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Abstract

Bovine milk is an important source of energy, protein, essential vitamins, and minerals
for humans. It lends itself to the manufacture of a range of dairy products. The
concentration of vitamins, fatty acids, and amino acids present in milk have a marked
influence on the nutritional and processability qualities of milk. Given that milk is a
complex biological fluid, the analysis of these compounds presents a significant analytical
challenge. The overarching aims of this study were to develop microextraction methods
and chromatographic separations for the determination of selected compounds from
bovine milk which would then be analysed by both High Performance Liquid
Chromatography (HPLC) and Gas Chromatography (GC) coupled to various detectors
(UV, PDA, MS, FID). As the selected compounds are present in trace amounts significant
enrichment was required, it was for this reason that Dispersive Liquid-Liquid
Microextraction (DLLME) was utilised for the analysis. DLLME involves the rapid
injection of an immiscible extraction solvent into an aqueous sample in the presence of a
third dispersive solvent. The third dispersive solvent must be miscible with both the
extraction and aqueous phase. Typical examples of dispersive solvents include: ACN,
methanol, acetone. This produces a stable emulsion of comprised of micro-droplets of
extractant into which the analyte rapidly partitions. Centrifugation of the ternary mixture
facilitates recovery of the sedimented extraction solvent prior to analysis. The DLLME
methods were optimised using chemometric techniques. The results of the analysis were
then used to investigate the changes in fatty acid content over the lactation period
(palmitic acid increased from 5.73 mg/mL to 10.85 mg/mL), the effect seaweed
supplementation had on the vitamin content of bovine milk (delta tocopherol increased
from 3.82 to 5.96 pug/mL), and the differences in free amino acid content between
different classes of commercial milk samples (alanine, glycine, and glutamic acid

increased during storage).
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Chapter 1

Literature review

*This review has been published in the Journal of Chemistry (Quigley, A; Cummins, W;
Connolly, D. (2016) Dispersive liquid-liquid microextraction in the analysis of milk and

dairy products: a review. J. Chem. 2016: 12)



1. Literature review

1.1. Introduction

One of the most important steps in any analytical procedure is the extraction and clean-
up of the sample in question. There are a variety of methods that perform these tasks, such
as: liquid-liquid extraction (LLE) [1] and solid-phase extraction (SPE) [2]. While these
methods perform the above tasks adequately, they also suffer a number of drawbacks.
Both LLE and SPE are environmentally detrimental due to the large amounts of organic
solvents used, they are slow, and labour intensive. The use of a SPE method also requires

the purchase of solid phase extraction cartridges.

The development of microextraction techniques has gone some way to resolving a
number of these problems. Solid-phase microextraction (SPME) was first developed in
1990 [3] and has been used extensively for a range of analytes and applications from
environmental monitoring of fungicides in water [4], phthalic acid esters from vegetable
oils [5], and anti-inflammatory drugs in human plasma samples [6]. SPME is an
equilibrium based extraction technique. The solid extraction phase is coated onto a fibre
which is then placed in contact with the sample. Several different fibres have been
developed to increase the affinity for the analyte and SPME fibre. These include
polydimethylsiloxne, carboxen, and polyethylene glycol. Two forms of SPME exist:
headspace SPME and direct immersion SPME [7,8]. Headspace SPME has been shown
to be particularly useful for the analysis of volatile compounds in complex samples when
used in conjunction with GC analysis. A schematic of headspace SPME can be seen in
Figure 1.1. Although SPME is more environmentally friendly than LLE and SPE as the
technique does not require solvents, it still presents considerable disadvantages. The

SPME fibres have a limited lifetime, are expensive, and sample carryover can be an issue.

Liquid phase microextraction (LPME) techniques offers an alternative to SPME and can
be broadly divided into three classes: single-drop liquid-phase microextraction (SD-
LPME) [9] hollow fibre liquid-phase microextraction (HF-LPME) [10] and dispersive
liquid-liquid microextraction (DLLME) [11]. All three forms of LPME are

environmentally benign since the volume of organic solvent used is typically in the



microliter range (versus millilitre volumes or greater with more conventional liquid/liquid

extraction techniques)

Extraction

Figure 1.1: Schematic of headspace SPME [12].

These methods do not incur the high cost and sample carryover problems associated with
SPME. Even though SD-LPME vastly reduces the volume of organic solvent used, there
are other intrinsic problems with this method. Excessive stirring tends to break up the
droplet, the extraction is time consuming, and reaching equilibrium can often prove
challenging [13]. The development of HF-LPME [10] provides a way to stabilise the
extraction droplet in SD-LPME by placing it in a hollow fibre. In general the method still
requires long extraction times of at least 20 minutes [14] although methods have been
reported using extraction times as low as eight minutes [15]. DLLME is the latest

development in LPME field and is discussed in more detail below.



1.1.1. Principles of DLLME

In a typical DLLME protocol, an extraction solvent is mixed with a dispersive solvent
and this solvent mixture is then rapidly injected into the aqueous sample. The rapid
injection of the extraction-dispersive solvent mixture produces a cloudy solution, formed
from micro-droplets of extraction solvent dispersed in the aqueous sample as shown in
Figure 1.2. The formation of a cloudy solution/emulsion, allows for the instantaneous
partitioning of analytes from the aqueous sample into the extraction phase (a major
advantage of this technique). This is achieved by the large surface area relative to LLE
created by the numerous micro-droplets. The cloudy solution is then centrifuged which
breaks the emulsion into a two-phase system allowing for easy recovery of the extraction

solvent for analysis.

There are several requirements that must be fulfilled in order for DLLME to be successful.
The extraction solvent must be immiscible with water, miscible with the dispersive
solvent, and show a high affinity for the target analytes. In what will be referred to
hereafter as “traditional DLLME”, the extraction solvent is typically denser than water
such that it will form a “sedimented phase” upon centrifugation for easy collection with
a fine syringe needle. Conversely, the dispersive solvent has to be both miscible with the
extraction solvent and the aqueous sample. Ideally, the extraction solvent will be
compatible with the analytical technique being used; otherwise evaporation of the
extraction solvent and reconstitution in an appropriate solvent is required. Alternatively,
in-syringe back extraction could be used to extract the analytes into a compatible solvent
[16]. Prior to analysis, the volume and type of extraction and dispersive solvent, ionic
strength, pH of the aqueous phase, extraction time, and centrifugation time must be
optimised to ensure quantitative extraction of analytes. A comparison of DLLME
methods used for trace compound analysis in dairy compounds can be seen in Table 1.
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Figure 1.2: Schematic of DLLME technique [11].

An efficient DLLME method is characterised by a high enrichment factor (EF) and high
relative recovery (RR). Enrichment factor is calculated as shown in Equation 1, where Co
represents the concentration of the analyte in the original sample and Cseq represents the
concentration of the analyte in the sedimented extraction solvent. Enrichment factors have
been found that can range anywhere from single digits to several hundred. Higher
enrichment factors are generally found when the analyte is in low concentration in a large

sample volume, such as trace pollutants in environmental water samples.

Enrichment factor = <24 (1)
C

The RR is calculated according to Equation 2, where Cround Shows total amount of analyte
found after addition of standard, Creal is the original concentration of analyte in the sample
and Cagd is the amount of standard that was spiked into the original sample. Recoveries
have varied depending on the analyte and matrix being analysed. Ideally, recoveries of

100% would be obtained but due to matrix interferences this has proven to be difficult.

. c -c
Relative recovery = w %x 100 (2)
add



1.1.2. Alternative modes of DLLME

Recently, low density solvents have been used as extraction solvents in DLLME in order
to increase the range of extraction solvents compatible with the method. This mode is
called low density solvent based DLLME (LDS-DLLME) [17] and the extraction solvent
(including toluene, xylene, hexane, heptane etc.) floats on the surface of the aqueous
phase after phase separation is induced. The solvent is recovered using a fine needle and
this process is simplified when specialist glassware or other vessels are used to trap the
floating solvent in a narrow restriction in the vessel [18] as shown in Figure 1.3. This
technique has been used in the analysis of several different compounds, including:

hydrocarbons, steroids, and dinitrobenzenes.

Solidified floating organic drop DLLME (SFO-DLLME) was developed by Yamini et al.
[19,20] and involves the use of low-density extraction solvents having a melting point
close to room temperature (typically 1-undecanol or 1-dodecanol). Yamini et al. used this
technique to determine the concentration of aluminium in water samples. After phase
separation the floating extraction solvent is frozen by placing the vessel on ice after which
the frozen drop is easily collected into a separate vessel where it is usually diluted with a

chromatographically suitable solvent prior to analysis.

Additional modifications to DLLME methods include the elimination of time-consuming
centrifugation steps via the use of a de-emulsification solvent which causes phase
separation of the emulsion upon its addition. This technique is termed solvent-terminated
DLLME (ST-DLLME) [21], Chen et al. have determined the concentration of carbamate
pesticides in water samples using this technique. Seebunrueng et al. have reported a
similar method whereby the addition of a salt (AICIs) is used to induce phase separation
due to a disruption of the interfacial tension at the droplet surface. The developers of this
technique examined the concentration of pesticides in various fruit juices [22].
Alternative methods have also been developed to enhance the dispersion of the extraction
solvent throughout the aqueous sample. The use of ultrasound, vortexing, or manual
shaking will increase the number of micro-droplets of extraction solvent resulting in an
even larger surface area [23]. Effervescence-assisted DLLME (EA-DLLME) involves the
in-situ generation of bubbles of CO> to assist the dispersion of the extraction solvent,
removing a need for the dispersive solvent. The CO: is produced by adding a mixture of
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sodium carbonate and a weak acid (citric acid), usually in the form of a pressed tablet
Lasarte-Aragonés et al. combined EA-DLLME with magnetic nanoparticles for the
analysis of herbicides in water samples. Although this was carried out using river, tap,
and well water; the method was not sensitive enough to detect the presence of herbicides.
The samples were spiked with herbicides to show the applicability to herbicide analysis
[24].

Air assisted dispersive liquid-liquid microextraction (AA-DLLME) removes the need for
a dispersive solvent by repeatedly aspirating the aqueous phase and the extraction solvent
into a glass syringe until a cloudy solution is formed, and has been used for the analysis
of phthalate esters in aqueous samples [25]. Methods to allow easier recovery of the
extraction solvent have also been developed. Shi et al. have derivatised magnetic
nanoparticles for the easy recovery of polycyclic aromatic hydrocarbons from river water.
The use of hydrophobic magnetic nanoparticles which interact with the extraction phase
and can be sedimented by applying a magnet can be used to eliminate the centrifugation
step [26]. Combinations of these techniques have also be used, such as the use of magnetic
nanoparticles combined with effervescence assisted dispersion, mentioned above [24]. A

schematic of this method can be seen in Figure 1.3 (a).

Surfactant assisted DLLME (SA-DLLME) uses surfactants as dispersive solvents. A
cationic surfactant (cethyltrimethyl ammonium bromide) was used as the dispersive
solvent for the analysis of chlorophenols in water samples [27]. Cloud point DLLME
(CP-DLLME) uses surfactants as an extraction solvent to produce a surfactant rich
sedimented phase after centrifugation. Daneshfar and Khezeli applied this technique for
the analysis of organic acids in biological samples [28]. Specifically, it involves heating
the sample solution containing the appropriate surfactant passed its cloud point. The cloud
point is defined as the temperature at which phase separation occurs and the analytes
extract into the surfactant rich phase as shown in Figure 1.3 (c). lonic liquids have been
used as an alternative to traditional organic extraction solvents in ionic liquid DLLME
(IL-DLLME) because they have tuneable physicochemical properties. For example, ionic
liquid miscibility in either water or organic solvents can be controlled by selecting the
appropriate anion/cation combination and by incorporating the proper functional group
within the IL. In addition, they often exhibit lower toxicity than organic extraction

solvents [29]. lonic liquids have also been used as both dispersive and extraction solvents



in combination with ultrasound-assisted dispersion, referred to as ultrasound-assisted
ionic liquid/ionic liquid DLLME (UA-IL/IL-DLLME). This technique has been used for
the determination of sulphonamides in infant formula [30]. In an effort to improve
selectivity for polar or acidic/basic analytes, pH-controlled DLLME (pH-DLLME) has
also been developed [31]. By performing two DLLME procedures it is possible to remove
matrix interferences in the first extraction step, followed by a back-extraction after
appropriate pH adjustment. This is a technique that that has been used to analyse
ochratoxin A in cereals.

® —
Effervescence reaction
disperses 1-octanol Aqueous ﬂ Extractant dissolved
coated MINPs ga_ﬂ]_ple ™ in dispersrve solvent I
Lyt organic phase ‘
‘ A
— 1-octanol coated _.l _. _. ‘ _. ‘
e MNPs with ] - - 1 .
. ﬁ extracted analytes == i b c dEA. e
Nd magnet Water
- I
(c) —_—
Injection of TOPEO7.5 2% wiw) | f7 N £ N
F
— .
Water bath ] Aqueous phase
Molecules
of analyte . Surfactant rich

phase

Figure 1.3: Schematic diagram of: (a) effervescence DLLME [24] (b) LDS-DLLME
using specialist glassware [18] (c) CP-DLLME [28]: Schematic diagram of: (a)
effervescence DLLME [24] (b) LDS-DLLME using specialist glassware [18] (c) CP-
DLLME [28].



Table 1.1: Modes of DLLME used in dairy analysis

Sample preparation  Extraction/dispersive  Analytes Enrichment Analytical LOD (ug/L) Reference
Sample solvent extracted factor method
DLLME
Infant formula, Acid hydrolysis, Tetrachloroethene (90 Thiamine Not specified Reversed phase 0.09 [32]
fermented milk  enzymatic hydrolysis L) / acetonitrile (0.5 HPLC (RP-
and derivatisation mL) HPLC)
Soybean milk Liquid-liquid Carbon tetrachloride Phthalate acid 200 - 260 GC-MS 0.57 - 0.79 ng/g [33]
extraction (40 pL) / acetonitrile esters
(A mL)
Full fat milk, Dilution, protein  Chloroform (200 uL) / Macrocyclic 65 - 200 HPLC-DAD HPLC-DAD: [34]
half fat milk, precipitation by TCA  acetonitrile (2 mL) lactones coupled to 0.3-1.4nglg
skimmed milk, APCI-IT- LC-MS/MS:
follow-on MS/MS 0.03-0.72 ng/g
formula
Milk Protein  precipitation Chloroform (1 mL) / Sulfonamides 2.2 RP-HPLC-FL 0.6-1.03 [35]

by TCA, pH
adjustment,
derivatisation by

fluorescamine

ACN (1.9 mL)




Sample preparation  Extraction/dispersive  Analytes Enrichment Analytical LOD (ug/L) Reference
Sample solvent extracted factor method
Milk, white  Milks: protein  Chloroform (150 uL) / Nonsteroidal anti Milk: 81.1-141  Field amplified Milk (ug/kg): 4.8- [36]
cheese, yoghurt, precipitation. Removal ACN (2 mL) inflammatory Yoghurt: 45.9- sample stacking 13
unpasteurised of fat. Yoghurt and drugs 81. in CE (FASS) Yoghurt  (pg/kg):
milk cheese: dilution, Cheese:  145- 3.0-9.7
removal of fat 229 Cheese  (ng/kg):
6.1-7.7
Whole  milk, Whole milk:  Chloroform (1.5 mL) / Aflatoxin M1 33 UHPLC- 0.6 ng/kg [37]
skimmed milk, centrifugation ACN (2.4 mL) MS/MS
powdered milk  Powdered milk:
reconstitution with
ultrapure water
Protein  precipitation
by ACN and NaCl
Milk Centrifugation, protein  Carbon tetrachloride Cholesterol Not specified HPLC-UV 0.01 [38]
precipitation by ACN (35 uL) / ethanol
(800 pL)
Milk Protein  precipitation Chloroform (40 pL) / Pesticides 176-435 GC-FID, GC- 4-58 [39]
by ACN and NaCl ACN (1mL) MS
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Sample Sample Extraction/dispersive Analytes extracted Enrichment Analytical LOD (ug/L) Reference
preparation solvent factor method
Milk Protein precipitation 1,2-dibromoethane (20 pL) Phthlates 397-499 GC-FID, GC-MS 1.0-3.0 [40]
by ACN and NaCl / ACN
(800 pL)
Milk Saponification, in- 1,1,2,2-tetrachloroethane Polybrominated 271-307 GC-MS 0.012-0.29 [41]
tube LLE (22 uL) / ACN (1 mL) diphenyl ethers
Milk QUEChERS Chloroform (200 pL) / 10%  Fluroquinolones Not specified RP-HPLC-UV 0.8-5.0 pg/kg [42]
acetic acid-ACN (1 mL)
Milk Protein precipitation Chlorobenzene Polychlorinated Not specified GC-MS Polychlorinated [43]
and fat removal by (19 L)/ acetone biphenyls, biphenyls: 0.01-0.04
NaOH and acetone, (1 mL) Polybrominated Polybrominated
SPE diphenyl ethers biphenyls: 0.2-0.4
Infant formula  Protein precipitation Tetrachloroethylene BPA, BPB BPA: 237, GC-MS BPA: 0.06 [44]
by TCA, pH pL)/ACN BPB: 220 BPB: 0.03
adjustment (440 pL)
Milk, yoghurt ~ Protein precipitation Chloroform (110 uL)/ ACN  Endostrogens 50-407 MEKC-MS 1-220 [45]

by ACN and acetic
acid. Fat removal by

hexane

(500 pL)
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Sample Sample Extraction/dispersive Analytes extracted  Enrichment Analytical LOD (pg/L) Reference
preparation solvent factor method
UHT milk Protein and fat Chloroform (250 L)/ Benzoic acid, sorbic Not specified HPLC-UV Benzoic acid: 0.1 [46]
removal by Carrez acetone (1.2 mL) acid pg/mL
solution Sorbic acid: 0.08
pg/mL
Cheese Protein precipitation Trichloroethane (116 pL)/ Natamycin 61.4 FAAS 1.8 ng/mL [47]
by sonication ethanol (1.5 mL)
Milk Protein precipitation Chloroform (400 pL)/ ACN  Chloramphenicol, Not specified HPLC-UV Chloramphenicol: [48]
by ACN (2.0 mL) florfenicol 12.2 (ng/ka),
florfenicol: 125
Hg/kg)
Milk, cheese, Milk: protein  Dichloromethane (600 pL)/ Melamine Not specified Positive corona 25 pL/L [49]
milk powder, precipitation by ACN(1.0 mL) discharge ion
yoghurt ACN. mobility
Cheese/yoghurt: spectrometry

protein precipitation
by TFA and ACN.
Powdered milk:
protein precipitation
by acetic acid and

ACN
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Sample Sample Extraction/dispersive Analytes extracted Enrichment Analytical LOD (ug/L) Reference
preparation solvent factor method
Yoghurt Removal of fat by Chloroform (1.5 mL)/ ACN Aflatoxins B1, B2, Not specified HPLC-FLD 1.5-5.5 ng/kg [50]
centrifugation. (6 mL) Gl1, G2, M1
Protein precipitation
by ACN and NaCl
Milk Protein precipitation Chloroform (250 pL)/ Fatty acids 8-15 GC-FID 40-90 [51]
by NaCl and MeOH (1 mL)
phosphoric acid
Ultrasound assisted DLLME
Bottled milk Protein precipitation Carbon tetrachloride (40 Phthalate acid esters PAEs: 226-258, GC-FID 0.75-0.79 ng/g, [52]
by TCA and lead pL)/methanol (0.8 uL) (PAEs), butyl BBP: 270, 0.66 ng/g
acetate benzyl ester (BBP), DIOP: 220-229 0.64-0.76 ng/g
diisooctyl phthalate
(DIOP),
Skimmed milk  Protein precipitation Chloroform (100 pL) / Chloropropanols Not specified GC-MS/MS 0.9-3.6 [53]
by ACN, ACN (2 mL)
derivatisation by
HFBI
Milk, cheese QUEChERS Chloroform (500 pL) / Alfatoxins: B1, M1  B1: 30, M1: 30 RP-HPLC-FL B1: 0.1 pg/kg [54]

ACN (3 mL)

M1: 0.01 pg/kg
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Sample Sample Extraction/dispersive Analytes extracted Enrichment Analytical LOD (ug/L) Reference

preparation solvent factor method

UA-IL/IL-DLLME

Infant formula Dilution [CsMIM][PFe] Sulfonamides Not specified RP-HPLC- 2.94-16.7 pg/kg, [30]
(70 pL) / PDA
[C:MIM][BF.]
(100 pL)

DLLME with back extraction

Breast milk, ice Protein Chloroform (200 uL) / Parabens 4.6-9.2 CE-DAD 300 [55]
cream precipitation by ACN (1 mL)
salting out with

NaCl, phosphoric

acid, ACN
UA-RM-DLLME
Butter Melting for 5 min  Triton X-100 ( 1.25% Acetoin 245 RP-HPLC- 200,000 [56]
at wi/v) [ water (400 L) uv
40 °C
UA-IL-DLLME
Milk Microwave [CeMIM][TT2N] Selenium 150 Graphite 12 [57]
digestion with (100 pL) furnace atomi
HNOs; and Hy0O, absorption
chelation with 1- spectrometry
Phenylthiosemicar (GFAAS)
bazide
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Sample Sample Extraction/dispersive  Analytes extracted Enrichment Analytical LOD (ug/L) Reference
preparation solvent factor method
LDS-DLLME
Cheese Protein  precipitation, 1-octanol (60 pL) / Sorbic and benzoic ~ Cheese: Sorbate GC-FID Cheese: [58]
filtration acetone (475 pL) acids (143), benzoate sorbate: 150 ng/g,
(170) benzoate: 140 ng/g
Milk Fat removal by 1-heptanol Aflatoxin Not specified Fluoresence 0.013 [59]
centrifugation (320 L) / M1 spectrophotometi
MeOH:Water
(80:20) (3 mL)
Yoghurt drinks ~ Protein precipitation, 1-octanol (60 pL) / Benzoate, sorbate  Benzoate: 162, RP-HPLC-UV Benzoate: 0.2, [60]
filtration ethanol (450 pL) sorbate: 181 sorbate: 0.5
Milk, infant Protein  precipitation  1-octanol (60 uL)/ ACN  Melamine Not specified HPLC- 0.1 [61]
formula by acetic acid and lead (1.0 mL) UV/VIS
acetate
Cheese Microwave digestion , l-octanol (60 uL)/  Biogenic amines 108-186 GC-MS 5.9-14.0 ng/g [62]
protein  precipitation  acetone (600 pL)
by Carrez solutions
Milk, yoghurt Hydrolysis, protein 1l-octanol (80 pL)/  Cholecalciferol 274 HPLC-UV 3 [63]
drinks precipitation using  ethanol (550 pL) (D3)

Carrez solution
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Sample Sample preparation Extraction/dispersive Analytes Enrichment Analytical LOD (ug/L) Reference

solvent extracted factor method
IL-DLLME
Breast milk Protein  precipitation NFX: [CeCiim][PFs] NFX, BNZ NFX: 33.8, BNZ: RP-HPLC-UV  NFX:90 [64]
by HCIOs, H3POs (42 pL)/MeOH (80 pL) 28.8 BNZ: 60
MeOH
BNZ: [CsCrim][PFe] (42
HL) / MeOH
(101 pL)
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1.2. Modes of DLLME used in dairy analysis
1.2.1. Traditional DLLME

Prior to a DLLME procedure on a complex matrix such as milk, lipids and proteins
must be eliminated since they can act like surfactants and disrupt the interfacial tension
at the droplet surface, hindering phase separation. A list of sample pre-treatment
procedures, extraction solvent type and volume, dispersive solvent type and volume,
analytical method used, and analytical figures of merit can be found in Table 1.1. One of
the first reports of traditional DLLME used to extract analytes from dairy products in
2009 by Daneshfar et al. [38] who extracted and analysed cholesterol from several food
samples (egg yolk, milk, and olive oil). Previously centrifuged milk samples were
subjected to acetonitrile precipitation to eliminate proteins and the aqueous supernatant
(after further centrifugation) was subjected to a DLLME protocol. Acetone, ethanol and
acetonitrile were trialled as dispersive solvents using carbon tetrachloride as extraction
solvent. Ethanol (0.8 mL) resulted in the highest recoveries for cholesterol; lower and
higher volumes resulted in either unstable emulsions or higher solubility of cholesterol
respectively. Four extraction solvents (carbon disulphide, dichloromethane, chloroform,
and carbon tetrachloride) were tested but only carbon tetrachloride (35 pL) yielded stable
suspensions with ethanol. An extraction pH of 8.5, maximised recovery and partition of
cholesterol was also deemed instantaneous upon generation of the stable emulsion (ie:
extraction time was several seconds). Non-aqueous reversed phase HPLC was used to
quantify the analyte; because of poor chromatographic behaviour carbon tetrachloride
extracts were evaporated to dryness and reconstituted in ethanol for injection. The method
proved linear in the range 0.03-10 pg/L and the LOD was 0.01 pg/L representing
detection limits 100 times lower than previously reported methods for cholesterol

determination in milk.

Later in 2011 Farajzadeh et al. used DLLME for the extraction and preconcentration of
triazole pesticides from milk samples [39], using GC-FID and GC-MS to quantify the
analytes. Proteins were precipitated using both acetonitrile precipitation and NaCl salting
out and the pesticides pre-concentrated from 1.0 mL of the ACN supernatant by adding
40 uL of chloroform and rapidly injecting the mixture into 5 mL of deionised water. After
a 5 minute centrifugation at 4,000 rpm, enrichment factors of 156 (penconazole), 166
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(hexaconazole), 180 (tebuconazole), 243 (triticonazole) and 387 (difenconazole) were
achieved. The linear range was as wide as 20-80,000 pg/L for penconazole and

hexaconazole and the lowest recorded LOD value was 4 pg/L for hexaconazole.

That same year, Liu et al. combined SPE and DLLME to enable the determination of 14
different polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDESs)
in milk using GC-MS [43]. To precipitate proteins, 50% NaOH and acetone were added
and the samples were heated at 70 °C in a water bath. Afterwards, the analytes were
extracted into 5 mL of hexane, dried over anhydrous sodium sulphate, and concentrated
to 2 mL by evaporation before loading onto a SPE column. The resulting fractions from
SPE were dried and reconstituted in 1 mL of acetone, which was used as the dispersive
solvent in the optimised DLLME procedure. Chlorobenzene (19 pL) was mixed with the
dispersive solvent and rapidly injected into 5 mL of Milli-Q water. The developed SPE-
DLLME procedure proved to be effective since the sample matrix did not have a
significant impact on extraction efficiencies. The method provided good recoveries and
%RSD values for both polychlorinated diphenyls (recovery: 100.0-131.8%; precision:
3.20-10.20%) and polybrominated diphenyl ethers (recovery: 74.0-93.6%; 1.12-12.34%).

Cunha et al. expanded the range of dairy samples from milk to infant formula, while
analysing bisphenol A (BPA) and bisphenol B (BPB) content using heart-cutting GC-MS
[44]. The authors developed an optimised DLLME method coupled with in-situ
derivatisation using acetic anhydride in the presence of potassium carbonate (K>COs3).
After protein precipitation using trichloroacetic acid, K.COswas added until the pH was
greater than 10; this mixture was then used as the aqueous phase in the DLLME
procedure. The dispersive-extraction solvent mixture (440 pL ACN/30 pL
tetrachloroethylene) was combined with 30 pL of acetic anhydride as derivatisation agent
and rapidly injected into the aqueous phase and the resulting cloudy suspension allowed
to react for 1 minute. Using deuterated BPA as an internal standard, recovery of BPA and
BPB was found to be 114% and 68% respectively. The method was linear between 0.5-
10 pg/L for both analytes and low LODs (BPA: 60.0 ug/L, BPB: 30 pg/L) were obtained
corresponding to high enrichment factors (BPA: 237, BPB: 220). The method
repeatability was < 7 % when the analytes were at a concentration of 0.2 pg/L.

In contrast with Liu et al. [43], Han et al. combined saponification, LLE, and DLLME in
the determination of polybrominated diphenyl ethers (PBDES) in milk using GC-MS [41].
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Saponification was carried out by adding a sample of milk to 50% NaOH and ethanol,
this mixture was heated to 70 °C under reflux for one hour. The saponified mixture was
cooled and rinsed five times with petroleum ether. The washings were collected and
centrifuged. The supernatant was dried over anhydrous sodium sulfate and evaporated to
dryness under nitrogen. The residue was reconstituted in 2 mL of ACN. To carry out the
DLLME procedure, 1 mL of the ACN solution (dispersive solvent) and 22 uL of 1, 1, 2,
2-tetrachloroethane (extraction solvent) were combined and then rapidly injected into 5
mL of deionized water. The cloudy solution was centrifuged and the sedimented phase
was removed and dried under nitrogen. The resulting residue was dissolved in 15 pL of
hexane and used for GC-MS analysis. The combination of saponification, LLE, and
DLLME resulted in effective matrix removal, lower LODs (0.012-0.29 pg/L), and higher
recoveries (83-120%) than were reported by Liu et al. The above method also had high
enrichment factors (270-307), and a short extraction time of 15 minutes. This method

has the potential to be applied to the analysis of other organic compounds in fatty foods.

In 2012, traditional DLLME was coupled with GC-FID and GC-MS for the analysis of
several phthalate esters found in milk [40]. Proteins were precipitated and phthalate esters
(dimethyl phthalate (DMP), diethyl phthalate (DEP), di-isobutyl phthalate (DIBP), di-n-
butyl phthalate (DNBP), and di-2-ethylhexyl phthalate (DEHP)) were extracted using
NaCl and ACN. It was found that maximum peak area for all analytes was obtained when
0.8 mL of ACN (from the previous extraction step) was mixed with 20 pL of 1,2-
dibromoethane and then rapidly injected into a 8% NaCl solution. Identification of
analyte peaks found in GC-FID chromatograms were confirmed by GC-MS. Enrichment
factors were very high for all analytes, 397-499. This optimised DLLME method was
compared to other methods in the literature for the analysis of phthalate esters in milk.
Although areported LLE-LC-MS/MS method had a much lower LOD (LLE-LC-MS/MS:
0.01-0.5 pg/L, DLLME: 0.5-3 pg/L) the extraction time was much longer (LLE-LC-
MS/MS: 100 min, DLLME: 15 min). In addition, the lower LOD may be more likely due
to the use of MS/MS compared to FID as the detection method.

Vifas et al. determined the concentration of thiamine in infant formula, and fermented
milk using traditional DLLME with HPLC fluorimetric detection [32]. All samples
underwent a derivatisation reaction to differentiate between thiamine and its esters. The

maximum peak area was achieved by selecting ACN (500 uL) as dispersive solvent,
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tetrachloroethene (90 uL) as extraction solvent, an aqueous phase with an ionic strength
(NaCl) of 24% and centrifugation for 1 minute at 4,000 rpm. The results indicated that
DLLME was time-independent, as equilibrium was reached almost instantaneously. The
optimised DLLME procedure resulted in lower extraction times (a few seconds)
compared to a LPME method (30 min.), better extraction efficiency, an LOD of 0.09 pg/L
and linearity between 0.5-10 pg/L. Recovery of thiamine in infant formula was found to
be 98.7% with an RSD of 5.4%.

It was 2013 before DLLME was coupled with field-amplified sample stacking in CE; in
the determination of five different non-steroidal anti-inflammatory drugs (NSAIDs) in
milk, yogurt, and cheese [36]. As with other milk samples previously mentioned, proteins
were precipitated using phosphoric acid, NaCl, and ACN centrifugation. Hexane was
added to the supernatant to facilitate the removal of any fat present. The hexane was then
discarded and the ACN layer used in the DLLME procedure. For cheese and yoghurt, the
samples were homogenised with 2 mL of deionized water and the same procedure was
followed as outlined above. The results from the optimised DLLME procedure were
compared to other preconcentration techniques used in the extraction of NSAIDs. The
extraction time was at least five times faster than other reported methods and used at least

half the amount of organic solvents.

Campillo et al. analysed several macrocyclic lactones in milk using HPLC-DAD coupled
to atmospheric pressure chemical ionization in negative ion mode ion-trap tandem mass
spectrometery (APCI-IT-MS/MS) [34]. Prior to DLLME, the proteins were precipitated
using TCA. The maximum peak area was achieved when ACN (2 mL) as dispersive
solvent and chloroform (200 uL) as extraction solvent were used. The optimum ionic
strength of the aqueous phase was obtained by adding NaCl to achieve a concentration of
24% wi/v. Using DAD detection, the widest linearity was 5-2500 ng/g (doramectin
(DORY)) while the lowest LOD was 0.3 ng/g (moxidectin (MOX) and DOR). The lowest
LOD achieved by MS/MS was 0.03 ng/g. LC-MS/MS detection produced higher

selectivity and improved sensitivity compared to DAD detection.

Campone et al. used a Box-Behnken experimental design to optimise the DLLME
procedure used to determine aflatoxin M1 (AFMy) in whole, skimmed, and powdered milk
with UHPLC-MS/MS detection [37]. The authors also compared two different methods
for protein precipitation. Firstly, acetic acid was added and then the sample was heated to
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100 °C for 3 minutes, centrifuged and aqueous supernatant used in the DLLME
procedure. This method resulted in a recovery of only 42.7%, possibly due to proteins
binding with AFM:. The second method investigated used NaCl and ACN to
simultaneously precipitate proteins and extract AFM1 into the ACN. After centrifugation,
the ACN supernatant was used as the dispersive solvent in the following DLLME
procedure. The volumes of chloroform and ACN that resulted in highest recovery were:
1.5 mL and 3.8 mL, respectively. The mixture of extraction and dispersive solvent was
rapidly injected into 5 mL of water. Recovery for whole, skimmed, and powdered milk
was 75.3%, 74.2%, and 73.3% with precision ranging from 1.6% to 7.6%. The method
was linear from 0.25-25 pg/L and had a LOD of 0.6 ng/kg, which is lower than regulations
(50 ng/kg [65]).

In 2014, Arroyo-Manzanares et al. used traditional DLLME for the determination of
several sulphonamides in milk; the analytes were detected by HPLC with fluorescence
detection [35]. The authors also compared their optimised DLLME procedure to
QUEChERS. Proteins were precipitated using TCA and then filtered. The DLLME
extraction procedure was optimised using a central composite design. The optimum
volumes for the extraction solvent (chloroform) and dispersive solvent (ACN) were 1 mL
and 1.9 mL, respectively. DLLME resulted in lower LODs (0.73-1.21 pg/L) than
QUEChERS (1.15-2.73 pg/L) and higher recoveries (92.9%-104.7% compared to 83.6%-
97.1%, when samples were spiked with sulphonamides at 150 pg/L). QUEChERS did
prove to be more reproducible than DLLME with lower %RSD values of 2.9%-7.1% and
3.0%-9.7%, respectively.

DLLME was coupled to QUEChERS in 2014 for the determination of six antibiotic
fluoroquinolones with HPLC-UV detection [42]. The dried supernatant from the
QUEChERS method was resuspended in 1.0 mL of a 10% acetic acid-ACN mixture,
combined with 200 pL of chloroform and rapidly injected into 4 mL of deionized water.
The cloudy solution was centrifuged for 5 min at 4,500 rpm. By coupling QUEChERS to
DLLME, the authors have removed matrix interference, which is common problem with
the detection of fluoroquinolones. The method demonstrated good recovery (74.1-101.4%
for all analytes) and low LOQs (below 2.5 pg/kg for DAN and below 15 pg/kg for all

other analytes).
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In 2015, Alshana et al. determined the concentration of parabens in breast milk and ice
cream using DLLME with back extraction before being analysed by CE [55]. Phosphoric
acid (100 pL), ACN (1.5 mL), and saturated NaCl solution (0.5 mL) were added to
samples prior to vortex mixing for 1 minute and centrifugation for 3 minutes at 4,000
rpm. The ACN supernatant (1 mL) was then used as the dispersive solvent in the DLLME
step. Chloroform (200 pL) was added as the extraction solvent before the sample was
made up to 8 mL with deionized water. The sample was vortexed for 1 minute which
resulted in the formation of a cloudy solution. After centrifugation, the sedimented
chloroform phase was transferred to into a microtube where the analytes were back
extracted into 80 pL of back extraction solution (50 mM sodium hydroxide solution) for
direct injection into CE. Enrichment factors for each paraben ranged from 7.0-10.7, LOD
values were between 100-200 pg/L, while RSD values were from 0.6%-2.3%.

