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Thank you for submitting your work to this journal.
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Food Hydrocolloids
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phone and 24/7 by live chat and email.
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Dear Ms Putri,
Thank you for submitting your manuscript to Food Hydrocolloids.

| have completed my evaluation of your manuscript. The reviewers recommend reconsideration of your manuscript
following major revision. | invite you to resubmit your manuscript after addressing the comments below. Please
resubmit your revised manuscript by 02/24/2022.

When revising your manuscript, please consider all issues mentioned in the reviewers' comments carefully: please
outline every change made in response to their comments and provide suitable rebuttals for any comments not
addressed. Please note that your revised submission may need to be re-reviewed.

To submit your revised manuscript, please log in as an author at hitps://www.editorialmanager.com/foodhyd/, and
navigate to the "Submissions Needing Revision" folder.

Food Hydrocolloids values your contribution and | look forward to receiving your revised manuscript.
Kind regards,

Camen Petkowicz
Editor
Food Hydrocolloids

Editor and Reviewer comments:

Reviewer 1: The manuscript entitled "Functionalization of pectin-depleted residue from different citrus by-products by
high pressure homogenization" is well structured and nicely written. The authors reported on functionalization of side
streams from citrus fruit processing, which is an area of interest for industry and food scientists. However, before it
can be accepted for publication there are some issues that need to be addressed. A main drawback of the paper is
that the authors claim in the text in several places, including highlights, that the removal of pectin is key for the
functionalization of these materials however, there are no control samples with pectin. Therefore, such claim is not
funded on the results obtained in this study.

-Abstract: It is not clear what the authors mean by The microstructural characteristics, specifically particle morphology
and size, did not directly correlate with the storage modulus (G') of the suspensions' and the 'polymer content and
structural characteristics were correlated to the G' of the suspensions before HPH. However, after HPH, fragmentation
and subsequently aggregation of the particles were observed'. It is well known that for these materials the particle
morphology and size are not enough to explain their rheological properties. On the other hand, polymer content is
related to G, or do they refer to specific polymers and molecular structures? If so, which ones?

-Line 65: The authors wrote "The CWM can be developed into a natural ingredient that can be used in food
production”. These ingredients are already commercially available and used by industry in food products. The
sentence should be rewritten and references to recent research on citrus fibres as food ingredients included here.
Some examples: J Food Sci Technol. 2016 Dec; 53(12): 4197-4204.; Int J Mol Sci. 2011; 12(4): 2174-2186.; Front.
Nutr., 16 April 2020 | https://doi.org/10.3389/fnut.2020.00046; Appl. Sci. 2020, 10(19), 6633; https://doi.org/10.3390/
app10196633, Journal of Food Engineering Volume 125, March 2014, Pages 97-104 among others.

-The authors should clarify in the abstract, results and discussion that the samples are pre- homogenised in an
ultraturrax. Did the authors measure samples after ultraturrax and before HPH? This should be included to understand
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the effect of HPH, how significant is HPH compared to ultraturrax? This is of relevance as HPH it is a costly
technology, perhaps this data could be added as supplementary information.

-The rheology results are convincing regarding the effect of HPH (20 MPa), since the authors included a non-HPH as
control. However, the discussion and conclusions regarding pectin are misleading as there are no controls with pectin.
All samples are pectin-depleted and only minor (not significant) are observed in pectic compounds. The authors
referred to a paper by Su et al., 2019, and concluded that pectin extraction is key to valorised these materials,
however Su et al did not use the same raw materials and methods. If conclusions are to be drawn regarding the role
of pectin, then the samples with pectin (prior to pectin extraction) should be used as control. Otherwise, is highly
speculative as during pectin extraction not only pectin changes occur. Therefore, the authors should include
rheological, chemical, and microstructural data on samples prior to pectin removal. Alternatively they should
refrain/soften the conclusions regarding pectin, which implies rewriting the

discussion.

-The microstructural discussion needs to be rewritten to help the reader. Whilst clear differences are observed after
HPH, the differences between peel and pulp are not clearly observed in the LM images, rod like particles are present
in all samples and the difference between peel and pulp are not obvious to this reviewer. Could the authors perform
image analysis to quantify rod like particles in the samples? The authors talked about 'rough edges’, this reviewer fails
to understand what do the authors mean, these features should be indicated in the micrographs. LM is probably not
the best technique to determine particle aggregation of suspensions after HPH, samples were diluted and mixed for
LM, this could influence microstructure. This should be addressed in the discussion.

-Are there any references for the standardized tap water containing 0.2% NaCl and 0.015% CaCl2.H20 in ultrapure
water? Why not use deionized water? Was this done to have constant ionic strength? Salts can have an effect on the
interactions and rheological properties, this should be addressed in the text.

-The authors include a discussion about LAOS and referred to Hyun 2002. Although interesting it should be
highlighted that in these complex systems more than one type of interactions are taking place. Here the study from on
Shear Elastic Deformation and Particle Packing in Plant Cell Dispersions (2011) Food Biophysics 7(1):1-14
DOI:10.1007/s11483-011-9237-9, could be of interest for the authors to explain the rheological behaviour of these
systems.

-The journal has the option to include supplementary information therefore the frequency sweeps (which are key to
understand the rheological behaviour of these systems) as well as particle size measurements (to understand particle
size distributions) should be included as supplementary figures. These results will help the readers.

-Regarding the chemical composition, the results on monosaccharide analysis, cellulose, and hemicellulose and
pectin should be compared to available literature data for these citrus fruits.

-The pectic related molecules composition (GalU, Gal, Rham) showed no correlation with rheology. This should be
clearly stated in the highlights and abstract.

-The authors stated in line 449-450 *"... solubilize the pectin and eventually improved the G** _ Do the authors mean
that the solubilized pectin in the liquid phase will contribute to increase the viscosity? What is the estimated
concentration of pectin in the liquid phase? Or do they mean that the solubilized pectin will lead to changes in the
particles themselves , and those changes will increase G' ? This should be clarified.

-The authors found a weak correlation with pectin DM, but they conclude that This supported the hypothesis that the
structural characteristics of the pectin may determine the rheological properties before HPH'. If all differences
between materials are taken into account, and considering that the pectin content is very low in these materials from
the beginning, the conclusion is not supported and should be reconsidered.

-The discussion about cellulose/xyloglucan is confusing. The authors seemed to indicate that the xyloglucan
interactions with cellulose might occur as result of structural changes during HPH. It is more likely that strong
interactions between cellulose and xyloglucan are broken as result of the high shear/pressure. Are there any
supporting references for the propose creation of new XG/cellulose interactions ?

-Although interesting to measure protein content, the correlation with rheological properties seems highly speculative.
What is the relative protein content compare to polysaccharides? The authors said: "It can be hypothesized that the
existence of protein, especially the structural protein in the CWM, can inhibit the functionalization of the HPH. In this
study, the peel ARs, which have significantly lower protein content, have higher G' compared to the pulp ARs. Orange
ARs also have significantly higher protein content than the other citrus species and consequently have a lower G'. A
previous study supported the hypothesis, showing that both heated pumpkin pomace (therefore denaturation of
protein occurred) and deproteinate " However, when heating pomace more than just protein denaturation occurs and
therefore protein effects cannot be isolated from the rest of factors. Could the authors elaborate on how they envisage
a mechanism in which proteins inhibit the

functionalisation of these materials?

-The conclusion " Pectin extraction from the CWM prior to the functionalization is essential to the improvement of the
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rheological properties since the removal of pectin leads to a more open structure which can encourage the
fragmentation and aggregation / network formation of the particles.” As mentioned above, this is not based on the
results shown by the authors as they did not include samples prior to pectin depletion.

Reviewer 2: The article evaluates the effect of high pressure homogenization on the rheological properties and
particle size and aggregation of acid treated citrus pulp and peel (orange, lemon and grapefruit) waste streams.
Differences in rheology are explained based on the chemical and compositional characterization. The subject is novel
and worthy of investigation for future valorisation of citrus residues into texturizing materials. There are some
questions and small mistakes, however, which need to be revised prior to publication.

Overall, it is clear that high pressure homogenization improves the texturizing potential of the acid treated residues.
This is a strength.

However, the discussion on why rheological properties differ from one sample to another is only based on composition
(amount of protein, homogalacturonan, RG-I, methylation degree), these showing only minor differences among
samples (table 1, statistical analysis missing here) and median particle size. Crucial factors affecting rheology, such
as molecular weight or the presence of salts are not analysed or taken into account. In fact, the authors perform
dialysis of the samples (3.5kDa cut-off) before compositional characterization, but not before rheological analysis.
Dialysis might not only remove salts and minerals incorporated in the process, but also low molecular weight
compounds, such as oligosaccharides or simple sugars, peptides, small apolar compounds, etc, either present in the
samples or released during the acid treatment, all of which can affect rheology.

Minor comments

Valorisation of waste streams depends a lot on cost-efficiency. Please add a justification for the pre-treatment washing
step with ethanol and acetone (AIR).

In FTIR, the presence of protein can cause amide | bands to overlap with carboxylate bands, leading to errors in the
determination of the degree of esterification. Was this taken into account?

It seems size distribution has been calculated (title and discussion in section 3.2.2). Why not show these size
distribution data but only median size instead?

Line 422 for this conclusion to be made, the initial amount of pectin in the samples has to be determined. Where are
these data?

Line 52 in the interest

Line 68 "could" or reference needed

Line 256 three times

Line 425-426 there is pectin in the ARs and the presence of pectin probably has an influence. | would rephrase to: "In
this study, the small differences in the amount of pectin, as indicated..., among the different samples... "

Line 488-490 do the authors have an explanation for this negative correlation between xyloglucan content and G'?
Line 499 polysaccharide

Line 510 have also shown

Although methylation prevails in pectin compared to other esterification types, esterification is more accurate

Reviewer 3: This is an interesting piece of work in an area of relevance. The paper belongs to a scope of "Food
Hydrocolloids"." This research paper focus on the functionalization of cell wall materials (CWM) from different citrus
by-products into texturizing agents using high pressure homogenization. In the paper, the authors discussed two
issues : (1) the difference in the CWM characteristics obtained from different citrus fruit and from different parts of the
fruit, and (2) the rheological properties of the CWM suspensions and their correlation to the CWM characteristics in
order to give insight into the functionalization potential of the by-products as a texturizing ingredient. Overall, the
manuscript is clearly presented and written. However, some parts of the manuscript need to be modified and/or
clarified. Additionally, some aspects of the discussion are not currently convincing and need to be addressed. |
recommend therefore a minor revision of the article,

considering the following remarks and/or questions.

1-  In the part where the authors are listed (see lines 4-7), the letter "a" associated to the name of each author
should be removed as the authors are all affiliated to the same laboratory.
2-  Insection 2 (see pages 4 -11), the authors should specify:

it how does the residue after the final filtration collected as AIR (see lines 124-125) was dried? Even though it is
mentioned that the residue was dried overnight at 40 °C, the drying mode/technology need to be disclosed.

3 why adjusting the pH of the suspension at 4.5 prior HPH treatment? (see lines 143-145) Is there any reason
behind the choice of this pH?

* the pre-shear magnitude (or the level of shear rate) and time (or duration) applied to pre-shear the sample
loaded in the rheological measuring cell (or the cup) to avoid loading history (see lines 156-157).
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3- It would have been interesting to:

* Evaluate the impact of HPH by varying the applied pressure magnitude (e.g., 20, 30, 40 and 50 MPa) instead of
considering only one level of pressure (at 20 MPa) or vary the number of passes of HPH at fixed level of pressure.

* Complete the light microscopy observations with high-resolution microscopy (such TEM or FEG-SEM) in order to
clearly observe what really happens at meso-scale after applying the HPH treatment at 20 MPa.

Could you please explain why this approach was not carried out, and discuss in depth how might some aspects of this
could affect the discussion made on the effects of HPH treatment at 20 MPa?

4-  The authors argued that the change in the microstructure observed after homogenizing the suspension at 20
MPa could also result from cellulose particle fragmentation or breaking down? (see pages 12-14). Is the word
"fragmentation” related to the well-known "cellulosic fibers defibrillation" while applying HPH treatment and/or a
breaking down of the cellulosic fiber in their lateral direction? If the authors assume that the cellulosic fiber breaking-
down takes place in their lateral direction, then they should discuss if the level of the mechanical energy generated by
applying a pressure of 20 MPa is sufficient enough to break down the glucosidic bonds of cellulosic fibres?

All this needs to be explained/clarify and discussed further in the revised manuscript.

kA

Data in Brief (optional):

We invite you to convert your supplementary data (or a part of it) into an additional journal publication in Data in Brief,
a multi-disciplinary open access journal. Data in Brief articles are a fantastic way to describe supplementary data and
associated metadata, or full raw datasets deposited in an external

repository, which are otherwise unnoticed. A Data in Brief article (which will be reviewed, formatted, indexed, and
given a DOI) will make your data easier to find, reproduce, and cite.

You can submit to Data in Brief when you upload your revised manuscript. To do so, complete the template and follow
the co-submission instructions found here: www.elsevier.com/dib-template. If your manuscript is accepted, your Data
in Brief submission will automatically be transferred to Data in Brief for editorial review and publication.

