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Resumo

Nos ultimos anos, a area de producéo de mirtilo em Portugal tem vindo a aumentar, pelo que
se torna premente encontrar mercados alternativos para escoar o fruto. Considerando a
preferéncia atual dos consumidores por alimentos que, para além de serem saudaveis, podem
ter efeitos benéficos para a satde e que o mirtilo € percebido pelos mesmos como reunindo
ambos 0s requisitos, a utilizacdo deste fruto para produzir extratos para incorporagdo em
produtos pode ser algo vantajoso, particularmente se considerarmos as industrias alimentar,
cosmeética e, possivelmente, farmacéutica. Tendo em conta estes argumentos, o principal
objetivo deste projeto foi produzir e caracterizar (quimica e biologicamente) um extrato de
mirtilo, rico em antocianinas, tendo em vista a sua potencial aplicacdo nas industrias

alimentar, cosmética ou farmacéutica.

A primeira etapa desta tese visou selecionar qual a cultivar de mirtilo mais rica em
compostos fenolicos e antocianinas, bem como avaliar se a selecdo da fase de maturagédo
permitiria obter mirtilos mais ricos. Das quatro cultivares estudadas, os mirtilos Goldtraube
foram identificados como possuindo os teores mais elevados (a mais variados) de
antocianinas e compostos fendlicos, particularmente em fases mais tardias de maturacéo.
Ap0ds a selecdo dos mirtilos (Goldtraube numa fase mais tardia de maturacédo), o processo de
extracao foi otimizado tendo sido definidas as seguintes condic¢des: extracdo com etanol
acidificado (0.01% HCI) utilizando uma mistura de 10 g de mirtilo para 100 mL de solvente,

incubados durante 1 h a 40 °C e com um tratamento de ultrassons (35 kHz, 15 min).

A segunda etapa deste trabalho, visou caracterizar a atividade antioxidante do extrato
produzido através da andlise da capacidade da mesma para proteger o ADN de danos
oxidativos. Da analise dos resultados verificou-se que o extrato foi eficaz na protecéo do
ADN contra dois sistemas de degradacdo distintos (H202 e H202/FeCls) numa gama de

concentragdes que varia entre 160 e 200 pg mL™?, respetivamente.

Paralelamente, avaliou-se o efeito da interagdo do extrato com microrganismos para avaliar
0 seu efeito sobre microrganismos nosocomiais. Dos oito patogénicos avaliados, o0 extrato
(a 1000 pug mL™) apenas foi capaz de inibir significativamente o crescimento de 3 deles
(MSSA, MRSA e uma estirpe de E. coli). Todavia, quando se avaliaram o0s resultados
relativos a atividade antiadesiva e antibiofilme, o extrato foi capaz de inibir ambos os

processos em todos 0s microrganismos avaliados. Numa tentativa de compreender o papel
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dos diferentes compostos na atividade antimicrobiana, foram desenvolvidas duas linhas
investigativas: i) avaliar o efeito de acidos fendlicos presentes no mirtilo, tendo-se verificado
que estes apenas foram capazes de inibir a formacéo de biofilme por Staphylococcus (e néo
a de E. coli). ii) simular a composic¢éo do extrato por forma a comparar a inibi¢do induzida
pela antocianina mais abundante sobre Staphylococcus (0s microrganismos mais suscetiveis
a acao do extrato). Os resultados demonstraram que, embora 0s compostos isolados possuam
alguma atividade esta € inferior a verificada para o extrato, 0 que demonstra a importancia

da sinergia entre os diferentes compostos.

Como o extrato exibiu uma atividade antimicrobiana interessante sobre agentes nosocomiais,
surgiu a questdo se seria capaz de inibir contaminantes alimentares ou bactérias
potencialmente benéficas, como é o caso dos probioticos. Para responder a esta questdo,
determinou-se a concentracdo de extrato capaz de inibir o crescimento de quatro potenciais
patogénicos e avaliou-se o efeito da mesma sobre 5 potenciais probidticos. O extrato ndo
provocou inibicdo do crescimento dos probidticos mas induziu uma maior
producdo/acumulacdo de &cidos organicos no meio de cultura (acidos acético, citrico e
latico) e antecipou a producéo de acido propionico. Adicionalmente, considerando a inibicéo
seletiva e o efeito antiadesivo verificado previamente, o efeito do extrato sobre a adesao de
probidticos e potenciais patogénicos intestinais foi avaliado tendo os resultados demonstrado
que, independentemente de alguma reducéo da adesdo de probidticos, a presenca de extrato
aumenta a inibicdo da adesdo dos patogénicos sendo de destacar que a combinacao do extrato
com o B. Bo possibilitou, em alguns casos, inibicbes quase completas da adeséo de

patogénicos.

O extrato produzido neste trabalho possui uma demostrada atividade antioxidante e
antimicrobiana, factos que, quando combinados com a sua coloragéo inerente, o torna

interessante para incorporacao tanto em produtos alimentares como em produtos cosmeticos.
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Abstract

In Portugal, there has been a significant increase in blueberry production, which has led to
an increasing need to find alternative markets in which to place the fruits, preferably through
products with high commercial value. If one considers the consumers’ preference for foods
that are not only healthy but also ‘health promoting’ and that blueberries are perceived as
being so, the incorporation of blueberries and their extracts into a product may be something
that increases the product’s intrinsic value and, therefore be an advantage when

contemplating industrial application.

The first step of this thesis aimed to select the raw matter to be used throughout the work. A
study on four different cultivars and different ripening stages was carried out to select the
blueberries that contained the higher levels of anthocyanins and other phenolics. The results
showed that Goldtraube blueberries were the richest in anthocyanins (possessing both a
higher content and a wider array of these compounds) as well as other phenolics, with later
ripening stages being richer in anthocyanins. Therefore, Goldtraube blueberries collected at
a later ripening stage were selected as the raw matter to be used. Afterwards, a solid-liquid
extraction was optimized with the following conditions being identified as the most
interesting: extraction of 10 g of blueberries with 100 mL acidified ethanol (0.01 % HCI),

followed by 1 h incubation at 40 °C and a 15 min exposure to ultrasounds (35 kHz).

The second stage of this thesis focused on the characterization of some of the biological
potential of the extract starting with its antioxidant potential. In order to determine the
extracts capacity to protect DNA from oxidative damage, an existing agarose gel
electrophoresis method was improved to allow for quantitative measurement. The extract
was able of reducing DNA degradation at a concentration range of 160 to 200 pg mL* (for

an H202and an H202/iron degradation system, respectively).

Simultaneously, the extract’s impact upon nosocomial agents was evaluated. Out of the eight
pathogens tested the extract was only capable of inhibiting the growth of three (MSSA,
MRSA and one E. coli strain) at the highest concentration of extract tested. However, when
considering the antibiofilm and antiadhesive assays, the extract proved to be more effective
as it was capable of inhibiting all microorganisms at some level. In an attempt to better
understand the role of the different compounds in the observed activity, two research lines

were explored: i) the effect of phenolic acids, present in blueberries, was evaluated, with the
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results demonstrating that they were only effective in inhibiting biofilm formation by
Staphylococcus and had no effect upon E. coli. ii) the effect of a simulation of the extract,
using the most abundant anthocyanin, against Staphylococcus (the most susceptible
microorganisms to the extract). The results showed that, while the isolated compounds had
some inhibitory effects, in most cases, the observed activity was significantly lower than that
of the extract, hinting that synergies between the different compounds may play an important

role in the observed inhibitions.

As the extract demonstrated an interesting effect upon potential nosocomial agents, its
potential effect upon food pathogens/contaminants as well as its effect upon possible
beneficial bacteria such as probiotic microorganism, came into question. To provide an
answer to this question the concentration capable of inhibiting the growth of four potential
food pathogens was determined and afterwards, five different probiotics were incubated with
the extract at the same concentration. No inhibition of probiotic growth was observed in the
presence of extract. However, an increase in production/accumulation of organic acids
(acetic, lactic and citric acids) as well as an anticipation of propionic acid production was
observed. As the extract appeared to have a selective effect and the previous work
demonstrated that it possessed an interesting antiadhesive effect, a study on the extract’s
effect upon probiotics and potential pathogens’ adhesion was carried out. The results showed
that the combined presence of extract and probiotic was more effective in inhibiting
pathogen adhesion than the probiotic alone. The apparent synergy established between the
extract and B. Bo was a particular example of a successful partnership as their combined
action allowed for, in some cases, an almost complete inhibition of pathogen adhesion.

Overall, the extract hereby proposed exhibited both antioxidant and antimicrobial
capabilities properties that, when combined with their inherent colouring, makes it

interesting to be used in food and cosmetic products.
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Chapter 1

Introduction

This chapter aimed zo characterize the available knowledge as
well as explain the relevance and objective of the present thesis

“We begin to learn wisely when we 're willing to see the world from other people’s perspective”

Toba Beta in Master of Stupidity
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Framework

The rise in life expectancy has led to an increase of the concern with the quality of life. Fruits
and vegetables have been systematically associated with a reduction of the risk of chronic
diseases, such as cardiovascular and neurodegenerative diseases (Gaziano et al., 2015,
Morton et al., 2000, Wang et al., 2005, Krikorian et al., 2010). The consumption of fruits
and vegetables has been systematically associated with a reduction of the risk of these
pathologies (namely through the improvement of blood flow, protection against oxidative
stress and exacerbated inflammatory responses) and, considering that phenolic compounds
are present in high amounts in these food products it stands to reason that they have been
associated with these benefits (Shukitt-Hale et al., 2008, Del Bo' et al., 2015, Wu et al.,
2002). Furthermore, in later years, with the information flowing from the scientific
community to the general population, the consumers’ demand (and hence the industry’s
search) for healthier or health promoting foodstuffs has grown (Rossi et al., 2009, Gibson
and Williams, 2000, Lee et al., 2002, Neto, 2007, Szajdek and Borowska, 2008, Wu et al.,
2011).

Dubbed by the media as a “superfruit”, blueberry is a prime example of a foodstuff that has
gained a strong health promoting connotation, association that is supported by scientific
literature where blueberries have been associated with several health benefits, namely their
role in the maintenance of blood sugar levels, reduction of oxidative stress, anti-
inflammatory effect, prevention of cardiovascular diseases, antimicrobial and antitumoral
activity (Wood, 2009, Cassileth, 1999, Neto, 2007). This makes the incorporation of
blueberries or their extracts, into foodstuffs a relatively easy way to grant them some
functionality and increase their commercial value (Rossi et al., 2009, Gibson and Williams,
2000, Szajdek and Borowska, 2008).

In Portugal, blueberry production (typically using Vaccinium corymbosum bushes) has
increased significantly in the two decades. In fact, according to FAOSTAT, since 2004, the
total production more than doubled. This may mean an increase in the supply which, in turn
may translate into a reduction of the selling price. Furthermore, with the increase in
production, there is also an increase of the residues associated with blueberry production.
The most substantial being the leaves that fall from the bushes in the autumn. Considering

this, the study of new potential applications may aid in the valorisation of both blueberries
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and blueberry leaves, possibly opening alternative commercial venues while exploiting
health promoting formulations.

References

CASSILETH, B. R. 1999. Complementary and Alternative Cancer Medicine. Journal of
Clinical Oncology, 17, 44-52.

DEL BO', C., FRACASSETTI, D., LANTI, C., PORRINI, M. & RISO, P. 2015. Comparison
of DNA damage by the comet assay in fresh versus cryopreserved peripheral blood

mononuclear cells obtained following dietary intervention. Mutagenesis, 30, 29-35.

GAZIANO, T. A., PRABHAKARAN, D. & GAZIANO, J. M. 2015. Global bruden of
cardiovascular disease. In: MANN, D. L., ZIPES, D. P., LIBBY, P. & BONOW, R.
O. (eds.) Traunwald's Heart Disease - A textbook of Cardiovascular Medicine. 10
ed. Philadelphia, USA: Elsevier Saunders.

GIBSON, G. R. & WILLIAMS, C. M. 2000. Functional foods: Concept to product.,
Cambridge, England, Woodhead Publishing Limited.

KRIKORIAN, R., SHIDLER, M. D., NASH, T. A., KALT, W., VINQVIST-TYMCHUK,
M. R., SHUKITT-HALE, B. & JOSEPH, J. A. 2010. Blueberry Supplementation
Improves Memory in Older Adults. Journal of Agricultural and Food Chemistry, 58,
3996-4000.

LEE, J., DURST, R. W. & WROLSTAD, R. E. 2002. Impact of Juice Processing on
Blueberry Anthocyanins and Polyphenolics: Comparison of Two Pretreatments.
Journal of Food Science, 67, 1660-1667.

MORTON, L. W., CACCETTA, R. A-A, PUDDEY, I. B. & CROFT, K. D. 2000.
Chemistry And Biological Effects Of Dietary Phenolic Compounds: Relevance To
Cardiovascular Disease. Clinical and Experimental Pharmacology and Physiology,
27, 152-159.

NETO, C. C. 2007. Cranberry and blueberry: Evidence for protective effects against cancer
and vascular diseases. Molecular Nutrition & Food Research, 51, 652-664.

ROSSI, M., NEGRI, E., BOSETTI, C., PELUCCHI, C. & LA VECCHIA, C. 2009.
Epidemiology behind fruit and vegetable consumption and cancer risk with focus on
flavonoids. In: FRAGA, C. G. (ed.) Plant phenolics and human health:

4



Chapter 1.1

Biochemistry, nutrition and pharmacology. New Jersey, USA: John Wiley & Sons

Inc.

SHUKITT-HALE, B., LAU, F. C., CAREY, A. N., GALLI, R. L., SPANGLER, E. L.,
INGRAM, D. K. & JOSEPH, J. A. 2008. Blueberry polyphenols attenuate kainic
acid-induced decrements in cognition and alter inflammatory gene expression in rat

hippocampus. Nutritional Neuroscience, 11, 172-182.

SZAJDEK, A. & BOROWSKA, E. J. 2008. Bioactive Compounds and Health-Promoting
Properties of Berry Fruits: A Review. Plant Foods for Human Nutrition, 63, 147-
156.

WANG, Y., CHANG, C.-F., CHOU, J., CHEN, H.-L., DENG, X., HARVEY, B. K,
CADET, J. L. & BICKFORD, P. C. 2005. Dietary supplementation with blueberries,
spinach, or spirulina reduces ischemic brain damage. Experimental Neurology, 193,
75-84.

WOOD, M. 2009. The Earthwise Herbal: A Complete Guide to New World Medicinal
Plants, North Atlantic Books.

WU, L. H.,, XU, Z. L., DONG, D., HE, S. A. & YU, H. 2011. Protective Effect of
Anthocyanins Extract from Blueberry on TNBS-Induced IBD Model of Mice.
Evidence-based Complementary and Alternaternative Medicine: eCAM, 2011,
525462.

WU, X., CAO, G. & PRIOR, R. L. 2002. Absorption and Metabolism of Anthocyanins in
Elderly Women after Consumption of Elderberry or Blueberry. The Journal of
Nutrition, 132, 1865-1871.



Chapter 1.1



Chapter 1.2

State of the art

The state of the art has been partially published:
Critical Reviews in Food Science and Nutrition
d0i:10.1080/10408398.2015.1087963

1. Blueberry

Blueberry production can be made using different Vaccinium species tough Vaccinium
corymbosum (V. corymbosum, highbush blueberries), Vaccinium ashei (V. ashei; rabbiteye
blueberries) and Vaccinium angustifolium (V. angustifolium, lowbush blueberries) are the
most predominant species when considering commercial production (Zhao, 2007). While
the most common species used for blueberry production are either highbush or lowbush
blueberries, the selection of the species to be used is, to a large extent, made by considering
the plants’ need for low temperatures and winter cold hardiness with highbush blueberries
requiring higher periods of cold than lowbush blueberries (Zhao, 2007, Godoy et al., 2008,
Kalt et al., 2001, Trehane, 2009).

From a nutritional standpoint, blueberries are rich in water and sugars, particularly glucose
and fructose though other sugars such as galactose and rhamnose may be found, frequently
as sugar moieties associated with phenolic compounds. These berries also possess a
relatively high amount of organic acids (e.g. citric and ascorbic acids), minerals (e.g.
phosphorus, potassium and magnesium) and pectins as can be seen in Table 1 (Vrhovsek et
al., 2012, Prior et al., 2001, Sousa et al., 2007).

As blueberries are reported as possessing both a high content and high variety of compounds,
mostly phenolic in nature, their incorporation into foods may be a way to confer food
products some functionality. Furthermore, as the consumers associate blueberries with
healthy foods, their incorporation (either directly or through an extract) may increase the
commercial value of a food product while also possibly aiding in the improvement of its
flavour, colour or even shelf-life (e.g. through their antioxidant activity) (Gibson and
Williams, 2000, Lee et al., 2002, Neto, 2007, Szajdek and Borowska, 2008, Wu et al., 2011,
O’Brien et al., 2015).



Table 1. Nutritional profile of blueberries (adapted from

Sousa et al. 2007).

Nutrients per 100 g of blueberries
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2. Health promoting potential of

blueberries

Water content 8387 There is a vast array of epidemiological
Proteins 400 — 700 mg evidences supporting the notion that a
Lipids 500 mg fruit and vegetable rich diet plays an
Glucose 5-7¢9 . ) _
Fructose 5-7g important role in the prevention of
Fibre 1-15¢g several pathologies (e.g. reduction of
Ashes 190 — 250 mg the risk of cardiovascular disease and
Calcium 11.4-12.2 mg
some forms of cancer, for example). As
Iron 0.6 mg ]
Magnesium 5.8—8.4mg phenolic compounds and other
Phosphorus 14 — 47 mg antioxidants are abundantly present in
Potas_sium 48 -112mg fruits and vegetables, it stands to reason
Soo_llum 34-43mg that they could be, at least in part,
Zinc 0.1 mg
Copper 0.1 mg responsible for some of the potential
Manganese 04-1.2mg beneficial  health  effects  their
Ascorbic acid 2262 mg consumption brings (Rossi et al., 2009,
(Vitamin C) Graf et al., 2005, Neto, 2007, Szajdek
Pectins 300 — 600 mg rar et al » NEIO, , 2ade

and Borowska, 2008). Blueberries,

widely recognized as possessing both an elevated content and variety of phenolic compounds
(particularly anthocyanins), have been the focus of several works that aim to characterize

their intrinsic health promoting potential.

2.1. Antioxidant activity

Reactive oxygen and nitrogen species (ROS and RNS, respectively) are highly reactive
compounds, both radical and non-radical, that can interact with several biologically relevant
molecules (e.g. proteins and deoxyribonucleic acid (DNA)) potentially compromising their
function, altering metabolic pathways and associated homeostatic balance (Borek, 2001,
Milbury and Richer, 2008). Consequently, their presence has been associated with the
development of several inflammatory conditions, degenerative diseases, cancer, etc.
However, cells possess mechanisms that allow them to overcome the oxidative challenge
posed by human metabolism (Sies, 2007). In some instances, due either to an excessive
production, a deficient elimination of reactive species, imbalances between the amount of

ROS/RNS present and the body’s natural capacity to cope with therefore allowing oxidative
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stress to occur. An increase in the consumption of antioxidants, exogenous compounds that
are able to interact with the radicals originating stable compounds and prevent the oxidation
of other molecules, may be a way to cope with oxidative stress (Yao and Vieira, 2007,
Cooper et al., 2002, Mathew et al., 2015).

Blueberries are perceived as fruits with a strong antioxidant capacity (a property that has
been ascribed to be a direct consequence of this fruit’s richness in phenolic compounds)
(Prior et al., 1998, Kalt et al., 1999, Burdulis et al., 2009, Szajdek and Borowska, 2008,
Piljac-Zegarac et al., 2009). This is supported by the results of Wu et al. (2002) and Mazza
et al. (2002), who reported a significant increase in human plasmatic hydrophilic and
lipophilic antioxidant capacity after blueberry ingestion. On their own, anthocyanins (one of
the major groups of blueberry phenolics) have been described as being not only inhibitors of
lipid peroxidation but also as capable of protecting liver and red blood cells against in vitro
and in vivo oxidative damage (Ramirez-Tortosa et al., 2001, Kong et al., 2003, Narayan et
al., 1999, Youdim et al., 2000a, Youdim et al., 2000b, Heinonen et al., 1998).

2.2. Anti-mutagenic effect

Alterations in DNA, either the result of errors in DNA replication or of environmental
stimuli, can lead to mutated proteins with a compromised/nullified activity which, in turn,
may lead to an array of different diseases. As blueberries are known for their antioxidant
capacity it stands to reason that they may possess some protective effect against DNA
oxidation. This potential has been substantiated by the results observed by Del Bo’ et al.
(2010), who reported that the supplementation of rat’s diet with blueberries allowed for an
improvement in lymphocyte protection against oxidative damage (induced by H>O3), though
it had no significant impact upon overall plasma antioxidant activity. Similarly, Pepe et al.
(2013) reported that blueberries were capable of reducing the frequency of micronuclei
appearance in mice exposed to 7,12-dimethylbenz[a]anthracene (DMBA) or N-methyl-N'-
nitro-N-nitrosoguanidine (MNNG), two known mutagenic agents. Anthocyanin rich
blueberry extracts have also been reported as possessing some anti-mutagenic effect, with
Liu et al. (2013) reporting anthocyanin rich blueberry extracts as capable of reducing
ultraviolet (UV) induced DNA damage in HepG2 cells, an effect that may be induced

through the regulation of ROS scavenging systems.
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2.3. Antitumoural effect

Blueberry, and its extracts, have been described as possessing interesting
antitumoural/anticancer properties. Dried blueberry powder has been shown to reduce some
of the toxicity of acrylamide (a known genotoxic and carcinogenic agent) by reversing
acrylamide induced alterations in the liver’s enzymatic levels and by reducing lymphocytes,
liver and bone marrow cells’ DNA damage (Zhao et al., 2015). Blueberry extracts have also
been reported as possessing some antitumoural activity. Seeram et al. (2006), Diaconeasa et
al. (2015) showed that blueberry extracts were capable of effectively inhibiting, in vitro, the
proliferation of several tumour cell lines from the colon (HT-29 and HCT116), prostate
(LNCaP), breast (breast), mouth (KB and CAL-27), cervix (HeLa), ovaries (A2780) and skin
(B16F10). Similarly, Kou et al. (2016) reported that blueberry extracts were capable of
reducing the cell viability of MDA-MB-231 breast cancer cells in vitro, while oral
administration of the extracts to mice led to lower CD-1 tumour growth. Liu et al. (2016)
stated that acylated blueberry anthocyanins not only exhibited a strong antitumoural effect
on H22 murine tumours, but they were also able to function synergistically with
cyclophosphamide (a known chemotropic agent) attenuating its toxic effect upon the liver

while stimulating tumour necrosis.

2.4. Anti-inflammatory potential

Inflammatory processes, while important for the immunologic response, can also be an
important factor in the development of several chronic diseases such as diabetes,
cardiovascular diseases, arthritis and osteoporosis (Libby, 2007). Torri et al. (2007) reported
that the consumption of a crude blueberry extract (ca. 300 mg kgt d?) by rats resulted in a
positive anti-inflammatory effect, as it led to a reduction in paw oedema, myeloperoxidase
activity (a maker for neutrophil infiltration) and formation of granulomatous tissue, while
Ebenezer et al. (2016) described that the supplementation of the diet with 2% of freeze-dried
blueberry powders, led to a decrease in inflammation in a post-traumatic stress disorder rat
model. Furthermore, through a study containing 2375 participants, Cassidy et al. (2015)
found that anthocyanin consumption was inversely associated with 12 different
inflammatory biomarkers, while Giongo et al. (2011) reported that consumption of

blueberries (either fresh or puréed) had a similar effect upon 24 obese children.
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2.5. Immunomodulatory effect

One of the means through which anthocyanins are thought to inhibit tumour formation is
linked with their potential immunomodulatory effects, possibly through the stimulation of
natural killer cells (NKC; a group of lymphocytes responsible for the immune response to
abnormal cells) (Seeram, 2008, Vivier et al., 2008, McAnulty et al., 2011). This possibility
is supported by the work of McAnulty et al. (2011), who reported that chronic consumption
of blueberries, by humans, led to higher basal levels of NKC and interleukin-10 (which
downregulate the inflammatory response) (Sanjabi et al., 2009, McAnulty et al., 2011). This
increase in the production of anti-inflammatory cytokines was also observed by Huang et al.
(2014) when exposing VECs to malvidin-3-glucoside and malvidin-3-galactoside, two of the
major anthocyanins of blueberries. Another example of the possible role of blueberry in
immunomodulation is given by Shukitt-Hale et al. (2008). These authors reported that a
blueberry supplemented diet allowed for an attenuation of kainic acid (a potential neurotoxic
acid) induced production of inflammatory cytokines in rat hippocampus, which in turn
resulted in a reduction of neurotoxicity (Shukitt-Hale et al., 2008, Zhang and Zhu, 2011).

2.6. Neuroprotection

Several authors have hinted that the consumption of blueberries may aid in the reversal of
some age-related and oxidative stress induced decline in brain function (Wang et al., 2005,
Krikorian et al., 2010). In fact, the neurotoxic effects of kainic acid, in rats, have been
reported to be reduced after consumption of blueberry, which ameliorated the exacerbated
inflammatory response in the hippocampus (Shukitt-Hale et al., 2008). In fact, blueberry
consumption (either directly or through anthocyanin rich extracts) has been demonstrated to
have an in vitro neuroprotective effect against damage induced by an array of neurotoxic
agents (such as trimethyltin), while also exhibiting some in vivo effects in protecting and, in
some cases, even enhancing the learning and memory capabilities of mice (Jo et al., 2015,
Andres-Lacueva et al., 2005). An effect that Krikorian et al. (2010) showed to be expanded
to humans, as the consumption of blueberries by older adults improved memory capabilities,
which may be explained by an increase in synaptic plasticity resulting from a modulation of
the microglia phenotype and microglia-neuron crosstalk (Meireles et al., 2016). On a
different note, blueberry consumption by aged rats has also been linked with a reduction of
ischemia induced apoptosis of brain cells as a possible result of their capacity to interact

with ROS and RNS, which accumulate during the ischemic phase, particularly as
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anthocyanins are known to accumulate in the central nervous system (Wang et al., 2005,
Andres-Lacueva et al., 2005).

2.7. Cardiovascular disease prevention

Cardiovascular diseases have emerged as one of the leading causes of death in developed
countries with the diet having been identified as one of the possible means to reduce the risk
of developing these pathologies (Gaziano et al., 2015, Morton et al., 2000). Relatively recent
data has suggested that the intake of specific fruits, among which are blueberries, may be
more effective in managing cardiovascular diseases, as flavonoids have been associated with
improved blood flow and endothelial function, and blueberry consumption, in particular, has
been related to a reduction of the risk of myocardial infarction in women. (Cassidy et al.,
2016, Cassidy et al., 2013). Additionally, considering that low grade chronic inflammation
has been associated with higher risks of developing cardiovascular disease the anti-
inflammatory potential associated with blueberry may also play an important role in
reducing the risk of developing these pathologies (Danesh et al., 2000, Riso et al., 2013,
Basu et al., 2010). Moreover, vascular endothelial cells (VEC), whose damage has also been
linked with the development of vascular diseases, have been described as being capable of
integrating anthocyanins into their membrane and cytosol. In turn, anthocyanins are thought
to aid in the preservation of VEC function, either by aiding in the stabilization of the cellular
membrane or by helping maintain oxidative balance (Ramirez-Tortosa et al., 2001, Youdim
et al., 2000a). The results reported by Huang et al. (2016) lent further credibility to this
theory as they reported that malvidins (a major class of blueberry anthocyanins) were
capable of decreasing the concentration of ROS (intracellular) and xanthine oxidase-1 (intra-
and extracellular) while leading to higher levels of superoxide dismutase in umbilical cord
VECs (Cisowska et al., 2011).

2.8. Anti-obesity

Obesity is widely recognized as one of today’s major health threats, as it is both a major risk
factor in an array of health problems such as diabetes and cardiovascular diseases and
considerably hard to treat (Caballero, 2007, Hill and Peters, 1998). As treating obesity with
drugs is frequently associated with negative side effects and little to none long term efficacy,
some authors have defended that using natural plant extracts could pose an interesting
alternative for long term weight management and blueberries were proposed as one of the

possible sources to be exploited (Song et al., 2013). Blueberries, when lyophilized or
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processed unto a juice, had no significant impact in either weight gain or body fat
accumulation in mice fed with a high-fat diet (Prior et al., 2008, Prior et al., 2010, DeFuria
etal., 2009). However, when considering an anthocyanin extract, the same authors described
a significant reduction in body weight and fat accumulation. However, Seymour et al.
(2011), Vendrame et al. (2013) and VVendrame et al. (2014) reported that the supplementation
of a high-fat diet with blueberry powder led to less intraperitoneal accumulation of fat, an
increase of adiponectin levels, a decrease of inflammatory markers and an amelioration of

dyslipidaemia.

2.9. Anti-diabetes

Diabetes are a group of diseases characterized by high blood glucose levels. Given its rising
prevalence and potential harmful effects diabetes are one of the major concerns of modern
medicine (Carvalho et al., 2003, Wild et al., 2004). Anthocyanin rich extracts have been
demonstrated to attenuate insulin sensitivity and hyperglycaemia , while a diet supplemented
with blueberry powder has been shown to enhance glucose tolerance in post-menopausal
mice and insulin sensitivity in humans (Elks et al., 2015, Stull et al., 2010, Takikawa et al.,
2010). Moreover, anthocyanins have been demonstrated to induce the production of
glucagon-like peptide-1 (GLP-1), which interacts with pancreatic cells responsible for the
induction of insulin secretion. The molecules that block GLP-1 degradation have been used
for therapeutic purposes and thus this food mediated increase of GLP-1 production could
pose an interesting new strategy for the treatment of diabetes (Herman et al., 2006, Vilsbgll
et al., 2008, Tsuda, 2015).

2.10. Antimicrobial potential

Phenolic compounds have long since been associated with antimicrobial activity. Therefore
blueberries, as a good source of these compounds, have been regarded as a potential source
for antimicrobial agents for medicinal, pharmaceutical, cosmetic and food industries
(Burdulis et al., 2009, Jaakola et al., 2004, Cisowska et al., 2011). Several authors have
reported on the in vitro antimicrobial activity of blueberry extracts, having found them to be
capable of inhibiting the growth of known potential pathogens such as Escherichia coli,
Vibrio cholerae, Vibrio parahaemolyticus, Acinetobacter baumannii, Salmonella
thypimurium, Salmonella enteritidis, Pseudomonas aeruginosa, Shigella flexneri, Shigella
sonnei, Listeria monocytogenes, Bacillus cereus, Staphylococcus epidermidis, methicillin

sensitive and methicillin resistant Staphylococcus aureus (Pertuzatti et al., 2016, Khalifa et
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al., 2015, Shen et al., 2014, Lacombe et al., 2012, Zimmer et al., 2014). Furthermore, Khalifa
etal. (2015) described blueberry extracts as being effective inhibitor of V. cholerae virulence
factors. These results, which stand in line with those published in an earlier work regarding
the effect of a blueberry extract upon S. aureus virulence factors, indicate that these
blueberry extracts, even when present at concentrations below in which they are unable to
inhibit bacterial growth they may still affect their metabolism in an advantageous way (Silva
et al., 2015). Moreover, some authors have reported that blueberry extracts may be effective
in reducing biofilm formation, bacterial resistance structures notorious for their
imperviousness to traditional antimicrobial agents (Zimmer et al., 2014, Bjarnsholt, 2013,
Bridier et al., 2005, Fux et al., 2005).

2.11. Prebiotic potential

In the last decade, the importance of the gut microbiota in human metabolism and health has
become almost impossible to dispute. Given that a large fraction of anthocyanins are not
absorbed in the upper gastrointestinal tract, most of ingested anthocyanins end up exposed
to the intestinal microbiota which, in turn, ends up metabolizing them and can, therefore
play an important role in its modulation (Kay, 2006, Bingham, 2006). Hidalgo et al. (2012)
reported that the incubation of malvidin-3-glucoside (typically the most abundant
anthocyanin in blueberries) with faecal slurry has caused an increase of beneficial bacteria
(e.g. Lactobacillus spp. and Bifidobacterium spp.), with Vendrame et al. (2011) reporting

similar observations, for humans, after a six-week consumption of a blueberry powder drink.

