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Abstract: Acne vulgaris is a common, multifactorial, inflammatory skin disease affecting the pilose-
baceous unit. Topical therapy is the first choice in the treatment of mild to moderate acne, and azelaic
acid (AZA) is one of the most commonly used drugs. The aim of this study was to evaluate the
safety and efficacy of a low-dose azelaic acid nanocrystal (AZA-NC) hydrogel in the treatment of
mild to moderate facial acne. The study was designed as a double-blind, randomized controlled
trial. Patients were randomized to treatment with AZA-NC hydrogel, 10%, or AZA cream, 20%,
administered in quantities of approximately 1 g twice daily for 8 weeks. Efficacy of therapy was
measured by the number of lesions and safety by the frequency and severity of adverse events. At
week 8, the success rate of treatment with AZA-NC hydrogel, 10%, was 36.51% (p < 0.001) versus
30.37% (p < 0.001) with AZA cream. At week 8, treatment with AZA-NC hydrogel, 10%, resulted in a
significant reduction in total inflammatory lesions from baseline of 39.15% (p < 0.001) versus 33.76%
(p < 0.001) with AZA cream, and a reduction in non-inflammatory lesions from baseline of 34.58%
(p < 0.001) versus 27.96% (p < 0.001) with AZA cream, respectively. The adverse event rate was low
and mostly mild.

Keywords: azelaic acid; nanocrystals; hydrogels; acne; dermal application

1. Introduction

Acne vulgaris (AV) is a common, chronic, inflammatory disease of the pilosebaceous
unit that usually manifests during puberty, but it can occur at any age, especially in women.
It is associated with various clinical presentations such as comedones, papules, pustules
and nodules [1,2].

The pathophysiology includes four primary factors that interact in the development of
acne lesions: (i) androgen-dependent hyperseborrhea, (ii) abnormal follicular keratinization
leading to comedones, (iii) follicular colonization by Cutibacterium acnes (C. acnes), and
(iv) release of inflammatory mediators in the skin [3]. Acne lesions most commonly occur
on the sites with the highest density of sebaceous glands, such as the face, neck, upper
chest, shoulders, and back [4]. The inflammatory responses that stimulate and cause the
different types of acne lesions include changes in the lipid profile of the sebaceous glands,
dysseborrhea, stress, irritation, cosmetics, and possible dietary factors [5]. Due to the
multifactorial pathophysiology, the treatment of AV should consider the full spectrum of
pathogenic factors [6].

Acne can be treated topically, systemically, and by other treatments such as dermoabra-
sion, xenografting, autografting, and chemical peeling. Topical therapy is the first choice
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in acne treatment, especially for mild and moderate acne. Topical products are applied
directly to the affected area, which has several advantages, such as reducing systemic
absorption and increasing exposure of pilosebaceous units for treatment [7].

Most conventional topical formulations usually have a high incidence of side effects
such as skin irritation, erythema, and pruritus, which reduce patient compliance and thus
the effectiveness of therapy [8]. The incidence and intensity of skin irritation depends
not only on the type of drug but also on its concentration, the vehicle formulation used
and mode of administration [6]. Therefore, the ultimate goal in the field of topical acne
treatment is to provide highly effective and well-tolerated therapy [6,9]. In addition, newly
developed vehicle formulations should increase efficacy, e.g., by progressive follicular
penetration of the active ingredient, and improve patient tolerability and compliance. A
wide range of colloidal delivery systems are under development, including polymeric
and solid lipid nanoparticles, liposomes, nanostructured lipid carriers and nanoemulsions.
These can increase drug stability and facilitate the formulation of lipophilic drugs [6].

Azelaic acid (AZA), the compound of interest in this study, is a saturated dicarboxylic
acid naturally produced by Malassezia furfur. It possesses antibacterial (C. acnes), anti-
inflammatory and keratolytic activity. In addition, AZA competitively inhibits tyrosinase,
DNA synthesis and mitochondrial enzymes. Therefore, it is an effective agent for the
topical treatment of mild to moderate AV and postinflammatory hyperpigmentation [10].
The half-life of topical AZA is approximately 12 h, so patients should apply it to the affected
areas twice daily. A favorable treatment outcome for acne vulgaris is usually achieved
within 4 weeks [11]. AZA has a good safety profile and a low potential for irritation [6].

Dermal nanocrystals have emerged as a novel and versatile approach to overcome
the skin barrier and enhance topical drug delivery. Previous research has shown that
nanocrystals improve dermal bioavailability by increasing penetration through the skin.
Due to the increased surface area of the nanocrystals, the dissolution rate increases, making
it possible to maintain a large concentration gradient between the formulation and the skin,
and thus forcing diffusion of the drug into the skin [12-14].

The small particle size of nanosuspensions is critical for their in vivo activity; how-
ever, due to their inherent instability, their formulation and preparation is challenging.
Nanoscale suspensions are known to be thermodynamically unstable and, therefore, prone
to agglomeration or recrystallization, in some cases even during processing or, more com-
monly, during shelf life. To prevent Ostwald ripening, a phenomenon in which large
crystals grow at the expense of dissolving small crystals, the formulated active ingredients
should be poorly soluble and the formulation should be stabilized with suitable stabilizers
in sufficient concentrations [15,16].

