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Abstract

An analytical method was established for the rapid determination of 45 pigments and
preservatives in edible ink by ultra-high performance liquid chromatography coupled
with triple quadrupole tandem mass spectrometry (UHPLC-MS/MS), which provides
technical support for the composition analysis and industrial development of edible ink.
The samples were easily extracted with 75% aqueous methanol solution and purified
with a Captiva EMR-Lipid HF solid-phase extraction cartridge. After filtration through
a polytetrafluoroethylene (PTFE) membrane, the analytes were determined by UHPLC-
MS/MS under multiple reaction monitoring (MRM) mode in both positive and negative ion
modes. Poroshell 120 AQ-C18 was selected as the analytical column, and valve switching
timing control was adopted during the gradient elution process. The external standard
method was used for quantitative analysis. In the established method, the 45 pigments
and preservatives exhibited good linear relationships within the mass concentration range
of 0.0002-200.0 ug/mL. The limits of detection (LOD) and limits of quantification (LOQ)
were 0.0004-8.00 mg/kg and 0.001-20.00 mg/kg, respectively. Using 25% aqueous glycerol
solution as the blank matrix, the recoveries of analytes at different spiked levels met the
detection requirements. The established method is simple and rapid, and can be applied
to the qualitative and quantitative detection of typical pigments and preservatives in
edible ink.

Keywords: edible ink; detection of pigments and preservatives; UHPLC-MS/MS; valve
switching timing control

1. Introduction

Ink is a viscous liquid or paste applied for printing and imaging, which functions to
efficiently transfer texts and patterns onto the surface of substrates such as paper, fabric and
plastics. Commercially available inks are generally divided into two categories: inks for
direct food contact and inks for indirect food contact [1,2]. Inks for indirect food contact are
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usually applied to the outer layer of food packaging with a wide safety application range.
In contrast, inks for direct food contact are special compound food additives developed to
meet food safety standards, and are also known as edible ink [3-7]. With the application
of food-grade inkjet printers, edible ink can realize the functions of food pattern printing,
text marking, brand identification, traceability information recording and personalized
decoration [8,9]. Owing to its advantages of edibility, high printing precision, stable
color performance and adaptability to industrial production, edible ink has been rapidly
popularized in major global food consumption markets including Europe, America, China
and Southeast Asia, with its application scenarios continuously expanding. At present,
edible ink has been widely used in cake decorating, frosting decoration, chocolate surface
printing, candy coating, cookies and biscuits, ice cream surface decoration, milk foam of
beverages, health food, infant complementary food, pharmaceutical sugar coating, ready-
to-eat meal packages and other directly consumed foods [10-12]. It has become a key carrier
for improving product added value, strengthening brand recognition, realizing information
traceability, and cultural empowerment. With the digital customization and functional
innovation of the global food industry, direct printing technology on food surfaces has
become an important symbol of the modernization of the food industry [13-15].

Typically, edible printing inks are formulated via compounding colorants, antimi-
crobial agents, humectants, dispersants, solvents and auxiliary functional additives. The
conformity of ink formulations, purity of constituent ingredients and control efficiency
of residual substances exert a direct bearing on the physical health of consumers across
the globe, rendering them a central research and regulatory priority in international food
safety governance, cross-border regulatory equivalence schemes, and the advancement
of high-end industrial systems for edible printing materials [16,17]. Pigments and preser-
vatives are two core functional components of edible ink with the widest application, the
most prominent safety risks and the strictest international supervision [18]. Synthetic food
pigments are widely used in high-appearance foods such as chocolate, candy and baked
goods due to their stable color fastness, light and heat resistance, and low cost [19-21].
Preservatives are used to inhibit the proliferation of molds, yeasts, bacteria and other
microorganisms during the production, storage, transportation and application of ink, so as
to prevent product deterioration under high temperature, high humidity and long shelf-life
conditions [22,23]. Notably, with the gradual extension of edible ink application scenarios
to high-sensitivity fields such as infant food, special dietary food and functional food, the
safety risk is increasingly prominent. International toxicological data have confirmed that
non-edible industrial pigments including Rhodamine B, Basic Flavine O, Acid Orange II,
Direct Red 28 and Erythrosine possess potential carcinogenic, mutagenic and sensitizing
properties, and have been listed as prohibited substances in food by the European Food
Safety Authority (EFSA), the U.S. Food and Drug Administration (FDA) and the Codex
Alimentarius Commission (CAC). Petroleum-based synthetic pigments such as Tartrazine,
Sunset Yellow FCF, Allura Red AC, Quinoline Yellow WS and Brilliant Blue FCF may affect
children’s cognitive and behavioral development, and European and American countries
have continuously tightened their maximum permitted usage limits. In terms of preserva-
tives, long-term excessive intake of benzoic acid, sorbic acid, dehydroacetic acid, natamycin
and parabens may interfere with endocrine function and affect the homeostasis of intestinal
flora. EFSA and FDA have continuously reduced the permissible exposure levels based
on the latest toxicological assessments. To support the development of the global edible
ink market and protect consumer safety, it is necessary to carry out risk monitoring on the
main components of edible ink [24-27].

