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Abstract: A simple, fast, green, and sensitive method for determining Bisphenol A (BPA) levels
in commercial milk was developed using a solventless sample preparation technique known
as stir bar sorptive extraction, coupled with thermal desorption-gas chromatography/mass
spectrometry. BPA was selected due to its ubiquitous presence in the environment and
its classification as an endocrine-disrupting chemical of concern (i.e., its ability to mimic
hormone functions). Studies have reported that BPA can leach into various food sources,
including milk, a dietary staple for infants. It is critical to have an effective and efficient
process for monitoring the presence of BPA in milk to protect children’s health. Current
detection methods for BPA in milk are lengthy and tedious and tend to require the use
of organic solvents for the extraction of BPA. This optimized “green” method provides
an effective alternative for BPA detection in a challenging matrix, e.g., milk. Factors such
as pH (1.5, 6, and 13), temperature (70-80 °C), and sonication (1 h, 2 h, and 3 h) were
studied with a BPA-spiked whole milk sample (final concentration of 8 ppb) to optimize
the extraction efficiency without the use of solvents. The developed methodology improves
BPA recovery from whole milk by over 50%, with a detection limit in the parts per trillion
range (45 ng/L). The sample preparation developed in this report rendered a more sensitive
option for analyzing BPA in milk, with a limit of detection in the parts per trillion range
(compared to low ppb) even though the recovery performance is not as good as in reported
studies (54% vs. >85%); nonetheless, it provides a green alternative for future studies
assessing BPA exposure through dairy products.
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1. Introduction

Bisphenol A (4,4'-isopropylidenediphenol, 2,2'-bis(4-hydroxyphenyl)-propane, BPA)
is a compound with extensive applications in the plastics industry. It can be found in
polycarbonate plastics used for reusable bottles and food storage containers, polymers
for medical devices, epoxy-based can coatings, and water supply pipes [1-3]. The wide
applications have made BPA a mass-produced chemical worldwide, with over six million
tons produced each year [4]. As a result, BPA is constantly released into the environment by
humans, animals, and industrial activities [1]. Even though BPA is normally found in low
concentrations, its ubiquity boosts the likelihood of contact through enhanced exposure
routes, such as ingestion (drinking water and food), inhalation (atmosphere and dust),
and transdermal (recreational water and potable water) [1,5-7]. Furthermore, BPA is an
endocrine-disrupting chemical (EDC) as it can mimic hormone function in the body [8].
Studies have indicated that diet is the main source of exposure to EDCs such as BPA among
children, who are especially vulnerable due to their undeveloped endocrine systems [9].
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After ingestion, BPA has an estimated half-life of 6 h in the blood, then is excreted from the
organism through pathways such as urine, human colostrum, breast milk, and saliva, while
a part of the BPA is distributed to body storage areas, such as adipose tissue, where is then
slowly released [10]. Nevertheless, the countless sources of exposure create continuous
exposure to low doses of BPA in humans [9]. Consequently, it is estimated that more than
95% of the population have BPA in their bodies [11].

Currently, the use of BPA in the manufacture of polycarbonate drinking cups or
feeding bottles intended for infants and young children is banned under EU Regulations,
and the European Food Safety Authority (EFSA) has set a tolerable daily intake (TDI)
level of 0.2 ng/kg bw per day, which is a reduction of a factor of 20,000 from the previous
recommendation of 4 ug/kg body weight (bw) per day [12]. It should be noted that the
US Food and Drug Administration (FDA) and The German Federal Institute for Risk
Assessment (BfR) opposed EFSA’s revision of the TDI for BPA and are maintaining the TDI
(4 ng/kg body weight (bw)) for BPA [13].

BPA has been shown to be a significant contributor to several health issues, includ-
ing breast cancer, prostate cancer, immunodeficiency, developmental defects, neonatal
mortality, type 2 diabetes, obesity, and an increase in the risk of developing neurological
diseases [5,14-18]. Furthermore, due to the lipophilicity of the molecule, BPA can accumu-
late in human breast milk, exposing even newborns who have never been directly exposed
to EDCs via second-hand exposure by means of biological transfer through breast milk
consumption [14,19-21]. With milk as their primary food source, the infant population’s
health is at risk of increased exposure to BPA and other EDCs, either directly or indirectly,
in their food supplies [21]. To assess the impact of BPA on infants and assure consumers’
safety, it has become important to develop efficient methodologies for the analysis of BPA
in milk.

