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We present the synthesis of fluorescein isothiocyanate (FITC)-labeled poly(ethylene oxide)-block-poly(e-
caprolactone)-block-poly(ethylene oxide) (PEO-PCL-PEO) triblock copolymers and their applications for
tracking the penetration behavior of FITC-labeled copolymers in the hairless mouse skin. In the first step,
PEO-PCL diblock copolymers with different ratios of PCL to PEO (i.e., [CL]/[EQ]) were prepared by ring
opening polymerization of g-caprolactone (CL), where monomethoxy poly(ethylene glycol) (mPEG,
M, = 2000 g mol~') was used as a macro-initiator. FITC was successively reacted with octadecylamine,
isophorone diisocyanate (IPDI), and then used as a linker to obtain PEO-PCL-PEO triblock copolymers
from the PEO-PCL diblock copolymers. In aqueous solution, both FITC-labeled triblock copolymers show
two UV absorption peaks at 489 and 455 nm, attributed to the monomeric FITC and H-aggregated FITC
moieties, respectively. Due to the strong H-aggregation of FITC in the copolymer of high [CL]/[EO],
fluorescent emission intensities considerably decreased at high concentrations of the copolymer. FITC-
labeled copolymers exhibited more sharper polarized optical and fluorescence microscopic images
compared to the mixtures of FITC and unlabeled copolymer in both solid crystalline and multiple
emulsion state. Furthermore, the Frantz diffusion cell test was carried out to demonstrate the penetration

behavior of the FITC-labeled copolymers in the hairless mouse skin.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Copolymers of the biodegradable polymers and poly(ethylene
oxide) (PEG or PEO) are versatile, since the topology, molecular
weight, and hydrophilic lipophilic balance (HLB) of the copolymers
are relatively easy to control. Many researches have reported on the
micelles or nanospheres composed of PEGylated (covalent attach-
ment of PEG) biodegradable polymers [1,2]. Most of the studies
focused on the encapsulation efficiency, release behavior, long-
term circulations in animals, and site-specific drug delivery
depending on the characteristics of the copolymers [3-6]. Several
reports dealt with the behavior of the copolymers in drug encap-
sulation or drug delivery; however, the role of the copolymers has
not been clearly unearthed until now [7-11].

Labeling fluorescent dyes has been considered as a simple and
useful tool for tracking drugs or polymers due to the high sensi-
tivity of fluorescent dyes [6,12]. There have been a number of
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researches on the dye-labeled drugs or proteins as tracers for tar-
geting and diagnosis of tumor in the biomedical fields [13,14].
Among the fluorescent dyes, fluorescein isothiocyanate isomer
(FITC) has been often used. For example, FITC-conjugated deace-
tylated chitin [5], FITC-labeled human plasma [15], FITC-labeled
collagen [16], FITC-conjugated PEO [17] among others, have been
reported so far [18-20]. Laibin et al. also studied the internalization
of rhodamine-conjugated PEO-PCL diblock copolymers into cells
[6]. However, to the best of our knowledge, there have been few
studies dealing with FITC-labeled triblock copolymers.

In this study two FITC-labeled PEO-PCL-PEO triblock copoly-
mers with different ratio of PCL to PEO repeating units (i.e., [CL]/
[EO]) were synthesized by using a diisocyanate functionalized FITC
intermediate. The basic properties of the FITC-labeled triblock
copolymers, such as critical micelle concentration (CMC), UV
absorption and fluorescent behavior, and crystallization, were
investigated and compared with unlabeled triblock copolymers. In
addition, we demonstrate the usefulness of the FITC-labeled tri-
block copolymers as an encapsulation additive as well as a fluo-
rescent probe.
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2. Experimental section
2.1. Materials

e-Caprolactone (CL, Aldrich Co.) was purified with calcium
hydride under vacuum at 70°C. Monomethoxy poly(ethylene
glycol) (mPEG, M, = 2000 gmol~!, Aldrich Co.), fluorescein iso-
thiocyanate isomer I (FITC, Aldrich Co.), octadecylamine (Aldrich
Co.),isophorone diisocyanate (IPDI, Aldrich Co.), and hexamethylene
diisocyanate (HMDI, Aldrich Co.) were used after removal of mois-
ture under vacuum. Stannous octoate (SnOct;, Aldrich Co.), anhy-
drous toluene (Aldrich Co.), anhydrous tetrahydrofuran (THF,
Aldrich Co.), methylene chloride (MC, Aldrich Co.), Nile Red dye
(Aldrich Co.), and diethyl ether (Aldrich Co.) were used without
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further purification. Pure water (>18.2 MQ cm, Millipore Co.) was
used throughout the experiment. For a skin penetration test,
a female hairless mouse (7 weeks old) was used.

