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Abstract. Multichannel microscopy is frequently used to study intermolecular interactions and spatial relationships
between biomolecules and organelles or vesicles in cells. Based on multichannel images, quantitative colocaliza-
tion analysis can provide valuable information about cellular internalization, vesicular transport, and the intracel-
lular kinetics and location of biomolecules. However, such analyses should be performed carefully, because
quantitative colocalization parameters have different interpretations and can be highly affected by image quality.
We use quantitative three-dimensional colocalization analysis of deconvolved and chromatic-registered confocal
images to study the dissociation of double-labeled pDNA-chitosan polyplexes in Hela cells and their colocaliza-
tion with early endosomes. Two chitosans that form polyplexes with highly different transfection efficacies
are compared. Pearson’s correlation coefficient, Manders’ colocalization coefficients, and the intensity correlation
quotient are estimated to determine the intracellular localization of polyplexes, free pDNA, and free chitosans.
Differences are observed in the amount of uptake, and in the intracellular pathways and rates of dissocia-
tion for the two chitosans. The results support previous findings that polyplexes formed by self-branched,
glycosylated chitosan oligomers are more favorable for cellular uptake and intracellular trafficking to the nucleus
compared with polyplexes formed by linear chitosans. © 2012 society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/
1JB0.17.2.026015]
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1 Introduction depends on the optical resolution of the system and can be sub-
ject to artifacts caused by optical and mechanical aberrations.
Deconvolution is a powerful technique that partly restores
degraded images by reassigning out-of-focus blur, which is
caused by diffraction, back to its focal plane of origin, thereby
reducing noise and increasing the resolution in 3-D confocal
data sets ®10-16-18

Colocalization studies can provide information about the
efficiency of gene delivery, which involves cellular uptake of
exogenous DNA and its vector, intracellular trafficking to the
nucleus, and transcription of the transgene. Chitosan is a non-
viral polycationic gene delivery vector that efficiently condenses

Colocalization analysis is an invaluable and increasingly used
tool to gain information about interactions between biomole-
cules, cellular uptake, and intracellular trafficking.'”” Using
multichannel microscopy, based on simultaneous or successive
detection of several fluorochromes in a multilabeled sample, the
colocalization of molecules with different fluorescent labels can
be analyzed. Most of these studies are based on qualitative
colocalization analysis by visual inspection of overlaid two-
dimensional (2-D) microscopic images. This method may be
subjective and misleading, because of the limited ability of
the eye to perceive and interpret colors. For a more rigorous ana-

lysis, three-dimensional (3-D) quantitative colocalization is
required.® The results from quantitative colocalization analysis
are usually presented with plots and coefficients that compare
the intensity distributions in two detector channels or calculate
the number of voxels with co-occurring fluorescence.®’
Colocalization analysis is highly sensitive to artifacts. Sam-
ple preparation, image acquisition, and pre-processing are criti-
cal steps to minimize errors.>*!*!5 A colocalization event is
defined when the emitted light of two fluorochromes is collected
in the same image element. However, the reproduction of the
dimensions and location of objects in microscopic images
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plasmid DNA (pDNA), shields its charges, and protects it from
degradation.'® The superior biocompatibility of chitosan com-
pared with other polycations makes it attractive for biomedical
applications.?>?! The ability of chitosan to condense pDNA and
improve the gene transfection efficacy strongly depends on its
structural variables.”>>> We have synthesized a new generation
of self-branched glycosylated (trisaccharide-substituted) chito-
san oligomers (SBTCOs) that demonstrate higher gene transfec-
tion efficacy than linear chitosan oligomers (LCOs) of the
same chain length.?!?%*” The reasons for the increased transfec-
tion efficacy of polyplexes (cationic polymer—pDNA com-
plexes) formed by SBTCOs remain unclear, but we
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hypothesize that differences in the cellular uptake mechanisms
and intracellular trafficking of the polyplexes are involved.
Polyplexes are internalized via endocytotic pathways, 72830
of which the best characterized is clathrin-mediated endocytosis
involving clathrin-coated pits that invaginate and form intracellu-
lar clathrin-coated vesicles. Depolymerization of the clathrin coat
leads to the formation of early endosomes (EEs), which may
mature into late endosomes (LEs) and further fuse with lyso-
somes.>® The escape of polyplexes from these acidic compart-
ments is required for transfection and relies on, among other
things, the buffering capacity of the polycations.>! The best-
characterized clathrin-independent pathway is caveolae-mediated
endocytosis, which has been reported to play an important role in
gene transfection.'?*3233 Caveolae are small invaginations in
the plasma membrane, containing the membrane protein
caveolin-1.>* Caveolae have low mobility, and their uptake
kinetics is generally slower than that of clathrin-mediated endo-
cytosis.*® The intracellular faith of cargo internalized by caveolae
is not clear, but many studies suggest that the internalized
structures fuse with EEs.***3% Tt has also been claimed
that caveolae-mediated uptake can result in delivery of the
cargo to caveolin-1-containing, pH-neutral structures, termed
caveosomes,*”*" but this hypothesis is controversial.**
Numerous reports exist on quantitative colocalization analy-
sis based on biological 2-D* and 3-D*!%*=* images, but, to our
knowledge, studies have not yet been published on the intracel-
lular trafficking of polyplexes using quantitative 3-D colocali-
zation analysis. The aim of the present work is to perform a
quantitative 3-D colocalization analysis using different coloca-
lization parameters in order to determine which are more suita-
ble to give information about cellular uptake mechanisms,
intracellular trafficking, and the dissociation of pDNA com-
plexed with LCOs or SBTCOs, which are chitosans oligomers
of equal length but with significantly different transfection effi-
cacies.?'?*?’ In this study, the colocalization of pDNA and chit-
osan, as well as the localization of free or complexed pDNA and
chitosan in EEs, are analyzed based on multichannel confocal
laser scanning microscopy (CLSM) images of HeLa cells that
are incubated with fluorescently double-labeled pDNA-chitosan
polyplexes before immunostaining of EEs. Imaging and analysis
are performed at different time points to study the kinetics.

