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Abstract: We use nonlinear optical microscopy combining Second
Harmonic Generation (SHG) microscopy and Two-Photon Excited
Fluorescence (2PEF) signals to characterize collagen lyotropic liquid
crystals. We show that SHG signals provide highly contrasted images of the
three-dimensional texture of cholesteric patterns with submicrometer lateral
resolution. Moreover, simultaneous recording of the 2PEF signal enables in
situ quantitative mapping of the molecular concentration and its correlation
with the observed textures. We apply this technique to the characterization
of biomimetic textures obtained in concentrated collagen liquid solutions.
We successfully image biologically relevant organizations that are similar
to the collagen organization found as a stabilized state in compact bones.

©2010 Optical Society of America

OCIS codes: (180.4315) Nonlinear microscopy; (160.3710) Liquid crystals; (170.6935) Tissue
characterization; (190.4180) Multiphoton processes; (190.4710) Optical nonlinearities in
organic materials.
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1. Introduction

Liquid crystals are widely used in many applications and there is a need for in situ
characterization of these materials at the micrometer scale [1]. Optical techniques are
particularly relevant for that purpose [2-4] and may take advantage of the large optical
nonlinearities that have been demonstrated in these materials [5]. A promising method is to
use nonlinear optical microscopy [6] to obtain three-dimensional (3D) images of liquid
crystals at the micrometer scale. Nonlinear optical microscopy indeed provides intrinsic 3D
resolution due to the spatial confinement of the nonlinear processes at the focus of the laser
excitation. Moreover, it can take advantage of the many nonlinear optical processes including
two-photon exited fluorescence (2PEF), second harmonic generation (SHG) and third
harmonic generation (THG). Third harmonic microscopy was recently demonstrated in
unstained liquid crystals and provided in situ 3D images of liquid crystalline domains through
complex phase-matching processes [7-9]. Second harmonic microscopy is an alternative
nonlinear optical technique that has proven to be a valuable tool for probing the 3D
organization of non centrosymmetrical molecular assemblies [10-14]. Although second
harmonic images of nematic domains have been reported recently [15, 16], no
characterization of liquid crystalline patterns at the submicrometer scale has been reported
yet.

In this paper, we combine Second Harmonic Generation (SHG) microscopy and Two-
Photon Excited Fluorescence (2PEF) microscopy to study unstained lyotropic liquid crystals.
We characterize the 3D texture of cholesteric patterns with submicrometer lateral resolution,
including measurements of the cholesteric pitch as a function of the molecular concentration.
For these measurements, we use rat-tail type I collagen as a liquid crystalline material for the
following reasons: (1) the collagen molecule has been shown to exhibit large second order
hyperpolarizability due to the presence of numerous tightly aligned harmonophores whose
nonlinear response, although quite weak, coherently sums up and amplifies along the triple
helical structure [17], (2) acidic solutions of molecular collagen (pH=2.5, no fibrils) have
been shown to form liquid crystals at high concentration [18, 19], (3) characterization of self
organization of dense solutions of collagen is of strong interest for designing biomimetic
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materials since collagen is found in many organs where it shows highly structured
macromolecular organization specific to each tissue (skin, cornea, arteries, bones...) [20].

This paper is organized as follows. We first present the preparation of liquid crystalline
collagen sample and the nonlinear imaging setup. Then, we show that SHG images of
cholesteric collagen liquid crystals exhibit fringes with a cosines squared dependence, and
that 2PEF images enables in sifu measurements of collagen concentration. Combining both
imaging modalities, we verify that SHG images exhibit a nonlinear dependence on the
molecular concentration. We finally apply this highly contrasted imaging technique to the
characterization of biomimetic collagen textures.

2. Materials and methods
2.1 Sample preparation

Type I collagen was extracted from rat-tail tendon and purified as previously described [18].
It was solubilised in acetic or chloride acid (pH=2.5 or pH=3.5) to impede the formation of
cross-striated fibrils. The 0.2 mg/ml solution was then concentrated in a two-sided open glass
microchamber made out of two coverslips and spacers (see Fig. 1). The microchamber
thickness varied typically from 300 um to about 10 pm over 5 mm long. Slow and continuous
injection of the collagen solution near the centre of the microchamber aimed at countering
solvent evaporation on both open sides, and increasing collagen concentration. This setup has
been shown to induce the formation of liquid crystal phases near the air-liquid interface where
the collagen concentration is the largest [21-23]. All experiments were performed at room
temperature (21°) and the liquid crystalline patterns were only dependent on the collagen
local concentration and other chemical parameters (acid strength and concentration, ionic
force...) [21-23].

