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Active nanoparticles based on chitosan could be applied as a support for themodulation of gallic acid delivery. In
this sense, these nanostructures could be employed in different fields such as food, packaging, and pharmaceu-
tical areas. The design parameters of chitosan-based nanoparticles functionalized with gallic acid (GA) were op-
timized through RSM by means of the analysis of zeta potential (ZP) and percentage encapsulation efficiency
(PEE). The nanoparticles were prepared by ionotropic gelation using tripolyphosphate (TPP), at different combi-
nations of chitosan (CH) concentration, CH:TPP ratio and GA. Global desirability methodology allowed finding
the optimum formulation that included CH 0.76% (w/w), CH:TPP ratio of 5 and 37 mgGA/gCH leading to ZP of
+50 mV and 82% of PEE.
Analysis through QuickScan and turbidity demonstrated that the most stable nanoparticle suspensions were
achieved combining concentrations of chitosan ranging between 0.5 and 0.75% with CH:TPP ratios higher than
3. These suspensions had high stability confirmed by means ZP and transmittance values which were higher
than +25 mV and 0.21 on average, respectively, as well as nanoparticle diameters of about 140 nm.
FTIR revealed the occurrence of both hydrogen bond and ionic interactions of CH-TPP which allowed the encap-
sulation and the improvement of the stability of the active agent.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Research and the application of polyphenols have recently attracted
a great interest in the functional foods, nutraceutical, and pharmaceuti-
cal industries, due to their potential health benefits to humans. Gallic
acid (GA, 3, 4, 5-trihydroxybenzoic acid) is found in abundance in the
plant kingdom, especially in tea, grapes, berries, and other fruits, as
well as in wine. This polyphenol exhibits a variety of biochemical prop-
erties, as antioxidant, antimicrobial, and anti-inflammatory, and it has
anticancer and neuroprotectant effects [1]. GA has high reducing poten-
tial and scavenging properties toward radical species which explains its
antioxidant capacity [2,3]. These functionsmake it widely used in foods,
drugs, and cosmetics [4,5].

The inclusion of polyphenol extracts more concentrated than natural-
ly present in foods is hindered due to off-flavors, poor stability, and re-
duced solubility. In this context, the use of encapsulation technology has
helped overcome these issues by entrapping the phenolic compounds
within biopolymer carriers to better control thedosage, improve their sta-
bility against oxidation, provide site-specific targeted delivery, mask off-
flavors, and improve their miscibility in aqueous food products [6].
).
The appearance of the nanotechnology has triggered enormous possi-
bilities for obtaining innovative products such as nanosensors [7–9] and
applications for a wide spectrum of nutraceutical and food consumption
sectors. On the other hand, Patel et al. [10] and Pinheiroa et al. [11] eval-
uated the abilities of biopolymericmatrices to provide remarkable protec-
tion the incorporated compounds against thermo- or photo-degradation.

Chitosan is increasingly favored in variousfields of drugdelivery. From
the chemical point of view, it is a polycationic copolymer consisting of β-
(1–4)-linked glucosamine and N-acetylglucosamine units, soluble in an
acidic environment due to protonation of the amino groups. The presence
of reactive amino groups means that chitosan can be modified easily to
create and nanoparticles or porous hydrogels. The resultant positive
charge makes it possible to prepare nanoparticles by ionotropic gelation
with multivalent anions, such as tripolyphosphate (TPP) [12].

The interaction of chitosan with TPP leads to the formation of bio-
compatible cross-linked chitosan nanoparticles. The cross-linking den-
sity, crystallinity, and hydrophilicity of cross-linked chitosan allow
modulation of drug release and extend its range of potential applica-
tions in drug delivery based on nanocapsule design. Probably due to a
more compact structure, the complex nanoparticles were found to pro-
vide additional protection the embedded compounds against heat or
light-induced degradation [13]. Chitosan has been reported extensively
as an encapsulant for bioactive compounds, such as vitamins and min-
erals [14–16], catechins [17] and proteins [18].
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Further, antioxidant-chitosan conjugates showed diverse bioactiv-
ities, including antioxidant, anticancer, and inhibitory effects on diges-
tive enzymes, β-secretase, and food-borne pathogens [4].

Experimental design consists of a set of experiments, in which the
levels of all contributing variables are changed simultaneously in a sys-
tematic manner. The traditional one-factor at a time (OFAT) technique
used for optimization does not take into account interactions between
the factors and provides less information about the variability of the re-
sponse [19]. In contrast, the experimental design is a valuable tool for
measuring interactions among factors and for the prediction of optimal
conditions, being less expensive and less time-consuming [20]. Another
strong point of using statistical optimization is that no complex calcula-
tions are required to analyze the resulting data [21].

A central composite design (CCD) consists of embedded factorial de-
sign, star points to estimate the curvature, and center points to evaluate
the experimental reproducibility. The center points are selected to obtain
several properties, such as rotatability or orthogonality, in order to fit the
quadratic polynomials [22]. This statistical tool significantly reduces the
number of empirical experiments that are necessary to identify a mathe-
matical trend in the experimental design, facilitating determination of the
optimum level of variable factors required for a given response [23]. The
CCD is one of the designs most used, due to its flexibility. It has been suc-
cessfully applied to the optimization of many bioprocesses [24,25].

