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Abstract: Binary fatty acid mixture-based solid lipid nanoparticles (SLNs) were prepared for 

delivery of diacerein, a novel disease-modifying osteoarthritis drug, with and without simultane-

ously loaded gold nanoparticles (GNPs). In order to optimize SLNs for temperature-responsive 

release, lipid mixtures were prepared using different ratios of solid (stearic acid or lauric acid) 

and liquid (oleic acid) fatty acids. SLNs were prepared by microemulsification (53 nm), hot 

melt encapsulation (10.4 nm), and a solvent emulsification-evaporation technique (7.8 nm). 

The physicochemical characteristics of SLNs were studied by Zetasizer, Fourier transform 

infrared, and X-ray diffraction analysis. High encapsulation of diacerein was achieved with 

diacerein-loaded and simultaneously GNP-diacerein-loaded SLNs. In vitro dissolution stud-

ies revealed a sustained release pattern for diacerein over 72 hours for diacerein-loaded SLNs 

and 12 hours for GNP-diacerein-loaded SLNs. An increase in diacerein payload increased the 

release time of diacerein while GNPs decreased it. In addition, rapid release of diacerein over 

4 hours was observed at 40°C (melting point of optimized fatty acid mixture), demonstrating 

that these binary SLNs could be used for thermoresponsive drug delivery. Kinetic modeling 

indicated that drug release followed zero order and Higuchi diffusion models (R20.9), while 

the Korsmeyer-Peppas model predicted a diffusion release mechanism (n0.5).

Keywords: diacerein, thermoresponsive, binary, gold nanoparticles, lipids, nanoparticles

Introduction
Osteoarthritis is a chronic disease of the joints characterized by progressive loss of 

articular cartilage, and is almost 15 times more prevalent than rheumatoid arthritis.1 

Diacerein (DCN) is a novel disease-modifying drug with clinically proven chondro-

protective effects in patients with osteoarthritis.2,3 Oral formulations of DCN have not 

been successful due to poor physicochemical properties (solubility 0.01 mg/mL)  

and an unfavorable pharmacokinetic profile, including low bioavailability (35%–56%) 

and a short half-life (4 hours).4,5 Its recommended oral dose is 40–50 mg twice 

daily. Patients generally become noncompliant when they are required to follow a 

twice-daily regimen of DCN for the recommended treatment period of 2–3 years.6 

Moreover, clinical acceptance of DCN has been limited due to a high prevalence of 

severe gastrointestinal side effects associated with long-term oral administration. In 

most cases, these gastrointestinal side effects lead to treatment discontinuation and 

even the use of diacerein has been prohibited in some countries.7,8 In addition, current 
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evidence of a hypoglycemic effect of DCN has raised con-

cerns about the safety of the drug in long-term use.9

Solid lipid nanoparticles (SLNs) are widely used for 

efficient delivery of hydrophobic drugs.10 SLNs formu-

lated from mixtures of lipids have better physicochemical 

properties and enhanced entrapment efficiency (EE). These 

properties appear to be dependent on heterogeneity of the 

lipid components.11 In addition, Muhlen et al reported that 

incorporation of a lipid with a low melting point in the lipid 

mixture prolonged drug release from SLNs.12

This study was designed to synthesize SLNs allowing 

sustained release of DCN using binary fatty acid mixtures 

(BFs) of solid and liquid lipids. Sustained release of DCN 

would provide better control of osteoarthritis and improve 

compliance due to the simplified regimen. Physical mixing 

of solid and liquid will decrease the melting point of BFs, 

providing an opportunity to formulate thermoresponsive 

SLNs. This study also evaluated the potential of DCN-loaded 

binary SLNs to simultaneously encapsulate gold nanopar-

ticles (GNPs), which are used as anti-inflammatory agents 

in chrysotherapy.13

Materials and methods
Materials
DCN was provided by Consolidated Chemical Laboratories 

(Lahore, Pakistan) as a gift sample. Stearic acid, lauric acid, 

and oleic acid were sourced from Tokyo Chemical Industry 

(Tokyo, Japan). Gold chloride, Brij 98 (polyoxyethylene 

oleyl ether), Tween 80 (polysorbate 80), and soy lecithin 

were purchased from Acros Organics (Geel, Belgium). Chlo-

roform (high-performance liquid chromatography grade) 

was purchased from Alfa Aesar (Ward Hill, MA, USA). All 

materials were of analytical grade.