To extract BPA from milk, traditional sample preparation methods commonly make
extensive use of organic solvents and are often labor intensive. For example, Kang et al.
implemented an extraction technique for the determination of BPA in milk and various dairy
products with large volumes of methanol, acetonitrile, and hexanes during an extensive
extraction procedure [22]. Also, in Cao et al., the methodology for the extraction of BPA
from infant formula involved multiple steps and the use of acetonitrile and methanol [23].
Rodriguez-Gomez et al. used a methodology for BPA detection in human breast milk
that required separation of fat/proteins, extraction, concentration, and reconstitution. The
method was extensive and very meticulous [24].

In an effort to streamline the analysis, this paper presents a green and solventless
technique known as stir bar sorptive extraction (SBSE) to extract BPA from milk samples,
followed by thermal desorption-gas chromatography/mass spectrometry (TD-GC/MS) for
quantitative analysis. Factors such as pH, temperature, and sonication were investigated to
optimize the extraction of BPA from milk. It was hypothesized that even though BPA can
remain in the fat portion of milk, decomposition of the fat content will reduce the retention
of BPA and hence improve the efficiency of its extraction from the matrix.

2. Materials and Methods
2.1. Chemicals and Reagents

Commercially available cow milk was used for all experiments. Homogenized non-fat,
2% fat, and whole-fat milk was purchased at local grocery stores and stored at 4 °C until
sample preparation. Bisphenol A, a BPA (99+%) standard, was purchased from Sigma
Aldrich, Inc. (St. Louis, MO, USA). A 10 ppm (mg/L) BPA stock solution was prepared
in methanol (MeOH, LC-MS Grade, Omni Solve Millipore Sigma, Billerica, MA, USA).
Mirex, as the internal standard, was purchased from Crescent Chemical (Islandia, NY, USA).
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Hydrochloric acid (HCl, 37% ACS grade), sodium hydroxide (NaOH, ACS grade), and
acetic acid anhydride (AAA, Reagent Plus > 99%) were purchased from Sigma Aldrich, Inc.
(St. Louis, MO, USA). Both HCl and NaOH were prepared in water at a 2 M concentration.
Acetonitrile (LC/MS grade) was purchased from Fisher Chemical (Fair Lawn, NJ, USA).
Sodium Carbonate (Na;CO3) was purchased from BDH Chemicals (Radnor, PA, USA).
Sodium Chloride (NaCl), ACS reagent (>99.0%), was purchased from Sigma Aldrich, Inc.
(St. Louis, MO, USA). Sodium Ethylenediaminetetraacetic Acid (EDTA) Dihydrate was
purchased from ]J.T. Baker Chemical CO (Phillipsburg, NJ, USA) and prepared in water at
a 0.2 M concentration. Deionized (DI) water was produced using a Milli-Q system from
Millipore (Bedford, MA, USA).

2.2. BPA Extraction from Milk

For the study, milk samples were pretreated (labeled as pre-extraction) prior to stir
bar sorptive extraction (SBSE). The experimental conditions and procedures for both parts,
(A) pre-extraction and (B) SBSE extraction, are illustrated in Figure 1.

(A) PRE-EXTRACTION
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Figure 1. Diagrams showing the experimental design. (A) The sample preparation specifics and
pre-extraction conditions that were studied. (B) The different extraction conditions that were studied
to improve extraction efficiency during SBSE.
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2.2.1. Pre-Extraction

Four pre-extraction conditions were investigated to improve the methodology—none
(no treatment), pH, sonication, and temperature.

Effect of pH. Milk was treated under neutral (i.e., no treatment), basic, and acidic
conditions. A 20 mL volume of whole milk was spiked with 400 pL of 10 ppm BPA solution.
Each sample was labeled as milk in neutral (MIN), milk in base (MB), and milk in acid (MA).
For MN, 5 mL of deionized (DI) water was added; for MA, 3.4 mL of 2 M HCl and 1.6 mL
of DI water were added; for MB, 2.5 mL of 2 M NaOH and 2.5 mL of DI water were added
to reach a final volume of 25 mL. The target pH values for samples were measured to be 6,
13, and 1.5 for MN, MB, and MA, respectively. All pH measurements were taken using a
pH meter (Agilent 3200P, Agilent Technologies, Santa Clara, CA, USA). A 1 mL volume
of treated milk sample was used in the subsequent SBSE for the BPA analysis described
in Section 2.2.2. In addition, DI water samples were prepared using the same process as
blanks for comparison with the milk. All samples were prepared in duplicates.

Effect of Sonication. Sonication experiments were performed using a Bransonic®
ultrasonic cleaner. During sonication, vials were sealed using Parafilm M All-Purpose
Laboratory Film. The effect of sonication on BPA extraction from milk was studied for
periods of 1 h to 3 h while the pH and temperature of the samples were monitored. Water
temperature was monitored using the sonicator’s temperature sensor and a thermometer
inserted in the water bath. After sonication, vials were removed from the water bath,
capped, and stored at 4 °C until SBSE analysis. One milliliter aliquots of milk samples
subjected to sonication for different durations were used in the subsequent SBSE for BPA
analysis described in Section 2.2.2.

