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ARTICLE INFO ABSTRACT

Keywords: The main focus of this study is the preparation of lignin-based spherical particles as drug delivery systems. First,
Lignin particles were prepared with the use of kraft lignin and the cationic surfactant hexadecyl (trimethyl)ammonium

Spherical particles bromide (CTAB), and their physicochemical and structural characteristics were also determined. It was observed

]():irljzarirlgase that the particles had a spherical shape and a low polydispersity index (PdI). The lignin particles were combined
Surfi ctants with the active compound cilazapril (CIL), and the system was tested for its drug-releasing ability. Cilazapril was

combined with kraft lignin or lignin-based spherical particles to prepare different formulations. Mixtures with
cilazapril as a reference (CIL-DB), kraft lignin (LIG-DB) and lignin-based spheres (LC-DB) were prepared with the
use of a liquid base to obtain suspensions. The dialysis bag method was employed for the evaluation of drug
release profiles. Release tests were performed at three pH values: 2.0, 5.8 and 6.8. It was observed that the lignin-
based material is pH-sensitive, and better results were obtained at low or high pH values. The LC-DB formulation
exhibited the best dissolution rates in all pH ranges. At pH 2.0, 5.8 and 6.8 the maximum release of cilazapril was
around 80%, 62% and 90%, respectively. Lignin-based spherical particles enabled more efficient, sustainable and
controlled release of cilazapril and may therefore have a potential for use in the medical industry, especially in

Oral suspension

drug delivery systems.

1. Introduction

The administration of pharmaceutical compounds is a very impor-
tant subject area, and it has become a priority to develop efficient
techniques enabling the enhanced delivery of active compounds into
human and animal bodies [1]. There are several steps that need to be
completed in order to demonstrate the therapeutic impact of drugs,
including transport of active ingredients, release of the drug, and its
absorption. To provide effective therapy, drug delivery may be
controlled, targeted or steady [2]. There is also a need to develop new
delivery systems with the use of materials which will minimize side
effects and enable effective delivery. When designing DDSs it is impor-
tant to focus on the size, drug loading efficiency, release time and
flexibility of the desired system [3]. Recently, biopolymer-based mate-
rials have begun to be used in the preparation of drug delivery systems to
improve some of the physicochemical properties of DDSs, including
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stability, mechanical properties and biocompatibility [4]. Drug delivery
systems which incorporate natural polymers may be designed for a
targeted process, and can be made from renewable resources, and
therefore be biodegradable or decomposable and non-toxic [5,6]. Nat-
ural drug delivery systems offer a variety of advantages, but they still
have to be strictly controlled in order to prepare an efficient system.
Researchers have to take into consideration specific features, including
controlled and targeted release, precise rate, possible side effects, par-
ticle size and biocompatibility, when designing an experiment [7].
Lignin is an amorphous biopolymer with a variety of different
functional groups, and consequently exhibits specific characteristics
including a UV-blocking effect and good mechanical properties [8-10].
Being cheap and accessible, this biopolymer may be utilized in a variety
of industrial applications, including medicine [11-13]. Lignin may be
used in a variety of forms, depending on which is most suitable for a
given application [14-17]. Interestingly, products with lignin exhibit
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different release profiles depending on the pH of the environment. It has
been observed that lower pH leads to longer release times, which may be
useful for devices enabling prolonged drug delivery [18-23]. One of the
most popular method to prepare lignin-based spherical particles is
self-assembly [24,25], but spheres may be also fabricated using inter-
facial miniemulsion polymerization [26], emulsion-suspension poly-
merization [27] as well as aerosol flow reactor method [28].

Researchers have begun to prepare novel drug delivery systems in
which an active compound is encapsulated or combined with micro- and
nanoparticles for more efficient, faster and targeted delivery [29,30].
One of the essential steps in investigating such a system is to evaluate its
release profiles according to treatment requirements, including fast and
prolonged release [24,31].

In the present study, lignin-based spherical particles were prepared
and combined with the active compound cilazapril, which was used as a
model drug. Cilazapril is an angiotensin converting enzyme inhibitor
(ACEi), which improves the survival rates as well as reduces the possi-
bility of heart failure. There are several doses of substances which range
from 0.5 to 5 mg per day. It also lowers the peripheral vascular resis-
tance without the change in heart rate. Cilazaprilat is an active form of
cilazapril, which is formed in the liver and bioavailability is about 57%
[32,33]. The materials were ground mechanically, and a complete
physicochemical analysis was performed. Moreover, drug release pro-
files were prepared with the use of a dialysis bag method; for this pur-
pose, three different oral suspensions were prepared, which may be
easier to administer, especially to children. It has been shown, that cil-
azapril might have less renotoxic effect without any additional side ef-
fects. Moreover, the afterload reduction of left ventricular as well as its
shortening in pediatric patients with heart failure [34,35]. There have
been no previous studies involving the combination of lignin-based
particles with cilazapril and evaluation of their release profiles.

2. Experimental
2.1. Materials

Kraft lignin, hexadecyl (trimethyl)Jammonium bromide and ethyl
alcohol were purchased from Sigma-Aldrich, Germany, for the synthesis
of lignin-based spherical particles. Cilazapril monohydrate supplied by
Biofarm, Poland, was used for the preparation of lignin particles con-
jugated with the active compound. For HPLC analysis, methanol and
acetonitrile were purchased from Merck, Germany, and were used
without further purification. Also used were hydrochloric acid and
phosphate buffered saline from Chempur, Poland, a dialysis bag with
12-14 kDa MWCO, and Ora-Blend®, a ready-made vehicle enabling the
formation of a suspension to mask the bitter taste of drugs.

