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Abstract: This study aimed at investigating the effect of coffee
formulation and high-pressure homogenization (HPH) on chlorogenic acid
biocaccessibility and o-glucosidase inhibition.

Coffee was added with milk (1:1) containing 0.1, 3.6 or 7.1% fat,
homogenized at increasing pressure (0-150 MPa) and in vitro digested.
Using milk with the highest fat concentration (7.1%) promoted the
formation of smaller particles after HPH treatment, as well as upon
digestion. Digested samples with the highest fat content also presented
lower (-potential, suggesting higher stability. Chlorogenic acids (CGAs)
biocaccessibility and oa-glucosidase inhibition were evaluated upon in
vitro digestion. CGAs biocaccessibility increased from nearly 25% to >50%
by adding milk and using HPH. These could promote CGAs micellarization,
reducing their susceptibility to degradation during digestion. Properly
combined milk and HPH also improved o-glucosidase inhibitory effect. No
correlation was found between CGAs bioaccessibility and a-glucosidase
inhibition, suggesting that other components may govern antidiabetic
properties of coffee.



Cover Letter

Dear Editor,

I would like to submit the manuscript entitled “Fat concentration and high-pressure
homogenization affect the structural organization, the chlorogenic acid bioaccessibility
and the a-glucosidase activity of milk-based coffee beverages” by Marilisa Alongi,
Sonia Calligaris and Monica Anese for consideration for publication in Journal of
Functional Foods.

This study is part of a Ph.D. research project aimed at evaluating the effect of
technological interventions, i.e. formulation and processing, on the bioactivity of some
foods. To this regard, a previous paper (Alongi, M., & Anese, M. 2018. Effect of coffee
roasting on in vitro a-glucosidase activity: inhibition and mechanism of action. Food
Research International, 111, 480-487) demonstrated that roasting affected the ability of
coffee to inhibit a-glucosidase and thus to exert an antidiabetic effect.

The present work further investigated on coffee ability to inhibit a-glucosidase as
affected by formulation, i.e. milk addition, and processing, i.e. high-pressure
homogenization. Results showed that a proper combination of these factors can
positively affect the bioaccessibility of phenolic compound and the antidiabetic ability
of coffee, suggesting the potential of technological interventions as a strategic tool to

reduce type 2 diabetes risk.

Best regards

Marilisa Alongi



*Detailed Response to Reviewers

Detailed response to Reviewers

(Reviewer text is normal and Answer text is in italics for each item)

Reviewer #1:

In this manuscript, the authors evaluated the bioaccessibility of chlorogenic acids and the alpha-
glucosidase activity of milk-based coffee beverages prepared with the same proportion of milk but
modifying the fat content and the conditions of high-pressure homogenization and later subjected to
an in vitro digestion. It is an interesting study, well designed and | would like to highlight the very
good discussion of the results performed by the authors, properly connecting their results with
current knowledge on the topic. In my opinion, only some minor modifications should be included
in the manuscript:

Abbreviations included in the highlights, the abstracts and the keywords should be defined the first
time they are mentioned.
The highlights, the abstract and the keywords were modified to address reviewer comment.

Page 5, lines 73-83. This should be summarized; there is no need to provide all the methodological
aspects of the study.
This section was reduced as suggested by the reviewer (lines 81-83).

Some previous study with other beverages, such as cocoa beverage and tea, have provided
contradictory results on the role of milk on bioaccessibility and even in vivo bioavailability. | think
the authors should (briefly) mention how their results connect with these studies, even if these
products do not contain the same classes of phenolic compounds.

The discussion was implemented with further considerations (lines 318-323).

Reviewer #2:

Overall Comments to the authors: The authors planned all experiments with the aim to study the Fat
concentration and high-pressure homogenization affect the structural organization, the chlorogenic
acid bioaccessibility and the <alpha>-glucosidase activity of milk-based coffee beverages.
However, | think this topic of manuscript is more suitable food processing technology rather than
functional food field. The results could not truly reflect commercial coffee beverages. | recommend
this paper for major revision.

Specific comments:
Line 10: the specific of this higher fat concentration is?
Fat concentration was specified as requested by the reviewer (line 11).

Line 45: Are all functional properties due to the chlorogenic acid? Please explain this relationship.
The sentence was rephrased to clarify this point (lines 50-52).

Line 52: The measurement of bio-accessibility should be given in this concept
Details were added in the text as recommended by the reviewer (lines 58-61).

Line 57: healthy properties should be replaced by healthy benefits.
The suggested change was made (line 65).



Line 71: what is the other compounds formed upon roasting? Phenolic compounds?
Details were added in the text (line 79).

Line 86: Coffee brew was dissolved in deionized water (10 mg/mL), however, | think this
concentration is too low. The coffee blends drinking on the market is suitable for the powder to
water ratio of 1:10 or 1:20. The content of coffee can influence the performance of high-pressure
homogenization.

Coffee brew was prepared to obtain a 20 mg/mL concentration, which allowed preparing a
beverage containing 10 mg/mL. The latter is the concentration reported by the producer (Nescafé
Gran Aroma, Nestle, Vevey, Swiss) and agrees with data reported in the literature for instant coffee
beverages (Mills et al., 2013; Tagliazucchi et al., 2012). The text was modified to clarify this point
(line 87; lines 89-91).

With reference to high-pressure homogenization, it is worth to note that the dry matter coming from
coffee was much lower (1-2%) than that coming from milk (around 13%), so that HPH performance
were reasonably not affected by coffee concentration.

Line 119: The source of method should be given
The reference was added in the text (line 121).

Line 187: reported should be replaced by shown
The suggested change was made (line 186).

Line 204: what is the latter?
The latter was referred to coffee brew. The text was modified to clarify this point (line 203).

Line 329: the present literature should be given
Literature was added (line 336).

Line 364: These factors also affected the ability of coffee to reduce type 2 diabetes risk by
inhibiting <alpha>-glucosidase? Please describe in detail
Details about fat concentration and pressure combinations can be found in lines 347-350.
Conclusions were modified accordingly (lines 369-371).



Reviewer #3:

The author aimed to investigate the effect of coffee beverage formulation and homogenization
pressure on the bioaccessibility of coffee chlorogenic acids and inhibitory effect against <alpha>-
glucosidase activity upon in vitro digestion. A two-variable face-centered central composite design
was also used to maximize <alpha>-glucosidase inhibitory capacity of digested coffee beverage.
The subject matter is interesting and the motivation of designing coffee beverage to improve the
health-promoting performances of coffee is meaningful, but there are some mistakes and questions
as detailed in the follows.

Materials and methods:

Line 148-149, 160: Please explain what the digested sample concentration is. | saw you used coffee
concentration as x-axis in Figure 2 and Figure 4. But initial coffee concentration in coffee brew and
coffee-milk beverage are 10 and 5 mg/mL respectively, then they were diluted 2 times at each
digestion stage (8 times dilution in total). So what is the final coffee concentration in coffee brew
and coffee-milk beverage group after in vitro digestion and how did you get the concentration
gradient as you showed in Figure 2 and 4?

Sample preparation and concentrations were clarified in the text (line 87; lines 89-91; lines 159-
160).

Results and discussion:

Line 240-242, 329-332: Considering experiment design, it is not logical to conclude that all of
observed inhibition against <alpha>-glucosidase only results from coffee and the milk addition
could affect coffee inhibitory effect not directly act as a <alpha>-glucosidase inhibitor after
digestion. Please supplement in vitro digestion experiments without any food or with milk only as a
negative control of coffee brew group and coffee beverage group respectively to understand the role
milk played in inhibiting <alpha>-glucosidase as a part of digested sample.

Alpha-glucosidase inhibition was already tested with controls lacking inhibitors and no inhibitory
effect against alpha-glucosidase was found. The text was clarified, and details were added (lines
153-154; lines 232-234; lines 326-328).

