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ABSTRACT: Hydrophobic, antirestenotic drugs such as paclitaxel (PCTX) and rapamycin are
often incorporated into thin film coatings for local delivery using implantable medical devices
and polymers such as drug-eluting stents and balloons. Selecting the optimum coating formu-
lation through screening the release profile of these drugs in thin films is time consuming and
labor intensive. We describe here a high-throughput assay utilizing three model hydrophobic
fluorescent compounds: fluorescein diacetate (FDAc), coumarin-6, and rhodamine 6G that were
incorporated into poly(D,L-lactide-co-glycolide) (PLGA) and PLGA–polyethylene glycol films.
Raman microscopy determined the hydrophobic fluorescent dye distribution within the PLGA
thin films in comparison with that of PCTX. Their subsequent release was screened in a high-
throughput assay and directly compared with HPLC quantification of PCTX release. It was
observed that PCTX controlled-release kinetics could be mimicked by a hydrophobic dye that
had similar octanol–water partition coefficient values and homogeneous dissolution in a PLGA
matrix as the drug. In particular, FDAc was found to be the optimal hydrophobic dye at mod-
eling the burst release as well as the total amount of PCTX released over a period of 30 days.
© 2011 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 100:4317–4329,
2011
Keywords: PLGA; paclitaxel; drug delivery; high-throughput screening; Raman spectroscopy;
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INTRODUCTION

Paclitaxel (PCTX) is well described as an important
treatment in various cancer pathologies including
ovarian, breast, and lung cancers. A lesser known
application for this compound is in treating cardio-
vascular disease, in particular limiting the growth of
scar tissue, or restenosis. Drug-eluting stents have
incorporated PCTX into the slow-release thin films,
which confer reduced restenosis over several weeks.1
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is a commercial stent with a nonbiodegradable thin
film coating on a stainless steel stent. It was ini-
tially well received, but was later associated with
higher thrombosis rates compared with bare-metal
stents.2,3 Because of this detrimental effect, it has
been proposed that localized delivery of PCTX im-
mediately following percutaneous transluminal (coro-
nary) angioplasty treatment, without stenting, should
improve the long-term outcome of the procedure; fa-
vorable results in early clinical trials have justified
this notion.4,5 Various studies focused on producing
PCTX incorporating thin films are presently under
way. Films with release profiles that control the burst
and extended dosages from weeks to months are be-
ing developed.6–8 However, to date, there are no high-
throughput methods to screen thin films for the re-
lease of PCTX and other hydrophobic drugs such as
rapamycin and everolimus.
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The gold standard technique of PCTX quantifica-
tion has been high-performance liquid chromatogra-
phy (HPLC) with C18 column separation and detec-
tion with ultraviolet (UV) absorbance (λmax = 227 nm,
ε = 2.8 × 104 M−1 cm−1). On optimized isocratic sys-
tems, individual analyses run under 10 min with limit
of quantification at 0.05:g/mL.9 This is only seven
times lower than the maximum solubility of PCTX
in aqueous solutions.10 To increase the solubility of
PCTX, addition of organic solvents or surfactants was
needed, thus complicating HPLC analyses.11,12 The
inefficient rate of sample throughput using HPLC is
also a major flaw because the quantification of drug
release by one HPLC apparatus is limited to a max-
imum rate of 10 thin film formulations per day. The
extensive time required to complete HPLC analysis,
including sample preparation, for a time course exper-
iment with replicates restricts the number of films a
worker can realistically study in a single session. It
is therefore of great use to develop an approach to-
ward quick turnover, bulk screening, allowing film
optimization in substantially shorter time frame.

An alternative approach would be to use fluores-
cence spectroscopy, as this would avoid the most
laborious preparation steps and thus speed up the
quantification by orders of magnitude. Indeed, quan-
tification by fluorescence in a 96-well plate takes sec-
onds per sample compared with 10 min per sample
in an HPLC. However, hydrophobic compounds such
as PCTX and rapamycin are not fluorescent. Fluores-
cent analogues of these compounds do exist, for use in
biochemistry mechanism investigations, wherein mi-
crogram quantities are required.13 Currently, these
fluorescent compounds are prohibitively expensive for
use in the milligram to gram amounts needed in thin
film extended-release preparations.

