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Chemical characterization and sensory evaluation
of a phenolic-rich melanoidin isolate contributing
to coffee astringency+t
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The tactile flavor sensations of coffee are an important indicator of product quality, yet the stimuli contri-
buting to these percepts remain insufficiently defined. In the present work, compounds that contribute to
astringency in coffee were investigated. A multi-dimensional sensory-guided fractionation method was
employed whereby preparative-scale liquid chromatography was leveraged to separate the coffee brew
into subfractions, and then followed by sensory evaluation to identify fractions with perceptual impact.
This process, paired with high-resolution chemical characterization via Fourier-transform ion cyclotron
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resonance/mass spectrometry, revealed a complex, phenolic-dominant, melanoidin fraction. Further
sensory recombination testing confirmed this fraction imparted a perceptible astringent sensation at
coffee-relevant concentrations in both water and coffee matrices. We hereby provide the first evidence of

rsc.li/ffood-function melanoidins contributing to the complex tactile flavor profile of coffee.
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Introduction

Coffee is the third most consumed beverage worldwide, follow-
ing water and tea,’ and serves as an integral component of
daily routines for many individuals. Global demand for coffee
has risen by approximately 65% between 2000 and 2020,
making it one of the most traded commodities worldwide,
with an export value of $19 billion and a retail market value of
$83 billion.” Despite this existing (and growing) demand, only
a fraction of green coffee beans goes on to produce coffee con-
sidered to be of premium or “specialty” quality. This, com-
bined with increasing consumer discernment, provides abun-
dant opportunities for coffee flavor optimization and quality
improvement.

Historically, research on coffee flavor has primarily focused
on identifying and characterizing volatile compounds respon-
sible for its distinctive aroma profile (for review, see ref. 3 and
4). More recently, efforts have emerged to elucidate the
sensory relevance of the non-volatile coffee fraction, particu-
larly by investigating compounds that contribute to or modu-
late bitterness,”® and that impact overall flavor quality."*™*
However, comparatively little research has examined chemical
compounds contributing to coffee mouthfeel or “body”,
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despite recognition of its role in the overall
experience.*"”

Coffee “body” is one of ten attributes established by the
Specialty Coffee Association (SCA) to contribute to coffee bean
quality and value. The SCA defines “coffee body” as “the tactile
sensation of liquid in the mouth”.'® Tactile perceptions are
incorporated with olfactory and gustatory inputs (both centrally
and peripherally) and play an important role in the multimodal
sensation of flavor."®"® Previous work ascertained a list of sub-
attributes contributing to the tactile sensation in coffee.>’ In
the present work, we aimed to better understand drivers of
tactile perception in coffee by pursuing chemical constituents
specifically contributing to one of these attributes, astringency.

Astringency is described as a sensation of “puckering”,
“drying”, or “roughness” often resulting from ingestion of
polyphenol-rich foods or beverages.*"*> Multiple mechanisms
have been proposed for how the sensation is imparted and per-
ceived. The prevailing mechanism proposes that astringency-
imparting phenolic compounds interact with proline-rich pro-
teins in the saliva and promote aggregation and precipitation
of these salivary proteins, which in turn disrupt the natural
lubrication of the oral cavity.”*>* This reduction of lubrication
is hypothesized to result in increased friction when oral sur-
faces are brought into contact with each other during oral pro-
cessing, increasing both physical and perceived roughness as
conveyed by mechanoreceptors in the oral cavity.>*>*2¢2”

In the present work, a sensory-guided fractionation meth-
odology was implemented to identify chemical compounds in
coffee responsible for the tactile perception of astringency. As

sensory
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the SCA definition of coffee “body” refers to the tactile sen-
sation of the liquid in the mouth, understanding chemical
compounds contributing to all tactile dimensions, including
astringency, would therefore provide targets for prediction,
modulation, and optimization of coffee “body” levels and, sub-
sequently, coffee quality.

Materials and methods
Materials

Food grade formic acid and optima grade methanol and
acetone were purchased from Fisher Scientific (Waltham MA,
USA). A Barnstead nano-diamond system (Thermo Fisher,
Waltham, MA, USA) was used to filter nanopure water. Oasis
HLB cartridges (6 g) were purchased from Waters Co. (Milford,
MA, USA). For pH adjustment during recombination model
preparation, FCC grade NaOH (Fisher Scientific, Waltham MA,
USA) and FCC grade HCI (Sigma Aldrich, St Louis MO, USA)
were utilized. Methylparaben (methyl 4-hydroxybenzoate) was
purchased for use as an internal standard (Sigma Aldrich,
St Louis MO, USA). Two commercial drip coffee samples
assigned a high body (HB) score of 7.5 out of 10 and a low
body (LB) score of 4.8 out of 10, respectively by consensus of 4
licensed Q Arabica graders (Coffee Quality Institute, Aliso
Viejo, CA, USA) from Keurig Green Mountain Coffee Co. were
used for sensory and chemical analyses. Coffees were brewed
using an automatic drip coffee machine (Keurig K475, Keurig
Green Mountain, Waterbury VT, USA) as previously reported®®
and pre-portioned coffee brew pods were stored at —40 °C
prior to analysis.

