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Abstract. Ex vivo human skin has been used extensively for cosme-
ceutical and drug delivery studies, transplantable skin allografts, or
skin flaps. However, it has a half-life of a few days due to ischemic
necrosis. Traditional methods of assessing viability can be time-
consuming and provide limited metabolic information. Using multi-
photon tomography and fluorescence lifetime imaging �MPT-FLIM�
we assess ischemic necrosis of ex vivo skin by NAD�P�H autofluores-
cence intensity and fluorescence lifetime. Ex vivo skin is stored in the
presence and absence of nutrient media �Dulbecco Modified Eagle
Medium� at −20, 4, and 37 °C and room temperature over a 7-day
time course to establish different rates of metabolic deterioration. At
higher temperatures we observe a decrease in NAD�P�H autofluores-
cence, higher image noise, and a significant increase in the average
fluorescence lifetime ��m� from �1000 to 2000 ps. Additionally, sig-
nificant distortions in NAD�P�H fluorescence lifetime histograms cor-
respond to the reduction in autofluorescence. Skin kept at 4 °C, with
or without media, showed the least change. Our findings suggest that
MPT-FLIM enables useful noninvasive optical biopsies to monitor the
metabolic state and deterioration of human skin for research and clini-
cal purposes. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction
uman ex vivo skin has been used as a model of in vivo

pithelia for transdermal delivery,1 for topical penetration
tudies,2,3 and in cosmeceutical applications.4 In addition, ex
ivo skin is often used as a source of transplantable allografts4

o treat burns and scalds, providing immediate barrier protec-
ion and pain relief while stimulating reepithelialization.5,6 An
ssue in using ex vivo skin is maintaining viability and meta-
olic activity, as these are required to optimally simulate in
ivo conditions for percutaneous penetration and to ensure the
est clinical outcome for allograft recipients.4,7 The most ap-
ropriate control for assessing the viability of ex vivo skin is
n vivo skin, recognizing that ex vivo skin viability decreases
ver time as a consequence of ischemic necrosis. This is
aused by the loss of blood supply after surgical excision,
ypoxia, and the accumulation of toxic metabolites.8

Methods commonly used to assess the viability of ex vivo
kin include the morphology of the tissue,9 metabolic activity
y MTT,10–12 lactate dehydrogenase �LDH� activity assays,13

ddress all correspondence to: Michael Roberts, Therapeutics Research Centre,
niversity of Queensland Princess Alexandra Hospital, Brisbane, Queensland,
ustralia. Tel: 61-7-3240-5803; E-mail: m.roberts@uq.edu.au
ournal of Biomedical Optics 046008-
skin pH,14 and oxygen consumption.11,15,16 Several studies
have used the MTT assay to measure the decreasing viability
of ex vivo skin.7,8,11,17,18 The MTT assay, which measures tet-
razolium reduction by metabolic enzymes, is a technique
widely used by researchers and skin banks for estimating the
metabolic viability of ex vivo skin.2,18,19 However, the mea-
surement of metabolic viability by tetrazolium-based assays is
limited, as it does not yield direct and real-time cellular infor-
mation. This assay is also limited by the necessity to destroy
the tissue, which restricts clinical applicability.

Several other methodologies have been used to assess skin
viability including trypan blue dye exclusion, oxygen con-
sumption, histopathological examination, and pH
change.11,15,16 Oxygen consumption and pH measurements
have both been used to monitor skin metabolism noninva-
sively. Stratum corneum pH is considered to be critical for
maintaining outer barrier function at pH 4.2 to 5.6. Therefore,
alterations in skin surface pH indicate a potential disruption in
that barrier. Messager et al.15 showed that both excised and
frozen skin had a much higher pH ��pH 8� and that over time
the pH of the fresh skin decreased ��pH 7.5�, while the pH of
the frozen skin did not change. Oxygen consumption is a

1083-3668/2010/15�4�/046008/11/$25.00 © 2010 SPIE
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allmark of aerobic respiration and activity relates to the ac-
ivity of mitochondria. Metabolic activity is especially critical
or epidermal function. This important index of skin viability
s closely related to NAD�P�H lifetime imaging, also tightly
oupled to metabolic and mitochondrial activity.

