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Abstract

Second-order nonlinear optical imaging of chiral crystals (SONICC) is an
emerging technique for crystal imaging and characterization. We provide
a brief overview of the origin of second harmonic generation signals in
SONICC and discuss recent studies using SONICC for biological appli-
cations. Given that they provide near-complete suppression of any back-
ground, SONICC images can be used to determine the presence or absence
of protein crystals through both manual inspection and automated analysis.
Because SONICC creates high-resolution images, nucleation and growth
kinetics can also be observed. SONICC can detect metastable, homochiral
crystalline forms of amino acids crystallizing from racemic solutions, which
confirms Ostwald’s rule of stages for crystal growth. SONICC’s selectiv-
ity, based on order, and sensitivity, based on background suppression, make
it a promising technique for numerous fields concerned with chiral crystal
formation.
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Nonlinear optical
(NLO): describes the
behavior of light in
media that exhibit an
NLO polarization
response to electric
fields

Second harmonic
generation (SHG):
the specific case of
SFG in which the two
incident optical fields
are of identical
frequency

1. MOTIVATION

Crystal formation dictates the physical and chemical properties of solid-state materials. Chemi-
cal reactivity, stability, and dissolution kinetics are significantly influenced by the nature of the
molecular packing and the orientation within the lattice. Fundamental studies of crystallization
are often complicated by the so-called needle-in-a-haystack problem: Crystal nucleation is a rare
and transient event. Information about the molecular interactions that lead to nucleation is often
inferred from observations recorded long after the initial events take place.

The greater conformational flexibility and chemical complexity of typical organic molecules,
compared with their inorganic counterparts, make these molecules particularly challenging to
study and control, yet they arguably represent the most biologically important solid-state materials.
Tools that can reduce the size scale for crystal characterization can approach such small-scale,
short-lived structures, which may allow the description of crystal formation. Nonlinear optical
(NLO) imaging may serve as a powerful complement to the existing suite of measurement tools
for fundamental investigations of the initial stages of crystal formation.

Second-order NLO processes are dictated by unique symmetry conditions, compared with
conventional, linear optical effects. In isotropic disordered media, second harmonic generation
(SHG), or the frequency doubling of light, is symmetry forbidden. Essentially, coherent inter-
ference between individual SHG-active moieties within the focal volume in an isotropic medium
results in cancellation and no net coherent output. However, certain classes of ordered systems
allow for coherent addition, rather than cancellation. The best-established technique that exploits
these unique symmetry properties is the application of SHG and sum frequency generation (SFG)
in studies of surfaces and interfaces, in which only the comparatively few molecules at the interface
that exhibit polar order contribute to the coherent detected signals (1–3).

Interfaces are not the only systems with appropriate symmetry for SHG and SFG. Through
interactions closely related to the intrinsic sensitivity of second-order nonlinear optics to chirality,
nearly all chiral crystals fall into symmetry classes that are symmetry allowed for bulk SHG (4–6).
The terms chiral crystals and enantiomorphic crystals are synonymous; we define them as crystals
composed of unit cells with nonsuperimposable mirror images. Because these effects are bulk
allowed, and because SHG and SFG generally scale with the square of the number of molecules
within the focal volume, these methods have the potential to serve as remarkably sensitive and
selective tools for detection and characterization of small ordered assemblies. We briefly review
the scope of this emerging field and assess the key strengths and limitations of specific targeted
applications.

2. FUNDAMENTALS OF SECOND-ORDER NONLINEAR OPTICAL
IMAGING OF CHIRAL CRYSTALS

2.1. Anharmonic Oscillator Model

The process of SHG can be qualitatively illustrated with a relatively simple anharmonic oscillator
model (Figure 1) (7). Consider the linear interactions between a molecule and an incident os-
cillating field within the same framework: A polarization is induced by light within the medium
through the harmonic “sloshing” of the electron cloud associated with the molecule. For mod-
erate driving fields, the magnitude of the induced polarization scales linearly with the magnitude
of the driving field and appears at precisely the same frequency. At the level of single atoms or
molecules, the induced polarization acts as a source that radiates light through scattering. In bulk
materials, the radiation emitted from each individual oscillator interferes coherently with that of
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Figure 1
(a) Time-domain distortion of the induced polarization from anharmonicity in the molecular polarizability.
(b) The corresponding frequency contributions combine to recover the distortion.

its neighbors, resulting in reflection and refraction. Consequently, the linear polarizability of the
medium is intimately connected to the refractive index.