The next best option would be to acquire more
economical hydrophobic fluorescent compounds that
are suitable for screening the thin film formulations.
These could be used to select best candidate film for-
mulations from a larger panel, for further assess-
ment using the more laborious HPLC hydrophobic
drug quantification. The use of hydrophobic fluores-
cent compounds in place of hydrophobic drugs for vi-
sualization and tracking has been previously docu-
mented. For example, fluorescent Nile red was used
in place of PCTX in poly (D,L-lactide-co-glycolide)
(PLGA) nanoparticles to observe the nanoparticle
cellular uptake and subsequent Nile red release.14

Similar experiments with PLGA–montmorrillonite
nanoparticles used coumarin-6 (structurally similar
to Nile red) in place of PCTX for cellular uptake
observations.15

In this investigation, a novel method of high-
throughput quantification of the thin film drug re-
lease was optimized in the form of a 96-well plate
assay. Three commercially available fluorescent com-

pounds were chosen with similar hydrophobic prop-
erties to PCTX (octanol–water partition coefficient,
log P, of 4.0–4.4; Refs.16,17) and compared against
the release of PCTX in PLGA and PLGA–polyethy-
lene glycol (PEG) films by HPLC methods. Table 1
shows the three hydrophobic fluorescent compounds:
rhodamine 6G, fluorescein diacetate (FDAc), and
coumarin-6, with log P values of 4.02, 4.2, and 5.43,
respectively.18–20 The fluorescent compounds were
chosen due to their similar log P values to the drug,
as earlier reports list the solubility in the PLGA ma-
trix (dry or wet) as the predominant factor that influ-
ences the rate of delivery.21 Molecular weight, molec-
ular volume, and topological surface areas22 are also
listed for comparison of PCTX with the hydrophobic
dyes.

MATERIALS AND METHODS

Materials

Poly (D,L-lactide-co-glycolide) 53/47 (PLGA with a
53/47 lactide–glycolide ratio) with intrinsic viscosity
(i.v.) of 0.2 dL/g [∼10 kDa molecular weight (MW)]
and 1.03 dL/g (∼100 kDa MW) was purchased from
Purac (Gorinchem, Netherlands). PCTX was pur-
chased from Yunnan Hande Bio-Tech (Kunming,
China). HPLC-grade dichloromethane (DCM) and
acetonitrile were purchased from Tedia (Singapore).
Deuterated chloroform [CDCl3 + 0.03%, v/v, tetram-
ethylsilane (TMS) D99.8% + silver foil] was pur-
chased from Cambridge Isotope Laboratories (An-
dover, Massachusetts). PEG of MW of 8000 and 35,000
Da and polysorbate 80 (Tween 80) were purchased
from Sigma –Aldrich (Singapore). Rhodamine 6G,
coumarin-6, and FDAc were purchased from TCI
Japan (Singapore). All other polar solvents used were
of HPLC grade and were supplied by Sigma–Aldrich.
All chemicals and materials were used as received.

Film Formulation

Solutions of PLGA–PEG prepared at a concentration
of 20% (w/v) (in DCM) were used to incorporate 10%
(w/w) PCTX–fluorescent dye (PCTX–fluorescent dye
in PLGA–PEG) in DCM. Hence, a typical film formu-
lation consisted of 60 mg of PCTX–fluorescent dye and
600 mg of polymer (PLGA + 0%–50% PEG) in 3 mL of
DCM. Such a preparation was carried out as follows: a
15% 8000 PEG–PLGA 53/47 solution was dissolved in
3 mL of DCM overnight with 60 mg of PCTX, 510 mg
of PLGA 53/47 (i.v. 1.03 dL/g), and 90 mg of 8000 PEG.

Film casting was performed with the film appli-
cator height set at 300:m, and the viscous solution
was cast onto 50:m polyethylene teraphthalate sub-
strate at 50 mm/s in a fume extractor hood at room
temperature (RT). DCM was evaporated at RT for
24 h followed by at 55◦C for 2 days in a vacuum oven.
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Punch-outs of 6 mm diameter were prepared for re-
lease studies, with the PLGA films still mounted on
the polyethylene teraphthalate substrate.

PEG Quantification by 1H NMR

Films (1 cm2) were dissolved in 1050 ± 10:g (700:L)
of CDCl3, mixed by vortexing, and centrifuged at
16,000xg for 5 min, the subsequent supernatant
was transferred into NMR tubes. 1H NMR spec-
tra were recorded on Bruker Advance Spectrometer
(Bruker Biospin PTE LTD, Singapore) at 400 MHz
using the signal of TMS present in deuterated
chloroform at 0.03% as an internal standard. 1H
NMR (400 MHz, CDCl3, δ) 1.5–1.7 [bs, PLGA 3H,

C( O) CH(CH3) O C( O) CH2 O ], 3.45–3.85
(bs, PEG 4H, O CH2CH2O ), 4.6–5.0 [bs, PLGA
2H, C( O) CH(CH3) O C( O) CH2O ], 5.0–5.3
[bs, PLGA 1H, C( O) CH(CH3) O C( O) CH2

O ).

Film Surface and Film Cross-section Topography by
Scanning Electron Microscopy

Surface and cross-sectioned PEG-incorporated PC-
TX–PLGA films were coated with platinum for 50 s
under a chamber pressure of less than 5 Pa at 20 mA
using JEOL JFC-1600 Auto Fine Coater (JEOL ASIA
PTE LTD, Singapore). Secondary electron images
were acquired at 5.0 kV, 12:A, at a working dis-
tance of 8 mm under the field emission scanning
electron microscopy (FESEM) using a JEOL JSM-
6340F (JEOL ASIA PTE LTD, Singapore). Film cross-
sections were prepared by flash freezing the films
in Tissue-Tek O.C.T. (Sigma-Aldrich, Singapore) com-
pound at −80◦C. Embedded film blocks were sliced
while frozen at 10:m and subsequently lyophilized
under vacuum.

