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Determination of Collagen Nanostructure from Second-Order
Susceptibility Tensor Analysis

Ping-Jung Su,® Wei-Liang Chen,™® Yang-Fang Chen,™ and Chen-Yuan Dong'#5*
TDepartment of Physics, ¥Center for Quantum Science and Engineering, and $Biomedical Molecular Imaging Core, Research Center for
Medical Excellence, Division of Genomic Medicine, National Taiwan University, Taipei, Taiwan

ABSTRACT A model is proposed to describe the polarization dependence of second harmonic generation (SHG) from type |
collagen fibrils. The model is based on sum-frequency vibrational spectrum experiments that attribute the molecular origins of
collagen second-order susceptibility to the peptide groups in the backbone of the collagen «a-helix and the methylene groups in
the pyrrolidine rings. Applying our model to a polarization SHG (P-SHG) experiment leads to a predicted collagen | peptide pitch-
angle of 45.82° + 0.46° and methylene pitch-angle of 94.80° + 0.97°. Compared to a previous model that accounts for only the
peptide contribution, our results are more consistent with the x-ray diffraction determination of collagen-like peptide. Application
of our model to type Il collagen from rat trachea cartilage leads to similar results. The peptide pitch-angle of 45.72° + 1.17° is
similar to that of type | collagen, but a different methylene pitch-angle of 97.87° = 1.79° was found. Our work demonstrates that

far-field P-SHG measurements can be used to extract molecular structural information of collagen fibers.

INTRODUCTION

Collagen molecules are the most common protein found in
the body. Among the 28 known types of collagen, type I is
the most common. Type I collagen is a major constituent of
bone, tendon, skin dermis, cornea, and artery walls and
plays a central role in maintaining tissue homeostasis (1).
Structurally, a single type I collagen molecule is composed
of three «-helix intertwined in forming a coil which is
1.5 nm in diameter and 290 nm in length. In tissue, the
collagen molecules self-assemble in a staggered fashion
into microfibrils which further aggregate in forming fibrils.
Variations in the collagen supramolecular assemblies
directly affect their properties in different tissues ranging
from the high tensile strength of the tendon and elasticity
of skin, to the transparency of the cornea. Due to its molec-
ular and supramolecular structure, fibrillar collagen such as
type I and II collagen produces a strong second harmonic
generation (SHG) signal that has led to effective nonlinear
imaging of many tissues including skin, bone, tendon, carti-
lage, and cornea (2-5). In addition to providing morpholog-
ical contrast for SHG microscopy, the coherent nature of
second harmonic generation is sensitive to the molecular
and macromolecular structures, experimentally detectable
in the SHG emission directionality and polarization depen-
dence (6-10). The strength of the SHG and its polarization
dependence is characterized by the bulk susceptibility
tensor x® which in turn depends on the molecular hyperpo-
larizability 6. In cases of small molecules, the hyperpolariz-
ability can be associated with a single molecule. For
macromolecules such as collagen, there can be several
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moieties within the molecule, each making a contribution
to the hyperpolarizability of a single collagen molecule.
Quantitative SHG measurements of polypeptide o-helix at
air/water interface and hyper-Rayleigh scattering experiment
have attributed the physical origin of SHG to the amide
groups in the polypeptide bonds (11-13). Based on this, Plot-
nikov et al. (14), Tiaho et al. (15), Odin et al. (16), and Psilo-
dimitrakopoulos et al. (17) have constructed a single axis
model for the susceptibility tensor of a-helix that associates
the polarization dependence of SHG with the pitch-angle of
the a-helix. Applications of this model have led to pitch-
angle predictions that are consistent with x-ray diffraction
results for muscle myosin, but less accurate for collagen.
Furthermore, a recent sum-frequency study by Rocha-Men-
doza et al. (18) have found that in addition to the amide group
in the peptide bonds, the methylene groups in the pyrrolidine
groups of proline and hydroxyproline amino acids also make
major contributions to the second-order susceptibility tensor.
Based on experimental results of collagen sum-frequency
measurements, we construct what we believe to be a new
model for the collagen second-order susceptibility tensor
that accounts for the contribution from both the peptide and
the methylene groups. We show that application of our model
leads to prediction of collagen peptide and methylene pitch-
angle that are in better agreement with x-ray diffraction data
in comparison with a previous model. Furthermore, the
model improves the ability to separate type I and type II
collagen in pixel-resolved P-SHG imaging (19,20).

