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Abstract: We present a study of the optical second-order nonlinearity of type I collagen fibers
grown in vitro via second harmonic generation (SHG) experiments and analyze the observed
polarization-resolved SHG signal using previously reported SHG analytical expressions obtained
for anisotropic tissue. Our results indicate that the effective second-order nonlinearity measured
in the grown fibers is one order of magnitude lower than that of native collagen fibers. This is
attributed to the formation of loose and dispersive fibrillar networks of thinner collagen fibrils that
constitute the reassembled collagen fibers. This is confirmed by scanning electronic microscopy
(SEM) imaging and the polarization dependence of the SHG signal. The measured values of the
anisotropy parameter p of the reassembled collagen fibers are found to be similar to that obtained
for native fibers on the relevant sub-um scale.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The study of the self-organization processes of fibrous proteins, responsible for connective tissue
formation for example, has been a subject of great interest in medicine for years. Understanding
these mechanisms at the molecular structure level is important for gaining knowledge about the
origin and development of some pathological processes like those involving alterations of human
tissue. Type I collagen is the most prevalent component of the extracellular matrix and thus is the
major constituent of connective tissue, muscles, bones, corneas, etcetera, playing a crucial role in
tissue homeostasis [1]. It is well known that the basic structure of collagen fibers is tropocollagen,
a triple helix molecule (~1.5 nm in diameter and ~300 nm in length) composed of three protein
chains. Tropocollagen molecules are self-assembled in a staggered way to form microfibrils
(~3.6 nm in diameter), which are subsequently assembled into collagen fibrils (10 to 500 nm in
diameter). Fibrils further aggregate to form fibers (1 to 20 um in diameter) and so on [1-3]. The
length of the fibrils can be up to few tenths of microns, while the fibers can extend up to few
millimeters in length. In mammals the most typical tissue resulting from this assembly process is
tendon, which is composed of highly ordered collagen fibrils.

The collagen assembly process has been studied by growing collagen fibers from different
solutions containing collagen monomers (extracted either from rat/mouse tendons or human/bovine
dermis). The resulting diameters, lengths and scaffolding structure of the reassembled fibrils (and
so the fibers) depend on many factors of the collagen solution during the growth process, including
concentration, temperature, pH, and whether the collagen monomers have been pepsinized [4—6].
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The hierarchical structure of collagen fibers contributes to their intrinsic ability to produce
strong second harmonic generation (SHG) signals. At the molecular level, the non-centro
symmetric arrangement of chemical moieties of the polypeptide gives rise to dipolar contributions
to the second-order nonlinearity of fibrillar collagens [6—8]. At the supra-molecular level, SHG
radiates from individual collagen fibrils of around 50 nm of diameter [9,10]. At the microscopic
level, a complex architecture of collagen fibrils arranged in randomly poled nano-domains
governs the coherent addition of SHG within the focal volume of the excitation light [11]. These
SHG signals have been used as an imaging contrast mechanism to visualize and characterize
the architecture of collagen in several tissues such as cornea, skin and bone [9,12—-18]. In
turn, SHG microscopy has become a powerful tool for disease diagnosis and to perform basic
research associated with connected tissues, musculo-skeletal disorders, and epithelial cancers
[19]. However, relatively little work has focused on the study of the growth and generation of
collagen fibrils (process known as fibrillogenesis) using SHG microscopy [10,12]. In particular,
Bancelin and coworkers monitored the three-dimensional (3D) self-assembly of isolated collagen
fibrils in solution using SHG microscopy [10].

To our knowledge, the question of whether the second-order nonlinearity from collagen fibers
grown in vitro is the same as that of native collagen fibers has not been addressed in detail so
far. The aim of this work is to carefully address this question. For this purpose, we performed
polarization-resolved SHG experiments to measure the optical second-order nonlinearity of
type I collagen fibers grown in vitro from collagen solution, which we will compare to the
nonlinearity of native collagen fibers, and that from a lithium niobate (LiNbO3) crystal as a
reference material. By using the polarization resolved SHG analytical expressions obtained by
Gusachenko et al [20], which take into account the birefringence, polarization cross-talk and
diattenuation effects of thick tissues on the SHG signal, we estimated the thickness of the grown
collagen fibers by a qualitative comparison between the simulated SHG polarization dependence,
and the experimental results obtained from the experiments.

