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Abstract: Micro-scale, non-invasive, three-dimensional cross-sectional
imaging of protein crystals was successfully accomplished using ultra-high
resolution optical coherence tomography (UHR-OCT) with low noise,
Gaussian like supercontinuum. This technique facilitated visualization of
protein crystals even those in medium that also contained substantial
amounts of precipitates. We found the enhancement of the scattered signal
from protein crystal by inclusion of agarose gel in the crystallization
medium. Crystals of a protein and a salt in the same sample when visualized
by UHR-OCT showed distinct physical characteristics, suggesting that
protein and salt crystals may, in general, be distinguishable by UHR-OCT.
UHR-OCT is a nondestructive and rapid method, which should therefore
find use in automated systems designed to visualize crystals.

© 2012 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (170.3880) Medical and biological
imaging.
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1. Introduction

X-ray crystallography is used to determine three-dimensional structures of proteins at atomic
resolution. Protein crystals are required for this method, and automated robotic systems are
currently used to prepare many different test media so that crystallization conditions can be
rapidly surveyed. However, three dimensional imaging, which is important for automated
treatment of protein crystal, is generally difficult by light microscopy. In addition, the crystals
in these media are frequently difficult to identify by conventional light microscopy because
the media often also contain salt crystals, e.g., NaCl, that appear similar to protein crystals,
and/or protein crystals that are not suitable for X-ray crystallography, and/or amorphous
materials that obscure the presence of usable protein crystals. Consequently, ultraviolet
microscopy has been used to identify protein crystals [1]; however, ultraviolet light can
damage proteins [2].

Optical coherence tomography (OCT) is an emerging technique for pum-scale cross-
sectional imaging [3-5]. Generally, the axial resolution obtainable by OCT is ~10 um and is
dependent on the center wavelength and bandwidth of the light source. OCT is a non-
destructive, rapid, three-dimensional imaging tool that has been used to visualize biological
tissues and other materials. OCT has received much attention especially for medical imaging,
and it has been used in ophthalmology clinics, etc. [3-5]. The application for industrial field,
such as the investigation of polymer matrix composites, has also been demonstrated [4,6]. The
OCT signal is a beam backscattered from the sample, which makes the visualization of nearly
transparent and low-scattering samples difficult.

Agarose gels have been included in protein crystallization media as they reduce solvent
convection and prevent crystal sedimentation, which allows protein crystals to grow as if
under microgravity [7,8]. When protein crystals are grown in agarose gels, they become
trapped in the pores of the gel matrix. By immobilizing the crystals in a gel, the crystals can
be subjected to processed by a femtosecond laser irradiation to mount onto the X-ray
diffraction equipment for data collection [9,10]. Such crystals are more resistant to
environmental perturbations, e.g., evaporation [11] and osmotic shock [12]. Furthermore,
agarose gels promote protein nucleation [13,14].
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Herein we report the first micro-scale, non-invasive, three-dimensional cross-sectional
images of protein crystals by ultra-high resolution (UHR) OCT [15,16]. In the developed
UHR-OCT, the axial resolution of 2 pum in sample was achieved using a broadband
supercontinuum (SC) source and specially optimized OCT at 800 nm wavelength region
[17,18]. As mentioned above, OCT cannot detect transparent objects, e.g., ideal crystals,
because such crystals have homogeneous nano-structures for which the scattering coefficient
is small. As we report below, as expected, the OCT signal intensities of protein crystals that
had been grown in solution were extremely small. Additionally, we found that the
backscattered signals of protein crystals were enhanced when the crystals were grown in
agarose gel-containing medium. Even when the crystallization medium contained substantial
amounts of precipitants, such that the protein crystals could not been clearly seen by light
microscopy, they were easily detectable by UHR-OCT. Finally, we found that the UHR-OCT
images of salt and protein crystals differed, suggesting that the two types of crystals may
routinely be differentiated by UHR-OCT

2. Methods and Materials

Dispersion
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Fig. 1. (a) Experimental setup of 3D imaging of protein crystals using UHR-OCT with SC,
(b) example of light micrograph of protein crystals, (c) example of picture of protein crystal
taken with CCD camera when the aiming beam was irradiated. SC: supercontinuum, PC:
polarization controller.