Wet milling and high-pressure homogenization are the two most commonly used
technologies for the preparation of nanosuspensions. Previous studies have shown the
superiority of the wet milling process over high pressure homogenization in preventing
crystal growth during processing and shelf life [16,17].

The aim of this study was to prepare an in-situ hydrogel of Pluronic® F127 (P),
hyaluronic acid (HA) and AZA in the form of nanocrystals (AZA-NC hydrogel). The
particle size analysis of AZA nanocrystals suspension (AZA-NS) and the test of spread-
ability of AZA-NC hydrogel were also performed. In addition, the clinical efficacy of
commercial AZA cream (Skinoren®) and AZA-NC hydrogel in reducing the number of
inflammatory and non-inflammatory lesions in patients with mild to moderate AV was
evaluated and compared.

2. Materials and Methods
2.1. Materials

Azelaic acid (AZA) and Pluronic® F127 (P) were purchased from Sigma Aldrich (Chemie
GmbH, Steinheim, Germany). Sodium hyaluronate (HA) and polysorbate 60 (P60) were
purchased from Kemig (Zagreb, Croatia), commercial AZA 20% cream (Skinoren®) was
purchased from Bayer (Zagreb, Croatia). Redistilled water was used for all experiments.



Pharmaceutics 2021, 13, 567

30f11

2.2. Preparation of the AZA Nanosuspensions (AZA-NS)

AZA was dispersed in an aqueous solution containing 0.3% (w/w) P60 (stabilizer)
for 10 min at 600 rpm using a magnetic stirrer (IKA, Staufen, Germany) to form a coarse
macrosuspension containing 5% (w/w) azelaic acid. The prepared suspension was further
homogenized at 2000 rpm for 3 min using Silverson LM5 homogenizer (Silverson Machines
Inc., East Longmeadow, MA, USA) to destroy any drug agglomerates present. To further
reduce the particle size, the macrosuspension was processed on a Dyno-Mill Re-searchlab
bead mill (Willy A. Bachofen AG, Muttenz, Switzerland) at 4000 rpm for 180 min. Yttrium
Stabilized Zirconium Oxide Beads (Silibeads® type ZY-P Pharma, Sigmund Linder GmBH,
Warmensteinach, Germany) with a size of 0.1-0.2 mm and a loading of 55 mL per milling
chamber were selected for the milling process. Milling was carried out in recirculation
mode. Considering the temperature-dependent solubility of the azelaic acid, the tempera-
ture of the suspension was maintained at 25 &+ 2 °C during milling. The nanosuspensions
(AZA-NS) were stored at 5 °C until freeze drying.

2.3. Freeze Drying of the AZA Nanosuspensions

Nanosuspensions were solidified by freeze drying using an AdVantage Pro benchtop
freeze dryer (SP Scientific, United States). The 4 mL nanosuspensions in glass vials were
frozen at —55 °C for 180 min (freezing rate 1.5 °C/min), followed by a cooling step (at
—30 °C for 180 min) and further lowering of the temperature to —55 °C for another 180 min
(freezing rate 2.5 °C/min). Ice removal by primary drying of the nanosuspensions was
performed by gradually increasing the shelf temperature in 10 °C increment from —55 °C
to 0 °C (600 min holding time at —45 °C, —35 °C and —25 °C, 300 min holding time —15 °C,
—5°Cand 0 °C) for 35 h in a vacuum of 150 pbar. Secondary drying was carried out for
120 min at temperatures of 10 and 20 °C, respectively, and a vacuum of 100 pbar to remove
adsorbed water. The obtained lyophilizates were resuspended with redistilled water to
form the nanosuspension (AZA-NS-FD) and analyzed for particle size.

2.4. Particle Size Analyses

Samples of AZA-NS were taken after 2 (AZA-NS-1), 3 (AZA-NS-2) and 4 h (AZA-NS-
3) of grinding and analyzed for particle size distribution. Particle size distribution was also
determined for a sample of the reconstituted AZA-NS-lyophilizate (AZA-NS-FD).

The particle size distribution of the nanosuspensions was determined by dynamic
light scattering (DLS) using the Zetasizer NaNO ZS (Malvern Instruments, Malvern, UK).
The results are presented as the mean intensity-weighted particle population diameter
(z-average) and the polydispersity index (PDI), which is a measure of the width of the
particle size distribution. Samples were diluted 50 times with water prior to measurement.
Measurements were performed at a temperature of 25 °C and a measurement angle of 173°.
The mean values were calculated from 3 individual measurements. The samples analyzed
and the results obtained are shown in Table 1.

Table 1. The z-average particle size and polydispersity index (PDI) of azelaic acid nanosuspensions
(AZA-NS).

AZA-NS Grinding Time (h) z-Average (nm £ SD) PDI
AZA-NS-1 2 188.7 £ 34.1 0.49
AZA-NS-2 3 148.1 £ 6.5 0.40
AZA-NS-3 4 1448 £4.7 0.36

AZA-NS-FD * 3 269.9 +14.8 0.43

* sample of the reconstituted AZA-NS-lyophilizate.