As the intensity of the driving field is increased, the electron cloud is sloshed at increasingly
higher amplitudes away from the lower part of the energy well, such that the anharmonic terms
begin to become significant. In the time domain, this anharmonicity causes a slight distortion away
from sinusoidal oscillation; the polarization is slightly larger on the upstroke of the cycle (e.g., pos-
itive maximum) and slightly smaller and shallower on the downstroke (e.g., negative maximum).
Which frequencies are required to reproduce this time-domain distortion? Inspection of Figure 1
suggests that such a distortion is recovered by the addition of a response at the doubled frequency.
The sign of the SHG polarization can be either positive or negative, depending on the orientation
of the molecule. Differences between the linear polarizability and the nonlinear polarizability can
be illustrated by considering the coherent sum of the polarizations from two oppositely oriented
molecules. For the linear polarizability, the two contributions add. However, in this case, the sec-
ond harmonic polarizations are oppositely signed, which results in perfect cancellation and no net
coherent SHG polarization. This idealized example provides a conceptual basis for understanding
the origins of the disappearance of SHG in isotropic media and its corresponding sensitivity to
local order.

2.2. Effect of Symmetry and Orientation on Nonlinear Polarizability

In practice, nonlinear polarizability is described in three-dimensional space by a 3 × 3 × 3
tensor, each β ijk element of which describes the efficiency of generating i-polarized SHG when
driven by fields polarized along the j and k molecular axes. Although SHG still disappears in three-
dimensional isotropic systems, such self-cancellation need not necessarily arise in certain classes of
ordered assemblies. Of the 32 available classes of crystals, only 11 are accessible for chiral crystals.
By chance, nearly all of the remaining available enantiomorphic classes are symmetry allowed for
SHG (with the exception of the relatively rare high-symmetry case of 432 = O, or the cubic
gyroidal case). However, symmetry arguments alone dictate only whether something is or is not
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Figure 2
Visual hyperellipsoid representation of the molecular tensor (selected arbitrarily) and illustration of the
symmetry operations within a crystal lattice. The symmetry operations of a crystal in the P212121 space
group yield the net hyperellipsoid representation shown at the bottom.

identically zero; they generally do not convey the underlying mechanisms of action that dictate
the efficiency of a process.

Zyss & Oudar (8) and, later, Wampler et al. (9) made the first attempts to provide a predic-
tive framework for relating the efficiency of NLO processes to molecular packing within chiral
lattices. In these studies, the authors estimated the anticipated relative SHG efficiencies of dif-
ferent packing arrangements within crystals by coherent summation of the NLO properties of
each individual molecule within the lattice. Through this approach, the greatest NLO activity is
invariably generated by the relatively rare P1 lattice, in which every molecule within the lattice
is oriented identically. The consideration of additional symmetry operations associated with the
lattice generally causes some degree of internal cancellation of the NLO properties. For example,
the P21 space group contains a screw axis along the crystallographic z′ axis. Because the trans-
lation element is much smaller than the wavelength of light, only the 180◦ rotation component
in the screw axis operation is significant in terms of the interferences between molecules within
the lattice. Rotating a molecule 180◦ corresponds to inverting the signs of both the x and y axes
within each element in the molecular tensor. Addition of one tensor to itself, rotated 180◦, doubles
some tensor elements and removes others, depending on whether the sign of the tensor inverts
upon rotation. Sign inversion occurs for all tensor elements that contain an odd combination of
x and y indices (Figure 2). In the case of P21, the net tensor of the crystal is approximated by the
sum of the top two hyperellipsoids. The rotation operation requires that the crystal be unchanged
upon inverting the sign of the x and y coordinates, which removes the following tensor elements:
χ xxx, χ xxy, χ xyx, χ yxx, χ xyy, χ yxy, χ yyx, χ yyy, χ xzz, χ yzz, χ zxz, χ zyz, χ zzx, and χ zzy. Here, the number
of nonzero tensor elements is reduced from 27 to 13 through the introduction of a single 180◦

rotation or screw axis. In the case of the P212121 space group, only three unique tensor elements
remain for SHG: χ xyz = χ xzy, χ yzx = χ yxz, and χ zxy = χ zyx (Figure 2) (10).

This analysis suggests some general guidelines for qualitatively predicting the SHG activity
of chiral crystals. Generally, lower symmetry corresponds to higher SHG efficiency; the highest
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SONICC: second-
order nonlinear optical
imaging of chiral
crystals

efficiencies are expected for systems that exhibit polar order, the next highest for systems that
exhibit no polar order and no more than threefold or twofold rotational symmetry about any axis,
and the lowest for nonpolar systems that exhibit high (fourfold or sixfold) rotational symmetry.