Sample preparation and preparative liquid chromatography-
mass spectrometry (Prep LC-MS) fractionation

Sample preparation and LC fractionation. Sample prepa-
ration was conducted as previously reported.?® Briefly, a high
body coffee sample underwent ultrafiltration (UF) and solid-
phase extraction (SPE), and the resulting low molecular weight
(<5 kDa) organic eluent (95% MeOH) was separated further via
three dimensions of sensory-guided LC-based fractionation to
identify compounds eliciting astringency (Fig. 1C-F).

All dimensions of fractionation took place using a prepara-
tive-scale LC-MS system (AutoPurification System, Waters Co.)
coupled to a triple quadrupole mass spectrometer (Quattro
Micro API, Waters Co.) and a UV/Vis detector (Waters Co.).
Settings for the mass spectrometer were as follows: ionization
mode = ESI™, capillary voltage = 2.0 kV, cone voltage = 30 V,
cone gas flow rate = 50 L h_l, source temperature = 150 °C,
desolvation gas temperature = 300 °C, desolvation gas flow =
500 L h™". Data were acquired in full scan mode (50-1250 m/z)
with a scan time of 1s. UV/Vis data were simultaneously col-
lected at absorbance wavelengths of 280 and 310 nm. For the
LC, a mobile phase flow rate of 100 mL min~' was used.
Solvent composition, stationary phase, and chromatographic
gradient conditions were selected independently for each of
the three chromatographic separation dimensions to maximize
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orthogonality to the previous separation and are detailed
below. After each LC chromatographic dimension of fraction-
ation, solvent was evaporated from collected fractions
(Genevac Rocket evaporator, SP Scientific, Warminster, PA,
USA) which were then freeze-dried twice (to remove solvent)
and reconstituted in nanopure water at a dosage level equi-
valent to that in coffee (based on UPLC/QToF peak area com-
parison) in preparation for sensory evaluation.

LC fractionation—1* dimension. Separation of the low
molecular weight, organic eluent was undertaken using a
reversed-phase C-18 column (50 mm x 50 mm, Agilent, Santa
Clara, CA, USA) and a binary solvent system consisting of
nanopure water (solvent A) and methanol (solvent B), each sup-
plemented with formic acid (0.1% v/v). The following separ-
ation gradient was utilized: 0 min, 5% B; 0.5-17 min, 5-60%
B; 17-21 min, 60-95% B; 21-22 min, held at 95% B; then
returned to initial conditions for re-equilibration (22-23 min).
The eluent was collected in 12 fractions (F1-F12) based on
time (Fig. 1C).

LC fractionation—2"“ dimension. Fraction 9 from the 1% LC
dimension was further separated for analysis. The freeze-dried
F9 solid was dissolved in 10 : 90 v/v methanol/water (nanopure)
solution and filtered using a PVDF syringe filter (0.45 pm) in
preparation for injection onto preparative-LC system. The LC
system was equipped with a phenyl hexyl column (Xselect,
5 um particle size, 50 mm x 100 mm, Waters Co.) and a binary
solvent system consisting of nanopure water (solvent A) and
methanol (solvent B), each supplemented with formic acid
(0.1% v/v). Separation was performed using the following gra-
dient: 0-1 min, 5% B; 1-2 min, 5-50% B; 2-12 min, 50% B
(isocratic); 12-18 min, 50-95% B; 18-21 min, held at 95% B;
then returned to initial conditions for re-equilibration
(21-23 min). The eluent was collected in a total of 6 fractions
separated based on time (Fig. 1D).

LC fractionation—3™ dimension. Fraction 9.6 from the
LC dimension underwent further separation using a reversed-
phase phenyl hexyl column (Xselect, 5 um particle size, 50 mm
x 100 mm, Waters Co.). Chromatography was achieved using a
binary solvent system of nanopure water (solvent A) and
acetone (solvent B), each with 0.1% formic acid. The following
solvent gradient was implemented for separation: 0 min, 20%
B; 0-2 min, 20-32% B; 2-12 min, 32-36% B; 12-16, 36-50% B;
16-18, 50-95% B; 18-21 min, held at 95% B; then returned to
initial conditions for re-equilibration (21-24 min). The entire
eluent was collected and separated based on time into 6 frac-
tions (Fig. 1E).

an

an

Compositional analysis of fraction 9.6.4 using Fourier-
transform ion cyclotron resonance/mass spectrometry (FT-ICR
MS)

The chromatogram of F9.6.4 presented as a broad hump with
no distinct peaks and a diverse mass spectrum with few to no
dominant ions (Fig. 1F). Due to its complexity and irresolvabil-
ity, F9.6.4 was further examined compositionally and senso-
rially as the whole isolate. To characterize the chemical
makeup, a high-resolution mixture analysis was conducted on
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Fig. 1 Sensory-guided analysis of astringency in coffee isolates. (A and B) Astringency intensity imparted by fractions resulting from ultrafiltration
(UF) and solid-phase extraction (SPE) alongside water and coffee controls (average + SEM). UF samples were divided into high (HMW, >5 kDa) and
low (LMW, <5 kDa) molecular weight fractions (A) and SPE further separated the LMW fraction into organic (95% MeOH) and aqueous (5% MeOH)
fractions (B). Astringency intensity was collected on a 0—10 scale, mean values displayed (n = 4, in duplicate). (C—F) UPLC-QToF chromatograms of
first, second and third LC dimensions of sensory-guided fractionation in pursuit of compounds imparting astringency. Fraction 9 (C), Fraction 9.6
(D), and Fraction 9.6.4 (E) highlighted in grey (ESI~, total ion chromatograms).

