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Abstract

Lycopene, beta-carotene, coenzyme Q10, and lutein are minor constituents of palm
oil that are removed during biodiesel production to produce light-colored oils. With
the aim to investigate the recovery of these valuable compounds, a separation method
was developed to quantify carotenoids and coenzyme Q10 in palm oil by ultra-high-
performance supercritical uid chromatography. Due to the presence of interferents,
di erent clean-up procedures were evaluated; however, these approaches were inef-
fective and the separation method was developed without this step. The chemometric
method multivariate curve resolution-alternating least squares was employed to
properly quantify lycopene, beta-carotene, and coenzyme Q10 in the presence of
interferents. Lutein was su ciently resolved to be quanti ed by a univariate method.
Lycopene concentration was below the limit of quanti cation 3.1mL (3.12 x
103 kg/m3). Beta-carotene concentration was determined as being 18346

g/mL (183.48, 1.66 x 102 kg/m?). Coenzyme Q10 concentration was lower than
the limit of detection 4.22 g/mL (4.22 x 10 kg/m3) and lutein concentration 9.24

g/mL (9.24 x 10° kg/m®) was below the limit of quanti cation. The study showed
the analytical challenges associated with the separation and quanti cation of minor
constituents of a highly complex matrix such as palm oil and demonstrated that the
recovery of beta-carotene could be economically viable due to its wide range of
application in industry.

KEYWORDS:
carotenoids, coenzyme Q10, multivariate curve resolution-alternating least squares, palm oil, ultra-high-

performance supercritical uid chromatography
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1 | INTRODUCTION

Growing concerns over the impact of industry on the global environment has drawn considerable attention to a more sustain-
able use of the natural resources. Indisputably, major improvements in environmental performances have already been mad
by industrial companies, but they are still striving to develop more sustainable processes. In the Brazilian biofuel industry,
palm oil is one of the feedstocks used in biodiesel production. During its production, carotenoids, coenzyme Q10, and other
minor components are removed to produce light-colored oils and these potentially valuable compoundébRelostery of
carotenoids and coenzyme Q10 from palm oil before the re ning process might be economically viable due to the high value of
these bioactive compounds and their wide range of applications in industry.

Palm oil is mainly composed of triglycerides, a lesser amount of free fatty acids,~amd thinor components, such as
carotenoids (500-700 ppm), coenzyme Q10 (10-80 ppm), vitamin E (600-1000 ppm), sterols (250-620 ppm), squalene (200-60C
ppm), and phospholipids (20-100 ppf&) There are more than 10 di erent types of carotenoids in palm oil. Beta-carotene is
the major carotenoid and accounts for 50-56.02% of total carotenoid content. Lycopene is 1.0-1.3% while xanthophylls which
include lutein, accounts for 2.26?]

Carotenoids and coenzyme Q10 have been associated with a number of health bene ts due to their antioxidant [§8perties.
Studies have demonstrated that carotenoids help prevent cancer, diabetes, and cardiovasculdf Hsdameg therapeutic
bene ts of coenzyme Q10 have also been reported, this bioactive compound has been implicated as a potential therapy for net
rodegenerative disorders and cardiovascular disd&s®s.Carotenoids and coenzyme Q10 have a wide range of applications
in industry. These bioactive compounds are used in feed, food, supplement, pharmaceutical, and cosmetic products. Accordin
to the consulting company Grand View Research, Inc., the global market of carotenoids is expected to reach USD 1.74 billion
by 2025 and the coenzyme Q10 market is expected to reach USD 1.36 billion by'8846.

With the aim to increase resource-use e ciency and to favor a green chemistry process, a method for the separation of
lycopene, beta-carotene, coenzyme Q10, and lutein from palm oil was developed by ultra-high-performance supercritical uid
chromatography (UHPSFC). This technique has become an alternative to high-performance liquid chromatography (HPLC)
for the analysis of carotenoids because it enables separations that are di cult to achieve, such as separation of geometrica
isomerst8 CO, is the most often-used mobile phase in UHPSFC because of its low cost, non- ammability, and availability with
an adequate purity. Additionally, its critical properties are easily reachedqB8 MPa, T.= 304.13 K).1920 The UHPSFC
mobile phase is very exible; the mobile phase polarity can be changed by the addition of organic modi ers thus allowing the
simultaneous determination of compounds with di erent polariti@$L

The UHPSFC technique has been used to determine minor constituents of palm oiet@i&b quanti ed total carotenoid
contentin palm oil by UHPSFC. Recovery and quanti cation of coenzyme Q10 was reporteddtaNg! To our knowledge no
attempts have been made to separate and quantify lycopene, beta-carotene, coenzyme Q10, and lutein from palm oil by UHPSF

The present study evaluated only isocratic elution because the separation method is intended to be scaled-up. The chemometi
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method, Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS), was employed to properly quantify the target

compounds due to the complexity of palm oil matrix and the presence of interferents.