3. Blueberry phenolic compounds

Phenolic compounds play a myriad of roles in plants’ physiology, metabolism and survival,
from providing structural support to aiding in the management of environmental stresses
(Vermerris and Nicholson, 2007). Blueberries have long since been recognized as a good
source of phenolic compounds (Table 2). Anthocyanins are the most prevalent family of
flavonoids in blueberries with authors reporting the presence of up to fifteen different
anthocyanins (monoarabinosides, monoglucosides and monogalactosides of cyanidin,
peonidin, delphinidin, petunidin and malvidin) (Barnes et al., 2009, Routray and Orsat, 2011,
Gavrilova et al., 2011). In spite of being the most abundant family of compounds, and
therefore the one most frequently associated with blueberries biological activity, several
other phenolics have been reported. Brambilla et al. (2008), Kader et al. (1996) and Skrede
et al. (2000) reported the presence of three types of phenolic acids (gallic, syringic and
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vanillic) and five different cinnamic acids (chlorogenic, the major derivative present, caffeic,
ferulic, o- and p-coumaric acids). Another group of phenolic compounds frequently
associated with blueberries, are flavonoids. Though less studied, other phenolic compounds
have been reported to be present in blueberries. Kader et al. (1996) and Taruscio et al. (2004)
have reported the presence of other flavonoids, and their glycosylated forms (arabinosides,
glucosides and galactosides), namely catechin, epicatechin, myricetin, kaempferol and
quercetin. Vrhovsek et al. (2012) found an array of different flavonoid glycosides, though
some appeared to be cultivar specific, such as pentosides, glucosides, galactosides of

isorhamnetin, syringetin and laricitrin as well as their aglycone counterpart.

Table 2. Phenolic composition of blueberries (adapted from Gavrilova et al., 2011)

Blueberry cultivar

Compound
family Toro Legacy Duke Bluecrop
Anthocyanins 56.35 + 1.04 68.55 + 2.35 83.64 + 3.16 41,99 +0.25
Flavonols 2.28+0.8 5.17 +0.03 3.51+0.16 6.08 £ 0.45

Cinnamic acids  33.12+1.78 62.27 +1.97 25.97 +3.21 67.54 + 3.03

4. Anthocyanins and anthocyanin extraction

Anthocyanins are naturally occurring, water soluble, flavonoid pigments, structurally
composed by the a- or - linkage of an anthocyanidin to a sugar moiety (Table 3) (Castafieda-
Ovando et al., 2009; Vermerris and Nicholson, 2007). In later years, they have gathered the
attention of both the scientific and industrial communities due to their vast range of possible
applications. Reports have been made about their potential for the development of better
industrial colorants, health promoting foods, supplements and also on the
improvement/development of solar based, renewable energies (Buchweitz et al., 2013; Chien
and Hsu, 2013; Norberto et al., 2013; Stintzing et al., 2006; Wallace and Giusti, 2013; Wu
etal., 2011). As anthocyanins are frequently found as secondary plant metabolites, it stands
to reason that one of the main approaches used in their production is through extraction and
isolation from plant tissues. However, the innate characteristics of these matrixes (e.g.
uneven compound distribution and high enzymatic activity) may hinder the extraction
process as they can difficult the diffusion of compounds, allow for simultaneous extraction
of other compounds and even lead to artefactual changes in compounds. As such, the
selection of an adequate extraction method gains particular relevance (Antolovich et al.,
2000).
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Table 3. Structure of blueberry anthocyanins; R1, R2 and the glycoside vary according to the anthocyanin

(adapted from Barnes et al., 2009)

Basic anthocyanin structure

Anthocyanidin Glycoside
z Name
& Delphinidin  -OH -OH
: _ Cyanidin _ -OH -H Glucose
" __Petunidin _ -OCHs  -OH Galactose
Peonidin  -OCHjs -H Rhamnose

Malvidin -OCHs -OCHgs;

Glycoside

Solid-liquid extraction (SLE) is the classic approach used to recover anthocyanins from plant
tissues as their polarity facilitates dissolution into polar solvents, e.g. acidified
methanol/ethanol and acetone (Antolovich et al., 2000; Barnes et al., 2009; Burdulis et al.,
2009; Castafieda-Ovando et al., 2009; Galvan D’Alessandro et al.; Naczk et al., 2006;
Wallace and Giusti, 2013). With the advent of the green revolution and the increase in the
demand for these compounds new, technologically advanced approaches are being pursued
to better extract anthocyanins. Some of these emergent technologies include supercritical
extraction, pulsed electric field assisted extraction, microwave assisted extraction,
ultrasound assisted extraction and pressurized liquid extraction (Armenta et al., 2008;
Galvan D’ Alessandro et al., 2014; Garofuli¢ et al., 2013; Ghafoor et al., 2010; Golmohamadi
et al., 2013; Huie, 2002; Junior et al., 2010; Liazid et al., 2011; Paes et al., 2014; Paula et
al., 2014; Petersson et al., 2010; Puértolas et al.; Seabra et al., 2010; Segovia et al.; Truong
et al., 2012; Vatai et al., 2009). However, it is difficult to compare the extraction yields of
different methods since compound variation from matrix to matrix hampers comparisons.
With that in mind, the present review seeks to analytically compile the available information

in an effort to facilitate a better understanding regarding each methodology’s potential.

4.1. Anthocyanin basic chemistry

One of the main issues with the manipulation of anthocyanins is that they are highly
susceptible to degradation, particularly when isolated. Several physicochemical factors are
known to interfere with anthocyanin stability, therefore knowledge of basic anthocyanin
chemistry is required in order to better understand the limitations of a specific extraction
protocol (Table 4) (Seeram et al., 2001, Adams, 1973, Zhang et al., 2007, Tanchev and
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Joncheva, 1973, Kader et al., 1998, Furtado et al., 1993, Mori et al., 2007, Wesche-Ebeling
and Montgomery, 1990, Fossen et al., 1998, Cabrita et al., 2000).

Though several factors that affect anthocyanins’ chemical stability could be mentioned, pH
and temperature stand as the most referred. Typically, anthocyanins are more stable under
acidic conditions with pH values above 7 leading to their degradation (Seeram et al., 2001,
Fleschhut et al., 2006, Castafieda-Ovando et al., 2009). This explains why most extraction
protocols require the presence of an acidified environment, though strong acidic media may
promote the hydrolysis of the glycoside bonds. Therefore, pH control stands as a relevant
extraction variable with a considerable impact upon the quality of the extracted
anthocyanins. Temperature, another determinant factor for anthocyanin stability, is
frequently considered an extraction factor; therefore, this factor is discussed more in depth

in the classic methods section.

Though relatively unstable when in solutions, anthocyanins may be stabilized through the
addition of some compounds such as co-pigments, metallic ions or even other antioxidants.
The protection granted by antioxidant compounds is the easiest to grasp; antioxidants that
are more susceptible to oxidation than anthocyanins will be oxidized before them. Co-
pigments (systems rich in w electrons) and metallic ions such as Al, Fe, Mg, Mo and Sn will
interact directly with the anthocyanins hampering nucleophilic attack and the oxidation of
the quinoidal base, respectively (Castafieda-Ovando et al., 2009, Shaked-Sachray et al.,
2002). The decision to add any compound, despite their potential as stabilizers, must be

made with its expected application in mind.

4.2. Anthocyanin extraction from plant tissues

Anthocyanins are found deposited inside the vacuole of cells in several different tissues such
as leaves, petals, fruits, bulbs, rhizomes or stems (Stintzing and Carle, 2004, Gould et al.,
2008). However, when looking at their presence within a given tissue, the accumulation of
anthocyanins may vary. For instance, while some leaves are all red (fully coloured by
anthocyanins) others exhibit this colour in restricted sections such as the margins distribution
in a given organ. Similarly, in some plants leaves are red only when they are growing,
stressed or senescent, while in others they are red throughout their lives. These variations
(time, tissue, placement and inducibility) difficult the establishment of a unified explanation

for the presence of anthocyanins in tissues (Gould et al., 2008).
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Table 4. Main advantages and disadvantages of the different extraction methods.

Advantages Disadvantages

Relatively long extraction times
(Cacace and Mazza, 2002, Cacace
and Mazza, 2003a, Cacace and
Mazza, 2003b)

High solvent consumption (Garcia-
Viguera et al., 1998)

Acid, air and light exposure may
cause anthocyanin degradation
(Vatai et al., 2009)

High associated costs (Junior et al.,
2010)

Simple protocol
No need for specific equipment
Can be food grade (Freedman, 1980a,
Mussinan and Keelan, 1994)

Solid-Liquid
Extraction (SLE)

Allows the removal of nonpolar

= interferents (Vatai et al., 2009, Seabra et Mandatory use of a polar solvent
>

T &% il 201.0) . . (Seabraet al., 2010, Ghafoor et al.,
Sz Reduced exposure to light and air (Vatai 2010)

:g % Extracts are gteilé,r;lcl)ggl'xzecognized as it BOIS GHEES, BT S0 iy
S g . : X

;& 2 Safe (GRAS) (Ghafoor et al., 2010) 92 EBIRES usggozl)_ S
» Inhibits enzymes that cause anthocyanin

Requires CO> (Vatai et al., 2009,

degradation (Seabra et al., 2010) Seabra et al., 2010)

Low solvent consumption (Huie, 2002,
Golmohamadi et al., 2013, Carabias-
Martinez et al., 2005)

Low energy consumption (Huie, 2002,
Golmohamadi et al., 2013)

Easy to scale up (Golmohamadi et al.,
2013, Galvan D’ Alessandro et al., 2014,
Vieira et al., 2013)

Safe for consumption (Golmohamadi et
al., 2013, Galvan D’Alessandro et al.,
2014, Vieira et al., 2013)

Low solvent consumption (Paes et al.,
2014, Petersson et al., 2010, Carabias-
Martinez et al., 2005, Santos et al.,
2012)

Low extraction time (Carabias-Martinez

High associated costs (Vieira et al.,
2013)

Energy dissipation through heat
may cause anthocyanin degradation
(Golmohamadi et al., 2013, Tiwari

et al., 2008)

Ultrasound Assisted
Extraction (UAE)

High temperatures used may cause
anthocyanin degradation (Petersson

Pressurized Liquid
Extraction (PLE)

et al., 2005, Santos et al., 2012) Sl A0,
Automation (Carabias-Martinez et al.,
2005)
Low extraction time (Armenta et al.,
% - 5 - 2008, Garofuli¢ et al., 2013) Temperature may cause
220 : ) :

z B B g Low solvent consumption (Armenta et  anthocyanin degradation (Armenta
535> al., 2008, Garofuli¢ et al., 2013) et al., 2008, Garofuli¢ et al., 2013,
S <4~ Good reproducibility (Armenta et al., Liazid et al., 2011)

2008, Garofuli¢ et al., 2013)
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4.2.1. Pre-treatment of tissues

Anthocyanins are frequently contained within intracellular organelles; therefore, their
accessibility is dependent on the solvents’ capacity to enter these structures and their
integrity. Therefore, pre-treating the tissues in order to facilitate extraction could be an
interesting approach to increase extraction efficiency, though any procedure must be made
considering the limitations imposed by the chemical nature of the anthocyanins themselves.

4.2.1.1. Reducing particle size

Turning the samples into a powder/pulp is a common approach, as the reduction of particle
size and consequent increase in contact area promotes the diffusion from the solid particles
into the solvent, furthermore the sheer stress may induce some damage to the organelles that
will allow for better solvent permeability (Dutta, 2007). Despite the fact that this is a
relatively inert way to enhance the extraction yield, in a powder or in a pulp anthocyanins
are significantly more exposed to oxidizing agents and therefore more prone to degradation.
Thus, to avoid oxidation, several authors prefer to directly either homogenize the tissue with
the solvent in the beginning of the extraction process or freeze the fruits (sometimes with
liquid nitrogen, to avoid tissue decomposition) before turning them into a pulp (Antolovich
et al., 2000, Burdulis et al., 2009, Barnes et al., 2009, Vrhovsek et al., 2012, Cacace and
Mazza, 2002, Cacace and Mazza, 2003a, Cacace and Mazza, 2003b). As freezing induces
some cellular damage, the addition of a freezing step may further aid in the extraction of the
compounds (Pearce, 2001).

4.2.1.2. Pulsed electric field pre-treatment
Pulsed electric field (PEF) has gained increasing interest as a pre-treatment of samples, as it
improves mass transfer without using high temperature (Segovia et al.). In its place, the
matrix is exposed to external, moderate (1 to 10 kV/cm and 10 kJ/kg), pulsed (generally 5
to 50 pulses) electric fields that induce the electroporation of cell membranes, thus increasing
membrane permeability and facilitating the extraction process, with authors describing
yields up to 2.12 times higher for anthocyanins (Segovia et al., Puértolas et al., Gachovska
et al., 2010, Corrales et al., 2009). However, despite the potential benefits of this approach
(non-thermal treatment that is food safe), the pulsed field induces some degradation of
anthocyanins, to chalcone and other pseudobases though, to the best of our knowledge, the
reactions behind these transformations are not described (Odriozola-Serrano et al., 2009,
Zhang et al., 2007). Zhang et al. (2007) reported that, for cyanidin-3-glucoside, higher
intensity fields induced faster degradation rates than lower intensity fields and caused a
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significant reduction in the half lives and D values of the compound when compared to
exposure to 45 °C, thus demonstrating that the intensity of the electric field is a key factor

to control when utilizing this approach.

Though several solvents can be used in the subsequent extraction, the most common is water,
as this allows for the reduction of the cost and environmental issues associated with the usage
of other solvents. This, combined with PEF’s capacity to increases anthocyanin stability,

enhances the appeal of this method (Puértolas et al., Segovia et al., Zhang et al., 2007).

4.2.1.3. Enzymatic assisted extraction
In plants, anthocyanins can be found inside the cellular vacuole (Gould et al., 2008). This
implies that, in order to extract the pigments, the solvents must be able to transpose the cell
wall, membrane, cytoplasm and the vacuolar membrane before reaching the anthocyanins.
Therefore, the use of enzymatic cocktails that disrupt the cell wall network should facilitate
the removal of anthocyanins from vegetable cells, particularly from matrixes that have
thicker cell walls and higher amounts of pectin (Buchert et al., 2005). There are several,
commercially available, blends of enzymes that can be used in the extraction of
anthocyanins, most products are comprised of several enzymes, such as pectinases and
cellulases, in various ratios (Buchert et al., 2005, Landbo and Meyer, 2001). Buchert et al.
(2005) reported a significant increase in anthocyanin yield (13 — 41% in blueberry juice and
18 — 29% in black currant juice) when Pectinex Ultra SP-L, Pectinex Smach, Pectinex BE
3-L and Biopectinase CCM were used to produce juice. However, when using Econase CE,
in blueberry juice, these authors reported a significant decrease in anthocyanin yield. Similar
results have been reported by Landbo and Meyer (2001), who reported that the use of several
enzymatic blends to extract anthocyanins from black currant residues either had no impact
(Pectinex BE and Novozym 89) or caused a significant reduction (Macer8 FJ and Macer8 R)
in anthocyanin yield. A possible explanation for this phenomena has been hypothesized by
several authors; the enzymes may be hydrolysing the anthocyanins to their aglycone
counterpart (Buchert et al., 2005, Wrolstad et al., 1994, Wightman and Wrolstad, 1995). This
is supported by the results of Buchert et al. (2005), who found that, when using enzyme
blends with high galactosidase activity, there is a considerable reduction in the amount of

galactosides found when in comparison to the untreated counterpart (Buchert et al., 2005).

4.2.2. Classic approach to anthocyanin extraction

The classic approach used to extract anthocyanins from plant tissues is the same one that is
used for other phenolics, i.e. the tissues (treated or not) are soaked with subsequent solvent
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extraction, in a process known as solid-liquid extraction (SLE). Several parameters have
been reported to affect SLE yield, the most commonly reported in literature are solvent type
and temperature, though several others may be mentioned such as extraction time, particle
size, solvent/mass ratio (Castafieda-Ovando et al., 2009, Vrhovsek et al., 2012). These last
parameters vary mostly regarding general mass transfer principles and their manipulation
yield is rarely associated with chemical changes. The smaller the particle the easier it will
be for a solvent to be able to permeate it and extract the desired compounds (Dutta, 2007).
With the increase of the contact time between solvent and tissue, the more complete shall be
the diffusion from solid particle to liquid until partition equilibria is reached (Dutta, 2007).
The time frame in which equilibria is reached varies according to several other conditions
(e.g. temperature, solvent), therefore the extraction time should be determined for each
extraction as the other extraction conditions are defined (Cacace and Mazza, 2002, Cacace
and Mazza, 2003a, Cacace and Mazza, 2003b). As for the solvent/mass ratio the foremost
thing that must be taken into account is the solubility of the desired compounds, ideally the
amount of solvent added should be just enough to dissolve the desired compounds (Rostagno
and Prado, 2013). However, as other compounds are extracted, frequently a higher amount

of solvent is frequently necessary.

Another approach used by some authors to increase anthocyanin yield is to employ multiple
extraction steps for a given tissue. Theoretically, the use of several extraction steps should
allow for a more complete extraction though that is not always so (Revilla et al., 1998).
Revilla et al. (1998) studied the effectivity of several extraction processes among which were
four that considered several sequential extractions having found that, multiple extractions

did not necessarily mean higher extraction yields.

4.2.2.1. Solvent
Most of the common solvents used in SLE are polar, employing methanol, ethanol, acetone
and even water acidified with a vast array of both organic and inorganic acids (Metivier et
al., 1980, Barnes et al., 2009, Vatai et al., 2009). In the 80’s, Metivier et al. (Metivier et al.,
1980) studied the effect of different solvent (methanol, ethanol and water) and acid (HClI,
citric, acetic, propionic, tartaric and formic acid) combinations upon the extraction of
anthocyanins from wine pomace having found that, on its own, methanol was the best
performing solvent (extracting 20 and 73% more anthocyanins than ethanol and water,
respectively). Though the type of acid used affected each solvent differently, methanol

combined with citric acid appeared to be the best combination for extraction. Barnes et al.
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(Barnes et al., 2009), when studying the extraction of anthocyanins from blueberry samples
observed a somewhat different behaviour with non-acidified ethanol and acetone proving to
be significantly more effective than methanol, isopropanol and acetonitrile in the extraction
of anthocyanins. Overall, the acidification of the solvent led to the improvement of the
extraction yield though the effect was, once again, acid dependent, the addition of
trifluoroacetic acid (TFA) led to a significant increase of the anthocyanin yield for all
solvents except acetone (Barnes et al., 2009). The ratio water:organic solvent is also an
interesting variable to note as it varies with the solvent and the composition of the extraction
tissue. For instance, in cabernet grapes decreasing the acetone:water ratio lead to lower
yields of anthocyanins, while doing the same with ethanol had the opposite effect. On the
other hand, for merlot grapes there was no apparent relationship between the water:solvent
ratio and the extraction yield (Vatai et al., 2009). The differences observed between the
efficacy of a given solvent/acid combination may be explained by the differences in
anthocyanin composition in each source. Regardless, it is interesting to note that, while the
most widely used extraction protocol uses methanol acidified with HCI, to the best of our
knowledge, when different acids were tested, the combination methanol-HCI was not the
best extractant (Metivier et al., 1980, Barnes et al., 2009).

Although acid addition appears to help the extraction process, the use of strong acids may
cause the hydrolysis of the glycosidic bond, yielding an anthocyanidin and a sugar moiety
(Castafieda-Ovando et al., 2009, Kapasakalidis et al., 2006). This was observed by
Kapasakalidis et al. (Kapasakalidis et al., 2006) when, in an attempt to improve the phenolic
content of black currant extracts, they employed an acid hydrolysis (using HCI 2M), and
instead of obtaining some of the anthocyanins that were found in the original extracts, they
found only their anthocyanidin counterpart. Besides the extraction protocol itself, the
presence of strong acids may also pose a problem for the further processing of extracts. This
is particularly true if a concentration step is required as, while the anthocyanin concentration
in a solution may rise from the removal of the extraction solvent, so does the concentration
of acid and thus the hydrolysis of anthocyanins may take place or be extended (Garcia-
Viguera et al., 1998).

Given the possible acid mediated hydrolysis, some authors prefer to work with sulphured
solutions using compounds such as SO as extractants (Castafieda-Ovando et al., 2009,
Cacace and Mazza, 2002, Cacace and Mazza, 2003a). In fact, this approach can even be

more effective than the traditional alcohol/acid mix. Cacace and Mazza (Cacace and Mazza,
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2003a, Cacace and Mazza, 2002, Cacace and Mazza, 2003b) reported that a concentration
of 1000-1200 ppm of SO allowed for the maximum vyield of total phenolics and
anthocyanins and that, at low temperatures, the extraction rates for anthocyanins are
significantly higher than those observed for an ethanolic solution. However, despite the
advantages presented this solution also poses some limitations that must be considered. For
instance, in the production of edible extracts, the presence of SO2 while not be critical from
a food safety standpoint as it is a known preservative, it can induce adverse reactions in
hypersensitive individuals (Freedman, 1980a, Mussinan and Keelan, 1994, Freedman,
1980Db, Li and Zhao, 2006). Additionally, if seeking to produce antimicrobial extracts the
activity observed may not be due only to the extracted compounds as sulphured compounds

have been known to exhibit some antimicrobial activity (Kyung and Fleming, 1997).

4.2.2.2. Temperature
Heat sensitivity is an ubiquitous characteristic of anthocyanins. Therefore, when
contemplating an extraction protocol this condition must be taken into account. Wang and
Xu (Wang and Xu, 2007) and Aurélio et al. (Aurelio et al., 2008), when studying the impact
of heat upon blackberry and hibiscus pulps, found that heating to 90 °C lead to ca. 80%
reduction of the half-life of anthocyanins thus yielding significantly lower levels of
anthocyanins after a 6 h period (Vrhovsek et al., 2012, Cacace and Mazza, 2002, Cacace and
Mazza, 2003a, Cacace and Mazza, 2003b, Castafieda-Ovando et al., 2009). The sensitivity
of anthocyanins increases when they are present in extracts. Sadilova et al. (2007) found
anthocyanin extracts to be much more susceptible to degradation as they detected no
anthocyanins in purified strawberry and elderberry extracts after a 6h exposure to 95 °C. This
difference between extract and tissue stability is also evident in the work of Cacace and
Mazza (Cacace and Mazza, 2002, Cacace and Mazza, 2003a, Cacace and Mazza, 2003b),
who reported that, for blackcurrants, 30 — 35 °C appeared to be the best extraction
temperature for anthocyanins, with higher temperatures resulting in lower anthocyanin
contents, a likely consequence of heat induced degradation. Additionally, Vatai et al. (Vatali
et al., 2008) reported that aqueous acetone solutions extraction procedures carried out at 20
°C yielded significantly higher results than those carried out at 60 °C, the exception being
for pure acetone but, as 60 °C is above the boiling point for this solvent it is possible that

some artefacts occurred.
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4.2.3. Modern technologies applied to anthocyanin extraction

Given the widespread interest in plant metabolites, there has been an effort to modernize the
extraction protocols. With improvements from the classical approach ranging from a
reduction of the amount of organic solvents used and less exposure to reducing agents to a
decrease of the need for purification and concentration steps, overall improvement of the
extraction yield, selectivity and/or kinetics (Huie, 2002). Several new methodologies have
emerged and, though their potential benefits cannot be overlooked, it is important not to

disregard the target compounds’ characteristics in licu of new technologies.

4.2.3.1. Supercritical fluid extraction

From a simplistic standpoint, supercritical fluid extraction (SFE) is a process in which
supercritical fluids (at vapour-liquid critical point) are used to extract the components of
interest from a solid or even liquid matrix. Several advantages can be listed in order to reason
the usage of this approach: (i) the pre-treatment of samples with supercritical CO2 (scCO>)
removes nonpolar components reducing the amount of interferents though, contrary to what
happens for polar polyphenolics, it’s usage doesn’t increase the availability of anthocyanins
(Vatai et al., 2009, Seabra et al., 2010); (ii) the absence of atmospheric Oz and light during
the extraction process reduces anthocyanin oxidation (Vatai et al., 2009); (iii) SFE extracts
are generally recognized as safe (GRAS) and therefore their considered safe to use as food
additives (Ghafoor et al., 2010); (iv) the use of scCO2 and pressure, inhibits native enzymes
that degrade anthocyanins (Seabra et al., 2010). The major drawback of this approach is
related with its production costs. Currently, this method is associated mainly with the
production of extracts that comply with strict environmental regulations or with high value
products (Junior et al., 2010).

As traditional SFE is performed using only scCO2, which extracts nonpolar compounds, to
extract anthocyanins (polar molecules) a polar solvent must also be used. In fact, the choice
of the solvent may be a key factor for the success of the extraction procedure. The most
common approach uses a mix of CO., ethanol and in some cases water, with proportions
varying according to the tissue and/or plant material (Seabra et al., 2010, Ghafoor et al.,
2010). The ethanol/water fraction must be in proportions where they are soluble in scCO2,
at the pressure and temperature used, so the mixture can be considered supercritical.
However, higher amounts may be used. In those cases two phases coexist, liquid and
supercritical, but their presence may affect the yield and recovery of target compounds. (Paes

et al., 2014). It is interesting to note that, contrary to what happens in the SLE, the
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acidification of the solvents has been described as having no significant effect upon the
extraction efficiency in SFE (Paes et al., 2014). As the water contained within the extraction
matrix, when in contact with CO, results in the formation of carbonic acid (which lowers
the pH) the addition of acid is, somewhat redundant (Paes et al., 2014, Junior et al., 2010).

Ghafoor et al. (2010) studied the extraction of anthocyanins from grape peel using SFE.
They reported that, for this matrix, the optimal SFE conditions were 45 °C and 16 MPa in
the presence of 6-7% ethanol. These conditions were similar to those reported by Seabra et
al. (2010) for the extraction of anthocyanins from elderberry pomace, and those reported by
Paes et al. (2014) for blueberry residues, 40 °C and 20-21 MPa using aqueous ethanol as a
co-solvent. As anthocyanins are sensitive to relatively high temperatures, it is interesting to
note that most authors that focus on these compounds do not employ temperatures above 40
°C, though higher temperatures have been used in the extraction of other phenolic
compounds (Paes et al., 2014, Ghafoor et al., 2010, Seabra et al., 2010, Vatai et al., 20009,
Huie, 2002, Paula et al., 2014)

Vatai et al. (2009), compared the efficacy of conventional SLE against SFE both with and
without a pre-treatment using supercritical CO> (to remove nonpolar compounds and purify
the sample). They found that for Refosk and Cabernet grape pomace, similar results may be
obtained when comparing the results of SLE using acetone or ethanol against SFE performed

using ethanol as a co-solvent at a pressure of 15 or 30 MPa and a temperature of 40 °C.

4.2.3.2. Ultrasound assisted extraction

In ultrasound assisted extraction (UAE), the ultrasound frequencies are capable of
facilitating the hydration of plant materials which leads to the enlargement of cell wall pores
and occasionally, cause the rupture of the cell wall. This will promote mass transfer,
therefore allowing for the increase of the extraction yield (Huie, 2002, Golmohamadi et al.,
2013). The ultrasound assisted extraction has several advantages. It requires reduced
amounts of solvents, it does not require CO> and has a relatively low energy consumption
(Vieira et al., 2013, Galvan D’Alessandro et al., 2014). The fact that it is a green approach,
that it is relatively easy to scale up and that it is safe for Human intake, makes it a particularly
interesting technique for the food industry (Galvan D’Alessandro et al., 2014, Vieira et al.,
2013, Golmohamadi et al., 2013). However, the production costs are relatively high, with
other alternatives allowing for similar yields with lower costs (Vieira et al., 2013).
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Ultrasound frequencies, a major extraction factor, can be divided into two bands, low power
ultrasound (low amplitude and high frequency, 100-1000 kHz) or high power ultrasound
(high amplitude and low frequency, 20-100 kHz) (Golmohamadi et al., 2013, Galvan
D’Alessandro et al., Galvan D’ Alessandro et al., 2014). The last is used in food processing
and cleaning processes as it allows for the formation of cavitation bubbles, whose vibration
creates fluid currents and disruptive forces on nearby cells and particles (Golmohamadi et
al., 2013). However, the cavitational phenomena when coupled with the microjets of fluid
and the asymmetrical collapse of air bubbles near the surface of the cell wall (all caused by
the ultrasound) cause an increase in temperature that, in cooled reactors, may reach up to 70
°C (Golmohamadi et al., 2013). This may compromise anthocyanin stability as shown by the
work of Tiwari et al. (2008), who demonstrated that exposure to an intermittent frequency
of 20 kHz for a 10 min period reduced the anthocyanin content of strawberry juice by 3.2%.
(Tiwari et al., 2008, Golmohamadi et al., 2013, Aurelio et al., 2008, Wang and Xu, 2007).
As vibrational energy is dissipated as heat during the extraction procedure and anthocyanins
are notorious for their sensitivity to heat, it stands to reason that the extraction time is a
particularly important variable (Galvan D’Alessandro et al., 2014, Golmohamadi et al.,
2013). Golmohamadi et al. (2013) reported that, for 20 kHz, extraction times above 10 min
caused a reduction of the total anthocyanin content in raspberry puree. However, Vieira et
al. (2013) reported a steady increase of total monomeric anthocyanins throughout a 180 min
period when extracting anthocyanins from jussara pulp at 40 kHz. This demonstrates the

need for matrix contextualization and the development of specific protocols for each matrix.

4.2.3.3. Pressurized liquid extraction
Pressurized liquid extraction (PLE), also known as accelerated solvent extraction (ASE),
allows for the fast extraction of compounds with little solvent consumption (Petersson et al.,
2010, Paes et al., 2014, Carabias-Martinez et al., 2005, Santos et al., 2012). In this
methodology, high pressure is used to maintain the solvents liquid at higher temperatures
(frequently temperatures above solvent boiling point), this allows for the improvement of
the solubility of the compounds, sample wetting and matrix penetration (Petersson et al.,
2010, Huie, 2002). Immediately, the use of this technique for the extraction of anthocyanins
raises concerns. In fact, as illustrated by the work of Petersson et al. (2010), degradation
begins almost as the extraction itself begins. For it to be beneficial, a positive balance must
be struck between the degradation and extraction Kinetics. The sample composition,

particularly anthocyanin profile, will be very important in the decision of whether this
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methodology is of interest, particularly as the possibility of process automation makes this
technique particularly appealing for industrial application (Petersson et al., 2010, Castafieda-
Ovando et al., 2009, Carabias-Martinez et al., 2005). Despite its limitation regarding
anthocyanin extraction, this technique has been used in several food matrixes such as
blueberries, red onion and sweet potato, though to the best of our knowledge, few articles
contemplate the degradation kinetics (Paes et al., 2014, Petersson et al., 2010, Truong et al.,
2012) has been released.

4.2.3.4. Microwave assisted extraction

Microwave assisted extraction (MAE) is a process that uses microwaves to quickly,
efficiently and evenly heat both solvent and target tissue. In hydrated tissues, the water
present absorbs the energy with the resulting heat causing cell disruption (Garofuli¢ et al.,
2013). This technique allows for lower extraction times, requires less solvents and exhibits
a good reproducibility (Armenta et al., 2008, Garofuli¢ et al., 2013). On the other hand, the
enhancement of compound diffusion form matrix to solvent, while potentially increasing the
extraction yield, also facilitates the extraction of non-targeted compounds (Garofuli¢ et al.,
2013, Liazid et al., 2011, Armenta et al., 2008). Additionally, the usage of temperature in
anthocyanins, as argued before, has significant limitations. Generally, and also to avoid
overheating, low to moderate powers (coupled with longer extraction times) are used
(Garofuli¢ et al., 2013). However, this does not necessarily prevent anthocyanin degradation.
Garofuli¢ et al. (2013) reported that as temperature and/or irradiation time increases, the
amount of anthocyanins detected on cherry extracts decreased significantly. While, for grape
skin peels, Liazid et al. (2011) reported that, up to 100 °C, there was a significant increase
in the amount of anthocyanins found in the extracts, with the values reducing only for
temperatures above 100 °C. These authors report results that are somewhat contrary, but, in
both cases, the need to find a suitable extraction temperature (where the increase in
extraction kinetics compensates the degradation reactions) is clear, as is the importance of
contextualizing it with the tissue that constitutes the matrix (Liazid et al., 2011, Pap et al.,
2013).

