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Abstract

Lactoferrin is a globular protein-based biopolymer which has many applications in pharmacy and food industry. In this
study, human lactoferrin nanoparticles were synthesized by thermal treatment technique. Taguchi array design was
employed to minimize the size of nanoparticles. To gain as this purpose, four main factors with four different levels
involved as: lactoferrin concentration (1-4 mg/mL), pH values (6-9), heating rate of (2-5 °C/min) and final temperature
of (60-90 °C) were investigated. In the following, prepared nanoparticles were characterized by dynamic light scattering,
Fourier transform infrared spectroscopy, scanning electron microscopy, and atomic force microscopy analysis. Analysis
of variance showed that lactoferrin concentration with the contribution percentage of 45% is most important in the
preparation of nanoparticles. Also, optimal conditions for synthesized nanoparticles by thermal treatment technique
were: LF concentration of 3 mg/mL, pH 8, heating rate of 3 °C/min and final temperature of 90 °C to achieve particle size
of 188.8 nm, polydispersity index of 0.317 and zeta potential of —52.2 mV.
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1 Introduction

According to WHO statistics, less than 20% of preschool
children in developed countries and about 50% in devel-
oping countries have iron deficiency [1]. Scientists in
medicine and chemistry believe that lactoferrin (LF) can
solve many health problems of iron deficiency. Therefore,
researchers have tried to use LF to transfer iron to the cells
and control the level of free iron in the blood and external
secretions [2].

The two main types of LF include human LF (HLF), and
bovine LF (BLF) [3]. Milk is a rich source of LF. The levels
of LF in normal milk vary considerably between species.
Colostrum is the first form of milk produced by mam-
mals immediately after birth, containing large amounts
of LF [4]. Considering the importance of LF and its global
demands, the production of recombinant LF has become
the main goal for chemical engineers. It seems that the
main physiological function of LF is to bind iron. Hence,
LF helps regulate the absorption of iron in the intestine
and delivery of iron to the cells. The antimicrobial activ-
ity of LF is related to bacterial lysis or opsonization of the
pathogen, for example, mannose-binding proteins’inter-
action with HIV and neutralization of influenza A virus by
surfactant protein A [5]. The chemical structure of pure LF
is shown in Fig. 1. It consists of a single-chain polypeptide
with two globular lobes which further contain two major
domains that are responsible to serve as the binding and
glycosylation sites for iron molecules and carbonate ions.

Recently, there is also a growing interest in the potential
use of LF for the improvement of bone health and can-
cer prevention [6, 7]. Further, the exciting potentials of
employing nanotechnology in advancing drug delivery
systems, active disease targeting and prognosis have also
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Fig. 1 Chemical structure of pure LF
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shown some encouraging outcomes. The mechanisms by
which lactoferrin develops antibacterial activity, depend
on the type of microorganism. LF could be considered an
ideal nutraceutical product because of its relatively cheap
production from bovine milk and of its widely recognized
tolerance after ingestion, along with its well-demonstrated
protective activities [8]. LF influences the growth and pro-
liferation of a diversity of bacteria such as Gram-positive
and Gram-negative bacteria. However, LF has constructive
effects on lactobacillus and bifidobacterium growth [9]. LF
consumption might protect the host from viral infections
through inhibiting the attachment of a virus to the cells,
replication of the virus in the cells, and enhancement of
systemic immune functions. LF were successfully immobi-
lized on glass surfaces and showed promising antimicro-
bial activity against pathogenic bacteria [10].

Investigation of growth mechanism of nanoparticles
(NPs) is present large scientific and practical interest
[11-13]. Utilizing LF by combining its multifunctional
properties with nanotechnology can be a remarkable
therapeutic agent [14]. Several approaches are available
to synthesized LF-NPs including thermal treatment, phase
separation, emulsion templating, and adsorption meth-
ods [15]. Also, understanding the bioactive compound
release mechanisms is essential for predicting the behav-
ior of lactoferrin nanoparticles during food production or
food consumption. Due to the importance of LF, research
into the purification and optimization of LF-NPs synthe-
sis is increasing continually. LF is an excellent NPs carrier
because it is non-toxic and non-immunogenic. Moreover,
LF-NPs are not required to form polymeric materials or
surfactants [16].

