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ABSTRACT. Controlling the assembly of high-order structures is central to soft-matter and
biomaterial engineering. Angle-resolved linear dichroism can probe the ordering of chiral collagen
molecules in the dense state. Collagen triple helices were aligned by solvent evaporation. Their
ordering gives a strong linear dichroism (LD) that changes sign and intensity with varying sample
orientations with respect to the beam linear polarization. Being complementary to circular
dichroism, which probes the structure of chiral (bio)molecules, LD can shift from the molecular

to the supramolecular scale, and from the investigation of the conformation to interactions.



Supported by multiphoton microscopy and X-ray scattering, we show that LD provides a
straightforward route to probe collagen alignment, determine the packing density, and monitor
denaturation. This approach could be adapted to any assembly of chiral (bio)macromolecules, with
key advantages in detecting large-scale assemblies with high specificity to aligned and chiral

molecules, and improved sensitivity compared to conventional techniques.
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INTRODUCTION. Processing type | collagen (here collagen) as biomaterials is very attractive
for tissue engineering and regenerative medicine. It is the main constituent of the extracellular
matrix and its hierarchical organization provides tissues with their specific properties and
functions. The hierarchical nature of collagen assemblies makes the development of multiscale
approaches essential to fully characterize collagen-based tissues and materials. These have largely
involved imaging techniques from electron'? to multiphoton microscopy based on second-
harmonic generation (SHG), which is considered the gold standard technique for structural
imaging of type I collagen assemblies,®® as well as scattering techniques such as small angle X-
ray scattering (SAXS).”1* UV circular dichroism (CD) is also routinely used to obtain structural
information on chiral molecules, typically proteins.’®> Measuring the difference in absorption of
left and right circularly polarized light, CD is probably the simplest technique for non-destructively
probing of native conformations such as the helical collagen monomer. Specifically, CD reports
on local chiral structures that cause local coupling of transition dipole moments. Linear dichroism
(LD) also relies on locally coupled dipole moments for locations of bands and intensities.

However, LD differs in that it measures the difference of linearly polarized light absorbance



between orientations parallel and perpendicular to an orientation axis. As a result, LD additionally
depends on the net orientation of transition moments, offering insights into local structures relative
to the long axis of any given structure.™® In other words, a molecular system yields a LD spectrum
only if the chromophore is oriented with respect to the polarization of the incident light.

LD has been used to investigate the structure of biomolecules including nucleic acids and DNA,*®
19 peptides and proteins, their interactions with ligands'® and their orientation in bilayered
membrane systems?° as reviewed by Rodger and colleagues.?>?? LD investigations also concern
the kinetics of DNA degradation and of protein fiber assembly and disassembly in solution.?3
These studies are based on the orientation of molecules in solution. The advancements in Couette
flow LD cells?>?% and the use of stretchable polymer films?"?® have enabled this progress. These
innovations have transformed LD into an effective tool in synthetic biology, facilitating tasks like
engineering biological assays for DNA detection through bacteriophage utilization.?®3! LD has
also made a timid breakthrough in the field of supramolecular chemistry, where the
characterization of higher-order structures remains an important issue. Carter et al. have recently
reported on the use of LD to characterize the flow-induced orientation of foldamers.®? Apart from
that, LD has rarely been used in the dense state, and to our knowledge, has never been applied for
the characterization of dense biomaterials, including collagen assemblies, except in theoretical
approaches.®

To produce thin and dense collagen materials, an acidic solution of collagen was cast in a mold
before solvent evaporation. The resulting dense collagen film was then removed from the mold
and analyzed by SHG microscopy and SAXS, which revealed a high degree of ordering in the
triple helices. Further characterization with synchrotron-radiation angle-resolved linear dichroism

(ALD) confirms this high order at the supramolecular level, providing a specific ALD signature



on a larger scale compared to SHG and with improved sensitivity towards organic materials
compared to SAXS. In addition, this signature can be readily used to investigate the ordering of
triple helices in biomaterials with varying densities, while simultaneously assessing the native

conformation of collagen triple helices in the biomaterials in situ and in a non-destructive manner.
EXPERIMENTAL SECTION.

