Application of Confocal Laser Scanning Microscope
Technique to Visualize Dynamic Sorption Behavior of
Perylene in Cellulose Acetate Film

Takashi Hasegawa,"” Toshiro Matsui,” Kiyoshi Matsumoto®

Tobacco Science Research Center, Japan Tobacco, Incorporated, 6-2 Umegaoka, Aoba-Ku,

Yokohama, Kanagawa 227-8512, Japan

“Bioscience and Biotechnology, Graduate School of Agriculture, Kyushu University, 6-10-1 Hakozaki, Higashi-Ku,

Fukuoka 812-8581, Japan

Received 15 March 2009; accepted 3 September 2009
DOI 10.1002/app.31392

Published online 5 January 2010 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Additives distributed in a polymer film were
visualized by a confocal laser scanning microscope (CLSM)
in this study. Cellulose acetate (CA) was used as the poly-
mer film material. Perylene as a fluorescence reagent and
glycerol triacetate (GTA) as a plasticizer for CA, respectively,
were selected and mixed for visualizing the absorption of
perylene into CA. Under optimized CLSM conditions of an
objective lens (dry, 20x) and diode laser (408 nm, 290-330
uW), a fluorescent penetrant, perylene, in GTA solution was
detected in CA casting film within around 9 pm depth of
the film in 60 minutes after starting the sorption study. It
was also found that the fluorescence intensity of perylene
became lower with the film depth. This finding suggested
that CLSM could visualize the sorption behavior of perylene

as a dynamic diffusion process. Analytical conditions, such
as a scanning range along the Z axis (10 or 30 pm from
an air-contact surface of the CA film) and a scan speed (1 or
30 fps) of CLSM, did not affect the fluorescence intensity of
the sorbed perylene. It was concluded that a newly devel-
oped analytical methodology using CLSM was sufficient for
visualizing the perylene penetrant across the cross-sectional
distribution of the CA film, being capable of monitoring the
sorption behavior of compounds in polymer materials with-
out any destruction of a given absorbed film. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 116: 1552-1557, 2010
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INTRODUCTION

The sorption of compounds such as liquid additives
and vapor components into polymer materials is one
of the most deteriorative phenomena for polymer
products. In the field of material engineering, vari-
ous additives are used in the process of manufactur-
ing polymer products for the purpose of improving
product functions. For example, in the manufactur-
ing process of thermoplastics for plastic lapping and
rubber materials, plasticizers are added to increase
the flexibility, toughness, and/or transparency."” In
those cases, the diffusion of a plasticizer in polymer
materials is associated with the stability of the prod-
uct quality.>® Food industries aim to avoid serious
deterioration due to the loss of flavors responsible
for product quality through sorption into packaging
materials.®®

A number of studies on the sorption behavior of
chemicals into polymer materials have been
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reported,®'* and theoretical approaches to the

dynamic behavior of flavors sorption into polymer
films have progressed since the mid-1980s. Namely,
aqueous and vaporous penetration methods'*"?
have been widely used for determining the dynam-
ics, and physical and chemical parameters of chemi-
cals and/or polymers, such as the molar volume,
solubility parameters (SPs), free energy, and free vol-
ume, have been characterized as contributors to
sorption.” ! However, these convenient methods
provide no crucial information on the real-time dis-
tribution behavior of penetrants in polymers.

Although observational methodology using time-
of-flight secondary-ion mass spectrometry has been
applied to obtain the cross-sectional distributions of
penetrants in polymer films and fibers," a destruc-
tive treatment of samples is needed to determine the
concentration of the penetrants in each sectional
region.

This lack of a nondestructive observational meth-
odology led us to the use of confocal laser scanning
microscopy (CLSM) for the real-time monitoring of
penetrants in polymers.

CLSM has been widely used for the observation
and/or analysis of mass transfer phenomena in the
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fields of physiology and pharmacology with the use
of fluorescent labeling techniques or fluorescent rea-
gent mixtures.'®?* In physiology, some researches
using CLSM have been reported for monitoring
the formation of poly(ethylene glycol) microgels
and nanogels'® or surface crosslinked structures of
poly(vinyl alcohol)."” In pharmacology, CLSM has
been applied to analyze the transport phenomenon
of proteins'®'® and the dynamics of glucose trans-
porters in lipocytes.”’

