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A B S T R A C T   

Protein-polyphenol interactions affect the structure, stability, and functional properties of proteins and poly-
phenols. Oxidized polyphenols (o-quinones) react rapidly with the sulfhydryl group of cysteine (Cys) residues, 
inducing covalent bonding between proteins and polyphenols. However, quantitative data on such reactions 
remain elusive, despite the importance of depicting the significance of such interactions on food structure and 
function. This work reports the synthesis, purification, and characterization of caffeic acid-cysteine (CA-Cys) and 
chlorogenic acid-cysteine (CGA-Cys) adducts and their stable isotope analogs, CA-[13C3,15N]Cys and CGA- 
[13C3,15N]Cys. A sensitive LC-MS/MS isotope dilution method was developed to simultaneously quantify these 
adducts in foods and beverages. Protein-bound CA-Cys and CGA-Cys were detected in the micro-molar range in 
milk samples with added CA and CGA, confirming covalent bonding between milk proteins and CA/CGA. These 
adducts were detected in commercial coffee-containing beverages but not in cocoa-containing drinks. Further-
more, the adducts were found to be partially stable during enzymatic protein hydrolysis.   

1. Introduction 

Polyphenols are antioxidant molecules found naturally in many 
seeds, fruits, and vegetables. Polyphenol-containing plant extracts are 
added to a range of foods (e.g., dairy, meat, and plant-based products) to 
improve the structure, stability, or shelf life of the final products 
(Granato, 2021). In food matrices, polyphenols interact with proteins 
through covalent and non-covalent interactions (Lund, 2021). The non- 
covalent interactions occur due to the interaction of hydrophobic, hy-
drophilic, or ionizable moieties of polyphenols with that of proteins 
(Bourvellec & Renard, 2012). The covalent bonding between poly-
phenols and proteins occurs when oxidized polyphenols (known as o- 
quinones) react with amino acid residues via addition and condensation 

reactions (Bittner, 2006). For example, amino (–NH2) groups of Lys and 
sulfhydryl (–SH or thiol) groups of Cys can react with polyphenol o- 
quinones via a Michael addition type mechanism, leading to the for-
mation of protein–polyphenol adducts (Supplementary datasheet 
Fig. S1) (Kroll et al., 2003). 

Protein-polyphenol interactions affect physicochemical and func-
tional properties of proteins due to modification of their structure and 
solubility (Bandyopadhyay et al., 2012; Keppler et al., 2020). Changes in 
enzyme activity due to enzyme-polyphenol interactions in food and 
digestive systems are well-established (Velickovic & Stanic-Vucinic, 
2018). However, it is unclear if such effects are due to covalent 
bonding or non-covalent interactions between proteins and polyphenols 
as both may co-occur in a given food system. Since covalent bonding 

Abbreviations: AU, arbitrary unit; CA, caffeic acid; CA-Cys*, caffeic acid-[13C3,15N]cysteine adduct or S-[13C3,15N]cysteinyl-caffeic acid; CA-Cys, caffeic acid- 
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between proteins and polyphenols is irreversible as opposed to non- 
covalent interactions (Kroll et al., 2003), covalent bonding may play a 
unique role in altering food structure in situ (e.g., texture, molecular 
assembly, and rheological properties) and food function in vivo (e.g., 
digestibility, bioaccessibility, and bioavailability). 

Caffeic acid (CA) and chlorogenic acid (CGA) are the main phenolic 
acids in cocoa and coffee beans (Cerri et al., 2019; Król et al., 2020). 
Cocoa or coffee extracts are added to many commercial foods and 
beverages, such as chocolates, chocolate milk, and milk-containing 
coffee drinks (e.g., cappuccino). In foods, CA and CGA can be readily 
oxidized to their respective o-quinones during the course of their anti-
oxidant defense activities or due to oxidizing agents present in the food 
systems (e.g., metal ions, oxidases, and reactive oxygen species). Hence, 
CA and CGA-containing milk products are excellent food systems to 
investigate covalent bonding between polyphenols and proteins. Previ-
ous studies using model systems have shown that CA and CGA react with 
amino and sulfhydryl groups of amino acids and proteins in the presence 
of polyphenol oxidase (Ali et al., 2013; Pierpoint, 1966, 1969; Prigent 
et al., 2007). It is known that the reaction between sulfhydryl groups and 
o-quinones is kinetically favorable compared to that between amino 
groups and o-quinones. For instance, the reaction between Cys and o- 
quinones of 4-methylcatechol was found to be ~ 105 fold faster than the 
reaction between Lys and o-quinones (Li et al., 2016). However, to what 
extent these phenolic acids modify sulfhydryl groups of proteins in 
actual food products is unknown due to a lack of suitable quantitative 
methods and analytical standards. Accurate quantification of such pro-
tein–polyphenol covalent adduct is crucial to evaluate potential conse-
quences of protein–polyphenol covalent interactions on food structure 
and function. 

Herein we report the synthesis, purification, and characterization of 
an adduct of caffeic acid and cysteine (CA-Cys or S-cysteinyl-caffeic 
acid) and an adduct of chlorogenic acid and cysteine (CGA-Cys, or S- 
cysteinyl-chlorogenic acid) for quantification of these adducts in CA/ 
CGA added milk samples. We have developed a stable isotope dilution 
LC-MS/MS method for accurate and selective quantification of these 
adducts upon synthesizing stable isotopic analogs of CA-Cys and CGA- 
Cys (i.e. CA-[13C3,15N]Cys and CGA-[13C3,15N]Cys. respectively). The 
effect of the addition of CA and CGA on the milk protein profiles was 
determined by sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE). We have also attempted to identify CA-Cys and CGA- 
Cys adducts in commercial dairy products containing coffee/cocoa 
extracts. 

