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Abstract

Terbinafine hydrochloride (TH) is first line drug against treatment of onychomycosis; which is the commonest fungal infection of nail
plate. However, strong barrier property of nail plate restricts the effective topical treatment of onychomycosis.
In this study, TH loaded solid lipid nanoparticles (SLNs) were prepared and subsequently incorporated into a gel system.
SLNs were prepared by high pressure homogenization (HPH) technique using glyceryl monosterate (GMS), compritol 888ATO and a
co-processed lipid. They were evaluated for particle size, polydispersity index, zeta potential, % entrapment efficiency (%EE), % drug
loading (%DL), drug content and in-vitro drug release.
Optimized SLNs were incorporated into chitosan gel and further evaluated for in-vitro drug release and ex-vivo antifungal study.
All formulations of SLNs showed %EE > 94%. %DL was found to be higher with co-processed lipid. As evidenced from ex vivo antifungal
studies, SLN based gel of TH showed better activity against Candida albicans as compared to the conventional marketed preparation.
It was concluded from study that SLN based gel of TH could be a promising formulation for the effective treatment of onychomycosis.
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Introduction
Onychomycosis is a fungal infection which is responsible for 50% of all nail disorders [1-3]. In 90% of the cases, onychomycosis
is caused by dermatophytes (mainly Trichophyton rubrum), but can also be due to other fungi such as yeasts (mainly Candida
albicans) or molds (mainly Scopulariopsis brevicaulis) [4]. Human nail, being composed of 80-90 layers of dead cells [5-7], prevents
effective topical treatment of onychomycosis. Therefore, it is difficult to achieve therapeutic antimicrobial drug concentration in
the nail. High incidences of onychomycosis and problems associated with its therapy have renewed the interest of formulation
scientists to work towards alternative formulation approaches [8].
Terbinafine HCl (TH) is an antifungal agent used for the treatment of superficial fungal infections. TH accumulates in the skin/
nail and persists at high concentrations for up to several weeks even after discontinuing the drug application. It possesses low
minimum inhibitory concentrations (0.001–0.01 μg/ml) and low minimal fungicidal concentrations (0.003–0.006 μg/ml) against
dermatophytes [9]. Its conventional formulations are available for oral as well as topical administration. However, about 40% of
the oral dose undergoes first-pass metabolism and the drug is bound extensively to plasma protein. Attempts to compensate the
loss of drug owing to such factors may increase the risk of dose related adverse effects. Hence, topical administration is a more
practical approach which would result into much lower, often undetectable systemic levels, thus reducing possible toxicity of the
drug [8-10].
SLNs possess a number of advantages for the topical route of administration. Particle size characteristics of SLNs ensure close
contact to the nail plate and thereby, increase the penetration of encapsulated drug into the stratum corneum [10,11]. Besides,
sustained release of the drug from SLNs supplies the drug to the nail over a prolonged period and thereby reduces the possibilities
of systemic absorption [12]. In our study, we incorporated the SLNs into a chitosan based gel to get a topical dosage form having
the desired semisolid consistency [13,14]. Such a hydrogel formulation forms an invisible, occlusive film having affinity for the
stratum corneum. Bioadhesive nature and antimicrobial characteristics of chitosan contribute to this effect. The network of gel
system hampers the polymorphic SLN transitions and thus, may enhance the stability of SLNs [10].
We have incorporated the concept of co-processing in this research with a view to improve the functionality of excipients, enhance
drug loading, reduce the amount of lipid content and bring about an overall reduction in cost of the formulation. Co-processing
of excipients causes individual excipients to interact at the sub-particle level and leads to the formation of excipients with superior
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properties than their physical mixture [15,16]. Co-processed lipids were prepared using melt granulation method [17,18]. Finally,
L-cysteine was added to the gel formulation so as to enhance the binding of drug to nail components [19,20].

Materials
Terbinafine Hydrochloride, glyceryl monostearate (GMS) and Compritol ATO 888 were obtained as a gift sample from FDC
Ltd., India; Fine organics, India and Gattefosse, India, respectively. Poloxamer 188 and chitosan were obtained from Balaji Drugs,
India; L-cysteine from Suvidhinath Laboratories, India and sabouraud dextrose media from Himedia Laboratory Pvt. Ltd., India.
Candida albicans (ATCC NO. 10231) was received as a gift sample from Food and Drugs Laboratory, India.