THEORETICAL BACKGROUND
Cylindrical symmetry of collagen molecules

In general, the second-order nonlinear polarization P;
induced by an incident electric field E for the bulk
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second-order susceptibility x;j is P; = X;jx E;Ey. For macro-
molecules such as collagen, the contribution for the bulk
second-order susceptibility y;; comes from the chemical
bonds of the smaller molecular groups such as C=0 and
N-H groups in the peptide bonds. We can write ¥y in

terms of a sum of molecular hyperpolarizabilities 65;2 as

Xijk = NZ<R§}ZUW(‘P’ g, ‘/’)> 55‘/2/& 1)

s

where N is the number density of the collagen molecule,
ﬁf;})k, is the hyperpolarizability for the molecular group s,
in the molecular group’s (primed) coordinate system, and
Rij v 7w (¢,0,¥) is a sixth-rank tensor that transforms the
hyperpolarizability ﬁf,j?k, from the molecular group’s coordi-
nate to the laboratory coordinates. Fig. 1 A is a drawing
of the cross-section view of collagen molecule showing
the position of the peptide bonds and the location of the
methylene group within the collagen molecule. We chose
a coordinate system where the z axis (pointing out of
page) is along the a-helix. The angles (¢,0,¥) corresponds
to the x-convention Euler angles (21) (Fig. 1 B), and the
angular averaging denoted by () accounts for the angular

Su et al.

distribution of molecular group s. For collagen molecules
that are well aligned within the point-spread function of
a focused laser light source, we can make the cylindrical
symmetry assumption (invariance under ¢-rotation) for the
bulk second-order susceptibility. If z axis is the axis of
symmetry, we are left with only four independent x-tensor
elements (14)

Xzzz
oo = Xy
Xz = Xyyz = Xozx = Xyzys
and
Xoyz: = Xazy = "Xy = ~Xyzxs

Molecular origins of second-order susceptibility:
peptide groups

Early SHG polarization and recent hyper-Rayleigh scat-
tering experiments have suggested that the molecular

Chain A

G: Glycine
X: Proline
Y: Hydroxyproline

">~ Pyrrolidine ring
(Methylene groups)

FIGURE 1 Molecular structure of collagen. (A)
Schematic drawing for a cross-section of a collagen
molecule showing two segments of the G-X-Y
sequence for each a-helix. G, X, and Y correspond
to glycine, proline, and hydroxyproline, respec-
tively. (Sticks) Peptide groups. (Balls) The o-
carbon. (Dotted-line pentagons) Pyrrolidine rings
where the methylene groups are located, at the
side chains of X and Y and pointing outward and
away from the axis of the helix. The z axis points
out of the page along the a-helix. (B) % and
6", respectively, denote the orientations of

B z 0" : methylene pitch angle c

(6] peptide and methylene groups relative to the

. . o \)J\/ symmetry z axis. The other two Euler angles ¢
peptide pitch angle N N /4 and y are drawn for the methylene group. (C) A
segment of single-strand collagen peptide,
-proline-hydroxyproline-glycine-, is shown. The
i 0 nonvanishing hyperpolarizability tensor elements
N -ProHypGly- are listed for the associated peptide and methylene
\7 groups.
Molecular Non-vanishing
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origins of second-order susceptibility come mainly from
peptide groups in the backbone (12,14,22,23). Follow-
ing Plotnikov et al. (14), we can model the hyperpolariza-
bility contribution from the peptide group by assuming
8% to have only one nonvanishing hyperpolarizability
tensor element, 8%’ = @, distributed evenly around the
collagens axis of symmetry at a constant pitch-angle 6,
corresponding to the steepness of the rise for a single
a-helix inside the collagen molecule. The superscript p
denotes peptide. This assumption further reduces the
nonvanishing independent x-tensor elements from four to
two (14):

