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Coupling  of chitin  whisker  (CTWK)  or  water-soluble  chitosan  (WSCS)  with  magnetic  nanoparticles  (MAG)
via a covalent  linkage  by  using  a silane  coupling  agent  in  an aqueous  system  is  proposed.  The  use  of
the  silane  coupling  agent  glycidoxypropyltrimethoxy,  having  a trimethoxy  silane  as  well  as  an  epoxide
functionality,  allows  one  step  coupling  between  CTWK  or WSCS  and  MAG.  The  MAG derivatives  obtained
are  well  dispersed  and  their  colloidal  aqueous  solutions  can  be stabilized  for  days.  An  external  magnetic
field  initiates  alignment  of  nano-rod  structured  CTWK–MAG  in  the  direction  of  the magnetic  field.  The
eywords:
hitin whisker
ater-soluble chitosan
agnetic nanoparticles

ovalent bond
oupling reaction
NA extraction

uniqueness  of these  two materials  is  that  CTWK–MAG  shows  solvent  polarity  responsiveness  whereas
WSCS–MAG  performs  pH  responsiveness.  A  model  application  study  on  DNA extraction  confirms  that
WSCS–MAG  with  positively  charged  at pH  7 and  with  high  surface  area  performs  more  Escherichia  coli
extraction  ability  for two  times  as  compared  to CTWK–MAG.

Crown Copyright ©  2013 Published by Elsevier Ltd. All rights reserved.
. Introduction

Ferrous oxide in the form of magnetic nanoparticles (MAG) is
ccepted as an important inorganic functional material. One of
he most unique properties of MAG  is its superparamagnetism
hich provides responsiveness to a magnetic field, especially
hen the particle sizes are less than 15 nm (Gupta & Gupta,

005). Due to the nanometer size of the particles, the tendency
f aggregation is always a problem for applications. In current
ears, many approaches to overcome this limitation have been
roposed by coating with surfactants (Bica et al., 2007; Jing &
u,  2004; Loo, Pineda, Saade, Treviño, & López, 2008; Xie et al.,

008; Zargar, Parham, & Hatamie, 2009), fatty acids (Richardson,
olbe, & Duncan, 1999; Tadmor, Rosensweig, Frey, & Klein, 2000),
r by encapsulating in polymers. The investigated polymers are
oly(vinyl alcohol) (Kim, Ramaraj, & Yoon, 2012; Lao & Ramanujan,
004), poly(2-methoxyethyl methacrylate) (Gelbrich, Feyen, &

chmidt, 2006), poly(ethylene oxide) and/or poly(propylene
xide)-grafted-poly(acrylic acid) (Moeser, Roach, Green, Laibinis,

 Hatton, 2002). Coating a MAG  surface not only prevents particles

∗ Corresponding author at: The Petroleum and Petrochemical College, Chula-
ongkorn University, Soi Chula 12, Phyathai Road, Pathumwan, Bangkok 10330,
hailand. Tel.: +66 2 218 4134; fax: +66 2 218 4134.

E-mail address: csuwabun@chula.ac.th (S. Chirachanchai).

144-8617/$ – see front matter. Crown Copyright ©  2013 Published by Elsevier Ltd. All ri
ttp://dx.doi.org/10.1016/j.carbpol.2013.04.076
from aggregation but also provides specific properties to MAG. Cur-
rently, MAG  for biomedical applications such as a contrast agent
for MRI  (Xie et al., 2008), target drug delivery (Zhang, Srivastava,
& Misra, 2007), hyperthermia cancer treatment agent (Lao &
Ramanujan, 2004), and DNA/RNA or cell separation (Scarberry,
Dickerson, McDonald, & Zhang, 2008) have received much
attention.

Chitosan, which is the second-most abundant naturally
occurring amino polysaccharide offering high biocompatibility
(Muzzarelli et al., 2012; Muzzarelli, 2011), up to present, has
attracted intense attention as an important biopolymer to function-
alize MAG. Several reports have shown MAG  coupled to chitosan via
secondary forces. For example, Xia, Liao, & Zhenyuan (2006) pro-
duced a one-step suspension to cover MAG with carboxymethyl
chitosan. In order to maintain suspension stability of MAG  with
chitosan, the covalent linkage is more stable compared to the sec-
ondary forces. The use of silane reagents is one of the most practical
approaches to form covalent linkage between inorganic materi-
als, such as silica, glass fibers, etc., with polymers. De Palma et al.
showed that covering MAG  with hydrophobic molecules, especially
oleic acid, followed by a ligand exchange with an alkoxysilane
coupling agent, which provides different end groups was a good

strategy to modify the MAG  surface with organic species (De Palma
et al., 2007). López-Cruz et al. reported that the coupling reac-
tion between oleic acid coated MAG  (O-MAG) and carboxylic acid
silane followed by carbodiimide conjugation with chitosan yielded

ghts reserved.

dx.doi.org/10.1016/j.carbpol.2013.04.076
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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 covalent bonded MAG  and chitosan (Lopez-Cruz, Barrera, Calero-
delC, & Rinaldi, 2009). Hu et al. reported the success of chitosan
oated silica surface by using glycidoxypropyltrimethoxy silane
GPTMS) (Hu, Yin, & Jia, 2011; Hu, Tang et al., 2011).

