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Abstract: Skin and mucosal infections constitute recurrent pathologies resulting from either
inappropriate antiseptic procedures or a lack of efficacy of antimicrobial products. In this field,
nanomaterials offer interesting antimicrobial properties (eg, long-lasting activity; intracellular
and tissular penetration) as compared to conventional products. The aim of this work was to
produce, by a new solvent-free process, a stable and easily freeze-dryable chlorhexidine-loaded
polymeric nanocapsule (CHX-NC) suspension, and then to assess the antimicrobial properties
of nanomaterials. The relevance of the process and the physicochemical properties of the CHX-
NCs were examined by the assessment of encapsulation efficiency, stability of the nanomaterial
suspension after 1 month of storage, and by analysis of granulometry and surface electric charge
of nanocapsules. In vitro antimicrobial activities of the CHX-NCs and chlorhexidine digluconate
solution were compared by measuring the inhibition diameters of two bacterial strains (Escheri-
chia coli and Staphylococcus aureus) and one fungal strain (Candida albicans) cultured onto
appropriate media. Based on the findings of this study, we report a new solvent-free process for
the production of nanomaterials exhibiting antimicrobial activity, suitable stability, and easily
incorporable as a new ingredient in various pharmaceutical products.
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Introduction

Chlorhexidine (CHX) is a bis-biguanide showing broad-spectrum antiseptic activity
against Gram-positive and Gram-negative bacteria, and fungi. Its efficient antimi-
crobial activity finds numerous pharmaceutical applications, notably in mucosal and
cutaneous antisepsis.! Oral mucosa antisepsis is challenging, since saliva bathing
and enzymes are responsible for the clearance and degradation of drugs.? In this
field, CHX is widely used, and its efficacy has been fully described.’* However,
oral mucosa administration of CHX exhibits potential side effects (eg, tooth stain-
ing, taste alteration, burning sensation, low bioavailability®), so original formula-
tions were developed (eg, gels, varnishes, mucoadhesive tablets, and orthodontic
materials), allowing controlled drug release.>®” Furthermore, the use of antiseptic
agents is mandatory to prevent surgical site infection and to reduce nosocomial
infections responsible for morbidity and mortality incidence and growing economic
pharmaceutical care.® In this context, CHX was proven efficient in reducing the
occurrence of resistant bacterial strains, especially methicillin-resistant Staphylo-
coccus aureus and extended-spectrum B-lactamase,!” and is recognized to produce
an efficient, immediate, and sustained antiseptic effect maintained beneath surgical
gloves.!' However, compliance with antiseptic use is followed by only 50% of medi-
cal and nursing staff in care units.'? Reiterated and time-consuming applications, as
well as the misuse of antiseptics, reveal the necessity of a new strategy for a rapid
and sustained antiseptic activity.!3!3
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An alternative to conventional formulations is found in
nanomedicine supporting drug targeting and sustained phar-
macological activity.'® In this field, polymeric nanocapsules
(NCs) present many advantages, such as their ability to dis-
play immediate and sustained drug release while preventing
chemical degradation.!” In previous publications, we have
provided an in vitro release study, an ex vivo cutaneous
permeability study, an in vivo human sustained antibacterial
efficiency study, and a minimum inhibitory concentration
determination for CHX-loaded poly-g-caprolactone (PCL)
NCs."®20 However, CHX-NCs were prepared by conven-
tional interfacial deposition, where PCL was dissolved in
organic solvent, the latter being therefore eliminated from
the aqueous phase by evaporation and multiple purification
steps questioning the presence of solvent residue and the
feasibility of industrial scale-up.?’ The main objective of
this study was to prepare by an original solvent-free process
a stable and easily freeze-dryable CHX-NC suspension as
a new antimicrobial nanomaterial. Physicochemical and
granulometric characterization of CHX-NCs is provided that
correlates with previous findings. Furthermore, the in vitro
antimicrobial efficiency of CHX-NCs was verified using an
agar-diffusion method?>** and compared to 1% CHX diglu-
conate aqueous solution.