Methods
Preparation and characterization of co-processed lipid
Co-processed lipid was prepared using melt granulation method. Briefly, GMS was allowed to melt, following which compritol
888 ATO was added to it. After gentle stirring for 1 min, the mixture was cooled to room temperature. Flakes of co-processed lipid
were collected by scrapping with spatula [10,15,16]. In order to characterize the co-processed lipid, DSC was carried out for GMS,
compritol 888 ATO and co-processed lipid (GMS:Compritol 1:1).
Thermograms were obtained using Differential Scanning Calorimeter (DSC-60, Shimadzu, Japan). Dry nitrogen gas was used as
the purge gas through the DSC cell at a flow rate of 40ml/min. Samples were sealed in standard aluminum pans with lids, and
heated at a rate of 20 °C/min from 50 to 300 °C [13,21].

Optimization of Drug: Lipid Ratio
The ability of SLNs to maintain the drug in solubilized form is greatly influenced by the solubility of the drug in lipid phase.
Considering the solid nature of lipids, equilibrium solubility study was impractical [10]. Therefore, an alternative method was
adapted to measure solubility of drug in the solid lipids. Briefly, 10 mg TH was placed in a glass beaker covered with aluminum
foil. About 10 mg of lipid was added in the beaker and heated at 80˚C under continuous stirring. Subsequently additional lipid was
added in portions under continuous stirring and heating until a clear solution existed. Total amount of lipid added to get a clear
solution was recorded. Amount of individual lipid used to solubilize 10 mg drug was recorded and accordingly, comparisons were
made [10,22].

Preparation of Solid Lipid Nanoparticles (SLNs) of TH
SLNs were prepared by high pressure homogenization (HPH) method [22] as per the composition given in Table 1. Solid lipid was
heated 5–10 °C above its melting point. Drug was added into the molten lipid and which was then added to 70 ml of poloxamer
solution, maintained at the same temperature. A pre-emulsion was obtained under magnetic stirring for 1 hr. This pre-emulsion
was subjected to high pressure homogenization (ATS CE NANO, AH100D, Canada) for 4 cycles at 300 bar, 4 cycles at 500 bar, 4
cycles at 700 bar, 10 cycles at 850 bar and 10 cycles at 1100 bar. The instrument was maintained at 70±0.5 °C throughout the process
by recirculation with hot water. O/W nanoemulsion thus formed was transferred to glass vials and immediately cooled down to
room temperature to generate SLNs [23].
Formulation

Lipid

TH: Lipid ratio

Poloxamer 188 (%w/v)

NP1

Glyceryl monostearate

1:25

1

NP2

Compritol 888ATO

1:25

1

NP3

GMS:Compritol 888ATO (1:1)
coprocessed

1:15

1

NP4

GMS:Compritol 888ATO (1:1)
coprocessed

1:15

2

NP5

GMS:Compritol 888ATO (1:1)
coprocessed

1:15

3

Table 1: Formulation composition of SLNs of TH

Characterization of Solid Lipid Nanoparticles (SLNs)
Particle size, zeta potential and polydispersity index: Particle size, zeta potential and polydispersity index of the SLNs were
determined using a Malvern Zetasizer Nano ZS v2.0 (Malvern Instruments, UK). Polydispersity index was studied to determine
the narrowness of the particle size distribution. Each sample was diluted with filtered distilled water (up to 2 ml) to avoid multiscattering phenomena and placed in a disposable sizing cuvette. During zeta potential measurement, zeta limits ranged from -200
to +200 mV. The electrophoretic mobility was converted to zeta potential by inbuilt software using the Helmholtz Smoluchowski
equation. Analysis of a sample consisted of three measurements, and the results were expressed as mean size ±SD [10,22,23].
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Drug content, entrapment efficiency (%EE) and drug loading (%DL): For the measurement of drug content, 1 ml SLN dispersion
was taken and its volume was made upto 10 ml with methanol. It was sonicated for 5 min in a bath sonicator (Ultrasonic cleaner,
Spinotech Pvt. Ltd., India) following which centrifugation was performed (12,000g/30 min). The resulting pellet was filtered
through Whatman filter paper (0.45µ) and the filtrate was analyzed for drug content using UV spectrophotometer at λmax 223nm.
Amounts of entrapped TH in SLNs were estimated by reverse dialysis bag technique [24]. A dialysis bag (molecular weight cut-off
12,000 Da) was equilibrated overnight in water. 1% w/v of poloxamer 188 solution in distilled water was kept in dialysis bag and
it was placed in 10 ml of originally prepared SLNs dispersion for 6 hrs. 1 ml of sample was collected from the dialysis bag and free
amounts of TH in the SLNs were estimated after appropriate dilution. Unentrapped drug, drug entrapment efficiency (%EE) and
drug loading (%DL) were calculated using the equations given below [24-26].