the entire fraction using Fourier-transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS). Analyses were con-
ducted using both positive and negative electrospray ionization
(ESI) modes on a Bruker 15 T solariX FT-ICR instrument
(Bruker, Billerica MA, USA). Prior to infusion, F9.6.4 was pre-
pared at a concentration of 1 mg L™ in 50/50 acetonitrile/
water. Resulting high resolution complex spectral information
was visualized using a van Krevelen diagram and Kendrick
mass defect plots to enable compositional inferences.*® The
van Krevelen diagram visualization was produced by using the
molecular formulas generated by FT-ICR MS to plot molecular
ratio of hydrogen/carbon (H/C) on the y-axis against molecular
ratios of oxygen/carbon (O/C) on the x-axis for each ion
detected within F9.6.4. Kendrick mass defect plots were gener-
ated for mass differences of CH, and CyHO;, corresponding
to methylation/demethylation and caffeic acid additions/

2872 | Food Funct,, 2025, 16, 2870-2880

removals, respectively. Kendrick mass diagrams were gener-
ated using the method described by Hughey et al.**

Quantification of astringent coffee isolates

The concentration of F9.6.4 (Fig. 1F) in the coffee was deter-
mined by standard addition of F9.6.4 extracted from the HB
coffee. F9.6.4 did not contain any prominently visible individ-
ual peaks in either positive or negative ESI modes, however
direct MS infusion revealed distinct ions that were then
selected for multiple reaction monitoring (MRM) method
development using a Waters TQ-XS triple quadrupole (QqQ)
mass spectrometer (Waters Co, Waltham MA). Evaluation of
the specific MRM transition m/z 770.3 — 385.9 ESI” demon-
strated good linearity when increasing amounts of F9.6.4 were
added to water. Six 1 mL aliquots of HB coffee were prepared
in triplicate using three biological replicates with increasing

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo04934a

Open Access Article. Published on 11 March 2025. Downloaded on 6/22/2026 1:48:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

volumes from 100-500 pL of the 100 mg L™" F9.6.4 solution, in
addition to 20 pL each of internal standard (methylparaben,
prepared at 1000 mg L™"). All samples were then made up to a
final volume of 1520 pL through addition of nanopure water.
SPE was undertaken using an Oasis HLB 96-well plate (30 mg
bed) (Waters Co.) that was conditioned and equilibrated with
500 pL of 95% MeOH and 5% MeOH, respectively. The entirety
of each 1520 pL coffee sample aliquot (plus standard addition
and internal standard) was loaded onto independent SPE plate
wells, washed with 5% MeOH (500 pL) (discarded), and then
eluted with 95% acetonitrile (500 pL). Eluent was then made
up to a final volume of 1000 pL through the addition of 500 pL
each of nanopure water.

Samples were analyzed with a UPLC-QqQ/MS on a Waters
TQ-XS mass spectrometer paired with an Acuity H Class UPLC
system (Waters Co, Waltham MA). For each run, an injection
volume of 2 pL was loaded onto a phenyl hexyl column
(1.7 uM particle size, 2.1 x 100 mm, Agilent Technologies,
Santa Clara, CA). A binary solvent system using nanopure
water (solvent A), and acetonitrile (solvent B) was used for sep-
aration, each dosed with 0.1% v/v formic acid. The following
gradient was used for separation at a flow rate of 0.5 mL
min~": 0-0.5 min, 20% B; 0.5-11 min 20%-40% B, 11-12 min,
40-95% B, 12-13 min, held at 95% B, returned to initial con-
ditions for 1 min (13-14 min). Settings for the mass spectro-
meter were as follows: ionization mode = ESI™, capillary
voltage = 1.0 kV, cone voltage = 20 V, cone gas flow rate = 150
L h™', source temperature = 150 °C, desolvation gas tempera-
ture = 600 °C, desolvation gas flow = 1000 L h™'. Data was
acquired in multiple reaction monitoring (MRM) mode using
the following optimized transitions and collision energies
(CE): F9.6.4, ESI” m/z 770.3 — 385.9 (CE 28 eV); methyl-
paraben, ESI” m/z 151 — 92 (CE 18 eV). Waters TargetLynx
and MassLynx 4.1 software were used for analysis. The 6-point
standard addition calibration curve showed good linearity (R
=0.994).

The concentration of F9.6.4 in LB coffee was determined
through gravimetric comparison of a simultaneous extraction
of F9.6.4 from 1L of each HB and LB coffee samples. The final
amount of F9.6.4 in the LB coffee was finally determined
based on the weight ratio of HB to LB and the known amount
of F9.6.4 in the HB coffee determined by LC/MS/MS analysis
as reported above.

