
European Journal of Pharmaceutics and Biopharmaceutics 179 (2022) 194–205

Available online 10 September 2022
0939-6411/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Antifungal nanosuspensions with surfactants and silver for the treatment 
of onychomycosis 

Hisham Al-Obaidi a,*, Ieva Petraityte a, Thomas Hibbard a, Mridul Majumder b, Rachith Kalgudi c, 
Mohammed Gulrez Zariwala c 

a The School of Pharmacy, University of Reading, Reading RG6 6AD, United Kingdom 
b M2M Pharmaceuticals Ltd, The Gateway Building, 1 Collegiate Square, Thames Valley Science Park (TVSP), Reading RG2 9LH, United Kingdom 
c Faculty of Science & Technology, University of Westminster, 115 New Cavendish Street, London W1W 6UW, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Fungal biofilms 
Nanosuspensions 
Solid dispersions 
Nail infections 
Saturation solubility 
Silver nanoparticles 

A B S T R A C T   

Fungal nail infection (Onychomycosis) often requires prolonged treatment and is associated with a high risk of 
resistance to treatment. Here in this contribution, we introduce a novel approach to enhance penetration and 
antifungal activity of the antifungal drug griseofulvin (GF). Solid dispersions were prepared with hydroxypropyl 
methylcellulose acetate succinate (HPMCAS) and combined with surfactant (either sodium dodecyl sulphate 
(SDS), dodecyl trimethylammonium bromide (DTAB), or Pluronic F127) using mechanochemical activation. The 
prepared powders were then suspended with spray-dried silica-coated silver nanoparticles and applied onto 
infected bovine hooves to assess permeability and antifungal activity. The results showed that the prepared 
nanosuspensions significantly suppressed fungal activity causing disruption of fungal biofilms. Raman mapping 
showed enhanced permeation while dynamic vapor sorption (DVS), and particle size measurements showed 
varied effects depending on the type of surfactant and milling conditions. The prepared nanosuspensions dis-
played enhanced solubility of the poorly soluble drug reaching approximately 1.2 mg/mL. The results showed 
that the dispersions that contained DTAB displayed maximum efficacy while the inclusion of colloidal silver did 
not seem to significantly improve the antifungal activity compared to other formulations.   

1. Introduction 

Onychomycosis is a fungal infection of the human nail that is 
commonly caused by dermatophytes, yeasts and non-dermatophytic 
moulds [1]. A significant number of the global population is affected 
by onychomycosis causing considerable impact on the quality of life of 
many patients [2]. The resistant and chronic nature of onychomycosis 
has been attributed to the formation of fungal biofilms [3]. Biofilms are 
surface-associated microbial communities that exist within a self- 
secreted matrix consisting primarily of polysaccharides, proteins, 
nucleic acid [4]. Biofilm structures formed by fungi may present 
favourable conditions for survival in the environment as well as within 
an infected host [5]. 

Dermatophytes such as T. rubrum, a keratinolytic saprophytic fungi, 
is known to form biofilms and is commonly implicated as a cause for 
fungal infection of the nails (onychomycosis) [6]. Current treatment 
options for onychomycosis include oral and topical preparations. Un-
fortunately, oral antifungal therapies are associated with toxic side 

effects including liver impairment and require caution when used in 
patients with diabetes, renal impairment, and peripheral arterial dis-
ease. Among different antifungal drugs, griseofulvin (GF) has fungistatic 
effect against Tricophyton species, which are the most common cause of 
onychomycosis. To reach the fungal active site and produce a thera-
peutic effect, GF must physically adsorb to the surface of the nail. As the 
human nail is largely composed of keratin, with the aid of appropriate 
formulation approach, the binding between keratin and griseofulvin can 
facilitate permeation of the drug into the nail. However, griseofulvin is 
practically insoluble in aqueous media and achieving high concentra-
tions of the drug at the nail surface will not be possible. 

Current topical treatments are based on dissolving the drug in a 
volatile solvent (typically acetone or ethanol) forming a lacquer. A layer 
of the drug lacquer is applied on the nail so that allowing the solvent to 
evaporate leaving a thin film of the drug on the nail. The hurdle of this 
approach is that the drug will potentially be deposited as crystals that 
will not be able to penetrate through the keratin network. It may also 
deprive the nail from its moisture content further restricting drug 
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permeability. One potential approach to enhance efficacy is by forming 
viscous supersaturated solutions/ suspensions of the drugs allowing 
maximum concentrations reaching the fungal biofilm. 

As most of antifungal drugs are highly hydrophobic and neutral 
molecules; salt formation is not possible to prepare the supersaturated 
solutions/ suspensions. Thus, the use of solid dispersions to form the 
supersaturated solutions/ suspensions is an appropriate approach by 
which the drug is molecularly mixed with a polymer [7,8]. The equi-
librium between the undissolved microparticles will maintain high sol-
ubility and prevents recrystallization of the drug. We have shown before 
GF solid dispersions with hypromellose acetate succinate (HPMCAS) 
remain stable against recrystallization [9]; hence HPMCAS can be used 
to prevent recrystallization of GF as well as to optimize adherence to the 
nail surface. Recently, we have shown possible positive role of surfac-
tants when incorporated in spray dried solid dispersions enhancing 
miscibility between the drug and the polymer [10]. A previous study 
examined the possible detachment of biofilms via the inclusion of the 
anionic sodium dodecyl sulphate (SDS) and the cationic cetyltrimethyl 
ammonium bromide (CTAB) [11]. The study showed that increasing the 
concentration of the surfactants (SDS) promoted significant inactivation 
of the biofilms. 

