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ABSTRACT: The layer-by-layer assembly technique is a method that widely used in the preparation of nanostructured multilayer
ultrathin films. We fabricated a hydrogel nanocomposite film by alternating the deposition of a core—shell poly[(dimethylimino)
(2-hydroxy-1,3-propanedily) chloride] (PDMIHPC)-laponite solution and poly(acrylic acid). The growth of the deposition procedure
was proven by ultraviolet—visible spectroscopy and spectroscopic ellipsometry. The surface morphology of the films was observed by
scanning electron microscopy. The films could reversibly load and release methylene blue (MB) dye, which was used as an indicator.
It took about 4.5 h to reach loading equilibrium at pH 9.0. The loading capacity of the film for MB was as large as 4.48 ug/cm” per
bilayer because of the introduction of the core-shell PDMIHPC-laponite as a film component. Nearly 90% of MB was released at pH
3.0 or in a 300 mM NaCl solution within 2.5 h. The loading and release processes were greatly influenced by the ionic strength
and pH value of the MB solution. The hydrogel nanocomposite film showed good pH-triggered loading-release reversibility and
suggested potential applications in controlled drug-delivery systems and smart materials. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

In recent years, a lot of work has been done to improve sus-
tained and controlled drug-delivery systems."” It is vitally im-
portant to construct polymeric matrices with a high loading of
bioactive molecules and controllable release under physiological
conditions. The layer-by-layer (LbL) assembly technique is one
of the easiest ways to fabricate nanostructured multilayer ultra-
thin films with precise control of the film thickness and compo-
> The general concept of multilayer formation is
electrostatic attraction,® and it has been expanded to alternating
films stabilized by hydrogen bonding,”” covalent bonding,'
hydrophobic interactions,'* and molecular recognition.'® A large
number of components can be used to fabricate multilayer
assemblies, including water-soluble polyelectrolytes,'>™"* natural
polymers (e.g., DNA, RNA, proteins, peptides, enzymes, and
polysaccharides),””™'® and advanced materials (e.g., synthetic
polymers, dendritic molecules, and nanoparticles)."*~*

sition.

Much attention has been paid to the loading and release of
guest materials within LbL-assembled multilayer films.>*®*” Tt is
a challenge to increase the loading capacity of the LbL films. A
microcapsule technique developed by Caruso and coworkers®®*’
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could be used in LbL films and showed the reversible loading
and release of guest materials in many applications. In addition,
LbL films containing microgel components or branched poly-
mers have been considered particularly noteworthy.”*>* Sun
et al."® and coworkers synthesized a new type of microgel [pol-
y(allylamine hydrochloride)—dextran (PAH-D)] by crosslinking
poly(allylamine hydrochloride) (PAH) and dextran. Then, the
polyampholyte microgel [poly(allylamine hydrochloride)—dex-
tran (PAH-D)-CO, (PAH-D-CO,)] was obtained by the bub-
bling of CO, into the PAH-D solution and was LbL-assembled
with poly(sodium 4-styrenesulfonate) (PSS) to produce PAH-
D-CO,/PSS multilayer films. The loading of methyl orange in
the film reached its maximum of about 0.23 ug/cm? per bilayer.
Chung and Rubner’ showed that the methylene blue (MB)
loading capacity of PAH/poly(acrylic acid) (PAA) films was
about 0.79 ug/cm® per bilayer. In contrast, Sun et al.”> fabri-
cated an LbL PAH-D/PSS film, which had a loading capacity
for methyl orange as large as 3.0 ug/cm® per bilayer. The films
could be swollen or shrunken in response to various external
stimuli, such as temperature, pH, and ionic strength of the so-
lution, and showed the specific characteristic of bulk hydrogels.
Moreover, because of their small size, the hydrogel films were
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expected to be highly sensitive and provide a wide prospection
in actual application compared with traditional hydrogels.

