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Abstract

Organisms (i.e., plants and microorganisms) contain pigments that allow
them to adapt and thrive under stressful conditions, such as elevated ul-
traviolet radiation. The pigments elicit characteristic spectral responses
when measured by active and passive sensors. This research study focused
on characterizing the spectral response of three organisms and how they
compared to background spectral signatures of a complex environment.
Specifically, spectra were collected from a fungus, a plant, and two pig-
mented bacteria, one of which is an extremophile bacterium. The samples
were measured using Fourier transform infrared spectroscopy and dis-
criminated using chemometric means. A top-down examination of the
spectral data revealed that organisms could be discriminated from one an-
other through principal component analysis (PCA). Furthermore, there
was a strong distinction between the plant and the pigmented microorgan-
isms. Spectral differences resulting in samples with the highest variance
from the natural background were identified using PCA loading plots. The
outcome of this work is a spectral library of pigmented biological candi-
dates for coatings applications.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Background

1.1.1 Organisms with unique properties

Natural selection from environmental pressures create new microbiologi-
cal processes and products (e.g., bacteria and fungi) that enable them to
adapt and survive in extreme environments (Cavicchioli et al. 2002). The
cold biosphere requires a myriad of synergistic adaptions, resulting in
unique structures and functions that could reveal novel products for use in
novel material applications. For example, membrane fluidity can be regu-
lated in low temperatures through homeoviscous adaptation, which is
done by altering the composition of fatty acids in the lipid bilayer
(Hamdan 2018).

With low temperatures also comes ice formation, which can lead to cryo-
injury, osmotic stress, dehydration, and cell death. Antifreeze proteins
(AFPs) are noncolligative ice-binding proteins that can decrease the freez-
ing point of water and inhibit ice growth. Because of these cryoprotective
functions, AFPs are of interest in material sciences for use in surface coat-
ing materials to prevent ice formation (Collins and Margesin 2019;
Asenath-Smith et al. 2022). Duman and Olsen (1993) were the first to dis-
cover the presence of AFPs in bacteria adapted to low temperatures. The
Antarctic strain of bacterium Moraxella sp. was the first reported to pro-
duce an AFP (Dunman and Olsen 1993; Yamashita et al. 2002).

High UV levels are common in cold habitats due to high altitudes or eleva-
tions where solar radiation penetrates a thinner atmosphere and snow
albedo increases the UV exposure. Pigments, in addition to playing a role in
modulation of cell membrane fluidity, provide photoprotection by acting as
light screeners protecting against UV radiation (Collins and Margesin
2019). For example, psychrophiles are microorganisms that optimally grow
at 15°C or lower (Morita 1975). Pigments are common to psychrophiles, es-
pecially those in snow and on glaciers, as they protect cellular components
against UV radiation and antioxidants and enable photosynthesis (Dial et
al. 2018; Lutz et al. 2015). Specific carotenoid pigments are commonly
found in psychrophiles and examples have been reported in various bacte-
ria isolated from Antarctic sea ice (Hamdan 2018).
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In material applications, microbial pigments have a wide range of applica-
tions in food, drug, colorant, dye, and imaging. Currently, synthetic
pigments are widely used globally due to their high production, high inten-
sity, and low cost. However, there is an increasing demand for natural
pigments over synthetic pigments, as synthetic pigments have been shown
to have negative side effects on human health (e.g., teratogen cancer, etc.).
Synthetic pigments are also often not biodegradable, which means they do
not break down easily in the environment. This can lead to accumulation of
synthetic pigments in the environment and can cause harm to aquatic or-
ganisms and humans. Rather than developing synthetic pigments and ways
to break them down, it is beneficial to instead research microbial pigments
and find potential industrial applications (Chatragadda and Dufossé 2021).

1.1.2 Important traits of pigmented organisms

Carotenoids are a chemically diverse (more than 600 different com-
pounds) class of pigments found in plants, mosses, algae, fungi, and
nonphotosynthetic and photosynthetic bacteria. Carotenoids are a class of
compounds derived from isoprene units and have a characteristic struc-
ture that includes a chain of 3 to 15 double bonds that are conjugated.
These conjugated double bonds result in the characteristic absorption
found in carotenoids (Nupur et al. 2016). Carotenoids have a variety of
roles, including UV radiation defender, solar energy harvester, oxidation
inhibitor, immune system modulator, free-radical scavenger, and provita-
min A activity. Carotenoids can be divided into two categories:
xanthophylls, which contain oxygen, and carotenes, which are composed
solely of hydrocarbons without oxygen. These compounds are often lipo-
philic, meaning they dissolve easily in fats and oils, due to their long
unsaturated hydrocarbon chains similar to those found in certain types of
fatty acids (Mussagy et al. 2019).

