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Abstract. The present study aims at developing efficient econazole (ECO) platforms as topical creams for the treatment of
fungal skin infections. The hexagonal mesoporous silica nanoparticle, known as MCM41, was synthesized and functionalized
by aminopropyl groups (MCM41-NH2 ). Various ECO concentrations were loaded into MCM41 and MCM41-NH2 (MSNs);
the optimized complexes with the highest entrapment efficiencies were characterized by X-ray powder diffraction, scanning
electron microscopy (SEM) and gas-volumetric analysis (BET). SEM images showed a spherical shape of the parent
nanoparticles—higher drug loading and incorporation into the nanoparticles were obtained by amino-functionalized MCM41.
Cytotoxicity assays of MCM41 and MCM41-NH2 and the ECO inclusion complexes elucidated no toxicity to human dermal
fibroblast cell lines. Enhanced antifungal activity against Candida albicans was observed for ECO/MCM41-NH2 compared
with ECO/MCM41 and simple cream. No irritation was observed by the cream containing ECO/MSN application on white
male rabbit skin after 72 h. MSNs were stable within 1 year storage. ECO-loaded silica nanoparticles can be considered for
the development of reliable alternatives to ECO cream for the treatment of skin fungal infections.
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1. Introduction
Econazole (ECO), an imidazole antifungal drug used for the
treatment of infections such as athlete’s foot, jock itch, ringworm and tinea versicolor is marketed as a topical cream
and ointment [1] and acts by inhibiting lanosterol 14-αdemethylase, depletion of ergosterol, disruption of fungal
membranes and growth inhibitors [2]. The major formulation complication of ECO is its poor-water solubility [3]
which limits drug penetration through stratum corneum and
lowers antifungal effects [4]. For efficient antifungal efficacy of the topical formulation, the drug should be applied
for a longer time which reduces patient compliance during
treatment [5]. One approach to improve drug efficiency is its
loading into nano-formulations [6]. Nano-scale drug delivery
is a promising system to improve skin penetration of topical formulations [7,8]. Nano-formulations such as solid–lipid
nanoparticles [9], liposomes [10], niosomes [11], micelles
[12], nanoemulsions [13] and silica nanoparticles [14] may
increase drug efficiency and activity [15]. Investigations have
been performed for ECO loading into nanocarriers [1]; ECO
complexation with cyclodextrin-augmented drug solubility
0123456789().: V,-vol

and ECO loaded into MCM41 was introduced as a topical
powder formulation [15,16].
MCM41, a silica mesoporous compound with parallel
nanosized pores (20–750 nm) exhibits a homogeneous spherical or rod shaped with an external smooth surface. Depending
on processing conditions, a wide range of particle configurations can be obtained making for a good drug carrier
[17,18]. The shape and pore size are controllable during their
synthesis [19]; a high-surface area characteristic to this compound increases its potential for higher adsorption and loading
capacity [20]. Recently, MCM41 has gained attention as a
cargo in drug delivery due to its biocompatibility, stability
and porosity [21]. It is highly resistant against organic solvents and microbial attacks [22]. Si–OH abundance on the
MCM41 surface can ease the interaction with other drugs
via hydrogen bonding and improves drug solubility [23]; the
bonds are not strong enough to hold drugs and allow them to
be released in a sustained manner [24,25].
Silica nanoparticles are able to improve the solubility of
poorly water-soluble drugs and enhance the absorption and
bioavailability of these compounds. They can be used for the
delivery of a wide range of therapeutic entities from small
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molecules to peptides and proteins including hydrophobic and
hydrophilic entities [26].
Here, it was our interest to study the effect of aminefunctionalized MCM41 for ECO topical delivery. To our
knowledge, there has been no detailed report comparing
MCM41 and amine-functionalized MCM41 for topical ECO
delivery as a drug matrix. Therefore, ECO was loaded
into negatively charged MCM41 and positively charged
MCM41-NH2 . The inclusion complexes were formulated into
a cream and tested for antifungal activity against Candida
albicans. The in vitro penetration profile, toxicity via 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay on the human dermal fibroblast (HDF) cell line
and irritation study on rabbit skin were also investigated.
2. Experimental
2.1 Materials
N -Cetyltrimethylammonium bromide (CTAB), acetone,
methanol, ethanol, sodium hydroxide and hexane were
purchased from Merck Co., Germany. ECO nitrate, (3aminopropyl)triethoxysilane (APTES), tetraethyl orthosilicate (TEOS, 98%), phosphate-buffered saline (PBS) and MTT
were purchased from Sigma-Aldrich (USA). All reagents
were of reagent grade and used without further purification.
2.2 Synthesis of mesoporous MCM41
MCM41 was synthesized by the method reported by Beck
et al [27]. Briefly, a CTAB solution (4 mg ml−1 ) was prepared
in 500 ml deionized water and preheated up to 80◦ C, then
sodium hydroxide (2 eq l−1 , 7 ml) was added and stirred for
30 min at the mentioned temperature. To this solution TEOS
(11.3 ml) was added and stirred for 2 h at 80◦ C. The obtained
colloidal solution was purified via centrifugation (14,000 rpm,
15 min). The final product was washed with distilled water
and ethanol (×4) and dried. MCM41 was calcinated at 550◦ C
for 6 h to remove CTAB from the internal pores.
2.3 Modification of MCM41
APTES was used for amine-modification of MCM41. Dry
toluene (15 ml) was placed in a round-bottom flask containing
MCM41 (0.5 g). APTES (2.5 ml) was added dropwise and
the solution was refluxed for 24 h. The solid product was
isolated after cooling and centrifugation then washed with
ethanol (×2) and deionized water (×3) and dried in an oven
at 80◦ C for 3 h [28].
2.4 ECO loading into MCM41 and MCM41-NH2
ECO, a known antifungal drug of the azole group (figure 1)
was loaded to MCM41 and MCM41-NH2 (300 mg) by mixing
ethanolic ECO solutions (300, 150 and 100 mg) with nanoparticle dispersions (ECO/MCM41: A (1:1), B (1:2), C (1:3) w/w

