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Development of Films, Based on Oxidized Ipomea Batatas Starch, 
with Protein Encapsulation

Desarrollo de Películas, Basadas en Almidón Oxidado de Ipomea Batatas, 
con Encapsulación de Proteínas 

 J. F. Alvarez-Barreto, D. Viteri-Narvaez, J. S. Proano, A. Caicedo, M. Grunauer, L. Eguiguren, M. Vargas
Universidad San Francisco de Quito, USFQ

ABSTRACT 
Dialdehyde starches (DAS) have been used as biomaterials due to their biocompatibility and biodegradability; none-
theless, sweet potato (Ipomea batatas L.) starch has not been researched. Films based on sweet potato DAS, mixed 
with native starch (NS), poly-vinyl alcohol (PVA) and glycerin have been developed with protein encapsulation, 
using central composite design (CCD) and response surface methodology (RSM). Input variables were oxidation 
degree, NS concentration and polymeric mixture volume, while output variables were film's thickness, equilibrium 
swelling and BSA (Bovine serum albumin) release. DAS was obtained through hydrogen peroxide (H2O2) oxidation, 
and the oxidation degree is referred to as H2O2 concentration. Films presented rough surfaces, and formulations 
containing 10% H2O2 DAS presented micropores. Water uptake was greater with higher DAS content. Film thickness 
depended on the volume of the polymeric suspension and influenced swelling capacity. According to RSM, the op-
timal formulation was DAS with 5% H2O2 and 35% NS. These results demonstrate that oxidized sweet potato starch 
has potential for protein encapsulation and delivery. 

KEYWORDS: Scaffolds, Oxidation, Starch, Biomaterial, Biomedical Applications



REVISTA MEXICANA DE INGENIERÍA BIOMÉDICA | Vol. 42 | No. 2 | MAY - AUGUST 2021120

RESUMEN 
Almidones dialdehído (DAS) se han utilizado como biomateriales por su biocompatibilidad y biodegradabilidad; sin 
embargo, el almidón de camote (Ipomea batatas L.) no ha sido investigado. Se han desarrollado películas de DAS de 
camote, con almidón nativo (NS), alcohol polivinílico (PVA) y glicerina con encapsulación de proteínas, utilizando 
un diseño central compuesto (CCD) y metodología de superficie de respuesta (RSM). Las variables de entrada fue-
ron: grado de oxidación, concentración de NS y volumen de la mezcla polimérica, mientras que las variables de sali-
da fueron: espesor de la película, hinchamiento y liberación de BSA (Albúmina de Suero Bovino) en equilibrio. DAS 
se obtuvo mediante oxidación con peróxido de hidrógeno (H2O2), y el grado de oxidación se define como concen-
tración de H2O2. Las películas presentaron superficies rugosas y las formulaciones con 10% H2O2 DAS presentaron 
microporos. La absorción de agua fue mayor con mayor contenido de DAS. El espesor de la película dependió del 
volumen de la mezcla polimérica e influyó en la capacidad de hinchamiento. Según RSM, la formulación óptima fue 
DAS con 5% H2O2 y 35% NS. Estos resultados demuestran que el almidón de camote oxidado tiene potencial para 
aplicaciones en la encapsulación y liberación de proteínas.
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INTRODUCTION
In recent years, macromolecular drugs have been the 

focus of many therapeutic technologies. Examples 
include insulin, antibodies, enzymes and other pro-
teins. Extensive research has been carried out also on 
drug delivery systems for these agents, and the trans-
dermal route has been considered as a possible way to 
mitigate limitations, such as first passage metabolism, 
posed by other delivery ways [1]. 

Protein delivery is also important in tissue engineer-
ing. Particularly, the encapsulation and release of 
growth and differentiation factors can enhance the 
regeneration process. Chronic skin wounds, genetic 
skin disorders, burns and diseases, such as diabetes 
mellitus, may result in important skin damage [2]. 
Epidermal and fibroblast growth factors are some of 
the proteins that potentiate skin regeneration [3] [4]. 
Moreover, traditional medicine has also been used to 
create optimal conditions for skin growth using natu-
ral extracts that have been combined with biopoly-
mers for their effective use [2] [5] [6] [7]. 

