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METHOD AND SYSTEM FOR ANALYSIS OF CRYSTALS AND
CRYSTALLIZATION

RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No.
62/518,376, filed June 12, 2017, the entirety of which is hereby incorporated by reference.

SEQUENCE LISTING

[0002] The instant application contains a Sequence Listing which has been
submitted electronically in ASCII format and is hereby incorporated by reference in its
entirety. Said ASCII copy, created on June 11, 2018, is named 098210-0024_SL.txt and is
16,241 bytes in size.

BACKGROUND

[0003] Protein aggregation phenomena are prevalent throughout the industrial
bioprocess. Proteins are expensive to express, isolate, and purify due to their complex
physical-chemical characteristics. Aggregation is considered a primary mode of protein
degradation, at times leading to immunogenicity, anti-drug antibody response (ADA) in
patients and a loss of efficacy. The detection and determination of protein aggregates is a
major objective in the biopharmaceutical industry and other areas of scientific research. The
formation of protein aggregates is important in industrial applications because they can
significantly affect the production of protein therapeutics (i.e., biologics or biosimilars),

effectively lowering the production yields.

SUMMARY

[0004] The subject technology is illustrated, for example, according to various
aspects described below. Various examples of aspects of the subject technology are
described below. These are provided as examples and do not limit the subject technology.
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[0005] In the field of protein crystallography, improvements are still needed in the
area of protein crystal detection. Even with the effort of automation in crystal screening, there
are short comings when monitoring of the crystal screen and its subsequent detection
bottlenecks are observed. Currently, the use of UV is useful only if the protein contains a
tryptophan or several tyrosine residues in its sequence. Visible spectra has routinely been
used, yet one cannot discriminate whether the crystal is salt or protein. Second harmonic
generation (SHG) on many occasions has both false positive and false negatives depending
on the crystallization conditions. Furthermore, none provide an in depth evaluation of the
protein during the crystallization process, its stability, molecular state nor its identification.

[0006] Aspects of the subject technology include the use of QCL microscope, a
slide cell accessory, and custom slide cells to provide a breakthrough approach towards
evaluating successfully the crystallization process of proteins, protein-target, and/or protein
drug complexes. The method involves the acquisition of Hyperspectral Images (HSI) under
varying temperature and crystallization conditions providing a comprehensive understanding
for the selection of stable protein crystals that are representative of the protein in solution and
discern against aggregates or salt crystals which involves the loss of valuable beam-time
during diffraction pattern collection. The method allows for the comparative evaluation of an
array of samples in a high-throughput manner by using the slide cell accessory, slide cells,
and analytical techniques which includes the 2D IR and co-distribution algorithms for
detailed molecular analysis.

[0007] Aspects of the subject technology provide a method for analyzing crystals
and/or crystallization of molecules, including small molecules, polymers, proteins, peptides
and/or peptoids.

[0008] According to aspects of the subject technology, the protein sample is
spectroscopically analyzed and the spectral data analyzed to study crystallization. The
method and/or portions thereof can be fully automated and be used for the determination of
the mechanism of crystallization.

[0009] The combination of QCLM and 2D IR correlation spectroscopy is capable
of monitoring the nucleation and crystallization of molecules from solution under varying
temperature conditions. The implications include understanding the relationship of the glass
transition temperature (7,) and the type of crystal generated as well as its growth. The
combination is powerful because of the visual image of the solution, the crystal and the
analysis of the QCL IR spectral data using 2D IR correlation spectroscopy can be used to

describe the thermodynamic event in equilibrium as a function of temperature. The phase
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diagrams can also be generated. The kinetics of crystallization can be monitored by real-time
monitoring of the event through hyper spectral images (HSI). The size of the crystal and two
dimensional dimensions can be monitored using a lo-Mag (3—5 pm image pixel size with a
field of view: up to 2.0 mm) or a High mag (1.4 pm image pixel size, with a field of view:
650 pm) objectives. Quantum cascade lasers provide an enhanced signal to noise ratio (SNR)
within the 1800-900 cm™ spectral region. Also, a custom slide cell along with a temperature
controlled accessory can be used to evaluate an array of samples under the same temperature
perturbation conditions. The subject technology facilitates comparative studies of: (1)
solvent conditions including precipitating agents and (2) different molecules under the same
crystallization conditions. In the case where the crystallization conditions involve aqueous
media, the evidence of dehydration can be observed by narrowing of bandwidth within the
fingerprint region of the mid IR region, thereby providing further understanding of solvation
and dehydration. The subject technology is not limited to aqueous media, but rather includes
mixtures of solvents and their effects in crystallization of the molecule (e.g., small molecule).
The crystallization process of a molecule (e.g., small molecule) can be studied by monitoring
different vibrational modes of functional groups within the molecule of interest and the
solvent. Finally, the molecular interactions can also be determined, thus providing the
dynamics of these molecules within the crystal.

[0010] According to aspects of the subject technology, methods described herein
can be applied to membrane proteins, hydrophilic proteins, peptides and peptoids as a single
component or in binary or ternary mixtures with other peptides or lipid mixtures. When in
mixtures, one of the components may optionally be isotopically labeled to facilitate the
simultaneous detection of each component.

[0011] Aspects of the subject technology allow flexibility of the sample
preparation, its potential for automation, and data analysis which have proven its utility for
pharmaceutical protein formulation.

[0012] According to aspects of the subject technology, methods described herein
can be applied to any molecule, e.g., small molecule, polymer, protein, peptide or peptoid
sample in several environments, aqueous or lipidic. Methods described herein can be used
qualitatively and/or quantitatively for evaluating crystallization. Data analysis is performed
through which the mechanism of crystallization is determined and the stability and/or other
properties of the crystal can be determined.

[0013] According to one aspect of the subject technology, the method involves

transmission Fourier transform infrared (“FT-IR”) and/or attenuated total reflectance
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(“ATR”) spectroscopy, quantum cascade laser microscopy (“QCL”), two-dimensional
correlation spectroscopy (“2DCOS”), and/or two-dimensional co-distribution spectroscopy
(“2DCDS”) for the analysis of crystallization or crystals. According to aspects of the subject
technology, spectral data can be obtained using any suitable method and equipment, such as a
FT-IR spectrometer, FT-IR microscope, QCL spectrometer or QCL microscope. In aspects
of the subject technology, it is preferred to obtain spectral data using a QCL microscope.

[0014] For example, 2DCDS can be used to establish the distribution population
in solution. Accordingly, it can be used to establish a description of the molecules prior
crystallization, during nucleation, and during the growth phase. In some embodiments, two
parallel samples can be evaluated. One can be the crystal, which will be uniform by
definition, and the other can be the behavior of the molecules in solution. The analysis can
relate to different subsets of molecules during the above stated stages.

[0015] If desired, crystals or crystallization can be studied in the presence of an
applied perturbation, which can include temperature and/or another perturbation. For
aqueous solutions, the applied perturbation can include precipitating agents, pH, salts, and/or
buffer type. For organic solvents the applied perturbation can include polarity of the
solvents. Additionally or alternatively, the applied perturbation can include time (with or
without an accompanying perturbation.

[0016] Both synchronous and asynchronous plots can be generated and analyzed.
For example, asynchronous plots can aid in establishing a sequential order of events. Positive
cross peaks that correlate with auto peaks associated with aggregation can be identified. The
auto peaks can be referenced to quickly discern the regions of the molecule most perturbed,
which would indicate a driver for the crystallization state of the molecule. Initially, when the
molecule is in solution, it is said to be in an amorphous state. One can define which
functional group types (e.g., region) are most perturbed (positive, intense auto peak) and
observe how the different auto peaks begin to have greatest intensity change. These changes
in auto peaks in the synchronous plots for the different stages of crystallization can provide
information as to the dynamics of the process from amorphous to crystalline state.

[0017] Moreover, the detailed sequential order of events can be characterized in
terms of changes due to the molecule interacting with the solvent or the solution transitioning
to interacting predominantly as intermolecularly. One can envision this event as causing
molecular rearrangement, which can be defined using the cross peaks.

[0018] Formulation in the biopharma industry has been effectively used to

stabilize therapeutic proteins. Excipients have had a major role in stabilizing these
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therapeutic proteins. Physicochemical properties of excipients under thermal stressor have
been performed in the past. The subject technology includes a combination of chemical
imaging and molecular description, as demonstrated herein by trehalose crystallization
induced by temperature.

[0019] In an example described herein, the crystallization process of trehalose
induced by temperature conditions includes the loss of hydrogen bonding interactions with
the aqueous solution (dehydration), while increasing intermolecular hydrogen bonding
between trehalose molecules within the crystal. The peak or band narrowing within the
fingerprint region of the mid IR region is a dramatic change in the spectral features due to
dehydration of trehalose. Yet, when compared to other carbohydrates such as sucrose or
arabinose, crystallization induced by increased temperature does not occur.

[0020] The combination of real-time image acquisition with QCLM and 2D IR
correlation spectroscopy provide a comprehensive body of evidence that can be used to
further understand the phenomenon of crystallization.

[0021] The subject technology is not limited to evaluation of organic molecules,
but rather can include metallo-organic species and biomolecules used commonly as
excipients in pharmaceutical applications. Embodiments of the subject technology can be
used for detecting a nucleation event. Embodiments of the subject technology can be used for
monitoring crystal growth. Embodiments of the subject technology can be used for evaluating
a dehydration event due to crystallization by detecting the decreased hydrogen bonding
interaction of a sample with its environment. Embodiments of the subject technology can be
used for evaluating vibrational modes within a sample describing the regions of molecular
flexibility within the crystal by using 2D IR correlation spectroscopy.

[0022] Additional features and advantages of the subject technology will be set
forth in the description below, and in part will be apparent from the description, or may be
learned by practice of the subject technology. The advantages of the subject technology will
be realized and attained by the structure particularly pointed out in the written description and
claims hereof as well as the appended drawings.

[0023] It is to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory and are intended to provide

further explanation of the subject technology as claimed.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The accompanying drawings, which are included to provide further
understanding of the subject technology and are incorporated in and constitute a part of this
description, illustrate aspects of the subject technology and, together with the specification,
serve to explain principles of the subject technology.

[0025] FIGS. 1A, 1B, and 1C show results of orthogonal analytical
techniques used to determine protein aggregation according to some aspects of the subject
technology. FIG. 1A shows a result of size exclusion chromatography (“SEC”). FIG. 1B
shows a result of differential scanning calorimetry (“DSC”). FIG. 1C shows a result of
dynamic light scattering (“DLS”).

[0026] FIG. 2 shows a flowchart indicating different phases of a method
according to some aspects of the subject technology.

[0027] FIG. 3 shows results of a multi-stage analysis.

[0028] FIG. 4 shows a diagram of an exemplary computing system according to
some aspects of the subject technology.

[0029] FIG. 5 shows a flowchart indicating operations of an exemplary method
according to some aspects of the subject technology.

[0030] FIG. 6 shows a flowchart indicating operations of an exemplary method
according to some aspects of the subject technology.

[0031] FIG. 7 shows results of a multi-stage analysis.

[0032] FIG. 8A shows comparison of ADC fragment candidate amino acid
sequences for developability assessment. ADC fragment 0 (“ADCO0”; SEQ ID NO:1) is the
full-length fragment containing an additional 7 amino acids (APELLGG; SEQ ID NO:2) at
the N-terminal end. ADC fragment 1 (“ADC1”; SEQ ID NO:3) is truncated at the N-terminal
end and like the top fragment contains 1 disulfide bridge. ADC fragment 2 (“ADC2”; SEQ
ID NO:4) has two point mutations (L5C/K97C) when compared with ADC fragment 1, thus
adding an additional disulfide-bridge to stabilize the ADC fragment 2.

[0033] FIG. 8B shows a Richardson ribbon model comprised mainly of (3-sheets,
B-turns and hinges as well as 2 short helices within the ADC fragment. Shows are the N-
terminal end, the C-terminal end, the 3 Arg at positions 25, 62 and 71, the neighboring Pro
residues at positions 27 and 61, and the disulfide bond Cyss;; and Cysgi. These 3 arginine

residues serve as internal probes for ADC’s.
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[0034] FIGS. 9A and 9B show size and identify of aggregates. FIG. 9A shows
QCL infrared spectral overlay for ADCO and ADCI1. FIG. 9B shows plots for 24 and 28°C,
respectively. The ADC fragments were all fully H—D exchanged. Moreover, the amide I’
band maximum at 24°C corresponds to aggregated ADCI1, while at 28°C the maximum
corresponds to the ADC1 in D,O solution.

[0035] FIG. 10 shows results of a co-distribution analysis. The aggregation
mechanism involved the arginine residues and selected anti-parallel B-sheets and B-turn
within the protein. Therefore, this analysis provides the region of the protein that is causing
the aggregation.

[0036] FIG. 11A shows QCL microscope images and FIG. 11B shows associated
QCL spectra of ADC fragment 2 in 15% sucrose. This can be used to validate the presence
and quantity of both the excipient and the protein candidate.

[0037] FIGS. 12A, 12B, and 12C show QCL spectral results obtained for ADC2
in HEPES at pH 6.6 in the presence of NaCl and varying amounts of sucrose (FIG. 12A: 15%
sucrose, FIG. 12B: 30% sucrose, and FIG. 12C: 60% sucrose) as excipient at 26°C within the
spectral region of 1400-1800 cm’. These results demonstrate the extent to which the
quantitative analysis can be performed, providing vital information otherwise difficult to
obtain. The stability and conformation of the protein can be confirmed under the desired
excipient conditions, while also permitting the determination of concentration of the protein
of interest and its excipient in solution. Furthermore, no aggregate species was observed for
ADC?2 under these conditions.

[0038] FIG. 13 shows results of normal distribution analysis performed for 43
experiments using the QCL microscope under varying conditions. The QbD experimental
setup was such that 324 spectral data were analyzed representing the evaluation of ADC
fragment 2 in the presence of varying amounts of NaCl, sucrose and varying ratios of both
excipients (i.e., NaCl & sucrose).

[0039] FIG. 14 shows results of DOE stepwise model fitting, including predictive
profiles for the ADC2 QCL microscopy spectral data using the second best fit model (AIC
model).

[0040] FIG. 15 shows results of DOE stepwise model fitting, including predictive
profiles for ADC2 QCL microscopy spectral data using the best fit model (BIC model). The
results suggest 18.5% sucrose as the best excipient for ADC2 at near room temperature

conditions.
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[0041] FIGS. 16A and 16B show 2D IR correlation analysis plots (FIG. 16A:
synchronous, FIG. 16B: asynchronous) for ADC fragment 2 in the presence of HEPES and
15% sucrose within a temperature range of 26-28°C. The amide I’ and side chain bands
studied in the spectral region of 1720-1500 cm™. The synchronous plot (FIG. 16A) ADC2
was observed to have mainly B-sheet and B-turn secondary structure with no presence of
aggregate species.

[0042] FIG. 17 shows the sequential order of events for ADC fragment 2 in 50
mM HEPES, 150 mM NaCl, 3 mM KClI and 15% sucrose at pH 6.6 and a temperature of
26°C used to confirm the role of sucrose in stabilizing the protein.