2.5. AZA-NC Hydrogel Formulation

The AZA-NC hydrogel was prepared using the FagronLab™ PRO unguator (Schefilitz,
Germany) according to our previous study [18]. Half of the required amount of redistilled
water was placed in the original FagronLab™ vessel, followed by the addition of the 15%
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P, 1% HA and 10% lyophilizate of AZA nanocrystal suspension. Finally, the remaining
amount of water was added. The mixing time was 26 min by 6 interchanging speed
intervals (600 rpm vs. 1400 rpm) and times (485 s vs. 30 s vs. 510 s vs. 30 s vs. 485 s vs.
30 s).

2.6. Spreadability Test

The spreadability was investigated using a TTC spreadability device (HDP/SR*) at
TA XTplusC Texture Analyser (Stable Micro Systems Ltd., Godalming, United Kingdom) at
20 £+ 5 °C. In this test, a 90° cone-shaped probe is pressed at a defined speed and depth into
precisely matched cone filled with hydrogel or cream. The cone probe was lowered into
the sample from a fixed position of 25 mm at a defined velocity of 3 mm/s and a defined
stroke depth of 23 mm, so that the sample flows outward at 45° between the cones. The
measurements were performed in duplicate. The textural properties of the formulation
were calculated using the instrument software Texture Exponent. The resulting plot of
force versus time provides data on the strength of the sample, measured as the maximum
force reached in the curve, and the spreadability, which corresponds to the shear work, i.e.,
the area under the curve.

2.7. Patients and Clinical Study Design

The study included patients aged 14 to 40 years of both sexes diagnosed with mild
to moderate AV. Exclusion criteria included some of the other forms of acne (e.g., severe,
nodular, cystic), the presence of other skin conditions such as psoriasis and various forms
of dermatitis, use of systemic or laser acne therapy in the previous month, known hyper-
sensitivity to any ingredient in the test formulations, and pregnant and lactating women.

The study, in which 68 patients participated, was completed by 60 patients. They were
randomly assigned to two groups and received either a commercial AZA cream (Skinoren®)
containing 20% AZA or an AZA nanocrystal hydrogel containing 10% AZA (AZA-NC
hydrogel). Both patients and their dermatologists were blinded to the type of treatment.
Patients were instructed to apply the treatments to the affected areas twice daily (morning
and evening) for eight weeks. They were also instructed not to use cleansers or cosmetics
on the treated areas during the study period, and they provided written informed consent
before participating in the study. The number of lesions (inflammatory, non-inflammatory,
and total) was collected before treatment began, and the dermatologist determined the
status of the condition at 4 and 8 weeks. No other acne medications were allowed during
the study.

In this study, a standard lesion count was used to classify acne into four groups
according to Hayashi et al. [19], corresponding to mild (0-5), moderate (6-20), severe
(21-50) and very severe (>50).

Approval for the study was obtained from the relevant ethics committees. The study
was conducted in accordance with the Declaration of Helsinki. Voluntary informed consent
forms were signed by all patients and/or their parents or guardians.

2.8. Statistical Analysis

Data were stored in the database MS Excel 2000 and the statistical program SPSS (SPSS
for Windows 17.0, SPSS, Chicago, IL, USA) was used for statistical analysis. The Student
t-test and Chi-Square test were used to analyze the sociodemographic characteristics.
Student t-tests were used to calculate the mean number of lesions at baseline and to
compare study results between groups. The efficacy of treatment within a given group was
analyzed using the paired-samples t-test. The sampling distribution was tested using the
Kolmogorov-Smirnov test. The statistical significance level was set at 0.05.
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3. Results and Discussion
3.1. AZA-NS Particle Size and PDI

To produce a sufficient amount of AZA nanocrystals for clinical supply, it was neces-
sary to scale up the milling process, from the small low energy milling process used in our
previous study [18] to the high energy agitator milling process.

Low-energy bead milling processes produce very fine particles with narrow size
distributions, but the milling time is very long because of the relatively low energy input.
In grinding processes based on high energy methods, such as in the agitator bead mill, the
power density is much higher, resulting in a significant reduction in production time. This
makes grinding in the agitator bead mill the process of choice for large-scale pharmaceutical
applications [20]. Wet milling was chosen for the preparation of azelaic acid nanocrystals
because previous studies have shown the superiority of the low energy bead milling
process over high pressure homogenization in preventing crystal growth during processing
and shelf life [16,17].

Compared to the previous study [18], the concentration of azelaic acid in the milling
suspension was increased from 2% to 5% (w/w) to reduce the amount of dissolved drug
fraction and increase stability, while increasing the efficiency of the milling process. Concen-
trations higher than 5% (w/w) resulted in a sharp increase in the viscosity of the suspension
at the beginning of the milling, which made it impossible to continue the process.

Small beads of 0.1-0.2 mm and a high agitator speed were chosen to further improve
the milling effect and reduce the processing time.

Stabilizers used in the formulation of nanosuspensions adsorb on the surfaces of
nanocrystals and support the stability of the suspension by steric or electrostatic repulsion.
It is reported in the literature that the optimum steric stabilizer to drug ratio should be in
the range of 0.05:1 to 0.5:1 [21]. In the present study, the nonionic surfactant polysorbate 60
was selected for steric stabilization of the formulation at the ratio of surfactant to active
ingredient of 0.06:1.

To determine the optimum milling time, samples were taken after 2, 3 and 4 h of
continuous milling in recirculation mode and analyzed for particle size and PDI. The results
are presented in Table 1.