Biopolymeric materials traditionally used in these 
applications include polylactic-acid (PLA), polycapro-
lactone (PCL), polyacrylonitrile (PAN). However, nat-
urally derived polysaccharides, such as chitosan, algi-
nate, carboxymethyl cellulose, pectin and starch 
present different advantages like wide availability, 
certain degree of biomimicry, and many are inher-
ently biocompatible [8] [9]. These materials have been 
used to generate different delivery structures, most 
commonly hydrogels, films and patches, and have 
demonstrated great potential for the encapsulation of 
macromolecular agents [10] [11] [12]. These structures 
meet the requirements for wound dressings, and 
transdermal delivery systems, including absorbing 
exudates and keeping a moist environment that 
enhances the growth of new granulation tissue, so as 
to make the wound healing process efficient [2] [13]. 
Examples of biomaterial formulations in this area 

include gelatin-starch hydrogels [14], carboxymethyl 
cellulose-PEG hydrogels [15], nanofibrous scaffolds [6], 
polyvinyl alcohol (PVA)-carboxymethyl cellulose and 
tamarind gum based films [16].

One of the most abundant natural polymers is starch, 
and it has been extensively studied due to its compat-
ibility, availability, low cost, and biodegradability. 
Starch can decompose without producing toxic resi-
dues, and it is like the native cellular milieu. Thus, 
starches have been used in the pharmaceutical indus-
try, where they have applications in the manufactur-
ing of soft capsules without gelatin, as bone wax, 
porous scaffolds and as bio-absorbable materials, such 
as hydrogels to cure wounds [17] [18].

One of the most common problems with starch, how-
ever, is its instability in water, and there are two ways 
to address this issue. One is the use of cross-linking 
methods with plasticizers like vinyl monomers, glyc-
erol or polyvinyl alcohol (PVA) [19] [20]. The other mech-
anism is chemical modification, with oxidation being 
one of the most widely applied in the biomaterials 
field. Dialdehyde starch (DAS), resulting from oxida-
tion has improved mechanical properties, greater sta-
bility in water, and carbonyl groups that can interact 
with other macromolecules, and thereby, regulate 
their delivery [21] [22] [23]. DAS has been used as a compo-
nent in systems for encapsulation and delivery of insu-
lin, different proteins and non-steroidal anti-inflam-
matory drugs [24] [25]. Nonetheless, the combination of 
both approaches is also feasible, and hydrogels com-
posed of DAS and PVA have shown potential for the 
controlled delivery of ibuprofen. 

Most drug delivery studies involving DAS have used 
corn, cassava, or potato as original starch sources, but 
very little has been done with Ipomea batatas L, a pur-
ple tuber from the Convulaceae family. After potato, 
sweet potato is the second most cultivated tuber in the 
world, and it is a great source of starches [26]. Therefore, 
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the aim of this research was to elaborate a film com-
posed of oxidized Ipomea batatas L. starch, for protein 
encapsulation and delivery. Sweet potato DAS was 
obtained through hydrogen peroxide oxidation, and it 
was later mixed with PVA and glycerol. A surface 
response methodology was used to optimize certain 
film parameters, such as polymer concentration, 
thickness, and native starch to DAS ratio.

MATERIALS AND METHODS

Starch Extraction
Ipomea batatas L., or sweet potato, was used to 

extract the starch. Briefly, tubers without the skin 
were cut into 2-cm pieces, and homogenized in a 
blender, using distilled water at 250 grams per 100 mL. 
The homogenate was filtered, and the starch could 
precipitate. Starch was thoroughly washed, discarding 
the supernatant, and following the same precipitation 
procedure. After the third wash, rinsing with 70% v/v 
ethanol was carried out, and the purified starch was 
dried at 40 °C. 