2.2. Preparation of lignin-based spherical (LC) particles

Briefly, 2 g of kraft lignin was dispersed in 50 mL of ethyl alcohol and
mixed at 800 rpm for 1 h. Also, 2 g of CTAB was dissolved in 50 mL of
ethyl alcohol. The surfactant solution was then added to the lignin
dispersion and stirred for 2 h. After this time, the dispersion of lignin and
CTAB was filtered and 500 mL of water was added to the clear solution
using a peristaltic pump (10 mL/min). The addition of water enabled the
formation of lignin particles, which were then filtered under vacuum.

As it has been shown, the mixture of kraft lignin and CTAB was
filtered, therefore only the dissolved kraft lignin was used for further
preparation of spherical particles. The formation of spheres is possible
through electrostatic interactions between hydrophobic chains of CTAB
and lignin molecules and therefore the aggregation at air/water inter-
face may take place. During self-assembly of particles, van der Waals
forces, hydrogen bonds, n-n and electrostatic interactions play the
crucial role in formation of spheres [36]. Prepared material is insoluble
in water and therefore with addition of this solvent well-developed
materials may be obtained. It is important to add the specific amount
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of water for the best formation of spherical particles [37].
2.3. Preparation of LC-CIL particles

Cilazapril monohydrate and lignin-based spherical particles were
combined using a mechanical method, which is environmentally
friendly and relatively cheap. First, a specified amount of lignin-based
spherical particles was placed in a grinder with a given amount of cil-
azapril monohydrate for 30 min. The final, homogenous, product was
obtained after additional 30 min of mixing. During the process mutual
interactions between both components were created, also physical ones.

2.4. Characterization of prepared materials

Lignin-based spherical particles, cilazapril, and lignin particles
combined with the drug were evaluated for their physicochemical,
microstructural and electrokinetic properties. Knowledge of the char-
acteristics of all of the materials is essential for further evaluation of
their potential applications.

First, the surface morphology was evaluated, including the shape and
size of individual particles. Images of the materials were obtained with
the use of an EVO scanning electron microscope (SEM) from Zeiss
(Germany). Prior to the procedure, the material was coated with gold
(Au) for 5 s using a PV205P coater (Oerlikon Bazers Coating SA,
Switzerland).

The dispersive properties of the materials were determined with the
use of a Zetasizer Nano ZS apparatus (Malvern Instruments Ltd., United
Kingdom) to determine the particle sizes, dispersion data and poly-
dispersity indices (PdI). The apparatus employs a non-invasive back-
scattering method (NIBS), and measurements may be taken for particles
of sizes ranging from 0.6 to 6000 nm. Before measurement, the material
was dispersed in propan-2-ol in a Sonic-3 ultrasonic bath (Polsonic,
Poland) for 10 min. The same apparatus was used for measurements of
electrophoretic mobility, which enabled the calculation of zeta potential
values for all materials and determination of the electrokinetic curves.
The Zetasizer Nano ZS instrument was additionally equipped with an
autotitrator (Malvern Instruments Ltd., United Kingdom). In each
measurement, the changes in the conductivity and pH values of the
suspensions were observed. For the adjustment of pH, hydrochloric acid
(0.2 mol/L) or sodium hydroxide (0.2 mol/L) was used. The material
was dispersed in 0.001 mol/L sodium chloride electrolyte for 10 min in
an ultrasonic bath, and then the measurements were taken in a pH range
of 2-10.

Characteristic functional groups present on the surface of all pre-
pared materials and cilazapril were identified with the use of Fourier
transform infrared spectroscopy. The spectra obtained were used to
confirm the effectiveness and correctness of the applied procedures. The
measurements were performed with the use of a Vertex 70 apparatus
(Bruker, Germany) over a wavenumber range from 4000 to 450 em L
Tablets consisting of 1 mg of the analyzed material and 250 mg of
anhydrous potassium bromide were prepared in a steel ring at a pressure
of 10 MPa.

X-ray photoelectron spectra were obtained using Mg Ka (hv =
1253.6 eV) radiation, with the use of a Prevac system (Poland) equipped
with an SES 2002 electron energy analyzer (Scienta, Sweden). The
samples were placed loosely into a molybdenum sample holder. During
the experiments the analysis chamber was evacuated to better than
1010~ mbar.

The effect of heat on a sample was evaluated with the use of a Jupiter
STA 449F3 instrument (Netzsch, Germany) to obtain the thermogravi-
metric analysis (TGA) curve and its first derivative (the DTG curve).
Measurements for all samples were carried out with a heating rate of
10 °C/min over a temperature range from 25 to 1000 °C under flowing
nitrogen (20 cm®/min). Moreover, thermal stability factors were
calculated for all samples, including the temperatures of mass loss (Tso,
T10% and Tsq9), the maximum mass loss temperature (Tpax) and residue
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Table 1
Different formulation types used for preparation of oral dosages.

Material Formulation type (%wt.)

CIL-DB* LIG-DB" LC-DB¢
Cilazapril monohydrate 100 50 50
Kraft lignin - 50 -
LC - - 50

@ Suspension of cilazapril prepared for dialysis bag (DB) method.

b Suspension of lignin suspension prepared for dialysis bag method.

¢ Suspension of lignin-based spherical particles combined with cilazapril
prepared for dialysis bag method.

material (RM%).

The elemental contents of the samples were established with the use
of a Vario EL Cube instrument (Elementar Analysensysteme GmbH,
Germany), which is capable of registering the percentage content of
carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) in samples after
high-temperature combustion. The results are given to +0.01%, and
each is obtained by averaging three measurements.