Sensory evaluation

Sensory evaluation of UF, SPE isolates. All sensory evaluation
methodologies were approved by the local Institutional Review
Board (IRB Protocol #2017H0072). Following separation of the
HB coffee using ultrafiltration (UF) and solid-phase extraction
(SPE), subsequent fractions were evaluated by a four-person
descriptive panel (3F, 1M, aged 23-28) as reported in a pre-
vious publication®® (Fig. 1A and B). Briefly, the panel first per-
formed a series of discrimination tasks to determine that
samples resulting from both UF and SPE separations were
clearly discriminable.* Astringency intensity ratings were then
collected for each sample, along with water and coffee con-
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trols, on a 0-10-point categorical intensity scale in duplicate
and averaged across panelists. During all astringency evalu-
ations, panelists were provided with a reference (0.35 g L™ pot-
assium aluminum sulfate; McCormick & Co, Baltimore MD) to
ensure conceptual alignment. To standardize each evaluation,
panelists were specifically instructed to “swish the entire
sample in [their] mouth, expectorate, rub [their] tongue
against the roof of the mouth and note the intensity of a sen-
sation of drying or roughness”. Samples were presented in
10 mL aliquots in black 1 oz. sample cups and presentation
orders were randomized and counterbalanced. All samples
were served at room temperature to enable maximum tempera-
ture consistency and nose clips were worn throughout to mini-
mize olfactory interference.

Sensory evaluation of Prep LC-MS fractions. Five trained
panel members (3F, 2M, aged 23-28) evaluated the fractions
collected from preparative LC separation in duplicate to ident-
ify those with perceptible astringency. Following solvent
removal, fractions obtained from the three independent, con-
secutive LC separation dimensions (Fig. 1C-F) were reconsti-
tuted each time in water at equivalent concentration to the
high body coffee based on peak area comparison and evalu-
ated using a combined paired-comparison and intensity rating
methodology as previously described.® Briefly, each fraction
was presented alongside a water control as a pair, each in
5 mL aliquots in 3-digit code-blinded black 1 oz. sample cups.
Presentation order was randomized across participants as well
as across fractions and within fraction/control pairs and nose
clips were again worn to prevent olfactory interference
Panelists were asked to taste both samples within the pair and
select the sample that was most astringent, and to then rate
the astringency intensity of both samples on a 0-10 categorical
intensity scale. Throughout evaluations, panelists had access
to the astringent reference (potassium aluminum sulfate) to
maintain conceptual alignment. Fractions were selected for
further analysis based on two criteria, a paired-comparison
selection count of >7 out of 10, and then, the astringency
intensity difference from control.

Sensory validation of recombination models. The astrin-
gency of F9.6.4 (Fig. 1F) was evaluated sensorially in both
water and coffee matrices by 9 trained panelists (6F, 3M, aged
23-47). In water, F9.6.4 was evaluated at both high and low
body coffee concentrations of 15.7 and 7.9 mg L™, respect-
ively, with each maintained at a uniform pH value of 5.3 (equi-
valent to the coffee samples) using a 0.1 M food-grade HCl
solution. For validation in coffee, the LB coffee sample was
used as the control (consisted of 7.8 mg L™ F9.6.4). The high
F9.6.4 coffee recombination sample consisted of the LB coffee
with an additional 7.9 mg L™" F9.6.4 (mimicking the 15.7 mg
L™' concentration in the HB coffee sample). All samples were
served at room temperature in 5 mL aliquots in black 1 oz.
sample cups.

Sensory evaluation occurred over five days with either one
or two 20-minute sessions per day. On the first day, panelists
were reminded of the astringency definition, reference, and
evaluation procedure, and were informed that this attribute

Food Funct, 2025, 16, 2870-2880 | 2873
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enabled the initial selection of this fraction. Then, panelists
were given the opportunity to taste F9.6.4 in water as a “warm-
up” sample and make note of any differences perceived in
comparison to a water control, using astringency as a non-
restrictive guideline. For evaluation, a signal detection-based
same/different methodology was employed. This entailed pres-
entation of the respective reference (either water or LB coffee)
paired with a three-digit code-blinded sample (either water/
coffee with F9.6.4 added or a water/coffee blind control), after
which panelists were asked if the blinded sample was “the
same” or “different” from the reference. Following the same/
different evaluation, they were then asked to indicate the cer-
tainty of their selection (“Sure”; “Unsure”; or “Guess”). If a
panelist responded that they believed the samples to be
different, they were also asked to describe the perceived differ-
ence. Both water and coffee evaluations utilized nine panelists
in triplicate (27 total evaluations per sample); presentation
order of samples was randomized across panelists and repli-
cates, and nose clips were worn throughout to minimize olfac-
tory interference.

Data analysis

Both fraction screening and recombination sensory evalu-
ations were collected using Compusense Cloud consumer
testing software (Compusense Inc, Guelph, CA). For fraction
screening, statistical significance was determined using bino-
mial probabilities for a directional (one-tailed) test with 50%
chance probability and a p-value < 0.172 (7 out of 10) was
taken as sufficient for further examination via astringency
intensity ratings.

For sensory validation, signal detection results were pro-
cessed using R-index analysis. “R-index” values were calculated
based on pooled comparison of the same/different and cer-
tainty responses according to the response matrix and
equation provided in the ESI (eqn (S1) and Table S1t), and can
effectively be understood as the probability of a subject cor-
rectly discriminating between a stimulus and a control
sample.®® Statistical significance of R-indices was determined
using the “Reriti” function in RStudio,*" which determined the
r-critical value that must be exceeded to enable rejection of the
null hypothesis for a given number of evaluations based on a
Wald-type test statistic.>** R-indices were therefore inter-
preted as indicative of discrimination if they exceeded chance
discrimination by more than the corresponding R-critical
value (@ = 0.05, one-tailed).

