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Noninvasive Assessment of Collagen Gel Microstructure and Mechanics
Using Multiphoton Microscopy

Christopher B. Raub,* Vinod Suresh,* Tatiana Krasieva,' Julia Lyubovitsky," Justin D. Mih,*
Andrew J. Putnam,** Bruce J. Tromberg,*'$ and Steven C. George**

*Department of Biomedical Engineering, tThe Beckman Laser Institute, ¥*Department of Chemical Engineering and Materials Science,
and $Department of Surgery, University of California Irvine, Irvine, California

ABSTRACT Multiphoton microscopy of collagen hydrogels produces second harmonic generation (SHG) and two-photon
fluorescence (TPF) images, which can be used to noninvasively study gel microstructure at depth (~1 mm). The microstructure is
also a primary determinate of the mechanical properties of the gel; thus, we hypothesized that bulk optical properties (i.e., SHG and
TPF) could be used to predict bulk mechanical properties of collagen hydrogels. We utilized polymerization temperature (4—-37°C)
and glutaraldehyde to manipulate collagen hydrogel fiber diameter, space-filling properties, and cross-link density. Multiphoton
microscopy and scanning electron microscopy reveal that as polymerization temperature decreases (37—4°C) fiber diameter and
pore size increase, whereas hydrogel storage modulus (G’, from 23 = 3 Pato 0.28 + 0.16 Pa, respectively, mean = SE) and mean
SHG decrease (minimal change in TPF). In contrast, glutaraldehyde significantly increases the mean TPF signal (without
impacting the SHG signal) and the storage modulus (16 = 3.5 Pa before to 138 * 40 Pa after cross-linking, mean = SD). We
conclude that SHG and TPF can characterize differential microscopic features of the collagen hydrogel that are strongly correlated

with bulk mechanical properties. Thus, optical imaging may be a useful noninvasive tool to assess tissue mechanics.

INTRODUCTION

Fibrosis, the abnormal deposition of collagen in response to
inflammation, characterizes many diseases including asthma
(1-6), atherosclerosis (7-9), dermal keloid (10-12), and cir-
rhosis (13,14). For example, in asthma subepithelial fibrosis
in the airways increases the thickness of the lamina re-
ticularis three- to fivefold, can appear before clinical symp-
toms, and alters the mechanical properties of the airway,
which can, in turn, alter the progression of the disease (4—6).
However, characterizing fibrosis in vivo at the cellular and
molecular level is currently accomplished by invasive tissue
biopsy, and there are no methods to characterize the in vivo
microscopic mechanical properties of fibrotic tissue.
Multiphoton microscopy (MPM) is capable of high res-
olution, three-dimensional imaging of biological tissue to a
depth on the order of 1 mm using femtosecond pulses of
near-infrared (NIR) laser light. Fibrillar collagen responds to
near-infrared laser light with both second harmonic gener-
ation (SHG) and two-photon excited fluorescence (TPF)
(15,16). SHG relies on a nonabsorptive, nonlinear light-
collagen interaction producing light at exactly one-half the
excitation wavelength (17,18), and depends upon collagen’s
structure at the noncentrosymmetric secondary (triple helix)
level, and upon molecular packing and scattering on the
tertiary (fibril), and quaternary (fibers) levels of organization.
In contrast, TPF is an absorptive process, arising from
excitation of fluorophores (in collagen, of intramolecular
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pyridinium-type cross-links and other uncharacterized fluo-
rophores) (19). Thus, simultaneous imaging of SHG and
TPF signal reveals additional information about collagen’s
microstructure and biochemical state than imaging either
signal alone, or imaging reflectance signal. Image segmen-
tation, which considers noise and signal-containing pixels
separately, can provide quantitative measurements of SHG
and TPF image parameters that correlate robustly with mi-
crostructural or biochemical features of collagen-containing
tissue. Because it is noninvasive and relatively nondamag-
ing, MPM may be a valuable tool for assessing fibrosis and
changes in mechanical properties in vivo at the microscopic
scale. For example, we have shown that SHG image intensity
of lung fibroblast-seeded collagen hydrogels characterizes
TGF 32 dose-dependent changes in the collagen microstruc-
ture (20).

In vitro self-assembled collagen hydrogels are extensively
used as substrates for tissue engineering (21-26), and have
been utilized both in general fibrosis models (27-32) and
models of the asthmatic airway (20,31,33-35). Thus, there is
potential for SHG and TPF to independently characterize
collagen microstructure and mechanical properties of these
tissues. Researchers have used MPM to image collagen,
elastin, and cells in a variety of ex vivo and in vitro tissues,
including tail tendon (36—45), skin (45,46), cornea (47-53),
fibroblast-seeded collagen gels (16), tissue-engineered skin
equivalents (54), asthma fibrosis models (20), and epithelial
cell-seeded tissue equivalents (33). In these studies, SHG pro-
vides detailed structural information about collagen, whereas
TPF identifies other extracellular matrix components and
cells. Both signals may measure relative changes in fibrotic
state. Although multiple studies have used MPM to probe the
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collagen microstructure in vitro and in vivo (37,44,55), there
have been no reports describing whether these bulk optical
properties provide information on the mechanical properties
of the matrix.