Macroscopic symmetry arguments are only the first piece of the puzzle, however. The NLO
properties of a crystal also depend on the NLO properties of the individual molecules and their
packing arrangement within the lattice. To a first approximation in the limit of a thin crystal (i.e.,
neglecting all linear effects and phase-matching conditions), the NLO properties of the crystal are
estimated by the coherent summation of the individual molecular responses. This idea is simply
an extension of the symmetry arguments described above, but it explicitly includes the tensors of
the molecular building blocks of the crystal.

One can illustrate this process for two limiting cases of rod-like and �-like molecular building
blocks (i.e., assuming molecular tensors dominated by βzzz and βxzx = βxxz, respectively) by using
the common P212121 space group to illustrate the effects. The symmetry operations for a P212121

crystal require that the hyperpolarizability be unchanged by 180◦ rotation about each of the three
orthogonal crystallographic axes, which results in a hyperellipsoid composed of two intertwined
tetrahedra of opposite sign and orientation. The P212121 lattice contains no permanent electric
dipole or polar order, which probably accounts in part for its energetic stability and ubiquity. The
efficiency of a crystal for SHG qualitatively scales with the projection of the molecular tensor onto
this hyperellipsoid structure. For rod-like molecules, the projection is optimized when the axis of
the rod is oriented along the [111] plane (and related planes), but it approaches zero when the rod
axis approaches a crystallographic axis or a plane containing crystallographic axes. Conversely, the
�-like building blocks exhibit optimal overlap with the lattice hyperpolarizability for antiparallel
molecular packing arrangements. These effects can also contribute to a significant variability
in the SHG activities of chiral crystals—beyond those anticipated from symmetry arguments
alone.

Finally, the orientation of the crystal relative to the image frame influences both the magnitude
and the polarization dependency of the detected signal. In a defect-free single crystal, each node
in the hyperellipsoid corresponds to an orientation of the crystal that produces a minimum in
the intensity of the coparallel-polarized SHG. Analogous nodes also exist for cross-polarized
SHG that often coincide with the coparallel-polarized nodes. For example, in the P212121 lattice
hyperellipsoid shown in Figure 2, the coparallel-polarized SHG should approach zero when
the beam is polarized along any of the crystallographic axes. A classic example of this effect can
be found in studies of the P43212 crystals of lysozyme (11). Lysozyme crystallization tends to
be surface nucleated; the fourfold rotation axis is oriented normal to the solid-liquid interface.
In the most common measurement configurations, the normal of the solid-liquid interface often
coincides with the direction of propagation of the beam. This orientation perfectly coincides
with an anticipated node in the SHG. Furthermore, because of the relatively high fourfold screw
axis in the crystal, the node holds for both coparallel- and orthogonally polarized light, regardless
of the in-plane angle of the crystal, such that no detectable SHG is predicted for this system.

In addition to the phenomena described above, numerous other effects can influence the in-
tensity and polarization dependency of the detected SONICC (second-order nonlinear optical
imaging of chiral crystals) signal. These effects include phase-matching considerations, coherence
length issues (12), the influence of the Gouy phase shift (4, 13), and other effects associated with
performing measurements of extended materials with focused beams. For these reasons, these
simplistic approaches are rigorously reliable only for materials whose thicknesses are significantly
shorter than the wavelength of light. For longer path lengths through single crystals, complicating
interactions from the film thickness and linear optical properties of the material can significantly
influence the overall efficiency of SHG. Nevertheless, this framework still provides a starting
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Figure 3
General instrument schematic for SONICC (second-order nonlinear optical imaging of chiral crystals)
measurements. Abbreviations: DM, dichroic mirror; PMT, photomultiplier tube.

point for describing the major features expected in SONICC measurements of microcrystalline
samples.

2.3. Instrumentation

Instrumentation for SONICC measurements is essentially identical to that used for conventional
multiphoton excited fluorescence microscopy. Typically, an ultrafast laser source is focused to a
single focal volume within the field of view, and beam-scanning optics are used to scan the beam
within the object plane (Figure 3). Data are acquired with single-channel detectors (photomul-
tiplier tubes or avalanche photodiodes). Often, measurements are acquired at low magnification
over relatively large fields of view to maximize the probability of detecting diffuse microcrystals.

2.4. NLOPredict

An analysis and visualization program, NLOPredict (14), has been developed to help sift through
the large number of coordinate transformations and tensor-element bookkeeping involved in re-
lating the macroscopic observables back to crystal packing and molecular structure. NLOPredict
enables estimation of the second-order NLO properties of crystals from the known or calcu-
lated NLO properties of the molecular building blocks (Figure 4). In protein crystals, the NLO
properties of the individual proteins can also be predicted on the basis of coherent summation
of the amide units (15, 16). The program is designed to be easily bridged to computational and
plotting packages through the use of simple text files for data input and output. NLOPredict al-
lows bridging all the way from molecular tensors to polarization-dependent intensities detected
in the laboratory frame, including (a) contributions from polarizing optical elements (e.g., wave
plates and polarizers), (b) local-field correction factors to connect the far-field polarization to
the local fields experienced and generated within the NLO source, and (c) crystal symmetry. In
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Figure 4
Screen shots of NLOPredict, a program designed to help interpret polarization-dependent nonlinear optical
(NLO) measurements of biopolymer and small-molecule assemblies (shown for Protein Data Bank entry
2RH1).

