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A B S T R A C T 
 

The co-administration of anti-tumor and anti-angiogenesis agents represents a well-established strategy for 

cancer treatment. However, the clinical use of this“combined therapy”approach showed several limitations 
probably due to the inability of most angiogenic inhibitors to target tumor vessels. Herein, we evaluated the 

in vitroangiogenesis e ects ofN,O-carboxymethyl chitosan (N,O-CMCS) surface modi ed curcumin (CUR)- 

loaded solid lipid nanoparticles (SLN) intended for CUR oral administration. For this purpose, SLN formulations 

based on Gelucire®50/13 were prepared and characterized for their physicochemical properties. From stability 

tests such SLN resulted useful to protect CUR from oxidative and hydrolytic degradation for a long period at 4 °C. 

Moreover,N,O-CMCS-c-CUR SLN (F4) displayed enhanced cytocompatibility with Caco-2 cells. Data from an- 

giogenesis studies showed that the CUR-unloaded and surface unmodi ed SLN (b-SLN, F1) possess anti-angio- 
genic activity and, moreover,  due to the features of the coating polysaccharide, F4 may constitute an anti- 

angiogenic delivery platform for CUR oral delivery and such delivery system seems promising in vascular an- 

giogenesis inhibition. 

 
 

 

 
1. Introduction 

 
Despite notable advances made in the treatment of cancer, it still 

constitutes one of leading causes of death, particularly in more devel- 

oped regions [1]. A very crucial process in determining proliferation 

and growth of solid tumors is represented by the angiogenesis con- 

sisting in the formation of new blood vessels which are necessary to 

provide oxygen and nutrients and to remove metabolic waste in tumor 

tissues [2–4]. Several factors are involved in the formation of new blood 
vessels and an appropriate balance should occur between compounds 
endowed with pro-angiogenic activity [e.g., vascular endothelial 

growth factor (VEGF), basic broblast growth factor (bFGF) and 

transforming   growth    factor- (TGF- )]    and    those    with    anti- 

 
angiogenesis one (e.g., angiostatin and endostatin) [4]. Therefore, the co-

administration of anti-tumor agents and anti-VEGF monoclonal an- 

tibodies represents a well-established strategy for cancer treatment. 

However, despite some advantages were noted using this“combined 

therapy”approach, the clinical use of the anti-angiogenic therapeutic 
strategy showed several limitations such as toxicity and acquired drug 

resistance [5]. It has been mainly attributed to the inability of most 

angiogenesis inhibitors to target tumor vessels due to unsatisfactory 

biodistribution [5]. To increase the e cacy of the“anti-tumor/anti- 

angiogenesis agent”combined strategy the use of nanocarriers has been 
proposed [6]. It because nanosized carriers show several advantages 

including the ability of delivering large amounts of drugs and they may 

favour tumor targeting. Moreover, nanocarriers are able to overcome 
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further limitations of conventional formulations including, un- 
satisfactory biodistribution and development of multidrug-resistance 
(MDR) frequently occurring in cancer cells [5,6]. Thus, a number of 

polymeric nanoparticles based on di erent polymers such asN-(2-hy- 
droxypropyl)methacrylamide    (HPMA),    poly(lactic    co-glycolic    acid) 

(PLGA), poly(alkyl cyanoacrylate) (PACA), poly-(L-lactic) (PLLA) and 
polysaccharides (e.g., chitosan and its derivatives) have been employed 

for   angiogenesis   inhibition   therapy   [5,7–9].   Amphiphilic   polymers, 

including poly(ε-caprolactone)-polyethyleneglycol (PCL-PEG) and car- 
boxymethyl chitosan-PCL (CMCS-PCL), which could self-assemble into 
polymeric micelles in aqueous solution have also been used for the 

same purpose [5,10–12]. Among lipid-based nanocarriers, liposomes 

have been widely used for anti-angiogenic activity but they su er from 
some limitations such as low drug loading and, therefore, alternative 

lipid based formulations are welcome [13]. In this context, solid lipid 

nanoparticles (SLN) can be valuable candidates for anti-angiogenic 

therapy since they are characterized by several advantages including 

enhanced safety and stability, controlled drug release, and can be ap- 

plied for both hydrophobic and hydrophilic drugs [14,15]. Moreover, 

SLN may be employed following several administration routes in- 

cluding the most convenient for patients,i.e.,the oral one [ 16–18]. 
However, to the best our knowledge, there is only one example in lit- 
erature of anti-angiogenic therapy based on SLN encapsulating an an- 
giogenesis inhibitor agent [19]. 

Recently, it has been reported thatN-carboxymethyl chitosan (N- 

CMCS) coated curcumin (CUR)-loaded SLN showed increased cyto- 

toxicity and cellular uptake by MCF-7 cells as well as enhanced lym- 

phatic uptake and oral bioavailability [20]. CUR is a hydrophobic drug 

characterized by low aqueous solubility and poor absorption and sev- 

eral formulation approaches have been employed to overcome such 

unfavourable features of hydrophobic drugs including the use of lipo- 

somes [21], cyclodextrins [22,23] and polymeric micelles [21]. CUR is 

also endowed with potent anti-angiogenesis activity and, combined 

with doxorubicin, showed remarkable enhancement of anti-cancer ac- 

tivity [24,25]. On the other hand, it has also been recently demon- 

strated thatN,O-carboxymethyl chitosan (N,O-CMCS) showed relevant 

anti-tumor activity by inhibition of angiogenesis and stimulation of 

immune functions [26]. Based on this background, it seemed of interest 

to investigate the angiogenesis e ects ofN,O-CMCS surface modi ed 
CUR-loaded SLN intended for oral administration. In this approach, our 
working hypothesis was that the polysaccharideN,O-CMCS decorating 
SLN may give anti-angiogenic features to the whole delivery system 

and, therefore, could be e ective in anti-cancer therapy. To test this 
hypothesis, in this paper the preparation of CUR-loaded SLN based on 

Gelucire®50/13 as lipid matrix and their surface modi cation with 
N,O-CMCS is described. Gelucire®50/13 was selected considering that 
it is constituted by PEG-esters (Stearoyl polyoxyl-32 glycerides), a small 

glyceride fraction and free PEG and may self-emulsify on contact with 

aqueous media. Moreover, to evaluate a possible application of such 

surface modi ed SLN as oral drug delivery systems, their physical sta- 

bility in simulated gastro-intestinal uids as well as cytotoxicity, uptake 
and transport studies through Caco-2 cells were also investigated [27]. 
Finally, the anti-angiogenic activity of these lipid nanocarriers, was 

evaluated by thein vivochick embryo chorioallantoic membrane assay 

[24,28,29]. 

