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ABSTRACT 

The present work describes the optimization of spray dried powder of solid lipid-based nanosystems to improve drug 

stability, surface modification and to obtain nanosystems after redispersion. Chitosan coated solid lipid nanoparticles 

containing bromocriptine mesylate (cBMSLN) were prepared by high pressure homogenization technique following by 

chitosan addition. For spray drying, response surface methodology with central composite rotatable design was to optimize 

3 parameters: inlet temperature, pump rate and feed concentration. From regression analysis, powder yield, moisture 

content and size of redispersed nanoaggregates as responses were fitted well with linear, quadratic and quadratic equation 

models, respectively. Spherical powders with size of 4-5 µm and 70% yield were obtained at optimum parameters which 

were also used to prepare powder of chitosan coated nanostructured lipid carriers containing BM (cBMNLC). Amorphous 

characteristics were confirmed from powder XRD patterns and DSC chromatograms in all prepared powders. Redispersion 

of powders yielded nanosystems of some original nanosize and a greater portion of larger size. Smoother surface of NLC 

systems was observed, so was with chitosan coating. Drug entrapment was >85% but significantly decreased in chitosan 

coated formulations while drug retention after spray drying showed opposite results. After storage, spray dried powder 

could retain higher drug content than the original nanosystems. Obviously, NLC systems had better drug stability results 

than SLN systems. It could be concluded that redispersible spray dried powders of chitosan coated lipid-based nanosystems 

especially NLC systems were successfully obtained with surface modification, nanoaggregate size range and improved 

drug stability. 

  

Keywords: Solid lipid nanoparticles, nanostructure lipid carriers, chitosan, spray drying, optimization, redispersion, 

bromocriptine mesylate. 

 

INTRODUCTION 

Recently, redispersion of dried nanosystems for oral 

administration has gained much attention1. Transformation 

of liquid nanosystems into powders was to overcome aging 

and long term stability problems including to improve 

handling. Moreover, the powders can be further 

manufactured as conventional solid dosage forms such as 

tablets and capsules for better patient compliance. These 

solid nanosystems can be achieved by several techniques 

with the addition of carriers such as maltodextrin and 

lactose2, trehalose3, charge surfactant4 and porous carrier5. 

Redispersion efficiency can partially or totally recover the 

size of original nanostructure depending on drying 

conditions and original nanosystems6. 

Spray drying, the most widely used drying process with 

advantages of low cost and less time consuming is able to 

produce spherical powder with narrow distribution, 

uniformed drug content and amorphous state6, 7. However, 

due to limitations and high number of critical process 

parameters8, formulation and process control require 

particular attention that a prudential optimization design is 

practical to minimize total number of experiments. 

Meanwhile, lipid-based nanosystems are able to enhance 

oral absorption9. Their gastrointestinal absorption includes 

lymphatic transport bypassing hepatic metabolism5 and 

consequent transport across blood brain barrier10. Solid 

lipid nanoparticles (SLN) and nanostructured lipid carriers 

(NLC) are two kinds of lipid-based nanosystems that have 

potential advantages of low toxicity, high loading capacity 

of water insoluble drug, sterilization ability, best 

production scalability11. Improved drug loading and 

stabilized drug incorporation during storage are additional 

advantages of NLC12. Adversely, lipid-based nanosystems 

could be easily opsonized by plasma opsonins and uptaken 

by the mononuclear phagocyte system (MPS)13. Surface 

modification by hydrophilic compounds could prolong 

SLN blood circulation such as Pluronic F6814, poloxamer 

18815, polyethylene glycol16 and polysorbate 8017. 

Recently, chitosan, a biopolymer, not only improves blood 

circulation upon SLN surface modification18 but can 

increase oral absorption by opening tight junction of 

intestinal epithelial and be specific to brain targeting19-21. 

Therefore, spray dried powder of chitosan coated solid 

lipid-based nanosystems has been attempted to develop in 
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order to obtain lipid nanoparticles upon mild agitation with 

water.  

Bromocriptine mesylate (BM), a drug used for Parkinson’s 

disease is reported to have low oral bioavailability due to 

low solubility and high hepatic metabolism5. In present 

study, SLN containing BM was prepared prior to addition 

of chitosan (cBMSLN), then spray dried and optimized to 

obtain nanosize of redispersed aggregates using 

maltodextrin as stabilizer and drying aid. Similarly, NLC 

system of cBMNLC and those without chitosan were 

prepared and then spray dried with the optimized 

conditions. Initial lipid-based nanosystems, their spray 

dried powders and redispersions were characterized and 

compared. The entrapment efficiency in nanosystems and 

drug retention in powders were assessed. Drug stability of 

capsules containing spray dried powders was compared to 

initial nanosystems. 

 

MATERIALS AND METHODS 

Materials 

Bromocriptine mesylate (BM) (Sigma Chemical Co, St 

Louis, MO, USA) and low molecular weight chitosan 

(50,000Da with 75-85% deacetylation) (Sigma-Aldrich, 

Germany) were purchased from Sigma, Thailand. 