2.2. Synthesis

2.2.1. Preparation of PEO-PCL diblock copolymers

The PEO-PCL diblock copolymers were prepared by ring
opening polymerization of CL and mPEG in the presence of
SnOct; as described in the literature [4,21]. A schematic regarding
the diblock copolymer is illustrated in Fig. 1(a). The formula was
designed to fix the My of CL units in the diblock copolymers as
1000 and 2500 gmol~!, respectively (D 2-1 and D 2-2.5, as
designated in Table 1). Accordingly, the calculated [CL]/[EO]s
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Fig. 1. Schematic of (a) PEO-PCL diblock copolymer (1), (b) chemical modification of FITC with octadecylamine and reaction with IPDI (2), and (c) linkage between (1) and (2) to

obtain FITC-labeled PEO-PCL-PEO triblock copolymer (3).
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Table 1
The [CL]/[EO] ratio, average molecular weights, PDI ( = M\y/M,), and CMC of PEO-
PCL diblock and PEO-PCL-PEO triblock copolymers.

Sample ID FITC-labeled triblock Unlabeled triblock  Diblock
properties copolymers copolymers copolymers
FT2-2-2 FT2-5-2 T2-2-2 T2-5-2 D2-1 D 2-25
[CL]/[EO] 0.18 0.53 0.16 0.51 0.15 0.44
exp. (calc.) (0.19) (0.48) (0.19) (0.48) (0.19) (0.48)
M,? (g/mol) 8700 9700 6000 8400 3000 4590
M, (g/mol) 8120 11,570 6110 6750 4480 6450
M, (g/mol) 9140 13,520 7180 8700 4970 7000
PDI (-) 113 117 118 1.29 111 1.09
CMCE (gL 1) 0.20 0.12 0.40 0.14 0.15 0.30
HLB? (-) 11.2 7.4 13.5 8.3 13.5 83

2 M, was determined by measuring the relative areas of the peak at 3.65 ppm (EO
unit) and the methylene peak at 2.30 ppm (CL unit), respectively, from 'H-NMR (in
CDCl;) analysis. For FT 2-2-2 and 2-5-2, the molecular weight (ca. 1100 g/mol) of
FITC having octadecylamine moiety was considered.

b M, and M,, were determined by GPC analysis (in THF, with a narrow polystyrene
standard of 580-7,500,000 g/mol),

€ CMC was determined by pyrene UV absorption analysis at 340 nm wavelength.

4 HLB values were calculated by using Griffin’s equation [36]. FITC moiety was
considered as the same block as PCL.

based on the formula were 0.19 and 0.48 for D 2-1 and D 2-2.5,
respectively. When the [CL]/[EO] was 0.48, for example,
4.03 mmol of mPEG was dissolved completely in 80 mL of
anhydrous toluene. Dean stark trap was then conducted to
remove residual water for 25 min. Both 88 mmol of CL and
3.98 mmol of SnOct, were added to the reaction mixture and
kept under stirring at 140 °C for 14 h. The product was precipi-
tated in diethyl ether and kept in a refrigerator at 5 °C for 1 day.
The supernatant solvent was removed after ultracentrifugation at
14,000 rpm for 3 h, and was followed by vacuum drying.

2.2.2. Preparation of the FITC intermediate

The FITC intermediate was prepared in a stepwise procedure as
follows: both 2.01 mmol of FITC and 2.01 mmol of octadecylamine
were dissolved in 35 mL of anhydrous THE. The reaction was con-
ducted at room temperature for 1h under an N, atmosphere.
4.03 mmol of IPDI and 3.98 mmol of SnOct; were then added to the
reaction mixture. The reaction was carried out at 60 °C for 3 h
under N; atmosphere. The chemical modification of FITC is shown
in Fig. 1(b).