There are various reports that showed the potential use of silver 
nanoparticles as antifungal agents [12,13] and in particular against 
dermatophytes [14–16]. Hence, the aim of this study is to formulate a 
nanosuspension containing surfactant based polymeric dispersion doped 
with the antifungal drug griseofulvin (GF)/ silver nanoparticles and test 
its efficacy against T. rubrum biofilms. The prepared particles were 
assessed using dynamic vapour sorption (DVS) for water uptake and 
stability, Raman mapping to assess permeation, solubility, and particle 
size measurements of the nanosuspensions. Griseofulvin is the first line 
treatment for tinea pedis and tinea corporis infections hence we use it 
here to study its potential application combined with surfactants to 
damage fungal biofilms. Three different surfactants were used which are 
anionic sodium dodecyl sulphate (SDS), cationic dodecyle-
trimethylammonium bromide (DTAB) and non-ionic pluronic (F127). 
Apart from the obvious difference in terms of the charge, it was shown 
recently that anionic surfactants had a notable effect on the binding of 
GF to the polymer polyethylene glycol [17]. This is possibly due to the 
counterions forming a link between the polymer and the aggregation of 
anionic surfactant with GF. This effect may not be seen with a non-ionic 
surfactant, and to a small extent for cationic surfactants [17]. Hence, 
such interactions could play a key role in disruption of the biofilm 
network with the aid of surfactant and the drug. 

2. Materials and methods 

2.1. Materials 

Griseofulvin (GF), silver nanopowder (<100 nm), sodium dodecyl 
sulphate (SDS, molecular weight 288.37 gmol− 1), dodecyl-
trimethylammonium bromide (DTAB, molecular weight 308.3 gmol− 1) 
and Pluronic F127 (average molecular weight 12,600 gmol− 1) were 
purchased from Sigma Aldrich (UK). Hydroxypropylmethylcellulose 
acetate succinate (HPMCAS, average MW 20,000 Da) was obtained from 
Shin-Etsu (Japan). 

2.2. Preparation of solid dispersions and nanosuspensions by ball milling 
and spray drying 

Solid dispersions of GF, HPMCAS (1:1 w/w) and surfactant (SDS 1 %, 
2.5 % and 5 %, Pluronic F-127 1 %, 2.5 % and 5 % or DTAB 1 %, 2.5 % 
and 5 %) (total mass of 1 g) were prepared by ball milling the mixtures in 
a zirconium oxide lined grinding jars containing one zirconium ball of a 
diameter of 12 mm using a Retsch MM200 mill (Castleford, UK). The 
samples were ball milled at a frequency of 30 s− 1 for 2, 4, 6, 8, 10 and 15 
min with 2 min cooling time after every 2 min of milling to avoid 

overheating of the mill. This was followed by a suspension stage by 
which the powder was suspended in deionised water using bath soni-
cation to form 1 % w/v nanosuspensions. stability of the suspensions 
was evaluated using particles size measurements as explained below. 
The nanosuspensions were always made fresh to avoid inconsistency. 
Physical mixtures (total weight 1 g) composed of a 1:1 wt ratio of GF and 
HPMCAS, with and without 1, 2.5 or 5 wt% surfactant (either SDS, DTAB 
or Pluronic F127) were prepared by trituration in a pestle and mortar for 
10 min. Prior to the grinding all components were sieved using 120 μm 
sieve to prevent agglomeration and ensure consistency among prepared 
samples. To prepare the silver containing particles, the particles were 
first coated with silica using same process described previously [18]. 
The particles were then spray dried using a Mini spray dryer B-290 from 
Büchi (Laboretechnik AG Switzerland) and nitrogen gas was used as the 
drying gas. The formed silica coated silver nanopowders were then 
physically mixed with the solid dispersions particles that were prepared 
by ball milling and suspended. The ratio of silver was maintained in all 
dispersions at 0.01 % w/w. Details of all prepared formulations are 
summarised in Table 1. 

2.3. Particle size analysis 

Particle size of the nanosuspensions was determined using laser 
diffraction (Malvern Instruments, Mastersizer, UK). Around 10mg of 
formulation was accurately weighed and dispersed in a buffer (pH 6.8) 
which was prepared by dissolving 0.9 g of sodium hydroxide and 6.9 g of 
sodium dihydrogen orthophosphate into 1 L of distilled water. The pH of 
a prepared buffer solution was confirmed using a pH meter. Each sample 
was measured in triplicate and the particle size was expressed as the 
volume or mass moment mean diameter, D [4,3]. 

