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Abstract: Thin films were prepared using layer-by-layer (LbL) deposition of Nafion (NAF)
and polycations such as poly(allylamine hydrochloride) (PAH), poly(ethyleneimine) (PEI),
and poly(diallydimethylammonium chloride) (PDDA). Insulin was then adsorbed on the
NAF-polycation LbL films by immersion in an insulin solution. The NAF-polycation LbL films
were characterized using a quartz crystal microbalance and an atomic force microscope. The release
of insulin from the LbL films was characterized using UV-visible adsorption spectroscopy and
fluorescence emission spectroscopy. The greatest amount of insulin was adsorbed on the NAF-PAH
LbL film. The amount of insulin adsorbed on the (NAF/PAH)5NAF LbL films by immersion in
a 1 mg mL−1 insulin solution at pH 7.4 was 61.8 µg cm−2. The amount of insulin released from
the LbL films was higher when immersed in insulin solutions at pH 2.0 and pH 9.0 than at pH 7.4.
Therefore, NAF-polycations could be employed as insulin delivery LbL films under mild conditions
and as an insulin release control system according to pH change.

Keywords: layer-by-layer film; controlled release; insulin; Nafion; drug delivery

1. Introduction

Layer-by-layer (LbL) films can be prepared by alternate and repeated deposition of a polyelectrolyte on
a solid surface through electrostatic interactions [1,2]. The driving force for the construction of LbL films
is not only electrostatic interactions but also interactions such as hydrogen bonding [3,4], avidin-biotin
binding [5], and sugar-lectin binding [6,7]. The materials employed for this purpose include synthetic
polymers [8–10], proteins [11], polysaccharides [12,13], and DNA [14]. Such layered thin films have
found applications in separation and purification [15,16], sensors [17–19], microcapsules [20,21],
and drug delivery systems (DDSs) [22,23]. Attempts have been made to develop an insulin-release
LbL based DDS that responds to pH [24–26] and sugar levels [27–30].

We have recently prepared insulin-containing LbL films for the pH-triggered release of insulin [26].
This LbL film has an advantage in that it can be prepared with ease and without the use of organic
solvents. The LbL film can be prepared not only as flat films but also as microparticles; therefore there
is a wide choice of substrates on which to coat the LbL film [25,31]. The adsorption of insulin onto
the LbL film is due to the electrostatic interaction between the net electrical charges of insulin and the
counter-polymer in the LbL film. However, satisfactory results were not obtained with respect to the
amount of adsorbed insulin. Therefore, for the adsorption of insulin onto an LbL film we attempted
using Nafion (NAF) as a cation exchange polymer.
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NAF, a perfluorosulfonic acid membrane that consists of a hydrophobic Teflon backbone and
side chains that contain hydrophilic sulfonic groups, is a copolymer [32]. NAF film possesses chemical
stability and high proton conductivity, and has thus attracted much attention as an electrolyte material for
proton exchange membrane fuel cells [33,34]. NAF has a high selectivity for cation exchange; however,
there have been few studies on the use of NAF as a material for controlled drug release. NAF could be
used as a breakthrough drug reservoir material by facilitating the adsorbion of the drug onto a thin film.
The release of a drug adsorbed onto an LbL thin film with NAF is expected to occur through a change
in the net charge of the drug corresponding to a change in the pH. Here we report on the preparation
of an LbL film with NAF and a polycation, the adsorption of insulin by immersion of the LbL film in
insulin solution, and the subsequent pH-dependent insulin release, as shown in Figure 1.
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Figure 1. Schematic illustration for the preparation of a Nafion (NAF)-based layer-by-layer (LbL) film
and insulin release from the LbL film in media of differing pH.

2. Experimental Section

2.1. Materials

Nafion® (NAF; DE1021 CS type) and insulin (human, recombinant) were purchased from
Wako Pure Chemical Industry (Osaka, Japan). Poly(allylamine hydrochloride) (PAH; Mw:70,000),
poly(ethyleneimine) (PEI), poly(diallydimethylammonium chloride) (PDDA; Mw:100,000–200,000),
poly(styrene sulfate) (PSS; Mw:500,000), and poly(vinylsufonate) (PVS; Mw:240,000) were acquired
from Nittobo Co. (Tokyo, Japan), Tokyo Kasei Industry Co. (Tokyo, Japan), Sigma-Aldrich Co.
(St. Louis, MO, USA), Scientific Polymer Product, Inc. (New York, NY, USA), and Nacalai Tesque Co.
(Kyoto, Japan), respectively. Fluorescein isothiocyanate-labeled insulin (FITC-insulin) was synthesized
by the coupling reactions of insulin and fluorescein isothiocyanate (FITC) [29]. All other reagents were
of the highest grade and used without further purification.

