
UC Davis
UC Davis Previously Published Works

Title
Label-free assessment of carotid artery biochemical composition using fiber-based 
fluorescence lifetime imaging

Permalink
https://escholarship.org/uc/item/8xx0391c

Journal
Biomedical Optics Express, 9(9)

ISSN
2156-7085

Authors
Alfonso-Garcia, Alba
Haudenschild, Anne K
Marcu, Laura

Publication Date
2018-09-01

DOI
10.1364/boe.9.004064
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8xx0391c
https://escholarship.org
http://www.cdlib.org/


Label-free assessment of carotid artery
biochemical composition using fiber-based
fluorescence lifetime imaging
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Abstract: Novel diagnostic tools with the ability tomonitor variations in biochemical composition
and provide benchmark indicators of vascular tissue maturation are needed to create functional
tissue replacements. We investigated the ability of fiber-based, label-free multispectral fluorescent
lifetime imaging (FLIm) to quantify the anatomical variations in biochemical composition of
native carotid arteries and validated these results against biochemical assays. FLIm-derived
parameters in spectral band 415–455 nm correlated with tissue collagen content (R2 = 0.64) and
cell number (R2 = 0.61) and in spectral band 465–553 nm strongly correlated with elastin content
(R2 = 0.89). These results suggest that FLIm holds great potential for assessing vascular tissue
maturation and functional properties based on tissue autofluorescence.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (060.2350) Fiber optics imaging; (170.3880) Medical and biological imaging; (170.6920) Time-resolved
imaging.
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1. Introduction

New diagnostic tools for the quantitative analysis of biological variation within native and
tissue-engineered vascular tissues are needed to create functional tissue replacements. Currently,
tissue engineers rely predominantly on destructive and time-consuming techniques that require
complete or partial sample loss to determine tissue quality [1, 2]. An imaging system capable
of evaluating the spatial and temporal changes in biochemical content in a number of research
environments would greatly advance the development of vascular tissue-engineered constructs
that mimic native tissue.
In an effort to address this need, quantitative optical techniques based on endogenous

tissue autofluorescence have been developed to image and nondestructively characterize tissue
properties [3–7]. A number of endogenous biomolecules, including proteins of the extracellular
matrix (ECM) like collagen [8], collagen crosslinks [9, 10] and elastin [11], give rise to tissue
autofluorescence. Fluorescence Lifetime Imaging (FLIm) is an imaging technique that uses
differences in the exponential decay rate of tissue autofluorescence to generate images of tissue
biochemical content [11, 12] that can be associated with tissue functional properties. Unlike
fluorescence lifetime imaging microscopy (FLIM) that utilizes microscope objectives, FLIm
utilizes a single, narrow and flexible fiber-optic interface between the imaging system and the
sample and has been shown individually to detect biochemical changes in various biological
tissues, both in vitro and in vivo [13–15]. In addition, FLIm is compatible with other imaging
techniques that complement the biochemical information with a structural description of the
sample, such as optical coherence tomography [7,10,16,17], intravascular ultrasound [15,17–19],
and intravascular photoacoustics [20].
In this study, we utilize the naturally occurring anatomical differences in ECM composition

of healthy carotid arteries [21–23] as an experimental model for developing novel diagnostic
techniques. The two external carotid arteries are the principal arteries supplying the head and
neck [24]. Moving along the length of each artery from the heart (caudal region) toward the head
(cranial region) there is an arterial narrowing and a distinct transitional zone in which the elastic
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wall is replaced by a muscular type [25], resulting in the caudal region of the artery having a
larger elastin content and the cranial region a more collagenous structure. Collagen and elastin
are the main components responsible for the mechanical behavior of the arterial wall [26, 27]
and alterations in the collagen to elastin ratio help maintain blood pressure and regulate blood
flow across changes in artery diameter [25, 28]. An imaging technique that quantitatively assess
the anatomical differences in the collagen and elastin content of native artery would provide
direct biochemical information and also infer differences in the functional properties of the
tissue. To minimize the disruption of vascular tissue during evaluation, fiber-based instruments
are ultimately required for examining native vessels in their local environment (in vivo) and
engineered vascular tissue grown in bioreactors (in vitro).
Cryopreservation and chemical processing of tissue engineered vascular grafts derived from