Overall, both pH and oxygen consumption yield different
ut complementary information about skin viability to
AD�P�H imaging by multiphoton tomography and fluores-

ence lifetime imaging �MPT-FLIM�. Oxygen consumption
easurements have the advantage of low cost and ease of use,

ut the limitations include a lack of resolution in terms of
hich cells or layers of the skin are the most active or im-
aired. On the other hand, MPT-FLIM is a relatively expen-
ive technique in terms of equipment, technical expertise, and
ata processing time required to obtain useful information,
ut has the advantage of subcellular resolution and multiple
ypes of data output �i.e., microenvironment changes, semi-
uantitative concentration, physical distribution of metabolic
pecies, and morphological information�.

Reduced nicotinamide adenine dinucleotide �NADH� and
educed nicotinamide adenine dinucleotide phosphate
NADPH� have also been used as metabolic indicators for the
iability of cells and tissues.20–23 Recently, fluorescence life-
ime imaging microscopy �FLIM� analysis of intracellular
AD�P�H has been used to monitor metabolic activity in
ealthy and diseased tissue.24–27 NAD�P�H refers to the sum-
ation of the molecules NADH and NADPH. The fluores-

ence lifetime ��� of a molecule is the average time the mol-
cule stays in the excited state.28 FLIM can distinguish
etween compounds with similar fluorescence spectral prop-
rties and is concentration independent, only changing with
emperature, pH, and molecular interactions.29

Combined with multiphoton tomography, MPT-FLIM is a
owerful means of analyzing fluorophore populations and in-
eractions in tissues. Traditional confocal microscopy is a lin-
ar optical process that uses a single-photon to excite a fluo-
ophore and measure the subsequent fluorescent emission.
he benefits of this method are low cost, compared to MPT
ystems, and widespread use. Single-photon confocal micros-
opy suffers from some drawbacks including scattering, pho-
obleaching, limited depth penetration, and photodamage.30

ultiphoton tomography, a much more expensive imaging
echnology, significantly reduces the effect of photobleaching
nd photodamage while increasing the depth at which tissues
an be imaged.30,31 While cost and complexity of running
PT systems has hindered widespread use, there are signifi-

ant technological advantages. The MPT-FLIM system can
easure fluorescence intensity, separate components of the

kin, and quantify the fluorescence lifetime of NAD�P�H
ithout significant variation within or between samples �Fig.
�. Figure 1 also includes photon-normalized spectra redrawn
rom previous work.32,33

The fluorescence lifetimes for free and protein-bound
AD�P�H differ and are approximately 400 and 2000 ps,

espectively,26,29,34,35 with the ratio of free to protein-bound
AD�P�H being used as an indicator of the cellular
ADH /NAD+ ratio state.36 These data have been used to

haracterize NADH in breast cancer in vitro cell lines36 as
ell as to differentiate between normal, precancerous, and

ancerous epithelia of various grades37–40 and to define meta-
ournal of Biomedical Optics 046008-
bolic changes during apoptosis and necrosis.21

Both NADH and NADPH share the same absorption and
fluorescence spectra,41 though neither NAD+ nor NADP+ are
fluorescent.41,42 Additionally, these molecules possess the
same fluorescence lifetime and are often used for live meta-
bolic and free:bound NAD�P�H ratio imaging.26,41 NADH is a
central coenzyme molecule in several energy metabolic path-
ways, including anaerobic glycolysis, the electron transport
chain, and the citric acid cycle.43 Intracellular NADH concen-
tration and distribution are useful and natural metabolic indi-
cators because they are sensitive to pathological and physi-
ological changes.36,40,44 NADPH is a reducing agent that can
counter the accumulation of reactive oxygen species20 �ROS�.

Studies have concluded that the relative fractions of free
and protein-bound NAD�P�H, which can be inferred from the
measured fluorescence lifetime,36 can influence the cell redox
state, defined by the ratio36,41 �NAD�P�H� / �NAD�P�+�. Dif-
ferent rates of electron transfer are likely to prevail in the free
and bound states.

In this study, we used the autofluorescence and fluores-
cence lifetime properties of NAD�P�H to monitor the meta-
bolic deterioration of ex vivo skin stored at different tempera-
tures in the presence and absence of nutrient media over a
7-day time course. Two controls were used: images of the ex
vivo skin taken at day 0 and in vivo images of the ventral
forearm from three volunteers. We showed that MPT-FLIM of
ex vivo skin yields characteristic and reproducible imaging
data that can be used to monitor ischemic necrosis. These
observations may contribute to the development of an optical
assay for clinicians and researchers to assess the viability of
skin flaps, preserved skin for transplants as well as ex vivo
skin for experimentation that is metabolically comparable to
in vivo skin.