Please note: an open access Atrticle Publication Charge (APC) is payable by the author or research funder to cover
the costs associated with publication in Data in Brief and ensure your data article is immediately and permanently free
to access by all. For the current APC see: www.elsevier.com/journals/data-in-brief/2352-3409/open-access-journal

Please contact the Data in Brief editorial office at dib-me@elsevier.com or visit the Data in Brief homepage
(www.journals.elsevier.com/data-in-brief/) if you have questions or need further information.

ok ko

MethodsX (optional)

We invite you to submit a method article alongside your research article. This is an opportunity to get full credit for the
time and money spent on developing research methods, and to increase the visibility and impact of your work. If your
research article is accepted, we will contact you with instructions on the submission process for your method article to
MethodsX. On receipt at MethodsX it will be editorially reviewed and, upon acceptance, published as a separate
method article. Your articles will be linked on ScienceDirect. Please prepare your paper using the MethodsX Guide for
Authors: https://www.elsevier.com/journals/methodsx/2215-0161/guide-for-authors (and template available here:
https://www.elsevier.com/MethodsX-template) Open access fees apply.

More information and support

FAQ: How do | revise my submission in Editorial Manager?
https://service.elsevier.com/app/answers/detail/a_id/28463/supporthub/publishing/

You will find information relevant for you as an author on Elsevier’s Author Hub: https://www.elsevier.com/authors

FAQ: How can | reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/kw/editorial+manager/

For further assistance, please visit our customer service site: https://service.elsevier.com/app/home/supporthub/
publishing/. Here you can search for solutions on a range of topics, find answers to frequently asked questions, and
learn more about Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by
phone and 24/7 by live chat and email.

#AU_FOODHYD#

To ensure this email reaches the intended recipient, please do not delete the above code
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ABSTRACT

In the valorisation of fruit and vegetable by-products by high pressure homogenization (HPH) into

texturizing ingredients, the source of the by-product is an important determining factor. This study

aims to demonstrate the valorisation potential of citrus residues after acidic pectin extraction (AR)

1
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and to investigate differences between citrus species (lemon, orange, grapefruit) and fruit parts
(peel and pulp) as the source of the residues. Based on the results, pectin extraction is favourable
in improving the storage modulus (G’) of the residue. However, residual pectin content in the
different ARs, as indicated by pectic monosaccharides (e.g., GalA, Rha, Fuc), did not correlate to
G’ after HPH. The G’ of all ARs suspensions, regardless of the source, improved significantly after
HPH at 20 MPa. After HPH, fragmentation and subsequently aggregation of particles were
observed from the particle size reduction and microscopy visualization. Particle morphology and
size did not correlate with the G’ of the suspensions. Residual pectin’s Rhamnogalacturonan-|
contribution and degree of methyl-esterification, protein content, and glucose content related to
hemicellulose were correlated to the G’ of the suspensions before HPH. However, after HPH, no
correlation was found between G’ and these characteristics, likely due to changes on the structure
of the particles. The results highlight the high potential of all the citrus ARs from the different
sources to be functionalized as texturizing ingredients. However, the peel AR from grapefruit and
lemon exhibited better rheological properties and may be considered as better sources compared

to the other citrus by-products.

Keywords : citrus by-products, cell wall material, high pressure homogenization, rheology

1. Introduction

Citrus fruits are one of the massively cultivated crops in the world. Around 144 million tons of
citrus were produced worldwide in 2019. About 40-50% of the harvested fruits go into the
processing industries (FAO, 2021). From the processed fruits, 50-60% becomes waste with very
high organic matter content (Satari & Karimi, 2018). Thus, a significant amount of by-product is

created which may be costly for the company to discharge and be a burden to the environment.

2
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As the concept of circular economy is becoming more relevant, it will be in the interest of the
industry to use these by-products as a resource for further production, thus ensuring less waste.
Consequently, research in the valorisation of by-products from the food processing industry and

in particular the citrus processing industry, becomes more essential.

Many efforts in the valorisation of citrus by-products have been made, for example as animal feed,
as compostor as a source in the biorefinery process to produce biofuel, biogas and ethanol (Zema
etal., 2018). Research has been carried out to incorporate fibres from the citrus by-products into
food productions either to improve the product’s nutrition and/or physical properties, for example
in bakery products (Caggia et al., 2020; Korus et al., 2020), meat products (Fernandez-Gines et
al., 2003; Song et al., 2016) and dairy products (Sendra et al., 2010). The incorporation of citrus
fibre led to quality improvement in some products, but in the other hand, it may also cause
detrimental effects such as harder texture in sausage or lower bread volume (Fernandez-Gines

et al., 2003; Korus et al., 2020).

In food industry, pectin extraction from citrus by-products has been widely done to manufacture
different citrus based pectins. However, pectin extraction still leaves a substantial amount of
residue since pectin only comprises a portion of the by-product. The residue left mostly contains
cell wall materials (CWM) such as cellulose, hemicellulose, residual pectin and protein which
could still have various functional properties, for example a thickening capacity. This CWM in the
residue can be developed into a natural ingredient that can be used in food production. Previous
study has shown that the CWM in the residue can be functionalized into a texturizing ingredient
with good rheological properties using high pressure homogenization (HPH) (Willemsen et al.,

2018).
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The ability of HPH to improve the rheological properties of various fruit and vegetable dispersed
systems has been shown by several studies (Atencio etal., 2021; Augusto et al., 2012; Bengtsson
& Tornberg, 2011; Huang et al., 2020; Su et al., 2020; Van Audenhove, et al., 2021; Willemsen
et al., 2017; Zhou et al., 2017). However, the response of fruit and vegetable CWM after HPH is
not the same for all the matrices studied. On the one hand, some studies showed an improvement
of the dispersion’s rheological properties after HPH, for example with tomato, mango, citrus,
pumpkin and sugar beet (Huang et al., 2020; Lopez-Sanchez et al., 2011; Su et al., 2020; Van
Audenhove et al., 2021; Willemsen et al., 2017; Zhou et al,, 2017). On the other hand, the
rheological properties of carrot, broccoli, onion and apple based dispersions were not improved
or even degraded after HPH (Bengtsson & Tomnberg, 2011; Lopez-Sanchez et al., 2011; Van
Audenhove et al., 2021). This discrepancy highlights the importance of the CWM source and its

characteristics during the functionalization of the fruit and vegetable by-products using HPH.

This study is divided into two parts, the first part aims to demonstrate the potential of the residue
obtained after acid pectin extraction (further referred to as acid residue), with extraction conditions
similar to those performed in food industry, to be functionalized into a texturizing ingredient and
to discuss the role of the pectin extraction on the functionalization of the CWM. The second part
focuses on the effect of the CWM source on the functionalization, in which by-products from three
different citrus species, i.e., lemon, orange and grapefruit, and two different parts of the fruit, i.e.,
the peel and the pulp, were studied. Different acid residues from the various citrus materials may
lead to varying CWM characteristics and consequently they may have different responses to the
functionalization process using HPH. In the second part, the difference in the CWM characteristics
obtained from different citrus by products, the rheological properties of the CWM suspensions
and the correlation between them will be discussed in order to give insight into the

functionalization potential of the by-products as a texturizing ingredient.
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2. Materials and methods

2.1. Materials

In the first part of the study, industrial citrus by-products, specifically frozen lemon peel (I-L-PE)
and pulp (I-L-PU) obtained from Cargill (Vilvoorde, Belgium) were used. Prior to further
processing, the peel and pulp were thawed and then ground using a food processor (Braun MR
5550 M CA, Kronberg, Germany). In the second part, fresh lemon (L), orange (O) and grapefruit
(G) were obtained from the local market and then peeled using an automatic peeler (Pelamatic
Orange Peeler Pro, Valencia, Spain). The flavedo (outer skin) was separated during the first
peeling and the albedo was collected as the peel residue sample (PE) after the second peeling.
The peel was then ground using the same food processor as above to reduce the size before
further processing. The peeled fruits were juiced using an Angel Juicer 8500 S (Naarden,

Netherlands) and the pulps were collected as the pulp residue sample (PU).

Eight monosaccharides were used as a standard solution in sugar content analysis. D-(+)-
galacturonic acid monohydrate and L-(-)-fucose were obtained from Sigma Aldrich (Diegem,
Belgium). L-(+)-rhamnose monohydrate was from Acros Organic (Geel, Belgium). L-(+)-arabinose
was from Fluka Biochemika (Buchs, Switzerland), D-galactose was from Merck (Darmstadt,
Germany), D-(+)-glucose monohydrate was from Riedel-de-Haén (Seelze, Germany), D-(+)-
xylose was from UCB (Leuven, Belgium) and D-(+)-mannose was from Fluka Analytical (Buchs,

Switzerland). Other chemicals used in this study were all analytical grade unless stated otherwise.

2.2. Alcohol insoluble residue separation
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Alcohol insoluble residue (AIR) separation were carried out on all raw materials in order to isolate
the cell wall materials from the by-products. AIR was obtained using the method described in
McFeeters & Armstrong (1984). Approximately 30 grams of the fresh citrus peel or pulp was
suspended in 192 ml technical ethanol 99% (v/v), blended (Buchi mixer B-400, Flawil,
Switzerland) and then vacuum filtered (Machery-Nagel MN 615 @ 90 mm). The process of
resuspension and filtration were repeated two times on the residue after filtration with 96 ml
technical ethanol 99% (v/v) and then 96 ml technical acetone. The residue after the final filtration

was collected as AIR and dried in an oven ovemight at 40 °C.

2.3. Pectin acid extraction

Pectin acid extraction on AIR was performed in duplicate for each residue type following the
procedure reported by Willemsen et al. (2017). Sixty grams of AIR were suspended into 4 L of
demineralized water at 80 °C for 30 minutes. Nitric acid (7N) was added to the suspension drop
by drop until the pH reached 1.6 and the extraction was continued at 80 °C for 1 hour with constant
mixing at 300 RPM. After cooling to room temperature in an ice bath, the suspension was
centrifuged at 4000 g for 10 minutes at 20 °C to separate the pectin-rich supernatant and the
pectin-depleted acid residue (AR). The AR was washed with demineralized water and then filtered
using filter paper (Machery-Nagel MN 615 @ 125 mm). The AR was frozen until further analysis

or processing.

2.4. High pressure homogenization of the citrus residues
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The citrus AIR and AR were functionalized using HPH following the method described in
Willemsen et al. (2017). The AIR and AR were resuspended with standardized tap water (0.2%
NaCl and 0.015% CaCl2.H20 in ultrapure water) at 2% w/w solid concentration. The pH of the
suspension was adjusted to 4.5 using 2M Na.CO3 and was left overnight with constant stirring.
The pH value of 4.5 were chosen based on a previous study (Willemsen et al., 2018) that showed
pH 4.5 as the optimum value for the cell wall functionalisation with HPH for citrus CWM. Prior to
the HPH, the suspension was pre-mixed using Ultra-Turrax with S 25 N — 25 G Dispersing Tool
(IKA, Satufen, Germany) at 8000 RPM for 10 minutes. The non-homogenized sample (0 MPa)
was collected at this point. The suspension was then homogenized at 20 MPa using a Panda 2k

NS 1001L (GEA Niro Soavi, Parma, Italy).

2.5. Rheology analysis of the suspension

Rheology analysis was done in duplicate for each citrus residue suspension according to the
method described in Willemsen et al. (2018). Rheological measurements of the fibre suspension
before and after HPH were performed using an Anton Paar MCR302 rheometer (Graz, Austria)
at 25 °C. A custom built cup and concentric cylinder with conical bottom were used. The surface
of the geometry and the cup were sandblasted with average surface roughness between 50 and
100 um to prevent wall slip effects. The gap between the cylinder and the cup was 2 mm. Pre-
shear of the sample (at 10 s for 30 s, followed by 30 s rest) was done to avoid loading history. A
strain sweep (0.01 % to 100% strain) was performed on each of the suspensions at a fixed
frequency of 6.28 rad/s. A frequency sweep measurement was also carried out in the angular
frequency ranged from 628 to 0.628 rad/s at a constant strain of 0.1% (within the LVR as

confirmed by strain sweep test) to obtain the storage and loss moduli.
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2.6. Microscopy analysis of particles in the suspension

The microstructure of non-homogenized and homogenized suspensions was visualized by
microscopy. Each suspension was diluted to obtain a solid concentration of 0.6% (w/w) to
visualize the cell wall material (Van Audenhove, et al., 2021). Light microscopy was performed on
the diluted suspension using an Olympus BX-41 microscope (Olympus, Optical Co. Ltd, Tokyo,
Japan), equipped with an Olympus XC-50 digital camera and photo-analysing software in

differential interference contrast mode (Willemsen et al., 2017).

2.7. Particle size distribution analysis of the suspension

The particle size distribution of each suspension before and after HPH was analysed using laser
diffraction (Beckman Coulter, LS 13 320, Miami, Florida). The detection range was 0.04 to 2000
pum, achieved using laser light with a wavelength of 750 nm as the main light source and laser
light with wavelength 450, 600 and 900 nm as polarization intensity differential scattering. The
volumetric particle size distribution was calculated from the intensity of the scattered light
according to the Fraunhofer optical model (plant cell wall RI = 1.6, water Rl = 1.33 and dispersion
absorption coefficient = 1) (Verrijssen et al., 2014). Two runs of analysis were carried out for each

loaded samples and for each suspension, two times loading were done.