2.2. Preparation of LbL Films

A quartz crystal microbalance (QCM; 420E QCM BAS Co., Tokyo, Japan) was employed for
gravimetric analysis of the LbL films consisting of NAF and PAH, PEI, and PDDA. An 8 MHz AT-cut
quartz resonator coated with a gold (Au) layer (geometric surface area, 0.20 cm2) was used as a probe,
in which the deposition of 1 ng of substrate induces a ca. −0.75 Hz change in the resonance frequency.
The Au surface layer of the quartz resonator was cleaned using piranha solution (a mixture of H2O2

and H2SO4, 1:3 v/v) and thoroughly rinsed in pure water before use (CAUTION: Piranha solution
should be handled with extreme care). The cleaned quartz resonator was immersed in an aqueous
solution of cystamine dihydrochloride (5 mM) for 12 h to make a positively charged surface on the Au
surface layer. After rinsing the surface of the cystamine-modified quartz resonator, it was exposed to
a solution of 0.5 mg mL−1 NAF in 10 mM Tris buffer containing 150 mM NaCl (pH 7.4) for 15 min to
deposit the first NAF layer, and then rinsed with the working buffer for 5 min. The NAF-deposited
quartz resonator was then exposed to 0.5 mg mL−1 polycation solution in the Tris buffer (pH 7.4) for
15 min and then rinsed with the Tris buffer solution for 5 min. The deposition of NAF and polycation
was repeated to prepare the LbL films. For the purpose of recording frequency data, the film-deposited
probe was rinsed with milli-Q water for 1 min and then dried in air until the frequency showed
a steady-state value. All data for the dry film were obtained in air.
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2.3. Adsorption of Insulin to LbL Film

A quartz slide (50 × 9 × 1 mm) was first treated in a 1% solution of 3-aminopropyltrimethoxysilane
in methanol overnight to make the surface positively charged. The slide was then washed with milli-Q
water and heated at 60 ◦C. The surface of positively charged slides was coated with LbL film by
immersing the slide alternately in 0.5 mg mL−1 polyanion (PVS, PSS, and NAF) and 0.5 mg mL−1

polycation (PAH, PEI, and PDDA) in 10 mM Tris buffer containing 150 mM NaCl (pH 7.4) for 15 min.
The LbL film prepared on a quartz slide was then exposed to a 0.1 mg mL−1 or a 1 mg mL−1 insulin
solution with 10 mM acetate buffer (pH 2) or 10 mM Tris buffer (pH 7.4) for 12 h, followed by rinsing
with the working buffer solution for 5 min. All buffer solutions contained 150 mM NaCl. UV-visible
absorption spectra of insulin adsorbed on the LbL films in the working buffer were recorded on
a UV-visible adsorption spectrometer (V-560, Jasco Co., Tokyo, Japan). The LbL films immersed in
insulin solution were exposed to sodium hydroxide solution for 5 h, and the absorbance of the solution
was recorded to determine the concentration of insulin loading onto the LbL films.

2.4. pH-Dependent Release of FITC-Insulin

The pH-dependent release of FITC-insulin from LbL films was studied using fluorescence emission
spectroscopy (P-6500, Jasco Co., Tokyo, Japan). The LbL film prepared on a quartz slide was exposed
to 0.1 mg mL−1 FITC-insulin solution (pH 7.4) for 12 h and then rinsed with the working buffer for
5 min. FITC-insulin adsorbed LbL films were exposed to 10 mM acetate buffer at pH 2.0–4.0 or 10 mM
Tris buffer at pH 7.4–9.0 (all buffer solutions contained 150 mM NaCl), and the fluorescence intensity
of the exposed solution was recorded to determine the concentration of FITC-insulin released from the
LbL films.

2.5. Statistics

The data were expressed as means ± standard error of mean (SEM). Comparisons were made
using a one-way analysis of variance (ANOVA) and a Dunnett’s test. A p-value of less than 0.05 was
considered significant.

3. Results and Discussion

Figure 2 shows the QCM results for the preparation of NAF-PAH, NAF-PEI, and NAF-PDDA films.
The change in the resonance frequency (∆F) was recorded after drying in air to exclude the possible
effect of bound water on the ∆F value. The value of −∆F was increased when the quartz resonator was
exposed to NAF and PAH, PEI, or PDDA, which indicated that NAF-PAH, NAF-PEI, and NAF-PDDA
films were successfully formed on the surface of the quartz resonator. It is considered that negatively
charged NAF and positively charged PAH, PEI, and PDDA are deposited by electrostatic attraction,
which builds up the LbL film on the quartz resonator surface. The adsorption of 1 ng of the substance
on the quartz resonator induced a −0.75 Hz change in ∆F. From the QCM data, the amount of
deposited LbL film was calculated to be 14.6 µg cm−2 for the (NAF/PAH)5NAF film, 11.6 µg cm−2

for the (NAF/PEI)5NAF film, and 5.9 µg cm−2 for the (NAF/PDDA)5NAF film. The difference in
the amount of LbL film adsorption on the quartz resonator surface was estimated according to the
structure of the polycation. PAH is a linear molecule composed of a larger number of primary amine
groups (-NH2) than PEI, and has a particular affinity for NAF. In contrast, the amount of deposition
was decreased when PDDA was used. PDDA is a rigid molecule with extended chains that lead to
intramolecular repulsion, causing it to have a lower affinity for NAF than both PAH and PEI.