both human and animal tissues are currently used in clinical applications of vascular repair [29–31].
The absolute fluorescence lifetime values of elastin and collagen vary significantly depending on
sample preparation, storage, and environment, and the fluorescence lifetime values of elastin and
collagen solutions differ from those in native tissue [32–34]. In addition, tissue freezing results in
altered collagen structure due to the expansion of intra-fibrillar fluid during ice formation [35,36]
and cell death. Characterizing the subsequent changes in optical properties that occur with
freezing is important for accurate interpretation of experimental results and comparison to data
published in the literature.
The overall objective of this work is to study whether fiber-based FLIm has the potential

to assess spatial changes in biochemical composition in healthy carotid arteries. In this study,
we utilized the naturally occurring anatomical differences in collagen and elastin content of
carotid arteries [21] as an experimental model to form specific, quantitative relationships between
FLIm-derived parameters and tissue biochemical properties. In addition, we studied the effect
of tissue freezing on fluorescent parameters. By examining a range of biochemical properties,
we determined which optical parameters are best suited for collagen and elastin quantification
and whether the strength of these correlations are sufficient to characterize artery biochemical
composition. We showed that label-free FLIm can be used to determine the spatial changes in
biochemical composition of carotid arteries over a range of matrix compositions and that these
relationships are significantly altered with tissue processing.

2. Materials and methods

2.1. Carotid artery processing

Porcine carotid arteries (PCA) (4 - 10 cm in length, 3 - 5 mm in diameter, 600 - 800 µm thick)
were harvested from the external carotid artery cranial to the point of bifurcation in domestic pigs
(ranging from 39 - 128 kg in weight, ∼ 3 - 8 months in age [37]) immediately following sacrifice
(UC Davis Meat Lab, Davis, CA), trimmed of surrounding tissue, and incised longitudinally
to expose the luminal side (n = 11). Samples were stored in phosphate buffered saline (PBS)
(Sigma-Aldrich, St. Louis, MO) prior to optical evaluation. A subset of matched samples (n = 4
animals labeled P1 - P4; 2 anatomical locations) were further processed for biochemical and
histological analysis (Fig. 1(a); Overview). All samples were imaged within one hour of sacrifice.
For comparison of viable and frozen tissue optical properties, a subset of freshly harvested
samples (n = 3) were imaged immediately (viable) and after three freeze-thaw cycles at -20 °C
(frozen).

2.2. Fluorescence lifetime imaging

Label-free FLIm was performed with a fiber-based multispectral instrument previously described
[38]. Briefly, pulse sampling in the time domain was used to retrieve fluorescence spectral and
lifetime (LT) properties from the exposed lumen of the carotid arteries, positioned 0.5 - 1.0 mm
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Fig. 1. (a) Schematic of sample preparation, imaging and biochemical evaluation. (b)
Schematic of the FLIm system. (c) Spectral signatures of collagen and elastin, and identifica-
tion of the used spectral bands, SB1: 380 - 400 nm, SB2: 415 - 455 nm, SB3: 465 - 553
nm.

away from the fiber tip. The instrument consisted of a 355 nm Q-switched microchip pulsed laser
(pulse duration < 0.6 ns, pulse energy > 2 µJ, repetition rate 4kHz; TEEM photonics STV-02E,
Meylan, France) coupled to a 400 µm core multimode fiber that was raster scanned across the
surface of the sample with a 3-axis translation stage (PROmech LP28, Parker, Charlotte, NC).
Tissue autofluorescence was collected back through the same multimode fiber and delivered to a
set of dichroic mirrors and filters that spectrally separated the collected light into three different
spectral bands (SB) (Table 1). Each SB was coupled to a fiber optic delay line of progressively
increasing length to temporally multiplex the signal in a single microchannel plate photomultiplier
tube (MCP-PMT; R3809U-50, Hamamatsu, Japan), connected to a high speed digitizer (12.5
GS/s, 3 GHz bandwidth; NI PXIe-5185, National Instruments, Austin, TX) (Fig. 1(b)).