Figure 1. Chemical structure of ECO.

and ECO/MCM41-NH2 : D (1:1), E (1:2), F (1:3) w/w). ECO
solutions were immersed in silica dispersions at 25◦ C for
24 h under a stirring rate of 400 rpm. ECO-loaded MCM41
and MCM41-NH2 were centrifuged for 20 min, the supernatants were used for UV measurement; the residues were as
collected and washed several times with ethanol and water.
Finally, the samples were dried at 80◦ C for 12 h. Entrapment
efficiency (EE%) was calculated by equation (1).
Entrapment efficiency (EE%) = [(m 0 − m 1 )/m 0 ] × 100
(1)
where m 0 is the initial drug weight before loading and m 1 is
the drug weight after loading in solution. Loading capacity
was obtained as
Loading capacity (LC%) = [(m 0 − m 1 )/m 2 ] × 100

(2)

where m 0 is the initial weight of drug before loading, m 1
is the drug weight in solution after loading and m 2 is the
nanoparticle weight.
2.5 Preparation of cream formulations
For preparing cream, the lipid phase (containing glyceryl
monostearate, mineral oil, butylated hydroxytoluene, spermaceti and stearyl alcohol) was heated to 75◦ C. The aqueous
phase (containing polysorbate 80, polysorbate 60, sorbic acid,
potassium sorbate, sorbitol and distilled water) was added
to the lipid phase at the same temperature under stirring
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(600 rpm) and then cooled down to 25◦ C. ECO/MCM41 (A–
C) and ECO/MCM41-NH2 (D–F), (ECO content, 1% w/w)
were added to the base cream under stirring.
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The experiment was repeated three times independently and
data were presented as mean ± SD [29].
2.8 In vitro cytotoxicity assay