Preparation of binary lipid mixtures
BFs were prepared by homogeneously mixing melted fatty 

acids in different ratios from 8:1 to 2:1. The solid fatty acids 

were heated to at least 10°C above melting point and added 

to liquid fatty acids maintained at the same temperature. 

Melting to a higher temperature reduced the viscosity of the 

lipids and ensured homogenous mixing. The melting point 

of all the fatty acid ratios was measured by melting point 

apparatus (Mel-Temp, Bibby Scientific, Stone, UK). BFs 

were taken in capillary tubes with one closed end (Stuart, 

SMP10/1, Bibby Scientific). The temperature was slowly 

increased and melting was observed with an eye piece. The 

temperature at which melting started was noted and recorded 

until the lipid was completely melted.

Synthesis of gold nanoparticles
GNPs were synthesized by a method already developed for 

our group by Hussain et al.14 Briefly, 10 mL of a 20 mM 

gold chloride solution was put into a round bottom flask and 

placed in a heating oil bath maintained at 100°C. Next, 4 mL 

of 10 mM lecithin solution was added. The stirring rate was 

set to 300 rpm and water vapors were cooled by cold water 

reflux. After 5 minutes, the heater was switched off and the 

reaction system was allowed to cool to room temperature. The 

GNPs were recovered by centrifugation (Himac CS150GXL, 

Hitachi, Tokyo, Japan) at 10,000 rpm for 10 minutes and 

washed three times with deionized water following the same 

procedure. These GNPs had a lecithin bilayer and were 

termed B-GNPs. Lecithin monolayer-coated GNPs were 

obtained by dropwise addition of 0.1 M hydrochloric acid. In 

acidic pH, the outer layer of lecithin is removed and the par-

ticles become lecithin monolayer-coated GNPs (M-GNPs). 

The B-GNPs remain suspended in water, while the M-GNPs 

precipitate readily as soon as they are formed.

Development of SLNs
SLNs were prepared using a microemulsification technique 

(MET), Hot Melt Encapsulation (HME), and a solvent 

emulsification-evaporation technique (SEET) by the follow-

ing procedures. The composition of each of the three model 

formulations is given in Table 1.

Microemulsion technique
BFs were heated to 5°C above melting point. Next, 1 mL of 

melted BF was added to 20 mL of an aqueous solution of 

Brij-98 (4%) under magnetic stirring (1,500 rpm), and heat 

stirring was continued for 5 minutes to form a melted micro-

emulsion. After 5 minutes, this hot melted microemulsion 

Table 1 Size and PDI for the three preparation methods

Formulation code Method Composition (lipid:surfactant) Size PDI

M1 MET Stearic acid and Brij 98 (1:2) 53 nm 0.412
M2 HME Stearic acid and Brij 98 (1:2) 10.4 nm 0.214
M3 SEET Stearic acid, Tween 80, and lecithin (1:1:1) 7.8 nm 0.246

Abbreviations: PDI, polydispersity index; HME, Hot melt encapsulation technique; MET, microemulsification technique; SEET, solvent emulsification-evaporation technique.
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was added slowly to cold water (5°C) in a ratio of 1:50. 

Stirring was continued for 5 minutes and an SLN dispersion 

was obtained. For the preparation of drug loaded SLNs, DCN 

may be added to melted lipid in the first step.

Hot melt encapsulation method
The microemulsion was prepared as in the previous method; 

however, HME differs from MET in that the melted micro-

emulsion was cooled to room temperature by switching off 

the heater, and magnetic stirring (15,000 rpm) was continued 

until room temperature was reached.

Solvent emulsification evaporation method
This method involved solubilizing 1 mL of BF and 150 mg of 

lecithin (as surfactant), with or without drug, into chloroform 

to make the organic phase (50 mL). The organic phase was 

added to 100 mL of an aqueous solution of 2% hydrophilic 

surfactant (Brij 98) under magnetic stirring (1,500 rpm) to 

form a milky phase or cold microemulsion. This was an 

oil-in-water (o/w) emulsion in which the aqueous phase 

contained droplets of chloroform containing lipid and drug. 

The emulsion was subjected to evaporation under vacuum by 

a rotary evaporator (Julabo USA Inc, Allentown, PA, USA) 

to evaporate chloroform until the total volume remaining 

was less than 100 mL. As the chloroform evaporated, the 

lipid-lecithin-drug started precipitating as SLNs.