2 Materials and Methods
2.1 Cell Cultures

HeLa cells (human cervical carcinoma cell line) were grown
in DMEM (Invitrogen, Gibco) supplemented with 10% fetal
bovine serum (Invitrogen, Gibco), 1 mM nonessential amino
acids (Invitrogen, Gibco), and 1 mM L-glutamine (Sigma-
Aldrich). The cells were cultivated at 37 °C in a humidified
atmosphere with 5% CO,.

2.2  Plasmid DNA

Stock solutions of 6.7 kb pDNA (Aldevron) were prepared at a
concentration of 1 mg/mL in sterile Milli-Q grade water.

2.3 Chitosans

The LCOs were prepared by nitrous acid depolymerization of
completely de-N-acetylated chitosan (fraction of acetylated
units <0.002) to a number-average degree of polymerization
(DPn) of 42 as previously described.” The SBTCOs were
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Table 1 Characteristics of chitosans.?

Chitosan ds. Mn Mw PdI
LCO 6300 8000 1.28
SBTCO 7.8 13000 21000 1.59

“The degree of substitution (d.s.) of A-A-M was determined by THNMR.*6

The molecular weights, Mw (g/mol) and Mn (g/mol), and the
polydispersity index, Pdl =Mw/Mn, were determined by size-
exclusion chromatography with multiangle laser light scattering
detector (SEC-MALLS).

prepared from LCOs by simultaneous self-branching and sub-
stitution with the trimer 2-acetamido-2-deoxy—glucopyranosyl-
[-(1-4)-2-acetamido-2-deoxy-glucopyranosyl-p-(1-4)-2,5-anhydro-
mannofuranose (A-A-M).?! The chitosans were dissolved at
1 mg/ml in Milli-Q grade water, sterile-filtered (0.2 pm Milli-
pore), and stored in aliquots at —20°C. The properties of the
chitosans used in this study are summarized in Table 1.

2.4 Antibodies and Fluorescent Labels

EEs were immunostained with rabbit anti-Early Endosomal
Antigen 1 (anti-EEA1) (N-terminal) antibody (Sigma-Aldrich).
Alexa Fluor 555 goat anti-rabbit IgG (Invitrogen) was used as a
secondary antibody. The more photostable Alexa Fluor 555 was
preferred over Alexa Fluor 546 as a label for the secondary anti-
body, because the latter showed significant photobleaching in
preliminary experiments (data not shown).

To label chitosans, Alexa Fluor 488 carboxylic acid, succi-
nimidyl ester (Invitrogen) was chosen, because of its amine-
reactive properties, high extinction coefficient, and photostabil-
ity. The theoretical labeling degree was previously optimized to
approximately one molecule of dye per 200 GIcN residues.
Unconjugated dye was removed by extensive dialysis (Spectro-
por cutoff of 12 kDa), and the labeled chitosans were freeze-
dried. For labeling of pDNA, a Cy5 Nucleic Acid Labeling
Kit (Mirus Bio Corp.) that covalently binds Cy5 to pDNA
was used according to the protocol from the supplier, and the
unbound Cy5 was removed using microspin columns provided
in the kit.

2.5 Preparation of Polyplexes

The pDNA-chitosan polyplexes were formed by self-assembly
to a final pDNA concentration of 5 pg/mL. The required
amount of pDNA stock solution was diluted in Milli-Q grade
water. The sterile-filtered chitosan stock solution was added
to the pDNA solution at an amino/phosphate (A/P) ratio of
10 during intense stirring on a vortex mixer. The polyplexes
were incubated for 30 to 40 min at room temperature.

2.6 Incubation of Cells with Polyplexes and
Immunostaining

HelLa cells were seeded on Lab-Tek 8-well detachable chamber
slides (VWR International) at a density of 10° cells per well and
allowed to adhere overnight. The following day, the growth
medium was removed, and the cells were incubated with
LCO or SBTCO polyplexes in hypertonic OptiMEM (Invitro-
gen, Gibco) for 15 min, 1 h, and 3 h at 37 °C and 5% CO,.
The cells were subsequently fixed with 4% paraformaldehyde
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for 15 min and permeabilized for 10 min with 0.5% Triton
X-100 (Sigma-Aldrich) at room temperature. The nonspecific
binding sites were blocked with 5% goat serum and 0.3% Triton
X-100 for 1 h. The antibody stock solutions were centrifuged at
1500 rpm at 5 min, the supernatants were diluted to 5 pg/mL in
1% bovine serum albumin and 0.3% Triton X-100, and the cells
were incubated with the primary and secondary antibody for 1 h
and 30 min, respectively. The optimal working concentrations of
the antibodies were determined in preliminary titration experi-
ments. To minimize the background fluorescence, the cells were
washed in phosphate buffered saline (PBS) overnight after pri-
mary antibody incubation and for 2 h after secondary antibody
incubation. The samples were mounted with ProLong Gold anti-
fading reagent (Invitrogen), and the cover glasses were sealed
with nail polish. The samples were allowed to cure for a mini-
mum of 24 h.

2.7 Confocal Laser Scanning Microscopy

The cells were imaged using a Zeiss LSM 510 META (Carl
Zeiss GmbH, Jena) equipped with an o-Plan-FLUAR
100 x /1.45 oil-immersion objective. Alexa Fluor 488, Alexa
Fluor 555, and Cy5 were excited by the 488-, 543-, and 633-
nm laser lines, respectively, and the fluorescence was detected
using the filters BP 500 to 550 nm, BP 565 to 616, and the
META detector with a spectral range of 651 to 704 nm, respec-
tively. Sequential imaging (12-bit) was performed to minimize
cross-talk. Oversampling of image Z-stacks for deconvolution
was performed at a voxel size of 0.07 X 0.07 x 0.17 pm?>.
Four image averages and a scan zoom of 2 were suitable to
obtain the desired image resolution without photobleaching.
Equal optical section thicknesses for the three channels were
obtained by setting pinhole diameters to 300, 262, and
192 pm for the 488-, 543-, and 633-nm laser lines, respectively.
The 633-nm channel was used as a reference with a pinhole dia-
meter corresponding to 1 Airy unit to avoid low signal-to-noise
ratios (SNR) caused by smaller pinhole sizes.