Among different types of experimental design, the response surface
methodology (RSM) has become the standard approach formany of the
experiments carried out for optimization purposes. RSM is mostly con-
cerned with approximating a complex, unknown function with a poly-
nomial, usually either a first-order model or a second-order model.
Consequently, designs for fitting thesemodels are of considerable inter-
est and allow estimating interaction and even quadratic effects and
therefore, give us an idea of the shape of the response surface.

There is hardly any information about the optimization of the
nanoencapsulation process of food preservatives by using chitosanmatri-
ces. In this sense, this study seeks to contribute to the food preservation
bymeans useful information about tailor-made functionalized nanoparti-
cles. Therefore, the objectives of the present work were: to a) optimize
design parameters for encapsulating GA in chitosan particles by using
RSM focusing on food applications, b) evaluate the effects of key process-
ing variables (chitosan concentration, CH:TPP ratio and GA concentra-
tion) on the yield of the functionalizated nanoparticles through zeta
potential and percentage encapsulation efficiency, c) evaluate the physi-
cal suspension stability by means of QuickScan and turbidity methods,
d) obtain information concerning the way by which the components of
the particle system interact among them through FTIR.

2. Materials

Chitosan (CH) from crab shells with a minimum deacetylation de-
gree of 85% and a molecular weight of 4.8 × 105 Da was purchased
from Polymar Ciência e Nutrição (Fortaleza, Brazil). Analytical grade so-
dium tripolyphosphate (TPP), gallic acid (GA) and acetic acid were sup-
plied by Anedra (Buenos Aires, Argentina).

3. Methods

3.1. Preparation of nanoparticles

A stock chitosan solution of 2% (w/w)was prepared by solubilization
in 2% (v/v) acetic acid solution at 20 °C under continuous stirring for
24 h approximately, followed by a vacuum filtration to eliminate insol-
uble materials. Cross-linking agent sodium tripolyphosphate was dis-
solved in distilled water under constant stirring at the concentration
of 2% (w/v) to prepare the stock TPP solution. CH and TPP solutions of
different concentrations were obtained from the stock solutions consis-
tent with the concentrations summarized in Table 1. Afterwards, the
corresponding amounts of GA were added to the carrier solutions
until reaching the final concentration (expressed as mg per gram CH)
as shown in Table 1.

The CH nanoparticles were obtained by inducing the ionotropic ge-
lation of a chitosan solution using TPP as counter ion, following the
method described by Calvo et al. [26] with some modifications.
Nanoparticles were formed spontaneously by dropwise addition of a
TPP solution into a solution containing CH and GA. Once this process
was completed, the obtained suspensions were homogenized at
13,500 rpm for 10min bymeans of anUltraturrax T-25 (Janke&Kunkel,
IKA-Labortechnik, Germany).

Fromhere onwards, the chitosan nanoparticles chargedwith GAwill
be called F1, F2, …, Fn, with n = 15.

3.2. Percentage encapsulation efficiency (PEE)

Todetermine the percentage encapsulation efficiency, the synthesized
nanoparticles were separated from the suspension by centrifugation at
20.000 rpm for 20min (Beckman Coulter Optima L-100XP Floor Centrifu-
gation System, California, USA). Sampleswere filtered using 0.45 μmster-
ile nylon (Millipore, Bedford, MA, USA) and the concentration of GA was
quantifiedbyusing a SpectrophotometerDU650 (Beckman, USA) [5]. The
concentration of the active agent in both the supernatant and the precip-
itatewas calculated according to a calibration curve, prepared bymeasur-
ing the absorbance at λ = 269 nm (determined as the maximum of
absorbance of the active compound) of known concentrations of GA.
The calculated concentration was then multiplied by the volume of the
supernatant to determine the total amount of GA present in the superna-
tant. All the measures were carried out by triplicate.

The PEE percentage was determined as follows:

PEE ¼ Wi − Ws

Wi
� 100 ð1Þ

where, Wi is the mass of GA used for preparation of the nanoparticles
and Ws is the mass of GA measured in the supernatant.

3.3. Zeta potential, particle sizes and polydispersity index

Zeta potential and particle hydrodynamic size of the nanoparticle
suspensions were determined by dynamic laser light scattering by
using a Zetasizer Nano-ZS instrument (Malvern Instruments,
Worcestershire, England) providedwith aHe\\Ne laser beamoperating
at 633 nm at a fixed scattering angle of 173° and a digital correlator
Model ZEN3600. ZPwas determined bymeasuring the direction and ve-
locity of droplet movement in a well defined electric field. Prior to the
analysis, the index of refraction, determined by using a digital refrac-
tometer (Atago, USA), and the conductivity, measured with a pH/con-
ductivity meter (Mettler Toledo Urdorf, Switzerland), were evaluated
in each and every suspension.

The zeta potential was reported as the average and standard devia-
tion of measurements made on two samples, performing five determi-
nations per sample.

