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Resumen

La ingenieria tisular es el campo donde se aplican células, en combinacién con
biomateriales que induzcan a la proliferacion de estas, con el fin de regenerar distintos
tipos de tejidos en un organismo. En la actualidad, distintos biomateriales citocompatibles
han sido desarrollados para esta aplicacion; sin embargo, en Ecuador no se producen este
tipo de materiales. Una alternativa viable es el uso de material lignocelulésico, para la
produccién de este tipo de biomateriales, que puede ser encontrado en desechos
agroindustriales, debido a la alta biocompatibilidad de la celulosa. En base a esto, el
presente estudio busca el aprovechamiento de residuos provenientes de la mazorca de
cacao tipo CCN-51, muy abundante en Ecuador, para la produccion de andamios porosos
mediante tratamientos alcalinos aplicando un disefio de superficie de respuesta (Central
Composite Designs). Los andamios se produjeron mediante un ataque alcalino con
NaOH, variando distintas condiciones de operacion tales como la concentracion del
reactivo, concentracion de biomasa, tiempo de operacion, temperatura, y dimensiones del
mesocarpio para generar un modelo de prediccion a traves de la implementacion un
disefio central compuesto (CCD). Se determind que la temperatura y concentracion de
NaOH fueron las variables mas influyentes del modelo. El analisis CCD permitié predecir
parcialmente el comportamiento de cada variable de salida (contenido de lignina,
celulosa, cenizas y rendimiento) con respecto a las variables de entrada antes
mencionadas. Se obtuvieron valores maximos de rendimiento y contenido de celulosa de
7.91% y 63.77%, respectivamente. Un andlisis fisicoquimico mediante microscopia
electrénica de barrido (SEM), termogravimetria, y espectroscopia de transmision de
infrarrojo con transformada de Fourier (FTIR), demostré cambios morfoldgicos y
estructurales importantes dependientes de la composicion del andamio.

Palabras clave: lignocelulosa, cacao, andamio, CCN-51, disefio central compuesto.



Abstract

Tissue engineering is the area where cells are applied in combination with biomaterials
that induce the proliferation of these cells, in order to regenerate different types of tissues
in an organism. Different cytocompatible biomaterials have been developed for this
application; however, there is no production of this type of materials in Ecuador. A viable
alternative, to produce biomaterials that help to cellular regeneration, is the use of
lignocellulosic material which can be found in agroindustrial waste, due to its high
biocompatibility. Based on this, the present study evaluates the use of waste from the
cacao shell type CCN-51, which is very abundant in Ecuador, for the production of porous
scaffolds by alkaline treatments applying a response surface design (Central Composite
Designs). Scaffolds were produced by means of an alkaline attack using NaOH, varying
operating conditions such as reactant concentration, biomass concentration, operating
time, temperature, and mesocarp dimensions to generate a prediction model through the
implementation of a central composite design (CCD). It was found that temperature and
NaOH concentration were the most influential variables in the model. The CCD analysis
allowed to partially predict the behavior of each output variable (lignin content, cellulose,
ash and yield) with respect to the input variables mentioned before, obtaining maximum
values of vyield and cellulose content of 7.91% and 63.77%, respectively. A
physicochemical analysis by scanning electron microscopy (SEM), thermogravimetry,
and infrared transmission spectroscopy with Fourier transform (FTIR) showed important
morphological and structural changes depending on the composition of the scaffold.

Key words: lignocellulose, cocoa, scaffolding, CCN-51, composite central design.



Generation of porous scaffolds from cocoa’s mesocarp for biomedical

applications using surface response methodology.
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1 Introduction

Tissue engineering is the area where cells and an extracellular matrix secreted by them
are applied in combination with biomaterials in order to regenerate different types of
tissues in an organism [1]. A large number of people throughout the world require the
supply of organ and tissue transplants. Over time, the demand for transplants will continue
to grow as the population increases, encouraging tissue engineering to innovate and
develop more ways to induce and conduct tissue regeneration to replace organ and tissue

transplants [2].

Biomaterials are very important within the area of tissue engineering because they are
used as scaffolding which serve as a basis for tissue growth. These can be modeled in 2
or 3 dimensions, according to the requirements [3], [4]. In order for biomaterials to be
applied and give favorable results, they should possess some characteristics such as
appropriate mechanical support, biocompatibility, and biodegradability [5]. Biomaterials
can be classified according to their nature as synthetic (i.e. metals, ceramics, polymers
and plastics), or natural biomaterials such as protein fibers and composite materials (i.e.

lignocellulosic materials) [6].

Lignocellulose is the main component of plant cell walls; it is produced from the process
of photosynthesis, which creates a source rich in carbon, consisting of three main
components: cellulose, hemicellulose, and lignin [7]. This material is useful as a source
of energy and production of new biodegradable materials. Cellulose and lignin content in
this kind of material are the most abundant sources of carbon in nature since these
structures contain many carbon-carbon and carbon-oxygen bonds which help improve the

molecular interactions of different cellular components [8]. These materials show



morphological similarities to human tissues; due to this, some studies have already been
carried out to produce structured compounds, at nano and larger scales, for their use in
tissue regeneration of bones, cartilages [9], and cardiac muscles, or for production of
structures for drug-delivery within the body [10]-[13]. lignocellulosic materials are
widely available since these are often generated as by-products or waste in several
production processes in the agroindustry. Furthermore, because of the depletion of
petroleum-based resources, the use of renewable feedstock to produce materials has also
been sought such as: carbon fibers from lignin, bioethanol from cellulose and
hemicellulose, and the development of new biomaterials based on lignocellulosic

structures [14].