OM: optical
microscopy

addition, several unique visualization approaches incorporated into the package allow concise vi-
sual representation of the molecular and ensemble tensors that drive the measured NLO responses
of ordered assemblies. The software package is open source and is freely available to download
and run as a plug-in to the UCSF Chimera program. Links to the program can be found at
http://nlopredict.sourceforge.net.

3. APPLICATIONS FOR SELECTIVE PROTEIN-CRYSTAL IMAGING

Protein-crystal identification is routinely carried out as an essential step in protein structure de-
termination. Many high-throughput instruments (manufactured by, e.g., Formulatrix and Rigaku
Americas Corporation) are available to expedite this process, given that potentially thousands of
crystallization trials are screened before suitable crystals are formed. In these systems, optical mi-
croscopy (OM) techniques are employed for crystal identification because they can probe small
volumes with high resolution in relatively short amounts of time. Volume, resolution, and time
are the key parameters because of the number of trials that must be screened. For example, a
common 96-well plate requires ∼0.1 mg of purified protein (96 1-μl drops at 10 mg ml−1) and
10 min of analysis time (∼6 s to translate the plate, locate the droplet, and identify the presence
of crystals, if any).

Currently, the optical techniques used for protein-crystal identification include bright-field
microscopy, birefringence microscopy, trace fluorescence labeling, and intrinsic UV fluorescence
imaging. Normal bright-field microscopy can be used to identify crystals both manually and au-
tomatically through the use of image-analysis software. However, optical scattering is common
in many crystallization trials (e.g., from protein film of precipitation) and can greatly reduce the
contrast available for manual inspection or image analysis. Furthermore, bright-field images are
difficult to reliably score by automated algorithms, particularly for small (<5-μm) crystals. There-
fore, in most high-throughput instruments, bright-field microscopy is limited to the detection
of relatively large (≥10-μm) crystals and for centering the crystallization droplets for analysis by
alternative optical methods (e.g., fluorescence and birefringence).

Birefringence microscopy improves the contrast for crystal detection by imaging only light
transmitted through crossed polarizers placed on either side of the sample (17, 18). Any material in
the sample that can rotate or significantly affect the polarization of light (e.g., birefringent crystals),
if appropriately oriented, appears bright, while the solution or aggregated protein remains dark.
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The success of this technique depends strongly on the thickness of the birefringent material. Small
(≤10-μm) crystals generally do not rotate a sufficient amount of light to be detectable above the
background from material imperfections and scattering. Birefringence increases selectivity over
that of bright-field microscopy, but it can cause false positives from scattering centers or from
precipitant crystals.

Numerous fluorescence-based methods have been developed to improve detection limits and
selectivity for protein-crystal detection. Crystals can be identified through fluorescence additives;
by the addition of dye to the solution of a crystallization trial; by trace fluorescent labeling of
the protein; or by intrinsic UV fluorescence of aromatic amino acid residues, mainly tryptophan
(19–22). Intrinsic UV fluorescence has become popular because it does not require any label.
However, this technique is generally limited to proteins that contain tryptophan, and it exposes
the protein crystal to damaging radiation (23). All these methods operate by generating high-
fluorescence intensities in regions of high protein concentration, which provides selectivity for
the protein over other precipitants but does not indicate crystallinity. The most significant prob-
lem with fluorescence-based detection methods is the nonzero background from proteins present
in the solution, which can significantly limit the contrast, particularly for small crystals. Fluores-
cence techniques are also susceptible to optical scatter, which lowers their effectiveness in highly
scattering media, such as heavy-protein aggregation or turbid lipidic phases.