Results
Sensory screening of fractions resulting from UF, SPE, and
Prep-LC separations

The HB coffee underwent multiple sample preparation
methods and LC dimensions of separation followed by sensory
evaluation in pursuit of identifying astringent compounds
(Fig. 1A-F). Initially, the coffee was separated into HMW
(>5 kDa) and LMW (<5 kDa) isolates via ultrafiltration (UF)
(Fig. 1A) and subsequently reconstituted in water and tasted
alongside water and the HB coffee control. The average astrin-
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gency intensity assigned to the LMW fraction sample was
nearly identical to that of the HB coffee, while, on the contrary,
the HMW fraction was rated similarly to water. When the
LMW fraction was divided further using solid-phase extraction
(SPE), the LMW organic phase (eluted with 95% methanol)
reported similar astringency to the coffee control, while the
LMW aqueous phase reported noticeably lower levels (Fig. 1B).
The LMW organic phase was subsequently chosen for further
sensory-guided liquid chromatography separations to identify
astringent compounds.

Following multi-dimensional LC separation and sensory-
guided fractionation, fractions 9 (F9), 9.6 (F9.6), and then 9.6.4
(F9.6.4) were pursued from each dimension, based on their
observed contribution to astringency (Fig. 1C-F). Finally, frac-
tion 9.6.4 was selected as being higher in astringency than the
control sample during 9 out of 10 paired-comparison presenta-
tions (p = 0.01) and was assigned an average astringency inten-
sity rating 1.4 points greater than the control. Compositional
analysis was thereby undertaken on F9.6.4 (Fig. 1F).

Qualitative and quantitative chemical characterization of
F9.6.4. F9.6.4 was observed to contain a single broad chroma-
tographic peak (Fig. 1F). Qualitatively, LC-UV (diode array
detector) analysis indicated the entirety of this broad peak
exhibited high absorbance at 405-420 nm. This wavelength
range is characteristic of brown color development from the
Maillard reaction and indicative of the resulting presence of
melanoidins or melanoidin precursors/intermediates known
to absorb light at this wavelength.?® Thus, it was hypothesized
this fraction consisted of brown colored melanoidin precursors
or melanoidins resulting from roasting.

Further chromatographic separation of F9.6.4 proved chal-
lenging. The composition of F9.6.4 was thus further investi-
gated with MALDI-TOF MS and FT-ICR MS analyses to define
the molecular composition. The limited resolvability of F9.6.4
(Fig. 1F) suggested either the presence of large molecular
weight compounds (<5 kDa) that were poorly separated on the
LC column and/or that it contained many similarly structured
compounds that were unable to be resolved due to similar
stationary and mobile-phase affinities. MALDI-TOF MS ana-
lysis, which utilizes soft ionization ideal for revealing higher
molecular weight components within the fraction, did not
reveal the presence of any high molecular weight constituents
(between 1.8-5 kDa, data not shown), contradicting the former
possibility. Subsequently, FT-ICR MS analysis indicated the
fraction was dominated instead by multiple lower molecular
weight structurally related compounds. The FT-ICR MS spec-
trum of F9.6.4 (ESI” mode) revealed a complex landscape of
compounds with masses ranging from m/z 200-1200 (Fig. 2).
When the resulting mass spectrum was examined closely, a
repeating mass difference of m/z 0.036 was observed through-
out (Fig. 2, inlay) which is a notable mass difference com-
monly observed in a mixture of condensed phenolics indicat-
ing the loss of an oxygen atom and addition of CH, (or vice
versa). This mass difference was observed throughout F9.6.4,
suggesting the presence of a variety of related condensed
phenolics.

This journal is © The Royal Society of Chemistry 2025
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observed when looking at a mixture condensed phenolics.

The FT-ICR MS data analysis revealed 308 distinct mole-
cules within the fraction and the elemental compositions were
calculated for each with high mass accuracy (top most abun-
dent based on relative intensity are shown in ESI, Table S27).
Observed mass to charge ratios ranged from m/z 227 to m/z
1170 with an average of m/z 444. The 308 molecules were
further sorted by ion intensity (semi-quantitative) to establish
relative compound concentrations,*® grouped into quartiles,
and then plotted using a van Krevelen diagram (Fig. 3A) to
characterize the chemical composition of the isolate. The van
Krevelen diagram format allows visualization of structural pat-
terns within complex chemical mixtures using atomic ratios of
hydrogen to carbon (H/C) and oxygen to carbon (O/C),
enabling a holistic understanding of the constituents.”® For
example, if a cluster of data points fall at approximately H/C =
2, this cluster can be inferred to include saturated, lipid-like
compounds. Alternatively, if a cluster falls within H/C = 1 to
1.5 and O/C = 0.3 to 0.7, this grouping can be attributed to
condensed, aromatic, polyphenolic compounds.?® Based on
the resulting plot, F9.6.4 contains compounds that can be
divided into lipid-like (terpenes, fatty acids) and polyphenolic
regions of the van Krevelen plot (Fig. 3A). However, examin-
ation of the compounds with the highest relative intensity (the
75-100™ percentile) revealed a majority of the high intensity
compounds (60 out of 79) were specifically within the polyphe-
nolic region of the plot, highlighting the dominance of this
class of compounds within this fraction (Fig. 3A and
Table S2t). This distribution is consistent with the repeated
m/z 0.036 mass difference observed within the mass spectrum
characteristic of condensed phenolics (Fig. 2). Additionally, 14
of the 308 compounds detected in F9.6.4 were previously
reported by Jaiswal et al." when utilizing FT-ICR MS to analyze
the chemical composition of a heated mixture of chlorogenic

