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ABSTRACT 

Objective: The aim of the present study to develop, optimize and characterize Poly (D, L-lactic-co-glycolic) acid (PLGA) nanoparticles (NPs) loaded 
with isolated Glycyrrhizin (Glyc) and investigate for antioxidant activity. 

Methods: PLGA nanoparticles loaded with Glycyrrhizin were synthesized by an adapted emulsion-evaporation method. Nanoparticles were 
evaluated for particle size, entrapment efficiency and Polydispersiblity index (PDI). Further, Box Benkhen design was applied for optimization of the 
formulation parameters and the effect of three independent variables such as PLGA concentration, amount of glycyrrhizin, polyvinyl alcohol (PVA) 
concentration on particle size, polydispersity index and the entrapment efficiency (response variables) were investigated. The antioxidant capacity 
of optimized nanoparticle formulation loaded with glycyrrhizin was compared with free glycyrrhizin by DPPH assay. 

Results: The particle size, entrapment efficiency and PDI of optimized Glyc-NPs was found to be 144.20 nm, 68.0% and 0.315, respectively. 
Optimized Glyc-NPs showed sustained release of drug 79.06% in 48 h with improved free radical scavenging activity than isolated Glycyrrhizin. 

Conclusion: PLGA nanoparticles were found to be suitable carrier for Glycyrrhizin at lower levels than originally required for enhanced functional 
properties.  
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INTRODUCTION 

Glycyrrhizin, a triterpene glycoside and major active constituents of 
roots and rhizome of licorice Glycyrrhiza glabra. Glycyrrhizin 
reported to possesses various pharmacological activities such as 
anti-bacterial [1], anti-tumor [2, 3], antiviral [4], antioxidative [5], 
anti-inflammatory [6], immunomodulatory [7], anti-allergen, anti-
thrombotic [8] and cardioprotective effects [9]. 

Nanoparticulate drug delivery system is one of the best 
approaches to increase the solubility and therapeutic efficacy of 
poorly soluble bioactive compounds. Further, they are also utilized 
for targeted delivery, sustained drug release and to minimize the 
side effects [10, 11]. There are various polymers used for 
developing the nanoparticles like poly (lactic-co-glycolic acid), 
chitosan, polylactic acid, alginate, pectin etc. Among all these PLGA 
which is a synthetic polymer which has an advantage of high 
purity and reproducibility over natural polymers and it has been 
approved by US Food and Drug Administration for biomedical 
applications [12]. PLGA nanoparticles are utilized for their 
biocompatibility, biodegradability, controlled delivery properties 
[13]. Studies has been reported that encapsulating hydrophobic 
drugs on PLGA polymer is a promising method for sustained and 
controlled drug delivery with improved bioavailability [14]. The 
physicochemical properties of nanoparticles and active compound 
release are directly affected by the various parameters involved in 
nanoparticle synthesis, such as the amount and composition of 
polymer, synthesis method, surfactant, hydrophobicity, and 
particle size.  

Glycyrrhizin has low aqueous solubility and has poor bioavailability 
after oral administration due to slow and incomplete absorption in 
GI tract [15]. Hence the present study is aimed to improve the 
solubility by nanoencapsulation of Glycyrrhizin using Poly (d l-
lactic-co-glycolic) acid (PLGA) as a polymer and investigate the 
effect on antioxidant activity.  

MATERIALS AND METHODS 

Preparation of aqueous extract from licorice root 

100g of licorice powder (from Eucca) treated with 1000 ml distilled 
water and boiled for 20 min. Solution was filtered. 

Isolation of glycyrrhizin from licorice and identification of 
isolated glycyrrhizin 

Glycyrrhizin was isolated from licorice aqueous solution by acid 
precipitation method. Aqueous solution of licorice was brought to pH 
to 2.8 by the addition of 50% sulphuric acid. The Glycyrrhizin 
precipitates out as brown mass. The Precipitate was collected by 
filtration and the precipitate was washed with water to remove excess 
acid and dried to obtain shiny brown powder of glycyrrhizin [16]. 