The particle size distributions obtained were in agreement with the particle sizes
reported for most nanosuspensions prepared by the wet milling process (ranging from
100 nm to 300 nm in size) [20,22]. No crystal growth was observed during the milling
process. The process was successfully scaled using agitated ball mill technology, resulting
in a 40-fold increase in processed suspension batch size (from 7.5 g to 300 g of suspension)
and an 8-fold decrease in processing time (from 24 h to 3 h) compared to the previous
study [18].

Since the particle size reached a plateau after 3 h of milling, the AZA-NS-2 nanosus-
pension was selected for further processing by freeze drying to prevent the occurrence of
Ostwald ripening and crystal growth.

The freeze-drying step is a crucial process to ensure the stability of the nanocrystals. As
previously reported, the nanocrystals tend to form non-dispersive agglomerates, especially
during the freeze step, which affects the nanonization achieved during wet milling. To
prevent this effect, the addition of a cryoprotective agent to the formulation may be
necessary [23].

To enable homogenous incorporation of azelaic acid nanocrystals into the hydrogel,
the aim of the freeze-drying process was to generate lyophilizates that can be readily
reconstituted into nanocrystals close to their original size.

The applied freeze-drying process resulted in a stable cake structure (Figure 1) that
can be easily dispersed into nanocrystals without the need to add cryoprotectants to the
formulation. The observed increase in crystal size from 144.8 nm to 269.9 nm after freeze
drying could be attributed to the slight agglomeration of nanocrystals during the freeze-
drying process. This change is acceptable because the resulting particle size was still in the
target size range for which increased skin penetration was observed [12,24].
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Figure 1. Azelaic acid nanocrystals lyophilizate.

The satisfactory redispersibility properties of the cake can be attributed to the fast
freezing rate and low concentration of nanocrystals in the suspension. As previously
reported, during fast freezing, as the crystal growth of water progresses, the nanocrystals
will not have sufficient time to move around and aggregate. Furthermore, a decrease in
concentration leads directly to an increase in the distance between the particles, resulting in
a reduced number of collisions between the particles and, thus, reducing aggregation [25].

Compared to a commercial 20% AZA cream that released 5% AZA in 480 min, an
approximately 10-fold higher percentage of AZA was released from the AZA nanocrystal-
loaded hydrogels in the same time period, as we have previously reported [18]. Therefore,
we should expect the similar trend to be maintained here, as the particle size of the AZA
nanocrystals, as well as the hydrogel formulation, remains similar.

3.2. Spreadability of AZA-NC Hydrogel

Spreadability is one of the essential properties of the topical formulation with respect
to patient compliance. Even application of the product to the skin is easier and more
acceptable to the patient if it has adequate spreadability. In addition, formulations with
better spreadability can cover a larger area of the skin during application, which can
improve the therapeutic effect [26].

Slight spreading is associated with low product strength. Texture profile analysis
(TPA) showed that the strength and shear behaviour of AZA-NC hydrogel were 510.8 &
2.0 gand 467.9 £ 28 g s, respectively, indicating that the strength of the hydrogel is low and
it can spread at low shear [27]. Moreover, the strength and shear behaviour of AZA-cream
were 3050.6 & 61 g and 1079.0 £ 20.8 g s, respectively.

3.3. Efficacy of AZA-NC Hydrogel

The efficacy of AZA-NC hydrogel, 10%, compared with AZA cream, 20%, in the
treatment of mild to moderate acne lesions on the face was evaluated in a double-blind,
randomized clinical trial. The reason for the lower dosage of AZA than in all commercially
available products (cream, 20%; gel, 15%; foam, 15%) was to reduce potential side effects
such as burning, stinging, itching, dry skin, erythema, and irritation observed with 15%
AZA gel and 20% AZA cream [11]. Furthermore, considering the in vitro results of AZA
penetration into the skin from our previously published study [18], which showed that
the AZA amount and total stratum corneum penetration depth were similar between 10%
AZA gel and 20% AZA cream, a similar effect on acne lesions in vivo can be expected.

Seventy-five patients were initially screened, of whom 68 patients fulfilled the in-
clusion criteria and were randomized in two treatment groups: (i) thirty-five patients
(51.47%) were randomized to AV treatment with AZA cream and (ii) thirty-three patients
(48.53%) were randomized to AV treatment with AZA-NC hydrogel. Eight patients were
excluded from the study; specifically, an adverse event occurred in one patient treated with
AZA cream, three patients (two treated with AZA cream and one treated with AZA-NC
hydrogel) requested to be excluded, and four patients (two treated with AZA cream and
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two treated with AZA-NC hydrogel) were lost to follow-up. The patient flow diagram is

shown in Figure 2.
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Figure 2. Patient flow diagram.

A total of 60 patients (23 males; 38.3% and 37 females; 61.7%) participated regularly
in the study. The mean age of the patients was 18.83 &+ 2.321 in the AZA cream treatment
group and 18.57 = 3.093 in the AZA NC hydrogel treatment group. The distribution by
gender and all other sociodemographic characteristics, including work status and lifestyle
habits such as smoking and alcohol consumption measured at baseline, were comparable
and did not differ significantly between groups (Table 2).