2.2.3. Preparation of FITC-labeled and unlabeled PEO-PCL-PEO
triblock copolymers

The intermediate (2) of the second step was added into that (1)
of the first step, and kept under stirring at 60 °C for 8 h under N,
atmosphere. After the reaction, the final product was obtained
through the same purification procedure as described above. The
final yield of the triblock copolymers was ca. 80%. Two FITC-labeled
copolymers were synthesized as provided in Table 1 (designated as
FT 2-2-2 and FT 2-5-2). Preparation of the FITC-labeled copolymer
is shown in Fig. 1(c). For the comparative study, two unlabeled
copolymers (i.e., T 2-2-2 and T 2-5-2) were synthesized from D 2-1
and D 2-2.5 under the same procedure as shown in the literature
[20,22-24]. In the synthesis, HMDI was used as a linker instead of
the FITC intermediate. The final yield of the unlabeled triblock
copolymers was ca. 83%.

2.3. Characterization
2.3.1. Molecular weights and chemical structure

The number- and weight-average molecular weights (My, and M,
respectively) as well as the polydispersity index (PDI, M/Mp) of the

copolymers were measured by a gel permeation chromatography
(GPC) system (OmniSEC, Viscotek Co.) equipped with a refractive index
detector (VE-3580), an isocratic pump (VE-1122), and a series of
columns (PLgel 5 pm Mixed-C), and conducted at 40 °C. THF was used
as an eluent. Calibration was carried out by using narrow polystyrene
standards (EasiCal®, Polymer Laboratories Co.) with a range of 580-
7,500,000 g mol ™. A 400-MHz NMR spectrometer ('H-NMR in CDCls,
AVANCE digital 400, Bruker Co.) was used to confirm the composition
and M, of the copolymers, where 0.03 vol.% of tetramethylsilane (TMS)
was used as an internal standard.

2.3.2. Critical micelle concentration

Critical micelle concentration (CMC) was determined from UV-
visible absorption intensity of pyrene ([Py}smf’t = 10"7Mat25°C)as
a function of the copolymer concentration [23].

2.3.3. UV-visible absorption and fluorescence analysis

UV-visible absorption and fluorescent emission of the copoly-
mers were studied by using a UV-visible spectrophotometer (UV-
1650PC, Shimadzu Co.) and a fluoro-spectrophotometer (RF-53XPC,
Shimadzu Co.), respectively. The copolymer sample was dissolved
in pure water and the concentration was recorded from 0.001 to
2.000gL".

2.3.4. Thermal analysis

A differential scanning calorimeter (DSC, Q50, TA Instr. Co.) was
used to study the melting (Ty,) and crystallization (T¢) temperatures
of the copolymers at the rate of 10 °C min~L. The sample size was
10 mg and a heat exchange was recorded during the second cooling
cycle.

2.3.5. Spherulite morphology

Polarized optical microscopy (POM, Axioplan 2, Carl Zeiss Co.)
and fluorescence microscopy (Axioplan 2, Carl Zeiss Co.) were used
to study the spherulite morphology of the copolymers in the dried
state. 1 g of the copolymer was dissolved in 1 mL of MC. 2-3 Drops
of the solution were dropped onto a slide glass, with cover glass
mounted on the glass surface. The sample was heated to 60 °C in
a convection oven and cooled to room temperature at the rate of
4°Ch~ In the case of unlabeled copolymers, FITC (the same moles
as the unlabeled copolymer) was dissolved into the aqueous solu-
tion of the unlabeled copolymer.