Preparation of glycyrrhizin-loaded PLGA nanoparticles 

Glycyrrhizin Nanoparticles (Glyc-NPs) were prepared by emulsion 
evaporation method with using PLGA as polymer [17]. PLGA and 
glycyrrhizin were dissolved in 2 ml dichloromethane which 
constitutes the organic phase. Polyvinyl alcohol (PVA) was added to 
the aqueous phase. An organic phase is added to the aqueous phase 
with stirring at 2800 rpm for 30 min to form a primary oil-in-water 
emulsion. This emulsion is added to second PVA solution and stirred 
using magnetic stirrer at 1000 rpm at room temperature. This oil-in-
water-in-water emulsion (o/w/w) is sonicated for 30 min in an ice 
bath (2 °C) at 70 W. Organic solvent was evaporated by stirring at 
room temperature for 4 h at 500 rpm. The resulting suspension was 
kept overnight at 4 °C and later ultracentrifuged at 13,400 rpm for 
30 min to collect nanoparticles. The nanoparticle sediments were 
washed twice with Milli-Q water to remove the free drug and excess 
surfactant and then lyophilized for 2 d. 

Experimental design 

Box behnken design (BBD) was applied for the optimization of different 
variables affecting the properties of Glyc-NPs using Design Expert® 
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ver.9.0 software [18]. The independent variables selected includes the 
amount of PLGA, amount of Glycyrrhizin and PVA concentration.  

The independent and dependent variables chosen at three different 
levels viz. low (-1), medium (0) and high (+1) are listed in table 1. 

 

Table 1: Independent and dependent variables levels in box-behnken design 

Code Independent variables Level 

-1 0 +1 
A PLGA (mg) 25.00 37.50 50.00 
B Glycyrrhizin (mg) 10.00 30.00 50.00 
C PVA (%) 0.3 0.5 0.7 
 Dependent variables Constraints 
 Particle Size (z-average mm) Minimize 

Maximize 
Minimize 

 Entrapment efficiency (%) 
 Polydispersity Index 

 

Selected design recommended 14 experimental trials to be done, 
which is given in table 2. After incorporating the data to BBD, 
analysis of results was done by performing mathematical modeling. 
Quadratic second-order model was selected and ANOVA was mainly 
used for the analysis of data fitting the model along with other 
parameters like the coefficient of correlation (r2), adjusted and 
predicted r2 values. Numerical desirability function and graphical 
optimization techniques are used to identify optimized parameters 
for Gly-NPs formation. 

Estimation of glycyrrhizin by UV-visible spectrophotometer 

Stock solution of 100µg/ml was prepared by dissolving glycyrrhizin 
in phosphate buffer (pH 6.8). The max was determined, which was 
found to be 256 nm. A calibration plot was prepared by taking the 
absorbance of serial diluted samples in the concentration range of 
10-60µg/ml. 

Characterization of polymeric nanoparticles 

Nanoparticles were characterized by the determination of particle 
size (z-average), PDI, zeta potential and entrapment efficiency. 
Scanning electron microscopy was used for the determination of 
morphology of nanoparticles. 

Measurement of particle size of the nanoparticles 

Malvern Zeta sizer (Nano ZS, Malvern Instruments, UK) was used to 
determine particle size and PDI of Glyc-NPS by laser dynamic light 
scattering method. 

Drug entrapment efficiency and percentage drug loading 

Glyc-NPs suspension was ultra-centrifuged (Remi Mumbai, India) at 
13,000rpm at 4 °C for 30 min and the supernatant was collected. 
Amount of unentrapped drug in the supernatant was determined by 
UV spectroscopy. Equation used to calculate the percentage drug 
entrapment and drug loading is given below:  

 

Drug Loading (%) = (Amount of drug−un entrapped drug)/weight of 
Glycyrhhizin loaded PLGA-NPs) × 100. 

Scanning electron microscopy (SEM) 

SEM (JEOL, JSM 50A, Tokyo, Japan) was used for understanding the 
shape and surface morphology of Glyc-NPs 

Fourier transform infrared (FTIR) analysis 

FTIR analysis of isolated Glycyrrhizin and Glyc-NPs was carried out 
using Perkin Elmer BX II (PerkinElmer, Massachusetts, USA) by 
scanning the samples in the range of 400 to 4000 cm−1. FTIR study 
gives information about the chemical interaction between drug and 
polymer.  

