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Abstract

The extracellular matrix architecture of bovine pericardium (BP) has distinct biochemical and 

biomechanical properties that make it a useful biomaterial in the field of regenerative medicine. 

Collagen represents the dominant structural protein of BP and is therefore intimately associated 

with the properties of this biomaterial. Enzymatic degradation of collagen molecules is critical for 

extracellular matrix turnover, remodeling and ultimately tissue regeneration. We present a 

quantitative, label-free and non-destructive method for monitoring changes in biochemical and 

biomechanical properties of BP during tissue degradation, based on multi-spectral fluorescence 

lifetime imaging (ms-FLIm). Strong correlations of fluorescence intensity ratio and average 

fluorescence lifetime were identified with collagen content, Young’s Modulus and Ultimate tensile 

strength during collagenase degradation, indicating the potential of optically monitoring collagen 

degradation using ms-FLIm. The obtained results demonstrate the value of ms-FLIm to assess the 

quality of biomaterials in situ for applications in regenerative medicine.
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INTRODUCTION

Extracellular matrix (ECM) is a complex, 3D environment that plays a key role in 

determining the structure and function of tissues and organs. Pericardium is a clinically 

utilized biomaterial with distinct biochemical and biomechanical properties.15 In particular, 
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bovine pericardium (BP) is an attractive candidate biomaterial for regenerative medicine 

because of its composition, collagen architecture, and homogeneity. Current clinical 

applications of glutaraldehyde-fixed bovine pericardium include vascular,21 cardiac,32 

thoracic24 and urologic surgeries,33 as well as ophthalmologic applications.13 However, 

while glutaraldehyde-fixation can mask BP from recipient graftspecific immune responses, 

this treatment also renders the biomaterial incompatible with normal ECM repair and 

replacement processes.28 Regenerative medicine approaches aim to remove components that 

stimulate recipient immune responses, while retaining native ECM structure and function 

properties.10 Since type I collagen represents the predominant structural protein of BP, 

accounting for approximately 70% of the biomaterial dry weight (DW), assessment of 

collagen quality is critical for the development and application of BP based biomaterials.35 

The mechanical properties of such biomaterials are also critical in determining their long 

term function.3,5 In vitro collagen degradation by collagenase digestion is a widely used 

method to characterize the quality in terms of collagen content and matrix mechanics of this 

and other collagen rich biomaterials.12,29 During degradation, hydroxyproline assay can be 

utilized to measure loss of collagen in pericardium while mechanical properities can be 

measured by several mechanical tests (i.e., uniaxial tensile testing, biaxial tensile testing, 

compressive testing or cyclic loading).1 However, such conventional analyses of both 

collagen content and mechanical properties are costly, time consuming and result in sample 

destruction, rendering them incompatible with assessments of individual samples prior to in 
vivo implantation.

Label-free optical imaging techniques provide non-destructive methods to characterize 

biomaterial degradation by quantitatively monitoring their collagen content and mechanical 

properties. For example, optical coherence tomography (OCT) has been widely used for 

cross-sectional imaging of tissue anatomy with micrometer resolution. Studies showed that 

one of its sub-modalities, polarization-sensitive OCT, is capable of quantifying collagen 

content by measuring the tissue birefringence.22 In addition, optical coherence elastography 

(OCE), is capable of quatitatively measuring tissue mechanical properties.30 However, an 

independent loading system is required for performing OCE measurement, which increases 

the cost and complexity of this approach. A recent study demonstrated the possibility of 

utilizing second harmonic generation (SHG) signal and two photon excitation fluoresence 

(TPEF) to predict the compositional and mechanical changes of ECM after myocardial 

infarction.25 The study showed that the SHG and TPEF signals were correlated with the 

collagen content and elastic moduli of the ECM. Although the longer excitation wavelengths 

used in SHG and TPEF and the non-linear dependence of absorption as a function of 

intensity allows for deeper penetration and 3D sectioning capabilities, the cost and 

complexity of fiber-based multiphoton imaging mean that it is not well suited to widespread 

use as a tool for evaluating engineered tissue in vitro.