The detector gain and offset values were adjusted to utilize
the entire dynamic range of the detector and to avoid over-
saturated voxels and voxels of zero intensity. To minimize

autofluorescence and cross-talk, the maximum laser power
and detector gain were determined based on control samples
comprising untreated cells, cells stained with the secondary
antibody or the primary and secondary antibodies, and cells
incubated with unlabeled pDNA complexed with labeled
chitosan or labeled pDNA complexed with unlabeled chitosan.

2.8 Image Pre-Processing and Restoration

Deconvolution requires knowledge of the point spread functions
(PSFs) to calculate the statistical probability of the exact origin
of the emitted photons for each voxel in each acquired image in
the Z-stacks. In the present study, the PSFs were determined for
all three emission channels by imaging subresolution beads
from the PS-Speck™ Microscope Point Spread Source Kit
(Invitrogen) with a diameter of 0.175 4+ 0.005 pm (Fig. 1)
and averaging a minimum of three beads for each channel
using the Amira (Visage Imaging) BeadExtract module. The
image data sets of the cell samples were subsequently subjected
to deconvolution by applying an iterative maximum-likelihood
image restoration algorithm (20 iterations) in Amira.

Chromatic shifts in the lateral and axial directions were
measured from the deconvolved image data sets by determining
the center of 1-pm FocalCheck™ Thin-Ring Fluorescent
Microspheres Kit (Invitrogen) for the different channels using
the Image]*’ plug-in Sync Measure 3-D (written by Joachim
Walter, http://rsbweb.nih.gov/ij/plugins/sync-windows.html).
Five beads were averaged for each channel. Lateral
[Figs. 2(a) and 2(c)] and axial [Figs. 2(b) and 2(c)] shifts
rounded off to whole voxels were determined for the
543- and 633-nm channels relative to the 488-nm channel,
which was used as a reference channel for the registration of
the 3-D data sets. The 543-nm channel was shifted by 1
pixel in the X-axis, and the 633 nm channel was shifted by 1
voxel in all three (X, Y, and Z) axes, relative to the 488 nm chan-
nel. Both bead solutions were properly diluted, prepared on
microscopy slides, mounted with ProLong Gold (Invitrogen),
and captured using the same image acquisition parameters
used for the cell samples.

Fig. 1 Maximum intensity projections (MIPs) and volumetric representations of the PSF for the excitation wavelengths of 488 (a), 543 (b), and 633 nm
(c). The XZ, YZ, and XY MIPs are located to the left, right, and bottom for each PSF, respectively. Each PSF data set has a volume of
1.54 x 1.54 % 5.11 pm. The PSFs were estimated by imaging and averaging three different subresolution fluorescent microspheres with the same
image acquisition settings as for the cell samples.
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Fig. 2 Representation of chromatic shifts in the lateral (a) and axial (b) axes for 1-pm fluorescent microspheres excited with the 488-, 543-, and 633-nm
laser lines (using two types of beads with different emission spectra). The intensity profiles (c) adapted from (a,b) clearly demonstrate chromatic lateral
(top) and axial (bottom) shifts and image registration (dotted line). The scale bar represents 1 pm. The asterisks indicate the intensity profiles of the
registered data set.

The restored and chromatic shift-corrected images were (written by Fabrice Cordelires and Jonathan Jackson, http://
background-subtracted, converted to the 8-bit format, and thre- rsbweb.nih.gov/ij/plugins/track/objects.html).3
sholded before colocalization analysis. After several algorithms
were tested, a manual threshold was considered the most suita- o o
ble in this study, and a lower threshold cutoff of 13 grayscale 2.9 Quantitative Colocalization
values was sufficient to eliminate background and maintain the
specific fluorescence signal for all three channels of the 8-bit
pre-processed images. For the analysis of the raw image Z-

To compare the intracellular trafficking and dissociation of poly-
plexes formed by the two chitosans, quantitative colocalization
analysis was based on the pre-processed, multichannel confocal

stacks, higher threshold values were necessary, because of a Z-stacks of cells that had been incubated with the fluorescently
higher background signal and noise level. The entire cells labeled polyplexes and immunostained. Several parameters
were defined as regions of interests (ROIs) for colocalization were used to quantify the 3-D colocalization of the objects in
analysis, and the ROIs were drawn based on bright-field images the multichannel images, in order to determine the optimal para-
[Fig. 3(a)]. The density of endosomes in each cell was calculated meters to use and to achieve better reliability of the results. The
as the number of endosomes with respect to the volume of the colocalization between pDNA and chitosan was analyzed to
cell’s 3-D ROI using the TmageJ*’ 3-D object counter plug-in indicate molecular binding and dissociation, and colocalization

Fig. 3 Bright-field image (a) and raw (b) and pre-processed (c—f) fluorescence images of a Hela cell that was incubated for 15 min with pDNA (red)
complexed with SBTCO (blue) and immunostained with anti-EEAT (green). The bright-field image was included to indicate the cell membrane and the
location of the nucleus, whereas the nucleus in the fluorescence images is localized by the absence of EEs. The fluoresence signals from the labeled
pDNA, chitosan, and EEs in the pre-processed image (c) are separated into three different channels in (d-f). Pre-processing included deconvolution,
chromatic channel registration, and background subtraction. The scale bar (a) represents 4 pm.
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between the particles and EEs was analyzed to indicate particle
transport via EEs. In the analysis of colocalization with EEs,
pDNA and chitosan were included, regardless of whether
they were free or bound in polyplexes.

Scatter plots, Pearson’s correlation coefficient (PCC), Man-
ders’ colocalization coefficients (MCCs), intensity correlation
analysis (ICA) plots, and the intensity correlation quotient
(ICQ) were obtained using the ImageJ** plug-in Intensity cor-
relation analysis (written by Tony Collins, http://www
.uhnresearch.ca/facilities/wcif/software/Plugins/ICA.html). A
brief description of each colocalization parameter follows.
For convenience, we refer to the channel pair in a colocalization
analysis as “channel A” and “channel B”.