In our previous study, a multilayer film assembled from polyur-
ethane and PAA showed the controlled loading and release of
MB.* In this study, we tried to change a linear film component
to a three-dimensional component in an attempt to increase the
loading capacity. Our work was also motivated by a mechani-
cally strong nanocomposite hydrogel, which was prepared by
the crosslinking polymerization of acrylic acid (AA) in the dis-
persion of a core-shell poly[(dimethylimino)(2-hydroxy-1,3-
propanedily) chloride] (PDMIHPC)-laponite nanocomposite.’
So, PDMIHPC-laponite with a core—shell structure was chosen
as one of two film components in attempt to increase the inter-
layer spacing, whereas PAA was selected as the other film com-
ponent for the fabrication of a loose structure. As a result, the
final hydrogel nanocomposite film was expected to facilitate the
incorporation of the guest materials and guaranteed an
increased amount of guest materials loaded. In this study, the
hydrogel nanocomposite film was investigated with regard to
the loading and release of MB, which was selected as an indica-
tor. We found that the film had a high loading capacity. Both
the loading and releasing processes were controlled by the ionic
strength and pH value of the immersing solution. The film
showed good reversibility with pH changes.

EXPERIMENTAL

Materials and Sample Preparation

Dimethylamine (33% aqueous solution) was purchased from
Shanghai Chemical Co., Ltd. Epichlorohydrin was obtained
from Tianjin Fuchen Chemistry Reagent Factory. Laponite XLG
[Mgs 34Li0.66S18020(OH)4Nag ¢5] was obtained from Rock Wood
Co., Ltd. The PDMIHPC-laponite solution was prepared
according to our previous work.”® PAA (weight-average molecu-
lar weight = 240,000, 25 wt %) was purchased from Alfa Aesar
China Co., Ltd. (Tianjin, China). MB was obtained from Tian-
xin Chemical Co. (Tianjin, China). Sodium chloride was pur-
chased from Beijing Chemical Reagent Co. (Beijing, China).
The pH value of the MB solution was adjusted with either HCI
or NaOH solution. Deionized (DI) water was used in all of the
experiments, and all other chemicals and solvents were analyti-
cal grade and were used without any further purification.

Glass slides and silicon substrates were sonicated with a Kun-
shan KQ5200 sonicator. Then, the samples were cleaned with
fresh piranha solution (a 3:1 v/v mixture of 98% H,SO, and
30% H,0,) for 40 min (piranha solution is extremely danger-
ous and had to be handled very carefully), then thoroughly
washed with DI water, and finally dried under air flow.

Multilayer Film Assembly

We prepared the multilayer films by alternating the deposition
of PDMIHPC-laponite and PAA onto the glass substrates. The
concentration of polycation was 48 mg/mL, and that of the pol-
yanion was 10 mg/mL. The substrates were first immersed in
PDMIHPC-laponite for 3 min; this was followed by rinsing in
two separate baths of DI water for 1 min, respectively, and dry-
ing under air flow. The substrates were then immersed in PAA
for 3 min, and this was followed by the same rinse cycle. This
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entire process was repeated with the final deposited layer of
PAA unless otherwise noted. The films were assembled from a
total of 10 bilayers, which is denoted as (PDMIHPC-laponite/
PAA) 0.

Characterization

The measurements of the film thickness were performed with a
SC620 spectroscopic ellipsometer (Shanghai, China). All of the
measurements were done at three angles of incidence: 45, 60,
and 75°. Optical characterization was carried out with a UV
2550 spectrophotometer (Shimadzu, Japan). Fourier transform
infrared (FTIR) spectra were recorded on a Bruker Equinox55.
The surface and cross section of the film were observed with a
LEO 1450VP scanning electron microscope. The cross section
was obtained by cutting from the film side with a cutter.

Loading and Release of MB

The glass slides coated with LbL films were immersed into 0.1
mg/mL MB solutions at different pH values. The films were
taken out after a given time, then rinsed with DI water to
remove excess MB molecules, and dried under an airflow. The
loading process of MB in the (PDMIHPC-laponite/PAA), film
was monitored by ultraviolet—visible (UV-vis) absorption
spectroscopy.