Materials and methods

Materials

CHX base was purchased from Inresa (Bartenheim, France),
Montanox 80 (polysorbate 80, hydrophilic surfactant) was
given by Seppic (Castres, France), and Lutrol® F68 (polox-
amer 188, molecular mass 7,680-9,510 g/mol, 81% poly-
oxyethylene units) was provided by BASF (Ludwigshafen,
Germany). Labrafil® M1944CS (mixture of mono-, di-,
and triglycerides and mono- and difatty esters of polyeth-
ylene glycol 300) and Plurol® Oléique CC 497 (polyglyc-
eryl-6 dioleate) were provided by Gattefossé (St Priest,
France). PCL (molecular mass ~80,000 Da) was purchased
from Sigma-Aldrich (St Louis, MO, USA). Miiller—Hinton
agar plates and bacterial and fungal strains were provided
by Nosoco Tech (Lyon, France).

Nanocapsule production

In a recent patent, we reported a new solvent-free process
for the production of polymeric NCs.?* Briefly, a hydro-
phobic crystalline or amorphous polymer (ie, PCL) was
melted or dispersed above the glass-transition temperature
in an oily mixture containing triglycerides and a lipophilic
surfactant. Then, the oily phase was mixed in an aqueous gel

containing hydrophilic surfactant, enabling the formation
of polymeric NCs suspended in gelified suspension. In the
present study, the oily phase was a mixture of Plurol Oléique
CC 497 (HLB =6; 4 g), and Labrafil M1944CS (HLB =4;
0.36 g) heated at 60°C—70°C. Afterward, PCL (0.37 g) and
CHX base (1 g) were introduced into the oily mixture
and mechanically stirred (600 rpm) until a homogeneous
and clear dispersion was obtained. Also, poloxamer 188 (34 g)
hydrogel was prepared in a 0.15% Montanox 80 (HLB =15)
aqueous solution (60.27 g) and heated at 60°C—70°C. Finally,
the oily mixture and hydrogel were mixed under mechanical
stirring (600 rpm), allowing the spontaneous formation of
polymeric NCs. The theoretical CHX concentration in NC
suspension was 1% (weight/weight [w/w]). CHX-NCs in
suspension represented 5.73% (w/w).

Freeze-drying of nanocapsule suspension
CHX-NC suspensions was frozen for 48 hours at —80°C, then
freeze-dried for 24 hours (Heto Power Dry LL3000 freeze-
dryer; Thermo Fisher Scientific, Waltham, MA, USA).
Additionally, freeze-dried powder was passed through a
2 mm sieve. Rehydration of 0.5 g freeze-dried CHX-NC
powder in 10 mL of purified water enabled the restitution
of the initial CHX-NC suspension.

Granulometric analysis

Particle size, polydispersity index, and zeta potential were
determined using a coupled granulometer and zeta-potential
analyzer (Zetasizer Nano ZS, Malvern Instruments, Malvern,
UK). This instrument enables the measurement by dynamic
light scattering of particle sizes between 0.6 nm to 8.9 um
(detector angle 173°, wavelength 633 nm). Zeta potential is
achieved by laser Doppler electrophoresis (maximum con-
ductivity 200 mS/cm). Adequate dilutions of each formula-
tion in demineralized water were analyzed at 25°C+£2°C in a
dedicated vial (Plastibrand™ 70 UL micro; Sigma-Aldrich).
Measurements were performed on three different batches of
CHX-NC suspensions. Each measurement was repeated ten
times, and results are expressed as means of ten measure-
ments + standard deviation.”

High-performance liquid-chromatography
analysis

CHX was analyzed by reverse-phase chromatography
using high-performance liquid chromatography (HPLC;
1200 series; Agilent Technologies, Santa Clara, CA, USA)
according to a method described previously.!” A C18 column
was used (Zorbax, 150x3 mm, 3.5 um particle size; Agilent
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Technologies). The mobile phase was composed of ace-
tonitrile and 30 mM sodium acetate buffer (1:1, volume/
volume [v/v]) adjusted to pH 3.3 with acetic acid (96%).
Samples were filtered through 0.45 um polyvinylidene
difluoride membranes (Millex® filter; EMD Millipore, Bil-
lerica, MA, USA) and degassed by ultrasonication. The
injected sample volume was 40 pL, and the flow rate of
the mobile phase was 0.8 mL/minute. The retention time of
CHX detected at 260 nm was 1.3 minutes. For concentrations
between 6.25 and 300 pug/mL, chromatograms were linear
with a correlation factor of 0.999. The limit of quantification
of CHX was ~20 ng/mL.

