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ABSTRACT

Background: Routine black box approaches quantify fluorescence intensity to profile the uptake of fluorophores,
providing limited insight into microscopic events. Spatial intensity distribution analysis has previously been re-
ported to quantify oligomerisation and number of particles from selected regions and profile intracellular distri-
butions of labelled moieties.

Methods: In this study, the concentration and time-dependent behaviour of CellTrace™ calcein red-orange (AM)
intracellular accumulation was examined in colorectal adenocarcinoma cell line and bovine aortic endothelial
cells. Monolayers were subjected to fluorescence correlation spectroscopy, fluorescence intensity and SpIDA
measurements to determine differences in the rate and extent of intracellular accumulation.

Results: Intracellular accumulation data derived from Spatial intensity distribution analysis were found to corre-
late with that of fluorescence correlation spectroscopy and fluorescence intensity profiles. The extent of intracel-
lular accumulation was found to be time and concentration-dependent in both cell lines examined, with no
significant differences in the rate of intracellular accumulation.

Conclusions: Spatial intensity distribution analysis applied at ‘proof of concept’ level is a rapid and user-friendly
tool that can be applied to the quantification of intracellular concentration and kinetics of fluorophore uptake.
General significance: Confocal imaging as a routinely implemented tool for profiling fluorescently-labelled species
is often under-exploited for yielding quantitative parameters.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Epithelial and endothelial in vitro models cultivated under
physiologically-relevant conditions have proven to be useful in the
generation of a wealth of data concerning drug uptake and transcellular
distribution to date. Despite the abundance of data generated from such
models, the routine application of black-box analytical approaches (e.g.
plate readers) limits the direct characterisation of intracellular distribu-
tions and any existent heterogeneities occurring within cell monolayers
[1].

Over recent decades increasing research has been invested in the
development and implementation of microscopic tools (and image
analysis algorithms) that can aid elucidation of intracellular phenomena
and quantification of ligand uptake. Fluorescence correlation spectros-
copy (FCS) was first developed in 1972 by Magde et al. and successfully
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applied to the diffusion and chemical reaction kinetic measurement
of reversible ethidium bromide binding to DNA [2]. Since, FCS has exten-
sively been applied as an established sensitive biophysical method
for intracellular single molecule measurements and assessment of
aggregation, flow and interactions between molecules [3-5]. However,
challenges associated with FCS use relating to sampling volumes
(i.e. a confocal volume of femtolitres), the requirement for specialist
equipment and focusing of the excitation laser beam within cellular
regions (leading to photo-damage) have been deemed factors limiting
widespread FCS use in the biophysical characterisation of ligand cellular
uptake. Furthermore, the performance of a large number of experiments
is required to assure acquisition of sufficient representative (i.e. statisti-
cally significant) cell populations [6].

Since the advent of FCS, numerous image analysis tools (e.g. image
correlation spectroscopies [7] and photon correlation histogram-based
methods [8]) and a diversity of image analysis platforms (e.g. Image]
[9] and ICY [10]) have been introduced that are compatible with com-
mercial confocal laser scanning microscopes, and provide a means for
quantitative spatial and temporal parameterisation of live cell imaging
studies. To date confocal microscopy has proven to be a useful tool
both in the visualisation and mechanistic assessment of cellular uptake,
trafficking and intracellular dynamics of ligands in multiple fields of
pharmaceutical and biomolecular research [11-13].
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For example, spatial intensity distribution analysis (SpIDA) utilised
in this study is an image analysis tool reported for the quantification
of protein oligomerisation and their relative concentrations (i.e.
densities), enabling the determination of concentrations of mono-
mer or oligomeric species within confocal images acquired as time
series, single frames or z-stack images with a high degree of spatial
resolution. Furthermore, in contrast to approaches utilising tempo-
ral analysis (e.g. FCS, number and brightness methods and image
correlation spectroscopies), SpIDA is not susceptible to effects of
photobleaching, autofluorescence and the impact of clustering.
Through appropriate sampling strategies it is possible to profile in-
tracellular concentrations of moieties of interest and their sub- and
inter-cellular distributions [8,14,15].

With advances in confocal imaging capabilities and the development
of image analysis algorithms exploiting fluorescence intensity fluctua-
tions over a large sampling area with sufficient spatial and temporal res-
olution, quantification of both intracellular dynamics and concentration
of fluorophores has become a reality. This is of particular interest in high
content screening applications in biological and pharmaceutical
research.