2.5. Dissolution tests

Oral suspensions were prepared with the use of Ora-Blend®. First,
40 mg of the prepared powder was combined with a few drops of Ora-
Blend® to produce a paste, and further portions of the vehicle were
added to prepare a liquid form. The whole suspension was mixed care-
fully to ensure homogeneity. Finally, the product was sealed in amber
plastic bottles. The ratios of individual solid ingredients are summarized
in Table 1. Three different formulations were prepared for the dissolu-
tion test: suspension of lignin which was combined with cilazapril (1:1
wt%) (LIG-DB) also with the use of mechanical method, suspension of
cilazapril (CIL-DB) and suspension of fabricated lignin-based spherical
particles combined with cilazapril (1:1 wt%) (LC-DB). Different sus-
pensions were prepared to evaluate the dissolution ability of cilazapril,
therefore the comparison between different formulations was per-
formed. The main goal was to increase the releasing rate in the pro-
longed time frame because it may be beneficial for patients to administer
smaller doses of drug.

The prepared suspensions were stored at controlled temperature of
25 °C and it was shaken manually at 0, 7 and 14 days of storage for 20 s.
The color and odor changes were tested after certain period of time.
Moreover, pH of prepared mixtures was also evaluated in triplicate at
day 0, 7 and 14 with the use of pH CD-401 electrode (Mettler Toledo,
Switzerland). The Ora-Blend® is widely used for pharmaceutical pur-
poses and contains preservatives as well as flavorings, therefore it is
microbiologically ready-to-use within the expiration date [38].

The dialysis diffusion technique was applied to evaluate the release
profiles of the prepared oral suspensions. First, phosphate buffer (pH
5.8) was used as a dissolution medium. A 3 mL sample of each prepared
suspension was transferred to a cellulose membrane dialysis bag, which
was then placed in 200 mL of dissolution medium and stirred at 45 rpm,
with the temperature kept constant at 37 & 0.5 °C. For HPLC analysis, a
liquid sample was withdrawn and then the medium volume loss was
quickly replaced with the fresh medium at the same temperature.
Samples were retrieved after 0, 0.5, 1, 2, 4, 8, 10, 20 and 24 h, filtered
with the use of a nylon membrane syringe filter, and analyzed by the
HPLC method. Moreover, dissolution tests were performed to test the
pH-responsive properties of the prepared materials and to evaluate the
release profiles of cilazapril in the LC-CIL particles. Phosphate buffer
solution at pH 6.8 (corresponding to an intestinal environment) and
acidic buffer solution at pH 2.0 (gastric environment) were prepared for
further dissolution tests. Release evaluation was performed under the
same parameters.

The concentration of cilazapril monohydrate was determined by the
reversed phase high-performance liquid chromatography procedure,
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using a high-performance liquid chromatograph (Shimadzu, Japan)
with a Shimadzu LC-6A Liquid Chromatograph pump and a Rheodyne
7725 valve injector (20 pL). Moreover, a Shimadzu SPD-6AV UV-VIS
spectrophotometric detector was set at 212 nm. Phosphate buffer (pH
2.0), acetonitrile and methanol (30:60:10, v/v/v) were used for prepa-
ration of the mobile phase. Calibration curves were prepared for all
samples. The procedures were repeated three times.

The standard solution of pristine cilazapril was prepared according
to the following method. 0.01 g of CIL was transferred into a 25 mL
volumetric flask. To dissolve the cilazapril sample 15 mL of methanol
was added and the mixture was shaken until a clear solution was
observed. Finally, it was filled with the same solvent up to 25 mL.

Concentration (%) of cilazapril in all prepared samples was calcu-
lated with the use of formula (1):

PyicV

(%)= Pg-m

€8]

where: P,; — represents the peak area of tested solution of cilazapril; Pg —
denotes the peak area of standard solution of cilazapril; ¢ — concentra-
tion of cilazapril in the standard solution (%); V — dilution factor and m —
weight of the sample (mg).

Moreover, following equations (2) and (3) of difference f; and sim-
ilarity f2 models presented by Moore and Flanner were used to compare
the dissolution rate profiles:

SR - T
fi=——=r—s—"100 2

Zj—]Rj
R — T_,2> . 100) (3)

h —50410g<<1 + (%) ;

where: n — number of samples; Rj and Tj — the percentage of dissolved
reference substance (CIL-DB) and tested systems (LIG-DB and LC-DB) at
each time point j. It is stated, that release profiles are similar when f7 is
between 0 and 15 and f3 is close to 100 but not less than 50.

2.6. Kinetic models of dissolution tests

The releasing profiles were investigated with the use of four disso-
lution models [39-42]. The obtained data were fitted using zero-order
(4), first-order (5), Higuchi (8) and Korsmeyer-Peppas (9) dissolution
models. The Korsmeyer-Peppas is valid when Mt/M, < 0.6. The
mathematical equations of selected models are listed below:

Qo - Q¢ = kot ()]
Equation (2) can be rearranged to:

Qi = Qo + Kot (5)

dc

2 K 6

dt ¢ ©®

Equation (4) can also be expressed as:

Kt
logC = logC()m @)
M, !
M_oo = ky-r2 (8)
M,
—L= kgp- 1" (C)]

The formula of the Korsmeyer-Peppas (7) can be linearized to the
form:

M,
logM—t = logkgp + ngplogt (10)
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Fig. 1. SEM images with particle size distribution, polydispersity index (PdI) and size distributions by volume of: (a) LC, (b) CIL (c) LC-CIL and (d) kraft lignin.
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Fig. 2. FTIR spectra of (a) LC, (b) CIL and (c) LC-CIL samples.

where: Q; — amount of dissolved drug in time t; Qg — initial amount of
drug in the solution; ko — constant of zero-order release presented in
units of concentration/time; K — constant of first-order release presented
in units of time ! ; Co —initial concentration of drug; t — time; kyy — release
constant of the Higuchi model; M/M,, — ratio of released substance
ratio; M; — amount of released substance; M., — amount of substance in
dosage form and kgp — release constant related to the Korsmeyer-Peppas
model.

