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Abstract 

Hesperetin is a flavanone with recognized biological activities. However, such activities 

are limited due to its restricted aqueous solubility and stability. In this regard, the main 

aim of this study was to develop and characterize lipid nanocarriers containing hesperetin. 

Nanostructured lipid carriers (NLC) were prepared using phase inversion temperature 

method and characterized by size, polydispersity index (PdI), zeta potential, physical 

stability, TEM analysis, encapsulation efficiency, in vitro release, and in vitro cytotoxic 

effect in cell line. Lipid nanocarriers presented diameter below 80 nm, narrow PdI (< 0.2), 

and negative zeta potential (– 20 mV). Accelerated stability studies of NLC demonstrated 

good physical stability for a period of 12 months. According to TEM, NLC were almost 

spherical with particle size < 100 nm and homogeneous size distribution. DSC curves 

showed that formulations presented lipid core with a higher degree of crystalline disorder. 

Lipid nanocarriers were able to entrap hesperitin with efficiency 72.7 % (±0.92). In vitro 

release studies confirmed that NLC could modulate hesperetin release during 72 h. In 

vitro cytotoxicity assay of hesperitin-loaded NLC on T98G glioblastoma grade IV cells 

presented significant cytotoxic effect. Therefore, NLC were able to encapsulate 

successfully hesperetin and demonstrated excellent in vitro cytotoxicity on glioblastoma 

cells. 

 

Keywords: Hesperitin, Nanostructured lipid carriers, PIT method, Characterization, 

Glioblastoma, Cytotoxicity. 
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1.0 Introduction 

Malignant gliomas are the most common primary brain tumors responsible for 80 % of 

diagnosed cases and glioblastoma multiforme, which is a subcategory of malignant 

gliomas, is the most aggressive and lethal brain cancer. The poor prognosis of 

glioblastoma is mainly related to cell drug-resistance and low bioavailability of drugs for 

brain [1,2]. In this regard, researches in order to discover new drugs against glioblastoma 

become an urgent need in the treatment of brain cancer. 

Polyphenolic compounds are ubiquitous in plants and classified as flavonoids, phenolic 

acids, coumarinea, lignans, tannins, and stilbenes [3,4]. Hesperitin (3’,5,7-trihydroxy-4’-

methoxyflavanone) is a bioflavonoid belonging to the chemical sub-class flavanone, 

which is widely found in citrus fruits (grapefruit, orange, and lemon). Hesperitin and its 

glycoside (hesperidin) have demonstrated several biological activities confirmed by in 

vivo and in vitro studies [4]. Among therapeutic effects attributed to hesperetin, 

neuroprotection in experimental models of Alzheimer's disease, reduction of blood 

plasma glucose, lipid levels and antioxidant activity, anti-inflammatory, and 

antineoplastic activity are the most common effects observed [5–8]. Recently, the 

potential of antiproliferative and antitumor activities for hesperitin and hesperidin on in 

vitro and in vivo cancer models has been related to mechanisms of cell cycle arrest and 

apoptosis [9]. However, in spite of several pharmacological activities of these flavanones, 

hesperidin and hesperetin have low solubility in water (< 0.01 %) decreasing biological 

absorption due to limited dissolution rate and consequently low bioavailability [3,10–12]. 

Another factor that influences their absorption is the presence of microorganisms and 

enzymes in the small intestine and first-pass liver metabolism, which are able to degrade 

the active substances into inactive molecules. In addition, environmental factors such as 

pH changes, light, and temperature may affect their physical-chemical stability [13,14]. 
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A possible solution to overcome these problems, increasing flavonoid stability and 

bioavailability, is the entrapment of such compounds in nanostructures well designed 

lipid nanoparticles. These colloidal particles are formed by solid lipid core at body 

temperature stabilized by surfactant(s) and dispersed in aqueous phase [3,15–18]. Lipid 

nanocarrier systems are composed of submicron particles designed from biocompatible 

and biodegradable lipids. Solid lipid nanoparticles (SLN) represent the first-generation of 

lipid particles and are characterized by a core formed by solid lipid(s) at room and body 

temperature. On the other hand, nanostructured lipid carriers (NLC), which are 

considered the second-generation of lipid nanocarriers, are formed by unstructured solid 

core containing a mixture of liquid and solid lipids at room and body temperature 

