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ABSTRACT

Two green microalgae species Monoraphidium contortum (M. contortum) and
Chlamydomonas sp. that were 1dentified to accumulate lipids were subjected to four different
nutrient treatments (NP1-NP4), ranging in nitrate (0.05-5 mM N) and phosphate (2.8-264 uM
P) concentrations, at a fixed N:P ratio of ~ 18. The effect of nutrient variation on lipid
productivity in the species was investigated using second derivative (SD) FTIR and Raman
spectroscopy of algal biomass. SD spectral analysis revealed high production of lipid in the
form of hydrocarbons (CH) (3000-2800cm™), triacylglycerides (TAGs)(~1740cm™), saturated
(SFA)(~1440 cm™), and unsaturated fatty acids (UFA)(~3010 cm™) for the nutrient deplete
condition (NP1) in both species. Changes in signals attributed to lipids in proportion to other
biochemical components were consistent with physiological changes expected from nutrient
depletion. Relative signal intensities for lipids showed a significant increase in NP1, in
particular, CH, TAGs in relation to protein signals (in SD-FTIR), and SFA, UFA in relation to
carotenoid signals (in SD-Raman). PCA performed on the negative spectral values of the SD-
FTIR and SD-Raman data for the four NP treatments enabled discrimination not only between
the species but also between the NP treatments and the timing of harvest. M. contortum was
found to contain a relatively higher proportion of CH, TAGs, SFA, and UFA compared to
Chlamydomonas sp. Peak areas from the negative SD spectra, informed by PCA analysis,
enabled capturing quantifiable changes in a manner that is consistent with known microalgal
physiology. SD-FTIR and SD-Raman spectroscopy have been shown to possess superior

potential to capture relevant microalgal physiological changes.
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1. Introduction

Microalgae, which are single-celled phytoplankton, have been shown in studies to be a
feasible source of biodiesel due to their ability to accumulate significant amounts of lipids and
carbohydrates as energy stores within their cells [1-4]. They are photosynthetic and have the
potential for developing net-zero manufacturing solutions for products currently sourced from
fossil fuels. Several studies to improve lipid production in microalgae have shown that
nutritional variability causes changes in the macromolecular composition of microalgae cells
[5,6]. Environmental stress such as temperature, nutrients, and light also alter cell physiology
[7]. Microalgae require vital nutrients such as nitrogen and phosphorus to grow in addition to
carbon dioxide and light. Studies have indicated changes in photosynthetic activity, lipid
synthesis, and biomass composition in freshwater and marine microalgae as a result of nitrogen
and phosphorus limitation [8—11]. The impact of both nitrogen and phosphorus on cell growth
and carbon allocation has been the subject of several investigations [9,11,12].

Researchers have found that the responses of microalgae to limiting nutrients are also
species-specific. Although nutritional scarcity has caused metabolic changes in microalgae,
such as the accumulation of carbohydrates and lipids, not all species have responded to nutrient
scarcity by accumulating carbohydrates or lipids [6,13,14]. As a result, identifying suitable
microalgae that respond to nutrient limitations with a high lipid content is a necessity in
oleochemical and biodiesel production. In addition, it is important to be able to monitor cellular
biochemical changes during cultivations to enable the implementation of optimal process
controls.

FTIR and Raman spectroscopy has been demonstrated as fast, reliable, and non-
destructive methods to examine the biomolecular composition in microalgae cells [15-19].
Many of the studies have reported the use of FTIR spectroscopy in the rapid assessment of
lipids, without the need for lipid extraction and to monitor the changes within the intracellular
macromolecular pools of microalgae [15,20-23]. The application of FTIR to classify species
with the help of multivariate analysis [24-29] and to differentiate the nutritional status of
microalgae [30-34] have been attempted successfully. The ability to capture physiological
changes in a reproducible manner with these vibrational spectroscopy tools enables a rapid
approach to assess microalgal cultivations for the production of chemicals, including lipids.
Raman spectroscopy has been shown to have value in assessing the degree of unsaturation in
lipids [35-39]. Its use in assessing the physiological responses and growth phases of different

microalgae has also been demonstrated [40]. Fewer studies have explored the utility of FTIR
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and Raman in tracking physiological responses to changes in the nutritional status of
microalgae. We have recently reported on the potential of FTIR and Raman spectroscopy to
monitor the biomolecular transitions and lipid accumulation in green microalgae during the
various growth phases [23].

Although these spectral techniques have been contributing significantly to algal
research, they have been often associated with qualitative analysis [17-19,25,41,42]. More
reliable quantitative measures with predictive capacity require reproducible capture of relevant
spectral changes with minimal interference from background noise. In this regard, transforming
the spectra to second derivatives (SD) has been made possible with derivative spectroscopy as
this provides automatic baseline correction and spectral resolution enhancement [43,44]. SD
spectroscopy allows easy analysis of the spectral peaks, as the wavelength at which the
absorbance peak (IR)/scattering intensity (Raman) is at its maximum in the normal spectrum
(Zero-order) is also at its maximum in the second derivative spectrum, but in the negative
direction [45]. SD spectroscopy enables accurate measurements of wavelength position by
identifying small and overlapping peaks that are not resolved in the original spectra. [23,46,47].
Here, we explore the selective analysis of negative portions of the SD spectra of algal biomass
to capture relevant changes in a more quantifiable manner.

The objective of the present study is to assess the utility of second derivative FTIR and
Raman spectroscopy to capture changes in lipid productivity caused by nutrient limitation in
the green microalgae species Monoraphidium contortum (M. contortum) and Chlamydomonas
sp. The study aims to assess the utility of SD-FTIR and SD-Raman to monitor microalgal
processes and capture physiological changes with respect to biomolecular composition while
imposing nutrient stress. The focus of the investigation is to assess the ability to capture
qualitative as well as quantifiable changes in lipids and other biomolecular composition with
the help of second derivative (SD) spectroscopy combined with principal component analysis

(PCA).



2. Materials and Methods
2.1. Microalgal culture and growth conditions

Two freshwater green microalgae isolates, Monoraphidium contortum (M. contortum)
and Chlamydomonas sp., that were identified to accumulate lipids [23]were subjected to four
different treatments with varying Nitrate (N) and Phosphate (P) concentrations from replete
(NP4) to the deplete (NP1) conditions at an N:P ratio approximating 18, which is in a
physiologically acceptable range for assessing nutrient stress [48—51]. The cells were cultured
in modified BG11 medium as triplicates with an initial optical density of 0.15 in 500ml flasks
with varying nitrate and phosphate concentration as shown in Table 1. The cultures were
maintained at a light intensity of 27 photons (umoles/m?%/s) with12:12h light-dark cycle at
25°C.

Table 1. Four different treatments with varying nitrate (N) and phosphate (P) concentration

S.No. | NP treatments N:P concentration
1. NP4 (replete) 5000uM : 264uM
2 NP3 2525uM : 134uM
3. NP2 1287.5uM : 69uM
4 NP1 (deplete) 50uM :2.8uM

2.2. Biomass harvest for spectral analysis

The cells of M. contortum and Chlamydomonas sp., treated with four different NP
concentrations were harvested on their 10" and 20" days of growth by centrifuging 30 ml of
the culture from each triplicate, to elicit a response commensurate with the detection of relevant
biochemical changes [28]. The cultures were centrifuged at 5000 rpm for 5 minutes and the
supernatant was removed. The harvested biomass was freeze-dried at -65°C using a lyophilizer

Alpha 1-2 LD plus, CHRIST GmbH, Germany, and used for spectral analysis.