2.6 Instrumental analysis of ECO nanoparticles
2.6a X-ray powder diffraction (XRPD): Phase analyses
of the synthesized samples were examined using XRPD
(Xpert Pro MPD, Panalytical, Netherlands). A scanning rate
of 0.02◦ s−1 was applied to record the patterns in the 2θ angle
range from 5 to 90◦ .
2.6b Gas-volumetric analysis (BET): Nitrogen adsorption–
desorption isotherms were determined by an apparatus
Micromeritics with ASAP 2010 (Norcross, GA) at 77 K. The
specific surface area was calculated by applying the Brunauer,
Emmett and Teller (BET) method. The pore size was detected
by the BJH–KJS method. The samples were degassed at 80◦ C
for 5 h.
2.6c Fourier transform infrared (FTIR) spectroscopy: The
FTIR spectrum was recorded by a Jasco model FTIR-410
(Jasco Corporation, Tokyo, Japan) working with a resolution
of 4 cm−1 over 64 scans. Before FTIR analysis, the samples
were outgassed at room temperature to remove physically
adsorbed water and impurities. Samples were ground with
KBr (drug/KBr: 1/10 w/w) and pressed into a plate.
2.6d Scanning electron microscopy (SEM): SEM (SIGMA
VP-500, Netherland) was used to study the morphology and
the size of MCM41, MCM41-NH2 and inclusion complexes.
Samples were dried on a stub and sputter coated with gold
prior to analysis.
2.6e Determination of size and zeta potential: The mean
average hydrodynamic diameter, poly dispersity index (PDI)
and zeta potential of MCM41, MCM41-NH2 and the ECO
complexes were measured by dynamic light scattering
(Malvern Nano Z5-ZEN 3600, England).
2.7 In vitro release study
In vitro ECO release was assessed by Franz diffusion cell
apparatus. Two glass cells (volume 22 ml, diffusion area
3.3 cm2 ) separated by a cellulose dialysis membrane (12–
14 kDa, Spectrum Labs) were fixed horizontally. PBS solution
(pH 7.4) was used as a release medium for acceptor compartment. The receiving cell was stirred gently with a magnet
during the experiment at 37◦ C. An appropriate amount of
cream formulations (ECO, 1% w/w) (A–F) were applied on
the cellulose membrane in contact with PBS in the donor cell.
A volume of 500 μl of the release medium was collected from
the receiving cell at predetermined time intervals (0.5, 1, 2,
3, 4, 5, 6, 7, 8 and 24 h) and replaced with the same amount
of fresh PBS. The amount of released ECO from the formulation was measured via UV–Vis spectroscopy at 253 nm.

The in vitro cytotoxicity assay was performed on the HDF cell
line to evaluate the safety of MCM41, MCM41-NH2 and ECO
inclusion complexes. ECO/MCM41 and ECO/MCM41-NH2
complexes with the highest EE (A and D) were selected for
cytotoxicity experiments. Cells were cultured (20,000 cells
per well) in RPMI-1640 medium supplemented with fetal
bovine serum (10% v/v) in a 96-well plate and incubated at
37◦ C for 24 h for gaining cell attachment and confluency.
The medium was removed and the cells were treated with
the prepared samples (100, 200, 500 and 1000 ppm) in the
fresh culture medium. Cytotoxicity of the samples was evaluated after 24 h via the MTT assay. The content of each well
was removed and replaced with MTT (5 mg ml−1 ) in culture medium and incubated for 3 h. Formazan crystals were
dissolved with isopropanol (50 μl, 70%) and read by a plate
reader at 570 nm.
2.9 In vitro antifungal activity
Antifungal efficacy was performed on C. albicans by the
Mueller–Hinton agar diffusion test. To prepare a microorganism sample, cultured C. albicans on Sabouraud dextrose
agar containing chloramphenicol at 35 ± 2◦ C was transferred
into Sabouraud dextrose broth and incubated at this temperature for 12 h. Cells were collected by centrifugation (1000g,
10 min) and suspended in normal saline to reach the 0.5
McFarland turbidity standards. On a Petri dish, Mueller–
Hinton agar and glucose (2%) were added and dried at a depth
of 4 mm. C. albicans was seeded by a swab from the prepared
inoculum on the entire surface of a Petri dish. Cavities of
4 mm were punched out. Samples (A–F) containing ECO
(1% w/w) were suspended in agarose, and the suspensions
(50 μl) were added into each cavity. Petri dishes were dried at
ambient temperature to let the samples solidify in the cavity.
Petri dishes were incubated at 35 ± 2◦ C for 24 h. Finally, antifungal activity was evaluated by measuring the zone diameter
from the point where a sharp reduction of growth density was
observed [15].
2.10 In vivo skin irritation study
MCM41, MCM41-NH2 , ECO/MCM41 (A–C) and ECO/
MCM41-NH2 (D–F) were separately loaded in a cream (1%
w/w ECO). The irritability of the samples (A–F) and the controls were assessed on a white male rabbit. For this purpose,
two pieces of sterile gauze (2.5 × 2.5 cm), one containing a
sample and the other as a negative control were applied onto
the shaved skin of the rabbit and left for 24 h. The skin was
examined for any signs of erythema, rash, skin crust, ulcer or
oedema after 1, 24, 48 and 72 h. The study was conducted by a
protocol approved by NAMSA Ethical Committee. Obtained
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Figure 2. SEM of (a) MCM41 and (b) MCM41-NH2 .

data were evaluated by using two-way ANOVA. Samples were
analysed and considered statistically at p < 0.05 [30].
2.11 Physical stability
Physical stability was evaluated by storing the creams in a
stability chamber at 5 ± 2 and 25 ± 2◦ C with 70% relative
humidity (RH) for 12 months.