 
2. Materials and methods 

 
2.1. Materials 

 
Gelucire®50/13 was a gift by Gattefossè (Milan, Italy). Curcumin 

(CUR), Tween®85 and Tween®80 were purchased by Sigma Aldrich 

(Milan, Italy).N,O-CMCS (deacetylation degree 92.8%), was purchased 
from Heppe Medical Chitosan GmbH [Halle (Saale), Germany] and, 
according to manufacturer instructions, possesses a molecular weight in 

the range of 30–500 kDa (GPC). Dialysis bags (cut-o 3500 Da) were 

provided by SpectraPore (Italy). Caco-2 cells (CACO-2 Passage 43) were 

purchased from the European Collection of Authenticated Cell Cultures 

Cell Bank (ECACC, Salisbury, UK). All reagents used for cell cultures 

were obtained from Euroclone (Milan, Italy). 

 
2.2. Preparation of unmodi ed-as well as N,O-CMCS surface modi ed SLN 

with and without curcumin 

 

The melt-emulsi cation method was followed to prepare the SLN 

studied in this work [30–32]. Besides the blank-SLN(i.e., b-SLN, F1), 

the surface unmodi ed and CUR-loaded SLN (CUR-SLN, F2), theN,O- 
CMCS-coated- and CUR-unloaded SLN (N,O-CMCS-c-SLN, F3) and the 

N,O-CMCS-coated-  and  CUR-loaded  SLN  (N,O-CMCS-c-CUR-SLN,  F4) 

were prepared. 

Preparation of b-SLN (F1).After melting 60 mg of Gelucire®50/13 at 

70 °C, in a separate vial an aqueous solution (1.37 mL of water) con- 

taining the surfactant (Tween®85, 60 mg) was used and it was heated 

at 70 °C. The resulting mixture was added to the melted phase at 70 °C 

in order to obtain an emulsion by homogenization at 12300 rpm for 

2 min with an UltraTurrax model T25 apparatus (Janke and Kunkel, 

Germany). Afterwards, the nanosuspension was cooled at room tem- 

perature    and    the    resulting    SLN    centrifuged    (16,000×g,    45 min, 

Eppendorf 5415D, Germany). 

Preparation of CUR-SLN (F2).The previously described procedure 

for F1 preparation was followed but 6 mg of CUR were added to the 

melted lipid prior to pour the aqueous phase. 

Preparation of N,O-CMCS-c-SLN (F3).To allow the SLN surface 

modi cation of F1, 0.5 mL of the resulting nanosuspension were in- 
cubated with 1 mL of aN,O-CMCS aqueous solution (3 mg/mL) at room 
temperature for 3 h. At the end of the incubation time, centrifugation 
was   performed   as   above   mentioned   (16,000×g,  45 min,   Eppendorf 
5415D, Germany). 

Preparation of N,O-CMCS-c-CUR-SLN (F4).After the Ultraturrax 

treatment employed in F2 preparation, 0.5 mL of the uorescent na- 

nosuspension were surface modi ed with 1 mL of aN,O-CMCS aqueous 
solution (3 mg/mL) upon incubation at room temperature for 3 h under 

light protection. After incubation, centrifugation step was performed 

(16,000×g, 45 min, Eppendorf 5415D, Germany). 

 
2.3. Physicochemical characterization of SLN 

 
2.3.1. Particle size, zeta potential and TEM visualization 

To gain information on the physicochemical characteristics of the 

nanosystems prepared, particle size and polydispersity index (PDI) of 

SLN were determined by using a ZetasizerNanoZS (ZEN 3600, Malvern, 

UK) apparatus according to photon correlation spectroscopy (PCS) 

mode. In the cuvette, each sample was diluted 1:1 (v:v) with double 

distilled water. The determination of the zeta-potential was performed 

using laser Doppler anemometry (ZetasizerNanoZS, ZEN 3600, 

Malvern, UK) after dilution of the sample 1:20 (v:v) in the presence of 

KCl (1 mM, pH 7) [33,34]. The morphology of SLN was studied by TEM 

analysis. To this end, the samples were processed by dropping 10μL of a 
1 mg/mL suspension of the sample on a copper grid. The so prepared 
grid was dried at 25 °C in a desiccator and subsequently stained with 
uranyl acetate. TEM analysis was performed by a Jeol-Jem-1200EXII 

instrument, Japan. 

 
2.3.2. Solid state studies 

To gain information on the solid state of SLN prepared, the corre- 

sponding FT-IR spectra and DSC thermograms were recorded. The FT- 

IR spectroscopy analyses were performed on SLN using a PerkinElmer 

1600 FT-IR spectrometer (PerkinElmer, Italy). To acquire FTIR spectra 

all samples were mixed with an appropriate amount of KBr. The range 

examined  was  4,000–400 cm−1  with  a  resolution  of  1 cm−1. 
DSC thermograms were performed using a Mettler Toledo DSC 822e 

STARe 202 System equipped with a DSC MettlerSTARe Software. For 
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DSC analysis, aliquots of about 5 mg of each product were placed in an 
aluminium pan and hermetically sealed. The scanning rate was of 5 °C/ 

min under a nitrogen ow of 20 cm 3/min and the temperature range 
was from 25 to 275 °C. The calorimetric system was calibrated in 
transition temperature  by using indium  (purity 99.9%) and following 

the procedure of the MettlerSTARe Software. Each experiment was 

carried out in triplicate to check the reproducibility. 