Recently, attempts to apply CLSM have been
reported in the field of material engineering. For
example, as an analytical method for evaluating the
hydrophilicity of the surface of nylon fibers, the
absorption behavior of glycerin containing a fluores-
cent dye in fibers has been observed by CLSM.* In
addition, to investigate the plasticizing effect of a
supercritical fluid treatment for polypropylene, the
distribution of a fluorescent probe mixed in a film
has been analyzed with CLSM.*

In this study, cellulose acetate (CA) was used as a
polymer material. CA is widely used in various
industrial fields for applications such as cigarette fil-
ters, clothing, water purification, and medical
uses,”** and a number of studies on the sorption
behavior of water and alcohols in CA have been
reported.” " As a fluorescent reagent and a plasti-
cizer, perylene and glycerol triacetate (GTA), respec-
tively, were selected for visualizing the distribution
of perylene in a CA casting film.

EXPERIMENTAL
Materials

CA flakes with a degree of substitution of 2.5
[weight-average molecular weight (M,) = 1.0 x 10°
g/mol] were a product of Daicel Chemical Indus-
tries, Ltd. (Osaka, Japan), and were used without
further purification. Perylene (M, = 252.3 g/mol,
excitation wavelength = 411 nm, emission wave-
length = 470 nm) and GTA (M, = 218.2 g/mol)
were purchased from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan), and Sigma-Aldrich (Tokyo,
Japan), respectively. Other reagents were commer-
cially available in extrapure grade and were used
without further purification. The chemical structures
of CA, perylene, and GTA are depicted in Figure 1.

Preparation of the CA film sample

CA flakes were dissolved in acetone to make a 2.0
w/v % solution. An aliquot (200 pL) of the CA solu-
tion was then put into a film-making unit with a
penicillin cup and cover glass, as shown in Figure 2.
Excess acetone was vaporized at room temperature
for 15 h, and the prepared CA film on the surface of
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the film-making unit was then dried in vacuo over
night. The prepared CA film was 95 = 5 um thick.

Preparation of the perylene/GTA solution

A perylene/GTA solution was prepared at room
temperature by the dissolution of perylene in GTA
to reach a molar ratio ranging from 2.2 to 11 x 10~°.
The molar ratio of perylene (Cp,.;) was defined as
follows:

Perylene amount (mol)

Cper(—) = Perylene amount (mol) + GTA amount (mol)

Analysis of the CA, GTA, and perylene/GTA
solution by CLSM

The fluorescence spectra of the CA, GTA, and pery-
lene/GTA solution were obtained with a CLSM sys-
tem (Al series, Nikon Corp., Tokyo, Japan)
equipped with a dry objective lens (CFI Plan Apo
VC 20x, Nikon). The spectrum of CA was obtained
by the direct placement of a film sample on the
microscope, whereas the spectra of GTA and pery-
lene/GTA solution were obtained by the pipetting
of a 4-pL solution onto a cover glass placed on the
microscope. A diode laser (408 nm, 290-330 pW)
was used as an excitation laser, and the fluorescence
excited around the cover glass was detected.

The fluorescence intensity of the perylene/GTA
solution was measured under the aforementioned
CLSM conditions at room temperature. The intensity
of the reflected fluorescence in the wavelength range
of 450 = 25 nm was measured from confocal images
around the cover glasses with an optical filter.

Visualization of perylene in the CA film by CLSM

The fluorescence intensity of the distributed pery-
lene in the CA film was measured as follows. Before
the perylene measurement by CLSM, the air-contact
surface of the CA film was determined from a trans-
mission image with a halogen lump. Then, CLSM
analysis was carried out at 60 min after the place-
ment of a 4-uL perylene/GTA solution onto the CA
film. Confocal images were obtained with the diode
laser scanning in the cross-sectional region of the
CA film with intervals along the Z axis (Fig. 3); the
depth from the air-contact surface of the CA film
was *£10 or *30 um with intervals of 1 or 3 um,
respectively. The confocal imaging area was approxi-
mately 640 x 640 um2 on the X-Y surface, and both
low-speed (scan speed = 1 fps, flame size = 512 pix-
els x 512 pixels) and high-speed (scan speed = 30
fps, flame size = 512 pixels x 512 pixels) modes of
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Figure 1 Chemical structure of CA, perylene, and GTA.

scanning were selected for observation. Under each

analysis condition, Cp.r was 8.8 x 10°°.