2.3. FTIR spectral measurements

Pellets were made from each triplicate algal biomass by combining it with KBrin a 1:100
ratio. All of the samples had the same proportion of biomass added to KBr. A total of 144
absorption spectra (3 technical replicates x 3 biological replicates, for each of the four NP
treatments on the 10™ and 20" days of growth for the two species) were recorded using
Shimadzu 8400S FTIR spectrometer, Shimadzu Corporation, Japan. Spectral measurements

were recorded in the Transmission E.S.P mode with 20 scans for each spectrum at 2cm’!



resolution in the wavenumber range of 4000 - 500 cm'. Temperature controlled high-
sensitivity DLaTGS detector was used for detection. All spectra were baseline corrected using

IR solution software.

2.4. Raman spectral measurements

The freeze-dried algal biomass from each triplicate was equally weighed and irradiated
with a near-IR laser of a Modular 1064 Raman system (BaySpec, California, USA) to obtain
the spectra. For all analyses, the distance between the sample and the fiber optic video probe
was kept constant. A total of 48 Raman spectra (3 biological replicates, for each of the four NP
treatments on 10" and 20" day for the two species) were recorded with a laser intensity of
149mW and an exposure period of 5s for 10 scans. Spectral measurements were taken in the
wavenumber range of 200-3200 cm™! at a resolution of 10 cm’!. For detection, an indium
gallium arsenide (InGaAs) detector was used. All spectra were baseline corrected using

Spec2020 software.

2.5. Post-processing of spectral data

Origin Pro 8 was used to process the spectral data obtained from the FTIR and Raman
spectrometers. With a 10-point window, all spectra were smoothed using Savitzky—Golay
algorithm. The differentiation method with derivative order 2 was used to get second derivative
(SD) spectra. The integrated peak area was computed by summing the intensities of the peak
/region of interest with the negative values of the second derivative spectra, as the negative
values indicate the actual peak in the SD spectra. Principal component analysis (PCA) was
carried out on the negative values of the second derivative spectral data using MATLAB

R2020b, with the SVD algorithm.



3. Results and Discussion
The effect of nutrient variation on lipid productivity and the subsequent changes on the

other biomolecules present in the two species M. contortum and Chlamydomonas sp. were
analyzed from the FTIR, Raman, and their respective second derivative (SD) spectra.
3.1. Qualitative assessment of algal biomass spectra at varying NP treatments

To derive qualitative information on biochemical changes, two approaches have been
adopted. First, to identify the biomolecules and their intensity variations within the species for
the four NP treatments on their different days of growth (10™ and 20™ day), by examining the
normal (zero-order) spectra and its second derivative. Second, the spectral variance in the
dataset was assessed through principal component analysis (PCA), to identify regions of
spectra that contribute to the variance.

Biomolecules present in M.contortum (Table 2) were identified from the FTIR (Fig.
1A, 2A), SD-FTIR (Fig.1B, 2B), Raman (Fig. 1C, 2C) and SD-Raman spectra (Fig.1D, 2D).
The strength of the intensity of the biomolecular peaks for the four NP treatments (NP4-NP1)
(Table 1) and the variation in their intensity between the 10" and 20™ days of growth was
assessed and is tabulated in Table 2. Similarly, for Chlamydomonas sp., (Fig.3 and 4) their
biomolecular groups were identified and the variation in the intensity of the peaks between NP
treatments and the days of growth was assessed and is tabulated in Table 3 [9,20,23,52-54].

The pattern of the spectra and the bands present in the two species conform to the
spectra of the green microalgae [18,23,53,55]. It can be seen in figures 1 to 4 that there is
intensity variation in the biomolecular bands (mainly lipids, proteins, carbohydrates, and
carotenoids) between the four NP treatments. These spectral regions have been highlighted in

the figures and the effect of nutrient variation on these biomolecules has been discussed below.



Proteins
|

A 3 | B — NP1

L‘u:lds E ; —— NP2
i w JR—

/ \ & B acHy e
Mydfocorbond.,ﬁ a Carbohydrates NP4
v (CHy/ CHy) 3 |

>

Second derivatives of Absorbance

F] o~
s : .
8 | NP3 LR - Carbohydrates
€ > T
§ e
4
- °. "
§ v(c=0) 8 5”
NP2 ' TAGs E i)
h-] g >
Hydrocarbons s o é
NP1 -
ya Yy
T T T T T 7/ T T T T T 1 T T 7/ T T T T T .|
4000 3800 3600 3400 3200 3000 1800 1600 1400 1200 1000 800 3000 2800 1800 1600 1400 1200 1000 800
Wavenumber (cm™) 41
C Lipids D Wavenumber (cm )
Saturated fatty acids e
(SFA) y E NP1
Hydeocarbons, 5(CH,) @ — NP2
v(CH)/ CHy) Carotenoids Carotonoids/ Carbohydrates § — NP3
€ —— NP4
Carbohydrates ';
NP4 «©
. :
S (4
-
(<]
@
- > B2
£ 2| 3 J
> ]
c E g
fles 0\ : -
[ 'g Carotenoids  \. v J
| |
oty ‘§ Hydrocarbons Carbohydrates
iy
) 7/ L 8 ' . . S 30'00 28'001 ’ 1 8100 1 3.00 14l00 1 2'00 1 OIOO 8:)0
3000 2800 1800 1600 1400 1200 1000 800
Wavenumber (cm ) Wavenumber (cm™")

Fig.1. Normal and Second derivative(SD) spectra of M.contortum on its 10" day of growth for the four different NP treatments. Overlays of A) FTIR
spectra B) SD-FTIR spectra C) Raman spectra and D) SD-Raman spectra. Each FTIR spectrum is the median of 9 replicates and the Raman spectrum is the

mean of 3 replicates



Proteins
\

A 2 B
5 = NP1
Lipids 5 8 s NP2
; c —_—
é s g NP3
Hydrdcarbons ’-é- 5(CHy) Cavbor‘tydutn §
V(CH,/CHy) \ © -1
_ 2! CHy 2 2
v -
3 (] -
L) » 1) N~
= x
8 e [ ) !
e = P =3O T Carbohydrates
“
.g NP3 g vic=0) 8 8 %m"
2 < ™es £ ES B
3 hd 5 &
NP2 h- Y <
8 Hydrocarbons
]
NP1 L2
T T T T T f T T T T T 1 - — /- - - T - T 4
4000 3800 3600 3400 3200 3000 1800 1600 1400 1200 1000 800 3000 2800 1800 1600 1400 1200 1000 800
Wavenumber (cm™) 4
Wavenumber (cm™ ')
Lipids D
C Hydrocarbons é‘
v (CH,/ CHy) Saturated fatty acids g — NP1
Carotenoids/ g NP2
Corctoncide Carbohydrates - — NP3
Carbohydrates Carbohydrates s
NP4 £
©
14
£l s
s »
2 NP3 °>’
[ '.3 Carotenoids
£ 2 UFA SFA UFA
S NP2 -8 Carotenoids
E T X : J
] g X
[+ 4 8 Y Carbohydrates
NP1 a Hydrocarbons
vy
T T " T T T T T 1
T 7/ T T T T T T 3000 2800 1800 1600 1400 1200 1000 800
3000 2800 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Wavenumber (cm'1)

Fig.2. Normal and Second derivative(SD) spectra of M.contortum on its 20" day of growth for the four different NP treatments. Overlays of A) FTIR
spectra B) SD-FTIR spectra C) Raman spectra and D) SD-Raman spectra. Each FTIR spectrum is the median of 9 replicates and the Raman spectrum is the

mean of 3 replicates.