Herein, the focus of the current study is to consider the applica-
tion of SpIDA (in conjunction with FCS and fluorescence intensity
measurements) for the assessment of kinetics, extent and heteroge-
neity of fluorophore uptake and intracellular distribution. Caco-2
cells are routinely utilised to study oral drug absorption due to the
expression of brush border enzymes and transporters commonly
expressed in the gastrointestinal tract that are of relevance to drug
uptake [16-18]. Bovine aortic endothelial cells (BAECs) were also se-
lected in this study to represent a model for studying endothelial cellu-
lar uptake.

Cell Trace™ Calcein red-orange AM

To demonstrate this concept, uptake and retention of the model
compound CellTrace™ calcein red-orange AM and its cleaved product
are assessed in Caco-2 cell and BAEC monolayers using a combination
of FCS, live cell imaging and subsequent analyses (i.e. fluorescence
intensity and SpIDA).

CellTrace™ calcein red-orange AM contains an acetoxymethyl ester
(AM) group that masks charge, rendering it non-polar and permeant
to live cells. The excitation and emission properties of CellTrace™
calcein red-orange AM do not change appreciably upon loss of the AM
groups either by passive or active cleavage through hydrolysis (see
Fig. 1). CellTrace™ calcein red-orange is less permeable to leakage com-
pared to the parent molecule (due to charge-based intracellular reten-
tion) and is therefore well-retained by live cells that possess intact
plasma membranes [19].

2. Materials and methods
2.1. Materials

Bovine aortic endothelial cells, BAECs (passages 5-10) and Caco-2,
colorectal adenocarcinoma cells (passages 50-60), were purchased
from Genlantis and ATCC, respectively. All cell culture reagents includ-
ing Dulbecco's Modified Eagle Medium (DMEM) and CellTrace™ calcein
red-orange AM were obtained from Life Technologies (Paisley, UK).
Phosphate-buffered saline (PBS) and HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer were acquired from Sigma
Aldrich Ltd. (Dorset, UK). Nunc® eight well chamber slides (effective
surface area: 0.8 cm?/well) and sodium bicarbonate were obtained
from Fisher Scientific (Leicestershire, UK).
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Fig. 1. Chemical structure of CellTrace™ calcein red-orange and final cleaved product following cleavage by intracellular esterases.
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2.2. Methods

2.2.1. Cell culture and sample preparation

Caco-2 cells and BAECs were cultured in DMEM supplement-
ed with 10% (v/v) heat-inactivated foetal bovine serum (FBS),
1% (v/v) non-essential amino acids, 4 mM L-glutamine, and 100 IU/ml
penicillin/streptomycin, at 37 °C in an atmosphere containing 5% (v/v)
CO,. Cells were detached from the flask when 70% confluent by
trypsinisation at 37 °C and the resultant cell suspension centrifuged.
The cell pellet was re-suspended in medium and either sub-cultured
(1:4) in T-25 flasks or seeded at a density of 10° cells/ml in eight well
chamber slides. Cells were incubated at 37 °C in an atmosphere of
5% CO, for 24 h prior to the performance of uptake/accumulation
experiments.

For concentration-dependent experiments, monolayers were rinsed
with PBS twice prior to performance of experiments and the growth
medium replaced with CellTrace™ calcein red-orange AM diluted in
transport medium (i.e. growth medium with 20 mM HEPES buffer and
35.7 mM sodium bicarbonate) to the final concentration (i.e. 10, 25,
50 and 100 nM).

Cell monolayers incubated to the desired time point followed by a
triplicate PBS rinse to remove any extracellular CellTrace™ calcein
red-orange AM prior to visualisation with confocal microscopy. In the
case of time-dependent experiments, the same procedure as above
was applied without a rinsing step to monitor temporal changes in in-
tracellular CellTrace™ calcein red-orange (AM) concentration.

2.2.2. FCS cell measurements of intracellular fluorophore accumulation

All FCS measurements were performed using a ConfoCor 2
fluorescence correlation spectrometer (Zeiss, Jena, Germany) with
a c-Apochromat 40x/1.2 NA water-immersion objective. Samples
were excited with a 543 nm Helium-Neon laser and the resultant
fluorescence collected through a 560-615 nm band-pass filter. All FCS
cellular measurements (one run of 10 s per cell) were performed
following a 10 second pre-bleach (see appendix).