Starch modification
Starch modification was performed through hydro-

gen peroxide (H2O2) oxidation, based on the methodol-
ogy proposed by Zhang [23]. Three aqueous hydrogen 
peroxide solutions, at 3, 5 and 10% v/v, were prepared. 
At the same time, starch was washed with ethanol 
70% v/v and twice with distilled water.

A 2% w/v starch suspension was heated until gelatini-
zation at 80°C for 30 min, under mild agitation. Then, 
it was cooled to 25°C. The oxidation process was car-
ried out under moderate agitation, at a constant pH 
value of 7. For every 100 mL of the starch suspension, 
6.25 mL of the H2O2 solution, at a given concentration, 
were added dropwise, in a period of 1h. The resulting 
dialdehyde starch (DAS) was centrifuged at 400g for 5 
min, thoroughly washed with distilled water, and 
dried at 40°C. 

Starch characterization

Optical Microscopy
Starch granules were analyzed in a LEICA DM500 

microscope. Granule size was calculated using the LAS 
EZ microscope software. For every picture, 100 mea-
surements were collected, and an average was 
reported.

Carbonyl and carboxyl group content
Modified starch was characterized estimating the 

amount of carbonyl and carboxyl groups. For car-
bonyl groups, an adaptation of the protocol proposed 
by Smith in 1967 was carried out [27], using 1g of mod-
ified starch with 25mL of distilled water. The mixture 
was heated until gelatinization, cooled to 25 °C, and 
the pH was corrected to 3.2. After that, 3.75 mL of 
hydroxylamine hydrochloride solution (25g of 
hydroxylamine hydrochloride and 100 mL of NaOH 
0.5M in a 500mL) were incorporated, and the mixture 
was incubated at 40°C for 4h. Then, it was titrated 
potentiometrically with 0.1M HCl until pH of 3.2. The 
amount of carbonyl groups was calculated through 
Equation 1:

𝐶𝐶𝐶𝐶
100𝐺𝐺𝐺𝐺 =

(V! − V") ×𝑀𝑀 × 0.028 × 100
𝑊𝑊  

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
100𝐺𝐺𝐺𝐺 =

(V" − V!) ×𝑀𝑀 × 0.045 × 100
𝑊𝑊  

 

𝑆𝑆𝑊𝑊 =
𝑀𝑀# −𝑀𝑀$

𝑀𝑀$
× 100% 

 

 

 

 

 

 

 

 

 

(1)

Where Vb is the blank titration volume (NS), Vs the 
titration volume of the sample, M is HCl molarity, and 
W the dry sample weight.

In a similar procedure, carboxyl group content was 
determined using the protocol proposed by Parovouri, 
et. al., in 1995 [28], using 1g of oxidized starch in 60mL 
of distilled water, gelatinized and titrated to a value of 
pH 8.2 with NaOH 0.01M. Carboxyl groups were deter-
mined with Equation 2:

𝐶𝐶𝐶𝐶
100𝐺𝐺𝐺𝐺 =

(V! − V") ×𝑀𝑀 × 0.028 × 100
𝑊𝑊  

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
100𝐺𝐺𝐺𝐺 =

(V" − V!) ×𝑀𝑀 × 0.045 × 100
𝑊𝑊  

 

𝑆𝑆𝑊𝑊 =
𝑀𝑀# −𝑀𝑀$

𝑀𝑀$
× 100% 

 

 

 

 

 

 

 

 

 

(2)
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Where Vb is the blank titration volume (NS), Vs the 
sample titration volume, M HCl molarity and W the 
weight of the sample dry basis.

Fourier Transformed Infrared 
Spectroscopy (FT-IR) analysis

Samples of native starch (NS), oxidized starch at 5% 
H2O2 (DAS5), oxidized starch at 10% H2O2 (DAS10) and 
different film formulations (CCD) were analyzed with a 
Cary 630 FTIR Spectrometer from Agilent Technologies.

Square samples of 0.5 cm per side were analyzed with 
diamond ATR accessory, and spectra were acquired in 
the region of 4000-500 cm-1.

