a high degree of homology to 

human genome, are good choice for all experiments   for rapid high throughput and cost effective 

nanomaterials screening.
56

 Zebrafish embryos are currently being used to screen the phenotypic 

and genotypic abnormalities when exposed to nanomaterials like metal oxide nanoparticles and 

gold nanoparticles.
30, 57

 So we have used the embryo model to screen the toxic effect of different 

concentrations of PAC. 

Generally, growth, total length, body shape, heart, pericardial sac, facial edema, 

pigmentation, tail shape, tail length and presence of swim bladder are considered as the key 

markers to evaluate the toxicity during zebrafish development. In addition, hatching rate, 

survival rate and mortality are crucial to detect the toxicity of the prepared nanoparticles.
 56

  

Pure curcumin at a concentration of 15 µg showed no morphological changes like total 

length, body shape, heart, pericardial sac, facial edema, pigmentation, tail shape, tail length and 

hatching rate. However, a decrease in survival rate (17%) was observed at this concentration. 

Even though there were no changes observed in morphology and hatching rate, a slight decrease 

in the survival rate (14%) was only observed in PAC treated embryos at a concentration of 56.85 

µg because of the sustained and controlled release of curcumin from PAC [(as seen in Fig. 5a, b 

(hatching rate), Fig. 5c, d (percentage survival rate) and Fig. 6a, b (morphological analysis)]. 

Hence, PAC can be used as a potential candidate for the sustained curcumin delivery for various 

biomedical applications. 

3.7. DPPH assay 

The free radical scavenging ability of the free curcumin and PAC was determined in both DMSO 

and PBS, pH 7.4 (Fig. 7a). Results are expressed in vitamin E equivalence. PAC in PBS showed 

high antioxidant potential when compared to free curcumin in PBS (more than 90%). This 

confirmed that the encapsulation of the curcumin molecule in to PAC did not affect the 

antioxidant property of curcumin. This is due to the improved solubility of hydrophobic 

curcumin in PA nanoparticles by exposing larger surface area to aqueous medium.
58

  

3.7.1. Lipid peroxidation assay 

Reactive oxygen species (ROS) and free radicals cause membrane damage and lead to excessive 

formation of malondialdehyde (MDA) in tissues. To assess the lipid peroxidation, MDA level 
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was estimated in experimental animals and showed in Fig. 7b. PAC treatment showed 38% (p < 

0.001) of decreased lipid peroxidation when compared to DEN induced untreated animals 

confirming the antioxidant nature of curcumin. This is probably due to the presence of active 

chemical groups like hydroxyl, methoxy and 1, 3 di ketone conjugated diene in curcumin 

molecule.
59

 Ghosh et al. reported that PLGA- nanocurcumin prevented ROS production and thus 

reduction in lipid peroxidation.
8 

3.8. Assay for liver marker enzymes 

Liver damage affects the normal liver metabolism leading to elevated levels of intracellular liver 

enzymes such as AST, ALT, ALP and LDH. These are the key enzymes to diagnose normal liver 

function. Increased levels of these enzymes in both serum and liver tissues represent the extent of 

hepatocellular damage. Liver marker enzymes were quantified in both serum and liver for all the 

experimental groups. Fig. 7c shows the levels of these enzymes present in serum.  

PAC treatment significantly (p < 0.05) reduced the levels of AST (39%), ALT (18%), 

LDH (41%) and ALP (5%) in serum.  The levels of these enzymes in liver tissue homogenate 

were estimated and expressed in Fig. 7d. Significant reduction in AST (23%), ALP (26%), LDH 

(34%) and ALT (9%) was observed in liver tissue.  

Liver injury alters the membrane permeability and transport function of the liver leading 

to excessive leakage of these enzymes.
60

 Elevated levels of AST and ALT in the serum indicated 

cell damage in DEN induced animal. Treatment with PAC significantly decreased the AST and 

ALT levels in serum. This is probably due to the protective nature of PAC by preserving the 

structural integrity of hepatocellular membrane against DEN. Tetrahydrocurcumin treatment also 

showed similar results as reported by Pari et al.
61

 

Increased level of ALP, also known as cholestatic liver enzyme, might be due to a 

condition called chloestasis caused by DEN. Increased biliary pressure lead to the elevation of 

ALP in serum, which affected the function of hepatic cells.
62

 PAC treatment reduced the ALP in 

serum due to an early improvement in secretory mechanism of hepatic cells. Increase in LDH 

activity indicated the significant cellular damage.
63

 A notable reduction in LDH activity 

observed in PAC treated rats confirmed its protective nature against excessive cellular damage.  

