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Abstract

In this study, nanostructured microparticles was developed with polycaprolactone
(PCL), poly(vinyl alcohol) (PVAL) and nanoparticles of the commercial sodium clay
NT-25° by using the spray drying technique. The systems obtained were characte-
rized by Nuclear Magnetic Resonance (NMR), Scanning Electron Microscopy (SEM),
Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Dynamic
Laser Light Scattering (DLS) and Differential Scanning Calorimetry (DSC). The
NMR "“C and FTIR techniques showed that both polymers were present in the mi-
croparticles and the DSC analysis revealed a small variation in the glass transition
temperature of the PCL. The XRD and SEM analyses showed that the microparticles
produced were amorphous and had a concave morphology. The NT-25 nanoload
reduced the microparticles’ size due to the multiple interactions formed in the hybrid
nanocomposite material. Therefore, it was possible to develop microparticles by us-
ing biodegradable and biocompatible polymers, with different polarities, allowing the
incorporation of hydrophilic and hydrophobic materials and enabling the inclusion
of otherwise incompatible materials in the same system.

Keywords
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1. Introduction

The microparticles are micrometric systems, ranging from 1 um to 1000 pum, which

have been widely studied and employed in the medical and pharmaceutical areas, par-
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ticularly when they are developed with biodegradable polymers, due to its safety and
biocompatibility [1]-[5]. Their main advantages are drug protection, mucoadhesion,
gastroresistance, and controlled drug release, reducing the dose and frequency of drug
administration, obtaining the same therapeutic effect with reduced adverse local and
systemic effects and toxicity [6] [7]. Polycaprolactone (PCL) is a biodegradable polymer
widely used in the development of microparticles due to its high stability, and permea-
bility, biocompatibility with various drugs, low toxicity and low degradation rate. Its
melting temperature varies from 59°C to 64°C, and its glass transition temperature is
about —60°C [8]-[11]. Poly(vinyl alcohol) (PVAL) is an amphiphilic semicrystalline
polymer, with good interfacial adsorption capacity, and for this reason PVAL has been
used in the production of emulsions and microparticles, acting as an emulsifier, to in-
crease the physical stability of microparticles and to encapsulate different drugs. Fur-
thermore, it has low toxicity and it is biodegradable. Its glass transition temperature is
around 75°C and its melting temperature is around 150°C [12]-[15].

A good deal of recent research has been devoted to the development of nanostruc-
tured materials containing inorganic fillers dispersed in a polymer matrix. However,
these new nanostructured materials must be tested for safety and effectiveness. Among
nanoparticles, montmorillonite clay is safe for biomedical applications, since this clay is
already used in pharmaceutical preparations [16]-[18]. Bentonite is plastic clay con-
sisting mostly of montmorillonite, a natural clay of the smectite group. It is a type 2:1
lamellar silicate (2 silicon tetrahedrons:1 aluminum octahedron) having the general
formula [Mx (Alx-4Mgx) Si8020 (OH) 4], where M is a monovalent cation and x is the
isomorphic substitution degree (0.5 to 1.3). Regarding its microstructure, the lamellae
have diameters between approximately 100 - 200 nm and thickness of 1 nm. This clay is
used as a functional excipient in tablets due to its ability to form gels at low concentra-
tions by swelling in water, and it is also used as a binder and disintegrant [19] [20]. For
these reasons, bentonite is often employed to produce nanostructured microparticles.

There are several studies in literature that describe the development of polymer/clay
system, most of them are nanocomposites. Thus, it is relevant to comprise the clay ef-
fect in the PCL and PVAL matrix. The clay dispersion in PCL matrix generally decreas-
es the crystallinity and the crystallite size, because of the dispersed silicate layers that
represent a physical barrier and hinder PCL crystal growth. A small clay dispersion, less
than 5 wt%, in the PCL matrix is able to reduce its water permeability, increase its stiff-
ness and ductility and improve its thermal stability. Moreover, PCL can exhibit a
“pseudo solid-like” behavior at silicate loading greater that 3 wt%, suggesting the
maintenance of long-range order domains and a clay orientation in some directions
[21]. The clay dispersion in the PVAL matrix can increase the mechanical, thermal and
gas barrier properties when its content ranges from 3 wt% to 10 wt%. It was also no-
ticed that up to 5 wt% clay loading, clay particles were highly dispersed in PVAL matrix
without any agglomeration. However, some agglomerated structures were formed in
the polymer matrix above a 7 wt% clay concentration [22] [23].