Lignocellulosic biomass can represent up to 90 [%w/w] of the overall agro-industrial
waste [15], and it is currently used in a wide range of applications following different
types chemical, biological or physical treatments to improve material properties [16].
Some of the most widely studied sources lignocellulosic materials include wood [14], rice

husk, sugarcane bagasse, banana peel, peel of citrus fruits, bagasse and cocoa shell [16].

Ecuador is one of the most important producers and exporters of fine aroma cacao in the
world, with 327 000 hectares of cultivation throughout the country; this variety is highly
valued in the international market for its unique organoleptic characteristics. However,
this high-quality cacao has been gradually replaced by the production of cacao CCN-51
(“clon cacao nacional 517), which is currently about double that of fine aroma cacao. Its
production in Ecuador is in the range of 200-300 [kg/hectare] which represent a big
production amount. CCN-51 cacao also generates wastes that represent approximately 2
million [tons/year] in the country [17], which are used as fertilizer or animal feed [18].
This lignocellulosic residue could be very useful as raw material for scaffolds production,

because it is a new application with many advantages as biodegradable material, due to
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the high levels of biocompatibility for the components present in its structure

(hemicellulose, lignin and cellulose) [19].

Heredia et al (2014), carried out different studies with cacao mesocarp, applying different
types of chemical treatments (acid, alkaline and neutral) to obtain porous structures that
could serve as scaffolds. The results showed that alkaline treatment was the most
favorable treatment for the delignification of the mesocarp because it reduced lignin
content while maintaining high levels of cellulose in the structures. On the other hand her
analysis by Scanning electron microscopy (SEM) also showed a favorable morphology
in the scaffolds produced by alkaline treatment due to the greater degree of porosity.
Furthermore, through mesenchymal stem cell cultures, it was demonstrated that the
materials were cytocompatible [20]. However, the study did not evaluate the effect of

varying the conditions of the alkaline treatment.

Based on this, the present study aims to use the mesocarp of the cacao pod shell to produce
scaffolds by alkaline treatment through central composite design, varying different
operating conditions such as reagent concentration, biomass concentration, treatment
time, temperature, and mesocarp thickness size to it can be applied to medicine and at the

same time give an added value to a material that until now is considered as waste.
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2 Materials and methods

2.1 Preparation of the scaffolds
2.1.1 Gathering of cacao pod shell.

Healthy pod shells from cacao CCN-51 type cacao in the same state of maturation were
used to produce the porous scaffolds. The shell is divided into three distinct sections, as

seen in figure 1 these are:

- The endocarp, which is the internal section of the pod, formed by woody tissue [21].

- The mesocarp is the middle section which has a characteristic yellow, fleshy
structure, and is formed by parenchyma tissue.

- The exocarp, the outer section of the shell, can be yellow, green, red or purple, and

is composed by epidermal tissues [21].

Once the cacao pods for samples were selected, the shell was separated from the
seeds, and then the mesocarp was manually separated from the other shell layers. Due
to the lack of a defined maturation scale, this was estimated based on appearance of
the pod such as color, texture and shells, without visible signs of disease or

overmaturation [22].
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Exocarp
Mesocarp

Cacao seeds

Endocarp

Figure 1. Internal structure of the cacao pod.

2.1.2 Isolation of the mesocarp from cacao pod shells

The shell was cut in long sections (figure 2), and the mesocarp was separated from the
endocarp and the exocarp. Samples were obtained cutting the mesocarp in uniform disks

of 5 [mm] in diameter with a cork borer.

Figure 2. Generation of cocoa mesocarp samples.
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2.1.3 Scaffold production by different types of chemical treatment

To corroborate the information provided by Heredia [20], scaffolds were obtained under
different chemical treatments. In the case of the alkaline treatment, it was carried out
0.1M with sodium hydroxide (NaOH); acid treatment was carried out with 0.1M
hydrochloric acid (HCI), and distilled water (H20) was used for the neutral treatment. All

treatments were applied at 25°C for 24[h].

2.1.4 Statistical analysis

In this statistical analysis, 2 initial hypotheses are proposed:

Null hypothesis, which describe that all the averages of factors are equal.

H1 = Hz = U3 ... (1)

Alternative hypothesis, which describes that at least some average is different.

Based on this, p is used as the probability value with a confidence level of 95% = 0.05. If
p <0.05, null hypothesis is rejected, and the alternative hypothesis is accepted, but if p>

0.05 null hypothesis cannot be rejected [23].

The scaffolds for each of the condition sets defined previously were analyzed. one-way
analysis of variance (ANOVA) using the software MiniTab 17 was performed along with
Tukey pair comparison with a 95% confidence level (p<0.05) to determine significant

differences between samples treated with different conditions [24], [25].

2.1.5 Design of experiments

2.1.5.1 Central composite design (CCD)
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The central composite design (CCD) is one of the most common experimental methods
used for the design of a response surface, which generates a mathematical model that can
be used to predict values of analyzed variables. The predicted values can then be used for
process improvement and optimization.[26]. CCD uses statistical methods based on a
multivariable nonlinear model [27]. It helps to minimize the number of experiments and
maximize the production process of scaffolds with high cellulose content and low lignin
content [28]. To carry out the experimental model and the design of the response surface
of the system, JMP Pro® statistical analysis software was used. Table 1 shows the
independent variables that were considered, and their defined limits used to generate the

model:

- Biomass concentration [%w/v]: this variable represents the relationship
between mass of mesocarp in 100 [ml] of (NaOH) solution.

- NaOH concentration [M]: this variable represents the concentration of the
NaOH solution used for the alkaline treatment.

- Treatment time [h]: represents the duration of each treatment.

- Treatment temperature [°C]: the temperature at which the alkaline treatment
was applied.

- Mesocarp sample thickness [mm]: while diameter was kept constant at 5[mm],

sample thickness was varied.