2.8. Characterization of the citrus acid residue
Prior to all chemical analyses, the citrus AR was dialyzed to remove the ions that may interfere
with the analyses. Therefore, the AR samples were suspended in demineralized water and the

pH was adjusted to 6 with 0.1 M NaOH. The samples were transferred into Spectra/Por® dialysis
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tubing (3.5 kDa, MWCO) and were dialyzed against demineralized water for 48 h. The dialyzed

sample was then freeze-dried to obtain dry samples for analysis.

2.8.1. Galacturonic acid content analysis

Hydrolysis of the sample prior to galacturonic acid (GalA) analysis was done using the method
described by Ahmed & Labavitch (1977). Freeze dried AR (10 mg) was hydrolysed by adding 8
ml concentrated H2SO4 (98%) into the sample in an ice bath. The solution was then stirred and
subsequently, 4 ml demineralized water were added to the solution dropwise. After 1 hour of
hydrolysis with constant stirring, the solution was diluted to 50 ml with demineralized water. The
uronic acid assay was carried out according to the method in Blumenkrantz & Asboe-Hansen
(1973). The GalA content was determined by adding 3.6 ml 0.0125 M sodium tetraborate in 98%
H2SO4 into 0.6 ml of the diluted hydrolysates and then heated for 5 minutes at 100 °C. After
cooling to room temperature, the solution was mixed with 60 pl of m-hydroxydiphenyl-solution
(0.15% metahydroxydiphenyl in 0.5% NaOH) for 1 minute and the intensity of the colour formed
after another 1 minute was measured as absorbance at 520 nm using a spectrophotometer
(Spectrophotometer Genesys 30 Vis, Thermo Fisher, Waltham, MA, USA). A blank was included
for each sample using 60 pl of 0.5% NaOH instead of m-hydroxydiphenyl-solution. GalA content
was calculated using a standard calibration curve. Hydrolysis for GalA analysis were done in

duplicate and the spectrophotometry analysis were done in triplicate for each hydrolysed sample.

2.8.2. Residual pectin’s degree of methyl-esterification

The degree of methyl-esterification (DM) of residual pectin present in each citrus AR sample was

determined in triplicate using Fourier Transform Infra-Red (FT-IR) Spectroscopy according to the
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method described in Kyomugasho et al (2015). The freeze-dried sample was compressed to
create a compact sample without air bubbles and smooth surface. The transmittance of the
sample was measured at wave numbers 4000 cm' to 400 cm™ at a resolution of 4 cm™ using
Shimadzu FTIR-8400S (Japan). The mean spectrum was obtained after 100 runs and was
converted into absorbance. Peak deconvolution was performed to minimize the protein
interference, which resulted in spectra with individual peaks centred at approximately 1650 cm-!
and 1540 cm for protein and at approximately 1740 cm™" and 1600 cm™ corresponding to the
ester carbonyl group (C=0) in the methylated carboxyl groups and carboxylate group (COO") in
the non-methylated carboxyl groups, respectively. The DM of the pectin was determined using
the calibration curve equation developed by (Kyomugasho et al., 2015) with the deconvoluted
spectra:
Y =123.45X + 6.5914
where Y is the DM (%) of the pectin in the sample and X is the ratio of absorbance intensity of

the 1740 band over total intensity of the 1740 and 1600 band.

2.8.3. Neutral sugar content analysis of the citrus acid residues

Neutral sugar content of each AR sample was determined using the method described by Yeats
etal. (2016) with some modifications. The neutral sugars analysed were Fucose (Fuc), Rhamnose
(Rha), Arabinose (Ara), Galactose (Gal), Glucose (Glu), Xylose (Xyl), and Mannose (Man).
Freeze dried samples (2 mg) were mixed with 100 pl of 72% (w/w) H2SO4 for 1 hour. Afterwards,
2.8 ml ultra-pure water was added to dilute the sulfuric acid to 4% (w/v) and the sample was
hydrolysed by heating the solution at 121 °C for 1 hour (Saeman hydrolysis). Another set of
samples were directly mixed with 4% (w/v) sulfuric acid and hydrolysed (matrix hydrolysis).

Saeman hydrolysis was done to completely hydrolyse all cell wall polysaccharides including

10
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cellulose, while the matrix hydrolysis was done to hydrolyse the non-cellulosic cell wall
polysaccharides. After hydrolysis, the solution was neutralized using 2.32 ml of 1 M NaOH and
then diluted to 10 ml. The diluted solutions with visible unhydrolyzed solid particles were

centrifuged at 4°C for 10 minutes at 20000 g. The solution was then frozen until further analysis.

Analysis of the neutral sugars was done using High Performance Anion Exchange
Chromatography with Pulsed Amperometric Detection system (Dionex ICS-6000). The
hydrolysed solution was further diluted if necessary to fit the calibration curves and then filtered
with 0.20 um Chromafiol (Macherey-Nagel, Diren, Germany). A volume of 10 pl of the diluted
sample solution was injected and separated on a CarboPac PA-20 column equipped with guard
column to obtain a chromatogram of the sugars. The sample was eluted with 2 mM NaOH (to
obtain the value of Fuc, Gal, Glu, Xyl, and Man) and 18 mM NaOH (to obtain the value of Rha
and Ara). The hydrolysis and injection were done twice for each AR. The concentration of the
sugars was determined by injecting standard solutions at various concentrations (0.5-12 ppm) to
create calibration curves. The concentrations obtained were corrected with factors from

hydrolysed standard sugar solution.

2.8.4. Protein content analysis of the citrus acid residues

The protein content in the citrus AR was determined by the Dumas combustion method (AOAC,

2006). The nitrogen content of the samples was determined and then converted into protein

content using a conversion factor of 6.25. The analysis was done three times for each AR.

2.9. Statistical analysis
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The statistical differences (a = 0.05) between means were analysed using Two-Way ANOVA.
Pairwise comparison was done with Tukey-HSD test to compare means between the different
citrus species if significant interactions (p < 0.05) were detected. Correlation study between the
citrus AR characteristics and the rheological properties were done using Pearson Correlation. All

statistical analysis were done using JMP Pro 15.1.0.

3. Results and Discussion

3.1.  The role of pectin extraction and HPH on the functionalisation of lemon CWM

In order to demonstrate the potential of the citrus by-products after pectin extraction to be
functionalized into texturizing ingredients, in the first part of this study, both AIR (before pectin
extraction) and AR (after pectin extraction) samples from industrial lemon peel and lemon pulp
by-products were functionalized with HPH. The rheological properties of suspensions made from
the AIR and AR, both before and after HPH, were analysed and compared. The AR sample from
the lemon peel contains 15.3% GalA, corresponding to 15.9% of the GalA originally present in
the AIR, and the lemon pulp sample have 17.1% GalA , corresponding to 22.5% of the GalA
originally present in the AIR (Table 1). GalA is here used as an indicator for pectin. The
monosaccharides and protein content of these samples can be seen in Table S-1 of the

Supplementary File.

In order to determine the rheological properties of all the suspensions, strain sweep tests were
carried out to identify the Linear Viscoelastic Region (LVR). The storage modulus (G’) of all the
citrus CWM suspension remains constant (in LVR) at 0.1% strain; thus, this strain value was used

when carrying out the frequency sweep. To compare the rheological properties of AIR and AR
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suspensions, one point in the frequency sweep (at w 6.28 rad/s) was selected (Figure 1).
Suspensions from the AIR of lemon peel and pulp have substantially lower G* compared to
suspensions from AR. After HPH, the AIR suspensions also did not show significant improvement
in the G meanwhile the AR suspensions showed the potential to be functionalized into
suspensions with considerably higher G’. Thus, the acidic pectin extraction process that was
performed on the AIR of lemon peel and pulp is favourable in the functionalization of citrus by-
products. This also highlights the potential to valorise the residue or waste from the pectin

manufacturing into a texturizing ingredient.

Pectin extraction is beneficial to the functionalisation of the residual CWM since it can disentangle
and open up the cell wall network. These results are in line with previous studies hypothesizing
that pectin extraction is advantageous in the functionalization of the citrus cell wall materials,
especially the lemon peel and pulp. The rheological properties of citrus fibre suspension without
prior pectin extraction in a previous study (Su et al., 2019) was poorer than in the present study,
even though the same solid concentration and even higher pressure of HPH were used.
Willemsen et al. (2017) also showed that when pectin were increasingly extracted from lemon

peel, the residue can be functionalized into suspensions with higher storage modulus.

The improvement in the rheological properties of AR suspensions after HPH happened due to
several mechanisms that have been hypothesized. First is the opening of the cell wall network
after HPH. It has been reported that cellulose particles had a higher porosity after 2-16 passes of
HPH at 15 MPa (Ulbrich & Floter, 2014). The particles are also broken down due to the shearing
during HPH, causing changes in the microstructure, and this leads to the exposure of more
hydrophilic groups (Su et al., 2019). Cell fragmentation can also expose other cell wall

constituents such as pectin and protein. These changes can improve interparticle interactions and
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eventually aggregation of particles that can promote water imbibition and formation of the weak
gel network (Augusto et al., 2012). Secondly, the solubilization of some initially insoluble
polysaccharides after HPH could increase the viscosity of the continuous phase of the suspension
(Huang et al., 2020; Van Audenhove et al., 2021; Zhou et al., 2017). Bengtsson & Tormberg (2011)
also observed that in tomato CWM with less insoluble pectin content, the microstructural changes
such as cell fragmentation after HPH can be more drastic, while in carrot and potato with higher

insoluble pectin content, the CWM are more resistant to the microstructural change due to HPH.

3.2.  Functionalisation of citrus ARs from different raw materials

3.2.1. Changes in the rheological properties of the different citrus ARs after HPH

ARs from three different citrus fruit (grapefruit, orange, lemon) and two different part (peel and
pulp) were functionalized using HPH and the change in the rheological properties after HPH were
measured. From the results of the strain sweep test (Figure 2), two notable observations will be
discussed. First, comparing the G’ in the low strain region, the decline of the G’ from the LVR
happened at different strain points between non-homogenized and homogenized suspension for
all type of materials. The G’ values of non-homogenized suspensions dropped to 90% of the
constant value in the LVR at approximately 0.6% strain whereas the homogenized suspensions’
G’ dropped at strain > 1%. This indicates that after HPH, the suspensions have stronger structure
in the low strain region. The same observation was reported on the CWM suspensions from other

matrices (Van Audenhove et al., 2021)

Second, looking at the G’ in the high strain region (Figure 2), two distinct large amplitude

oscillatory shear (LAOS) behaviours as described in Hyun et al. (2002) were observed, i.e. Type
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| behaviour (strain thinning) and Type Il behaviour (weak strain overshoot). Hyun et al. (2002)
suggested that the two distinct behaviours are related to the microstructure of the particles in the
system. Type | behaviour relates to chains of polymers with certain entanglement in which as the
strain increases, the chain orientation or alignment along the flow direction caused a decrease in
the moduli. Type lll behaviour, on the other hand, were observed in a disordered and extended
polymer dispersion system with association (for example with hydrogen bonding) in the polymers,
causing a formation of a complex structure. In the present study, Type Il behaviour was clearly
observed on suspension from grapefruit peel AR both before and after HPH and on orange and
lemon peel AR suspension before HPH. Conversely, orange and lemon AR suspension after HPH
and all the pulp AR suspensions did not show a weak strain overshoot and instead showed a

Type | behaviour.

Previous studies (Huang et al., 2020; Su et al., 2020) reported a shift from Type | to Type llI
behaviours after the HPH of citrus fibre and sugar beet pulp suspension with the same solid
concentration and similar range of HPH pressure as the citrus suspension in the present study.
The researchers argued that the shift from Type | to Type Ill behaviour indicated that the structure
of the network in the suspension has more particles interactions (entanglement) after HPH.
Contrary to the previous studies, a shift from Type Il to Type | behaviour after HPH was observed
in the orange and lemon peel AR suspensions. Even in the grapefruit AR suspension, the maxima
of the G” after HPH were also less prominent. However, the shift from Type Il to Type | in this
study did not directly translate to a weaker structure as implied by previous studies. The different
observations between the previous and the present study may indicate that the CWM
suspensions of the citrus AR show a different microstructure with different mechanisms of network
formation. The difference in the microstructure may result from the pectin extraction step that was

carried out in this study which may alter the interactions in the network of the CWM. A study has
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shown that there are different interactions between particles in plant particle dispersions which
correlate to the microstructure of the particles. This study suggested that flocculated particles may
have interactions due to attractive forces, smooth particles may interact through repulsive forces
and particles with rough edges may interact through entanglement can forming network due to
the static friction. Different interactions (and concentrations of the particles) can affect the particle

packing which will lead to a different rheological behaviour (Lopez-Sanchez et al., 2012).

From the frequency sweep test, the G’ and G” of the suspensions from different AR as a function
of frequency (w) were obtained. All the suspensions both before and after homogenization show
higher G’ values than the G” and the moduli were dependent on the w with positive slope (Figure
S-1in Supplementary File). This indicates that the suspensions exhibit an elastic behaviour rather
than plastic or viscous and have weak gel properties (Barnes, 2000; Rao, 2014). The G’ of the
suspensions made from different citrus fruit ARs at a frequency of 6.28 rad/s are shown in Figure
3. An increase of 51-216% in the G’ of the suspensions after HPH were observed. This
improvement in the rheological properties occurred in all the citrus AR suspensions regardless of

the citrus species or the citrus part.

