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a  b  s  t  r  a  c  t

Chitin  nano-objects  become  more  interesting  and  attractive  material  than  native  chitin because  of  their
usable  form,  low  density,  high  surface  area  and  promising  mechanical  properties.  This  work  suggests  a
straightforward  and  environmentally  friendly  method  for processing  chitin  nanofibers  using dynamic
high  pressure  homogenization.  This  technique  proved  to be a remarkably  simple  way  to  get  �-chitin  into
eywords:
-Chitin nanofibers
igh pressure homogenization
orphology

ntifungal activity

�-chitin  nanofibers  from  yellow  lobster  wastes  with  a uniform  width  (bellow  100  nm)  and  high  aspect
ratio;  and  may  contributes  to a major  breakthrough  in chitin  applications.  Moreover,  the resulting  �-
chitin  nanofibers  were  characterized  and  compared  with  native  �-chitin  in  terms  of  chemical  and  crystal
structure, thermal  degradation  and  antifungal  activity.  The  biological  assays  highlighted  that  the nano
nature  of chitin  nanofibers  plays  an  important  role  in  the  antifungal  activity  against  Aspergillus  niger.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Chitin is the most abundant nitrogen-bearing compound in
ature and the second most abundant biopolymer on earth after
ellulose. Despite being one of the most widespread natural
olysaccharide, chitin was for a long time considered as an

ntractable polymer because of its lack of solubility in common
olvents (even in some typical cellulose solvents), which limits
ts processing and practical utilization (Rinaudo, 2006). However,
ecent studies have mainly focused on other aspects of chitin:
hitin nanoparticles (Mincea, Negrulescu, & Ostafe, 2012; Zeng, He,
i, & Wang, 2012) and their applications, especially in reinforcing
olymer nanocomposites (Ifuku et al., 2012; Wang et al., 2013;
eng et al., 2012).

In nature, chitin occurs as micro/nanofibrils that form a com-
osite together with proteins, pigments and calcium carbonate and

as a structural role in the exoskeleton of crustaceans and insects
Chen, Lin, Mckittrick, & Meyers, 2008; Raabe, Sachs, & Romano,
005). The cross-sectional width of the crystalline fibrils could
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
range from 2.5 to 25 nm,  depending on their biological origin (Revol
& Marchessault, 1993).

The unique properties of chitin nanoparticles – such as their
renewable and biodegradable character, extremely small size, low
density, chemical stability, biological activity, and noncytotoxicity
– make them excellent candidates for use in extensive range of
medical applications, nanocomposite fields, water treatment, cos-
metics, electronics devices, etc. (Zeng et al., 2012). For this reason,
nanocrystals/whiskers and nanofibers have been obtained from
crab tendons and shells, shrimp shells, lobster, squid-pen, among
others, by different methods using chemical and/or mechani-
cal treatments (Fan, Fukuzumi, Saito, & Isogai, 2012; Fan, Saito,
& Isogai, 2008, 2010; Goodrich & Winter, 2007; Ifuku et al.,
2009, 2010, 2011; Kadokawa, Takegawa, Minea, & Prasad, 2011;
Mincea et al., 2012; Paillet & Dufresne, 2001; Qi et al., 2013;
Watthanaphanit, Supaphol, Tamura, Tokura, & Rujiravanit, 2008;
Zhao, Feng, & Gao, 2007) from pure chitin after removal the other
exoskeleton compounds.

Chitin nanofibers have previously been processed by differ-
ent methods including ultrasonic technique under neutral (Zhao
et al., 2007) and acidic (Fan et al., 2008) conditions; and grind-

ing treatment in never-dried state (Ifuku et al., 2009) and in dried
state of chitin under acidic (Ifuku et al., 2010), and neutral (Ifuku
et al., 2011) conditions. Despite these studies, there is still much
valuable work to be done in the development of new simple and
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Fig. 1. Schematic diagram illustrating the straightforward way  (high pressure
homogenization) to isolate �-chitin nanofibers from native �-chitin flakes (this
scheme is based on the GEA Niro Soavi homogenizing valves illustration of their
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chitin nanofibers. ATR-FTIR spectra of the samples were recorded
ebsite, 18.11.13) (A); final gel-like aqueous matter of �-chitin nanofibers after
ltration (4 wt%) (B).

ffective processing methods to isolate chitin nanofibers without
evere degradation and practical cost.