The spectral bands defined in Table 1 cover the emission spectra of the main structural proteins
in carotid arteries, i.e. collagen and elastin, as depicted in Fig. 1(c).

Table 1. Assignation of spectral bands in the multispectral FLIm instrument.

Spectral band label Spectral range
SB1 380 - 400 nm
SB2 415 - 455 nm
SB3 465 - 553 nm

Images sized ∼ 80 mm x 25 mm were acquired with square pixels of 200 µm x 200 µm,
in about 5 minutes. The penetration depth of this setup is estimated to be < 300 µm. The
instrument response function was measured after each imaging session using the decay of
2-DASPI (2-[4-(dimethylamino)styryl]-1-methylpyridinium iodide (Sigma-Aldrich) that has an
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average fluorescence lifetime of 30 ps when dissolved in ethanol [19, 39].
The data processing pipeline was based on a constrained least square deconvolution with

expansion into the Laguerre basis functions, as previously detailed [40,41]. The retrieved metrics
of interest for each spectral bands are the intensity ratio (IR), computed as the area under the
waveform for each band divided by the contribution from all spectral bands (Eq. 1), and the
average fluorescence lifetime (τavg), interpreted as the expectation value of the probability density
function of the fluorescence decay (Eq. 2) [42, 43].

IRi =
Ii∑3
j=1 Ij

, i = 1, 2, 3 (1)

τavg =

∫ ∞
0 t · I(t)dt∫ ∞

0 I(t)dt
(2)

2.3. Biochemical analysis and histology

After fluorescence lifetime imaging, full-thickness tissue was collected from the cranial and caudal
regions of the carotid artery (n = 4 animals) using a 6 mm diameter dermal biopsy punch. Arteries
were photographed after sample harvest to define FLIm data regions of interest and lyophilized
for 4 days to create matched samples for biochemical analysis. Minced lyophilized samples
were weighed to determine dry weight (DW) and 20 mg of each sample was used for elastin
quantification using a quantitative dye-binding Fastin Elastin Assay (Biocolor, Carrickfergus,
UK). Briefly, native, hydrophobic elastin was converted to soluble α-elastin by hot acid extraction,
precipitated and treated with the dye 5,10,15,20-tetraphenyl-21H,23H-porphine tetra-sulfonate
(TPPS) that binds to elastin, and measured at 510 nm. The amount of α-elastin (µg) in each
sample was calculated from the linear fit of standard curve of elastin, normalized to dry weight,
and expressed as elastin content.
For collagen and DNA analysis, lyophilized samples were digested in papain for 18 h at 60

°C, as previously described [44]. Total collagen content was quantified using a chloramine-T
hydroxyproline assay (Biocolor), as previously described [45]. The collagen content of each
sample was normalized to dry weight and expressed as collagen content. Total DNAwas quantified
using a fluorescent PicoGreen dsDNA assay (Molecular Probes, Eugene, OR). Cell number was
calculated from DNA results using 7.9 pg DNA / cell [46]. The calculated cell number of each
sample was normalized to dry weight and expressed as cell content.

For histological evaluation, full-width, cross-sectional cuts from the cranial and caudal regions
of each artery were fixed in 10 % neutral buffered formalin, paraffin embedded, sectioned at
10 µm, and stained with Verhoeff –Van Gieson stain (VVG) for elastin, or picrosirius red and
nuclear fast green for total collagen following routine procedures.

