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SPurdue University, Davidson School of Chemical Engineering, 480 Stadium Mall Dr, West
Lafayette, IN, 47907, USA

Abstract

Collagen and elastin proteins are major components of the extracellular matrix of many organs.
The presence of collagen and elastin networks, and their associated properties, in different tissues
have led scientists to study collagen and elastin composites for use in tissue engineering. In this
study, we characterized physical, biochemical, and optical properties of gels composed of collagen
and elastin blends. We demonstrated that the addition of varying amounts of elastin to the
constructs alters collagen fibrillogenesis, D-banding pattern length, and storage modulus.
However, the addition of elastin does not affect collagen fibril diameter. We also evaluated the
autofluorescence properties of the different collagen and elastin blends with fluorescence lifetime
imaging (FLIm). Autofluorescence emission showed a red shift with the addition of elastin to the
hydrogels. The fluorescence lifetime of the gels increased with the addition of elastin and were
strongly correlated with the storage moduli measurements. These results suggest that FLIm can be
used to monitor the gels’ mechanical properties nondestructively. These collagen and elastin
constructs, along with the FLIm capabilities, can be used to develop and study collagen and elastin
composites for tissue engineering and regenerative medicine.
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Introduction

Collagen has been extensively used in tissue engineering due to its biocompatibility,
abundant presence in body tissues, and wide clinical approval®21.25.26.28 However, collagen
constructs do not fully mimic the complex composition, network, and biochemical and
biomechanical properties observed in native tissues®. Previous work has focused on the
addition of other extracellular matrix (ECM) components, particularly
elastin611.15.18,314548,55 chondroitin sulfate1®17:20.57.60.61.63 ang hyaluronic
acid324748.57.63 tg collagen-based constructs to develop more complex materials with
stronger mechanical and biological properties that are reminiscent of native tissue
composition and network organization.

Elastin is a structural protein present in connective, vascular, and load-bearing tissues33:48.59
and has also been used in tissue engineering due to its elastic mechanical properties!8:54.67,
Collagen and elastin networks are present in the ECM of many organs including the skin,
blood vessels, and lungs33:54:59, These matrix proteins provide different tissues with tensile
strength and elasticity allowing them to resist deformation and repetitive stress*3. Thus,
collagen and elastin composites have been proposed for use in vascularization8:7:9:48.67
wound repairl031.5467 and the development of alveolar and lung replacements?8,

Measuring the physical, chemical, and biomechanical properties of hydrogels and other
tissue surrogates is necessary to ensure controlled and reproducible scaffolds. Different
preparation methods, such as 3D printing#44®, uniform mixing?2, and pipetting?2, have been
analyzed to determine the robustness and reliability of the output product. Besides
fabrication parameters, quantitative characterization methods have also been proposed to
assist in the design and study of collagen hydrogels as viable tissue mimics2. However, most
of the current techniques such as enzyme-linked immunosorbent assays (ELISAS) and
rheological measurements are time-consuming, damage the sample, or require specific
sample preparation that compromises the practical use of the constructs. Instead, optical
imaging and spectroscopic techniques are fast, preserve the sample’s integrity, and require
minimal to no sample preparation. These characteristics allow for repeated measurements
over time and increased sample throughput. Light absorbance measurements are informative
of gel formation kinetics and polymerization2. Multiphoton microscopy (TPEF: two-photon
excited fluorescence and SHG: second harmonic generation) has been used to quantify the
mechanical properties of collagen gels52:53. Raman spectroscopy has also been used to
characterize the chemical structure of collagen hydrogels?”:38:40, More recently,
autofluorescence lifetime imaging (FLIm) was used for nondestructive quantification of
crosslink formation in collagen hydrogels®8 and of self- assembled articular cartilage24.
FLIm has also shown correlation with biomechanical properties and biochemical
composition of collagen and elastin rich tissue structures such as the swine carotid artery?
and vascular grafts made out of bovine pericardium3°.