Taguchi method is a reliable and suitable method for
optimization of nanobio-products [17-19]. In this research,
Taguchi design experiment software was used to optimize
the size of LF-NPs by thermal treatment method. As men-
tioned above, four main factors in four levels considered:
LF concentration (1-4 mg/mL), pH (6-9), heating rate
(2-5 °C/min), and final temperature (60-90 °C). The design
of experiments was performed using MINITAB statistical
software (version 18). The analysis of variance (ANOVA)
was used to obtain the best formulation for the synthesis
of NPs. Finally, 16 separate experiments were prepared and
the results were investigated by responses.

2 Experimental
2.1 Materials
Purified LF powder was purchased from Merck (Darmstadt,

Germany). According to data extracted from pure pack-
aging, it contains 95% protein, 0.5% ashes, 3% moisture,
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and the rest of iron. Hydrochloric acid 1 M (HCl, 37%) and
sodium hydroxide 1 M (NaOH, 97%) were obtained from
Sigma Aldrich Chemical Co. Ltd. (St. Louis, MO, USA).

2.2 Taguchi design

Today Taguchi is used as a successful model for design-
ing experiments. In addition to the simplicity and ease of
access, this software reduces the number of experiments,
making research more cost-effective and economical [17,
20]. The factors and levels examined are listed in Table 1.
In fact, calculation of the degree of freedom (DF) is
very important because it allows us to know how much
the final calculation values are allowed to be. Clearly, the
DF must be smaller (or equal) than the total number of
experiments. In this work, DF equal to 15. Therefore, only
16 experiments are required to study the entire parameter
space using L16 orthogonal arrays (OA). Taguchi design
is based on signal, noise and control factors. The analysis
is carried out using Signal to Noise Ratio (SNR) for Higher
the Better (HB) criteria using the formula as given below.

k
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where N, is the number of HB criteria, n is total number of

percentage indicates the importance of that parameter in
achieving the desired target. Table 2 shows the experimen-
tal design of Taguchi method.

2.3 ANOVA

ANOVA is a statistical tool in Taguchi software that analyzes
the results of each parameter relative to overall changes.
The one-way ANOVA is used to determine whether there
are any statistically significant differences between the
means of three or more independent groups. Calculation
of the standard terms involved in ANOVA table such as the
sum of squares (SS) that given in Eq. (3):
s = SN, N SN, N SN, N SN, a)
PN, N, N, N,
The sum of squares is a measure of deviation from the
mean. The term SS,, refers to the sum of squares and indi-
ces p due to parameter P. For example, SN; is the sum of

Table 2 Experimental design of Taguchi; A: LF concentration (mg/
mL), B: pH, C: heating rate (°C/min), D: final temperature (°C)

Run  Process parameter

(A)LF concen-  (B)pH(-) (C) Heating (D) Final
trial runs at ith setting, y; is value of the response at ith set- tration (mg/mL) rate (°C/min) temperature
ting and k is the total number of replications. The SNR can Q)
analyze and identify the factor that significantly affects the 1 ] s : 60
output, as well as the amount of the contribution of each ) 1 : ) -
factor. Further, relative effect of each process parameter is 3 1 5 3 50
determined by the Analysis of Variance (ANOVA) which is 4 1 3 4 90
a statistical technique. In this technique the total variabil- s ) 5 ) 50
ity of the response is separated with respect to individual 6 5 6 : 90
contributions of each of the factors and the error. To deter- ; ) 7 4 60
mine the contribution of each parameter, the contribu- 3 5 3 3 70
tion percentage that is described as follows, needs to be 9 3 5 3 90
calculated for each parameter. 10 3 6 4 30

o 11 3 7 1 70
%Contribution - X 100 ) 123 8 ) 60
13 4 5 4 70
where SS is the sum of squares and SS, is the total sum ~ ,, 4 6 3 60
of squares. Since the main purpose of this study isto 5 4 7 5 9
reduce the size of LF-NPs, the increase of the contribution ;4 8 1 80
Table 1 Factors and levels of Factors/levels Units Symbols 1 2 3 4
experiments
LF concentration (mg/mL) A 1 2 3 4
pH - B 5 6 8
Heating rate (°C/min) C 1 2 3 4
Final temperature (°C) D 60 70 80 90
SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:1339 | https://doi.org/10.1007/542452-019-1353-z

SNR of experiments involving parameter P at level 1. N,
is the number of experiments containing parameter P at
level 1.

s,

Vp == 4)
p
DF,
V, is the variance of parameter P. DF; is the degree of free-
dom associated with parameter P. The statistical formula
to determine degrees of freedom is quite simple.