2.3.6. Morphology of multiple emulsions

Confocal laser scanning microscopy (CLSM, MRC 1024/ES, Bio-
Rad Co.) was used to study the morphology of water-in-oil-in-
water (W1/O/W,) multiple emulsion droplets in the presence of the
copolymers. In preparation of the multiple emulsion, 0.75 g of the
FITC-labeled triblock copolymer was added into 2.4 g of pure water
and stirred for 1 h at room temperature. The polymer solution (W
phase) was poured into 7 g of toluene (O phase, with a trace of Nile
Red) and emulsified with a horn-type ultrasonicator (VCX-750,
Vibracell Co.) for 2 min under 20 MHz and 21% power. The prepared
W1/0 emulsion was poured into 7.8 g of 23 wt.% Tween 60 aqueous
solution (W5 phase), and the mixture was stirred with a homoge-
nizer at 13,500 rpm for 2 min. For the unlabeled copolymers, a trace
of FITC was dissolved in the Wy phase. The final concentration of
the copolymer in the W1/O/W, multiple emulsion was 3 wt.%. The
CLSM images were taken at the excitation wavelengths of 488 and
568 nm, respectively.

2.3.7. Skin penetration

A Frantz diffusion cell (FDC) test was carried out to elucidate the
penetration behavior of FITC-labeled triblock copolymers in the
mouse skin layer. A receptor chamber (5 mL volume) of the FDC was
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filled with PBS buffer solution (pH 7.4) and kept at 32 °C with
a thermostat. The skin was peeled off from the hairless mouse,
washed with 50 vol.% of ethanol aqueous solution, and located in
between the receptor and donor chambers of the FDC. The pene-
tration area of the skin was 0.785 cm?. The donor chamber was
then charged with 1 mL of FT 2-2-2 or FT 2-5-2 aqueous solutions
(1 wt.%) and kept for 12 h at 32 °C. After that, the skin was taken
from the FDC and embedded in OCT compound (Optimal Cutting
Temperature, Tissue-Tak®) to prepare a cryostat microtome sample.
Distribution of the FITC-labeled triblock copolymers in the mouse
skin was observed by CLSM at 488 nm wavelength.

3. Results and discussion
3.1. Chemical structure and composition

Fig. 2(a) shows a chemical structure of the FITC-labeled PEO-
PCL-PEO triblock copolymer, where two PEO-PCL diblock copoly-
mers were linked with the FITC unit having two NCO groups. The
unlabeled copolymers (T 2-2-2 or T 2-5-2) were prepared by link-
ing two PEO-PCL diblock copolymers with HMDI. For the effects of
PCL chain length, [CL]/[EO] values in the formula were fixed at 0.19
and 0.48 for (F)T 2-2-2 and (F)T 2-5-2, respectively. The average
molecular weights, compositions, CMC, and hydrophile-lipophile
balance (HLB) of the triblock copolymers are summarized in Table 1.

As shown in Table 1, the values of My, M, and PDI measured by
both GPC and 'H-NMR were coincident with the expected values.
The experimental values of [CL]/[EO] obtained from 'H-NMR were
comparable to the calculated values based on the formula. The CMC
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of (F)T 2-5-2 was lower than that of (F)T 2-2-2 due to the high ratio
of [CL]/[EO]. There was a little difference in the CMC values between
FITC-labeled and unlabeled copolymers, and which probably orig-
inated from the FITC moiety. In Fig. 2(b), 'TH-NMR spectra of FT 2-2-
2 and FT 2-5-2 were shown. The inset represents the chemical
shifts of aromatic rings in the FITC moiety. These were detected at
6.66 and 6.72 ppm, respectively, and which were shifted to upfield
as compared with those of pure FITC, i.e., 6.32 and 6.38 ppm. The
results are attributed to the formation of thiourea bond between
octadecylamine and FITC, where the hydrogens in FITC are
deshielded by oxygen and nitrogen atoms.