In vitro release study 

Optimized formulation of Glyc-NPs and isolated glycyrrhizin were 
placed in dialysis bag. After closing the dialysis bag, it was immersed 

in 150 ml of phosphate buffer (pH 6.8) in an conical flask. This flask 
was placed in a shaking incubator at 100rpm at 37 °C. Samples are 
withdrawn at fixed intervals and analyzed using UV–Visible 
spectrophotometer to calculate the drug release from the 
nanoparticles.  

Determination of antioxidant activity 

Antioxidant activity of glycyrrhizin and Glyc-NPs were determined 
by 1, 1-diphenyl-2-picrylhydrazyl (DPPH) assay [19]. This assay is 
based on the scavenging capacity of test compound towards DPPH 
free radical. Dilution with methanol was carried by taking 
Glycyrrhizin-loaded nanoparticles (100 mg) and the isolated 
glycyrrhizin (concentration 10, 50, 100, 150, 200, 250 µg/ml). DPPH 
(3.9 ml) was added to each test sample dilution (0.1 ml) followed by 
incubation in dark for the period of 30 min. Absorbance of test 
samples were determined at 517 nm using a UV-Visible 
spectrophotometer. Ascorbic acid was used as standard. IC 50 values 
were calculated, which indicates the concentration of antioxidant 
compound required to scavenge the free radical by 50% and values 
are expressed as grams of glycyrrhizin/gram of DPPH. 

RESULTS AND DISCUSSION 

Isolation of glycyrrhizin 

Glycyrrhizin was isolated from an aqueous extract of licorice root by 
Acid precipitation method. Isolated glycyrrhizin was obtained as 
shining brown powder and the yield was found to be 12%. 

Optimization of synthesis of glycyrrhizin-loaded PLGA 
nanoparticles 

Box Behnken design suggested total 14 runs for the optimization of 
Glyc-NPs using three independent and dependent variables. All the 
prepared nanoparticle formulations were characterized for average 
particle size, PDI and entrapment efficiency and results are shown in 
table 2. 

Effect of independent formulation variables on particle size 

Particle size is the critical factor determining the physicochemical 
properties such as drug release, drug loading, bioavailability as well 
as the therapeutic efficacy of the nanoparticles. The effect of amount 
of PLGA, Glycyrrhizin and PVA concentration is shown in table 2 and 
fig. 1. The model created for particle size was found to be significant 
based on the F value which was 19.32. P value is less than 0.05, 
indicating that model terms are significant. Accordingly, significant 
model terms were A, B, BC, A2 and B2, which shows that amount of 
PLGA and Glycyrrhizin has a greater effect while the concentration 
of PVA has a negligible effect on particle size. The lack of fit value 
0.63 indicates that it is non-significant which implies that this model 
is acceptable to determine the effect on particle size. Predicted R2 
value (0.7336) is close to the Adjusted R2 value (0.9269) with a 
difference less than 0.2, showing reasonable agreement with both 
values. 

The analysis finding arrived at the following quadratic equation:  

Particle size= 190.30+91.00A*-58.70B*-21.97C-22.22AB-
20.18AC+60.53BC*+142.19 A²*+97.54 B²*-37.06 C² 
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Table 2: Effect of independent variables on dependent variables 

Formulation code A: PLGA (mg) B: Glycyrrhizin (mg) C: PVA % Particle size (nm) EE % PDI 
1 25 30 0.7 180.5±1.5 65±2.5 0.310±0.05 
2 25 30 0.3 192.6±1.0 63.4±2.1 0.330±0.01 
3 37.5 30 0.5 160.9±1.5 70±1.9 0.331±0.02 
4 50 50 0.5 430.6±2.1 73±2.5 0.471±0.01 
5 50 30 0.3 450.7±1.6 72±3.0 0.417±0.03 
6 25 50 0.5 328.8±2.1 62±1.9 0.338±0.02 
7 37.5 10 0.7 239.6±1.9 70±2.2 0.341±0.02 
8 37.5 30 0.5 219.7±1.4 71±2.1 0.345±0.02 
9 37.5 50 0.7 226.5±1,5 72±1.9 0.362±0.01 
10 50 10 0.5 575.7±1.1 73±2.1 0.421±0.03 
11 37.5 50 0.3 140.9±1.3 68±3.0 0.315±0.01 
12 37.5 10 0.3 396.1±1.2 67±1.2 0.390±0.02 
13 25 10 0.5 385.0±2.3 61±1.9 0.413±0.01 
14 50 30 0.7 357.9±1.5 74.5±1.5 0.421±0.02 