Collagen is an endogenous fluorophore with high quantum efficiency. Thus, measuring auto-

fluorescence (AF) under UV excitation is a powerful method for monitoring the properties 

of collagen based biomaterials.14 Single photon AF of endogenous fluorophores in the ECM 

can be used to directly determine the morphofunctional properties of biomaterials.4 Lewis et 
al. demonstrated a correlation between endogenous AF measured with a spectrofluorometer 

and biomechanical stiffness in bovine articular cartilage, and suggested using the 

Li et al. Page 2

Ann Biomed Eng. Author manuscript; available in PMC 2020 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



endogeneous UV fluorescence intensity as a bio-marker for monitoring the functional state 

of cartilage.14 Alternatively, narrow spectral excitation and collection bands can be selected 

for fluorescence imaging. In addition, fluorescence lifetime (FL), a measure of the average 

time a fluorophore takes to return to its electronic ground state following excitation to a 

higher energy state, has also been shown to distinguish different molecular species. Similar 

to fluorescence spectrum, FL is intrinsically related to the tissue composition but is 

independent of fluorophore concentration, the excitation efficiency and the emission 

detection geometry. Studies have shown that fluorescence lifetime imaging (FLIm) is a 

powerful optical tool for label-free monitoring of the state of biological tissues like porcine 

articular cartilage and cardiovascular tissues.19,20 Moreover, FL is highly sensitive to the 

fluorophore microenvironment that is associated with the molecular structure of tissues18 

and may provide another approach to characterize tissue structure during the degradation 

process of BP. In addition, compared with the modalities described above, AF measurement 

has the advantage of directly assessing tissues bio-chemical composition. Also, AF can be 

easily used in vivo and in vitro study because of the convenience brought by guiding light 

through fiber optics

The multi-spectral fluorescence lifetime imaging (ms-FLIm) system developed in our 

laboratory is capable of simultaneously detecting the changes in spectral emission and 

fluorescence lifetime of unlabeled tissue samples in distinct wavelength bands.36 In this 

work, we use ms-FLIm to non-destructively assess changes in the composition and 

mechanical properties of native BP following partial digestion of the matrix using bacterial 

collagenase. We compared FLIm measurements with the results of hydroxyproline assays, 

for collagen content, and tensile testing, for Young’s Modulus and Ultimate tensle strength 

(UTS) estimation, at different levels of collagenase digestion. The ms-FLIm system’s 

sensitivity was calibrated by performing pair-wise correlation analysis between the 

fluorescence parameters and conventional measurement results. In addition, we studied the 

effect of solvent polarity to explain the observed changes of emission spectrum and lifetime. 

Finally, we demonstrated the system’s non-destructive imaging capability by measuring a 

localized digestion of BP.

MATERIALS AND METHODS

BP from young adult cattle were ordered from Spear Products, Coopersburg, PA. Following 

removal of connective tissue and pericardial fat, the tissue was trimmed and cut into stripes 

that were frozen in Dulbecco’s Modified Eagle Medium (DMEM) with 15% (v/v) dimethyl 

sulfoxide (DMSO) at – 80 °C. Samples used in the experiment were thawed, then washed in 

phosphate-buffered saline (PBS), pH 7.4, for 30 min, and finally cut to small round discs 

using 5 mm biopsy punches. For consistency, the control and digested groups went through 

the same procedure and all the samples were harvested from the same batch.

Samples were divided into two groups: control and digested. Control samples were placed in 

2 ml Hank’s Balanced Salt Solution (HBSS), and digested samples were placed in 2 ml 200 

U ml−1 Clostridium histolyticum collagenase type I (Gibco, Carlsbad, CA) diluted by 

HBSS. Samples were incubated at 37 °C for 0, 8, 16 or 24 h, and then washed at room 

temperature with phosphate buffered saline (PBS). The digestion exposure time of samples 
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for tensile test (0, 8, 12 h) were different from the ones used in other tests because the 

samples after 16 h became too soft to be transported to the measuring stage without any 

damage. In order to remove the residual collagenase and fiber debris before measuring, all 

the samples were rinsed in PBS for 5 min, then washed with fresh PBS on a shaker for 24 h, 

and rinsed with fresh PBS again for 5 min. After washing, samples were subjected to tensile 

testing, hydroxyproline assay, and histology. Samples tested for tension and collagen content 

were previously imaged with the ms-FLIm system. All digestion experiments were 

conducted with N = 6 per group per time point.”