This journal is © The Royal Society of Chemistry 2025

acids (coffee roast model). Thus, at least some of the polyphe-
nolics observed in F9.6.4 appeared to overlap with chlorogenic
acid roasting derivatives.

The chemical composition of F9.6.4 was further explored
using Kendrick mass defect analysis, an approach complimen-
tary to van Krevelen analysis.>>*® Using Kendrick analysis,
complex mixtures can be normalized to a mass corresponding
to a particular molecular addition (typically CH,), and then a
series of compounds differing only in this substructure
addition can be observed based on their identical Kendrick
mass defect values. Two Kendrick mass defect plots (Fig. 3B-
D) were produced for all compounds which fell within the con-
densed phenolic region of the van Krevelen diagram (Fig. 3A),
and each were normalized to two specific mass additions CH,
(Fig. 3B) and CyHeO; (Fig. 3C and D) which correspond to
additions of methyl and caffeic acid groups, respectively.
These two mass differences have been observed to be prevalent
in both roasted mixtures of chlorogenic acids and in arabica
coffee melanoidin extracts."*®

In the Kendrick mass defect plot normalized to CH,
additions (Fig. 3B), visualization of multiple families of up to
eight compounds differing only in methylation (CH,
additions) can be observed due to their identical mass defect
values and regular mass increments forming a line parallel to
the x-axis. Additionally, perpendicular to these lines, periodic
hydrogenation reactions can also be observed. Often the com-
pounds that fall within homologous CH, addition/loss
families also fall into perpendicular families of H, additions/
losses (green points) suggesting occurrence of complex, multi-
directional derivatization during roasting. The compounds
within the condensed phenolic cluster were explored further
using another Kendrick mass defect plot normalized this time
for caffeic acid additions corresponding to a mass difference

Food Funct, 2025, 16, 2870-2880 | 2875
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of +CoHeO; (Fig. 3C and D). This plot revealed multiple pairs
of CoHeO3 additions (>20) (Fig. 3C) and drew attention to an
even more prolific number of homologous pairs of C;H,O
additions (>50, Fig. 3D). The interconnected network of mul-
tiple moiety additions (CH,, CoH¢O3, C3H,0) reveals an obser-
vable compound homology and apparent derivative nature of
compound formation within F9.6.4.

2876 | Food Funct., 2025, 16, 2870-2880

Based on standard addition and gravimetric comparison,
the concentrations of F9.6.4 in the HB and LB coffee was deter-
mined to be 15.7 and 7.9 mg L™", respectively.

Validation of the astringent isolate’s sensory impact in
water. F9.6.4 was evaluated in water at two concentrations
representative of the HB and LB coffee samples, respectively.
Recombination samples were evaluated using a same/different

This journal is © The Royal Society of Chemistry 2025
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signal detection methodology which entailed comparison of a
reference (water) to each of the two recombination samples as
well as to a blind control (Fig. 4). For the present number of
evaluations, an a of 0.05 corresponds to an R-index of 62.5%.
Discrimination results from all 9 panelists revealed that both
low (7.9 mg L") and high (15.7 mg L") concentrations of
F9.6.4 were perceptibly distinct from water alone, with
R-indices of 70.8% (p < 0.01) and 76.1% (p < 0.002), respect-
ively. Open comment feedback provided panelists the opportu-
nity to elaborate on characteristics enabling differentiation
between the samples with and without F.9.6.4 additions.
Comments collected for both high and low concentrations
were consistent, with frequent descriptions for both indicating
discrimination to be based on a “drying” and/or “astringent”
perception(s). The observed difference in discrimination prob-
abilities suggest that, of the two samples, the high concen-
tration (15.7 mg L") was less challenging for the panel to dis-
tinguish from the control, suggesting a positively correlated
relationship between concentration and perceptual intensity.
Validation of the astringent isolate’s sensory impact in
coffee. Sensory evaluation of F9.6.4 was also conducted in
coffee. To accomplish this, the LB coffee was used as the refer-
ence (and blind control) due to its lower inherent concen-
tration of F9.6.4. The recombination sample consisted of the
LB coffee with an addition of 7.9 mg L™" of F9.6.4 to achieve a
final concentration of 15.7 mg L™ (mimicking the HB coffee)
(Fig. 4). This evaluation aimed to determine whether ecologi-
cally relevant concentration differences in this complex frac-

