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Changes in the composition of type I and type Il collagen in tissue can shed light on various diseases. How-
ever, many of the current collagen detection techniques require invasive and destructive tissue sampling.
In this study, a low cost, low complexity light emitting diode (LED) based system was developed to realize
both non-invasive detection and specific discrimination of collagen and elastin variations in tissue based
on fluorescence lifetimes. Modulated LED excitation was applied to frequency domain (FD) fluorescence
lifetime spectroscopy to calculate tissue autofluorescence lifetimes. Using this method, fluorescence life-

gﬁ{gggﬁﬁ times from collagen type I versus type Il were clearly separated at 3.95ns and 5.01 ns, respectively,
Collagen III distinct from the elastin lifetime at 6.78 ns. The probe was tested on bovine ocular tissues, with cornea
Elastin showing much shorter average lifetime of 4.27 ns than sclera at 7.48 ns. Furthermore, measurements of

an 8 mm murine skin wound at 14 days post-wounding also showed distinct, longer average lifetimes at
9.74 ns versus normal skin at 6.72 ns. This FD tissue detection technique can potentially offer a way to

Frequency domain
Fluorescence lifetime

Extra cellular matrix

examine tissue structures and discern the underlying pathology nondestructively.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Collagen is the main load-bearing structural protein in the extra
cellular matrix (ECM) of biological tissue. The quantity, type, and
orientation of collagen greatly influence the way tissues carry
stress, stretch, and maintain integrity. Elastin reinforces the col-
lagen network and provides resilience to tissues. To study the
collagen and elastin composition in biological tissues, and their
changes in diseases, a non-invasive detection technique is required.
In this study, a general method is developed to detect and differen-
tiate ECM proteins. Here, detections were demonstrated with type
I collagen, type III collagen and elastin in the context of their mea-
surements in skin wounds and ocular tissues [1-3]. The method
uses alow cost, low complexity light emitting diode (LED) system to
realize both non-invasive detection and specific discrimination of
collagen and elastin variations in tissue. Modulated LED excitation
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was applied to frequency domain (FD) fluorescence lifetime spec-
troscopy to determine tissue autofluorescence lifetimes (Fig. 1).
Using the novel LED-based system, fluorescence lifetimes from
collagen type I, collagen type III and elastin can be clearly distin-
guished. These frequency domain-based lifetimes, especially the
direct comparison of type I and Il collagen, are reported here for the
first time, in contrast to time domain measurements in the litera-
ture. The extension of the method to detect other collagen types and
ECM components is also discussed. Due to the low cost of LED and
photodiode components, low complexity of the fiber optic probe,
and the possibility of integrating phase and demodulation analy-
ses on an integrated circuit, the developed technique is well suited
to portable applications. Applications in implantable sensors, field
diagnostics, and clinical monitoring can benefit from this technique
to measure collagen and elastin distributions in biological tissues
over time.

1.1. Collagen and ECM composition of skin wounds and ocular
tissue

In skin wounds, collagen remodeling occurring underneath a
closing wound cannot be easily assessed by visual monitoring. The
primary structural component of normal dermis is mostly collagen,
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Fig. 1. Fiber based frequency domain collagen and elastin detection system. (A) Frequency domain fluorescence lifetime is based on the phase shift delay and amplitude
demodulation of the fluorescence emission when a sample is excited by a modulated light source. (B) The components of the systems are compact and cost-effective. This
system can be applied to (C) non-invasive probing of ocular tissue, and (D) non-contact monitoring of wound healing. (Note that ocular and skin tissues were cut into samples

and measured in this study.)

with elastin, glycoproteins, and glycosaminoglycans also present.
During the proliferation phase, fibroblasts proliferate in the wound
and produce ECM, especially collagens, to replace the provisional
matrix formed in homeostasis/inflammatory stage of the earlier
wound healing process to establish scar tissue [4]. Normal skin and
wounds that have undergone collagen remodeling contain more
mature cross-linked collagen I fibers, while immature wounds
contain more parallel collagen III fibers [5,6]. Elastin is another
major protein component of the ECM produced by fibroblasts and
smooth muscle cells, which provide resilience to the skin and
other tissues. It is abnormally expressed during skin wound heal-
ing which partially contributes to the impaired breaking strength
of scars compared with unwounded skin [7]. Restoration of normal
ECM architecture is necessary for skin wounds to gain the tensile
strength that is required to maintain tissue integrity [1]. Full thick-
ness murine wounds have been used as important models to study
wound healing, including collagen remodeling processes.