In this study, although increases in the G’ were detected on all the citrus AR suspensions after
HPH, the rheological properties of suspensions from the different citrus ARs were not similar.
After HPH, the peel AR suspensions had higher G’ compared to the pulp for each of the citrus
species. Suspensions from orange AR after HPH had the lowest value of G’ among the citrus
species meanwhile lemon and grapefruit AR suspensions had high G’ without any significant
difference between them. The difference in the response after HPH among the different citrus AR

may have some correlations with the microstructure and other characteristics of the residue. The
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correlations and the possible effect of the different citrus AR characteristics on the rheological

properties of the suspension will be discussed below.

3.2.2. Effect of the physical and chemical properties of citrus AR on the rheological properties

3.2.2.1. Particle mormphology

The microstructure for each of the citrus ARs was characterized by light microscopy visualization
shown in Figure 4. Before HPH, the particles in the citrus residue had different morphology
between the different type of residues. Citrus AR from the pulp had fibrous morphology while the
peel AR had broken cell wall fragments which are irregularly shaped. The fibrous particles in the
pulp AR, which were rod-like shaped, have a higher phase volume compared to other particle
morphologies such as sphere or disc and therefore theoretically should cause the suspension
with such particles to have higher G’ (Barnes, 2000). This theory is true for the non-homogenized
suspension of the citrus AR where the G’ of the orange pulp and lemon pulp suspensions was
higher than the peel counterparts, albeit not significant. Contrary, the G’ of the non-homogenized
grapefruit peel AR suspension were higher than the pulp counterpart, although also insignificantly.
However, the particles in the grapefruit peel AR were quite elongated, almost similar to the rod-

shaped fibrous particles in the pulp, which indicate a high phase volume leading to a higher G'.

Contrary to the observations before HPH, suspensions from the pulp samples after HPH have
lower G’ values compared to the peel suspensions. It is possible that the fibrous particles in the
pulp suspensions were broken down by HPH in a way that did not encourage particle interactions
which lead to less particle aggregation, meanwhile the irregularly-shaped peel particles were

more easily aggregated to form a network leading to suspensions with higher G'. Previous study
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(Schalow & Kunzek, 2004) observed the same phenomena where suspensions with rough

particles showed better rheological properties compared to suspensions with smooth particles.

As discussed before, the improvement after HPH was suggested to happen due to the breakdown
of particles, opening up of CWM structures and the aggregation of particles due to particle
interactions. The microscopy visualization may not show a comprehensive description of the
particle aggregation. The samples have to be diluted and mixed to clearly show the particle
morphology which may have broken down some of the network formed from the aggregation.
Nevertheless, some particle aggregations were still observed in the microscopy visualization of
the suspension after HPH (Figure 4) which indicated the formation of a stronger network and thus

lead to an increase of the G’ after HPH.

The observation that the pulp AR suspensions have lower G’ compared to the peel AR
suspensions after HPH despite their rod-shaped particles, which should result in a bigger phase
volume, suggests that other properties of the particles should be considered, such as their
deformability, polydispersity, and especially the potential interactions between particles such as
hydrophobic/hydrophilic interactions or repulsive/attractive forces due to charges for example
from the pectin in the CWM (Genovese et al., 2007; Tsai & Zammouri, 1988). These properties
are out of the scope of this study; however, they are interesting properties to be studied in the

future.

3.2.2.2.  Particle size distribution

Particle size is another microstructural characteristic that should be considered in the

functionalization of the CWM. The particle size distribution of the suspension before HPH was
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monomodal with a wide distribution and sometimes with a shoulder appearing on the larger
particle size region (Figure S-2 in Supplementary File). After HPH, the particle size distributions
became narrower and without shoulder and shifted to the smaller particle regions. In order to
compare the particle size between different citrus AR, the Dsp of the particles in citrus AR
suspensions was shown in Figure 5. It was clear that HPH not only resulted in smaller particles
but also a more homogenous particle size distribution. The same observations were reported in
previous studies (Augusto et al., 2012; Bengtsson & Tornberg, 2011; Lopez-Sanchez et al., 2011;
Su et al, 2019; Zhou et al., 2017). The shear force on the particles that were pushed through the
small orifice in the homogenizer caused fragmentation resulting in a lower particle size. The
decrease in the particle size has been hypothesized to be essential in the functionalization of the
CWM into texturizing ingredients in this study. However, this decrease in the particle size was not
consistently observed in the homogenized CWM system. Some studies reported an increase in
the particle size after homogenization and they argued that the increase was caused by swelling
of the polysaccharides (Huang et al., 2020; Ulbrich & Fléter, 2014; Van Audenhove et al., 2021,

Willemsen et al., 2017).

Moreover, the rheological properties were clearly different among the citrus ARs in this study
although the Dsp of the particles in the suspensions after HPH were not distinctive between the
different citrus ARs. Because of their complexity, even for very comparable matrices, the PSD of
a CWM dispersion system cannot be an indicator of the expected texturizing potential. The
interactions between the CWM particles, both intra- and inter-particle, probably largely determines
the rheological properties of the suspension. However, the elucidation of this interaction in a

complex CWM matrix is far more challenging and not straightforward.

3.2.2.3.  Monosaccharide content and pectin’s DM
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The results from GalA and neutral sugar content analysis of the different citrus ARs are shown in
Table 2. GalA is the main backbone monosaccharide of the pectin in the AR. The citrus ARs
contained about 14-17 g GalA per 100 gram dry matter of the residue. This corresponds to about
13-23% of GalA content in the AIR that was retained in the citrus ARs (Table 1) which indicates
that there was a substantial amount of unextracted pectin. The GalA content in the ARs from
different species and fruit parts was not significantly different. Correlations were not detected
between the GalA content of the citrus AR and the rheological properties of the suspensions.
Thus, in this study, the pectin content of the ARs, as indicated by the GalA content, did not prompt

the different rheological properties shown by suspensions from different raw materials.

On the other hand, the structural properties of the pectin may have an influence on the rheological
properties of the suspension, especially before HPH. The structural properties of the residual
pectin can be described by the Rha, Ara and Gal content of the ARs. Rha is one of the main
backbone monosaccharides of the RG-I domain of the residual pectin. The peel ARs had
significantly (p<0.001) higher Rha, consequently more RG-I contribution in the residual pectin,
compared to pulp residues. There were also significant differences (p<0.001) in the Rha content
among the citrus species, where orange residues showed the highest RG-I contribution in their
residual pectin while grapefruit showed the least. Previous study on different citrus peel fibres
(without pectin depletion) also showed that Rha content was highest for orange fibre compared
to other citrus (Kaya et al., 2014). Ara and Gal content of the ARs can be linked to the side-chains
of pectin, although in the current study, the value of Gal content cannot be fully attributed to the
pectin side-chains since parts of the Gal content may be contributed by the side-chains of
xyloglucan (Harris & Smith, 2006). Nevertheless, as the Ara and Gal content became higher (such

as in orange ARs compared to lemon and grapefruit and in pulp ARs compared to peel ARs), the
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G’ of the AR suspension before HPH decreased. The same negative correlation (p<0.001, r =
0.786) was observed between the Rha content of AR with the suspension G’ value before
homogenization. Previous studies have postulated that pectin interacts with cellulose through the
RG-I region (Broxterman & Schols, 2018; Zykwinska et al., 2007) and through the side-chains or
arabinan and galactan (Lin et al., 2016). Some of the pectin-cellulose interactions may have been
broken down during the acid extraction process, but the remaining pectin was relatively more
strongly bound. The interaction between the remaining pectin and the cellulose may cause the
cell wall particles to be more resistant to opening up which is needed in order to create a
suspension with good rheological properties as previously discussed. However, the pectin-
cellulose interaction has proven to be weak (Lin et al., 2016), therefore HPH may have broken
down the interaction, changed the characteristics of the particles, allowed the cell wall network to
open up and eventually improved the G’. Consequently, the structure of the pectin as indicated

by the Rha, Ara and Gal did not show correlation with the G after HPH.

The pectin fraction left in the residues was characterized for its DM, and the results (Figure 6)
showed that the pectin in the citrus ARs are considered high-DM pectin (DM value higher than
50%) (Harris & Smith, 2006). The pectin in the AR from grapefruit and lemon, both from the peel
and pulp, have similar DM at approximately 70%. However, the pectin in the orange AR had lower
DM than the others (57% and 64% in the peel and the pulp AR, respectively). Similar values and
trends were reported in previous studies with orange pectin and orange fibre, where the DM
ranged from 58% to 68% and the peel fibre showed a lower pectin DM compared to the pulp fibre
(Lundberg et al., 2014; Schalow & Kunzek, 2004). The DM is an important structural characteristic
of pectin as it affect the charge and the gelling mechanism of the pectin (Yoo et al., 2006) and it
may also influence the way pectin interact with other polymers in the CWM. A previous study

reported that the binding ability of higher DM pectin to cellulose in an in vitro system was slightly
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lower than the low DM pectin, although they suggested that the DM is not a dominant factor
affecting the interactions (Lin et al., 2016). In this study, the DM of the residual pectin were
positively correlated to the G’ of the suspension before HPH (p<0.001, r = 0.731). ARs containing
pectin with lower DM, such as orange peel, showed a lower G’ of the suspension before HPH.
However, after HPH, the correlation became weaker (p<0.05, r = 0.405). This supported the
hypothesis that the structural characteristics of the pectin may determine the rheological
properties before HPH, however the effect of HPH is more dominantin determining the rheological

properties of the suspension after HPH.

The most common and abundantly found hemicellulose in dicotyledon plant, including citrus fruits,
is xyloglucan which is a branched polymer with B-D-glucan as the backbone and side chains
consisting of xylosyl residues (Harris & Smith, 2006). Thus, Xyl can be a good indicator for the
xyloglucan content in the residue. Citrus ARs contained 5.8 — 7.2 g Xyl / 100 g residue, the
grapefruit peel AR contained the highest Xyl and the orange peel AR contained the lowest Xyl.
Previous study reported the same trend in the Xyl content of different citrus peel fibres without
pectin depletion (Kaya et al., 2014). Peel ARs generally have significantly (p<0.05) higher Xyl
content than pulp ARs. On the other hand, Man content can indicate the presence of another
group of hemicellulose, mannan, that occurs in a lesser amount compared to xyloglucan in the
citrus residue. There was 2.3 — 3.5 g of Man in 100 g of citrus residue and there was no significant
difference in the Man content between peel and pulp residue. There were also no significant
differences in the Man content between lemon and orange, while values for grapefruit residue
were significantly lower than all others. The Xyl and Man content of the AR did not affect the

rheological properties of the AR suspensions (no correlations).
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Glu content (Table 2) obtained after matrix hydrolysis / Glu (mat) can be attributed to the non-
cellulosic polysaccharides, mainly from the hemicellulose (backbone of xyloglucan). Significant
differences in the Glu (mat) content between ARs from different citrus species were observed
(p<0.001) where orange ARs showed the highest values while grapefruit AR showed the lowest.
A negative correlation (p<0.001, r = -0.833) was observed between Glu (mat) content of the ARs
and the associated G’ values of the suspensions before homogenization. In the cell wall matrix,
hemicellulose may act as a link between the cellulose microfibrils (Cosgrove, 1997). Prior to HPH,
the bounds may still have a strong influence on the matrix and they prevent the cell wall particles
to open up and create the gel-like network with high G'. However, no correlation was detected
between Glu (mat) content and the G’ of the suspension after HPH. The Glu (mat) content may
also have affected the structural properties of the polysaccharides in the CWM in which the effect

disappeared after HPH.

The cellulose content in the AR was obtained from the difference between the glucose value from
Saeman hydrolysis and matrix hydrolysis, which was considered to be the glucose that built the
cellulose. The Glu content after Saeman hydrolysis was the most abundant sugar present in the
citrus AR, ranging from 48 to 60 g / 100 g residue (Table 2), which indicated that cellulose was
the most abundant polysaccharide in the residue. Grapefruit AR had significantly (p<0.001) higher
cellulose content compared to other citrus species (50-57 g / 100 g residue compared to 41-48 g
/ 100 g residue). The cellulose contents of the fruit peel and fruit pulp ARs from all the citrus
species were not significantly different. Suspensions from grapefruit and lemon ARs with higher
cellulose content than orange AR had higher G’ both before and after HPH. Previous studies
(Ulbrich & Fldter, 2014) have shown that cellulose porosity increased after HPH which lead to
increased water retention capacity and swelling of the cellulose microfibril. Consequently a better

rheological properties were observed (Ulbrich & Fléter, 2014).
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3.2.2.4. Protein content

Protein (in total of 3-8 g/100 g d.m.) was present in the different citrus ARs (Figure 7). The peel
ARs have significantly lower protein content than the pulp, meanwhile orange AR had the highest
protein content compared to the ARs from other citrus species. The protein in the AR is expected
to consist of different classes of cell-wall protein such as extensins, arabinogalactan protein,
proline-rich protein, and others. They are hydroxyproline-rich proteins and each of them have their
own function, structure and intermolecular interaction with other component of the cell wall
(Showalter, 1993; Sommer-Knudsen et al., 1998). The values of the protein content in the citrus
ARs was slightly smaller than values found in similar citrus materials in other studies (Chau &
Huang, 2003; Marin et al., 2007; Tripodo et al., 2004) in which the crude protein in various citrus
by-products were found to be between 7-12% d.m. The lower value in the AR in this study may
be due to the solubilization and/or degradation of the protein during the acid extraction process

with the heat and low pH.