Herein, we chose to exploit a remarkably straightforward way –
ynamic high pressure homogenization – to get chitin into a usable
orm: nanofibers. Dynamic high pressure homogenization is based
n the use of very high pressure on fluids to subdivide dispersed
articles into very small sizes (order of magnitude of nanometers)
Fig. 1). This methodology provides a convenient, versatile, and
nvironmentally friendly method for processing chitin nanofibers
n a large scale which will contribute for a major breakthrough in
hitin applications. On this basis, for the first time, individualized
-chitin nanofibers with diameters bellow 100 nm were processed
y this simple concept. The resulting chitin nanofibers were char-
cterized in terms of morphology, chemical and crystal structures,
nd thermal stability.

Chitin and its derivative chitosan have emerged as promis-
ng natural biodegradable antimicrobial and antifungal agents
Zhang, Li, & Liu, 2011). Nonetheless, thanks to the positive charge
n the C-2 of the glucosamine monomer below pH 6, chitosan
s more soluble and is known to present better antimicrobial
ctivity than chitin. For this reason, the possible mechanisms dis-
ussed are mainly focused on chitosan (Kong, Chen, Xing, & Park,
010; Krajewska, Kyzioł, & Wydro, 2013; Krajewska, Wydro, &
ańczyk, 2011; Krajewska, Wydro, & Kyzioł, 2013; Rabea, Badawy,
tevens, Smagghe, & Steurbaut, 2003; Zhang et al., 2011). Although

hitin has been described as an antifungal agent, the antifungal
ctivity of chitin nanofibers have not been evaluated previously.
ere, we demonstrated that the nano nature of chitin nanofibers
Polymers 116 (2015) 286–291 287

plays an essential role in the antifungal activity against Aspergillus
niger.

2. Experimental

2.1. Materials

Lobster wastes (Cervimunida johni) in the form of flakes were
kindly supplied by Antartic Seafood S.A. (Chile) and used as
starting material. Anhydrous NaOH pellets, HCl (37%, w/w),  ace-
tone and ethanol were of analytical grade and purchased from
Sigma–Aldrich. All reagents were used as received without further
purification.

2.2. Extraction of ˛-chitin

Before isolating chitin nanoforms, C. johni lobster (known as
yellow squat lobster) wastes were purified to obtain �-chitin
according to conventional methods (Agulló et al., 2004). Three main
steps were applied in the following sequence: (i) deproteinization
– removal of proteins with NaOH (2 M)  for 24 h at room temper-
ature; (ii) demineralization – removal of minerals (CaCO3) in HCl
(2 M)  for 3 h at room temperature (iii) decolorization – extraction
of pigments and lipids using acetone followed by ethanol for 6 h
under reflux. Finally, �-chitin was  filtered and washed with dis-
tilled water. A sample of the resulting �-chitin was dried at 60 ± 5 ◦C
overnight in an oven and grinded to obtain a powder for deter-
mination of yield, 13C NMR  measurement and antifungal activity
evaluation. The yield of purified �-chitin was 15% based on the
dry weight of the yellow squat lobster waste. The degree of N-
acetylation of the obtained chitin was  found to be 96% by 13C NMR
(Duarte, Ferreira, Marvão, & Rocha, 2002).

2.3. Processing of ˛-chitin nanofibers

�-Chitin nanofibers (CHNF) were obtained using a dynamic high
pressure homogenizing (GEA Niro Soavi S.p.A, Italy). Extracted dry
�-chitin was first dispersed in distilled water at 1 wt% and pre-
treated using an Ultra-Turrax (10,000 rpm for 5 min) followed by
ultrasonic treatment for 5 min. The aim of this pre-treatment was  to
facilitate the passage of the dry �-chitin flakes through the homog-
enizing valve. The �-chitin suspension was then passed through
the dynamic high pressure homogenizing with an operating pres-
sure of 1000 bar. The number of passes of the suspension through
the homogenizing valve at high pressure was  forty to obtain well
dispersed �-chitin nanofibers with diameters to the order of mag-
nitude of nanometers. Finally, �-chitin nanofibers were filtered to
get a final suspension of 4 wt% and were stored at 4 ◦C before used. A
sample of the ensuing �-chitin nanofibers was dried at 60 ◦C ± 5 ◦C
overnight in an oven and grinded to obtain a powder for 13C NMR,
ATR-FTIR, X-ray diffraction and TGA measurements and antifungal
activity evaluation. The degree of N-acetylation was found to be
97% by 13C NMR  (Duarte et al., 2002).

2.4. Characterization

Atomic force microscopy (AFM) measurements were performed
in a Dimension 3100 NanoScope IV (Veeco, USA). The images were
scanned in tapping mode under ambient conditions using silicon
nitride cantilevers having a tip nominal radius of 10 nm.

Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) was  used to analyze the chemical structure of
on a Nicolet Nexus 670 equipped with a KRS-5 crystal of refrac-
tive index 2.4 and using an incidence angle of 45◦. The spectra
were taken in a transmittance mode in the wavenumber range
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ig. 2. AFM phase-contrast image of �-chitin nanofibers on mica after pass throug
anofibers on mica (B). The samples were prepared using the 4 wt%  aqueous suspe
image  B).

f 750–4000 cm−1, with resolution of 4 cm−1 and after 128 scan
ccumulations.

X-ray diffraction patterns were measured with a Philips X’pert
ro automatic diffractometer using Cu K� radiation (operating at
0 kV and 40 mA)  over the angular range of 5–40◦.

The crystallinity index (C.I.) of the chitin nanofillers was calcu-
ated as follows (Focher, Beltranme, Naggi, & Torri, 1990):

.I. (%) =
[

I1 1 0 − Iam

I1 1 0

]
× 100 (1)

here I1 1 0 is the maximum intensity (arbitrary units) of the 1 1 0
rystallographic plane and Iam is the amorphous portion diffraction,
hich usually is found about 2� = 12.5–13.5◦.

Thermogravimetric analysis (TGA) assays were carried out with
 TGA/SDTA 851 Mettler Toledo instrument. Samples were heated
t a constant rate of 10 ◦C min−1 from room temperature to 900 ◦C
nder a nitrogen atmosphere of 20 mL  min−1. The thermal decom-
osition temperature was taken as the onset of significant (≥0.5%)
eight loss, after the initial moisture loss.

.5. Antifungal activity

In order to evaluate the antifungal activity of �-chitin nanofibers
gainst A. niger, each sample was prepared in the form of pellet
13 mm in diameter and 0.4 mm in thickness) putting 50 ± 5 mg
f dry �-chitin nanofibers into a cylindrical holder and pressing
hem using a hydraulic press. The resulting pellets were exposed
o the fungus which was previously cultured in solid substrate of
otato dextrose agar (PDA, Merck) and allowed to grow for 72 h at
5 ± 2 ◦C in sealed Petri dishes. For each experiment (three repli-
ates), an aliquot (100 �L) of this culture was diluted in Ringer
olution (100-fold), and 100 �L of the diluted suspension were
septically inoculated on the surface of PDA agar plates containing
ne �-chitin nanofibers pellet. Three other replicates were done

sing dry native �-chitin pellets (prepared in the same manner
s the �-chitin nanofibers pellets) to determine the fungal inhi-
ition (control test). These analyze were performed following the
P 3277-1 (1987) norm. After 7 days of incubation at 25 ± 2 ◦C, the
 homogenizing valve: 20 times (A′), and 40 times (A); and individualized �-chitin
 which was diluted to the concentration of 0.1 wt% (image A′ and A) and 0.01 wt%

number of colonies was counted, and the number of colony form-
ing units per milliliter (CFU mL−1) was determined by microscopic
analysis using a Neubauer chamber cell counting and lactophe-
nol cotton blue (LPCB) to staining and observing fungi. The fungal
growth inhibition (FGI) was calculated from the following relation:

FGI (%) =
[

Cg − Tg

Cg

]
× 100 (2)

where Cg is the average concentration in the control sample set
and Tg is the average concentration in the treated set (test sample),
both expressed in CFU mL−1 (Pinto et al., 2013). The values obtained
for the concentration of each sample correspond to the average of
three independent experiments.

3. Results and discussion

3.1. Processing of ˛-chitin nanofibers

�-Chitin nanofibers were obtained from yellow squat lobster
wastes (starting material) after �-chitin extraction/purification
according to conventional methods (Agulló et al., 2004). Dynamic
high pressure homogenization was used as a simple and environ-
mentally friendly method to process chitin nanofibers. This method
is based on the passage of the purified native �-chitin suspension
(1 wt%  in water) at very high pressure through an homogenizing
valve with an adjustable gap (Fig. 1A), which is able to downsize
chitin particles to the order of magnitude of nanometers and cre-
ate a stable dispersion. The resulting material is a slightly opaque
gel-like aqueous matter with a concentration of 4 wt% (Fig. 1B).