3.1. Characteristics of Second-Order Nonlinear Optical Imaging of Chiral
Crystals for Protein-Crystal Detection

SONICC is well suited to protein-crystal imaging and automatic identification because SHG
signals are generated only by certain ordered assemblies and only in highly intense optical fields.
These properties provide selectivity in two ways. First, the signal is generated only in the focal point
of the femtosecond pulsed laser. In contrast to fluorescence techniques, the signal is generated
only in the focal plane, which eliminates the possibility of any signal being generated out of plane
and makes the measurement far less sensitive to optical scatter. Turbid media attenuate the light
reaching the focus (which can be corrected by simply increasing the incident power) and scatter
the signal generated (which again attenuates the signal but does not degrade resolution because
all the scattered signal has been generated in the focus). Second, the selectivity based on order
means that only crystalline materials generate significant signal. The solution, aggregated protein
crystals, and many nonprotein crystals do not generate signal. With the rare exception of the
cubic gyroidal crystal class (215 out of more than 67,000 entries in the Protein Data Bank) and
racemic protein crystals (24), all protein crystals are bulk allowed for SHG. Unfortunately, protein
crystals are not necessarily the only objects that can generate signal. Certain precipitants, both
chiral and achiral, can form SHG active crystals as well. Such precipitants are generally recognized
through high SHG activity, relative to proteins, and through the absence of significant UV-excited
fluorescence. The average SHG efficiency per unit cell for a protein is approximately the same as
that of a small molecule. However, the density of unit cells is ∼102–103 times higher by volume,
and the SHG signal scales with the square of the number of monomers in the focal volume (i.e.,
the signal is ∼104–106 times higher).

The capabilities of SONICC for protein-crystal imaging have been assessed by imaging crystal-
lization trials in lipidic mesophases (25). Lipidic mesophases promote crystal formation of integral
membrane proteins by providing a matrix similar to that appearing within the membranes of cells.
However, the high viscosity intrinsic to lipidic mesophases often causes occlusions, scattering
centers, and heterogeneities that complicate conventional imaging methods for crystal detec-
tion. SONICC images have been acquired and compared with those obtained through traditional
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API: active
pharmaceutical
ingredient

methods. Qualitative comparisons between the images shown in Figure 5 highlight the dis-
tinct practical advantages of SONICC detection in crystallization trials. Line traces comparing
the intrinsic UV fluorescence with the SONICC image in the trial in Figure 5b are shown in
Figure 6. The key advantage of SONICC is the signal-to-background enhancement that arises
primarily from the nearly complete suppression of the background. In addition to increasing con-
trast, SONICC can reliably identify much smaller protein crystals than conventional techniques
can. SHG signal can frequently be observed from structures that are approximately the same size
as or even smaller than the lateral resolution of the microscope (∼1 μm).

3.2. Second-Order Nonlinear Optical Imaging of Chiral Crystals Image
Analysis for Automated Scoring

The low background of SONICC imaging enables the straightforward application of simple
image-analysis algorithms for automated crystallization scoring. Many automated scoring meth-
ods for high-throughput crystallization screening applications that use traditional imaging meth-
ods as inputs (26–32) have been developed. Results from a simple image-analysis method that
uses SONICC images as inputs are shown in Figure 7. A total of 41 images were measured by
combinations of these methods and were scored on the basis of (a) manual expert inspection of
the set of conventional images, (b) automated scoring by SONICC through the use of a simple
threshold-based particle-counting algorithm, and (c) manual inspection of the SONICC images.
The automated scoring approach produced positive hits for well-formed large crystals, small
crystals, and microcrystal showers for 80% of the trials analyzed and yielded no false negatives,
according to a visual inspection of the SONICC and conventional images. By comparison, only
49% of the trials were scored highly by expert visual inspection, according to a 10-point scale
(33). This finding suggests that expert manual inspection of the in meso trials, on the basis of the
available commercial imaging approaches, resulted in a false-negative rate of ∼40%. For example,
the crystallization trial shown in Figure 5b earned a score of zero upon expert inspection with
conventional imaging methods, yet it clearly contains diffraction-quality crystals that were easily
identified by SONICC. Whereas UV fluorescence provided only a marginal positive for a single
crystal (signal-to-background ratio of 0.5:1), SONICC identified at least five crystals with a signal-
to-background ratio of well over 50:1. Given the limited number (41) of trials used, statements
regarding the general applicability of this particular algorithm can be made only cautiously. How-
ever, the absence of a detectable background from noncrystalline materials intrinsically generated
images that were easily amenable to a host of more generally applicable image-analysis algorithms.