 
2.3.3. Determination of encapsulation e ciency and loading capacity 

To determine the amount of CUR loaded in the SLN, the en- 

capsulation e ciency (E.E.) was calculated as follows: 

E.E. = Total CUR - CUR in the supernatant/Total CUR *100 

where the total of CUR was the initial amount of drug employed in the 
nanoparticle preparation and CUR in the SLN supernatant was de- 

termined by spectrophotometric analysis (UV–Vis, using a PerkinElmer 
Lambda Bio 20 spectrophotometer set at the wavelength of 425 nm). To 
assess the amount of CUR in the sample, a calibration curve in methanol 

was      used      in      the      concentration      range      0.5·10−3–0.01 mg/ml 
(R2 = 0.999) [24,35]. Each measurement was performed in triplicate. 

Loading Capacity (L.C.) for loaded SLN was calculated as follows: 

L.C. = Total CUR - CUR in the supernatant /Total Gelucire®50/13 

amount*100 

Moreover, Entrapment E ciency expressed as w/w for loaded SLN 
was calculated as follows: 

w/w% = CUR entrapped/freeze dried SLN amount*100 

 

2.4. Stability of SLN in simulated gastro-intestinal uids 

 
In view ofin vivostudies, the physical stability of F2 and F4 was 

assessed by measuring their particle size after incubation in Simulated 

Gastric Fluid (SGF, pH 1.2) and Simulated Intestinal Fluid (SIF pH 6.8) 

or double distilled water containing 3% (w/w) of Tween®80 at 37 °C 

for 24 h. SGF was composed as follows: for 100 mL of nal bu er, 
0.7 mL of HCl (37%), 200 mg NaCl, 99.3 mL of H2O. SIF was obtained 

by dissolving 680 mg KH2PO4 in the mixture of 92 mL of H2O and 8 mL 

of a preformed solution of NaOH (0.2 N). Once formulated, F2 and F4 

samples were subjected to centrifugation step, and diluted 1:7 (v/v) in 

SIF/Tween®80 (or double distilled water/Tween®80). The particle size 

was measured at di erent time intervals (0, 1, 2, 3, 5, 20 and 24 h) 
as described in Section 2.3.1. Each experiment was performed in 
triplicate 

and results are expressed as mean ± standard deviation of each mean. 

Furthermore, freshly prepared F2 samples were rstly freeze-dried 
for 72 h (T =−46 °C and P = 0.1 mBar, Lio Pascal 5P, Milan, Italy) and 

the resulting powders were evaluated for their stability upon storage at 

two di erent temperatures (i.e.,20 °C and 4 °C) for three months by 

monitoring the CUR quantitative levels [36,37]. At di erent time 
points, appropriate aliquots of CUR-SLN were incubated in the presence 

of 1 mL of methanol at 37 °C for 30 min and, afterwards, the cen- 

trifugation was carried out as described in Section 2.2. The resulting 

supernatant was considered to retain CUR incorporated in the SLN and, 

thus, it was subjected to the spectrophotometric evaluation of CUR le- 

vels. Each assay was performed in triplicate. 

 
2.5. In vitro release studies of CUR from SLN 

 
To assess the capability of SLN to deliverin vitrothe active agent 

CUR, release of CUR from F2 and F4 was carried out using dialysis bag 

[24]. The bag was lled with an amount ranging from 3 mg to 4 mg of 
CUR. Then, it was placed in a becker containing the release medium 

[i.e., SGF or SIF] that was used each one after addition of 3% (w/w) of 

Tween®80 ( nal volume = 20 mL) in a thermostated bath set at 37 °C for 
24 h under stirring. At predetermined time intervals 0.5 mL of the 

release medium were withdrawn and replaced with the same volume of 
fresh medium to maintain sink conditions. After centrifugation 
(16,000×g, 45 min, Eppendorf 5415D, Germany), in the supernatants 

the concentrations of the released CURC were determined by UV–Vis as 
described above. All release experiments were carried out in triplicate. 

 
2.6. Cytotoxicity assay 

 
To evaluate cell metabolic activity, Caco-2 were seeded in 96-well 

plates (10000 cells/cm2) and treated with increasing doses (0.01, 0.1 

and 0.2 mg/mL) ofN,O-CMCS, CUR, F2 and F4. After 24 h of treatment, 

each sample was removed and cells were incubated with 3-(4,5-di- 

methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution 

(0.5 mg/mL). After 3 h, MTT solution was removed and sample was 

mixed with DMSO to assure the solubilization of formazan crystals. 

Optical density (OD) of DMSO solution was measured on Synergy HT at 

570 nm and 670 nm (reference wavelength). Relative cell metabolic 

activity (%) was calculated as follows: 100×(ODs/ODc), where ODs 

represents the OD mean value of tested sample and ODc is the mean 

value of untreated cells (control). Each condition was tested in tripli- 

cate. 

 
2.7. SLN uptake by Caco-2 cells 

 
SLN uptake semi-quantitative analysis was performed as previously 

proposed, with some modi cations [38]. Caco-2 cells were cultured in 
96-well plates for 24 h at 37 °C, 5% CO2. F2 and F4 formulations were 
added to well [0.2 mg/mL in culture medium without fetal bovine 
serum (FBS) and without phenol red] and incubated with cells for 15, 

30, 120 and 360 min. At each considered incubation time, Caco-2 were 

washed with PBS and cellular uptake was evaluated, using a microplate 

reader (Synergy HT, BioTek, United Kingdom), equipped by an ex- 

citation lter at 485 nm and an emission lter at 528 nm. Data were 

expressed as uorescence intensity, exploiting the auto- uorescence 
property of CUR. As a control, cells were cultured and assessed in ab- 

sence of samples. Each condition was performed in triplicate. 

