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ABSTRACT: Autofluorescence-detected photothermal mid-infra-
red (AF-PTIR) microscopy was shown to enable parts-per-million
detection of α-indomethacin impurity in γ-indomethacin samples.
Subtle differences in the photothermal response of the UV-
autofluorescence of two indomethacin crystal polymorphs were
used for sub-micron chemical discrimination based on fingerprint
region mid-IR spectroscopy. The AF-PTIR assignment was
independently confirmed by second harmonic generation (SHG)
microscopy, which was shown to reduce the total analysis time by
rapidly identifying the suitable fields of view. AF-PTIR microscopy
has the potential to assist in the early identification of crystal form
impurities in the solid dosage forms development pipeline.

■ INTRODUCTION

Crystal polymorphism of active pharmaceutical ingredients
(APIs) plays a crucial role in dosage form development,
licensing, and commercial distribution. Roughly half of all APIs
on the market can exist in multiple crystal forms.1 Different
crystal forms of the same therapeutic compound often have
drastically different dissolution kinetics, affecting bioavail-
ability.2,3 The more thermodynamically stable crystal forms
tend to have lower apparent aqueous solubility, motivating
pharmaceutical companies to use alternative formulation
designs such as amorphous solid dispersions (ASDs) of APIs
to overcome solubility limitations. The presence of trace
amounts of low soluble crystal forms can lead to crystallization
nuclei formation and conversion of metastable polymorph
crystals.4,5 Therefore, pharmaceutical companies go to
extensive lengths to identify and characterize all accessible
stable polymorphs and crystal forms of newly developed
chemical entities that might outcompete known forms. One of
the most notable examples of crystal polymorphism in APIs is
ritonavir, used as the active ingredient in formulations for HIV
antiretroviral therapy. The most thermodynamically stable
crystal form of ritonavir (form II) was not discovered during
the initial development and production of the commercial final
dosage form. Its subsequent emergence resulted in lower
bioavailability and a temporary recall of the product for
reformulation.6 Furthermore, early identification of multiple
accessible polymorphs is vital for patent protection in the event
that formulations with particular crystal forms exhibit enhance-
ment in stability and/or bioavailability within final dosage
forms. In polymorph screening protocols, it may be challenging
to rapidly identify new crystal forms present at trace quantities,

particularly if a given set of conditions produces multiple
crystal forms under kinetic control.
Many analytical techniques have been used for the sensitive

detection of trace crystalline phases. X-ray diffraction remains
the “gold standard” nondestructive method for the character-
ization of crystalline APIs due to its inherent selectivity to
different crystal forms. However, the detection limit of powder
X-ray diffraction (PXRD) is on the order of 1% for most
commercially available instruments.7 Synchrotron powder X-
ray diffraction was shown to lower the limit of detection (LoD)
by an order of magnitude.8 However, synchrotron facilities are
not easily accessible and are challenging for routine analysis.
Alternative techniques that were applied to analyze low volume
fractions of crystalline materials include differential scanning
calorimetry (DSC) and Raman techniques. However, LoDs of
these methods are typically similar to what can be achieved
using conventional PXRD.9−12 Detection limits of such bulk
sampling methods might be insufficient to confidently detect
trace impurities of undesired crystal forms during the
formulation development and production, which might lead
to product withdrawal and potential need for reformulation.
Chemically specific microscopy has generally been quite

