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Background: Multiphoton tomography (MPT) is suitable to
perform both ex vivo and in vivo investigations of living skin
and cell cultures with submicron resolution. Fluorescence life-
time imaging (FLIM) generates image contrast between differ-
ent states of tissue characterized by various fluorescence
decay rates. Our purpose was to combine MPT and FLIM to
evaluate fibroblasts and collagen fibres produced in vitro.
Methods: Fibroblast cultures, 2—-4 days old, at a subconfluent
stage, were evaluated before and after irradiation with a single
UVB dose. One month old cultures stimulated with ascorbic
acid were also assessed.

Results: After UVB radiation, fibroblasts appear irregular in
size, lose their alignment and show a decrease in fluorescence
lifetime. One month-old fibroblasts, producing collagen fibres

after stimulation with ascorbic acid, appear as small roundish
structures intermingled by filaments showing a granular
arrangement.

Conclusion: The combination of MPT and FLIM may be use-
ful for the in vitro study of cell modifications induced by injur-
ious or protective agents and drugs.
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T HE RECENT development of advanced non-
invasive clinical imaging instruments has
facilitated fast observation of the skin at high
resolution, valuable both in laboratory research
and clinical practice. One of the most recent clin-
ical imaging technologies is multiphoton tomog-
raphy (MPT), which is becoming established as
the preferred method for image living cells with
submicron resolution (1). MPT can exploit auto-
fluorescence of intrinsic tissue fluorophores,
thereby enabling functional and structural imag-
ing of unstained biological tissue (1-8). Whereas,
for conventional confocal fluorescence micros-
copy, fluorophores are excited by absorption of
individual photons in the visible or ultraviolet
spectrum, MPT excitation entails the simulta-
neous absorption of two or more photons of
longer wavelength, usually in the near-infrared

spectrum. This longer wavelength infrared radi-
ation undergoes less scattering than visible light,
thus facilitating high-resolution imaging deeper
into biological tissue. Efficient MPT excitation
usually requires ultrashort femtosecond laser
pulses, which are also efficient in producing the
nonlinear effect of second harmonic generation
(SHG), engendered by periodic structures in
tissue matrix components such as collagen (8).
The combination of autofluorescence imaging
and SHG gives access to morphology and struc-
ture of both cells and extracellular matrix of the
skin (1-8). Fluorescence lifetime imaging (FLIM)
is an additional technique based on the time-
resolved analysis of the fluorescence signal
enabling the non-invasive imaging of different
states of tissue characterized by different fluo-
rescence decay rates (9, 10).
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UV radiation is directly related to the devel-
opment of skin cancer and the carcinogenic
effect is primarily attributed to the UVB portion
of solar radiation (11-13). In response to UVB-
induced damage, the cell can trigger cell-cycle
arrest, providing time for DNA repair before
replication or apoptosis. Induction of apoptosis
following UV radiation can be a self-protective
mechanism by which irreversibly damaged and
potentially neoplastic cells are deleted. More-
over, both cell necrosis and apoptosis represent
evaluation parameters considered in in wvitro
experiments assessing the toxicity or the protec-
tive capacity of different molecules. Fibroblasts
represent the main cell population of the dermis
generating the dermal extracellular matrix com-
posed of glycosamino-glycans, reticular and
elastic fibres, and glycoproteins. Cultured fibro-
blasts are often employed to study the cellular
response to various chemical stimuli and to UV
radiation. So far, fibroblasts’" morphology has
been evaluated mainly using optical micros-
copy; whereas to confirm the apoptotic process,
fixation and staining procedures are necessary.

The aim of our study was to combine MPT
and fluorescence lifetime imaging to evaluate
fibroblasts and collagen fibres produced in vitro.
Fibroblast cell cultures were assessed, before
and after UVB-induced damage, for the identifi-
cation of alterations of the morphology of single
cells and nuclei and modifications of fluores-
cence lifetime decay rates suggestive of cell
damage or apoptosis. Moreover, fibroblast cell
cultures were grown for 1 month and treated
with ascorbic acid to stimulate the production
of collagen fibres, which were studied by means
of MPT and FLIM.