Equation 1
Unentrapped drug =

Total volume
X Drug amount in dialysis bag
Volume of dialysis bag

Total volume = Sum of the volumes of the SLN suspension and that of the dialysis bag

Equation 2
%EE =

Total amount of drug taken − unentrapped drug
Total amount of drug taken

%D =

Total amount of drug taken − Unentrapped drug
X 100
Total amount of drug taken + Amount of excipient added

X 100

Equation 3

In vitro drug release studies: Drug release study was performed following dialysis bag method [23,24]. Dialysis bag retains the
SLNs but allows the transfer of the dissolved/released drug molecules into the release media. Dialysis tube (molecular weight cut
off - 12,000 Da) was prepared according to the protocol provided by Sigma and soaked in the release media overnight prior to
the study. Release media was 25 ml of phosphate buffer (pH 7.4). It was maintained at an agitation of 100 rpm and temperature of
37±0.50C. One end of the dialysis tube was tied and SLN dispersion equivalent to 10 mg of TH was placed in the tube. The entire
media was replaced with fresh 25 ml of phosphate buffer (pH 7.4) at predetermined time intervals (0.5,1,2,4,6,12,24,30 hours).
Samples were analyzed using UV-visible spectrophotometer.
Optimization of formulation: Optimization of SLNs was done on the basis of evaluation parameters like particle size, PDI,
entrapment efficiency and in vitro drug release study. Further evaluations were done only for the optimized formulation.
Dispersion of SLNs in chitosan gel and its characterization: Chitosan based gel was prepared keeping in views many of its
advantageous biological properties such as biocompatibility, biodegradability, anti-infective activity and bioadhesion [25,26]. The
weighed amount of chitosan (3% w/v) was mixed with SLNs dispersion [25]. Glacial acetic acid was then added and stirred
slowly to solubilize chitosan. Methyl paraben was added as preservative at a concentration of 0.1% w/v. Finally L-cysteine (10%
w/v) was added to the formulation as it has ability to increase binding of drug to nail constituents [20]. Gel was kept at room
temperature overnight for deaeration and subsequently characterized for pH, viscosity, drug content, in-vitro drug release and exvivo antifungal activity [8,10].
Cylinder plate method was used for the antifungal study. Prepared formulation was compared with conventional marketed
formulation of TH (tefib*) using C. albicans (ATCC NO. 10231). The organism was cultivated on sabouraud dextrose media (SDA)
at 30 °C for 2 days. The spores were harvested and suspended in 10 ml of saline. 10 ml of the inoculated media was added to 200 ml
of SDA at 37±1 °C and plates were solidified. Three wells in the petridish were bored and filled with marketed formulation (tefib*),
SLN based gel and control (distilled water), respectively. Culture plates were incubated at 30 °C for 2 days. Zone of inhibition was
then recorded and compared. The mean value of three such estimations was reported [27].
Accelerated stability study of optimized batch of SLN and SLN based gel: The accelerated stability study was performed for
optimized batch NP3 and SLN based gel. They were stored at 40 °C±2 °C/75%±5% relative humidity using stability chamber
(Osworld JRIC-11B, India). Particle size, % EE and % drug content of SLN and pH, % drug content of SLN based gel were
determined after one month period [26].
Statistical analysis: All the data are represented as mean ± SD (n=3) unless stated otherwise. Evaluation parameters (%EE, %DL
and in-vitro drug release Studies) were analysed by one way ANOVA followed by tukey’s test. In-vitro drug release studies of SLN
based gel and ex-vivo antifungal study were analysed by paired t-test. Values were declared to be significant with p value less than
0.05 (p <0.05).
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Results and Discussion
Identification of co-processed lipid by DSC
DSC thermogram showed a sharp peak at 63.74 °C for GMS and 73.74 °C for compritol 888ATO. On the other hand, DSC
thermogram of co-processed lipid showed a sharp peak at 67.46 °C which matched neither of the individual lipids (Figure 1). Peak
of co-processed lipid was single and displaced from the original peaks of GMS and compritol 888ATO. Besides, it was broader as
compared to the individual lipids. These observations led us to the conclusion that co- processed lipid was formed.