2 | EXPERIMENTAL

2.1 | Chemicals and reagents

Propane (99.5%) and ultrapure £(99.99%) were supplied by White Martins. HPLC-grade ethanol (EtOH) and methyl
tert-butyl ether (MTBE) were acquired from Panreac. Tetrahydrofuran (THF) was bought from J.T.Baker. Analytical standard
of lycopene, beta-carotene, and coenzyme Q10, and pharmaceutical secondary standard of lutein were acquired from Sigm:

Aldrich. Palm oil was extracted at Universidade Tiradentes (Sergipe, Brazil).

2.2 | Instrumentation

All experiments were performed on a Waters Acquity URgstem equipped with a binary solvent delivery pump used to
supply the organic modi er and CQan autosampler that included partial loop volume injection system, two-position column
oven compatible with 150 mm length columns, a single column heater compatible with 300 mm length columns, a photo-diode
array detector (PDA) including a high pressure UV cell (400 bar) with a volume &f 8nd a dual-stage backpressure regulator
(BPR) consisting of a static and a dynamic p&#£2-242€] Empower 2 software (Waters) was used for instrument control and

preliminary data analysis. Viridis HSS,£SB 3.0 x 150 mm column with particle size of 3.5n was used.

2.3 | Palm oil extraction

Oil palm fresh fruit bunchesOQura variety) were provided by Empresa Baiana de Desenvolvimento Agricola (EBDA). An
extraction method previously developed employing supercritical uid was used. These extraction conditions were selected
because the largest quantity of carotenoids was recovered under these coffditiBnsits were separated from bunches,
washed, and peeled manually. Palm ber was dried in a circulating air oven (Nova Etica, 400/4RE 4888 K) for 18 hours.

After drying, palm ber was ground in a knife mill, screened on a series of Tyler sieves and particle size between 8 to 24 mesh
were selected. Samples were kept under refrigeration°& (#B3 K) prior to extraction.

Extraction was carried out in a semi-batch laboratory scale equipment. The equipment was comprised of a syringe pump
(ISCO model 500D) for compressed uid displacement, a cylindrical vessel (0.25 x 0.02 (i.d.) m, 15783né)L& ow control
valve, two thermostatic baths for uid and extraction temperature control, and a pressure transducer (Huba Control, pressure
transmitter type 691) to manage system pres&#&5 g (0.025 kg) of palm ber was loaded into the extraction vessel. Propane
was pumped into the system followed by temperature and pressure settif@€gB43 K) and 150 bar (15 MPa). The system

was kept at experimental condition for 40 min (2400 s) and extraction was performed at 1 mL/min (1:87®%/4p ow rate.
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2.4 | Experimental design

An experimental design was developed based on a previous study with the standard conf#Sblihdexperimental domain
was de ned taking into account certain constraints, such as maximum pressure of the system, maximum temperature limit of
the column, and carotenoids and coenzyme Q10 sensitivity to heat. Because the maximum allowed temperature for Viridis HSS
C,5 SB column is 66C (333 K), a temperature range of 25280(298-323 K) was chosen. The ethanol percentage range (16 24,

v/v) was selected based on preliminary experiments in which the lycopene peak was only identi ed when the ethanol percentage
was higher than 15%. The pressure range of 1500-2200 psi (10-15 MPa) was selected because this pressure interval is usua
employed in UHPSFC separations and to enable the use of the ethanol range selected pl&Adusly.

A central Composite Design (CCD), as used in the study with the standard compounds, was employed to design a series o
experiments to determine the in uence of the three operating parameters, pressure, temperature, and ethanol percentage on t
two responses, retention factok &4nd separation factors € k./k..; ).2& The CCD experiments consisted of 8 factorial runs,

6 axial runs, and 5 replicates of the central pd#8€% The 19 runs were carried out in a randomized order to estimate the model

coe cients and their corresponding errors. The range and levels of experimental variables investigated are presentgd in Table 1

TABLE 1 Coded and actual levels of the independent variables for UHPSFC experiments

Symbol Variables Coded Levels
-1 0 +1

A Pressure (MPa) 10 13 15

B Temperature (K) 298 310 323

C Ethanol percentage-j 16 20 24

Statistical analyzes were carried out by Design Expert software version 9.0 (Stat-Ease Inc.). The retention factors were

transformed logarithmically to Ik and the polynomial models were obtained as follows:

y= o+ X+ XX+ X2 (1)

where o, ;, j and j are regression coe cients for intercept, linear, interaction and quadratic coe cients respectively and
X; and X are coded independent variabl@31 The regression models for each response were assessed by analysis of vari-
ance (ANOVA), diagnostics graphs (residuals and predicted values versus actual values) and the coe cient of determination
(R?).B233 The response surfaces were generated by holding one of the independent variables at constant value and changir
the levels of the other two variables.

Chromatographic conditions employed in the experiment were: Viridis HRSSB 3.0 x 150 mm column with particle
size of 3.5 m, sample manager temperaturé @{290 K), equilibration time between injections 4 minutes (240 s), ow rate
1.5 mL/min (2.5 x 16 m3/s), and injection volume 2L (2 x 10° mq). All injections were carried out in triplicate and the

average was calculated. After scanning in the 210-600 nm range, analytes were detected at 275 nm (coenzyme Q10) and 4:
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nm (carotenoids). The palm oil sample (1250 mg, 1250 % k@) was weighed and dissolved in 5 mL (5 x4e%) MTBE.
Coenzyme Q10 (4.2 mg, 4.2 x $kg) was dissolved in 5 mL (5 x 10m®) MTBE.