Material and Methods

Cell cultures

Normal human fibroblasts were obtained after
excision of skin specimens from neonatal fore-
skin. The skin was minced in small pieces,
placed in a sterile tube and incubated for
12-18 h in a refrigerator (+4°C) in 2-ml dispase
solution diluted in Hanks” Balanced Salt Solu-
tion. The epidermis was then separated from
the dermis by pliers, and the dermis was trans-
ferred to a 35-mm Petri dish. Fibroblasts were
isolated from the dermis by explant cultures.
The dermis was first cut into tiny pieces
(1-mm? section) and placed into the centre of a
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Fig. 1. The chamber employed for the growth and examination of
cell cultures. b) the chamber containing the culture with the cover
side up under the Dermalnspect®.

25-cm”® flask. Explant cultures were covered
with Dulbecco’s modified eagle’s medium con-
taining 10% foetal calf serum and fed twice
weeklzl Outgrowth cells were sub-cultured in a
25-cm” flask when cells reached 25-50% conflu-
ence. Fibroblasts were inoculated at a density of
18.000 cells/cm? into sterile closed cell cham-
bers by a syringe, inserting the needle through
the silicon ring via the lateral slots. The cham-
ber, MiniCeM -biopsy, JenLab GmbH (Fig. 1)
consists of a silicon ring and two round glass
cover slips, each 0.17-mm thick. The two
components of the chamber are connected by a
bayonet fitting that enables a rapid change of
the internal chamber set. One needle was used
for venting the air from the chamber and
another for introducing cells. After introduction
of cells, the needle was carefully withdrawn, so
that the chamber was sterilely closed. While
working with adherent cell cultures, it was nec-
essary to incubate the chamber horizontally
with the cover with the MiniCeM logo side
up, so that the cell layer was on the cover slip
facing the objective. After 2—4 days of incuba-
tion, especially when cell numbers and size
were large enough to be seen under the optical
microscope, investigations were performed with
the multiphoton tomograph (Dermalnspect®™). It
is necessary to examine the cells within 1 h as
they need to be placed into the incubator (37°C,
5% CO,) to survive. The MiniCeM  is placed
on the in vitro adaptor with a drop of oil on its
surface, and the microscope stage is adjusted
manually until the first cell layers appear.
Figure 1 shows the MiniCeM chamber and its
use on the Dermalnspect in vitro adaptor stage.
To study the effects of UVB radiation on fibro-
blasts, including the morphological aspects of
this phenomenon, we irradiated the fibroblasts



with a single UVB dose of 300 mJ/cm? (14),
using a UVB lamp (TL-20 Watt/12 RS Philips,
Netherlands), which was calibrated by a Goldi-
lux™ smart meter (Oriel, Stratford, CT, U.S.A.).
Fibroblast cell cultures were examined again at
24 h, 48 h and 7 days after UVB radiation. Con-
trol cultures not undergoing UVB irradiation
were assessed only at baseline and at 48 h.
Between examinations, cell cultures were put
into the incubator. In total, we measured 6 sam-
ples, and for each sample, we performed 10
sequential MPT investigations and FLIM acqui-
sitions before and after UVB irradiation. Fibro-
blasts were also seeded in a MiniCeM at a
density of 125.000 cells/cm® Subsequently,
ascorbic acid 250 pumol was added to the culture
medium three times a week. After 1 month,
when a transparent sheet comprising cells and
fibres was produced within the culture, cell cul-
tures were investigated for the presence of
fibres by multiphoton tomography and FLIM.
The transparent film formed by the cell culture
was then embedded in paraffin and coloured
according to the trichromic staining.

Instrumentation and elaboration of the data
Multiphoton tomography: In this study, we used
the MPT Dermalnspect imaging system © (Jenlab
GmbH, Jena, Germany), which provides intra-
tissue scanning with subcellular spatial resolu-
tion (0.5 pm in lateral direction and 1-2 um in
the axial direction) (2, 3, 5, 6). The CE-marked
and commercially available imaging tool is
rated as a class 1 M device according to the
European laser safety regulations and consists
of three major modules: laser, scanning-
detector unit and control module. The laser
source utilizes a mode-locked, 80 MHz, TiS
(titanium:sapphire) laser (Mai-Tai; Spectra
Physics, Mountain View, CA, USA) with a
tuning range of 710-920 nm, a 75-fs pulse
width and a maximum laser power of 900
mW that is attenuated to a maximum of 50
mW at the sample. The scanning-detector unit
consists of a photodiode for electronic trigger-
ing, beam expander, fast x-y galvoscanners, a
40x focusing objective (NA = 1.3 oil) as well
as a photomultiplier tube (PMT) for intensity
imaging. A colour-glass filter (Schott BG39,
ELMSFORD, NY, USA) is employed in front
of the PMT to block the scattered laser
radiation light.