Chitin and chitosan are good candidate biopolymers for MAG
oating, however, a few reports related to study chitin in aque-
us solution (Hu, Yin et al., 2011; Hu, Tang et al., 2011). The fact
hat chitosan is insoluble in organic solvents except mineral acids
nd carboxylic acids, the reaction conditions in water and avoid
he use of organic solvents are still needed. Currently, our group
eported good solubility of chitosan in water via complexation
ith hydroxybenzotriazole (HOBt) to yield chitosan aqueous solu-

ion, hereinafter, so-called water-soluble chitosan (WSCS). This
odification allows effective conjugating reactions in aqueous

olution under mild conditions (Fangkangwanwong, Akashi, Kida,
 Chirachanchai, 2006). In a separate work, we also succeeded in

he preparation of nano-sized chitin whiskers (CTWK) and chitosan
hiskers or chitosan nanoscaffolds which are stable in water to

ive colloidal aqueous solution (Phongying, Aiba, & Chirachanchai,
007).

As the present work aims to develop MAG  conjugated with
hitin and chitosan, the key points needed to be considered are,
i) how the reaction can be carried out without the use of organic
olvent but water, (ii) how to simplify the steps of preparation and
chieve the good product yield, (iii) how MAG  coated with chitin
r chitosan can be stabilized without aggregation, and (iv) if pos-
ible, how to develop external stimuli responsive properties to the
aterial.
To satisfy the points above, the materials are the water-based

TWK and WSCS, the reaction in consideration is a single-step cou-
ling reaction by the use of epoxy silane, i.e. GPTMS, to initiate
ovalent bond between MAG  and CTWK, and MAG  and WSCS with-
ut any use of conjugating agent, whereas the external stimuli
esponsiveness is expected to obtain based on the performance
f the nano-rod morphology of CTWK and the amino group of
SCS. In order to show the potential application of MAG  mate-

ials obtained, the work extends to a preliminary study on DNA
xtraction, which relies on the specific properties of MAG, CTWK,
nd WSCS.

. Experimental

.1. Materials

Chitosan (95% DD, Mw of 7.0 × 105) was the product of Seafresh
hitosan (Lab) Co., Ltd., Thailand. 1-Hydroxybenzotriazole mono-
ydrate (HOBt) was purchased from Tokyo Chemical Industry
o., Ltd., Japan. Iron (II) sulfate hexahydrate (99%) and Iron (III)
hloride heptahydrate (98%) were purchased from BDH chem-
cals, UK. Oleic acid was  purchased from Sigma Aldrich Inc.,
SA. 3-Glycidoxypropyltrimethoxy silane (GPTMS) was bought

rom Dow Corning Toray Co., Ltd., Japan. Sodium hydroxide was
ought from Carlo Erba Reagent, Italy. Tetrahydrofuran (THF),
oluene, chloroform, hexane, and ethanol were purchased from
ab-Scan, Ireland. Sodium ethoxide was prepared by dissolving
aOH (0.08 g) in dried ethanol (20 mL)  to get a concentration
f 0.1 mol/L. All chemicals were used without further purifica-
ion.

.2. Preparation of oleic acid-coated MAG  (O-MAG)
FeCl2·4H2O (9.94 g, 0.05 mol) and FeCl3·6H2O (27.03 g, 0.10 mol)
ere mixed and stirred in distilled, de-ionized, and de-oxygenated
ater (200 mL)  under N2 atmosphere for 30 min. Oleic acid (20 mL)
as gradually added and the mixture was heated at 50 ◦C for
drate Polymers 97 (2013) 441– 450

15 min. Ammonia solution was  further injected via septum until
pH 10–11 and the mixture was heated to 80 ◦C for 30 min. The
precipitates were washed in a dialysis tube (Mw cut-off 12,000 Da)
against de-ionized water until no ammonia was detected. Finally,
water was  removed from the oleic acid-coated MAG  (O-MAG) by
freeze-drying.

FTIR (KBr, � cm−1): 2922, and 2851 cm−1 (C H stretching),
594 cm−1 (Fe O).