2.5 | Quanti cation of carotenoids and coenzyme Q10 in palm oll

Quanti cation of carotenoid and coenzyme Q10 was carried out by the multiple standard addition method. Palm oil samples
were spiked with each standard and the calibration curves were built in the concentration range: §/ml5(6 to 50 x 16°
kg/m?) for lycopene, 50 to 500g/mL (50 to 500 x 16 kg/m?®) for beta-carotene, 8 to 100y/mL (8 to 100 x 16 kg/m?) for
coenzyme Q10, and 8 to 6@/mL (8 to 60 x 16 kg/m?) for lutein. The palm oil sample (1250 mg, 1250 xKyg) was weighed
and dissolved in 5 mL (5 x 1®m3) MTBE. Lycopene, beta-carotene, and coenzyme Q10 were dissolved in MTBE, and lutein
in THF.

Chromatographic conditions employed in the experiment were the same as those used in the experimental design, except fc
the mobile phase composition GEtOH (82:18, v/v), pressure 1600 psi (11 MPa), and column temperatt@x(303 K). After
scanning in the 210-600 nm range, analytes were detected at 275 nm (coenzyme Q10), 430 nm (lutein), 440 nm (beta-carotene

and 490 nm (lycopene).

2.6 | Data analysis

A variety of algorithms are available to process second-order data, such as parallel factor analysis (PARABKE@Nat-
ing trilinear decomposition (ATLD¥®! generalized rank annihilation (GRAM3® direct trilinear decomposition (DTLO34
and bilinear least-squares combined with residual bilinearization (BLLS/F&Llowever, all these methods require that the
sample-to-sample pro les remain constant in the retention time dimension or perform a realignment of the chromatograms
before data processirg 4%l On the other hand, there are algorithms that o er an approach to handle retention timé%ifts
such as MCR-ALS# PARAFAC2 B4 a variant of PARAFAC, and the latent structured methods, unfolded partial least-squares
(U-PLS)E3l and multi-way PLS (N-PLSK4 both combined with RBL.

MCR-ALS has been widely used to solve co-elution and retention time shifts, among other chemical problems encountered
in chromatographic daté®#8! The assumption of the MCR-ALS method is that the experimental data ful lls a bilinear model.

The method decomposes the data into two matrices CSaras in Equatiod]Z):

D=CS"T+E (2)

where D is the data matrix vertically augmented in the chromatographic mode, each individual chromatographic data matrix
being set on top of the other, and C and S are matrices with the concentration and spectral pro les of the components in the
mixtures, respectively. E is the matrix of the residuals after removing the contributions given by the components inand S.

Studies reported in the literatl#2°L have demonstrated that MCR-ALS enables a better modeling of the constituent properties
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and the quanti cation of analytes in complex samples than does PARAFAC2. The inadequate modeling of PARAFAC2 is
attributed to the requirement of constant overlapping of any pair of elution time pro les across samples which is obeyed in a
limited number of situation&4

Palm oil chromatographic data was evaluated by MCR-ALS to quantify lycopene, beta-carotene, coenzyme Q10, and lutein
in the presence of interferents. The MCR-ALS analysis was carried out using the toolbox MVC2 (multivariate calibration 2)
written for MATLAB. < Elution and spectral pro les of the target compounds were retrieved by solving Eqution 2 iteratively
by alternating least squares optimization. This calculation consists in initially augmenting the data in the chromatographic mode
since peak shifts are present. It is important to perform the calculations on all data because the proportionality of the scores
may change due to many factors like di erent interferents, estimated pro les and applied constraints. In this con guration the
constituents are individually recovered by the di erences in the spectral signal which is the non-augmented@tatestart
the ALS optimization, the number of constituents that will be optimized is a required input that is generally estimated by single
value decomposition. In contrast to methods like principal component analysis (PCA), the choice of the number of estimated
components has an e ect on the recovered pro les in MCR-ALS.

For the ALS optimization, it is necessary to have an initial pro le of C or S that will then be iteratively optimized by adjust-
ments based on a number of constraints. These adjustments are performed by a least squares procedure searching for the pro
that simultaneously ful Il the chosen constraints and minimize the residue matrix (E). Three criteria are used to stop the calcu-
lations, (1) small change between the new pro les and the ones of the previous iteration, generally this change is set to 0.1%; (2
reaching the pre-de ned maximum number of iterations; and (3) observing a sequence of 20 iterations that orient the pro les
towards an increasing di erencee., a divergence. Pro les that diverge are not optimized, so the ideal is the rst case where the
pro les converged with a number of interactions lower than the pre-de ned maximum. During the iterations some constraints
are de ned to reduce the number of possible results that lead to ambiguous pdlles.