4.2.3.5. Ohmic heating extraction
Ohmic heating assisted extraction (OHM), also known as electro-conductive heating, uses
the inherent electrical resistance of a given foodstuff in order to turn electrical energy into
thermal energy, which will increase membrane permeability (Loypimai et al., 2015). Though

not extensively used for anthocyanin extraction, some work has been reported (Loypimai et
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al., 2015). Though, the rapid heating process has been described as allowing for less thermal
damage, Sarkis et al. (2013) reported that ohmic heating caused a similar degradation as
conventional heating. As such, more work is needed to better ascertain whether ohmic

heating is interesting when considering anthocyanin extraction (Sarkis et al., 2013).

4.2.4. Purification approaches

The extraction methodologies used to extract anthocyanins from plant tissues are not
selective. In fact, the final product is, frequently, a solution that has large amounts of other
compounds (e.g. sugars and organic acids) that, besides introducing a bias in functionality
studies, can also be detrimental for anthocyanin stability (Jampani et al., 2014, He and Giusti,
2011, Castafieda-Ovando et al., 2009). Sugars are a prime example of this, as free sugars and
their degradation products may lead to Maillard reactions (Jampani et al., 2014, Tsai et al.,
2005). Therefore, after contemplating the extraction process, the removal of interferents
stands as an important step, particularly in the study of anthocyanin properties as the high
cost of standards usually are detrimental for their usage (He and Giusti, 2011, Castafieda-
Ovando et al., 2009). Several techniques have been proposed to achieve anthocyanin
separation from solid phase extraction (SPE) to sophisticated chromatographic techniques
(Castarieda-Ovando et al., 2009).

4.2.4.1. Precipitation of anthocyanins

The use of bivalent lead (Pb?") to precipitate anthocyanins in aqueous solutions is one of the
oldest approaches for anthocyanin purification. However, anthocyanins are not the only
group of compounds that form low solubility lead salts, in fact other compounds with a
carboxyl or other nucleophilic group (e.g. amino, phenolic, fatty and organic acids, tannins,
flavonoids, etc.) are also precipitated by Pb?* (Fuleki and Francis, 1968, Maekaji et al., 1963,
Mattick et al., 1969). Therefore, this method stands more as a preliminary purification step,
particularly as the most plentiful impurities, sugars, are not precipitated in this approach
(Fuleki and Francis, 1968).

Given the amphoteric nature of the pigments, the reaction between anthocyanin and Pb?* is
pH dependent, with neutral and alkaline environments exhibiting better precipitation activity
than their acidic counterparts (Fuleki and Francis, 1968, Mattick et al., 1969). Care must be
taken when considering the pH value to be used as different anthocyanins exhibit different

optimal precipitating pH and, therefore, some may remain in the original solution

28



Chapter 1.2

Anthocyanin lead salts can be dissociated using an alcoholic solution (with either HCI or
H2S0O.) that will cause the precipitation of a lead salt that can be removed, yielding an

alcoholic suspension of anthocyanins (Maekaji et al., 1963, Fuleki and Francis, 1968).

4.2.4.2. Solid phase extraction

Solid phase extraction is a separation process in which, dissolved compounds are separated
according to their physicochemical characteristics. Traditional SPE uses adsorbent sorbents,
such as C18, Sephadex, or Amberlite adsorption resins that establish bonds through their
hydroxyl groups or hydrophobic bonds with the aromatic rings coupled with solvents with
varying polarity (Castafieda-Ovando et al., 2009, Buran et al., 2014). Chandrasekhar et al.
(2012) studied the efficacy of six different sorbent resins; nonpolar silica gel, weak acidic
anion exchanger Amberlite IRC 80, weak acidic cation exchanger Amberlite IR 120, strong
acidic cation exchanger Dowex 50WX8, non-ionic acrylic ester resins with moderate
polarity Amberlite XAD4 and XAD7. Results showed that non-ionic acrylic ester resins
showed the highest adsorption rates and highest elution capacity (ca. 93% recovery), while
the silica nonpolar resin exhibited no detected adsorption of anthocyanins (Chandrasekhar
etal., 2012).

This method is relatively cheap, easy and reproducible, thus explaining the preference it has
been conceded. However, as non-selective interactions are established it is possible that
using this approach, contaminants remain (Buran et al., 2014, He and Giusti, 2011, Denev
et al., 2010, Socaciu, 2007). This is shown in the work of Buran et al. (2014) where, after
purification of blueberry extract with an Amberlite resin, traces of chlorogenic acid and other
flavonols were still found. As an alternative, He and Giusti (2011) developed an SPE system
that takes advantage of the different charges that anthocyanins have at different pH values.
The sorbent used in this new approach combines reversed-phase interactions with cation
exchange interactions. This means that, if the anthocyanins are introduced into the system at
a pH value of 2 (where they are in their flavylium cation form) they will interact with the
negatively charged sorbent and the other compounds can be removed using solvents with
various polarities (given that their pH values do not rise significantly) (He and Giusti, 2011).
To remove the anthocyanins an alkaline eluent may be used, since it will shift the
anthocyanins into a negatively charged particle (quinoidal base) that will no longer interact
with the resin and can, therefore, be collected (He and Giusti, 2011). He and Giusti (2011)
found that this new approach was superior to the other commonly used SPE methods in

regards of anthocyanin purity and recovery, sorbent capacity, cost, simplicity and high
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throughput. A similarly effective approach has been reported by Castafieda-Ovando et al.
(2014). These authors exploited the tendency of the o-dihydroxy arrangement of
anthocyanins to for metallic complexes with Fe**, Cu?*, Fe?*, Ca®* and Mg?* and the fact
that these complexes, while stable under alkaline conditions, break when exposed to an
acidic environment (Castafieda-Ovando et al., 2014, Yoshida et al., 2006). This approach,
while allowing good purification rates and a relatively low cost must be first contextualized
with the matrix as different anthocyanins exhibit different behaviours in response to the pH
values and metallic (de)complexation, possibly leading to artefactual shifts in anthocyanin

composition (Castafieda-Ovando et al., 2014).

4.2.4.3. Countercurrent chromatography
Countercurrent chromatography (CCC) is a chromatographic technique that uses two
immiscible liquid phases, under gentle conditions, to separate relatively large amounts of
sample (up to several hundred milligrams in a single run) (Schwarz et al., 2003, Degenhardt
et al., 2000). High Speed CCC (HSCCC) has been demonstrated to be a potential mechanism
to achieve large scale isolation of anthocyanins from various natural sources such as
blackberries or elderberries. In HSCCC, the solvents are placed in a Teflon tube wound
around a coil (frequently, connected in a series) that is then rotated. The movement causes
mixing and settling zones between the two phases, inducing a continuous distribution of the
sample (Schwarz et al., 2003, Degenhardt et al., 2000, Kostadinovik et al., 2013). The fact
that this approach doesn’t require expensive columns, uses gentle operating conditions and
relatively cheap solvents (e.g. methyl tert-butyl ether (MTBE), n-butanol, acetonitrile, water,
TFA) increases its interest from an economic standpoint, thus making it a good candidate
for industrial production (Schwarz et al., 2003, Degenhardt et al., 2000, Kostadinovik et al.,
2013). A system comprised of MTBE, n-butanol, acetonitrile and water acidified with TFA
(2:2:1:5) has been used by several authors to purify anthocyanins from a range of sources

such as wine, blueberries or red cabbage (Socaciu, 2007, Kostadinovik et al., 2013).

4.2.5. Method selection
Plant phenolics have definitively gathered the interest of the scientific community, with

anthocyanins belonging to one of the groups that show the most biological and industrial
potential. However, the pigments’ complex chemistry raises several issues when
contemplating the extraction protocol to use. From relatively simplistic approaches to more
technological ones, the range from which to choose is vast, and given the lack of

straightforward papers that compare all methodologies for a given sample, it is hard to
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conclude which method is better given the extraction yield alone (different samples, have
different amounts of anthocyanins to begin with, therefore variations in yield from paper to
paper also reflect sample variation). Therefore, a clear understanding of the underling goal
of the extraction, the potential use of the final extract and the sample itself plays an important
role in the selection of the extraction/purification approach to be used (Table 5). Despite
that, some overall guidelines can be perceived. Methods that imply the used of high
temperatures may induce degradation while promoting the extraction therefore are less
suitable for samples richer in methylated anthocyanins (more susceptible to degradation)
(Sarkis et al., 2013). Similarly, methods that improve the extraction yield while using mostly
water as a solvent (MAE, UAE, PEF), present interesting economic and ecological
advantages though the reduction of production and waste management costs must be
compared with the equipment cost. If pure extracts are needed, SFE is an interesting
approach as it allows for the removal of nonpolar solvents, though, from a cost perspective
a simpler (less expensive) extraction approach may be of interest if followed by an
appropriate purification protocol (anthocyanin precipitation for lower purity levels, CCC or

adsorbent and ion-exchange SPE resins for purer extracts).

Table 5. Summary of the most common extraction methods used for anthocyanin extraction for different

matrixes.
Black Carrot (Ttrker and Erdog”du, 2006)
Blackcurrant (Cacace and Mazza, 2002, Cacace and Mazza,
2003a, Cacace and Mazza, 2003b, Denev et
al., 2010)
Blackberry (Denev et al., 2010, Oancea et al., 2013)
Blueberry (Ballinger et al., 1970, Barnes et al., 20009,
Denev et al., 2010)
Chokeberry (Denev et al., 2010, Galvan D’ Alessandro et
al., 2014)
Solid-Liquid Elderberry (Denev et al., 2010, Vatai et al., 2009)
Extraction Grape (Vatai et al., 2009)
(SLE) Hibiscus (Cissé et al., 2012)
Jamum (Jampani et al., 2014)
Jussara (Borges et al., 2011)
Purple Fleshed Sweet (Fan et al., 2008)
Potato
Red Cabbage (Chandrasekhar et al., 2012)
Red Radish (Patil et al., 2009)
Strawberry (Garcia-Viguera et al., 1998)
Sweet Cherry (Oancea et al., 2013)
Wine Pomace (Metivier et al., 1980)
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Matrix References
Blueberry (Paes et al., 2014)

Supercritical Cricket Vine (Paula et al., 2013, Paula et al., 2014)
Fluid Extraction  Elderberry (Seabra et al., 2010, Vatai et al., 2009)
(SFE) Grape (Ghafoor et al., 2010, Vatai et al., 2009)
Jamobolan (Maran et al., 2014)
Blackberry (Oancea et al., 2013)
Ultrasound Chokeberry (Galvan D’Alessandro et al., 2014)
Assisted Grape (Corrales et al., 2008, Ghafoor et al., 2009)
Extraction (UAE) Mangosteen (Cheok et al., 2013)
Sugar Beet Molass (Chen et al., 2015)
Sweet Cherry (Oancea et al., 2013)
Blueberry (Paes et al., 2014)
Grape (Corrales et al., 2009, Corrales et al., 2008, Ju
Pressurized _ and Howard, 2003, Liazid et al., 2011)
Liquid Extraction Jabuticaba (Santos et al., 2012)
Purple Fleshed Sweet (Truong et al., 2012)
(PLE) P
otato
Red Cabbage (Arapitsas and Turner, 2008)
Red Onion (Petersson et al., 2010)
Blackcurrant (Pap et al., 2013)
Microwave Blueberry (Zheng etal., 2013)
Assisted Grape (Lietal., 2012)
Extraction Mulberry (Zpu etal., 2012)
(MAE) Pomegranate (Sinha et al., 2012)
Red Raspberry (Sun et al., 2007, Teng et al., 2013)
Sour Cherry (Garofuli¢ et al., 2013)

Ohmic Heating

Assisted . N
Extraction Black Rice Bran (Loypimai et al., 2015)
(OHM)
. Grape (Corrales et al., 2008)
SII_EIIEex\t/:EIS Ilziuellsgd Purple Fleshed Potato (Puértolas et al.)
Pre-treatment Red Cabbage (Gachovska et al., 2010)
Strawberry (Odriozola-Serrano et al., 2009)
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Chapter 1.3

Objectives

In Portugal, the area dedicated to the production of blueberries has suffered a significant
increase in the last decade, with a similar trend being observed in other countries. Therefore,
any attempt to circumvent a loss of value resulting from a rising supply of blueberries may
be important to the economy in coming years. One of the possible ways to accomplish this
uses the consumer’s perception of the fruit itself. Sold by the media as a “superfruit”, any
product with added blueberries or blueberry products has an almost automatic healthy
connotation, a perception that automatically raises the products value. Blueberry extracts
may pose an interning alternative, as they are easier to incorporate into products than full
blueberries. Furthermore, anthocyanin rich blueberry extracts pose as an interesting, natural
alternative to traditional food colorants and antioxidants as they combine both in a single

product and consequently all related health effects.

Considering these arguments, the main objective of this thesis was to produce a blueberry
extract, with an elevated anthocyanin concentration, with demonstrated health promoting
properties. To accomplish this goal several specific objectives were established: i) selection
of a blueberry cultivar to be used in the production of the extracts, as well as the definition
of a preferred harvest stage, based on their phenolic and anthocyanin composition. ii)
establishment of a simple, relatively easy to scale up, preferably food grade extraction
process. iii) characterization of some of the potential biological effects of extracts through
the characterization of their effect upon potential probiotic microorganisms as well as their

antioxidant, antimicrobial, antiadhesive and antibiofilm activity.
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Chapter 1.4

Structure and Thesis Plan

From a general standpoint, (Figure 1) the present thesis can be divided into three major
stages: 1) the selection of the blueberries to be used. 2) the definition of an extraction

protocol. 3) the characterization of some of the biological properties of the extract.

Stage 1: This step is fully characterized in chapter 2.1 where four different blueberry
cultivars, selected according to their economic relevance, where compared in regards to their
antioxidant capacity, phenolic and anthocyanin content throughout. This analysis was made
throughout the ripening process in order to ascertain both a preferable cultivar and a

preferable harvest time.

Stage 2: This particular stage is characterized in chapter 3. Taking into account the benefits
and limitations of the anthocyanin extraction methods reviewed in the state of the art, an
extraction protocol was defined. Then, after selecting an approach, an optimization process
was undertaken (chapter 3.1.) analysing the impact of mass/solvent ratios, extraction solvent

and ultrasonic treatment. Additionally, the utility of a purification step was also considered.

Stage 3: This last stage was focused on the characterization of some biological properties of
the extract (chapter 4 to chapter 6). Chapter 4 describes the antioxidant potential of the
extract that was evaluated for its antioxidant potential using a peroxide/DNA system based
on the agarose gel electrophoresis method, improved to allow for quantitative measurement
of DNA degradation using computational analysis. Chapter 5 contemplates the extracts
potential as antimicrobial agents against common nosocomial agents firstly (chapter 5.1) by
analysing the crude extract and then by trying to ascertain where the extract’s activity comes
from (chapter 5.2 and 5.3). Chapter 6 focused on the extract’s effect upon food pathogens,
potential probiotic microorganisms and pathogen/probiotic systems to determine if the
extracts (when in concentrations capable of inhibiting food pathogens) interfered with
probiotic growth and metabolic activity (chapter 6.1.) or if they impacted on either’s

adhesion to a surface conditioned to resemble the intestinal epithelium (chapter 6.2.).

59



Chapter 1.4

Raw Matter Selection

Chapter 2
Selection of blueberry cultivar and preferable
harvest stage

Extraction Protocol
Selection

Chapter 3
Selection / optimization of the extraction
process and purification of the final product

Biological Potential Evaluation

Impact on
Nosocomial Bacteria
Chapterd4 Chapter5

Improvement of a DNA based Characterization of the
antioxidant assay and antimicrobial, antibiofilm and
characterization of the antiadhesive capacity of the

antioxidant capacity of the extracts and individual phenolic
extract compounds

Antioxidant Capacity

Impact on Probiotic and Probiotic/Pathogen
Systems

Chapter 6
Characterization of the extract’s effect upon probiotic microorganisms
as well as potential synergetic effects between extract and probiotics
against pathogen adhesion

Figure 1. Schematic layout of the thesis structure.
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Raw matter selection

This chapter aimed to select the raw materials to be used as basis
for all further assays

“Begin at the beginning — the King said, very gravely — and go on till you come to the end.: then stop”
Lewis Carroll in Alice in Wonderland
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Chapter 2

Chapter Preamble

It is widely known that the phenolic composition of a fruit varies significantly from fruit to
fruit and accordingly to the environmental context and/or agricultural practices. Several
intrinsic and extrinsic factors have been reported to affect both the phenolic profile and
overall phenolic content of blueberries. Extrinsic variables, such as solar exposure, water
and nutrient availability, have long since been reported as interfering with the
phenolic/anthocyanin profile and content. However, as extrinsic factors are harder (and
typically more expensive) to control than intrinsic factors, the present chapter focused on
evaluating the effect of two of the latter: ripeness and cultivar. It is important to note that, in
an attempt to reduce the possible variations caused by extrinsic factors (e.g. solar exposure,
nutrient and water availability) a single blueberry producer that had all four cultivars

growing in the same plot was used.

Unripe Fruit Ripe Fruit Overly Ripe Fruit

Stage 1 Stage 2 Stage 3

Pink Bunches with Bunches with Fallen

blueberries blueberries 25% ripe 75% ripe blueberries
blueberries blueberries

Figure 1. Different blueberry ripeness stages as defined by Mirtilusa S.A.

As the doctoral program counted with the support of Mirtilusa S.A. (one of the largest
blueberry producers’ association in Portugal), the cultivars selected to be included were
those that had the largest harvest areas and highest commercial relevance (higher fruit yields

and continuous harvest times).

Ripeness’ impact upon the phenolic composition can be observed by the naked eye, as
anthocyanin accumulation in the skins explains the colour variation from green unripe fruits
to dark blue/purple ripe blueberries. This alone accentuates the need for a better
understanding of this variable as anthocyanins are one of the most relevant classes of
phenolic present in blueberry extracts. As Mirtilusa S. A. supplied their producers with
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information on how to classify the ripeness of blueberries (Figure 1), we chose to follow it

as it would simplify the harvesting process for the producer.

Considering the above made arguments, the present chapter aimed to compare the
composition of blueberries from four V. corymbosum cultivars (Duke, Bluecrop, Goldtraube
and Ozarkblue) throughout the ripening process, from unripe to overripe fruits. The results
showed a significant variation in total anthocyanins (both overall amount and profile) in
regards to the cultivar with Goldtraube blueberries appearing as the richest in both
anthocyanins and phenolics. During the ripening of the fruit an increase of anthocyanins was
observed up until the overly ripe fruit, and in this stage the amount of anthocyanins either
increased (Bluecrop), decreased (Duke and Ozarkblue) or remained stable (Goldtraube).
Considering this, Goldtraube blueberries at a latter ripening stage were used throughout to

produce the extracts used throughout the present thesis.
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Variation of anthocyanins and other major phenolic compounds
throughout the ripening of four Portuguese blueberry (Vaccinium

corymbosum L) cultivars

Sara Silval, Eduardo M. Costal, Marta C. Coelho!, Rui M. Morais!, Manuela
E. Pintado?
! CBQF — Centro de Biotecnologia e Quimica Fina — Laboratdrio Associado, Escola Superior de

Biotecnologia, Universidade Catolica Portuguesa/Porto, Rua Arquiteto Lobdo Vital, Apartado
2511, 4202-401 Porto, Portugal

This chapter has been published:
Natural Product Research (2016); doi:10.1080/1478619.2016.1209668

Abstract

Blueberries are widely recognized as one of the richest sources of bioactive compounds,
among which are anthocyanins. Though the berries ripeness has been reported as affecting
the phytochemical composition of fruits. Therefore, the present work aimed to evaluate the
variation of anthocyanins, and other major phenolics, throughout five ripening stages in four
blueberry cultivars. The results showed that the antioxidant capacity and anthocyanin
content increased during ripening, reaching the highest values when the blueberries are
collected from bunches comprised of 75% ripe blueberries. Antagonistically, the amount of
phenolic acid decreases while the quercetin-3-glucoside levels remain stable. Furthermore,
Goldtraube blueberries appear to possess, systematically, higher amounts of phenolic
compounds than the other cultivars studied. Thus, when seeking the highest yield of
anthocyanins, the preferred harvest should occur in bunches that contain ca. 75% of ripe
blueberries and, considering the cultivars assayed, the Goldtraube cultivar appears the richest

in phenolic compounds.

Keywords: Vaccinium corymbosum; Anthocyanins; Ripening; Blueberry
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Chapter 2.1

1. Introduction

As consumers concern with health grew, so did the industry’s attempts to explore this market
through the development of functional foods. Primary food producers have focussed on
further developing their growth, harvest and storage protocols in an attempt to maximize
their products functional potential

(Gibson and  Williams,  2000). a
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2. Results and discussion

As can be seen in Figure 1 the variation of the total antioxidant capacity (TAC), phenolic
content (TPC) and anthocyanin content (ACY) varied differently throughout the ripening
stages, though the variation profile differed from cultivar to cultivar. For monomeric
anthocyanins, the ACY is significantly (p < 0.05) higher in the ripe and over-ripe stages (S3
to S5) than in the unripe fruits (S1 and S2), a fact that stands in line with previous reports
(Kalt et al., 2003, Castrejon et al., 2008). The TAC variation was quite similar to that of the
anthocyanins for all cultivars with the exception of Bluecrop (Figure 1). In fact, the
correlation between these variables (Table 3S) showed that the TAC values observed for
Duke, Goldtraube and Ozarkblue blueberries were related to their anthocyanin content as
they exhibited a strong, significant (p < 0.01), positive relationship (0.980, 0.932 and 0.900,
respectively). As the TAC content doesn’t vary for Bluecrop and the ABTS method is highly
susceptible to interference, it is possible that another compound/factor is responsible for the
absence of correlation between these variables. As for the TPC, no overall behavioural trend
could be observed, a fact that stands in line to what has been described by Castrejon et al.
(2008), who reported that 4 different blueberry cultivars exhibited different phenolic
variation trends. Considering the vast array of compounds that are capable of interfering with
the Folin-Ciocalteu assay, it is hard to explain TPC variations without looking at the
individual compounds (Castrejon et al., 2008, Kalt and McDonald, 1996, Wang and Lin,
2000, Vermerris and Nicholson, 2007). In Figure 2, where the variation of the different
anthocyanins along the ripening is expressed, it can be seen that the amount of anthocyanins
increased with the ripening. This stands in accordance to the results obtained for the ACY
(Figure 1). The most prevalent anthocyanins found were malvidins, which is in accordance
with what has been reported by Taruscio et al. (2004). This is particularly interesting when
considering the biological potential of the extracts as malvidins have been described as
possessing anti-inflammatory activity and, therefore, the extracts may be used to develop
nutraceuticals that aid with chronic inflammation (Huang et al., 2014). Delphinidins were
found at higher levels than cyanidins which is in accordance with Taruscio et al. (2004) and
Lohachoompol et al. (2008) but not with You et al. (2011), who reported similar levels of
both families of anthocyanins. The remaining 4 anthocyanins found were petunidin-3-O-
glucoside, petunidin-3-O-galactoside, peonidin-3-O-arabinoside (only in Goldtraube) and

peonidin-3-O-galactoside.
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Figure 2. Variation of individual anthocyanins in Duke (e), Bluecrop (m), Goldtraube (A) and Ozarkblue
(V) blueberries. a, cyanidin-3-arabinoside (C3Ara); b, cyanidin-3-galactoside (C3Gal), ¢, cyanidin-3-
glucoside (C3Glu); d, delphinidin-3-arabinoside (D3Ara); e, delphinidin-3-galactoside (D3Gal), f,
delphinidin-3-glucoside (D3Glu); g, malvidin-3-galactoside (M3Gal); h, malvidin-3-glucoside (M3Glu);
i, petunidin-3-galactoside (Pt3Gal); j, petunidin-3-glucoside (Pt3Glu); k, peonidin-3-arabinoside (P3Ara);

I, peonidin-3-galactoside (P3Gal).

Besides the anthocyanins, other four phenolic compounds were identified, three phenolic

acids (chlorogenic, gallic and p-coumaric acid) and a flavonol glycoside (quercetin-3-D-

glucoside (Q3Glu)) (Figure 4). Cinnamates (such as chlorogenic and hydroxycinnamic

acids) have been reported to decrease (p < 0.05) as the fruit ripens, a behaviour that stands

in accordance to the results observed for p-coumaric acid (Figure 4) and for chlorogenic acid
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when considering Duke, Ozarkblue and Bluecrop blueberries (Kalt and McDonald, 1996,
Castrejon et al., 2008, Kalt et al., 2003). However, as this behaviour is not ubiquitous to all
food crops, the stable values observed for Goldtraube are not unexpected. Gallic acid
exhibited behaviour similar to the one observed for chlorogenic acid. As a reduction in
acidity is one of the main characteristics of the ripening process, the variations observed
stand in accordance with what could be expected (Kulkarni and Aradhya, 2005, Ayaz et al.,
2001). The Q3Glu values kept relatively stable throughout the assay a fact that is not in
accordance to what was reported by Jaakola et al. (Jaakola et al., 2002) that found that
quercetin levels varied throughout the ripening process, first increasing and then decreasing.
Given the relatively large deviations to the mean found, it is possible that any variations are

masked by the dispersion of the data.
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Figure 3. Variation of chlorogenic acid (a, ChA), gallic acid (b, GA), p-coumaric acid (c, p-CA) and
quercetin-3-glucoside (d, Q3Glu) throughout the ripening process, in blueberries of four different cultivars:
Duke (@), Bluecrop (=), Goldtraube ( A) and Ozarkblue (V).
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It is interesting to note that, the sum of each individual phenolic compound (as determined
by HPLC) is significantly higher than the TPC or the TAC (Table 5S) which is a consequence
of the increased sensitivity of the chromatographic methods by opposition to the

spectrophotometric ones (Lee et al., 2008).
3. Conclusions

Despite the various variation profiles found, it can be concluded that the ripening stage S4, i.e.
blueberries collected from bunches containing 75% of ripe blueberries, allows for the overall

maximization of the anthocyanins in all blueberry cultivars tested.

Acknowledgements: The present work was supported by National Funds from FCT through project Pest-
PE/EQB/LA0016/2013 and by funds of the QREN-ADI project 13736 “Myrtillus — Mirtilo com inovagdo”.
Additionally, the authors S. Silva and E.M. Costa would like to acknowledge FCT for their Ph.D. grants with
the references SFRH/BD/90867/2012 and SFRH/BDE/103957/2014, respectively.

Supplemental Material
4. Experimental section
4.1. Samples

In a production area that possessed all four test cultivars (latitude: 40°47°24.66” N;
longitude: 8°23°17,21” W; elevation above the sea level: 549 m), twenty-four blueberry
bushes were randomly selected (6 per cultivar with the agronomical characteristics listed in
table 1S). Bushes from the different cultivars were arranged in a 2X2 rectangular formation

comprised of evenly spaced rows of plants.

Samples were collected from Goldtraube, Duke, Bluecrop and Ozarkblue blueberry bushes
at different ripening stages: S1 — green fruits with a reddish crown (unripe fruit); S2 — light
pink blueberries with no observable green area (unripe fruit); S3 — blueberries that came
from a bunch containing only 25% of ripe blueberries (ripe fruit); S4 — blueberries collected
from bunches that had 75% or more of their blueberries ripe (ripe blueberries); S5 —

blueberries that fell from the bush (overripe blueberries).
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Table 1S. Growth conditions and age of the different blueberry cultivars.

Duke Bluecrop Goldtraube Ozarkblue
Average soil pH 4.6 51 51 4.6
Average organic 11% 129 120 11%
matter content
Soil type Humic Humic Humic Humic
Dystrudept Dystrudept Dystrudept Dystrudept
Average daily
light during ca9.2h ca.9.2h ca.9.2h ca.9.2h
ripening
th_ 1@th th _ ~ard th _ anth
Sample harvest A% _ 8% of June 11" — 16" of 18" — 23" of 25" — 30" of
period June June June
Average high 28°C 28°C 28°C 28°C
temperature (°C)
PITIEEE (0 12°C 12°C 12°C 12°C

temperature (°C)

At each ripening stage, blueberries from the 6 different bushes (20 g collected from each
bush) were collected from random areas of each plant and immediately transported to the

laboratory for analysis.
4.2. Extracts

The blueberry pulp was homogenized (10% (w/v), 24 000 rpm, 1 min) with acidified
methanol (0.01% HCI) using an Ultra-turrax T18 (IKA, Staufen, Germany) and left to extract
at room temperature in a light tight container. After 12 h, the mix was centrifuged (60269, 4
°C, for 15 min) and filtered through a 4-7 um filter (Prat Dumas, Couze St. Front, France).
Each extraction was performed in triplicate.

4.3. Total anthocyanins content (ACY), total antioxidant capacity (TAC) and total phenolic
content (TPC)

The total monomeric anthocyanins were assessed using the differential pH method as described by
(Jakobek et al. (2007)) and the results, expressed in cyanidin-3-O-glucoside (C3Glu) equivalents,

were calculated as described by the same authors (Jakobek et al., 2007).

The ABTS radical cation (ABTS™) assay, to assess the TAC of extracts, and the Folin - Ciocalteu
phenol’s reagent, to evaluate the TPC, were used as described by Gido et al. (2007).

4.4. Compound identification and quantification

The different phenolic compounds were analysed using reverse — phase high performance
liquid chromatography coupled with a diode-array detection system (Waters Series 600,

Mildford, Massachusetts) equipped with a reverse phase Symmetry C18 column (250 x 4.6
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mm i.d. 5 pm particle size and 125 A pore size, kept at 30 °C) and a guard column containing
the same stationary phase. Chromatographic separation was carried out using a linear
gradient of 2 solvents (A- 5% methanol, 2.5% formic acid, 92.5% ultra-pure water; B- 25%
methanol, 25% formic acid, 50% ultra-pure water) varying as illustrated in table 2S.
Injection volume was 40 puL. Detection was achieved using a diode array detector measuring
at wavelengths ranging from 200 to 600 nm in 2 nm intervals. The different peaks were
analysed by comparison of retention times and spectra with that of pure phenolic and
anthocyanin glycoside standards all acquired from Extrasynthese (Genay Cedex, France)
except for delphinidin-3-arabinoside which was acquired from ChemFaces (Hubei, China).
Quantification was performed using calibration curves (Table 4S) of the presumed
compounds considering a detection limit of 2.5 mg 100 g of fresh blueberries. Three

independent analysis were performed for each of the triplicate extracts.

Table 2S. Flow conditions used for HPLC analysis.

Time (min) % Solvent A % Solvent B Flow (mL min)
0 to 60 100 - 40 0-60 0.65
60 to 65 40-90 60 — 10 0.50
6510 70 90 - 100 10-0 0.50

4.5. Statistical analysis

The normality of the distribution was assessed using the Shapiro-Wilk normality test. As the
results proved to follow a normal distribution, a comparison of the results was performed
using One-Way ANOVA coupled with Scheffe's Post-Hoc test (the differences were
considered significant when p < 0.05). Additionally, the correlation between different
variables was assessed using Pearson’s correlation (the differences were considered

significant when p < 0.05).
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5. Additional data

Table 3S. Correlation between the total antioxidant capacity, phenolic and anthocyanin content.

ACY -TAC ACY -TPC TAC -TPC
Duke Pearson’s R 0.980 0.898 0.955
p-value <0.01 <0.01 <0.01
Bluecrap Pearson’s R 0.051 - 0.464 - 0.058
p-value 0.857 0.082 0.837
Goldtraube Pearson’s R 0.932 0.896 0,972
p-value <0.01 <0.01 <0.01
Ozarkblue Pearson’s R 0.900 0.756 0.884
p-value <0.01 0.001 <0.01

Table 4S. Standards and chromatographic information regarding the calibration curves.

