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Self-assembled  nano-arrays  have  a potential  application  as  solid-phase  diagnostics  in many  biomedical
devices.  The  easiness  of  its production  is  directly  connected  to manufacture  cost  reduction.  In this  work,
we present  self-assembled  structures  starting  from  spin  coated  thin  films  of  carboxylated  polystyrene
(PSC)  and  xyloglucan  (XG)  mixtures  on  both  mica  and  silicon  substrates.  AFM  images  showed  PSC
nanospheres  on  top  of  a homogeneous  layer  of  XG, for both  substrates.  The  average  nanosphere  diameter
fluctuated  for a constant  speed  and  it  was  likely  to  be  independent  of  the  component  proportions  on
the  mixture  within  a range  of  30–50%  (v/v)  PSC.  It was  also  observed  that  the  largest  diameters  were
rganic thin films
ixtures

elf-assembly
anosphere arrays
pin coating
yloglucan

found  at the  center  of  the  sample  and the smallest  at the  border.  The  detected  nanospheres  were  also
more numerous  at the  border.  This  behavior  presents  a similarity  to spin  coated  colloidal  dispersions.  We
observed  that  the  average  nanosphere  diameter  on  mica  substrates  was  bigger  than  the  nanosphere  diam-
eters obtained  on top of silicon  substrates,  under  the  same  conditions.  This  result  seems  to  be  possibly
connected  to different  mixture–surface  interactions.
arboxylated polystyrene

. Introduction

Multi-component arrays having small features, preferentially
t the nanoscale, are of special importance for several applica-
ions like: investigation of single molecule interactions (Powell,
ran, Kim, & Yoon, 2009); biochips (Wadhwa, 1990); and biolog-
cally integrated electronic devices (Haddon and Lamola, 1985).
owadays, there is a growing need for point-of-care diagnostics
its for infectious diseases, which preferentially have to present
he following characteristics: have low cost; be easy to design;
resent high-throughput; avoid complex procedures and equip-
ents; and be able to generate reliable results (high signal to

oise ratio) (Hauck, Giri, Gao, & Chan, 2010). One of the simplest
ays to address this issue can be the nanoscale self-assembly

riven patterned thin films (Blawas & Reichert, 1998; Rusmini,
hong, & Feijen, 2007). This method provides some advantages like,
implicity, fast production, and effortlessness, when compared to

∗ Corresponding author at: UFPR, Av. Cel. Francisco H. dos Santos, Centro Politéc-
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top-down approaches. Besides these advantages there is also the
consequent low cost.

Another important point related to this area is protein immobi-
lization, where it is of crucial importance to maintain protein func-
tionality, while studying protein/protein, bio-molecule/protein, or
even to detect antibody/antigen events on a solid patterned sup-
port (Powell et al., 2009). Thus, the ability to spatially direct the
immobilization and preserving the molecule functionality are key
issues to succeed in having a high resolution and sensitive device.

One way  of producing such devices is the use of mixtures from
synthetic and natural materials as in bioblends (Biresaw, Carriere,
& Willett, 2004). It allows the production of materials with new
emergent properties, which are otherwise absent when the single
components are used separately. Besides the fact that one of the
components is natural and abundant, the addition of a synthetic
one may  produce, as one of the advantages, an acceptable water-
resistance blend while maintaining biocompatibility (Biresaw et al.,
2004), as in synthetic polymer/polysaccharides blends.

In a previous work (Lubambo et al., 2011), we  have shown
that it is possible to obtain arranged self-assembled arrays of

both polystyrene and xyloglucan depending of the concentra-
tion of each component in the original mixture. In this work,
self-assembled nanostructures were obtained by spin coating
xyloglucan/carboxylated polystyrene mixtures and deposited it on

dx.doi.org/10.1016/j.carbpol.2012.07.084
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:af.lubambo@uol.com.br
mailto:af.lubambo@gmail.com
dx.doi.org/10.1016/j.carbpol.2012.07.084
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Table 1
Tested mixture proportions.

Sample proportion XG/PSC% (v/v) XG (15 mg/L)

PSC (30 mg/L) PSC (60 mg/L)

95/05 X
90/10 X
85/15 X X
80/20 X X
75/25 X
70/30 X X
65/35 X
60/40 X
A.F. Lubambo et al. / Carbohy

oth mica and silicon substrates. The resulting nanostructured thin
lms were investigated using AFM and XPS.