[15,16,18,19]. The main advantage of NLC is its higher drug loading capacity as 

compared to SLN, i.e. a lipid core formed by blend of solid and liquid lipids results in 

low expulsion of encapsulated drug due to formation of more irregular crystals of solid 

lipid(s). Furthermore, NLC are also able to protect the entrapped active compounds 

against chemical degradation in physiological pH [17–19]. Several administration routes 

have been used to NLC, for instance, oral, topical, ocular, and directly to the brain. SLN 

and NLC have shown to be effective as brain drug delivery systems promoting the 

penetration of active substances into the nervous tissue [17,19]. 

Lipid nanoparticles have been usually produced by high-energy or low-energy 

emulsification methods [20–24]. High-energy approaches are able to generate intense 

disruptive forces using mechanical devices such as high-shear stirrers, high-pressure 

homogenizers, and ultrasound generators. However, high-energy methods require very 

high energy level to produce fine particles and most of the mechanical energy generated 

(99.9 %) is dissipated as heat [25,26]. On the other hand, low-energy emulsification 

approaches are more energy efficient producing small particles by modification of the 
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internal chemical energy from system due to temperature or composition change 

[20,26,27]. Low-energy emulsification methods are classified as spontaneous 

emulsification (SE), phase inversion composition (PIC), emulsion inversion point (EIP), 

and phase inversion temperature (PIT) [22,27]. The main advantages to obtain lipid 

nanoparticles using PIT method are very easy production process through simple stirring 

and heating as well as this method does not require the use of expensive equipment 

[20,22,27]. 

Different drug delivery systems have been developed to encapsulate hesperitin or 

hesperidin, such as polymeric nanoparticles [12,14] and lipid nanoparticles [28–30]. Even 

if in these studies using high-energy emulsification methods have been commonly 

reported the successful application of nanocarriers containing flavanones, low-energy 

methods are more rarely applied to produce lipid nanoparticles although low-energy 

approaches are considered simple and reproducible methods without using device and/or 

organic solvent. Thereby, we described hesperitin encapsulation into lipid nanoparticles, 

which was carried out through thermal low-energy method, and the in vitro potential of 

this hesperitin-loaded nanocarrier in the inactivation of neoplastic cells from brain cancer. 

Therefore, the main aim of this study was to develop a promising formulation based on 

NLC containing hesperitin using PIT method as a low-energy emulsification approach 

and to assess in vitro cytotoxicity of this encapsulated flavanone on T98G glioblastoma 

cells. 

 

 

 

 

 



6 
 

2.0 Materials and methods 

 

2.1 Materials 

Hesperitin (≥ 95%, W431300), sorbitan monooleate (SMO), medium chain triglycerides 

(MCT), and dialysis tubing cellulose membrane flat (MW cut-off 14,000) were purchased 

from Sigma-Aldrich Co. (St. Louis, MO). POE-40 hydrogenated castor oil (HCO-40) was 

kindly supplied from Croda Brasil Ltda (Campinas-SP, Brazil) and glyceryl behenate 

(GB) solid lipid was a gift from Brasquim (Porto Alegre-RS, Brazil). 

 

2.2 Nanostructured lipid carriers (NLC) preparation 

Phase inversion temperature (PIT) method was used as a low-energy approach to prepare 

nanostructured lipid carrier formulations [31]. Briefly, organic phase was composed of 

oil, solid lipid, and surfactants while aqueous phase consisted of purified water or 

phosphate buffer solution pH 7.4 (10 mM). The phases were gradually heated at 80 (±5 

°C) using a water bath and aqueous phase was added to organic phase under magnetic 

stirring and constant temperature (80 °C). After this temperature was reached, the lipid 

dispersion obtained was held for 5 min and then cooled down under continuous stirring. 

Both liquid lipid-to-solid lipid and surfactant-to-lipid weight ratios kept constant at 1.0 

(Table 1) and sorbitan monooleate (SMO) and polyoxyethylene-40 hydrogenated castor 

oil (HCO-40) surfactants were mixed at constant ratio of 3.2:6.8 (wt %), respectively. All 

formulations were prepared in triplicate (n=18) and stored at 4 (±2 °C). Hesperitin-loaded 

NLC were prepared by adding different amounts of this flavanone in organic phase and 

using same procedure in order to prepare unloaded NLC. 
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Table 1. 