successful in further reducing the limits of detection. By
performing localized analysis, the corresponding reduction in
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the background can greatly improve sensitivity to trace
components. For instance, second harmonic generation
(SHG) microscopy provides some promising opportunities
when applied to ultrasensitive detection of crystalline APIs of
appropriate symmetry. At optical wavelengths, SHG micros-
copy is uniquely selective for noncentrosymmetric ordered
molecular assemblies, as coherent SHG is symmetry-forbidden
in centrosymmetric and/or isotropic media.13,14 As such, SHG
can provide high contrast for homochiral crystals, with
negligible background interference from amorphous media.
In a survey of small molecule APIs, Toth and co-workers
demonstrated that a significant fraction of commercially
available API crystals generates SHG signal due to the ubiquity
of homochiral molecules among novel drug candidates.15
However, despite its high selectivity toward noncentrosym-
metric crystals, SHG microscopy alone provides little
information on the chemical composition of studied materials.
The potential presence of multiple SHG-active analytes can
significantly complicate qualitative analysis. Furthermore, even
in cases in which SHG can enable crystal form discrimination,
confirmation using an independent method can greatly
improve statistical confidence. To address these limitations,
Newman and co-workers used the high sensitivity and spatial
resolution of optical SHG microscopy to perform SHG-guided
synchrotron PXRD analysis, demonstrating that parts-per-
million (ppm) limits of detection of trace ritonavir crystals in
an amorphous matrix.16 However, benchtop X-ray sources
rarely provide the confinement for localized XRD analysis
within <5 μm domains, and access to synchrotron sources can
be challenging to secure, particularly for proprietary molecules.
Raman spectroscopy and imaging methods have been

employed to enable chemical discrimination based on
vibrational signatures with high spatial resolution. Conven-
tional Raman microscopy was shown to enable chemically
selective optical microscopy of pharmaceutical ingredients,17
but spontaneous Raman techniques have relatively low
sensitivity due to low cross sections of Raman scattering.
Terahertz Raman is more sensitive to intermolecular lattice
structure but has found fewer applications in microscopy
instrumentation for imaging.18 Schmitt et al. demonstrated the
use of SHG-guided Raman analysis within pharmaceutical
samples to reduce the total analysis time for spontaneous
Raman microscopy.19 Coherent Raman microscopy has the
potential to address the speed and sensitivity limitations of
conventional Raman. Coherent anti-Stokes Raman (CARS)
microscopy was demonstrated to enable highly sensitive
chemically specific discrimination between crystal forms of
different APIs.20,21 Hartshorn et al. used broadband CARS
microscopy to perform a rapid qualitative assessment of
pharmaceutical tablets containing a mixture of two crystal
forms of anti-inflammatory drug indomethacin.22 Despite the
prior success of Raman for chemical classification with high
spatial resolution, the statistical confidence of a chemical
assignment is generally improved when multiple independent
analysis approaches agree. As such, the development of tools
complementary to Raman analysis is highly desirable.
Absorption of mid-IR radiation can be used to perform

microspectroscopy measurements and obtain chemical in-
formation complementary to Raman techniques due to
different selection rules for Raman and IR spectroscopy.
Because absorption is a lower-order interaction, it exhibits a
weaker dependence on crystal orientation. Furthermore, the
mid-infrared “fingerprint” region is well established as being

highly sensitive to the weak-intermolecular interactions
associated with crystal contacts. However, direct mid-infrared
microscopy suffers from low spatial resolution limited by the
diffraction of mid-IR light.23 Most formulations produce
particles with sizes around ∼1 to 10 μm. Optical photothermal
mid-IR microscopy (O-PTIR) was introduced as a technique
combining chemical selectivity of the fingerprint region
infrared spectroscopy with high spatial resolution enabled by
visible optical microscopy.24,25 O-PTIR is usually performed
using an instrument based on co- or counter-propagating
visible and mid-infrared laser sources. In this configuration, the
probe visible beam is used to detect localized changes in
refractive index (dn/dT) induced by mid-IR absorption and
the subsequent heating. However, the signal-to-noise charac-
teristics of O-PTIR microscopy are limited by the relatively
weak temperature dependence of refractive index (around
10−2% per °C). Furthermore, O-PTIR signal is often biased
toward the most scattering particles within a FoV.26
Recently, Simpson and co-workers and Cheng and co-