2.2.3. Analysis of FCS data

Intracellular CellTrace™ calcein red-orange (AM) autocorrelation
data were fitted to an anomalous diffusion model in OriginPro v8.5.1
software (OriginLab® Corporation, Massachusetts, United States)
using Eq. (1) [20,21];

1
G(r) = /u

05 -
14 {r/rn]a 141/ [T/TD}Q:l 1-T

Hiem} )

where « refers to the anomalous exponent, 77 the relaxation time of
the triplet state and T the fraction of fluorophores residing in the
(non-fluorescent) triplet state.

Values were minimised by using a Marquardt algorithm with the
structure parameter fixed to 5. Fit quality was assessed on residuals to
the fit and correlation coefficient (R?) values, respectively. The number
of particles, N, was used to assess the intracellular CellTrace™ calcein
red-orange (AM) concentration and was determined directly from the
amplitude of the autocorrelation curves.

2.2.4. Confocal laser scanning microscopy

Images were acquired using a Zeiss LSM 510 confocal microscope
(Jena, Germany) with a c-Apochromat 40 x/1.2 NA water-immersion
objective lens. CellTrace™ calcein red-orange (AM) was excited using
the 543 nm Helium-Neon laser line and fluorescence collected using a
560-615 nm band-pass filter. All confocal images were captured with
identical laser power, pinhole diameter, detector and amplifier gain
across all experiments. For each experimental condition (e.g. CellTrace™

calcein red-orange AM concentration and period of incubation)
several fields of view were captured.

2.2.5. Spatial intensity distribution analysis of confocal images

SpIDA was performed on all live cell images using the method de-
scribed by Godin et al. [8,15] and the analysis of retention was carried
out using the software available for download from the developer
website (http://www.neurophotonics.ca/en/tools/software). Images
were imported into the SpIDA user interface and the laser beam waist
and pixel size inputted followed by photomultiploer tube (PMT) shot
noise and white noise values measured as follows:

Characterisation of photomultiplier tube (PMT) shot noise. Varying
PMT voltage conditions and laser powers may be used to assess
the conditions under which direct linearity is existent between the
photoelectric current and the measured fluorescence intensity.
This is significant since the derived brightness and number of parti-
cle parameters following SpIDA analysis of confocal images are influ-
enced by shot noise. This measurement was performed through
imaging immobilised pre-bleached beads using a Helium-Neon
543 nm excitation laser and a c-Apochromat 40 x/1.2 NA water-
immersion objective. The beads were excited over a range of laser
powers, at a detector gain of 600 and a pixel dwell time of 3.2 ps
(n = 1024 pixels). A slope of 276 IU (R?> = 0.941) was determined
from the plot of pixel intensity variance versus mean pixel intensity
and applied to all future measurements for images acquired under
identical image acquisition conditions.

Determination of the white noise contribution. All images were
imported into Metamorph® version 7.5 (Molecular Devices,
Wokingham, UK) and the image dimensions calibrated. The
white noise was measured through selection of extracellular
regions of interest (ROIs) and the quantification of corresponding
fluorescence intensities prior to image importation into the
SpIDA graphical user interface.

Quantification of number of particles. The number of CellTrace™
calcein red-orange (AM) particles (per beam waist area) was deter-
mined for all ROIs in all confocal images (i.e. z-stack and single
frame) following corrections for white noise and PMT shot noise.

Super-Poissonian fitting of fluorescence intensity histograms
determined from confocal laser scanning microscopy images forms
the basis of SpIDA. Quantal brightness and the density per beam area
(i.e. number of fluorescent moieties defined within a specified region)
are output parameters derived from SpIDA that are achieved through
determination of the fluorescence intensity histogram of each pixel
fluorescence intensity value within a specified ROI. Histograms are
determined from calculating all the possible configurations in which a
fluorescent entity may reside in a point spread function (PSF)-defined
region. Following weighted calculations of each configuration and its
respective probability assuming a Poisson distribution for N particles
inside the PSF, the fitting function applied to determination of the
final histogram is [8,15]:

H(g,N,k) =" p"(e;k)Poi(n,N) with P°(&;k) = 810 2)
n

where H is the histogram fitting function that is normalised so that the
integral over k equals unity, € represents the molecular quantal bright-
ness, N the number of particles within the PSF and p" the probability
of observing an intensity of light of x (assuming proportionality to the
number of emitted photons) by n particles of ¢ brightness.
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2.2.6. Quantification of the intracellular fluorescence intensity of CellTrace™
calcein red-orange (AM)

Acquired confocal image z-stacks were subsequently deconvolved
using the AutoDeblur® software (MediaCybernetics, US). Deconvolved
images were subsequently imported into MetaMorph® for analysis of
fluorescence intensity. For quantification of the intracellular CellTrace™
calcein red-orange (AM) fluorescence intensity in Caco-2 cells and
BAEC monolayers, a minimum threshold intensity was selected for
each image (or frame in a z-stack in order to exclude contribution of
extracellular components to intensity measurements). Integrated fluo-
rescence intensity measurements were subsequently computed for the
specified threshold area (and normalised to the thresholded surface
area).

2.2.7. Determination of time-dependent changes in intracellular CellTrace™
calcein red-orange (AM) concentration

A differential model was applied to intracellular retention where
three various states were proposed accounting for uptake, retention
(parent and cleaved compound), and the contribution of removal
from the cell due to exocytosis (see Fig. 2).

Since the contribution of exocytosis was assumed to be negligible
from preliminary FCS measurements over extended time periods
(see appendix), a first order process was assumed and an exponen-
tial fit (Box Lucas exponential model in OriginPro) applied to the de-
termination of kinetic parameters in time-dependent intracellular
measurements.

2.2.8. Statistical analysis

Unless stated otherwise, all population samples of intracellular re-
tention were subjected to analysis of variance testing (i.e. P < 0.05).
Where the number of CellTrace™ calcein red-orange (AM) particles
has been stated, this refers to exponentiation of the log mean and in
order to determine the upper and lower standard deviations, the
log mean + 1 standard deviation was converted to an exponent.
Statistical analyses were performed on data obtained from all
methods and experiments as a function of concentration and period
of incubation.

2.2.9. Data analysis

To facilitate comparison of population data, box plots were utilised
in this study. The number of particle data obtained from FCS and
SpIDA analyses was inputted into OriginPro (v8.5.1) and box plots
were generated (representing the mean, median, upper and lower
quartile ranges, range of variables and outliers). Further particulars of
box plots and associated calculations (e.g. outliers) can be located on
the software developer website (http://www.originlab.com/index.
aspx?go=Products/Origin/Graphing/2D&pid=959).

k, k
A>B>C
d4/ —_
A =—kA
Extracellular Calcein red-orange AM (A)
Intracellular Calcein red-orange (AM) (B) dB o= kA-k,B
Exocytosed Calcein red-orange (AM) (C)
dC/ _
C/ =B

Al ingk,»k, dB/ _
ssuming &, » k; /dt kA

Fig. 2. Proposed model for CellTrace™ calcein red-orange (AM) intracellular accumula-
tion: exocytosis contribution to intracellular concentration is assumed to be negligible
and only intracellular species of CellTrace™ calcein red-orange (AM) are quantified.

3. Results
3.1. Optimisation of FCS measurements

3.1.1. Characterisation of CellTrace™ calcein red-orange AM in solution by
FCS

Fluctuation analysis of CellTrace™ calcein red-orange AM in trans-
port medium revealed a simple monophasic autocorrelation curve.
The amplitude of these curves was higher in water and noisier than
that of fluorophore dissolved in transport medium (see Fig. 3).

Autocorrelation curves fitted to data from CellTrace™ calcein red-
orange AM dissolved in transport medium using a single component
model possessed low triplet fractions (i.e. <12%), resistance to
photobleaching following excitation by the laser source and a clean auto-
correlation curve shoulder (up to 50 nM CellTrace™ calcein red-orange
AM in comparison to water), enabling accurate analysis of number of
particles within samples (see appendix).

3.1.2. Criteria for plane selection in confocal imaging experiments

To assess variation in intracellular accumulation as a function of
cross-section, both SpIDA and fluorescence intensity (a traditional ap-
proach) measurements were applied to a single z-stack image (Fig. 4).

Data indicates a varied distribution of CellTrace™ calcein red-orange
intracellular number of particles as a function of cross-section, with the
most variation observed in planes of the highest fluorescence intensity
and number of particles. Subsequently, the brightest planes were selected
for all two-dimensional imaging experiments of time and concentration-
dependent accumulation.

