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Decontamination of patients’ clinical devices in intensive care units is generally performed with an antifungal
suspension. Nystatin is a widely-used high spectrum antifungal due to its low systemic absorption. However,
nystatin has high hydrophobicity which hinders the contact with the internal lumen of the devices. In this work,
hydrophilic micellar systems of nystatin were developed with sodium deoxycholate on silicone endotracheal
tubes. The physical characteristics of the micellar system at different nystatin:deoxycholate ratios were studied
using scanning electron microscopy, X-ray powder diffraction and differential scanning calorimetry. The electron
microscopy results reveal that the deoxycholate micellar system altered the surface morphology, and the size of
the aggregates was observed to be smaller. The hydrophilic structures of deoxycholate produce systems with a
high surface area containing nystatin molecules on their interior. The X-ray and differential scanning calorimetry
assays revealed a typical change in the crystallinity of micellar systems when the deoxycholate proportion
increases. The endothermic peak of nystatin was not observed in the micellar systems as a consequence of
the reduced crystallinity. Nystatin was homogenously dispersed in the surfactant matrix. Micellar systems with
1:0.8 nystatin:deoxycholate ratio (MS-N:DC [1:0.8]) showed increased antifungal activity compared to nystatin
raw material. Micellar systems also achieved an over 40% inhibition of Candida albicans biofilm formation. The
results obtained in this study conclude that the higher hydrophilic characteristic of the surfactant deoxycholate

enhances nystatin penetration into the surface of the endotracheal tubes.

1. Introduction

Fungal infections by Candida species, mainly C. albicans, are consid-
ered a major public health issue (Ng et al. 2015). C. albicans biofilm
formation (Uppuluri et al. 2009) on clinical devices enhances its
pathogenic capacity, as it increases resistance to immune-medi-
ated defences (Mayer et al. 2013) and reduces susceptibility to
antifungal drugs (Tobudic et al. 2012; Desai and Mitchell 2015).
Despite the dominance of C. albicans, other emergent species
associated to biofilm formation should also be considered (Leite
de Andrade et al. 2017; Marcos-Zambrano et al. 2017; Paredes et
al. 2015).

Patients in intensive care units are generally treated with anti-
fungal suspensions to ensure the decontamination of the devices.
The accurate detection of contaminated devices (Martin-Rabadén
et al. 2017) is an essential factor for guaranteeing effective treat-
ment. Several drugs have been described as potentially useful
for preventing C. albicans biofilm formation (Yuang et al. 2012;
Chandra and Ghanoum 2017), even against resistant strains
(Melkusovd et al. 2004).

An anti-biofilm effect using surfactants in chlorhexidine micellar
systems resulted in the enhanced wettability of the silicone surface
of the material, which reduces biofilm formation for a longer
period compared with chlorhexidine raw material (Tambunlertchai
et al. 2017). Several micellar systems with hydrophilic carriers
have also demonstrated an increased anti-biofilm and antifungal
effect (Abu Hashim et al. 2015). Surfactants such as sodium
dodecyl sulphate and cremophor show an anionic behaviour which
promotes absorption in the membranes and enhances its antibiotic
or antifungal action from inside the micellar system (Li et al. 2010).
Amphotericin B (AmB) was commercialized as a dimeric form
in a micellar system of sodium deoxycholate (DC), but showed
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toxicity (Gangadhar et al. 2014). New formulations such as lipid
micellar systems and liposomes have subsequently been developed
(Lépez-Sanchez et al. 2018). Nystatin (Nyst) has the advantage
of being a spread spectrum antifungal that is easily accessible by
hospital pharmacy services and has very few toxic effects due to
the lack of systemic absorption. Nyst’s high hydrophobic features
imply less contact with the internal surface of silicone devices.
This work studies the formulation and characterization of Nyst
micellar systems with DC. The effect of micellar systems on Nyst
crystallinity, wettability and aqueous solubility was assessed using
scanning electron microscopy (SEM), X-ray powder diffraction
(XRPD) and diffraction scanning calorimetry (DSC) techniques.
In vitro assays were done on silicone clinical devices to assess the
antifungal and anti-biofilm effect of these micellar systems.