MPT and FLIM imaging of fibroblast cultures

For selective imaging and spectral fluores-
cence lifetime measurements, an excitation
wavelength of 760 nm was applied. The imag-
ing depth was pinpointed to the cell culture
layer. Laser power was attenuated to 3040 mW
at the sample and images were acquired within
8 s per frame.

Fluorescence lifetime imaging (FLIM): Fluores-
cence Lifetime Imaging (FLIM) was imple-
mented in the Dermalnspect® system using a
time-correlated single photon counting (TCSPC)
module with a temporal instrument response
function of approximately 250 ps width. The
emitted autofluorescence was spectrally selected
by means of a short pass optical filter (Schott
BG39) to protect the detector from scattered
excitation light (PMH 100-1; Becker & Hickl
GmbH, Berlin, Germany). False-colour lifetime
maps of cell cultures were produced by assign-
ing a colour according to its lifetime value to
each pixel of the image. The FLIM images were
calculated using the software SPCImage (Becker
& Hickl GmbH). A single exponential decay
titting model was employed to obtain a mean
fluorescence lifetime at each pixel, and a SPC-
Image binning factor of 2 was used in the anal-
ysis. The final output of the FLIM analysis is a
pseudocolour image where the colour scale
encodes the fluorescence lifetime and image
brightness encodes the fluorescence intensity.
All images were displayed with a fluorescence
lifetime range from red (0 ns) to blue (2000 ns).

A custom-written software package (‘FLIM
analysis assistant software’” provided by the
Photonics Group at Imperial College London)
was used to calculate the mean fluorescence
intensity and lifetime values for selected areas
of interest such as the cytoplasm or the
nucleus of single cells. For the processing of
MPT images, a region of interest (ROI) of
100x100 pm? was selected in each field of view.
Within this ROI, the total number of cells and
cytoplasm and nucleus diameters were mea-
sured. For each fluorescence intensity and FLIM
acquisition, average values calculated on five
areas of interest were considered. After baseline
assessment, cell cultures were evaluated again
at 24 h, 48 h and 7 days after UVB irradiation.

Statistics
Values were obtained from 6 cultures. For each
sample, we obtained 10 MPT/FLIM images at
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Fig. 2. MPT intensity images showing normal fibroblast cultures at
3 days post inoculation (a, b), and the morphologic alterations of
fibroblasts after UVB exposure. Arrows indicate in (c) an apoptotic
cell with a pyknotic nucleus, and in (d) a necrotic cell showing
swelling and vacuolation of the cytoplasm 24 h after irradiation.
(e, ) Cells 48 h after irradiation.

each time point and we measured cell diameter,
nucleus diameter, number of cells and lifetime
values from one area of interest per image
(100 pm x 100 pm). Statistical examinations
were performed with spss 12.0 for Windows
(SPSS Inc., Chicago, IL, USA). Mean values and
standard deviations were calculated for each

considered parameter. Post-UV values were
compared to those prior to UV radiation by
means of the Mann—-Whitney test. P < 0.05 was
considered statistically significant.

Results

Morphology of cultured fibroblasts

In Dermalnspect® images, fibroblasts appear as
elongated cells with a big roundish nucleus,
which, at culture confluence, are closely packed
and aligned along the same axis (Fig. 2a, b). In
some cases, the cytoplasm shows a uniform
granular fluorescence, whereas in other cases,
the fluorescent granular material is more asym-
metrically distributed and mostly located
around the nucleus. After UVB irradiation, cells
appear irregular in size and lose their alignment
(Fig. 2c—f). Some cells show a small nucleus and
a condensation of the cytoplasm (Fig. 2c,
arrow), which we believe correspond to apopto-
tic cells. In other cases, cells are larger than nor-
mal and show swelling and vacuolation of the
cytoplasm (Fig. 2d arrow). Moreover, UVB-trea-
ted fibroblasts are oriented in several directions
without a regular spatial organization and in
some cases, their contours are blurred and diffi-
cult to recognize (Fig. 2e, f).