Reviewer #4: Manuscript Number: JFF-D-19-00655

Comments:

The paper contains some interesting findings, but the manuscript will require major revisions,
including proper formatting and rewriting to bring the paper to a suitable state for publication.

On my opinion, this paper is suitable for publication after some improvements; however, the
novelty of the work is poor.

Line 1: In title, | would make it short. Is not clear what it means with "structural organization™ of
what? An example "Fat concentration and high-pressure homogenization effect on chlorogenic acid
bioaccessibility and <alpha>-glucosidase activity of milk-based coffee beverages".

The title was modified as suggested by the reviewer.

Abstract: would be interesting to have a small sentence showing study novelty and reasons for this
study. Why applying high-pressure homogenization to a beverage? It is common in industry?

As suggested by the reviewer, the abstract was implemented by elucidating the aim of the study
(lines 8-9). Details about the industrial application of HPH were added in the introduction section
(lines 40-43).



Introduction: There is a lack of information about high-pressure homogenization. | don’t understand
why applying this technique to mixture both beverages? The way they are mixtured will have a
detrimental effect on particle size and the type of emulsion formed. This represents reality? If is in
the title is important for work, explain this better.

Since its development in the early ‘80s (US patent no. 4,533,254), high pressure homogenization
(HPH) has been widely applied in the food industry, especially for the fat globule particle size
reduction and thus stabilization of dairy emulsions. Actually, this technology does not present a
detrimental effect on emulsion, but on the contrary, it allows the formation of smaller and thus
more stable micelles, which were also inferred to protect bioactive compounds from degradation
during digestion. Details were added in the introduction section (lines 40-43).

Line 73-74: "Based on this, the aim of the study was to investigate the effect of coffee brew
formulation (not containing or containing milk at different fat concentrations)"

(with and without milk at different fat concentrations).

The text was modified as suggested by the reviewer (lines 81-82).

Material and Methods

Section 2.2: Is not clear if authors prepare beverage and immediately they went to gastrointestinal
tract. There is a time for stabilization? If so did they monitored if the emulsion is stable or if there is
some phase's separation before digestion? What samples were submitted to digestion? Only the
mixture of coffee and milk? This is not clear in this section.

Both coffee brew and beverages were digested immediately after preparation and no phase
separation was observed during this timeframe. Details were added in the text (line 101).

Section 2.3, line 115: Why authors used 10kDa membrane? The pore size is not very high to retain
enzymes? Shouldn't they use 3 kDa instead?

To our knowledge, the bioaccessibility upon in vitro digestion has been evaluated based on different
techniques. Some authors apply a simple centrifugation step and recover the supernatant
(Quintero-Florez et al., 2017), some authors apply a filtration using 0.2 um filters (Cardinali,
Linsalata, Lattanzio, & Ferruzzi, 2011), and some other authors apply an ultrafiltration: in this
case, the cut-off of membranes varies in the range 3-12 kDa (Tagliazucchi, Helal, Verzelloni, &
Conte, 2012; Dinnella, Minichino, D’Andrea, & Monteleone, 2007). It is thus reasonable that the
10 kDa cut-off applied in the present research was able to retain enzymes and guarantee a proper
evaluation of phenolic compound bioaccessibility and alpha-glucosidase activity.

Line 143: the undigested sample was the same submitted to digestion? Or they were different
samples? Because if they were separated samples how authors guarantee the undigested sample had
the same concentration in the sample submitted to digestion?

Samples were prepared in a single batch and split between undigested and digestion. Details about
sample preparation were reported in the materials and methods section (lines 97-98).

Results and Discussion

Section 3.1.2: Authors do not verify the appearance of degradation products formed from CGAs
degradation? The appearance of new peaks formed, like quinic acid increase?

Line 238: what are the possible reasons for digested coffee being better inhibiting glucosidase than
undigested? Maybe small molecules formed during phenolics degradation are interacting with the
enzyme. This study would require a LC-MS study to make this relation.

The authors are aware that digestion may induce the formation of other compounds besides
chlorogenic acids (Baeza, Sarria, Bravo, & Mateos, 2018). However, one of the aims of the present
research was to understand how technological interventions, such as high-pressure homogenization
and milk-based formulation, could affect chlorogenic acid bioaccessibility. As reported in the
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introduction section, we focused on this class of compounds as they are considered the major
responsible for coffee consumption-related health benefits and they represent the most important
class of phenolic compounds in coffee (Iwai et al., 2012; Johnston, Clifford, & Morgan, 2003;
Clifford & Knight, 2004).

The authors agree with the reviewer about the possible interaction of smaller molecules formed
upon digestion with the enzyme and that investigating more in depth the composition of digested
coffee is necessary to elucidate the role of coffee components towards alpha-glucosidase inhibition.
Indeed, ongoing research is focusing on the identification of degradation products formed from
coffee phenolics upon digestion and on their role in coffee health benefits.

Section 3.2: Why authors do not apply the central composite design to find the best conditions of
processing for phenolics preservation

As a relationship between phenolic content and alpha-glucosidase inhibition was not found, the
authors decided to study the best conditions able to maximize the aspect more specifically related to
coffee health benefits, i.e. the alpha glucosidase inhibitory capacity.



*Highlights

Highlights

Milk fat and high-pressure homogenization (HPH) affected beverage structure and bioactivity
Higher fat concentration and pressure induced size decrease and {-potential increase

Milk presence and HPH increased chlorogenic acid bioaccessibility from 25% to >50%

Milk presence and HPH also improved a-glucosidase inhibitory capacity of coffee
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Abstract

This study aimed at investigating the effect of coffee formulation and high-pressure homogenization
(HPH) on chlorogenic acid bioaccessibility and a-glucosidase inhibition.

Coffee was added with milk (1:1) containing 0.1, 3.6 or 7.1% fat, homogenized at increasing
pressure (0-150 MPa) and in vitro digested. Using milk with the highest fat concentration (7.1%)
promoted the formation of smaller particles after HPH treatment, as well as upon digestion.
Digested samples with the highest fat content also presented lower {-potential, suggesting higher
stability. Chlorogenic acids (CGAs) bioaccessibility and a-glucosidase inhibition were evaluated
upon in vitro digestion. CGAs bioaccessibility increased from nearly 25% to >50% by adding milk
and using HPH. These could promote CGAs micellarization, reducing their susceptibility to
degradation during digestion. Properly combined milk and HPH also improved a-glucosidase
inhibitory effect. No correlation was found between CGAs bioaccessibility and a-glucosidase
inhibition, suggesting that other components may govern antidiabetic properties of coffee.
Keywords:

coffee; milk; fat concentration; high pressure homogenization; in vitro digestion; a-glucosidase

inhibition
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1. Introduction

Recent developments in the food and nutrition disciplines have established that the functionality of
bioactive compounds strongly depends not only on food composition but also on its structural
organization, as well as on the interaction with co-ingested components (Salvia-Trujillo, Qian,
Martin-Belloso, & McClements, 2013). Different physicochemical and biochemical mechanisms
might be involved in modifying the functionality of bioactive molecules, especially during digestion
(McClements & Xiao, 2014). For instance, the rate of release of bioactive components from the
matrix, their inclusion in the micelles, as well as their reaction kinetics with other reactants and co-
ingested materials in the gastrointestinal tract can boost or decrease their bioactivity (McClements
& Xiao, 2014).

Coffee brews represent a suitable study case to illustrate this behavior. After being discovered in the
fifteenth century in Ethiopia, within a century, coffee consumption had rapidly spread in Europe
and, later, worldwide (Nehlig, 1999). There are significant differences in the consumption pattern
throughout the world, including brew preparation and the addition of ingredients, such as sugar and
milk. Coffee-milk based beverages can be regarded as emulsions in which the lipid phase, i.e. milk
fat, is dispersed in a water phase containing both coffee constituents (mainly melanoidins, organic
acids, and flavors) and milk components (mainly whey proteins and caseins).