2. Investigations, research and discussion

2.1. Preparation of formulations

Aqueous suspension: a yellow coloured suspension was obtained.
Nyst raw material precipitates rapidly and accumulates at the
bottom of the tubes. Precipitated Nyst could be easily resuspended
by manual agitation.

Physical mixture: the mixture of Nyst and DC produced a light
yellow powder which occupied a greater volume than the Nyst raw
material. The physical mixture remains in suspension for longer:
the first precipitations did not appear until 10 min after being
suspended.

Micellar system: the solubility of slightly water-soluble drugs can
be increased through the addition of surfactants (Rangel-Yagui
et al. 2005); we therefore designed a micellar system with DC as
an anionic surfactant. This natural surfactant obtained from bile
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acids can form micelles with low water-soluble compounds such
as amphotericin B (Gangadhar et al. 2014). This system had the
highest volume of all formulations, which may be due to its low
apparent density. These properties resulted in a more homogeneous
suspension that remained stable for longer, thus offering a more
precise posology and easier dispersion throughout the oral cavity.

2.2. Scanning electron microscopy (SEM): morphology,
size and shape characterization

Figure 1 shows the microphotographs of pure Nyst, DC raw
material, PM-N:DC [1:0.8] and micellar systems: MS-N:DC
[1:0.4] and MS-N:DC [1:0.8]. Pure nystatin (Fig. 1a) appears as
aggregated polyhedral crystals with sharp and acicular forms of
different sizes, from 2 to 5 um. DC crystals (Fig. 1b) appear as
scales with sizes ranging from 3 to 10 um, presenting a larger flat
area. Both components can be differentiated on PM-N:DC (1:0.8)
(Fig. 1C). This sample shows larger aggregated crystals (10 pm)
where DC scales can be observed with Nyst crystals on the surface.
The DC crystals reveal changes in their appearance. For MS, the
acicular particles of Nyst were not visible, which could be due to a
change in hydrophilic characteristics which alters the morphology
of the Nyst crystals during the drying process. MS-N:DC [1:0.4]
(Fig. 1D) showed the evolution of DC crystals to smaller and more
regular particles (1-2 pm), easily differentiated from the primary
large scales of DC. These reduced particles are therefore likely to
contain Nyst crystals (Palmeiro-Réldan et al. 2014). This process
produces a larger surface area. An increase in the proportion of DC
in MS-N:DC [1:0.8] led to larger regular DC particles (4-6 um),
and consequently enhanced the dissolution surface of Nyst (micro-
photograph not shown). This improvement may be due to the
drying process of DC. Our results indicate that Nyst was homoge-
nously dispersed in the surfactant matrix, as no Nyst crystals were
observed. Similar results have been found for MS formation with
a similar dissolution and drying technique (Fonseca-Berzal et al.
2015; Leonardi and Salomon 2013).

Fig. 1: SEM microphotographs of Nystatin raw material (a), sodium deoxycholate
raw material (b), PM-N:DC 1:0.8 (¢) and MS-N:DC 1:0.8 (d). Photographs
magnification is 3000x.

2.3. Differential scanning calorimetry (DSC)

Figure 2 shows the DSC curve of pure Nyst, DC raw material,
physical mixture 1:0.8 (w/w) (PM- N:DC [1:0,8]) and micellar
systems with 1:0.4 (w/w) and 1:0.8 (w/w) ratios (MS-N:DC
[1:0.4]; MS-N:DC [1:0.8]).

Nyst (Fig 2A) showed two endothermic peaks at 167.1 and 170.65
°C, with enthalpy values of -20.22 and -61.38 (J/g) respectively.
The largest endothermic peak at 170.65 °C is characteristic of crys-
talline compounds, as has been previously described (Girotra et al.
2017). DC shows two endothermic peaks at 127.54 and 149.15 °C
(Fig. 2 B) with enthalpy values of -22.54 and -57.02 (J/g), which
may be due to greater disorder in the crystallinity of DC (Palmeiro-
Roldan et al. 2014; Vadlapatla et al. 2009).
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PM-N:DcH 1:0.8 had an endothermic peak at 157.90 °C (Fig.
1C), indicating an interaction between Nyst and DC, a lower Nyst
fusion point and a higher fusion temperature in the main peak of
DC. Similar patterns on fusion points have been described with
mixtures of DC and benznidazole (Palmeiro-Roldan et al. 2014).
MS-N:DC [1:0.4] and MS-N:DC [1:0.8] show endothermic peaks at
142.03 °C and 163.46 °C (Figs. 2D and 2E). DSC patterns changed
with the formation of micellar systems, as new endothermic peaks
appeared. These peaks revealed a higher fusion point when the
DC proportion was increased. The endothermic peak of Nyst was
not observed on micellar systems, and a reduction in crystallinity
was found when the DC proportion increased. The presence of
amorphous forms may explain the reduced crystallinity observed
in micellar systems (Talukder et al. 2011).