Tristearin (Dynasan 118), trimyristin (Dynasan 114) were 

obtained from TCI Japan. Ethylene oxide/propylene oxide 

block copolymer (Pluronic F127), sorbitan 

polyoxyethylene monooleate (tween 80) and sorbitan 

monooleate (span 80), were from BASF, NJ, USA, VWR 

International Ltd., UK and Fluka Chemika, Germany, 

respectively. Ultrapure water (Maxima UltraPure Water, 

Elga-Prima Corp, UK) with a resistivity greater than 18 

MΩ/cm was used to prepare all preparations. 

Methods 

Preparation of cBMSLN 
BMSLN containing 0.025% (w/w) of BM, 1% of 

tristearin:trimyristin 7:3 as lipids and 2% w/w of tween 

80:Pluronic F127:span 80 2:1:1 as surfactants were 

prepared by hot high pressure homogenization technique. 

Briefly, lipids and span 80 were melted at 10ºC above their 

melting points and BM in 1 ml ethanol was then dissolved 

in this lipid phase. The aqueous phase consisting of hot 

ultrapure water (80ºC), tween 80 and Pluronic F127 was 

added to lipid phase. The mixture was homogenized using 

ultra Turrax (IKA-Werke GmbH & Co., Staufen, 

Germany) at 10,000 rpm for 5 minutes to form coarse 

dispersion and then homogenized (Emulsiflex-B3, Avestin 

Inc., Canada) at pressure of 1000 bars for 5 cycles and then 

cooled under refrigerated temperature to obtain BMSLN. 

To form cBMSLN, 10 ml BMSLN was added 

consecutively dropwise to an equal volume of 0.5% 

chitosan solution (in 1% acetic acid). Incubation to 

equilibrate coating was performed at room temperature 

(25ºC) for 30 min prior to spray drying process. 

Optimization of spray dried powder of cBMSLN 

(cBMSLN powder) 

Maltodextrin was added to the prepared cBMSLN at varied 

concentrations according to the total feed concentrations in 

formulations and then spray dried (Mini Büchi B-290, 

Büchi, Switzerland) according to experimental design and 

at 320 l/h of gas flow rate and 100% of aspiration. The 

obtained powders were then stored in a humidity 

controlled cabinet for a 48 h period prior to their 

characterization. 

Experimental design Response surface methodology 

(RSM) was employed for optimization22. Three factors and 

two levels central composite rotatable design 23 principal23 

was selected to study the effect of 3 independent 

processing variables, inlet temperature (X1), pump rate 

(X2) and feed concentration (X3). Responses were powder 

yield, moisture content and size of redispersed 

nanoaggregates. Eight full factorial design augmented by 

12 “star” points (6 axial points and 6 replicated center 

points) was to evaluate each variable (X1-X3). The levels 

of each vaiable were obtained from preliminary 

experiments (Table 1).  

Design containing 20 runs was generated and analyzed by 

statistical software package Design-Expert V. 8 (StatEase 

Inc., USA). Effects and interactions between variables 

were calculated. 

Experimental responses were the results of individual 

influence and interactions of 3 independent variables 

following polynomial model: 

Y = 

b0+bX1+b2X2+b3X3+b11X1
2+b22X2

2+b33X3
2+b12X1X2

+b13X1X3+b23X2X3……..  (1) 

where 𝑌 was the measured response, b0 the intercept term, 

𝑏𝑖
′𝑠  (for i = 1–3) were the linear effects,  bii

' s  were the 

quadratic effects, 𝑏𝑖𝑗
′ 𝑠  (for i,j = 1–3, i < j) were the 

interaction between the i and j variables. Statistically 

significant at F ratio (α < 0.05) and statistically 

insignificant lack of fit (α > 0.05) were to select model 

equation22. The criteria of optimization were determined 

by maximum powder yield, minimum moisture content 

and minimum size of redispersed nanoaggregates. 

Percentage of powder yield Powder sample was 

thoroughly collected from collector chamber of the spray 

dryer and weighed. The % powder yield was calculated 

following the equation, 

%100% 
initial

obtained

W

W
yieldpowder ....................(2) 

initialW  was the mass of initial solid part in the sample and 

obtainedW was the mass obtained from drying process.  

Moisture content Powder sample of about 0.5 g was 

weighed. The residual moisture content was determined 

via loss-on-drying using a Mettler Toledo Deluxe Halogen 

Moisture Analyzer HR83 (Mettler-Toledo, Belgium) and 

calculated as % moisture content. 

Size of redispersed nanoaggregates One hundred mg of 

dried powder was redispersed in 10 ml purified water 

under gentle agitation prior to determination of size and 

polydispersity index (PI) by a Nano-ZS zetasizer (Malvern 

Instruments, Malvern, UK) at 25ºC.  The zeta potential of 

the redispersion was also consequently measured using 

zeta clear cells. Each measurement was made in triplicate. 
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 Preparation of spray dried powder of cBMNLC 

(cBMNLC powder) 

The cBMNLC was prepared by the same procedure as 

cBMSLN with similar formulation except 

tristearin:trimyristin:castor oil 2:1:2 was used as lipid 

components. Spray drying was following the optimum 

conditions obtained from section 2.2.2 and then the powder 

was similarly characterized. BMSLN and BMNLC 

without chitosan were also prepared, spray dried and used 

for comparison.  