3.2. UV absorption and fluorescence properties

The UV-visible absorption spectra of the FT 2-2-2 and FT 2-5-2
in aqueous solutions were monitored in the range of 400-550 nm.
The concentration of FT copolymers was recorded from 0.001 to
2.000 gL~ The absorption peak of the monomeric FITC molecule
(Imono) was observed at 489 nm, and which was very close to the
absorption wavelength (492 nm) of pure FITC in an aqueous
solution at pH ~7 [25]. The intensity at the maximum absorption
wavelength at 489 nm was plotted in Fig. 3(a) as a function of
molar concentration (mol L~1). There was no significant difference
in the absorption peak intensity between FT 2-2-2 and FT 2-5-2
at low copolymer concentrations. However, the intensity of
a secondary absorption peak (Iy.agg at 455 nm) became predomi-
nant at increased FT 2-2-2 and FT 2-5-2 concentration. The
maximum absorption wavelength shifted from 489 to 455 nm
around the CMCs, indicating H-aggregation of FITC [26]. Typically,
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Fig. 2. (a) A chemical structure of the FITC-labeled PEO-PCL-PEO triblock copolymer and (b) 'H NMR spectra of FT 2-2-2 and FT 2-5-2 in CDCls. The inset represents the chemical

shifts of aromatic rings in the FITC moiety.
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Fig. 3. (a) UV-visible spectra of the FT 2-2-2 and FT 2-5-2 in pure water as a function
of the copolymer concentration and (b) the UV absorption intensity ratio of mono-
meric (Imono, at 489 nm) to H-aggregation (I.agg, at 455 nm). The dash and solid fitting
lines indicate FT 2-2-2 and FT 2-5-2, respectively.

self-association or self-assembly of fluorescent dye molecules can
be done by the van der Waals attractive force either in solutions or
at interfaces [5,17]. This leads to the substantial change in photo-
physical properties. As shown in Fig. 3(b), the relative peak
intensity change was plotted in terms of the Imono/lH-agg as
a function of the FT copolymer concentrations. It is clearly shown
that the slope (~0.0575, r* = 0.98) of the Imono/IH-agg in FT 2-5-2 is
higher than that (—0.0447, 12 = 0.88) of FT 2-2-2. This implies that
FT 2-5-2 tends to form larger aggregates due to the stronger
hydrophobic interaction among the longer PCL chains (i.e., high
[CL]/[EO]) as compared with FT 2-2-2, and which makes the
H-aggregation of FITCs favorable [27]. This can be rationalized in
terms of HLB values and aggregate sizes of the copolymers. The
calculated HLB values based on Griffin definition were 11.2 and 7.4
for FT 2-2-2 and FT 2-5-2, respectively. At the 1 wt.% concentra-
tion, the average aggregate sizes of FT 2-2-2 and FT 2-5-2 were
21 nm (Dy/Dy = 1.56) and 24 nm (D,,/Dy = 1.53), respectively, and
which were measured by a capillary hydrodynamic fractionation
(CHDF) at 20 °C.

Fig. 4 exhibits the fluorescent emission intensities (ley) of FT
copolymers as a function of the copolymer concentration at 518 nm
(excitation A =489 nm). The slopes of two Ier, gradually increased
as the concentration increased up to 0.1 gL™! (1.2 x 107> mol L™!
and 9.1 x 10~® mol L~ for FT 2-2-2 and FT 2-5-2, respectively), and
which is just below each CMC value. The Ier,, however, steeply
decreased above the CMC values. From the results, the self-
quenching of FITC aggregation was confirmed during the
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Fig. 4. Fluorescence emission intensity variations of FT 2-2-2 and FT 2-5-2 in pure
water as a function of the copolymer concentration. The excitation wavelength was
489 nm.

micellization. Particularly, the Iy, value of FT 2-5-2 was a half of
that of FT 2-2-2 around the CMC. As above-mentioned, aggregate
size or aggregation number increases when hydrophobic chain
length increases in amphiphilic block copolymers [27,28]. For this
reason, FT 2-5-2 showed lower I.;, values than those of FT 2-2-2
above the CMC. In addition, a long red tail in the raw fluorescence
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Fig. 5. DSC curves at the 2nd cooling cycle for (a) T 2-2-2 and T 2-5-2, and (b) FT 2-2-2
and FT 2-5-2. The temperatures are the crystalline temperatures (T.) of PCL or PEO unit.
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spectra, which is a typical pattern arising from excimer and H-
aggregation, was observed at high concentrations [29].

