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ABBREVIATIONS

AFM — atomic force microscopy

API - active pharmaceutical ingredient

average Z — average height of the particles

BCS - biopharmaceutical classification system
CI(%) — crystallinity index

d(0.1), d(0.5), d(0.9), d(0.95) and d(0.99) — diameters of 10%, 50%, 90%, 95% and 99% of
the particles are below the measured size value
DDS - drug delivery system

DL% — drug loading

DSC - differential scanning calorimetry

EE% — entrapment efficiency

FT-IR spectroscopy — Fourier transform infrared spectroscopy
GRAS - generally recognized as safe

HLB - hydrophilic-lipophilic balance

HPLC - high-performance liquid chromatography
IBU — ibuprofen

IBU-NLC - ibuprofen-loaded nanostructured lipid carrier
IFT — interfacial tension

LD - laser diffraction

LDC - lipid drug conjugate

LNP — lipid nanoparticle

MWCO - molecular weight cut-off

NLC - nanostructured lipid carrier

NSAID - nonsteroidal anti-inflammatory drug
PBS - phosphate buffer solution

PCS - photon correlation spectroscopy

PDI - polydispersity index

PLN — polymer-lipid hybrid nanoparticle

PS — particle size

RSM - response surface methodology

SC — stratum corneum

SLN - solid lipid nanoparticle

XRD - X-ray diffraction

Zaye — effective particle size

ZP — zeta potential



1. INTRODUCTION

The topical application of drugs is a favorable administration route in the treatment of skin
diseases and musculoskeletal disorders. The advantage of dermal preparations is their
administration at the site where the effect is needed [1].

Lipid nanoparticles (LNPs) are intensively studied drug delivery systems (DDSs) derived
from o/w emulsions; they combine the advantages of polymeric nanoparticles, conventional
emulsions and liposomes, while simultaneously avoiding their disadvantages [2-7]. They are
capable of improving the insufficient physicochemical properties of biopharmaceutical
classification system (BCS) class Il (low water solubility and high permeability) active
pharmaceutical ingredients (APIs), such as nonsteroidal anti-inflammatory drugs
(NSAIDs) [1, 8-13], enhancing their bioavailability. The second generation of LNPs
comprises the nanostructured lipid carriers (NLCs). The dermal use of NLC systems offers a
number of advantages, such as physical stability of the applied topical formulations,
enhancement of the chemical stability of the incorporated APIs, improved dermal
bioavailability, the skin targeting of the APIs, and film formation on the skin, accompanied
by controlled occlusion and skin hydration in vivo [14, 15]. UV-reflecting properties (e.g. the
possibility of using these carriers in sunscreens to help increase their protective effect against
UV light) and the possibility of modulating API release into the skin have also been
reported [2, 16].

However, formulation of an NLC-based drug delivery system is a complex and long-lasting
procedure, since the physicochemical properties of NLCs are altered by many factors, such as
the quality and quantity of the selected lipids and surfactants or the ratio of lipids to API in
the formulation. In view of their significant effects on the physicochemical properties of the
nanoparticles, the selection of the proper ingredients is a crucial step in the formulation of
NLCs. Optimization of the formulation via a factorial design could facilitate this process [2,
17]. Response surface methodology (RSM) is an appropriate tool with which to evaluate the
correspondence between the response and independent variables and to optimize the
processes or products [18]. RSM requires less experimentation and provides estimates of the
relative significance of the different variables [19].



2. LITERATURE BACKGROUND

2.1 Lipid nanoparticles

LNPs are colloidal carriers which were introduced in the early 1990s. They are derived from
o/w emulsions by replacing the liquid lipid with a solid lipid [4, 5, 14, 20, 21]. They range in
size from 50 t01000 nm. LNPs are composed of physiologically tolerable lipids and they
usually possess the GRAS (generally recognized as safe) grade [6]. The particles are in the
solid state at both room and body temperature. The mobility of the incorporated drug is
therefore reduced, which predicts controlled drug release from these systems [3].
LNPs possess the advantages of other colloidal carriers and avoid their disadvantages, such
as [2]:

e the nanoparticles are not taken up readily by the cells of the reticulo-endothelial

system and hence they bypass liver and spleen filtration [22],

e the possibility of controlled drug release and drug targeting [3, 4, 23],

e increased drug stability [24, 25],

e ahigh drug payload [7],

e the incorporation of both lipophilic and hydrophilic drugs [26-28],

e no biotoxicity of the carrier [29, 30],

e the avoidance of organic solvents [31],

e no problems with respect to large-scale production and sterilization [32-34].
2.1.1 Types of lipid nanoparticles

There are four groups of LNPs: the first generation are called solid lipid nanoparticles
(SLNSs). The lipid matrix of this DDS consists of only one type of solid lipid or blend of solid
lipids, which is stabilized by surfactant(s) in an outer aqueous phase. The drawback of using
lipids in the solid state is that they tend to form a perfect crystal lattice during storage, which
will lead to low drug incorporation capacity and drug expulsion [25]. To overcome these
limitations of the SLNs, a second generation, nanostructured lipid carriers (NLCs) was
introduced. The lipid phase of an NLC formulation contains both solid and liquid lipids,
which ensures that NLC systems possess certain advantages as compared with SLNs, such as
a higher drug-loading capacity and steady drug entrapment during storage [35]. The use of
only one lipid as matrix for an SLN tends to lead to the formation of a relatively perfect

crystal lattice, which will result in drug expulsion [2, 3, 14, 35, 36]. In contrast, the matrix of
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an NLC consists of a mixture of lipids with differently structured molecules, so that the
formation of a perfect crystal is limited [14]. Since SLNs and NLCs are highly lipophilic
carriers, they can encapsulate lipophilic drugs effectively [21, 37]. Figure 1 depicts the
structures of the first two generations of LNPs:

aqueous phase

SLN

lipid matrix

interface
I solid lipid ‘.A oil g surfactant Y API
Fig. 1: Structures of solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs).

Hydrophilic drugs can be incorporated into these DDSs only in very low concentrations. Due
to the low drug-loading capacity of hydrophilic drugs, only those with high potency at low
concentrations (e.g. proteins and peptides) are appropriate for use in SLNs and NLCs. In
order to overcome these limitations of LNPs, lipid drug conjugates (LDCs) have been
developed. In order to increase the lipophilicity, the hydrophilic drugs are conjugated with a
lipid molecule and incorporated into the nanoparticles. Polymer—Lipid Hybrid Nanoparticles
(PLNs) are suitable for the encapsulation of hydrophilic drugs in their salt forms. The cationic
charges of these APIs may lead to low drug incorporation. Through the addition of a counter-
ionic polymer, a drug—polymer complex is formed, which demonstrates good partitioning
into the lipid matrix [14, 20, 37-39].

2.1.2 Structure of lipid nanoparticles

Depending on the physicochemical properties of the chosen ingredients (the lipid matrix, the
surfactant and the API) and on the preparation method, there are three drug incorporation
models (Fig. 2) [4, 37]:

e the solid solution (homogenous matrix) model;

e the drug-enriched shell model; and

e the drug-enriched core model.



Fig. 2: Drug distribution in the lipid matrix of LNPs: homogenous matrix (a); drug-enriched
shell (b); drug-enriched core (c).

The solid solution model can be obtained (the API is molecularly dispersed in the lipid
matrix) by the cold homogenization technique [2] without the use of a surfactant or drug-
solubilizing agent [4]. API enrichment within the shell occurs when the lipid precipitates,
leading to re-partitioning during the cooling process and the lipid can form an API-free core.
In contrast, a drug-enriched core may result when the API starts precipitating first and the
shell will contain distinctly less of the API. This should be obtained when an API (e.g.
prednisolone) is dissolved in the lipid melt at or close to its saturation solubility [40]. The
chemical nature and the concentration of any ingredient (API, lipid and surfactant)
additionally greatly influence the structure of the LNPs, as do the production conditions (hot
or cold homogenization). Depending on the structure, both burst and prolonged drug release
can be achieved [4, 15].

2.1.3 NLC models

Based on the lipid compounds used in their production, three NLC models have been
proposed (Fig. 3) [21, 37, 41]. These theoretical models have been established based on
analytical data, which can be used to physicochemically characterize the matrices of the NLC

systems [41].
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Fig. 3: NLC type I: imperfect crystal model (a), NLC type II: amorphous model (b), and
NLC type I1I: multiple model (c).
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The NLC type I is called the imperfect crystal model and can be obtained when solid lipids
are mixed with a sufficient amount of liquid lipids (oils). Its matrix consists of many voids
and vacancies. High concentrations of API can be incorporated by increasing the number of
imperfections. The API is accommodated either in molecular form or as amorphous clusters.
Such imperfections can be increased by using glycerides composed of different fatty acids
(e.g. mixtures of mono-, di- and triacylglycerols). The matrix of NLC is not able to form a
highly ordered structure, thus creating available spaces (structural imperfections) [5, 37, 41].
The NLC type 11, or the amorphous model (Fig. 3, b), can be obtained when special lipids are
mixed (e.g., hydroxyoctacosanyl-hydroxystearate, isopropyl myristate, dibutyl adipate) that
do not recrystallize after homogenization. These lipids create solid, but non-crystalline NLCs,
the lipid core congeals in an amorphous nature. The amorphous nanoparticles avoid/delay the
recrystallization phenomenon of lipids on cooling and during shelf life, thus minimizing API
expulsion during storage time [37, 41].

The NLC type 111 is defined as the multiple model because it is composed of very small oily
nano-compartments created inside the solid lipid matrix of the nanoparticles by a phase
separation process [5]. In this type of NLC, higher amounts of oil are blended in solid lipids.
At low concentrations, oil molecules are easily dispersed into the lipid matrix. During the
cooling of the nanoemulsion the lipid droplets reach the miscibility gap (40 °C), and the oil
precipitates forming tiny oil droplets. Subsequent solidification of the solid lipid surrounding
these droplets leads to fixation of the oily nano-compartments. Such models allow controlled
drug release and the lipid matrix prevents drug leakage. Lipophilic drugs can be solubilized
in the oils and multiple types of NLCs are formed during the cooling process of a hot
homogenization process. The advantage of this model is the increase of entrapment efficiency
(EE%) for APIs of higher solubility in liquid lipids than in solid lipids [37, 41].

2.2 The skin as a possible drug administration route for lipid nanoparticles

The skin is a widely used route of delivery for local and systemic drugs and is potentially a
route for their delivery of nanoparticles [16]. The outermost layer of the skin is the stratum
corneum (SC), which provides a natural physical barrier against particle penetration, but there
are opportunities to deliver therapeutic nanoparticles, especially in diseased skin and to the

openings of the hair follicles [42-44].



2.2.1 Drug penetration through the hair follicles

Whilst nanoparticle drug delivery has been touted as an enabling technology, its potential in
treating local skin and systemic diseases has yet to be realized. Previously published reports
support the hypothesis that nanoparticles >10 nm in diameter are unlikely to penetrate
through the SC into viable human skin, but will accumulate in the hair follicle openings (see

Fig. 4), especially after massage [43, 44].
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Fig. 4: Accumulation of nanoparticles and drug delivery in the skin [43].
2.2.2 Nanostructured lipid carriers and (trans)dermal drug delivery

NLCs may serve as a solution to overcome the limitations of the dermal permeation of some
drugs and to avoid the SC barrier function. This DDS offers numerous advantages for topical
application [45, 46]. Figure 5 summarizes the positive effects of NLC systems when applied

on human skin.






3. EXPERIMENTAL AIMS

The aim of my Ph.D. work was to investigate ibuprofen-loaded nanostructured lipid carriers

(IBU-NLC), optimizing the composition so as to achieve increased APl penetration.

1. In the first part of my Ph.D. work, the excipients were selected and the composition

was optimized in order to prepare an NLC system loaded with IBU in the highest

concentration. The following aims were set:

to select a suitable solid lipid and a suitable liquid lipid which are compatible
with IBU and incorporate it in the highest concentration;
to select a suitable surfactant which stabilizes the LNPs in the aqueous phase.
providing a stable NLC system;
to develop an NLC system suitable for transdermal use;
to optimize the composition by using a 2° full factorial design;
to evaluate the drug—excipient compatibility via:
o differential scanning calorimetry (DSC) measurements,
o X-ray diffraction (XRD) analysis,

o Fourier transform-infrared (FT-IR) spectroscopy measurements.

2. The second part of my Ph.D. research was to characterize the properties of the IBU-

NLC system. The aims were:

to determine the particle sizes (PSs) of the IBU-free (blank) and IBU-NLC
formulations by photon correlation spectroscopy (PCS), laser diffraction (LD)
and atomic force microscopy (AFM) methods;

to measure the zeta potential (ZP), using the electrophoretic mobility method,;

to examine the crystalline properties of the lipid matrix and the state of the
incorporated drug through XRD measurements;

to study the occurrence of possible interactions between the components of the
prepared samples by using FT-IR and Raman spectroscopy;

to localize the drug in the lipid matrix via Raman mapping;

to study the permeability of the drug through in vitro, ex vivo and in vivo studies

in comparison with a reference formulation.



4. MATERIALS AND METHODS
4.1 Materials

4.1.1 Ibuprofen

NLC formulations were loaded with IBU, a potent NSAID, which was provided by
PannonPharma Ltd (Pécsvarad, Hungary). Although IBU is not the most potent active API in
this group, it offers the best balance between safety and the therapeutic effect [51]. IBU is
less potent than diclofenac, for example, but the higher flux of IBU through the skin means
that it is a better candidate for topical delivery [52]. It is relatively lipophilic (log P = 4.0),
and has low water solubility (21 mg/l at 25 °C) [51, 53] and low bioavailability [54]. The

chemical structure of IBU is shown in Fig. 6:

O

HO

Fig. 6: Chemical structure of ibuprofen (IBU).

4.1.2 Solid lipids and liquid lipids

Since the lipids are the main ingredients of LNPs, they have a huge influence on the drug-
loading capacity, the stability and the sustained release behavior of the formulations. A huge
variety of lipid materials, such as fatty acids, glycerides and waxes have been investigated to
serve as the lipid matrix of NLC dispersions [2, 55-59]. Most of these lipids, with the
exception of cetyl palmitate, are GRAS-listed and well tolerated physiologically. Selection of
appropriate lipids is one of the key steps before the preparation of lipid-based nanoparticulate
systems. No specific guidelines have been proposed, but empirical values, including the
solubility of the API in the lipid matrix, seem to be suitable criteria in the selection of the
optimal composition [60]. The solubility of the drug in the lipid components is critical as
concerns the performance of the NLC system, because it influences the drug EE% and
loading capacity, and subsequently the usefulness in drug delivery [61]. A high drug loading
(DL%) can be achieved if the API displays high solubility in the lipid(s) used, or a high
partition coefficient. Since the solubility of the drug in different types of lipid matrices can

vary appreciably, its apparent partition coefficients in those lipids will also differ, leading to
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different loading capacities for the same API. In the course of the selection of the optimal
composition, lipid polymorphism must also be taken into consideration, since this too
influences the properties of an LNP system. Multiple crystalline forms in solid lipids are
useful as they provide structural defects in the continuous crystal lattice in which drug
molecules can be accommodated. However, they are less thermodynamically stable as
compared with the perfect crystalline lattice [62]. These factors pose a significant challenge
during the development of an SLN system since transformation of the metastable polymorphs
to stable ones can result in drug expulsion during storage or burst release after administration.
There are no definitive guidelines that would help in the choice of appropriate lipids on the
basis of these properties. It may be noted that lipids with longer fatty acid chains crystallize
more slowly than those with shorter fatty acid chains [63]. LNPs produced from waxes are
physically more stable, though they can exhibit significant drug expulsion due to their more
crystalline nature [64]. As mentioned before, NLC systems were devised in order to
overcome such problems with lipid crystallinity and polymorphism [36, 65, 66].

With use of the literature data, lipid screening was performed in order to choose the most
appropriate lipids, which would dissolve IBU in the highest concentration and form a stable
lipid matrix. The examined solid and liquid lipids with their major properties are listed in
Table 1 [67].

Table 1: The main properties of the solid and liquid lipids used.

Lipid type  Examined lipids Chemical name Melting point (°C)
Compritol 888 ATO glyceryl behenate/dibehenate 70-72
(7]
'O - -
3 Cutina CP cetyl palmitate 55-56
= Precirol ATO 5 glycerol palmitostearate 52-55
(@]
Witepsol E85 hard fat — hydrogenated vegetable glycerides 42-44
38 Miglyol 812 caprylic/capric triglyceride <0
Q.
% Oleic acid oleic acid 13-14
ET Walcer special sunflower-seed oil -18

10



4.1.3 Surfactants

Surfactants are the other critical components of the LNP formulations. They adsorb in low
concentrations onto the surface or interface of the system, thereby reducing the surface or
interfacial free energy, and consequently decreasing the surface or interfacial tension (IFT)
between the lipophilic and hydrophilic phases [37, 68].
The surfactants used in the formation of NLCs have two important roles:

e to disperse the lipid melt in the aqueous phase during production; and

e to stabilize the LNPs in dispersions after cooling.
The selection of the surfactants for the nanoparticle preparation depends on a number of

factors, including [37]:

the intended route of administration;

the hydrophilic-lipophilic balance (HLB) value of the surfactant;

the effects on the lipid modification and the PS; and

their role in the in vivo degradation of the lipid.
The main properties of the surfactants used during my research work are summarized in
Table 2.