Solid state characterization 

DSC analysis Solid parts of cBMSLN and cBMNLC were 

obtained by ultracentrifugation and dried in a desiccator. 

Their physical state was characterized by a differential 

scanning calorimeter (DSC 2000A, Mettler Toledo TA, 

USA) and compared to their physical mixture.  Sample of 

about 5 mg was sealed in standard aluminum pan with lid 

and then scanned at a heating temperature speed of 

5°C/min with protection by pure dry nitrogen gas at 60 

ml/min. Indium was used as standard reference material to 

calibrate the temperature and energy scale of the DSC 

instrument24. The physical state of BM in spray dried 

samples was also characterized and compared to their 

physical mixtures and each solid component in 

formulation. 

Powder X- ray diffraction (PXRD) analysis The spray 

dried samples were characterized for their crystallography 

structure by PXRD (Siemens D5000, Germany) as well as 

other solid components in the formulation (maltodextrin, 

tristearin, trimyristin and Pluronic f127). The physical 

mixture of BM with cSLN and cNLC powder were also 

characterized. A voltage of 40 kV and a current of 50 mA 

for the generator were applied with Cu as tube anode 

material. The solid was exposed to a Cu-K radiation, over 

a range of 2θ angles from 5° to 30°, at sampling interval of 

0.02°25. 

Morphology of spray dried powders and their 

redispersions  

Scanning electron microscopy (SEM) analysis Shape and 

surface morphology of powders of BMSLN, cBMSLN, 

BMNLC, cBMNLC were examined under a scanning 

electron microscope (SEM, Hitachi S-4100) after gold 

palladium coating onto the powders using an ion coater.   

Transmission electron microscopy (TEM) analysis Each 

powder sample was diluted 10-fold with ultrapure water 

onto a copper grid followed by negative staining with 1% 

phosphotungstic acid and then kept in a desiccator for 2 h 

to get rid of excess water26. The morphology of 

redispersions was characterized under a transmission 

electron microscope (TEM) (model JSM-6700F (JEOL, 

USA) and compared to samples before spray drying. 

Physical properties of cBMSLN and cBMNLC spray 

dried powders 

Particle size measurement Size distribution of spray dried 

powder was determined by a Scirocco 2000 dry powder 

system provided with a Mastersizer 2000 using laser 

diffraction (Malvern Mastersizer 2000, UK). The 

refractive index of lipid was 1.33, the absorption value was 

0.1 whereas the refractive index of maltodextrin was 1.43. 

The size distribution was determined by volume 

distribution and expressed as mean [d(4,3)]. The width of 

the droplet size distribution was expressed by the span 

value:  

)5.0,(

)1.0,()9.0,(

vd

vdvd
span


 ……………….. (3) 

where d(v,0.9), d(v,0.5) and d(v,0.1) were the 

diameters of 90%, 50% (median) and 10% volume 

distribution, respectively. 

Powder flowability Carr's compressibility index (CI) to 

characterize powder flowability, was determined by the 

following equation.  

%100



tap

bulktap
CI





………………………………… (4) 

where ρbulk, the bulk density, was the weight of bulk 

powder divided by the bulk volume, ρtap, the tapped density 

was the weight of bulk powder divided by the tapped 

volume obtained from tapping the bulk using in-house 

densitometer up to 1200 taps. The CI values below 25 

indicated free-flowing powder and values above 40 

indicated poor flowability27. 

Chemical analysis 

BM content was determined by HPLC method with some 

adjustments28. An HPLC (Shimadzu model LC-8A, Japan) 

system consisted of two pumps (Shimadzu LC-20AD, 

Japan) and a variable wavelength UV/Vis-detector 

(Shimadzu SPD-20A/AV, Japan) was operated at 300 nm. 

The BDS Hypersil C-18 reverse-phase column (25×0.46 

cm, Thermo Scientific, USA) packed with 5 μm particles 

was used. The flow rate was 1.0 ml min−1 and the column 

temperature was room temperature at 25ºC. The samples 

were injected at 20 μl loop. The mobile phase was a 

mixture of methanol and buffer ammonium (70:30). The 

retention time was 6.19 to 6.30 min. The calibration curve 

was found linearly in the range of 2.0-10.0 µg/ml. 

Table 1: Parameters and coded level of variables for experimental design. 

Variable 

Processing parameters 

Low level 

(-) 

Center 

point 

(0) 

High level 

(+) 

Low level of 

axial point 

(-α) 

High level of 

axial point 

(+α) 

X1: Inlet temperature (0C) 115 137.5 160 100 175 

X2: Pump rate (%*) 16 24 32 10.6 37.4 

X3: Feed concentration (%) 10 20 30 3.2 36.8 

* 1 % of pump rate equals to 0.5 ml/min 
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Drug entrapment efficiency (DEE) Free BM in the aqueous 

phase of SLN and NLC samples before spray drying was 

separated by ultrafiltration centrifugation technique29. 

