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Abstract—The fluorescence intensity of Green Fluorescent
Protein (GFP) has previously been demonstrated to be an
accurate indicator of cellular viability following cryoinsult in
individual GFP-transfected cells. In an attempt to ascertain
whether GFP fluorescence intensity may also be used as a
viability indicator following cryogenic insults in whole tissues,
this study examines the transient fluorescence intensity of
GFP-transfected mouse hepatic tissue ex vivo following
cryoinsult. The observed trends are compared with diffu-
sion-based models. It was observed that the fluorescence
intensity of the exposed tissues exhibited slow exponential
decay, while the solution in which the tissues were placed
inversely gained fluorescence. This slow decay (~3 h) is in
contrast to the rapidly diminished fluorescence intensity
(seconds) seen in GFP-cell cultures following cryoinsult.
These trends suggest that mass diffusion of GFP in the
interstitial space, and ultimately into the surrounding med-
ium, is the primary mechanism which determines the fluores-
cence loss in cryoinjured tissues. These results suggest GFP-
transfected tissues may be effectively used as indicators of
cryoinjury, and hence viability, following hypothermal insult
provided that a sufficiently long incubation is held before
observation. It was found that ameaningful observation (15%
reduction in fluorescence) could be made three hours
subsequent to cryoinjury for the tissues used in this study.

Keywords—Cryoinsult, Cryosurgery, Diffusion, Hyperther-

mia, Hypothermia, Fluorescence, Laser, Viability.

INTRODUCTION

Cryosurgery—the precise application of cryogenic
temperatures—is often used to selectively devitalize

cancerous or precancerous tumors, arresting its
propagation through healthy tissue. These low tem-
peratures serve to rupture the plasma cell membranes,
or to dehydrate the cells as to render their vitality
compromised. To determine the success of a cryosur-
gical protocol, it is of critical importance that the
tissues cryogenically treated, as well as the surround-
ing tissues, be evaluated for their viability. Current
viability protocols require the tissue to be excised from
the treatment site and examined in vitro.9,17 These
procedures are invasive and provide only information
traceable to the moment in time when the biopsy was
obtained. Non-invasive viability assays can be utilized
to determine cellular viability, but require the addition
of chemical tracers (which are often toxic or photo-
toxic) to the living tissue.13 While viability can be
determined optically without tracers, this is done on a
cell-to-cell basis,4 and assessing the viability of a
whole tissue would not be feasible using those meth-
ods.

Green Fluorescent Protein (GFP) is a protein
derived from jellyfish which can be and has been
transposed into the genome of a myriad of organisms.
It has the effect of causing transfected tissues to fluo-
resce green when illuminated with blue light, and has
recently found use as a viability assay in cell cultures.3

GFP has the advantage over other viability assays in
that it can be examined in situ, and can also be con-
tinuously monitored to examine the transient viability
of the cells using optical imaging, thereby making it an
ideal indicator of animal tissue viability in research
protocols.

The GFP molecule has a tight cylindrical barrel
shape, which protects it from a moderate range of
thermal trauma,18 however, at sufficiently elevated
temperatures (>50 �C) its structure becomes ‘‘unwound’’,
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it is compromised (irreversibly denatured) and exhibits
loss of fluorescence.1 In contrast, after exposing GFP
cells to cryogenic temperatures (liquid nitrogen:
2196 �C), they appear to remain stable and exhibit
only a slightly reduced quantum fluorescent yield.6,10

Therefore, while GFP-transfected tissue exhibits
immediate loss of fluorescence following hyperthermal
insults, hypothermal insults have no such immediate
effect. In fact, in preliminary trials using GFP as
an indicator of viability in whole tissues, it was
observed that there is a delayed response on the order
of several hours to changes in fluorescence in cryoin-
jured tissues.7 In addition to temperature, GFP fluo-
rescence also exhibits sensitivity to the pH of its
environment. However, while the fluorescent yield
drops off in very acidic or basic solutions, there is a
relatively wide range of pH values for which fluores-
cence is stable.1,2

