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APRESENTAGAO

Em “Ampliacdo e Aprofundamento de Conhecimentos nas Areas das
Engenharias” vocés encontrardo dezenove capitulos que demonstram que as
fronteiras nas engenharias continuam sendo ampliadas.

A engenharia aeroespacial brasileira vem realizando muitos estudos para
a melhoria nos processos de construcdao de satélites e temos nesta obra quatro
capitulos demonstrando isso.

Na engenharia elétrica e na computag¢ao temos quatro capitulos demonstrando
empenho no aprofundamento de pesquisas envolvendo temas atuais.

A engenharia de materiais e a engenharia quimica trazem quatro capitulos
com pesquisas na produg¢éo de novos materiais e producdo de medicamentos.

Pesquisas na engenharia de producao temos trés capitulos que demonstram
o empenho na analise de qualidade da producéao industrial.

Os demais capitulos apresentam boas pesquisas em engenharia civil,
engenharia mecéanica e engenharia agricola.

Boa leitural

Franciele Braga Machado Tullio
Lucio Mauro Braga Machado
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CAPITULO 12

THIN PLATE SPLINE INTERPOLATION METHOD
APPLICATION TO PREDICT THE SUNFLOWER OIL
INCORPORATION IN POLY (ACRYLIC ACID)-STARCH
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ABSTRACT: Studies concerning the
development of biomaterials have been
performed in the last years. However, it

is necessary to attempt to the transport
phenomena, specifically absorption of fluids
with healing properties, such as sunflower
oil (SO), in the production of polymeric films
applied to tissue regeneration. In this work,
poly (acrylic acid)-starch films (PAA-S) were
produced in different compositions (weight
percent of starch ranging from 0 to 100 % wt) and
characterized by scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy
(FTIR) and atomic force microscopy (AFM).
The PAA-S films were loaded with SO and
the effect of the films composition on the SO
absorption was evaluated. Thin plate spline
interpolation method (TPSIM) was used to
create a predictive data set, which were fitted by
a polynomial to correlate swelling degree (S,),
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sample composition and time. The sine function was used to fit the mass variation
data as a function of time, for the experimental and predicted compositions. PAA-S
composition affects the morphology, as observed in the SEM and AFM analyses, and
the SO absorption behavior. Oscillations in the S, values were observed, probably, due
to the heterogeneity of the films. The TPSIM was able to predict the films absorption
capability and the sine function fitted properly the mass variation data (R? > 0.99).
KEYWORDS: modeling, transport phenomena, tissue engineering, biocompatible
polymers, polymeric films.

INTRODUCTION

Wound healing is an important and complex process that involves a series
of events, consisting of continuous and overlapping phases, such as hemostasis/
inflammation phase, proliferation phase and remodeling phase fortissue reconstitution
[1, 2]. In the tissue engineering interdisciplinary field, some technologies have been
developed for deep wound healing and reconstruction of injured tissues, in which
the use of biomaterials has been considered [3-5].

Poly (acrylic acid) (PAA), obtained from acrylic acid, is a synthetic and hydrophilic
polymer [6]. In the medical field, it has been used as a gelling agent in medicines
and in the synthesis of hydrogels for the development of drug delivery systems [7,
8]. Moreover, PAA based polymers are mostly used as controlled release tablets,
oral suspensions and bioadhesives for oral and mucosal contact applications [8].
According to their biocompatibilities and functionalities, bioadhesives can be further
divided into two categories, namely external bioadhesives and internal bioadhesives
[9].

Starch is a natural polymer composed of anhydroglucose units, capable of
forming two homopolymers, namely amylose and amylopectin. This material occurs
in granule form in stems, tubers and seeds of different plants, such asrice, corn, potato
and others [8, 10]. It has numerous applications, such as its use in the production
of bags, mulch films, wrapping films, paper laminations, nets, cutlery, flower pots
and boxes. This polymer also has potential for biomedical applications, including
substrates for cell seeding, scaffolds for tissue engineering, bone replacement
implants and drug delivery systems [10—15].