Dairy emulsions, such as milk-based beverages, are commonly stabilized by the application of high-
pressure homogenization (HPH) (Paquin, 1999). Besides the higher stability due to the formation of
smaller micelles, these were also presumed to protect bioactive compounds from degradation during
digestion (Otemuyiwa, Williams, & Adewusi, 2017).

It is worthy to note that the consumption of ready-to-drink milk beverages supplemented with
coffee has increased markedly. Consumers mainly drink coffee as a stimulant, due to its caffeine
content, which can increase alertness, energy, and ability to concentrate. Nonetheless, in the

literature several health benefits have been attributed to coffee (Ludwig, Clifford, Lean, Ashiharad,
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& Crozier, 2014), including the protection against cardiovascular diseases, as well as
antihypertensive, anti-inflammatory, immunoprotective, anti-cancer (Palmioli et al., 2017), anti-
aging (Amigoni et al., 2017), neuroprotective (Ciaramelli, Palmioli, & Airoldi, 2019) and
antidiabetic (lwai et al., 2012; Johnston, Clifford, & Morgan, 2003) effects. These have been
attributed to chlorogenic acids (quinic esters of hydroxycinnamic acids, CGAs), which are the most
important class of coffee polyphenols (12-18% dry weight in green coffee) and can be clustered
into three main groups: caffeoylquinic acids (CQAs), with 5-O-caffeoylquinic acid (5-CQA) being
the most abundant, feruloylquinic acids (FQAS), and di-caffeoylquinic acids (di-CQAs) (Clifford &
Knight, 2004). It is noteworthy that CGAs bioactivity is definitively affected by the digestion
process (Baeza, Sarria, Bravo, & Mateos, 2018) and may be related to their bioaccessibility, i.e.
their ability to reach the small intestine upon digestion, as defined by Ferruzzi (2010). The
bioaccessibility is commonly assessed trough in vitro simulation of the digestion process and is
computed as the ratio between the concentration of the compounds found after the intestinal
digestion phase and those originally present in undigested food (Ferruzzi, 2010). Coffee digestion
was actually simulated in few studies dealing with phenolic compound bioaccessibility and revealed
that less than 30% of coffee phenolic compounds was bioaccessible (Podio et al., 2015; Ldpez-
Froilan, Ramirez-Moreno, Podio, Pérez-Rodriguez, Camara, Baroni, Wunderlinc, et al., 2016).

Beside these health benefits, chlorogenic acids resulted also able to inhibit a-glucosidase, a
hydrolase located on the intestinal cell membrane of the ciliated epithelium, responsible for the
release of glucose from oligo- and disaccharides (Chiba, 1997) and thus targeted by several
antidiabetic drugs (Akkarachiyasit, Charoenlertkul, Yibchok-Anun, & Adisakwattana, 2010).
However, most studies refer to model systems, such as phenolic compounds purified from coffee
(Murase et al., 2012; Iwai et al., 2012; Johnston et al., 2003), whereas only a few papers deal with
the whole beverage, which includes also other molecules (Moreira, Nunes, Domingues, & Coimbra,
2012). Additionally, most of these studies refer to undigested matrices; whereas to our knowledge

no data are available on the ability of coffee to inhibit this enzyme upon the digestion process. To
4
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understand which was the effect of the whole food (i.e. coffee brew) and of processing (i.e.
roasting) against type 2 diabetes, in a previous work we investigated the ability of brews obtained
from differently roasted coffees towards a-glucosidase inhibition (Alongi & Anese, 2018). Results
highlighted that the brew capability in inhibiting the enzyme increased with the increase in the
roasting degree. Surprisingly, no correlation was found between the ability to inhibit a-glucosidase
and the chlorogenic acid content, suggesting that other compounds formed upon roasting, such as
melanoidins, may play a role in determining the antidiabetic effect of coffee (Iwai et al., 2012;
Johnston et al., 2003).

Based on this, the aim of the study was to investigate the effect of coffee brew formulation (with
and without milk at different fat concentrations) and HPH on CGAs bioaccessibility and inhibitory

effect against a-glucosidase activity upon in vitro digestion.
2. Materials and methods
2.1. Sample preparation and high-pressure homogenization

Coffee brew was prepared by dissolving instant coffee (Nescafé Gran Aroma, Nestle, Vevey,
Swiss) in deionized water (20 mg/mL). Skimmed milk (0.1% fat, w/w) and cream (35% fat, w/w)
(Granarolo S.p.A, Bologna, Italy) were purchased on the local market and properly mixed to obtain
milk containing 3.6% and 7.1% (w/w) fat, respectively. Coffee brew (50%, w/w) and milk
containing 0.1, 3.6 and 7.1% fat (50%, w/w) were mixed to obtain 10 mg/mL coffee beverages with
low, intermediate and high-fat content, respectively. These beverages were homogenized by using a
continuous lab-scale high-pressure homogenizer (Panda Plus 2000, GEA Niro Soavi, Parma, Italy)
supplied with two PS type homogenization valves with a flow rate of 10 L/h was used to treat 150
mL of sample. The first valve was the actual homogenization stage and was set at 50, 100 and 150
MPa. The second valve was set at a constant value of 10 MPa. At the exit of the homogenizer, the

samples were forced into a heat exchanger set at 4 °C (GEA Niro Soavi, Parma, Italy) to cool
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samples to T < 20 °C. Coffee brew and beverages were aliquoted to obtain samples from a same

batch to be directly analyzed or to be in vitro digested before analyses.
2.2. Invitro digestion

In vitro digestion was carried out on coffee brew and coffee beverages according to the protocol
proposed by Minekus et al. (2014), immediately after preparation. Briefly, the simulated salivary
(SSF), gastric (SGF) and intestinal (SIF) fluids were prepared and stored at 4 °C. The fluids were
preheated to 37 °C just before in vitro digestion. The oral phase was started by adding to the sample
an a-amylase solution prepared in SSF and providing 75 U/mL activity in the final mixture,
CaCl,(H20), (0.3 M) to achieve 0.75 mM in the final mixture and SSF. The final ratio of food to
SSF was 50:50 (v/v). The sample was maintained at 37 °C under stirring for 2 min. The gastric
phase was then started by mixing 5 parts of bolus with 4 parts of SGF, a pepsin solution prepared in
SGF and providing 2,000 U/mL activity in the final mixture and CaCl, to achieve 0.075 mM in the
final mixture. The pH was adjusted to 3.0 with HCI (1 M) and water was added to achieve a final
ratio of bolus to SGF of 50:50 (v/v). The mix was stirred at 37 °C for up to 2 h. Five parts of chyme
were mixed with 4 parts of SIF, a pancreatin solution prepared in SIF and providing 100 U/mL
activity in the final mixture, bile salts prepared in SIF and providing 10 mM concentration in the
final mixture and CaCl, to 0.3 mM in the final mixture. The pH was adjusted to 7.0 with NaOH (1
M) and water was added to achieve a final ratio of chyme to SIF of 50:50 (v/v). The mix was stirred
at 37 °C for up to 2 h. At the end of the intestinal phase, samples were subjected to ultrafiltration
with 10 kDa cut-off (Vivaspin 500, Sartorius, Varedo, Italy) at 13000 g for 25 min at 4 °C (Hittich
MIKRO 20 Centrifuge, Tuttlingen, Germany). The ultrafiltered sample was considered as the

bioaccessible fraction (Tagliazucchi, Helal, Verzelloni, & Conte 2012).
2.3. Particle physicochemical characterization