Later in 2015, DLLME was used to determine endoestrogens in whole milk, skimmed
milk, semi-skimmed goat’s milk, and yoghurt [45]. The separation of analytes was
performed by micellar electrokinetic capillary electrophoresis. Before DLLME could take
place, the samples required removal of proteins and fats. Proteins were precipitated with
ACN and acetic acid while the fats were removed via extraction with hexane. Once this
was completed, the samples were diluted to 7.5 mL with ultrapure water and NaCl was
added (30% wi/v). The extraction solvent, chloroform (110 pL), and the dispersive
solvent, ACN (500 uL), were mixed together and injected into the diluted sample solution
by micropipette. The solution was agitated by vortex for 2 minutes before centrifugation
at 4,500 rpm for 5 minutes. The chloroform layer was evaporated to dryness and
reconstituted in sample medium (75 pL) before injection onto CE. Enrichment factors
ranged from 50-407 to 750-2013 depending on the analyte in question. LOD values were
between 1-220 pg/L.

Javanmardi et al. analysed commercial milk samples for the presence of benzoic and
sorbic acid by HPLC-UV [46]. Protein and fats were removed by Carrez solutions |
(potassium hexaferrocyanide) and 11 (zinc acetate). They found that acetone (1.2 mL) and
chloroform (250 pL) provided a stable cloudy solution. LOD for benzoic acid and sorbic
acid were 0.1 and 0.08 pg/mL, respectively, however in this case enrichment factors were

not specified.
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Natamycin, a polyene macrolide antibiotic, was preconcentrated from cheese samples
[47]. The analytical technique in this study was indirect flame atomic absorption
spectroscopy using a metal cation which complexed with natamycin. Various metal
cations were trialled and Zn (1) was found to provide the highest recovery of the analyte
and so was chosen as the optimum cation. The proteins were precipitated in an ultrasonic
bath in the presence of methanol. DLLME was performed using 1,1,2-tetrachloroethane
(116 pL) as the extraction solvent and ethanol (1.5 mL) as the dispersive solvent. LOD

for natamycin was 1.8 ng/mL, recovery was 86-96%, while a RSD of 4.7% was obtained.

Also in 2016, the concentrations of two antibiotics were determined in pasteurized milk
samples [48]. Proteins were precipitated by adding ACN (10 mL) to a milk sample (5
mL) and centrifuging to pellet the precipitated proteins. Chloroform (400 pL) was mixed
with the ACN/milk sample (1.0 mL) and rapidly injected into water (1.0 mL). After
centrifugation, the sedimented chloroform layer was evaporated to dryness and
reconstituted in mobile phase (500 pL). The sample was analysed by HPLC-UV. LOD
for chloramphenicol and florfenicol was 12.2 and 12.5 pg/kg, respectively. Recoveries
(inter-day and intra-day) for both analytes ranged from 69.1-79.4%.

More recently (2017), Hamed et al. analysed several aflatoxins in yoghurt samples by
HPLC-FLD [50]. Before DLLME, samples were centrifuged to remove fats, and
following this step, the proteins were precipitated by a combination of ACN (6 mL) and
salting out with NaCl (1.5 g). A portion of this organic solution (5.1 mL) was taken and
mixed with chloroform (1.5 mL) and rapidly injected into water (5 mL). After
centrifugation to break the emulsion, the chloroform phase was dried and reconstituted in
MeOH:H-0 (1:1, 500 pL). While this work seems to use high volumes of extraction and
dispersive solvents than traditionally used in DLLME, the figures of merit for this work
provide LOD values below the levels set by the EU commission [181]. LOD values for

the aflatoxins studied ranged from 1.5-5.5 ng/kg.

In 2018, Quigley et al. developed a DLLME method for the analyses of fatty acids in milk
[51]. Simultaneous protein precipitation and analyte extraction was achieved in one step.
Proteins were precipitated by the addition of NaCl (1 mL, 2 M) and phosphoric acid (30
uL), while the analytes were extracted using folch solution (MeOH: CHCI3 2:1; 750 pL).
This mixture was centrifuged and the sedimented chloroform phase was transferred to a

micro reaction vial where fatty acids were derivatised to FAMEs by BFs-MeOH (1 mL,
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14% wiv). The derivatisation was carried out in a water bath at 90 °C for 30 minutes.
Once the solution was cooled, the reaction mixture was rapidly injected into water (5 mL)
and then centrifuged. The aqueous phase was discarded and the sedimented chloroform
phase was injected onto the GC-FID. LOD for caprylic (0.08 pg/mL), capric (0.04
pg/mL), palmitic (0.04 pg/mL), stearic (0.09 mg/mL), and oleic (0.07 pg/mL) were

obtained. Enrichment factors ranged from 8-15.

1.2.2. Ultrasound assisted DLLME

Ultrasound assisted DLLME was first used on a dairy product for the determination of
phthalate esters (DMP, DEP, DBP, BBP, DNOP, and DIOP) in milk using GC-FID [52].
Before UA-DLLME could take place, TCA and lead acetate were added to the milk
samples to precipitate the proteins. A mixture of MeOH (800 L) and carbon tetrachloride
(40 pL) were used as the dispersive and extraction solvent, respectively. Once the cloudy
solution had formed, it was placed in an ultrasonic bath for two minutes. The UA-DLLME
method resulted in low LODs (0.64-0.79 ng/g), high enrichment factors (220-270), and
%RSD values from 2.8-4.0%.

In 2013, simultaneous derivatisation and UA-DLLME was developed for the
determination of chlorophenols (1,3-DCP, 2,3-DCP, 3-MCPD) in milk using GC-MS
[53]. Proteins were precipitated by ACN (2 mL), which was also used as the dispersive
solvent. Both the extraction solvent, chloroform (100 pL), and the derivatisation reagent,
N-heptafluorobutyrylimizadole (HFBI) (50 pL), were mixed with ACN. After the
formation of the cloudy solution, the sample was placed in an ultrasonic bath heated to
30 °C for five minutes. This was to aid emulsion formation and to ensure derivatisation
was complete. The extraction parameters were optimised by central composite design.
LODs as low as 0.9-3.6 pg/L were achieved along with recoveries ranging from 99%-
102%.

Karaseva et al. coupled QUEChERS to UA-DLLME for the determination of aflatoxins
B1 and M1 in milk and cheese samples using HPLC with fluorescence detection [54].
QUEChERS was used as a sample pretreatment protocol and to initially extract the
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aflatoxins from the milk samples. ACN (3 mL) and chloroform (500 uL) were used as
dispersive and extraction solvents, respectively. Once a cloudy solution had formed, it
was placed in an ultrasonic bath for two minutes. The sedimented phase that was produced
after centrifugation was dried under nitrogen. The residue was then reconstituted in ACN
and subjected to HPLC analysis. The limits of detection for both B1 and M1 were 0.1
pg/kg and 0.01 pg/kg, respectively. Recoveries for B1 for all samples were between
51.2%-75.4%, while M1 had recoveries between 52.5%-72.2%. Total sample preparation
time was approximately 1.5 hours.

1.2.3. Low-density solvent DLLME

Solvents that have a density lower than water were used as extraction solvents in the
determination of benzoate and sorbate in yoghurt drinks [60]. Sample preparation
involved protein precipitation by NaOH, H2SOa, potassium hexaferrocyanide (Carrez
solution 1), and zinc acetate (Carrez solution I1). The supernatant from the previous step
was used as the aqueous phase for LDS-DLLME. Ethanol (450 pL) and 1-octanol (60
uL) were used as the dispersive and extraction solvents, respectively. After centrifugation
of the cloudy solution, the 1-octanol was removed and injected into HPLC-UV system
for analysis. The LDS-DLLME parameters were optimised by a central composite
experimental design. This method was compared to several other procedures reported in
the literature for the analysis of benzoate and sorbate. LODs for this method (benzoate:
0.06 pg/L, sorbate: 0.15 pg/L) were much lower than those found in other methods
(benzoate: 1.22-900 pg/L, sorbate: 2-500 pg/L). The method also provided good recovery
of both benzoate (91.25%) and sorbate (106%).

Abedi et al. also determined benzoate and sorbate concentration in milk, cheese, and
yogurt drinks by LDS-DLLME, this time using GC-FID as the detection method [58].
Many aspects of the papers are the same: both methods are optimised by central
composite design, both use similar sample pretreatment procedures, and both have found
that the optimum extraction solvent was 60 pL of 1-octanol. Abdol-Samad et al. have
found that 475 L of acetone was the optimum dispersive solvent. The newly developed
LDS-DLLME-GC-FID method showed recoveries of benzoate (103.7%) and sorbate
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(88%) that differ from the previous paper. LODs were 140 ng/g and 150 ng/g for benzoate

and sorbate, respectively.

In 2015, Amoli-Diva et al. coupled LDS-DLLME with vortex-assisted dispersive solid
phase extraction (VA-D-SPE) for the analysis of AFM; in milk samples [59]. Once the
optimised LDS-DLLME emulsion had been formed (extraction solvent: 1-heptanol; 320
pL, dispersive solvent: MeOH/water (80:20); 3 mL), 500 pL of adsorbant (containing
acid modified magnetic nanoparticles (MNPs)) were added and the sample was agitated
on a vortex. An external magnet was applied which allowed the safe removal of
supernatant. The analyte was desorbed from the adsorbant by the addition of 2 mL of
ACN. Finally, the analyte was separated from the MNPs by magnetic decantation. The
ACN eluent was evaporated to dryness and the residue reconstituted in Triton X-100
before analysis by fluorescence spectrophotometer. The method had an LOD for aflatoxin
M1 of 0.013 pg/L, a linear range between 0.02-200 pg L, and an extraction time of 20

minutes.

The next application of LDS-DLLME for dairy products was by Faraji et al in 2017 [61].
This group analysed melamine in milk and powdered infant formula. Proteins were
precipitated by the addition of TCA (8.0 mL, 5% w/v) and lead acetate solution (1.0 mL,
2.2% wi/v). The sample and protein precipitation solutions were placed in an ultrasonic
bath for 10 minutes prior to centrifugation. To increase the detectability of melamine, it
was derivatised using dabsyl chloride (100 pL, 4 mg/mL), in the presence of a sodium
carbonate buffer (pH 9.0), by heating the deproteinsed sample for 10 minutes at 70 °C.
The reaction was quenched by the addition of cold ACN to a volume of 1 mL. This ACN
solution was then used as the dispersive solvent for the DLLME procedure. The extraction
solvent used was 1-octanol (60 pL). This was mixed with the ACN solution and water (5
mL) was rapidly injected into the dispersive/extraction solvent mixture. Centrifugation
broke the resulting emulsion and allowed for the recovery of the extraction solvent which
was floating at the top of the tube. LOD for melamine was reported as 0.1

po/L.Unfortunately the enrichment factor was not reported.

This method achieves a much lower LOD (0.1 pug/L) than Mirzajani and Tavaf (25 pg/L)
[49]. The precipitation procedure used by Mirzajani may not have been sufficient as a
small volume of ACN (0.4 mL) was used to precipitate proteins from a sample of milk
(1.0 mL). Typically for ACN to function as an effective protein precipitation method, it
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needs to be present in a 2:1 or 3:1 ratio to the sample. The ineffective precipitation of
proteins may have led to problems with recovery of the DCM extraction solvent, or
melamine may have not partitioned into the extraction solvent due to a greater affinity
for the proteins. Alternatively, melamine may be more soluble in 1-octanol than DCM,

and so this would lead to the lower LOD that was found by Faraji et al.

LDS-DLLME was again used in 2017 for the analysis of several biogenic amines in
cheese samples. The biogenic amines included: cadaverine (CAD), histamine (HIA),
putrescine (PUT), and tyramine (TYA), the structures of these compounds can be seen in
Figure 1.4. The sample was spiked with analytes prior to microwave acidic digestion.
Once digestion was complete, proteins were precipitated with Carrez solutions and then
centrifuged. The supernatant was transferred to another container and the pH was
increased to 11. To increase volatility of the analytes, they were derivatised using isobutyl
chloroformate. Once this reaction was completed, a mixture of acetone (600 pL) and 1-
octanol (60 pL) was rapidly injected into the sample; 1-octanol was recovered after
centrifugation and analysed by GC-MS. LOD for CAD (8.8 ng/g), HIA (10.0 ng/g), PUT
(14.0 ng/g), and TYA (5.9 ng/g) was achieved. The use of the microwave resulted in a

more rapid digestion (3.0 minutes) than would be obtained using conventional methods.

N NH;
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Figure 1.4: Structures of cadaverine, histamine, putrescine, and tyramine.
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In 2018, Kamankesh et al. analysed cholecalciferol (vitamin D3) in milk and yoghurt
drinks. To remove any lipids present in the samples, base hydrolysis was performed on
both the yoghurt and milk samples by the addition of KOH and ethanol (80:20, 8 mL)
containing sodium ascorbate (2% w/v). Once hydrolysis was completed, the samples were
centrifuged. The supernatant pH was adjusted to 4.5 and Carrez solutions were used to
precipitate the proteins. The supernatant (10 mL) obtained after removal of proteins was
used as the aqueous phase for the DLLME procedure. In this method, 1-octanol (80 pL)
was used as the extraction solvent while ethanol (550 pL) was used as the dispersive
solvent. A mixture of these two solvents was rapidly injected into the aqueous sample
solution obtained after protein removal. An LOD of 3 ug/L was obtained for

cholecalciferol and a recovery of 97% was achieved.

1.2.4. UA-RM-DLLME

Previously, all analytes mentioned have largely been non-polar, hydrophobic compounds.
Roosta et al. have developed a method using a surfactant that forms reverse micelles
(Triton X-100) for the determination of acetoin (structure shown in Figure 1.5), a polar
compound, in butter using an ultrasound assisted-reverse micelle-DLLME procedure
coupled with HPLC-UV detection [56].

H,C
CH,

CH

Figure 1.5: Structure of acetoin.
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The butter samples (2 g) were melted by heating at 40 °C for 5 minutes before dilution
with 2 mL of hexane and adding Triton X-100 (1.25% w/v). The sample was mixed by
vortex for 1 minute. Distilled water (400 pL) was added as a modifier and the formation
of a cloudy solution was produced by placing the sample in an ultrasonic bath for 4
minutes followed by centrifugation. The extraction process was optimised by a Box-
Behnken experimental design. The LOD for the developed method was found to be 200
ug L1, while extraction recovery and repeatability were 96.40% and 2.86%, respectively.

1.2.5. IL-DLLME

Room temperature ionic liquids are another alternative green extraction solvent. In 2015
an IL-DLLME procedure was developed for the determination of nifurtimox (NFX), and
benznidazole (BNZ) in breast milk coupled to HPLC-UV [64]. Proteins and lipids were
removed by the addition of a precipitation mixture (HCIO4, H3PO4, and methanol)
followed by incubation at 80 °C for 60 minutes. After centrifugation, the supernatant was
separated from the solid material (proteins and lipids). This process was repeated and the
supernatents combined. Analysis of NFX and BNZ were carried out separately using two
different IL-DLLME procedures. For NFX: a mixture of NaOH (50 uL; 2 M) and KCI
(150 pL; 30% wi/v) were added to the supernatant. Then 42 pL of [CeCiim][PF¢], as
extraction solvent, and 80 pL of MeOH, as dispersive solvent, were rapidly injected into
the above supernatant. For BNZ: a mixture of NaOH (45 uL; 2 M) and KCI (100 pL; 30%
w/v) were added to the supernatant obtained from the pretreatment step. Both
[CeC1im][PFe] (42 pL) and MeOH (101 pL) were mixed and rapidly injected into the
above supernatant. The NFX and BNZ samples were shaken on a vortex for 6 minutes
and centrifuged at 10,000 rpm for 20 min. The extraction solvent was sedimented at the
bottom of the centrifuge tube. The supernatant was removed and the extraction solvent
was injected for analysis. The NFX procedure had an LOD of 290 pg/L, a linear range
from 300-34,400 pg/L and an enrichment factor of 33.8. The BNZ procedure had a LOD
of 180 pg/L, a linear range from 200-29,160 ug/L, and an enrichment factor of 28.8.
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1.2.6. UA-IL-DLLME

The use of ionic liquids as extraction solvents has been combined with UA-DLLME in
technique termed: ultrasound assisted-ionic liquid- DLLME (UA-IL-DLLME). Tuzen et
al. developed an US-IL-DLLME method for the determination of selenium in milk using
graphite furnace atomic absorption spectrometric detection [57]. Prior to microextraction,
the pH of the sample was lowered to pH 2 with dilute HCI. Chelation of selenium was
achieved through adding 0.1% 1-phenylthiosemicarbazide (1 mL). The extraction
solvent, [CeMIM][Tf2N] (100 pL), was added and the sample placed in an ultrasonic bath
for 10 minutes. The resulting cloudy solution was centrifuged and, afterwards, placed on
ice to increase the viscosity of the now sedimented extraction solvent. The aqueous phase
was removed by simple decantation. A mixture of HNO3z and ethanol (1:1 v/v) was added
to the extraction solvent to decrease viscosity and allow for easier retrieval. The authors
found that without the use of ultrasound, recovery of selenium was below 25% while
quantitative recovery was achieved when the sample was sonicated for 10 minutes. The
UA-IL-DLLME method had an LOD of 0.012 pg/L, a linear range between 0.04-3.0
ug/L, a %RSD value of 4.2%, and an enrichment factor of 150.

1.2.7. UA-IL/IL-DLLME

lonic liquids have also been used as both dispersive (hydrophilic IL) and extraction
(hydrophobic IL) solvents in the same method. Gao et al. have developed a UA-IL/IL-
DLLME method to determine the concentration of sulphonamides in infant formula using
HPLC-PDA detection [30]. A sample of milk powder was weighed and dissolved in
distilled water (50 °C); the ratio of infant formula to water was 1:8. Orthophosphoric acid
(20 pL) and [CeMIM][BF4] (70 pL ), as extraction solvent, were added to the sample and
intensely shaken for 5 min. When complete, [C4sMIM][BF4] (100 pL), as dispersive
solvent, was added and the sample was transferred to an ultrasonic bath for 2 minutes.
The resulting cloudy solution was then centrifuged and the sedimented extraction phase
was collected. The IL was diluted with ACN and 0.1% formic acid to 200 pL before being
filtered and injected into HPLC for analysis. The optimised method was used to determine
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the concentration of six different sulphonamides: sulfamerazine (SMI), sulfamethizole
(SMT), sulfachlopryridazine (SCP), sulfamonomethoxine (SMM), sulfmethoxazole
(SMX), and sulflsoxazole (SIA). The LODs for each sulphonamide ranged from 2.94-
16.7 pg kg*. Recovery for all the sulphonamides were all above 95% with RSD values
less than 6.5%.

1.2.8. VA-DLLME

D’Orazio et al. developed a vortex assisted-DLLME (VA-DLLME) method to determine
estrogenic compounds in milk and yogurt coupled to micellar electrokinetic
chromatography with mass spectrometry [45]. The removal of proteins was achieved by
adding ACN (4 mL) and acetic acid (100 pL). The sample was vortexed for 2 minutes
and left in the dark for 15 minutes before centrifugation for 10 minutes at 4400 rpm. The
supernatant was treated with 2 mL of hexane and the above vortex and centrifugation
process was repeated, to remove fats. The aqueous layer was evaporated to 1.5 mL using
a rotavapor (40 °C; 180 mbar). The extract was diluted to 7.5 mL with Milli-Q water and
NaCl was added (30% wi/v). After filtration, a mixture of dispersive solvent (ACN; 500
pL) and extraction solvent (chloroform; 110 pL) were added and the sample was vortexed
for 2 minutes. After centrifugation, the sedimented chloroform phase was collected and
evaporated to dryness, before being reconstituted in 75 pL of the sample medium (11.25
mM ammonium pentaflurooactanoic acid (APFO), pH 9 containing 10% v/v MeOH) and
injected into the MEKC-MS system. The LOD for the 11 estrogenic compounds ranged
from 1-220 pg/L. The method showed good recoveries of between 84-112%.

1.3. Conclusion

This is the first review of the use of DLLME in dairy samples. It can be seen that the
various modes of DLLME can be applied to a range of analytes in different samples,

while being coupled to various analytical techniques. The technique is compatible with a
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range of solvents. The most commonly used solvent for DLLME analysis in dairy
products is chloroform (Figure 1.6). Although there are health risks associated with using
chloroform, the small volumes utilised in DLLME reduce the chance of harmful side
effects from the solvent. To further reduce the risk of exposure to harmful solvents, 1-
octanol is the most common solvent in LDS-DLLME. lonic liquids are also an emerging
trend in the quest for safe, green extraction solvents. In the coming years it will be

interesting to observe any change in the frequency that each extraction solvent is used.
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Figure 1.6: Extraction solvents for DLLME used in the analysis of dairy products (data
from Table 1.1).

Several authors have evaporated the extraction solvent and reconstituted in a more
suitable solvent before analysis by the respective method. This practice seems to negate
the use of DLLME in the first place as it would be simpler to extract multiple times in a
larger volume of extraction solvent and evaporate this to dryness before reconstituting in

a small volume of suitable solvent. It would be interesting to see comparisons between
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LLE and DLLME that both use the same volume of extraction solvent to test for

extraction efficiency.

The review also highlights the importance of the sample pretreatment step in carrying out
a successful DLLME method. With the correct sample pretreatment, DLLME can be a
powerful tool in the analysis of analytes in dairy products; affording high enrichment
factors while using minimal organic solvents. From Table 1.1, protein precipitation is an
essential step in pretreatment. The removal of proteins from the sample allows for
optimum phase separation between the extraction and dispersive solvents after

centrifugation.

The extraction technique can be coupled to several different analytical techniques which
increases the number of potential analytes that can be tested. The choice of analytical

technique depends on the analyte being quantified.

In general, the above modes of DLLME are both quick and easy to use, but they do have
some drawbacks. Each sample can require: pH adjustment, filtration, or centrifugation;
depending on the sample pretreatment required. This can increase total sample
preparation time.
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Chapter 2
Determination of selected fat soluble
vitamins using DLLME in bovine milk after

seaweed supplementation

*Some of this data has been published in the Journal of Chromatography B (Quigley, A;
Walsh S.W; Hayes E; Connolly, D; Cummins, W. (2018) Effect of seaweed
supplementation on tocopherol concentrations in bovine milk using dispersive liquid-
liquid microextraction. J. Chrom. B. 1092: 152-157)
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2. Effect of seaweed supplementation on vitamin content

2.1. Introduction

Vitamins are a group of compounds that are essential for human health, they catalyse
various biochemical reactions and have a role in metabolic processes. They are typically
divided into two classes: fat soluble vitamins (FSV) and water soluble vitamins (WSV).
Fat soluble vitamins include retinol (vitamin A), tocopherol (vitamin E), radiostol
(vitamin D), and antihemorrhagic vitamins (vitamin K) [66]. While an excess of both
classes of vitamins poses health risks to humans, an over consumption of FSVs can also
have an impact; they are not easily excreted from the body as they are stored in the liver
and other fatty tissues [67]. Low consumption of FSVs, particularly vitamins A and D,
have been linked to deficiency syndromes [68]. This is in contrast to WSVs which can be
easily excreted through urine. Conditions that may arise from an excess of FSV include:
depression, cardiovascular disease, kidney stones, and anaemia [69]. These vitamins are
also added to various foodstuffs, including milk, to provide a greater nutritional benefit
for the consumer. For example, both vitamins A and E are added as antioxidants and

pigments [70].

To protect from vitamin degradation, fat soluble vitamins are added to commercial milk
in derivatised forms. Vitamin A can be added in its palmitate or acetate form, while
vitamin E is added as its acetate form [71]. Due to the instability of these vitamins, they
are rarely added in their native form. Vitamin D can be added to products as either D>
(ergocalciferol) or D3 (cholecalciferol). The structures of these vitamins can be seen in
Figure 2.1. Modifying the chemical structure of the vitamins in this way helps to ensure

that the concentration of vitamins does not change during manufacturing or storage.

There are many commercial supplements available on the market to increase the quality
of milk produced from a dairy cow e.g. FlowMag Liquid Mineral, NutriBuff Dairy, etc.
which aim to increase the mineral content in the cows diet. Although Ascophyllum
nodosum is a seaweed that is widely available both in fresh and processed forms, it’s use
as a supplement is relatively underutilised. Several groups have explored the effect of
Ascophyllum nodosum supplementation on the inorganic mineral content of milk [72] and
fatty acid content [73] but the use of A. nodosum as a vitamin supplement is relatively

unexplored. Kidane et al. showed that supplementation with seaweed resulted in an
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increased immuno response and o tocopherol levels in Norwegian Red Cows [74]. It
would be important to determine if a similar increase in FSV levels would be observed
using Irish seaweed supplementation for Freisan cows. Increased tocopherol levels can
result in numerous health benefits for the cow. These include: reduction in testicular
degradation, prevention of muscle dystrophy [74], and a reduction in oxidative blood
damage [75].

Dispersive liquid-liquid microextraction (DLLME) was originally developed in 2006 for
the analysis of organic compounds in water [76]. DLLME is a three phase extraction
system comprising of an extraction solvent, a dispersive solvent, and an aqueous phase.
To be considered for use in DLLME, both the extraction and dispersive solvents must
fulfil certain criteria: the extraction solvent must be immiscible with the aqueous phase
and miscible with the dispersive solvent, the analytes must show affinity for the extraction
solvent, and the dispersive solvent must be miscible with both the aqueous phase and the
extraction solvent. Originally, the extraction solvent used was always denser than water
but solvents with a density lower than water have also been used [17]. A breakdown of
extraction solvents for DLLME in dairy analysis can be seen in Section 1.3. Recently,
ionic liquids [29], deep eutectic solvents [77], and supramolecular solvents [78] have also
been utilised as extraction solvents in DLLME. A more detailed overview of DLLME can

be seen in Section 1.1.1.

Traditional methods to pre-concentrate and extract FSVs in milk include solid phase
extraction (SPE) [79], super critical fluid extraction [80], and liquid-liquid extraction
[81]. These methods require expensive instrumentation or the use of relatively large
volumes of solvent. As a result there is a need for the development of a rapid, sensitive
and environmentally friendly method to analyse trace levels of vitamins in complex
sample matrices, such as milk. Recently, DLLME has been used in the analysis of
vitamins in foodstuffs such as fruit juices [82], plant based foods [83], and urine [84]. To
the best of the author’s knowledge, this is the first time DLLME has been applied to FSV

in bovine milk.

The presented work in this chapter developed a novel DLLME method which required
less organic solvents, and decreased analysis time. This method was then used to
determine if supplementing cow feed with A. nodosum resulted in an increase in FSV in

British Friesian cows. As A. nodosum is a widely available, renewable resource in Ireland,;

36



its potential use as a supplement could reduce costs for dairy farmers. Friesian cows are
among most popular milking breeds in Ireland so any improvement in milk quality would

be beneficial to both the agricultural and food sectors in Ireland.

2.2. Overarching aims of this chapter

The aim of this chapter is to develop and optimise both a non-aqueous reversed phase
HPLC separation and DLLME procedure for the separation and extraction of retinol
acetate, K, A-tocopherol, Ds, and tocopherol acetate. The newly developed
microextraction method was used to determine if increased levels of Atocopherol would
be detected in British Freisan cows that had been fed A. nodosum harvested from the west

coast of Ireland.

2.3. Materials and methods

2.3.1. Chemicals and materials

HPLC grade methanol, acetonitrile, and ethanol were purchased from Lennox (Dublin,
Ireland). BD Precisionglide syringe needles gauge 30 L 1.0 inch, menaquinone (K>)
(98%), A tocopherol (96%), ascorbic acid (99%), and tocopherol acetate (96%) were
purchased from Sigma Aldrich (Dublin, Ireland). Ergocalciferol (D3) (98%) and calciferol
(D2) (98%), was purchased from Tokyo Chemical Industry (Oxford, United Kingdom).
Ultrapure water was provided by a Whitewater purification system (Dublin, Ireland).

2.3.2. HPLC method

Chromatography was performed on an Agilent 1100 HPLC system equipped with an
Agilent Zorbax Eclipse Plus Cis column (50 x 4.6 mm; 1.8 um). ACN was used as an
isocratic mobile phase at a flow rate of 1.0 mL/min. The injection volume was 1 uL. The

separation was carried out at 30 °C. Detection was carried out using a wavelength
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switching timetable at wavelengths of 216 nm (0-2 min) and 327 nm (2- 6 min). Statistical
analysis was carried out using Minitab (v18.0). A separation of the selected FSV can be

seen in Figure 2.3.

2.3.3. Stock standard preparation

Stock standard solutions of each vitamin were prepared as follows: retinol acetate (1.46
mg/mL), tocopherol (1.32 mg/mL), D3 (1.56 mg/mL), and tocopherol acetate (1.51
mg/mL) were dissolved in MeOH. K> (0.97 mg/mL) was dissolved in acetone. Structures

of selected vitamins can be seen in Figure 2.1.

Py

Retinol acetate Ergorcaleiferol (D3)

Menaquinone (K+)

HO

Tocopherol

Tocopherol acetate

Figure 2.1: Structures of selected vitamins.
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2.3.4. Seaweed supplementation

British Friesian cows (n=12) were divided into two groups. One group (n=6) had feed
supplemented with 20% A. nodosum, while the other group (n=6) had no
supplementation. All cows were dosed for gastrointestinal roundworms, lungworms,
tapeworms, and adult liver fluke before the trial began. The groups of cows were of the
same age, body condition score, and lactation cycle. Cows in the supplementation group
were tested for acceptance prior to the trial and no cow refused the supplement. The two
groups of cows were housed in the typical loose housing system with a slatted floor and
cubicles that were lined with rubber matting and limed regularly, they had access to ad
lib silage and fresh water and were supplemented with 1-2 kg of super beef nuts and 100

g of pre-calver minerals during the dry off period. The duration of the trial was 98 days.

2.3.5. DLLME procedure

The milk samples were obtained from cows and frozen at -20 °C until analysis. The
samples were thawed and shaken prior to extraction. The samples were prepared as
follows. 1.0 mL of milk, 9.0 mL of ethanol (containing ascorbic acid; 5 g/L) were added
together. The samples were heated at 78 °C for 30 minutes and shaken at 10 minute
intervals. Post heating, samples were cooled on ice and centrifuged for 5 minutes at 4,500
rpm. 1.0 mL of supernatant was mixed with 200 pL of extraction solvent and rapidly
injected into 5 mL of ultrapure water. The resulting cloudy solution was centrifuged for
5 minutes at 4,500 rpm. The organic phase was again centrifuged for 10 minutes at 13,500

rpm to before injection onto the HPLC system.
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2.4. Results
2.4.1. Development of fat soluble vitamin separation

2.4.1.1.  Stationary phase selection

Given the lipophilic properties of FSVs, it was decided to use reversed phase HPLC to
separate analytes of interest. Different combinations of Cyg Stationary phase, particle size,
and particle type were screened to achieve resolution between analytes in the shortest

time possible.

Column manufacturers have been designing stationary phases that increase the efficiency
of HPLC separations. Efficiency can be maximized when band broadening is minimized.
The band broadening process is due to a combination of three factors: Eddy diffusion,
Longitudinal diffusion, and Mass transfer [85,86]. A decrease in any of these factors
through improved design of columns and stationary phases will result in improved

efficiency and ultimately better separations.

One of the most common ways to reduce band broadening is to reduce Eddy diffusion.
Eddy diffusion refers to the broadening of bands due to the many different paths that an
analyte molecule can take as it interacts with the stationary phase. As Eddy diffusion has
a more pronounced negative effect on efficiency as particle size increases, this has led to
manufacturers reducing the size of silica particles. The reduction from 5 um to sub 2 pm
particle size has led to higher efficiencies but also a substantial increase in column
backpressure. The increase in column backpressure is inversely proportional to the square
of the particle diameter meaning a system and pump capable of maintaining such pressure
is required. Smaller particle sizes also provide a reduction in Mass transfer, as the analyte

molecules have a smaller diffusion path into and out of the particle.

To reduce the column backpressure while still maintaining the increased efficiency
gained by sub 2 um particles, manufacturers developed superficially porous particles.
These particles have a solid core onto which the stationary phase is bonded. This results
in a reduced Eddy diffusion as there are fewer paths that the analyte molecule can take
through the stationary phase. A depiction of a superficially porous particle can be seen in
Figure 2.2. Like with sub 2 um particles, Mass transfer is also reduced due to the shorter
diffusion paths provided by the solid core.
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Figure 2.2: Superficially porous particle showing the solid core with stationary phase
bonded to the surface [87].

Columns used in the screening experiment of this study included: Agilent Zorbax (250 x
4.6 mm; 5 um), Agilent RapidRes (50 x 4.6 mm;1.8 pm), and Coretecs (150 x 2.1 mm;
2.7 um). The Agilent columns were both fully porous silica particles while the Coretecs
column had superficially porous particles. A comparison of the column parameters can

be seen below in Table 2.1.

Table 2.1: Comparison of column dimensions.

Name Stationary =~ Dimensions Particle Particle type
phase (mm) size (um)
Agilent Zorbax Cs 250 x 4.6 5 Fully porous
Agilent RapidRes Cis 50 x 4.6 1.8 Fully porous
Coretecs Cis 150 x 2.1 2.7 Superficially
porous

Chromatographic conditions for each column were optimised for the analytes chosen.

Columns were then evaluated based on the run time needed to complete the analysis. A
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shorter run time would increase the throughput of samples and also reduce mobile phase
consumption; leading to more economically and environmentally friendly separations.
The Zorbax column required the longest run time (23 min) using a gradient mobile phase
system (MeOH, ACN), and needed a longer run time to elute analytes. Although both the
Coretecs and RapidRes columns had similar run times, the Coretecs column required a
lower flow rate than the RapidRes column. Unfortunately, backpressure on the Coretecs
reached the upper limit of the HPLC system. Neither back flushing or washing with
alternative solvents removed the blockage and so the RapidRes column was used for

further experiments. A comparison of the separations can be seen in Table 2.2.

Table 2.2: Initial separation conditions.

Column Mobile phase Flow rate Run time
(mL/min) (min)
Zorbax Mobile phase A: ACN 2.0 23
Mobile phase B: MeOH
RapidRes ACN (isocratic) 1.0 6
Coretecs ACN (isocratic) 1.0 6

2.4.1.2.  Mobile phase selection

Initially a scouting gradient was developed to optimise the separation of the vitamin
standard mix on the RapidRes column. Mobile phase A was H20 and mobile phase B was

MeOH or ACN. The gradient time was calculated according to the equation below [88]:

k*1.15SAd V,,
tg = 7

5x1.15x4x1x0.564
tg= 1

ty = 12.972 = 13 min
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All peaks eluted early in the gradient, with the first peak eluting at 0.660 min and the last
at 1.059 min. If the difference in retention time between the first and last peak is less than

25% of the gradient time, then an isocratic separation should be possible [89].

At, = 1.059 — 0.660 = 0.399

As Aty is less than 25% of the gradient time (3.25 min) than an isocratic gradient should
theoretically be possible. Both MeOH and ACN were evaluated as potential isocratic
mobile phases. Although resolution improved in the MeOH isocratic separation compared
to gradient separation, peaks were still poorly resolved (Rs < 2, resolution was too poor
to accurately measure). Resolution was greatly improved using an ACN isocratic mobile

phase, with all peaks baseline resolved apart from vitamins D2 and Ds.

