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1. Introduction
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Sulforaphane, an organosulfur phytochemical, has been demonstrated to have significant anticancer poten-
tial in both in vitro and in vivo studies, exhibiting mechanisms of action that include inducing apoptosis, inhi-
biting cell proliferation, and modulating key signalling pathways involved in cancer development. However, its
instability presents a major obstacle to its clinical application due to its limited bioavailability. This study aimed
to improve the stability and thus the bioavailability of sulforaphane from broccoli by microencapsulation with
whey (BW) and pea protein (BP) by freeze-drying. BW and BP were characterised by particle size measure-
ment, colour, infrared spectroscopy, scanning electron microscopy, thermogravimetry, and differential scan-
ning calorimetry. Dynamic in vitro gastrointestinal digestion was performed to measure sulforaphane bioac-
cessibility, in BP, BW and dried broccoli. A Caco-2-HT29-MTX-E12 intestinal absorption model was used to
measure sulforaphane bioavailability. The in vitro dynamic gastrointestinal digestion revealed that sulfora-
phane bioaccessibility of BW was significantly higher (67.7 + 1.2%) than BP (19.0 + 2.2%) and dried broccoli
(19.6 + 10.4%) (p < 0.01). In addition, sulforaphane bioavailability of BW was also significantly greater (54.4 +
4.0%) in comparison to BP (9.6 + 1.2%) and dried broccoli (15.8 + 2.2%) (p < 0.01). Microencapsulation of
broccoli sulforaphane with whey protein significantly improved its in vitro bioaccessibility and bioavailability.
This suggests that whey protein isolate could be a promising wall material to protect and stabilise sulfora-
phane for enhanced bioactivity and applications (such as nutraceutical formulations).

its wide range of anticancer activities and availability across
commonly consumed cruciferous vegetables.” It is capable of

Broccoli, a cruciferous vegetable, is rich in bioactive com-
pounds with health-promoting benefits. One of the most abun-
dant phytochemical groups in broccoli is the glucosinolates.">
Glucoraphanin (C;,H,3N040S3), 1-S-[(1E)-5-(methylsulfinyl)-N-
(sulfonatooxy)pentanimidoyl]-1-thio-p-p-glucopyranose, is one
of the key glucosinolates in broccoli and its concentration
ranges between 0.005 and 1.13 pmol g™ ' of fresh weight.®
Glucoraphanin can be hydrolysed into an organosulfur com-
pound called sulforaphane. Sulforaphane (C¢H;,;NOS,), 1-iso-
thiocyanato-4-(methanesulfinyl)butane, is an isothiocyanate
that has been referred to as “green chemoprevention” due to
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inhibiting cancer cell proliferation, causing apoptosis, and
stopping the cell cycle.® In terms of mechanism, sulforaphane
directly modulates histone deacetylases which are involved in
chromatin remodelling, gene expression, and Nrf2 antioxidant
signalling.® For instance, the weekly consumption of 492 pmol
glucoraphanin (sulforaphane precursor)-rich broccoli soup for
12 months, significantly enhanced the downregulation of
genes for reactive oxygen species and xenobiotic metabolism
in the prostate tissue isolated from male patients on active sur-
veillance.® The study also observed a negative correlation
between the consumption of S-methyl cysteine sulfoxide (a
sulphur-containing bioactive compound) through cruciferous
vegetable intake and an increase in WHO (a contemporary
prostate cancer grading system).® However, there are contrast-
ing results in sulforaphane effects in clinical trials which
could potentially be due to its low bioavailability.”*

The formation of sulforaphane from glucoraphanin hydro-
lysis is achieved by the enzyme myrosinase (E.C. 3.2.3.147) and
is a critical factor in determining sulforaphane bioavailability,
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particularly as it is influenced by pH (Fig. 1).” Glucoraphanin
can hydrolyse into sulforaphane through Lossen-type
rearrangement at pH 6-7, while more acidic conditions (pH
2-5) and the presence of nitrile-specifier protein (NSP) can
lead to the formation of sulforaphane nitrile’® which is bio-
logically inactive.'* In fact, the presence of epithiospecifier
protein (ESP) and iron(u) ions can also favour the formation of
sulforaphane nitrile."> Additionally, under basic conditions
and the presence of thiocyanate-forming protein (TFP), sulfora-
phane thiocyanate can be formed which is biologically inactive
as well."”®> Thus, controlling pH during myrosinase hydrolysis
plays an important role in sulforaphane bioavailability.
Myrosinase, as the key enzyme involved in converting glucora-
phanin to sulforaphane, is active in the temperature range of
20-70 °C."* The difference in thermolability of myrosinase and
ESP can be used as an advantage to inactivate ESP and
enhance sulforaphane formation. It has been reported that
mild heating (~60 °C) of broccoli for a short duration
(~10 min) can selectively inactivate ESP while retaining the
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activity of myrosinase, thus enhancing the formation of
sulforaphane.'>*®

Like most alkyl isothiocyanates, sulforaphane is a lipophilic
molecule,'” and unlike its hydrophilic precursor, it has poor
water solubility and stability.'® Sulforaphane’s poor stability is
significantly affected by pH, temperature, light, and oxygen."’
The reason behind this lies in the presence of an active electro-
philic carbon atom in the isothiocyanate group of sulfora-
phane which makes this compound readily and reversibly
convert to thiols yielding pH-sensitive dithiocarbamates under
physiological conditions.>® Dithiocarbamates then react with
amines to form thiourea. Since sulforaphane is affected by pH,
its stability through the digestion process remains a challenge
as the human digestive system’s pH ranges from 1.5 to 7.*
Thus, sulforaphane needs to be protected against those influ-
ential factors in industrial food and drink processes or final
preparation for consumption at-home/away-from-home as well
as in the human digestive tract to ensure an appropriate bio-
availability and realise its bioactive potential in the cells.
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Fig. 1 Transformation of glucoraphanin into sulforaphane, sulforaphane nitrile, and sulforaphane thiocyanate under different conditions (created

using ChemDraw Professional 20.0).
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Encapsulation is one of the common methods that can be
used to protect unstable and labile phytochemicals.>” Proteins
are a common wall material for encapsulation purposes. The
surface of protein molecules contains various functional
groups that facilitate effective interaction with different bio-
active compounds,? including both hydrophilic and hydro-
phobic compounds, for efficient encapsulation.>*