Table 2. Sociodemographic patient characteristics.

Patient Characteristic AZA Cream AZA-NC Hydrogel p-Value
Age (mean £ SD) 18.83 4+ 2.321 18.57 + 3.093 0.707
Gender (n; %) <1
M 12; 40.0% 11; 36.7%
F 18; 60.0% 19; 63.3%
Smoking (n; %) 12; 40.0% 11; 36.7% <1
Alcohol consumption (n; %) 9; 30.0% 9; 30.0% <1
Work status (n; %)
Employed 2;6.7% 4:13.3%
Student 20; 66.7% 13; 43.3%
Pupil 8;26.7% 13; 43.3%

The number of inflammatory, non-inflammatory, and total lesions was initially compa-
rable, and the difference between treatment groups was not statistically significant (p > 0.05)

(Table 3).

Table 3. The mean number of lesions at baseline in all patients.

. AZA Cream AZA-NC Hydrogel
Lesions type_week Mean + SD Mean + SD p-Value
Inflammatory lesions_0 5.43 + 3.421 6.13 + 3.501 0.437
Non-inflammatory lesions_0 7.63 4= 4.189 8.00 &= 3.877 0.726
Total lesions_0 13.07 £ 7.080 14.13 £ 6.872 0.556
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A comparison of the efficacy of reducing the number of inflammatory and non-
inflammatory lesions after four- and eight-week treatment with AZA cream or AZA-NC
hydrogel is shown in Table 4. The results show that both treatments were associated with a
reduction in both inflammatory and non-inflammatory lesions. In addition, both treatments
showed efficacy after four weeks of twice-daily AZA administration and a further increase

in efficacy after eight weeks.

Table 4. The mean number and percentage reduction in inflammatory and non-inflammatory lesions after 4 and 8 weeks

of treatment.
. AZA Cream AZA-NC Hydrogel
Lesions type_week(s) Mean -+ SD Mean :I:ySD 8 p-Value
Inflammatory lesions_0 543 + 3.421 6.13 £ 3.501 0.437
Inflammatory lesions_4 4.80 £ 3.253 5.30 4+ 3.153 0.548
Inflammatory lesions_8 3.60 £ 2.430 3.73 & 2.612 0.839
Diff. inflammatory lesion 0—4 0.63 £ 0.556 0.83 £0.791 0.262
Reduction_4 (%) 11.66 13.59
Diff. inflammatory lesion 0-8 1.83 £ 1.206 2.40 £ 1.248 0.079
Reduction_8 (%) 33.76 39.15
Non-inflammatory lesions_0 7.63 +4.189 8.00 £ 3.877 0.726
Non-inflammatory lesions_4 6.73 4= 3.823 6.90 &= 3.614 0.863
Non-inflammatory lesions_8 5.50 £ 3.330 523 +3.137 0.751
Diff. non-inflammatory lesion 0—4 0.93 - 0.740 1.10 £ 0.845 0.420
Reduction_4 (%) 12.23 13.75
Diff. non-inflammatory lesion 0-8 213 +£1.279 2.77 £1.194 0.052
Reduction_8 (%) 27.96 34.58

After four weeks of treatment, a reduction in both inflammatory and non-inflammatory
lesions was observed in both groups of patients: in the AZA cream-treated group (11.66%
reduction in inflammatory and 12.23% reduction in non-inflammatory lesions) and in the
hydrogel group treated with AZA-NC (13.59% reduction in inflammatory and 13.75%
reduction in non-inflammatory lesions). The same trend was observed after eight weeks of
treatment. The reduction in the number of inflammatory and non-inflammatory lesions
in the AZA cream-treated group was 33.76% and 27.96%, respectively, while in the AZA-
NC-treated hydrogel group it was 39.15% and 34.58%, respectively. Figure 3 illustrates the

reduction in lesion numbers during the treatment period with AZA-NC hydrogel.

Figure 3. Patient with mild to moderate acne vulgaris at baseline (A), after four weeks (B) and after eight weeks (C) of

treatment with AZA-NC hydrogel.

The results are in agreement with those of Schaller et al. [28], who studied the effect
of 20% azelaic acid cream (Skinoren™ cream) on mild to moderate AV and showed that
application twice daily for 8 weeks resulted in a 39.8% reduction in the total number of
lesions, while application for 12 weeks resulted in a 53.9% reduction.

®
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The results of the drug on the reduction in the number of inflammatory, non-
inflammatory, and total lesions within each study group after eight weeks of treatment
are shown in Table 5. After eight weeks of AZA administration twice daily, a statistically
significant (p < 0.001) reduction in inflammatory, non-inflammatory and, thus, total lesions,
was achieved in both study groups. Moreover, high values of partial n> showed a signifi-
cant effect of both treatments on the reduction in the number of lesions. In the group of
patients applying AZA cream, the values of partial n? for inflammatory, non-inflammatory
and total lesions were 0.710, 0.745 and 0.797, respectively, while in the group of patients
applying AZA-NC hydrogel, the partial n? values were higher and were 0.794, 0.848 and
0.846 for inflammatory, non-inflammatory and total lesions, respectively.

Table 5. Efficacy of treatment on reducing the number of inflammatory, non-inflammatory, and total lesions within a given
group after eight weeks.