Alternatively, collagen liquid solutions of various concentrations in the 0.2 to 1000 mg/ml
range were prepared by centrifugation [23]. The concentrations were determined accurately
by hydroxyproline titration [24]. These solutions were then imaged between two coverslips in
the same conditions as the liquid crystalline samples in order to enable quantitative
comparison of the 2PEF signals. We verified that the collagen exhibited the same behavior
whatever the solvent (acetic or chloride acid) and the pH (2.5 or 3.5).

2.2 Multiphoton microscopy

In previous studies, the liquid crystalline organization of collagen was controlled in situ by
polarized light microscopy. However, this technique lacked 3D resolution and only permitted
to reveal organized domains. To analyze the 3D structure of these domains, it was necessary
(1) to stabilize the liquid phase by pH increase to induce the formation of fibrils and (ii) to fix,
dehydrate, embed, section and stain the collagen gels for electronic microscopy [22]. In the
present work, we characterize the liquid crystalline sample by mean of nonlinear optical
microscopy as a non invasive 3D imaging technique.

For that purpose, we used a custom-built laser scanning microscope as previously
described [14] (see Fig. 1). Excitation was provided by a femtosecond Titanium-Sapphire
laser (Tsunami, Spectra-Physics) set at 860 nm. We used circular polarization in order to
image all structures independently of their orientation in the focal plane. We detected
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Fig. 1. Schematic of the experimental setup and collagen microchamber. (X, Y, Z) is the
laboratory frame, with (X, Y) the image plane. (x, y, z) is the molecular frame. y is the angle of
the collagen molecules to the focal plane.

simultaneously SHG and 2PEF signals in 2 detection channels equipped with photon-
counting photomultiplier tubes (Electron tubes) and suitable spectral filters. SHG signals were
detected in the trans-direction through a condenser (effective NA~1) since SHG is mainly
forward-directed, using two 680SP rejection filters (Semrock) and a HQ430/20 interferential
filter (Chroma). 2PEF signals were epidetected using a 680SP rejection filter (Semrock) and a
GG455 interferential filter (Schott).

Liquid crystalline samples were imaged in situ using a 60x , 1.2-NA objective lens with
coverslip correction (UplanSApo, Olympus), resulting in typically 0.3 um (lateral) x 0.9 pm
(axial) resolution. Imaging was performed within 30 minutes after stopping the injection or
alternatively with continuous injection in order to prevent sample dehydration. Power at the
sample was 20 to 40 mW with 10 ps/pixel acquisition time. No perturbation of the sample’s
textures was observed in these imaging conditions under continuous excitation, as expected
from the highly viscous character of the concentrated collagen solutions [19, 21, 25].

3. Results and discussion
3.1 SHG imaging of collagen cholesteric liquid crystals

Figure 2 displays typical SHG and 2PEF images obtained in a collagen microchamber. The
SHG image reveals the texture of the liquid crystal: the fringes are characteristic of a
cholesteric arrangement as verified by polarized light microscopy and electronic microscopy
[23]. The signal maxima correspond to molecules aligned within the focal plane whereas the
minima correspond to molecules aligned along the axial direction in the microscope. Indeed,
it has been experimentally shown that the collagen nonlinear response is satisfactorily
described using a C,, symmetry and assuming Kleinmann symmetry [11, 17, 26]. Within
these approximations, the only nonvanishing second order hyperpolarizability components
are: B,,, and B,k = Bayy = Bxxz = Byyz = Pxax = Pyzy Where z is the axis of the collagen triple helix
(see Fig. 1). As a result, the fundamental electric field can interact with molecules aligned in
the focal plane to generate harmonic electric field with a transverse polarization compared to
the microscope axial direction, resulting in a detectable SHG signal in the forward-direction.
In contrast, molecules oriented perpendicularly to the focal plane generate axially polarized
harmonic electric field that is not efficiently detected. Note that isotropic phases are also
present in the microchamber as revealed by regions with vanishing SHG.
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Fig. 2. Multiphoton Imaging of a liquid crystalline collagen solution in acetic acid (500mM,
pH=2.5). (a) SHG signal and (b) enhanced 2PEF signal using the displayed Look-Up Table.
Scale bar: 10 pm. (c¢) SHG profile of the region of interest indicated in (a) with a yellow box.
The red dotted line corresponds to fitting with a cosines squared (see Fig. 3). Inset: scheme of
cholesteric organization along the Y axis depicted in Fig. 1 and Fig. 2(a). The purple arrows
indicate the SHG maxima that correspond to collagen molecules aligned within the focal plane.