Composition (wt %) of NLC formulations. 

NLCs MCT GB Het PW PBS 

F1 5.0 5.0 - 80 - 

F2 5.0 5.0 - - 80 

F3 5.0 5.0 0.0625 80 - 

F4 5.0 5.0 0.0625 - 80 

F5 5.0 5.0 0.1875 80 - 

F6 5.0 5.0 0.1875 - 80 

MCT: medium chain triglycerides; GB: glyceryl behenate; Het: theoretical hesperitin 

concentration; PW: purified water; PBS: 10 mM phosphate buffer solution pH 7.4. 

 

2.3 Particle size and polydispersity index analysis 

Hydrodynamic diameter of the NLC particles and polydispersity index (PdI) of the 

formulations were determined by photon correlation spectroscopy (PCS) at 25 °C and 

scattering angle of 173° (Zetasizer® Nano ZS, Malvern PCS Instruments, UK). Samples 

were obtained by diluting 20 μL with 2 mL ultrapure water. The reported values are 

average ±SEM of three different batches of each colloidal dispersion. 

 

2.4 Zeta potential measurement 

Zeta (ζ) potential of NLC was measured by electrophoretic mobility using a Zetasizer® 

Nano ZS apparatus (Malvern PCS Instruments, UK). The Smoluchowski model was used 

to estimate ζ potential from electrophoretic mobility. The analyses were conducted at 25 
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°C, and the samples were appropriately diluted (1/100) with ultrapurified water and pH 

measured. Values reported are average ±SEM of three different batches of each colloidal 

dispersion. 

 

2.5 Stability study 

Stability study was performed by using the analytical centrifugation method with 

photometric detection at 865 nm (LUMiSizer® 611, LUM GmbH, Germany). The 

samples of unloaded NLC (F2), F4, and F6 formulations were incorporated into 

polycarbonate cell and equilibrated to 25 °C before analyses. Measurements were carried 

out at 3,618 rpm for 4.5 h resulting in accelerated migration of the dispersed particles and 

integration of transmission profiles within a selected region of the holding cell allowed to 

get information about dispersion stability. 

 

2.6 Thermal analysis of NLC formulation 

Differential Scanning Calorimetry (DSC) analysis was performed using a DSC Q200® 

Scanning Calorimeter (TA instruments®). For this, 5.0 mg of bulk lipid or freeze-dried 

samples of hesperitin-loaded NLC (F4 and F6) and unloaded NLC (F2) were weighed 

separately in a standard aluminum pan and hermetically sealed. An empty pan was used 

as the reference. The analyses were conducted under inert nitrogen atmospheric 

conditions at a flow rate of 50 mL min-1 and the samples were scanned at a constant rate 

of 5 °C min-1 from 20 to 120 °C. The crystallinity degree (CD) was calculated as shown 

in Eq. (1) [29,30]: 

CD (%) = (NLC melting enthalpy/melting enthalpy of the bulk lipid x lipid concentration 

in the NLC) x 100   (1) 
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2.7 Electron microscopy analyses 

NLC formulations were analyzed using transmission electron microscopy (TEM) 

technique. Aliquots (100 µL) of hesperitin-loaded NLC (F4) were put onto copper TEM 

grids and excess sample was removed by filter paper. After that, the samples were dried 

at room condition before analyses. Transmission electron micrographs of the samples 

were taken using a Microscope HT7700 Hitachi (Fukuoka, Japan) operated at an 

accelerating voltage of 80 KV and emission 12 µA. 

 

2.8 Hesperitin quantification in NLC, entrapment efficiency, and drug loading 

Hesperitin concentration was determined using a UV spectrophotometric method. In 

order to establish linearity of the proposed method three calibration curves were 

constructed at seven concentrations levels within the range of 3.0–15.0 µg mL−1 (n = 21). 

