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Abstract

Free Fatty Acid (FFAs) analysis in milk and infant formula samples is performed for quality control, product
development, and regulatory compliance. There is a gap in straightforward FFAs analysis in the food industry.
This study provides insight into the method development process for FFAs analysis using LC-MS. A range of LC
columns, mobile phases, LC gradients, and flow rates were investigated, followed by sensitivity, repeatability, and
initial validation of the final method with selected commercially available samples. The method developed not
only offers a reliable FFAs screening solution for milk and infant formula samples but also paves the way for

routine FFAs quantification across a spectrum of diverse sample types following further optimization.

Benefits
Real-time, qualitative, and quantitative LC-MS method development
Fast chromatographic separation of 19 FFAs ranging from C8:0 to C24:0 in less than six minutes

Mass information to differentiate between chemical components with similar retention time but different

masses
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Highly sensitive and repeatable method

Easy and quick FFA extraction from authentic samples

Introduction

Fatty acids (FFAs) play a pivotal role in shaping the distinctive sensory and visual characteristics of milk
products. However, their substantial impact on flavor requires careful management, as high FFAs concentration
can lead to undesirable strong flavors, contributing to rancidity." Moreover, the oxidation of these fatty acids
present yet another challenge, manifesting as reduced palatability and a deterioration in the quality of milk
products. This degradation process results in the development of an unappealing 'rancid' flavor profile, stemming
from the breakdown of lipids into aldehydes, ketones, and alcohols.? The task of preserving an optimal flavor
profile gains paramount importance, particularly in the context of infant formula formulations, as these serve as

the foundational components of an infant's dietary intake.

The systematic screening of FFAs within infant formula and milk is of paramount importance, serving a multitude
of critical functions encompassing quality control (QC), product advancement, authentication, and legislative
compliance. These FFAs constitute an indispensable component of both the nutritional and flavor profiles within
infant formula and milk. Beyond their role as an energy source, FFAs also act as vital carriers for fat-soluble
vitamins such as A, D, E, and K. Furthermore, their significance extends to the provision of physical protection for
infants through the establishment of a protective fat layer, concurrently fostering visual and nervous system
development. Consequently, the meticulous scrutiny of infant formula is globally mandated, underscoring the
rigorous regulatory examinations it undergoes. Additionally, the identification and quantification of odd-chain
saturated fatty acids, notably C15:0 and C17:0, hold profound implications as biomarkers for conditions such as
type-2 diabetes mellitus, stroke, and cause-specific mortality. Thus, accentuating the broader relevance and

impact of FFA analysis beyond the scope of infant formula and milk assessment.®*

Fatty acids, characterized by their non-polar nature, require a chromatographic column with relatively low
polarity to facilitate efficient chromatographic separation. Moreover, the elution process demands a sharp
organic gradient to ensure optimal separation. Currently, the assessment of free fatty acids predominantly relies
on gas chromatography (GC), often coupled with a flame ion detector (FID) or a high-resolution mass
spectrometer (HRMS). However, the GC analysis entails the conversion of fatty acids into fatty acid methyl esters

(FAMES), a step that frequently introduces challenges such as amplified levels of MS noise, compromised
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response sensitivity, production of artifacts, increased expenses, and analytical complexity.

In contrast, the utilization of liquid chromatography-mass spectrometry (LC-MS) as an alternative, holds several
notable benefits. In addition to being more user-friendly, unlike GC, LC-MS obviates the need for fatty acid
derivatization, thereby eliminating associated complications like analyst error etc., while preserving the integrity

of the sample.

The prevailing FFA analysis techniques outlined earlier typically exhibit traits of being intricate, costly, and reliant
on complicated mass spectrometry method setups. In contrast, this study introduces a streamlined and routine
approach for FFA analysis, employing a standardized FFA mixture on an LC coupled to an ACQUITY QDa Il Mass

Detector, yielding results within less than six minutes per sample.

Experimental

LC system ’ ACQUITY I-Class UPLC System

ACQUITY UPLC BEH™ Phenyl
(1.7 um, 2.1 X 50 mm) (p/n 186002884)

Column temperature | 60 °C

LC column

Injection volume 10 uL

Flow rate 0.4 mL/min

. 1 mM agueous ammonium formate
Mobile phase A g

(NH,HCO,)
Mobile phase B Acetonitrile
Sample diluent Mobile phase A and B (1:1)

Table 1. LC Parameters.
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fime ‘ o ‘ o0 ‘ 48 ‘ Ciltve
Initial 0.4 45 55 6
0.2 0.4 45 55 6
4.0 0.4 20 80 6
4.5 0.4 20 80 6
4.6 0.4 45 55 6
6.0 0.4 45 55 6

Table 2. LC Gradient.