 
2.8. Transport studies through Caco-2 cells 

 
To evaluate the transport capability of F2 and F4 through a Caco-2 

cellular monolayer, these cells were seeded (4500 cells/cm2) on 

permeable inserts (Corning HTS, Transwell®, 0.4μm pore size, 0.33 cm 2 

growth area; Corning, Tewsbury, MA, USA). Experiment was carried 

out according to Sangsen et al. [39].Freeze driedsamples of F2 and F4 

were suspended in DMEM-HG (without FBS and without phenol red) to 

obtain a nal concentration of 0.2 mg/mL 100μL of each sample was 

added to the apical side of the insert, while 500μL of culture medium 
was added to basal side. Culture medium, without sample, was con- 

sidered as negative control. After 15, 30, 120 and 360 min of incuba- 

tion, the uorescence intensity of both apical and basal medium was 

measured by Synergy HT (BioTek) (excitation lter at 485 nm, emission 

lter at 528 nm). Each condition was tested in duplicate. Results were 

expressed as uorescence intensity mean values and standard devia- 
tions. 

 
2.9. Anti-angiogenesis activity measured by d assay 

 
Thein vivoevaluation of anti-angiogenesis activity of the SLN was 

performed as follows. Fertilized White Leghorn chicken eggs (20 per 

group) were incubated at 37 °C at constant humidity. On day 3, a square 

window was opened in the shell, and, in order to detach the developing 

CAM from the shell, 2–3 mL of albumen were removed. The window 
was sealed with a glass, and the eggs were put again into the incubator. 

On day 8, eggs were treated with 1 mm3 sterilized fragments of F1, F2, 

F3 and F4 formulations or a gelatin sponge soaked with 50 ng vascular 

endothelial growth factor (VEGF-A, R & D Systems, Abington, UK), 
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which was taken as a positive control, was placed on the top of the 

growing CAM, as previously described [40]. It should be noted that, in 

this assay, neither a negative control was inserted nor the number of 

blood vessels of untreated fertilized white egg was calculated because 

the inhibition e ect after the application of an external stimulus 

(i.e., 
VEGF-A) was evaluated. CAMs were observed daily until day 12 and 

photographedin ovowith a stereomicroscope equipped with a camera 

system (Olympus Italia, Rozzano, Italy). At day 12, the angiogenic re- 

sponse was evaluated by the image analyzer system as the number of 

vessels converging the implant within the focal plane of the CAM. 

Means ± 1 Standard Deviation (SD) were  evaluated for all the para- 

meters and the statistical signi cance of the di erences between the 
counts was calculated on 10 replicates for each treatment as below 

reported (Section 2.10). 

 
2.10. Statistical analysis 

 
Data of physicochemical characterization and stability of SLN for- 

mulations were statistically analyzed by one-way analysis of variance 

(ANOVA) and the Bonferroni's“post hoc”test for multiple comparison 
using GraphPad Prism v.4 software. Results of cytotoxicity assay, SLN 

uptake and transcellular transport study were processed by a multi- 
factor ANOVA. MTT results were analyzed considering SLN formula- 

tions and concentrations as xed factors while cell metabolic activity as 
dependent variable. For uptake and transport studies, incubation time 

and formulation are the xed factors, while the dependent variable was 

the uorescence intensity. The di erences between groups were ana- 
lyzed with the post-hoc LSD's test for multiple comparisons. Data are 

expressed as mean ± standard deviation. The statistical signi cance 

was xed at p < 0.05. As for data related to the anti-angiogenic ac- 
tivity determined by CAM assay, Newman-Keuls multiple comparisons 
post-test was used to compare all treatment groups respect to the po- 

sitive control after one-way ANOVA as well as to compare the e ect of a 
single treatment group respect to another one. The Graph Pad Prism 5.0 
statistical package (GraphPad Software, San Diego, CA, USA) was used 

for these latter analyses and the limit for statistical signi cance was set 
at p < 0.05. 

 
3. Results 

 
3.1. Physicochemical characterization of SLN 

 
The main physicochemical properties of SLN prepared by the melt- 

emulsi cation method with or without CUR are shown in Table 1. As 
seen,  the  CUR-unloaded   SLN   (F1)   showed   a   particle   size   of 
141 ± 11 nm, a value essentially comparable with those of the CUR- 

unloaded SLN decorated withN,O-CMCS (F3). On the other hand, it is 

noteworthy that the size of F4 SLN resulted about doubled in compar- 

ison with F3 SLN (649 ± 25 nmvs366 ± 36 nm, respectively, 

Table 1). The PDI values of all SLN samples were in the range from 0.26 

to 0.51 suggesting a quite broad particle size distribution [41]. The zeta 
potential of SLN control resulted of−9.7 ± 0.8 mV which decreased 

further in the  presence  of  CUR  (−21.3  ± 1.5 mV)  orN,O-CMCS 

(−32.8 ± 1 mV). The most signi cant decrease compared with the 

control ones was noted with the surface modi ed and CUR-loaded SLN 
(i.e., F4, -36.9 ± 1.8 mV, p < 0.001). 

TEM analysis was used to assess the morphology of the nano- 

particles prepared and, in such a way, their spherical shape as well as 

the absence of aggregated particles was proved (Fig. 1). Moreover, in 

Fig. 1a,b, a thick and lighter layer was observed around the particles of 

F3 evidencing the successful coating ofN,O-CMCS on the surface of 

SLN. By comparing the size results from TEM with those from DLS it is 

clear that TEM evaluation returns a smaller particles for F3. It would be 

attributed to the hydration of  the CMCS layer  in aqueous suspension 

(DLS) while TEM analysis is performed at the dried state. 

