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a b s t r a c t
Three-dimensional (3D) cell culture systems are well-known to better represent the in vivo environment
and they are applied to many areas of research. Spheroid model is one of the systems of 3D cell culture
and here in our research, a permeability assay utilizing the spheroids was developed. Number of cells
forming the spheroids, initial compound concentration, and incubation time were optimized to provide
the best assay performance. After development of the assay, it was evaluated with 22 commercially
available compounds. The developed Caco-2 3D spheroid permeability assay demonstrated a reasonable
correlation with human absorption values. The parallel artiﬁcial membrane permeability assay (PAMPA)
was also performed for the same set of compounds and the results were compared with those of the
3D permeability assay. The correlation with human absorption values was shown to be improved with
the 3D permeability assay. The successful development of the Caco-2 3D spheroid permeability assay
also suggests the potential application of the 3D cell culture systems to other areas of pharmacokinetic
research.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Of many important characteristics of drug candidates, permeability is an essential parameter that needs precise and efﬁcient
assays for prediction during drug discovery. Permeability is also
a critical factor contributing to the pharmacokinetic properties of
compounds including absorption, distribution, metabolism and
excretion (ADME). Although absorption mainly contributes to the
permeability of compounds, it can manifest substantial effects on
efﬁcacy and toxicity as well. The use of in vivo or in situ animal
models in permeability assessment raises unavoidable ethical
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concerns and presents difﬁculty to apply to high throughput
screening. Therefore, there is increasing dependency on in vitro
studies to evaluate drug permeability and numerous research
programs have striven to develop expedient in vitro assays for
measurement and prediction (Alsenz and Haenel, 2003; Corti et al.,
2006; Gombar et al., 2003; Liu et al., 2003; Masungi et al., 2008).
Although a number of in vitro assays have been developed to
determine the drug permeability, the results of some compounds
showed low correlation with those of in vivo assay. For example, a
permeability assay with monolayer Caco-2 cells has served as the
gold standard for many years and considerable efforts have been
put to improve its preciseness and convenience. Accelerated Caco-2
cell assays are available in easy-to-assay kit forms and researchers
have also tried to change the cell line to a more vigorously proliferating one such as Madin–Darby canine kidney (MDCK) cells.
The technology of parallel artiﬁcial membrane permeability assay
(PAMPA) has also thrived and various types of membranes are
used to accommodate a range of purposes. However, these assays
present inherent limitations in providing promising and reliable
predictions. Correlations do exist to a certain extent but still many
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outliers bring skeptical points of view (Alsenz and Haenel, 2003;
Chen et al., 2008; Liang et al., 2000; Liu et al., 2003; Masungi et al.,
2008; Zhu et al., 2002).
3D cell culture has been well renowned as a technology for an in
vitro system that mimics the in vivo environments better than classic two-dimensional (2D) cell culture (Abbott, 2003; Smalley et al.,
2006). Among many different types of 3D cell cultures, spheroid
model is simple and shows in vivo-mimic results in drug efﬁcacy
tests. When cells are seeded in an ultra-low attachment plate,
they form a spheroid by self-assembly (Achilli et al., 2012; Youssef
et al., 2011). Spheroid expresses cytokines, cell signaling molecules
and drug responses in levels that resemble the in vivo conditions
more than those of 2D cultured cells. For example, liver-speciﬁc
functions, including albumin production and CYP450 activity, are
induced in hepatocyte spheroids. Since spheroid also represents
the natural cell structure and morphology, which are not reproducible in 2D culture systems, it exhibits in vivo-like physical
properties (Kim, 2005). For example, cancer spheroids show gradient characteristics: from the outer layer to the inner core, there are
decreases in nutrients, oxygen and cell proliferation. These properties reﬂect realistic cancer microenvironment. These features of
the spheroids allow them to be used during drug development
with regard to their characteristics of resistance, uptake, penetration, efﬁcacy, toxicity and metabolism (Elliott and Yuan, 2011; Kim,
2005; Minchinton and Tannock, 2006; Smalley et al., 2006; Brandon
et al., 2003). In this study, we sought to apply this mimicry of the
spheroids on permeability studies.
There are several studies that have tried to explore the advantages of 3D cell cultures for drug characteristics. Those studies
exploiting 3D cell cultures include assays with the multilayer culture and also the spheroids of cells (Haraguchi et al., 2010; Hatherell
et al., 2011; Kyle et al., 2004). Some of them have tried to correlate
drug penetration with the efﬁcacy of the drug, where they were
able to develop a model and examined the model with application to a single drug, doxorubicin (Shin et al., 2013). Here in our
research, we developed a novel in vitro permeability assay utilizing
the 3D spheroids of Caco-2 cells and applied to commercially available compounds to evaluate the appropriateness of the assay for
permeability prediction. PAMPA was also performed on the same
set of compounds and the results were compared.
2. Materials and methods
2.1. Cell culture and materials
Human colon cancer cell line, Caco-2, obtained from American
Type Culture Collection (ATCC), were cultured in Dulbecco’s modiﬁed Eagle’s medium (DMEM, Hyclone) supplemented with 10%
fetal bovine serum (FBS, Hyclone) and 1% penicillin/streptomycin
and maintained in a humidiﬁed 5% CO2 incubator at 37 ◦ C. All
compounds were purchased from Sigma–Aldrich. HPLC grade acetonitrile and water were purchased from J.T. Baker and Dulbecco’s
phosphate buffered saline (DPBS) from Hyclone.

