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Featured Application: This work brings key evidence to promote the use of hempseed food by-
products in the development of functional ingredients such as prebiotics and foods for preven-
tion and aid of metabolic disorders.

Abstract: Agricultural hemp (Cannabis sativa L.) is currently underutilised for food and could be piv-
otal to the development and expansion of a low-carbon food production system and to contribute to
sustainable diets. Dehulling hempseed for food (for hempseed hearts) generates several by-products,
including hempseed “screenings”. This study assessed the effects of several bioprocessing treatments
(using enzyme mixtures, yeast, and combinations of both) on hemp screenings nutrient and phy-
tochemical content and their digestion and metabolism in vitro (using a gastrointestinal digestion
model and incubations with human mixed microbiota-faecal samples from three healthy donors).
The nutrients and phytochemicals’ metabolites were measured using targeted LC-MS/MS and GC
analysis. The hempseed screenings are rich in insoluble NSP (16.46 ± 0.86%), protein (20.15 ± 0.11%,
with 3.83% tryptophan), syringaresinol, p-coumaric and protocatechuic acids. The hempseed screen-
ings are highly fermentable, resulting in a significant increase in acetic, propionic, and butyric acids
following fermentation with faecal microbiota. The bioprocessing treatments significantly increased
the extractability of the phytochemicals, especially in free and alkaline-labile forms, without improv-
ing the fibre fermentation. The findings from this study support the use of hempseed screenings as a
source of dietary nutrients for biodiversification and development of potential functional foods for
metabolic and gut health.

Keywords: hemp (Cannabis sativa L.); hempseed by-products; plant secondary metabolites; microbial
metabolites; enzyme bioprocessing; in vitro digestion; in vitro fermentation; short chain fatty acids;
dietary fibre; plant protein

1. Introduction

With an ever-increasing global population and concerns about the impact of climate
change on food supply chains, food security has become a pressing issue [1]. Consideration
also needs to be given to reducing greenhouse gas levels and to the delivery of greener,
healthier, and more sustainable foods. Food producers are, therefore, exploring alternative
and resilient crops, such as agricultural hemp (Cannabis sativa L.). This is very low in
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tetrahydrocannabinol (THC) and has immense industrial potential while being highly
sustainable and environmentally beneficial [2]. Hempseed has a high nutritional value
containing 25 to 35% oil, 20 to 25% protein, 20 to 30% carbohydrates, 10 to 15% insoluble
fibre [3,4] and is rich in bioactive phytochemicals [5].

As high-protein crop, hemp could potentially rapidly meet the growing demand for
plant protein and contribute towards meeting the “Reference Nutrient Intake (RNI)” (0.75 g
protein per Kg body weight per day) [6]. Unlike soya and wheat protein, hemp is not
currently defined as an allergen and hemp-based food products are not known to cause
food allergies or coeliac syndrome [7]. As a source of dietary fibre, such as non-starch
polysaccharides (NSP), could be fermented to short-chain fatty acids (SCFAs) by colonic
microbes, impacting various physiological effects [8,9]. The microbial-derived metabolites
of protein (specifically aromatic amino acids) such as indole-3-propionic acid (IPA), associ-
ated with a lower likelihood of developing type 2 diabetes (T2D), the indoles recognized as
possessing anti-oxidative and anti-inflammatory properties, and the 4-hydroxyphenylacetic
acid (4-HPAA) being proposed for potential nutritional therapies for hepatic steatosis [10].
As these findings could be exploited to promote metabolic health and prevent chronic
disease, it is, therefore, important to assess the bioavailability, metabolism, including
fermentability, of high protein and fibre food crops such as hemp.

The most studied hemp food by-product is the hemp meal produced after the oil
extraction process and milled into flour to produce breads, potato chips, burger patties [11].
The consumption of hemp-rich meals (bread baked with hemp flour) beneficially modulated
gastrointestinal hormones and promoted satiety in healthy individuals [12]. The dehulling
of hempseeds to produce the hemp hearts removes the outer shell, mainly composed of
fibre [4] and the hemp screenings, which are often discarded. Here, we have studied the
“hempseed screenings” which are understudied hemp food by-products with the scope
of developing potential functional food ingredients to promote zero-waste hemp food
production and a circular nutrition and a circular economy. The ‘circular economy’ refers
to markets that promote the transformation of waste products into value-added items
for reintroduction into the economy. Not only is this beneficial for the environment by
reducing waste, but it also encourages the creation of new jobs and the development of
alternate sectors to facilitate such activities [13].

To develop value-added products from plant seed by-products, various pre-treatments
have been explored to improve their functionality and nutritional properties. For example,
bioprocess strategies like enzymatic and fermentation treatments have been successfully
applied to modify cereal and pseudocereals brans, demonstrated by enhanced SCFA pro-
duction and accessibility of phenolics [14–16]. Recently, lactobacilli fermentation has been
used to improve the functional properties of hempseed hull, resulting in an increased
content of volatile organic acids and terpenes [17]. However, whether such bioprocessing
treatments may affect the bound plant metabolites and the fibre composition in hempseed
by-products is still unknown. As for the colonic fermentation behaviour, fiber-rich hemp
hull was more slowly degraded than its protein isolates and fructo-oligosaccharides [18],
while our understanding of the gut transformations of plant metabolites in hempseed
by-products is still limited.

With the aim of promoting hempseed screenings as a potential ingredient for the
food industry, this study explored its potential use as a source of dietary fibre, protein,
and bioactive phytochemicals. The effects of the bioprocessing treatments on the nutrient
and phytochemical content, their extractability and their in vitro digestion and microbial
metabolism (using human mixed microbiota) are also investigated.

2. Materials and Methods
2.1. Standards and Reagents

Standards and general laboratory reagents were purchased from Sigma-Aldrich
(Gillingham, UK) and Fisher Scientific UK Ltd. (Loughborough, UK) or synthesized
as described previously [19,20].
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2.2. Preparation of Hempseed Screenings for Analysis

Industrial by-product hempseed screenings were supplied by the Good Hemp Com-
pany (BRAHAM & MURRAY, Devon, UK). The hemp screenings were obtained by de-
hulling the whole hemp seed industrially by using a Satake dehuller followed by a sifter
and aspirator, which separated the shells from the screenings and the hempseed hearts
using a gravity separator. Hempseed screenings were freeze milled with liquid nitrogen
(Spex 6700, Edison, NJ, USA) and the powder was used for all the consequent work.

2.3. Macronutrient Analysis

Determination of dry matter and ash was according to the standard procedures of
the Association of Official Analytical Chemists [21], crude protein was estimated as total
nitrogen by the Dumas combustion method using a Vario Max CN analyser (N × 6.25),
total fat was determined by Soxtec method (Soxtec™ 2050 Auto Fat Extraction System) [22],
and a previously published method was used to determine the resistant starch and soluble
and insoluble non-starch polysaccharide (NSP) [23]. The amino acid analysis was done by
Alta Bioscience Ltd., using ISO/IEC 17025:2017 accredited methodologies.