Globally, a sound industrialized supply chain for edible printing inks has been well
established. Major overseas manufacturers include Sun Chemical, Toyochem, Wilton and
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Linx. Their ink formulations are primarily composed of food-grade glycerol, malt syrup and
plant-derived colorants, which have passed international food safety certification criteria
issued by the U.S. FDA and European EFSA. Such edible inks are widely deployed in indus-
trial manufacturing processes, including pattern printing on bakery products, high-speed
marking of candies and chocolates, traceability coding for fresh agricultural commodities,
and surface identification printing of pharmaceutical tablets. We will first take representa-
tive products from Sun Chemical as a case study. The SensiJet FSE series is a low-viscosity
synthetic edible ink compatible with piezoelectric and thermal inkjet printheads, enabling
direct printing onto substrates such as fondant, edible rice sheets and cookies. By contrast,
the FSR-8 series is engineered for medium-viscosity industrial piezoelectric printheads,
characterized by high color saturation and superior long-run continuous printing stability.
This product line is primarily utilized for mass inline printing on bakery production lines,
and also satisfies the marking demands of pharmaceutical formulations including tablets
and hard capsules. Although the detection technologies for food additives have become
increasingly mature, dedicated detection methods targeting the special matrix of edible ink
are still imperfect [28-31]. The EU EN standards, U.S. AOAC standards, Chinese national
standard series and Japanese Ministry of Health, Labour and Welfare methods are all appli-
cable to conventional foods such as beverages, meat products, pastries and condiments,
with HPLC-UV /Vis as the mainstream technology, which can only determine a limited
range of target analytes. The current conventional pretreatment methods generally suffer
from cumbersome operation, low throughput and weak anti-matrix interference capability.
Although some studies have reported the application of UHPLC-MS/MS, GC-MS, capillary
electrophoresis, rapid immunoassay and other technologies for multi-component screening,
there is no available method that can simultaneously cover multiple synthetic pigments,
illegal dyes, preservatives and bacteriostatic agents.

2. Materials and Methods

Organic solvents used in this method, including methanol, acetonitrile and ammo-
nium acetate, were of chromatographic grade; glycerol (glycerin) was of analytical grade
with purity > 99% (ANPEL Laboratory Technologies, Shanghai, China). The names and
corresponding CAS numbers of the 45 analytes are shown in Table S1 in Supporting Mate-
rial (SM). Six kinds of edible inks were adopted in the experiment. Among them, four were
compound food colorants (black, red, yellow and blue) produced in Italy, and the other
two were quick-drying compound food colorant and CIS INK compound food colorant,
both produced in China. These six commercially available compound colorants are named
sequentially as Colorant A to F.

The instruments and consumables used in this work are as follows. Chromatographic
separation was performed on a Poroshell 120 AQ-C18 column (3.0 x 50 mm, 2.7 um). The
analytical platform consisted of an 1290 Infinity IIIl UHPLC (Agilent, Santa Clara, CA, USA)
system coupled with an AB SCIEX Triple Quad™ 5500+ (Danaher, Washington, DC, USA)
triple quadrupole mass spectrometer. Other supporting equipment included a Sartorius
BSA423S analytical balance (Florenz Sartorius, Gottingen, Germany), Vortex 1 mixer (IKA,
Staufen, Germany), Turbo Vap LV nitrogen evaporator (Biotage, Uppsala, Sweden), and
0.45 pm SF130-45-PTFE-HL syringe filters.

Nine varieties of solid-phase extraction cartridges were selected for comparative
tests, namely CNW BOND HLB (divinylbenzene-N-vinylpyrrolidone copolymer), PS-
DVB (polystyrene-divinylbenzene), WAX (weak anion exchange), neutral alumina (ALN),
polyamide (PA), MAX (strong anion exchange), C18 (octadecylsilane-bonded silica), amino-
bonded silica (NH;), and Captiva EMR-Lipid HF cartridges. Three types of filter mem-
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branes were applied in sample pretreatment, including polyvinylidene fluoride (PVDF),
polyamide (nylon), and polytetrafluoroethylene (PTFE) membranes.