Briefly, 3 ml of sample dispersion was placed in the upper 

chamber of a centrifuge tube matched with an ultrafilter 

(Amicon ultra, Millipore Co., USA, MWCO 10kDa) and 

centrifuged for 30 min 4000 rpm at 4ºC (Eppendorf 5804R,  

 Germany). One ml of ultrafiltrate which contained the free 

BM ( freeW ) was diluted with methanol and then 

determined by aforementioned HPLC method.  

The total drug content (
totalW ) in BMSLN, cBMSLN, 

BMNLC or cBMNLC was obtained as follows: aliquots of 

1 ml sample dispersion were diluted appropriately by 

methanol with 0.1% of TritonTM X100 and incubated in a 

shaker for 1 h to dissolve the lipid ingredient and then 

filtrated through 0.45 µ membrane filter. The resulting 

solution was analyzed by HPLC. DEE was calculated by 

the following equation:  

%100(%) 



total

freetotal

W

WW
DEE   .................  (5) 

Drug retention (DR) An accurate weight of about 1.0 g of 

spray dried powder was redispersed in 10 ml of Milli-Q 

H2O in capped glass vials. Then 1 ml of redispersion was 

treated following the total drug content procedure to obtain 

the BM concentration ( dryingsprayafterBM ). The DR was 

calculated as the amount of BM in the spray dried powder 

relative to the amount of BM in the SLN or NLC before 

spray drying (
dryingspraybeforeBM ):  

%100(%) 
dryingspraybefore

dryingsprayafter

BM

BM
DR ................. (6) 

Preliminary stability study 

Each sample was weighed equivalent to 3 mg BM and 

filled in size #2 hard gelatin capsules, packed in aluminum 

strips and stored at 25±2°C in a desiccator for 3 months. 

Drug content was determined at Day 0, 30, 60 and 90 

compared to their corresponding chitosan coated lipid-

based nanosystems30 by HPLC analysis. Each study was 

performed in triplicate. 

 

RESULTS AND DISCUSSIONS 

Experimental design 

Results of three dependent variables from experimental 

design, % powder yield, % moisture content and size of 

redispersed nanoaggregates were ranged from 31.00-

85.56, 3.18-8.32 and 254.6-1586 nm, respectively (Table 

2).  

The fitted models of equations chosen from RSM were 

based on the results of statistical analysis shown in Table 

3. The significant F ratio (α <0.05) of model p value and 

non-statistically significant lack of fit (α > 0.05) of three 

models indicated that the model equations fitted the data 

well. The responses of powder yield, moisture content and 

size of redispersed nanoaggregates were fitted with linear,  

Table 2: A rotatable central composite experimental design and three responses; yield, moisture content and size of 

redispersed nanoaggregates. 

Standard 

order 

Ru

n 
X1 X2 X3 Design 

Inlet 

temp. 

(0C) 

Pump 

rate 

(%) 

Feed 

conc. 

(%) 

Yield (%) 

Moisture 

content 

(%) 

Size of 

redisperse

d 

Nanoag- 

gregates 

(nm) 

12 1 0 0 0 Center point 137.5 24.0 20.0 55.20 4.09 1448 

3 2 -1 1 1 Factorial 115.0 32.0 10.0 61.30 8.32 311 

9 3 0 0 0 Center point 137.5 24.0 20.0 55.80 5.42 1586 

1 4 -1 -1 -1 Factorial 115.0 16.0 10.0 73.70 5.13 254.6 

2 5 1 -1 -1 Factorial 160.0 16.0 10.0 77.80 5.38 282.2 

6 6 1 -1 1 Factorial 160.0 16.0 30.0 42.67 5.40 886.7 

10 7 0 0 0 Center point 137.5 24.0 20.0 55.80 5.15 1445 

4 8 1 1 -1 Factorial 160.0 32.0 10.0 64.80 4.86 293.7 

8 9 1 1 1 Factorial 160.0 32.0 30.0 38.93 5.92 1297 

11 10 0 0 0 Center point 137.5 24.0 20.0 53.10 6.86 1220 

5 11 -1 -1 1 Factorial 115.0 16.0 30.0 40.50 8.07 1365 

7 12 -1 1 1 Factorial 115.0 32.0 30.0 31.00 3.74 834.6 

14 13 1.68 0 0 Star axial 175.3 24.0 20.0 60.15 7.13 1378 

13 14 -1.68 0 0 Star axial 99.7 24.0 20.0 53.50 6.79 737.5 

18 15 0 0 1.68 Star axial 137.5 24.0 36.8 39.36 6.62 732.7 

15 16 0 
-

1.68 
0 Star axial 137.5 10.6 20.0 61.45 3.18 1298 

17 17 0 0 -1.68 Star axial 137.5 24.0 3.2 85.56 4.89 396 

19 18 0 0 0 Center point 137.5 24.0 20.0 57.45 4.91 1288 

20 19 0 0 0 Center point 137.5 24.0 20.0 56.00 5.13 1438 

16 20 0 1.68 0 Star axial 137.5 37.4 20.0 53.35 4.65 701.4 
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quadratic and quadratic models, described in Equations 7, 

8 and 9, respectively. 