. AZA Cream 2 AZA-NC Hydrogel 2
Lesions type_week(s) Mean - SD p-Value n Mean - SD p-Value n
Inflammatory lesions_0 543 +3.421 6.13 £ 3.501
Inflammatory lesions_8 3.60 + 2.430 <0.001 0.710 3.73 £ 2612 <0.001 0.794
Reduction in lesion count 0-8 (%) 33.76 39.15
Non-inflammatory lesions_0 7.63 + 4.189 8.00 + 3.877
Non-inflammatory lesions_8 5.50 £+ 3.330 <0.001 0.745 523 £+ 3.137 <0.001 0.848
Reduction in lesion count 0-8 (%) 27.96 34.58
Total lesions_0 13.07 £ 7.080 14.13 £+ 6.872
Total lesions_8 9.10 + 5.422 <0.001 0.797 8.97 + 5189 <0.001 0-846
Reduction in lesion count 0-8 (%) 30.37 36.51

In conclusion, both AZA cream and AZA-NC hydrogel treatments showed progressive
and continuous improvement in mild to moderate facial skin AV throughout the study
period. Moreover, both treatments had a better effect on inflammatory compared to non-
inflammatory lesions, which is consistent with the results reported by Schaller et al. [28]
and the anti-inflammatory effect of AZA [29]. Compared to AZA cream, AZA-NC hydrogel
treatment showed the same effect, although the AZA concentration in the cream was twice
as high.

It has been shown that the efficacy of topically applied AZA in the treatment of acne
lesions can be maintained in its reduced concentrations when it has been nanonized. It
may also be possible to further reduce AZA concentrations and its side effects by partially
replacing it with some substances of natural origin. Considering the antimicrobial and
anti-inflammatory properties of essential oils, a recent study indicates their use and efficacy
in topical acne treatment [30] in combination with tretinoin in a cream formulation. In
addition, compared to synthetic agents, essential oils are safer and less toxic penetration
enhancers for both hydrophilic and lipophilic agents [31], which can potentially reduce the
possibility of side effects.

4. Conclusions

The AZA nanocrystal suspensions were successfully obtained by the agitated ball mill
technology, from which the easily redispersible AZA nanocrystals were obtained by freeze
drying without the need of adding cryoprotectants, which allowed their homogeneous
incorporation into the hybrid poloxamer/hyaluronic acid in situ hydrogel. The 10% AZA-
NC hydrogel exhibited good spreadability properties, allowing uniform application to the
skin and good patient compliance.

The results of a randomized, double-blind clinical trial showed that the 10% AZA-NC
hydrogel was as effective as the 20% AZA cream in treating mild to moderate facial skin
AV. It effectively reduced the number of inflammatory and non-inflammatory lesions and
showed an initial clinical effect after only four weeks of continuous use, although the
benefits become more apparent after longer continuous treatment. Hydrogel AZA-NC,
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10%, appears to show a favorable safety profile and improved efficacy in the treatment of
mild to moderate AV.

Author Contributions: Conceptualization, ].E-G., LP. and DS.; methodology, J.E-G. and D.S.; valida-
tion, LT. and S.M.; formal analysis, I.T. and S.M.; investigation, L.T. and S.M.; resources, ].F.-G., S.M.
and D.S.; data curation, LT. and S.M.; writing—original draft preparation, I.T. and S.M.; writing—
review and editing, ].E.-G., DS, LP,LT. and SM,; supervision, J.F-G. and D.S.; project administration,
J.E-G. and D.S.; funding acquisition, J.E.-G. and I.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded and supported by Federal Ministry of Education and Science
of Bosnia and Herzegovina and the University of Mostar, Bosnia and Herzegovina (NIR grant:
Development of an innovative dermal formulation with azelaic acid nanocrystals to improve the
outcome of acne therapy), the University of Zagreb Faculty of Pharmacy and Biochemistry, Croatia,
and R&D, PLIVA Croatia Ltd., TEVA Group Member, Croatia (Modelling of the Pharmaceutical
Spray-Drying Process of the Emulsions in Laboratory and Pilot Scale grant).

Institutional Review Board Statement: The study was approved and conducted according to the
guidelines of the Declaration of Helsinki and approved by the University Clinical Hospital of Mostar,
Bosnia and Herzegovina (protocol code: 6723/20 and date of approval 2 October 2020) and Ethics
Committee for Experimental Research, Faculty of Pharmacy and Biochemistry, University of Zagreb,
Croatia (protocol code: 251-62-03-20-45 and date of approval 21 December 2020).

Informed Consent Statement: Informed consent was obtained from all subjects who participated in
the study.