3.3. Thermal transition

It is well known that thermal behavior of copolymer affects the
modulus of drug capsule, release behavior, and its biodegradation
rate. Thus, Ty, and T. of the copolymers were investigated using
a DSC. In PCL homopolymer (M;, = 42,500 g mol~, Aldrich Co.) and
mPEG, T. was observed at 20.5 and 28.0 °C, respectively. It was
reported that there was a competitive crystallization between PCL
and PEO, depending on their compositions [10,30,31]. For
comparison, T. of both FITC-labeled and unlabeled triblock copol-
ymers was analyzed and their exothermic peaks were shown in
Fig. 5. In Fig. 5(a), a narrow T regarding PEO in T 2-2-2 was detected
at 23.0 °C and no T¢ in the PCL unit was observed. With respect to T
2-5-2, Tc of both PCL and PEO was detected at 27.3 and 18.5 °C,
respectively, due to the high [CL]/[EO]. On the other hand, the
crystallization transition of PEO in FT 2-2-2 was broadened and the
T. decreased to 11.3°C from 23.0°C as shown in Fig. 5(b). In
reference to FT 2-5-2, T, of both PCL and PEO decreased to 9.7 and
—1.2 °C, respectively. Such a broad transition of the crystallization
and the decrement in T in FT copolymers is mainly attributed to the
FITC moieties linked between two PCL units. The bulky FITCs
interfere with PCL crystallization and lower its T¢ value.

3.4. Crystallization behavior

Crystallization behavior of the triblock copolymers was visual-
ized by fluorescence microscopy. As shown in Fig. 6(b), small and

luminous PCL crystals are seen among the dark crystal domain of
PEO in FT 2-2-2, while the boundaries of PEO lamella are weakly
bright. These luminous PCL crystals are attributed to the covalently
bonded FITC molecules. For both FT 2-2-2 and T 2-2-2 copolymers,
PEO domains are much bigger than those PCL because of the low
[CL]/[EO] ratio (0.19) and high crystallization rate of PEO [10,32,33].
The contrast between PEO and PCL domains of FT 2-5-2 seems to be
higher than that of T 2-2-2, as shown in Fig. 6(a). In addition, the
background is much brighter than the PEO spherulite domain
where free FITC aggregates are dispersed.

In the cases of FT 2-5-2 and T 2-5-2, the spherulite sizes of PEO
domain become smaller and concentric ring bands consisted of PCL
and PEO lamellae are found as shown in Fig. 6(c,d). This is ascribed
to the competitive crystal formation between PCL and PEO units at
the [CL]/[EO] ratio of 0.48. When both chain lengths of PCL and PEO
are comparable, a typical ring-type spherulite can be observed, in
which PEO and PCL lamellae are alternatively formed [33,34]. These
ring bands are clearly seen only in the POM images (the insets of
Fig. 6(c,d)). Such an alternating lamella structure of the ring bands
diminishes luminosity of the PCL domains in (F)T 2-5-2 as
compared with (F)T 2-2-2.

The spherulite sizes of T 2-5-2 are larger than those of FT 2-5-2,
as shown in Fig. 6(c,d). This is attributed to the lower T value and
the existence of bulky FITC moiety in FT 2-5-2. These two factors
determine the crystal growth rate of PCL. In the cases of T 2-2-2 and
2-5-2, large aggregates of FITC in yellow color are separated from
the spherulite as observed in Fig. 6(a,c). As indicated in Fig. 6(c), the
crystal domain of PEO (the arrow in the inset) was too thin to be
observed by the POM but it was clearly seen in fluorescence
microscopy analysis.

Fig. 6. Fluorescence microscopic images and POM images (insets) of the triblock copolymers: (a) T 2-2-2 with a trace of FITC, (b) FT 2-2-2, (¢) T 2-5-2 with a trace of FITC, and (d) FT
2-5-2 (scale bar =200 um). The copolymers in MC solution was mounted on the glass substrate and covered with a cover glass. The sample was heated to 60 °C in a forced

convective oven, and then cooled down at the rate of 4°Ch",
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3.5. Morphology of multiple emulsions