MS system ’ ACQUITY QDa Il detector

Capillary voltage 0.8 kV (max)

Sampling cone 20V

Desolvation temperature | 600 °C

lonization mode Negative electrospray (ES-)
Mass range m/z 50-1500

Acquisition rate 5Hz

Acquisition mode Selected lon Recording (SIR)

Table 3. MS Parameters.

Data Management

Data acquisition was completed using MassLynx™ 4.2 and data processing was performed using TargetLynx™.

Sample

A GLC reference standard 426, containing 20 free fatty acids ranging from C6:0 to C24:0 was purchased for
analysis from Nu-Chek Prep (MN, USA) <http://www.nu-chekprep.com/home.htm> . The standard contained

each component in % by weight ranging from 2-16% (Table 3). The concentration of each FFA component in the
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standard mix was analogous to an authentic sample..

‘ % By Molecular Molecular ‘

weight formula weight (Da)

Hexanoic acid * 2 (S dnl{0); 116.2 n.d. n.d.
Octanoic acid 4 C,H,s0, 144.2 143.1 0.43
Decanoic acid 8 CREROR 172 1711 0.57
Lauric acid 8 €.H.,0, 200.3 199.1 0.77
Myristic acid 12 G505 228.4 2271 1.09
Myristoleic acid 2 C,.H,:0, 226.4 225.1 0.89
Pentadecanoic acid 2 ek 242.4 241.1 1.36
Palmitic acid 16 C,sHs,0, 256.4 255.2 1.60
Palmitoleic acid 2 CRER O 254.4 253.2 1.29
Heptadecanoic acid 2 €;7H1,0; 270.5 269.2 1.86
Heptadecenoic acid 2 CELIR S 268.4 267.2 1.54
Stearic acid 12 C,sH360, 284.5 283.2 2.1
Oleic acid 8 CysH,.0, 282.5 281.2 1.79
Linoleic acid 6 €:H5,05 280.5 279.2 1.49
Linolenic acid 2 Chh5 O3 278.4 27:1.2 1.23
Nonadecanoic acid 2 CisH50; 298.5 297.3 2.41
Arachidic acid 2 il 3125 3.3 2.69
11-Eicosenoic acid 4 C,oH350, 310.5 309.3 2.3
Behenic acid 2 CHLH%OS 340.6 33913 3.24
Lignoceric acid 2 C;H450, 368.6 367.3 375

*n.d. - not detected

Table 4. Free fatty acids in standard mix.

Milk and infant formula samples, commercially available, were diluted with methanol (MeOH) (1:5) and
centrifuged at 10,000 g for five minutes. The resulting supernatant was further diluted with deionized water (1:5).

The solution was then diluted with mobile phases A and B (1:1) and transferred into LC vials for LC-MS analysis.

Results and Discussion

Chromatographic Separation

The first step of the LC-MS method development was screening of suitable LC columns and mobile
phases. FFAs can vary in terms of their polarity due to the length of their hydrocarbon chains and

the presence of functional groups like carboxylic acids. Shorter-chain FFAs with fewer carbons are
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generally less polar, while longer-chain FFAs with more carbons tend to be more polar due to the

presence of the carboxylic acid group.

Three ACQUITY UPLC Columns were tested for this application, namely, AX BEH Cqg, CSH Cyg, and
BEH phenyl Column. The AX and CSH columns resulted in insufficient peak separation of targeted
FFAs and required high organic gradient, >80%, which decreases peak response as the MS source
needs water to perform ionization at optimal efficiency. The phenyl column provided optimal peak
separation within a six minute gradient for 19 out of 20 components of the mix, ranging from C8:0 to

C24.0.

Regardless of the composition of mobile phase B, it was concluded that 1 mM aqueous ammonium
formate (NH4HCO,) in mobile phase A was essential to ionize FFAs in the sample. Concentrations

higher than 1 mM NH4HCO, caused a significant reduction in signal (Figure 1).

100 1.66e6

___+1mM NH,HCO,

2 mM NH,HCO,

L

025 050 075 100 125 150 175 200 225 250 275 300 325 350 375 400 4.25

Time

Figure 1. A five fold reduction in signal was observed when 2
mM NH4HCO, (red) was used as additive instead of T mM NH
4HCO,4 in mobile phase A (green). The on-column standard

mix amount was 10 ng for each test.
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Flow rate

Mobile Phase Gradient froll i) Sample diluent

Mobile phase A: 1TmM
NH,HCO, B%: 50% (0~0.2 min) - 85%

(4 min) 2> 50% (4.10 min) - 50% 0.6 IPA: ACN (3:7)
Mobile phase B: IPA: (5 min)
ACN(1:1)
Mobile phase A: 1 mM B%: 70% (0~0.2 min) > 90%
NH,HCO, (4~4.5 min) > 70% (4.60 min) > 0.4 MeOH: H,0 (1:1)
Mobile phase B: MeOH 70% (6 min)
*Mobile phase A: 1mM B%: 55% (0~0.2 min) > 80% MeOH: H,0 (1:1)
NH,HCO, (4~4.5 min) > 55% (4.6 min) > 0.4

. * . 7

Mobile phase B: ACN 55% (6 min) AN ST

Table 5. Test methods for LC-MS FFAs analysis method development.