Data Availability Statement: Data are included in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mohiuddin, A. A Comprehensive Review of Acne Vulgaris. J. Clin. Res. Dermatol. 2019, 6, 1-34. [CrossRef]

2. Dréno, B. Recent data on epidemiology of acne. Ann. Dermatol. Vénéréologie 2010, 137, 3-5. [CrossRef]

3. Taylor, M.; Gonzalez, M.; Porter, R. Pathways to inflammation: Acne pathophysiology. Eur. J. Dermatol. 2011, 21, 323-333.
[CrossRef]

4. Williams, H.C.; Dellavalle, R.P.; Garner, S. Acne vulgaris. Lancet 2012, 379, 361-372. [CrossRef]

5. Dréno, B. What is new in the pathophysiology of acne, an overview. J. Eur. Acad. Dermatol. Venereol. 2017, 31, 8-12. [CrossRef]
[PubMed]

6.  Otlewska, A.; Baran, W.; Batycka-Baran, A. Adverse events related to topical drug treatments for acne vulgaris. Expert Opin. Drug
Saf. 2020, 19, 513-521. [CrossRef]

7. Fox, L,; Csongradi, C.; Aucamp, M.; Du Plessis, J.; Gerber, M. Treatment Modalities for Acne. Molecules 2016, 21, 1063. [CrossRef]

8.  Dikicier, B.S. Topical treatment of acne vulgaris: Efficiency, side effects, and adherence rate. J. Int. Med. Res. 2019, 47, 2987-2992.
[CrossRef] [PubMed]

9. Katsambas, A.; Dessinioti, C. New and emerging treatments in dermatology: Acne. Dermatol. Ther. 2008, 21, 86-95. [CrossRef]
[PubMed]

10. Sieber, M.; Hegel, J. Azelaic Acid: Properties and Mode of Action. Ski. Pharmacol. Physiol. 2014, 27, 9-17. [CrossRef] [PubMed]

11.  Young, M.C,; Zito, PM. Azelaic Acid in Acne Vulgaris. ]. Dermatol. Nurses Assoc. 2018, 10, 152-153. [CrossRef]

12.  Patel, V.; Sharma, O.P.; Mehta, T. Nanocrystal: A novel approach to overcome skin barriers for improved topical drug delivery.
Expert Opin. Drug Deliv. 2018, 15, 351-368. [CrossRef]

13. Lohan, S.B.; Saeidpour, S.; Colombo, M.; Staufenbiel, S.; Unbehauen, M.; Wolde-Kidan, A.; Netz, R.R.; Bodmeier, R.; Haag, R.;
Teutloff, C.; et al. Nanocrystals for Improved Drug Delivery of Dexamethasone in Skin Investigated by EPR Spectroscopy.
Pharmaceutics 2020, 12, 400. [CrossRef]

14. Colombo, M,; Staufenbiel, S.; Riihl, E.; Bodmeier, R. In situ determination of the saturation solubility of nanocrystals of poorly
soluble drugs for dermal application. Int. J. Pharm. 2017, 521, 156-166. [CrossRef] [PubMed]

15. Verma, S.; Kumar, S.; Gokhale, R.; Burgess, D.J. Physical stability of nanosuspensions: Investigation of the role of stabilizers on
Ostwald ripening. Int. J. Pharm. 2011, 406, 145-152. [CrossRef] [PubMed]

16. Wang, Y.; Zheng, Y.; Zhang, L.; Wang, Q.; Zhang, D. Stability of nanosuspensions in drug delivery. ]. Control. Release 2013, 172,
1126-1141. [CrossRef]

17.  Zhai, X.; Lademann, J.; Keck, C.M.; Miiller, R H. Dermal nanocrystals from medium soluble actives—Physical stability and

stability affecting parameters. Eur. J. Pharm. Biopharm. 2014, 88, 85-91. [CrossRef]


http://doi.org/10.15226/2378-1726/6/2/00186
http://doi.org/10.1016/S0151-9638(10)70045-4
http://doi.org/10.1684/ejd.2011.1357
http://doi.org/10.1016/S0140-6736(11)60321-8
http://doi.org/10.1111/jdv.14374
http://www.ncbi.nlm.nih.gov/pubmed/28805938
http://doi.org/10.1080/14740338.2020.1757646
http://doi.org/10.3390/molecules21081063
http://doi.org/10.1177/0300060519847367
http://www.ncbi.nlm.nih.gov/pubmed/31122106
http://doi.org/10.1111/j.1529-8019.2008.00175.x
http://www.ncbi.nlm.nih.gov/pubmed/18394082
http://doi.org/10.1159/000354888
http://www.ncbi.nlm.nih.gov/pubmed/24280644
http://doi.org/10.1097/JDN.0000000000000399
http://doi.org/10.1080/17425247.2018.1444025
http://doi.org/10.3390/pharmaceutics12050400
http://doi.org/10.1016/j.ijpharm.2017.02.030
http://www.ncbi.nlm.nih.gov/pubmed/28223247
http://doi.org/10.1016/j.ijpharm.2010.12.027
http://www.ncbi.nlm.nih.gov/pubmed/21185926
http://doi.org/10.1016/j.jconrel.2013.08.006
http://doi.org/10.1016/j.ejpb.2014.07.002

Pharmaceutics 2021, 13, 567 11 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tomi¢, I; Jureti¢, M.; Jug, M.; Pepi¢, I Cizmek, B.C.; Filipovié-Gr¢i¢, J. Preparation of in situ hydrogels loaded with azelaic acid
nanocrystals and their dermal application performance study. Int. J. Pharm. 2019, 563, 249-258. [CrossRef]

Hayashi, N.; Akamatsu, H.; Kawashima, M. Acne Study Group Establishment of grading criteria for acne severity. J. Dermatol.
2008, 35, 255-260. [CrossRef]

Moschwitzer, J.P. Drug nanocrystals in the commercial pharmaceutical development process. Int. J. Pharm. 2013, 453, 142-156.
[CrossRef] [PubMed]