100 100
90 90

X 80 80

x dedkdk

3

2 . 76.1 )

o
01 [708 70 69.5

p=0.05

60 60

F9.6.4 (LB) F9.6.4 (HB) LB Coffee + F9.6.4

Fig. 4 Sensory impact of coffee fraction (F9.6.4) in water and coffee
recombination models. Discrimination probabilities (expressed as
R-index) of low (LB) and high body (HB) concentrations of F9.6.4 in
water compared to water control (left) and addition of F9.6.4 to LB
coffee compared to LB coffee control (right). Dashed line indicates criti-
cal value which must be exceeded for sample to be considered discrim-
inable from control based on an «a of 0.05 (62.54) (n = 9, 27 evaluations
per sample; **p < 0.01, ***p < 0.001, one-tailed).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

tion (in the absence of any additional matrix differences)
would result in a perceptible mouthfeel difference in the
coffee itself. The recombination sample was observed to be
perceptibly distinct from the LB coffee control, with an R-index
of 69.5% (p < 0.01). Open comment feedback was again in
line with astringency being the sensation underlying discrimi-
nation (“drying”, “astringent”), suggesting that the recombina-
tion sample was detected for qualitatively imparting a similar
sensory character in coffee as in water. Differentiation in
coffee was slightly lower than that in water, implying F9.6.4
addition to be slightly more challenging to detect in the
complex coffee matrix.

Discussion

Isolate F9.6.4 imparted perceptible astringency in both
water and coffee matrices. When added to water or coffee,
F9.6.4 imparted a subtle astringent sensation. In water, while
an R-index of 100% would be indicative of perfect discrimi-
nation, R-indices of 70.8% and 76.1% instead depict a statisti-
cally significant yet imperfect chance of correctly discriminat-
ing the LB and HB solutions from the water control (Fig. 4). In
coffee, the 7.9 mg L™' F9.6.4 addition was again statistically
significantly discriminable, but imperfect, at an R-index of
69.5% (Fig. 4). While subtle, the impact of these effects should
not be overlooked. Indeed, in many craft products such as
coffee, wine, and beer, nuanced sensations are important
drivers of product differentiation and acceptance. As such,
identifying compounds that contribute to these subtle sen-
sations remains important for understanding the foundations
of coffee flavor and quality.

Astringent isolate F9.6.4 contains a variety of structurally
related, condensed polyphenolic-dominated melanoidins or
melanoidin precursors. The FT-ICR MS analysis and van
Krevelen plot indicated that F9.6.4 was dominated by con-
densed phenolics (Fig. 3A). This is consistent with previous
reports of melanoidins containing significant proportions of
condensed phenolics.>’ *° The condensed phenolic cluster is
centered around a point located at O/C, H/C coordinates (0.33,
1) (Fig. 3A) that corresponds to two compounds exhibiting the
44™ and 48™ most intense responses—(m/z 385.1293 and m/z
495.1661)—with proposed molecular formulas of C,;H,;0-
(M-H, A ppm = 0.105) and C,;H,,0, (M-H, A ppm = 0.316),
respectively. F9.6.4 also exhibited a proportion of either fatty
acids or other small acids, though these were observed as the
minority of the compounds detected.

Compounds located within the condensed phenolic cluster
were examined further using a Kendrick mass defect analyses
and visualizations standardized to both CH, and CoHsO; mass
differences (Fig. 3B-D). This analysis revealed that a majority
belonged to one or more homologous families of CH,, H,,
CyHeO3 and/or C3H,O additions, illustrating the diverse yet
functionally derivative nature of the compounds contained
within this fraction. Additions of CH, and CoHsO; groups
correspond to periodic methylations and caffeic acid
additions, respectively, reactions both known to occur during
roasting of chlorogenic acids.*® Quinic acids can be esterified

Food Funct., 2025, 16, 2870-2880 | 2877
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up to 4 times and cinnamic acids can also undergo multiple
methylations. Single and double methylations of caffeoylqui-
nic acid effectively result in feruloylquinic and dimethoxycin-
namoyl acids, respectively.’® For F9.6.4, CH, homologue
families were observed to contain up to 8 molecules differing
only in periodic CH, additions with one of the longest visible
CH, homologous series comprised of a horizontal line parallel
to the x-axis all with Kendrick mass defect values of 0.264
(Fig. 3B). For illustration, this series starts with a compound
with m/z 287 and ends with m/z 385 and depicts a series of
7 methylation/demethylation reactions indicated by periodic
CH, additions between these, resulting in detection of inter-
mediate masses m/z 301, 315, 329, 343, 357 and 371. The pro-
posed molecular formula for the lowest mass within the series,
m/z 287, is C;6H1505 (M-H) and it has been observed before in
FT-ICR MS analysis of a model roasted mixture of chlorogenic
acids found in coffee, suggesting this entire homologous
series to result from derivatization of chlorogenic acid thermal
reaction products during roasting. Multiple series of hydrogen-
ation/dehydrogenation (+H,) and C;H,O additions are also
observed, indicating the astringent F9.6.4 was dominated by a
grid of homologous compounds differing in additions and
removals of (at least) the four functional group patterns identi-
fied (CH,, H,, CoHeO3 and/or C3H,0).