Xyloglucan is a neutral, branched polysaccharide found in the
rimary cell walls of non-graminaceous (monocotyledons), as well
s in the cotyledon of some dicotyledonous seeds. Its chemical
tructure has a cellulose-like backbone, composed of �-glucosyl
ing units with ribbon-like conformation, where single-unit of
ylose and galactose substituents are part of the branches (Hayashi,
989). This biopolymer, like many other polysaccharides, is poten-
ially important for commercial and medical applications. In the
ood industry it can be used as a texture modifier and in the med-
cal field it can acts as a drug release controller (Bhattacharya, Bal,

ukherjee, & Bhattacharya, 1991; Jo, Petri, Beltramini, Lucyszyn, &
ierakowski, 2010; Miyazaki et al., 1998; Miyazaki, Kawasaki, Kubo,
ndo, & Attwood, 2001).

Polystyrene is a well-known and studied synthetic polymer
hich when blended to biopolymers reduces its degradation rates.
owever, due to its low hydrophilicity, the blending with biopoly-
ers generally segregates. Thus, we have used an asymmetric

riblock copolymer PS-b-PAA-b-PS, having a very short polar PAA
egment to induce a better interaction with XG biopolymer. These
trategies open many possible applications in tissue engineering
nd drug release control (Leung et al., 2009).

. Materials and methods

.1. Polysaccharide

Branched neutral polysaccharide xyloglucan (XG), Mw of
43,000 g/mol was extracted from the seeds of Guibourtia hymenifo-

ia. The XG (54.2% yield, w/w) is formed by glc:xyl:gal molar ratio of
.3:2.3:1.0, respectively (Lucyszyn et al., 2011). After extraction, XG
as filtered under pressure through cellulose acetate membranes
ith 0.22 �m pore diameters (Millipore®) and precipitated with

thanol to obtain purified XG polysaccharide before use.

.2. Triblock copolymer PS-b-PAA-b-PS

A triblock copolymer, which from now on, for sake of sim-
licity, will be treated as carboxylated polystyrene (PSC), Mw of
0,073 g/mol; Mw/Mn = 1.3, acid value of 25.41 mg  KOH/g used in
his investigation was prepared by PS-b-PAA-b-PS synthesis. Ini-
ially a macro chain transfer agent of polystyrene (MTA-PS) was
repared by RAFT polymerization. Styrene monomer (0.048 mol)
as polymerized in bulk at 110 ◦C using DBTTC (dibenzyltrithio-

arbonate) (5.0 × 10−5 mol) as a chain transfer agent. After 24 h
he reaction was completed and the polymer was precipitated in
thanol and dried under vacuum. For the preparation of the triblock
opolymer, acrylic acid was polymerized in anisole at 110 ◦C for
4 h using MAT-PS and AIBN as radical initiator. The final product
as precipitated in ethanol, dried under vacuum and characterized

y SEC. The amount of incorporated acrylic acid was determined
y titration (AOCS, 1980). The content of each polymer block was
etermined by 1H NMR  (300 MHz, Varian) corresponding to a
S181-b-PAA18-b-PS181.

.3. Substrates

Grade V-4 mica muscovite substrate obtained from SPI
upplies® was cleaved using a scotch tape and immediately used for
dsorption experiments. Commercial boron-doped, 450 �m-thick,
1 1 1) orientation silicon wafers were used as solid substrates.

he substrates were cleaved into 1 cm2 pieces with a diamond-
ipped scriber. After cleavage, the substrates were cleaned, prior
o polysaccharide deposition, in a boiling solution as described in
irose, Yasaka, Takakura, and Miyazaki (1991),  preserving the SiO2
55/45 X
50/50 X

oxide layer and maintaining the surface hydrophilicity. Ultra-pure
water (Millipore, Milli-Q, 18.2 M� cm)  was  used in the cleaning
solution and for abundantly rinsing the silicon surface, after the
cleaning process.

2.4. Adsorption protocols for model surfaces

Xyloglucan mother solution was  prepared with 1.5 mg  of
polysaccharide dissolved in 100 mL  of Milli-Q water and stirred
during 24 h. Carboxylated polystyrene mother solutions were pre-
pared with two different concentrations 3.0 and 6.0 mg in 100 mL
chloroform with the goal to produce PSC nanospheres on top of a
xyloglucan layer. The mixtures were prepared by blending differ-
ent proportions of XG stock solution with PSC stock solution to a
final volume of 1 mL,  according to Table 1.