Melanins are a group of pigmented biomacromolecules that are found
ubiquitously throughout the biosphere and are resistant to most methods
of chemical analysis due to their insolubility. There are three primary
types of melanin—eumelanin, pheomelanin, and neuromelanin (Figure
1)—found in animals, plants, bacteria, and fungi. One of the primary roles
of melanin is to protect against radiation. Eumelanin, characterized by its
dark brown to black coloration, is the most common and has been demon-
strated to efficiently block UV (Stein 1955) and gamma radiation (Cordero
and Casadevall 2017).
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Figure 1. Proposed structures of primary types of melanin: (4) eumelanin, (B)
pheomelanin, and (0) neuromelanin. Arrows indicate potential attachment sites
to other melanin molecules. (Image reproduced from Jones et al. 2020 [public

domain], adapted from Ito and Wakamatsu 2008.)
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While most color in nature is due to pigment molecules absorbing and re-
flecting light, there are also occurrences of structural pigmentation, which
is caused by light interacting with physical structures that are periodically
arranged on a micro- and submicroscale. Light-wave interference with
these structures produces iridescence, which is a type of structural colora-
tion that occurs when light waves interact with these structures and causes
the color to appear to change as the angle of view or illumination is al-
tered.

1.1.3 Ways to spectrally characterize pigmented microorganisms

Many objects have a material coating that impacts the way the object’s sur-
face interacts with electromagnetic radiation (EMR). An example of a
common coating is colored paint on walls of infrastructure. These com-
mercially available paints contain various components such as pigments,
binders, solvents, surfactants, and other additional additives. The percep-
tion of color is caused by pigments (i.e., chlorophyll, carotenoids, and
phycobilins), which are molecules that can absorb light in the 13,333—
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26,315 cm~! range,” also known as biochromes (Britton 1983). Pigments
contain chemical functional groups that can delocalize electrons; and
when struck by visible light (14,285—25,000 cm~1), certain wavelengths
are absorbed. The human eye detects the ones that are reflected rather
than absorbed, and the colors are interpreted by the brain.

EMR can also be detected by remote sensing through observations of radi-
ant energy reflected or emitted by a pigmented object. Remote sensing by
definition is the process of obtaining information about an object or area
through the use of a device that is not in direct contact with it (Cracknell
and Hayes 2007). In addition, there are two types of remote-sensing in-
struments—passive and active. Passive sensors do not emit any energy of
their own and rely on natural or artificial sources of radiation to detect re-
flection from the Earth’s surface and typically record electromagnetic
waves in the visible and near-infrared (10,526-13,333 cm!) ranges. Pas-
sive sensors, like cameras, microphones, and radiometers, are utilized in a
range of applications such as surveillance, and environmental monitoring.
Other passive sensor systems, like SPOT 5 (Satellite Pour I’Observation de
la Terre or “Satellite for observation of Earth”), are specifically engineered
to capture detailed images of the earth’s surface in the middle-infrared
wavelengths (5,714—6,329 cm~1). Additionally, thermal remote sensing,
which detects radiation naturally emitted by all objects above absolute
zero (—273.15°C), is also considered a form of passive remote sensing
(Reese et al. 2013). In contrast to passive sensors, active sensors emit en-
ergy to detect and measure information about a target. Different types of
active sensors operate at various ranges of the electromagnetic spectrum
(EMS). For instance, radar uses microwaves, lidar uses visible, near-
infrared, and infrared light, and sonar uses sound waves to detect and
measure information (Zhu et al. 2018). Military advancements in passive
and active remote-sensing technologies have resulted in high-resolution
change detection in complex environments, making critical defense assets
easily targeted. The region of the EMS that is of interest for this research
includes midwave infrared (MWIR; 1,250—3,333cm! ) and long-wave in-
frared (LWIR; 700—-1,250 cm™!; Dereniak and Boreman 1996) due to the
common use of remote detection of thermal radiation emitted from all ob-
jects. Included in this phenomenon are microorganisms, which have

* For a full list of the spelled-out forms of the units of measure used in this document,
please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US
Government Publishing Office, 2016), 248-252, https://www.govinfo.gov/content/pkg/GPO-
STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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varying chemical components that produce spectral responses unique
down the subspecies level in the infrared (IR) region of the electromag-
netic spectrum (IR; Table 1).”