2.4.1.3.  Separation temperature

A change in the temperature at which a separation is carried out can change selectivity,
which in turn leads to changes in resolution. To increase resolution between vitamins D>
and Dg, the separation temperature was varied from the initial 20 °C to 30 °C, 40 °C, 50
°C, and 60 °C. Maximum resolution was obtained at 30 °C. At temperatures higher than

this, peaks co-eluted.

2.4.1.4. Reduction in extra column band broadening

As mentioned previously, the use of sub 2 um particles results in smaller analyte bands.
These smaller bands can result in increased resolution compared to a separation carried
out on traditional 5 pm particle stationary phase. Without the proper system
modifications, extra column band broadening can occur. System modifications include:
narrow bore tubing, low volume needle seat, bypassing the heat exchanger, and a low

volume detector cell. These modifications prevent the narrow analyte band becoming
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diluted in a relatively large volume of mobile phase [90]. Modifying the HPLC system

with a low volume needle seat was not possible due to budgetary constraints.

The system was already equipped with narrow bore tubing (0.005 inch) and so the effect
of bypassing the heat exchanger was examined. An Agilent 1200 HPLC system was
equipped with a semi-micro flow cell. This has a flow cell volume of 5 pL, compared to
the standard Agilent flow cell volume of 13 pL. The vitamin standard mix was ran on the
1200 system modified with narrow bore tubing and bypassing the heat exchanger. As the
separation was carried out in isocratic mode, no adjustment to the mobile phase was
needed. Separations could be compared between the two systems by using relative
retention times of each vitamin. The resolution of the D vitamins using the standard flow
cell volume (13 pL) and the semi-micro flow cell volume (6 pL), with both systems
equipped with 0.005 inch polyether ether ketone (PEEK) tubing and bypassed heat
exchanger, is given below in Table 2.3.

Table 2.3: Comparison of resolution on Agilent 1100 and 1200 systems.

Analytes Resolution on 1100 Resolution on 1200
D2 and D3 1.05 1.37

2.4.1.5.  Wavelength switching

To maximise detectability of each vitamin, a wavelength switching experiment was
carried out. The Amax for each vitamin was obtained from a Dionex application note [91]
and used to construct a wavelength switching timetable. The peak areas obtained using
the wavelength switching timetable were compared to running the separation at the
original detection wavelength (210 nm). The wavelength switching timetable can be seen
in Table 2.4.
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Table 2.4: Wavelength switching timetable.

Time (min) Wavelength (nm)
0 327
2 210

Wavelength switching between tocopherol, D2, Ds, and tocopherol acetate was not
possible due to the similar retention times of these compounds. They were detected at 210

nm which did not result in a significant difference in peak area.

Resolution between vitamins D, and Dz could not be achieved with the available
equipment. To enable accurate quantification of D3, vitamin D, was removed from the
standard mix. Dz is more commonly found in bovine milk [92,93] The optimised

separation can be seen in Figure 2.3.
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Figure 2.3: Chromatogram of selected vitamins. Chromatogram (a) blank, (b) selected
vitamins. Peak identification: (1) retinol acetate (20 pg/mL), (2) Kz (20 pug/mL), (3)
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tocopherol (20 pg/mL), (4) Ds (20 pg/mL), (5) Tocopherol acetate (20 pg/mL).
Chromatographic conditions: stationary phase: Cis (50 X 4.6 mm; 1.8 um), mobile phase:
ACN, flow rate: 1.0 mL/min, temperature: 30 °C, detection wavelength: 327 nm and 216

nm.

2.4.1.6. Peak purity

Tocopherol peak purity was determined using a PDA detector and Chemstation software.
The spectra can be seen below in Figure 2.4. The peak shape is uniform across all

wavelengths which indicates that there are no impurities co-eluting with tocopherol.
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2.4.2. Optimisation of DLLME procedure

In the present work, parameters such as the protein precipitation solvent, extraction
solvent, volume of extraction solvent, volume of dispersive solvent, and volume of
aqueous phase were optimised. The protein precipitation and extraction solvent were
optimised first. The volumes of the solvents used were then optimised by design of
experiments (DoE) using a factorial screening and a central composite design approach.
The optimisation process was carried out using milk purchased from a local shop before
applying the optimised process to untreated milk samples. Parameters such as ascorbic
acid concentration, heating time and temperature were previously optimised [94] and

adapted for this work.

2.4.3. Selection of organic extraction solvent

Any extraction solvent for DLLME must fulfil the criteria outlined in the introduction.
Solvents that had both higher and lower densities than water were examined as potential
extraction solvents. Solvents were evaluated by extracting analytes using 200 pL of
solvent from milk samples that had proteins precipitated by 9 mL of EtOH. The screened
solvents were chloroform (CHCls), dichloromethane (DCM) (CH2Cl,), and 1-octanol.
These solvents were chosen as they cover a broad range of polarity which would influence
analyte solubility. As Figure 2.5 shows, chloroform displayed the highest extraction

efficiency and thus was selected as the optimum extraction solvent.

47



90

80 A

70 A1

60 A

B Retinol acetate
mnk2

n
=]

tocopherol
D3

Peak area (mAU)
=
S

u Tocopherol acetate

30 A

20 A

10 A

Chloroform DCM Octanol

Figure 2.5: Evaluation of extraction solvents (n=3).

2.4.4. Selection of protein precipitation solvent

The method of protein precipitation must be compatible with DLLME. Simultaneous
protein precipitation and analyte extraction using organic solvents was trialled, as protein
precipitation without efficient extraction would result in poor recovery and higher LOD.
ACN and ethanol were screened as potential protein precipitation and extraction solvents.
The extraction efficiency for both protein precipitation solvents with chloroform was
tested as this would ultimately affect the LOD for the subsequent DLLME procedure.
These solvents are common dispersive solvents in DLLME methods and also commonly
used in protein precipitation applications [40,95]. Figure 2.6 shows that ethanol had
greater extraction efficiency than ACN and so ethanol was used as the dispersive solvent
in the DoE. The possible explanation for the better extraction efficiency when ethanol is
used compared to ACN is two-fold. Firstly, ethanol produced a more stable cloudy
solution upon rapid injection into the aqueous phase. This facilitates a more rapid transfer
of the analytes into the extraction phase, resulting in a more efficient extraction. Secondly,

the solubility of the analytes could be greater in ethanol than ACN; also resulting in a
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more efficient extraction [96]. Direct measurement of protein precipitation levels was not
explored as analyte recovery was the most important factor in determining the optimum

protein precipitation solvent.
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Figure 2.6: Screening of potential protein precipitation solvents (n=3).

2.4.5. Factorial screening

A 3 factor, 2 level factorial design (23%) was used to screen for significant factors. A list of
the factors and levels can be found in Table 2.5. Preliminary experiments determined the
minimum and maximum levels for each factor. Values outside these ranges resulted in
poor extraction performance due to an unstable cloudy solution. In the case of the
minimum extraction solvent volume, when less than 200 pL was used the resulting

organic phase volume was too loo low to be practically analysed.
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Table 2.5: Screened factors and levels.

Factor -1 +1

Dispersive solvent volume (EtOH) (mL) 0.5 1.0
Extraction solvent (CHClz3) (pL) 200 400
Aqueous phase volume (H20) (mL) 5 10

The resulting Pareto chart (Figure 2.7) showed that only the volume of extraction solvent
was significant. This is evident as the volume of extraction solvent is the only factor that
crosses the significance line. As the extraction efficiency of DLLME is dependent on the
stability of the cloudy solution formed from the interaction of extraction and dispersive

solvents, it was decided to further optimise the DLLME procedure.
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Figure 2.7: Pareto chart of factorial screening experiment (p<0.05).

2.4.6. Central composite design

A central composite design was chosen to further optimise the DLLME process by
varying the volumes of dispersive and extraction solvents. The goal was to maximise the

response, in this case response was analyte peak area. The central composite design
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consisted of a 22 full factorial design which was augmented with both star (+ o) and centre

points (0). The levels for each factor are given in Table 2.6 and the resulting response

surface can be seen in Figure 2.9. The response was maximised when 200 pL of extraction

volume and 1.0 mL of dispersive solvent was used.

Table 2.6: Factors and levels in central composite design.

Factor -a -1 0 +1 +o,
Dispersive solvent 0.293 0.5 0.75 1.0 1.41
(mL)

Extraction solvent  117.16 200 300 400 565.68
(L)

The resulting ANOVA table and response surface can be seen in Figure 2.8 and Figure

2.9, respectively. The ANOVA table shows that the volumes of dispersive and extraction

solvents are significant. A significant quadratic interaction was also detected:

extraction*extraction solvent volume had a p value = 0.09. This indicated that the

relationship between response and extraction volume was not linear.
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Model 5 27695.4 55349.1 0.
Linear 2 24123.4 12081.7 65
Dispersive 1 9075.2 9075.2 45
Extraction 1 15048.3 15045.3 3
Square 2 2783.2 1391.46 7
Dispersive*Dispersive 1 £55.4 555.4 3
Extraction*Extraction 1 2408.1 2408.1 13
2-Way Interaction 1 T88.8 7e8.8 4
DispersiveYExtraction 1 TE8.8 TE8.8 4
Error 7 1288.2 154.0
Lack-cf-Fit 3 347.5 115.8 0
Pure Error 4 540.7 235.2
Total 12 285983.¢

Figure 2.8: ANOVA table from central composite design.
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Figure 2.9: Response surface generated from the central composite design.

The regression equation generated from the central composite design can be seen in below
in Figure 2.10. This equation can be used to predict responses inside the experimental

space.

Resgponse = 56€.92 + 33.6% Dispersive - 43.37 Extraction
+ 5.71 Dispersiwve*Dispersive + 15.61 Extraction*Extraction
- 14.04 Dispersive*Extracticon

Figure 2.10: Regression equation.

2.4.7. Validation of DLLME procedure

To evaluate the applicability of the developed DLLME method to fat soluble vitamin
analysis in bovine milk, linearity, LOD, reproducibility, recovery, and enrichment factor
were determined; these were evaluated with spiked samples. The figures of merit are
shown in Table 2.7. Linearity for retinol acetate, K2, delta tocopherol, D3, and tocopherol

acetate was obtained in the range 0.1 to 8 pg/mL. Analytes were spiked in at the following
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concentrations: 0.1, 2, 4, 6, 8 ug/mL. The linearity was determined by plotting calibration
curves of peak area versus the concentration of each analyte. The coefficients of each
analyte ranged from 0.989- 0.998. The LOD was obtained from the slopes of the linearity
curves, according to Equation 2 where o is standard deviation of the calibration curve and
s is the slope of the calibration curve. The inter-day reproducibility relative standard
deviation (%RSD) for each analyte was below 7% (n=6). Recovery was calculated by
spiking sample with analyte and checking for a proportionate increase in peak area.
Recovery for each analyte was between 78% and 92%, while the enrichment factors were
64 to 89. An example of the chromatography obtained for the LOD can be seen below in
Figure 2.11.

LOD = 3.3 x (o/s) (2)

Table 2.7: Figures of merit for fat soluble vitamin analysis.

Analyte Linearity @ LOD  Reproducibility Recovery EF
(R)  (ug/mL) (%RSD) (n=6) (%) (n=6)

Retinol acetate 0.992 0.01 6.8 94 72
K> 0.989 0.03 4.9 78 83
Delta 0.998 0.10 2.9 81 89
tocopherol
D3 0.991 0.05 4.8 82 64
Tocopherol 0.996 0.02 6.2 89 71
acetate

A recently published method by Kamankesh et al. [63] also analysed D3 in milk samples
using LDS-DLLME. This paper has been reviewed in Section 1.2.3. Kamankesh et al.
have achieved an LOD of 0.0009 pg/mL which is lower than what was achieved in the
method presented in this chapter. Ethanol was used as the dispersive solvent for both

methods but Kamankesh et al. used 1-octanol as the extraction solvent. When 1-octanol
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was evaluated as a potential extraction solvent in this work it was found to be less efficient

than chloroform (Figure 2.5).
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Figure 2.11: LOD chromatogram for tocopherol.

There are more significant differences in the sample treatment prior to DLLME between
the two methods. Kamankesh et al. have used Carrez solutions to precipitate proteins.
This is a commercially available kit that can be used to precipitate proteins, among other
applications. The kit contains two solutions: Carrez solution | and Carrez solutions II.
Carrez solution I is an aqueous solution of potassium hexacyanoferrate (I1) trihydrate
(Ks[Fe(CN)s] x 3H20) while Carrez solution Il is an aqueous solution of zinc sulfate
heptahydrate (ZnSO4 x 7H20). Upon addition of both solutions to an aqueous sample, the
salts react to form Znz[Fe(CN)s]. This is a precipitate that has limited solubility and high
molecular weight compounds, such as proteins, will be adsorbed to the newly formed
complex allowing for precipitation by centrifugation. The use of the Carrez kits may
denature the proteins more effectively than ethanol. This would release any D3 that may
have held by the hydrophobic regions of the proteins, allowing for a more quantitative

extraction. Carrez solutions were not evaluated for this work due to budgetary constraints.
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While both Kamankesh et al. and this work both analysed milk samples, Kamankesh et
al. determind D3 in pasteurised and homogenised commercial milk samples. In contrast,
this work developed a method and applied it to untreated milk samples obtained directly
from the cow. Untreated milk samples present an even more complex sample matrix than
commercial milk and the added matrix interference may be responsible for the higher

LOD values obtained in this work.

2.4.8. Comparison with recently published methods

To ensure that this method represented a step forward in scientific knowledge, it was
compared to recently published methods for tocopherol analysis (Table 2.8). The
presented work provided lower LOD and reproducibility than published methods.

Table 2.8: Comparison with recently published methods for tocopherol analysis. N.R:
not reported.

Analyte LOD (pg/mL) Reproducibility Reference
(%RSD)

Tocopherol acetate N.R 3.95 [97](2016)
Tocopherol 0.5 1.2 [71] (2014)
Tocopherol 0.13 5 [98] (2012)
Tocopherol 0.10 2.9 Presented work

2.5. Sample analysis

2.5.1. Standard addition
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As mentioned previously, bovine milk is a complex biological fluid and as such,
quantification of trace compounds is a challenge. Traditionally, calibration and
quantification has been carried out using one of three methods: external calibration,
internal calibration, or standard addition.

External calibration does not account for matrix effects, and an accurate blank matrix
could not be developed [99]. Simulated milk ultrafiltrate is often used as an analytical
substitute for milk, but this lacks the complexity of natural milk [100]. Several internal
standards were explored but none of the screened compounds were sufficiently retained
using the above chromatographic separation, or co-eluted with an analyte of interest, see
Table 2.9. Isotope-labelled internal standards, for LC-MS detection, were not explored
due to their cost. Also, distinguishing between analyte and isotope-labelled internal
standard is not possible using UV detection and requires instruments coupled to mass
spectrometers.

Table 2.9: Retention factors of compounds screened for internal standard.

Compound name Retention factor (k)

Anthacene 0.3
Benzophenone 0.3
Cinnamaldehyde 0.3
Cumene 0.3

Dodecanophenone 0.8 (co-eluted with retinol acetate)
Hyrdorxyphenylacetate 0.3
Hydroxypropiophenone 0.3
Phenantherene 0.3
Phenylethylacetate 0.3

Standard addition was chosen as the calibration method for this work as it can account
for matrix effects in complex samples [101]. Standard addition is performed first by
dividing the sample into four or more aliquots. The first aliquot is analysed directly, while
the other three aliquots have the analyte added to the sample in increasing concentrations.
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The original concentration of the analyte can be then be determined by extrapolation from

the resulting calibration curve [101].

The first point in the standard addition curve was obtained from analysing sample without
added standards, while the remaining four points were obtained from adding increasing
amounts of standards. The concentration of analytes added at each stage can be seen in
Table 2.10. Standard addition was not evaluated for other compounds as they were not
detected without the added standards. Standard addition for both delta tocopherol and D3
resulted in linear curves with R? values greater than 0.98

Table 2.10: Analyte concentration at each standard addition level.

Analyte Level 1 Level 2 Level 3 Level 4
(Hg/mL) (Hg/mL) (Hg/mL) (Hg/mL)

Delta tocopherol 2.0 4.0 6.0 8.0

D3 0.20 0.30 0.50 0.70

2.5.2. Effect of seaweed supplementation

The effect of seaweed supplementation on the FSV content of bovine milk was
investigated with the newly developed DLLME method. The analysis was carried out as
detailed in Section 2.3.5. The results were analysed by a t-test and the null hypothesis
stated that the group means were not significantly different. It was found that seaweed
supplementation had a statistically significant (p > 0.05) effect on the concentrations of
A tocopherol, increasing from 3.82 pg/mL to 5.96 pg/mL. An example of the
chromatograms obtained can be seen in Figure 2.12 and a bar chart showing error bars in
Figure 2.13. As outlined in the introduction, an increase in the levels of tocopherol have
numerous benefits. The use of a locally grown, renewable resource grown to increase the
nutritional benefits of bovine milk could have a wide impact on the agricultural and food

industries in Ireland.

57



25

20

Response (mAL)
ot
n

=
=

Figure 2.12: Comparison of chromatograms showing the effect of seaweed
supplementation on tocopherol levels in milk. Chromatogram identification: (a) blank,
(b) no seaweed supplementation, (c) seaweed supplementation. Peak identification: (1) A

tocopherol. Chromatographic conditions as outlined in Figure 2.3.
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Figure 2.13: Effect of seaweed supplementation on tocopherol response. P-value < 0.05

2.6. Conclusion

The novel DLLME sample preparation method combined with HPLC-UV was developed
and used to investigate the effect of A. nodosum on the vitamin content of British Friesian
milk. The DLLME method was optimised by DoE which resulted in an environmentally
friendly method which used minimal organic solvents. It afforded high enrichment
factors, low detection limits, and good repeatability. The supplementation resulted in an
increase in delta tocopherol content from 3.82 pg/mL to 5.96 pg/mL.
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Chapter 3
Development of DLLME procedures for the
extraction and preconcentration of fatty

acids from bovine milk

*Some of this data has been published in the Journal of Chromatography B (Quigley, A;
Connolly, D; Cummins, W. (2018) The application of dispersive liquid-liquid
microextraction in the analyses of the fatty acid profile in bovine milk in response to
changes in body condition score. J. Chrom. B. 1073: 130-135)
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3. Development of DLLME procedure for the extraction and derivatisation of fatty

acids from milk

3.1. Introduction

Fatty acids can be broadly classified into two classes: short chain and long chain fatty
acids. Short chain fatty acids have a chain length of between 2 and 8 carbons, while long
chain fatty acids can have up to a 9 to 30 carbon length chain. Fatty acids can be further
characterised on the basis of saturation. The absence of double bonds in the carbon chain
results in a saturated fatty acid, these fatty acids are not affected by hydrogenation or
halogenation. When a single or multiple double bonds are present in the carbon chain, the
fatty acid is referred to as mono-unsaturated or poly-unsaturated, respectively. Structures
of saturated and unsaturated fatty acids can be seen in the below Figure 3.1.

0

/\/NLQH

Saturated fatty acid

\/\Aﬂ/\/\/\)J\OH

Monounsaturated fatty acid

MW/J\DH

Polyunsaturated fatty acid

Figure 3.1: Structures of saturated and unsaturated fatty acids.

Fatty acids can be identified by shorthand notation, based on the length of the carbon

chain and degree of unsaturation. For example, palmitic acid, has a saturated 16 carbon
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chain and can be described as C16:0. Where C16 is the length of the carbon chain and 0
represents the degree of unsaturation. Similarly, palmitoleic acid has a 16 carbon chain
with one double present and so is denoted as C16:1. Structures of these fatty acids can be

seen in Figure 3.2.

0

/\/\/\/\/W\)J\OH

palmitic acid C16:0

WMDH

palmitoleic acid C16:1

Figure 3.2: Structures of palmitic acid (C16:0) and palmitoleic acid (C16:1).

3.1.1. Fatty acids in bovine milk

Bovine milk is composed of a suspension of fat (4.2%), protein (3.4%), minerals (0.8%),
vitamins (0.1%), and carbohydrates (4.6%) in water (87%). Of the 4.2% fat, 99% is
present in triglyceride form, with the remaining lipids present as free fatty acids. A
triglyceride consists of three fatty acids bound to a glycerol back bone, a typical example

can be seen in Figure 3.3 below.
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Figure 3.3: Structure of tricaprylin. Gylcerol backbone shown in red.

Milk fat is composed of approximately 400 different fatty acids. They are obtained from
two main sources: de novo synthesis in the mammary gland, and uptake from feed. Fatty
acids from C4:0 to C14:0 are synthesised in the mammary gland. The carbon chain length
is extended in the mammary gland by the addition of acetate and B-hydroxybutyrate,
which are produced from fermentation of feed components. De novo synthesis accounts
for approximately half the C16:0 produced, the other half, and longer chain fatty acids
are obtained from lipids in the diet and lipolysis of adipose tissue [102].

3.1.2. Current methods to analyse fatty acids

For analysis by gas chromatography (GC), non-volatile fatty acids require derivatisation.
Typically, fatty acids are derivatised to fatty acid methyl esters (FAMESs); which are
volatile and compatible with GC analysis. This derivatisation is typically carried out by

either acid catalysed derivatisation or base catalysed derivatisation.

3.1.2.1.  Acid catalysed derivatisation

Acid catalysed derivatisation is capable of derivatising both fatty acids as free fatty acids

(esterification), and triglyceride molecules (transesterification). A reaction mechanism
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can be seen below for free fatty acids in Figure 3.4, and for triglyceride molecules in
Figure 3.5. The lone pair of the carbonyl oxygen acts as a nucleophile and attacks the
electrophilic boron. The loss of an electron results in a formal positive charge on the
carbonyl oxygen. This further polarises the carbonyl bond, making the carbonyl carbon
more electrophilic. The increased electrophilic character of the carbonyl carbon allows
nucleophilic attack by methanol to take place. Specifically, it is the lone pair on hydroxyl
group that acts as the nucleophile. Several proton transfers take place which ultimately
means water is expelled, due to its strong leaving group ability. The last step in the

mechanism is the regeneration of the catalyst.

o H3C—— OH

'/\ F3B\ %8 )
i o 2 3 \ HO.
\Eﬁff >;Eir_| _— L\\ [.j‘r_l "Oé\@\ / "

) \c Hy

F
—_—

Figure 3.4: Reaction mechanism for the derivatisation of free fatty acids to methyl esters

by lewis acid catalysis.
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As in the reaction mechanism for the derivatisation for free fatty acids to methyl esters,

BF3 coordinates to the carboxyl oxygen. This increases the electrophilic character of the

carboxyl carbon allowing for nucleophilic attack by methanol. A carbocation is formed

and collapses when the fatty acid leaves the glycerol backbone of the triglyceride. A

proton transfer results in the FAME being formed

& i
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\ R
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Figure 3.5: Reaction mechanism for the derivatisation of fatty acids in a triglyceride

molecule to methyl esters by transesterification using lewis acid catalysis.

It is important to note that these reactions are equilibrium based and so steps must be

taken in experimental design to ensure the equilibrium is pushed to form the desired

methyl ester product. Such steps include carrying out the reaction in an excess of

methanol and/or removing water as it is formed.

Several acid catalysts can be used in the production of FAMEs. These include BFsz-
MeOH, BCl3-MeOH, H>S0s-MeOH, and HCI-MeOH. While all the acid catalysts
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mentioned above derivatise lipids according to the same reaction mechanism the reaction

time and temperature needed for complete derivatisation varies between them.

3.1.2.2. Base derivatisation

In contrast to acid catalysed derivatisation, base derivatisation is unable to produce
FAMEs from free fatty acids. The reaction mechanism for ester derivatisation can be seen

below in Figure 3.6.

OR’ 0

{\1 OCH, o
R o R

OCHj

|

Figure 3.6: Base transesterification of esterified fatty acids.

The carbon atom has a partial positive charge due to the electron withdrawing effects of
both oxygens. The methoxide group acts as a strong nucleophile and attacks the
electrophilic carbonyl carbon. Reformation of the carbonyl carbon results in the expulsion

of the alkoxide and formation of the methyl ester.

As with acid catalysed derivatisation, this mechanism is equilibrium driven. Reaction
conditions must ensure that the equilibrium is pushed to the formation of the desired
methyl ester. This is typically achieved by ensuring a significant excess of the methoxide

nucleophile relative to the target ester.
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Several bases can be used in the production of FAMES. These are prepared by dissolving
sodium hydroxide or potassium hydroxide in methanol, producing sodium or potassium

methoxide, respectively.

3.1.2.3.  Pyrolysis

Fatty acids can also be derivatised using pyrolysis. This is a reaction that takes place at
elevated temperatures (>250 °C) between methanolic tetramethylammonium compounds
and the carboxylic group of a fatty acid. The resulting salt decomposes at high
temperature to form a FAME [103]. This process takes place at high temperatures in the
GC inlet in the presence of a salt. Tetramethylammonium ammonium salts were first used
to produce pyrolysed methyl esters (330 — 365 °C), but this method did not yield
quantitative recovery without careful sample drying [104]. The replacement of
tetramethylammonium salts with tetramethylsulfonium and trialkylselenonium salts
allowed for pyrolysis to occur at lower temperatures (approx. 200 °C). The by-products
produced in this derivatisation are volatile but typically do not interfere with GC analysis
[105].

Pyrolysis has not been used extensively for the analysis of fatty acids from bovine milk.
Recently, pyrolysis derivatisation of fatty acids has been compared to a direct on-column
approach. The results indicate that the pyrolysis method is more robust although direct
injection onto the column resulted in lower LOD values (0.7 mg/L compared to 5 mg/L).
Direct injection onto the column is an injection technique in which all of the sample is
transferred to the column. This is in contrast to splitless injection where the remaining
sample is flushed from the inlet after a predetermined time.

3.1.3. Influence of body condition score on fatty acid profile

Body condition score (BCS) is a visual method for the assessment of the fatness of a dairy

cow. It is a 5-point scale with 0.25 increments. A maximum score of 5 indicates that the
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cow is obese, while a minimum score of 1 indicates that the cow is emaciated. The
optimum body condition score for a cow at calving is between 3.0 and 3.5. Cows that
have a body condition score outside of this range produce a lower quantity of milk,
possibly because of negative energy balance. Negative energy balance in dairy cows
occurs when the cow is expending more energy than it consumes from feed. This
condition has been seen approximately one week pre-calving when dry matter intake
reduces. As a result of this condition, cows will begin to deplete stores of body fat in an
attempt to reduce the calorie deficit [106].

Ensuring the correct conditioning of cows is vital not just for milk production, but for the
overall health of the cow. A cow that is excessively fat will be immunocompromised and
thus more likely to suffer from infections and may encounter problems during calving. A
cow that has a poor body condition score, outside of the optimum 3.0 — 3.5, range may

not cycle in time for the next calving [107].

A reduction in milk fat in is experienced in the beginning of the lactation cycle due to
negative energy balance. This occurs because energy demand for lactation exceeds the
energy obtained from the diet. To counter this deficit, mobilisation of fat reserves occur
which can result in a lower body condition score if the energy requirements of the cows
are not controlled. This effect can be more pronounced on cows that have a body

condition score greater than 3.5 at prepartum. [107].

The optimum body condition score of a cow needs to be accurately assessed to ensure a

negative energy balance does not impact on milk yield and cow health.

3.1.4. Influence of lactation cycle on dairy cows

The lactation cycle is defined as the period between one calving and the next. The
lactation cycle can be divided into four phases: early, mid, late lactation, and dry period.
The dry period is used to recondition the cows to ensure that they have adequate reserves
for the next lactation cycle. A diagram of a typical lactation cycle can be seen below in
Figure 3.7.
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Milk fat will be at highest in early lactation due to the nutrient rich colostrum produced.
The levels of fatty acids in milk decline for the following two months and before slowly

increasing as the lactation cycle progresses.

Body reserves Live weight constant Body reserves Dry period
used for o regained for rumen
milk production L “Dry matter next lactation rehabilitation

L intake = ~
T -
Ty
~
|'|.I‘.I||{T““‘~\\ ™ )
production ™) -

"~ Body weight

Early lactation Mid-lactation Late lactation Dry period

| | | | l l | | |
0 1 2 3 4 5 & K 8 9 10 1 12

Month of lactation

Figure 3.7: Stages of lactation cycle in dairy cows.

3.2. Overarching aims of this chapter

The aim of this chapter is to develop a temperature programmed GC separation and
DLLME procedure for the quantification of fatty acids found in bovine milk. The
optimised method will be used to analyse milk from cows that have varying body

condition scores and are at different stages in their lactation cycle.

3.3. Materials and methods

3.3.1. Reagents and materials

BFs-MeOH (14% wi/v) purchased from Sigma-Aldrich. Phosphoric acid, sodium

chloride, ultra-pure water, chloroform, methanol, fatty acid standard mix, nonanoic acid
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methyl ester, and glyceryl triheptadecanoate were purchased from Sigma Aldrich

(Ireland). Ultrapure water was provided by a Whitewater purification system

Chromatography was preformed using an Agilent 6890 GC system equipped with an
Alltech AT-1000 capillary column (polyethylene glycol (PEG), 15 m x 0.52 mm; 1.2
pum). Helium was used as the carrier gas at a flow rate of 4 mL/min, inlet temperature:
300 °C, detector temperature: 280 °C, oven temperature: initial: 40 °C, final: 220 °C split:
10:1.

3.3.2. Standard preparation

Standard solutions of each fatty acid were prepared as follows: octanoic acid: 21.83
mg/mL, capric acid: 20.54 mg/mL, palmitic acid: 20.05 mg/mL, stearic acid: 20.03
mg/mL, oleic acid 21.83 mg/mL, C9: 3.03 mg/mL, and C17: 3.17 mg/mL. All standards
were dissolved in hexane. Supelco FAME standard mix, originally dissolved in
dichloromethane (DCM) was diluted 1:10 with hexane. The individual FAMEs were
chosen as they cover short chain, long chain, and unsaturated fatty acids, which show the
applicability of the DLLME method to a broad range of FAMEs.

3.4. Results
3.4.1. Development of FAME separation
3.4.1.1.  Selecting a stationary phase

Although there were many published methods available on the separation of FAMEs, a
method was developed using the column available in the lab to ensure maximum
resolution was achieved for all FAMEs. An initial screening of potential stationary phases
to carry out the separation of 37 FAMEs was performed. A polar, PEG (polyethylene
glycol) column and a medium polarity 6% cyanopropyl column were selected due to their
difference in polarity. The dimensions of each column can be seen in Table 3.1.

Separations on both columns were carried out at 5 °C/min ramp rate. A scouting gradient
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of 5 °C/min for both columns was used as it provided a shallow gradient. A steeper
gradient would reduce resolution between peaks, while a shallower gradient would result
in excessively long run times. The separation was evaluated based on the number of peaks
fully resolved and the resolution between critical peak pairs. A comparison of both
separations can be seen in Figure 3.8. Two different final temperatures for each separation
were used as columns had different maximum operating temperatures. The PEG column
had a maximum operating temperature of 220 °C while the cyanopropyl column had a
maximum operating temperature of 260 °C.

Table 3.1: Comparison of GC columns.

Stationary Length  Internal Film Maximum  Polarity
phase (m) diameter thickness
temperature
(mm) (wm) )
(°C)

PEG 15 0.53 1.2 220 High
6% _

30 0.32 1.8 260 Mid
cyanopropyl

The separation was more efficient using the PEG stationary phase (even though it was the
shorter column) and so comparisons with stationary phases less polar than 6%
cyanopropyl were not explored. The increase in the number of peaks in the early part of
the chromatogram (0-5 min) can be attributed to the mixture of solvents in the FAME
mixture. As stated previously, the FAME mix was originally dissolved in DCM before
being diluted with hexane (1:10). As the cyanopropyl column is less polar than the PEG
column, it can partially separate these solvents. In general, longer columns (e.g 100 m)
would be used for the above separation, however, these were the only columns available

for use.
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Figure 3.8: Comparison of stationary phases separating FAME mix. Chromatogram (a)

PEG column, chromatogram (b): 6% cyanopropyl column. Chromatographic conditions:

carrier gas: helium, flow rate: 4 mL/min, ramp rate: 5 °C/min, initial: 40 °C, final: 220

°C, 240 °C for (b), inlet temperature: 300 °C, detector temperature: 280 °C.

Although the Supelco 37 FAME mix standard was used, it was not possible to formally
identify the peaks. In general, members of a homologous family of compounds (like fatty
acids) will elute based on increasing boiling point as they all possess the same functional
interactions with the stationary phase. However the Supelco mix also contains unsaturated
FAMEs. The presence of double bonds can alter the elution order and so it is not possible
to identify peaks by comparing relative retention times with the test chromatogram. A list

of the compounds found in the 37 FAME mix can be seen in Figure 3.9.
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Description

ciz-13,16-Docozadiencic acid methyl ester 2 wi. %

cis-4,7,10,13,16,19-Docosahexaenoic acid methyl ester 2 wit. %

cis-11,14-Eicosadienoic acid methyl ester 2 wi. %

cis-5,8,11,14,17-Eicesapentaenoic acid methyl ester 2 wi. %

cis-8,11,14-Eicozafrienoic acid methyl ester 2 wit. %

cis-11,14,17-Eicosatrienoic acid methyl ester 2 wi. %

cis-11-Eicosenoic acid methyl ester 2 wi. %

Methyl cis-10-hepiadecenoate 2 wi. %

Methyl hexanoate 4 wi %

Methyl y-linolenate 2 wt. %

Methyl arachidate 4 wi %

Methyl arachidonate 2 wt. %

Methyl behenate 4 wi. %

Methyl butyrate 4 wt. %

Methyl decancate 4 wh %

Methyl dodecancate 4 wi. %

Methyl elaidate 2 wi. %

Methyl erucate 2 wi. %

Methyl heneicosanoate 2 wi. %

Methyl heptadecanoate 2 wit. %

Methyl linoleate 2 wit. %

Methyl linolelaidate 2 wi. %

Methyl linclenate 2 wi. %

Methyl myristate 4 wt. %

Methyl myristoleate 2 wit. %

Methyl oleate 4 wt. %

Methyl octanoate 4 wi %

Methyl palmitate & wt. %

Methyl palmifoleate 2 wi %

Methyl pentadecanoate 2 wi. %

Methyl cis-10-pentadecenoate 2 wit. %

Methyl stearate 4 wt. %

Methyl tricosanoate 2 wt. %

Methyl tetracozancate 4 wi. %

Methyl tridecanoate 2 wi. %

Methyl undecanocate 2 wi. %

Methyl cis-15-tefracosencate 2 wi. %

Figure 3.9: FAMEs present in 37 mix.




3.4.1.2.  Separation optimisation

As can be seen from Figure 3.10, the separation on the PEG stationary phase still has
peaks exhibiting poor resolution and peaks that are co-eluting. The early eluting peaks,
peaks eluting before 30 min, are all well resolved with a resolution greater than 2 in all
cases. This facilitated an increase in the ramp rate in order to reduce the overall run time
for this segment of the chromatography. Resolution was assessed using chromatography
software (Chemstation).

The elution temperature at 30 min was 150 °C (30 min x 5 °C/min). The ramp rate from
40 °C to 150 °C was increased from 5 °C/min to 10 °C/min, followed by 5 °C/min until
the final temperature of 220 °C. This change in the method has decreased the run time
while still providing adequate resolution between early eluting peaks. In addition, the
improved temperature programming has also resulted in an increase in the number of

peaks resolved. This can be clearly seen from the below chromatograms.
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Figure 3.10: The effect of ramp rate on early eluting peaks. Chromatogram (a): 5 °C/ min

ramp rate, chromatogram (b): 10 °C/min ramp rate to 30 min continuing at 5 °C/min until

220 °C. Chromatographic conditions: stationary phase: AT-1000 (PEG 15 m x 0.53 mm;

1.2 pm), carrier gas: helium, flow rate: 4 mL/min, initial: 40 °C, final: 220 °C, inlet

temperature: 300 °C, detector temperature: 280 °C.