For chromatographic data the following constraints are generally applied (1) unimodality of the chromatographic signals,
where each constituent must provide a single peak; (2) non-negativity, where negative signals do not ful Il the physicochemical
characteristics of the detector; and (3) normalization of the spectral pro le to guarantee proportionality to the concentration
pro les. Other constraints may be applied to speci ¢ ca8ksWith the optimized recovered pro les, it is possible to correlate
the area under the peak with the known concentration of the respective analyte to build a pseudo calibration curve and predic
the concentration in the oil sample. This calibration procedure is performed similar to a traditional chromatographic univariate
calibration, di ering only in the mathematical separation of each individual constituent, and so is called a pseudo-univariate
calibration®4 |t is possible to apply the unimodality constraint only to the analyte and set free the interferent pro le, this may
result in higher explained variation with a small number of pro les. In this way the recovered interferent pro le consists of
the sum of all of them, following the Beer-Lambert's I&% The identity of the analyte may be con rmed by comparing the
normalized spectrum of the recovered pro le with the standard of each analyte. MCR-ALS results are validated with the quality

of recovered concentration and spectral pro les.
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3 | RESULTS AND DISCUSSION

3.1 | Clean-up procedures

In a previous study, an analytical method for separation of carotenoids and coenzyme Q10 was developed employing the star
dard compound&8 The optimized operating conditions were then evaluated with palm oil. These preliminary results showed
that there was a co-elution of some matrix components with the analytes. Furthermore, lower S/N ratios and retention time
shifts of the analytes in palm oil in relation to their standards were also observed which made it di cult to identify and quantify
the target compounds. Due to these challenges, the addition of a clean-up procedure to physically reduce interference of matri
constituents followed by UHPSFC analysis was investigated.

Clean-up procedures employing Supelclean C18 and ENVI-8 solid-phase extraction cartridges, dispersive solid-phase extrac
tion with primary secondary amine and graphitized carbon black sorbents, Amberlite XAD7HP resin, and saponi cation were
tested to physically reduce interference from matrix components. The clean-up procedures showed similar qualitative chromato
graphic pro les, but with quantitative di erences when compared with the sample dissolved in MTBE (the chromatograms are
shown in Figure 1 in Supporting Information). It is interesting to note that the chromatogram without the clean-up procedure
showed better resolution between peaks than those after the clean-up procedures. The results indicated that this approach w
not suitable for removing interferents and the steps required to prepare the samples were not adequate for preparative purpose
In addition, the operating conditions optimized with standard compounds did not allow a proper identi cation and quanti ca-
tion of the analytes. Considering all these results, a separation method was developed without employing a clean-up step an

the chemometric method, MCR-ALS, was used to identify and quantify the target compounds.

3.2 | Experimental design

The in uence of pressure, temperature and ethanol percentage on retention and separation factors of carotenoids and coenzyr
Q10 in palm oil was investigated by an experimental design. Regression models were built for lycopene, beta-carotene, anc

coenzyme Q10. Lutein was present at a low concentration and its peak was only visible after addition of the standard compound

3.2.1 | Retention factor

The models for retention factors showed that retention strongly depends on the operating conditions. Ethanol percentage wa
the parameter that most a ected the retention factors followed by pressure, while temperature had a weaker in uence on the
retention as shown in Figufé 1. For all models, the AB and AC terms were signi caift (B) whereas the BC term was only
signi cant for beta-carotene model. The second-order terms were not signi cat@B) except the €term for beta-carotene
model.

The regression models were assessed by ANOVA and the results are reported|if Table 2. The t of the models was evaluated b
the coe cient of determination (R) and the values were 0.9802, 0.9898 and 0.9819 for lycopene, beta-carotene and coenzyme

Q10 models, respectively. The residual graphs were also evaluated and presented a homoscedastic, random pattern, as expec
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FIGURE 1 Coe cients of the model for the retention factors of lycopene (orange), beta-carotene (red) and coenzyme Q10
(blue). The error bars represent the 95% con dence interval of the coe cients. A is pressure, B is temperature and C is ethanol
percentage; AB, AC and BC are interaction term$; B2 and C are second-order terms.

The graphs of predicted vs actual responses indicated an excellent prediction capability of the proposed models. The nal

regression model equations for the retention factors obtained in terms of coded factors were:

INKyycopene= 11:78 * 1:43A * 0 :17B * 2 :28C * 0 :62AB + 0:66AC
*(0:33BC + 0:35A% + 0:53B2 + 0:20C? (3)

INK bt carotene= 14:07 * 1:66A * 0 :38B * 3 :03C * 0 :63AB + 0:78AC
*(0:37BC + 0:26A% + 0:53B2 + 0:65C? 4)

INK coenzymeqo = 15:67 * 1:73A * 0 :56B * 3 :25C * 0 :62AB + 0:88AC

*0:26BC + 0:31A% + 0:37B% + 0:70C? (5)

In order to visualize the e ect of the independent variables on the retention factors, response surface plots were generated b
varying pressure and ethanol percentage within the experimental range while holding temperature at a constant value (Figur
[2). Low values for the retention factors were achieved at high ethanol percentage, high pressure, and high temperature. It i
interesting to note that at high ethanol percentage, an increase in pressure had a slight e ect on the retention factors while
substantial changes in the retention factors were observed at low ethanol percentage. This is represented in the model by tf
signi cant coe cient AC and it can be explained based on the density of the uid. At lower amounts of ethanol the uid is more
compressible, therefore the pressure has a greater e ect. Temperature had a minor e ect on the retention factors as illustrate

by the response surface plots at@5298 K) and 50C (323 K).
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TABLE 2 ANOVA for the quadratic model for the retention factors of lycopene, beta-carotene and coenzyme Q10.