2.4. X-ray powder diffraction: size and structure charac-
terization

Figure 3 shows the XRPD patterns of pure Nyst, raw DC, phys-
ical mixture PM-N:DC [1:0.8] and micellar systems 1:0 (w/w)
(MS-N:DC [1:0]), 1:0.4 (w/w) (MS-N:DC [1:0.4]), and 1:0.8(w/w)
(MS-N:DC [1:0.8]). DC (Fig 3A) presents several intense peaks at
13.02°, 14.14°, 15.94° and 19.26° 20 for this crystalline surfactant
with low molecular weight (Palmeiro-Roldan et al. 2014). Nyst
raw material (Fig. 3B) shows a typically crystalline pattern with
peaks at 8°, 14°, 16.5° and 20.5° 20 (Park et al., 2015). As expected,
the physical mixture of surfactant and drug, PM-N:DC [1:0.8]
(Fig. 3C), led to a reduction in the intensity of the peaks of both
components, with the appearance of one peak at 20.5° related
to nystatin. This may be explained by the dilution effect of the
mixture (Cerdeira et al. 2013).

The MS-N:DC [1:0.4] diffractogram showed a significant decrease
in intensity in the peaks for both substances, Nyst and DC
(Fig. 3D), which is correlated with the SEM results. Nevertheless,
the presence of intensity at 14° and 20.5° 20 may indicate that some
nystatin remains in a crystalline state in the micellar system (Vippa-
gunta et al. 2002). A significant result in regard to diffraction peaks
is the disappearance of DC peaks on MS-N:DC [1:0.8] after the
dissolution and drying process (Fig. 3E). The pattern appears as
a low crystallinity substance which correlates with the changes in
shape and size observed in the SEM samples. This result is linked
with the reduced crystallinity in recrystallized DC samples (result
not shown). These reductions are frequently observed after the
freeze-drying process or after other dissolution and vacuum drying
processes (Leonardi et al. 2007; Garcia-Herrero et al. 2017).

2.5. Invitro assay: antifungal activity

The in-vitro experimental study of antifungal activity was
performed using the widely known and useful disc diffusion and
agar dilution methods (Jorgensen et al. 1999). An aqueous solution
of sodium deoxycholate was prepared as a negative control. The
inhibition area was measured using a precision vernier caliper. All
measurements were repeated three times and mean+SD was used
to describe the measurements.

The initial and most important step for bacterial infection is
bacterial adherence on surfaces. Table 1 shows the inhibition
of fungal growth at 24 h and 72 h in an aqueous suspension of
nystatin raw material compared to a micellar system (MS-N:DC
[1:0.8]). The results show that control samples (uncoated silicone

Table 1: Inhibitory activities against C. albicans CECT 1394 by disc
diffusion test

Growth inhibition area Growth inhibition area

Sample 24 h (mm) 72 h (mm)
Blank 0.0 +£0.00 0.0 +0.00
Control 0.0 £ 0.00 0.0 +0.00
Aqueous suspension 20.34 +0.42 18.64 +0.44
MS-N:DC [1:0.8] 22.83+£0.55 20.34 £0.82
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Fig. 2: DSC analysis. Pure nystatin (a), Sodium deoxycholate raw material (b), PM-N:DC 1:0.8 (w/w) (c), MS-N:DC 1:0.4 (w/w) (d) and MS-N:DC 1:0.8 (w/w) (e).