2.3. Surface modified MAG  with 3-glycidoxypropyltrimethoxy
silane (S-MAG)

O-MAG (0.3 g) was dispersed in toluene (50 mL)  under N2 atmo-
sphere at 60 ◦C for 30 min. A catalytic amount of glacial acetic acid
was added to the solution before adding GPTMS (1.4 mL). The mix-
ture was  stirred for 72 h followed by precipitating in ethanol and
intense washing with ethanol and THF. The precipitates were col-
lected by a strong magnet and dried at 60 ◦C several hours to obtain
black-brown particles.

FTIR (KBr, � cm−1): 2919, and 2846 cm−1 (C H stretching),
1087 cm−1 (Si O), 900 cm−1 (oxirane ring), 588 cm−1 (Fe O).

2.4. Preparation of chitin whisker – MAG  (CTWK–MAG)
(Scheme 1)

Chitin whisker (CTWK) was  prepared as reported previously
(Phongying et al., 2007). In brief, chitin (1.0 g) was vigorously stirred
with 3 N hydrochloric acid (100 mL)  at 105 ◦C for 3 h. The colloidal
solution obtained was then collected and the residues were treated
with hydrochloric acid for two times. The residues were then
dialyzed until neutral. The CTWK obtained was  kept in aqueous
solution and the concentration was evaluated by TGA technique.
CTWK (0.2 g, 0.001 mol) was  dispersed in water (20 mL). A catalytic
amount of sodium ethoxide was added into the CTWK suspension
at room temperature in a closed stirring system. S-MAG (0.6 g) was
added and stirred for 24 h. The colloidal solution was washed sev-
eral times and the prior precipitates were collected at the bottom by
using a strong magnet before decanting the colloidal solution. After
excluding the prior precipitates, the strong magnet was applied to
collect the colloidal particles followed by rinsing in water for three
more times. At final, the particles were collected by a strong magnet
and freeze-dried to obtain CTWK–MAG.

Scheme 1
CTWK–MAG: FTIR (KBr, � cm−1): 2921, and 2879 cm−1 (C H

stretching), 1661, 1627, and 1563 cm−1 (amides I and II), 578 cm−1

(Fe O).

2.5. Preparation of water soluble chitosan coated MAG
(WSCS–MAG) (Scheme 1)

Chitosan (1.0 g, 0.006 mol) was dissolved in water (100 mL)
containing an equivalent mole of HOBt (0.0828 g, 0.006 mol) to
obtain water soluble chitosan (WSCS) as reported previously
(Fangkangwanwong et al., 2006). The solution obtained (20 mL)
was reacted with S-MAG (0.6 g) in the presence of a catalytic
amount of sodium ethoxide. Similar to CTWK–MAG, the coupling
procedure of S-MAG to obtain WSCS–MAG was  carried out.

WSCS–MAG: FTIR (KBr, � cm−1): 2937, and 2873 cm−1 (C H
stretching), 1655 and 1560 cm−1 (amide I and II), 569 cm−1 (Fe O).

2.6. DNA extraction from bacterial cells
Escherichia coli ATCC 25922 (E. coli) and Staphylococcus aureus
ATCC 25923 (S. aureus) cells were grown in Luria–Bertani (LB)
medium and the cell turbidity was  adjusted using McFarland
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Scheme 1. Preparation of

tandard No. 0.5 (∼1.5 × 108 cells/mL). For the extraction pro-
ess, 200 �L of bacterial cell suspensions were added equally
ith alkaline lysis solution (0.2 M NaOH and 1% (w/v) sodium
odecyl sulfate). The contents in the microcentrifuge tube were
ently mixed and incubated at room temperature for 5 min. After
ncubation, 50 �L of CTWK–MAG sample (10 mg/mL) was added
ollowed by the addition of binding buffer (4 M NaI and 20% (w/v)
olyethylene glycol 8000, 200 �L). The mixture was  gently inversed
nd incubated at room temperature for 5 min. The CTWK–MAG
ere trapped by an external magnet and the supernatant was

emoved. The trapped CTWK–MAG were washed two  times with
old ethanol/water (70%, w/w) and dried at room temperature
or 5 min. The CTWK–MAG were then suspended in TE buffer
50 mM Tris–HCl, 1 mM EDTA, pH 8.0) and the bound DNA was
luted by incubation at 65 ◦C. After elution, the solution was  trans-
erred to a new microcentrifuge tube and stored at -20 ◦C until
ualitatively analyzed. Similar procedures were carried out using
SCS–MAG.