The ms-FLIm system is based on a previously reported principle.36 Excitation was 

performed by a 355 nm UV laser (STV-02E, TEEM photonics, France), the light from which 

is guided to the sample using a 2 m long, 400 μm core flexible multimode optical fiber 

(Polymicro Technologies, Phoenix, AZ). Sample fluorescence is collected using the same 

fiber optic. A custom wavelength selection module is used to divide the autofluorescence 

into three distinct spectral bands (Channel 1: 390/18 nm, Channel 2: 435/40 nm; Channel 3: 

510/84 nm). Each spectral band has its own fiber optic delay line, used to temporally 

multiplex the light from the three spectral bands onto a single microchannel plate 

photomultiplier tube (MCP PMT) detector. The fluorescence dynamics are recorded using a 

high speed digitizer operating at 12.5 GS/s (PXIe-5185, National Instruments, Austin, TX). 

Fluorescence intensity is calculated by integrating the recorded fluorescence decay. Intensity 

ratios of each spectral channel are obtained by dividing that channel’s intensity over the sum 

of all channels’ intensities. The average fluorescence lifetime is calculated as the expectation 

value of the probability density function of the decay. The temporal instrument response 

function is deconvolved from the raw fluorescence decay using a constrained least-squares 

deconvolution with Laguerre expansion.16 The spatial distribution of fluorescence intensity 

and lifetime is measured by raster scanning the fiber optic distal tip across the sample 

surface using a 3-axis translation stage (MT S50-Z8, Thorlabs, Newton, NJ).

Collagen content of BP samples was determined as previously described (N = 6 samples per 

time point).34 Samples were weighed [wet-weight (WW)], lyophilized for 72 h and weighed 

again (DW). Lyophilized samples were digested in 5N HCl (1 ml per 10 mg DW) at 120 °C 

for 24 h. Bovine collagen type I (Chondrex Inc., Redmond, WA) was digested similarly and 

served as a reference. Sample collagen content per DW was quantified using collagen I 

standards and a Hydroxyproline Assay Kit (Chondrex Inc., Redmond, WA).

Tensile testing was conducted using a uniaxial materials testing machine (Test Resources, 

Shakopee, MN), as previously described.34 After ms-FLIm measurements, BP samples were 

cut into dog-bone shaped tensile specimens parallel to the primary collagen fiber direction. 

Sample thickness and width were measured via ImageJ software (NIH, Bethesda, MD).26 A 

uniaxial strain to failure test was conducted with a fixed gauge length of 1.5 mm and a strain 

rate of 1% of the gauge length per second. For each sample, load-displacement curves were 

normalized to specimen cross-sectional area. The apparent Young’s Modulus was calculated 

by least squares fitting the linear portion of the resulting stress-strain curve in Matlab 

v2018a (Mathworks Inc., Natick, MA) while the UTS was defined at the maximum stress.
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Formalin-fixed, paraffin-embedded 5 mm biopsy punches of control and digested samples 

(N = 6 per group per time point) were histologically processed for hematoxylin and eosin 

(H&E), and PicroSirius Red (PSR) stainings, according to standard procedures. Images were 

captured using Aperio ScanScop and processed using ImageScope software 12.3.2.5030 

(Leica Microsystems Inc., IL, USA). H&E staining was used to assess general tissue 

morphology, and PSR staining was used to specifically visualize collagen fiber structures..

For explaining the observed changes of emission spectrum and lifetime, the effect of solvent 

was studied by measuring native and 16 h digested BPs in solutions of different polarities. 