workers independently demonstrated a complementary
technique employing fluorescence-detected mid-infrared pho-
tothermal microscopy (F-PTIR).27,28 In F-PTIR, temperature-
induced changes in fluorescence quantum efficiency (dQe/dT)
are used to report on local mid-IR absorption rather than
changes in the refractive index. Given that the values of dQe/
dT can routinely be two orders of magnitude higher than the
accompanying values of dn/dT, F-PTIR was shown to achieve
improved signal-to-noise characteristics compared to O-PTIR.
F-PTIR was applied to characterize the chemical composition
of phase-separated domains in a ritonavir ASD and to perform
chemically selective microscopy of living cells. In follow-up
work related to pharmaceutical formulations, Simpson and co-
workers used native two-photon excited UV-fluorescence
(TPE-UVF) of indomethacin API crystals to perform label-
free autofluorescence-detected mid-IR photothermal micros-
copy (AF-PTIR).29 AF-PTIR was shown to enable chemical
mapping of the indomethacin API crystals within a commercial
solid dosage form.
In the present work, AF-PTIR is used to detect trace

impurities of α-indomethacin crystals in samples predom-
inantly consisting of crystals of γ-indomethacin. Subtle
structural differences associated with internal conformational
changes and with differences in crystal contacts produced
detectable changes in the “fingerprint” region of the infrared
spectra for the α- and γ-crystal forms. Spectral masks were
optimized to differentiate between the two different crystal
forms by AF-PTIR. The accuracy of assignment by vibrational
spectroscopy was assessed by SHG measurements, leveraging
the SHG activity of the metastable α-form. Figures of merit,
including limits of detection, for AF-PTIR microscopy in trace
analysis of crystal polymorphism were critically assessed.

■ EXPERIMENTAL METHODS

AF-PTIR Instrumentation. The instrumentation support-
ing AF-PTIR, TPE-UVF, and SHG imaging was described in
detail previously.29 In brief, the microscope system was based
on a counter-propagating probe and mid-infrared pump
sources (Figure 1). A 1064 nm near-IR femtosecond laser
(Fianium FemtoPower; 150 fs pulses at 50 MHz repetition rate
and up to 1 W average power at 1064 nm emission) was used
for nonlinear imaging. The laser was passed through a second
harmonic generation crystal to produce a frequency-doubled
visible 532 nm beam that was used for two-photon excitation
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of indomethacin UV-autofluorescence. The average power of
the excitation beam at the sample plane was around 3 mW.
The fundamental was suppressed by a combination of an
absorptive KG3 filter (Thorlabs) with a 530 ± 15 nm band-
pass filter (Edmund Optics). The emitted UV-autofluor-
escence signal was separated from the incident light by a
dichroic mirror and optical filters (532 notch (Semrock) + 532
shortpass (Semrock) + 506 shortpass (Edmund Optics)) and
collected with a photomultiplier tube (Hamamatsu H10721-
210). For SHG imaging, a half-wave plate in front of the
doubling crystal was rotated to decrease the conversion
efficiency, and the fundamental 1064 beam was used to
illuminate the sample and produce SHG. The average incident
power for SHG imaging was around 50 mW at the sample

plane. The residual 532 nm doubled incident light was filtered
out with a notch filter. SHG was collected using the same epi-
PMT and separated using a 570 nm longpass dichroic mirror
and a set of optical filters (KG3 and 530 ± 15 nm bandpass).
Both TPE-UVF and SHG images were collected by sample
scanning using a Mad City Labs Nano-Bio 300 piezoelectric
sample stage with a maximum scanning range of 300 μm on
each axis.
A monolithic array of 32 independent quantum cascade

lasers (QCLs) was used as a mid-IR radiation source, spanning
a range of energies from 1054 to 1186 cm−1. QCL radiation
was delivered and focused to the sample plane with lenses and
an aspheric objective made from mid-IR transparent zinc
selenide (ZnSe). The QCL array was operated in a burst
mode, in which rapid bursts of multiple spectral channels were
followed by long quiescent periods, as was described
previously.27 The duty cycle of each QCL was maintained at
1%. Each spectral channel produced 300 ns mid-infrared pulses
with a 30 ns delay between adjacent spectral channels within a
sequence.
AF-PTIR images were generated by digital processing of the