In the eye, the type and orientation of collagen fibers vary by
region and are closely related to the eye’s functions [2,8,9]. For
example, in the peripapillary region where the optic nerve exits
the sclera, there is a predominant circumferential fiber alignment
[10] that likely functions to control deformation and stress in the
optic nerve head tissues. Similar to skin and other connective tis-
sues, sclera is primarily composed of a matrix containing collagens,
elastin [11], and proteoglycans [12]. The result is a tissue having
strength and viscoelastic properties that help to protect the eye
from severe loads, and also from brief elevations in intraocular pres-
sure due to eye movements and other events such as rubbing. In
the cornea, the lamellae are composed of collagen fibrils of uniform
diameter running parallel to one another; however, in the sclera the
collagen fibrils have varying diameter with an irregular branching
pattern [13,14]. Human eye tissue contains about 90% type I colla-
gen and less than 5% type Il collagen [2]. Levels of type III collagen
in the bovine cornea average less than 1% in animals older than 3
months [15,16]. Disorders in the ocular structure play a role in dis-
eases such as glaucoma [17,18] which manifests as damage to the

tissues of the optic nerve head, and the corneal thinning disease
keratoconus [19]. Structural problems of the sclera have also been
implicated in myopia [20]. Abnormal elastin has been found in the
lamina cribrosa tissue, which bridges the opening in the sclera at
the optic nerve head, of glaucomatous eyes [20]. A non-invasive
assay of tissue would aid research into eye disorders such as these
as well, as skin wounds discussed above, and could eventually be
used as a diagnostic tool.

1.2. Existing ECM detection techniques

Several techniques are currently used to measure tissue ECM
compositions, such as histological staining, histological autofluo-
rescence, and non-invasive tissue optical biopsy. Tissue histology
has well-established analysis and quantification methods in
techniques such as immunofluorescence [21,22] and picrosirius
staining microscopy [23,24]. However, histology requires invasive
sampling and destructive sectioning to produce samples for mea-
surement. On the other hand, laser-induced tissue fluorescence
and microscopy techniques have been developed for non-invasive
tissue monitoring, but have not enabled differentiation of colla-
gen types specifically [25-27]. Laser fluorescence and microscopy
instrumentation is also prohibitively costly and complicated for
widespread biomedical application.

1.3. Characteristics of collagen and tissue autofluorescence

Autofluorescence from collagen (i.e. without staining) is com-
monly observed in cell and tissue microscopy. The major collagen
fluorophores are lysine derived pyridinium, tyrosine, and phen-
ylalanine groups [28-31], which can be affected by crosslinking,
glycation, and their compositions in different types of collagens
[32-34]. Collagen autofluorescence, in combination with other
endogenous fluorophores, can provide differentiation between
normal and cancerous tissues [35,36], promising tumor demarca-
tion in minimally invasive surgeries [37,38]. Moreover, collagen
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fiber orientation and crystallinity enable second harmonic gen-
eration (SHG) using laser induced autofluorescence [39-43].
Both multiphoton collagen autofluorescence and SHG have been
adapted for monitoring skin aging [44,45] and investigating ocu-
lar pathology [46-50]. Despite the ability to detect endogenous
fluorophores—e.g. NADH+, elastin, and collagen—no differentiation
of collagen types using SHG and multiphoton microscopy has been
demonstrated. This is because very little differences exist in the
spectral domain of collagen types, e.g. I versus IIl. However, aut-
ofluorescences from different collagen types evidently have strong
differences in the time domain [51,52]—their lifetimes are signifi-
cantly different and sensitive to the crosslinking and glycation, as
mentioned earlier. Therefore, fluorescence lifetime spectroscopy,
either in the time-domain or frequency domain, can provide non-
invasive differentiation of collagen types in tissue.