The release of MB was carried out with a (PDMIHPC-laponite/
PAA),o film loaded with MB, which was prepared by immersion
of the film in a 0.1 mg/mL MB solution (pH 9.0) for 5 h and
then drying. The (PDMIHPC-laponite/PAA), film loaded with
MB was immersed into aqueous solutions with various NaCl
concentrations and various pH values. The solutions were
mechanically stirred during the release process. The amounts of
MB released from the films were determined by UV-vis spec-
troscopy at regular intervals. The immersing solutions were fre-
quently replaced by fresh ones to ensure accurate absorbance
readings. All measurements were carried out at room tempera-
ture (ca. 20°C).

RESULTS AND DISCUSSION

Film Assembly

The LbL films were assembled on glass slides, and the piranha
treatment allowed the removal of residues of organic impurities
from the substrates and made the slides completely hydrophilic
at the same time.”® The driving force for the LbL film was the
electrostatic interaction and physical embedment between
PDMIHPC-laponite and PAA. During the deposition process of
the (PDMIHPC-laponite/PAA);, film, the transparency
decreased with increasing deposition cycles in general, but the
deposition of the PDMIHPC-laponite solution was accompa-
nied by an increase in the transparency compared with subse-
quent deposition of PAA. UV-vis absorption spectroscopy was
used to verify the phenomenon (Figure 1). It indicated the ab-
sorbance dependence of the growth of the layers of PDMIHPC-
laponite [Figure 1(a)] and the layers of PAA [Figure 1(b)],
respectively. The inset in Figure 1(b) shows the absorbance of
each layer at 400 nm. The alternating assembly of PDMIHPC-
laponite and PAA increased the thickness of the film and
decreased the transparency. However, the core—shell nanostruc-
ture of PDMIHPC-laponite led to potential spaces within the
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Figure 1. UV-vis absorption spectra of the LbL assembly process. The
absorbance of the layers of (a) PDMIHPC-laponite and (b) absorbance
of the layers of PAA. The inset shows the absorbance of each layer at
400 nm.

layer and interlayers, so the subsequent deposition of
PDMIHPC-laponite compacted the previous space and hence
reduced the absorbance accordingly.

A vast majority of polyelectrolyte films undergo linear growth.
Exponential growth of a film was observed by Elbert et al.”” for
the first time in 1999.° To estimate the growth of the hydrogel
nanocomposite film, an ellipsometer was used to monitor the
layer thickness after the layer deposition step. As shown in Fig-
ure 2, the LbL films displayed a linear buildup from 4 to 10
bilayers after the initial few bilayers were deposited onto the
substrates; this could be described as d=109.3n— 359.7
(R*=0.9967), where d is the thickness and 7 is the number of
bilayers. The surface effect of the substrates resulted in the first
nonlinear growth observed for the first few bilayers. It influ-
enced the amount of polymer adsorbed and the conformation
of the polymer on the substrates. The layer of the films became
thicker after the nonlinear growth process; this implied that the
layers of polyelectrolytes were absorbed on the surface in a con-
sistent and constant manner. We deduced that the architecture
of the polyelectrolytes through the bulk of the film should have
been uniform, and the density of the film was homogeneous.

800
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Thickness(nm)

200+
100 ~

0 é 4 6 8 10
Number of Bilayers

Figure 2. Growth curve of the PDMIHPC-laponite/PAA hydrogel nano-
composite film.
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Figure 3. FTIR spectra of the (PDMIHPC-laponite/PAA);, hydrogel
nanocomposite films.

Tsukruk et al.’® fabricated poly[2-(dimethylamino) ethylmetha-
crylate] and PAA multilayer films at pH 6 and observed that
the linear range of the film was from 9 to 30 bilayers. In our
experiment, the rate of growth in the film was around 100 nm
per bilayer.

The FTIR spectrum of the polyelectrolyte film was taken to ver-
ify the assembly of PDMIHPC-laponite and PAA (Figure 3).
The bands appearing at 1056 and 649 cm™' were ascribed to
Si—O stretching and Si—O bending modes. An peak at 1709
cm™ ! was assigned to the stretching vibrations of the —COOH
of PAA segment. The bands founded at 1413 and 1558 cm ™'
were due to the peaks of —COO™ asymmetric and symmetric
stretching. So, we concluded that the film was composed of
PDMIHPC-laponite and PAA.