X... = N B”cos® 87, )

1
Xow = Xuw = 5N B7c0s 0”)sin® 6. 3)

As discussed by Plotnikov et al. (14), although Kleinman
symmetry has not been explicitly assumed in this model,
the resulting x-tensor elements satisfy the Kleinman
condition. By experimentally determining the x-tensor ratio
Yozl Xoxx = 2cot® 8P, the pitch-angle of the a-helix can be
obtained. SHG polarization measurements for myosin mole-
cule have led to results consistent with the model, and have
led to pitch-angle predictions in good agreements with x-ray
diffraction studies. However, SHG polarization measure-
ments for collagen from rat tail tendons show that the
x-tensor elements x.., and x,., are not equal and lead to
a pitch-angle of 5-7°-greater than the known pitch-angle
of 45.3° (10,14,24,25).

Molecular origins of second-order susceptibility:
methylene groups

A recent sum-frequency study showed that in additional to
the peptide groups, the symmetric stretch of the methylene
groups in the side chain of the collagen molecule also
contributes significantly to the bulk susceptibility (18).
The hyperpolarizabilities for the methylene group can be
described by three nonvanishing tensor elements,

(m)  a(m) (m)
‘BX’X’Z' 5 6),/},/2/ 9 627_,!:/ 5

where m denotes methylene and the 7' axis is along the
methylene group’s symmetry axis (Fig. 1 B) (26). The hy-
perpolarizability elements are related by (26,27)

Using a custom MATLAB (The MathWorks, Natick,
MA) program to perform the angular transformation in
Eq. 1, we obtain the contribution of the methylene group
(denoted by the subscript m) to the bulk second-order
susceptibility,

2055
Xm,,\'zy = Xm,zxy = _Xm,yzx = _Xm,zy,\'
g — g, . -
=0 B Nlsin 2¢™)sin® ™)
2 < 1 ¢ >m7
Xm,yzy = Xm;_vy = Xm‘xzx = Xomzxx
= fN@os 2¢'" cos §'"sin” >m,
Xm: = Xy = N<6<"’>cos 6" @
(m) _ p(m)
+wcos 2¢"™cos §"™sin? 6™ ) |

2
Xm,zzz = N<COS 0(7") (6(m) - (6(m) - Bifi‘)g/)COS 2¢(m)
+(ﬁ<m) - 6%32,)005 2¢™ cos? 0<’”))> ,

m

where we have let 8™ = ﬁ_EfZ,)Z,, and integrated over 2w

around the molecular axis of symmetry, z’. Assuming that
the methylene groups are distributed uniformly around the
collagen fibril z axis at a pitch-angle 8 from the z axis,
we integrate ¢ from O to 27. The resulting nonvanishing
susceptibility elements contributed by the methylene groups
are

Xome = Xomgpz = Xmzzz = N Bcos 6. (5)

Molecular origins of second-order susceptibility:
peptide and methylene groups combined

Finally, combining the nonvanishing susceptibility contribu-
tions from the peptide (Eqgs. 2 and 3) and the methylene
groups (Eq. 5), we obtain three independent elements for
the bulk second-order susceptibility of collagen:

Xe: = NP 8P cos® V) + N g"cos 6™, (6)

1
Xox = EN(I)) ‘B(IJ)COS B(IJ)SiHZ 0(/7)7 (7)

1
Xz = EN(”) B cos 8P sin® 8P + N™ g™ cos 4. (8)

N®) and N™ are the number density of the peptide and
methylene groups, respectively. Equations 7 and 8 show
that as a result of adding the methylene contribution, X,
and x.,, are no longer equal, as is the case of the single-
axis model proposed by Plotnikov et al. (14), or by making
the Kleinman symmetry assumption. Using Eqs. 6-8, the
pitch-angle for the peptide groups, 8%, can be determined
from the ratios of the bulk susceptibility tensor elements

a = Xz Xoox AN b = Yoo/ Xoxx @S
2

tan? 0¥ = — =
a—b+1

®

If the methylene contribution to the susceptibility tensor
were zero, then b = 1, and Eq. 9 reduces to the result of
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the single-axis model or the result under the Kleinman
symmetry assumption. To determine the pitch-angle for
the methylene groups (/) using Eqs. 6-8, the ratio r =
N™BMWINPIBP) ig also needed:

1 b—1 \[a—b+3\""
g = =« . 3o
o8 t <a—b+1><a—b+l> (10)

Because the second-order polarization of collagen fiber can
be expressed as

PZ = Xz.\'_xEXEX + XZZZEZEZ - E2 [Xz.thin 2(00 - 0F)
+X..c0s 2(0, — 0,)]

P, = x.EE: = Ez[Xxszin (2(6, — 06))]
(11)

the dependence of the SHG intensity, Iy ~ Pz2 + P2 on
the excitation polarization angle 0, is then represented as

Isyg = ¢+ {[sin 2(0, - 0.) + acos *(4, — 0.)]*
12)
+b%sin 2(2(6, — 00))},

with ¢ as the proportional constant and the 6, as the fiber
orientation angle. Schematic illustrating the orientation of
excitation polarization and the fibril are shown at Fig. 2 A.

MATERIALS AND METHODS
Excitation polarization-resolved SHG microscope

Fig. 2 B shows the imaging setup of our custom-built epi-illuminated
P-SHG microscope that has been described in detail elsewhere
(20,24,28). In short, a pulsed, femtosecond, titanium-sapphire laser
(Tsunami; Spectral Physics, Mountain View, CA) tuned to 780 nm was
used as the excitation source. A set of half-wave plate and quarter-wave
plate was used to compensate the depolarization of the main dichroic mirror

Dichroic
Computer| mirror

PMT 390/20

Diode Pumped XY Dichroic
Ti-sapphire Scanner mirror
Laser

Beam Expander
Linear polarization . o
Linear polarization

Objective
(40x NA 0.8)

Half-wave plate Elliptic polarization

Quarter-wave plate

Specimen

FIGURE 2 (A) Schematic illustration of excitation polarization angle and
the orientation of the fibril. (B) Experimental setup of excitation polariza-
tion-resolved second harmonic generation (SHG) microscopy.

Biophysical Journal 100(8) 2053-2062

Su et al.

and to control the directions of the linear polarization incident on the spec-
imen (24). Next, the laser source was guided by the pair of galvanometer
scanning mirrors (Model 6220; Cambridge Technology, MA), and reflected
by a main dichroic mirror (700DCSPXRUV-3P; Chroma Technology,
Rockingham, VT) onto the back aperture of the objective (Fluor, 40x/
NA 0.8; Nikon, Tokyo, Japan). The relatively small numerical aperture
(NA) of 0.8 avoids a depolarization effect by the objective (29). The back-
ward SHG signal was collected by the same focusing objective and selected
by a secondary dichroic mirror (435DCXR; Chroma Technology) and
a narrow band-pass filter (HQ390/20; Chroma Technology), before detec-
tion by single-photon-counting photomultiplier tubes (R7400P; Hama-
matsu, Hamamatsu City, Japan).

Sample preparation: pure type | and Il collagens
in tissues and mixed tissue culture

The type I and type II collagen used in the study were from rat tail tendon
and rat trachea cartilage, respectively. Fascicle of rat tail tendon and
C-shaped cartilage (Fig. 3, A and B) rat trachea were removed with tweezers
and surgical knife, and immersed into phosphate-buffered saline solution.
C-shaped cartilage was cut from trachea and imaged at the position indi-
cated by the asterisk in Fig. 3 B. For imaging, the wet tendon and cartilage
were placed on a glass slide, and sealed with a cover glass. Fig. 3 C is the
imaging of C-shaped trachea cartilage by SHG. To demonstrate our
approach in distinguishing between collagen I and II fibers in the same
tissue, polarization SHG data from an engineered cartilage tissue specimen
that was synthesized and used in a previous study was further analyzed
using the model described in this work (20).