Among the different types of proteins, whey proteins are
specifically useful for encapsulating food-bioactive compounds
due to their surface activity, amphipathic structure, and high
nutritional value.”>*®> Whey protein has been shown to be an
effective wall material in stabilising curcumin,®® mandarin fla-
vonoids,”” p-carotene,?® and propolis extract.>® Compared to
plant proteins that have a large globular nature, whey protein
is easier to work with due to its solubility over a wide pH
range, small size, and flexibility.* Yet, the demand for plant-
sourced proteins as an alternative has increased recently
among consumers due to dietary restrictions and sustainabil-
ity concerns.®® Plant proteins are considered a sustainable
source of proteins with lower allergenicity compared to
animal-based proteins.*> Food industries favour plant proteins
due to their high abundance and low cost.’® Among plant pro-
teins, pea protein globulins have all the required functional
characteristics that are needed for efficient incorporation into
microencapsulation systems as a good wall material.** A wide
range of phytochemicals including hydrophobic compounds
such as curcumin,* and beta-carotene®® have been success-
fully encapsulated with pea protein (as a co-wall material),
resulting in increased stability. Nevertheless, encapsulation of
sulforaphane using proteins has not been investigated yet.

This study aimed to investigate and compare the effect of
microencapsulating broccoli sulforaphane extract with whey
and pea protein on sulforaphane bioaccessibility (by in vitro
dynamic gastrointestinal digestion) and bioavailability (using a
Caco-2-HT29-MTX-E12 intestinal absorption model).

2. Materials and methods

2.1. Materials and reagents

Fresh Calabrese broccoli grown by Barden Farms Inglewood
(Inglewood, Queensland, Australia) harvested in August 2023
(winter season) were used in this study. Whey protein isolate
containing 90 g of protein/100 g, 0.3 g of total fat/100 g (con-
taining saturated fat only), and 2.5 g of carbohydrates/100 g
(containing sugars only) was purchased from Myprotein™
(Northwich, United Kingdom). Pea protein isolate containing
80 g of protein/100 g, 5.5 g of total fat/100 g (1.0 g of saturated
fat/100 g), and 2.6 g of carbohydrates/100 g (1.0 g of sugars/
100 g) was also purchased from Myprotein™ (Northwich,
United Kingdom). PBS (phosphate-buffered saline) tablets
were purchased from Invitrogen™ - Thermo Fisher Scientific
(Carlsbad, USA) and prepared according to the manufacturer
instructions (one tablet dissolved in 100 mL of Milli-Q® water
at room temperature to give 10 mM phosphate, 150 mM
sodium chloride, pH 7.4). Enzymes, pancreatin, and bile used

This journal is © The Royal Society of Chemistry 2025
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for in vitro digestion were purchased from Sigma-Aldrich, USA.
All chemicals and reagents used were of analytical grade and
purchased from Merck, Germany (unless specified).

2.2. Extraction of sulforaphane

The fresh broccoli samples were washed three times using
Milli-Q® water thoroughly to remove any foreign particles
present in the florets. Broccoli heads were separated and
immersed in a 57 °C water bath for 13 min to inactivate ESP
which favours the conversion of glucoraphanin to undesirable
epithionitrile products.*®*” The broccoli florets were removed
(250 g) and blended with 80 mL of PBS solution using a com-
mercial blender until a homogenised mixture was formed. The
pH of the mixture was continuously checked with a pH probe
to ensure it was ~6.5-7 which favours the formation of sulfora-
phane. Following a previously reported extraction method,*®
with some modifications, the mixture was placed in beakers
covered with aluminium foil and incubated in an ultrasonic
bath (500 TD, SONICLEAN™, Australia) for 60 min at 35 °C
and 100 W. The mixture was extracted twice with 300 mL of di-
chloromethane. The extract was dried over 20 g of sodium sul-
phate anhydrous powder (ChemSupply, Gillman, Australia).
The sulforaphane content of the extract was analysed as
described in Section 2.4. For each microencapsulation process,
a volume of 55 mL of extract (containing 4.96 + 0.39 mg of sul-
foraphane) was evaporated under reduced pressure at 35 °C
using a vacuum concentrator (SpeedVac SPD140DDA, Thermo
Fisher Scientific, USA). Each dry extract was reconstituted in
10 mL of ethanol (>98%) to be used for microencapsulation.

2.3. Microencapsulation of sulforaphane

Broccoli sulforaphane was encapsulated with whey protein or
pea protein to produce the two products BW, and BP, respect-
ively. The whey protein solution was prepared by dissolving
10 g of whey protein in 100 mL of Milli-Q® water. The solution
was allowed to stir for 2 hours at 700 rpm at room tempera-
ture. The pea protein solution was prepared by dissolving 3 g
of pea protein in 100 mL of water and allowed to stir for
2 hours at 700 rpm at 70 °C. The protein concentration was
selected based on the encapsulation efficiency determined in
preliminary experiments in which broccoli extract was encap-
sulated with 2-10 g/100 mL protein wall material (data not
shown). Broccoli ethanol extracts (10 mL each) were then
added to the two solutions and allowed to stir for 2 hours at
700 rpm at room temperature. The solutions were then mixed
using a homogeniser (T25 digital ULTRA-TURRAX®, IKA® -
Thermo Fisher Scientific, USA) at 8000 rpm for 2 min to
ensure complete homogenisation. The solutions were then
stored at —18 °C for 48 hours to freeze the samples. The
samples were dried using a freeze-dryer (Benchtop K, VirTis,
USA) at —35 °C and 1000 pBar until reaching a constant mass.
Finally, the dried samples were finely powdered using a mortar
and pestle and then sieved through a 355 um (45 US Mesh)
sieve (Glenammer Engineering Ltd, UK). The encapsulation
yield (EY) was calculated according to eqn (1). The products
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were stored in sterile plastic sealed containers at —18 °C in the
dark until use.