Characterization of SLNs
Representative formulations were characterized for physi-

cochemical parameters like particle size, zeta potential, and 

drug-polymer interaction.

Particle size and zeta potential
Dynamic light scattering was used for size and electrophoretic 

mobility studies for the zeta potential using a Zetasizer Nano 

(ZS-90, Malvern Instruments, Malvern, UK). First, 1 mL of the 

SLN preparation was put into Zetasizer cuvettes and diluted 

with 1 mL of deionized water. Readings were then taken for 

size, polydispersity index (PDI), and zeta potential.

Drug-polymer interaction
The compatibility of the formulation components was studied 

by Fourier transform infrared spectroscopy. Spectra of the 

individual lipid, drug, and representative formulation were 

taken. The characteristic peaks of the bond stretches of 

individual components were assessed in Fourier transform 

infrared spectra for each formulation.

X-ray diffraction analysis
The crystalline behavior of the SLNs was studied by X-ray 

diffraction analysis. The X-ray diffraction pattern was 

recorded using an X-ray diffractometer (Bruker Corporation, 

Billerica, MA, USA) with Cu Kα radiation (λ=0.1541 nm) 

in the scan range of 2θ=15°–70°.

Calculation of encapsulation efficiency
Drug loading and EE were calculated for all formulations as 

shown in Table 2. The freshly prepared SLN formulation was 

centrifuged in a micro ultracentrifuge (Himac CS150GXL, 

Hitachi) at 30,000 rpm for 5 minutes to separate the SLNs. 

The amount of encapsulated drug was calculated indirectly 

from the amount of nonentrapped drug in the supernatant 

using the following formula:

Amount of loaded drug = Total amount of drug - Amount 

of nonentrapped drug

The EE of the SLNs was calculated by the following 

formula:

Entrapped amount of drug per g of nanoparticle
EE

Theoretical amount of drug per g of nanoparticle
= ×100

Table 2 Formulations for analysis of release kinetics containing different amounts of DCN and GNPs

Allotted code Binary lipid mix (mL) DCN (mg) Pellet of GNP solution (mL) Drug release profile (t50%)d

F1 1 5 0 4.50 hours
F2 1 10 0 15.00 hours
F3a 1 10 0 0.47
F4b 1 15 0 –
F5 1 5 0.125 0.50 hours
F6 1 5 0.25 0.65
F7 1 10 0.25 1.00
F8c 1 10 0.25 M-GNPs 12.75

Notes: aF3 has same composition as F2 but dissolution studies are carried out at 40°C. bDrug release study of F4 was not conducted because it did not meet the quality 
criteria (see Results and discussion). cF8 contains lecithin monolayer-coated GNPs. dTime at which 50% of the drug was released. 
Abbreviations: DCN, diacerein; GNPs, gold nanoparticles.
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In vitro drug release studies
The in vitro release studies for all formulations (shown in 

Table 2) were carried out using the dialysis tube method. 

A cellulose ester dialysis tube with a molecular weight cutoff 

value of 10 kDa was filled with SLN formulation equivalent 

to 1 mg of drug and placed in 250 mL of phosphate-buffered 

saline dissolution medium. Dissolution conditions were set to 

a stirring rate of 50 rpm at 37°C±0.5°C. Samples (1 mL) were 

withdrawn at predetermined time points and an equivalent 

volume of fresh medium was added to the dissolution cells 

after each sample was taken. Dissolution of formulation F3 

was carried out at 40°C. Absorbance of each sample was 

measured at 341 nm to calculate the drug concentration 

from the standard curve. The standard curve was prepared 

by measuring the absorbance of different concentrations of 

DCN in phosphate-buffered saline and constructing a graph 

of concentration versus absorbance.

Results and discussion
Binary SLNs were prepared and loaded with DCN, GNPs, 

and DCN-GNPs using binary fatty acid mixtures. In vitro 

characterization was done for physicochemical characteris-

tics and the drug release profile.