This tissue-based studies are in contrast with single
cell studies, which report immediate fluorescence
change following both hyperthermal and hypothermal
insults.3 Furthermore, in the latter study focused on
cell cultures, it was implied that the loss of cell fluo-
rescence following cryoinsult corresponds with the
physical loss of GFP from inside a GFP-transfected
cell, however, it was not demonstrated conclusively
that this was the only driver contributing to fluores-
cence loss, nor the transient fluorescence intensity de-
cay following cryoinsult was reported. This opened an
interesting quandary as it is also plausible, in principle,
that the viability of cells transfected with the GFP
vector is also linked to the relative amount of
expressed fluorescence, with the most brightly fluo-
rescing cells being viable, and apoptotic or necrotic
cells exhibiting diminished fluorescence.14

This work aims to observe the time-dependent nat-
ure of GFP fluorescence to identify the mechanism that
drives fluorescence loss after hypothermal insults. For
this purpose, it is hypothesized that there is a rela-
tionship between the fluorescence of a GFP-transfected
tissue post-cryogenic insult and the rate of diffusion of
GFP from the compromised tissue into the surround-
ing tissue or incubation medium. To prove this
hypothesis, the known phenomena which affect the
fluorescence of GFP (i.e., pH, temperature, excitation
light intensity and excitation duration) are maintained
within ranges known not to affect GFP fluorescence
yield. The transient fluorescence of a cryogenically-
treated tissue is then compared to mass diffusion
models to determine its correlation (or lack thereof).
Finally, the fluorescence of the incubation medium is
compared to the total fluorescence of the tissue to
establish a balance between tissue and incubation
medium fluorescence gain/loss.

MATERIALS AND METHODS

GFP Tissue Harvesting and Sample Preparation

The strain of GFP used in this study is the enhanced
GFP which has an electromagnetic radiation absorp-
tion (excitation) peak at 488 nm (blue light), and an
emission peak at 509 nm (green light) (Fig. 1).

According to protocols A-20080013 and
A-20080019, approved by the UCR Institutional Ani-
mal Care and Use Committee (IACUC), all GFP-
transfected tissues used in this study were harvested
from the hepatic tissue of GFP-transfected mice. This
specific tissue was chosen due to its large size, ease of
extraction and similar thermal properties compared to
other available organs.7 The specific GFP vector
transcription used, C57BL/6-tg(UBC-GFP)30Scha/J,
universally expresses GFP in mouse tissue under the
human ubiquitin C (UBC) promoter.12 This strain of
GFP was used as it has relatively little overlap in its
excitation and emission curves (only between 470 and
530 nm), thus the excitation source light may be
completely isolated from captured emission light from
the tissue to eliminate all crossover illumination.

After the mice were euthanized via CO2 asphyxia-
tion, the liver was excised and cut into squares of
6 9 6 mm, and left at its native thickness of approxi-
mately (but not uniformly, exactly) 4.4 mm. The
thickness of the samples varied spatially by up to
approximately 20% from their mean value, as deter-
mined visually. These dimensions were chosen as they
were similar in size to previous GFP-tissue studies

FIGURE 1. GFP excitation and emission curves. The curves
show the relative strength of excitation and emission wave-
lengths for GFP. The overlap of the two curves indicates the
wavelengths at which GFP both absorbs and emits light. To
eliminate crossover, a low-pass filter at 500 nm is used for the
illumination, and a band-pass filter with lower-limit at 510 nm
is used for the fluorescence. Figure adapted from Nikon
MicroscopyU.
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performed in this laboratory.7 Following excision and
trimming, all samples were immersed together in
50 mL of isotonic Phosphate Buffered Saline (PBS)
solution (pH 7.4) to prevent tissue damage due to
cellular dehydration. The PBS also served to maintain
the pH level without significant change. Samples
remained in this holding vessel for approximately
2 min to allow for experimental preparation time.