The morphology of the resulting nanoscale chitin after pass
through the high-pressure homogenization is shown in Fig. 2A and
B. AFM phase-contrast image of Fig. 2A shows a uniform network of
�-chitin nanofibers whose cross-sectional widths are consistently
between 80 and 100 nm and estimated lengths of several micro-

meters. Complete individualization of �-chitin nanofibers can be
achieved by the present downsizing process as shown by the AFM
phase-contrast images in Fig. 2B. These AFM micrographs show
well-defined, distinctly individualized and long �-chitin nanofibers
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The mass losses at around 100 ◦C of both profiles were associated
with the volatilization of water.

800600400200
0

10

20

30

40

50

60

70

80

90

100

W
ei

gh
t l

os
s 

(%
)

TGA
ig. 3. ATR-FTIR spectra of native �-chitin (CH) and �-chitin nanofibers (CHNF)
btained by mechanical treatment – dynamic high pressure homogenization.

hich present mostly 5 �m of length as well as a minority of longer
engths between 8 and 10 �m,  and high aspect ratio (greater than
0).

The AFM micrograph of Fig. 2A′ corresponds to the �-chitin
anofibers after pass through the homogenizing valve twenty
imes. In these conditions, the sample was not completely fibril-
ated by the homogenizing equipment, as revealed in Fig. 2A′ by the
resence of a thick fibril aggregate bundle (diameter of ∼450 nm).

This work demonstrated that dynamic high pressure shear
orces constitutes a novel and simple method to prepare �-chitin
anofibers with a well controlled diameter in the nanometer range
bellow 100 nm)  and to maintain high aspect ratio, in contrast to
hemical methods (Fan et al., 2010; Kadokawa et al., 2011; Mincea
t al., 2012; Qi et al., 2013; Watthanaphanit et al., 2008).

Ifuku et al. (2011) also extracted chitin nanofibers (from black
iger prawn shell) in neutral conditions using only mechanical
reatment. In this case, the disintegration was made using a grinder
ithout any acid to obtain chitin nanofibers with diameters in

he range of 10–20 nm and few microns in length. In other pre-
ious works, a dependence on chemical treatments combined
ith mechanical treatment was necessary to get chitin into chitin
anofibers (Fan et al., 2008; Ifuku et al., 2009, 2010; Zhao et al.,
007).

.2. Chemical and crystal structure

ATR-FTIR spectra of �-chitin and �-chitin nanofibers are shown
n Fig. 3. The two spectra are very similar presenting the charac-
eristic absorption bands of �-chitin at 1619 cm−1 and 1654 cm−1

amide I, singly H-bonded and doubly H-bonded, respectively),
558 cm−1 (amide II), 3253 cm−1 (N H stretching band) and
t 3433 cm−1 (O H stretching band) (Brugnerotto et al., 2001).
urthermore, no absorbing bands were observed at 1540 cm−1 indi-
ating the nonexistence of residual protein in both samples (Morin

 Dufresne, 2002). The presence of the chitin characteristic bands
n the �-chitin nanofibers spectrum shows that the chemical struc-
ure of the �-chitin was  unchanged and no N-deacetylation occurs

see data of the degree of N-acetylation in the experimental section)
uring the mechanical treatment.

The crystal structures of �-chitin and �-chitin nanofibers were
nalyzed by their X-ray diffraction patterns (Fig. 4). Mainly five
Fig. 4. XRD profile of �-chitin (CH) and �-chitin nanofibers (CHNF) and their crys-
tallinity index (C.I.).

crystalline reflections were observed in the 2� range of 5–40 for
both. �-Chitin nanofibers presented typical diffraction patterns of
�-chitin at 9.5◦, 19.5◦, 21.0◦, 23.5◦ and 26.5◦ indexed as 0 2 0, 1 1 0,
1 2 0, 1 0 1 and 1 3 0 planes, respectively (Feng, Liu, & Hu, 2004;
Kumirska et al., 2010; Muzzarelli et al., 2007). The stronger reflec-
tions were observed at 9.5◦ and 21.0◦ and the lower reflections at
higher 2� values (e.g. 26.5◦ and higher) (Kumirska et al., 2010). The
crystalline structure of �-chitin nanofibers remained the same after
the isolation process, and the crystallinity index (C.I.) increased
from 79% (CH) to 85% (CHNC).