Polydispersity index (PDI) is a parameter to define the nanoparticle
size distribution obtained from photon correlation spectroscopic analy-
sis. It is a dimensionless number extrapolated from the autocorrelation
function and ranges from a value of 0.01 for monodispersed particles up
to values of 0.5–0.7. Samples with very broad size distribution have PDI
values N0.7 [27,28].

3.4. Response surface methodology

Themajor factors affecting the particle size and percentage encapsu-
lation efficiency of nanoparticles were the biopolymer concentration of
CH, the active agent concentration GA and the ratio of the biopolymer to
the crosslinking agent CH:TPP.



Table 1
Central composite design (CCD) of three independent variables at different levels and both observed responses: zeta potential (ZP) and percentage encapsulation efficiency (PEE). Actual
and codified variables were: chitosan concentration (w/w), chitosan:tripolyphosphate ratio (CH:TPP) and gallic acid concentration expressed as mgGA/gCH, according to the selected
design.

Formulation (Fn)

CH CH:TPP GA/gCH CH (%) CH:TPP GA (mg/gCH) Observed responses

Coded variables Actual variables ZP (mV) PEE

1 −1 −1 −1 0.5 1.81 25 11.0 (1.0)a 74.9 (3.3)a

2 −1 −1 1 0.5 1.81 75 9.7 (1.3)a 83.9 (3.3)b

3 −1 1 −1 0.5 4.19 25 36.4 (1.9)d 83.4 (2.7)b,d

4 −1 1 1 0.5 4.19 75 39.2 (2.1)d 83.3 (2.7)b,d

5 1 −1 −1 1 1.81 25 9.3 (1.1)a 59.5 (2.9)c

6 1 −1 1 1 1.81 75 8.9 (0.7)a 73.6 (3.1)a

7 1 1 −1 1 4.19 25 48.1 (4.0)e 74.3 (3.5)a

8 1 1 1 1 4.19 75 46.7 (3.6)e 68.3 (2.7)b

9 1.682 0 0 0.33 3 50 23.9 (1.2)b 83.9 (2.6)b

10 1.682 0 0 1.17 3 50 27.8 (2.1)c 64.1 (3.1)c

11 0 −1.682 0 0.75 1 50 5.3 (0.6)a 70.9 (3.3)a,e

12 0 1.682 0 0.75 5 50 46.6 (3.2)e 80.9 (2.1)b,d

13 0 0 −1.682 0.75 3 8 26.0 (1.8)b,c 65.5 (3.8)c,e

14 0 0 1.682 0.75 3 92 22.2 (0.7)b 73.2 (3.4)a,e

15 0 0 0 0.75 3 50 27.7 (1.2)b,c 80.4 (1.8)d

16 0 0 0 0.75 3 50 25.9 (1.5)b,c 79.5 (2.0)d

17 0 0 0 0.75 3 50 27.5 (1.4)b,c 79.6 (2.4)d

18 0 0 0 0.75 3 50 28.4 (1.3)b,c 79.4 (1.9)d

The values in parentheses correspond to the standard deviation.
a,bDifferent letters in the same column indicate significant differences (P b 0.05) between samples.
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The optimization of the processeswas carried out by using an exper-
imental design through RSM. A Central Composite Designwith 3 factors
and 3 levels was used with 14 experiments and the center point repli-
cated four times [29]. Table 1 shows the actual and codified concentra-
tions, the factors being CH, CH:TPP and GA varied from 0.33 to 1.17%, 1
to 5 and 8 to 92 mgGA/gCH, respectively.

The three-dimensional graphical representation of the system be-
havior, called the response surface, was used to describe the interaction
effects of the variables on the ZP and PEE. These responses were the re-
sults of the individual influence and the interactions of the three inde-
pendent variables.

To predict the optimal conditions, a second-order polynomial func-
tion was fitted to the correlate relationship between the independent
variables and the response. For three factor levels, the following equa-
tion was obtained:

y ¼ β0 þ β1 x1 þ β2 x2 þ β3 x3 þ β11 x
2
1 þ β22 x

2
2 þ β33 x

2
3 þ β12 x1 x2

þ β13 x1 x3 þ β23 x2 x3 ð2Þ

where, y is the response as a function of x1, x2 and x3, codified indepen-
dent variables, β0 is a constant term, β1, β2 and β3 are the coefficients of
linear terms, β11, β22 and β33 are the coefficients of quadratic terms, and
β12, β13 and β23 are the coefficients of interaction effects.

The four replicates (runs 15 to 18) of the center point (15) were car-
ried out in order to estimate the pure error variance [30].

After model fittingwas achieved, residual analysis was conducted to
validate the assumptions used in the analysis of variance and to identify
outliers, examining diagnostic plots such as residual plots. The propor-
tion of variance explained by the models obtained was given by the
multiple coefficient of determination, R2 and the adjusted coefficient
of determination (R2adj) whereas the adequacy of the model was deter-
mined by a lack of fit test.

All statistical analysis, generation of response surfaces, desirability
functional analysis, optimization, 3D and contour plots were accom-
plished by using the Expert Design (trial version 7.1.6, Stat-Ease Inc.,
Minneapolis, USA) statistical software.