Nevertheless, there are no reports of the development of nanosctructured micropar-
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ticles containg PCL, PVAL and clay particles. However, Dong & Feng developed nanos-
ctructured nanoparticles of Poly(D, L-lactide-co-glycolide)/montmorrilonitte (PLGA/
MMT) by emulsion/solvent evaporation method. It was observed that the MMT played
the role of a co-emulsifier and the nanoparticles presented a mean size of around 310
nm [24]. Dyab et al developed core/shell hybrid organic-inorganic polymer microsph-
eres, using polystyrene and laponite nanoparticles. The formed emulsion showed excel-
lent stability against droplet coalescence and against microparticles coagulation. Gener-
ally, the number of microparticles increased and their size decreased with the content
of laponite particles, ranging from 1% to 4%, used in stabilizing and it was attributed to
the formation of a rigid layer of the inorganic nanoparticles around the microparticles,
increasing the stability [25].

Several methods can be applied to produce polymeric microparticles, such as: 1) Oil/
water emulsion extraction/evaporation method, where a required amount of polymer is
dissolved in an organic phase which is emulsified under stirring to form an emulsion
and to evaporate the organic phase; 2) Spray dryer technique, where the organic solu-
tion with dispersed polymers is sprayed through a nozzle in a spray dryer under differ-
ent experimental conditions; 3) Solution-enhanced dispersion method, the micropar-
ticles were prepared by spraying a solution of polymer in mixture of carbon dioxide
and organic solvent into air was termed as rapid exposition of supercritical solutions.
As an alternative, the organic polymer solution could be atomized into a vessel con-
taining pressed carbon dioxide; and 4) Hot melt technique, where polymers with low
melting point were fabricated into microspheres by hot melt technique [26] [27].

In choosing among them, simplicity, reproducibility and yield should be considered.
The emulsification/solvent evaporation technique is widely used in the preparation of
microparticles and allows the incorporation of hydrophilic and hydrophobic drugs.
However, one of the restrain factors of this technique is the system homogenization,
which is typically carried out mildly, for 3 hours at 500 rpm, to form the microparticles
by the solvent’s evaporation at the interface, causing the polymer to precipitate [4] [6].
In this context, this work initially used oil/water emulsion extraction/evaporation me-
thod, and then used a high speed mixing to emulsification, in order to achieve a narrow
particle size distribution. The spray drying technique has been used after the emulsifi-
cation process to promote solvent removal and form microparticles, in a shorter time.
This method has many advantages, such as good reproducibility, control of particle size
and less dependence on the solubility of the active ingredient in the polymer. However,
this technique still has limitations, especially for hydrophobic polymers with low melt-
ing point, such as PCL [28]-[31].

The main objective of this study was to produce nanostructured microparticles of
PCL/PVAL containing a commercial sodium clay (NT-25°) as the nanoparticle, using
the emulsification process followed by spray drying. The second objective was to cha-
racterize the systems by using nuclear magnetic resonance, scanning electron micro-
scopy, infrared spectroscopy, differential scanning calorimetry, X-ray diffraction and

dynamic laser light scattering.
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2. Experimental

Materials
The following polymers were used to produce the microparticles:

1) polycaprolactone, obtained from Sigma Aldrich, with melt index of 1.9 + 0.3 g/10
min (ASTM D-1238), density of 1.14 g/cm’ and numerical molar mass (Mn) of
80,000 g/mol;

2) poly(vinyl alcohol), obtained from Vetec, with hydrolysis degree of 88.3% and
numerical molar mass (Mn) of 4060 g/mol; and

3) sodium clay NT-25, obtained from Bentonit Unido Nordeste. This clay is a
natural calcium bentonite, without the presence of organic modifier, with surface
area of 139 m>g™' and cation exchange capacity (CEC) of 0.8 meq/g. It has
inter-layer spacing (d 001) equal to 1.51 nm [32].