The bioadhesive polymeric films may be used as topical drug delivery systems,
being capable of improving the pharmacotherapy and patient compliances [16].
The use of plant-derived products has increased over the years, especially for the
treatment of wounds [17, 18]. The Dersani® oil, derived from the sunflower seeds,
is composed of triglycerides of capric and caprylic acids, clarified sunflower oil (SO),
lecithin, retinol palmitate, tocopherol acetate and alpha-tocopherol. The linoleic acid,
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a fatty acid, present in the composition of SO, may alter the inflammatory response
and improve the process of tissue restoration, and, due to this fact, it has been used
in the treatment of wounds [19].

Attention has been done to the mathematical modeling of polymer behavior as,
for example, polymer swelling, since this property is very important in drug delivery
systems and in the incorporation of fluids into polymeric matrices. According to
literature, sorption processes for polymer-solvent systems frequently do not conform
to the behavior expected from the classical theory of diffusion [20].

Thin plate interpolation method (TPSIM) provides interpolated values of a
real function and it is highly useful in many applications, such as thermal studies,
medical researches, polymer characterizations and others [21-25]. This method, as
a Generalized Additive Model (GAM), has some advantages, for example, there is
no need of previous knowledge of the functional form of the data [24].

Interpolation may be used for making prediction [26] and may be a good
alternative to predict the effect of materials composition and time in the fluid
incorporation studies and the use of TPSIM in polymer swelling behavior has been
studied by our research group [27] for polymeric systems as, for example, matrices
of polyhydroxybutyrate and chitosan. In this work, it was produced poly (acrylic
acid)-starch (PAA-S) films which were loaded with SO. In this context, swelling is an
alternative for incorporating drugs into the biomaterials and, thus, the specific aims
of this work were:

I. To evaluate the absorption of SO by PAA-S films (by the study of mass
variation as a function of time — experimental data);

II. To apply TPSIM to predict the absorption data increasing the data set (by
the generation of interpolated data based on the experimental values);

[ll. To apply a local model in the obtained data (experimental and interpolated
data), in this work, it was opted for the selection of an equation that allows
periodicity, thus, the sine function was adopted,;

IV. To apply a polynomial fit (p55) to the interpolated data set, to create a
surface that correlates SO absorption, time and composition.
EXPERIMENTAL

Materials

Corn starch (Unilever, Brazil) and PAA (Sigma-Aldrich) (Mv ~ 4,000,000) were
used as raw materials in the production of films.
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Methodology

To prepare the PAA-S films, corn starch and PAA powders were added to water
and heated at 70 °C for 15 min. The resulting mixtures were placed into silicon molds
and were taken to a microwave (Electrolux, Power 1620 W) for 7 minutes. The films
were named according to the compositions: PAA (100 wt % PAA); PAA-S10 (90 wt
% and 10 wt % starch); PAA-S20 (80 wt % and 20 wt % starch); PAA- S40 (60 wt %
and 40 wt % starch); PAA-S70 (30 wt % and 70 wt % starch); PAA-S90 (10 wt % and
90 wt % starch); starch (100 wt % starch).

Scanning Electron Microscopy (SEM)

To analyze the effect of composition in the PAA-S films morphology, the
films (PAA, PAA-S10, PAA-S20, PAA-S40, PAA-S70, PAA-S90 and Starch) were
evaluated using a scanning electron microscope HITACHI, model TM3000 (Japan)
at an acceleration voltage of 15 kV.

Fourier-transform infrared spectroscopy (FTIR)

A chemical analysis of the produced films was carried out using an Infrared
Spectrometer Bruker, model Vertex 7 (EUA) under attenuated total reflectance (ATR)
by recording measurements from 4500 to 500 cm-1.

Swelling Degree Analysis

To determine the PAA-S films swelling degree (SW), the samples were immersed
in SO for 1 hour. The films mass variations were verified at intervals of five minutes.
The swelling degree was calculated using Equation (1).

S, = (Wt _ W")xwo )

Where W, is the weight of the films at time t and W is the initial weight.