2. Theoretical background of the cylindrical geometry of collagen molecules

The second-order polarization P induced in collagen by the interaction of an incident electric
field E is given by [7, 20,21]:

Pr= XI(JZI)(EJEK3 )]

where y? is the second-order nonlinear susceptibility tensor.

The polarization properties of the SHG intensity from type I collagenous tissues are modeled
well with Co, and/or Cg, cylindrical rod symmetry along the fibrillar axis, which matches the
principal axis of the collagen molecules [6,7,20-23]. Such symmetry reduces the second-order

susceptibility tensor )(I(le)( to four nonzero elements. After assuming Kleiman’s symmetry and the

fact that the incident electric field E lies in the laboratory coordinate system (x, y, z), the tensor )(1(121)(
)]

is reduced to just two independent elements: y,,, and )()(;; = )()Ei) = )(;)2(; = )(g; = Xy(f))c = /\/1(22)2’
where x is the principal axis.

Given the fiber’s direction along the x-axis, the propagation of the excitation laser beam along
the z direction (perpendicular to the fibers) and with a linear polarization oriented in the plane xy
at an angle a with respect to the fibers, the electric field in the focal volume can be expressed as
EY = Eypcosa and EJY = Epsina. Therefore, the second-order nonlinear polarization (Eq. 1) can

be expressed as [20]:

2 2) .
P o ( X)(m)ccosza + )(,((y;smza)E(z), (2)
Pogy ()(g;sinZCl)E(z). 3)

In nonlinear microscopy, the contrast mechanism due to the second-order nonlinearity of collagen

fibers is commonly estimated by the ratio p = )(g))c / )((2)

Yy which measures the ratio of the SHG
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signal along and perpendicular to the fiber direction; i. e. it measures the anisotropy of the
SHG signal. The reported value of p ranges from 1.4 to 3 [7-9, 20,21] depending on the beam
spot size and the excitation wavelength utilized to generate the SHG signal of the collagen fiber.
Note that this anisotropy parameter is commonly probed to obtain a measure of the orientational
distribution of the collagen molecules within the focal volume, the larger the parameter the higher
the homogeneity and self-assembling organization of collagen molecules [9]. The SHG intensity
for each polarization is given by:

I?° = K|pcos*a + sin*a|? 4)

Iyz“’ = K|2sinacosa|?, &)

where K is a constant that depends on the molecule’s geometry and the square intensity of the
excitation beam Ig. By using Eqgs. (4) and (5) the anisotropy parameter can be obtained if one
computes the total intensity, Ispyg = If“' + 13“’, parallel (@ =0) and perpendicular (a =90°) to
the fiber axis yielding p = /Isug,||/Isuc,.; where || and L denote the parallel and perpendicular
directions, respectively.

In a more realistic case, birefringence, polarization cross-talk and diattenuation effects need to
be considered in order to derive more proper expressions for the SHG intensities. These effects
are studied in detail for anisotropic tissue in Ref. [20,24] and will be described here in similar
fashion, where the material possesses an intrinsic birefringence with different components of
the permittivity tensor along the x- and y-axis, respectively. Therefore, when light propagates
through the fiber material, a relative phase retardation is produced between its x (extraordinary
wave) and y (ordinary wave) field components, rotating the polarization direction and modifying
its polarization state of the linearly polarized excitation light, affecting in turn the polarization
distribution of the generated SHG signal. Additionally, the chiral conformation of collagen
structures gives rise to circular dichroism in the observed SHG signal [25]. These polarization
rotation processes lead to a polarization cross-talk effect in the SHG signal, meaning that some of
the SHG signal with an original x-polarization, will be detected on the orthogonal y-direction and
vice versa. Finally, form birefringence, which is the birefringence originating from subwavelength
alternating structures (such as collagen molecules and fibrils) induce anisotropic light scattering,
which, in turn results in a differential attenuation (called diattenuation) of light amplitudes
polarized parallel and perpendicular to the fiber axis [24,26]. Diattenuation can lead to an
anisotropic nonlinear response in the medium. For the case of collagenous tissues it is assumed
that such diattenuation effect varies exponentially with tissue depth for the different attenuation
lengths in x and y directions.