A Proteins B — NP1
Lipids = : ® —— NP2
" 3 e —— NP3
/ e & = 2 —— NP4
o ™
Hydrocarbons ;- % sl Carbohydrates 8
v (CHy/ CHy) o < 3 o
= <) <
Fl - -
S| NP4 7 o B
® 4 e S
2 3 £5 !
- Carbohydrates
‘g ee E Hydrocarbons 3 <
2 o L4
< © :ﬂ
NP2 T S
g #
NP1 a
T T T T T I// T T L) T L) 1 - T ,I,I - T - T T )
4000 3800 3600 3400 3200 3000 1800 1600 1400 1200 1000 800
> 3000 2800 1800 1600 1400 1200 1000 800
Wavenumber (cm P
¢ ) Wavenumber (cm 1)
C Lipids D 2>
Saturated fatty acids "g — NP1
Hydrocarbons, (SFA) o —
v (CH,/ CH,) 5(CH,) € NP2
2/ CHy Carotenoids/ = - NP3
Carotenolds | \carbohydratefarbohydrates Cwnoerone s = NP4
NP4 E
3 @
T 5
2 | NP3 »
7] @
c 1S
g ‘.‘g T Carotenoids
- z|e g
E NP2 5| > HrA g sFA
1 i e \ VJ
©
L 5 3 Y
o Y Carbohydratos
NP1 13 Hydrocarbons
vy 1 T /III L) T T T T 1
30'00 28'00, % 18r00 1"00 1 "oo 12'00 10'00 8:)0 3000 2800 1800 1600 1400 1200 1000 800
-1 Xr
Wavenumber (cm ) Wavenumber (cm 1)

Fig.3. Normal and Second derivative(SD) spectra of Chlamydomonas sp. on its 10™ day of growth for the four different NP treatments. Overlays of A)
FTIR spectra B) SD-FTIR spectra C) Raman spectra and D) SD-Raman spectra. Each FTIR spectrum is the median of 9 replicates and the Raman spectrum is

the mean of 3 replicates.



Proteins
A

A g B
Lipids = — NP1
3 Carbohydrates ] — NP2
8 2 £ —— NP3
Hydrocarbons = g — NP4
V(CHy/CHy) \ O 5
P o
o L] 2
-] > <
) -
< | nPa 2
8 @
£ >
® = B,
NP3 ] ) o=
2 ‘e g0 Y
2 H | vic=0) 8 =35 Carbohydrates
3 o ——— TAGs E §§ < -
NP2 'g Hydrocarbons 5 g 5
o o o
g o
NP1 (7]
T Ll T T T ”/I Ll T T T Ll 1 T T //// T T T T T 7
4000 3800 3600 3400 3200 3000 1800 1600 1400 1200 1000 800 3000 2800 1800 1600 1400 1200 1000 800
C Wavenumber (cm™) 1
D Wavenumber (cm™')
Lipids
Saturated fatty acids P
Hydrocarbons (SFA) ) — NP1
v (CH,/ CHy) 5(CHy) Carotenoids/ $ — NP2
Carotenold hyd’a(i:rbohydrat-s Carbohydrates £ - NP3
NP4 £ —— NP4
3 s
8 o
-
2 | NP3 5
7] [
[ [} —
8 2 o Carotenoids
£ = S
s £ UFA H
™ o
§ NP2 8 g SFA
o 'g 3 \ Y J
8 — Carbohydrates
NP1 * Hydrocarbons
vy
T T ,//I T T T T T T L T 7/ T T T T T 1
3000 2800 1800 1600 1400 1200 1000 800 3000 2800 1800 1600 1400 1200 1000 800
-
Wavenumber (cm™') Wavenumber (cm")

Fig.4. Normal and Second derivative(SD) spectra of Chlamydomonas sp. on its 20" day of growth for the four different NP treatments. Overlays of A)
FTIR spectra B) SD-FTIR spectra C) Raman spectra and D) SD-Raman spectra. Each FTIR spectrum is the median of 9 replicates and the Raman spectrum is

the mean of 3 replicates.

10



3.1.1. Effect of nutrient variation on Lipids

Lipids comprise hydrocarbons (CH), triacylglycerides (TAGs), saturated (SFA), and
unsaturated fatty acids (UFA). Hydrocarbons are the long-chain backbones of the fatty acids
of lipids [56,57]. Fig.1 shows the normal (zero-order) and the second derivative (SD) spectra
of M.contortum on its 10" day of growth for the four NP treatments.

It can be seen in the overlay of FTIR spectra (Fig.1A) that in all four NP treatments,
distinct peaks at ~2924 cm™ and ~2846 cm™! from the CH» asymmetric and symmetric stretches
of hydrocarbons (CH) were observed. Similarly, all of the NP treatments showed CHj3
asymmetric and symmetric stretches at ~2950 cm™ and ~ 2862 cm™! in Raman spectra (Fig.1C).
As SD spectra enhance the spectral resolution, the presence of all the four characteristic
stretches of hydrocarbons (vasCHs, vasCHz, viCH3, vsCH») was revealed by the SD-FTIR (Fig.
1B) and SD-Raman spectra (Fig. 1D) in the expected region 3000 — 2800 cm™ [23,52,54].

SD spectra also indicated the differences in the intensities of CH bands between the
NP treatments (Table 2) as it autocorrects the baseline. The CH band intensities of NP1 (Fig.
1B and D) are relatively higher than the other NP treatments. This implies that the microalgae
cells have experienced nutritional stress as a result of the low nitrate and phosphate contents,
which have increased the content of hydrocarbons [9,20]. On the contrary, an increase in the
intensity of the CH band for NP4 (a replete condition with surplus nutrients) was also observed
(Fig.1B and D). The ambiguity can be made clear from the observation of the CH deformation
bands at ~ 1460cm™ (8,sCH3) and ~ 1380cm™ (8,CH3) for all the NP treatments (Fig.1B).
Although these bands represent both lipids and proteins, there was no increase in their intensity
with NP1 treatment [26,53]. This suggests that an increase in CH intensity for NP4 is not just
attributable to lipids, but could also be due to proteins, as evidenced by the significant increase
in the intensity of the peak at ~1380 cm™ (8;CH3) exclusively for the replete treatment (NP4)
(Fig. 1A and B).