2.4. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) experiments were performed 
using DSC Q2000 (TA instruments, UK). Around 10 mg of solid disper-
sion was loaded into an aluminium pan which was hermetically sealed 
and a pin hole made in the lid to allow the removal of any residual 
moisture. The pan was then heated to 90 ◦C where they were held for 10 
min in order to remove any moisture present in the sample, after which 
time they were cooled to 25 ◦C, where they were equilibrated for 5 min, 
prior to heating to 250 ◦C at a rate of 10 ◦C/min. The melting point, heat 
of fusion and heat of crystallisation (in J/g) of the samples were deter-
mined with the heat of fusion being calculated based on the melting 
endotherm of the pure crystalline drug. Each sample was measured in 
triplicate. 

2.5. Solubility studies 

The apparent saturation solubility of GF was determined by 

Table 1 
Summary of prepared formulations, all formulations were suspended in deion-
ised water to form the nanosuspensions.  

Formulation Composition 

F1 GF (49.5 %): HPMCAS (49.5 %) + 1 % Ag 
F2 GF (47 %): HPMCAS (47 %) + 1 % Ag + 5 % SDS 
F3 GF (47 %): HPMCAS (47 %) + 1 % Ag + 5 % DTAB 
F4 GF (47 %): HPMCAS (47 %) + 1 % Ag + 5 % Pluronic F127 
F5 GF (47.5 %): HPMCAS (47.5 %) + 5 % SDS 
F6 GF (47.5 %): HPMCAS (47.5 %) + 5 % DTAB 
F7 GF (47.5 %): HPMCAS (47.5 %) + 5 % PluronicF127 
F8 GF (48.75 %): HPMCAS (48.75 %) + 2.5 % SDS 
F9 GF (48.75 %): HPMCAS (48.75 %) + 2.5 % DTAB 
F10 GF (48.75 %): HPMCAS (48.75 %) + 2.5 % PluronicF127 
F11 GF (49.5 %): HPMCAS (49.5 %) + 1 % SDS 
F12 GF (49.5 %): HPMCAS (49.5 %) + 1 % DTAB 
F13 GF (49.5 %): HPMCAS (49.5 %) + 1 % PluronicF127  
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accurately weighing approximately 20 mg of solid dispersion and 
making up to 1 mL with phosphate buffer solution (pH 6.8). The 
resulting dispersion was mixed at 20 ± 2 ◦C for 72 h using rota-mixer 
(Bibby Scientific Limited, UK), after which time the sample was centri-
fuged for 20 min at 13,000 rpm (Heraeus Biofuge Pico centrifuge). Three 
aliquots of the supernatant were then removed and diluted with buffer 
solution (pH 6.8) to enable quantification of the amount of griseofulvin 
using UV/Vis spectrometry at λmax = 294 (PerkinElmer Lambda 2). Each 
sample was measured in triplicate and the mean value ± SD were 
calculated. 

2.6. Characterization of solid dispersions by X-ray powder diffraction 

A thin layer of the sample powder was placed on the sample holder. 
The X-ray powder diffraction (XRPD) spectra of the various samples was 
determined using a Philips PW3710 X-ray powder diffractometer using 
CuK radiation (30 mA and 45 kV). The samples were analysed using 
DFFRAC plus XRD commander software (Bruker AXS GmbH, Germany) 
with a 2θ range of 5-45◦, a step size of 0.021064112◦ and time per step of 
1.33 s. 

2.7. Dynamic vapour sorption (DVS) 

Solid dispersions of GF were weighed at 25 ◦C using a Dynamic 
Vapor Sorption analyser (SMS, UK). Two sources of nitrogen gas were 
used where one of them is a dry gas while the second is 100 % moist. By 
mixing both of them, the desirable relative humidity was obtained. The 
variation in weight was recorded using a two-arm balance where the 
reference pan was empty and the sample pan was filled with the sample. 
Nitrogen gas was passed over the sample to remove the residual solvent 
content (using 0 % relative humidity). Once this was achieved, nitrogen 
gas is passed with the desired relative humidity (RH). 

2.8. Raman mapping 

Bovine hooves from freshly slaughtered cattle, free of adhering 
connective and cartilaginous tissue, were soaked in water for 24 hr. As 
these hooves were a by-product in proper food production and animals 
were not bred, kept, or sacrificed for scientific purposes but for food 
production only, ethics committee approval was not required. Mem-
branes of approximately 300 µm thick were then cut from the distal part 
of the ball horn with a cryotome. Formulations equivalent to 10 mg of 
GF were suspended in 1 mL of deionised water and each placed in an 
Eppendorf tube. Bovine hoof samples were cut to size and added to the 
Eppendorf tubes so that the hoof was completely submerged in the 
suspension. Samples were left to soak for 24 h and gently spun to reduce 
sedimentation of suspensions. A hoof sample submerged in 10 mg of GF 
dissolved in 1 mL of ethanol was used as a control. After 24 h, hoof 
samples were removed and wiped clean then left to dry. Raman mapping 
measurements were performed on the hoof samples using a Renishaw 
inVia Dispersive Raman Microscope equipped with enhanced CCD array 
detector. Spectra were collected using a 785 nm diode laser at 50 % 
power from a 3 s accumulation in the 700 – 1800 cm -1 spectral range. An 
area of 50 µm × 100 µm was mapped using a step size of 5 µm and repeat 
maps were collected in different locations as a uniformity control (n >
3). Wire software was used to assess presence of GF at each data point on 
the map by comparing collected spectra to reference spectra. Most 
notably, the presence and intensity of peaks at ~ 1620 and ~ 1710 cm -1 

since no peaks are present at these wavelengths for hoof background 
spectra. 