Raman Microscopy

Raman microscopy analysis has been performed as
described earlier.23 Briefly, the thin films were placed
under the microscope objective and Raman point-by-
point mapping measurements were performed on the
sample. The sample was irradiated with a 785-nm
near-infrared diode laser, and a 50× or 100× objec-
tive lens was used to collect the backscattered light.
The collected Raman mapping spectra were then pre-
processed (spike removal and baseline correction) be-
fore the data was further analyzed using the band-
target entropy minimization (BTEM) algorithm. The
BTEM algorithm24 was used to reconstruct the pure
component spectra of underlying constituents from
a set of mixture spectra without recourse to any a
prior known spectral libraries. This has been proven
to be effective in reconstructing the pure component
spectra of minor components.25–27 When all normal-
ized pure component spectra of all the underlying

constituents have been reconstructed, the relative
contributions of each constituent can be calculated
by projecting them back onto the baseline-corrected
and normalized data set. The spatial distribution of
each underlying constituents is then generated.

High-throughput Screening of Fluorescent Dyes

The 6-mm diameter disks consisting of fluorescent
dye incorporated into PLGA were immersed in 200:L
of phosphate buffered saline (PBS)/2% Tween 80 so-
lution, within a 96-well Costar flat black polystyrene
flat-bottom plate. Samples were assayed in penta-
plicates and stored in an incubator at 37◦C in be-
tween sampling events. For rhodamine 6G (excitation/
emission wavelengths in nanometers, ex/em: 480/560)
and coumarin-6 (ex/em: 465/505), 100:L aliquot was
drawn out of the release plate and placed into a sep-
arate black read plate. The read plate was diluted
with another 100:L of PBS 2%/Tween 80 and as-
sayed using the Infinite M200 Tecan Microplate spec-
trofluorometer (Tecan Asia PTE LTD, Singapore). For
FDAc, 20:L of the aliquot was drawn out of the re-
lease plate and diluted with 180:L of 100 mM NaOH
in the read plate, immediately yielding fluorescein
(ex/em: 490/520). The amount of hydrophobic dye re-
leased was quantitated using three calibration curves
(with separate gain settings) spanning three orders
of magnitude: 0.01–10 :g/mL. The release plate had
the remaining solution carefully drawn out, and re-
placed with another 200:L worth of PBS/2% Tween
80. Rhodamine 6G, coumarin-6, and FDAc all had sol-
ubilities of more than 100:g/mL in PBS/2% Tween
80. Each well was flashed 25 times, with a 20:s
integration. The entire 96-well plate was measured
in <5 min for three gain settings. Instrument gain
settings were experimentally determined by calibrat-
ing 90% of the maximum fluorescent signal (50,000
fluorescent units) at the highest standard concen-
tration for the high gain (0.01–0.1:g/mL), medium
gain (0.01–0.10:g/mL), and low gain (1.00–10.0:g/
mL) standard concentration ranges. The gain settings
were then subsequently used for all controlled-release
fluorescent dye quantitation.

In Vitro Pctx Release

The in vitro release of PCTX was conducted in 2 mL
of PBS/2% Tween 80 release buffer (pH 7.4) at 37◦C,
using 15 mm punch-outs in triplicate. At predeter-
mine time-points, the buffer was removed and re-
placed with another 2 mL release buffer, thus main-
taining sink conditions throughout the release. The
withdrawn aliquots (or standards/dissolutions sam-
ples) were flushed through a 0.2-:m syringe filter
directly into HPLC vials and immediately capped.
The PCTX content was quantified with an Agilent Se-
ries 1100 HPLC (Agilent Technologies, Santa Clara,

DOI 10.1002/jps JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 10, OCTOBER 2011



4320 STEELE ET AL.

T
ab

le
1.

P
ro

pe
rt

ie
s

of
H

yd
ro

ph
ob

ic
F

lu
or

es
ce

n
t

D
ye

s
an

d
P

ac
li

ta
xe

l(
P

C
T

X
)

H
yd

ro
ph

ob
ic

D
ye

/D
ru

g
L

og
P

V
ol

u
m

e
T

P
S

A
a

R
at

e
K

b

(%
/D

ay
)

D
if

fu
si

on
C

oe
ffi

ci
en

t
(c

m
2
/s

)
in

0.
2

dL
/g

i.v
.

P
L

G
A

53
/4

7
R

at
e

K
b

(%
/d

ay
)

D
if

fu
si

on
C

oe
ffi

ci
en

t
(c

m
2
/s

)
in

1.
03

dL
/g

i.v
.