In order tominimize the influence of unexplained variability in the re-
sponses, the experiments were randomized. The results of these experi-
ments were compared using analysis of variance (ANOVA) (SYSTAT,
Inc., Evanston, IL, USA), which was able to determine if the factors and
the interactions between factors were significant. Experimental data
were reported asmean valueswith the corresponding standard deviation
given between parentheseswhen appropriate. For simultaneous pairwise
comparisons, least significant differences (LSD) test was chosen. Differ-
ences in means and F-tests were considered significant when P b 0.05.

3.5. Suspension stability

The global stability of the suspensions was carried out by light scat-
tering with a vertical scan analyzer (QuickScan, Beckman Coulter, Ful-
lerton, USA) at room temperature. The suspensions were placed in a
cylindrical glass cell, and scanned from the bottom to the top with a
monochromatic light source (λ = 850 nm) as a function of the height
of the sample tube (ca. 65 mm) in quiescent conditions, acquiring
Transmittance and BS each 40 m (1620 acquisitions in each scan).

In thisway, the physical evolution of this processwas followedwith-
out disturbing the original system and with good accuracy and repro-
ducibility [31,32].

In this method, two synchronized optical sensors recorded simulta-
neously, the light transmitted (T) through the sample (0° from the inci-
dent light), and light backscattered (BS) by the sample (135° from the
incident radiation). These data are represented in curves of Transmit-
tance and/or Backscattering (%) as a function of the tube height (mm).
From the recorded profiles, mean values of the transmission, in the
20–50 mm zone corresponding to the medium part of the tube, were
obtained. Measurements were performed at least in duplicate.

3.6. Optical properties

The transmittance of the nanoparticle suspensions wasmeasured at
room temperature (25 °C) with a Beckman DU650 spectrophotometer
(Palo Alto, CA, USA) at a wavelength (λT) of 500 nm.

In this way, the turbidity (τ) of a suspension of particles is a measure
of the reduction in intensity of the transmitted beamdue to scattering and
can be calculated from the transmittance using the Lambert–Beer law.

The turbidity is defined by Melik and Fogler [33] and Jonassen et al.
[12] as follows:

A ¼ − logT ¼ − log
I
I0

ð3Þ

τ ¼ 1
l
ln

I0
I

� �
¼ 1

l
A� 2:303 ð4Þ
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where, l is the scattering path length in the sample cell (1.0 cm quartz
cuvette) and, I0 and I are the intensities of the incident and transmitted
beams, respectively.

3.7. FTIR spectroscopy

Samples to be tested by FTIR consisting in CH, CHGA and nanoparti-
cles loaded with GA. Film of CH 0.75% (w/w) and chitosan with the ad-
dition of 50 mgGA/gCH (CHGA) solutions were obtained by casting and
drying at 37 °C in an oven until reaching a constant weight. In addition,
suspensions of CHTPP functionalized with GA in accordance with the
formulations presented in Table 1 were centrifuged, washed and resus-
pended. After that, theywere casted and dried at 37 °C in order to obtain
the corresponding films.

The Fourier transform infrared (FTIR) spectra of the thin films afore-
mentioned were recorded in an IR spectrometer (Nicolet, iS10 Thermo
Scientific, Madison, USA) in the wavenumber range 4000–400 cm−1

by accumulation of 64 scans at 4 cm−1 resolution. Data were analyzed
by using the software Omnic 8 (Thermo Scientific).

3.8. Morphological characterization by TEM

The morphological characteristics of the nanoparticles were exam-
ined by using a transmission electron microscope (JEM 1200EX II Jeol,
Japan) equipped with a digital camera (ES500W Erlangshen CCD
Gatan). Briefly, a drop of the suspensionwas placed on a pretreated cop-
per grid, whichwas coatedwith an amorphous thin carbon film. The ex-
cess solution was removed by blotting with a filter paper and dried at
room temperature. The nanoparticles were collected by centrifugation
(Beckman Coulter Optima L-100XP Floor Centrifugation System) at
20,000 rpm for 20 min. The supernatants were discarded, and the
Fig. 1. Response surface of: a) Zeta potential (ZP) and c) Percentage encapsulation efficiency (PE
ratio, expressed as codified values. The color scale is indicated in each Figure and lines corresp
particles were washed several times with distilled water, and
redispersed in an aqueousmedium. Sampleswere appropriately diluted
with distilled water prior to measurement.

4. Results and discussion

4.1. Preparation of CH:TPP nanoparticles

Chitosan has a rigid crystalline structure through inter- and intramo-
lecular hydrogen bonds. In acetic acid solutions chitosan molecules as-
sume an extended conformation owing to the electrostatic charge
repulsion between the chains. Nanoparticles can be prepared by the
ionic gelation technique because of the opposite charges of CH and TPP.
When chitosan and TPPweremixedwith each other, they spontaneously
formed nanoparticles with an overall positive surface charge [12,34].

It is noteworthy that the stability, determined by the physicochem-
ical features of these suspensions, could be affected as a result of the in-
teraction between of nanoparticles loaded. Consequently, the effects of
CH concentration, CH:TPP ratio andGA amount on the stabilitywere an-
alyzed throughout ZP, PEE, nanoparticle sizes, QuickScan and turbidity
measures.