The protein content of the citrus ARs and the G’ of the suspension after HPH were significantly
correlated (p<0.01, r =-0.524). It can be hypothesized that the existence of protein, especially the
structural protein in the CWM, can inhibit the functionalization of the HPH. In this study, the peel
ARs, which have significantly lower protein content, have higher G’ compared to the pulp ARs.
Orange ARs also have significantly higher protein content than the other citrus species and
consequently have a lower G’. A previous study supported the hypothesis, showing that both
heated pumpkin pomace (therefore denaturation of protein occurred) and deproteinated pumpkin

pomace had higher G’ values compared to the untreated material (Atencio et al., 2021).
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Structural proteins in the cell wall provide binding sites with other polysaccharides. For example,
extensin, a structural protein found in cell wall, has been found to interact with acidic pectin,
resulting in protein-polysaccharide crosslinks (Showalter, 1993; Sommer-Knudsen et al., 1998).
These crosslinks may act as barrier in the unfolding and breaking down of the particles, a
mechanism proposed for the improvement of the rheological properties after HPH of CWM

suspensions discussed above.

4. Conclusions

This study demonstrated that the citrus ARs after pectin extraction are highly potential sources to
be functionalized into texturizing ingredients using HPH. All citrus ARs, regardless of the species
or the fruit part, had an improved G’ after HPH. However, peel AR from lemon or grapefruit
appeared to be a preferable source of CWM to be functionalized as they had higher G’ compared
to both their pulp counterpart and orange ARs. Lower protein content in the CWM materials, as
in the peel AR from lemon and grapefruit, may contribute to a higher G’ of the AR suspensions
after HPH. The different citrus ARs also had different structural characteristics of the polymers as
elucidated by the neutral sugar content and pectin DM analysis. They also had different
microstructural characteristics as shown by microscopy visualization and particle size distribution.
These characteristics may influence the rheological properties of the AR suspensions before
HPH; however, they did not correlate to the rheological properties after HPH. The structural and
microstructural properties of the CWM were changed due to particle fragmentation and
aggregation during HPH which improved the rheological properties of the AR suspensions. Pectin
extraction from the CWM prior to the functionalization is favourable to the improvement of the
rheological properties since the removal of pectin leads to a more open structure which can

encourage the fragmentation and aggregation / network formation of the particles. The intra- and
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inter-particle interactions after HPH should be elucidated further to better understand the potential

of the CWM as texturizing ingredients.
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Table 1. GalA content of the AIR and AR of different raw materials and the calculated percentage
of unextracted GalA *average from 2 times extraction

Sample GalAin AIR Yield of AR GalA in AR from %GalA
(9/60g AIR) (g dry AR/60 g AIR)* 60 g of AIR (9)* unextracted”

I-L-PE 223+3.2 222 3.55 15.9
I-L-PU 220+1.5 264 498 225
G-PE 245+0.7 288 495 20.2
G-PU 258+0.4 219 3.52 136
O-PE 19.1+0.6 294 4.48 235
O-PU 21.8+0.6 20.9 3.06 14.0
L-PE 20.3+0.9 256 417 20.5
L-PU 23.1+0.8 221 3.68 15.9
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Table 2. Monosaccharides content (g/100 g d.m residue) and cellulose content (/100 g d.m residue) estimation of the different citrus
ARS. Values expressed were mean + standard deviation (n=4).

Sample Fuc Rha Ara Gal Glu(mat)  Glu(sae) Xyl Man GalA elluose
GPE 0402025 1072060 1705042 4002015 2572044 59905214 7212039 2505041 17162104 57.332227
GPU 0164009 061£024 1874027 4374040 3895092 54684194 6255063 2344069 1600£102 50.79%1.79
OPE 016:008 338028 212:016 5341016 696:040 4814304 574028 288:007 1528071 41.18£325
OPU 0143006 1.96£017 2264020 635:054 4.57£027 49.45:443 5845041 3.18£025 1467£1.10 44.89:4.49
LPE  062£003 2134002 201£012 593013 5152024 52712137 686£018 3554006 16202134 47.56 %143
LPU 051005 096+005 246007 583:0.04 367£030 50.17£200 582£030 311:0.16 1664136 46.50 +1.96

Table 3. F values and the significance level from Two-Way ANOVA for the effect of citrus species and fruit part on the parameters
(*p<0.05 ; **p<0.01 ; ***p<0.001 ; " : non-significant)

Parameter Citrus Fruit Part Citrus Species x
Species Fruit Part
G’ (0 MPa) 93.29*** 3.06™ 3154
G’ (20 MPa) 150.30***  50.69*** 241
D50 (0 MPa) 1.13m 68.54** 6.96*
D50 (20 MPa) 37.97*** 0.06™ 10.66***
Fuc 28.45"** 5.12* 1.80™
Rha 84.02** 60.52* 6.93*
Ara 17.22**" 15.49** 2.37™
Gal 105.58***  27.03*** 331
Glu (mat) 69.65"** 14.46” 36.45"
Glu (sae) 20.40*** 021 0.23"
Xyl 4.08" 6.93* 2.62m
Man 24 .64 0.03 1.63"
GalA 0.79"™ 0.29"™ 1.51™
Cellulose content 3397+ 1.89™ 3.82*
DM 41.64" 30.53** 127
Protein content 76.28***  2914.08** 11.62***
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Figure 2. Storage (G’) and loss modulus (G”) as a function of strain of the suspensions before (0 MPa)
and after HPH (20 MPa) from different citrus ARs : (A) Grapefruit peel (G-PE) (B) Grapefruit pulp (G-PU)
(C) Orange peel (O-PE) (D) Orange pulp (O-PU) (E) Lemon peel (L-PE) (F) Lemon pulp (L-PU)
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(0 MPa) and after HPH (20 MPa). Value expressed were mean (n=4); vertical bars represents standard
deviation for each mean.
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Figure 4. Microscopic visualization of the particles in the suspensions from different citrus ARs (at 0.6%
w/w solid concentration) before HPH (0 MPa) and after HPH (20 MPa). Red arrow indicate fibrous (rod-
like) particles and black arrows indicate irregularly shaped particles.
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before HPH (0 MPa) and after HPH (20 MPa). Value expressed were mean (n=8); vertical bars represents
standard deviation for each mean.
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Figure 7. Protein content of the citrus ARs. Value expressed were mean (n=4); vertical bars represents standard
deviation for each mean.
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ABSTRACT

Keywords:

Citrus by-products

Cell wall material

High pressure homogenization
Rheology

In the valorisation of fruit and vegetable by-products by high pressure homogenization (HPH) into texturizing
ingredients, the source of the by-product is an important determining factor. This study aims to demonstrate the
valorisation potential of citrus residues after acidic pectin extraction (AR) and to investigate differences between
citrus species (lemon, orange, grapefruit) and fruit parts (peel and pulp) as the source of the residues. Based on
the results, pectin extraction is favourable in improving the storage modulus (G') of the residue. However, re-
sidual pectin content in the different ARs, as indicated by pectic monosaccharides (e.g., GalA, Rha, Fuc), did not
correlate to G’ after HPH. The G’ of all ARs suspensions, regardless of the source, improved significantly after
HPH at 20 MPa. After HPH, fr: ion and sub. ly aggregation of particles were observed from the
particle size reduction and microscopy visualization. Particle morphology and size did not correlate with the G’
of the suspensions. Residual pectin’s Rhamnogalacturonan-I contribution and degree of methyl-esterification,
protein content, and glucose content related to hemicellulose were correlated to the G’ of the suspensions
before HPH. However, after HPH, no correlation was found between G’ and these characteristics, likely due to
changes on the structure of the particles. The results highlight the high potential of all the citrus ARs from the
different sources to be functionalized as texturizing ingredients. However, the peel AR from grapefruit and lemon
exhibited better rheological properties and may be considered as better sources compared to the other citrus by-
products.

1. Introduction

made, for example as animal feed, as compost or as a source in the
biorefinery process to produce biofuel, biogas and ethanol (Zema et al.,

Citrus fruits are one of the massively cultivated crops in the world.
Around 144 million tons of citrus were produced worldwide in 2019.
About 40-50% of the harvested fruits go into the processing industries
(FAO, 2021). From the processed fruits, 50-60% becomes waste with
very high organic matter content (Satari & Karimi, 2018). Thus, a sig-
nificant amount of by-product is created which may be costly for the
company to discharge and be a burden to the environment. As the
concept of circular economy is becoming more relevant, it will be in the
interest of the industry to use these by-products as a resource for further
production, thus ensuring less waste. Consequently, research in the
valorisation of by-products from the food processing industry and in
particular the citrus processing industry, becomes more essential.

Many efforts in the valorisation of citrus by-products have been

* Corresponding author.
** Corresponding author.

2018). Research has been carried out to incorporate fibres from the
citrus by-products into food productions either to improve the product's
nutrition and/or physical properties, for example in bakery products
(Caggia et al., 2020; Korus et al., 2020), meat products (Fernandez-Gines
et al., 2003; Song et al., 2016) and dairy products (Sendra et al., 2010).
The incorporation of citrus fibre led to quality improvement in some
products, but in the other hand, it may also cause detrimental effects
such as harder texture in sausage or lower bread volume (Fernandez—
Gines et al., 2003; Korus et al., 2020).

In food industry, pectin extraction from citrus by-products has been
widely done to manufacture different citrus based pectins. However,
pectin extraction still leaves a substantial amount of residue since pectin
only comprises a portion of the by-product. The residue left mostly

E-mail addresses: novitaika.putri@kuleuven.be (N.I. Putri), marceg.hendrickx@kuleuven.be (M. Hendrickx).
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contains cell wall materials (CWM) such as cellulose, hemicellulose,
residual pectin and protein which could still have various functional
properties, for example a thickening capacity. This CWM in the residue
can be developed into a natural ingredient that can be used in food
production. Previous study has shown that the CWM in the residue can
be functionalized into a texturizing ingredient with good rheological
properties using high pressure homogenization (HPH) (Willemsen etal.,
2018).

The ability of HPH to improve the rheological properties of various
fruit and vegetable dispersed systems has been shown by several studies
(Atencio et al., 2021; Augusto et al., 2012; Bengtsson & Tomberg, 2011;
Huang et al., 2020; Su et al., 2020; Van Audenhove et al., 2021; Wil-
lemsen et al., 2017; Zhou et al., 2017). However, the response of fruit
and vegetable CWM after HPH is not the same for all the matrices
studied. On the one hand, some studies showed an improvement of the
dispersion’s rheological properties after HPH, for example with tomato,
mango, citrus, pumpkin and sugar beet (Huang et al., 2020; Lopez--
Sanchez et al.,, 2011; Su et al., 2020; Van Audenhove et al., 2021; Wil-
lemsen et al, 2017; Zhou et al., 2017). On the other hand, the
rheological properties of carrot, broccoli, onion and apple based dis-
persions were not improved or even degraded after HPH (Bengtsson &
Tornberg, 2011; Lopez-Sanchez et al,, 2011; Van Audenhove et al.,
2021). This discrepancy highlights the importance of the CWM source
and its characteristics during the functionalization of the fruit and
vegetable by-products using HPH.

This study is divided into two parts, the first part aims to demonstrate
the potential of the residue obtained after acid pectin extraction (further
referred to as acid residue), with extraction conditions similar to those
performed in food industry, to be functionalized into a texturizing
ingredient and to discuss the role of the pectin extraction on the func-
tionalization of the CWM. The second part focuses on the effect of the
CWM source on the functionalization, in which by-products from three
different citrus species, i.e., lemon, orange and grapefruit, and two
different parts of the fruit, i.e., the peel and the pulp, were studied.
Different acid residues from the various citrus materials may lead to
varying CWM characteristics and consequently they may have different
responses to the functionalization process using HPH. In the second part,
the difference in the CWM characteristics obtained from different citrus
by products, the rheological properties of the CWM suspensions and the
correlation between them will be discussed in order to give insight into
the functionalization potential of the by-products as a texturizing
ingredient.

2. Materials and methods
2.1. Materials

In the first part of the study, industrial citrus by-products, specifically
frozen lemon peel (I-L-PE) and pulp (I-L-PU) obtained from Cargill
(Vilvoorde, Belgium) were used. Prior to further processing, the peel and
pulp were thawed and then ground using a food processor (Braun MR
5550 M CA, Kronberg, Germany). In the second part, fresh lemon (L),
orange (O) and grapefruit (G) were obtained from the local market and
then peeled using an automatic peeler (Pelamatic Orange Peeler Pro,
Valencia, Spain). The flavedo (outer skin) was separated during the first
peeling and the albedo was collected as the peel residue sample (PE)
after the second peeling. The peel was then ground using the same food
processor as above to reduce the size before further processing. The
peeled fruits were juiced using an Angel Juicer 8500 S (Naarden,
Netherlands) and the pulps were collected as the pulp residue sample
(PU).

Eight monosaccharides were used as a standard solution in sugar
content analysis. D-(+)-galacturonic acid monohydrate and L-
(—)-fucose were obtained from Sigma Aldrich (Diegem, Belgium). L-
(+)-rthamnose monohydrate was from Acros Organic (Geel, Belgium). L-
(+)-arabinose was from Fluka Biochemika (Buchs, Switzerland), -

Food Hydrocolloids 129 (2022) 107638

galactose was from Merck (Darmstadt, Germany), D-(+)-glucose mon-
ohydrate was from Riedel-de-Haén (Seelze, Germany), D-(+)-xylose was
from UCB (Leuven, Belgium) and D-(+)-mannose was from Fluka
Analytical (Buchs, Switzerland). Other chemicals used in this study were
all analytical grade unless stated otherwise.