Figure 3 shows atomic force microscopy (AFM; SPM-9600, Shimadzu, Kyoto, Japan) images of
dried (NAF/polycation)5NAF films. The glass slides used to prepare each of the LbL films were rinsed
with milli-Q water, and dried for 24 h in a desiccator. The thicknesses of the LbL films were determined
by scratching the film-coated glass slide using a cutter and conducting AFM scans over the scratch.
AFM images were acquired in contact mode at room temperature in air. The surface roughness and
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thicknesses of the LbL films were estimated to be 72.94 ± 26.88 nm for the (NAF/PAH)5NAF film,
55.29 ± 16.67 nm for the (NAF/PEI)5NAF film, and 43.74 ± 20.12 nm for the (NAF/PDDA)5NAF film.
The height difference in the thicknesses of the LbL films was dependent on the amount of deposition,
obtained from the QCM measurements.
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Figure 2. QCM frequency change for the deposition of (a) Nafion poly(allylamine
hydrochloride) (NAF-PAH); (b) Nafion poly(ethyleneimine) (NAF-PEI); and (c) Nafion
poly(diallyldimethylammonium chloride (NAF-PDDA) LbL films.
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Figure 3. Atomic force microscopy (AFM) images of the (a) (NAF/PAH)5NAF; (b) (NAF/PEI)5NAF;
and (c) (NAF/PDDA)5NAF films.

Figure 4a,b show UV-vis absorption spectra for the (NAF/PAH)5NAF film before and after
exposure to a 1 mg mL−1 insulin solution in 10 mM Tris buffer containing 150 mM NaCl (pH 7.4)
for 12 h, respectively. The LbL film immersed in the insulin solution exhibited a slight absorption at
280 nm due to insulin. However, insulin adsorbed on the LbL film was widely turbid and not suitable
for quantitative analysis of the insulin loading in the LbL film. Previous studies have also reported
that insulin in the LbL films could not be quantified due to turbidity [11,26]. The disappearance of the
turbidity in the adsorbed-insulin was confirmed by the absorption spectrum after the insulin-adsorbed
LbL films were exposed to a 0.1 M sodium hydroxide solution for 5 h. The NAF undergoes ion exchange
with sodium ions [35], and the positive charges of PAH are weakened by the strongly alkaline solution.
Therefore, the LbL films decompose and lose affinity by electrostatic attraction between the layers
when the film-coated glass slides were exposed to sodium hydroxide solution [36]. The loading of
insulin on the LbL films was thus determined from the absorbance of LbL films dissolved in sodium
hydroxide solution.
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Figure 4. UV-visible absorption spectra for the (NAF/PAH)5NAF film (a) before and (b) after exposure
to a 1 mg mL−1 insulin solution (pH 7.4) for 12 h.

Figure 5 shows the amounts of insulin loaded onto the (NAF/PAH)5NAF, (PSS/PAH)5PSS,
and (PVS/PAH)5PVS films. Previous reports have shown that it is possible to prepare PSS-PAH
and PVS-PAH LbL films [1,37]. The purpose of this study was to investigate insulin-adsorbed
LbL films using NAF, which has a higher specific adsorption for insulin than each polyanion.
The amount of insulin loading was calculated to be 2.88 ± 0.84 µg cm−2 for the (NAF/PAH)5NAF film,
1.75 ± 0.75 µg cm−2 for the (PSS/PAH)5PSS film, and 1.01 ± 0.44 µg cm−2 for the (PVS/PAH)5PVS
film, when the LbL films were exposed to a 0.1 mg mL−1 insulin solution at pH 2.0. It is probable that
positively charged insulin is adsorbed onto the polyanion layers in the LbL films by electrostatic affinity
because the isoelectric point (pI) of insulin was reported to be 5.4 [38] and the polyanions are negatively
charged at pH 2.0. The amount of insulin loading was also dependent on the type of polyanion. On the
other hand, the loading of insulin in (NAF/PAH)5NAF films exposed to insulin solution at pH 7.4 was
calculated to be 11.07 ± 1.12 µg cm−2, which is higher than that of the other LbL films. Insulin (pI 5.4)
at pH 7.4 has both a negative charge and a partial positive charge within molecules, which suggests
the adsorption of insulin to PAH and partial adsorption to the polyanion layers.
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Figure 5. Insulin loading on (NAF/PAH)5NAF (open columns), (PSS/PAH)5PSS (filled columns),
and (PVS/PAH)5PVS (half-filled columns) films. The LbL films were exposed to a 0.1 mg mL−1

insulin solution with 10 mM acetate buffer (pH 2) or 10 mM Tris buffer (pH 7.4). All buffer solutions
contained 150 mM NaCl. * p < 0.05 one-way analysis of variance (ANOVA) and Dunnett’s test vs.
(NAF/PAH)5NAF film. Note: Poly(styrene sulfate) (PSS) and poly(vinylsulfonate) (PVS).