64
  

3.9. Levels of antioxidants in liver tissue 
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Antioxidants are the first line defense mechanism against oxidative damage. Fig. 8a shows the 

levels of enzymatic antioxidants present in liver tissue for all the experimental animals. Increased 

levels of enzymatic antioxidants like SOD (29%), CAT (41%), GST (26%) and GPx (35%) were 

observed in PAC treated groups than the untreated group. Similar trend was observed for the 

non-enzymatic antioxidants like GSH (21%), Vit-E (7%) and Vit-C (10%).  

SOD catalyses the dismutation of superoxide radicals and plays a primary role in defense 

mechanism. Decreased activity of SOD may result in a number of harmful effects in cells due to 

the accumulation of superoxide anion. Inactivation of hydrogen peroxide or glycation of the 

enzyme causes decreased SOD activity.
65

 Administration of PAC increased the activities of SOD 

in DEN induced rats. 

CAT, a heme protein, catalyses hydrogen peroxides and protects the healthy tissues from 

hydroxyl radical attack. Decreased activity of catalase leads to accumulation of hydrogen 

peroxides in tissues. PAC increased the catalase activity and reduced the cell damage in treated 

animals. Glutathione-S-transferase is a group of multifunctional proteins that play a central role 

in detoxification of electrophilic chemicals and help the hepatic cells to remove potentially 

harmful hydrophobic compounds from blood. Results showed a significant increase in GST level 

in PAC treatment when compared to DEN treated rats. 

GPx plays an important role by scavenging peroxyl radicals and maintaining the 

functional integration of cell membranes. The activity of GPx was significantly raised in PAC 

treated rats. This is due to the induction GPx by PAC to encounter the harmful effect of DEN. 

Nrf2 is considered as a redox-sensitive transcription factor. Curcumin is involved in the 

induction of Nrf2 thereby protecting the cells from oxidative damage indirectly. This is probably 

due to the presence of keto-enol functional moieties in the aromatic system of the curcumin 

molecule. Curcumin also up-regulates the genes to promote the antioxidant response elements 

including SOD, CAT, GST, GPx and GR.
66

 

Non-enzymatic antioxidants such as reduced glutathione, vitamin C and vitamin E have 

an important role to play in protecting the cells from oxidative damage. Fig. 8b shows the levels 

of non- enzymatic antioxidants present in liver tissue for all the experimental animals. 

Glutathione, a cysteine-containing molecule, synthesized in cells acts as an effective antioxidant 

to maintain the cellular antioxidant capacity due to the presence of thiol group in its cysteine 
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moiety.
67

 GSH plays an essential role in detoxification of foreign compounds like DEN. GSH 

donates the thiol group to electrophilic site and neutralizes the free radical.
8
 

Vitamin E, the most important antioxidant present in animal cells, protects the cells 

against carcinogenesis and tumor growth.
68

 Vitamin E level was drastically decreased in 

untreated group. This is due to the excessive utilization of this molecule to quench the free 

radicals formed enormously due to DEN treatment. However, near normal level of vitamin E was 

found in PAC treated animals due to the scavenging activity of curcumin and thus maintaining 

the normal level of vitamin E in rats. 

Vitamin C protects the cell membranes and lipoprotein particles from oxidative damage 

by regenerating the antioxidant in form of vitamin E.
69

 Hence, vitamin C and vitamin E 

synergistically act as barrier for a variety of reactive oxygen species (ROS). In PAC treated rats, 

vitamin C was found to be in near normal level. This is due to the regeneration of ascorbic acid 

in PAC treated group and the potent antioxidant activity of PAC. Free radical scavenging ability 

of curcumin was well documented for a variety of ROS and free radicals. This is because of the 

presence of phenolic β-diketone and methoxy functional groups in curcumin moiety. Curcumin 

protects the liver from fibrogenesis and oxidative damage by suppressing inflammation and 

increasing the xenobiotic detoxifying enzymes significantly.
70, 71

  

DEN induced hepatocellular toxicity was also assessed histologically for all the groups 

by staining the liver tissues with Hematoxylin-Eosin (H&E) and examined under light 

microscope. Control group without any treatment (Fig. 8c, d) showed normal liver cell 

architecture with uniform nuclei, hepatic and portal veins. DEN treated tissues (Fig. 8e, f) 

showed cells without cytoplasm with abnormal nuclei and complete loss of architecture. Excess 

nodular formation, enlarged hepatic veins with cluster of tumor thrombi within the hepatic and 

portal veins were also observed. DEN + PAC treated liver tissues (Fig. 8g, h) showed uniform 

size of nuclei, less number of nodules and normal structure of hepatic veins. PAC treatment 

improved the architecture of hepatocytes as normal cells.  