2.2. Alcohol insoluble residue separation

Alcohol insoluble residue (AIR) separation were carried out on all
raw materials in order to isolate the CWM from the by-products. AIR was
obtained using the method described in McFeeters and Armstrong
(1984). Approximately 30 g of the fresh citrus peel or pulp was sus-
pended in 192 ml technical ethanol 99% (v/v), blended (Buchi mixer
B-400, Flawil, Switzerland) and then vacuum filtered (Machery-Nagel
MN 615 & 90 mm). The process of resuspension and filtration were
repeated two times on the residue after filtration with 96 ml technical
ethanol 99% (v/v) and then 96 ml technical acetone. The residue after
the final filtration was collected as AIR and dried in an oven overnight at
40 °C.

2.3. Pectin acid extraction

Pectin acid extraction on AIR was performed in duplicate for each
residue type following the procedure reported by Willemsen et al.
(2017). Sixty grams of AIR were suspended into 4 L of demineralized
water at 80 °C for 30 min. Nitric acid (7N) was added to the suspension
drop by drop until the pH reached 1.6 and the extraction was continued
at80 °C for 1 h with constant mixing at 300 RPM. After cooling to room
temperature in an ice bath, the suspension was centrifuged at 4000 g for
10 min at 20 °C to separate the pectin-rich supernatant and the
pectin-depleted acid residue (AR). The AR was washed with deminer-
alized water and then filtered using filter paper (Machery-Nagel MN 615
@ 125 mm). The AR was frozen until further analysis or processing.

2.4. High pressure homogenization of the citrus residues

The citrus AIR and AR were functionalized using HPH following the
method described in Willemsen et al. (2017). The AIR and AR were
resuspended with standardized tap water (0.2% NaCl and 0.015%
CaCly-H,0 in ultrapure water) at 2% w/w solid concentration. The pH of
the suspension was adjusted to 4.5 using 2M Na,CO; and was left
overnight with constant stirring. The pH value of 4.5 were chosen based
on a previous study (Willemsen et al., 2018) that showed pH 4.5 as the
optimum value for the cell wall functionalization with HPH for citrus
CWM. Prior to the HPH, the suspension was pre-mixed using
Ultra-Turrax with § 25 N-25 G Dispersing Tool (IKA, Satufen, Germany)
at 8000 RPM for 10 min. The non-homogenized sample (0 MPa) was
collected at this point. The suspension was then homogenized at 20 MPa
using a Panda 2k NS 1001L (GEA Niro Soavi, Parma, Italy).

2.5. Rheology analysis of the suspension

Rheology analysis was done in duplicate for each citrus residue
suspension according to the method described in Willemsen et al.
(2018). Rheological measurements of the fibre suspension before and
after HPH were performed using an Anton Paar MCR302 rheometer
(Graz, Austria) at 25 °C. A custom built cup and concentric cylinder with
conical bottom were used. The surface of the geometry and the cup were
sandblasted with average surface roughness between 50 and 100 pm to
prevent wall slip effects. The gap between the cylinder and the cup was
2 mm. Pre-shear of the sample (at 10 s ! for 30s, followed by 30 srest)
was done to avoid loading history. A strain sweep (0.01%-100% strain)
was performed on each of the suspensions at a fixed frequency of 6.28
rad/s. A frequency sweep measurement was also carried out in the
angular frequency ranged from 628 to 0.628 rad/s at a constant strain of
0.1% (within the LVR as confirmed by strain sweep test) to obtain the
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storage and loss moduli.
2.6. Microscopy analysis of particles in the suspension

The microstructure of non-homogenized and homogenized suspen-
sions was visualized by microscopy. Each suspension was diluted to
obtain a solid concentration of 0.6% (w/w) to visualize the cell wall
material (Van Audenhove etal.,, 2021). Light microscopy was performed
on the diluted suspension using an Olympus BX-41 microscope
(Olympus, Optical Co. Ltd, Tokyo, Japan), equipped with an Olympus
XC-50 digital camera and photo-analysing software in differential
interference contrast mode (Willemsen et al., 2017).

2.7. Particle size distribution analysis of the suspension

The particle size distribution of each suspension before and after
HPH was analysed using laser diffraction (Beckman Coulter, LS 13 320,
Miami, Florida). The detection range was 0.04-2000 pm, achieved using
laser light with a wavelength of 750 nm as the main light source and
laser light with wavelength 450, 600 and 900 nm as polarization in-
tensity differential scattering. The volumetric particle size distribution
was calculated from the intensity of the scattered light according to the
Fraunhofer optical model (plant cell wall RI = 1.6, water RI = 1.33 and
dispersion absorption coefficient = 1) (Verrijssen et al., 2014). Two runs
of analysis were carried out for each loaded samples and for each sus-
pension, two times loading were done.

2.8. Characterization of the citrus acid residue

Prior to all chemical analyses, the citrus AR was dialyzed to remove
the ions that may interfere with the analyses. Therefore, the AR samples
were suspended in demineralized water and the pH was adjusted to 6
with 0.1 M NaOH. The samples were transferred into Spectra/Por®
dialysis tubing (3.5 kDa, MWCO) and were dialyzed against deminer-
alized water for 48 h. The dialyzed sample was then freeze-dried (Martin
Christ Alpha 2-4 LSC plus, Osterode, Germany) to obtain dry samples for
analysis.

2.8.1. Galacturonic acid content analysis

Hydrolysis of the sample prior to galacturonic acid (GalA) analysis
was done using the method described by Ahmed and Labavitch (1977).
Freeze dried AR (10 mg) was hydrolysed by adding 8 ml concentrated
H2SO4 (98%) into the sample in an ice bath. The solution was then
stirred and subsequently, 4 ml demineralized water were added to the
solution dropwise. After 1 h of hydrolysis with constant stiiring, the
solution was diluted to 50 ml with demineralized water. The uronic acid
assay was carried out according to the method in Blumenkrantz and
Asboe-Hansen (1973). The GalA content was determined by adding 3.6
ml 0.0125 M sodium tetraborate in 98% H,SO, into 0.6 ml of the diluted
hydrolysates and then heated for 5 min at 100 °C. After cooling to room
temperature, the solution was mixed with 60 pl of m-hydrox-
ydiphenyl-solution (0.15% metahydroxydiphenyl in 0.5% NaOH) for 1
min and the intensity of the colour formed after another 1 min was
measured as absorbance at 520 nm using a spectrophotometer (Thermo
Fisher Spectrophotometer Genesys 30 Vis, Waltham, MA, USA). A blank
was included for each sample using 60 pl of 0.5% NaOH instead of
m-hydroxydiphenyl-solution. GalA content was calculated using a
standard calibration curve. Hydrolysis for GalA analysis were done in
duplicate and the spectrophotometry analysis were done in triplicate for
each hydrolysed sample.

2.8.2. Residual pectin’s degree of methyl-esterification

The degree of methyl-esterification (DM) of residual pectin present
in each citrus AR sample was determined in triplicate using Fourier
Transform Infra-Red (FT-IR) Spectroscopy according to the method
described in Kyomugasho et al. (2015). The freeze-dried sample was
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compressed to create a compact sample without air bubbles and smooth
surface. The transmittance of the sample was measured at wave numbers
4000 ecm ! to 400 em ! at a resolution of 4 em ! using Shimadzu
FTIR-8400S (Japan). The mean spectrum was obtained after 100 runs
and was converted into absorbance. Peak deconvolution was performed
to minimize the protein interference, which resulted in spectra with
individual peaks centred at approximately 1650 ecm ' and 1540 cm ™!
for protein and at approximately 1740 cm ™' and 1600 cm™! corre-
sponding to the ester carbonyl group (C=0) in the methylated carboxyl
groups and carboxylate group (COO") in the non-methylated carboxyl
groups, respectively. The DM of the pectin was determined using the
calibration curve equation developed by Kyomugasho et al. (2015) with
the deconvoluted spectra:

Y = 123.45X + 6.5914

where Y is the DM (%) of the pectin in the sample and X is the ratio of
absorbance intensity of the 1740 band over total intensity of the 1740
and 1600 band.

2.8.3. Neutral sugar content analysis of the citrus acid residues

Neutral sugar content of each AR sample was determined using the
method described by Yeats et al. (2016) with some modifications. The
neutral sugars analysed were Fucose (Fuc), Rhamnose (Rha), Arabinose
(Ara), Galactose (Gal), Glucose (Glu), Xylose (Xyl), and Mannose (Man).
Freeze dried samples (2 mg) were mixed with 100 pl of 72% (w/w)
H2S0; for 1 h. Afterwards, 2.8 ml ultra-pure water was added to dilute
the sulfuric acid to 4% (w/v) and the sample was hydrolysed by heating
the solution at 121 °C for 1 h (Saeman hydrolysis). Another set of
samples were directly mixed with 4% (w/v) sulfuric acid and hydrolysed
(matrix hydrolysis). Saeman hydrolysis was done to completely hydro-
lyse all cell wall polysaccharides including cellulose, while the matrix
hydrolysis was done to hydrolyse the non-cellulosic cell wall poly-
saccharides. After hydrolysis, the solution was neutralized using 2.32 ml
of 1 M NaOH and then diluted to 10 ml. The diluted solutions with
visible unhydrolyzed solid particles were centrifuged at 4 °C for 10 min
at 20000 g. The solution was then frozen until further analysis.

Analysis of the neutral sugars was done using High Performance
Anion Exchange Chromatography with Pulsed Amperometric Detection
system (Thermo Fisher Dionex ICS-6000). The hydrolysed solution was
further diluted if necessary to fit the calibration curves and then filtered
with 0.20 pm Chromafiol (Macherey-Nagel, Diiren, Germany). A volume
of 10 pl of the diluted sample solution was injected and separated on a
CarboPac PA-20 column equipped with guard column to obtain a
chromatogram of the sugars. The sample was eluted with 2 mM NaOH
(to obtain the value of Fue, Gal, Glu, Xyl, and Man) and 18 mM NaOH (to
obtain the value of Rha and Ara). The hydrolysis and injection were
done twice for each AR. The concentration of the sugars was determined
by injecting standard solutions at various concentrations (0.5-12 ppm)
to create calibration curves. The concentrations obtained were corrected
with factors from hydrolysed standard sugar solution.

2.8.4. Protein content analysis of the citrus acid residues

The protein content in the citrus AR was determined by the Dumas
combustion method (AOAC, 2006). The nitrogen content of the samples
was determined and then converted into protein content using a con-
version factor of 6.25. The analysis was done three times for each AR.

2.9. Statistical analysis

The statistical differences (¢ = 0.05) between means were analysed
using Two-Way ANOVA. Pairwise comparison was done with Tukey-
HSD test to compare means between the different citrus species if sig-
nificant interactions (p < 0.05) were detected. Correlation study be-
tween the citrus AR characteristics and the rheological properties were
done using Pearson Correlation. All statistical analysis were done using
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JMP Pro 15.1.0.
3. Results and discussion

3.1. The role of pectin extraction and HPH on the functionalization of
lemon CWM

In order to demonstrate the potential of the citrus by-products after
pectin extraction to be functionalized into texturizing ingredients, in the
first part of this study, both AIR (before pectin extraction) and AR (after
pectin extraction) samples from industrial lemon peel and lemon pulp
by-products were functionalized with HPH. The rheological properties
of suspensions made from the AIR and AR, both before and after HPH,
were analysed and compared. The AR sample from the lemon peel
contains 15.3% GalA, corresponding to 15.9% of the GalA originally
present in the AIR, and the lemon pulp sample have 17.1% GalA, cor-
responding to 22.5% of the GalA originally present in the AIR (Table 1).
GalA is here used as an indicator for pectin. The monosaccharides and
protein content of these samples can be seen in Tables 5-1 of the Sup-
plementary File.

In order to determine the rheological properties of all the suspen-
sions, strain sweep tests were cairied out to identify the Linear Visco-
elastic Region (LVR). The storage modulus (G') of all the citrus CWM
suspension remains constant (in LVR) at 0.1% strain; thus, this strain
value was used when cairying out the frequency sweep. To compare the
rheological properties of AIR and AR suspensions, one point in the fre-
quency sweep (at » 6.28 rad/s) was selected (Fig. 1). Suspensions from
the AIR of lemon peel and pulp have substantially lower G’ compared to
suspensions from AR. After HPH, the AIR suspensions also did not show
significant improvement in the G’ meanwhile the AR suspensions
showed the potential to be functionalized into suspensions with
considerably higher G*. Thus, the acidic pectin extraction process that
was performed on the AIR of lemon peel and pulp is favourable in the
functionalization of citrus by-products. This also highlights the potential
to valorise the residue or waste from the pectin manufacturing into a
texturizing ingredient.

Pectin extraction is beneficial to the functionalization of the residual
CWM since it can disentangle and open up the cell wall network. These
results are in line with previous studies hypothesizing that pectin
extraction is advantageous in the functionalization of the citrus cell wall
materials, especially the lemon peel and pulp. The rheological properties
of citrus fibre suspension without prior pectin extraction in a previous
study (Su et al., 2019) was poorer than in the present study, even though
the same solid concentration and even higher pressure of HPH were
used. Willemsen et al. (2017) also showed that when pectin were
increasingly extracted from lemon peel, the residue can be functional-
ized into suspensions with higher storage modulus.