[0043] FIGS. 18A and 18B show 2D IR co-distribution analysis plots (FIG. 18A:
synchronous, FIG. 18B: asynchronous) for ADC2 in HEPES and 15% sucrose as excipient in
the temperature range of 26-28 °C. Side chains along with the 7-helix and B-turns (hinge
loops) were perturbed at low temperatures.

[0044] FIG. 19 shows representative curve-fit analysis for ADC Fragment 2 in
D,0 using the band assignments generated from the 2D IR correlation analysis and for which
80.4 +/- 1.1% of the protein was determined to comprise B-structure (see also Tables 2 and
3).

[0045] FIG. 20A shows overlaid spectra showing the amide I, II and III bands for
NIST mAb at 50 mg/mL in the MID IR spectral region of 1750-1400 cm™ acquired within
the temperature range of 24-60 °C in H,O.

[0046] FIGS. 20B and 20C show 2D IR correlation analysis plots (FIG. 20B:
synchronous, FIG. 20C: asynchronous) for the sample of FIG. 16A.

[0047] FIG. 21A shows overlaid spectra showing both the amide I and II bands
for NIST mAb at 50 mg/mL in the MID IR spectral region of 1750-1500 cm’ acquired within
the temperature range of 24-60 °C in H,O.

[0048] FIGS. 21B and 21C show 2D IR correlation analysis plots (FIG. 21B:
synchronous, FIG. 21C: asynchronous) for the sample of FIG. 21A.

[0049] FIG. 22 shows the sequential order of events for NIST mAb at 50 mg/mL
in H>O under thermal stress within the temperature range of 24-60 °C.

[0050] FIG. 23 shows an asynchronous 2D IR co-distribution analysis plot for
NIST mAb at 50 mg/mL in H>O under thermal stress within the temperature range of 24-60
°C.
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[0051] FIGS. 24A, 24B, 24C, and 24D show reproductions of the plots of FIGS.
21A, 21B, 21C, and 22, respectively, with the addition of broken vertical lines crossing the
auto peaks of the synchronous plot 2D IR correlation analysis plots (FIG. 24B).

[0052] FIG. 25A shows overlaid spectra showing both the amide I and II bands
for BSA at 40 mg/mL in the MID IR spectral region of 1750-1500 cm’ acquired within the
temperature range of 24-60 °C in H,O.

[0053] FIGS. 25B and 25C show 2D IR correlation analysis plots (FIG. 25B:
synchronous, FIG. 25C: asynchronous) for the sample of FIG. 25A.

[0054] FIG. 26 shows the sequential order of events for BSA 40 mg/mL in H,O
under thermal stress (24-60 °C).

[0055] FIG. 27 shows an asynchronous 2D IR co-distribution analysis plot for
BSA 40 mg/mL in H,O under thermal stress within the temperature range of 24-60 °C and
spectral region of 1750-1380 cm™.

[0056] FIG. 28A shows overlaid spectra showing both the amide I and II bands
for NIST mAb/BSA (1:2, mol ratio) mixture in the spectral region of 1750-1500 cm’
acquired within the temperature range of 24-60 °C in H,O.

[0057] FIGS. 28B and 28C show 2D IR correlation analysis plots (FIG. 28B:
synchronous, FIG. 28C: asynchronous) for the sample of FIG. 28A.

[0058] FIG. 29A shows overlaid spectra showing both the amide I and II bands
for Lysozyme at 600 mg/mL in the spectral region of 1750-1500 cm’ acquired within the
temperature range of 24-60 °C in H,O.

[0059] FIGS. 29B and 29C show 2D IR correlation analysis plots (FIG. 29B:
synchronous, FIG. 29C: asynchronous) for the sample of FIG. 29A.

[0060] FIG. 30 shows the sequential order of events for Lysozyme at 600 mg/mL
in H20 under thermal stress (24-60 °C).

[0061] FIG. 31 shows an asynchronous 2D IR co-distribution analysis plot for
Lysozyme at 600 mg/mL in H,O under thermal stress within the temperature range of 24-60
°C and spectral region of 1750-1500 cm™.

[0062] FIG. 32A shows models of trehalose.

[0063] FIGS. 32B, 32C, 32D, and 32E show QCLM lo-mag images, and FIG. 32F
shows a synchronous 2D IR correlation analysis plot for trehalose.

[0064] FIGS. 33A, 33B, 33D and 33E show QCLM lo-mag images, and FIGS.
33C and 33F show synchronous 2D IR correlation analysis plots for the nucleation and

crystal growth events for trehalose.
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[0065] FIG. 34A shows collections of hyperspectral images of a protein complex
as a function of increasing temperatures within a range of 30-38 °C with temperature
intervals of 2 °C, for an aliquot (1 uL) of a solution of 0.1M Tris pH 8.5, 0.5% w/v PEG
5000, 0.8 M Potassium Sodium Tartrate tetrahydrate.

[0066] FIG. 34B shows a chart overlaid QCL IR spectra in the spectral region of
1750-1480 cm’™ acquired within the temperature range of range of 30-38 °C with 2 °C
temperature intervals for the sample of FIG. 34A.

[0067] FIGS. 34C and 34D show 2D IR correlation analysis plots (FIG. 34C:
synchronous, FIG. 34D: asynchronous) for the sample of FIG. 34A.

[0068] FIG. 34E shows an asynchronous 2D IR co-distribution analysis plot,
summarizing the aggregation event as the major process during the crystallization under
thermal stress within the population of protein-peptide complex a-helix (1655 cm™), B-sheet
(1637 cm™) aggregation (1611 cm™), Arg (1578.5 cm™).

[0069] FIG. 35A shows collections of hyperspectral images of a pure recombinant
protein as a function of increasing temperatures within a range of 30-38 °C with temperature
intervals of 2 °C, for a crystalline form of 0.1M HEPES pH 7.5, 10% w/v PEG 6000, 5% v/v
2-Methyl-2,4-pentanediol.

[0070] FIG. 35B shows a chart overlaid QCL IR spectra in the spectral region of
1690-1600 cm™ acquired within the temperature range of range of 30-38 °C with 2 °C
temperature intervals for the crystalline form of the sample of FIG. 34A.

[0071] FIGS. 35C and 35D show 2D IR correlation analysis plots (FIG. 35C:
synchronous, FIG. 35D: asynchronous) for the crystalline form of the sample of FIG. 34A.

[0072] FIG. 35E shows an asynchronous 2D IR co-distribution analysis plot,
summarizing the representative distribution population of the pure recombinant protein
during crystallization and thermal stress event included the following side chain modes
primarily within the helical regions (1655.0 cm™), His (1606.0 cm™), Arg (1581.3 cm™), Glu™
(1540.8 cm™), Tyr (1517.0 cm™), Trp (1461 cm™).

[0073] FIG. 35F shows an asynchronous 2D IR correlation analysis plot for the
sample of FIG. 34A in solution.

[0074] FIG. 35G shows an asynchronous 2D IR correlation analysis plot for the
crystalline form of the sample of FIG. 34A.

[0075] FIG. 36 shows an exemplary diagram of a computing system.
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DETAILED DESCRIPTION

[0076] In the following detailed description, specific details are set forth to
provide an understanding of the subject technology. It will be apparent, however, to one
ordinarily skilled in the art that the subject technology may be practiced without some of
these specific details. In other instances, well-known structures and techniques have not been
shown in detail so as not to obscure the subject technology.

[0077] Proteins are large organic compounds made of amino acids arranged in a
linear chain and joined together by peptide bonds between the carboxyl and amino groups of
adjacent amino acid residues. Most proteins fold into unique 3-dimensional structures. The
shape into which a protein naturally folds is known as its native state. Although many
proteins can fold unassisted, simply through the chemical properties of their amino acids,
others require the aid of molecular chaperones to fold into their native states. There are four
distinct aspects of a protein’s structure:

e Primary structure: the amino acid sequence.

e Secondary structure: regularly repeating local structures stabilized by hydrogen
bonds. Because secondary structures are local, many regions of different
secondary structure can be present in the same protein molecule.

e Tertiary structure: the overall shape of a single protein molecule; the spatial
relationship of the secondary structures to one another.

e (Quaternary structure: the shape or structure that results from the interaction of
more than one protein molecule, usually called protein subunits in this context,
which function as part of the larger assembly or protein complex.

[0078] Proteins are not entirely rigid molecules. In addition to these levels of
structure, proteins may shift between several related structures while they perform their
biological function. In the context of these functional rearrangements, these tertiary or
quaternary structures are usually referred to as “conformations,” and transitions between
them are called conformational changes.

[0079] Protein aggregation is characterized as a misfolded, rigid protein grouping
which is considered a prevalent phenomenon throughout the industrial bioprocess.
Aggregation is considered a primary mode of protein degradation, often leading to
immunogenicity of the protein and a loss of bioactivity. Protein aggregation is of critical
importance in a wide variety of biomedical situations, ranging from abnormal disease states,

such as Alzheimer’s and Parkinson’s disease, to the production, stability and delivery of
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protein drugs. Protein aggregation, which could be amorphous or fibrillar in nature, can start
by one of two different mechanisms: A) self-aggregation, in which the partially-folded
intermediates are the immediate precursors for aggregation, and B) hetero-aggregation, in
which the aggregation of one protein is mediated by another protein.

[0080] The formation of protein aggregates is critical in industrial applications,
because it can highly affect the production of protein-based drugs or commercial enzymes,
greatly lowering the production yields. The biologics and biosimilar industry is involved in
the research, development, and manufacturing of complex drugs that include protein
therapeutics. The research and development efficiency can be undesirably low, which
increases costs of drug development due to the high attrition rate of protein therapeutics. The
cost of protein therapeutic development is significantly impacted by late stage failure. One
way to lower research and development costs is to perform a series of evaluations of the
protein therapeutic candidate early in the research and development phase. By performing
the characterization of the therapeutic protein under varying formulation conditions and
stressors early in the research and development phase, a predictive profile of the therapeutic
candidate is generated to assess the risk of protein aggregation. This approach has been
defined as a developability assessment. This assessment can provide important information
for decision making, such as selecting protein therapeutic candidates for further development.
When protein aggregation occurs the protein therapeutic typically has decreased efficacy and
can elicit an immune response. In severe cases, such an immune response can be fatal.

[0081] Several methods have been proposed in the past for the determination of
aggregates in mixtures. These prior methods are either designed for a particular protein or
peptide and/or require the addition of a foreign probe, and thus, do not represent a
generalized method with a universal application to a class of biological molecules. Several
spectroscopic techniques have been used, like UV-Vis spectroscopy with the aid of probes,
fluorescence spectroscopy also using internal or exogenous probes. Similarly, near UV
circular dichroism (“CD”) has been used but is limited to the detection of the aggregate in its
immediate vicinity, and nuclear magnetic resonance (“NMR”) could be used to detect protein
aggregation by the appearance of band broadening. Sedimentation analysis could also be
used to identify the extent of oligomerization as long as the protein of interest has a large
enough molar extinction coefficient. Chromatographic techniques such as size exclusion
could also detect the presence of protein aggregates. But these techniques may require the use
of exogenous probes, large amounts of protein, are time consuming and none allow for the

determination of the mechanism of aggregation.
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[0082] The problem of protein aggregation is complex and frequently involves
several different chemical and/or computational processes, which are difficult to discern.
Aggregation may be stress induced and involve physical or chemical changes such as
agitation, oxidation, deamination and temperature changes. Even a slight change in pH, salt
conditions, protein concentration or formulation conditions can also induce protein
aggregation. Again, aggregation leads to lower yields in production, loss of efficacy of the
protein therapeutic, and safety concerns in relation to immunogenicity risks. Currently
available techniques to assess aggregation do not address all of the factors that are involved
in the process, such as the size, identity, mechanism and extent of aggregation, and stability
of the protein therapeutic in solution. Several techniques have been developed to address the
size of the aggregate or particulate, yet they do not determine the identity. Other techniques
can determine the size and the identity of aggregates, but cannot determine the extent of
aggregation. The amino acid side chains present in a protein are important contributors to the
stability of proteins. Yet, the relationship between the weak chemical interactions observed
in side chains and the stability of the secondary structure of a protein can not been determined
using routine bench instrumentation in a high throughput process.

[0083] The stability of the protein therapeutic is also critical for drug
development, and cannot be fully characterized by simply identifying the thermal transition
temperature of the protein. A greater level of understanding is needed to understand and
address the stability of protein therapeutics. For example it would be beneficial to understand
1) the relative stability of the domains within the protein of interest, 2) how the amino acid
side chains contribute to the stability the domains, 3) whether the amino acid side chains are
involved in the aggregation mechanism, and 4) if an excipient can stabilize weak interactions
(e.g., in amino acid side chains) within the critical regions in specific domains of the protein
therapeutic. There is a gap in understanding parameters that are important for determining
the mechanism of protein aggregation.

[0084] When currently commercially available techniques are used orthogonally,
differences in the sensitivity of the available techniques is a concern. In general, such
techniques focus on determining the size, purity and stability of the protein therapeutic, and
evaluate the presence or absence of protein aggregates or particulates in a formulation, to
achieve lot-to-lot consistency.

[0085] There is a need for technology that can be used to better asses the
developability of protein therapeutics, and for the comparability assessments needed to

maintain and ensure product integrity, efficacy and safety. Such a process would need to be
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recognized as sufficient to ensure product integrity, efficacy and safety by the Food and Drug
Administration (“FDA”) Center for Drug Evaluation (“CDER”) division and other relevant
regulatory bodies.

[0086] Solution to the protein aggregation problem for the Biopharma industry
would lead to: (1) decreased R&D costs, (2) increased product yields thus ensuring its supply
and demand, (3) lower risks of withdrawals, (4) increased FDA approval rates (5) reduce the
time-to-market and (6) in turn increase its valuation. Also, the pipeline of new protein
therapeutics is poised to address the treatment of cancer and chronic diseases such as
rheumatoid arthritis, Chron’s disease and neurodegenerative disorders, among others, thus
improving the quality of life of patients.

[0087] Aspects of the subject technology provide a fast, accurate, and
reproducible technique to determine the size, identity, mechanism, and extent of aggregation
and the stability of a protein therapeutic, or other chemical, in a single experiment. Aspects
of the subject technology address comparability assessment of different protein therapeutic
candidates and developability assessment of protein therapeutic candidates. The data can be
used for classification and chemical characterization of proteins, polymers, organic materials,
inorganic materials for discovery, research and development in pilot scale or manufacturing
or for quality control and assurance purposes. Also for the stability assessment during
storage and delivery of the protein therapeutic.

[0088] The computational methods and systems described herein provide
significant improvements over existing analysis for proteins. The computational methods and
systems described herein generates and stores data in forms that facilitate efficient and
meaningful analysis without requiring the use of several pieces of equipment. Accordingly,
the computational methods and systems described herein can improve the efficiency of
spectral data analysis for evaluation of candidate drugs.