Table 1. Characteristic bands of biological functional groups detected using FTIR (adapted
from Davis and Mauer 2010; Schmitt and Flemming 1998).

Wavenumber
(cm-1) Band Assignment

3,400 OH of water
2,956 CHs asymmetrical stretch in fatty acids
2,920 CH2 asymmetrical stretch in fatty acids
2,898 C-H stretching in the C-H of amino acids
2,870 CHs symmetrical stretch in fatty acids
2,850 CH2 symmetrical stretch in fatty acids
1,740 C=0 stretch of lipid ester
1,705 C=0 stretch of ester in nucleic acids and carbonic acids
1,695-1,675 Amide I, (C=0) protein components
1,655 Amide | of o-helical structures of proteins
1,637 Amide | of B-pleated sheet structures of proteins
1,550-1,520 Amide I, N-H, C-N, and structure of proteins
1,515 Tyrosine band
1,460-1,454 C-H bend from CHzin lipids proteins
1,415 C-0-H in-plane bending in carbohydrates, DNA/RNA backbone, proteins
1,400 C=0 symmetric stretching of COO group in amino acids and fatty acids
1,310-1,240 Amide Illl band components of proteins
1,240 P=0 from phosphate
1,200-900 C-0-C, C-0 dominated by ring vibrations in various polysaccharides
1,114 C-0-P, P-O0-P
1,085 P=0 symmetric stretching in DNA, RNA, and phospholipids
720 C-H rocking of CHz in fatty acids

Fourier transform infrared (FTIR) spectroscopy of organisms reveals im-
portant information on functional groups of proteins, fatty acids,
carbohydrates, nucleic acids, and lipopolysaccharides (Table 1; Davis and
Mauer 2010; Schmitt and Flemming 1998). The work herein uses attenu-
ated total reflectance FTIR (ATR-FTIR; 700—4,000 cm™!) to image the
chemical composition of selected pigmented organisms in the IR and uses

* For a full list of the spelled-out forms of the chemical elements used in this document,
please refer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US
Government Publishing Office, 2016), 265, https://www.govinfo.gov/content/pkg/GPO-
STYLEMANUAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf.
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1.2

1.3

chemometrics to determine similarities between the pigmented organisms
and vegetation. This data analysis was used to down select for microbes of
potential interest to be later used with advanced material coatings to alter
the surface of objects to match that of more complex natural backgrounds
(i.e., vegetation) in the IR wavelength range.

Objectives

The goal of this research was to develop a pipeline to screen and identify
biological candidates that may serve as spectrally selective biological addi-
tives to embed in material coatings that could be detected through
standoff-sensing means. The specific aims include adapting existing meth-
ods to pellet lyophilized biomass from candidate organisms, assessing
their spectral properties, and comparing the spectra to that of vegetation.
The following were our three main objectives:

e Identify three candidate pigmented microbes with various pigment
strategies (i.e., melanin, carotenoid, or structural pigments) sourced ei-
ther through isolation from cold regions samples in the US Army Cold
Regions Research and Engineering Laboratory (CRREL) Innovative,
Collaborative, Exploratory Cold Regions Organismal Library for Dis-
covery (ICE-COLD) or purchased from ATCC (American Type Culture
Collection).

e Assess pigmented candidates as potential spectrally selective additives
through biochemical phenotyping of pelleted whole cells by using
FTIR.

e Statistically compare the three pigmented organism’s spectra using
principal component analysis (PCA) methods to discriminate and char-
acterize the biological candidates and compare them to spectra from a
complex background.

Approach

This study used infrared spectroscopy, a well-established method, to rec-
ognize functional groups in microorganisms through examining their
vibration modes at various infrared wavelengths (Ojeda and Dittrich
2012). Nondestructive measurements of samples were made using the
ATR spectroscopic reflection technique, which uses internal total reflec-
tance and requires minimal sample preparation. The measurement quality
of the technique depends strongly on direct contact between the samples
and the ATR crystal (Smith 2011). When working with solids or powders
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using this methodology, the sample must be clamped down for even con-
tact with the ATR crystal. To achieve this, biomass was collected and
combined with potassium bromide (KBr) and pelleted.