Table 2: Main properties of the surfactants used.

Name Chemical name Type HLB value
Tego Care 450 polyglyceryl-3 methylglucose distearate ionic 12
Cremophor EL macrogolglycerol ricinoleate nonionic 12-14
Cremophor RH 60 PEG-60 hydrogenated castor oil nonionic 15-17
Lutrol F68 Poloxamer 188 nonionic 29
Tween 20 Polysorbate 20 nonionic 16.7
Tween 80 Polysorbate 80 nonionic 15

4.1.4 Other excipients

Carbopol 971P NF supplied by Azelis Hungary Ltd (Budapest, Hungary) was used as gelling
agent in the formulation of IBU gels and IBU-NLC gels. Macrogol 400 obtained from
Hungaropharma Ltd (Budapest, Hungary) was applied to dissolve the IBU in the reference
formulation used in the drug diffusion studies. Purified water high-performance liquid
chromatography (HPLC) grade, produced with a TKA Smart2Pure system (TKA GmbH,
Niederelbert, Germany) was used to prepare all the formulations.

11



4.2 Preformulation studies

4.2.1 Lipid screening

To determine the most suitable solid lipid and liquid lipid (oil) which would dissolve IBU in
the highest concentration, increasing concentrations of IBU were added to the solid or liquid
lipid and the mixture was stirred with a Thermomixer Comfort (Eppendorf, Hamburg,
Germany) for 90 min at 500 rpm at a temperature least 5 °C above the melting point of the
examined lipid. The solubility of IBU in the examined lipids was analyzed visually. The
following step was to evaluate the miscibility of the chosen solid lipid and liquid lipid, and
the solubility of IBU in the lipid mixture under the previously mentioned conditions. The

details of the experiment were described earlier [61, 69].
4.2.2 Contact angle measurements

Contact angles were measured with an Easy Drop G1 instrument (A.Kriiss Optronic GmbH,
Hamburg, Germany) to select a suitable surfactant for the NLC composition. Cover slides
were coated with a thin film of one or other of the four different bulk lipid mixtures (ratios
10:3, 10:5, 7:3 and 7:5). 10 pl of purified water (as reference) or different 0.5% (w/v)
surfactant solutions (in HPLC water) were applied to the lipid film and the contact angle of

the droplet was assessed.

4.3 Size measurements and zeta potential analysis

The effective PSs (Zay) of the prepared NLC formulations were analyzed by PCS, using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The polydispersity index (PDI) was
also assessed.

Particles in the micrometer range were excluded through LD measurements with a
Mastersizer 2000 (Malvern Instruments, Malvern, UK). The diameters of 10%, 50%, 90%,
95% and 99% (d(0.1), d(0.5), d(0.9), d(0.95) and d(0.99)) of the particles were evaluated. The
Span value, which corresponds to the width of the PS distribution, was also calculated. The
medium was purified water.

To obtain information concerning the stabilities of the prepared samples, their ZPs were
determined with a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The medium was

double distilled water.
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4.4  Atomic force microscopic measurements

The PSs of the IBU-NLC samples were also determined by AFM for comparison with the
results obtained from PCS and LD measurements. The tapping mode was used on a SOLVER
Scanning Probe Microscope (NT-MDT Co., Zelenograd, Moscow, Russia) under ambient
conditions. PPP-NVHAuUD-10 (NANOSENSORS™, Neuchatel, Switzerland) AFM tips with

a nominal radius of curvature of 2 nm and a length of 15 um were used.

45 DSC measurements

To obtain information on the melting behavior of the chosen solid lipid, the lipid mixture and
the bulk mixture of IBU dissolved in the lipid mixture were investigated; DSC measurements
were performed with a DSC 204 F1 Phoenix instrument (Netzsch Group, Selb, Germany).
2-5mg samples were measured into aluminum pans which were than sealed; an empty
aluminum pan was used as reference. The samples were heated from 20 °C to 65 °C at a
heating rate of 5 K/min under constant nitrogen flushing (80 ml/min). The melting point of
IBU has been reported to be between 75 and 77 °C, and it immediately starts to decompose
on further heating [70]. The lipids and drug compatibilities were therefore monitored up to
65 °C. The crystallinity index (C1(%)) was calculated from the DSC thermograms obtained
via Eq. 1 [71, 72]. Before the measurements, the lipid mixtures and lipid—drug mixtures were
melted and left to cool to room temperature. The solid lipid was examined as received,

without any treatment.

CI(%) = (AHbu.kmate,m - solid lipid ratio) 100 Eq. (1)

AHgolid lipid
where A4H is the enthalpy of the examined material.

4.6 XRD analysis

To characterize the crystalline structures of the raw materials, the physical mixtures and the
NLC compositions, XRD analysis was performed with a Bruker D8 Advance diffractometer
(Bruker AXS GmbH, Billerica, MA, USA) system with Cu K Al radiation (A = 1.5406 A).
The samples were scanned at 40 kV and 40 mA from 3 to 40° 26, at a scanning speed of
0.1°/s and a step size of 0.010°.

13



4.7 DXR Raman spectroscopy measurements

Raman spectroscopy was employed to confirm the physical state of the IBU and to study the
possible physicochemical interactions between the components. Raman spectra were
recorded with a Thermo Fisher DXR Dispersive Raman spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) attached to an Olympus MPlan 10x/0.25 BD microscope
(Olympus Corporation, Tokyo, Japan). At least 5 measurements were made at 532 nm with
the in-built fluorescence and cosmic ray correction to ensure low background noise. Samples
were packed into an aluminum sample holder and spectra were collected for a total of 48
scans at a spectral resolution of 4 cm™. For the characterization of IBU and NLC samples, the
full spectral range (3000-200 cm™) was used. IBU-NLC and blank NLC compositions were
investigated by Raman mapping to localize the IBU inside the formulation. The Raman
spectra were then normalized to eliminate the intensity deviation between the measured areas.

The detailed parameters were published earlier [73].

4.8 FT-IR spectroscopic analysis

FT-IR spectra of the excipients, the physical mixtures and the prepared NLC formulations
were recorded to obtain information about the possible newly formed interactions between
the excipients, the IBU and the matrix of the nanoparticles. FT-IR spectra were recorded with
a Bio-Rad Digilab Division FTS-65A/896 FT-IR spectrometer (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) between 4000 and 400 cm™, with 128 scan size. The detailed

parameters were reported previously [69, 73].

4.9 Drug loading and entrapment efficiency measurements

It is essential to investigate the drug DL% and EE% of the nanoparticles, since these have a
huge influence on the performance of the nanocarriers. 100 pul of IBU-NLC sample and
400 pl of phosphate buffer solution (PBS) were transferred into a Nanosep 3K ultrafilter
Eppendorf tube having a molecular weight cut-off (MWCO) of 3kDa (Pall Co., Port
Washington, NY, USA) and centrifuged at 5055 rpm for 10 min [74]. The solution obtained
was filtered through a 0.20-um polyether-sulfone syringe membrane filter and injected
directly into the HPLC system [73].

DL% and EE% were evaluated by the indirect method, with measurement of the free API

concentration in the external aqueous phase, using Eqgs. 2 and 3 [75]:
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experimental setup provides an effective means of performing in vivo examinations of

permeation. The detailed steps of the experiment were published earlier [73].

4.11 Preparation of ibuprofen-loaded nanostructured lipid carriers

The first batch of IBU-NLCs was prepared by a hot high-pressure homogenization method [5,
14, 76], using a Panda K2 NS1001L Spezial modified for NLC production (GEA Niro Soavi,
Germany). Briefly, 5% drug was dissolved in a mixture of the chosen solid and liquid lipid at
65 °C. The surfactant was dissolved in purified water at the same temperature. The aqueous
phase was added to the lipid phase and was stirred with an Ultra Turrax T25 (IKA-Works,
Staufen im Breisgau, Germany) for 30s at 12500 rpm. The pre-emulsion obtained was
subjected to high-pressure homogenization, applying 5 cycles at 600 bar and 65 °C. The hot
oil-in-water pre-emulsion was cooled in an ice bath to recrystallize the lipid and form the
NLC [69].

Another series of NLC formulations containing 1% IBU, the solid lipid and the oil in a ratio
of 7:3 stabilized by the surfactant Lutrol F68 were prepared by a hot high-pressure
homogenization method, using an Emulsiflex C-3 High-Pressure Homogenizer (Avestin
Europe GmbH, Mannheim, Germany), with the same method as described above. Blank NLC
samples were prepared by the same procedure as for the first and second series of NLC
formulations.

An IBU suspension containing 1% of IBU dispersed in purified water was prepared as a
reference for in vitro diffusion studies of IBU-NLC. For the ex vivo permeation and in vivo
animal studies, IBU-NLC was gelled with a previously prepared 3% Carbopol 971P NF gel
in a ratio of 1:1. For comparison, 0.5% IBU was dissolved in Macrogol 400 and gelled with

the same polymer [73].

4.12 Experimental design

During the experimental design, 8 different NLC samples (NLC 1-8) were prepared
according to the 2 full factorial design to evaluate the effects of the three IBU-NLC
formulation factors. These factors were: A (the solid lipid concentration), B (the liquid lipid
concentration) and C (the surfactant concentration). The optimization parameters (dependent
factors) were the measured ZP and mean d(0.5) value of the prepared nanoparticles. The

effects of the chosen factors were examined at two levels (+1 and -1). Table 3 shows the
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applied factorial table with the values of the independent and dependent factors. Statistical

data analysis was performed using Statistica for Windows software version 10.

Table 3: Values of the examined independent factors (A, B and C) and dependent factors (ZP
and d(0.5)) and compositions of the NLC systems used in the factorial design.
Solid lipid Liquid lipid Surfactant

Sample ] . . Zeta potential ~ Particle size
concentration  concentration concentration
name (mV) (nm)
% (w/w) % (w/w) % (W/w)

NLC 1 7(-1) 3(-1) 4 (-1) -14.2 135
NLC 2 10 (+1) 3(-1) 4 (-1) -9.5 160
NLC 3 7(-1) 5(+1) 4 (-1) -11.2 143
NLC 4 10 (+1) 5(+1) 4 (-1) -11.7 140
NLC 5 7(-1) 3(-1) 5(+1) -14.2 129
NLC 6 10 (+1) 3(-1) 5(+1) -10.9 152
NLC 7 7(-1) 5(+1) 5(+1) -114 147
NLC 8 10 (+1) 5(+1) 5 (+1) -12.1 150

Besides these 8 samples, 8 other formulations belonging in the same parameter space were
prepared (Table 4) to check whether there was a possibility of a simpler model with which to

optimize these formulations.

Table 4: Values of the examined independent factors (A, B and C) and dependent factors (ZP
and d(0.5)) and compositions of the NLC systems randomly picked out from the parameter

space.
Solid lipid Liquid lipid Surfactant Zeta Particle

Sample ) ] ) ] )
concentration concentration concentration potential size
name % (w/w) % (W/w) % (W/w) (mV) (nm)
blank NLC 10 5 5 -7.54 149
NLC 9 7 3.5 4 -12.4 131
NLC 10 10 4 4 -12.3 137
NLC 11 10 4 5 -15.4 143
NLC 12 7 4.5 5 -9.64 130
NLC 13 10 4.5 4 -12.0 136
NLC 14 10 4.5 5 -12.3 141
NLC 15 7 4 4 -9.97 158

17



4.13 Statistical analysis

The results were evaluated and analyzed statistically with the 2-way ANOVA test
(Bonferroni’s multiple comparison), using Prism for Windows 5 software (GraphPad
Software Inc, La Jolla, CA, USA). The data are the averages of the results of at least 5
experiments + standard deviation (*p < 0.05; **p<0.01; ***p<0.001; ****p <0.0001

versus the control).

5. RESULTS AND DISCUSSION

I. OPTIMIZATION OF THE NLC FORMULATION

5.1 Lipid screening

A large variety of solid and liquid lipids (natural, semisynthetic and synthetic lipids with
various structures, e.g. triglycerides, partial glycerides, fatty acids, waxes and steroids) which
could be suitable as matrices for NLC production are accessible on the market [2, 5].
However, the lipids used as matrix lipids must be carefully selected as they will directly
influence the performance of the carrier system [82]. The properties to be considered: the
toxicity and biocompatibility through the selection of well-tolerated physiological and
biodegradable lipids; the drug payload and EE% through the choice of lipids which can
solubilize high amounts of the drug; drug expulsion during storage, which can be minimized
or avoided through the use of lipid matrices with a low tendency to crystallize or a less-
ordered structure; controlled drug release properties through incorporation of the drug into
the lipid matrix (i.e. a drug-enriched core, a drug-enriched shell or homogenous API
distribution in the matrix); and increased chemical drug stability if photosensitive drugs or
drugs sensitive to hydrolysis or oxidation are incorporated in the matrix [2, 5, 20].

Apart from oleic acid, all of the investigated lipid melts dissolved IBU in a very high amount
(50% (w/w)). The samples were cooled to room temperature and analyzed visually after 24 h.
With most of the examined lipids, the IBU underwent recrystallization (Table 5). No IBU
crystals were found in Witepsol E85 and Miglyol 812, and these materials were therefore
chosen as lipid matrix for NLC formulation. The solid lipid and liquid lipid mixtures were
tested in ratios of 10:3, 7:3, 10:5 and 7:5. No oil droplets were observed on the filter paper.
No recrystallization was observed visually after the addition of the drug.

18



Table 5: Results of lipid screening.

Lipid type Examined lipids Solubility of IBU Recrystallization after 24 h
solid lipid Compritol 888 ATO soluble yes
solid lipid Cutina CP soluble yes
solid lipid Precirol ATO 5 soluble yes
solid lipid Witepsol E85 soluble no
liquid lipid  Miglyol 812 soluble no
liquid lipid  oleic acid insoluble yes
liquid lipid ~ Walcer soluble yes

5.2 Contact angle measurements and determination of surfactant concentration

The nature and the concentration of the surfactant have a great influence on the fineness and
physical stability of the NLCs, as the surfactant can reduce the IFT between the lipid particles
and the aqueous phase [82, 83]. The IFT can be determined via contact angle measurements.
The IFT is directly proportional to the contact angle: the lower the IFT between the lipid
matrix and the water phase, the smaller the contact angle. Contact angle measurements were
performed to evaluate the surfactant displaying the best wetting with the Witepsol E85 and
Miglyol 812 mixture. Contact angle measurements were performed for each of the solid
lipid:liquid lipid ratios used in the factorial design (10:3, 7:3, 10:5 and 7:5). Since there was
no significant difference between the results, the contact angles measured for films with a
solid lipid:liquid lipid ratio of 10:5 are shown in Fig. 7. For all of the examined surfactant
solutions, smaller contact angles could be reached than with distilled water (which was used
as reference). These results correspond with the fact that surfactant solutions exhibit a smaller
surface tension than that of purified water. Cremophor RH60 exhibited the best wetting
properties with the lipid mixture (75.02 + 2.49°), although similar results could be achieved
with Lutrol F68 (77.4 +4.29°). NLC formulations were therefore prepared with both
emulsifiers, and Lutrol F68 was chosen for further investigations on the basis of the d(0.5)
and ZP values (Cremophor RH60: d(0.5) = 214.4 nm, ZP =-9.17 mV, and Lutrol F68: d(0.5)
=112.4 nm, ZP = -12.4 mV).
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Contact Angle (°)

Fig. 7: Contact angles of 0.5% (w/v) surfactant solutions applied to the 10:5
Witepsol E85:Miglyol 812 mixture.

The emulsifier concentration has a great influence on the particle size distribution, stability
and toxicological properties of lipid nanoparticles [83-85]. A high surfactant concentration
results in a lower particle size, a narrower particle size distribution (which means a smaller
PDI and a smaller Span value) and the better long-term stability of lipid nanoparticles,
although it simultaneously increases the toxicological potential. Consequently, a balance is
needed: the use of a sufficient amount of surfactant that ensures the desired small particle size
and appropriate physical stability during storage, but does not demonstrate toxicity. The

optimal emulsifier concentration was chosen by factorial design (see section 5.7, B).
5.3 DSC measurements

Lipid crystallization plays a very important role in the performance of NLC carriers. Other
research groups have emphasized the importance of the characterization of the degree of lipid
crystallinity and the modification of the lipid, because these parameters are closely correlated
with the incorporation and release rates of the drug [2, 86].

