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The formation of polycation chitosan, CS, with polyanion lignosulfonate, LGS, multilayer films based on layer-
by-layer self-assembly method was investigated by several techniques. UV absorption spectra showed that
the growth of both CS and LGS layers followed the exponential model. The film surface wettability was
found alternated depending on the surface properties of these two materials because the contact angle is
smaller for the CS layer and greater for the LGS layer while the surface free energy is known greater for
the former and smaller for the latter. AFM images indicated that the surface roughness of these layers was
in nanosize and was increased with the layer number due to the aggregation. The field emission scanning
electron microscope photograph showed that the average thickness of each layer was about 5-6 nm.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Layer-by-layer self-assembly of oppositely charged polyelectrolytes
as multilayer films has been broadly studied and reported elsewhere
[1-8]. In such case, the known driving forces are the electrostatic inter-
action, dipole interactions, H-bonds, dispersion and van der Waals in-
teractions [1-10]. The main factors, e.g. the ionic strength, pH [11,12],
chain conformation [13], charge density [14], concentration [15] and
the secondary interactions [16] have been recognized influence the
film building process.

According to literature, the layer-by-layer self-assembled multi-
layers follow the linear growth model [5,6] or the exponent model
[10-16]. However, the presented models are found to vary the
forms because the parameters are varied according to used methods
[1-19].

Chitosan, CS, [11,20,21] and lignosulfonates, LGS, [22-24] are two
natural polyelectrolytes with positive and negative charges, respec-
tively. The cationic CS and anionic LGS both have been broadly applied
[11,17-30], and uniquely assembled with other materials, e.g. CS with
anionic hyaluronan (HA) [11], dextran sulfate [25], poly(thiophene-
3-acetic acid) (PTAA) [26], polyoxometalate [27] and heparin [28],
and the LGS with poly(o-ethoxyaniline) [29] and laccase [30]. Consid-
ering the CS and LGS have never been together self-assembled to
form a multilayer film, and such film is expected to have good bio-
properties as the CS/HA [11], it is therefore proposed to layer-by-
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layer self-assemble the CS/LGS multilayer films and to study its struc-
ture and properties. Experimentally, we applied the UV spectroscopy
to study the layer growth process, and FTIR, contact angle measure-
ment, AFM and FESEM, respectively, to characterize the structure
and properties of self-assembled CS/LGS multilayer films' Islets.

2. Experimental
2.1. Materials

A commercial powder CS in microsize obtained from Weifang
Kehai Chitosan Co., Ltd, China was used as received. The molecular
weight and deacetylation degree of this CS sample were known
from the producer to be about 3 x 10> g/mol and 95%, respectively.

The Ca-LGS which is also a commercial powder in microsize
obtained from Jiangmen Sugar Cane Chemical Factory, Guangdong
of China was used as received. According to the producer, this LGS
has the lignin component >55%, deoxidized sugars <12%, water in-
soluble components <1.5%, moisture <9% and pH of about 5 [24].

A concentrated HAc, commercial H,SO, and 30% H,0, as well
as other chemicals in analytical grade were purchased from a local
chemical store at Shanghai and used as received.

A lab-made distilled water was always used in this case.

2.2. Preparation of CS, LGS solutions and substrate
The CS/acetic acid solution and LGS/water solution were initially pre-

pared, respectively, and both in the same concentrations, e.g. 2 mg/mL,
and pH, e.g. 4.1.
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Fig. 1. UV absorption spectra of layer-by-layer self-assembled (CS/LGS), multilayer
films.

The lab-scale hydrophilic glass slides were initially pretreated by
sonicating them in 98% H,S04/30% H,0, (7:3) solution (piranha solu-
tion) for 1 h, then immersed in a H,0/H,0,/NH4OH (5:1:1) solution
for another 1 h. Before application, all these substrates were dried
by hot air.