As expected on the basis of the high partition coe cient of the CUR 
[log Po/w predicted 3.29, PubChem CID 969516; log P measured = 2.5 

[42]], good values of E.E.% of the di erent SLN prepared were obtained 
(i.e., of 65 ± 6 and 70 ± 4 for F2 and F4, respectively). Hence, there 

was not signi cant di erence in E.E.% between the surface modi ed 

and unmodi ed SLN. 

 
3.2. Solid state studies 

 
To gain information on the solid state of SLN prepared, the corre- 

sponding FT-IR spectra and DSC thermograms were recorded and 

showed in Figs. 2 and 3, respectively. In particular, in Fig. 2 spectra of 

pure CUR, pureN,O-CMCS, F2 and F4 are reported. Characteristic peaks 

of pure CUR are the absorption bands at 3509 cm−1 and at 1628 cm−1 

attributable to hydroxyl and unsatured C=O groups, respectively. The 

broad peak at 1622 cm−1 in the FT-IR spectrum ofN,O-CMCS together 

with  the  absence  of  any  absorption  at  1730 cm−1  suggest  that  this 

carboxymethyl chitosan is in the–COONa form [ 43]. It was con rmed 

also by comparing the FT-IR spectrum ofN,O-CMCS in our hands with 
that reported for the sodium salt ofN,O-CMCS [ 26]. The  peaks  at 
3433 cm−1 and 1736 cm−1 observed in the FT-IR spectrum of CUR-SLN 

could be assigned to partially hydrated Gelucire®50/13 [ 44], while the 

stretching vibration at 1628 cm−1 is due to the presence of CUR. In the 

FT-IR  spectrum  of  F4,  both  the  band  at  1628 cm−1  and  the  small  ab- 

sorption at 3509 cm−1 of CUR were noted together with the absorption 

band  at  1736 cm−1. 

In Fig. 3, DSC thermograms of pure CUR, pureN,O-CMCS, pure 

Gelucire®50/13, F2 and F4 are reported. The thermogram of CUR re- 

vealed an endothermic peak at 178 °C corresponding to the melting of 

the drug [45]. The thermogram of pureN,O-CMCS showed a sharp 

endothermic peak at 150 °C which, following literature suggestions, 

should be due to water evaporation [43]. As shown in Fig. 3c, the DSC 

pro le of pure Gelucire®50/13 exhibited a broad peak at 49 °C together 

 
Table 1 

Particle size, polydispersity index (PDI), zeta potential values, encapsulation e ciency, loading capacity and entrapment e ciency of di erent formulations 
pre- pared.a 

Formulation (Code) Size (nm) PDI Zeta Potential (mV) Encapsulation E ciency (E.E.%) Loading Capacity (L.C.%) Entrapment E ciency (w/w%) 

b-SLN 

(F1) 

141 ± 11 0.28–0.40−9.7 ± 0.8– 
 

– - 

CUR-SLN 

(F2) 

366 ± 36** 0.26–0.41−21.3 ± 1.5 65 ± 6 7.8 ± 0.7 45.0 ± 8.1 

N,O-CMCS-c-SLN 

(F3) 

131 ± 0.0 0.26–0.31−32.8 ± 1.0– 
 

– - 

N,O-CMCS-c-CUR-SLN 

(F4) 

649 ± 25** 0.42–0.51−36.9 ± 1.8 70 ± 4 2.9 ± 0.4 70.4 ± 11.4 

a Results are expressed as mean ± standard deviation (n = 6); **p< 0.001 for size is considered signi cantly di erent compa
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Fig. 1.TEM pictures of F3 (panels a,b). Scale bar 200 nm. 

 
 

 

Fig. 2.FT-IR spectra of pure CUR (a), pureN,O-CMCS (b), F2 (c) and F4 (d). 

 
with a small endothermic peak at 55 °C [32]. Noteworthy, both in the 

curve of F1 and F4, no peak neither at approximately 178 °C nor at 

150 °C was observed. Moreover, even the characteristic peaks of Gelu- 

cire®50/13 were not detected in both the CUR-loaded SLN prepared. 

 

3.3. Physical stability of surface-modi ed and -unmodi ed CUR-loaded 

SLN 

 
The stability of F4 under gastro-intestinal conditions was in- 

vestigated by monitoring the particle size after incubation in SGF and 

SIF containing 3% (w/w) of Tween®80 at 37 °C for 24 h. In SGF, such 

SLN samples formed large aggregated, while they resulted more stable 

after incubation in SIF and the corresponding results are shown in 

Fig. 4a. In this panel, for comparative purposes, the outcomes observed 

in double distilled water, are also reported. As shown, at the rst in- 

cubation times (2–3 h), an increase in particle size occurred both in SIF 
(e.g., from 649 ± 25 to 806 ± 10) and double distilled water followed 

by a clear decrease in size and, after 5 h of incubation in SIF, the 

starting particle diameter was essentially maintained. Noteworthy, in 

double distilled water, at longer incubation times (more than 5 h) the 

particle size resulted even lower than at starting one. To evaluate the 

long-term stability of F2, the CUR content of these samples after storage 

at 4 °C and 20 °C up to 3 months was monitored and the relative results 

are shown in Fig. 4b. After 1 week of storage at 4 °C, the CUR content 

was essentially equal to the starting value. A slow decrease in the 

content of CUR was found after storage at 4 °C for two weeks (90% of 

the starting value), whereas prolonging storage at 3 months at 4 °C, the 

active principle content resulted in 62% of the starting value. Storage at 

20 °C for 1 month led to a decrease in CUR content (80% of the starting 

value) which resulted of 60% of the starting value after storage at 20 °C 

for 3 months. It should be pointed out that only after three months of 

storage at 20 °C, visual inspection of F2 samples showed a yellow- 

brown colour indicative of chemical (oxidative and hydrolytic) de- 

gradation [20]. 