3. Results and discussion
3.1 Characterization of MSNs and ECO/MSNs
The SEM images of MCM41 and MCM41-NH2 are shown in
figure 2. Regular spherical or ellipsoid particles with a smooth
Table 1.

(2020) 43:13

surface are observed for MCM41 and MCM41-NH2 originating from hexagonal analogues at the 100–500 nm scale
(figure 2).
EE and LC% were obtained for ECO/MSN complexes (A–
F). The maximum EE and LC% were obtained as 42, 29.57%
for ECO/MCM41 (A) and 63, 38.65% for ECO/MCM41-NH2
(D) at the ratio of 1/1 (table 1). Complexes with the highest
EEs (A and D) were employed for further experiments.
The size values of the complexes (A and D) were determined as 45, 67, 39 and 91 nm and zeta potential values
as −12.14, 32.52, −17.51 and 33.63 for MCM41, MCM41NH2 , ECO/MCM41 (A) and ECO/MCM41-NH2 (D), respectively. The PDI range varied between 0.34 and 0.42. Negative
zeta potential was obtained for MCM41 particles whereas the
positive value was measured for amino-functionalized particles due to the relative positive charge created on the MCM41
surface after amine functionalization. This proves successful functionalization of MCM41 and the presence of amino
groups on the surface. Surface charges of the parent silica are
partially changed upon ECO loading.
XRD and BET were used to analyse the structural properties of MCM41, MCM41-NH2 , ECO/MCM41 (1:1) and
ECO/MCM41-NH2 (1:1). The low-angle XRD pattern indicated three high-intense peak 2θ values at (100), (110)
and (200) corresponding to the hexagonal p6mm space
group for the mesoporous silica material (MCM41). Similar XRD patterns have been reported for MCM41 [29,
31,32]. Some decrease in the 100 reflections in the pattern of MCM41-NH2 indicated partial structure deterioration
upon amino functionalization (figure 3). A decrease in the
intensity of the peaks in the order of MCM41 > MCM41NH2 > ECO/MCM41 > ECO/MCM41-NH2 showed that
ECO is mostly dispersed in the pores of MCM41 and
MCM41-NH2 . The greatest decrease was observed for
ECO/MCM41-NH2 which can be assigned to effective interaction of ECO with MCM41-NH2 (figure 3). Similar XRD
patterns were observed in other MSN inclusion complexes
[15,29,33].
Gas-volumetric analyses of MCM41, MCM41-NH2 , ECO/
MCM41 and ECO/MCM41-NH2 are shown in figure 4 and
the calculated BET-specific surface areas are shown in table 2.
Type IV isotherms with the H1 hysteresis loop, typical of
mesoporous materials were observed for all samples [34,35].
The prepared MCM41 and MCM41-NH2 are spherical with

EE and LC of different ratios of ECO/MCM41 and ECO/MCM41-NH2 (1/1, 1/2, 1/3).

Formulations
ECO/MCM41 (A)
ECO/MCM41 (B)
ECO/MCM41 (C)
ECO/MCM41-NH2 (D)
ECO/MCM41-NH2 (E)
ECO/MCM41-NH2 (F)

ECO/MSN ratio
1/1
1/2
1/3
1/1
1/2
1/3

EE (%)
42
39
38
63
46
43

LC (%)
29.57
27
26
38.65
35
25
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Figure 3. XRD patterns of MCM41, ECO/MCM41, MCM41NH2 and ECO/MCM41-NH2 .