Collagen extraction and purification. Type | collagen was extracted and purified from rat tail
tendons as previously described by substituting 500 mM acetic acid with 3 mM hydrochloric
acid.®** Collagen purity was assessed by electrophoresis and its concentration estimated by
hydroxyproline titration.®® All other chemicals were purchased and used as received. Water was

purified with a Direct-Q system (Millipore Co.).

Collagen casting. Collagen films were prepared by pouring 1.2 mL of an acidic solution of
collagen (1.7 mg.mIY) in 3 mM HCI in a polytetrafluoroethylene (PTFE) mold (3.5 cm in
diameter). The solvent was allowed to evaporate overnight under ambient conditions. The bulk

collagen was detached from the mold as transparent dry collagen films.

Second harmonic generation (SHG). We used a custom-built laser-scanning multiphoton
microscope and recorded SHG images as previously described.3>® Excitation was provided by a
femtosecond titanium—sapphire laser (Mai-Tai, Spectra-Physics) tuned to 860 nm, scanned in the
XY directions using galvanometric mirrors and focused using a 25x with 1.05 NA objective lens
(XLPLN25X-WMP2, Olympus), yielding a resolution of 0.35 um (lateral) x 1.2 pum (axial).
Acquisitions were conducted at a frame rate of 100 kHz, with a latera pixel size of 280 nm, and a
typical laser power of 12 mW. We used circular polarizations in order to image all structures

independently of their orientation in the image plane, and accumulated 4 images per Z position



with a 1 um Z-step. The Z-stack covered a total depth of 20 um and was subsequently projected

using maximum intensity projection to flatten the membrane image into a single plane.

Small angle X-ray scattering (SAXS). SAXS experiments were performed at 25 °C on the
SWING beamline at the Soleil synchrotron facility (Saint-Aubin, France). The samples were
analyzed using a beam with an energy of 12.00 keV and a sample-to-detector distance of 2.00 m.
The samples were prepared ex situ, pushed through a 1.5 mm quartz capillary (20 pum wall
thickness) with a 1 mL syringe and analyzed directly by setting them in front of the X-ray beam.
The signal at the same position of the quartz capillary filled with water was subtracted as
background. The signal was integrated azimuthally using the local software Foxtrot®® to obtain the
1(q) vs. q curves (q = 4r sin 6/A, where 20 is the scattering angle and A = 1.03 A? is the X-ray
wavelength) after masking wrong pixels and the beam stop shadow. Silver behenate (d(001) =
58.38 A) was used as SAXS standard to calibrate the sample to detector distance. Data were not

scaled to absolute intensity.

Synchrotron-radiation circular dichroism (CD). 25 uL of collagen solutions in 3 mM HCI were
loaded in quartz cells (Hellma) with a path length of 0.01 cm. The measurements were performed
on the DISCO Beamline at Synchrotron SOLEIL (Saint Aubin, France) during runs No. 20180440
and 20200233.%"% For CD acquisitions, raw spectra were acquired from 320 to 170 nm with 1 nm
spectral resolution. Three spectra were averaged and processed with the CDTool software.®® The
baseline (HCI 3 mM acquired in the same conditions) was subtracted from them. Intensity

calibration was obtained with a camphorsulfonic acid sample.

Synchrotron-radiation linear dichroism (LD). Collagen dry films obtained by solvent

evaporation were placed in between two quartz slides with a path length of 0.01 cm in a round



sample holder enabling motorized rotation in the plane perpendicular to the beam with steps of
22.5° over 360°. The LD acquisition was calibrated with naphthalene film as previously
described.® LD spectra were acquired on the DISCO Beamline at Synchrotron SOLEIL (Saint
Aubin, France) from 320 to 170 nm with a 1 nm spectral resolution, setting the modulator to 0.608
x A and doubling the Lock-in amplifier frequency. Spectra were treated with the CDTool

software.®®
RESULTS AND DISCUSSION.