Figure 8 shows the DSC data of the different samples. Witepsol E85 is a mixture of mono-,
di- and triglycerides. It has been reported that the presence of mono- and diglycerides in the
matrix of the lipid can facilitate the solubilization of the drug [4, 87]. Lipids which consist of
a mixture of different di- and triglycerides or lipids which contain fatty acids of different
chain lengths form less perfect crystals with many imperfections, offering spaces to
accommodate drugs [87]. Witepsol E85 exhibited a broad endothermic event (melting range:
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around 42 °C), as described in the literature [87]. The bulk mixtures of the lipids,
Witepsol E85 and Miglyol 812 in all investigated ratios gave a broader endothermic peak,
with lower onset and peak values, as expected. The four lipid mixtures yielded similar DSC
curves; that of the lipid mixture with a ratio of 10:5 is shown in Fig. 7.

Wy \/\/ )

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 °C
Fig. 8: DSC curves of bulk materials: Witepsol E85:Miglyol 812:1BU 10:5:5 (1),
Witepsol E85:Miglyol 812 10:5 (2), and Witepsol E85 (3).

The normalized integral area under the curve, the onset, the peak, the endset and the C1(%) of
the pure Witepsol E85, the 10:5 lipid mixture and the lipid mixture with IBU in a ratio of

10:5:5 were evaluated and are listed in Table 6:

Table 6: Normalized integral area, onset, peak, endset and CI(%) of pure Witepsol E85, the
lipid mixture in a ratio of 10:5, and the lipid mixture with IBU in a ratio of 10:5:5.

Integral
sample (normalized) O{‘éet Peak  Endset o/
o ) (0 ()
/g
Witepsol E85 113529 3746 4278 4424 100
Witepsol E85:Miglyol 812 10:5 -59.60 3636 39.16 4195 20.37
Witepsol E85:Miglyol 812:1BU 10:5:5 42,12 3303 3677 41.00 1557
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After the addition of the oil, the melting point of the solid lipid decreased from 42.78 °C to
39.16 °C, and CI(%) fell from 100% to 29.37%. A further decrease in the melting point from
42.78 °C to 36.77 °C was observed after IBU was added to the lipid mixture. Cl1(%) also fell
further from 29.37% to 15.57%. Both the addition of Miglyol 812 and the incorporation of
IBU in the lipid matrix can result in an increase in the number of defects in the lipid crystal
lattice, causing decreases in CI(%) and the melting point of Witepsol E85 [87]. A less
ordered crystalline structure predicts a higher loading capacity of the lipid matrix. A lipid
mixture consisting of very differently structured molecules will prevent the formation of a
perfect crystal, providing spaces in which to accommodate the drug in molecular form or as

amorphous clusters [14].
5.4 XRD analysis

(RS)-(x)-1BU, (RS)-2-(4-(2-methylpropyl)phenyl)propanoic acid, crystallizes with two
molecules in the asymmetric unit to form a cyclic hydrogen-bonded dimer. Within the dimer,
each molecule demonstrates subtle conformational differences via rotations about the C(1)---
C(2) and the C(10)---C(11) bonds. The bond distances and angles in (RS)-(x)-IBU are in
close agreement with those found for the structure of the racemic compound [88]. For
semisolid fat products (e.g. ice cream, margarine and chocolate), the solid lipids, which
normally exist as a 3-dimensional colloidal fat crystal network, determine the physical
properties of the product. Upon crystallization, hardstock triacylglycerols aggregate to form
fat crystals, which appear to aggregate, in a similar fashion as colloidal gels, to form clusters.
These clusters aggregate into flocks, and finally weak links develop between the flocks in the
final macroscopic network.

XRD measurements were performed to investigate the effects of the preparation temperature
on the structures of the ingredients. The diffractogram of the melted bulk of the 10:5:5
physical mixture of Witepsol E85:Miglyol 812:1BU revealed the characteristic peaks of both
the IBU and the lipid mixture. On the addition of Lutrol F68 to the mixture, a further
reduction of the IBU peaks resulted (Fig. 9). It is clear from the diffractograms that both the
IBU and the excipients retained their crystallinity, but the intensity of the IBU peaks
decreased for both the lipid mixture and the physical mixture of the NLC components, which

predicts the presence of the IBU in both dissolved and crystalline form.
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Fig. 9: Wide-angle X-ray diffractograms of IBU (1), the 10:5 bulk mixture of
Witepsol E85:Miglyol 812 (2), the 10:5:5 bulk mixture of Witepsol E85:Miglyol 812:1BU
(3), and the 10:5:5:5 bulk mixture of Witepsol E85:Miglyol 812:1BU:Lutrol F68 (4).

55 FT-IR analysis

The intense band at 2955 cm™ in the FT-IR spectrum of IBU is assigned to CHs asymmetric
stretching. The very high-intensity peaks at 1721 cm™ and 1231 cm™ are due to C=0
stretching and C-C stretching, respectively. The strong-intensity band observed at 779 cm™ is
due to CH, rocking vibration. The bands at 2955, 1721, 1231 and 668 cm™ were assigned as
the fingerprints of IBU in the literature [89-91]. C-O stretching, CH, scissoring vibration and
CH-CO deformation contribute to their presence. Strong-intensity CHs rocking (936 cm™),
CHs asymmetric deformation (1462 cm™), CH, asymmetric stretching vibration (3090 cm™
and 2869 cm™) and CH, in-plane rocking vibration (522 cm™) are also observed. The
absorption bands due to C=C stretching vibrations occur at 1507 cm™ and 746 cm™. The
medium-intensity O-H...O valence stretching vibration occurs at 2728 cm™ and 2632 cm™.
Absorption bands due to OH in-plane deformation (1321 cm™), =C-H in-plane deformation
(1268 cm™, 1123 cm™ and 1071 cm™), C-H in-plane deformation (1168 cm™, 1008 cm™,
636 cm™ and 1092 cm™), C-H out-of-plane deformation (866 cm™ and 668 cm™), in-plane
ring deformation (407 cm™), C=C-C ring asymmetric bending (423 cm™), C-C deformation
(588 cm™), CHs; symmetric stretching (1380 cm™) and C-O-C stretching (970 cm™) have
also been noted [92, 93]. FT-IR analysis was used to verify whether any interaction occurred
between the excipients and the drug because newly formed bonds can modify the diffusion of
IBU from the nanoparticles. Figure 10 presents the FT-IR spectra of the 10:5:5:5 physical
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mixture of Witepsol E85, Miglyol 812, IBU and Lutrol F68 and the individual spectra of
these bulk components.
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Fig. 10: FT-IR spectra of the physical mixture of the bulk components (Witepsol E85,
Miglyol 812, IBU and Lutrol F68 in a ratio of 10:5:5:5) (1), IBU (2), Witepsol E85 (3),
Miglyol 812 (4), Lutrol F68 (5).

A comparison of the spectra allows the conclusion that no chemical modification occurred at
the temperature of NLC production. Figure 11 depicts the lower wavelength range of the

same spectra. No shifts in the major valency vibrations were detected and new peaks did not
appear.
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Fig. 11: FT-IR spectra in the lower wavenumber range of the physical mixture of the bulk
components (Witepsol E85, Miglyol 812, IBU and Lutrol F68 in a ratio of 10:5:5:5) (1), IBU
(2), Witepsol E85 (3), Miglyol 812 (4) and Lutrol F68 (5).
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5.6 Results of size measurements and zeta potential analysis

The PSs and the PS distribution of the prepared IBU-NLC were measured by PCS and LD.
The PS of the NLC systems varied in the interval 108.6-216.3 nm (Table 7). The Z, and
d(0.5) values correlated appropriately with each other, showing the mean PSs of the NLC
samples. The PDI and the Span values varied in similar ways, as both relate to the PS
distribution of the LNPs.

Table 7: Results of PCS and LD measurements for all the NLC formulations.

ZP Zoe d(0.1) d(05) d(0.9) d(0.95  d(0.99) Span

Name (mV) (nm) PDI (nm)  (nm) (nm) (nm) (nm) value
blank NLC  -7.54 1322 0.096 91 149 228 250 300 0.919
NLC 1 -14.2 216.3 0230 97 135 249 280 330 1.126
NLC 2 -9.5 1145 0.077 87 160 195 210 250 0.675
NLC 3 -11.2 113.1 0.067 86 143 192 210 250 0.741
NLC 4 -11.7 1145 0.087 89 140 198 220 260 0.779
NLC 5 -14.2 108.6 0.065 86 129 192 210 250 0.822
NLC 6 -10.9 1158 0.093 91 152 206 230 270 0.757
NLC 7 -11.4 112.7 0.089 85 147 191 210 250 0.721
NLC 8 -12.1 115.0 0.078 87 150 195 210 250 0.720
NLC 9 -12.4 112.4 0.089 87 131 195 210 250 0.824
NLC 10 -12.3 1382 0249 74 137 238 270 320 1.197
NLC 11 -15.4 1147 0108 90 143 219 240 280 0.902
NLC 12 -9.64 109.7 0.057 86 130 191 210 250 0.808
NLC 13 -12.0 116.1 0.085 90 136 200 220 260 0.809
NLC 14 -12.3 1148 0101 92 141 208 230 270 0.823
NLC 15 -9.97 2144 0237 91 158 262 300 360 1.082

5.7 Results of the experimental design

5.7.1. Effects of the dependent factors on the ZP values
The results were evaluated according to the 23 full factorial design. The three examined

independent factors (solid lipid concentration (A), liquid lipid concentration (B) and
surfactant concentration (C)) together exerted a significant effect (p < 0.05) on the ZP, but
individually they did not do so. The coupled factors were also tested, but did not give a

significant effect.
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The mathematical model is shown in the following equations (Eqs (4), (5) and (6)) of the
response surfaces, with the ZP as the dependent factor as a function of factors A and B,
factors A and C, and factors B and C, with a good correlation (R* = 0.9901):

ZP (A, B)=361*A+6.99*B-0.77* A* B-43.98 Eq. (4)
ZP (A, C)=175*A+177*C—-027*A*C-24.66 Eq. (5)
ZP(B,C)=-181*B-133*C+020*B*C-7.25 Eq. (6)

A positive sign indicates a synergistic effect on the examined dependent factor, whilst a
negative sign represents an antagonistic effect.

Factor A (solid lipid concentration) was directly proportional to the ZP, although this effect
was not significant. The ZP became lower if factor A was kept on level -1
(7% Witepsol E85). The same effect was observed for factor B (liquid lipid concentration).
Lower ZP values were obtained when factor B was kept on a lower level, e.g. when
3% Miglyol 812 was applied. This correspondence is clearly visible in Fig. 12, which depicts
3 response surfaces where the ZP is a function of factors A and B; factor C is given on levels
-1 (4% wiw), 0 (4.5% w/w) and +1 (5% wi/w) (surfaces 1, 2 and 3).
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Fig. 12: Measured ZP as a function of solid lipid (factor A) and liquid lipid (factor B). The

surfactant concentration was set to 4% w/w (1), 4.5% w/w (2) and 5% w/w (3).
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The ratio of factors A and B was indirectly proportional to the ZP. The response surfaces
exhibited a minimum value at a solid lipid:liquid lipid ratio of 7:3: the ZP was -14.2 mV.
This clearly-visible minimum did not change when the surfactant concentration was altered
from 4% to 4.5% or 5% w/w; the behavior of the response surface remained unchanged in the
examined range. Factor C was indirectly proportional to the ZP. Lower ZP values are
expected when higher concentrations of the surfactant are applied; the use of 5% Lutrol F68

is therefore favorable.

5.7.2. Effects of the dependent factors on the PS

Similarly to the results of the statistical analysis of the ZP, the three independent factors
(solid lipid concentration (A), liquid lipid concentration (B) and surfactant concentration (C))
together affected the PS significantly (p < 0.05), whereas their individual effects did not reach
the level of significance (confidence value 95%). No significant effect was observed when
the effects of the coupled factors were tested (A and B, A and C and B and C). The
mathematical model of the effects of the dependent factors on the PS is shown in Egs. (7), (8)
and (9), with a correlation of R* = 0.9883:

PS (A, B) = 20.02*A + 34.50*B — 4.00*A*B — 27.50 Eq. (7)
PS (A, C) = 1.00*A — 5.67*C + 0.67*A*C + 136.00 Eq. (8)
PS (B, C) = — 31.00*B — 27.97*C + 7.00*B*C + 268.50 Eq. (9)

Factor A (solid lipid concentration) was directly proportional to the PS, but this effect did not
reach the level of significance. The PS was lower when factor A was kept on level -1
(7% Witepsol E85). The same effect was observed with factor B (liquid lipid concentration),
i.e. the PS of the nanoparticles was lower when 3% Miglyol 812 was used in the
formulations. The ratio of factors A and B was indirectly proportional to the PS. In Fig. 13,
the response surfaces exhibit a minimum value at a solid lipid:liquid lipid ratio of 7:3; the PS

is <125 nm.
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Fig. 13: Measured PS as a function of solid lipid (factor A) and liquid lipid (factor B). The

surfactant concentration was set to 4% w/w (1), 4.5% w/w (2) and 5% w/w (3).

The surface plot retained its minimum value regardless of the surfactant concentration. The
difference between the maximum and minimum points of the surfaces became more explicit
at higher surfactant concentrations (Fig. 13 (1), (2) and (3)) in the range of the factorial
design.

Factor C (surfactant concentration) did not have an impact on the PS in this range.

The results of the applied factorial design indicate that NLC 5 was the most suitable for IBU
delivery, together with 7% Witepsol E85, 3% Miglyol 812 and 5% Lutrol F68.

Table 7 (section 5.6) gives data on NLC formulations randomly picked out from the factorial
design space. By measuring the ZP, Z,., PDI and Span values of these NLC systems, a
simpler function (Eg. 10) could be defined to choose the optimal formulation. Factorial
design requires a large number of samples, which may be decreased through use of the
following equation if the response surface has a minimum value. The aim was to find a
simpler correspondence to evaluate the optimal ratio of the compounds. The following
equation gives the optimum as a non-dimensional number with a minimum value at the

optimal compound.
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SL
Optimum = min |ZP + Z,, +PDI + Span + -+ % Eq. (10)

where ZP is the zeta potential, Z,. is the mean particle size measured by PCS, PDI is the

d(0.9)—d(0.1), SL

polydispersity index, Span is the Span value ( 205) ), m is the solid lipid:liquid lipid

ratio and Sl“gi is the solid lipid:liquid lipid ratio proportional to the surfactant concentration.

As regards the optimum equation, NLC5 (7% Witepsol E85, 3% Miglyol 812, 5%
Lutrol F68 and 5% IBU) proved optimal for the formulation of a stable IBU-NLC system.
This method appears suitable for the design of NLC formulations.

Il. CHARACTERIZATION OF THE IBU-NLC FORMULATION

The IBU concentration of the optimized NLC 5 formulation was decreased from 5% to 1% in
order to decrease the side-effects in diseases demanding prolonged treatment, such as the
therapy of musculoskeletal disorders such as osteoarthritis. Furthermore, it was noticed that
decreasing the concentration of IBU led to an increase in the stability of the formulation (the
ZP values decreased from —14.2 to -18.4 mV).

5.8 Results of particle size and zeta potential measurements

PS determination by PCS demonstrated that both samples were in the nanometer range, with
an effective PS (Zae) of 114 nm for the blank NLC, and 106 nm for IBU-NLC. LD
measurements confirmed that larger particles (> 1 um) were not present in the formulations,
and 90% of the particles measured < 205 nm. The surface charge was negative for both the
blank (-15.9 mV) and IBU-NLC (-18.4 mV). The PDI was small for both formulations,
meaning that the PS of the nanoparticles were in a narrow range. This parameter is important
for steady drug diffusion. Parameters measured with PCS, LD and electrophoretic mobility

measurements are presented in Table 8.
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Table 8: PSs, PS distributions (PDI and Span) and ZPs of the blank NLC and IBU-NLC
formulations.

d(0.1) d(05) d(0.9)  Span

(nm)  (nm) (nm) value

Sample  Za.e (M) ZP (mV) PDI

blank NLC 114+22 -159+07 015+01 67+0 118+0 204+0.6 1.16+0

IBU-NLC 106+1.7 -184+13 018+03 74+0 122+0 205+0.6 1.07+0

5.9 Results of AFM measurements

AFM has been widely used to acquire information on the size, shape and surface morphology
of nanoparticles [94]. Both the blank and the IBU-NLC samples were measured by AFM to
confirm the PCS and LD results. The data were evaluated by grain analysis, and size
distribution histograms were made (Fig. 14 A, B). The Z values of the blank NLC particles
were between 109 and 124 nm, with an average of 113.67 £ 15.5 nm, while those of the IBU-
NLC were between 95 and 118 nm, with an average of 107.47 = 14.4 nm (Fig. 14 C, D),
verifying the PCS and LD results.
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Fig. 14: Z value (height) distribution of blank NLC (A) and IBU-NLC (B); and Z values
(height) of blank NLC (C) and IBU-NLC (D).
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In the present samples, the separated lipid particles were spherical or nearly spherical with a

smooth surface (Fig.s 15 and 16).
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Fig. 15: 2D (A) and 3D (B) images of blank NLC.

No major differences were detected between the blank and IBU-NLC samples, although
some larger lipid agglomerates were found in the IBU-NLC. This is probably due to the
sample preparation process: the sonication was unable to disperse the previously dried lipid

particles completely.
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Fig. 16: 2D (A) and 3D (B) images of IBU-NLC.