Acid-solubilized collagen is known to self-assemble in
vitro in a temperature-dependent manner with a sigmoidal
reaction curve (56), impacting fibril and fiber dimensions.
Lateral and end-to-end monomer polymerization begins from
collagen monomers ~1.5 nm wide and 300 nm long that
form aggregates of 5—17 molecules (57-59). Hydrophobic
interactions stabilize the monomer backbone, whereas cova-
lent bonds (cross-links) form between the nonhelical mon-
omer ends and helical cross-linking sites. Collagen fibrils
15-200 nm wide and fibers (composed of two or more
fibrils) may be stabilized with both noncovalent (hydrogen
and ion-ion) and covalent bonds (cross-links) (58,60). Both
fibril and fiber diameter increase at lower polymerization
temperatures (56,61).

The goal of this study was to systematically alter fiber
structure and fluorescent cross-link content of collagen hy-
drogels using polymerization temperature and glutaralde-
hyde, respectively, and to determine whether changes in
collagen gel mechanical properties (i.e., storage and elastic
modulus) correlate with changes in the bulk optical proper-
ties (i.e., SHG and TPF).

METHODS
Collagen hydrogel preparation

Collagen hydrogels were polymerized by mixing the following components
in order on ice: 100 ul 10X phosphate buffered saline (PBS) Sigma, St.
Louis, MO, consisting of 0.1 M phosphate buffer, 1.38 M NaCl, and 0.027
M KCl, pH 7.4), 0.41 ml ddH,O with 0.025 M sodium hydroxide added (to
reach a pH of 12.38), and 0.49 ml 8.16 mg/ml acid-soluble rat tail tendon
collagen (BD Biosciences, San Jose, CA). After vortexing, the collagen
concentration was 4 mg/ml and pH 7.4. For MPM imaging, the collagen
mixture was immediately pipetted into eight-chambered coverglasses
(Fisher, Hampton, NH) at 0.1 ml/chamber and incubated for 48 h at four
temperatures: 4, 14, 24, and 37°C. Before MPM imaging, half of the four
hydrogels prepared at each polymerization temperature were cross-linked
with 1 ml 0.2% glutaraldehyde (GTA) for 1 h at 24°C and exhaustively
washed with PBS. Cross-linking with this GTA concentration has been
found to produce significant changes in collagen hydrogel mechanical
properties (62). For rheology, the gels were polymerized directly between
the rheometer’s (RFSII, Rheometrics, New Castle, DE) testing plates.

Scanning electron microscopy

Because scanning electron microscopy (SEM) has better resolving power
than MPM, SHG and TPF microstructure measurements were compared
to measurements from SEM images. SEM was performed on collagen hy-
drogels polymerized at the temperatures listed above using a Phillips XL-30
SEM (Eindhoven, The Netherlands) with a secondary electron detector. The
hydrogels were prepared for electron microscopy by fixation followed by
serial dehydration with ethanol and hexamethyldisilazane (HMDS). Fol-
lowing polymerization, the hydrogels were fixed with 4% formaldehyde in
PBS for 1 h at room temperature. Then, after three 10-min washes in PBS
and two 10-min washes in ddH,O, the hydrogels were transferred to glass
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vials and further fixed with 1% osmium tetroxide for 1 h at room tem-
perature. After two 10-min washes in ddH,O, the fixed hydrogels were
dehydrated in a graded ddH,O/ethanol series: 30%, 50%, 70%, 90%, and
two 100% ethanol washes for 10 min each. Following the ddH,O/ethanol
washes, the hydrogels were washed with a graded ethanol/HMDS series:
33%, 50%, 66%, and 100% HMDS washes for 15 min each. Finally, the gels
were cut in three pieces and allowed to dry overnight on aluminum foil so
that the bottom, top, and cross section of the gel were facing up. Then the
dried hydrogels were mounted on SEM sample stages using carbon tape and
sputter coated with Pd/Au to a thickness of 6 nm using a Polaron SC7620
sputter coater (Watford, UK). The specimens were imaged at 10 kV and
magnifications of 2000X, 20,000X, and 100,000X. SEM images were
analyzed using NIH ImageJ software (Bethesda, MD). Average fiber di-
ameter was calculated from a random sample of hand-measured fibers in
SEM images. Each SEM image had similar contrast and brightness, as well
as the same electron beam voltage.

Fiber diameter histograms were constructed by sampling five 2 X 2 um
regions from each of nine 20,000X images of hydrogels formed at the four
polymerization temperatures. Fiber diameters were estimated using a line-
drawing feature of ImageJ that reports line length in pixels. Fiber diameters
were measured roughly at the midpoint of each fiber when that midpoint was
discernable; otherwise, the fiber diameter was measured in the middle of the
longest discernable part of the fiber. Pixels were converted to standard units
of length measurements using SEM image scale bars.