2 Results
2.1 Autofluorescence Live Images
Figure 2 shows representative autofluorescence images of in
vivo and ex vivo skin, at day 0, and ex vivo skin stored in the
presence and absence of media at the indicated temperatures
over the 7-day time course. Ex vivo skin stored at 4 °C in the
absence of media maintained the most consistent autofluores-
cence with time �Fig. 2�. Skin stored at 4 °C in media and at
either −20 °C or room temperature without media showed
less consistency. Autofluorescence was lost rapidly under the
other conditions studied.

2.2 Autofluorescence Intensity and Photon Counts of
NAD�P�H, Keratin, and FAD

Fluorescence intensity and NAD�P�H photon counts �total and
normalized to either FAD or keratin photon counts� for each
of the samples are shown in Fig. 3. Autofluorescence intensity
and NAD�P�H photon counts �total and normalized� were
relatively constant over time at 4 °C and at room temperature
except at day 7. In contrast, tissue incubated at 37 °C exhib-
ited a significant decrease �p�0.05� in autofluorescence in-
tensity at day 1, which progressively decreased to zero over
time �Fig. 3�. A similar pattern was seen for the FAD-
normalized NAD�P�H photon count with temperature and
over time.
July/August 2010 � Vol. 15�4�2
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.3 Fluorescence Lifetime Distribution Histograms
igure 4 shows the histograms of the lifetimes of the fast ��1,
ree NAD�P�H� and slow decay components ��2, protein-
ound NAD�P�H� for both the in vivo and ex vivo controls.
here was a major peak at �400 ps for both in vivo and ex
ivo lifetime histograms for free NAD�P�H. A secondary peak
t �800 ps was seen in ex vivo but not in vivo skin. A peak
as also seen at �2500 ps with an additional peak at
4500 ps. In general, ex vivo skin samples kept at 4 °C for
days without media showed two histogram peaks at
500 ps and �2500 to 3500 ps, comparable to the in vivo

nd ex vivo controls. Other samples showed much less con-
istency and other multiple peaks.

.4 Free:Bound NAD�P�H Lifetime Ratio Images
igure 5 shows representative pseudocolored images, between

he �m range of 0 to 2000 ps, of in vivo control and ex vivo
kin samples stored over 7 days. The in vivo and ex vivo
ontrols had a mean � fluorescence lifetime of �1000 ps. Ex

ig. 1 Fluorescence intensity and NAD�P�H lifetime intra and inter sam
peed of 512�512 pixels/13.6 s at 52�52 �m in size. �a� The averag
ix subjects. �b� The photon contribution variability of NAD�P�H, kerat
vyagin et al.33 �c� and �d� The mean and SD of the average fast ��1�
m

ournal of Biomedical Optics 046008-
vivo skin stored at 4 °C, without media, maintained this mean
lifetime up to 7 days. With media, mean lifetime of skin kept
at 4 °C was comparable to the controls only up to 4 days. For
the remaining conditions, the mean lifetime progressively ap-
proached �2000 ps until tissue expiration.

2.5 Image Quality
Figure 6 displays the average image quality measurement
�IQM� values over time of the imaged skin for each storage
condition. Image quality for all the storage conditions initially
increased after 24 h relative to the day 0 control. For skin
stored at 4 °C, with and without media, this value fell to the
control level and persisted up until day 7. Figure 6 also shows
that mean peak signal-to-noise ratio �PSNR� values from the
ex vivo skin images stored at different conditions did not sig-
nificantly change with time. However, the mean PSNR was
higher for skin stored at 37 °C, without media than at 4 °C
and room temperature without media, after 4 days. The noise
frequency spectrum profiles are displayed in Fig. 7. Figure 7

riation �n=6� in study subjects. The images were acquired with a scan
escence intensity and standard deviation �SD� were calculated for the
FAD; the inset illustrates the photon normalized spectra redrawn from
ow ��2� NAD�P�H fluorescence lifetime decays, respectively.
ple va
e fluor
in and
and sl
July/August 2010 � Vol. 15�4�3
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ligns the autofluorescence images adjacent to their respective
oise frequency spectra. Autofluorescence images represent-
ng viable epidermal cells �i.e., the controls and ex vivo skin at

°C� all displayed an L-shaped noise frequency spectrum. In
ontrast, tissues with high background/noise typical of cells
amaged due to ischemic necrosis, such as ex vivo skin kept at
7 °C and −20 °C, showed a flat noise frequency spectrum.