The solutions were made by mixing PBS with pure (100%) ethanol at different volume 

ratios. Since ethanol is less polar than water, increasing the solvent ethanol concentration 

decreases the polarity of the solvent. Four 16 h digested samples (processed the same as 

described above) were measured by ms-FLIm in the pure PBS, 30% ethanol, 60% ethanol 

and pure ethanol, while the remaining two native BP samples were measured in pure PBS 

and pure ethanol for comparison. The measurements were taken immediately after samples 

were immersed in ethanol solutions to avoid collagen structure being changed.31

To demonstrate the ms-FLIm system’s capability of performing non-destructive 

measurement, we created samples with heterogeneous distributions of collagen content by 

digesting native BP at specific locations. As shown later in “Results” section, BP pieces (1 

cm × 1 cm) were immersed in 3 ml HBSS. Three cylinders (Pyrex® cloning cylinder O.D. × 

H 6 mm × 8 mm) were placed on top of BP: one cylinder (control) was filled in with 70 μl 

HBSS, and the other two (digested) contained 200 U ml−1 collagenase for one or two days. 

A small metal rod placed on the cover of a well plate was used to gently press the cylinders 

against BP in order to avoid solution leaking out their base. Before optical measurements, 

samples were rinsed with PBS for 5 min, then washed with fresh PBS for 24 h, and finally 

rinsed with fresh PBS for another 5 min.

Kruskal Wallis H test was performed to compare the mean intensity ratios and fluorescence 

lifetimes of all the control and digested groups. The difference between the control and 

digested groups were analyzed using Mann–Whitney U test and quantified by calculating the 

unstandardized mean difference. The Kendall τB correlation analysis37 was performed for 

analyzing the ordinal correlation between ms-FLIm results (intensity ratio, lifetime) and 

conventional measurement results (collagen content, Young’s modulus, UTS). A predictive 

analysis using multi-variable linear regression (MLR) is attempted and shown in 

supplementary materials in order to estimate the predicting ability of ms-FLIm. The 

statistical analysis was performed using MATLAB 2016a and RStudio.

RESULTS

The effect of collagenase degradation is shown in Fig. 1. H&E staining was used as the gold 

standard for imaging tissue morphology and demonstrated that collagenase treatment 

resulted in the degradation of ECM components. Fewer fiber structures remained were 

observed in the tissue samples after longer digestion times (Fig. 1a). In terms of collagen 

density, PSR staining, which specifically stains collagen in red, showed that after 8 h 

digestion, wavy collagen fibers were still present; however, the distance between fibers 
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became much larger and fibers were noticeably thinner than in native tissue. Following 16 h 

digestion the fibers started to disassemble into fibrils. After 24 h, collagen disruption was 

more severe and only small wavy fiber were observed with markedly disrupted organization 

(Fig. 1b). The lightening of PSR staining image also indicates the decrease of collagen 

content during collagenase degradation.

Quantitative analysis of collagen content was performed using hydroxyproline assay. As 

shown in Fig. 1c, collagen content of the digested group decreased dramatically over the 

timecourse of collagen degradation (63.14 ± 1.87% reduction in collagen content per DW 

after 24 h), while the control group remained constant. The decrease of collagen content for 

the digested group compared to the control group is shown to be associated with digestion 

exposure time. The value of collagen content are also included in the supplementary material 

Table. S1.

Since collagen is the dominant ECM structural protein in BP, collagen degradation and 

removal results in a considerable change of the biomaterial mechanical properties. As 

demonstrated by tensile testing, the digested group became softer after collagenase 

degradation. Both of Young’s Modulus and UTS of the digested group became smaller with 

digestion exposure time, while the control group did not show significant variation (Table 1).