Multiphoton microscopy

SHG and TPF signals from collagen hydrogels were collected in the epi-
configuration using a previously described custom-built multiphoton laser
scanning microscope (MPM) (16). Two-photon events were created using a
mode-locked Ti:Sapphire laser (170-fs pulse width, 76 MHz repetition rate;
Mira 900F, Coherent, Palo Alto, CA) pumped by a 5-W Verdi laser
(Coherent) producing 770 nm light (16) focused 20 wm into the hydrogel
above the coverslip by a 40X, 0.8 numerical aperture water immersion
Achroplan objective (Zeiss, Jena, Germany). Average power at the micro-
scope back aperture was 80 mW (corresponding to ~6.7 mW at the sample
site). SHG and TPF were collected simultaneously in two separate channels,
and the signals were summed over five successive scans. Though SHG
primarily copropagates with the laser beam, a significant portion of the
forward-propagated SHG undergoes subsequent backscattering and is
detectable in the epi-configuration, especially when fibers are larger than
the incident wavelength. The SHG signal (emission 385 nm) was collected
using a 380/15 nm bandpass filter, whereas TPF (maximum emission 525
nm; (16)) was collected in a second channel using a 520/40 nm bandpass
filter. Three to six images per hydrogel were collected from three hydrogels
per polymerization temperature, with at least 1 mm separation distance
between images in each gel. This experiment was repeated more than three
times, both on the custom-built MPM and a commercial model (LSM 510
Meta, Zeiss). For the custom-built microscope, each 16-bit image contained
256 X 256 pixels and a 114 X 114 um field of view. Pixel sampling rate was
1 kHz (pixel dwell time = 1 ms). Each image was integrated over five
frames. SHG and TPF signals were quantified from images using IP Labs
software (Scanalytics, Fairfax, VA). The mean and standard deviation of
signal intensity per pixel were collected from raw images as well as images
processed by segmentation. Segmentation involved finding the maximum
value pixel of each signal from a region of interest within each image that
contained no discernable collagen, and then setting a threshold just above
this pixel intensity (i.e., the noise threshold). Pixels with intensities below
the noise threshold were excluded from segmented images. Then, the mean
signal intensity per pixel, total signal intensity, and SHG or TPF image
fraction of the segmented images were calculated. The image fraction was
defined as the number of segmented pixels above the noise threshold divided
by the total number of image pixels, and expressed as a percentage. After
setting the noise threshold in TPF images, which display a much lower
signal/noise ratio than SHG images, segments containing <50 pixels were
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discarded. This was found to decrease noise in the segmented TPF images
while preserving significant collagen TPF signal. In all other details TPF and
SHG images were processed similarly.

Rheology

Collagen gels were tested in a RFSII rheometer (Rheometrics) using dynamic
shear mode, parallel plate geometry, and a hydrated chamber as previously
described (63). Plate diameter was 25 mm, and the gap between plates was
0.2 mm. Frequency sweeps were conducted, with dynamic strain frequency
varying from 0.1 to 100 s'. Before the frequency sweeps amplitude sweeps
were conducted to determine the linear viscoelastic region. Subsequently, all
frequency measurements were taken at 5% strain, which falls within the linear
viscoelastic region of these hydrogels. Mechanical spectra were obtained for
the following variables: storage modulus (G'), loss modulus (G"), and phase
angle (8), wheretan § = G" /G', a characterization of the ratio of gel viscous to
elastic behavior.

Collagen hydrogel components were mixed together on ice and the
resulting solution was immediately pipetted onto the rheometer’s lower
parallel plate, which was maintained at one of four polymerization tem-
peratures by a water bath. The upper plate was then lowered until the gap
between the two plates was 0.2 mm, and the gels were allowed to polymerize
between the rheometer plates for a total time of: 20 min (for 37°C gels),
45 min (for 24°C gels), 5 h (for 14°C gels), and 24 h (for 4°C gels).
Polymerization was deemed complete both by the turbid appearance of the
gel and the cessation of increase of hydrogel storage modulus with time,
after which mechanical spectra were immediately collected. Polymerization
times were necessarily shorter for rheology than for MPM imaging samples,
since evaporation could not be completely prevented while the gels were
between the rheometer plates, whereas MPM imaging chambers were
sealed. Polymerization lag phase shortens with increasing polymerization
temperature, and collagen gels polymerized at the temperatures and times
above displayed similar trends in microstructure and MPM image parameter
values to corresponding gels polymerized for 48 h before imaging (data not
shown). Raising the temperature of the gel before testing had little or no
effect on the resulting mechanical spectra.

Statistics

Parameters from SHG, TPF, and SEM images were compared across image
conditions using either parametric single-factor ANOVA or nonparametric
Kruskal-Wallis ANOVA for the four polymerization temperatures; Stu-
dent’s or Welch’s r-test to compare chemically uncross-linked and GTA
cross-linked collagen gels’ optical parameters; and a paired #-test to compare
shear moduli before and after GTA cross-linking. The statistics g; and g»
were used to estimate symmetry and kurtosis, respectively, of fiber diameter
distributions measured from SEM images. These statistics were calculated
from the following equations:

nY (X — X)’
(n—1)(n—2)s’

o= 20K = X)'nln+ 1)/ (0= 1) = 3[506 - X)T
(n—2)(n—3)s"

81 = (D

, @)

where n is the sample size, X; are the individual fiber diameter measure-
ments, X is the arithmetic mean fiber diameter from SEM images, and s is the
sample standard deviation. Statistical significances of symmetry and of
kurtosis were determined by previously reported methods that transform g,
and g, into Z-statistics from a standard normal distribution, used to estimate
the probability that the samples come from a symmetric and mesokurtic
distribution (64). For these tests as well as for ANOVA and #-tests, statistical
significance resulted if p < 0.05. Scores are reported as mean * SE, except
for the GTA cross-linking rheology experiment, where SD replaces SE. SE
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describes variance in the (normal) distribution of sample means whose
average estimates the true mean (for example, Fig. 2), whereas SD describes
variance in the (possibly nonnormal) sampling distribution (for example, Fig. 1,
b-e), or when only a single sample is taken (for example, Fig. 5). All statistical
tests were performed using Instat 2.01 (GraphPad Software, San Diego, CA) or
in Excel (Microsoft, Redmond, WA) using standard methods (64). Polynomial
trendlines were added to figures for visualization purposes only.