Figure 1(a) shows the experimental setup and pictures of protein crystals. A time-domain
UHR-OCT system was constructed that simultaneously produces ultrahigh resolution and
large-depth imaging. The axial resolution of OCT is determined by the center wavelength and
bandwidth of the light source [4,5]. We used a 100-fs ultrashort pulse centered at 800 nm
from a Ti:sapphire laser, which were coupled to a normal dispersive polarization-maintaining
fiber (PMF) after dispersion compensation through a pair of prisms. A low noise, 350 mW,
Gaussian-shaped, wideband SC with a bandwidth of 120 nm at full width at half-maximum
was generated [17,18]. The corresponding theoretical axial resolution was 2.9 pum in air and
2.1 pm in water. The SC was attenuated by a spatial fiber coupler and then introduced into a
fiber interferometer. The SC was split into signal and reference beams by a broadband fiber
coupler. The optical path length of the reference beam was scanned using a corner-cube prism
mounted on a galvanometer. The signal beam was spatially scanned using an XY
galvanometer-based scanning probe and next automated imaging was performed. The small
backscattered signal was combined with the reference beam at the broadband fiber coupler so
that only the interference signal was collected at the balanced detector. The system sensitivity
was 95 dB with the signal beam power of 3 mW on the sample.

The interference signal was transferred to a personal computer to construct cross-sectional
images. The cross-sectional image consists of 250 transverse scans with 1000 pixels per scan,
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covering an area of 2.0 mm by 1.0 mm. The imaging speed was 1 frame per second. The
lateral resolution was 17.6 um. For the imaging of protein crystals, the visible aiming beam
was combined with SC and used to know the beam irradiation point. A CCD camera with
zooming lens was also used to monitor the observation point on the sample (Fig. 1(c)).

Figure 1(b) shows a picture of protein crystals in a sample plate. For the preparation of
protein crystals, Hen egg white lysozyme (HEWL, Seikagaku Corporation), agarose IX-A
(Sigma-Aldrich), and 96-well microbatch plates (Hampton Research) were mainly used for
crystallization [10]. HEWL (50 mg/ml) was crystallized by the batch method at 293 K in 0.33
M sodium acetate, 0.033 M sodium acetate (pH 4.5), 0.51 M sodium chloride, and agarose at
0.4% (w/v) increments between 0% and 2.0% (w/v) [13]. To prepare HEWL crystals in the
substantial amounts of precipitants, HEWL (10 mg/ml) was crystallized in 0.25 M calcium
chloride, 0.1 M citrate acetate, 0.066 M sodium acetate (pH 4.5), 0.85 M sodium chloride,
1.6% (w/v) agarose. To obtain salt and protein crystals simultaneously, the HEWL (12 mg/ml)
was crystallized in 0.05 M calcium chloride, 0.1 M potassium phosphate, 0.066 M sodium
acetate (pH 4.5), 0.85 M sodium chloride, 2.0% (w/v) agarose.

For comparison, Synechococcus phosphoribulokinase was purified as described [19] and
crystallized by the sitting-drop method in 0.1 M 2-N-morpholino-ethanesulfonic acid buffer
(pH 6.5), 10% (wi/v) isopropanol, 0.2 M potassium acetate, 1% (w/v) agarose at 293 K.

3. Results and Discussion

We first used UHR-OCT to visualize the HEWL protein crystals grown in the presence of the
different agarose concentrations to ascertain how the agarose gel affected the UHR-OCT
images (Fig. 2). The positions of HEWL crystals and aiming beam were observed by CCD
camera as shown in Fig. 1(c). When agarose was absent, crystals were hardly visible,
probably because of their small backscattered signals (Fig. 2(a)). The backscattered signals
were enhanced as the agarose concentration was increased (Fig. 2(a-€)), so that the crystals
grown in the presence of 1.8% (w/v) agarose were clearly visible. The backscattered signals
associated with the edges of the crystals were greatly enhanced (10-28 dB above the noise
floor for the 1.8% agarose sample), which resulted in clear crystal profiles (Fig. 2(e)). The
presence of the agarose gel therefore effectively enhanced the backscattered signals of the
protein crystals. The average values for the backscattered signals for gel-grown HEWL
crystals, agarose-gel-containing medium around the HEWL crystals, and solution-grown
HEWL crystals were ~5, 2, and 0 dB above the noise floor, respectively. The standard
deviation was 3 dB for a thousand sampling points in each part. We examined three sample
plates of HEWL crystals and they showed almost the same results.

We also used crystallized Synechococcus phosphoribulokinase as a test case [19,20]. The
crystals were clearly visualized by UHR-OCT (Fig. 2(f)). Therefore, in general, agarose gels
may enhance the backscattered signal, which would facilitate protein crystal visualization.
Probably, the signal enhancement is a consequence of the different protein and agarose
medium refractive indexes. As mentioned above, OCT signals are back-scattered at the
boundaries of materials with distinct refractive indexes [4,5]. Agarose fibers penetrate protein
crystals [21,22], suggesting that many boundaries between protein molecules and agarose
fibers exist within the crystals, which would increase the intensity of the OCT signals.