[0089] Aspects of the subject technology include the use of two-dimensional
correlation spectroscopy (“2DCOS”) and two-dimensional co-distribution spectroscopy
(*2DCDS”) to provide essential information towards the extent and mechanism of
aggregation of a protein therapeutic. The methods described herein can include analysis of
the side chain modes as internal probes, offering information that confirms the stability of the
structural motif or domain within proteins. The methods described herein have been shown
to be useful in High Throughput-Developability and Comparability Assessment (“HT-DCA”™)
via a Design of Experiment (“DOE”) approach that complied with Quality by Design
(“QBD™).

14



CA 03066441 2019-12-05

WO 2018/231840 PCT/US2018/037122

[0090] According to some embodiments, systems and methods described herein
can also be used to determine protein-protein interactions (“PPI’s”) or protein-
macromolecules (protein-lipid interactions, protein DNA or protein-RNA interactions or
protein drug interactions). Also, systems and methods described herein can be used for the
analysis of organic solutions, polymers, gels, nanostructures or small liquid crystals, etc.

[0091] FIG. 1A shows a result of size exclusion chromatography (“SEC”), FIG.
1B shows a result of differential scanning calorimetry (“DSC”), and FIG. 1C shows a result
of dynamic light scattering (“DLS”). These techniques can lead to determining the size,
identity and extent of aggregation, but none can define the mechanism of aggregation.
Understanding the mechanism of aggregation is fundamental to developing a protein drug
that will ensure its potential to act as intended with little or no risk of immunogenicity.

[0092] According to some embodiments, for example as shown in FIG. 2, samples
from different parts of a bioprocess, which could be aqueous or lyophilized, are monitored by
Fourier Transform Infrared (ATR or transmission) spectroscopy (“FT-IR”) and analyzed
using 2DCOS in order to search for aggregates. Other types of analysis can be employed,
such as Raman spectroscopy, Quantum Cascade Laser absorption, synchrotron source Fourier
transform infrared microscopy, and/or combinations thereof. If aggregates are found, an
evaluation procedure that might include comparing the results against an established database
can be started and as a result the protocol used in the bioprocess can be modified or changed.
FT-IR spectroscopy allows for a high degree of flexibility and speed in the determination of
protein aggregates, with limited manipulation, and without the use of exogenous probes. An
exemplary method can include FT-IR spectroscopy combined with the 2DCOS, which allows
for the determination of the presence of aggregates, the determination of the mechanism of
aggregation, allowing for correction in the pipeline manufacturing process of the protein to
once again generate viable protein. Another exemplary method can include Quantum Cascade
Laser microscopy combined with the 2DCOS, which allows for the determination of the
presence of aggregates, the determination of the mechanism of aggregation, allowing for
correction in the pipeline manufacturing process of the protein to once again generate viable
protein. In addition, the thermal transition of the protein can also be determined and a
2DCOS plot generated to compare with the established viable protein, allowing for quality
control, stability, and viability of the desired protein product. Furthermore, the ease of sample
preparation and data analysis allows for the automation of this method.

[0093] FT-IR spectroscopy is sensitive to conformational changes and

aggregation. This technique allows for qualitative and quantitative analysis of the extent of
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protein, peptide and peptoid aggregation. The use of 2DCOS allows for further analysis and
provides mechanistic information related to the aggregation process. The method may
incorporate one or more of the following techniques: Transmission FT-IR Spectroscopy,
Attenuated Total Reflectance (“ATR”) FT-IR Spectroscopy, 2DCOS analysis, and/or 2DCDS
analysis.

[0094] In Transmission FT-IR microscopy or QCL microscopy, sample
preparation can involve the use of pure protein, peptide or peptoid, in the appropriate buffer.
The sample can be lyophilized and re-suspended in D,O. The protein solution can be applied
between a slide and cover and sealed to prevent solvent evaporation. The slide can be set in a
slide holder. A similar procedure is used for a reference using the appropriate buffer (PBS or
HEPES). A temperature probe located in close contact with the slide is used to register the
temperature of the sample. A temperature gradient over time can be used and the acquired
spectral data is received automatically through a thermocouple interface. During the spectral
analysis the full width at half height (FWHH) of the amide I band can be determined as a
function of temperature to establish the transition temperature.

[0095] Attenuated Total Reflectance (ATR) FT-IR Spectroscopy can be used for
hydrogen/deuterium exchange studies, titration experiments and the determination of the
orientation of reconstituted membrane proteins. In this method the protein can be fully
exchanged by repeated lyophillization and redissolving the sample in D,O. The fully
exchanged protein sample and buffer can be spread as a film independently where the buffer
is considered as the reference. Typically, a protein sample in D,O is spread onto the ATR
crystal and allowed to dry, using a dry air purge. The subsequent spectrum would be
representative of the protein sample and if present, the aggregated form of the protein.

[0096] According to some embodiments, spectral data can be generated by any
suitable method, such as one or more of the above-described methods. A molecule to be
analyzed can be provided in solution with a solute, such as water or D,O, if desired. The
concentration of the molecule to be analyzed in solution is preferably with a range that
provides a strong signal from the molecule relative to any signal from the solute (e.g., water)
or other components of the sample (i.e., a suitable signal to noise ratio), which can facilitate
further analysis as described herein. Typically the concentration of a protein or peptide
molecule that will provide a desired signal-to-noise ratio is related and proportional to the
size of the protein or peptide. Preferred concentrations provide adequate signal-to-noise ratio
for analysis. For example, as described further herein, the sample can facilitate analysis of

the spectra for the molecule of interest without the need to subtract the spectra attributable to
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the solute (e.g., water or D,O) or other components of the sample. For example, for an IgG
or other protein of about 150kD, the sample can contain the protein at a concentration of from
about 50 mg/mL to about 150 mg/mL. The amount of protein can be varied from this range
proportionately to the size of the protein of interest, for example, BSA which is about 67kD
can be analyzed in solution at a concentration of about 25 mg/mL to about 75 mg/mL. The
sample can be provided in a cell having a path length. The path length can be longer (e.g.,
30-50 pm, preferably about 40 pm) for D,O and shorter (e.g., 4-12 pm) for water.

[0097] According to some embodiments, spectral analysis can be performed in
stages, for example as illustrated in FIG. 3. The process illustrated in FIG. 3 can include
stages performed as at least part of the “2DCOS / 2DCDS analysis™ stage illustrated in FIG.
2.

[0098] According to some embodiments, the protein sample is perturbed
(thermally, chemically, pressure, or acoustics) inducing a dynamic fluctuation in the
vibrational spectrum. In stage 310, raw spectra data can be collected and/or analyzed. The
spectral data can be acquired at regular temperature intervals and in a sequential manner.
According to some embodiments, the data can be baseline corrected.

[0099] According to some embodiments, the spectral data can be used to
determine the existence of the aggregated form of the protein, peptide or peptoid. For this, the
first spectrum is subtracted from the subsequent spectra to generate the dynamic spectra. In
stage 320, covariance (difference) spectra can be generated by subtraction of the first
spectrum (24°C) from all subsequent spectra. Consequently, the covariance (difference)
spectra contains positive and negative peaks; also referred as in- and out-of-phase from one
another.

[0100] Notably the process described herein does not require the manual
subtraction of water or other reference (e.g., solute) from spectral data. Such manual
subtraction is a highly subjective step often incurred in protein spectral analysis. Instead, the
process described herein generates the difference spectral data set based on the perturbation
of the sample of interest. The output thereof can then be used for further analysis. By
subtracting the first spectrum which has the overlapping water band along with the amide I
band from all subsequent spectra, the spectral contributions of water are automatically
subtracted.

[0101] In stage 330, a 2D IR correlation technique can be applied to generate a
synchronous plot (stage 340) and an asynchronous plot (stage 350). For example, the spectral

data can be fast Fourier transformed (“FFT”) to generate the complex matrix from which an
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intensity matrix is obtained through the cross correlation product the synchronous and
asynchronous plots are generated. The techniques for generating these plots will be discussed
in greater detail herein.

[0102] The synchronous plot represents the intensity changes that occur during
the perturbation. On the diagonal of this plot are the peaks or bands (known as auto peaks)
that changed throughout the spectrum. Off the diagonal are the cross peaks which show the
correlation between the auto peaks, that is, the relationship between the secondary structure
changes observed. The synchronous plot can be used to relate the in-phase peak intensity
changes or shifts.

[0103] In synchronous correlation spectrum, auto peaks at diagonal positions
represent the extent of perturbation-induced dynamic fluctuations of spectral signals. Cross
peaks represent simultaneous changes of spectral signals at two different wavenumbers,
suggesting a coupled or related origin of intensity variations. If the sign of a cross peak is
positive, the intensities at corresponding wavenumbers are increasing or decreasing together.
If the sign is negative, one is increasing, while the other is decreasing.

[0104] The asynchronous plot contains only cross peaks which are used to
determine the order of events and thus the mechanism of aggregation of the protein. The
asynchronous plot can be used to relate the out-of-phase peak intensity changes or shifts.

[0105] In asynchronous correlation spectrum, cross peaks develop only if the
intensity varies out of phase with each other for some Fourier frequency components of
signal fluctuations. The sign of a cross peak is positive if the intensity change at
wavenumber v, occurs before wavenumber v;. The sign of a cross peak is negative if the
intensity change at wavenumber v, occurs after wavenumber v;. The above sign rules are
reversed if the same asynchronous cross peak position translated to the synchronous plot falls
in a negative region (®(v;, v») < 0).

[0106] The 2D IR correlation enhances the spectral resolution of the underlying
peaks of broad bands such as the amide I and II bands by spreading the peaks in two
dimensions. These plots are symmetrical in nature, and for discussion purposes reference will
be made to the top triangle for analysis. The synchronous plot (shown at 340) contains two
types of peaks: (a) auto peaks that are positive peaks on the diagonal and (b) cross peaks that
are off-diagonal peaks that can be either positive or negative. The asynchronous plot (shown
at 350) is comprised exclusively of cross peaks that relate the out-of-phase peaks. As a result
this plot reveals greater spectral resolution enhancement. The following rules can apply to

establish the order of molecular events:
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I.  If the asynchronous cross peak, v, is positive, then v, is perturbed prior to v; (v»
— V).

II.  If the asynchronous cross peak, v, is negative, then v, is perturbed after v;. (v, <
\2))

III.  If the synchronous cross peak (off-diagonal peaks, not shown in FIG. 3) are
positive, then the order of events are exclusively established using the
asynchronous plot (rules I and II).

IV. If the synchronous plot contains negative cross peaks and the corresponding
asynchronous cross peak is positive, then the order is reversed.

V. If the synchronous plot contains negative cross peaks and the corresponding
asynchronous cross peak is negative, then the order is maintained.

[0107] The order of events can be established for each peak observed in the v;
axis. A table can be provided summarizing the order for each event. In stage 360, a
sequential order of events plot is generated using the table summarizing the order of each
event. On top of each step (event) is the spectroscopic information of the cross peak, v» while
on the bottom of each step is the corresponding peak assignment or the biochemical
information for each event in the order in which they are perturbed as a function of
temperature. Examples are provided herein.

[0108] Two-dimensional correlation spectroscopy (“2DCOS”) analysis can be
used to resolve complex bands, such as the amide I band. An example of 2DCOS analysis is
described in U.S. Patent No. 8,268,628, hereby incorporated herein by reference. The skilled
artisan’s attention is called to Isao Noda, “Two-dimensional co-distribution spectroscopy to
determine the sequential order of distributed presence of species”, Journal of Molecular
Structure, Vol. 1069, pp. 51-54, which describes algorithms suitable for use in 2DCOS
analysis.

[0109] A summary of the development of 2DCOS is as follows. A discretely
sampled set of spectra A(vj, tk) can be obtained for a system measured under the influence of
an external perturbation, which induces changes in the observed spectral intensities. The
spectral variable v; with j = 1,2, ..., n may be for example wave-number, frequency,
scattering angle, etc., and the other variable t; with k = 1,2,...,m represents the effect of the
applied perturbation, e.g., time, temperature, and electrical potential. Only the sequentially
sampled spectral data set obtained during the explicitly defined observation interval between

t; and t,, will be used for the 2DCOS analysis. For simplicity, wavenumber and time are
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used here to designate the two variables, but it is understood that use of other physical
variables is also valid.

[0110] Dynamic spectrum used in 2D correlation spectroscopy is explicitly
defined as

i j% (TN —Alvyy fort<kam 1
1o otherwise o
where fT(vj) is the spectrum of the reference state of the system. In the absence of the a

priori knowledge of the reference state, the reference spectrum can also be set as the time-

averaged spectrum over the observation interval between £; and £,,
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With this specific choice of the reference spectrum, the portion of dynamic spectra within the
observation interval essentially becomes equivalent to the mean-centered spectra.

Synchronous and asynchronous 2D correlation spectra @(v;, v,) and ¥ (v,, v,), are given by
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[0111] The term Nj; is the element of the so-called Hilbert-Noda transformation
matrix given by

[0 fisj
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¥ &= otherwise

2
Synchronous spectrum @(vq,v,) represents the coordinated or simultaneous changes of
spectral intensities observed at two different wavenumbers, v; and v,, along the perturbation
variable t,. The sign of the synchronous correlation intensity becomes positive if the spectral
intensities measured at the two wavenumbers mostly change in the same direction, either
increasing or decreasing. On the other hand, if one is increasing while the other is
decreasing, the sign of ¢ (v,, v,) becomes negative.

[0112] Asynchronous spectrum Y¥(vy,v,) represents the out-of-phase or
sequential changes of spectral intensities. If ¥(v,,v,) =0, the variations of spectral
intensities at two wavenumbers, v; and v, are completely synchronized. If the signs of

®(vq,v,) and ¥(v,,v,) are the same, the overall spectral intensity variation observed at v,
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predominantly occurs prior to that at v,. If the signs are different, the order is reversed.
Finally, if @(v,, v,) = 0, the sequential order of intensity variations cannot be determined. It
is important to emphasize that 2D correlation spectra only give the sequential order of
spectral intensity variations but not the order of the distributed presence of species
responsible for the spectral signals.

[0113] Referring again to FIG. 3, in stage 370, a co-distribution correlation plot
provides the perturbed regions of the protein population distribution (80% threshold) in
solution.

[0114] Two-dimensional co-distribution spectroscopy (“2DCDS”) analysis can be
used to analyze a population of protein molecules that are in solution and how the different
populations of these proteins behave. The skilled artisan’s attention is called to Isao Noda,
“Two-dimensional co-distribution spectroscopy to determine the sequential order of
distributed presence of species”, Journal of Molecular Structure, Vol. 1069, pp. 54-56, which
describes algorithms suitable for use in 2DCDS analysis.

[0115] For a set of m time-dependent spectra A(v;,t;) sequentially obtained

during the observation interval of t; < t, < &, with the time-averaged spectrum A(vj)

given by Eq. (2), the characteristic (time) index is defined as
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[0116] Dynamic spectrum A (vj, tx) used here is the same as that defined in Eq.
(1). The corresponding characteristic time of the distribution of spectral intensity observed at
wavenumber v; is given by

kv — 1
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[0117] Once again, it is understood that time used here is meant to be the generic
description of a representative variable of applied perturbation, so that it could be replaced
with any other appropriate physical variables, such as temperature, concentration, and
pressure, selected specific to the experimental condition. The characteristic time £(v;) is the
first moment (about the origin of time axis, i.e., ¢ = 0) of the distribution density of the
spectral intensity A(v;, tx) along the time axis bound by the observation interval between t;
and t,,. It corresponds to the position of the center of gravity for observed spectral intensity

distributed over the time.