tubes) were rapidly contaminated by C. albicans, as they did not
present an inhibition zone. Although the Nyst aqueous suspension
had a large inhibition area (20.34+0.42 mm), the micellar system
(MS-N:DC [1:0.8]) showed higher values for the inhibition area
(22.83+0.55). These results can be explained by the arrangement
of the hydrophilic groups of the surfactant (DC) on the surface of
the Nyst particles, forming a micellar structure which minimizes
the aggregation of particles and enhances the wettability of the
silicone surface of a medical device (Jaiswal et al. 2015; Ansari

et al. 2014). The greater antifungal activity of these systems may
be due to the more hydrophilic character (ElI Shabouri 2002) of
micelle structures with DC. The reduction in the aggregation of Nyst
particles in micellar systems has been previously described in SEM
assays. Thus MS-N:DC [1:0.8] coated silicone tubes were found to
be capable of reducing the initial attachment of C. albicans. After 72
h, micellar formulations still maintained a greater inhibition area to
C. albicans growth. These results indicate that silicone tubes coated
with MS-N:DC [1:0.8] were effective in the long-term prevention
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Fig. 3: X-Ray Powder Diffraction of: NaDcH raw material (a), pure Nyst (b), PM-N:DC 1:0.8 (c), MS-N:DC 1:0.4 (d) and MS-N:DC 1:0.8 (e).
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of C. albicans contamination. X-ray characterization assays and
the DSC analysis of Nyst micelles show an interaction between
DC and Nyst crystalline morphology, which probably enhances its
hydrophilic features and explains the increase in the inhibition zone.
Similar results have been obtained with chlorhexidine micelles on
silicone tubes (Tambunlertchai et al. 2017).

2.6. Biofilm formation and anti-biofilm activity

The results show that biofilm formation is completed within 48 h of
harvesting, confirming the bibliographic data (Finkel and Mitchell
2011). Intermediate rinses were collected and harvested to assess the
number of rinses required: the first rinse had uncountable colonies;
the second rinse revealed a mean of 426.7+42.4 CFU/cm?; the third,
102.2+3.15 CFU/cm?; the fourth, 31.1+12.7 CFU/cm?; and finally the
fifth showed no colonies growing on the agar plate. After harvesting
the pieces from the devices, the presence of biofilm was confirmed
as C. albicans colonies growing on agar plates: 135.5 CFU+8.8 were
counted. Previous assays have confirmed the need for suspensions
with high Nyst concentrations to achieve preventive activity against
biofilm formation (Dorocka-Bobkowska et al. 2003).

Table 2 shows all the results of the biofilm formation assay: drug-
free controls showed the adherence capacity of C. albicans and

Table 2: Effect of nystatin formulations on C. albicans adherence and
biofilm formation over a clinical material

Candida albicans CETC 1394

Yeasts/cm® £ SD Adherence (%) p-value vs. control

Control 141.10 = 11.7 100.0 -
Aqueous suspension 112.5 =10 79.7 p=0.003
MS-N:DC (1:0.8) 8220+ 12 58.2 p=0.0054

confirmed biofilm formation, as yeast cells were obtained in all
plates; a mean number of 141.10+11.7 CFU/cm? yeast cells were
counted. Blank plates showed no growth at all.

The administration of an aqueous suspension of Nyst led to the
reduction of C. albicans adherence and the consequent biofilm
formation in about 20% (see Table 2). This value is significantly
different from the control (p=0.003). The crystalline structure of
Nyst observed in the X-ray and DSC assays is probably related
with high hydrophobic values, increasing the aggregation of parti-
cles. These characteristics and its low aqueous solubility reduce
the antifungal activity of Nyst against biofilm formation. However,
yeast adherence and biofilm formation was further inhibited in
the presence of the Nyst micellar system (MS-N:DC [1:0.8]) by
over 40 % (see Table 2). Consequently, the use of micellar systems
with DC achieves a significant reduction (p=0.0054) in C. albicans
biofilm formation compared to the Nyst suspension.

Nyst micellar systems with higher quantities of surfactant were
associated with a greater interaction of Nyst with the hydro-
philic structure of DC, as seen in the X-ray and DSC assays.
The enhanced hydrophilic character of the surfactant enhances
Nyst penetration in the surface of the clinical device. A similar
interaction of Nyst with silicone surfaces was described in other
Nyst micellar systems using Tween and Cremophor as surfactants
(Li et al. 2010). The inhibition of biofilm formation was also
obtained with other antifungal drugs when their hydrophilic
features are enhanced (Jaiswal et al. 2015).