In table 1, Alphas (o) represent maximum and minimum limits of each input variable,
that will be used to generate the different set of experiments (29 experiments). Central
points are defined by column 0; in this case, the model will consist of 3 central points,
and the variability on these points will represent the same variability throughout the

entire surface.
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Table 1. Description of different factors and limits established for the design of
experiments,with 3 central points and no replicates,

Factor/Input Variable Levels
-q, 0 o
Biomass concentration [Y%ow/v] 5 10 15
NaOH concentration [M] 0.1 0.55 1
Treatment time [h] 4 14 24
Treatment temperature [°C| 25 375 50
Sample thickness [mm] 3 6.5 10

Each treatment was carried out following similar procedures. A general procedure

consists of the following steps:

1. Cutting the mesocarp samples with 5 [mm] diameter and a thickness between 3
and 10 [mm].

2. Weighing the samples to achieve the desired biomass concentration in a NaOH
solution of desired concentration.

3. Applying heat at a defined temperature between 25-50, under stirring (100 rpm),
for the corresponding time.

4. Washing thoroughly with distilled water until pH neutralizes.

2.1.6 Bleaching and lyophilization of scaffolds.

After each treatment, a whitening process was performed submerging samples in 1 [%v/v]
sodium hypochlorite solution. Bleaching was done because the NaOH treated samples
presented dark coloration, which could potentially prevent a good visualization of cell
growth inside of the scaffolds [29], [30] that could hinder further studies, this component
does not produce structural changes in the scaffolds, because it is used in low
concentrations and the only effect that produce is the bleaching of antioxidants present in

the scaffolds. Once the bleaching was completed, samples were thoroughly washed with
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distilled water to remove the excess of sodium hypochlorite. Subsequently, the samples

were frozen and lyophilized.

2.2 Physical and Chemical characterization.
2.2.1 Determination of yield process production (YPP)

To determine the yield process production, was used the standard AOAC 934.01 [31],
first the mesocarp samples were weighed before applying the treatment and after

Iyophilization. (YPP) was calculated through equation 1.

Wr [g]

Percentage of (YPP) = TATT
i

x 100 % 2)

Where, W represents the final weight after lyophilization and Wi represents the weight

of the mesocarp samples prior treatment.

2.2.2 Total ashes

The total ash content represents the amount of inorganic material [20] present in the
scaffolds. Ash content such as magnesium, potassium and calcium salts. To determinate
ash content method AOAC 942.05 was used, where 1[g] of dry sample was weighed and
put into a clean crucible. Then, the sample was calcinated in a muffle at 550 [°C] for 8
[h], and the final weight was registered [31]. Ash content was calculated based on

equation 2.

| 100 % 3)

Percentage of total ash =

Where W_, represents the weight of calcinated sample, W, represents the weight of empty

crucible and W, represents the weight of dry sample.
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2.2.3 Lignin content

The lignin content was determinate using the standard AOAC 973.18, 1 [g] of dry sample
was mixed with 15[ml] of 72 [%v/v] sulfuric acid (H2SO4) and subjected to constant
stirring at room temperature for 2 [h]. The mixture was then heated in a reflux system at
100 [°C] with 125 [ml] of distilled water for 4 [h]. Afterwards, the sample was filtered,
washed, and dried, to finally register the final weight of the sample [31]. Sulfuric acid
solubilizes protein complexes by heating and hydrolyzes the cellulose present in the

sample [32]. Equation 3 was used to calculate lignin content.

Wr [g]
W; [g]

Where Wt and Wi represent the final and initial sample, respectively.

Percentage of lignin content = x 100 % 4

2.2.4 Cellulose content

The cellulose content was determined through the methodology proposed by Dominguez
et al [33]. First, 1 [g] of dry sample was put into a volumetric balloon with 15 [ml] of
acetic acid 80 [%vV/v] concentration and 1.5 [ml] of nitric acid 68 [%V/v] concentration;
then the mix was put in reflux during 20 [min]; the sample was later washed, filtered and
dried at 105 [°C] for 24 [h]. A final calcination was carried out at 550 [°C] for 8[h] [33].
In this case the mixture of acetic acid and nitric acid solubilizes the proteins, lignin, lipids
and hemicellulose leaving the cellulose content in the sample intact [34]. Equation 4 was

used to calculate the cellulose content in the sample.

(material A)[g] — (material B) [g]
Percent of Cellulose content = — - x100% (5)
initial weight sample [g]

Where the material A represents the dry sample mass and the material B represents the

calcined sample mass.
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2.2.5 Humidity

Humidity represent the amount of water or other liquids present in a sample [35]. To
determine the percentage of humidity, atandard AOAC 934.01 was used. Briefly,1[g] of
cocoa mesocarp was put in crucibles, to be dried in an oven at 105 [°C] until remains
constant with a Aw% of 5% between each measurement. [31][36] . Humidity was

determined by equation 5.

. water content [g]
Percentage of Humidity = Mi ] x 100% (6)

Where the water content represents the difference between the initial and final mass of

the sample and M; represents the initial mass of the sample.

2.2.6 Scanning electron microscopy (SEM)

Different scaffolds were chosen for analysis of their morphology based on their contents
of lignin and cellulose (3 central points and 3 random points). These were observed with
a JEOL JSM-IT300 scanning electron microscope, using MP-96040EXCS External
Control Software program. The conditions used for the analysis of the scaffolds were a

pressure of 50[Pa] and a current of 5[kv].

2.2.7 Thermogravimetric analysis (TGA)

The thermogravimetric analysis is commonly used for the characterization of
lignocellulosic biomass; over time, this technique has also been applied for the
characterization of other types of materials as ceramics, plastics, crystals or metals to
identify or measure the physical and chemical changes [37]. This analysis is based on the
thermal decomposition of the sample along with temperature variations during a defined

period of time and is used to know the thermal stability conditions of the material [38].