1.4. Time and frequency domain methods for collagen and elastin
fluorescence lifetime

Collagen and elastin autofluorescence, and fluorescence in gen-
eral, can be modeled as a linear, time-invariant system with a
characteristic impulse response function specific to a particular
fluorophore [53-55]. Therefore, the input (excitation) and out-
put (emission) of such a system can be considered in time and
frequency domains. In the time domain, the input excitation is con-
volved with the impulse response to yield the emission intensity
over time. This time domain method has been demonstrated with
sub-nanosecond pulsed lasers and fast photomultiplier tube (PMT)
detectors to reconstruct collagen fluorescence impulse response
decays, with associated lifetime constants [56-59]. While the time
domain method obtains more information over shorter pulses, the
cost of the pulsed lasers, triggering electronics, and PMT detec-
tors, in addition to the complexity of the system, prevent its wider
use in biomedical applications. On the other hand, the frequency
domain method applies a sinusoidal modulation to the excitation
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intensity, resulting in a sinusoidal emission with amplitude
suppression and phase shift, as expected from a linear time-
invariant system (Fig. 1B). The frequency domain lifetime method
is potentially a cost-effective alternative to monitoring biologi-
cal tissues [60,61]. Optimum modulation frequencies for tissue
fluorophores—e.g. collagen, elastin, NADH—range from 10 to
100MHz [62], lowering the requirements for the LED modula-
tion electronics, photodetector temporal response, as well as signal
digitization and recording speed [63,64]. Moreover, a single multi-
channel oscilloscope can perform the timing and acquisitions for
both the excitation and emissions signals. Using the phase A¢
and modulation m from oscilloscope measurements, two lifetimes,
Tp=w 'tan A¢ and T = w1 (m2 - 1)1/2, can be calculated and
combined via multi-exponential models to find characteristic life-
times of a sample. In this study, the characteristic lifetimes of
fluorescence standards, purified collagen proteins, and ocular and
skin tissue samples were measured to demonstrate the system’s
utility.

2. Methods
2.1. FD ECM detection system overview

The system is composed of the following components: a mod-
ulated 365 nm wavelength LED (DC3100-365, Thorlabs, NJ) was
used as the light source along with a 275-375 nm bandpass fil-
ter. This sinusoid modulated excitation light was carried by a 7
around 1 UV-resistant fiber probe (Stellarnet, FL) to illuminate
the sample at frequencies from 10 MHz to 60 MHz. The emission
and the reflected/scattered light from the sample were collected
by the 7 fibers and the reflected/scattered light was then filtered
by two 400 nm longpass filters. An avalanche photodiode (APD-
110C, Thorlabs, NJ) picked up the filtered emission intensity and
compared its modulation with the LED source on an oscilloscope
(Fig. 2). Because of the availability of modulated LED, fast avalanche

LED
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Position Measured Power (@A)

@ LED Output (700 mA) 190 mW (365 nm)

@rrobe Tip 2.41 mW (365 nm)
©riber Bundle* 49.83 pW (365 nm)
@ Detector |Reflectance* 28.01 uW (365 nm)

FAD (0.1 mM) 70.76 nW (520 nm)

Collagen (8.90 mg) |213.8 nW (450 nm)

* Using Halon reflectance standard at the probe tip.

Fig. 2. FD ECM detection optomechanics design. At the modulated LED light source, a pair of plano-convex lenses ($25.4, f=25.4) help to couple light through an excitation
filter (275-375 nm bandpass) into a 600 pm fiber. This excitation is illuminated on a fluorescence sample, and the emission is collected by seven 600 wm fibers into the
detector coupling block. In the block, a plano-convex lens ($12.7, f=20.0) collimates the emission intensity through a pair of 400 nm longpass filters, which can also be
replaced by either a pin hole or a neutral density filter during calibration procedures. The filtered emission is then focused by an aspheric lens ($25.0, f=20.0) onto a fast,
avalanche photodiode. The efficiencies of the system can be interpreted by the optical power measured at various positions, as well as typical sample fluorescence from FAD

and collagen L.
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Table 1
System components.

Component Relevant spec. Price

700 mA, 10-90 MHz sinusoid $2510
SM1 lens tube, SM1 collimator $450

Thorlabs Modulated LED Source
1” Lens tube components

SM1 optics 1” lens and lens tubes $200
Colored Glass Bandpass 275-375nm $86
Stellarnet 7 around 1 probe 600 pm, solarization resistant $600
Manual filter wheel 6 position, 1” optics $145
Thorlabs Longpass FEL0400 400 nm $73(2)
Thorlabs APD120A2 Photodiode DC-50 MHz (3 dB), 2.5e6 V/W $1070
Rigol DS1000B Oscilloscope 200 MHz, 2 GSa/s $945

photodiode, and sub 100 MHz oscilloscope at affordable costs, the
FD collagen system in this study does not require extra signal gen-
erator or heterodyne electronics [65,66], and has a generally low
overall system cost.