5.10 Results of XRD

XRD measurements were carried out to determine the possible changes in the crystallinity of
the components during the hot high-pressure homogenization procedure. Diffractograms of
the pure, untreated components (IBU, Witepsol E85, and Lutrol F68) are depicted in Fig. 17.
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Fig. 17: XRD diffractograms of IBU (1), Witepsol E85 (2), Lutrol F68 (3), the bulk mixture
of Witepsol E85 and Miglyol 812 in a ratio of 7:3 (4), the mixture of Witepsol E85,
Miglyol 812 and IBU in a ratio of 7:3:1 (5), the mixture of Witepsol E85, Miglyol 812, IBU
and Lutrol F68 in a ratio of 7:3:1:5 (6), blank NLC (7), and IBU-NLC (8).

Diffractograms were also recorded of the melted lipid mixture (Witepsol E85 and
Miglyol 812 in a ratio of 7:3) with or without IBU, the melted total physical mixture, the
blank and IBU-NLC. The crystallinity of the solid lipid (plot 2) decreased to such an extent
after the addition of the excipients (plots 4 and 6) and IBU (plot 5) that the material became
amorphous in the cases of the prepared blank (plot 7) and IBU-NLC (plot 8) formulations.
The XRD pattern of pure racemic IBU (plot 1) exhibited characteristic diffraction peaks at
various diffraction angles (6°, 12.3°, 16°, 20.4° and 22.3° 20), indicating the presence of
crystallinity [95]. These peaks also appeared in the plot of the melted mixture of the lipid
matrix and the API (plot 5), but were absent from those of the total mixture (plot 6) and IBU-
NLC (plot 8).

5.11 Results of DXR Raman spectroscopy measurements

Raman spectroscopy was employed to confirm the physical state of the IBU and to study the
possible physicochemical interactions between the components. The Raman spectra of dried
free racemic IBU, Lutrol F68, Witepsol E85 and Miglyol 812 in the wavenumber range
2000-200 cm™ are presented in Fig. 18.
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Fig. 18: Raman spectra of the individual components, IBU (1), Lutrol F68 (2), Witepsol E85
(3) and Miglyol 812 (4).

As model solutions, IBU was dissolved in Miglyol 812 in two concentrations (10 and

25% wi/w), to observe the principal differences in the physical state of the IBU (Fig. 19).
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Fig. 19: Raman spectra in the range of 2000-200 cm™of IBU (1) and the model mixtures of
10% IBU (2), or 25% IBU (3), both dissolved in Miglyol 812 (4).

The spectra of IBU, the blank NLC and IBU-NLC are presented in Fig. 20.
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Fig 20: Raman spectra in the range 2000-200 cm™of IBU (1), blank (2) and IBU-NLC (3).

The selected Raman bands of IBU, the IBU-containing Miglyol model solutions and the IBU-
NLC composition with the vibrational assignments (cm™) are presented in Table 9. The
chemical structure of the oil is very similar to those of the other lipid components, and the
bands from the IBU-NLC sample, i.e. the Raman spectrum characteristic of Miglyol 812,

could therefore be overlapped by the bands characteristic of other lipids.

Table 9: Observed Raman peaks (in cm™) and peak assignments of free racemic IBU and
IBU-containing model solutions and NLC compositions.

IBU Assignment 10% 25% IBU-NLC
1608  s(C-C)Ar 1613 1609 1616
1576  s(C-C)Ar and v(C=C)Ar 1574 1574 -
1208  t(CHy) (C11-C12-Cy3) 1207 1206 1208
1182  s(Cs-Cy1) 1185 1182 1185
1008  in(CH)Ar 1004 1007 1004
959  r(CyHs) and antisymmetric s(C26-C24-C30) 957 957 955
834  out(CH)Ar 832 833 -
746 r(CHs) and out(CH)Ar 739 745 -
638  out(CO-H) and in(Ar) 637 636 -
415  d(Cy5-C14-Cio) 405 412 -

(s = stretching, A = bending, v = vibration, Ar = aromatic, t = twisting, out = out-of-plane bending, in = in-plane-

bending, r = rocking, and d = deformation).
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The IBU spectrum exhibited characteristic peaks at 1608, 1576, 1208, 1182, 1008, 959, 834,
746, 638 and 415 cm™. These peaks are attributed mainly to aryl ring stretching and Ca,-Ar-
Cy1 conformational stretching and wagging. Medium sharp peaks are attributed to the Ar and
Ar-CH in-plane and out-of-plane bending. In spite of the many free racemic IBU peaks, the
Raman spectra of the model solutions and the NLC composition were characteristic of the
auxiliary materials. The medium-intensity IBU peaks at 1452, 1341, 1116, 943, 820, 662, 784
and 269 cm™ (Cx-Hy bending, twisting or rocking) were absent from the spectra of the IBU-
containing model solutions and NLC composition. Comparison of the Raman peaks of the
IBU and the model solutions (10% and 25%) revealed small shifts in the wavenumbers of the
characteristic IBU peaks. Moreover, the Raman spectrum of the IBU-NLC composition (with
less characteristic IBU peaks) revealed the same small shifts, indicating the occurrence of
weak interactions between IBU and the lipids. A significant change in the spectrum of
interacted IBU was the shift in the peak corresponding to the aryl C-C stretching from
1608 cm™ to 1609-1616 cm™. This latter shift indicates that the aryl ring is affected by the
interaction with the lipid molecules and not the C=0 group of IBU. In Table 10, the Raman
spectra of the lipid components are compared with those of IBU-NLC and the blank NLC.
The lipid components used in this study have similar chemical structures and therefore
similar Raman bands. The Raman spectra of the lipid components in the range 3000-200 cm™
displayed characteristic peaks, which are assigned to vibrations of the fatty acid hydrocarbon
chains. The sharp and intense peaks at 2881 and 2850 cm™ and the medium peaks at 1128
and 1062 cm™ in all the NLC compositions confirmed the ordered acyl chains in the lipid
structure. The incorporation of IBU did not lead to the disappearance of the sharp bands at
2881 and 2850 cm™ in the Raman spectrum of IBU-NLC.
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Table 10: Observed Raman peaks (in
components and NLC compositions.

cm™) and peak assignments of individual lipid

Assignment Lutrol Witepsol Miglyol blank IBU-

F68 E85 812 NLC NLC

s(CH) 2934 2935 2931 2936 2935
S(CHy) antisymmetric 2884 2880 - 2881 2881
s(CH,) symmetric - 2846 2853 2850 2850
s(CH) - 2724 2728 2724 2725
s(C=0) - 1739 1745 1741 1742
CH; scissoring and s(C-0) - 1438 1439 1441 1441
t(CH,) and s(C-0O) - 1295 1302 1297 1297
s(C-C) symmetric and s(C-O-C) asymmetric 1125 1126 - 1128 1128
s(C-C) asymmetric and s(C-O) symmetric 1062 1062 1063 1063 1063
r(CHs) - 889 889 889 892
r(CHs) 843 - 841 844 845

(s = stretching, g = bending, v = vibration, Ar = aromatic, t = twisting, out = out-of-plane bending, in = in-plane

bending, r = rocking, and d = deformation).

In order to confirm the homogenity of the IBU, Raman mapping of the NLC was performed.

Figure 21 shows the distribution map of IBU in the NLC composition at 10x-magnification.

The characteristic bands obtained for IBU at around 1608 cm™ were used to visualize the

spatial distribution of IBU from Raman chemical mapping. The IBU was found

homogenously in the dried, round areas. The purpose of this analysis was to estimate the

distribution of the individual ingredients in the scanned area.
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Fig. 21: Raman distribution map of IBU (yellow to red colors) in the IBU-NLC composition

(10x magnification).
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The spectra of the estimated ‘Components’ were compared with the reference ingredient
spectra (Fig. 22). The spectra of Components 1 and 4 were identified as the Raman spectrum
of Lutrol F68, with characteristic Raman band regions of 1750-1150, 900-750 and 400-
200 cm™. The resolved spectrum of Component2 does not correspond to the reference
spectra, but contains similar Raman bands to those of Miglyol 812. The spectrum of
Component 2 displays several other peaks; the reason may be the low signal-to-noise ratio.
Component 3 corresponds to Witepsol E85, with very characteristic Raman band regions of
1500-1400 and 1150-1000 cm™. The Raman spectra of each Component contain the
characteristic Raman peaks of IBU at 1614-1608 cm™.
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Fig. 22 Multivariate curve resolution of IBU-NLC Raman chemical mapping. The spectra of
the estimated ingredients, the ‘Components’, are compared with the reference spectra of the

individual ingredients.
5.12 Results of FT-IR

The FT-IR spectra of the excipients, blank NLC and IBU-NLC were recorded to obtain
information about the possible interactions between IBU and the matrix of the nanoparticles.
Analysis of the spectrum of IBU-NLC clearly indicates that there are no strong interactions
between the drug and the excipients (Fig. 23). Comparison of the FT-IR spectra of the blank
NLC and the drug-loaded IBU-NLC at 1700 cm™ and 1550 cm™ revealed two peaks (which
are characteristic of the drug) as shoulders in the spectrum of IBU-NLC (Fig. 23, marked
peaks).
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Fig. 23: FT-IR spectra of IBU-NLC, blank NLC and 1BU.

After the deconvolution of the wavelength range 1800-1660 cm™, the characteristic peak of
IBU at 1721 cm™, described as the vibration of the C=0 bond [89], could be characterized
(Fig. 24). The intensity of this peak is low, which means that non-dissolved IBU is present in
low concentrations. The presence of drug crystals could be due to the pretreatment of the

samples prior to the measurement (the NLC dispersions were dried in air).
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Fig. 24: Deconvolution of the IBU-NLC spectrum in the range 1800-1665 cm™.
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5.13 Results of drug loading and entrapment efficiency

From the results of the applied HPLC method, DL% was found to be 9.85 + 4.10% and EE%
98.51+4.10% for the prepared IBU-NLC composition, since 1.49 +4.10% of the IBU was

measured in the outer aqueous phase.
5.14 Results of drug penetration studies

5.14.1.  Invitro drug diffusion

The in vitro diffusion of IBU through the artificial membrane from IBU-NLC and the IBU
suspension was calculated in terms of the mean cumulative amount diffused at each sampling
time point during a period of 6 h (Fig. 25). The amount of IBU diffused from the IBU-NLC
after 6 h was significantly, 2.59-fold higher (p < 0.0001) than that from the IBU suspension.
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Fig. 25: In vitro diffusion of IBU from the IBU-NLC (e) and the IBU suspension (A ).

5.14.2.  Exvivo drug permeation

The ex vivo permeation of the drug from the prepared IBU-NLC gel and IBU gel through
excised human skin was calculated in the same way as for the in vitro measurements
(Fig. 26). The permeation of IBU through the excised human skin was 12.78-fold higher
(p < 0.001) from the IBU-NLC gel than from the traditional IBU gel. These findings correlate
with those of the in vitro diffusion study, since after 6 h much higher drug permeation was
observed from the IBU-NLC gel than from the 1BU gel.
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Fig. 26: Ex vivo permeation of IBU from the IBU-NLC gel (o) and the IBU gel (A ) through

excised human epidermis.

5.14.3. In vivo animal studies

Finally, the in vivo permeation of IBU from the IBU-NLC gel and the IBU gel was
determined with a murine model, using a modified dorsal skin chamber; the results are
presented in Fig. 27. After 6 h, the drug penetration was significantly higher (1.87-fold,
p <0.0001) from the IBU-NLC gel formulation than from the IBU gel, as found in the
previous in vitro and ex vivo studies.
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Fig. 27: In vivo permeation of IBU from IBU-NLC gel (o) and from the IBU gel (A ) through

living animal skin.
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6.

SUMMARY

The aim of my Ph.D. work was to investigate IBU-NLC systems in order to optimize their

compositions and to characterize their properties for musculoskeletal disorders requiring

prolonged therapy. To summarize my experimental work it can be concluded that:

the lipid screening led to Witepsol E85 being selected as the solid lipid and
Miglyol 812 as the liquid lipid, which proved to be compatible with and could
incorporate IBU in the highest concentration, 50% (w/w);
on the basis of the results of contact angle measurements, Lutrol F68 was selected as a
surfactant that could provide a stable NLC system;
the drug—excipient compatibility was demonstrated by:

0 DSC measurements;

o XRD analysis;

0 FT-IR spectroscopy measurements;
the composition was optimized via a 2° full factorial design, and NLC5 (7%
Witepsol E85, 3% Miglyol 812 and 5% Lutrol F68) was selected for further
investigations;
an optimum equation was defined with consideration of the effects of the excipient
concentration which could serve as a useful tool, with selection of the optimal

formulation at which the surface plot has a minimum value.

In the second part, the optimized IBU-NLC formulation was characterized. It emerged that:

the PS of the blank and IBU-NLC formulations measured by PCS, LD and AFM
methods were in the nanometer range (below 205 nm) with low PDI and Span values;
the ZP revealed that the particles were negatively charged and their stability could be
predicted as sufficient;

the lipid matrix was in the amorphous form and the formulations did not contain IBU
in a crystalline form;

FT-IR spectroscopy and Raman spectroscopy did not reveal any significant
interactions between the components of the prepared samples, predicting the fast
release of IBU from the NLC formulation;

Raman mapping verified that the drug was homogenously distributed in the lipid

matrix;
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e drug permeability studies showed the fast initial release of IBU from the
nanoparticles, and the amount released after 6 h was significantly higher relative to

the prepared reference formulations in vitro, ex vivo and in vivo.

Novelty of this work can be summarized in the following:

e the optimum equation was first defined serving as a useful tool, to select the optimal
formulation at which the surface plot has a minimum value;

e Raman mapping was used to localize an API, namely the IBU in an NLC formulation,
in the lipid matrix of the IBU-NLC,;

e ex vivo and in vivo drug permeation studies of the ibuprofen-loaded nanostructured
lipid carrier were first compared (and found to be significantly higher after 6 h) to a
reference (IBU gel) which composition mimicked the composition of those available
on the market;

e the modified dorsal skin chamber was first used to prove that the IBU could permeate
through the skin of SKH-1 hairless mice in vivo;

All of the results of the measurements performed excellently illustrated the potential of the
application of the developed IBU-NLC formulation as a stable IBU delivery system, its fast
release and enhanced skin permeability predicting better bioavailability with the possibility of

topical therapy.

42



REFERENCES

1.

10.

11.

Puglia, C., et al., Lipid nanoparticles for prolonged topical delivery: an in vitro and in
vivo investigation. International Journal of Pharmaceutics, 2008. 357(1-2): p. 295-
304.

Mehnert, W. and K. Mader, Solid lipid nanoparticles: Production, characterization
and applications. Advanced Drug Delivery Reviews, 2001. 47(2-3): p. 165-196.

zur Mihlen, A., C. Schwarz, and W. Mehnert, Solid lipid nanoparticles (SLN) for
controlled drug delivery — Drug release and release mechanism. European Journal of
Pharmaceutics and Biopharmaceutics, 1998. 45(2): p. 149-155.

Miller, R.H., K. Mé&der, and S. Gohla, Solid lipid nanoparticles (SLN) for controlled
drug delivery - a review of the state of the art. European Journal of Pharmaceutics and
Biopharmaceutics, 2000. 50(1): p. 161-177.

Midaller, R.H., M. Radtke, and S.A. Wissing, Solid lipid nanoparticles (SLN) and
nanostructured lipid carriers (NLC) in cosmetic and dermatological preparations.
Advanced Drug Delivery Reviews, 2002. 54(0): p. S131-S155.

Lippacher, A., R.H. Miiller, and K. Méader, Preparation of semisolid drug carriers for
topical application based on solid lipid nanoparticles. International Journal of
Pharmaceutics, 2001. 214(1-2): p. 9-12.

Kaur, 1.P., et al., Potential of solid lipid nanoparticles in brain targeting. Journal of
Controlled Release, 2008. 127(2): p. 97-1009.

Phatak, A.A. and P.D. Chaudhari, Development and evaluation of Nanostructured
Lipid Carrier (NLC) based topical delivery of an anti-inflammatory drug. Journal of
Pharmacy Research, 2013. 7(8): p. 677-685.

Joshi, M. and V. Patravale, Nanostructured lipid carrier (NLC) based gel of
celecoxib. International Journal of Pharmaceutics, 2008. 346(1): p. 124-132.

Bhaskar, K., et al., Lipid nanoparticles for transdermal delivery of flurbiprofen:
formulation, in vitro, ex vivo and in vivo studies. Lipids in Health and Disease, 2009.
8(6): p. 1-15.

Ricci, M., et al., Evaluation of indomethacin percutaneous absorption from
nanostructured lipid carriers (NLC): in vitro and in vivo studies. Journal of
Pharmaceutical Sciences, 2005. 94(5): p. 1149-1159.

43



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Khurana, S., N.K. Jain, and P.M. Bedi, Development and characterization of a novel
controlled release drug delivery system based on nanostructured lipid carriers gel for
meloxicam. Life Sciences, 2013. 93(21): p. 763-772.