the medium. This medium containing 200 M of compound was
serially diluted to produce desired concentrations for each speciﬁc experiment. Half volume of culture media (50 l) was replaced
with compound containing medium on day 3. In replacement step,
the compound was diluted to 1:2 for ﬁnal concentration. After
pre-determined incubation times, 50 l of medium and spheroids
were harvested from each well for LC–MS/MS analysis. Each collected spheroid was dropped into a well containing 200 l of DPBS
for washing purposes. Washing with DPBS was repeated three
times by 500 g centrifugation to remove the culture medium to
ensure accurate concentration analysis. Then the spheroid was put
into 200 l of acetonitrile containing internal standard for sample
preparation and analysis. For 3D spheroid imaging, the images of
spheroids were observed by phase contrast imaging on a Nikon
Eclipse Ti inverted microscope. The spheroid area was measured
using a Nikon microscopy program.
2.3. Cell viability assay
Cell viability analysis was performed with cells cultured on 2D
and 3D culture 96 well plates by CellTiter-Glo Luminescent Cell Viability Assay (Promega). After desired incubation conditions, 100 l
of CellTiter-Glo solution was added to each well and the plate
was incubated at room temperature for 30 min with gentle shaking. Each well was analyzed with a FLUOstar OPTIMA multi-mode
microplate reader (BMG Labtech) and numbers of viable cells were
determined according to manufacturer’s instructions. All experiments were performed in triplicate.
2.4. Immunoﬂuorescence analysis
Immunoﬂuorescence analysis was performed with spheroids
after 3 days incubation. Each spheroid was embedded in optimal cutting temperature compound (Tissue-Tek OCT, Sakura), and
frozen immediately by liquid nitrogen. The frozen samples were
serially sectioned with thickness of 10 m by microtome (Thermal
Scientiﬁc) and stained with 4 ,6-diamidino-2-phenylindole (DAPI).
Images were obtained using confocal microscopy (Nikon, A1).
2.5. Quantitative real-time PCR
RNA of spheroid was extracted using RNeasy Mini Kit (Qiagen)
and the RNA was reverse transcribed into cDNA using Maxima
First Strand (Thermo-scientiﬁc). For real-time PCR ampliﬁcation,
500 ng of cDNA was used as a template. PCR ampliﬁcation was performed on a 7500 Real time PCR system (Applied Biosystems) with
maxima-SYBR (Thermo-scientiﬁc). The PCR conditions were as follows: 40 cycles of 15 s at 95 ◦ C followed by 1 min at 58 ◦ C. The primer
sequences are shown in Supplementary Table S1. Relative expression levels of target genes were calculated by the CT method
with GAPDH used as a reference gene.
Supplementary Table S1 related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.jbiotec.
2014.12.019.