Source Sums of DF Mean square F value Prok» F
squares
Lycopene
Model 83.97 9 9.33 49.60 < 0.0001
A-P 20.53 1 20.53 109.14 < 0.0001
B-T 0.28 1 0.28 1.50 0.2518
C-C¢ 51.77 1 51.77 275.19 < 0.0001
AB 3.05 1 3.05 16.23 0.0030
AC 3.47 1 3.47 18.46 0.0020
BC 0.85 1 0.85 4.52 0.0625
A2 0.33 1 0.33 1.73 0.2206
B2 0.76 1 0.76 4.06 0.0748
C? 0.11 1 0.11 0.56 0.4722
Beta-carotene
Model 136.88 9 15.21 96.89 < 0.0001
A-P 27.50 1 27.50 175.21 < 0.0001
B-T 1.47 1 1.47 9.34 0.0137
C-C¢ 91.53 1 91.53 583.11 < 0.0001
AB 3.16 1 3.16 20.16 0.0015
AC 4.92 1 4,92 31.37 0.0003
BC 1.08 1 1.08 6.87 0.0277
A2 0.18 1 0.18 1.14 0.3141
B2 0.78 1 0.78 4.94 0.0534
C? 1.16 1 1.16 7.38 0.0237
Coenzyme Q10

Model 155.30 9 17.26 54.16 < 0.0001
A-P 30.01 1 30.01 94.18 < 0.0001
B-T 3.15 1 3.15 9.89 0.0118
C-C¢ 105.66 1 105.66 331.63 < 0.0001
AB 3.04 1 3.04 9.55 0.0129
AC 6.23 1 6.23 19.56 0.0017
BC 0.55 1 0.55 1.74 0.2203
A2 0.26 1 0.26 0.82 0.3890
B2 0.38 1 0.38 1.20 0.3009
C? 1.32 1 1.32 4.16 0.0719

3.2.2 | Separation factor

In contrast to the retention factor models, the polynomial regression models for the separation factors were not in good agree
ment with experimental results. Carotenoids and coenzyme Q10 eluted in close proximity and minor changes in the operating
conditions resulted in beta-carotene and coenzyme Q10 co-elution. Thus, this pair of peaks was considered critical in the methol
development. The lycopene peak was identi ed when intermediate pressure and ethanol percentage were used. Additionally, i
was observed that at high temperature, the peak was distorted. From these ndings, the 19 chromatograms from the experimer
tal design were visually inspected and compared to one another in order to identify the operating conditions that could lead to ar

adequate separation between beta-carotene and coenzyme Q10 and a proper identi cation of the lycopene peak. Based on tt
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FIGURE 2 Response surface plots of the retention factor of lycopene (a/b), beta-carotene (c/d), and coenzyme Q10 (e/f) as ¢
function of ethanol percentage and pressure &€2298 K) on the left and 5@ (323 K) on the right.

evaluation two additional experiments were carried out. The experiments were performed with palm oil samples spiked with
coenzyme Q10 to evaluate the separation. One experiment was carried out at a pressure of 1850 psi (13 MPa), column tempe
ature 28C (298 K) and 18% ethanol and the other one was conducted at a pressure of 1600 psi (11 MPa), column temperature

40°C (313 K) and 18% ethanol. Chromatograms obtained under these operating conditions are shown[ih Figure 3. Co-elutior
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was observed between beta-carotene and coenzyme Q10 peaks in the rst conditiong (Figure 3a), while baseline resolution wa
achieved in the second (Figure| 3b). Considering these results, the operating conditions selected for quanti cation of carotenoid:

and coenzyme Q10 in palm oil were: pressure 1600 psi (11 MPa), column temper&@rn848 K), and 18% of ethanol.

(a) (b)

FIGURE 3 Chromatograms of palm oil samples spiked with coenzyme Q10 at 275 nm. Chromatographic conditions: (a) pres-
sure 1850 psi (13 MPa), column temperaturé2®98 K) and 18% of ethanol, and (b) 1600 psi (11 MPa), column temperature
40°C (313 K) and 18% of ethanol.

3.3 | Quanti cation of carotenoids and coenzyme Q10 in palm oll

Quanti cation of carotenoids and coenzyme Q10 was carried out by the UHPSFC technique. Calibration curves were built
separately due to di erences in analyte solubility. Carotenoid solubility depends on the presence of di erent functional groups.
Carotenes, compounds such as lycopene and beta-carotene containing only carbon and hydrogen in their backbone are solut
in non-polar solvents such as hexane, ethyl acetate and MTBE, while xanthophylls such as lutein, also contain oxygen and ar
soluble in polar solvents like ethanol and acet&§eChromatograms of palm oil samples spiked with lycopene, beta-carotene,

coenzyme Q10, and lutein are shown in Fidyre 4.