Similar results were observed for M.contortum on its 20™ day of growth (Fig.2), except
for a reduction in the intensity of the peak 1380cm’! than on its 10" day of growth (Table 2).
This may indicate the reduction of the symmetric CH3 deformation either from lipids or
proteins. The variation of increment and decline in the intensity of the peaks for the two species
on the 20" day compared to the 10™ day are indicated by a ‘+> and ‘-~ sign respectively in
Tables 2 and 3.

Chlamydomonas sp. also exhibited an increase in CH intensities (3000-2800 cm™) with
nutrient depletion (NP1) on the 10" (Fig.3) and 20" (Fig.4) days of growth, in accordance with
previous studies [9,13,58]. An increase in the peak at ~1380 cm! for NP4, along with the
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increase in amide bands (~1650, ~1540 cm™) was observed. However, an increase in CH
intensity for NP4 was not as prominent as in M.contortum (Fig.3B, 3D, 4B, and 4D). This
suggests that in addition to proteins, other factors may have contributed to the increase in CH
intensities for M.contortum in NP4 that is not seen to the same extent in Chlamydomonas sp.
The Raman and SD-Raman spectra of the two species M.contortum (Fig.1C and D) and
Chlamydomonas sp. (Fig.3C and D) showed that the intensity of the v(C=C) stretches from
carotenoids (~1515 cm™) is high for the replete (NP4) condition. This indicates that the
nutritional surplus is impacting carotenoid accumulation in microalgae cells. As a result, their
corresponding v(C-H) stretches (~2926 cm’') and §(C-H) deformations (~1157cm™) can
contribute to the intensity increase of CH in NP4 treatment for M.contortum [59,60]. This was
evident by the very strong peak at ~1515 cm™ (Raman), and strong peak at ~1157cm™!(Raman),
for NP4 in M.contortum (Tables 2), whilst this was observed as medium intense peaks for NP4
in Chlamydomonas sp., (Table 3). The increased amount of carotenoids in M.contortum than
Chlamydomonas sp. can also be seen in the SD-FTIR at ~1510 cm’! (IR) (Fig.1B and 3B) and
SD-Raman at ~1515 cm™!(Raman) (Fig.1D and 3D).

Therefore, an increase in the intensity of CH along with the other indicators of lipids
such as TAGs (IR), and fatty acids (Raman) can confirm the enhancement of lipid accumulation
in the microalgae cells in response to NP1 treatment. As other biomolecules such as proteins
and carotenoids also contribute to CH stretch when the species have surplus nutrients (NP4).

In general, lipids have wide applicability including in oleochemical manufacturing and
biodiesel production. The most preferred compounds for biodiesel are TAGs, which comprises
three fatty acids and a glycerol. Studies have shown that nearly 80% of the TAGs are saturated
(SFA) and monounsaturated fatty acids (MUFA)[3,52,61,62], and their vibration can be
attributed to the carbonyl stretches of esters in the fatty acids at ~1740 cm™. FTIR spectra of
M.contortum (Fig. 1A and 2A) and Chlamydomonas sp. (Fig. 3A and 4A) on both 10" and 20"
days of growth for the four NP treatments show that the spectra of the limited NP concentration
(NP1) were distinct from the rest of the NP treatments by the presence of a sharp peak at
~1740cm™! that corresponds to TAGs. In NP2 to NP4 treatments, it was observed as shoulder
peaks. These shoulders were resolved in the SD-FTIR spectra (Fig 1B, 2B, 3B, and 4B) and
the intensity of TAGs is maximum for NP1 in both the species (Tables 2 and 3). An increase
in intensity was mainly observed in TAGs (~1740 cm') but not in other lipid bands at ~
1460cm™ and ~ 1380cm™! from CH deformation of hydrocarbons (Fig 1B, 2B, 3B, and 4B) in

the NP1 treatment. This indicates that the two species M.contortum and Chlamydomonas sp.
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have produced more neutral lipids (TAGs) with nutritional depletion [9,20,61-63] and it is a
positive indication that these microalgae species can be tapped for biodiesel production.
Raman signals are weak for carbonyl peaks and hence TAGs were not observed in
Raman spectra. Instead, Raman (Fig 1C, 2C, 3C, and 4C) and SD-Raman spectra (Fig 1D, 2D,
3D, and 4D) of the two species exhibited a very strong band at ~1440 cm 'which was due to
O(CH») scissoring from saturated fatty acids (SFA) for NP1. Also SD-Raman enabled
identification of weak bands v(=C-H) at ~3014 cm™', v(C=C) at ~1658 cm™! and &(=C-H) at
~1264 cm™!, which corresponds to the unsaturated fatty acids [54,60,64]. The weak intensity of
these bands in comparison to the SFA band (~1440 cm™) indicates that these two microalgae
are rich in saturated fatty acids [36,38,60]. SD-FTIR (1B, 2B, 3B, and 4B) also showed weak
UFA peaks at ~3010 cm™! v(=C-H) and ~1266 cm™ §(=C-H). The peak at ~1655 cm™ v(C=C)
was obscured in the FTIR spectra as the same region attributes to the carbonyl stretch v(C=0)
from amide I. Intensity variation between the NP treatments for UFA peaks is not discernible.
SD-FTIR and SD-Raman spectra have revealed that M.contortum and Chlamydomonas
sp. have responded to nutritional stress (NP1) by increasing the accumulation of lipids,
particularly neutral lipids, as evidenced by an increase in the intensity of CH, accompanied by

an increase in TAGs and SFA.

3.1.2 Effect of nutrient variation on other biomolecules

The effect of nitrate and phosphate concentrations on lipid productivity of the cells,
subsequently affect the other biomolecules primarily proteins, carbohydrates, and
pigments[9,18,65] as can be seen in the normal and SD spectra of M.contortum (Fig.1 and 2)
and Chlamydomonas sp.(Fig.3 and 4).

The normal FTIR (Fig. 1A, 2A, 3A, and 4A) and SD-FTIR (Fig. 1B, 2B, 3B, and 4B)
spectra of the two species on their 10" and 20" days of growth clearly show a gradual decrease
in the amide I (~1654cm™) and amide II (~1540 cm™) band intensities of proteins from the
replete (NP4) to deplete condition (NP1). This indicates that as nutrients are depleted, the
amount of proteins in microalgae cells reduces, which alters the cell metabolism to accumulate
more carbohydrates (1200-1000 cm™!) and lipids in the form of TAGs (~1740 cm™)[11,14,31].
This was evident by an increased intensity of the peaks in the NP1 treatment at
~1153,~1079,~1058, and ~1030 cm' that corresponds to Vv(C-O-C)stretches, o(C-O-H)
deformation, v(C-O-C) stretches of polysaccharides from carbohydrates (Tables 2 and 3) and

v(C=0) stretches of esters from TAGs as discussed in Section 3.1.1.
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An increase in carbohydrates for NP1 was noticed in the normal Raman (Fig. 1C, 2C,
3C, and 4C) and SD-Raman (Fig. 1D, 2D, 3D, and 4D) spectra in the corresponding 6(CH>)
deformation at ~1332 cm’!, and §(C-O-H), 8(C-C-H) deformations at ~840 cm’!. Furthermore,
the decrease in carotenoid pigments from the NP4 to NP1 treatments was revealed in the Raman
and SD-Raman spectra. Although studies have shown that nutrient deprivation can increase
carotenoid production [66,67], it is also known that the primary carotenoids which are
associated with growth are degraded under stress [68,69]. This was evident by the intensity
variation on the characteristic peak v(C=C) stretches at ~1515 cm™ of carotenoids. A very
strong v(C=C) peak for NP4 and a weak intensity for NP1 was observed in M.contortum (Table
2). While a medium intense peak for NP4 and a weak peak for NP1 were observed in
Chlamydomonas sp.(Table 3)[60]. These spectral variations reflect the cell metabolism of the

two microalgae species in response to the nutrient variations.