EY(%) mass of final dried encapsulated product
)~ "mass of wall material + dry extract used (1)
x 100

2.4. Quantification of sulforaphane

The sulforaphane content of the crude broccoli extract and
microencapsulated samples was determined using liquid
chromatography-mass spectrometry (LC-MS). For the microen-
capsulated samples, 0.3 g of each sample was mixed with 3 mL
of dichloromethane by vortexing and incubated in an ultra-
sonic water bath for 30 min at 30 °C and 100 W. Then,
samples were vortexed and shaken using a reciprocating
shaker (SSL2, Stuart, UK) for 10 min at a rate of 200 strokes
per minute. The samples were then centrifuged (Centrifuge
5810 R, Eppendorf, Germany) at 3000 rpm, and 15 °C for
10 min. A volume of 1 mL of the organic layer was collected
and evaporated under reduced pressure at 35 °C using a
vacuum concentrator. For the crude extract, 0.1 mL of the
extract was evaporated. The residue was dissolved in 0.5 mL
acetonitrile (containing 1% formic acid), filtered through a
nylon syringe filter (13 mm x 0.2 pm) and subjected to LC-MS
analysis according to the method we developed earlier.*® The
determined sulforaphane content was then used to calculate
the encapsulation efficiency (EE) according to eqn (2).

amount of microencapsulated sulforaphane

EE(%) = - -
(%) amount of sulforaphane used for microencapsulation
x 100
(2)
2.5. Characterisation of microencapsulated samples

2.5.1. Particle size measurement. The particle size measure-
ment was done using a laser diffraction and dynamic image ana-
lyser (SYNC, Microtrac, USA). The refractive index of 1.48 and
1.45 were used for analysing BW and BP samples, respectively.

2.5.2. Water activity, colour measurement and appearance.
Water activity was measured using a water activity meter
(LabTouch-aw, Novasina, Switzerland). The colour space vari-
ables, L* (brightness), a* (red-green), and b* (blue-yellow), were
measured using a colourimeter (FRU WR10, ShenZhen Wave
Optoelectronics Technology, China) attached to an 8 mm
adapter. The device was calibrated using a white reference
plate. The data was used to calculate the chroma (C*) and hue-
angle (%) using eqn (3) and (4), respectively.

C* =/(a*)” + (b*)’ (3)

h=tan™! (g) (4)

To evaluate the appearance, equal amounts of microencap-
sulated samples were added to 35 mm Petri dishes and photo-
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graphed in a lightbox illuminated with two 63 LED light bars
(12 000-13 000 LM).

2.5.3. Morphology. The microencapsulated samples were
sprayed onto a carbon tab fixed to a 12.5 mm aluminium pin
stub. Then, they were kept in a vacuum oven at 35 °C for
~15 hours, cleaned using an Evactron 25 De-Contaminator RF
Plasma cleaner and coated with ~15 nm carbon using a
Quorum Q150T carbon evaporative coater. Scanning electron
microscopy (SEM) images were taken using a Hitachi SU3500
at 3 kv, and 1.5 kV when charging occurred on the specimen
surface.

2.5.4. Infrared spectroscopy measurements. The mid-infra-
red (MIR) spectrum (4000-400 cm™ ') of the wall materials
(whey and pea protein), dry broccoli extract and microencapsu-
lated samples were obtained using a MIR spectrometer with
an attenuated total reflectance (ATR) platinum diamond single
reflection module (Alpha II, Bruker, USA). The resolution of
the spectrum was set as 4 cm™" with 24 scans. Air was con-
sidered for the reference background spectra. The data were
saved using OPUS software, version 8.5, (Bruker, USA). The
ATR cell was cleaned with a solution of 70% ethanol in water
(v/v) and dried with laboratory Kimwipes® before measuring
each sample.

2.5.5. Thermogravimetric analysis. Thermogravimetric ana-
lysis (TGA) was performed to determine the decomposition
temperature (T4) using a TGA system (STARe System TGA/DSC
3+, Mettler Toledo, USA). Under an N, flow of 10 cm® min™,
the BW and BP were heated from 40 to 400 °C (at a rate of
10 °C min™).

2.5.6. Differential  scanning  calorimetry  analysis.
Differential scanning calorimetry (DSC) analysis was per-
formed to determine the glass transition temperature (7Tg)
using a DSC system (STARe System DSC 3, Mettler Toledo,
USA). Samples were heated under an N, flow of 30 cm® min™"
from 40 to 350 °C (at a rate of 10 °C min™").

2.6. Invitro dynamic gastrointestinal digestion:
measurement of bioaccessibility

Dynamic digestion simulation was performed using the
simulator of the human intestinal microbial ecosystem
(SHIME) setup, a multicompartment human ecosystem
simulator, which consists of five connected reactors repre-
senting the different parts of the human gastrointestinal
tract.’® The in vitro digestion was conducted as described
previously with some modifications.** Only the first two reac-
tors were used for this experiment (Fig. 2), mimicking the
stomach and duodenum (referred to as ‘intestine’ in our
study).

Microencapsulated samples (BW (2.5 g) and BP (0.5 g)) and
dry broccoli powder (3.0 g) were mixed with 100 mL of simulated
salivary stock solution (15.1 mM KCl, 3.7 mM KH,PO,, 13.6 mM
NaHCO;, 0.15 mM MgCl,(H,0)s, 0.06 mM (NH,),CO3, 1.1 mM
HCI, and 1.5 mM CaCl,(H,0),).*> The mixture was stirred using
a magnetic stirrer and transferred to the system’s first reactor,
representing the stomach. About 48 mL of simulated gastric
stock solution (6.9 mM KCl, 0.9 mM KH,PO,, 25 mM NaHCOs3,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Experimental setup of (a) in vitro dynamic gastrointestinal digestion based on SHIME ® setup, and (b) in vitro intestinal absorption based on
Caco-2-HT29-MTX-E12 coculture cell model (created using BioRender.com).