In our study, the SHG images were acquired at the surface for tendon and
at the depth 15um below the surface for trachea cartilage. Because the scat-
tering coefficients of cartilage can be neglected within a depth of 20 um
(30), we do not expect that the excitation polarization is drastically affected
at these depths. Furthermore, we verified the polarization of the excitation
source before entering our 40x and NA 0.8 objective. As has been
described, the depolarization effect by can be neglected for objectives of
numerical aperture below 0.85 (29).

A Anterior view B Cross section

e TLarynx
Angular

ligament

& Tracheal
cartilage
-

T

rEsophagus

FTrachealis muscle

Trache%

Lumen of trachea
+Trachea

I-C-shaped
cartilage

lBronchus

C Imaging cartilage by

FIGURE 3 (A and B) Schematic illustration of trachea cartilage structure.
(C) SHG image for the C-shaped cartilage acquired at location close to the
asterisk in the cross-section (B).
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Data analysis

SHG images of the samples at 12 different excitation polarizations were
obtained by rotating the half-wave plate and the quarter-wave plate. To
improve the signal/background ratio, we scanned each of the 12 angles
three times. The data were processed with a custom IDL (Research
Systems, Boulder, CO) program to determine the susceptibility tensor
element ratios and the fiber orientation angle at each pixel. Because we
used the single-photon-counting approach to analyze the SHG signal,
a threshold was used to reduce the effect of background noise. For the pixel
residence time used, the noise level is estimated to <1 count per pixel.
Because the SHG signal depends on the excitation polarization, the SHG
photon counts varied over the 12 excitation polarizations.

To properly fit the variation with our model (Eq. 12), those pixels with the
lowest photon count below the chosen threshold level were not used in the
second-order susceptibility analysis. Using Eq. 12, we analyzed the SHG
data for tendon and cartilage with different threshold levels of one, two,
and six photon counts per pixel and found no significant differences on the
results of the second-order susceptibility components. Specifically, the
different thresholds lead to the same second-order susceptibility ratios and
pitch-angles in both rat tail tendon and rat trachea cartilage. Therefore, the
results presented in this work correspond to the threshold level of two photo
counts per pixel. We also presented the susceptibility tensor elements ratios
as images to visualize the spatial distribution of the model parameters of y../
Xeoxxs Xax/ Xoxes pEPtide pitch-angle 8%, and methylene pitch-angle 6.

RESULTS AND DISCUSSION

To compare the predictions of our model to the properties of
collagen, we used rat tail tendon as the source of type I
collagen known to be uniform in direction and size (31).
The dependence of SHG intensity from collagen at different
excitation orientation was determined for 12 angles. Shown
in Fig. 4, A—C, are the SHG images of the rat tail tendon and
those in Fig. 4, D—F, are for rat trachea cartilage at three
different polarization rotations of the incident laser light.
The double-headed arrows in the images indicate the direc-
tions of the excitation polarization. As Fig. 5 shows, fitting
the excitation polarization dependence of the SHG intensity
variation through the use of Eq. 12 allows us to determine

FIGURE 4 SHG images for rat tail tendon (A—C) and rat trachea cartilage
(D-F) at different angles of polarization of excitation. (White-headed
arrow) Direction of excitation polarization.
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FIGURE 5 Variation of SHG intensities with the angles of polarization
relative to fiber at the selected points indicated by the squares in Fig. 4,
A and D. Chi-squares for the curve fit of type I and II collagen data are
1.00 and 1.12, respectively (8° of freedom).

the x-tensor element ratios X,,./X,x and X,/ Xzox fOr €ach
pixel in the image (19).