2.4. Statistical analysis and modeling

All FLIm evaluations in this study were performed using n = 11 animals. Data are presented
as mean ± standard deviation computed from regions of interest defined in either region of
the arteries (cranial and caudal). For comparison between anatomical locations, a pooled t-test
was used and significant differences (p < 0.05) are indicated by an asterisk. To determine
correlations between optical parameters and biochemical components, simple linear least squares
regression analysis was performed on a subset of matched samples (n = 4 animals; 2 anatomical
locations). Bivariate linear regression model data are presented with the R2, root mean square
error (RMSE), and the p-value for significant differences (p < 0.05) (Fig. 4(a)-(c)). To determine
which biochemical components have significant effects on imaging properties, multivariable
linear regression modeling was performed using multiple independent variables (normalized
collagen, elastin, cell number, animal, anatomical location) against each single dependent outcome
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Fig. 2. Anatomical variations in porcine carotid artery biochemical composition. (a) Rep-
resentative native porcine carotid artery shows narrowing from caudal (bottom) to cranial
(top) regions. (b) Longitudinal incision to expose the lumen for imaging. (c) Representative
picrosirius red staining (left) and Verhoeff-Van Gieson staining (right) staining of two
different anatomical regions within the artery (caudal - bottom and cranial - top) as indicated
corresponding to black squared regions (* denotes luminal side). (d) Quantification of
collagen and elastin composition confirms significant anatomical variations in extracellular
matrix biochemical composition.

measurement (SB1 LT, SB2 LT, SB3 LT, IR1, IR2, IR3) (Fig. 4(d)). Multivariable regression
model data are presented with the predicted response as a solid black line, the 95 % confidence
interval as blue curves, and the p-value for significant differences (p < 0.05) (Fig. 4(d)). For
comparison between viable and frozen arteries (n=3), a matched t-test was used and significant
differences (p < 0.05) are indicated by an asterisk. All statistical analyses were performed on
JMP Pro v14 (SAS Institute, Cary, NC).

3. Results

3.1. Biochemical composition of carotid artery varies across anatomical locations

Excised porcine carotid arteries showed a sharp reduction in diameter in the cranial region as
compared to the caudal region of the artery (Fig. 2(a)–(b)). Histological evaluation showed the
caudal region of the artery had qualitatively low picrosirius red staining for collagen and very
strong Verhoeff–Van Gieson staining for elastin. In contrast, the cranial region had qualitatively
higher picrosirius red staining and very low Verhoeff–Van Gieson staining. Quantification of
elastin showed over a 2-fold significant increase in elastin content in the caudal region as compared
to the cranial region (p < 0.001). Quantification of collagen showed a non–significant decrease in
collagen content in the caudal region as compared to the cranial region (p = 0.19) (Fig. 2(d)).
Normalized cell content significantly decreased in the caudal region as compared to the cranial
region (p = 0.02; ∆ = 2,580 ± 700 cells / DW).

3.2. FLIm-derived parameters detect biochemical changes associated with anatomical
locations

Anatomical changes along the length of porcine carotid arteries give rise to distinct fluorescence
properties that are captured by FLIm. The two anatomical regions of the arteries are clearly
differentiated by a sharp transition where the arterial diameter narrows. Statistical modeling

                                                                       Vol. 9, No. 9 | 1 Sep 2018 | BIOMEDICAL OPTICS EXPRESS 4070 



Fig. 3. FLIm analysis detects anatomical variations in porcine carotid artery. (a) Fluorescence
intensity ratio (IR) images of a representative carotid artery in the three spectral bands (SB).
(b) Fluorescence lifetime (LT) images of four representative carotid arteries in the three SB
from three large pigs (P1-P3) and one smaller pig (P4). Average intensity ratios (c), and
fluorescence lifetime (d) quantification for each spectral band in the cranial and the caudal
regions of the arteries (n = 11).

determined that both animal and anatomical location had significant effects on all FLIm-derived
parameters (p < 0.001 for all). Fluorescence intensity variations in each spectral band is shown
in the IR maps (Fig. 3(a); representative artery). The strongest intensity was always detected in
the spectral range 415-455 nm (IR2). IR1 in the cranial region was stronger than for the caudal
region (Fig. 3(c)). The differences in intensity ratio between the two regions of the artery were
significant for all the spectral bands utilized in this study (p < 0.0001), and where found to be
binary rather than gradual in the transition zone.
The fluorescence lifetime maps of four representative carotid arteries (P1-P4) are shown in