2.9. Preparation of fungal inoculum 

T. rubrum NCPF 935 (PHE, UK) inoculum was prepared from initial 
growth on potato dextrose agar (PDA) (Sigma-Aldrich, UK) as 
mentioned by Brilhante et al., 2017 with a few modifications. Briefly, 39 

g/L of the solids were fully dissolved in 1 L of distilled water and then 
sterilised at 121 ◦C for 15 min. The molten agar was poured into petri 
plates once it had cooled down to ~ 55 ◦C and allowed to set. A small 
piece of T. rubrum was excised from the stock and placed in the centre of 
the PDA plates and allowed to grow for a period of 7–10 days at 28 ◦C for 
optimal sporulation. The conidia and hyphal fragments were harvested 
by covering the cultures with 5 mL of sterile 0.9 % saline solution and by 
passing a sterile swab over the surface of the cultures. The 0.9 % saline 
solution containing the conidia and hyphal fragments was then collected 
and allowed to settle for 5 min at 28 ◦C to sediment the hyphae and 
separate the conidia. The conidium suspension was then gently aspi-
rated and transferred to fresh sterile tubes and serially diluted to obtain 
a suspension containing ~ 5 × 106 cfu/ mL. This was based on cell count 
performed using a haemocytometer. The conidia suspension was then 
diluted with 0.9 % saline solution to obtain a concentration of ~ 1 x106 

cfu/ mL for biofilm formation and subsequent experiments. 

2.10. Working stock of GF formulations for biofilm assay 

GF formulation powders were initially dissolved in DMSO (dimethyl 
sulfoxide) (Sigma-Aldrich, UK) according to the CLSI broth micro-
dilution protocol (Wayne, 2008) to a concentration of 800 μg/ mL. The 
formulations were then further diluted in RPMI 1640 medium, buffered 
to pH 7 with MOPS to obtain the desired concentrations for biofilm 
formation assay. 

2.11. T. rubrum NCPF 935 biofilm formation assay 

Biofilm formation by T. rubrum NCPF 935 was performed based on 
the method as mentioned by dos Santos and Dias-Souza, 2017; Costa- 
Orlandi et al., 2014 with a few modifications. Briefly, 250 μL of the 
pre-adjusted (~1 × 106 cfu/ mL) conidia suspension was added to 96- 
well plates as required. The plates were then incubated at 37 ◦C for 3 
h for adhesion of the conidia to the surface of the wells under static 
conditions. Subsequently, the growth suspension was replaced with pre- 
sterilised 250 μL of RPMI 1640 (pH 7) medium containing various 
griseofulvin formulations. The concentration of the formulations used in 
this study were equivalent to the MIC of griseofulvin against T. rubrum 
(8 μg/ mL) as depicted by Falahati et al., 2018, following CLSI (the 
clinical and laboratory standards institute guidelines) M38-A2. Biofilm 
of T. rubrum NCPF 935 were grown with and without the addition of the 
formulation and grown for a period of 96 h at 37 ◦C prior to carrying out 
subsequent assays. The assay was repeated in triplicate for each sample. 

2.12. Quantification of total biofilm biomass of T. rubrum NCPF 935 
biofilm formation by crystal violet staining 

Biofilm biomass was assessed using crystal violet staining as 
mentioned by Branado et al., 2018 with modifications. Briefly, after 96 h 
of growth, the excess growth medium was gently aspirated and replaced 
with 0.5 % (w/v) crystal violet solution to the wells in the 96-well mi-
crotiter plate as required. The plates were then incubated at room 
temperature (~25 ◦C) for 5 min. The plates were then washed gently 
under running water till all the excess stain was removed. The crystal 
violet absorbed by the biofilm was extracted using 33 % (v/v) acetic acid 
solution and transferred to a fresh 96-well plate and the absorbance was 
measured at 570 nm using a plate reader (FLUOstar Optima, BMG lab-
tech, UK). The assay was repeated in triplicate for each sample. 

2.13. Quantification of total polysaccharide in the biofilm form by 
T. rubrum NCPF 935 by safranin staining 

The extracellular matrix of T. rubrum NCPF 935 was stained using 
safranin following the method by Costa-Orlandi et al., 2014; Seidler et 
al., 2008 with a few modifications. After biofilm formation for 96 h in 
96-well plates, the ECM of T. rubrum NCPF 935 was stained using 250 μL 
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of 1 % (w/v) safranin solution and incubated at room temperature for 5 
min and gently and thoroughly washed. The optical density was then 
measured at 492 nm using a plate reader (FLUOstar Optima, BMG lab-
tech, UK). 