Atomic force microscopy

AFM analysis was conducted on the atomic force microscope JPK Instruments,
model Nanowizard (EUA). The films topography was analyzed in intermittent contact
mode using silicon nitride needles (MikroMasch ™ NSC16) mounted on a rod with
a spring constant of 40 N/m and a resonance frequency of 170 kHz. The films were
fixed on double-sided tape and the AFM images were obtained in the air.
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Thin plate spline interpolation method (TPSIM) and polynomial fitting

Thin plate spline interpolation method was used to predict the S, behavior of
PAA-S films and the relation Mi/Me (Equation (2)).

M;  weightatt= i 5
M., _weight att = o )

Where i ranges from 0 to o, with « equal to 60 min.

That is, to estimate/predict values of oil incorporation that lies between
known data points. The 3D data used were: S, (obtained by Equation (1)), sample
composition and time to predict the S, values and, to predict the Mi/M, the data
used were: Mi/M» (obtained by Equation 2), sample composition and time. TPSIM
was applied: (i) using real mass variation data (obtained experimentally) and (ii)
using predicted data while omitting the real mass variation data. The data obtained
in (i) were compared with the data obtained in (ii). For this purpose, data from the
samples PAA-S10, PAA-S20, PAA-S40, PAA-S70, and PAA-S90 were selected.
The experimental values obtained for the 100% starch and 100% PAA films were
maintained as boundary conditions, being part of the data set used in both (i) and (ii).
The data generated in (i) and (ii) were compared and ANOVA was used to evaluate if
there was a significant difference (p <0.05). Although TPSIM provides 3D data, it was
decided to plot the relation Mi/Me versus time for several concentrations (ranging
from 1 to 100%, with intervals of approximately 2%), to compare the experimental
data and the predicted data obtained by TPSIM. TPSIM was applied using the
function thin plate spline on computational software Octave.

Polynomial fit p55 applied to the swelling degree data obtained by TPSIM

A polynomial fit p55, showed in Equation (3), was applied, simultaneously, to
the experimental and the interpolated data, to obtain a 3D surface that correlates
S,,» composition and time [27].

5

f(x,y) = Z ZS: Pmn XY™ (3)

m=0n=0

In this work, f(x,y) is the S, x is the matrices composition (represented by

W’
the starch amount in the sample) and y is the time. According to Equation (3) it is

important to observe the following statements:
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1. If n =0 zero and m > 0, the term of the polynomial (pmn) only depends on
the variable x (composition);

2. If m =0 zero and n > 0, the term of the polynomial (pmn) only depends on
the variable y (time);

3. If n>0 and m > 0, the term of the polynomial (pmn) shows the interaction
between the variables x and y.

Modeling based on the Mi/M~ relation

There are number of kinetic models, which describe the overall mechanism of
diffusion in polymeric matrices. Some empirical models may satisfactorily describe
the experimental data based on theoretical considerations, such as the Power Law
model [20]. In this work, due to the characteristics of the samples and to the curve
behavior of Mi/Me versus time, it was opted for the selection of an equation that
admits periodicity to fit the data. In this case, the sine function was applied (Equation
(4)). It is worth mentioning that the interval, that includes the values of Mi/M, varies
from 0 to 1, which facilitates the application of this function. Although TPSIM provides
3D data (Mi/Me relation, composition and time), it was decided to utilize a 2D fit for
several concentrations (ranging from 1 to 100%, with intervals of approximately 2%),
to establish a function capable of looking at all the selected curves, that is, the mass
variation as a function of time. This 2D fit correlates for each composition, Mi/Me
relation versus time. The Power law model was also applied; however, the function
did not adjust properly to all curves (interpolated and experimental data), thus, the
data obtained will not be presented in this paper.

y = z a;sin(b;x + c;) EY)

i=1

Where a, is the amplitude, b, is the frequency, ¢ is the phase constant for each
sine wave term and n is the number of terms in the series, generally with 1 =n <8
and, in this work, it was used n = 4, because the obtained coefficients for n > 4 were
not significative. This equation is closely related to the Fourier series. The main
difference is that the sum of sines equation includes the phase constant, and does
not include a constant (intercept) term.