2.2. System optomechanics

To couple the light from the LED, a plano-convex lens was used
to collimate the light through the 375 nm low pass filter and focused
by a second plano-convex lens onto the fiber probe. The fiber probe
configuration has one illumination core in the center and 7 sur-
rounding collection cores. This gives higher collection efficiency
with smaller detection spot provided by the single illumination
core. Similar to the LED coupling, detector coupling was achieved
by collimating the collection fiber output through longpass filters.
Then the signal was focused on the APD with a pair of plano-convex
lenses (as shown in Fig. 2). Moreover, the longpass filters, as well
as neutral density filters, were mounted on a filter wheel to enable
them to be moved in and out of the light path during normal and
calibration operations. The components details and costs are listed
in Table 1.

2.3. System calibration

Phase shift and modulation depth ratio of the system were
calibrated for comparisons between solid and liquid sample mea-
surements. During these calibration measurements, the emission
filters were switched out and replaced with neutral density filters
or pin holes to further reduce intensity. For the reference phase
angles, reflected/scattered light was measured at 10-60 MHz from
frosted glass, water, and ethanol media to compare with mea-
surements from powder/fiber form, aqueous solutions and ethanol
solutions, respectively. For the reference modulation depth ratios,
the LED waveform’s b/a ratios were measured for the frosted glass,
water, and ethanol solutions, to parallel those measured for phase
references.

2.4. Fluorescence standard, purified protein, and tissue sample
preparation

For comparison to known lifetime standards, three fluores-
cence standards were measured: flavin adenine dinucleotide (FAD),
fluorescein isothiocyanate (FITC), and 9-anthracenecarboxylic acid
(9CA). 0.1 mM FAD was prepared in water while 0.1 mM FITC and
9CA were prepared in ethanol. FAD, FITC, and 9CA have lifetimes
of 2.57,3.94, and 11.75 ns, covering the range of lifetimes expected
form the purified ECM proteins. Then, three purified ECM proteins
were measured—collagen I, collagen III, and elastin—to represent
important ECM components in ocular and skin tissues. Purified
proteins were measured in solid powder or fiber forms. Finally, life-
time measurements were conducted in bovine sclera and cornea
tissues, and murine normal and wound skin tissues (14 days post-
wounding).

In this study, bovine tissue is used because it is plentiful and
of similar consistency to human eye tissue and is often used as
a precursor to experiments using cadaveric or surgical specimens
of human origin [16,67]. Bovine eyes were obtained from a local
slaughterhouse and tested within 48 h of the animal’s death. Scleral
and corneal tissues were dissected from the surrounding fat and
extraocular muscles, then separated from the internal contents of
the eye. The scleral and corneal tissues were then cut into 5 mm
squares for measurement. Measurements were done normal to the
external surface of the tissue samples.

BALB/C mice were used in the skin wound model. Murine exper-
imental procedures followed the University of Illinois guidelines
for the humane treatment of animals and were approved by the
University of Illinois Institutional Animal Care and Use Commit-
tee. Wound models were created using 5mm punch biopsies on
day 0 and collected on day 14 post-wounding with 8 mm punch
biopsies. Immediately after biopsy sampling, skin and wound
tissues were measured normal to the external surface of the tis-
sues.

2.5. Frequency domain analysis

During data acquisition, the raw emission signals were averaged
128 times in the oscilloscope to reduce effects of noise, then the
averaged signals were imported into MATLAB (MathWorks, MA)
and fitted to sine functions. The least-square method was employed
to fit the raw signals to a sine function with known frequencies.
y=a+b sin(wx—¢), y=A+Bsin(wx—¢) (1)
where w is known when the sample is excited under the LED light
with a certain frequency, x is the time axle, and y is the raw voltage
data. The parameters phase ¢, amplitude b, offset a for the excita-
tion and phase ¢, amplitude B, offset A for the emission waveforms
(Fig. 1A) are readily extracted from the curve fitting. However,
there were noticeable DC offsets in the raw signals depending on
measurement frequencies and oscilloscope settings. Therefore, DC
offsets from dark readings (LED turned off) at specific measure-
ment conditions were subtracted from the raw data before fitting
and data processing. This process allowed more accurate calcu-
lations of the phase shift angles and modulation depths, without
peak uncertainties, amplitude drifts, and waveform asymmetries
from one part of the raw data to another, leading to better lifetime
measurements.