2.14. Metabolic activity of T. rubrum NCPF 935 by XTT assay 

XTT assay was used based on the method described by Costa-Orlandi 
et al., 2014 with a few modifications. The assay was used in this study to 
quantify the metabolic activity of the biofilm with and without the 
presence of the formulations. Stock solutions of XTT (2,3-bis (2- 
methoxy-4-nitro-5-sulfophenyl)-5- [carbonyl (phenylamino)]–2H-tetra-
zolium hydroxide) and menadione were prepared, 1 mg/mL in PBS and 
1 mM ethanol respectively, and stored at 4 ◦C. T. rubrum NCPF 935 
biofilms were grown with and without the presence of three formula-
tions (F6, F8 and F9, see Table 1) that showed the highest biofilm in-
hibition. Samples were analysed at 3, 8, 24, 48, 72 and 96 h. To the 
samples, 50 μL of XTT solution was added along with 4 μL of menadione 
into the 96-well plates and incubated at 37 ◦C for 3 h. The resulting 
formation of formazan salts and colorimetric change were measured in a 
plate reader at 490 nm (FLUOstar Optima, BMG labtech, UK). RPMI 
1640 medium, free of biofilm was used as a negative control. 

2.15. Protease activity of T. rubrum NCPF 935 

Proteolytic activity of T. rubrum NCPF 935 was measured from crude 
extract with and without the presence of formulations. The method used 
in this study was based on Kadhim, Al-Janabi and Al-Hamadani, 2015 
with a few modifications. Briefly, T. rubrum NCPF 935 was grown in PDB 
(potato dextrose broth) (Sigma-Aldrich, UK) at 37 ◦C in a rotary shaker 
at 150 rpm for 7 days. Casein from bovine milk (1 % w/v) (Sigma- 
Aldrich, UK) was used to determine the proteolytic activity. Briefly, to 
500 μL of the casein substrate, 500 μL of T. rubrum NCPF 935 filtrate 
treated with and without the formulations was added along with 100 μL 
of 0.5 M tris-HCL (pH 8) in test tubes. The reaction was carried out at 
40 ◦C for 30 min and stopped by adding 2 mL of 0.67 M trichloro acetic 
acid (TCA). The test tubes were allowed to rest at room temperature for 
1 h. The precipitate formed was removed by centrifugation at 5000 rpm 
for 15 min. The absorbance was then measured at 280 nm using a 
spectrophotometer against a blank where TCA was added prior to the 
incubation period. Unit of enzymatic activity was defined as the amount 
of enzyme that produced products by breaking down casein giving an 
absorbance of 0.1 at 280 nm under the experimental conditions. The 
following formula was used to calculate the activity of protease per mg 
of protein.  

Protease activity (U/ mL) = OD (280 nm)/(0.01 × Time × volume).              

2.16. Statistical analysis 

Statistical analysis of the data was carried out using a one-way 
analysis of variance (ANOVA) with Tukey’s multiple comparison tests 
at a significance level of p < 0.05 using the SPSS 20 software (IBM, USA). 

3. Results and discussion 

3.1. Preparation and characterization of GF solid dispersions 

In addition to improving dissolution and antifungal activity, pres-
ence of surfactants can affect the drug’s physiochemical properties. 
Based on X-ray powder diffraction analysis, the formed crystals shape, 
volume and dimensions were not affected by the presence of surfactants 
(data not shown). The lattice parameters for GF showed tetragonal 
shaped crystals with values of a = 19.7 Å and c = 8.9 Å in agreement 

with previous studies [19–21]. Indexing of the observed peaks matched 
the peaks for GF, which reflected no polymorphic changes in the crys-
talline lattices when mixed with polymers and surfactants. 

In agreement with XRPD results, the DSC thermographs indicated 
that when GF was present in the solid dispersion with or without the 
presence of a surfactant, it was present as semi-crystalline exhibiting a 
broad melting endotherm typically seen in milled solid materials 
(Fig. 1). The data indicates a variation in the relative amount of crys-
talline/amorphous content of the solid dispersions which was dependent 
upon the type, and, to a lesser extent, the amount of surfactant contained 
in the solid dispersion. For instance, in the cases of SDS-containing solid 
dispersions milled for two minutes, the crystalline content decreased 
from ~ 61 % for dispersions containing 1 wt% SDS to ~ 34 % for dis-
persions containing 5 wt% SDS. Consequently, the variation in the 
amount of amorphous content of the solid dispersions containing 1 wt% 
surfactant followed the order: solid dispersions containing SDS > solid 
dispersions with no surfactant > solid dispersions containing Pluronic 
F127 > solid dispersions containing DTAB. A similar trend was seen for 
the solid dispersions containing the higher ratios (i.e. 2.5 and 5 wt%) of 
surfactant, with the exception that the order was reversed for solid 
dispersions containing DTAB and Pluronic F127. The shift in the melting 
of GF when in the solid dispersion, compared to the pure drug, is 
indicative of the drug dissolving in the polymer network of the solid 
dispersion [22]. 

As a sign of altered molecular interactions upon mixing with the 
polymer, the glass transition temperature was found to change upon 
milling. As can be seen in Fig. 1, milled solid dispersions showed 
different Tg values where for example Tg decreased from ~ 364 K to 
around 356 K for milled solid dispersions containing F127. Similar 
trends could be observed where Tg seemed to be greatly influenced not 
only by the presence of the surfactant but also by the progressed mixing. 
Statistical analysis using ANOVA showed that the Tg values beyond 6–8 
min milling were similar signifying that a minimum mechanical treat-
ment exists where beyond this time, the particles seemed to have 
reached a constant Tg. 