Powder yield = 83.76 +0.009 *X1-0.48 *X2-1.48 *X3 

 ........................................................................................... 

(7) 

Moisture content = 30.15-0.42*X1 +0.41*X2 -0.04*X3 

+0.001*X1X2  

+0.01*X1X3-

0.01*X2X3+0.001*X1
2-

0.007*X2
2+0.002*X3

2 .............. 

(8) 

Size of redispersed nanoaggregates = -6253.31 

+73.48*X1+42.91*X2+169.03* X1 X2 

-0.01*X1X3-0.29*X2X3-0.31*X1
2-2.75*X2

2-

3.30*X3
2................. (9) 

where X1, X2 and X3 were inlet temperature, pump rate 

and feed concentration, respectively.  

Validation of model equations 

Three diagnostic plots generated by Design Expert V.8. 05 

were employed to confirm the fit models: 1) normal 

probability plot of studentized residuals, 2) studentized 

versus predicted values and 3) Cook’s distance of run 

number. The first diagnostic plots of all models described 

straight line indicating normally distribution residual 

(Figures 1.1a-c). The unrevealed pattern of the second 

diagnostic plots of three models and values of less than ±3 

(Figures 1.2a-c) indicated that models were correct and the 

assumptions to build the models were satisfied22 while the 

third diagnostic plots of all responses (Figures 1.3a-c) were 

less than 1. The result indicated that run number did not 

influence the data responses31. Therefore, these models of 

three responses generated from RSM with the central 

composite design were applicable for following prediction 

of optimum condition set for spray drying of cBMSLN. 

Selection of optimum parameters 

The Design Expert.V.8.05 generated solutions to meet the 

criteria of maximum powder yield, minimum moisture 

content, and minimum size of redispersed nanoaggregates 

and the optimum parameters i.e. inlet temperature, pump 

rate and feed concentration were found to range from 115-

118.68ºC, 16-16.21% and 10-10.56%, respectively, and 

the highest desirability of 0.8833066 was from 115ºC, 16% 

and 10%, respectively.   

Effects of inlet temperature, pump rate and feed 

concentration on responses 

Figure 2 shows the 3D graphs generated from Design 

Expert V.8.05 informing the influence of inlet temperature, 

pump rate and feed concentration. The p values of 

coefficient of the regression fitting model designed from 

Table 3 and the value of each coefficient in Equations 7, 8 

and 9 were depicted to observe the influence of each 

parameter. 

Effects on % powder yield Linear influence of inlet 

temperature, pump rate and feed concentration on % yield 

was significant (p<0.05), shown as 0.0152, 0.0002 and 

<0.0001, respectively (Table 3). The positive effect of inlet 

temperature and negative effect of pump rate and feed 

concentration were depicted from values of coefficient 

number in Equation 6.  

Increasing inlet temperature led to a slight increase in % 

powder yield at both low and high levels of feed 

concentration (Figure 2.1a) or pump rate (Figure 2.1b) 

possibly due to increasing the rate of heat transfer. Higher 

efficient air drying at high temperature led to increase in 

potential (pressure and concentration) difference32. In 

addition, lower powder loss with exhausted air and residue 

accumulation were observed at the higher inlet 

temperature resulting higher powder yield33.  

In contrast, increasing pump rate resulted in lower powder 

yield at low and high inlet temperatures (Figure 2.1b) and 

feed concentrations (Figure 2.1c) due to incomplete 

evaporation and condensation of dispersion on chamber 

wall34. Moreover, lower yield was also obtained from 

higher feed concentration (Figure 2.1a) which was 

accordingly related to higher viscosity which impaired the 

effectiveness of drying process35. 

Effects on moisture content  

The 3 spray drying variables did not have linearly 

significant effect on moisture content. Only interaction of 

feed concentration and pump rate, and quadratic of inlet 

temperature contributed a significant effect (Table 3). 

According to Equation 8, the pump rate had positive effect 

on moisture content, while the negative effect was from 

inlet temperature and feed concentration.  

At low feed concentration, pump rate had positive effect, 

while opposite effect was seen at high feed concentration 

(Figure 2.2). The negative effect of interaction between 

feed concentration and pump rate was related to drying 

process. Higher viscosity from higher feed concentration 

and shorter time contact of feed to heat from higher pump 

rate would lead to less water evaporation36.  

Figure 2 Response surface plots: 1. powder yield; (a) 

effects of inlet temperature and feed concentration, (b) 

effects of feed rate and inlet temperature, (c) effects of inlet  

Table 3: Statistical analysis of experimental design and 

p-values of coefficient (95% confidence interval) of the 

regression fitting model design. 