RESULTS AND DISCUSSION

PAA-Starch (PAA-S) films were produced in different compositions utilizing a
microwave. The resulting films were characterized chemically and morphologically.
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To evaluate possible chemical interactions between PAA and starch, the starting
materials and the films were analyzed by FTIR (Fig. 1 and Fig. 2) and the respective
bands and assignments may be observed in Table 1.

The large band (Fig. 1) observed between 3000 and 3628 cm-1 is linked to
the O-H stretching of the glyosidic group present in the molecules of starch. These
characteristics peaks are in accordance with literature [28, 29]. The spectrum of
pure PAA (Fig. 1) presented a wide band between 2900 and 3600 cm-1 and a
band between 3100 and 2800 cm-1. These bands are related, respectively, to O-H
stretching vibration of carbonyl groups and to CH2 and CH stretching vibration. The
presence of remained water from the films production process, in the PAA films, may
have affected the bands shape on the wavenumber ranging from 3500 to 2800 cm-1
[29]. The FTIR spectrum of PAA is also in accordance with literature [28—-30].

Fig. 2 shows FTIR spectra of PAA-S films. The spectra show characteristics of
both polymers, PAA and starch. However, it is important to note that in the spectra
where the PAA concentration was higher (PAA-S10, PAA-S20, PAA-S40), PAA
characteristic bands probably overlapped those attributed to starch. Similarly, it was
observed, for PAA-S60, PAA-S70 and PAA-S90 samples, which contain more starch
than PAA, that starch bands overlapped PAA bands.

The band at 2925 cm-1, characteristic of starch CH groups is present in the
blends where the starch concentration is higher. In the case of the samples with
higher PAA concentration, this band was overlapped. There was an increase in the
characteristic peak of C = O bonds in the samples with the highest concentration of
PAA. In the sample containing the highest starch concentration, it was possible to
identify the profiles corresponding to C = O (1690 cm-1) interaction of PAA and OH
(1640 cm-1) of starch, which was not possible in the other concentrations (PAA-S90,
PAA-S70, PAA-S60), since these bands merged. Similar behavior was observed by
Bin-Dahman et al. [29], that prepared PAA and corn starch blends by using solution
mixing and casting method. They attributed this to the nature of interaction between
PAA and starch via hydrogen bonding.

Fig. 3 shows SEM images of the following films: 100% PAA, PAA-S10,
PAA-S20, PAA-S40, PAA-S70, PAA-S90 and 100% starch. It is possible to see that
the films morphology was affected by composition (see the arrows in Fig. 3) and a
heterogeneous surface was formed for the PAA-S10, PAA-S20, PAA-S40, PAA-S60,
PAA-S70 and PAA-S90 samples, due, probably, to the partial miscibility of PAA and
starch, as also observed by Bin-dahman et al. [29]. Similar result was observed by
Bardajee et al. [28], where the morphology and composition of the optimized hydrogel
were altered according to the different amounts of PAA and starch. This behavior
was also observed in the synthesis of thin films of PAA hybrid nanocomposites with
starch nanocomposites as packaging materials reported by Sethy et al. [31], where
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starch flaxes were accommodated in the PAA network and micropores were noticed
on the surface of the copolymer matrix.

The SEMimages (Fig. 3) suggest that a heterogeneous surface was formed. This
result is more clearly observed for the PAA-S20 and PAA-S60 samples. Therefore,
AFM analysis of PAA-S20 was performed and the result is shown in Fig. 4. The AFM
images corroborate the SEM results, since it is possible to see in the same sample
(PAA-S20) regions with different morphologies. Rounded and elongated structures
inserted in a smoothed surface can be observed, probably due to the interactions
between PAA and starch.

Literature fails to provide papers where AFM analysis is used to evaluate films
made of PAA and starch. However, it was found papers that used AFM to analyze
starch-based films and PAA-based films separately, as in the work of Fazeli et al.
[32], which starch-based composite films reinforced by cellulose nanofibers were
prepared and characterized. It was observed that the surface roughness of the
reinforced film was lower when compared to the pure film, showing that the addition
of the cellulose nanofibers altered the morphology of the starch-based film. A similar
result was observed by Vebber et al. [33] in the production of PAA, poly (allylamine
hydrochloride) and titanium dioxide self-thinning films for the photo oxidation of
ibuprofen, where changes in morphology were observed in the topography obtained
by AFM.