3 Methods
3.1 Synthesis of LF-NPs

LF-NPs preparation was based in the methodology used
by other authors with some modifications [21]. The sche-
matic illustration of the various steps in the production
of LF-NPs with full specifications showed in Fig. 2. In this
work, for preparation of LF-NPs, based on Table 2, puri-
fied LF powder with different doses (1, 2, 3 and 4 mg/mL)
poured into 25 mL of distilled water and was stirred 1 h
at room temperature. Then, LF solution was adjusted to
different values of pH (6, 7, 8 and 9) with 1 M HCl and/or
1 M NaOH when necessary. Meanwhile, LF solution was
heated slowly at a constant rate (2, 3, 4 and 5 °C/min) to
the required temperature (60, 70, 80 and 90 °C). The solu-
tion was filled into serum vials, and the vials were placed
directly on the shelves of the freeze-dryer (TFD 5505, IL
shin Bio-Base Ltd., South Korea). Synthesized LF-NPs was
stored in a refrigerator at a temperature of 4 °C. Figure 3
shows LF-NPs after freeze drying.

Fig.2 Schematic view of the
progressive steps in prepara-
tion of LF-NPs solution
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Fig.3 The final product of solid LF-NPs

3.2 Particle size and polydispersity index analysis

The size of the NPs can be determined by measuring ran-
dom variations in the dispersion of light from a suspension
or dilute solution. This method is referred to as dynamic
light scattering (DLS), Photon correlation spectroscopy
and also called quasi-elastic light scattering [22]. Particle
sizes and polydispersity index (PDI) of biopolymer particles
were determined using a modern known device yclept as
DLS or particle size analyzer (Malvern Mastersizer Instru-
ments, UK). The results of DLS analysis include two inde-
pendent parameters: Z-average mean diameter and PDI.
PDl is used to estimate the average uniformity of a particle
solution, and bigger PDI values correspond to a larger size
distribution in the particle sample.
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3.3 Fourier transforms infrared spectroscopy
analysis

Fourier transform infrared (FTIR) spectroscopy is an analyti-
cal technique used to identify organic, polymeric, and, in
some cases, inorganic materials. The FTIR analysis method
uses infrared light to scan test samples and observe chemi-
cal properties. The basic theory at work is that the bonds
between different elements absorb light at different fre-
quencies. In this work, FTIR analyses were conducted to
interact between LF-NPs and pure LF. FTIR spectroscopy
was taken on Rayleigh (model WQF-510A from China).

3.4 Scanning electron microscopy

Scanning electron microscopy (SEM) analysis is an authori-
tative analytical apparatus which uses a focused beam of
electrons to fabricate complex, elevated magnification
photos of a sample [23]. Briefly, NPs were coated via a
gold sputter coater and observed by SEM (SNE-4500M, SEC
Cooperation, Suwon. Ltd., South Korea) working at 20 kV
in high vacuumed condition.

3.5 Atomicforce microscopy

Atomic force microscopy (AFM) can appraise changeable
NPs geometry, from traditional spherical NPs to more
interesting fractal geometries of NPs. In this study, AFM
analysis was executed by EasySacn II” (Nanosurf, Liestal,
Switzerland). Data acquisition was performed manually
using Nanosurf Data Processing software.

4 Results and discussion
4.1 Taguchi design consequences

According to Taguchi method, results of 16 experiments
were tabulated in Table 3. The effects of each factor level
on the quality characteristics were analyzed using the
SNR.The average SNR for every level of experiment is cal-
culated based on the recorded value as shown in Table 3.
The SNR graphic of these levels were used for the evalua-
tion (Fig. 4). The higher SNR value means better product
quality. Accordingly, the contribution of each parameter
determined by the method of variance and ultimately
analyzed from the statistical viewpoint. Furthermore, the
curve observation showed that the ‘A’ factor (LF concen-
tration) most influences the particle size. It means that
the change in concentration of LF is a fundamental fac-
tor. On the contrary, the lowest effect on particle size is
final temperature. For the present experimental condi-
tion the best suitable design is Taguchi’s L16 OA which
is shown in Table 3.