A CLSM was used to study the morphology of W;/O/W;
multiple emulsions in the presence of the triblock copolymers.
The copolymers were used as wall materials to stabilize inner
water phase. To demonstrate the differences between FITC-
labeled and unlabeled copolymers, a trace of FITC was added into
the W; phase of the emulsion containing unlabeled copolymers.
A trace of Nile Red was added into the O phase (toluene). As
shown in Fig. 7(b) and (d), the CLSM images of FT copolymers
clearly exhibit that Wy droplets in green color are well dispersed
in the oil phase. For the multiple emulsion of T 2-2-2, the entire
oil droplet areas containing Wy droplets are of a yellow color as
shown in Fig. 7(a). In particular, free FITCs are observed in the W,
phase of T 2-5-2, as shown in Fig. 7(c). In the cases of unlabeled
copolymers, FITC can easily migrate from W, to W5 phase due to
its amphiphilic nature.

3.6. Penetration behavior
Penetration behavior of the FITC-labeled triblock copolymers

was investigated with FDC test. Representative CLSM images of
mouse skin treated with FITC-labeled copolymers (in green color)

were shown in Fig. 8. As shown in Fig. 8(a), most of FT 2-2-2 was
located in the stratum corneum layer (thickness = 10-15 um). On
the other hand, some of FT 2-5-2 were penetrated into the
epidermis layer (thickness = ~100 um). In general, penetration rate
is closely related to both diffusion rate and solubility in the pene-
tration matrix [35]. The diffusion rate mainly depends on the size of
molecule and the solubility can be considered in terms of HLB.
Regarding FT 2-2-2 and 2-5-2, the molecular sizes are not so
different but their HLB values are significantly different due to the
different [CL]/[EO] values.

Topical delivery of substances can be achieved via several
pathways such as, hair follicles, sweat ducts, and continuous
stratum corneum. The latter can be divided into two potential
routes, i.e., transcellular and intercellular routes. The transcellular
route is of hydrophilic bundles of keratin and the intercellular route
is of amphiphilic crystalline structure of mixed cholesterols, fatty
acids, and so on. It is well known that substances having high
molecular weights (>500 Da) cannot penetrate via the transcellular
route, so amphiphilic block copolymers can penetrate only via the
intercellular route depending on their HLB. As shown in Fig. 8(b), FT
2-5-2 of low HLB value can penetrate into the deeper layer of skin
than that of FT 2-2-2, although both FT copolymers are located at
the stratum corneum layers. This is the evidence that the FT 2-5-2

Fig. 7. CLSM images of the multiple emulsions containing FITC-labeled copolymers or unlabeled copolymers with a trace of FITC: (a) T 2-2-2 with a trace of FITC, (b) FT 2-2-2, (¢) T

2-5-2 with a trace of FITC, and (d) FT 2-5-2 (scale bar = 100 um).
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Fig. 8. CLSM images of cross-sectional mouse skin treated with FITC-labeled PEO-PCL-PEO triblock copolymers in a Frantz diffusion cell for 12 h at 32 °C: (a) FT 2-2-2 and

(b) FT 2-5-2.

can overcome the barrier of the stratum corneum that prohibits the
penetration of external substances. We believe that tracking FITC-
labeled copolymers in topical drug delivery would be helpful to
elucidate the release behavior of the drugs stabilized by other
similar block copolymers.

4. Conclusions

FITC-labeled PEO-PCL-PEO triblock copolymers with different
[CL]/[EO] were studied and compared with unlabeled triblock
copolymers. FT 2-2-2 and FT 2-5-2 show a typical UV-visible
absorption and fluorescence emission behaviors, which are
strongly influenced by the copolymer concentration. The addition
of FITC leads to a decrease in T. regarding both PCL and PEO.
Particularly, a decrease in the T of PCL is attributed to bulky FITC
moieties having octadecylamine that effectively interfere with the
PCL crystallization process. The FITC moiety affects the spherulite
morphology of the copolymers and exhibits clearer CLSM images
regarding the W1/O/W; multiple emulsions without any migration
of FITC. We investigated the penetration depth through hairless
mouse skin to demonstrate the penetration behavior of the
copolymers depending on their [CL]/[EO] or HLB values. As
a conclusion, the FITC-labeled copolymers can be used as fluores-
cent tracers and are very useful in the investigation of topical drug
delivery systems.
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