Design of Experiments (DOE) 
and Film Preparation 

A statistically designed set of experiments was car-
ried out using response surface methodology (RSM) to 
minimize the number of experiments and maximize 
the amount of data generated. Through this analysis, 
the effect of each parameter/input variable in the film 
formulation could be evaluated [29]. 

Using the software JMP, the model was prepared with 
34 experiments using a composite design method with 
a 5-center point model described in Table 1. The input 
variables were volume of the polymeric suspension, 
oxidation degree and amount of native starch; the out-
puts were film thickness, protein release at equilib-
rium and swelling at equilibrium.

Bovine serum albumin (BSA), Sigma-Aldrich, acted 
as model protein for encapsulation. Poly (vinylalco-
hol), PVA, (Mowiol® 18-88, MW~130,00, Sigma-Aldrich) 
was dissolved in distilled water. Each film was made 
according to Table 1 (DOE). Constant parameters were 
PVA concentration (2%wt/v), glycerin concentration 
(2%v/v) and BSA content (5 %wt of the total starch 
amount).

 First, the amounts of native and oxidized starch were 
weighed and gelatinized in distilled water and cooled 
to room temperature. The slurry was transferred to a 
50 mL conical tube, and the PVA, glycerin and BSA 
solutions were incorporated to the polymeric mixture. 
Vortex homogenization followed for 30 seconds, and 
the resulting mixture was placed in polystyrene petri 
dishes, stored in a freezer at -14°C for 24h, and subse-
quently dried at 40°C overnight according to prelimi-
nary experimentation (data not shown). Once dried, 
films were stored in the refrigerator at 4°C.

Film characterization

Film Thickness
Film thickness (μm) was determined using a microm-

eter (Mitutoyo, Tokyo, Japan). The film was dried at 
37°C overnight, and the thickness was determined as 
the average of measurements in 8 random locations.

Film swelling and protein release
Films were dried at 37°C overnight. They were then 

weighed, and 4 squares of 0.7x.0.7cm were cut from 
each film. These squares were placed in 24 well-plates, 

TABLE 1. Design of experiments to study the
effect of the oxidation degree, amount of native

starch and volume of polymeric suspension in the 
composition of each film considering the constant 
variables to be 2% wt/v PVA, 2% v/v glycerin and

5% wt/wt BSA of the total amount of starch. Design
based on the face centered composite design.Tabla 1 

 
 

Face centered Central Composite Design 

 Levels 

Factor 
a - 0 + A 

-α -1 0 1 α 

Oxidation degree [%H2O2]* 0 0 5 10 10 

NS [wt%]** 0 0 50 100 100 

Volume [mL] 12 12 18.5 25 25 

* Oxidation degree is expressed as the concentration of H2O2 (%v/v) 
used in the process of modification 

** NS: percentage of native starch 
 

 
Tabla 2 

 
 

H2O2 Percent 
[%v/v] 

Carbonyl 
[CO/100GU] 

Carboxyl 
[COOH/100GU] 

Total oxidation 
[CO+COOH/100GU] 

3 0.157 ± 0.040 0.023 ± 0.001 0.220 ± 0.327 

5 0.432 ± 0.010 0.066 ± 0.003 0.508 ± 0.013 

10 0.534 ± 0.022 0.070 ± 0.002 0.627 ± 0.021 

 

 
Tabla 3 

 
 

Film's Composition Model deviation [%] 

NS 
[%] 

DAS5 
[%] 

Thickness 
[mm] 

Swelling 
[%] 

Release 
[%] 

35 65 10.151 7.8766 37.152 

0 100 16.949 9.7800 55.072 
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filled with Phosphate Buffer Saline (PBS at pH 7.2). 
During the first hour of the experiment the film was 
weighted every 15 minutes, and a known volume of 
the supernatant was collected and replaced with fresh 
PBS. After that, samples were weighed at 5, 24, 48, and 
72h, and supernatant was collected. According to pre-
vious analyses, equilibrium was already reached at 
72h (data not shown). 