3.1.3. Time-dependent intracellular accumulation of CellTrace™ calcein
red-orange (AM)

Images obtained from confocal microscopy were analysed using
both SpIDA and routine intensity measurements. Fluorescence intensity
profiles, SpIDA and FCS demonstrate time-dependent intracellular
retention of CellTrace™ calcein red-orange (AM) in both cell lines.

Confocal micrographs of Caco-2 cell and BAEC monolayers incubated
with 50 nM CellTrace™ calcein red-orange (AM), exhibited a time-
dependent increase in the intracellular concentration of the fluorophore
in each cell type (Fig. 5) with a predominant cytoplasmic distribution.

Integrated fluorescence intensity data presented in Fig. 5 indicate a
higher extent of CellTrace™ calcein red-orange (AM) retention in Caco-
2 cells in comparison to BAECs (n = 20) whereas, the reverse trend was
observed in the case of SpIDA and FCS output data. The overall trend in
intracellular number of particle accumulation with time was consistent
between both SpIDA and FCS measurements (Fig. 5C-F). The slopes ob-
tained from an exponential Box Lucas fit (see appendix) of fluorescence
intensity data for Caco-2 and BAEC data were 0.16 and 0.24 min~—'
(with corresponding standard errors of 0.004 and 0.06), respectively. In
the case of fits performed on the median number of particles calculated
from SpIDA (R? = 0.94 for Caco-2 and R?> = 0.97 for BAECs), slopes of
0.03 and 0.04 min~—! (with a corresponding standard error 0.02 for both
cell lines) were determined for Caco-2 cells and BAECs, respectively.
Performance of ANOVA (P < 0.05) in both cases confirmed that no statis-
tically significant differences in the rate of fluorescence intensity changes
were observed between the two cell lines over time.

3.1.4. Intracellular accumulation of CellTrace™ calcein red-orange (AM)
over extended periods

In order to further assess the ability of SpIDA to determine intracel-
lular concentrations, accumulation following incubation with 50 nM
CellTrace™ calcein red-orange AM was assessed for an extended time
period (i.e. 60 min) and in a larger population of Caco-2 and BAEC
cells (representative confocal images and output parameters from
SpIDA and FCS are presented in Fig. 6).

In each confocal image multiple ROIs were selected for analysis and
the re-exponentiated mean 4+ standard deviation expressed as a range.
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Fig. 3. Autocorrelation curves were obtained for 5 (¢), 10 (4), 25 (¢), 50 (¢), 100 (¢) and 250 nM (+) CellTrace™ calcein red-orange AM dissolved in water (A) and transport medium
(B). All measurements were obtained over 10 successive runs, each consisting of a 10 second acquisition time.

The number of particle (per confocal volume) log-normal distributions
is presented for data obtained from SpIDA and separate FCS measure-
ments in both cell lines.

The intracellular numbers of particles per beam area (re-
exponentiated mean + standard deviation of a log-normal distribu-
tion) determined from SpIDA following incubation with 50 nM
CellTrace™ calcein red-orange AM for 60 min were determined to be

17 <25 <38 and 13 <21 < 32 in BAECs and Caco-2 cells, respectively.
Hence, data obtained with SpIDA are in good agreement with
corresponding ranges obtained from FCS experiments that were
17 <25<37 and 13 < 20 < 32 for BAECs and Caco-2 monolayers studied
under identical experimental conditions.

SpIDA and FCS data presented in Fig. 6 exhibit a broad distribution in
the intracellular accumulation of CellTrace™ calcein red-orange (AM)
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Number of particles per beam area determined using SpIDA for Caco-2 (B) and BAECs (D), and corresponding integrated fluorescence intensities computed with Metamorph® for
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asrepresented by the box plots. The number of particle data (i.e. FCS and
SpIDA) from BAECs and Caco-2 cells suggests cell line-dependent accu-
mulation since a statistically significant (P < 0.05) difference was ob-
served between the two sample sets.

3.1.5. The effect of concentration on the extent of CellTrace™ calcein
red-orange (AM) intracellular accumulation

In order to assess the influence of CellTrace™ calcein red-orange AM
concentration on the extent of intracellular retention, a combination of

(confocal) live cell imaging experiments and FCS measurements was
performed. Representative images following incubation of Caco-2 and
BAEC monolayers with various concentrations of CellTrace™ calcein
red-orange AM (i.e. 10, 25, 50 and 100 nM) for a period of 60 min are
presented in Fig. 7.