47.2 mM NaCl, 0.12 mM MgCl,(H,0)s, 0.5 mM (NH,),CO;,
15.6 mM HCl, and 0.15 mM CaCl,(H,0),) was added to the
mixture.*> The mixture was stirred using a magnetic stirrer and
an aliquot was taken from the vessel to represent the undigested
sample. Then, the pH of the remaining mixture was adjusted to
2.0, followed by the addition of 8.2 mL pepsin solution (34 070 U
mL™"; P6887; Sigma Aldrich, USA) to the reactor at a flow rate of
1 mL min~", to reach a final pepsin concentration of 2000 U
mL™" of gastric content. The gastric digestion lasted for 2 h. An
aliquot was taken from the reactor at the end of the gastric diges-
tion and its pH was adjusted to 7 with 2 M NaOH for pepsin
inactivation. Two hours after the beginning of the gastric phase,
the gastric content was transferred to the intestinal reactor at a
flow rate of 4 mL min~". At the same time, the second reactor,
representing the intestine, was fed with 45 mL of pancreatin
juice containing (12.5 g L™ NaHCO;, 6 g L™" bile (ox-bile B3883,
Sigma-Aldrich, USA), and 0.9 ¢ L™" pancreatin (P3292, Sigma-
Aldrich, USA)) at a flow rate of 4 mL min~". The reactors had a
circulating water bath controlled at 37 °C. The pH of the two
reactors was monitored using a computer-controlled program
and automatically adjusted (using an integrated pH circuit
(EZOTM, Atlas Scientific, USA), operated by a Raspberry Pi micro-
processor (Version 1B, Raspberry Pi Foundation, UK)) to the set
pH of ~2 for the gastric phase and ~7 for the intestinal phase.
Intestinal digestion lasted for 2 h. Finally, the pH of the digested
samples was adjusted to 11 with 2 M NaOH to inactivate the pan-
creatin. The samples were immediately cooled in an ice bath and
subsequently frozen at —80 °C. Two replicates of each sample
were subjected to dynamic in vitro gastrointestinal digestion.

For sulforaphane content analysis after digestion, a volume
of 10 mL of each sample was extracted with an equal volume of

This journal is © The Royal Society of Chemistry 2025

dichloromethane. A volume of dichloromethane extract was
removed and concentrated under reduced pressure, processed
and the sulforaphane content was determined as described
earlier (Section 2.4.). Finally, the bioaccessibility of sulforaphane
was then calculated according to eqn (5).

Bioaccessibility(%)
amount of sulforaphane in digested sample

= : - 100
amount of sulforphane in undigested sample

(5)

Note: For general comparison purposes, a portion (100 g) of
the fresh broccoli florets was finely crushed to release myrosi-
nase and convert glucoraphanin to sulforaphane. After incubat-
ing at room temperature for 3 hours, the sample was air-dried in
a 60 °C oven (Heratherm Oven, Thermo Fisher Scientific, USA)
until reaching a constant mass. The dry broccoli was ground into
a fine powder using a mortar and pestle and then sieved through
a 355 um (45 US Mesh) sieve. The sample was used as “broccoli
powder” in bioaccessibility and bioavailability experiments.

2.7. Invitro intestinal absorption: measurement of
bioavailability

2.7.1. Cell culturing. The human Caco-2 and HT29-
MTX-E12 cells were purchased from the American Type Culture
Collection (Manassas, VA, USA) and Sigma-Aldrich (Castle Hill,
NSW, Australia), respectively. Both the cell lines were grown in
Dulbecco’s modified Eagle medium (DMEM) (12 mL) which was
supplemented with fetal bovine serum (FBS; 10% (v/v)), non-
essential amino acids (NEAA; 1x), glutamax (2 mM), streptomy-
cin (100 pg mL ™), and penicillin (100 U mL™"). Cells were grown

Food Funct, 2025, 16, 71-86 | 75
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in 75 cm® vented culture flasks at 37 °C and 5% CO,. They were
passaged every 2-3 days upon reaching 90% cell confluency and
maintained within passages 10-25 for both cell types. Cells were
counted using an automated cell counter (Countess 3, Thermo
Fisher Scientific, USA) following the manufacturer protocol
using 0.4% Trypan Blue solution to stain the cells. Cell suspen-
sions were then diluted accordingly for cell passage. Cell growth
was monitored and visualised using an imaging system (EVOS
M5000, Thermo Fisher Scientific, USA).

To perform sub-culturing, cells were washed with 5 mL of
PBS followed by the addition of 4 mL of 0.25% (v/v) trypsin—-
EDTA and incubation for 2-4 min to get the cells detached from
the flask. A volume of 10 mL of DMEM (growth media) was then
added to neutralise trypsin. Following that, the cells and growth
media were centrifuged at 1500¢ for 5 min at room temperature.
This was performed to pellet the cells and allow the supernatant
to be replaced with fresh DMEM for cell suspension.

2.7.2. Cytotoxicity assay. The cytotoxicity of the digesta
samples was measured according to the CyQUANT™ NF cell
proliferation assay to determine the appropriate dilution of
digesta required to produce a noncytotoxic dose-response
throughout the intestinal absorption assay.*?

To prepare the Caco-2-HT29-MTX-E12 cocultures, cells were
mixed at a ratio of 9: 1; Caco-2 cells (9000) and HT29-MTX-E12
(1000) cells with a density of 9 x 10" and 1 x 10* cells per mL,
respectively. Cells were added in 100 pL growth media to each
well in a Nunc™ F96 Microwell™ black polystyrene plate and
incubated at 37 °C and 5% CO, for 7 days.

On the experiment day, growth media was removed (~70 pL)
and replaced with 100 pL HBSS and incubated for 2 h. Following
2 h of incubation, HBSS was removed and replaced with 50 pL
intestinal digesta samples. Digesta samples were centrifuged at
14000 rpm for 10 min at 10 °C and the supernatants were
applied to the cells. The original intestinal digesta samples were
used as well as diluted samples of ratios 2:1,5:1,8:1,10:1 and
15:1 (diluted with HBSS). HBSS was used for the control wells.
The prepared plates were incubated at 37 °C and 5% CO, for 2 h.
After 2 h of incubation, test digesta samples were removed, and
cells were washed using 100 pL of HBSS. Then, HBSS was
removed and 74 pL 1x CyQUANT™ NF dye binding solution was
added to each well (using a manual multichannel pipette). The
plates were covered and incubated at 37 °C for 1 h. Fluorescence
intensity was measured at 485 nm (excitation) and 530 nm (emis-
sion) using a multimode microplate reader (Varioskan LUX,
Thermo Fisher Scientific, Singapore). The percentage of cell viabi-
lity was calculated according to eqn (6).** The cytotoxicity assay
was performed in triplicate for each digesta sample.