*Final method conditions established upon method development steps.

Three methods were tested prior to establishing the final method as described above (Table 5). All methods used
the same mobile phase A. Mobile phase B affects peak separation and MS response. Using isopropanol (IPA)
and acetonitrile (ACN) (1:1) as mobile phase B provided improved peak shape and response; however, high

background noise was consistently observed (Figure 2).

Figure 2. High background noise with IPA: ACN (1:1) as mobile phase B

when analyzing 500 pg/uL FFA standard mix on column.

Using methanol as mobile phase B provided similar response and sensitivity to ACN, however, it required a very
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high organic gradient (70-90%) which led to poor ionization and resulted in broad, tailed peaks.

The final method conditions used were with ACN as mobile phase B as this allowed for good peak separation,
sensitivity for most FFAs in the standard mix and repeatability at less than 8% RSD for all components (Table 6).
Sensitivity was defined as lower limit of quantitation (LLOQ) of <10 pg/uL (ppb) corresponding to 0.01 mg/L in

infant formula or milk samples (Table 7).

Due to the large range of FFAs components in the standard mix and chemical nature of FFAs, it was important to
match the sample diluent to the composition at the start of the gradient. A 10-fold increase in response was
observed for later eluting components when mobile phases A:B (1:1) were used as a sample diluent instead of

MeOH: H,0 (1:1) when using ACN as mobile phase B (Figure 3).

100+ A 3.84e5

A- Arachidic acid
B- Behenic acid
C- Lignoceric acid

————+  ACN: H,0
//\ MeOH: H,0

T T T T T T T T T T T T T T T T T T T
260 2.80 3.00 3.20 3.40 3.60 3.80 4.00 420 4.40

Time

Figure 3. Effect of diluent on FFAs LC-MS analysis. The FFA standard on-

column amount was 500 pg/uL for each injection.

A range of flow rates and mobile phase gradients were tested to increase peak separation without decreasing
peak response. Upon assessing flow rates ranging from 0.8 mL/min to 0.3 mL/min, 0.4 mL/min was established

as the flow rate that gave optimum QDa Il performance (Figure 4).
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Figure 4. Effect of column flow rate on FFA peaks separation. The FFA

standard on-column amount was 10 ng for each injection.

High organic conditions were needed to elute FFA off the LC column. Hence, to obtain peaks for early eluting

components i.e., C8:0 to C12:0, high organic starting conditions (55% mobile phase B) were selected.

Upon elevating mobile phase B% from 55% to 90%, a fast elution of all compounds from the column was
observed in under a minute. In contrast, a more gradual gradient transition to 80% from 55% yielded favorable
results, evident in well-resolved peaks (Figure 5). This optimized peak separation facilitated the application of the
Single lon Recording (SIR) acquisition mode to individual FFAs within the mixture. The implementation involved
splitting the acquisition method into five discrete SIR timed windows, each encompassing three to five distinct

FFA components.

The selection of the SIR acquisition extended the duration spent on each component, leading to improved peak
responses and separation. Consequently, this led to a reduction in the signal-to-noise (S/N) ratio, resulting in

enhanced sensitivity, and an increase in response repeatability, illustrated in Figure 6.
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Figure 5. High and gradual organic gradient is required for peak separation of the FFA
standard mix. The FFA standard on-column amount was 10 ng and 5 ng for top and

bottom injections, respectively.

Figure 6 shows a chromatogram representing the final LC-MS method selected for FFAs analysis. Upon
evaluating a range of method development factors, 1 mM aqueous NH4HCO,4 and ACN were established as

mobile phases A and B, respectively, and were used at B%; 55% to 80 on a phenyl BEH column (Table 1 and 2).
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1004 ! L A- Octanoic acid 1.64e6
B- Decanoic acid
C- Lauric acid
N D- Myristoleic acid
E- Myristic acid
F- Linoleic acid
G-Palmitoleic acid
H- Pentadecanoic acid
I- Linoleic acid
J- Palmitic acid
= | o K- Heptadecenoic acid
L- Oleic acid
M- Heptadecanoic acid
N- Stearic acid
B O- 11-Eicosenic acid
P- Nonadecanoic acid
Q- Arachidic acid
G M R- Behenic acid

S- Lignoceric acid

LN

025 050 075 100 125 150 175 200 225 250 275 300 325 350 375 400 425
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Figure 6. SIR acquisition using five distinct timed windows containing all 19 targeted

FFAs. Each SIR window and FFA peaks are highlighted by different colors and letters.