Loading of MB

The maximum absorbance (An.) of MB in aqueous solution
was 664 nm, with a shoulder at 615 nm. The films had no
absorption peaks in the range 400-800 nm. After the film load-
ing with MB, /. of MB in the film blueshifted to 595 nm
because of the aggregation of MB.*> A similar blueshift was
observed by Chung and Rubner” and Ding et al.>* The phenom-
enon in which the aggregation of dyes led to a blueshift in A,
can be found in many dyes. This is due to stronger interaction
and directional alignment between aggregated dyes. When the
MB loading time increased, the intensity of the absorbance
increased. As a result, the absorbency of MB could be used to
estimate the amount of MB in the film.

The presence of the weakly acidic and basic groups in the mul-
tilayer films greatly influenced the loading conditions. MB mol-
ecules containing quaternary ammonium groups preferred to be
entrapped in the polymer matrix when the pH was high because
of the existence of strong electrostatic attractive forces associ-
ated with the charged free carboxylic groups on the PAA chains
and weak repulsive forces from the quaternary ammonium
groups on the side of the PDMIHPC-laponite nanocomposite.
The weak polyelectrolyte PAA swelled because of the electro-
static repulsive forces between the PAA chains.*® The carboxylic
acid groups (—COOH) in the PAA chains would be converted
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Figure 4. Effect of pH on the loading of MB from (PDMIHPC-laponite/
PAA);o hydrogel nanocomposite films.

to negatively charged carboxylate groups (—COO™) with
increasing pH,”® and the electrostatic repulsions between the
—COO™ groups led to the expansion of the chains and the
swelling of the film. In addition, the hydrogel nanocomposite
film had sufficient free space, so it could facilitate the incorpo-
ration of the guest materials. The core—shell structure of the
film led to an increased amount of guest materials being
loaded.

As shown in Figure 4, the loading amount and rate of MB
increased when the pH value changed from 5.0 to 9.0. This was
reasonable because the —COOH groups of the PAA were con-
verted gradually to negatively charged —COO~ groups,’ and
this promoted electrostatic attractive forces between the posi-
tively charged MB and —COO ™. Furthermore, the swelling of
the film provided more free volume for the MB molecules to
enter. This led to a faster loading rate. With the decrease in pH
to 3.0, the loading capacity of the film became low. The
—COOH groups of PAA at low pH reduced the repulsion and
shrank the network. On the other hand, MB was protonized to
be positively charged, and this caused stronger electrostatic re-
pulsive forces between PDMIHPC-laponite and MB, which led
to the lower loading amount of MB. The phenomenon was sim-
ilar to that in Ding et al’s>* work, where the loading amount
and rate of MB increased when the pH value was changed from
3.0 to 7.0. However, in contrast, the loading amount dropped
down in his case when the pH was increased to 9.0 because the
film started to dissolve because of the electrostatic screening
effect of salt in alkali solution and electrostatic repulsive forces
between the —COO™ groups of the PAA chains. In our case,
however, the film still remained intact because the core—shell
structure of PDMIHPC-laponite could have been more tolerant
to the salt effect after the laponite was introduced. The concen-
tration of MB in the film was higher when the solution was
more basic, whereas the minimum loading of MB occurred at
low pH. This suggested that MB was loaded mainly through
electrostatic forces of attraction in the film.

In our study, the MB loading capacity in the film was as large
as about 4.48 ug/cm® per bilayer (the release data indicated
~672 ug of MB in 10 bilayers covering an area of 1500 mm?).
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It was much larger than that of the polyurethane/PAA multi-
layer films (ca. 0.75 ug/cm® per bilayer). This confirmed that
the core—shell structure made a contribution in a big capacity.
It is worth mentioning that the loading reached equilibrium af-
ter 12 h at pH 5.0. A possible reason was that the conversion
between —COOH groups and —COO™ groups was in dynamic
equilibrium because the pK, of PAA was 4.25, and it would take
a long time to reach conversion equilibrium. This also implied
that MB was able to diffuse throughout the bulk of the film.