ODyg5_530 treatment

Cellviability(%) = ODags_s30 CONtrol ©)

2.7.3. Caco-2-HT29-MTX-E12 co-culture. A co-culture of
Caco-2 and HT-29-MTX-E12 cells was prepared by seeding the
cells with a ratio of 9:1 on Costar Transwell™ plate inserts at a
density of 109 000 cells per cm” and 12 120 cells per cm?, respect-
ively.*> Cell suspension (200 pL) was added to the apical chamber
and growth media (600 pL) was added to the basolateral
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chamber. Cells wells were incubated at 37 °C and 5% CO, for 21
days for cells to differentiate and form an intact monolayer.
During the 21-day incubation, growth media was replaced every
2-3 days (200 pL growth media in the apical and 600 pL in the
basolateral chamber).

The transepithelial electrical resistance (TEER) was measured
during each media replacement using a voltohmmeter (Millicell-
ERS Voltohmmeter, Merck, Germany) in an apical-basolateral
direction. TEER was used to monitor cell differentiation and the
formation of an intact monolayer. TEER measures the resistance
and integrity of the cell monolayer and is determined based on
the cellular resistance (between the apical and basolateral mem-
brane) and the paracellular resistance (tight junctions). TEER
values of >300 Q cm? suggest the formation of an intact mono-
layer and differentiated Caco-2-HT29-MTX-E12 cells.*?

2.7.4. Intestinal absorption assay. Prior to the experiment,
TEER was measured (as described in Section 2.7.3) to ensure the
integrity of the monolayer. The growth media was replaced with
HBSS in the apical and basolateral chambers. The cell lines were
incubated at 37 °C and 5% CO, for 2 h to enhance the uptake of
the tested digesta in the experiment. Digested samples were
diluted at a ratio of 10:1 using HBSS. This dilution ratio was
chosen according to the results of the cytotoxicity assay that
showed no change to cell viability in response to digesta samples.

The intestinal absorption experiment was performed accord-
ing to a previous protocol with some modifications.*”> A volume
of 200 pL of diluted intestinal digesta was added in the apical
chamber (upper chamber) and 600 puL of HBSS was added in the
basolateral chamber (lower chamber). Cells were incubated for a
total of 4 h at 37 °C and 5% CO,. After 2 h, the content of the
basolateral chamber was collected, saved, and replaced with
600 pL of fresh HBSS. The absorption process was allowed to con-
tinue for another 2 h (total of 4 h). At the end of 4 h, the content
of the basolateral chamber was collected and combined with the
previous sample. The content of the apical chamber was collected
and discarded. Then, a volume of 200 pL of ice-cold PBS was
added to the apical chamber, and cells were scraped off and soni-
cated at 100 W for 20 min on ice. The cell homogenate was then
centrifuged at 12 000g for 20 min at 4 °C. The supernatant was
collected and saved. All samples were stored at —80 °C until ana-
lysis. The experiment was performed in duplicate and two
additional sets of cells were also treated with growth media, and
HBSS in the apical chambers for control purposes. The concen-
tration of sulforaphane in the digesta, basolateral chamber, and
cells was determined according to section 2.4. Samples were not
treated and were only filtered before analysis. The bioavailability
of sulforaphane was calculated according to eqn (7).**"*°

Bioavailablity(%)
__concentration of sulforaphane in basolateral media + cells 100
N concentration of sulforaphane in intestinal digesta

7)

The rate of sulforaphane movement across the membrane,
also known as the apparent permeability coefficient (P,p,,), was
calculated according to eqn (8).*”

This journal is © The Royal Society of Chemistry 2025
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AQ 1
PaPP:_X—
At A X Cy

(8)

where AQ/At is the steady-state appearance rate of sulfora-
phane in the basolateral chamber (umol s™%), A is the surface
area of the filter (i.e., 0.33 cm?), and C, is the initial concen-
tration of sulforaphane in the apical chamber (ie., digesta)

(uM).

2.8. Data analysis

Experimental data were processed and presented as mean *
standard deviation of duplicate or triplicate measurements.
One-way analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparison tests were performed to determine signifi-
cant (p < 0.05) differences between measurements using
GraphPad Prism 10 software (Version 10.2.3, Insightful
Science, LLC, USA).

3. Results and discussion

3.1. Microencapsulation

Achieving a desired intake of sulforaphane through broccoli
consumption or glucoraphanin-containing supplements can
be challenging. Insufficient myrosinase activity, coupled with
other biochemical factors, can favour the generation of
alternative glucoraphanin hydrolysis products lacking identi-
fied bioactivity. To overcome this limitation and ensure con-
sistent delivery of sulforaphane, the present study employed a
microencapsulated, sulforaphane-rich extract derived from
fresh broccoli.

To enhance sulforaphane bioavailability and delivery, broc-
coli sulforaphane-containing extract was encapsulated using
proteins as the wall material. In addition, as proteins break
down in the digestive system, they release a variety of peptides
that may offer additional health benefits such as antioxidant,
anti-inflammatory, antidiabetic, antihyperlipidemic, antihy-
pertensive, anticancer, and antibacterial activities.** Thus,
encapsulating sulforaphane with proteins offers a two-fold
benefit: it can not only protect the compound but also poten-
tially enhance the overall nutraceutical value of the product.

In the current study, the EY of BW (96.9 + 1.3%) was signifi-
cantly greater than that of BP (92.0 + 2.7%) (p < 0.05).
Nevertheless, the EE did not differ significantly when using
different proteins as wall materials (p > 0.05). The EY was high
(+90%), yet the EE was not ideal and ranged between 50-60%
(Table 1). The loss of sulforaphane in the process could poten-
tially be due to degradation in the aqueous media.*®
Considering the nature of the wall material and the drying
method selected, water was the most suitable solvent.
Moreover, the EE is higher than found in a previous study in
which broccoli seed sulforaphane extract was microencapsu-
lated by gelatin/gum arabic (EE = 12.17 + 0.10%) and gelatin/
pectin (EE = 17.91 + 1.27%) complexes.*® Other studies that
have investigated the encapsulation of broccoli sulforaphane
did not report the EE.>*™>?