2.2. 3D cell culture

2.6. LC–MS/MS analysis

For 3D cell culture, 2D cultured cells were dissociated as a
single cell by cell detachment buffer, Accumax (Millipore), and
then the cell number was calculated by C-Chip hemacytometer
(INCYTO). Suspended-cells were seeded in ultra-low attachment
96-well plates (Lipidure-Coat Plate, NOF Corp., Japan). After 3 days,
the cultured media were replaced with the growth medium containing compounds for the assays. Each compound was dissolved in
dimethyl sulfoxide (DMSO) as a 25 mM stock and 4 l of the stock
was added to 496 l of medium to yield 200 M of compound in

Drug concentrations were determined by LC–MS/MS using an
API 2000 triple quadrupole mass spectrometer with an electrospray
ionization (ESI) source (AB MDS Sciex) coupled to Alliance 2690
HPLC system (Waters). The basic parameters for the coupled system
were applied as previously described elsewhere with minor modiﬁcations per each compound (Kim et al., 2012; Shin et al., 2009).
When the ESI source was operated in positive mode, the mobile
phase was constituted of acetonitrile with 0.1% formic acid and distilled water, 70:30 (v/v), with nonivamide as the internal standard.
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In the other hand, when the ESI source was operated in negative
mode, 10 mM ammonium acetate and distilled water, 60:40 (v/v),
was used as mobile phase and ﬂurbiprofen as the internal standard.
Flow rate was 0.3 ml/min for both modes of ESI source. For determination of drug concentration in the spheroid, it was put into 200 l
of acetonitrile containing 200 ng/ml of nonivamide or ﬂurbiprofen and the mixture was vortexed for 30 s for disintegration and
deproteinization of the spheroids. Then, the mixture was ﬁltered
with the AcroPrep 96 ﬁlter plates (Pall) before injection of 20 l
into the HPLC system. Preparation of samples from medium was
similar except that 20 l of medium was used for each sample. Calibration curves were constructed at a range of 50 nM–50 M and
500 nM–50 M for the compounds with higher and lower signal
intensity, respectively. The lower limit of quantiﬁcation was determined at the concentration which yielded a signal-to-noise ratio
of >10. All calibration curves were required to meet r2 > 0.999 and
accuracy ≤15% to be eligible for quantiﬁcation.
2.7. Calculation of efﬁcient permeability
To calculate the efﬁcient permeability (P3d,e ) of Caco-2 3D
spheroid permeability assay, a modiﬁed Pe equation of PAMPA was
used as below:
P3d,e =

− ln(1 − CS /Cequilibrium
AS × (1/VM + 1/VS ) × t

where CS is the compound concentration in the spheroid (acceptor)
at time t, AS is the surface area of the spheroid, VM is the volume of
medium (donor), VS is the volume of spheroid, and t is the incubation time. Cequilibrium is obtained by the following equation:
Cequilibrium =

CM · VM + CS · VS
VM + VS

where CM is the compound concentration in the medium at time t.
2.8. Parallel artiﬁcial membrane permeability assay (PAMPA)
PAMPA was conducted with a pre-coated PAMPA 96-well plate
system (BD Gentest, Cat no. 353015) following the manufacturer’s
instructions. Brieﬂy, 300 l of DPBS (pH 7.4) was added to each
well of the receiver plate, and 200 l of DPBS (pH 7.4) containing
50 M of the test compound was added to each well of the ﬁlter
plate. After the system was incubated at room temperature for 4 h
without shaking, the samples from both plates were obtained for
analysis. A humidity maintained incubator was not needed because
the evaporation was negligible with a short incubation time. Efﬁcient permeability (Pe ) was calculated with the following equation:

Pe =

− ln(1 − CA /Cequilibrium )
A × (1/VD + 1/VA ) × t

where CA is the compound concentration in the receiver well
(acceptor) at time t, A is the surface area of the ﬁlter, VD is the
volume of ﬁlter well (donor), VA is the volume of receiver well, and
t is the incubation time. Cequilibrium is in this case obtained by the
following equation:
Fig. 1. Optimization results of the Caco-2 3D spheroid permeability assay. (A) Mean
sizes for spheroids with different numbers of cells forming the spheroids are plotted
with respective image examples of the spheroids. (B) Viabilities of cells are plotted
against number of cells. Viability from 1000 cells/well has been set as 100%. (C) P3d ,e
values are plotted against initial concentration of test compounds. (D) P3d ,e values
are plotted against incubation time of the spheroids.