fluorescence signal, following frequency filtering around the
QCL modulation frequency using an Ithaco 4302 electronic
band-pass filter. The AF-PTIR intensity on each image pixel
was calculated by digital lock-in amplification of the filtered
fluorescence signal. In brief, the phase-sensitive filtered PMT
output was digitized, summed over one modulation period,
and fitted to a sine function to recover the modulation
amplitude at a fixed phase. This amplitude was mapped as a
function of position to generate the photothermal images. The
total collection time for each 100 pixels × 100 pixels AF-PTIR
image was 300 s, corresponding to a 30 ms pixel dwell time.

Figure 1. AF-PTIR instrument schematics.

Figure 2. (a, b) FTIR and recovered AF-PTIR spectra of the two indomethacin crystal forms in the region accessible by the QCL array. (c, d) Full
fingerprint region FTIR spectra and full PXRD patterns of the two indomethacin crystal polymorphs. (e, f) Dependence of FTIR spectra and PXRD
patterns of the mixture of two crystal forms on the α-form concentration.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c02358
Anal. Chem. 2022, 94, 13100−13107

13102

https://pubs.acs.org/doi/10.1021/acs.analchem.2c02358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02358?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c02358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


AF-PTIR Data Analysis and Crystal Form Assignment.
Two spectral sequences were designed to optimally discrim-
inate between the crystal polymorphs of indomethacin based
on the differences in their mid-IR absorption spectra (Figure
2a,b). Each of the individual sequences consisted of three QCL
spectral channels fired in a rapid burst pattern (30 ns delay
between pulses). The channels were initially selected based on
a non-negative matrix factorization optimization procedure30
described in the Supporting Information, followed by manual
down-selection to a subset of the three most significant
channels to aid in discrimination between crystal polymorphs.
QCL channels centered at 1081, 1085, and 1109 cm−1

(indicated by vertical blue lines in Figure 2b) were used in
the sequence optimized for γ-form mid-IR absorption (γ-
sequence), while channels at 1077, 1093, and 1153 cm−1

(vertical red lines in Figure 2b) were used in the α-sequence.
The NMF algorithm generally selected channels that
maximized the ratio of signal intensities for the two
polymorphs. When down-sizing the spectral masks, preference
was given to the channels that (i) corresponded to the highest
ratio in AF-PTIR intensity for each of the polymorphs and (ii)
corresponded to QCL channels with higher average power to
achieve higher SNR. Using a larger number of individual
spectral channels within each sequence resulted in a reduction
in the contrast between AF-PTIR images due to the highly
overlapping nature of the components’ mid-IR spectra.
Each particle within an FoV was classified as either an α- or

γ-indomethacin particle. Two AF-PTIR measurements were
collected at each FoV using the two QCL sequences described
above. The FoV was first segmented into superpixels, with each
superpixel corresponding to a single spatially isolated particle.
The relative concentration of each crystal phase was calculated
for each superpixel using the computational approach
described for F-PTIR analysis previously (detailed in the
Supporting Information).27 Each superpixel was assigned to
one of the two present crystal forms according to the shortest
spectral Euclidean distance to the mean spectrum of a given
class. False-colored images were plotted based on this
assignment.
Large Field-of-View TPE-UVF and SHG Imaging.

Statistical evaluation of the SHG-active domains within an
FoV was performed on TPE-UVF and SHG images collected
using a commercial beam-scanning nonlinear optical micro-
scope (Formulatrix SONICC). The vendor software (Rock
Imager) was used for image collection. TPE-UVF images were
collected in epi configuration with 532 nm excitation, with an
average incident power of 3.5 mW. SHG images were collected
in transmission mode using a 1064 nm incident beam with an
average laser power of 100 mW at the sample plane.
Powder X-ray Diffraction Measurements. PXRD

measurements were conducted using a Panalytical Empyrean
diffractometer at room temperature with Cu Kα radiation.
Diffraction patterns for all indomethacin samples were
collected in the 2θ angle range of 5−40°. Reference patterns
of α- (CCDC 814524) and γ- (CCDC 1180373) crystal forms
were used to fit the experimental diffraction pattern by
Rietveld analysis.
FTIR Measurements. All FTIR measurements were