3.1.3. Principal Component Analysis (PCA) on the SD spectral data for the two species
Although FTIR and Raman spectra were qualitatively analyzed to see the spectral
changes that have occurred for the various NP treatments, it is important to assess their
contribution to the spectral variance within the dataset. To capture this information, PCA was
performed on the spectral dataset between the four NP treatments for the two species on their
10" and 20™ days of growth. A positive PC score would correspond to a “negative peak” in the
corresponding loadings plots, as these are derived from the second derivative spectra. Likewise,

n

a “positive peak" in the loadings would indicate a lower level of the component in the
associated sample. In order to increase the signal resolution and minimize noise contribution,
we analyzed only the negative spectral values, as these would be directly associated with the

corresponding peaks in the zero order spectrum.
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3.1.3.1. PCA on the SD-FTIR to analyse spectral variance between NP treatments

Fig.5 shows the PCA carried out on the negative values of the replicate SD-FTIR
spectra (NP4 — NP1) for each of the species separately, including the responses on the 10 and
20" days of growth. Fig. SA and B are the scores and loadings plots for Chlamydomonas sp.
Similarly, Fig. 5C and D represent M.contorum. Only the first three PCs were considered, as
this explained 94 % of the total variance for both M. contortum and Chlamydomonas sp. PC1
and PC3 separate Chlamydomonas response to varying NP concentrations, with NP1 response
(for both the days) clustering in the space occupied by positive values of PC1 and PC3 (Fig.5A).
Therefore, the negative peaks in the corresponding loadings plots can be associated more with
this set of samples (NP1) than with the diagonally opposite set (NP4). Interpreting the
corresponding loadings plot (Fig. 5B) shows that the region corresponding to hydrocarbons
(~2924, ~2846 cm™), TAGs (~1740 cm™), and carbohydrates (~1153,~1079,~1058, and ~ 1030
cm’!) are more in NP1 compared to NP4. The protein amide bands (~1654, ~1540 cm’!) and
the peak at ~1380 cm™ are lower in NP1 compared to NP4, indicating a reduction in protein
content in NP1.

Similar results were observed for M. contortum (Fig. 5C and D), where the response to
NP1 for both days clusters in the positive PC2 and PC3 scores plot. It can be noted that PC3
shows a slightly negative peak in the loadings plot at 1380 cm™!, which may be indicative of
the fact that there is some contribution from lipids in this region [53]. The band ~3010 cm!
shows a slightly negative peak for PC2 and PC3, indicating that unsaturated lipid appears to be
higher in NP1 compared to NP4. This is not evident in the Chlamydomonas response.
Treatments NP4 to NP1 reflect the reduction in the initial nitrate and phosphate concentrations
and hence a shift from nutrient replete to nutrient deplete conditions. This validates the results
in Section 3.1.1 and shows that M.contortum and Chlamydomonas sp., tend to accumulate
carbohydrates and lipids as energy stores on nutrient depletion [9,20]. PCA analysis on the
negative values of the SD spectra enabled this level of discrimination that was not possible
with the full SD spectra, as spectral noise contributed to the variance, masking the differences

in the relevant signals.

3.1.3.2. PCA on the SD-Raman to analyse spectral variance between NP treatments
In a similar manner to the analysis of SD-FTIR spectra, PCA was performed on the
negative values of the triplicate SD-Raman spectra including the response of the two species

on the 10™ day of growth for the four NP treatments as shown in Fig.6. (Only the 10® day
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results are included in the analysis here, as the 20t day did not show a discernible difference
in signal, as much as was seen with the 10" day spectra).

The analysis in the selected region (3050-2500, 1700-800 cm!) for the 10" day samples
clearly shows the relevant peaks that can be attributed to the different nutrient conditions in the
two species. In particular, the spectra of NP1 (limiting nutrients) for both species clusters away
from those ascribed to relatively nutrient sufficient conditions (NP2-NP4). This can be seen
along the PC2 direction, which explains 30% of the variance in the data. It is also possible to
differentiate the contributions that can be attributed to the species, along the PC3 direction,
which explains 14% of the variance.

The loadings plot (for PC2), showed contributions at ~840 cm’! (8(C-0-H), §(C-C-H)),
~1440 cm™ (8CHy) , ~2862 cm™ (viCH3) and ~2950 cm™'(vosCH3) that can be attributed to
NP1 (higher in NP1 compared to the other conditions). This indicates that carbohydrates,
saturated fatty acids, and hydrocarbons are high for NP1 treatment. On the other hand, the
signal at ~1515 cm! is lower in NP1 compared to the other conditions, which is consistent with
decreased production of carotenoids in nutrient limiting conditions. The difference is clear in
M. contortum than in Chlamydomonas sp. The results agree with the qualitative analysis
discussed in Section 3.1.1 and the strength of spectral intensity for the various NP treatments
for both species (Tables 2 and 3).

Similarly, PC3 loadings (Fig.6B) indicate contributions at ~1157cm’
(carbohydrates/carotenoids), ~1440 cm’' (SFA), ~1515 cm™! (carotenoids), and ~2862 cm™,
~2950cm™! (hydrocarbons) that can be attributed to higher levels in M. contortum compared to
Chlamydomonas sp., and intensity at 2820 cm™! is higher in Chlamydomonas sp. It can also be
noted that these latter differences in PC3 are distanced further in the nutrient rich conditions

(NP3 and 4), suggesting that the species level differences are evident better in these conditions.

3.1.3.3. Spectral variance between species and days for NP1 treatment

PCA was also carried out on the negative peaks of the SD-FTIR spectra for the NP1
treatment in isolation (Fig.7), to monitor the variance between the two species and the harvest
time points (days 10 and 20). The scores plot (Fig. 7A) indicates the response separated on PC2
for the two species on both days. Interpreting the PC2 loadings have revealed the differences
in the response between the two species.

The loadings plot (Fig. 7B) showed a negative “peak” in PC2 for the regions
corresponding to ~3010cm™ v(=C-H), ~2924 cm™ (vo,sCH2), and ~2846cm™ (viCH>). This
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suggests that in the NP1 treatment, M. contortum is likely to have more hydrocarbons and

unsaturated lipids than Chlamydomonas sp. While the regions corresponding to carbohydrates

(~1153, ~1079,~1058, and ~ 1030 cm™!) are higher in Chlamydomonas sp. compared to M.

contortum. Although, both species have accumulated higher lipids and carbohydrates in

response to NP1, the difference in their accumulation between the species was evident.