4. APPLICATIONS FOR ACTIVE PHARMACEUTICAL
INGREDIENT–CRYSTALLIZATION CHARACTERIZATION

Solid-state forms of active pharmaceutical ingredients (APIs) are significant in pharmaceutical
applications. Different forms (e.g., crystalline hydrates, salts, and amorphous preparations) deter-
mine key physical and chemical properties of APIs, which in turn affect the potency and stability
of final products. In a chilling example, a change in crystal polymorphism in ritonavir (34, 35),
an inhibitor of human immunodeficiency virus protease, resulted in substantial losses in bioavail-
ability, which required reformulation and delays in delivery of the medication. Because APIs
increasingly encounter poor water solubility, numerous strategies have been used to combat this
issue and to increase bioavailability. One of the more promising approaches is to formulate an
API in an amorphous form, which is most commonly a metastable state that usually demonstrates
enhanced solubility (36–40). Challenges in developing amorphous APIs remain due to the relative
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100 μm
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100 μm

100 μm

a    Bright field Cross-polarized UV fluorescence Cy3 fluorescence SONICC

b

c

d

e

f

N/A

N/A

N/A

Figure 5
Comparison of SONICC (second-order nonlinear optical imaging of chiral crystals) and conventional optical methods for
protein-crystal detection, from six representative outcomes of crystallization trials (a–f ). Bright-field microscopy and birefringence
(cross-polarized) images were obtained through the use of white-light illumination with UV and Cy3 fluorescence excited by ∼280-nm
and ∼543-nm light, respectively. All SONICC images were acquired with 800-nm incident light with detection at 400 nm. The images
in panels c and f appear identical according to all four conventional methods. SONICC analysis reveals that the image in panel c
contains a shower of microcrystals (∼2 μm or less in diameter), whereas that in panel f is completely clear. The presence of small
crystals can be determined in trials that are highly turbid (b,e). The dotted lines indicate the origin of the line traces in Figure 6.
Abbreviation: N/A, not applicable.
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Figure 6
Line traces, corresponding to the dashed lines in Figure 5b, comparing UV fluorescence and SONICC
(second-order nonlinear optical imaging of chiral crystals) for detection of unlabelled protein crystals
prepared in meso. Whereas the intrinsic UV enables detection of one crystal with a moderate signal-to-
background ratio, SONICC clearly indicates the presence of at least five crystals spanning the line trace.
Even in the clear positive case shown in Figure 5a, the signal-to-background ratios for UV fluorescence,
Cy3 fluorescence, and SONICC are 1.5:1, 5:1, and 12,000:1, respectively.
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Comparison between manual scoring and automated scoring for different sets of images. The graph is
divided into four regions on the basis of the minimum score that was considered a positive in each case.
Color coding and shapes indicate manual categorization based on inspection of the SONICC (second-order
nonlinear optical imaging of chiral crystals) images.
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instability of most amorphous solids relative to their crystalline analogs. Crystal formation within
an amorphous API can negatively influence the potency of the drug, which in turn dramatically re-
duces the product’s shelf life. Therefore, intense research effort has been devoted to stabilizing the
amorphous APIs and inhibiting crystallization [e.g., by forming a solid dispersion of API in a poly-
mer matrix (41, 42)]. Arguably, a major challenge that increases the time and expense involved in
developing amorphous APIs is the need to observe crystal formation at the earliest possible stages.

Conventional techniques based on spectroscopic, thermal, and X-ray diffraction methods have
been widely utilized to detect API crystals (43–47). Such techniques readily allow quantification of
the relative amount of crystalline materials within a sample; their detection limits correspond to
approximately 1–10% crystallinity, which makes them inadequate for probing trace crystallinity.
Additionally, these techniques are based on ensemble-average measurements; therefore, there is
a lack of microscopic information (e.g., crystal nucleation kinetics). OM enables determination
of the nucleation rate and the growth rate of crystals within pristine, optically transparent
materials (48). The major limitation of OM in characterizing crystallization is the requirement
of optically transparent samples, which are needed because scattering in complex matrices and
powders complicates definitive crystal detection. Therefore, with current technology, studies
of crystallization kinetics have been limited largely to regimes with >1% crystallinity or to
transparent films whose behaviors are substantially different from those expected from powdered
preparations (49, 50). Clearly, we need methods that can (a) probe the lower-crystallinity regimes
that are most relevant to the key steps in nucleation and growth and (b) provide a bridge between
measurements of thin films and powders.

SONICC has the potential to play such a role because it simultaneously allows for quantitative
real-time monitoring of crystal nucleation, growth, and the macroscopic crystallization rate from
a single set of measurements (Figure 8) (51). As in OM, threshold-based particle counting and
size analysis can be directly applied to SONICC images, which enable studies of crystal nucleation
and growth rates. In addition to microscopy-related events, quantification of ensemble-average
crystallinity can be performed with SONICC simply by integrating SHG intensity over the probed
volumes, relative to SHG intensity of 100%-crystallinity references. For example, the reference
for probing crystallization kinetics through the use of SONICC is the integrated SHG over the
probed volume when the crystallization is complete.