The broad nature of the melting endotherms may indicate the pres-
ence of different sizes of the particles leading to a lowering of the 
melting temperature and broadening of the melting endotherm. The 
polydisperse nature of the particles of the solid dispersion is supported 
by the results of the SEM study (Fig. 1). The broadening and lowering in 
the endotherm were more evident in the presence of surfactant. A 
slightly sharper melting endotherm was observed for surfactant con-
taining particles, suggesting that these particles are less polydisperse in 
nature and therefore melt more uniformly. 

The impact of longer milling times on the melting temperature was 
clear for all dispersions containing surfactants (Fig. 2). For SDS con-
taining solid dispersions, equilibrium was observed after almost 2 min 
for all dispersions. For DTAB solid dispersions, equilibrium was reached 
after 8 min for 1 % DTAB solid dispersions. Faster equilibrium was 
reached for the 2.5 and 5 % DTAB solid dispersions reflecting the 
increased miscibility of the polymer/drug blends. For F127, solid dis-
persions, longer milling times were needed for the blends to reach the 
same melting temperature. 

3.2. Saturated solubility and assessment of the formed nanosuspensions 

The measurements of the apparent aqueous equilibrium solubility of 
GF obtained from the physical mixtures showed that incorporation of 
the anionic surfactant, SDS, into the physical mixture of GF:HPMCAS 
tended to increase the apparent equilibrium solubility of GF - solubility 
of GF in water was determined to be 40 µg/mL. Increasing the surfactant 
ratio (SDS or Pluronic F127) had minimal impact on the solubility of GF 
(range 115 to 125 μg/mL) while the presence of DTAB in the physical 
mixture actually resulted in a decrease in the apparent equilibrium 
solubility of GF. When comparing these results with the solubility of the 
drug from milled solid dispersions (Fig. 3), it was found that depending 
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upon the milling time used to prepare the solid dispersions; with an 
increase in ball milling time generally resulting in an increase in the 
apparent solubility of the GF. Milling time varied from 2 to 15 min 
resulted in increasing the apparent GF solubility from 240 to 800 μg/mL, 
with values reaching around 1200 μg/mL. However, as per physical 

mixtures increasing the ratio of the surfactant had a minimal impact on 
solubility. It was observed, however, that increasing DTAB ratio from 1 
to 5 % had a dramatic negative impact on solubility with solubility 
decreased from 750 μg/mL to ~ 120 μg/mL. 

The particle size of the nanosuspensions was investigated to 

Fig. 1. (Top) differential scanning calorimetry thermograms of GF and 1:1 GF:HPMCAS milled solid dispersions containing 1 wt% SDS, 1 wt% DTAB, 1 wt% F127 
and no surfactant; (Middle) Glass transition temperature (Tg) measurements as a function of different milling times used to prepare the milled solid dispersions of GF/ 
HPMCAS, 1:1 and SDS, DTAB or F127; (Bottom) Scanning electron microscopy images of the GF:HPMCAS ball milled solid dispersions prepared using for 10 min 
milling and containing (a) 1 wt% SDS, (b) 1 wt% DTAB, (c) 1 wt% Pluronic F127 and (d) no surfactant. 
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determine stability and differences among different formulations. The 
size of the particles of the various nanosuspensions upon dispersal in an 
aqueous media of phosphate buffer at pH 6.8 was measured using laser 
diffraction (Fig. 4). While it is acknowledged that the sizes may not 
reflect the original size of the particles present in the parent solid 
dispersion, they can be used to assess whether the particles have 
aggregated/agglomerated in water. With this limitation in mind, it can 

be seen that the size of the surfactant-containing solid dispersions after 
two minutes in suspension exhibited a smaller size than the original 
(surfactant-free) solid dispersion. Furthermore, as the amount of sur-
factant used to prepare the solid dispersion increases, the size of the 
resultant particles of nanosuspensions decreased (Fig. 4). For example, 
upon dispersal, the particle size range measured of the SDS-containing 
particles was 4.9–15 μm for dispersions containing 1 wt% SDS and 

Fig. 2. Melting point onset in relation to milling time used to prepare milled solid dispersions of GF/HPMCAS, 1:1 and SDS, DTAB or F127.  
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4.8–7.8 μm for dispersions prepared using 5 wt% SDS. A similar, but 
more pronounced reduction in size range upon increasing surfactant was 
observed for the nanosuspensions containing DTAB and Pluronic F127 
where the size decreased from 14 to 38 to 4.5–6 μm upon increasing 
DTAB ratio from 1 to 5 wt% and from 8.6 to 25 to 3.6–6.4 μm in going 
from 1 to 5 wt% Pluronic F127. The nanosuspensions prepared using 1 
wt% SDS were smaller in size than those containing the same amount of 

either DTAB or Pluronic F127, a similar result to that seen with the SEM 
measurements of solid dispersions containing 1 wt% of surfactant. In 
contrast, however, the size of the nanosuspensions containing 5 wt% 
surfactant was of a much more comparable size and independent of 
surfactant type. 