RESULTS AND DISCUSSION

Fluorescence detection of perylene by CLSM
analysis

Figure 4 shows the fluorescence spectra of the CA
film, GTA, and perylene/GTA solution when excited
by a diode laser at 408 nm. The spectra clearly dem-
onstrate that only the perylene/GTA solution had a
significant perylene-induced fluorescence intensity,
and this indicated that any interfering fluorescence
could be excluded to investigate the distribution dy-
namics of the penetrant, perylene.

Effect of the concentration of the perylene/GTA
solution on the fluorescence intensity

The relationship between C.e: and the fluorescence
intensity of each solution was investigated to opti-
mize the CLSM analysis of the sorbed perylene in
the CA film (Fig. 5). Three replicates of the CLSM
analysis of perylene (*+ the standard deviation) were
performed for this study. As a result, the fluores-
cence intensity showed good linearity (r = 0.998),
with Cper ranging from 2.2 to 11 x 107°.

CAl/acetone solution
(2.0 wiv¥)

acetone acetone

cover glass
(22 mmg)

Figure 2 Preparation of the CA film samples on film-mak-
ing unit consisting of a penicillin cup and a cover glass.
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Direct monitoring of the sorbed perylene in the
CA film by CLSM analysis

Figure 6 shows chemical images of the X-Y surface
at 0-, 2-, 4-, 6-, and 8-pm depths of the CA film
treated with the perylene/GTA solution under the
following CLMS conditions: a low-speed mode, a
+10-um range, and 1-pm intervals. Because of the
influence of asperity on the air-contact surface of the
CA film, an approximately 4.0 x 10* um? area of the
X-Y surface was selected from the observed areas
for analysis. The blue color, derived from the fluo-
rescence intensity of the perylene/GTA solution,
was detected at 60 min at each depth of the CA film.
It was clear that the greater the film depth was, the
darker the blue color induced by the sorbed pery-
lene was.

Changes in the fluorescence intensities at each
depth of the CA film are shown in Figures 7-9. The
intensity was calculated as an average of each pixel
in a given analytical area. Three replicates of the
CLSM analysis of perylene (* the standard devia-
tion) were performed for this study. On the horizon-
tal axis, the 0-um depth indicates the air-contact sur-
face of the CA film. The results for the sorbed
perylene in the low-speed mode in the range of +10
pm with 1-pm intervals are shown in Figure 7,
whereas the results for the sorbed perylene in the
low-speed mode in the range of 30 pm with 3-um
intervals are shown in Figure 8. Under both CLSM
conditions, the perylene-induced intensity was
detected to a depth of 9-um in the CA film and

excitation laser

fluorescence

CLSM system

pervlene/GTA
solution

CA film

Figure 3 Observation of the perylene/GTA solution in
the CA film sample by CLSM.
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Figure 4 Fluorescence spectra of the CA film, GTA, and
perylene/GTA solution excited by a 408-nm diode laser.

became lower with the film depth. The fluorescence
phenomena revealed that after the diffusion of the
absorbed perylene on the air-contact surface of the
CA film started, perylene dynamically sorbed into
the inner CA film for 60 min. Because at a film
depth greater than 12 pm the perylene-induced
intensity was not detected in Figure 8, the scan
range of =10 um along the Z axis was sufficient for
monitoring the perylene sorption behavior in this
study. In contrast, in a high-speed mode of scanning
in the range of =10 pm (Fig. 9), the increase in the
intensity of the sorbed perylene was detected to
almost the same depth (9 pm) of the film as that in
Figure 7. Thus, the scanning speed of a high-speed
mode with a wide range along the Z axis in a rapid
CLSM analysis in seconds could be useful for
dynamic and rapid observations of penetrant distri-
bution in a CA film.

Adsorbed
CA film

Non-adsorbed
CA film
y
L’ X
0 pm 2 pm

100 pm
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Figure 5 Relationship between the molar ratio of pery-
lene and fluorescence intensity.

Effect of the optical path length of CLSM on the
fluorescence intensity

To evaluate the effect of the optical path length
on the fluorescence intensity induced by perylene, a
12-uL perylene/GTA solution was analyzed as men-
tioned previously with the use of a film-making unit
(without a CA film). Figure 10 shows the relation-
ship between the path length of CLSM and the fluo-
rescence intensity of perylene. On the vertical axis,
the fluorescence intensity was calculated as an aver-
age of each pixel in the observation area at 1 min af-
ter the pipetting of the solution onto the film-making
unit. On the horizontal axis, the value indicates the
distance from the top of the cover glass. As a result,
the longer the distance was, the lower the fluores-
cence intensity was, and this suggested that the
power of the excitation laser or the intensity of
the fluorescence would decay with an increase in