Least square regression analysis was done for the data (Optical density = 0.074[hesperitin, 

µg mL-1] - 0.027; r = 0.9987) and for all spectrophotometric analyses the Beer’s law was 

obeyed. Hesperitin amount in NLC was assessed by dispersing a known amount of 

formulation in ethanol followed by centrifugation at 2,000 rpm for 10 min. Afterwards, 

hesperitin concentration in the supernatant was determined by UV spectroscopy 

conducted on an Even UV/VIS spectrophotometer (Ionlab, Paraná, Brazil) with detection 

at 285 nm. Free hesperitin content was determined by measuring the non-incorporated 

drug present in a clear ultrafiltrate obtained through separation of aqueous phase using an 

ultrafiltration/ultracentrifugation procedure (Microcon Ultracel YM-100, Millipore, 

Ireland) at 10,000 rpm for 1 h, at 4 °C (Eppendorf, Centrifuge 5430 R, Hamburg, 

Germany). All analyses were performed in triplicate and the entrapment efficiency (E.E.) 

of hesperitin into NLC and drug loading (D.L.) were calculated from following equations: 

E.E. (%) = (THet – FHet/ThHet) x 100  (2) 
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Where, THet is the total hesperitin concentration; FHet, free hesperitin concentration; 

ThHet, theoretical hesperitin concentration. 

 

D.L. (%) = (Het encapsulated into NLC/amount of weighed NLC) x 100   (3) 

 

2.9 In vitro release of hesperitin from NLC 

In vitro release experiments were carried out using the dialysis technique and under sink 

conditions. An aliquot (4.0 mL) of hesperitin-loaded NLC (F4) or free hesperitin 

(hydroethanolic dispersion 10 % v/v) was placed inside a dialysis bag (cellulose 

membrane, molecular weight cut-off 14,000, Sigma-Aldrich Co., St. Louis, MO), sealed, 

and immersed in a vessel containing 125 mL of 10 mM phosphate buffer solution (PBS 

pH 7.4). The releasing system was maintained at 37 ± 1 ºC, under magnetic stirring (100 

rpm). One-milliliter aliquots were taken out of the dissolution medium at pre-determined 

time intervals, replaced with fresh buffer solution (PBS), and analyzed for hesperitin 

release by spectrophotometry UV at 285 nm. Release profile of hesperitin was expressed 

as cumulative amount of released hesperitin (average ±SEM) and plotted versus time. The 

experiments were carried out in triplicate for both free and encapsulated hesperitin. 

 

2.10 Cell culture and cytotoxicity assay 

Human T98G glioblastoma cell line (ATCC CRL-1690) was cultivated in Dulbecco's 

Modified Eagle's Medium-Low (DMEM-LG; Gibco BRL, USA) supplemented with 2 

mmol L-1 glutamine, 100 U mL-1 penicillin, 100 µg mL-1 streptomycin, 2.5 µg mL-1 

amphotericin B, and 10 % fetal bovine serum (FBS) at 37 °C and 5 % CO2. In order to 

assess in vitro cytotoxic effect of free and nanoencapsulated hesperitin (F4 formulation) 

on glioblastoma cells, different concentrations of this flavanone were tested between 1.65 
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and 36.39 µM. T98G cells were seeded in 96-well plate at density of 5×103 cells per well. 

After overnight adhesion, cells were treated with free hesperitin or hesperetin-loaded 

NLC for 24 h, following the cell treatment every well was washed with PBS (pH 7.4) and 

proliferation MTT method was applied. 

Cell MTT proliferation method [33] was employed for assessment of T98G cell viability 

after cytotoxicity assay. Briefly, aliquots of 20 μL MTT solution (5 mg mL−1) and 180 

μL medium without phenol red were added to each well. The cells were then incubated 

for 4 h, at 37 °C and 5 % CO2 to allow the formazan-forming reaction. Following 

incubation, the medium containing MTT solution was removed, and formed formazan 

crystals were dissolved in 2-propanol. Optical density was measured at 570 and 690 nm 

using a Biotek Cytation 5 - Cell Imaging Multi-Mode Reader (Winooski, VT, USA). As 

positive controls T98G cells were incubated with unloaded NLC diluted at 2.0 % (v/v) or 

cell culture medium containing DMSO 0.5 % (v/v), while as a negative control, T98G 

cells were incubated only with cell culture medium. Results are presented as percentage 

of survival, taking the negative control (untreated cells) as 100 %. 