RESULTS

Polymerization temperature controls fiber
diameter and gel microstructure

SEM reveals larger diameter collagen fibers as polymeriza-
tion temperature decreases (Fig. 1 a, 20,000 X); but the SEM
images, unlike MPM images (Fig. 3 @), reveal parallel-aligned
fibrils within fibers (Fig. 1 a, 100,000X). Fiber diameter
varies across the polymerization temperature conditions be-
cause of differences in the number of fibrils per fiber rather
than large changes in fibril diameter. Small diameter fibers are
visible in SHG (Fig. 3 @) and SEM images (Fig. 1 a) of gels
polymerized at 4 and 14°C, sometimes independent of larger
diameter fibers and sometimes emanating from the splayed
ends of large diameter fibers. However, SHG and SEM
images show that large diameter fibers dominate the space-
filling characteristics of the gels polymerized at the two lower
temperatures. With increasing polymerization temperature
the hydrogels display a finer and more homogeneous network
of fibers.

As polymerization temperature increases from 4 to 37°C
maximum fiber diameter decreases ~70% from >1.1 um
to <320 nm, while the arithmetic mean fiber diameter de-
creases proportionally, ~70% from 218 to 62 nm (Fig. 1, a—d).
Gels polymerized at colder temperatures also had greater
ranges in fiber diameters. The range of the fiber diameters
was 1083 nm for 4°C-polymerized gels (n = 233 fibers) and
132 nm for 37°C-polymerized gels (n = 605 fibers). The
fiber diameter distributions are right-tailed and leptokurtic
(i.e., weighted about the mean and tails compared to a nor-
mal distribution), with both g; > 0 (p < 0.0001; indi-
cated by *, Fig. 1, b—e) and g, > 0 (p < 0.002; indicated
by *, Fig. 1, b—e). Histograms of SHG fiber diameters were
also constructed (data not shown), with means and standard
deviations listed in Fig. 2. These histograms look Gaussian,
but are centered around larger apparent mean fiber diameters
than the SEM histograms by ~1 order of magnitude. The
variation between polymerization temperatures of SHG fiber
diameter means was found to be significantly greater than
expected by chance (parametric single-factor ANOVA on
reciprocal-transformed data to produce homoscedasticity,
p < 0.0001, n = 107; indicated by *, Fig. 2). The variation
between polymerization temperatures of SEM fiber diameter
medians was also found to be significantly greater than ex-
pected by chance (nonparametric Kruskal-Wallis ANOVA,
p < 0.0001, n = 233; indicated by *, Fig. 2). The SHG mean
fiber diameters, dspg, were plotted against SEM mean fiber
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FIGURE 1 (a) SEM reveals collagen
fiber dimensions (20,000X SEM im-
ages, bar represents 3 wm) and fibrils
within each fiber (100,000X images,

b 1 4°C C 1 14°C bar represents 500 nm). (b—e) Fiber
0.8 dypyy = 218.7nm 0.8 dggsy = 184.9nm dlamet.er histograms constructed from
ranee = 1083 3mm o SEM image measurements show po-
0.6 g_ I_ 4 *J“ 0.6 range =L S35 lymerization temperature-shifted distri-
0.4 & =" , 0.4 g = 193% butions. The corresponding mean, range,
g, = 142 2, = 3.99% symmetry statistic g;, and kurtosis sta-
9:2 0.2 tistic g, are listed above each histo-
0 gram. Nine SEM images were sampled
200 400 600 800 1000 1200 200 400 600 800 1000 1200  per polymerization temperature, with 1
1 N . = 233, 598, 605, and 600 fibers for 4,
d 24¢ € 1 37C 14, 24, and 37°C polymerization con-
5, 08 dgpyy = 101.4nm 0.8 dyyg = 62.0nm ditions, respectively.
2 0.6 range = 558.8nm 0.6 range = 132.4nm
@ - - 3 ’ = 0.90*
S g, =343% £
o 04 0.4 -
8 2, =172 # g = 1.72%#
0.2 0.2
0 ——— T T T T T e e e e e L
200 400 600 800 1000 1200 200 400 600 800 1000 1200

fiber diameter (um)

diameters, dsgpy, for each polymerization condition; a linear
regression of dsyg on dsgym shows a strong linear correlation
(R* = 0.938) with a slope of ~10.8 and a y-intercept of
~0.62 um (Fig. 2), which is close to the lateral image
resolution (~0.45 pum).

4 -
E

J—

@ 4°C dgy, =32£05um
14 A 14°Cdg, =24+ 04m
W 24°Cdy, =16+02um

SHG
(SHG mean fiber diameter, pm)
N
1

@ 37°Cdg, =14+02m

0 T T T 1
0 0.1 0.2 0.3 0.4

dSEM

(SEM mean fiber diameter, pm)

FIGURE 2 The arithmetic mean fiber diameters from SEM images, dsgm,
correlate with mean fiber diameters measured from SHG images, dsyg, for
each polymerization temperature imaged (error bars represent mean * SE).
Mean SHG fiber diameters * SE are listed in the figure, with 10, 6, 6, and
6 images sampled and n = 107, 187, 195, and 208 fiber diameters counted
for the 4, 14, 24, and 37°C polymerization conditions, respectively.