2. Materials and methods 

2.1. Materials 

CA (≥98 %), 3-(3,4-dihydroxycinnamoyl)quinic acid (chlorogenic 
acid, CGA (98 %), Cys (99 %), Amberlyst® A26 hydroxide form, per-
fluoropentanoic acid (97 %), dithiothreitol (≥97 %) and L-[13C3,15N] 
Cys, ≥99 atom % (≥98 %), 5,5′-dithiobis(2-nitrobenzoic acid) or Ell-
man’s reagent (≥98 %, DTNB), acetonitrile (LC-MS grade), pepsin (3940 
U/mg protein), pronase E (5.4 U/mg solid), leucine aminopeptidase (18 
U/mg protein), and prolidase (169 U/mg solid) were purchased from 
Sigma, Copenhagen, Denmark and Sigma, Steinheim, Germany. Induc-
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) grade 
calibration standards for Fe and Cu were purchased from Agilent 
Technologies, Glostrup, Denmark. Low pasteurized jersey skim milk 
(4.1 % protein and 0.1 % fat) was purchased from a local supermarket. 
Ultrapure Milli-Q water (Merck Millipore, MA, USA) was used 
throughout the study. 

2.2. Commercial dairy products containing polyphenols 

Eight different commercial products containing coffee or cocoa 
extract and milk proteins, including 4 types of cold cappuccino (with 

protein and coffee content (w/v) 2.7 and 19 %, 2.9 and 20 %, 2.9 and 20 
%, and 3.0 and 18.7 %, respectively), 3 types of chocolate milk (with 
protein and cocoa content (w/v) 3.6 and 1.3 %, 3.3 and 1.8 %, and 6 and 
1.5 %, respectively), and a dark chocolate (protein and cocoa content 
(w/v) 12.5 and 85 %, respectively), were purchased from a local su-
permarket. Detailed composition and storage conditions of the products 
are given in Supplementary datasheet Table S1. 

2.3. Synthesis of caffeic acid (CA)-Cys and chlorogenic acid (CGA)-Cys 
adducts 

Amberlyst A26 resin hydroxide form (18 g) was stirred with periodic 
acid dihydrate (10 g) in 50 mL water at room temperature for 2 h. The 
mixture was filtered through a Büchner funnel with a sintered glass disc 
and the filtrate was discarded. The resin was washed sequentially with 4 
× 200 mL water, 2 × 200 mL tetrahydrofuran, and 2 × 100 mL tert-butyl 
methyl ether and then dried overnight at 40 ◦C in a centrifugal vacuum 
concentrator. The procedure resulted in 1.29 mmol periodate/g of resin 
(Harrison & Hodge, 1982). Thereafter, CA (25 mg, 0.139 mmol) and 
periodate resin (129 mg, 0.167 mmol; i.e. 1:1.2 M ratio between caffeic 
acid and periodate) was weighed into a 10 mL glass vial, and a mixture 
of acetonitrile and dimethylformamide (4:1 v/v, 5 mL) was added slowly 
into the vial. The reaction mixture was agitated for 10 min using a 
magnetic stirrer. The mixture was filtered immediately through a sy-
ringe fitted with 0.45 μm membrane filter and the filtrate was added 
immediately to a glass vial containing Cys (17.4 mg, 0.139 mmol; i.e 1:1 
M ratio between CA and Cys) dissolved in phosphate buffer (5 mL, 100 
mM, and pH 6.5). The reaction mixture was stirred at room temperature 
for 24 h and centrifuged at 10,000 g for 20 min. A similar procedure was 
carried out to synthesize CGA-Cys adduct (the masses of CGA and Cys 
used for the synthesis were 100 and 35 mg, respectively). 

2.4. Synthesis of stable isotope labelled CA-Cys and CGA-Cys 

Stable isotope labelled CA-Cys and CGA-Cys (hereafter denoted as 
CA-Cys* and CGA-Cys*) were synthesized according to the same pro-
cedure described above for the synthesis of CA-Cys and CGA-Cys, but 
Cys was replaced by [13C3,

15N]Cys. 

2.5. Purification of adducts 

Adducts were purified using a semi-preparative HPLC system fitted 
with a Eurospher 100–5 C18 column (300 × 8 mm diameter, 5 μm 
particle size). The mobile phase consisted of 10 mM perfluoropentanoic 
acid (mobile phase A) and 10 mM perfluoropentanoic acid in acetoni-
trile (mobile phase B). The following linear gradient conditions were 
used at a flow rate of 1.4 mL/min: 0.0–2.2 min, 10 % B; 2.2–25.2 min, 
10–40 % B; 25.2–25.3 min, 40–10 % B; 25.3–38 min, 10 % B. The 
analytes were detected using a UV detector set at 280 nm and fractions 
were collected using an automated diverter valve. The fraction collec-
tion reservoirs were placed in an ice bath during fraction collection. CA- 
Cys or CA-Cys* was eluted at 31.52 min, and CGA-Cys, or CGA-Cys* was 
eluted at 31.21 min as a well-resolved peak in independent runs, and the 
corresponding fractions were collected between 29 and 34 min. The 
pooled fraction was dried in a rotary evaporator at room temperature. 
The residue was reconstituted in water, lyophilized for 48 h, and the 
resultant dry residue was stored in a sealed glass container at − 20 ◦C 
until further analysis. 