We have evaluated the amounts of insulin loaded onto (NAF/PAH)5NAF, (NAF/PEI)5NAF,
and (NAF/PDDA)5NAF films, as shown in Figure 6, considering whether different polycations result
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in the adsorbtion of different amounts of insulin. The loading of insulin was higher in the NAF-PAH
LbL film than in the NAF-PEI and NAF-PDDA LbL films exposed to the insulin solution. This is
probably due to the dependence of the amount of insulin loading on the deposition amount and
thickness of the LbL films. The concentration of the insulin solution used in relation to the results in
Figure 6 was higher than that used in relation to the results in Figure 5. The amount of insulin loaded
onto the (NAF/PAH)5NAF film increased at higher insulin concentrations. The amount of insulin
loading on the LbL films was higher at pH 7.4 than at pH 2.0, which suggests that the net charge of
insulin is more likely to promote adsorption onto a positively charged membrane than a negatively
charged membrane.
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Figure 6. Insulin loading on (NAF/PAH)5NAF (open columns), (NAF/PEI)5NAF (filled columns),
and (NAF/PDDA)5NAF (half-filled columns) films. The LbL films were exposed to a 1 mg mL−1

insulin solution with 10 mM acetate buffer (pH 2) or 10 mM Tris buffer (pH 7.4). All buffer solutions
contained 150 mM NaCl. * p < 0.05 one-way ANOVA and Dunnett’s test vs. (NAF/PAH)5NAF film.

Table 1 summarizes the insulin loading in the LbL films as a function of the number of layers.
Insulin loading was evaluated for polycation- and NAF-terminated films with five and ten bilayers.
The insulin loading of the film increased with the number of bilayers. In this context, the loading of
closely packed insulin molecules in a monomolecular layer on a flat surface has been reported to be
0.11 µg cm−2 [39]. Despite the surface roughness of the LbL films, the amount of insulin adsorption is
too great to be adsorbed onto only the surface of the LbL films. Therefore, insulin is not only adsorbed
onto the surface of the LbL films but is also absorbed into the interior of the LbL film. The insulin
loading in the NAF-PAH films was higher than that of the other films. The higher loading of insulin in
each layer is likely due to the formation of an aggregated form of insulin in the LbL film. Insulin is
known to form multimeric complexes in solution and on solid surfaces with the size of the aggregates
found to be dependent on the composition of the solution [39,40].

Table 1. Amount of insulin loading in LbL films.

Loading of Insulin in LbL Films/µg cm−2

pH 7.4 pH 2.0
LbL film n = 5 n =10 n = 5 n = 10

(NAF/PAH)n 61.8 ± 7.4 105.6 ± 2.8 27.1 ± 3.0 40.4 ± 2.7
(NAF/PAH)nNAF 61.8 ± 4.5 97.8 ± 4.1 28.5 ± 1.0 39.4 ± 3.0

(NAF/PEI)n 24.3 ± 3.3 45.7 ± 3.7 20.2 ± 0.3 24.2 ± 3.7
(NAF/PEI)nNAF 25.3 ± 0.9 43.6 ± 0.7 21.4 ± 1.8 25.1 ± 0.7
(NAF/PDDA)n 20.8 ± 2.0 23.6 ± 0.6 16.8 ± 2.0 19.2 ± 1.3

(NAF/PDDA)nNAF 21.4 ± 3.5 24.5 ± 1.1 22.8 ± 4.5 17.0 ± 1.1

The LbL films were exposed 1 mg mL−1 insulin with 10 mM acetate buffer (pH 2.0) or 10 mM Tris buffer (pH 7.4).
All buffer solutions contained 150 mM NaCl.
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The release of FITC-insulin from (NAF/PAH)5NAF films was studied using fluorescence
spectroscopy, as shown in Figure 7. It was expected that the net electric charge of insulin would
change with the pH and that insulin adsorbed in the LbL films would be released. The net electric
charge of insulin (pI of insulin is 5.4) is positive at pH 7.4 and pH 9.0, and negative at pH 2.0 and pH 4.0.
(NAF/PAH)5NAF films exposed to an insulin solution at pH 7.4 are expected to adsorb insulin onto
PAH and partially adsorb insulin onto the polycation in the LbL film. When the LbL films are immersed
in an acidic solution (pH < 5.4) of insulin, it is expected that FITC-insulin would be released from the
LbL films due to a loss of the electrostatic affinity. The release of FITC-insulin from (NAF/PAH)5NAF
films was low at pH 4.0 and pH 7.4. It is suggested that insulin adsorbed on (NAF/PAH)5NAF
films forms sparingly soluble aggregates at pH 4.0 and pH 7.4, thereby causinginsulin release to be
slow. In contrast, more FITC-insulin was released from (NAF/PAH)5NAF films at pH 2.0 and pH
9.0. Insulin release was promoted at pH 2.0 because the negative charge of insulin disappears due to
the protonation of insulin, resulting in its release from each of the PAH layers owing to the loss of
the electrostatic affinity. For alkaline insulin solutions, at pH 9.0 the attraction between the positive
charge of the amino groups in insulin and the negative charge of the PAH layers weakens, resulting
in a tendency for insulin to be released from the LbL films. Insulin release from LbL films with NAF
requires consideration of the influence of the functional groups possessed by insulin and the polymer,
rather than the net charge of insulin.
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Figure 7. Fluorescein isothiocyanate-labeled insulin (FITC-insulin) release from (NAF/PAH)5NAF film
in buffer solutions at (a) pH 2.0; (b) pH 4.0; (c) pH 7.4; and (d) pH 9.0.