Intensity ratio and fluorescence lifetime maps recorded in Channel 1 (390/18 nm) for the 

digested group at different time points are shown in Fig. 2. As mentioned in “Materials and 

Methods”, the intensity ratio is defined as an indicator of fluorescence spectra. Both 

fluorescence spectra and fluorescence lifetime can be used for analyzing the compositional 

changes in BP. A clear continuous decrease is found for both the intensity ratio and 

fluorescence lifetime in Channel 1. Given the homogeneity of the sample, a circular region 

of interest (ROI) for each sample was manually selected (black circles in Fig. 2) and data in 

each channel within the ROI were analyzed. Channel 3 (510/84 nm) will not be discussed 

further because very low correlation was found with the conventional measurement results.

The statistical analyses were done for 6 control and 6 digested groups at digestion exposure 

time 0, 8, 16 and 24 h. Figures 3 and 4 show the changes of intensity ratio and fluorescence 

lifetime, respectively. Kruskal Wallis H test results show a statistically significant difference 

between the digested groups over different exposure times (p < 0.05), but no difference for 

the control groups (p > 0.05). The Mann–Whitney U test shows that Channel 1 (390/18 nm) 

and Channel 2 (435/40 nm) intensity ratios of the digested group are statistically different 

from those of the control group after collagenase degradation (p < 0.05; Figs. 3a and 3b). 

Channel 1 intensity ratio decreased 0.26 ± 0.02 after 24 h of collagenase degradation, 

whereas Channel 2 intensity ratio increased 0.14 ± 0.01 after 24 h, indicating that the 

fluorescence spectra of BP red shifted after collagenase degradation. This spectral red-shift 

is quantitatively demonstrated by the change of intensity ratio using unstandardized mean 

difference between the control and digested groups, which shows a clear increasing trend in 

absolute values with digestion exposure time (Figs. 3a and 3b).

The trend of change agrees with the hydroxyproline assay results (Fig. 1d), where the 

collagen content difference between 16 and 24 h is smaller than that between 8 and 16 h. 
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The same statistical analysis was performed for Channel 1 (390/18 nm) and Channel 2 

(435/40 nm) fluorescence lifetime (Fig. 4). A decrease of fluorescence lifetime is observed 

for both Channel 1 and Channel 2 for later time points of collagenase digestion. However, 

the decrease of fluorescence lifetime was not significant at early stages of collagenase 

digestion before 16 h time point. For Channel 1, there were significant decreases of 0.36 ± 

0.10 ns on average after 16 h digestion, and 1.37 ± 0.12 ns on average after 24 h (Figs. 4a 

and 4c). For Channel 2, there was no significant change till the last time point when we 

found an average of 1.07±0.13 ns decrease (Figs. 4a and 4b).

Kendall τB correlation analysis shows that different metrics of ms-FLIm data were 

correlated with the collagen content, Young’ Modulus and UTS (Figs. 5 and 6). Intensity 

ratios in Channel 1 (390/18 nm) and Channel 2 (435/40 nm) were significantly correlated 

with collagen content, Young’s Modulus and UTS (p ≤ 0.01, Fig. 5). Fluorescence lifetime 

in Channel 1 correlated with the collagen content (p < 0.01, Fig. 6a), while the lifetime in 

Channel 2 did not (p = 0.47, Fig. 6d). Both of Channel 1 and Channel 2 lifetime showed 

correlations with Young’s Modulus and UTS (p < 0.01, Fig. 6).

The effect of solvent polarity on fluorescence lifetime and intensity ratio is shown in Fig. 7. 

The polarity of solvent increases when ethanol is mixed with PBS in less concentration. As 

shown in Figs. 7a and 7b, for 16 h digested BP, with increasing solvent polarity, Channel 1 

(390/18 nm) intensity ratio decreased and Channel 2 (435/40 nm) intensity ratio increased. 

This is consistent with the red shift we observed after collagenase degradation (Fig. 3). For 

native BP, a red shift also occurred for samples measured in ethanol, but the observed 

change was much smaller than for the 16 h digested BP. Similarly, fluorescence lifetime was 

affected by the solvent polarity. With increasing solvent polarity, Channel 1 and Channel 2 

fluorescence lifetime of both digested and native BP decreased. Note that the intensity ratios 

of native BP in PBS are closer to those of digested BP in ethanol, while the lifetimes of 

native BP in PBS are close to those of digested BP in PBS, which indicates that the lifetime 

is more sensitive to the solvent effect than intensity ratio.