Determination of encapsulation efficiency
Total CHX in suspension and freeze-dried powder
The total amount of CHX in suspension and freeze-dried
powder was determined by HPLC analysis. CHX-NC sus-
pension (1 mL) was diluted in the mobile phase (1:100), and
freeze-dried CHX-NC powder (0.5 g) was firstly dispersed
in 10 mL mobile phase and then diluted in the mobile phase
(1:100). Complete dissolution of NCs and subsequent CHX
release were ensured by dilution in the mobile phase. Samples
were filtered before analysis, as described in the “High-
performance liquid-chromatography analysis™ section.

Unencapsulated CHX in suspension

and freeze-dried powder

The unencapsulated CHX amount in the CHX-NC suspen-
sion was determined by dilution of the CHX-NC suspen-
sion in purified water (1:100), then filtration through an
Ultrafree®-CL filter (0.1 wm, polyvinylidene difluoride mem-
brane; EMD Millipore), which was centrifuged (4 minutes,
6000 g). Thereafter, the collected unencapsulated CHX
in ultrafiltrate was assayed by HPLC, as described in
the “High-performance liquid-chromatography analysis”
section.!” Similarly, freeze-dried CHX-NC powder (0.5 g)
dispersed in 10 mL of purified water and then diluted
in purified water (1:10) was ultrafiltrated, as described
previously.

Encapsulation efficiency
The encapsulation efficiency (EE) of the CHX input (Qpy ;. -..)
was calculated from the total CHX amount in the CHX-NC

suspension (Q ), and the CHX amount recovered

CHX-NC suspension:
in ultrafiltrate (Q .,y umraed) CalCulated as follows:

Q -NC suspension Q rafiltrate
EE (%): CHX-NC suspt CHX ultrafiltrated %100. (1)

QCHX input

Morphology of nanocapsule suspensions

and freeze-dried powder

CHX-NC and freeze-dried CHX-NC morphology was stud-
ied by using an S800 scanning electron microscope (Hitachi,
Tokyo, Japan) after gold-palladium coating.

Study of CHX-NC suspension stability
CHX-NC suspension stability was assessed using a Turbiscan™
Classic MA 2000 (Formulaction, L’Union, France), in
which the CHX-NC suspension filled aseptically in a sterile
glass tube (filling height 50 mm) was scanned vertically
by an 850 nm incident beam (ie, analysis of backscattering
detection at a 180° angle). Turbiscan measurements were
performed each day during the first week and every 3 days
thereafter for I month while in storage at an ambient tempera-
ture (20°C+5°C).%% Additionally, granulometric analysis
was performed as described in the “Granulometric analysis”
section after 1 month’s storage at an ambient temperature.

In vitro antimicrobial efficiency

The antimicrobial efficiency of the CHX-NC suspension
and CHX-NC freeze-dried powder was compared to CHX
digluconate solution (1%) by using an adapted antibio-
gram test.?”?® The choice of bacterial strains was driven by
European Pharmacopoeia recommendations.? In vitro
antimicrobial activity of CHX nanomaterials and CHX
digluconate solution was determined against clinically iso-
lated bacterial (Escherichia coli, Staphylococcus aureus)
and fungal (Candida albicans) strains on Miiller—Hinton
and Sabouraud media, respectively. Impregnated disks of
tested formulations (2 WL) were deposited onto the surface
of the culture media, and inhibition diameters of strains
exposed to the CHX-NC suspension, freeze-dried CHX-NC
powder dispersed in purified water, the CHX digluconate solu-
tion, and an unloaded PCL NC suspension (ie, NCs produced
as detailed in the “Nanocapsule production” section without
CHX load), which were measured after 24 hours at 37°C.