In a scatter plot, the intensity distributions of the two chan-
nels are plotted against one another, and a diagonal line indicates
perfect proportional codistribution. The PCC quantifies the
spread of the distribution with respect to this line by estimating
the goodness of the linear approximation.®'* The PCC is a para-
meter that is widely used to calculate the correlation between the
voxel intensities in two channels and ranges from -1 (perfect
negative linear relationship between the fluorescence intensities)
to 1 (perfect positive linear relationship between the fluores-
cence intensities), although the interpretation of negative values
and values close to zero are not straightforward. PCC reports the
covariance and is independent of the signal offset (background)
but sensitive to image noise and contributions from the PSF.!%4
Because it is sensitive to variations in fluorescence intensi-
ties,* the PCC will fit a single line even to segregated groups
of data points in samples with heterogeneous colocalization
relationships.

MCCs provide separate information for the two fluorescent
molecules (i.e., MCC, indicates the fraction of the fluorescence
signal in channel A colocalized with a signal in channel B, and
vice versa for MCCp) and range from O to 1.* The coefficients
strictly measure co-occurrence and are independent of the signal
intensities. Thus, MCCs are a good choice if the intensities in
the two channels are very different, but they are affected by the
signal offset, noise, and contributions from the PSE.!**

ICA describes the intensity synchrony between channels A
and B. The product of the differences from the mean (PDM) is
defined as PDM = (A —a) *« (B — b), where A and a are the
voxel intensity and mean intensity, respectively, in Channel
A, whereas B and b are the voxel intensity and mean intensity,
respectively, in Channel B. The ICA is based on the assumption
that the sum of the PDM values approaches zero.? If the fluor-
escence intensities in the two channels are dependent or segre-
gated, then the PDM assumes a positive (colocalization) or
negative (segregation) value, respectively. ICA results can be
presented in two ICA plots where the voxel intensities in the
two channels are plotted along the Y-axis as functions of the
PDM values along the X-axis. In ICA plots, colocalized and seg-
regated voxels will be found on the right and the left side of the
Y-axis, respectively. When such plots are difficult to interpret
because of noise, background, or randomly distributed fluores-
cence, a more quantitative parameter that reflects the degree of
dependency between the two channels, the ICQ, can be calcu-
lated. The ICQ is defined as the ratio of the number of positive
PDM values to the total number of voxel pairs subtracted by 0.5,
and it assumes values ranging from —0.5 to 0.5. An ICQ of —0.5,
0, or 0.5 indicates totally segregated, random, or dependent
staining, respectively. Similar to the MCCs, the ICA method
can be applied in situations of heterogeneous staining. A
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high ICQ value does not necessarily imply a large number of
colocalized voxels, but a high covariance (i.e., the voxel inten-
sities of two fluorochromes vary together to a large extent).

2.10 Statistics

The experimental groups (n = 13 to 35 cells in each group) con-
sisted of two different polyplexes (LCO and SBTCO) and three
different incubation times (15 min, 1 h, and 3 h). The average
values of the quantitative colocalization parameters (PCC,
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Fig. 4 Resulting effect of image pre-processing (deconvolution, chro-
matic shift-correction, and background subtraction) on the intensity cor-
relation analysis (ICA) represented by the scatter plots of the paired
intensities of the two channels (left) and the individual fluorescence
intensities of channel A (center) and channel B (right) plotted as func-
tions of their respective PDM-values [(A-a)(B-b)]. The plots for pDNA
and chitosan (a,b), pDNA and early endosomes (c,d), and chitosan and
early endosomes (e,f) are based on raw (a,c,e) and pre-processed (b,d,f)
confocal Z-stacks of one representative Hela cell that was incubated
with pDNA-LCO polyplexes for 1 h and immunostained with anti-EEAT.
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MCCs, and ICQ) were calculated for each group and compared
statistically using Student’s t-test for normalized data or the
Mann-Whitney test for sample populations with n <30 that
did not follow a Gaussian distribution. A significance criterion
of p <0.05 was used.

3 Results

3.1 The Effect of Pre-Processing on Image Quality
and Colocalization Results

Image pre-processing [Figs. 3(c)-3(f)] reduced the noise and blur
and provided better defined structures compared with raw con-
focal images. The bright-field image [Fig. 3(a)] of the cell
is included to indicate the cell surface and nucleus. The raw
images of the EEs were, in particular, subject to noise because
of nonspecific binding. This noise was efficiently depressed
by the deconvolution algorithm, which resulted in clearly defined
EEs [Figs. 3(c) and 3(f)] in the pre-processed images.

The effect of deconvolution, chromatic channel registration,
and background subtraction of the images on scatter and ICA
plots and quantitative colocalization parameters varied among
different cells within a sample. The plots in Fig. 4 and the colo-
calization parameters in Table 2 present a comparison between
colocalization analysis based on raw and pre-processed images
of a cell. For this particular cell, image pre-processing reduced
most of the colocalization parameters. The effect of pre-proces-
sing was different for the various quantitative parameters.
Whereas the MCCs were, in general, highly influenced by
image pre-processing, the effect on the ICQ and PCC was
more random. Regarding MCC,, pre-processing reduced the

Table 2 Quantitative colocalization parameters of raw and pre-
processed” confocal Z-stacks. The degree of colocalization is estimated
by Manders’ colocalization coefficients (i.e., MCC, is the fraction of
objects in Channel A colocalized with objects in Channel B, and
vice versa for MCCp), the intensity correlation quotient (ICQ), and
Pearson’s coefficient (PCC).> The values correspond to the representa-
tive cell in Fig. 4.

MCC, MCCq ICQ PCC

pDNA (Channel A) and chitosan (Channel B)

Raw 0.91 0.65 0.23 0.50
Pre-processed 0.68 0.48 0.16 0.12
pDNA (Channel A) and EEs (Channel B)

Raw 0.83 0.12 0.21 0.16
Pre-processed 0.11 0.07 0.14 NA
Chitosan (Channel A) and EEs (Channel B)

Raw 0.90 0.19 0.24 0.29
Pre-processed 0.21 0.20 0.13 NA

Pre-processed images are deconvolved, chromatic shift-corrected, and
background subtracted. Because of their higher background, the
raw images were subjected to higher threshold values than the
deconvolved images. Without thresholding, the images demon-
strated unreasonably high colocalization.