The particle size distribution of digested samples was measured by dynamic laser light scattering

(Zetasizer NanoZS, Malvern Instruments, Worcestershire, UK), as reported by (Zou et al., 2016).
6
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Samples were diluted 1:1000 (v/v) with deionized water and placed in a cell where the laser light,
set at 173 ° angle, was scattered by the particles. Particle size was reported as volume-weighted
mean diameter in nm. The {-potential was also measured by placing the diluted samples in a

capillary cell equipped with two electrodes to assess particle electrophoretic mobility.
2.4. Chlorogenic acid quantification and bioaccessibility

Chromatographic quantification of chlorogenic acids was performed on undigested and digested
samples following the method proposed by Mills, Oruna-Concha, Mottram, Gibson, & Spencer
(2013). An HPLC pump (LC-10AT VP, Shimadzu Corporation, Kyoto, Japan) equipped with a
diode array detector (SPD-10 AT VP, Shimadzu Corporation, Kyoto, Japan) and with an inverse
phase apolar C18 column (5 um, 250 x 4.6 mm, Alltima, Lokeren, Belgium) was used. The
injection valve (Rheodyne, Sigma-Aldrich, Milano, Italy) was equipped with a 20 pL plastic loop
and samples were injected using a syringe (SGE LC, 100 pL, FN). The elution was carried at a flow
rate of 1 mL/min in gradient mode using 5% methanol (Sigma-Aldrich, Milano, Italy) and 95%
water containing 0.1% HCI 5 N (solvent A), and 50% acetonitrile (Sigma-Aldrich, Milano, Italy)
and 50% water containing 0.1% HCI 5 N (50%) (solvent B) as mobile phase. Gradient was set as
follows: solvent A was held at 95% for the first 5 min, decreased to 50% and held at this level up to
40 min; then decreased further to 0% and held up to 59.9 min; finally, 95% solvent A was reached
and held up to 60 min. The detection was conducted at 320 nm. Quantification was carried out
using external standards. Calibration curves were linear (R* > 0.995) in the 2.0 to 200.0 mg/L
concentration interval. Peak integration was performed by using Polyview 2000 software (Ver. 5.3,
Varian, Texas, USA).

Bioaccessibility was determined as the ratio between the concentration of the compound in the

digested sample and that in the undigested sample and results were expressed as a percentage.
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2.5. a-Glucosidase inhibition

The inhibitory activity of digested coffee brew and beverages against a-glucosidase was assessed
spectrophotometrically (UV-2501PC, UV-VIS Recording Spectrophotometer, Shimadzu
Corporation, Kyoto, Japan), as previously described (Alongi & Anese, 2018). Different aliquots of
sample were introduced in 1 mL capacity cuvettes in the presence of 30 puL a-glucosidase solution
(0.04 mg/mL in 0.1 M phosphate buffer, pH=7, corresponding to 1 U/mL), and phosphate buffer
(100 mM, pH 7) to the volume of 900 uL, and mixed well. After incubation at 37 °C for 10 min, the
reaction was started by adding 100 pL of 5 mM 4-nitrophenyl-a-D-glucopyranoside (Sigma-
Aldrich, Milano, Italy) solution in 100 mM phosphate buffer (pH 7.0) as substrate. Absorbance was
recorded at 405 nm during 10 min after every 30 s. Controls lacking inhibitors (i.e. digestive
mixture without sample and digested milk) were run and defined the control activity in each
experiment. The a-glucosidase inhibition carried out by digested samples was calculated using

Equation 1:
Inhibitory activity (%) = 100 — (% X 100) Equation 1

where ks and k. were the kinetic constants in the presence and in the absence of the inhibitor (i.e.
digested coffee brew and beverages), respectively. The inhibitory activity (%) against a-glucosidase
was plotted vs the concentration of digested sample (0 to 2.5 mg/mL for coffee brew and 0 to 1.25
mg/mL for coffee beverages), and a logarithmic model was used to fit data so that the half-maximal
inhibitory concentrations (ICsp), i.e. the concentration of sample required to produce a 50%

inhibition against a-glucosidase, was calculated.
2.6. Polynomial equations and statistical analysis

Modeling was aimed at identifying the combination of fat concentration and pressure able to
optimize the inhibitory activity against a-glucosidase, by minimizing the ICso. In particular, a 2-

factors face-centered central composite design (CCF) was used. The factors considered were fat
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concentration and pressure and were set at 0.1, 3.6 and 7.1% (w/w) and at 50, 100 and 150 MPa,
respectively. The CCF was completed by a central point (combination of the intermediate values of
the two factors). All the factorial points were replicated once, while the central point was replicated
3 times (Table S1). A second order response surface was fitted to the observed data according to
Equation 2.

Y = Bo + X1 Bix; + Ty Bux{ + Xlsinn Bijxix; Equation 2

where By is a constant, B;, B;ji, and Bj; are regression coefficients of the model, x; and x; are the
independent variables in coded values, and k is the number of factors.

Shapiro-Wilk test was used to evaluate normality of the data, while the possible presence of outliers
and the homogeneity of variance were evaluated by residual analysis. The goodness of fit was
measured with the adjusted determination coefficient (Rzadj). p-Values for the coefficients of the
response surface were defined using standard t-test. Contour plot was drawn to illustrate the effect
of the considered factors on the ICsy.

Results are averages of three measurements and are reported as mean value + standard deviation.
Analysis of variance (ANOVA) was performed by using R (version 3.2.3, The R Foundation for
Statistical Computing, Vienna, Austria). Bartlett's test was used to check the homogeneity of

variance and Tukey test was used to test for differences between means (p < 0.05).
3. Results and discussion
3.1. Effect of in vitro digestion on coffee brew
3.1.1. Chemical and physical properties

As shown in Fig. 1, coffee brew presented a multimodal particle size distribution, revealing the
presence of two families of compounds, with an average diameter corresponding to 255 = 10 and
5560 + 16 nm, respectively. The smaller family could be represented by phenolic compound-protein
aggregates, while larger particles could have formed during coffee powder production, upon water

evaporation, which is able to induce the irreversible aggregation of coffee components (Le
9
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Bourvellec & Renard, 2012; Gmoser et al., 2017). Upon in vitro digestion, a single family of
compounds (298 + 5 nm) was observed. The latter might be formed as a result of the digestive
enzyme activity, leading to the degradation of native coffee brew particles and the formation of new
ones. In particular, the presence of bile salts, together with amphiphilic molecules deriving from
coffee (i.e. fatty acids and phospholipids), could lead to the formation of mixed micelles, containing
several digestion products (Salvia-Trujillo et al., 2017).

A significant change (p < 0.05) in the {-potential was also observed upon in vitro digestion. In
particular, non-digested coffee presented a value of -17.45 £ 1.34 mV, while the {-potential of
digested sample was -32.45 £ 1.63 mV. Such a difference can be attributed to the presence of bile
salts and other digestion products on mixed micelle surface, leading to higher stability of the

digested system, due to particle repulsion (Salvia-Trujillo et al., 2013).
3.1.2. Chlorogenic acids and bioaccessibility

As in vitro digestion induced changes in the structural properties of coffee brew, this was also
analyzed for chlorogenic acid (CGAS) content, since these compounds represent the most abundant
class of polyphenols in coffee (Clifford, 1985; Mills et al., 2013).