The solvent used was chloroform P. A., obtained from Tedia Brasil. The other rea-

gents employed were of analytic grade and were used as received.

Methods

Preparation of microparticles

In the first step, in order to make a primary emulsion 5% w/v of PCL was dissolved
in chloroform, under magnetic stirring with stir bar of 2.5 cm, at 500 rpm, for 24 hours,
at 25°C, until former a clear solution. In the second step, to be used as outer aqueous
phase 5% w/v of PVAL was dissolved in distilled water and stirred with a magnetic
stirrer of 2.5 cm, at 500 rpm, at 60°C until completely dissolved. Then, when the tem-
perature was around 25°C, the aqueous phase was poured into the organic phase, under
magnetic stirring; at 800 rpm, for 30 minutes, in a flask of 500 ml, to form an initial
emulsion system. The systems were prepared in triplicate and separated into three frac-
tions. The initial magnetic stirring is still a technique applied for the development of
microparticles, in the research field.

The first fraction was submitted to spray drying in an LM 1.0 MSD (mini spray
dryer) (LabMaq do Brasil, Sdo Paulo, Brazil), under the following operating conditions:
feed flow of 3.3 ml/min; air flow of 500 1/h; air pressure of 3 kgf/cm?, inlet temperature
of 110 *+ 4°C; outlet temperature of 95 + 5°C; atomizer nozzle diameter of 1.0 mm; and
vacuum formation rate of 0.6 m*/min. This first sample was named PCL/PVAL.

The second fraction was homogenized using an Ultra-Turrax® (UT) high-power ho-
mogenizer for 2 minutes at 16,000 rpm, at 25°C, forming a more stable emulsion. Then
this emulsion was dried using the same spray dryer, with the conditions described
above. This sample was named PCL/PVAL/UT.

For the third fraction, 3% w/w of sodium NT-25 clay was added to the organic phase,
followed by 48 hours of stirring, at 25 "C. Then, the aqueous phase was dispersed in the
organic phase containing the clay, and this mixture was homogenized in the UT for 2
minutes at 16,000 rpm, forming an emulsion. This emulsion was dried using the mini
spray dryer under the conditions described above. This sample was named PCL/PVAL/
NT-25/UT. The clay was not sprayed in the system that are used the magnetic agitation,

because the system did not form a homogenous emulsion with magnetic stirring.
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The concentration of PCL, PVAL, clay and solvents used were chosen according to
previous studies in the literature, since the main objective of this work was to verify
whether the proposed method was effective in developing nanostructured particles.
However, it is recommended to developed stable microparticles, by the emulsion me-
thod, using around 2 to 10 wt% of polymer in the organic phase. The variation in PVA
concentration will affect the stability of emulsion and the size of the microspheres.
More uniform sized and small microspheres are obtained on the concentration of PVA,
varying from 2.5 wt % to 5 wt% [33].

Clay is a stabilizing, supending, adsorvent and viscosity increasing agent and the
amount recommended for NT-25 clay acts as a stabilizing agent, ranging from 0.5% to
5% [18]-[20]. Besides, the PCL nanocomposites developed with NT-25 clay, ranging
from 1% to 5%, showed that 3 w/w % of NT-25 achieved the best dispersion in the po-
lymer matrix [34].

Characterization of the microparticles

Nuclear magnetic resonance

The >C NMR analyses were performed at 300 MHz with a Varian Mercury VX 300
spectrometer. The procedures used to obtain the spectra and analytic parameters are
described below: For "C NMR analysis, the PCL, PVAL and the microparticles were
prepared in the following solutions: 100 mg of PCL in 2 ml of deuterated tetrachloroe-
thane (TCE); 100 mg of PVAL in 2 mL of deuterated water (D,O); and approximately
100 mg of microparticles in 2 ml of deuterated dimethyl sulfoxide (DMSO). The sam-
ples were placed in a NMR tube (10 mm in diameter) and then in a 10 mm probe.