PNA (not applicable) as negative values of PCC were excluded.
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fraction of pDNA located in EEs in most cells as well as the
fraction of chitosan located in EEs in all of the analyzed
cells. The effect was not as pronounced for the fraction of
EEs colocalized with pDNA or chitosan (MCCg). Whereas
the fraction of pDNA colocalized with chitosan was not consis-
tently influenced by image pre-processing, the fraction of chit-
osan colocalized with pPDNA (MCCg) was higher in the raw
images than in the pre-processed images for the majority of
the cells.

3.2 Qualitative Interpretation of Uptake and
Intracellular Trafficking

Clear differences in the cellular uptake and intracellular traffick-
ing of polyplexes formed by the two chitosans were observable
by the eye. More free or complexed pDNA overlapped with EEs
or other well-defined intracellular structures for cells receiving
pDNA-SBTCO compared with those receiving pDNA-LCO at
all incubation times [Figs. 5(a)-5(c), 5(g)-5(1)].

In cells incubated with pDNA-LCO for 15 min [Fig. 5(a)],
free or complexed pDNA and LCOs were rarely observed in the
EEs or other vesicles, and some polyplex aggregation was
observed. More than half of the cells (57%) incubated for
15 min with LCO polyplexes did not contain any pDNA.
All of the cells incubated with pDNA-SBTCO for 15 min
[Fig. 5(g)] demonstrated polyplex uptake, and very little aggre-
gation was observed. Free and complexed pDNA or SBTCO
partly overlapped with EEs but mainly assembled in other
small structures.

After 1 and 3 h of incubation, polyplex aggregation, indi-
cated by larger pDNA-chitosan structures, was observed in
most of the cells incubated with pDNA-LCO [Figs. 5(b) and
5(c)], whereas pDNA-SBTCO aggregation mainly occurred
after 3 h [Fig. 5(1)]. The large polyplex assemblies observed
for both chitosans were apparently located intracellularly.
However, confocal images may contain some contributions
from out-of-focus light. Therefore, it could not be easily con-
cluded whether these aggregates were internalized or partly
attached to the cell surface. Although a few cells incubated
with pDNA-LCO for 1 and 3 h showed atypical behavior
with pDNA located in well-defined structures, free chitosan
but less pDNA was generally observed in vesicles, compared
with cells incubated with SBTCO polyplexes.

3.3 Quantitative Colocalization Analysis

Quantitative 3-D colocalization analysis was performed, and
several colocalization parameters were determined (MCCs,
ICQ, and PCC). 3-D reconstructions of images based on voxels
with positive PDM values are presented to visualize colocalized
objects [Figs. 5(d)-5(f), 5(G)-5(1)]. Quantitative results (Fig. 6)
revealed a significant degree of colocalization between pDNA
and chitosan for both LCOs and SBTCOs. Few polyplexes
were located in EEs, but rather in other well-defined structures
in the cytoplasma, and polyplexes formed by LCOs and
SBTCOs showed different kinetics in intracellular trafficking.

All of the parameters indicated a considerable degree of colo-
calization between pDNA and both chitosans at all of the incu-
bation times, although most of the colocalization parameters
decreased within 3 h of incubation. According to MCC,, the
high fraction of pDNA colocalized with LCOs (0.80 £ 0.14)
and SBTCOs (0.75 £ 0.19) after 15 min of incubation slightly

February 2012 « Vol. 17(2)



Reitan et al.: Quantitative 3-D colocalization analysis as a tool to study the intracellular trafficking ...

B e "y E i [ £

A i = . ““W}
i ey e

..;‘? AF . "B ¢

@ - i [(9] U] ®

Fig. 5 Hela cells that were incubated for 15 min (a,d,g,j), 1 h (b,e,h,k),
and 3 h (cf,i,l) with pDNA complexed with LCOs (a—f) and SBTCOs
(g-1) and immunostained with anti-EEA1. (a—c,g—i): Confocal images
of multilabeled samples (red, pDNA; dark blue, chitosan; and green,
EEs). (d—f,j—I): Colocalized objects are indicated by voxels with positive
PDM values after ICA analysis (yellow, pDNA colocalized with EEs;
cyan, chitosan colocalized with EEs; and magenta, pDNA colocalized
with chitosan). Arrows indicate colocalization between pDNA and EEs.
Only cells containing pDNA and demonstrating colocalization are
shown in the figure. In the cells incubated with pDNA-LCO for
15 min (a,d), uptake of pDNA was observed in only 57% of the
cells. The deconvolved image stacks were surface-reconstructed in
Amira (Visage Imaging). The scale bars represent 2 pm.

decreased within 3 h (0.68 £+ 0.13 and 0.66 £ 0.21 for LCOs
and SBTCOs, respectively) [Fig. 6(a)], and no significant differ-
ences in colocalization (MCC,) between pDNA and chitosan
were observed for the two chitosans. For both polyplexes, the
intracellular fractions of chitosans colocalized with pDNA
(MCCpg) were lower than the fractions of pDNA colocalized
with chitosans (MCC, ), possibly due to an excess of free chitosan
in the polyplex solution.* The fraction of LCOs colocalized with
pDNA after 15 min of incubation (0.64 £ 0.22) was significantly
higher than that of SBTCOs colocalized with pDNA (0.28+
0.13) [Fig. 6(b)] but decreased and subsequently increased within
3 h. For cells incubated with polyplexes for 1 and 3 h, no sig-
nificant differences were observed between the fractions of
LCOs and SBTCOs colocalized with pDNA, and the latter
remained unchanged for all of the incubation times. Further-
more, the ICQ for colocalization between pDNA and chitosan
[Fig. 6(c)] was significantly higher at 15 min for LCOs
(0.25 £ 0.05) than for SBTCOs (0.22 4 0.03) and decreased

Journal of Biomedical Optics

026015-7

faster for LCOs than for SBTCOs. Also, the PCC for pDNA
and chitosan [Fig. 6(d)] was initially significantly higher for
LCOs (0.45 £ 0.17) than for SBTCOs (0.26 &£ 0.15), but the
situation was reversed after 1 h (0.21 +0.04 and 0.32 +0.19
for LCOs and SBTCOs, respectively). After 3 h of incubation,
no significant differences between the pDNA complexed with
LCOs and the pDNA complexed with SBTCOs were found
for any of the colocalization parameters.