Confocal micrographs showed intracellular distribution of CellTrace™
calcein red-orange (AM) throughout the cells with an observed higher ex-
tent of accumulation as the initial concentration of CellTrace™ calcein
red-orange AM is increased. Representative confocal images demonstrate
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inter- and intracellular heterogeneity in the range of detected intracellular
number of particles (Fig. 7).

Initial assessment of fluorescence intensities for both cell lines
indicated concentration-dependent behaviour with a higher extent
of retention in Caco-2 monolayers. The influence of fluorophore concen-
tration on the intracellular number of particles detected demonstrated
complementarity between SpIDA-acquired number of particles and
FCS measurements (please note that data for 100 nM CellTrace™ calcein
red-orange (AM) in BAECs could not be included due to saturation of
the avalanche photodiode detector during FCS experiments). Perfor-
mance of a single factor ANOVA test (P < 0.05) in all cases confirmed
no statistically significant differences between the number of particles
obtained from FCS measurements and SpIDA analysis of confocal images
in each cell line.

4. Discussion

Assessment of ligand internalisation with bulk ‘black-box’ methods
(e.g. fluorescence plate readers) applied to in vitro cell models provides
a macroscopic evaluation of an ‘apparently homogeneous ensemble’
with limited information on intricate compartmentalised distributions
in individual cells and within cell populations [22]. In order to provide
amore in-depth understanding of cellular uptake, evaluation at a micro-
scopic level could be more insightful in profiling the intracellular
concentration of a compound, and sub- and inter-cellular distributions
[8,23].

Therefore, the intention of this study was to microscopically probe
the intracellular accumulation of a model fluorescent compound,
CellTrace™ calcein red-orange (AM), in Caco-2 and BAEC cell monolayers
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Fig. 7. Confocal images of CellTrace™ calcein red-orange (AM) in Caco-2 cells and BAECs (512 x 512 pixels and 0.44 um pixel size) following incubation with various concentrations of
CellTrace™ calcein red-orange AM for 60 min (A) number of particles determined using SpIDA (B) and FCS (C) (n = 25). The mean number of particles is represented by (@), outliers

(0), and the median, upper and lower quartiles are represented by horizontal lines.

using FCS in combination with live cell imaging, and image analysis tools
to enable quantification of intracellular fluorophore uptake kinetics and
profiling intracellular distributions.

Preliminary assessment of CellTrace™ calcein red-orange AM be-
haviour in solution using FCS revealed that this compound exhibited
the appropriate fluorescence characteristics (e.g. triplet time, count
rate and profile) for cellular FCS studies (see Fig. 3). Subsequently, FCS
measurements, confocal imaging and SpIDA were applied to the deter-
mination of intracellular accumulation of CellTrace™ calcein red-orange
(AM) as a function of concentration (see Fig. 7) and period of incubation
in Caco-2 and BAEC cell monolayers (see Fig. 5).

Confocal images subjected to SpIDA were acquired under identical
conditions (e.g. cell passage, incubation time and fluorophore concen-
tration) to FCS experiments and resultant output data compared against
that of FCS measurements.

The wealth of data that can be extracted from fluorescent confo-
cal images of cellular uptake or biophysical studies often remain
under-exploited. Here, the analysis of mean fluorescence intensities
of fluorophore in cell populations, a routine tool for the bulk

characterisation of fluorescent phenomena in black-box approaches,
was compared to trends observed in the intracellular concentration
of CellTrace™ calcein red-orange (AM) in both cell lines.

These plots confirmed time (see Fig. 5) and concentration-
dependent (see Fig. 7) behaviour of CellTrace™ calcein red-orange
(AM) uptake into both cell lines with an apparent higher extent of
CellTrace™ calcein red-orange (AM) accumulation in Caco-2 compared
to BAECs, while FCS and SpIDA measurements indicated otherwise.
Fluorescence intensity is a product of number of particles and quantal
brightness (of the fluorophore); hence, a higher quantal brightness of
CellTrace™ calcein red-orange (AM) in the Caco-2 cell cytoplasm
could potentially contribute to the observed higher fluorescence inten-
sity and extent of accumulation in this cell line using this approach [24].
Furthermore, intracellular population distributions calculated using
SpIDA and FCS measurements exhibited broad intra- and intercellular
heterogeneity, an aspect that the current application of black box
approaches is unable to address.