After getting the phase angles and modulation depth ratios
between 10MHz and 60MHz, the data was fitted to a multi-
exponential model as described in [68], where the fluorescence
impulse response function is assumed to be:

I(t) = Zaie’t/fi 2)
i=1

where ; is the lifetime fraction of each component 7;and > o;=1.
Thus I(t) appears as a decay curve containing multiple exponents
represented in the sample. The calculated phase shift angle ¢, and
modulation m¢, can then be obtained from the sine N, and cosine
D,, transformation of I(t):

[.°1(t)sinwtdt
Nep = doe 2277

3
. 1)t ©)
0
D, - I, I(to)coswtdt ”
[, 1(eydt
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where their numerical values can be calculated by:

aiwT?

No-J= zl-i—cuzrz )
QT

Do -] = 21 R (6)

where = a;7;.

Thus the phase shift angle ¢, and modulation m¢, can be
described by:

dcw = arctan (g—Z) (7)

1/2
Mew = (Ng) +D£20) /

(8)

An error-weighted x2 sum of the squares of the deviations
between the measured and calculated values is minimized to find
the best fitting of multi-exponential model.

Xt = Z%(% ~e 43 lm

w

where o4 and o, are the typical uncertainties in the phase and
modulation data, respectively. Respective standard deviations from
their measurements were used to represent these uncertainties.
A single exponential model was used for fluorescence standard
FAD, FITC, and 9CA, to be consistent with other reported studies
[58,64,69]. A two-exponential model was used for protein and tis-
sue samples, where fractional o1, >, and their respective 7 and
7, were calculated by minimizing the x? function describing devi-
ations of their ¢, and m,, values.

- mca))z (9)

2.6. Data processing

The LED trigger and APD detector signals were acquired using a
200 MHz oscilloscope (Rigol DS1000B). The data was then loaded
into Matlab (MathWorks) for analysis. The curve fitting module
was used to fit a sinusoid using the data, at pre-defined frequen-
cies corresponding to the LED excitation, e.g. 10, 20 MHz, etc.
Curve fitting was chosen over Fourier transform due to its sim-
ple implementation in Matlab, where the amplitude, DC offset, and
phase shift can be directly extracted, without ambiguity. No obvi-
ous processing time penalties were observed using this method.
Future implementation of Fourier transform, however, can be ben-
eficial in an embedded data processing unit. After extraction of the
phase and modulation parameters, they were implemented into a
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minimization function to fit into the appropriate single/multi-
exponential model.

3. Results and discussion

To characterize the FD ECM detection system, the calibra-
tion results and fluorescence spectra of each standard, protein,
and tissue samples were presented. Then, the FD phase shift and
demodulation results were presented. Next, the single and multi-
exponential fitted lifetimes were summarized in tabulated form.
Finally, the relationship between temporal resolution and sample
detectivity was characterized to describe the sensitivity of the FD
system.

3.1. System calibration results

The phase angles of mirror/water/ethanol references were fairly
close to each other (Fig. 3A). As with phase references, modulation
references did not change significantly among all samples (Fig. 3B).

3.2. Spectral domain alone cannot distinguish collagen types and
elastin

Spectral data showed that 9CA peaked at 450 nm, FITC at 520 nm,
and FAD at 530nm (Fig. 4). Protein spectra generally overlapped
for collagen I/IIl and elastin, but showed significant intensity dif-
ferences above 450 nm. This spectral overlap, combined with other
present chromophores like hemoglobin, makes tissue reflectance
complicated and difficult to interpret. In the FD collagen sys-
tem described in this manuscript, lifetime measurements were
employed to distinguish purified protein components by integrat-
ing all wavelengths above 400 nm.