2.1. Preparation of Standard Solutions, Blank Matrix and Sample Pretreatment

(a) Single standard stock solution (1000 mg/L). An equivalent amount of 50 mg
(accurate to 0.1 mg) of each pigment standard was accurately weighed, dissolved and
transferred into a 50 mL volumetric flask, diluted to the mark with methanol, and stored at
—18 °C under dark conditions.

(b) Mixed standard working solution. The single standard solutions were diluted with
75% aqueous methanol solution to prepare the required mixed standard working solution,
which was freshly prepared before use.

(c) Procedures for blank matrix and spiked recovery experiments. Weigh 0.5 g of
25% glycerol aqueous solution as the blank matrix. Add 50 uL, 100 uL and 500 pL of the
previously prepared mixed standard working solution to separate portions of the blank
matrix, and dilute each to 1 mL with 75% aqueous methanol. Follow the detailed procedures
for low-concentration samples described in the subsequent section (d) to prepare spiked
recovery samples at three concentration levels with six replicates per level.

(d) For samples with low analyte contents: Accurately weigh 0.5 g (precision to 1 mg)
of sample into a 15 mL centrifuge tube, dilute to 1 mL with 75% aqueous methanol, and
vortex at 3000 r/min for 1 min. Transfer the sample solution to a Captiva EMR-Lipid
HF cartridge, then elute with 5 mL of 80% aqueous acetonitrile. Collect the eluate and
dry it under nitrogen at 50 °C down to 150-200 uL then reconstitute to 1 mL with 80%
aqueous acetonitrile. Vortex for uniform mixing and filter via a PTFE membrane prior to
instrumental analysis.

(e) For high-concentration samples: Accurately weigh 0.5 g compound food colorant
(accurate to 1 mg) into a 25 mL volumetric flask and make up to the mark with 75% aqueous
methanol. Dilute the resulting solution 10 times with 75% aqueous methanol. Prepare extra
serial dilution gradients for samples with excessively high analyte concentrations. Load
1 mL of diluted sample solution onto a Captiva EMR-Lipid HF cartridge and elute with
5 mL 80% aqueous acetonitrile. Collect the eluate and concentrate under nitrogen at 50 °C
to 150-200 pL. Reconstitute to 1 mL with 80% aqueous acetonitrile, vortex thoroughly and
filter through a PTFE membrane prior to instrumental analysis.

2.2. Instrumental Conditions

Chromatographic conditions: Poroshell 120 AQ-C18 chromatographic column was
used with a column temperature of 40 °C. Mobile phase A was 5 mmol/L ammonium
acetate aqueous solution, and mobile phase B was acetonitrile. The flow rate and injection
volume were 0.350 mL/min and 5 pL, respectively. The detailed gradient elution procedure
is shown in Table 1.

Table 1. Gradient elution procedure.

Gradient Elution  Gradient Time/min Mobile Phase A Mobile Phase B

% %
0 100 0
1 95 5
4 35 65
6 5 95
12 5 95
14 95 5
15 100 0

Post time 15
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Mass spectrometric parameters were set as follows: the capillary voltage was 4.5 kV,
the nebulizer gas pressure was adjusted to 35 PSI with a corresponding flow rate of 9 L/min,
the heater gas was supplied at a flow rate of 9 L/min and a temperature of 350 °C, the
ion transfer tube temperature was maintained at 250 °C, and the ion source temperature
was kept at 300 °C. Electrospray ionization (ESI) source was operated in both positive and
negative ion modes with the multiple reaction monitoring mode. The mixed standard
solution at the concentration of 10 pug/mL was determined by instrumental analysis. Based
on the molecular formula and structural characteristics of each compound, the quantitative
and qualitative ions of each analyte were determined by full-scan of precursor ions. The
ionization information of each compound is listed in Table S2.

3. Results
3.1. Selection of Chromatographic Column

To select an optimal chromatographic stationary phase for the simultaneous determi-
nation of the target analytes, two columns commonly employed in the analysis of colorants
and preservatives were evaluated, including the Agilent ZORBAX RRHD Eclipse Plus
C18 column (3.0 x 100 mm, 1.8 um) and the Poroshell 120 AQ-C18 column (3.0 x 150 mm,
2.7 um). Comparative experimental results revealed that one of the target analytes, Di-
rect Red 28, displayed negligible retention on the Agilent ZORBAX RRHD Eclipse Plus
C18 column. The stationary phase of the Agilent ZORBAX RRHD Eclipse Plus C18 column
consists of fully porous particles bonded with C18 groups, allowing analytes to diffuse
throughout the interior of the particles. Owing to the strong inherent polarity of Direct
Red 28, this dye shows negligible retention on the column and produces an extremely
low detector response. Meanwhile, the majority of target analytes exhibited broadened
peak profiles on the Agilent ZORBAX RRHD Eclipse Plus C18 column, which partially
accounts for the inferior response intensities observed relative to the Poroshell 120 AQ-
C18 column (Figure S1). Therefore, the Poroshell 120 AQ-C18 column was more conducive
to the detection and quantification of the corresponding target analytes.