Statistical analysis

The granulometry and surface electric charge of the CHX-NC
suspension were compared before and after 1) an immediate
freeze-drying process by using the nonparametric Mann—
Whitney—Wilcoxon test for unpaired data and 2) 1 month
of storage by using the nonparametric Mann—Whitney—
Wilcoxon test for paired data. The Kruskal-Wallis rank-sum
test was performed for multiple comparisons between the
antibacterial/antifungal activity of formulations. The level of
statistical significance was chosen as P<<0.05.
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Results
Formulation and characterization

of CHX-NC suspension

and freeze-dried powder

The CHX-NC suspension was characterized macroscopically
as a homogeneous milky dispersion easily freeze-dried and
sieved as a white powder (Figure 1D). Granulometry and
surface properties of CHX-NC suspensions and freeze-dried
CHX-NC powder are reported in Table 1. Submicronic size
and mid-range polydispersity of the CHX-NC suspension
were confirmed before and after 1 month of storage at an
ambient temperature. As reported in our previous study,
CHX-NCs exhibited a permanent positive surface electric
charge throughout storage, due to CHX dissociation at the

water—polymeric wall interface compared to negatively
charged unloaded NCs.!” No significant differences in
granulometry and surface properties were observed between
batches (n=3) of CHX-NC suspensions. Furthermore, imme-
diate freeze-drying of CHX-NC suspensions did not signifi-
cantly affect either granulometric or surface electric charge
parameters. Electron microscopy observation of CHX-NC
suspensions confirmed the nanometric spherical shape of
CHX-NCs (Figure 1, A and B). The aggregated structure of
freeze-dried CHX-NC powder was evident from scanning
electron microscopy (Figure 1C).

Recovery of the initial CHX input was found between
85% and 89%, respectively, in suspension and after freeze-

drying process. Total recovery was assumed as CHX loss

Figure | Scanning electron microscopy images of (A) chlorhexidine-loaded nanocapsules (CHX-NCs), (B) CHX-NC suspension, (C) freeze-dried CHX-NC powder,

and (D) photograph of freeze-dried CHX-NC powder.
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Table | Loading, granulometric, and surface electric properties of chlorhexidine nanocapsule (CHX-NC) suspensions (CHX 1%, | mL)
and freeze-dried CHX-NC powder (CHX 2.5%, 0.5 g)

Formulation CHX amount (mg) EE (%) Average size 102 PI {(mv)
(nm)
Input Recovered Encapsulated Ultrafiltrated Day 0 Day30 Dayo0 Day 30 Day0 Day 30
CHX-NC 10.0 8.540.1 6.910.3 1.6£0.3 6943 225+2 24743 16+0.7 19+0.2 18+5 13+4
suspension (NS) (NS) (NS)
Freeze-dried 12.5 11.1£0.1 6.2+1.6 4.9£1.6 50+13 224+ ND 4240.9% ND 10+4* ND
CHX-NC (NS)

Notes: *Significantly different from CHX-NC suspension day 0 group (Wilcoxon test for unpaired data test, P<<0.05). Chlorhexidine amounts are expressed as
means + standard deviation of at least three experimental determinations. Granulometric data (average size, polydispersity index [PI], and zeta potential [(]) are expressed
as means + standard deviation of at least ten experimental determinations on each batch (n=3). Storage of suspensions was performed at room temperature (20°C+5°C)
and protected from light.

Abbreviations: EE, encapsulation efficiency; NS, not significant; ND, not determined.