Collagen can schematically be described as a rod-like particle with high aspect ratio, measuring
approximately 300 nm in length and 1.5 nm in diameter. The non-centrosymmetric supramolecular
organization of the dipolar peptide bonds along the triple helices results in the generation of an
efficient second harmonic signal upon 2-photon excitation of collagen-based assemblies, as
observed in tissues. SHG imaging of the dry films obtained through solvent evaporation (Figure
1D) produces an intense signal, as observed in Figure 1A. This signal specifically indicates non-
centrosymmetric packing of collagen triple helices within the dry film.,

The organization of collagen triple helices in the dry films was then studied using SAXS. The
SAXS profile reveals diffraction patterns in the ¢ range 0.1 to 0.7 A indicating the existence of
crystalline domains (Figure 1B). This demonstrates a lateral high order packing of the triple helices
in the cast film. In tissues, collagen self-assembles into fibrils, which resemble smectic liquid
crystal with long-range axial order (where collagen molecules are staggered axially by integral
multiples of D = 67 nm),”® but only exhibits short-range order in the lateral direction (i.e., within
a plane perpendicular to the fibril axis).” We did not investigate correlation distances below q of
0.1, as our focus was on inter-helix interactions rather than collagen fibrillogenesis. A broad

correlation peak is observed at 0.54 A, corresponding to an inter-helix lateral order with a



distance (deragg) Of 27/q equal to 1.16 nm (Figure 1E). This spacing is characteristic of the
arrangement of triple helices in collagen fibrils, as observed in highly organized living tissues such
as tendons®!! and dense collagen assemblies in vitro.'>* The large width of the peak indicates
that local positional order only extends to nearest neighbors, with a positional correlation length,

& (2n/Aq) (with Aq the peak’s FWHM) of ca 7.6 nm.240
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Figure 1. (A) SHG image, (B-C) SAXS diffractogram and (D) photo of the cast collagen film. (E)
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Schematic of triple helices organization within the cast film.

The SAXS profile also shows sharper Bragg peaks. Some of them can be attributed to six orders
of the same fundamental Bragg peak, with a respective g/qs ratio of 1, V3, 2, V7, 3, 2V3 at 0.14,
0.24,0.29, (x), 0.42 A, and an expected final peak at 0.48 A1, which we suggest is hidden due to
the large width of the peak at 0.54 A (blue triangles, Figure 1C). Based on this analysis, we

conclude that the evaporation of organic solvent from an acidic solution of collagen triple helices



yields a hexagonal order in the plane normal to the triple helices, with a hexagonal lattice parameter
arex Of 5.18 nm (With apex = d1 x 2/4/3 and d1 = 4.49 nm for g1 = 0.14 A1), Other Bragg peaks
in this area can be attributed to the co-existence of hexagonal domains with different lattice
parameters. Correlations between peaks at 0.26, 0.45 and 0.54 A* can be identified with g/g; ratio
of 1, V'3, 2, with a hexagonal lattice parameter awex of 2.79 nm (g = 0.26 A™) (red arrows, Figure
1C). We attribute the coexistence of the two hexagonal lattice parameters to the hexagonal ordering
(anex (Qo.14)) of hexagonal first-order molecular groups (arex (Co.2s)) as described by Hulmes®

(Figure 1E).