Fig. 3(b) and summarized in Table 2. Animals for samples P1 through P3 were similar in weight
(∼ 128 kg), while P4 was from a much smaller pig (∼ 39 kg). The highest lifetime values were
obtained in SB1, with no significant differences between the cranial and the caudal regions. The
fluorescence lifetime measured in SB2 were slightly shorter but significantly varied between
anatomical locations. On average, there was a difference of 100 ps between the two anatomical
regions. Differences were highly animal dependent, as illustrated in Fig. 3(b); some carotid
arteries exhibited negligible differences from end to end (e.g. P3 and P4), while others differed
up to 200 ps (e.g. P1 and P2). The changes were most remarkable at longer wavelengths (SB3).
For this spectral band, the difference in fluorescence LT between the cranial and the caudal region
of the artery could be as small as 90 ps or as large as 500 ps. The longest fluorescent LT values
were always found on the caudal region. According to LT values, the transition zone between
the cranial and the caudal zone was either negligible (e.g. P2 SB1) or abrupt (e.g. P1 SB3).
Sample P4 shows an area with even higher fluorescence lifetime values in SB1 and SB2 on the
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Fig. 4. FLIm-derived parameters are sensitive to tissue composition. Linear correlations
between (a) SB3 LT and elastin content, (b) SB2 LT and collagen content, and (c) SB2 LT
and cell number. (d) Multivariable linear regression model of all biochemical components
against FLIm LT data.

left hand-side of the vessel corresponding to fatty tissue that was attached to the adventitial side
of the artery.

Table 2. Anatomical variation in fluorescence lifetime values of pig carotid arteries
(mean ± std; matched t-test p-values; n = 11).

Spectral band Cranial LT (ns) Caudal LT (ns) p-value
SB1 6.6 ± 0.5 6.6 ± 0.5 0.79
SB2 6.09 ± 0.05 6.2 ± 0.1 0.0007
SB3 5.14 ± 0.09 5.5 ± 0.1 < 0.0001

3.3. FLIm-derived parameters are sensitive to changes in carotid artery extracellular
matrix and correlate with biochemical assays

Bivariate analysis of PCA samples revealed significant, linear correlations between SB3 LT and
elastin content (Fig. 4(a), R2 = 0.89, p < 0.001), SB2 LT and collagen content (Fig. 4(b), R2 =
0.64, p = 0.016), and SB2 LT and cell number (Fig. 4(c), R2 = 0.61, p = 0.04).

A multivariable linear regression model of all biochemical testing data against fluorescence LT
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Fig. 5. Freezing alters optical properties. (a) Representative fluorescence lifetime images of
a viable porcine carotid artery (viable) and after three freeze-thaw cycles at -20 °C (frozen).
Quantification of the intensity ratio(b) and the fluorescence lifetime (c) in the cranial and
caudal regions of the arteries before and after freezing.

data (SB1, SB2, SB3) showed that cell number had a significant negative effect on SB2 LT values
(Fig. 4(d); p = 0.05), and increased collagen content significantly increased SB2 LT values (p =
0.04). Elastin content did not have a significant effect on SB2 LT values (p = 0.41). Increased
elastin content significantly increased SB3 LT values (p = 0.02). Collagen and cell content did
not have significant effects on SB3 LT values (p = 0.90 and p = 0.45, respectively). Collagen
content, cell number, and elastin content did not have significant effects on SB1 LT values (p =
0.18, p = 0.13, and p = 0.86, respectively).