Control samples were removed from the holding
vessel and placed in an isolated 34 mm cylindrical
vessel and covered with 5 mL of fresh PBS. The sam-
ples slated for cryoinjury were removed from the
holding vessel, and one side was exposed for one
minute to a cryoprobe cooled by circulating liquid
nitrogen at 2196 �C. This exposure time was long
enough to ensure that the entire sample was uniformly
cooled to a temperature of 2150 �C or lower as mea-
sured by a 0.2 mm-diameter hypodermic thermocouple
inserted into the sample’s center, ensuring complete
cellular necrosis. Following the cryoprobe contact,
cryoinjured samples were placed in fresh PBS (identical
to control tissues) at room temperature (23 �C),
thawing in a few seconds. Nothing was placed over the
sample/PBS as to keep the optical path clear. Both the
cryoinjured samples and control samples were then
isolated from all light to prevent photobleaching. Ten
tissue samples were used in the experiments, with five
as control tissues (no thermal damage) and the
remainder as cryogenically injured tissues (necrotic). In
addition, one sample served as an inverse control,
where all GFP within the tissue was irreversibly
denatured through immersing the sample in water at
100 �C for 5 min. Also, a set of four samples were
prepared for qualitative visual analysis, consisting of
two tissue samples prepared in the same manner as the
control/cryogenic treatments described above; one
sample cryogenically treated through submersion in
liquid nitrogen for 5 min; and one sample boiled in
water for 5 min.

Fluorescent Image Acquisition

A custom fluorescence microscope was constructed
to measure the fluorescence intensity of the GFP-
transfected tissue as a function of time. A brief
description of the experimental apparatus is as follows.

When the sample is to be illuminated (fluorescently
excited), a mechanical shutter blocking a broadband
light source (Fiber Lite� MI-150 utilizing an EKE
21 V 150 W halogen projector lamp routed via stock
fiber optics) opens (Fig. 2-1), allowing light to proceed
through focusing optics and a low-pass excitation filter
(Thorlabs, model FES0500). The mechanical shutter is
used to limit exposure and thus prevent photobleach
of the GFP within the tissue. After the light passes

through the shutter and excitation filter, the light
reflects off a dichroic filter (Thorlabs, model
DMLP505, Fig. 2-2) whose surface is positioned 45� to
the incoming light. This filter selectively transmits or
reflects the light (high-pass, low-reflect), further nar-
rowing the bandwidth of excitation light. The reflected
light illuminates the tissue at approximately 215 W/m2

(Fig. 2-3) where it is both in part reflected and
absorbed. A portion of the absorbed light excites the
GFP within the tissue, which reemits this absorbed
light at a longer wavelength. The light which is
reemitted in the upwards direction passes through the
dichroic filter again at an angle of incidence of 45�
(high-pass, low-reflect), followed by a band-pass emis-
sion filter (Thorlabs, model FB550-40), that isolates
pure GFP fluorescence from reflected illumination
light. This isolated fluorescence then passes through the
camera’s RGB Bayer-pattern filter (designed to record
wavelength information) and then is collected by the
CCD’s (Sony IXC282AQ Super HADCCD) capacitive
bins (Fig. 2-4). Note that the optical setup could be
achieved using a modified optical path. For example,
the dichroic could be used without the excitation filter
to allow for greater light excitation, and the excitation
light may include all wavelengths shorter than the pass-
wavelength of the excitation filter, if so desired.

The CCD begins photon capture after the mechan-
ical shutter opens. The electronic shutter stays open
long enough for the CCD to collect enough light to
produce an image, but not beyond the time in which
any particular capacitive bin might saturate. After this
predetermined length of exposure (directly propor-
tional to the illumination intensity), both the CCD’s
electronic shutter and the mechanical shutter close. As
the entire system is isolated from ambient light, this
leaves the sample in complete darkness until the next
image is to be acquired, negating the possibility of
photobleaching. This computer-controlled system
exposes and images a single sample for 5 s once every
3 min. This imaging process was allowed to proceed
over the course of several hours, until the tissue fluo-
rescence reached a steady value (6–12 h). All imaging
components were permitted to reach their steady state
temperature before imaging commenced. Electronic
noise inherent in the sensor was averaged out over
space and time, that is, the brightness of the image was
taken as a regional average (described below), and
smoothed among subsequent images.