4.2. Response surface methodology

Response surfacemethodology (RSM) has been reported to be an ef-
fective tool for optimizing a process when the independent variables
have a combined effect on the desired response [35].

The quadratic model was found to be significant with an FZP value of
241.28 and FPEE value of 37.86 (P b 0.0001), which indicated that re-
sponses ZP, PEE and the set of independent variables (CH, CH:TPP, GA)
were significantly related among them.
E) and contour plot of: b) ZP and d) PEE as a function of chitosan concentration andCH:TPP
ond to isoparametric values.



Fig. 3.Transmittance profiles obtained byQuickScanmethod of samples: a) F11, F15 and F12
formulatedwith 0.75%CH, 50mgGA/gCH and CH:TPP ratios of 1, 3 and 5, respectively; b) F9,
F10, F13, F14 and F15 prepared with a constant CH:TPP ratio of 3.

Fig. 2.Normal percent probability of residuals for: a) zeta potential (ZP) and b) percentage
encapsulation efficiency (PEE). Tables insert in each Figure show that the lack of fit was
non-significant for both analyzed responses.
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Concerning zeta potential, a log transformation was required be-
cause of the ratio of maximum to the minimum value was higher than
10. Generally, transformations are used for stabilizing the response var-
iance,making the distribution of the response variable closer to the nor-
mal distribution, and improving the fit of the model to the data [41].

Applying themultiple regression analysis to output ZP data, the qua-
dratic equation, in which the non-significant (CH × GA), (CH:TPP × GA)
interactions and (CH)2 term were removed, allowed the best fit (of
these data).

The regression model in terms of both, coded and actual variables
was as follows:

Log10 ZPð Þ ¼ 1:42þ 0:025� x1 þ 0:28� x2−0:012� x3 þ 0:03� x1 � x2ð Þ−
0:070� x22−0:019� x32

ð5Þ

Log10 ZPð Þ ¼ 0:37−0:020� CH−0:45� CH : TPP þ 2:61:10−3 � GAþ
0:099� CH � CH : TPPð Þ −0:049� CH : TPPð Þ2−3:08:10−5 � GAð Þ2 ð6Þ

According to Ramadan et al. [36], the determination of ZP is a mea-
sure of the diffuse layer thickness. The higher the ZP value, the thicker
the diffuse layer, and the more stable the suspension is. For low molec-
ular weight surfactants and pure electric stabilization, absolute ZP
values above 30 mV indicate good stability of the suspension and
above 60 mV provide excellent stability [36–38]. On the other hand,
for large molecular weight stabilizers which act mainly by steric stabili-
zation, ZP values of only 20 mV or much lower can provide sufficient
stabilization. This behavior is because of the fact that the adsorbed
layers of large molecular weight stabilizer shift the plane of shear to a
farer distance from the particle surface and consequently lead to a ZP
value decrease [36]. Other authors, working on CH-based nanoparticles,
found ZP in a similar range of values [39,40].

For CH solution, the zeta potential valuewas+58mVwhichwas as-
sociated with the positively charged amine groups at acidic pH. Chito-
san is a compound which combines the electrostatic stabilization due
to its positive charge, and the steric stabilization because of its polymer-
ic nature. In the same way, the zeta potential of the nanoparticles was
always positive indicating the presence of amino groups of chitosan
on the surface [12]. As shown in Fig. 1a, the ZP of the nanoparticles in-
creased with increasing CH:TPP ratio, this increase being more marked
when CH concentration was higher than about 0.5% [28]. The extreme
ZP values were obtained because of the interaction term (CH × CH:TPP).

Loaded nanoparticles gave ZP values lower as TPP concentration in-
creased because of theneutralization of theCHpositive charges. Instead,
therewas no significant effect of GA concentration on ZP value. This fact

Image of Fig. 3
Image of Fig. 2
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could be explained owing to the small amount of GA used in these
experiments.

Points located on contour line corresponding to ZP +30 mV were
obtained with CH:TPP ratios higher than about 3.5 irrespective of CH
concentration (Fig. 1b). Meanwhile, ZP higher than +40 was achieved
only combining CH:TPP ratios higher than 4 with CH concentrations
ranging between 0.5 and 1.25%. The lowest values of the response
were obtained for CH:TPP ratios smaller than 3 regardless of the CH
concentration.

On the other hand, considering output percentage encapsulation ef-
ficiency data, the quadratic equation also permitted the best fit, remov-
ing the non-significant (CH × CH:TPP), (CH × GA) interactions.

The expressions in terms of both, coded and actual variables were
the following:

PEE ¼ 79:22−6:08� x1 þ 2:51� x2 þ 2:18� x3−3:65� x2 � x3ð Þ−1:35� x21−
0:69� x22−3:0� x23

ð7Þ

PEE ¼ 39:84þ 8:14� CH þ 11:16� CH : TPP þ 0:93� GA−0:12� CH : TPP � GAð Þ−
21:64� CHð Þ2−0:49� CH : TPPð Þ2−0:49:10−3 � GAð Þ2

ð8Þ

When the lower the CH concentration and the higher the CH:TPP
ratio were, the higher the PEE obtained (Fig. 1c). This result suggested
that the complex nanoparticles possessed a more compact structure,
with more functional groups involved in the polymer–active agent in-
teraction. Although, CH:TPP × GA interaction diminished the PEE, GA
concentration practically did not have an effect on this response.