As shown in Table 4, the direct effect of each param-
eter at the desired level was investigated using means
analysis and its response mentioned as delta parameter.
The ranks and the delta values for various parameters
show that LF concentration has the greatest effect on
particle size and is followed by heating rate, pH and final
temperature in that order.

To use the F-test to determine whether group means
are equal, it's just a matter of including the correct

Table 3 Experimental design

. Specimen Process parameter Size (nm) PDI
with results
(A) LF concen-  (B) pH (C) Heating (D) Final tem-
tration rate perature
1 1 1 1 1 503.3 0.509
2 1 2 2 2 685.3 0.703
3 1 3 3 3 363.7 0.42
4 1 4 4 4 665.2 0.593
5 2 1 2 3 921.6 0.674
6 2 2 1 4 1708 0.971
7 2 3 4 1 1095 0.706
8 2 4 3 2 650.9 0.567
9 3 1 3 4 163.5 0.259
10 3 2 4 3 2825 0.337
11 3 3 1 2 2704 0.477
12 3 4 2 1 181 0.38
13 4 1 4 2 494 0.495
14 4 2 3 1 854.2 0.728
15 4 3 2 4 312.7 0.422
16 4 4 1 3 1863 0.84
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Fig.4 Analysis of SNR graph by a size and b PDI versus A (LF con-
centration), B (pH), C (heating rate), D (final temperature) factors

Table 4 Response table for means

variances in the ratio. In one-way ANOVA, the F-statistic
is described by Eq. (5):

F = variation between sample means/variation within the samples
(5)
The best way to understand this ratio is to walk through
a one-way ANOVA example. The F-value shows the impor-
tance of a controlling factor over the quality attribute,
which is the particle size in this operating system. The
F-value for each control factor is the ratio of the mean
deviations to the mean square error. The appropriate anal-
ysis on the ANOVA is centered on the mean performance
characteristics and estimated by the Fischer test value
(F-value). Usually, if F-value is greater than 4, it means that
the control factor has a huge impact on the quality attrib-
ute. From Table 5, it can be showed that the F-value for LF
concentration with the value of 3.28 is higher than others
and is more effective than other results. The solvent heat-
ing rate also plays a serious role in the size of the LF-NPs,
with an F-value of equal to 1.66. The p value explains the
probability of obtaining the F-value of this order due to
noise, and the values below 0.05 confirm the correctness
of the process parameter. Based on Table 5, the concentra-
tion of LF is found to be the most impressive parameter by
contributing factor 45%.

4.2 Optimization and confirmation
In the final step of Taguchi method, optimization is veri-

fied by confirmation experiments after the determination
of the variable levels that will give the optimal results. The

Level LF concentration pH Heating rate Final temperature confirmation experiment results performed at the opti-
1 05562 04843 0.6992 0.5807 mum variable levels for particle size and PDI. As deter-
5 07295 06847 0.5448 0.5605 mined in Fig. 4, A3B3C3D4 and A3B1C3D4 and their levels
3 03632 05062 04935 05677 were used for the calculation of the predicted optimal
4 06212 05950 0.5327 05613 particle size and PDI respectively. According to Taguchi
Delta 0.3663 02005 0.2057 0.0202 method, the optimal levels of control factors for the size
Rank 1 3 5 4 of LF-NPs are given in Table 6. As shown in Table 6, a com-
bination of favorable conditions not found in experimen-
tal arrays achieved with the Taguchi optimization method.
Therefore, for Taguchi validation, optimal results were per-
formed again in the laboratory.
Table 5 ANOVA for means Source DF Seq SS Adj MS Variance F-value p value % Contribution
A 3 435145 145048 1450483  3.28 0.017 45
B 3 120,592 40,197 40,197.3 0.91 0.030 12
C 3 220,476 73,492 73,492 1.66 0.034 23
D 3 56,789 18,930 18,929.7 043 0.048 6
Residual error 3 132,552 44,184 44,184 14
Total 15 965,554 100
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Table 6 Optimal conditions and laboratory results