Data Processing

It was observed that while the samples generally
exhibited a decrease in fluorescence over the acquisi-
tion period, the PBS in which the samples were placed
steadily increased in fluorescence. Both the tissue and
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PBS fluorescence intensities were measured by acquir-
ing CCD images from two different regions. One
region of the image contains the GFP tissue (along
with the PBS on top of the tissue) and the other region
of interest is to the side of the tissue sample where only
PBS was imaged. Each image in the sequence had the
same field of view (neither the sample nor imager were
moving), and as such a constant subset of the image
was determined spatially and applied to all subsequent
images. These regions were determined as a maximized
region (greater than 80% of the surface area) consist-
ing of only tissue/PBS which provided no overlap
between the two regions, as shown in Fig. 3.

Using the known depth of the PBS over the sample
(typically 1.3 mm), and the depth of the PBS to the
side of the sample (typically 5.7 mm), the fluorescent
contribution of the PBS to the tissue region may be
subtracted from the fluorescence of the tissue at every
time step, resulting in a fluorescent value which is
independent of the fluorescence of the surrounding
fluid. A separate photodiode recorded the relative
illumination intensity of the sample (not wavelength),
to ensure consistent sample excitation. Simultaneously,
a calibrated type-K thermocouple and calibrated pH
probe recorded the temperature and pH of the solu-
tion. After each 5 s exposure, the CCD sensor data was
sent to a computer where it was compiled into a JPEG
image of the sample. The mechanical shutter, image
acquisition, pH data recording, photodiode data
recording, and data storage were all managed auton-
omously by a custom LabVIEW� program controlling
and getting data from DAQ controllers (National

Instruments). pH and image acquisition were done
with a pH sensor (Sensorx� S100C) and a scientific
grade camera (Progres� C5), respectively.

After the sequence of images was collected, a cus-
tom MATLAB� program analyzed the images from
the two stationary regions previously described (tissue,
and surrounding PBS) to determine their relative
brightness (luminosity), and a correction factor was
applied for each image to account for PBS fluorescence
affecting the GFP fluorescence. This correction factor
was calculated as the relative brightness of the incubation

FIGURE 2. Experimental setup for the isolation and collection of GFP fluorescence. The image acquisition is similar to a standard
fluorescence microscope, with the distinction that a mechanical shutter is incorporated to inhibit illumination between acquisi-
tions (1), and in that there exists additional transducers which monitor illumination intensity, pH of the tissue’s buffer solution, and
temperature of the tissue.

FIGURE 3. Regions of GFP fluorescence image analysis.
The ‘‘Tissue Region’’ includes a representative portion of the
fluorescing GFP tissue, which is submerged under a layer of
PBS. The ‘‘PBS Region’’ includes a representative portion of
the incubation PBS, at its full depth.

Green Fluorescent Protein as an Indicator of Cryoinjury in Tissues 2679

Author's personal copy



fluid in the region without tissue, versus the region
containing tissue. Furthermore, the data from the
photodiode which measured the source light inten-
sity was included for an additional correction
factor to rectify any differences in the illumination
source.

The basic algorithm of the code included applying
the user-defined crops to each image region. The dig-
ital-filter was then applied by deleting the blue-channel
data from the image. The average spatial luminances
of the tissue crop and PBS crop were determined
(AvIm). Finally the adjusted luminance of the tissue
crop (AdIm) was obtained by subtraction of the
product of the PBS luminance (AvPBS) with the
determined percentage of PBS depth above the tissue
(PerOver) (typically 23%) from the average luminance,
as shown in the following equation. This was repeated
for all images in the sequence, as denoted by the sub-
script in the equation.

AdImi ¼ AvImi � PerOver� AvPBSið Þ ð1Þ

The output from the MATLAB� image analysis was
a matrix giving the raw and corrected tissue luminance
for each time step. As it was assumed that GFP fluo-
resces most brightly in healthy, viable tissue, and that
the tissue was most healthy/viable immediately after
harvest, the first time step was defined as 100% lumi-
nance, and all the data was normalized to that time
step. When plotted, this gives the normalized luminance
of the tissue versus time. It is also noted that the CCD
used was tested for its linear response to illumination
levels, to ensure that relative fluorescence levels were
directly proportional to their relative CCD values.

The data processing workflow is displayed in Fig. 4.