Discussion
revious studies demonstrate that cell death can alter
AD�P�H autofluorescence intensity in human cells. For ex-

mple, autofluorescence increases during the early stages of
poptosis in primary human epithelial cells treated with
isplatin.22 Ischemia has been well described to cause a physi-
al reduction in NAD�P�H and a corresponding decrease in
utofluorescence in a variety of cells and tissues.23,45,46 The
orrelation with NADH autofluorescence intensity is related47

o the physical concentration of the NADH. NADH autofluo-
escence has been used to assess the onset of skin flap necro-
is in rats and showed a significant decrease in autofluores-
ence with time and necrosis.48 In this study, a progressive
oss of tissue autofluorescence intensity and FAD-normalized
AD�P�H photon counts occurred for ex vivo skin kept at
7 °C and to a lesser extent at room temperature. Ex vivo skin

ig. 2 Autofluorescence of ex vivo skin kept at 4 °C, room temperatu
ar represents a distance of 10 �m. The skin depths of the images ran

s indicated by N.D. �no detection�.
ournal of Biomedical Optics 046008-
kept at 4 °C maintained autofluorescence across the 7-day
time course, which agrees with previous findings4,11,18,49 based
on the MTT assay that the metabolic viability of ex vivo skin
was prolonged at 4 °C.

Our results also appear to parallel the decrease in
NAD�P�H autofluorescence in yeast cells after reversible in-
jury by the addition of H2O2 or ONOO− to stimulate oxida-
tive stress.23 As the epidermal cells in our experiment were
progressing through ischemic necrosis, the reduction in autof-
luorescence may represent an initial depletion of NAD�P�H
while the cells respond to metabolic demands and antioxidant
responses, which are also associated with cell death.23,50,51 In
the ex vivo skin we examined, the recovery of autofluores-
cence and thus NAD�P�H levels may be due to a temporary
burst of metabolic activity stimulated by ischemic-injury-
induced damage and response systems.

In contrast, hepatocytes undergo an initial increase in au-
tofluorescence from NADH during the early stages of hypoxia
following reversible hypoxic injury.46 When hepatocytes were
exposed to longer hypoxic conditions, the autofluorescence
gradually decreased from a peak level below the control until
irreversible damage and cell death due to ischemia had
occurred.46 These changes occurred within 60 to 90 min after
hypoxia. A similar trend was seen in this study, with the au-

and 37 °C in the presence and absence of nutrient media. The scale
een 30 and 50 �m. The absence of native cellular autofluorescence
re �RT�,
ge betw
July/August 2010 � Vol. 15�4�4
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ofluorescence of the ex vivo skin initially increasing after
4 to 48 h incubation at 4 °C and room temperature �Fig. 2�.
peculatively, the increase in autofluorescence may be due to
ypoxic injury or alterations in metabolic pathways. By the
nd of the 7-day time course, all autofluorescence had been
ost for tissue kept at room temperature, indicating cell death.
n skin, this peak occurred at 4 days in both the room tem-
erature and 37 °C groups �Fig. 3�. Although the trend in
utofluorescence is similar in hepatocytes and skin, the time
cale and temperature aspects do not clearly correlate. More
nvestigation is required to fully understand the mechanisms
hat contribute to this phenomenon.

The absence of oxygen delivery to the viable epidermis in
x vivo skin may cause a significant dependence on anaerobic
espiration for ATP production. The by-product of increased
lycolysis is the production of lactate, which has been dem-
nstrated to stimulate the production of reactive oxygen
pecies.52 Studies that have found lactate-stimulated ROS
eneration noted that this occurred while some mitochondrial
espiration was active. A similar effect may be occurring in
iable epidermis cells as the remaining oxygen levels within
he skin, postexcision, would be depleted over time with fur-
her metabolic activity. Mitochondrial respiration would even-
ually be superseded by glycolysis in the viable epidermis as
xygen levels decrease and lactate production increases. This
ransition period may be a source of ROS generation and sub-
equent oxidative injury that takes place in the skin.