Effect of Temperature. Experiments were completed using a Thermolyne Cimarec
3 Hot Plate Magnetic Stirrer. All samples were placed in a water bath. Temperatures in
each sample and water bath were monitored and recorded. The target temperature range
(70-80 °C) was chosen according to our preliminary experiments. Samples were heated
for 3 h. A 5 mL aliquot was taken from each treatment at 1 and 2 h of heating, placed in a
separate vial, and cooled to room temperature before SBSE analysis. One milliliter aliquots
of treated milk samples heated for different durations were used in the subsequent SBSE
for BPA analysis described in Section 2.2.2.

2.2.2. Stir Bar Sorptive Extraction (SBSE)

Prior to SBSE, all samples were brought to room temperature. A pre-conditioned stir
bar (Twisters™ (polydimethylsiloxane (PDMS, 1 mm thickness), 10 mm length, GERSTEL,
Linthicum, MD, USA) was used to extract BPA from milk using a previously developed
method [25,26]. Briefly, 1 mL of pre-treated milk sample (i.e., MN, MB, or MA) was trans-
ferred into a 20 mL amber vial with 19 mL of DI water. Samples were then spiked with
200 pL of 1 ppm of mirex as the internal standard. In situ derivatization was incorporated
by adding 200 mg of Nay,COj3 followed by 200 uL of acetic acid anhydride. Finally, a
preconditioned GERSTEL Twister™ was added to each sample, and all samples were
stirred for 2 h at 1000 rpm on a GERSTEL Twister stir plate. After 2 h of stirring, the Twister
was removed from the solution with sterilized forceps and thoroughly rinsed with DI water.
The Twister™ was dried with lint-free wipes and individually placed into Thermal Des-
orption Tubes (TDTs) for BPA analysis by thermal desorption—gas chromatography/mass
spectrometry (TD-GC/MS).

The factors tested in this study for BPA recovery by SBSE were solvents and additives.

Effect of Solvents. Two solvent systems, methanol (MeOH) and acetonitrile (ACN),
were investigated for their potential to enhance the recovery of BPA from milk by SBSE.
Twenty milliliters of solutions containing 1 mL of milk spiked with BPA to give final
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concentrations of 1 and 5 ppb, and 19 mL of 0%, 10%, and 30% MeOH or can were prepared.
The derivatizing agents and internal standard were then added for the extraction of BPA
following the SBSE procedure as previously described.

Water samples (i.e., blank) were also prepared for comparison purposes. All samples
were tested in triplicate.

Effect of Additives. Two additives, (1) EDTA and (2) NaCl, were tested for their effects
on BPA recovery by SBSE. (1) EDTA was incorporated as an additive to study the effects
of a chelating agent on the extraction of BPA from milk. Solutions containing 19 mL of DI
water, 1 mL of milk, and 0.5 M EDTA were spiked with BPA to give a final concentration of
1 ppb. Controls without additives were also prepared. All samples were tested in triplicate.
(2) NaCl. Samples were prepared using the optimized methodology for MN with 1 h
sonication at 70 °C. Into a 20 mL amber vial was added 1 mL milk sample, 19 mL deionized
water, and 500 mg NaCl. The derivatizing agents and internal standard were then added
for the extraction of BPA following the SBSE procedure as previously described.

2.3. Instrumental Analysis (TD-GC/MS)

After SBSE, the stir bars were removed and placed in a TDT, followed by thermal
desorption in a Thermal Desorption Unit (TDU, GERSTEL) coupled with GC/MS. Instru-
mental settings were as follows: For thermal desorption, the TDU was programmed to
have an initial temperature of 45 °C (held for 0.5 min) and ramped to a final temperature
of 280 °C (held for 7 min) at a rate of 60 °C/min. The transfer line temperature was set at
300 °C. During the desorption, compounds were cryo-focused on a baffled glass liner in a
cryo-injection system (CIS4) at —40 °C. Once desorption was completed, CIS was heated
from —40 to 300 °C (held for 10 min) at a rate of 12 °C/s. Separation of BPA analytes was
completed using an Agilent 6890/5973 GC/MS (Agilent, CA, USA) fitted with a HP-5MS
capillary column (0.25 mm x 30 m x 0.25 um, Agilent, CA, USA). The GC oven was
programmed to have an initial temperature of 60 °C and increased to 300 °C (held for
5 min) at a rate of 15 °C/min. Ultra-high purity helium was used as the carrier gas at a
constant flow of 0.9 mL/min. For data analysis, the m/z values of the targeted analytes
were 213 and 272, representing the acyl derivative of BPA and mirex (internal standard).