The 100% PAA, PAA-S10, PAA-S20, PAA-S40, PAA-S60, PAA-S70, PAA-S90
and 100% starch samples were immersed in SO and the S, values were obtained
by Equation (1). Thus, in order to increase the data set, TPSIM was applied. Fig. 5
shows a data set composed of S, values (obtained experimentally) and predicted
S,, values (obtained by interpolation). It was observed that the S, values (Fig. 5)
fluctuate according to the composition of the films. In addition, it was also observed,
for all studied compositions, that S, oscillations occurred as a function of time.

The morphology analysis of PAA-S films as well as the FTIR study showed that
the films present characteristics of pure materials and these are strongly influenced
by the concentration. According to the FTIR analyses, there is remained water in
the films with greater amount of PAA. Nevertheless, PAA is more polar than starch,
which may explain the fact that samples containing more starch absorbed more oil.
In Fig. 5, it is possible to understand that there is a more pronounced inflection in
the central region of the image (the absorption tends to be at a minimum) and this
region is further from the borders, which correspond to the pure materials. This
inflection may be correlated to the fact that PAA and starch swelling differ from
each other, which may promote the compression of the starch phase and the
PAA-S phase, characterized by the negative mass variation, in comparison with
the studied interval, although swelling occurs at time zero. The highest absorption
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results for SO were obtained by the samples with the highest amount of starch in its
composition, however, the data obtained also show that there was an oscillation in
the S, values when comparing samples with different compositions, probably due
to the heterogeneities present in the samples, as observed in the SEM and AFM
analyses (Fig. 3 and Fig. 4).

The polynomial fit (p55) (Equation (3)) was used to investigate the contribution
of time (y) and composition (referred as the mass percentage of starch in the sample,
X) in S, values. In this polynomial, there is the contribution of concentration, time
and also the interaction between these two variables. The coefficients obtained for
this polynomial may be observed in Table 2 and they represent the fitted surface
obtained for the swelling in SO (Fig. 6). It is possible to note in Fig. 6 and in Table
2 (based on the polynomial coefficients) that S, is strongly related to composition
and to the exposure time of samples to SO. It is important to clarify that not all of the
polynomial terms were presented in Table 2, due to the fact that the omitted terms
are practically null and do not significantly contribute to the final y value.

Bin-Dahman et al. [29] evaluated the S, of PAA-S blends in water and found
out that the higher the amount of PAA in the sample, the greater the S,,. A similar
result was observed by Badajee et al. [28], since the S, of PAA-S based films,
developed in their work, increased with the increasing amount of acrylic acid present
in the film. If the swelling in water is favored by increasing the proportion of PAA it is
common to expect a different behavior in oil, as observed in the present work. This
result is due to the polarity difference between the two fluids (oil and water) and the
high hydrophilicity of PAA, suggesting that starch probably has greater affinity for the
SO when compared to PAA.

TPSIM was also applied to evaluate the variation of Mi/Me and the result is
presented in Fig. 7. It was possible to observe that Mi/Me~ was also affected by
samples composition. In order to reinforce the applicability of TPSIM to predict the
behavior of PAA-S films, in the present work, this method was applied to different
data sets. That is, the data set provided by the interpolation was reduced and the
comparison between the predicted and experimental points may be observed in
Fig. 8. Even with the reduction of the experimental data set, the surfaces generated
by TPSIM presented similar behaviors, which corroborates the application of this
method for data prediction.