Values are expressed are mean±SD, n=3 

 

The equation states that the amount of PLGA (A) has a positive effect 
on the particle size, whereas the two variables amount of 
glycyrrhizin (B) and PVA concentration (C) has a negative effect on 
particle size (fig. 1). As the PLGA amount was increased from 25 to 
50 mg the particle size increased correspondingly. During 
emulsification, as the concentration of polymer increases, there is an 
increased frequency of collision between particles which results in 
the fusion of semi-formed particles, resulting in a collective increase 
in particle size. Reports state that smaller particle size results due to 
the spontaneous diffusion of the organic phase to the external 
aqueous phase [20]. Increased in viscosity of organic phase due to 
higher amount of polymer in turn reduces the rate of diffusion into 
the aqueous phase, which initiates the larger nanodroplet formation 
at the interface [21, 22]. During nanoparticle synthesis, surfactant 
helps in the uniform dispersion of organic and aqueous phase and 
they form a protective film around the droplet, thereby acts as 

stabilizing agent [23, 24]. At lower concentration of glycyrrhizin (10 
mg) resulted in higher particle size and as the concentration 
increased from 10 mg to 30 mg particle size decreased, at the 
concentration of 50 mg, particle size was maximum. 

In the current study, PVA had a negative effect on the particle size.  
At low concentrations of PVA, it was not sufficient to form a film 
around particles, resulting in aggregation, hence leading to 
increased particle size whereas higher PVA concentration reduced 
the interfacial tension between the aqueous and organic phases 
leading to reduced size of nanoparticles. 

The term AB, AC, BC, A², B², C² shows the interaction effect, which 
indicates the influence of any two factors simultaneously on the 
particle size. Optimizing the particle size to a minimum is necessary 
to enhance internalization and achieve higher cellular concentration, 
therefore enhancing therapeutic efficacy. 

 

  

(a)     (b) 

 

(c) 

Fig. 1: Response surface plots showing effect on particle size of a) Amount of PLGA (A) and Glycyrrhizin (B); b) amount of PLGA and PVA 
concentration (C); c) PVA concentration and amount of glycyrrhizin 
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Effect of formulation variables on entrapment efficiency 

Entrapment efficiency showed linear relationship with the variables 
and F value was 34.86, indicating that the model is significant. The 
model term a have p-value less than 0.001, which is significant. Lack 
of fit is non-significant, which is indicated by lack of fit F value 4.75. 
The Predicted R2 value of 0.8384 is in reasonable agreement with 
the Adjusted R2 value of 0.8865; i.e. the difference is less than 0.2. 

Entrapment efficiency =+68.71+5.14A*+0.5000B+1.39C 

 

 

Fig. 2: Response surface plots showing an effect on entrapment 
efficiency of amount of PLGA (A) and glycyrrhizin (B) 

Entrapment efficiency is predominantly affected by factor a (amount 
of PLGA), whereas effect of factor B and C is negligible. As the 
polymer concentration is increased the entrapment efficiency 
increases. Since glycyrrhizin is a hydrophobic drug, will have higher 
miscibility and interactions with polymer solution, which causes 
more partitioning towards the polymeric phase, leading to higher 
entrapment within the nanoparticles. Same reports have been found 
for other hydrophobic drugs such as dexamethasone [25], 
lorazepam [26] and noscapine [27]. 

Effect of Formulation Variables on PDI 

Quadratic model was observed for the effect of variables on PDI and 
F value was 25.50, indicating that the model was significant. Model 
terms such as A, AB, BC, A², B² were found to be significant since 
their p-value is less than 0.1000. Lack of fit is non-significant 
implicated by the lack of fit F-value of 1.42.  