Merisko-Liversidge, E.; Liversidge, G.G.; Cooper, E.R. Nanosizing: A formulation approach for poorly-water-soluble compounds.
Eur. J. Pharm. Sci. 2003, 18, 113-120. [CrossRef]

Peltonen, L.; Hirvonen, J. Pharmaceutical nanocrystals by nanomilling: Critical process parameters, particle fracturing and
stabilization methods. J. Pharm. Pharmacol. 2010, 62, 1569-1579. [CrossRef] [PubMed]

Mohammady, M.; Mohammadi, Y.; Yousefi, G. Freeze-Drying of Pharmaceutical and Nutraceutical Nanoparticles: The Effects of
Formulation and Technique Parameters on Nanoparticles Characteristics. J. Pharm. Sci. 2020, 109, 3235-3247. [CrossRef]
Lademann, J.; Richter, H.; Teichmann, A.; Otberg, N.; Blume-Peytavi, U.; Luengo, J.; Weiss, B.; Schaefer, U.F.; Lehr, C.-M.; Wepf, R.
Nanoparticles—An efficient carrier for drug delivery into the hair follicles. Eur. J. Pharm. Biopharm. 2007, 66, 159-164. [CrossRef]
[PubMed]

Lee, J.; Cheng, Y. Critical freezing rate in freeze drying nanocrystal dispersions. ]J. Control. Release 2006, 111, 185-192. [CrossRef]
[PubMed]

Kulawik-Piéro, A.; Ptaszek, A.; Kruk, J. Effective tool for assessment of the quality of barrier creams—Relationships between
rheological, textural and sensory properties. Regul. Toxicol. Pharmacol. 2019, 103, 113-123. [CrossRef] [PubMed]

Hurler, J.; Engesland, A.; Kermany, B.P; Skalko-Basnet, N. Improved texture analysis for hydrogel characterization: Gel
cohesiveness, adhesiveness, and hardness. J. Appl. Polym. Sci. 2011, 125, 180-188. [CrossRef]

Schaller, M.; Sebastian, M.; Ress, C.; Seidel, D.; Hennig, M. A multicentre, randomized, single-blind, parallel-group study
comparing the efficacy and tolerability of benzoyl peroxide 3%/ clindamycin 1% with azelaic acid 20% in the topical treatment of
mild-to-moderate acne vulgaris. J. Eur. Acad. Dermatol. Venereol. 2016, 30, 966-973. [CrossRef] [PubMed]

Mastrofrancesco, A.; Ottaviani, M.; Aspite, N.; Cardinali, G.; Izzo, E.; Graupe, K.; Zouboulis, C.C.; Camera, E.; Picardo, M. Azelaic
acid modulates the inflammatory response in normal human keratinocytes through PPARY activation. Exp. Dermatol. 2010, 19,
813-820. [CrossRef]

Mazzarello, V.; Gavini, E.; Rassu, G.; Donadu, M.G.; Usai, D.; Piu, G.; Pomponi, V.; Sucato, F.; Zanetti, S.; Montesu, M.A. Clinical
Assessment of New Topical Cream Containing Two Essential Oils Combined with Tretinoin in the Treatment of Acne. Clin.
Cosmet. Investig. Dermatol. 2020, 13, 233-239. [CrossRef]

Herman, A.; Herman, A.P. Essential oils and their constituents as skin penetration enhancer for transdermal drug delivery: A
review. . Pharm. Pharmacol. 2015, 67, 473-485. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijpharm.2019.04.016
http://doi.org/10.1111/j.1346-8138.2007.00403.x-i1
http://doi.org/10.1016/j.ijpharm.2012.09.034
http://www.ncbi.nlm.nih.gov/pubmed/23000841
http://doi.org/10.1016/S0928-0987(02)00251-8
http://doi.org/10.1111/j.2042-7158.2010.01022.x
http://www.ncbi.nlm.nih.gov/pubmed/21039542
http://doi.org/10.1016/j.xphs.2020.07.015
http://doi.org/10.1016/j.ejpb.2006.10.019
http://www.ncbi.nlm.nih.gov/pubmed/17169540
http://doi.org/10.1016/j.jconrel.2005.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16430987
http://doi.org/10.1016/j.yrtph.2019.01.026
http://www.ncbi.nlm.nih.gov/pubmed/30664900
http://doi.org/10.1002/app.35414
http://doi.org/10.1111/jdv.13541
http://www.ncbi.nlm.nih.gov/pubmed/26915831
http://doi.org/10.1111/j.1600-0625.2010.01107.x
http://doi.org/10.2147/CCID.S236956
http://doi.org/10.1111/jphp.12334
http://www.ncbi.nlm.nih.gov/pubmed/25557808

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of the AZA Nanosuspensions (AZA-NS) 
	Freeze Drying of the AZA Nanosuspensions 
	Particle Size Analyses 
	AZA-NC Hydrogel Formulation 
	Spreadability Test 
	Patients and Clinical Study Design 
	Statistical Analysis 

	Results and Discussion 
	AZA-NS Particle Size and PDI 
	Spreadability of AZA-NC Hydrogel 
	Efficacy of AZA-NC Hydrogel 

	Conclusions 
	References