19

The scaffolds were analyzed to observe the degradation behavior of the main compounds
in the lignocellulosic material (cellulose, lignin, hemicellulose) by the TGA-50
thermogravimetric analyzer in a temperature range between 19 and 500 [°C], on nitrogen

atmosphere and temperature rate of 10 [°C/min].
2.2.8 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra of chosen scaffolds were obtained in a wavenumber range between 600
and 4000 [cm™] using a Fourier Transform Infrared Spectrometer (FTIR) equipped with
a Smart iTR module with Attenuated Total Reflectance (ATR), with the software

Microlab PC.

3 Results and discussions

3.1 Physical-chemical characterization of raw material and basic, acid and
neutral treatment.

First, the percentage of humidity of the raw material was measured, and it was measured
that the loss of water with respect to the initial mass of the sample was (88.92+ 0.28)

[Yow/w].

Furthermore, YPP for each treatment was obtained. As it can be seen in figure 3, the
alkaline treatment had a YPP of 4.52% the acid treatment a value of 5.66%, and the

neutral treatment a value of 5.13%.
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Figure 3. YPP of each treatment applied to the mesocarp, acid treatment presents the
highest YPP (analysis without repetitions).

Alkaline treatment, presented the lowest YPP due to the greater amount of digestion and
solubilization of lignin and hemicellulose of the structure of the scaffolds, as it has been
reported for other types of lignocellulosic materials [33]. Figure 4 shows the levels of
lignin content in the scaffolds produced with each treatment and the raw material, where
the following results were obtained: the alkaline treatment presented the lowest lignin
content, with a value of (3.79+1.45) [%w/w], on the other hand, acid treatment presented

the highest lignin content, with a value of (29.18+5.03) [Yow/w].
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Figure 4. Effect of different treatments (alkaline, acid and neutral) on the content of
lignin on scaffolds obtained from the mesocarp of cacao CCN-51 pod shell. Bars with
the same letter represent the treatments with no significant differences, while different

letters represent treatments that were significantly different (p<0.05).

In this analysis, it is shown that the alkaline and neutral treatments produced the samples
with the lowest lignin content ((3.79+1.45) and (9.21+0.26) [%w/w], respectively).
Lignin removal is very important in the production of scaffolds, because it presents a
lower degree of cytocompatibility compared to cellulose [39], [40]. It is due to this fact
that the alkaline and neutral treatments so far, were those that presented the best results
to produce the porous structures. Especially for fibroblasts cells, the lignin content at high
concentrations can sometimes produce cytotoxicity; however, it is not an advantage to
completely eliminate this compound, since with the decrease of the amount of lignin the

material loses traction resistance.

The results for the cellulose content in the different scaffolds and in the raw untreated
material are shown in figure 5, It can be seen that the similar cellulose content between
alkaline treatment, acid treatment and raw material, but in this case neutral treatment

presented the lowest cellulose content, with a value of (50.90£2.77) [%w/w].
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Figure 5. Effect of different treatments (alkaline, acid and neutral) on the content of
cellulose on scaffolds obtained from the mesocarp of cacao CCN-51 pod shell. Bars
with the same letter represent the treatments with no significant differences, while
different letters represent treatments that were significantly different (p<0.05).

In this case, the alkaline, acid and neutral treatments were statistically equal, with values
around 58 and 64%. However, the alkaline treatment a greater cellulose content compared
to the neutral and the raw material. Thus, it can be said that the alkaline treatment

continues to be the best option to produce the scaffolds.

Figure 6 shows the ash content after the different treatments applied, compared to the

raw material.
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Figure 6. Effect of different treatments (alkaline, acid and neutral) on the ash content
on scaffolds obtained from the mesocarp of cacao CCN-51 pod shell. Bars with the
same letter represent the treatments with no significant differences, while different

letters represent treatments that were significantly different (p<0.05).

The highest ash content was found with the neutral treatment with (19.65+031) [Y%ow/w],
and the lowest with the acid treatment with (6.95+12) [%w/w], which indicates that the
neutral treatment yielded higher amounts of inorganic material in the form of carbonates,
oxalates, silica and metals [41]. The organic and inorganic compounds present useful
properties for the structuring of a new material that serves as a base of cell proliferation.
Inorganic compounds is considered as a bioactive material, on this and many other cases,
are not to be completely removed because they provides high profiles of degradation and

mechanical support to the scaffold [42].

Based on the results, this treatment presented lower levels of lignin and high levels of
cellulose [43] which could potentially improve scaffold biocompatibility the alkaline
treatment was selected for a more detailed analysis. Although lignin has a lower degree
of biocompatibility [44] as it was discussed before, it is not advisable to completely
remove this compound from the scaffolding given that lignin provides support and

stability to three dimensional structures [45].



24
3.2 Central composite design.

The results obtained for the different experiments generated by the JMP software,
according to the limits established in table 1, are shown in table 2. This Face Centered
(CCF) Central Composite design (DOE) was made up of 29 formulations non-replicated
and 3 central points; this methodology assumes that the variation of the entire surface is

the same as that of the central point.

Table 1. Results for the DOE used to study the production of lignocellulosic scaffolds
through the alkaline treatment of cacao pod shell mesocarp.

Biomass | NaOH

Time = Temp. Thickness YPP  Cellulose Lignin = Ashes
# Conc. Conc.