3. Results and discussion
3.1. Dispersion and microstructure properties of materials

Lignin-based spherical particles, cilazapril, and the material in which
the spheres were combined with the active compound underwent
microstructural characterization. One of the main goals of the study was
to prepare lignin particles in the form of spheres that would retain their
spherical structure after mechanical grinding with the active compound.
For better understanding of the changes in morphology, scanning elec-
tron microscopy (SEM) images were obtained. The results obtained for
particle size distribution and polydispersity indices (PdI) are shown in
Fig. 1.

As shown in Fig. 1a, the lignin-based particles were spherical or
ellipsoidal in shape with an even and smooth surface; they were also
homogeneous, with particle sizes ranging from 295 nm to 825 nm and a
maximum volume contribution of 28.3% from particles of 531 nm
diameter. They also showed no visible ability to form aggregates and

agglomerates, which may be further confirmed by the relatively low
polydispersity index (0.186). The PdI value is also supported by the SEM
images and the spherical shape of the particles. Depending on used
method, particles with different sizes may be obtained. Machado et al.
prepared lignin-based spherical particles with the use of miniemulsion
polymerization with solvent evaporation. They obtained lignin nano-
particles with diameters of 200 nm-300 nm [43]. On the other hand,
Busatto et al. also used solvent evaporation method and prepared par-
ticles with the sizes of 6 pm-25 pm [44]. Dai et al. presented lignin
nanospheres synthesized with the use of self-assembly method by adding
water to methanol solution and fabricated particles were in size range of
182 nm-752 nm [45]. Cilazapril has larger particles with irregular
shapes and a polydispersity index of 0.821. The particles lie in two
ranges: the first consists of particles with sizes from 38 nm to 68 nm (the
maximum volume contribution is 12.1% for particles of 51 nm diam-
eter), and the second contains particles with larger diameters from 106
nm to 615 nm (the maximum volume contribution being 20.4% for
particles of 164 nm diameter). Fig. 1c shows that mechanical grinding of
lignin-based spherical particles with the active compound is an effective
and correct method. Lignin spheres retained their initial shape after
mechanical treatment with cilazapril. It is clearly visible that larger,
irregular particles from the drug are present alongside smaller, spherical
lignin particles. There are also changes in the particle size distribution:
the range is wider than for the cilazapril and LC samples, extending from
164 nm to 3091 nm, with maximum volume contributions of 12.2%
from particles of sizes 1718 nm and 1990 nm. Moreover, the particles
exhibit a more heterogeneous structure with a tendency for aggregation
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Fig. 3. X-ray photoelectron analysis of surface components of LC, CIL and LC-CIL samples: N 1s spectrum (upper panel) and C 1s spectrum (lower panel).

and agglomeration. The polydispersity index of LC-CIL is 0.363, lower
than the value for pristine cilazapril, which also indirectly confirms the
correctness of the mechanical method used for preparation of the LC-CIL
material.

3.2. Bond characterization

Fourier transform infrared spectroscopy was used to determine the
characteristic bonds in the prepared materials and to confirm the
chemical structure of all samples. The spectra are presented in Fig. 2. All
of the prepared materials were found to contain various characteristic
functional groups.

The spectrum of the LC material displayed mostly the characteristic
bands of kraft lignin, which was the main precursor used in the synthesis
[44]. The spectrum of the LC sample contained a broad band with a
maximum at wavenumber 3400 cm !, which may be attributed to the
stretching vibrations of O-H groups. Two intensive peaks were also
observed at 2950 cm™! and 2800 cm™, corresponding to stretching
vibrations of C-H bonds. There are also characteristic bands corre-
sponding to C=0 (1650 cm ™), C-C and C=C (from 1500 cm ™" to 1400
cm’l) and C-O-C (1000 cm’l). The small peak from 950 em~! to 900
cm ! can be attributed to C-N bonds, and may be related to the presence
of CTAB in the LC structure [45]. Moreover, the presence of sulfur is
confirmed by a peak at 650 cm~ ! associated with C-S bonds [46].

A spectrum was also obtained for cilazapril, the active compound
(see Fig. 2b). This also contained several characteristic bands, including
one with a maximum at 3300 cm ™!, which may be attributed to
stretching vibrations of N-H bonds. The O-H peaks around 3100-3000
cm ! were shifted towards smaller wavenumber values. There were also
visible bands at 2950 cm™' and 2900 cm™!, which correspond to
stretching vibrations of C-H bonds. There are two very intensive peaks
around 1750 cm ™! and 1650 cm™?, attributed to C=O stretching vi-
brations. There are also bands associated with the aromatic ring of the

compound (1600 cm ™! to 1450 cm ™ 1), C-O(H) and C-O(Ar) (1250 cm ™!
to 1200 cm’l), and C-O-C (1000 cm’l). The presence of C-N bonds is
confirmed by a band from 1100 em~! t0 950 em ™! [47].

Next, the spectrum of the LC-CIL material was obtained (see Fig. 2c).
It is clearly visible that the spectrum contains bands characteristic for
both precursors (kraft lignin and cilazapril). Most of the bands have
similar frequencies as in the spectra for LC and CIL. There are small
changes in the stretching vibrations of O-H groups, for which bands
appear at 3400 cm ™! and from 3100 cm ™! to 3000 cm ™Y, as well as in the
presence of C=0 bonds. There are also two peaks with maxima at 1750
em ! and 1650 cm ™, as in the cilazapril spectrum.

The FTIR analysis confirmed that the lignin-based spherical particles
and cilazapril were combined mechanically, and may therefore be used
for further applications, including in prolonged drug delivery.

Analysis of the surface composition of LC, CIL, and LC-CIL samples by
photoelectron spectroscopy revealed the presence of carbon, oxygen,
and nitrogen atoms. No presence of sulfur atoms was detected on the
studied surfaces, although this element was identified by chemical
methods. The concentrations of sulfur in LC and in LC-CIL do not exceed
1 wt%. The absence of an XPS signal for this element may be due to the
fact that it is distributed throughout the volume of the material, and on
the surface its concentration does not exceed the detection threshold.