2.6. NMR analysis of adducts 

Adducts were dissolved in DMSO‑d6 or D2O at 6.6 mg/mL. NMR 
spectra were recorded on a Bruker Avance III instrument (Bruker, 
Rheinstetten, Germany) at 600.16 MHz for 1H spectra and 150.91 MHz 
for 13C spectra. All chemical shifts are given in parts per million (ppm). 
Assignments of 1H and 13C signals are based on 1H–1H COSY (correlation 
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spectroscopy), HSQC (heteronuclear single quantum coherence), and 
DEPT (distortionless enhancement by polarization transfer) experiments 
for CA-Cys. For CGA-Cys, only 1H and COSY spectra were recorded. 

2.7. Preparation of milk samples with added CA and CGA 

Six samples were prepared in independent triplicates (n = 3) by 
dissolving CA and/or CGA in low pasteurized milk with final concen-
trations (w/v) as follows: 1) 0.05 % CA, 2) 0.1 % CA, 3) 0.05 % CGA, 4) 
0.1 % CGA, 5) 0.05 % each CA and CGA and 6) 0.1 % each CA and GCA. 
Milk without added polyphenols served as the control sample. The 
samples were homogenized by shaking on a magnetic stirrer for 15 min 
in the dark. 

Control and polyphenol added milk samples were treated under 
three conditions, representing regular storage (without any heat treat-
ment), pasteurization, and ultrahigh temperature (UHT) treatment. 1) 
Regular storage sample (hereafter denoted as RS*): Two milliliters of the 
sample was added to a 3 mL glass vial, and the headspace was purged 
with nitrogen. The vial was closed quickly with a crimp seal and stored 
in a refrigerator (4 ◦C) for 16 h. 2) Pasteurized samples (hereafter denoted 
as P*): Two milliliters of the sample was added to a 3 mL glass micro-
wave reaction vial, and the headspace was purged with nitrogen. The 
vial was closed quickly with a crimp seal and heated under stirring (300 
rpm) at 63 ◦C for 1 s followed by 68 ◦C for 40 s in a microwave syn-
thesizer (Biotage Initiator + ) with absorbance level set as ‘normal’ and 
fixed hold time set as ‘on’. The vials were stored in a refrigerator (4 ◦C) 
for 16 h. UHT treated samples (hereafter denoted as UHT*): Same as P*, 
but samples were heated at 90 ◦C for 20 s and 141 ◦C for 4 s using the 
same microwave equipment. The conditions for microwave pasteuriza-
tion were chosen based on a previous study (Albert et al., 2009). 

2.8. Protein hydrolysis 

To separate proteins or CA/CGA-protein adducts from the sample 
matrix, each sample corresponding to 4 mg protein was added with 1 mL 
of ice-cold methanol containing 0.1 % (v/v) formic acid. The mixture 
was centrifuged at 15,000 g for 10 min, and the supernatant was dis-
carded. The protein pellet was resuspended in 1 mL of ice-cold methanol 
containing 0.1 % (v/v) formic acid and centrifuged as described above. 
This process was repeated for additional three cycles to ensure complete 
removal of unbound and non-covalently bound polyphenols, and other 
matrix components from the sample. The resultant protein pellet was 
dried in a vacuum concentrator for 30 min to evaporate the residual 
solvent and then used for protein hydrolysis. Rehydrated protein pellets 
were hydrolyzed enzymatically by sequential addition of pepsin (200 U/ 
sample), pronase E (400 PU/sample), leucine aminopeptidase (0.4 U/ 
sample), and prolidase (1 U/sample) according to a procedure described 
in our previous work (Henle et al., 1991; Poojary et al., 2021). For a 
comparison purpose, selected samples were subjected to acid hydrolysis 
using methanesulfonic acid (4 M) containing 0.2 % w/v tryptamine 
under anoxic condition after removing headspace and dissolved oxygen 
using a Pico Tag hydrolysis system (Poojary et al., 2021). 

2.9. Development of a UHPLC-ESI-MS/MS method to quantify CA-Cys 
and CGA-Cys 

The protein-bound CA-Cys and CGA-Cys adducts were quantified by 
developing an LC-MS/MS isotopic dilution assay. The stock solutions of 
standards and stable isotopically labeled internal standards (IS) (200 μg/ 
mL each) were prepared by dissolving synthesized compounds inde-
pendently in 0.1 % (v/v) aqueous formic acid. A mixed stock solution of 
standards was prepared by mixing CA-Cys and CGA-Cys stock solutions, 
each at 5000 ng/mL. Similarly, mixed stock solutions of IS were pre-
pared by mixing corresponding IS stock solutions (each IS at 2500 ng/ 
mL). 