. Maximum Calibration curves
Standard Retgntlon absorbance
Time Slope y-Intercept R?

Cyanidin-3-arabinoside 42.43 516.2 185958,0 2078,7 0,989
Cyanidin-3-galactoside 37.73 516.2 184409,3 104057,5 0,993
Cyanidin-3-glucoside 40.04 515.6 163200,7 89177,5 0,995
Delphinidin-3-arabinoside 33.41 523.5 124339,2 216344,0 0,996
Delphinidin-3-galactoside 35.17 522.9 166883,9 1514619 0,979
Delphinidin-3-glucoside 29.67 523.5 190244,0 137988,3 0,979
Malvidin-3-galactoside 38.01 528.1 159352,2 65858,3 0,977
Malvidin-3-glucoside 39.53 527.2 166282,4 13416,4 0,981
Petunidin-3-galactoside 44.28 516.2 141320,5 -609036,5 0,998
Petunidin-3-glucoside 43.90 525.6 198294,5 69479,6 0,991
Peonidin-3-arabinoside 44.77 517.4 129169,8 -9872,4 0.987
Peonidin-3-galactoside 44.93 516.2 141320,49 -609036,5 0,998
Gallic acid 32.85 3225 5299,2 -9570,7 0,999
Chlorogenic acid 335 326.7 218281,8 85772,5 0,999
p-Coumaric acid 45.29 309.8 464264,8  -868221,6 0,994
Quercetin-3-Glucoside 51.40 256.2 100826,0  -559537,5 1,000
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Table 5S. Anthocyanin content, in mg per 100 g of fresh fruit, for each stage and cultivar according to the

differential pH (TAC) and HPLC analysis.

Ripening Anthocyanin content
Stage TAC HPLC

S1 nd nd

S2 6.28 + 2.87 e
Duke S3 93.99 + 0.81 524.26 + 16.98
sS4 124.68 +5.01 684.37 + 56.60
S5 77.65 + 4.84 617.00 + 29.37

S1 6.195 + 3.47 e

S2 10.64 + 2.63 nd
Bluecrop S3 42,51 +0.01 188.76 £ 41.40
sS4 56.83 + 2.06 194.57 + 13.69
S5 70.27 + 2.14 245.76 + 19.66

S1 1.35+0.59 nd

S2 6.87 +1.46 nd
Goldtraube S3 61.56 + 1.67 427.17 + 11.04
S4 158.58 + 3.06 572.76 + 35.14
S5 159.97 + 1.11 564.16 + 16.06

S1 nd nd

S2 2.93+1.72 nd
Ozarkblue S3 46.60 + 2.02 259.6 + 18.54
sS4 95.63 + 3.34 523.48 + 23.13
S5 49.18 + 0.53 185.77 + 8.23

nd not detected.
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Chapter 3

Extract production

This chapter sought to establish a simple and efficient extraction
method

“Any intelligent fool can make things bigger, more complex, and more violent. It takes a touch of genius —
and a lot of courage — to move in the opposite direction”

Ernst F. Schumacher in The Radical Humanist

79



80



Chapter 3

Chapter Preamble

The decision upon an extraction procedure should not be taken lightly for it may condition
the real life applicability of any product. Before any selection can be made, it is important
to acquire an understanding of the limitations associated with each methodology, particularly
when the extraction targets are molecules as finicky as anthocyanins (which are sensitive to
temperature and whose form varies according to the environmental pH). Therefore, the first
step into accomplishing this chapter’s goal (the establishment of a protocol that allowed to
obtain an anthocyanin-rich blueberry extract) was to perform a literature review that is, in
part, present in the state of the art. Given the lack of straightforward papers comparing the
different methods, it is frequently the objective of the extraction the selection of the
conditions of the extraction process (though for anthocyanins extraction methods that imply
high temperatures are unadvised). Our goal was to produce an extract that, while having
some biological potential, could also be used in different types of products, form foodstuffs
to cosmetics. This means that our extraction process should be industry-friendly. While
complex methodologies using cutting edge technology may be interesting from a scientific
standpoint, from an industrial point of view, they represent costly processes and scale-up
problems, which are likely to compromise future applications. Therefore, when defining the
extraction procedure, a solid liquid extraction (which is relatively cheap and easy to scale
up) was used a base to optimize the extraction procedure with an acidified ethanol extract
proving to be the most interesting alternative, particularly as ethanol’s lack of perceived
activity also allows for possible incorporation into foodstuffs. As the dried extract had a
relatively low percentage (w w) of anthocyanins and total phenolics, the addition of a
purification step was deemed necessary. Solid phase extraction columns (that may be re-

used) were used and appeared to be an effective means for concentrating the extract.
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Production of a food grade blueberry extract rich in anthocyanins:

selection of solvents, extraction conditions and a purification method
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Abstract

Blueberries are recognized, by the scientific community and consumers, for their health
promoting potential. This fact makes blueberries, and blueberry derived products, prime
candidates to aid in the development of healthier foodstuffs that are easily recognized as
such by consumers. As blueberries health promoting properties are frequently associated
with their phenolic composition, particularly anthocyanins, the present work aimed to
establish a simple, food safe, approach to extract these compounds for food industry use.
One that, while being food safe also allowed for a relatively easy scale up process. The
results obtained demonstrated that ethanol acidified with 0.01% HCI was an effective
extractant of both phenolic compounds and anthocyanins and that the extraction of
anthocyanins may be further improved with the addition of an ultrasound treatment to the
extraction process. Furthermore, if seeking a condensed extract, purification using solid
phase extraction columns allowed the production of an extract comprised of ca. 40% (w w-

1y anthocyanins.

Keywords: Anthocyanins; Blueberries; Phenolic compounds; Solid liquid extraction; Solid
phase extraction
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1. Introduction

The increase in life expectancy has led to a rising concern with health and life quality. One
of the main consequences of this has been an increase of the consumers’ demand for healthier
and more nutritive products, preferably without the addition of chemical additives (which
have gained a negative connotation). So, as the consumers’ search for healthier and ‘more
natural” products grew, so did the industry’s attempts to explore this need, namely through
the development of new additives that, while granting foodstuffs some functionality, may
also function as natural additives (Gibson and Williams, 2000, Neto, 2007).

Blueberries, dubbed as a superfruit and with health promoting properties valorised by the
consumers, present an interesting opportunity. So, adding blueberries to a product the
consumers’ will easily associate said foodstuff with a healthy diet. Furthermore, as
blueberries are rich in phenolic compounds (natural antioxidants), and anthocyanins in
particular (water soluble pigments frequently associated with several health promoting
activities), the addition of blueberry extracts to a given product may allow for the
replacement of some traditional antioxidant and colorant additives (Gibson and Williams,
2000, Wallace and Giusti, 2013). However, the production of blueberry extracts, both safe
for food applications and rich in anthocyanins and other phenolics, using relatively simple,
low cost and easy to scale up processes has some limitations. Firstly, anthocyanins are
notoriously sensitive to heat, with authors recommending temperatures as low as 30 — 35 °C
in order to extract anthocyanins without promoting degradation that will lead to alterations
of the final extract (Cacace and Mazza, 2003a, Cacace and Mazza, 2003b, Cacace and
Mazza, 2002). Secondly, the cost associated with the use of high-tech solutions may make
the overall process too expensive to be used in the food industry, especially if further
purification processes are required (Silva et al., 2015a). Considering the above made
arguments, the present work aimed to define an extraction process that allowed for the
production of an anthocyanin/phenolic compound rich extract using a solid liquid extraction
(SLE), a relatively simple and low cost approach, combined with solid phase extraction
(SPE) a possible solution for purification.
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2. Experimental section
2.1. Samples

Blueberries (Vaccinium corymbosum cv. Goldtraube) used in the present work were kindly
provided by Mirtilusa S.A. (Sever do Vouga, Portugal). The fruits were collected in 2013

and stored at -20 °C until processing.

2.2. Effect of blueberry mass/solvent ratio

Blueberries were pulped using an appliance mill. The pulp was then suspended (1, 5, 10, 15
and 20% (w v)) in methanol, acidified with 0.01% HCI, homogenized using an Ultra-
Turrax T18 (IKA, Staufen, Germany) and left to extract for 1 h at 40 °C in a light-tight
container. After, the mixture was centrifuged (6026g, 4 °C, for 15 min) and filtered through
a4 -7 um filter (Prat Dumas, Couze St. Front, France) (Silva et al., 2015a). The resulting
extracts were assayed for their total phenolic (TPC) and total anthocyanin content (ACY).

Each extraction was performed in triplicate.

2.3. Effect of the extraction solvent

Ethanol, acetone, deionized water and methanol (with and without 0.01% HCI) were mixed
with blueberry pulp (10% (w v1)) and extracted, in triplicate, as described in section 2.2.
The resulting extracts were assayed for their TPC and ACY.

2.4. Effect of an ultrasound treatment

Extracts were prepared using ethanol (with and without 0.01% HCI) as described in section
2.2 with a minor modification viz., before centrifuging the extracts were placed in an
ultrasound (US) bath (35 kHz, Bandelin Sonorex, Berlin, Germany) for 15 min. The TPC
and ACY were then evaluated. Each extraction was performed in triplicate.

2.5. Purification of the extracts — process audit

The extract produced using acidified ethanol and including US treatment was considered the
most effective and, therefore was submitted to purification using Bond Elut Plexa SPE
columns (Silva et al., 2016). Briefly, ethanol was removed from the extracts using a rotary
evaporator (175 bar, 40 °C, R-210, Buchi, Switzerland) and the resulting powder was
ressuspended in deionized water acidified with 0.01% HCI. The resulting solution was
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loaded into the SPE columns (previously activated with ethanol and conditioned with
acidified water). After loading the extracts, the columns were washed with acidified water
and the phenolic compounds were eluted using acidified ethanol (0.01% HCI). In each step
the TPC and ACY were determined. The purification was assayed in triplicate. Purification
efficacy was evaluated through the comparison of the amount of TPC and ACY per mg of
dried extract. Furthermore, eventual losses in TPC and ACY (in g per g of blueberry) were
also monitored at the following steps: i) original extract (original); ii) extract after drying by
rotary evaporator and reconstituted in water (dried); iii) extract after SPE purification

(purified); iv) extract after drying by rotary evaporator (final).

2.6. Total phenolic content determination

The TPC of the extracts was determined using the Folin-Ciocalteu phenol’s reagent method
as described by Gido et al. (2007). Briefly, to 50 pL of sample (diluted when needed) 50 pL
of Folin-Ciocalteu reagent (Merck, Darmstadt, Germany), 1 mL of a 75 g L™ sodium
carbonate solution and 1.4 mL of deionized water were added. After 1 h, the optical density
(OD) at 750 nm was measured and the TPC was calculated using a gallic acid calibration
curve, with the results being expressed in gallic acid equivalents. All assays were performed

in triplicate.

2.7. Total anthocyanin content determination

The determination of the ACY was determined through the calculation of the area under the
curve of the extracts chromatogram, at 520 nm, according to the protocol described
elsewhere (Lee et al., 2008, Silva et al., 2015b). The ACY was determined using a cyanidin-
3-glucoside (Extrasynthese, Geney Cedex, France) standard curve, with the results being

expressed in equivalents of cyanidin-3-glucoside.

2.8. Statistical analysis

Statistical analysis of the results was performed using IBM SPSS Statistics v21.0.0.0. (New
York, USA). The normality of the distribution was evaluated using the Shapiro-Wilk’s test.
Since the samples followed a normal distribution, the One - Way ANOVA with Turkey’s
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Figure 1. ACY (a) and TPC (b) of methanolic extract produced
using varying solvent/mass proportions.
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post-hoc  test was  used.
Differences were considered
statistically significant for p-
values bellow 0.05. The different
extraction solvents used were
grouped, using a K-means
cluster analysis, using
standardized TPC and ACY
values (z-scores). The clusters
were considered significant for

p-values bellow 0.05.

3. Results and discussion

Acidified methanol was used to
determine the effect of the
solvent/mass proportion as it has
been classically elected as
extraction solvent when seeking
to characterize the anthocyanin
content of berries (Castafieda-
Ovando et al., 2009). As can be

seen in Figure 1a, the amount of anthocyanins being extracted appeared to become somewhat

stable for mass/solvent proportions above 10% (288.6 + 16.8 pug mL™) while for the TPC

this stabilization occurred only for solvent/mass ratios of 15% (4695.7 + 68.9 pug mL™). This

means that the optimum proportion, when seeking to extract both anthocyanins and phenolic

compounds would be 15%. However, when concentrations were above 10% the filtration

process became significantly longer and constrains feasibility. Fact that, could not only allow

for the oxidation of the extracted compounds but also place a significant hamper in any future

scale up attempts (Attoe and Von Elbe, 1981). Consequently, the 10% proportion was

selected to be used henceforth.
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Figure 2. ACY (a) and TPC (b) of extracts produced using ethanol, methanol, acetone or water, with (m) or
without (=) 0.01 % (v v') HCI. The different letters mark statistically significant differences (p < 0.05) between
the extraction solvents.

In Figure 2 a comparison between different solvents can be observed. In regards to the non-
acidified solvents it can be seen that water and acetone were less effective in extracting
anthocyanins (46.7 + 2.6 and 32.8 + 2.9 pg mL less, respectively). Methanolic and ethanolic
extracts exhibited the highest ACY values of the four solvents tested with no statistically
significant (p > 0.05) differences being found between them. However, when considering
the TPC content, ethanol and methanol were not the best extraction solvents. Acetone
exhibited the highest TPC values (34388.5 + 889.3ug mL™, up to 4 times higher than ethanol
or methanol), with water remaining the less effective extraction solvent (3329.9 + 236.0 ug
mL™). The acidification of water significantly (p < 0.05) increased its capacity to extract
anthocyanins and phenolic compounds (5.1 and 2.2 times higher for ACY and TPC,
respectively). On the other hand, for acetone, while acidification led to an increase of the
ACY content (1.8 times higher) it also led to a large (14.1 times) significant (p < 0.01)
decrease in the TPC value, as acetone is the less polar of the solvents tested the addition of
acid, which in turn increases the polarity of the extraction solvent, may compromise the
diffusion of the more polar compounds that diffused onto acetone alone (lloki-Assanga et
al., 2015). Additionally, it is interesting to note that no significant differences in TPC and
ACY values were observed for either acidified methanol or ethanol. From the analysis of

Figure 3 it became clear that the different solvents, whether acidified or not, could be
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Figure 3. Scatterplot relating the TPC and ACY of the extract obtained using h li q
different extraction solvents; Methanol (%), acidified methanol (*), ethanol phenolics an
(%), acidified ethanol (*), water (%), acidified water (%), acetone (*) and anthocyanins can be
acidified acetone (*). The circles mark statistically significant (p < 0.05)

clusters. found  (cluster 3
comprised of water and acidified acetone extracts) and lastly, cluster 1 that while possessing
TPC values not much higher than those of cluster 3, have higher ACY values (cluster 1
comprised of acidified ethanol and methanol, plain ethanol and methanol and acidified water
extracts). While this last clustering (cluster 1) indicated that these extracts appeared to be
quite similar between them, a closer analysis shows that cluster 1’s data is somewhat
dispersed in regards to their ACY content. This is reinforced by the fact that, as can be seen
in Figure 2, acidified methanol and ethanol exhibited statistically significant (p < 0.05)
higher values than acidified water. Considering that no significant differences were found
between acidified and non-acidified ethanol and methanol, the selection of the best
extraction solvent was between these two solvents (acidified or not) and, considering both
the toxicity of methanol and the goal of producing food-grade extracts, only ethanol and

acidified ethanol were used henceforth (Cabaroglu, 2005).
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Figure 4. Variation in TPC and ACY content between non-treated (m) and US exposed (m) extracts. Different
letters mark statistically significant (p > 0.05) differences between the bars.

Previous works have demonstrated that high power US (with frequencies from 20 — 40 kHz)
may have different effects when considering the anthocyanin content of an extract, with
some reporting increases in the ACY while others stating the opposite (Tiwari et al., 2008,
Vieira et al., 2013). Nonetheless, as works with jussara (a berry that is relatively similar to
blueberries) demonstrated that it could be effective, the effect of a 32 kHz treatment was
assessed. In Figure 4 it can be seen that the US treatment only appeared to have a significant
(p < 0.05) impact on anthocyanin extraction, with this additional step leading to an increase
in ACY of 18.1 to 28.4% (without and with 0.01% HCI, respectively). It is interesting to
note that no significant differences (p < 0.05) were found between acidified and non-
acidified ethanol after US treatment. Consequently, both could be considered the best
conditions to produce a food grade extract. Nonetheless, as anthocyanins are reported as
considerably more stable under acidic conditions, acidified ethanol was considered the better
solution, when coupled to the US treatment to allow for a higher anthocyanin extraction
(Castafieda-Ovando et al., 2009, Fleschhut et al., 2006, Seeram et al., 2001).

The purification step led to a reduction of the overall extraction yield for both anthocyanins
and phenolic compounds (525.8 and 77.4 ug per g of blueberry, respectively — Figure 5).
When considering the anthocyanin variation, it can be seen that the first drying step allows
for a significant (p < 0.05) reduction of the ACY content (less 22.3 ug g™* of blueberry). As
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the extraction was made with
acidified ethanol it is possible that,
when concentrating the extract, the
consequent increase in HCI
concentration may promote the
hydrolysis of the glycoside bonds
(Seeram et al., 2001, Fleschhut et
al., 2006, Castafieda-Ovando et al.,
2014). The largest reduction in
ACY  ensued during the
purification step with only 69.4%
of anthocyanins present after
drying of the extract being found
after purification. This loss may be
due to either the columns’ inability
to adsorb all anthocyanins present
or with the eluent’s (acidified
ethanol) inability to remove all of
the retained anthocyanins
(Kraemer-Schafhalter et al., 1998).
However, considering the fact that
there was a significant increase (p
> 0.05) in TPC it is possible that
some anthocyanin degradation
occurred, one where species with

higher reducing power (the true

measure of the Folin - Ciocalteu method) were formed (Vermerris and Nicholson, 2007). In

spite of the reduction in both TPC and ACY vyield, when comparing the composition of the

extracts prior and after purification, it can be seen that the overall portion of both is

significantly higher after purification (Figure 6). In fact, after purification anthocyanins

comprised ca. 41.6% (416.5 + 4.5 ug mg* extract) of the extracted powder in contrast to the

original 0.043% (ca. 0.43 pug mg™? of extract). As for the TPC value it indicates that, after

purification, the extract possessed 9323 ug mg™ of extract. However, as this measure is based
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upon a non-specific assay that has several different interferents, this value must be
considered carefully.

Zheng et al. (2013) described an optimization of a microwave assisted anthocyanin
extraction protocol. Although these authors do not provide data regarding the overall
anthocyanin concentration of their extract, the conditions that were identified as the best
imply the used of 47.1 °C. At this temperature some anthocyanin degradation may occur
meaning that this protocol may allow for artefactual changes of anthocyanin composition
(Cacace and Mazza, 2003b). This possible anthocyanin temperature induced degradation of
anthocyanins has been reported by Cacace and Mazza (2003b) when assessing the effect of
different extraction temperatures upon anthocyanin extraction from blackcurrants viz.,
temperatures above 30 — 35 °C led to anthocyanin degradation. Traditionally, authors either
focus on the characterization of the extraction process or focus on the biological activity.
However, the hereby proposed method, with an extraction process that is simple enough to
allow for industrial application and a purification step that implies the use of re-utilizable
resins, all while using food grade solvents and obtaining a powder (which simplifies
potential application, transport and storage) may be an interesting proposal. Particularly if

considering that some biological activity has already been demonstrated (Silva et al., 2016).

4. Conclusions

Out of all solvents tested, acidified ethanol proved to be the best solution when seeking to
produce a food grade extract, from blueberries with high anthocyanin and phenolic content.
The purification step may be important if seeking to produce a concentrated extract but, as
it allows for the loss of some compounds, the use of the non-purified counterpart may also
be interesting. Furthermore, the use of a methodology that is relatively simple and non-
expensive and that results in an easily manageable powder makes this process particularly
interesting for industrial application.
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In vitro antioxidant
capacity

This chapter aimed to improve an existing, in vitro, assay for the
determination of the antioxidant (or pro-oxidant) capacity using
DNA/H,0, and DNA/H,0,/Fe?*3* systems

“To be or not to be: That is the question.”

William Shakespeare in Hamlet
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Chapter Preamble

Antioxidants can be perceived as possessing two interesting applications. The first stems
from their direct action to prevent oxidation of products (edible, cosmetic or pharmaceutical)
the second, as possibly the most controversial, is their use to aid in the maintenance of
oxidative homeostasis, a recognized risk factor in the development of diseases. When
considering the first application, there are several methodologies that aid in the
contextualization of the antioxidant capacity of a compound/extract. Radical scavenging
assays like ABTS or DPPH can be useful when looking at an antioxidant from a chemical
perspective, however, when passing to a biological context, most of the methods typically
imply complex and/or time consuming methodologies. Therefore, the first goal of the present
chapter was to modify a pre-existing DNA agarose gel electrophoresis method optimizing it
in two different aspects: i) replace the original DNA oxidation system (ascorbic acid and
iron) by two that had a higher biological relevance using H2O2, (alone and in the presence
of Fe®*, the most abundant intracellular iron cation, that reacts with H-O; yielding HO® and
HO:*); ii) develop a quantitative approach to measure the degradation of DNA. Gallic and
ascorbic acids were used as antioxidant standards to develop the method and evaluate its
capacity to assess not only the antioxidant capacity but also any pro-oxidant effect. This last
determination (evaluated in the presence and absence of iron cations, as to simulate possible
Fenton reactions that may occur) allows for a different approach to the analysis of the
antioxidant capacity as it contextualizes it with another property of phenolic compounds

have also been associated - their potential pro-oxidant effect.

After developing the method to assess both DNA protection and degradation, the blueberry
extract was evaluated to determine its DNA protection capabilities and weather it had any
pro-oxidant effect. Furthermore, these results were compared with those obtained using a
common in vitro assay, the ABTS radical method. This method was chosen to draw the
comparison because it measures the antioxidant capacity considering the two different
mechanisms for radical quenching, hydrogen and electron transfer (unlike FRAP or ORAC).
The results obtained demonstrated that the proposed method allowed for an assessment of
both the antioxidant and pro-oxidant effect of solutions, the overall method exhibited a good
consistency between repetitions. Moreover, when analysing the antioxidant activity of the
blueberry extract it can be seen that it is effective in inhibiting DNA degradation at
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concentrations as low as 160 or 200 pg mL? for the H20, or the H.0./FeCls systems,
respectively, while exhibiting no pro-oxidant activity, regardless of the presence of iron.
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DNA agarose gel electrophoresis for antioxidant analysis: development of

a quantitative approach for phenolic extracts
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Abstract

Most of the fast in vitro assays proposed to determine the antioxidant capacity of a
compound/extract lack either biological context or employ complex protocols. Therefore,
the present work proposes the improvement of an agarose gel DNA electrophoresis in order
to allow for a quantitative estimation of the antioxidant capacity of pure phenolic compounds
as well as a of a phenolic rich extract, while also considering their possible pro-oxidant
effects. The result obtained demonstrated that the proposed method allowed for the
evaluation of the protection of DNA oxidation (by H20. and an H20./FeCl3 system) as well
as for the observation of pro-oxidant activities, with the measurements registering interclass
correlation coefficients above 0.9. Moreover, this method allowed for the characterization
of the antioxidant capacity of a blueberry extract while demonstrating that it had no

perceived pro-oxidant effect.

Keywords: Antioxidant assays; Pro-oxidant assays; Phenolic compounds; Blueberry

extract, Ascorbic acid, Gallic acid
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1. Introduction

As the evidences linking oxidative damage and the risk of chronic disease increases so does
the interest in quantifying the efficacy of antioxidant compounds in a biological context
(Ghiselli et al., 2000, Frankel and Meyer, 2000, Huang et al., 2005, Zhang and Tsao, 2016,
Cabello-Verrugio et al., 2016). Reactive oxygen species (ROS) such as H>O> are endogenous
initiators of degenerative processes, as they damage lipids, proteins and DNA, thus favouring
the development of a number of degenerative diseases (Jornot et al., 1998, Altintas et al.,
2016). These species have been linked with an array of DNA lesions, varying from
modifications to the deoxyribose base to inducing actual breaks in the DNA strands. In turn,
these alterations may compromise metabolic pathways, disturbing the homeostatic balance
and increasing the risk of disease (Jornot et al., 1998). Fruits and vegetables contain a
plethora of dietary phytonutrients with strong antioxidant capacities, such as phenolics,
carotenoids, and vitamins which, in turn, may aid in the maintenance of oxidative balance
as these antioxidants have been hypothesized as possible agents that may aid in the
maintenance of oxidative balance. Therefore the development of methods that allow for a
fast, simple and biological relevant screening of several potentially antioxidant compounds
and/or extracts may be of particular use (Ghiselli et al., 2000, Frankel and Meyer, 2000,
Huang et al., 2005, MacDonald-Wicks et al., 2006).

Though several antioxidant capacity measuring methods have been reported in literature,
one of the most common problems of in vitro assays (easier and faster to use when screening
for antioxidant potential) is their relative lack of biological context, for even when the
methods consider the inhibition of biologically relevant radicals (e.g. hydroxyl radicals;
HO?®), they typically disregard the molecules that the antioxidants could be protecting and
the equilibria between antioxidant, pro-oxidant and the body’s natural coping mechanisms
(Ghiselli et al., 2000, Frankel and Meyer, 2000, Huang et al., 2005, MacDonald-Wicks et
al., 2006). In 2005, Rivero et al. (2005) reported an in vitro assay that measured the
protection of DNA against oxidation using an ascorbic acid/ Cu?* radical generating system.
In this methodology, DNA degradation was either measured through electrophoresis or
through the quantification of 8-hydroxydeoxyguanosin (8-OHdG) (Rivero et al., 2005).
However, both methods possess significant limitations. The electrophoretic evaluation,

while simple, as is, allows only for a qualitative evaluation of DNA degradation (i.e. either
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there is a band or not). On the other hand,

H,0, + Fe3* = Fe** + HO, the quantification of 8-OHdG, implies a
H,0, + Fe?* = Fe™ + HO + HO® longer processing of the DNA sample and,
therefore, makes it harder to be used in

Figure 1. Schematic representation of Fenton  gcreening assays (Zhang et al., 2013,

reactions (adapted from Jornot et al., 1998 and Perez-

Benito, 2004). Rivero et al., 2005). On a different note, the
radical generating system proposed (ascorbic acid/ Cu?*), while efficient at promoting DNA
degradation, not only lacks in biological context (from a human body perspective) but it has
also been hypothesised as being susceptible to bias when analysing antioxidant extracts from
plant sources. Particularly, this system’s application may be problematic when considering
fruits and fruit extracts, as their inherent high levels of ascorbic acid may accentuate the
intensity of the initial radical generating system (Jornot et al., 1998, Gido et al., 2008).
Therefore, the present paper aimed to improve the existing method by altering the radical
system, using both plain H2O> and an H.O2/FeCls systems (Figure 1) more relevant from a
biological standpoint (Cooper et al., 2002), and enable its use as a guantitative method

through the measurement of band intensity after agarose gel electrophoresis.

2. Experimental section
2.1. Samples

Phenolic standards ascorbic and gallic acid were acquired from Sigma (Darmstadt,
Germany) and dissolved in sterile ultra-pure water (upH20). Blueberry extract was produced

and purified as described elsewhere and prepared using sterile upH20 (Silva et al., 2016).

2.2. DNA solution preparation

Sterile upH20 was mixed with deoxyribonucleic acid (DNA) from calf thymus (Sigma,
Darmstadt, Germany) at 0.25 mg mL* and gently homogenized overnight, using a tilt-and-
roll mixer, in a light tight container with no headspace. This solution was stored up to 7 d,
at 4 °C in a light tight container.

2.3. Selection of the DNA degradation systems

Two DNA degradation system were considered, both with some physiological context;
hydrogen peroxide (H20.) alone and in the presence of cationic iron (to stimulate the
production of HO® and HO.*). When considering the impact of H.O> alone, the DNA
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solution was mixed with H>O> and phosphate-buffered saline (PBS pH 7.4) to attain final
concentrations of 50 pug mL™ for DNA and 7.04, 5.26, 3.52, 2.64, 1.76 or 0.88 M for H,0x.
When considering the H2O>/iron cation systems, an FeCls solution (prepared immediately
before each assay using sterile upH20) was mixed with DNA, H2O; and PBS to attain the
following final concentrations: 50 ug mL* of DNA, 10 mM FeCls and 1.76, 0.88, 0.176,
0.088 or 0.0176 M of H202. All mixtures were incubated for 1 h to allow the reaction to

occur and an agarose gel electrophoresis was run as described in section 2.6.

2.4. DNA protection assessment (antioxidant assays)

The DNA was incubated in the presence of the degradation systems selected (7.01 M H20:
and H202 with FeCls, 0.05 M and 10 mM respectively) and varying concentrations of
compounds, staring with a range of concentrations (400, 300, 200 and 100 pg mLt) and then
further exploring the concentrations that between which the highest variation was observed
(Table 1). The DNA solution, without H,O> was used as a negative control (no degradation)
for the assays using the H202 system and a DNA solution with 10 mM FeClz was used as a
negative control (no degradation) for the assays using the H.O>/FeCls system. After 1 h
incubation, in the dark, at 37 °C and an agarose gel electrophoresis was run as described in

section 2.6.

2.5. DNA degradation assessment (pro-oxidant assays)

The DNA solution, with and without 10 mM FeClz, was incubated (1 h at 37 °C in the dark)
in the presence of different concentrations of either ascorbic acid, gallic acid or blueberry
extract (Table 1). Afterwards, an electrophoresis was run as described in section 2.6. A
negative control (no degradation) was drawn using only the DNA solution or the DNA

solution with 10 mM FeCls, for the H20- or the H202/FeCls system respectively.
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Table 1. Concentrations of antioxidant compounds used in the antioxidant and pro-oxidant assays.

Concentrations tested (ug mL™)

With H20, Without H202

Without 0, 100, 200, 225, 0, 100, 200, 225, 250,
: FeCls 250, 275, 300, 400 275, 300, 400
Gallic
acid With 0, 20, 40, 60, 80, 0, 20, 40, 60, 80, 100,
FeCls 100, 200, 300, 400 200, 300, 400
Without 0, 20, 40, 60, 80, 0, 20, 40, 60, 80, 100,
Ascorbic  FeCla 100, 200, 300, 400 200, 300, 400
acid With 0, 20, 40, 60, 80, 0, 20, 40, 60, 80, 100,
FeCls 100, 200, 300, 400 200, 300, 400
Without 0, 40, 80, 120, 160, 0, 40, 80, 120, 160,
Blueberry FeCls 200, 400, 600, 800 200, 400, 600, 800
extract  “ywith 0, 40, 80, 120, 160, 0, 40, 80, 120, 160,
FeCls 200, 400, 600, 800 200, 400, 600, 800

2.6. Electrophoresis

Each sample was mixed 1:4 with loading buffer (25 mg bromophenol blue, 10 mL Tris
EDTA (TE) buffer 1x pH 8.0 and 20 mL glycerol with pH value adjusted to 8.0) and 10 puL
aliquots were transferred into a 0.75% (w v) agarose (Nztech, Lisboa, Portugal) gel
prepared using Tris-Acetate EDTA buffer (TAE) supplemented with 0.03 pL mL*
GreenSafe Premium (Nztech, Lisboa, Portugal). Electrophoresis was then run for 1.25 h at
150 mV. The gels were analysed using a molecular imager GelIDOC XR+ (BioRad,
Hercules, California, USA) and the resulting image was processed using Image Lab
Software v5.1 (BioRad, Hercules, California, USA). The band area for each positive control
was manually defined (to measure the band intensity) and then copied into each sample lane
(maintaining the distance to the wells; Figure 2), with the decrease in band intensity being
considered as a result of a reduction of the amount of DNA present. The results were given
as the percentage of inhibition of the DNA band degradation (for the antioxidant assay) or
as percentage of DNA band degradation (for the pro-oxidant assay) both calculated as
described in the equations below, in which Intensitysampie iS the intensity of each sample

band, Intensitybackground refers to the intensity of the background, measured besides the
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control bands, and Intensitypna solution refers to the intensity of the intact DNA solution. All
incubations were made in triplicate and loaded twice into the gel.