Figure 1: DSC thermogram of: (A) GMS (B) Compritol 888ATO (C) Co-processed lipid

Optimization of Drug: Lipid Ratio
In this study, drug: lipid ratio varied from 1:25 to 1:15 depending upon nature of lipid (Table 2). Lipid nanoparticles, being matrix
systems, have the drug either in dissolved or in dispersed form [28]. If lipid content is less than quantity required for solubilization
of drug, SLNs with drug- enriched shell will be formed. Such a formulation would offer lower entrapment efficiency and may show
initial burst release. If lipid content is more, particle size increases and drug loading decreases [21]. When the amount of lipid
matches to that required for drug-solubilization, a homogeneous SLN matrix system is created wherein drug release is affected
primarily through diffusion. Therefore, the solubility of the drug in the lipid matrix was recognized as an important factor in our
formulation development [10,29].
Lipids

Amount required to solubilize
10 mg of TH (mg)

Drug: lipid ratio

Glyceryl monostearate
(GMS)

250

1:25

Compritol+888ATO

250

1:25

GMS+Compritol
888ATO (1:1)

150

1:25

Table 2: Optimization of drug: lipid ratio for the formulation-development

Characterization of Solid Lipid Nanoparticles (SLNs)
Particle size, zeta potential and polydispersity index (PDI): The particle size in all formulations was found to be in the range of
55 to 279 nm (Table 3). It was found to vary depending upon the surfactant concentration and lipid concentration. Increase in the
concentration of poloxamer 188 (NP3, NP4, NP5) reduced the interfacial tension between lipid matrix and dispersion medium
(aqueous phase). Consequently, it favored the formation of SLNs with smaller particle size which corroborates to the findings
in the literature [26]. Distribution of energy for generation of nanoparticles in the dilute dispersion (low lipid concentration) is
better than concentrated (high lipid concentration) dispersion, which would have been responsible for more efficient particle size
reduction. Consequently, particle size was less in formulation NP3 (drug: lipid ratio 1:15) as compared to formulation NP1 and
NP2 (having drug: lipid ratio 1:25) [21,23].
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Formulation batch

Particle size (nm)

PDI

Zeta potential (mV)

NP1

278.8

0.438

-7.35

NP2

168.2

0.197

-32.8

NP3

127.7

0.183

-5.89

NP4

79.70

0.265

-9.38

NP5

58.67

0.225

-11.6

Table 3: Particle size, PDI and zeta potential values for different batches of SLNs

PDI governs the physical stability of SLNs dispersion. Its values close to 1 indicate heterogeneity and those less than 0.5 indicate
homogeneity. PDI value of SLN formulations ranged from 0.190 to 0.440 (Table 3). This indicates that population of prepared
nanoparticles was homogeneous in distribution. High zeta-potential values should be achieved to ensure a high energy barrier
and to favor good stability. Nanoparticles with zeta potential values between +30 to -30 mV typically have high degrees of
stability [30,31]. Our zeta-potential results suggested that poloxamer 188 concentration was sufficient to cover the surface of the
nanoparticles effectively (Table 3). Therefore it would prevent agglomeration during the emulsification process.
Drug content, entrapment efficiency (%EE) and drug loading (%DL): TH loaded SLNs prepared with various lipids and with
different poloxamer concentration were subjected to the evaluation for uniform dispersion of drug throughout the suspension.
Drug content was found to be in the range of 98 to 99.5% suggesting that the drug was uniformly dispersed throughout SLN
dispersion. Entrapment efficiency depends upon the nature of drug and lipid phase. TH being lipophilic is highly soluble in lipids
and this could be one of the reasons of high drug entrapment efficiency of our formulation (Figure 2).