This journal is © The Royal Society of Chemistry 2025
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In terms of the microencapsulation mechanism, it is
expected that sulforaphane functional groups form different
interactions with various amino acids in proteins.
Sulforaphane has two polar functional groups: an isothio-
cyanate group (-N=C=S) and a sulfoxide group (R,-S=O).
The polar groups of sulforaphane are expected to bind strongly
with polypeptide C=0, C-N and N-H groups.>® In silico evi-
dence has shown the ability of sulforaphane to interact hydro-
phobically and simultaneously with valine, tyrosine, lysine,
tryptophan, and phenylalanine;>* as well as isoleucine, threo-
nine and tyrosine® by van der Waals forces, presumably invol-
ving the alkyl region of sulforaphane. In addition, sulfora-
phane is capable of forming strong hydrogen bonds with
glycine, valine,”® and tyrosine.”®

3.2. Characterisation of encapsulated materials

The encapsulated products (BW and BP) were characterised by
various methods including particle size analysis, water activity,
colour, visual appearance, SEM, MIR, TGA, and DSC.

The particle size analysis (Table 1) showed that the 10™ per-
centile (d10) size of BW and BP particles was 43.82 and
45.43 pum, respectively. The 90™ percentile (490) size of BW
and BP particles was 317.8 and 256.6 pm, respectively. This
suggests that the majority of BW particles ranged between
approximately 40 and 300 pm, while BP particles ranged
between 45 and 260 pm. The mean volume diameter, D[4,3], of
BW and BP was 150.5 and 124.1 um, respectively which is
common for freeze-dried microencapsulated powders of plant
extracts.>”*®

In terms of water activity, BW and BP had an a,, lower than
0.3 (threshold limit) (Table 1), which suggests that the pro-
ducts can be regarded as stable and resilient against the
impact of spoilage microorganisms and enzymes that trigger
lipid oxidation.>® With respect to colour, both samples had an
L* value >50, a negative a* value, and a positive b* value
(Table 1), indicating that the samples were light with a ten-
dency to a greenish and yellowish colour. For both samples,
the values of 2 confirm that the colour falls within the blue-
green region of the colour wheel. The low C* value of both
samples suggests that they were relatively desaturated. Overall,
in terms of colour, both samples had a light, desaturated
greenish hue. By appearance, both samples were fine green
powders, with BP being slightly darker than BW due to a
higher extract-to-wall material ratio in comparison to BW
(Table 1). The green colour of the powders comes from the
chlorophyll naturally present in the broccoli extract.

To understand the morphology of the products, the surface
of BW and BP was analysed by SEM. As seen in Table 1, both
BW and BP had an irregular shape which is a common charac-
teristic of microencapsulated products formed by freeze-
drying. This is due to the grinding of the dried sample which
results in the formation of sheet-like particles of irregular
shapes and sizes.®® Nevertheless, the surface texture of BW
and BP differed. BW had a smooth surface (Table 1), while BP
had a rough, porous and wrinkled surface (Table 1). The vari-
ations seen in the morphology of freeze-dried powder are gen-
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Table 1 Characteristics of microencapsulated broccoli extract with whey protein (BW) and pea protein (BP)

Microencapsulated sample BW BP
Sulforaphane content (mg g™ ) 0.280 + 0.016 0.755 + 0.025
Encapsulation yield, EY (%) 96.9 +1.3% 92.0 +2.7°
Encapsulation efficiency, EE (%) 57.2 +3.3% 52.0 +1.7%
Particle size (um) Mean volume diameter, MV - d[4,3] 150.5 124.1
Mean number diameter, MN 36.32 43.92
Mean area diameter, MA - d[3,2] 88.55 81.96
Standard deviation 108.9 76.91
10" percentile, d10 43.82 45.43
50™ percentile (median diameter), d50 120.4 93.59
90" percentile, 90 317.8 256.6
Water activity, ay, 0.091 + 0.000 0.212 + 0.003
Colour L* 81.87 +1.38 70.10 + 0.62
a* -3.05+£0.18 —1.34 £ 0.20
b* 17.19 £ 1.44 19.09 = 0.07
c* 16.92 19.14
() ~78.50 -85.98
Appearance g

Decomposition temperature, Ty (°C)
Glass transition temperature, T (°C)
Surface morphology

V 10.6mm x250 SE

324.92
75.35

200um

kV 11.4mm x500 SE

100um

For the experiments conducted in triplicates, the values are reported as mean + standard deviation of three trials. For EY and EE, different letters
indicate that the values are significantly different (p < 0.05). The standard deviation of the particle size describes the width of the measured
particle size distribution (not statistical error of the mean of multiple measurements). The T4 of whey protein isolate and pea protein isolate were

also determined to be 309.18 and 319.85 °C, respectively.

erally due to differences in the properties of encapsulating
material.®’ Microencapsulated samples prepared by freeze-
drying typically have the core compound dispersed within the
encapsulating material.®* The homogeneity of the dispersion
depends on the formulation and processing conditions.

The wall materials, broccoli extract, and microencapsulated
products were characterised by MIR spectroscopy (Fig. 3).
Whey and pea protein isolates had a similar spectrum in
general with some minor differences. Both had bands at 1630
and 1515 cm™' which are characteristic bands in proteins
representing the peptide bonds of primary amide (-CO-NH,)
and secondary amide (-CO-NH), respectively.”® A difference
between whey and pea protein isolates was seen in the region
of 3000-2800 cm™'. Some bands were seen in whey protein
isolate in this region which are associated with the C-H
stretching vibrations of carbonyl groups of triglycerides.®® The
broccoli extract had several key bands. The sharp bands at
2915 and 2847 cm™ " can be associated with C-H based on the
pure sulforaphane spectrum in a previous study.®* The doublet

78 | Food Funct., 2025, 16, 71-86

peaks between 2200 and 2000 cm™" can be correlated with the
isothiocyanate group (-N=C=S) asymmetric stretching.®® The
band seen around 1740-1700 cm ™" can be related to the carbo-
nyl (C=0) of an ester group from chlorophyll,°® while that
seen at 1460 can be associated with aromatic C-C stretch. The
bands in the regions 1400-1300 and 800-700 cm™" can be cor-
related with C-H, while those between 700 and 500 cm™*
could be linked with C-S.®* The minor peak between 570 and
520 ecm ™" could be associated with the deformation nodes per-
pendicular to -NCS plane (out-of-plane).®” Both microencapsu-
lated samples have a generally similar spectrum. Nevertheless,
unlike BW, BP had more noticeable changes in comparison to
its wall material, especially in the regions 3400-3200 and
3000-2800 cm™" which could be correlated with N-H and C-H
stretching, respectively. In addition, microencapsulation
resulted in a stronger absorption band between 3300 and
3200 cm™ ', which corresponds to the stretching vibrations of
-OH linked to -NH,.°® In BW, there were no major changes
compared with a whey protein isolate spectrum other than