Further analysis of the IR data consisted of performing PCA on the full
data set and on regions of interest associated with remote sensors. The
PCA models produced showed clustering based on sample similarity, with
each plot point representing a spectral scan. PCA loading plots were then
derived from the principal components, which indicate the spectral re-
gions responsible for segregation in the PCA (Hanson 2012).
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2.1

Methods

Bacterial and fungal candidate selection

Because of its carotenoid pigmentation, Cold Isolate 1 (ICE-COLD catalog
number IE3-IE3-TSA-25-D-11) was selected as a candidate in this study.
Cold Isolate 1 is a gram-positive bacterial isolate from the CRREL ICE-
COLD Library. Cold Isolate 1 was isolated from Greenland ice growing in
the light at 25°C with observed growth temperatures as low as 4°C. Attrac-
tive characteristics include its ability to grow rapidly with a doubling time
of 2.2 hours, robustness of the cells observed in various growth conditions,
and bright yellow appearance (Figure 2) from carotenoid pigmentation.
Cold Isolate 1 has a cocci bacterial shape, growing mostly in pairs with
round colonies that get more intense in color as the colonies grow larger.

Figure 2. Bright-yellow colonies of Cold Isolate 1. The figure on the rightis a general structure
of a carotenoid, which is responsible for the yellow pigmentation seen in Cold Isolate 1. (Rijght
image reproduced from Ben Mills, /sorenieratene 2D Skeletal, 2009,
https://en.wikipedia.org/wiki/Carotenoid. Public domain.)

‘\\\\\\\ \

General structure of a carotenoid: polyene tail with double bonds

Cellulophaga lytica was selected for this research due to its documented
production of structural pigmentation when grown under laboratory con-
ditions (Kientz et al. 2016). C. lytica is a bacterium that has been isolated
from the surfaces of anemone and contains a unique iridescent biofilm,
which has shown to strongly reflect wavelengths spanning near-UV, visi-
ble, and near-infrared. This iridescent biofilm has potential biological
roles such as thermoregulation or photo protection (Kientz et al. 2016);
however, iridescence has been inadequately recorded in scientific litera-
ture since its first observation, made in 1904 by Preisz (1904). Previously,
biotechnological interest in C. lytica has focused on its ability to produce a
diverse set of extracellular enzymes that can break down proteins and pol-
ysaccharides (Pati et al. 2011).
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2.2

Additionally, Curvularia lunata was selected for this research because it
can quickly produce dark wooly melanized cultures on potato dextrose
agar and because of the role melanin plays in protection against UV, ther-
mal, and high-energy radiation (Turick et al. 2011).

Bacterial and fungal candidate culturing

2.2.1 Media preparation

Broths were prepared by combing ingredients and dissolving them before
they were autoclaved, such that the liquid temperature reached 121°C and
6.9 kPa for at least 25 minutes. To prep plates, agar was added to the broth
solutions and prepared in accordance with standard preparation tech-
niques. In brief, ingredients were completely dissolved on a stirring hot
plate and then autoclaved using the same parameters as described previ-
ously for the broth preparation. Molten agar was then allowed to cool
slightly at room temperature before being poured into sterile petri plates.

2.2.2 Candidate propagation and culturing

2.2.2.1 Bacterial culturing

Liquid cultures were necessary for biomass collection for downstream
analysis, so using a flame-sterilized stainless-steel inoculation loop, single
Cold Isolate 1 colonies were collected from a cultured plate and transferred
into six separate 125 mL sterilized flasks containing 75 mL of liquid broth
(trypticase soy broth) and covered with sterilized aluminum foil to keep
out possible contaminants. The cultures were then shaken at 200 rpm for
48 hours on the benchtop at room temperature.

Celluphaga lytica was purchased from ATCC (ATCC 23178; Johansen et
al. 1999). C. lytica was received in a dried state and revived following the
manufacturer’s instructions prior to inoculation on marine agar. Six sepa-
rate liquid cultures of C. lytica were started using the same methodology
described for Cold Isolate 1, with the only difference being marine broth
was used in place of trypticase soy broth.

2.2.2.2 Fungal culturing

Curvularia lunata was purchased from ATCC (ATCC 42011; Malik et al.
1979). C. lunata was received in a dried state and revived following the
manufacturer’s instructions prior to inoculation on potato dextrose agar
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(PDA). Agar plates, rather than liquid, were used for culturing to acquire
thick, felt-like mats of melanin. Six PDA plates were inoculated by remov-
ing 3 x 3 mm plugs from existing cultures by using a flame-sterilized
scalpel and depositing the plug in the center of the PDA plate culture-side
down. The plates were then incubated at 28°C in the dark.