P
L

G
A

53
/4

7
S

tr
u

ct
u

re

M
ol

ec
u

la
r

W
ei

gh
t

(g
/m

ol
)

C
ou

m
ar

in
-6

5.
42

31
6

42
N

A
N

A
N

A
N

A
35

2

F
lu

or
es

ce
in

di
ac

et
at

e
4.

20
36

5
88

4.
04

3.
2

e−
5

1.
07

1.
07

e−
5

43
0

R
h

od
am

in
e

6G
4.

02
42

4
65

N
A

N
A

N
A

N
A

44
4

P
C

T
X

4.
0–

4.
4

75
7

22
1

4.
4

3.
7

e−
5

1.
6

1.
9

e−
5

85
4

N
A

,n
ot

ap
pl

ic
ab

le
du

e
to

in
co

m
pl

et
e

di
ss

ol
u

ti
on

of
th

e
h

yd
ro

ph
ob

ic
dy

es
in

to
th

e
P

L
G

A
m

at
ri

ce
s.

N
D

,n
ot

de
te

rm
in

ed
;T

P
S

A
,t

op
ol

og
ic

al
po

la
r

su
rf

ac
e

ar
ea

;P
L

G
A

,p
ol

y(
D

,L
-l

ac
ti

de
-c

o-
gl

yc
ol

id
e)

;i
.v

.,
in

tr
in

si
c

vi
sc

os
it

y.
a
V

ol
u

m
e

(Å
3
)

an
d

to
po

lo
gi

ca
lp

ol
ar

su
rf

ac
e

ar
ea

(Å
2
)

w
er

e
es

ti
m

at
ed

u
si

n
g

C
h

em
in

fo
rm

at
ic

s.
22

b
R

at
e

K
an

d
di

ff
u

si
on

co
ef

fi
ci

en
ts

w
er

e
ca

lc
u

la
te

d
w

it
h

a
pe

ri
od

of
12

da
ys

.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 10, OCTOBER 2011 DOI 10.1002/jps



HIGH-THROUGHPUT SCREENING OF PLGA THIN FILMS 4321

California) equipped with UV–visible (UV–Vis) de-
tector, autosampler, and column heater set at 35◦C. A
ZORBAX Eclipse XDB-C18 (Agilent Technologies Sin-
gapore, Singapore) column (5 :m) of acetonitrile–wa-
ter (60:40, v/v) served as the mobile buffer, eluting
the PCTX peak at approximately 5.4 min with a flow
rate of 1.0 mL/min and the UV–Vis detector recording
at 227 nm. At the final end point, a total dissolution
study of the 15-mm disks in triplicate was conducted
by dissolving the films in acetone and diluting in re-
lease buffer to determine the surface concentration
of PCTX (:g/mm2). The solubility limit of PCTX in
PBS/2% Tween 80 release buffer was determined to
be 20:g/mL (∼50× that of PBS buffer).

RESULTS AND DISCUSSION

Thin Film Physical Properties

The method (viscous polymer solution knife casted on
polyethylene terapthalate substrates) employed for
film fabrication containing the PCTX and that for the
hydrophobic dyes was identical. The analysis was op-
timized for using both HPLC PCTX quantitation and
fluorescence measurements of the hydrophobic dyes.
Figure 1 shows the film fabrication and analysis steps
employed.

Initial analysis on the hydrophobic dyes and PCTX
revealed that all four compounds were incorporated
into two PLGA matrices of 0.2 and 1.03 dL/g i.v. In

Figure 1. Scheme of PLGA thin film fabrication and analysis by HPLC or high-throughput
96-well plate spectrofluorometry.
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Table 2. Physical Properties of Selected Paclitaxel and Fluorescein Diacetate Thin Films

Film Composition

Polymera Additivesb
Thickness

(:m)
Drug Concentration

(:g/mm2)
% PEG (by
1H NMR)

PLGA 0.2 dL/g i.v. 10% FDAc 14 ± 2 4.3 ± 0.5∗ 0
PLGA 0.2 dL/g i.v. 10% PCTX 17 ± 3 6.4 ± 0.4∗ 0
PLGA 1.03 dL/g i.v. 10% FDAc 17 ± 3 4.5 ± 0.6 0
PLGA 1.03 dL/g i.v. 10% FDAc + 15% PEG 8000 17 ± 2 4.9 ± 0.4 16 ± 1
PLGA 1.03 dL/g i.v. 10% FDAc + 50% PEG 8000 13 ± 3 2.1 ± 0.3 50 ± 3
PLGA 1.03 dL/g i.v. 10% PCTX 16±2 4.2 ± 0.2 0
PLGA 1.03 dL/g i.v. 10% PCTX + 15% PEG 8000 16 ± 3 4.3 ± 0.8 16 ± 1
PLGA 1.03 dL/g i.v. 10% PCTX + 50% PEG 8000 13 ± 5 1.9 ± 0.2 50 ± 3