2.4. Bioprocessing of Hempseed Screenings

The hempseed screening bioprocessing was done according to a previous publication [24],
with several amendments. Two bioprocessing experiments generating seven different biopro-
cessed samples were performed (Figure 1). In the first bioprocessing treatment, the enzyme
mixtures I (EM_1) were prepared with three commercial carbohydrate-hydrolyzing food grade
enzymes: 0.01% (w/w) Fungamyl® 800 L, 0.14% (w/w) Viscozyme® L (Novozymes Corp.,
Bagsvaerd, Denmark), 0.36% (w/w) Depol 740 L, Biocatalysts Ltd., Wales, UK) and Millipore
water (pH 6.5). Fermentation bioprocessing (BY_1) was performed by mixing 22% (w/w)
hempseed screenings and 0.27% (w/w) Baker’s yeast (Sigma-Aldrich, Darmstadt, Germany)
with Millipore water. For the EM + BY_1 group, enzyme mixture I was applied along with
yeast fermentation. All the mixtures in the first bioprocessing were kept at 20 ◦C for 20 h in a
shaker at 150 rpm.

In the second bioprocessing, EM_2 used enzyme mixture I. EC_2 was treated with
enzyme mixtures II, which were prepared with the combination of enzyme mixture I and
0.01% (w/w) cellulase from Trichoderma sp. (Sigma-Aldrich, Gillingham, UK). Fermenta-
tion bioprocessing (BY_2) was continuously performed by mixing 22% (w/w) hempseed
screenings and 0.27% (w/w) Baker’s yeast. For the EC + BY_2, enzyme mixtures II were
applied along with Baker’s yeast fermentation. The second bioprocessing used Millipore
water adjusted to pH 5 and contained two phases: An initial incubation at 40 ◦C for 4 h
and then 20 ◦C for 20 h without mixing. After bioprocessing, these mixtures in triplicate
were directly freeze-dried for the subsequent experiments.

2.5. Non-Starch Polysaccharide (NSP) Analysis

To evaluate the impact of different bioprocessing treatments on the NSP compositions
of the hempseed screenings, monosaccharide composition of the hydrolysed soluble and
insoluble NSP was analysed using gas chromatography with Flame Ionised Detection [25].
The samples were treated with heat-stable amylase to remove starch, and the NSPs were
measured as the sum of the constituent sugars released by sulphuric acid (H2SO4) (7 M)
hydrolysis at 100 ◦C for 1 h. All analyses were performed in triplicate.

2.6. Extraction of Phytochemicals

Phytochemical extractions from raw and bio-processed hemp materials were con-
ducted according to a previous publication [5]. Briefly, samples (approx. 0.1 g dry weight;
n = 3) were suspended in hydrochloric acid (HCl; 0.2 M; 3 mL) and then extracted into ethyl
acetate (EtOAc; 5 mL), followed by vortex mixing and centrifugation (5 min at 3200× g).
The extraction was repeated twice again. The combined EtOAc extracts were left to stand
over sodium sulphate (anhydrous) and then filtered. The solvent was removed under
reduced pressure at less than 40 ◦C, and the residue was dissolved with methanol (0.5 mL),
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which represented the “free fraction” and was stored at −70 ◦C prior to LC-MS analysis.
The remaining aqueous fraction was neutralised and freeze-dried for extraction of ‘bound
fraction’. The freeze-dried pellets were suspended in NaOH (3 mL; 1 M) and stirred at
room temperature for 4 h under nitrogen. The pH was reduced to pH 2 with HCl (6 M),
and samples were extracted into EtOAc (5 mL). This was repeated twice and processed
as described above to obtain the ‘alkaline fraction’. The pH of the aqueous fraction was
then brought to pH 7 and freeze-dried again. The freeze-dried aqueous fractions were
suspended in HCl (3 mL; 2 M) and incubated at 95 ◦C for 30 min. The samples were cooled
to room temperature and extracted with EtOAc (5 mL) three times again and processed as
described above to obtain the ‘acid fraction’.
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Figure 1. Overview of experimental design: The plant metabolites of the raw hempseed screenings
and bioprocessed samples were extracted into their free and bound forms and profiled by targeted
LC-MS/MS; the monosaccharide composition analysis of soluble and insoluble NSP by GC analysis.
The bioprocessing treatments used enzyme mixture I, enzyme mixture II, yeast fermentation and com-
binational bioprocessing. The EM_1 (enzymes mixture I) and EC_2 (enzymes mixture II) treatments
were selected for in vitro digestion and dialysis system (IVDG) and for in vitro fermentation studies.
The concentrations of short chain fatty acids and other digestion and fermentation metabolites were
measured using GC and LC-MS/MS analysis.

To prepare samples for LC-MS analysis, an aliquot (50 µL) of each type of methanol-
dissolved extract prepared above was transferred to an Eppendorf. Internal standard
1 (IS1) for negative-mode mass spectrometry ([13C]benzoic acid; 2 ng/µL in 75% methanol
containing 0.02% acetic acid; 50 µL), internal standard 2 (IS2) for positive-mode mass
spectrometry (2-amino-3,4,7,8-tetramethylimidazo [4,5-ƒ]quinoxaline; 0.5 ng/µL in 75%



Appl. Sci. 2023, 13, 5781 5 of 19

methanol containing 0.02% acetic acid; 50 µL), and acidified (0.4 M HCl) methanol (100 µL)
were added. The samples were mixed well and centrifuged (12,500× g, 5 min). The
supernatant was divided into three parts for three LC-MS/MS methods, as detailed below.

2.7. LC-MS Analysis

LC-MS/MS analysis of metabolites from raw, bioprocessed, digested and microbial
incubated hemp material was performed on an Agilent 1100 LC-MS system using a Zor-
bax Eclipse 5 µm, 150 × 4 mm column from Agilent Technologies (Wokingham, UK)
as described and published [26–30]. The plant material was extracted using the meth-
ods described above to capture data on the metabolites produced predominantly by the
phenylpropanoid pathway, as well as products of protein and carbohydrate metabolism.
This included derivatives and metabolites of the simple phenols, benzoic acids, phenolic
acids, phenylacetic acids, phenypropionic acids, phenylpyruvic acids, phenyllactic acids,
mandellic acids, phenolic dimers, acetophenones, benzaldehydes, cinnamaldehydes, ben-
zyl alcohols, cinnamyl alcohols, indoles, isoflavones, coumarins, chalcones, flavanones,
flavones, flavonols, and anthocyanidins. Liquid chromatography separation of the metabo-
lites was performed on an Agilent 1100 LC–MS system (Agilent Technologies, Wokingham,
UK) using a Zorbax Eclipse 5 µm, 150 × 4.6 mm C18 column (Agilent Technologies, Wok-
ingham, UK). Three gradients were used to separate the different categories of metabolites
and the mobile phase solvents in each case were water containing 0.1% acetic acid (A) and
acetonitrile containing 0.1% acetic acid (B). The LC eluent was directed into, without split-
ting, an ABI 3200 triple quadrupole mass spectrometer (Applied Biosystems, Warrington,
UK) fitted with a Turbo Ion Spray™ (TIS) source. All the metabolites were quantified
using multiple reaction monitoring (MRM). For all the phytochemical quantifications, the
standard calibrations were over a concentration interval of 2 ng/µL to 10 pg/µL. The
threshold used for quantification was a signal to noise ratio of 3 to 1. All the ion transitions
for each of the metabolites were determined based on their molecular ions and strong
fragment ions, their voltage parameters, declustering potential, collision energy and cell
entrance/exit potentials were optimised individually for each metabolite and have been
previously described [26–30].

