ARTICLE

BIOTECHNOLOGY
BIOENGINEERING

Micro-Raman Spectroscopy of Algae: Composition
Analysis and Fluorescence Background Behavior

Y.Y. Huang,' C.M. Beal,> W.W. Cai,” R.S. Ruoff,”> E.M. Terentjev'

!Cavendish Laboratory, University of Cambridge, Cambridge, UK

2Department of Mechanical Engineering, Cockrell School of Engineering,

University of Texas at Austin and the Texas Materials Institute, 1 University Station C2200,
Austin, Texas 78712; telephone: 512-471-4691; fax: 512-471-7681;

e-mail: r.ruoff@mail.utexas.edu

Received 5 June 2009; revision received 30 September 2009; accepted 20 November 2009

Published online ? ? ? ? in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/bit.22617

ABSTRACT: Preliminary feasibility studies were performed
using Stokes Raman scattering for compositional analysis of
algae. Two algal species, Chlorella sorokiniana (UTEX #1230)
and Neochloris oleoabundans (UTEX #1185), were chosen for
this study. Both species were considered to be candidates for
biofuel production. Raman signals due to storage lipid
(specifically triglycerides) were clearly identified in the
nitrogen-starved C. sorokiniana and N. oleoabundans, but
not in their healthy counterparts. On the other hand, signals
resulting from the carotenoids were found to be present in
all of the samples. Composition mapping was conducted in
which Raman spectra are acquired from a dense sequence of
locations over a small region of interest. The spectra
obtained for the mapping images were filtered for the
wavelengths of characteristic peaks that correspond to com-
ponents of interests (i.e., triglyceride or carotenoid). The
locations of the components of interest could be identified
by the high intensity areas in the composition maps. Finally,
the time-evolution of fluorescence background was
observed while acquiring Raman signals from the algae.
The time dependence of fluorescence background is char-
acterized by a general power law decay interrupted by
sudden high intensity fluorescence events. The decreasing
trend is likely a result of photo-bleaching of cell pigments
due to prolonged intense laser exposure, while the sudden
high intensity fluorescence events are not understood.
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Introduction

To date, analysis of algae composition is a multi-staged
process. At the beginning, each cell component is isolated by
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centrifugation and solubilization. These purified extracts are
subsequently analyzed by techniques such as mass spectro-
scopy and high-pressure liquid chromatography (HPLC) to
determine their chemical formula and their relative abund-
ance (Gillan and Johns, 1983; Guschina and Harwood, 2006;
Nischwitz and Pergantis, 2006; Schmid and Stich, 1995).
These procedures can be slow, tedious and require a
substantial amount of algae. Due to the growing emphasis
on the large-scale production of algae for fuels and
chemicals, a fast composition analysis technique is needed.
Rapid composition analysis, potentially using Stokes Raman
scattering, would greatly facilitate the selection of suitable
algal strains and their associated growing conditions for
different applications, ranging from biofuels to nutritional
supplements (Demirbas, 2007; Radmer and Parker, 1994;
Sheehan et al., 1998; Thompson, 1996).

Raman scattering has traditionally been used as a
vibrational spectroscopy technique complementary to
infrared spectroscopy for composition analysis. It has a
key advantage when applied to biological samples due to its
low sensitivity to water content (Frank and Parker, 1983a).
In normal conditions, the Raman scattering intensity of an
active component depends on the incident laser frequency to
the fourth power (Smith and Dent, 2005). The intensity of a
characteristic peak also scales linearly with the concentration
of the molecule which produces the spectrum. However,
resonant scattering (Chao et al., 1975) occurs when a
molecule’s absorption maxima are close to the incident laser
frequency (or excitation energy). Resonant scattering has
great resolution, down to 10~® M, compared to the 10> M
resolution limit of conventional Raman scattering. Coherent
anti-Stokes Raman scattering, CARS, (Begley et al., 1974) is
a technique based on the resonant scattering phenomenon
described above and has been used in the areas of lipid
quantification, lipid metabolism investigation, and the
associated label free imaging technique (Xie et al., 2006). For
general biological samples, Stokes Raman scattering (Frank
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and Parker, 1983b) is less suitable than CARS since the
Stokes effect requires much higher excitation laser power
than CARS to produce reasonable signals (Xie et al., 2006),
leading to potential photo-damage of the samples.
Nevertheless, Stokes Raman scattering is more wide-spread
and technologically simpler than CARS; therefore, Stokes
Raman scattering has a better opportunity for fast industrial
implementation.