For rat tail tendon, we determined the average value of the
SHG image and obtained x,./X o = 1.59 * 0.12, Xsro/ Xoox =
0.76 £ 0.19, and fiber orientation angle 6, = 133.67° +
0.35° in the selected square point of Fig. 4 A. The obtained
fiber orientation angle is also well consistent with SHG inten-
sity image. Substituting the values of X,../Xzxe a0d Xxxo/ X zox
into Eq. 9 leads to a pitch-angle for the collagen a-helix of
0" = 46.27° + 0.55°. To determine the pitch-angle for
the methylene groups (6“™) through the use of Eq. 10, we
substitute 1 = N B /NP = 0.8 as estimated by the
sum-frequency vibration spectra of collagen I (18). Together
with our values for the y-tensor ratios, we obtained 6 =
93.10° = 3.90°. In Fig. 6, A-D, results of X_.../Xzoe Xoxd
Xau Peptide pitch-angle 07, and methylene pitch-angle
6" analysis are expressed as images to allow visualization
of their spatial distribution. The corresponding histograms
for each of those images are plotted in Fig. 7. The values
of model parameters are X,./X.o = 0.62 £ 0.08, x../
Xoxe = 151 £ 0.04, 67 = 45.82° + 0.46°, and 6" =
94.80° = 0.97° for type I collagen (Fig. 7).

For type II collagen from rat trachea cartilage, the images
Of Xxxe/ Xexrr Xzzo/ Xzxxs peptide pitch-angle 67, and methylene
pitch-angle #“™ are shown in Fig. 6, E-H, with the corre-
sponding histograms shown in Fig. 7. From the histograms,
we determined the peptide and methylene groups pitch-
angles for type II collagen to be x_../Xx. = 1.26 = 0.11,
Xexe/ Xoxe = 0.39 = 0.15, 09 = 45.72° + 1.17°, and 6" =
97.87° £ 1.79°, respectively.

Because the tendon collagen is known to be well aligned,
therefore, SHG imaging of such a well-organized structure
would ensure that the tendon collagen is aligned in the focal
plane. However, such organization appears missing in
trachea collagen. Therefore, to validate our results, the
trachea cartilage image chosen for analysis was selected
from a three-dimensional image stack (Fig. 8, A and B),
95 x 95 x 30 um® in size). The chosen plane (Fig. 8 C),

Biophysical Journal 100(8) 2053-2062



at 15-um depth below the tissue surface, contained fibers
that were well aligned and lie within the image plane (indi-
cated by arrows in Fig. 8, A—C). The fibers within the boxed
region (Fig. 8 C) were analyzed and compared with the
results obtained from the entire image. Specifically, we
found that within the boxed region, the average angle of
fibril orientation is 39.26° *+ 6.24°, X,/Xzx = 0.38 *=
0.14, X oo/ Xoee = 1.23 £ 0.05, 67 = 45.99° + 0.96°, and
0" = 97.94° + 1.64°. The results of the boxed region
are similar to the results of the entire image (Table 1).
Therefore, we arrive at two conclusions: first, the type 11
collagen fibers from trachea that we analyzed lie mostly in
a plane; and second, the fiber orientation is uniform within
the point-spread function.

Our experimental result of x,../x. # 1 suggests that
methylene contributes significantly to the second-order

Su et al.

FIGURE 6 Respective images of X x/Xzve Xzze
Xexs peptide pitch-angle 6%, and methylene
pitch-angle 6 for type 1 collagen (A-D) and
type II collagen (E—H). Scale bar is 20 um.

susceptibility of collagen. In an attempt to compare our
results with x-ray structure, we found that detailed struc-
tures at atomic resolution of collagen in native tissues are
not currently available. While x-ray scattering have been
applied to tissues, atomic-level resolution could not be
obtained. This is most likely due to the fact that perfectly
periodic structure is absent in native tissue. Instead, what
we found is that various groups used collagen-like model
peptides in an effort to study this class of important protein
molecules. The first atomic resolution structure of such
a molecule (proline-hydroxyproline-glycine)n was obtained
by Bella et al. in 1994 (32). Therefore, the best effort in
comparing our SHG results of collagen-containing tissues
to high-resolution structures was made by investigating
the structures of two collagen-like molecules to model
collagen I and II.

. / X 0 histogram of type [ and 11 collagen A / A -y histogram of type I and II collagen
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FIGURE 8 Three-dimensional SHG imaging
and second-order susceptibility analysis of trachea
cartilage. (A and B) Three-dimensional SHG image
stack (95 x 95 x 30 ,um3) of trachea cartilage. (C)
SHG image of a section at 15 um below the surface
(indicated by dashed lines in A and B). Boxed
region indicates region of well-aligned fiber used

for localized second-order susceptibility analysis.