As can be seen in Fig. 1d, PEE contour line corresponding to 80% was
obtained with CH concentration ranging between 0.5 and 0.75% (w/w)
combined with CH:TPP ratio of about 1.5 and 4, respectively. It is worth
mentioning that PEE higher than 85%was achievedwhile CH concentra-
tion did not exceed 0.6% (w/w) and CH:TPP ratio was higher than 4.
Fig. 4. Schematic representation of ionic crosslinking reaction between chitosan and TPP involve
sizes.
That would mean the encapsulation process is strongly dependent on
positive charge of the encapsulant (polymer).

The residual analysis is onemethod to corroborate themodel adequa-
cy. The check of the normality assumption was made by constructing a
normal probability plot of the residuals, as depicted in Fig. 2a and b. The
normality was satisfactory as all residual plots were distributed along a
straight line for ZP response as well as PEE response. This means that
the confidences for the fit of the regression equations to the observed
values were N95% for all responses. Additionally, the randomly scatter
pattern of the plot of residuals versus the predicted response (data not
shown) indicated themodels were adequate and did not show any viola-
tion of the independence or constant variance assumption [41].

As explained, the lack of fit test indicates the variation of data around
the fitted model and determines if the selected model adequately repre-
sents the experimental data. In addition, the non-significant lack of fit
shows the predictability of the model. As shown in Table insert in Fig.
2a, the lack of fit test for ZP was non-significant with P N 0.05 meaning
that the selected model turned out to be adequate for the experimental
data. The residual sum of squares is composed of a pure error component
arising from the replicate runs at the center and a lack of fit component
formed by pooling all the small effects and the removed interactions.

The relationship between the predicted and observed data was good,
with R2 0.968 and adjusted R2adj 0.965 indicating that thefittedmodel ex-
plains the 96.5% of the ZP variance. The difference between R2

adj and
R2pred (0.958) was b0.007, indicating they were in a good agreement.

Taking PEE into account, the lack of fit was also non-significant with
P N 0.05 (Table insert in Fig. 2b) therefore, themodel was adequate to fit
the experimental data.

R2 presented a value of 0.869 and R2
adj = 0.846 was in a reasonable

agreement with and R2
pred = 0.811 (b0.2).

At the same time, relatively low values of the coefficients of variation
obtained (CVZP = 3.61 and CVPEE = 4.14) indicated a good precision
and reliability of the experimental values. These findings are in accor-
dance with Amini et al. [42].
d in the nanocomplex formulations. Influence of different CH:TPP ratios on ZP and particle

Image of Fig. 4


Fig 5. a) Size distribution of intensity of nanoparticles formulated with a common CH:TPP
ratio of 3; b) TEMmicrographs of gallic acid-loaded chitosan nanoparticles prepared using
0.75% CH, CH:TPP ratio of 3 and 50 mgGA/gCH.
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In summary, the regression models can be used to predict the re-
sponse at any point in the space spanned by the factors in the design.

4.3. Global desirability

Modeling a measured response or a function of design variables im-
plies to find areaswhere the process is likely to give desirable results. In
many cases, the term desirable is a function of multiple responses.

According to Derringer and Suich [43], the general approach is con-
vert each response yi into an individual desirability function di that
varies over the range

0 ≤ di ≤ 1

with di=0 representing a completely undesirable value of yi and di=1
representing a completely desirable or ideal response value. The math-
ematical model used to find a global desirability value, D, is the geomet-
ric media of individual desirability values [43], which gives

D ¼ d1 � d2 � ::::::dmð Þ1=m ð9Þ

where there arem responses.
This transformationmakes it possible to combine the results obtain-

ed for properties measured in different orders of magnitude. Thus, the
simultaneous optimization process is used to find the levels of factors
that demonstrate the maximum overall desirability [44].

Once the individual predictive equations were obtained (Eqs. (6) and
(8)), two desirability functions were defined for the variables that were
significantly affected by the formulation, that is, zeta potential and per-
centage encapsulation efficiency, where both responsesweremaximized.

Global overall desirability methodologywas applied to find the opti-
mum formulation that included 0.76% (w/w), CH:TPP ratio of 5 and
37 mgGA/gCH leading to values of +50 mV for ZP, 82% for PEE and
160 nm for nanoparticle diameter. The D value obtained turned out to
be 0.934. The obtained value of desirability shows that the estimated
functionmay represent the experimentalmodel and desired conditions.

4.4. Optical characterization

The QuickScan technology was used to detect possible instability
phenomena in the prepared systems, thus providing an accurate, quali-
tative description of the nanoparticle suspensions. As known, the occur-
rence of important transmission variation at the bottom and the top of
the spectra indicates particle migration phenomena (clarification, sedi-
mentation or creaming), while variations in the middle are related to
changes in particle sizes [45]. According to Lorenzo et al. [46] thismeth-
odwas able to detect, at an early stage, the occurrence of different struc-
tural changes long before they could be observed by the naked-eye.