Factor 
Yield  

(%) 

Moisture 

content 

(%) 

Size of 

redispersed 

nanoag- 

gregates (nm) 

Model p-

value 

< 

0.0001 
0.0400 0.0108 

R2 0.9668 0.7437 0.8208 

Lack of fit 

test value 
0.0837 0.5463 0.0501 

Model Linear Quadratic Quadratic 

X1 0.0152 ns ns 

X2 0.0002 ns ns 

X3 
< 

0.0001 
ns 0.0094 

X1 X2 - ns ns 

X1 X3 - ns ns 

X2 X3 - 0.0315  

X1
2 - 0.0206 ns 

X2
2 - ns ns 

X3
2 - ns 0.0033 

ns: non-significant (p>0.05) 
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temperature and feed rate; 2. moisture content; (a) effects 

of feed concentration and feed rate, 3. size of redispersed 

nanoaggregates; (a) effects of inlet temperature and feed 

concentration, (b) effects of feed concentration and feed 

rate. 

Effect on size of redispersed nanoaggregates Table 3 

shows that feed concentration and temperature had linearly 

and quadratically significant effect on size of 

nanoaggregates, respectively. Increasing the feed 

concentration had a markedly positive effect on 

nanoaggregate size at both low and high temperatures 

(Figure 2.3a) while lowering feed concentration led to less 

amount of dried substance, thus less cohesion or 

agglomeration thus rendering smaller size of 

nanoaggregates37.  

The effect of pump rate on size of nanoaggregates was 

negative. Smaller size was obtained when the pump rate 

increased both at low and high levels of feed concentration 

(Figure 2.3.b). It was probably assumed that faster pump 

rate rendering shorter contact but higher collision among 

particles might impair the formation of large 

nanoaggregates. 

Solid state characterization 

DSC characterization 

The crystalline BM displayed a single strong endothermic 

peak at 219.67°C and exothermic peak at 215.33°C (Figure 

3a) while the lipid components of formulation, tristearin, 

trimyristin, Pluronic F127, showed exothermic peak at 

75.67°C, 60.33°C and 59.67°C (Figures 3b-d), 

respectively.  As an amorphous compound, maltodextrin 

showed a slight exothermic large broad band from 32.67°C  

 
1 

 
2 

 
3 

Figure 1: Normal % probability plots of studentized residuals (1), plots of predicted values versus studentized residual 

(2), and Cook’s distance plots of run number (3); a) powder yield, b) moisture content and c) size of redispersed 

nanoaggregates. 
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 to 211.67°C (Figure 3e). The physical mixture of all 

components in the formulation still showed a sharp 

exothermic peak at 71.33°C and two exothermic peaks at 

55.33°C, 46.33°C which associated with the shifted peaks 

of tristearin, trimyristin and Pluronic F127, respectively 

(Figures 3f and 3h). The DSC thermograms of both 

cBMSLN and cBMNLC powders showed that the 

exothermic peaks of crystalline components were totally 

disappeared, similarly to that of maltodextrin (Figures 3g 

and 3i). The decreasing enthalpy values which represented 

by exothermic peaks indicated the less ordered crystal or 

amorphous substance that required less energy to 

overcome lattice force38, 39. This phenomenon suggested 

that the obtained spray dried powders existed in 

amorphous state and caused an ease in dispersion.  

PXRD characterization 

The PXRD pattern of BM showed intense and sharp peaks 

at 12.434°，13.234°, 14.286°, 15.727°, 16.734°, 17.146°, 

20.920°, 22.338° and 23.504° (Figure 4a) indicating of 

crystalline nature whereas maltodextrin had no sharp peak 

diffraction (Figure 4b). For tristearin, trimyristin and 

Pluronic F127, their peaks were at 5.914°, 19.341°, 

23.161° and 24.236° (Figure 4c), 7.424°, 16.940°, 19.387°, 

23.230° and 24.076° (Figure 4d) and 19.204°, 23.390° and 

26.363° (Figure 4e), respectively. The crystalline peaks of 

lipid components still appeared with decreasing intensities 

in their physical mixture (16.573°, 16.962°, 19.341°, 

23.184° and 24.121°) but no peak of BM was observed 

(Figures 4f and 4h) probably due to low concentration of 

BM in the mixtures. Moreover, lower lipid peak intensity 

in NLC systems was noted owing to liquid composition in 

the systems. All diffraction peaks of cBMSLN and  
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cBMNLC powder were mostly disappeared (Figures 4g 

and 4i) indicating that most components were in 

molecularly dispersion. Although melting at spray drying 

temperature, long chain triglycerides could overcome 

solidification problems40. However, rapid cooling to 

powder would inhibit recrystallization41. These amorphous 

powders could lead to better dispersion in GI tract. 

Morphology and physical properties 

Spray dried powders  

The log-normal size distribution by volume plots and SEM 

photomicrographs of the spray dried powders from 

optimum conditions are shown in Figures 5a-5b, 

respectively, while Table 4 shows their physical 

characterization. Upon spray drying, all systems of 

BMSLN, cBMSLN, BMNLC and cBMNLC underwent 

spherical aggregation to micron size, d(4,3)=4-5 µm 

(Table 4), which was caused by high inlet temperature to 

melt and fuse the nanolipidic systems of tristearin (melting 

points of α, β*, β at 54.5, 64.3, 73.1 °C,) and trimyristin 

(melting points of α*, β*, β at 32.0, 44.0, 55.5 °C)42 and 

formed nanoaggregates. Moreover, the properties of 

surfactant layer might change and reduce its repulsion and 

stabilization effects43, 44.  