2.4. Quality Control

A calibration curve was prepared. The calibration standards were prepared in DI
water with concentrations of 0.1 ppb, 0.25 ppb, 0.5 ppb, 0.75 ppb, 1 ppb, 3 ppb, and 5 ppb.
All samples were analyzed in duplicate. Where the RSD was greater than 25%, a third
sample was analyzed.

The method detection limit (MDL) [27] was calculated by analyzing 7 whole milk
samples spiked with 1 ppb of BPA using the optimized procedure. The milk samples were
of the same source as those used in method development. The MDL was determined to be
0.045 ppb.

To determine percent recovery, triplicates of whole milk samples spiked with 3 ppb
and 5 ppb of BPA were analyzed using the optimized method. Percent recovery was
calculated by comparing the measured concentrations of the milk samples with the BPA
concentrations measured in water. The average percent recovery was 54%.

2.5. Statistical Analysis

All the data were statistically analyzed using R.Studio v.4.2.2. The data were checked
for normality using a histogram, QQ-plot, and a Shapiro-Wilk normality test). Where the
data were normally distributed, a one-way ANOVA test (“analysis of variance”) was per-
formed, followed by a Tukey test to identify significant differences between combinations
of treatments. Where the data were not normally distributed, a non-parametric statistical
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analysis was performed using a Kruskal-Wallis test to identify possible differences, fol-
lowed by a Dunn test with a “Bonferroni” adjusted p-value. Comparisons were conducted
across treatments to compare the efficiency of BPA extraction from milk. Values below 0.05
were considered statistically significant.

3. Results
3.1. Study of Matrix Effect

The optimized methodology for BPA extraction was developed using whole-fat milk
since its fat content is comparable to that of breast milk (2-5 g/100 mL) [16]; therefore,
the method was easily translatable to the matrix. First, to prove the degree of the matrix
effect present when analyzing milk, four spiked samples were analyzed for BPA recovery
(Table 1). The results were normalized to BPA extraction from water. A significant matrix
effect was observed with increased fat content in the milk, with whole milk (8 g fat) showing
a decrease in recovery of 65% compared to water.

Table 1. Comparisons of the extraction efficiency of BPA in neutral water, non-fat milk, 2% fat milk,
and whole fat milk. Data shown are means of four replicates.

Normalized Total Fat Cholesterol Total
Extraction Efficiency Content (¢) 2 (mg) 2 Carbohydrates Vitamin A (%) 2 Calories 2
(% +RSD ) ontentis e ®?2
D.I. Water 100 - - - - -
Non-fat milk 87 +5 - 5 13 6 90
2% fat milk 40+ 4 5 20 12 10 130
Whole fat milk 35+£2 8 35 12 10 150

1 RSD: relative standard deviation. 2 All nutrient information is based on a 240 mL volume and was obtained
from the product label.

3.2. Optimization of Pre-Extraction Procedures

As previously shown in Figure 1, the method development was divided into two
sections: pre-extraction and extraction. During the pre-extraction portion, the goal was
to reduce the matrix effect by using sonication, pH, or temperature to break up the lipids
in milk.

3.2.1. pH Adjustment

Three pH conditions were investigated during this experimental set: no pH adjusted
(MN), pH adjusted to basic conditions (MB), or pH adjusted to acidic conditions (MA). All
MA solutions were targeted to have a pH of around 1, while MB solutions had a pH of
about 13. These pH values were set up at extreme levels so that the recovery of BPA could
be evaluated across the different ionization forms of BPA [28].

Differences in BPA recovery were noticed under the three pH treatments (Figure 2).
The efficiency of BPA extraction from milk was highest in neutral conditions, i.e., without
pH adjustment. In the acidic and basic conditions, extraction of BPA was 89% and 63%,
respectively, compared to the neutral condition. A t-test was performed to compare BPA
recovery under acidic and basic conditions (1 = 8) with respect to neutral milk. BPA
recovery from milk under basic conditions (MB) was significantly lower than from the milk
without pH adjustment (p-value = 0.06), while the recovery of BPA was not significantly
different between MA and MN (p-value = 0.48). It is concluded that the efficiency of BPA
extraction from milk was significantly better without adjusting the pH of milk when no
other factors (such as sonication and heating) were considered.
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Figure 2. BPA recovery (based on instrument response) under neutral (MN), basic (MB), and acidic
(MA) conditions. MA and MB results were normalized and compared to MN; therefore, the standard
deviation was excluded from the dataset (n = 8). Statistical analysis revealed that the data did not
follow a normal distribution, and a non-parametric test revealed no statistically significant difference
across treatments (p.adj-value > 0.05). The same letter above each treatment indicates no significant
differences at Tukey’s test (p < 0.05).