[%6WHv] [M] [h] [°C] [mm] [%] | [YowW] 96 wiw] [% wiw]
1 | 15.00 1.00 4.00 = 50.00 10.00 5.48 5475 | 3373 | 17.46
2 1500 1.00 4.00 = 25.00 3.00 8.92 55.63 | 32.99 = 16.99
3 10.00 055 | 24.00 3750 6.50 6.21 49.82 | 2438 | 2254
4 10.00 055 | 1400 37.50 10.00 4.52 4930 | 2092 @ 24.26
5 5.00 0.10 4.00 = 25.00 3.00 10.74 = 4578 | 2202 | 16.34
6  10.00 055 | 14.00 3750 3.00 7.22 5416 | 27.93 @ 21.66
7 5.00 1.00 4.00 = 50.00 3.00 4.81 4797 | 2407 | 20.84
8 5.00 1.00 | 24.00 @ 50.00 10.00 1.22 42.76 15.22 = 19.51
9  15.00 0.10 | 2400 25.00 3.00 5.27 4798 | 2646 = 20.63
10  15.00 0.10 4.00 = 50.00 3.00 3.82 56.30 = 21.80 @ 12.39
11 15.00 055 | 14.00 3750 6.50 6.87 5556 | 2519 | 20.48
12 10.00 055  14.00 37.50 6.50 4.01 58.97 1347  20.47
13 15.00 0.10 4.00 = 25.00 10.00 6.19 59.24 18.62 = 20.29
14 10.00 0.10 | 1400 37.50 6.50 5.85 52.83 15.74 | 20.87
15  5.00 0.55 | 1400 37.50 6.50 5.98 51.53 16.05 = 22.55
16 15.00 0.10 | 24.00 50.00 10.00 3.12 41.89 15.12 = 23.00
17 5.00 0.10 4.00 = 50.00 10.00 4.79 48.33 13.49 | 23.50
18  5.00 1.00 | 24.00 @ 25.00 3.00 5.77 62.16 18.86 | 25.64
19 5.0 1.00 4.00 = 25.00 10.00 5.33 49.88 14.43 | 26.45
20 10.00 0.55 | 1400 25.00 6.50 5.08 49.98 9.94 23.66
21 10.00 055  14.00 3750 6.50 4.01 57.63 1473  20.72
22 10.00 055 | 14.00 = 50.00 6.50 1.96 48.85 18.83 9.14
23 500 0.10 | 2400 25.00 10.00 3.31 64.32 16.40 = 10.78
24 10.00 055  14.00 3750 6.50 3.59 60.11 1525  20.81
25 10.00 1.00 | 1400 @ 37.50 6.50 4.75 59.95 = 21.91 6.93
26 15.00 1.00 | 24.00 @ 50.00 3.00 4.22 48.45 16.55 = 17.19
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27 = 10.00 0.55 4.00 | 37.50 6.50 3.98 58.74 21.58 22.43
28 | 15.00 1.00 24.00 = 25.00 10.00 5.09 64.57 15.69 7.06
29 5.00 0.10 24.00 = 50.00 3.00 2.25 46.82 8.23 15.95

Note: Highlighted rows represent the CENTRAL POINTS of the design

In figure 7, the gray area in each profile represents the variability of data. It could be due
to the differences in the degrees of maturity of the cocoa pods used for the production of
the scaffolds, because, in plants, the oxidation degree is produced by the enzyme
polyphenol oxidase, which produces quinones, reactive chemical species that cause
damage or cell death [46]. Cacaos were selected only by observing similar physical
characteristics between them, but the exact level of maturity cannot be defined due to the

lack of availability of a maturation scale in the literature, particularly for CCN-51.

Figure 8 shows the prediction profiles generated by the model, which correlates the output
to the input variables. Regarding biomass concentration, as this parameter increases, so

do lignin, cellulose and YPP, but the ash content decreases.

The reduction of treatment time increases the YPP, achieving a maximum value of
10.74 % at 4 [h], while cellulose, lignin and ash contents steadily increasing in the
material. However, a big reduction in treatment time, would make no significant changes
in the structure or physicochemical characteristics of the raw mesocarp material. For
cellulose and lignin, max. values can be 64 [%w/w] for cellulose and 35 [%w/w] for
lignin; similarly, ash content and YPP reached their maximum values of 15 [%w/w] and

8 % respectively approximately, at 37.5 [°C].

Nonetheless, from this point on, increasing the temperature cause a decrease in the value
of every output variable. This is not desirable as there would be a destruction of the

scaffolding, a phenomenon that was observed experimentally.
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The increase in scaffold thickness shows a minimum and then a progressive increase in
lignin and ash contents, but for the cellulose content, a maximum can be seen, followed
by progressive decline with increased scaffold thickness. On the other hand, a minimum

can be seen for yield, which seems to stabilize with the increase of thickness.

This variability could also be in part because of changes in the geographic origins of the
samples, and it is known that climate conditions affect pod composition Alvarez-Barreto
et al (2018). Additionally, there were limitations in the equipment used; for example, the
temperature control of the stirring and heating plates showed fluctuations in this

parameter, affecting specially treatment processes with longer times.
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Figure 7. DOE prediction profiles of output variables as functions of input variables,
according to experimental data. Vertical dotted red lines show the values of each input
variable that optimize the desirable output variables.
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Data prediction and the variability in experimental model are presented in figure 8, where
the pink area shows a great variability in the data, as also depicted by the gray area shown
before in figure 7. Each of the analyzed parameters shows a value of p> 0.1 it means that
null hypothesis, cannot be reject, showing that data do not present a good adjustment in

the models, , possibly due to variability in the methodology and/or feedstock.
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Figure 8. Variability of the responses according to output variables (lignin, cellulose,
ashes and yield) black dots represent the data for the model.

Figure 9 shows the overall level of influence of each input variable on the experimental
model, as well as for each output variable. In the case of yield and cellulose content,
temperature was the most important variable; on the other hand, all input variables had

similar levels of influence on lignin content. For the ash content, the most influential
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variable was NaOH concentration because it modified the amorphous inside structure of
lignin. This process of depolymerization facilitated the separation of lignin from the

cellulose in lignocellulosic materials.[41].