The liquid lipid could round up during NLC powder 

formation resulting in smoother surface when compared to 

SLN systems. Adding chitosan resulted in rough, less 

porous and larger powder likely due to the increasing 

viscosity of dispersion systems45.  

 
Figure 3: DSC characterization by heating (5ºC/min) of a. BM, b. tristearin, c. trimyristin, d. Pluronic F127, e. 

maltodextrin, f. physical mixture of a-e, g. cBMSLN powder, h. physical mixture of a-e with castor oil and i. 

cBMNLC powder. 

 
Figure 4: WXRD characterization a) BM, b) maltodextrin, c) tristearin, d) trimyristin, e) Pluronic f127, f) physical 

mixture of ingredients a-e, g. cBMSLN powder, h) physical mixture of ingredients a-e with castor oil and i) cBMNLC 

powder. 
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All powders had quite narrow bimodal volume size 

distribution according to the spraying droplets (Figure 

5.1a-4a). Slight narrower volume size distributions of NLC 

powders indicated more uniformity. The span value 

indicating of homogeneity was the lowest in cBMNLC 

powder (Table 4). 

Table 4 Powder yield, moisture content, mean volume size 

distribution, span and Carr’s compressibility index (CI) of 

all obtained spray dried powders (mean ±SD, n=5) 

The % powder yield was quite high of 65%-70%. Spray 

drying process on SLN systems was more effective than 

that on NLC systems. Incorporating chitosan rendered less 

powder yield with a slight increase in mean size due to 

adhesion property of the polymer and coating onto the 

particle surface, respectively. This adhesive effect also led 

to slightly poorer powder flowability observed from their 

higher CI values (Table 4). No significant difference was  

 

 

1.a  

 

 

2.a  

 

 

3.a  

 

 

4.a  

Figure 5: Log-normal size distribution by volume plots (a) and SEM characterization (b) of spray dried nanosystems 

of: 1) BMSLN, 2) cBMSLN, 3) BMNLC, 4) cBMNLC. 
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observed on their moisture content which was around 5% 

(p<0.05). 

Size of redispersed nanoaggregates 

The size distribution and TEM photomicrographs of both 

SLN and NLC systems including their redispersions, with 

and without chitosan are illustrated in Figure 6.1-6.2, 

respectively and their characterization are listed in Table 

5. BMSLN and BMNLC possessed spherical with some 

oblong shape and nanometer size range (Figures 6.1a and 

6.2a). After chitosan coating, the surface became smoother 

and more spherical (Figures 6.1b and 6.2b) with about 50 

nm increment in particle size (Table 5). Their zeta potential 

was altered from almost neutral to positive values. 

Chitosan having positive charge would adhere to 

polysorbate 80 and neutral lipid by hydrogen bonding and 

hydrophobic interaction46.  

Spherical nanoaggregates were clearly seen after 

redispersion of the spray dried powders. Their smoothness 

and roundness were ranked: cBMSLN > BMSLN > 

cBMNLC > BMNLC (Fig 6.1d, 6.1c, 6.2d, 6.2c), 

respectively. Denser nanoaggregates were noticed in both 

SLN systems than in NLC systems indicating possibly less 

physical stability of latter systems. Larger size of 

nanoaggregates and slightly smaller PI of SLN systems 

than those of NLC systems were related to their original 

sizes and PI values (Table 5). In addition, slight decrease 

in zeta potential was noticed when compared to their 

original nanosystems. 

Log-normal volume size distribution in Figure 6 reveals 

that all 4 redispersions had markedly larger size than their 

corresponding original nanosystems. The majority of both 

BMSLN and cBMSLN redispersions formed 

nanoaggregates with peak sizes at 412 and 477 nm, 

respectively, while those of NLC redispersions were at 265 

and 412 nm, respectively. Smaller nanosize peak closed to 

their original size could also be noticed. The % volume 

distribution at these two peaks of both BMSLN and 

cBMSLN redispersions were 1.3%, 19.5% and 0.7%, 

19.2%, respectively, while 5.8%, 18.6% and 3.7%, 17.8% 

were from BMNLC and cBMNLC redispersions, 

respectively.  

Drug entrapment efficiency (DEE) and Drug retention 

(DR) 

DEE in BMSLN and BMNLC were 86.33% and 90.09%, 

respectively (Table 5), indicating that the drug was well-

entrapped into the lipid nanoparticles. Higher DEE value 

in BMNLC was due to castor oil in the formulation to 

increase drug loading and avoid drug expulsion during 

processing. Adding chitosan decreased DEE. The partition 

coefficient of BM was reported to be less at low pH than 

at high pH47. Chitosan in 1% of acetic acid expressed lower 

pH environment suggesting more drug leaking from lipid 

nanoparticles. 

The DR of BMSLN and cBMSLN powders were 22.87% 

and 47.44%, respectively, while those from BMNLC and 

cBMNLC powders were 46.12%, and 62.44%, 

respectively (Table 5). BM is extremely unstable in 

association with light and heat48, thus un-entrapped BM 

and the expulsed drug from lipid droplet would undergo 

rapid degradation after exposure to high inlet temperature. 