Here, we evaluate the effects of elastin addition to collagen hydrogels by measuring collagen
fibril formation and the biophysical and biomechanical properties of the final constructs. In
addition, we assess the capabilities of FLIm to nondestructively characterize hydrogels

Ann Biomed Eng. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vazquez-Portalatin et al. Page 3

composed of different collagen to elastin ratios and correlate the imaging results with the
biophysical and biomechanical results.

Materials and Methods

Gel Preparation.

Rat tail collagen type | with a neutralization solution was purchased from Advanced
Biomatrix (San Diego, CA). Soluble elastin from bovine neck ligament was purchased from
Elastin Products Company, Inc (Owensville, MO). Stock collagen solutions were prepared
on ice by combining 1 part of the neutralizing solution and 9 parts of the collagen type |
solution for the desired volume. Stock elastin solutions were prepared in 1x PBS at a
concentration of 100 mg/mL. The stock collagen and elastin solutions were used to prepare
collagen type l:elastin mixtures with ratios of 1:0 C (control), 1:0.5, 1:1, 1:1.5, 1:2, and 1:5
(Table 1). The collagen and elastin mixtures were dispensed into 8 mm diameter silicone
molds, which were sandwiched between two glass slides. The mixtures were then incubated
overnight at 37°C and 5% CO». The gels were stored in 1x PBS for a day at 4°C before
measuring their mechanical properties.

Fibrillogenesis Assay.

Collagen and elastin hydrogel mixtures (n = 9) were prepared on ice and diluted 1:10 in 1x
PBS for the fibrillogenesis assay. Samples of 200 pL were dispensed into 96-well plates, and
the fibrillogenesis of the samples was measured as described previously*°. Briefly, the
turbidity of the samples was monitored by absorbance measurements at 313 nm every 45 s
for 3 h in a SpectraMax M5 spectrophotometer set at 37°C (Molecular Devices, San Jose,
CA). Absorbance measurements obtained from the collagen and elastin solutions were
normalized to the values obtained from a standard solution of elastin in 1x PBS to remove
any contributing autofluorescence from elastin.

Transmission Electron Microscopy (TEM).

A subset (1:0 C, 1:1, and 1:5, n = 3/group) of the collagen and elastin hydrogel solutions
were prepared on ice and diluted 1:10 in 1x PBS. Samples of 7 uL were added to 200 mesh
copper-coated grids and allowed to settle for 10 min. The sample excess was removed and
10 pL of a 2% uranyl acetate stain were added and removed immediately. A Talos L120C
transmission electron microscope (FEI, Hillsboro, OR) was used to image the samples after
allowing them to air dry.

Collagen D-banding patterns (n = 46), which are composed of overlap (dark bands) and gap
regions (light bands), are produced when tropocollagen molecules are organized in a
staggered formation341242, These patterns were measured from the TEM images using
ImageJ software (National Institutes of Health, Bethesda, MD). A parallel line was drawn
along a fibril, over a light and a dark band, to obtain a measurement. ImageJ software was
also used to measure the fibril diameter (n > 46) as described previously®3.
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Rheological Measurements.

A DHR-3 rheometer (TA Instruments, New Castle, DE) was used to perform rheological
analysis with an 8 mm crosshatched plate geometry. Gels (n = 16) were placed on a
crosshatched bottom plate surrounded by 1x PBS to prevent dehydration. Temperature
sweeps were performed from 20°C to 40°C with a frequency of 0.1 Hz and a controlled
stress of 0.3 Pa.

Autofluorescence measurements.

The gel autofluorescence emission at 355 nm excitation with 5 nm step size was measured in
a SpectraMax M5 spectrophotometer (Molecular Devices, San Jose, CA).