@ Mean: 39.26 Mean: 0.38 (D) The definition of fibril orientation. (E-I) Histo-
Fibril =) Std: 6.24 Std: 0.14 grams of fibril orientation angle, X /Xow> Xeod
orientation 8 Yo Deptide pitch-angle 6%, and methylene
angle o pitch-angle 6", respectively. Mean and standard
90 .. - deviations are summarized at Table 1 .
(0 Fibril orientation angle {80 (.05 K] Ko

wn G Mean: 1.23 | | Mean: 45.99 H Mean: 97.94 |

= Std: 0.05 | | Std: 0.96 Std: 1.64

3

@)

0.05 Koz | Xr 2 40 peptide g(»» 50 90 methylene 9™ 103

Because collagen I is a heterotrimer composed of two «1
(I) a-helices and one a2(I) a-helix, we selected a hetero-
trimer rich in proline (Protein DataBank (PDB) No. 1ITT,
GPPGPPG) where G and P, respectively, denote glycine
and proline (33). However, because collagen II is a homo-
trimer composed of three «1(I) a-helices which are defi-
cient in proline, we chose a homotrimer model composed
of hydroxyprolines (PDB No. 1WZB, HHGHHGHHGH)
in which H denotes the hydroxyproline to model collagen
IT (34). The peptide and methylene pitch-angles from our
SHG results of the native collagen I and II fibers can be
compared to those of the respective collagen-like polypep-
tides. We found that both two types of collagen-like mole-
cules were seven amino acids per two helix turns and had
similar peptide pitch-angles (Table 2) and these results
were close to our measurements of native tissues (Table 1).

Specifically, we found that the methylene pitch-angles for
collagen I and II from were, respectively, 94.80° = 0.97°

TABLE 1
native type | and Il collagens

and 97.87° = 1.79° where the results of the heterotrimer
and homotrimer models are 97.46° = 43.87°and 108.98° +
57.83° (Tables 1 and 2). The histograms of methylene
orientations of the model peptides are shown in Fig. 9.
Therefore, although our results do not match perfectly
with that of the model peptides, the trend that the methylene
pitch-angle for the homotrimer is higher than that of the
heterotrimer is consistent with our collagen I, II results.
Until the exact high-resolution structures are available for
native collagen I and II molecules, exact comparison with
the SHG results cannot be made.

To demonstrate the validity of our approach in distin-
guishing the two fiber types, the mixed type I and II collagen
in engineered cartilage tissue are performed. Such a system
is important in chondrogenesis where both collagens I and 11
are produced although native cartilage is primarily
composed of type II collagen (20). Therefore, the ability
to distinguish both fiber types noninvasively will lead to

Summary of second-order susceptibility ratios and the determined pitch-angles for the peptide and methylene group in

Collagen types Xzze Xoxx Xooxe! X oxx Peptide pitch-angle 6% Methylene pitch-angle 8
Type I collagen (entire area) 1.51 = 0.04 0.62 = 0.08 45.82° + 0.46° 94.80° + 0.97°
Type II collagen (entire area) 1.26 = 0.11 0.39 = 0.15 45.72° = 1.17° 97.87° = 1.79°
Type 1I collagen (region of well-aligned fibril; 1.23 = 0.05 0.38 = 0.14 45.99° + 0.96° 97.94° + 1.64°

Fig. 8, green box)
Engineered type I collagen 1.54 = 0.20 0.64 = 0.19 45.05° = 1.24° 94.47° + 2.23°
Engineered type II collagen 1.23 + 0.05 0.38 + 0.14 46.04° * 1.52° 98.10° + 1.79°

Biophysical Journal 100(8) 2053—-2062



2060

Su et al.

