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Abstract

Surface science is a currently expanding field which attracts attention through numerous possible correlations between
different superficial phenomena. Modern approaches regarding superficial properties include extreme wetting interpretations
through adapted regimes. Moreover, innovative applications arise from special surface properties like superhydrophilicity/
superhydrophobicity, through biomimicry, improving classic materials or generating new better artificial ones, of important
interest in many domains. Liquid marbles, known as superhydrophobic-like structures also gained researcher’s attention due
to their special superficial properties. Experimental data in this direction are scarce, especially regarding active ingredients in
the pharmaceutical domain and taking into account different morphologies and formulation versatility of liquid marbles. This
paper focuses on anti-inflammatory powders and their superficial properties as raw pharmaceutical materials, but also as
liquid marbles’ components (external phases). Interpretations concern powders wettability degree expressed through contact
angles and apparent contact angles of corresponding liquid marbles. These wetting parameters are correlated through a
mathematical model, which also allows evaluation of fractal quantitative indexes: rugosity and fractal dimension. Applying a
fractal wetting model to anti-inflammatory powders represents a step forward towards proposing contact angles and other
wetting parameters as key indicators in pre-formulation processes. Dissolution and absorption of active ingredients are only
two examples of processes in which a drug’s pharmacokinetic profile is directly correlated to wetting parameters of its
components. The importance of predicting a pharmaceutical products’ behaviour is crucial in designing new products,
making superficial properties investigations mandatory steps of the process.

Rezumat

Domeniul ,,Stiinta suprafetelor” este unul aflat in curs de expansiune si atrage atentia prin numeroase posibile corelatii intre
fenomenele superficiale. Abordari moderne ale proprietatilor superficiale includ interpretari ale fenomenelor extreme de
umectare, realizate prin intermediul regimurilor de udare adaptate. Mai mult, aplicatii inovative deriva din proprietati
superficiale speciale precum superhidrofobia/superhidrofilia. Prin intermediul biomimetismului, materiale clasice sunt
imbunatatite. Totodata, sunt fabricate materiale noi cu caracteristici superioare, de interes in numeroase domenii. ,,Liquid
marbles”, exponenti ai comportamentului de tip superhidrofob, au atras atentia cercetatorilor prin proprietatile superficiale
deosebite. Avand Tn vedere versatilitatea formuldrii si morfologiei ,liquid marbles”, datele experimentale in directia
caracterizarii lor sunt insuficiente. Aceasta se aplicd mai ales in legdturd cu domeniul farmaceutic, referitor la substantele
active. Prezenta lucrare se concentreaza asupra pulberilor antiinflamatorii si proprietatilor superficiale, atit ca materii prime
farmaceutice, cat si ca faze externe ale ,,liquid marbles”, formulate cu pulberi omoloage. Sunt propuse interpretiri privind
gradul de umectare al pulberilor exprimat prin intermediul unghiului de contact, respectiv unghiul de contact aparent al
Lliquid marbles”. Acesti parametri sunt corelati, prin intermediul unor modele matematice, cu indici cantitativi specifici
geometriei fractale: rugozitatea si dimensiunea fractald. Aplicarea unui model fractal al umectarii adresat pulberilor
antiinflamatorii reprezintd un pas inainte spre propunerea unghiului de contact si a parametrilor umectarii drept indicatori
cheie ai umectdrii in studiile de preformulare farmaceuticd adresate pulberilor. Importanta anticiparii comportamentului
medicamentelor este cruciald in proiectarea unor noi produse, astfel incat investigarea proprietatilor superficiale devine o
etapa obligatorie a procesului.

Keywords: surface properties, pharmaceutical anti-inflammatory powders, wetting models, “liquid marbles”, fractal
interpretation of wetting phenomena

Introduction appreciated and valuable acknowledgements. Among
the scientific fields that benefited from industrial

During the last decades, technological expansion . . .
outgrow, microscopical analysis stood out, as many

projected itself upon diverse industrial areas, with
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natural phenomena and properties were scientifically
explained [9, 10, 16]. This progress was achieved
due to the possibility to study surface properties at a
macroscopic, microscopic and especially nanometric
level [10, 29]. Thus, intrinsic properties of materials
were correlated with surface properties, giving the
latter a more precise interpretation. In particular, in
order to define surface properties, a drop is considered
in contact with a solid. Wetting phenomena are
described through quantitative indexes: contact angle
(CA(®)) and other quantitative indexes: “sliding” contact
angle, hysteresis, dynamic contact angle, surface tension,
length (mm), height (mm), volume (uL) and area
(mm?) of the drop, which is considered in this case,
a spherical cap and not a perfect sphere [26, 27].
The contact angle (6 or CA(°)) is determined using
Young’s equation:

cos0 = (yse — ysL)/viG (Eql)