Cequilibrium =

CD · VD + CA · VA
VD + VA

where CD is the compound concentration in the ﬁlter well at
time t.
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Table 1
Sizes of spheroids from assay by compound concentration (m, n = 3 each).
Conc. (M)

Desipramine

0
1
5
10
50
100

264.0
265.7
257.0
261.7
264.3
258.6

±
±
±
±
±
±

1.3
8.7
7.4
9.3
3.9
0.4

Mean ± SD of all samples

Nadolol
269.4
264.3
262.4
262.2
269.9
274.1

±
±
±
±
±
±

Ranitidine
12.9
3.9
7.2
4.4
5.9
7.9

249.4
250.6
257.3
260.8
272.0
263.7

264.1 ± 8.7

±
±
±
±
±
±

Terbutaline

7.1
7.9
3.7
5.7
7.0
4.5

268.8
250.6
257.3
260.8
272.0
263.7

±
±
±
±
±
±

Total
262.9 ± 11.0
261.9 ± 9.5
261.2 ± 7.4
263.6 ± 8.1
267.7 ± 7.1
267.8 ± 7.6

7.3
7.9
3.7
5.7
7.0
4.5

Coefﬁcient of variation (%)

3.3

Table 2
List of compounds tested.
Compounds

MW

Acebutolol
Acyclovir
Alprenolol
Atenolol
Bretylium
Cimetidine
Clonidine
Desipramine
Diclofenac
Diltiazem
Enalapril
Furosemide
Imipramine
Indomethacin
Nadolol
Naproxen
Piroxicam
Ranitidine
Salicylic acid
Sulfasalazine
Terbutaline
Verapamil

336.4
225.2
249.3
266.3
243.2
252.3
230.1
266.4
296.1
414.5
376.4
330.8
280.4
357.8
309.4
230.3
331.4
314.4
138.1
398.4
225.3
454.6

Fa in human (%)a

P3d ,e (10−6 cm/s)b

PAMPA Pe (10−6 cm/s)b

ESI source mode

Cell viability (%)b
2D culture

a
b

90
21
94
52
22
93
96
100
100
92
60
60
99
100
32
98
100
55
100
12
68
98

0.28
0.14
0.36
0.12
0.13
0.21
0.21
1.17
0.48
0.32
0.15
0.10
0.49
0.24
0.03
0.25
0.05
0.03
0.33
0.13
0.13
0.80

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.05
0.04
0.04
0.02
0.07
0.10
0.03
0.52
0.14
0.04
0.03
0.07
0.17
0.02
0.00
0.10
0.02
0.00
0.15
0.03
0.02
0.44

3.62
4.63
31.95
11.50
0.87
4.74
23.27
27.49
25.30
38.73
6.56
5.66
31.46
15.93
11.26
14.01
15.29
5.12
6.81
4.87
7.43
29.16

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

1.07
1.63
2.17
6.44
0.80
1.85
2.72
6.55
1.52
2.35
0.79
2.07
5.30
2.26
3.36
2.43
2.41
1.94
0.39
0.99
2.73
3.13

+
+
+
+
+
+
+
+
−
+
−
−
+
−
+
−
+
+
−
+
+
+

103.0
99.9
100.5
99.2
96.3
99.1
99.7
99.8
101.0
98.0
97.1
95.9
95.7
98.7
94.8
97.0
98.5
93.2
95.6
98.0
99.4
98.8

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

4.4
3.1
2.9
3.4
3.6
3.1
2.2
4.3
1.7
4.1
1.0
3.1
1.4
3.2
4.3
3.2
4.3
2.5
2.7
2.5
3.8
4.7