 

 

Fig. 3.DSC thermograms of pure CUR (a), pureN,O-CMCS (b), pure Gelucire®50/13 (c), F2 (d), and F4 (e). 
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Fig. 4.a) Particle size changes of F4 incubated for 24 h at 37 °C. Red bars refer to incubation in SIF and blue bars refer to incubation in double distilled water; b) CUR 

content over the time after storage of F2 at 4 °C (yellow bars) and 20 °C (green bars); c) CUR released from F2 and F4 in SGF (blue and red curves, respectively) and in 

SIF (black and green curves, respectively). (For interpretation of the references to colour in this gure legend, the reader is referred to the Web version of this article.) 
 

3.4. In vitro release studies 

 
CUR release from F2 and F4 was studied up to 24 h using both SGF 

and SIF containing  3%  (w/w)  of  Tween®80  as  release  medium 

(Fig. 4d). It was noted that, while F2 in SGF and in SIF showed negli- 
gible amounts of drug released, a greater CUR release occurred from F4 

both in SGF and SIF, even though with a very di erent release pro le. 
More precisely, F4 exhibited in SGF a burst drug release (red curve in 
Fig. 4d) whereas in SIF showed a sustained release (green curve in 

Fig. 4d) up to 24 h. 

 
3.5. Cytotoxicity 

 
The cytocompatibility of the proposed SLN was tested using Caco- 

2 cell line and considering three sample concentrations: 0.01, 0.1 and 

0.2 mg/mL. These concentrations were already tested by us when CUR 

loaded polymeric micelles and nanoparticles [35,46] were previously 

studied. Moreover, these concentrations were selected also because 

they were suitable for detection of the entrapped CUR by spectro- 

photometric analysis as necessary for subsequent uptake study. Fur- 

thermore, we have also evaluated the Caco-2 viability after treatment 

with freeN,O-CMCS and CUR and, particularly, the free drug was tested 

at the concentrations of 1.7, 17 and 34μg/mL which were equivalent to 
the CUR amounts loaded in SLN. Results demonstrated that both SLN 
formulations are cytocompatible at all considered concentrations, with 

a mean metabolic activity higher than 80% (Fig. 5). No signi cant 

di erences (p > 0.05) were evidenced in terms of cell viability after 
the treatment with F2, F4, andN,O-CMCS. According to a cytotoxicity 

pro le of CUR already shown elsewhere [35,47], cell incubation with 

free CUR signi cantly reduced the cell viability to 32–36%. 
These results demonstrated that the proposed SLN were cyto- 

compatible and, as already seen in previous works [21,46,48,49], the 

 

 

Fig. 5.Relative cell metabolic activity (percentage) of Caco-2 cells after 24 h 

treatment with di erent concentrations of F2 (orange bars), F4 (blue bars), 
free CUR (grey bars) andN,O-CMCS (yellow bars). (For interpretation of the re- 

ferences to colour in this gure legend, the reader is referred to the Web version 
of this article.) 

 
encapsulation of CUR in nanosystems seems to be a valid strategy to 

protect the cells from the cytotoxicity pro le of the free CUR. 

 
3.6. Uptake study 

 
The ability of Caco-2 cells to uptake the proposed SLN was eval- 

uated by a semi-quantitative analysis, exploiting the auto- uorescence 
properties of CUR. Untreated and treated cells presented the same 
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Fig. 6.SLN uptake by Caco-2 cells. Results are reported as mean values and 

standard deviations of uorescence intensity of Caco-2 incubated with sample 
for 15, 30, 120 and 360 min. Untreated cells (white bars); F2 (orange bars) and 

F4 (blue bars). (For interpretation of the references to colour in this gure le- 
gend, the reader is referred to the Web version of this article.) 

 
uorescence intensity up to 120 min (p > 0.05). Fluorescence intensity 

of treated cells (blue and orange bars, Fig. 6) resulted reduced at 

360 min, probably due to the cytotoxic e ect (and the consequent re- 
duction of adherent cell number) exerted by the released CUR from SLN 

at such longer time point. 

 
3.7. Caco-2 transcellular transport study 

 
For the transcellular transport study, we seeded and cultured Caco- 

2 cells on Transwell plates for 28 days. After this time, the cells com- 

pletely covered the culture insert and we added the samples in the 

apical side. After 15, 30, 120 and 360 min of incubation, we analyzed 

the uorescence intensity in basal sides. Results demonstrated that both 
F2 and F4 formulations were not able to cross the cellular monolayer 

(Fig. 7). Statistical analysis did not detect signi cant di erences be- 
tween control and treatment groups (p > 0.05). 

 
3.8. Anti-angiogenesis activity 

 

The anti-angiogenic activity of F1–F4 was determined by thein vivo 
CAM assay. As shown in Fig. 8, all the SLN formulations, including the 

CUR-unloaded and surface unmodi ed F1, displayed statistically very 

signi cant anti-angiogenic activity compared with that showed by the 
 

Fig. 7.Transport study of F2 and F4 on Caco-2 cells. Untreated  cells  (white 

bars); F2 (orange bars) and F4 (blue bars). (For interpretation of the references 

to colour in this gure legend, the reader is referred to the Web version of this 

article.) 

 
 
 
 
 
 

Fig. 8.Anti-angiogenic activity of F1–F4 formulations in thein vivoCAM assay. 

VEGF-A was used as positive control (pro-angiogenic). Each histogram shows 

the angiogenic response estimated as number of vessels converging toward the 

implant calculated on 10 replicates for each treatment (mean ± SD). 

 
VEGF-A as positive control, as demonstrated by the low blood vessel 

number produced by each formulation. The CUR containing prepara- 

tions F2 and F4 showed a higher anti-angiogenic activity than F1 and 

F3. Moreover, the di erences F1vsF4, F3vsF4, and F2vsF3 

resulted statistically  signi cant,  whereas  for  F1vsF2,  F1vsF3  and  
F2vsF4  it 
was not observed. From these results it can be concluded that all the 

Gelucire®50/13 based SLN possessed signi cant anti-angiogenic 

properties, being the CUR containing andN,O-CMCS surface modi ed 
formulation F4 endowed with the highest anti-angiogenic activity. 