Taking into account the birefringence, polarization cross-talk and diattenuation effects that
scramble the polarization state as a function of tendon depth [20], Egs. (4) and (5) can be
expressed as

12“’()—K_’%7 i 2 ing o2 | -5 lsina? 6
“(z) = Ke a [|pe dacos“ae'™ + sin“a| +nxye 3 |sin2a|”|, (6)

2 o -5 2 —E 2N 2 12
I;“(z) = Ke 'a | e Ma|sin2a] +T]YX’pe Aa cos“ae'™? + sin a‘ , (7

where z represents the depth in the tendon at which the SHG takes place, Al, is the diattenuation
coefficient given by 1/Al, = 1/I5 — 1/19, where [ and [9 are the attenuation lengths in the
extraordinary and ordinary axis of the fiber, respectively. In this work we will analyze z values
that are on the order of the fibril and fiber diameters. The birefringence, An = n, — n,, with
n. and n, as the extraordinary and ordinary refraction indices, induces a phase change in the
excitation propagation given by Ag = 4rAnz/A, while the amount of the polarization cross-talk
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effect is represented by nxy and nyx. By inspecting Egs. (6) and (7) it can be seen that these
physical effects affect the ratio Isyc, || /Isuc,. and therefore the resulting SHG anisotropy may
differ from the value of p when such effects are not taken into account [20].

Figure 1 shows a simulation for the dependence of the SHG polarization intensity, Isgg =
If“’ + Iyz“’, for collagen structures of variable thickness, taking into account the combined
effects of birefringence, polarization cross-talk and diattenuation that may occur during the
light propagation inside the cylindrical structure along the z-direction. In the plots, the polar
angle corresponds to the angle « relative to the fiber axis x. Figure l1a considers propagation
lengths in the range of collagen fibril diameters with z=0.01, 0.05 and 0.1 um, respectively.
Figure 1b considers propagation lengths in the range of collagen fiber diameters, with z=2
and 20 pm, and fendon diameters with z =50 and 100 um. In both figures, the values of the
birefringence (An = 6.6 x 1073), polarization cross-talk coefficients (M = 0.065 and 1, = 0.1)
and diattenuations (5 = 190 um and I = 91 um), were taken from the reported values for
collagen Type I tissue [20]. A value of p =2 was used in our simulations which is within the
range of the measured values by different groups [8,9,20,21]. The solid gray curve drawn in both
figures represents the simulated SHG polarization distribution obtained without birefringence
(An = 0) for diameters from 0.01 to 0.5 um.

a) b)

920 ——0.5.um, 4n=0
120 60 T 00tum
4L T TS e 0.05 um
g ........ 010ﬁm
& 150 30
R S R N
= \
3 01180 0
8 y
£, 7
Q 210 /330
o 0
240 300
270
C) 2.0l
1.6¢
1.2¢
0.8 . ) , )
0.01 0.1 1 10 100
Z, um

Fig. 1. Simulated SHG polar intensity (1%“ + 1)2,“’) dependence from (a) collagen fibrils
thickness (as labeled), and (b) collagen fibers and tendon thickness (as labeled). The
birefringence, cross-talks and diattenuation parameters values used were An = 6.6 x 1073;
Mxy = 0.065; nyx = 0.1; 15 = 190 pm, and I, = 91 um. (c) Influence of these physical effects
on the ratio Isyc || /IsHG,1 - A value of p =2 was used in (a-c).