The mixtures were prepared by stirring the solutions during
1 min  in a vortex mixer, prior to the spin coating deposition. A
mixture drop (20 �L) was  immediately pipetted onto the center
of a mica substrate, which was  rotating at 1000 rpm and kept at
the same condition during 1 min. The substrate was then acceler-
ated to 2000 rpm and it was kept at this speed for 30 s to eliminate
solution excess. The sample was  not rinsed during spinning. After
deposition, the samples were kept in a controlled chamber during
24 h, at 24 ◦C and 45% relative humidity, before analysis.

2.5. Atomic force microscopy measurements

AFM imaging was  performed using a commercial Shimadzu
SPM-9500J3 microscope at room temperature (∼24 ◦C). Images
were taken in dynamic tapping mode (TM-AFM) with an oxide-
sharpened micro-fabricated silicon cantilever (�-Masch), whose
nominal spring constant was  4.7 N/m and tip radius of curvature
less than 10 nm.  The scanning rate was  1 Hz and the image res-
olution was 256 × 256 pixels. The operating point was  adjusted
to minimize the interaction between tip and sample and to avoid
soft layer deformation. After acquisition, image treatment was  per-
formed using Shimadzu software for flattening. Grain analysis was
performed using threshold detection and histograms were carried
out using SPIP V.4.3.4.0. The image background was noise filtered
whenever needed prior to contour detection.

2.6. X-ray photoelectron spectroscopy measurements

XPS analyses were performed with an ESCA 3000 VG Microtech
photoelectron spectrometer. Aluminum K� radiation was used and
high resolution spectra were taken with 20 eV pass energy. The

vacuum in the sample chamber during measurements was  about
10−9 mbar. Charging effects were corrected using the K 2p3/2 line
(292.80 eV) for mica as a reference (Bhattacharyya, 1989; Dufrêne,
Marchal, & Rouxhet, 1999; Liu & Brown, 1998). Data treatment was
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Fig. 1. Dynamic mode AFM images. (A) XG/PSC (90/10%, v/v) sample (4 �m × 4 �m).  (B) XG/PSC (65/35%, v/v) sample, showing PSC nanospheres on a XG matrix (8 �m × 8 �m).
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C)  XG/PSC (50/50%, v/v) (8 �m × 8 �m).  (D) Sample with 100% PSC (8.0 �m × 8.0 �

arried out using XISDP32V.3 from XPS International© software.
hirley background was used for subtraction.

. Results and discussion

.1. Morphological analysis on mica

.1.1. XG (15 mg/L) and PSC (30 mg/L)
Dynamic mode AFM images of XG/PSC thin films on mica

evealed different morphologies as a function of XG/PSC propor-
ions in the mixture, as shown in Fig. 1. At PSC concentration from
% to about 15% (v/v) PSC, nanosphere arrays were not observed, as
een in Fig. 1A, for 10% (v/v) PSC. For PSC concentrations from 20% to
bout 30% (v/v), the assembly and the structure of the nanospheres
rray became non-reproducible. Finally, for higher concentrations,
rom 35% to about 50% (v/v) PSC, nanosphere arrays were observed
n top of a homogeneous background layer, as seen in Fig. 1B and
, for 35% and 50% (v/v) PSC, respectively.

It is worthwhile to point out that for pure XG aqueous solu-
ion and pure PS chloroform solution the dried thin films present
ompletely different morphologies compared to the mixed solu-
ions, as shown in Fig. 1D and E, respectively. There is a large
umber of reports dealing with the orientation of block copoly-
ers in thin film formation and many investigators have studied

ts effects on the final morphology and structures of the imposed
nterfaces (Bucknall, 2004; Cacicchi, Berthiaume, & Russel, 2005;
riestley, Ellison, Broadbelt, & Torkelson, 2005; Chen, Gong, Huang,
 He, 2007; Sordi, Riegel, Ceschi, Müller, & Petzhold, 2010). The
orphology in a thin film, supported by a substrate, is the result of

pecific interactions between polymer, air and substrate. The differ-
nce in surface energies of both blocks polystyrene and poly(acrylic
) Sample with 100% XG (16 �m × 16 �m).

acid) governs the relative wettability, as one block (PAA) wets the
substrate and the other (PS) wets the air interface. In the case of
PS-b-PAA-b-PS triblock thin films large aggregates were observed,
as in Fig. 1D, since the molar composition of PAA is very low
(<5 mol%) and it should be attached to the substrate. Xyloglucan
is a neutral branched polysaccharide with flexible random coil
conformation, it tends to aggregate even at very low solution con-
centration (Lucyszyn et al., 2011). As a hydrophilic polymer it wets
hydrophilic substrates like mica substrate and forms an entan-
gled nanoporous network of branched fibrous structures as seen
in Lubambo et al. (2009) and Fig. 1E.