 

2.11 Statistical analysis 

All the experiments were performed in triplicate and data are expressed as average value 

(±SEM). Statistical analysis was performed by One-way ANOVA followed by Tukey’s 

pairwise comparisons using the Prism GraphPad Software. The statistical significance 

was set at p < 0.05. 

 

3. Results and discussion 

Phenolic compounds present in different plants (fruits, vegetables, legumes, etc.) are the 

main bioactive molecules related to functional properties such as antioxidant, anti-
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inflammatory, antimicrobial, antiviral, and antineoplastic. However, biomedical 

application of these molecules has been adversely affected by their low aqueous solubility 

and poor stability in physiological environment resulting in a limited bioavailability. In 

order to overcome such limitations, several drug delivery systems have been developed 

to encapsulate flavonoids, coumarinea, stilbenes, tannins and among these systems are 

nanoemulsions, microemulsions, liposomes, polymeric nanoparticles, and lipid 

nanoparticles [3,15,24,34]. In this study, we prepared nanostructured lipid carriers 

containing hesperitin using a relatively simple and low-cost technique based low-energy 

emulsification approach, i.e. PIT method. Nanostructured lipid carrier formulations were 

characterized and the in vitro cytotoxic effect of NLC containing hesperitin was assessed 

on T98G glioblastoma cells. 

 

3.1 NLC characterization, stability study, electron microscopy, and thermal analysis 

Average size, PdI, zeta potential, and pH values of NLC formulations tested are reported 

in Table 2. Both hesperitin-loaded NLC and unloaded NLC formulations varied in 

appearance from translucent to slightly turbid with bluish reflection typical of very fine 

colloidal dispersions [35]. This appearance could be attributed to poor light scattering by 

the relatively small lipid particles (r < 100 nm) in formulations since all the NLC 

dispersions tested showed an average particle diameter below 80 nm (Table 2). In 

addition, both hesperitin entrapment into NLC and different dispersant phases used (PW 

or PBS) here had only a minor effect on particle size even at the highest concentration of 

this flavanone (p < 0.05). Likewise, loaded and unloaded NLC formulations showed low 

PdI values (< 0.2) with a single peak in particle size distribution characteristic of 

homogeneous dispersions. In fact, F4 formulation showed a PdI value about 0.1 

characterized by unimodal narrow size distribution (Fig. 1) confirming the highest quality 
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of this colloidal dispersion. As reported by Bhattacharjee [36], colloidal dispersions with 

PdI values lower or equal to 0.1 are considered highly monodisperse while those with PdI 

values between 0.1 and 0.4 are moderately polydisperse. Therefore, the combination of 

SMO and HCO-40 nonionic surfactants resulted in achievement of very small 

homogeneous lipid particles (< 100 nm) using a thermal method of emulsification. The 

formation of small lipid particles using PIT method is closely associated with changes in 

the nonionic surfactant structure as well as in its physicochemical characteristics, which 

occur during heating. At low temperatures, surfactant head-groups are highly hydrated 

and become gradually dehydrated under heating. All these temperature-dependent 

changes result in alterations of surfactant water solubility, along with its optimum 

curvature at interfacial monolayer. Above the PIT, the surfactant is mainly located in the 

organic phase and around the PIT there is similar affinity of surfactant between organic 

phase and aqueous phase, leading formation of bicontinuous microemulsion with very 

low interfacial curvature. The rapid cooling (< PIT) of emulsified system results in 

microemulsion disruption and consequent surfactant movement from organic phase to 

aqueous phase forming very fine lipid particles [21,23,37,38]. 
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Table 2. 

Particle size, polydispersity index (PdI), zeta-potential, and pH of NLC formulations 

(average  SEM, n = 3). 

NLCs Size (nm) PdI 

ζ potential 

(mV) 

pH 

F1 77.52 (±1.07) 0.131 (±0.005) – 19.70 (±1.14) 7.94 (±0.08) 

F2 69.75 (±2.19) 0.122 (±0.030) – 24.80 (±0.15) 7.93 (±0.09) 

F3 66.82 (±0.58) 0.187 (±0.017) – 17.80 (±1.69) 6.25 (±0.05) 

F4 66.17 (±1.34) 0.099 (±0.004) – 20.43 (±0.49) 6.34 (±0.11) 

F5 76.74 (±0.99) 0.140 (±0.003) – 17.20 (±0.44) 7.51 (±0.04) 

F6 63.90 (±0.49) 0.079 (±0.009) – 19.07 (±0.92) 6.98 (±0.09) 
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Figure 1. 