Where vyse, VsL, YLc represent superficial tensions at
the solid-gas, solid-liquid, liquid gas interfaces, and
only applies to ideal, smooth surfaces [3, 10, 11]. It is
important to emphasize that most of the surrounding
surfaces are not perfectly smooth. Thus, Young’s law
does not apply. Other wetting models describe real
surfaces, which exhibit rugosities. The most outstanding
of these wetting regimes are Wenzel and Cassie-
Baxter, which take into account the roughness (r) of
the surface, making it possible to determine an
apparent contact angle (CA*(°) or 0), through the
following equation [3, 24, 36, 37]:

cosf’=r- (’YSG ,»YSL)/»YLG (Eq 2)

These regimes are characteristic to ‘extreme’ wetting
situations, like superhydrophobicity and super-
hydrophilicity. Important exponents of a superhydro-
phobic behaviour are liquid marbles, structures known
by their special architecture and properties [1, 2, 4, 7].
Exacerbated superficial properties are also exhibited
by natural surfaces such as the lotus leave, the rose
petal, butterfly wings, etc. have special surface
topographies [5, 6, 30, 35]. It can be considered that
these surface designs comply to fractal morphologies.
It is well known that a fractal is an irregular and
complex structure, formed as a result of dividing a
geometric figure into smaller fragments, which replicate
following a pattern [17, 19, 22, 31].

The fractal concept gained life through the necessity
of understanding complex natural architectures like
the tree’s crowns, inflorescences, snowflakes, waves,
seashores, etc. [21, 25, 28]. Moreover, the fractal
interpretation can be transposed further from natural
elements to components of the human body: the brain
and the neural network, the circulatory system, DNA
structure, etc. [28]. Interpretation of fractal dimensions
is different from the Euclidian one, which quantifies
dimension using length and area. The fractal dimension
(D) is used to characterize a fractal-structured object
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meaning the number of variables necessary to describe
the object (e.g. a point-D = 0, a line-D = 1, a plane-
D =2, acube-D = 3, etc.). In other words, the fractal
dimension is a complexity indicator of an object’s
auto-similarity [23, 25]. Fractal interpretations gained
popularity in the cartographic field, offering the
possibility to approximate dimensions, depending
on the zoom level and determination scale [19, 22].
Nowadays, fractals are common in medical practices
as supplementary screening methods in imagistic
analysis. Images provided by magnetic resonance,
computer topographies and ultrasounds, are segmented
allowing signalling of homogeneity or lacunarity in
tissues. They are considered additional markers of
mammary cancer, as indicators of cancerous micro
calcifications detected through mammaography [15].
Also, interpreting electro-encephalograms and electro-
cardiograms through fractal geometry is considered of
high importance in explaining modifications specific
to cardiac diseases [33], neurodegenerative diseases,
or investigating the disequilibrium in the trabecular
bone system responsible for osteoporosis [20]. Fractals
also enhanced the procedures of developing landscapes
in video games and movie scenes, by offering the
possibility to create an endless amount of content,
which can be observed at different scales [8].

Fractal topography is considered the missing piece of
the puzzle in different fields, particularly in “extreme”
wettability surfaces engineering. As this kind of
interpretation is still in the pioneering stage, the
experimental part of this paper addresses a fractal
approach on superficial properties of raw pharmaceutical
materials, as a modern approach. The presented
experiments focus on powders, as data regarding
their superficial properties are still scarce. Recent
research data include studies on polymeric mixtures
and colloidal dispersions with chitosan intended for
ocular administration and topical anti-inflammatory
spongious matrices [12-14, 18, 32]. Relevant modern
approaches on powders’ wetting phenomena are possible,
by including them in special structures called liquid
marbles. This makes it possible not only to determine
the wetting degree of the powder through the classic
quantitative index (contact angle), but also to characterize
liquid marbles (formulated with homologous powders)
by apparent contact angles ((CA*(°)). The experiments
are conducted by following original and adapted
protocols, reproducible for other similar pharmaceutical
systems (powders) and will be presented next.