2.8. In Vitro Gastrointestinal Digestion (IVDG) Model with Dialysis Process

In vitro gastrointestinal digestion (IVDG) was performed according to the harmonised
protocol developed by the COST INFOGEST network, with slight modifications [31,32]. The
IVDG model consists of an oral phase, a gastric phase, and an intestinal phase. All solutions
were preheated to 37 ◦C prior to use, and all the experimental conditions were performed
in a pre-set 37 ◦C shaking water bath (Grant OLS-200, UK). Briefly, in the oral phase,
weighed sample (1 g) in triplicate was mixed with 3 mL of water to create a ‘food-like’
paste. 50% (v/v) Simulated Salivary Fluid (SSF, pH 7) containing calcium chloride (CaCl2)
(150 mM) and amylase (150 U/mL) was added to the paste and was allowed to mix for
2 min. Followed by mixing, the sample from the oral phase with the same volume of gastric
phase, Simulated Gastric Fluid (SGF, pH 3) containing (16 mg/mL) and CaCl2 (0.15 mM).
After adjusting to pH 3.0 with 1 M HCl, the sample was incubated for 2 h stimulating
gastric phase. Then the simulated food bolus was exposed to Simulated Intestinal Fluid
(SIF, pH 7) at 50% (v/v) that contained pancreatin (without bile acids) and was incubated
for further 3 h after the pH was brought to 7.0 with 1 M NaOH.

The digesta from the IVDG were transferred to a 50 mL falcon tube and centrifuged
(3200× g, 5 min, 4 ◦C). The pellet was kept at −20 ◦C. The supernatant was transferred
into a cellulose dialysis membrane (Cheshire biotech Cheshire, UK) with a molecular
weight cut off of 12–14 kDa and dialysed against a 100-fold volume of denoised water for
one hour at room temperature, repeated twice again. The dialysis fluid from outside of
dialysis membrane was collected and combined, 30 mL aliquots were sampled from 4.5 L
homogeneous dialysis fluid and analysed for metabolites by LC-MS/MS, which represent
the small molecules likely absorbed in the small intestine. Aliquots of the dialysis fluid
were freeze-dried and dissolved with 100 µL methanol for LC-MS analysis as detailed in 2.4
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and 2.5. The digesta retained inside of dialysis membrane were combined with the saved
pellets, stored at −70 ◦C and freeze-dried. This fraction represents the portion delivered to
the colon and was used as the substrate for the faecal incubation.

2.9. In Vitro Incubation of Hemp Samples Using Human Mixed Microbiota (Faecal Samples)
2.9.1. Human Faecal Incubation

Freeze-dried digesta from IVDG were weighed (0.025 ± 0.001 g) in six replicate pre-
weighed Hungate tubes sealed with butyl rubber stoppers and screw caps (Bellco Glass,
Shrewsbury, UK). A volume of approximately 7.5 mL M2 basal medium (containing no
other carbohydrate energy source) was subsequently added and autoclaved. The faecal
slurry was achieved by anaerobically mixing 2 g of fresh faeces (three healthy omnivore
human donors) with 8 mL of anaerobic 50 mM phosphate buffer containing 0.05% cysteine
under a CO2 atmosphere and vortex mixing. After cooling, three tubes of six duplicates
(three control tubes incubated with 100 µL buffer) were inoculated with the 100 µL faecal
slurry under CO2 and incubated at 37 ◦C. Samples for metabolite analysis by LC-MS/MS
were recovered at 0 h and at 24 h, 48 h, and 72 h post-inoculation. Samples recovered at 0 h
and 72 h were also used for the SCFA analysis.

Written informed consent was obtained from each subject. The volunteers were healthy,
consuming an omnivore diet, with no use of antibiotics for at least three months prior to
the study. The study involved collection of faecal samples from human donors, followed all
the principles of the Declaration of Helsinki and good clinical practice, and all procedures
involving human subjects were reviewed and approved by the Human Studies Management
Committee of the Rowett Institute, University of Aberdeen, UK, and the Rowett Institute
Ethics Panel. The study was carried out from October 2019 until October 2020.

2.9.2. Short Chain Fatty Acid (SCFA) Analysis

SCFA levels were measured in the inoculated supernatants by gas chromatography,
as described previously [33]. Following conversion to tert-butyldimethylsilyl derivatives,
1 µL of the sample was analysed using a Hewlett–Packard (Palo Alto, CA, USA) gas
chromatograph fitted with a fused silica capillary column with helium as a carrier gas.
The SCFA concentrations were calculated from the relative response factor with respect to
the internal standard (2-ethyl butyrate).

2.9.3. LC-MS/MS Microbial Metabolites Analysis

The collected supernatants from the inoculation were mixed with a specific volume of
methanol and internal standard solution (1:2:2, v/v/v), and centrifuged at 12,000× g for
10 min. The supernatant was used for LC-MS/MS analysis (see Method 2.5 and 2.6).

2.10. Statistical Analysis

Significance differences were * p < 0.05 and ** p < 0.01 between groups using one-way
ANOVA and Turkey’s multiple comparisons. All the analyses were performed in triplicate,
and results were presented as the mean ± standard deviation. The principal component
analysis (PCA), and heatmap were visualised using R 4.0.3. Specific to the heatmap, a function
of log10-transformation was applied to normalise the concentration of metabolites. The
microbial metabolites measured by LC-MS/MS analysis following the mixed microbiota
incubations of hempseed screening samples were also analysed by principal component
analysis (PCA), unit variance (UV)-scaled using SIMCA 14.1 (Umetrics, Cambridge, UK).

3. Results
3.1. Hempseed Screening Composition
Hempseed Screenings Are a Rich Source of Nutrients

The protein (determined as crude nitrogen content), total fat, total carbohydrate,
resistant starch, soluble non-starch polysaccharides (NSP), and insoluble NSP content
presented as % of dry weight (including ash and dry matter) for hemp screenings are in
Table 1. The screenings are a rich source of protein, dietary fibre, and fat. The protein
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content (20.15%) is similar to the whole hemp seed, which could vary between 21 and
27% and is higher than in the hemp hull (8–16%) and lower than in the hemp seed meal
(cold press expelling; 30–50%) depending on the variety [3]. This protein value is similar
to beans and pulses, such as fava beans (26.1%), lentils (25.8%), chickpeas (19.3%), and
kidney beans (21.6%) in terms of protein content according to USDA National Nutrient
Database [34]. One hundred grams of screenings could therefore be an additional source of
dietary macronutrients, contributing up to 50% of the “Reference Nutrient Intake (RNI)”
for protein for adults (0.75 g protein per Kg body weight per day), which is 56 g men and
45 g women per day [6]. The total NSP (sum of soluble and insoluble) of 16.78%, 100 g of
screenings could deliver approximately 56% of the daily recommendation for fibre and 67%
of RDA for NSP [35].

Table 1. Proximate composition and amino acids composition of the raw hempseed screenings (%
w/w). The values are expressed as g/100 g dry weight ± SD (standard deviation).