The effect of the ionic strength on the loading of MB from the
(PDMIHPC-laponite/PAA);, multilayer films was also studied.
The ionic strength was adjusted by NaCl when the pH of the
solution was fixed to 9.0. Figure 5 shows the time dependence
of the loading amount of MB in the film when the NaCl con-
centration was changed from 0 to 300 mM. The results indicate
that the stronger ionic strength was, the lower the loading
capacity and loading rate of MB was. The loading capacity and
rate loss were often attributed to the screening effect of the
salt.*” The electrostatic repulsion between the positively charged
PDMIHPC-laponite or natively charged PAA was progressively
screened by the increase in the ionic strength. In addition, the
salt also weakened the electrostatic interactions between the MB
molecules and —COO~ groups.*”** The equilibrium time
increased from 4.5 to 8.5 h when the concentration of the NaCl
solution was increased from 0 to 150 mM. However, the time
was shortened to 4.5 h in the 300 mM NaCl solution. This was
simply because the film showed a much lower swelling.

We also prepared (PDMIHPC-laponite/PAA),, s multilayer films
to observe the effect of the outermost layer of the film on the
amount of MB loaded. The films were put into solution of MB
at pH 9.0 to reach a saturation loading. In contrast, the
(PDMIHPC-laponite/PAA) ;s film loaded a greater amount of
dyes (Figure 6). The outermost layer was composed of
PDMIHPC-laponite, which introduced more cavities into the
film. As a result, more MB molecules could enter the large
space in the structure. It took less time to reach loading equilib-
rium in the absence of a permeation barrier through PAA.

Absorbance

0.0 E—

— T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550
Time(min)

Figure 5. Effect of the ionic strength on the loading of MB from the
(PDMIHPC-laponite/PAA);, hydrogel nanocomposite films.
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Figure 6. Effect of the number of layers on the loading of MB from the
(PDMIHPC-laponite/PAA),, hydrogel nanocomposite films.

The process of MB diffusing into the film could be treated with
the Fickian diffusion model. The equation for diffusion is
expressed as follows:*>*¢

Iul _ 8 DTE2

where I,; and I, are the adsorbances from the absorbed MB
molecules at time ¢ and oo, respectively (i.e., when the intensity
approached a constant value), and were obtained with UV-vis
measurements and d is the thickness of the film. D is the diffu-
sion coefficient and the produced diffusion coefficients (D) are
listed in Table I. The value of D, confirmed the previous con-
clusion. The values of D, increased when the pH was changed
from 5.0 to 9.0. This indicated that the loading rate of MB
increased. In the ionic strength case, the values of D; decreased
when the concentration of NaCl solution changed from 0 to
150 mM. This confirmed that the loading rate decreased with
increasing ionic strength. However, the values of D, at pH 3 or
an NaCl concentration of 300 mM were observed to be against
the previous rules. This could be explained by the fact that the
swelling process played a dominant role in the loading process.

Release of MB

As show in Figure 7, it was clear that the release rates increased
with decreasing pH when the concentration of NaCl in all of
the solutions was 75 mM. This was also observed the few MB
molecules released from the film in pure water. The process of
release involved two major processes: an initial burst in the first
hours and a steady release at later times. Nearly 90% of MB
was released at pH 3.0, and it took about 2.5 h to reach the sat-
uration point of release. Because the electrostatic interactions
between MB and —COO— groups were broken at pH 3.0, a

Table I. Calculated D, Values for the Loading Process
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Figure 7. Effect of pH on the release of MB from the (PDMIHPC-lapon-
ite/PAA) ;o hydrogel nanocomposite films.