The elution of the first critical peak pair occured at 27 minutes, Giddings approximation
was employed to try to separate these peaks. Giddings approximation is a GC tool used
tentatively identify an isothermal temperature hold to separate two or more closely eluting

peaks in a temperature programme. Its calculation is shown below:
T' =T; —45°C

Where T is the isothermal hold temperature and Ts is the analyte elution temperature.
Using this formula, an isothermal hold for 1 minute should be inserted at 114 °C to
increase resolution between the critical peak pair eluting at 27 minutes. The optimised
chromatogram can be seen below in Figure 3.11. This method was used in all subsequent

experiments.
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Figure 3.11: Optimised separation of FAME mix. Peak identification: asterisk indicates

critical peak pairs whose resolution could not be improved. Chromatographic conditions:

stationary phase: AT-1000 (PEG 15 m x 0.53 mm; 1.2 um), carrier gas: helium, flow rate:

4 mL/min, initial: 40 °C, final: 220 °C, inlet temperature: 300 °C, detector temperature:
280 °C.

3.4.1.3. Individual FAME retention time markers

As mentioned above, the presence of unsaturated FAMES can alter the predicted elution
order of FAMEs. Individual standards of octanoic, capric, palmitic, stearic, and oleic were
derivatised to form FAMEs using the following Supelco method [108]: Fatty acid
standards (1 mL) and BClz— MeOH (2 mL) were placed in micro-reaction vial which was
then heated at 60 °C for 15 min. After being cooled to room temperature, hexane (1 mL)
and water (1 mL) were added and the vials were shaken for 1 minute. The upper hexane

layer was taken for analysis by GC.

The structures of each fatty acid and FAME can be seen below in Figure 3.12. The
selected fatty acids have been shown to have some beneficial effects for human health.
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Medium chain fatty acids (caprylic and capric) have been shown to increase the amount
of good cholesterol. While long chain fatty acids (oleic and stearic) can reduce blood
pressure and help burn excess fat. Not all long chain fatty acids are beneficial to human
health. Palmitic acid intake has been linked to weight gain and obesity.
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Caprylic acid Caprylic acid methyl ester
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/\/\/\/\JJ\.DH - /\‘/\/\/\)I\O e
Capric acid Capric acid methyl ester
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W\/‘\/‘\/\)LDH —_— /“\/\/“\,/W\/\)L o~

Palmitic acid Palmitic acid methy| ester
0 O
A~ Hop - /‘\/W\/“V’\/\/\)L-:j -
Stearic acid Stearic acid methy| ester

0
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VMM/HDH — - WAM/HC"'

Oleic acid Oleic acid methyl ester

Figure 3.12: Structures of fatty acids and corresponding FAMEs.

The derivatised fatty acids were then compared to the 37 FAME standard mix. This
comparison is shown below in Figure 3.13. The retention time markers shown in Figure
3.12 correspond with analytes in the Supelco FAME mix (injected individually and as a
mixture). The developed gradient separation provided baseline resolution between the
target analytes and other FAMESs that may be present in milk samples. Linear Retention

Indices were not used in this optimisation
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Figure 3.13: Comparison of FAME mix and selected fatty acid standards. Chromatogram
(a) selected fatty acid standards, chromatogram (b): FAME mix. Peak identification: (1)
octanoic, (2) capric, (3) palmitic, (4) stearic, (5) oleic. Chromatographic conditions:
stationary phase: AT-1000 (PEG 15 m x 0.53 mm; 1.2 um), carrier gas: helium, flow rate:
4 mL/min, initial: 40 °C, final: 220 °C, inlet temperature: 300 °C, detector temperature:

280 °C.

3.4.2. Development of derivatisation and liquid-liquid extraction procedure

3.4.2.1.  Comparison of acid and base catalysed transesterification

Fatty acids can be derivatised into FAMEs by both acid and base catalysis, a general
reaction mechanism for both reactions have been discussed previously and can be seen in
the introduction (Section 3.1.2). Although both catalysts produced FAMEs as the end
product, there are differences in each pathway. As can be seen from the reaction
mechanism, base catalysed derivatisation will only produce FAMEs from tri or
diglycerides. Any free fatty acids (FFA) that were present in the sample will not be

converted to FAME form. This can be seen in the reaction pathways detailed in Section
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3.1.2.2. Acid catalysed derivatisation will convert both tri and di glycerides as well as
FFA to their respective FAME forms.

Acid and base catalysis was compared by derivatising tripalmitate and dipalmitin, these
are triglycerides and diglycerides, respectively. Their structures can be seen in Figure
3.12 below. The constituent fatty acid that makes up both tripalmitate and dipalmitin is
palmitic acid (C15:0).

O
OH

Dipalmitin
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A
ey DAL O
0 0

Iripalmitate

Figure 3.14: Structures of dipalmitin and tripalmitate.

When both dipalmitin and tripalmitate are derivatised they produce palmitic acid methyl
esters. When complete derivatisation of both compounds is achieved, the ratio of palmitic
acid methyl ester from both reactions should be 3:2, as tripalmitate contains three
molecules of palmitic acid whereas dipalmitin contains only two. Dipalmitin and
tripalmitate were derivatised according to the methods outlined below. A previously
prepared stearic acid methyl ester (Section 3.1.3) was used as an internal standard (IS).

Derivatisation temperatures and times were taken from literature.

Acid catalysed transesterification: dipalmitin (0.2 mg/mL), tripalmitate (0.2 mg/mL), and
stearic acid methyl ester (0.045 mg/mL), diluted to 1 mL with hexane, were added to a
micro-reaction vial. BCl3-MeOH (2 mL) was added to each micro-reaction vial and

heated for 15 min at 50 °C. The vials were cooled on ice for 5 min. Water (5 mL) and
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hexane (1 mL) were added and the vials were shaken by hand for 2 min. After phase

separation, the supernatant was analysed by GC.

Base catalysed transesterification: dipalmitin (0.2 mg/mL), tripalmitate (0.2 mg/mL), and
stearic acid methyl ester (0.045 mg/mL), diluted to 1 mL with hexane, were added to a
micro-reaction vial. Sodium methoxide (NaOMe) (2 mL; 1 M) was added to each vial.
The vials were heated for 15 min at 50 °C and then placed on ice for 5 min. Water (5 mL)
and hexane (1 mL) were added and the vials were shaken by hand for 2 min. After phase

separation, the supernatant was analysed by GC.

Analysis of the acid catalysed derivatisations showed no peak at the expected retention
time of palmitic acid methyl ester. It appears the derivatisation temperature of 50 °C was

insufficient for the derivatisation to occur.

This was not the case for the base catalysed derivatisation of dipalmitin and tripalmitate.
When the peak ratio of IS and palmitic acid methyl ester was compared from dipalmitin
and tripalmitate, it was found that the ratio increased by a factor of 0.33 in the tripalmitate
chromatogram. The peak areas and ratios of the derivatisation of dipalmitin and

tripalmitate are shown below in Table 3.2.

Table 3.2: Base derivatisation of dipalmitin and tripalmitate.

Stearic (n=3) Palmitic (n=3) Palmitic/Stearic  Increase (%0)

peak area peak area
Dipalmitin 392.50 235.65 0.6 -
Tripalmitate 441.63 380.53 0.8 33
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As the above base catalysed reaction resulted in complete derivatisation of both
dipalmitin and tripalmitate, this procedure was carried forward to the analysis of real milk

samples.

3.4.3. Comparison of extraction methods

Traditionally, lipids have been extracted before derivatisation using Folch reagent
(chloroform: methanol (2:1)) [109] or hexane:MTBE (1:1) [110]. There have been reports
of lipid derivatisation in-situ without the need for prior extraction or protein precipitation
[111]. Extraction of lipids prior to derivatisation has been considered to be advantageous
as it has the potential to remove matrix interferences while also potentially providing
some preconcentration of analytes. Although extraction of lipids prior to derivatisation
can provide some benefits, the addition of an extra step in the protocol can introduce
errors in the procedure. In-situ derivatisation has attempted to overcome that uncertainty
by derivatising lipids in the sample solution, without extracting them first. The following
sections compare published methods for that have analysed lipids from complex samples
that have used liquid-liquid extraction or in-situ derivatisation. Published methods were
used as they have been previously optimised for the extraction of FAMESs. This approach
has saved considerable time in the method development process as the alternative would
be to optimise several methods and then compare the extraction efficiency.

3.4.3.1.  Liquid-liquid extraction

Hexane:MTBE (1:1) has been shown to be as efficient as Folch reagent [110], A liquid-
liquid extraction using hexane:MTBE (1:1) and subsequent derivatisation was compared

to in-situ derivatisation using the methods outlined below:

Liquid-liquid extraction: milk samples were homogenised for 5 minutes at 38 °C, to
homogenize milk fat throughout the sample. Milk (1 mL), sodium chloride (50 mg),
H>SO4 (80 pL; 50% v/v), and hexane:MTBE (1:1) (2 mL) were added to a 15 mL
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centrifuge tube. Sodium chloride was added to decrease analyte solubility in the aqueous
phase by changing the ionic strength. H2SO4 precipitated the proteins found in milk. The
tubes were shaken by hand for 2 minutes before centrifugation for 5 minutes at 4,500
rpm. Supernatant (1 mL) transferred to micro reaction vial. Sodium methoxide in MeOH
(2 mL; 1 M) was added and micro reaction vials were heated for 15 min at 80 °C. After
cooling on ice, hexane (1 mL) and water (1 mL) were added. Micro reaction vials were
agitated for 2 minutes, and after phase separation, the supernatant was transferred to a GC

vial for analyses.

3.4.3.2. In-situ derivatisation and extraction

In-situ derivatisation: milk samples were homogenised for 5 minutes at 38 °C. Milk (100
pL), and sodium methoxide in MeOH (2.5 mL) were placed in a micro reaction vial and
heated for 10 minutes at 80 °C. After cooling on ice, BClz — MeOH (2.5 mL) was added
and samples were heated for 3 minutes at 80 °C. Samples were cooled on ice before the
addition of the hexane (1 mL) and water (1 mL). Micro reaction vials were shaken by
hand for 2 minutes and then centrifuged at 4,500 rpm for 5 minutes. The supernatant was

transferred to a GC vial for analyses.

An over lay of the resulting chromatograms from each extraction and derivatisation
method can be seen below (Figure 3.15). There are several FAMEs which have been
extracted into hexane:MTBE which were not extracted by the in-situ derivatisation
method. As in-situ derivatisation has been shown to have a lower extraction efficiency
than liquid-liquid extraction, lipids will be extracted in a simultaneous protein
precipitation — lipid extraction step, and not an in-situ derivatisation method.
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Figure 3.15: Comparison of liquid-liquid extraction and in-situ derivatisation.
Chromatogram (a): FAME mix, chromatogram (b): liquid-liquid extraction,
chromatogram (c): in-situ derivatisation. Chromatographic conditions: Chromatographic
conditions: column: Alltech AT-1000 (PEG, 15 m x 0.53 mm; 1.8 um), carrier gas:
helium, temperature programming: initial temperature: 40 °C, final temperature: 220 °C,

injection volume: 1 uL, inlet temperature: 300 °C, detector temperature: 280 °C.

3.4.4. Development and optimisation of derivatisation protocol

A preliminary DLLME protocol was developed based on the hexane:MTBE (1:1) liquid-
liquid extraction method mentioned above. The hexane from the simultaneous protein
precipitation and extraction step was used as the extraction solvent in the final DLLME
step. Methanol (used as the derivatisation reagent) was used as the dispersive solvent.

The proposed protocol for the DLLME procedure is shown below.

DLLME: milk (1 mL), NaCl (50 mg), H2SO4 (80 pL; 50% v/v), and hexane:MTBE (1:1)
(500 pL) added to a centrifuge tube. Samples were centrifuged for 5 minutes at 4,500 rpm

and 250 pL of the supernatant was transferred to a micro reaction vial with sodium
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methoxide (1 mL). The micro reaction vials were heated in a water bath for 15 min at 80
°C. Samples were cooled on ice and 1 mL of the reaction mixture was injected rapidly
into 5 mL of water. A cloudy solution was formed and then centrifuged for 5 min at 4,500
rpm. The supernatant was then taken for analyses by GC.

Although centrifugation achieved the separation of the extraction solvent from the
aqueous phase, recovery of the extraction solvent was not possible. At the organic —
aqueous interface, there was a thin emulsion which prevented recovery of the extraction
solvent without contamination. The addition of salt did not sufficiently change the ionic
strength to break the emulsion. It was suspected that this emulsion was the result of
underivatised free fatty acids. Only fatty acids that are part of a triglyceride or diglyceride
structure will be derivatised by sodium methoxide to their respective FAMEs. It was
assumed that any free fatty acids still present in the reaction mixture would be ionised
through deprotonation of the carboxyl group as previously described. It is postulated that
at sufficient levels these ionised fatty acids would have the potential to be partially soluble
in both the aqueous and organic phases, thus preventing recovery of the extraction solvent

without contamination.

Due to the above issues an alternative derivatisation method using acid catalysis was
explored. Both free fatty acids and fatty acids that are part of a triglyceride or diglyceride
structure will be methylated using acid catalysis. The method developed and utilised is

outlined below:

Acid catalysed derivatisation with DLLME: milk (1 mL), conc. phosphoric acid (100 uL),
NaCl solution (500 pL; 2 M), and hexane: MTBE (1:1) (500 pL) were placed in a
centrifuge tube. Samples were agitated for 2 minutes before centrifugation at 4,500 rpm
for 5 minutes. Supernatant (250 pL) was transferred to a micro reaction vial along with
BF3- MeOH (1 mL). The micro reaction vials were heated for 15 minutes at 80 °C. After
being cooled on ice, 1 mL of the reaction mixture was rapidly injected into 5 mL of water,
where it was allowed to equilibrate for 1 minute. The resulting cloudy solution was
centrifuged for 5 minutes at 4,500rpm. The supernatant was recovered and transferred to

a GC vial for analyses. The resulting chromatogram can be seen below.
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Figure 3.16: Preliminary DLLME using BF3 as a derivatisation catalyst on a milk sample.
Chromatogram (a): extraction blank, chromatogram (b): DLLME. Chromatographic
conditions: column: Alltech AT-1000 (PEG, 15 m x 0.53 mm; 1.2 um), carrier gas:
helium, temperature programming: initial temperature: 40 °C, final temperature: 220 °C,

injection volume: 1 uL, inlet temperature: 300 °C, detector temperature: 280 °C.

Acid catalysed methylation allowed for easy recovery of the reaction solvent. This
supports the prior suggestion that phase separation is hindered by the presence of free
fatty acids when base catalysed derivatisation was used.

3.4.4.1.  Split ratio optimisation

It can be seen from the above chromatogram, DLLME has pre-concentrated the FAMEs
to such an extent that several FAME peaks are fronting; a common symptom of column
overloading. Peak fronting occurs when the active sites of stationary phase become
saturated with a particular analyte, this inhibits stationary phase interaction with other

analyte molecules. The analyte is free to travel down the column until it encounters
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stationary phase that is not saturated, which produces a smearing effect down the column,

this manifests itself as peak fronting in the chromatography produced.

To reduce the amount of sample on the column, samples were injected in split mode. Due
to limits on the capability of the GC instrument, the maximum split ratio that could be
investigated was 15:1. Changing the injection mode to split eliminated peak fronting,
allowing for more accurate quantification. The chromatography from both injections can
be seen in Figure 3.17. A split of 10:1 was used to avoid using conditions at the maximum
operating capacity of the instrument.
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Figure 3.17: Comparison of split and splitless injections. Chromatogram identification:

(@) 10:1 split injection (b) splitless injection. Chromatographic conditions as detailed in
Figure 3.11.
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3.4.4.2.  Nonanoic acid methyl ester as internal standard

Internal standards are used to compensate for both errors in sample preparation, when
analytes require derivatisation, and sample introduction with respect to the
chromatographic system. Sample introduction in GC can be a source of high variability.
Sample discrimination in the inlet, analyte evaporation, and injection volume variations
are all noted sources of variability. The introduction of an internal standard will partially
account for these errors. An internal should mimic the chemical and physical properties

of the analytes of interest but not be naturally present in the sample itself.

Nonanoic acid methyl ester (C9:0), structure shown below in Figure 7, was chosen as an
internal standard as fatty acids with an odd numbered carbon chain are not present in
bovine milk, with the exception of (C17:0).

o

nonanoic acid methyl ester (C9:0)

Figure 3.18: Structure of nonanoic acid methyl ester.

It was predicted that nonanoic acid methyl ester would elute between caprylic acid methyl
ester (C8:0) and capric acid methyl ester (C10:0) as it is part of the same homologous
family of compounds. When the chromatograms for nonanoic acid methyl ester and the
FAME mix are compared, nonanoic acid methyl ester has eluted between octanoic acid

methyl ester and capric acid methyl ester as expected.
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3.4.5. Optimisation of derivatisation procedure

Derivatisation was optimised by monitoring increases in the ratio of peak areas between
heptadecanoic acid methyl ester (C17:0) and nonanoic acid methyl ester. As the
concentration of nonanoic acid methyl ester was constant, any increase in peak ratio was
due to an increase in heptadecanoic acid methyl ester peak area. Heptadecanoic acid
methyl ester was derivatised using acid catalysis from glyceryl triheptadecanoate, a
triglyceride that contains three molecules of heptadecanoic acid. The structure of glyceryl
triheptadecanoate and heptadecanoic acid methyl ester can be seen below in Figure 3.19.
Glyceryl triheptadecanoate was used as the model compound to determine the appropriate

derivatisation procedure in the following sections.
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Heptadecanoic acid methyl ester (C17:0)

Figure 3.19: Structures of glyceryl triheptadecanoate and heptadecanoic acid methyl

ester.

3.4.5.1. Determination of acid catalyst

Acid catalysed transesterification has already been shown to be superior when compared
to base catalysed transesterification (Section 3.2.1). Base catalysed derivatisation

followed by acid catalysed derivatisation was not explored as acid catalysis resulted in
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the complete derivatisation of all fatty acids without the formation of side products, as
reported by others [112]. Several acid type catalysts (BF3z, H2SO4, HCI) in methanol have
been used in the formation of FAMEs. The optimum derivatisation conditions for BFs3

and H2SO4 have been compared, below.

Derivatisation rates have been shown to be affected by the temperature at which the
derivatisation was carried out, and the length of time that analytes were derivatised [113].
As these experimental factors are interlinked, a 22 factorial design was constructed to
determine which factors, if any, have a significant impact on derivatisation. The response
measured was the ratio of peak areas between nonanoic acid methyl ester (the reference
standard) and heptadecanoic acid methyl ester, with a bigger ratio indicating a more
efficient derivatisation. Centre points were added to the experimental design to detect
curvature. The same experimental design was used for both H,SOs and BFs. The

experimental table that was generated by Minitab 16 is shown below in Table 3.3

Table 3.3: 22 factorial screening for acid catalysed derivatisation.

Factor Minimum level (-1)  Centre point (0) Max. level (+1)
Time (min) 15 22.5 30
Temperature (°C) 50 75 90
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3.4.5.2.  Derivatisation using H2SO4 1% v/v in methanol

Table 3.4: Experimental table for 22 factorial screening of H,SO4 catalysis.

Standard Run Centre Block Time Temperature
order point
order
2 1 1 1 1 -1
4 2 1 1 1 1
6 3 0 1 0 0
3 4 1 1 -1 1
7 5 0 1 0 0
1 6 1 1 -1 -1
5 7 0 1 0 0

Glyceryl triheptadecanoate was derivatised using H2SO4 1% v/v in methanol using the
method outlined below. The concentration of H2SOs in methanol was taken from
literature [112].

Nonanoic acid methyl ester (200 pL; 1.12 mg/mL) in hexane, as internal standard,
glyceryl triheptadecanoate (200 pL; 1.03 mg/mL) in hexane, and H2SO4 (1 mL; 1% v/v)
in methanol were added to a micro reaction vial. The samples were then derivatised

according to the experimental design. After cooling, hexane (1 mL) and water (1 mL)
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were added. The vials were agitated for 2 minutes, after phase separation the supernatant

was transferred to a GC vial for analysis.

Analysis of the resulting data by Minitab 16, showed that the only significant factor was
temperature. As the results of the 22 factorial screening experiment indicated that a higher
temperature (90 °C) was the only significant factor (of those investigated). The optimum
derivatisation time at this temperature was investigated. This was done using the method

outlined below:

Nonanoic acid methyl ester (100 pL; 1.12 mg/mL) in hexane, as internal standard,
glyceryl triheptadecanoate (100 pL; 1.03 mg/mL) in hexane, and H2.SO4 (1 mL; 1% v/v)
in methanol were added to a micro reaction vial. The samples were then derivatised at 90
°C for 10, 20, 30, 40, 50, or 60 minutes. After cooling, hexane (1 mL) and water (1 mL)
were added. The vials were agitated for 2 minutes, after phase separation the supernatant

was transferred to a GC vial for analysis.
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Figure 3.20: Acid catalysed derivatisation by 1% H>SO4 in methanol (n=3).
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As can be seen from the above figure, the derivatisation reaction was still ongoing at 60
minutes. The error bars were calculated using the standard deviation of repeat injections
(n=3) of the sample. It was assumed that peak ratios would plateau, indicating that
glyceryl trineptadecanoate was fully derivatised. From the above plot it can be seen that
derivatisation was still ongoing at 60 minutes. Derivatisation times longer than this were
not explored as the longer derivatisation times would result in excessively long total

analysis times.

3.4.5.3.  Derivatisation using BFs (12% w/v) in methanol

Glyceryl triheptadecanoate was derivatised using BFs 12 % wi/v in methanol using the
method outlined below.

Nonanoic acid methyl ester (200 pL; 1.12 mg/mL) in hexane, as internal standard,
glyceryl triheptadecanoate (200 pL; 1.03 mg/mL) in hexane, and BF3z (1 mL; 14% v/v) in
methanol were added to a micro reaction vial. The samples were then derivatised
according to the experimental design. After cooling, hexane (1 mL) and water (1 mL)
were added. The vials were shaken by hand for 2 minutes, after phase separation the

supernatant was transferred to a GC vial for analysis.

As with derivatisation using H2SO4, temperature was found to be the only significant
factor in this experimental design.

As the results of the 22 factorial screening experiment, for BF3 catalysis, indicated that a
higher temperature (90 °C) was the only significant factor, the optimum derivatisation
time at this temperature was investigated. This was done using the method outlined

below:

Nonanoic acid methyl ester (100 pL; 1.12 mg/mL) in hexane, as internal standard,
glyceryl trihneptadecanoate (100 pL; 1.03 mg/mL) in hexane, and BF3 (1 mL; 12% wi/v)
in methanol were added to a micro reaction vial. The samples were then derivatised at 90
°C for 10, 20, 30, 40, 50, or 60 minutes. After cooling, hexane (1 mL) and water (1 mL)
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were added. The vials were shaken by hand for 2 minutes, after phase separation the

supernatant was transferred to a GC vial for analysis.

As was expected, peak ratios plateaued after 30 minutes of derivatisation. The
derivatisation reaction proceeded at least twice as fast when BFs was used as the catalyst

compared to H2SOa.
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Figure 3.21: Acid catalysed derivatisation by BFz in methanol.

The decrease in derivatisation time when using BFz (12% w/v) in methanol could be due
to the increased amount of catalyst compared to H2SO4 (1% v/v) in methanol. The stated
concentration of H2SO4 in methanol is the concentration cited in literature [112]. The
addition of the BFs to the carbonyl oxygen results in a greater polarisation of the carbonyl
bond than proton transfer from H>SO4 to the carbonyl oxygen. This facilitated faster
derivatisation times using BF3 compared to H.SO4, as BF3 rendered the carbonyl more

electrophilic.
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Although H2SO4 resulted in higher absolute magnitude of C17/C9, BFz (12% w/v) in
methanol gave complete derivatisation in less time than H.SO4 (1% v/v) in methanol, it

was chosen as the catalyst for the subsequent method development.

3.4.6. Optimisation and validation of DLLME protocol

Before optimisation of the DLLME process began, the optimum extraction solvent for
DLLME was determined. Previously, hexane:MTBE (1:1) was chosen as the extraction
solvent but hexane is not miscible with methanol (dispersive solvent) and so could not be
considered for use as the final extraction solvent. Folch reagent (chloroform:methanol
2:1) replaced hexane:MTBE as the extraction solvent. Folch reagent was chosen as a
replacement extraction solvent as it provides better extraction efficiency than other
solvents for FAME analysis [109].

Extraction of FAMESs were compared using both Folch and hexane: MTBE reagents to
ensure equivalent, or better, extraction was achieved with Folch reagent. The method used

to compare the extractions is outlined below.

Nonanoic acid methyl ester (100 pL; 2.16 mg/mL) in hexane, as internal standard,
glyceryl triheptadecanoate (200 pL; 1.03 mg/mL) in hexane, and BF3 (1 mL; 12% wi/v)
in methanol were added to a micro reaction vial. The samples were then derivatised at 90
°C for 30 minutes. After cooling, hexane: MTBE (1 mL) or chloroform (1 mL) and water
(1 mL) were added. The vials were shaken by hand for 2 minutes, after phase separation

the organic phase was transferred to a GC vial for analysis.

Response was measured as the ratio between C17 and C9 peak areas, the results of which
can be seen below (Figure 3.22). The results indicated that chloroform extracted FAMEs
significantly better than hexane, thus chloroform was used as the extraction solvent in the

development of a DLLME procedure.
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Figure 3.22: Comparison of extraction solvents for FAMEs (n=9).

3.4.6.1.  Screening of experimental factors in DLLME

A list of experimental factors and levels that were screened in a 27 1/8 factorial design
can be seen in Table 3.5. This resolution prevented confounding between all main effects
and two factor interactions. Main effects were confounded with three factor effects and
higher. A 27 1/8 factorial design was chosen as it offered a compromise between the
number of runs and resolution between main and three factor effects. A full 27 factorial
design would require 128 experiments; a 2’ 1/8 factorial design reduces this to 16
experiments. When significant factors are found the experimental design will be
augmented to a central composite design to generate a response surface. This cannot be
done if centre points are included in the initial screening experiments. It is for this reason

that centre points were not included.

During preliminary experiments, it was noticed that pre-concentration of FAMEs from
real milk samples from both Holstein and Rotbunt cows resulted in peak fronting, even
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after 10:1 split injection. To enable accurate peak integration, the final DLLME extract

was diluted further diluted by a factor of 10.

Table 3.5: Screening factors for DLLME procedure.

Factor Minimum level (-1) Maximum level (1)
Phosphoric acid (uL) 30 200
NaCl solution (2 M) (uL) 400 1000
Shake time (minutes) 0.5 2
Extraction solvent (L) 50 200
Aqgueous phase (mL) 5 10
Dispersive solvent (L) 0 400
Extraction time (minutes) 0 2
Sonication (minutes) 0 5

Preliminary experiments were carried out to ensure that the levels chosen sufficiently

precipitated proteins, and provided a stable cloudy solution. During these preliminary

experiments, a sodium chloride solution (2 M) was used as the aqueous phase for

DLLME. This resulted in an unstable cloudy solution where chloroform droplets

collected at the bottom of the centrifuge tube, therefore only water was considered for the

aqueous phase in the experimental screening. The optimum extraction was defined as the
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extraction that provided the largest total peak area for caprylic, capric, palmitic, stearic,

and oleic acid methyl esters.

The results of the screening experiment can be seen below in the ANOVA table. The only

significant factor was the volume of extraction solvent used. The figures below show that

the addition of more extraction solvent did not increase peak areas. The addition of

extraction solvent before rapid injection could result in a dilution of the analytes in the

final extraction phase, due to the increased volume of extraction phase. This would lower

the concentration of analyte in the final extraction phase.

Lnalysis of Variance for Besponse (coded units)

Source

Main Effects
Phosphoric acid
NaCll 2M
Shake time

Extract. solv. wol.

Lquecus wvolume

Disp. sclwvent wol.

Extraction time

Sonication
Besidual Error
Total

Figure 3.23: ANOVA table for screening experiment.
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As there was only one significant factor (volume of extraction solvent), it was not

necessary to use a central composite design and a response surface. The surface plot is

shown below in Figure 3.24. The optimised extraction procedure is outlined below.
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Figure 3.24: Surface plot of response from experimental design.

Milk (1 mL), conc. phosphoric acid (30 pL), sodium chloride solution (1 mL; 2 M), and
Folch reagent (750 pL) were placed in a centrifuge tube. The samples were shaken by
hand for 30 seconds and centrifuged for 5 minutes at 4500 rpm. The agqueous supernatant
was discarded and the sedimented chloroform phase (250 pL) was transferred to a micro
reaction vial. BFs in methanol (1 mL; 12% wi/v) was added and the samples were heated
for 30 minutes at 90 °C. After cooling, the reaction mixture (1 mL) was rapidly injected
into water (5 mL). The resulting cloudy solution was centrifuged for 5 minutes at 4500
rpm. The aqueous phase was discarded and the sedimented chloroform phase was
transferred to a GC vial where it was diluted 1:10 with chloroform.

3.4.7. Comparison between optimised DLLME and LLE procedures

The optimised DLLME method was compared against two liquid-liquid extraction
methods. The first used chloroform as an extraction solvent, the second used hexane.

Extraction solvent volume was kept constant (500 pL) for all three methods. This was to
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ensure that the pre-concentration factors were due to the presence of a stable emulsion of
micro-droplets, allowing rapid mass transfer of analytes into the extraction phase, and not
simply a result of reduced extraction solvent volume. Hexane was chosen as a third

extraction solvent as it is a commonly used in the extraction of FAMEs.

DLLME: Milk (1 mL), conc. phosphoric acid (30 pL), sodium chloride solution (1 mL;
2 M), and Folch reagent (750 uL) were placed in a centrifuge tube. The Folch reagent
contained nonanoic acid methyl ester as internal standard (0.25 mg/mL). The samples
were shaken by hand for 30 seconds and centrifuged for 5 minutes at 4500 rpm. The
aqueous supernatant was discarded and the sedimented chloroform phase (250 pL) was
transferred to a micro reaction vial. BFs in methanol (1 mL; 12% w/v) was added and the
samples were heated for 30 minutes at 90 °C. After cooling, the reaction mixture (1 mL)
was rapidly injected into water (5 mL). The resulting cloudy solution was centrifuged for
5 minutes at 4500 rpm. The aqueous phase was discarded and the sedimented chloroform

phase was transferred to a GC vial where it was diluted 1:10 with chloroform.

Liquid-liquid extraction: Milk (1 mL), conc. phosphoric acid (30 pL), sodium chloride
solution (1 mL; 2 M), and Folch reagent (750 pL), (or 500 uL of hexane) were placed in
a centrifuge tube. The samples were shaken by hand for 30 seconds and centrifuged for 5
minutes at 4500 rpm. The aqueous supernatant was discarded and the sedimented
chloroform phase (250 pL) was transferred to a micro reaction vial. BF3 in methanol (1
mL; 12% w/v) was added and the samples were heated for 30 minutes at 90 °C. After
cooling, phase separation was induced by the addition of water (1 mL). Without the
appropriate ratios of aqueous, dispersive, and extraction solvents; a stable emulsion
consisting of micro-droplets of extraction solvent could not form. The aqueous phase was
discarded and the sedimented chloroform phase was transferred to a GC vial where it was
diluted 1:10 with chloroform.

The preconcentration factors (Section 1.1.1) obtained from each method are shown
below. The preconcentration factors of DLLME, chloroform liquid-liquid extraction, and
hexane liquid-liquid extraction were 5.9, 2.0, and 1.4, respectively. Extraction of FAMEs
using the optimised DLLME method resulted in an increase in preconcentration factors
of approximately 3. Figure 3.25 shows an average of preconcentration factors of all

analytes.
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Preconcentration factor

Figure 3.25: Comparison of DLLME and liquid-liquid extractions (n=9). (a) DLLME,

(b) chloroform liquid-liquid extraction, (c) hexane liquid-liquid extraction.

The results of this experiment confirmed that it was the presence of micro-droplets of
extraction solvent that resulted in the increased preconcentration factors when DLLME
is used. There was also a significant (p<0.05) increase in preconcentration factors when

chloroform was used in liquid-liquid extraction.

The optimised method then underwent validation before being used to analyse milk

samples from Holstein and Rotbunt cows.

3.4.8. Method validation

The analytical method was validated according to the following parameters: linearity,
recovery, repeatability, limit of detection (LOD), and limit of quantification (LOQ).

The method was found to be linear for all analytes between the 0.04-0.09 pg/mL range.
Recoveries for each analyte were as follows: octanoic (70%), capric (80%), palmitic
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(84%), stearic (73%), and oleic (89%). Repeated (n=6) DLLME extractions yielded a
repeatability of 7%. The LOD was 0.04 mg/mL, while the LOQ was 0.1 mg/mL. Figures
of merit for the method can be seen in Table 3.6. The calculated LOD was confirmed and
an example of the chromatography for palmitic acid can be seen in the
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Figure 3.26: LOD chromatogram for palmitic acid.
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Table 3.6: Figures of method for DLLME method for FAME analysis.

Analyte Linearity LOD Reproducibility  Recovery EF
(R?) (ug/mL) (%) (n=6)
(%RSD) (n=6)

Caprylic 0.994 0.08 4.2 70 11
acid (8:0)
Capric acid 0.998 0.04 6.9 80 15
(10:0)
Palmitic 0.994 0.04 6.3 84 8
acid (16:0)
Stearic acid 0.997 0.09 4.1 73 10
(18:0)
Oleic acid 0.994 0.07 5.2 89 9
(18:1 cis 9)

3.4.9. Comparison with recently published methods

Fatty acid analysis in milk products is an important area of research and as such there
have been many published methods relating to this field. The newly developed method
has been compared to recently published methods to ensure this method adds to the
current scientific knowledge. The comparison can be seen in Table 3.7. The newly
presented method displayed faster derivatisation times and/or lower LOD than recently

published methods for the same analytes.
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Table 3.7: Comparison with recently published methods.

Sample  Analyte Derivatisation Derivatisation Analytical LOD Ref
agent time (min) method  (ug/mL)
Milk 10:0, 16:0, DMPP 120 UHPLC-  0.00086 [114]
powder  18:0,18:1 MS/MS  -.00172
Bovine  16:0, 18:0, BF3-MeOH 15 GC-FID 24.66- [115]
milk 18:1 30.17
Breast  8:0, 10:0, HCI-MeOH 60 GC-FID 10 [116]

milk 16:0, 18:0

Bovine 8:0, 10:0, BFs-MeOH 20 GC-FID 0.04- This
milk 16:0, 18:0, 0.09 work
18:1 [51]

3.5. Discussion

3.5.1. Body condition score

The milk samples from each cow were analysed according to the optimised DLLME
method outlined in the results section. A ratio of the FAME and C9:0 internal standard
peak areas can be seen below in Figure 3.27. The values shown in the below bar charts
below represent the ratio between the internal standard (C9:0) and the respective FAME.
Each cow milk sample was aliquoted and analysed in triplicate. The peak ratios for each
injection can be seen in Table 3.8 and Table 3.9.
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Figure 3.27: Fatty acid levels in cows (n=3) with high BCS and Optimum BCS.

As can be seen from Figure 3.27, variation in both the high and optimum body condition
score groups appeared to be quite large. The validation data showed that the method
provides an accurate, precise, and repeatable extraction of FAMESs from milk samples. It
is believed that the small number of cows (n=2) in each group is the source of the
variation. Although cows in each group were controlled for age and lactation cycle, the
effects can still vary from cow to cow due to the complexity of the biological system.
While the results point to a significant difference, a larger sample size would need to be

examined to further explore this trend

As can be seen from Table 3.8 and Table 3.9, all results had a relative standard deviation
of less than 6%. This again suggests that the variation came from the small sample size

of cows studied and not the analytical method itself.
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Table 3.8: Peak ratios and relative standard deviations for peak ratios between selected

FAMEs and internal standard for cows with an optimum body condition score.