Materials and Methods

Pharmaceutical powders of substances with anti-
inflammatory action were selected as raw materials:
salicylic acid (Chemical Company, Romania), niflumic
acid (ICN Biomedicals, USA), ketoprofen, indomethacin,
phenylbutazone and Lycopodium spores, as a model
hydrophobic powder (Sigma Aldrich). Distilled water
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and glycerol (Sigma Aldrich) were used to conduct formulations, using water and glycerol as internal
wetting parameters’ determinations: contact angle phases. The formations are obtained using the same
CA(°), length (mm), height (mm), volume (uL) and set-up, with the difference that the drops are dispensed
area (mm2) of the drop, which is considered in this and immediately rolled onto a watch glass, covered in
case, a spherical cap and not a perfect sphere. The a hydrophaobic powder bed. Thus, anti-inflammatory-
experimental set-up includes the CAM 101 KSV covered liquid marbles are obtained.

Instruments goniometer, a Hamilton syringe with The last phase of the research includes liquid marbles’
the appropriate needle (Biolin Scientific C209-22), characterization from a superficial properties point of
microscope lamellae and a sieve (VEB Metallweberei view. An apparent contact angle ((CA"(°)) is determined
Neustadt). for the liquid marbles placed on a glass microscope
Effective surface properties determinations for the lamella, using the goniometer. The powder shell-glass
selected powders, are conducted following an original interface is considered, in order to fit the liquid
protocol developed in the Physical and Colloidal marble as a geometric form and conduct suitable
Chemistry Department from the Faculty of Pharmacy, determinations. This method was developed as an
as follows: (i) the powders are sieved onto the microscope adaptation of the one used for powders and
lamellae previously treated with adhesive material, to successfully applies for other liquid marble-like
ensure stability during experiments; (ii) water/glycerol structures. All experimental data were processed as
drops are dispensed onto the powder bed, while images graphical representations using OriginPro 8.5.

and data are recorded by the goniometer; (iii) wetting The fractal interpretation of wetting

parameters evaluation takes place after selecting proper In order to develop a modern approach on powder
fitting regimes and the results are exported via tables. wettability, a fractal interpretation was proposed for
In the next experimental stage, the hydrophobic powders a drop placed in contact with a fractal surface, as
are included as external phases (shells) in liquid marbles presented in Figure 1.
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Figure 1. ]
Scale association between Wenzel and fractal model (R-sphere radius, I- drop-surface interface length, Ly, Li-
upper and lower bound of the fractal region, L = I/2- contact area length)
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It is important to mention that drops in contact with length of the contact area L is between the upper
surfaces are considered caps (with radius rc), whilst and lower bounds L, < L < L, and the apparent
the sphere radius is R and sphere cap height is H, contact angle may be defined as equation 6 [34]:
where: , cos@* = (L/L))P? . cosh (Eq6)

R=r +H/2H (Eq3) The characteristic length of the contact liquid-solid
Contact angles (0) and apparent contact angles (6*) area L can be estimated as shown in equation 7:

are correlated through Wenzel’s equation, with surface

rugosity (r) and fractal dimension (D) through a L=R:sinb* Eq7)

calculation model. The rugosity coefficient is determined Thus, the apparent contact angle and radius r
as: become equation 8:
r=cosf*/cos®  (Eq4) r=(R - sinf*/L;)®? (Eq 8)

In general, for real rough surfaces, r > 1. In order to Because water drops are millilitre-sized and fractal
relate the apparent contact angle from Wenzel’s rugosities are nanometrical, a size correction of 103
model to fractal surfaces, the following equation is is required and L, is assumed as 1nm.
proposed: This mathematical model allows a fractal interpretation

cos0* = (Ly/Li)®2 - cosd (Eq 5) upon powders’ wetting, correlating the_ co_ntact angle

with the apparent contact angle of liquid marbles

Where L, L, represent the upper and lower bounds formulated with homologous powders.

of the fractal region. For our case, the characteristic
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AS-salicylic acid, AN-niflumic acid, K-ketoprofen,
F-phenylbutazone, I-indomethacin, LY-Lycopodium,
I-length (mm), H-height (mm), V-volume (uL) and
A-area (mm?). Figure 2 presents images recorded
during the superficial properties’ evaluations.