The LC-MS/MS analysis was carried out using an Ultimate 3000 RS 

UHPLC system (Thermo Scientific, MA, USA) coupled to an Orbitrap Q 
Exactive MS containing electrospray ionization system (ESI). Analytes 
were separated using an Acquity UPLC HSS T3 column (2.1 mm internal 
diameter × 100 mm length, 1.8 μm particle size; Waters, Taastrup, 
Denmark). Formic acid in water (0.1 % v/v) and acetonitrile served as 
mobile phases A and B, respectively. A linear gradient was applied at a 
flow rate of 0.250 μL/min according to the following program (time, % 
B): 0.0–2.0 min, 5 %B; 2.0–14.1 min, 5–40 %B, 14.1–25.0 min, 40–95 % 
B, 25.1–30 min, 5 %B. The column oven and the auto-sampler temper-
ature were set to 25 and 10 ◦C, respectively. The injection volume was 
10 μL. The Orbitrap ESI-MS detector was operated in positive mode and 
the analytes were quantified in parallel reaction mode with a resolving 
power set at 17,500 FWHM. The automatic gain control target value, 
maximum injection time and the isolation window used were 2e5, 64 
ms, and 2.0 m/z, respectively. The generic ESI source parameters, 
including spray voltage, sheath gas flow rate, auxiliary gas flow rate, 
capillary temperature, and S-lens RF level were set at 3.8 kV, 35 AU, 10 
AU, 320 ◦C, and 60 %, respectively. The other method-specific param-
eters are listed in Table 1. 

The method was validated by determining linearity, sensitivity, ac-
curacy, precision, and matrix effect parameters according to a detailed 
protocol provided in (Poojary et al., 2021). 

Before UHPLC-MS analysis, each sample (50 uL) was diluted with 
420 µL of 0.1 % (v/v) formic acid. The samples were spiked with IS mix 
containing CA-Cys* and CGA-Cys*. The final concentration of each IS in 
the samples was 150 ng/mL. Analytes were quantified using an IS-based 
calibration with calibration standards in the range of 4.5–587.5 ng/mL 
for CA-Cys and 8.3–587.5 ng/mL for CGA-Cys. 

2.10. ICP-OES analysis of iron and copper 

Milk samples (1 mL) with added CA/CGA were digested with a 
mixture (8:2:1 v/v/v) of HNO3 (65 % w/w), HCl (37 % w/w) and H2O2 
(30 % w/w) at 100 ◦C for 2 min (ramp of 10 min) followed by 180 ◦C for 
8 min (ramp of 10 min) using a microwave digester (Multiwave GO, 
Anton Paar, Graz, Austria, Rotor model: 12HVT50). Emission intensities 
of Fe and Cu were measured at the wavelengths of 238.20 and 327.39 
nm, respectively, using an ICP-OES instrument (Agilent Technologies, 
Santa Clara, CA, USA). Calibration curves were prepared using a stan-
dard mixture of Fe and Cu to determine the concentrations of these el-
ements in the sample. 

2.11. Determination of available sulfhydryl concentration 

The concentration of available sulfhydryl groups in the milk samples 
(without added with polyphenols) was determined by Ellman’s assay 
according to a procedure described elsewhere (Jansson et al., 2017) with 
some modifications. Briefly, 250 μL of samples were vortexed with 1 mL 
of sample buffer (8 M aqueous solution of urea containing 0.086 M tris- 
base, 0.09 M glycine, and 4 mM EDTA, pH 8.5) and heated at 70 ◦C for 5 
min in a thermal mixer (Eppendorf, Thermomixer, Hamburg, Germany) 
with vigorous shaking (1500 rpm). Each sample (167 μL) was mixed 
with 666 μL of sample buffer in a plastic cuvette, and the absorbance was 
measured at 412 nm. After that, 167 μL of freshly prepared DTNB (1 mg/ 
mL) was added to the samples and incubated for 30 min at room tem-
perature in the dark. The absorbance of samples was measured at 412 
nm. Similarly, a sample blank was prepared by replacing sample solu-
tion with sample buffer, and a DTNB blank was prepared by replacing 
DTNB with sample buffer. The absorbance of both the blanks was sub-
tracted from the absorbance of samples to obtain the corrected absor-
bance. Available sulfhydryl groups in the samples were quantified by 
constructing a linear calibration curve of L-cysteine (0.4–83.3 μM) 
following the same procedure described above. The analysis was not 
carried out for milk samples added with polyphenols due to unknown 
interferences. The data was reported as mean ± standard deviation of 
triplication measurements. 
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2.12. SDS-PAGE profiling of milk proteins 

SDS-PAGE of non-reduced and reduced milk samples (reduced by 
dithiothreitol) was carried out according to the procedure described by 
(Jansson et al., 2017) with the only modification being that 6 μL of each 
sample was loaded on the gel instead of 3 μL. Analysis was carried out in 
duplicates. 

2.13. Statistical analysis 

Data were expressed as mean ± standard deviation. Differences were 
tested by one-way ANOVA with Tukey’s multiple comparisons test. The 
values p < 0.05 were considered statistically significant. Statistical 
analysis was done using OriginPro data analysis and graphing software 
(OriginLab Corporation, MA, USA). 