conducted using a Thermo Nicolet Nexus 470 spectrometer
in the reflectance configuration. The spectral resolution for all
collected spectra was 1 cm−1.
Materials and Sample Preparation. Commercial in-

domethacin powder (Letco Medical USP, 685406) contained

only γ-indomethacin crystal form, as was confirmed by PXRD.
Metastable α-form was prepared by following the procedure
suggested by Kaneniwa et al.31 Specifically, a powder of γ-form
crystals was dissolved in hot ethanol to make a saturated
solution. Crystals of α-indomethacin were rapidly precipitated
by adding room temperature distilled water, followed by
filtration. The produced crystals were characterized by PXRD
and FTIR (Figure 2).
A powdered sample containing 1% m/m concentration of

the α-form crystals in γ-form was prepared by physical mixing
using a mortar and pestle. The samples containing 0.1% and
100 ppm by mass of α-indomethacin were prepared by diluting
the 1% mixture.

■ RESULTS AND DISCUSSION

Characterization of the Pure Components. The crystal
form composition of the commercial indomethacin powder
was characterized by PXRD. Indomethacin is marketed in
crystalline solid dosage forms containing only the non-
centrosymmetric γ crystal polymorph. Consistent with expect-
ations, the PXRD diffraction of the pure commercially available
indomethacin powder showed only peaks characteristic of the γ
crystal form (blue curve in Figure 2d). Rietveld analysis further
excluded the presence of detectable impurities (e.g.,
centrosymmetric α-form crystals). The powder diffraction
pattern of the prepared α-polymorph crystals is shown in
Figure 2d (red curve). More detailed results of the Rietveld
analysis are provided in the Supporting Information. PXRD
patterns of a series of samples that consisted of predominantly
γ-indomethacin crystals with varying concentrations of the α-
form crystals are shown in Figure 2f. Most of the α-phase
diffraction peaks were still clearly visible at 6% concentration
but were nearly undetectable at 1% concentration, which is
around the LoD for the method. None of the α-form peaks
were visible for mixtures with a mass concentration below 1%.
FTIR spectroscopy of the two studied indomethacin crystal

polymorphs revealed noticeable differences in their mid-IR
absorption spectra. Fingerprint region spectra of both pure
crystal polymorphs are shown in Figure 2c. The green box in
Figure 2c highlights the region covered by the QCL array, and
the zoom-in spectra in this region are shown in Figure 2a. The
presence of α-indomethacin impurity at concentrations up to
6% m/m did not cause any noticeable change to FTIR spectra
of the γ crystal form, as demonstrated in Figure 2e. The mid-IR
spectra of the γ-form and α-form produced substantial spectral
differences within the accessible range of the QCL, suggesting
that the two crystal forms potentially could be discriminated by
AF-PTIR microscopy. The recovered AF-PTIR spectra of
individual crystal forms prepared and analyzed as pure powders
are shown in Figure 2b. While generally in good agreement,
subtle differences in peak positions and amplitudes arose
between the FTIR and AF-PTIR spectra. The apparent
variations in intensities of some peaks are tentatively attributed
to a combination of two factors: (i) preferred orientation
effects from the finite number of crystals accessible within the
AF-PTIR FoV, and (ii) the lower signal-to-noise ratio and
spectral resolution accessible by the 32-channel QCL array
used for the AF-PTIR measurements.
SHG microscopy enabled microscopic discrimination

between the studied polymorphs due to their different crystal
symmetry. The γ-form commonly used in commercially
available final dosage forms is composed of centrosymmetric
crystals with the P1̅ space group. Coherent second harmonic
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generation is symmetry-forbidden for centrosymmetric space
groups. Consistent with this expectation based on symmetry,
no detectable SHG activity was observed for pure γ-
indomethacin powder, as demonstrated in Figure 3. In
contrast, the metastable α-polymorph adopts a P21 non-
centrosymmetric space group. Strong SHG was observed from
all crystals within an FoV for the sample containing only α-
indomethacin (Figure 3). Moreover, both crystal forms
exhibited strong TPE-UVF, consistent with a previous report
indicating bright TPE-UVF activity per unit volume for
indomethacin.29