The loss of NAD�P�H autofluorescence was not seen in
kin kept at 4 °C �Fig. 2�. This may be due to the low tem-
erature that significantly suppressed any metabolic activity,8

rrespective of the presence of media. Generally, cellular au-

ig. 3 Autofluorescence intensity and photon counts of NAD�P�H, ker
he mean fluorescence intensities of the autofluorescence images from
hoton counts of NAD�P�H, as obtained from FLIM channel 1 �350
eratin photon counts, determined from FLIM channel 2 �450 to 51
hoton counts, calculated from FLIM channel 3 �515 to 620 nm�. The
amples.
ournal of Biomedical Optics 046008-
tofluorescence for skin kept at room temperature and 37 °C
lasted longer in the absence of media �Fig. 2�. This may be
explained by the supply of metabolic nutrients in media to
promote higher metabolic activity, and thus the accumulation
of metabolic waste. If this were the case, the presence of
media would accelerate the path toward ischemic necrosis.
This hypothesis has been suggested in a similar study con-
ducted by others.8

The mean lifetimes of free and protein-bound NAD�P�H
��400 and 2500 ps, respectively� closely matched other in
vitro measurements.27,29 Additionally, the values of the in vivo
and ex vivo stratum spinosum fluorescence lifetimes ��2�
agreed with another study.53 Throughout the time course we
observed the emergence of an additional �1 peak lifetime be-
tween 800 and 900 ps in addition to the control peak at
�400 ps in some skin samples �Fig. 4�. The appearance of
this peak was a common pattern for skin that had lost autof-
luorescence prior to tissue expiration. Similarly, for protein-
bound NAD�P�H, a broad right-tailed histogram peak at
�2500 ps was also observed. The formation of these addi-
tional lifetime profiles may correlate with the interaction of
NAD�P�H with an intracellular enzyme. This may be similar
to the different lifetimes seen for NAD�P�H when bound to
lactose dehydrogenase or mitochondrial malate
dehydrogenase25 �mMDH�. Interestingly, the recorded �1 fluo-
rescence lifetime of a solution of NADH:mMDH is25

�800 ps. Thus, the formation of the 800 ps �1 peak in Fig.
4�a� may be indicative of NADH binding to mMDH. There
are also suggestions36,40,44 that similar �1 peaks can be attrib-
uted to extended and folded populations of free NADH. How-

FAD from ex vivo skin stored at 4 °C, room temperature, and 37 °C.
o 620 nm are shown in the first row. The second row plots the mean
nm�. The third row shows normalized NAD�P�H photon counts to
The final row shows normalized NAD�P�H photon counts to FAD

ars represent the SD of the means from three independent ex vivo skin
atin and
350 t

to 450
5 nm�.
error b
July/August 2010 � Vol. 15�4�5
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ver, the relationships between these observations and the
eath of skin are not known. Similarly, the appearance of a
3500-ps peak in the �2 histogram may be indicative of
ADPH binding to NADPH oxidase �Nox2�, which displays
comparable lifetime for this interaction.54 Interestingly,

ox2 is involved in the production of ROS in endothelial
ells in response to various agonists and stimulants.55 One
tudy also found that Nox2 �/� mice displayed impaired
eovascularization in response to ischemia, as Nox2 is in-
olved in angiogenesis within endothelial cells via ROS
roduction.55 Further studies are necessary to determine
hether these hypothetical interactions occur under these con-
itions.

The increase in the fluorescence lifetimes of NAD�P�H for
kin undergoing ischemic necrosis contrasts with the decrease
n lifetime recorded for in vitro cells treated with potassium
yanide �KCN�, a metabolic inhibitor.36 The authors
oncluded36 that the decrease of fluorescence lifetime corre-

ig. 4 Free ��1� and protein-bound ��2� NAD�P�H fluorescence life-
ime histograms of in vivo and ex vivo skin stored at 4 °C, room
emperature, and −20 °C in the presence and absence of media. The
uorescence lifetime histograms of free and protein-bound NAD�P�H
rom FLIM imaged ex vivo skin are shown from day 7 of the time
ourse. The separate histograms in each box represent ex vivo skin
amples from up to three individuals.
ournal of Biomedical Optics 046008-
lated with an increase in the NADH /NAD+ ratio, potentially
due to the underutilization of NADH resulting from the inhi-
bition of the electron transport chain by KCN. In this study
however, the ex vivo skin suffering from ischemic necrosis
does not have a fresh source of nutrients and a means of
extracting waste. Thus, the lack of nutrients during continued
metabolic activity may inhibit the replenishing of fresh
NADH/NADPH and lead to the accumulation of
NAD+ /NADP+.