Intensitysampie — IntenSltYDackground

Intensitypya sotution

Inhibition of DNA degradation (%) = ( ) x 100

Intensit — Intensit
DNA degradation (%).100 — [( Ysample ybaCkgmund) X 100]

Intensitypya sotution

Figure 2. Schematic representation of the processing of the electrophoretic results before (a) and after (b) the
integration of each band. U1, U2 — DNA solution; U3, U4 — DNA solution and degradation system; U5 to U20
DNA solution, degradation system; U21 — background noise.
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2.7. ABTS radical cation method

In order to compare the presently proposed method’s assessment of antioxidant capacity to
one that has been widely applied in the characterization of the antioxidant capacity of plant
extracts, the 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical cation
(ABTS*") method was employed as described by Gido et al. (2007). Briefly, 10 pL aliquots
of different extract solutions, diluted when needed, were added an ABTS*" solution with an
initial optical density (OD) of 0.700 £ 0.020 measured at 734 nm. After allowing the reaction
to occur, the OD was measured with an UV-Vis spectrophotometer (UVmini 1240,
Shimadzu, Japan) and the results were presented as relative ABTS** inhibition, calculated
as described below (in which ODsample indicates the OD measured for each assay, DF is the
dilution factor and ODagrs refers to the initial OD of the ABTS** solution) All assays were

performed in triplicate.

oD X DF
ABTS®*inhibition (%) = 100 — K sample ) N 100]

ODpositive control

2.8. Statistical analysis

Statistical analysis of the data was performed using IMB SPSS Statistics v21.0.0.0 software
(New York, USA). The normality of the data distribution was evaluated using Shapiro
Wilk’s test with the data proving to follow a normal distribution. To evaluate the
reproducibility of the assay the interclass correlation coefficient (ICC, for average
measures), comparing the results obtained in two different sets of experiments, each with 6
different replicate values. Additionally, comparisons between different concentrations were
evaluated, when needed using a paired samples T-test with the differences being considered

significant for p-values below 0.05.
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3. Results and discussion

In order alter the ROS
generating system used to
one based on H:0. and
H1041/FeCls, the first step
was to define the
concentrations of H20: to
be used. Figure 3
the DNA
degradation capabilities of
both ROS

considered,

demonstrates

systems
H202
H20. in the presence of

and

iron cations. Alone (Figure
3a), H20> caused DNA
degradations that averaged
on ca. 35%, with the
highest value (46% + 0.5)
having been observed for
highest concentration of
H20> tested, i.e. 7.04 M.
On the other hand, when

considering the iron/ H20>

DNA degradation (%)

DNA degradation (%)
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Figure 3. Relative DNA degradation caused by varying concentration
of H,0,, alone (a) and in the presence of FeCls (b). The * mark the H,O;
concentrations used in the subsequent assays.

system (Figure 3a), the DNA degradation percentage obtained ranged from 48 to 92% (0.02
M H20 with 10 mM FeClz and 1.76 M H2O., respectively). Moreover, the fact that the

combination of H20. and FeCls was more damaging to the DNA molecule than H20- alone

(with higher degradation rates at lower H.O> concentrations), could be somewhat expected

as H20o, in spite of being considered a ROS, has been reported as possessing limited DNA

damage inducing capabilities on its own and most of its in vivo lethality has been associated

with its involvement in Fenton reactions (mostly iron-mediated) (Imlay and Linn, 1988,

Mello-Filho and Meneghini, 1991). Regardless, both systems were considered in the
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Figure 4. Prevention of DNA oxidation by H>O, (1) or an H,O,/ FeCls system (2) by gallic (a) and ascorbic (b)
acids. The different lines represent independent replicas of each assay.
remaining assays, as both were still capable of inflicting significant DNA damage. On
another note, the H.O> concentrations that were selected to be used from this point onward
were 7.04 and 0.05 M, alone or in the presence of 10 mM FeCls, respectively. These
concentrations were selected because despite still allowing for a relatively high DNA
degradation percentage they still left some room to evaluate if the presence of an antioxidant

compound, instead of inhibiting DNA degradation, could accentuate DNA degradation.

When analysing the protective effect of gallic acid against H2O2 induced DNA degradation
it can be seen (Figure 4al) that, while relevant protection of the DNA molecule can be
observed for concentrations ranging from 200 to 250 ug mL™, a complete inhibition of DNA
(100%) degradation was not observed (Figure 4al). On the other hand, when DNA

degradation was induced by the H>O> iron system, not only were lower concentrations of
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Figure 5. Pro-oxidant effect of gallic (a) and ascorbic (b) acids alone (1) or in the presence of FeCls (2). The
different lines represent independent replicas of each assay.

gallic acid more effective (20 to 80 pug mL™?) but they were capable of fully protecting the
DNA (100%). Although, in some cases, inhibitions of DNA degradation appear above 100%,
indicating a higher fluorescence intensity of the band after exposure to the compounds which
may hint that some interactions between the compound and DNA occur. Interestingly, when
considering the results observed for ascorbic acid it can be seen that it has little to no
protective effect when the DNA is exposed to H20: alone but, at low concentrations (40 to
60 ug mL™Y), it is capable of protecting it against damage induced by the H202/FeCls system.
Furthermore, while there is an apparent lack in DNA protection at 100 pg mL™ (inhibition
of DNA degradation is the same (p > 0.05) to that observed in the absence of ascorbic acid),
for concentrations above this value the inhibitions rise again. Both ascorbic acid and gallic
acid are known antioxidants, however ascorbic acid exhibited little antioxidant activity in
the presence of H>O> alone. As ascorbic acid has been used by the industry to remove excess
of H20; that results from some package sterilisation procedures, it could be expected that its
capacity to interact with this molecule could aid in the amelioration of H20. induced DNA

oxidation. However, considering that the aerobic oxidation of ascorbic acid to
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dehydroascorbic acid (DHAA) results in the production of 2 electrons and 2 hydrogens, it is
possible that, while some quenching is occurring, more reactive species are being produced
thus promoting DNA oxidation (Harper et al., 1969, Golubitskii et al., 2007). This does not
explain the antioxidant effect observed when considering the H2O./FeClz systems,
particularly as there are additional radical species present (HO® and HO*). We hypothesise
that, the presence of electrons resulting from ascorbic acid oxidation promote the conversion
of Fe* to Fe?*, shifting the equilibria proposed in figure 1 to the production of HO®, which
in turn may be interacting with hydrogen (that also results from ascorbic acid oxidation to
DHAA) resulting in the production of water (Golubitskii et al., 2007, Jornot et al., 1998).

Antioxidant compounds have been reported to act, under certain conditions, as pro-oxidant
agents (Prochazkova et al., 2011). Therefore, in order to ascertain the proposed method’s
capacity to measure pro-oxidant effect, the DNA was incubated with each of the acids (alone
or in the presence of Fe cations to simulate Fenton reactions). As can be seen in Figure 5 (al
and a2) no DNA degradation was observed for GA, regardless of the presence of Fe3*
cations, hinting that this compound had no pro-oxidant effect under the assayed conditions.
Nevertheless, considering that some concentrations of gallic acid (300 pug mL? in the
absence of iron, and 100 pg mL™ in the presence of iron) led to higher fluorescence
intensities than the control, it is likely that some interactions with the DNA molecule
occurred, hinting that while not obvious degradation was observed, some might still be
occurring. This stands in line with what has been reported by Yang et al. (2008), who found
that gallic acid could interact directly with DNA and cause some damage. Moreover, for
ascorbic acid, a similar increase in band intensity (i.e. negative values for DNA band
degradation) was also observed below 100 pg mL, regardless of the presence of Fe cations
on the environment (Figure 5b1 and 5b2). However, for concentrations above, or equal to,
100 pg mL? there was a significant degradation of the DNA bands which, in turn
demonstrates the pro-oxidant effect of ascorbic acid, which is well supported in the literature
(Rivero et al., 2005, Podmore et al., 1998). Overall, these results demonstrate that the
proposed method appears to be a good alternative for the estimation of both the antioxidant
and pro-oxidant activity of an extract. As such, in an attempt to assess the consistency of the
analysis, the ICC was calculated for each of the assays and the results can be seen in Table
2. For all assays, the ICC value was above 0.9 therefore demonstrating that the results
exhibited a good reliability, fact that is further accentuated by the fact that the lower bound
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of the 95% confidence ICC values interval is also above 0.9, meaning that, in 95% of the

performed measures exhibit a correlation above 0.9.

Table 2. Test-retest reliability of the proposed antioxidant and pro-oxidant assays.

95 % Confidence interval

Lower bound  Upper bound

H>02 0.976 0.950 0.990
Antioxidant assay
H,0,/FeCl3 0.980 0.961 0.991
V\é'tgcl’“t 0.995 0.990 0.998
Pro-oxidant assay ells
With FeCls 0.990 0.976 0.996

Figure 6 shows the results obtained for the evaluation of the antioxidant (and pro-oxidant)
capacity of an anthocyanin rich blueberry extract, whose composition is described elsewhere
(Silvaetal., 2016). The extract was capable of inhibiting DNA degradation regardless of the
degradation system used. For H2O> alone, the lowest concentration of extract used, 40 ug
mL™, was capable of significantly inhibiting the DNA degradation, yielding an inhibition
percentage of DNA degradation of 89 + 1 %. Concentrations above 160 pg mL™, inclusively,
completely inhibited DNA degradation. On the other hand, when considering the H20- iron
degradation system, the extract proved to be less effective, though concentrations of 200 pg
mLand above allowed for a complete inhibition of DNA degradation. As the HO® and HO>*
radicals are considerably more potent oxidants than plain H2O,, it stands to reason that in
order to reduce their impact upon DNA higher amounts of protective antioxidants are
required. Furthermore, when considering that the phenolic compound composition of the
extract is 216.8 ug mg?, the complete inhibition of DNA degradation observed occurs at a
phenolic compound concentration of 34.69 and 43.36 pg mg* (for the H202 and the H20, /
iron degradation systems, respectively), values that are within the range of activity observed
for both gallic and ascorbic acid when in the presence of H2.O/FeCls system, but lower than
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those obtained when
considering the prevention
of H20. mediated oxidation
(Silva et al.,, 2016, Regoli
and Winston, 1999). These
results demonstrate that
mixtures of phenolic
compounds may be more
interesting as  protective
agents than isolated
compounds, particularly as
the mechanisms through
which they exhort their
activity and their affinity to a
particular radical may vary
from compound to
compound, therefore, when
in mixtures synergies may
be established between the
different compounds (De
Rosso et al., 2008, Mathew
et al., 2015).

In Figure 7, the evaluation of

the potential pro-oxidant
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activity of the extract is illustrated. Interestingly, the extract, either alone or in the presence

of iron, did not induce any DNA degradation in spite of some authors reporting that phenolic

compounds may act as pro-oxidants and that anthocyanins may interact with DNA (Decker,

1997, Webb et al., 2008). Moreover, it is interesting to note that, unlike what was observed

for both gallic and ascorbic acid, there was little to no increase in fluorescence intensity,

hinting that little to no interaction between the compounds and the DNA is occurring.

Furthermore, as no significant (p < 0.01) differences were found between the extract’s effect

in the presence, and absence, of iron cations, the likeliness that they will partake in in vivo

Fenton reactions is relatively low, further accentuating its interest as an antioxidant solution.
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On a different approach, the extract’s antioxidant capacity was evaluated through the
ABTS*" method in order to compare its capacity to quench this radical and its capacity to
protect DNA (Figure 6, right axis). As phenolic compounds have been described as capable
of quenching radicals either by donating an electron or a hydrogen, the use of an ABTS**
based method allows for a more encompassing comparison than using methods that measure
only one of the quenching mechanism, such as the oxygen radical absorbance capacity
(ORAC; which measures hydrogen transfer) or the ferric reducing antioxidant power (FRAP;
which measures electron transfer) (De Rosso et al., 2008, Mathew et al., 2015, Benzie and
Strain, 1996, Ou et al., 2001). As could be expected, the higher the concentration of extract
the higher the ABTS*"inhibition observed, with this proportion varying linearly up until the
concentration of extract is high enough to completely inhibit this radical (600 pg mL™). It is
interesting to note that the extract appears to be much more effective in blocking DNA
oxidation that it is at quenching ABTS** demonstrating that it may be a useful technique to

provide some biological context in routine antioxidant capacity screenings.
4. Conclusions

The present work demonstrated that a simple in vitro protocol using agarose gel DNA
electrophoresis could be an interesting tool for the quantitative evaluation of the antioxidant
and pro-oxidant effect of both pure compounds, as well as fruit extracts, while providing
some biological context. Moreover, considering the biological relevance of both oxidation
systems used and the differences of behaviour observed for each of them, the need for the
usage of more than one system when performing an antioxidant or pro-oxidant analysis
becomes appropriate. When considering the anthocyanin rich blueberry extract, this method
allowed for a demonstration of the extract’s capacity to protect DNA against exogenous
oxidation while having no pro-oxidant effect and little to no interaction with the DNA itself.
Furthermore, it can be seen that the proposed method does not exhibit a behaviour similar to
that of the ABTS method (a traditional method used for antioxidant capacity), therefore
accentuating its difference from traditional radical quenching assays.
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Chapter 5

Effect on nosocomial
bacteria

This chapter aimed to characterize the antimicrobial effect, upon
nosocomial bacteria, of the extract as well as that of pure
compounds traditionally found in blueberry

“The trouble of being a hypochondriac these days is that antibiotics have cured all the good diseases ”
Caskie Stinnett in Out of the Red
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Chapter Preamble

Ever since the discovery that bacteria were able to develop resistance to antibiotics, there
has been an increasing need to find new sources of antimicrobial compounds. One of the
sources that are being looked at as alternative antimicrobial agents are phenolic compounds.
One of the families of phenolic compounds that has a perceived antimicrobial activity are
anthocyanins, one of the main groups of flavonoids that can be found in blueberries, that are
thought to be responsible for the biological properties associated with blueberries.

The main goal of the present chapter was to characterize, and attempt to pinpoint, the activity
of a blueberry extract obtained as described in chapter 3. To do so three different sub-

chapters were considered:

Chapter 5.1. Antimicrobial, antiadhesive and antibiofilm activity of an ethanolic,

anthocyanin-rich blueberry extract purified by solid phase extraction

Nowadays, the traditional antimicrobial approach, i.e. determining the effect of the agents
upon planktonic cells, has been found lacking. In nature, bacteria are most commonly found
entrapped within survival structures, biofilms, which have been reported to grant bacteria
protection against the action of antibiotics and other antimicrobials. Furthermore, when
attempting to infect a tissue or colonize a surface, bacteria must adhere to it. Therefore, being
able to block either adhesion of biofilm formation may be an interesting property.
Considering that there is very little information available regarding the effect of
anthocyanin-rich extracts, the present work aimed to gain some insight into this subject. To
do so, five different bacteria, which are potential nosocomial pathogens, were selected and,
whenever possible, two different strains were used in order to consider possible strain
specific effects: Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa,
Proteus mirabilis and Acinetobacter baumannii. The bacteria were then exposed to the
extracts and their impact upon bacterial growth, biofilm establishment and adherence to
surfaces (both plain polysteryne (PS) surfaces and PS surfaces with adsorbed plasmatic
proteins) was evaluated. Additionally, as these tests were performed using an extract
produced from different blueberries to those of chapter 3, this chapter also contemplates its
characterization. The results obtained in this chapter show that the extract (comprised of 8
different anthocyanins, with the most abundant being malvidin-3-glucoside (M3Glu), and
neocholorgenic acid (NChA)) while being able to inhibit the growth of S. aureus (which
overall appeared to be the most susceptible bacteria) and E. coli, it did not inhibit the growth
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of all other pathogens tested. However, when considering its effect upon biofilm formation
all microorganims were susceptible to the extracts though for some the inhibitions fell below
20%. Furthermore, when considering bacterial adhesion to plasmatic protein coated PS

surfaces, the inhibition percentages averaged on 88%.

Chapter 5.2. Antibiofilm potential of phenolic acids: The influence of environmental

pH and intrinsic physicochemical properties

Phenolic acids have been associated with some antimicrobial and antibiofilm activity,
though some authors argue that any inhibitory activity observed may occur due to the
reduction of environmental pH and not due to an interaction between the compound and the
bacteria. As the extract used in chapter 5.1. possessed a phenolic acid, the present work
aimed to determine if blueberry phenolic acids could be responsible for the antimicrobial
activity associated with blueberry extracts and evaluate if the environmental pH value was a
determining factor. To do so, seven different phenolic acids (at pH 5 and 7, values that did
not hamper bacterial growth) were used: chlorogenic (ChA), ferulic (FA), gallic (GA),
caffeic (CA), p-coumaric (p-CA), syringic (SyrA) and sinapic (SinA) acids. As, at the
concentrations tested, no minimum inhibitory concentration was observed only the results
for biofilm inhibition were presented. Furthermore, in an attempt to gain some insight into
the eventual antibiofilm potential of other phenolic acids effect, some of their intrinsic
physicochemical properties were crossed with the inhibitions observed. The results
demonstrated that of the three microorganims tested, only S. aureus and Staphylococcus
epidermidis (both methicillin resistant strains) were susceptible to the acids action.
Additionally, it was interesting to mark that, despite the phylogenetic proximity of the two
bacteria, different conditions favoured the inhibitions depending on the bacterial strain
hinting at differences in action mechanism and that, a lower pH value does not necessarily
translate into higher biofilm inhibitions (for S. aureus lower pH values were more effective

while for S. epidermidis higher pH values were preferable).

Chapter 5.3. Antiadhesive and antibiofilm effect of malvidin-3-glucoside and malvidin-

3-glucoside/neochlorogenic acid mixtures upon Staphylococcus

This chapter aimed try to ascertain the origin of the activities observed in chapter 5.1. To do
so the major anthocyanin present in the extract (M3Glu) was used as a model for the extract
and any potential synergies with NChA (as chapter 5.2 demonstrated that phenolic acids may

have some effect) were considered. Furthermore, as Stahylococcus appeared to be the most
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susceptible to the extract’s action, six different staphylococci strains were used: two
methicillin sensitive S. aureus (MSSA), two methicillin resistant S. aureus (S. aureus), a
vancomycin resistant S. aureus (VRSA) and a methicillin resistant S. epidermidis (MRSE).
Overall, M3Glu (alone or with NChA) was unable to significantly inhibit the amount of
viable cells after 24 h. Nonetheless, significant inhibitions were still observed when
considering both biofilm (reductions of biomass, metabolic activity and of the number of
viable biofilm entrapped cells) and adhesion inhibition. When comparing the activity to that
observed in chapter 5.1. the effect was lower though these compounds may explain some of

the inhibitions observed.
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Abstract

Aims: The present work aimed to characterize the impact of an anthocyanin-rich blueberry
extract upon the growth, adhesion and biofilm formation of several pathogens including some

multiresistant bacteria.

Methods and results: A group comprised of reference strains and clinical multiresistant isolates
of Pseudomonas aeruginosa, Escherichia coli, Proteus mirabilis, Acinetobacter baumannii and
Staphylococcus aureus, were used to screen for antimicrobial activity. Microbial growth was
determined through the measurement of the optical density while adhesion and biofilm
formation was determined using the standard crystal violet staining procedure. The results
showed that, while blueberry extract was only effective in hindering the growth of S. aureus
and E. coli, it was capable of significantly inhibiting biofilm formation and bacterial adhesion

for all microorganisms tested.

Conclusions: The extract demonstrated a considerable potential as a natural, alternative
antimicrobial capable of either interfering with microbial growth or hamper the adhesion to

surfaces, with S. aureus proving to be the most susceptible microorganism.

Significance and impact of the study: The overall study demonstrated the potential of
anthocyanin extracts as natural effective alternative antimicrobial agents. Additionally, the
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extract’s capacity to reduce adhesion without reducing bacterial growth reduces the likeliness

of resistance development while reducing the probability of infection.

Keywords: Adhesion inhibition; Anthocyanins; Antibiofilm activity; Antimicrobial activity;
blueberry; Vaccinium corymbosum
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1. Introduction

Blueberries are acknowledged as being rich in phenolic compounds which, in turn, are known
for their antimicrobial, antioxidant, anti-carcinogenic, anti-proliferative and metabolism
modulating properties. Among all phenolic metabolites present, the most representative,
particularly when considering blueberry skins, are anthocyanins (water soluble pigments
structurally composed by the a- or - linkage of an anthocyanidin to a sugar moiety) (Burdulis
et al., 2009). In fact, among other anthocyanin containing fruits, blueberries and bilberries
exhibit the most complex anthocyanin composition as up to 15 different anthocyanins have
been identified in a given cultivar, including monoarabinosides, monoglucosides and
monogalactosides of five different anthocyanidins: malvidin, cyanidin, delphinidin, petunidin
and peonidin (Kader et al., 1996, Riihinen et al., 2008, Burdulis et al., 2009). Blueberries, in
spite of exhibiting lower anthocyanin levels than bilberry, have an interesting innate
characteristic; they accumulate mostly malvidins while bilberries accumulate higher amounts
of delphinidins and cyanidins. Malvidins possess less hydroxyl groups therefore they are more
hydrophobic and more likely transported into the cells and tissues, which may translate into a
better bioavailability and consequently bioactivity (Yi et al., 2006, Castafieda-Ovando et al.,
2009, Cisowska et al., 2011, McGhie et al., 2003).

Plant extracts’ antimicrobial activity against human pathogens has been intensively studied
towards various ends, from the development of new food ingredients to potential new
applications in medicine (Cisowska et al., 2011). Phenolic compounds are frequently associated
with the biological properties exhibited by plant extracts (namely for their antimicrobial
activity) and anthocyanins are no exception (Puupponen-Pimia et al., 2001, Cowan, 1999).
Several studies have been reported on the antimicrobial potential of anthocyanin rich extracts
though most have been focused on planktonic phase cells. Despite their relevance, these studies
are incomplete as bacteria must adhere and even form biofilms in order to colonize and thrive
in most matrixes such as foodstuffs, medical devices or even the skin (Donlan, 2001, Shi and
Zhu, 2009). Therefore, when contemplating antimicrobial studies, it is important to consider
the presence of such complex structures (biofilms) when viewing the cause-effect relations. At
this level, studies with anthocyanin rich extracts are relatively rare (Bakkiyaraj and Karutha
Pandian, 2010). Considering the arguments above, the present work aimed to evaluate the

antimicrobial potential of an ethanolic blueberry extract (purified to maximize anthocyanin
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content) against several known pathogens in planktonic state complemented by the evaluation
of its capacity to inhibit adhesion and impact upon biofilm formation.

2. Experimental section
2.1. Samples

Blueberries (Vaccinium corymbosum L. cultivar Goldtraube), provided by Mirtilusa S.A.

(Sever do Vouga, Portugal), were collected in 2014 and stored at -80 °C until processing.

2.2. Extraction

Blueberries were milled and the resulting pulp was mixed (1:9) with acidified ethanol (0.01%
HCI) and homogenized (24 000 rpm, 1 min) using an Ultra-Turrax T18 (IKA, Staufem
Germany). The mixture was left at 40 °C, for 1 h, in a light tight container. To potentiate the
extraction the containers were placed in an ultrasound bath at 35 KHz (RK106 Bandelin
Sonorex, Berlin, Germany) for 15 min. The resulting suspension was centrifuged (6026g, 4 °C)
for 15 min and the supernatant filtered through a 4 - 7 um filter (Prat Dumas, Couze St. Front,

France).

2.3. Purification

Ethanol was removed from the extracts using a rotary evaporator (175 bar, 40 °C; R-210, Buchi,
Switzerland) and the resulting powder was suspended in deionized water acidified with 0.01%
HCI. The resulting solutions were then purified using Bond Elut Plexa solid phase extraction
(SPE) columns from Agilent Technologies (Santa Clara, California, USA). The cartridges were
activated with one volume of ethanol and conditioned with two volumes of acidified water. The
extracts were loaded into the cartridge, washed with acidified water (two times the volume of
extract loaded) and then eluted with one volume of acidified ethanol (0.01% HCI).

The resulting solution was evaporated (using a rotary evaporator under the same conditions)
and the resulting powder was used in the remaining assays. Henceforth, whenever extract is

mentioned, it refers to the powder obtained in this step.

2.4. Extract characterization

The extract was dissolved in water at 1 g mL™ and its’ phenolic composition was determined

using reverse phase chromatography as described previously by Silva et al. (2015). Briefly, an
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HPLC-DAD system (Waters 600, Milford, Massachusetts, USA) measuring in 2 nm intervals,
from 200 to 600 nm, equipped with a C18 Kromasil 100 column (25x0.46 cm; Teknokroma,
Barcelona, Spain). Anthocyanin and phenolic composition was determined by comparison with

pure analytical standards.

2.5. Microorganisms

Several pathogenic microorganisms were used in this work. Clinical bacterial isolates from
urine, all capable of establishing biofilms, were kindly provided by CHTMAD—Hospital Centre
of Trés-os-Montes e Alto Douro (through Ph.D. Maria José Alves).This group of isolated strains
was comprised of an Escherichia coli (E. coli ClI resistant to ampicillin, nalidixic acid, norflaxin
and ciproflaxin), a Pseudomonas aeruginosa (P. aeruginosa Cl intermediately resistant to
cefotaxime), an Acinetobacter baumannii (A. baumannii resistant to cefotaxime, cefepime,
ciprofloxacin and trimethoprim/sulfasoxazole), a methicillin resistant Staphylococcus aureus
(MRSA resistant to oxacillin, ciprofloxacin and levofloxacin), a methicillin sensitive (MSSA)
Staphylococcus aureus and a Proteus mirabilis (P. mirabilis resistant to nalidixic acid, ciproflaxin,
nitrofurantoin, fosfomycin, trimethoprim/sulfasoxazole and intermediately resistant to gentamicin)
(Alves et al., 2012, Alves et al., 2014). Additionally, two reference (R) strains Pseudomonas
aeruginosa ATCC 10145 (P. aeruginosa R) and Escherichia coli ATCC 25922 (E. coli R) were

also considered.

2.6. Time inhibition curves

Extract solutions at 1000, 500, 250, 125 and 50 pg mL™* were prepared using Tryptone Soy
Broth (TSB, Biokar Diagnostics, Beauvais, France), sterilized using a 0.22 um filter (Millipore,
Billerica, Massachusetts, USA) and inoculated using an overnight inoculum (ca. 108 CFU mL-
1. The mixtures were than transposed into a 96 well microtiters (Nunc, Darmstadt, Germany)
and the optical density (OD) at 660 nm was assessed for a 24 h period at 37 °C (1 h intervals)
using a microplate reader (Fluostar, Optima, BMG Labtech, Ortenberg Germany), with the
increase in OD being considered a consequence of bacterial growth. A positive control was
drawn using inoculated TSB without antimicrobial agent and sterile TSB was used as a negative
control (Silva et al., 2015, Costa et al., 2012). Each condition was assayed in triplicate.
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2.7. Antibiofilm activity

Microtiters for biofilm assessment were prepared by dissolving the extract in TSB
supplemented with 1% (w v!) glucose (Sigma, St. Louis, USA) at 500, 250 and 125 pug mL™*
for MRSA and MSSA (which represent the minimum inhibitory concentration (MIC), one half
and one fourth of the MIC). For the remaining microorganisms, as no MIC was observed, the
three highest concentrations tested were used (1000, 500 and 250 pg mL™).

Biomass was determined as described by Costa et al. (2014). Briefly, the test solutions were
inoculated at 2% (v v) using an overnight inoculum (ca. 108 CFU mL™Y), transferred into 96
wells microtiters (Nunc, Darmstadt, Germany) and incubated for 24 h at 37 °C. Afterwards, the
contents of the plate were discarded, each well was carefully washed to remove non-adhered
cells and the biofilms were stained using crystal violet. All assays were done in triplicate, a
positive control was drawn using inoculated culture media and a negative control was prepared
using only sterile media. The results were given in biomass formation inhibition percentage,
calculated according to the following formula, in which ODassay is the OD measured in the

presence of the extract and ODpositive control 1S the OD measured for the positive control.

- PRI AT ODassay
% Biomass inhibition =100 -| ——————x100

positiveontrol
2.8. Impact on bacterial adhesion

2.8.1. Adhesion to polystyrene (PS)

Microtiters were prepared using full strength extract (1000 pg mL™) prepared in sterile saline
(0.5% NaCl) solution. This extract was then inoculated at 2% (v v!) with a 108 CFU mL™*!
inoculum and incubated at 37 °C. After 3 h, the content of each well was discarded and washed
with saline solution to remove non-adherent cells. The microplates were then stained with
crystal violet as described by Costa et al. (2014). All assays were done in triplicate, a positive
control was drawn using inoculated culture media without extract and a negative control was
prepared using sterile media. The results were given in adhesion inhibition percentage,
calculated according to the following formula, in which ODassay is the OD measured in the

presence of the extract and ODpositive control 1S the OD measured for the positive control.
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- - TR ODassay
% Adhesion inhibition =100 -| ———— %100

positiveontrol

2.8.2. Adhesion to polystyrene pre-treated with rabbit plasma

Rabbit plasma (rp) was used as to allow the adsorption of plasmatic proteins to the PS surface
which in turn allows for a better understanding of the possible activity under physiological
conditions. Microtiters were filled with reconstituted, freeze-dried rabbit plasma (Biokar
Diagnostics, Beauvais, France) and incubated for 24 h at 37 °C to allow plasma proteins to
adsorb to the surface (van Loosdrecht et al., 1990). After this period, the plasma was discarded
and each well was carefully washed with saline solution. From this point onward, two different
approaches were considered: one where the bacteria were incubated with the extract (PS-rp)

and another where the bacteria were exposed to the surface pre-treated with the extract (PS-rp-

acy).

In the first approach (PS-rp), the adhesion assay was carried out following the protocol

described for adhesion to PS.

In the second approach (PS-rp-acy), after protein adsorption, wells were filled with a 1000 pg
mL extract solution and incubated (1 h at 37 °C). Afterwards, the extract solution was removed
and the wells filled with a saline solution inoculated at 2% (v v!), with a 108 CFU mL™
inoculum. The plates were allowed to incubate at 37 °C for 3 h. The wells were then processed
and stained with crystal violet as described by Costa et al. (2014). A positive control was drawn
using inoculated saline solution. The results were given in adhesion inhibition percentage,
calculated according to the following formula, in which ODassay is the OD measured in the

presence of the extract and ODpositive control 1S the OD measured for the positive control.

- - TR ODassay
% Adhesion inhibition =100 — OD— x 100

positiveontrol
2.9. Statistical analysis

Statistical analysis of the results was performed using IBM SPSS Statistics v21.0.0.0. (New
York, USA). Normality was assessed using Shapiro-Wilk’s test. As all results proved to follow
a normal distribution, the differences were evaluated using One - Way ANOVA coupled with

Turkey’s test. Differences were considered significant when p < 0.05. Time inhibition curves
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were compared using the Repeated Measures test (to compare the different behaviours along
the 24 h period) or One-Way ANOVA (to compare results at the 24 h mark), both coupled with

Turkey’s post hoc test. Differences were considered significant when p < 0.05.