Although drug entrapment was lower in chitosan coated 

nanosystems, their drug retention was higher than 

uncoated systems. Gel property of chitosan obviously 

formed skin around the droplets which could absorb most 

of the heat, thus prevented drug degradation, avoided 

particle deformation, and retarded drug release or drug 

expulsion37. In addition, the hydrogen bond between 

hydroxyl group of chitosan and surfactant on these lipid 

particles might form a mechanical interlocking of long 

polymer chains that played role on impairing drug 

leaking49.  

Table 5 Comparison of size, zeta potential (ZP), 

polydispersity index (PI), drug entrapment efficiency 

(DEE) and drug retention (DR) of SLN and NLC systems 

and their powder redispersions (mean (n=5) ±SD) 

Stability studies 

Table 4: Powder yield, moisture content, mean volume size distribution, span and Carr’s compressibility index (CI) of 

all obtained spray dried powders (mean ±SD, n=5). 

Formulation Yield (%) 
Moisture 

Content %) 
d(4,3) (µm) span CI 

BMSLN 70.61±0.56 5.04±0.20 4.74±0.09 1.43±0.02 23.33±3.81 

cBMSLN 68.21±0.78 5.40±0.27 4.99±0.24 1.44±0.05 26.67±3.81 

BMNLC 68.45±2.26 5.17±0.82 4.77±0.07 1.44±0.06 25.00±2.50 

cBMNLC 65.30±1.01 5.21±0.41 5.09±0.12 1.38±0.04 28.75±3.31 

      

Table 5: Comparison of size, zeta potential (ZP), polydispersity index (PI), drug entrapment efficiency (DEE) and drug 

retention (DR) of SLN and NLC systems and their powder redispersions (mean (n=5) ±SD). 

Formulati

on 

Prepared solid lipid nanosystem Powder redispersion 

Size (nm) ZP (mV) PI DEE (%) Size (nm) ZP (mV) PI DR (%) 

BMSLN 
112.70 

±3.56 

-0.89 

±0.32 

0.44 

±0.03 

86.33 

±0.07 

569.10 

±19.50 

-7.37 

±0.31 

0.37 

±0.07 

22.87 

±0.61 

cBMSLN 
164.5 

±2.23 

20.0 

±1.69 

0.49 

±0.02 

63.87 

±0.59 

662.71 

±94.79 

19.37 

±3.80 

0.41 

±0.09 

47.44 

±0.55 

BMNLC 
101.62 

±5.26 

5.37 

±0.82 

0.53 

±0.09 

90.09 

±4.96 

468.70 

±21.13 

-9.41 

±1.57 

0.41 

±0.11 

46.12 

±1.38 

cBMNLC 
158.7 

±3.89 

18.4 

±1.23 

0.55 

±0.10 

64.80 

±0.38 

594.96 

±63.83 

14.84 

±1.23 

0.46 

±0.16 

62.44 

±0.76 
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The drug content in chitosan coated lipid-based 

nanosystems and in capsules containing corresponding 

spray dried powders consequently and markedly decreased 

after 3 months at 25°C and was ranked: cBMSLN < 

cBMNLC < cBMSLN powder < cBMNLC powder 

(34.73%, 36.02%, 44.74% and 53.29%, respectively, 

(Figure 7). BM as salt (pKa = 4.96) is easily ionized and 

degraded when exposed to water47. Removing water from 

nanoparticles environment significantly reduced the 

deteriorative change in addition to impair drug leakage. 

However, unsatisfactory low drug stability in capsules was 

possibly due to some moisture content in spray dried 

powders (Table 4) that facilitated drug degradation. Better 

drug stability from NLC systems than SLN systems was 

also observed due to higher drug solubility in liquid lipid 

and less drug expulsion50. 
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Figure 6: Log-normal size distribution by volume plots of BMSLN systems and their TEM characterization (1) and 

BMNLC systems and their TEM characterization (2): 1.a BMSLN, 1.b cBMSLN 1.c BMSLN redispersion, 1.d 

cBMSLN redispersion, 2.a BMNLC, 2.b cBMNLC, 2.c BMNLC redispersion, 2.d cBMNLC redispersion. Scale bars 

equal to 1.0 µm. 
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CONCLUSIONS 

Redispersible powder of cBMSLN could be successfully 

prepared by optimizing the spray drying parameters using 

response surface methodology and central composite 

rotatable design. The optimized spray drying conditions 

could further be employed to prepare powders of 

cBMNLC and nanosystems without chitosan. Amorphous 

characteristics were observed in all spray dried powders. 

The obtained micron-size powders rendered 

nanoaggregates upon redispersion in water by mild 

agitation with bimodal volume size distribution; small 

portion of similarly original nanosize and main portion of 

larger size. Chitosan obviously impaired drug degradation 

during spray drying. In addition, as dry powder, drug 

stability markedly improved. NLC systems were better 

lipid-based nanosystems than SLN systems in terms of 

producing smaller size of redispersed nanoaggregates, 

higher drug retention and better drug stability.  
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