Similar features found in pure XG/water and PSC/chloroform
system on mica could be expected and would be governed by sur-
face energy minimization in a two phase mixture XG/PSC deposited
on high energy surfaces like mica and silicon. In this mixed system
of PSC/XG, since the triblock copolymer has lower surface energy
than that of XG, after the deposition, the triblock would be on the
top layer. Therefore, it is reasonable to expect that the nanospheres,
seen in Fig. 1B and C, are composed of PSC. Furthermore, XG
with higher surface energy than PSC would form an entangled
nanoporous network. It would be preferentially wetting the solid
surfaces (mica, silicon) and anchoring the PSC nanospheres. The
nanosphere PSC composition was  confirmed by XPS, as seen in
Section 3.3.

Average nanospheres diameter D and standard deviation ıD
measured at the sample substrate center, as a function of PSC pro-
portion in the mixture is shown in Table 2. The fluctuation observed

in PSC nanoparticles diameter does not seem to show a correlation
with the XG/PSC mixture proportion. In fact, if we simplify the spin
coating dynamics of this system, assuming the balance between
centrifugal and viscous forces, the process selects the diameter as a
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ig. 2. Dynamic mode AFM images. (A) Sample with XG/PSC (70/30%, v/v), showin
elective dissolution with chloroform (4 �m × 4 �m).
unction of angular velocity of the chuck (Lubambo et al., 2011). If
his assumption holds, the nanosphere diameter will decrease from
he center to the border of the sample. Table 3 shows the average
anosphere diameter measured as a function of the distance from

ig. 3. Dynamic mode AFM images. (A) Sample with XG/PSC (70/30%, v/v) sample, show
/v)  sample, after first step selective dissolution with chloroform (8 �m × 8 �m).  (C) XG
4  �m × 4 �m).  (D) XG/PSC (70/30%, v/v) sample, showing PSC nanospheres on a XG layer
 nanospheres on a XG layer (4 �m × 4 �m). (B) XG/PSC (70/30%, v/v) sample, after
the center at regular steps, for sample XG/PSC (65/35%, v/v). As
can be noticed, the average diameter is higher at the sample cen-
ter, D* = 129 nm and reaches the minimum value, D* = 56 nm at the
border, confirming thus, our assumption.

ing PSC nanospheres on a XG layer on silicon, (8 �m × 8 �m).  (B) XG/PSC (70/30%,
/PSC (70/30%, v/v) sample, after second step selective dissolution with chloroform

 on mica (8 �m × 8 �m).
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Table 2
Average diameter (D) and standard deviation (ıD) of the measured nanospheres as
a  function of XG and PSC concentration in mixture, as well as its tip deconvoluted
correspondents (D*).

XG/PSC proportion % (v/v) D ± ıD (nm) D* (nm)

70/30 185 ± 36.9 73
65/35 162 ± 22.8 61
60/40 158 ± 37.1 59
55/45 96 ± 15.1 28
50/50 108 ± 12.8 34

Measured diameter: D (nm) and standard deviation: ıD (nm), tip deconvoluted
diameter: D* (nm).
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Fig. 4. For XG stock solution concentration XGc = 15 mg/L and PSCc = 60 mg/L. (A)
XPS  C1s and K 2p3/2 and K 2p1/2 spectra of the XG/PSC (70/30%, v/v) sample, the
same sample after selective dissolution with chloroform and 100% PSC for integrated
intensity comparison. (B) XPS C1s and K 2p3/2 and K 2p1/2 spectra of the XG/PSC
(70/30%, v/v) sample, the same sample after selective dissolution with chloroform
and 100% XG for integrated intensity comparison.

Table 3
Average diameter (D), minimum measured diameter (Dmin) standard deviation (ıD) of th
tip  deconvoluted correspondents (D*).