As shown in Table 1, two major families of CGAs, namely caffeoylquinic acids, i.e. 3-
caffeoylquinic (3-CQA), 4-caffeoylquinic (4-CQA) and 5-caffeoylquinic (5-CQA), and feruylquinic
acids, i.e. 5-feruylquinic (5-FQA) and 4-feruylquinic (4-FQA), were identified and quantified. As
expected, 5-CQA was the most abundant compound, and, together with 3-CQA, accounted for more
than 70% of the overall CGAs, in agreement with previous data showing that these compounds
represent more than half of coffee CGAs (Alongi & Anese, 2018). A significant reduction, up to
80%, in CGAs concentration was observed upon in vitro digestion (Table 1). These results agree
with data reported by other authors for coffee (Olthof, Hollman, & Katan, 2001; Podio et al., 2015;
Lopez-Froilan et al., 2016), as well as for other foods such as tea (Record & Lane, 2001) and fruit

juices (Cilla, Gonzélez-Sarrias, Tomas-Barberan, Espin, & Barbera, 2009). Such a reduction could
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be due not only to the activity of digestive enzymes but also to the low stability of phenolic
compounds to pH modification during the digestion process. In addition, phenolic compounds can
undergo several reactions during in vitro digestion, such as polymerization, epimerization, and auto-
oxidation, as well as complexation with metal ions present in the digestive mixture (Rodriguez-
Roque, Rojas-Grall, Elez-Martinez, & Martin-Belloso, 2014). Nonetheless, the phenolic profile of
digested coffee resulted analogous to that of the undigested sample, with 5- and 3-CQA still
representing the 70% of overall CGAs (Table 1). To better understand which was the ratio of
phenolic compounds surviving the digestion process and thus available for uptake by the intestinal
mucosa (Ferruzzi, 2010), their bioaccessibility was computed (Table 1). The latter accounted for
less than 25% and no significant differences were observed among single CGAs, that presented a
bioaccessibility always lower than 30%, suggesting that all CGAs seemed equally susceptible to

degradation upon in vitro digestion.
3.1.3. a-Glucosidase inhibition

Previous research demonstrated that undigested coffee is able to inhibit a-glucosidase (Alongi &
Anese, 2018). However, this enzyme is located at intestinal level (Chiba, 1997) and thus it can
come in contact only with digested food. As changes in the physical and chemical properties (Fig.
1) as well as in CGAs content (Table 1) were observed upon in vitro digestion, the digested coffee
brew was tested for its ability to inhibit a-glucosidase (Fig. 2). A control represented by the
digestive mixture not containing coffee brew was also tested and did not present any inhibitory
effect in the whole range of analyzed concentrations (data not shown). On the contrary, the
inhibition carried out by digested coffee brew against a-glucosidase increased in a concentration-
dependent manner (Fig. 2) with an ICsy of 0.94 mggw/mL. The latter was up to 3-fold lower than
that reported in the literature for undigested coffee beverages (Alongi & Anese, 2018). In other
words, digested coffee would be more efficacious than undigested one in inhibiting a-glucosidase,

despite the significant decrease in chlorogenic acid concentration observed upon in vitro digestion
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(Table 1). To this regard, it is noteworthy that the same authors observed an inverse correlation
between chlorogenic acid content and a-glucosidase inhibition and suggested that other
compounds, such as Maillard reaction products, besides phenolic ones may play a role in inhibiting

the enzyme.
3.2. Effect of the addition of milk on coffee properties upon in vitro digestion

As coffee is often consumed with the addition of milk and this was demonstrated to affect the
bioaccessibility of phenolic compounds (Tagliazucchi et al., 2012), in the second part of this
research the effect of milk addition, and relevant fat content, and particle size distribution on coffee
inhibitory capacity against a-glucosidase was evaluated. In particular, coffee was added with milk
(1:1 w/w) having a different fat concentration (0.1, 3.6 and 7.1%), homogenized with high pressures
(50, 100 and 150 MPa) and in vitro digested. Table 2 shows the particle size distribution of coffee
beverages before and after in vitro digestion. Increasing fat concentration to 7.1% produced an
overall reduction in the average particle diameter of coffee beverages before in vitro digestion. HPH
also affected the particle size distribution. When considering the lowest fat concentration (<0.1%),
peaks can be mainly related to milk protein aggregates that, upon HPH treatment, were disrupted as
evidenced by the change from monomodal to multimodal particle distribution. On the contrary, in
beverages containing milk at 3.6 and 7.1% fat, the observed signals can be regarded to both fat
globules and proteins aggregates. After HPH treatments the monomodal distribution was
maintained with a significant shift to lower particle sizes. In particular, by increasing the pressure, a
reduction in average particle diameter from 955 to 396 nm was noted for the 3.6% fat containing
beverage and from 190 nm to 106 nm in the case of that with 7.1% fat. As expected, the mechanical
forces suffered by the product during HPH process induced the disruption of dispersed particles,
giving a reason for emulsions with a different structural organization.

After in vitro digestion, three particle families were identified: the first ranging from 30 to 70 nm,

the second from 220 to 300 nm and the last around 5500 nm. Particles with an average diameter of
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295 nm were also observed in digested coffee brew (Fig. 1) and were attributed to the presence of
mixed micelles. The occurrence of smaller and larger particles upon digestion of coffee beverages
could instead be attributed to the presence of milk. Several authors (Garcia, Antona, Robert, Lopez,
& Armand, 2014; Mercan, Sert, & Akin, 2018; Hayes & Kelly, 2003) observed two major particle
families, with average diameter in the order of magnitude of 100 and 10,000 nm, respectively, upon
homogenization and in vitro digestion of milk. The first family could be represented by fat globules,
while the second might include both aggregates of fatty acids, bile salts and undigested fat particles
(Singh, Ye, & Horne, 2009; Salvia-Trujillo et al., 2013), as well as digested milk proteins (Koutina,
loannidi, Melo Nogueira, & Ipsen, 2017). Interestingly, the higher was the fat content, the higher
was the volume of smaller particles also after in vitro digestion (Table 2). These results suggest that
the presence of higher fat concentrations could not only promote the formation of smaller particles
upon HPH treatment but also induce the development of smaller micelles during digestion. To this
regard, Salvia-Trujillo et al. (2013) observed that increasing the lipid surface area exposed to
pancreatic lipase led to a decrease in droplet size obtained upon digestion and to a higher extent of
lipid digestion.

To understand if the differences observed in particle size distribution also affected the stability of
undigested and digested coffee beverages, the latter were further analyzed for their {-potential (Fig.
3). Overall, HPH did not affect the {-potential of undigested coffee beverages, while it decreased as
fat concentration increased from 0.1 to 3.6% (Fig. 3). A further increase to 7.1% of fat did not
modify the {-potential. In vitro digestion only produced minor changes in the (-potential when
lower fat concentrations were considered. On the contrary, an outstanding difference was observed
in the (-potential upon in vitro digestion of the coffee beverage containing the highest fat
concentration, with a decrease ranging from 2- to 3-fold (Fig. 3c). It is noteworthy that samples
presenting the lowest {-potential (Fig. 3c), and thus potentially high stability, also presented the
smallest particle size distribution upon in vitro digestion (Table 2), suggesting that high fat