Li, X,, et al., A controlled-release ocular delivery system for ibuprofen based on
nanostructured lipid carriers. International Journal of Pharmaceutics, 2008. 363(1-2):
p. 177-182.

Miller, R.H., et al., Nanostructured lipid carriers (NLC) in cosmetic dermal products.
Advanced Drug Delivery Reviews, 2007. 59(6): p. 522-530.

Schéfer-Korting, M., W. Mehnert, and H.-C. Korting, Lipid nanoparticles for
improved topical application of drugs for skin diseases. Advanced Drug Delivery
Reviews, 2007. 59(6): p. 427-443.

Baroli, B., Penetration of nanoparticles and nanomaterials in the skin: fiction or
reality? Journal of Pharmaceutical Sciences, 2010. 99(1): p. 21-50.

de Carvalho, S.M., et al., Optimization of a-tocopherol loaded solid lipid
nanoparticles by central composite design. Industrial Crops and Products, 2013.
49(0): p. 278-285.

Bas, D. and I.H. Boyaci, Modeling and optimization I: Usability of response surface
methodology. Journal of Food Engineering, 2007. 78(3): p. 836-845.

Hao, J., et al., Development and optimization of solid lipid nanoparticle formulation
for ophthalmic delivery of chloramphenicol using a Box-Behnken design.
International Journal of Nanomedicine, 2011. 6: p. 683-692.

Pardeike, J., A. Hommoss, and R.H. Muller, Lipid nanoparticles (SLN, NLC) in
cosmetic and pharmaceutical dermal products. International Journal of
Pharmaceutics, 2009. 366(1-2): p. 170-184.

Suté, B., Sz. Berkd, and E. Csanyi, Nanostrukturalt lipid hordozd rendszerek
alkalmazadsa a bordn keresztiili hatoanyag-penetrdcio eldsegitésére. Gyogyszerészet,
2016. 60: p. 76-85.

Chen, Y., G. Dalwadi, and H. Benson, Drug delivery across the blood-brain barrier.
Current Drug Delivery, 2004. 1(4): p. 361-376.

Miiller, R.H., et al., Solid lipid nanoparticles (SLN): an alternative colloidal carrier
system for controlled drug delivery. European Journal of Pharmaceutics and
Biopharmaceutics, 1995. 41(1): p. 62-69.

44



24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Freitas, C. and R.H. Miiller, Effect of light and temperature on zeta potential and
physical stability in solid lipid nanoparticle (SLN™) dispersions. International
Journal of Pharmaceutics, 1998. 168(2): p. 221-229.

Freitas, C. and R.H. Muller, Correlation between long-term stability of solid lipid
nanoparticles (SLN™) and crystallinity of the lipid phase. European Journal of
Pharmaceutics and Biopharmaceutics, 1999. 47(2): p. 125-132.

Fundaro, A., et al., Non-stealth and stealth solid lipid nanoparticles (SLN) carrying
doxorubicin: pharmacokinetics and tissue distribution after i.v. administration to rats.
Pharmacological Research, 2000. 42(4): p. 337-343.

Suresh Reddy, J. and V. Venkateswarlu, Novel delivery systems for drug targeting to
the brain. Drugs of the Future, 2004. 29(1): p. 63-83.

Chen, D.B., et al., In vitro and in vivo study of two types of long-circulating solid lipid
nanoparticles containing paclitaxel. Chemical & Pharmaceutical Bulletin (Tokyo),
2001. 49(11): p. 1444-1447.

Tabatt, K., et al., Effect of cationic lipid and matrix lipid composition on solid lipid
nanoparticle-mediated gene transfer. European Journal of Pharmaceutics and
Biopharmaceutics, 2004. 57(2): p. 155-162.

Yang, S., et al., Body distribution of camptothecin solid lipid nanoparticles after oral
administration. Pharmaceutical Research, 1999. 16(5): p. 751-757.

Dingler, A., Solid lipid nanoparticles as colloidal drug carriers for dermal
application, in Department of Biology, Chemistry and Pharmacy. 1998, Free
University of Berlin: Berlin.

Gohla, S.H. and A. Dingler, Scaling up feasibility of the production of solid lipid
nanoparticles (SLN). Pharmazie, 2001. 56(1): p. 61-63.

Gasco, M.R., Method for producing solid lipid microspheres having a narrow size
distribution. 1993, Google Patents.

Pardeike, J., et al., Formation of a physical stable delivery system by simply
autoclaving nanostructured lipid carriers (NLC). International Journal of
Pharmaceutics, 2012. 439(1-2): p. 22-27.

Swathi, G., et al., Solid lipid nanoparticles: colloidal carrier systems for drug
delivery. International Journal of Pharmaceutical Sciences and Research 2012. 43(2):
p. 1-16.

45



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Miller, R.H., M. Radtke, and S.A. Wissing, Nanostructured lipid matrices for
improved microencapsulation of drugs. International Journal of Pharmaceutics, 2002.
242(1): p. 121-128.

Shah, R., et al., Lipid Nanoparticles: Production, Characterization and Stability.
2015: Springer.

Amman, H., Nanostructured lipid carriers (NLC) in dermal and personal care
formulations, in Department of Biology, Chemistry and Pharmacy. 2009, Free
University Berlin: Berlin. p. 202.

Pardeike, J., Nanosuspensions and nanostructured lipid carriers for dermal
application, in Department of Biology, Chemistry and Pharmacy. 2009, Free
university of Berlin: Berlin. p. 258.

zur Mihlen, A. and W. Mehnert, Drug release and release mechanism of
prednisolone loaded solid lipid nanoparticles. Pharmazie, 1998. 53(8): p. 552-555.
Souto, E.B. and R.H. Muller, Lipid nanoparticles: effect on bioavailability and
pharmacokinetic changes, in Drug Delivery. 2010, Springer. p. 115-141.

McGrath, J.A. and J. Uitto, Anatomy and Organization of Human Skin, in Rook's
Textbook of Dermatology. 2010, Wiley-Blackwell. p. 1-53.

Prow, T.W., et al., Nanoparticles and microparticles for skin drug delivery. Advanced
drug delivery reviews, 2011. 63(6): p. 470-491.

Cevc, G. and U. Vierl, Nanotechnology and the transdermal route: A state of the art
review and critical appraisal. Journal of Controlled Release, 2010. 141(3): p. 277-
299.

Miiller, R.H., et al., Cytotoxicity of Solid Lipid Nanoparticles as a Function of the
Lipid Matrix and the Surfactant. Pharmaceutical Research, 1997. 14(4): p. 458-462.
Miller, R.H., S. Staufenbiel, and C.M. Keck, Lipid Nanoparticles (SLN, NLC) for
innovative consumer care & household products. Chemistry, 2014. 9(2): p. 18-25.
Yang, X., et al., Preparation and characterization of 4-dedimethylamino sancycline
(CMT-3) loaded nanostructured lipid carrier (CMT-3/NLC) formulations.
International Journal of Pharmaceutics, 2013. 450(1-2): p. 225-234.

Wissing, S.A. and R.H. Miiler, Solid lipid nanoparticles as carrier for sunscreens: in
vitro release and in vivo skin penetration. Journal of Controlled Release, 2002. 81(3):
p. 225-233.

46



49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

Wissing, S.A. and R.H. Miller, The influence of the crystallinity of lipid
nanoparticles on their occlusive properties. International Journal of Pharmaceutics,
2002. 242(1-2): p. 377-379.

Lacatusu, 1., et al.,, The encapsulation effect of UV molecular absorbers into
biocompatible lipid nanoparticles. Nanoscale research letters, 2011. 6(1): p. 73.
Potthast, H., et al., Biowaiver monographs for immediate release solid oral dosage
forms: Ibuprofen. Journal of Pharmaceutical Sciences, 2005. 94(10): p. 2121-2131.
Rhee, Y.S., et al., Optimization of ibuprofen gel formulations using experimental
design technique for enhanced transdermal penetration. Int J Pharm, 2008. 364(1): p.
14-20.

Patel, A., et al.,, Delivery of ibuprofen to the skin. International Journal of
Pharmaceutics, 2013. 457(1): p. 9-13.

Chen, W., et al., Ibuprofen nanoparticles prepared by a PGSS™-based method.
Powder Technology, 2013. 245(0): p. 241-250.

Blasi, P., et al., Lipid nanoparticles for brain targeting Il. Technological
characterization. Colloids and Surfaces B: Biointerfaces, 2013. 110: p. 130-137.
Blasi, P., et al., Lipid nanoparticles for brain targeting I1l. Long-term stability and in
vivo toxicity. International Journal of Pharmaceutics, 2013. 454(1): p. 316-323.
Doktorovova, S., et al., Trehalose is not a universal solution for solid lipid
nanoparticles freeze-drying. Pharmaceutical Development and Technology, 2014.
19(8): p. 922-929.

Duran-Lobato, M., et al., Statistical analysis of solid lipid nanoparticles produced by
high-pressure homogenization: a practical prediction approach. Journal of
Nanoparticle Research, 2013. 15(2): p. 1-14.

Dwivedi, P., et al., Preparation and characterization of solid lipid nanoparticles of
antimalarial drug arteether for oral administration. Journal of Biomaterials and
Tissue Engineering, 2014. 4(2): p. 133-137.

Bummer, P.M., Physical chemical considerations of lipid-based oral drug delivery--
solid lipid nanoparticles. Critical Reviews in Therapeutic Drug Carrier Systems,
2004. 21(1): p. 1-20.

Kasongo, K.W., et al., Selection and characterization of suitable lipid excipients for
use in the manufacture of didanosine-loaded solid lipid nanoparticles and
nanostructured lipid carriers. Journal of Pharmaceutical Sciences, 2011. 100(12): p.
5185-5196.

47



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

73.

Chapman, D., The Polymorphism of Glycerides. Chemical Reviews, 1962. 62(5): p.
433-456.

Ho Lun, W., et al., Solid Lipid Nanoparticles for Anti-Tumor Drug Delivery, in
Nanotechnology for Cancer Therapy. 2006, CRC Press. p. 741-776.

Jenning, V. and S. Gohla, Comparison of wax and glyceride solid lipid nanoparticles
(SLN®). International Journal of Pharmaceutics, 2000. 196(2): p. 219-222.

Jenning, V., A.F. Thinemann, and S.H. Gohla, Characterisation of a novel solid lipid
nanoparticle carrier system based on binary mixtures of liquid and solid lipids.
International Journal of Pharmaceutics, 2000. 199(2): p. 167-177.

Souto, E.B., et al., Development of a controlled release formulation based on SLN
and NLC for topical clotrimazole delivery. International Journal of Pharmaceutics,
2004. 278(1): p. 71-77.

Rowe, R.C., et al., Handbook of pharmaceutical excipients. Vol. 6. 2009:
Pharmaceutical press London.

Owen, I.C. and H. Anne Marie, Surfactants in Pharmaceutical Products and Systems,
in Encyclopedia of Pharmaceutical Technology, Third Edition. 2013, Taylor &
Francis. p. 3583-3596.

Sut6, B., et al., Optimization and design of an Ibuprofen-loaded nanostructured lipid
carrier with a 2° full factorial design. Chemical Engineering Research and Design,
2015. 104: p. 488-496.

Xu, F., et al.,, Thermodynamic study of ibuprofen by adiabatic calorimetry and
thermal analysis. Thermochimica Acta, 2004. 412(1-2): p. 33-57.

Kumbhar, D.D. and V.B. Pokharkar, Engineering of a nanostructured lipid carrier for
the poorly water-soluble drug, bicalutamide: Physicochemical investigations.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2013. 416(0): p.
32-42.

Aradjo, J., et al., Nanostructured lipid carriers for triamcinolone acetonide delivery to
the posterior segment of the eye. Colloids and Surfaces B: Biointerfaces, 2011. 88(1):
p. 150-157.

Suté, B., et al., Development of Ibuprofen-loaded nanostructured lipid carrier based-
gels: characterization and investigation of in vitro and in vivo penetration through the
skin. International Journal of Nanomedicine, 2016.

48



74,

75.

76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

Kushwaha, A.K., et al., Development and evaluation of solid lipid nanoparticles of
raloxifene hydrochloride for enhanced bioavailability. BioMed Research
International, 2013. 2013.

How, C.W., et al., Tamoxifen-loaded nanostructured lipid carrier as a drug delivery
system: Characterization, stability assessment and cytotoxicity. Colloids and Surfaces
B: Biointerfaces, 2013. 112(0): p. 393-399.

Araujo, J., et al.,, Release profile and transscleral permeation of triamcinolone
acetonide loaded nanostructured lipid carriers (TA-NLC): in vitro and ex vivo
studies. Nanomedicine, 2012. 8(6): p. 1034-1041.

Kheradmandnia, S., et al., Preparation and characterization of ketoprofen-loaded
solid lipid nanoparticles made from beeswax and carnauba wax. Nanomedicine,
2010. 6(6): p. 753-759.

Csizmazia, E., et al., Penetration enhancer effect of sucrose laurate and Transcutol
on ibuprofen. Journal of Drug Delivery Science and Technology, 2011. 21(5): p. 411-
415.

Kligman, A.M. and E. Christophers, Preparation of isolated sheets of human stratum
corneum. Archives of Dermatology, 1963. 88(6): p. 702-705.

Erés, G., et al., A Novel Murine Model for the In Vivo Study of Transdermal Drug
Penetration. Scientific World Journal, 2012. 2012: p. 543536.

Berko, Sz., B., Balazs, B. Siit6, et al., Monitoring of Skin Penetration and Absorption
with a new in vivo Experimental Model. Farmacia, 2014. 62(6): p. 1157-1163.
Pardeike, J., et al., Development of an itraconazole-loaded nanostructured lipid
carrier (NLC) formulation for pulmonary application. Int J Pharm, 2011. 419(1-2): p.
329-38.

Uner, M., et al., Influence of surfactants on the physical stability of solid lipid
nanoparticle (SLN) formulations. Pharmazie, 2004. 59(4): p. 331-332.

Han, F., et al., Effect of surfactants on the formation and characterization of a new
type of colloidal drug delivery system: Nanostructured lipid carriers. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 2008. 315(1-3): p. 210-216.
Schoéler, N., et al., Surfactant, but not the size of solid lipid nanoparticles (SLN)
influences viability and cytokine production of macrophages. International Journal of
Pharmaceutics, 2001. 221(1-2): p. 57-67.

49



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Tian, B.-C., et al., Further investigation of nanostructured lipid carriers as an ocular
delivery system: In vivo transcorneal mechanism and in vitro release study. Colloids
and Surfaces B: Biointerfaces, 2013. 102(0): p. 251-256.

Vivek, K., H. Reddy, and R.S.R. Murthy, Investigations of the effect of the lipid
matrix on drug entrapment, in vitro release, and physical stability of olanzapine-
loaded solid lipid nanoparticles. AAPS PharmSciTech, 2007. 8(4): p. 16-24.
McConnell, J.F., 2-(4-1sobutylphenyl)propionic acid. C13H1802 ibuprofen or brufen.
Crystal Structure Communications, 1974. 3: p. 73-75.

Matkovic, S.R., G.M. Valle, and L.E. Briand, Quantitative analysis of ibuprofen in
pharmaceutical formulations through FTIR spectroscopy. Latin American Applied
Research, 2005. 35: p. 189-195.

Nokhodchi, A., O. Amire, and M. Jelvehgari, Physico-mechanical and dissolution
behaviours of ibuprofen crystals crystallized in the presence of various additives.
Daru, 2010. 18(2): p. 74-83.

Ray, R., et al., Development and Evaluation of a New Interpenetrating Network Bead
of Sodium Carboxymethyl Xanthan and Sodium Alginate. Pharmacology & Pharmacy,
2010. 1: p. 9-17.

Natarajan, S., S.A.M. Britto, and E. Ramachandran, Growth, Thermal, Spectroscopic,
and Optical Studies of I-Alaninium Maleate, a New Organic Nonlinear Optical
Material. Crystal Growth & Design, 2005. 6(1): p. 137-140.

Ramukutty, S. and E. Ramachandran, Growth, spectral and thermal studies of
ibuprofen crystals. Crystal Research and Technology, 2012. 47(1): p. 31-38.

Neupane, Y.R., et al., Lipid based nanocarrier system for the potential oral delivery
of decitabine: Formulation design, characterization, ex vivo, and in vivo assessment.
International Journal of Pharmaceutics, 2014. 477(1-2): p. 601-612.

de Villiers, M.M., et al., The dissolution and complexing properties of ibuprofen and
ketoprofen when mixed with N-methylglucamine. Drug Dev Ind Pharm, 1999. 25(8):
p. 967-72.

50



ACKNOWLEDGMENTS

I am extremely grateful to Prof. Dr. habil. Piroska Szab6-Révész D.Sc., head of the
Department of Pharmaceutical Technology, University of Szeged, for providing me with the
opportunity to work in her department.

I am also enormously grateful to my supervisors Dr. habil. Erzsébet Csanyi, Associate
Professor, and Dr. Szilvia Berko Ph.D., Assistant Professor, for their valuable help in my
practical work and for their useful advice.