Fluorescence lifetime imaging (FLIm) was performed with a fiber-based multispectral time-
resolved fluorescence instrument that is described elsewhere®. The FLIm instrument used a
pulse sampling technique to retrieve autofluorescence spectral and lifetime properties from
samples exposed to 355 nm pulsed laser light (pulse duration < 0.6 ns, pulse energy > 2 puJ,
repetition rate 4kHz; TEEM photonics STV-02E, Meylan, France). A multimode fiber (400
pum core diameter) was raster scanned across the surface of the samples with a 3-axis
translation stage (PROmech LP28, Parker, Charlotte, NC) to generate the images.
Autofluorescence from the hydrogels was collected back through the same multimode fiber
and detected on three spectral bands or channels (Ch1: 390/18 nm, Ch2: 435/40 nm, and
Ch3: 542/20 nm) connected to a microchannel plate photomultiplier tube (MCP-PMT;
R3809U-50, Hamamatsu, Japan) and a high speed digitizer (12.5 GS/s, 3 GHz bandwidth;
NI PXle-5185, National Instruments, Austin, TX). 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), with an average
fluorescence lifetime of 34 ps when dissolved in ethanol3’,

Images sized ~ 30 mm x 12 mm were acquired with square pixels of 200 um x 200 pm in
about 2 minutes. Each image consisted of three replicates of 8 mm gels. FLIm parameters
were obtained from the acquired fluorescence decay waveforms by applying a constrained
least square deconvolution with expansion into the Laguerre basis functions3C, Finally, the
average fluorescence lifetime (z,) was calculated as the expectation value of the
probability density function of the fluorescence decay (eq. 1) for each spectral band as
follows:

ot Iy

= e @
Jo I(r)dt

Tavg

Reported metrics indicate the mean and the standard deviation of all the pixels from
replicate gels obtained within a circular region delineating each gel.

Statistical Analysis.

Results are represented as a mean with error bars corresponding to the standard deviation.
Statistical analysis was performed using GraphPad Prism (GraphPad Software, San Diego,
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Results

CA) with a = 0.05, and significance was determined with p-value < 0.05. All results were
analyzed using single factor analysis of variance (ANOVA) and Tukey’s post hoc tests or
Dunnett’s multiple comparisons tests. Nonparametric Kendall z; correlation analyses were
performed using SPSS Statistics (IBM, Armonk, NY) with a = 0.05. Significance was
determined with p-value < 0.05.

Elastin increases fibrillogenesis.

Turbidity measurements of the collagen and elastin solutions for the different blends (1:0 C,
1:0.5, 1:1, 1:1.5, 1:2, and 1:5) showed that the addition of elastin increased the sample
absorbance at 313 nm after 1000 s when compared to a collagen only solution (1:0 C)
(Figure 1) and suggest an increase in fibrillogenesis. Common turbidity measurements, such
as total change in absorbance (Aabsorbance) and halftime (t1/2), were calculated to better
quantify the sample polymerization? (Table 2). The addition of elastin caused a 37%
increase or more in total change in absorbance when compared to the control group. All of
the collagen and elastin blend gel solutions showed a significantly higher total change in
absorbance than control but were not significantly different from each other. No significant
differences were observed when comparing the halftime measurements for the gel blend
solutions with the 1:0 control.

Elastin addition decreases the collagen D-banding pattern but does not affect collagen
fibril diameter.

TEM images were used to measure the D-banding pattern (a light and a dark band) and fibril
diameter of collagen fibrils present in a subset (1:0 C, 1:1, and 1:5) of the collagen and
elastin blend hydrogels (Figure 2). This subset of conditions was used to verify that collagen
fibrils were forming within our hydrogels and that their D-banding pattern remained
consistent with that observed in nature. Compared to the D-banding pattern length observed
in the control gels, the 1:5 collagen and elastin solutions showed a significant decrease of
0.85 nm in the D-banding pattern observed in the collagen fibrils (Table 3). No significant
difference was observed between the 1:0 C and 1:1 collagen and elastin blends.

The fibril diameter of the collagen fibrils present in the collagen and elastin solutions was
measured from the TEM images (Figure 2). The results obtained showed no significant
differences among the collagen and elastin blends, 1:1 and 1:5, and control (Table 3). Table
3 shows the average fibril diameter, standard deviation, and p values for fibrils present in the
1:0C, 1:1, and 1:5 gels.