Therefore, relying on optimized results, the experiment

was restarted under optimal conditions. As clear, the pre-

Investigating parameters (a) Particle size (b) PDI
(nm) dicted values by Taguchi are in close agreement with what
ovel  Value  Level  Value extracted from empi.rical data. Pre_sumablyt in Taguchi's
design, the error rate is due to machine error in calculating
LF concentration (mg/mL) 3 3 3 3 particle size or due to human error [24]. The size of LF-NPs
pH 3 8 1 6 after optimization is equal to 188.8 nm, which is less than
Heating rate (°C/min) 3 3 3 3 the size expected from the Taguchi method (Fig. 5).
Final temperature (°C) 4 90 4 920
Expected result at optimum ~ 224.2 0.473 4.3 FTIR characterization
Result at laboratory 188.8 0317
% Error 15.7 329 FTIR analytical applications have allowed the structural

Intensity (Percent)

characterization of biological material such as proteins.
FTIR spectra of proteins are highly complex and therefore
can be difficult to interpret. The FTIR spectra were recorded
in the 500-4500 cm™" range at room temperature [25].
As shown in Fig. 6, FTIR spectra of two different samples
depicted (LF-NPs and pure LF). It is shown in the graph;
after the formation of the NPs, a significant decrease
occurs in the intensity of the curve in 600-3600 cm™'

+
10 100

Size {d.nm)

Fig.5 Size distribution intensity

Fig.6 FTIR spectrum of pure 140 -

LF and LF-NPs

+
1000

region. However, pure LF does not change much, but
slight changes occur in the LF curve. A weakening of peak
intensities in the regions around 3800 and 3600 cm™’,
respectively observed, which caused by a molecular
interaction between LF and HCI/NaOH for adjusting pH
[26]. However, significant changes were observed in the
FTIR LF-NPs pattern, which is probably due to the addition

of HCl or NaOH. LF-NPs reacts to protein adsorption and
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produces tensile vibrations at the intensity of 3000 cm™

due to C-0 and 2900 cm™" due to N=H bending with the
contribution of C=N stretching vibrations [27]. The strong
band at 2400 cm™' is based on the tensile vibration of O=H
and states that there is still some water in the sample. In
the range 1733 cm™', several bands are related to the ten-
sile vibration C=H and are related to the symmetric and
asymmetric traction in the CH, and CH; groups. The deep
drop in the strip at a distance of 900-1200 cm™' shows the
effect of the interaction between C=C and C=0 in LF defor-
mation, respectively. Also, the presence of water in the LF-
NPs leads to an increase in peak intensity and changes in
the region from ~ 1200 to 900 cm™' and about the broad
peak near~3450 cm™'. The band between 800-600 cm™'

Fig.7 SEM image of optimized LF-NPs
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has a large gap between the two strips due to =NH, and
=NH vibrating. This discrepancy at the end of the strip
indicates the correct overlap between the intermolecular
tensile forces and the atomic vibration that mentioned in
previous studies [28, 29].

4.4 SEM analysis

An SEM picture of LF-NPs is shown in Fig. 7, which obvi-
ously indicates the spherical NPs with an average diameter
of about 150-250 nm. The photograph clearly presents
that no heterogeneity appears on the NPs surface.

4.5 AFM measurement

Figure 8 shows the AFM images of optimized LF-NPs. The
topography of 2D image shows moderately smooth sur-
faces with spherical shape, and 3D photo demonstrated
that the NPs are synthesized in a uniform and homogene-
ous spectrum inside visible chains and valleys.

5 Conclusions

This study has shown that LF-NPs can be prepared by
thermal treatment method. Physicochemical characteriza-
tions of the LF-NPs were estimated by FTIR, SEM and AFM
analysis. Herein, Taguchi design method was applied to
optimize the size of NPs. For this purpose, an L16 OA was
arranged for the experiment procedure. From the ANOVA,
found that LF concentration is most significant parameter
for minimize the particle size of LF-NPs as compared to

Topography - Scan forward

Line fit 32.3nm

Fig.8 AFM topography 2D and 3D images of optimized LF-NPs
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others (contribution percentage ~45%). As a result, opti-
mal conditions obtained of this method were: LF concen-
tration of 3 mg/ml, pH 8, heating rate of 3 °C/min and final
temperature of 90 °C to achieve minimum size equal to
188.8 nm which is in good agreement with data analyzed
from Taguchi method (224.2 nm).
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