Our prime aim was to conduct a feasibility study on
proof-of-principal, using simple, conventional Stokes
Raman scattering effects to analyze the composition of
algae, with specific emphasis on identifying the presence of
storage lipid, that is, triglyceride (Guschina and Harwood,
2006; Thompson, 1996). This motivation is stemmed from
the increasing interest in algal biofuel production. The first
part of this manuscript is dedicated to composition analysis
of Chlorella sorokiniana (UTEX #1230) and Neochloris
oleoabundans (UTEX #1185), comparing our results and
data with the reference absorption spectra in the literature.
The composition analysis was conducted by acquiring
Raman spectra from the algal samples and identifying key
component peaks, and then Raman image scans were
employed to map the composition of a single cell or many
cells. Secondly, an investigation into the change in
fluorescence background during long time laser exposure
was carried out, through which some unexpected dynamics
of algal cells’ response to high laser intensity were noted,
characterized by high intensity fluorescence events that are
not fully understood.

Materials and Methods

Algae Treatment and Sample Preparation

C. sorokiniana (UTEX #1230) and N. oleoabundans (UTEX
#1185) were obtained from the UTEX algae culture
collection at the University of Texas at Austin. Several
different samples were used in this study and the growth
conditions varied slightly for each specimen. Generally
speaking, healthy samples (grown in Bold 3N media) and
nitrogen-starved samples (grown in modified Bold 3N
media containing no nitrogen) of both C. sorokiniana and
N. oleoabundans were obtained (contents of Bold 3N media
include H,0, NaNO;3, CaCl,-2H,0, MgSO,-7H,0, K,HPO,,

Table I. Sample Growth Conditions

NaCl, and Vitamin Bj,. cf. UTEX, www.utex.org). The
nitrogen starvation was applied in order to enhance the lipid
production in cells and the term “starved” refers to nitrogen
starvation throughout the remainder of this document.
Information regarding the growth media and starvation
period is listed in Table I for each of the samples used in this
study. The starvation was conducted by inoculating a fresh
batch of modified Bold 3N media that lacked nitrogen
(i.e., lacking NaNOs3) with a healthy sample, thus beginning
the starvation period. All of the liquid cultures were grown
at UTEX with continuous aeration (1.5% CO, in air), no
agitation, 15W/m” of continuous lighting (using F32/T8
fluorescent bulbs), and at a room temperature of about 70°F
for their entire growth, except for Starved NeoO #2 which
was subjected to additional starvation as detailed in Table 1.
The agar culture was also grown at UTEX on agar slants.

To prepare a liquid specimen for confocal micro-Raman
spectroscopy, an algal culture was concentrated by
centrifugation, after which glass microscope slides coated
with poly-1-lysine were placed in the solution in a Petri dish.
After a few hours, the slides (with algae adhered) were taken
out and the excess water on the glass surface was removed by
gently blowing compressed difluoroethane across the
sample. The samples were taken for analysis immediately
after slide preparation. For our purpose of determining
triglyceride content in cells, an in vivo experimental
condition is not essential. The agar culture required even
less preparation, in which a small volume of the agar and
algae material was placed on a microscope slide and spread
out slightly.

Confocal Raman Spectroscopy and Microscopy

Raman spectra were measured by a WITec Alpha 300
Confocal Raman Microscope with a 532nm excitation
wavelength. All measurements were performed at room
temperature, and the saturation intensity level for data
acquisition was ~6 x 10* counts. The maximum output
laser power was estimated to be ~5 mW over a focused spot
of ~0.5 um diameter, giving a power density of ~25kW/
mm? over the focal depth of ~1 um. We chose to work with
such a high power density because preliminary tests
indicated that the majority of the characteristic peaks could
only be revealed after increased laser power. While it is

Sample name Species

Growth medium Starvation duration

Healthy ChloS Chlorella sorokiniana

Starved ChloS Chlorella sorokiniana

Healthy NeoO
Starved NeoO
Healthy NeoO Agar
Starved NeoO #2

N AW~

Neochloris oleoabundans
Neochloris oleoabundans
Neochloris oleoabundans
Neochloris oleoabundans

Bold 3N NA
Bold 3N w/o nitrogen 7-14 days
Bold 3N NA
Bold 3N w/o nitrogen 7-14 days
Agar slant NA
Bold 3N w/o nitrogen ~53 days®

*Grown in nitrogen deficient media in continuous lighting and aeration for 7 days and then sealed, removed from aeration, and subjected to 12 h of light

per day for 46 days at room temperature (~72°F).
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possible that cell functions were damaged by irradiation, our
main purpose was to identify the triglyceride content. We
note that optical microscopy examination (50%) indicated
that the cells remained intact (although likely dehydrated)
and the Raman spectra indicated that they were not burned
after illumination for ~5 min.