FLIM images of cultured cells pseudocolored by the mean
fluorescence lifetime and weighted by relative amplitudes of
components ��m� have been used as a visual indicator of the
cellular free:bound NAD�P�H ratio state and related to cancer
progression.36,38 In our study, the progressive increase of the
mean �m lifetime from �1000 to�2000 ps appears to be an
indicator of ischemic necrosis. Interestingly, these results con-
trast with other studies that have described the average �m

lifetime decreasing with hypoxia in cancerous tissue.38,39

While a marked decrease in the supply of oxygen during
metabolic activity is common to these physiological states,
the contrast in fluorescence lifetimes may be explained by the
finding that human epidermal skin metabolism is already pre-
dominantly anaerobic.56 Thus, the lifetime increases through-
out the onset of ischemic necrosis may be more related to
removal of metabolic waste from the tissue via the vascula-
ture rather than the lack of oxygen supply. Further studies are
required to examine this hypothesis.

Noise frequency spectra have been largely used to assess
noise compensation or filter software for digital cameras, with
flat spectra indicating uncompensated white noise.57 Cameras
that use digital software to compensate for white noise display
a roll-off in noise frequency spectra, characteristic of spectral
noise.57 We found that tissue with advanced ischemic necrosis
gave a cloudy image, presumably due to leaking intracellular
material.58 In addition, there was a flat noise frequency spec-
trum rather than the L-shaped spectrum seen for the control
images and the best-preserved tissue stored at 4 °C up to
7 days �Fig. 7�.

In summary, this study has examined changes in NAD�P�H
autofluorescence following the progressive onset of ischemic
necrosis in ex vivo skin. We have found that ischemic necrosis
of the tissue is marked by several characteristics: �1� a loss in
NAD�P�H autofluorescence, possibly due to a physical deple-
tion of the molecule; �2� a reduction in the FAD normalized
NAD�P�H photon count; �3� a significant deviation in the
fluorescence lifetime histogram of free and protein-bound
NAD�P�H away from a normal “control” state �i.e., freshly
excised ex vivo skin�; �4� an increase in the �m average fluo-
rescence lifetime above �1000 ps; and �5� a qualitative loss
is cellular integrity, revealed by noise frequency spectra
analysis. These patterns may serve as the basis for MPT-FLIM
to be used as a visual noninvasive biopsy for assessing the
onset of ischemic necrosis of ex vivo skin.

4 Materials and Methods
4.1 DermaInspect/MPT-FLIM
Multiphoton tomography was carried out using the DermaIn-
spect system �JenLab GmbH, Jena, Germany�. Excitation
light for multiphoton imaging was provided by an ultra-short-
July/August 2010 � Vol. 15�4�6
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ulsed �85-fs pulse width� mode-locked 80-MHz titanium
apphire laser �MaiTai, Spectraphysics, Mountain View, Cali-
ornia�. The tuning range of the excitation wavelength was
10 to 920 nm. To enable FLIM measurements, a time-
orrelated single-photon counting SPC 830 FLIM system
Becker & Hickl, Berlin, Germany� was integrated into the

ig. 5 Fluorescence lifetime images of ex vivo skin kept in the presenc
he images have been pseudocolored according to �m, which is calcu
AD�P�H ��1 and �2, respectively� by their respective contributions:
xperiments.

ig. 6 Mean PSNRs of the autofluorescence images �±SD�, relative
amples �±SD�, from the three study subjects, across the 7-day time
utofluorescence images �Fig. 2� were processed with the image p
assachusetts� to obtain a quantitative IQM value.
ournal of Biomedical Optics 046008-
tomography system. FLIM analyses were performed by an
SPC 830 2.9 software module installed on a dual core com-
puter with a Windows XP operating system. The SPC module
builds59 a photon distribution over the x and y scan coordi-
nates along with the time within the fluorescence decay, �.

bsence of media, at various temperatures, across a 7-day time course.
y weighting the mean fluorescence lifetime of free and protein-bound

�2. These are representative images taken from three independent

day 0 control �upper� and “image quality” mean from ex vivo skin
�lower�. PSNRs were determined by ImageJ using a custom script.

ng software Image Quality from a Natural Scene �MITRE, Bedford,
e and a
lated b
�1 and
to the
course

rocessi
July/August 2010 � Vol. 15�4�7
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he signals from four photon-counting detectors operated at
ifferent wavelength intervals and were processed simulta-
eously.