3.3. Frequency domain phase shift results

Phase shifts of the tested samples shown in Fig. 5 were con-
sistent with lifetimes of fluorescence standards and distinguished
ECM proteins that comprise tissues. As seen in the figure, the phase
shift angle rose with frequency as expected, following an inverse
tangent profile consistent with Eq. (7). In general, larger phase shift
translates to longer lifetime at a specific frequency. For the fluores-
cence standards, the phase shifts increased from FAD, FITC, to 9CA,
in that order (Fig. 5A). For the proteins, collagen I consistently mea-
sured smaller phase shifts than collagen III at all frequencies, while
elastin measured larger phase shifts than the collagen samples
(Fig. 5B). For the bovine ocular tissues, the scleral tissue measured
much larger phase shifts compared to corneal tissue (Fig. 5C). The
cornea is critical to the optical functions of the eye’s lens and its
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Fig. 3. References phase and modulation ratios. (A) Phase delays versus frequency of LED modulation. (B) Modulation depth ratios versus frequency of LED modulation.
Measurements were made using mirror/water/ethanol references to represent the solid, aqueous, and ethanol solvated samples. Error bar denotes standard deviation, n=3.
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Fig. 4. Fluorescence spectra of standards, proteins, and complex tissue autofluorescence. (A) Emission spectra of standards with LED excitation spectra overlaid. (B) Emission
spectra of purified proteins samples. Emission spectra of (C) ocular tissues samples and (D) skin wound samples. Tissue samples have significant difference in the intensity
above 450 nm that is complicated by multiple protein compositions. Standards were in 0.1 mM concentration in their respective solvents; proteins in powder/fiber forms;

and tissues cut into samples as described in Section 2.4.

transparency is the result of uniform diameter and arrangement of
its collagen fibers [70,71], whose crosslinking could be the cause of
the smaller phase shift measurements. For the murine wound tis-
sue, larger phase shifts were measured compared to normal skin
tissue, indicative of longer lifetime components (Fig. 5D). Com-
pared to the collagen measurements, this difference may be due
to the relatively greater amount of collagen III (larger phase shift)
in the healing wound compared to normal skin [1]. It should be
noted that multiple ECM proteins are present in the tissue samples,
and collagen itself has multiple lifetime components. The multi-
exponential decay model, described later, provided better fitting
to extract lifetime information from these tissues. Additionally, the
phase shift results showed that frequency band of 40-50 MHz has
optimal separation for the protein and tissue samples, especially
for skin wounds, where data from 10, 20, and 50 MHz overlaps and
do not contribute to their separation.

3.4. Frequency domain demodulation results

Modulation depth ratios of the tested samples indicated that FD
demodulation can distinguish collagen proteins that comprise tis-
sues (Fig. 6). The modulation depth ratios were seen to drop with
frequency as expected, following a decay profile consistent with Eq.
(8).Ataparticular frequency, deeper demodulation generally trans-
lates to longer lifetime. Modulation depth ratios from the standards
followed that of the phase shift results, with FAD, FITC, and 9CA in
the order of increasing lifetimes (Fig. 6A). Again, collagen I versus
[l measured distinct modulation depth ratios, both shallower than

elastin’s values (Fig. 6B). Ocular tissue demodulation also agreed
with the phase results, with sclera having deeper demodulation and
thus longer lifetime than cornea tissue (Fig. 6C). The murine wound
also exhibited deeper demodulation compared to normal skin tis-
sue, Fig. 6D, consistent with the aforementioned premise that type
Il collagen is deposited into wound tissues during healing.
Furthermore, the demodulation results also showed that the
frequency band of 40-50MHz has adequate separation for all
samples, especially for ocular and skin wound samples. This indi-
cated that data acquisition in the future can be simplified by
focusing on 40-50 MHz bands. In the following section on the
multi-exponential model, both the phase and demodulation results
were combined in a minimizing function in order to calculate the

combined lifetimes.

3.5. Multi-exponential fitting of collagen, elastin, and tissue
lifetimes

The phase shifts and modulation depth ratios were fitted into
single or multi-exponential decay models, weighted with their
respective standard deviations, by minimizing Eq. (9). The fitted
lifetimes are shown in Tables 2-5. The lifetime fractional «’s and 7’s
are shown along with their apparent 74y for each sample of stan-
dards, proteins, and tissues. A single exponential model was used to
fit for the fluorescent standards. The fitting showed results of 2.57,
3.94, and 11.75ns for FAD, FITC, and 9CA, respectively, which are
comparable to results in [58,64,69]. Protein samples were fitted to
a two-exponential model, with a longer lifetime component and a
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Fig. 5. Phase shifts are consistent with lifetimes of fluorescence standards and can distinguish ECM proteins that comprise tissues. (A) Fluorescence standards showed
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III can be separated from elastin. (C) Ocular cornea tissues have smaller phase shift than sclera tissue, while (D) wound tissues have larger shift compared to normal skin

tissue. Error bars denote standard deviations, n=3.