3.2.2. Sonication (S)

Sonication was hypothesized to assist in the breakup of lipids and, in turn, improve
the release of BPA from milk. Optimal sonication conditions were studied for all three
pH treatments (MN, MA, and MB). Sonication was studied in one-hour intervals for a
total of five hours. All the BPA recovery results were normalized to the neutral condition,
i.e., milk without pH adjustment and no sonication. After 3 h, the recovery of the samples
was reduced. Furthermore, the length of time sonicating (>3 h) was not conducive to
the objective of developing a time-efficient protocol. As shown in Figure 3A, the highest
BPA recovery was observed at 3 h of sonication in MB. While longer sonication seemed to
improve the dissociation of lipids, it also caused the temperature to increase from 20 °C
(Time 0) to 50-70 °C (at 3 h); therefore, the high recovery could also be related to the
increase in temperature caused by sonication.
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Figure 3. The effects of sonication time and temperature on BPA recovery from MN, MB, and MA.
(A) Effects of 0-3 h of continuous sonication starting at 25 °C; (B) effects of temperature maintained at
60-80 °C for 3 h; and (C) combined effects of sonication (0-3 h) and temperature (69 °C). Responses
were normalized against the control condition, as there was no pH adjustment or sonication. The
standard error is not shown since all samples were normalized. A complete statistical analysis can be
found in the Supplementary Section (Table S1).
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3.2.3. Temperature (H)

To study the effect of temperature alone on the recovery of BPA, milk samples were
heated on a hot plate at 70 °C, which was the maximum temperature reached during 3 h
of sonication. Samples were taken every hour for a total of three hours, and the results
were normalized to the control. The best BPA recovery was found to be in MA after one
hour of heating, yielding a 99% recovery compared to the no-treatment milk (Figure 3B).
The results indicate that temperature is a contributor to BPA extraction, but it is not the
dominating factor since it did not increase recovery above the control.

Based on the two previous observations, sonication and heating were studied together.
The results showed that a combination of 1 h of sonication and high temperature (70-80 °C)
yielded the highest BPA from MN (Figure 3C), increasing the recovery by 50% above the
control. Statistical analysis showed that sonication and heating had a significant effect on
BPA recovery compared to sonication or heating alone. Furthermore, significant differences
were seen between sonication or heating treatments alone and combined sonication and
heating treatments (Table S1). The change in pH again did not seem to be a factor that
improved extraction as much as sonication and heating did.

Opverall, BPA recovery was improved in treatments with sonication alone or sonication
and heating, but not with heating alone. It is interesting to point out that the appearance of
milk under acidic or basic conditions changed as sonication time progressed (Figure S1).
The solution was separated into clear liquid and chunks of white sticky layers in MA
samples. The sample matrix was separated into a liquid and a solid layer in MB samples,
and the color changed from white to orange (Figure S1). The color change could be
attributed to the Maillard reaction, which is responsible for food’s browning, taste, and
aroma changes when cooked. Under basic conditions, different reactions and degradations
took place, resulting in the formation of melanoidin, which gives the brown color [29].

3.3. Improving SBSE Extraction of BPA

From the pre-extraction parameters investigated (Figure 1), MN and 1 h of sonication
at 70-80 °C were selected as the most optimal conditions for BPA extraction from whole
milk. Following the diagram in Figure 1, 1 mL of the milk solution from the best condition
(MN, 1 h sonication at 70-80 °C) was subjected to stir bar sorptive extraction (SBSE) to
extract BPA. Three parameters were investigated to improve BPA extraction through SBSE:
solvent amount, additive addition, and stirring time.

3.3.1. Solvents

Multiple acetonitrile (ACN) and methanol (MeOH) concentrations were studied for
BPA extraction efficiency during SBSE. However, it was observed that ACN and MeOH
did not improve the recovery of BPA from the milk sample compared to samples without
the added solvent (Figure 4). In fact, extraction of BPA from the ACN and MeOH solvents
indicated a negative trend: the greater the concentration of MeOH or ACN, the lower the
BPA recovery by SBSE. It was hypothesized that this could be due to hydroxyl groups
forming hydrogen bonds with BPA, thereby making the sorption of BPA to the stir bar less
favorable during SBSE. No further statistical analysis of these data was conducted.



Separations 2025, 12, 25 10 of 17
4,500,000 45,000,000
4,000,000 40,000,000 B Water
3,500,000 35,000,000 u Milk
3,000,000 30,000,000
g 2,500,000 25,000,000
% 2,000,000 20,000,000
é 1,500,000 15,000,000
@ 1,000,000 10,000,000
500,000 5,000,000 - i -
. I
10 30 0 10 30
ACN Content (%} MeOH Content (%)
(A) (B)

Figure 4. Recovery of BPA from different solvents using SBSE: (A) BPA recovered from water and
milk samples with 0%, 10%, and 30% of ACN, and (B) BPA recovered from water and milk samples
with 0%, 10%, and 30% of MeOH. BPA recovery was based on the instrument’s response, i.e., BPA
peak area in the chromatograms. Data are means of three replicates + standard error (error bar).