Table 2 summarizes the percentage of FITC-insulin release from (NAF/PAH)5NAF, (NAF/PEI)5NAF,
and (NAF/PDDA)5NAF films. The percentage released was calculated from the solution at each pH of
the LbL films after immersion for 60 min. The percentage of insulin released from the NAF-PEI and
NAF-PDDA films was higher than that of the NAF-PAH film. It is conceivable that the percentage
of FITC-insulin released is dependent on the thickness of the LbL film. When the NAF-PEI and
NAF-PDDA films were immersed in solutions at pH 2.0 and pH 9.0, there was an increase in the
percentage of FITC-insulin released compared with that from the NAF-PAH film. PEI has branched
chains and is composed of fewer primary amine groups (-NH2) than PAH. Therefore, the number
of positive charges on PEI is less than that on PAH, resulting in a lower adsorption of insulin due
to electrostatic affinity in the PEI layer compared to the PAH layer. While insulin adsorbed on the
NAF-PAH film forms a sparingly soluble aggregate, it is presumed that this is easily released due to the
weak adsorption of insulin onto the NAF-PEI films. PDDA is an extended chain compound compared
with PAH; therefore, PDDA adsorbs flatly onto the LbL film compared with PAH. Consequently, it is
presumed that steric hindrances in the NAF-PDDA film are small and that insulin can be easily released.
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Table 2. Amount of FITC-insulin released from LbL films.

FITC-Insulin Released/%

LbL film pH 2.0 pH 4.0 pH 7.4 pH 9.0
(NAF/PAH)5NAF 12.0 ± 0.4 6.2 ± 0.6 3.6 ± 0.9 14.4 ± 3.0
(NAF/PEI) 5NAF 54.4 ± 14.3 23.8 ± 12.4 7.4 ± 0.9 62.0 ± 10.6

(NAF/PDDA)5NAF 44.0 ± 1.7 25.1 ± 2.9 21.6 ± 1.7 69.8 ± 0.1

The LbL films were exposed 0.1 mg mL−1 FITC-insulin solution (pH 7.4). The percentage of FITC-insulin released
was calculated from the solution at each pH immersion of the films for 60 min.

4. Conclusions

LbL films comprised of NAF and a polycation were successfully prepared by exploiting the
electrostatic affinity of the components. When an LbL film was immersed in an insulin solution,
insulin was adsorbed onto the LbL film. The amount of insulin adsorbed was highest for the NAF-PAH
film at pH 7.4. The amount of insulin loading increased with the number of bilayers in the LbL film.
The release of insulin from LbL films was accelerated at pH 2 and pH 9 but was suppressed at pH 4
and pH 7.4 due to the electrostatic affinity between insulin and the LbL films. Insulin was adsorbed
in the LbL films with NAF under mild conditions; therefore, these LbL films could be used as drug
reservoirs for DDSs.

Author Contributions: K.Y. and K.S. collected the materials. K.Y., T.O. and T.D. were involved in the experimental
works and the manuscript was prepared by K.Y. and Y.K.

Funding: This work was supported by Grants-in-Aid for Scientific Research (Nos. 18K06791 and 16K08189) from
the Japan Society for the Promotion of Science (JSPS).

Acknowledgments: The authors acknowledge financial support in the form of Grants-in-Aid for Scientific
Research (Nos. 18K06791 and 16K08189) from the Japan Society for the Promotion of Science (JSPS).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Decher, G. Fuzzy nanoassemblies: Toward layered polymeric multicomposites. Science 1997, 277, 1232–1237.
[CrossRef]

2. Volodkin, D.; von Klitzing, R.; Moehwald, H. Polyelectrolyte multilayers: Toward cell studies. Polymers 2014,
6, 1502–1527. [CrossRef]

3. Yang, S.; Zhang, Y.; Guan, Y.; Tan, S.; Xu, J.; Cheng, S.; Zhang, X. Water uptake behavior of hydrogen-bonded
PVPON-PAA LbL film. Soft Matter 2006, 2, 699–704. [CrossRef]

4. Tomita, S.; Sato, K.; Anzai, J.-I. Layer-by-layer assembled thin films composed of carboxylterminated
poly(amidoamine) dendrimer as a pH-sensitibe nanodevice. J. Colloid Interface Sci. 2008, 326, 35–40.
[CrossRef] [PubMed]