Table 2
Single exponential fitting for fluorescence samples.
Sample Lifetimes (ns) Pre-exponential factors Fractionalintensities Average lifetime (ns) Reference(s)
7 7 o o fi f Tavg
FAD 2.57 +£ 0.02 - 1 - 1 - 2.57 £+ 0.02 [69]
FITC 3.94 £+ 0.05 - 1 - 1 - 3.94 £+ 0.05 [58,64]
9CA 11.75 + 0.02 - 1 - 1 - 11.75 + 0.02 [69]
Table 3
Multi-exponential fitting for protein samples.
Sample Lifetimes (ns) Pre-exponential factors Fractional intensities Average lifetime (ns) Reference(s)
71 T2 a %) h I3 Tavg
Col1 6.77 £ 0.24 0.84 £+ 0.04 0.121 0.879 0.525 0475 3.95 £+ 0.13 [51,52,56,57,59]
Col3 7.46 + 0.24 0.76 + 0.09 0.150 0.850 0.633 0.367 5.01 + 0.22 [51,52,56,57]
Elastin 9.37 £+ 0.40 1.42 +£ 0.20 0.238 0.762 0.673 0.327 6.78 £ 0.17 [56,59]
Table 4

Multi-exponential fitting for ocular tissue samples.

Sample Lifetimes (ns) Pre-exponential factors Fractional intensities Average lifetime (ns)
T 7 oy a; fi f Tavg

Cornea 8.44 + 0.82 0.22 £+ 0.05 0.024 0.976 0.486 0.514 427 +0.84

Sclera 9.53 £0.25 1.03 £ 0.09 0.254 0.746 0.759 0.241 7.48 £0.23
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tissue. Error bars denote standard deviations, n=3.

shorter one around 1 ns, consistent with reported values [56,57,69].
Collagen III's average lifetime was measured at 5.01 ns, distinct
from and longer than the lifetime of collagen I, 3.95ns, p=0.001.
Other reports have also found longer lifetimes for collagen IIl com-
pared to I [51,52]. This trend for collagen III versus I has also been
confirmed by using a time-domain system, Supplementary Fig. 1.
Elastin was distinct from type Il collagen, p = 0.0002, and measured
the longest average lifetime of ECM proteins in this study, with a
value of 6.78 ns.

Supplementary Fig. 1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.snb.2015.04.124

Atwo-exponential fitting was used for the tissue samples, follow
by the calculation of tavg. For the ocular tissues, cornea measure-
ments showed much shorter average lifetimes of 4.27 ns than sclera
at 7.48 ns. For the murine skin tissues, the 8 mm murine skin wound
at 14 days post-wounding showed a distinct, longer average life-
time at 9.74 ns versus normal skin at 6.72 ns. This is attributed to
the bias of collagen III fibers (with longer lifetimes) laid down dur-
ing the wound healing process. Murine wounds models used in
this study have been reported [1] to express high level of type III
collagen around 10-17 days post wounding, coinciding with the
day 14 sample in the present study. It should be noted that tissue
autofluorescence is comprised of numerous potential fluorophores
other than collagen and elastin. The two-exponential fitting, while

Table 5
Multi-exponential fitting for wound skin samples.

adequately describing the tissue measurements in this manuscript,
could be improved by the addition of spectral-lifetime discrimina-
tion, as discussed in Section 3.7.

3.6. Performance of FD ECM detection system

To provide a comparison of the temporal resolution and the
sensitivity of the FD ECM detection system, Fig. 7 shows the
standard deviations of repeat lifetime measurements of different
sample amounts (collagen I mass and FAD concentration), which
correspond to a range of emission intensities (Power). At lower
mass/concentrations, FD lifetime measurements remain the same,
but include greater standard deviations. A limit of 5% relative
standard deviation was used, i.e. ~20 times signal to error ratio,
as a cut-off for the limit of detection (LOD) determination. The sen-
sitivity results showed that the system has a LOD of 25 g for type
I collagen and a LOD of 1 wM for FAD detections, while maintain-
ing below 5% relative standard deviation. At both collagen and FAD
LODs, the detected optical power was ~3 nW, corresponding to a
time resolution of ~200 ps.