According to the Rayleigh-scattering theorem, the scattering coefficient is proportional to
d®/*, where d is the diameter of the scattering particles and A is the wavelength of the
irradiation beam. When protein crystals are grown in an agarose gel, the protein molecules are
captured within the agarose-gel pores, which are ~300 nm in diameter [23]. Consequently, the
protein molecules behave as small particles with diameters of a few hundred nm, which
enhance the Rayleigh scattering signal.

Clinically, OCT is currently used to image semitransparent organs, e.g., the human eye,
and practically opaque organs, e.g., human skin, internal organs, and blood vessels [3], which
suggested to us that UHR-OCT could be used to visualize proteins that had been grown in
agarose-gel-containing medium that also contained substantial amounts of opaque
precipitants. Notably, visualization of crystals by light microscopy is difficult when the
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stals

Fig. 2. Cross sections of three-dimensional UHR-OCT images of HEWL crystals grown in
(@) 0.0, (b) 0.4, (c) 0.8, (d) 1.2, and (e) 1.8% (w/v) agarose. (f) An image of a drop that
contained Synechococcus phosphoribulokinase crystals and 1.0% (w/v) agarose. The crystals
shown in panels (e) and (f) are clearly and non-invasively seen at um resolution. Media 1
shows the 3D UHR-OCT image of HEWL crystals grown in the same condition as that for Fig.
2(e).

0.2 mm

Fig. 3. (a) Light micrograph. The HEWL crystal, circled in red, is difficult to see because it is
surrounded by aggregates and amorphous material. (b) Cross section of a three-dimensional
UHR-OCT image. The protein crystal is circled in red. The aggregates and amorphous material
are colored black. The cross section is a still from Media 2.

medium also contains a large amount of precipitant. To test our hypothesis, HEWL in the
substantial amounts of precipitants was used as the sample. Indeed, identification of the
HEWL crystals by light microscopy was difficult (Fig. 3(a)), whereas the well-shaped HEWL
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Fig. 4. (a) Light micrograph. Differentiating between the HEWL crystal and the calcium
phosphate crystal is difficult. (b) Cross section of a three-dimensional UHR-OCT image. The
red arrow points the calcium phosphate crystal and the blue arrow points the HEWL crystal.
The difference in the signal intensities provides a better means of differentiating between the
HEWL crystal and the calcium phosphate crystal. Media 3 shows the 3D UHR-OCT image of
HEWL crystals and the calcium phosphate crystal.

crystals were clearly detected by UHR-OCT (Fig. 3(b)). UHR-OCT may therefore be a
powerful tool for detecting protein crystals in medium containing precipitants.

Finally, we tested the ability of UHR-OCT to discriminate between salt and protein
crystals. As shown in Fig. 4(a), both potassium phosphate and HEWL crystals were grown
under this condition. Two types of crystals with different shapes were found (Fig. 4). Using
X-ray diffraction, the crystal on the left in Fig. 4(a) was identified as calcium phosphate and
the one on the right as an HEWL crystal. Light microscopy could only discern the size and
shape of the two crystals (Fig. 4(a)). Conversely, additional characteristic differences for the
two crystals were seen in their UHR-OCT images (Fig. 4(b)). The edges of the calcium
phosphate crystal are enhanced by the UHR-OCT signals, but the crystal interior is nearly
transparent owing to an absence of backscattered signals. Conversely, the UHR-OCT signals
were enhanced both at the edges and the interior of the HEWL crystal, which allowed us to
distinguish between the calcium phosphate and HEWL crystals. The averaged signal intensity
from the interior of HEWL crystal was 10 dB higher than that of calcium phosphate crystal.
The standard deviation was 4 dB. Probably the difference in the appearance of the crystals
was caused by their different interior nano-structures. As described above, agarose fibers were
present within HEWL crystals, but a previous study had not found agarose fibers within salt
crystals [21]. Therefore, the salt-crystal interior should not backscatter light, whereas that of
the protein would.

4. Conclusion

In conclusion, micro-scale, non-invasive, three-dimensional cross-sectional imaging of protein
crystals was demonstrated for the first time using ultra-high resolution optical coherence
tomography (UHR-OCT) with Gaussian supercontinuum. The protein crystals grown in the
presence of the different agarose gel concentrations were examined, and the enhancement of
the scattered signal from protein crystal by inclusion of agarose gel was confirmed. Using the
UHR-OCT and agarose gel inclusion technique, the protein crystals could be visible, even
when the crystallization medium contains substantial amounts of precipitants. The signals
intensities from a protein and a salt crystals were obviously different, suggesting that protein
and salt crystals may be distinguishable. UHR-OCT is a nondestructive and rapid method
(several sec/sample in principle), which can be incorporated into a robotic system that can
rapidly screen for protein crystals suitable for X-ray crystallography.
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