3.2. Optimization of Valve Switching Timing Control

Glycerol is the main component of edible ink, accounting for 20-30% of the total
formula. Glycerol is a strongly polar and high-viscosity substance with a boiling point up
to 290 °C, which is difficult to volatilize completely in the ion source. The deposition of
glycerol on the spray needle, cone hole and ion lens surface will cause instrument pollution
in long-term operation, accompanied by increased background noise and signal drift. Glyc-
erol is insoluble in conventional degreasing reagents such as n-hexane, and it is difficult to
effectively remove glycerol using existing pretreatment methods without loss of target ana-
lytes. Herein, this study collected effluents from the chromatographic column at different
time intervals on LC-MS/MS and determined glycerol content via liquid chromatography-
evaporative light scattering detection (LC-ELSD). The timing control parameters of the
switching valve were optimized to address this problem. Ultrapure water was selected
as the extraction solvent, and ultrasonic-assisted extraction was implemented to achieve
complete recovery of target analytes. The resulting extract was subjected to cleanup using
a CNW BOND HLB solid-phase extraction cartridge, and all eluate fractions were pooled
prior to subsequent treatment. The combined eluate was concentrated to dryness under a
nitrogen stream, and the obtained residue was reconstituted with 89% acetonitrile aqueous
solution. Quantitative analysis was performed on a VC-HILIC hydrophilic chromato-
graphic column under isocratic elution conditions with an acetonitrile-water mobile phase
ratio of 60:40, in conjunction with the ELSD. A set of serial glycerol standard working
solutions was prepared for calibration curve establishment, and analyte quantification was
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accomplished via the external standard method to calculate glycerol contents in actual
samples. As illustrated in Figure 1, the chromatographic effluent from the LC-MS/MS
was collected in fractions for glycerol quantification. Fractions corresponding to the time
windows of 0.00-1.00 min, 1.00-1.60 min and 1.60-1.80 min were collected at the initial
stage, whereas effluent fractions were harvested at 0.05 min intervals within the range of
1.80-2.05 min. The results indicated that glycerol was only detected in the time periods of
1.85-1.90 min and 1.90-1.95 min. Therefore, the eluent within the first 1.00 min was directly
diverted to waste liquid; the valve was switched to the mass spectrometer at 1.00-1.80 min
to ensure that the target analytes entered the detection channel; subsequently, the flow was
diverted to waste liquid again at 1.80-2.00 min to completely remove residual glycerol. The
valve was stably connected to the mass spectrometer after 2.0 min for spectrum collection
and analysis. The valve switching timing control strategy can effectively prevent glycerol
molecules from entering the mass spectrometer without affecting the detection of two target
analytes including citric acid and Tartrazine.

standard

T ,C-MS/MS eluate collected in 2.00-2.05min
=T ,C-MS/MS eluate collected in 1.95-2.00min
e ,C-MS/MS eluate collected in 1.90-1.95min
e | C-MS/MS eluate collected in 1.85-1.90min
e | C-MS/MS eluate collected in 1.80-1.85min
e | C-MS/MS eluate collected in 1.60-1.80min
e | C-MS/MS eluate collected in 1.00-1.60min
e | C-MS/MS eluate collected in 0.00-1.00min

Glycerol

min

Figure 1. Chromatogram acquired via LC-ELSD. The peak at 2.7-3.5 min is the solvent peak from
acetonitrile and ammonium acetate mixture, and the eluate components were identified by matching
peak times with glycerol standard.