Figure 8a shows a widefield image of a BP section, where two 4 mm diameter circular 

regions were digested with collagenase. As shown in the image, the degradation resulted in 

increased transparency of the digested regions. Figure 8b illustrates the method of preparing 

the samples, as discussed in “Materials and Methods” section. Channel 1 (390/18 nm) 

intensity ratio progressively decreased with digestion exposure time, as seen in the intensity 

ratio map (Fig. 8c) and the corresponding quantification (Fig. 8d). However, fluorescence 

lifetime remained constant over 2 days collagenase degradation (Figs. 8e and 8f).

DISCUSSION

Collagen is a dominant structural protein in most ECM.9 Studies have shown that over 70% 

per DW of native BP is formed by collagen.35 Following collagenase degradation, collagen 

is removed from BP matrix and the amount of extracted collagen was found related to the 

time that the matrix is exposed to collagenase, as shown in the results of collagen assay and 

histological images (Fig. 1). It is well known that collagen exhibits a fluorescence emission 

peak at 390 nm band upon UV excitation.7,23,38 The fluorescence emission of our native BP 
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samples was primarily detected in Channel 1(390/18 nm) with a low signal detected in 

Channel 2(435/40 nm). This suggests the possibility of using BP auto fluorescence to 

monitor the collagen loss during collagenase degradation. The observation, by a previous 

study,8 of a positive correlation between pericardium collagen content and elastic moduli 

motivated the use of a tensile testing in this study to measure the change in Young’s 

Modulus and UTS as a function of collagenase digestion time. From Table 1, it was found 

that the removal of collagen led to a decrease of Young’s Modulus and UTS. The strong 

correlation observed between collagen content, Young’s Modulus and UTS to ms-FLIm 

measurement results, demonstrates the potential of the ms-FLIm system for non-destructive 

assessment of the biochemical and biomechanical properties of BP during degradation 

processes.

Lewis et al. suggested measuring endogeneous UV fluorescence intensity for probing the 

biomechanical properties of cartilage, however, it is known that the absolute intensity 

measurement is strongly dependent on the imaging configuration and prone to artefacts.14 

Therefore, in our study, the relative intensity ratio between different fluorescence emission 

bands and fluorescence lifetime are considered as better biomarkers for characterizing 

changes in BP during degradation. Intensity ratio is a measure of fluorescence emission 

spectrum and therefore related to matrix biochemical composition. The statistical analysis 

indicates that the collagen content, Young’s Modulus and UTS are significantly correlated 

with the Channel 1 (390/18 nm) and Channel 2 (435/40 nm) intensity ratios (Figs. 5 and 6). 

In terms of fluorescence lifetime, the decreases in Channel 1 and Channel 2 lifetime agreed 

with the results of previous studies.17,18 Compared with intensity ratio, the correlation of 

lifetime with the conventional measurement results is marginally weaker. However, the 

lifetime measurement modality still has value because there are situations where only the 

lifetime changes while the spectrum remains the same, as observed by Manning et al. in 

their cartilage degradation study.18

As shown above, collagenase degradation caused the emission spectrum to red shift and the 

lifetime to decrease. One possible explanation is that the collagenase degradation caused a 

change of relative amounts of different fluorophores, for example, the ratio of pentosidine to 

pyridinoline, both of which are known crosslinking elements present in collagen matrices, 

and will fluoresce upon UV excitation.14 However, the bacterial collagenase we used is 

known to be highly active for digesting collagen by directly attacking the triple helical 

regions.6 For BP, a biomaterial dominated by collagen,35 the effect of collagenase 

degradation is more likely to be a removal of whole collagen fibrils rather than specific 

components. Therefore, it is not likely that the observed spectral and lifetime changes were 

due to the relative changes of different fluorophores. A plausible explanation was proposed 

by Manning et al. who postulated that the decrease of lifetime resulted from the 

microenvironment changes of collagen crosslink sites within the fibrils during collagenase 