The structures of lignin and cilazapril are composed of very similar
functional groups containing C-H, C-O and C-N bonds. Therefore, the
predicted envelope of the XPS spectrum of these two materials may be
similar. Nevertheless, it should be noted that cilazapril is formally a
carboxylic acid, and its structure contains a significant fraction of car-
boxylic functional groups. This means that the C 1s photoelectron
spectrum from this material should contain a distinct component from
the COOH groups. The binding energy for this component on the XPS
spectrum is reported as 289 eV. The lower panel of Fig. 3 shows the XPS
spectra of LC, CIL, and LC-CIL samples. In the spectrum for CIL, a clear
local maximum is observed at a binding energy of about 289 eV. In the
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Fig. 4. Mechanism of linkage between lignin-based spherical particles and cilazapril.

spectrum obtained from lignin there is no distinctive XPS signal in this
range. It was therefore assumed that this component is a fingerprint for
the CIL material. In the spectrum of the LC-CIL mixture there is a
maximum in the same binding energy range; it has a lower relative in-
tensity than that observed for pristine cilazapril, but it is still clearly
distinguishable. This observation indicates the successful deposition of
CIL on the LC surface.

The above conclusion is further supported by analysis of the XPS N 1s
spectrum. C-N bonds are present in the structure of cilazapril, and
elemental analysis confirmed the presence of this element in the mate-
rial. Nitrogen was also detected in the elemental analysis of lignin, even
though LC does not contain it in its structure. Analysis of the binding
energy range characteristic of N 1s photoelectrons is shown in the upper
panel of Fig. 3. The signal from nitrogen atoms originating from the
lignin surface has very low intensity. In contrast, the signal from such
electrons excited in cilazapril is very clear and intense. The maximum of
the XPS N 1s spectrum for the CIL sample is located at a binding energy
of about 400.5 eV. This binding energy range corresponds to the
occurrence of carbon-nitrogen bonds and possibly -NHx groups. This
result corroborates the above-mentioned observation made on the basis
of FTIR analysis. In the spectrum obtained from the LC-CIL sample, both
the high intensity and the position of the maximum of this spectrum
indicate the presence of nitrogen atoms in a chemical environment
similar to that of cilazapril.

A possible mechanism for the combination of LC particles with cil-
azapril is presented in Fig. 4.

3.3. Thermal analysis

During thermal analysis, TGA and DTG curves were prepared. The

spherical particles and the material combined with cilazapril may not be
used at increased temperatures, but to determine physicochemical
characteristics and the benefits of using lignin-based spherical particles
for prolonged stability, the mass loss of the samples was determined as a
function of increasing temperature. The TGA and DTG curves are shown
in Fig. 5, and the thermogravimetric data are summarized in Table 2. It
is seen that for all analyzed samples, all reactions that took place with
the application of increased temperatures were endothermic. This may
be linked to the partial melting and decomposition of the samples.

The LC sample exhibited limited thermal stability, and lost almost
67% of its initial mass above 700 °C. the TGA/DTG curves indicate three
main stages of mass loss. First, there is a loss of physically bound water
(at a temperature of around 200 °C). Second, partial depolymerization
and disruption of aliphatic bonds occurs, with the breakage of some
important bonds, including f/~0O-4 (in a temperature range from 220 to
400 °C). Third, there occurs the final degradation of LC particles, which
may involve the breakage of aromatic parts of the material and the
removal of moisture or other organic impurities [48,49]. Importantly,
lignin-based spherical particles may react quite differently depending on
what type of biopolymer was used for the preparation of the final
product.

Cilazapril exhibited low thermal stability: in the temperature range
above 400 °C, only 2.81% of the initial mass of the sample remained.
Again, the mass loss of cilazapril takes place in three stages. First, as was
shown for LC particles, there is a loss of physically bound water (at
temperatures up to 200 °C). The second and third stages take place at
very similar temperature ranges. There occurs the elimination of car-
boxylic, carbonyl, ethoxycarbonyl and phenylpropyl amino groups, and
finally pyrolysis and the loss of C4H; groups take place [50,51]. The
decomposition of cilazapril is rapid, and there is almost no product left
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samples.
Table 2
Thermal data of prepared samples.
Sample  Tso (°C)  Tioo °C)  Tspoe (°C)  Tmax (°C) RM (%) 3.4. Zeta potential
EfL fgi ii; 222 g; 22 22(1) 3_38'2 The obtained electrokinetic curves are presented in Fig. 6, and the
LC-CIL 237 304 440 70 263 370 197 results are summarized in Table 3. The measurements were based on

after the analysis. This may be related to the presence of water in its
crystal lattice and also the presence of many ester groups, which are very
sensitive and reactive at higher temperatures and in a moist environ-
ment [51].

It is seen in Fig. 5c that the addition of lignin-based spherical par-
ticles showed minimal improvement of the thermal stability of cil-
azapril. The residual mass of the LC-CIL sample was around 20% and it is
higher than for pristine cilazapril, but it may be connected to the lignin,
which was originally a half of prepared sample. Moreover, there is a
visible breakage of bonds associated with lignin at a temperature of
around 263 °C.