Qualitative and Quantitative Characterization of the

Mixtures of Two Crystal Forms. A concentration series of
solid mixtures of α- and γ- indomethacin was prepared to
investigate the LoD of the AF-PTIR microscopy for
comparison with routine commercially available methods.
The mixtures containing 1, 0.1, and 0.01% (100 ppm) mass
fractions of α-indomethacin particles were studied with TPE-

UVF and SHG microscopy. Large FoV (2 mm × 2 mm)
measurements were conducted to quantitatively assess the
volume fraction of SHG-active particles within the prepared
mixtures. Representative TPE-UVF and SHG images are
shown in Figure 4. The total volume of the SHG-active phase
was calculated by treating every segmented particle in the SHG
images as spheroidal for volume estimation, consistent with
prior work for small particles.32 Corresponding TPE-UVF
images were acquired to calculate the total volume of all
indomethacin particles within the same FoV. The total volume
of TPE-UVF active particles was given a product of the total
particle area by the depth of field (20 μm), as was previously
suggested for powders analysis by Chowdhury et al. in the limit
of large particles.33 The relative concentrations of the SHG-
active impurity were calculated for each sample after averaging
over six different FoVs. To minimize computational bias, data
from FoVs containing large (>50 μm) nonspheroidal SHG-
bright particles were manually excluded from the analysis.

Figure 3. Bright field, TPE-UVF, and SHG images of pure powders of α- and γ-indomethacin crystals.

Figure 4. TPE-UVF and SHG images of the representative FoVs for the crystal forms mixture with different concentrations of α-indomethacin.
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Following the rejection of these outliers, the average SHG
intensity per unit volume was used to estimate the SHG-active
phase volume for the FoVs containing large nonspherical
particles. The volume fractions of SHG-active materials are
given in the bottom right corners of SHG images in Figure 4.
AF-PTIR Microscopy of Indomethacin Crystal Forms

Mixture Samples. AF-PTIR microscopy, in combination with
rapid SHG imaging, was applied to detect individual crystals of
the α-form in γ-indomethacin samples. AF-PTIR was
performed using 1, 0.1, and 0.01% (100 ppm) mass fractions
of α-indomethacin. To reduce the total analysis time, larger
FoV (300 μm × 300 μm) SHG images were acquired before
AF-PTIR analysis (Figures 5a,b and 6a,b). The comparatively
fast acquisition time for SHG images (20 s per image) was
used to help guide the selection of smaller FoVs (70 μm × 70
μm) around regions of interest for targeted analysis by AF-

PTIR (Figures 5c,d and 6c,d). The resulting AF-PTIR images
for two QCL sequences and the false-color crystal form
assignment images are shown in Figure 5e−g for the 0.1%
sample, and in Figure 6e−g for the 100 ppm sample.
Additionally, the AF-PTIR results are provided in the
Supporting Information for the 1% sample. In all cases,
targeted AF-PTIR measurements were performed on the FoVs
that were initially identified by SHG imaging of the larger
sample regions, as shown by red boxes in Figures 5 and 6.
Furthermore, SHG microscopy results within the smaller FoVs
were used to independently evaluate the AF-PTIR assignments
of individual crystals to either α or γ crystal form. False-colored
composite images of TPE-UVF and SHG activity within each
smaller FoV are shown in Figures 5h and 6h.

Figure 5. AF-PTIR microscopy of the sample containing 0.1 mass % of α-indomethacin. (a, b) TPE-UVF and SHG images of the large FoV. (c−f)
TPE-UVF, SHG, and AF-PTIR images of the selected smaller FoV. (g, h) Independently obtained crystal form assignments of individual crystals
with the FoV based on AF-PTIR and SHG microscopy. Pixels assigned to the γ-form are shown in blue, while the pixels assigned to the α-form are
shown in red.