Figure 2: Graphical presentation of %EE and %DL

In this study, drug: lipid ratio was selected on the basis of solubility of drug in lipid. There was no significance difference (p>0.05)
between %EE of NP3 with all other formulations (NP1, NP2, NP4 and NP5) (One way ANOVA followed by Tukey’s test). However,
a significant difference (p<0.05) was observed between % DL of NP3 with NP1 and NP2. No significant difference (p >0.05) was
observed in %DL of NP3 with NP4 and NP5 (One way ANOVA followed by tukey’s test).
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In vitro drug release studies: Release of drug from SLNs was found to be depending primarily upon type of lipid, concentration
of lipid and surfactant concentration (Figure 3) [28]. NP1 and NP2 exhibited significantly lower cumulative drug release (26.631%
and 9.023%, respectively, at the end of 30 hrs) as compared to NP3, NP4 and NP5. We attributed this to higher amount of total lipid
in NP1 and NP2. In the batches NP3 NP4 and NP5, drug release rate increased with increase in poloxamer 188 concentration. A
decrease in particle size (and hence, increased surface area) owing to increased poloxamer concentration would have contributed
to this effect.

Figure 3: In vitro release profile of terbinafine hydrochloride from different batches of SLNs

There was a significant difference (p<0.05) between cumulative % drug release of all formulations of solid lipid nanoparticles (One
way ANOVA followed by Tukey’s test). Between the two lipids used, compritol 888ATO showed sustained drug release than GMS
which could be due to its longer carbon chain length. Thus, it was concluded that longer the carbon chain length of lipids, slower
would be the drug release rate. In our study, minimum inhibitory concentrations (0.001–0.01 μg/ml) and low minimal fungicidal
concentrations (0.003–0.006 μg/ml) against C. albicans was achieved within 30 min in all five batches, other than NP2.
Optimization of formulation: Out of five batches of SLNs, NP3 exhibited all desirable attributes like particle size (127.7 nm), PDI
(0.183), zeta potential (-5.89), entrapment efficiency (98.36%), drug loading (6.14%) and % cumulative drug release (34.523% in
30 hrs). Hence, formulation NP3 was selected as the optimized batch of nanoparticles. It was subjected to accelerated stability and
microbiological studies after being incorporated into chitosan-based gel. Further, its morphological characteristics were studied
using scanning electron microscopy.
Scanning electron microscopic (SEM) studies: For SEM analysis, sample was mounted onto an aluminum stub and sputtercoated with platinum particles in inert atmosphere. Particles were analyzed at an operation voltage of 5.00 kV [32]. As can be
evidenced from SEM image (Figure 4), SLNs were of spherical shape with a regular surface profile. No indentations were observed
on their surface (Figure 4).
Characterization of SLN based gel: pH of SLN based gel was found to be 6.103±0.11, which would be acceptable for topical
application since pH of normal skin is 5.5 [10]. Its rheological characteristics were appropriate with regard to spreadability,
handling and ease of application. Incorporation of SLNs into chitosan also showed sustained release of TH and its release profile
did not differ significantly from NP3 (paired t-test) (Figure 3).
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Figure 4: Scanning electron microscopic image of the optimized SLN formulation (NP3)

Ex-vivo antifungal study: Mean zone of inhibition of SLN based gel and marketed preparation (tebif*) were found to be 4.3±0.556
and 2±0.264 cm respectively; indicative of a significant difference (p<0.05) between the performance of the two formulations
(Paired t-test). SLN based gel was more effective in killing the fungus as compared to conventional marketed formulation. SLNs by
virtue of the smaller particle size and matrix structure not only result in better diffusion of the drug through the barriers but also
result into sustained effect of drug. They provide a large surface area; consequently larger amount of drug could be concentrated
and localized within the same isotropic medium, thus providing enhanced antifungal action [27].
Accelerated stability study of optimized batch and SLN based gel: No significant change was observed in the particle size, % EE,
%DL and % drug content of optimized batch of SLN (NP3). SLN-loaded gel was evaluated for the parameters like, pH, viscosity
and drug content. No significant changes were observed in this case as well. These results suggested that the SLNs of TH and SLNbased gel formulation remained stable under accelerated storage conditions.

Conclusion
TH loaded SLNs were successfully prepared using glyceryl monostearate, compritol 888ATO and co-processed lipid as lipid matrix,
poloxamer 188 as stabilizer and distilled water as dispersion medium. The zeta potential values were indicative of physical stability
of SLNs. Co- processing of lipids led to significant improvement in % drug loading. Drug release from SLNs dispersion and
SLNs based gel showed sustained release of drug over prolonged period of time. SLNs remained stable under accelerated storage
conditions. SLN based gel of TH was found to be significantly effective as compared to conventional marketed gel formulation
against Candida albicans. Thus, it could be concluded that SLN based gel of TH could be a viable alternative for ungual drug
delivery.
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