The improvement in the rheological properties of AR suspensions
after HPH happened due to several mechanisms that have been

Table 1
GalA content of the AIR and AR of different raw materials and the calculated
percentage of unextracted GalA *average from 2 times extraction.

Sample  GalA in AIR Yield of AR (g GalAin AR from  %GalA
(g/60g AIR)  dry AR/60 g 60 g of AIR (g)*  unextracted*
AIR)*
I-L-PE 223 £32 22.2 3.55 15.9
I-L-PU 220 =15 26.4 4.98 225
G-PE 245 07 28.8 4.95 20.2
G-PU 25.8 £ 0.4 21.9 3.52 13.6
O-PE 19.1 = 0.6 29.4 4.48 23.5
0-PU 21.8 £ 0.6 20.9 3.06 14.0
L-PE 20.3 £0.9 25.6 417 20.5
L-PU 23.1 =08 22.1 3.68 15.9

Food Hydrocolloids 129 (2022) 107638

0 MPa 20 MPa

DAIR-I-L-PE  ®AIR-I-L-PU SAR-I-L-PE BAR-I-L-PU

Fig. 1. Storage modulus of suspensions from AIR and AR at frequency 6.28
rad/s before HPH (0 MPa) and after HPH (20 MPa). Values expressed were
mean; vertical bar represents standard deviation for each mean.

hypothesized. First is the opening of the cell wall network after HPH. It
has been reported that cellulose particles had a higher porosity after
2-16 passes of HPH at 15 MPa (Ulbrich & Floter, 2014). The particles are
also broken down due to the shearing during HPH, causing changes in
the microstructure, and this leads to the exposure of more hydrophilie
groups (Su et al., 2019). Cell fragmentation can also expose other cell
wall constituents such as pectin and protein. These changes can improve
interparticle interactions and eventually aggregation of particles that
can promote water imbibition and formation of the weak gel network
(Augusto et al., 2012). Secondly, the solubilization of some initially
insoluble polysaccharides after HPH could increase the viscosity of the
continuous phase of the suspension (Huang et al., 2020; Van Audenhove
et al., 2021; Zhou et al., 2017). Bengtsson and Tornberg (2011) also
observed that in tomato CWM with less insoluble pectin content, the
microstructural changes such as cell fragmentation after HPH can be
more drastic, while in carrot and potato with higher insoluble pectin
content, the CWM are more resistant to the microstructural change due
to HPH.

3.2. Functionalization of citrus ARs from different raw materials

3.2.1. Changes in the rheological properties of the different citrus ARs after
HPH

ARs from three different citrus fruits (grapefruit, orange, lemon) and
two different parts (peel and pulp) were functionalized using HPH and
the change in the rheological properties after HPH were measured. From
the results of the strain sweep test (Fig. 2), two notable observations will
be discussed. First, comparing the G’ in the low strain region, the decline
of the G’ from the LVR happened at different strain points between non-
homogenized and homogenized suspension for all type of materials. The
G’ values of non-homogenized suspensions dropped to 90% of the con-
stant value in the LVR at approximately 0.6% strain whereas the ho-
mogenized suspensions’ G dropped at strain >1%. This indicates that
after HPH, the suspensions have stronger structure in the low strain
region. The same observation was reported on the CWM suspensions
from other matrices (Van Audenhove et al., 2021).

Second, looking at the G in the high strain region (Fig. 2), two
distinct large amplitude oscillatory shear (LAOS) behaviours as
described in Hyun et al. (2002) were observed, i.e. Type I behaviour
(strain thinning) and Type Il behaviour (weak strain overshoot). Hyun
et al. (2002) suggested that the two distinct behaviours are related to the
microstructure of the particles in the system. Type I behaviour relates to
chains of polymers with certain entanglement in which as the strain
increases, the chain orientation or alignment along the flow direction
caused a decrease in the moduli. Type III behaviour, on the other hand,
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Fig. 2. Storage (G) and loss modulus (G”) as a function of strain of the suspensions before (0 MPa) and after HPH (20 MPa) from different citrus ARs: (A) Grapefruit
peel (G-PE) (B) Grapefruit pulp (G-PU) (C) Orange peel (O-PE) (D) Orange pulp (O-PU) (E) Lemon peel (L-PE) (F) Lemon pulp (L-PU).

were observed in a disordered and extended polymer dispersion system
with association (for example with hydrogen bonding) in the polymers,
causing a formation of a complex structure. In the present study, Type IIl
behaviour was clearly observed on suspension from grapefruit peel AR
both before and after HPH and on orange and lemon peel AR suspension
before HPH. Conversely, orange and lemon AR suspension after HPH
and all the pulp AR suspensions did not show a weak strain overshoot
and instead showed a Type I behaviour.

Previous studies (Huang et al., 2020; Su et al., 2020) reported a shift
from Type I to Type III behaviours after the HPH of citrus fibre and sugar
beet pulp suspension with the same solid concentration and similar
range of HPH pressure as the citrus suspension in the present study. The
researchers argued that the shift from Type I to Type III behaviour
indicated that the structure of the network in the suspension has more
particles interactions (entanglement) after HPH. Contrary to the previ-
ous studies, a shift from Type III to Type I behaviour after HPH was
observed in the orange and lemon peel AR suspensions. Even in the
grapefruit AR suspension, the maxima of the G” after HPH were also less
prominent. However, the shift from Type III to Type I in this study did
not directly translate to a weaker structure as implied by previous

studies. The different observations between the previous and the present
study may indicate that the CWM suspensions of the citrus AR show a
different microstructure with different mechanisms of network forma-
tion. The difference in the microstructure may result from the pectin
extraction step that was carried out in this study which may alter the
interactions in the network of the CWM. A study has shown that there
are different interactions between particles in plant particle dispersions
which correlate to the microstructure of the particles. This study sug-
gested that flocculated particles may have interactions due to attractive
forces, smooth particles may interact through repulsive forces and par-
ticles with rough edges may interact through entanglement can forming
network due to the static friction. Different interactions (and concen-
trations of the particles) can affect the particle packing which will lead
to a different rheological behaviour (Lopez-Sanchez et al., 2012).
From the frequency sweep test, the G' and G” of the suspensions from
different AR as a function of frequency (@) were obtained. All the sus-
pensions both before and after homogenization show higher G’ values
than the G” and the moduli were dependent on the » with positive slope
(Figure S-1 in Supplementary File). This indicates that the suspensions
exhibit an elastic behaviour rather than plastic or viscous and have weak
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gel properties (Barnes, 2000; Rao, 2014). The G’ of the suspensions
made from different citrus fruit ARs at a frequency of 6.28 rad/s are
shown in Fig. 3. An increase of 51-216% in the G of the suspensions
after HPH were observed. This improvement in the rheological proper-
ties occurred in all the citrus AR suspensions regardless of the citrus
species or the citrus part.

In this study, although increases in the G’ were detected on all the
citrus AR suspensions after HPH, the rheological properties of suspen-
sions from the different citrus ARs were not similar. After HPH, the peel
AR suspensions had higher G’ compared to the pulp for each of the citrus
species. Suspensions from orange AR after HPH had the lowest value of
G’ among the citrus species meanwhile lemon and grapefruit AR sus-
pensions had high G’ without any significant difference between them.
The difference in the response after HPH among the different citrus AR
may have some correlations with the microstructure and other charac-
teristics of the residue. The correlations and the possible effect of the
different citrus AR characteristics on the rheological properties of the
suspension will be discussed below.

3.2.2. Effect of the physical and chemical properties of citrus AR on the
rheological properties

3.2.2.1. Particle morphology. The microstructure for each of the citrus
ARs was characterized by light microscopy visualization shown in Fig. 4.
Before HPH, the particles in the citrus residue had different morphology
between the different type of residues. Citrus AR from the pulp had
fibrous morphology while the peel AR had broken cell wall fragments
which are irregularly shaped. The fibrous particles in the pulp AR, which
were rod-like shaped, have a higher phase volume compared to other
particle morphologies such as sphere or disc and therefore theoretically
should cause the suspension with such particles to have higher G’
(Barnes, 2000). This theory is true for the non-homogenized suspension
of the citrus AR where the G’ of the orange pulp and lemon pulp sus-
pensions was higher than the peel counterparts, albeit not significant.
Contrary, the G’ of the non-homogenized grapefruit peel AR suspension
were higher than the pulp counterpart, although also insignificantly.
However, the particles in the grapefruit peel AR were quite elongated,
almost similar to the rod-shaped fibrous particles in the pulp, which
indicate a high phase volume leading to a higher G'.

Contrary to the observations before HPH, suspensions from the pulp
samples after HPH have lower G’ values compared to the peel suspen-
sions. It is possible that the fibrous particles in the pulp suspensions were
broken down by HPH in a way that did not encourage particle in-
teractions which lead to less particle aggregation, meanwhile the
irregularly-shaped peel particles were more easily aggregated to form a
network leading to suspensions with higher G'. Previous study (Schalow
& Kunzel, 2004) observed the same phenomena where suspensions with
rough particles showed better rheological properties compared to

OG-FE WG-PU DO-PE @O-PU SL-PE @L-PU

Fig. 3. Storage modulus of suspensions from different citrus ARs at frequency
6.28 rad/s before HPH (0 MPa) and after HPH (20 MPa). Values expressed were
mean (n = 4); vertical bar represents standard deviation for each mean.
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Fig. 4. Microscopic visualization of the particles in the suspensions from
different citrus ARs (at 0.6% w/w solid concentration) before HPH (0 MPa) and
after HPH (20 MPa). Red arrow indicate fibrous (rod-like) particles and black
arrows indicate irregularly shaped particles. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

suspensions with smooth particles.

As discussed before, the improvement after HPH was suggested to
happen due to the breakdown of particles, opening up of CWM struc-
tures and the aggregation of particles due to particle interactions. The
microscopy visualization may not show a comprehensive description of
the particle aggregation. The samples have to be diluted and mixed to
clearly show the particle morphology which may have broken down
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some of the network formed from the aggregation. Nevertheless, some
particle aggregations were still observed in the microscopy visualization
of the suspension after HPH (Fig. 4) which indicated the formation of a
stronger network and thus lead to an increase of the G” after HPH.

The observation that the pulp AR suspensions have lower G
compared to the peel AR suspensions after HPH despite their rod-shaped
particles, which should result in a bigger phase volume, suggests that
other properties of the particles should be considered, such as their
deformability, polydispersity, and especially the potential interactions
between particles such as hydrophobic/hydrophilic interactions or
repulsive/attractive forces due to charges for example from the pectin in
the CWM (Genovese et al, 2007; Tsai & Zammouri, 1988). These
properties are out of the scope of this study; however, they are inter-
esting properties to be studied in the future.

3.2.2.2. Particle size distribution. Particle size is another microstructural
characteristic that should be considered in the functionalization of the
CWM. The particle size distribution of the suspension before HPH was
monomodal with a wide distribution and sometimes with a shoulder
appearing on the larger particle size region (Figure S-2 in Supplemen-
tary File). After HPH, the particle size distributions became narrower
and without shoulder and shifted to the smaller particle regions. In order
to compare the particle size between different citrus AR, the Ds, of the
particles in citrus AR suspensions was shown in Fig. 5. It was clear that
HPH not only resulted in smaller particles but also a more homogenous
particle size distribution. The same observations were reported in pre-
vious studies (Augusto et al, 2012; Bengtsson & Tomberg, 2011;
Lopez-Sanchez et al., 2011; Su etal., 2019; Zhou et al., 2017). The shear
force on the particles that were pushed through the small orifice in the
homogenizer caused fragmentation resulting in a lower particle size.
The decrease in the particle size has been hypothesized to be essential in
the functionalization of the CWM into texturizing ingredients in this
study. However, this decrease in the particle size was not consistently
observed in the homogenized CWM system. Some studies reported an
increase in the particle size after homogenization and they argued that
the increase was caused by swelling of the polysaccharides (Huang et al.,
2020; Ulbrich & Floter, 2014; Van Audenhove, Bemaerts, Putri, et al.,
2021; Willemsen et al., 2017).

Moreover, the rheological properties were clearly different among
the citrus ARs in this study although the Dsy of the particles in the
suspensions after HPH were not distinctive between the different citrus
ARs. Because of their complexity, even for very comparable matrices,
the PSD of a CWM dispersion system cannot be an indicator of the ex-
pected texturizing potential. The interactions between the CWM parti-
cles, both intra- and inter-particle, probably largely determines the
rheological properties of the suspension. However, the elucidation of
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Fig. 5. Median volumetric diameter (D50) of the particle in the suspensions
from different citrus ARs before HPH (0 MPa) and after HPH (20 MPa). Values
expressed were mean (n = 8); vertical bar represents standard deviation for
each mean.
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this interaction in a complex CWM matrix is far more challenging and
not straightforward.

3.2.2.3. Monosaccharide content and pectin’s DM. The results from GalA
and neutral sugar content analysis of the different citrus ARs are shown
in Table 2. GalA is the main backbone monosaccharide of the pectin in
the AR. The citrus ARs contained about 14-17 g GalA per 100 g dry
matter of the residue. This corresponds to about 13-23% of GalA content
in the AIR that was retained in the citrus ARs (Table 1) which indicates
that there was a substantial amount of unextracted pectin. The GalA
content in the ARs from different species and fruit parts was not
significantly different (Table 3). Correlations were not detected between
the GalA content of the citrus AR and the rheological properties of the
suspensions. Thus, in this study, the pectin content of the ARs, as indi-
cated by the GalA content, did not prompt the different rheological
properties shown by suspensions from different raw materials.