TABLE 2 Helix parameters and pitch-angles of peptide and methylene groups determined from x-ray diffraction data (Protein

DataBank (PDB)) of collagen-like model peptides

Collagen-like model peptide  Residues per helix turn

Rise per residue (10\)

Helix radius (A) Peptide pitch-angle §”  Methylene pitch-angle 6"

Heterotrimer 3.5 2.57
(collagen I-like)
Homotrimer 3.5 2.71

(collagen II-like)

L5 46.34° 97.46° + 43.87°

L5 44.82° 108.98° + 57.83°

The heterotrimer corresponds to PDB No. 1ITT (GPPGPPG) while the homotrimer is PDB No. 1IWZB (HHGHHGHHGH).

a better understanding of the fibrogenesis process and may
contribute to the production of improved tissue engineering
products. Fig. 10 A shows the multiphoton image of the en-
gineered tissue which we have previous synthesized (20)
where the red color represents the SHG from collagen and
green color is autofluorescence from chitosan scaffold.
The two collagen types cannot be discriminated from
SHG intensity imaging.

In an effort to apply our model, we have reanalyzed the
experimental results with the model presented in this work
along with immunohistochemical images of adjacent tissue
sections. Fig. 10, B and C, shows the immunohistochemical
images of type I and II collagen, respectively. Red repre-
sents the positive stain for collagen and purple is the chito-
san scaffold and the chondrocyte-like cell. Yellow arrows
indicate the type I collagen in Fig. 10 B and type II collagen
in Fig. 10 C. Spatial distributions of type I and II collagen
can be observed by immunohistochemical staining. Peptide
and methylene pitch-angle-resolved images of the same

PDB#: 1ITT
Heterotrimer: GPPGPPG
Entries: 12

Mean: 97.46

Std: 43.87

Occurrence
‘

0 20 40 60 80 100 120 140 160 180
Methylene pitch angle

PDB#: 1WZB
Homotrimer: HHGHHGHHGH

Entries: 14

Mean: 108.98

Std: 57.83
| “ ‘
0

0 20 40 60 8 100 120 140 160 180
Methylene pitch angle

Occurrence
(3]
‘

FIGURE 9 Histograms of methylene pitch-angles for collagen-like het-
erotrimer and homotrimer as determined from x-ray diffraction data. G
denotes glycine, P is proline, and H is hydroxyproline.
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location in adjacent tissue sections are shown in Fig. 10,
D and E. Second-order susceptibility analysis of selected
regions (green dashed regions in Fig. 10, D and E) are
shown in Table 1. We found that the peptide pitch-angles
(Fig. 10 F) are close to the results of the native type I and
II collagen (Table 1). Moreover, the histograms of methy-
lene pitch-angles (Fig. 10 G) show the presence of two
peaks (Fig. 10 E). One is 94.47° £ 2.23° and the other is
98.10° = 1.79°. These results are similar to the values
measured from the native type I and II collagens (Table 1).

Although we obtained different values of x-tensor ratios
for the two collagen types, their peptide pitch-angles calcu-
lated from Eq. 9 are similar. The similarity in the peptide
pitch-angle is expected as the positioning of glycine at every
third amino acid of the amino-acid sequence of fibrillar
collagen dictates similar a-helical structure (35). The differ-
ence in the amino-acid sequence of the two types of
collagen, however, can lead to differences in the side chains
that are likely responsible for the 3.07° difference between
the methylene pitch-angles of type I and type II collagens
(Fig. 7 D). The ability of the methylene tilt angle to separate
distinctly the two types of collagen can lead to better
contrast in second-order susceptibility tensor (19,20)
imaging of type I and type II mix samples.

CONCLUSIONS

In this work, we propose what we believe to be a new model
to resolve the collagen nanostructure through far-field P-
SHG measurement. The model accounts for the second-
order susceptibility contributions from both the peptide
groups in the a-helix and methylene groups in the side
chains. The predicted pitch-angles of the peptide group
and the methylene groups from P-SHG measurement are
in good agreement with x-ray results of model peptides.
Application of this model to type I and II collagen leads
to similar pitch-angle for the peptide group, and a different
pitch-angle for the methylene group. The ability of this
method to probe nanostructure changes in wet collagen
samples using far-field measurements makes it a valuable
tool for in vitro and dynamical studies of collagen
biophysics.
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FIGURE 10 Localizations of type I and II colla-
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arrows) Type I collagen (B) and type II collagen
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