The parameters used in the C analysis were observation frequency of 75 MHz,
analysis temperature of 90°C, 8000 accumulations, pulse width applied (90°) equal to
23.4 s, interval between pulses of 1 second and spectral window of 18,000 Hz. The
peak areas in the microparticles’ ">C spectra were integrated, allowing calculation of the
proportion of each polymer in the developed system [35] [36].

Infrared spectroscopy

The FTIR analyses were performed in attenuated total reflection mode (ATR), in or-
der to identify the main functional groups, using a Thermo Scientific Nicolet™ iS™ 10
FTIR spectrometer, in a scanning range of 4000 - 675 cm™', collection time of 25
seconds, with 128 scans and normal resolution spectrum. The reference material (cali-
bration) used in the ATR analysis was a geranium crystal and the samples were placed
on both sides of the crystal [37] [38].

X-ray diffraction

The X-ray diffraction evaluations of the crystalline structure and dispersion of the
clay in the nanoparticles were carried out at room temperature with a Rigaku Miniflex
X-ray diffractometer, with emission of CuKa radiation (1 = 1.5418 A), 40 KV and 30
mA. The diffraction patterns were collected in a scanning range of 2° < 26 < 30°, for 3
seconds at steps of 0.05° [37] [38].

Differential scanning calorimetry

The miscibility between the PCL and PVAL was evaluated by DSC using a TA In-

KD
+%%, Scientific Research Publishing

579



M. S. de S. de B. Monteiro et al.

struments Q1000 V9.8 Build 296 calorimeter, operating under N, flow of 50 mL/min,
with a heating rate of 10°C/min, in the range from -70°C to 150°C for PCL, from 25°C
to 270°C for PVAL and -70°C to 260°C for the PCL/PVAL microparticles [37].

Scanning electron microscopy

The surface texture and shape of the microparticles were observed by SEM with a
Jeol JSM-5610 LV scanning microscope. The samples were previously sputtered with
gold for 20 seconds (Denton Vacuum Desk II) and the photomicrographs were ob-
tained using voltage of 20 kV and 4000 to 8000 x magnification [11] [12].

Dynamic laser light scattering

The average diameter of the particles was determined after their dispersion in dis-
tilled water at a concentration of 1:1000. The diameter was measured in a Brookhaven
multi-angle particle sizer, with detection angle of 90°, in a quartz cell with 1 cm optical
path, and the data were integrated using the MAS OPTION software [11] [12].

3. Results and Discussion

Nuclear magnetic resonance is a spectroscopy that analyzes the nuclear spin movement
and behavior in the presence of a strong external magnetic field. From this spectrosco-
py it is allowed to analyze different nuclei in a sample, employing a specific sequence of
pulses. The NMR spectroscopy is widely used to study the chemical assignments and
molecular dynamics of various types of materials detected through the intermolecular
interaction, dispersion and the distribution of their components [37]-[39]. The solution
“C NMR spectrum allows identifying the different types of carbon in samples, facili-
tating study of the microstructure of microparticles [40] [41].

The “C NMR solution spectra of PCL, PVAL and microparticles produced are pre-
sented in Figure 1. Analyzing the "C NMR solution spectrum of the PCL, carbonyl