Overall, the most influential variables were temperature, followed by treatment time and
NaOH concentration. These results are in accordance with those found the literature
regarding alkaline treatments applied to other types of lignocellulosic materials [47].
Particularly, an increase in temperature decreases cellulose crystallinity and increases the
speed of delignification, which produces greater access to the cellulose present in

mesocarp [48].

Based on the analysis of data in Table 2, increasing NaOH concentration helps to obtain
more cellulose with respect to lignin content in the structure of the scaffold, as long as

extent treatment time, temperature and the thickness of the scaffolds are low.

These results have some similarities with those obtained by Heredia et al. (2014) where
it is mentioned that the increase of NaOH concentration generates a decrease in the
cellulose content. Nonetheless, an exact comparison is not possible due to other variables
that were not analyzed in the previous investigation, such as the thickness of the

scaffolding and the concentration of biomass in the production process.

In this case, treatment time was also compared with that reported by other authors [20],
[49]; increments in time in the hydrolysis process increases cellulose content, which is
constant with some of the experiments of our model. This could be due to other variables
that also influenced the results (temperature, NaOH concentration, biomass concentration

and thickness) that were not evaluated by these authors.

Regarding these results, it can be said that thickness of the scaffolds has a big influence

in cellulose content, as expected, the small size of scaffolds, produces lower
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concentrations of cellulose, and if the scaffolds are bigger, the cellulose content decrease.
This may be due to the difficult interaction between the NaOH solution with the internal

section of the sample, when the thickness increases.

Summary Report
Overall
Column Main Effect Total Effect .2 4 6 B
Temperature [°C) 0.31 0425 P
Time (h) 0.106 0.218 j ;
MaOH concentration (M) 0.125 0.198 :E
Thickness [mm) 0.106 0193 :E
Biomass Concentration (g/mL) 0.106 0.184 :|
Yield (%)
Column Main Effect Total Effect .2 4 .6 B
Temperature (°C) 0.488 0.537 P
Time (h) 0.168 0207 ] ¢
Thickness [mm) 0127 0.177 I
Biomass Concentration (g/mL) 0.088 0.144 :|
MaCOH concentration (M) 0.008 0.029 ]
Cellulose concentration (5:)
Column Main Effect Total Effect .2 4 6 .8
Temperature (*C) 0.477 0.69
Time (h) 0.011 0.225 :I
NaCOH concentration (M) 0.085 0.159 [ i
Biomass Concentration (g/mL) 0.045 0.157 :|
Thickness [mm) 0.028 0.108 :l
Lignin concentration (%)
Column Main Effect Total Effect .2 4 6 B
Temperature (*C) 0.174 o[l |
Thickness (mm) 0.18 0.243 :_J
Time (h) 0.174 024 ]
Biomass Concentration (g/mL) 0.201 0.229 :|
MaOH concentration (M) 0.082 0.151 :l
Ashes concentration (%)
Column Main Effect Total Effect .2 4 .6 B
NaOH concentration (M) 0.325 0.452 P
Thickness [mm) 0.088 0.243 :| :
Biomass Concentration (g/mL) 0.088 0.205 :l
Time (h) 0.073 0.198 :E
Temperature (°C) 0.104 o188 )

Figure 9. Level of influence of each input variable (Temperature, time, NaOH
concentration, thickness, biomass concentration) in the experiment model.

Some analysis was carried out to validate the generated prediction model, where
scaffolds were produced with the predicted conditions that produced a maximum
cellulose level. The selected conditions are pointed by red lines in figure 8, and the

values of the input variables were the following:
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- NaOH concentration: 1 [M]

- Biomass concentration: 15 [%w/V]
- Temperature: 37.5 [°C]

- Time: 4[h]

- Thickness: 4.5 [mm]

The analysis was carried out for 3 different cacao shells with similar degrees of maturity

which are shown in table 3.

Table 2. Validation analysis of the experimental model, using the treatment to maximize
the cellulose content in the samples. Study made with 3 replicas using different cacao
pods with similar degree of maturity.

Output Predicted Experimental Values Experimental  Deviation

variable Value average from

predicted

Cacao 1 Cacao 2 Cacao 3 value [%]

YPP [%] 7.91 6.17 6.49 6.85 6.50 £ 0.28 17.78
Cellulose

Content 63.77 56.57+1.55 51.16+1.99 56.67+0.34 54.80 +2.57 14.01
[Yow/w]
Lignin

Content 35.42 33.86+£0.57 37.00+0.35 25.78+0.97  32.21+5.78 9.03
[Yow/w]
Ash

Content 14.86 21.21+0.26 23.74+1.66 23.43+0.34  22.79+1.38 53.39
[Yow/w]

In general, there is a considerable variability in the results, perhaps related to differences
in the cacao pod shells used. Despite trying to use pods with similar degrees of maturity,
the structural content of each one can vary significantly, thus affecting the resulting data

shown in table 3.

The YPP from each shell was very similar, but there was a deviation of about 14% when
compared to the model. For cellulose, the theoretical value of the model was 63.77

[Yow/w], while the experimental content was (54.80+2.57) [%w/w], with a deviation from
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predicted value of 17.78%. Meanwhile, the predicted lignin content was 35.42 [%w/w],
and the experimental value was (32.21+5.78) [%w/w], with a 9.03% deviation. Ash
content presented the greatest deviation from the predicted content, with a value of
53.39%. It can be said that for all the variables, except ashes, the model predicts their
levels within a 20% deviation which indicates a good prediction of the output variables.
However, variability in the original sample is still a concern, due to it is difficult to use
one cacao pod for a single experiment due to the low YPP that it presents as it can be seen
in table 2, because of approximately 120 [g] of mesocarp of cacao obtained from a single
pod generate an approximate production of 4-5 [g] of treated samples, and because of this

the variability of the data can keep constant.
3.3 Thermogravimetric analysis (TGA)

TGA analyses were performed to determine the degree of material thermal stability in

function of its composition.