The chirality of molecules broadens the range of characterization techniques, taking advantage
of the property of left- and right-circular polarized light to interact with asymmetric chiral objects.
CD measurements are routinely used for the characterization of the conformation of biomolecules,
typically DNA and proteins. At the supramolecular level, chirality can also be exploited by using
LD to extract information on the interactions of chiral (bio)molecules with respect to each other.
Collagen solutions and dense films were characterized by synchrotron radiation CD and LD. In
solution, CD gives the molecular signature of native collagen, with a large negative band at 198
nm and a smaller positive band at 223 nm (Figure 2A, black plain line). These bands are attributed
to the n—n* and n—n™* transitions associated with the triple helix of collagen and are characteristic
of the polyproline Il (PP1I) conformation of collagen triple helix.®3* However, the corresponding
LD spectrum (blue dotted line) shows no signal, attributed to the lack of supramolecular
interactions between triple helices in the soluble state. Subsequently, a collagen cast film was
placed in the sample holder and CD spectrum acquired. The collagen CD signature, featuring a

large negative band at 198 nm and a small positive band at 223 nm (Figure 2B, black plain line),



was once again observed. Upon orienting collagen triple helices, LD absorption is expected at
these wavelengths. Indeed, strong LD signals were measured, manifesting as one large band at 203
nm and a smaller one at 185 nm (Figure 2B, blue dotted line).

ALD measurements involved rotating the sample relative to the beam (every 22.5° over 360°), in
the plane of the collagen film, perpendicular to the beam propagation direction (Figure 2C).
Throughout sample rotation, the bands at 185 and 203 nm were preserved, albeit with varying
intensities, ranging from a positive maximum to a negative maximum, passing through the
extinction of the ALD signal (Figure 2D). This simultaneous variation in intensity for both bands
resulted in two isobestic points (at 182 and 190 nm). Sharp isobestic points are considered as proof
for homogeneity of the sample, where triple helices adopt the same configuration, in absence of
bundles of different sizes, which would contribute to varying domains sizes and absorption

properties.
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Figure 2. CD and LD spectra (blue dotted and black plain lines respectively) of (A) soluble
collagen in 3 mM HCI and (B) collagen in cast film. (C) Schematic of the ALD setup showing the
sample holder rotation in the plane normal to the beam propagation direction. (D) ALD spectra of
the cast collagen film with varying sample orientation by step of 22.5° over 360 °C with respect
to the beam and (E) corresponding polar representation of the maximum intensity of the LD
spectrum at each angle as a function of sample orientation (angle of rotation). (F) ALD spectra of
soluble collagen and corresponding polar representation (inset). The red-dotted line in ALD polar

plots represents the zero LD ellipticity.

The variation of ALD intensity as a function of the relative orientation of the sample and the beam
is better shown through a polar representation. Figure 2E is the plot of LD maximum intensity
against the rotation angle, with the red dotted line representing zero LD intensity. This polar plot
highlights the periodicity of the signal with two distinct lobes: LD is maximized when the sample
is highly oriented, with its electric dipole moment aligned parallel to the light polarization
direction, then decreases to zero when perpendicular. Subsequently, it reaches a negative
maximum with the same absolute intensity as the previously measured positive maximum upon
realignment, and again drops to zero when perpendicular (Figure 2E). This two-lobe pattern
originates from the high order and alignment of the collagen triple helices in the film. The presence
of two axes of symmetry signifies a unidirectional packing of the triple helices. In contrary, a fully
isotropic sample, such as an acidic solution of collagen triple helices, results in the averaging of
all LD with zero ellipticity (Figure 2F). The polar signature of such an isotropic sample is a circle
(Figure 2F insert). Importantly, collagen ordering probed by ALD extends to a large scale, as the
organization of collagen triple helices is averaged over the area of the synchrotron radiation beam,

that is a few mm2.
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The relevance of ALD in characterizing collagen packing in dense biomaterials was further
assessed using biomaterials with varying collagen concentrations in the starting solution, ranging
from 0.5 to 20 mg.ml* (Figure 3A-D). At a low collagen concentration of 0.5 mg.ml2, the two-
lobes pattern of the polar plot is not observable. Instead, a multilobe profiles is obtained, which is
assimilated to a circular anisotropic pattern. We attribute this pattern to an anisotropic organization
of the triple helices in the film (Figure 3A). In the case of a dilute solution of collagen triple helices,
solvent evaporation alone is insufficient to trigger triple helices ordering. In contrast, the two lobes
become more defined with increasing collagen concentration in the starting solution, reaching a
well-structured alignment at a starting concentration of 20 mg.ml* (Figure 3B-D). This shows how