Biomass collection and preparation

The biomass collection and preparation process was different for the bac-
terial and fungal samples due to the fungal samples growing poorly in
liquid broth. For the bacterial samples, C. lytica and Cold Isolate 1, cul-
tured broth was placed in a biosafety cabinet (NUAIRE, Class II, type A,
Plymouth, Minnesota, USA). The cultured broth of each replicate was
carefully poured into a sterile 100 mL conical tube for centrifugation
(Thermo Fisher Scientific, Sorvall RC 6, Waltham, Massachusetts, USA) to
pellet cells at 20 x g for 10 m at 4°C. The remaining pellet was transferred
by pipette into a 2 mL sterile cryopreservation tube. In the 2 mL tube, the
samples were centrifuged using the same parameters, and the supernatant
was carefully removed with a 200 mL pipette. As a negative control, 1 mL
of corresponding broth used for culturing was placed in a 2 mL cryopres-
ervation tube.

For the fungal sample, C. lunata, biomass was collected from six separate
agar media plates that incubated for at least 10 days to allow for the mela-
nin felt to grow thick enough for removal from the agar. Cultures were
scraped off the agar surface using flame-sterilized scalpels and spatulas.
Scraped cultures from multiple plates were combined in an autoclaved
glass petri plate until processing. The cultures were then put in a sterile
stainless-steel mesh filter and washed three times with boiling deionized
water to remove any excess agar.

All biomass collected from the fungal and bacterial samples was frozen for
at least 4 hours in a —80°C freezer prior to being lyophilized on a VirTis
FreezeMobile 12XL (Gardinar, New York, USA) overnight for 12—16 hours.
Once samples were dried via lyophilizaton, the C. lunata fungal samples
were milled using an Ika A11 Basic Analytical Mill (Wilmington, North Car-
olina, USA) for a total of 60 seconds in 5-second pulses (Jones et al. 2020).

Spinacia oleracea, or more commonly known as spinach, was purchased
from the local grocery store and rinsed with deionized water and allowed
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to dry in a biosafety cabinet. The clean S. oleracea was then frozen for at
least 4 hours in a —80°C freezer prior to being lyophilized on a VirTis
FreezeMobile 12XL (Gardinar, New York, USA) overnight for 12—16 hours.
Once samples were dried via lyophilizaton, they were ground using a pes-
tle and mortar. All bacterial, fungal, and plant samples were stored at 4°C
with desiccant until use.

Pelleting lyophilized biomass in potassium bromide

To prepare the pellets for benchtop ATR-FTIR analysis, lyophilized mate-
rial was taken from each biological replicate and mixed separately with
baked KBr using a pestle and mortar until smooth (Figure 3). The KBr was
baked at 110°C for 2—3 hours to remove excess water. Between samples,
the pestle and mortar were cleaned with 70% ethanol. After cleaning, the
pestle and mortar were allowed to fully dry to avoid lyophilized material
from absorbing any liquid water, which would negatively impact the spec-
tral collection. The matrix used to create each pellet is in Table 2.

As shown Figure 4, to prepare the pellets, each lyophilized sample was
placed into a 13 mm pellet pressing die and put under 5 tons (4,536 kg) of
pressure using a hydraulic hand press (Carver 4350.L, Wabash, Indiana,
USA). Once the desired pressure was reached, it was maintained for 3
minutes, after which the pellet was evacuated from the die and stored in a
separate sterile Whirl-Pak bag. A total of six pellets were made for each
material type (i.e., C. lunata, C. lytica, Cold Isolate 1, and S. oleracea).

Figure 3. Lyophilized biomass and KBr mixed using pestle and mortar.

@ .Y

Cold Isolate 1 C. lytica Spinach
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Table 2. Pellet matrix.

Pellet Pellet Pellet Pellet Pellet Pellet
Material Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4 | Replicate 5 | Replicate 6
S. oleracea
Freeze-Dried (2) 0.093 0.071 0.08 0.08 0.071 0.08
KBr (g) 0.137 0.159 0.15 0.15 0.159 0.15
C. Iytica 0.025 0.03 0.013 0.024 0.013 0.022
Freeze-Dried (g)
KBr (g) 0.205 0.227 0.217 0.206 0.217 0.208
el ekt . |l 6 0.01 0.03 0.011 0.011 0.007
Freeze-Dried (g)
KBr (g) 0.228 0.229 0.227 0.229 0.219 0.223
C. lunata
Freeze-Dried () 0.04 0.04 0.04 0.04 0.04 0.04
KBr (g) 0.226 0.226 0.226 0.226 0.226 0.226
Figure 4. Workflow for sample pellet
preparation for ATR-FTIR analysis.
Lyophilized biomass Lyophilized biomass
and KBr and KBr ground