As mentioned, when the laser excitation energy is close to
one of the electronic transitions of the molecule under
investigation, resonant Raman scattering will occur (Spiro,
1974). Therefore, our first task was to evaluate the electronic
transitions of the different constituent molecules in algae
with respect to the excitation wavelength (532 nm). DNA/
RNA, proteins, fats (including triglyceride), polysaccharide,
and various pigments (e.g., chlorophylls and carotenoids)
are the major chemical constituents of algal cells. By
studying the UV/Vis-NIR absorption spectra of these cell
components, it was found that except for the photosynthetic
pigments, most cell components (including lipids) in plants
do not absorb in the visible range (~400-700 nm). On the
other hand, one finds general broad absorption bands in the
~400-520 and 650-700 nm regions for different green and
brown algae (Yang et al., 1991), which are mostly due to
chlorophylls (absorption peaks at ~400-480 and 650-
700 nm; Oba et al., 1997) and carotenoids (500-550 nm;
Gaier et al., 1991). With the 532 nm excitation wavelength
used in our experiments, resonant scattering is therefore
expected only for carotenoids.

Data Collection and Processing

Chemical composition analysis of algae was carried out
through collecting Raman spectrum from individual cells
of healthy and nitrogen-starved C. sorokiniana and
N. oleoabundans. For the composition identification, each
spectrum is an average of 10 accumulations, each with an

integration time of 0.2 s, and acquired at the same location
within the cell. Therefore, these spectra were acquired in a
few seconds. With a confocal setup, spectral information
is only collected from the laser focal region (in our case
~0.20 wm?), which is inhomogeneous. In order to identify
the mean cell composition, a number of points were chosen
within each cell to acquire Raman spectra. These spectra
were baseline corrected using a Rolling-Circle-Filter (RCF)
(see below), and then normalized against the Ocm '
intensity before taking an average. Spectra were recorded
within the wavenumber region of —300 and 3,200 cm ™' at a
spectral resolution of 2.4 cm ™.

Most spectra collected contained a pronounced back-
ground, which is likely caused by fluorescence of the
pigments in algal cells. Since the spectral backgrounds do
not contain any chemical-specific information, they were
usually omitted in previous studies by baseline correction
using different mathematical procedures, for example,
Heraud et al. (2006). To separate the fluorescence back-
ground, the raw spectra obtained were subjected to a RCF, a
high-pass filter that can provide efficient background
subtraction without introducing significant distortion to
the high frequency components (Brandt et al., 2006). During
the RCF process, the original spectrum was split into two
parts of information to be analyzed; the characteristic peaks
associated with the local cell composition, and the
fluorescence background level induced by laser exposure
(cf. Fig. 1, plot a). Throughout the data processing, no data
smoothing was applied. To interpret the results, the mean
spectra were compared to the literature reports of various
algae and common biological molecules (Brahma et al,
1983; Heraud et al., 2006, 2007; Kubo et al., 2000; Largeau
et al., 1980; Wood et al., 2005). The reference graphical data
were extracted using Engauge Digitizer, and then inter-
polated to the same wavenumber points as those used in our
tests by linear interpolation (interpl, Matlab).

a |

v M o f
o 1000041 ) w'.ﬁ\mfm-n“ﬁ‘m'l I
£ Pl wﬂ*“""-“’“""’f#ﬂ&m—. Ny
= Original spectrum
%' —— RCF background
& 50004 —— Background-free spectrum |
=

O_U W“WNWWWMWW\ Mo

500 1000 1500 2000 2500 3000

Wavenumber (cm™)

b 10000 4
|
| Original spectrum

ey ] —— 9-polynomial fit
b= \ [ ﬁ. —— Background-free spectrum
5 1
§ 5000
=
0
=
L
£

04

500 1000 1500 2000 2500 3000

Wavenumber (cm™)

Figure 1. aAraw spectrum from a starved N. oleoabundans (Starved NeoO) sample illustrating the RCF baseline correction method applied to the spectra used for chemical
identification. The original spectrum (blue line) is split into the characteristic peaks associated with the local cell composition (black line) and the fluorescence background
(red line). b: A raw spectrum from the healthy N. oleoabundans agar sample (Healthy NeoO Agar) (blue line) is shown alongside with the 9th order polynomial fit used to determine
the background level of Raman mapping (red line). The resulting spectrum after the polynomial background subtraction is also shown (black line).
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Chemical composition mapping was also performed to
identify and locate carotenoids in healthy N. oleoabundans
cells and triglyceride in starved N. oleoabundans cells. For the
mapping images, spectra were acquired at a dense sequence
of locations within the algal cells and the relative peak
intensities were compared to identify and locate compounds
of interest. The spectra from every location, that is, each
pixel, were background subtracted and then filtered for a
wavenumber region that corresponds to a signature peak in
the spectrum of either carotenoid or triglyceride. Based on
the relative intensity within the specified wavenumber band,
the pixels were then colored according to a gradient that
ranges from black (low intensity) to red (medium intensity)
to yellow (high intensity), thus identifying and locating the
components. The spectra that compose the Raman maps
were acquired with the same spectral range and resolution as
those for composition identification. The chemical compo-
sition maps required roughly 1h of acquisition time,
depending on the spatial resolution and spectral integration
time specified (cf. Chemical Composition Mapping
Section).