3. Results and discussion 

3.1. Synthesis and characterization of CA-Cys and CGA-Cys 

In the absence of a catalyst or an oxidizing agent, oxidation of CA or 
CGA into their respective o-quinones is the rate-limiting step in the re-
action between CA/CGA and Cys. Therefore, o-quinones were initially 
produced by direct oxidation of CA and CGA using periodate embedded 
on a polymeric resin. Such resin enabled the easy separation of the 

oxidizing agent (periodate) from the reaction mixture upon completion 
of the intended oxidation. The removal of the oxidizing agent is crucial, 
because if it remains in the reaction mixture it will subsequently 
oxidize/polymerize the reactants and products. The colors of o-quinones 
of CA and CGA were dark brown and yellow, respectively, which became 
colorless upon reacting with Cys. Previous works have also reported that 
the reaction between Cys and polyphenol o-quinones yields colorless 
products (Bongartz et al., 2016; Liang & Were, 2020; Pierpoint, 1969; 
Wildermuth et al., 2016). Although the adducts were formed in sub-
stantial levels instantaneously upon mixing o-quinones and Cys (as 
confirmed through chromatography), the reaction mixture was incu-
bated for an additional 24 h to enhance the precipitation of unreacted 
Cys as cystine for convenient separation of excess Cys through a simple 
centrifugation. The subsequent purification of the reaction mixture 
using semi-preparative HPLC allowed the separation of target adducts 
from the unreacted CA/CGA, and remaining Cys and cystine. The yield 
of CA-Cys and CGA-Cys (based on the initial moles of CA and CGA taken 
for the reaction) was 55 and 68 %, respectively, while the purity (veri-
fied based on HPLC chromatograms) was 99.8 and 99.7 %, respectively. 
The purity of the CA-Cys adduct was further assessed by elemental 
analysis (see Supplementary datasheet Table S2). With a nitrogen con-
tent of 4.61 % in the preparation and 4.68 % in theory, the purity was 
calculated to be 98.5 %. 

CA-Cys and CGA-Cys had a similar UV–vis spectrum, but different to 
that of CA and CGA (see Supplementary datasheet Fig. S2). The MS 

Table 1 
Chromatographic and mass spectrometric parameters of target analytes. a.  

Analyte RT (min) Precursor ion [M + H]+ m/z Quantifier ion m/z NCE IS RT reproducibility (CV%) 

CA-Cys  17.96  300.0536  88.03 18 CA-Cys*  0.25 
CGA-Cys  17.68  474.1065  92.04 18 CGA-Cys*  0.27 
CA-Cys*  17.96  304.0607  88.03 18 N/A  0.24 
CGA-Cys*  17.68  478.1136  92.04 18 N/A  0.27  

a CA-Cys* and CGA-Cys* are stable isotopically labelled analogues of CA-Cys and CGA-Cys (used as internal standards). RT-retention time; IS-internal standard used 
for the quantification, CV-coefficient of variation, NCE-normalized collision energy. 

Fig. 1. MS/MS spectra of CA-Cys (A) and CGA-Cys (B).  
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spectra of CA-Cys and CGA-Cys showed the presence of characteristic 
molecular ions ([M + H]+) with m/z 300.0533 and 474.1066, respec-
tively. The MS/MS spectra of CA-Cys had distinct product ions with m/z 
282.04, 195.01, and 88.04, which corresponded to the loss of a water 
molecule and Cys side chain fragmentation (see Fig. 1A). Similar spec-
tral patterns were observed for CGA-Cys (Fig. 1B), CA-Cys* and CGA- 
Cys* (Supplementary datasheet Fig. S3). The identity of adducts was 
further confirmed by NMR analysis (Supplementary datasheet Table S3 
and S4). The NMR data for the CA-Cys adduct were in agreement with 
those published for the compound in the literature (Cilliers & Singleton, 
2002; Miura et al., 2014; Müller et al., 2006). The missing singlet for an 
aromatic H atom at the C-2 of the aromatic ring revealed that the S atom 
of Cys must be bound at this position. The same absence was noted in the 
spectrum of CGA-Cys, so the bonding of Cys was considered to be at the 
same position. Signals for the quinic acid moiety were visible as ex-
pected from the literature (López-Martínez et al., 2015) as well as those 
of the caffeic acid moiety and the cysteinyl moiety. The H atoms in the 
quinic acid residue as well as those in the cysteinyl residue were 
assigned with the help of the COSY spectrum due to a substantial HOD 
signal. Differences to the signals obtained for CA-Cys were due to the use 
of a different solvent (DMSO‑d6) for recording the spectra of CGA-Cys. 

3.2. Validation of an LC-MS/MS method for quantification of CA-Cys 
and CGA-Cys 

The developed method could chromatographically separate CA-Cys 
and CGA-Cys, which allowed selective and simultaneous quantifica-
tion of these adducts in the samples (see Fig. 2 for a typical chromato-
gram). All analytes showed excellent retention time reproducibility with 
a coefficient of variation ≤ 0.27 % (calculated based on 144 repeated 
injections of samples, Table 1). The collision energy for MS/MS acqui-
sition [parallel reaction monitoring (PRM) mode] was optimized to 
obtain the best fragmentation pattern, and a normalized collision energy 
of 18 was chosen to be optimal for all the analytes. The product ion m/z 
195.01 served as a qualifier ion for all the target analytes and IS. The 
product ion m/z 88.03 was chosen as quantifier ion for CA-Cys and CGA- 
Cys due to their uniqueness when compared to the product ions of 