3. Results
3.1. Compositional characterization of the extract

As can be seen in Table 1,
Table 1. Phenolic composition of the extract obtained after

extraction and purification. anthocyanins were the major

Concentration (ug mg™) group of phenolics identified in
Standard

Mean Deviation the extract (184.7 pg of
Delphinidin-3-Glucoside ~ 25.7 2.1 anthocyanins per mg of extract)
Delphinidin-3-Galactoside  16.4 0.7 ] )
Cyanidin-3- Glucoside 4.2 0.5 with the only other phenolic
Cyan!d!n-3-Ga|aCtQSide 6.5 0.7 Compound found being
Malvidin-3-Glucoside 62.0 2.4 ] )
Malvidin-3-Galactoside 37.3 1.7 neochlorogenic acid (32.1 pg of
Petunidin'S‘G-IUCOS-ide 22.5 2.2 neochlorogenic acid per mg Of
Neochlorogenic Acid 32.2 2.8 ) )
ni* 10.1 0.7 extract). The main fraction of

* ni, non-identified anthocyanin expressed in equivalents of anthocyanins in the extract was
cyanidin-3-glucoside
comprised of malvidin

glycosides (53.7%), particularly malvidin-3-glucoside (M3Glu, 33.6%) which stands in line
with what was observed for other blueberry extracts (Cisowska et al., 2011). Overall, phenolic
compounds comprise ca. 22% of the extract with the remaining 88% being comprised mostly

by sugars (data not shown).

3.2. Time inhibition

Staphylococcus, both MRSA and MSSA, appeared to be the most susceptible microorganisms
to the extract action (Figure 1 and Figure 2). From the analysis of Figures 1a and 1b it can be
seen that a concentration of 500 ug mL™* completely inhibits staphylococcal growth (it can be
considered as the MIC), while all other concentrations tested (below 500 pg mL, i.e. sub-MIC
concentrations) were capable of reducing microbial growth. In fact, all sub-MIC concentrations
caused a significant increase (p< 0.05) of lag phase duration (Figure 1a and 1b), and cause a
significant reduction (p < 0.05) of bacterial growth at the 24 h mark (Figure 2a and 2b), e.g. for
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Figure 1. Time inhibition curves drawn at different extract concentrations (O, positive control; 4, 1000 pg mL-
1 W, 500 ug mLt; A, 250 ug mL%; M, 125 pg mL; 9, 50 pg mL™) for MSSA (a), MRSA (b), E. coli CI (c),
E. coli R (d), P. aeruginosa ClI (e), P. aeruginosa R (f), A. baumannii (g) and P. mirabilis (h).
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MRSA extract at 50 pg mL™* was capable of delaying the beginning of exponential growth by
3 h with the OD at 24 h being 38% lower.

Considering both E. coli strains it is interesting to highlight the different behaviours observed
among them (Figure 1c, 1d, 2c and 2d). For E. coli CI the extract either had no impact (for 125
and 50 pg mL™) or caused a significant (p < 0.05) delay of the log phase (for concentrations
above 125 pg mL1), while all concentrations induced a reduction in the OD after incubation
for 24 h. On the other hand, the reference strain of E. coli (E. coli R) exhibited lower lag phases
when exposed to all concentrations except 500 pg mL™. It is interesting to note that, this
concentration appeared to induce the highest reduction of OD (Figure 2d), while the 1000 pg
mLt exhibited an OD, after 24 h, similar to the one observed for the control (p > 0.05), though
the maximum OD registered over the 24 h period was lower than the one registered for the

control (Figure 1d).

For P. aeruginosa (Figure 1e, 1f, 2e and 2f) it can be seen that the extracts either had no impact
or caused a significant increase in the OD after 24 h (Figure 2e and 2f). Similarly, the growth
curves for concentrations equal or inferior to 250 pug mL™ exhibited no significant differences
to the control, while 500 and 1000 ug mL™* exhibited significantly higher OD values than the
control (Figure 2e and 2f). In this case, both strains had similar behaviours, i.e. the extract

appeared to stimulate bacterial growth, though this was more accentuated for P. aeruginosa CI.

When observing the extract’s impact upon A. baumannii’s growth it can be observed that all
concentrations exhibited a statistically similar behaviour to the control for all concentrations
except 1000 pg mL? (Figure 1g). In this concentration a significant increase of the lag phase
as well as a considerably higher maximum OD (Figure 1g) was observed. When considering
the OD at the 24 h mark (Figure 2g) it can be seen that it is also significantly higher than the
one registered for the control when considering the 1000 pg mL™? concentration, though,
contrary to what has been observed for the growth curves, all concentrations (except 50 pg mL"
1y induced higher OD values after 24 h.

Proteus mirabilis growth curves (Figure 1h) appeared unaffected for concentrations equal or
inferior to 250 pg mL™Y while concentrations of 500 and 1000 pug mL? induced an increase of
the maximum OD registered. On the other hand, after 24 h only the 1000 pug mL™ exhibited OD
values that were significantly higher (p < 0.05) than the control ( Figureh).
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Figure 2. Microbial growth (OD at 660 nm) after 24 h, when exposed to different concentrations of extract (a,
MSSA; b, MRSA,; c, E. coli CI; d, E. coli R; e, P. aeruginosa ClI; f, P. aeruginosa R; g, A. baumannii; h, P.
mirabilis). Different letters above each column represent statistically significant differences (p < 0.05).
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Overall, it appeared that A. baumannii, P. mirabilis and both P. aeruginosa strains were
impervious to the extract’s antimicrobial activity, with little to no inhibition being registered
and, in some instances, promoting microbial growth possibly due to the combination of the

sugars present in the extract and the lack of growth inhibition.

3.3. Antibiofilm activity

Both Staphylococcus strains’ biofilm formation (Figure 3a and 3b) was considerably hampered
by the presence of the extracts; in fact when exposed to the MIC (i.e. 500 pug mL1) an inhibition
percentage of 49% and 68% for MRSA and MSSA, respectively was observed. In fact, when
considering a concentration that was one fourth of the MIC (125 pug mL™) biofilm inhibition
decreased only to 28% and 41 %, for MRSA and MSSA, respectively.

It is interesting to note that the two E. coli strains exhibited completely different behaviours
when exposed to different concentrations of the extracts: while for E. coli CI the increase in
extract concentration lead to an increase of biofilm inhibition (from 4% to 25%, Figure 3c), for
E. coli R only the lowest concentration tested (250 pug mL™) had an inhibitory (though low, 4%)
effect (Figure 3d).

Similarly to what was observed for E. coli, both Pseudomonas strains exhibited inhibitory
behaviours that were somewhat opposites. The P. aeruginosa R displayed relatively high
inhibition rates, ranging from 38 to 62% for 250 and 1000 pg mL™, respectively (Figure 3f).
On the other hand, the clinical isolate’s biofilms were not affected by the action of the highest
concentration, with only the lowest concentration tested (250 pg mL™) exhibiting a slight

inhibition of biofilm formation (Figure 3e).

The tendency of lower concentrations of extract induced higher antibiofilm activity was also
observed for P. mirabilis and A. baumannii (Figure 3g and 3h). For A. baumannii the maximum
inhibition registered was 35% and for P. mirabilis was 20% for 250 ug mL while at 1000 pg

mL* no effect was observed.
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Figure 3. Antibiofilm activity of blueberry extract at 500, 250 and 125 pg mL™ for MRSA and MSSA and 1000,
500 and 250 pg mL™* for the remaining bacteria. a, MSSA; b, MRSA; ¢, E. coli Cl; d, E. coli R; e, P. aeruginosa
CI; f, P. aeruginosa R; g, A. baumannii; h, P. mirabilis. Different letters above each column represent statistically
significant differences (p < 0.05).
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3.4. Bacterial adhesion

Extracts were capable of inducing a 73% inhibition of MRSA adhesion to PS, with smaller
inhibitions being

120 7 N b registered for MSSA
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Figure 4. Impact of blueberry extract on bacterial adhesion to PS (M) and PS p < 0.05)
surfaces exposed to rabbit plasma (", bacterial adhesion in the presence of the  jnhibitions for all

extract (PS-rp); M, bacterial adhesion after exposing the surface to the extract (PS- ) )
rp-acy)). Different letters above each column represent statistically significant microorganisms

differences (p < 0.05). (Figure 4). In fact

~—

MRSA, E. coli R, A. baumannii and both Pseudomonas strains exhibited inhibition percentages
ranging from 91 to 100%. Adhesion of P. mirabilis and MSSA was also considerably impaired
(88 and 76%, respectively), with the poorest inhibition being observed for E. coli CI (46%).

When comparing the results obtained for PS surfaces exposed to rabbit plasma and the extract
(PS-rp-acy) with those obtained for PS-rp surfaces it can be seen that all microorganisms, bar
E. coli CI, (Figure 4) registered significantly lower inhibition percentages, with reduction rates
ranging from 25 to 65% (for MSSA and P. mirabilis, respectively). On the other hand, when
comparing to the results of the adhesion to PS alone, mixed behaviours were observed. For
MSSA, E. coli R, both Pseudomonas strains and A. baumannii higher inhibitions were
registered in the PS-rp-acy assay, while the opposite was true for MRSA (17% lower) and no

significant differences were found for P. mirabilis and E. coli CI.
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4. Discussion

In accordance to what has been previously described by Burdulis et al. (2009), the major
anthocyanins present in blueberries, and therefore extracts, from V. corymbosum were
malvidins. As malvidins are more hydrophobic than other anthocyanins, they can be more easily
transported into cells and are, therefore more available to exert any activity (McGhie et al.,
2003, Yi et al., 2006).

The extract was capable of inhibiting the growth, adhesion and/or biofilm formation of all
microorganisms tested. This is consistent with the results of several authors that demonstrated
that anthocyanin rich extracts are capable of inhibiting both Gram negative and Gram positive
microorganisms (Burdulis et al., 2009, Silva et al., 2013, Shen et al., 2014). It is interesting to
note that while both Staphylococci and E. coli strains’ growth was impaired by the extract (with
concentrations as low as 50 pg mL™, ca. 11.5 ug mL* of anthocyanins and 2.0 pg mL* of
neochlorogenic acid, inducing a reduction of the OD after 24 h), for both Pseudomonas, A.
baumannii and P. mirabilis no inhibition of growth was registered; in fact the presence of the

extract in some cases led to higher OD values.

When considering sessile cells, and contrary to the results observed for their planktonic
counterparts, all microorganisms’ biofilm formation was susceptible to the extracts, with the
maximum inhibition ranging from 10% (E. coli R and P. aeruginosa CI) to 68% for MSSA. As
biofilms are known as less susceptible to antimicrobials than their planktonic counterparts, it is
interesting to note that these inhibitions were all registered for concentrations that were
insufficient to completely inhibit microbial growth or, for MSSA and MRSA, the MIC
concentration. Similar results have been observed when exposing MSSA and MRSA to dry
blueberry extracts where concentrations below the MIC values were capable of reducing
biofilms in both total biomass and in the amount of cells present (Silva et al., 2015). Zimmer et
al. (2014), also reported a similar behaviour for P. aeruginosa when exposed to several
blueberry extracts. This potential to inhibit biofilm formation without inhibiting bacterial
growth is an interesting aspect as it may hinder the rapid development of bacterial resistance
while blocking bacterial adhesion, which is paramount for surface colonization and infection
(Zimmer et al., 2014, Costerton et al., 1999, Donlan, 2001). An interesting phenomena
registered in the antibiofilm assay was the fact that for four of the microorganisms tested, E.

coli R, P. aeruginosa R, A. baumannii and P. mirabilis, lower concentrations of extract were
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more effective in inhibiting biofilm formation than the higher ones. It is possible that higher
concentrations of extract act as a stimulus for biofilm formation, namely through an increase in
exopolysaccharide (EPS) production (factor that has been linked with the presence of
environmental stress) which could increase the protection of the sessile bacteria as well as the
overall amount of biofilm present though no further studies were made to support this
possibility (Landini, 2009).

In order to further ascertain the extract’s potential to block bacterial binding to surfaces, anti-
adhesion studies were carried out considering both a plain PS surface and PS surfaces coated
with plasmatic proteins (as to mimic an organic layer). Interestingly, when considering plain
PS surfaces, the extracts were only capable of interfering with the adhesion of MRSA, MSSA,
P. aeruginosa R and P. mirabilis but, when contemplating the adhesion to the protein covered
surface (PS-rp), not only were all extracts capable of inhibiting adhesion but they did so with
inhibition rates that average 88% with almost complete inhibitions being found for both P,
aeruginosa strains and A. baumannii; this may hint that an improved activity when exposed to
a physiological environment may occur. To try to ascertain if a direct interaction between the
protein-covered surface and the phenolics was responsible for the inhibitions observed, a third
surface was considered where the PS was exposed to rabbit plasma and then anthocyanins (PS-
rp-acy). All microorganisms, except E. coli Cl, exhibited adhesion inhibition percentages of 25
to 66% lower than those registered for the adhesion to PS-rp, which suggests that only part of
the inhibition observed is caused by the direct interaction of the phenolics with the bacteria,
with this effect being stronger for P. mirabilis and A. baumannii (66 and 59%, respectively).
For E. coli CI no statistically significant differences were found between PS-rp and PS-rp-acy,
which may indicate that most of the inhibition observed is caused by the interaction of the

phenolic compounds with the proteins adsorbed to PS.

Overall, the extract exhibited an interesting antimicrobial, antibiofilm and/or antiadhesive
potential for extract concentrations ranging from 1000 to 50 mg mL™*, which corresponds to
216.9 to 13.5 pug mL* of phenolics with the anthocyanin content ranging from 184.7 to 11.5 g

mLL.

The concentrations of phenolic compounds which exhibited antimicrobial activity are in line
with those that have been previously reported. Park et al. (2011) reported that a concentration
of berry phenolics of 24 ug mL™* was capable of reducing the growth of Salmonella enteritidis

and Listeria monocytogenes, these results are similar to those observed for MRSA, MSSA and
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both E. coli strains that were susceptible to an extract concentration of ca. 26 pg mL™ of total
phenolics (125 mg mL™* of extract), though both Pseudomonas strains, A. baumannii and P.
mirabilis were not susceptible to the extract’s action. Previous works with dry blueberry
infusions also reported that concentrations of 66-78 pug mL™ of phenolic compounds (50 mg
mL1) of dry blueberry extract were capable of inhibiting the growth of P. aeruginosa and S.
aureus. Further studies upon S. aureus revealed that, concentrations as low as 16 ug of total
phenolics mL* were capable of exhorting a considerable inhibitory effect upon biofilm
formation of MRSA and MSSA, though in this instance the main components were not

anthocyanins but chlorogenic acid (Silva et al., 2015, Silva et al., 2013).

In conclusion, the hereby proposed extract exhibits an interesting antimicrobial activity against
S. aureus, which appears as the most susceptible microorganisms. Similarly, the extract
exhibited a considerable capacity to inhibit biofilm formation and/or adhesion of P. aeruginosa,
A. baumannii and P. mirabilis, a group of pathogenic microorganisms that have been associated
with biofilm mediated infections and antibiotic resistance (Donlan, 2001, Peleg et al., 2008).
Therefore, the presented results bring some insight into the potential of this blueberry extract
strengthening the importance of studies to further exploit the anthocyanins potential as new,

alternative antimicrobial agents.
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Abstract

Phenolic acids are a particular group of small phenolic compounds which have exhibited some
antibiofilm activity, although the link between their activity and their intrinsic pH is not clear.
Therefore, the present work examined the antibiofilm activity (inhibition of biomass and
metabolic activity) of phenolic acids in relation to the environmental pH, as well as other
physicochemical properties. The results indicate that, while Escherichia coli was not inhibited
by the phenolic acids, both methicillin resistant Staphylococcus aureus and methicillin resistant
Staphylococcus epidermidis were susceptible to the action of all phenolic acids with the pH
playing a relevant role in the activity: neutral pH favoured MRSE inhibition, while acidic
conditions favoured MRSA inhibition. Some links between the molecular polarity and size were
associated only with their potential as metabolic inhibitors with the overall interactions hinting

at a membrane-based mechanism for MRSA and a cytoplasmatic effect in MRSE.

Keywords: Phenolic acids; Antibiofilm activity; MRSE; MRSA; Escherichia coli.
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1. Introduction

In nature, while bacteria are found in planktonic state; they are more often present in survival
structures known as biofilms. As bacteria in these structures are more impervious to the action
of antibiotics and other antimicrobial agents, the search for antibiofilm agents has grown
(Stewart and William Costerton, 2001). With the emergence of bacterial resistance to
antibiotics, there is an even greater need as antimicrobial agents have to contend not only with
the inherent resistance of bacteria but also with resistant due to (Neu, 1992, Stewart and William
Costerton, 2001, Costerton et al., 1999).

Phenolic compounds have been associated with an array of health promoting properties,
including potential as antimicrobial agents. Several authors have reported on the antimicrobial
activity of phenolic acids and phenolic rich extracts (Lacombe et al., 2010, Puupponen-Pimia
et al., 2001, Cowan, 1999, Alves et al., 2014a). Although studies regarding pure compounds
and their impact upon biofilm formation are relatively scarce (Cowan, 1999, Jagani et al., 20009,
Silva et al., 2015), some phenolic acids, namely chlorogenic acid (ChA), have been reported to
possess some antimicrobial and antibiofilm activity, although arguments can be made that their
activity may be due to low pH values and not to the compound itself.

The present work study examined the antibiofilm potential of seven phenolic acids against three
multiresistant microorganisms at two different pH values (5 and 7). Additionally, the effects of
other intrinsic physical properties (concentration, pKa, molecular weight (MW), molecular
surface area (MSA), polar surface area (PSA) and partition coefficient into octanol (logP)) were
also evaluated with respect to their potential impact on biofouling prevention.

2. Experimental section
2.1. Microorganisms

Three different pathogens, capable of forming biofilms, were used in this. The test species were
a methicillin resistant Staphylococcus aureus (MRSA) CCUG 60578, a methicillin resistant
Staphylococcus epidermidis (MRSE) ATCC 51625 and an Escherichia coli clinical isolate (E.
coli CI) resistant to ampicillin, nalidixic acid, norfloxacin and ciprofloxacin, kindly provided
by CHTMAD—Hospital Centre of Tras-os-Montes e Alto Douro (through Ph.D. Maria José
Alves). All strains have been used in previous antibiofilm studies (Silva et al., 2015, Alves et
al., 2014a, Dewangan et al., 2014).
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2.2. Phenolic standard solutions

Standards for ChA, ferulic (FA), gallic (GA), caffeic (CA), p-coumaric (p-CA), syringic (SyrA)

and sinapic (SinA) acid were purchased from Extrasynthese (Genay, France).

Solutions of each standard were prepared at 500, 250 and 125 mg L™ by dissolving each
compound in tryptone soy broth (TSB, Biokar Diagnostics, Beauvais, France) supplemented
with 1% glucose (Sigma, St. Louis, USA), and the pH was adjusted to 7.0 £ 0.1 and 5.0 £ 0.1
with HCI and NaOH (0.01 mol L) respectively. These pH values were selected because, while
they do not affect the microorganisms’ growth, they have some biological context as the regular
pH of the skin ranges from 4 to 7 and all three microorganisms are possible skin pathogens
(Lambers et al., 2006).

2.3. Antibiofilm activity

All phenolic solutions (at pH 5 and at pH 7) were inoculated at 2% (v v!) with an overnight
culture (ca. 108 CFU mL1) grown in TSB with 1% glucose at 37 °C. The mixtures were then
transferred into a 24 well polystyrene microtiter (Nunc, Darmstadt, Germany) and incubated at
37 °C for 48 h. After this period, metabolic activity (XTT assay) biomass (crystal violet assay)

were assayed to determine biofilm formation.

2.3.1. XTT assay
The metabolic activity of the biofilm was determined using 2,3-bis(2-methoxy-4-nitro-5-sulfo-

phenyl)-2H-tetrazolium-5-caboxanilide (XTT) colorimetric method as described by Machado
et al. (2013). Briefly, biofilms were incubated with a XTT solution for 3 h at 37 °C. The optical
density (OD) at 485 nm was then measured using a microplate reader, (FLUOstar, OPTIMA,
BMG Labtech). Plain culture medium (TSB) supplemented with glucose was used as a positive
control. All assays were done in triplicate and the results were expressed in percentage of
activity inhibited (as can be seen in the equation bellow in which the ODsampie is the optical
density measured for each sample and ODhpesitive control IS the optical density of the positive

control).

. .. ey ey e ODsampIe
% Metabolic activity inhibition =100 —-| ————— x100

positiveontrol
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2.3.2. Crystal violet assay

The amount of biofilm formed was determined using the crystal violet method as described by
Stepanovi¢ et al. (2000). Briefly, after the removal of non-adherent cells, the biofilms were
treated with absolute ethanol and then stained with crystal violet. The excess stain was removed,
the contents of each well were suspended in 1% (v v'!) acetic acid and the OD at 660 nm was
measured. Plain culture medium (TSB) supplemented with glucose was used as a positive
control. All assays were done in triplicate and the results given in biomass inhibition percentage
calculated according to the equation bellow in which the ODsample is the optical density

measured for each sample and ODyositive control 1S the optical density of the positive control.

- . o ey ODassa
% Biomass inhibition =100 -| ——— =% %100

positiveontrol
2.4. Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics v21.0.0 (New York, USA)

software.

2.4.1. Difference tests

One-way ANOVA coupled with Turkey’s post hoc test was used to determine the differences
between the results observed because the Shapiro-Wilk test (n < 30) proved that they followed

a normal distribution. Results were considered significantly different for p-values < 0.05.

2.4.2. Correlation analysis

To determine whether the inhibition of biomass was associated with metabolic inhibition, a
correlation between both sets of data was performed for each microorganism and pH. As the
data followed a normal distribution, evaluated using Kolmogorov-Smirnov test (n > 30),
Pearson’s R was determined with correlations being considered significant at a confidence

interval of 95%, though higher confidence intervals were noted.
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24.3. Multiple linear Table 1. Physicochemical properties of the studied phenolic acids
regression according to Chemicalize.org (Swain 2012).
Several variables (experimental as PKA MW MSA PSA logP

well as intrinsic  molecular ChA 3.33 354.3 450.13 164.75 -0.27
FA 3.77 194.2 264.4 66.76 1.67
GA 3.94 170.1 205.97 97.99 0.72
CA 3.64 180.16 226.17 77.76 1.53
observed activity. In addition to SjnA 361 22421 31222 7599 152
pH value and concentration data, p-CA  4.20 164.2 21651 57.53 1.83
SyrA 3.93 198.2 279.86 75.99 1.01

physical properties) were assessed

to determine their effect on the

variables including acid strength

(pKa), size (MW for overall mass

and MSA as an estimate of available area for interaction) and lipophilicity (PSA as a measure
of overall surface polarity and logP as a measure of the capacity to migrate into a lipophilic
environment) were also examined (Table 1). These values were acquired through
Chemichalize.org (Swain, 2012). A multiple linear regression was calculated (using only
statistically significant data) and the p-weights and p-values were calculated. The
homoscedasticity of the residues was determined using the Breuch-Pagan-Koenker
homoscedasticity test and, when it was not observed, the values were corrected to accommodate
this fact using the procedure described by Hayes and Cai (2007).

3. Results Table 2. Correlation value between the inhibition of biomass and metabolic activity
for each microorganism at different pH values.
E. coli ClI was less E.coli MRSE MRSA
susceptible  to  the pH> ~ pH7 ~ pH5  pH7 ~ pHS5 pH 7
henolic acids. As can be Pearson’s R -0.097 -0.363 0.835 0.873 0.583 0.564
Pheno ' p-value 0.417 0.102 <0.001 <0.001 <0.001 <0.001

seen in Figure 1 (and in
the supplemental material, Figures S1A to S14A), all the inhibition values, whenever inhibition
was registered, were below 30% for metabolic activity and 20% for biomass formation. It is
important to note that no other general conclusions can be drawn from these results, as the
behaviour varies significantly according to the acid, pH and the concentration. For example,
the metabolic inhibition induced by SinA at pH 5 was significantly (p < 0.05) greater at 125 mg

L than at higher concentrations.
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Figure 1. Metabolic and biomass inhibition observed for E. coli for each phenolic acid (pH 5 and pH 7) at 500 mg
L1 (0),250mg L™* (O) and 125 mg L™t (4).
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Figure 2. Metabolic and biomass inhibition observed for MRSE for each phenolic acid (pH 5 and pH 7) at 500
mg L (@), 250 mg L* (O) and 125 mg Lt (4).
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Figure 3. Metabolic and biomass inhibition observed for MRSA for each phenolic acid (pH 5 and pH 7) at 500
mg L (@), 250 mg L* (O) and 125 mg Lt (4).

However, at pH 7 the greatest inhibition was found at 250 mg L. On the other hand, when

considering biomass inhibition for the same acid the highest concentration tested (500 mg L™?)
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resulted in greatest inhibition of biomass formation regardless of the environmental pH. This
lack of an overall trend is also apparent in Table 2, where no significant (p > 0.05) correlation

was found between metabolic and biomass inhibition at pH 5 or at pH 7.

For MRSE (Figure 2 and supplemental material Figures S1B to S14B) at neutral pH, all
concentrations were capable of inhibiting both biomass formation and metabolic activity, with
reductions ranging from 16-93% and 12-90%, respectively. Furthermore, under these
conditions, a dose response curve was observed with higher concentrations resulting in greater
inhibition of biomass and metabolism for all acids except SyrA. This is further demonstrated in
Table 2 where a (0.873) significant (p < 0.001) correlation between biomass and metabolic
inhibition is shown. At pH 5, however a (0.835) significant (p < 0.01) correlation was still
observed between biomass and metabolic inhibition (Table 2). There is a dose response curve
at pH 7 but only for the metabolic inhibition induced by CA and both biomass and metabolic
inhibition by SyrA (Figure 2 and supplemental material). It is interesting to note that, in some
cases, the reduction in pH resulted in a loss of activity, as can be seen for biomass inhibition
induced by ChA (all concentrations) and the metabolic and biomass inhibition induced by GA
(at 250 and 125 mg L™).

For MRSA, at neutral pH all acids (except CA and FA for biomass inhibition and SyrA for
metabolic inhibition) demonstrated a positive dose response, i.e. higher concentrations resulted
in greater inhibition. However, at pH 5 there was no overall trend. As it can be seen in Figure
3 (and supplemental material Figures S1C to S14C), while some of the results demonstrated the
existence of the dose response trend observed at pH 7 (e.g. p-CA), others exhibited a dose
independent effect (biomass inhibition by CA and FA and metabolic inhibition by SinA).
Furthermore, while at pH 7 the most effective concentration was 500 mg L%, at pH 5 it became
the least effective concentration for CA (biomass and metabolic inhibition) and for SyrA
(biomass inhibition) (Figure 3 and supplemental material). Biomass and metabolic inhibition
are associated through a significant (p < 0.01), though moderate (0.583 and 0.564 for pH 5 and
7, respectively) correlation, meaning that increased biomass inhibition is likely to be
accompanied by increased metabolic inhibition and vice versa (Table 2). The results from

regression analysis indicate that the physicochemical properties anagysed in this study
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Table 3. Impact of the different variables considered upon the variance
observed for biomass inhibition.

Predictors p-weight p-value  R?
Concentration 0.0749  <0.0001
MRSE? pH value 12.9406 <0.0001  0.4210
pKa 30.1531  <0.0001
. Concentration  0.0376  <0.0001
MRSA pH value -2.3388 .0364 0.2141

8values adjusted to accommodate heteroscedasticity

Table 4. Impact of the different variables considered upon the variance
observed for metabolic inhibition.

Predictors p-weight p-value  R?
E.coli*  Concentration  -0.0966  <0.0001 0.3141
Concentration 0770 <0.0001
PSA -0.4659 0.0001
MRSE? pH value 5.2669 0.0002 0.5665
MW 0.2111 0.0027
pKa 24.8444 0001
Concentration 0.062 <0.0001
PSA 0.749 <0.0001
MRSA MSA -0.116 <0.0001 0.654
logP 20.073  <0.0001
pH value -3.700 <0.0001

dvalues adjusted to accommodate heteroscedasticity

Chapter 5.2

accounted for 21.4 to
39.2% of the variance
observed for biomass
inhibition (Table 3) and
31.4 to 61.4% of the
variance observed for
metabolic inhibition
(Table 4). The only
variable which can be a
predictor for  the
variation of all
inhibitions observed is
concentration. This
variable alone accounts
for 31.41% of the
variation observed for
the metabolic inhibition
of E. coli Cl and
curiously, the
corresponding S-weight
is negative (-0.0966 for
p < 0.0001). This

indicates an inverse

relationship between concentration and metabolic inhibition (i.e. an increase in concentration

leads to a decrease in metabolic inhibition). This is particularly interesting because all other -

weights for concentration are positive. The pH value is the next most usefull predictor as it

accounts for the variance in all cases except metabolic inhibition of E.coli CI. In addition, the

S-weights which characterize the extracts also have varying results: for MRSA they are positive,

whereas for E.coli and MRSE they are negative. Similarly, it is interesting to note that, when

the pH is associated with a positive f-weight the pKa also becomes a predictor. The variation
in metabolic inhibition of MRSE and MRSA (Table 4) is further explained by other predictors
(MW, PSA, MSA and logP), resulting in sets of predictor variables that explain 56.65% of the
variance observed for MRSE and 65.40% of the variance observed for MRSA.
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4. Discussion

Overall, for MRSE and MRSA, when significant reductions in biofilm were observed, the
reduction in biofilm biomass was proportional to the reduction in metabolic activity. This
indicates that the presence of the phenolic acids induced a reduction in the amount of active
bacterial cells within the biofilm. However, for E. coli Cl no inhibition was observed; therefore
the phenolics appear to have little to no effect on the bacterial cells. These results agree with
those reported, for E. coli by Luis et al. (2014) for FA at 1000 mg L™ (biomass inhibition of
13% and metabolic inhibition of 5%) but not with those reported, by the same authors, for GA
at the same concentration (64% and 88% of biomass and metabolic inhibition, respectively).
However, as these authors consider higher concentrations it is possible that, the inhibition
observed was a result of this fact. Furthermore, it is possible that the different mechanisms of
Gram positive and Gram negative bacteria, particularly at membrane level, may explain the
different results since these differences have been described as factors when considering the

antibiofilm potential of compounds (Gottenbos et al., 2001).

The apparent high susceptibility of both MRSA and MRSE to phenolics observed in this study
agrees with what has been previously reported. Luis et al. (2014) reported that GA, CA and
ChA were capable of inhibiting biomass formation in Staphylococcus aureus biofilms and
Zimmer et al. (2014) reported that CA and ChA are both capable of inhibiting biomass

formation by Staphylococcus epidermidis biofilms.

Although the capability of phenolic acids to inhibit biofilm formation has been reported in
literature, to the best of the authors’ knowledge, no information can be found regarding the
impact of the environmental pH upon this property. At different pH values the acid molecules
exhibit diverse protonation levels, which means that they will exhibit different physicochemical
properties and, in turn, be prone to different types of interactions. At pH 5 the amount of
deprotonated acid molecules is significantly higher than at pH 7. Therefore, it is interesting to
note that, while the pH value is a predictor of the variance in both biomass and metabolism
inhibition, the effects of their B-weights differ from microorganism to microorganism indicating
that the most favourable conditions (acidic or neutral) vary according to the microorganism.
Despite this fact, an interesting relationship can be observed; when neutral pH is favourable for

biofilm inhibition (positive B-weights), higher pKa values are also associated with better
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inhibition, i.e. when neutral pH is significantly (p < 0.05) more effective than an acidic pH, the
acids which possess the highest amount of dissociated molecules at pH 7 are more effective.

Metabolic inhibition implies some level of direct interaction between the compounds and the
bacterial cells. Therefore it is reasonable to conclude that for MRSA and MRSE (the most
susceptible microorganisms to metabolic activity inhibition by phenolic compounds), variables
which will affect how the compounds interact with the bacteria (molecular size and polarity)
will also be predictors of inhibition. Analysis of these parameters may indicate possible
underlying mechanisms. For MRSE, higher PSA values are significantly ( p < 0.01) associated
with acids with lower metabolic inhibitions (negative g-weight, Table 4); since acids with
higher PSA values are less likely to passively diffuse through the cellular membrane, it is likely
that the metabolic inhibition is caused by intracellular interactions (Ertl et al., 2000).
Conversely, it is interesting to note that the metabolic inhibition is also greater at neutral pH
which is when the protonated acid molecule, the most likely to pass through the cellular
membrane, is predominant (Vattem et al., 2004). Borges et al. (2012) reported that one of the
mechanisms by which phenolic compounds may exert antimicrobial activity is due to
interactions with intracellular proteins (reactions with sulfhydryl groups or less specific
interactions). These interactions may result in the disruption of regular enzyme activity, the
production of Quorum sensing markers and of biofilm promoting proteins and therefore explain

some of the metabolic inhibition observed for this microorganism.