The results show that Nyst micellar systems with DC (MS-N:DC
[1:0.8]) have significant preventive activity against biofilm forma-
tion. Further research may be required to assess new excipients
with the potential to improve the contact of Nyst on the surface of
clinical devices.

2.7. Conclusion

Formulating Nyst as a micellar system using DC as a surfactant
considerably improves the management of this drug. A reduction in

Pharmazie 74 (2019)

the aggregation of Nyst particles was observed in SEM assays. X-ray
and DSC results showed a significant transformation from crystal-
line to amorphous forms when the DC proportion was increased.
SEM images are correlated with DSC analysis, where a reduction in
the degree of crystallinity of the formulation was observed.

The antifungal and antibiofilm activity seen in in vitro assays
enhances the applicability of this new formulation. Additional
parameters further complicate the situation encountered in clinical
practice; however, a formulation offering preventive action with
demonstrated antifungal activity is predicted to promote the appro-
priate treatment of oral candidiasis in critically ill patients and mini-
mize the recontamination of biomedical devices. Further studies
with the addition of hydrophilic carriers are required to increase
adhesion and delay biofilm formation on endotracheal tubes.

3. Experimental

3.1. Materials and fungal strains

Nystatin (Nyst) (PubChem CID: 16219709) was supplied by Fragon (Tarrasa Spain),
Sodium desoxycholate (DC) (PubChem CID: 91896239) was supplied by Fluka
(Mexico, Mexico). Candida albicans strain (CECT1394) was a gift of Dr. Pérez
Carrasco from Centro de Anlisis Quimico y Microbiolégico (CAQYM), Universidad
Alcald de Henares (Madrid, Spain). Culture media were purchased from Pronadi-
sa-Conda Lab (Madrid, Spain). All other chemicals were at least technical grade and
were purchased from Merck (Madrid, Spain).

3.2. Preparation of formulations

Micellar systems contain proportions of Nyst and surfactant (DC) of 1:0.4 w/w
(MS-N:DC [1:0.4]) and 1:0.8 w/w (MS-N:DC[1:0.8]). In these formulations, a
solution was prepared by mixing different proportions of surfactant with an aqueous
solution and adding the correct amount of Nyst, then shaking at 2000 rpm for 2 min.
The micellar suspension formed was dried at 40 °C during 24 h and sieved to achieve a
particle size fraction of 1.2-0.1 mm. Finally, the vials were capped and stored at room
temperature (22-24 °C) in a desiccator containing silica gel. Recrystallized Nyst was
obtained by the same method without the presence of surfactant.

The physical mixture (PM) was prepared by manually mixing the nystatin and DC in
a ceramic bowl using a polymeric spatula. Formulations were prepared containing a
similar proportion of drug:excipient (PM-N:DC [1:0.4] and PM-N:DC [1:0.8] w/w).

3.3. Scanning electron microscopy (SEM): morphology, size and shape
characterization

Samples were mounted on double-faced adhesive tape and sputtered with a thin
gold-palladium layer using a sputter coater (Emitech K550X). After coating, the
samples were analysed with a Jeol JSM-6400® scanning electron microscope operated
at an acceleration voltage of 20 kV. All micrographs were the product of secondary
electron imaging used for surface morphology identification at magnifications of
1000x.

3.4. Differential scanning calorimetry (DSC)

DSC thermograms were obtained using an automatic thermal analyzer system
(Mettler Toledo DSC 3, TA controller). Temperature calibration was performed
using the Indium Calibration Reference Standard (transition point: 156.60 °C).
Samples were accurately weighed into aluminium pans, then hermetically sealed with
aluminium lids and heated from 50 to 240 °C at a heating rate of 10 °C/min under
constant purging of dry nitrogen at 20 ml/min. An empty pan, sealed in the same way
as the sample, was used as a reference.