∗Values are statistically different (p < 0.05).
PCTX, paclitaxel; FDAc, fluorescein diacetate; PEG, polyethylene glycol; i.v., intrinsic viscosity.
aPLGA, poly(D,L-lactide-co-glycolide) 53/47 (lactide–glycolide ratio) with different i.v. of 0.2 or 1.03 dL/g.
bAll percentages are in w/w ratios.

addition, the four compounds were incorporated into
PLGA (i.v. 1.03 dL/g) with two types of PEG MW at
two (w/w) ratios: 8000 and 35,000 PEG at 15% and
50% (w/w) ratios each (Table 1). Table 2 displays the
thin film values of thickness, surface drug concentra-
tion, and the percentage of PEG. Representative films
from FDAc- and PCTX-containing films are shown,
but similar values were seen for the fluorescent dyes
of coumarin-6 and rhodamine 6G. The addition of
large amounts of PEG (i.e., 50% formulations) yielded
thinner viscosities in the DCM solutions, which subse-
quently generated thinner films and lower drug con-
centrations when dried. PCTX caused thicker films in
the PLGA (i.v. 0.2 dL/g) films versus FDAc, although

this was likely attributed to slight differences in film
fabrication.

Although rarely reported for assessing PLGA films,
we found that 1H NMR analysis was a robust tech-
nique to analyze the matrix chemical composition.
The percentage of PEG was verified and measured
through the 1H NMR PEG integrals present from
3.45 to 3.85 ppm, as seen in Figure 2. FDAc was an
ideal candidate for 1H NMR quantification as the two
methyl esters (with six protons) had a strong sin-
glet at 2.33 ppm. The DCM dissolved-knife cast films
required 24 h of drying at atmospheric pressure be-
fore 55◦C vacuum oven exposure. Without the 24 h
of air drying, unpredictable foam matrices occurred

Figure 2. 1H NMR of 15% 35,000 PEG–PLGA (53/47 with i.v. 1.03 dL/g) containing 10%
fluorescein diacetate (FDAc). Tetramethylsilane (TMS) was used as the internal standard for
ppm and 1H quantification. (Inset) Presence of Dichloromethane (DCM) peak after 48 h vacuum
oven drying at 25◦C, but not at 55◦C.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 10, OCTOBER 2011 DOI 10.1002/jps
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(data not shown). Higher boiling point solvents were
avoided in this study because longer incubations at at-
mospheric pressures would be needed. The optimized
drying procedure employed a vacuum oven at 55◦C
after RT drying, which yielded less than 500 ppm and
less than 3:g residual DCM, for an assumed 5 mg
PLGA film (Fig. 1 inset displays the 1H NMR DCM
peaks at two drying conditions). It may be noted that
this level falls under US Food and Drug Administra-
tion guidelines of <600 ppm and <6 mg/day residual
DCM.28

The cross-section and surface topology of the PLGA
films were analyzed using FESEM at 700× magnifi-
cation. Figure 3 shows a representative photograph
of PLGA (53/47 with i.v. of 1.03 dL/g) with 10% drug
encapsulation (no PEG additives). At day 0, a solid
matrix was seen with no pores present at the sur-
face. After 10 days in release buffer, pore formation
on the surface and within the matrix cross-section dis-
played a porous film that had swelled to almost twice
its original thickness (∼25:m). The uniform degra-
dation from the top to the bottom surface suggests

Figure 3. Cross-section and surface topology of PLGA (53/
47 with i.v. 1.03 dL/g) containing 10% FDAc films at day 0
(top) and day 10 (bottom) incubation in release buffer. Im-
ages were taken at 700× magnification on a field emission
scanning electron microscopy (JEOL JSM-6340F).

bulk degradation with no autocatalytic processes oc-
curring. Autocatalytic degradation tends to display
a more degraded core than film surface and is usu-
ally noted only in films thicker than 200:m.29 The
effect of combining PEG with PLGA (53/47 with i.v. of
1.03 dL/g) and subsequent degradation has previously
been discussed.23

PLGA Film Characterization by Raman Microscopy:
Partitioning of the Hydrophobic Dyes and Paclitaxel

In earlier work, we demonstrated with the use of
Raman microscopy, how the presence of colocalized
PCTX in crystalline PEG (vs. amorphous PEG) can
affect the overall drug release from PLGA films.23

Furthermore, Raman peaks of crystalline PEG at
844 and 860 cm−1 have been previously used to dif-
ferentiate the PEG crystalline phase from its amor-
phous phase.30 The Raman peak assignments for all
the compounds tested are shown in Table 3. When
PCTX was distributed homogeneously (see Figs. 4a
and 4b), the controlled release was slow [<2:g/(cm2

day)]. Depending on the MW, increasing the amount
of PEG caused localized phase separations of crys-
talline PEG, as shown in Figure 4c with 15% 35,000
PEG in PLGA 53/47. PCTX preferentially colocal-
izes in these phase-separated crystalline PEG re-
gions, and was subsequently released rapidly with
the dissolved PEG. Hydrophobic dyes would require
similar partitioning behavior to mimic the PCTX re-
lease. Coumarin-6 and rhodamine 6G were found to
be heterogeneous even in PLGA 53/47 films without
PEG. Upon drying the films, crystalline regions of
coumarin-6 and rhodamine 6G were visualized with
the naked eye and confirmed with Raman microscopy.