Fig. 3. Apparent saturation solubility of GF from ball milled solid dispersions containing a 1:1 wt ratio of GF:HPMCAS bead prepared by milling for differing periods 
and containing (a) 1 wt%, (b) 2.5 wt% or (c) 5 wt% surfactant (either SDS, DTAB or Pluronic F127). For comparison the results obtained for milled solid dispersion 
without surfactant are shown. All measurements were performed in triplicate and made using phosphate buffer at pH = 6.8 as solvent at room temperature. The 
symbols *, + indicate no statistical difference among annotated groups, the rest of data sets are statistically different (p < 0.05). All measurements were repeated in 
triplicate, the data represent mean ± SD. 

H. Al-Obaidi et al.                                                                                                                                                                                                                              



European Journal of Pharmaceutics and Biopharmaceutics 179 (2022) 194–205

201

3.3. Assessment of sorption/ desorption using dynamic vapor sorption 
(DVS) 

It is essential for the drug formulation to adhere to the surface of the 
nail otherwise minimal absorption of the drug would occur. The po-
tential to adhere to the surface is related to the extent and rate of water 
uptake which was assessed using dynamic vapor sorption (DVS). Within 

a typical measurement, the sample undergoes a reversible sorption/ 
desorption event. The result is sorption isotherm which describes the 
amount of water (vapor) adsorbed or desorbed at the surface at different 
partial pressures. The isotherm shapes can identify the nature of the 
material and in general materials are classified according to their 
isotherm based on the BDDT classification [23]. 

It Is generally agreed that adsorption of water can occur through 

Fig. 4. Particle size analysis of GF nanosuspensions prepared from ball milled solid dispersions containing a 1:1 wt ratio of GF:HPMCAS bead prepared by milling for 
differing periods and containing (a) 1 wt%, (b) 2.5 wt% or (c) 5 wt% surfactant (either SDS, DTAB or Pluronic F127). For comparison the results obtained for milled 
solid dispersion without surfactant are shown. All measurements were performed in triplicate and made using phosphate buffer at pH = 6.8 as solvent at room 
temperature. The symbols *, **, , + indicate no statistical difference among annotated groups, the rest of data sets are statistically different (p < 0.05). All 
measurements were repeated in triplicate, the data represent mean ± SD. 
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either monolayer formation, cluster formation or combination. If the 
heat of sorption is high (i.e., high affinity of vapour to adsorb to the 
surface) then the water molecules will adsorb as a monolayer of mole-
cules. On the contrary if the heat of sorption was similar to the heat of 
condensation, only small number of molecules will adsorb at the surface 
at low partial pressures. This results in condensation at higher partial 
pressures and therefore cluster formation as opposed to monolayer 
formation. For mixtures such as the studied solid dispersions, a type IV 
hysteresis is expected which implicates that cluster formation would 
occur. 

As can be seen in Fig. 5, adsorption did not coincide with the 
desorption indicating different kinetics for water removal. This hyster-
esis (i.e. difference between the two events) can explain how the ma-
terial responds to water activity. Upon inclusion of surfactants into the 
GF: HMCAS solid dispersion the hysteresis shape did not change but 
rather the total amount of adsorbed water has increased. When 
comparing the different surfactants, SDS and DTAB exhibited similar 
pattern showing reduced absorption at partial pressure of approximately 
below 70 %. On the contrary SDS and DTAB showed slightly higher 
hydrophilicity especially at partial pressure above 70 %. In the case of 
SDS and DTAB solid dispersions, longer milling time led to enhanced 
amount of absorption but again the hysteresis has not changed. Inter-
estingly, F127 solid dispersions did not show any change in the isotherm 
even when milled for 10 min. This differences in the hysteresis upon 
changing the surfactant type and milling conditions indicate that the 
surface/bulk properties have changed, and these changes are dependent 
on milling conditions. 

3.4. Assessment of permeability using Raman mapping 

In this study bovine hooves were used as model for the human nail. 
To assess permeability, Raman mapping was used as opposed to other 
methods used in the literature. Rationale to use Raman mapping is the 
ability to distinguish the drug from other components but more 
importantly is the simulation of real conditions that are used when the 
formulation was to be applied by the patient. The analytical benefit for 
this technique is that the drug can be differentiated from the hoof tissue. 

The sliced bovine hooves were immersed into the nanosuspensions and 
then removed and dried. Any residual powder was removed to ensure 
that the measured spectra reflect drug that penetrated through the tis-
sue. The amount of GF that that was applied was identical (approxi-
mately 1 % w/v) so that to ensure no differences result from larger or 
lower amounts of GF applied on the hoof. For each formulation, 10 mg of 
GF suspended in 1 mL denoised water or ethanol were applied to each 
sample and each was repeated in triplicate to ensure reproducible data. 
We also verified similar patterns by scanning different regions within the 
same hoof sample. 