I am likewise greatly indebted to Prof. Dr. Andreas Zimmer Ph.D. for providing me with
the possibility to work in his department, and to Dr. Sabrina Weber Ph.D. for her help in
the practical work.

I express my kindest thanks to Gabriella Farkas for her huge help in the measurement and
evaluation of the FT-IR spectra and to Dr. Péter Sipos Ph.D. for his tremendous work in
measuring and evaluating the Raman spectra.

I would like to express my kindest thanks to my co-authors and especially my colleagues at
the Department of Pharmaceutical Technology for their co-operation and help.

Finally, 1 would like to thank my family and friends for their endless support, infinite

patience and unconditional love. Without them this work could not be completed.



Annex






FARMACIA, 2014, Vol. 62, 6 1157

MONITORING OF SKIN PENETRATION AND
ABSORPTION WITH A NEW IN VIVO
EXPERIMENTAL MODEL

SZILVIA BERKO', BOGLARKA BALAZS', BLANKA SUTO',
GABOR EROS? BRIGITTA GAL?, ANITA SZTOJKOV-IVANOV?,
CODRUTA SOICA*, PIROSKA SZABO-REVESZ', LAJOS KEMENY?,
ISTVAN ZUPKO®, ERZSEBET CSANYI"

'Department of Pharmaceutical Technology, University of Szeged, 6720
Szeged, E6tvos street 6., Hungary

’Department of Dermatology and Allergology, University of Szeged, 6720
Szeged, Koranyi street 6-8., Hungary

Department of Pharmacodynamics and Biopharmacy, University of
Szeged, 6720 Szeged, E6tvos street 6., Hungary

‘Department of Pharmaceutical Chemistry, University of Medicine and
Pharmacy "Victor Babes" Timisoara, 300041 Timisoara, 2 Eftimie
Murgu Str., Romania

*corresponding author: csanyi@pharm.u-szeged.hu

Abstract

The purpose of the study was to use a new type of in vivo animal model
developed by our research group for the investigation of skin penetration, compared to the
results of Franz cell measurements. The new in vivo experimental model provides
possibility for the exact measurement of the quantity of the penetrated drug through the
living mouse skin. Two gel formulations containing ibuprofen were investigated with or
without penetration enhancer. The applied penetration enhancer was Transcutol®. The
effect of the penetration enhancer was clearly detected in both models. The in vitro diffused
amount of ibuprofen was significantly higher than the one permeated through the living skin.
The presence of the active agent in the plasma was also determined after the observation period.
It was possible to monitor the penetration and absorption of topical formulations simultaneously.

Rezumat

Obiectivul studiului a fost utilizarea unui nou tip de model animal irn vivo realizat
de grupul nostru de cercetare in scopul investigarii penetrarii prin piele, in comparatie cu
rezultatele masurdtorilor prin celula Franz. Noul model experimental in vivo ofera
posibilitatea unei masurari exacte a cantitdtii de substantd medicamentoasa care penetreaza
prin pielea de soarece. Au fost investigate doua formulari de tip gel cu ibuprofen, cu sau fara
promotor de absorbtie. Promotorul de absorbtie utilizat a fost Transcutol®. Efectul promotorului
de absorbtie a fost clar detectat in ambele modele. Cantitatea de ibuprofen difuzata in vitro
a fost semnificativ mai mare decat cea difuzatd prin pielea de soarece. Prezenta agentului
terapeutic in plasma a fost de asemenea determinatd dupa perioada de observatie. A fost
posibila monitorizarea simultana a penetrarii si absorbtiei ambelor formulari topice.

Keywords: skinfold model, Franz-cell, skin permeation, ibuprofen, Transcutol®
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Introduction

There are several methods for modelling drug permeation through
the skin. The Franz-type diffusion cell is an accepted and widely applied
model for dermal and transdermal delivery. Basically, a donor and an
acceptor compartment are separated by a synthetic membrane [1-2].
Generally, these membranes are more permeable than biological membranes
and are non-discriminatory to the characteristics of the diffusant molecule
and not suitable for the investigation of the effect of the penetration
enhancer modifying the structure of stratum corneum. Nowadays, various
biological membranes are used more extensively such as animal skin [3] or
human epidermis [4] to study the drug interaction with the skin and the
incidental reservoir function of the stratum corneum. The in vivo animal
studies are based on monitoring of the effect and blood level of penetrating
agents. Other models show the presence of the drug in the skin or
demonstrate its impact on the structure or certain functions of the skin [5].

In our previous work a novel animal model was developed
successfully [6]. Dorsal skin fold chamber was used, which has been an
accepted experimental model to study the microcirculation, angiogenesis
and wound healing for more than twenty years [7-8]. The modified version
of this experimental setup seemed to provide effective means for the in vivo
examination of transdermal permeation. In this modified skinfold model we
can determine drug permeation kinetics through living mouse skin on the
same animal in time to get information on the permeation of the studied
agent. Moreover, the detection of local side effects, skin irritation or any
other type of alteration in the skin becomes possible.

The aim of our work was to compare diffusion (Franz cell method,
with synthetic membrane) and permeation (modified skinfold method)
parameters using ibuprofen gels with or without penetration enhancer.

Materials and Methods

Materials

Ibuprofen (IBU) was obtained from Sigma, St Louis, USA. Transcutol®
(Diethylene glycol monoethylether, (TR)) was from S & D Chemicals Ltd.
Hungary, and Carbopol 971 was from BF Goodrich Co., USA. Polyethylene
glycol 400 and trolamine were purchased from Molar Chemicals Kft, Hungary.

Preparation of the gels
First 3% w/w Carbopol 971 hydrogel was prepared. The pH was
adjusted with the use of trolamine. The 5 % w/w IBU was dissolved in
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polyethylene glycol 400 and was added to this gel (IBU gel). Similar
composition was prepared by using 10 % w/w Transcutol® added to
polyethylene glycol 400 before dissolution of active agent (IBU-TR gel).
In vitro study

The rate and extent of IBU release was measured by an
autosampling system containing vertical Franz diffusion cells (Hanson
Microette TM Topical & Transdermal Diffusion Cell System, Hanson
Research Corporation, USA). The drug release profile was determined at 37 +
0.5 °C using phosphate buffer of pH=7.4, porafil membrane filter (cellulose
acetate, the pore diameter was 0.45 um, Macherey-Nagel GmbH & Co. KG,
Germany) was used. The effective diffusion surface area was 1.767 cm’.
Experiments were performed for 6 hours. Samples were taken from the
acceptor phase every hour and replaced with fresh receiving medium. The
drug content of the samples was tested using an HPLC method.
In vivo study

The in vivo studies were carried out using a modified skinfold model
developed by our research group. In our previous article the modified
skinfold chamber has been described for investigation of drug penetration
through living animal skin [6]. In the schematic picture (Figure 1) it can be
seen that the drug penetrates through the complete living skin to reach the
acceptor phase (phosphate buffer of pH=7.4), where the presence of the
drug can be detected.

K]
2 o E
5ES
=84
Modified skinfold chamber ‘ |

Buffer

Gel

Sampling

Penetration route of API

Double layer of the living skin

Figure 1.
Schematic picture of the model

The effective diffusion surface area was 1.539 cm’. Experiments
were performed for 6 hours. The total acceptor phase was changed every
hour and the concentration of the drug was determined by an HPLC method.
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At the end of the observation period a blood sample was taken from the
inferior cava vein with a needle and syringe containing 250 IU of heparin. The
blood was then centrifuged at 3500 g for 5 min in order to separate the cellular
components. The plasma was collected and analysed by HPLC.
Data analysis

The diffusion and permeation parameters were calculated by the
method described by Wagner et al. [9]. These parameters enable the
comparison between different formulations of the same drug, though the
influence of the vehicle can change the diffusion of the drug. The
cumulative amount of IBU per area versus square time was plotted (Q). The
steady state flux (J) was obtained as the slope of the plots. The lag-time
(Tiag) was determined from the intercept of the plots with x-axis —
symbolising the time of delay which describes the first contact of the drug
with the skin surface until a steady state flux. The permeability coefficient
(Kp) can be calculated dividing the flux by the initial concentration (Cd) of
the donor phase.

Kp =J/Cd. Eq. (1)

Statistical analysis

Student’s t-test was performed to see any significant difference in
the diffused and permeated amount of IBU (Q) between the IBU and IBU-
TR gel. Differences were regarded as significant, with p < 0.05.
HPLC method

Ibuprofen concentrations from buffer and plasma samples were
determined by the method previously described by Eros et al. [6]. Based on
the analysis of drug free serum, no interfering peaks of endogenous
substances at the retention time of ibuprofen and 1.S. indicated specificity of
the method. The assay was linear in the range of 0.1 to 20 ug/mL and 0.5 to
15 ug/mL for buffer and plasma samples, respectively, with correlation
coefficients of r=0.9993 £ 0.0031 (n=3) for buffer samples and r=0.9984 +
0.0025 (n=3) for plasma samples. The limit of quantification was 0.2 and
0.5 pg/mL for buffer and plasma samples, respectively. The limit of
detection was 0.06 pg/mL for buffer samples and 0.15 ug/mL for plasma
samples. The intra- and inter-day accuracies for ibuprofen fell in the ranges
94.30-106.9% and 95.1-101.24%, and the intra- and inter-day precisions
(CV%) were in the ranges 4.6-9.3% and 7.1-8.9%, respectively. Using this
method the average recovery of ibuprofen from mice plasma was 98.2 + 2.0%.

Results and Discussion

A modified skinfold animal model was studied for the investigation
of skin penetration, compared to the result of Franz cell measurements. Two
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gel formulations containing ibuprofen were investigated with or without
penetration enhancer. The applied penetration enhancer was Transcutol®,
which acts by increasing the solubility of the penetrant in the barrier. It
works as a humectant, absorbing water, thus increasing the water content of
the skin and the donor compartment. The change in the donor composition
can influence the solubility and the thermodynamic activity of active
pharmaceutical ingredient (API) [10]. However, Transcutol® has also been
reported to increase the skin accumulation of topically applied compounds
without a concomitant increase in transdermal permeation [11]. The results
of diffusion and permeation studies are shown in Table I.
Table I.
The diffusion and permeation parameters of IBU. The table contains the means of
six parallel measurements + SD

release | Cumulative Q (ng/cm?) J Kp*10~ | Tise
time amount of (ng/cm?/h) | (cm/h) (h)
() IBU (%)
IBUgel | synth.
membr. 6| 7331%6.74 | 6276.33£291.95 2884.7 57.69 | 0.048
IBU-TR | synth.
gel membr. 6| 88.28+5.88 | 7504.85%249.66 3680.6 73.61 | 0.194
IBU gel | mouse
model 6 2.1310.09 68.17£3.1 73.577 147 | 1548
IBU-TR | mouse
gel model 6 5.81+0.85 189.03+27.74 172.82 345 ] 1369

The diffused amount of ibuprofen through the synthetic membrane
was significantly higher than the one permeating through the living skin.
The smaller quantity of the permeated drug, lower absorption rate and
permeability coefficient and the longer lag time can be explained in terms of
different factors in the present experiments. The drug has to cross the
epidermis in order to enter the dermis, where ibuprofen is exposed to the
barrier effect of the skin. Furthermore, ibuprofen can be taken up by the
circulation. Only the proportion of the drug not eliminated by degradation or
removal in the circulation can be delivered towards the deeper layer and the
acceptor phase.

However, the effect of the penetration enhancer was clearly detected
in both models. The cumulative amount of ibuprofen, the absorption rate
and the permeability coefficient were significantly higher when applying the
penetration enhancer containing IBU-TR gel. The effect of the penetration
enhancer was more expressive in the animal model case. The changes of
permeation parameters (Q, J, Kp) were more than twice higher. The lag time
was shorter given the better permeation parameters.
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In this study the presence of the active agent in the plasma was also
determined after the observation period (Figure 2).

400- *
B3 IBU
-|— &= IBU-TR
3004
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> > ' >
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Figure 2.

Comparison of plasma and buffer concentration after 6 hours. The figure contains
the means of six parallel measurements £ SD

The plasma and buffer concentrations were compared in case of IBU
gel and IBU-TR gel. The buffer concentrations were significantly higher
than plasma levels. The plasma levels were very low, 5.71 pg/mL in case of
IBU gel and 1.03 pg/mL in case of IBU-TR gel. There was no significant
difference in plasma levels when applying IBU gel or IBU-TR gel.

Conclusions

In this study it was possible to monitor the permeation of hydrogel
containing ibuprofen through living skin compared to drug diffusion
through synthetic membrane. The effect of penetration enhancer for
diffusion and permeation could be detected in case of in vitro and new in
vivo model too. Comparing the buffer and plasma levels, the buffer
concentrations were significantly higher than plasma levels, which proves
that the model is suitable and up-to-date for determining the quantity of
drug permeation through living full-thickness skin.
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With the aim of the development an ibuprofen (IBU)-loaded NLC with a 23 full factorial
design, lipid screening and contact angle measurements were applied to choose the most
suitable excipients for the formulation of the system. The results of DSC, XRD and FT-IR
studies demonstrated the compatibility between the drug and the components. The fac-
torial design was utilized to investigate the effects of the excipients on the zeta potential
(ZP) and the mean particle size. The addition of a liquid lipid to the solid lipid decreased
both the melting point and the crystallinity index, which also occurred after the dissolu-
tion of IBU in the lipid mixture. The XRD diffractograms confirmed the reduction in the
crystallinity of the components, but despite this decrease they still retained a crystalline
structure. FT-IR did not reveal any interaction between the drug and the excipients. The
particle sizes were 129-160nm, the PDIs ranged between 0.065 and 0.237, and their ZPs
varied from —15.40 to —7.54 mV. Random samples (picked out from the design space) were
also prepared. Analysis of their particle sizes and ZPs led to an optimum equation which
demonstrated the appropriateness of the analysis and allowed the shortening of further
experimental planning.

© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

arthritic conditions and for the relief of acute pain. It is con-
sidered one of the safest NSAIDs available on the market.

The topical application of drugs is a favourable administration
route in the treatment of skin diseases and musculoskele-
tal disorders. The advantage of dermal preparations is their
administration at the site where the effect is needed (Puglia
et al., 2008).

Ibuprofen (IBU) is a potent nonsteroidal anti-inflammatory
drug (NSAID) often used for the treatment of acute and chronic

* Corresponding author. Tel.: +36 62545573.
E-mail address: csanyi@pharm.u-szeged.hu (E. Csanyi).
http://dx.doi.org/10.1016/j.cherd.2015.09.010

Although IBU is not the most potent active pharmaceuti-
cal ingredient (API) in this group, it offers the best balance
between safety and therapeutic effect (Potthast et al., 2005).
Its low water-solubility (Nanau and Neuman, 2010) and low
bioavailability (Chen et al., 2013) pose a great challenge in the
development of dermal delivery. Moreover, the oral adminis-
tration of IBU can cause gastric mucosal damage, which can

0263-8762/© 2015 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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lead to bleeding and ulceration. Because of its valuable prop-
erties, there is great interest in the development of suitable
topical dosage forms of IBU, thereby avoiding the oral side-
effects and with the facile application of the API to reach
the inflamed joint or muscle in high concentration. Effective
permeation of the drug is difficult to achieve by transdermal
delivery, however, because of its intrinsically poor skin per-
meability, even though this is good relative compared to other
NSAIDs in common use (Rhee et al., 2008).

Lipid nanoparticles are intensively studied drug delivery
systems derived from o/w emulsions. The liquid lipid (oil)
phase is replaced by a lipid (or a mixture of lipids) which is
solid at both room and body temperature. There are two gen-
erations of lipid nanoparticles: solid lipid nanoparticles (SLNs)
and nanostructured lipid carriers (NLCs). The lipid matrix of
SLNs is produced only from solid lipid(s), while the matrix of
NLCs consists of a blend of solid lipid(s) and liquid lipid(s).
These particles are stabilized by surfactants in an aqueous
solution. NLC systems possess certain advantages as com-
pared with SLNs, such as a higher drug loading capacity and
steady drug entrapment during storage. The use of only one
lipid as matrix for an SLN tends to lead to the formation of
a relatively perfect crystal lattice, which will result in drug
expulsion. In contrast, the matrix of an NLC consists of a mix-
ture of lipids with differently structured molecules, so that the
formation of a perfect crystal is limited (Miiller et al., 2007).

The dermal use of NLC systems offers a number of
advantage, such as physical stability of the applied topical
formulations, enhancement of the chemical stability of the
incorporated APIs, improved dermal bioavailability, the skin
targeting of the APIs, and film formation on the skin, accompa-
nied by controlled occlusion and skin hydration in vivo (Mtiller
et al., 2007; Schafer-Korting et al., 2007). UV-reflecting proper-
ties (e.g. the possibility of using these carriers in sunscreens to
help increase their protective effect against UV light) and the
possibility of modulating API release into the skin have also
been reported (Mehnert and Mdder, 2001).