SHG and TPF from collagen gels vary
with microstructure

Collagen SHG and TPF were imaged both with a LSM
510 Meta (Zeiss) and a custom-built MPM, yielding simi-
lar results. For clarity, only results from the custom-built
MPM are presented. Fig. 3 demonstrates that SHG and
TPF signals from collagen hydrogels are strongly dependent
on polymerization temperature, and are both independent
and overlapping (colocalizing). The SHG and TPF signals
were false-colored blue (for SHG) and green (for TPF) and
were overlaid to compare the signals’ spatial distribution
(Fig. 3 a). Signal/noise ratios and total signal were higher for
SHG than for TPF within each image. MPM images of 4°C-
polymerized gels show most clearly that: 1), SHG and TPF
overlap in regions where fibers are lying in the lateral plane
of the image; and 2), more TPF than SHG is collected from
punctate regions roughly the diameter of collagen fibers in
cross section.

Colder polymerization temperatures produced loosely
packed, thicker collagen fibers with brighter SHG (assessed
by mean SHG from segmented images, Fig. 3 b), larger pores
between fibers (Fig. 3 a), and a smaller SHG image fraction
(Fig. 3 ¢). Conversely, warmer polymerization temperatures
produced thinner and dimmer, but more abundant and
closely spaced collagen fibers.

Mean SHG intensity from segmented images (Fig. 3 b)
correlates well with polymerization temperature and drops

Biophysical Journal 92(6) 2212-2222
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~97% from 4 to 37°C (1227 = 285 to 33.8 = 2.7 arbitrary
units, au). In contrast, the mean TPF intensity from seg-
mented images is much less sensitive to microstructure: the
mean segmented TPF for 37°C polymerized gels (9.75 =
0.03 au) is only slightly dimmer (~50%) compared to the
4°C (19.8 = 1.2 au) condition (Fig. 3 b, inset). The variation
between conditions of mean SHG and TPF from segmented
images was found to be significantly greater than expected
by chance (nonparametric Kruskal-Wallis ANOVA test, p <
0.0001 and p = 0.0123 for SHG and TPF data, respectively;
indicated by * and *, Fig. 3 b).

For 4°C-polymerized gels, the ratio of mean segmented
SHG/TPF is 59 * 11 but this ratio decreases sharply to 3.3 =
0.2 for 37°C-polymerized gels (calculated from data in Fig. 3
b and insef). The mean of the maximum SHG pixel in-
tensities from each image has a trend similar to the mean
segmented SHG, while the maximum TPF pixel intensity
shows no such correlation (data not shown).

The SHG image fraction increased from 49.0 = 6.5% to
88.8 £ 1.1% between 4°C- and 37°C-polymerized gels (Fig.
3 ¢, solid circles). Similarly, the TPF image fraction
correlates positively with polymerization temperature, and
increased from 16.8 £ 2.7% to 52.5 £ 4.3% between 4°C
and 37°C-polymerized gels (Fig. 3 ¢, solid triangles). Unlike
the SHG image fraction, the TPF image fraction does not
begin to plateau at the 37°C polymerization condition. The
variation between polymerization conditions of SHG image
fraction and likewise the variation between conditions of
TPF image fraction were found to be significantly greater
than expected by chance (parametric single-factor ANOVA,

Biophysical Journal 92(6) 2212—2222

p < 0.0001 for both mean SHG and TPF image fraction;
indicated by * and *, Fig. 3 ¢).

G’ and G” vary with microstructure

Typical values of the storage (G') and elastic (G") modulus
for the four polymerization conditions, measured for dy-
namic strain frequencies from 0.1 to 100 rad/s, are shown in
Fig. 4 a. The shear moduli display frequency independence
over this range, confirming previous studies (63,65). Mean
G’ increases with polymerization temperature, roughly two
orders of magnitude, from 0.3 = 0.2 Pa for 4°C-polymerized
gels to 22.7 = 2.3 Pa for 37°C-polymerized gels (Fig. 4 b).
G” increases in parallel with G’ as has been previously
reported for collagen hydrogels (65). The variation between
polymerization temperatures of median G’ was found to be
significantly greater than expected by chance (nonparametric
Kruskal-Wallis ANOVA, p < 0.0001, n = 89; indicated by *,
Fig. 4 b). Median G” from each polymerization tempera-
ture were similarly statistically significant (nonparametric
Kruskal-Wallis ANOVA, p < 0.0001, n = 89; indicated by #
Fig. 4 b).

GTA cross-linking affects TPF, G’, and G’

Fig. 5 demonstrates the impact of GTA-induced cross-link-
ing on the SHG and TPF signals. Comparing MPM images
of chemically uncross-linked to GTA cross-linked collagen
gels shows that GTA cross-linking significantly increases the
total and mean segmented TPF signal (49,000 = 4000 au to
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FIGURE 4 G’ and G” vary with polymerization temperature over a range
of strain frequencies. (a) Representative frequency sweeps of G’ (solid
symbols) and G” (open symbols) at each polymerization temperature. (b)
Mean G’ (solid symbols) and G" (open symbols) from multiple frequency
sweeps (n = 3 gels/polymerization temperature, 31 frequencies per sweep)
steadily increase between 4 and 37°C. Polynomial trendlines have been
added as a visual aid.