5 tons of pressure
using hydraulic
handpress for 3

Ground material
added to 13 mm
die
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2.5 Spectral analysis using ATR-FTIR (attenuated total reflectance
Fourier transform infrared)

2.5.1 Infrared (IR) data acquisition

In this study, ATR-FTIR spectra were obtained by directly placing the pel-
leted samples on the ATR diamond crystal and clamping them using a
pressure gauge. The proper adjustment of the ATR clamp allowed for even
distribution of the sample over the crystal surface. The infrared beam was
directed onto an optically dense crystal at a 45° angle. The internal reflec-
tance created an evanescent wave that protruded a few microns (0.5—

5 um) beyond the crystal and into the sample. The depth at which the eva-
nescent wave penetrates into the sample is determined by the difference in
the refractive index between the sample and the ATR crystal. After the
sample absorbed unique regions of the infrared spectrum, the evanescent
wave became attenuated. The attenuated energy from the evanescent wave
then comes back to the crystal, exits from the opposite end of the crystal,
and is then sent to the detector in the IR spectrometer (Figure 5).

Figure 5. Working principles of single reflection ATR-FTIR spectroscopy.
Pressing

element \
Sample in contact with
/ evanescent wave

To detector
——

ATR crystal

Infrared
beam

Pellets were scanned on a Nicolet 6700 FTIR (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) equipped with the diamond Smart iTR At-
tenuated Total Reflectance (ATR) Sampling Accessory (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) and deuterated triglycine sul-
fate KBr detector. The samples were placed on the ATR diamond crystal
and held in place with the pressure gauges. Each spectral measurement
consisted of 32 scans at a resolution of 4 cm-1, and a background scan
prior to each sample was performed using a plain KBr pellet to subtract
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the background. Before each set of measurement, a polystyrene standard
was also run to ensure the instrument was operating as expected. Each bi-
ological material sample group had six pellets in total, and each pellet was
scanned in duplicate.

The complex background comparison was conducted by collecting back-
ground vegetation scans in the afternoon using the hand-held 4300 FTIR
(Agilent Technologies, Santa Clara, California, USA) with the ATR acces-
sory and coarse gold reference. The 12 locations chosen had predomi-
nantly grass vegetation and were located outside of CRREL, Hanover, New
Hampshire. Method parameters for these measurements consisted of four
clean scans performed prior to sampling to ensure the diamond crystal
was clean, 16 background spectra, and 16 sample scans. The background
spectrum includes unwanted spectral contributions from the instrument
and environment, such as infrared absorbing water vapor (3,500 cm! and
1,630 cm~!) and carbon dioxide (2,350 cm~! and 667 cm-1). To remove
these unwanted bands and calculate the absorbance spectrum of a sample,
the following equation is used (Smith 1996):

A =log (Io/D),
where
A = absorbance,
Iv = intensity in the background spectrum, and
I = intensity in the sample spectrum.

Data was collected at a resolution of 4 cm~—t. The measurements were taken
in reflectance and converted to absorbance in Essential FTIR software.

2.5.2 Preprocessing of IR data

The preprocessing of the FTIR data used Essential FTIR software as fol-
lows: (1) correct baseline for any dissimilarities between spectra due to
baseline deviations, (2) normalize all spectra from all sample sets to the
same intensity to remove variations from different amounts of material,
and (3) smooth the entire spectra to increase the precision of the data
without distorting the signal tendency by using the Savitzky-Golay algo-
rithm, window size 11 (Savitzky and Golay 1964; Mariey et al. 2001). The
spectra were then separated out based on regions of interest, including
MWIR, LWIR, and the full spectral scan. The absorption and wavelength
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data were exported from Essential FTIR as a .csv multifile for statistical
analysis.

2.5.3 Statistical analysis of IR data

The processed FTIR spectra were statically compared using PCA in the
package Chemospec (Hanson 2012) in R (R Core Team 2017). PCA was
employed to decrease the complexity of the data set into its most signifi-
cant components or scores while retaining the important variation
between the data points. PCA loading plots were then derived to indicate
the spectral regions responsible for segregation in the PCA (Hanson 2012).
Figure 6 shows the workflow for this process.

Figure 6. Workflow from raw ATR-FTIR data to R for
exploratory data analysis.