21



CA 03066441 2019-12-05

WO 2018/231840 PCT/US2018/037122

[0118] Given the characteristic times, £(v,) and t(v,), of the time distributions of
spectral intensities measured at two different wave-numbers, v; and v,, the synchronous and

asynchronous co-distribution spectra are defined as
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where T'(v4, v,) is the total joint variance given by
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[0119] Synchronous co-distribution intensity I'(v;, v,) is a measure of the co-
existence or overlap of distributions of two separate spectral intensities along the time axis.
In contrast, asynchronous co-distribution intensity A(v,, v,) is a measure of the difference in
the distribution of two spectral signals. The term *“co-distribution” denotes the comparison of
two separate distributions, distinguishing this metric from the concept of “correlation” which
is based on the comparison of two variations.

[0120] By combining Egs. 6, 7, and 9, the expression for asynchronous co-

distribution spectrum is given as
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[0121] The value of A(vq,v,) is set to be zero, if the condition of A(v;) = 0 or
A(v,) = 0 is encountered, which indicates the lack of spectral intensity signals at either of
the wavenumber.  Synchronous co-distribution spectrum can be obtained from the

relationship
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[0122] In an asynchronous co-distribution spectrum, and for a cross peak with
positive sign, i.e., A(vy,v,) =0, the presence of spectral intensity at v; is distributed
predominantly at the earlier stage along the time axis compared to that for v,. On the other
hand, if A(vy,v,) <0, the order is reversed. In the case of A(vq,v,) ~ 0, the average
distributions of the spectral intensities observed at two wavenumbers over the time course are

similar. Sign of synchronous co-distribution peaks is always positive, which somewhat limits
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the information content of synchronous spectrum beyond the obvious qualitative measure of
the degree of overlap of distribution patterns.

[0123] 2DCDS is capable of providing elements of the mechanism of aggregation
in a protein or any process being investigated in a weighted fashion. 2DCDS can be used to
directly provide the sequence of distributed presence of species along the perturbation (e.g.,
time, temperature, concentration, pressure, etc.) variable axis. The technique can be used as a
complementary tool to augment 2DCOS analysis in directly identifying the presence of
intermediate species. According to some embodiments, perturbation-dependent spectra are
sequentially obtained during an observation interval. 2D correlation spectra (synchronous
spectrum and asynchronous spectrum) are derived from the spectral variations. Synchronous
co-distribution intensity is measured as the coexistence or overlap of distributions of two
separate spectral intensities along the perturbation axis. Asynchronous co-distribution
intensity is measured as the difference in the distribution of two spectral signals. For a cross
peak with positive sign, i.e., A(v;, v2) > 0, the presence of spectral intensity at v; is distributed
predominantly at the earlier stage along the time axis compared to that for v,. On the other
hand, if A(v;, v2) < 0, the order is reversed. In the case of A(v; v») = 0, the average
distributions of the spectral intensities observed at two wavenumbers over the time course are
similar.

[0124] Differences between the 2DCOS analyses provide a mean average
description of the pathway due to the perturbation process and its effect on the sample, while
the 2DCDS analysis provides the weighted elements in a population of molecules (proteins)
during the perturbation process. The result of 2DCOS and 2DCDS is a direct and simplified
description of elements that are changing in the spectral data due to the perturbation.

[0125] According to some embodiments, for example as shown in FIG. 4, a
system for performing data analysis can include at least the components shown for
performing functions of methods described herein. Acquired data can be provided to one or
more computing units, including processors, for analysis. Modules can be provided to
perform or manage analysis of the data. Such modules can include a correlation analysis
module, a visual model generator module, and/or a human interaction module. The modules
may be in communication with one another. In some embodiments, the modules may be
implemented in software (e.g., subroutines and code). For example, the modules may be
stored in memory and/or data storage, and executed by a processor. In some aspects, some or
all of the modules may be implemented in hardware (e.g., an Application Specific Integrated

Circuit (ASIC), a Field Programmable Gate Array (FPGA), a Programmable Logic Device
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(PLD), a controller, a state machine, gated logic, discrete hardware components, or any other
suitable devices), firmware, software, and/or a combination thereof. Additional features and
functions of these modules according to various aspects of the subject technology are further
described in the present disclosure.

[0126] According to some embodiments, for example as shown in FIG. 5, a
method for verifying and preparing acquired data can be performed. The type of data is
identified and verified. Based on the verification, the data can be converted and/or stored or
rejected with an error displayed to a user.

[0127] According to some embodiments, for example as shown in FIG. 6, a
method for analyzing acquired data can be performed. The type of data is verified for
adequate signal-to-noise ratio relative to a threshold. Based on the verification, the data can
be subject to analysis or smoothing filter process before the analysis.

[0128] According to some embodiments, for example as shown in FIG. 6, the data
can be analyzed in operations that include applying a baseline correlation, locating peaks,
calculating data windows, calculating correlations, calculating co-distributions, and/or
calculating perturbation correlation.

[0129] Data manipulation can include auto recognition of regions of interest
(ROID) for the discrimination of particulates and solution. The size and number of the
particulates can be determined to ascertain population distribution of particulates. Data
manipulation can be performed to ensure compliance such as S/N ratio determination,
baseline correction, determine water vapor content, and determine signal intensity of the
elements of interest within the spectral region studied. Data output for statistical analysis can
be simplified using, inter alia, the Design of Experiment approach. The intensity and spectral
position of the elements of interest can be output as comma delimited files (*.csv).
Covariance, or dynamic spectral data sets can be generated based on the perturbation of the
sample of interest, the output of which can be used for further analysis. For example, data
output can be provided in a format that facilitates merging with other bioanalytical results for
comparability assessment and sourced by: perturbation type, excipient, protein therapeutic,
protein concentration, temperature, date of acquisition, and/or bioanalytical technique. This
approach would allow for the statistical analysis to be performed for all of the experiments
that were carried-out under similar conditions. More importantly, the results of the DOE
analysis would be a standalone document ready for final reporting and allow for decision

making.
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[0130] According to some embodiments, methods and systems described herein
can apply a correlation function to the covariance or the dynamic spectral data to generate
two plots (Synchronous and Asynchronous) this algorithm is termed 2D IR correlation
spectroscopy. The changes (e.g., peak intensities) in the spectral data that are in-phase with
one another can be correlated as obtained in the synchronous plot. The elements that change
in the spectral data can be determined. The overall greatest intensity change in the spectral
data can be determined. The overall smallest intensity change in the spectral data can be
determined. The minimum number of underlying spectral contribution in a broad band such
as the amide band for proteins and peptides can be determined for curve fitting analysis,
which allows for the determination of secondary structure composition. The resolution of the
spectral region being studied can be enhanced, particularly for broad bands in the spectra.

[0131] The changes (e.g., peak intensities) in the spectral data that are out-of-
phase from one another can be correlated as obtained in the asynchronous plot. The
asynchronous plot also contains the order of events that describe in molecular detail the
protein behavior. A detailed evaluation of the plots could be performed to ascertain the order
of events. Alternatively or in combination, this process can be automated. A joint variance
function can be applied to the covariance or dynamic spectral data to generate the merged
asynchronous plot which can be interpreted directly to determine the order of events. This
method can alternatively be used to validate the above interpretations for the description of
the molecular behavior of a protein which is a complex description. Further information for
the curve-fitting routine, the input of the number position and intensity information for the
curve-fitting routine could also be an automated process yielding the secondary structure
composition of the protein and the extent of protein aggregated species in the samples
analyzed. The intensity information from the 2D IR correlation plots can be used for the
quantitative determination of oxidative products, such as deamination. For example,
deamination can be detected based on side chins. Such analysis can be used for candidate
drug selection or during a protein design phase. A machine learning approach can be
implemented as a long term solution to the complexity of the attributes needed to be
correlated and solved.

[0132] According to some embodiments, for example as shown in FIG. 7, analysis
of acquired data can be performed in stages to provide a comprehensive solution that is
statistically valid and highly informative with regard to protein aggregation studies.
According to some embodiments, the process illustrated in FIG. 7 can represent applications

of the process illustrated in FIG. 3. The results of QCL infrared microscopy (upper left of
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FIG. 7) are shown with initial and final QCL spectra at low temperature, 5°C (with greater
maximum value) and high temperature, 90'C (with lesser maximum value) for an H—D
(hydrogen—deuterium) exchanged full-length IgG (150 KDa) is shown in the spectral region
of 17001500 cm™. Differences in the amide I’ (1700-1600 cm™, mainly due to peptide bond
carbonyl stretching modes) and side chain (1600-1500 cm’ defined in Table 1) bands are
observed.

Table 1: Amino acids as internal probes in D,O

[0133] By subtracting the initial spectrum at low temperature from all subsequent
spectra, the spectral changes due to the temperature increase are revealed (revealing the
changes in the protein behavior) which are referred to as covariance spectral data, but also
commonly referred to as difference spectra. A cross correlation function is then applied to
these spectral changes to determine the relationship between the peaks observed. Two plots
are generated, the synchronous and asynchronous plots which provide the correlation
between the resulting peaks observed due to the perturbation of the protein sample. These
plots provide a wealth of molecular information and the sequential order of molecular events
which describe the behavior of the protein. A synchronous plot (lower left of FIG. 7)
containing auto peaks (peaks on the diagonal) is shown with the aggregation peak. This
diagram represents the greatest intensity change in the protein, and two additional auto-peaks
with lower intensity changes are observed. The relationship between these peaks is
determined based on observation of the cross peaks (off-diagonal peaks), which are either
positive or negative and provide the relationship between the different auto peaks observed
on the diagonal (i.e., the changes in intensity due to the subtraction of the initial spectrum).

In this hypothetical case, the relationship observed results in an aggregation event that

26



CA 03066441 2019-12-05

WO 2018/231840 PCT/US2018/037122

involves the helical secondary structure of the protein, which is also validated by the presence
of the tyrosine residue found in this helical motif, thus serving as an internal probe for the
aggregation process of the protein. Therefore, the tyrosine peak defines the region of the
protein that is aggregating. 2DCOS analysis provides valuable detailed molecular information
not available before by other orthogonal techniques such as SEC, DSC and DLS. Results
obtained from the QCL are highly reproducible and have been tested rigorously using
statistics. The QCL infrared spectral region is highly selective and sensitive thus allowing for
the simultaneous study of the protein conformational changes as well as 6 of the 20 amino

acid side chain vibrational modes (see Table 1).

EXAMPLE 1

[0134] A developability and comparability assessment was performed for three
antibody drug conjugate fragments (FIGS. 8A-B). The analysis involved a total of 47
experiments. A QCL microscope was used to perform image acquisition of 43 DOE
conditions, 16 of which involved the comparison of 3 ADC fragments termed ADCO, ADCI1
& ADC2 in HEPES buffered solution at pH 6.6 and T=24-30°C. It was determined that
ADC2 was aggregate free under the conditions studied, whereas ADC1 had some aggregate
species, but when heated to 28°C the aggregate returned to solution (FIG. 9A-B). Moreover,
ADCO candidate had aggregate species present, but upon temperature increase the presence
of aggregate species increased. These aggregate species were determined to be ADCO.
Similar results were found for ADC1 using 2DCDS analysis (FIG. 10).

[0135] Also, the spectral analysis of aggregate free ADC2 was performed in the
presence of varying excipients (sucrose and NaCl) at near-room temperatures, T= 24-26°C
(FIGS. 11A-B). The value added of determining reproducibility of the analysis by selecting
different regions of interest (ROI) shown as boxed within the QCL images (FIG. 11A) which
were analyzed spectroscopically offline (FIG. 11B). The sucrose excipient is shown at 1420-
1520 cm™. Also shown are the amide I and side chain bands (1520-1700 cm™), thus proving
the high sensitivity and selectivity of the technique. Further evidence is shown in FIGS. 12A-
C. Analytically, the capability of detecting directly both the excipient and the protein
therapeutic is of high value to the biopharma industry, because it allows for validation of the
presence of the excipient in each formulation. The HT-DCA Platform would provide both the
accuracy and reproducibility required for the statistical analysis as well as the highly valued

molecular information of the constituents within the sample.
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[0136] A full factorial design of 516 spectra and Normal Distribution Analysis
was performed for 43 experiments using the QCL Microscope (QCL) under varying
conditions. The QbD experimental setup was such that 324 spectral data were analyzed
representing the evaluation of ADC2 in the presence of varying amounts of NaCl, sucrose
and varying ratios of both excipients (i.e., NaCl and sucrose). The sample size was
determined to be n=8-12 depending on the standard deviation. Developability and
comparability assessment was pursued with ADC2 below are the summary of the results
obtained at 15, 30 and 60% Sucrose at 26° and 28°C. Similar results were obtained for
varying concentration (325, 350 and 400 mM) of NaCl and varying ratios of sucrose and
NaCl as excipients. Typically, the results obtained converged with p values greater than 0.8
(FIG. 13). The distribution analysis was followed by a DOE statistical evaluation using a
stepwise all model fit, concluding with the AIC & BIC models (FIG. 14, 15) which reached
the same outcome that is 18.5% sucrose as the best excipient for ADC2.

[0137] The QCL spectral analysis capabilities of a HT-DCA platform provide
further molecular analysis and stability determination of the protein therapeutic. This type of
analysis is highly informative, allowing for the optimum design of the protein therapeutic
candidate. Two types of correlation analysis were performed: 2DCOS analysis and 2DCDS
analysis, providing information regarding the behavior of the protein therapeutic in solution.

[0138] Conceptual analysis of the 2D IR correlational plots was applied to
infrared spectra of proteins. The amide I’ and side chain bands are broad and comprised of
many underlying contributions, whether they are conformationally sensitive as are the
carbonyl stretches within the peptide bonds or side chain vibrational modes which are
informative of their neighboring environment and weak interactions. To extract this
information, covariance spectra are generated by subtracting the reference spectrum from all
subsequent spectra. For example, in a protein thermal denaturation study (temperature
perturbation), the initial spectrum at low temperature would be used for subtraction. The
covariance spectra generated include the changes in intensity due to the temperature increase.
A correlation function is then applied to the data set which will relate the changes in intensity
observed in the covariance spectra in the form of 2 separate graphs with increased resolution.
These plots are capable of resolving highly overlapped bands, establishing the most flexible
regions of a protein, deciphering the aggregation mechanism in a protein and establishing
protein-target interactions. 2D IR correlational plots are termed synchronous and
asynchronous plots. These plots are symmetrical in nature and for interpretation purposes,

reference is made to the top half of each plot. The synchronous plot has positive peaks on the
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diagonal known as the auto-peaks. Auto-peaks contain the overall changes in intensity
observed for the entire spectral data set. The magnitude of the change can be identified and
used to determine the flexibility or susceptibility a region of the protein may have due to the
perturbation. The position and number of these peaks is used to determine the underlying
spectral contributions for the amide I’ and side chain bands (see Table 2).