Regarding the colocalization of pDNA and chitosan with
EEs, the parameters do not take into account whether pDNA
and chitosans were free or complexed. In general, the fractions
of pDNA and chitosan colocalized with EEs were higher than
the fractions of EEs colocalized with pDNA or chitosan, which
indicates that most EEs did not contain pDNA or chitosans.
MCC, indicated no significant difference between polyplexes
formed by LCOs (0.17 £ 0.14) and those formed by SBTCOs
(0.10 £ 0.08) with respect to the fractions of pDNA located in
EEs after 15 min of incubation [Fig. 6(e)]. However, the kinetics
for reaching the EEs in cells incubated with the two polyplexes
were different. The fraction of pDNA located in EEs decreased
with time for cells incubated with pDNA-LCO, whereas it
reached, within 3 h, a more than four-fold increase compared
with pDNA-LCO (0.06 £ 0.07) for cells incubated with the
SBTCO polyplexes (0.28 & 0.21). The MCCy for the fraction
of EEs colocalized with pDNA was initially low for both chit-
osans (<0.05) and increased within 3 h to 0.12 & 0.10 for cells
incubated with pPDNA-SBTCO [Fig. 6(f)], whereas it remained
low for cells incubated with pDNA-LCO. A higher number of
EEs was observed after 15 min and 1 h of incubation in cells
incubated with pDNA-LCO compared with those incubated
with pDNA-SBTCO, as estimated by the density of EEs
(number of EEs per cell ROI volume). After 3 h of incubation,
the number of EEs was equal (data not shown). Regarding the
colocalization between free or complexed chitosan and EEs,
MCC, indicated no significant differences after 15 min of
incubation between the fractions of LCOs (0.20 £ 0.15) and
SBTCOs (0.17 £0.08) colocalized with EEs [Fig. 6(h)].
However, after 3 h, the fraction of LCOs located with EEs
had decreased to half its initial value, whereas the fraction of
SBTCOs more than doubled its initial value. This trend is in
accordance with the results for the fraction of pDNA in EEs
for cells incubated with pPDNA-SBTCO. The MCCy indicated
that the fraction of EEs colocalized with chitosans was initially
low and increased with time for both chitosans [Fig. 6(i)], reach-
ing a value that was more than twice as high for SBTCOs
(0.26 £ 0.14) than for LCOs (0.10 £ 0.09) within 3 h. The
initial ICQ value of 0.18 4 0.02 for the colocalization of EEs
with pDNA or chitosan slightly decreased with time [Figs. 6(g)
and 6(j)], and no significant differences were observed between
the two chitosans at any time. Negative PCC values were reported
for colocalization between EEs and pDNA or chitosans and were
not considered valid.

4 Discussion

A quantitative 3-D colocalization analysis was used to study
whether intracellular trafficking and the dissociation kinetics
of pDNA-chitosan could explain the higher transfection efficacy
of polyplexes formed by SBTCOs compared with those formed
by LCOs.22527 Most colocalization studies of the intracellular
trafficking of polyplexes have been performed qualitatively by
visual inspection of overlapping colors."*37> This approach is
possible if both channels display high fluorescence intensities.

February 2012 « Vol. 17(2)



Reitan et al.: Quantitative 3-D colocalization analysis as a tool to study the intracellular trafficking ...

DNA and chitosan DNA and EEs Chitosan and EEs

a e h
( )MCCA: Fraction of DNA overlapping chitosan ( ) MCC,: Fraction of DNA overlapping EEs ( )MCCA: Fraction of chitosan overlapping EEs
15 min - 15 min 15 min *tt
1.0 1 =1h 06 =1h 08 ; ==t
= 3h * = 3h = 3h
1+ 05 E 05
0,8 4
0,4 0,4
0,6
0,3 0,3
04 1 11
0,2 0,2
1
0,2 4 0,1 0,1
0,0 - 0,0 0,0
LCO SBTCO LCO SBTCO LCO SBTCO
b f i
( )MCCB: Fraction of chitosan overlapping DNA ( ) MCC: Fraction of EEs overlapping DNA ( ) MCC: Fraction of EEs overlapping chitosan
15 min 15 min 15 min
1.0 =1h 0.8 ==1h 0.6 ==1h
= 3h = 3h = 3h
0,5 0,5
0,8
04 04 1 p
0,6
0,3 0,3 1
0,4 *t1
0,2 0,2 ot
02 0.1 R 0,1
0,0 0,0 0,0 4
LCO SBTCO LCO SBTCO LCO SBTCO
(c) _ 9 ) .
ICQ for DNA and chitosan ICQ for DNA and EEs ICQ for chitosan and EEs
15 min - 15 min 15 min
0,3 1 =1h 03 ==1h 03 =1h
. 3 h . 3 h = 3 h
1 U 11
1 t t
0,2 0,2 - L § 0,2 1 T
0,1 0,1 0,1
0,0 0,0
LCO SBTCO LCO SBTCO LCO SBTCO
(d) ,
PCC for DNA and chitosan
0,6 - 15 min
==1h
051 , ==3h
0,4 .
0,3 4
0,2
0,14
0,0

LCo SBTCO

Fig. 6 Quantitative colocalization analysis of HeLa cells that were incubated for 15 min, 1 h, or 3 h with pDNA complexed with LCOs or SBTCOs and
immunostained with anti-EEAT. The fractions of objects in one channel colocalized with objects in another channel are presented by Manders’ colo-
calization coefficients (i.e., MCCj (a,e,h) and MCC; (b,f,1)). Colocalization was also quantified by the intensity correlation quotient (ICQ) (c,g,j) and by
Pearson’s correlation coefficient (PCC) for pDNA and chitosan (d). Negative values of PCC were not considered to be valid and were excluded. The
average values and standard deviations are based on n = 13 to 35 cells. Colocalization after different incubation times were compared for polyplexes
formed by the two chitosans; t indicates significant difference from 15 min, and # indicates significant difference from 1 h. Significant differences
between LCOs and SBTCOs for a respective incubation time are indicated by *.