The thermal stability of cilazapril is relatively low; the decomposi-
tion process begins rapidly and then slows down. The value of Tsy, for
this sample was 185 °C, which is lower than for the LC and LC-CIL
samples. Nevertheless, at 100 °C temperature point, all materials
exhibited around 97% of its original mass and up to this point almost no
mass of a sample was decomposed and it is beneficial in terms of storage
of materials. As described above, all materials underwent thermal
decomposition in three stages in similar temperature ranges. This may
be related to the presence of similar functional groups in all analyzed

electrophoretic mobility, and were performed in a pH range from 2 to
10. A sample is electrokinetically stable when the zeta potential is above
30 mV or below —30 mV [52,53]. It was observed that the zeta potential
profiles had a similar shape for all tested materials, and the changes in
each curve are from positive to negative values with an increase in pH.
All samples were found to have an isoelectric point (pHigp), which
occurred at a pH of 3.0, 3.3, and 4.3 for LC, CIL and LC-CIL, respectively.
This is the point at which the materials exhibited the highest hydro-
phobicity and the lowest hydrophilicity. It was concluded that the
addition of cilazapril to LC particles causes pHygp to shift towards higher
values; this may be related to the ionization effect of the final material.
Moreover, cationic groups of cilazapril may gradually shield the anionic
hydrophilic groups of LC material. The drug may be attracted to
biopolymer particles through hydrophilic interactions between pre-
pared spheres and cilazapril [24,37].

The LC sample exhibited electrokinetic stability at pH above 6.5.
However, the highest and lowest zeta potential values for CIL were 5.5
mV (pH 2.5) and —26.7 mV (pH 10.0), and therefore it was not elec-
trokinetically stable anywhere in the pH range. The final product ob-
tained by combining both of these materials (LC-CIL) exhibited
increased stability and a zeta potential profile that reflected the influ-
ence of the LC particles. The material gave zeta potential values above
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Table 3
Zeta potential values of analyzed materials.
Sample PHigp pH
2.5 3.1 4.0 5.5 6.1 7.5 8.5 9.5 10.0
Zeta potential value (mV)
LC 3.0 9.1 (£1.0) —1.6 (£0.0) —13.3 (£0.2) —21.8 (+£0.5) —29.9 (£1.0) —36.0 (£1.2) —44.1 (£1.7) —46.9 (£1.6) —49.7 (£1.7)
CIL 3.3 5.5 (£+0.8) 0.9 (+0.6) —3.48 (£1.3) —14.8 (+£0.6) —21.2 (£1.9) —24.7 (£1.2) —25.1 (£1.0) —25.0 (£1.5) —26.7 (£1.0)
LC-CIL 4.3 37.4 (£1.2) 25.9 (£1.5) 3.29 (£1.4) —13.4 (£1.3) —23.0 (£1.2) —45.7 (£2.3) —57.4 (£0.8) —61.4 (£0.6) —62.5 (+£0.8)
Table 4 Table 5
Elemental analysis of all prepared materials. pH of Ora-Blend® and all prepared suspensions.
Sample N (%) C (%) H (%) S (%) Formulation pH
LC 0.9 67.3 9.2 1.1 Day 0 Day 7 Day 14
CIL 1.8 698 8.9 - Ora-Blend® 4.81 £+ 0.03 4.85 £ 0.01 4.80 £+ 0.06
LC-CIL 15 655 o1 08 CIL-DB 4.78 + 0.02 4.81 £+ 0.02 4.89 + 0.04
LIG-DB 4.83 £ 0.03 4.85 + 0.04 4.84 £ 0.07
LC-DB 4.82 £ 0.05 4.82 £ 0.08 4.78 £ 0.02

30 mV and below —30 mV at pH 3 and 6.5 respectively.

The cilazapril molecule undergoes hydrolyzation to form cil-
azaprilat, which is a biologically active form but cannot be absorbed
from the gastrointestinal tract; it is therefore important to protect the
active compound from the environment to preserve its primary function.
Moreover, there is no cyclization effect in acidic and basic reaction
conditions, because the carboxylic and amide carbonyl groups are pro-
tected in the bicyclic ring of the cilazapril molecule [47]. The addition of
LC particles results in improvement of the zeta potential profile of CIL
and increased electrokinetic stability.

3.5. Elemental analysis

Elemental analysis was performed to examine the percentage con-
tents of carbon, nitrogen, hydrogen and sulfur in every sample, and the
results are presented in Table 4. All samples exhibit a high carbon
content, around 65%. As was expected, sulfur was not detected in the
cilazapril structure. CIL is a highly carbonic material with the addition of
nitrogen (1.8%) and hydrogen (8.9%). The presence of sulfur (1.1%) in
the LC sample may be connected to the lignin structure, and the
appearance of nitrogen (0.9%) may be associated with CTAB, confirm-
ing the combination of the two precursors. Lignin-based spherical par-
ticles are also a material with a variety of carbonic functional groups, as

was shown in the FTIR analysis, and therefore the percentage of this
element is also quite high (67.3%). The percentage contents in the
material obtained by combining kraft lignin and cilazapril shifted to-
ward lower or higher values, but in general the LC-CIL material showed
the presence of all elements, which also provides indirect confirmation
of the correctness of the mechanical grinding method.

3.6. Suspension characteristic

The prepared suspensions of cilazapril, kraft lignin and lignin-based
spherical particles were evaluated under the 14 days’ time frame. The
pH, odor and color changes were evaluated at day 0, 7 and 14. It was
observed, that during this time, no changes in odor or unpleasant smells
as well in color was detected. The color for cilazapril suspension
remained milky white and for lignin-based ones, light brown color was
maintained.

The pH of Ora-Blend® and prepared suspensions on day 0 was 4.81
+ 0.03 and no changes in this parameter were observed during the 14
days of experiment (see Table 5). Similar results were obtained by other
researches [38,54,55]. It was also important to confirm the initial con-
centration of cilazapril in each suspension and the values were no less
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Table 6
Stability of 1 mg/mL of cilazapril suspensions.
Formulation Percent of initial concentration (%)
Day 0 Day 7 Day 14
CIL-DB 99.12 + 0.15 98.14 + 0.54 96.13 + 0.15
LIG-DB 101.13 £+ 0.47 100.92 + 1.15 98.84 + 0.76
LC-DB 101.04 £ 0.15 101.48 £ 1.01 101.05 £ 0.15

than 98% (see Table 6). The lowest concentration was observed for
pristine cilazapril, it may be due to the occurrence of minor hydrolysis
reaction. It is stated by FDA, that the amount of prepared sample should
remain in +10% of initial concentration, therefore all obtained results
meet these important criteria [38].