Average diameter of particles and PdI from F2 (A), F4 (B), and F6 (C) formulations. 

Normalized NIR transmission profiles obtained with F2 (D), F4 (E), and F6 (F) 

formulations by forced stability analysis during analytical centrifugation. The first 

and the last registered profiles are shown in red and in green, respectively. 
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Electrokinetic potential or ζ potential of colloid particles was measured by electrophoretic 

mobility technique. For all formulations, ζ potential values were significantly negative ( 

– 20 mV) and there was no statistically significant difference between electric potential 

of particles from different NLC formulations (p > 0.05). These ζ potential values indicate 

high physical stability of lipid dispersions due to electrostatic repulsive forces among 

colloid particles preventing rapid agglomeration and sedimentation or flotation [36]. 

Stability studies were carried out for unloaded NLC (F2), F4, and F6 formulations using 

analytical photocentrifugation method. This method is based on measurement of particle 

migration and aggregation from colloid dispersions by application of a centrifugal force 

and photometric detection. The kinetics of the particle separation process is characterized 

by shape and progression of light transmission profiles measured as a function of time 

and position across the entire sample length. The first and the last registered profiles are 

shown in red and in green, respectively. A total of 255 transmission profiles were 

recorded in intervals of 65 s. As can be observed in Fig. 1, there were no significant 

differences in light transmission profiles among lipid dispersions (F2, F4, and F6) during 

all analysis time and throughout sample. Moreover, high transmittances (about 85 %) for 

NLC samples were maintained during analysis, i.e. there were no instability signals such 

as particle agglomeration, sedimentation/flotation of dispersed phase, or visible phase 

separation. Moreover, F4 formulation presented distribution (D) of particle migration 

velocity at D10 %, D50 %, and D90 % of 9.169, 9.391, and 10.163 µm s-1, respectively, 

and mean velocity 9.591 µm s-1 (±0.392). Such narrow velocity distribution, i.e. only 

slight speed variation of particle migration between D10 % and D90 %, indicates good 

physical stability of hesperitin-loaded NLC. According to these results, it could be to 

claim that encapsulation of this flavanone into NLC was not able to alter physical stability 

of lipid formulations even at the highest flavanone concentration. Therefore, results 
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obtained from NLC stability study could be mainly explained due to gravitational stability 

of nanoparticles, i.e. smaller particles (< 90 nm) in these dispersions may be under 

influence of Brownian motion only [24,35]. In general, NLC produced herein could 

remain stable for 12 months when stored at 25 °C. 

DSC analyses were performed for bulk glyceryl behenate powder and freeze-dried 

formulation samples (F2, F4, and F6). Fig. 2 shows the DSC heating thermographs 

ranging from 20 to 120 °C and Table 3 summarizes the data extracted from calorimetric 

thermograms. During heating, for all samples, main peaks were centered between 67.0 

and 72.0 °C. Bulk glyceryl behenate exhibited an endothermic peak at 71.9 °C, this 

melting temperature is characteristic of the most stable form of glyceryl behenate, i.e. β’ 

polymorphic form [31,32]. On the other hand, for lipid nanocarriers (F2, F4, and F6) were 

observed less intense endothermic peaks with lower melting temperatures than the bulk 

lipid. Therefore, the main components of NLC formulation (lipids, surfactants, and 

hesperitin) altered crystallinity degree of solid lipid matrix as compared to pure glyceryl 

behenate (Table 3). It has been widely reported that the addition of surfactant(s) and liquid 

lipid(s) to NLC formulation as well as when transforming bulk lipid in nanoparticle might 

result in melting point depression and broadening peaks. These events could occur due to 

interactions between solid lipid(s) and liquid lipid(s) and/or surfactants [16,31,32]. 