If the intensity in one of the channels is low, then the eye will
conclude erroneously that the particles are not colocalized.
Furthermore, colocalization has often been quantified by analyz-
ing 2-D images without regard to image resolution or pre-
processing, which both may have a great impact on quantitative
results. Furthermore, 2-D lateral imaging gives incomplete
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information about the spatial organization of 3-D structures,
which also have an axial dimension. Colocalization analysis
of biological molecules and intracellular structures should there-
fore be performed in all three dimensions.®® In the present study,
we performed quantitative 3-D colocalization analysis, and ef-
forts were made to optimize the protocols for sample preparation,
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image acquisition, and pre-processing to minimize false coloca-
lization events,'®!!

4.1 Sample Preparation and Pre-Processing
of Images

The results of the intracellular trafficking studies based on fluor-
escence imaging depend on cell type, cargo, sample preparation,
choice of fluorescent dyes, imaging setup, and image pre-
processing and analysis. Therefore, several considerations
were taken when optimizing the experimental protocol of the
present study. Although Cy5 as a DNA label may induce
some aggregation of the polyplexes,*® its covalent attachment
to DNA was preferred over intercalators. When immunostained
samples are imaged, background fluorescence caused by non-
specific staining may reduce the SNR and, in turn, cause an
overestimation of colocalization. To minimize the nonspecific
staining, several procedures for sample preparation were preli-
minarily tested, and the cells were thoroughly washed during
immunostaining to remove excess antibodies. Confocal micro-
scopy is well suited for quantitative multichannel 3-D coloca-
lization studies and has the advantage that the pinhole in
front of the detector reduces contributions from out-of-focus
light. However, the reduction of out-of-focus contributions
may result in a loss of light and reduction in the SNR. Therefore,
we chose pinhole sizes® equal to and larger than 1 Airy unit
when fulfilling the requirement of equal optical section thick-
ness between the channels in quantitative multichannel 3-D
colocalization analysis.>! Deconvolution and colocalization ana-
lyses require proper sampling of the image Z-stacks. According
to the Nyquist sampling theorem, the image voxel size should
be equal to the lateral or axial resolution limit divided by a
minimum of two to avoid loss of spatial information (undersam-
pling).3 Although oversampling reduces the signal intensity in
each voxel to cause a dimmer image, it gives better image
restoration when using 3-D deconvolution algorithms. There-
fore, we sampled a minimum of three samples per resolvable
element. Imaging artifacts, such as chromatic shifts between
the channels, are not acceptable in colocalization analysis
and were measured and corrected for, both laterally and axially.
Chromatic shifts can be caused by several factors, such as chro-
matic aberrations, refraction index mismatch, irregularities and
misalignments in the optical train, and/or mechanical shifts
between filter cubes or dichroic mirrors.'*!3!

Image pre-processing influences quantitative colocalization
results in several ways. Noise and blur in the raw images
may induce randomly overlapping voxel intensities, in which
there is no “real” colocalization. The reduction of noise and
blur by background subtraction and image deconvolution
may thus minimize false positive colocalization events.’> Chro-
matic shifts resulting from chromatic and mechanical aberra-
tions also affect the overlap of voxels'>*¥ and increase or
decrease the number of colocalizing voxels. In the present
study, pre-processing had varying effects on the colocalization
analysis. MCCs were highly influenced by image pre-
processing and demonstrated, in general, a higher degree of
colocalization in raw images than in pre-processed images.
This effect was not unexpected, because MCCs are known to
be highly affected by noise and image degradation.!®*® The
effect from image pre-processing on the ICQ and PCC was
more random and less pronounced.
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4.2 Colocalization Analysis and Intracellular
Trafficking

To obtain quantitative information, the colocalization was esti-
mated by MCCs, ICQ, and PCC. Although the analysis is more
robust when several parameters are used in combination, it is
important to be aware of the slightly distinct interpretations
of the colocalization parameters, and to remember that they
may be suited for different cases. Before performing quantitative
colocalization analysis, one should thus consider which para-
meter best provides information about the biological system
under investigation. Whereas MCCs indicate colocalization
even if the intensity is bright in one channel and dim in the
other, the ICQ and PCC are based on the covariance of the
voxel intensities. The ICQ and PCC may therefore be preferred
when analyzing intermolecular binding and dissociation, such as
interactions between pDNA and chitosan. When studying
whether molecules are contained in vesicles or other organelles,
a correlation of the intensity between the fluorescent labels of
the cargo and those of the vesicle should not be expected,*® and
we suggest that the MCCs are more reliable than the ICQ and
PCC in such cases. This may be the reason the ICQ failed to
identify the increasing colocalization with time between EEs
and pDNA or SBTCOs, as reported by MCCs. MCCs may
thus be more suitable to indicate the degree of colocalization
between the particles and EEs. MCCs have the additional advan-
tage of providing split information for the two channels, which
means the amount of pDNA contained in the EEs can be studied
independently of the amount of EEs involved in pDNA trans-
port. This split information is in contrast to the ICQ and
PCC, which indicate one combined value for the colocalization
between the two channels. The PCC is the most commonly
used quantitative estimate of colocalization for multichannel
fluorescence imaging of biological samples,'*! but it is only
valid when a strong correlation of the voxel intensity occurs.
PCC was only included for the correlation analysis between
pDNA and chitosan, and it demonstrated partial colocalization
in agreement with the other parameters.