Addition of elastin decreases storage modulus.

All of the collagen and elastin gels showed significantly lower storage moduli from the
control (1:0 C) gels by at least 14.6 Pa, except for the 1:0.5 collagen to elastin blend (Figure
3 and Table 4). Figure 3B shows the loss moduli values for the different gel types. The
observed loss moduli measurements (Figure 3B) are lower than their corresponding storage
moduli measurements (Figure 3A) indicating our hydrogels mainly behave as elastic
materials.
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Autofluorescence parameters react to the addition of elastin.

The emission spectra of the hydrogels (1:0.5, 1:1, 1:1.5, 1:2, and 1:5) upon 355 nm
excitation are depicted in Figure 4A, together with the emission spectra of dry collagen type
| flakes and elastin powder, for reference. With respect to the collagen spectrum, the
emission from the hydrogels is increasingly red-shifted the more elastin is present in the
blends.

The hydrogel fluorescence lifetime was measured in three spectral channels with the fiber-
based FLIm system. Figure 4C displays the fluorescence lifetime maps from three gels in
representative groups: control (1:0 C), 1:1, and 1:5. The brightness of the image indicates
the intensity of the fluorescence, and the color indicates the t,,, Note that the hydrogels
with the same formulation exhibit a uniform fluorescence lifetime. The addition of elastin
lengthened the fluorescence lifetime of the gels in all spectral channels (Table 5). Compared
to the control group, addition of elastin to a 1:0.5 ratio caused a rise of 0.90 ns, 0.53 ns, and
0.56 ns in channels 1 (390/18 nm), 2 (435/40 nm), and 3 (542/20 nm), respectively (Figure
4B). As the collagen to elastin ratio decreased from 1:0.5 to 1:5, the overall increase in
fluorescence lifetime was of about 200 ps in every channel (Figure 4B, insert). Also for
every channel, the lifetime values for the different gel types were all significantly different
from one another.

Kendall #, correlation analysis.

The Kendall z, correlation test3%:36 was performed to assess the correlation between the
FLIm measurements and the fibrillogenesis and storage modulus of the different gels. Figure
5 shows the Kendall z; coefficients and the p-values for the various correlation graphs.
Following the Cohen standard?3 to evaluate the strength of the correlations, the results
showed a significant and strong negative correlation between the lifetime measurements
obtained for channels 2 and 3 and the storage modulus (z,: —0.733, p-value: 0.039, Figure
5B, and z; —0.733, p-value: 0.039, Figure 5C, respectively). These results indicate a
decrease in lifetime for channels 2 and 3 when the storage modulus increases. The changes
observed differed in channel 1, the control sample with the largest storage modulus also had
a significantly shorter lifetime, but the overall correlation resulted non-significant because
the elastin-containing gels had undistinguishable lifetime values. This result links the
fluorescence from elastin, rather than the collagen network itself, with the mechanical
properties of the hydrogels. Changes in the structural microenvironment that occur upon
addition of elastin may be responsible for both the change in lifetime and the decrease of the
storage modulus. No other significant correlations were found between the lifetime and
Aabsorbance measurements or the lifetime and halftime (t;/,) measurements.

Discussion

In the work presented here, we characterized gels composed of collagen and elastin blends
to better understand the effect of elastin addition to collagen constructs on the physical,
biomechanical, and optical properties. First, collagen fibril formation was measured
turbidimetrically649 to determine whether elastin addition to collagen affects
fibrillogenesis. Previous studies have shown that addition of molecules to collagen solutions
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can alter the rate of fibril formation®. To further characterize the collagen fiber physical
properties, we performed TEM imaging on a subset of the collagen and elastin gel blend
solutions (1:0 C, 1:1, and 1:5) (Figure 2). With these images, we also analyzed the fibril
diameter of the collagen fibrils.