Using this tensorial approach, we derived the SHG intensity as a function of the angle y of
the collagen molecules to the focal plane (see Fig. 1). For that purpose, we considered the
laboratory frame (X, Y, Z) with X, Y in the focal plane and Z along the propagation direction
(see Fig. 1) and we choose Y along the cholesteric pattern as displayed in Fig. 2(a), so that vy is
the angle of the laboratory X direction to the molecular axis z. We did not take into account
any molecular angular dispersion within the liquid crystal pattern. We considered a circularly
polarized excitation electric field and neglected any polarization change due to strong
focusing or birefringence of the medium:

g(a))zEw(}hiY). (1)
Using the second order hyperpolarizability tensor displayed above, we obtained:

E,(2w) < N [cos3 7 B... +(2cosysin® y —cos’ y)ﬂwl E., (2a)

E, Qo)< N [ 2icosy B, | E.. (2b)

where N is the number of collagen molecules aligned within the cholesteric pattern. Setting
p=p.1p0, the ratio of the 2 independent tensorial components of the collagen

hyperpolarizability, we obtained:

I(2w) < N* |ﬂ’m|2 [4,02 cos’ 7/+(cos 3;/+pcosy(3 sin’ ;/—1))2} I’ (o). 3)

Figure 3 displays Eq. (3) as a function of p and y. The y angle is then related to the
distance Y along the cholesteric pattern and to the cholesteric pitch P: y = 2n Y /P. Fig. 3
shows that Eq. (3) simplifies to a cos®y dependence for p=0 and is very close to a cos’y for 0.5
< p < 1. Considering p=0.5 as previously reported [17], we fitted the SHG profile displayed in
Fig. 2(c) using a cos’y function. We obtained a good agreement when considering a few
fringes with about the same intensity maxima. It showed that our tensorial approach, although
neglecting propagation effects, is an effective approach to describe the SHG profile along the
cholesteric pattern.
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Fig. 3. Model calculation of the SHG intensity profile along a cholesteric pattern. (a) SHG
intensity as a function of p=p../ B... and y, the angle of the collagen molecule to the focal
plane. (b-d) SHG intensity profiles for (b) p=0, (c) p=0.5 and (d) p=1 (black lines) compared
to a cosines squared profile (red lines) that is used to fit the experimental data (see Fig. 2(c)).

3.2 In situ measurement of molecular density using 2PEF signals

In contrast to the SHG image, the 2PEF image in Fig. 2(b) displays no striking sensitivity to
the molecular organization: we observe a homogeneous weak signal. Fluorescence is indeed
an incoherent process that scales linearly with the molecular density in the microchamber.
Note that fluorescence usually varies with the chromophore orientation relative to the incident
electric field. The absence of sensitivity of the 2PEF image to the cholesteric organization
indicates that the collagen molecule cannot be simply modeled as a nonlinear chromophore
aligned along the main molecular axis and that a complex tensorial response is observed upon
860 nm excitation.

To enable absolute measurements of the collagen concentration by use of the 2PEF
images, we calibrated the 2PEF signal using homogenous collagen solutions whose
concentrations were accurately determined by hydroxyproline titration [24]. These collagen
solutions were prepared by centrifugation and imaged between two coverslips in the same
conditions as the liquid crystalline samples. The calibration curve is depicted in Fig. 4. As
expected, the 2PEF intensity scales linearly with the concentration, so that linear fitting
provides a direct relationship between fluorescence intensity and molecular concentration.
This calibration enabled the optical determination of the concentration in the microchambers
with micrometer spatial resolution, and its correlation to the liquid crystalline textures
observed by SHG microscopy.
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Fig. 4. Calibration of 2PEF intensity as a function of collagen concentration. Black squares are
experimental data, red line is linear fitting.

3.3 Contrast of the SHG images as a function of the molecular density

Figure 5 displays another example of collagen liquid crystalline organization in a region of
the microchamber with a strong concentration gradient, near the air-liquid interface. The SHG
image reveals a non typical cholesteric organization: the SHG profile shows irregular fringes
whose maxima were determined using multiple Gaussian fitting (see Fig. 5(a) and (c)). The
2PEF image in Fig. 5(c) and the 2PEF profile in Fig. 5(d) show that the concentration
gradient is linear. We then used the calibration curve in Fig. 4 to plot the SHG profile as a
function of the collagen concentration (see Fig. 5(c)). It enabled the correlation of the
cholesteric pitch with the collagen concentration. The cholesteric pitch being obtained as
twice the interfringe distance, we measured for instance a pitch of 5 um at a concentration
of 460 mg/mL in this microchamber.