C-OH

CH2
PVAL 0.5 M em D,0

.. |

C-OH }:
PCL / PVAL em DMSO dé

2
CH2
‘ L |l cH2 ch2
| |
PRI SRS y,muu_...u,u.n.‘.....munnummmm._nww‘ Vi \N LMLJLJM.A....A
C

OCH2

A

PCL 80000 em TCE dg CH2 CH2

190 1;0 1;0 1‘60 15'0 14‘0 1:;0 12'0 1‘;0 f‘Ii‘;;:m) 9‘0 Bl‘) 7;] 6'0 5'0 4‘0 3'0 2"1 1'0
Figure 1. NMR spectra of “carbon in solution of the polymers PCL, PVAL and
PCL/PVAL microparticles.
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group presents its chemical shift located at 174 ppm, the OCH, group (I) at 65.2 ppm,
the CH, group (II) at 35.2 ppm, the CH, group (III) at 29.5 ppm, the CH, group (IV) at
26.7 ppm and the CH, group (V) at 25.7 ppm [42]. The spectrum of the PVAL showed
two signals in the one referrer to the C-OH group located at 68.4 ppm and the other
one due to the CH, group at 45.3 ppm [43].

The *C NMR solution spectrum of the microparticles presented peaks characteristic
of both PCL and PVAL. The peaks with chemical shifts at 174 ppm, 35.2 ppm, 29.5
ppm, 26.7 ppm and 25.7 ppm correspond to the carbonyl, CH, group (II), CH, group
(III), CH, group (IV) and CH, group (V) of the PCL, respectively. In turn, the peaks
with chemical shifts located at 68.4 ppm and 45.3 ppm correspond to the C-OH and
CH, PVAL groups, respectively. However, the peaks corresponding to the chemical
shift of the functional groups of the PCL were less intense than the peaks of the PVAL,
due to the lower ratio of PCL in the microparticles.

By integrating the areas under the peaks of the microparticles in the NMR "C spec-
tra, it was possible to confirm the proportion of each polymer in the system, as reported
in Table 1. The proportion of PCL in the system was about 10%, with PVAL making up
the other 90%. All the samples produced presented similar results. The proportion of
each polymer in the systems can be correlated with its thermal properties and with the
processing method used.

DSC Measurments

PCL has a glass transition temperature (Tg) of around —70 °C and melting tempera-
ture (Tm) of about 55°C while PVAL has a Tg near 75°C and Tm of about 150°C, as
can be seen from analyzing the DSC spectra in Figure 2. In the spray drying process,
the incoming air temperature was 110°C, set at this level to promote proper dehydra-
tion of the material. PVAL has a higher melting point than the air temperature used in
the drying process, so it was not in the melted state during the drying process, causing
it to have lower propensity to stick together or adhere to the surfaces of the drying
chamber. In contrast, PCL’s melting point is lower than this air temperature, so it was
in the melted state during the drying process, causing a greater tendency to stick and
form aggregates. This phenomenon explains the higher proportion of PVAL than PCL
in the microparticles, as can be seen from the C spectra obtained by NMR [12] [13].

The DSC analysis Figure 2 was used to determine the miscibility of the polymer sys-
tem developed. While it was not possible to observe the Tg of the PCL due to the limi-
tations of the DSC instrument, the Tg of the pure PVAL was about 72°C. The micro-

Table 1. Chemical shift and area under the peaks of the °C spectra of PCL/PVAL microparticles.
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13C of PCL/PVAL Microparticles Chemical Shift Normalized Peak Area Absolute
CH, (PCL) 36.69 - 16.47 8.34 55,429
CH, (PVAL) 48.53 - 43.08 41.72 277,114
C-OH (PVAL) 73.77 - 61.26 53.28 353,866
C=0(PCL) 174.34 - 168.63 1.00 6642
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——PVAL
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Figure 2. DSC curves for PCL, PVAL and PCL/PVAL microparticles.

particles presented a peak related to melting of the PCL crystals at 54.52°C and a pla-
teau referring to the Tg of the PVAL at 74.85°C. Because of this small change of the Tg,
it was not possible to confirm that interaction occurred between the polymers. Systems
formed of compatible polymers have Tg values that are shifted in relation to the values
of the pure polymers, with this shift being greater than the stronger specific interactions
of each polymer are. Therefore, if an interaction occurred between the polymers, it was
not a strong one, since the shift of the Tg was not significant [44]. Besides this, the Tg
of a miscible mixture depends on the composition of each polymer in the mixture, so a
higher PVAL content in the mixture causes the Tg value of the microparticles to be
more shifted toward the Tg of the pure PVAL.