Our findings demonstrated that addition of elastin to collagen gel solutions increased
Aabsorbance at 313 nm (Figure 1 and Table 2) suggesting an increase in fibrillogenesis.
Fibrillogenesis has been previously used to indicate fibril diameter changes when compared
with control solutions*®. According to that study, an increase in fibrillogenesis could
indicate a larger fibril diameter. In other words, the addition of elastin to the collagen
solutions could promote the formation of fibrils with larger diameters. However, our TEM
analysis showed a collagen fibril diameter range of 68.90 — 72.32 nm that was not affected
by the addition of elastin (Table 3). The increase in optical density that we observed could
alternatively suggest that the addition of elastin results in molecular crowding, or
aggregation of the collagen molecules, nucleation, and rapid fibril formation. This
mechanism has been proposed for collagen and glycosaminoglycan constructs®°. From the
fibrillogenesis data, we also quantified the polymerization halftime, that is the time at which
half of the total change in absorbance was achieved?. However, these data showed no
difference in gelling time for the different collagen and elastin blends, that is no difference in
the rate of fibrillogenesis (Table 2). The increase in Aabsorbance observed could be
attributed to an increase in the total protein content within the blend gels leading to an
increased network density compared to the collagen only controls. Collagen fibril formation
involves interchain H-bonds that stabilize tropocollagen molecules allowing them to
covalently crosslink with one another to form collagen fibrils*. Additionally, lysyl oxidase
causes collagen to undergo hydroxypyridinium crosslinking via allysine and hydroxyallysine
pathways?9. Elastin fibrils are formed by desmosine and isodesmosine crosslinks facilitated
by lysyl oxidase via allysine and lysine residues!®. Even though lysyl oxidase causes
collagen and elastin to form crosslinks, this enzyme is not present in our hydrogels and is
not able to facilitate the formation of crosslinks between our collagen and elastin. The
suggested increased network density could be the result of an increase in ionic and hydrogen
bonds between collagen and elastin fibrils with elastin addition. The presence of diluted
crosslinked monomers copurified, during the protein isolation process, with the
uncrosslinked monomers used to prepare these hydrogels could provide a limited
contribution to the increased network density. Nevertheless, the addition of elastin to the
collagen constructs did not inhibit fibrillogenesis.

Using the TEM images, we also measured the D-banding pattern length associated with
collagen fibrils. The D-banding pattern is a repeating pattern characteristic of fibrillar
collagen with D-periodicity in the range of 64 — 67 nm3.12.21.42_Qur results showed that 1:0
C and 1:1 collagen and elastin blends had statistically similar average D-banding patterns of
68.15 nm and 68.25 nm, respectively (Table 3). The 1:5 solutions had a significantly smaller
average D-banding pattern of 67.30 nm. The significant decrease observed between the D-
banding pattern of the 1:0 C (68.15 nm) and 1:5 (67.30 nm) hydrogels suggests that
increasing elastin concentrations affects D-banding pattern length. The D-banding pattern
shortening observed in our results could be caused by the co-assembly of collagen and
elastin molecules into heterotypic fibrils. Studies have shown a decrease in D-banding
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pattern length with the co-assembly of collagen type | and 111 when compared to collagen
type | only hydrogels3. These observed changes in D-banding pattern length are independent
from fibril diameter measurements, and these results are consistent with previous work
focused on collagen only solutions®. Previous studies have also shown that different tissues
containing collagen fibrils, such as mouse cementum, skin, rat tail tendon, and periodontal
ligament, exhibit a distribution of D-banding pattern length ranging from 62.4 — 68 nm®L,
Additionally, other studies have proposed that D-banding spacing changes as a function of
strain and location within a ligament34. These findings suggest D-banding pattern length
changes according to tissue function and could potentially be involved in modulating cellular
responses.

While the decrease in D-banding pattern length observed with elastin addition could be
advantageous when developing collagen and elastin hydrogels for specific tissues that have
exhibited varying D-banding pattern lengths, differences observed in D-banding pattern size
in our control gels and previous studies could be attributed to the manipulation of the
samples such as the air-drying process involved in the TEM sample setup?®, which can cause
the spacing in the fibrils to increase or decrease®®. These limitations, along with the TEM
resolution, should be acknowledged and considered when studying D-banding pattern
lengths further.