2.3. Layer-by-layer self-assembly of (CS/LGS), multilayer films

The layer-by-layer self-assembled CS/LGS multilayer films were
fabricated in the same way as the literature introduced [2]. Initially,
the glass substrate was immersed in the CS solution (2 mg/mL, pH
4.1) for 10 min to build up the first layer then air dried to form a
CS-coated substrate. After that, the CS-coated substrate was moved
to the LGS solution (2 mg/mL, pH 4.1) for dipping 10 min to build
up the second layer and then also air dried to form the LGS layer.
Then, the other CS and LGS layers were continuously built up, respec-
tively, in the same way as above. In this case, the multilayer film was
defined as (CS/LGS),, where the n represents the layer number.

All these steps were performed under air stream flow condition.

2.4. Characterization

The self-assembly process was in situ determined by UV spectrosco-
py (Hitachi U-4000 spectrophotometer) equipped with an integrating
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Fig. 2. A plot of the UV absorption intensity of CS and LGS related peaks vs. their layer
numbers, respectively.

Table 1
A summary of the layer growth constants for assembling CS and LGS layers determined
on the basis of Eq. (1).

Samples a b c
cs 0.72 19.8 0.74
LGS 0.06 8.47 0.87

sphere detection system due to the UV absorption intensity proportion-
al to the layer number as seen in literature [31-33].

The FTIR spectra of multilayer films were recorded using a NEXUS-
670 (Nicolet Co., Ltd) spectrometer in transmission mode by aligning
the film on a silicon wafer substrate (1-2 cm?) at a Brewster's angle
of 75° with respect to the incident beam.

The wetting of films was characterized by means of the sessile drop
contact angle measurement using the OCA40 Micro (Dataphysics Co.,
Ltd). During the measurement, the droplet volume was controlled con-
stantly at about 1 pL for each drop and the temperature was controlled
in constant, 25 °C.

The surface topography and roughness of the multilayer film was
analyzed using a NanoScope IV (Veeco Co., Ltd) AFM with a tapping
mode.

The cross-section of the multilayer film was analyzed by field
emission scanning electron microscope, FESEM, (S-4800, HITACHI
Co., Ltd.,) at an accelerating voltage of 5.0 kV.

3. Results and discussion
3.1. Layer growth and related model

Taking UV adsorption intensity as a function of the layer number,
Fig. 1 showed several curves corresponding to the assembled layers
where the odd layer is related to the CS and the even layer is related
to the LGS, respectively. Since the intense peak centered at about
212 nm due to the electrons' transition from the amide of CS and at
about 282 nm due to the benzene ring of LGS, respectively, the inten-
sities of these two peaks are therefore taken as a function of related
layer number similarly as the literature introduced [7,11,13] to pre-
sent a new plot in Fig. 2. According to Fig. 2, we obtained the layer
growth model on both CS and LGS (Eq. (1)), which indicated both
the assembled CS and LGS layers following the exponent models
[10-16].

Y =ax exp(N/b)—c (1)
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Fig. 3. Wettability of CS/LGS multilayer films, where the even layer corresponds to LGS
as the outermost layer and the odd layer correspond to CS as the outermost layer.
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Fig. 4. Photographs of water drop on the surfaces of glass (A), and eight layer (B), respectively.

where Y is the absorption value which could be varied according
to different measurements such as the film mass, thickness and
other structure or property related parameters; N is the layer num-
ber. The presented three Latin letters, a, b and c are constants,
respectively.

To compare Eq. (1) with literature reported equations suggested
that Y can represent various physical parameters, e.g. the weight,
thickness, adsorption and others [10-16]. Table 1 presented the
constants determined from this work which are considerably relating
to some meanings of this assembly system [10-16].