Infrared Spectroscopy

The FTIR ATR analysis supplies important information, such as the chemical com-
position, configuration and conformational structure [37]. Therefore, we used this
technique to evaluate the chemical groups of the polymers. Figure 3 presents the FTIR
spectrum of the PCL, showing the main absorption bands: in the 500 - 900 cm™" range,
referring to the CH, deformation; 900 - 1000 cm™ range, due to the C-O-C symmetric
deformation; 1000 - 1100 cm™" range, attributed to the C-C deformation; 1100 - 1150
cm™' range, referring to the C-O deformation; at 1168 cm™’, associated with the sym-
metric O-C-O vibration; at 1241 cm™, related to the asymmetric C-O-C vibration; at
1724 cm™', referring to the carbonyl vibration; and at 2931 cm™, attributed to the
asymmetric CH, vibration [43] [45]. In turn, the FTIR spectrum of the PVAL has bands
at 3440 cm™', referring to the stretching of the OH group; 2927 cm™, referring to the
vibration of the -CH, group; 1731 cm™, referring to the -O = C-OR vibration; 1087
cm™, due to the -C-O-C vibrations; and 844 cm™’, referring to the -CH vibration [46].
The FTIR spectrum of the NT-25 exhibits bands at 3625 cm™ and 3402 cm™, referring
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Figure 3. Overlapping infrared spectra of PCL, PVAL, NT-25 clay and mi-
croparticles of PCL/PVAL/UT and PCL/PVAL/NT-25/UT.

to the axial stretching vibrations of the -OH groups of adsorbed water between lamel-
lae, since untreated clays swell more in water, resulting in broadening of the peaks in
question, 1633 cm™', referring to the angular deformation of hydration water, 1004
cm™!, referring to the Si-O-Si bonds and 915 cm™, referring to the octahedral layer of
aluminosilicate [47].

The microparticles produced presented characteristic bands of both PCL and PVAL,
as follows: at 844 cm™', referring to the -CH vibration of PVAL; at 1087 cm™’, due to the
-C-O-C vibration of PVAL, at 1731 cm™, referring to the -O = C-OR vibration of
PVAL; at 3440 cm ™', referring to the stretching of the OH group of PVAL, at 1241 cm™},
related to the asymmetric C-O-C vibration of PCL; and at 2931 cm™, attributed to the
asymmetric CH, vibration of PCL. It was not possible to see any peaks characteristic of
the clay in the PCL/PVAL/NT-25/UT sample, because the clay’s peaks were superim-
posed on those attributed to the vibrations of the PCL and PVAL.

The NMR “C and FTIR techniques showed that the two polymers were present in
the microparticles, because the main functional groups of both were detected in the
samples. The DSC analysis showed only a small variation of the Tg, so it was not possi-
ble to confirm an interaction between the PCL and PVAL. However, Kesel and colla-
borators developed polymer blends of PCL/PVAL, in the form of films, by the solvent
evaporation method. The measurement of spin-lattice relaxation time of the 'H nuc-
leus, using solid-state cross-polarization NMR, demonstrated the occurrence of some
physical interactions between the PCL and PVAL and showed that the polymers were

finally dispersed in the sample and were compatible at a scale of 60 - 90 nm [13].
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X-Ray Diffraction

XRD is one of the leading methods to characterize polymers, because it can supply
information on the crystalline or amorphous state of the material and its structure by
means of the position, shape and intensity of the peaks attributed to the atomic vibra-
tions [37] [38]. Crystals contain ordered arrangements of molecules and atoms, main-
tained in contact by non-covalent interactions, while an amorphous solid is characte-
rized by the disorderly or random state of its molecules [48].