5. Inoue, H.; Sato, K.; Anzai, J.-I. Disintegration of layer-by-layer assemblies composed of 2-iminobiotin-labeled
poly(ethyleneimine) and avidin. Biomacromolecules 2005, 6, 27–29. [CrossRef] [PubMed]

6. Sato, K.; Imoto, Y.; Sugama, J.; Seki, S.; Inoue, H.; Odagiri, T.; Hoshi, T.; Anzai, J.-I. Sugar-induced
disintegration of layer-by-layer assemblies composed of concanavalin A and glycogen. Langmuir 2005,
21, 797–799. [CrossRef] [PubMed]

7. Polak, R.; Crouzier, T.; Lim, R.M.; Ribbeck, K.; Beppu, M.M.; Pitombo, R.N.M.; Cohen, R.E.; Rubner, M.F.
Sugar-mediated disassembly of mucin/lectin multilayers and their use as pH-Tolerant, on-demand sacrificial
layers. Biomacromolecules 2014, 15, 3093–3098. [CrossRef] [PubMed]

8. Decher, G.; Hong, J.D.; Schmitt, J. Buildup of ultrathin multilayer films by a self-assembly process: III.
Consecutively alternating adsorption of anionic and cationic polyelectrolytes on charged surfaces. Thin Solid Films
1992, 210–211, 831–835. [CrossRef]

9. Hammond, P.T. Form and function in multilayer assembly: New applications at the nanoscale. Adv. Mater.
2004, 16, 1271–1293. [CrossRef]

http://dx.doi.org/10.1126/science.277.5330.1232
http://dx.doi.org/10.3390/polym6051502
http://dx.doi.org/10.1039/B606923A
http://dx.doi.org/10.1016/j.jcis.2008.06.054
http://www.ncbi.nlm.nih.gov/pubmed/18649890
http://dx.doi.org/10.1021/bm0495856
http://www.ncbi.nlm.nih.gov/pubmed/15638499
http://dx.doi.org/10.1021/la048059x
http://www.ncbi.nlm.nih.gov/pubmed/15641859
http://dx.doi.org/10.1021/bm5006905
http://www.ncbi.nlm.nih.gov/pubmed/24964165
http://dx.doi.org/10.1016/0040-6090(92)90417-A
http://dx.doi.org/10.1002/adma.200400760


Polymers 2018, 10, 812 9 of 10

10. Sato, K.; Anzai, J.-I. Dendrimers in layer-by-layer assemblies: Synthesis and application. Molecules 2013, 18,
8440–8460. [CrossRef] [PubMed]

11. Yoshida, K.; Sato, H.; Takahashi, S.; Anzai, J.-I. Preparation of layer-by-layer thin films containing insulin
and its pH-sensitive decomposition. Polym. J. 2008, 40, 90–91. [CrossRef]

12. Hatami, J.; Silva, S.G.; Oliveira, M.B.; Costa, R.R.; Reis, R.L.; Mano, J.F. Multilayered films produced
by layer-by-layer assembly of chitosan and alginate as a potential platform for the formation of human
adipose-derived stem cell aggregation. Polymers 2017, 9, 440. [CrossRef]

13. Vilela, C.; Figueiredo, A.R.P.; Silvestre, A.J.D.; Freire, C.S.R. Multilayered materials based on biopolymers as
drug delivery systems. Exp. Opin. Drug Deliv. 2017, 14, 189–200. [CrossRef] [PubMed]

14. Carosio, F.; Alongi, J.; Paravidino, C.; Frache, A. Improving the flame retardant efficiency of layer-by-layer
coatings containing deoxyribonucleic acid by post-diffusion of hydrotalctie nanoparticles. Materials 2017,
10, 709. [CrossRef] [PubMed]

15. Gregurec, D.; Olszyna, M.; Politakos, N.; Yate, L.; Dahne, L.; Moya, S.E. Stability of polyelectrolyte multilayers
in oxidizing media: A critical issue for the development of multilayer based membranes for nanofiltration.
Colloid Polym. Sci. 2015, 293, 381–388. [CrossRef]

16. Cuomo, F.; Lopez, F.; Piludu, M.; Miguel, M.G.; Lindman, B.; Ceglie, A. Release of small hydrophilic molecules
from polyelectrolyte capsules: Effect of the wall thickness. J. Colloid Interface Sci. 2015, 447, 211–216. [CrossRef]
[PubMed]

17. Mascagni, D.B.T.; Miyazaki, C.M.; Cruz, N.C.; Moraes, M.L.; Riul, A., Jr.; Ferreira, M. Layer-by-layer assembly
of functionalized reduced graphene oxide for direct electrochemistry and glucose detection. Mater. Sci. Eng. C
2016, 68, 739–745. [CrossRef] [PubMed]