Effective gene delivery requires a balance between proper
stability of the polyplexes to protect pPDNA from degradation
and pDNA release to activate transfection.”>>*>* Thus, studies
of pDNA-chitosan dissociation are important.*’ Colocalization
between pDNA and chitosan in the cells was clearly indicated
by MCCs, ICQ, and PCC. A reduction with time in these colo-
calization parameters indicates a transition from initially bound
complexes to dissociation. Therefore, the faster decrease in ICQ
and PCC for pDNA and LCOs compared with pDNA and
SBTCOs indicates that the binding between pDNA and
SBTCOs is more stable. The kinetics of polyplex dissociation
may be crucial for efficient transfection. SBTCO polyplexes
have demonstrated a slightly higher physical stability than
pDNA-LCO, but also an earlier onset of transfection.”'*
This fine balance between polyplex stability and pDNA release
may partly explain their higher transfection efficacy compared
with pDNA-LCO.!#

More pDNA was internalized by a higher number of
cells when complexed with SBTCOs compared with LCOs,
which has also recently been demonstrated.”® For both
pDNA-LCO and pDNA-SBTCO, there was an excess of free
chitosans in the cells. After polyplex preparation, the solution
contains a substantial amount of unbound chitosans.*’ The frac-
tion of SBTCOs bound to pDNA in the polyplex solution has
previously been reported to be lower than for LCOs.*’ If the
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excess of free chitosan is taken up by the cells together with the
polyplexes during incubation, it may explain why a higher frac-
tion of free SBTCOs compared with free LCOs was observed
intracellularly from the confocal images, and why the quantita-
tive colocalization parameters demonstrated a higher initial
uptake of free SBTCOs compared with LCOs. The higher
excess of free SBTCO may contribute to an enhanced transfec-
tion efficacy due to chitosan’s buffering capacity.’! Particles
internalized by clathrin-mediated endocytosis are known to
be transported to EEs, and caveolae are also reported to fuse
with EEs.**3 Therefore, the internalization pathways of
pDNA-chitosan polyplexes were studied by measuring coloca-
lization with EEs. The colocalization analysis demonstrated that
polyplexes formed by both chitosans were transported to EEs,
but to a different extent and at different rates. In cells incubated
with LCO polyplexes, the fraction of pDNA in EEs decreased
with time during the 3 h of measurements, whereas the fraction
of EEs colocalized with pDNA increased in cells incubated with
SBTCO polyplexes. However, only a small fraction of the total
pDNA and/or chitosan was contained in EEs, and the particles
were located in the cytosol or in other well-defined, vesicular-
like structures, particularly for samples incubated with pDNA-
SBTCO. We have previously demonstrated that LCO polyplexes
are taken up via both the clathrin- and caveolae-mediated path-
ways, whereas polyplexes formed by SBTCOs are primarily
internalized by caveolae-mediated endocytosis.”>® Most of
the well-defined structures observed in the present study
were therefore presumed to be a result of caveolae-mediated
internalization. The difference in the kinetics of pDNA reaching
EEs for the two types of polyplexes may occur because
caveolae-mediated endocytosis is a slower internalization
process and will deliver the cargo to the EEs later than cla-
thrin-mediated endocytosis. Despite a higher uptake of
pDNA-SBTCO compared with pDNA-LCO, a lower number
of EEs was found in cells incubated with pDNA-SBTCO,
which supports the idea that pDNA-SBTCO polyplexes are
using a different endocytotic pathway. The decrease in the frac-
tions of pDNA and LCOs in the EEs within 3 h may be attrib-
uted to particle transport from EEs to the cytosol or to LEs and
lysosomes for degradation. The destination of the caveolae-
mediated endocytosis is controversial, but most reports suggest
that caveolae fuses with EEs, although some also suggest inter-
action with the Golgi apparatus or release of the cargo in the
cytosol 2*3385758 Cargo internalized via this pathway may
therefore escape lysosomal degradation, which may partly
explain the higher transfection efficacy obtained for SBTCO
polyplexes.

The choice of endocytotic pathways and the degree of cellular
uptake is partly determined by properties of the particle, such as
charge and size.® Although SBTCOs have a larger molecular
weight (Table 1) and form polyplexes with a larger fraction of
globular structures compared with LCOs,>"* the observed
aggregation of the particles may have a greater effect on the cel-
lular uptake than small differences in the size and shape of single
polyplexes. The observed higher tendency of pDNA-LCO, com-
pared to pDNA-SBTCO, to aggregate and bind to the cell surface
has also been reported previously.’®?”3¢ There are conflicting
reports in the literature on how particle size affects the choice of
uptake mechanisms.*>®! However, it has been suggested that the
clathrin-mediated pathway is preferred by larger particles,
whereas smaller particles are internalized by caveolin-coated
pits.®! This is consistent with our results, considering that
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pDNA-LCO assembles into larger structures than pDNA-
SBTCO. Altogether, the present colocalization study supports
our previous results that polyplexes formed by LCOs and
SBTCOs are internalized by different pathways.

5 Conclusion

We used a quantitative 3-D colocalization analysis to study dis-
sociation and the intracellular trafficking of pDNA-chitosan
polyplexes formed by LCOs and SBTCOs. Image deconvolu-
tion and correction for chromatic shifts in the confocal images
were performed before colocalization analysis, and several colo-
calization parameters were determined. MCCs, which are inde-
pendent of intensity variations between the two channels, were
the more relevant parameter to study the localization of particles
in intracellular compartments. ICQ and PCC, which are based
on the covariance of the voxel intensities in the two channels,
and the MCCs showed similar trends in molecular binding
between pDNA and chitosan. The intracellular localization of
the polyplexes, free pDNA, and free chitosans demonstrated dif-
ferences between the two chitosans in the amount of cellular
uptake, and in the intracellular pathways and rates of dissocia-
tion, which all may be important factors for effective transfec-
tion. Our results agree with previous conclusions that polyplexes
formed by SBTCOs have properties that are more favorable for
cellular uptake and intracellular trafficking compared with
LCOs. This study demonstrates that quantitative 3-D colocali-
zation analysis can yield valuable supportive and complemen-
tary information to other methods?’*>>® and help to explain
the variations in the gene delivery efficiency of linear and
branched pDNA-chitosan polyplexes.
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