Analysis of Raman data (Fig. 6) revealed presence of GF in all hoof 
samples except hoof soaked in ethanol which acted as a control. For-
mulations in order of most to least GF distribution are as follows: DTAB 
> F127 > No Surfactant > SDS. Formulations in order of highest to 
lowest GF concentration are as follows: DTAB > F127 > SDS > No 
Surfactant. Amount of GF was estimated based on intensity of identifi-
able peaks at ~ 1600 and ~ 1700 cm -1. This is demonstrated in Fig. 6 by 
a spectrum from a single point on each Raman map (red) showing 
highest intensity of GF compared to GF reference (blue). From these 
results it can be concluded that adding a polymer to the GF formulations 
enhanced the surface adherence the bovine hoof. Furthermore, the 
addition of a surfactant increased the penetration of GF dependant on 
the type of surfactant used. GF is likely to have adhered to the hoof 
surface rather than formed a film coating as this would have been 
removed during the hoof cleaning step. It is difficult to draw conclusions 
from GF peak intensity within the map as these may be influenced by the 
Raman laser focusing. Since the hoof samples were not completely flat, 
and auto focusing was not available, poor focusing may account for the 
differences seen (for example between SDS and no Surfactant). 

3.5. Assessment of antifungal activity on infected bovine hooves 

The validity of infected slices of bovine hooves to study the effect of 
drugs was demonstrated elsewhere [24]. The hooves were sliced to a 
similar thickness so that to mimic human nail of approximately 300 µm. 
The results showed a higher level of T. rubrum NCPF 935 biofilm inhi-
bition was achieved with F6, F8 and F9 formulations containing GF 

Fig. 5. Dynamic vapour sorption (DVS) of ball milled solid dispersions containing a 1:1 wt ratio of GF:HPMCAS bead prepared by milling for 2 and 10 min and 
containing 2.5 wt% surfactant (either SDS, DTAB or Pluronic F127). For comparison the results obtained for milled solid dispersion without surfactant are shown. 
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(Fig. 7). The effect of F6, F8 and F9 were further observed to reduce the 
ECM content of T. rubrum NCPF 935 biofilm compared to the other 
formulations. However, F9 seemed to be the most effective of all in 
reducing ECM content of the biofilm. The difference was statistically 
significant when compared to other formulations. Of the three formu-
lations, F8 and F9 were found to be the most effective in reducing the 
metabolic activity of T. rubrum NCPF 935 over a period of 96 h, when 

compared to F6 as well as the untreated control (p < 0.05). The reduc-
tion in the metabolic activity was apparent after a period of 48 hr till the 
end of the experiment. Similarly, F6 and F9 were found to show the 
highest reduction in protease production which is a common enzymatic 
virulence factor produced by saprophytic fungi. However, statistical 
difference was only significant when compared with F6, F12 and F13. 
These results showed that formulations containing GF: HPMCAS (1:1) 

Fig. 6. Raman mapping data of bovine hoof (nail) exposed to GF in ethanol, no surfactant in water, SDS in water, DTAB in water and F127 in water (surfactant ratio 
is 2.5 %). Red = detectable API; Green = Nail with no detectable. API Spectra = a single datapoint from red region of the map where programme detected API. No API 
detectable for ethanol map. The blue spectra refer to drug and the red spectra refer to formulations on hooves. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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along with DATB (2.5 % and 5 %) were highly effective against biofilm 
formation by T. rubrum. Similarly, GF: HPMCAS + 2.5 % SDS was found 
to be substantially potent when compared with all the 13 formulations 
used in this study. Inclusion of colloidal silver did not seem to improve 
antifungal activity as compared with other formulations. 

F1: GF (49.5 %): HPMCAS (49.5 %) + 1 % Ag; 
F2: GF (47 %): HPMCAS (47 %) + 1 % Ag + 5 % SDS; 
F3: GF (47 %): HPMCAS (47 %) + 1 % Ag + 5 % DTAB; 
F4: GF (47 %): HPMCAS (47 %) + 1 % Ag + 5 % Pluronic F127; 
F5: GF (47.5 %): HPMCAS (47.5 %) + 5 % SDS; 
F6: GF (47.5 %): HPMCAS (47.5 %) + 5 % DTAB; 
F7: GF (47.5 %): HPMCAS (47.5 %) + 5 % PluronicF127; 
F8: GF (48.75 %): HPMCAS (48.75 %) + 2.5 % SDS; 
F9: GF (48.75 %): HPMCAS (48.75 %) + 2.5 % DTAB; 
F10: GF (48.75 %): HPMCAS (48.75 %) + 2.5 % PluronicF127; 
F11: GF (49.5 %): HPMCAS (49.5 %) + 1 % SDS; 
F12: GF (49.5 %): HPMCAS (49.5 %) + 1 % DTAB; 
F13: GF (49.5 %): HPMCAS (49.5 %) + 1 % PluronicF127. 

4. Conclusions 

Solid dispersions of the antifungal drug griseofulvin were prepared 
by mechanochemical activation followed by formation of stable nano-
suspensions. These formulations eliminate the need for organic solvents 
to help with solubilising the components as drug solubility was 
enhanced by the molecular mixing in solid state as well as inclusion of 
the surfactants. The results showed enhanced permeability through the 
bovine hooves. Inclusion of silver did not enhance the antifungal activity 
of the drug hence there is minimum benefit for its inclusion. Solid dis-
persions that contained DTAB showed optimum antifungal properties, 
and these can be suggested as potential formulations for onychomycosis. 
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