Figure 6. AF-PTIR microscopy of the sample containing 100 ppm by mass of α-indomethacin. (a, b) TPE-UVF and SHG images of the large FoV.
(c−f) TPE-UVF, SHG, and AF-PTIR images of the selected smaller FoV. (g, h) Independently obtained crystal form assignments of individual
crystals with the FoV based on AF-PTIR and SHG microscopy. Pixels assigned to the γ-form are shown in blue, while the pixels assigned to the α-
form are shown in red.
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■ DISCUSSION

AF-PTIR microscopy enabled the detection of α-indomethacin
with limits of detection significantly lower than analysis of the
same material using laboratory-scale PXRD instrumentation.
The limits of detection for both methods were estimated based
on the collected experimental data. For PXRD, it was
calculated that the most prominent diffraction peak of the α-
form at 8.3° could be resolved with the SNR ratio of at least 3
at the lowest concentration of 0.99%, which is consistent with
the commonly accepted LoD for this method. For AF-PTIR,
based on the obtained signal per unit volume and noise
standard deviation values for the images collected for the 100
ppm sample, the LoD was calculated to correspond to the
detection of a 0.16 μm3 single particle within an 80 μm × 80
μm FoV. Given the average FoV occupation by particles of
15%, this corresponds to a 5 ppm volume fraction limit of
detection.
The accuracy of AF-PTIR spectroscopic per-particle crystal

form assignment was independently assessed by SHG
microscopy, as shown in Figure 5. In this particular case, the
two crystal forms of indomethacin studies fortuitously exhibit
substantial differences in SHG activity, providing an
independent means for polymorph assignment. As discussed
above, only noncentrosymmetric crystals of the α-indometha-
cin generated detectable SHG signal in the particular case
studied herein. The good agreement between the false-colored
images obtained independently by AF-PTIR and SHG
microscopy supports the accuracy of chemical assignments
made by AF-PTIR analysis. SHG-guided measurements were
previously shown to lower LoDs for synchrotron X-ray
diffraction and Raman spectroscopy.34 However, synchrotron
XRD requires access to specialized facilities. While Raman
spectroscopy is highly sensitive to chemical composition and
structure, increasing complex samples can benefit from
multiple independent analysis methods. AF-PTIR analysis
could potentially provide another “arrow in the quiver” as a
method capable of ppm level discrimination between APIs
crystal forms based on their fingerprint region mid-IR
absorption.
AF-PTIR further expands the scope of microspectroscopy

tools for chemical classification in multimodal microscopy. In
the present study, the compatibility of AF-PTIR with TPE-
UVF and SHG microscopy significantly improved the
statistical confidence in assignments of crystal form. More
generally, the counter-propagating configuration implemented
for AF-PTIR supports straightforward multimodal integration
with broad classes of complementary methods compatible with
epi-detection for crystal form analysis, including spontaneous
and coherent Raman spectroscopy (including THz Raman),
optically detected PTIR based on detection of thermal
modulation of back-scattering, dark-field imaging, and polar-
ization-dependent imaging, including nonlinear optical Stokes
ellipsometry enabled by rapid incident polarization modu-
lation.35−38 Each method has potential advantages and
limitations, with overall substantial improvements in classi-
fication accuracy arising through the integration of multiple
complementary analysis approaches within a single micro-
scopic analysis platform.

■ CONCLUSIONS

SHG-guided AF-PTIR microscopy was shown to discriminate
between different polymorphs of indomethacin based on

differences in mid-infrared absorbance, with limits of detection
for the metastable α-form of 5 ppm. Multimodal imaging
pairing SHG and photothermal microscopy enabled independ-
ent confirmation of AF-PTIR for polymorph classification.
Early identification of trace crystal form impurities has the
potential to inform the design of stable and efficacious final
dosage forms of active pharmaceutical ingredients.
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