Even though the predicted R2 values (0.7650) is as not so close to the 
adjusted R2 value (0.9443), the signal-to-noise ratio of 15.828 
implies an adequate signal for this model. 

The polynomial equation for this model 

PDI=+0.3380+0.0400A*-0.0099B-
0.0051C+0.0302AB*+0.0007AC+0.0235BC*+0.0423 A²*+0.0295 B²*-
0.0160 C² 

The stability of the formulation depends on homogeneity in the 
size of nanoparticles in the formulation. The above equation 
shows that the amount of polymer (A) had a positive impact on 
PDI whereas glycyrrhizin (B) and PVA (C) concentration had a 
negative effect. 

  

  

(a)     (b) 

 

(c) 

Fig. 3: Response surface plots showing the effect on PDI of a) Amount of PLGA (A) and glycyrrhizin (B); b) amount of PLGA and PVA 
concentration (C); c) PVA concentration and amount of glycyrrhizin 

 

Data analysis and optimization 

The optimum Glyc-NPs formulation was selected by applying 

constraint. On the basis of closeness to desirability factor close to 1, 
the point prediction of Design expert software determines the 
optimized nanoparticle formulation, which predicted the optimized 
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process parameter to be A 38.82 mg, B 28.55 mg, C 0.7% with 
predicted values of response of particle size 140.90 nm, Entrapment 
efficiency 70.60% and PDI 0.321. The optimized formulation was 
developed and characterized for particle size and drug loading. The 
experimental value for responses of particle size 144.20 nm, 
Entrapment efficiency 68.0% and PDI 0.315 of optimized 
formulation was found in good agreement with the predicted values. 
The percentage loading of optimized glycyrrhizin-loaded PLGA 
nanoparticles was found to be 10%. 

UV-visible spectroscopy 

Glycyrrhizin was dissolved phosphate buffer (pH 6.8) and scanned 
in the UV range of 200-400 nm showed the maximum absorption at 
a wavelength of 256 nm and at this wavelength was used for all the 
analysis. The serially diluted glycyrrhizin exhibited the absorbance 
values, which showed the linearity in the concentration range of 10-
60 µg/ml and their regression was found to be 0.995.  

FTIR analysis 

The absorption band was observed in the range of 3200-3500 cm-1 
suggested the presence of O-H stretch hydroxyl group (fig. 6 and 7) 
Absorption band in the range of 2850-3000 cm-1(C-H stretch),1720-

1740 cm-1 (C=O stretch of saturated aliphatic compounds), 1640-
1680 cm-1 (-C=C stretch alkenes) and 1400-1500 cm-1 (-C-C stretch 
in aromatics). 1000-1320 cm-1 suggested the presence of C-O 
stretch (alcohols, carboxylic acids and esters) in glycyrrhizin. 

 

 

Fig. 4: SEM image of glycyrrhizin-loaded PLGA nanoparticles 

 

  

Fig. 5: FTIR spectrum of isolated glycyrrhizin and glycyrrhizin-loaded PLGA nanoparticles 

 

In vitro drug release study 

Optimized formulation of glycyrrhizin-loaded PLGA nanoparticles 
were subjected to drug release study for 48 h using phosphate-

buffer (pH 6.8) as media and result showed that 60% of drug 
released within 15h and 79.06 % drug released at the end of 48 h. 
This shows that there was an initial burst release followed by 
sustained release of drug after 15h to 48h. 

 

 

Fig. 6: In vitro drug release study of pure glycyrrhizin and glycyrrhizin PLGA-loaded nanoparticles 

 

Antioxidant activity 

Antioxidant activity was determined by DPPH scavenging assay. 
IC50 value of isolated glycyrrhizin was found to be 102.55µg/ml 
with the maximum percentage of free radical scavenging activity 
was found to be 65.17%. Glycyrrhizin-loaded PLGA nanoparticles 

showed 85.06 % free radical scavenging activity, which was 
significantly improved due to improved solubility of glycyrrhizin 
when loaded onto PLGA nanoparticles. Glycyrrhizin loaded onto 
PLGA nanoparticles will show maximum antioxidant activity due to 
burst release and prolonged antioxidant effect due to sustained 
release of drug. Standard Ascorbic acid showed IC 50 value 20.80 
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µg/ml. Hence Glycyrrhizin loaded onto PLGA nanoparticles will be a 
potential candidate for delivery of glycyrrhizin to provide efficient 
and prolonged antioxidant effect. Similar studies have been reported 
where results showed that PLGA is a proven candidate for delivery 
of quercetin and curcumin in the form PLGA nanoparticles based on 
the in vitro and in vivo activity studies. 