Quantitative data

Table 1 shows the results of the quantitative
assessment of fibroblast cultures before and
after UV radiation. At baseline, maximum
diameter of fibroblast cells was ~130 um and
nucleus diameter was 20 pm; in a region of
interest of 100 um x 100 um, we counted a
mean of 18 cells. Average FLIM values of
cytoplasm and nucleus were comparable
(1180 £ 86 ps and 1136 £ 81 ps respectively).
After UV irradiation, a decrease in the number
of cells/ROI, in cell and nucleus size and an

TABLE 1. Quantitative assessment of cultured fibroblasts: cell and nucleus diameter and number of cells in a region of interest of 100 um x 100 um, and

fluorescence lifetime values

Before UVB-radiation

After UVB-radiation

Baseline 24 h 48 h 7 days
O cell (um) 128.5 + 25.9 94.9*% + 27.6 48.7* + 16 44.8* +£ 9.5
@ nucleus (um) 22.2 + 3.31 21.6 + 4.88 14.8* 4+ 3.5 16* + 3.9
Ne° cells/ROI 18.4 + 5.8 / 7.0 £ 1.2 /
average FLIM cytoplasm (ps) 1180.0 + 86.1 / 1322.0* + 63.0 /
average FLIM nucleus (ps) 1136.0 £+ 81.1 / 1346.3 + 87.5 /

@ = diameter; ROI = region of interest; FLIM = fluorescence decay time in picoseconds (ps); * = significant with respect to baseline values.
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Fig. 3. FLIM images of fibroblasts before (a) and after (b) UVB radi-
ation. The corresponding fluorescence lifetime histograms are also
shown: a shift to the right of the post-UVB curve indicates an

increase in fluorescence lifetime values. The colour bar represents the
fluorescence lifetime on a scale of 0 (red) to 4000 (blue) ps.

Fig. 4. Five week-old fibroblast cultures comprising cells and fibres.
In intensity images (a and b) fibroblasts appear as small cells with a
small nucleus, whereas collagen fibres are filamentous structures,
where in some cases a granular arrangement is observable. In FLIM
images (c-f) both cells and fibres show low FLIM values. The colour
bar represents the fluorescence lifetime on a scale of 0 (red)-4000
(blue) ps.

MPT and FLIM imaging of fibroblast cultures

Fig. 5. Masson’s trichrome staining of normal human fibroblasts
stimulated with ascorbic acid. Collagen fibers appear blue-green, the
cytoplasm pink and the nuclei dark brown.

increase in fluorescence lifetime was observed.
The increase in fluorescence lifetime values is
clearly apparent in the inset histogram of Fig. 3.
Control MPT/FLIM experiments at 48 h
showed no significant change in any of the
assessed parameters.

When 1-month-old cultures, stimulated with
ascorbic acid 250 pmol three times a week, were
assessed, we imaged a continuous sheet com-
prising a mix of cells and fibres (Fig. 4). Fibro-
blasts appeared as small roundish structures
with undefined borders, intermingled by fila-
mentous collagen fibres showing a granular
arrangement; in almost all cells, a small nucleus
was recognizable. When performing the FLIM
investigation, the fibres showed very short life-
times, as expressed by the red and yellow col-
ours of a 0-4000 colour scale. Masson’s
trichrome staining of these 1-month cell cultures
showed the presence of collagen fibres coloured
in blue-green, whereas cell cytoplasm appeared
pink and cell nuclei dark brown (Fig. 5).