.7. Characterizations

Fourier transform infrared (FTIR) spectra were recorded by using
 Thermo Nicolet Nexus 670 with 32 scans at a resolution of 2 cm−1

nd a frequency range of 4000–400 cm−1. The colloidal stability was
valuated by a Shimadzu UV-1800 spectrophotometer at a wave-
ength of 400 nm.  Relative absorbance was calculated based on the
bsorbance at 400 nm at 15, 30, 60, 120 and 180 min  after son-
cation, divided by the absorbance at the starting time, i.e. the time
oon after sonication. The samples were dispersed in 5 × 10−5 g/mL
olutions. Particle size and zeta potential were measured by a
alvern Zetasizer Nano ZS at 25 ◦C. Morphological studies were

one by using a Hitachi transmission electron microscope H-7650
t an operating voltage of 100 kV. Thermal properties were inves-

igated by a Perkin Elmer thermo gravimetric/differential thermal
nalyzer (TG/DTA) Pyris Diamond from 30 ◦C to 800 ◦C with a heat-
ng rate of 10 ◦C/min under nitrogen atmosphere. The nitrogen flow
ate was 100 mL/min. The thermogravimetric analyzer interface
K–MAG and WSCS–MAG.

with Fourier transform infrared spectroscopy (TG-FTIR) measure-
ments was  carried out by using a TA TGA-Q50 interface with a
Thermo Nicolet Nexus 670 Fourier transform infrared spectropho-
tometer (FTIR, USA). The TG measurements were performed using
a heating rate of 10 ◦C/min, from 30 ◦C to 600 ◦C, under nitrogen.
Each spectrum was  recorded by FTIR every 60 s with a 4 cm−1 res-
olution. Surface area was  determined based on Brunauer Emmett
Teller (BET) by using an Autosorp-1 gas sorption system (Quanta-
chrome Corporation). The samples were preheated in nitrogen for
3–4 h at 100 ◦C before analysis.

3. Results and discussion

3.1. Preparation and characterization of WSCS–MAG and
CTWK–MAG

In the first step, MAG  was treated with oleic acid during co-
precipitation to get O-MAG. The use of oleic acid to treat the
surface of MAG  was carried out following the procedure reported
by De Palma et al. (2007) but using epoxy silane instead of amino,
aldehyde, acrylate, isocyanate, thiol, poly(ethylene glycol), cyano,
and carboxylic acid silanes. At this step, FTIR was used to follow
the chemical modification. The MAG  showed a strong characteris-
tic peak of Fe O at 573 cm−1 only, whereas O-MAG additionally
showed C H stretching at 2922 cm−1, and 2851 cm−1 (see the
Supporting Information, Fig. S1). An epoxy silane coupling agent,
GPTMS was used to perform a ligand exchange with oleic acid-
coated MAG  in the presence of a catalytic amount of acetic acid.
As shown in Fig. 1A(a), characteristic peaks at 588 cm−1 (Fe O),
900 cm−1 (oxirane ring), and 1087 cm−1 (Si O) confirm the suc-
cess of MAG  surface modification with GPTMS. Fig. 1A(b) and
(c) shows FTIR spectra of CTWK–MAG, and WSCS–MAG, respec-
tively.
As the characteristic peak of Si O stretching at ∼1100 cm−1

overlaps the fingerprints of chitin and chitosan, curve fitting anal-
ysis was carried out for quantification. It has to be mentioned
that after the reaction finished, uncoupled MAG  soon precipitated.
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ig. 1. (A) FTIR spectra of (a) S-MAG, (b) CTWK–MAG, and (c) WSCS–MAG; (B) cu
xirane peak at 900 cm−1 to Si O peak at 1087 cm−1 of (a) S-MAG, (b) CTWK–MAG

onsequently, the particles could be easily excluded from the col-
oidal solution by using a magnet before decanting the colloidal
olution. Fig. 1B shows the curve fittings of CTWK, and WSCS after
oupling with S-MAG. It is clear that the decrease of the oxirane
eak at 900 cm−1 significantly proves the successful coupling reac-
ion via covalent bonding. It should be noted that in most cases,
he coupling reaction between epoxy group and coating polymers
ere clarified based on analysis using FTIR spectra. Here, the cou-
ling reaction was evaluated by using curve fitting FTIR technique
nd quantitatively analyzed by taking the ratio of specific peaks,
.e. 1100 cm−1 (Si O peak) and 900 cm−1 (oxirane peak). As shown
n Fig. 1C, in the case of CTWK–MAG, the decrease of the integral
eak ratio between the oxirane peak and Si O peak is not as high
s WSCS–MAG. The reactivity of CTWK might be a consequence of
eterogeneous reaction condition.