The swelling ratio was calculated by Equation 3 [17]:

𝐶𝐶𝐶𝐶
100𝐺𝐺𝐺𝐺 =

(V! − V") ×𝑀𝑀 × 0.028 × 100
𝑊𝑊  

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
100𝐺𝐺𝐺𝐺 =

(V" − V!) ×𝑀𝑀 × 0.045 × 100
𝑊𝑊  

 

𝑆𝑆𝑊𝑊 =
𝑀𝑀# −𝑀𝑀$

𝑀𝑀$
× 100% 

 

 

 

 

 

 

 

 

 

(3)

 Where SW is the swelling percentage, Mt is sample 
weight at equilibrium, and M0 is the initial sample. 

Protein release was determined by the Bradford 
method, through the collected supernatant aliquots. A 
calibration curve was made with BSA solutions of 
known concentrations in PBS [30]. 

Scanning Electron Microscopy (SEM)
Samples were analyzed in a JEOL JSM-IT300 scan-

ning electron microscope, using the program 
MP-96040EXCS External Control Software. Starch 
samples were observed at 50 Pa and 5 kV, while films 
were analyzed at 30 Pa and 5 kV to avoid sample dam-
age by the electron beam.

RESULTS AND DISCUSSION

Starch extraction and modification

Yield, size and morphology
The process of starch extraction from ipomea batatas 

L. presented a yield of 14.44%, with respect to the total 
mass of the tuber processed. Starch granule had an 
average size of (23.18 ±7.25) μm. Sweet potato starch 
presented a spherical bell form, as seen in previous 
studies where this unusual shape is described [31] [32].

Carbonyl and carboxyl group content
Chemical modification is generally practiced in food 

and non-food industry as it gives functional groups to 
the starch, changing its properties and thereby, its 
functionality [22]. Functional groups resulting from 
hydroxyl group oxidation are carbonyl and carboxyl; 
their quantification values in this work are shown in 
Table 2. Carbonyl and carboxyl group content depends 
on the pH value, temperature, and reaction time, 
among others; therefore, it is described as a complex 
reaction by Salmi, et al. [33]. In the present study, the 
oxidation with H2O2 at 5 and 10% v/v yields carbonyl 
and carboxyl groups comparable to the study made by 
Zhang, et al., where the highest carbonyl and aldehyde 
groups where reached in the oxidation with molar 
ratio of H2O2/starch < 0.7 which is equivalent to a 10% 
H2O2 percentage [23]. 

The amount of carboxyl groups is smaller than car-
bonyl groups (Table 2), which is appropriate since the 
purpose of the oxidation is to obtain carbonyl groups 
as they are responsible for providing greater stability 
in water, and they can form Schiff bases with the 
amine groups from proteins.

TABLE 2. Carbonyl and carboxyl group content 
in the dialdehyde sweet potato starch.

Tabla 1 
 
 

Face centered Central Composite Design 

 Levels 

Factor 
a - 0 + A 

-α -1 0 1 α 

Oxidation degree [%H2O2]* 0 0 5 10 10 

NS [wt%]** 0 0 50 100 100 

Volume [mL] 12 12 18.5 25 25 

* Oxidation degree is expressed as the concentration of H2O2 (%v/v) 
used in the process of modification 

** NS: percentage of native starch 
 

 
Tabla 2 

 
 

H2O2 Percent 
[%v/v] 

Carbonyl 
[CO/100GU] 

Carboxyl 
[COOH/100GU] 

Total oxidation 
[CO+COOH/100GU] 

3 0.157 ± 0.040 0.023 ± 0.001 0.220 ± 0.327 

5 0.432 ± 0.010 0.066 ± 0.003 0.508 ± 0.013 

10 0.534 ± 0.022 0.070 ± 0.002 0.627 ± 0.021 

 

 
Tabla 3 

 
 

Film's Composition Model deviation [%] 

NS 
[%] 

DAS5 
[%] 

Thickness 
[mm] 