Discussion

Multiphoton tomography with FLIM enables
imaging of endogenous fluorophores in the skin
with submicron resolution, which can reveal
detailed morphology of epithelial and dermal
structures (1-8). The main endogenous fluoro-
phores observed in the skin include the reduced
coenzyme NAD(P)H, which emits in the blue/
green spectral range with a maximum around
460 nm (15), oxidized flavoproteins, which emit
in the green spectral region (15), lipofuscin,
which emits in the yellow spectral region (16),
and melanin, which emits in the green/yellow
spectral region (17). The fluorescence signal can
be complemented by the SHG signal that is
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generated when collagen is irradiated with
ultra-short NIR laser pulses (5, 8). For MPT/
FLIM, image data are represented using a
pseudocolour scale to encode fluorescence life-
time. This lifetime contrast permits different cell
types (keratinocyte, melanocyte, fibroblast, etc)
to be distinguished. As the aim of our study
was to perform investigations on a single cell
type, the fibroblast, it was decided to use cell
cultures rather than tissue samples to simplify
the analysis and interpretation. Cultured human
fibroblasts also have an interest by themselves,
as cell cultures are widely used as an experi-
mental model in various types of investigations,
to study of the effect of drugs, especially of
new compounds with potential chemotherapeu-
tic activity, and of mutagenic and carcinogenic
substances. In addition, cell cultures are also
employed to investigate the effect of expres-
sion of specific genes (18, 19). For studies of
radiation-induced cell damage, the outcome is
often evaluated by assessing the morphology of
the fibroblasts using optical microscopy,
whereas to confirm the apoptotic process,
immunohistochemistry,  fluorescence-activated
cell sorting, western blot analysis or molecular
biology are generally employed (20, 21). Using
MPT and FLIM, a precise and rapid morpholog-
ical assessment of the cells can be achieved
without the need of cell processing and staining
or the execution of other laboratory analyses.
After exposure to UVB, we observed a reduc-
tion in mean cytoplasm and nucleus diameter
as assessed in our culture samples. When evalu-
ating the alterations of single cells, however,
two different types of modified fibroblasts were
observed: small roundish cells with a small
nucleus, and large spongiotic fibroblasts with
undefined contours. We note that cell death
generally occurs via two different processes:
necrosis and apoptosis. These forms of cell
death involve different characteristic morpho-
logical changes. Necrotic cells are characterized
by an overall increase in cellular size, followed
by the rupture of the cell membrane and release
of the cellular content, while apoptotic cells
shrink in size and exhibit marked alterations in
the chromatin structure at an early stage (22).
The chromatin becomes highly condensed
within the nucleus and can appear concentric
with the nuclear membrane. As cell death is a
stochastic process, apoptotic stimuli do not tend
to induce death in the cells at precisely the
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same time, and therefore very few apoptotic
cells will be detected when observing a cell
culture or tissue section at a specific time after
a damaging stimulus.

We also applied FLIM to fibroblast cell cul-
tures before and after UVB irradiation. Baseline
FLIM values of fibroblasts were similar to those
observed in upper layer keratinocytes in vivo
(23). We note that characterizing the fluores-
cence lifetime parameters of healthy fibroblasts
may help in identifying fibroblasts in ex vivo
and in vivo studies, when they are intermingled
with other cell types. Following the induction
of UVB damage to fibroblasts, we observed an
increase in the mean fluorescence lifetime
values of the cytoplasm and nuclei that we
attribute to an altered metabolic activity in the
cells, such as is expected before cell death (21).
This is confirmed by the observation of a
lengthening of FLIM values in keratinocytes of
elderly subjects in vivo (23). Moreover, lower
layer Kkeratinocytes exhibit shorter lifetime
values with respect to keratinocytes of the stra-
tum corneum and the stratum granulosum.
These data indicate that FLIM values may be
inversely related to the metabolic activity of
living cells.

One-month-old cultures stimulated with
ascorbic acid exhibited the presence of both
small old fibroblasts and fibres, the latter being
predominant in some part of the culture. Newly
produced collagen fibres appeared with
pseudocolours corresponding to very low
fluorescence lifetime values, which is likely due
to the coexistence of short SHG signals and a
component of collagen autofluorescence (9). Fur-
ther work with spectrally resolved FLIM is
needed to separate the contributions of SHG
and autofluorescence. The identification of char-
acteristic signatures of collagen fibres may prove
useful for the study of skin diseases based on
the pathological accumulation of fibres in the
dermis.

To conclude, in this study, we have presented
data on MPT-derived morphology and fluores-
cence lifetime parameters of a single cell type,
the fibroblast, and observed the effects of UVB
irradiation, which is the most potent environ-
mental risk factor in skin cancer pathogenesis,
on this cell. This approach for the evaluation of
morphological and metabolic cell changes can
be applied to the experimental assessment of
the toxicity or the protective capacity of the



different drugs and substances. We also believe
that the characterization of fibroblasts and
fibroblast-produced fibres in culture is a useful
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