3.3.2. Additives

Two types of additives, NaCl and EDTA, were tested for the recovery of BPA during
SBSE. EDTA was added to 1 mL of milk spiked with BPA and 19 mL of water to give a
final concentration of 1 ppb. As shown in Figure 5, BPA recovery from milk was greatly
impaired by the addition of EDTA. In the case of NaCl, 500 mg of salt was added to the BPA
milk solution. Adding NaCl during sample extraction did not improve BPA recovery from
milk samples. As most BPA remains as neutral molecules, increasing the ionic strength of
the SBSE solvent system did not affect the extraction of BPA by SBSE. No further statistical
analysis of these data was conducted.

2,500,000

]

1

2,000,000

1

1,500,000

1

BPA Peak Area

1,000,000

500,000 -

Control EDTA

Figure 5. Recovery of BPA during SBSE through the addition of EDTA. Data are means of three
replicates & standard error (shown as error bars).

4. Discussion

Commercial milk in the U.S. is a homogeneous mixture generally composed of
87.7% water, 4.9% lactose (carbohydrates), 3.4% fat, 3.3% protein, and 0.7% minerals (ash)
(Table 1) [15]. Because of BPA’s high affinity for lipids (log Kow = 3.32), the fat content in
milk can hinder its extraction. This study compared milk with three different fat contents
(non-fat milk, 2% fat milk, whole-fat milk), and as expected, the recovery of BPA from
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milk substantially decreased as fat content increased (Table 1). However, the presence of
a matrix effect on the extraction of BPA from other food sources is not uncommon and
has been previously reported; for example, Maragou et al. studied BPA in foods (mush-
rooms, pineapples, and tuna), with the recovery of BPA ranging from 51 to 57% [30]. The
hydrophobic nature of BPA often compromises its transfer to the extractant during sample
preparation [31].

To help in the extraction of BPA, changes in its chemical structure can be induced via
pH changes. BPA becomes ionized across different pH levels [28], which can influence its
extraction. BPA remains a neutral molecule, but under basic conditions, it can be ionized to
form mono- (pH > 7.5) or divalent anions (pH > 9). In this study, pH values were set up at
extreme levels (i.e., pH =1 for MA and pH = 13 for MB) so that the recovery of BPA could
be evaluated across the different ionization forms of BPA. Under MN and MA conditions,
BPA was present in its molecular form, while it was present as divalent anions under MB
conditions. Furthermore, the coating material, PDMS, on the stir bar is hydrophobic in
nature; therefore, neutral BPA has a higher affinity for PDMS compared to its ionic form. As
shown in Figure 2, BPA recovery under MN and MA conditions was similar and better than
observed under the MB condition; however, no significant difference was found following
statistical analysis.

In addition, factors such as heating, sonication, and additives to facilitate the recovery
of BPA from milk have been previously reported in the literature. For example, Rodrigues
et al. [32] reported a temperature rise to 90 °C for 45 min with stirring and no NaCl
addition, resulting in greater BPA recovery from milk samples. We also observed the
positive effects of heating and sonication on BPA recovery (Figure 3C), with up to 150%
improvement compared to recovery performed in an experiment without heating and
sonication treatment. However, longer heating time did not improve the recovery of BPA
(Figure 3B). We suspect that prolonged heating and sonication time might have deleterious
effects on milk or BPA, possibly leading to its decomposition during the process [33].

During SBSE, the addition of organic solvents such as methanol destabilized the milk’s
emulsion [34], improving the release of BPA to the stir bar. Although adding methanol
during the extraction of organic compounds during SBSE has been reported to improve the
extraction efficiency of the organic compounds from various matrices [35-37], we did not
observe the same effect of methanol on the recovery of BPA from milk (Figure 4). Extraction
of BPA in the ACN and MeOH solvents had a negative trend: the greater the concentration
of MeOH, the lower the BPA recovery by SBSE. This could be due to hydroxyl groups
forming hydrogen bonds with BPA, thereby making the sorption of BPA to the stir bar less
favorable during SBSE.