Swelling 
[%] 

Release 
[%] 

35 65 10.151 7.8766 37.152 

0 100 16.949 9.7800 55.072 

 
 

Design of Experiments (DOE)
Experimental factors were analyzed according to the 

important responses for the development of films for 
potential protein encapsulation and delivery. In this 
work, films were developed using a methodology pre-
viously established in the laboratory. The response 
variables were protein release, swelling at equilibrium, 
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and thickness of the films. These responses are import-
ant as it is not expected that all the protein is released 
completely. It is possible that amine groups in the pro-
tein form Schiff’s bases with DAS carbonyl groups. 
Swelling is an important response as the wound needs 
humidity to heal and it would exudate fluids in the 
process; thus, the film needs to absorb a great amount 
of those exudates [34]. Additionally, swelling capacity is 
directly related to protein delivery [35].

FIGURE 1. Importance of each input variable depending 
on the output obtained in the experimentation process.

Great deviations in central points can be seen for pro-
tein release response, giving a great experimental 
error as data from the central point variates greatly 
from one another; nevertheless, for thickness and 
swelling, variations were low in central points, with 
small experimental errors. According to Figure 1, in 
the overall analysis, the volume of the polymeric sus-
pension had a greater effect, followed by the degree of 
oxidation, and lastly, the amount of native starch in 
the formulation. The parameters with greater effects 
on each response are also described; for swelling and 
protein release in equilibrium it was the oxidation 
degree; in the release, the effect of the degree of oxida-
tion and volume of polymeric suspension are close, so 
both are important in the response. Finally, and as 

expected, the thickness of the film depends on the 
volume of the polymeric suspension almost in its 
entirety.

FIGURE 2. DOE prediction profiles for output
variables: thickness, equilibrium swelling and

equilibrium release, dependent on oxidation degree, 
NS content and polymeric mixture volume.

In Figure 2, influences of each parameter in the 
responses are described. For equilibrium swelling, 
the degree of oxidation shows a maximum around 
7%. NS content also influences the release, and it 
presents a maximum when no NS is added to the for-
mulation. For protein release at equilibrium, as the 
degree of oxidation and volume of polymeric suspen-
sion are important parameters, this figure shows the 
model with each predicted response. Release 
decreased at greater degree of oxidation, which is 
consistent with the hypothesis that proteins could be 
immobilized through Schiff bases with the carbonyl 
groups of the oxidized starch. The prediction of the 
model shows, in red lines, the values of the input vari-
ables needed to maximize swelling and protein release 
at equilibrium, while minimizing the film thickness. 
The model has predicted that the amount of NS should 
be approximately 35%, oxidation degree approxi-
mately 4% and volume 12mL. The available DAS, how-
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ever, were oxidized at 5 and 10% H2O2, so it was 
decided to use 5% degree of oxidation for model test-
ing, since it was closest to the optimal value.

FIGURE 3. Variability of the responses according
to the variables. Actual (grey dots) and predicted

data for the model. a) Equilibrium Swelling,
b) Equilibrium release, c) Thickness.

Differences between the predicted model and exper-
imental data are showed in Figure 3. It can be seen 
that the experimental data fits the swelling predicted 
model as it has a P<0.0001, and the confidence level 
was established at 95% (P<0.05). For the thickness 
model, experimental data also fits with a P<0.0001; 
however, the model does not fit the experimental data 
for the protein release, with P=0.22.

According to the literature, the levels of oxidation 
reached in this work were low, as no catalyst was used. 
Thus, some hydroxyl groups were still present and 
those are responsible for water absorption; when 
starches have a high degree of oxidation, most of these 
groups are used so it decreases the swelling [22]. These 
results are comparable to those reported by 
Nourmohammadi, et al., where they developed bioac-
tive composite scaffolds with polycaprolactone, chi-
tosan and oxidized starch; as more DAS was included 
in the formulations, swelling rates increased because 
of greater starch hydroxyl group content [36]. 