4.1. Detection Limits for Crystal Size and Percentage Crystallinity

Routine methods for detecting crystals in APIs have a detection limit of 1% to 10% relative crys-
tallinity, which is insufficient for probing trace amounts of crystal. The detection limit of SONICC
can be estimated by taking advantage of the coherent nature of SHG. By use of arguments based
on the relative intensity in the forward versus backward directions (i.e., copropagating or counter-
propagating, respectively, with the incident beam) (12), from differences in the coherence lengths,
a point of calibration can be defined to relate the observed intensity back to the crystal size (51).
Application of this approach to single-pixel crystals (Figure 8a) yields detection limits for a single
microcrystal of approximately 90 nm in all dimensions. If we consider the depth of field and field of
view of the image, this value corresponds to a minimum crystallinity of 3.4 × 10−9%, or 1 part in
30 billion by volume. Furthermore, this approximately eight-orders-of-magnitude improvement
represents a conservative estimate, given that these images were acquired for a single z slice under
relatively low (10× , numerical aperture = 0.3) magnification. The SHG signal nominally scales
with the fourth power of the beam waist; the use of higher magnification and sample translation
to recover a large probed volume is likely to result in significant improvements in this detection
limit.
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Figure 8
(a) Real-time crystallization of griseofulvin monitored by SONICC (second-order nonlinear optical imaging
of chiral crystals). Individual crystals (circled in red ) can be analyzed using standard threshold-based particle
analysis. (b) Isothermal crystallization kinetics of griseofulvin probed by SONICC. The overall
crystallization rate, nucleation rate, and growth rate of individual crystals can be simultaneously analyzed.

4.2. Kinetics of Crystallization

Despite the progress in research on amorphous APIs, there have been relatively few studies on
thermodynamics and kinetics of API crystallization (48, 52–54). The molecular mechanisms that
govern crystal formation within amorphous materials and the thermodynamics and crystallization
kinetics of such materials depend on various external driving forces (e.g., temperature, humidity,
and chemical environment). The crystallization kinetics of amorphous solids has been exten-
sively explored for ceramics and inorganic glasses; such studies were later extended to organic
molecules in glassy states. Provided that the crystal nucleation and growth can be described by
Arrhenius processes, the kinetics of isothermal crystallization in glass may be reliably modeled by
the Johnson-Mehl-Avrami ( JMA) equation (55, 56), α = 1 − e{−[k(t−t0)]n}, where k is an apparent
rate of crystallization, t0 is the induction time, and n is the order of reaction associated with the
mechanism of nucleation. According to the JMA equation, the crystal fraction α is independent of
the means used to perform the measurements. Through the use of thermal analysis (57, 58) and
X-ray diffraction (49), crystallization from the amorphous phase of several organic molecules has
been described by the JMA equation.

As in previous studies, SONICC was applied to monitor the isothermal crystallization kinetics
of amorphous griseofulvin, an antifungal therapeutic. Investigators quantified the relative crys-
tallinity by SONICC by integrating the SHG intensity over the area probed, which was referenced
to the intensity approached asymptotically with time. Crystallization of amorphous griseofulvin
determined via SONICC was well described by the JMA equation; the activation energy of crys-
tallization was 140 ± 20 kJ mol−1 (51). A thermal analysis study by Zhou et al. (57) reported an
activation energy of 167 kJ mol−1 for the isothermal crystallization of griseofulvin. The comparable
activation energy determined independently by SONICC and thermal analysis suggests that both
measurements reliably probed similar ensemble-averaged phenomena. Along with macroscopic
information, SONICC simultaneously generated complementary microscopic information about
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the nucleation rate and growth rates of individual crystallites. Use of a standard threshold-based
particle-counting algorithm (Figure 8b) allowed the authors to obtain the crystal nucleation rates.

5. INSIGHTS INTO OSTWALD RULE OF STAGES

In 1897, Ostwald (59) suggested that the crystal polymorphs initially formed during crystallo-
genesis would generally be significantly different from those observed in the final macroscopic
crystal. On the basis of thermodynamic arguments, the crystal polymorphs with free energies
that were most closely matched to the solution would initially be the most readily formed and
would transition adiabatically through stages of different polymorphs of decreasing free energy
until, ultimately, arriving at the most stable bulk form. One such mechanism from classical nu-
cleation theory that is consistent with this trend is illustrated in Figure 9, which shows that the
barrier for crystal nucleation is reduced for a polymorphic form with low interfacial free energy
and that, at larger sizes, it transitions to a polymorph with greater bulk stability. This hypothesis
is distinctly different from the well-known Ostwald ripening phenomenon, which describes the
time evolution of particle sizes (60, 61). According to this rule of stages, both the mechanism
and the kinetics for crystal nucleation may be dramatically influenced by the presence of Ostwald
transitioning.