Following an extended period of incubation (i.e. 60 min) with
CellTrace™ calcein red-orange AM (Fig. 6), a statistically significant


image of Fig.�7

2922 Z. Hamrang et al. / Biochimica et Biophysica Acta 1840 (2014) 2914-2923

(P < 0.05) difference was noted in the intracellular concentration
ranges of CellTrace™ calcein red-orange (AM) for both cell lines.
These observations may be attributed to differences in plasma mem-
brane composition and the available surface area exposed to CellTrace™
calcein red-orange AM for uptake, or esterase activity levels based
on the morphological and phenotypic differences between BAECs
(endothelial) and Caco-2 (epithelial) cells.

Despite providing an accurate measure of concentration in an
optimised setup, a common challenge encountered with FCS as a well-
established biophysical tool in monitoring temporal intracellular con-
centration fluctuations, is the labour-intensive process of optimising in-
tracellular positioning within single cells and performance of sufficient
repeat measurements to ensure generation of a statistically representa-
tive sample set. Additionally, photobleaching and photo-damage may
occur due to sustained exposure of the cell sample to static confocal
volumes.

Over the recent decade, dynamic approaches exemplified SpIDA [8]
and number and brightness analysis [25] have been developed that
overcome some of these limitations, and through optimisation of scan
speed and image acquisition parameters can accurately quantify param-
eters such as concentration, dynamics or the oligomerisation status of
fluorophores in intracellular compartments.

An added advantage of SpIDA application as a spatial tool in profiling
intracellular concentrations over methods that rely on temporal mea-
surements (e.g. FCS) [7] is the minimisation of photobleaching effects,
since single confocal images can be analysed and the rapid acquisition
of data over multiple fields of view enables rapid profiling of cell popu-
lations (in contrast to laborious single cell measurements to generate
statistically-relevant cell populations). In comparison to FCS, acquisition
and analysis of confocal images with SpIDA do not require a specialist
setup and can simply be performed with a commercial confocal micro-
scope [8]. Furthermore, the scope exists to subject the same image set to
several image analysis tools in order to extensively probe the inherent
information contained within confocal images and analyse image sets
acquired in three dimensions.

Data obtained from profiling the intracellular concentration of
CellTrace™ calcein red-orange (AM) as a model compound in this
study at ‘proof of concept’ level highlights that image analysis tools can
be utilised to generate meaningful parameters that can be insightful in
the characterisation of intracellular distributions of fluorophores. There-
fore, the scope exists to extend this work to the biophysical characteri-
sation of ligand uptake and distribution, permitting concomitant
qualitative assessment of cellular localisation and profiling distribution
heterogeneities in more complex systems.

5. Conclusions

The internalisation and subsequent accumulation of CellTrace™
calcein red-orange (AM) following esterase cleavage were assessed
utilising a combination of confocal image analysis and FCS measure-
ments that exhibited complementarity across approaches used in a
simple in vitro system at ‘proof of concept’ level.

Data obtained from both FCS measurements and SpIDA of live cell
images suggest concentration, time- and cell line-dependent intracellu-
lar accumulation of CellTrace™ calcein red-orange (AM) and enabled
profiling of inter- and sub-cellular number of particle distributions
within a population of cells. Analytical approaches (i.e. bulk black box
methods) utilised in routine fluorescence-based trafficking studies
profile transcellular transport at a macroscopic level providing little in-
sight into compartmentalised events occurring at a microscopic level
within the cell monolayer, and the biomolecular machinery recruited
in intracellular trafficking.

With current image acquisition and analysis capabilities it is possible
to non-invasively probe intracellular uptake and transport processes at
a microscopic level. Rapid data acquisition from individual cells in the
form of confocal images provides a platform for the concomitant

assessment of sub-cellular and intercellular variability in both rate and
extent of cellular trafficking. It is envisaged that with advances in
image analysis algorithms and the development of novel image analysis
tools in parallel with the increasing commercial availability of high con-
tent screening systems, ligand accumulation and multi-parametric as-
sessment of kinetics and the extent of intracellular retention will
become a reality in more complex transport models.
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