3.4. Freeze-thaw processing produces wavelength specific changes in carotid arteries

Freeze-thaw processing resulted in wavelength specific changes in optical properties (Fig. 5(a);
representative LT images of viable and frozen samples). Freeze-thaw processing in both cranial
and caudal regions of the artery resulted in a blue-shift in the intensity ratio with respect to fresh
tissue, as indicated by significantly increased IR2 and significantly decreased IR3 (Fig. 5(b)).
Quantification of FLIm LT (Fig. 5(c)) showed significant increases in all three spectral bands
in the cranial region and a significant increase in SB2 in the caudal region with freeze-thaw
processing as compared to viable tissue (Table 3).

4. Discussion

The results of the present study demonstrate the applicability of using label-free, fiber-based
FLIm to quantify variations in collagen content, elastin content, and cell number in vascular
tissue. The optical assessments were supported by strong linear correlations between biochemical
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Table 3. Effect of freezing on fluorescence lifetime in the cranial and the caudal regions
of pig carotid arteries (mean ± std; matched t-test p-values; n = 3 /group).

Spectral band Cranial ∆LT (ps) p-value Caudal ∆LT (ps) p-value
SB1 70 ± 30 0.04 50 ± 20 0.2
SB2 360 ± 80 0.003 180 ± 30 0.04
SB3 330 ± 110 0.02 20 ± 40 0.8

assays and FLIm-derived parameters. The novel findings of this experiment include quantitative
relationships between 1) increased elastin content and increased SB3 LT, 2) increased collagen
content and increased SB2 LT, and 3) increased cell number and decreased SB2 LT. A fiber-
based, multispectral fluorescence lifetime imaging system provides a nondestructive platform for
evaluating endogenous fluorescence of tissues with three key attributes: 1) it is rapid (8 ms/pixel),
2) it has an unconstrained field of view (it can image small and large samples), and 3) it is flexible
to adapt to challenging applications like intravascular imaging. The results of this study are
particularly exciting because they serve as an initial step toward the creation of a nondestructive
diagnostic technique for intravascular tissue-engineering applications.

The use of naturally occurring anatomical variations in collagen to elastin ratio in the carotid
artery allowed two objectives to be achieved: 1) the evaluation of physiologically relevant tissue
compositions in their native configuration, and 2) the optical characterization of samples with
varying levels of matrix contents and biochemical properties. Porcine carotid arteries adapt their
morphology and biochemical composition to fulfill the biomechanical requirements at different
anatomical locations. The diameter of the carotid artery decreases from the caudal to the cranial
region [47] as we observed in our samples (Fig. 2(a)-(b), Fig. 3(a)-(b), Fig. 5(a)). The elastin
content in the vessel wall progressively decreases from the heart (caudal region) toward the
head (cranial region) [22, 23] which we measured as a 2.4 fold decrease in elastin content in the
cranial region (Fig. 2). The collagen to elastin ratio increases from the caudal region toward the
head [27] which we observed as a result of the increasing elastin content in conjunction with a
slight decreasing trend in collagen content along the length of the artery (Fig. 2). Utilizing the
naturally occurring anatomical variations in artery biochemistry proved effective in creating a
range of biochemical properties for optical characterization.

The changes in biochemical composition translate to changes in the fluorescence properties of
the vessel wall. The cranial region of the arteries possessed a stronger IR1, indicative of higher
concentrations from collagen content and associated crosslinking [10, 22, 48]. The caudal region
had stronger IR2 suggesting stronger fluorescence contributions from elastin content (Fig. 3(a)
and (c)). In general, the caudal region also featured higher fluorescence lifetime values (Fig. 3(b)
and (d)).
In the low-range emission wavelengths used in this study (SB1), there were no significant

differences in the fluorescence lifetime values between the cranial and caudal regions of the
carotid arteries, which may be attributed to a stable ratio of collagen and crosslinks throughout
the length of the artery.