Moreover, the reduction of onset, enthalpy, melting temperature, and crystallinity degree 

from F2, F4, and F6 formulations suggests also that hesperitin was mostly entrapped into 

lipid core of nanocarriers affecting crystallization process of solid lipid. It is worth 

mentioning that this change in lipid matrix from NLC might enhance drug entrapment 

efficiency decreasing expulsion of drug during storage when compared to SLN [16–18]. 

In view of results from physicochemical characterization, stability study, and thermal 

analysis described above, F4 NLC formulation was chosen to further assays due to its 



18 
 

better stability profile as well as this formulation was prepared with PBS (pH7.4) as 

aqueous phase, which is an isotonic solution and non-toxic to most cells. 

 

 

Figure 2. 

DSC thermograms of GB bulk lipid, F2, F4, and F6 NLC formulations. 
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Table 3. 

Parameters extracted from the DSC thermograms of the bulk glyceryl behenate and 

NLC dispersions. 

Samples 

Melting 

temperature 

(ºC) 

Onset (ºC) 

Enthalpy 

(J g-1) 

Crystallinity 

degree (%) 

bulk GB 71.9 68.8 – 136.3 

– 83.1 

– 80.7 

– 22.1 

100.0 

F2 67.8 64.0 61.1 

F4 67.7 65.3 59.2 

F6 66.9 63.0 16.2 

 

Transmission electron microscopy (TEM) has been widely applied to characterize particle 

matrix structure and diameter of nanostructures [18]. TEM analyses were carried out for 

F4 NLC formulation and micrographs are shown in Fig. 3. According to 

photomicrographs, there was no particle aggregation and lipid nanoparticles had almost 

spherical shapes with a particle size of less 100 nm and homogeneous size distribution. 

These findings are in accord with earlier results from particle size analyses using photon 

correlation spectroscopy. Moreover, the matrix from lipid core was highly heterogeneous 

presenting lipid cluster domains compatible with multiple oil-in-solid fat-in-water type 

of NLC [17,18]. It is worth noting that the drying process and imperfect crystallization of 

lipids might result in sample deformation. 
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Figure 3. 

TEM photomicrographs from hesperitin-loaded NLC F4 formulation. 

Magnifications (A) x7.0K, (B) x12.0K, and (C) x20.0K. 

 

  

 

 

3.2 Hesperitin quantification, entrapment efficiency, and in vitro release study 

Quantitative analyses of hesperitin into NLC formulation were carried out using UV 

spectrophotometric method. F4 NLC formulation was assessed for total amount, 

entrapment efficiency, drug loading, and in vitro release of hesperitin. Total concentration 

of this flavanone found for NLC formulation was 0.55 mg mL-1 (±0.01). Meanwhile, 

entrapment efficiency of hesperitin into NLC and drug loading reached 72.7 % (±0.92) 

and 3.48 % (±0.17), respectively, confirming a better capacity of this kind lipid dispersion 

for encapsulation of hydrophobic drugs. 

Dialysis bag diffusion technique was chosen to assess and compare hesperitin release 

from hydroethanolic dispersion (free flavanone) and NLC formulation. Release profiles 

of free and encapsulated hesperitin in PBS pH 7.4 are shown in Fig. 4. Comparing both 

release profiles, free hesperitin was released 2.5-fold faster than flavanone entrapped into 

lipid nanocarriers, and thus it was observed a sustained release profile of hesperitin from 

NLC formulation. Almost all content of free hesperitin (90 %) was released in the first 
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24 h of essay while from NLC after 72 h only 63 % (±2.0) of hesperitin were released. 

Moreover, it was not noticed a burst release of hesperitin from NLC at initial phase 

demonstrating that there was no drug adsorbed to particle surface. These results propose 

that hesperitin might be entrapped into lipid core of NLC, which results in slow drug 

release from formulation. The release profile of hesperitin from NLC in PBS pH 7.4 was 

kinetically evaluated by zero-order (r2 = 0.9616), first-order (r2 = 0.7613), Higuchi (r2 = 

0.9964), and Rigter–Peppas (r2 = 0.8488) models. The best-fit model was Higuchi that 

describes the hesperitin release from NLC formulation as a process controlled by Fickian 

diffusion mechanism. 
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Figure 4. 