3D culture
108.0 ± 1.9
94.6 ± 3.5
103.7 ± 3.4
113.9 ± 17.0
98.5 ± 2.7
96.9 ± 1.6
100.7 ± 11.6
114.4 ± 22.1
101.3 ± 2.7
99.5 ± 4.4
100.8 ± 4.4
115.3 ± 16.9
101.9 ± 4.8
107.4 ± 13.9
105.9 ± 4.9
110.5 ± 8.5
105.0 ± 3.1
100.4 ± 2.6
106.3 ± 11.0
108.9 ± 8.0
105.1 ± 0.8
101.9 ± 1.8

Referenced from Zhu et al. (2002).
Data shown as mean ± SD from at least n = 3.

3. Results and discussion
3.1. Optimization of spheroid size
To form spheroids for the permeability test, Caco-2 cells were
seeded in the ultra-low attachment 96-well plates with a round
bottom coated with 2-methacryloyloxy-ethyl-phosphorylcholine
(Eiraku et al., 2011). Cells spontaneously formed a single spheroid
by self-assembly and gravity force in each well. Since spheroids
incubated for 3 days were stable and healthy, they were used for
the permeability assay. Factors affecting drug permeability were
optimized to set up the experimental conditions. First, a range of
cell numbers was tested to ﬁnd the reliable and in vivo-mimic conditions for the permeability assay. Six different numbers of cells,
from 1000 to 10,000 cells per well, were seeded to the 3D culture plates. After 3 days of incubation in the 3D culture plates,
the images of spheroids were observed to determine the spheroid
size (Fig. 1A). Spheroid sizes and cell numbers showed a positive correlation. Since the critical passive diffusion distance is
100 m (Hirschhaeuser et al., 2010), spheroid size of larger than
200 m was used to determine the permeability. As seen with
the images, the spheroid sizes formed with low cell numbers
(1000–3000 cells/well) were smaller than 200 m and were inadequate for permeability assay. The spheroids formed with high
cell numbers (7000–10,000 cells/well) did not form evenly shaped
spheroids and the clusters of cells were frequently observed. The
medium cell number (5000 cells/well) provided adequate spheroid

size and was used in subsequent studies. To determine viability of
cells, spheroids were formed with six different numbers of cells
from 1000 to 10,000 cells per well and the numbers of viable cells
were determined after 3 days of incubation. The number of viable
cells increased with the number of cells seeded but reached a saturated level (Fig. 1B). These results also support that 5000 cells/well
is a reasonable number of cells to be used for spheroid formation.
3.2. Compound concentration for permeability assay
For the optimization of compound concentration for the assay,
four different drugs of desipramine, nadolol, terbutaline and ranitidine were tested over a wide range of concentrations (1–100 M).
Since these compounds showed a wide spectrum of human Fa
(range, 32–100%) and did not fall into a single scaffold group,
they were selected as the test compounds. After 3 days of incubation, spheroids were treated with these compounds for 2 h. To
determine the compound concentration, spheroids and cultured
media were harvested for LC–MS/MS analysis. Drug concentration analysis was performed on the spheroids and media to
obtain P3d,e . The P3d,e was calculated by the modiﬁed PAMPA
Pe equation. The P3d,e of these compounds have been adjusted
by their own overall P3d,e to avoid bias of compounds with
higher absolute P3d,e having more inﬂuence on the proﬁles than
compounds with lower absolute P3d,e . The P3d,e was determined
to be relatively high when the initial concentration was low

J.B. Lee et al. / Journal of Biotechnology 205 (2015) 93–100

97

Fig. 2. Schematic diagram of the experimental ﬂow.