concentration would promote the formation of more stable digesta. To this regard, Otemuyiwa et al.
13
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(2017) reported that the presence of fat could aid the stabilization of the system during digestion by
favoring mixed micelles stabilization and solubilization. These authors also reported that the
addition of milk, and thus the presence of fat, plays a crucial role in enhancing phenolic availability
of tea and cocoa infusions, by helping their micellarization. On the contrary, other authors reported
that the presence of milk may impair phenolic compounds bioaccessibility mainly due to the
binding with milk proteins (Dupas, Baglieri, Ordonaud, Tome, & Maillard, 2006; Duarte & Farah,
2011). To get an insight into the effect of the presence of milk with different fat concentration as
well as of HPH treatment on chlorogenic acids, the latter were quantified in coffee beverages before
and after in vitro digestion and their bioaccessibility was computed (Table 3). As shown in Table 3,
the bioaccessibility of chlorogenic acids in coffee beverages was strongly affected by the presence
of milk. In all cases, the addition of milk increased dramatically the bioaccessibility of CGAs
moving from about 20-25% (Table 1) to values higher than 50%, up to more than 100%. These
results highlighted the reduced susceptibility of CGAs to degradation upon in vitro digestion, as
compared to coffee without milk, in which up to 80% of CGAs was lost after digestion (Table 1).
To this regard, Duarte & Farah (2011) reported that the effect of milk on CGAs content upon
digestion would depend on the milk to coffee ratio, and thus on the fat to coffee ratio, which can
result in a positive or negative effect on CGAs bioaccessibility. In our experimental condition, the
1:1 ratio between milk and coffee may considerably improve the health-promoting performances of
coffee. Moreover, the bioaccessibility was shown to be affected both by fat content and HPH
intensity. Overall, an increase in phenolic bioaccessibility was observed when coffee beverages
contained milk with 0.1% fat and were treated at 50 MPa, as well as when 3.6% fat was considered
and the beverage was treated at 100 MPa. This pressure, however, when combined with the lowest
(i.e. 0.1%) and the highest fat level (i.e. 7.1%) led to a significant decrease in chlorogenic acid
content, which accounted for nearly 50% of total CGAs. Different factors could concomitantly
affect the CGAs bioaccessibility. As already pointed out, the presence of fat could reduce the

susceptibility of CGAs to degradation by promoting their micellarization (Otemuyiwa et al., 2017).
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In addition, phenolic compounds may complex with milk proteins and thus result less prone to
breakdown during digestion (Dupas et al., 2006; Lamothe, Azimy, Bazinet, Couillard, & Britten,
2014). Finally, the system particle size could modulate the digestion kinetics and thus CGAs
bioaccessibility (Salvia-Trujillo et al., 2013).

Altough contradictory effects were reported in the literature regarding the simultaneous
consumption of milk with phenolic compounds on their bioaccessibility (Duarte & Farah, 2011;
Tagliazucchi et al., 2012), this controversy was explained by Del Rio, Borges, & Crozier (2010)
considering the different concentration of phenolic compounds. According to these authors, milk
could interfere with the absorption in the case of low phenolic concentration, but it could have an
opposite effect if the phenolic concentration is high enough, as in the case of coffee brew (Del Rio
etal., 2010).

Since the addition of milk to coffee brew induced changes in the physical and chemical properties
upon in vitro digestion, digested coffee beverages, as well as digested milk samples, were further
analyzed for the inhibition against a-glucosidase (Fig. 4). Digested milk did not inhibit the enzyme
in the whole range of analyzed concentrations (data not shown), while digested coffee beverages
inhibited a-glucosidase in a concentration-dependent manner (Fig. 4). The highest efficacy was
observed for the beverage containing milk with 7.1% fat and treated at 100 MPa. Overall, the use of
higher pressures (i.e. 100 and 150 MPa) improved the a-glucosidase inhibitory capacity of all
beverages. The fat content also affected the ability to inhibit the enzyme. It can be noticed that
when 3.6% fat was used, all coffee beverages showed a lower inhibitory capacity against o-
glucosidase as compared to coffee brew (Fig. 2). On the contrary, lower (0.1%) or higher (7.1%) fat
levels improved the ability of coffee beverages to inhibit the enzyme. To our knowledge, despite
some information is present in the literature regarding the effect of milk addition on the
bioaccessibility of coffee phenolic compounds (Tagliazucchi et al., 2012), for the first time, these

data demonstrated that milk addition may affect coffee ability to inhibit a-glucosidase.
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3.3. Identification of the best fat-pressure combination able to minimize 1Csg

To define the best performing process conditions to obtain a coffee beverage with improved o-
glucosidase inhibitory capacity, a 2-factors face-centered central composite design (CCF) was used.
To this aim, fat concentration and pressure were considered as independent variables and their
effect on 1Cso was studied (Table S1). The regression coefficients and the relative analysis of
variance of the polynomial models for the dependent variable, namely ICso, were computed (Table
S2). Finally, to evaluate the effect of the independent variables on the dependent one and to predict
the optimum values of each variable for minimum ICs, to be achieved, a contour-plot was generated
(Fig. 5). As reported in Fig. 5, the 1Cso could be minimized by different combinations of fat
concentration and pressure. In particular, when a low lipid concentration was used (<0.5%), higher
pressures (>125 MPa) would be required to minimize the ICso. On the other hand, when a higher
lipid concentration was used (around 7%), the I1Csy could be minimized by applying intermediate
pressures (between 80 and 110 MPa). When these conditions were applied, an ICsq lower than 0.5
mggaw/mL was obtained. This means that a proper combination of fat concentration and pressure
could almost double the ability of coffee to inhibit a-glucosidase since the ICsy of coffee brew
without milk was 0.94 mggw/mL.

However, it is noteworthy that the combinations able to minimize the 1Csq led to a significant
decrease in CGAs bioaccessibility (Table 3). It can be thus inferred that the inhibitory effect against
a-glucosidase might not rely on CGAs content, despite these were reported to present antidiabetic
effects through a-glucosidase inhibition (Ishikawa et al., 2007). As already reported in previous
work relevant to undigested coffee (Alongi & Anese, 2018), an inverse relationship was found
between the phenolic content and the efficacy in inhibiting a-glucosidase. The latter could be
carried out by other compounds formed upon processing, among which are melanoidins that can
incorporate phenolic compounds (Perrone, Farah, & Donangelo, 2012). Moreover, it can be inferred

that even in the presence of a higher bioaccessibility, complexation phenomena occurring between
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phenolic compounds and milk proteins upon high-pressure homogenization (Paquin, 1999) and
digestion (Hasni et al., 2011; Ali et al., 2012) might result in a reduced bioactivity (Lorenz et al.

2007, Serafini et al., 2009).
4. Conclusions

The results acquired in the present study pointed out that both formulation (i.e. the addition of milk
with different fat content) and processing (i.e. homogenization pressure) play a key role in
determining the bioaccessibility of coffee CGAs. A proper combination of milk and pressure also
increased the potential of coffee to reduce type 2 diabetes risk by improving its ability to inhibit o-
glucosidase, through ICsy minimization. However, this bioactivity was not related to CGAs
bioaccessibility, and could thus rely on the presence of other compounds, as well as on more
complex interactions occurring upon processing and digestion.

It can be suggested that designing foods aimed at delivering defined functionalities should not only
focus on increasing the bioaccessibility of single bioactive compounds but should aim at
maximizing the desired bioactivity. To this purpose, the food matrix effect, including the presence
of other constituents and their interactions, as well their fate upon digestion must be considered, to

properly modulate technological interventions.

Acknowledgements

Authors are grateful to Mr Gianluca Santamaria for contributing to analyses.
Conflict of interest

All authors declared no conflict of interest.

References

Akkarachiyasit, S., Charoenlertkul, P., Yibchok-Anun, S., & Adisakwattana, S. (2010). Inhibitory
activities of cyanidin and its glycosides and synergistic effect with acarbose against intestinal

alpha-glucosidase and pancreatic alpha-amylase. International Journal of Molecular Sciences,

17



396

60
é2l

11, 3387-3396.

Alongi, M., & Anese, M. (2018). Effect of coffee roasting on in vitro a-glucosidase activity:
inhibition and mechanism of action. Food Research International, 111, 480-487.

Amigoni, L., Stuknyte, M., Ciaramelli, C., Magoni, C., Bruni, 1., De Noni, 1., ... Palmioli, A.
(2017). Green coffee extract enhances oxidative stress resistance and delays aging in
Caenorhabditis elegans. Journal of Functional Foods, 33, 297-306.

Baeza, G., Sarria, B., Bravo, L., & Mateos, R. (2018). Polyphenol content, in vitro bioaccessibility
and antioxidant capacity of widely consumed beverages. Journal of the Science of Food and
Agriculture, 98, 1397-1406.