It comes to the question that the use of trialkoxy silane might
ring the crosslink network between MAG  and GPTMS. Considering
he requirement of the covalent bond between MAG  and CTWK or

SCS as an aim in this work, the use of trialkoxy silane nevertheless
atisfies the condition. At the present, the comparative study using
ono- and di-alkoxy silane is under progress.
In this work, a structural characterization by NMR  technique

ould not be done due to the ferrous oxide magnetization. There-
ore, thermogravimetric analysis (TGA) was carried out as an
ndirect method to confirm the success of the coupling reaction and
o quantitatively study the chemical composition. In order to make
he evaluation proper in all cases, the TGA analysis were done three
imes and the ash content was determined at 500 ◦C where CTWK
nd WSCS were completely degraded. Basic information relating
o this analysis is (i) MAG  showed no degradation up to 800 ◦C (see
he Supporting Information, Fig. S2(a)); (ii) CTWK and WSCS were
hermally degraded at ∼400 ◦C, and ∼250 ◦C with the ash content
f 30.2%, and 39.5%, respectively (see the Supporting Information,

ig. S2(d) and (e)); and (iii) oleic acid and GPTMS degraded almost
ompletely at the temperature above 400 ◦C with only few per-
ent of ash content (see the Supporting Information, Fig. S2(b) and
c)).
tting of (a) S-MAG, (b) CTWK–MAG, and (c) WSCS–MAG; and (C) integral ratio of
(c) WSCS–MAG.

In the case of O-MAG (Fig. 2(a)), there are two  weight losses in
total (31.4%) appearing at 253 ◦C and 351 ◦C. This suggests the cov-
ering of oleic on MAG  as bi-layer as reported by Shen, Laibinis, &
Hatton (1999). In addition, TGA-FTIR of O-MAG shows only C H
stretching peaks at 2850–2920 cm−1 confirming the degradation
of oleic acid during thermal treatment (see the Supporting Infor-
mation, Fig. S2(f)). The TGA of O-MAG also reveals a peak at 773 ◦C
referring to the Currie temperature of ferrous oxide.

For S-MAG (Fig. 2(b)), the degradation temperatures shift to
213 ◦C and to 420 ◦C. At that time, the ash contents of GPTMS and
MAG are 12.4%, and 86.5%, respectively. It should be noted that
oleic acid completely degraded and no ash content appeared above
400 ◦C but GPTMS showed the ash content of 5.7% (see the Sup-
porting Information, Fig. S2(b) and (c)). Therefore, the weight loss
at about 500 ◦C can be assigned to MAG  on the condition that the
ash content of GPTMS as low as 5.7% was  neglected.

For CTWK–MAG (Fig. 2(c)), the weight loss of CTWK is as high as
61.4%. By using the DTG peak to identify the position of degradation
temperature, it is clear that the degradation temperature of CTWK
in CTWK–MAG is at 369 ◦C which is lower than that of the pure
CTWK (380 ◦C) (see the Supporting Information, Fig. S2(d)). This
implies the loose packing of CTWK as a consequence of the coupling
to MAG.

In the case of WSCS–MAG (Fig. 2(d)), the degradation peaks are
identified at 281 ◦C and 388 ◦C. As compared to the degradation of
pure WSCS at 244 ◦C (see the Supporting Information, Fig. S2(e)),
the shift of the degradation temperature implies that WSCS was
successfully coupled to MAG. Based on the ash content of 30.2% for
CTWK, and 36.7% for WSCS (see the Supporting Information, Fig.
S2(d–e)), the MAG  content for CTWK–MAG, and WSCS–MAG can
be calculated as 2.4%, and 70.1%, respectively.

3.2. Morphologies of WSCS–MAG and CTWK–MAG
Transmission electron microscopy (TEM) was  used to observe
changes in MAG  after modification. Fig. 3(a) shows a TEM image
of freshly prepared MAG  having an average diameter of ∼15 nm. It
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Fig. 2. TGA thermograms of (a) O-MAG, (b

hould be noted that MAG  particles are aggregated at a certain level.
owever, after modification to O-MAG, the particles (Fig. 3(b))
re well dispersed with an individual particle size of ∼5–20 nm
average size ∼10 nm). Fig. 3(c) shows a uniform whisker which is
imilar in dimension to the literature (Phongying et al., 2007). In
he case of WSCS (Fig. 3(d)), the particles appear in cluster form.

Fig. 3(e) and (f) shows the presence of MAG, identified by
he dark spots. CTWK–MAG (Fig. 3(e)) shows a uniform whisker
f CTWK–MAG evenly dispersed on the TEM image. WSCS–MAG
Fig. 3(f)) reveals the existence of MAG  (size ∼50–500 nm)  in fibrous
lusters.

As CTWK shows whisker or needle-like morphology, a regular
acking of the liquid crystalline state can be assumed (Lin, Huang,

 Dufresne, 2012). We  questioned whether the magnetic field is
ble to direct an alignment of CTWK–MAG or not. A simple trial to
evelop the CTWK–MAG alignment was done by placing a cop-
er grid spread with CTWK–MAG between two  strong magnets
ollowed by air-drying. Fig. 3(g) shows TEM micrographs where a
unch of CTWK–MAG aligned in the same direction, which is com-
letely different from the randomly aligned CTWK–MAG without
agnetic field. This indicates an advantage of chitosan in whisker

orm, especially when a regular alignment of magnetic particles or
 specific morphology is needed.