Figure 4d shows an example of coumarin-6 ana-
lyzed by Raman microscopy. Phase separation of the
crystalline coumarin-6 within the PLGA matrix re-
gion (bottom and top of color map, respectively, in
Fig. 3d) was readily detectable. FDAc films exhib-
ited homogeneous distribution for PLGA 53/47 (data
not shown), with 15% PEG (both 8000 and 35,000
MW). A representative image of the FDAc distribu-
tion within 15% 35,000 MW PEG is shown in Figure
4e. FDAc in these three films was assumed to be dis-
solved completely in the PLGA 53/47 matrix, as the
Raman signals were weak. At the highest concentra-
tion of PEG (50% of 8000 and 35,000 MW), a slight
amount of FDAc–crystalline PEG colocalization oc-
curred. However, a more pronounced colocalization of
PCTX–crystalline PEG was present at 15% PEG than
the FDAc–crystalline PEG at 50% (Figs. 4c vs. 4e). In
general, the FDAc was distributed evenly within the
film, regardless of crystalline–amorphous PEG and
PLGA 53/47 phase separations.
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Table 3. Raman Microscopy Peaks of Analyzed Compounds

Compound Prominent Raman Peaks (cm−1) Minor Raman Peaks (cm−1)

PLGA (53/47) 846, 873, 890 1046, 1095, 1130, 1425, 1454, 1768
Amorphous PEG 1231, 1278, 1469, 1479, 1486 582, 859, 1139, 1395
Crystalline PEG 844, 860 363, 534, 1063, 1124, 1140, 1280
Paclitaxel 1002 618, 1028, 1602
Fluorescein diacetate 658, 709,791, 1021, 1604, 1757 326, 449, 482, 530, 719, 734, 768, 844, 872, 1152, 1175,

1221, 1228, 1242, 1264, 1326
Coumarin-6 1435, 1481, 1512, 1587 474, 510, 629, 681, 700, 982, 1014, 1065, 1080, 1127,

1194, 1297, 1322, 1350, 1359, 1369, 1455, 1548
Rhodamine 6G 612, 770, 1313, 1365, 1511 873, 1128, 1182, 1451, 1650

Raman peaks of crystalline PEG at 844 and 860 cm−1 have been previously used to differentiate the PEG crystalline phase from its
amorphous phase (Maxfield and Shepherd30).

Assay Sensitivity Using 96-well Plate/M200 Tecan
Spectrofluorometer

The most convincing arguments for switching from
the HPLC to a 96-well plate/fluorescence assay was
the savings on labor, consumables cost, and increased
method sensitivity. The specifications of the M200
spectrofluorometer allowed for the sensitivity of fluo-
rescein detection/quantification in 96-well plates to be
within the picomolar range. The instrument has the
capability of 20 s/plate read throughput,31 although in
practice, we found it ranged from 1 to 2 min/plate at
a single gain and excitation–emission setting. Linear
curves down to 1 ng/mL (∼4 nM) fluorescein were easy
to reproduce. Quantification in this range was impor-
tant for experimental use in in vivo formulations and
for ex vivo bioreactors, wherein thin films often re-
lease encapsulated drugs into liters of medium.

Fluorescein was best read at high pH values, as
high pH instantly cleaves the esters present in non-
fluorescent FDAc to the fluorescent form. This al-
lowed it to be utilized in the cells and vesicles as a
“pH meter.”32 Indeed, we found that small changes in
physiological pH (±0.04 pH units) caused an increase
in fluorescence unit standard deviation. At basic pH of
approximately 12–13, fluorescence was at its bright-
est and did not show an increase in standard deviation
(data not shown). Fluorescent dyes coumarin-6 and
rhodamine 6G did not show this pH-dependent fluo-
rescence fluctuation, and were measured at pH 7.4.
Average plate read time was approximately 4.5 min
for all three fluorescent dyes, using following three
gain settings: high gain, 0.01–0.10:g/mL; medium
gain, 0.10–1.0:g/mL; and low gain, 1.0–10.0:g/mL.

Release in Fast (i.v. 0.2 dL/g) and Slow (i.v. 1.03 dL/g)
Degrading PLGA Thin Films

To mimic the in vivo solubility conditions for PCTX,
in vitro release conditions were modulated using 2%
Tween 80 in PBS buffer at 37◦C. The addition of
2% Tween 80 allows soluble PCTX concentrations of
20:g/mL, 50 times that of PBS alone and equiva-
lent to albumin-bound blood concentrations.33 Tween

80 has commonly been used to dissolve PCTX for
this purpose,34,35 and allowed solutions of more than
100:g/mL concentrations of the fluorescent com-
pounds to be prepared (data not shown).