In vitro release profiles of hesperitin from NLC formulation (F4) and 

hydroethanolic dispersion (free hesperitin) in PBS pH 7.4 (average  SD, n = 3). 

Release profiles: (A) shows during 72 h and (B) in the first 12 h. 

 

 

3.3 In vitro cytotoxicity assessment 

The in vitro cytotoxic effect of free hesperitin and hesperitin-loaded NLC was assessed 

on T98G glioblastoma cells following 24 h exposure to flavanone concentrations ranging 

from 1.65 to 36.39 µM. The results are presented in Fig. 5. 

For both free and encapsulated hesperitin, T98G cell viability decreased in a dose 

dependent manner. After 24 h of treatment of glioblastoma cells, there was no evidence 

of cytotoxic effect for free hesperitin and hesperitin-loaded NLC at flavanone 

concentrations below 33.08 µM and 26.47 µM, respectively, as compared with negative 
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control cells (NC). However, at higher concentrations (33.08 and 36.39 µM) of 

encapsulated hesperitin, the T98G cell viability was significantly affected with a 

reduction in viable cell percentage levels for less than 10 % in comparison with untreated 

cells. In addition, hesperitin-loaded NLC demonstrated also higher cytotoxic activity as 

compared to free hesperitin at 29.77, 33.08, and 36.39 µM. Therefore, the NLC 

formulation containing hesperitin led to a great decrease in cell viability at the highest 

flavanone concentrations tested. Yoo et al. [39] assessed in vitro cytotoxicty of hesperidin 

isolated from Euodia daniellii on XF-498 cell line (human CNS solid tumor) and IC50 

found was higher than 30 µM following 48 h exposure to this glycoside. Recently, Ersoz 

et al. [12] assessed anticancer activity of hesperitin-loaded polymeric nanoparticles 

against C6 glioma cells and IC50 of hesperitin loaded nanoparticles was 2.0-fold lower 

than free hesperitin as well as dose- and time-dependent. Thus all these findings revel that 

encapsulation of hesperitin into nanoparticles could enhance cytotoxic effect on 

neoplastic cells. This improved antitumor efficacy of hesperitin combination in polymeric 

or lipid nanoparticles might be mainly related to better internalization of these 

nanocarriers by cells [12]. 

 

 

 

 

 

 

 

 

 



24 
 

Figure 5. 

Viability of T98G glioblastoma cells, using MTT assay, after 24 h-exposure to free 

hesperitin or hepseritin-loaded NLC. Data are shown as average ±SEM (n = 3) and 

statistical analysis by one-way ANOVA with Tukey posthoc test p < 0.05 (NC = 

negative control; PC = positive controls; (@) p < 0.01 with PC and free Hesperitin 

concentrations of 16.54, 19.85 and 26.47 µM; (*) p < 0.05 with NLC-Hesperitin at 

26.47 µM; ($) p < 0.001 with NC, free Hesperitin concentrations between 1.65 – 13.23 

µM, at 29.77 µM and 33.08 µM and with NLC-Hesperitin concentrations between 

1.65 - 19.85 µM; (#) p < 0.001 with PC, NC, all free Hesperitin concentrations and 

NLC-Hesperitin concentrations between 1.65 - 26.47 µM). 
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4. Conclusions 

In summary, we have successfully encapsulated hesperitin into NLC formulation using 

PIT method, which is a low-energy emulsification approach. TEM analyses were in 

accord with PCS results showing that the nanoparticles obtained had almost spherical 

shapes with a heterogeneous lipid matrix structure and diameter below 100 nm. 

Accelerated stability study confirmed the good physical stability of F4 NLC formulation 

with minimal variation in lipid particle migration rate. In addition, F4 formulation reached 

an encapsulation efficiency of hesperitin about 70 % as well as the in vitro release assay 

demonstrated that this flavanone could be released in a sustained manner from NLC. 

Cytotoxicity study revealed that hesperitin-loaded NLC was able significantly to reduce 

cell viability of T98G cells at 33 µM of flavanone when compared to free hesperitin. 

Therefore, these results might confirm NLC formulation as an effective flavanone 

delivery system for application in different treatments. Moreover, such findings 

encourage further studies on NLC containing flavonoids for use in the therapeutics 

protocols against other neoplastic cell lines. 
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