and was decreased as the initial concentration was increasing. From these results, an initial concentration of 10 M was
used as it was the point where P3d,e began to show equilibrium
(Fig. 1C).
Differences in compound and concentration did not appear to
affect the size of the spheroids (Table 1). From the collected size
data of spheroids, it could be also understood that size variation of
the spheroids was negligible (coefﬁcient of variation = 3.3%). Therefore after seeding 5000 cells/well, a spheroid with a mean radius of
264.1 m was expected and this radius was used for the calculation
of P3d,e of 22 commercially available drugs.
3.3. Incubation time for permeability assay
In order to ﬁnd the relationship between P3d,e values and the
incubation time, different time points were tested with the four
different compounds as used above. Spheroids were treated at a
concentration of 10 M over a range of from 15 to 240 min. At
predetermined incubation times, both spheroids and media were
harvested for drug concentration analysis. The P3d,e was relatively
high with unstable pattern during the early time of incubation. P3d,e
values reached an equilibrium at approximately 2 h (Fig. 1D). Therefore, 2 h was selected as the optimal incubation time. Since 2 h is
widely used as the incubation time, these results also promoted
comparability and compatibility with other permeability assays
using Caco-2 cells (Carrara et al., 2007).
3.4. Properties of Caco-2 3D spheroids
The relevance of properties of Caco-2 3D spheroid model to in
vivo conditions was investigated. Morphological characteristics and
biological function of the spheroids were examined. Previous literatures, using Caco-2 3D culture models, have reported hollow
spheres, which mimics in vivo intestinal villi, with a single layer of
cells along the boundary (Huh et al., 2013; Kim et al., 2014; Jagan
et al., 2013). The immunoﬂuorescence analysis result also exhibits
that Caco-2 cells have aligned in a single layer along the edge
of spheroid and formed a hollow multicellular spheroid structure
(Supplementary Fig. S1).
Supplementary Fig. S1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.jbiotec.2014.12.019.
Additionally, metabolic activities of Caco-2 3D spheroids were
examined. Although CYP450 enzymes play critical roles for
metabolic activities of cells (Maurel, 1996), Caco-2 cell is known
to display inappreciable levels of CYP expression (Prueksaritanont
et al., 1996; Sambuy et al., 2005). The HepG2 cells are the most

frequently used cell line to study human drug metabolic activity
(Martin et al., 2010). Hewitt et al. and Maruyama et al. reported
that HepG2 cells have phase 1 enzymes including CYP1A, CYP2C,
and CYP3A, but their activities and levels vary depending on cell culture conditions (Hewitt and Hewitt, 2004; Maruyama et al., 2007).
CYP expression levels were evaluated in 2D and 3D culture conditions of Caco-2 cells by quantitative RT-PCR. HepG2 was used as
positive control. We found out that while the expression levels in
HepG2 cells were detected with the performed assays, overall CYP
expression levels in Caco-2 cells in both 2D and 3D culture conditions were relatively limited (Supplementary Fig. S2). Therefore,
our results indicated that Caco-2 3D spheroids provide relevance
to in vivo conditions without any outstanding issue regarding cell
viabilities and metabolic activities.
Supplementary Fig. S2 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.jbiotec.2014.12.019.
3.5. Correlation with human absorption values
A set of 22 commercially available FDA-approved drugs (listed
in Table 2), showing structural diversity was selected for permeability assay (Fig. 2). Quantitative drug concentration analysis
was performed with LC–MS/MS and examples of representative
chromatograms and calibration curves used for concentration
determination are shown in Fig. 3. To compare P3d,e with drug
absorption values, previously reported human fraction absorbed
(Fa ) values of these compounds were used (Zhu et al., 2002). The
assay was conducted with the optimized conditions as described
above and the obtained P3d,e are listed in Table 2 along with the
human Fa values. Correlation plots of the human Fa with the P3d,e
values obtained from the Caco-2 3D spheroid permeability assay
are shown in Fig. 4A. As with other permeability assays, high/low
permeability ranking discriminators were used (Avdeef et al., 2007;
Chen et al., 2008). A discriminator of 0.17 × 10−6 cm/s provided
a reasonable correlation for most compounds. If P3d,e of a tested
compound is higher than 0.17 × 10−6 cm/s, it would have a high
potential of showing good absorption characteristics. Piroxicam
was the only false negative outlier among the 22 compounds.
Although piroxicam is readily absorbed when orally administrated,
it has a small volume of distribution (Verbeeck et al., 1986). It has
an apparent volume of distribution (Vd ) of 0.12–0.14 l/kg which
is commonly observed with the compounds of poor penetration
through cell membranes (Ishizaki et al., 1979). These compounds
exhibit Vd which approximates the volume of extracellular ﬂuid
in humans (about 12 l/70 kg) indicating that they are mostly distributed in extracellular than intracellular ﬂuid compartments
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Fig. 3. Examples of multiple reaction monitoring chromatograms and calibration curves used for quantitative drug concentration analysis with LC–MS/MS system. (A)
Chromatogram of bretylium (50 nM) used for calibration curve construction. (B) Chromatogram of nonivamide (200 ng/ml), internal standard used during ESI positive mode.
(C) Chromatogram of a spheroid sample treated with naproxen (10 M). (D) Chromatogram of ﬂurbiprofen (200 ng/ml), internal standard used during ESI negative mode.
(E) Calibration curve used for quantiﬁcation of furosemide (r2 = 0.9992). (F) Calibration curve used for quantiﬁcation of piroxicam (r2 = 0.9993).