To reduce computation time, a 9th order polynomial
background subtraction (included in the WITec software)
was applied for the chemical mapping spectra rather than
using the RCF background subtraction. Figure 1, plot b
displays an example of the polynomial baseline subtraction.
This method is able to preserve the characteristic peaks,
despite yielding an uneven reference level, and is adequate
for the purpose of mapping a characteristic peak. (Although
not used in this study, a segmented polynomial curve fit
could be used to reduce the influence of the peaks on the
background.) As with all spectroscopy methods, interference
can obscure the results. For the components of interest in
this study, B-carotene and triglyceride, we have reasonably
high confidence that the characteristic peaks are distinct
enough (as compared to common biological molecules
present in algae (de Gelder??, 2007; Hendra and Agbenyega,
1993) to discern the location of those particular compounds.
The potential interference is discussed in more detail below.

As mentioned previously, independent information about
the fluorescence background level can also be extracted
following the RCF process. The sum of the background
counts over the 0-3,200cm™ ' spectral range provides a
quantitative indicator to the level of fluorescence “emitted”
during a particular time interval for data acquisition.
Dynamics of Raman Signal Evolution Section investigates
the change of this indicator with respect to the length of
laser exposure, reflecting some interesting phenomena
which may be explained by the cells’ dynamic response to
high-light intensity.

Results

Chemical Identification

The Raman spectrum of an entire cell is formed by the
spectra convolution of a large number of biological
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molecules. The relative contribution of each component
depends on its relative abundance and the corresponding
detection sensitivity (i.e., incident laser wavelength).
Knowledge of the Raman spectrum for generic triglyceride
is required in order to “‘visualize” the storage lipids in algae.
These molecules consist of a glycerol backbone and three
long chain fatty acid tails. Triglyceride composition depends
on the constituent fatty acids, which can vary in chain length
(n), degree of saturation, or position(s) of the double
bond(s) (Bresson et al.,, 2005; Hu et al., 2008). Raman
spectra are largely unaffected by the chain length (n) of a
fatty acid when n > 11. Any presence of unsaturated carbon
bonds in the methylene chain will induce additional peaks
at ~1,265cm ™! (8(=CH)), ~1,650cm™! (v(C=C)), and
3,000cm™ ' (v(=CH)) compared to a saturated chain.
However, the position of carbon—carbon double bonds,
when they are present, does not alter the spectrum to a large
extent (Bresson et al., 2005). For the triglycerides present
in green micro-algae, of which fatty acid chains are
predominantly long chain unsaturated (Guschina and
Harwood, 2006), we expect the Raman spectra to be largely
similar. This implies that Raman scattering may not
distinguish the exact type of triglyceride produced in an
alga. This can be seen as an advantage because one does not
need to carry out extensive sampling of various triglycerides,
and the analysis of triglyceride content in algae is then
reduced to “spotting” and “fitting” only a single spectral
pattern. Also, it is likely that biodiesel can be produced from
all types of triglyceride produced by algae, and thus it is not
critical to distinguish between different types. Previous
studies have produced biodiesel from algal lipids that has
similar properties to those required by ASTM biodiesel
standards (Li et al., 2007; Miao and Wu, 2006) (for ASTM
standards, cf. Durret et al., 2008; Knothe, 2006). Based on
the above information, glyceryl trioleate (Sigma? T7140)
was selected as a representative for generic unsaturated
triglyceride. Figure 2 shows the Raman spectrum of glyceryl
trioleate obtained under the same conditions as those of
algae.

The next stage is to examine whether triglyceride has
distinct bands compared to other bio-molecules. A
comprehensive database on the Raman spectra of various
key biological molecules has been provided by de Gelder
etal. (2007). They report that the triglyceride spectra exhibit
distinctly different Raman patterns from other abundant
molecules in cells such as, DNA, RNA, and amino acids. This
difference is expected because the overall structures of the
biological molecules listed above are very different.
Although two of the intense bands for triglyceride exist in
the wavenumber region of ~1,000-1,450 cm™ !, and thus
overlap with those arising from some saccharide types,
triglyceride can be distinguished by the characteristic peak
at ~1,650cm ™" or the broad peak between ~2,800 and
3,000cm™'. Further support for using the broad wave-
number band to identify lipids is provided by several
previous studies conducted with CARS that have used
peak locations of ~2,840 or 2,845cm ™' to identify lipids
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Figure 2. The Raman spectrum of glyceryl trioleate, which is used as a
representative to the spectra of generic unsaturated triglyceride.

(Evans et al., 2005; Hellerer et al., 2007; Zhu et al.,
2009).