Formulation of an NLC-based drug delivery system is a
complex and long-lasting procedure, since the physicochem-
ical properties of NLCs are altered by many factors, such as
the quality and quantity of the selected lipids and surfactants
or the ratio of lipids to API in the formulation. On view of
their significant effects on the physicochemical properties of
the nanoparticles, the selection of the proper ingredients is a
crucial step in the formulation of NLCs. Optimization of the
formulation via a factorial design could facilitate this process
(de Carvalho et al., 2013; Mehnert and Mader, 2001). The effects
of three factors, the concentrations of the solid lipid, the liquid
lipid and the surfactant, on the particle size (d(0.5)) and the
zeta potential (ZP) of the prepared nanoparticles have been
examined on two levels. The results of the factorial design
have been depicted as plot surfaces.

Response surface methodology (RSM) is an appropriate
tool with which to evaluate the correspondence between the
response and independent variables and to optimize the pro-
cesses or products (Bas and Boyaci, 2007). RSM requires less
experimentation and provides estimates of the relative signif-
icance of the different variables (Hao et al., 2011).

The aim of this study was to develop IBU-loaded NLC for
dermal drug delivery from the results of a 23 full factorial
design. In order to evaluate the drug-excipient compatibil-
ity, differential scanning calorimetry (DSC) measurements,
X-ray diffraction (XRD) analysis and Fourier transformation-
infrared (FT-IR) spectroscopy measurements were carried out.

The effects of the solid lipid:liquid lipid ratio and the lipid mix-
ture:drug ratio were quantified via the factorial design and an
optimum equation, which could serve as a useful tool in the
choice of the optimum formulation of IBU-NLC systems.

2. Materials and methods
2.1. Materials

NLC formulations were loaded with IBU, which was pro-
vided by PannonPharma Ltd (Hungary). Precirol ATO 5 (glycerol
palmitostearate; melting point (m.p.): 52-55°C), Compritol
888 ATO (glyceryl behenate/dibehenate; m.p.: 70°C) and Tego
Care 450 (polyglyceryl-3 methylglucose distearate; HLB value:
12) were kindly supplied by Azelis Hungary Ltd (Hungary).
Witepsol E85 (hard fat — hydrogenated vegetable glycerides;
m.p.: 42-44°C) and Miglyol 812 (caprylic/capric triglyceride)
were provided by Sasol GmbH (Germany). Cutina CP (cetyl
palmitate; m.p.: 55-56°C), Cremophor EL (macrogolglycerol
ricinoleate; HLB value: 12-14), Cremophor RH 60 (PEG-60
hydrogenated castor oil; HLB value: 15-17) and Lutrol F68
(Poloxamer 188; HLB value: 29) were kindly supplied by BASF
SE Chemtrade GmbH (Germany). Oleic acid, Tween 20 (Polysor-
bate 20; HLB value: 16.7) and Tween 80 (Polysorbate 80; HLB
value: 15) were purchased from Sigma-Aldrich (USA). Walcer
(special sunflower-seed oil) was provided by Cereal Research
Non-profit Ltd (Hungary).

2.2. Lipid screening

To determine the most suitable solid lipid and liquid lipid
(oil) which dissolve IBU in the highest concentration, increas-
ing concentrations of IBU were added to the solid and liquid
lipids and the mixture was stirred with a Thermomixer Com-
fort (Eppendorf, Germany) for 90 min at 500rpm at least 5°C
above the melting point of the examined lipids. The solubility
of IBU in the examined lipids was analysed visually. The fol-
lowing step was to evaluate the miscibility of the chosen solid
lipid and liquid lipid, and the solubility of IBU in the lipid mix-
ture under the previously mentioned conditions. Briefly, solid
and liquid lipids with the best solubilizing potential for IBU
were mixed together in different proportions according to the
23 factorial design (ratios 10:3, 10:5, 7:3 and 7:5). After agita-
tion, the lipid mixtures were left to cool to room temperature.
After 24 h the lipid mixtures were smeared onto filter paper,
and observed visually to verify the existence of oil droplets on
the filter paper, which would indicate immiscibility between
the lipids (Kasongo et al., 2011).

2.3. Contact angle measurements

Contact angles were measured with an Easy Drop G1 (A.Kriiss
Optronic, Germany). Cover slides were coated with a thin film
of one or other of the four different bulk lipid mixtures (ratios
10:3, 10:5, 7:3 and 7:5). 10 pl of purified water (as reference) or
0.5% (w/v) surfactant solution (in purified water) was applied
to the lipid film and the contact angle of the droplet was
assessed.

2.4. DSC measurements
To obtain information on the melting behaviour of the cho-

sen solid lipid, the lipid mixture and the bulk mixture of
IBU dissolved in the lipid mixture, DSC measurements were



490 CHEMICAL ENGINEERING RESEARCH AND DESIGN 104 (2015) 488-496

performed with a DSC 204 F1 Phoenix instrument (Netzsch,
Germany). 2-5mg samples were measured into aluminium
pans which were than sealed; an empty aluminium pan was
used as reference. The samples were heated from 20°C to 65°C
at a heating rate of 5K/min under constant nitrogen flushing
(80 ml/min). The melting point of IBU has been reported to be
between 75 and 77°C, and it immediately starts to decom-
pose after further heating (Xu et al., 2004). The lipids and
drug compatibilities were therefore monitored up to 65 °C. The
crystallinity index (CI (%)) was calculated from the obtained
DSC thermograms via Eq. (1) (Aratgjo et al., 2011; Kumbhar
and Pokharkar, 2013). Before the measurements, lipid mix-
tures and lipid-drug mixtures were melted and left to cool to
room temperature. The solid lipid was examined as received,
without any treatment.

I (%) _ AHpylk material X solid llpld ratio % 100 (1)
AHgolid lipid

where AH is the enthalpy of the examined material.

2.5.  XRD analysis

XRD analysis was performed with a Bruker D8 Advance diffrac-
tometer (Bruker AXS GmbH, Karlsruhe, Germany) system with
Cu K Al radiation (x =1.5406 A). The samples were scanned at
40kV and 40 mA from 3° to 40° 26, at a scanning speed of 0.1°/s
and a step size of 0.010°. Samples were prepared in the same
way as prior to the DSC measurements.

2.6. FT-IR spectroscopy

FT-IR spectra were recorded with a Bio-Rad Digilab Division
FTS-65A/896 FTIR spectrometer (Bio-Rad Digilab Division FTS-
65A/869, Philadelphia, PA, USA) between 4000 and 400cm™1,
with 128 scan size, at an optical resolution of 4cm~1; oper-
ating conditions: Harrick’s Meridian SplitPea single reflection,
diamond, ATR accessory. Thermo Scientific GRAMS/AI Suite
software (Thermo Fisher Scientific Inc., Waltham, MA, USA)
was used for the spectral analysis. The same samples were
used as in the XRD analysis.

2.7.  Preparation of IBU-NLC

IBU-NLCs were prepared by a hot high-pressure homogeniza-
tion method, using a Panda K2 NS1001L Spezial modified for
NLC production (GEA Niro Soavi, Germany). Briefly, 5% drug
was dissolved in the mixture of the chosen solid and liquid
lipid at 65°C. The surfactant was dissolved in purified water
at the same temperature. The aqueous phase was added to
the lipid phase and was stirred with an Ultra Turrax T25 (IKA-
Werke, Germany) for 30s at 12,500rpm. The pre-emulsion
obtained was subjected to high-pressure homogenization,
applying five cycles at 600bar and 65°C. Blank NLC samples
were prepared by the same procedure.

2.8.  Size measurements and zeta potential (ZP)
analysis
2.8.1.  Photon correlation spectroscopy (PCS)

Particle size (Zave) and polydispersity index (PDI) of the pre-
pared NLC samples were analysed by PCS with a Zetasizer
Nano ZS instrument (Malvern Instruments, UK) equipped with

a green laser beam. The PDI refers to the width of the particle
size distribution.

2.8.2. Laser diffraction (LD)

Particles in the micrometre range were excluded by LD with a
Mastersizer 2000 instrument (Malvern Instruments, UK). The
d(0.1), d(0.5), d(0.9), d(0.95) and d(0.99) values were evaluated.
These show the sizes below which 10%, 50%, 90%, 95% and 99%
of the analysed particles are to be found (volume distribution).
The Span value, which relates to the width of the particle size
distribution curve ((d(0.99)-d(0.1))/d(0.5)), was also calculated.
The measurement medium was purified water, with a refrac-
tive index of 1.33. The real refractive index was set to 1.456,
and the imaginary refractive index to 0.01.

2.8.3. Zeta potential (ZP)

To acquire information about the stability of the prepared
samples, ZP was determined with a Zetasizer Nano ZS instru-
ment (Malvern Instruments, UK) via electrophoretic mobility
measurements. The applied medium was bidistilled water
adjusted with 0.9% NaCl solution to achieve a conductiv-
ity of 50 uS/cm and a pH value between 5.5 and 6.0. The
Helmholtz-Smoluchowski method was used to calculate the
ZP (n=3).

2.9.  Experimental design

During the experimental design, eight different NLC samples
(NLC 1-8) were prepared by the hot high-pressure homoge-
nization method according to the 23 full factorial design to
evaluate the effects of the three IBU-NLC formulation factors.
These factors were A (the solid lipid concentration), B (the lig-
uid lipid concentration) and C (the surfactant concentration).
The optimization parameters (dependent factors) were the
measured ZP and mean d(0.5) value of the prepared nanopar-
ticles. The effects of the chosen factors were examined at two
levels (+1 and —1). Table 1 shows the applied factorial table
with the values of the independent and dependent factors.
Statistical data analysis was performed using Statistica for
Windows software version 10. Besides these eight samples,
eight other formulations, belonging in the same parameter
space were prepared (Table 1) to check whether there was a
possibility of a simpler model with which to optimize these
formulations.

3. Results and discussion
3.1.  Lipid screening

A large variety of solid and liquid lipids (natural, semi-
synthetic and synthetic lipids with various structures,
e.g. triglycerides, partial glycerides, fatty acids, waxes and
steroids) which could be suitable as matrices for NLC produc-
tion are accessible on the market (Mehnert and Mader, 2001;
Miiller et al., 2002). However, the lipids used as matrix lipids
must be carefully selected as they will directly influence the
performance of the carrier system (Pardeike et al., 2011). The
properties to be considered: the toxicity and biocompatibility
through the selection of well tolerated physiological and
biodegradable lipids; the drug payload and entrapment effi-
ciency through the choice of lipids which can solubilize high
amounts of the drug; drug expulsion during storage, which
can be minimized or avoided through the use of lipid matrices
with a low tendency to crystallize or a less-ordered structure;
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Table 1 - Values of the examined independent factors (A, B and C) and dependent factors (ZP and d(0.5)) and

compositions of the NLC systems.

Sample name Solid lipid Liquid lipid Surfactant Zeta potential  Particle size
concentration % concentration % concentration % (mV) (nm)
(w/w) (w/w) (w/w)
Formulations used NLC 1 7(-1) 3(-1) 4(-1) —14.2 135
in the factorial NLC 2 10 (+1) 3(-1) 4(-1) -9.5 160
design NLC 3 7(-1) 5(+1) 4(-1) -11.2 143
NLC 4 10 (+1) 5(+1) 4(-1) -11.7 140
NLC 5 7(-1) 3(-1) 5(+1) -14.2 129
NLC 6 10 (+1) 3(=1) 5(+1) ~10.9 152
NLC 7 7(-1) 5(+1) 5(+1) -11.4 147
NLC 8 10 (+1) 5 (+1) 5(+1) —121 150
NLC systems Blank NLC 10 5 5 —7.54 149
randomly picked out NLC 9 7 3.5 4 —12.4 131
from the parameter  NLC 10 10 4 4 -12.3 137
space NLC 11 10 4 5 -154 143
NLC 12 7 4.5 5 -9.64 130
NLC 13 10 4.5 4 -12.0 136
NLC 14 10 4.5 5 -12.3 141
NLC 15 7 4 4 -9.97 158
controlled drug release properties through incorporation of 120 4
the drug into the lipid matrix (i.e. a drug-enriched core, a
drug-enriched shell or homogeneous drug distribution in the
matrix); and increased chemical drug stability if photosen-
sitive drugs or drugs sensitive to hydrolysis or oxidation are S T T
incorporated in the matrix (Mehnert and Méder, 2001; Miuller 2
et al., 2002; Pardeike et al., 2009). £
Apart from oleic acid, all of the investigated lipid melts dis- E
solved IBU in a very high amount (50% w/w). The samples were §
cooled to room temperature and analysed visually after 24 h.
With most of the examined lipids, the IBU underwent recrys-
tallization (Table 2). No IBU crystals were found in Witepsol
E85 and Miglyol 812, and these materials were therefore cho- ' .
sen as lipid matrix for NLC formulation. The solid lipid and RO KN
liquid lipid mixtures were tested in ratios of 10:3, 7:3, 10:5 c,»& &,ﬁo &.@“Q
O

and 7:5. No oil droplets were observed on the filter paper. No
recrystallization was observed visually after the addition of
the drug.

3.2. Contact angle measurements and determination
of surfactant concentration

The nature and the concentration of the surfactant have a
great influence on the fineness and physical stability of the
NLCs, as the surfactant can reduce the interfacial tension (IFT)
between the lipid particles and the aqueous phase (Pardeike
et al,, 2011; Uner et al., 2004). The IFT can be determined via
contact angle measurements. The IFT is directly proportional
to the contact angle: the lower the IFT between the lipid matrix
and the water phase, the smaller the contact angle. Contact

Fig. 1 - Contact angles of 0.5% (w/v) surfactant solutions
applied to the 10:5 Witepsol E85:Miglyol 812 mixture.

angle measurements were performed to evaluate the surfac-
tant displaying the best wetting with the Witepsol E85 and
Miglyol 812 mixture. Contact angle measurements were per-
formed for each of the solid lipid:liquid lipid ratios used in
the factorial design (10:3, 7:3, 10:5 and 7:5). Since there was no
significant difference between the results, the contact angles
measured for films with a solid lipid:liquid lipid ratio of 10:5 are
shown in Fig. 1. For all of the examined surfactant solutions,
smaller contact angles could be reached than with distilled
water (which was used as reference). These results correspond

Table 2 - Results of lipid screening.

Lipid type Examined lipids Solubility of 50% (w/w) IBU Recrystallization at room
in the melted lipid temperature after 24h
Solid lipid Compritol 888 ATO Soluble Yes
Solid lipid Cutina CP Soluble Yes
Solid lipid Precirol ATO 5 Soluble Yes
Solid lipid Witepsol E85 Soluble No
Liquid lipid Miglyol 812 Soluble No
Liquid lipid Oleic acid Insoluble Yes
Liquid lipid Walcer Soluble Yes
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Fig. 2 - DSC curves of bulk materials: Witepsol E85, Witepsol E85:Miglyol 812 10:5, and lipid mixture:IBU 10:5:5.

with the fact that surfactant solutions exhibit a smaller sur-
face tension than that of purified water. Cremophor RH 60
exhibited the best wetting properties with the lipid mixture
(75.02 £ 2.49°), although similar results could be achieved with
Lutrol F68 (77.4 +4.29°). NLC formulations were therefore pre-
pared with both emulsifiers, and Lutrol F68 was chosen for
further investigations on the basis of the d(0.5) and ZP values
(Cremophor RH 60: d(0.5) =214.4 nm, ZP = —9.17 mV; Lutrol F68:
d(0.5)=112.4nm, ZP = —12.4mV).

The emulsifier concentration has a great influence on the
particle size distribution, stability and toxicological properties
of lipid nanoparticles (Han et al., 2008; Scholer et al., 2001;
Uner et al., 2004). A high surfactant concentration results in a
lower particle size, a narrower particle size distribution (which
means a smaller PDI and a smaller Span value) and the better
long-term stability of lipid nanoparticles, although it simulta-
neously increases the toxicological potential. Consequently, a
balance is needed: the use of a sufficient amount of surfac-
tant that ensures the desired small particle size and a proper
physical stability during storage, but does not demonstrate
toxicity.

3.3. DSC measurements

Lipid crystallization plays a very important role in the
performance of NLC carriers. Other research groups have
emphasized the importance of the characterization of the
degree of lipid crystallinity and the modification of the lipid,
because these parameters are closely correlated with the
incorporation and release rates of the drug (Mehnert and
Mé&der, 2001; Tian et al., 2013).

Fig. 2 shows the DSC data of the different samples. Witep-
sol E85 is a mixture of mono-, di- and triglycerides. It has
been reported that the presence of mono- and diglycerides
in the matrix of the lipid can facilitate the solubilization of
the drug (Miiller et al., 2000; Vivek et al., 2007). Lipids which
consist of a mixture of different di- and triglycerides or lipids

which contain fatty acids of different chain lengths form less
perfect crystals with many imperfections, offering spaces to
accommodate drugs (Vivek et al., 2007). Witepsol E85 exhib-
ited a broad endothermic event (melting range: around 42 °C),
as described in the literature (Vivek et al., 2007). The bulk
mixtures of the lipids, Witepsol E85 and Miglyol 812 in all
investigated ratios gave a broader endothermic peak, with
lower onset and peak values, as expected. The four lipid mix-
tures yielded similar DSC curves; the lipid mixture with a ratio
of 10:5 is shown in Fig. 2. The normalized integral area under
the curve, the onset, the peak, the endset and the CI (%) of the
pure Witepsol E85, the 10:5 lipid mixture and the lipid mixture
with IBU in a ratio of 10:5:5 have been evaluated and are listed
in Table 3.