3.2. Structure and properties of CS/LGS multilayer films

3.2.1. Wettability

The surface wettability is usually very sensitive to the composi-
tions of the outermost layer, and it is availably known by contact
angle measurement [25,27,34]. In Fig. 3, the contact angles between
water and the surfaces of the substrate (zero layer), CS and LGS,
were presented, respectively. Since the contact angle on the glass sur-
face is very small, this suggests the glass surface is hydrophilic. The
contact angles on the initial four layers are found to follow a linear
fit ignoring the material properties. This wetting behavior is probably
due to these layers assembled without uniformity due to the slow
interdiffusion. This initial wetting behavior is also possible due to
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Fig. 5. FTIR spectra of native CS, LGS and (CS/LGS),, multilayer films.

the original roughness of the glass surface. Since the assembly of
the five layers, it was found that the contact angles on the surface of
both CS and LGS have a greater increase as compared with that on
the glass surface and the contact angle is always greater for the LGS
layer and smaller for the CS layer to present a zigzag aspect. This wet-
ting behavior is interesting because this suggests that the CS layer is
hydrophilic and the LGS layer is hydrophobic. However, this is possi-
ble and supported by our previous investigation of the surface prop-
erties of both CS and LGS, because we found the surface free energy
is smaller for LGS [24] and greater for CS [35]. Therefore, it can be con-
cluded that the zig-zag wetting behavior is mainly dominated by the
surface properties of these used materials.

In order to see the detailed wetting process on water drop contact
with the surface of glass and self-assembled layer surface, Fig. 4 pres-
ented two photographs where the contact angle is smaller on the
glass surface and greater on the layer surface obviously.

3.2.2. FTIR spectra

The FTIR spectra of self-assembled CS/LGS multilayer films were
presented in Fig. 5 where the native CS and LGS samples are compared.
CS exhibits strong peaks at 3410 cm ™~ ! due to the O-H or N-H vibration
[20-22], at 2930 cm ! due to the C-H stretching, at 1640 cm ™! due to
the carbonyl asymmetric stretching vibration [20-22], at 1510 cm ™!
corresponding to the amide Il and at 1040 cm ™! due to the C-O vibra-
tion [22]. LGS presented intense peaks at 1050 cm ™' due to the S=0
stretching [24], at 1420 cm ™' due to an antisymmetric stretching of
the methyl and methylene, and at 1580 cm ™ ! due to the C=C stretching
of phenyl [24,29]. Since (CS/LGS),, multilayer film showed an infrared
band at 897 cm ™! assigned to the ring stretching while this peak was
not observed for both CS and LGS (Fig. 5), this suggests that the interpen-
etration was occurred during the self-assembly of CS/LGS multilayer
film. In other words, this means the CS/LGS multilayer film was self-
assembled mainly by opposite charges-induced **interpenetration. This
finding is significant for self-assembling opposite changes-based natural
polyelectrolytes.

Because the (CS/LGS),, film also exhibits some characteristic IR
peaks at 1080, 1421 and 1640 cm ™~ ! due to them broad as comparing
with the native CS and LGS (Fig. 5). In fact, in Fig. 5 the H-bonding-
based peak appeared at 3410 cm™ ! was found narrow for both CS
and LGS while broad for CS/LGS film (Fig. 5, right) is a suggestion of
this multilayer film was also made by H-bonding.

3.2.3. AFM image

The AFM image of prepared film was initially focused on the
fourth (Fig. 6 A,B) and eighth layers (Fig. 6 C,D) both taking the LGS
as the outermost. Though these surfaces presented similar bright
spots, the difference is clearly because the eight layer is roughly
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Fig. 6. AFM images of the morphology of (CS/LGS), and (CS/LGS)g multilayer films both taking the LGS as the outermost. Images in 2 x 2 um? with the z scales were shown.