Preparation of binary lipid mixture
BFs of solid and liquid fatty acids are known to have superior 

physicochemical properties and enhance drug EE. In addi-

tion, physical mixing of a liquid fatty acid is hypothesized 

to lower the melting point of the resulting BF. In the present 

work, the melting point of BFs was reduced in a linear fashion 

with addition of liquid oleic acid. A desirable melting point 

range of 38°C–39°C was achieved with a binary mixture of 

lauric acid and oleic acid at a ratio of 6:1 (39.25°C) and 5:1 

(38.5°C). Addition of oleic acid to stearic acid in similar 

proportions produced BFs with a relatively higher melting 

point (62°C and 61°C) due to the higher melting point of 

stearic acid. Stearic acid and oleic acid at 2:1 showed a melt-

ing point of 41°C but, owing to a higher oleic acid content, 

may not be suitable for formulation of SLNs due to forma-

tion of oil clusters and reduced stability.15 On the basis of 

these results, BF3 (melting point 39.25°C) was selected for 

synthesis of all the SLN formulations (F1–F8), which are 

assumed to undergo solid-liquid transition above 39°C for 

thermoresponsive drug release.

Preparation of gold nanoparticles
GNPs were prepared by heating a solution of gold chloride 

and lecithin. This method yields a small (4.4±0.2 nm) and 

more homogenous (PDI 0.01) particle size. These GNPs 

remain suspended in aqueous solution due to the lecithin 

bilayer formed around gold nanoparticles. Colloidal gold 

has been reported to have anti-inflammatory properties. It 

has been reported that gold microbeads have antiarthritic 

effects in the knees;16 small GNPs may enhance this thera-

peutic effect due to a large surface area and reduced beads-

associated joint damage observed in some patients.

M-GNPs were prepared by treating B-GNPs with gradu-

ally increasing acidic pH. Around an isoelectric point of 

pH 2.7, the lecithin outer layer loses its lamellar configura-

tion due to loss of charge. This removes the outer unbound 

layer of lecithin from GNPs and the inner covalently bound 

monolayer remains on the GNPs. Removal of the outer 

lecithin layer was confirmed by a reduction in size from 

4.4±0.2 nm to 3.6±0.2 nm.

Comparison of SLN preparation methods
Comparative results for the three preparation methods 

showed that MET (M1) produced SLNs with an average 

particle size of 53±2 nm and a PDI of 0.412. However, 

a large volume of cold water (50 times the volume of 

the primary product) was required to form SLNs, which 

diluted the final formulation and an additional recov-

ery step was needed to separate SLNs. HME (M2) and 

SEET (M3) showed an average particle size of 10.4 nm 

and 7.8 nm. PDI was also relatively low, in the range of 

0.214 and 0.246, respectively. This is evident from results 

that the two formulations prepared by HME and SEET 

were comparable with regard to production of relatively 

smaller SLNs. Penetration of nanoparticles into regenerat-

ing cartilage network is desirable for disease-modifying 

osteoarthritis drugs like DCN. The surfaces in a regenerat-

ing joint contain a fine mesh of cartilage, and particles as 

small as 38 nm are able to penetrate the growing cartilage 

meshwork.17 Keeping this in mind, HME and SEET appear 

to be suitable candidates for preparation of DCN-loaded 

SLNs. HME appears to be comparatively advantageous 

in that it does not involve use of potentially toxic organic 

solvents as in SEET,18 and no dilution step is required as 

in MET.19 HME uses very simple equipment, and water 

(as the solvent) was the only reagent used in addition to 

the formulation components.

Physicochemical characterization of SLNs
A total of eight SLN formulations with varying concentra-

tions of DCN and GNPs were prepared by HME and charac-

terized for size, chemical stability, and drug loading.
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Size of DCN-loaded and GNP-loaded SLNs
The size of blank as well as DCN-loaded and GNP-loaded 

SLNs was measured by dynamic light scattering. A reduc-

tion in size of the SLNs was observed with an increase in 

payload. The size of the SLNs decreased from 9.7 nm to 

8.9 nm and 7.6 nm as the DCN payload was increased from 

5 mg to 10 mg and 15 mg, respectively. A similar reduction 

in size was observed from 7.8 nm to 7.5 nm as the GNP load 

was increased from 0.125 mL to 0.250 mL. This reduction in 

SLN size with increase in drug payload can be described on 

the basis of the free lipid content. As the amount of payload 

increases, the proportion of free lipids and hence the size 

of the SLNs was decreased.20 Reduction in size was also 

observed as the amount of DCN was increased in GNP-

loaded SLNs. Similarly, the size of the M-GNP-loaded SLNs 

was slightly smaller than that of the B-GNP-loaded SLNs 

due to the smaller size of M-GNPs.