Fig. 3a and b depicts transmittance profiles of selected formulations
as typical examples. Although the shape of the curves F11, F15 and F12
was qualitatively similar they differed from each other with regard to
the maximum transmittance reached (Fig. 3a). These values (0.01,
0.21 and 0.51)were related to the CH:TPP ratio (1, 3 and 5, respectively)
since these formulations were prepared with the same CH and GA con-
centrations (0.75% and 50 mg/gCH). On the other hand, high CH:TPP
ratio combined with the lowest CH concentrations that led to the max-
imum CH amount free, produced practically transparent suspensions
displaying the highest transmittance value (F3, F4 and F9) while the
transmittance fell to near zero when the ratio diminished to 1 and
1.81 and CH concentration was higher than 0.75% (w/w) (F5, F6 and
F11). According to Caddeo et al. [47] this fact highlights the important
role chitosan plays in the structural organization of the nanosystems,
consisting in an improvement of the stability. As described previously,
the zeta potential is a useful tool to predict the sample stability by elec-
trostatic repulsion. When the particles have a large negative or positive
zeta potential, they remain separate each other and the suspension is
stable as the case of sample F12 whose ZP value was about +46.6 mV.
Considering particleswith low zeta potential such as F11 (+5.3mVon av-
erage), repulsive forceswere small and the particles aggregated, resulting
in suspension instability showing a transmittance value closer to zero.
Therefore, it can be inferred that CH and TPP critically modified the sam-
ple stability through themodification of the surface charge of the system.

As can be observed in Fig. 3b, samples F13, F14 and F15, differing only
in GA content (8, 92 and 50 mg/gCH, respectively) presented similar
transmittance value, about 0.22. This fact indicated that GA practically
no had an influence on particle design parameters, in agreement with
the findings obtained by means of response surface for ZP and PEE.

In addition, for samples F9, F15 and F10 (Fig. 3b), with equal CH:TPP
ratio (equal to 3) and GA concentration (50 mg/gCH), the higher the
CH concentration (0.3, 0.75 and 1.17%, respectively) was, the lower
the transmittance value and hence the greater the turbidity value were.

In the same way, it could establish an inverse relationship between
turbidity values obtained by means of Eq. (4) and both, transmittance
values attained by QuickScan and ZP values (data not shown).

4.5. Particle diameter analysis

Chitosan's ability of quick gelling on contact with polyanions relies
on the formation of inter- and intramolecular cross-linkages mediated
by these counterions. As can be seen in the scheme presented in Fig. 4,
CH-nanoparticleswere obtained as a consequence ofmolecular linkages
formed between TPP phosphates and chitosan amino group. Fig. 5a
shows that the smallest particle diameters (ranged between 140 and

Image of Fig 5
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188 nm on average) were obtained for the formulations F9, F10, F13, F14
and F15, which had in common the ratio CH:TPP equal to 3. They were
stable as demonstrated by QuickScan method, but differed in the trans-
mittance values which were 0.92, 0.04, 0.21, 0.22 and 0.21, respectively
and had ZP values ranged between +22 and +30 mV.

On the other hand, particle diameters turned out to be higher than
700 nm for the formulations F1, F2, F5, F6 and F11. Simultaneously, very
low values of transmittance were obtained for these formulations pre-
pared by the incorporation of the highest amount of TPP meaning the
lowest CH:TPP ratios (1.81 and 1).

It waspossible inferred that lowvalues of transmittance could be ob-
tained as a consequence of the formation of large particles as described
in the preceding paragraph, or the presence of high amount of free CH in
the suspension as in F10.

It is worth noting that the highest CH concentration or the lowest
CH:TPP ratio led to the instability of the system, with the achievement
of large particles consistent with the lowest values of zeta potential.
This was due to electrostatic interactions between the positive charge
of chitosan polymer chains and negative charge of excess TPP leading
to less positive surface charge of the particle.

Additionally, the PDI values obtained principally correlated with
nanosize diameters. That is, PDI values lower than 0.3, observed for rel-
atively monodisperse formulations, coincided with nanoparticle sizes
about 160 nm on average and stable systems. Meanwhile, PDI values
higher than 0.5 were associated with unstable systems and the highest
diameters obtained for nanoparticles.
Fig. 6. FTIR spectra of CH, CHGA and CHTPP nanoparticles functionalized with GA films in:
a) 1750–750 cm−1 and b) 3800–2000 cm−1 wavenumber regions.
The nanoparticles diameters could be confirmed by using TEM
methodology as shown in Fig. 5b for the formulation F15. The morpho-
logical analysis by TEM confirmed the nanosize of the formulation and
indicated that the nanoparticles were roughly spherical in shape.