degradation.18 In this paper, we expand on this hypothesis by investigating the impact of 

solvent polarity on fluorescence emission. We found a spectral red shift and a lifetime 

decrease when the sample was exposed to solvent with higher polarity (Figs. 7a-7d). Both of 

these changes due to the solvent effect have been previously well studied.11,27 For this study, 

consider some of the fluorophores in a collagen fiber (represented by stars in Fig. 7e) to be 

located closer to the surface while the rest are inside the fiber, isolated from the solvent. 
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Since all measurements were performed with the samples surrounded by PBS, the surface 

fluorophores were exposed to an aqueous high polar solvent, such as water, causing the 

emission spectrum to red shift and fluorescence lifetime to decrease.2 After collagenase 

degradation, the shrinkage of collagen fibers caused by the removal of collagen, gave rise to 

an increase ratio between fluorophores exposed to solvent and fluorophores isolated from 

solvent, magnifying the spectral red shift and the decrease of fluorescence lifetime.

A non-destructive label-free method to quantify biochemical and biomechanical properties 

provides many advantages compared to conventional destructive measurements, including 

the opportunity to profile the distribution of collagen content and mechanical properties of a 

heterogenous matrix and to visualize matrix defects. To demonstrate this, we artificially 

introduced localized defects to a BP matrix by digesting small areas (Fig. 8a). The sample 

preparation was described in section “Materials and Methods” and illustrated in Fig. 8b. The 

digested circular regions were easily distinguished in the intensity ratio map in Channel 1 

(390/18 nm, Fig. 8c). As the digestion is limited by the small contact area between the 

collagenase and samples, we increased the maximum digestion exposure time to 2 days. A 

clear decreasing trend in Channel 1 intensity ratio with digestion exposure time (Fig. 8d) 

was consistent with the results of the BP degradation longitudinal study (Fig. 3a). However, 

the fluorescence lifetime remained the same after digestion, which contrasts with the 

decrease of lifetime observed in Fig. 4. This is likely attributed to the structural degradation 

caused by localized digestion is smaller than that in the former experiment where the whole 

sample is immersed in collagenase. The intensity ratio change (0.17, Fig. 8d) after 2 days 

digestion in the localized digestion configuration is even smaller than that after 16 h 

digestion in the former digestion experiment (0.25, Fig. 3a), corresponding to a lifetime 

change of 0.35 ns.

In conclusion, the collagen content, Young’s Modulus and UTS of native bovine 

pericardium have been shown to strongly correlate with the relative intensity ratio between 

different fluorescence emission bands, and significantly correlate with fluorescence lifetime. 

Thus, ms-FLIm is capable of non-destructively monitoring biochemical and biomechanical 

changes of BP during collagenase degradation. A model for predicting collagen content and 

the biomaterial’s mechanical properties using ms-FLIm metrics, such as intensity ratio and 

fluorescence lifetime, would be of great value for the tissue engineering community, as it 

could potentially replace conventional approaches by non-destructive, less costly, and faster 

measurements, enabling in situ monitoring of engineered biomaterials for regenerative 

medicine applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Histology and collagen content measurements over different digestion exposure times. (a) 

Hematoxylin and eosin staining (H&E) and (b) Picro sirius red staining (PSR) of digested 

group at 0, 8, 16, 24 h time points; (c) Collagen content measured with hydroxyproline assay 

(above) and the unstandardized difference between the control group and digested group 

(below) over different digestion exposure time. Hatch pattern represents that the digested 

group and control group are from same samples.
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FIGURE 2. 
FLIm maps of digested BP. (a) Intensity ratio and (b) fluorescence lifetime maps of the 

digested group at 0, 8, 16, and 24 h time points. The black circle represent the region of 

interest within which data were analyzed.
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FIGURE 3. 
Changes of intensity ratio over different digestion exposure times. Columns represent two 

channels: (a) Channel 1 (390/18 nm) and (b) Channel 2 (435/40 nm). The figures in the 

above row show the intensity ratio change over different digestion exposure time in both 