large amount of H™ penetrated into the film and then inter-
acted with —COO— groups on the PAA chains.*” These factors
were for the cause of the greater amount of MB released. In
contrast, the release process lasted 7 h at pH 5.0. The —COOH
groups were inclined to ionize gradually with increasing pH
from 5.0 to 9.0, and the electrostatic repulsive forces between
the —COO— groups of the PAA chains increased; this could
facilitate to a large extent the swelling of the film.*® However, it
is worth mentioning that the release of MB at pH 9.0 did not
decrease further. This fact suggested that the cavity within the
film imprisoned the MB in addition to the electrostatic forces.
It is well known that the pH varies along the gastrointestinal
tract. Thus, pH is the one of the important factors in the releas-
ing process. It may be possible to design pH-triggered drug-
delivery systems. A drug could be embedded in LbL films and
released upon changes in the pH.

It could be clearly seen that the release amount and rate of MB
was higher and faster with increasing ionic strength (Figure 8).
The release process could last about 3 h in the 300 mM NaCl
solution, whereas it took 7 h to achieve release equilibrium in
the 75 mM NaCl solution. The released amount reached 91.4%
in the 300 mM NaCl solution; this was similar than that at pH
3.0 (Figure 7). The swelling of the film was closely related to
the release process. As a result, the release rate increased gradu-
ally.*’ Jiao et al.** fabricated poly(lactic acid) nanoparticles,
which encapsulated pyrene as a model drug, and poly(ethylene
imine) (PEI) LbL films as a novel drug-delivery system. There
was an initial burst in the first 20 h. They suggested that the
films of poly(lactic acid) nanoparticles were promising for the
sustained release of drugs. In our case, the swelling of the film

pH Concentration of NaCl (mM)
3.0 50 7.0 9.0 0 75 150 300
D 0.017 0.0029 0.0102 0.0147 0.0138 0.0092 0.0063 0.0124
R? 0.9994 0.9937 0.9986 0.9791 0.9901 0.9855 0.9996 0.9998
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Figure 8. Effect of the ionic strength on the release of MB from the
(PDMIHPC-laponite/PAA);, hydrogel nanocomposite films.

in solution played an important role in the release process. This
indicated that MB release was also ionic-strength-controlled
process.

The release kinetics of MB from the film were analyzed with the
follow equation:***°

In (%) =Ink+nlnt (2)
MOC

where M, and M, are the amounts of MB released from the
film at time ¢ and oo, k is a constant related to the structure of
the films, and # is a characteristic index that determines the
type of release. If n is lower than 0.5, it is a Fickian diffusion
mechanism. Otherwise, it is a non-Fickian diffusion mechanism.
As shown in Table II, each value of n was lower than 0.5, so all
of them were Fickian diffusion mechanisms. An increase in k
from pH 9 to 3 indicated that the diffusion rate was faster in
the acidic solution. In contrast, a faster rate was found at higher
concentrations of NaCl because of the larger k.

A greater observation from this study was that it was possible
to essentially trap about 10% of the dye molecules in the films
under pH 3 or an NaCl concentration of 300 mM. To test the
validity of this trapping phenomenon, films were immersed in
the solutions at the appropriate pH values and concentrations
of NaCl for a period of 3 weeks with rather little change in the
amount of MB retained in the films. The high concentration of
MB molecules in the films and the strong electrostatic attrac-
tions existing between the MB molecules and the functional
groups in the film under certain pH and ionic strength condi-
tions promoted a high degree of aggregation of the molecules.

Table II. Release Kinetics Data of MB from the Film for the Release Process

Figure 9. Reversibility of the loading-release of MB from the
(PDMIHPC-laponite/PAA);, hydrogel nanocomposite films.

It was thought that the combination of strong attractive interac-
tions reduced repulsive forces, and the large extent of dye aggre-
gation contributed to the retention of the dye molecules.

Reversible Loading and Release of MB

The reversible loading and release properties of the
(PDMIHPC-laponite/PAA);, hydrogel nanocomposite films was
investigated. The film was immersed in a 0.1 mg/mL MB solu-
tion at pH 9.0 for 5 h. Then, we rinsed it to remove excess dyes
and dried it. In the second step, the MB-loaded film was put
into 300 mM NaCl at pH 3.0 for 3 h. We repeated the process
alternately for the desired times (Figure 9). We observed that
the absorbance changed regularly. After eight cycles of loading
and release, the film changed but only a little. This showed that
the film was stable and could be used as a material in drug
delivery.