PC3 loadings in the amide regions (~1654, 1540cm™) are all in the positive direction

indicating that these are likely to be higher on the 20™ day compared to the 10" day, where the

protein content would be higher in the cells on the 20" day compared to the 10®day [9,31].
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Similarly, PCA of the negative SD-Raman spectra for the NP1 treatment in isolation
(Fig.8) clearly shows the relevant peaks that can be attributed to the two species under the
nutrient depleting conditions (NP1). The two species are clearly separated, both on the 10" and
20" days of growth, in PC2 (Fig.8A), which explains 19% of the variance in the data. As can
be seen from the loadings plots (Fig.8B), regions that show negative loadings are present higher
in Chlamydomonas sp. than in M. contortum, and those that show positive loadings are present
higher in M. contortum compared to Chlamydomonas sp. The dominant contributions to the
variance are at~ 840, ~1330, ~1440, ~2950 cm™', where the signals indicate greater levels in
the M.contortum spectra compared to Chlamydomonas sp. Thus indicating a higher
accumulation of carbohydrates, saturated fatty acids, and hydrocarbons for M.contortum.
While, the negative peaks at ~1515, ~2820, and ~2860 cm’!, indicate that carotenoids are higher
in Chlamydomonas sp. for NP1 treatment. This was also evident from the overlay of SD-Raman
spectra (Fig.1C and 3C), where for NP1 treatment, the peak at ~1515 was very weak for
M.contortum (Fig.1C and Table 2) than for Chlamydomonas sp.(Fig.3C and Table 3).
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3.2. Quantitative assessment of spectral data

In order to assess if the changes detected with respect to the NP treatments can be
quantified to enable a more consistent monitoring tool, two approaches have been examined.
In the first approach, the relative content of lipids (CH, TAGs, SFA, and UFA) and
carbohydrates were assessed, as has been adopted in earlier investigations [9,11,47]. In the
second approach, the absolute peak areas of the negative SD spectra were assessed, as has been
adopted elsewhere [23,43]. The spectral ranges considered to compute the peak area for lipids,
proteins, carbohydrates, and carotenoids are: 3000-2800 cm! for hydrocarbons (CH), 1750-
1720 cm™ for TAGs (IR), 1470-1420 cm™ for SFA (Raman), 3020-3001 cm’! for UFA, 1670-
1630 cm™ (amide I), 1560-1520 cm™ (amide II) for proteins (IR), 1170-1130 cm™', 1090-1060
cm! for carbohydrates (IR), 1370-1300 cm™!, 870-810 cm™ for carbohydrates (Raman) and
1490-1540 cm’! for carotenoids (Raman). Other UFA peaks at ~1655, ~1265cm’! that were only
observed in Raman spectra, as well as deformations of hydrocarbons between 1480 and
1250cm™! were intentionally left out to maintain homogeneity and avoid the contribution of
other biomolecules in the species.

3.2.1. Relative contents of lipids and carbohydrates for the microalgae species grown
under the four NP treatments

The relative contents of lipid (Fig. 9) and carbohydrates (Fig.10) were calculated from
both SD-FTIR and SD-Raman spectra. The peak area of the lipid bands (CH, TAGS, and UFA)
(Fig.9A, C, and E) and carbohydrate bands were normalized by the integrated band area of the
proteins (amide I and II) in the SD-FTIR spectra. Similarly, the band area of carotenoids was
used to normalize the lipid (CH, SFA, and UFA) (Fig.9B, D, and F) and carbohydrate bands in
the SD-Raman spectra [14,15,17,19]. The calculated ratios were plotted for the four NP
treatments. The reason to choose the carotenoid band to normalize the lipid and carbohydrate
bands in the Raman spectra was due to the characteristic reduction in the intensity of its
characteristic peak at ~1515 cm™ (v C=C) with nutrient depletion (NP1), similar to proteins in
FTIR spectra. As known, that primary carotenoids are growth coupled metabolites that can
degrade under nutrient stress [68].

The accumulation of lipids relative to proteins (Fig.9A, C, and E) and carotenoids
(Fig.9B, D, and F) clearly show that the responses of the two species to the NP1 treatment are
distinct from the other NP treatments. In nutrient deplete condition (NP1) CH:protein ratio
(Fig.9A) and CH:carotenoid ratio (Fig. 9B) shows maximum production of hydrocarbons (CH).
Computing NP1/NP4 from CH:protein ratio (Fig.9A) showed a threefold increase of CH from

replete to deplete condition for M.contortum on its 20"day of growth and nearly a twofold
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increase for M.contortum (10" day) and Chlamydomonas sp. (10" and 20" days of growth).
Similarly, a fourfold increase in CH was observed for both the species for the NP1 treatment
from the CH:carotenoid ratio (Fig.9B). An increase in CH intensity was accompanied by an
increase in TAGs: protein ratio (Fig. 9C) and SFA:carotenoid ratio (Fig. 9D) for the nutrient
deplete condition (NP1) for both the species. The accumulation of TAGs was high for
M.contortum than Chlamydomonas sp. (Fig.9C). M.contortum exhibited a maximum of
fivefold increase on its 20™ day of growth and fourfold on its 10™ day of growth. While,
Chlamydomonas sp., showed nearly a fourfold increase on both days of growth. Earlier studies
on the same two species grown in batch cultures have shown a two to threefold increase in
hydrocarbons and a six to sevenfold increase in TAGs during the declining phase (40"day of
growth) of the cells [23]. Increased accumulation of lipids from 0.2 to 1.2 that amounts to a
sixfold increase on its 35" day of growth has been reported for Chlamydomonas reinhardtii,
subjected to low phosphorus treatment [11], and nearly a fivefold increase on the 29" day of
sampling, under nitrogen deprivation [9].

Similarly, the SFA:carotenoid ratio (Fig.9D) showed an eightfold increase for
M.contotum and a threefold increase in Chlamydomonas sp. on both the 10" and 20" days of
growth. This was evident from the PCA on SD-Raman for NP1 treatment (Fig.8B), where the
signal at ~1440 cm! that corresponds to SFA is noted to be higher in M.contortum than
Chlamydomonas sp. Unsaturation of lipids also increases with NP1 and M.contortum showed
high UFA than Chlamydomonas (Fig. 9E and 9F). This is also evident from the PCA on SD-
FTIR (Fig.7B) for NP1 treatment, as discussed in Section 3.1.3.3.