Figure 4 shows the X-ray diffraction pattern, for 26 ranging from 2 to 30°, of the
PCL, PVAL, NT-25 and microparticles. The PCL has a pattern with two reflection
peaks, at 20 = 21.4" and 23.8°, with basal spacing of 0.412 and 0.325 nm, corresponding
to the (110) and (220) of the crystal growth planes, in orthorhombic form [49]. The
PVAL Figure 3 presents an intense reflection peak at 26 = 19.4°, which corresponds to
a basal spacing of 0.457 nm [50]. The diffractograms of the NT-25 clay are presented in
Figure 4 and Figure 5, with interlayer spacing (d 001) equal to 1.51 nm [32].

6000

—pcL
—pvaL
[ NT25®
[__JPCL/PVAUNT-25°UT®
—JrcurvaLut®

[ IPcL/PVAL

5000

4000

3000

I 2000

Intensity (c.p.s)

1000

o

5 10 15 20 25 30
20()

Figure 4. X-ray diffraction patterns of PCL, PVAL, NT-25
clay, and microparticles of PCL/PVAL, PCL/PVAL/UT and
PCL/PVAL/NT-25/UT.
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Figure 5. X-ray diffraction patterns, expanded in the region of
20=01t010°, of PCL, PVAL, NT-25 clay and microparticles of
PCL/PVAL, PCL/PVAL/UT and PCL/PVAL/NT-25/UT.
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The microparticles produced did not present crystallographic planes corresponding
to PCL or PVAL, indicating a loss of crystallinity and the formation of amorphous mi-
croparticles, as can be seen in Figure 4. In the microparticles composed of PCL/PVAL/
NT-25/UT, it was not possible to observe the characteristic peak of clay in the region of
20 = 7.5 (Figure 5), indicating a good dispersion of this nanoload in the polymer ma-
trix. Besides that, in our previous study it was confirmed that the PCL/NT-25 nano-
composite achieved a predominantly intercalated/exfoliated morphology and the ther-
mogravimetric analysis was used to determine the percentage of NT-25 nanoload in-
corporated in the PCL matrix and the following weight fraction were found: 3.27% w/w
[34]. The loss of crystallinity can be attributed to the spray drying process, producing
an amorphous material and this behavior has been observed by various authors in stu-
dies of the use of polymers and their nebulization by spray drying [51]-[53].

As previously mentioned, the clay addition in the polymeric systems, such as nano-
particles, can influence its morphology, crystallinity, and their thermal and rheological
properties. In addition, some studies have reported that the incorporation of high
amount of clay decreased the drug encapsulation efficiency [54]. Others studies dem-
onstrated that polymer molecular motions is hindered, since sodium clay swells to
about 12 times its original volume in water, increasing the viscosity, by the presence of
clay nanoparticles and this behavior is more pronounced at 10 w/w% of clay [55]. The
system viscosity is very relevant when the spay dryer is used; since a large amount of
clay can interfere the system spraying and a low concentration of clay may not be
enough to stabilize the particles.

Dynamic laser light scattering

Dynamic laser light scattering (DLS) analysis supplies information on the diameter
of the particles in suspension, by measurement of the hydrodynamic diameter (Z) ver-
sus volume mean diameter [56]. Figure 6 shows the distribution of the particles” di-
ameters. It can be seen that the microparticles that were not processed in the UT appa-

ratus (PCL/PVAL) have three main populations: the first with mean diameter of 57.6

—— PCL/PVAL/NT25/UT
—— PCL/PVAL/UT
—— PCL/PVAL
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Figure 6. Particle size distribution by DLS: microparticles of

PCL/PVAL, PCL/PVAL/UT and PCL/PVAL/NT-25/UT.
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nm, the second with mean diameter of 185.7 nm and the third with mean diameter of
700.3 nm. However, this third population has greater intensity, indicating it represents
the main part of the sample. The microparticles submitted to UT processing (PCL/
PVAL/UT) have two populations, the first with mean diameter of 66.9 nm and the
second with mean diameter of 578.2 nm, which accounted for the largest portion of the
sample. Finally, the PCL/PVAL microparticles with NT-25 nanoload and processed in
the UT present two populations, the first with mean diameter of 75.8 nm and the
second, which made up the largest part of the sample, with mean diameter of 350.8 nm.