.3. Stability of WSCS–MAG and CTWK–MAG in aqueous solution

Colloidal stability is one of the most important requirements
f MAG-based material, especially for bio-related applications. The
olloidal stability of CTWK–MAG and WSCS–MAG in water in com-
arison to MAG  and S-MAG was initially evaluated by appearance
Fig. 4A). With MAG  and S-MAG (Fig. 4A(a) and (b)), the cloudy solu-
ion becomes clear after 60 min. In fact, the precipitation started
ithin the first 15 min. This reflects the poor stability of MAG

nd S-MAG in water. In the case of WSCS–MAG (Fig. 4A(d)), the
olution maintained its colloidal state with only slight aggregation
fter 60 min. The colloidal stability becomes more significant for
TWK–MAG (Fig. 4A(c)) as evidenced by the colloidal state after
80 min.
Quantitative analyses of the colloidal stability of MAG, S-MAG,
TWK–MAG, and WSCS–MAG were further carried out (Fig. 4B) by
easuring the absorbance at 400 nm at each time intervals. The

ormalization was calculated from the absorbance of the colloidal
AG, (c) CTWK–MAG, and (d) WSCS–MAG.

solution at a specific time divided by the absorbance soon after son-
ication. For MAG  and S-MAG, a significant decrease in the relative
absorbance is observed soon after the solution was  left standing. In
contrast, the relative absorbance of CTWK–MAG remains constant
even after 180 min. This finding indicates excellent colloidal sta-
bility of CTWK–MAG in water. This behavior might be due to the
CTWK–MAG particles, which are entangled, leading to prolonged
dispersibility. In the case of WSCS–MAG, the relative absorbance
drops to 0.86 after 15 min  and continues decreasing. This result
might be related to the aggregation of WSCS as the hydrogen bond
formation among WSCS or on the MAG  hydrophilic surface is more
favored.

3.4. CTWK–MAG under solvent effect

To investigate how colloidal stability is influenced by the sol-
vent polarity, CTWK–MAG was  dispersed in several polar as well as
nonpolar solvents. The concentration of CTWK–MAG was prepared
in high concentration in order to follow the changes in colloidal sta-
bility easily. CTWK–MAG showed long-term stability in water. In
relation to the dielectric constant (k) (Dean, 1999) the solvents were
chosen in the order of water (k = 80.1), DMSO (k = 46.7), methanol
(k = 32.7), ethanol (k = 24.5), DMF  (k = 19.9), THF (k = 7.58), chloro-
form (k = 4.81), and toluene (k = 2.38). Fig. 5A shows the colloidal
appearances. In all conditions, CTWK–MAG shows good disper-
sibility soon after shaking and sonication (t0 min). The colloidal
stability is maintained, only in the cases of water and DMSO, for
180 min  while rapid precipitation can be observed after 15 min,
especially for methanol and ethanol. The precipitation is more dis-
tinct in DMF, THF, chloroform, and toluene. It is important to note
that no MAG  separation occurs in any solvent. This indicates a non
hydrolysable covalent bond between CTWK and MAG.

In order to quantify colloidal stability, relative visible
absorbance was  measured. Among all solvents used, CTWK–MAG
shows the highest, nearly constant value in water (Fig. 5B). For
methanol and ethanol, which are classified as protic solvents, the
relative absorbance decreases significantly at about 0.4. The aggre-
gation of CTWK–MAG might be due to the formation of hydrogen

bonds in each particle.

In the cases of aprotic polar solvent, CTWK–MAG shows a slight
decrease in absolute absorbance to 0.8 in DMSO, whereas other
aprotic polar solvents (DMF and THF) display a drastic decreased
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Fig. 3. TEM micrographs of (a) MAG, (b) O-MAG, (c) CTWK, (d) WSCS, (e) CTWK–MAG, (f) WSCS–MAG, and (g) CTWK–MAG under magnetic field. Circles in figure (e–g)
indicate  MAG.
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ig. 4. (A) Photographs of colloidal appearances of (a) MAG, (b) S-MAG, (c) CTWK–M
�),  and WSCS–MAG (♦) in water as a function of time.

alue. A reason for this could be that the interaction between
TWK–MAG and DMSO might be related to the dipole moment

3.96 D). With the aprotic non-polar solvent (toluene), it is clear
hat CTWK–MAG quickly precipitated. Similar to this, chloroform,
hich is aprotic but polar, the hydrogen bond network in CTWK
ight have been enhanced until CTWK–MAG precipitated out of

ig. 5. (A) Photographs of CTWK–MAG dispersed in various solvents in relation to the diele
k  = 19.9), ethanol (k = 24.5), methanol (k = 32.7), DMSO (k = 46.7), and water (k = 80.1) at 0 

f  CTWK–MAG in various solvents: water (©), DMSO (�), methanol (�), ethanol (�), DM
olvent  interactions to CTWK–MAG in (a) water, (b) DMF, and (c) toluene.
d (d) WSCS–MAG; and (B) relative absorbance of MAG  (©), S-MAG (�), CTWK–MAG

the system. It is important to note that the photograph (Fig. 5A)
and the plot (Fig. 5B) confirm us for the first time about the solvent

responsiveness of CTWK–MAG under variation of solvent polarity.