Table 2: Summary of the band assignments for ADC2 in HEPES buffer solution with 15%

SucCrose

[0139] The synchronous plot, also has off diagonal peaks known as the cross
peaks. These cross peaks determine the relationship of the auto-peaks. The cross peaks
observed in the synchronous plot are due to changes in intensity that are in-phase with one
another. One can consider 2 peaks whose intensity changed incrementally or vice versa, these
two auto-peaks would have an accompanying cross peak that represents their mutual
relationship (FIGS. 16A-B).

[0140] The asynchronous plot does not contain peaks on the diagonal, yet renders
enhanced spectral resolution. The resulting cross peaks are due to peaks whose intensity in
the covariance spectra changed out-of-phase from one another and consequently provides
detailed information. Among them, are the sequential order of molecular events due to the
thermal perturbation. The cross peaks in the asynchronous plot are either positive or negative

and one can determine the sequential order. In general, if the sign of the cross peaks are
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positive in both plots, the order defined in the asynchronous plot is retained. Therefore, a
positive cross peak means v; occurs prior to v, This interpretation is designated as true if and
only if the same cross peak in the synchronous plot is also positive. However, when the sign
of the cross peaks are different in both plots, then the order is reversed.

[0141] Applying this to the plots of FIGS. 16A-B, a cross peak in the
asynchronous plot is found to be positive at (1652, 1632). The 1652 cm™ (vy) peak is
perturbed prior to 1632 cm™ (v2). The molecular interpretation would be that the 7-helix is
perturbed prior to the anti-parallel B-sheets within the protein (Table 2). Similarly, the B-
turns (hinge loops, 1670.3 cm™) are perturbed prior to the anti-parallel B-sheets.
Furthermore, these plots were used to determine how the sucrose stabilized ADC2 in
solution. Hydrogen bonding between side chains and the sucrose stabilized the B-turns
(hinge loops) and thus also stabilized the B-sheets. More importantly, the molecular changes
that occurred in the protein fragment of interest are shown in FIG. 17.

[0142] Although the temperature perturbation was limited to near room
temperature, the analysis still allowed for the determination of the H-bonding interaction
between the side chains and its aqueous environment and the excipient (sucrose). Also, these
interactions stabilized the secondary structure of ADC2.

[0143] The 2DCDS analysis was found to be useful for the evaluation of the
dynamics of a protein solution and the distribution of conformational dynamics within a
temperature range, in the current case the temperature range was small only 26-28°C for
ADC2 in HEPES buffers and in the presence of 15% sucrose (FIGS. 18A-B). The
interpretation of the asynchronous co-distribution plot is straight forward when compared to
the 2D IR correlation. No comparison of cross peak signs between the plots is required. For a
positive cross peak, it can be determined that v, occurs prior to v, Moreover, for the negative
cross peak, it can be determined that v, occurs priorto v

[0144] No aggregation was observed for this protein. With reference to the
asynchronous plot (FIG. 18B) an inter-dependence is observed between the P-turns also
referred to as hinge loops (1660 cm™) and the negatively charged aspartate (1553 cm™), and
glutamate (1543 cm™) residues for this protein in solution. This result is consistent with their
location within the B-turns motifs of ADC2. 2DCOS analysis and 2DCDS analysis allowed
for the complete description of ADC2 and the stabilizing effect of sucrose on ADC2 at the
molecular level (FIGS. 16A-18B). In summary, the main stabilizing feature in ADC2 was

that of the hinge loops by the salt-bridge interactions observed between the arginines and the
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nearby aspartate residues. The disruption of salt-bridge interactions were prevented by the
second disulfide bridge introduced by site directed mutagenesis. Further stabilization was
achieved by formulation conditions which included sucrose as excipient. Specifically, 15%
sucrose also provided stabilization by H-bonding with these same residues.

Table 3: Summary of the curve-fit results stating the secondary structure composition of

ADC fragment 2 at 26°C.

[0145] FIG. 19 shows plots corresponding to the results shown in Table 3.

EXAMPLE 2

[0146] Samples including the National Institute of Standards & Technology
Reference Material 8671 (RM8671) Lot No. 14HB-D-002, a humanized [gG1x monoclonal
antibody (NIST mAb), in H;O were studied for analysis according to methods described
herein. Samples were added to cells of a CaF, slide for data acquisition using a QCL
microscope. The applied perturbation was temperature within the range of 24-60 °C with 4 °C
temperature intervals. QCL IR spectral data was acquired using a 4x magnitude objective at
4em™ with data encoded every 0.5 cm™ and baseline corrected.

[0147] The NIST mAb standard is an IgG1x protein. The amino acid sequences of
the heavy chain (SEQ ID NO:5) and the light chain (SEQ ID NO:6) of the antibody are

presented below.
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[0148] Assignment of amino acid side chains for the sample is provided in Tables
4 and 5.
Table 4: Assignment of heavy amino acid side chains for NIST mAb in H,O
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Table 5: Assignment of light amino acid side chains for NIST mAb in HO

[0149] As shown in FIG. 20A, QCL spectra of NIST mAb at 50 mg/mL in the
MID IR spectral region of 1750-1400 cm” was acquired within the temperature range of 24-
60 °C in H,O. FIG. 20A shows overlaid spectra showing the amide I, II and III bands.
Based on the spectral data synchronous (FIG. 20B) and asynchronous (FIG. 20C) 2D IR
correlation analysis plots were generated. Overlapping H,O absorbance was observed in the
amide I band not so in the amide II and III bands, suggesting sufficient protein concentration
was achieved for analysis. The method applied, according to embodiments of the present
disclosure, eliminates the need for the subjective manipulation of H,O or reference
subtraction by the user.

[0150] As shown in FIG. 21A, QCL spectra of NIST mAb at 50 mg/mL in the
MID IR spectral region of 1750-1500 cm” was acquired within the temperature range of 24-
60 °C in H,O. FIG. 21A shows overlaid spectra showing both the amide II and III bands.
Based on the spectral data synchronous (FIG. 21B) and asynchronous (FIG. 21C) plots. The
correlation between the amide I and II bands is established. Enhanced resolution is achieved
through the use of the asynchronous plot.

[0151] Peak assignments of NIST mAb at 50 mg/mL in H,O are provided in
Table 6.
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Table 6: Summary of peak assignments of NIST mAb at 50 mg/mL in H,O

Peak Assignment Peak Position (cm ™)
B-turn 1692
B-turn 1681.6

Arg 1668
Hinge Loop 1660
a-helix 1652
B-sheet 1635
Agg 1618
His 1602
Asp 1573
Glu’ 1542
Try 1515.8

Note: Aggregation (Agg)

[0152] The sequential order of events for NIST mAb at 50 mg/mL in H>O under
thermal stress within the temperature range of 24-60 °C is shown in FIG. 22. The 1635.5 cm’
s assigned antiparallel -sheet due to the perturbation of the 1692 cm’ B-turn, both
vibrational modes are the most stable. Also, 1618 cm™ has been assigned to protein
Aggregation which was thermally induced at 60 °C based on this work. 1652 cm’ may be
assigned to o-helix.

[0153] The sequential order of events for the NIST mAb at 50 mg/mL in H,O is
provided in Table 7.

Table 7: Summary of sequential order of events for NIST mAb at 50 mg/mL in H,O

Event Asynchronous and Synchronous plot analysis
B-turn (1681.6 cm™) = Arg (1668 cm™)
Asp (1573 cm™), Glu™ (1542 cm™), Try (1515.8 cm™) = a-helix (1652 cm™)
Arg (1668 cm™) = a-helix (1652 cm™)
Hinge loop (1660 cm™) = His (1602 cm™)
B-turn (1681.6 cm™) = His (1602cm™)
Hinge loop (1660 cm™) > Agg (1618 cm™)
o-helix (1652 cm™) > Agg (1618 cm™)
Hinge loop (1660 cm™) = a-helix (1652 cm™)
His (1602 cm™) = B-turn (1692 cm™)
B-sheet (1635 cm™) = B-turn (1692cm™)
Note: Aggregation (Agg)
B-sheet and B-turn appear as coupled modes indicating presence of antiparallel B-sheet
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[0154] FIG. 23 shows an asynchronous 2D IR co-distribution analysis plot for
NIST mAb at 50 mg/mL in H,O under thermal stress within the temperature range of 24-60
°C. The thermal stress within the NIST mAb (50 mg/mL) in the temperature range of 24-60
°C and spectral region 1760-1380 cm’'. This plot provides the most common response in a
population of proteins in solution. Therefore in the case of the NIST mAb at 50 mg/mL, its
thermal stress was related to the perturbation of the glutamates along with the Arg
presumably through salt-bridge interaction. Glutamates H-bonded to His residues, and these
residues are located within the o-helices and 3-sheets.

[0155] FIGS. 24A-D show an example of automated analysis providing the
relationship within the (A) overlaid raw spectral data, 2D IR correlation: (B) synchronous and
(C) asynchronous plots, and (D) co-distribution asynchronous plot. Broken vertical lines are
provided during automated analysis based on the auto peak (positive peaks on the diagonal

shown in FIG. 24B) absolute intensity values within the synchronous plot.

EXAMPLE 3

[0156] Samples including Bovine Serum Albumin (“BSA”) in H,O were studied
for analysis according to methods described herein. Samples were added to cells of a CaF,
slide for data acquisition using a QCL microscope. The applied perturbation was temperature
within the range of 24-60 °C with 4 °C temperature intervals. QCL spectral data was
acquired using a 4x magnitude objective at 4cm™ with data encoded every 0.5 cm™ and
baseline corrected.

[0157] Below is an amino acid sequence for the BSA analyzed.
DTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPFDEHVKLVNELTEFAKTCVADE
SHAGCEKSLHTLFGDELCKVASLRETY GDMADCCEKQEPERNECFLSHKDDSPDLP
KLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQ
AEDKGACLLPKIETMREKVLTSSARQRLRCASIQKFGERALKAWSVARLSQKFPKAE
FVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKECCDKPLL
EKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRRHPEY
AVSVLLRLAKEYEATLEECCAKDDPHACYSTVFEDKLKHLVDEPQNLIKQNCDQFEK
LGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLS
LILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHAD
ICTLPDTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACF
AVEGPKLVVSTQTALA (SEQ ID NO:7)
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[0158] Assignment of amino acid side chains for the sample is provided in Table

Table 8: Assignment of amino acid side chains for BSA in H,O

[0159] As shown in FIG. 25A, QCL spectra of BSA at 40 mg/mL in the MID IR
spectral region of 1750-1500 cm’ was acquired within the temperature range of 24-60 °C in
H,0. FIG. 25A shows overlaid spectra showing the amide I and II bands. Based on the
spectral data synchronous (FIG. 25B) and asynchronous (FIG. 25C) 2D IR correlation
analysis plots were generated. The correlation between the amide I and II bands is
established. Enhanced resolution is achieved through the use of the asynchronous plot. Also,
the highest intensity auto peak within the synchronous plot is due to helical perturbation for
this globular protein. In addition, no aggregation was observed.

[0160] Peak assignments of BSA at 40 mg/mL are provided in Table 9.

Table 9: Summary of peak assignments of BSA at 40 mg/mL
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Peak Assignment Peak Position (cm ! )
B-turn 1698
B-turn 1684

Arg 1672.4
a-helix 1653.9
B-sheet/Arg 1629.6
His 1606.5
Asp 1584.5
Asp 1576.4
Asp 1567.1
Glu 1559
Glu 1541.7
Lys 1530
Lys 1525.5
Tyr 1518.5

[0161] The sequential order of events for BSA at 40 mg/mL under thermal stress
within the temperature range of 24-60 °C is shown in FIG. 26. The sequential order of events

for the BSA at 40 mg/mL is also provided in Table 10.

Table 10: Summary of sequential order of events for BSA at 40 mg/mL

Event Asynchronous and Synchronous plot analysis

=

Asp (1567 cm™) > Asp (1584 cm™)

Lys (1530 cm™), Lys (1525.5 cm™") = B-sheet/Arg (1629.5 cm™)
Glu (1541.7 cm™) = a-helix (1653.9 cm™)
Asp (1584 cm™) = Glu (1541.7 cm™)
B-sheet/Arg (1629 cm™) = His (1606.5cm™)
Tyr (1518.5 cm™*) = His (1606.5 cm™)
a-helix (1652 cm™) = Asp (1576.4 cm™)
Arg (1672.4cm™) > Glu™ (1559 cm™)

His (1606.5 cm™) = B-turn (1684 cm™)

Glu (1559 cm) = Asp (1576.4 cm)

B-turn (1698 cm™) - B-turn (1684cm™)

O 0 N O 1 A W N
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[0162] The aspartates (1567 cm'l) and glutamates (1584 cm'l) located within the
helical regions (1653.9 cm’™) that are involved in salt bridge interactions with lysines (1530.0
and 1525.5 cm™) are perturbed first; followed by the PB-sheets (1629.6 cm’), then the
tyrosines (1518 cm'l) and histidines (1606.5 cm'l) within the antiparallel B-sheets (1629.6

cm™) B-turns (1698 cm™) are perturbed. Finally at high temperature the salt bridge
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interactions involving arginines with glutamates (1560 cm™) and aspartates (1576.4 cm™)
located close to B-turns (1684.0 cm™) are perturbed.

[0163] FIG. 27 shows an asynchronous 2D IR co-distribution analysis plot for
BSA 40 mg/mL in H,O under thermal stress within the temperature range of 24-60 °C and
spectral region of 1750-1380 cm’’. In the case of the BSA 40 mg/mL, its thermal stress was

related to the perturbation of the glutamates within the B-turns and the helical regions.

EXAMPLE 4

[0164] Samples including a mixture of NIST mAb and BSA in H,O were studied
for analysis according to methods described herein. Samples were added to cells of a CaF,
slide for data acquisition using a QCL microscope. The applied perturbation was temperature
within the range of 24-60 °C with 4 °C temperature intervals. QCL spectral data was
acquired using a 4x magnitude objective at 4em™ with data encoded every 0.5 cm™ and
baseline corrected.

[0165] As shown in FIG. 28A, QCL spectra of NIST mAb/BSA (1:2, mol ratio)
mixture in the spectral region of 1750-1500 cm™ was acquired within the temperature range
of 24-60 °C in H,O. FIG. 28A shows overlaid spectra showing the amide I and II bands.
Based on the spectral data synchronous (FIG. 28B) and asynchronous (FIG. 28C) 2D IR
correlation analysis plots were generated. Overall the synchronous plot contour exhibited
features that are distinguishable both for NIST mAb and that of BSA pure components.

[0166] Peak assignments of NIST mAb/BSA are provided in Table 11.

Table 11: Summary of peak assignments of NIST mAb/BSA
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Protein Peak Assignment Peak Position (cm ™)
NIST mAb B-turn 1692
NIST mAb B-turn 1681.6
NIST mAb Arg 1668

BSA a-helix 1653.9
NIST mAb a-helix 1652
NIST mAb B-sheet 1635

BSA B-sheet/Arg 1629.6
NIST mAb Agg 1618

BSA His 1606.5
NIST mAb Asp 1573

BSA Asp’ 1567.1

BSA Glu 1559
NIST mAb Glu 1542

BSA Glu 1541.7

BSA Lys 15255

Note: Aggregation (Agg)
EXAMPLE 5

[0167] Samples including Lysozyme in H,O were studied for analysis according
to methods described herein. Custom CakF, slide cells were used with 7 pm path-length for
samples in H,O. The applied perturbation was temperature within the range of 24-60 °C with
4 °C temperature intervals. QCL IR spectral data was acquired using a 4x magnitude
objective at 4em™ with data encoded every 0.5 cm’ and baseline corrected.