Similar to lipids, the relative content of carbohydrates (Fig.10) was higher in the two
species for nutrient deplete conditions (NP1). Almost a threefold increase in the carbohydrate:
protein ratio was observed for both species on both days of growth (Fig.10A). The difference
in the responses between the two species is clear in carbohydrate:carotenoid ratio (Fig.10B).
M.contortum showed a nearly eightfold increase in carbohydrates on the 10™ and 20" day of
growth, while Chlamydomonas sp. showed a fourfold increase. This was also evident from the
PCA on SD-Raman for NP1(Fig.8B), where the dominant contributions to the variance were
noted at ~ 840, ~1332 cm’!, that corresponds to §(C-O-H), §(C-C-H), and 8(CH>) deformations
from carbohydrates. PCA indicated a higher accumulation of carbohydrates in M.contortum

compared to Chlamydomonas sp.
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3.2.2.Changes in the absolute peak areas for the four NP treatments

Although relative content provides quantitative information, it is only a relative
quantity, the integrated band area of proteins and carotenoids that were used to normalize the
lipids and carbohydrate bands, also changed in response to the various nutrient treatments
(Fig.1, 2, 3, and 4). Changes in absolute peak areas are also likely to reflect the spectral
variations more quantitatively. The main advantage of using second derivative spectroscopy is
that it allows for quantitative analysis. According to Beer Lambert’s law, absorbance [(FTIR)
and its derivatives (SD-FTIR)] is proportional to the analyte concentration [45,46]. Similarly,
the intensity of Raman scattering and the corresponding derivative (SD-Raman) intensity as a
function of Raman shift is proportional to the analyte concentration [43,54].

Therefore, the second derivatives normalize the spectra and auto correct the baseline.
The peak area (negative maximum) in sq. units itself will be directly proportional to the
concentration, which can be taken as the absolute content [23,44,47]. However, for this to be
applied, it is important to have the sample quantity and analysis conditions the same for all
analyses, to prevent alteration in the spectral information [43]. This was ensured in this
investigation.

Fig.11. shows the quantification of lipids and other biomolecules in the two species

for the four NP treatments from the SD-FTIR and SD-Raman spectra. Both M.contortum and
Chlamydomonas sp., have been found to respond to the nutrient deplete condition (NP1) with

higher accumulation of lipids in the form of hydrocarbons (CH), TAGs, saturated lipids (SFA),
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and unsaturated lipids (Fig.11A-D). The production of lipids is higher on the 20" day than the
10% day of growth for both species. The difference in the accumulation of lipids between the
two microalgae cells is also clear. Maximum peak area (sq. units) for the accumulation of CH
about 0.06 (SD-FTIR) (Fig.11A) and 90 (SD-Raman) (Fig.11C) was observed for M.contortum
on its 20" day of growth. While for Chlamydomonas sp. it is 0.025 (SD-FTIR) (Fig.11B) and
80 (SD-Raman) (Fig.11D). It can be seen that the response of M.contortum to NP1 is drastic
than for NP2 - NP4 on the 20™ day of its growth. An increase in CH intensity for NP4 may
have a contribution from protein and carotenoids as discussed in Section 3.1.1 is obvious for
M.contortum (Fig. 11A and C) with a higher accumulation of carotenoid (Fig.11C) than
Chlamydomonas sp.(Fig.11 D).

The accumulation of TAGs (Fig.11A and B) and saturated lipids (SFA) (Fig.11C and
D) for the two species was evident in both species in response to NP1 treatment. However,
M.contortum exhibited a slightly higher accumulation of TAGs about 0.01 (SD-FTIR) and SFA
about 40(SD-Raman) than Chlamydomonas sp. The quantity of unsaturated lipids (UFA) is
clear in SD-Raman (Fig.11C and D) than in SD-FTIR. Maximum peak area for UFA of 20(SD-
Raman) is observed for M.contortum. An increase in CH, TAGs, SFA, and UFA for
M.contortum was also evident from the PCA (Fig.7 and 8).

The responses of the two microalgae to the various NP treatments can also be seen for
other biomolecules such as proteins (Fig.11A and B), carotenoids (Fig.11C and D), and
carbohydrates (Fig.11A-D). SD-FTIR spectra (Fig.11A, and B) showed a gradual decrease in
the content of proteins, from replete (NP4) to deplete (NP1) condition. The amount of proteins
in the cells on the 20" day of growth was higher than on the 10" day, which was evident on the
PC3 loadings (Fig.7B) in the amide regions (~1653, 1540cm™). The maximum peak area of
proteins (0.03) was observed for Chlamydomonas sp. on its 20" day of growth than
M.contortum (0.028). Similarly, the variation in the accumulation of carotenoids was noticed
in SD-Raman (Fig.11C and D). Although a gradual decrease as in the case of proteins, was not
observed, the reduction in carotenoid for NP1 is obvious, as discussed in Section 3.1.2. Studies
have shown that primary carotenoids that are coupled with growth metabolites degrade with
stress, on the other hand, secondary carotenoids increase with lipid accumulation under stress
[68,70].

The changes in the carbohydrates for the various NP treatments were noted in all
the four graphs of Fig.11. The production of carbohydrates in the two species is higher for
nutrient depletion (NP1) than for other treatments. Both species tend to accumulate more

carbohydrates on their 20™ day of growth. The maximum peak area of carbohydrates about
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0.02 (SD-FTIR) and 22 (SD-Raman) was observed for M.contortum on its 20" day of growth,
which was evident from the PCA (Fig.8B). On the other hand, it can be seen that for
Chlamydomonas sp. on its 10" day of growth, the accumulation of carbohydrates is higher than
M.contortum (Fig.11B). This was also observed in the PCA that showed spectral variance
between species and days for NP1 treatment (Fig.7B). Thus SD spectroscopy has captured the
effect of nutrient variation on lipid production and the other biomolecules in the two species.
Although both species responded to nutrient stress by increasing lipid and carbohydrate
accumulation, SD spectroscopy revealed the differences in the quantity of accumulation
between the two species with equal ability. This investigation thus provides evidence for the
use of the negative regions of both the SD-FTIR and SD-Raman to be of considerable value in
assessing quantitative changes that are consistent with the known physiology of the microalgae

examined.

4. Conclusion

Second derivative (SD) FTIR and Raman spectroscopy has effectively captured the
responses of the two microalgae species M.contortum and Chlamydomonas sp. to the four
different nutrient treatments. In particular, the usage of the negative region of the SD spectra
has been shown to be of value in enabling consistent and quantifiable monitoring of changes
relevant to the biochemical composition of microalgal cells that is consistent with known
physiology. Both microalgae species are shown to respond to nutritional stress (NP1) by a
higher accumulation of lipids, particularly neutral lipids which indicate the suitability of these
species for biodiesel application, as well as lipid production, in general. SD spectroscopy, in
particular, the negative regions, combined with PCA has considerably improved the quality of
assessment of lipids and other biomolecular compositions which was not possible with the
normal (Zero-order) FTIR and Raman spectroscopy. Thus SD-FTIR and SD-Raman
spectroscopy have greater potential as superior screening methods for enhancing the resolution
and easy quantification of key biochemical composition in algae, relevant to its usage in

developing environmentally sustainable manufacturing solutions.
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for the four NP treatments from SD-FTIR and SD-Raman spectra.
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Table 2: Band assignments of Second derivative FTIR and Raman spectra of M.contortum on their 10" and 20" day of growth for various NP treatments
(Wavenumbers indicated in bold are those observed in the normal (zero-order) IR spectra and Raman spectra. The increase and decrease in the intensity of the peaks on the
20™ day compared to the 10" day is indicated by ‘+> and ‘-~ sign respectively)

Wavenumber cm’!