Figure 1a shows that the shape of the SHG polarization plot for collagen fibrils is different with
and without the birefringence effect. With birefringence (An # 0) the SHG polar distribution
“shrinks” towards the x-axis, i.e. the relative y-polarized signal decreases as the fiber diameter
decreases. Note that this shrinking effect is not observed without birefringence (An = 0). In
the absence of birefringence, the shape of the corresponding SHG polar distributions remains
practically unchanged (data not shown) with respect the plotted gray curve shown in the
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figure. Hence, the characteristic flattening of the polar plot is a signature of a) the presence of
birefringence and b) a small apparent diameter of the sampled material. This range corresponds
to 0.01 to 0.5 um, dimensions that correspond to fibrillar diameters. The ratio ‘/ISHG,” /suG.1
however is not affected for this diameter range, as can be seen in Fig. 1c. In other words, for
collagen fibrils (diameters from 0.01 to 0.5 pm) the shape of the polarization SHG signal is
affected mainly by birefringence without affecting the SHG anisotropy.

The simulated curves in Fig. 1b resemble characteristic SHG polar dependences obtained in
experiments with collagen fibers and tendons [9,21]. A decrease in both the total intensity Isyg
and the ratio \/Isxc,| /IsuG,. is observed as the fiber thickness increases. This effect becomes
evident above 2 um. For thicknesses > 20 um, enhanced SHG lobes around +45 and + 135
degrees and a prominent signal decrease along the fiber axis are produced. Note that the shape of
the resulting SHG polarization distributions is the same with and without birefringence effect
(not shown). Therefore, for collagen fibers (diameters > 2 um) the shape of the polarization
dependent SHG signal is largely unaffected by birefringence, while the SHG anisotropy decreases
as the fiber thickness is >>2 um (from thick fibers up to tendon diameters).

3. Methods

3.1. Samples preparation
3.1.1. Collagen fibers grown in vitro

Collagen, type I solution from rat tail (Sigma-Aldrich, C3867) was used for the preparation of
fibers samples grown in vitro, following the Sigma C3867 protocol (www.sigma-aldrich.com).
Briefly, a 10 uL volume of the collagen solution diluted with 90 uL of phosphate-buffered
saline (PBS) solution was prepared to a working concentration of 0.01% using sterile tissue
culture grade water. The pH of the solution was adjusted using a solution of sterilized sodium
hydroxide (NaOH). The final solution was used to coat petri dishes with 6-10 mg/cm? allowing
the protein to bind for several hours (overnight) at room temperature (around 27 °C), until a dried
coated surface was obtained. Samples at two different solution pH, 7 and 7.5, were obtained.
The resulting collagen film containing randomly distributed collagen fibers was peeled off and
deposited between two coverslips for fixation.

3.1.2. Native collagen fibers extraction

Native type I collagen fibers were extracted in vitro from native rat tail tendons. For this purpose,
individual tendon fascicles were removed from rat tail tendons under a dissecting microscope.
Collagen fibers of a few tenths of microns in width, and 1 cm length were deposited between
coverslips for fixation.

3.2. SHG experimental setup

Figure 2 shows the experimental setup used to perform polarization-resolved SHG experiments.
The utilized laser source was an ultrashort pulses oscillator (Grifin, KML Labs, Inc.) delivering
100 fs pulses at 94 MHz repetition rate and 300 mW average power. In order to minimize
auto-fluorescence effects (via two-photon fluorescence excitation) we used a pulse wavelength
centered at 830 nm (20 nm width) [13,27]. A half-wave plate was used to control the polarization
of the excitation beam, which was sent to a scanning system consisting of two galvanometric
mirrors (6230H, Cambridge Technology). A telescope arrangement, composed of the scanning
lens (SL) and the tube lens (TL), was used to pivot the laser beam and to fill the back aperture of
the excitation objective (10x, NA =0.25, Nikon, Japan). The measured lateral resolution was
2.32 ym. The excitation beam was focused onto the sample, the SHG signal was collected by a
condenser lens, and subsequently sent to a photomultiplier tube (PMT). An interferometric filter
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(FF01-435-25, Semrock) was used to block the excitation wavelength and collect only the SHG
signal.

A, =830 nm

HWP

Femtosecond - Scanner
oscillator system

SL

TL

Excitation
Objective

Sample

Collection n
Objective

Filter

Fig. 2. SHG experimental setup. In figure HWP: half-wave plate; SL: scan lens; TL: tube
lens; and PMT: Photomultiplier tube.