Results and Discussion

All the investigated powders exhibited high contact
angle values, both for water and glycerol as model
fluids (CAw(°), CAy(®)), indicating a hydrophobic
character. Results are presented in Tables | and Il where

Table |
Wetting parameters evaluation results for water as model fluid
Powder CAw(°) I(mm) H (mm) V (uL) A (mm?)
AS 106.66 £2.60 | 2.72+0.18 | 1.78+0.08 | 8.19+1.14 | 15.82+1.44
AN 125.75+1.78 | 2.40+0.10 | 1.86 +0.05 | 7.57 £ 0.66 | 15.37 +0.87
K 127.35+1.56 | 2.10+£0.05 | 2.08+0.01 | 8.31+0.12 | 24.78 £7.09
F 107.31+2.75 | 2.60+0.06 | 1.77+0.07 | 7.59+0.58 | 15.14 +0.82
| 105.05+3.05 | 2.64+0.11 | 1.72+0.08 | 7.45+0.80 | 14.86 + 1.07
LY 94.00+£1.29 | 260+0.39 | 1.47+0.13 | 5.68 +1.87 | 12.16 + 2.65
Table Il
Wetting parameters evaluation results for glycerol as model fluid
Powder CAg(°) I(mm) H (mm) V (uL) A (mm?)
AS 106.13+2.01 | 3.03+0.21 | 2.01+0.29 | 11.02+0.89 | 19.69 + 0.40
AN 111.50+1.66 | 276 £0.16 | 1.69+0.19 | 9.97+1.01 | 19.19+1.92
K 129.69+0.88 | 2.91+0.23 | 2.24+0.14 | 12.86 +0.43 | 20.93 + 0.87
F 11355+3.94 | 255+0.12 | 1.95+0.06 | 8.89+0.23 | 17.09 + 0.39
| 11577355 | 2.68+0.30 | 2.14+0.27 | 11.55+4.32 | 20.26 + 4.99
LY 109.38+1.67 | 2.89+£0.23 | 204+0.14 | 11.13+2.75 | 19.74 + 3.08

o o O

CAW(°) = 109.42° CAW(®) = 107 09° CAW(°) = 123.73°
a C

rY- X )

CAy(°) = 116 12° CAy(°) = 115.91° CAy(°) = 128 99°
e
Figure 2.
Examples of images recorded during contact angle evaluations: a, d - phenylbutazone; b, e - indomethacin;
¢, f - ketoprofen

marbles obtained by rolling water and glycerol droplets

in hydrophobic powder beds are presented in Figure 3.
= - After manufacturing liquid marbles, the investigations
concerning their superficial behaviour indicate, through
apparent contact angle values (CAw*(°), CAg*(°)), a
superhydrophobic-like character, as presented in
Tables Il and IV. Representative images recorded
during superficial properties evaluations are presented
in Figure 4.

Figure 3.
Anti-inflammatory-coated liquid marbles: salicylic
acid, niflumic acid, ketoprofen, Lycopodium,
indomethacin, phenylbutazone (from left to right)

The powders’ hydrophobicity indicated the possibility
to include them in liquid marbles formulations. Liquid
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Table 111

Wetting parameters evaluation results for water as model fluid

CA*W(O) =

123.46°
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CA*y(°) =
d

140
120
100-
80
60
40

20 4

121.49°

AS AN

CA*w(°) = 136.87°
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CA*y(°) = 129.81°
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Figure 4.
Examples of images recorded during contact angle evaluations: a - salicylic acid; b - ketoprofen;
¢ -phenylbutazone

K

F

Figure 5.
Comparative representation for contact angles (CAw(°), CA¢(°)) and apparent contact angles (CAw"(°), CA"(°))
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Table IV

Powder CAW*(°) I(mm) H (mm) V (uL) A (mm?)
AS 121.50+154 | 255+£0.25 | 215+0.39 | 13.28+2.27 | 17.39+3.10
AN 127.03+£195 | 1.93+0.15| 200+ 0.18 | 9.47+1.31 | 16.12+3.34

K 136.51+0.72 | 1.96+0.57 | 1.84+0.16 | 8.36£1.59 | 17.21+1.25

F 12331+132 | 226+0.2 | 1.93+0.13 | 7.68+1.01 | 1578 +1.49

| 122.62+1.71 | 2.02+£0.16 | 1.93+0.05 | 6.88+0.59 | 14.92+0.77

LY 110.78 £3.17 | 2.34+£0.41 | 1.63+0.11 | 519+£0.75 | 11.97+1.04
Wetting parameters evaluation results for glycerol as model fluid