We then performed rheological measurements to study the mechanical properties of the
collagen and elastin blend hydrogels. These measurements determined that, while the initial
addition of elastin in the 1:0.5 hydrogels did not affect the storage modulus, the increased
addition of elastin observed in the 1:1, 1:1.5, 1:2, and 1:5 gels decreased their storage
moduli and resulted in less stiff hydrogels. Similarly, Nguyen et al. detected a decrease in
strength and stiffness with the addition of elastin to collagen fibers#>. However, Berglung et
al. and Bax et al. saw increases in stiffness in collagen and elastin constructs when compared
to collagen only constructs®8. These contrasting results could be attributed to several factors
such as the enzymes (alpha-amylase, trypsin, collagenase)1#423 and the isolation process*!
used to obtain the elastin product, the elastin solubility (soluble vs insoluble)®, the scaffold
fabrication process226, the concentration of elastin® and crosslinking agents, such as 1-
ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC)°, used to synthesize the hydrogels,
as well as the different methods used to measure the mechanical properties?6:58, While the
modulatory effects of mechanical properties on cellular outcomes have been extensively
studied and increased stiffness has been correlated with positive cell behavior, previous
studies have shown that, although addition of elastin to collagen films can result in a
reduction of the material’s stiffness, the incorporation of elastin can improve cell
attachment, spreading, and proliferation for cells with elastin-binding domains when
compared to collagen only films®.

Finally, we evaluated the autofluorescence properties of the hydrogel blends. Emission upon
355 nm excitation red-shifted with increasing amounts of elastin. These shifts could
potentially be used to quantify the collagen to elastin ratio in a given hydrogel. Similarly,
autofluorescence lifetime increased with decreasing collagen to elastin ratio in all tested
spectral channels. Autofluorescence lifetime is independent from the fluorophore
concentration, but it reflects changes in the fluorophore microenvironment. Conformational
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changes and interaction with other molecules induce changes in the fluorophore’s lifetime.
The collagen to elastin ratio is poised to alter the local environment of the fluorophores
present in collagen and elastin through changes in intra- and inter-molecular bonds. Previous
studies on tissue samples also found longer lifetimes associated with decreased collagen to
elastin ratios in the arterial wall® (excitation at 355 nm) and the eye36 (excitation at 365 nm).
It must be noted, however, that the fluorescence lifetime properties of hydrogels and mature
tissue are expected to vary significantly. Multiple variables affect the fluorescence properties
of the sample. Among others, we must consider tissue type, fiber assembly mechanism, pH,
and degree of hydration. The collagen and elastin hydrogel blends here presented exhibit an
autofluorescence emisison dominated by the fluorescence of elastin that has a higher
quantum yield than collagen in this form. Instead, collagen autofluorescence in mature tissue
is stronger, likely due to the presence of mature hydroxypyridinium fluorescent crosslinks,
not likely present in the hydrogel assembly, and that also vary between tissue type (skin,
bone, cartilage, etc)3°.

The FLIm results were correlated with the physical and biomechanical properties measured
within this study. We found that the autofluorescence lifetime in two measured spectral
bands (channels 2 and 3 that capture elastin fluorescence) were negatively correlated with
the storage moduli. The correlation is possibly due to the structural changes in the
microevironment of the gel network upon the addition of new elastin molecules. Such
microenvironmental arrangements would affect both the mechanical properties of the gels
and the fluorescence lifetime of the fluorophores present. This result encourages the use of
fluorescence lifetime as an indirect measurement of the gels’ mechanical properties. No
other significant correlation were found between the autofluorescence lifetime and the
fibrillogenesis parameters. Previous FLIm work in hydrogels already showed a correlation
between the fluorescence lifetime and the storage moduli of a collection of glutaraldehyde
crosslinked collagen hydrogels®8. Additionally, the same approach was used to evaluate the
mechanical properties of the degrading ECM of a collagenous tissue3®. Together, these
results further encourage the use of FLIm as a nondestructive tool for quantification of
biomechanical properties of gels and engineered tissues. It is important to monitor and
control biomechanical and biochemical properties during the fabrication of scaffolds to
ensure reproducibility and reliability. Mechanical cues are also essential to direct cell
behavior and development in hydrogels for use in tissue regeneration2:64, Thus, a
nondestructive technique like FLIm would be useful to monitor mechanical cues /in vitroand
could serve as quality control when examining the mechanical properties of cell-embeded
hydrogels throughout experiments. Using nondestructive imaging techniques for this
purpose will reduce material cost and save time.q