Evidence supporting Ostwald’s rule of stages comes from model systems of atomic layers and
colloidal crystals (62, 63), but the greater conformational flexibility and diversity of molecular
interactions in organic molecules and proteins have complicated efforts to observe such transient
structures during crystallogenesis of more complex molecular structures. Yet these structurally
richer organic molecules are the most biologically important. The many challenges associated with
observing such polymorph transitioning stem largely from the inherent difficulty of detecting and
characterizing structures that are rare, small, and short-lived. Recent SONICC measurements of
amino acids offered unique insights into Ostwald’s rule of stages in organic crystals (64).
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Figure 9
Hypothetical free-energy curves highlighting the possibility of polymorph curve crossing during
crystallization. Solid lines represent the net free energy as a function of the cluster size, generated from the
sum of the surface area and volume terms (dashed lines). The critical cluster size for nucleation, N‡, is
indicated by asterisks.
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Crystals grown from racemic solutions can form racemic cocrystals (i.e., crystals containing
both enantiomers within the unit cell) or homochiral conglomerates (i.e., mixtures of homochi-
ral crystals, each containing a single enantiomer). Typically, the racemic cocrystals are the more
thermodynamically stable structures for the amino acids when crystallized from aqueous solutions
under ambient conditions, and they are often centrosymmetric and SHG inactive. In accordance
with this trend, single-enantiomer serine crystals adopt an SHG-active P212121 space group,
whereas the racemic cocrystals of P21/n symmetry are SHG inactive. Consequently, the presence
of detectable SHG can serve as a sensitive indicator of the presence of homochiral serine micro-
crystals. Because interconversion from a homochiral conglomerate to a racemic cocrystal requires
physical changes in the composition of the lattice, interconversion may be slow enough to allow
detection.

Select still shots from SONICC videos of crystallization from racemic serine solutions are
shown in Figure 10. Upon initiation of crystal formation, transient and localized domains of
SHG were observed; in some cases, these domains survived for only a few seconds. Although
these transient domains were short-lived and sparsely populated, the ability to detect them through
the use of SONICC provides compelling direct evidence that polymorphic changes occur upon
serine crystallization, in agreement with Ostwald’s 1897 predictions. These results represent the
first study of molecular systems whose considerable inter- and intramolecular conformational
freedom demonstrates short-lived polymorphic transient domains, consistent with Ostwald’s rule
of stages. In the future, this capability may help address key mechanistic questions about crystal
nucleation and growth.

10 μm

–165 s 0 s +165 s

a  Racemic serine solution

–165 s 0 s +165 s

b  Homochiral (L)-serine solution

Figure 10
(a) SONICC (second-order nonlinear optical imaging of chiral crystals) images of transient second harmonic
generation–active crystallites (red circles) during solvent evaporation of an aqueous serine solution. (b) Similar
measurements performed with a homochiral solution. Time zero was defined by the presence of detectable
SONICC signals, which corresponded to the onset of crystal formation. Panel b has been rescaled by a factor
of two to promote comparison. Images adapted from Reference 64.
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6. FUTURE PROSPECTS AND CURRENT CHALLENGES

Although significant progress in SONICC has been made over a relatively short time frame, nu-
merous unanswered questions remain. In protein studies, key practical issues include assessment
of possible sample damage to delicate crystals from local heating, multiphoton absorption, or
other mechanisms. In small-molecule studies, many of the key target applications require anal-
ysis of powdered or otherwise highly scattering media. Although in principle SONICC should
have the same insensitivity to optical scattering as multiphoton excited fluorescence, the strengths
and limitations of SONICC measurements of powdered samples should be rigorously explored.
For all crystalline samples, the sensitivity of the SHG intensity to both polarization and crystal
orientation may be a complicating factor for interpreting image contrast. However, this sensi-
tivity is also a largely unexploited tool for characterizing crystal polymorphism and orientation.
The recent development of high-precision polarization-dependent measurement approaches that
are compatible with SHG microscopy techniques (65–67), in combination with theoretical and
computational tools to aid in polarization analysis (14), has the potential to bridge macroscopic
observables with microscopic structure and orientation. These capabilities may aid the identifica-
tion of domain boundaries within crystals, including those from twinning. Finally, all the current
SONICC approaches have been performed far from electronic or vibrational resonance. Both the
sensitivity and the selectivity may be positively influenced by resonance-enhanced measurements
either through electronic resonance with the doubled or incident frequency or through vibra-
tional resonance enhancement (e.g., sum frequency vibrational microscopy). It will be interesting
to learn how collective efforts in these areas (among others that have yet to be identified) will
shape further developments in the nascent field of nonlinear optics.
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