3.4 | MCR-ALS analysis

The broad range of constituents in the palm oil matrix, and the di culty in separating carotenoid geometrical isomers repre-
sented an additional degree of complexity for the separation and quanti cation of lycopene, beta-carotene, coenzyme Q10 anc
lutein. Moreover, a desired separation could not be achieved despite the clean-up procedures and changes on the experimen
conditions. For samples of complex composition such as palm oil, the coupling of chromatographic analysis with chemometric
tools is an alternative to increase the selectivity by mathematical m#&SMost carotenoids have similar UV-Vis spedd@
and each compound can have more than one isomer. During the MCR-ALS calculations, a model with more components was

evaluated in an attempt to identify the interferents, however, the carotenoid and coenzyme Q10 pro les were more accurately
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(a) (b)

© (d

FIGURE 4 Chromatograms of palm oil samples spiked with (a) lycopene, (b) beta-carotene, (¢) coenzyme Q10, and (d) lutein.
Chromatogram colors refer to lycopene (orange), beta-carotene (red), coenzyme Q10 (blue), lutein (green), palm oil sample:
(black), and forti ed palm oil samples (grey).

resolved with fewer components (referring to the bioactive compounds of interest) in the model. This is because the standarc
addition increased the intensity of the analyte signals and enabled the algorithm to identify the source of variability which
resulted in a better recovery of the pro les.

As the main goal of this work was to show how it is possible to quantify the bioactive compounds of interest in the presence
of unidenti ed compounds of the complex matrix of palm oil, it is only necessary to mathematically separate them from the
interferents, without the need to separate all the individual unknown compounds among themselves. It was therefore decided t
recover them as one or more pro les collectively called "unknown compounds". Identi cation of other carotenoids by comparing
the experimental UV-Vis spectra with those reported in the literature was not e ective because UV-Vis spectra are usually
obtained in organic solver®! and not in carbon dioxide or carbon dioxide/organic modi er mixture. The UV-Vis spectral
features, wavelength of maximum absorptiop,{,), spectral shape, and intensity of absorption, provide valuable information
for structural characterization and quantitative anal{?Sisdowever, the rst two features are solvent depend@tMoreover,

in supercritical uid, the ., is dependent on the percentage of the organic modi er as demonstrated by the study done by Ng
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et alBl Shift of the ., to longer wavelengths was observed as the percentage of the organic modi er increased. Due to these
limitations, identi cation of other carotenoids in the palm oil sample was not attempted. A thorough identi cation of the other
bioactive compounds and isomers would require a mass detector and/or standards for all the other compounds and is beyond tl
scope of this work®252

Elution and spectral pro les retrieved by MCR-ALS are illustrated in Figire 5. As can be seen in Figure§ 5a and 5b, lycopene
co-eluted with two unknown compounds. In a similar fashion, beta-carotene co-eluted with an unknown compound. It is inter-
esting to note that the unknown compound has a UV/Vis spectrum characteristic of a carotenoid with respect to its ne structure
(Figureqd 5F anfl §d). Coenzyme Q10 also co-eluted with an unknown compound (fFigureq 5e and 5f). The results suggest the
this unknown compound may be a lutein isomer. The lutein peak was only observed in spiked palm oil samples (Figures 5g anc
[5R). However, a comparison between the spectra of unknown compounds 1 and 2, and the lutein standard showed great simila
ity in their ne structure (Figuref §a afnd6b). The di erence between the spectrum of the unknown compound 2 and the others
is the position of theeis peak around 330 nm. Lutein geometrical isomers, 13-Z and 13'-Z, 9-Z and 9'-Z, have been reported
in the literaturel®3l Additionally, the intensity of theis peak gives insight into the position of this double bond; its intensity
increases as the position of the double bond approaches the center of the méfecule.

Liquid chromatography and UV-Visible spectroscopy are the analytical techniques of choice for determining carotenoids in
di erent matrices!®4 Most studies with palm oil report total carotenoid contéi$872 The concentrations of lycopene, beta-
carotene, and coenzyme Q10 were determined by the MCR-ALS method because of the co-elution of the target compound:
with palm oil matrix constituents, whereas the lutein concentration was determined by a univariate methdd (Table 3). Pseudo-
univariate calibration curves for lycopene, beta-carotene, and coenzyme Q10 and the univariate calibration curve for lutein are

shown in Figur¢[7.

TABLE 3 Linear regression outputs for carotenoids and coenzyme Q10

Compound Concentratior? Linear range LOD LOQ

( g/mL) ( g/mL)
Lycopené < LOQ 5-50 1.03 3.12
Beta-caroterfe 183.48 ( 1.66) 50-500 8.45 25.79
Coenzyme Q10 < LOD 8-100 4.22 12.72
Lutein® < LOQ 8-60 2.77 9.24

2 Mean value of three replicatesSD (standard deviation).
b Concentration determined by MCR-ALS method.
¢ Concentration determined by univariate method.