channels. The figures in the bottom row show the unstandardized mean difference between 

the control group and digested group over different digestion exposure time in both 

channels. Hatch pattern represents that the digested group and control group are from same 

samples (*p<0.05; **p <0.01).
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FIGURE 4. 
Changes of fluorescence lifetime over different digestion exposure times. Columns represent 

two channels: (a) Channel 1 (390/18 nm) and (b) Channel 2 (435/40 nm). The figures in the 

above row show the fluorescence lifetime change over different digestion exposure time in 

both channels. The figures in the bottom row show the unstandardized mean difference 

between the control group and digested group over different digestion exposure time in both 

channels. Hatch pattern represents that the digested group and control group are from same 

samples (**p <0.01).
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FIGURE 5. 
Correlations of (a) Collagen content vs. Channel 1 (390/18 nm) intensity ratio, (b) Ultimate 

Tensile Strength (UTS) vs. Channel 1 intensity ratio, (c) Young’s Modulus vs. Channel 1 

intensity ratio and (d) Collagen content vs. Channel 2 (435/40 nm) intensity ratio, (e) UTS 

vs. Channel 2 intensity ratio, (f) Young’s Modulus vs. Channel 2 intensity ratio. The Kendall 

τB and p value of each combination are shown in the plot. The trend were demonstrated by 

the blue dashed line for the variables that are significant correlated (p ≤ 0.01)
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FIGURE 6. 
Correlations of (a) Collagen content vs. Channel 1 (390/18 nm) lifetime, (b) Ultimate 

Tensile Strength (UTS) vs. Channel 1 lifetime, (c) Young’s Modulus vs. Channel 1 lifetime 

and (d) Collagen content vs. Channel 2 (435/40 nm) lifetime, (e) UTS vs. Channel 2 

lifetime, (f) Young’s Modulus vs. Channel 2 lifetime. The Kendall τB and p value of each 

combination are shown in the plot. The trend were demonstrated by the blue dashed line for 

the variables that are significant correlated (p ≤ 0.01).
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FIGURE 7. 
Lifetime and intensity ratio changes due to the solvent Effect. (a) Channel 1 (390/18 nm) 

and (b) Channel 2 (435/40 nm) intensity ratio of the native BP and 16 h digested BP in 

different solvents; (c) Channel 1 and (d) Channel 2 lifetime of the native BP and 16 h 

digested BP in different solvents. EtOH represents pure ethanol, X% represent X% of 

solution is ethanol. PBS represents pure PBS solution. (e) Schematic of the solvent effect 

hypothesis for explaining the change observed on fluorescence spectra and lifetime. The 

measured BP fluorescence signal has two main contributions: (1) fluorophores on the 

surface whose signal is affected by the surrounding solvent; (2) fluorophores isolated from 

the solvent whose signal will not be affected by it. After collagenase degradation, the 

structural changes on the collagen fibers result in relatively more fluorophores get exposed 

to solvent and are affected by the solvent effect.
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FIGURE 8. 
Localized digestion on BP. (a) Widefield image of the localized digested BP. The black 

dashed circle represents the control area. The less transparent area is processed by 1 day 

digestion and the most transparent area is processed by 2 days digestion; (b) Schematic of 

the localized digestion setup: three cylinders containing corresponding treatment solutions 

(HBSS as control, 200 U ml−1 of collagenase for 1 day, and for 2 days as digested groups) 

were pressed against the tissue to avoid solution leaking out from the bottom. The cylinders 

were removed and sample was rinsed in PBS prior to imaging; (c) Channel 1 (390/18 nm) 

intensity ratio map of a localized digested BP and (d) average Channel 1 intensity ratios of 

control, 1 day digested and 2 days digested areas; (e) Channel 1 fluorescence lifetime map 

of a localized digested BP. The red dashed circles showed the control and digested regions 

(f) average Channel 1 fluorescence lifetime of control, 1 day digested and 2 days digested 

areas. The barplots of intensity ratio and lifetime were based on the average results of three 

individual localized digested experiments.
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