Proximate
Composition Content (%)

Amino Acids Composition
EAA 2 Content (%) Non-EAA 3 Content (%)

dry matter 94.32 ± 0.13 tryptophan 3.83 glutamic acid 3.02
ash 4.47 ± 0.01 leucine 1.21 aspartic acid 2.03
protein 20.15 ± 0.11 valine 0.88 arginine 1.91
total fat 25.06 ± 0.22 phenylalanine 0.85 serine 0.95
total carbohydrate 8.27 ± 0.14 isoleucine 0.71 glycine 0.79
total starch 0.03 ± 0 threonine 0.71 proline 0.77
resistant starch n.d. 4 histidine 0.67 alanine 0.76
total NSP 1 lysine 0.67 cysteic acid 1 0.52
-Insoluble 16.46 ± 0.86 methionine 0.27 tyrosine 0.42
-Soluble 0.32 ±0.05 cysteine 0.20

1 NSP means non-starch polysaccharides. 2 EAA means essential amino acid. 3 non-EAA means nonessential
amino acid. 4 n.d. means not detected (i.e., below the detection level).

The hempseed screening contains all the essential amino acids (Table 1) (EAA) and non-
EAA. Tryptophan is the most abundant amino acid, with a concentration of 3.83%, which
could satisfy the RDA for this essential amino acid (5 mg/Kg/day adults), followed by three
non-EAA glutamic acid (3.02%), aspartic acid (2.03%), and arginine (1.91%). Furthermore,
hemp screening could also satisfy the RDA for histidine, glutamic acid, and threonine.

3.2. Hempseed Screenings Bioprocessing
3.2.1. Hempseed Screenings Bioprocessing Treatments Increased the Solubility of Dietary
Fibre (NSP)

The insoluble NSP in the raw hempseed screenings (Table 2) is mainly composed
of 7.01% xylose, 4.46% glucose, 0.86% arabinose, 0.48% galactose, and 3.10% uronic acid,
which suggested the existence of pectin and hemicellulose fractions (such as xylan, xyloglu-
can, arabinoxylan, and galactoxyloglucan). Insoluble fibres are dominant in hempseeds,
consisting of approximately cellulose (46%), lignin (31%), and hemicellulose (22%) [36].
Monosaccharide composition analysis indicated that hempseed hulls were almost entirely
dominated by xylose (99.65%), with a limited amount of rhamnose, glucose, arabinose, and
galactose [37]. The soluble NSP in the raw hempseed screenings is mainly composed of
0.08% arabinose, 0.06% galactose, 0.06% uronic acid, 0.04% glucose, and 0.04% fucose, as
well as a low amount of 0.03% xylose. This indicates that uronic acid-containing polysac-
charides such as glucurono-arabinogalactan are probably the major type of soluble NSP.
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Table 2. Non-starch polysaccharides (NSP) in the raw and bioprocessed hempseed screenings. Values
were expressed as the mean ± S.D., and the total value was the sum of all analysed monosaccharide
units (n = 3). A t-test with FDR correction was used for group comparison between Raw and EM_1,
EM_2 or EC_2. (*) p < 0.05 and (**) p < 0.01.

NSP Raw
First Bioprocess Second Bioprocess

EM_1 BY_1 EM+BY_1 EM_2 EC_2 BY_2 EC+BY_2

Insoluble (%)
Xylose 7.01 ± 0.40 7.06 ± 0.04 7.05 ± 0.16 7.50 ± 0.06 6.48 ± 0.61 7.07 ± 0.19 6.95 ± 0.38 6.83 ± 0.14

Glucose 4.46 ± 0.52 3.95 ± 0.03 4.32 ± 0.11 3.81 ± 0.14 3.17 ± 0.15 * 3.25 ± 0.14 * 2.73 ± 0.39 3.05 ± 0.29
Arabinose 0.86 ± 0.01 0.39 ± 0.02 ** 0.48 ± 0.00 0.34 ± 0.00 0.32 ± 0.01 ** 0.34 ± 0.01 ** 0.52 ± 0.01 0.33 ± 0.01
Galactose 0.48 ± 0.01 0.31 ± 0.01 ** 0.41 ± 0.00 0.34 ± 0.03 0.29 ± 0.03 ** 0.28 ± 0.00 ** 0.43 ± 0.04 0.26 ± 0.01
Rhamnose 0.27 ± 0.01 0.20 ± 0.01 ** 0.25 ± 0.00 0.19 ± 0.00 0.17 ± 0.02 ** 0.20 ± 0.01 ** 0.22 ± 0.00 0.18 ± 0.01
Mannose 0.22 ± 0.01 0.18 ± 0.01 ** 0.32 ± 0.00 0.30 ± 0.01 0.12 ± 0.04 * 0.13 ± 0.01 ** 0.27 ± 0.01 0.19 ± 0.01

Fucose 0.08 ± 0.01 0.05 ± 0.00 ** 0.06 ± 0.00 0.04 ± 0.00 0.05 ± 0.00 ** 0.05 ± 0.01 * 0.08 ± 0.02 0.04 ± 0.00
Uronic Acid 3.10 ± 0.03 2.18 ± 0.03 ** 2.80 ± 0.05 2.06 ± 0.06 1.37 ± 0.14 ** 1.55 ± 0.17 ** 2.57 ± 0.20 1.62 ± 0.18

Total 16.46 ± 0.86 14.32 ± 0.05 15.70 ± 0.31 14.58 ± 0.16 11.96 ± 0.84 ** 12.87 ± 0.46 ** 13.77 ± 0.86 12.50 ± 0.18
Soluble (%)

Xylose 0.03 ± 0.01 0.06 ± 0.00 ** 0.02 ± 0.01 0.04 ± 0.00 0.04 ± 0.00 0.06 ± 0.02 0.04 ± 0.03 0.08 ± 0.07
Glucose 0.04 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.04 ± 0.02 0.04 ± 0.03 0.03 ± 0.00

Arabinose 0.08 ± 0.02 0.07 ± 0.01 0.06 ± 0.00 0.06 ± 0.00 0.07 ± 0.00 0.08 ± 0.01 0.09 ± 0.02 0.08 ± 0.04
Galactose 0.06 ± 0.01 0.06 ± 0.00 0.06 ± 0.01 0.05 ± 0.00 0.07 ± 0.00 0.07 ± 0.02 0.07 ± 0.02 0.05 ± 0.02
Rhamnose 0.02 ± 0.01 0.06 ± 0.01 ** 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.04 ± 0.02 0.04 ± 0.02 0.02 ± 0.02
Mannose n.d. 0.08 ± 0.01 0.10 ± 0.01 0.09 ± 0.00 n.d. 0.02 ± 0.03 0.04 ± 0.02 0.03 ± 0.02

Fucose 0.04 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 0.05 ± 0.00 0.05 ± 0.01 0.03 ± 0.03 0.04 ± 0.00
Uronic Acid 0.06 ± 0.01 0.17 ± 0.00 ** 0.05 ± 0.00 0.13 ± 0.00 0.17 ± 0.00 ** 0.16 ± 0.01 ** 0.05 ± 0.00 0.15 ± 0.01

Total 0.32 ± 0.05 0.58 ± 0.01 ** 0.39 ± 0.04 0.47 ± 0.01 0.46 ± 0.01 ** 0.52 ± 0.12 0.40 ± 0.17 0.48 ± 0.05

n.d. means not detected (i.e., below the detection level). EM, EC, and BY represented the HS treated with enzyme
mixtures I (Depol 740 L + Viscozyme® L + α-Amylase), the combination of enzyme mixtures II and cellulase
(enzyme mixtures II), and Baker’s yeast, respectively. EM+BY and EC+BY mean the combination of enzyme
treatment and yeast fermentation.