After the addition of the oil, the melting point of the solid
lipid decreased from 42.78°C to 39.16°C, and CI (%) fell from
100% to 29.37%. A further decrease in the melting point from
42.78°C to 36.77 °C was observed IBU was added to the lipid
mixture. CI (%) also fell further from 29.37% to 15.57%. Both
the addition of Miglyol 812 and the incorporation of IBU in
the lipid matrix can result in an increase in the number of
defects in the lipid crystal lattice, causing decreases in the CI
(%) and the melting point of Witepsol E85 (Vivek et al., 2007).
A less ordered crystalline structure predicts a higher loading
capacity of the lipid matrix. A lipid mixture consisting of very
differently structured molecules will prevent the formation of
a perfect crystal, providing spaces in which to accommodate
the drug in molecular form or as amorphous clusters (Miiller
et al., 2007).

3.4. XRD analysis

(RS)-(+)-IBU, an (RS)-2-(4-(2-methylpropyl)phenyl)propanoic
acid, crystallizes with two molecules in the asymmetric unit to
form a cyclic hydrogen-bonded dimer. Within the dimer, each
molecule demonstrates subtle conformational differences via
rotations about the acetic C(1)—C(2) and the C(10)—C(11) bonds.

Table 3 - Normalized integral area under curve, onset, peak, endset and CI (%) of pure Witepsol E85, the lipid mixture in a

ratio of 10:5, and the lipid mixture with IBU in a ratio of 10:5:5.

Sample Integral (normalized) (J/g) Onset (°C) Peak (°C) Endset (°C) CI (%)
Witepsol E85 —135.29 37.46 42.78 44.24 100

Witepsol E85:Miglyol 812 10:5 —59.60 36.36 39.16 41.95 29.37
Witepsol E85:Miglyol 812:1BU 10:5:5 —42.12 33.03 36.77 41.00 15.57
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Fig. 3 - Wide-angle X-ray diffractograms of IBU (1), the 10:5 bulk mixture of Witepsol E85:Miglyol 812 (2), the 10:5:5 bulk
mixture of Witepsol E85:Miglyol 812:IBU (3), and the 10:5:5:5 bulk mixture of Witepsol E85:Miglyol 812:IBU:Lutrol F68.

The bond distances and angles in (RS)-(+)-IBU are in close
agreement with those found for the structure of the racemic
compound (McConnell, 1974). For semisolid fat products (e.g.
ice cream, margarine and chocolate), the solid lipids, which
normally exist as a three-dimensional colloidal fat crystal net-
work, determine the physical properties of the product. Upon
crystallization, hardstock triacylglycerols aggregate to form fat
crystals, which appear to aggregate, in a similar fashion as
colloidal gels, to form clusters. These clusters aggregate into
flocks, and finally weak links develop between the flocks in the
final macroscopic network.

XRD measurements were performed to investigate the
effects of the preparation temperature on the structures of the
ingredients. The diffractogram of the melted bulk of the 10:5:5
physical mixture of Witepsol E85:Miglyol 812:IBU revealed the
characteristic peaks of both the IBU and the lipid mixture. On
the addition of Lutrol F68 to the mixture, a further reduction
of the IBU peaks resulted (Fig. 3). It is clear from the diffrac-
tograms that both the IBU and the excipients retained their
crystallinity, but the intensity of the IBU peaks decreased for
both the lipid mixture and the physical mixture of the NLC
components, which predicts the presence of the IBU in both
dissolved and crystalline form.

3.5.  FT-IR analysis

The intense band at 2955cm~! in the FT-IR spectrum of
IBU is assigned to CHs; asymmetric stretching. The very
high-intensity peaks at 1721cm~! and 1231cm™! are due
to C=0 stretching and C—C stretching, respectively. The
strong-intensity band observed at 779 cm~! is due to CH, rock-
ing vibration. The bands at 2955, 1721, 1231 and 668 cm™?
were assigned as the fingerprints of IBU in the literature
(Matkovic et al., 2005; Nokhodchi et al., 2010; Ray et al,,
2010). C—O stretching, CH, scissoring vibration and CH—CO
deformation contribute to their presence. Strong-intensity
CH; rocking of (936cm~!), CH; asymmetric deformation
(1462 cm—1), CH, asymmetric stretching vibration (3090 cm~!
and 2869 cm~1) and CH; in-plane rocking vibration (522 cm™1)
are also observed. The absorption bands due to C=C
stretching vibrations occur at 1507cm~! and 746cm~1l.
The medium-intensity O—H...O valence stretching vibra-
tion occurs at 2728cm~! and 2632cm™!. Absorption bands
due to OH in-plane deformation (1321 cm~!), =C—H in-plane
deformation (1268cm~!, 1123cm~! and 1071cm~!), C—H

in-plane deformation (1168cm~!, 1008cm~?, 636cm~! and
1092cm~1), C—H out-of-plane deformation (866cm~! and
668 cm~1), in-plane ring deformation (407 cm~1), C=C—C ring
asymmetric bending (423 cm~1), C—C deformation (588 cm~1),
CH; symmetric stretching (1380cm~?!) and C—O—C stretch-
ing (970cm~1) have also been noted (Natarajan et al., 2005;
Ramukutty and Ramachandran, 2012).

FT-IR analysis was used to verify whether any interac-
tion occurred between the excipients and the drug because
newly formed bonds can modify the diffusion of IBU from
the nanoparticles. Fig. 4A presents the FT-IR spectra of the
10:5:5:5 physical mixture of Witepsol E85, Miglyol 812, IBU and
Lutrol F68 and the individual spectra of these bulk compo-
nents. A comparison of the spectra allows the conclusion that
no chemical modification occurred at the temperature of NLC
production. Fig. 4B depicts the lower wavelength range of the
same spectra. No shifts in the major valency vibrations were
detected and new peaks did not appear.

3.6.  Results of size measurements and zeta potential
analysis

The particle size and size distribution of the prepared IBU-
loaded NLC were measured by PCS and LD. The particle size
of the NLC systems varied in the interval 108.6-216.3nm
(Table 4). The Zave and d(0.5) values appropriately correlate
with each other, showing the mean particle sizes of the NLC
samples. The PDI and the Span values vary in similar ways, as
both relate to the size distribution of the lipid nanoparticles.
3.7.  Results of the experimental design

3.7.1. Effects of the dependent factors on the ZP

The results were evaluated according to the 23 full factorial
design. The three examined independent factors (solid lipid
concentration (A), liquid lipid concentration (B) and surfac-
tant concentration (C)) together exerted a significant effect
(p<0.05) on the ZP, but individually they did not do so. The
coupled factors were also tested without giving a significant
effect. The mathematical model is shown in the following
equations (Egs. (2)-(4)) of the response surfaces, with the ZP as
the dependent factor as a function of factors A and B, factors A
and C, and factors B and C, with a good correlation (R? = 0.9901):

ZP(A,B)=361%«A+6.99%B—0.77 x« A+ B —43.98 2
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Fig. 4 - (A) FT-IR spectra of the physical mixture of the bulk components (Witepsol E85, Miglyol 812, IBU and Lutrol F68 in a
ratio of 10:5:5:5) (1), IBU (2), Witepsol E85 (3), Miglyol 812 (4), Lutrol F68 (5); (B) FT-IR spectra in the lower wavenumber range

of the same components.

ZP(A, C)=1.75xA+1.77%C—0.27 x A C — 24.66 3)

ZP(B, C) = —1.81%B—1.33%C+0.20xB xC—7.25 4)

A positive sign indicates a synergistic effect on the exam-
ined dependent factor, whilst a negative sign represents an
antagonistic effect.

Factor A (solid lipid concentration) is directly proportional
to the ZP, although this effect is not significant. The ZP
becomes lower if factor A is kept on level —1 (7% Witepsol E85).
The same effect was observed for factor B (liquid lipid con-
centration). Lower ZP values are obtained if factor B is kept
at a lower level, e.g. if 3% Miglyol 812 is applied. This corre-
spondence is clearly visible in Fig. 5A, which depicts three
response surfaces where the ZP is a function of factors A and
B; factor C is given on levels —1 (4% w/w), 0 (4.5% w/w) and
+1 (5% w/w) (surfaces 1, 2 and 3). The ratio of factors A and
B is indirectly proportional to the ZP. The response surfaces
exhibit a minimum value at a solid lipid:liquid lipid ratio of
7:3; the ZP is —14.2mV. This minimum is clearly visible and
does not change if the surfactant concentration is altered from
4% to 4.5% or 5% w/w; the behaviour of the response surface
remains unchanged in the examined range. Factor C is indi-
rectly proportional to the ZP. Lower ZP values are expected if
higher concentrations of the surfactant are applied; the use of
5% Lutrol F68 is therefore favourable.

3.7.2.  Effects of the dependent factors on the PS

Similarly to the results of the statistical analysis of the ZP, the
three independent factors (solid lipid concentration (A), lig-
uid lipid concentration (B) and surfactant concentration (C))
together affected the PS significantly (p <0.05), whereas their
individual effects did not reach the level of significance (con-
fidence value 95%). No significant effect was observed when
the effects of the coupled factors were tested (A and B, A and
C and B and C). The mathematical model of the effects of the
dependent factors on the PS is shown in Egs. (5)-(7), with a
correlation of R? =0.9883:

PS (A, B) = 20.02 % A + 34.50 + B — 4.00 A x B — 27.50 )
PS(A, C) = 1.00% A —5.67 x C+ 0.67 x A x C + 136.00 ©6)
PS(B, C) = —31.00 B — 27.97 «C+7.00 B+ C+ 26850  (7)

Factor A (solid lipid concentration) is directly proportional
to the PS, but this effect does not reach the level of significance.
PSis lower if factor A is kept on level —1 (7% Witepsol E85). The
same effect is observed with factor B (liquid lipid concentra-
tion), i.e. PS of the nanoparticles is lower when 3% Miglyol
812 is used in the formulations. The ratio of factors A and B
is indirectly proportional to the PS. In Fig. 5B, the response
surfaces exhibit a minimum value at a solid lipid:liquid lipid
ratio of 7:3; the PS is below 125 nm. The surface plot retains its

Table 4 - Results of PCS and LD measurements for all the NLC formulations.

Name ZP (mV) Zave (nM) PDI d(0.1) (nm) d(0.5) (nm) d(0.9) (nm) d(0.95) (nm) d(0.99) (nm) Span value
Blank NLC —7.54 132.2 0.096 91 149 228 250 300 0.919
NLC1 —14.2 216.3 0.230 97 135 249 280 330 1.126
NLC 2 -9.5 114.5 0.077 87 160 195 210 250 0.675
NLC3 -11.2 113.1 0.067 86 143 192 210 250 0.741
NLC 4 —-11.7 114.5 0.087 89 140 198 220 260 0.779
NLC5 —14.2 108.6 0.065 86 129 192 210 250 0.822
NLC6 -10.9 115.8 0.093 91 152 206 230 270 0.757
NLC7 -11.4 112.7 0.089 85 147 191 210 250 0.721
NLC8 -12.1 115.0 0.078 87 150 195 210 250 0.720
NLCO9 -12.4 112.4 0.089 87 131 195 210 250 0.824
NLC 10 —-12.3 138.2 0.249 74 137 238 270 320 1.197
NLC 11 -15.4 114.7 0.108 90 143 219 240 280 0.902
NLC 12 —9.64 109.7 0.057 86 130 191 210 250 0.808
NLC 13 -12.0 116.1 0.085 90 136 200 220 260 0.809
NLC 14 —-12.3 114.8 0.101 92 141 208 230 270 0.823
NLC 15 -9.97 214.4 0.237 91 158 262 300 360 1.082
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Fig. 5 - (A) Measured ZP as a function of solid lipid (factor A) and liquid lipid (factor B). The surfactant concentration was set
to 4% w/w (1), 4.5% w/w (2) and 5% w/w (3); (B) measured PS as a function of solid lipid (factor A) and liquid lipid (factor B).
The surfactant concentration was set to 4% w/w (4), 4.5%w/w (5) and 5%w/w (6).

minimum value regardless of the surfactant concentration.
The difference between the maximum and minimum points of
the surfaces becomes more explicit at higher surfactant con-
centrations (Fig. 5B (4), (5) and (6)) in the range of the factorial
design.

Factor C (surfactant concentration) did not have an impact
on the PS in this range.

The results of the applied factorial design indicate that NLC
5 was the most suitable for IBU delivery, together with 7%
Witepsol E85, 3% Miglyol 812 and 5% Lutrol F68.

Table 3 gives data on NLC formulations randomly picked
out from the factorial design space. By measuring the ZP, Zgye,
PDI and Span values of these NLC systems, a simpler function
(Eq. (8)) could be defined to choose the optimum formulation.
Factorial design requires a large number of samples, which
may be decreased through use of the following equation if the
response surface has a minimum value. The aim was to find
a simpler correspondence to evaluate the optimum ratio of
the compounds. The following equation gives the optimum
as a non-dimensional number with a minimum value at the
optimum compound.

. . SL  SL/LL
Optimum = min |ZP + Zaye + PDI + Span + Tt L/T] . (8)

where ZP is the zeta potential, Zaye is the mean particle size
measured by PCS, PDI is the polydispersity index, Span is the
Span value(d(0.9)-d(0.1)/d(0.5)), SL/LL is the solid lipid:liquid

lipid ratio and SL/LL/S is the solid lipid:liquid lipid ratio pro-
portional to the surfactant concentration.

As regards the optimum equation, NLC 5 proved optimum
for the formulation of a stable IBU-loaded NLC system. This
method appears suitable to design NLC formulations.

4, Conclusions

The present study highlights the importance of preformu-
lation studies in the development of a potential NLC drug
delivery system. Through the results of lipid screening and
contact angle measurements, a high level of IBU loading (5%
w/w) could be achieved. DSC measurements showed that the
liquid lipid reduced the CI (%) of the solid lipid and slightly low-
ered its melting point. The incorporation of the drug caused
a slight shift in the melting point and a further reduction of
the CI (%). The reduced CI (%) predicts more imperfections
in the crystal lattice of the solid lipid, which provides more
spaces for the accommodation of the drug, thereby permitting
higher drug loading capacities of the matrix. IBU was partially
dissolved in the lipid matrix and was present in crystalline
form, too, as revealed by the XRD diffractograms. The FT-IR
data verified the drug-excipient compatibility, and there was
no chemical interaction between the components, which sug-
gests a faster release from the lipid matrix. Both PCS and LD
measurements proved that the particle size of every sample
was in the nanometre range, and the PDI and Span values
indicated appropriate particle size distribution. It could be
concluded that the 23 full factorial design is a useful and quick
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method for the development of an IBU-NLC system prepared
by hot high-pressure homogenization. The three independent
factors (solid lipid concentration, liquid lipid concentration
and surfactant concentration) together had a significant effect
on the ZP and d(0.5). The surface plot reveals a minimum
value corresponding to the most suitable NLC formulation.
The effects of PDI, the Span value, the solid lipid:liquid lipid
ratio, and the lipid:surfactant ratio were also determined via
the optimum equation, which supports the results of the fac-
torial design and facilitates the development process. Further
investigations of these nanoparticles should be performed as
concerns long-term stability, entrapment efficiency and dis-
solution to prove their suitability for dermal application.
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Sutd B, BERkO Sz, Csanyi E: Application of lipid carrier
systems to increase the drug penetration through the skin

The aim of this work is to introduce lipid nanoparticles
(LNPs) as potential drug delivery systems, regarding to their
Jformulation and characterization. The second generation,

nanostructured lipid carriers (NLCs) has been highlighted,
as a novel drug delivery system suitable for dermal therapy,
since these nanoparticles possess numerous advantages
applied to the skin. The dermal use of NLC systems offers a
number of advantages, such as physical stability of the applied
topical formulations, enhancement of the chemical stability
of the incorporated active pharmaceutical agents, improved
dermal bioavailability, the skin targeting of the drugs, and film
formation on the skin, accompanied by the in vivo controlled
occlusion and skin hydration. The UV-reflecting properties
(e.g. possible application of these carriers in sunscreens with
the aim to increase their protective effect against UV light)
and the possibility of the modulation of API release into the
skin have also been reported.

Lipid nanoparticles avoid the disadvantages of other
colloidal carriers and possess their advantages, such as the
possibility of controlled drug release and drug targeting,
increased drug stability, high drug payload, incorporation of
both lipophilic and hydrophilic drugs, no biotoxicity of the
carrier, avoidance of organic solvents and no problems with
respect to large scale production and sterilization. Due to
their numerous advantages, it can be concluded that NLCs
are suitable drug delivery systems in the dermal therapy.
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