3.3. Thermal stability

Thermogravimetric analysis (TGA) of �-chitin and �-chitin
nanofibers were carried out to evaluate their thermal stability
and degradation profiles (Fig. 5). Thermal degradation of �-chitin
nanofibers in nitrogen atmosphere started at around 200 ◦C with
a major degradation peak at 300 ◦C. Native �-chitin presented a
higher thermal degradation point at 345 ◦C (Jang, Kong, Jeong, Lee, &
Nah, 2004). Thus, the conversion of �-chitin to �-chitin nanofibers
induces to some decreases in thermal stability; similar to the phe-
nomenon reported previously (Fan et al., 2012).
Tempe rature (ºC)

Fig. 5. Thermogravimetric curves (TGA) and derivative curves (dTGA) of native �-
chitin (CH) and �-chitin nanofibers (CHNF).
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ig. 6. CFU mL−1 counts and digital photographs of PDA plates containing A. niger
n  contact with native �-chitin (CH, control sample) and �-chitin nanofibers (CHNF)
ellets after 7 days of incubation.

.4. Antifungal activity

As a first step to investigate the antifungal activity of �-chitin
anofibers, A. niger, a common species of the genus Aspergillus
ecognized as the most contributor agent in food contamina-
ion (Plascencia-Jatomea, Viniegra, Olayo, Castillo-Ortega, & Shirai,
003), was inoculated in PDA plates containing �-chitin nanofibers.

Fig. 6 shows the CFU mL−1 counts and digital photographs of
he viable colonies of A. niger on PDA plates, after 7 days of incu-
ation at 25 ± 2 ◦C, of native �-chitin (CH, control sample) and
-chitin nanofibers (CHNF). The colony forming units (CFU mL−1)
f both samples and the fungal growth inhibition (FGI %) of �-chitin
anofibers are listed in Table 1.

Interestingly, the results revealed that �-chitin nanofibers have
uperior antifungal activity on A. niger growth than native �-chitin
Fig. 6). Thus, there is a strong correlation between the growth inhi-
ition of A. niger and the nano nature of the chitin nanofibers, i.e.
mall and compact size and high surface area/charge.

Although, the exact mechanism of the antimicrobial action of
hitin, chitosan, and their derivatives is still limited and unclear,
everal mechanisms have been proposed (Kong et al., 2010;
rajewska et al., 2011; Krajewska, Kyzioł, et al., 2013; Krajewska,
ydro, et al., 2013; Rabea et al., 2003; Zhang et al., 2011). The mode

f antimicrobial action of chitin and chitosan has been associated to
echanisms that include their penetration in the cell wall of fungi

nd bind to its DNA, inhibiting the synthesis of mRNA and, thus,
ffect the production of essential proteins and enzymes (Kong et al.,
010; Zhang et al., 2011). In this case, the superior antifungal effect
f �-chitin nanofibers compared with native chitin was  associated
o nanofibers larger surface area, and consequently higher affinity
ith fungal cells. Another mechanism is based on the electrostatic
nteraction between the positively charged amino groups of the
iopolymer and the negatively charged fungi cell surface, which
an lead to the disruption of the cell wall (Muzzarelli et al., 2001).

able 1
olony forming units (CFU mL−1) of �-chitin (CH) and chitin �-nanofibers (CHNF)
ith the respective fungal growth inhibition (FGI %) of CHNF on the growth of A.

iger.

Sample CFU (mL−1) FGI (%)

CH 12,472 –
CHNF 1625 86.97
Polymers 116 (2015) 286–291

In this case, the superior antifungal activity of �-chitin nanofibers
was due to the increased availability of amino groups because of
their large surface area, leading to an increased electrostatic bind-
ing of the chitin nanofibers to anionic compounds at the fungi cell
surface.

In future work comprehensive knowledge on antimicrobial
activity and mode of action of chitin nanofibers will be done using
other microorganisms and different environmental factors.

4. Conclusion

A straightforward and environmentally friendly concept to pro-
cess �-chitin nanofibers was  presented. �-Chitin nanofibers were
successfully prepared from yellow lobster wastes with uniform
width (bellow 100 nm)  and high aspect ratio using dynamic high
pressure homogenization. Moreover, there were no important
changes in the chemical and crystal structure of �-chitin nanofibers
compared to native �-chitin after the treatment. However, the con-
version of native �-chitin to �-chitin nanofibers led to decrease in
thermal degradation (around 50 ◦C).

The antifungal assays showed that the nano nature (small and
compact size and high surface area/charge) of �-chitin nanofibers
played an important role in the antifungal activity against A. niger.
�-Chitin nanofibers presented a fungal growth inhibition (FGI) of
87%.

The resulting �-chitin nanofibers are very attractive not only
as reinforcing fillers for nanocomposites applications but also for
biomedical, food and textile industries, because of the many advan-
tages compared to native chitin, including superior antifungal
activity against A. niger.
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