Powder CAg * (°) I(mm) H (mm) V (uL) Aria (mm?)
AS 121.46+1.73 | 2.67+£0.21 | 201+£0.29 | 14.22+1.52 | 21.93 + 1.09
AN 120.77+£2.02 | 2.66+£0.22 | 1.69+0.19 | 22.60+1.60 | 25.37 +1.70

K 129.26+0.90 | 2.86+0.85 | 224+ 0.14 | 10.11 +1.54 | 19.26 + 1.67
F 122.74+3.84 | 2.61+£0.21 | 1.95+0.06 | 13.61+1.27 | 23.35+ 1.22
| 120.48 £5.15 | 2.37+£0.15 | 214+0.27 | 9.94+£1.16 | 18.90+1.75
LY 109.6+1.23 | 3.54+0.29 | 2.04+£0.15 | 17.87+£1.61 | 27.47+1.21
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A comparison between contact angle values and
apparent contact angle values is graphically represented
in Figure 5, emphasizing the higher values of apparent
contact angles vs. contact angles, for homologous
powders.

After applying the early presented mathematical model,
fractal quantitative indicators, respectively rugosity
coefficients for water and glycerol as model fluids (rw,
rg) and fractal dimensions (Dw, Dg) are calculated.
Corresponding results are presented in Table V.

Table V
Fractal quantitative indexes evaluation results
Powder rw rg Dw Dg
AS 1.850 + 0.230 | 1.944 +0.445 | 2.086 + 0.017 | 2.089 + 0.029
AN 1.032 £ 0.059 | 1.406 +0.180 | 2.004 + 0.008 | 2.047 + 0.018
K 1.197 £ 0.052 | 0.990 + 0.020 | 2.026 + 0.006 | 1.998 + 0.002
F 1.895+0.423 | 1.370+0.173 | 2.088 + 0.028 | 2.043 + 0.019
I 2.178 £0.650 | 1.170+0.161 | 2.112 +0.040 | 2.021 + 0.019
LY 5.672+2.606 | 1.020 + 0.143 | 2.232 + 0.056 | 2.001 + 0.019
uCA () —m—CA ()
ecA () —e-on)
——r e’
140 s D, 138 —a-D,
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Figure 6.

Graphical interpretations of the inverse proportional relationship between superficial properties and fractal
quantitative indicators, determined using water - a and glycerol - b, as model fluids

A correlation between contact angles, respectively
apparent contact angles and rugosity coefficient, fractal
dimension is revealed. The graphical representation
(Figure 6) reveals an inverse proportional relationship
between the above-mentioned dimensions: high contact
angles correspond to low values of rugosity and fractal
dimensions.

The model proposed to correlate superficial properties
with fractal dimensions reveals that a low rugosity
coefficient determines a high hydrophobicity, justifying
Wenzel’s equation to calculate the apparent contact
angle. The mathematical model is validated through
very close values of the fractal dimensions Dy, Dg
(very small differences, between 0.003 and 0.231),
demonstrating at the same time independency of the
determinations from the model fluid.

Conclusions

The results of the scientific investigations regarding
superficial properties of powders as raw pharmaceutical
materials indicated, for the investigated powders, a
hydrophobic character and the possibility to formulate
liquid marbles. The high apparent contact angle of the
marbles (CA*(°) > 109°) probe their superhydrophobic
character. The protocols developed in order to evaluate
the wetting properties of the powders and superficial
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characteristics of liquid marbles are original and
adapted to the analysed materials. They proved accuracy
and have the advantage of reproducibility for other
similar pharmaceutical systems.

The correlation established between the contact angle
as key wetting indicator, respectively between the
apparent contact angle of liquid marbles and fractal
geometry elements, rugosity and fractal dimension,
represents a novel element in pre-formulation studies
addressing pharmaceutical powders. The present study
opens a gateway towards evaluating the contact angle,
not only as wetting descriptor of powders involved
in wet granulation, compression or solid dispersion
formulation, but also in anticipating dissolution
mechanisms of active ingredients from drugs. Interest
is being addressed towards understanding dissolution
speed in relationship with contact angle and wetting
speed, in presence/absence of surfactants. Thus, the
contact angle along with other parameters become
more than wetting indicators. Their potential expands
towards dissolution and absorption behaviour descriptors,
with applicability in pharmaceutical form development
processes following QbD (“Quality by Design™) principles.
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