In conclusion, we characterized hydrogels composed of collagen and elastin blends to
elucidate their unique properties. We demonstrated that the addition of varying amounts of
elastin to collagen affects hydrogel absorbance when studying fibrillogenesis, but does not
affect fibril diameter. We observed a significant decrease in D-banding pattern length of the
collagen fibrils, but D-banding pattern length measurements have limitations that need to be
studied further. The storage modulus of the hydrogels is also affected by the addition of
elastin. The hydrogel autofluorescence is also impacted by the collagen to elastin ratio, both
in spectral emission (red-shifted with increased elastin content) and their autofluorescence
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lifetime, which correlated with the storage moduli of the measured gels. The work presented
here serves as a deeper understanding of how varying amounts of elastin affect collagen
constructs. Additionally, this work encourages the use of FLIm as a quality control tool able
to monitor hydrogel mechanical properties that will be important to influence cell behavior
and development. This knowledge will prove useful when developing collagen and elastin
constructs for tissue engineering applications in regenerative medicine in the future.
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Figure 1.
Turbidity measurements during fibrillogenesis for collagen and elastin blend gel solutions.

Addition of elastin significantly increases fibrillogenesis (p < 0.05). Data represents mean +
standard deviation (n = 3).
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Figure 2.
Representative TEM images of collagen fibrils observed in 1:0 C, 1:1, and 1:5 collagen and

elastin blend gels. TEM images were used to measure D-banding pattern length and fibril
diameter. Scale bar: 500 nm.
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Figure 3.

A) Storage moduli and B) loss moduli of gels prepared from mixtures of 1:0 C, 1:0.5, 1:1,
1:1.5, 1:2, and 1:5 collagen type | to elastin. Data (n = 16-18) are represented as the mean £
the standard deviation.
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Figure 4.
A) Spectral emission of collagen type | flakes, elastin powder, and the collagen-elastin

hydrogel blends at ratios 1:0.5, 1:1, 1:1.5, 1:2, and 1:5. B) Average fluorescence lifetime of
the hydrogels. Points and error bars represent mean and standard deviation of lifetime values
from pixels within a central and circular ROI (examples in Ch1-1:0C in C) from alln=9
gels per group. C) Autofluorescence lifetime maps for groups 1:0 C, 1:1, and 1:5 in channels
1 (chl), 2 (ch2), and 3 (ch3). Scale bar =5 mm.
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Figure 5.

Correlations between lifetime and storage moduli for (A) Channel 1 (390/18 nm), (B)
Channel 2 (435/40 nm), and (C) Channel 3 (542/20 nm). Correlations between lifetime and
A absorbance for (D) Channel 1, (E) Channel 2, and (F) Channel 3. Correlations between
lifetime and halftime (t1,) for (G) Channel 1, (H) Channel 2, and (I) Channel 3 for gels
prepared from mixtures of 1:0 C, 1:0.5, 1:1, 1:1.5, 1:2, and 1:5 collagen type I to elastin. The
Kendall =y, coefficient and the pvalue for each combination are shown in the plots. Data (n =
6-13) are represented as the mean + the standard deviation.
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Table 1.

Concentration of collagen type | and elastin in the hydrogels.