Particles known as casein micelles constitute the largest protein component found in
most types of milk [38,39]. These casein micelles form complexes with important minerals,
including calcium. It has been reported that EDTA can disrupt casein micelles by destroying
their calcium core, subsequently freeing any entrapped protein from casein aggregates [40].
The key interactions that are considered to be involved in maintaining the caseins are
hydrophobic interactions, electrostatic attractions, and Ca bridges [41]. Alteration of
protein-mineral equilibria by chelation was also demonstrated in a study by McCarthy
et al. [42], where various calcium-chelating agents were found to impact the physical
properties of milk powder concentrate dispersion, thereby increasing its solubility. Even
though other studies have shown that EDTA can induce the dissociation of casein [41,43],
our results indicate that this phenomenon is ineffective at improving BPA recovery from
milk. As seen in Figure 5, BPA recovery from milk was greatly impaired by the addition of
EDTA. We suspect that under high-temperature conditions, milk can increase the release
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of denatured whey proteins [41] and the whey proteins can absorb BPA, resulting in a
decrease in BPA extraction [44].

Overall, several methodologies have been developed for the analysis of BPA in milk
products (Table 2). However, most of these approaches are resource-intensive, requiring
various solvents to separate BPA from lipids for extraction. For example, Khedr et al. [39]
reported an optimized extraction technique for BPA detection in milk power that required
the use of NH3, CH,Cly, and methanol (MeOH). Samanidou et al. used fabric phase
sorptive extraction for BPA extraction from milk using methods requiring formic acid,
MeOH, and acetonitrile (ACN) [45]. Rodriguez-Gémez et al. [24] used SBSE, GC-MS/MS,
ACN, Na(l, ethyl acetate, and BSTFA 1%TMCS. Souza et al. [46] used QUEChERS as the
extraction technique, which, although it promises to be quick and easy, also requires a lot of
solvents (ACN, NaCl, MeOH, MgSO,4, NH4OH, hexane). In contrast, our method did not
require the use of any solvent; in fact, solvents hindered the extraction of BPA (Figure 4).

Other extraction methodologies have been reported using molecular imprinted poly-
mers. However, the polymerization procedures presented in these methodologies tend to
be lengthy and sometimes tedious. For example, Alexiadou et al. [47] used molecularly
imprinted polymers for solid phase extraction cartridges (MISPE), and Zhan et al. [48] used
dummy molecularly imprinted polymer-coated stir bars for SBSE (SBSE DMIPs-SB). In
these techniques, several steps must be followed to prepare the coated extraction tools
prior to the extraction of the analyte. Our methodology, in contrast, uses a commercially
available stir bar that can be easily reused.

Furthermore, in this study, the optimized method had an LOD of 0.045 ppb when
taking into account the matrix effect, which is higher than that reported by Maragou
et al. [49] and Khedr et al. [39]—these studies used liquid chromatography-based analytical
techniques and SPE as extraction techniques and reported LODs of 1.7 and 3.2, respectively.
Filippou et al. [50] used the magnetic solid phase extraction-HPLC method for bisphenol
A extraction from milk and reported an LOD of 0.75 ppb. Yang et al. [51] used Au nanopar-
ticles and Surface-enhanced Raman spectroscopy (SERS) as the analytical technique for the
detection of BPA in milk and reported an LOD of 0.98 ppb.

Although our methodology’s recovery was 54%, this was taking into consideration
the matrix effect. It should be noted that there are discrepancies in how the recovery
was determined across methods, which could also fuel these differences. For example,
Samanidou et al. [45] evaluated spiked blank milk samples that contained 0% fat; Alexiadou
et al. [47] used aqueous and spiked blank milk with 3.5% fat for method validation, while
in this article, whole-fat milk (8% fat) was used. Mercogliano et al. [52] used HPLC-FLD
and SPE, which is the most competitive method compared to ours, with the use of a
reduced number of solvents (ACN, MeOH), a low LOD (0.03 ppb), and a high recovery
percentage (78.4-107.2%). However, for GC/MS, our method is one of the most complete
green chemistry methodologies developed in the current literature.
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Table 2. Comparison of BPA recovery (%) from our developed method with other reported methods. Abbreviations used in the table: AR (absolute recovery), RR
(relative recovery), cc (calibration curve), I.S. (internal standard), Co (initial BPA concentration), Ce (equilibrium BPA concentration), and SERS (surface-enhanced
Raman spectroscopy).