Fig. 5C(a)–(c) illustrates possible interactions based on the
results in Fig. 5B. The interaction of CTWK–MAG with solvents is
related to the formation of a hydrogen bond network between the

ctric constant value (k): toluene (k = 2.38), chloroform (k = 4.81), THF  (k = 7.58), DMF
min, 30 min, 60 min, 120 min, and 180 min  after sonication; (B) relative absorbance

F  (�), THF (�), chloroform (+), and toluene (×); and (C) schematic illustration of
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ig. 6. (A) Zeta potential and particle size of (a) MAG, (b) S-MAG, (c) CTWK–MAG, a
llustrations of CTWK–MAG in water at (a) pH 2–4, (b) pH 5–7, and (c) pH 8–10; and
–10.

H or NH2 groups of CTWK and the OH group at the MAG  sur-
ace. Additionally, the interaction is supported by the polarity of

AG.

.5. Surface properties and particle size related to pH

The size of the particle was traced by DLS under various pH lev-
ls. It should be noted that DLS measures particle size in the solution
tate. The relationship between the zeta potential and particle size
s a function of pH are depicted in Fig. 6A. The zeta potential is
ighly positive (∼over 30 mV)  from pH 2 to pH 5 and highly nega-
ive (∼ −40 mV)  from pH 8 to pH 10 for MAG  (Fig. 6A(a)), while at
H 6–7 the charge is almost at zero. The particle size of MAG  is as
igh as 3000 nm to 4000 nm.  This indicates the aggregation in all
H range as a consequence of an ease of hydrogen bond formation
etween each particle.
The zeta potential values of S-MAG tend to be negative (as high
s ∼ −40 mV)  in most conditions except at pH 2–3 which is ∼ +5 mV
Fig. 6A(b)). The sizes (∼800–2000 nm)  over the whole pH range
re much lower than that of MAG  (1000–4000 nm). This reflects
 WSCS–MAG at pH 2.2–10 in water (pH adjusting by NaOH and HCl); (B) schematic
chematic illustrations of WSCS–MAG in water at (a) pH 2–3, (b) pH 3–7, and (c) pH

the coverage of silane on MAG  leading to a suppressed hydrogen
bond network.

It becomes clear that the size and the charge reveal a relation-
ship, the higher the charge of CTWK–MAG, the smaller the particle
size (Fig. 6A(c)). For example, when CTWK–MAG carries a posi-
tive charge from 20 mV  to 40 mV  at pH 2–4, the average size is
less than 1000 nm.  The size of CTWK–MAG in dependence to the
pH is quite different from that of CTWK. For CTWK, the size is
almost maintained at a few hundred nanometers from acidic pH
to neutral pH, and it is significantly increased to sub-micrometers
(3000–7000 nm)  in basic pH (see the Supporting Information, Fig.
S3). This means that the MAG  coupling, consequently, changed pH
responsiveness of CTWK.

In order to summarize the overall results, a schematic represen-
tation for CTWK–MAG and WSCS–MAG at different pH conditions
is illustrated (Fig. 6B). Fig. 6B(a) is for CTWK–MAG at low pH

when CTWK are protonated according to the positive zeta poten-
tial values. Therefore, CTWK–MAG repulse each other leading to the
smaller sizes. At neutral pH condition (Fig. 6B(b)), a certain level of
positive charge with a minor repulsive force, causes an increase of
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article size. At the same time the hydrogen bonds (represented as a
ashed line) among the whiskers become significant resulting in an

ncrease in size. At alkaline condition, the zeta potential values are
lightly negative but the particles become larger. This leads us to the
onclusion that CTWK forms a packed structure induced by a strong
ydrogen bond network on the surfaces of CTWK (Fig. 6B(c)). This
chematic drawing show that the sizes of CTWK–MAG in alkaline
ondition are significantly increased compared to those of CTWK
see the Supporting Information, Fig. S3).