This accurate characterization of the liquid crystalline phase took advantage of the high
contrast of the SHG image. We observed that the maxima of the SHG peaks exhibited a
nonlinear behavior as a function of the molecular concentration (see dotted line in Fig. 5(c)).
Because of their coherent character, SHG signals are indeed expected to scale quadratically as
a function of the density of aligned molecules, as shown in Eq. (3). In comparison,
conventional technique such as polarized light microscopy provides only a linear contrast as a
function of the molecular density. However, the coherent character of SHG process also
induces a high sensitivity to the experimental conditions: coherent microscopy has been
shown to exhibit complex radiation pattern depending on the 3D organization of the
molecules in the focal volume, on the numerical aperture and the optical wavelength and on
the wavefront of the excitation electric field [10, 27]. The sensitivity of SHG radiation to the
molecular organization presumably explains why the SHG experimental data do not perfectly
fit to a quadratic behavior in Fig. 5(c). Calibration of the molecular density with an incoherent
nonlinear optical process such as 2PEF is therefore crucial.
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Fig. 5. Multiphoton Imaging of a liquid crystalline collagen solution in acetic acid (SmM
pH=3.5). (a) SHG signal and (b) enhanced 2PEF signal (same Look-Up Table as in Fig. 2).
The white arrow indicates the direction of the collagen concentration gradient. Scale bar: 20
pm. (¢) SHG and (d) 2PEF profiles along the concentration gradient in (a) and (b). The
concentration scale in (c) is determined using the calibration curve in Fig. 4 and the 2PEF
profile in (d). The red triangles in (c) correspond to maxima of the fringes determined by
multiple Gaussian fitting. The dotted line in (c) corresponds to fitting with a quadratic
dependence. The red line in (d) corresponds to linear fitting.

3.4 Application to the characterization of biologically relevant collagen textures

These results shows that the dramatically different character of SHG and 2PEF microscopies
provide valuable complementary information to study the formation of liquid crystalline
phases as a function of various experimental conditions. We have exploited this unique
capability to investigate the variability in the collagen textures by changing the collagen
concentration and various chemical parameters (strength of the acidic solvent, pH of the
solution...). A particularly striking example is given in Fig. 6 where we observe biologically
relevant organizations such as fingerprint textures, in agreement with our previous work using
polarized microscopy [22]. These structures are similar to the collagen organization found as
a stabilized state in compact bones in living tissue: osteones indeed show cholesteric
arrangement of collagen fibrils in tubular structures [28]. The supplemental movie in Fig. 6(b)
illustrates the unique capability of SHG microscopy for 3D imaging of these textures. Most
importantly, we took advantage of the 2PEF image to correlate the collagen concentration to
the observed textures. For instance, the annotated fingerprint texture in Fig. 6(a) corresponds
to a collagen concentration of about 80 mg/mL in chloride acid at pH=3.5. Full
characterization of the observed isotropic/cholesteric and isotropic/nematic phase transitions
will be reported in [23].
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Fig. 6. SHG Images of a liquid crystalline collagen solution in chloride acid: (a) pH=3.5, (b)
pH=2.5 (Media 1) showing loose cholesteric pattern with few defects (Ic), fingerprint texture
(ft) and isotropic areas (i). Scale bar: 10 um.

4. Conclusion

To conclude, nonlinear optical microscopy combining SHG and 2PEF signals presents major
advantages to characterize liquid crystalline phases at the micrometer scale. First, SHG
signals provide highly contrasted images of the molecular organization due to their coherent
nonlinear optical character. Second, SHG images benefit from the intrinsic micrometric 3D
resolution of nonlinear optical microscopy. Third, simultaneous recording of the 2PEF signal
enables in situ quantitative mapping of the molecular concentration and its correlation with
the observed textures. Besides these unique features, we point out that SHG / 2PEF optical
imaging of liquid crystals exhibits low invasivity like other optical techniques, which makes
possible in situ monitoring of the formation of the liquid crystalline phases. It may also be
combined with polarization-resolved techniques in order to map the molecular orientation
with improved accuracy. Application of this technique to collagen proved relevant to study
the formation of biomimetic structures. More generally, SHG imaging of liquid crystals can
be applied to any chemical exhibiting a non vanishing second order nonlinear optical
response and should prove suitable for in situ quantitative characterization of liquid
crystalline phases with 3D micrometer resolution.

Acknowledgments

The authors gratefully acknowledge Francois Hache, Emmanuel Beaurepaire and Nicolas
Olivier for stimulating discussions. ADB acknowledges the Fondation de la Recherche
Médicale and the Fondation IXcore for financial support.

#120653 - $15.00 USD  Received 30 Nov 2009; revised 23 Dec 2009; accepted 30 Dec 2009; published 8 Jan 2010
(C) 2010 OsA 18 January 2010/ Vol. 18, No. 2/ OPTICS EXPRESS 1121


http://www.opticsexpress.org/viewmedia.cfm?URI=oe-18-02-1113-1