3.3. Purification Performance of Different Solid-Phase Extraction Cartridges for 45 Pigments
and Preservatives

The solid-phase extraction cartridge is a sample pretreatment device prepared with
silica gel or polymer as the substrate, which realizes the separation and purification of
target compounds through selective adsorption and elution. To investigate the purification
performance of different solid-phase extraction cartridges for 45 pigments and preserva-
tives, nine cartridges with different packing materials were selected in this study, and the
results are shown in Table 2. The purification results under different modes showed that
PS-DVB, C18 and MAX cartridges presented extremely low recoveries for the 45 pigments
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and preservatives, and some analytes were completely adsorbed by the cartridges. ALN,
WAX, PA, HLB and NH, cartridges showed large fluctuation in recoveries for the target
analytes. For instance, the recoveries of citric acid on WAX and PA cartridges were 94.0%
and 100.0%, respectively, while the other three cartridges showed no effective retention
for this compound. It was found that the recoveries of the 45 pigments and preservatives
on Captiva EMR-Lipid HF cartridge ranged from 72% to 109%. Although the recovery
of Tartrazine was 72%, the recoveries of the remaining compounds were all above 80%,
showing satisfactory elution performance. Furthermore, aqueous acetonitrile solutions
with volume fractions of 80%, 85%, 90% and 95% were used for elution (Figure S2). As the
proportion of acetonitrile in the eluent increases, the interaction between target analytes
and column sorbent strengthens. Finally, 80% aqueous acetonitrile solution was selected
as the eluent for Captiva EMR-Lipid HF cartridge due to its stable pore structure and
adsorption performance.

Table 2. Column recovery of 45 pigments and preservatives using different solid-phase extraction columns.

Analyte Compound  PS-DVB o o HLB o NH; MAX o Captiva EMR-Lipid HF
No. %) WAX (%)  ALN (%) (%) C18 (%) (%) (%) PA (%) (%)
1 1.0 94.0 N/A 5.0 N/A N/A N/A 100.0 89.0
2 1.0 78.0 14.0 9.0 N/A 152.0 N/A 84.0 72.0
3 3.0 84.0 30.0 15.0 1.0 91.0 N/A 89.0 86.0
4 5.0 94.0 25.0 35.0 1.0 31.0 N/A 100.0 95.0
5 10.0 99.0 29.0 59.0 2.0 4.0 N/A 98.0 97.0
6 10.0 100.0 48.0 23.0 5.0 91.0 N/A 99.0 91.0
7 12.0 95.0 64.0 47.0 7.0 33.0 N/A 95.0 96.0
8 41.0 176.0 23.0 75.0 4.0 94.0 6.0 88.0 103.0
9 16.0 106.0 73.0 25.0 4.0 83.0 1.0 108.0 88.0
10 16.0 97.0 70.0 23.0 1.0 72.0 3.0 98.0 102.0
11 15.0 98.0 75.0 80.0 2.0 92.0 N/A 101.0 95.0
12 11.0 112.0 74.0 22.0 5.0 109.0 N/A 114.0 99.0
13 1.0 92.0 N/A 5.0 N/A N/A N/A 91.0 94.0
14 3.0 3.0 N/A 1.0 N/A N/A N/A 1.0 94.0
15 27.0 103.0 51.0 51.0 12.0 62.0 N/A 94.0 105.0
16 4.0 48.0 32.0 12.0 3.0 15.0 N/A 32.0 93.0
17 25.0 106.0 66.0 74.0 7.0 124.0 1.0 104.0 100.0
18 13.0 104.0 30.0 12.0 4.0 113.0 N/A 98.0 97.0
19 14.0 96.0 39.0 35.0 5.0 29.0 N/A 51.0 95.0
20 14.0 99.0 40.0 38.0 5.0 27.0 N/A 48.0 101.0
21 18.0 100.0 77.0 13.0 6.0 114.0 N/A 102.0 109.0
22 57.0 57.0 24.0 59.0 8.0 47.0 7.0 68.0 81.0
23 26.0 97.0 60.0 55.0 13.0 64.0 N/A 101.0 89.0
24 114.0 98.0 120.0 257.0 76.0 163.0 N/A 130.0 93.0
25 15.0 99.0 78.0 48.0 4.0 138.0 N/A 88.0 105.0
26 69.0 89.0 45.0 N/A 11.0 70.0 1.0 2.0 89.0
27 22.0 99.0 84.0 82.0 9.0 79.0 N/A 70.0 99.0
28 22.0 99.0 87.0 84.0 9.0 81.0 N/A 71.0 105.0
29 18.0 91.0 60.0 60.0 6.0 73.0 N/A 57.0 99.0
30 124.0 93.0 96.0 226.0 52.0 166.0 N/A 103.0 102.0
31 22.0 93.0 88.0 22.0 8.0 91.0 N/A 101.0 92.0
32 25.0 101.0 93.0 28.0 9.0 100.0 N/A 103.0 100.0
33 32.0 93.0 92.0 89.0 11.0 104.0 N/A 92.0 95.0
34 28.0 43.0 58.0 45.0 17.0 70.0 1.0 16.0 92.0
35 41.0 74.0 82.0 58.0 11.0 83.0 N/A 77.0 95.0
36 35.0 88.0 94.0 65.0 12.0 91.0 N/A 95.0 100.0
37 47.0 38.0 3.0 81.0 12.0 14.0 6.0 42.0 104.0
38 51.0 41.0 2.0 75.0 15.0 14.0 4.0 36.0 107.0
39 56.0 43.0 3.0 67.0 21.0 16.0 4.0 34.0 108.0
40 5.0 7.0 1.0 1.0 2.0 N/A 5.0 2.0 82.0
41 69.0 57.0 8.0 67.0 30.0 19.0 4.0 36.0 99.0
42 50.0 47.0 10.0 0.0 32.0 28.0 4.0 74.0 104.0
43 96.0 82.0 77.0 65.0 49.0 50.0 2.0 88.0 103.0
44 31.0 18.0 17.0 19.0 26.0 29.0 4.0 15.0 100.0
45 3.0 4.0 10.0 2.0 17.0 17.0 1.0 7.0 100.0
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3.4. Effects of Different Membranes on Recoveries of 45 Pigments and Preservatives