Finite Element Method (FEM) Modeling

To test the hypothesis of diffusion driving the
transient nature of the fluorescence, a finite element
method model was created using COMSOL� simula-
tion software. The intention of the model was to
examine if transient diffusion was the only physical
phenomena responsible for the fluorescent intensity
loss of the treated tissue samples. The model involved
three-dimensional diffusion in a constant-temperature
environment. The governing equation used by the
software to evaluate the concentration gradients is
based on Fick’s second law,

dts
@c

@t
þr � �Drcð Þ ¼ R ð2Þ

where D is the diffusion coefficient for GFP in extra-
cellular-matrix, c is the concentration, R (set to zero) is

the reaction rate, and d is the time-scale coefficient (set
to 1, to reflect actual time). The approximations used
assume dilute aqueous solutions and, while the tissue is
not an aqueous solution, the fluid content of the tissue
is sufficiently high that the approximation is valid.
Also note that D for GFP in extracellular-matrix
is used in our simulations with a value of 5.6E211
m2/s,5,8,15 rather than the diffusion coefficient of GFP
in tissue because the simulation is only meant as an
order-of-magnitude comparison to the observed loss of
fluorescence. Also, while the diffusion coefficient of
GFP within the nucleus or cytosol is reported in
the literature,16 the value for GFP in mouse hepatic
tissue is not readily available. The size of the simu-
lated tissue matched that of the experimental tissue
(6 9 6 9 4.4 mm), and the initial normalized concen-
tration (c) of the sample was set to 1 (100%). All
boundary conditions of the model were approximated
as a constant concentration (c) of zero, as it is assumed
that the surrounding fluid contains no GFP and that
the far-removed boundaries remain at that concentra-
tion as time progresses. This approximation is valid as
a large fluid-to-tissue volume ratio (32:1) was used in
the experiments.

As an order of magnitude analysis, the characteristic
length of diffusion is useful:

LD ¼
ffiffiffiffiffiffiffiffi

4Dt
p

ð3Þ

where LD is the diffusion length, D is the diffusion
coefficient, and t is a characteristic time. This will be
used to explain the differences between single cell GFP
viability experiments, and experiments using bulk tis-
sue samples.

As visualization of the COMSOL� model would
have to match the optical properties of the experi-
mental tissue, one further, major, approximation was
made. The model was assumed to have no diffusion
across the bottom surface. In reality there would be no
diffusion across the bottom surface, as it was not
exposed to the surrounding PBS (in contact with bot-
tom surface of Petri dish), but the top surface was
exposed to PBS and would naturally have some dif-
fusion. The depth of PBS above the tissue in the
experiments was minimized (approx. 1.3 mm) as to
minimize diffusion in that direction, while still keeping
the sample hydrated. As the top and bottom surfaces
were more-or-less boundaries to diffusion, and seeing
that the optical depth of the tissue was unknown, the
computational model was collapsed to be a two-
dimensional model (with a 6 9 6 mm domain) by
taking the average fluorescence at all depths (z-direc-
tion). All boundary conditions and coefficients used
were identical to the 3D model.
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GFP Conservation

GFP originally within the tissue was traced from its
origin to its final position with the objective to assess
the total fluorescence of the entire system (PBS and
tissue) for all time steps. In doing so, we aimed at
determining if fluorescence intensity loss in the tissue
was simply due to diffusion to the surrounding media
or if GFP was destroyed or denatured during the
procedure. The challenge to this analysis was in that
not all fluorescence in the tissue is available to excita-
tion or collection of emission at all times, due to a finite
optical penetration depth of the tissue. To examine all
fluorescence potential of the tissue, the tissue was dis-
sociated into a suspension of individual cells. This was
done with three sets of six tissue samples (18 tissue
samples). Each set had three samples dedicated to
cryoinjury, and three to control.

In the dissociation procedure, tissue samples were
treated with identical thermal insults as in the tradi-
tional experiment, however, after incubating in PBS,
the sample was removed to a new volume of PBS
mixed with collagenase enzyme (to target only collagen
peptide bonds, ignoring all other structures (i.e. GFP) 11),
for extracellular matrix dissolution at a concentration
of 100 units/mL. The sample was then permitted to

dissociate over the next 24 h, after which fluorescence
of the resulting mixture was examined. As the intention
was to examine the average fluorescence of the entire
system, cellular integrity did not matter at this point,
only GFP integrity. The original incubation PBS was
retained for fluorescent analysis, independent of the
fluorescence of the dissociated tissue.