Interestingly, both the first and second bioprocessing treatments effectively decreased
the content of insoluble NSP and increased the content of soluble NSP (Table 2). After the
first bioprocessing, using enzyme mixture I (EM_1) resulted in the lowest content of
insoluble NSP (14.32%) and the highest content of soluble NSP (0.58%). After the second
bioprocessing using EM_2, the lowest content of insoluble NSP (11.96%) was observed,
followed by EC+BY_2 (12.50%) and EC_2 (12.87%). Meanwhile, after treatment with EC_2,
the highest content of soluble NSP (0.52%) was obtained, followed by EC+BY_2 (0.48%) and
EM_2 (0.46%) treatments. This suggests that the second bioprocessing was most suitable for
the solubilization of hemicellulose compared to the first bioprocessing, and the combination
of enzymatic and fermentation treatments was more capable of depolymerizing the cell
wall compared to fermentation alone.

Regarding the monosaccharides composition of insoluble NSP (Table 2), the first and
second bioprocessing consistently decreased the content of glucose, arabinose, galactose,
and uronic acid. Specifically, the second bioprocessing effectively decreased the content of
glucose for insoluble NSP compared to the first bioprocessing, while the glucose content
of the insoluble NSP was similar after treatment with EC_2 with cellulase (3.25%), EM_2
without cellulase (3.17%), and EC+BY_2 (3.05%). The monosaccharides composition of the
soluble NSP varied greatly between bioprocessing treatments, except that both the first and
second bioprocessing consistently increased the content of uronic acid. Notably, the uronic
acid content of soluble NSP was the most abundant in EM_1 (0.58%), followed by EC_2
(0.52%). Overall, EM_1 was seemingly more capable of solubilizing the insoluble NSP than
other treatments from the first bioprocessing. Similar findings were observed for the EM_2
when compared with other treatments from the second bioprocessing.

3.2.2. Hempseed Screenings Bioprocessing Treatments Increased the Extractability of
Several Plant Metabolites

Quantitative profiling of plant metabolites from the hempseed screenings by targeted
LC-MS/MS is shown in Table S1. The sum of the free, alkaline-labile, and acid-labile frac-
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tions measured by LC-MS/MS was indicated as total content, including total phenolic acids
and derivatives/aldehydes (PAD), flavonoids, and lignans (Figure 2a). Compared with the
raw hempseed screenings, both the first and second bioprocessing treatments significantly
increased the content of free PAD and flavonoids released from the screenings, except for
the total flavonoids after EM_2 treatment. The second bioprocessing only significantly
increased the content of acid-labile PAD and flavonoids released. The BY_2 treatment
significantly increased the content of alkaline-labile PAD and flavonoids released, resulting
in the highest total extractable PAD (533.37 mg/Kg) and second highest total extractable
flavonoids (20.50 mg/Kg). The EC_2 treatment significantly increased the content of
alkaline-labile flavonoids, along with the highest total flavonoids (21.31 mg/Kg) released
from the matrix. The EM_1 had the lowest total PAD (283.36 mg/Kg) and the relatively
lower total flavonoids (12.38 mg/Kg) released. These results show a similar trend to NSP
results in that hemicellulose solubilization and plant metabolite release is higher following
the second bioprocessing compared to the first.
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Figure 2. Total content of plant metabolites in the free, alkaline-labile, and acid-bound forms of raw
and bioprocessed hempseed screenings, including phenolic acids and derivatives, flavonoids, and
total lignans (a). Total content is the cumulative sum of the content of individual plant metabolites
measured LC-MS/MS in free form, alkaline form, or acid form. A full list of the detected plant
metabolites is presented in Supplementary Table S1. Individual phenolic acids and derivatives with
a total content of free, alkaline, and acid forms of more than 10 mg Kg−1 affected by both first and
second bioprocessing technique (b). Four individual phenolic acids most affected by the second
bioprocess (c). In the first bioprocessed samples, gentisic acid and homoprotocatechuic acid were
undetectable, and phloretic acid was only detectable in EM + BY_1, and the content of caffeic acid
was less than 10 mg Kg−1 (see Supplementary Table S1).
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The most abundant flavonoids (d) and lignan (e) affected by the bioprocessing. Within the first
bioprocess: EM_1 = enzymes mixture I, BY_1= Baker’s Yeast, EM + BY_1 = Baker’s yeast fermentation
together with enzymes mixture I, within the second bioprocess: EM_2 = enzymes mixture I, EC_2
= enzymes mixture I with cellulase, BY_2 = Baker’s Yeast, EC + BY_2 = Baker’s yeast fermentation
together with mixture I and cellulose. Data are represented with the mean ± S.D. Asterisks indicate
the significance between the raw and bioprocessed hempseed screenings, using One-Way ANOVA
test: (*) p < 0.05 and (**) p < 0.01.

The PCA (Principal Component Analysis; Figure S1) diagram of all the plant metabo-
lites measured by targeted LC-MS/MS shows a clear discrimination between raw, first
bioprocessed, and second bioprocessing treatment of hempseed screenings. The ten most
abundant individual PAD with a total content of more than 10 mg/Kg is presented in
Figure 2b, with benzoic acid, salicylic acid, p-hydroxybenzoic acid, vanillic acid, ben-
zoic acid, and protocatechuic acid, benzaldehyde, protocatechualdehyde, vanillin, and
p-hydroxybenzaldehyde, and cinnamic acids, p-coumaric acid and ferulic acid. Both the
first and second bioprocessing significantly increased the release in free fraction of sali-
cylic acid, p-hydroxybenzoic acid, vanillic acid, and ferulic acid. For salicylic acid and
p-hydroxybenzoic acid, a significant decrease in the alkaline-labile forms was observed
after the first bioprocessing. The second bioprocessing increased the release of vanillic
acid, vanillin, and p-coumaric acid in alkaline-labile form. The homoprotocatechuic acid
(3, 4-dihydroxyphenylacetic acid), phloretic acid (3, 4-hydroxyphenylpropionic acid), and
caffeic acid (Figure 2c) were undetectable or found in trace amounts in the raw screening
samples and the first bioprocessing, while they were released after the second bioprocessing,
being abundant in free and alkaline-labile forms.

Luteolin and catechin were the two most abundant flavonoids in the raw hempseed
screenings (Figure 2b). Both the first and second bioprocessing treatments significantly in-
creased the release of luteolin in the free form, while the release of catechin was significantly
increased in the alkaline-labile form by the second bioprocessing treatment. Syringaresinol was
the most abundant lignan in the raw hempseed screenings, exclusively found in the acid-labile
form (72.55 ± 16.63 mg/Kg), its release being unaffected by the bioprocessing treatments.

In general, the bioprocessing treatments had a relatively limited impact on the release
of the acid-labile plant metabolites, and that significantly affected the amount of plant
metabolites released in the free or alkaline forms.