This result was expected and may be related to the use of Ultra-Turrax®, since UT is a
high-performance dispersing machine, which increases the system homogeneity and
causes a greater shearing of emulsions and suspensions, reducing the particle size. In
addition, the PCL/PVAL/NT-25 microparticles showed smaller diameter, indicating
that the NT-25 nanoload might have contributed to this phenomenon, once the NT-25
have an average diameter of 211 nm [57]. This result can be related to the fact that mo-
ntmorillonite clays act as co-emulsifiers, helping the process of forming microparticles
by reducing the interfacial tension and keeping the droplets more dispersed [58]-[61].
Besides this, NT-25 also likely acted as an adjuvant during the spray drying process, by
reducing the tendency of the polymer suspension to adhere to the interior surfaces of
the dryer [62]. The inclusion of clay in this system might have made the suspension
more stable and homogeneous, favoring the emulsion’s passage through the spray dryer
and producing microparticles with smaller diameters.

Although the characteristic peaks of NT-25 clay become superimposed in the FTIR
of PCL/PVAL/NT-25 microparticles, the particle size study by DLS can be a strong in-
dication of the clay presence in the system. Since in the PCL/PVAL/NT-25 micropar-
ticles there was a strong reduction in the size of particles, while all other parameters
remained constants, such as polymers and clay concentration, temperature, solvent,
and production method.

Besides, it may consider that the PCL concentrations, PVAL and clay were suitable
for the microparticles development. However, it is not interesting works with a less
PCL concentration since using the ratio of 50:50 of PCL/PVAL, the percentage of PCL
/PVAL in the system was 10:90. The 3% of clay amount was appropriate, once the for-
mulation was sprayed by spray dryer, reduced the size of microparticles, acting as a sta-
bilizing agent. The complete removal of the solvents was confirmed by FTIR, once the
spectrum did not show any characteristics bands of solvent.

Scanning electron micrography

The SEM analyses Figure 7 indicated the formation of non-spherical microparticles
containing concavities and invaginations. The microparticles’ surfaces were smooth,
without roughness or porosity. This morphology can be attributed to the spray drying
conditions, because this technique relies on high temperature and rapid drying kinetics,
causing high vapor pressure in the droplets. The fact that the drying temperature of the
droplets is higher than the solvent’s boiling point keeps the droplets inflated, generating
particles with hollow and spherical morphology [51]. Besides this, the indication of the
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(a) (b) ()

Figure 7. Photomicrographs by SEM of PCL/PVAL/NT-25/UT (a) PCL/PVAL; (b) and PCL/
PVAL/ UT; (c) respectively.

encapsulating capacity of a polymer is given by the degree of integrity and porosity of
the particles formed. Although the particles produced here had some surface depres-
sions or irregularities, we did not find the occurrence of microfissures and cracks on

their surface, suggesting good capacity to encapsulate active ingredients [63].

4. Conclusion

In this study, we obtained innovative microparticles of PCL/PVAL and PCL/PVAL/
NT-25, using emulsification techniques followed by spray drying. The DSC analysis
showed a small variation in the Tg, but it was not possible to confirm the occurrence of
interaction between the polymers. Besides this, the XRD study showed that amorphous
systems were formed, which was interesting from a technological standpoint, because
this could increase the bioavailability of the drug molecules included in the system. The
nanoparticle, the commercial clay NT-25, helped to reduce the size of the micropar-
ticles formed by acting as a co-emulsifier. The SEM images revealed microparticles with
concave morphology, without surface depressions and irregularities. These systems
have the advantage of being formed by biocompatible and biodegradable polymers,
PCL and PVAL, which have distinct polarities, facilitating the inclusion of both hydro-
philic and hydrophobic active ingredients. Furthermore, it is possible to disperse the

sodium montmorillonite clay, promoting the reduction of the particles size.
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