Measurement on the sample Number of detected spheres Minim

1-Center 19 180 

2  27 158 

3  45 120 

4-Border 76 94 

Measured diameter: D (nm) and standard deviation: ıD (nm), tip deconvoluted diameter
olymers 93 (2013) 240– 245

It is important to notice that the number of nanospheres
detected increases reaching a maximum value at the border. The-
oretical simulations for colloidal systems, under centrifugal and
viscous forces, confirm the same results (Zhao & Marshall, 2008).

3.1.2. XG (15 mg/L) and PSC (60 mg/L)
At the proportion XG/PSC (70/30%, v/v) tested, a nanosphere

array was  produced whose measured average diameter was
D = 152 ± 32 nm,  shown in Fig. 2A. A selective washing with chlo-
roform was  performed to test the nanosphere composition in
one step. Two  chloroform drops of 20 �L were pipetted, and the
excess was eliminated by capillarity. Then, the sample was left to
dry 24 h before imaging. After washing, the assembled pattern of
nanospheres disappeared as well as it was  noticed the presence of
a few remaining aggregates, as shown in Fig. 2B.

3.2. Morphological analysis on silicon

3.2.1. XG (15 mg/L) and PSC (30 mg/L)
This mother solution concentration, already tested for mica, was

also tried on silicon for two  reasons: to observe if eventual changes
in substrates could influence the array formation and because sil-
icon can be micro-machined and, therefore, it could be suitable
for biosensors purposes. The nanosphere array was  formed, as it
can be seen, in Fig. 3A, however the average diameter measured
was  D = 81.3 ± 18 nm,  which is smaller when compared to the same
conditions on mica, D = 185 ± 36.9 nm and it is possible to observe
differences in array organization. These morphology features can
be possibly explained by differences in substrate–mixture interac-
tions, linked to the friction coefficient produced by the mixture flow
on the interface (Brochard-Wyart, de Gennes, Hervert, & Redon,
1994). On mica, this result suggests that, the friction coefficient
should be larger, thus mixture–substrate interaction is more sig-
nificant than on silicon.

Selective washing with chloroform was again performed to test
the nanosphere composition using the same procedure explained
before. This procedure generated the exact same results as before,
the presence of aggregates, as shown in Fig. 3B, indicating that the
nanospheres are composed of PSC. Repeating the procedure, it is
possible to observe that only a homogeneous XG layer was  left.

3.3. X-ray photoelectron spectroscopy

XPS analysis from C1s photoelectron peak intensity for sample
XG/PSC (70/30%, v/v) and the same sample after washing with chlo-
roform show a decay of intensity as seen in Fig. 4A and B. This decay
clearly indicates material removal. Furthermore, looking at the two
spectra (before and after washing), it is possible to remark that this
C1s decay in peak intensity, Fig. 4A, is located exactly at the area
corresponding to the characteristic energy of polystyrene signature

(benzene ring, Eb = 284.66 eV) (Beamson & Briggs, 1992). Thus, this
experimental evidence shows that the nanospheres withdrawn by
washing, seen in Fig. 2B are composed of PSC and the remaining
bottom layer is composed of XG.

e measured nanospheres as a function of the sample center distance, as well as its

um diameter measured, Dmin (nm) D ± ıD (nm) D* (nm)

298 ± 47 129
239 ± 52 100
190 ± 30 75
151 ± 17 56

: D* (nm).
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. Conclusion

Carboxylated polystyrene nanosphere arrays on top of a xyloglu-
an layer were produced for both mica and silicon by spin coating.
n mica, the nanosphere average diameter does not depend on

XG/PSC) proportions in the mixture within the concentration
ange tested, between 30% and 50% (v/v) of PSC. It indicates to
e dependent of the angular speed of the chuck. This assump-
ion is confirmed experimentally by the decrease of the average
iameter as a function of the distance from the center of the sam-
le: the higher average diameter being found on the center of the
ample and the lower at the border. The number of nanospheres
etected is also higher at the border. This behavior is similar to
pin coated colloidal dispersions. When the average nanospheres
iameter of carboxylated polystyrene array on silicon is compared
o the array formed on mica, at the same conditions, it is found to
e much smaller. This difference can be explained by differences

n substrate–mixture interaction. On mica, the interaction should
e larger, allowing preferentially the washing away of smaller
anospheres diameters from the substrate. It was  also visually
bserved that the distances between the nanospheres on top silicon
re smaller than on top of mica, but not organized as well.
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