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Mid-infrared spectrum of broccoli extract, whey protein isolate and microencapsulated broccoli extract with whey protein (BW), pea protein

isolate, and microencapsulated broccoli extract with pea protein (BP).

changes in the shape of the bands in the region between 3000
and 2800 cm™". This may be due to differences in the extract-
to-wall material ratio in BW and BP. In general, the MIR ana-
lysis showed that the microencapsulated samples had a
similar spectrum with respect to the wall materials. This
suggests that the microencapsulation process was efficient®
and the extract was well coated.

As a part of the characterisation experiments, the T4 and T,
of the microencapsulated were also determined. The T4 of BW
and BP were close and about 320 °C (Table 1). At this tempera-
ture, the powder would start to break down chemically. The T,
of BW was about 80 °C, while that of BP was about 75 °C
(Table 1). At these temperatures, the rigid powder turns softer
and rubbery. These results can potentially help future indus-
trial investigations in assessing the caking, flowability, and
moisture sorption of the powder during storage. Nevertheless,
it is important to highlight that sulforaphane could undergo
degradation at lower temperatures due to its thermal sensi-
tivity which requires further investigation.

3.3. Bioaccessibility

In vitro dynamic gastrointestinal digestion was used to deter-
mine differences between the bioaccessibility of sulfora-
phane from BW, BP, and dried broccoli. This digestion
model mimicked the upper gastrointestinal tract (stomach
and small intestine). The lower gastrointestinal tract (colon/
large intestine) was not considered for this study because the
compound of interest, sulforaphane, which has been micro-
encapsulated is readily transported through the intestinal
epithelium by passive transport.”® The current study evalu-
ated the use of dynamic in vitro digestion (SHIME setup) to
determine sulforaphane bioaccessibility. Previous studies
have mainly used static in vitro digestion for this
purpose.’””"! In this method, each phase is performed with a
single set of starting conditions, such as enzyme concen-

This journal is © The Royal Society of Chemistry 2025

tration, pH, and bile salts, which do not reflect the constant
biochemical changes that happen in vivo.”> On the other
hand, the dynamic in vitro digestion model allows pH regu-
lation, food flow in different compartments, and real-time
injection of digestive enzymes into various parts of the gas-
trointestinal tract showing a greater potential of replicating
the in vivo digestion process.”

In this study, the bioaccessibility of sulforaphane from BW
was significantly greater (67.7 = 1.2%) than BP (19.0 + 2.2%)
and dried broccoli (19.6 + 10.4%) (p < 0.01) as shown in
Fig. 4a. In other words, a higher amount of sulforaphane was
able to reach the small intestine for absorption when micro-
encapsulated with whey protein. According to these results,
whey protein isolate is a more promising wall material for sul-
foraphane delivery in comparison to pea protein isolate. In
fact, the bioaccessibility of sulforaphane from BP and dried
broccoli did not differ significantly (p > 0.05). The stability of
sulforaphane throughout gastrointestinal digestion may be
attributed to the type and strength of intermolecular inter-
actions between sulforaphane and whey protein components
(amino acids). Whey protein comprises p-lactoglobulin,
a-lactalbumin, immunoglobulins, bovine serum albumin,
bovine lactoferrin, and lactoperoxidase,” thus higher concen-
tration of valine, leucine, and isoleucine in comparison to pea
protein.”> On the other hand, pea protein contains mainly
legumin and vicilin.”® Since sulforaphane has shown strong
hydrogen bonding with valine,>® and hydrophobic inter-
actions with isoleucine®® and valine,> this might explain the
higher stability of sulforaphane observed in BW compared to
BP. Thus, the differing compositions of whey and pea protein
(type, amino acid sequence, and amino acid profile) are likely
to influence the nature of intermolecular interactions that can
form between sulforaphane and these wall materials. Further
studies evaluating the amino acid composition of the micro-
encapsulation material have great potential in increasing sul-
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Fig. 4 Bioaccessibility (a), bioavailability (b), and apparent permeability coefficient (c) of microencapsulated broccoli extract with whey protein; BW,
microencapsulated broccoli extract with pea protein; BP, and broccoli powder (B). Data presented as mean + standard deviation, with * and ** indi-

cating a significant difference at p < 0.05 and p < 0.01, respectively.

foraphane stability and bioaccessibility. In addition, proteins
derived from other sustainable protein sources such as
cereals, legumes, and oilseeds could be investigated as wall
materials.

Larger microparticles are associated with a controlled
release, which can be beneficial for sustained delivery of
encapsulated active compounds.”” According to the particle
size analysis described earlier, BW had a larger mean volume
diameter (150.5 pm) in comparison to BP (124.1 pm). This
may have also positively affected the bioaccessibility of BW
sulforaphane.

To date, one reported study has investigated the encapsula-
tion of sulforaphane and performed in vitro gastrointestinal
digestion. The study used cauliflower-derived plasma mem-
brane vesicles to nano-encapsulate sulforaphane-containing
Bimi® broccoli extract.>® It reported that, following in vitro gas-
trointestinal digestion, the concentration of sulforaphane in
the nanoencpasulated tested sample was six times higher in
comparison to the free extract (p < 0.05). Yet, the bioaccessibil-
ity was not calculated which complicates the comparison with
our results. In fact, using plasma membrane vesicles (also
known as liposomes) may have some disadvantages. They have
low solubility and high production cost, phospholipids may
undergo oxidation or hydrolysis, and the core material is
capable of leaking.”® Thus, this may make it less applicable for
large-scale production by the industrial sector compared with
(whey) protein encapsulation. In addition, the use of proteins
for encapsulation, such as whey, can generate bioactive pep-
tides during digestion which can have biological benefits.”®
Peptides derived from whey protein have been reviewed and
have shown promising in vitro antioxidant (via lipid peroxi-
dation inhibition, reactive oxygen species inactivation, and
free radical scavenging), anti-hypertensive (via angiotensin-
converting enzyme inhibition), and anti-diabetic (via inhi-
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3.4. Bioavailability