In addition to triglyceride, spectra from pigments should
also be considered because they are highly sensitive to the
excitation energy and have been reported to contribute
significantly to the Raman spectra of many algae (Brahma
et al., 1983; Kubo et al., 2000; Heraud et al., 2006, 2007;
Wood et al., 2005). Using an excitation wavelength of
488 nm, Chen et al. (2004) showed that most strong and
medium peaks of chlorophyll-d coincide with those of
chlorophyll-a and b. For various carotenoids, it has been
shown that their Raman spectra are close to that of the well-
documented B-carotene (Cannizzaro et al., 2003; Parker
et al,, 1999). B-carotene has intense peaks at ~1,150 cm ™
(v(C=C)), ~1,520cm " (v{(C=C)), and 1,008 cm " (p(C-
H;), v(C-C)), and major overtone peaks at 2,320 and
2,667 cm ™ L. In addition, due to similar chemical structure,
we expect the various chlorophyll compounds to produce
similar spectra and the various carotenoids to produce
similar spectra. Thus, one can use the major Raman peaks
specifically associated with chlorophyll-d and those asso-
ciated with 3-carotene to represent generic chlorophylls and
carotenoids, respectively. The reference spectra for chlor-
ophyll-d and B-carotene are presented alongside with the
experimental algal spectra later in Figure 5.

With the above background information, the Raman
spectra of the healthy and starved algae can now be
presented in detail. For the spectra of healthy C. sorokiniana
(Healthy ChloS) and N. oleoabundans (Healthy NeoO)
illustrated by Figure 3 (blue line) and Figure 4 (blue line),
carotenoid seems to be the only assignable component
revealed by the strong peaks at ~1,150 and 1,520 cm ™', and
a medium peak at ~1,008 cm ™ L. This result agrees with the
previous investigations by a number of authors (Brahma

o —— Healthy ChloS
] h — Starved ChloS

’ ---- Combination spec
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Figure 3. The mean Raman spectrum of starved C. sorokiniana (Starved ChloS)
(black line), and the combined spectrum of contributions from carotenoid, chlorophyll,
and triglyceride (dashed red line). The spectrum of healthy C. sorokiniana (Healthy
ChloS) (blue line) is also shown as a comparison.

et al., 1983; Heraud et al., 2006, 2007; Kubo et al., 2000;
Wood et al., 2005; Wu et al., 1998), who found carotenoids
being the main contributors, and sometimes the sole
assignable contributors (Brahma et al., 1983; Kubo et al,,
2000), to the Raman spectrum. In theory, algae should be
differentiated on a class level by the weaker Raman features
in the 920980 and 1,170-1,230 cm ' regions resulting from
the difference in their pigment compositions (Wu et al.,
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Figure 4. The mean Raman spectrum of starved N. oleoabundans (Starved
Neo0) (black line), and the combined spectrum of contributions from carotenoid,
chlorophyll, and triglyceride (dashed red line). The spectrum of healthy
N. oleoabundans (Healthy NeoO) (blue line) is also shown as a comparison.
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1998). Such classification would require statistical sampling
of a large number of algae, which was not performed in our
study.

In contrast to the “simple” Raman spectra illustrated by
the healthy algae, the nitrogen-starved samples showed
more interesting features. The black lines in Figures 3
and 4 display the average, post-processed Raman spectra
of starved C. sorokiniana (Starved ChloS), and starved
N. oleoabundans (Starved NeoO). Chlorophyll, triglyceride,
and carotenoid can be clearly identified by matching the
measured Raman spectrum with a combined spectrum of
these pure components, shown in red in Figures 3 and 4. For
the combination spectra, glyceryl trioleate (representing
triglyceride) is the same as that illustrated in Figure 2
previously, while the spectra for B-carotene and chlor-
ophyll-d are from the literature references of Chen et al.
(2004) and Parker et al. (1999). To combine these three
spectra, optimized normalization factors were used. As
shown in Figures 3 and 4, the computed aggregate spectrum
and the experimentally obtained mean spectrum agreed well
for both starved C. sorokiniana and starved N. oleoabundans.
These two figures also indicate that both of the nitrogen-
starved cell types contain high levels of triglycerides
compared to their nitrogen-replete counterparts. The single
component spectra representing generic carotenoids, chlor-
ophylls, and triglyceride are shown separately in Figure 5.