Optimum body condition score

Cow number FAME/C9 Sample 1 (n=3) Sample 2 (n=3) Sample 3 (n=3)
peak area
(%0RSD) (%0RSD) (%0RSD)

Octanoic 1.44(0.38%) | 1.49(0.16%) | 1.39 (0.85%)
Capric 2.91 (0.08%) 2.98 (0.23%) 2.82 (0.40%)

Cow 1 Palmitic 44.42 (0.14%) | 44.48 (0.42 %) | 43.22 (1.81%)
Stearic 9.71(0.21%) | 9.54 (0.45%) | 9.76 (3.39%)
Oleic 22.98 (0.12%) | 22.81 (0.30%) | 22.31 (1.91%)
Octanoic 2.48 (0.37%) 2.18 (0.29%) 2.14 (0.50%)
Capric 4.96 (0.20%) | 4.38 (0.14%) | 4.27 (0.19%)

Cow 2 Palmitic 54.02 (0.73) 48.27 (0.66%) | 47.33 (0.42%)
Stearic 24.46 (1.01%) | 22.15 (0.75) 21.79 (0.57%)
Oleic 39.81 (0.36%) | 35.06 (0.36%) | 33.77 (0.64%)
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Table 3.9: Peak ratios and relative standard deviations for peak ratios between selected

FAMEs and internal standard for cows with a high body condition score.

High body condition score

Cow number FAME/C9 Sample 1 (n=3) Sample 2 (n=3) Sample 3 (n=3)
peak area
(%RSD) (%RSD) (%RSD)

Octanoic 1.21 (0.13%) | 1.07 (0.24%) | 1.18 (0.13%)
Capric 2.24 (0.43%) | 1.99 (0.17%) | 2.17 (0.06%)

Cow 3 Palmitic 27.15 (1.20%) | 23.52 (0.21%) | 25.16 (0.14%)
Stearic 13.18 (0.68%) | 11.33 (0.18%) | 11.86 (0.33%)
Oleic 21.34 (5.50%) | 18.08 (0.57%) | 19.46 (3.61%)
Octanoic 1.60 (0.32%) | 1.26 (0.18%) | 1.25 (0.45%)
Capric 3.06 (0.13%) 2.41 (0.14%) 2.46 (0.43%)

Cow 4 Palmitic 43.12 (0.24%) | 33.96 (0.81%) | 37.83 (0.61%)
Stearic 19.98 (0.28%) | 15.85 (0.87%) | 16.26 (0.59%)
Oleic 30.69 (0.34%) | 23.93(1.10%) | 24.67 (0.48%)
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Although variation between samples was present, important trends can be discerned from
the data. As can be seen from Figure 3.22, cows had significantly more long chain fatty
acids (palmitic, stearic, and oleic) than short chain fatty acids (octanoic and capric), which

was in agreement with current literature [102].

Using the equation of the line from the calibration curves, the concentration of each
FAME was calculated. The average concentration of the selected FAME from the
optimum and high BCS cows were then subjected to a one tailed, 2 sample t-test, where
the variance of the group is not known. This variation of t-test was chosen as a decrease
in concentration of FAMES was expected when comparing the optimum and high body
condition score cows. The measurements were carried out on two different populations
and so a paired t-test could not be used. The null hypothesis proposed in this study was:
fatty acid concentration remains the same for cows that have different body condition
scores. The confidence interval was set to 95%. The results of the t-test can be seen in
Table 3.10 below.
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Table 3.10: FAME concentrations and p values of cows in optimum BCS and high BCS

groups.

FAME Optimum BCS (mg/mL) High BCS (mg/mL) P value

Cow 1: 0.52 Cow 3:0.39

Octanoic 0.12
Cow 2:0.71 Cow 4: 0.45
Cow 1: 0.98 Cow 3: 0.67

Capric 0.11
Cow2:1.34 Cow 4:0.81
Cow 1: 10.98 Cow 3:5.47

Palmitic 0.005
Cow 2: 10.72 Cow 4:5.98
Cow 1:2.61 Cow 3:2.61

Stearic 0.35
Cow 2:4.72 Cow 4: 3.64
Cow 1: 6.06 Cow 3:4.22

Oleic 0.12
Cow 2: 6.77 Cow 4: 5.63

As seen in Table 3.10 above, the t-test identified the change in palmitic acid methyl ester
as the only significant difference in the two groups, and so the null hypothesis was
rejected. Palmitic acid is the most common fatty acid in dairy cows [102] and the method
developed can be used to distinguish cows that have a high body condition score from
those in the optimum range based on the levels of palmitic acid methyl ester detected.

108



A second trend emerged when the levels of palmitic, stearic, and oleic are analysed. It
can be seen from Figure 3.22 and Table 3.8, that the concentrations of these FAMES
showed the largest difference when comparing cows that had optimum and high body
condition scores. As outlined in the introduction, cows that have a high body condition
score (BCS > 3.5) undergo significant lipolysis of adipose tissue after calving. This can
result in a greater drop in body condition score compared to cows whose body condition
score is more effectively managed. Importantly, this drop in body condition score can
also prevent the cow from cycling in the next calving season.

The results show that the newly optimised DLLME method can be used to distinguish

fatty acid profiles in cows that have different body condition scores.

3.5.2. Lactation cycle

In the period after calving, fatty acid production will increase until approximately week
7 in the lactation cycle. After this point, fatty acid production decreases to the end of the
lactation cycle. Thus, it was expected that there would be a significant decrease in fatty

acid concentration over the lactation period.

The milk samples from each cow were analysed according to the optimised DLLME
method in the results section. Milk samples were taken from British Friesian cows at the
beginning and end of each cow’s lactation cycle. The samples were analysed in triplicate
and the concentration of selected fatty acids were determined. The ratio of the selected
FAME and the internal standard (C9:0) can be seen in the below bar chart, while the

concentrations of each FAME can be found in Table 3.11.

Although the error bars on Figure 3.28 showed some variation in the results, it was
believed that this was a result of a small number of cows tested (n=3). When each analyses
was compared separately, it was evident that the optimized DLLME method provided

accurate and repeatable results with relative standard deviations of less than 4%.
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Figure 3.28: Fatty acid levels cows (n=3) across lactation cycles.

The ratios of selected FAMESs and internal standard for both cows in the early and late

stage of the lactation cycle can be seen in Table 3.11 and Table 3.12 respectively.

It was clear from Figure 3.28 that longer chain fatty acids showed a larger decrease than
short chain fatty acids, and this effect seemed to be more pronounced as carbon chain
length increased. To investigate if this decrease was statistically significant, the
concentrations of the selected FAMEs were calculated using the equation of the line

obtained from calibration curves in method validation.

Table 3.11: Peak ratios and relative standard deviations for peak ratios between selected

FAMEs and internal standard for cows in early lactation.

Early lactation cycle

110



Cow FAME/C9 Sample 1 Sample 2 (n=3) Sample 3
number peak area (n=3) (n=3)
(%RSD)
(%RSD) (%RSD)

Octanoic 1.19 (0.48%) | 1.16 (0.12%) 1.26 (0.14%)

Capric 2.83 (0.29%) | 2.76 (0.08%) 2.76 (0.39%)
Cow A o

Palmitic 24.32 (0.71%) | 22.43 (0.59%) | 23.84 (0.76%)
(1363)

Stearic 9.63 (3.79%) | 8.99 (0.64%) 9.19 (0.66%)

Oleic 20.30 (1.34%) | 18.56 (0.17%) | 20.09 (1.25%)

Octanoic 1.30 (0.17%) | 1.36 (0.09%) 1.30 (0.35%)

Capric 3.38 (0.26%) | 3.56 (0.13%) 3.39 (0.27%)
Cow B .

Palmitic 23.14 (0.77%) | 25.16 (0.34%) | 24.16 (0.40%)
(1183)

Stearic 8.78 (0.82%) | 9.83 (0.16%) 9.55 (0.59%)

Oleic 17.69 (0.99%) | 19.44 (0.58%) | 18.78 (0.56%)

Octanoic 1.88 (0.35%) | 1.69 (0.18%) 1.81 (0.18%)
Cow C ]

Capric 4.62 (0.20%) | 4.16 (0.07%) 4.46 (0.08%)
(910)

Palmitic 30.55 (0.46%) | 27.62(0.45%) 29.88 (0.53%)
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Stearic

Oleic

11.84 (0.58%)

23.06 (3.31%)

10.70 (0.63%)

20.36 (0.52%)

11.69 (0.58%)

22.15 (1.15%)

Table 3.12: Peak ratios and relative standard deviations for peak ratios between selected

FAMEs and internal standard for cows in late lactation.

Late lactation cycle

Cow FAME/C9 Sample 1 Sample 2 Sample 3
number peak area (n=3) (n=3) (n=3)
(%RSD) (%RSD) (%RSD)
Octanoic 1.16 (0.08%) |1.15(0.18%) | 1.19 (0.06%)
Capric 2.86 (0.19%) | 2.83(0.39%) | 2.90 (0.19%)
Cow A .
Palmitic 24.19 (0.75%) | 23.68 (0.60%) | 24.02 (0.32%)
(1363)
Stearic 8.44 (0.75%) | 8.24 (0.34%) | 8.34 (0.35%)
Oleic 13.78 (1.06%) | 13.36 (0.28%) | 12.74 (0.67%)
Octanoic 0.72 (0.13%) | 0.68 (0.36%) | 0.70 (0.02%)
Cow B ]
Capric 1.67 (0.25%) | 1.57 (0.13%) | 1.63 (0.09%)
(1183)
Palmitic 12.35(0.73%) | 11.61 (0.07%) | 11.96 (0.30%)

112



Stearic 6.27 (0.69%) |5.88(0.18%) | 6.10 (0.34%)
Oleic 13.31 (0.07%) | 12.49 (0.71%) | 12.81 (0.67%)
Octanoic 2.18 (0.26%) | 1.79 (0.32%) | 1.88 (0.18%)
Capric 4.98 (0.11%) | 4.17 (0.47%) | 4.35(0.17%)
Cow C (910) | Palmitic 32.93 (0.61%) | 29.49 (0.67%) | 29.51 (0.19%)
Stearic 10.04 (3.10%) | 9.75(0.71%) | 9.34 (0.29%)
Oleic 18.40 (1.16%) | 16.86 (1.24%) | 16.03 (1.36%)

To determine if the decrease in fatty acid concentration was statistically significant, a

paired t-test with one tail was carried out. In contrast to Section 4.1, a paired t-test was

used in this analysis as the same population was being tested at two different time points.

The null hypothesis in this test was that fatty acid concentration would not change over

the lactation cycle. A one tail test was used as it was predicted that the concentrations of

fatty acids would decrease with time. The concentrations of each fatty acid and the p

values can be seen in Table 3.11.
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Table 3.13: FAME concentrations and p values of cows early and late lactation cycles.

FAME Cow number Early lactation Late lactation P value
(mg/mL)
(mg/mL)
Octanoic Cow A 0.40 0.39 0.28

Cow B 0.44 0.26
Cow C 0.57 0.62

Capric Cow A 0.85 0.87 0.28
Cow B 0.44 0.26
Cow C 1.31 1.33

Palmitic Cow A 5.10 5.19 0.25
Cow B 5.23 2.63
Cow C 6.34 6.62

Stearic Cow A 2.02 1.83 0.05
Cow B 2.04 1.38
Cow C 2.45 2.11

Oleic Cow A 4.23 2.92 0.003
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Cow B 4.02 2.83

Cow C 4.68 3.7

The mean (n=3) from each cow at each time point was calculated and used in the paired
t-test. As can be seen from Table 3.11, only stearic and oleic acid methyl esters and p
values less than 0.5 (95% confidence interval). Octanoic, capric, and palmitic levels were
not significantly different from early lactation levels compared to late lactation.

This results confirm the null hypothesis for octanoic, capric, and palmitic acids as p<0.05;
their concentration does not change over the duration of the lactation cycle. This was not
the case for stearic and oleic acids, which had a p value of 0.05 and 0.003, respectively.
The null hypothesis was rejected for both stearic and oleic acid. Indicating that the fatty

acid profile is significantly different when compared across the lactation cycle.

These findings suggest that the stage in lactation cycle has a significant impact on long
chain fatty acids compared to shorter ones. As explained in the introduction, short chain
fatty acids are synthesized de novo in the mammary gland and so any negative energy
balance would not impact shorter chain fatty acids. This is in contrast to long chain fatty
acids which primarily obtained through feed and are stored in adipose tissue. During times
of negative energy balance, during lactation, the adipose tissue is one of the first energy
stores utilized to compensate for the negative energy balance. This loss in adipose tissue
would also impact the levels of long chain fatty acids present in the milk, as was observed

in the finding of this study.

3.6. Conclusion

A temperature gradient GC separation was developed on a PEG column for the separation
target analytes from 37 methyl esters. All 37 FAMEs were not baseline resolved but the
method provided resolution of the target FAMES from other FAMEs in the mix. A novel
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DLLME method was developed and optimised using a 27 factorial experimental design.
The optimised method was validated according to ICH guidelines showing lower LOD
and LOQ values than traditional liquid-liquid extraction procedures. This highlights the
strength of the novel extraction procedure developed above. The optimised DLLME
procedure was then used to analyse milk samples from cows that had different body
condition scores and milk samples from cows at the beginning and end of their lactation

cycle.

A significant difference was found in the levels of palmitic acid in samples from cows
with different body condition score. A significant difference for other selected fatty acids
was not observed in these samples. Milk samples taken from the same cows at the
beginning and end of their respective lactation cycles showed a significant increase in the
levels of stearic and oleic acids.

The ability of the newly developed DLLME method to detect significant differences in
selected fatty acid levels in a complex biological sample is important for the agricultural
industry. This method may be used for the screening of the fatty acid profile in milk. This
can give indications to the quality of feed that a cow is given as milk lipids are
predominantly obtained by the diet [117].
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Chapter 4
Determination of amino acid profile of

commercial milk samples
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4. Determination of free amino acid profile of commercial milk samples

4.1. Introduction

Free amino acid (FAA) concentrations in physiological fluids can reflect the metabolic
health of the organism in question [118]. They can be altered by a range of factors
including: nutrition, environmental conditions, and genetic effects [119]. FAA also
provide the building blocks for proteins and are the precursors for nucleic acid production
[120]. While important for monitoring metabolic health, FAA play a role in human
nutrition. There are 9 essential amino acids that cannot be synthesised by the human body
and so must be obtained from the diet, these are: histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, and valine. Their structures can be seen
in Figure 4.1. FAA present in milk are used as human supplements as they are easier to
digest than protein [121]. The concentration of FAA present in milk samples can be
indicative of milk quality as increased levels are a result of proteolysis [122]. This is a
process which negatively affects milk processability and reduces the economic value of
milk [123].
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Figure 4.1: Structures of essential amino acids.

4.1.1. Current methods of analysing amino acids

Amino acids are a challenging analyte to study. They are characterised as zwitterions
which contain both positive and negative charges on the same molecule. At their

isoelectric point, amino acids have a net charge of 0. VVarying the pH of the solution allows
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for manipulation of the net charge to either overall positive or negative, depending on
whether the carboxylate or amino group is protonated. Amino acids can be loosely
grouped into different categories depending on the R groups attached to the amino acid.
The different groups of amino acids are: nonpolar aliphatic R groups, nonpolar aromatic
R groups, polar uncharged R groups, positively charged R groups, and negatively charged
R groups. Methods to analyse amino acids are varied. They include gas chromatography
(GC) with flame ionisation (FID) [124] or mass spectrometry detection (MS) [125,126],
capillary electrophoresis with conductivity detection [127], high performance liquid
chromatography (HPLC) with UV [128], ion-pair liquid chromatography [129],
fluorescence [130], or MS detection [131,132]. Specialised instruments dedicated to
amino acid analysis are also available [133].

4.1.2. Amino acid derivatisation methods

Amino acids generally require pre or post column derivatisation to enable detection by
UV or fluorescence detectors for HPLC analysis, or to increase the volatility of the amino
acids for GC analysis. Derivatisation for HPLC is required to increase sensitivity for UV
detection. The majority of amino acids do not possess a chromophore, with the exception
of phenylalanine, tyrosine, and tryptophan. Gatti et al. have used 2,5-dimethyl-1H-
pyrrole-3,4-dicarbaldehyde to derivatise amino acids for UV detection [134]. This
derivatisation reaction takes place at ambient temperature but requires a long reaction
time of 10 minutes. Similarly amino acids lack a strong fluorophore and are unsuitable
for fluorescence detection without derivatisation. Several derivatisation reagents are
available for the addition of a fluorophore to the amino acid of interest. They include: o-
pthaldialdehyde (OPA) [135], fluorenylmethyloxycarbonyl chloride (FMOC) [136], 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) [137]. OPA and FMOC
present an interesting option for fluorometric detection of amino acids and can also be
used for UV detection. The reaction takes place takes in less than 2 minutes at ambient
temperatures and produces no toxic side products. Unfortunately there have been some
concerns over the stability of the derivatives formed [138,139]. Recently efforts have
been made to overcome this issue by the development of derivatisation protocols which
use the injector programme function on HPLC autosamplers to carry out the derivatisation
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reaction [140]. The automated methods do have some limitations however. Injecting the
reaction mixture directly onto a RP-HPLC column can result in reduced column lifetime
due to the high pH involved (pH 9). Furthermore, there is an increased risk of sample
carryover without careful washing of the needle.

AQC is another derivatisation agent to add a fluorophore to amino acids for HPLC-
fluorescence detection. It is available as a commercial kit from Waters (trade name:
AccQ-Tag). While the convenience of a commercial kit for amino acid analysis is
beneficial, the derivatisation reaction still requires heating at 55 °C for 10 minutes. This

has an obvious impact on lab productivity and sample throughput.

It must be noted that the use of a MS detector coupled to HPLC negates the need for
derivatisation. Several reports have analysed amino acids using MS detection as noted in
Section 4.1.1. While this potentially reduces sample preparation time, the cost of MS
detector is high and all laboratories may not have the capability to perform MS analysis.
Method development and transfer are also more complicated as MS methods require

volatile buffers.

Like HPLC-UV/FLD, analysis of amino acids by GC also requires derivatisation.
Pentafluorobenzyl bromide has been used in the analysis of amino acids in wheat flour
[141]. This derivatisation reaction increases the volatility of the amino acids by the
addition of a pentafluorobenzyl group on both the amine and carboxylic acid groups
[142].

By contrast, HuSek developed a rapid method for derivatisation of amino acids, at ambient
temperature and in aqueous solution, for GC analysis in 1991 using ethyl chloroformate
[143-145]. Since then several different alkylchloroformates have been used, these
include: methyl chloroformate [146] isobutyl chloroformate [147], and propyl
chloroformate [147]. Husek has authored a review on the use of alkylchloroformates
which highlights the properties and applications of the different alkylchloroformates
[148].

Ethyl chloroformate converts both the carboxylic and amine groups to ethyl esters using
pyridine as a catalyst. A proposed reaction mechanism can be seen in Figure 4.2. Pyridine
deprotonates the carboxylic hydrogen resulting in a negative charge on the oxygen. This

increases the nucleophilic properties of the carboxylic oxygen which leads to nucleophilic
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substitution on the ethyl chloroformate (electrophile). As a result of the nucleophilic
substitution reaction, the chlorine acts as the leaving group and an anhydride type
functional group is formed. This undergoes an intramolecular decarboxylation which
produced an ethyl ester, liberating carbon dioxide in the process. The amine group then
acts as a nucleophile in a second nucleophilic attack on ECF. Chlorine again acts as the
leaving group in this reaction. In the last step of the derivatisation reaction, pyridine acts
as a base and deprotonates the positively charged amine, forming a N(O,S) —

ethoxycarbonyl ethyl ester
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Figure 4.2: Proposed reaction mechanism for amino acid derivatisation by ethyl chloroformate.
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4.1.3. Overcoming matrix interferences

Derivatisation is not the only challenge in amino acid analysis. Biological fluids
(including milk) are complex samples and require significant pre-treatment to remove
matrix interferences. Sample pre-treatment methods include: pulsed electromembrane
extraction, solid-phase extraction, and microwave assisted extraction. Pulsed
electromembrane extraction has been used for the determination of amino acids in gelatin
from animal origins [149]. The membrane extraction was used in conjunction with
HPLC-UV detection. Before pulsed electromembrane extraction could take place, the
samples were hydrolysed using sodium hydroxide and derivatised using OPA. The
derivatised sample solution was then placed in the pulsed electromembrane device where
a voltage was passed through the sample for 20 minutes to allow analytes to migrate into
the acceptor phase, across the supported liquid membrane. The membrane provides a
physical barrier to some components but any components that are ionised in the solution
(pH 3.0) have the potential to migrate across the barrier. In addition the long extraction
times (20 minutes) are not conducive to high throughput analysis.

Solid-phase extraction (SPE) has also been used to analyse amino acids [150]. SPE has
been used extensively for concentration of analytes, Vidal et al. has authored a review of
SPE [151]. While SPE is an effective technique for concentrating analytes and removing
matrix intereferences, the cartridges are expensive and extensive method development is

needed to ensure that loss of analyte does not occur during loading and washing steps.

Microwave assisted extraction have been used to both remove matrix interferences and
preconcentrate amino acids [152]. Cai et al. employed microwave assisted extraction to
extract amino acids from tobacco leaves. The increased temperature and pressure of
closed extraction vessel microwave extraction allowed the amino acids to partition to into
the extraction phase quicker than conventional solid-liquid extraction. This process still
took 10 minutes at 60 °C under 600 W microwave power. Microwave assisted extraction
suffers from some drawbacks: the target analytes and extraction solvent must be polar,

and the analytes must be non-volatile [153].
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4.1.4. Dispersive liquid-liquid microextraction and amino acid analysis

Dispersive liquid-liquid microextraction, first developed in 2006 [76] and described in
detail in Section 1.1.1, has been used for amino analysis in previous studies by a number
of research groups. SFO-DLLME hase been used to analyse amino acids found in tobacco
leaves [154]. The amino acids were derivatised by isobutyl chloroformate and extracted
into 2-dodecanol before analysis by GC-MS. In this work, Li et al. analysed 11 different
amino acids (alanine, glycine, valine, leucine, isoleucine, proline, asparagine, methionine,
phenylalanine, cysteine, and tyrosine). The lowest LOD reported was 0.18 pg/mL for
both leucine and proline, while the highest was tyrosine at 2.82 pg/mL. Mudiam et al.
used UA-DLLME for the simultaneous determination of 20 amino acids in complex
matrices such as hair, urine, and soybean seeds [155]. Trichloroethylene was used as the
extraction solvent after derivatisation with ethylchloroformate. The amino acids were
analysed by GC-MS. Mudiam et al. achieved an LOD of 0.38 pg/L for leucine and 0.51
pg/L for proline. While both amino acid derivatives were analysed by GC-MS, the MS
detectors were different. Mudiam et al. used a triple quadrupole MS compared to Li et al.
who only had access to a single quadrupole MS. Triple quad MS allows for lower LOD

due to reduced noise and a wider linear dynamic range.

Interestingly, Mudiam et al. performed simultaneous extraction and derivatisation of
amino acids from the complex samples studied [155]. This was achieved by rapidly
injecting a mixture of the extraction solvent (trichloroethylene), dispersive solvent
(ACN), and the derivatisation reagent (ECF) into the previously digested samples. This
technique was possible as the volume of derivatisation agent was smaller (60 pL) than
the volume of extraction solvent 80 pL, which minimised the dilution effect.

From the papers mentioned above it is clear that derivatisation of amino acids by alkyl
chloroformates are compatible with DLLME. This is due to their ability to rapidly
derivatise both the amine and carboxylic groups of the amino acid. Furthermore, the
derivatisation reaction can take place in aqueous solutions which is particularly useful
when dealing with biological samples. The presented chapter describes rapid
derivatisation of amino acids combined with DLLME for the analysis of amino acids in

a complex sample such as milk.
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4.2. Overarching aims for this chapter

The overarching aims for this chapter were to develop a GC-MS method for the separation
and identification of derivatised free amino acids from commercial milk samples. The
amino acid profile of the samples will be determined at two time points. These time points
are: the date the samples were purchased (to), and the sell by date of the samples that was
printed on the packaging (t1). Free amino acids will be extracted and preconcentrated
using a DLLME method that has been optimised by a design of experiments approach.

Significance of results will be determined by the appropriate statistical test.

4.3. Materials and methods

4.3.1. Chemicals and materials

Ethyl chloroformate (97%), phenylethyl acetate (IS) (99%), and BD Precisionglide
syringe needles gauge 30 L 1.0 inch were purchased from Sigma-Aldrich (Dublin,
Ireland). Ethanol (99%), pyridine (98%), chloroform (HPLC grade), dichloromethane
(DCM) (HPLC grade), ethyl acetate (97%), and acetonitrile (HPLC grade) were
purchased from Lennox (Dublin, Ireland). Alanine (99%), asparagine (99%), aspartic acid
(99%), cysteine (98%), GABA (99%), glutamic acid (99%), glutamine, glycine (99%),
histidine (99%), isoleucine (98%), leucine (99%), lysine (98%), methionine (99%),
phenylalanine (98%), proline (99%), serine (99%), threonine (99%), tryptophan (98.5%),
tyrosine (98.5%), and valine (98%) were purchased from Tokyo Chemical Industries
(TCI) (Oxford, United Kingdom).

4.3.2. Instrumentation and chromatographic conditions

Analysis was performed on a Varian CP-3800 coupled to a Saturn 2000 MS.
Chromatography was performed using VF-5MS (5% phenyl 95% di-methyl
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polysiloxane) column (30 m x 0.25 mm x 0.25 um). The final method conditions used
were as follows. The injector temperature was 280 °C, and the injection volume was 1
ML in splitless mode. Helium was used as the carrier gas at a flow rate of 1 mL/min. The
column temperature was programmed as follows: the initial temperature was 40 °C,
increased to 125 °C at 10°C/min and held for 5 min. The temperature was then increased
to 280 °C at 10°C/min and held for 10 min. The internal standard calibration method with
peak was used for quantification of selected amino acids. Statistical analysis was carried
out using Minitab 18.

4.3.3. Stock standard preparation

Stock standard solutions were prepared by dissolving the amino acids in 0.1 M HCI to the
following concentrations: alanine (2.17 mg/mL), asparagine (1.28 mg/mL), aspartic acid
(1.62 mg/mL), cysteine (1.57 mg/mL), glutamic acid (1.45 mg/mL), glutamine (2.00
mg/mL), glycine (1.43 mg/mL), histidine (1.32 mg/mL), isoleucine (1.29 mg/mL),
leucine (1.34 mg/mL), lysine (1.72 mg/mL), methionine (1.78 mg/mL), phenylalanine
(1.24 mg/mL), proline (1.36 mg/mL), serine (2.05 mg/mL), threonine (1.74 mg/mL),
tryptophan (1.51 mg/mL), tyrosine (1.44 mg/mL), valine (1.36 mg/mL).

4.3.4. Derivatisation and DLLME procedure

Milk (1 mL), ACN (3 mL), and phenylethyl acetate (IS) were combined and centrifuged
at 4,500 rpm for 5 minutes. An aliquot of the supernatant (2 mL) was removed and placed
and mixed with pyridine (600 pL), ethanol (5 pL), and ECF (600 pL). The reaction was
agitated. Chloroform (100 pL) was added and this mixture was rapidly injected into water
(5 mL). The resulting cloudy solution was centrifuged at 4,500 rpm for 5 minutes. The
sedimented phase was transferred to a GC vial and analysed by GC-MS. Samples were
prepared in triplicate. Values shown are average values of the triplicate injection of each

sample
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4.3.5. Analytical curves

Amino acids in samples were identified and quantified by comparison to amino acid
standard retention times and spectra. Analytical curves were based on the internal
standardisation method. The internal standard used was phenylethyl acetate at a

concentration of 0.2 mg/mL.

4.4. Results and discussion

4.4.1. Selecting a stationary phase

As the derivatised amino acids were analysed using GC-MS, a stationary phase was
required that exhibited low bleed. Column bleed is a result of normal stationary phase
degradation via the mechanism shown in Figure 4.3, where the stationary phase has
degraded producing siloxanes, in a process known as backbiting. This contributed to
baseline noise and ultimately impacted signal to noise ratio. Mass spectrometry detectors
are sensitive to contamination from these siloxanes and so specially designed MS
columns that have reduced bleed are used in conjunction with MS detectors. An adequate
separation was obtained using the VF-5MS column and so other columns were not
screened. The selectivity of MS detectors in EIC or SIM mode can also potentially
circumvent the issues with co-elution. The presence of phenyl groups in the siloxane
backbone of the VF-5MS column helped prevent stationary phase degradation as outlined

in Figure 4.3.
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Figure 4.3: Stationary phase degradation producing column bleed.

Initially a scouting gradient of 40-280 °C was used. The temperature was increased by 10
°C/min. Peaks that co-eluted were resolved using Giddings approximation (outlined in
Section 3.4.1.2). The optimised separation consisted of a starting temperature of 40 °C
which was ramped to 125 °C at 10 °C/min and held for 5 minutes. Then ramped to the
final temperature of 280 °C at 10 °C/min with an isothermal hold at this temperature to
ensure all analytes had eluted and any matrix compounds were also eluted prior to the
next injection. The upper temperature limit of the column is 320 °C but the front valve on
the GC-MS was unable to be heated beyond 280 °C, so this was the maximum
temperature chosen for this analysis. The optimised separation can be seen in Figure 4.4.
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Figure 4.4: Optimised separation of amino acids (all amino acids at approx. 0.2 mg/mL).
Amino acid identity can be found in Table 4.1. Chromatographic conditions: stationary
phase: VF-5MS (5% phenyl-methyl, 30 m x 0.25 mm x 0.25 pm), carrier gas: helium,
flow rate: 1 mL/min, initial temperature: 40 °C, ramped to 125 °C at 10 °C/min and held
for 5 minutes, then ramped to 280 °C at 10 °C/min. Final temperature: 280 °C, inlet
temperature: 280 °C, scan range TIC m/z 40-600.

4.4.2. Selecting an internal standard

Isotopically labelled analogous of the analyte of interest are the most appropriate internal
standard to use. They exhibit the same chemical characteristics as the analyte in question
which means it will partition into the extraction phase to the same extent as the analyte,
allowing for more accurate quantification. As the chemical characteristics are the same
the isotopically labelled standard and analyte will co-elute but the use of MS detection

will allow for both the standard and analyte to be quantified.

Although they are considered the most accurate internal standard to use, they do have

some drawbacks. Isotopically labelled standards are expensive and the method requires
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an MS detector to differentiate between the standard and analyte. This prevents the

method from being transferred to another instrument that does not have MS capabilities.

Due to the constraints described above compounds that exhibited similar chemical
characteristics were investigated as potential internal standards. The purpose of internal
standards are explained in Section 3.4.4.2. For this work, two compounds were evaluated
to determine their suitability for use as an internal standard: benzylamine and phenylethyl
acetate. As benzylamine contains a free amine group, this will also be derivatised using
ethyl chloroformate to ethyl benzylcarbamate. Both compounds have similar chemical
characteristics which enables their use as internal standards. The structures of phenylethyl

acetate, benzylamine, and ethyl benzylcarbamate can be seen in Figure 4.5.

saadlion

Phenvlethyl acetate Benzylamine
9]
H /U\O /\

Ethy] benzylcabarbamate

Figure 4.5: Structures of proposed internal standards.

Ethyl benzylcarbamate co-eluted with other amino acids and so was not used as an
internal standard. As mentioned previously, this would prevent the method being

transferred to an instrument without MS capabilities such as GC-FID. Phenylethyl acetate
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eluted with a retention time of 9.1 minutes. It was resolved from other peaks in the

chromatogram and it was used as the internal standard for the remainder of the analysis.

4.4.3. ldentification by mass spectra

Derivatised amino acids were identified by retention time and mass spectra with

derivatised standards.. A list of exact masses and base peak ions for each derivatised

amino acid can be found in Table 4.1. The base peak ion will be used as the quan ion and

chromatograms were analysed in Extracted lon Chromatography (EIC) mode. In all cases,

the base peak was used as the quan ion for each amino acid derivative

Table 4.1: Derivatised amino acid exact mass, retention times, and characteristic ions.

Analyte Derivatised  Retention Base peak Other ions
exact mass  time (min) (m/z2) (m/z)
(Da)
Phenylethyl 164.08 9.1 122 108, 107
(1S)
Alanine 189.10 10.7 116 44,190
Glycine 175.18 10.9 176 102
Valine 217.13 14.3 144 116, 218
Leucine 231.29 16.1 158 102, 232
Serine 205.10 16.9 206 132, 60
Isoleucine 231.29 16.4 158 102, 232
Threonine 219.11 16.6 128 101, 175, 220
GABA 203.12 16.6 116 86, 122, 130,
158
Proline 215.12 16.9 142 70
Asparagine 232.11 17.2 69 141, 215
Aspartic acid 233.09 19.4 188 74,116, 142,
262
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Glutamine 246.12 20.3 128 100, 129, 175

Methionine 249.10 20.4 176 101, 204, 248
Glutamic acid 247.11 20.9 128 202
Phenylalanine 265.13 21.8 176 120, 148, 192,
266
Lysine 246.16 22.2 294 102, 132, 220
Cysteine 221.07 25.3 156 N/A
Histidine 255.12 25.9 328 254
Tyrosine 281.13 26.9 107 192, 280, 354
Tyrptophan 304.14 27.8 130 N/A

In some cases the molecular ion for the derivatised amino acid was detected, e.g. for
derivatised valine. Unfortunately the derivatised amino acids were not available in the
mass spectral library and so identifications were confirmed by mass spectral
fragmentation analysis and comparison with retention time of derivatised standards. An
example of a mass spectra used for the identification of valine, can be seen in Figure 4.6.
A proposed fragmentation analysis for valine is shown in Figure 4.7. A similar approach

was used in the analysis of other derivatised amino acid spectra.

Although serine was detected when derivatised individually, it was not detected when all
amino acids were combined. The reasons for its absence are yet to be determined.
Hydrogen bonding between the carboxylate and hydroxy group may prevent
derivatisation, however this does not provide an explanation of why serine is detected
when derivatised individually. Experiments were conducted that varied the concentration
of derivatisation reagents but serine was not detected when all amino acids were

derivatised.
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Figure 4.6: Mass spectra used in the identification of valine.

The proposed fragmentation analysis shows the formation of the ions listed in Table 4.1
for valine. The base peak had an m/z value of 144, which resulted from a loss of CO2Et
(m/z 72). The resulting carbocation is resonance stabilised so the positive charge resides
on the nitrogen atom. A McLafferty rearrangement results in the loss of an ethylene
molecule giving a fragment with m/z 116. A McLafferty rearrangement involves the
transfer of a y hydrogen to a double bonded atom through a six membered ring [156].
The ethylene fragment may be observed but at a molar mass of 28.05 g/mol, its use as a
characteristic ion for identification of valine is limited. A second hydrogen transfer results
in a fragment with m/z 98 and the loss of water. This carbocation has two potential routes
for resonance stabilisation, denoted as (a) and (b) in Figure 4.7. It is likely that resonance
structure (b) will be observed more frequently than (a) as carbocations would be less
stable than a positively charged oxygen. Carbocations are generally unstable but the
structure in (a) will suffer from even greater electron deficiency due to the electronegative
nitrogen. Although oxygen also has a positive charge in (b), it is more electronegative
than the adjoining carbon and so will pull electrons towards itself; partially stabilising the
positive charge.
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Figure 4.7: Proposed valine fragmentation pattern.
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4.4.3.1.  Arginine derivatisation

While arginine is also an amino acid, it was not included in this study. Arginine has a side
chain consisting of a guanidine group which will not be derivatised by the mechanism
described in Figure 4.2 . The structure of arginine can be seen in Figure 4.8.

NH 0

A

HoN N OH
H

NH.