3.2.3. Hemp Screening Bioprocessing Treatments Improved the Upper Gastrointestinal
Release of Several Plant Metabolites in the In Vitro Digestion Model

Based on the results presented, the EM_1 and EC_2 bioprocessing treatments were
selected to explore further their effect on in vitro digestion (IVDG), early GI bioavailability
and fermentability of the hempseed screenings. The IVDG procedure involved oral, gastric,
and intestinal steps, along with a dialysis process simulating the mechanical aspects of up-
take. Table 3 shows the composition of the metabolites (measured by targeted LC-MS/MS)
in the digestible fraction resulting from in vitro digestion of the raw and bioprocessed
hemp seed screening material.

Salicylic acid, p-hydroxybenzoic acid, vanillic acid, and ferulic acid are extractable
mainly in the free forms, also their in vitro availability was high and was effectively im-
proved by the bioprocessing treatments. For benzoic acid and p-hydroxybenzaldehyde, the
bioprocessing treatments showed relatively limited improvement regarding their release in
the free forms, this being as well as the case for their in vitro early GI bioavailability (pres-
ence in the digesta fraction). Moreover, for p-coumaric acid, protocatechualdehyde, proto-
catechuic acid, vanillin, and syringaldehyde (3, 5-dimethoxy-4-hydroxybenzaldehyde),
and syringic acid (3, 5-dimethoxy-4-hydroxybenzoic acid), which were abundant mostly
in bound forms (Table S1), their in vitro early GI bioavailability was low, and they were
resistant to the impact of the bioprocessing treatments.
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Table 3. The composition of metabolites (measured by targeted LC-MS/MS) measured in the fraction
resulted after in vitro digestion of the raw and bioprocessed (EM_1 and EC_2). Values were expressed
with mean of three replicates and standard deviation.

Plant Metabolites
(mg/Kg)

Raw EM_1 EC_2

Total Content
(Initial)

Content after
In Vitro

Digestion

Total Content
(Initial)

Content after
In Vitro

Digestion

Total Content
(Initial)

Content after In
Vitro Digestion

p-coumaric acid 53.71 ± 10.72 3.26 ± 0.44 43.56 ± 2.39 1.23 ± 0.11 * 89.09 ± 4.22 1.53 ± 0.05 *

protocatechualdehyde 44.24 ± 5.40 1.58 ± 0.05 28.81 ± 1.90 1.05 ± 0.09 * 37.38 ± 1.06 1.52 ± 0.12
protocatechuic acid 43.66 ± 7.13 6.52 ± 0.20 32.09 ± 1.75 2.95 ± 0.02 ** 49.01 ± 1.85 5.47 ± 0.44
salicylic acid 25.59 ± 4.11 36.32 ± 1.48 34.24 ± 4.65 45.30 ± 3.25 40.04 ± 1.11 48.77 ± 1.55 **

p-hydroxybenzoic acid 23.12 ± 2.71 20.92 ± 0.93 26.73 ± 2.01 28.29 ± 1.49 * 32.00 ± 2.01 31.35 ± 0.58 **

vanillin 16.67 ± 0.65 1.61 ± 0.21 16.34 ± 0.73 2.05 ± 0.37 25.77 ± 2.58 1.98 ± 0.22
ferulic acid 16.30 ± 0.47 13.91 ± 0.57 26.51 ± 3.45 21.06 ± 1.02 ** 47.59 ± 2.27 36.97 ± 1.03 **

vanillic acid 14.97 ± 0.93 4.48 ± 0.36 19.91 ± 1.33 10.35 ± 0.33 ** 21.67 ± 0.61 10.66 ± 0.54 **

p-hydroxybenzaldehyde 14.22 ± 1.64 8.05 ± 0.22 14.77 ± 0.68 8.24 ± 0.52 16.58 ± 1.84 8.65 ± 0.22
syringaldehyde 10.81 ± 0.56 1.86 ± 0.07 10.27 ± 0.51 1.94 ± 0.21 19.65 ± 2.58 1.99 ± 0.04
benzoic acid 5.77 ± 0.27 7.04 ± 0.71 7.26 ± 0.60 7.74 ± 1.06 6.11 ± 0.85 7.36 ± 1.14
3, 5-dimethoxy-4-
hydroxybenzoic
acid

5.22 ± 0.49 0.92 ± 0.09 5.55 ± 0.75 1.32 ± 0.05 * 7.91 ± 1.34 1.49 ± 0.02 *

phloretic acid 3.14 ± 0.32 5.41 ± 0.27 n.d. 4.51 ± 0.18 * 10.63 ± 0.45 4.52 ± 0.31 *

caffeic acid 2.03 ± 0.49 3.48 ± 0.13 3.02 ± 0.38 2.07 ± 0.04 ** 7.93 ± 1.32 3.01 ± 0.07 *

gentisic acid n.d. 7.15 ± 0.44 n.d. 4.41 ± 0.34 ** 30.41 ± 2.62 26.45 ± 1.15 **

homoprotocatechuic acid n.d. 4.61 ± 0.54 n.d. 8.38 ± 0.48 ** 20.28 ± 1.07 8.54 ± 0.67 **

n.d. means not detected (i.e., below the detection level). The total content (initial) represents the sum of the free,
alkaline, and acid forms of individual metabolites measured by LC-MS/MS (Table S1). A t-test with FDR correction
was used for group comparison between Raw and EM_1 as well as Raw and EC_2. (*) p < 0.05 and (**) p < 0.01.

Gentisic acid was undetectable in the raw material and after EM_1 treatment, this
reflected in a low in vitro early GI bioavailability, but was significantly released in the free
form (solubilised) after EC_2 treatment, this directly contributing to its higher in vitro early
GI bioavailability. However, for homoprotocatechuic acid, phloretic acid, and caffeic acid,
with only trace amounts being detected in the raw material and first bioprocessing, their
in vitro early GI bioavailability was similar between raw, EM_1 and EC_2, despite being
significantly released in the free form after the second bioprocessing. Hence, for several
plant metabolites, the increase in free form content by bioprocessing treatments was not
always equivalent to the high in vitro early GI bioavailability, probably due to the food
matrix effect.

3.2.4. The Bioprocessing Treatments and In Vitro Digestion Treatments Showed no Impact
on the Microbial Metabolism, and Both Raw and Bioprocessed Screenings were Rapidly
Metabolised within 24 h with Little Further Transformation up to 72 h

The in vitro colonic fermentation using human mixed microbiota obtained from faecal
samples from three donors was used to explore the production and potential bioavailability
of plant metabolites in the human colon. The freeze-dried digesta pellet obtained from the
in vitro digestion was used as the fermentation substrate, using the raw product, and the
factions treated with EM_1, and EC_2 without simulated digestion as the controls.