During thermal processing of plant-based food materials
such as the roasting of coffee beans, multiple reactions occur
(repeatedly), ultimately resulting in the transformation of
limited numbers of plant primary and secondary metabolites
into numerous derivatives. The reported structural interrelat-
edness of compounds contained within the isolated fraction
likely contributed to the observed chromatographic separation
challenges of the individual components. In many foods,
numerous compounds are anticipated to be unresolved by
chromatographic analysis and could have the potential to con-
tribute sensory and/or nutritional benefits. Other researchers
have similarly employed FT-ICR MS techniques in order to
understand the composition of complex food matrices includ-
ing tea, cocoa, and coffee melanoidins and have found each of
these matrices to contain as many as 10 000, 30 000, and 2000
distinct molecular components, respectively.>® Consequently,
without examination of these complex mixtures, vast segments
of processed food complexity could be overlooked. This risk is
highlighted by the distinct astringency of fraction F9.6.4,
which consists of a diverse array of similarly structured com-
pounds, underscoring the importance of not disregarding
complex segments that may hold meaningful chemical infor-
mation. The findings of this study support the contribution of
a complex fraction dominated by a subset of structurally
related compounds to coffee astringency and advocate for
further investigation into the contribution of other complex
chemical populations to flavor perception.

Melanoidins and their potentially overlooked contribution
to flavor. The observed brown color and high UV absorbance at
405-420 nm implied that F9.6.4 contained melanoidins or
melanoidin precursors. As much as 50% of the dry green bean
weight is understood to be converted into colored “melanoi-
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din” products upon roasting, yet the chemical class remains
inadequately defined. Melanoidins have been described by
some as the “high molecular weight brown end products of
the Maillard reaction”, with emphasis on their molecular size
as a defining factor.*' Others, such as Bekedam et al.,>> have
defined melanoidins as “nitrogenous, macromolecular, brown-
colored, final Maillard reaction products that absorb light at
405 nm”, while still others, such as Jaiswal et al.,’ define mela-
noidins more simply as “the non-volatile products of coffee
roasting” formed during the roasting process from chlorogenic
acids, carbohydrates, and proteins. Despite discrepancies in
these definitions, there is general alignment on the lack of
definitive melanoidin structural information due to their
inherent chemical complexity as roasting reaction products.
One reason for this lack of clarity is the isolation and analytical
characterization = challenges  associated  with  coffee
melanoidins.

Multiple studies have attempted to chemically characterize
melanoidins, however a distinct challenge encountered is the
difficulty of separating “melanoidin” from “non-melanoidin”
material. Bekedam et al.>* specifically examined the “low mole-
cular weight” melanoidin fraction of coffee. They defined low
molecular weight as <12 kDa and quantified the melanoidin
content based on absorption at 405 nm using a spectrophoto-
meter and an extinction coefficient calculation using the law
of Lambert-Beer.>>** During these experiments, coffee brew
was separated into high and low molecular weight portions
using a 12-14 kDa size membrane filter. A non-trivial amount
of the total coffee brew melanoidins (29%) were observed to
partition into the LMW fraction, and, subsequently, into 40%,
60%, and 100% methanol eluents during solid-phase extrac-
tion (each contributing 25%, 34%, and 5% of the mass of the
LMW melanoidins, respectively).

In the present study, the initial 5 kDa LMW cutoff resulted
in a fraction reported to be the primary astringent component
compared to its HMW counterpart (Fig. 1A). Further, during
1% dimension preparative-LC separation the fraction observed
to be most astringent (F9, Fig. 1C) eluted between 50-60%
MeOH, likely overlapping with the fraction that Bekedam
et al*® determined to contain the highest quantity of LMW
melanoidin material (the 60% MeOH eluent). The researchers
similarly found this isolate to be composed of large quantities
of phenolic groups (41% w/w), hypothesizing this to be driven
by incorporation of chlorogenic acids into these melanoidins.
Thus, the melanoidin chemical composition described by
Bekedam et al. was likely similar to the LMW phenolic-rich
astringent isolated reported in the current study.

Despite the known role of phenolics in astringency percep-
tion and the acknowledged role of phenolics in melanoidin
formation, melanoidins have not been discussed in prior lit-
erature as imparting astringency. While melanoidins have
been associated with various biological activities—including
antioxidant, anti-tumor, nitrosamine inhibition, antimicrobial,
bacterial suppression, anti-carcinogenic, prebiotic functions,
and amine binding*'—research on their role in flavor percep-
tion remains limited. In coffee, melanoidins have been identi-

This journal is © The Royal Society of Chemistry 2025
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fied to bind with key odorants and alter the aroma profile over
time after brewing.**** Our results indicate a more multi-
faceted role of melanoidins on flavor perception and therefore
support further examination of this complex and prevalent
class of compounds in both coffee and beyond.

Conclusions

A brown-colored isolate from coffee brew that primarily con-
tained a complex mixture of structurally related melanoidin- or
melanoidin precursor-associated condensed phenolics was
reported to impart astringency in both water and coffee at
coffee-relevant concentrations. This is the first evidence of a
direct sensory impact of melanoidins in coffee and provides
new avenues for expansion of our broader understanding of
coffee quality.

These findings also underscore the potential flavor impacts
of complex, derivative fractions resulting from food processing
reactions such as roasting, heating, and fermentation. Though
such fractions may traditionally be overlooked due to chroma-
tographic resolution challenges, their contributions should
not be ignored for a better understanding of the chemical
underpinnings of flavor perception.
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