Some experiments were selected for analysis, three of them corresponded to the central
points (experiments developed under the same operating conditions), and the other 3
experiments, under different operating conditions as it can be seen in table 4, they were
selected based on their different of lignin and cellulose contents, to observe how these

affect the thermal stability of the material.

Table 3. Experiments under different operating conditions selected.

Biomass | NaOH

i i Lignin Ashes
# Conc. conc. Time @ Temp. Thickness YPP | Cellulose

[Yow/v] [M] [h] [°Cl] [mm] [%6] [% wiw] [% wiw] | [% wiw]
5 5.00 0.10 400 = 25.00 3.00 10.74 45.78 22.02 16.34
25 | 10.00 1.00 14.00 = 37.50 6.50 4.75 59.95 21.91 6.93

28 | 15.00 1.00 24.00 = 25.00 10.00 5.09 64.57 15.69 7.06
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According to some authors, who made an approximation of decomposition of
lignocellulosic biomass components, this process is divided into 4 stages: first,
elimination of humidity with temperatures >100 [°C], decomposition of hemicellulose
between 150 and 310 [°C], degradation of lignin and cellulose between 310 and 500 [°C]

and decomposition of lignin with temperatures >450 [°C] [37], [50]-[52].

Figure 10 A shows the TGA curves for the different samples at central point of the DOE,
where material degradation along with temperature increase can be seen. The similar
shapes of the curves suggest that there was a similar degradation process in each sample,
including superficial and internal water loss, cellulose, hemicellulose and lignin

decomposition. [53].

On the other hand, figure 10 B shows (differential thermogravimetric) DTG curves for
the same samples, where peaks for each curve are the same and represent temperatures of
maximum material degradation speed. A first degradation at 67°C, corresponds to
superficial water loss [52], as already mentioned; then between 200 and 430 [°C] it can
be seen the temperature range where the most loss of mass occurs, approximately 35%
with respect to the initial mass of the sample, the peaks at 270, 307 and 309 [°C] show
the highest rate of degradation, which can represent the degradation of a continuous
reaction or the progressive degradation of different compounds present in the samples as

cellulose, hemicellulose and [54] [55].
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Figure 10. Thermal analysis of central points pf experimental model (scaffold\12, 21 and
24 with cellulose content: 58.90" [%/yq; lignin content:14.48 [%
Thermogravimetric (TGA) curve, By Difj€rertial thermogravimetric (DTG).

Figure 11 A shows TGA curyegfor selected formulations, and the differences are due
the different cellulose ang’lighin contents. However, gach one shows similar trends, first
with respect to supg I water loss between 60 and 100 [°C], and the internal water loss
between 100 ahdA50 [°C], the samples number 25 and 28 had greater mass loss, it could
be happehed Because the samples 25 y 28 had! greater structural mass (thickness of 6.5y
10/ nun] éspectively), and retain more water inside them, compared to sample 5 that had

g thickhess of 3[mm].

e degradation of the most amount of material degradation for these 3 samples occurs
within a temperature between 260 and 430 [°C], with approximately 55% of the total
weight in each sample that as/in the previous analysis can represent the degradation of a
continuous reaction or the progressive degradation of different compounds. The loss of
superficial and internal yater were produced in similar ranges of temperature mentioned
before, hemicellulose’ degradation could started before or after 284 [°C], at 284 [°C] it

radation rate, for sample 5, 267 [°C] for sample 25, and 273 [°C] for
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sample 28, then the cellul ] for sample 5, 308 [°C] for sample

25, and 287 [°C] for sample 28, as can\pe seen in Figyre 11B.

Lignin is the last material to degtade. Thjs compound s characterized by having a high

thermal stability, with temperature$, >450 {°C], as it was, mentioned previously. In this

ase, sample 5 had the highest amouRt of ass loss, follpwed by samples 25 and 28

which can be influenced bythe

llulose content in each sample, because

sample 5 has the lo cellulose content (45.78\+ 0.94) [%w/\v] and sample 28 has the

highest cellulose content (64.57 %

Scaffold 5 = = = Scaffold 25 == - =Scaffold 28

Dr TGA

0 200 400
Temperature [°C]

scaffold 25 (59.94 [%w/w] cellulose, 21.91 [%w/w] lignin); scaffol
cellulose, 15.68 [%w/w] lignin). A) Thermogravimetric (TGA) cur
thermogravimetric (DTG).

3.4 Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR analysis allowed to verify the information obtained about the

cellulose and lignin in the structure of the porous scaffolds.

Figure 12 shows the spectrum of one central point of the model, compared to the spectrum

of mesocarp without treatment. Red bands represent the characteristic peaks of the Bonds
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O-H, C-H, C=0 and C-0O-C which correspond to the presence of cellulose [56], [57].
Both in the spectrum of cocoa without treatment and in the spectrum of the scaffold, these
peaks can be observed, confirming the presence of cellulose in the structure. On the other
hand, the black bands represent the C=C, phenol-hydroxyl and aryl-ether bonds
characteristic of the lignin structure[58]. As observed, between the spectrum of cacao
without treatment with that of the scaffold, the intensity of the characteristic peak of lignin
at 1190 [cm™] decreases, which shows a percentage of removal of lignin in the structure

of the scaffold.
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Figure 12. FT-IR spectrum of one central point of the model, cellulose content: 58.90
[%w/w]; lignin content:14.48 [%w/w], compared with the spectrum of the cacao without
treatment (CWT), red bands represent characteristic peaks of cellulose and black bands
represent the characteristic peaks of lignin.