As each time-step required an entire tissue sample to
be dissociated, samples were only obtained at 1, 3, and
6 h duration, due to limited resources. While this dis-
tribution is not ideal for determining the rapid
response of GFP fluorescence, it proved to be sufficient
in demonstrating the overall trends in fluorescence.
Three complete data sets were obtained and averaged
using this procedure, for a total of nine samples for the
control, and nine for the cryoinjured sample.

RESULTS

Constant pH/Illumination/Temperature

Figure 5 shows the transient pH profile of PBS for a
representative experiment. As it has been established
that the fluorescent output of GFP is stable within a
range of pH from 6 to 10,1,2 it is understood that the

FIGURE 4. Data acquisition and processing flow. The LabVIEW software program instructs the microcontroller to open the
optical path shutter. The image is then collected with the camera after the shutter is fully opened. After the image is acquired, the
microcontroller also collects data from the photodiode, pH, and TC sensors. The image is organized into a JPEG and sent to the
hard drive for storage. A delay timer waits until the next image is to be acquired. Once the data set is completed, custom MATLAB
software analyzes the photographs, selecting the image regions (PBS, and tissue), and measures luminosities. The software
algorithm then applies correction factors and stores the data in an array and generates plots for further analysis.
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observed change in pH will not have any impact of the
fluorescent yield of the GFP.

The transient level of excitation light for a repre-
sentative experiment also shows minimal variability
not exceeding 5% of the average value (Fig. 4).
However, the fluorescent output of the sample is highly
dependent on the illumination intensity, and should be
compensated for. To achieve this compensation, each
time step was normalized to the measured excitation
level for that particular time step.

Finally, the temperature of the system was deter-
mined at every time step, and never varied more than
±2 �C from a mean value of 23 �C. This minimal vari-
ability has negligible influence over GFP fluorescence.10

Optical Results

Figure 6 is subdivided into four quadrants (A–D),
all of them showing the fluorescent images of four
samples immediately after thermal insults (quadrants
A and C) and 20 h. after incubation (quadrants B and
D). The top two quadrants (A and B) and bottom two
(C and D) represent the same set of four samples, only
with crossover between excitation illumination and
fluorescent emission (top) and filtered pure fluores-
cence (bottom). The top left image of each quadrant is
the control sample, the top right corresponds to the
inverse control and the bottom images to the two
cryoinjured samples. The bottom left corresponding to
the sample exposed to the cryoprobe for 1 min the
bottom right to that immersed in liquid nitrogen
for 5 min. These results are only presented here to

provide a conceptual illustration of the results, and
these images were not analyzed for numerical data
extraction.

Note that the inverse control sample exhibits no
green fluorescence, and only reflects back the blue
illumination. The other three samples exhibit similar
levels of fluorescence. Furthermore, after 20 min of
incubation, the control sample still exhibited near-full
fluorescence, while the two cryoinjured samples
exhibited the same level of diminished fluorescence.
The denatured sample, as expected, never exhibited
any fluorescence throughout the study.

These images shows that all GFP is denatured
immediately in the hyperthermal insult case, as previ-
ously reported,10 and that no fluorescence is immedi-
ately lost following hypothermal insults.6 They also
illustrate that the samples plunged in liquid nitrogen
exhibited no measured difference to those frozen using
a cryoprobe, indicating that under these conditions
both methods completely devitalized the tissue.

Numerical Results

The results of the GFP tissue observation, following
cryoinjury, are consistent with what would be expected
assuming diffusion of GFP is the mechanism of lost
fluorescence. As shown in Fig. 7, the control sample
stays at a relatively constant luminance, while the
cryoinjured sample loses approximately 15% of its
fluorescence over the 6 h of the study. Note that the
inverse control (denatured sample) is not plotted here,
as it exhibited universally zero fluorescence at all times.

FIGURE 5. Variation of pH and illumination intensity with time. The pH varies between 8.1 and 7.7, which does not significantly
alter the fluorescent yield of the tissue. The illumination measured by the photodiode shows some variability, although the
intensity never strays further than 1.5% of its average value over the course of 12 h. The data depicted represents a single,
representative sample.
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The results of the simulation follow the trend of the
transient fluorescence of the real tissue. The simulated
model does lose fluorescence more rapidly than the
tissue, at least, initially.