To corroborate the generated prediction model, two 
more experiments were carried out: one with a formu-
lation close to the optimum predicted by the program, 
using DAS5 and 35% of NS in a 12mL volume of poly-
meric mix, and one with no NS with the same condi-
tions. In Table 3, the results of this set of experiments 
are shown.

TABLE 3. Results from de corroboration of the DOE.

Tabla 1 
 
 

Face centered Central Composite Design 

 Levels 

Factor 
a - 0 + A 

-α -1 0 1 α 

Oxidation degree [%H2O2]* 0 0 5 10 10 

NS [wt%]** 0 0 50 100 100 

Volume [mL] 12 12 18.5 25 25 

* Oxidation degree is expressed as the concentration of H2O2 (%v/v) 
used in the process of modification 

** NS: percentage of native starch 
 

 
Tabla 2 

 
 

H2O2 Percent 
[%v/v] 

Carbonyl 
[CO/100GU] 

Carboxyl 
[COOH/100GU] 

Total oxidation 
[CO+COOH/100GU] 

3 0.157 ± 0.040 0.023 ± 0.001 0.220 ± 0.327 

5 0.432 ± 0.010 0.066 ± 0.003 0.508 ± 0.013 

10 0.534 ± 0.022 0.070 ± 0.002 0.627 ± 0.021 

 

 
Tabla 3 

 
 

Film's Composition Model deviation [%] 

NS 
[%] 

DAS5 
[%] 

Thickness 
[mm] 

Swelling 
[%] 

Release 
[%] 

35 65 10.151 7.8766 37.152 

0 100 16.949 9.7800 55.072 

 
 

Thickness and swelling in equilibrium are parame-
ters that were adjusted to the model prediction, as 
they displayed a deviation from the model of less than 
17%, and the equilibrium release does not fit the 
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model as its deviation for the model is about 37% using 
DAS5 and 35% of NS, which is comparable with the 
other results where equilibrium release showed a big 
variability. These differences were expected, as equi-
librium release presented the largest dispersion of the 
data, and the model did not fit the experimental 
results (as seen in Figure 3).

Fourier Transform Infrared 
Spectroscopy (FT-IR) of the films

Figure 4 shows the spectra for a film containing PVA, 
glycerin and BSA, compared to a film containing NS, 
PVA, glycerin and BSA. Around 1539 cm-1, it can be 
observed that there is a difference in the wavenumber 
which corresponds to N-H bending and C-H stretching 
vibration of amine II present in the planar peptidic 
bond vibrational modes of BSA molecules [35] [37].

FIGURE 4. FT-IR spectra of film formulations:
a) with native starch, and b) without starch

(only PVA and glycerin).

The same pattern is observed in Figure 5 for DAS5 
and similar patterns in DAS10, as the peak intensity 
decreases when using more NS. At 1643 cm-1 a peak 
corresponding to C-N bonds that are assumed to corre-
spond to Schiff bases (C=O bending vibrations and C-N 
stretching) is seen [38]. This wavenumber shows a big-
ger peak when no NS is used, thereby corroborating 
that it corresponds to Schiff bases formed between the 
protein and DAS. In Figure 5, when NS is used at 50%, 
the interactions C-N decrease; this could be as less car-

bonyl groups are present Schiff base cannot form with 
amines from the BSA. Nevertheless, when using the 
optimal composition with NS 35% these interactions 
are similar as using no starch (PVAG). This could be 
due to the availability of carbonyl groups.

FIGURE 5. FT-IR spectra of films formulations with:
a) DAS5 + 2% wt/v PVA + 2%v/v Glycerin + BSA, 

b) DAS5 with 50% NS + 2% wt/v PVA + 2%v/v Glycerin + 
BSA (DAS5NS50), and c) the optimal composition with 
DAS5 with 35% NS + 2% wt/v PVA + 2%v/v Glycerin + 

BSA (DAS5NS35), compared with d) without starch 
(only PVA and glycerin. PVAG).