the size of 45 and 67 nm. They can easily agglomerate and
form a secondary mesopore between the particles which are
much bigger than the particle channel system and the drugs
can be embedded in these pores. The slope at intermediate p/ p0 = 0.35 shows the nitrogen capillary condensation
inside the mesopores, while the H1-type hysteresis loop
at high p/ p0 < 1 is indicative of capillary condensation
of nitrogen into the secondary mesopores and interparticle
macroporosity (figure 4a). The observed hysteresis loop at
p/ p0 < 1 for all samples indicates the formation of interparticle macroporosity [35–38].
After ECO loading and NH2 functionalization, the adsorbed-nitrogen volume at p/ p0 values around 0.3 decreased,
the specific surface area also decreased from 1553 m2 g−1
for MCM41 to 1062 m2 g−1 (MCM41-NH2 ), 620 m2 g−1
(ECO/MCM41) and 164 m2 g−1 (ECO/MCM41-NH2 ) showing that NH2 and ECO are inserted into the MSN mesopore
volume (table 2). The BJH–KJS method showed reduction in the pore size and mesopore volume from 2.54 nm,
0.76 cm3 g−1 for MCM41 to 1.56 nm, 0.21 cm3 g−1 for
MCM41-NH2 ; 1.92 nm, 0.60 cm3 g−1 for ECO/MCM41 and
0.35 nm, 0.05 cm3 g−1 for ECO/MCM41-NH2 (figure 4b,
table 2). Amine functionalization caused some reduction in
the surface area, pore diameter and pore volume, while ECO
loading on MCM41-NH2 caused a total pore filling. Similar changes are observed in other inclusion complexes with
MSNs [15,29,39]. Obtained data are in agreement with XRD
data suggesting an effective NH2 functionalization and ECO
loading within silica nanoparticle porosity.
FTIR was used to determine surface information of
MCM41 and MCM41-NH2 and ECO loading into the bare
and functionalized silica surface [31] (figure 5). The IR spectrum of ECO shows prominent peaks for various groups at
638 (C–Cl stretching), 1089 (ether C–O stretching), 1326
(C–N stretching), and 1589 (aromatic C=C stretching) and
3108 cm−1 (aromatic C–H stretching) (figure 5). The FTIR
spectrum of MCM41 shows a band at 3744 cm−1 corresponding to isolated terminal silanol groups and at 3421 cm−1

Figure 4. (a) Nitrogen adsorption–desorption isotherms measured
on MCM41, ECO/MCM41, MCM41-NH2 and ECO/MCM41-NH2
and (b) pore volume distribution profiles of MCM41, ECO/MCM41,
MCM41-NH2 and ECO/MCM41-NH2 .

related to the O–H stretching vibration of the surface silanol
group associated with Si–OH and water vibrations. The large
band around 1240–1030 cm−1 assigned to Si–O–Si asymmetric stretching mode and the band at 809 cm−1 related
to bending vibration (rocking mode) of Si–O–Si confirm
the presence of silica in the prepared nanosilicas [40]. ECO
loading into MCM41 caused many changes; the peak at
3744 cm−1 disappeared and the intensity of the broad band
between 3500 and 2150 cm−1 slightly increased. The physical mixture spectrum indicates the presence of peaks relative
to both MCM41 and ECO (figure 5). The above changes suggest that ECO interaction with MCM41 takes place through
hydrogen bonding interactions with the surface of the Si–OH
groups. NH2 functionalization of MCM41 was qualitatively
confirmed by FTIR spectra. In the spectrum of MCM41NH2 (figure 5), the presence of a peak in the high-frequency
region at 3451 cm−1 can be related to NH stretching vibration. Appearance of a peak at 1591 cm−1 corresponding
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Textural properties of silica-based samples.

MCM
ECO/MCM41
MCM-NH2
ECO/MCM-NH2

SSA (m2 g−1 ) (BET)

Pore diameter (BJH)

Vp (cm3 g−1 ) (PM method)

1553.15
1062.51
620
164

2.54
1.92
1.56
0.35

0.76
0.60
0.21
0.05

Figure 5. FTIR spectra of (a) ECO, MCM41, ECO/MCM41 (1/1) and (b) MCM41-NH2 , ECO/MCM41-NH2 (1/1).

to NH2 asymmetric bending vibration confirms successful
amine functionalization of MCM41 [31]. In the FTIR spectrum of ECO/MCM41-NH2 , the presence of ECO bands at
1326 (C–N stretching) and 1589 cm−1 (C=C stretching) confirms the integrity of the ECO structure in the nanoparticles.
The broad band at 3600–3130 cm−1 is indicative of occurring
more hydrogen bonds between ECO and MCM41-NH2 which
suggests that the amino group plays an important role in the
interaction with ECO (figure 5). Similar spectral changes are
observed in inclusion complexes of rutin with MSNs [29].