Strength of the intensity for the various NP treatments

NP4 NP3 NP2 NP1 Band Assignments
IR Raman IR Raman IR Raman IR Raman IR Raman

~ 3332 br,vs + br,vs + br,vs + br,vs + v(OH) stretches from water molecules

~3010 ~3014 w + w + w + w + w + w + W+ w + v(= CH) stretches from unsaturated lipids

~ 2960 ~ 2950 m + S+ m + m + m + m + m + S+ v .(CH;) asymmetric stretches )

~ 2924 ~2912 m + VW + m + VW + m + VW + s+ m + v as(CH2) asymmetric stretches L Hydrocarbons

~ 2874 ~ 2862 W + VS + W + S + W + S + W+ VS + v s(CH3) symmetric stretches

~ 2846 ~ 2820 S + m + S + m + S + m + VS + W+ vs(CH,) symmetric stretches

~ 1740 m + m + m + s+ v(C=0) stretches of esters from lipids -Triacylglycerides (TAGs)

~ 1654 ~ 1658 s+ W+ s+ W+ s+ W+ m + W+ v(C=0), v(C-N) stretches and 8(N-H) deformations of Amide I from
proteins (IR), cis v(C=C) from unsaturated lipids (Raman)

~ 1540 VS + S + S + m + S(N-H) deformations, v(C-N) stretches of Amide II from proteins

~ 1510 ~ 1515 S+ Vs + m + s+ m + s+ W+ VW + v(C=C) stretches from carotenoids

~ 1470 m + m + m + m + 8(CHy) scissoring from lipids )

~ 1460 m + m + m + m + 8s(CHs) asymmetric bend from lipids and proteins |

~ 1440 s+ s+ s+ VS + 8 (CHy) scissoring from saturated lipids [ Hydrocarbons

~ 1380 VS - S - m - W - 85(CH3) symmetric bend from lipids and proteins

~ 1337 ~ 1332 W+ m + W+ m + W+ m + w + S+ O(CH, )deformations from carbohydrates and v(C-N) stretches,
d(C-H)deformations from chlorophyll a

~ 1266 ~ 1264 VW + w + VW + w + VW + w + VW + w + d(= CH) deformations from unsaturated lipids

~ 1231 ~ 1231 w + VW + W + VW + W + VW + w + w + v as(P=0)asymmetric stretches from nucleic acids

~ 1153 ~ 1157 m + m + m + m + m + m+ S+ m + v(C-O-C)stretches from carbohydrates (IR),
v(C-0), v(C-C) stretches from carbohydrates and v(C-C) stretches and
8(C-H)deformations from carotenoids (Raman)

~ 1079 W+ W+ W+ m + 8(C-0O-H) deformation, v(C-O-C) stretches of polysaccharides from

~ 1058 W+ W+ W + m + carbohydrates, vy(P=0) symmetric stretches from nucleic acids

~ 1030 VW + VW + VW + w +

~ 840 m + m + m + S+ 8(C-0-H), 6(C-C-H) deformations of polysaccharides from

carbohydrates

Abbreviations: vw, very weak, w, weak; m, medium; s, strong; vs, very strong; sh, shoulder; br, broad; v, stretch; 5, deformation (subscript: s, symmetric; as, asymmetric) ; + and -, indicates the increase
and decrease in the intensity of the peaks on the 20" day in comparison to the 10" day . References:[9,20,52-54]
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Table 3: Band assignments of Second derivative FTIR and Raman spectra of Chlamydomonas sp. on their 10" and 20" days of growth for various NP treatments
(Wavenumbers indicated in bold are those observed in the normal IR spectra and Raman spectra. The increase and decrease in the intensity of the peaks on the 20" day
compared to the 10" day is indicated by ‘+” and ‘-’ sign respectively)

Wavenumber cm’!

Strength of the intensity for the various NP treatments

NP4 NP3 NP2 NP1 Band Assignments
IR Raman IR Raman IR Raman IR Raman IR Raman

~ 3332 br,vs + br,vs + br,vs + br,vs + v(OH) stretches from water molecules

~3010 ~3014 w + w + w + VW + w + VW + W+ vw + v(= CH) stretches from unsaturated lipids

~ 2960 ~ 2950 m + m + m + m + m + m + m + S+ v 2s(CH3) asymmetric stretches )

~ 2924 ~2912 S+ VW + m + VW + m + VW + s+ W+ v as(CH2) asymmetric stretches L Hydrocarbons

~ 2874 ~ 2862 W + S + W + S + W + S + W+ VS + v s(CH3) symmetric stretches

~ 2846 ~ 2820 S + m + S + W + S + m + VS + W+ vs(CH,) symmetric stretches

~ 1740 m + m + m + s+ v(C=0) stretches of esters from lipids -Triacylglycerides (TAGs)

~ 1654 ~ 1658 s+ W+ s+ VW + S+ VW + m + vw + | v(C=0), v(C-N) stretches and 3(N-H) deformations of Amide I from
proteins (IR), cis v(C=C) from unsaturated lipids (Raman)

~ 1540 S+ S + S + m + S(N-H) deformations, v(C-N) stretches of Amide II from proteins

~ 1510 ~ 1515 W+ m + W+ m + W+ m + W+ W+ v(C=C) stretches from carotenoids

~ 1470 W+ W+ W+ W+ S(CH>) scissoring from lipids b

~ 1460 W+ W+ W+ m + 8as(CH3) asymmetric bend from lipids and proteins

~ 1440 s+ s+ s+ VS + 8 (CHy) scissoring from saturated lipids r Hydrocarbons

~ 1380 VS - S - m - W - 85(CH3) symmetric bend from lipids and proteins

~ 1337 ~ 1332 W+ m + W+ m + W+ m + w + m + O(CH, )deformations from carbohydrates and v(C-N) stretches,
d(C-H)deformations from chlorophyll a

~ 1266 ~ 1264 VW + w + VW + w + VW + w + VW + w + d(= CH) deformations from unsaturated lipids

~ 1231 ~ 1231 w + VW + W + VW + W + VW + w + w + v as(P=0)asymmetric stretches from nucleic acids

~ 1153 ~ 1157 m + m + m + m + m + m + S+ m + v(C-O-C)stretches from carbohydrates (IR),
v(C-0), v(C-C) stretches of polysaccharides from carbohydrates and
v(C-C) stretches and 3(C-H)deformations from carotenoids (Raman)

~ 1079 W+ W+ W+ m + 8(C-0O-H) deformation, v(C-O-C) stretches of polysaccharides from

~ 1058 W+ W+ W + m + carbohydrates, vy(P=0) symmetric stretches from nucleic acids

~1030 VW + VW + VW + w +

~ 840 m + m + m + S+ 8(C-0-H), 6(C-C-H) deformations of polysaccharides from

carbohydrates

Abbreviations: vw, very weak, w, weak; m, medium; s, strong; vs, very strong; sh, shoulder; br, broad; v, stretch; 5, deformation (subscript: s, symmetric; as, asymmetric) ; + and -, indicates the increase
and decrease in the intensity of the peaks on the 20" day in comparison to the 10" day. References:[9,20,52-54]
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