Peaks around 3260 cm-1 correspond to hydroxyl 
groups (-OH), those are from PVA, glycerin and the 
starches. Hydroxyl groups are responsible for the 
water absorption in the films [22]. Here, there could be 
a confirmation for the model as less quantity of NS is 
present more hydroxyl groups are present in the films, 
so they can uptake more water and the swelling rates 
increases.

Finally, peaks around 1000 cm-1 are characteristic for 
NS, glycerin and PVA, in the three figures below the 
same pattern is present, when NS is present the peaks 
are smaller, this could be that the NS is not interacting 
with PVA or glycerin. Some of the characteristic peaks 
from glycerin and PVA shift when in the presence of 
starch, probably indicating important interactions 
between the plasticizers and the polysaccharide.
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Film Morphology
Film surfaces were assessed through SEM for mor-

phological analyses. A sample for five different formu-
lations were analyzed. Surfaces of the films are uni-
form, with important rugosity, as seen in Figure 6.

FIGURE 6. Scanning Electron Microscopy for samples 
with different compositions at 100X. a) DAS10 + 2% 

wt/v PVA + 2%v/v Glycerin + BSA; b) DAS10 with 50% 
NS + 2% wt/v PVA + 2%v/v Glycerin + BSA; c) DAS5 + 

2% wt/v PVA + 2%v/v Glycerin + BSA; d) DAS5 with 50% 
NS + 2% wt/v PVA + 2%v/v Glycerin + BSA; e) 100% 

NS + 2% wt/v PVA + 2%v/v Glycerin + BSA.

 Samples with DAS10 present micropores which can 
be seen in Figure 6, a), and micropores are also present 
for samples with DAS10 and 50% NS in Figure 6, b). 
These can influence water absorption, and help oxy-
gen exchange, corroborating the results from swelling 
at equilibrium [39]. Formulations with DAS10, DAS10 
50% NS and DAS5 (a, b, c), respectively, present 
smoother surfaces, according to previous studies for 
films with gelatin and oxidized starch gelatin, film 
smoothness represent the crosslinking ability of oxi-

dized starch and a great integration between all the 
components of the films [40]. Formulations with DAS5 
50%NS and 100% NS in Figure 6, d), and Figure 6, e), 
respectively, present more rugosity than the films 
described previously. This could be due to insufficient 
homogenization between all components and caused 
by the high viscosity of gelatinized NS. For tissue engi-
neering, pores are important as they allow permeabil-
ity of oxygen and essential nutrients [35], also they 
allow more water uptake which is beneficial in early 
healing stages since cells will depend completely on 
nearby tissue fluids [41] [42]. Another important fact with 
this type of scaffolds is that the roughness is necessary 
for cell adhesion. Some studies revealed that for osteo-
blasts rough surfaces shows great cell adhesion and 
proliferation [43] [44]; for fibroblasts studies demonstrate 
that this type of cells prefer rough surfaces instead of 
smooth ones, as the studies showed more cells in 
rough surfaces than in smoother ones [35].

CONCLUSIONS 
The response surface methodology (RSM) for this 

work gives a model that fits for thickness and swelling 
parameters; however, protein release was poorly pre-
dicted. According to the DOE, the parameter with the 
greatest effect on the overall system was the volume 
followed by the degree of oxidation and percentage of 
NS. Swelling and protein release are responses that 
mostly depend on the degree of oxidation and are cor-
related; as swelling rates increases the release 
increases, this is also a good fact as these films need to 
absorb exudates from the wound and promote its heal-
ing. FT-IR spectra for the films show that some Schiff 
bases may be formed when less NS is used, and the 
peaks for hydroxyl groups may confirm the swelling 
rates for the films, when they have less NS they absorb 
more water which is beneficial for wound healing. 
Nevertheless, the films compositions performed 
showed properties that may be useful for protein 
encapsulation and release for different applications, 
such as transdermal delivery or skin regeneration 
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Studies on cytocompatibility, cytotoxicity, cell adhe-
sion, biocompatibility, biodegradability, and in vivo 
studies must be performed. 
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