6 pm 8 pm

4 pm
Film depth

Figure 6 Chemical images of the X-Y surface at several depths of CA films at 60 min after the addition of the perylene/
GTA solution obtained under conditions of low-speed mode, £10-um range, and 1-pm intervals.
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Figure 7 Relationship between the depth of the CA film
and the fluorescence intensity derived from the perylene/
GTA solution obtained under conditions of low-speed
mode, £10-um range, and 1-um intervals.

the optical path length. This result suggested that
although the decay behavior of the fluorescence in-
tensity derived from perylene in the CA film was
not clarified, the gradient of the amount of perylene
had to be sharper than the gradients of the observed
fluorescent intensities in Figures 7-9.

As for the sorption of compounds into polymer
materials, the physical and chemical parameters of
compounds and/or polymers, such as the molar vol-
ume, SPs, free energy, and free volume, determine
the dynamics.”'" With particular note taken of the
SPs, the affinity of a compound for a polymer mate-
rial can be explained by the two-dimensional dis-
tance (3,) as follows”:

6(3 - [(5111;7 - 5271;7)2 + (81;7 - 82;3)2]1/2

2000 —o— Adsorbed CA film
—0- Non-adsorbed CA film
1600 9
Z 1200
g
E 800

400

g N S o S o
01] L L

0 3 6 9 12 1S5S 18 21 24 27 30

Film depth [pm]
Figure 8 Relationship between the depth of the CA film
and the fluorescence intensity derived from the perylene/

GTA solution obtained under conditions of low-speed
mode, *30-um range, and 3-pum intervals.
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Figure 9 Relationship between the depth of the CA film
and the fluorescence intensity derived from the perylene/
GTA solution obtained under conditions of high-speed
mode, £10-um range, and 1-um intervals.

where 9, is the total SP value and 3,, and &, are the
nonpolar and polar components of §; respectively.
The smaller J. is, the higher the affinity is. Table I
shows the SP values for CA, perylene, and GTA and
the 9, values of perylene and GTA from CA. The SP
values of CA were as previously reported,®® and
those of perylene and GTA were calculated with
Molecular Modeling Pro computational software
(version 6.0.1, ChemSW, Inc., Fairfield, CA). The &,
value of GTA was smaller than that of perylene, and
it was concluded that the affinity of GTA for CA
was higher than that of perylene. As a plasticizer for
CA, GTA should accelerate the sorption of other
compounds into the polymer material, and it was
thought that GTA had some effect on the sorption
behavior of perylene in the CA film obtained in this
study.”” In other words, it could be possible to
explain the sorption behavior of liquid additives

1200
1000
800 |
600 |

Intensity [-]

400 |
200

0
110 105 100 95 90

Distance from cover glass [Llm]

Figure 10 Relationship between the optical path length
and the fluorescence intensity derived from the perylene/
GTA solution.
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TABLE I
SP and &, Values of the Compounds

SP (MPa'/?)

Compound Sy Sup dp 8. (MPal/?)?
CA 25.1 21.6 12.7 -
Perylene 26.0 26.0 1.3 12.2
GTA 27.2 26.3 6.8 7.6

@ Distance to CA.

such as GTA with a fluorescent reagent such as per-
ylene by this CLSM methodology.

CONCLUSIONS

In this study, we visualized the dynamic distribution
of perylene in a CA film by applying a CLSM sys-
tem for the first time. The CLSM analytical condi-
tions, such as the scanning range along the Z axis
and the scan speed, did not affect the results. This
methodology has some advantages for evaluating
the sorption behavior of a penetrant in a polymer:
(1) the proposed nondestructive confocal optics sys-
tem enables a direct cross-sectional analysis to be
performed without any destruction of the sorbed
film, and (2) the direct casting of CA onto a cover
glass also improves the CLSM monitoring of the
sorbed penetrant in the CA film by reducing the
reflected lasers caused by random and nonuniform
air spaces between the cover glass and film. As for
further experiments, a comparison study of the sorp-
tion dynamics with different fluorescent reagents
and liquid additives and a kinetic investigation of
penetrants in CA films are now in progress with this
CLSM system.

This study was conducted with the technical support of
Nikon Instech Co., Ltd. (Tokyo, Japan). The authors are also
grateful to Toyofumi Kameoka and Takayo Furuya for their
operational support of the CLSM system.
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