150,000 = 6000 au and 8.9 * 0.2 to 12.4 = 0.1 au,
respectively, Fig. 5, ¢ and d) but does not change SHG
intensity from the collagen fibers: 156.1 = 8.9 au to 163.0 =
8.2 au (mean SHG from unprocessed images). The TPF
image fraction also increased significantly from 8.3 = 0.6%
to 18.5 = 0.8% (Fig. 5 d). Statistical tests confirm TPF
parameter increases upon GTA cross-linking (Student’s
t-test, p < 0.0001, » = 10 images from three gels; Welch’s
modified #-test, p < 0.0001, n = 10 images from three gels;
and Student’s unpaired #-test, p < 0.0001, n = 10 images
from three gels, for total segmented TPF, mean segmented
TPF, and TPF image fraction comparisons, respectively;
indicated by * and *, Fig. 5, ¢ and d).

TPF signal augmentation by GTA cross-linking occurs
simultaneously with almost 10-fold increases in G’ (16.0 =
3.5Pato 137.6 = 39.0 Pa)and G” (13.1 = 8.1 Pato 101.7 =
59.9 Pa) (Fig. 5 ¢). Meanwhile, tan 6 (=G"/G") decreases
after 1 h of cross-linking from 1.15 % 0.64 to 0.63 = 0.24
(n = 3). The difference in mean G’ between chemically
uncross-linked and GTA cross-linked collagen gels was
found to be statistically significant (paired #-test, p = 0.0034,
n = 4; indicated by *, Fig. 5 e). The difference in median G”
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between chemically uncross-linked and GTA cross-linked
collagen gels (which displays more variation than G’ data)
was found to be statistically significant (Mann-Whitney test,
p = 0.0143, n = 4; indicated by # Fig. 5 e).

Gel mechanical properties correlate with
optical parameters

Varying the polymerization temperature of 4 mg/ml collagen
hydrogels systematically changed the fiber volume fraction
and space-filling characteristics as well as the bulk shear
moduli. The shear moduli G" and G” correlate positively with
TPF and SHG image fraction for these gels (Fig. 6, a and b),
although the correlation between the shear moduli and SHG
image fraction is most linear for the 14-37°C polymerization
conditions. In contrast, the shear moduli correlate negatively
with mean segmented TPF and SHG signal for 4 mg/ml
collagen gels with polymerization temperature-controlled
microstructure (Fig. 6, ¢ and d). Since all gels contained 4 mg/
ml collagen content, gels with larger diameter fibers contained
fewer fibers and larger pores, linking the mechanical and
optical properties of the gels.

DISCUSSION

A noninvasive, nonperturbing method to assess the mechan-
ical properties of the matrix does not exist, yet alterations in
these mechanical properties profoundly impact both macro-
scropic (6,66) and microscopic (67-70) biology. Our study is
the first to our knowledge to assess the potential of using
multiphoton microscopy to characterize the mechanical prop-
erties of collagen hydrogels (models of the extracellular
matrix). Both SHG and TPF are sensitive to alterations in the
microscopic structure of the gel and intermolecular cross-
links induced by polymerization temperature and glutaral-
dehyde, respectively. Furthermore, the SHG and TPF signals
correlate strongly with microstructure and with GTA cross-
link induced changes in the mechanical properties suggest-
ing that MPM may be a useful tool to noninvasively probe
matrix mechanics.

We have measured distinct microstructural changes
induced by polymerizing acid-solubilized rat tail tendon
collagen at different temperatures (thus impacting the poly-
merization time) while keeping the mass content of collagen
constant. In particular, fiber diameters assessed by MPM and
SEM increased with decreasing temperature. This observa-
tion is likely due to the self-assembly properties of collagen
and to polymerization kinetics, in which polymerization
temperature affects the balance of hydrophobic, electrostatic,
and hydrogen bond forces between polymerizing collagen
monomers and fibrils, thus favoring lateral fibril and fiber
growth more at lower temperatures than at higher temper-
atures. Specifically, lowering the polymerization temperature
weakens hydrophobic attractive forces (71).
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This study utilizes a cold-start polymerization, bringing
acid-soluble rat tail tendon collagen to near-neutral pH (7.4),
allowing polymerization to slowly occur at 4°C or increasing
temperature to speed polymerization. Our study confirms
previous results by Christiansen et al. (72), who polymerized
collagen similarly and measured fibril diameters with TEM
ranging from ~10-120 nm, with mean diameters ~22 nm
for collagen polymerized at pH 7.5 and temperature 25-37°C
(values roughly similar to this study, data not shown). Fibril
diameters increased at lower polymerization pH but showed
no dependence on polymerization temperature, similar to our
results. Unlike this study, fibers composed of aggregated
fibrils were not measured. In contrast, a study by Wood and
Keech on bovine dermal collagen self-assembled under
warm-start conditions (acid-solubilized collagen equilibrated
at 25°C before neutralization with NaOH-KH,PO, buffer to
form a gel at 7/ 0.23 and pH 7.1) showed fibril and fiber
diameter increases with decreasing polymerization temper-
ature, from 37°C to 21°C (56). In this study, under 37°C-
polymerization conditions, fibril diameters ranged from 20 to
120 nm with mode 50 nm, closely overlapping our findings
and that of Christiansen et al. (72). But with decreasing
polymerization temperature fibril diameters increased, with a
range of 180—480 nm and mode 250 nm at 21°C. Also,
micron-scale fibril aggregates formed at 25°C and 21°C but
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FIGURE 5 Collagen hydrogels (4
mg/ml) polymerized at 24°C exhibit
altered TPF signal (green palette) with
(b) compared to without (@) GTA cross-
linking in 0.2% GTA/PBS for 1 h, but
SHG signal (blue palette) remains un-
changed (bar represents 50 um). GTA
cross-linking affects the mean sum of
TPF pixel intensities per segmented
image (c), mean TPF pixel intensity
from segmented images (d, shaded
bars), mean TPF image fraction (d,
solid bars), mean G’ (e, solid bars), and
mean G” (e, shaded bars). Error bars
represent SD.
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not at 37°C, mirroring the thermally irreversible fibril ag-
gregation into fibers observed in this study. We conclude that
in our system, polymerization temperature affects fiber but
not fibril diameter, but that both fibril and fiber diameter may
depend upon collagen source and polymerization method.