Gel Ratio  Collagen (mg/mL)  Elastin (mg/mL)
1.0C 3.6 0
1:05 3.6 1.8
11 3.6 3.6
1:15 3.6 54
1:2 3.6 7.2
1:5 3.6 18
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Aabsorbance and halftime measurements for collagen and elastin blend gels.

Table 2.

Fibrillogenesis

Gel Type N A Absorbance (AU) (Mean £ SD) P value Halftime (sec) (Mean = SD) P value
1.0C 3 0.41+0.09 1290 + 131
1:05 3 0.60 +0.01 0.0007 1210+ 35 0.3850
11 3 0.58 +0.02 0.0012 1240 + 35 0.7619
1:15 3 0.57 £0.02 0.0020 1230 + 30 0.6305
1:2 3 0.56 +0.02 0.0047 1220 + 17 0.5009
1:5 3 0.57 £ 0.04 0.0021 1200 + 30 0.2885

One-way ANOVA and Dunnett’s method for comparisons with control were performed.

SD: Standard Deviation.
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Table 3.

Average D-banding pattern length and fibril diameter for fibrils observed in the collagen and elastin hydrogels.

D-banding Pattern Fibril Diameter
Gel Type N  Length (nm) (Mean + SD) P value Diameter (nm) (Mean £ SD) P value

1.0C 62 68.15+ 1.58 70.62 +18.44
11 46 68.25 + 1.99 0.9409 72.32 £15.04 0.8740
1:5 48 67.30 +2.09 0.0366 68.90 +18.25 0.8035

One-way ANOVA and Dunnett’s method for comparisons with control were performed.

SD: Standard Deviation.
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Table 4.

Average storage moduli and standard deviation values for collagen and elastin blend gels at 30°C.

Storage Moduli
Gel Type N  Storage Modulus (Pa) (Mean + SD) P value

1.0C 17 109.4 +13.8

1:0.5 17 99.2+13.7 0.0807
11 16 91.2+14.0 0.0039

1:15 16 86.4+9.5 0.0003
1:2 18 948 +11.7 <0.0001
1:5 18 85.7+12.0 <0.0001

One-way ANOVA and Dunnett’s method for comparisons with control were performed.

SD: Standard Deviation.
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Table 5.
Autofluorescence lifetimes for the hydrogels.
Gel Channel 1 Channel 2 Channel 3
e
Type Number of  Lifetime (ns) Number of  Lifetime (ns) Number of  Lifetime (ns)
Pixels (Mean * SD) P value Pixels (Mean + SD) P value Pixels (Mean + SD) P value
1.0C 3385 3.52+0.17 3384 4.04+0.15 3378 3.70+0.16
1:0.5 4521 442 +0.16 <0.0001 4485 457 +0.10 <0.0001 4517 4.26 +0.15 <0.0001
11 4636 4.45+0.18 <0.0001 4628 4.68 +0.09 <0.0001 4636 4.32+0.19 <0.0001
1:15 4942 4.56 +0.13 <0.0001 4864 4.74 +0.08 <0.0001 4941 4.41+0.11 <0.0001
1:2 4372 453 +0.12 <0.0001 4313 4.72 +0.05 <0.0001 4372 4.37+0.14 <0.0001
1:5 5498 4.58 +0.09 <0.0001 5502 4.78 + 0.05 <0.0001 5525 4.48 £ 0.09 <0.0001

One-way ANOVA and Dunnett’s method for comparisons with control were performed.

N =9 for all gel types.

SD: Standard Deviation.

Ann Biomed Eng. Author manuscript; available in PMC 2021 December 01.



	Abstract
	Introduction
	Materials and Methods
	Gel Preparation.
	Fibrillogenesis Assay.
	Transmission Electron Microscopy (TEM).
	Rheological Measurements.
	Autofluorescence measurements.
	Statistical Analysis.

	Results
	Elastin increases fibrillogenesis.
	Elastin addition decreases the collagen D-banding pattern but does not affect collagen fibril diameter.
	Addition of elastin decreases storage modulus.
	Autofluorescence parameters react to the addition of elastin.
	Kendall τb correlation analysis.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.