Given the risk of target analytes undergoing membrane adsorption, the adsorptive
capacities of filter membranes with diverse brands and substrates, including polyvinyli-
dene fluoride (PVDEF), polyamide (PA) and polytetrafluoroethylene (PTFE), were further
evaluated for 45 preservatives and colorants. Matrix-fortified blank matrix assays were im-
plemented, and the resultant data summarized in Table S3 elucidate the material-dependent
adsorption discrepancies among the tested filters.

For all 45 target compounds, PTFE membranes yielded recoveries spanning 86-125%,
with the majority of analytes exhibiting recovery efficiencies above 90%. While PVDF
and PA filters exerted marginal interferences on most analytes, PVDF presented a mere
59.2% recovery for Acid Yellow 36. In addition, six compounds (paeonol, butylparaben,
honokiol, magnolol, rhodamine) were nearly quantitatively retained by PVDF substrates,
leading to severely depressed recoveries. PA membranes also generated inferior recoveries
for Acid Red 73, Ponceau and Direct Red 28, registering only 63.0%, 22.0% and 4.1%,
respectively. Collectively, PTFE filter membranes satisfy the analytical criteria and exhibit
optimal filtration compatibility for the simultaneous quantitation of the 45 preservatives
and colorants.

3.5. Methodological Validation

The calibration curves were established with the concentration of analytes as the
abscissa and the peak area as the ordinate. For the majority of target analytes, six calibra-
tion levels were preferentially established to span low, medium and high concentration
ranges. Such a configuration adequately constrains both extremities of the linear dynamic
range and substantially enhances the robustness of linear regression fitting. In contrast,
only five calibration points were designated for a subset of analytes. This practice stems
from the pronounced peak broadening and ion saturation phenomena observed for these
compounds at elevated concentrations, whereby their detector responses deviate signifi-
cantly from linearity once concentrations exceed a critical threshold. The limits of detection
(LOD) and limits of quantification (LOQ) were calculated based on signal-to-noise ratios
of 3 and 10, respectively. The ranges of the LOD, LOQ and correlation coefficient were
0.0004-8.00 mg/kg, 0.001-20.00 mg/kg and 0.98241-0.99968, respectively, as shown in
Table 3. Using 25% aqueous glycerol solution as the blank matrix, six-replicate spiked
recovery experiments were conducted for each pigment and preservative at three spik-
ing levels corresponding to 1-fold, 2-fold and 10-fold of the LOQ. The recoveries of the
45 pigments and preservatives were 63.08-116.38% with relative standard deviations (RSD)
of 0.00-19.30%. The method exhibited satisfactory recovery and repeatability, which can
meet the requirements of routine detection. The total ion chromatogram of the 45 pigments
and preservatives is shown in Figure S3.

Table 3. Linear ranges, correlation coefficients, limits of detection, limits of quantification, recoveries,
and precision of 45 pigments and preservatives.

Analyte Correlation Limit of Limit of
Compound Llr(l:lagl}iir)lge Standard Curve Coefficient Detection Qu?;}ggt)wn Reioo/v)ery I:SI)D

No. ) (LOD) (ng/kg) (ug/kg)

1 1-50 y=1.81260 x 10%x — 1.74748 x 10° 0.99133 2000 5000 83.91~92.52 4.66~7.59

. y =2.032498 x 10°x — 5 5

2 0.2-10 1.10068 x 10° 0.99610 400 1000 84.98~115.21 2.89~11.34

3 2-50 y =3.98103 x 10°x + 12,584.66318 0.99386 4000 10,000 100.86~111.71 4.88~10.83

4 0.4-10 y =3.80340 x 10°x + 1.45006 x 10° 0.99011 800 2000 99.76~116.38 2.34~6.67