Collagen structures slightly smaller than the SHG wave-
length (385 nm) should emit and scatter SHG predominantly
forward, both because of their size and packing within the
focal volume, which leads to destructive interference of back-
propagated SHG (36). Fibers much larger than 385 nm, like
those polymerized at 4 and 14°C, should backscatter more
SHG. Our results—that mean SHG and TPF per collagen-
containing pixel increase with increasing fiber diameter—
confirm these arguments, as well as previous studies that
measure forward and backward-propagated SHG signals
from tail tendon collagen (36,43).

Collagen SHG, unlike TPF, has been shown to depend on
the fiber orientation with respect to the laser polarization and
propagation directions (36,41). Specifically, fibers roughly
the same diameter as the SHG wavelength emit SHG
exclusively in the forward direction (15,36,43,73). SHG is
generated from a hollow shell near fibril surfaces (43) and at
fiber interfaces (16), where reflection and scattering can
change SHG propagation direction and create back-propa-
gated SHG. In contrast, TPF from fluorescent cross-links in



Optics and Mechanics of Collagen 2219
a 60 - 5 b 60 N
37°C 37C
_ 504 _ 50
© ©
o o
= 40- o = 401 W
3 / =] I
B 301 / B 301
£ £ /
= w / 4 - of M
S 20 - uc /.- -G S 20 -G ¢l ;
< g -G < —--G" ,}q FIGURE 6 Mean G’ (solid symbols)
10 4 14°C /, 10 1 1 40_9[,' and G" (open symbols) of collagen gels
£C A 4°C ’:] with  temperature-controlled micro-
0 ! T v T 1 0 J —O=l y 1 structure display positive correlations
0 20 40 . 60 80 100 0 20 40 . 60 80 100 with TPF (a) and SHG image fraction
TPF fraction (%) SHG fraction (%) (b), but negative correlations with mean
TPF (¢) and mean SHG from seg-
C 601 37°C d €01 37°C mented images (d). All gels contained
50 -G 4 mg/ml collagen content. Polymeriza-
= i I = 50 —--G" tion temperatures are indicated above
Q. 40 - L a 40 4 data points. Error bars represent SE.
5 \ H ) Polynomial trendlines have been added
'é 30 4 \ 'é 30 4 \ as a visual aid.
c ) co N
S 209 -G U\ 4T S 20 ", 24°C
SN T S. T
L —--G" v O L -~ .
) N » -F
10 4 \\ 14°C 10 1 ‘._\ 14°C
0 4°C \;?' 0 e 4C
0 5 10 15 20 25 0 500 1000 1500

mean segmented TPF (au)

collagen will radiate isotropically and regardless of fiber
orientation. Thus, collagen fibers transverse to the image
plane of MPM should exhibit stronger TPF and relatively
weaker SHG (because the fiber interface is parallel to the
SHG propagation direction), whereas fibers within the image
plane will exhibit stronger SHG due to backscattering at the
fiber interfaces (Fig. 3 a).

The polymerization temperature-controlled microstruc-
tural trends observed by SHG were validated by SEM. The
primary difference is the higher resolution attained by SEM
imaging (the Rayleigh resolution limit for our SHG images is
~415 nm (36)). Our results suggest that fiber diameters
observed by SHG are approximately an order of magnitude
larger than SEM (Fig. 2, b—f). Collagen fibrils closely bind
water in hydrogels (25,71). Dehydration and fixation of
collagen gels can decrease pore size and fiber diameters (38).
In addition, SHG and TPF signals carry additional informa-
tion than just fiber-level physical dimensions. Fibril, mono-
mer, and a-chain configurations affect SHG (44,45), whereas
fluorescent cross-links (19,74) can create TPF. As such, the
two signals can provide structural information similar to
SEM, yet also provide unique and independent data about
multiple microscopic levels of collagen organization and
composition.