[0168] Below is an amino acid sequence for the Lysozyme analyzed.
KVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAKFESNENTQATNRNTDGSTDYGI
LQINSRWWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAKKIVSDGNGMNAWVAW
RNRCKGTDVQAWIRGCRL (SEQ ID NO:8)

[0169] Assignment of amino acid side chains for the sample is provided in Table
12.

Table 12: Assignment of amino acid side chains for Lysozyme in H,O
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[0170] As shown in FIG. 29A, QCL spectra of Lysozyme at 600 mg/mL in the
spectral region of 1750-1500 cm’ was acquired within the temperature range of 24-60 °C in
H,0. FIG. 29A shows overlaid spectra showing the amide I and II bands. Based on the
spectral data synchronous (FIG. 29B) and asynchronous (FIG. 29C) 2D IR correlation
analysis plots were generated. Correlation between the helical regions of the protein and the
B-turns can be established due to the thermal stress. Also, the weak interactions between
glutamate, aspartate and arginine, lysine, histidine residues are critical to the stability of
Lysozyme as established by the correlations observed in both the synchronous and
asynchronous plot. No aggregation was observed for this protein.

[0171] Peak assignments of Lysozyme at 600 mg/mL are provided in Table 13.

Table 13: Summary of peak assignments of Lysozyme at 600 mg/mL
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Peak Assignment Peak Position (cm ™)
B-turn 1698
B-turn 1683.8
Arg 1672.4
Arg/Asn/Gln 1666.6
Hinge loop 1660.5
a-helix 1647
B-sheet 1637.2
Arg 1628.7
His 1596.6
Asp 1572.3
Asp 1566.1
Glu’ 1556.3
Glu’ 1547.8
Glu’ 1536.8
Lys 1526.9
Tyr 1514.6
[0172] The sequential order of events for Lysozyme at 600 mg/mL under thermal

stress within the temperature range of 24-60 °C is shown in FIG. 30. The sequential order of

events for the BSA at 40 mg/mL is also provided in Table 14.

Table 14: Summary of sequential order of events for Lysozyme at 600 mg/mL

Event

Asynchronous and Synchronous plot analysis

O 0 N O 1 & W IN BE

[ T =
B W N R O

Tyr (1514.6 cm™) = Lys (1526.9 cm™)

Lys (1526.9 cm™)=> B-sheet (1637.2 cm™)
Lys (1526.9 cm™) > Arg (1628.7 cm™)

Arg (1628.7 cm™) - Glu (1536.8 cm™)
B-sheet (1637.2 cm™) = Glu™ (1556.3cm™)
Glu (1536.8 cm™) = Glu™ (1556.3 cm™)
Glu (15563 cm™) = Glu™ (1547.8 cm™)
a-helix (1647 cm™) = B-turn (1683 cm™)

B-turn (1698 cm™) = Arg/Asn/GIn (1666.6 cm™)

Glu (1547.8 cm™) > Asp (1566.1 cm™, 1572.3 cm™)

Glu (1547.8 cm™) > Hinge loop (1660.5 cm™)

Glu™(1556.3 cm™) = a-helix (1647 cm™)

Hinge loop (1660.5 cm™) = His (1596.6 cm™)
Tyr (1514.6 cm™) = Arg/Asn/GIn (1666.6cm™)
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[0173] The tyrosines (1514.6 cm'l) and lysines (1526.9 cm'l) are perturbed first,
followed by the arginines (1628.7 cm™) then the B-sheets (1637.2 cm’), then the glutamates
(1536.8 cm™') within the B-sheets followed by the glutamates (1556 cm’!) located within the
helical regions (1647.0 cm™) and the B-turns (1698.0 cm™ and 1683.8 cm™) followed by
glutamates (1547.8 cm'l) the hinge loops (1660.5 cm'l) then the aspartates (1566.1,1672.3
cm™) and a single histidine (1596.6 cm™) presumably interacting with an aspartate by H-
bonding interaction located near the N-terminal end and finally the Arg, Asn, Gln all assigned
to (1666.6 cm™). No aggregation was observed.

[0174] FIG. 31 shows an asynchronous 2D IR co-distribution analysis plot for
Lysozyme at 600 mg/mL in H,O under thermal stress within the temperature range of 24-60
°C and spectral region of 1750-1500 cm™. In the case of the Lysozyme (600 mg/mL), its
thermal stress was related to the perturbation of the, tyrosines located within the hinge loops

and lysines and glutamates located near or at the B-turns and helical regions.

EXAMPLE 6

[0175] Samples including highly pure commercial trehalose dihydrate as a 60%
(w/v) solution in aqueous media were studied for analysis according to methods described
herein. Samples were added to cells of a CaF, slide for data acquisition using a QCL
microscope. The applied perturbation was temperature within the range of 24-60 °C with 4
°C temperature intervals, allowing five minutes as equilibration time. Imaging was
performed with Lo-Mag objective and Field of view 2mm and pixel size of 4.3 pm.

[0176] As shown in FIGS. 32 A-32F, lo-mag images of the 60% trehalose solution
were acquired at varying temperatures below the glass transition temperature. Based on the
spectral data, a synchronous 2D IR correlation analysis plot was generated (FIG. 32E).
Typical broad peaks are observed as being derived from trehalose disaccharide.

[0177] FIG. 33A shows analysis of nucleation and initial crystal form. As shown
in FIGS. 33A and 33B lo-mag images of the 60% trehalose solution were acquired at varying
temperatures near the glass transition temperature. Based on the spectral data, synchronous
2D IR correlation analysis plots were generated (FIG. 33C). Main changes are observed with
the positive auto peaks on the diagonal due to the transition from nucleation to crystal form of
the trehalose. FIG. 33B (FIGS. 33D-33F) shows analysis of crystal growth and evidence of
dehydration as observed by the peak narrowing effect mainly within 1400-1200 cm’ spectral

region and greater perturbation within vibrational modes such as CH; scissoring. Vibration at
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1450 cm™ had the greatest change, as observed from the auto peaks within the synchronous

plot.

EXAMPLE 7

[0178] Samples including 0.1M Tris pH 8.5, 0.5% w/v PEG 5000, 0.8 M
Potassium Sodium Tartrate tetrahydrate were studied for analysis according to methods
described herein. Samples were added to cells of a CaF; slide for data acquisition using a
QCL microscope. The applied perturbation was temperature within the range of 30-38 °C
with 2 °C temperature intervals, allowing four minutes as equilibration time.

[0179] FIG. 34A shows collections of Hyperspectral Images within the
temperature range of 30-38 °C and temperature intervals of 2 °C, of an aliquote (1 uL) of the
actual hanging drop screen during vapor diffusion crystallization. The images were acquired
after a four minute temperature equilibration period in the MID IR spectral region of 1750—
1480 cm™ for a protein complex or mixture. Shown are the aggregates and microcrystals in a
0.1M Tris pH 8.5, 0.5% w/v PEG 5000, 0.8 M Potassium Sodium Tartrate tetrahydrate
crystallization condition. A region of interest (ROI) is highlighted and monitored as a
function of temperature showing the growth of what might otherwise be thought of an
amorphous crystal.

[0180] FIG. 34B shows a chart overlaid QCL IR spectra. The effectiveness of
visualization and examining the subject of interest by QCL IR is shown, where the presence
of a broad amide I band that is observed to decrease in intensity as function of increasing
temperature confirms it is protein.

[0181] The QCL IR spectra are then subject to 2D IR correlation analysis shown
in FIGS. 34C (synchronous) and 34D (asynchronous), revealing that the subject within the
HSI ROI that grows as a function of temperature is indeed a protein aggregate due to the
prominent auto peak at 1620 cm™ in the synchronous plot, consequently providing
unprecedented insight towards the evaluation of protein crystallization process of proteins
without the use of probes or dyes. In contrast to microchips with flow through channel
design, the slides used for analysis did not include flow through channels, thereby avoiding
potential clogging.

[0182] An aliquot of the protein-peptide complex crystallization was analyzed as
is. In addition, neither the protein nor the peptide were isotopically labeled. The HSI acquired
under thermal stress provided evidence of an aggregate growing as a function of temperature

increase (T=30-38 °C), yet the value of the 2DCOS analysis is the identification of the
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molecular components involved in the aggregation process. Critical band assignments were
made that are exclusive to the protein or peptide. Backbone vibrational modes observed in
H,O were assigned to: B-turn (1692.3 cm™), hinge loop (1664.3 cm™), o-helix (1657.0 cm™),
B-sheet (1637.5 cm™), and aggregation (1611.0 cm™). In addition, side chain modes that
serve as internal probes or are informative of the weak interactions that are perturbed have
been assigned to: Arg (1583.7 cm™), Asp (1578.5 cm™), and Glu (1547.0 cm™). Phe side
chain mode at 1708 cm™ is exclusive to the protein, while His (1600.3 cm’) is exclusive to
the peptide.

[0183] The sequential order of events for crystallization of the protein-peptide
complex of FIGS. 34A-34E under thermal stress within the temperature range of 30-38 °C is
shown in Table 15.

Table 15: Summary of sequential order of events for protein-peptide complex

Event Asynchronous and Synchronous plot Analysis
1 Glu (1547.0 cm™) - Asp (1578.5 cm™)
Arg (1583.7 cm™) - a~helix (1657.0 cm™)*

B-sheet (1637.5 em™) > Arg(1583.7 cm™), Asp (1578.5cm™)

B-sheet (1637.5 cm'l)b - aggregation (1611.0 cm'l)b
aggregation (1611.0 cm™)’ > His (1600.3 cm™)*
9
9
9

His (1600.3 cm™)* loop (1664.3 cm™)
loop (1664.3 cm™) B-turn (1692.3 cm™)
8 B-turn (1692.3 cm™) Phe (1708.0 cm™)

“ assigned exclusively to the peptide

~N oy o BowoN

® structural components directly associated with the aggregation event

[0184] The protein contains short 3-sheet segments (1637 cm’™) that are related to
the aggregation process, meanwhile the histidine (His) side chain mode (1600 em™) is
exclusive to the peptide and it is also involved in this process. Specifically, the peptide has 3
tandem His residues located in the middle of the peptide, serving as an internal probe for the
peptide. The analysis of the 2DCOS asynchronous and synchronous plots following the rules
described herein result in the following sequential molecular order of events also summarized
in Table 15 for FIG. 35C: The weak interactions involving Glu™ (1547.0 cm’), Asp” (1578.5
cm™) and Arg (1583.7 cm™), associated with salt bridge interactions, are perturbed initially
followed by the a-helix (1657.0 cm'l), and then the B-sheet (1637.5 cm'l), which is involved

in the aggregation process (1611.0 cm™), followed by the perturbation of the His residues
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(1600.3 cm™) within the peptide. This suggests that the peptide is also involved in the
aggregation process; followed by the hinge loop (1664.3 cm™), then the B-turn (1692.3 cm™),
and finally the Phe residues (1708 cm™) found exclusively in the protein within the B-turns.
[0185] As shown in FIG. 34E, the selected protein-peptide complex
crystallization screen was also analyzed by 2DCDS to determine the behavior of the protein-
peptide complex population in solution. The analysis supports the majority of the protein-
peptide complex associated to the aggregation event (1611 cm™) to involve the B-sheet
(1637.5 cm™). Also, the relationship of the a-helical (1657.0 em’™) components with the Arg
(1583.7 cm™) side chain modes are shown as being perturbed by the thermal stress during the

aggregation process.

EXAMPLE 8

[0186] Pure recombinant protein was subjected to a hanging drop crystallization,
and screening aliquots of the hanging drop of interest were drawn and placed into a
predefined well within the custom slide cell assembled and placed on the QCLM for HSI
acquisition. The HSI data was collected using a lo-mag objective with 0.61 NA, 4.6 um pixel
resolution and 2 mm x 2 mm Field of View (FOV) within the temperature range of 30-38 °C
with temperature intervals of 2 °C, as shown in FIG. 35A.

[0187] Microcrystals are observed and a region of interest was selected for further
examination. Once again, the transferred aliquot from its crystal screening tray was subject to
thermal stress within the temperature range of 30-38 °C with 2 °C incremental intervals. The
HSI data was collected after four minute temperature equilibrium. The dark areas are protein
microcrystals that are stressed thermally.

[0188] FIG. 35B shows a chart overlaid QCL IR spectra. In FIG. 35B is the QCL
IR overlay of the amide I and II bands with the partial unfolding as observed from the
decreased intensity of the amide I band 1690-1600 cm™. The QCL IR spectral exhibit
enhanced SNR, which allows for the examination of such microcrystals in its crystallization
solution 0.1M HEPES pH 7.5, 10% w/v PEG 6000, 5% v/v 2-Methyl-2,4-pentanediol. The
resulting 2D IR correlation plots shown in FIGS. 35C (synchronous) and 35D (asynchronous)
are remarkably similar to the protein in solution during thermal stress, suggesting its
behavior, albeit in a microcrystal, is comparable to its behavior in solution.

[0189] An aliquot of a pure recombinant protein during crystallization was
analyzed as is within the crystallization screen solution. The HSI acquired under thermal
stress provided evidence of microcrystals that were thermally stressed in the temperature
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range of T=30-38 °C, yet the value of the 2DCOS analysis is the identification of the crystal
being of proteinaceous nature and that the crystallized protein behaves similarly to the protein
in solution, as discussed further herein. The band assignments have been determined to be:
associated with backbone vibrational modes in H,O assigned to: B-turn (1687.0 cm'l), 340-
helix (1675.0 cm™), a-helix (1655.0 cm™), and B-sheet (1637.5 cm™). In addition, side chain
modes that serve as internal probes have been assigned to: Phe for para- substituted aromatic
side chain modes (1725.5 and 1709.5 cm™), His (1606.0 cm™), Arg (1581.3 cm™), Asp
(1556.0 cm™), Glu (1540.8 cm™), Tyr (1517.0 cm™), and Trp (1461.0 cm™).

[0190] The sequential order of events for crystallization of the protein-peptide
complex of FIGS. 35A-35E under thermal stress within the temperature range of 30-38 °C is
shown in Table 16.