Chiba, S. (1997). Molecular mechanism in alfa-glucosidase and glucoamilase. Biological and
Pharmaceutical Bulletin, 61, 1233-1239.

Ciaramelli, C., Palmioli, A., & Airoldi, C. (2019). Coffee variety, origin and extraction procedure:
implications for coffee beneficial effects on human health. Food Chemistry, 278, 47-55.

Cilla, A., Gonzélez-Sarrias, A., Toméas-Barberan, F. A., Espin, J. C., & Barberd, R. (2009).
Availability of polyphenols in fruit beverages subjected to in vitro gastrointestinal digestion
and their effects on proliferation, cell-cycle and apoptosis in human colon cancer Caco-2 cells.
Food Chemistry, 114, 813-820.

Clifford, M. N. (1985). Chlorogenic acids. In R. J. Clarke, & R. Macrae (Eds.). Coffee - Chemistry
(pp. 153-202). London, UK: Elsevier Applied Science Publications.

Clifford, M. N., & Knight, S. (2004). The cinnamoyl-amino acid conjugates of green robusta coffee
beans. Food Chemistry, 87, 457-463.

Del Rio, D., Borges, G., & Crozier, A. (2010). Berry flavonoids and phenolics: bioavailability and
evidence of protective effects. British Journal of Nutrition, 104, S67—S90.

Duarte, G. S., & Farah, A. (2011). Effect of simultaneous consumption of milk and coffee on
chlorogenic acids’ bioavailability in humans. Journal of Agricultural and Food Chemistry, 59,

7925-7931.
18



422

Dupas, C., Baglieri, A. M., Ordonaud, C., Tomég, D., & Maillard, M. N. (2006). Chlorogenic acid is
poorly absorbed, independently of the food matrix: a Caco-2 cells and rat chronic absorption
study. Molecular Nutrition and Food Research, 50, 1053—-1060.

Ferruzzi, M. G. (2010). The influence of beverage composition on delivery of phenolic compounds
from coffee and tea. Physiology & Behavior, 100, 33-41.

Garcia, C., Antona, C., Robert, B., Lopez, C., & Armand, M. (2014). The size and interfacial
composition of milk fat globules are key factors controlling triglycerides bioavailability in
simulated human gastro-duodenal digestion. Food Hydrocolloids, 35, 494-504.

Gmoser, R., Bordes, R., Nilsson, G., Altskar, A., Stading, M., Lorén, N., & Berta, M. (2017). Effect
of dispersed particles on instant coffee foam stability and rheological properties. European
Food Research and Technology, 243, 115-121.

Hayes, M. G., & Kelly, A. L. (2003). High pressure homogenisation of raw whole bovine milk (a)
effects on fat globule size and other properties. Journal of Dairy Research, 70, 297-305.

Ishikawa, A., Yamashita, H., Miki, H., Inagaki, E., Kimoto, M., Okamoto, M., ... Natori, Y. (2007).
Characterization of inhibitors of postprandial hyperglycemia from the leaves of Nerium
indicum. Journal of Nutritional Science and Vitaminology, 53, 166-173.

Iwai, K., Narita, Y., Fukunaga, T., Nakagiri, O., Kamiya, T., Ikeguchi, M., & Kikuchi, Y. (2012).
Study on the postprandial glucose responses to a chlorogenic acid-rich extract of decaffeinated
green coffee beans in rats and healthy human subjects. Food Science and Technology
Research, 18, 849-860.

Johnston, K. L., Clifford, M. N., & Morgan, L. M. (2003). Coffee acutely modifies gastrointestinal
hormone secretion and glucose tolerance in humans: glycemic effects of chlorogenic acid and
caffeine. American Journal of Clinical Nutrition, 78, 728-733.

Koutina, G., loannidi, E., Melo Nogueira, B. M., & Ipsen, R. (2017). The effect of alginates on
invitro gastric digestion of particulated whey protein. International Journal of Dairy

Technology, 71, 469-477.
19



448

o @B R P
S ©

451

11

%53
13

16
#4655
18
Jzzgse
21
57
23

258
25

28

2%0
30

33
362
35

38
4h4
40
U65
42
43
A6
45

457
47

50
%69
52

55
251
57

A2
59

60
éh/3
62
63

64
65

Lamothe, S., Azimy, N., Bazinet, L., Couillard, C., & Britten, M. (2014). Interaction of green tea
polyphenols with dairy matrices in a simulated gastrointestinal environment. Food and
Function, 5, 2621-2631.

Le Bourvellec, C., & Renard, C. M. G. C. (2012). Interactions between polyphenols and
macromolecules: quantification methods and mechanisms. Critical Reviews in Food Science
and Nutrition, 52, 213-248.

Lépez-Froilan, R., Ramirez-Moreno, E., Podio, N. S., Pérez-Rodriguez, M. L., Cdmara, M., Baroni,
M. V., ... Sanchez-Mata, M. C. (2016). In vitro assessment of potential intestinal absorption of
some phenolic families and carboxylic acids from commercial instant coffee samples. Food &
Function, 7, 2706-2711.

Ludwig, I. A., Clifford, M. N., Lean, M. E. J., Ashiharad, H., & Crozier, A. (2014). Coffee:
biochemistry and potential impact on health. Journal of Analytical Atomic Spectrometry, 5,
1695-1717.

McClements, D. J., & Xiao, H. (2014). Excipient foods: designing food matrices that improve the
oral bioavailability of pharmaceuticals and nutraceuticals. Food and Function, 5, 1320-1333.

Mercan, E., Sert, D., & Akin, N. (2018). Effect of high-pressure homogenisation on viscosity,
particle size and microbiological characteristics of skim and whole milk concentrates.
International Dairy Journal, 87, 93-99.

Mills, C. E., Oruna-Concha, M. J., Mottram, D. S., Gibson, G. R., & Spencer, J. P. E. (2013). The
effect of processing on chlorogenic acid content of commercially available coffee. Food
Chemistry, 141, 3335-3340.

Minekus, M., Alminger, M., Alvito, P., Ballance, S., Bohn, T., Bourlieu, C., ... Brodkorb, A.
(2014). A standardised static in vitro digestion method suitable for food — An international
consensus. Food & Function, 5, 1113-1124.

Moreira, A. S. P., Nunes, F. M., Domingues, M. R., & Coimbra, M. a. (2012). Coffee melanoidins:

structures, mechanisms of formation and potential health impacts. Food & Function, 3, 903.
20



474

Murase, T., Yokoi, Y., Misawa, K., Ominami, H., Suzuki, Y., Shibuya, Y., & Hase, T. (2012).
Coffee polyphenols modulate whole-body substrate oxidation and suppress postprandial
hyperglycaemia, hyperinsulinaemia and hyperlipidaemia. British Journal of Nutrition, 107,
1757-1765.

Nehlig, A. (1999). Are we dependent upon coffee and caffeine? A review on human and animal
data. Neuroscience and Biobehavioral Reviews, 23, 563-576.

Olthof, M. R., Hollman, P. C. H., & Katan, M. B. (2001). Chlorogenic acid and caffeic acid are
absorbed in humans - 1. The Journal of Nutrition, 131, 66-71.

Otemuyiwa, I. O., Williams, M. F., & Adewusi, S. A. (2017). Antioxidant activity of health tea
infusions and effect of sugar and milk on in-vitro availability of phenolics in tea, coffee and
cocoa drinks. Nutrition and Food Science, 47, 458—468.

Palmioli, A., Ciaramelli, C., Tisi, R., Spinelli, M., De Sanctis, G., Sacco, E., & Airoldi, C. (2017).
Natural compounds in cancer prevention: effects of coffee extracts and their main polyphenolic
component, 5-O-caffeoylquinic acid, on oncogenic Ras proteins. Chemistry - An Asian
Journal, 12, 2457-2466.