 

4. Discussion 

 
The purpose of this study was to evaluate thein vivoangiogenesis 

e ects ofN,O-CMCS surface modi ed CUR-loaded SLN intended for 
oral administration of CUR which possesses multiple pharmacological 

activities including anti-angiogenic, anti-oxidant, anti-in ammatory 

and even anti-cancer e ects [50]. Therefore, some SLN formulations 

based on Gelucire®50/13 as lipid matrix (i.e., F1–F4) were prepared 
and characterized. 

It should be pointed out that previous studies evidenced that surface 

modi cation of SLN with chitosan and its derivatives such asN-CMCS 
or trimethyl chitosan greatly improves the oral delivery of lipophilic 
active principles with low chemical stability as CUR [20,27,51,52]. In 

general, the surface modi cation of SLN is successfully achieved ex- 
ploiting the electrostatic interactions between the surface negative 

charge of SLN and the cationic charge properties of the surface modi- 

er.  However,  such  approach  does  not  work  well  whether  the  surface 

modi er is constituted by a negatively charged polymer. This is the case 
ofN-CMCS reported by Ref. [  20] who prepared the correspondingN- 

CMCS coated CUR-loaded SLN starting from positively charged CUR- 
loaded SLN by adding stearylamine to the lipid phase. However, due to 
the risk of toxicity of cationic SLN [53], we ruled out this approach and 

chose to prepare theN,O-CMCS surface modi ed SLN by incubation of 
both CUR-loaded and CUR-unloaded SLN with aN,O-CMCS solution. 

The successful surface modi cation of SLN withN,O-CMCS was proved 
by   the   increase   of   the   particle   size   of   CUR-loaded   SLN   (i.e., 

649 ± 25 nm, Table 1) as well as by the signi cant decrease of the zeta 
potential of these nanocarriers (i.e.,−36.9 ± 1.8 mV,  Table 1), besides 

 
the visualization by TEM (Fig. 1). In a previous work, we suggested that in SLN 
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consisting of Gelucire®50/13 a hydrophilic shell constituted of 

polyoxyethylene chains occurs together with an internal lipid layer 

he stearoyl moieties [31]. In such core-shell model, it may be 

suggested that strong H-bonding interactions occur between the 

hydroxyl groups ofN,O-CMCS and the oxygen atoms of the oxyethylene 

groups of the Gelucire®50/13 in the shell of nanocarrier. In addition, 

also strong hydrophobic interactions may occur between the ethylene 

moieties of the Gelucire®50/13 and the hydrophobic portion of the 

glucosamine nucleus ofN,O-CMCS. Due to both these non-covalent 

interactions,N,O-CMCS may successfully be adsorbed on the surface of 

SLN. 

The size increase of CUR-loaded SLN consequent to coating with the 

CS derivative is in agreement with that previously reported in literature 

[20]. The zeta potential reduction resulting from theN,O-CMCS coating 

should be due to the anionic properties of this polymer and it is con- 

rmed by the corresponding FT-IR spectrum and DSC thermogram 

which proved that theN,O-CMCS used by us is in the–COONa form 

[26,43]. However, it is noteworthy the high PDI value (0.42–0.51) 
observed for F4 which mean that this nanoparticle formulation is not 

homogenous in size. In our opinion, this result could be related, at least 

in part, to the wide range of molecular weight (30–500 kDa) showed by 
the commercialN,O-CMCS used for coating. We believe that an ap- 
propriate  selection  and/or  manufacturing  method  of  this  starting 

polymer should be bene cial to reduce the PDI value. 
The solid state study based on FT-IR spectroscopy and thermal 

analysis (DSC) was performed in order to gain information on the in- 

ternal structure of the encapsulated hydrophobic drug (CUR) in SLN. In 

this regard, it was evident that in the FT-IR spectra of F2 and F4 (Fig. 2c 

and d, respectively) the characteristic absorption bands of CUR (i.e., 

3509 cm−1  and  1728 cm−1)  were  present  while,  in  the  corresponding 

thermograms of the same SLN, the distinctive endothermic peak at 

178 °C, attributable to the melting of the drug, did not occur. This result 

could indicate that CUR is present in SLN in a non-crystalline state [54]. 

Despite several clinical applications of CUR, its therapeutic poten- 

tial is limited mainly for its oxidative degradation and hydrolytic in- 

stability under physiological conditions. One of the advantages of SLN 

as drug carrier consists in the possible protection of the encapsulate 

drug against chemical degradation. It prompted us to assess the phy- 

sical stability of CUR-loaded SLN prepared in this study measuring their 

particle size in simulated gastrointestinal uids for 24 h as well as 
monitoring the CUR-content after storage for a long-term period (up to 

three months) at two di erent temperatures (i.e.,4 °C and 20 °C). As 
previously mentioned, under acidic conditions of SGF (pH 1.2), F4 
formed large aggregated. Probably, such result may be ascribed to 
protonation of the carboxylate groups ofN,O-CMCS leading to reduced 
aqueous solubility of this chitosan derivative. Conversely, underquasi 

neutral conditions of SIF (pH 6.8), no aggregation of F4 was noted and, 

after a transient increase in particle size, the starting particle diameter 

was essentially maintained. Interestingly, a similar behaviour was also 

showed by F4 in double distilled water where, at longer incubation 

times (more than 5 h), the particle size resulted even lower than that at 

the starting one. This last result may be accounted for taking into ac- 

count thatN,O-CMCS may be increasingly dissolved at pH > 5 with 

consequent reduction of the particle size. Hence, under SIF conditions 

as well as in double distilled water, these nanocarriers may be con- 

sidered stable enough. It suggests that an aqueous suspension of F4 

administered at prandial/post-prandial conditions [pH 5 of SGF [55] 