3.5. X-ray powder diffraction: structure and crystal size characterization

The XRPD patterns were recorded on an X-ray diffractometer (Philips X’Pert-MPD,
CAI Difraccién Rayos X, Farmacia, UCM). The samples were irradiated with mono-
chromatized CuKo radiation (A = 1.542 A) and analysed between 5 and 50° (20). The
5-50 2¢ degree range was scanned at a step size of 0.04° and 1s per step in all cases,
and the voltage and current used were 30 kV and 30 mA respectively.

3.6. Invitro assay: antifungal activity

The in-vitro experimental study of antifungal activity was performed using the widely
known and useful disc diffusion and agar dilution methods (Jorgensen et al. 1999). An
aqueous solution of DC was prepared as a negative control. Formulations were tested
in a 15 mg/mL concentration. The inhibition area was measured using a precision
vernier caliper. All measurements were repeated three times, and mean+SD was used
to describe the measurements.

A quantity of agar was dissolved in water, and the solution was sterilized in autoclave
at 1 atm pressure and 120 °C during 60 min. The sterilized solution was cooled to room
temperature and a specific volume of 0.5 McFarland standard diluted suspension of
C. albicans was added before solidifying. In a sterile area under controlled conditions,
a specific volume of the solution was spread over Petri dishes, avoiding the formation
of bubbles and ensuring the entire dish was covered. The dishes were left in the sterile
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area to cool completely and allow the gel to form. Once the gel had formed, the dishes
were covered with parafilm and conserved under refrigeration for 24 h.

Sterilized diffusion discs of approximately 6 mm in diameter were loaded with 300
ul of each of the studied formulations. Each dish was fitted with a blank disc impreg-
nated with respective solvents as a negative control. All plates were prepared in tripli-
cate and incubated at 37 °C for 24 h. At the end of the incubation, the diameter of the
inhibition zone in each of the inoculated plates was measured with a precision Vernier
caliper to evaluate the antifungal and antibacterial activity of all the formulations. Two
measures were taken: 24 h and 72 h after harvesting.

3.7. Biofilm formation and anti-biofilm activity

The formation of fungal biofilm on the material surface was assessed using a method
derived from Maki’s classic technique (Maki et al. 1977), used to reveal catheter
contamination in clinically used devices. Our technique simulates the colonization
and consequent attachment of C. albicans in widely used clinical material. Briefly,
1 cm? of sterile silicone Mallinkroft tubes was cut in sterile conditions; a 36-h C.
albicans culture was harvested on Mueller-Hinton agar and a fungal suspension was
prepared in YPD liquid medium using a sterile swab containing 10’ UFC/mL. The
pieces were placed on sterile Petri dishes with 12 mL of fungal suspension during 48
hat 31.7 °C. A set of reference dishes were also prepared. After harvesting, the pieces
were rinsed five times with NaCl 9/, allowing it to flow gently over the surface of
the device to remove most of the planktonic organisms and ensure that the study was
carried out on biofilm microorganisms.

After rinsing, the pieces were placed in 10 mL tubes with 3 mL of NaCl 9 % and
vortexed twice during 1 min at 1500 rpm; 50 mcl of this suspension was decimally
diluted with NaCl 9/ and harvested on Petri dishes with Sabouraud dextrose agar
during 48 h at 31.7 °C. After harvesting, the fungal colonies were counted.

3.8. Invitro assay: prevention of biofilm formation

The aim of this assay is to assess the activity of our experimental formulation in
preventing biofilm formation. A 3-minute contact phase between the formulation and
the non-contaminated devices took place before biofilm formation. This period simu-
lates mouth-washing or rinsing with the formulation. The hypothetical preventive action
would be detected in the case of any reduction in the UFC counted after harvesting.

An aqueous suspension of Nyst and a micellar system with a 1:0.8 (w/w) ratio of
Nyst:DC was tested. The correct amount of each formulation powder was suspended
in water.

Control Petri dishes, containing pieces of the device with no contact with the active
formulations, were used to assess biofilm formation. Blank dishes were harvested as
negative controls with non-contaminated solvents respectively.

3.9. Statistical methods

All microbiological assays were carried out on three samples with three replicates for
each sample. The results were presented as mean+SD. The Mann-Whitney test was
used for paired-group comparisons and p values of less than 0.05 were considered to
indicate statistical significance (XLSTat Addinsoft, Barcelona Spain).
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