the distortion of the polar pattern can be used to probe the ordering of collagen in materials.
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Figure 3. (A-D) ALD polar plots of cast collagen films obtained from collagen solutions of
increasing concentrations before casting and solvent evaporation (from 0.5 to 20 mg.mlY). The
polar plot corresponds to the maximum intensity of the LD spectrum at each angle as a function
of sample orientation (rotation angle by step of 22.5° over 360°, in the plane of the film normal to

the beam propagation direction). The red-dotted lines represent the zero LD ellipticity.

To investigate the impact of temperature on collagen conformation within the dense film, the
temperature was increased in steps of 4°C from room temperature up to 45°C. The polar plot, in
blue, obtained at room temperature is shown in Figure 4. Upon increasing the temperature, we
observed a progressive loss of the two-lobes pattern. This phenomenon results from the decrease
in intensity at maximum LD ellipticity, which is attributed to the unfolding of collagen triple
helices during thermal denaturation (Figure 4A). At 45°C, a circular profile is obtained (plain red
line, Figure 4), indicating complete denaturation of collagen triple helices. Above 31°C, the
structure is dominated by unordered conformations, and collagen unfolds completely above 40°C.
This agrees with previous studies using CD, which determined the melting temperature of collagen
to be around 31°C.%*® This illustrates that while ALD is used to probe the ordering of collagen
within assemblies, it also serves as a means to confirm the native conformation of collagen triple

helices within the processed biomaterials and determine the onset of denaturation.
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Figure 4. (A) ALD spectra of the cast collagen film upon increasing temperature from 25 to 45°C
(corresponding to 180° in (B)), and (B) corresponding polar plots. The polar plot corresponds to
the maximum intensity of the LD spectrum at each angle as a function of sample orientation
(rotation angle by steps of 22.5° over 360°, in the plane of the film normal to the beam propagation

direction). The red-dotted line in ALD polar plots represents the zero LD ellipticity.

CONCLUSION. Here, we used ALD to study the ordering of soluble collagen triple helices after
solvent evaporation at room temperature. Our results demonstrate that at a starting concentration
of 20 mg.ml2, collagen triple helices exhibit uniaxial ordering with a hexagonal order, as revealed
by combined SHG, SAXS and ALD. We highlight ALD as a highly sensitive and specific method
for probing the ordering of chiral objects. By obtaining a polar pattern, we propose a direct
assessment of uniaxial ordering through the distortion of the polar pattern. Additionally, ALD
provides direct evidence of the preservation of the native helical conformation of the (bio)polymer,
which is crucial for biomaterials engineering, particularly in the context of collagen-based
biomaterials, where preserving the native triple helix conformation is essential. ALD offers the

advantage of probing larger sample areas compared to SHG imaging (mm vs. um), with enhanced
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sensitivity towards organic materials compared to SAXS. Furthermore, it is rapid and easily
accessible using laboratory CD-equipment, complementing molecular-level CD by providing
insights in supramolecular structures and interactions. We anticipate that this methodology can be
readily applied to a diverse range of biological or synthetic polymer samples, offering
straightforward implementation and data interpretation. We believe that this work will contribute
to bridging the gap between the widespread application of (A)LD in supramolecular chemistry,
polymers and the field of (bio)materials. Finally, ALD is non-destructive and provides combined
information on the conformation, stability and hierarchical organization of native collagen. This
information is absolutely essential for tissue engineering and regenerative medicine, as tissue
functions are primarily dictated by collagen self-assembly. Consequently, this work will make a
new contribution to the characterization and structure-function study of collagen-based assemblies

and, more generally, biopolymer-based assemblies of biomedical interest.
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