Table 16: Summary of sequential order of events for protein-peptide complex

Event Asynchronous and Synchronous plot Analysis

1 Trp (1461.0 cm™) -> B-sheet (1637.5 cm™)

2 B-sheet (1637.5 cm™) - His (1606.0 cm™)

3 His(1606.0 cm™), B-sheet (1637.5 cm™) > Arg (1581.3 cm™)

4 Arg (1581.3 cm™) - a-helix (1655.0 cm™)

5 a-helix (1655.0 cm™) > 3y-helix (1675.0 cm™)

6 3,5-helix (1675.0 cm™) > B-turn (1687.0 cm™)

7 B-turn (1687.0 cm™) -> Asp (1556.0 cm™)

8 Asp (1556.0 cm™) - Phe (1709.5 cm™, 1725.3 cm™)
9 Phe (1709.5 em™) - Phe (1725.3 cm™)

10 Glu (1540.8 cm™) > Tyr (1517.0 cm™)

[0191] This analysis is based on the 2DCOS asynchronous and aynchronous plots
following the rules described herein: The thermal perturbation is initiated at the Trp residues
(1461.0 cm'l) located within the N-terminal end followed by the B-sheet (1637.5 cm'l) then
the His residue (1606.0 cm'l) located near the C-terminal end, then the Arg residues (1581.3
cm™), followed by the helical regions o-helix (1655.0 cm™) and 3;o-helix (1675.0 cm™), then
the B-turn (1687.0 cm™), followed by side chain modes Asp™ (1556.0 cm™), Phe for para-
substituted aromatic side chain modes (1725.5 and 1709.5 cm'l), Glu™ (1540.8 cm'l) and
finally the Tyr (1517.0 cm™).
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[0192] As shown in FIG. 35E, the pure recombinant protein during crystallization
was subsequently analyzed by 2DCDS to determine the behavior of the protein microcrystal
population within the solution in the temperature range of T=30-38 °C. The thermal stressor
caused the middle portion of the protein to be perturbed to a greater extent as shown from the
intensity change of the cross peak assigned to the Tyr residues (1517 cm™). Also perturbed
within the majority of the protein in solution were their o-helical segments (1655.0 cm™), the
single His residue (1606.0 cm’) located near the C-terminal end, and the Trp (1461.0 cm™)
located within the N-terminal end. Finally, the side chain modes presumably involved in salt-
bridge interactions were also perturbed, such as the Arg (1581.3 cm™), Asp (1556.0 cm™),
and Glu™ (1540.8 cm™).

[0193] As shown in FIGS. 35F and 35G, the 2DCOS asynchronous plots for the
pure recombinant protein during thermal stress for (1) in solution (FIG. 35F; T=24-60 °C)
and (2) crystallization (FIG. 35G; T=30-38 °C) are shown to have similar cross peak patterns,
suggesting the behavior of the protein to be similar. This observation is due to similar
changes in intensity and peak position. Despite the solution conditions and temperature
ranges being different, the protein is behaving in a similar manner, thus suggesting the

protein within the microcrystal is representative of the protein in solution.

[0194] FIG. 36 is a block diagram illustrating an exemplary computer system with
which a computing device (e.g., of FIG. 4) can be implemented. In certain embodiments, the
computer system 1900 may be implemented using hardware or a combination of software and
hardware, either in a dedicated server, or integrated into another entity, or distributed across
multiple entities.

[0195] The computer system 1900 includes a bus 1908 or other communication
mechanism for communicating information, and a processor 1902 coupled with the bus 1908
for processing information. By way of example, the computer system 1900 may be
implemented with one or more processors 1902. The processor 1902 may be a general-
purpose microprocessor, a microcontroller, a Digital Signal Processor (DSP), an Application
Specific Integrated Circuit (ASIC), a Field Programmable Gate Array (FPGA), a
Programmable Logic Device (PLD), a controller, a state machine, gated logic, discrete
hardware components, and/or any other suitable entity that can perform calculations or other
manipulations of information.

[0196] The computer system 1900 can include, in addition to hardware, code that

creates an execution environment for the computer program in question, e.g., code that
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constitutes processor firmware, a protocol stack, a database management system, an operating
system, or a combination of one or more of them stored in an included memory 1904, such as
a Random Access Memory (RAM), a flash memory, a Read Only Memory (ROM), a
Programmable Read-Only Memory (PROM), an Erasable PROM (EPROM), registers, a hard
disk, a removable disk, a CD-ROM, a DVD, and/or any other suitable storage device,
coupled to the bus 1908 for storing information and instructions to be executed by the
processor 1902. The processor 1902 and the memory 1904 can be supplemented by, or
incorporated in, special purpose logic circuitry.

[0197] The instructions may be stored in the memory 1904 and implemented in
one or more computer program products, i.e., one or more modules of computer program
instructions encoded on a computer readable medium for execution by, or to control the
operation of, the computer system 1900, and according to any method well known to those of
skill in the art, including, but not limited to, computer languages such as data-oriented
languages (e.g., SQL, dBase), system languages (e.g., C, Objective-C, C++, Assembly),
architectural languages (e.g., Java, .NET), and/or application languages (e.g., PHP, Ruby,
Perl, Python). Instructions may also be implemented in computer languages such as array
languages, aspect-oriented languages, assembly languages, authoring languages, command
line interface languages, compiled languages, concurrent languages, curly-bracket languages,
dataflow languages, data-structured languages, declarative languages, esoteric languages,
extension languages, fourth-generation languages, functional languages, interactive mode
languages, interpreted languages, iterative languages, list-based languages, little languages,
logic-based languages, machine languages, macro languages, metaprogramming languages,
multiparadigm languages, numerical analysis, non-English-based languages, object-oriented
class-based languages, object-oriented prototype-based languages, off-side rule languages,
procedural languages, reflective languages, rule-based languages, scripting languages, stack-
based languages, synchronous languages, syntax handling languages, visual languages, wirth
languages, and/or xml-based languages. The memory 1904 may also be used for storing
temporary variable or other intermediate information during execution of instructions to be
executed by the processor 1902.

[0198] A computer program as discussed herein does not necessarily correspond
to a file in a file system. A program can be stored in a portion of a file that holds other
programs or data (e.g., one or more scripts stored in a markup language document), in a
single file dedicated to the program in question, or in multiple coordinated files (e.g., files

that store one or more modules, subprograms, or portions of code). A computer program can
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be deployed to be executed on one computer or on multiple computers that are located at one
site or distributed across multiple sites and interconnected by a communication network. The
processes and logic flows described in this specification can be performed by one or more
programmable processors executing one or more computer programs to perform functions by
operating on input data and generating output.

[0199] The computer system 1900 further includes a data storage device 1906
such as a magnetic disk or optical disk, coupled to the bus 1908 for storing information and
instructions. The computer system 1900 may be coupled via an input/output module 1910 to
various devices (e.g., devices 1914 and 1916). The input/output module 1910 can be any
input/output module. Exemplary input/output modules 1910 include data ports (e.g., USB
ports), audio ports, and/or video ports. In some embodiments, the input/output module 1910
includes a communications module.  Exemplary communications modules include
networking interface cards, such as Ethernet cards, modems, and routers. In certain aspects,
the input/output module 1910 is configured to connect to a plurality of devices, such as an
input device 1914 and/or an output device 1916. Exemplary input devices 1914 include a
keyboard and/or a pointing device (e.g., a mouse or a trackball) by which a user can provide
input to the computer system 1900. Other kinds of input devices 1914 can be used to provide
for interaction with a user as well, such as a tactile input device, visual input device, audio
input device, and/or brain-computer interface device. For example, feedback provided to the
user can be any form of sensory feedback (e.g., visual feedback, auditory feedback, and/or
tactile feedback), and input from the user can be received in any form, including acoustic,
speech, tactile, and/or brain wave input. Exemplary output devices 1916 include display
devices, such as a cathode ray tube (CRT) or liquid crystal display (LCD) monitor, for
displaying information to the user.

[0200] According to certain embodiments, a client device and/or a server can be
implemented using the computer system 1900 in response to the processor 1902 executing
one or more sequences of one or more instructions contained in the memory 1904. Such
instructions may be read into the memory 1904 from another machine-readable medium, such
as the data storage device 1906. Execution of the sequences of instructions contained in the
memory 1904 causes the processor 1902 to perform the process steps described herein. One
or more processors in a multi-processing arrangement may also be employed to execute the
sequences of instructions contained in the memory 1904. In some embodiments, hard-wired

circuitry may be used in place of or in combination with software instructions to implement
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various aspects of the present disclosure. Thus, aspects of the present disclosure are not
limited to any specific combination of hardware circuitry and software.

[0201] Various aspects of the subject matter described in this specification can be
implemented in a computing system that includes a back end component (e.g., a data server),
or that includes a middleware component (e.g., an application server), or that includes a front
end component (e.g., a client computer having a graphical user interface and/or a Web
browser through which a user can interact with an implementation of the subject matter
described in this specification), or any combination of one or more such back end,
middleware, or front end components. The components of the system 1900 can be
interconnected by any form or medium of digital data communication (e.g., a communication
network). Examples of communication networks include a local area network and a wide
area network.

[0202] The term “machine-readable storage medium” or “computer readable
medium” as used herein refers to any medium or media that participates in providing
instructions to the processor 1902 for execution. Such a medium may take many forms,
including, but not limited to, non-volatile media, volatile media, and transmission media.
Non-volatile media include, for example, optical or magnetic disks, such as the data storage
device 1906. Volatile media include dynamic memory, such as the memory 1904.
Transmission media include coaxial cables, copper wire, and fiber optics, including the wires
that comprise the bus 1908. Common forms of machine-readable media include, for
example, floppy disk, a flexible disk, hard disk, magnetic tape, any other magnetic medium, a
CD-ROM, DVD, any other optical medium, punch cards, paper tape, any other physical
medium with patterns of holes, a RAM, a PROM, an EPROM, a FLASH EPROM, any other
memory chip or cartridge, or any other medium from which a computer can read. The
machine-readable storage medium can be a machine-readable storage device, a machine-
readable storage substrate, a memory device, a composition of matter effecting a machine-
readable propagated signal, or a combination of one or more of them.

[0203] As used herein, a “processor” can include one or more processors, and a
“module” can include one or more modules.

[0204] In an aspect of the subject technology, a machine-readable medium is a
computer-readable medium encoded or stored with instructions and is a computing element,
which defines structural and functional relationships between the instructions and the rest of
the system, which permit the instructions’ functionality to be realized. Instructions may be

executable, for example, by a system or by a processor of the system. Instructions can be, for
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example, a computer program including code. A machine-readable medium may comprise
one or more media.

[0205] As used herein, the word “module” refers to logic embodied in hardware
or firmware, or to a collection of software instructions, possibly having entry and exit points,
written in a programming language, such as, for example C++. A software module may be
compiled and linked into an executable program, installed in a dynamic link library, or may
be written in an interpretive language such as BASIC. It will be appreciated that software
modules may be callable from other modules or from themselves, and/or may be invoked in
response to detected events or interrupts. Software instructions may be embedded in
firmware, such as an EPROM or EEPROM. It will be further appreciated that hardware
modules may be comprised of connected logic units, such as gates and flip-flops, and/or may
be comprised of programmable units, such as programmable gate arrays or processors. The
modules described herein are preferably implemented as software modules, but may be
represented in hardware or firmware.

[0206] It is contemplated that the modules may be integrated into a fewer number
of modules. One module may also be separated into multiple modules. The described
modules may be implemented as hardware, software, firmware or any combination thereof.
Additionally, the described modules may reside at different locations connected through a
wired or wireless network, or the Internet.

[0207] In general, it will be appreciated that the processors can include, by way of
example, computers, program logic, or other substrate configurations representing data and
instructions, which operate as described herein. In other embodiments, the processors can
include controller circuitry, processor circuitry, processors, general purpose single-chip or
multi-chip microprocessors, digital signal processors, embedded microprocessors,
microcontrollers and the like.

[0208] Furthermore, it will be appreciated that in one embodiment, the program
logic may advantageously be implemented as one or more components. The components
may advantageously be configured to execute on one or more processors. The components
include, but are not limited to, software or hardware components, modules such as software
modules, object-oriented software components, class components and task components,
processes methods, functions, attributes, procedures, subroutines, segments of program code,
drivers, firmware, microcode, circuitry, data, databases, data structures, tables, arrays, and

variables.
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[0209] Embodiments disclosed herein include:

A. A method for processing data representing a characteristic of a compound in a
crystalline state and/or undergoing crystallization, the method comprising: obtaining spectral
data of the compound with respect to an applied perturbation; applying two-dimensional
correlation (2DCOS) analysis to generate a synchronous correlation plot for the compound;
identifying in the synchronous correlation plot a cross peak that correlates with an auto peak
associated with aggregation of the compound; and using the cross peak to determine a
characteristic of crystallization of the compound.

B. A system for processing data representing a characteristic of a compound in a
crystalline state and/or undergoing crystallization, the system comprising: a data acquisition
module configured to obtain spectral data of the compound with respect to an applied
perturbation; and a correlation analysis module configured to: apply two-dimensional
correlation (2DCOS) analysis to generate a synchronous correlation plot for the compound;
identify in the synchronous correlation plot a cross peak that correlates with an auto peak
associated with aggregation of the compound; and use the cross peak to determine a
characteristic of crystallization of the compound.

C. Non-transitory computer-readable medium comprising instructions which, when
executed by one or more computers, cause the one or more computers to: obtain spectral data
of a compound in a crystalline state and/or undergoing crystallization with respect to an
applied perturbation; apply two-dimensional correlation (2DCOS) analysis to generate a
synchronous correlation plot for the compound; identify in the synchronous correlation plot a
cross peak that correlates with an auto peak associated with aggregation of the compound;
and use the cross peak to determine a characteristic of crystallization of the compound.

D. A method for processing data representing a characteristic of a compound in a
crystalline state and/or undergoing crystallization, the method comprising: obtaining spectral
data of the compound with respect to an applied perturbation; applying two-dimensional co-
distribution (2DCDS) analysis to generate an asynchronous co-distribution plot for the
compound; identifying in the asynchronous co-distribution plot a cross peak that correlates
with an auto peak associated with aggregation of the compound; and using the cross peak to
determine a characteristic of crystallization of the compound.

E. A system for processing data representing a characteristic of a compound in a
crystalline state and/or undergoing crystallization, the system comprising: a data acquisition
module configured to obtain spectral data of the compound with respect to an applied

perturbation; and a correlation analysis module configured to: apply two-dimensional co-
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distribution (2DCDS) analysis to generate an asynchronous co-distribution plot for the
compound; identify in the asynchronous co-distribution plot a cross peak that correlates with
an auto peak associated with aggregation of the compound; and use the cross peak to
determine a characteristic of crystallization of the compound.

F. Non-transitory computer-readable medium comprising instructions which, when
executed by one or more computers, cause the one or more computers to: obtain spectral data
of a compound in a crystalline state and/or undergoing crystallization with respect to an
applied perturbation; apply two-dimensional co-distribution (2DCDS) analysis to generate an
asynchronous co-distribution plot for the compound; identify in the asynchronous co-
distribution plot a cross peak that correlates with an auto peak associated with aggregation of
the compound; and use the cross peak to determine a characteristic of crystallization of the
compound.

[0210] Each of embodiments A, B, C, D, E, and F may have one or more of the
following additional elements in any combination:

Element 1:  said identified peak intensities are used to determine a temperature
range in which a change in intensity is observed.

Element2:  defining the intensity limits of said aggregation process, and
determining a fractional value for each intensity value within said intensity limits defined by
the ratio between each intensity value and the largest intensity value within said limits.

Element 3:  identifying the initial and final fractional values as defined by said
limits for each peak present in the aggregation process; and determining the amount of
aggregation based at least on said initial and final fractional values.