GFP Conservation

Figure 8 shows the fluorescence of the incubation
PBS and tissue dissociation with time. Figure 8a shows
that the fluorescence of the incubation PBS for the
cryoinjured tissue increases over the first six hours. The
increase of GFP in the PBS is due to the loss of GFP
from the tissue. It is noted that the control tissue
incubated in the PBS also gained some fluorescence
over the first 6 h, although it is a smaller fraction of the
fluorescence gained by the PBS containing the cryo-
injured tissue. Note that the error bars are large for the
PBS samples, as they have relatively very little fluo-
rescence when compared to the tissue samples. Error
bars represent the standard deviation between samples.

The dissociated tissue curves, shown in Fig. 8b,
have a more interesting behavior. It is expected that
the fluorescence of the dissociated control tissue
remains constant, while that of the cryoinjured tissue
decreases (as the fluorescence of the incubation PBS
for the cryoinjured tissue correspondingly increases).
While this behavior is observed for times in the
experiment beyond the three hour mark, both control
tissue and cryoinjured tissue start out gaining fluores-
cence. It suffices to note that relative to the control

FIGURE 6. GFP fluorescent intensity for control, reverse control and slow-freeze samples, before and after incubation. The top
two images have been optically filtered to collect GFP fluorescence, while the bottom two are the same images after additional
digital filtering (green channel only). The control shows nearly constant bright fluorescence while the hyperthermal reverse control
exhibits constant zero fluorescence and the hypothermal reverse control exhibits constant low fluorescence. Only the low-freeze
sample (frozen to 250 �C) shows significant change in its fluorescent output, as it starts out at the fluorescence of the control, and
ends at the fluorescence of the hypothermal reverse control. Note that these images represent a preliminary data set, which were
obtained before the optics were adjusted to exclude all non-fluorescence from the captured images.

FIGURE 7. GFP transient fluorescence of a representative
sample compared to a 2D COMSOL FEM simulation. The
experimental data is normalized to the control of the experi-
mental data. A value of 5.6E211 m2/s was chosen as the dif-
fusion coefficient in the COMSOL model. The concentration at
the boundary was set at 80%, to account for ‘‘background’’
fluorescence, or the relative amount that a completely
non-viable tissue will fluoresce. Note that the inverse control
was measured, but it displayed no fluorescence at any time
step, making its value zero (within sensitivity) at all time
steps.
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tissue, the cryoinjured tissue loses fluorescence at every
time step, supporting the observed increase in fluo-
rescence of the incubation PBS. Error bars again rep-
resent the standard deviation between samples.

DISCUSSION

The results presented in this study are only valid for
ex vivo cryogenic studies, as it requires both a GFP
transfected organism, and relies on long incubation
period in an otherwise-static system. It is expected that
perfusion in a living system could potentially expedite
diffusion results, however this remains untested.

Although the trend of the real tissue follows that of
the simulated diffusion model there is some discrep-
ancy between the two. This discrepancy is may come
from the assumption of zero GFP-concentration at the
system’s boundaries. Some error may also be due to
the magnitude of the GFP diffusion coefficient, which
was based on that occurring in a general extracellular
matrix and, thus, not necessarily specific to hepatic
tissue. These errors are exacerbated by the unknown
optical depth of the tissue, and hence the results are
only valid for observation of a trend, which was done
here. Note that the fluorescence of the cryoinjured

tissue was only 15% lower than the control tissue after
6 h. In reality, this difference will continue to increase
given more incubation time, but the difference becomes
readily apparent after this period, and further waiting
becomes unnecessary.

The motivation of this study was originally to
extend the use of GFP as an indicator of cellular
viability, to viability in whole tissues. In the literature
supporting the use of GFP as a viability assay for
cellular suspensions, there is no mention of any time
delay between the cellular cryogenic insult, the
observed loss of fluorescence, and cellular viability. In
contrast tissue assays exhibit a delayed fluorescent
response.