With respect to skin tissue detections, the probe illuminated a
spot size of 5 mm, with penetration depth below ~300 pwm (365 nm
light). This geometry is equivalent to an excitation volume of 6 L.
Considering skin collagen composition to be ~70% by weight [72],

Sample Lifetimes (ns) Pre-exponential factors Fractional intensities Average lifetime (ns)
T T oy a; f f Tavg

Skin 13.08 £+ 0.80 0.72 £ 0.14 0.049 0.951 0.484 0.516 6.72 £ 0.24

Wound 18.98 + 0.42 1.15 £ 0.32 0.052 0.948 0475 0.525 9.74 £+ 0.96
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in vivo measurements would involve ~4.1 mg of collagen using the
probe. Therefore, FD ECM detection system provides two orders
of magnitude finer sensitivity (25 g versus 4.1 mg) with 200 ps
temporal resolution than required for tissue detection, adequate
for resolving type I versus type Il collagen in the skin.

3.7. Future modifications for complex tissue ECM collagens

Although the focus of the detection here is types I and III colla-
gen, ECM compositions of tissue can involve a number of additional
collagen types. In ocular tissue, fibrils are primarily composed of
type I collagen, although types III, IV, V, VI, VIII, XII and XIII have
also been identified to a lesser extent [12,67]. In skin, collagen IV
and VII are associated with basement membrane and dermoepi-
dermal junctions. In addition to multiple collagen types, other ECM
proteins like elastin and fibronectin create a complex detection
mixture. To resolve these complexities in detection, the current
multi-exponential model can benefit from an extra dimension
of spectral resolution. First, future modification of the described
detection system will include focusing on the frequency band of
40-50 MHz, which simplifies data acquisition and analysis with-
out sacrificing collagen and elastin differentiation, as shown by
the results given here. Next, instead of integrating all intensi-
ties above 400 nm, the emission can be divided into 400-450 nm,
450-500 nm, and 500-550 nm spectral bands using a simple filter
wheel setup. These bands may reveal additional biases toward life-
times of different collagen types and elastin. This should provide
improved discrimination in a combined spectral-lifetime tech-
nique, as reported by others [73,74], while still maintaining the
simplicity of the LED-based FD ECM detection. Lastly, the multi-
exponential model could be adapted to predict the fractional
contents of major fluorophores. For example, a four exponential
model with lifetimes of collagen I, III, elastin defined a priori, and
a final residual exponential to account minor fluorophores, can be
used to calculate the relative quantity of each defined protein. These
future modifications should improve the discrimination of tissue
autofluorescence and provide additional quantitative information
on protein content without sacrificing system costs.

4. Conclusion

A low cost, low complexity, LED-based FD ECM detection sys-
tem has been described and shown to be capable of measuring
distinct lifetimes for type I and type Il collagens and elastin. Fluo-
rescence lifetimes of ECM proteins collagen I, III, and elastin were
quantified with 0.2 ns resolution using the low cost frequency
domain method, in contrast to the majority of time domain ECM
measurements in the literature. The phase shift and modulation

of the LED light source were calibrated at each scan frequency
for both aqueous and solid samples. ECM protein samples were
fitted to a two-exponential model, with type I collagen having
shorter average lifetimes at 3.95ns while type Il at a longer
5.01ns, distinct from the elastin lifetime at 6.78 ns. The probe
was tested on bovine ocular tissues, with cornea showing much
shorter average lifetimes of 4.27 ns than sclera at 7.48 ns. Fur-
thermore, measurements of 8 mm murine skin wound at 14 days
post-wounding also showed distinct, longer average lifetimes at
9.74 ns versus normal skin at 6.72 ns. Finally, the sensitivity results
showed two orders of magnitude lower detection limits than
typical tissue and skin collagen compositions, with 200 ps life-
time resolutions. Future modification of the FD collagen system
will focus on the 40-50 MHz frequency range while separating
the emission into three wavelength bands, providing additional
spectral-lifetime discriminations. This work specifically targets and
optimizes frequency domain lifetime detection of collagen variants
in tissue, via a compact, easy-to-use package aimed at enabling
clinical wound monitoring, tissue biomechanics monitoring, and
other non-invasive biomedical applications. These results and the
technique provide additional data points for collagen lifetimes
in tissues, and further encourage clinical and interdisciplinary
researches to use non-invasive optical biopsy for tissue monitoring.
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