Sensitivity and Repeatability Assessment

Furthermore, this method proved to be highly sensitive to levels below 10 pg/mL for all FFAs components and

reproducible at high and low concentrations with % RSD between 0.3-8.2% for all components.
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Compound l F()g'/)t;)L % RSD F(’S:JEI)- % RSD
Octanoic acid 20 1.4 100 0.8
Decanoic acid 40 0.9 200 0.7
Lauric acid 40 1.1 200 1.1
Myristic acid 60 0.9 300 1.1
Myristoleic acid 10 1.9 50 0.7
Pentadecanoic acid 10 2.4 50 1.2
Palmitic acid 80 0.5 400 0.5
Palmitoleic acid 10 1.4 50 0.8
Heptadecanoic acid 10 1.6 50 0.8
Heptadecenoic acid 10 2.6 50 1.0
Stearic acid 60 043 300 0.4
Oleic acid 40 0.6 200 0.7
Linoleic acid 30 0.5 150 0.3
Linolenic acid 10 1.4 50 0.7
Nonadecanoic acid 10 0.6 50 0.8
Arachidic acid 10 0.8 50 0.9
11-Eicosenoic acid 20 1.0 100 0.8
Behenic acid 10 0.5 50 2.0
*Lignoceric acid 10 353 50 8.2

Table 6. Repeatability data of 19 FFAs components in the
standard mix. Differences in ppb concentration reflect
relative percentage% abundance in the standard mix. *High
%RSD of lignoceric acid can be explained by increase in

chemical noise towards the end of the run.

The lower limit of quantification (LLOQ) was determined at 20:1 S/N root mean square (RMS) and five times

peak area compared to blank response.

Advancing Free Fatty Acid Analysis of Milk and Infant Formula through ACQUITY™ QDa™ Il Mass Detector I\/Ie’thoc1j2
Development



Compound

Octanoic acid 4
Decanoic acid 2
Lauric acid 2
Myristic acid 3
Myristoleic acid 1
Pentadecanoic acid 2
Palmitic acid 2
Palmitoleic acid 1
Heptadecanoic acid 2
Heptadecenoic acid 3
Stearic acid 2%
Oleic acid

Linoleic acid 3
Linolenic acid 0.5
Nonadecanoic acid B
Arachidic acid 10
11-Eicosenoic acid

Behenic acid 5
Lignoceric acid 5

Table 7. LLOQ of 19 FFA components in the mix. "

Peak interference observed at stearic acid.

Preliminary Method Validation with Matrix Samples

To assess the suitability of this method, an evaluation with selected matrix samples was performed (Figure 7).
FFAs from cow milk and infant formula samples were extracted from using a simple MeOH extraction and a
further diluted in 1:1 mobile phase A and B before LC-MS analysis. Although FFAs make up less than 2% of fats
in milk and infant formula, the concentrations of FFAs detected in the samples analyzed matched manufacturer

and literature reported levels.>®
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Figure 7. Example of method performance with
real samples. A) Palmitic acid at 1.6 pg/uL in
standard mix; B) palmitic acid at 13.3 ng/uL in
infant formula; C) Lauric acid at 4 pg/uL in
standard mix; D) lauric acid at 3.7 ng/uL in

whole milk.

This method demonstrated its suitability for fast, high sample throughput analysis (up to 240 samples per day) of

FFAs, however, reliable linearity i.e.,, R2>0.99 is yet to be demonstrated to perform quantification studies.
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Conclusion

In conclusion, the implementation of a new innovative analytical method utilizing ACQUITY I-Class UPLC
coupled to ACQUITY QDa Il Mass Detector, along with the ACQUITY UPLC BEH Phenyl Column, demonstrates

clear advantages for free fatty acids analysis.

This method not only ensures swift and accurate separation of a wide range of FFAs, spanning from C8:0 to
C24:0, in less than six minutes, but also offers potential substantial benefits to laboratories such as significant

cost savings, while simultaneously minimizing complex procedural steps.

Moreover, the considerable time-saving potential of this method (as compared to typical GC-MS analysis which
typically takes 20 minutes to one hour per sample) allows researchers to enhance productivity and throughput,

contributing to more efficient laboratory operations.

Overall, the combination of speed, sensitivity, and simplicity in this analytical approach has the potential for a
substantial leap forward in routine FFAs analysis, underscoring its value as an important tool for laboratories

performing this analysis.
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