corresponding co-eluting IS (Fig. 1 vs Fig. S3). Both CA-Cys and CGA-Cys 
showed a linear detector response over the tested concentration range 
(4.5–4700 ng/mL). The weighting factor of 1/x was chosen for linear 
regression as it provided the least error for the calculated concentration 
compared to nominal concentrations. The limit of detection (LOD) and 
the lower limit of quantification (LLOQ) of CA-Cys and CGA-Cys were 
0.2 and 4.5 ng/mL, and 0.2 and 8.3 ng/mL, respectively, indicating that 
the method can be used for trace level quantification of adducts in food 
samples. The hydrolyzed samples imparted significant matrix effects 
(ME), suppressing the ionization of CA-Cys and CGA-Cys in the ESI 
source up to 28 and 58 %, respectively (see row ME% in Table 2). 
However, co-eluting isotopically labeled IS (CA-Cys*or CGA-Cys*) effi-
ciently corrected the possible analytical errors caused by matrix effects 
[see rows ME% vs MEIS% (internal standard corrected matrix effect) in 
Table 2]. The method also showed acceptable accuracy and precision for 
quantifying CA-Cys and CGA-Cys as determined in the milk matrix 
(Table 2). The method confirmed that isotopic dilution approach is an 
ideal way to minimize the analytical errors due to matrix effects and to 
improve overall analytical accuracy and precision as shown in other 
works (Furey et al., 2013; Poojary et al., 2020, 2021). 

It is essential to perform a total hydrolysis of proteins to identify and 
quantify protein-bound CA-Cys and CGA-Cys adducts. Previous studies 
that have employed other phenolic compounds have shown that acid 
hydrolysis will release polyphenol-Cys adducts from the protein back-
bone, although the recovery of adducts upon hydrolysis has not been 
reported (Arsad et al., 2020; Jongberg et al., 2011). We tested the effi-
ciency of both acid and enzymatic protein hydrolysis to obtain the best 
possible recovery of CA-Cys and CGA-Cys adducts. No adducts could be 
recovered after acid hydrolysis (determined based on evaluating the 
stability (%) after subjecting pure adducts into hydrolytic conditions and 
hydrolyzing selected CA/CGA-added milk samples). High temperature 
and acidic conditions perhaps degraded the adducts, although hydro-
lysis was carried out under strictly anoxic conditions. Besides, particu-
larly in the case of CGA-Cys, the quinic acid moiety could be eliminated 
from the structure upon hydrolysis under acidic conditions. Another 
reason for a low recovery could be the masking of any recovered ana-
lytes during LC-MS analysis due to excess matrix effects. The stability of 

Fig. 2. Parallel reaction monitoring chromatogram of CA-Cys (retention time, 17.96) and CGA-Cys (retention time, 17.68) and co-eluting corresponding stable- 
isotope labelled internal standards (CA-Cys* and CGA-Cys*). 
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CA-Cys and CGA-Cys determined upon enzymatic hydrolysis were 7 ± 1 
% and 6 ± 1 %, respectively. Enzymatic hydrolysis is often considered a 
gentle process compared to acid hydrolysis, but degradation or loss of 
analytes during the process could not be avoided. The alkaline condition 
(pH 8.2) used during hydrolysis may lead to oxidation and polymeri-
zation of the adducts. Since enzymatic hydrolysis yielded adducts in the 
quantifiable range, we employed enzymatic hydrolysis to quantify CA- 
Cys and CGA-Cys in the samples despite the poor recovery of target 
analytes. It is, therefore, important to consider the stability values while 
evaluating the absolute concentration of adducts in samples as it could 
otherwise underestimate the results of a quantitative analysis. 

3.3. Quantification of protein-bound CA-Cys or CGA-Cys adducts in milk 
samples 

In the present study, two different concentrations of CA/CGA, cor-
responding to 0.05 and 0.1 %, were added to milk. The concentration of 
0.05 % was chosen based on approximate concentrations of CA and CGA 
found in milk beverages (Jeon et al., 2019), while a concentration of 0.1 
% represented the laboratory scenario where coffee/cocoa extracts are 
added to samples in excess. Coagulation of milk was observed when a 
higher level of CA/CGA was added. Three treatments (RS*, P*, and 
UHT*, see Section 2 for treatment conditions) were applied to samples 
assuming pasteurization and storage of milk beverages with added 
polyphenol extract in industrial settings. As confirmed through LC-MS/ 
MS analysis, CA-Cys and/or CGA-Cys adducts were detected in all milk 
samples, suggesting autoxidation of CA and CGA to their respective o- 
quinones in the milk and subsequent reaction with Cys residues. The 
tested milk samples contained traces of transition metals (as determined 
by ICP-OES), including Fe and Cu, with concentrations of 279 ± 10 and 
1210 ± 31 μg/L, respectively. Fe and Cu are known to catalyze oxidation 
of polyphenols to form quinones (see Supplementary datasheet Fig. S4 
for a reaction scheme). It is also known that low pasteurized milk pos-
sesses residual lactoperoxidase activity (Marks et al., 2001), which may 
also catalyze polyphenol oxidation although not investigated in the 

present study. Detection of these adducts in unheated milk samples 
(RS*), indicated that the reaction does not require heat treatment. In all 
CA added milk samples, 10 μM of CA-Cys adducts were detected irre-
spective of the amount of CA added (i.e., 0.05 and 0.1 %, equivalent to 
2.78 and 5.56 mM) and treatment type (Fig. 3A). In the case of CGA 
added milk samples, up to 32 μM of CGA-Cys adducts were detected 
when the amount of CGA added was 0.05 % (equivalent to 1.41 mM) 
irrespective of treatment type, but it increased to 52 μM when the 
amount added was 0.1 % (equivalent to 2.82 mM) (Fig. 3B). These re-
sults showed that CGA has a higher affinity to react with Cys than CA, 
and the adduct formation could be increased by increasing the addition 
of CGA. 