inferior or equal to 15%. In order to confirm the relevance of
the new solvent-free process, the EE of CHX into polymeric
NCs was evaluated from the ratio of unencapsulated CHX
to initial input. At the outset, encapsulation of CHX was
close to 70%, which was consistent with that determined
in previous studies'?' reporting CHX encapsulation in
PCL NCs obtained by a conventional interfacial deposition
technique involving predissolution of polyester in acetone
and a subsequent solvent-evaporation step. Nevertheless,
the EE of CHX assessed in freeze-dried CHX-NC powder
was found to be lower than that of the CHX-NC suspen-
sion. Accordingly, the ultrafiltrated CHX rate was 2.5 times
higher after freeze-drying (~44%) than that of the initial
CHX-NC suspension (~18%). Different assumptions might
be advanced to explain these discrepancies, such as a shrink-
ing of nanocapsules during the freezing phase favoring oily
mixture diffusion through the NC wall, or a breakage of NCs
during freeze-drying releasing oily content into the suspend-
ing solution. However, no variation in CHX-NC size was
evident, suggesting no dramatic breakage of nanomaterial,
but higher polydispersity and lower surface electric charge
tended to confirm a reversible and nondestructive shrinking
of CHX-NCs following freeze-drying. Turbiscan analysis
did not show any sedimentation or creaming in CHX-NC
suspensions stored for 1 month, but negligible flocculation
was assumed, as a minor variation (<10%) of suspension
backscattering was observed over 1 month (Figure 2). These
results were consistent with granulometry and surface electric
charge findings determined after 1 month’s storage at an
ambient temperature (Table 1).

Antimicrobial activity

In vitro antimicrobial activity of encapsulated CHX was com-
pared to CHX digluconate solution against common clinically
isolated pathogenic bacterial and fungal strains (Figure 3).

Inhibition diameters of strains exposed to antimicrobial
formulations are reported in Table 2, showing no significant
difference of antimicrobial activity. However, antibacte-
rial activities of CHX-NC suspensions and freeze-dried
CHX-NC powder were slightly more important against
S. aureus (5.310.1 cm and 5.140.3 cm, respectively) and E. coli
(6.4£2.3 cm and 5.0£0 cm, respectively) than CHX diglucon-
ate (3.6t1.1 cmand 4.00.9 cm, respectively). As expected, no
antimicrobial activity was evident with unloaded NCs.

The minimum inhibitory concentration for CHX-NCs had
already been determined in a previous publication.'” Only the
preparation method was changed: from interfacial polymer
deposition following solvent displacement to a solvent-free
method. Since NC-characterization results were consistent
in both publications, minimum inhibitory concentration was

Creaming
zone | 40mm LI}
C
kel
(7}
c
[}
Q
4 t=1 month
? |
@)
%
é — 20 mm
O
Sedimentation
zone \_/ 0mm el |
35 30 25 20 15 10 5

Backscattering (%)

Figure 2 Turbiscan analysis of chlorhexidine-loaded nanocapsule (CHX-NC)
suspension backscattering profile evolution over | month of storage at 20°C+5°C.

Notes: There was no evidence of sedimentation or creaming, while flocculation was
observed. The extent of flocculation estimated from the variation of backscattering
did not exceed 10%.
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Figure 3A-C Photographs of inhibition diameters of Staphylococcus aureus stain exposed to chlorhexidine (CHX) formulations (2 pL impregnation on paper disks).
Notes: (A) CHX nanocapsule (CHX-NC) formulations (ie, CHX-NC suspension [0] and freeze-dried CHX-NC powder resuspended in purified water [B]), (B) 1% CHX
digluconate solution (positive control), and (C) unloaded NC suspension (negative control).

assumed to be comparable with the new process using the
same polymer. Therefore, inhibition diameters obtained by
disk diffusion were considered sufficient to verify antisep-
tic activity, since a complete antiseptic-activity profile had
already been determined in a previous publication.!®

Discussion

The use of conventional CHX solutions is frequently the subject
of controversy (eg, taste masking, low bioavailability),” sug-
gesting the need for new formulation strategies. Polymeric
NCs have been extensively studied in the development of
drug carriers. However, most NC-preparation methods, such
as nanoprecipitation®* and emulsification diffusion,*' use
organic solvents (eg, alcohol, acetone, chloroform, dichlo-
romethane), which must be eliminated at the final step
of preparation to obtain a therapeutically usable form.*!