Raw Data

g

Process data in Essential
FTIR (baseline correction,
normalization, smoothing)

U

Export processed data to .csv file containing
frequencies in first column and sample
absorbency intensities in remaining columns

J

Exploratory data analysis
performed on .csv file using
Chemospec R package
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3.1

Results and Discussion

ATR-FTIR measurements and analysis

Figure 7 visually compares the spectra of C. lunata, C. lytica, Cold Isolate
1, S. oleracea, and background vegetation. Each spectra represents a single
spectrum representative of each sample group. Figure 8 presents all twelve
consecutive scans collected from each sample, showing reproducibility be-
tween the scans. In general, the location of the peaks representing the
structural and functional groups of the molecules were similar and had
similar intensities. For instance, each spectrum had a peak near

1,630 cm1, which is associated with the C=0 stretch amide I of proteins.

Figure 7. ATR-FTIR Spectra of (4) C. lunata, (B) C. lytica, (C) Cold Isolate 1, (D) S. oleracea,
and (£) background vegetation.
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Figure

. Overlay of ATR-FTIR spectra showing reproducibility for each sample group.
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PCA was used as an ordination technique to compare the organisms to one
another and to the complex background. PCA was performed on regions of
interest including 667—4,000 cm-! (Figure 9), MWIR region (Figure 10),
and LWIR region (Figure 11). Included with each scores plot are the PCA
loading plots derived for principle component 1 (PC1) and principle com-
ponent 2 (PC2), which indicate the spectral regions responsible for
segregation along each axis. The loading plots include each frequency in
the data; and the higher the intensity (negative or positive), the stronger
the impact it had on the final PCA output.
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PC2 score 25%)

Figure 9. PCA scores plot of ATR-FTIR spectra 667-4,000 cm~1 shown on the right and the loading plot
derived from the PCA showing the spectral bands responsible for the variances in PC1 and PC2.
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When investigating the spectral region 667—4,000 cm-! (Figure 9) using
PCA, the vegetative background is separated from the microbial and S.
oleracea samples along the PC1 axis, which represents 52% of the total
variance. The corresponding loading plots shows PC1 is influenced
strongly by a distinct band found between 3,279 and 3,317 cm, which is
likely due to the vibration of the O—H stretch in water (Schmitt and Flem-
ming 1998). The higher water content present in the natural vegetation
compared to the lyophilized microbial and S. oleracea pellets is suspected
to be the cause for the broader peak found at 3,200 cm~ in the vegetative
background, contributing heavily to the segregation of vegetative back-
ground from other samples along PC1. Water produces a strong FTIR
signal, which can cause other compounds present to go undetected. Sepa-
ration along PC1 is also influenced by opposing bands for 1,500—

1,200 cm~1. Davis and Mauer (2010) reported this region as a major IR re-
gion of interest for bacterial identification in samples absent of water due
to again the strong FTIR water signals blocking the spectral response from
fatty acid bending vibrations, proteins, and phosphate-carrying com-
pounds that are otherwise detectable in the 1,500-1,200 cm~! region
(Davis and Mauer 2010). Vegetative background lacked distinctive bands
in this region (Figure 7), likely due to the water present in the sample. A
unique band in S. oleracea was found at 1,309 cm~! and is likely due to the
vibrations of C—O of the syringyl ring, which plays a role in the production
of lignin (Zhao et al. 2010; Jones et al. 2017).

Along PC2, which represents 25% of the total variance in the data set, C.
lunata separates from S. oleracea and the bacterial samples while appear-
ing slightly more in line with the vegetative background (Figure 9). This
suggests that the spectral signature of C. lunata is more similar to complex
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PC2 score (38%)

background samples yet less similar to its bacterial counterparts. Interest-
ingly, the samples of S. oleracea clustered with the bacteria rather than the
complex background. This might be due to the lack of water found in the
dried S. oleracea samples, which is present in the complex background,
causing a broader peak at 3,200 cm~. The corresponding loading plot
shows PC2 is influenced by the presence of intense bands at about
1,630 cm~! (1,633—1,640 cm~1), which is associated with the C=0 stretch
amide I of proteins, and between 1,538 and 1,550 cm~, which is caused by
the bending vibrations of N—H in amide II of proteins (Schmitt and Flem-
ming 1998). The vegetative background showed absorption at only
1,630 cm~, which is likely caused by C=0 stretch amide I from protein.