Milk samples were also added with both CA and CGA to evaluate 
whether there was a competition between CA and CGA to react with Cys. 
The concentration of CA-Cys adducts detected in CA and CGA added 
milk was 10 μM, which was similar to that observed in samples added 
with only CA (Fig. 2C vs 2A). This indicates that the presence of CGA 
does not interfere with the reaction of CA with Cys. However, slightly 
lower levels of CGA-Cys adducts were detected in these samples, indi-
cating that CA competed with CGA for the reaction with Cys (Fig. 3D vs 
3A). Perhaps, CA reacts faster with Cys compared to CGA or in the 
presence of CA, the CGA-Cys adducts are less stable. However, these 
observation warrant further kinetic and stability studies. 

The reaction between polyphenols and Cys residues in milk is 
dependent on the pH of the reaction media, amount of available sulf-
hydryl groups, and the structure of polyphenols. Usually alkaline con-
ditions favor the reaction as by facilitating oxidation of polyphenols and 
deprotonation of sulfhydryl groups, facilitating subsequent nucleophilic 
addition of thiolate groups to electrophilic o-quinones. However, the 
reaction can also occur with the protonated form of the sulfhydryl group 
(neutral to acidic pH), but with relatively lower rate (Jameson et al., 
2004; Nikolantonaki & Waterhouse, 2012). The pH of milk is about 6.8, 
while the pKa of the sulfhydryl group in Cys is 8.3, suggesting a possible 
reaction between CA/CGA and Cys residues. However, the pKa of sulf-
hydryl groups in Cys residues bound in a protein chain could be different 
from Cys due to changes in the microenvironment, which could further 
change the reaction rate (Li et al., 2016). In addition, Cys residues are 
sometimes buried in the native structure of proteins (which is the case 
for the free Cys121 in β-lactoglobulin) and thus not necessarily fully 
accessible unless the protein is unfolded (e.g. by a heat treatment). The 
concentration of available sulfhydryl groups in RS* control milk samples 
(milk without added polyphenols and without microwave heat treat-
ment; denatured in the presence of urea and EDTA) was found to be 54 
± 4 μM, and the value was in agreement with previous reports (Clare 
et al., 2005; Jansson et al., 2017). It decreased to 14 ± 1 and 13 ± 1 μM, 
respectively, in microwave treated P* control and UHT* control milk 
samples; which was likely due to oxidative degradation of sulfhydryl 
groups caused by the metal ions present in the milk samples and the heat 
treatments employed. Considering the measured concentration of 
available sulfhydryl groups in RS* control milk samples, a maximum of 
54 μM of adducts could be expected, provided that 1) all sulfhydryl 
groups of milk proteins react with o-quinones, 2) the reaction with 
sulfhydryl groups yields only CA/CGA-Cys adducts, and 3) disulfide 
bonds in proteins are not reduced to yield new sulfhydryl groups due to 
addition of polyphenols or subsequent heat treatments. We have 
observed adducts in the range of 10–50 μM, indicating that 1) not all 
sulfhydryl groups have reacted with o-quinones, and even if reacted 
(Fig. 3), 2) the adducts have been destroyed during sample preparation 
as described above; and 3) sulfhydryl groups of derived disulfide bond 
reduction are involved in the formation of adducts as in some cases the 
concentration of adducts in milk reached up to 50 μM. Furthermore, the 
tendency of CA and CGA to undergo oxidation also determines the 
extent of formation of CA-Cys and CGA-Cys adducts. In the present 
study, higher levels of CGA-Cys were detected compared to CA-Cys 
adducts in milk samples, despite a lower molar concentration of CGA 
was added compared to CA (1.41 and 2.82 mM vs 2.78 and 5.56 mM). 

Table 2 
Method validation parameters of CA-Cys and CGA-Cys quantification.a  

Analyte CA-Cys CGA-Cys 

Sensitivity 
LOD (ng/mL) 0.2 0.2 
LLOQ (ng/mL) 4.5 8.3  

Linearity 
Range (ng/mL) 4.5–4700 8.3–4700 
Equation y = 0.0234*x-0.0667 y = 0.0041*x-0.1281 
R2 value 0.9957 0.9990  

Accuracy and precision 
Accuracy (%) 92 % 90 % 
Intra-day precision (%RSD) 2.2 1.5 
Inter-day precision (%RSD) 2.4 3.1  

Matrix effect 
ME% 27.9 58.3 
MEIS% 5.2 3.2  

Other parameter 
Carryover Not observed Not observed  

a Three quality control levels (587.4, 146.9, and 36.72 ng/ml) were used to 
calculate accuracy, precision, and matrix effects, and the average of data ob-
tained from these three levels are reported. Accuracy and matrix effects (ME) 
values were calculated based on spiking standards on enzymatic hydrolysates of 
milk samples. MEIS is internal standard corrected matrix effect. LOD was 
calculated according to the Hubaux and Vos method, and LLOQ was calculated 
based on accuracy and precision data (refer to (Poojary et al., 2021) for a 
detailed experimental procedure). 
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This indicates either a higher tendency of CGA to undergo oxidation to 
form o-quinones that are readily available to react with sulfhydryl 
groups or CGA-Cys adducts are relatively stable compared to CA-Cys in 
milk under the tested treatment conditions. 