Chemical Composition Mapping

Figure 6 contains the optical micrographs (100x) of a
healthy N. oleoabundans agar sample and a starved
N. oleoabundans cell (Starved NeoO #2). Below the optical
images are spectral composition maps that were constructed
from acquiring spectra according to procedure described in
Data Collection and Processing Section. The signal intensity

Starved ChloS
—— Starved NeoO

Triglyceride
Carotenoid J\A«_/\

800 1000 1200 1400 1600 1800 2600 2800 3000

Wavenumber (cm”)

Figure B. The Raman spectrum of carotenoid (Parker et al., 1999), chlorophyll
(Chen et al., 2004), and triglyceride (cf. Fig. 2) and the mean spectra acquired for
starved C. sorokiniana and starved N. oleoabundans in the wavenumber regions of
750-1,750 cm ' and 2,450-3,150 cm .
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Triglyceride

Figure 6. Optical micrographs and background subtracted Raman maps of
N. oleoabundans: column A shows the image for healthy N. oleoabundans in agar
(Healthy NeoO Agar) and the corresponding chemical mapping for carotenoid; column
B displays the optical image of a single starved N. oleoabundans cell (Starved NeoO
#2) and the associated mapping for triglyceride. The high and low lipid regions within
the starved cell, of which spectra are analyzed in Figure 7, are marked #1 and #2,
respectively.

within the desired wavenumber regions (1,505-1,535cm ™"

for carotenoid and 2,800—3,000 cm ™' for triglyceride) were
measured for every spectra and the map is created such that
locations with high intensity are denoted in yellow, medium
intensity are denoted in red, and low intensity are denoted in
black. The actual resolving power of Raman spectroscopy is
limited to be about half of the incident beam wavelength
(266 nm, in this case). Then, the diameter of the focal region,
which is about 0.5um for this study, can limit the
resolution. Therefore, the spectra obtained for each location
in the chemical composition maps result from the net
Raman signal produced by the entire region excited by the
incident beam. The locations at which spectra were obtained
were separated by 0.2 and 0.1 pm for the carotenoid and
lipid maps, respectively. Therefore, adjacent locations (i.e.,
adjacent pixels) will contain overlapping information.
However, each spectrum is unique because it is produced
by a unique region excited by the incident beam. The scan
region for composition maps shown in column A and
column B of Figure 6 are 20 pm X 20 pm and 8 pmx 8 pm,
respectively. Every spectrum was acquired with a 0.1s
integration time.

In Figure 6, carotenoid locations are identified for the
healthy N. oleoabundans agar sample (Healthy NeoO Agar)
and triglyceride locations are identified for the starved
N. oleoabundans sample (Starved NeoO #2). The optical



image of healthy N. oleoabundans, in column (A), shows
clumps of algal cells, and the individual cells cannot be
distinguished clearly. The carotenoid map indicates distinct
locations in which carotenoid is highly concentrated. This
result is expected as carotenoid is specifically located within
the chloroplast. For starved N. oleoabundans, a scan region
containing only one isolated cell was selected to perform
Raman mapping and triglyceride can be identified clearly. In
order to confirm the validity of the lipid composition map,
the spectra from two locations (#1 and #2) within the cell are
analyzed further in Figure 7. These locations were selected to
verify the presence of lipid peaks at location #1 and the
absence of lipid peaks at location #2. The major
characteristic peaks of triglyceride (cf. Fig. 2) can be
identified in the spectrum of region #1, but not in that of
region #2. Therefore, the Raman map was successful at
identifying the lipid composition in the starved
N. oleoabundans cell shown. Raman mapping of healthy
cells mainly produced noise signals, and are therefore not
included for space considerations.

The Raman maps shown in Figure 6 provide a qualitative
assessment of the relative composition of algae via Stokes
Raman scattering. Growth conditions can have a significant
effect on the composition of algal cultures and it is known
that N. oleoabundans will increase triglyceride production
during nitrogen starvation (Tornabene et al., 1983). The
Raman map shown in column B of Figure 6 confirms that a
significant portion of the cell can be composed of lipids. This
study does not determine the sensitivity of Stokes micro-
Raman imaging spectroscopy. As mentioned above, there
are limitations to the resolution of composition maps
which may disallow the detection of components with
low abundance. For instance, some amount of triglyceride
will be present in healthy and starved cultures of
N. oleoabundans. In the authors’ personal experience,
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Figure 7. The Raman spectra acquired at positions #1 (yellow region) and #2
(black region) as indicated in Figure 6.

independent studies suggest that healthy and starved
cultures of N. oleoabundans (grown under similar condi-
tions and for similar duration (i.e., ~15 days) as the cultures
in this study) will contain ~2-10% and 15-25% triglyceride
by weight, respectively (data not provided. Personal
communication, Beal C., University of Texas at Austin,
2009). Applying nitrogen-starvation for a longer duration
has been shown to yield even greater lipid content in algae
(Hu®? et al.,, 2007; Tornabene et al., 1983). This indicates
that the threshold required for the detection of triglyceride
in algal cells by the micro-Raman spectroscopy method
presented in this manuscript may be somewhere between the
triglyceride content of the healthy and starved cultures used
in this study (which were not determined) (cf. Figs. 3 and 4).
It is stressed that quantitative composition analysis is
beyond the scope of this study. The specific threshold of
chlorophyll, carotenoid, or triglyceride content needed to
produce reliable Raman signals or the direct correlation
between signal intensity and chemical concentration was not
determined.