The in vitro bioavailability of the digested BW, BP, and dried
broccoli sulforaphane was evaluated using the Caco-2-HT29-
MTX-E12 intestinal absorption model. This model resembles
the human small intestine better than the widely used single-
cell Caco-2 model.®° Caco-2 cells lack mucus production which
acts as a physical and chemical defence layer against different
food particles, enzymes, chemicals, and many host-secreted
products.®” The absence of a mucus layer facilitates the
diffusion of small molecules, potentially leading to an overesti-
mation of their permeability across the cells. In contrast,
HT29-MTX-E12 are goblet cells that secrete mucins. Thus, a
co-culture of Caco-2-HT29-MTX-E12 is expected to produce a
cell layer closely resembling the permeability of the intestine.®*
While not investigated in this study, previous research has
demonstrated that this cell model can predict intestinal per-
meability and categorise drugs into the biopharmaceutical
classification system (BCS) based on their high or low
permeability.®>

The current study is the first to investigate the bio-
availability of sulforaphane using a Caco-2-HT29-MTX-E12 cell
model. The study revealed that the bioavailability of BW sulfor-
aphane (54.4 + 4.0%) was significantly greater than that of sul-
foraphane from BP (9.6 + 1.2%) and dried broccoli (15.8 +
2.2%) (p < 0.01) as shown in Fig. 4b. In addition, the P,,, of
BW sulforaphane (1499 x 107° + 265 cm s~ ') was significantly
greater than that of sulforaphane from BP (266 x 107° + 53 cm
s™") and dried broccoli (272 x 107® + 83 cm s7') (p < 0.01) as
shown in Fig. 4c. The bioavailability and P,p,, of sulforaphane
from BP and dried broccoli did not differ significantly (p >
0.05). Based on these results, microencapsulation of broccoli

This journal is © The Royal Society of Chemistry 2025
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extract with whey protein enhances sulforaphane bio-
availability. The physicochemical properties of the digesta of
BW, including the solubility of sulforaphane in that, could
potentially support improved sulforaphane intestinal uptake in
comparison to BP and dried broccoli. Furthermore, the com-
position of the BW digesta (hydrolysed whey protein) could
have also favoured the transport of sulforaphane in contrast to
BP and dried broccoli. The digesta matrix composition is one
of the factors that affects bioavailability.®*

Reviewing the literature, only two studies have investi-
gated the in vitro intestinal absorption (using Caco-2 cell
model) of sulforaphane which was sourced from kale*® and
a broccoli seed extract.”” The studies reported a bio-
availability of 29.4 and 72.4%, respectively. The bio-
availability of broccoli seed extract sulforaphane was greater
than the sulforaphane from the samples of the current
study. It is important to note that the previous study”’
measured sulforaphane metabolites and considered their
concentration in calculating the bioavailability. The study
reported that about 15% of the value was attributed to sul-
foraphane-glutathione and sulforaphane-cysteine. About
58% of the value was associated with sulforaphane concen-
tration which is close to the value obtained for BW sulfora-
phane in the current study. It is critical to highlight that
these previous studies®>*® have considered Caco-2 cell
models which lack mucus layer and may overestimate trans-
port levels.®! In addition, the study by Zhu et al. (2023)* did
not state whether the broccoli seed extract used in their bio-
availability experiment was an undigested sample or
obtained from their in vitro digestion experiment.

Sulforaphane is passively absorbed by enterocytes (small
intestinal absorptive cells) due to its lipophilicity (logP
(octanol/water) = 0.72) and low molecular weight (177 g
mol™").3*"%° It has been reported in some studies that upon
absorption in intestinal epithelial cells, sulforaphane is
rapidly conjugated with glutathione to form sulforaphane-
glutathione (SNF-GSH) conjugate and then transported
through the circulatory system and then metabolised by the
mercapturic acid pathway (involving the liver, kidney, and
small intestine).®*®”%° The conjugation could happen
without the need for -catalysis, although glutathione
S-transferase (GST) could potentially catalyse this reaction.®”
In low glutathione conditions, the SNF-GSH conjugate could
be cleaved, resulting in free sulforaphane being circulated
and transported to cells.*® Considering that sulforaphane
passively transports through the intestinal layer’® and its
metabolism partly starts at this stage,’® future studies can
consider analysing the concentration of some initial sulfora-
phane metabolites such as SNF-GSH. In vivo studies can con-
sider further metabolites to assess bioavailability. SNF-GSH
undergoes a series of enzymatic metabolic reactions to
produce sulforaphane-cysteine glycine conjugate, sulfora-
phane-cysteine conjugate, and finally sulforaphane-N-acetyl-
cysteine conjugate which is exerted in urine.’® Measurement
of these sulforaphane conjugates can help in understanding
the in vivo bioavailability.

This journal is © The Royal Society of Chemistry 2025
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4. Conclusions

Broccoli sulforaphane-rich extract was microencapsulated
with whey protein isolate and pea protein isolate producing
products with a high EY and moderate EE.
Microencapsulation of broccoli sulforaphane using whey
protein was able to significantly enhance the bioaccessibility
and bioavailability of sulforaphane in comparison to sulfora-
phane from dried broccoli and broccoli sulforaphane micro-
encapsulated by pea protein isolate. In addition, the rate of
sulforaphane movement across the membrane of Caco-2-
HT29-MTX-E12 cells was significantly higher in the whey
protein, compared to the pea protein microencapsulated
sample. This suggests that whey protein isolate could be a
promising wall material to protect and stabilise sulforaphane.
Future studies could evaluate the stability of this formulation
at different temperatures and humidity levels to understand
the changes in sulforaphane concentration during storage. In
addition, the preparation of the sulforaphane-rich broccoli
extract using greener and more compatible food-grade sol-
vents such as natural deep eutectic solvents (NADES), repla-
cing dichloromethane, can be investigated. The composition
of NADES suitable for extracting sulforaphane is yet to be
investigated. Moreover, the generated peptides during the
digestion of proteins can be determined and characterised.
After optimising extraction, microencapsulation, and storage
conditions, the in vivo bioavailability of sulforaphane in
humans could be assessed.
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