CONCLUSION 

Encapsulating of glycyrrhizin by using PLGA polymer will be a 
promising method for enhancing solubility, improving 
bioavailability and for producing the sustained release of the drug. 

Oxidative stress has been implicated as one of several mechanisms 
that have induced toxic effects in different organs due to enhanced 
production of oxygen-free radicals. Glycyrrhizin has antioxidant 
activity which is related to its use as an anti-inflammatory, 
anticancer agent. Hence, the antioxidant status of glycyrrhizin after 
encapsulation will be beneficial for providing the long-term 
therapeutic effect due to sustained release of drug. 

ACKNOWLEDGMENT 

This work is funded by Nitte (deemed to be) University with 
sanction no NU/DR/NUFR2/NGSMIPS/2019-20/01. I am thankful to 
I am thankful to Nitte (deemed to be) University for financial 
support and NGSM Institute of Pharmaceutical Sciences for 
providing other facilities for carrying out the work.  

AUTHORS CONTRIBUTIONS 

All the authors have contributed equally. 

CONFLICT OF INTERESTS 

Declared none 

REFERENCES 

1. Krausse R, Bielenberg J, Blaschek W, Ullmann U. In vitro anti-
helicobacter pylori activity of Extractum liquiritiae, glycyrrhizin 
and its metabolites. J Antimicrob Chemother. 2004;54(1):243-
6. doi: 10.1093/jac/dkh287, PMID 15190039. 

2. Huang RY, Chu YL, Jiang ZB, Chen XM, Zhang X, Zeng X. Glycyrrhizin 
suppresses lung adenocarcinoma cell growth through inhibition of 
thromboxane synthase. Cell Physiol Biochem. 2014;33(2):375-88. 
doi: 10.1159/000356677, PMID 24556579. 

3. Roohbakhsh A, Iranshahy M, Iranshahi M. Glycyrrhetinic acid 
and its derivatives: anti-cancer and cancer chemopreventive 
properties, mechanisms of action and structure-cytotoxic 
activity relationship. Curr Med Chem. 2016;23(5):498-517. doi: 
10.2174/0929867323666160112122256, PMID 26758798. 

4. Duan E, Wang D, Fang L, Ma J, Luo J, Chen H. Suppression of 
porcine reproductive and respiratory syndrome virus 
proliferation by glycyrrhizin. Antiviral Res. 2015;120:122-5. 
doi: 10.1016/j.antiviral.2015.06.001, PMID 26055123. 

5. Imai K, Takagi Y, Iwazaki A, Nakanishi K. Radical scavenging 
ability of glycyrrhizin. Free Radic Antioxid. 2013;3(1):40-2. doi: 
10.1016/j.fra.2013.04.003. 

6. Wang W, Chen X, Zhang J, Zhao Y, Li S, Tan L. Glycyrrhizin 
attenuates isoflurane-induced cognitive deficits in neonatal rats via 
its anti-inflammatory activity. Neuroscience. 2016;316:328-36. doi: 
10.1016/j.neuroscience.2015.11.001, PMID 26550949. 

7. Tu CT, Li J, Wang FP, Li L, Wang JY, Jiang W. Glycyrrhizin regulates 
CD4+T cell response during liver fibrogenesis via JNK, ERK and 
PI3K/AKT pathway. Int Immunopharmacol. 2012;14(4):410-21. 
doi: 10.1016/j.intimp.2012.08.013, PMID 22940540. 

8. Li XL, Zhou AG. Evaluation of the immunity activity of 
glycyrrhizin in AR mice. Molecules. 2012;17(1):716-27. doi: 
10.3390/molecules17010716, PMID 22241467. 