An inverse relationship between size and PDI was 

observed, ie, the PDI increased with reduction in the size of 

all formulations (Table 3). The PDI of F4 containing 15 mg 

of DCN was 0.686, which is beyond acceptable limits. This 

may be attributed to the incorporation of DCN more than its 

solubility limit in the melted lipid mixture. Such formulations 

with excessive drug lead to heterogeneous dispersion and the 

PDI would be greater than 0.5.21

Zeta potential of DCN-loaded and GNP-loaded 
SLNs
The surface charge on particles helps them to repel each other 

and stabilize colloidal dispersions. SLNs must have a zeta 

potential, a measure of surface charge, sufficient to prevent 

their aggregation during storage. The zeta potential of all 

formulations containing DCN was in the acceptable range  

of -40 mV to -30 mV, which is prerequisite for long-term 

stability of a SLN dispersion.22 However, the zeta potential 

decreased from -38.6 mV to -37.4 mV and -33.2 mV as 

the DCN payload increased from 5 mg to 10 mg and 15 mg, 

respectively. In GNP-loaded SLNs, the zeta potential 

decreased from -29.0 mV to -22.7 mV as the GNP payload 

increased from 0.125 mL to 0.25 mL. The zeta potential values 

of F5 and F6 were lower than the corresponding values for 

DCN-loaded SLNs. This reduction in negative zeta potential is 

due to the positive charge of gold which tends to neutralize the 

negative charge of SLNs. The zeta potential of GNP-loaded 

formulations (F5–F7) was observed to be in the range of -20 

mV to -30 mV, indicating that these formulations will form 

mild to moderately stable colloidal dispersions.

Chemical stability of DCN and polymers in SLNs
Fourier transform infrared analysis is a reliable way of assess-

ing the chemical compatibility of components in a formula-

tion. In the event of a chemical reaction, certain absorption 

peaks of the components disappear and absorption peaks of 

new bonds appear.23 The absorption peaks of DCN were C=O 

and C-O stretch at 1,764 cm-1 and 1,024 cm-1, as shown in 

Figure 1A. FTIR Spectra of lauric and oleic acid are shown 

in Figure 1B and 1C, respectively. These characteristic peaks 

of DCN were present in the spectra of DCN-loaded SLNs 

with slight shifts at 1,766 cm-1 and 1,026 cm-1 (Figure 1D). 

These results demonstrate that DCN was present physically 

in SLNs without any chemical interaction.

X-ray analysis
X-ray diffraction analysis is an efficient tool for assessing 

crystallinity in SLNs. In this study, it was postulated that 

addition of liquid oleic acid would suppress the crystallinity of 

BFs. The results revealed two sharp peaks for lauric acid in the 

2θ range of 20°–30°. In SLNs made from BF3, the intensity of 

the first peak was suppressed from 23,594 absorbance units to 

11,344 absorbance units, indicating reduced crystal formation 

in binary SLNs (Figure 2). Crystal formation in nanoparticles 

is undesirable because drug entrapped in the crystals is not 

released or is released very slowly. Reduced intensity of peaks 

in X-ray diffraction indicates that fewer crystals are formed 

Table 3 Average size, PDI, and zeta potential of formulations

Allotted code Average size (nm) PDI Zeta potential (mV) EE

F1 9.7 0.197 -38.6 97%
F2 8.9 0.248 -37.4 94%
F3 8.9 0.248 -37.4 94%
F4 7.6 0.686 -33.2 79%
F5 7.8 0.38 -29.0 87%
F6 7.5 0.415 -22.7 85%
F7 7.1 0.455 -23.2 84%

F8 6.9 0.409 -22.7 88%

Abbreviations: EE, encapsulation efficiency; PDI, polydispersity index.
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Encapsulation efficiency
SLNs show high encapsulation efficiency of lipophilic drugs. 