3.4. Protein profiles of CA and CGA added milk samples 

SDS-PAGE of milk samples was carried out to evaluate if the addition 
of CA and CGA affected the protein profiles. Gels loaded with reduced 
and non-reduced control and polyphenol added milk samples had 
prominent protein bands around 60 kDa, 20 to ca. 35 kDa, between 15 
and 20 kDa, and between 10 and 15 kDa according to the molecular 
weight marker, which corresponded to bovine serum albumin (66 kDa), 
caseins (25–35 kDa), β-lactoglobulin (18 kDa), and α-lactalbumin (14 
kDa), respectively (Fig. 4A and B) (Jansson et al., 2017). In the case of 
non-reduced samples, the intensity of whey protein bands (α-lactal-
bumin and β-lactoglobulin) of UHT* control and polyphenol added 
samples were lower than that of RS* and P* samples, suggesting heat- 
induced protein aggregation (Fig. 4A). The appearance of these bands 
in reduced samples indicated that these aggregates were linked by 
reducible covalent bonds (Fig. 4B vs Fig. 4A), likely disulphide bonds, in 
agreement with previous studies (Gulzar et al., 2013). In general, the 
addition of CA and CGA did not cause dramatic changes in protein 
profiles compared to control samples, but a slight reduction in the in-
tensity of β-lactoglobulin bands was observed in P* samples added with 
CA (in non-reduced samples, Fig. 4A), suggesting CA triggered aggre-
gation of β-lactoglobulin. The presence of these bands in the reduced 
samples suggested that CA facilitated disulphide-bond mediated aggre-
gation; possibly by interfering the thiol-disulphide exchange reaction 

that takes place during heat treatments (Li et al., 2022). However, 
further mechanistic investigation is required to confirm such a 
speculation. 

3.5. Quantification of protein-bound CA-Cys or CGA-Cys adducts in 
commercial samples 

CA-Cys and CGA-Cys adducts were detected in all four tested coffee 
containing commercial dairy beverages, but their concentration was 
below the LLOQ of the method employed. The CA-Cys and CGA-Cys 
adducts were not detected in any cocoa containing products and the 
chocolate sample. This could be due to a lower proportion of cocoa in 
the tested cocoa-containing samples compared to the proportion of 
coffee in the coffee-containing samples (Supplementary datasheet 
Table S1). A previous study has identified covalent bonding between 
catechin and tryptic digests of the β-lactoglobulin fraction of a com-
mercial chocolate containing milk through peptidomic approach (Gallo 
et al., 2013). In general, the amount of CA and CGA present in the 
original extracts, the composition of the sample (e.g. the ratio of poly-
phenol extract to proteins and presence of other compounds), concen-
tration of available sulfhydryl groups, and processing and storage 
conditions determine the formation rate and the stability of adducts. 
Moreover, adducts were found to be partially stable under the protein 
hydrolysis procedure used; therefore, it cannot be concluded that CA- 
Cys and CGA-Cys adducts are absent in these samples solely based on 
the current results. The samples were also screened for the presence of 
other possible adducts of CA and CGA, such as two or three Cys residues 
bonded to one CA/CGA molecule or CA/CGA dimers bonded to one, two, 
or three Cys residues. However, such adducts were not detected. As 

Fig. 3. Quantification of CA-Cys and CGA-Cys in CA/CGA added milk samples (n = 3). CA-caffeic acid, CGA-chlorogenic acid. RS*, P*, and UHT* represents three 
different treatment conditions of milk samples after adding CA/CGA, representing regular storage, pasteurization, and UHT treatment conditions, respectively (see 
Section 2.7 for further details). Columns in each figure labeled with the same letters were not significantly different at P < 0.05 (Tukey’s HSD). The concentration 
values were not corrected for the recovery of analytes after enzymatic hydrolysis (see Section 3.2 for additional details). 
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suggested before, these adducts were either absent in the sample or lost 
during the hydrolysis procedure employed. 

4. Conclusions 

The present study provided a synthesis and purification strategy to 
obtain CA-Cys and CGA-Cys adducts and their stable isotopic analogues. 
The developed chromatographic method allowed accurate identification 
and quantification of CA-Cys and CGA-Cys adducts. CA and CGA bonded 
to Cys residues of milk proteins without the need of any external 
oxidizing agents and heat treatment. CGA-Cys was found in higher 
abundance in CA/CGA milk samples than CA-Cys. As per SDS-PAGE 
analysis, addition of CA and CGA did not change milk protein profiles 
noticeably, with an exception that the addition of CA induced reducible 
aggregation of β-lactoglobulin in P* microwave-treated samples. 
Furthermore, both CA-Cys and CGA-Cys adducts were detected in trace 
levels (<LLOQ) in coffee-containing dairy beverages. Future investiga-
tion is required to optimize the hydrolysis protocol to improve the re-
covery of these adducts from the samples. In addition, the present work 
could be extended to investigate the physical properties, functional 
properties, digestibility, bioaccessibility, and biological effects of di-
etary proteins covalently bonded with polyphenols. 
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