One of the major challenges for lycopene quanti cation using a DAD detector was its low concentration in palm oil. This
bioactive compound was not detected under some operating conditions during method development due to co-elution with matri
constituents, whereas the low purity of the pharmaceutical secondary standard (7.2%) hampered its use to properly localiz

the lycopene peak. Due to this limitation, calibration was performed with the standard compound, but its concentration was
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FIGURE 5 MCR-ALS recovery of chromatographic and spectral pro les of palm oil spiked with (a/b) lycopene, (c/d) beta-
carotene, (e/f) coenzyme Q10 and (g/h) lutein. Experimental spectral pro les were plotted for comparison (solid line).
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FIGURE 6 (a) Chromatograms of lutein standard compound (green) and spiked palm oil sample with lutein (grey); (b)
Comparison of spectral pro les of unknown compounds and lutein standard compound.

lower than the limit of quanti cation, LOQ, (3.12g/mL, 3.12 x 16 kg/n?). Beta-carotene content was determined as being
183.48, 1.66 g/mL (183.48, 1.66 x 10° kg/m?). Coenzyme Q10 concentration was lower than the limit of detection, LOD,
(4.22 g/mL, 4.22 x 16 kg/m®). Lutein content was lower than the LOQ (9.24/mL, 9.24 x 16 kg/m?). As previously
discussed, it was postulated that other isomers of lutein might be present in the sample as a comparison of the spectra ¢
unknown compounds with the lutein spectrum showed great similarity in their ne structure. Lutein quanti cation performed
by the univariate approach accounted only for the amount of lutein standard added to palm oil samples.

The results showed that the UHPSFC technique coupled with chemometrics was a feasible tool to identify minor constituents
of palm oil. The MCR-ALS method enabled to retrieve the carotenoid pro les whose compounds have similar UV-Visible
absorption spectra. The use of this chemometric method was advantageous because the same UHPSFC data could be us
for both univariate and multivariate calibration. Furthermore, the UHPSFC separation method developed allowed carotenoid
and coenzyme Q10 separation to be done in less than 7 minutes with low consumption of organic solvents in contrast to the
HPLC methods which require longer analysis times and greater amounts of organic solvent§](Table 4). Gradient elution was
not considered in this study because further studies will be performed to scale-up the analytical method to preparative scale
It is important to highlight that the di erence between the carotenoid content obtained by this study and those reported in
the literature (Tablg]4) may be attributed either to the wide variation of carotenoid content in palm oil which depends on the
species and the region of production, and to the di culties to quantify carotenoids and their isBa&#ésThese bioactive
compounds are sensitive to light, heat, acid, and oxygen exposure, and their susceptibility to oxidation has to be considerec
during method developme®€ Moreover, the high variability in carotenoid chemical structures and the limited availability of

standard compounds increases the di culty of carotenoid identi cation and quanti cation.
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FIGURE 7 Second-order standard addition curves obtained by MCR-ALS scores vs nominal concentration of each com-
pound: (a) lycopene, (b) beta-carotene, and (c) coenzyme Q10; (d) lutein calibration curve obtained by plotting peak areas vs
concentrations of added standard.

4 | CONCLUSIONS

In this study, an analytical method for identi cation and quanti cation of lycopene, beta-carotene, coenzyme Q10, and lutein
in palm oil was developed using UHPSFC. During method development, co-elution of some matrix components and the ana-
lytes was observed. Furthermore, low S/N ratios and retention time shifts of the analytes in palm oil in relation to their standards
were also observed which made it di cult to identify and quantify the target compounds using a DAD detector. Clean-up pro-
cedures employing solid-phase extraction cartridges, dispersive solid-phase extraction sorbents, Amberlite XAD7HP resin, anc
saponi cation were evaluated as means to physically reduce interferences. However, this approach did not remove interference
from matrix constituents and so the separation method was developed without a clean-up step.

Quanti cation of carotenoids and coenzyme Q10 were carried out under the optimized chromatographic conditions: Viridis

HSS Gg SB 3.0 x 150 mm column with particle size of 3.8n, CO,:EtOH (82:18, v/v), pressure 1600 psi (11 MPa), column
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temperature 41C (313 K), sample manager temperatur@@ 7290 K), equilibration time between injections 4 minutes (240 s),

ow rate 1.5 mL/min (2.5 x 16 m?/s), and injection volume 2L (2 x 10° m3). Data analysis was performed by MCR-ALS and

the results clearly showed good correlation between the experimental pro les and those recovered by MCR-ALS. Beta-carotene
concentration in palm oil was 183.481.66 g/mL (183.48, 1.66 x 10° kg/m®). Lycopene concentration was lower than the

LOQ (3.12 g/mL, 3.12 x 16 kg/m?). Coenzyme Q10 concentration was lower than the LOD (4@l 4.22 x 16 kg/m®)

and lutein concentration determined by the univariate method was lower than the LOQ @24, 9.24 x 1@ kg/m?®). The

results showed that quanti cation of lycopene, coenzyme Q10, and lutein requires a more sensitive detection method due to the

low concentration of these bioactive compounds in palm oil.