In the present study, DCN was successfully loaded into 

SLNs and high percentage encapsulation was achieved for 

all formulations (Table 3). However, the EE was reduced 

from 97% to 94% and 79% as the DCN payload increased 

from 5 mg (F1) to 10 mg (F2) and 15 mg (F4). The sudden 

fall in EE in F4 might be due to incorporation of drug above 

its saturation level because the nonentrapped fraction of the 

drug was visible at the bottom of the beaker when cooled to 

room temperature. Muller et al found that all hydrophobic 

drugs can achieve supersaturation in lipids when the lipids 

are in a melted state; upon cooling, the saturation level of 

the drug decreases and an excessive amount of drug tends to 

partition into the outer shell or into the external solvent.25 The 

influence of simultaneous loading of GNPs and DCN on EE 

was evaluated for formulations F5–F8. As the GNP payload 

increased from 0.125 mL to 0.25 mL, the EE decreased from 

87% to 85%. However, it should be noted that the EE of DCN 

was relatively higher in the presence of M-GNPs as compared 

with B-GNPs due to hydrophobic nature of the M-GNPs. This 

may also be due to the smaller size of M-GNPs, which allows 

more space in the lipid for incorporation of the drug.

In vitro release profile of DCN 
from SLNs
The USP dissolution test is widely used for in vitro evalua-

tion of drug release behavior in different drug delivery sys-

tems. In the case of nanoparticles, the dialysis tube method 

is used so that nanoparticles can be enclosed in a cellulose 

tube. This study aimed to achieve sustained release of DCN 

from SLNs. Dissolution studies for all formulations were 

carried out in phosphate-buffered saline (pH 7.4) at 37°C 

and cumulative drug release was plotted against time. The 

results showed that the F1 formulation containing 5 mg 

of DCN released 95% of the drug in almost 39 hours. The 

dissolution time was found to be directly dependent on the 

drug payload, as sustained release of DCN was achieved 

for up to 72 hours when the payload was increased to  

10 mg (Figure 3).

All formulations showed a high initial release of DCN. 

This burst release is due to movement of the drug in the 

shell during cooling. This proportion of drug is immedi-

ately released due to a short path length of diffusion.26 

Simultaneous loading of GNPs (0.125 mL) enhanced 

drug release and reduced release time from 39 hours to 

4 hours (F1 and F5). Drug release was increased further 

when gold load was increased to double (F5 and F6).  

On the other hand, release time was improved from 4 hours  
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and more drug is present in amorphous form to be released in 

vitro and in vivo.24 The width of all peaks remained the same, 

indicating no significant change in crystal size.
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to 10 hours when DCN load was increased from 5 mg to 10 mg  

in the presence of a constant GNP load (F6 and F7). In 

simultaneously loaded SLNs, the whole drug is distributed 

in the periphery of the SLNs because the central portion is 

occupied by GNPs. This reduces the diffusion path length 

of DCN, so the release pattern of simultaneously loaded 

SLNs resembles the initial burst release observed with 

DCN-loaded SLNs. Formulations F7 and F8 compared the 

drug release pattern of B-GNP-loaded and M-GNP-loaded 

SLNs, respectively. Formulation F7 released more than 

90% of the drug in 10 hours while F8 released 90% of the 

drug in 24 hours. This observation can also be explained on 

the basis of the smaller size of the M-GNPs when compared 

with B-GNPs. In the case of M-GNPs, a relatively larger 

lipid proportion was available to incorporate the drug 

which provided a larger diffusion path than B-GNPs and 

more sustained drug release. It was also noted that whole 

drug was not released from the SLNs. Drug release was 

less than 93% from DCN-loaded SLNs and less than 96% 

in simultaneously loaded SLNs. Some previous studies 

have reported that crystal formation suppresses drug 

release in SLNs because drug entrapped in crystals in not 

released.15 In our study, most of the drug was released 

because addition of liquid oleic acid suppressed crystal 

formation in SLNs and drug was present in an amorphous 

form in binary SLNs.
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Figure 4 Graphical presentation of three representative formulation evaluated; (A) Addition of liquid lipid ensured reduced crystal formation and sustained release of drug 
for up to 72 hours, (B) GNPs were successfully loaded and drug release from SLNs was modified, (c) immediate drug release profiles was achieved at 40°C following solid 
lipid phase transition.
Abbreviations: GNP, gold nanoparticle; au, absorbance units; SLN, solid lipid nanoparticle.
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Thermoresponsive drug release from 
binary SLNs
Development of thermoresponsive drug delivery systems 

has attracted much research interest in the medical field. 