could be a promising strategy to overcome the drawback of aggregate 

formation in SGF pH 1.2. It is possible, indeed, that the less acidic 

environment of both water suspension of F4 and SGF pH 5, combined 

with the fast gastric empting of this liquid formulation may limit the 

particle aggregation observed in SGF pH 1.2, allowing appropriate 

delivery of CUR encapsulated at level of the small intestine, namely the 

main site of absorption for oral route. About the stability after storage 

for a long-term period of F2 the results showed that such lipid 

nanocarriers may be useful to protect CUR from oxidative and hydro- 
lytic degradation for a long period at 4 °C, similarly to that found for 

other surface-modi ed SLN [20]. 
A further interesting result obtained in this work was the sustained 

release pro le exhibited by F4 in SIF (pH 6.8), a feature required for 
appropriate delivery of CUR-loaded SLN for oral route, inhibiting so the 
burst release of CUR observed in SGF in acidic medium. Such results are 

also in agreement with those reported in literature for other surface- 

modi ed SLN [20]. However, it should be expected that release features 
should change dramaticallyin vivowhere, due to the presence of lipases 
and other enzymes, the degradation of SLN should occur leading to a 
faster release of CUR. 

It is noteworthy that both F2 and F4 formulations resulted cyto- 

compatible with Caco-2 cells, while free CUR signi cantly reduced the 

cell viability to 32–36%. However, both F2 and F4 formulations were 
not able toin vitropass through a Caco-2 cellular layer. As for the 

transport mechanism of F2 and F4 formulations it has been shown that 

SLN, as other nanoparticles, can be internalized by phagocytosis and 

pinocytosis mechanisms [56]. In particular, particles with a mean dia- 

meter higher than 500 nm tend to be internalizedviaphagocytosis 

while smaller particles (diameter lower than 200 nm) are mainly in- 

ternalized by pinocytosis route [57]. Our nanosystems, showing mean 

diameters of about 400 and 700 nm (for F2 and F4, respectively) were 

supposed to undergo internalization by phagocytosis pathway, even 

though they resulted unable to cross the Caco-2 cellular monolayer. 

This phagocytosis pathway involves the particle recognition and then 

adhesion of the opsonized particles onto the cell membrane and nally 

ingestion by the cells [56]. A somewhat surprising was similar uor- 
escence intensity up to 120 min for untreated and treated cells observed 
in the uptake studies of F2 and F4 by Caco-2 cells because it is reported 

that surface modi cation with chitosan- or chitosan derivative of SLN 
could increase the oral bioavailability of CUR [52]. In this regard 
however, it should be considered that pitfalls may occur inin vitro 

uptake studies by uorescence techniques and that notable divergences 

can  be  observed  using  confocal  microscopy, ow  cytometry  and uor- 
escence spectroscopy methods, as recently highlighted by Seisel et al. 

[58]. In particular, these authors demonstrated, just using Caco-2 cells, 

that uorescence intensity of a tracer may be substantially quenched by 
interactions dye/dye, dye/cellular lipids or dye/tryptophan residues of 
transmembrane cellular proteins [58]. On this basis, it is clear that the 

F2 and F4 uptake by Caco-2 cells cannot be surely checked by the semi- 
quantitiative analysis we used butin vivostudies are necessary before to 

draw de nitive  conclusions.  Besides this,  it should be taken into ac- 
count that SLN may also be internalized by lymphatic circulation [20]. 

Moreover, as for the mechanisms underlying SLN cellular uptake, they 

are not fully understood, but it seems that some physicochemical fea- 

tures including particle size and surface charge as well as types of solid 

lipids and surface coating play an important role [27]. 

As for the interesting anti-angiogenesis e ect showed by b-SLN (F1), 
it may be related to the presence of PEG-esters in the lipid matrix 

Gelucire®50/13 taking into account that the angiogenesis inhibition by 

PEGylated nanomicelles with core-shell geometry has already been 

observed [59,60]. The higher activity of CUR-containing formulations 

(F2 and F4) compared with the CUR-free ones (F1 and F3) should be 

due to the anti-angiogenesis properties of CUR. However, these results 

also evidenced the important role played by theN,O-CMCS coating in 

determining the anti-angiogenic activity of F3 and F4 which probably 

hinders the pro-angiogenic growth factor VEGF [29]. It still remains to 

be elucidated whether the anti-angiogenesis activity of F4 is due to a 

synergistic interaction between CUR/N,O-CMCS coating and the lipid 

matrix Gelucire®50/13. 

 
5. Conclusions 

 
In this work, CUR-loaded or unloaded SLN, as well as the corre- 

spondingN,O-CMCS surface modi ed SLN, were successfully prepared. 
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We have demonstrated the stability of F4 in intestinal uid and sus- 
tained release of drug in the same medium. The stability tests after 
storage for a long-term period of F2 showed that such lipid nanocarriers 

may be useful to protect CUR from oxidative and hydrolytic degrada- 

tion for a long period at 4 °C. Moreover, unlike free CUR, both F2 and 

F4 showed enhanced cytocompatibility with Caco-2 cells. Overall, re- 

sults from the angiogenesis studies evidenced the interesting activity of 

the CUR-unloaded and surface unmodi ed F1 (i.e.,the b-SLN as such) 

as well as con rmed the hypothesis thatN,O-CMCS decorating SLN 
gives anti-angiogenic features. Data also suggest that F4 may constitute 

an anti-angiogenic delivery platform for the potential oral administra- 

tion of the CUR. Moreover, it appears that this delivery system is pro- 

mising in vascular angiogenesis inhibition and may open the way for 

oral (co)-delivery of further anti-cancer drugs. However,in vivostudies 

are necessary to fully evaluate the therapeutic potential of F4 both for 

the oral delivery of CUR and for the possible role to target tumor vessels 

in“anti-tumor/anti-angiogenic”combined therapy. 
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