The use of organic solvents presents an important drawback,
due to their toxicity and the need for multiple purification
steps, including long-lasting or complex processes, such
as evaporation or solvent-diffusion steps. Moreover, solid
lipid nanoparticles have been proposed as an alternative
to polymeric NCs, with the major advantage of avoid-
ing organic solvents. Solid lipid nanoparticle solvent-free
preparation techniques like high-shear or high-pressure
homogenization present some limitations, such as energy
consumption, drug degradation, and lipid crystallization
and modifications.?> These considerations are important to
take into account in the perspective of industrial scale-up of
polymeric and lipid nanoparticles. The method described in
this study is solvent-free and consists of a two-step process
(ie, separate oily and aqueous phase preparation and mix-
ing) resulting in a stable and freeze-dryable NC suspension

Table 2 Comparison of inhibition diameters of Staphylococcus aureus, Escherichia coli (Miller—Hinton medium), and Candida albicans
(Sabouraud medium) strains exposed to chlorhexidine nanocapsule (CHX-NC) suspensions (CHX %), freeze-dried CHX-NC powder
(CHX 2.5%) dispersed in purified water (CHX 0.6%), 1% CHX digluconate solution (positive control), and unloaded nanocapsule

suspension (negative control)

Formulation

Inhibition diameter (cm)

Staphylococcus Escherichia Candida
aureus (NS) coli (NS) albicans (NS)
CHX-NC suspension 5.3+0.1 6.412.3 3.8%1.2
Freeze-dried CHX-NC 5.1+0.3 5.040.1 3.240.2
CHX digluconate solution 3.6£1.1 4.0+0.9 5.4+0.8
Unloaded NC suspension 0 0 0

Notes: Data are expressed as means + standard deviation of three experimental determinations. NS (P>0.05; Kruskal-Wallis rank-sum test).

Abbreviation: NS, not significant.
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ready for freeze-drying. The advantage of freeze-drying is to
maintain stability, thus allowing longer lasting conservation
of nanocapsules.”

The average size of CHX-NC suspensions was in accor-
dance with other NC-preparation methods,*' and microscopic
observation showed that the CHX-NC structure was defined by
a clear wall formed by polymer, as observed previously." EE
was found to be in the same range as previously described in
the literature (ie, 50%—70%,?! 60%") but was decreased by
the freeze-drying process. Flocculation was assumed, since a
decrease of backscattering was reported after gentle agitation
of the CHX-NC suspension (data not shown). Furthermore, the
positive charge at the surface of CHX-NCs, evidenced by zeta-
potential measurements, contributed to suspension stability.

The bactericidal effect of CHX-NC was proved to be
equivalent to that of solubilized CHX toward Gram-negative
(E. coli) and Gram-positive (S. aureus) bacteria and fungi
(C. albicans). Recently, antimicrobial silver-based nanoma-
terials have been reported, including nanoparticles,*** and
in wound dressing and surgical sutures.’*” However, their
safety is often controversial, considering silver cytotoxicity
on keratinocytes and fibroblasts*® and side effects (eg, cost,
definitive tegument coloration). In contrast, the encapsula-
tion of CHX limits drug diffusion into tissular and cellular
structures, potentially reducing recurrent side effects by
appropriate targeting against microorganisms. Furthermore,
in a previous study, we reported that encapsulation of CHX
enabled immediate and sustained antimicrobial activity
against resident and transient skin flora.'® These results
were explained by both adhesion properties of nanoparticles
based on their physicochemical properties (eg, size, surface
charge)* and controlled release of CHX from nanocapsules
deposited onto the skin surface and accumulated in cutane-
ous appendages.*

Moreover, biocompatible and biodegradable polymer
enhances the tolerance and safety of the formulation,!” and
thermosensitive active pharmaceutical ingredient encapsula-
tion, including peptidic structures, is claimed by substitut-
ing crystalline polymer (ie, PCL melting point ~60°C) with
an amorphous low glass-transition temperature polymer
(eg, poly[lactide-co-glycolide acid] glass-transition tem-
perature ~40°C).

Conclusion

In the present study, a stable formulation of antimicrobial
NCs produced by a new solvent-free method was successfully
tested against several strains of bacteria. The simplicity of
the process enables the industrial scale-up of ready-to use or

freeze-dried products for widespread use in daily care prac-
tices, eg, in hand-washing hospital procedures or in dentistry.
Eventually, such versatile nanoprocesses might encapsulate
various chemical compounds for further pharmaceutical or
cosmetic applications.
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