The drug release behavior of the hydrophobic fluo-
rescent molecules FDAc, coumarin-6, rhodamine 6G,
and PCTX revealed diffusion-controlled release in all
of the pure PLGA films at i.v. of 0.2 and 1.03 dL/g. The
FDAc and PCTX revealed a similar drug release pro-
file with no burst release. With similar log P values
and homogeneous (also known as amorphous) PLGA
matrix distribution, this was to be expected. Rho-
damine 6G and coumarin-6 displayed higher burst
release, likely due to the phase separated, crystalline
state of the two dyes within the matrix. At the 10%
(w/w) concentration, rhodamine 6G and coumarin-6
were not completely soluble within the PLGA matrix

The structures of rhodamine 6G and coumarin-6
(see Table 1) may explain why they were insoluble
at 10% (w/w) in PLGA. Even though these molecules
have a hydrophobic log P similar to PCTX, their amine
substituents provide a local polar behavior that de-
creased their solubility in the hydrophobic PLGA ma-
trix. This effect was unexpected because coumarin-
6 substitution for PCTX was common for previous
cell uptake and imaging studies, although these used
smaller (w/w) concentrations.15,36

The controlled release of the four compounds was
then compared across two MW neat PLGAs at i.v. 0.2
and 1.03 dL/g in Figures 5a and 5b. The 0.2 dL/g i.v.
PLGA matrices revealed a faster dye and PCTX re-
lease than i.v. of 1.03 dL/g in PLGA. At the higher i.v.
(and MW), the longer and less soluble polymer chains
slowed the diffusion rate of the drugs. Larger PLGA
chains tend to retain more of the encapsulated dye
and for longer.37 Coumarin-6, FDAc, and PCTX had
roughly twice the release kinetics at i.v. 0.2 dL/g as
that at i.v. 1.03 dL/g PLGA. Rhodamine 6G exhibited
a gradual release in i.v. 0.2 dL/g PLGA, whereas the
i.v. 1.03 dL/g PLGA gave an abrupt release from 20 to
25 days.

Overall, FDAc was found to mimic the PCTX re-
lease kinetics the most. On the basis of the equations
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Figure 4. Raman microscopy of selected PLGA 53/47 (neat) and PLGA 53/47 with PEG films
containing 10% (w/w) hydrophobic dyes and paclitaxel (PCTX). (a) PLGA 53/47 with 10% PCTX;
(b) PLGA 53/47, 15% 8000 PEG, and 10% PCTX; (c) PLGA 53/47, 15% 35,000 PEG, and 10%
PCTX; (d) PLGA 53/47 with 10% coumarin-6; (e) PLGA 53/47, 15% 35,000 PEG, and 10%
fluorescein diacetate (FDAc); and (f) PLGA 53/47, 50% 35,000 PEG, and 10% FDAc.

of the semiemperical Power Law, rate K and the diffu-
sion coefficients were calculated and listed in Table 1,
allowing a comparison between PCTX and FDAc.38

Despite PCTX almost having twice the molecular vol-
ume of FDAc (see Table 1), the diffusion coefficients
were comparable for both i.v. 0.2 and 1.03 dL/g PLGA
matrices.

Release in Low and High Percentage PLGA Additives
Using 8000 and 35,000 MW PEG

The drug release behavior of PCTX and hydropho-
bic dyes FDAc, coumarin-6, and rhodamine 6G also
showed diffusion-controlled release with the addition
of PEG additives at PLGA i.v. of 1.03 dL/g. Distinct
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Figure 5. Slow and fast release of hydrophobic fluorescent
dyes and in 0.2 (a) and 1.03 dL/g (b) i.v. PLGAs.

observation can be made from the release profiles
shown in Figures 6a and 6b, whereby, from the drug
panel, only rhodamine 6G exhibited a burst release of
20% and 60%, respectively, from PLGA with 15% 8000
and 35,000 PEG,. Hence, an increased burst release
occurs with larger PEG MW additive. In addition, an
increase in the percentage of PEG additive also causes
greater burst release. These two effects are confirmed
by the highest burst release being detected in PLGA
incorporated with PEG 35,000 at 50% (w/w) concen-
tration; that is, the highest MW and percentage addi-
tive tested (Fig. 7). Such a large burst release could be
partly attributed to the following: lower log P value in
rhodamine 6G, ionic molecule formation in solution,
crystalline phase separation, or combination thereof.
In the case of coumarin-6, it is assumed that the crys-
talline phase separation accounts for the higher rate
of release observed as well.