than the fourth layer. This difference is also an interest because this
implies that these two opposite charges-based natural polyelectro-
lytes aggregated during the self-assembly process. Though this is
in good agreement with literature [36], the further induced consid-
eration is that the fact is that the spot size is increased with the
layer number to suggest the aggregation gradually increased with
the self-assembly process. This assumption was subsequently proven
by determined surface roughness, Ry, of the layers at fourth, eighth
(Fig. 6) and eighteen (Fig. 7), respectively, all contributed by LGS.
According to associated software, these layers related R, was at
4,56, 6.13 and 7.70 nm, respectively. Therefore, it is known that
the self-assembly of opposite charges-based natural polyelectrolytes
would cause the aggregation and this leads the surface roughness in-
creased with the layer number increase. However, this surface rough-
ness seems to be without influence the surface wettability because
Fig. 3 showed constant contact angles on both the CS and LGS layers.
In other words, this indicated that the influence from the nanoscale
roughness is quite small on sessile drop contact angle measurement.

The AFM image was furthermore focused on the comparison of
the layer surface contributed by both CS and LGS as the outermost.
Fig. 7 showed that the aggregator size is smaller on the LGS layer sur-
face (Fig. 7 top) and greater on the CS layer surface (Fig. 7 bottom).
Additionally, the comparison of the CS and LGS layer surfaces
(Fig. 7) we found that the bright spots are contributed by CS because
of the polyanions-based LGSs mostly adsorbed [32]. This phenome-
non is interested because it furthermore implied that the LGS parti-
cles are easily aggregated due to the electrostatic and H-bonding

forces. In other words, this indicates that the polyelectrolytes bear-
ing opposite charges are directly mixed in water to form the aggre-
gates [32].

3.2.4. FESEM

The FESEM photographs of the cross-section of (CS/LGS)sg film
was showed in Fig. 8. We found that the each layer thickness was
not clearly as the same as literature reported [36]. The reason is that
the single layer is very thin, its clear layer thickness is not easy to ob-
serve by SEM [37]. In terms of the total thickness of the cross-section
e.g. approximately 200 nm, the averaged single layer thickness was
estimated to be at 5-6 nm, which is similarly as the surface roughness
value. According to Fig. 8, the interface between the glass substrate
and film has some holes, this suggests that the CS/LGS film was ini-
tially self-assembled mainly by the electrostatic force, then by the
H-bonding force. Since the film thickness of CS/HA is about 2.4 ym
for 36 layers [11], a comparison of the CS/LGS film indicated that
our prepared sample with smaller later thickness. This is an interest
because this suggests that the CS/LGS multilayer film may apply to
some cases where the nanoscale required.

To understand a multilayer film formed by two opposite charges,
Paterno et al. [29] have indicated the formed is a strong complex because
they found the surface potential for the positive poly(o-ethoxyaniline),
POEA, at + 170 mV, for the negative LGS at — 60 mV, while for the assem-
bled layer film of POEA/LGS at + 290 mV which is higher than the original
POEA.



H. Luo et al. / Materials Science and Engineering C 32 (2012) 2001-2006 2005

Flatten

2009.4.20
arj-1.005

1300.0 nm

Fig. 7. Comparison of the AFM images of CS/LGS multilayer films at 17 and 18 layers corresponding to the outermost with CS and LGS, respectively. Images in 2 x 2 um? with the z

scales were shown.

Fig. 8. FESEM image of the cross-section of (CS/LGS)3¢ multilayer films.

4. Conclusion

Experiment proven that the opposite charges-based CS and LGS
are capably layer-by-layer self-assembled to form the multilayer
films, and when the main driving forces are the electrostatic attrac-
tion and hydrogen bonding. The self-assembly of both the CS and
LGS layers follow the same universal model: Y=aeV"-c, where Y is
the absorption value or others as mentioned above, N is the layer
number, and the three Arabic letters, a, b and c are constants. The
wetting behavior of CS/LGS multilayer films at the initial four layers
follow linear fit to increase the contact angles with the layer number
and since the five layer the contact angles presented the zigzag aspect
where the greater contact angle is always greater for LGS layer and

smaller for CS layer. AFM images proven that the film surface rough-
ness is gradually increased with the layer number due to the
aggregation, and the roughness value is similar as the layer thickness,
e.g. about 5-6 nm.
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