An additional limitation is that fluorescence can over-
whelm the component specific peaks in some cases and near
infrared excitation wavelengths (e.g., 785nm) or coherent
anti-Stokes Raman spectroscopy may be better suited for
algal samples. With additional data processing algorithms
and the development of standardized calibrations for the
spectral analysis, Raman spectroscopy has the potential to
provide a rapid composition analysis tool for the
quantification of triglyceride content or other components,
such as carotenoids, for the growing industry striving to
produce fuels and chemicals from algae.

Dynamics of Raman Signal Evolution

Confocal Raman studies on micro-algal cells performed
elsewhere (Heraud et al., 2007; Kubo et al., 2000) employed
low levels of laser power, that is, below ~1 mW over a spot
size of 1-2 pm. This was to avoid photo-damage to the cells
and especially to preserve the easily photo-bleached
chlorophylls and carotenoids. Nevertheless, the algal spectra
obtained mostly contained pronounced sloping fluores-
cence baselines. In contrast, we employed a much higher
power density (~5mW over a ~0.5um spot size) to
increase the Stokes Raman scattering response. Under such a
constant intense exposure at a single spot in the cell,
unexpected spectrum evolution with time was observed.
Figure 8 provides an example of a typical series of spectra
acquired at consecutive intervals during continuous laser
exposure. The relative peak heights, indicative of chemical
composition, remain roughly the same over the time of
exposure. However, the fluorescence background shows
strong time dependence. Contrary to expectation, the
consecutive spectra in Figure 8 do not correspond to
consecutive times as illustrated by the analysis below.

It is generally accepted that for isolated pigment powders,
the fluorescence background level produced during Raman
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Figure 8. Raman spectrum sampled approximately every 10s at the center of a
fixed starved N. oleoabundans cell (Starved NeoO Cell 1, cf. Fig. 9, plot b); the laser
beam was left on between consecutive data acquisitions.

scattering follows an approximate exponential decay
relationship (Splett et al., 1997). In order to examine this
relationship, the fluorescence background level is plotted
versus the time of exposure. The background level is defined
as the sum of all background counts (extracted by RCF) over
the 0-3,200 cm ! spectral ranges (cf. Data Collection and
Processing Section). A very different phenomenon was
found in our samples, illustrated by non-monotonic time
dependence of background intensity in Figure 9 for
C. sorokiniana (Starved ChloS) and N. oleoabundans
(Starved NeoO). In all measurements, the first acquisition
produced the highest value of fluorescence. This was
followed by a large rapid decrease, and then an exponentially

slower decrease. Unexpectedly, after some illumination time
(which varied for different cells around ~1-2min), the
fluorescence level abruptly returned to a high value and then
the decay process repeated itself, sometimes more than once.

Fluctuation in the incident laser power was minimal as
demonstrated by the intensity at Aw =0 cm " which stayed
effectively constant (cf. Fig. 8). The fluorescence can be
attributed to various carotenoids (Gaier et al., 1991) as well
as chlorophylls (Bukin et al., 2008) in the chloroplast. For
example, the quenching of chlorophyll fluorescence in
LHCII (a major light harvesting antenna protein) was
observed to take place on a time scale of milliseconds (Pascal
etal., 2005) and so it is not surprising that significant photo-
bleaching of pigments can occur. If the few “abnormal” high
intensity events are omitted, the slow decay of fluorescence
intensity with time of exposure is apparent. This decay
follows a power-law relationship ~t ™ (cf. the insets in
Fig. 9), with the exponent x~ 0.87 for C. sorokiniana and
x~0.35 for N. oleoabundans. A mnon-exponential time
dependence is usually attributed to collective, cooperative
processes and in our case, this may imply a nonlinear
absorption effect at higher intensity (Serra and Terentjev,
2008), or be a consequence of complex photosynthetic
reactions that occur in chloroplast organelles on absorption
of light (Neidhardt et al., 1998). The exact cause for the
observed high intensity events is still under investigation.
Several possibilities include the movement of a new
chloroplast into the beam focus volume (due to random
thermal migration or a direct optical trapping effect), as well
as another consequence of electronic exchange during the
photosynthetic process reset in the chloroplast organelle.
Finally, Raman spectroscopy could be conducted with a
785 nm laser which may significantly reduce the background
fluorescence. This could be advantageous is some cases,
however, the high fluorescence background enabled the
documentation of a very interesting phenomenon in this
study.
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Conclusion