The PCA of microbial metabolites (Figure 3c) shows a scattering of baseline samples
(0 h in red color), with the raw material (with no processing) observed as an outlier in the
PCA. This reinforces the significant influence of bioprocessing treatments on raw hemp
seed screenings as presented and discussed at point 3.1.3. The PCA diagram depicts
a grouping of all the blanks (0 and 72 h in pink color) in one quadrant indicating no
significant microbial transformation in time on the blank sample within 72 h. Furthermore,
a clear segregation and grouping of microbial metabolites were measured at 24 h (bright
green color), and in close proximity, two more groupings for the microbial metabolites
were measured at 48 (blue color) and respectively 72 h (yellow color). The bioprocessed
and in vitro digestion treated samples showed no difference in microbial metabolites,
and both raw and bioprocessed screenings were rapidly metabolised with a clear change
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of metabolite profile within 24 h. Therefore, the results demonstrate that the microbial
transformation of the substrates took place in the first 24 h across three donors with obvious
divergence between 0 and 24 h, while it showed a similar microbial metabolite profile
between 24, 48, and 72 h.
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increase (a) and consistent decrease (b) during the in vitro colonic fermentation. The metabolites
with inconsistent change were shown in Supplementary Table S2, together with all the average values
of concentration from the three donors for the microbial metabolites. The raw and enzyme-treated
hempseed screenings (EM_1 and EC_2), as well as their corresponding IVDG-predigested samples,
were inoculated with faecal slurries from three donors (Donor 1, 2 and 3). Blank samples were
inoculated sterile PBS without faecal slurry. Values were the mean of three donors, and each donor
had three replicates. The concentration (log 10) was indicated by a colour gradient, where the darker
represents the higher concentration. The multiple t-test with the Holm–Sidak method correction was
used for statistical comparisons. Significance differences were * p < 0.05, ** p < 0.01, *** p < 0.001
when compared with 0 h samples. Between three donors, the consistently increased and decreased
metabolites were marked with red and green, respectively. The principal component analysis (PCA),
(unit variance (UV) scaled) of average microbial metabolites measured from faecal incubations from
three human donors (c) with baseline samples (0 h in red color) for raw-R, EM_1 & EC_2 treatments-
EM and EC, IVDG-predigested samples-D, their blanks-B (0 and 72 h in pink color); the metabolites
measured at 24 h-24 (bright green color), the microbial metabolites measured at 48 h-48 (blue color)
and respectively 72 h-72 (yellow color).
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The heatmaps were used to reveal the change in concentration for the individual plant
metabolites in time for the mixed microbiota incubations. The metabolites with a consistent
increase when compared with 0 h are presented in Figure 3a, and the microbial metabolites
with a consistent decrease across all three donors in Figure 3b.

The metabolites with a consistent increase in average (having the same trends across all
volunteers) during 72 h from three donors’ incubations are mainly the microbial metabolites
derived from protein, specifically of aromatic amino acids; tryptophan, tyrosine and pheny-
lalanine and also derivatives of ferulic acid and lignans (Figure 3a). This increased trend is
consistent and mirrored by the consistent decrease trend of precursors or intermediaries of
microbial metabolites mentioned, which are decreasing in concentration as further metabolites
(Figure 3b). Specifically, the constant increase of tryptophan microbial metabolites such as
indoles and indoles derivatives like indole 3-propionic acid and indole 3-carboxylic acid; the
increase of tyrosine microbial metabolites such as p-hydroxy benzoic acid, 4-hydroxy phenyl
propionic acid, 4-hydroxy phenyl acetic acid, and 4-hydroxy phenyl lactic acid; the increase
of phenyl alanine microbial metabolites, such as benzoic acid, phenyl propionic acid, phenyl
acetic acid, and phenyl lactic acid; of ferulic acid microbial metabolite 3-hydroxy phenyl
propionic acid; respectively syringaresinol metabolites, such as enterodiol.

The most abundant (in terms of concentration) microbial metabolites measured in the
fermentation media at 24, 48, and 72 h are the protein metabolites derived from aromatic
amino acids above-mentioned and microbial metabolites of ferulic acid. This metabolite
profile is very representative of people consuming a high fibre and plant protein diet,
suggesting that the hemp screenings could be considered vial candidates for macronutrient
bio-diversification of the human diet. Furthermore, amongst the microbial metabolites with
a consistent decreasing trend over 72 h were two bile acids deoxycholic and, respectively,
lithocholic acid.

3.2.5. Hemp Screenings Are Highly Fermentable Sources of Dietary Fibre, but the
Bioprocessing Treatments and In Vitro Digestion Treatment Showed Limited Impact on the
Short Fatty Acids Production

The SCFA production over 72 h was analysed, including acetate, propionate, butyrate,
and valerate. The incremental changes were calculated by subtracting the value obtained at
0 h from the amount produced in the fermented sample at 72 h for each SCFA. The results
for raw material and bioprocessed hempseed screenings (EM_1 and EC_2), as well as their
IVDG-predigested samples, are shown in Figure 4. SCFA production in both the raw and
bioprocessed samples was found to be consistently increased over the 72-h fermentation
period, despite wide variation due to inter-donor differences in SCFA production. In vitro
digestion had no significant impact on SCFA production. These results suggests that
dietary fibre in the hemp screening samples is highly fermentable and that bioprocessing
treatments and digestion treatments showed no impact on SCFA production.
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Figure 4. Short-chain fatty acids (SCFA) production over 72 h fermentation as incremental change
(mM) in concentration, average ± STD (n = 3). The raw and enzyme-treated hempseed screenings
(EM_1 and EC_2), as well as their IVDG-predigested samples, were inoculated with faecal slurries
from each of the three donors (Donor 1, 2 and 3). Values were calculated by subtracting the value of
0 h from the value of the fermented sample at 72 h for each sample. Statistical analysis was evaluated
by either one-way ANOVA with Tukey’s tests for multiple comparisons or t-test between two groups
(with or without IVDG).

4. Discussion

This study is the first report on the nutrient and phytochemical characterisation of
hempseed screenings. Moreover, this is the first detailed report on the fermentability and
microbial metabolism in vitro using human mixed microbiota of a hempseed by-product. Our
results indicated that hempseed by-products, such as hemp screenings used in the current
study, were a rich source of nutrients in terms of protein, dietary fibre and fat. Moreover, the
hemp screenings were particularly rich in tryptophan, an essential amino acid needed for
general growth and development, the production of niacin (vitamin B3), and the neurotrans-
mitter serotonin. Considering that the reference dietary intake (RDI) for tryptophan is 4 mg
per kilogram of body weight, a person weighing 70 Kg should consume a minimum of 10 g of
screenings to meet the RDI for tryptophan (280 mg of tryptophan per day).

Insoluble fibre is the dominant fibre in hempseed screenings, comprising 98% of
the total NSP measured. This study revealed that the hemp screening fibre was highly
fermentable, resulting in high amounts of SCFA, including acetate, propionate, and butyrate,
with a significant increase in acetate (p < 0.05), propionate (p < 0.001), and butyrate (p < 0.01)
measured following microbial fermentation of the hempseed screenings with human mixed
microbiota in vitro. Moreover, there was no overall effect on microbial formation of SCFA
after bioprocessing, and therefore, hemp screening fibre remained highly fermentable.
These findings suggest the potential use of hempseed screenings as a functional ingredient
in foods. Furthermore, these results encourage the adoption of the hemp screenings as
a habitual source of nutrients to diversify the fibre composition of the human diets. It is
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as important to boost the dietary fibre content and diversify the fibre source and ensure
that the fibre source is fermentable because of the numerous health benefits attributed to
SCFAs production during fermentation, as these weak acids play an important role in the
maintenance of gut and metabolic health [38].