ig. 7 Noise frequency spectra of in vivo skin and ex vivo skin at day
o the corresponding representative autofluorescence image. The spe
ence images using the software package Imatest �Imatest LCC, Bould
ournal of Biomedical Optics 046008-
To analyze the FLIM data, the software data analysis pack-
age SPCImage �Becker & Hickl GmbH, Berlin, Germany�
was used. This package uses iterative convolution with either

ays at 37 °C �no media�, and 7 days at 4 °C �no media�, shown next
ere obtained by calculating the Fourier transform of the autofluores-
lorado�. Data were collected from three independent experiments.
0, 4 d
ctra w
er, Co
July/August 2010 � Vol. 15�4�8
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single-, double-, or triple-exponential model to calculate the
ecay parameters for each individual pixel within the scan.
he amplitude weighted average �m of the double-exponential
t was used analyze the photon decay profiles from the
canned images of the epidermis unless otherwise noted. The
esulting two components are �1 and �2. When a tissue sample
as excited with 740 nm �two-photon�, the �1 and �2 fluores-

ence lifetime decay histograms have been shown to correlate
ith free and protein-bound NAD�P�H respectively within the

ells.60 Deviations away from these native fluorescence life-
imes indicate changes in the state of NAD�P�H within the
ell. Changes in the fluorescence lifetime of NAD�P�H can be
aused by alterations in temperature, pH and protein
inding.61

The objectives lens used in this study was the Plan-
eofluar oil-immersion 40� /1.30 �Carl Zeiss, Germany�
ith the distance between the objective lens and the in vivo

daptor filled with index-matching oil. The MPT imaging sys-
em �JenLab GmbH, Jena, Germany� uses ultra-short-pulse
xcitation laser light that is narrowly focused onto a sample
ia a high-numerical-aperture �NA� oil-immersion micro-
cope objective �40�, NA, 1.3�. Two IR photons emitted by
he ultrashort-pulsed-laser were simultaneously absorbed by a
ingle fluorophore molecule, raising it to an excited state in a
rocess known as two-photon excited fluorescence �TPEF�.
hrough the objective, the focused laser light within the fem-

oliter focal volume in the sample resulted in a large and
nstantaneous intensity that caused the sample’s nonlinear op-
ical response. The fluorescence emission occurred exclu-
ively within the focal volume. This resulted essentially in an
optical section,” with the thickness of each section calculated
y the axial transfer function of the imaging system, or 2 �m
ith our instrument.

To image ex vivo and in vivo skin, the excitation wave-
ength was set to 740 nm �two-photon� with a laser power of
5mW at the sample to excite NAD�P�H, which is respon-
ible for cellular autofluorescence. The focal point within the
ample was raster-scanned using two galvanometer mirrors.
he same objective lens was used to collect all emitted fluo-

escence, which was transmitted through a dichroic mirror
nd optical filter for detection by photon-multiplier tubes
PMTs�. The dichroic mirror simultaneously reflects any IR
aser excitation photons to prevent feedback. A BG39 filter
350 to 650 nm, Schott glass color filter� was used to opti-
ally filter the fluorescence light to either the live image or
LIM PMT. In front of the FLIM detectors, a 350 to 450-nm
andpass filter was used to isolate the NAD�P�H signal and
he FAD signal was isolated with a 515 to 620-nm bandpass
lter. All live and FLIM images were acquired with a scan
peed of 512�512 pixels /13.6 s at a 52�52-�m size. The
kin was imaged at a depth range between 30 and 50 �m,
hich encompassed the stratum spinosum. This range was
ecessary due to the undulating profile of the viable epidermis
nd subsequent variable depth of the stratum spinosum. The
maging depth was determined by keratinocyte morphology,
ith an emphasis on maintaining uniform cell diameter be-

ween samples.