The mid-range emission wavelength bandwidth (SB2) featured complex fluorescence lifetime
patterns with competing contributions from collagen, elastin, and cells. Fluorescence lifetime
values in SB2 had significant positive correlations with collagen content and negative correlations
with cell content. Increased collagen content in the ECM tends to dominate the fluorescence
lifetime in SB2 due to its intrinsic high LT value with respect to other matrix proteins. The
contribution of cell number to fluorescence lifetime signal is constrained to the two inner layers
of the artery by the penetration depth of the imaging system (< 300 µm). The inner most layer,
the tunica intima, is comprised of a thin layer of endothelial cells while the middle layer, the
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tunica media, contains smooth muscle cells. Because these cell types have shorter fluorescence
lifetime values than ECM proteins in the 400 - 500 nm range [11], a relative increase in cell
content shortens the measured lifetime values in SB2. The relative ratios of cellular and ECM
components dictate the ultimate tissue fluorescence properties in this band.

The higher-range emission wavelength (SB3) displayed the most characteristic and consistent
differences in fluorescence lifetime between the two regions of the artery. The cranial region had
shorter fluorescence lifetime values (5.14 ± 0.09 ns) than the caudal region (5.5 ± 0.1 ns) for all
measured samples. These significant differences in fluorescence lifetime values can be attributed
to the presence of elastin, which we measured to be significantly higher in the caudal region of
the carotid arteries. Elastin reportedly has a broad spectral bandwidth extending well into SB3,
while collagen fluorescence is more narrow and blue-shifted with lower contributions to SB3
parameters [48, 49]. The ability of FLIm to infer the changes in elastin content in the pig carotid
arteries was supported by the strong linear correlations between fluorescence lifetime in SB3 and
elastin content.
As the vascular system matures, the ECM rearranges and stiffens creating age-dependent

changes in the collagen to elastin ratio [27, 37, 50]. Our results indicate that the fluorescence
lifetime parameters of carotid arteries from younger pigs differed from those of older animals
(Fig. 3(b), P4 versus P1-3). The younger carotid arteries had longer fluorescence lifetime values
in SB1 and shorter lifetime values in SB2 and SB3 when compared to the older pigs and may
reflect the age-dependent ECM modifications.

The FLIm results obtained after freeze-thaw processing reflect the composition and structural
changes within the extracellular matrix of the carotid arteries. Upon freezing, the cellular content
decreases as cells lyse, and the collagen fibers thicken and separate from each other during
dehydration and ice formation [35, 36]. These effects are more strongly manifested in the cranial
region of the artery due to its higher collagen content [51] and can be observed in the lower
anatomical differences in the FLIm SB2 LT values (Fig. 5(a)).
This study shows that a fiber-optic implementation of fluorescence lifetime imaging can

highlight the differences in fluorescence properties between native and cryopreserved tissue.
The fiber-based geometry is highly desirable because of its compatibility with intravascular
imaging in tissue-engineering applications to monitor vessel maturation in a bioreactor, or in
vivo to evaluate the cardiovascular repair and health of humans and animals. In vivo obstacles to
FLIm involving pulsatile flow and the presence of blood have been overcome with the use of a
catheter-based flushing system [15]. Moreover, a fiber-based implementation is compatible with
optical coherent tomography [7, 10, 16] and intravascular ultrasound [15,18, 19], which can be
used to obtain simultaneous structural information of the tissue under examination.

5. Conclusion

In conclusion, label-free fluorescence lifetime imaging implemented with an optical fiber
probe successfully detected collagen, elastin, and cellular variations in porcine carotid artery
composition in both viable and previously frozen tissues. Using multivariable linear regression
models, FLIm-derived parameters were found to be strongly correlated with the biochemical
properties of the tissue. Specifically, the fluorescence lifetime in the spectral band 415-455
nm (SB2) detected changes in collagen content and cell number, while spectral band 465-553
nm (SB3) detected changes in elastin content. A fiber-based FLIm system has the ability for
intravascular evaluations in a number of applications including intraluminal monitoring of
vascular tissue graft maturation in bioreactors and in vivo evaluation of surgical therapeutics.
The development of novel diagnostic techniques with the potential to monitor variations in
biochemical composition and provide benchmark indicators of tissue maturation is an exciting
step forward for both in vitro and in vivo studies.
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