Figure 4.8: Structure of arginine.

Although ECF derivatises the a-amine group it fails to derivatise the guanidine side chain.
The pka of guanidine side group is approximately 13.6 [157], meaning it is ionised in
milk (pH 6.5). The positive charge is delocalised through resonance, possibly preventing
the lone pair of electrons on each nitrogen from taking part in nucleophilic attack on ECF.
Additionally, ECF may not be electrophilic enough for this reaction to take place. No
partial derivatisation of arginine was detected even though both the a-amino and o-
carboxylic groups would have been derivatised. Evidence from literature suggests that
the guanidine side group does not elute into the MS due to absorption to the GC column
[158].

Efforts to derivatise arginine included the use of glyoxal [159], isovalerylacetone [160],
and hexafluoroacetylacetone [161]. Both isovaleroylacetone and hexafluoroacetylacetone
have been used in conjunction with ethyl chloroformate and so it was hoped that the
combination of one of these derivatisation agents and ECF would allow for detection on
all amino acids. Arginine derivatisation using isovalerylacetone and ECF seemed to

produce a peak, although with very low intensity.
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To investigate if this peak was the derivatised form of arginine and the instability of the
fragments produced in electron impact were responsible for the low intensity, chemical
ionisation (CI) was used. This is a soft ionisation technique that involves the ionisation
of a reagent gas, in this case ACN. The ionised ACN collides with the analyte molecules,
ionising them through proton transfer. In Cl mode, fragmentation of the analyte molecule
is greatly reduced and so should allow for detection of the molecular ion. The product of
arginine derivatisation with isovalerylacetone is shown in Figure 4.9. The product as a
molecular weight of 382 g/mol. After CI through proton transfer, the expected molecular

ion would have an m/z 383.

/L/chj\/cljj\
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Figure 4.9: Schematic of arginine derivatisation using IVA and ECF.

After performing derivatisation using both IVA and ECF according to Zounr et al. [160],
the reaction mixture was analysed by GC-MS in Cl mode. The overlay of the reaction
mixture and the blank show that no peak at m/z 382 was detected. The peak at
approximately 29 minutes was found to also be in the blank. All reasonable efforts to
include arginine in this study have been explored. Several derivatisation reactions have
been explored and the results have been examined in both EI and ClI modes. The
derivatised form of arginine was not detected. As a result arginine analysis was not

included in subsequent studies.
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Figure 4.10: Arginine derivatisation in CI mode. (a) blank, (b) arginine derivatisation.

Chromatographic conditions Figure 4.4.

4.4.4. Optimisation of derivatisation conditions

The derivatisation process was optimised using Design of Experiments (DoE). The
following parameters were examined: ECF concentration, pyridine concentration, and
ethanol concentration. As outlined in Section 4.1.4, alkyl chloroformates are seen to be
the most conducive derivatisation agents for DLLME. Ethyl chloroformate has been
found to be most effective of the alkyl chloroformates tested in literature. Methyl and
ethyl chloroformates have generally faster reaction rates due to less steric hindrance
compared to bulkier isobutyl groups. Ethyl derivatives would also be more hydrophobic,
allowing for more exhaustive extraction into the extraction solvent, than their methyl
equivalents. For these reasons ethyl chloroformate was selected as the derivatisation
reagent. These factors underwent a full factorial design as a screening experiment to
determine which factors were significant for maximising total chromatographic peak area
which would be indicative of a more efficient derivatisation. Selecting levels for each

factor requires some prior knowledge of the derivatisation reaction. The levels are
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selected at the extremes of the experimental space. In the case of derivatisation reactions,
it must be ensured that enough reagents are present in all experimental runs to ensure full
derivatisation of the analytes. The total concentration of all amino acids used in the
optimisation was 0.012 mM. The concentration of ECF at the -1 level was 0.063 mM,
which gives an approximate 2.5 fold excess of the derivatisation reagent compared to the
total amino acid concentration. This ensures that optimisation would not be skewed by
incomplete derivatisation of amino acids. The levels for each factor can be seen in Table
4.2.

Table 4.2: Factors and levels used for screening design.

Factor -1 +1

Pyridine (uL) 6 600
Ethanol (uL) 5 500
ECF (uL) 6 600

The resulting pareto chart (Figure 4.11) indicated that the only significant factor was the

interaction between pyridine and ECF.
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Figure 4.11: Pareto chart showing significant factors found in screening experiment for

optimisation of derivatisation conditions.

A central composite design was used to model the interaction between these two factors.

The levels used for each factor can be seen in Table 4.3.

Table 4.3: Factors and levels for derivatisation response surface.

Factor -0 -1 0 +1 +o
Pyridine (uL) 68.6 100 350 600 848
ECF (uL) 68.6 100 350 600 848

The ANOVA table showed that only ECF volume was significant (p-value = 0.012) while
the volume of pyridine used was insignificant (p-value = 0.184). Interestingly, the

interaction between ECF and pyridine was determined to be highly significant (p-value =
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0.001). As pyridine acts as a catalyst for the derivatisation reaction between ECF and the

amino acids, it is appropriate that the concentration of both the catalyst and derivatisation

reagent are the most significant factors in this experimental design. The ANOVA table

can be seen in Figure 4.12.

Term Coef
Constant 13.9324
Pyridine 0.9323
ECF 2.1374
Pyridine*Pyridine -3.4570
ECF*ECF -2.45592
Pyridine*ECF 5.1822

Figure 4.12: ANOVA table for amino acid derivatisation response surface.

Coef

L8007
L6330
L6330
L6788
L6788

.34852

T

L4000
LAT3
37T
.152
.623
. TE9

E
0.000
0.154
0.012
0.001
0.008
0.001

The response surface produced indicated that maximum response was achieved when

values for ECF and pyridine were selected at the +1 level. As illustrated in Figure 4.13

both ECF and pyridine need to be selected at their maximum level to ensure complete

derivatisation.

Response

Figure 4.13: Response surface for derivatisation optimisation.

Pyridine
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4.4.5. Optimisation of DLLME procedure

4.45.1. Selection of extraction solvent

Chloroform, DCM, and ethyl acetate were trialled as potential extraction solvents. LDS-
DLLME was not evaluated in this study as typical extraction solvents for this technique
have high boiling points, which would be unsuitable for GC analysis. A comparison of
potential extraction solvent boiling points can be seen in Table 4.4.

Table 4.4: Boiling points of potential extraction solvents.

Solvent Boiling point (°C) Density (g/cm?)
Dichloromethane 39 1.33
Chloroform 69 1.49
Heptanol 175 0.82
Octanol 194 0.82

To evaluate the effect of each solvent, analytes were derivatised and then extracted with
200 pL of the selected solvent and the ratio of IS and peak areas were compared. Ethyl
acetate did not produce phase separation and so was discarded. Chloroform and DCM
extracts were prepared in triplicate and each extract was then injected in triplicate, giving
n=9. The sum ratio of analyte area and IS area for each extract was calculated and used
in a t-test to determine if there was any significant difference between extraction solvents.
The null hypothesis stated that there was no significant difference between the extraction
solvents. The t-test returned a value of 0.470 which indicated that no significant difference

142



existed in the extraction efficiencies between chloroform and DCM (o = 0.05). The ratio
of each analyte and IS peak areas did not differ significantly as shown in Figure 4.14.
Chloroform was used as the extraction solvent for the remainder of method development
due to its greater density (1.49 g/cm®) compared to DCM (1.33 g/cm?®). The greater density
of chloroform could result in better phase separation during centrifugation; leading to

more quantitative analyte extraction.
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Figure 4.14: Comparison of extraction solvents.
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4.45.2. Factorial screening

The DLLME process was optimised by DOE. A ¥ factorial design with 3 centre points
was used to screen for significant factors. The list of factors and levels can be found in
Table 4.5. The levels chosen were based on preliminary experiments to determine what
combination of factors led to a stable cloudy solution. Values outside these ranges did not
produce a stable emulsion or the volume of extraction solvent was too low to allow for
practical recovery GC analysis. Acetonitrile was selected as the dispersive solvent as it

was used to precipitate the proteins.

Table 4.5: List of factors and levels for DLLME screening.

Factor -1 0 +1
Chloroform (pL) 100 300 500
ACN (mL) 2 2.75 3.5
H20 (mL) 5 7.5 10
Sonication time (min) 0 2.5 5

The results of the screening experiment showed that the volume of ACN, the sonication
time, and the 2-way interaction between the volume of chloroform used and sonication
time were significant. The pareto chart from the screening experiment can be seen in
Figure 4.15. The volume of dispersive solvent (ACN) was determined to be the most
significant factor (factor B). As the dispersive solvent is soluble in both the extraction and
aqueous phases the volumes of this solvent used has a great effect on the stability of the

cloudy solution. Interestingly the volume of extraction solvent (factor A) by itself was
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not significant. It is only the higher interactions between the extraction solvent and
sonication time that are shown to be significant. It is likely that the ultrasonic waves
produce a greater number of micro droplets allowing for faster partitioning of analytes
into the extraction phase. This effect has been termed ultrasonic assisted DLLME and
examples of this phenomenon can be seen in Section 1.2.2. The ability of DoE
experiments to detect higher interactions between factors is likely the most important
application of this technique. Screening factors using a one-at-a-time approach may have
resulted in this interaction not being detected.

Term

Factor Name

Volume of CHCI3
Volume of ACN
Volume of H20
Sonication time

ON®>

0 1 2 3 4 5 6 7

Standardized Effect

Figure 4.15: Pareto chart for DLLME screening showing significant factors.

The p-values for each factor and interaction between factors can be seen in Figure 4.16.
These values mirror the results from the Pareto Chart Figure 4.15, showing only volume
of ACN, sonication time, and volume of chloroform*sonication time as the significant
factors. Additionally, the ANOVA table provides information on the linearity of the
relationships between factors. The inclusion of centre points in the screening design
allows for the detection of curvature. As the p-value for curvature is greater than 0.05, it
is concluded that all relationships between factors are linear.
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Lnalysis of Variance

Source
Model
Linear
Volume of CHC13
Volume of ACH
Volume of H20
Scnication time
2-HWay Interactions

Volume of CHC13YWolume of
Volume of CHC13%Wolume of
Volume of CHCl3%Sonication time

Curvature
Error
Total

=]
[ e L el e

=
L]

Adj S5 Rdj MS
72.4397  9.0550
46.4270 11.6067
4.7447  4.7447
27.3393 27.3393
0.9241 0.9241
13.4188 13.4188
25.0280  8.3427
1.2427  1.2427
0.0252 0.0252
23.7602 23.7602
0.9847  0.9347
1.3266 0.6633
73.7663

Figure 4.16: ANOVA table of screening experiment.
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The significant factors that were determined in the screening experiment were further

investigated by response surface design. The response surface design that was used was

a Central Composite Design. The list of factors and levels that were used can be seen in

Table 4.6

Table 4.6: Factors and levels for response surface.

Factor -a -1 0 +1 +a
ACN (mL) 0.89 1.5 1.88 2.26 3.8
Chloroform (uL) 100 168 334 500 840
Sonication (min) 0 1 3 5 8.4
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Upon statistical analysis of the response surface data, it was found that the sonication time
was not significant in the central composite design, and so it was removed along with any
higher interactions involving sonication time. At times, factors can appear significant in
the initial screening experiments due to confounding factors. Once the experimental space
had been explored in detail using a response surface methodology, it appeared that
sonication time was not significant. The analysis from Minitab can be seen in Figure 4.17.
The highlighted row in this figure shows sonication time with a p value greater than 0.05,
which indicated that it was not a significant factor.

Coded Coefficients

Term Effect Coef S5E Coef T-Valus P-Value VIF
Constant 10,755 0.733 14,25 0.000

ACH wolume -4,453 -2.227 0.49% -4.4¢% 0.001 1.00
CHC13 wolume 3.5482 1.796 0.49% 3.60 0.005 1.00
Sonication time 545 0.773 4494 .55 ! 1.00
ACH wolume*ACN volume -1.305 -0.g53 0.48¢ -1.34 0.20% 1.02
CHC13 wvolume*CHC1l3 wolume 0.2a7 0.133 0.48¢ 0.27 0.725% 1.02
Sonication time*Sconication time -0.754 -0.377 0.42¢ -0.78 0.45¢ 1.02
ACH wolume*CHCL3 wvolume 4.00% 2.005 0.653 3.07 0.012 1.00
ACH wolume*Sonication time -2.565 -1.282 0.653 -1.596 0.073 1.00
CHC13 wvolume*Sonication time 1.047 0.523 0.653 0.0 0.441 1.00

Figure 4.17: Minitab analysis for 3 factor central composite design.

Sonication time and any higher order factor that included sonication time was removed
from the analysis, which left only ACN and chloroform volumes as the significant factors.
The experimental data was once more analysed by Minitab and the ANOVA table can be
seen in Figure 4.18. The ANOVA table shows that both ACN and chloroform factors are
significant, along with ACN volume*CHCIs volume also showing significance. The
Lack-of-Fit test, which determines if the generated response surface methodology
accurately maps the experimental space between the limits described. As the Lack-of-Fit
is insignificant (p value = 0.518) it can be assumed that the response surface describes the

experimental space accurately.
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tnalysis of Variance

Source DF Adjy 55 A4y M5 F-Valuse P-Value
Model 5 14%.545 25,9089 T.01 0.002
Linear 2 111.301 55.650¢ 13.05 0.001
ACN wolume 1 67.262 &7.26l¢6 15.77 0.001
CHC13 wvolums 1 44,040 44,0357 10.33 0.008
Square 2 £.091 3.0458 0.71 0.507
ACN wolume*ACH wolume 1 5.357 5.3575 1.286 0.281
The CHC13 wolume*CHC13 wolume 1 0.415 0.4145 0.10 0.760
2-Way Interaction 1 32.152 32.1522 7.54 0.016
ACN wolume*CHC13 wvolume 1 32.152 32.1522 7.54 0.016
Error 14 55.707 4.2648
Lack-of-Fit g 35.747 4,3052 1.03 0.51%8
Pure Error 5 20.%9e0 4.,1920
Total 19 209,251

Figure 4.18: ANOVA table for response surface design.

The resulting response surface plot for chloroform and ACN volume can be seen in
Figure 4.19. The response surface plot indicated that the response was maximised when

the factors were set at their minimum values.

15 |

10 |
Response

CHCI3 volume

ACN volume

Figure 4.19: Response surface plot for DLLME optimisation.
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The regression equation for this response surface can be used to determine what the
response would be if the factor values were different than those selected in Table 4.6. The
regression equation can be seen in Figure 4.20. This equation can be used to predict the
response once the values chosen are inside the experimental limits.

Besponse = 10.449 - 2.21% ACH volume + 1.7%8 CHC13 wvolume - 0.607 ACN wvolume*ACH volume
+ 0.18% CHC13 wolume*CHC13 volume + 2.005 ACN wolume*CHC13 wolume

Figure 4.20: Regression equation for response surface.

4.4.6. Linearity, repeatability, LOD, LOQ, and EF

The analytical method was validated by assessing linearity, repeatability, limit of
detection (LOD), and limit of quantification (LOQ), according to ICH guidelines for these
parameters. The LOD and LOQ were calculated by multiplying the ratio of standard
deviation of the response and slope of the calibration curves by 3.3 and 10 [162],

respectively.

The method response was found to be linear for all analytes between 0.50 and 9.12 ppm.
Recoveries for analytes ranged from 56 — 108%. Interday reproducibility ranged from
5.72 - 10.27% RSD. The LOD ranged from 0.37 — 0.84 ppm while the LOQ ranged from
1.02 — 2.56 ppm.

Table 4.7: Linearity, repeatability, LOD, LOQ, and reproducibility.

Analyte Recovery LOD LOQ Linearity Reproducibility EF

(%) (ppm)  (ppm) (R?) (RSD)
Alanine 95.95 0.84 2.56 0.9883 9.5 15
Glycine 108.04 0.56 1.71 0.9889 10.3 19
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Analyte Recovery LOD LOQ Linearity Reproducibility EF
(%) (ppm)  (ppm)  (R?) (RSD)
Valine 56.58 0.72 2.18 0.9766 9.3 22
Leucine 83.46 0.45 1.37 0.983 9.0 17
Isoleucine 68.82 0.31 0.95 0.9919 10.1 15
Threonine 104.63 0.82 2.54 0.9899 8.9 24
GABA 107.56 0.34 1.06 0.9846 9.1 8
Proline 72.18 0.82 2.54 0.9819 9.3 14
Asparagine 102.73 0.66 1.99 0.9822 10.4 20
Aspartic acid 89.63 0.33 1.02 0.9977 12.8 19
Glutamine 91.49 0.51 1.51 0.9859 10.1 21
Methionine 75.43 0.81 24 0.9864 6.9 16
Glutamic acid 82.63 0.49 1.49 0.9946 7.8 20
Phenylalanine  100.97 0.36 1.11 0.9894 94 18
Lysine 93.44 0.59 1.79 0.9861 1.7 10
Cysteine 115.17 0.52 1.58 0.9859 10.3 19
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Analyte Recovery LOD LOQ Linearity Reproducibility EF

(%) (ppm)  (ppm) (R?) (RSD)
Histidine 88.74 041 125  0.9891 6.6 25
Tyrosine 77.64 021 065  0.9983 9.6 11
Tyrptophan  97.74 063 191  0.9889 10.9 14

The LODs were calculated from the calibration curves. An example of the

chromatography for phenylalanine can be seen in the below Figure 4.21

800

700 -

600

S00 A

400 -

Response (counts)

300 A

200 -

100 A

20.4 20.6 20.8 21 21.2 21.4 21.6 21.8
Time (min)

Figure 4.21: LOD of phenylalanine. Chromatographic conditions as outlined in Figure
4.4.
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4.4.7. Comparison with published methods

The validated and optimised method has been compared to recently published methods
for the analysis of amino acids in dairy products. The comparison can be seen in Table
4.8. Li et al. used SFO-DLLME to quantify amino acids found in tobacco leaves and
analysed them by GC-MS [154]. The DLLME procedure was optimised using a “one
factor at a time approach”. The extraction solvent used was 2-dodecanol, this solvent has
a boiling point of 252 °C. To avoid the solvent peak masking the analytes eluting at the
same temperature, the MS was in selected ion monitoring (SIM) mode. While this is a
useful detection mode, it also poses a risk of damaging the sensitive ionisation filaments
in the MS instrument. Only the ions selected (which are chosen to represent specific
analytes/derivatives) will be observed in the mass spectrum, however all ions are
produced; potentially allowing large concentrations of ions to saturate the filament in the
ionisation source in the MS. This is even more critical when analysing complex biological

fluids, like milk, where there are many unknown compounds that could damage the MS.

Ehling and Reddy used limited sample pre-treatment to preconcentrate and extract leucine
from breast milk [163]. This group opted for methanolic protein precipitation before
transferring the acidified supernatant for analysis by HPLC-MS, specifically a triple quad
MS. Although using a sensitive detector, the LOD obtained was relatively high. This may
be due to the lack of preconcentration of leucine. Ehling and Reddy did not use DLLME
to preconcentrate and extract leucine from breast milk [163]. This group opted for
methanolic protein precipitation before transferring the acidified supernatant for analysis
by HPLC-MS, specifically a triple quad MS. Although using a sensitive detector, the

LOD obtained was 1 mg/L. This may be due to the lack of preconcentration of leucine.

By contrast, Mudiam and Ratnasekhar, combined DLLME and triple quad MS detection
for analysis of amino acids in hair, soybean, and urine samples [164]. The DLLME
method was optimised using a DoE approach. The factors were screened using a Placket-
Burman design followed by a Central Composite Design. It was determined that 80 pL
of TCE (extraction solvent), 0.25 mL of ACN (dispersive solvent), and a pH of 10 were

found to produce maximum peak area. The combination of DLLME, optimised by DoE,
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and a triple quad MS detector resulted in 0.36 — 3.68 pg/L LOD values for 20 amino

acids. The use of a triple quad MS resulted in lower LOD than was achieved in this work.

The work presented in this chapter analysed amino acids in commercial bovine milk using
GC-MS. This process was optimised using a factorial screening design and a central
composite design to determine the significant factors that resulted in the most efficient
extraction. The critical factors determined were ACN volume (dispersive solvent) and
chloroform volume (extraction solvent). In conducting screening experiments for this

work, it was found that pH did not significantly affect the derivatisation reaction.

Table 4.8: Comparison with published methods for free amino acid analysis.

Sample Analyte Derivatisation Derivatisation LOD Reference
agent time (min) (ppm)
Tobacco 11 Isobutyl <1 0.12-2.82 [154]
amino  chloroformate
acids
Breast milk  Leucine None N/A 1 [163]
Hair, 20 Ethyl <1 0.00036-  [155]
soybean amino  chloroformate 0.0037

seeds, urine acids

Bovine 20 Ethyl <1 0.37-0.84  Presented
milk amino chloroformate work
acids

4.5. Sample analysis

Commercial milk samples were purchased in a local shop and analysed according to the
method detailed in Section 4.3.4. Commercial milk samples included: protein milk (full
fat milk with added whey and casein protein), full fat milk, and slimline milk (0% fat).

Each milk sample was analysed, on the day of purchase (to) to determine if the storage of
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bovine milk resulted in a significant difference of the amino acid profile. The commercial
milk samples were then placed at 4 °C and the amino acid profile determined on the
sample expiration date (t1), 10 days later. The results of the analysis can be seen in Table
4.9 and typical sample chromatograms can be seen in Figure 4.22. The peaks eluting after
phenylalanine were identified using the mass spectral library. They were identified as

various siloxanes, whose formation has been described in Section 4.4.1.

0000

25000

20000

Response (koounts)

Time (min)

Figure 4.22: Sample chromatograms in EIC mode (a) full fat milk to, (b) full fat milk t;.
Peak identification: (1S) internal standard, (1) alanine, (2) glycine, (3) leucine, (4)
isoleucine, (5) proline, (6) glutamic acid, (7) phenylalanine. Chromatographic conditions

as outlined in Figure 4.4

Significant differences were determined by a t-test with the confidence interval set at
95%. At to, there was no significant difference in the selected amino acid concentrations
between the samples. Significant differences started to emerge at t;. Concentrations of
alanine showed a significant increase in protein milk, full fat milk, and slimline milk after
storage , which could possibly be due to casein and whey proteins undergoing proteolysis.

Glycine concentrations appeared to decrease but a p value could not be determined as
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glycine levels at t; were below the LOQ. Glutamic acid showed a significant increase in
the protein milk sample and the full fat milk sample. All other amino acids showed no

significant differences from to.
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Table 4.9: Selected free amino acids in commercial milk products.

Sample | Alanine (ppm) Glycine (ppm) Leucine (ppm) | Isoleucine (ppm) Proline (ppm) Glutamic acid Phenylalanine
(ppm) (ppm)
to t1p- to p- to t1p- to t1p- to, t1 p- to tip- to, ti p-

value value value value value value value

Protein 148 259 0.01 098 Below N/A 168 162 013 132 137 067 192 201 012 0.94 119 0.003 0.89 0.94 0.07

milk LOQ

(n=9)

Full fat 1.42 151 0.02 105 Below N/A 167 163 009 138 134 042 197 210 009 0.99 116 0.04 0.95 0.98 0.20

milk LOQ

(n=9)

Slimline 1.43 152 0.04 1.09 Below N/A 168 167 010 129 132 034 182 199 011 102 1.11 055 091 094 0.12

milk LOQ

(n=9)
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4.6. Conclusion

A rapid derivatisation method coupled with DLLME was developed for the analysis of
free amino acids in bovine milk. Both the derivatisation and DLLME processes were
optimised using DoE. For the derivatisation of amino acids using ECF, pyridine, and
ethanol; only ECF and pyridine were found to be significant. Values at the maximum
levels (600 uL) of the experimental design were determined to give maximum peak area.
DLLME was also optimised using DoE, and volumes of extraction solvent and dispersive
solvent were found to give greater peak area when dispersive solvent was at its maximum
(2 mL) and extraction solvent at its minimum (100 pL). The analytes were separated and
identified using GC-MS. The newly developed method was compared to previously
published methods for free amino acid analysis and has been shown to offer faster
derivatisation times and/or lower LOD values than using isobutyl chloroformate and
lower LOD than HPLC-MS.

The method was used to determine the free amino acid profile in commercial milk
samples and the effect of proteolysis on storage of these samples. While no significant
differences were found between samples at initial testing (to), differences were detected

for 3 amino acids (alanine, glycine, and glutamic acid).
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5. Future work

In the short term, the work presented in Chapter 2 and 3 could be further strengthened by
increasing the sample size in each study. The focus of this thesis was the development of
a DLLME procedure for the extraction and preconcentration of selected compounds from
bovine milk. The number of cows used provided adequate statistical significance for the

purpose of showing DLLME applicability to real world samples.

Chapter 2 investigated the effect of supplementation of cow feed with seaweed on the
tocopherol content in milk. The study was conducted on 12 cows: 6 cows had their feed
supplemented with seaweed, while another group of 6 cows were used as the control.
While a positive significant difference was detected in tocopherol content between
groups, it would be important to see if the results were replicated over a larger population
size. Also of interest would be the seasonal variability of the seaweed due to climate
conditions and weather. This would have an effect on the tocopherol content found in
bovine milk. In addition, other possible studies include: investigating the level of
supplementation with different quantities of seaweed. Chapter 3 investigated the
relationship between the fatty acid profile of bovine milk and the cow’s body condition
score and lactation cycle. Again, while the sample size was adequate to prove DLLME
could be applied to real world samples; the sample size was not large enough to be

considered as robust animal trial.

The methods developed in Chapter 4 could be further developed to include arginine and
serine derivatisation. Derivatisation by alkyl chloroformates still presents an attractive
derivatisation method. However, sensitivity could be increased further by developing
similar halogenated derivatisation reagents. Analysis could then be carried out in EIC or

SIM mode for the detection of the halogenated derivative.

In the longer term, DLLME has the potential to be applied to the interface between
chemistry and biology. lonic liquids have been used to extract and quantify DNA from
complex matrices using real-time PCR, and have been proven to be quicker than
traditional methods. [165,166]. Traditional methods to purify DNA are time consuming
and labour intensive. These methods include: phenol-chloroform liquid-liquid extraction,
sonication, and enzyme degradation. lonic liquids allow for a selective DNA extraction
which do not interfere with real-time PCR analysis. In 2013, Li et al. used IL-DLLME
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for the extraction and quantification of DNA from DNA solutions [167]. This preliminary
work was carried out using a model solution consisting of an aqueous solution of DNA

spiked with albumin and various metal ions to asses any matrix interferences.

An optimised IL-DLLME extraction method for DNA analysis from real samples
presents an interesting application to the techniques discussed in this thesis. An
interdisciplinary project could involve the development of a rapid DNA extraction
protocol and then apply it to areas such as biocatalysis or ecology. The method may have
the potential to allow rapid identification of genes that show promising enantioselectivity
for enantiomers of pharmaceutical value. While in ecology, the method may aid in
identifying what species has been active in the area through analysis of faeces, for

example.

While DLLME by itself has the potential to reduce analysis time, there is scope to
automate the process. The development of an automated IL-DLLME protocol and its
application to an area other than analytical chemistry could provide an interesting avenue
for further research. The automation of such processes has already been demonstrated in
similar areas, e.g. the automation of derivatisation procedures for gas and liquid

chromatographic applications [168-170]

For example, Duong et al. have shown that a microfluidic platform can be used for the
rapid derivatisation of lipids into FAMEs [171]. The lipids are derivatised using
methanolic HCI and the reaction took place in 6 minutes. This method has yet to be
applied to a milk sample but presents an interesting avenue for further exploration. Some

pretreatment would still need to occur, to remove proteins for example.

Sensors have been used to analyse compounds in a variety of food and biological matrices
[172,173]. An in-situ bismuth-film electrode has been used for the determination of
endocrine disrupters in skimmed milk [174]. The sensor was placed directly into the
sample and the endocrine disruptor was analysed at an elevated concentration. There is

potential to expand this technique to include the analyse of amino acids in milk.

Automated sample preparation techniques have been developed which use solvent
terminated DLLME. Guo et al. have used the autosampler on a GC-MS for the analysis
of phthalate esters in water samples [175]. Phthalates have also been the subject of
considerable analysis in dairy products [176-178]. The development of an automated
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DLLME protocol for phthalates in milk sample would greatly reduce sample preparation

times which would be of benefit to quality control laboratories

Moving away from DLLME, other interesting microextraction techniques are emerging
that could be applicable analysis of trace compounds in complex matrices. One such
example is headspace water-based liquid-phase microextraction. This is a green
extraction technique, that is completely solvent free and has previously been used for the
analysis of organic acids in wastewater [179,180]. As this is a headspace extraction
technique it has the potential to eliminate any matrix interferences, such as proteins. This
technique could be applied to volatile organic acids present in dairy samples. As the
extraction “solvent” is sodium hydroxide, this technique could be easily coupled to an ion
chromatography system using a conductivity detection system. It is hoped that this

process could also be automated.
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Appendix 1: Mass spectra of derivatised amino

acids

186



spectium 1A

BP: 115.9 (105%42=100%). amina acd mix 1.5ms

10.166 min, Scan: 631, 40:650, lon: 2182 ws. RIC: 231185, BC

a

1005

75%

2%

0%

40
B2

154

103

Gz

(CI
§=n
)

¥

l-alaning, n-ethoxyoarbonyl, ethyl ester

100

Acqured Range

m'z

187



SR

BP- 69,0 (12405=100%), amin acid mix 1.5ms

L

1A
13414 min, Scan 838, 400650, lon: 5639 us, RIC: 56886, BC

0
1

420
745

-l‘

Gl

0

o NH,

l-asparagine, n-ethoxycarbonyl-, ethyl ester

188



Spectnum 1A o
|§P~ 187.8 (40481=100%), aming acid mix 1.5ms 14,931 min, Scan: 935, 40650, Jon: 2538 s, RIC: 150700, BC
] EE
T A1 0
] 0 OH
6% "ADJL‘N o._~
: H
3 o
: l-aspartic acid, n-ethoxycarbonyl-, ethyl ester
% 1420 pa y y Y
3 19115
4%
e
1 740
1 8361
e
0%
| |||||. L. || ,| |||| h"‘ il ].
110 140 20 0 N

189



bwﬂﬂ.ll'ﬂ 1A
BP- 156.0 (56334=100%), amino acid mix 1.5ms

Ll
20,379 min, Scan: 1262, 40650, lon: 1360 us, RIC: 139910, BC

120
e
E

i
10245

1!?.;
=2
o SH
,a-"'"‘“.DJJ\N 0‘\#’"
H 0o

l-cysteine, n-ethoxycarbonyl-, ethyl ester

e

Acoured Ranoe  mi

190



Spectum 14

P 128.0 (3260=100%), amino acid mix 1.¢me

0
16252 min, Scan: 1019, 40:850, lon: 16174 us. RIC: 15333, EH:LH

4 1280
100% 30 ]
0 D“::’D
A OH
5%
] l-glutamic acid, n-ethoxycarbonyl-, ethyl ester
202.0
Ha
=N
] 1847
- [ 1
1558
A EE]
2551 i
I]':I'r. _n_nd.ll_.u_L_.u
T T 1T T L |
100 200 500 2]

191



PRI 1M
BP- 83.0 (20146=100%). ghaamine 1.sms

U

15,008 min, Scanc 3419, 400650, lon: 3178 us, RIC: 91369, BC

100% | zsﬂi.n
46
_ . E‘% 0 %%
1 H
T5%
| l-glutamine, n-ethoxycarbonyl-, ethyl ester
1 0%
2%
m.l_. IH|||: |.”I ||||.|] || | |. -||| ‘Il. 1 L pliin
T "N 15 'R

192



|i:‘per,tﬂ.|m 1A

BF- 101.8 (29696=100%). aming ackd mix 1.5me

(95
10,253 min, Scan: B39, 40:650. lon- 4786 us, RIC: 70304 BC

a

B

£3

o

,-v“’"“-g.)l\ﬁ /\gzov’

i
I-glycine, n-ethoxycarbonyl-, ethyl ester
Jum-f
e
175.3
6935
%
0%
1% .hl‘ ||‘.I ol 1 Lilk | I|
IR 0 150 am 2,
Acqured Range  miz

193



ﬁ'.'; &w—mm aming acid mix 1.5ms 20913 min, Scan 1316, 40650 loer 3627 us, RIC: B1220, acu
100%- gg
2432
#0 N || NH
ey 2
0 M
5% ,-"'"‘*.D"JJ\N D‘-\..f'"
1 H
|-histidine, n-ethoxycarbonyl-, ethyl ester
1 166.0
i ) 1541 3861
1 361
136.1
’ 52
1
285 3:2;11 i1l
i
%]
(1% I| | 1 I| ‘ | ] |‘| 1 | ‘ || ;l | I I
50 w s M 250 w ® .

194



DpeCINam 1A, O
BP. 158 1 (93053=100%). isolerine 1.sms 12.900 min, Scan 806, 40-650. lon 1312 us. RIC: 293889, BC
151
4353
o]
A0
l-isoleucine, n-ethoxycarbonyl-, ethyl ester
1021
N
pirk
15535
A |||,|,| ||| | 1 il ] i | |
EN 0w o 0 X 0w o, 350

195



specinem 14
BP: 157 8 (52873=100"%), amino acid mix 1.sms

12702 min, Scan 793, 400650, lon: 2278 us. RIC: 163428, BC

“ Ll |.]||‘I|

10149
673

158
T3

0]
O

I-leucine, n-ethoxycarbonyl-, ethyl ester

e

196



SPACHUMm 18 (254
EF 174.9 (42385=100%). amino acid mix 1.5ms 15,782 min. Scan: 989, 40-650. lon 1018 us RIC 4912 BC
100%]] 1;&;3li i

] i
5~
1200 o
U7
J/H“D'JLN o~
75% H
;ﬂﬁg |I-methionine, n-ethoxycarbonyl-, ethyl ester
509
25105 1010
it i
lm’: 1158
1 13402
56.0
13173
25%]
] ] |‘”||I l||||||l|. ||-|“ ]lhll.l. al MJLL N |.|.| l‘ ‘lj I.L.J ‘llJ ...I‘ |l AlL -u“hl i e I il
....... —,————————————————————————————
] 100 150 200 20 | -

197



Spectum 14 g

BP: 176.0 (42364=100%). amino acid mix 1 sms . 17,051 min, Sean: 1070, 40650, koer 744 us. RIC: 339241, BC
] 50
L,
1520
36042
810 _
%63 |
O 4
1019 f"“g-’u\ﬂ O~
27355
H oo
1201 1310 .
W00 733 I-phenylalanine, n-ethoxycarbonyl-, ethyl ester
1480 ]
15825 |
40
168473
.|I||| ”I . .||II I‘“ I hl” ; |n ||H || L ; | ].I.". . .|I| . .‘l ‘. ]
1 | | T I
50 100 150 20 %0

198



1
13.243 min, Scan: 827, 40:850, lon: 1291 us, RIC: 277617, BC

B

]

10%

eI 18
BP: 142.0 (114908=100%). aming acd mix 1.5ms
0]
0.0
] 60209
s
40

ifo
"

o
Mo

d""ir O

l-proline, n-ethoxycarbonyl-, ethyl ester

Acqured Range  miz

199



Spectum 1A

o
12,918 min_Scan: $7. $0:650, lon: 502 us, RIC: 674419, BC

dlfl'.l'r;

0%

EF. 2061 (172375=100%). serine 1.sms

11

hT

o OH -
o O

|-serine,n-ethoxycarbonyl-, ethyl ester 1

1321
B6E10 ]
B2
i 1011 1793 1
44837 4425]
: J‘H"I .|‘|| il hol, |.| Ls || |I|I| 1 | .|I .‘l ..| 1
W 'R 'R 'R

Acquied Range  miz

200



specinim 1A

BP 101.1{22413=100%]. theeonine 1.sms

13.010 min Scan: §13. £0:650, lon: 3005 ws, RIC: 113523, BC

100%~ ;gqﬁ 129.0 E
- 13 581
go-
oo
T5% |-threonine, n-ethoxycarbonyl-, ethyl ester .
0% ]
- R 10d0
1 843
) 52
o .FI}&:'
1 810 1750
2] 720 553 1
w“- .I|‘]| .||Ll|| waallly ||||. Ll nii [!|| | [l
R 'S B0 20 EVR N
I

Acquired Range

201



specinem 1A o
BP: 192 0 (53364=100%), amino acid mix 1.sms 21.914 min, Scan 1379, 40.650.lon 735 us, RIC: 429636, BC
3 070 m
] BAd51
Eu OH
5 o)
B
’hDJ\N o~
L "o
5 I-tyrosine, n-ethoxycarbonyl-, ethyl ester
o
»:
]
108
I:ﬁé | 1 il l.l]- al I || ‘
' 100 S ' 400

Acqured Range  miz

202



Spectum 14
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Diispersive liquid-liquid microextraction (DLLME) is an extraction technique developed within the last decade, which involves
the dispersion of fine droplets of extraction solvent in an aqueous sample. Partitioning of analytes into the extraction phase is
instantanesus due to the very high collective surface area of the droplets. This leads to very high enrichment factors and very low
solvent consumption, relative to other liquid or solid phase extraction methods. A comprehensive review of the varions medes of
DLLME in the analysis of organic and inorganic analytes in dairy products (milk, cheese, infant formula, yogurt, and breast milk)
Is presented here. Dairy products present a complex sample mairix and the removal of interfering matrix components can prove
troublesome. This review focuses on sample pretreatment prior to the appropriate DLLME procedure, the extraction and dispersive
solvents chosen, derivatisation methods, and analytical figures of merit. Where possible, a critical comparison of DLLME methods
has been undertaken, The overall suitability, and limitations, of DLLME as a sample preparation technique for dairy products has

been assessed.