TABLE 4 Carotenoids and coenzyme Q10 content in palm oil reported in the literature

Analyte Concentration Analytical Technique Conditions Reference
Lycopene 1.3-1.5 ppm HPLC Bn Zorbax ODS column, isocratic elution Ooi eftal
8.5 ppm Open column chromatography and25 mL petroleum ether containing 0-20% diethyl ether Tanlét al
UV/Visible spectroscopy
20 mg/100 g oil HPLC Brownlee RP-18 column (4.6 x 220 mm ), Khachik et af’8!
isocratic elution, methanol:acetonitrile:methylene
chloride (22:55:23), 1 mL/min, 22-min run
Beta-carotene 56 ppm HPLC B Zorbax ODS column, isocratic elution Ooi eftal
550 ppm (total SFC LiChrosorb 60A silica (4.6 x 250 mm, 5n), isocratic ~ Choo et al*?!
beta-carotene) elution, CQ:ethanol (96:4), 3.12 mL/min, 20-min run
736.4 ppm Open column chromatography and25 mL petroleum ether containing 0-20% diethyl ether Tanlét al
UV/Visible spectroscopy
HPLC Brownlee RP-18 (4.6 x 220 mm,rB), isocratic Khachik et al’8!

120.5 mg/100 g oil

elution, methanol:acetonitrile: methylene chloride

(22:55:23), 1 mL/min, 22-min run

Continue on next page
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Analyte Concentration Analytical Technique Conditions Reference
Beta-carotene 179.4 g/kg (total HPLC C30 YMC column (4.6 x 250 mm, 3m), linear Mortenser?®
beta-carotene) gradient, solvent A MTBE:methanolj@ (15:81:4)
and B MTBE:methanol (10:1), 1.1 mL/min, 75-min run
204.8 mg/kg HPLC Phenomenex Luna silica column (3.0 x 100 mm, 3 Cruz et alé%
m), gradient elution, 1,4-dioxane:n-hexane, 1
mL/min, 28.5 min run
190.31 ppm (total HPLC Phenomenex Prodigy 100A silica column (4.6 x 150Darnoko et df!
beta-carotene) mm, 5 m), isocratic elution with iso-octane: THF
(97.5:2.5), C30 YMC column (4.6 x 250 mm, 5n),
gradient elution with solvent A methanol:MTBE:water
(81:15:4) and B MTBE:methanol (91:9)
HPLC Rainin Microsorb ODS (4.6 x 250 mm, &), Ng et afé?

356 ppm

89.44 g/100 oil

HPLC-PDA-MS/MS

isocratic elution, acetonitrile: methanol:methylene

chloride (60:35:5), 2.0 mL/min

C30 YMC column (4.6 x 250 mm, 3n), linear Rosso et df!
gradient with methanol:MTBE with 0.1%
triethylamine, C18 Novapak (4.0 x 300 mm, #n),
linear gradient, acetonitrile:water:ethyl acetate with

0.1% triethylamine

v 13Bd{pang

Continue on next page




Analytical Technique

Conditions Reference

Analyte Concentration
Coenzyme Q10 10-80 ppm
Lutein 1.8 mg/kg
11.85 ppm
0.11 g/100 oil

11.55 ¢/100 g oil

SFC

HPLC

HPLC

HPLC-PDA-MS/MS

HPLC

Metaphase RPC18 (4.6 x 250 mm)re®anol Ng et &l

Phenomenex Luna silica column (3.0 x 100 mm, 3 Cruz et alé%
m), gradient elution, 1,4-dioxane:n-hexane, 1

mL/min, 28.5 min run

Phenomenex Prodigy 100A silica column (4.6 x 15M@arnoko et P!
mm, 5 m), isocratic elution with iso-octane: THF

(97.5:2.5), C30 YMC column (4.6 x 250 mm, 5n),

gradient elution with solvent A methanol:MTBE:water

(81:15:4) and B MTBE:methanol (91:9)

C30 YMC column (4.6 x 250 mm, 3n), linear Rosso et d#!
gradient with methanol:MTBE with 0.1%
triethylamine, C18 Novapak (4.0 x 300 mm, #),
linear gradient, acetonitrile:water:ethyl acetate with

0.1% triethylamine

SGE C18 column (4.6 x 250 mm, &), Aruna et alf4
acetonitrile:dichloromethane:methanol (6:2:2) with

0.1% ammonium acetate, 1 mL/min

(014
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SUPPORTING INFORMATION

Figure 1. Chromatograms of the clean-up procedures: (1) lycopene; (2) beta-carotene, and (3) lutein. Chromatographic con-
ditions: Acquity UPC HSS G4 SB 3.0 x 150 mm, 1.8 m column, mobile phase CGEtOH (84.5:15.5, v/v), pressure 1500
psi (10 MPa), column temperature°4®(313 K), sample temperaturé® (278 K), ow rate 1.5 mL/min (2.5 x 18 m?/s), and

injection volume 2 L (2 x 10° md).
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