3.3.  Electron microscopy imaging

Scanning electron microscopy (SEM) was carried out on the collagen samples using a Hitachi-
SU3500 unit. The glass slides containing the samples of collagen grown in vitro and native
collagen were coated with a gold nano-layer (5-10nm, approximately) to get an appropriated
conductivity. A voltage value of 5 kV and 15 kV was used for the samples grown in vitro and for
the native collagen samples, respectively.

4. Results and discussions

4.1. SHG input polarization dependence of native collagen fibers

Figure 3(a) shows a SHG image of a type I collagen tendon where different fibers are observed.
The fiber thickness can be inferred by inspecting the signal intensity profile seen at the bottom
of Fig. 3(a), taken along the white dashed line indicated in the figure. Given that microscope
resolution is 2.32 um and the width of the SHG intensity peaks seen to be within 3-6 um, a
deconvoluted intensity profile (not shown) predicts fiber thicknesses around 2-5 um, approximately.
Figure 3b shows the SHG signal polar dependence obtained from two fibers, taken at positions
labeled as F| and F, respectively, indicated with white arrows in Fig. 3(a). These polar graphs
show the typical anisotropic behavior of the SHG signal obtained from collagen fibers. From
Fig. 3(b), it is possible to estimate the value of the anisotropy parameter of the collagen fibers,
using the relation p? = Isug,)|/Isuc, . Thus the values are pry = 1.76 and pry = 1.93 for the
fibers F; and F», respectively. These values of p are in good agreement with the values reported
for collagen tendons by Freund and coworkers [21] which are in the p = 1.2 — 2 range.
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Fig. 3. a) SHG imaging of a type I collagen tendon. The intensity profile indicated with the
dashed line is shown on the bottom of this figure, the collagen fibers have a thickness of
about 2-4 um. b) polar dependence of SHG signal corresponding to two fibers labeled as F'y
and F» in Fig. 2a. These polar graphs show the typical anisotropic behavior of the SHG
signal obtained from type I collagen fibers.

4.2. SHG input polarization dependence of collagen fibers grown in vitro

Figure 4 shows the SHG results obtained from collagen fibers grown in vitro prepared (at room
temperature) with pH = 7. The transmission bright field (BF) image and the corresponding SHG
image are shown in Figs. 4(a) and 4(b), respectively. Figure 4(c) shows the polar dependence of
the corresponding SHG signal from the fibers labeled as f; and f>, in Fig. 4(b). Furthermore,
a different region (labeled as R1) was also analyzed, where an isotropic behavior is observed
in the polar dependence graph (see gray curve in Fig. 4(c)), indicating the absence of collagen
fiber formation in this region. Note that the fibers fi and f, are orthogonal to each other, having
maximum values in the SHG signal at -22° and 158° for f] and, 50° and 230° for f>. According
to Williams ez. al. [9], high values of p >2 are obtained from fibers with high homogeneity
and highly ordered self-assembly. The authors reported a value of p = 2.6 for thin collagen
fibers, using a 40x 1.4 NA oil immersion objective. In our experiments, the anisotropy parameter
measured on fibers f; and f5, is pr1 = 2.20 and pyp = 1.53, respectively. Indicating that a higher
degree of ordered self-assembly was achieved during collagen fibrillogenesis in fiber f] relative to
fiber f,. Figure 4(d) shows an amplified image of the BF and the SHG images, merged together,
where collagen fibers are resolved. This image was taken with a higher magnification objective
20x (0.75 NA) in air and a lateral resolution of 0.6 um.