On the other hand, for MRSA, despite the phylogenetic proximity of the two species, the
underlying mechanism appears somewhat different. In fact, while PSA is still a predictor its’ -
weight has a positive signal. This means that the greatest metabolic inhibition should be
expected for compounds which are less likely to pass through the membrane. Moreover, logP
is also a predictor and it exhibits a positive S-weight, i.e. the capacity of the compounds to
diffuse into octanol (lipophilic environment), the greater the metabolic inhibition. If both results
are considered, it can be perceived that the most effective compounds to inhibit the biofilm
metabolic activity of MRSA are those that, while not diffusing through the membrane, diffuse
into it. This could possibily alter the physicochemical properties of the membrane and
destabilize it, a fact which has been described as a possible action mechanism by which

phenolics may exert antimicrobial effects (Borges et al., 2012).

When considering the effect of MSA and MW on the metabolic inhibition, for MRSE, only the
MW was found to be a predictor, whereas for MRSA, the MSA was the only significant
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predictor. Furthermore, positive S-weights for MW in MRSE and negative p-weights for MSA
in MRSA were also predictors. This means that acids with a larger mass (MW) may induce a
greater metabolic inhibition of MRSE, while acids with smaller surface areas (MSA) may cause
higher inhibitions in MRSA.

In conclusion, phenolic acids are effective agents in the prevention of biofilm formation by
MRSA and MRSE, resulting in reductions in biofilm viability > 80% with the most effective
acids and, in most cases, the reduction in viability is accompanied by a reduction in the overall
biomass of the film. These results, when coupled with the findings of Alves et al. (2014b)
(which reported that phenolic compounds may be effective antibiotic adjuvants) demonstrate
that phenolic acids may be interesting agents in the treatment/prevention of infections,
particularly of the skin. Furthermore, as the intrinsic pH of the skin varies from 4 to 7, an
understanding of the effects of this variable upon the inhibitory effects of the compounds may

aid in a better selection of the compounds to be used.
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Figure 1S. Inhibition of biomass formation in E. coli (A), MRSE (B) and MSSA (C), biofilms induced by chlorogenic acid at pH 5 (m) and pH 7 (m). Different
letters above each bar illustrate the statistically significant differences between bars.
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Figure 2S. - Inhibition of biomass formation in E. coli (A), MRSE (B) and MSSA (C), biofilms induced by ferulic acid at pH 5 (m) and pH 7 (m). Different letters
above each bar illustrate the statistically significant differences between bars.
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Figure 3S. Inhibition of biomass formation in E. coli (A), MRSE (B) and MSSA (C), biofilms induced by gallic acid at pH 5 (m) and pH 7 (m). Different letters
above each bar illustrate the statistically significant differences between bars.
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Figure 5S. Inhibition of biomass formation in E. coli (A), MRSE (B) and MSSA (C), biofilms induced by sinapic acid at pH 5 (m) and pH 7 (m). Different letters
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Figure 7S. Inhibition of biomass formation in E. coli (A), MRSE (B) and MSSA (C), biofilms induced by syringic acid at pH 5 (m) and pH 7 (m). Different letters
above each bar illustrate the statistically significant differences between bars.
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Figure 9S. Inhibition of metabolic activity in E. coli (A), MRSE (B) and MSSA (C), biofilms induced by ferulic acid at pH 5 (m) and pH 7 (m). Different letters
above each bar illustrate the statistically significant differences between bars.
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Figure 13S. Inhibition of metabolic activity in E. coli (A), MRSE (B) and MSSA (C), biofilms induced by p-coumaric acid at pH 5 (m) and pH 7 (m). Different
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Abstract

Several reports on the antimicrobial and antibiofouling activity of anthocyanin rich extracts
have been made. However, in spite of the association of said activity with their anthocyanins
content, to the best of our knowledge, no previous works regarding the antimicrobial,
antibiofilm and/or antiadhesive properties of anthocyanins alone. Therefore, the present work
aimed to determine the effects of malvidin-3-glucoside, a major component of a previously
reported extract and the impact of its association with neochlorogenic acid (the only non-
anthocyanin phenolic present in said extract), upon several Staphylococcus strains with varying
resistance profiles. Results show that, while malvidin-3-glucoside and malvidin-3-
glucoside/neochlorogenic acid mixtures were unable to considerably inhibit bacterial growth
after 24 h, they still possessed an interesting antibiofilm activity (with reductions of biofilm
entrapped cells up to 2.5 log cycles, metabolic inhibition rates up to 81% and up to 51% of
biomass inhibition). When considering the bacterias’ capacity to adhere to plain polystyrene
surfaces the inhibition ranges were considerably lower (21% maximum value). However, when
considering polystyrene surfaces coated with plasmatic proteins this value was considerably
higher (45 % for adhesion in the presence of extract and 39% for adhesion after the surface was

exposed to extract).
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1. Introduction

Anthocyanins are natural, water soluble pigments that attracted the interest of the scientific
community given their vast array of potential applications, from being used as food additives
to serve as base in the development of new photovoltaic energy sources (Silva et al., 2016,
Castafieda-Ovando et al., 2009, Silva et al., 2015a). From a biological standpoint anthocyanins
have been associated with several health promoting properties such as having antioxidant, anti-
inflammatory, anti-proliferative and anti-carcinogenic activity as well as positive effects on
blood sugar levels and in the cardiovascular and neurologic systems (Cisowska et al., 2011,
Badshah et al., 2015, Wallace and Giusti, 2013). One of the potential biological activities of
anthocyanins includes antimicrobial activity. In literature several different reports may be found
on the antimicrobial capacity of different types of anthocyanin rich extracts against a
considerable wide range of microorganisms. However, the available literature regarding the
effect of individual anthocyanins is considerably scarce and focused upon planktonic cells. In
nature, bacteria are scarcely found in this state, rather they are most often present in biofilms,
survival structures notorious for their high resistance to antimicrobial agents. Therefore, the
literature available regarding the antimicrobial potential of pure anthocyanins is not only scarce
but, to the best of our knowledge, disregarding one very important factor — the impact upon

bacterial biofilms (Puupponen-Pimié et al., 2001).

Staphylococcus are one of the most commonly found pathogenic agents and possess several
inherent characteristics that help them being so, namely their ubiquitous presence in humans
and their propensity to develop antimicrobial resistance (Chambers, 2001, Livermore, 2000).
S. aureus, one highly recognized pathogen, has long since been split into two different groups
regarding their antibiotic resistance; methicillin sensitive S. aureus (MSSA) or methicillin
resistant S. aureus (MRSA). Recently, a new resistant group has emerged, the vancomycin
resistant S. aureus (VRSA) (Livermore, 2000, Carbon, 2000). Furthermore, S. epidermidis,
usually regarded as a commensal microorganism of human skin, has also emerged as an
important pathogen as it has acquired resistance to methicillin (methicillin resistant S.
epidermidis; MRSE) (Carvalho et al., 2015).

A previous work showed that an anthocyanin rich blueberry extract (whose most abundant
anthocyanins were malvidins, particular malvidin-3-glucoside (M3Glu)) with neochlorogenic

acid (NChA) was capable of significantly inhibit the growth, adhesion and biofilm formation
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of S. aureus (Silva et al., 2016). Therefore, in attempt to better understand the real effect of
each compound and establish a compound-effect relationship, the present work aimed to
determine the antimicrobial potential of M3Glu (alone and in the presence of NChA) against
an array of staphylococci strains with clinical relevance (MSSA, MRSA, VRSA and MRSE).

2. Experimental section
2.1. Microorganisms

Several Staphylococcus strains were used in this work. Clinical isolates (Cl, from urine),
capable of establishing biofilms, of a methicillin sensitive (MSSA CI) and a methicillin resistant
(MRSA CI) S. aureus were kindly provided by CHTMAD — Hospital Centre of Tras-os-Montes
e Alto Douro (through Ph.D. Maria José Alves). Additionally, three reference (R) strains of S.
aureus and one of S. epidermidis were also considered: MSSA ATCC 25923 (MSSA R), MRSA
CCUG 60578 (MRSA R), vancomycin resistant S. aureus ATCC 700699 (VRSA) and
methicillin sensitive S. epidermidis ATCC 51625 (MRSE).

2.2. Test solutions

Malvidin-3-glucoside was acquired from Extrasynthese (Lyon, France) and NChA was
acquired from Sigma (St. Louis, USA). Four different test solutions were prepared, two using
only M3Glu (500 and 250 pg mL™) and two using a mixture of M3Glu and NChA: 500 pg mL-
1 M3Glu with 100 pg mL* NChA (cM3GIu/NChA) and 250 pg mL™* M3Glu with 50 pug mL™?
NChA (M3GIu/NChA). All solutions were prepared using sterile saline (0.5% (w v'*) NaCl)
for the adhesion assays or tryptic soy broth (TSB, Biokar Diagnostics, Beauvais, France)
(supplemented with 1% (w v1) glucose (Sigma, St. Louis, USA) for the antibiofilm assays) and
sterilized using a 0.22 um sterile filter (Millipore, Billerica, USA).

2.3. Time inhibition curves

Time inhibition curves were drawn as described elsewhere (Silva et al., 2016). Briefly, the test
solutions were inoculated with an overnight inoculum and transposed into a 96-well microtiter
(Nunc, Darmstadt, Germany) and incubated at 37 °C. The optical density (OD) at 660 nm was
assessed for a 24 h period, at 1 h intervals, using a microplate reader (Fluostar Optima; BMG

Labtech, Ortenberg, Germany). A positive control was drawn using plain TSB without
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antimicrobial agent and TSB was added as a negative control. Each condition was assayed in
triplicate.

2.4. Total planktonic viable cell determination

After 24 h incubation in the presence of the test solutions, the total viable cells were determined
using the drop method as described by Miles et al. (1938). Briefly, decimal dilutions were plated
in plate count agar (PCA, Biokar Diagnostics, Beauvais, France) and incubated at 37 °C for 24
h. Plain TSB was used as a positive control and each assay was performed in triplicate.

2.5. Antibiofilm activity

The test solutions were inoculated at 2% (v v'!) with an overnight inoculum and aliquots were
distributed into 96-well microtiters (Nunc, Darmstadt, Germany) and incubated for 24 h at 37
°C. Afterwards, the content of each well was carefully discarded, washed to remove non-
adherent cells and then used to determine the biofilm entrapped cells, biomass, metabolic
activity and protein content. Plain TSB supplemented with 1% (w v) glucose was used as a

positive control. Each assay was performed in triplicate.

2.6. Biofilm entrapped viable cells

To quantify the biofilm embedded bacteria a method described previously was used (Silva et
al., 2015b). Briefly, the content of each well was scraped and suspended in sterile phosphate-
buffered saline pH 7.4 (PBS). The total viable counts were determined using serial dilutions
and the drop method described by Miles et al. (1938), and the results given in log reduction of

viable cells calculated according to the equation below:

log viable cells reduction =log CFU —log CFU

positive conttrol assay

2.7. Biofilm biomass

Total biofilm biomass was determined using the crystal violet method as described by
Stepanovi¢ et al. (2000). Briefly, after the removal of non-adherent cells, the biofilms were
fixed using absolute ethanol (Panreac, Barcelona, Spain), stained with crystal violet and, after
a thorough washing, the content of each well was resuspended in acetic acid (0.1% (v v!)) and

the OD at 660 nm was read using a microplate reader (Fluostar Optima; BMG Labtech,
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Ortenberg, Germany). Results were given in biomass formation inhibition percentage according
to the following formula:

- PRI ODassay
% Biomass inhibition =100 — O— x 100

positiveontrol

2.8. Biofilm metabolic activity

The metabolic activity was assessed using the 2,3-bis(2-methoxy-4-nitro-5-sulfo-phenyl)-2H-
tetrazolium—caboxanilide (XTT) colorimetric method as described by Machado et al. (2013).
After a 3 h incubation at 37 °C the OD at 485 nm was measured using a Fluostar Optima
microplate reader (BMG Labtech, Ortenbeg Germany). The results were given in metabolic

activity inhibition percentage calculated according to the following formula:

oD
% Metabolic activity inhibition =100 — [walooj

positiveontrol
2.9. Impact on bacterial adhesion

2.9.1. Adhesion to polystyrene (PS)

The test solutions prepared using saline were inoculated at 2% (v v'), aliquoted into sterile
polystyrene microtiters (Nunc, Darmstadt, Germany) and allowed to incubate for 3 h at 37 °C.
After this period, the content of each well was discarded and washed with sterile saline and
processed as described above to determine biofilms’ biomass (Silva et al., 2016). Inoculated
saline was used as a positive control and all assays were performed in triplicate. The results
were given in percentage of adhesion inhibition according to the equation below.

R eyt ey ODsampIe
% Adhesion inhibition =100 — O—xlOO

positivecontrol

2.9.2. Adhesion to polystyrene pre-treated with rabbit plasma

Aliquots of rabbit plasma (rp) were used to fill 96-well PS microtiters (Nunc, Darmstadt,
Germany) and incubated for 24 h at 37 °C to allow for protein adsorption to the PS surface.
After this period, the plasma was discarded and the wells washed with saline solution(Silva et
al., 2016, van Loosdrecht et al., 1990). From this point forward two different approaches were

used. In the first bacteria were incubated, for 3 h at 37 °C, with the test solutions (PS-rp). In the
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second the bacteria were exposed to the test solutions first (37 °C, 1 h) and only then to the
microorganims (37 °C, 3 h) (PS-rp-ts). Both protocols are fully described elsewhere (Silva et
al., 2016). Inoculated saline was used as a positive control and all assays were performed in
triplicate. The results were given in percentage of adhesion inhibition according to the equation

below.

R eyt ey ODsampIe
% Adhesion inhibition =100 -| ———————x100

positivecontrol

2.10. Statistical analysis

Statistical analysis of the results was performed using IBM’s SPSS Statistics v21.0.0.0 (New
York, USA). The normality of the distributions was assessed using Shapiro-Wilk’s test. When
comparing between the different test solutions, One-Way ANOVA coupled with Turkey’s post
hoc test was used. The time inhibition curves were compared using the Repeated Measures test
(to compare the behaviour throughout the 24 h period). Differences were considered significant

for p-values inferior to 0.05.

3. Results and discussion
3.1. Impact upon Staphylococcus growth

As can be seen in Figure 1, all tested solutions (comprised of M3Glu alone or M3Glu mixed
with NChA) were capable of reducing the growth of all staphylococci tested. For MRSE (Figure
1e), higher concentrations of anthocyanins allowed for higher inhibitions of bacterial growth,
with the presence of NChA having no significant (p > 0.05) impact upon the results. When
considering MSSA R (Figure 1a) no significant (p > 0.05) differences were found between the
inhibitions observed for the most concentrated M3Glu and NChA mixture (500 ug mL* M3Glu
with 125 pg mLNChA, cM3GIu/NChA), M3Glu at 500 pg mL™? and at 200 pg mL?, thus
indicating that the presence of NChA didn’t grant any additional inhibition when the
anthocyanin was present at 500 pg mL™. When considering the less concentrated M3Glu and
NChA mixture (200 pg mL™* M3Glu with 50 pg mL™* NChA, M3GIu/NChA) it can be seen that
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Figure 1. Time inhibition curves drawn for MSSA R (a), MSSA CI (b), MRSA R (c), MRSA CI (d), MRSE
(e) and VRSA (f) when exposed to M3Glu at 500 pg mL™* (), M3Glu at 250 pg mL*(4.), cM3GIu/NChA
(®:500 pg mL™ M3Glu with 100 pg mL* NChA), M3GIu/NChA (V250 ug mL* M3Glu with 50 pg mL*
NChA) and for the positive control (O).

the inhibition induced by the anthocyanin alone (at 250 pg mL™t) was hindered in the presence
of NChA, as this combination allowed for higher OD values and an earlier beginning of the log
phase. Interestingly, for MSSA CI, MRSA R and VRSA (Figure 1b, 1c and 1f), while for the
highest concentration of M3Glu (M3Glu at 500 pug mL™* and cM3G/NChA) no significant (p >
0.05) differences were observed, the presence of NChA led to an increase in the inhibitory

activity when the anthocyanin was present at 250 pg mL™. On the other hand, for MRSA ClI
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(Figure 1d) the presence of NChA in the test solution increased the inhibition observed in
comparison to the counterpart solution with M3Glu alone. In an earlier work, it was reported
that an anthocyanin rich blueberry extract (whose main anthocyanin was M3Glu) that contained
NChA was capable of fully inhibiting the growth of MSSA R and MRSA R. This activity was
observed for 1000 (184.7 ug mL* total anthocyanins and 32.2 pg mL™* NChA) and 500 pg mL"
1 (92.35 pg mL* total anthocyanins and 16.1 pg mL™? NChA) extract (Silva et al., 2016).
However, in the present work the test solutions, even when at similar or higher concentration
of pure compounds, were unable to exert an inhibition as strong has that of the extract. As it is
comprised of several different compounds and not only the two compounds tested it is likely
that some of the loss of activity may be explained by their absence.

In spite of the overall inhibitions in OD observed (after 24 h) in Figure 1, when contemplating
the total viable cells (Figure 2) it can be seen that not all Staphylococcus were effectively
inhibited by the test solutions. For instance, MSSA CI, MRSA R, MRSE and VRSA growth
was not significantly (p > 0.05) inhibited (Figure 1b, 1c, 1le and 1f). In fact, in some cases the
total viable counts were higher than those registered for the control with the increase ranging
from 0.44 log (MSSA ClI exposed to 500 pug mL* of M3Glu) to 0.91 log (MRSE exposed to
M3GIu/NChA). Nevertheless, some inhibitions were still observed for MSSA R and MRSA ClI
viz. M3Glu (500 pg mL™t) and cM3GIu/NChA (500 pug mL™? M3Glu with 100 pg mL™* NChA)
were capable of inducing reductions up to 1.4 log of MSSA R viable cells and both mixtures
with NChA caused an average of 0.6 log reduction of the total viable cells of MRSA CI. It is
interesting to note the lack of parity between the inhibitions observed after 24 h in OD and the
ones for total viable cells. As the spectrophotometric method measures the overall capacity to
absorb light and anthocyanins are pigments it is possible that some interferences may occur.
Furthermore, as the anthocyanins’ chemical nature allows them to shift between forms (with
different colours and absorbance spectra) depending on the environmental pH values which, in
turn, vary as a result of the bacterial metabolism it is possible that this measurement is,

somewhat biased (Castafieda-Ovando et al., 2009).
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3.2. Impact upon Staphylococcus

biofilms

As can be seen in Figure 3a, overall, all
test solutions were capable of inducing a
reduction of the viable, biofilm
entrapped, cells though some exceptions
were observed. Namely, for MSSA R
exposed to 250 pg mL* a small increase
in viable cells was observed (0.29 log),
while for MRSE (500 pg mL?* M3Glu
and cM3GIu/NChA), VRSA (500 pg mL"
! M3Glu, cM3GIuU/NChA  and
M3GIu/NChA) and MSSA CI (250 pg
mL* M3GIu) no significant (p > 0.05)
variations were observed. For MSSA and
MRSA (both R and CI strains), as could
be expected, a direct relation between
concentration an inhibition was observed
with the most concentrated M3Glu
solution (500 pg mL?) being more
effective (by an average of 1.0 log cycles)
in reducing the amount of biofilm
entrapped cells than its diluted
counterpart (250 pg mL™?). However,
when considering the M3G solutions with
NChA, no statistically significant (p >
0.05) differences were found between
both  solutions regardless of their
concentration (cM3GIu/NChA  and
M3GIu/NChA). The only exception was
observed for MSSA R where the most

diluted solution was more effective than
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Figure 3. Effect of the test solutions upon biofilms’
viable cells (a), biomass (b) and metabolic activity when
exposed to 500 pg mL* M3Glu (™), 250 pug mL*
M3Glu (M), cM3GIu/NChA (M; 500 pug mL* M3Glu
with 100 pg mL* NChA) and M3GIu/NCh3 (M; 250 pg
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each bar indicate the statistically significant (p < 0.05)
differences found for each microorganism.
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the concentrated one, an effect also observed for MRSE in the presence of M3Glu and NChA

mixed solutions.

Interestingly, when observing the results pertaining to the biofilms biomass (Figure 3 b) and
metabolic activity (Figure 3c) M3Glu at 250 pug mL* (the overall less effective in reducing the
biofilm entrapped cells) produced the highest inhibitions observed. For instance, for MSSA R
the 250 pg mL* solution while promoting a 0.29 log increase of viable cells also allowed for a
40% inhibition of total biomass and 81% inhibition of metabolic activity. This scenario, that is
similar to the one observed for all other staphylococci (except VRSA, where the 250 pug mL™
solution is the most effective in reducing the biofilm entrapped cells) indicated that while the
overall amount of cells was not be the lowest, they were less active and less surrounded by the
polymeric matrix that helps in the protection of biofilm imbedded bacterial cells (Chaignon et
al., 2007). Considering that one of the mechanisms through which biofilms are thought to grant
resistance is by obstructing the antimicrobials access to the bacterial cells, this reduction in
biomass may be particularly interesting to explore in combination with other

antibiotics/antimicrobials (Chaignon et al., 2007, Fux et al., 2005).

Higher concentration of anthocyanin (M3Glu at 500 pg mL™) exerted little to no metabolic
inhibition upon any of the strains tested (less than 10%) and the same was observed for biomass
inhibition (less than 5%) for all bacteria, with the exception of MRSA R and MRSA CI (23.6%
and 27.4% inhibition, respectively). These results are particularly interesting if considering that
the overall amount of biofilm entrapped cells were lower than in the control (e.g. MSSA R),
meaning that as there were fewer viable cells present in the biofilm they had to be both more
metabolically active and produce more extracellular matrix to compensate for the difference. It
is possible that the bacteria, perceiving the presence of a less favourable environmental
conditions, increased their metabolic activity in order to compensate for this stress namely
through the increase in production exopolysaccharide (EPS) (Landini, 2009). On another note,
the addition of NChA led to significantly (p < 0.05) lower inhibition values for the less
concentrated mixed solution (M3GIu/NChA). Conversely, when considering cM3GIu/NChA,
the addition of NChA caused a significant (p < 0.05) increase in the inhibitions observed for
biomass (all staphylococci except MRSA CI) and metabolic (all bacteria bar VRSA). This
demonstrated the importance of the overall chemical context when considering the activity of
natural plant extracts and potential synergies established between compounds in order for them

to exhort a given activity.
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adhesion to PS (M), PS-rp (™) and PS-rp-ts (M). The different letters indicate the statistically significant (p <
0.05) differences between the bars.

Overall, the test solutions were capable of reducing the biofilms formed (Figure 3) by the
different staphylococci strains and they did so at concentrations that had little to no impact upon
the number of viable cells (Figure 2). Furthermore, it appears to reduce bacterial adhesion to
surfaces without promoting the development of bacterial resistance (Costerton et al., 1999,
Donlan, 2001, Zimmer et al., 2014).

3.3. Impact upon Staphylococcus adhesion

To ascertain the anthocyanin and anthocyanin/NChA mixtures potential to block
staphylococcal binding to surfaces, anti-adhesion studies were carried out considering both a
plain polystyrene (PS) surface and a PS surface coated with plasmatic proteins (PS-rp as to
mimic exposure to a cytoplasmatic environment) (van Loosdrecht et al., 1990). All of the tested
solutions were capable of inhibiting bacterial adhesion to PS surfaces (fugure 4(with a range of
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inhibitions from 2.9 (M3GIu/NChA against MSSA CI) to 21.3% (500 pg mL™* M3Glu against
MSSA R), with the only exception being MRSA R exposed to cM3GIu/NChA. When
considering the PS-rp assay, more cases where no inhibition was observed were registered;
VRSA for all solutions except M3GIuU/NChA, MRSA R for M3Glu (500 pug mL™) or
M3GIu/NChA and M3Glu (250 pg mL™?) for MRSE. Moreover, it is interesting to note that
while more microorganims appear to be less susceptible to the compounds, the maximum
inhibition values are also significantly (p < 0.05) higher (ca. 40%), though that did not always
translate into higher inhibition values for PS-rp (when comparing to PS). This is unlike what
has been observed in a previous work with a blueberry extract (rich in anthocyanins, particularly
M3GIlu and possessing NChA) where the pre-treatment of PS surfaces with rabbit plasma did
not always led to higher inhibition percentages(Silva et al., 2016). These differences are a
possible consequence of the extracts’ complexity as the array of anthocyanins may allow for
synergistic activities that M3Glu alone, even when in the presence of NChA, is not able to

reproduce.

On another note, to try and ascertain how the interaction of the compounds with the adsorbed
proteins could affect the adhesion process, a third surface, sequentially exposed to rabbit
plasma, test solutions and microorganims, was considered (PS-rp-ts). Overall four different
behaviours were observed: i) no significant differences (p > 0.05) were found between the
adhesion to PS-rp and PS-rp-ts surfaces indicating that the inhibitory effect observed is a
consequence of the interactions between M3Glu, NChA and the adsorbed proteins (Soares et
al., 2007). ii) adhesion inhibition was higher for PS-rp than for PS-rp-ts, however the presence
of inhibition in the latter indicates that at least part of the inhibition observed was mediated by
interactions between the compounds and the adsorbed proteins. iii) inhibition of adhesion was
lower for PS-rp than for PS-rp-ts. This occurs only for VRSA, which may indicate that the
compounds are less effective in blocking bacterial adhesion when in the presence of VRSA,
either because the bacteria are faster to adhere than the compounds are to interact or because
VRSA interacted with the compound reducing its effectiveness. iv) PS-rp inhibition values are
higher than those observed for PS-rp-ts and the latter are negative, thus signalling that the

interaction of the compounds with the adsorbed proteins may accentuate bacterial adhesion.

Overall, when considering the activity of the isolated compounds it is significant lower than
that observed for a similar extract. Considering the lack of evidence on the antimicrobial

activity of pure anthocyanins and the lack, to the best of our knowledge, of mechanistic papers
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we can only hypothesise why this occurs. The addition of NChA proved to cause a significant
variation in M3Glu activity, thus demonstrating that one of the possible explanations for the
differences is the absence of synergies with other compounds. Another reason that may explain
these differences, particularly when considering the effect of the addition of an acid, is the
environmental pH values. In solution, anthocyanins may be found in several different forms
depending on the environmental pH; at low pH the main form is the flavylium cation which is
positively charged while at the pH in which these inhibitions were observed (ca. 6.5 — data not
shown) the major form is the neutral quinoidal base (Lopes et al., 2011). Bacterial cells are
electronegative entities which makes them more prone to interact with positively charged
compounds, thus the environmental pH values may explain the comparatively lower activity
observed as well as prove to be an important subject to be studied in the future (Costa et al.,
2012).

4. Conclusions

While not effective in inhibiting the amount of planktonic staphylococci after 24 h, M3Glu
(alone and in the presence of NChA) was effective in inhibiting biofilm formation and
Staphylococcus adherence. This capacity to reduce adhesion and biofilms without reducing
bacterial growth is an important characteristic as it reduces the likeliness of resistance
development making M3Glu an interesting alternative antimicrobial compound. Furthermore,
their capacity to reduce bacterial adhesion makes them interesting additives to be used when
bacterial infection/colonization is an important factor to control, though further studies seeking
to understand the environmental pH role may be of importance as it may allow for better

inhibitions.
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Effect on probiotics &
probiotic/pathogen systems

This chapter aimed to characterize the extract’s impact upon
probiotic bacteria, when present at concentrations effective against
food pathogens.

“To declare war on ninety-nine percent of bacteria when less than one percent of them threaten our health
makes no sense. Many of the bacteria we're killing are our protectors. ”

Sandor Katz quoted in Cooked: A Natural History of Transformation
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Chapter Preamble

When looking at the antimicrobial potential of a natural extract it is common to focus only
on potential pathogens ignoring the fact that, as not all bacteria are harmful not all inhibitions
are positive. Probiotic and lactic acid bacteria are a prime examples of groups of bacteria
whose inhibition may be detrimental, not only because it may limit the use of the extracts to
non-fermented foods, but also because it may compromise potential health benefits they have
(e.g. interfering with transient adherence and presence in gut microbiota and the production
of short chain fatty acids (SCFA)). Hence, the main goal of the present chapter was to
evaluate the effect of the extract upon five different probiotic bacteria as well as its impact
upon some of their potential beneficial characteristics: organic acid production and inhibition
of intestinal pathogens. To accomplish this, the chapter was divided in two.

Chapter 6.1: Selective activity of a purified blueberry extract upon pathogenic and

probiotic bacteria

Some authors have reported that anthocyanins and anthocyanin rich extracts while capable
of inhibiting the growth of potential pathogens they had little to no inhibitory effect upon
lactic acid bacteria and potential probiotics. Therefore, this chapter intended to evaluate the
impact of blueberry extract upon five different probiotic microorganims’ (Lactobacillus
plantarum 299V, Lactobacillus acidophilus Ki, Lactobacillus rhamnosus R11,
Bifidobacterium animalis Bo and Bifidobacterium animalis Bb12) growth and metabolic
activity at a concentration that was effective in inhibiting the growth of potential four
potential food pathogens (Bacillus cereus, Escherichia coli, Listeria monocytogenes and
Salmonella enteritidis). To do so, different extract concentrations were assessed for their
capacity to inhibit pathogen growth over a 24 h period using and absorbance measuring
method. The concentration identified as the most interesting (1000 pg mL™) was used to
determine the extract’s impact upon the total viable pathogen counts. As this concentration
proved to be effective in inhibiting pathogen growth, it was used to determine the extract’s
impact upon the growth and metabolic activity of probiotics. Overall, the extract had little
to no inhibitory effect upon the overall growth of the probiotic microorganisms though it did
appear to stimulate the overall production of organic acids.