On the other hand, the structural properties of the pectin may have
an influence on the rheological properties of the suspension, especially
before HPH. The structural properties of the residual pectin can be
described by the Rha, Ara and Gal content of the ARs. Rha is one of the
main backbone monosaccharides of the RG-I domain of the residual
pectin. The peel ARs had significantly (p < 0.001) higher Rha, conse-
quently more RG-I contribution in the residual pectin, compared to pulp
residues. There were also significant differences (p < 0.001) in the Rha
content among the citrus species, where orange residues showed the
highest RG-I contribution in their residual pectin while grapefruit
showed the least. Previous study on different citrus peel fibres (without
pectin depletion) also showed that Rha content was highest for orange
fibre compared to other citrus (Kaya et al., 2014). Ara and Gal content of
the ARs can be linked to the side-chains of pectin, although in the cur-
rent study, the value of Gal content cannot be fully attributed to the
pectin side-chains since parts of the Gal content may be contributed by
the side-chains of xyloglucan (Harris & Smith, 2006). Nevertheless, as
the Ara and Gal content became higher (such as in orange ARs compared
tolemon and grapefruit and in pulp ARs compared to peel ARs), the G’ of
the AR suspension before HPH decreased. The same negative correlation
(p £0.001, r = 0.786) was observed between the Rha content of AR with
the suspension G’ value before homogenization. Previous studies have
postulated that pectin interacts with cellulose through the RG-I region
(Broxterman & Schols, 2018; Zykwinska et al., 2007) and through the
side-chains or arabinan and galactan (Lin et al., 2016). Some of the
pectin-cellulose interactions may have been broken down during the
acid extraction process, but the remaining pectin was relatively more
strongly bound. The interaction between the remaining pectin and the
cellulose may cause the cell wall particles to be more resistant to
opening up which is needed in order to create a suspension with good
rheological properties as previously discussed. However, the
pectin-cellulose interaction has proven to be weak (Lin et al., 2016),
therefore HPH may have broken down the interaction, changed the
characteristics of the particles, allowed the cell wall network to open up
and eventually improved the G'. Consequently, the structure of the
pectin as indicated by the Rha, Ara and Gal did not show correlation
with the G™ after HPH.

The pectin fraction left in the residues was characterized for its DM,
and the results (Fig. 6) showed that the pectin in the citrus ARs are
considered high-DM pectin (DM value higher than 50%) (Harris &
Smith, 2006). The pectin in the AR from grapefruit and lemon, both from
the peel and pulp, have similar DM at approximately 70%. However, the
pectin in the orange AR had lower DM than the others (57% and 64% in
the peel and the pulp AR, respectively). Similar values and trends were
reported in previous studies with orange pectin and orange fibre, where
the DM ranged from 58% to 68% and the peel fibre showed a lower
pectin DM compared to the pulp fibre (Lundberg et al., 2014; Schalow &
Kunzek, 2004). The DM is an important structural characteristic of
pectin as it affect the charge and the gelling mechanism of the pectin
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Table 2

Monosaccharides content (g/100 g d.m residue) and cellulose content (g/100 g d.m residue) estimation of the different citrus ARs. Values expressed were mean +
standard deviation (n = 4).

Sample  Fuc Rha Ara Gal Glu (mat) Glu (sae) Xyl Man GalA Cellulose content
G-PE 0.40 = 0.25 170 042 4.00+015 257044 59.90+214 721:0.39 250=041 1716 =1.04 57.33 = 2.27

G-PU 0.16 = 0.09 1.87 £0.27 437040 389092 5468+1.94 625+0.63 234+0690 1600+102 5079 =179

O-PE 016+008 3.38:028 212:016 534:016 696=040 4814+3.04 574+028 288=007 1528071 41.18=3.25
0-PU 014006 1.96=017 2.26+020 6.35:054 457027 4945:4.43 584041 318025 1467 =110 44.89 = 4.49

L-PE 062003 213+002 201+012 593:013 515+024 5271+1.37 686=0.18 355006 16.20=134 4756 = 1.43

L-PU 051005 0.96=005 2.46=007 583:004 367=030 5017200 582030 311016 16.64=136 46.50= 1.96

N— dicotyledon plant, including citrus fruits, is xyloglucan which is a

able

F values and the significance level from Two-Way ANOVA for the effect of citrus
species and fruit part on the parameters (“p < 0.05; **p < 0.01; ***p < 0.001; *:
non-significant).

branched polymer with p-D-glucan as the backbone and side chains
consisting of xylosyl residues (Harris & Smith, 2006). Thus, Xyl can be a
good indicator for the xyloglucan content in the residue. Citrus ARs
contained 5.8-7.2 g Xyl/100 g residue, the grapefruit peel AR contained

Parameter Citrus Species  Fruit Part Citrus Species x Fruit Part the highest Xyl and the orange peel AR contained the lowest Xyl. Pre-

G’ (0 MPa) 93.20%+ 3.06™ SL5gwr vious study reported the same trend in the Xyl content of different citrus

35(()23)“:;:)) isg.iom :g'gi::: 2';;“ peel fibres without pectin depletion (Kaya et al, 2014). Peel ARs

D50 (20 MPa) e, 0.06% 16 Gaiis generally have significantly (p < 0.05) higher Xyl content than pulp ARs.

Fuc 28,45+ 5.12+ 1.80% On the other hand, Man content can indicate the presence of another

Rha 84,024+ 60.52%** 6.93++ group of hemicellulose, mannan, that occurs in a lesser amount

Am 17,208 15497 257~ compared to xyloglucan in the citrus residue. There was 2.3-3.5 g of

gr: st ;gi‘:‘?::* fzg::“ ::‘115*“ Man in 100 g of citrus residue and there was no significant difference in

Glu (sae) 20,404+ 0.21 ® 0.23% the Man content between peel and pulp residue (Table 3). There were

Xyl 4.08* 6.93* 2.62% also no significant differences in the Man content between lemon and

Man 24.64* 0.03 163" orange, while values for grapefruit residue were significantly lower than

g:llﬁ.l e coniadi (3’37 ::m ?‘g ;:;‘j all others. The Xyl and Man content of the AR did not affect the rheo-

DM 416440 30,534+ 127 logical properties of the AR suspensions (no correlations).

Prfiin contant 76,284+ 2014.08 11,524+ Glu content (Table 2) obtained after matrix hydrolysis/Glu (mat) can
be attributed to the non-cellulosic polysaccharides, mainly from the
hemicellulose (backbone of xyloglucan). Significant differences in the
Glu (mat) content between ARs from different citrus species were

80 observed (p < 0.001) where orange ARs showed the highest values while
70 T grapefruit AR showed the lowest. A negative correlation (p <0.001, r =
N —0.833) was observed between Glu (mat) content of the ARs and the

80 \\ associated G’ values of the suspensions before homogenization. In the
50 § cell wall matrix, hemicellulose may act as a link between the cellulose
g \ microfibrils (Cosgrove, 1997). Prior to HPH, the bounds may still have a
=40 § strong influence on the matrix and they prevent the cell wall particles to
e 30 % open up and create the gel-like network with high G’. However, no
§ correlation was detected between Glu (mat) content and the G’ of the

20 § suspension after HPH. The Glu (mat) content, which is indicative of the
10 % presence of hemicellulose, may also have affected the structural prop-
& erties of the polysaccharides in the CWM in which the effect disappeared

0 G-PE GPU O-PE 0-PU L-PE L-PU after HPH.

Fig. 6. Degree of methyl-esterification of the residual pectin in the citrus ARs.
Values expressed were mean (n = 6); vertical bar represents standard deviation
for each mean.

(Yoo et al., 2006) and it may also influence the way pectin interact with
other polymers in the CWM. A previous study reported that the binding
ability of higher DM pectin to cellulose in an in vitro system was slightly
lower than the low DM pectin, although they suggested that the DM is
not a dominant factor affecting the interactions (Lin et al., 2016). In this
study, the DM of the residual pectin were positively correlated to the G/
of the suspension before HPH (p < 0.001, r = 0.731). ARs containing
pectin with lower DM, such as orange peel, showed a lower G’ of the
suspension before HPH. However, after HPH, the correlation became
weaker (p < 0.05, r = 0.405). This supported the hypothesis that the
structural characteristics of the pectin may determine the rheological
properties before HPH, however the effect of HPH is more dominant in
determining the rheological properties of the suspension after HPH.
The most common and abundantly found hemicellulose in

The cellulose content in the AR was obtained from the difference
between the glucose value from Saeman hydrolysis and matrix hydro-
lysis, which was considered to be the glucose that built the cellulose. The
Glu content after Saeman hydrolysis was the most abundant sugar pre-
sent in the citrus AR, ranging from 48 to 60 g/100 g residue (Table 2),
which indicated that cellulose was the most abundant polysaccharide in
the residue. Grapefruit AR had significantly (p < 0.001) higher cellulose
content compared to other citrus species (50-57 g/100 g residue
compared to 41-48 g/100 g residue). The cellulose contents of the fruit
peel and fruit pulp ARs from all the citrus species were not significantly
different. Suspensions from grapefruit and lemon ARs with higher cel-
lulose content than orange AR had higher G* both before and after HPH.
Previous studies (Ulbrich & Floter, 2014) have shown that cellulose
porosity increased after HPH which lead to increased water retention
capacity and swelling of the cellulose microfibril. Consequently, a better
rheological properties were observed (Ulbrich & Floter, 2014).

3.2.2.4. Protein content. Protein (in total of 3-8 g/100 g d.m.) was
present in the different citrus ARs (Fig. 7). The peel ARs have
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%:24 ;///
: %

G-PE G-PU O-PE 0o-PU L-PE L-PU

Fig. 7. Protein content of the citrus ARs. Values expressed were mean (n = 4);
vertical bar represents standard deviation for each mean.

significantly lower protein content than the pulp, meanwhile orange AR
had the highest protein content compared to the ARs from other citrus
species. The protein in the AR is expected to consist of different classes of
cell-wall protein such as extensins, arabinogalactan protein, proline-rich
protein, and others. They are hydroxyproline-rich proteins and each of
them have their own function, structure and intermolecular interaction
with other component of the cell wall (Showalter, 1993; Sommer—
Knudsen et al., 1998). The values of the protein content in the citrus ARs
was slightly smaller than values found in similar citrus materials in other
studies (Chau & Huang, 2003; Marin et al., 2007; Tripodo et al., 2004) in
which the erude protein in various citrus by-products were found to be
between 7 and 12% d.m. The lower value in the AR in this study may be
due to the solubilization and/or degradation of the protein during the
acid extraction process with the heat and low pH.

The protein content of the citrus ARs and the G’ of the suspension
after HPH were significantly correlated (p < 0.01, r = —0.524). It can be
hypothesized that the existence of protein, especially the structural
protein in the CWM, can inhibit the functionalization of the HPH. In this
study, the peel ARs, which have significantly lower protein content,
have higher G’ compared to the pulp ARs. Orange ARs also have
significantly higher protein content than the other citrus species and
consequently have a lower G'. A previous study supported the hypoth-
esis, showing that both heated pumpkin pomace (therefore denaturation
of protein occurred) and deproteinated pumpkin pomace had higher G’
values compared to the untreated material (Atencio et al., 2021).

Structural proteins in the cell wall provide binding sites with other
polysaccharides. For example, extensin, a structural protein found in cell
wall, has been found to interact with acidic pectin, resulting in protein-
polysaccharide crosslinks (Showalter, 1993; Sommer-Knudsen et al.,
1998). These crosslinks may act as barrier in the unfolding and breaking
down of the particles, a mechanism proposed for the improvement of the
rheological properties after HPH of CWM suspensions discussed above.

4. Conclusions

This study demonstrated that the citrus ARs after pectin extraction
are highly potential sources to be functionalized into texturizing in-
gredients using HPH. All citrus ARs, regardless of the species or the fruit
part, had an improved G’ after HPH. However, peel AR from lemon or
grapefruit appeared to be a preferable source of CWM to be function-
alized as they had higher G’ compared to both their pulp counterpart and
orange ARs. Lower protein content in the CWM materials, as in the peel
AR from lemon and grapefruit, may contribute to a higher G’ of the AR
suspensions after HPH. The different citrus ARs also had different
structural characteristics of the polymers as elucidated by the neutral
sugar content and pectin DM analysis. They also had different micro-
structural characteristics as shown by microscopy visualization and

Food Hydrocolloids 129 (2022) 107638

particle size distribution. These characteristics may influence the rheo-
logical properties of the AR suspensions before HPH; however, they did
not correlate to the rheological properties after HPH. The structural and
microstructural properties of the CWM were changed due to particle
fragmentation and aggregation during HPH which improved the rheo-
logical properties of the AR suspensions. Pectin extraction from the
CWM prior to the functionalization is favourable to the improvement of
the rheological properties since the removal of pectin leads to a more
open structure which can encourage the fragmentation and aggrega-
tion/network formation of the particles. The intra- and inter-particle
interactions after HPH should be elucidated further to better under-
stand the potential of the CWM as texturizing ingredients.
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