9. Parisella ML, Angelone T, Gattuso A, Cerra MC, Pellegrino D. 
Glycyrrhizin and glycyrrhetinic acid directly modulate rat 
cardiac performance. J Nutr Biochem. 2012;23(1):69-75. doi: 
10.1016/j.jnutbio.2010.10.011, PMID 21414764. 

10. Kumar S, Dilbaghi N, Saharan R, Bhanjana G. Nanotechnology as 
emerging tool for enhancing solubility of poorly water-soluble 
drugs. Bio Nano Sci. 2012;2(4):227-50. 

11. Jin S, Fu S, Han J, Jin S, Lv Q, Lu Y. Improvement of oral 
bioavailability of glycyrrhizin by sodium 
deoxycholate/phospholipid-mixed nanomicelles. J Drug Target. 
2012;20(7):615-22. doi: 10.3109/1061186X.2012.702770, PMID 
22726209. 

12. Wang Y, Qu W, Choi SH. FDA’s regulatory science program for 
generic PLA/PLGA-based drug products. Am Pharm Rev. 
2016;20(4). 

13. Uskokovic D, Stevanovic M. Poly(lactide-co-glycolide)-based 
micro and nanoparticles for the controlled drug delivery of 
vitamins. Curr Nanosci. 2009;5(1):1-14. doi: 
10.2174/157341309787314566. 

14. Xie X, Tao Q, Zou Y, Zhang F, Guo M, Wang Y. PLGA nanoparticles 
improve the oral bioavailability of curcumin in rats: 
characterizations and mechanisms. J Agric Food 
Chem. 2011;59(17):9280-9. doi: 10.1021/jf202135j, PMID 
21797282. 

15. Mirazi N, Shoaei J, Khazaei A, Hosseini A. A comparative study 
on effect of metformin and metformin-conjugated nanotubes 
on blood glucose homeostasis in diabetic rats. Eur J Drug Metab 
Pharmacokinet. 2015;40(3):343-8. doi: 10.1007/s13318-014-
0213-x, PMID 24969688. 

16. Kaushelendra M, Girendra KG. Isolation and characterization of 
glycyrrhetinic acid from root of Glycyrrhiza glabra. European J 
of Biomed and Pharm sciences. 2019;6(2):528-33. 

17. Mattu C, Pabari RM, Boffito M, Sartori S, Ciardelli G, Ramtoola Z. 
Comparative evaluation of novel biodegradable nanoparticles for 
the drug targeting to breast cancer cells. Eur J Pharm Biopharm. 
2013;85(3 Pt A):463-72. doi: 10.1016/j.ejpb.2013.07.016, PMID 
23916461. 

18. Ferreira SL, Bruns RE, Ferreira HS, Matos GD, David JM, Brandao 
GC. Box-Behnken design: an alternative for the optimization of 
analytical methods. Anal Chim Acta. 2007;597(2):179-86. doi: 
10.1016/j.aca.2007.07.011, PMID 17683728. 

19. Blois MS. Antioxidant determination using stable free radicals. 
Nature. 1958;26:1199-200. 

20. Budhian A, Siegel SJ, Winey KI. Haloperidol-loaded PLGA 
nanoparticles: the systematic study of particle size and drug 
content. Int J Pharm. 2007;336(2):367-75. doi: 
10.1016/j.ijpharm.2006.11.061, PMID 17207944. 

21. Dubey N, Varshney R, Shukla J, Ganeshpurkar A, Hazari PP, 
Bandopadhaya GP. Synthesis and evaluation of biodegradable 
PCL/PEG nanoparticles for neuroendocrine tumor-targeted 
delivery of somatostatin analog. Drug Deliv. 2012;19(3):132-
42. doi: 10.3109/10717544.2012.657718, PMID 22428685. 

22. Sharma N, Madan P, Lin S. Effect of process and formulation 
variables on the preparation of parenteral paclitaxel-loaded 
biodegradable polymeric nanoparticles: a co-surfactant study. 
Asian J Pharm Sci. 2016;11(3):404-16. doi: 
10.1016/j.ajps.2015.09.004. 

23. Tuba ST, Zerrin SB, Ulya B. Preparation of polymeric 
nanoparticles using different stabilizing agents. J Fac Pharm 
Ankara. 2009;38:257-68. 