18. Takahashi, S.; Suzuki, I.; Sugawara, T.; Seno, M.; Minaki, D.; Anzai, J.-I. Alizarin Red S-confined layer-by-layer
films as redox-active coating on electrodes for the voltammetric determination of L-dopa. Materials 2017, 25, 581.
[CrossRef] [PubMed]

19. Takahashi, S.; Sato, K.; Anzai, J.-I. Layer-by-layer construction of protein architectures though avidin-biotin
and lectin-sugar interactions for biosensor applications. Anal. Bioanal. Chem. 2012, 402, 1749–1758. [CrossRef]
[PubMed]

20. Ribeiro, C.; Borges, J.; Costa, A.M.S.; Gaspar, V.M.; Bermudez, V.Z.; Mano, J.F. Preparation of well-dispersed
chitosan/alginate hollow multilayered microcapsules for enhanced cellular internalization. Molecules 2018,
23, 625. [CrossRef] [PubMed]

21. Zan, X.; Garapaty, A.; Champion, J.A. Engineering polyelectrolyte capsules with independently controlled
size and shape. Langmuir 2015, 31, 7601–7608. [CrossRef] [PubMed]

22. Sato, K.; Yoshida, K.; Takahashi, S.; Anzai, J.-I. pH- and sugar-sensitive layer-by-layer films and microcapsules
for drug delivery. Adv. Drug Deliv. Rev. 2011, 63, 809–821. [CrossRef] [PubMed]

23. Becker, A.L.; Johnston, A.P.R.; Caruso, F. Layer-by-layer-assembled capsules and films for therapeutic
delivery. Small 2010, 6, 1836–1852. [CrossRef] [PubMed]

24. Lin, X.; Choi, D.; Hong, J. Insulin particles as building blocks for controlled insulin release multilayer
nano-films. Mater. Sci. Eng. C 2015, 54, 239–244. [CrossRef] [PubMed]

25. Hashide, R.; Yoshida, K.; Hasebe, Y.; Takahashi, S.; Sato, K.; Anzai, J.-I. Insulin-containing layer-by-layer
films deposited on poly(lactic acid) microbeads for pH-controlled release of insulin. Colloids Surf. B 2012, 89,
242–247. [CrossRef] [PubMed]

26. Yoshida, K.; Sato, K.; Anzai, J.-I. Layer-by-layer polyelectrolyte films containing insulin for pH-triggered
release. J. Mater. Chem. 2010, 20, 1546–1552. [CrossRef]

27. Zhao, L.; Wang, L.; Zhang, Y.; Xiao, S.; Bi, F.; Zhao, J.; Gai, G.; Ding, J. Glucose oxidase-based glucose
sensitive drug delivery for diabetes treatment. Polymers 2017, 9, 255. [CrossRef]

28. Shi, D.; Ran, M.; Huang, H.; Zhang, L.; Li, X.; Chen, M.; Akashi, M. Preparation of glucose responsive
polyelectrolyte capasules with shell crosslinking via the layer-by-layer technique and sustained release of
insulin. Polym. Chem. 2016, 7, 6779–6788. [CrossRef]

29. Sato, K.; Kodama, D.; Endo, Y.; Anzai, J.-I. Preparation of insulin-containing microcapsules by a layer-by-layer
deposition of concanavalin A and glycogen. J. Nanosci. Nanotechnol. 2009, 9, 386–390. [CrossRef] [PubMed]

30. Sato, K.; Takahashi, M.; Ito, M.; Abe, E.; Anzai, J.-I. Glucose-induced decomposition of layer-by-layer films
composed of phenylboronic acid-bearing poly(allylamine) and poly(vinyl alcohol) under physiological
conditions. J. Mater. Chem. B 2015, 3, 7796–7802. [CrossRef]

http://dx.doi.org/10.3390/molecules18078440
http://www.ncbi.nlm.nih.gov/pubmed/23867653
http://dx.doi.org/10.1295/polymj.PJ2007126
http://dx.doi.org/10.3390/polym9090440
http://dx.doi.org/10.1080/17425247.2016.1214568
http://www.ncbi.nlm.nih.gov/pubmed/27488175
http://dx.doi.org/10.3390/ma10070709
http://www.ncbi.nlm.nih.gov/pubmed/28773071
http://dx.doi.org/10.1007/s00396-014-3423-5
http://dx.doi.org/10.1016/j.jcis.2014.10.060
http://www.ncbi.nlm.nih.gov/pubmed/25465199
http://dx.doi.org/10.1016/j.msec.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27524075
http://dx.doi.org/10.3390/ma10060581
http://www.ncbi.nlm.nih.gov/pubmed/28772942
http://dx.doi.org/10.1007/s00216-011-5317-4
http://www.ncbi.nlm.nih.gov/pubmed/21866404
http://dx.doi.org/10.3390/molecules23030625
http://www.ncbi.nlm.nih.gov/pubmed/29534439
http://dx.doi.org/10.1021/acs.langmuir.5b01578
http://www.ncbi.nlm.nih.gov/pubmed/26114616
http://dx.doi.org/10.1016/j.addr.2011.03.015
http://www.ncbi.nlm.nih.gov/pubmed/21510988
http://dx.doi.org/10.1002/smll.201000379
http://www.ncbi.nlm.nih.gov/pubmed/20715072
http://dx.doi.org/10.1016/j.msec.2015.05.046
http://www.ncbi.nlm.nih.gov/pubmed/26046287
http://dx.doi.org/10.1016/j.colsurfb.2011.09.023
http://www.ncbi.nlm.nih.gov/pubmed/21974906
http://dx.doi.org/10.1039/B918226H
http://dx.doi.org/10.3390/polym9070255
http://dx.doi.org/10.1039/C6PY01448H
http://dx.doi.org/10.1166/jnn.2009.J037
http://www.ncbi.nlm.nih.gov/pubmed/19441323
http://dx.doi.org/10.1039/C5TB01006C