Paquin, P. (1999). Technological properties of high-pressure homogenizers: the effect of fat
globules, milk proteins, and polysaccharides. International Dairy Journal, 9, 329-335.

Perrone, D., Farah, A., & Donangelo, C. M. (2012). Influence of coffee roasting on the
incorporation of phenolic compounds into melanoidins and their relationship with antioxidant
activity of the brew. Journal of Agricultural and Food Chemistry, 60, 4265-4275.

Podio, N. S., Lépez-Froilan, R., Ramirez-Moreno, E., Bertrand, L., Baroni, M. V., Pérez-Rodriguez,
M. L., ... Wunderlin, D. A. (2015). Matching in vitro bioaccessibility of polyphenols and
antioxidant capacity of soluble coffee by boosted regression trees. Journal of Agricultural and
Food Chemistry, 63, 9572-9582.

Record, I. R., & Lane, J. M. (2001). Simulated intestinal digestion of green and black teas. Food

Chemistry, 73, 481-486.
21



500

Rodriguez-Roque, M. J., Rojas-Gral, M. A., Elez-Martinez, P., & Martin-Belloso, O. (2014). In
vitro bioaccessibility of health-related compounds as affected by the formulation of fruit juice-
and milk-based beverages. Food Research International, 62, 771-778.

Salvia-Trujillo, L., Qian, C., Martin-Belloso, O., & McClements, D. J. (2013). Influence of particle
size on lipid digestion and beta-carotene bioaccessibility in emulsions and nanoemulsions.
Food Chemistry, 141, 1475-1480.

Salvia-Trujillo, L., Verkempinck, S. H. E., Sun, L., Van Loey, A. M., Grauwet, T., & Hendrickx,
M. E. (2017). Lipid digestion, micelle formation and carotenoid bioaccessibility kinetics:
influence of emulsion droplet size. Food Chemistry, 229, 653-662.

Singh, H., Ye, A., & Horne, D. (2009). Structuring food emulsions in the gastrointestinal tract to
modify lipid digestion. Progress in Lipid Research, 48, 92—100.

Tagliazucchi, D., Helal, A., Verzelloni, E., & Conte, A. (2012). The type and concentration of milk
increase the in vitro bioaccessibility of coffee chlorogenic acids. Journal of Agricultural and
Food Chemistry, 60, 11056-11064.

Zou, L., Zheng, B., Zhang, R., Zhang, Z., Liu, W., Liu, C., ... McClements, D. J. (2016). Influence
of lipid phase composition of excipient emulsions on curcumin solubility, stability, and

bioaccessibility. Food Biophysics, 11, 213-225.

22



Captions for figures

Fig. 1. Particle size distribution of coffee brew, before and after in vitro digestion.

Fig. 2. a-Glucosidase inhibitory activity of digested coffee brew as a function of coffee
concentration. Data fitting: line, estimates; symbols, experimental data.

Fig. 3. (-Potential of coffee beverages containing 0.1% (a), 3.6% (b) and 7.1% (c) of fat and
homogenized with different pressure before and after in vitro digestion. Lowercase letters (a-b)
indicate significant differences before and after in vitro digestion, uppercase letters (A-C) indicate
significant differences among different pressures within the same sample.

Fig. 4. a-Glucosidase inhibitory activity of digested coffee beverages containing 0.1% (a), 3.6% (b)
and 7.1% (c) of fat and homogenized with different pressure as a function of coffee concentration.
Fig. 5. Fitted contour plot of ICs, as a function of fat concentration in coffee beverages and

homogenization pressure.
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Table 1

Table 1
Concentration before (Undigested) and after (Digested) in vitro digestion of coffee brew, and
bioaccessibility of 3-caffeoylquinic (3-CQA), 4-caffeoylquinic (4-CQA), 5-caffeoylquinic (5-

CQA), 5-feruylquinic (5-FQA), 4-feruylquinic (4-FQA) and total chlorogenic (Total CGAs) acids.

CGA Undigested (mg/gqw)  Digested (mg/gqw) Bioaccessibility (%)
3CQA 424+0.12° 1.22+0.33° 28.85+7.78 %
4 CQA 1.57 +0.06 0.39+0.08° 25.09 £5.27#
5 CQA 9.99+0.10° 2.14+0.19° 21.40+1.86"
5 FQA 1.41+0.04° 0.39+0.08° 27.72£6.01 "
4 FQA 2.74+0.02° 0.54+0.16° 19.53£5.95
Total CGAs 19.95+0.30° 468+0.77° 23.46 +3.87 "

Lowercase letters (a-b) indicate significant differences of concentration (p > 0.05) between undigested
and digested samples, uppercase letters (A) indicate significant differences of bioaccessibility among

CGA:s.



Table 2

Table 2

Particle size distribution of coffee beverages containing 0.1%, 3.6%, and 7.1% fat, before and after

in vitro digestion.

Fat content
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Table 3

Table 3
Bioaccessibility (%) of 3-caffeoylquinic (3-CQA), 4-caffeoylquinic (4-CQA), 5-caffeoylquinic (5-CQA), 5-feruylquinic (5-FQA) and 4-feruylquinic
(4-FQA) acids, and total chlorogenic acids (Total CGAs) in coffee beverages with different fat concentration and homogenized with different

pressure.

0.1% fat 3.6% fat 7.1% fat

CGA 0 MPa 50 MPa 100 MPa 150 MPa 0 MPa 50 MPa 100 MPa 150 MPa 0 MPa 50 MPa 100 MPa 150 MPa

3CQA  92+#1*  118+8™ 5745° 80 #4*  98+6™ 9547 127 +#25° 137+16° 97+5° 10142 69+2™  91+4*
ACQA  95+22% 126+4®  59+7° 80+3®  100+6® 95+19% 118+25% 112+1%* 88+2*  91+2*  65+1° 86+2%
5CQA  90+14%™  104+4®  45+5° 64+1%  73+5%* 72418  90+19%  76+12%°  7243*  69+1*  47+1° 68+3%
5FQA  96+9°  155+1%°  G1+5° 73+11° 8445 83+15"° 104 +18° 83413 92417  103+2°° 7642 102 +3"

AFQA  105+19% 1054#5% 59+15°¢ 61+9°¢  80+4*  82+11*  119+18* 109+29% 50+3¢ 52+2°  38+1° 53+1%

Total
93+7%®  112+#1%  51+2° 69+1%° 8145  81+18%  102+197 93+1®  77+4®  78+1®®  5442° 7443
CGAs

Different letters (a-d) indicate significant differences.



Table S1

Table S1
Combination of fat concentration and pressure of different runs and experimental results (half

maximal inhibitory concentration, ICsg) of a two-factors face-centered central composite design.

Run Fat concentration Pressure ICs0
(%) (MPa) (mg/mL)

1 0.1 50 2.76 £ 0.56
2 0.1 150 0.70+£0.03
3 7.1 50 0.92 +0.06
4 7.1 150 1.23+0.13
5 0.1 100 0.92+0.11
6 7.1 100 0.50 £ 0.02
7 3.6 50 2.05+0.55
8 3.6 150 1.22+0.14
9 3.6 100 1.18 +0.18
10 3.6 100 1.12+0.13

11 3.6 100 0.81+0.05




Table S2

Table S2

Regression coefficients of the models for 1Cs, of digested coffee beverages.

Variable ICso
Intercept 1.014
Fat concentration -0.581 "
Fat concentration -0.55 "
Pressure -0.860
Pressure” 1.299 7
Fat concentration x Pressure 1.1857
R% 0.950

(*) p<0.05, (**) p<0.01, (***) p<0.001
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