The subsequent controlled releases of the four dyes
were then further compared across two MW PEG ad-
ditives of 8000 and 35,000 at two percentages, that is,
15% and 50% (Figs. 6 and 7). The larger 35,000 MW
PEG generally gave a smaller percentage of burst re-
lease as compared with 8000 MW PEG at 50% con-
centration (Fig. 7). An increase in colocalization of
the larger MW PEG (analyzed for FDAc and PCTX)

Figure 6. Low percentage additive release using (a) 15%
8000 MW PEG and (b) 15% 35,000 MW PEG.

resulted in a sustained release. PCTX is known to
colocalize with PEG chains via intercalating chem-
istry due to its aromatic rings.39 Such an occurrence
may also be expected for the three fluorescent dyes. A
higher concentration of PEG at 50% gave an increased
rate of release compared with 15% PEG, as deduced
from the steeper release curve over the initial days
of the release profile. The steeper curve results from
the PEG dissolution and leaching.23 As the greater
colocalization was likely associated with higher PEG
concentrations, an increased release was therefore ex-
pected to occur for all drug molecules at high PEG
content.

FDAc as a Model Hydrophobic Drug for Screening Thin
Film Preparations

The release profile of FDAc was found to have a
good correlation with that of PCTX when encapsu-
lated within pure PLGA films. This was found to be
independent of the two MW PLGA matrices shown
in Figure 5. The release of FDAc only began to dif-
fer from PCTX upon addition of PEG, an additive
that was known to phase-separate within PLGA (see
Figs. 6 and 7). Within these heterogeneous films, our
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Figure 7. High percentage additive release using (A) 50%
8000 MW PEG and (B) 50% 35000 MW PEG. Some error
bars have been removed for clarity.

hypothesis of mimicking the PCTX log P with a
similar hydrophobic fluorescent compound was no
longer valid. Log P only predicts preference toward
hydrophobic solvents (or PLGA matrices) in contact
with in an aqueous phase. It cannot provide any
information toward tertiary amphiphilic compounds
such as PEG that phase-separate within the PLGA.
Fortunately, these phase separations were typically
easy to visualize by the naked eye, light microscopy,
Raman microscopy, or combination thereof. A quick
assessment of the homogeneous structure by these
techniques will decide whether this high-throughput
method may be of use.

The differences in FDAc and PCTX distribution
among PEG and PLGA described here may be ex-
plained with another solubility descriptor, topological
polar surface area (TPSA, listed in Table 1). TPSA rep-
resents the sum of polar surfaces of nitrogen, oxygen,
and their bound hydrogen atoms. It has proved to be
a useful parameter for drug transport analysis in in-
testinal and blood–brain barrier absorption.22 Within
the context of our experiments, higher TPSA was as-
sociated with PEG partitioning. The lowest TPSA

values were observed with coumarin-6 and rho-
damine 6G; no PEG partioning was detected in the
PLGA films with either of these two molecules. The
second highest TPSA value was for FDAc with 88 Å2,
which had a minor partioning at the highest 50%
PEG concentration. PCTX was present with the most
amount of crystalline PEG partioning and had greater
than twofold TPSA of FDAc with 221 Å2.

CONCLUSIONS

Three fluorescent dyes with log Ps similar to PCTX
have been evaluated in PLGA films with Raman
microscopy for molecular distribution and compared
against PCTX release of less than 30 days. Two of the
dyes, rhodamine 6G and coumarin-6, were found to be
inadequate, as they were not soluble within the PLGA
matrix, and tended to be phase separated and crystal-
lized. One hydrophobic dye, FDAc (converted to flu-
orescein when treated with base), was found to be a
model drug toward estimating the PCTX release pro-
file. It displayed similar diffusion coefficients in homo-
geneous PLGA films (i.v. of 0.2 and 1.03 dL/g). When
PEG additives were present, FDAc was still found
to mimic the PCTX release, when phase separation
was not substantial. As the MW and concentration of
PEG increased, more crystalline PEG phase separa-
tion was present. Under these conditions, PCTX pref-
erentially colocalized into the crystalline PEG more
than the FDAc, with varying release profiles. If phase-
separating additives are introduced, alternative drug
models need to be considered.

This report demonstrates that FDAc encorporation
into PLGA can be controlled to model that of PCTX
inclusion. Thus, a method for high-throughput screen-
ing of PLGA thin film formulations has been pre-
sented. With the use of FDAc in place of PCTX, fluo-
rescent 96-well or possibly 384-well plate readers can
be used while reducing the amount of consumables
and decreasing the dependency for HPLC quantita-
tion. We recommend the following guidelines for those
who are considering this method:

(1) FDAc, PCTX, additives, and polymer matrix
(i.e., PLGA or other polyester matrices) need
to have similar hydrophobic properties to make
homogeneous films.

(2) Visualization by light microscopy or Raman mi-
croscopy to assess microstructure for additive or
drug phase-separated regions.

(3) Polymer films thicknesses should be similar and
less than 200:m to avoid autocatalytic degra-
dation effects.

(4) This method should be considered when multi-
ple formulations (≥10 thin films) need to be si-
multaneously screened for PCTX delivery. When
testing less than 10 films overall, the time
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saved by this fluorescence protocol does not jus-
tify the need for preparation of separate FDAc-
containing films.

(5) Applicable to studies when the drug
release period is less than 30 days.
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