3.7. Dissolution tests

LC-CIL particles as it was shown in physicochemical characteristic
have round and smooth surface with narrow and homogenous sizes. The
surface without edges may help with preventing the damage of addi-
tional molecules [56]. Moreover, modification of lignin resulted in
increased intensity of several functional groups including hydroxyl,
carbonyl and aromatic groups, which may attract the drug molecule
with higher efficiency compared to lignin [57].

Cilazapril was chosen as a model compound, because it is a first-line
therapy drug and one of most commonly used angiotensin-converting
enzyme inhibitor (ACE-I), which is used for treatment of many cardio-
vascular diseases [58,59]. It exhibits in its structure the presence of an
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ester bond and unfortunately undergo the hydrolytic degradation;
therefore, its bioavailability may be reduced [47,60]. It is administrated
mostly in form of tablets and capsules, which may be causing problems
to patients which have a problem with swallowing pills or to children.
The preparation suspensions may not only reduce this problem, but also
mask the bitter flavor of drug itself [54].

In vitro dissolution studies of different formulations were performed
at pH 2.0, 5.8 and 6.8 to simulate the conditions of skin and gastric
fluids. Three types of oral suspensions were prepared, using pristine
cilazapril, kraft lignin and LC material. The procedure was performed
with the use of the diffusion bag technique, in which the prepared sus-
pension was loaded into a dialysis bag, and then at assigned time in-
tervals the release medium was collected. Overall, particles prepared
with the biodegradable biopolymer release the active substance in two
steps, the first resulting from diffusion of the polymer, and the second
from its degradation [61]. It was also observed that better penetration of
the drug is possible due to smaller particle size and larger surface area.
Moreover, lignin-based particles showed a pH-responsive character: as
shown in Fig. 7, the drug release varied depending on pH. However, the
release profile curves are similar, showing a transition from a fast to a
slow stage; therefore, the process may be divided into sudden and sus-
tained release. This may be due to the weakly bonded drug on the sur-
face and its rapid diffusion into the medium, followed by slow, gradual
degradation which prolongs the release of cilazapril [62]. Although, it
was observed that the release profiles of cilazapril are similar, inde-
pendently on the pH of the medium. The most important factor was to
increase the dissolution rate of cilazapril and it was observed the most in
LC-DB sample. Cilazapril shows limited dissolution rate, therefore it may
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Fig. 7. Cumulative release profiles of prepared samples over 24 h at pH (a) 2.0, (b) 5.8 and (c) 6.8.
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Table 7
Kinetic parameters of dissolution of cilazapril at different pH values.

Model Zero-order model

Sample pH y=ax+b R? n
CIL-DB 2.0 y = 5.258x + 10.560 0.911 -
LIG-DB y = 6.269x + 11.021 0.927 -
LC-DB y = 7.259x + 11.461 0.954 -
CIL-DB 5.8 y = 4.567x + 8.553 0.886 -
LIG-DB y = 4.737x + 10.077 0.884 -
LC-DB y = 4.678x + 6.961 0.948 -
CIL-DB 6.8 y = 6.209x + 14.762 0.866 -
LIG-DB y = 7.295x + 5.712 0.985 -
LC-DB y = 7.623x + 10.899 0.961 -
Model First-order model

CIL-DB 2.0 y = —0.036x + 1.958 0.965 -
LIG-DB y = —0.048x + 1.962 0.983 -
LC-DB y = —0.065x + 1.974 0.996 -
CIL-DB 5.8 y = —0.028x + 1.964 0.939 -
LIG-DB y = —0.031x + 1.958 0.941 -
LC-DB y = —0.029x + 1.975 0.977 -
CIL-DB 6.8 y = —0.049x + 1.939 0.952 -
LIG-DB y = —0.060x + 2.001 0.990 -
LC-DB y = —0.073x + 1987 0.985 -
Model Higuchi model

CIL-DB 2.0 y = 18.835x - 0.186 0.995 -
LIG-DB y = 22.266x — 1.489 0.996 -
LC-DB y = 25.388x - 2.398 0.994 -
CIL-DB 5.8 y = 16.416x - 0.868 0.975 -
LIG-DB y = 17.053x + 0.264 0.975 -
LC-DB y = 16.384x — 2.008 0.990 -
CIL-DB 6.8 y = 22.681x + 1.377 0.983 -
LIG-DB y = 24.732x - 6.974 0.964 -
LC-DB y = 26.485x - 3.377 0.988 -
Model Korsmeyer-Peppas model

CIL-DB 2.0 y = 41.103x + 15.004 0.882 0.38
LIG-DB y = 48.917x + 16.351 0.895 0.38
LC-DB y = 55.061x + 18.199 0.870 0.38
CIL-DB 5.8 y = 36.656x + 12.072 0.905 0.35
LIG-DB y = 37.414x + 13.944 0.873 0.36
LC-DB y = 36.108x + 11.078 0.895 0.44
CIL-DB 6.8 y = 49.646x + 19.614 0.877 0.38
LIG-DB y = 54.610x + 12.742 0.874 0.39
LC-DB y = 57.792x + 17.984 0.875 0.40

require to administrate higher doses of drug to receive the therapeutic
treatment. It may lead to sudden blood pressure changes, which may be
dangerous for the health of living organisms. The administration of
smaller doses prevents the potential poisoning and is also beneficial
economic wise. Cilazapril exhibited the best solubility when the drug
was deprotonated at high pH (6.8) and fully protonated at low pH (2.0).
The formulation without lignin-based particles gave the lowest release
values, independently of pH. The addition of native kraft lignin
improved the release profiles, but because of its relatively large particle
size (two particle size distribution ranges, from 51 nm to 342 nm and
from 615 nm to 6439 nm) and small surface area (1 mZ/g) [63], its
potential to increase dissolution rates is limited. The best values of cil-
azapril release were obtained when LC particles were added to the
formulation. Despite the visible differences in the drug release profiles,
the LC material may be used as an effective and sustainable drug de-
livery system.