4.3. Collagen fibrils diameter estimation

Given the optical resolution utilized in our experiments (~2 um) no individual collagen fibrils
are resolved in Figs. 3(a) and 4(b). In order to estimate the collagen fibril diameters in both
samples we utilized Eqs. (6) and (7), using the same values of the birefringence, the polarization
cross-talk coeflicients and diattenuation parameters utilized in Fig. 1. Notice that these equations
were derived for cylindrically symmetric collagenous tissues, such as collagen tendons. However,
the cylindrical symmetry of tendons is derived from the hierarchical aggregation of lower level
collagen structures (starting from micro fibrils, then fibrils, then fibers and so on), which also
exhibit cylindrical symmetry. Therefore, we can assume that this model is also valid for lower
level collagen structures, down to the level of individual fibrillar structures. A single experimental
SHG polar trace for each sample was acquired by normalizing the intensity of the two measured
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shg signal, n\W

Fig. 4. a) Transmission bright field image (BF) of the zone where the collagen fibers were
grown in vitro. b) SHG image. ¢) SHG polar dependence from the fibers fi, f> and the
region R1 outside of the fibrous zone indicated in Fig. 4b. The curves obtained from the
fibers shown and anisotropic behavior and their shape corresponds to the obtained for thin
fibers. For the region R1 the polar curve has completely an isotropic behavior indicating the
absence of collagen fiber formation. d) Zoomed merged image of BF (gray color) and SHG
(red-hot color). The imaged area is 40x40 pm?

SHG polar traces and then averaging the resulting intensity, according to the following expressions

_ Shtnfmartls) o S fimaxty

I 9’
F N N

®)
with N=2 and i = /,2. Where Ir and I are the experimental parameters for native and grown
in vitro collagen fibers to be fitted. Additionally, an averaged anisotropy parameter was also
computed using the experimental p obtained in Fig. 3 and Fig. 4 yielding pr=1.85 and py=1.87,
respectively. Figure 5 shows the resulting experimental data and their corresponding fits.

In Fig. 5(a), the curve with filled squares represents the experimental SHG signal for the native
collagen sample, while in Fig. 5(b) the curve with filled triangles represents the measurements
for the collagen sample grown in vitro. The solid lines are the fitting curves. Note that to fit these
curves two parameters of Egs. (6) and (7) needed to be changed, the fibril thickness z (considered
here equal to the fibril diameter) and the anisotropy parameter p. The fit shown in Fig. 5(a) for
the native collagen sample corresponds to a fibril diameter of 170 nm and pr = 1.85, while the fit
for the collagen sample grown in vitro shown in Fig. 5(b) corresponds to a fibril diameter of 40
nm and py = 1.87. The characteristic flattening of the polar plot is an indication that the apparent
diameter of the sampled volume is of the order of fibrillar structures. This result suggests that,
although the apparent fibril thickness varies between native collagen fibrils and fibrils grown in
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Fig. 5. Fibril diameter estimation for native collagen fibrils (a) and collagen fibrils grown in
vitro (b). Experimental data I (filled squares) and Ir (filled triangles) are computed using
Eq. 8. Solid lines are fitted curves computed with Egs. (6) and (7) using of z= /70 nm and
pr = 1.85 in (a) and of z=40 nm and p; = 1.87 in (b). In both figures An = 6.6 X 1073;
My = 0.065; nyx = 0.15 15 = 190 pm, and [, = 91 um.

vitro, the parameter p is about the same value. Therefore, the degree of fibril assembly, in terms
of average fibril orientation, should be similar in both type of samples.

4.4. SEM imaging

To analyze the morphology of the collagen fibrils, SEM imaging was performed on both types
of sample. Figure 6 compares the images taken at the same scale of a native collagen sample
(Fig. 6(a)) and collagen sample grown in vitro at pH="7.5 (Fig. 5(b)) and pH =7 (Fig. 5(c)). In
the Fig. 6(a) collagen fibers formed from aggregated collagen fibrils can be appreciated, while
in Figs. 6(b) and 6(c) randomly distributed and oriented fibrils are observed forming loose and
dense fibrillar networks with thinner fibril diameters. Figure 6(d) shows a selected region of
interest (ROI) of Fig. 6(a) (dashed square) where it is recognized that the fibrils diameters are
bigger than the diameters of fibrils grown in vitro shown in Figs. 6e and 6f (the selected ROI of
Figs. 6(b) and 6(c), respectively).