Figure 10. PCA scores plot of ATR-FTIR spectra 1,250-3,333 cm~-1shown on the rightand the loading
plot derived from the PCA showing the spectral bands responsible for the variances in PC1 and PC2.
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When investigating the MWIR spectral region 1,250—3,333 cm! (Figure
10) using PCA, the vegetative background is separated from the organis-
mal samples along the PC1 axis, which represents 45% of the total
variance. There appears to be a slight shift of C. lunata towards the vegeta-
tive background along PC1, suggesting that there may be better overlap in
spectral similarities between C. lunata and the vegetative background in

the MWIR.

The corresponding loading plot (Figure 10) shows PC1 has similar spectral
regions responsible for segregation along each PC1 axis as the loading plot
found in Figure 9 and is also heavily influenced by the water-related band
found at about 3,200 cm—. PC1 and PC2 both appear to be influenced by
bands between 1,633 and 1,640 cm~! and between 1,538 and 1,550 cm™!
with differences in peak height ratios. PC1 is also influenced by an oppos-
ing band found between 1,732 and 1,745 cm-. The 1,744 cm~! band from
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Figure 11. PCA scores plot of ATR-FTIR spectra 700-1,250 cm~1 shown on the rightand the loading plot
derived from the PCA showing the spectral bands responsible for the variances in PC1 and PC2.
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this range is likely caused by the vibrations of the C=0 stretch in lipid es-
ters due to this being a characteristic band present in biological functional

groups (Table 1) and can be detected in only the C. lunata, S. oleracea, and
vegetative background.

centeredinoscaleiciassical

Loadings for PCA plot of ATR-FTIR LWIR spectra 8,000 — 15,000 nm

PCiLoadings

P

Ref. spectrum
AN
. -
/
\/
J/

.
-,

00

PC1 score (78%)

When investigating the LWIR spectral region 700—1,250 cm-! (Figure 11)
using PCA, the vegetative background shifts closer to the organismal sam-
ples along the PC1 axis, which represents 78% of the total variance.
Specifically, along PC1, the vegetative background and C. lytica appear
closer, meaning there may be better overlap in spectral similarities be-
tween C. lytica and the vegetative background in the LWIR. The
corresponding loading plot (Figure 11) shows that PC1 and PC2 are influ-
enced by a distinct band found at about 900—1,200 cm~! and that this
region is dominated by C—O—C, C-O ring vibrations in various polysac-
charides (Schmitt and Flemming 1998).

While none of the samples matched outdoor vegetation perfectly, the simi-
larities between spectra due to biological functional groups is apparent.
Currently, the CRREL Soil Microbiology group has 42 pigmented bacteria
and yeast as part of ICE-COLD, and the PCA analysis process used for this
research could potentially screen for microbes of interest. The identifica-
tion of compatible biomaterials to embed unviable organisms in may also
be possible. Investigating the emissivity of biological materials embedded
in a coating for outdoors field testing could provide further insight into the
effects of EMR on the spectral signature.
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4 Conclusion

The spectral signature of complex backgrounds and the spectral signatures
of pigmented organisms are of interest to assess candidates for coatings
research. Therefore, the goal of this study was to assess organisms with
various pigment strategies by using spectroscopic techniques and to statis-
tically compare the signals to that of a natural vegetative background. The
statistical comparison between the organism samples and the complex
vegetative background indicated that the spectra of the complex vegetative
background was different from the organisms tested. This separation is
primarily due to the vibration of the O—H stretch of water found in the
natural vegetative background scans, which indicates the strong impact
water has on the spectral signature of background vegetation. Bands asso-
ciated with amide I and II protein regions also influenced clustering and
were found in Cold Isolate 1, C. lytica, and the S. oleracea samples. The
fungal candidate, C. lunata, appeared more similar to the vegetative back-
ground in the Amide I and II protein regions. By understanding the
functional groups contributing to the differences in the spectra, our team
can begin to target scenarios where the candidate combined with the coat-
ing would be most effective.
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ATR
ATR-FTIR

CRREL

EMR
EMS
FTIR

ICE-COLD

IR
KBr
LWIR
MWIR
PC
PCA
PDA

SPOT 5

Antifreeze protein

American Type Culture Collection

Attenuated total reflectance

Attenuated total reflectance Fourier transform infrared

US Army Cold Regions Research and Engineering La-
boratory

Electromagnetic radiation
Electromagnetic spectrum
Fourier transform infrared

Innovative, Collaborative, Exploratory Cold Regions
Organismal Library for Discovery

Infrared

Potassium bromide
Long-wave infrared

Midwave infrared

Principle component
Principal component analysis
Potato dextrose agar

Satellite Pour I’Observation de la Terre or “Satellite
for Observation of Earth”
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