(Vesell, 1974). Overall, the developed Caco-2 3D spheroid permeability assay provided a reasonable prediction of absorption
characteristics of tested drugs.

3.6. Cytotoxicity of compounds
Cell viability was also determined in optimized conditions of
drug permeability test to evaluate cytotoxicity. This was to assess
and compare the toxicity of test compounds manifested in 2D and
3D cell culture conditions. The cells were treated with 10 M of
each compound. After 2 h incubation, the cell viability was determined. Remarkable cytotoxicity of tested drugs was not observed
in 3D optimized condition (Table 2). This result demonstrated that
P3d,e values reﬂect only the permeability of drugs.

3.7. Parallel artiﬁcial membrane permeability assay (PAMPA) and
Caco-2 monolayer permeability assay
The same set of compounds tested for Caco-2 3D spheroid
permeability assay was used for PAMPA. The Pe values obtained
from PAMPA are also listed in Table 2. From the correlation plots
of human Fa with Pe from PAMPA, although the plots seemed
reasonable, three false negative outliers were found; acebutolol,
cimetidine, and salicylic acid (Fig. 4B). Additionally, correlation
plots of human Fa with efﬁcient permeability values (P2d,e ) obtained
from Caco-2 monolayer permeability assay reported in literature
(Zhu et al., 2002) also resulted in two false negative outliers; acebutolol, cimetidine (Fig. 4C). Therefore, enhanced correlation was
demonstrated with the Caco-2 3D spheroid permeability assay in
this set of compounds.
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4. Conclusion
This study describes the development and application of a novel
in vitro permeability assay utilizing a 3D cell culture system of Caco2 cells. An improved correlation was observed with the Caco-2 3D
spheroid permeability assay compared with the existing PAMPA
system. This 3D culture system is remarkable in that LC–MS/MS
may be applied, which enables the quantitative analysis of the concentration permeated into the 3D spheroids compared to previous
studies where visualization techniques were used. Therefore, this
study demonstrates that the developed Caco-2 3D spheroid permeability assay is an efﬁcient technique for prediction of absorption
characteristics of compounds.
Given that 3D spheroid culture environment better mimics
in vivo situation (Smalley et al., 2006) and that the spheroids manifest similar characteristics as 3D cultured intestinal epithelial villi
(Huh et al., 2013; Kim et al., 2014; Jagan et al., 2013), this Caco-2 3D
spheroid permeability assay may also be applied to other areas of
pharmacokinetics. With enhanced prediction of absorption characteristics, it can contribute in bridging the gap between in vitro
and in vivo efﬁcacy assays. Additionally, drug interaction studies
regarding efﬂux pumps or transporters may be performed when
the media closer to the in vivo environments are used. Therefore
this research provides an opportunity to expand the 3D cell culture
systems to the area of pharmacokinetics beyond the absorption test
of compounds, and also solutions in translating in vitro efﬁcacy to
in vivo.
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