In our previous work, the structure of WSCS under the com-
lexation with HOBt was clarified. It becomes clear that solubility

n water is based on the effect of HOBt functioning as a pro-
on donor to form ammonium groups within the chitosan chain.
ased on this information, the hydrogen bonds along the WSCS
hains might be maintained by HOBt resulting in the particle sizes
bout 2000–3000 nm (WSCS–MAG at acidic pH). The zeta poten-
ial, therefore, depends on the protonated WSCS–MAG surface
Fig. 6C(a)). At neutral pH, WSCS–MAG exhibits almost no signif-
cant changes at the surface as shown in Fig. 6C(b). This suggests
he hydrogen bonds between each particle. At alkaline condition
Fig. 6C(c)), although the negative charges cover WSCS–MAG and
omplexation between HOBt and WSCS is maintained, a constant
article size of WSCS–MAG (at ∼ 1500–2500 nm) is still observed.

.6. Performances of WSCS–MAG and CTWK–MAG for bacterial
NA extraction

In order to investigate potential for application of WSCS–MAG
nd CTWK–MAG, a preliminary examination on bacterial DNA
xtraction was  carried out. The study on DNA extraction leads us
o the information about the integrated properties of the MAG
ompounds, especially the interaction with biomolecules. It is
mportant to note that, the efficiency of MAG  for DNA separa-
ion is related to the physical properties in terms of surface area
nd stability in solution, in order to enable an effective interaction
etween MAG  and DNA. However, to obtain specific interaction
etween DNA and MAG  at the molecular level, a highly selective
AG  material is required. As chitosan is an aminopolysaccharide,

nteractions between chitosan and DNA, either mediated by the
ositively charged chitosan and negatively charged DNA or by a
ydrogen bond network. Moreover, CTWK–MAG and WSCS–MAG
lso showed a superparamagnetic property (see the Supporting
nformation, Fig. S4).

The amounts of DNA extracted from E. coli and S. aureus are pre-
ented in Table 1. WSCS–MAG shows 100% more extracted DNA
10.89 �g/mL) than CTWK–MAG for E. coli. This confirms the sig-
ificant DNA extraction property of WSCS–MAG. When using S.
ureus, CTWK–MAG and WSCS–MAG show almost equal amounts.
n order to compare the efficiency of CTWK–MAG and WSCS–MAG,

 commercially available magnetic kit was applied. The extracted
NA was ∼4.54 ± 0.8 �g/mL for E. coli and ∼2.87 ± 1.5 �g/mL for S.

ureus (see the Supporting Information, Table S1). In comparison,
he result of our material, especially the higher extraction amount
or WSCS–MAG, implies the essential role of chitosan. Thereby
mproved extraction is might be related to ionic interactions of the

able 1
erformance of WSCS–MAG and CTWK–MAG in DNA bacteria extraction.

Sample DNA quantity (�g/mL) Surface areac (m2/g)

E. colia S. aureusb

CTWK–MAG 4.53 ± 0.7 3.66 ± 1.6 82.32
WSCS–MAG 10.89 ± 0.8 3.39 ± 1.5 44.76

a Commercial product kit: 4.54 ± 0.8 �g/mL.
b Commercial product kit: 2.87 ± 1.5 �g/mL.
c Commercial product kit: 1–10 m2/g.
drate Polymers 97 (2013) 441– 450 449

ammonium groups of CS and the negatively charged cell walls of
bacteria.

Furthermore, the surface area is an indicator that reflects the
effectiveness of the materials, since the size of the active surface
is responsible for the interaction of MAG  with DNA species. The
surface area of the commercial products is ∼1–10 m2/g whereas
CTWK–MAG and WSCS–MAG are ∼82.32 m2/g and 44.76 m2/g,
respectively. The significantly increased active surface area sug-
gests the potential applicability of our new materials.

4. Conclusions

Two  types of chitin and chitosan materials, CTWK (chitin in
whisker form) and WSCS (chitosan in water soluble form), were
successfully covalently bonded to MAG. Because of the silane
coupling agent containing oxirane ring, a single-step procedure
to couple chitosan to MAG  without any additional steps during
the conjugating reaction was  possible. The fibrous chitin whisker
(CTWK) was  effectively coupled to MAG  resulting in a stable col-
loidal solution. The irregular packing of CTWK led to a significant
aqueous colloidal stability for days. The uniqueness of CTWK–MAG
was also related to the whisker morphology as a magnetic field
effectively induced a CTWK–MAG alignment. The ionic charge of
CTWK, which could be varied by pH, was a key factor to control
the size of CTWK–MAG. WSCS is a water-soluble chitosan in com-
plexation with HOBt. In the case of WSCS–MAG, the surface of MAG
was partially covered resulting in aggregation over time based on
a hydrogen bond network among chitosan chains and HOBt. The
preliminary examination results of E. coli and S. aureus DNA extrac-
tion confirmed the performance of CTWK–MAG and WSCS–MAG
for DNA separation.
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