3.2 In vitro ECO release
The drug release study from the inclusion complexes and ECO
as cream formulations was performed through a dialysis membrane. In vitro release profiles from ECO/MCM41 (A–C) and
ECO/MCM41-NH2 (D–F) creams (1% w/w, ECO) as well
as simple ECO cream (1% w/w) based on PBS as a receiver
phase are shown in figure 6.
In the first hour, the drug release rate was slow for all
formulations (A–F). A burst release started after 2 h for A,
B and C formulations and continued to 4 h and reached a
plateau which indicates no more release after 5 h. D, E and F

Figure 6. ECO release profile from ECO/MSNs at various ratios:
1/1, 1/2 and 1/3 and different time intervals (0.5, 1, 2, 3, 4, 5, 6, 7, 8
and 24).

formulations showed a slower release rate starting at 2 h
continued to 8 h. Observed slow release rates for D–F formulations can be assigned to hydrogen bonds between the ECO
carbonyl group and amine group of MCM41-NH2 leading to
stronger attractions between the drug and the silica matrix.
The obtained results are in agreement with the FTIR results
which showed hydrogen bonds between ECO and MCM41NH2 .

Bull. Mater. Sci.

(2020) 43:13

Page 7 of 9

13

Formulations A, B and C showed complete and similar
active ingredient release trend from their nano-carrier; in fact,
more than 80% of ECO was released within 4 h from MCM41
(A: 1/1), while D, E and F formulations released 70% of the
drug after 8 h.
No more release observed after 5 h for A, B and C and
8 h for D, E and F formulations. Simple cream could only
deliver 58% of ECO. Therefore, D, E and F formulations can
be proposed as a new potent antifungal drug delivery system
for their controlled release potential.
3.3 MTT assay
Safety and cytotoxicity of MSNs and ECO/MSNs were
assessed on HDF fibroblast cells at different ECO concentrations (100, 200, 500 and 1000 μg ml−1 ) after 24 h by the
MTT assay (figure 7). Reported cell viability above 56% for
ECO, 85% for MCM41, 91% for MCM41-NH2 , 62% for
ECO/MCM41 (A) and 70% for ECO/MCM41-NH2 (D) is
assumed to be safe at the examined concentrations (MCM41
is not shown here). For treated cells with ECO, cytotoxicity
is observed on HDF. ECO inhibits 14-α-demethylase enzyme
which is a family of cytochrome P450 enzyme responsible for
sterol biosynthesis [34]. The structure of 14-α-demethylase
CYP450 enzymes is identical to various species. Azolederived antifungal drugs inhibit both fungal and mammalian
sterol 14-α-demethylase [41]. Sterols in human and fungi
play various biological roles such as maintaining cell membrane integrity. 14-α-Demethylase inhibition leads depletion
of ergosterols and accumulation of their precursors. Therefore, methylated precursors alter biological cell function
causing cell death via apoptosis [42,43]. While MCM41 and
MCM41-NH2 nanoparticles are not toxic against the HDF
cell line, cytotoxic activity of the nanoparticles is related
to ECO inhibitory action on cell growth. ECO loading into
MSNs slightly decreased drug cytotoxicity at concentrations
between 100 and 500 μg ml−1 at a p-value of 0.1. There is no
significant difference in cytotoxic activity of ECO and ECOloaded MSNs at 100–1000 μg ml−1 against the HDF cell line.
HDF cell lines treated with MCM41 and MCM41-NH2 maintained their morphology in comparison with negative control,
while the morphology of ECO-loaded MSNs is changed. ECO
loading to MSNs caused rounding of HDF cells and changing
adhesion ability and cell shrinkage. All these morphological
changes in HDF cells are a result of possible apoptosis in
contact with ECO/MSNs [44,45].
3.4 Antifungal activity
Antifungal activity of ECO-loaded nanoparticles was determined by the well diffusion test—statistical analysis was
performed using two-way analysis of variance (ANOVA).
Diameters of growth inhibition zones for five different
concentrations of each sample against C. albicans were
obtained. As depicted in table 3, the growth inhibition of

Figure 7. Cell viability of HDF cells exposed to (a) ECO, (b)
MCM41-NH2 and (c) ECO/MCM41-NH2 . Particle suspensions for
24 h. Data represent mean ± 95% confidence interval for n = 3.
Cell viability values larger than 75% of the negative control indicate
a non-cytotoxic effect.