Hempseed screenings are also a rich source of phenolic molecules, summing, on aver-
age, 375.09 mg/Kg of 129 molecules measured by LC-MS/MS analysis. The bioprocessing
treatments had a significant effect on the extractability of these molecules, the total amount
almost doubled after the BY_2 treatment to 635.47 mg/Kg (p < 0.01). Other bioprocessing
treatments with significant impact on the extractability of phenolics molecules were EC2 with
583.08 mg/kg (p < 0.01), EM2 with 581.03 mg/Kg (p < 0.01) and BY+EC2 with 591.71 (p < 0.001).

Syringaresinol was the most abundant molecule measured in the hemp screenings,
almost exclusively in the bound form being released after acid hydrolysis. The extractability
of syringaresinol was not affected by any of the bioprocessing treatments. This suggests
that syringaresinol is likely to remain bound through early gastrointestinal (GI) digestion
and be released in the colon, where it can be metabolised by the gut microbiota. Indeed, the
results of the microbial incubations of the hempseed screenings showed enterolactone was
one of the metabolites that increased during the incubations. Lignans, such as enterolactone,
are considered human health-promoting molecules [39], thus, dietary intake of lignan-rich
foods could be a useful way to sustain the prevention of chronic illness.

Bioprocessing treatments significantly increased the extractability in free form for
several plant metabolites such as salicylic acid, p-hydroxy benzoic acid, benzoic acid,
luteolin and ferulic acid, suggesting the possible release of molecules early in the gas-
trointestinal (GI) tract during the digestion of treated hempseed screening, and therefore
an improvement of their systemic bioavailability. As these molecules are found in plant
products of dietary relevance, such as cereals, fruits, vegetables, herbs, and spices, they are
extensively researched for their potential health benefits. This includes salicylic acid for
its anti-inflammatory and antioxidant properties, decreasing the risk of developing can-
cer [40] and ferulic acid for its antioxidant, anti-inflammatory, anti-fibrosis, anti-apoptotic,
anti-platelet activities [41]. Collectively, these data indicate that hempseed screenings for de-
velopment of functional ingredients to promote systemic health and should be considered
for use in nutritional therapies for prevention of chronic diseases.

Bioprocessing treatments also significantly increased the extractability of catechin, pro-
tocatechuic acid, vanillic acid and p-coumaric acid in the alkaline-labile forms, suggesting
that these molecules may potentially be released during microbial fermentation of the bio-
processed treated hempseed screening. This could potentially improve their bioavailability
in the colon. Intestinal absorption of dietary catechins is quite low, resulting in most of
them being metabolised by gut microbiota in the colon. Catechins are molecules found in
abundance in green tea, therefore, their health benefits are extensively studied [42]. Proto-
catechuic acid is found in abundance in soft fruits and studied for a multitude of health
benefits reviewed by Kakkar and Bais [43], such as anti-inflammatory, anti-viral, anticancer,
to name a few. Bioprocessing treatments of hempseed screenings could, therefore, boost
levels of catechin absorbed early in the GI tract. We observed that catechin present in the
product obtained after in vitro digestion was metabolised during microbial incubation with
human mixed microbiota, resulting in a decrease in its concentration. This was also the case
of p-coumaric acid, which was also extensively metabolised during microbial incubation,
and while its concentration was decreased, this was accompanied by an increase in benzoic
acid and phenylacetic acid, two potential microbial metabolites of p-coumaric acid [44].
After syringaresinol, p-coumaric was the second most abundant molecule measured in the
hempseed screening samples and was also found exclusively in the bound form.

The molecules extractable in their free form, in most cases, were those also measured
in the supernatants following in vitro digestion. Moreover, significant increases in the
extractability of the molecules predominantly measured in the free form following the
bioprocessing treatments were also solubilised during in vitro digestion of these matrixes.
For the molecules mostly measured in their bound form, solubilization by in vitro early
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GI bioavailability was low. These molecules were also found to be mostly resistant to
the impact of the bioprocessing treatments. Hence, this was the trend for several plant
metabolites, their increase in content in free form following the bioprocessing treatments
was not always translating into their high in vitro early GI bioavailability.

These results suggest that the bioprocessing treatments and in vitro digestion treat-
ments showed no impact on microbial metabolism, and both the raw material and biopro-
cessed screenings were metabolised within 24 h. The metabolites with consistent increases
were mainly the microbial metabolites of protein, specifically the aromatic amino acids, tryp-
tophan, tyrosine, and phenylalanine, and also ferulic acid, p-coumaric, and syringaresinol,
as these were also the most abundant components measured in the hempseed screening
samples. Apart from being a highly fermentable substrate generating SCFA, the hempseed
screenings generated several aromatic amino acid microbial metabolites with key benefits
for metabolic health. This includedindole-3-propionic acid is associated with a lower like-
lihood of developing T2D [45] in people with impaired glucose tolerance. Furthermore,
some indoles were also recognised as possessing anti-oxidative and anti-inflammatory
properties [43,46,47], as well as being potent stimulators of the gut hormone GLP-1 [48,49].
Phenyl propionic acid was the most abundant microbial metabolite measured during mi-
crobial incubation, suggesting that there was extensive microbial metabolism of the protein
component of the hempseed screening sample. Moreover, 4-hydroxyphenylacetic acid,
another microbial metabolite significantly increased following microbial incubation, has
been proposed for potential nutritional therapies for hepatic steatosis [10], suggesting the
potential gut microbial contribution to the metabolic benefits associated with consumption
of hempseed screenings.

5. Conclusions

This study concludes that hempseed screenings are a rich source of dietary protein,
especially tryptophan and highly fermentable fibre. The bioprocessing treatments were
successfully used to modulate the bioavailability of the hemp screening phytochemicals.
The treatments tested (especially EC_2) improved the upper gastrointestinal release of
several plant metabolites in the in vitro digestion model. However, the bioprocessing
treatments did not affect the microbial metabolism of the hemp screening components
(nutrients and phytochemicals).

These findings provide excellent support for the use of hempseed screenings as a
suitable candidate for the development of functional ingredients for promoting metabolic
and gut health and, therefore, human (in vivo) studies to test these in vitro findings are
highly advisable.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13095781/s1, Figure S1: Principal component analysis showing
discrimination between raw, first bioprocessed, and second bioprocessed hempseed screenings based on
the total content (the sum of free, alkaline, and acid fractions) for all the plant metabolites measured
by LC-MS/MS.; Table S1: Quantitative profiling of plant metabolites from the hempseed screenings
by targeted LC-MS/MS, concentration in mg/Kg, as average n = 3 determinations ± STD. Where Free
fraction compounds are presented in SET A, Alkaline-bound fraction compounds in SET B, Acid-bound
fraction presented in SETC and Total compounds in SET D.; Table S2: The metabolites with inconsistent
change as average values of concentration (µg/mL) from the three donors for the microbial metabolites.
The raw (set 1) and enzyme-treated hempseed screenings (EM_1 and EC_2) set 2 and set 3, as well as
their corresponding in vitro-pre-digested samples were inoculated with faecal slurries from three donors
(Donor 1, 2 and 3) at 0, 24, 48 and 72 h. Blank samples were inoculated sterile PBS without faecal slurry.
Values were the mean of three donors, and each donor had three replicates.

https://www.mdpi.com/article/10.3390/app13095781/s1
https://www.mdpi.com/article/10.3390/app13095781/s1
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