5 0.02-0.5 y =1.04477 x 10”x +2.08382 x 10° 0.99404 40 100 79.59~91.81 1.84~6.02

6 0.2-5 y =1.82911 x 10°x + 12,703.39534 0.99904 400 1000 84.07~88.62 4.13~12.52

7 4-200 y =3.81893 x 10*x + 1158.65119 0.9836 8000 20,000 70.65~91.47 8.71~19.08

8 2-100 y =5.23803 x 10°x + 1787.87847 0.99887 4000 10,000 86.39~105.02 4.87~11.39

9 0.02-1 y =6.09449 x 10°x +416.76931 0.99892 40 100 70.25~90.40 4.63~12.56
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Table 3. Cont.
. - Limit of
Analyte . Correlation Limit of iy as
Compg’und L“(‘Z:/ii?ge Standard Curve Coefficient Detection Qua(a]rﬂ\StQa;wn Re?;}‘;ery l}‘,SA)]))
No. ?) (LOD) (ug/kg) (ug/kg)
10 0.02-1 y =5.84146 x 10%x + 7310.19827 0.99288 40 100 86.12~98.50 4.17~4.56
11 0.1-5 y =3.00754 x 10°x — 4258.63965 0.99918 200 500 74.07~90.88 1.79~6.79
12 0.1-5 y =1.23983 x 10°x + 1341.98698 0.99901 200 500 85.71~107.81 4.13~7.11
13 2-100 y =9.44410 x 106x — 2.69971 x 10° 0.98698 4000 10,000 81.93~95.88 2.52~5.17
14 0.2-10 y=3.71154 x 10°x + 528.45888 0.9963 400 1000 70.24~90.09 10.36~12.59
15 2-100 y =8.41024 x 10°x +22,777.08395 0.99377 4000 10,000 98.56~110.02 2.26~11.86
16 0.02-1 y =2.76004 x 105x +241.43154 0.99843 40 100 79.73~91.93 4.91~14.90
17 0.02-1 y =3.43811 x 105x — 1132.17316 0.99529 40 100 78.33~89.25 0.00~10.51
18 0.1-5 y=7.31377 x 10°x — 2913.30550 0.99766 200 500 79.35~92.07 4.75~10.89
19 0.2-10 y=7.32372 x 10°x — 1420.76634 0.99782 400 1000 82.67~95.19 6.99~7.75
20 0.04-2 y =5.12180 x 10°x — 7625.11770 0.99966 80 200 81.54~93.73 2.35~8.47
21 0.02-1 y =5.39332 x 10°x — 1269.43337 0.99914 40 100 78.44~96.03 6.67~9.63
22 0.2-10 y =7.10580 x 10°x — 6.84893 x 10* 0.99117 40 100 68.12~83.38 2.74~4.62
23 0.1-5 y =1.77777 x 10°x + 20,628.20986 0.99952 200 500 81.37~96.31 4.73~10.10
24 0.1-5 y =1.15522 x 10°x — 11,397.58040 0.99756 200 500 78.71~93.76 5.05~6.26
25 0.02-1 y =5.79789 x 10°x — 8511.30541 0.98241 40 100 68.42~90.78 3.11~10.23
26 0.02-1 y =4.52430 x 10°x + 6491.83802 0.99425 40 100 69.33~92.76 9.45~15.74
27 0.002-0.1 y =9.04557 x 10°x + 6.34577 x 10* 0.99965 4 10 77.28~91.46 4.19~7.04
28 0.2-10 y =1.24189 x 100X + 9584.59741 0.99782 400 1000 79.95~94.38 8.24~9.05
29 0.002-0.1 y =4.50302 x 10°x — 1701.27637 0.99565 4 10 65.50~88.03 5.56~6.76
30 0.02-1 y =1.34706 x 10%x — 25,225.72056 0.9929 40 100 63.08~84.08 2.51~3.47
31 0.5-25 y =1.75505 x 107 +9.07425 x 10* 0.99839 1000 2500 79.68~93.61 1.43~3.42
32 0.04-2 y =2.13038 x 10°x + 1198.58537 0.99952 80 200 82.56~99.63 4.47~9.53
33 0.04-2 y=7.16649 x 106x — 5.24562 x 10* 0.99733 80 200 77.06~92.46 1.00~7.07
34 0.5-25 y =8.12037 x 10*x — 336.65139 0.99234 1000 2500 67.45~81.43 2.47~12.75
35 0.01-0.5 y =9.82988 x 10°x — 3063.63860 0.99968 20 50 85.84~103.38 4.24~8.93
36 0.02-1 y =9.0295 x 10°x—9.47759 x 10* 0.99158 40 100 70.75~85.35 1.10~5.04
37 0.002-0.1 y =8.64300 x 10°x — 783.87427 0.9974 4 10 84.80~91.74 6.26~19.30
38 0.002-0.1 y =2.05687 x 10°x — 3184.95824 0.99906 4 10 88.23~99.45 4.40~19.04
39 0.002-0.1 y =2.59714 x 10°x + 2193.55544 0.99978 4 10 83.53~97.32 4.95~11.64
40 0.1-5 y =4.54346 x 10°x — 4.91166 x 10* 0.99184 200 500 73.24~89.14 3.62~5.21
41 0.002-0.1 y =3.01325 x 10°x + 123.18102 0.9996 4 100 83.27~96.74 2.58~9.09
42 0.004-0.2 y=1.63621 x 10°x — 848.39239 0.99953 8 20 83.45~97.18 6.16~8.49
43 0.01-0.5 y=2.01811 x 10°x + 15,704.91845 0.99729 20 50 83.81~90.89 3.81~8.69
44 0.0002-0.01 y =2.44944 x 10°x — 469.08552 0.99949 0.4 1 78.79~92.79 5.95~9.08
45 0.002-0.1 y =1.06345 x 107x — 4.20563 x 10* 0.99949 4 10 83.46~97.12 2.28~8.11