This strategy enables specific release of a drug at target 

sites that exhibited relatively high temperature than normal 

body, eg, cancer. Many novel materials have been chemically 

engineered to be capable of thermoresponsive drug release 

by undergoing conformational or chemical changes. In this 

study, binary SLNs of solid and liquid lipids were evalu-

ated for thermoresponsive drug release. It was hypothesized 

that physical mixtures of lauric acid and oleic acid can be 

optimized to melt, ie, undergo solid-liquid phase transition, 

above 39°C. The thermoresponsive potential of binary SLNs 

was evaluated for formulations F2 and F3. Both formula-

tions had the same composition (Table 2) and differed only 

in that dissolution of F2 was carried out at 37°C and disso-

lution of F3 was carried out at 40°C, 1°C above the phase 

transition temperature of SLNs. In case of F3, 50% of the 

drug was released from melted SLNs in 0.5 hours and whole 

drug (T95%) was released in almost 4 hours. In contrast, 

F2 released whole drug in more than 72 hours. These findings 

suggest thermoresponsive drug release from binary SLNs. 

Sustained release profile of DCN at physiological body tem-

perature may be transformed to an immediate release pattern 

in response to elevated body temperature faced during various 

pathological conditions. This pattern of thermoresponsive 

release above phase transition temperature is due to the 

fact that solid nanoparticles show prolong drug release as 

compared with a liquid nanosuspension of the same oil.27 To 

best of our knowledge, this study reports for the first time 

that SLNs based on binary lipid mixtures can be optimized 

for thermoresponsive drug release. Figure 4 graphically 

represents three different patterns of drug release from our 

binary SLN formulations. In osteoarthritis, thermoresponsive 

SLNs will offer enhanced drug release in response to local 

hyperthermia at swollen joints or generalized hyperthermia 

in febrile cases.28,29 In addition, hyperthermia at the joint may 

also be achieved by application of heat-producing products 

conventionally employed in osteoarthritis.30

Kinetic modeling of drug release
Different pharmacokinetic models were used to predict drug 

release behavior from nanoparticles. In this study, kinetic 

modeling was performed for all formulations to predict the 

rate and mechanism of drug release (Table 4). To eliminate 

the effect of initial burst release, kinetic models were applied 

to drug release data after 25% of the drug was released. 

All formulation containing DCN and GNPs showed higher  

R2 values for a zero order kinetics model (0.8423–0.9716) as 

compared with a first-order kinetics model (0.7149–0.8964). 

All formulations followed the Higuchi model of drug release, 

with R2 values for all formulations being in the range of 

0.9495–0.9954.

The above results demonstrate that drug release from 

binary SLNs tends to follow zero order kinetics, ie, drug 

release is independent of the amount of drug remaining in 

SLNs to be released. All formulation follow Higuchi model 

which means drug release is diffusion-controlled; however, 

R2 values did not fit the model perfectly. The Korsmeyer-

Peppas model was followed by all formulations as R2 values 

were between 0.9480 and 0.9960. Values for the release 

exponent (n) were found to be below 0.5, which also pre-

dicts diffusion-controlled release from SLNs.31 Therefore, 

it is concluded from results of kinetic modeling that drug 

release from binary SLNs was diffusion controlled and 

followed zero order release rate.

Conclusion
Binary SLNs made from binary mixtures of solid and liquid 

lipids had superior physicochemical properties and enabled 

sustained release of DCN, a new disease-modifying drug, 

for up to 3 days. GNPs were simultaneously loaded into 

DCN-loaded binary SLNs and the sustained release pattern 

for DCN was found to be directly related to the DCN payload 

and inversely related to the gold payload. The strategy of 

Table 4 R2 value of zero order, first order, Higuchi, and Korsmeyer-Peppas kinetic models for solid lipid nanoparticle formulations

Formulations Zero order (R2) First order (R2) Higuchi model (R2) Korsmeyer-Peppas model

Release exponent (n) (R2)

F1 0.9354 0.7220 0.9825 0.3937 0.9946
F2 0.9332 0.8505 0.9880 0.4374 0.9942
F3 0.8423 0.7149 0.9732 0.3415 0.9480
F5 0.9715 0.8964 0.9954 0.4919 0.9888
F6 0.9258 0.8564 0.9773 0.4629 0.9873
F7 0.8470 0.7580 0.9495 0.3264 0.9791
F8 0.9164 0.8209 0.9817 0.4919 0.9888
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mixing solid and liquid lipids also provides an opportunity 

to optimize binary SLNs for thermoresponsive drug release. 

Drug release from binary SLNs was diffusion-controlled and 

followed zero order kinetics.
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