The obtained diameters are in good agreement with the estimation made in Fig. 5. The
distribution of the diameters measured over 50 different fibrils are shown in the histograms of
Figs. 6(g), 6(h), and 6(i), for native collagen and collagen grown in vitro samples at pH =7.5 and
pH =7, respectively. Fibrils with diameters from 170 to 380 nm (225 nm in average) are found in
the native samples while fibrils from 50 to 170 nm (110 nm in average) are found in collagen
samples grown in vitro at pH =7.5. For the case of collagen samples grown in vitro at pH="7
the fibril diameter ranges from 110 to 230 nm (190 nm in average). This decrease in diameter
has been reported by Christiansen et al., [28]. They found that self-assembled type I collagen
fibrils at acidic pH values results in larger diameters than for neutral and basic pH values, whose
diameters tends to decrease.

As mentioned above, the p values utilized to fit the measured SHG polarization signals in Fig. 5
suggests that the degree of assembly of both native fibrils and grown in vitro fibrils is similar.
Given that collagen molecules are the building blocks of both type of samples, this result could
perhaps be expected assuming that the SHG signal originates from individual fibrils. However,
it is important to note that the in vitro collagen fibrils were reassembled exogenously without
any enzymes favoring the cross-linking process needed for the collagen molecules aggregation.
Based on the fibril distances within the fibrillar network shown in Fig. 6(b) and the 2 um beam
width utilized in our SHG experiments, one can deduce that the SHG signal contribution could
come from few and or, possibly, individual fibrils. This is supported with the qualitative similarity
obtained in the shape of the SHG polarization dependence measured on the reassembled fibrils
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Fig. 6. SEM imaging on a) native collagen fibers and collagen fibers grown in vitro at b)
pH=7.5and c) pH=7. d), e) and f) are zoomed images of a), b) and c), respectively, where
thinner fibrils can be observed in collagen grown in vitro (see arrows). Histograms showing
the distribution of the diameters measured on 50 native collagen fibrils (g) and 50 collagen
fibrils grown in vitro at pH="7.5 and pH =7 (h.,i).

(Fig. 4(c) and so Fig. 5(b)) and the SHG polarization dependence simulated for thin fibrils
(Fig. 1(a)). Having 1 to 3 fibrils contributing to the SHG signal from a 1x1-um area has been
reported by Reiser ez. al. on rat tail tendon fascicles subjected to fibril disordering [29]. It was
shown that SHG signal from fibrils with a moderate misalignment is still detectable, albeit lower
than SHG from aligned fibrils.

4.5. SHG signal comparison

To perform a comparison of the second-order nonlinearity obtained from collagen fibers grown
in vitro and native collagen fibers, a lithium niobate (LiNbO3) crystal was used. It is well known
that this type of crystal exhibits a high optical nonlinearity and it has been widely used for SHG
applications and characterization. The second order nonlinear optical susceptibility component
of LiNbO; probed in this experiment is dyy, (2.1 pm/V).

Figure 7 shows the SHG signal dependence with respect to the input power for a LiNbO3
crystal (open black circles), native collagen fiber (open red squares), collagen fibers grown in
vitro for pH =7 (open blue triangles) and pH = 7.5 (open magenta triangles). The polarization
of the incident light is tuned such as to generate the highest SHG signal, which corresponds to
input light polarized parallel to the fiber axis. For the LiNbOs; crystal the laser polarization was
parallel to the direction of the susceptibility component d,y,. For native collagen sample the
SHG signal curve corresponds to the fiber F; of the Fig. 3, while the SHG signal curve at pH =7
was obtained from fiber f; of the Fig. 4. The SHG signal curve at pH = 7.5 was obtained from a
single fiber (image not shown). The experimental curve values were used to calculate the SHG
signal ratio between LiNbO3 and the native fibers A/B, and the result is shown by the red dashed
line, whose value is around 1 x 10!, i.e. the effective nonlinearity obtained from native fibers
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is one order of magnitude smaller than that of LiNbO3 (dyy,). This is consistent with previous
measurements of the second order nonlinear susceptibility native collagen fibrils reporting a dy
with values between 0.15 to 0.4 pm/V [22,30] (one order of magnitude less than 2.1 pm/V).
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Fig. 7. Comparison of the second-order nonlinearity obtained from collagen fibers grown in
vitro and native collagen fibers considering as reference a lithium niobate (LiNbO3) crystal.