3.6. Verification of Actual Samples

To further verify the universal applicability of the established analytical method
toward various edible printing inks (compound food colorants), six commercially available
edible printing ink products were selected for quantitative determination of colorant
contents. As listed in Table 4, almost no preservatives were detected in all six ink samples,
which was consistent with the labeled nominal compositions. Trace amounts of citric acid
were only identified in Sample Colorant B and Colorant C, with concentrations ranging
from 0.024 to 0.032 g/kg. The target colorants, including Brilliant Blue, Acid Red 73,
Tartrazine, Sunset Yellow, Azorubine, Ponceau and Allura Red, were all detectable in
the remaining samples, whose contents varied from 0.024 to 47.0 g/kg. For samples
with high analyte concentrations, appropriate dilution procedures were implemented
throughout the experiment, as illustrated in Step (e) of Part 2.1. The detected analytes
were consistent with the colorants and preservatives declared on product labels, and the
measured concentrations matched the nominal values after dilution. Collectively, the
proposed method exhibits favorable analytical performance and is applicable to the routine
analysis of practical real-world samples.

Table 4. Contents of target colorants in six compound food colorants, with nominal values provided
in parentheses.

Analyte Compound Colorant A Colorant B Colorant C Colorant D Colorant E Colorant F
No. (g/'kg) (g/kg) (g/'kg) (g/kg) (g/'kg) (g/kg)
16.51 £ 1.2 451+ 151
21 65 0 > > / / / /

(15.0~20.0) (40.0~50.0)
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Table 4. Cont.

Analyte Compound Colorant A Colorant B Colorant C Colorant D Colorant E Colorant F
No. (g/kg) (g/kg) (g/kg) (g/kg) (g/kg) (g/kg)
s EN / /
1 ;e omam : /
: ;o e emem / /
: S S /
. C s e
: / / / f Cokey 020
. R e

4. Conclusions

In this study, a sample pretreatment method was established by extraction with 75%
aqueous methanol solution via vortex mixing and purification with Captiva EMR-Lipid
HF solid-phase extraction cartridge. A UHPLC-MS/MS method was developed for the
simultaneous determination of 45 pigments and preservatives in edible ink, solving the
problem that it is difficult to analyze multiple pigments and preservatives simultaneously
using conventional detection methods. Methodological validation results demonstrated
that the established method satisfied the technical detection requirements in terms of
linearity, recovery, repeatability, LOQ and LOD. The method is simple, rapid and suitable
for high-throughput simultaneous detection of 45 pigments and preservatives, which
greatly saves detection time and reduces detection cost with low environmental pollution.
The established analytical method possesses extensive applicability for the qualitative and
quantitative detection of preservatives and colorants in edible ink, which can provide a
robust technical basis for the practical application and industrialized development of edible
ink products.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations13070197 /s1, Figure S1: Top: Total ion chromatograms
obtained with two different chromatographic columns; Bottom: The extraction results of one
target analyte (number 26, CAS:573-58-0) showed undetected and detected status respectively;
Figure S2: Elution performance of Captiva EMR-Lipid HF purification column with different con-
centration eluents; Figure S3 Total ion current chromatogram of 45 pigments and preservatives;
Table S1: The test numbers, compound names and corresponding CAS numbers of the 45 analytes;
Table S2: Ionization status of each detected compound; Table S3: Effect of three different filter mem-
branes on the recovery rates of 45 pigments and preservatives.
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