Polymers 2018, 10, 812 10 of 10

31. Yoshida, K.; Ono, T.; Kashiwagi, Y.; Takahashi, S.; Sato, K.; Anzai, J.-I. pH-dependent release of insulin from
layer-by-layer deposited polyelectrolyte microcapsules. Polymers 2015, 7, 1269–1278. [CrossRef]

32. Mauritz, K.A.; Moore, R.B. State of understanding of nafion. Chem. Rev. 2004, 104, 4535–4585. [CrossRef]
[PubMed]

33. Zawodzinski, T.A., Jr.; Neeman, M.; Sillerud, L.O.; Gottesfeld, S. Determination of water diffusion coefficients
in perfluorosulfonate ionomeric membranes. J. Phys. Chem. 1991, 95, 6040–6044. [CrossRef]

34. Kabir, M.D.L.; Kim, C.J.; Lee, C.J.; Choi, S.J. Highly proton conductive poly(vinyl acetate)/Nafion® composite
membrane for proton exchange membrane fuel cell application. J. Nanosci. Nanotechnol. 2018, 18, 6536–6540.
[CrossRef] [PubMed]

35. Basnayake, R.; Peterson, G.R.; Casadonte, D.J.; Korzeniewski, C. Hydration and interfacial water in nafion
membrane probed by transmission infrared spectroscopy. J. Phys. Chem. B 2016, 110, 23938–23943. [CrossRef]
[PubMed]

36. Sato, K.; Abe, E.; Takahashi, M.; Anzai, J.-I. Loading and release of fluorescent dye from layer-by-layer
film-coated magnetic particles in response to hydrogen peroxide. J. Colloid Interface Sci. 2014, 432, 92–97.
[CrossRef] [PubMed]

37. Takita, R.; Okamura, Y.; Endo, Y.; Anzai, J.-I. Redox properties of ferricyanide ion on layer-by-layer thin
film-coated gold elecrodes; effects of type of polycationic components in the film. Electroanalysis 2006, 18,
1627–1630. [CrossRef]

38. Cui, F.; Shi, K.; Zhang, L.; Tao, A.; Kawashima, Y. Biodegradable nanoparticles loaded with
insulin-phospholipid complex for oral delivery: Preparation, in vitro characterization and in vivo evaluation.
J. Control. Release 2006, 114, 242–250. [CrossRef] [PubMed]

39. Mollmann, S.H.; Jorgensen, L.; Bukrinsky, J.T.; Elofsson, U.; Norde, W.; Frokjaer, S. Interfacial adsorption
of insulin conformational changes and reversibility of adsorption. Eur. J. Pharm. Sci. 2006, 27, 194–204.
[CrossRef] [PubMed]

40. Anebrant, T.; Nylander, T. Adsorption of insulin on metal surfaces in relation to association behavior.
J. Colloid Interface Sci. 1988, 122, 557–566. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/polym7071269
http://dx.doi.org/10.1021/cr0207123
http://www.ncbi.nlm.nih.gov/pubmed/15669162
http://dx.doi.org/10.1021/j100168a060
http://dx.doi.org/10.1166/jnn.2018.15668
http://www.ncbi.nlm.nih.gov/pubmed/29677829
http://dx.doi.org/10.1021/jp064121i
http://www.ncbi.nlm.nih.gov/pubmed/17125361
http://dx.doi.org/10.1016/j.jcis.2014.06.039
http://www.ncbi.nlm.nih.gov/pubmed/25084230
http://dx.doi.org/10.1002/elan.200603564
http://dx.doi.org/10.1016/j.jconrel.2006.05.013
http://www.ncbi.nlm.nih.gov/pubmed/16859800
http://dx.doi.org/10.1016/j.ejps.2005.09.010
http://www.ncbi.nlm.nih.gov/pubmed/16289538
http://dx.doi.org/10.1016/0021-9797(88)90392-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Preparation of LbL Films 
	Adsorption of Insulin to LbL Film 
	pH-Dependent Release of FITC-Insulin 
	Statistics 

	Results and Discussion 
	Conclusions 
	References