It was observed that all release profiles are relatively similar in the
first 5 h of the experiments, at all pH values. The release rates started to
change after the 5 h point was passed, and then from 10 h to 24 h a slow
and constant rate of release of the active substance was observed.
Overall, the LIG-DB and LC-DB systems produced a higher dissolution
rate of drug release than CIL-DB, enabling sustainable drug release,
independently of the pH used. All formulations showed the best disso-
lution results for procedures carried out at pH 2.0 and 6.8. At pH 2.0 a
cumulative release of cilazapril around 68%, 74% and 80% was
observed for CIL-DB, LIG-DB and LC-DB, respectively, after 24 h of the
process. At pH 5.8 the release rates were lower, with only 53%, 60% and
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62% of the drug released into the medium for CIL-DB, LIG-DB and LC-
DB. The best results were obtained in the dissolution tests conducted
at pH 6.8, where the maximum release of the drug was around 73%, 80%
and 90% for CIL-DB, LIG-DB and LC-DB, respectively. All of these results
indicate that, although, the releasing profile is the same for all formu-
lations under different pH values, LC particles can improve the disso-
lution rate over the certain period of time, which is beneficial in terms of
drugs which are used for hypertension and congestive heart failure.
Moreover, f; and f2 were also calculated and it was concluded that
depending on the reaction conditions and material there are some dif-
ferences comparing to the parent cilazapril sample. It was observed for
LC-DB that at pH 5.8 dissolution profile showed similarity — f;/f2 values
of 11/66, but on the other hand the f;/f> values were equal to 19/49 and
17/49 for pH 2.0 and 6.8 which indicates some differences in the
dissolution profiles. Interestingly, for material LIG-DB all dissolution
profiles showed similarity in three dissolution media (f;/f2 values of 11/
60, 10/69 and 15/50 at pH 2.0, 5.8 and 6.8 respectively).

The kinetic parameters for release of cilazapril including the linear
regression and correlation coefficient values (R?) are presented in
Table 7. It was concluded that the best results were observed for Higuchi
model with R? ranging from 0.964 to 0.996, which may suggest the
diffusion-controlled drug release. Higuchi model is suitable for the
release of pharmaceutical drugs, which are soluble in water, the parti-
cles of substance are smaller than the size of a sphere and the swelling of
a system is low and therefore it may be concluded that the Fickian
diffusion occurred during the release of cilazapril [42,64,65]. On the
other hand, Korsmeyer-Peppas model exhibit low efficient while
describing the kinetics of dissolution of cilazapril. The correlation co-
efficient values were calculated in range of 0.870-0.905. The n value
was also calculated for the characterization of release mechanism. All
values of this parameter are below 0.5 which indicates quasi-Fickian
diffusion and suggesting that spheres show diffusion-controlled release
[66]. The R? for zero-order and first-order models were quite efficient,
especially the first-order one, but the values were too extensive, ranging
from 0.866 to 0.985 for the zero-order one and from 0.939 to 0.996 for
first-order kinetic model. Moreover, it was observed that LC-DB sus-
pensions exhibited the best dissolution profiles, according to Higuchi
model. Interestingly, the best correlation coefficient values were
observed for dissolution tests in pH 2.0, independently of the analyzed
suspension.

4. Conclusion

Lignin-based spherical particles were prepared from two precursors,
kraft lignin and hexadecyl (trimethyl)ammonium bromide. A detailed
characterization of the lignin spheres was performed, and it was shown
that the obtained particles were spherical in shape with a narrow par-
ticle size distribution and low polydispersity index, which meant that
the prepared material was homogeneous. The structures were then
ground mechanically with the active compound cilazapril, because as
has been shown previously, a lignin-based materials offer strong po-
tential for improving the stability of this drug. Moreover, it was
observed that lignin particles improved the zeta potential of cilazapril.
The lignin-based material combined with the active compound was
tested for its dissolution ability. Three different formulations were pre-
pared with the use of Ora-Blend®, which enabled the formation of
suspensions. Suspensions were prepared using pristine cilazapril, kraft
lignin and the synthesized lignin-based particles. Experiments were
carried out at three different pH values, which enabled evaluation of the
release profiles of the prepared formulations. It was concluded that the
fabricated lignin-based particles were pH-responsive, and different
dissolution rates were observed at a variety of pH values. It was observed
that more cilazapril was released at pH 2.0 and 6.8 than at pH 5.8,
indicating that the lignin-based spherical particles may be used for the
delivery of active substances to the gastrointestinal tract. Maximum
drug dissolution was obtained at pH 6.8 for the LC-DB formulation
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(90%) after 24 h of the procedure. It was concluded that the addition of
biopolymer, and especially the lignin-based material, enabled more
efficient, increased the release of the active compound. At pH 6.8 the
releasing of cilazapril was faster, around 20% with the use of lignin-
based spherical particles, than for cilazapril itself. Pristine cilazapril
has a limited releasing rate at certain dosage, but with addition of lignin
spheres, this parameter may be improved. It may be concluded, ac-
cording to the kinetic models, that the cilazapril was released through
diffusion, independently of the used suspension or pH value. The results
obtained in these experiments are novel in nature and are highly
promising, demonstrating that lignin-based spherical particles may be
employed in the future development of medical applications, especially
for improving the stability active compounds.
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