1. Introduction

One of the most important steps in any analytical procedure
is the extraction and clean-up of the sample in question.
There are a variety of methods that perform these tasks,
such as liquid-liquid extraction (LLE) [1] and solid phase
extraction (SPE) [2]. While these methods perform the above
tasks adequately, they also suffer a number of drawbacks.
Both LLE and 5PE are environmentally unfriendly due to the
large amounts of organic solvents used, they are slow, and
labour intensive. The use of an SPE method also requires the
purchase of solid phase extraction cartridges.

The development of microextraction techniques has gone
some way to resolving some of these problems. Solid phase
microextraction (SPME) was first developed in 1990 [3] and
has been used extensively for a range of analytes (triazines
from water [4], cephalosporins from milk [5], and short chain
fatty acids from rat faeces [6]). Although SPME is more
environmentally friendly than LLE and 5PE as the technique

does not require solvents, it still presents considerable dis-
advantages. The SPME fibres have a limited lifetime and are
expensive and sample carryover can be an issue.

Liquid phase microextraction (LPME) offers an alterna-
tive to SPME. LFME can be divided into three classes: single
drop liquid phase microextraction {SD-LPME) [7], hollow
fibre liquid phase microextraction (HF-LPME) [8], and
dispersive liquid-liquid microextraction (DLLME) [9]. All
three forms of LEME are environmentally friendly since the
volume of organic solvent used is typically in the microliter
range. These methods do not have the high cost and sample
carryover problems associated with SPME. Even though SD-
LPME vastly reduces the volume of organic solvent used,
there are other intrinsic problems with this method. Excessive
stirring tends to break up the droplet, the extraction is
time consuming, and reaching equilibrium can often prove
challenging [10]. The development of HE-LPME [£] provides
a way to stabilise the extraction droplet in SD-LFME by
placing it in a hollow fibre but in general the method still
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requires long extraction times of at least 20 minutes [11]
althnugh methods have been reported using extraction times
as low as eight minutes [12]. DLLME is the latest development
in LPME and is discussed in more detail below.

2. Principles of DLLME

In a typical DLLME protocol, an extraction solvent is mixed
with a dispersive solvent and this solvent mixture is then
rapidly injected into the agueous sample. The rapid injec-
tion of the extraction-dispersive solvent mixture produces
a cloudy solution, formed of microdroplets of extraction
solvent dispersed in the aqueous sample as shown in Figure L
The formation of a cloudy solution/emulsion allows for the
instantaneous partitioning of analytes from the agueous
sample into the extraction phase (a major advantage of this
technigue). This is achieved by the large surface arca relative
to LLE created by the numerous microdroplets. The doudy
solution is then centrifuged which breaks the emulsion into a
two-phase system allowing for easy recovery of the extraction
solvent for analysis.

There are several requirements that must be fulfilled in
order for DLLME to be successful. The extraction solvent
must be immiscible with water and miscible with the disper-
sive solvent and show a high afhnity for the target analytes.
In what will be referred to hereatter as “traditional DLLME,”
the extraction solvent is typically denser than water such
that it will form a “sedimented phase” upon centrifugation
for casy collection with a fine syringe needle. Conversely, the
dispersive solvent has to be miscible with both the extraction
solvent and the aqueous sample. Ideally, the extraction
solvent will be compatible with the analytical technique
being used; otherwise evaporation of the extraction solvent

and reconstitution in an appropriate solvent is reguired.
Alternatively, in-syringe back extraction could be used to
cxtract the analytes into a compatible solvent [38]. Prior to
analysis, the volume and type of extraction and dispersive
solvent, ionic strength, pH of the aqueous phase, extraction
time, and centrifugation time must be optimised to ensure
quantitative extraction of analytes.

An efficient DLLME method is characterised by a high
enrichment factor (EF) and high relative recovery (RR).
Enrichment factor (EF) is calculated as shown in (1), where
(C,, represents the concentration of the analyte in the original
sample and C_; represents the concentration of the analyte
in the sedimented extraction solvent.

C,
Enrichment factor = —=2 (1)
Co
The RR is calculated according to (2), where Cigueq shows
total amount of analyte found after addition of standard,

C,.y is the original concentration of analyte in the sample,
and C 4, is the amount of standard that was spiked into the

original sample.
Cround = Creal
add

Relative recovery = w100, (2)

3. Alternative Modes of DLLME

Recently, low-density solvents have been used as extraction
salvents in DLLME in order to increase the range of extrac-
tion solvents compatible with the method. This mode is called
low-density solvent based DLLME (LDS-DLLME) [39] and
the extraction solvent (including toluene, xylene, hexane, and
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heptane) floats on the surface of the aqueous phase after phase
separation is induced. The solvent is recovered using a fine
needle and this process is simplified when specialist glassware
or other vessels are used to trap the floating solvent in a
narrow restriction in the vessel [40] as shown in Figure 2(b).
An advantage of LDS-DLLME is that, after centrifugation,
any matrix components will be sedimented at the bottom
of the extraction vessel while the extraction solvent will
be floating on top. This will lead to a cleaner extract and
potentially cleaner chromatography [41].

Solidified floating organic drop DLLME (SFO-DLLME)
was developed by Melwanki et al. [38, 39] and involves the
use of low-density extraction solvents having a melting point
close to room temperature (typically I-undecanol or 1-dode-
canol). After phase separation the floating extraction solvent
is frozen by placing the vessel on ice after which the frozen

drop is easily collected into a separate vessel where itis usually
diluted with a chromatographically suitable solvent prior to
analysis [42]. While the use of a less toxic extraction solvent
is advantageous, the choice of extraction solvent is limited
to those that have a melting point at approximately room
temperature [43].

Additional modifications to DLLME methods include the
climination of time-consuming centrifugation steps via the
use of a deemulsification solvent which causes phase separa-
tion of the emulsion upon its addition [41]. Seecbunrueng et
al. have reported a similar method whereby the addition of a
salt (AICL,) is used to induce phase separation due to a dis-
ruption of the interfacial tension at the droplet surface [44].
Alternative methods have also been developed to enhance the
dispersion of the extraction solvent throughout the aqueous
sample. The use of ultr d, vortex, or I shaking will
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increase the number of microdroplets of extraction solvent
resulting in an even larger surface area [45]. Effervescence
assisted DLLME involves the in situ generation of bubbles of
€0, to assist the dispersion of the extraction solvent, remov-
ing a need for the dispersive solvent. The CO, is produced
by adding a mixture of sodium carbonate and a weak acid
(citric acid), usually in the form of a pressed tablet [44, 46].
This technique allows for the reduction in the use of organic
solvents, potentially lowering the cost of the overall analysis.

Adir assisted dispersive liquid-liquid microextraction
(AA-DLLME) removes the need for a dispersive solvent by
repeatedly aspirating the aqueous phase and the extraction
solvent into a glass syringe until a doudy solution is formed
[40]. Methods to allow casier recovery of the extraction
solvent have also been developed. Hydrophobic magnetic
nanoparticles interact with the extraction phase and can be
sedimented by applying a magnet; this eliminates the cen-
trifugation step [47]. The use of magnetic nanoparticles has
also been combined with effervescence assisted dispersion,
mentioned above [46]. A schematic of this method can be
seen in Figure 2(a).

Surfactant assisted DLLME (SA-DLLME) uses surfac-
tants as dispersive solvents [34] whereas clond point DLLME
(CP-DLLME) uses surfactants as an extraction solvent to
produce a surfactant rich sedimented phase after centrifuga-
tion [48]. Specifically, it involves heating the sample solution
containing the appropriate surfactant past its cloud point.
The doud point is defined as the temperature at which phase
scparation occurs and the analytes arc extracted into the
surfactant rich phase as shown in Figure 2(c). lonic liquids
have been used as an alternative to traditional organic extrac-
tion solvents in ionic liquid DLLME (IL-DLLME) because
they have tuncable physicochemical properties. For example,
ionic liquid miscibility in cither water or organic solvents
can be controlled by selecting the appropriate anion/cation
combination and by incorporating the proper functional
group within the IL. In addition, they exhibit lower toxicity
than organic extraction solvents [49]. lonic liguids have
also been used as both dispersive and extraction solvents in
combination with ultrasound assisted dispersion, referred to
as ultrasound assisted ionic liquidfionic liquid DLLME {UA-
IL/IL-DLLME) [29]. In an effort to improve selectivity for
polar or acidic/basic analytes, pH-controlled DLLME (pH-
DLLME) has also been developed [50]. By performing two
DLLME procedures it is possible to remove matrix inter-
ferences in the first extraction step, followed by a back extrac-
tion after appropriate pH adjustment.

4. Modes of DLLME Used in Dairy Analysis

4.1 Traditional DLLME. Prior to a DLLME procedure on a
complex matrix such as milk, lipids and proteins must be
climinated since they can act like surfactants and disrupt
the interfacial tension at the droplet surface, hindering phase
separation [51]. A list of sample pretreatment procedures,
extraction solvent type and volume, dispersive solvent type
and volume, analytical method used, and analytical figures
of merit can be found in Table L One of the first reports
of traditional DLLME used to extract analytes from dairy

Journal of Chemistry

products was in 2004 by Daneshfar et al. [19] who extracted
cholesterol in several food samples (egg yolk, milk, and olive
oil). Previously centrifuged milk samples were subjected to
acetonitrile precipitation to eliminate proteins and the aque-
ous supernatant (after further centrifugation) was subjected
to a DLLME protocol. Acetone, ethanol, and acetonitrile
were trialled as dispersive solvents using carbon tetrachloride
as extraction solvent. Ethanol (0.8 mL) resulted in highest
recoveries for cholesterol; lower and higher volumes resulted
in cither unstable emulsions or higher solubility of choles-
teral in water, respectively. Four extraction solvents (carbon
disulphide, dichloromethane, chloroform, and carbon tetra-
chloride) were tested but only carbon tetrachloride (35 ul)
vielded stable suspensions with ethanol. An extraction pH
of 8.5 maximised recovery and partition of cholesterol was
also deemed instantaneous upon generation of the stable
emulsion (ie., extraction time was several seconds). Non-
aqueous reversed phase HPLC was used to quantify the
analyte: because of poor chromatographic behaviour carbon
tetrachloride extracts were evaporated to dryness and recon-
stituted in ethanol for injection. The method proved linear
in the range 0.03-10ugL™ and the LOD was 0.01 g L™
representing detection limits 100 times lower than previously
reported methods for cholesterol determination in milk.

Later in 20011 Farajzadeh et al. wsed DLLME for the
extraction and preconcentration of triazole pesticides from
milk samples [20], using GC-FID and GC-MS to quantify the
analytes. Proteins were precipitated using both acetonitrile
precipitation and MaCl salting out and the pesticides were
preconcentrated from LOmL of the ACN supernatant by
adding 40 uL of chloroform and rapidly injecting the mixture
into 5 mL of deionized water. After a 5-minute centrifugation
at 4,000 rpm, enrichment factors of 156 (penconazole), 166
(hexaconazole), 180 (tebuconazole), 243 (triticonazole), and
387 (difenconazole) were achieved. The linear range was as
wide as 20-%0,000 ug: L™ for penconazole and hexaconazole
and the lowest recorded LOD value was 4 pg:L™ for hexa-
conazole.

That same year, Liu et al combined SPE and DLLME
to enable the determination of 14 different polychlorinated
diphenyls (PCDEs) and polybrominated diphenyl ethers
(PBDEs) in milk using GC-MS [24]. To precipitate proteins,
50% NaOH and acetone were added and the samples were
heated at 70°C in a water bath. Afterwards, the analytes
were extracted into 5ml of hexane, dried over anhydrous
sodium sulphate, and concentrated to 2mL by evaporation
before loading onto the SPE column. The resulting fractions
from SPE were dried and reconstituted in 1mL of acetone,
which was used as the dispersive solvent in the optimised
DLLME procedure. Chlorobenzene (19 ) was mixed with
the dispersive solvent and rapidly injected into 5 mL of Milli-
() water. The developed SPE-DLLME procedure proved to be
effective since the sample matrix did not have a significant
impact on extraction efficiencies. The method provided
good recoveries and %RSD values for both polychlorinated
diphenyls (recovery: 100.0-131.8%; precision: 3.20-10.20%)
and polybrominated diphenyl ethers {recovery: 74.0-93.6%;
112-12.34%).
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Cunha et al. expanded the range of dairy samples from
milk to infant formula, while analysing bisphenol A (BPA)
and bisphenol B (BFE) content using heart-cutting GC-MS
[25]. The authors developed an optimised DLLME method
coupled with in sifu derivatisation using acetic anhydride in
the presence of potassium carbonate (E;C0O4). After protein
precipitation using trichloroacetic acid, K;C0; was added
until the pH was greater than 10; this mixture was then
used as the aqueous phase in the DLLME procedure. The
dispersive-extraction solvent mixture (440 ul. ACK/S30 pl
tetrachloroethylene) was combined with 30 ul of acetic acid
as derivatisation agent and rapidly injected into the aqueous
phase and the resulting cloudy suspension was allowed to
react for 1 minute. Using deuterated BPA as an internal
standard, recovery of BPA and BPB was found to be 114%
and 68%, respectively. The method was linear between 0.5 and
10 g L™ for both analytes and low LODs (BPA: 60.0 ug L™,
BPFE: 30 ug L'I) were obtained corresponding to high enrich-
ment factors (BPA: 237, BPB: 220). The method repeatability
was 7% when the analytes were at a concentration of
02pug L™

In contrast with Liu et al. [24], Han et al. combined
saponification, LLE, and DLLME in the determination of
PBDEs in milk using GC-MS [22]. Saponification was carried
out by adding a sample of milk to 50% NaOH and ethanol;
this mixture was heated to 70°C under reflux for one hour.
The saponified mixture was cooled and rinsed five times
with petroleum ether. The washings were collected and cen-
trifuged. The supernatant was dried over anhydrous sodium
sulphate and evaporated to dryness under nitrogen.

The residue was reconstituted in 2mL of ACN. To
carry out the DLLME procedure, 1 mL of the ACN solution
(dispersive solvent) and 22l of 1,1,2,2-tetrachloroethane
(extraction solvent) were combined and then rapidly injected
into 5mlL of deionized water. The cloudy solution was
centrifuged and the sedimented phase was removed and dried
under nitrogen. The resulting residue was dissolved in 15 pL
of hexane and used for GC-MS analysis. The combination
of saponification, LLE, and DLLME resulted in effective
matrix removal, lower LODs (0.012-0.29 gg L™), and higher
recoveries (83-120%) than were reported by Liu et al. The
above method also had high enrichment factors {270-307)
and a short extraction time of 15min. This method has
the potential to be applied to the analysis of other organic
compounds in fatty foods.

In 2012, traditional DLLME was coupled with GC-FID
and GC-MS for the analysis of several phthalate esters
found in milk [21]. Proteins were precipitated and phthalate
esters (dimethyl phthalate (DMP), diethyl phthalate (DEF),
di-isobutyl phthalate (DIBF), di-n-butyl phthalate (DNEF),
and di-2-ethylhexyl phthalate (DEHP)) were extracted using
MaCl and ACN. It was found that maximum peak area
for all analytes was obtained when 0.8 mL of ACN (from
the previous extraction step) was mixed with 20ul of 1,2-
dibromocthane and then rapidly injected into a 8% NaCl
solution. ldentification of analyte peaks found in GC-FID
chromatograms was confirmed by GC-MS. Enrichment fac-
tors were very high for all analytes, 397-499. This optimised
DLLME method was compared to other methods in the

literature for the analysis of phthalate esters in milk. Although
a reported LLE-LC-M5/MS method had a much lower LOD
(LLE-LC-MS/MS: 0.01-0.5 pg L™, DLLME: 0.5-3 ug L™ ) the
extraction time was much longer (LLE-LC-MS/MS: 100 min,
DLLME: 15 min).

Vifias et al. determined the concentration of thiamine
in infant formula and fermented milk using traditional
DLLME with HPLC fluorometric detection [13]. All samples
underwent a derivatisation reaction to differentiate between
thiamine and its esters. The maximum peak area was achieved
by selecting ACN (500 L) as dispersive solvent, tetra-
chloroethene (90 pL) as extraction solvent, an aqueous phase
with an ionic strength (NaCl) of 24%, and centrifugation for
1 minute at 4,000 rpm. The results indicated that DLLME
was time-independent, as equilibrium was reached almost
instantaneously. The optimised DLLME procedure resulted
in lower extraction times (a few seconds) compared to
a LPME method (30min), better extraction efficiency, an
LOD of 0.09 pg L™, and linearity between 0.5 and 10 ug L™,
Recovery of thiamine in infant formula was found tobe 98.7%
with an RSD of 5.4%.

It was 2013 before DLLME was coupled with field-
amplified sample stacking in CE, in the determination of five
different nonsteroidal anti-inflammatory drugs (NSAIDs) in
milk, yogurt, and cheese [17]. As with other milk samples
previously mentioned, proteins were precipitated using phos-
phoric acid, NaCl, and ACN and centrifugation. Hexane was
added to the supernatant to remove any fat present; the
hexane was then discarded and the ACN layer was used in
the DLLME procedure. For cheese and yogurt, the samples
were homogenised with 2mlL of deionized water and the
same procedure was followed as outlined above. The results
from the optimised DLLME procedure were compared to
other preconcentration techniques used in the extraction of
NSAIDs. The extraction time was at least five times faster than
other reported methods and used at least half the amount of
organic solvents.

Campillo et al. analysed several macrocyclic lactones in
milk using HFLC-DADY coupled to atmospheric pressure
chemical ionization in negative ion mode ion-trap tandem
mass spectrometry (APCI-IT-MS/MS) [15]. Prior to DLLME,
the proteins were precipitated using TCA. The maximum
peak area was achieved when ACN (2ml) as dispersive
sobvent and chloroform {200 ul) as extraction solvent were
used. The optimum ionic strength of the aqueous phase
was obtained by adding MaCl to achieve a concentration
of 24% wfv. Using DAD} detection, the widest linearity was
5-2500ng g™ (DOR) while the lowest LOD was 0.3ngg™
(MOX and DOR). The lowest LOD achieved by MS/MS was
0.03ng g"' . LC-MS/MS detection produced higher selectivity
and improved sensitivity.

Campone et al. used a Box-Behnken experimental design
to optimise the DLLME procedure used to determine afla-
toxin M, (AFM,) in whole, skimmed, and powdered milk
with UHPLC-MS/MS detection [18]. The authors also com-
pared two different methods for protein precipitation. Firstly,
acetic acid was added and then the sample was heated to
1007 C for 3 min and centrifuged and aqueous supernatant was
used in the DLLME procedure. This method resulted in a
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recovery of only 42.7%, possibly due to proteins binding with
AFM,. The second method investigated used MaCl and ACN
to simultaneously precipitate proteins and extract AFM,
into the ACN. After centrifugation, the ACN supernatant
was used as the dispersive solvent in the following DLLME
procedure. The volumes of chloroform and ACN that resulted
in highest recovery were 15mlL and 38ml, respectively.
The mixture of extraction and dispersive solvent was rapidly
injected into 5SmL of water. Recovery for whole, skimmed,
and powdered milk was 75.3%, 74.2%, and 73.3% with pre-
cision ranging from 1.6% to 76%. The method was linear from
0.25to 25 ug L™" and had a LOD of 0.6 ngkg".whi.ch is lower
than regulations (50 ng kg™ [53]).

In 2014, Arroyo-Manzanares et al used traditional
DLLME for the determination of several sulphonamides in
milk; the analytes were detected by HPLC with fluorescence
detection [16]. The authors also compared their optimised
DLLME procedure to QuEChERS. Proteins were precipitated
using TCA and then filtered. The DLLME extraction proce-
dure was optimised using a central composite design. The
optimum volumes for the extraction solvent {chloroform)
and dispersive solvent (ACM) were 1mL and 1.9 mL, respec-
tively. DLLME resulted in lower LODs {0.73-1.21 geg L™) than
QuEChERS (115-2.73 ug L™ and higher recoveries (92.9%-
104.7% compared to 83.6%-971%, when samples were spiked
with sulphonamides at 150 gg L™'). QuEChERS did prove to
be more reproducible than DLLME with lower %RESD values
of 29%-71% and 3.0%—9.7%, respectively.

DLLME was coupled to QuEChERS in 2014 for the
determination of six antibiotic flunroguinolones with HPLC-
UV detection [23]. The dried supernatant from the QuECh-
ERS method was resuspended in LOmL of a 10% acetic
acid-ACN mixture, combined with 200 uL. of chlomform
and rapidly injected into 4mL of deionized water. The
doudy solution was centrifuged for 5 min at 4,500 rpm. By
coupling QuEChERS to DLLME, the authors have removed
matrix interference, which is common problem with the
detection of fluoroguinolones. The method shows good
recovery (74.1-1004% for all analytes) and low LOQs (below
25ugkg™ for DAN and below 15 ugkg™ for all other ana-
Iytes).

In 2015, Alshana et al. determined the concentration of
parabens in breast milk and ice cream using DLLME with
back extraction before being analysed by CE [30]. Phosphoric
acid (100 L), ACN (L5mL), and NaCl solution {0.5mL)
were added to samples prior to vortex mixing for 1 minute
and centrifugation for 3 minutes at 4,000 rpm. The ACN
supernatant (1 mL) was then used as the dispersive solvent
in the DLLME step. Chloroform (200 L) was added as
the extraction solvent before the sample was made up to
8mL with deionized water. The sample was vortexed for 1
minute which resulted in the formation of a cloudy solution.
Adter centrifugation, the sedimented chloroform phase was
transferred to a microtube where the analytes were back
extracted into 80 ul of BES for direct injection into CE.
Enrichment factors for each paraben ranged from 7.0 to 107
and LOD values were between 100 and 200 ug L™, while RSD
values were from 0L6% to 2.3%.

Journal of Chemistry

4.1.1. Ultrasound Assisted DLLME. Ultrasound assisted
DLLME was first used on a dairy product for the determina-
tion of phthalate esters (DME, DEF, DEF, BBE, DNOP, and
DIOP) in milk wsing GC-FID [26]. Before UA-DLLME
could take place, TCA and lead acetate were added to the
milk samples. A mixture of MeOH (800 uL) and carbon tetra-
chloride (40 uL) was used as the dispersive and extraction
solvent, respectively. Once the doudy solution had formed,
it was placed in an ultrasonic bath for two minutes. The UA-
DLLME method resulted in low LODs (0.64-0.79 ngg"].
high enrichment factors (220-270), and %RSD values from
2.8 to 4.0k,

In 2003, simultancous derivatisation and UA-DLLME
were developed for the determination of chlorophenols (13-
DCPE 2,3-DCPE, and 3-MCPD) in milk using GC-MS [27].
Proteins were precipitated by ACN (2 mL), which was also
used as the dispersive solvent. Both the extraction solvent,
chloroform (100 uL), and the derivatisation reagent, HFBI
(50 L), were mixed with ACN. After the formation of the
cloudy solution, the sample was placed in an ultrasonic bath
heated to 30°C for five minutes. This was to aid emulsion
formation and to ensure that derivatisation was complete.
The extraction parameters were optimised by experimental
design. LODs as low as 0.9-3.6 g L™ were achieved along
with recoveries ranging from 99% to 102%.

Karaseva et al. coupled QuEChERS to UA-DLLME for
the determination of aflatoxins Bl and Ml in milk and
cheese samples using HPLC with fluorescence detection [28].
QuEChERS was used as a sample pretreatment protocol and
to initially extract the aflatoxins from the milk samples. ACN
(3mL) and chloroform (500 ulL) were used as dispersive and
extraction solvents, respectively. Once a cloudy solution had
formed, it was placed in an ultrasonic bath for two minutes.
The sedimented phase that was produced after centrifugation
was dried under nitrogen. The residue was then reconstituted
in ACN and subjected to HPLC analysis. The limits of
detection for both Bl and M1 were 0.1 pgfkg and 0.01 pg/lkg,
respectively. Recoveries for Bl for all samples were between
51.2% and 75.4%, while M1 had recoveries between 52.5% and
72.2%. Total sample preparation time was approximately 15
hours.

4.1.2. Low-Density Solvent DLLME. Solvents that have a den-
sity lower than water were used as extraction solvents in the
determination of benzoate and sorbate in yogurt drinks [35].
Sample preparation involved protein precipitation by Na(OH,
H,50,, potassium hexaferrocyanide, and zinc acetate. The
supernatant from the previous step was used as the aqueous
phase for LDS-DLLME. Ethanol (450uL) and l-octanol
{60 ul) were used as the dispersive and extraction solvents,
respectively. After centrifugation of the cloudy solution, the
loctanol was removed and injected into HPLC-UV system
for analysis. The LDS-DLLME parameters were optimised
by a central composite experimental design. This method
was compared to several other procedures reported in the
literature for the analysis of benzoate and sorbate. LODs for
this method (benzoate: 0.06 g L™, sorbate: 015 g L™ ) were
much lower than those found in other methods (benzoate:
122-900 g L™, sorbate Z—SEHJFET_'])_ The method also
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provided good recovery of both benzoate (91.25%) and
sorbate (106%).

Abedi et al. also determined benzoate and sorbate con-
centration in milk, cheese, and yogurt drinks by LDS-
DLLME, this time using GC-FII as the detection method
[33]. Many aspects of the papers are the same: both methods
are optimised by central composite design, both use similar
sample pretreatment procedures, and both have found that
the optimum extraction solvent is 60 L of l-octanol. Abedi
et al. have found that 475 uL of acetone is the optimum disper-
sive solvent. The newly developed LDS-DLLME-GC-FID
method showed recoveries of benzoate (103.7%) and sorbate
(88%) that differ from the previous paper. LODs were 140ng
g" and 150 ng" for benzoate and sorbate, respectively.

In 2005, Amoli-Diva et al. coupled LDS-DLLME with
vortex-assisted  dispersive solid phase extraction (VA-D-
SPE) for the analysis of aflatoxin M1 in milk samples
[34]. Once the optimised LDS-DLLME emulsion had been
formed (extraction solvent: I-heptanol; 320 ul., dispersive
solvent : MeOH/water (80:20); 3mL), 500 uL of adsorbent
(containing acid modified magnetic nanoparticles (MMNFs))
was added and the sample was agitated on a vortex. An
external magnet was applied which allowed the safe removal
of supernatant. The analyte was desorbed from the adsorbent
by the addition of 2mL of ACN. Finally, the analyte was
scparated from the MNPs by magnetic decantation. The
ACN eluent was evaporated to dryness and the residue was
reconstituted in Triton X-100 before anabysis by fluorescence
spectrophotometer. The method had an LOD for aflatoecin M1
of 0.013 ug L™, a linear range between 0.02 and 200 ygL‘l.
and an extraction time of 20 min.

413 UA-RM-DLLME. Previously, all analytes mentioned
have largely been nonpolar, hydrophobic compounds. Roosta
et al. have developed a method using a surfactant that
forms reverse micelles (Triton X-100) for the determination
of acetoin, a polar compound, in butter using an ultra-
sound assisted-reverse micelle-DLLME procedure coupled
with HPLC-UV detection [31]. The butter samples (2 g) were
melted by heating at 40°C for 5 minutes before dilution with
2mL of hexane and adding Triton X-100 (1.25% wiv]. The
sample was mixed by vortex for 1 minute. Distilled water
(400 uL) was added as a modifier and the formation of a
doudy solution was produced by placing the sample in an
ultrasonic bath for 4 minutes followed by centrifugation.
The extraction process was optimised by a Box-Behnken
experimental design. The LOD for the developed method
was found to be 200ug L™, while extraction recovery and
repeatability were 96.40% and 2.86%, respectively.

414, [L-DLLME. Room temperature ionic liguids are
another  alternative green  extraction  solvent. Recently,
in 2015, an [L-DLLME procedure was developed for the
determination of nifurtimox (NFX) and benmidazole (BNZ)
in breast milk coupled to HPLC-UV [37]. Proteins and lipids
were removed by the addition of a precipitation mixture
(HCIDy, H; POy, and methanol) followed by incubation at
80°C for 60 minutes. After centrifugation, the supernatant
was separated from the solid material (proteins and lipids).

This process was repeated and the supernatants combined.
Analysis of NFX and BNZ was carried out separately using
two different IL-DLLME procedures. For NFX, a mixture
of NaOH (50ul; 2M) and KCl (150 yL: 30%wiv) was
added to the supernatant. Then 42ul of [C,C,im][PF,],
as extraction solvent, and 80 ul of MeOH, as dispersive
solvent, were rapidly injected into the above supernatant.
For BNZ, a mixture of Ma(H (45 ul; 2 M) and KCI {100 uL;
30% wiv) was added to the supernatant obtained from the
pretreatment step. Both [C C im][PE.] (42 ul) and MeOH
(101 uL}) were mixed and rapidly injected imto the above
supernatant. The NFX and BNZ samples were shaken on
a vortex for & minutes and centrifuged at 10,000 rpm for
20 min. The extraction solvent was sedimented at the bottom
of the centrifuge tube. The supernatant was removed and
the extraction solvent was injected for analysis. The NFX
procedure had an LODY of 290 ug L™, a linear range from
300 to 34,400 pg L™, and an enrichment factor of 33.8. The
BNZ procedure had a LOD of 180 gg L™, a linear range
from 200 to 29.I6EbygL'l. and an enrichment factor of
288

415 UA-IL-DLLME. The use of ionic liquids as extraction
solvents has been combined with US-DLLME in technigue
termod: UA-IL-DLLME. Tuzen and Pekiner developed an
US-IL-DLLME method for the determination of selenium
in milk using graphite furnace atomic absorption spec-
trometric detection [32]. Prior to microextraction, the pH
of the sample was lowered to pH 2 with dilute HCL
Chelation of selenium was achieved through adding 0.1%
I-phenylthiosemicarbazide (1mL). The extraction solvent,
[CeMIM][TE:N] (100 ul), was added and the sample was
placed in an ultrasonic bath for 10 minutes. The resulting
cloudy solution was centrifuged and, afterwards, placed on
ice to increase the viscosity of the now sedimented extraction
solvent. The aqueous phase was removed by simple decanta-
tion. A mixture of HNO; and ethanol (1:1v/v) was added
to the extraction solvent to decrease viscosity and allow for
casier retrieval. The authors found that, without the use of
ultrasound, recovery of selenium was below 25% and quanti-
tative recovery was achieved when the sample was sonicated
for 100 minutes. The UA-IL-DLLME method had an LOD of
0.012 g L™, a linear range between 0.04 and 3.0pgLl™, a
%RSD value of 4.2%, and an enrichment factor of 150,

416 UA-ILAL-DLEME. lonic liquids have also been used as
both dispersive (hydrophilic IL) and extraction {hydrophobic
IL} solvents in the same method. Gao et al. have developed a
UA-IL/IL-DLLME method to determine the concentration of
sulphonamides in infant formula using HPFLC-PDA detection
[29]. A sample of milk powder was weighed and dissolved
in distilled water (50°C); the ratio of infant formula to water
was 1: 8. Orthophosphoric acid (20 pL) and [C,;MIM][BE,]
(700 L), as extraction solvent, were added to the sample and
intensely shaken for 5min. When complete, [C,MIM][BF,]
(100 uL), as dispersive solvent, was added and the sample
was transferred to an ultrasonic bath for 2 minutes. The
resulting cloudy solution was then centrifuged and the sed-
imented extraction phase was collected. The IL was diluted
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with ACN and 0.1% formic acid to 200l before being
filtered and injected into HPLC for analysis. The optimised
method was used to determine the concentration of six
different sulphonamides: sulfamerazine (SMI), sulfamethi-
zole (SMT), sulfachlopyridazine (SCP), sulfamonomethoxine
(SMM), sulfamethoxazole (SMX), and sulfisoxarole (SIA).
The LODs for cach sulphonamide ranged from 2.94 to 16.7 ug
kg™, Recovery for all the sulphonamides was all above 95%
with RSD values less than 6.5%.

417 VA-DLLME. I¥Orazio et al. developed a VA-DLLME
method to determine estrogenic compounds in milk and
yogurt coupled to micellar electrokinetic chromatography
with mass spectrometry [36]. The removal of proteins and fats
was achieved by adding ACMN (4 mL) and acetic acid (100 gL).
The sample was vortexed for 2 minutes and left in the dark for
15 minutes before centrifugation for 10 minutes at 4400 rpm.
The supernatant was treated with 2mL of hexane and the
above vortex and centrifugation process was repeated. The
aqueous layer was evaporated to 1.5 mL using a rotavapor
(407C; 180 mbar). The extract was diluted to 7.5 mL with Milli-
Q) water and NaCl was added (30% wi/v). After filtration, a
mixture of dispersive solvent {ACN; 500 uL) and extraction
solvent (chloroform; 110 uL) was added and the sample was
vortexed for 2 minutes. After centrifugation, the sedimented
chloroform phase was collected and evaporated to dryness,
before being reconstituted in 75 ul. of the sample medium
(11.25mM APFO, pH 9 containing 10% viv MeOH) and
injected into the MEKC-MS system.

5. Conclusion

This is the first review of the use of DLLME in dairy samples.
It can be seen that the various modes of DLLME can be
applied to a range of analytes in different samples, while
being coupled to various analytical techniques. The review
also highlights the importance of the sample pretreatment
step in carrying out a successful DLLME method. With the
correct sample pretreatment, DLLME can be a powerful
tool in the analysis of analytes in dairy products, affording
high enrichment factors while using minimal organic sol-
vents. The technique allows the use of different analytical
technigues which increases the number of potential analytes
that can be tested. In general, the above modes of DLLME
are both gquick and easy to use, but they do have some
drawhacks. Each sample can require: pH adjustment, filtra-
tion, or centrifugation, depending on the sample pretreat-
ment required. This can increase total sample preparation

time.
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ABSTRACT

A dispersive I:q_lud bq_lud :ru:mﬂ:mhm (DLLME) methind, combined with HPLC.UY detection, was developed

for the

of Setoc frem bovine milk. This method was used to study the

effect nt'supp]:m:nnn;nw feed with the seaweed Ascophyflum rodosen on vitamin content i milk. The ops
timal experimental conditions were determined: 200 pl. of chlomdform (extraction salwent), 1.0 mL af ethanol
{dispersive salvent), SmL of water {aquecus phasz). Under these optimal conditions the DLLME method pro-
vided linearity in the range .00 pg/ml o 8 pg/ml with B® values of 0.998. Limit of detection (LOD) was
0101 pgs/ml, while the enrichment factor was 89, Cow feed that was supplemented with Ascophyllum nodosum
was shown to increase Sstocophero] levels from 382 pg/ml to 5 %6 pgsml.