all formulations was reduced by decreasing ECO concentration and increasing silica ratio in nanoparticles. Formula
A (ECO/MCM41 = 1/1) and formula D (ECO/MCM41NH2 = 1/1) showed higher antifungal activity over other
ratios (1/2, 1/3) and ECO cream. Higher antifungal activity
observed for MCM41-NH2 comparing with MCM41 can be
attributed to positively charged MCM41-NH2 which helps
them to improve penetration into the fungi (table 3).
3.5 In vivo skin irritation
The in vivo skin irritation study revealed that ECO/MCM41
(A–C) and ECO/MCM41-NH2 (D–F) topical applications
did not induce any sign of primary skin irritation, erythema
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Antifungal activity of nanodrug formulations (A–F) against C. albicans (zone of inhibition; mm).

Sample
ECO/MCM41 (A)
ECO/MCM41 (B)
ECO/MCM41 (C)
ECO/MCM41-NH2 (D)
ECO/MCM41-NH2 (E)
ECO/MCM41-NH2 (F)

ECO (1.2 mg ml−1 )

ECO (1 mg ml−1 )

ECO (0.5 mg ml−1 )

ECO (0.2 mg ml−1 )

ECO (0.1 mg ml−1 )

16.0 ± 1.8
15.0 ± 1.6
13.0 ± 1.3
19.5 ± 2.1
16.0 ± 1.7
14.0 ± 1.6

14.0 ± 1.6
13.0 ± 1.5
12.0 ± 2.1
17.0 ± 1.7
14.0 ± 1.5
13.0 ± 1.4

13.0 ± 1.2
12.0 ± 1.3
11.0 ± 1.1
14.0 ± 1.6
13.0 ± 1.4
11.0 ± 1.3

12.0 ± 1.2
0
0
13.0 ± 1.3
0
0

0
0
0
0
0
0

Results are mean ± SD of two different experiments in triplicate sets each (N = 6).

Table 4. Dermal observations of erythema and oedema in ECO-treated (A–C and D–F
formulations) and non-treated (control) rabbit groups (N = 3).
Dermal observation
Observations*
Erythema
Erythema
Oedema
Oedema

Sample

1 h 24 h 48 h

ECO/MCM41 (A–C)
ECO/MCM41-NH2 (D–F)
Gauze (control)
ECO/MCM41 (A–C)
ECO/MCM41-NH2 (D–F)
Gauze (control)

72 h

0

0

0

0

0
0

0
0

0
0

0
0

0

0

0

0

*Reaction irritation score (0–4).
Erythema and eschar formation:
No erythema 0; very slight erythema (barely perceptible) 1; well-defined erythema 2; moderate
erythema 3; severe erythema (beet-redness) to eschar formation preventing grading of erythema 4.
Edema formation:
No oedema 0; very slight oedema (barely perceptible) 1; well-defined oedema (edges of area welldefined by definite raising) 2; moderate oedema (raised approximately 1 mm) 3; severe oedema
(raised more than 1 mm and extending beyond exposure area) 4.

or oedema, and the cutaneous reaction was negligible after
72 h (table 4). Our results are in accordance with the results
of Frykstrand et al [30] indicating no irritation for other silicabased nanoformulations.
3.6 Physical stability
Physical stability was evaluated by storing the creams in a
stability chamber at 5 ± 2 and 25 ± 2◦ C with 70% RH
for 12 months. No colour change and phase separation were
observed for the prepared creams after this period of time.

24 h exposure. In vivo irritation and a cutaneous reaction
were negligible after 72 h exposure on rabbit skin. The present
study provided the potential application of ECO/MCM41 and
ECO/MCM41-NH2 for antifungal skin drug delivery purposes. While, the treatment dosage of the commercial ECO
cream for skin infections is once or twice a day, up to 4
weeks, the proposed MCM41-NH2 platform for topical ECO
delivery can reduce the treatment duration and improve drug
efficiency leading to patient compliance. Extensive investigation and experimentation on future application of the MSNs
are strongly recommended.

4. Conclusion
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The aim of the present study was to design an ECO mesoporous silica formulation with an improved drug release rate
and antifungal activity. ECO/MSNs (A and D formulations,
ratio: 1/1 of ECO/nanocarrier) demonstrated the highest EE.
Antifungal activity was reduced by decreasing ECO concentration and increasing silica ratio in nanoparticles, higher
antifungal activity was observed for amine-functionalized
MCM41. The MTT assay revealed that MSNs were nontoxic for HDF cells under the mentioned conditions after
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