Curcumin is also involved in the inhibition of hepatic stellate cells activation and increase 

the mitochondrial function to protect the liver.
72

 Encapsulation of curcumin into nano 

formulation increases the efficacy and solubility and reduces the dose requirement for protective 

effect.
60
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The main aim of this investigation was to improve the physicochemical property of 

curcumin for its use in various biomedical applications. In this study, we have focused mainly on 

improving the solubility of curcumin. Hence, we compared only native curcumin (solution) with 

curcumin loaded pullulan acetate nanoparticles, not with PA nanoparticles. Tang et al. (2010) 

have reported in an in vivo study that pullulan acetate nanoparticles (PANs) were stable, safe, 

nontoxic and potential carriers to improve the bioavailability of the loaded drug. Therefore, we 

did not compare the results with empty nanoparticles.
73

 Overall, these results strongly 

substantiate that PAC is more potent to reduce the toxic effects of DEN than free curcumin. 

4. Conclusion 

Liver specific pullulan acetate nanoparticles loaded curcumin (PAC) were synthesized for the 

first time. The loading efficiency was found to be 85.87 ± 1.09 %. The average particles size of 

PAC was in the range of 123.4 ± 2 nm. PAC thus prepared showed bi-phasic and diffusion 

controlled curcumin release. PAC improved physiochemical property and stability of curcumin 

under physiological conditions. PAC showed good hemocompatability in in vitro and 

biocompatibility in zebrafish embryos. DEN administration increased the mitochondrial ROS 

with substantial reduction of enzymatic and non-enzymatic antioxidants in hepatic tissue and 

induced hepatocarcinoma in rat. PAC significantly reduced the liver marker enzyme levels in 

both serum and liver tissue. Non-enzymatic antioxidants levels were also increased considerably.  

These results were well supported by the histopathological evaluations. Based on the results 

obtained, PAC could be used as a therapeutic agent for hepatic diseases in the near future. 
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Figure captions 

Figure 1. (a). TEM analysis of PAC (b) Particle size analysis of PAC (c) Zeta potential of PAC 

Figure 2. (a) UV/Visible absorbance spectra of PAC and curcumin. (b). Fluorescence emission             

spectra of PAC and Curcumin (c). Solubility of PAC and curcumin in PBS, pH 7.4 

Figure 3. In vitro stability of PAC and curcumin in (a) pH 4.5 (b) pH 7.4 (c) saline (d) E3 

medium (e) photostability of PAC and curcumin (f) In vitro drug release from PAC. 

Figure 4. (a). In vitro hemolysis of PA  (b). Curcumin and PAC. Values are expressed as mean ± 

SD (n=3) and the level of significance is denoted as *p < 0.05, compared with positive control 

(water). 

Figure 5. Percentage hatching rate of PAC and curcumin (a, b).  Percentage survival rate of PAC 

and curcumin (c, d). 

Figure 6. Morphological analysis of curcumin (a) and PAC treated zebrafish embryos (b). 

Figure 7. (a) In vitro DPPH scavenging ability of curcumin and PAC in DMSO and PBS at pH 

7.4. (b) Level of lipid peroxides measured as MDA  in both DEN and DEN + PAC treated liver.  

The results are expressed as mean ± SD (n=3) and the level of significance is denoted as ***p < 

0.001, compared with corresponding control. (c) Activities of marker enzymes like AST, ALT, 

ALP and LDH in serum. (d) Activities of marker enzymes in liver. Values are expressed as mean 

± SD (n=3) and the level of significance is denoted as *p < 0.05, compared with corresponding 

control. 

Figure 8. (a) Levels of enzymatic antioxidants in liver tissue of control and experimental rats. 

Activity units for SOD: superoxide dismutase in units/mg protein; CAT: catalase in µmol of 

H2O2 consumed/min/mg protein, GST: µmol of CDNB conjugated/min/mg protein and GPx: 

µmol of GSH oxidized/min/mg protein respectively. (b) Levels of non-enzymatic antioxidants in 

liver tissue. Activities are expressed as mg/100 mg tissue. Values are expressed as mean ± SD 

(n=3) and the level of significance is denoted as **p < 0.01; *p < 0.05, compared with 

corresponding control. Histopathological examination of DEN induced, DEN + PAC treated and 

normal liver tissue (Stained with Hematoxylin-Eosin (H&E); magnification 20 x; scale bar 50 

µm). Control group (c, d) showing normal liver cell architecture with uniform nuclei, hepatic and 

portal veins. The liver of DEN induced group (e, f) showing complete loss of architecture, cells 

without cytoplasm with abnormal nuclei. Also, we observed significant nodular formation, 
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enlarged hepatic veins with cluster of tumor thrombi within the hepatic and portal veins. Liver of 

PAC treated rats (g, h) showing uniform size of nuclei, less number of nodules and normal 

structure of hepatic veins. Hepatocytes were in cytologically similar architecture as normal liver 

cells.  
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Figure 1 
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Figure 2 
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 26 of 32RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



27 

 

Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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