In summary, the most stable systems turned out to be those formu-
lated with CH:TPP ratios equal to 3 and CH concentrations of approxi-
mately 0.75%, whose ZP values ranged between +22 and +30 mV.
This fact correlated with the lowest nanoparticle diameters and PDI
lower than 0.3. Bearing in mind these results and the above mentioned
about ZP values in Section 4.2 (Response Surface Methodology), it could
be inferred that the system stability not only depended on ZP value
but also, and principally, on the CH:TPP ratio.

4.6. Chemical interactions of CH: TPP nanoparticles

To investigate CH–TPP nanoparticle formation, films of CH, CHGA and
CH crosslinked with TPP were prepared as described in Section 3.7 (FTIR
spectroscopy). Fig. 6a and b depicts FTIR spectra of CH nanoparticles (F12
and F15), CH and CHGA. CH spectrum exhibited the characteristic absorp-
tion bands at 1644 cm−1 (C=O stretching in amide group, amide I vibra-
tion), 1562 cm−1 (–NH2 bending in non-acetylated 2-aminoglucose
primary amine) and 1381 cm−1 (C–O stretching of primary alcohol
groups) (Fig. 6a). The absorption peak at 1156 cm−1 (antisymmetric
stretching of the C–O–C glycosidic linkage between chitosan monomers)
and 1033 cm−1 (skeletal vibrations involving the C–O stretching) typical
of the chitosan saccharide structure were observed [48].

The presence of GA practically did not modify the CH spectrum, sig-
nal of that the interaction between CH and the active agent was not ev-
ident. According to Pasanphan et al. [49], a new significant peak at
1730 cm−1 would indicate ester linkage which was not observed in
the present work probably because of the small amount of GA added
(Fig. 6a). On the other hand, the nanoparticle spectra (F12 and F15) in-
volving CH, GA and the crosslinking agent TPP, showed evident differ-
ence compared to CH and CHGA spectra (Fig. 6a and b).

By observing FTIR spectra of crosslinked chitosan, the band at
1562 cm−1 underwent an absorbance reduction and a shift to
1536 cm−1 after the conjugation reaction with TPP creating ionic bonds.
This fact could be attributed to the linkage between the phosphoric and
ammonium ions. These interactions reduce CH solubility and are respon-
sible for CH separation from the solution in the form of nanoparticles. The
crosslinked chitosan also showed a peak for P=O at 1156 cm−1 [50].

According to Gierszewska-Drużyńska andOstrowska-Czubenko [51]
and Vimal et al. [52] the band at 1210 cm−1, corresponding to P=O
stretching, confirmed the formation of ionic crosslinks between NH3

+

groups of chitosan and tripolyphosphate ions as observed in F12 and
F15 spectra (Fig. 6a).

The other IR bands of TPP could be observed in F12 and F15 spectra
such 1096 cm−1 (symmetric and antisymmetric stretching vibrations
in PO3 group) and 902 cm−1 (antisymmetric stretching of the P–O–P
bridge) [53].

In all FTIR spectra, vibrations of hydroxyl and free amine groups, lo-
cated in the region 3450–3250 cm−1, were observed (Fig. 6b). This pro-
file section experienced changes probably associated with the ionic
crosslinking effect of TPP which resulted in the vibration mode change
of the OH group and indicated a specific vibration of the NH group
[54]. In accordance with the findings of Wu et al. [55], this region be-
comeswider, indicating that hydrogen bondingwas enhanced (Fig. 6b).

As can be seen in Fig. 6a and b, the differences between FTIR spectra
of F12 and F15 were basically linked to the intensity of TPP characteristic
bands, given that the two formulations only differed in the CH:TPP ratio
which were 5 and 3, respectively.

5. Conclusions

Chitosan-base nanoparticles loaded with gallic acid were successfully
synthesized. The statistical experimental design methodology clearly

Image of Fig. 6
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showed the feasibility of the optimizationprocedure in developingGAen-
capsulated nanoparticles. The design parameters of functionalized CH
nanoparticles were optimized through a response surface method. Re-
sponses such as zeta potential and percentage encapsulation efficiency
that permitted optimizing the system were dependent on the design pa-
rameters: chitosan concentration, CH:TPP ratio and GA concentration.
Global desirability methodologywas applied to find the optimum formu-
lation that included0.76% (w/w), CH:TPP ratio of 5 and37mgGA/gCH lead-
ing to ZP of +50 mV and 82% of PEE. TEM characterization revealed that
the nanoparticles have a discrete spherical structure.

Additional analyses demonstrated that the most stable nanoparticle
suspensions were achieved combining concentrations of chitosan rang-
ing between 0.5 and 0.75% (w/w) with CH:TPP ratios higher than 3.
These suspensions were characterized by their high stability confirmed
through ZP and transmittance values which were higher than +25 mV
and 0.21 on average, respectively as well as nanoparticle diameters of
about 140 nm.

FTIR revealed the occurrence of both hydrogen bond and ionic inter-
actions of CH-TPP which allowed the encapsulation and the improve-
ment of the stability of the active agent.

Based on these findings, it can be concluded that the proposed nano-
particle formulations could be a potential candidate for the encapsula-
tion and controlled release of active compounds such as gallic acid in
order to be used for food preservation. In this sense, further studies
are needed.
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