The SHG signal of fibers grown in vitro is two orders of magnitude lower than the SHG
signal from LiNbOj3 (see blue dashed line, calculated as 2A/(C + D)), and is around one order of
magnitude lower than the SHG from native fibers (not shown). Notice that the magnitude of
the SHG signals obtained from fibers grown in vitro at different pH (7 and 7.5) values had no
significant relative difference. This could possibly be due to the fact that the resulting diameters
in both reassembled samples are not considerable different to cause a significate change in the
SHG anisotropy signals as is also suggested in Fig. 1a for the simulated fibril diameters between
0.1 to 0.5 micrometers.

It is tempting to attribute the differences between native collagen and collagen grown in vitro
to a looser and less organized assembly of collagen fibrils in the in vitro sample. It is well
known that the effective second order nonlinear parameter d,z of fibrous collagen depends on
the structural organization of fibrils or as well as the organization of collagen on the level of
sub-fibrils (below 50 nm in width) and microfibrils (3-7 nm in with). A lack of organization in
the collagen structures at these levels can result in destructive interference and complete loss of
SHG signal [29,11].

However, a loss of structural organization should also result in a loss of the anisotropy parameter
p. In the experiments reported here, we do not observe the corresponding changes in p. At
the same time, our analysis reveals that the average thickness of collagen fibrils is significantly
smaller in the in vitro sample. This implies that in the SHG experiments on the in vitro sample,
less collagen scattering units contribute to the SHG signal if the overall 3D distribution of fibrils
is more or less the same as in native collagen. Given that the SHG signal depends nonlinearly
on the number density of the scattering units, thinner fibrils would give rise to a noticeable
decrease of the SHG signal. Based on our observations, we speculate that the latter is the case.
Hence, the loss of SHG signal in collagen grown in vitro relative to native collagen results
from thinner collagen fibrils rather than a loss of intra- and inter-fibrillar alignment on the um
scale. Another possible explanation for the decreased SHG intensity of the collagen samples
grown in vitro is the fact that the random nature of the reassembled fibrils creates a situation in
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which signal amplification through the so called quasi-phase matching (QPM) condition is less
likely. It has been suggested that the emission directionality and conversion efficiency of the
SHG signal depends on the packing density and ordering of the inter-fibril structure through the
mechanism of signal amplification originating from QPM [31,32]. Under QPM conditions, the
SHG intensity builds up over the propagation length of multiple fibrillar domains, giving rise to
higher intensities than when propagating through single fibrils, with maximum signals when
the fibril size and spacing is on the order of the coherence length. Taking this in consideration,
native collagen samples are more likely to fulfill such QPM conditions than the collagen samples
grown in vitro and, therefore, can be expected to exhibit stronger SHG signals.

5. Conclusions

We measured and analyzed experimentally the optical second-harmonic generation from collagen
type I fibers grown in vitro. Compared with native collagen fibers, collagen fibers grown in vitro
are composed of loose and dense fibrillar networks with thinner diameters. As a consequence
of the more dispersed orientation distribution of the fibrils that make up the fibers grown in
vitro, the SHG signal is about two orders of magnitude smaller than that for LiNbO3, and one
order of magnitude smaller than the one for native collagen fibers. The values obtained for
the anisotropy parameter p for the self-assembled collagen fibers are found to be similar to
the values obtained for native fibers, meaning that the collagen molecules that constitute the
reassembled fibrils have a similar degree of organization than that of native fibrils. This is shown
using analytical expressions that take into account the birefringence, polarization cross-talk
and diattenuation effects, to estimate the apparent fibril diameters by fitting the simulated SHG
polarization distributions on experimental distributions measured over native collagen fibrils and
collagen fibrils grown in vitro. The fibrils diameters obtained are in good agreement with the
diameters shown in SEM images for the two types of sample.
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