Svetlane et al.>® studied the release mechanisms in terms of
three different processes: a diffusion-controlled process, film
degradation, and triggered controlled release. Our experimental
results fit the triggered released mechanism. The film was stable
in a wide range of pH values, and the pH value of the
immersed solution influenced the loading and release behavior,
so a fine pH-triggered reversible loading and release system was
successfully constructed.

Scanning electron microscopy (SEM) was used to gain further
insight into the changes in the film structure. Figure 10(a)
shows a wrinkle surface of the 10-bilayer film. The film thick-
ness was estimated by the SEM imaging of the cross-sectional
view of the film. As shown in Figure 10(b), the (PDMIHPC-

pH Concentration of NaCl (mM)
3.0 5.0 7.0 9.0 75 150 300
0.0417 0.4296 0.4327 0.4803 0.4877 0.3341 0.1559
k 0.8218 0.0911 0.092 0.0808 0.0651 0.1817 0.4754
R2 0.9631 0.9611 0.997 0.9685 0.962 0.9672 0.9854

WWW.MATERIALSVIEWS.COM

ol
Mk s

39352 (6 of 8)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39352


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

CIENCE

Figure 10. SEM images of the (PDMIHPC-laponite/PAA);, hydrogel nanocomposite films: (a) surface of the film, (b) surface of film after the loading of
MB, (c) surface of the film after the release of MB, (d) cross section of the film before the loading of MB, (e) cross section of the film after the loading

of MB, and (f) cross section of the film after the release of MB.

laponite/PAA)o film before MB loading had a constant thick-
ness of 2.89 um. After the saturation loading of MB, there was
some uneven distribution of the region on the film’s surface
[Figure 10(c)]. It was assumed that this was caused by the
aggregation of MB molecules. The upper part of Figure 10(d)
shows a greatly enlarged view of the film after the loading of
MB. Interestingly, we found that the film thickness turned out
to be thinner after loading. The thickness was only 1.88 um
[Figure 10(d)]. This phenomenon further proved the uniform
structure of the hydrogel nanocomposite film. MB combined
with the —COO— groups of the PAA chains reduced the elec-
trostatic repulsive forces. In comparison, the surface became
rough and porous after the release of MB [Figure 10(e)]. The
feature caused by the penetration of MB molecules from the
film, and the components of the LbL film were swollen in acidic
solution. So, after MB was released from the film, the thickness
of the film increased back to 2.58 pum [Figure 10(f)], and the
film structure was almost recovered. All of the images provided
strong evidence that MB could migrate across the outside layers
and then interact with PAA by electrostatic attraction. The
interaction and spaces played a leading role in the loading and
release processes.

Recently, we obtained LbL free-standing films from the sub-
strates. The tensile strength of the free-standing films was about
2 MPa. More work on the mechanical properties is in progress.

CONCLUSIONS

In this study, a PDMIHPC-laponite nanocomposite with a
core—shell structure was used as one of components of an LbL
film. A thin hydrogel nanocomposite film was constructed by
the alternative deposition of PDMIHPC-laponite and PAA. The
procedure fitted linear growth that could be described as
d=109.3n—359.7 (n=4-10). The hydrogel nanocomposite
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film showed an extraordinary loading MB capacity as large as
about 4.48 pg/cm® per bilayer at pH 9.0. Nearly 90% of MB
was released at pH 3.0 or in a 300 mM NaCl solution. The out-
most layer of assembled layers showed a significant effect on the
loading ability of the film. The loading and release abilities of
MB from the (PDMIHPC-laponite/PAA);, film could be tuned
by pH and the salt concentration of the medium. The loading
rate was faster at the high pH values or low salt concentration,
whereas the release rate exhibited a contrary trend. This hydro-
gel nanocomposite film could be an advanced material for
applications in triggered controlled release systems.
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