24. Talluri SV, Kuppusamy G, Karri VV, Yamjala K, Wadhwani A, 
Madhunapantula SV. Application of quality-by-design approach 
to optimize diallyl disulfide-loaded solid lipid nanoparticles. 
Artif Cells Nanomed Biotechnol. 2017;45(3):474-88. doi: 
10.3109/21691401.2016.1173046, PMID 27112220. 

25. Panyam J, Williams D, Dash A, Leslie Pelecky D, Labhasetwar V. 
Solid‐state solubility influences encapsulation and release of 
hydrophobic drugs from PLGA/PLA nanoparticles. J Pharm Sci. 
2004;93(7):1804-14. doi: 10.1002/jps.20094, PMID 15176068. 

26. Sharma D, Maheshwari D, Philip G, Rana R, Bhatia S, Singh M. 
Formulation and optimization of polymeric nanoparticles for 
intranasal delivery of lorazepam using box-Behnken design: in 
vitro and in vivo evaluation. BioMed Res Int. 2014;2014:156010. 
doi: 10.1155/2014/156010, PMID 25126544. 

27. Shalaby KS, Soliman ME, Casettari L, Bonacucina G, Cespi M, 
Palmieri GF. Determination of factors controlling the particle 
size and entrapment efficiency of noscapine in PEG/PLA 
nanoparticles using artificial neural networks. Int J 
Nanomedicine. 2014;9(1):4953-64. doi: 10.2147/IJN.S68737, 
PMID 25364252. 

 

https://doi.org/10.1093/jac/dkh287
https://www.ncbi.nlm.nih.gov/pubmed/15190039
https://doi.org/10.1159/000356677
https://www.ncbi.nlm.nih.gov/pubmed/24556579
https://doi.org/10.2174/0929867323666160112122256
https://www.ncbi.nlm.nih.gov/pubmed/26758798
https://doi.org/10.1016/j.antiviral.2015.06.001
https://www.ncbi.nlm.nih.gov/pubmed/26055123
https://doi.org/10.1016/j.fra.2013.04.003
https://doi.org/10.1016/j.neuroscience.2015.11.001
https://www.ncbi.nlm.nih.gov/pubmed/26550949
https://doi.org/10.1016/j.intimp.2012.08.013
https://www.ncbi.nlm.nih.gov/pubmed/22940540
https://doi.org/10.3390/molecules17010716
https://www.ncbi.nlm.nih.gov/pubmed/22241467
https://doi.org/10.1016/j.jnutbio.2010.10.011
https://www.ncbi.nlm.nih.gov/pubmed/21414764
https://doi.org/10.3109/1061186X.2012.702770
https://www.ncbi.nlm.nih.gov/pubmed/22726209
https://doi.org/10.2174/157341309787314566
https://doi.org/10.1021/jf202135j
https://www.ncbi.nlm.nih.gov/pubmed/21797282
https://doi.org/10.1007/s13318-014-0213-x
https://doi.org/10.1007/s13318-014-0213-x
https://www.ncbi.nlm.nih.gov/pubmed/24969688
https://doi.org/10.1016/j.ejpb.2013.07.016
https://www.ncbi.nlm.nih.gov/pubmed/23916461
https://doi.org/10.1016/j.aca.2007.07.011
https://www.ncbi.nlm.nih.gov/pubmed/17683728
https://doi.org/10.1016/j.ijpharm.2006.11.061
https://www.ncbi.nlm.nih.gov/pubmed/17207944
https://doi.org/10.3109/10717544.2012.657718
https://www.ncbi.nlm.nih.gov/pubmed/22428685
https://doi.org/10.1016/j.ajps.2015.09.004
https://doi.org/10.3109/21691401.2016.1173046
https://www.ncbi.nlm.nih.gov/pubmed/27112220
https://doi.org/10.1002/jps.20094
https://www.ncbi.nlm.nih.gov/pubmed/15176068
https://doi.org/10.1155/2014/156010
https://www.ncbi.nlm.nih.gov/pubmed/25126544
https://doi.org/10.2147/IJN.S68737
https://www.ncbi.nlm.nih.gov/pubmed/25364252