Two algal species, C. sorokiniana (UTEX #1230) and
N. oleoabundans (UTEX #1185), were tested using conven-
tional Stokes Raman scattering. For both species, only the
carotenoid component was able to be assigned in the spectra
of healthy cells. On the other hand, the signals from
carotenoids, chlorophylls, and triglycerides were clearly
identified in the Raman spectra of C. sorokiniana and
N. oleoabundans which had been nitrogen starved. In
addition, chemical maps demonstrated that confocal Raman
microscopy operating under the Stokes scattering regime is
capable of identifying the compound of interest within a
single cell down to a few microns. Carotenoids and
triglycerides were identified using the filtered Raman
mapping technique and the locations of each component
within the scanned region could be determined. Unexpected
variations in the fluorescence background levels when
prolonged laser exposure is applied were observed. The
background level followed a generally power-law decaying
trend that was interrupted with sudden spikes of high
intensity fluorescence events. The general trend of decreas-
ing background level may be explained by the photo-
bleaching of pigments in chloroplasts. However, the high
intensity fluorescence events are not yet understood.
Overall, this study demonstrates that Stokes Raman
spectroscopy is capable of detecting and identifying storage
lipids, specifically triglyceride. Conventional Raman scatter-
ing thus sees the potential to provide a fast and non-
intrusive compositional analysis technique which may
enable future in-line or at-line lipid content monitoring.
Future experiments should be designed to determine the
relationship between the lipid (or triglyceride) concentra-
tion in algae and the associated Raman signal intensity in
order to establish a standardized lipid quantification
method.
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which is an official U.S. Government publication, is called a “U.S. Government work,” and is in the public
domain in the United States. In such case, the employee may cross out Paragraph A.1 but must sign (in the
Contributor’s signature line) and return this Agreement. If the Contribution was not prepared as part of the
employee’s duties or is not an official U.S. Government publication, itis not a U.S. Government work.

|_| U.K. Government work
(Crown Copyright)

Note to U.K. Government Employees

The rights in a Contribution prepared by an employee of a U.K. government department, agency or other

Crown body as part of his/her official duties, or which is an official government publication, belong to the
Crown. U.K. government authors should submit a signed declaration form together with this Agreement.
The form can be obtained via http://www.opsi.gov.uk/advice/crown-copyright/copyright-guidance/
publication-of-articles-written-by-ministers-and-civil-servants.htm

|_| Other Government work

Note to Non-U.S., Non-U.K. Government Employees

If your status as a government employee legally prevents you from signing this Agreement, please contact

the editorial office.

|_| NIH Grantees Note to NIH Grantees

Pursuant to NIH mandate, Wiley-Blackwell will post the accepted version of Contributions authored by NIH
grant-holders to PubMed Central upon acceptance. This accepted version will be made publicly available
12 months after publication. For further information, see www.wiley.com/go/nihmandate.
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Softproofing for advanced Adobe Acrobat Users - NOTES tool

NOTE: ACROBAT READER FROM THE INTERNET DOES NOT CONTAIN THE NOTES TOOL USED IN THIS PROCEDURE.

Acrobat annotation tools can be very useful for indicating changes to the PDF proof of your article.
By using Acrobat annotation tools, a full digital pathway can be maintained for your page proofs.

The NOTES annotation tool can be used with either Adobe Acrobat 4.0, 5.0 or 6.0. Other
annotation tools are also available in Acrobat 4.0, but this instruction sheet will concentrate

on how to use the NOTES tool. Acrobat Reader, the free Internet download software from Adobe,
DOES NOT contain the NOTES tool. In order to softproof using the NOTES tool you must have
the full software suite Adobe Acrobat 4.0, 5.0 or 6.0 installed on your computer.

Steps for Softproofing using Adobe Acrobat NOTES tool:

1. Open the PDF page proof of your article using either Adobe Acrobat 4.0, 5.0 or 6.0. Proof
your article on-screen or print a copy for markup of changes.

2. Go to File/Preferences/Annotations (in Acrobat 4.0) or Document/Add a Comment (in Acrobat
6.0 and enter your name into the “default user” or “author” field. Also, set the font size at 9 or 10
point.

3. When you have decided on the corrections to your article, select the NOTES tool from the
Acrobat toolbox and click in the margin next to the text to be changed.

4. Enter your corrections into the NOTES text box window. Be sure to clearly indicate where the
correction is to be placed and what text it will effect. If necessary to avoid confusion, you can
use your TEXT SELECTION tool to copy the text to be corrected and paste it into the NOTES
text box window. At this point, you can type the corrections directly into the NOTES text

box window. DO NOT correct the text by typing directly on the PDF page.
5. Go through your entire article using the NOTES tool as described in Step 4.

6. When you have completed the corrections to your article, go to File/Export/Annotations (in
Acrobat 4.0) or Document/Add a Comment (in Acrobat 6.0).

7. When closing your article PDF be sure NOT to save changes to original file.

8. To make changes to a NOTES file you have exported, simply re-open the original PDF
proof file, go to File/lImport/Notes and import the NOTES file you saved. Make changes and re-
export NOTES file keeping the same file name.

9. When complete, attach your NOTES file to a reply e-mail message. Be sure to include your
name, the date, and the title of the journal your article will be printed in.