SHG signal drops more steeply than TPF signal as fibers
become smaller with increasing polymerization temperature.
Several physical phenomena may explain this difference. As
previously mentioned, most back-propagated SHG results

mean segmented SHG (au)

from secondary scattering of forward-directed SHG photons.
Small diameter fibers backscatter less than large diameter
fibers (61), suggesting that gels polymerized at higher tem-
perature backscatter less SHG. In contrast, TPF emits iso-
tropically due to the process of photon absorption. Thus, a
greater fraction of unscattered TPF than SHG photons are
collected in the epi-configuration, which may explain TPF’s
relative insensitivity compared with SHG to microstructural
changes of the collagen network that affect tissue scattering
properties. Secondly, SHG’s dependence on the square of
dipole concentration versus TPF’s linear dependence on
fluorophore concentration may also explain the differences
in sensitivity of the two signals to collagen hydrogel micro-
structure (75,76). More collagen monomers may be simul-
taneously exposed to the laser focal volume in a large fiber
than a smaller fiber (36), which would tend to increase SHG
signal more than TPF signal from the corresponding fluoro-
phores within the same focal volume. Thirdly, parallel-
aligned adjacent fibrils may enhance SHG signal from larger
diameter fibers polymerized at colder temperatures com-
pared to smaller diameter fibers with less alignment (40).
Glycerol-induced fiber dissociation in rat tail tendon reduces
back-propagated SHG (44) and forward-propagated SHG
(39); lyotropic swelling of rat tail tendon similarly reduces
SHG intensity (42), suggesting that collagen alignment and
spacing within fibers affects SHG signal intensity.

Two rheological parameters were measured: storage mod-
ulus, G', and loss modulus, G”. These two parameters reflect
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the amount of energy stored elastically in the collagen net-
work and the amount of energy dissipated through viscous
effects, respectively. Altering the collagen hydrogel micro-
structure allows one to specifically study how this micro-
structure affects tissue optical and mechanical properties.
Recently, a study has correlated increased collagen concen-
tration and polymerization pH with increasing hydrogel
linear tensile modulus (77). These researchers used confocal
reflection microscopy to measure fiber diameter and quali-
tatively assess fiber length and number density as a function
of polymerization conditions.

This study positively correlates SHG and TPF image
fraction with the storage and elastic moduli (Fig. 6, a and b),
but negatively correlates mean segmented SHG and TPF
intensity with the storage and elastic moduli (Fig. 6, ¢ and d).
Although fiber diameter may impact fiber stiffness directly, it
is perhaps more important to note that relatively few large
fibers polymerize at colder temperatures compared to the
large number of thinner fibers that polymerize at warmer
temperatures. As such, the volume fraction of fibers rather
than fiber thickness dominates the bulk mechanical proper-
ties. This observation is consistent with other in vitro ob-
servations in which a more interconnected and continuous
network displays enhanced mechanical properties (77), as
well as with in vivo studies that report increased volume
fraction of collagen fibers in stiff fibrotic tissue surrounding
coronary emboli in rats (66).

In contrast, the mean fiber diameter—but not the volume
fraction of fibers—determines the mean segmented SHG.
The collagen matrix’s space-filling characteristics are im-
portant in determining the total SHG and TPF signals, but
segmenting the images and averaging the segmented pixels’
intensities isolates the effect of fiber diameter from fiber
volume fraction. These correlations define a relationship be-
tween SHG and TPF image parameters and shear moduli of
acellular collagen hydrogels and identify specific compo-
nents of collagen hydrogel microstructure that can be mon-
itored with SHG or TPF image parameters.

Total and mean segmented TPF correlate strongly with the
presence of fluorescent cross-links created by GTA cross-
linking. GTA cross-links proteins through many pathways,
including the reaction of aldehyde functional groups with
€-amino groups primarily from lysine (78,79). Some cross-
linking pathways have been proposed that produce a fluo-
rescent pyridinium-type cross-link, whose existence has
been confirmed experimentally (74,78,80). Cross-linking si-
multaneously increased mean TPF and G’ and decreased the
phase angle of hydrogels exposed to GTA for 1 h. This
observation confirms earlier observations in which cross-
linked networks display enhanced mechanical properties (78).

Most in vivo fibrosis, like asthmatic subepithelial fibrosis,
consists of various fibrillar collagens (often types I, III,
and V) (1) that emit SHG, and other components that
autofluoresce (i.e., elastin and cells) and scatter light. The
noninvasive quality and unique probing of collagen makes
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simultaneous SHG/TPF imaging superior to conventional
tissue biopsy. However, the contributions of tissue scattering
and noncollagen signals to MPM image parameters must be
understood, as well as the relationship between bulk tissue
mechanical properties and the microstructure of collagen and
other extracellular matrix components. Despite these chal-
lenges, three-dimensional MPM imaging of shallow fibrosis,
combined with image processing to analyze colocalized
SHG and TPF from collagen may reveal information about
collagen fiber alignment, diameter, number density, and
cross-link content, which potentially play an important role
in determining mechanical properties of fibrosis.

In conclusion, we have demonstrated the ability to
systematically and independently alter collagen hydrogel
microstructure and cross-link content (and thus optical and
mechanical properties) by polymerization temperature and
glutaraldehyde cross-linking, respectively. Backscattered SHG
intensity, segmented to control for varying fiber numbers and
densities within images, correlates positively with mean fiber
diameter, whereas bulk hydrogel shear moduli G’ and G”
correlate negatively with mean segmented SHG intensity,
but positively with SHG image fraction. Back-propagated
TPF intensity is less sensitive to these microstructural changes,
but increases as hydrogel shear moduli increase and phase
angle decreases with GTA cross-linking. These correlations
are consistent with models of SHG and TPF production and
scattering within collagen hydrogels, and have direct applica-
bility toward noninvasively assessing the mechanical proper-
ties of collagen-based tissues.
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