As the driving mechanism of fluorescence loss is
diffusion, the difference in single cell and bulk tissue is
simply the geometry of the system. A single cell
achieves diffusion of GFP very rapidly, while a bulk
tissue can require several hours to noticeably exhibit
any loss in fluorescent intensity. This difference is
illustrated in a comparison of the characteristic time
for diffusion between that of single cells (10–50 lm),
and that of a bulk (1–100 mm) tissue. A relative
comparison between the two length scales can be made
through the characteristic time of diffusion equation
(Eq. 3).

FIGURE 8. Transient fluorescence during dissociation. The fluorescence of the incubation PBS (a) increases with time (during
the first 6 h of incubation) for the cryoinjured tissue. The control tissue also increases with time, but to a lesser extent than the
cryoinjured tissue incubation PBS. The fluorescence of the dissociated tissue (b) increases during the first portion of incubation
for both the cryoinjured and control tissues. Note that after 3 h, the total relative fluorescence of the control sample stabilizes,
while the fluorescence of the cryoinjured dissociated tissue begins to decrease (while the fluorescence of the incubation PBS
increases).
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Solving for t in the equation, it can be demonstrated
that the characteristic time of diffusion over the cel-
lular length scale is on the order of several seconds,
while the characteristic time of diffusion over the bulk
length scale occurs on the order of several hours. Thus,
the loss of GFP fluorescence following cryogenic insult
may be fully explained by the onset of diffusion of the
GFP molecules from the tissue. This result supports
the observation that for a single cell the fluorescence
loss following cryoinsult occurs over the course of a
few seconds,3 while the fluorescence loss from a net-
work of cells (tissue) occurs over the course of a few
hours. Further studies may describe the correlation of
tissue size determining the characteristic time of dif-
fusion, and the actual observed changes in fluores-
cence.

Since all factors typically affecting fluorescence
yield, such as exposure duration, excitation light
intensity, temperature, pH, were kept constant in our
study, the observed fluorescence drop can only be
attributed to either one of two factors, or both: (1)
GFP diffusion from the affected cells into the sur-
rounding medium and/or (2) intracellular effects lead-
ing to cell apoptosis and/or necrosis that ultimately
yield GFP diminished fluorescence. As the observed
drop in fluorescence corresponds with increased fluo-
rescence in the incubation medium, the second condi-
tion alone cannot account for the drop in fluorescence,
therefore GFP diffusion appears to be if not the only
one, at least the major driving force behind transient
fluorescence. Furthermore, the trends of the effective
diminished fluorescence of the tissue seem to be well
represented by Fick’s 2nd law (Fig. 6), suggesting
again that GFP diffusion is, if not the only mechanism
responsible for GFP loss, at least the dominant phe-
nomenon. As such, factors which affect the speed of
diffusion (geometry, temperature, surrounding fluid,
diffusion coefficient, etc.) will greatly affect the
required duration of incubation. For example, for the
hepatic tissue used in this study, a rectangular paral-
lelepiped with dimensions 6 9 6 9 4.4 mm with a
diffusion rate of 5.6E211 m2/s led to an incubation
time of approximately 3.5 h before significant changes
in fluorescence could be observed.

CONCLUSION

The loss of fluorescence in cryogenically-treated
cells and tissues is due to the diffusion of GFP from the
cell/tissue onto the surrounding media (extracellular
space/medium), onset by the cryogenic insult.

The loss of GFP in cryoinjured tissues will not,
however, be immediately apparent, as the diffusion
required to show regions of damaged tissue may take

hours. The required incubation period for cryoinjured
GFP tissues before checking viability will depend on
all environmental factors which govern diffusion.
Future studies may be dedicated to determining the
incubation period required given a variety of research
conditions in a variety of tissues. For the samples used
in this study, an incubation period of approximately
3.5 h is sufficient to observe a significant drop in
fluorescence (>10%).

Provided the aforementioned precautions and
allowances are made, GFP may be successfully used as
an indicator of viability in ex vivo GFP-transfected
cryoinjured tissues. It shares all the same benefits of
using GFP as a viability assay in single cells, while only
requiring more time to exhibit and obtain the results.
As fluorescence can be ascertained in situ, GFP as an
indicator of viability in cryoinjured tissues can poten-
tially be a valuable technique where more traditional
assays may be inappropriate in preclinical trials.
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