1. Introduction

Milk i considered one of the most important sources of protein,
lipids, viramins, and minerals for humans [1]. The compositon of bo-
vine milk ls well characterised and a detafled breakdown for each
constiteent has been provided by Meurant [2]. In terms of far soluble
vitaming, bovine milk is a particularly good source of rocopherals [3).
Tocopherols, which belong o the vitamin E family, exist as a, fi, v, and
& forms; each exhibiting lipld antoxidant propertes which protect
polyunsaturated farty aclds from oxidation [4]. Importantly, S-toco-
pherol shows the highest antoxidant activity Ln foods [5]. Other health
benefits of increased vitamin E intake indode: improving reproductive
health in females [6], preventing progression of muscle sheletal dis-
orders (e.g. sarcopenia) [7], and reducing the build-up of amyloid-f
plagues linked to Alzhelmer's disease [#].

Recently, efforts have been made to alter the compositdon of bovine
milk by supplementing oow feed to ncrease the nutritional benefits of
the milk while also improving their immunological health [9-11]. For
example, supplementation of cow feed with various vegetable fats, fish
alle, or seed oils has been shown to increase CLA content in milk [12].
Conjugated linoleic acid (CLA) and other polyunsaturated famy acids
have been shown to have many potential health benefits for human
health [13]). Furthesrmore, other studies have investigared similar ef-
fects using marine microalgae [14-17]. Several sudies have examined
the relationship berween diet supplementation with Ascophyilum no-
dosumt and the mineral content of milk, for example jodine [15, 18],
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wonde trace elements such as arsenbe [17], and more recently poly-
unsatusated fatty acld centent [16]; all of which can increase or de-
crease the nutritional propertes of the milk.

The use of A nodosm as a vitamin supplement ls relatively un-
explored. Kidane et al. supplemented cow feed with approximately 35%
of a commercial dried A rodosum supplement and found that there was
no signlficant increaze in milk tocopherol levels [4]. A nodosum s the
most common seawesd found along Nosth Atlantic coasts [19] and this
is reflected in the anecdotal evidence for the benefite of A. nodeen as a
supplement for cow feed [20].

Glven that bovine milk is a complex biological fluid, sample pre-
paration s a eroctal step in fis analysis. Tocopherol s present in race
amounts 20 any sample preparation step must nol only selectively ex-
wract the amalyte in questbon, but also preconcentrate it to allow for
accurate quantification. Traditonal methods o preconcentrate and
extract far soluble vitaming in milk indude solid phase extraction (SPE)
[21), super eritical Auld extraction [22]), and liquid-lguid extraction
[23]). The aforementioned techniques are time consuming, require high
volumes of solvent and also require expensive consumables. In this
smudy the use of dispersive lquid-liguid microextraction (DLLME) [24]
was investigated. This technique wses low volumes of organic solvents,
enables rapld extmction, and offers significant preconcentration of
analytes. Elsewhere, DLLME has been used in the analysis of foodsofis
such as fruit juices [25], plant based foods [26], and urine [27] among
others.

Therefore, the objective of this sudy was o optimize a DLLME
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method using Design of Experiments (Do) and to investigate the effect
of A nodesam supplementation on woopherol content in milk.

2. Materials and methods
2. 1. Chemicals and materials

HPLC grade methancl (MeOH), acetonitrile (ACN), and ethanol
were purchased from Lennox (Dublin, Ireland). BD Precision glide
syringe needles gauge 30L 1.0In., &tocopherol, and aseorbic acid,
were purchased from Sigoma Aldrich (Dublin, Ireland). Ultrapure water
was provided by a Whitewater purificarion system (Dublin, Ireland).

2.2 Appareus

Chromatography was performed on an Agilent 1100 HPLC system
equipped with an Agilent Zorbax Eclipse Plus Cw  column
(50 # 4.6mm: 1.8 pm). ACH was used & an teocratie mobile phase ata
flow rate of 1.0 mL/min. The injection volume was 1 pl. The separation
wasg carried our at 30 °C. Detection was carried our ar a wavelength of
327 nm. Statistical analysis was carrled our using Minitab (vi8.0). A
separation of S-ecopheral can be seen in Flg. 1.

2.3 Swek standerd preparation

A stock standard solution was prepared by dissolving S-wocopherol
{1.32 mg/mL) in MeOH.

2.4, Expertmental design and dier supplementaon

A total of 12 Britsh-Friestan dairy cows were enrolled in this study
and were balanced for age, parity, calving date, average lactation milk
yield and average body condition soore. Control (n = 6) and experi-
mental (a = 6) animals were housed indooss on slars in separate pens
for the duration of the experiment and were fed a diet consisting of
grass silage supplemented with a standard dairy cow ration and pre-
calver minerals. A pre-trial period was enforced to ensure intake of A

Im
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! by the tal group prior 1o trial commencement. Diet
supplementation began approxmately day 80 precalving until day 15
postcalving. A nodosum was harvested and offered to the experimental
group dally.

2.5 Analytical procedure

The milk samples were obtained from cows and frozen at —20°C
unti] analysis. The samples were thawed and shaken before extraction.
The samples were prepared as follows: 1.0mL of milk, 9.0mL of
ethanol (contalning ascorble acid: 5g/1) were added together. The
samples were heated at 78 *C for 30 min and shaken ar 10 min intervals.
Post heating, samples were cooled on lee and centrifuged for 5 min at
4500 rpm. 1.0 mL of supernatant was mixed with 200 pl of chloroform
and rapidly injected into 5 ml of ulirapure water. The resulting doudy
soluthon was centrifuged for 5min ar 4500 rpm. The organic phase was
again centrifuged for 10 min at 13,500 rpm before injection on HPLC
ST,

26, Colenlation of enrichment factor

The enrichment factor (EF) for each of the selected vitaming was
caleulated wsing the following equation
L-M
Clnitial (1)
where Cg_ is the concentration of the analyte in the extraction solvent,
and Oy L the concentration of the analyte in the sample solution.

EF =

3. Resulis
3.1, Oprimisaton of DLLME procedure

In the present work, parameters such ag the proteln precipitation
solvent, extraction solvent, volume of extraction solvent, volume of
dispersive solvent, and volume of aqueous phase were optimised. The
protein precipitation and extraction solvent were optimised first. The
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Table 1

Screensd factars and levels.
Faciar =1 +1
Dispersive solvent valume (mL) 05 10
Extraction solvent [ul] 200 400

Aquenus phise velume (mL) 1
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Fig. 4. Pareto chart of factorial screening experiment {(p < 0.05L
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Table 2
Factors and levels in central compasite design.
Fascoor - =1 o +1 o
MHspersive solvent {ml) 0za3 05 075 1.0 La1
Extraction solvent (PL) 11718 200 300 400 565.E8
Mmporss
! Dlsperidee
Estrtion

Fig. 5. Response surface generated from the central composite design.

Table 3
Figures of merit for novel DLLME method.
Analyie Linearity (R*)  LOD Eeprodudbility (% Recovery EF
ipgfml}  ESD) in = &) (%] (n = &]
#-ccophernl  0.998 g 9 A1 89
Table 4
Comparisan with published methods.
Sample Analye Mode of LoD Refererie
analysis (ugsmml)
Bilk E-pocopheral HPLC-LV s 2014 [31]
Mualtivitamin syrup sl HPLC-LV Ta.l 25 [21]
acetaie
Mk ce-tocopheral HPLC-FLO 1] 3m7 [37]
milk B-recopheral HPLC-UV ol Presented
wirk

volumes of the solvents used were then optimised by design of ex-
periments (DoE) using a factorial screening and a central composite
design approach. The optimisation process was carred out using milk
purchased from a local shop before applying the method o supple-

d milk les. Par: ers such as ascorbie seld concentration,
heatlng tme and temperature were previously optimised [28] and
adapted for this work.

311 Seleerion of organie extracrion solvent

Any extraction solvent for DLLME must fulfil the eriteria outlined by
Rezaes et al. [24]. Solvents that had both higher and lower densines
than water were examined as potential extraction solvents. The
screened solvents were chloroform (CHCly), dichloromethane (DCM)
(CHLCL), and octanol. As Flg. 2 shows, chlosoform displayed the
highest extraction effichency and thus was selected as the optimum
extraction solvent.

3.1.2 Seleerion of protetn precipiionon solvent

The method of protein precipitation must be compatible with
DLLME. Simultaneous proteln precipitation and analyte extraction
using organic solvents was trialled, as protein precipitation withour
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Fig. 6. Chromatograms obtained from sample analysis. Chromatogram (a) blank, (b) no eed suppl ion, () pp atiom. Peak identification:
{1} berol. Ck aphic ditions as outlined in Fig. 1.

efficient extraction would result in poor recovery and higher LOD.
Acetondtrile (ACN) and ethanol were screened as potentlal proteln
precipitation and extraction solvents. These solvents are common dis-
persive solvents in DLLME methods and also commaonly used bn protein
precipitation applications [29, 30). Fig 3 shows that ethamsol had
greater extraction efficlency than ACN and so ethanol was used as the
dispersive solvent in the DoE. The possible explanation for the betrer
extraction efficlency when ethanaol is used compared to ACN s two-fold.
Firstly, ethanol produced a more stable clowdy soluthon upon rapld
injection into the aqueous phase. This facilitates a more rapid transfer
of the analytes into the extraction phase, resulting in a more efficient
extraction. Secondly, the solubility of the amalytes eould be greater in
ethanol than ACN; also resulting in a more efficlent extraction.

3.1.3. Focrorial screening

A 4 factor, 2 level factorial design (2% was wsed o screen for sig-
nificant factors. A list of the factors and levels can be found in Table 1.
Preliminary experiments determined the minimum and masimum le-
vels for each factor. Values ourside these ranges resulted in poor ex-
tractions due to an unstable doudy solution. In the case of the
minimum extraction solvent volume, when = 200 ul. was used the re-
sulting organic phase volume was too loo low to be analysed.

The resulting Pareto chart (Fig. 4) showed that only the volume of
extraction solvent was significant. This s evident as the volume of
dispersive solvent (s the only factor that crosses the significance line. As
the extraction efficlency of DLLME iz dependent on the stability of the
clowdy solution formed from the interaction of extraction and dis-
persive solvents, it was decided to further optimise the DLLME proce-
dure.

3.1.4. Central composite design

A central composite design was chosen to further optimise the
DLLME process by varying the volumes of dispersive and extraction
solvents. The goal was to maximise the response, |n this case response
wasg analyte peak area. The central ite design d of a 2*

full fartorial design which was angmented with both star { = @) and
centre polnts (). The levels for each factor are glven in Table 2 and the
resulting response surface can be seen in Flg. 5.

The response was maximised when 200 pL of extraction volume and
1.0 mL of dispersive solvent was msed.

3.2 Validarion of DLLME procedure

T evaluate the applicability of the developed DL1LME method to 8-
tocopheral analysis in bovine milk, linearity, limit of detection (LOD),
reproducibility, recovery, and enrichment factor were determined;
these were evaluated with spiked samples. The figures of merit are
shown in Table 3. Linearity for S-tocopherol was obtalmed in the range
0.1 o &pgsml. The analyte was spiked in ar the following concentra-
tons: 0.1, 2, 4, 6, and Bpg/ml. The lneasity was determined by
plotting calibratbon eurves of peak area versus the concentration of each
analyte. The coefficlents of the analyte was 0.998. The LOD was ob-
tained from the slope of the linearity curve, according to Eq. 2 where o
iz standard dewviation of the calibration curve and s is the slope of the
calibratbon curve. The relative standard deviation (WRSD) was 2.9%
{n = 6). Recovery for B-tocopherol was B1%, while the enrichment
factor was 89,

LOD = 3.3 % (28] (2)

3.3 Comparison with published methods

The optimised method was compared against recently published
methods for tocopherol analysis. The presented method has shown
lower Umits of detection or has obtained equal LOD values but withoutr
the e of extersive sample preparation technbques, such as SPE. The
comparison can be seen in Table 4.
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3.4, Sample analysls

5.4.1. Swnderd eddition

Given the complexity of the sample, analytes were quantified using
standard additien. This method was preferred over calibratbon in pre-
sence of marrix 1o account for any matreix intesference in the analyre
response. The standard addition curve was constructed from fve poinis.
The first point in the standard additon curve was obtained from ana-
lysing sample without added standards, while the remalning four points
were obtalned from adding increasing amounts of standard (2, 4, 6,
Bpug/mL).

3.4.2 Effect of seaweed supplementarion

The effect of seaweed supplementathon on the F5V content of bovine
milk was investigated with the newly developed DLLME method. The
analysis was carried owt as derafled in Sectlon 2.5 It was found that
seaweed supplementation had a statisteally significant (p > 0L05) ef-
fect on the concentrations of §-tocopheral, increasing from 382 pgdmlL
to 596 pg/ml. An example of the chromatograms obtained can be seen
in Fig. 6. Az outlined in the introduction, an incresse in the levels of
tocopheral have aumerous benefits. The use of a lecally growm, re-
newable resource grown 1o increase the nutritional benefits of bovine
milk could have a wide impact on the agriculiural and food Industries in
Ireland.

4. Conclusion

An optimized DLLME sample preparation method combined swith
HPLC-UV was developed and used to investigate the effect of A no-
dosum on the tocopherol content of Britlsh Friesian milk. The DLIME
method was optimised by DoE which resulted in an environmentally
friendly method which used minimal organie solvents. It afforded high
enrichment factors, low detection Umits, and good repeatability. The
supplementation resulted in an increase in delia tocopherol content
from 3.82 pgsml to 5.96 pg/mL.
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ARTICLEINFO ABSTRACT

Keywerds: Dispersive liquid=liquid microectraction (DLLME) was ussd prior to gas chromatography flame jonization detec-
Dispersive liquid-liquid microsxtraction tion (GC-FID) for the extracion of five fatty acids from milk taken from cows with different body condition scores.
Fatty acd Optimum extraction conditions were: 300 pL of chloroform (extraction solvent), and 1 mL methanol (dispersive

Milk solvent). The procedure was optimised wsing Design of Experiments (DoE). The analytes were separated on a GO
::;Tmmm capillary column containing a polyethylene glyool stationary phase (15m = 053 mm = 1.2 pm). Enrichment
factors were in the range of 8=15 and limit of detection (LOD) was 0.04 pg/mL. Calibration graphs showed good
linearity with coefficients of determination higher than 0.994% and relative standard deviations lower than 7%.
This method provided a simple and rapid derivatisstion and extraction method for the determination of fatty acids
in bowvine milk. Tt showed thae there was a sgnificant difference in the palmitic acid content of milk from cows thar
had an optimum body condition soome (10.85 mg/mL) compared o cows that had a high body condition scome

(5.73 mg/mL).

1. Introduction

Bovine milk is an important source of energy, protein, vitamins, and
essential minerals for humans. The composition of milk has a direct
influence on the nutritional quality and processability of any sub-
sequent dairy products. [n particular, different fatty acids have mutri-
tional benefits [1]. Poly unsaturated fatry seids (PUFA) play a vital role
in the prevention of coronary heart disease [2]. Although saturated
farty acids are structurally similar, they can exhibit remarkably dif-
ferent biological properties. For example, stearic acid (18:0) and myr-
istic acid (14:0) only differ in chain length by 4 carbons but only
myristic acid will increase total cholesteral levels [3]. Palmitic acid
(16:0) can be converted to unsaturated forms through the action of
SCD1 [2]. Ome such unsaturated form is palmitoleic acid (16:1 n-7),
which has been shown to enhance insulin sensitivity and uptake of
glucose [4]. Trans vaccenic acid (18:1 rans-11) is a monounsaturated
farty acid (MUFA) which makes up the majority [~ 70%) of total irans
fatty acids which are found in muminant lipids, such as milk fat [5].
Supplementing dairy foods with mans farty acids ean prevent adipose
risgue lipogenesiz and has anticarcinogen properties in some andnual
models. [5]. Like their longer chain counterparts, levels of shortchain
farty acids (SCFAs) are also found to be important in the analysis of

* Cnrresponding author.
E-mail address: andrew. quigleyi postgrad. witde (A Quigleyl
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several physiological conditions swch as diarthoea [6], and in-
flammatory bowel disease [7]. Given the important physiological
functions of these compounds, a sensitive and selective extraction
method is needed.

Selectively extracting and analysing fatty acids from a complex
biological fluid such as milk presents a sizable challenge. In addition,
there are over 400 different fatry acids present in bovine milk. The
majority (98%) are found in triglyceride (TG) form, with the remaining
2% found as free fatry acids (FFA) [8]).

For analysis by gas chromatography {GC), non-volatile fatty acids
require derivatisation. Typically, fatry acids are derivatised to farty acid
methyl esters (FAMEs); which are wvolatile and compatible with GC
analysis. This derivatization is carried out by acid catalysed derivati-
sation [Y], base catalysed derivatisation [10], or derivatisation by
pyrolysis [11].

The body condition score (BCS) is a visual and tactile assessment of
the proportion of body fat that a dairy cow possesses [12]. The BCS is
generally scored on a scale ranging from O to 5, with 0.25 increments;
although this varies from country to country. A low score reflects that a
cow is emaciated while a higher score indicates obesity. The oprimum
BCS prepartum is between 3.0-3.50. Values outside this optimum range
result in eows that will be immunocompromised. In addition to

Eeceived 9 September 2017; Received in revised form T December 2017; Accepied 8 December 2017

Avuilable cnline 09 December 20017
15700232/ € 2017 Elsevier 8. All rights reserved.
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increased chances of infection, the cow may not cycle in time for the
next calving. The body condition score of 2 cow can have a marked
influence in milk quality, with a low BCS resulting in higher levels of
cholesteral [13].

Dispersive liguid=liguid microextraction was developed in 2006
[14]. This new liquid=-liquid extraction wses 2 ternary solvent system
o ereate a cloudy solution created by rapid injection of extraction
and dispersive solvents into an aguesus solution. This stable emul-
sion of micro-droplets of extraction solvent enables rapid mas
wransfer of analytes into the extraction solvent, while simultaneously
pre-concentrating the analytes. Centrifugation of the cloudy solution
secdiments the extraction phase allowing for easy retrieval for ana-
Iysis by the chosen method. A schematic of the process can be seen in
Fig 1.

DLIME has been applied to fatty acid analysis in other matrices
[15,16] and in same dm'ry mnplul'l?l but to the beit of the authors
knowledgpe, this is the first time DLLME has been used in the analysis of
FAMEs from bovine milk. The successful development of a DLLME and
derivatisation method, both optimised wing DoE, for the analyses of
fatty acicls found in bovine milk is an exciting step forvard. In addition,
succesfully linking changes in the faiy acid profile with changes in
BCS will potentially be of great benefit to the dairy industry.

2. Experimental
2.1, Chemicals and reagenis

BF-3e0H (14% w/v), phosphoric acid, sodium chloride, chloro-
form, methanal, sllp:lou 37 component FAME mix {eertified reference
material), nomanoic acid methyl ester, and glyceryl tribeptadecancate
were purchased from Sigma Aldrich (Ireland). Ulrapure water was
provided by a Whitewater purification system.

2.2 Insrument and analytical conditions

The analytical instrument was an Agilent 6890 GC, coupled with an
FID detector {(Agilent, USA). The GC was equipped with a 6890 auto-
sampler. The injector temperature was 300 °C, and the injection valume
was 1 pL with a 101 split. Helium was used as the carrier gas at a flow
rate of 4 ml/min. The separation of analytes was performed on an
Alltech AT-1000 capillary column (stationary phase: polyethylene
glyeol, 15m ® 0.53mm; 1L.2pm). The column temperature was pro-
grammed as follows: the initial temperature was 40°C, increased to
114°C &t 10 "C/min and held for 1min The temperature was then
ramped to 220 °C a1 5°C/min. The wotal run time was 50 min. The FID

(dinperdion}
Figg 1. Sehessarie of DLLAFE [20]-

Journal of Chremanography B 107F (2018) 120135

detector temperature was set 280 °C The internal standard calibration
method with peak area was used for quantification of selected fatty
acids.

2.3, Dertvatisation amd DELME procedire

Milk {1 mL), canc. phosphoric acid (30 pL), sodium chioride solu-
tion {1 mL; 28}, and Folch solution (730 L) were p]amd in & cen
trifuge tube. The Folch solution contained nonanodc acid methy| ester
as internal standard (0.25 mg/mL). The samples were shaken by hand
for 30s and centrifuged for Smin st 4500 rpm. The squecus super-
natant was discarded and the sedimented chloroform phase (250 pl)
was transferred to a micro reschon lr.i:ﬂ.BF:in methans] (1 mL; T4% w/
v}msaddedandlbeu.mﬂsmhmbd‘m’j]minalm'ﬂ_ﬁﬁﬂ
cooling, the reaction mixture (1mL) was rapidly injected into water
{SmL)l The ral.llt'in,g chrLuly salution was omr_ril'u,g;ud for Smin at
4500 rpoe. The aqueous phase was discarded and the sedimentsd
chlarafiorm phase was transferred to a GC vial. I analytes are present in
higher concentrations, the extract was diluted by combining 1 part
extract with 9 parts chloroform.

2.4, Anolytical curves

FAME: were retention time matched to peaks in the sample with
thase of standard compounds. Analytical curves were based on the in-
termal standardisation method. The internal standard wssd was none
anoic acid (C%0) &t a concentration of 0.25 mg/ml. The concentrations
for caprylic and capric acid ranged from 0.01 to 2.5 mg/mL. The con-
centrations for palmitic, oleic, amd stearic 2=12 mg,/ml

2.5 Fnrichment foctors

Enrichment factor (EF) was defined as the ratio of analyles cone
centration in the organic phase, €, and the initial concentration of milk
sample, C,. The formula was as follows:

[
Errichmenifacior = E'_J

2.6, Method validation

The analytical method was validated by sseesiing linearity, re-
cOvery, r\epeﬂlab:ility. limit af detection (LOD), and limit of qm:rLiﬁ-
eation (LOG), according ta ICH guidelines for these parameters. The
LOD and LOG were caleulated by multiplying the ratio of standard
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deviation of the response and <lope of the calibration ewrves by 3.3 and
10, respectively.

The method was found to be linear for all analytes between
0.01=4000 pgsml. Recoveries for sach analyte were as follows: caprylic
(70%), capric (8086), palmitic (B4%), stearic (73%), and obeic (B9%)
Repeated (n = 6) DLIME extractions yielded a repeatability of 7%. The
LOD was 0L04 pfml, while the LOG was 0.1 pgfml.

2.7. Body condition score

The BCS of Holstein Friesefan cows was determined by visual and
tactile means, they were rated on 0=5 point seale with 0225 increments.
The messurement was carried out by a trained professional. The cows
were divided into two groups optimum BCS {n = 2) and high BCS
n=2}

3. Resulls and discussion

31 Optimisati

of GO-FID condit

Optimisation of the GC-FID method was performed with a standard
solution containing 37 FAMEs, purchased from Sigma-Aldrich. The
standard solution was diluted with 9 parts hexane 1 part standard so-
lution. An initial scouting gradient of 5°C/min was used. The early
eluting peaks (0=30 min} were well resolved and = the ramp rate wis
increased to 10" C/min (o shorten :maly:i: times, after 30 min the ramp
rate was reduced to 5°C/min. Giddings approximation was used 1o
further resalve the remaining eritical peak pair, resulting in an iso-
thermal hold at 114 °C for 1 min. The length of the capillary column
used, meant that resolution of all 37 FAMEs was not possible in an
acceptable analysis time. It is recommended that the injection tem-
perature is approximately 50 °C higher than the last eluting amalyte, and
st the injection temperature was set at 300 7C. A chromatogram of the
standard mix solution obtained under the above-mentioned conditions
was shown in Fig. 2

3.3 Optimisation of derivo conditions

FAMEs can be produced by both acid and base eatalysis. Base cat-
alys=d reactions only produce FAMES from fatty acids that are part of
riglyceride molecule, leaving free fatty acids underivatised. Acid cat-
alysed resctions derivatise both free faty acids and fatty acids that
were present in triglyceride form. Alse preliminary DLLME di
using base catalysed derivatisations showed that phase s=paration after
the formation of stable dloudy selution was not possible. It was thought

Journal of Chromatography B 1073 (2018) 150135

Table 1

#* [wetarial ing for seid catalysed derivatsati
Famar Misissim kevel (=1) Cnlpe psint [0} Max. lewel [+ 1)
Tisse: (==} 15 Bns 3
Tessgsrarare [T} 50 Fi ol

that the presence of underivatised free fatty acids prevented the sedi-
mentation of the extraction phase. It is for this revon that acid cata-
Iysed derivatisation methods were optimised.

5.2.1. Selection of acid catafyst

Derivatisation rates have been shown to be affected by the tem-
perature at which the derivatisation was carried out, and the length of
time that amalytes were derivatised. As these experimental factors are
interlinked, a 2° factorial design was constructed to determine which
factors, if any, have a significant impact on derivatisation. The response
was the reciprocal peak areas of nonanaic acid methyl ester and hep-
tadecanaic acid methyl ester, with a bigger ratio indicating better de-
rivatisation. Minimum and maximum levels for both derivatisation time
and derivatisation temperature can be seen in Table 1 below. Centre
peoints were added o the experimental design to detect curvature. The
same experimental design was used for bath H80, and BF;.

The comparison of both catalysts was carried out using the method
detailed bedow.

Monanoic scid methyl ester (200pl: 1.12mg/mL) in hexane, as
fard, ghyeeryl tribeptad (200 pL: 1.0 mgsmL) in
hexane, and Hz50, (1 mL; 1% v/v) in methanol were added 1o a micro
resction vial. The samples wene then derivatised according to the ex-
perimental dsigrL Adfter eonling, chloroform (1 mL) and water {1 mL)
were added. The wials were shaken by hand for 2 min, after phase se-
paration the supernatant was transferred 1o a GC vial for analysis.

The results of the 2° screening experiment indicated that tempera-
ture was the only significant fctor in the derivatisation of fatty acids to
FAMES within the restrictions of the factors sereened. It indicated that
the higher the temperature, the gquicker the derivatisation was com=
pleted. As such, derivatisation time at 90 °C was optimised using the
below method.

Monanoic acid methyl ester (100pl: 1.12mg/mL) in hexane, as
internal standard, ghyceryl tribeptadecancate (100 pL; 1.03 mgémL) in
hexane, and H,20, (1 mL: 1% v/v), or BF; (14% w/v) in methano] were
added 1o a micro resction vial. The samples were then derivatised st
S C for 10, 20, 30, 40, 50, or 60 min. M:rﬂmling. chlaraberm {1 mL}
and water (1 mL) were added. The vials were shaken by hand for 2 min,
after phase separation the supematant was tramsferred to a GC vial for

500
480 4

A}
[ )
E ¥

*

o
WL L | R _nl_||| {1

Fig. 2. Optirmied ion of FAME mis Peak idestificarion: iterishk
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As can be seen from Fig. 3, the derivatisation reacton was still 12 1
angaing ol G0min. It was asumed that peak ratios would platesu, in- g
dicating that glyceryl triheptadecancate was fully derivatised. When T o1 =
BF,; was used as derivatisation reagent, peak ratios plateswed after E
30 min of derivatisation. This can be seen in Fig. 3. The derivatisation : nE ' Chinmfom
reaction proceeded ol least twice as fas when BF; was used as the E [P
catalyst compared 1 HaS04 I~ 05 |
The decrease in derivatisation time when using BFy (14% w/v] in E 04
methanol could be due 1o the incressed amount of catalyst compared to o
HaS04 (1% v/%) in methanol. The stated concentration of HaS0y in 0.2 +
methanal is the concentration cited in literature [18]. The decrease in
[+]

derivatisation time could also be due o the better orbital overdap of
BFy, a Lewis acid, with the respective fatty acid. This is in contrast o
the derivatisation mechanism using Ho50,, where it is the protonation
af the carbany] that activates the fatty acid and not orbital overlap.

As BFy (14% wy/w) in methanol gave complete derivatisation in les
time than H,80, (1% v/v}in methanal, it was chosen as the -mla]_-r:l for
the remainder of method development. The derivatisation time and
temperature was 30 min at 90 7C.

3.5, Optimisation of DELME procedure

3.3.1. Selection of extrockion salvent

As Foleh solution [159] was used to initially extract lipids from milk,
chloroform was also used as the extraction salvent for DLLME. The
extraction efficiency of chloroform was compared to hexane, Hexane is
a commonly wesd solvent for extraction of FAMEs, o it was vital that
any novel DLLME extraction solvent obtained equivalent if not better
extraction efficiency.

Momanoic acid methyl ester (100pl; 216 mg/mL) in hexane, as
internal standard, glyceryl riheptadecanoate (200 pl; 1.03 mgfml) in
hexane, and BF; (1 ml: 14% w/v) in methanol were added to a micro
reaction vial. The samples were then derivatised ag 90°C for 30 min.
ﬁfbﬁmclﬂu&.}ﬂm {1 mL} or chloroform (1 mL) and water {1 mL)
were added. The vials were shaken by hand for 2 min, after phase se
paration the organic phase was transferred 1o a GC vial for analysis.

The ratio of triheptadecancate and nonanoic acid melh_'f] ester (15]
pestk areas were compared, and the results presented in Fig. 4 The use
af chloroform resulted in greater extractions of FAMEs. Chloraform was
therefore selected as the extraction solvent for the novel DLLME
methisd.

232 Selection of dispersive sobvent
Methanol was selected as the dispersive solvent as it was already

Fig. 4. Comparison of exiraction solvents for FAMES {n = 3],

present in the derivatisation protocol. The combination of chloroform
{extraction solvent) and methanol (dispersive solvent) produced a
stabde cloudy solution in preliminary trials.

3.4, Sratistical analyses

A design of experiments {DoE) approach was used 1o optimise the
DLLME protocal. A& 27 148 factarial design was used to determine which
factors had a significant impact on the preconcentration of analytes. A
27 1/8 factorial design was chosen as it reduced the number of exs
periments nesded while sill provided resolution between single and
two factor interactions. A list of the factors and levels studied can be
found in Table 2.

The results of the factorial design indicated that there was only one
significant factor: extraction solvent wolume. Specifically, FAME peak
areas were maximised when the minimum extraction solvent volume
was used. Unlike in traditional Hguid-liquid extroction, the pre-
concentration effect in DLLME is not governed by a reduction in

Table T
Serening laciors and keveli for DLLME prooeden:.

Facsor Minimes level (=1) Mazximum lewel (1)

. ]
L]

Phcagdanei = acdad (L}
MeC] solution (2 M) (ul)
Shake time {minupe)
Extraction solvest (ul)
Agueres plase (mL)
DHspersin: solvest (ul)
Exiraction lise: (ssisetes)
SosGcarios (minube)

aoomgﬂﬁg

2
]
10
&
2

5
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Surface Flot of Response ¥5 DISp. solvent vol., EXtract. salv. vol.
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Fig. 5. Resposse surfsoe resullisg Som facial dign.

Table 3
Figures of mesil for the propasel sethod.

Asalyle Lisearity LOD fugiml)  Reproducibiliy (ESD) B ¥ %} EF
Cupeylie 094 008 42 1l 1
Cupeic 0% 004 6.9 A 15
Palmiic 0% 004 6.3 4 o
Searie 0T 009 41 73 10
Oleie 0% 007 53 4% 9

extraction solvent volume alone. The stability of the cloudy solution
determines the preconcentration of analytes and this stability can be

i | by d g the af ratio of jon solvent,
dispersive salvent, and agqueous phase. The resporse surface can be seen

in Fig. 5. As there was only one significant Factor, there was no need for
further optimisation of experimental factors.

The method was validated according to ICH guidelines and the
figures of merit can be seen in Table 3. Using the optimised method,
enrichment factors for the selected FAME: were measured. They ranged
from 8 to 15 which allowed for a lower Limit of detection (0,04 mg/mL)L

with ather b

1.5 Comp

The _:u.mpl.e, analyte, derivatisation method, derivatisation time,
made of analysis, and LOD for the proposed method was compared to
recently published methods for fatty acid analysis in milk and milk
based products. The propased method offered lower LOD or quicker
derivatisation times (or both) for selected farty acids, which shows the
importance in developing the proposed method. The comparison of
methods is sutlined in Talde 4.

3.6, Fatty acid profile af cows with different body condition score

Milk samples were collected from Holstein Friesian cattle and frozen
al —20°C until analysis The samples were subjected to the methad
outlined in Section 3.3 The concentrations of FAME: found in milk can
be geen in Table 5. The results were subjected to a tbest to determine

Tabsle 4
Coari pasizin of the propsed metbd and pecently published sethods

Table 5
Consenintions of selseied FAMES i boviss milk from oows with high and optimuss body
EONEL
FAME Ohplirmess BCE (regg,/ml) High BCS (mgfml}  wilas
Caprylie Cow 1: .52 = Q03 Cow 3005 = L0 o1z
Com 2 0.71 = Q10 Cow 4 045 = 007
Caprie Cow 10 0.98 = Q.05 Cow 3= 06T = Lo4 011
Cow 134 = Q0% Cow 4= 081 = OLO%
Puliritic Com 10 10,98 = 0L0D oW 32 54T = o4 DS
Cow 2 L0LTZ = DhDG Cow 4 556 = QLOT
Shearie Cow 1: 261 = Q08 Cow 3260 = @Ol 035
Com 2 4.72 = Q05 Cow 42 364 = L&
Hisie Cowi 10 .06 = Q12 Cow 3= 433 = L0S 12
Cow 2 6.7 = Q07 Cow 42 563 = LO4

Notex Valus are seeéns = are standerd deviatations (s = 31

any significant differences in ity acid concentration betwesn cows
with an optimum BCS and those with a high BCS. Typical chromato-
grams olfained in the analysis can be seen in Fig. 6.

As seen in Table 5, the etest identified the change in palmitic acid
methyl ester as the only significant difference in the two groups, and so
the mull hypothesis was rejected. Palmitic acid is the most commaon Batty
acid in dairy cows and the method developed can be used to distinguish
eows that have a high body condition score from these in the optimum
range based on the levels of palmitic acid methy] ester detected.

4. Conclusion

A novel and rapid derivatisstion and DLLME protocol for the ana-
lysis of faity acids in bovine milk has been developed. This method has
besen applied to Holstein Friesian cows with optimum and high BCS.
The analysis revealsd that concentrations of palmitic acid can be wsed
to determine if cows are in the optimum BCS range. Although the
sample size in this study is small, it & sufficient for showing the ap-
plicability af the newly developed DLLME method and the correlation
bestween changing BCS and the fatty acid profile of bovine milk. The
authors believe that this method can be uged in a wider study of fatty
ackl content in bovine milk.

Samphe Famty acids agent e (rrin} Analyticsl method LOD {pgsmL) Reference

Milk parder 10=0, 16:0, 1840, 150 et fia) UHFLC-ME/ME 0.DDCEE-0 SO ITT 211

Baviss milk 160, 18:0, 180 [EF,-Me0H 15 GCFID 24853017 1221

Bresst milk Be0, 100, 16:0, 1680 HC-MeDH &0 QCFID 10 23]

Barwisss milk Be0, 100, 16:0, 180, 151 EF;-Me0OH -] QCFID 0.04-0.09 Presested wisk
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400 Fig. 6. Example of chrosatograms obtained. FAME mix
(blue), high body scare (cessge), body
econdition score (red). wn—aum

350 4 in Fig, 2. (For interpeetation of the references to colour i this
figure Jegend, the reader is seferred 1o the web version of this
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