.2 Skin Samples
xcised human abdomen skin samples from three individuals
ere obtained from volunteers immediately following elective
ournal of Biomedical Optics 046008-
surgery. The donors gave informed written consent, and ap-
proval for the collection of the skin samples was given by the
Princess Alexandra Hospital Research Committee �Approval
no. 097/090, administered by the University of Queensland
Human Ethics Committee�. The skin samples were processed
on delivery to remove the underlying fat and connective tis-
sue. The resulting full-thickness skin was then cut into
2-cm-diam circles and placed into yellow-capped sample con-
tainers, either in the presence or absence of 1.5 ml of nutrient
serum-free Dulbecco modified Eagle medium �DMEM�. The
media was not supplemented with antibiotics due to their
metabolic effects on the ex vivo skin, as determined by FLIM
�data not shown�. For in vivo control images, a drop of water
was placed on the ventral forearm of three individual volun-
teers, followed by a 170-�m-thick microscope glass cover-
slip. Immersion oil was placed between the coverslip and the
objective lens prior to imaging. Scan settings and depths were
identical to those used for ex vivo skin samples.

4.3 Time Course Incubations
The skin samples were stored at 4 °C, room temperature, or
37 °C, with a partially unscrewed lid to permit gas exchange,
in the presence or absence of nutrient media. Samples kept at
37 °C were placed within a tissue culture incubator with 5%
CO2. Skin was also stored at −20 °C without media for the
incubation period. The control for this experiment was a
sample of the skin imaged by MPT-FLIM prior to incubation
at room temperature. Tissue stored at 4 °C, room tempera-
ture, and 37 °C was imaged every 24 h by MPT-FLIM over
96 h. After 7 days from the day of incubation �i.e., the day 0
control�, the skin stored at −20 °C was thawed and imaged
along with the remaining tissue samples.

4.4 Autofluorescence Intensity and Photon Counts
The autofluorescence images were analyzed for fluorescence
intensity using the Java-based image-processing program Im-
ageJ �National Institutes of Health�. The autofluorescence in-
tensity from the images taken from three independent ex vivo
skin samples, stored under the conditions already indicated,
were averaged and plotted against the time course in days.
Photon counts were obtained using the SPCImage software.
FLIM data were separated by optical filters into three emis-
sion channels: channel 1 �350 to 450 nm�, channel 2
�450 to 515 nm�, and channel 3 �515 to 620 nm�. An excita-
tion wavelength of 740 nm �two-photon� was used to observe
autofluorescence. A 350- to 450-nm bandpass filter was used
to isolate NAD�P�H. Keratin and FAD were imaged through
450 to 515- and 515- to 620-nm bandpass filters, respec-
tively. Using SPCImage, these channels were used to obtain
and normalize NAD�P�H photon counts to keratin and FAD as
a quantitative approach to measure the levels of this metabolic
molecule within the image field of view.

4.5 Free:Bound NAD�P�H Ratio Imaging
Both in vivo and the stored ex vivo skin imaged by FLIM was
pseudocolored to display the mean lifetime weighted by their
relative contributions of free and protein-bound NAD�P�H
��m=�1�1+�2�2�. This provided a qualitative representation
of the free:bound NAD�P�H ratio of the tissue while provid-
July/August 2010 � Vol. 15�4�9
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ng an effective means of comparison to the control across the
ime course.

.6 Image Quality Analysis
o obtain a quantitative value for the level of image quality, in
elation to noise distortion, we used the image processing
oftware Image Quality from a Natural Scene �IQM; MITRE,
edford, Massachusetts�. Autofluorescence images �repre-

ented in Fig. 2� were processed to obtain an IQM value using
n objective image quality system, which has been
escribed.62 The autofluorescence images were analyzed by
QM to obtain an arbitrary value for image quality, based on
he level of noise and spatial image power spectrum. The
econd approach used to ascertain image quality was to mea-
ure the noise frequency spectra of the autofluorescence im-
ges using the software package Imatest �Imatest LCC, Boul-
er, Colorado�. The noise frequency spectrum was obtained
y calculating the Fourier transform of the spatial image.57

oise frequency spectrum analysis has been used to discern
etween white noise and spectral �nonwhite� noise.63 White
oise demonstrates a flat noise frequency spectrum profile
hile spectral noise possesses an L-shaped curve.63 In this

tudy, we attempted to use noise frequency spectrum analysis
o differentiate between images where cellular integrity was
igh �i.e., in vivo and ex vivo day 0 controls� and low, due to
schemic necrosis �i.e., cell images prior to tissue expiration�.
he final approach used the program ImageJ again to measure

he PSNR, using a custom script. The ex vivo day 0 control
erved as the reference image for autofluorescence images
cross the time course, for each respective individual.

.7 Statistical Analysis
esults were expressed as mean�standard deviation �SD�.
tatistical significance was ascertained by using a Student’s t

est, with a p value less than 0.05 considered statistically sig-
ificant.
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