A comparison was also made between the same samples before analyzed in TGA
(scaffolds 5, 25 and 28), with the sample of cacao without treatment in figure 13 in order
to see the effect of the different content of lignin and cellulose in each of them. In figure
12, the intensity of characteristic peaks of cellulose is almost the same between the
scaffolds samples and it can be seen an increment in the intensity of these peaks to

compared with the sample without treatment, but the scaffold 25 has some little variation,
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where it can be the decrease of the peak at a wavenumber of 2842 [cm™] characteristic of
C-H bond, as well as the increase of a peak at 1712 [cm™], which may represent some

kind of contaminant on the scaffold.

On the other hand there is a decrease in the characteristic peak of lignin to 1190 [cm™] in
all the scaffolds compared to the peak of the cocoa spectrum without treatment which
also shows a percentage of removal of this compound in scaffolding, but in the scaffolding
15 it can be seen that the decrease of the peak is greater than the others, because this
scaffold has the lowest lignin content (15.68 £ 0.49) [%w/w], unlike the scaffolding 5

that has the highest lignin content (22.01 + 0.32) [Y%ow/w].
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Figure 13. FT-IR spectra of scaffold 5 (45.78 [%w/w] cellulose, 22.01 [%w/w] lignin);
scaffold 25 (59.94 [%w/w] cellulose, 21.91 [%w/w] lignin); scaffold 28 (64.57 [Yow/w]
cellulose, 15.68 [%w/w] lignin), compared with the spectrum of the cocoa without
treatment (CWT), red bands represent characteristic peaks of cellulose and black bands
represent the characteristic peaks of lignin.
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3.5 Scanning electron microscopy (SEM)

The morphology of the scaffolds was analyzed by scanning electron microscopy (SEM).
Figures 14 A through 14 D, show the structures of one of the scaffolds at the conditions
of DOE’s central point (scaffolding 12), and other formulations with different levels of

lignin and cellulose.
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Figure 14. Scanning electron micrographs of different cacao-mesocarp scaffolds. The
formulations chosen from the DOE were: A) central point (58.90 [%w/w] cellulose, 14.48
[Yow/w] lignin);B) Scaffold 5 (45.78 [%w/w] cellulose, 22.01 [%w/w] lignin); C) Scaffold
25 (59.94 [%w/w] cellulose, 21.91 [%w/w] lignin); D) Scaffold 28 (64.57 [Y%w/w]
cellulose, 15.68 [%w/w] lignin). The images were taken at 100X (left) and 500X (right).

Figure 14 A shows the structure of scaffold 12 (central point), where high levels of non-
uniform porosity were observed, due to apparent variations in pose size, a magnification
of 500X shows the existence of areas with high levels of roughness and shallow pores in

the structure of the scaffolds.

Figures 14 B, C and D, show the morphology of scaffolds 5, 25 and 28, respectively. In
this case, it is observed that scaffolds 25 and 28 have very high porosity levels, in
comparison with the scaffold 12, due to the high degree of digestion of lignin in its
structure, with a removal of approximately 15 [%w/w], unlike scaffolding 5, which has
smaller pore size and less deep, but more uniform, for the lower degree of material
removal (approximately 10 [%w/w] lignin content). As the internal section of the
scaffolding is not uniform in all cases it can be seen areas where the sample has lower
levels of roughness as seen in figures 14 B and D, and areas with greater roughness as in

Figure 14 C.
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In general, the scaffolds of central points show an irregular morphology with different
pore sizes, and different levels of roughness in different areas. This great removal of
lignin, because the average content of lignin of these samples are (14.48+0.91) [Yow/w].
The scaffolds 25 and 28 have larger, deeper and irregular pore sizes due to these have the
lower content of lignin, unlike the scaffold 5 that shows more material that was not
removed during hydrolysis process in its structure, due to it present the highest content of

lignin (22.01+0.32) [Yow/w].
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4 Conclusions

The process of scaffolds production started with the obtaining of mesocarp samples, these
samples were subjected under alkaline attack at different operating conditions, using as
input variables, temperature, time, NaOH concentration, thickness and biomass
concentration and as output variables YPP, cellulose content, lignin content and ash
content. The scaffolds obtained by alkaline treatment presented a higher amount of
cellulose in relation to the amount of lignin in its structure, which can improve the degree
of cytocompatibility of the scaffolds. The experimental design showed great variation,
causing a lack of adjustment of the data to the mathematical model obtained,
Nevertheless, the model could predict a behavior of an output variable with respect to
input variables, with the possibility to predict certain of values, specifically those of
cellulose, lignin and YPP within a 20% deviation. Temperature and NaOH concentration
were determinated to be the most important input variables in the production of scaffolds.
However, sample variability was an important factor that significantly affected the
accuracy of the predictions of the model. Nonetheless, this model is useful to predict the
behavior of the process and the involved variables and allowed the observation of changes
in scaffold thermal stability and morphology according to different operational conditions
and resulting scaffold compositions. The production of scaffolds rich in cellulose from
cacao pod shells is thereby feasible and could be further studied in terms of the cellular
activity on their surface with the cultivation of cells inside the scaffolds to observe the

level of cellular proliferation and the viability of the material.
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6 Annexes

6.1 Statistical analysis
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Differences of Means for Ashes
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If an interval does not contain zero, the corresponding means are significantly different.

Figure 19. Fisher plot with 95% of confidence interval. Analysis to determine the
differences of means for Ashes in each treatment.
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Fisher Individual 95% Cls
Differences of Means for Lignin
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If an interval does not contain zero, the corresponding means are significantly different.

Figure 20. Fisher plot with 95% of confidence interval. Analysis to determine the
differences of means for Lignin in each treatment.
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Figure 21. Fisher plot with 95% of confidence interval. Analysis to determine the
differences of means for Cellulose in each treatment.