Element 4:  the characteristic of the crystallization is based on a transition from
nucleation to crystal form of the compound.

Element5:  determining the characteristic of the crystallization comprises
comparing the characteristic of the crystallization to an order of a distributed presence of
spectral intensities with respect to the applied perturbation.

Element 6:  determining the characteristic of the crystallization comprises
determining conditions of a nucleation event.

Element 7:  determining the characteristic of the crystallization comprises
evaluating a dehydration event due to crystallization by detecting a decreased hydrogen
bonding interaction of the compound with its environment.

Element 8:  determining the characteristic of the crystallization comprises

determining vibrational modes within the compound.
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Element9:  using the cross peak comprises: determining, for two wavenumbers v1
and v2, whether the cross peak corresponding to the two wavenumbers has a positive value;
and when the cross peak has a positive value, determining that a presence of spectral intensity
at vl is distributed within an interval of the applied perturbation that is lower than an interval
within which a presence of spectral intensity at v2 is distributed.

Element 10:  using the cross peak comprises: determining, for two wavenumbers v1
and v2, whether the cross peak corresponding to the two wavenumbers has a negative value;
and when the cross peak has a negative value, determining that a presence of spectral
intensity at v2 is distributed within an interval of the applied perturbation that is lower than
an interval within which a presence of spectral intensity at v1 is distributed.

Element 11:  the spectral data is FT-IR spectral data.

Element 12: an asynchronous co-distribution intensity in the asynchronous co-
distribution plot is represented as a difference in distributions of two spectral signals.

Element 13: the applied perturbation is time, temperature, concentration, or
pressure.

Element 14: applying the two-dimensional co-distribution (2DCDS) analysis to
generate a synchronous co-distribution plot for the compound.

Element 15: identifying, in the synchronous co-distribution plot, synchronous co-
distribution peaks associated with aggregation of the compound.

Element 16: using the synchronous co-distribution peaks to determine a degree of
overlap of distribution patterns for spectral intensities with respect to the applied
perturbation.

Element 17: using the synchronous co-distribution peaks comprises: determining,
for two wavenumbers vl and v2, whether the synchronous co-distribution peaks
corresponding to the two wavenumbers are within a range.

Element 18: applying two-dimensional correlation (2DCOS) analysis, generating a
synchronous correlation plot and an asynchronous correlation plot for the compound.

Element 19: identifying, in the synchronous correlation plot, positive cross peaks
that correlate with auto peaks associated with aggregation of the compound.

Element 20: using identified peak intensities of the spectral data to determine an
amount of aggregation of the compound.

Element 21: comparing the amount of aggregation of the compound to an order of a

distributed presence of spectral intensities with respect to the applied perturbation.
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Element 22: the obtaining the spectral data comprising performing QCL infrared
spectroscopy on a sample containing the compound.

Element 23: recognizing regions of interest for discrimination of particulates and
solution.

Element 24: determining a size and a number of particulates to ascertain population
distribution of the particulates.

Element 25: analyzing the spectral data to verify signal-to-noise ratio, perform a
baseline correction, determine water vapor content, and/or determine signal intensity within a
spectral region.

Element 26: generating covariance or dynamic spectral data based on perturbation
of a sample.

Element 27: correlating changes, comprising peak intensities, in the spectral data
that are in-phase with one another as obtained in the synchronous plot.

Element 28: determining elements that change in the spectral data.

Element 29: determining an overall greatest intensity change in the spectral data.

Element 30: determining an overall smallest intensity change in the spectral data.

Element 31:  determining a minimum number of underlying spectral contributions in
a band, performing curve fitting analysis, and determining a secondary structure composition
of a sample.

Element 32:  enhancing resolution of the spectral data.

Element 33: correlating changes, comprising peak intensities, in the spectral data
that are out-of-phase from one another as obtained in the asynchronous plot.

Element 34: determining the presence and/or extent of deamination of amino acid
side chains in the compound.

Element 35:  determining the stability of domains in the compound.

Element 36: a visual model generator for generating one or more plots for display.

Element 37: a human interaction module comprising a human interface.

Element 38: the data acquisition module comprises a quantum cascade laser

microscope.
[0211] The foregoing description is provided to enable a person skilled in the art

to practice the various configurations described herein. While the subject technology has

been particularly described with reference to the various figures and configurations, it should
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be understood that these are for illustration purposes only and should not be taken as limiting
the scope of the subject technology.

[0212] There may be many other ways to implement the subject technology.
Various functions and elements described herein may be partitioned differently from those
shown without departing from the scope of the subject technology. Various modifications to
these configurations will be readily apparent to those skilled in the art, and generic principles
defined herein may be applied to other configurations. Thus, many changes and modifications
may be made to the subject technology, by one having ordinary skill in the art, without
departing from the scope of the subject technology.

[0213] It is understood that the specific order or hierarchy of steps in the
processes disclosed is an illustration of exemplary approaches. Based upon design
preferences, it is understood that the specific order or hierarchy of steps in the processes may
be rearranged. Some of the steps may be performed simultaneously. The accompanying
method claims present elements of the various steps in a sample order, and are not meant to
be limited to the specific order or hierarchy presented.

[0214] As used herein, the phrase “at least one of” preceding a series of items,
with the term “and” or “or” to separate any of the items, modifies the list as a whole, rather
than each member of the list (i.e., each item). The phrase “at least one of” does not require
selection of at least one of each item listed; rather, the phrase allows a meaning that includes
at least one of any one of the items, and/or at least one of any combination of the items,
and/or at least one of each of the items. By way of example, the phrases “at least one of A,
B, and C” or “at least one of A, B, or C” each refer to only A, only B, or only C; any
combination of A, B, and C; and/or at least one of each of A, B, and C.

[0215] Terms such as “top,” “bottom,” “front,” “rear” and the like as used in this
disclosure should be understood as referring to an arbitrary frame of reference, rather than to
the ordinary gravitational frame of reference. Thus, a top surface, a bottom surface, a front
surface, and a rear surface may extend upwardly, downwardly, diagonally, or horizontally in
a gravitational frame of reference.

[0216] Furthermore, to the extent that the term “include,” “have,” or the like is
used in the description or the claims, such term is intended to be inclusive in a manner similar
to the term “comprise” as “comprise” is interpreted when employed as a transitional word in

a claim.
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[0217] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any embodiment described herein as “exemplary” is not
necessarily to be construed as preferred or advantageous over other embodiments.

[0218] A reference to an element in the singular is not intended to mean “one and
only one” unless specifically stated, but rather “one or more.” Pronouns in the masculine
(e.g., his) include the feminine and neuter gender (e.g., her and its) and vice versa. The term
“some” refers to one or more. Underlined and/or italicized headings and subheadings are
used for convenience only, do not limit the subject technology, and are not referred to in
connection with the interpretation of the description of the subject technology. All structural
and functional equivalents to the elements of the various configurations described throughout
this disclosure that are known or later come to be known to those of ordinary skill in the art
are expressly incorporated herein by reference and intended to be encompassed by the subject
technology. Moreover, nothing disclosed herein is intended to be dedicated to the public
regardless of whether such disclosure is explicitly recited in the above description.

[0219] While certain aspects and embodiments of the subject technology have
been described, these have been presented by way of example only, and are not intended to
limit the scope of the subject technology. Indeed, the novel methods and systems described
herein may be embodied in a variety of other forms without departing from the spirit thereof.
The accompanying claims and their equivalents are intended to cover such forms or

modifications as would fall within the scope and spirit of the subject technology.
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CLAIMS
WHAT IS CLAIMED IS:

1. A method for processing data representing a characteristic of a compound in a
crystalline state and/or undergoing crystallization, the method comprising:

obtaining spectral data of the compound with respect to an applied
perturbation;

applying two-dimensional correlation (2DCOS) analysis to generate a
synchronous correlation plot for the compound;

identifying in the synchronous correlation plot a cross peak that correlates
with an auto peak associated with aggregation of the compound; and

using the cross peak to determine a characteristic of crystallization of the
compound.

2. The method of claim 1, wherein the characteristic of the crystallization is
based on a transition from nucleation to crystal form of the compound.

3. The method of claim 1, wherein determining the characteristic of the
crystallization comprises comparing the characteristic of the crystallization to an order of a
distributed presence of spectral intensities with respect to the applied perturbation.

4. The method of claim 1, wherein determining the characteristic of the
crystallization comprises determining conditions of a nucleation event.

5. The method of claim 1, wherein determining the characteristic of the
crystallization comprises evaluating a dehydration event due to crystallization by detecting a
decreased hydrogen bonding interaction of the compound with its environment.

6. The method of claim 1, wherein determining the characteristic of the
crystallization comprises determining vibrational modes within the compound.

7. The method of claim 1, wherein said identified peak intensities are used to
determine a temperature range in which a change in intensity is observed.

8. The method of claim 7, further comprising defining the intensity limits of an
aggregation process, and determining a fractional value for each intensity value within said
intensity limits defined by the ratio between each intensity value and the largest intensity
value within said limits.

9. The method of claim 8, further comprising identifying the initial and final

fractional values as defined by said limits for each peak present in the aggregation process;
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and determining the amount of aggregation based at least on said initial and final fractional
values.
10. A system for processing data representing a characteristic of a compound in a
crystalline state and/or undergoing crystallization, the system comprising:
a data acquisition module configured to obtain spectral data of the compound
with respect to an applied perturbation; and
a correlation analysis module configured to:
apply two-dimensional correlation (2DCOS) analysis to generate a
synchronous correlation plot for the compound;
identify in the synchronous correlation plot a cross peak that correlates
with an auto peak associated with aggregation of the compound; and
use the cross peak to determine a characteristic of crystallization of the
compound.
11. The system of claim 10, further comprising a visual model generator for
generating one or more plots for display.
12. The system of claim 10, further comprising a human interaction module
comprising a human interface.
13. The system of claim 10, wherein the data acquisition module comprises a
quantum cascade laser microscope.
14. A method for processing data representing a characteristic of a compound in a
crystalline state and/or undergoing crystallization, the method comprising:
obtaining spectral data of the compound with respect to an applied
perturbation;
applying two-dimensional co-distribution (2DCDS) analysis to generate an
asynchronous co-distribution plot for the compound;
identifying in the asynchronous co-distribution plot a cross peak that correlates
with an auto peak associated with aggregation of the compound; and
using the cross peak to determine a characteristic of crystallization of the
compound.
15. The method of claim 14, wherein using the cross peak comprises:
determining, for two wavenumbers v; and v, whether the cross peak
corresponding to the two wavenumbers has a positive value; and
when the cross peak has a positive value, determining that a presence of

spectral intensity at v; is distributed within an interval of the applied perturbation that
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is lower than an interval within which a presence of spectral intensity at v, is

distributed.

16. The method of claim 14, wherein using the cross peak comprises:

determining, for two wavenumbers v; and v, whether the cross peak
corresponding to the two wavenumbers has a negative value; and

when the cross peak has a negative value, determining that a presence of
spectral intensity at v, is distributed within an interval of the applied perturbation that
is lower than an interval within which a presence of spectral intensity at v; is
distributed.

17. The method of claim 14, wherein the spectral data is FT-IR spectral data.

18. The method of claim 14, wherein an asynchronous co-distribution intensity in
the asynchronous co-distribution plot is represented as a difference in distributions of two
spectral signals.

19. The method of claim 14, wherein the applied perturbation is time, temperature,
concentration, or pressure.

20. The method of claim 14, further comprising:

applying the two-dimensional co-distribution (2DCDS) analysis to generate a
synchronous co-distribution plot for the compound;

identifying, in the synchronous co-distribution plot, synchronous co-
distribution peaks associated with aggregation of the compound; and

using the synchronous co-distribution peaks to determine a degree of overlap
of distribution patterns for spectral intensities with respect to the applied perturbation.

21. The method of claim 14, wherein using the synchronous co-distribution peaks
comprises: determining, for two wavenumbers v; and v,, whether the synchronous co-
distribution peaks corresponding to the two wavenumbers are within a range.

22. The method of claim 14, further comprising:

applying two-dimensional correlation (2DCOS) analysis, generating a
synchronous correlation plot and an asynchronous correlation plot for the compound;

identifying, in the synchronous correlation plot, positive cross peaks that
correlate with auto peaks associated with aggregation of the compound; and

using identified peak intensities of the spectral data to determine an amount of

aggregation of the compound.
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23. The method of claim 22, further comprising comparing the amount of
aggregation of the compound to an order of a distributed presence of spectral intensities with
respect to the applied perturbation.

24. The method of claim 14, wherein the obtaining the spectral data comprising
performing QCL infrared spectroscopy on a sample containing the compound.

25. The method of claim 14, further comprising recognizing regions of interest for
discrimination of particulates and solution.

26. The method of claim 14, further comprising determining a size and a number
of particulates to ascertain population distribution of the particulates.

27. The method of claim 14, further comprising analyzing the spectral data to
verify signal-to-noise ratio, perform a baseline correction, determine water vapor content,
and/or determine signal intensity within a spectral region.

28. The method of claim 14, further comprising generating covariance or dynamic
spectral data based on perturbation of a sample.

29. The method of claim 14, further comprising correlating changes, comprising
peak intensities, in the spectral data that are in-phase with one another as obtained in the
synchronous plot.

30. The method of claim 14, further comprising determining elements that change
in the spectral data.

31. The method of claim 14, further comprising determining an overall greatest
intensity change in the spectral data.

32. The method of claim 14, further comprising determining an overall smallest
intensity change in the spectral data.

33. The method of claim 14, further comprising determining a minimum number
of underlying spectral contributions in a band, performing curve fitting analysis, and
determining a secondary structure composition of a sample.

34, The method of claim 14, further comprising enhancing resolution of the
spectral data.

35. The method of claim 14, further comprising correlating changes, comprising
peak intensities, in the spectral data that are out-of-phase from one another as obtained in the
asynchronous plot.

36. The method of claim 14, further comprising determining the presence and/or

extent of deamination of amino acid side chains in the compound.
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37. The method of claim 14, further comprising determining the stability of
domains in the compound.
38. A system for processing data representing a characteristic of a compound in a
crystalline state and/or undergoing crystallization, the system comprising:
a data acquisition module configured to obtain spectral data of the compound
with respect to an applied perturbation; and
a correlation analysis module configured to:
apply two-dimensional co-distribution (2DCDS) analysis to generate
an asynchronous co-distribution plot for the compound;
identify in the asynchronous co-distribution plot a cross peak that
correlates with an auto peak associated with aggregation of the compound; and
use the cross peak to determine a characteristic of crystallization of the
compound.
39. The system of claim 38, further comprising a visual model generator for
generating one or more plots for display.
40. The system of claim 38, further comprising a human interaction module
comprising a human interface.
41. The system of claim 38, wherein the data acquisition module comprises a
quantum cascade laser microscope.
42 Method of any one of claims 1-9 or 14-37 further comprising processing data
representing the same characteristic of the same compound in a non-crystalline physiological
state, and comparing the characteristic of the compound in crystalline state or undergoing

crystallization to the characteristic of the compound in non-crystalline physiological state.
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