Analytical Extraction Chemicals Used for Sample LOD Recovery Ref.
Technique Technique Extraction (ppb) (%) Calculation Calibration Curve (cc)
AR: (slope of cc from spiked milk
samples/slope of aqueous .
Canned AR =52 ExternalIZC) X 1qO0 AR:y = (analyte peak area) x 102
LC-ESI-MS SPE MeOH C . 1.70 . . RR:y = (analyte peak area/LS. peak area) x 10° [49]
ondensed Milk RR =101 RR: (slope of cc from spiked milk he cc f Tati . .
samples/slope of The cc for standard solutions was generated in an aqueous matrix.
aqueous LS. cc) x 100
Ultrasonic
3 Magnetic Solid ACN, MeOH, . _ ~ RR: (Peak areas) vs. (Concentrations of analyte)
HPLC-UV Phase Dispersive Hexanes Milk 075 RR =89.1-994 ((Co-Ce)/Co) x 100 An adjusted cc was generated using skimmed milk as the matrix. (501
Extraction
GC-MS/MS ACN, NaCl, Ethyl 0.20 100-110 .
SBSE Acetate, and BST% A Breast milk (Measured [BPA]/Spiked [BPA]) x 100 (Analy?e peak area/ surrogate peak area) vs. concentration analyte [24]
UHPLC-MS/MS 1%; TMCS 0.10 99-109 matrix-matched calibration was conducted for all compounds.
HPLC-ESI-MS SPE NH,, CHyCly, MeOH  Powder Milk 320 83-102.5 (Measured [BPA]/Spiked [BPA]) x 100 (Relative peak area °f0 tfht?:‘;’;‘llg’ltyeé L5.) vs. concentration [39]
((Measured [BPA] -Blank
HPLC FDL SBSE (DMIPs-SB) MeOH Milk 0.00684 85 [BPA])/Spiked [BPA]) x 100 (Peak areas) vs. (Concentrations of analyte) [48]
: Matrix effect was reduced by a The cc was generated in an aqueous matrix.
five-fold dilution of milk samples.
-~ 2 . ((C spiked sample—C non-spiked y = (Analyte peak area/LS. peak area) vs. Analyte concentration. ,
HPLC-FDL, LC-MS MISPE MeOH Milk 0.20 109 sample)/C added) x 100 Aqueous standard solutions and spiked blank milk (3.5% fat). [47]
Halide-modified LogC of [BPA] (mol/L) vs. Intensity of SERS peak at 641 cm ™~ (a.u.)
SERS AuNPs MeOH Milk 0.98 89.5-100.2 (Measured [BPA]/Spiked [BPA]) x 100 Isgrs = 42.7910gCppa +404.03 [51]
The cc was generated using supernatants of spiked milk.
3 Formic Acid, MeOH, . . . (Peak areas) vs. (Concentrations of the analyte). =
HPLC-UV FPSE ACN Milk 167 90-107 (Measured [BPA]/Spiked [BPAJ) x 100 The cc was conducted using spiked blank milk samples (0% fat). (4]
ACN, NaCl, MeOH, (Peak areas) vs. (Concentrations of analyte)
UHPLC-MS/MS QuEChERS MgSSIZ,XI;Ii4OH, Whole Milk 0.12 78-94 (Measured [BPA]/Spiked [BPA]) x 100 The ce was generated in the matrix and in MeOH:H;O [46]
HPLC-FLD SPE ACN, MeOH Milk 0.03 78.4-107.2 (Measured [BPA]/Spiked [BPA]) x 100 Only an external cc was generated [52]
5 Acetic anhydride, . . (Peak areas) vs. (Concentrations of analyte) This
GC-MS SBSE NayCOs Milk 0.045 54 (Measured [BPA]/Spiked [BPA]) x 100 The cc was gererated in an aqueous matrix. Study




Separations 2025, 12, 25

14 of 17

References

5. Conclusions

Following green chemistry principles, this study developed a solventless and simple
extraction methodology for monitoring BPA levels in milk. The LOD of this methodology
is comparable to previously reported methodologies and opens the door for further growth
of green chemistry methodologies.

For this study, whole milk was used as the sample matrix, and three independent
variables were studied during treatment preparation: pH, temperature, and sonication
time. Our results showed that adjustment of the pH of milk as a pre-treatment did not
increase BPA recovery and optimized BPA recovery from milk was obtained at neutral
pH (i.e., no pH treatment) and one hour of sonication at 70-80 °C, with recovery under
these conditions being increased by 150% compared to no sonication of neutral whole milk
(Figure 2). Compared to extracting BPA from DI water, the recovery of BPA from whole
milk was improved from 31% to 54% using the optimized method. The addition of solvents
and additives was studied to improve the efficiency of SBSE for BPA extraction, but these
factors did not improve the extraction efficiency.

This research developed and optimized a methodology for analyzing and monitoring
BPA in whole milk, a matrix with a high lipid content. Our method provides a solventless
and straightforward sample preparation procedure, making its application in sample
analysis more attractive. This method can be applied to further research on analyzing BPA
in breast milk to understand the dietary intake of BPA in infants and to investigate its
potential impacts on their health.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations12020025/s1, Figure S1: The change in the appearance
of milk solution treated with acid after 1 and 2 h of sonication; Table S1: One-way ANOVA showing
differences between groups. Confidence level = 0.95, p-value < 0.05. Significantly different means are
represented by different letters (group), while non-significant differences share the same symbol.
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