The statistical analysis, ANOVA, was performed to evaluate the data presented
in Fig. 8. Thus, the obtained values for the following samples were compared:
PAA-S90, PAA-S70, PAA-S60, PAA-S40, PAA-S20 and PAA-S10. Statistical analysis
showed that for these samples there was not a significant difference when comparing
real and predicted data, which reinforce the TPSIM application in the analysis of PAA

and starch films behavior (p<0.05).
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The analysis of the curves obtained by TPSIM shows that Sw (Fig. 5) and the
Mi/Me relation (Fig. 7) vary with time. Also, evaluating the effect of time it is possible
to observe an oscillation when t tends to 55. This result was already expected when
considering the characteristics of the samples, such as anisotropy, morphological
differences and inter and intramolecular interactions. All these characteristics are
heavily influenced by composition. In fact, the observed oscillations in the behavior
of the curves reflect the effect of the variable time in the fluid absorption by the
sample, as observed in the TPSIM.

The sine function was applied to fit the Mi/Me curves. This function was able to
fit the experimental and predicted data, with R2 > 0.99. The obtained coefficients (a,
b, and ¢ ) for some compositions of the films are shown in Fig. 9, Fig. 10 and Fig. 11,
respectively. Regarding the terms of the sine series: a, is related to composition and
it is associated with the swelling capability of the samples (Fig. 9). The b, coefficient
is a direct multiplier of composition and its values varied from 0 to 0.45, increasing
proportionally to the increase of i, while the terms in the series tend to decrease.

The c, terms, which also contribute to the sum, were negative for some
compositions and posi-tive for others, contributing to the oscillatory behavior of the
fluid incorporation. The function behavior, as well as the experimental and predicted
data, showed the absorption capacity and suggested that fluid loss occurred due to
compression of the chains. Thus, this function may be applied as a local model to
describe the behavior of SO absorption by PAA-S films. In this context, anisotropic
media have different diffusion properties in different directions, as in the case of
polymer films. As observed in the morphological analysis presented in this work,
the morphology of the samples is strongly affected by composition. This behavior is
reflected in the coefficient values of the sine function, which confirms the non-linear
behavior of the SO absorption by PAA-S films.

CONCLUSION

PAA-S films were successfully obtained by a microwave. FTIR analyses
showed that the functional groups of the polymers were preserved. The morphology
of the films was affected by the films composition as evidenced by SEM and AFM
analyses. The TPSIM was able to predict the swelling behavior of the films and it
was possible to see that the oil absorption ca-pacity of the films was also affected
by composition, since the greater swelling degree values were obtained for the films
with the highest amounts of starch. This fact suggests that starch has better affinity
with SO when compared to PAA, although there was a variation in the data, as seen
in the fitted surface, probably, due to the heterogeneities present in the samples.
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The sine function was able to fit the data for all compositions (R2 >0,99), because it
was able to fit the oscillations that occurred as a function of time.
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Fig. 3 SEM images of PAA-S films: PAA-S90, PAA-S70, PAA-S60, PAA-S40, PAA-S20 and
PAA-S10.
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Fig. 9 Values of coefficients ai, obtained by the sine-function fit.
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Fig. 10 Values of coefficients bi, obtained by the sine-function.
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Fig. 11 Values of coefficients ci, obtained by the sine-function.

Band positions Band positions

starch[cm] Assignments PAA [cm'] Assignments
3000-3628 “OH S"etcr;:‘gugf glycosidic 2900-3600 -OH stretching
2925 CH stretching 2931 CH or CH,
stretching
1640 -OH bend of absorbed water 1690 C=0 stretching
1082-1160 C-0 stretching in C-O-H 1453 CH, deformation
groups
990 C-O stretching in C-O-C 1414 C-O stretching
bending of a-1,4-glycosidic bond coupled with O-H

Table 1 FTIR bands of starch and PAA.

Coefficients Value Coefficients Value
p00 -2.207 p31 0.07111
p10 21.22 p22 -0.000379
pO1 0.03813 p13 -0.0002123
p20 -17.35 p04 0.0001008
pii 0.9659 p50 0.03999
p02 0.06812 p41 -0.003976
p30 5.699 p32 2.88e-05
p21 -0.438 p23 1.54e-06
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pi12 0.0101 pl14 1.391e-06
p03 -0.004728 p05 -6.454e-07
p40 -0.7992 - -

Table 2 Coefficients resulting of the polynomial fit p55 presented in Equation (3).
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