Chapter 6.2. Impact of a purified blueberry extract on probiotic mucin adhesion and

its effect on probiotic/intestinal pathogen systems
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The production of organic acids by probiotics has long since been describes as one of the
mechanism through which probiotics may aid in the protection against gastrointestinal
infections. Another mechanism is associated with the probiotics’ capacity to hinder probiotic
colonization of the gut either by aiding in the removal of, occupying or competing with
pathogens. As the extract has been found to be an effective inhibitor of pathogen adhesion
(chapter 5.1), it is possible that its presence aid in the reduction of pathogen adhesion to the
intestinal epithelium. To test this hypothesis an in vitro system that used mucin and bovine
serum albumin (BSA) was used to determine the extracts impact upon the probiotics’
capacity to either displace adhered pathogen cells, compete with pathogens for adhesion
spots or impede their adhesion to the treated surface while also evaluating the extract’s effect
upon probiotic colonization of the surfaces. The results demonstrated that, while the extracts
may cause some reduction of the viable adhered probiotic cells, they generally cause a
reduction in the amount of adhered pathogens with some combinations of extract with B. Bo
being able to almost completely inhibiting the adhesion of pathogen cells.
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Selective activity of a purified blueberry extract upon pathogenic and probiotic

bacteria
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Abstract

Blueberry extracts have been widely recognized as possessing antimicrobial activity against
several potential pathogens. However, the contextualization of the interaction of these
extracts with beneficial bacteria (i.e. probiotics), particularly when considering food
applications of these products, may be of importance, not only because their presence is
important in the regular gut microbiota but also because they are important constituents of
regular and functional foodstuffs. Therefore, the present work firstly sought to demonstrate
the inhibitory effect of a blueberry extract upon four potential food pathogens and, after
identifying the active concentrations, evaluated their impact upon the growth and metabolic
activity (organic acid production and sugar consumption) of five potential probiotic
microorganisms. Results showed that the extract, at a concentration that inhibited L.
monocytogenes, B. cereus, E. coli and S. enteritidis (1000 ug mL™), had no inhibitory effect
on the growth of the potential probiotic stains used. However, it had a significant impact on
metabolic activity of all probiotic strains resulting in higher amounts of organic acid

production (acetic, citric and lactic acids) and an earlier production of propionic acid.
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Keywords: Probiotic; Pathogen; Antimicrobial activity; Blueberry extract; Organic acids;
Short chain fatty acids
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1. Introduction

Blueberries are recognized as being rich in phenolic compounds, particularly anthocyanins.
This trait has made them the focus of several studies, which aim to better understand the
health promoting properties of blueberry-based extracts. One of the most common attributes
associated with phenolic compounds is their potential as antimicrobial agents, with several
authors having demonstrated it (Silva et al., 2016b, Shen et al., 2014, Deng et al., 2014,
Lacombe et al., 2012, Park et al., 2011, Burdulis et al., 2009). However, in a previous work
it has been reported that a blueberry extract, while capable of inhibiting the growth of several
potential pathogens, had no inhibitory effect upon Lactobacillus rhamnosus, Lactococcus
lactis and Lactobacillus bulgaricus growth (Silva et al., 2013). This has raised an interesting
question - if a blueberry extract is capable of inhibiting a pathogen, while simultaneously
not inhibiting potentially probiotic microorganisms, can it be used as potential antimicrobial
additive for fermented foods or as a coadjuvant for the treatment of intestinal infections?
Furthermore, although a few works may be found on anthocyanin rich extracts’ lack of
inhibitory effect against potential probiotics, to the best of our knowledge none has
considered the impact that the extracts’ presence may have upon their metabolic activity
when present at the concentrations needed to have an antimicrobial effect upon pathogenic
microorganisms (Lee et al., 2008, Lacombe et al., 2012, Silva et al., 2013, Puupponen-Pimi&
et al., 2001). Therefore, the present work aimed to assess the impact of a purified, phenolic
rich, blueberry extract upon probiotic growth and metabolic activity (in particular production
of organic acids) while simultaneous demonstrating the extract capacity to inhibit the growth
of four potential food pathogens: B. cereus, S. enteritidis, L. monocytogenes and E. coli.

2. Experimental section
2.1. Extract production and purification

Goldtraube blueberries, harvested in 2015, were kindly provided by Mirtilusa S.A. (Sever
do Vouga, Portugal) and were kept at -20 °C until processing. The extracts were produced
using ethanol, purified using Bond Elut Plexa solid phase extraction (SPE) columns from
Agilent technologies (Santa Clara, California, USA) and dried to obtain a powder according
to the protocol described elsewhere (Silva et al., 2016b). Henceforth, whenever extract is

mentioned it refers to the powder obtained in this step.
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2.2. Extract characterization

The extract was dissolved in methanol at 1 mg mL™ and the total anthocyanin content was
determined through the measurement of the area under the curve at 520 nm using the HPLC-
DAD method described elsewhere (Silva et al., 2016a, Lee et al., 2008). Compound
identification was carried out by HPLC-MS as described by Fernandes et al. (2012). Briefly,
a C18 reverse phase HPLC column (25 cm) was used and separation carried out using 2
distinct solvents (A: 10% formic acid in water; B: 10% formic acid and 30% acetonitrile in
water). Each chromatographic analysis occurred using a 0.5 mL min™ flow under the
following gradient: 0 to 70 min, 80-20% of A; 70 to 80 min, 100% B; from 80 to 90 min
80% of solvent A.

2.3. Microorganisms

Four potential food pathogens and five different probiotic strains were considered in the
present work. The probiotics considered were Lactobacillus acidophilus Ki, L. plantarum
299V, L. rhamnosus R11, Bifidobacterium animalis Bb12 (B. Bb12) and B. animalis Bo (B.
BO) and the pathogens were Escherichia coli NCTC 9001, Salmonella enteritidis ATCC
13076, Listeria monocytogenes ESB 3562 (a food isolate from Escola Superior de

Biotecnologia’s culture collection, Porto, Portugal) and Bacillus cereus NCTC 2599.

2.4. Effect on pathogenic bacteria

2.4.1. Time inhibition curves
Extracts at 1000, 500, 250 and 125 pg mL™* were prepared using Tryptone Soy Broth (TSB,

Biokar Diagnostics, Beauvais, France), sterilized using a 0.22 pm filter (Millipore,
Massachusetts, USA) and inoculated using an overnight inoculum (ca. 108 CFU mL™). The
mixtures were incubated in a 96 well microplate (Nunc, Darmstadt, Germany) for 24 h at 37
°C with the optical density (OD) at 660 nm being assessed at 1 h intervals (Fluorostar Optima
Microplate Reader, BMG Labtech, Ortenberg, Germany) and the increase in OD being
considered as a consequence of bacterial growth. A positive control was drawn using
inoculated culture media and sterile TSB was used as a negative control. Each condition was

assayed in triplicate (Silva et al., 2016b).
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2.4.2. Impact on pathogenic viable counts

A 1000 pug mL* extract solution in TSB was inoculated with an overnight inoculum of each
of the pathogenic microorganisms and incubated at 37 °C for 24 h. Atthe 0, 6, 12 and 24 h
mark the total viable cells were determined using decimal dilutions and plated in Plate Count
Agar (PCA, Biokar Diagnostics, Beauvais, France) (Miles et al., 1938, Silva et al., 2015).
The PCA plates were then incubated at 37 °C for 24 h. Each condition was assessed in

triplicate.

2.5. Effect on probiotic bacteria

The effect of a 1000 pg mL* extract solution prepared using de Mann Rogosa and Sharpe
Broth (MRS broth, Biokar Diagnostics, Beauvais, France) for lactobacilli or MRS broth
supplemented with 0.5 g L L-cysteine-HCI (Sigma, St. Louis, USA) (MRS+CYS broth) for
bifidobacteria. This mixture was inoculated using an overnight inoculum and incubated at
37 °C for 24 h (bifidobacteria were incubated in anaerobiosis). At 0, 6, 12 and 24 h the total
viable cells, environmental pH values and organic acid production/sugar consumption were
assessed. The total viable probiotic counts were determined using decimal dilutions and
plated in either MRS (48 h at 37 °C) or MRS+CYS (48 h at 37 °C under anaerobic
conditions) agar. The culture media pH values were measured using a crison micropH 2002
(Crison Instruments S. A., Barcelona, Spain) pH reader. Sugar consumption/organic acid
production was evaluated using an HPLC-RI-UV system, following the analytic conditions
described by Sousa et al. (2015). Positive controls were drawn through inoculation of the
respective culture media without extract and non-inoculated culture media (with and without

extract) was used as a negative control. Each condition was assessed in triplicate.

2.6. Statistical analysis

Statistics analysis of the results was performed using IBM SPSS Statistics v21.0.0.0 (New
York, New York, USA). Normality was assessed using Shapiro-Wilks’s test. As the results
proved to follow a normal distribution, the differences in were evaluated using One-Way
Anova coupled with Turkey’s test. The exception being when comparing between the

different times in a given condition, in this case a One Way Repeated Measures ANOVA
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coupled with Turkey’s test was used. Differences were considered significant for p-values
below 0.05.

Table 1. Compositional characterization of the blueberry extract by HPLC-MS.

; A e o i
Peak number Anthocyanin m/z (M%) Fragments (m/z)

1 Delphinidin-3-galactoside 465 303; 162

2 Delphinidin-3-glucoside 465 303; 162

3 Cyanidin-3-galactoside 449 287; 162

4 Delphinidin-3-arabinoside 435 303; 132

5 Cyanidin-3-glucoside 449 287; 162

6 Petunidin-3-galactoside 479 317; 162

7 Cyanidin-3-arabinoside 419 287; 132

8 Petunidin-3-arabinoside 479 317; 162

9 Peonidin-3-galactoside 463 301; 162

10 Petunidin-3-arabinoside 449 331; 162

11 Malvidin-3-galactoside 493 331; 162

12 Peonidin-3-glucoside 463 301; 162

13 Malvidin-3-glucoside 493 331; 162

14 Peonidin-3-arabinoside 433 301; 132

15 Malvidin-3-arabinoside 463 331; 162

16 Cyanidin 287 174; 213; 231; 259

17 Delphinidin 303 157, 229; 257

18 Petunidin 317 302

19 Peonidin 301 286
20/21* Malvidin 331 270; 287; 299; 316

*peak 21 is s non-specific fragment of peak 20
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3. Results

The extract was comprised of 637 mg g of anthocyanin and, as can be seen in Table 1, all
fifteen anthocyanins typically reported as being present in blueberries were identified in the

extract, as well as their aglycone counterpart (Routray and Orsat, 2011).

Overall all microorganisms’ growth was affected by the presence of the extract at 1000 ug
mL* (Figure 1), though total OD inhibition throughout the 24 h period was never achieved.
From the analysis of Figure 1a, it can be seen that L. monocytogenes growth was significantly
(p < 0.05) reduced in the presence of the extract at 1000 and 500 pug mL™* (57.4% and 19.8%
lower than the control, respectively). Furthermore, all concentrations of extract were capable
of inducing both a reduction of the maximum OD as well as a reduction of the overall growth
rate of L. monocytogenes. For E. coli (Figure 1b), extract at 1000 pg mL* had an OD value

OD 660nm
OD 660nm

Time (h) Time (h)

OD 660nm
-
L

?

)
OD 660nm

Time (h) Time (h)

Figure 1. Time inhibition curves for L. monocytogenes (a), E. coli (b), S. enteritidis (c) and B. cereus (d)
when exposed to different concentrations of extract; 1000 ug mL1 (@), 500 ug mL'l( ), 250 ug mL'l( ),
125 ug mL'l( )and 0 ug mL'l(O).
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that was 52.9% lower than that of the control, at the 24 h mark, while when considering 500
ug mL? this reduction was of only 36.9%. The remaining two concentrations, while still
being capable of significantly (p < 0.05) hindering the growth of the bacteria, at the 24 h
mark had little to no inhibitory effect. Considering S. enteritidis (Figure 1c), it is interesting
to note that the extract only inhibited bacterial growth at 1000 pug mL™ (70.3% reduction in
OD, compared to that of the control, after 24 h). All other concentrations lead to OD values
(after 24 h) that were 26.3 to 40.4% higher than those of the control. A similar behaviour
was observed for B. cereus (Figure 1d). For this microorganism the extract was only capable
of inhibiting growth at the highest concentration tested (53.1% lower OD than in the control,
after 24 h) while the remaining concentrations led to final OD values that were higher than
those registered for the control (from 18.1 to 39.6%).
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Figure 2. Total viable cells for L. monocytogenes (a), E. coli (b), S. enteritidis (c) and B. cereus (d) in the

presence ((M)1000 ug mL'l) and absence (M) of extract. The different letters represent statistically significant
(p < 0.05) differences between each bar.
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Figure 3. Total viable cells (bars) and pH values (lines) for L. rhamnosus (a), L. plantarum (b), L.
acidophilus (c), B. Bo (d) and B. Bb12 (e) when exposed (M), or not (M), to 1000 pg mLL of extract.
Different letters mark statistically significant (p < 0.05) differences between the bars.

In Figure 2, the impact of the extract at 1000 pg mL™ (concentration that appeared to be the

most effective in inhibiting bacterial growth (Figure 1)), upon the total viable cells was

assessed. As can be seen for both L. monocytogenes and S. enteritidis (Figure 2a and 2c), the

extract did not allow bacteria to grow as much as they did in the control, as viable cells

counts were, in average, ca. 18 and 16% lower, respectively. However, when comparing

with the initial bacterial counts, some significant (p < 0.05) growth was observed, though it

fell below one logarithmic (log) cycle. The same was not observed for E. coli (Figure 2b).

In this case, there was a significant (p < 0.05) reduction in the initial viable cell, which
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reached 1.82 log of CFU after 12 h. Between 12 and 24 h the total viable cells increased by
1.25 log of CFU, though the overall amount still positioned below the one observed in the
beginning (0.59 log of CFU lower). For B. cereus (Figure 2d) the extract appears to have a
bacteriostatic effect, as between 0 and 24 h no significant growth was observed. However,
it is interesting to note that, at 12 h, the total viable cell counts had dropped 0.52 log of CFU
(p < 0.05), meaning that the bacteria counts were actually being reduced in this time frame.

The extract’s impact upon potential probiotic microorganisms was evaluated and, as can be
seen in Figure 3, the extract had no significant (p > 0.05) impact upon the growth of L.
rhamnosus, L. plantarum, L. acidophilus and B. Bo (Figure 3a to 3d; bars). The only
exception was found for B. Bb12. For this microorganism (Figure 3; bars), after 12 h, the
presence of extract at 1000 pg mL™ led to a viable count value that was 0.94 log of CFU
higher than for the positive control. However, it is important to note that this difference was
not observed after 24 h. Furthermore, Figure 3 also displays the acidification of media
throughout the assay (Figure 3; lines) and no significant variations were registered between

the extract and the control.

The evaluation of the extract’s impact upon the probiotics’ metabolic activity demonstrated
that, overall, there was an increase in the amount of acid present (Figure 4), particularly after
24 h. Four different species of acids were identified, lactic, citric and two different short
chain fatty acids (SCFA) viz. acetic and propionic acids. The addition of the extract to the
culture media resulted in a ca. 34% reduction in acetic acid concentration at the starting point
(Figure 4al and 4a2). In spite of this, after 24 h the amount of acetic acid found when bacteria
were incubated in the presence of extract was 1.5 to 3.16 times higher (for B. Bb12 and B.
Bo, respectively) than that of the control. It is interesting to note that these higher values
appeared to be (for all probiotics except L. rhamnosus) due to a lack of acetic acid
consumption from 12 h onwards because, at that time point, the amount of acetic acid present
in the extract is similar or lower than that of the control. As for the effect on citric acid
production (Figure 4b1 and 4b2) it is interesting to note that, in the case of L. acidophilus,
the presence of extract appeared to delay the increase in citric acid concentration but, at 12
and 24 h no statistically significant differences (p > 0.05) were found. Similarly, for B. Bb12,
no significant (p > 0.05) differences were found in citric acid concentration after 12 or 24 h.
For all other probiotics the presence of the extract led to a significant (p < 0.05) increase of
citric acid levels, ranging from 1.1 to 1.9 times higher than those of the control (for L.

rhamnosus and B. Bo, respectively). Regarding the production of lactic acid (Figure 4c1 and
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Figure 4. Concentration of acetic (a), citric (b), lactic (c) and propionic (d) acids in the presence (1) and absence

(2) of extract at 0 (,)M6 ,)( 12M( ) and 24 (™) h. The different letters mark statistically significant (p < 0.05 )
differences between the times for each individual microorganism assayed.
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4c2) the extracts presence led to an increase in the amount of acid produced after a 24 h
period (ranging from 1.1 to 3.7 times higher for L. acidophilus and B. Bo, respectively). The
only exception was found for B. Bbl12, where no statistically significant (p > 0.05)
differences were found, between extract and positive control, after 24 h. Propionic acid
production was also significantly affected by the presence of the extract (Figure 4d1 and
4d2). When considering the 24 h mark alone, it can be seen that, for all probiotics, there was
an increase in propionic acid, ranging from 1.6 to 2.5 times higher for B. Bb12 and L.
plantarum. The only exception was observed for B. Bo. In this case, the amount of propionic
acid found after 24 h was 1.2 times lower in the presence of extract. However, the presence
of the extract in the media appeared to anticipate the timeframe where this acid was
produced, e.g. in the positive control, for both Bifidobacterium, propionic acid was only
observed at 24 h while, when exposed to the extract, propionic acid was detected after 6 h

of incubation.

Figure 5 illustrates the effect of the extract upon probiotic sugar consumption. In regards to
glucose consumption (Figure 5al and 5a2), after 24 h the presence of the extract either had
no significant (p > 0.05) impact on the leftover glucose (for L. acidophilus and B. Bb12) or
it led to higher values than the control (4.4 and 1.5 times higher for L. plantarum and L.
rhamnosus, respectively). The exception being B. Bo for whom the leftover glucose levels
were 2.9 times lower than those observed for the control. As for maltose (Figure 5b1 and
5b2), and with the exception of L. rhamnosus, at the 12 h mark no maltose was detected
regardless of the presence of the extract. In the case of L. plantarum and L. acidophilus no
significant (p > 0.05) differences between extract and control were found at 6 h, hinting at a
larger consumption of maltose in the positive control as it had an initial amount of maltose
ca. 34% higher than of the media with extract. However, it is interesting to note that, for B.
Bb12 the opposite appears to be true, i.e. the reduction of maltose concentration at the 6 h

mark is significantly (p < 0.05) lower in the presence of the extract (70% less in the presence
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Figure 5. Concentration of glucose (a) and maltose (b) in the presence (1) and absence (2) of extract at 0 (,)
W6 ,)W( 12m( ) and 24 (m) h. The different letters mark statistically significant (p < 0.05) differences
between the times for each individual microorganism assayed.

of the extract vs. 25% less in the control). L. rhamnosus exhibited a response to the extract
presence, in regards to maltose degradation, which was dissimilar to all other
microorganisms. More specifically, while in the positive control its fermentative process led
to a significant decrease in maltose after 24 h, the amount of maltose found in the presence

of the extract after 24 h was 1.2 times higher than that found at the beginning.

4. Discussion

The extract, concentrated at 1000 pg mL™2, was effective at inhibiting the growth of all food
pathogens tested, which stands in accordance to what has been previously reported for an
extract, obtained using the same methodology, in regards to other potential pathogens (Silva
et al., 2016b). Additionally, these results are also in line with those reported by Shen et al.
(2014), who found that L. monocytogenes and S. enteritidis were susceptible to the action of
a blueberry extract. It interesting to note the disparities between the OD measurements and

the quantification of viable cells, as for L. monocytogenes and S. enteritidis the apparent OD
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growth did translate into an increase in viable cells, for B. cereus and E. coli while the OD
hinted at a reduced bacterial growth, the total viable cells either demonstrated no growth (B.
cereus) or a slight reduction in comparison to the initial bacterial load (E. coli). Some
differences between both methods have been described early on and may be explained by
several reasons, one of which is the accumulation of metabolic products that interfere with
the OD measurement or the fact that unviable cells may still be measured by OD but not in

the viable cell determination (Dalgaard et al., 1994).

Anthocyanin rich extracts have been reported as being effective against both Gram negative
and Gram positive bacteria by several authors (Lacombe et al., 2012, Cisowska et al., 2011,
Lacombe et al., 2010, Burdulis et al., 2009, Shen et al., 2014). However, while inhibiting
potential pathogens is always interesting, there are bacteria whose inhibition might present
a disadvantage, e.g. probiotics. In the present work, none of the probiotic strains’ growth
was negatively affected by the extracts presence hinting at a selective inhibitory activity.
This is similar to what was observed by Lacombe et al. (2012) who reported that Vaccinium
angustifolium blueberry extracts (at 34.75 or 17.4 mg L™ equivalents of cyanidin-3-
glucoside) were capable of inhibiting the growth of E. coli 157:H7, L. monocytogenes and
S. typhimurium, while having little to no impact on the growth of L. rhamnosus. However,
it is interesting to note that, while the blueberry extract proposed in the present work
exhibited an antimicrobial activity at significantly higher anthocyanin concentrations (637
mg L), the higher concentration of anthocyanins had no impact upon probiotic growth.
Conversely, it is important to note that the authors did not use an HLPC based assay (as the
one used in this work) but use the differential pH method to quantify anthocyanins, which
has been demonstrated to significantly underestimate the anthocyanin values of extracts, so
the value considered could be significantly higher than the proposed 34.75 or 17.4 mg L°
Y(Leeetal., 2008, Lacombe et al., 2012). Puupponen-Pimia et al. (2001) evaluated the effect
that a pure cyanidin-3-glucoside had upon several potential probiotics, among which stand
a L. plantarum and two L. rhamnosus stains, and found that the anthocyanin alone had no
inhibitory effect (at concentrations up to 28 pg well™?), therefore standing in line with the

lack of inhibitions observed in the present work.

Despite the evidences that anthocyanins and anthocyanin rich extracts have no inhibitory
effect upon probiotics, to the best of our knowledge, no work has focused on the possible
metabolic consequence of their presence at levels capable of inhibiting pathogenic growth.
Overall, the extracts appeared to cause an increase in the amount of acids produced by the
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probiotics, at the 24 h mark, which stands in line with the results of Mousavi et al. (2013),
who reported that the fermentation of an anthocyanin rich pomegranate juice resulted in
higher levels of both acetic and propionic acids. Organic acids, particularly SCFA, are
probiotic metabolites that have been widely associated with an array of health promoting
properties (Stanton et al., 2005, Lankaputhra and Shah, 1998). Namely, L. plantarum 299v
has been described as producing propionic and acetic acids, SCFA that have been associated
with the inhibition of pathogenic microorganims (Makras and De Vuyst, 2006). This might
mean that, the antimicrobial activity of the extract could be accentuated by the presence of
the probiotic bacteria, as both acid levels were significantly higher when probiotics were
exposed to the extract. However, the increase in acetic acid absorption has been linked with
an increase in serum cholesterol levels while propionic acid has been reported as an inhibitor
of cholesterol biosynthesis (Mack et al., 1999, Saarela et al., 2000, Wolever et al., 1991). As
the proposed extract leads to both acetic acid accumulation and an earlier production of
propionic acid, to speculate on its potential impact on cholesterol levels is precocious. From
a different perspective the conservation of these acids after 24 h may be interesting for
fermented products as it may allow for the extension of product shelf life as the acids may
act not only as antimicrobials, but also as antioxidants and texture/colour stabilizers (Brul
and Coote, 1999, Pizzocaro et al., 1993, Eswaranandam et al., 2004, Sallam, 2007, Di Cagno
etal., 2011).

From a sugar consumption standpoint, it can be seen that the presence of extract caused a
reduction in the consumption of glucose. Considering that higher amounts of acids were
produced from a smaller amount of sugars, it stands to reason that some other compounds
are acting as substrate for the potential probiotics, and as anthocyanins have been
demonstrated to act as a possible carbon source, hypothetically they may also be acting as
substrate in this case (Cheng et al., 2016).

It is interesting to highlight that the addition of the extract to the culture media affected both
the amount of acetic acid and maltose present in the beginning of the incubation. While
interactions between extract and culture media is out of the scope of the present work, the
existing literature provides some insights into why this may be observed. Anthocyanin’s
acetylation is a relatively well described process and it may explain the reduction of acetic
acid as it would be sequestered by the anthocyanin molecules (Fong et al., 1971, Anderson
etal., 1970). Maltose reduction, however, may not be as easy to explain though other authors

have also found that the addition of this sugar to anthocyanin rich extracts causes a small

205



Chapter 6.1

reduction in the total anthocyanins (Mousavi et al., 2013, Kopjar et al., 2012). However,
Jackman et al. (1987) reported that some sugars, and their degradation products (resulting
from Maillard reactions and other oxidation reactions) may cause a reduction in the detected

anthocyanin values.

5. Conclusion

The hereby proposed extract, while effectively inhibiting the growth of four potential
pathogenic microorganisms did not hamper probiotics growth. Moreover, when observing
the extract’s potential effect on probiotic metabolism it was observed that, overall, higher
amounts of organic acids were accumulated in the media when in comparison to the control.
While the accumulation of organic acids may be interesting from a food production
standpoint, the accumulation of acetic acid may not be as interesting from a health promotion
standpoint (as acetate functions as a precursor for cholesterol synthesis). However, this
accumulation of acetic acid is also accompanied by an increase in the production of propionic
acid which has some interesting health promoting potential thus demonstrating the need of

further studies in order to better elucidate the blueberry extract potential effects.
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Abstract

Several arguments have been made to support the need to develop natural antimicrobial
alternatives to be used by the food industry. With blueberry extracts, the most compelling
arguments are not only their healthy connotation but also the possibility to obtain a
multipurpose solution that can either be an antioxidant, a coloring agent and an
antimicrobial. From an antimicrobial perspective, as blueberry/anthocyanin rich extracts
have been associated with both a capacity to inhibit harmful bacteria while causing little to
no inhibition upon potential probiotic microorganisms, the study of potential benefits that
come from synergies between the extract and probiotics may be of particular interest.
Therefore, the present work aimed to evaluate the effect of anthocyanin rich extract upon the
adhesion of five different probiotics as well as their effect upon the probiotics’ capacity to
compete with or block pathogen adhesion to a mucin/BSA treated surface. The results
showed that, in spite of some loss of probiotic adhesion, the combined presence of extract
and probiotic is more effective in reducing the overall amount of adhered viable pathogen
cells than the probiotic alone, regardless of the probiotic/pathogen system considered.
Furthermore, in some instances, the combination of extract with Bifidobacterium animalis

Bo allowed for an almost complete inhibition of pathogen adhesion.
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1. Introduction

As the consumers’ perception of the importance of food in health grew, so did the demand
for healthier and health-promoting foodstuffs. This, coupled with the negative connotation
associated with some traditional food additives, has given relevance to the use of plant
extracts as replacements of traditional additives (namely antioxidants), while still conferring
some functionality to the foodstuff. As blueberries have been advertised as being a
superfruit, they are perceived by the consumers as possessing health promoting capabilities
which makes their addition to a foodstuff (either directly or as an extract) a way to increase
their perceived value (Gibson and Williams, 2000). Blueberry phenolic compounds, and
anthocyanins in particular, may be of particular interest, as they not only act as antioxidant
additives but also as colouring agents. Furthermore, as blueberry extracts (and other
anthocyanin rich extracts) have been described as possessing antimicrobial activity while
causing little to no inhibition of the growth of potential beneficial probiotics (though the
information regarding probiotic inhibition is relatively scarce), their possible incorporation
into a food matrix as an antimicrobial may pose an interesting alternative, not only for food
control but also as a potential co-adjuvant to the prevention or control of gastrointestinal
infections (Silva et al., 2013, Lee et al., 2008, Lacombe et al., 2012, Puupponen-Pimid et al.,
2001, Shen et al., 2014).

Probiotic bacteria, have long been thought to aid in the amelioration of intestinal imbalances
(Isolauri et al., 2002). Though several possible mechanisms through which a probiotic may
exhort a positive effect upon a host have been identified, their capacity to prevent, anticipate
or remove adhered pathogens from the intestinal surface stands as one of its most interesting
effects. Considering that blueberry extracts have been described as capable of inhibiting
pathogen adhesion, it is possible that its presence could have a symbiotic effect with
probiotics leading to reduced pathogen adhesion to the intestinal tract. This might mean that
their addition to a fermented food product may not only aid in its preservation, but also
potentiate one of their possible health benefits (Lacombe et al., 2012, Shen et al., 2014, Silva
etal., 2013, Puupponen-Pimié et al., 2001, Silva et al., 2016, Isolauri et al., 2002). However,
to the best of our knowledge, no report has been made on the potential effect of exposing,
simultaneously, potential intestinal pathogens to probiotics and anthocyanin or anthocyanin

rich extracts.
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Therefore, the present work aims were threefold: ascertain if the presence of an anthocyanin
rich blueberry extract (that inhibited food pathogens without inhibiting probiotic growth)
had any impact upon probiotic adhesion; assess a possible probiotic/extract synergy when
competing with potential pathogens in adhering to a mucin (glycoproteins that are abundant
in the mucosa of the gastrointestinal tract) treated surface and evaluate the extract’s capacity
to remove adhered pathogens and replace them with potential probiotics.

2. Experimental section
2.1. Extract production and purification

Goldtraube blueberries (harvested in 2015), kindly provided by Mirtilusa SA (Sever do
Vouga, Portugal), were stored at — 20 °C until processing and extracted as described
elsewhere (Silva et al., 2016). Briefly, ethanolic extracts were produced and purified using
solid phase extraction columns (Bond Elut Plexa, Agilent Technologies, Santa Clara,
California, USA). The resulting powder was then dissolved in deionized water (2000 pg mL"
1y and sterilized using a 0.22 pm sterile filter (Millipore, Massachussetts, USA). The
chemical composition of the extract has been previously described elsewhere (chapter 6.1.).
Henceforth, whenever extract is mentioned it refers to the solution obtained in this step.

2.2. Microorganisms

Four Five potential probiotics as well as three known intestinal pathogens were used in the
present work: Lactobacillus plantarum 299v, Lactobacillus acidophilus Ki, Lactobacillus
rhamnosus R11, Bifidobacterium animalis Bo (B. Bo), Bifidobacterium animalis Bb12 (B.
Bb12), Escherichia coli NCTC 9001, Salmonella enteritidis ATCC 13076 and Listeria
monocytogenes ESB 3562 (a food isolate from Escola Superior de Biotecnologia’s culture

collection, Porto, Portugal).

2.3. Adhesion studies

2.3.1. Microtiter preparation

The extract’s effect on bacterial adhesion was carried out by adapting the protocol described
by Valeriano et al. (2014). Briefly, 100 pL of a 1 mg ml™* sterile mucin solution (mucin from
porcine stomach; Sigma, Darmstadt, Germany) was aliquoted into 96 well microtiters (Nunc,
Darmstadt, Germany) and allowed to incubate overnight at 4 °C. Afterwards, each well was

carefully washed using sterile phosphate-buffered saline solution (PBS, pH 7.4), filled with
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100 pL of a 20 mg mL? sterile bovine serum albumin (BSA, Nzytech, Lisbon, Portugal)
solution and the plates were then incubated at 4 °C. After 1 h, the excess BSA was removed
and each well was carefully washed with PBS. From this point onward the microplates were
used to carry out all the remaining assays. Henceforth, when a method describes the use of

a microplate it refers to the microplates prepared in this step.

2.3.2. Bacterial suspension preparation

Overnight inoculums, incubated at 37 °C (bifidobacteria under an anaerobiotic atmosphere
comprised of 10% CO3, 10% H>, and 80% N contained within an Whitley D6250 anaerobic
workstation (don Whitley Scientific, West Yorkshire, United Kingdom)) were prepared
using tryptic soy broth (TSB, Biokar Diagnostics, Beauvais, France) for E. coli, L.
monocytogenes and S. enteritidis, de Mann, Rogosa and Sharpe broth (MRS broth, Biokar
Diagnostics, Beauvais, France) for Lactobacillus and MRS supplemented with 0.5 g L™ L-
cysteine-HCI (Sigma, St. Louis, USA) was used for Bifidobacterium. The inocula (10 mL)
were centrifuged and washed twice and ressuspended (5 mL) using sterile PBS (Valeriano
etal., 2014).

2.3.3. Impact on single species adhesion

Each bacterial suspension was mixed (1:1) with either extract or sterile deionized water
(positive control), 100 pL aliquots were transferred into the previously prepared microtiters
and then incubated at 37 °C in an anaerobic environment. After 1 h, the contents were
carefully discarded and each well was washed twice (with sterile PBS) to remove non-
adherent cells. The adhered cells were ressuspended using in 200 pL of triton-x100 (0.5 %
(v v1); Sigma, Darmstadt, Germany) and the total viable counts were determined using the
drop method described by Miles et al. (1938) and growing conditions described in Table 1
(Valeriano et al., 2014). All assays were performed in sextuplicate. The results were given
in percentage of relative adhesion calculated according to the equation bellow in which
CFUinitial refers to the viable counts present in each of the wells and log CFUadnered refers to
the amount of cells adhered to the surface.
log CFUpnitia

% Relative adhesion = X 100
log CFUadhered
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Table 1. Culture conditions for each microorganism.

Microorganism Culture Media Incubation Conditions

Palcam Selective Agar
L. monocytogenes (Biokar Diagnostics,
Beauvais, France)
MacConkey Agar (Biokar

24 h, at 37 °C under
aerobiosis

24 h, at 37 °C under

E. coli Diagnostics, Beauvais, .
aerobiosis
France)
- Mac_:Conke_y Agar (qukar 24 h, at 37 °C under
S. enteritidis Diagnostics, Beauvais, .
aerobiosis
France)
L. rhgmnos_us, _MRS agar (Blokar_ 48 h. at 37 °C under
L. acidophilus Diagnostics, Beauvais, .
aerobiosis
L. plantarum France)
B. Bo MRS agar with cysteine (0.5 48 h. at 37 °C under

g LY, Sigma, Darmstadt,

anaerobiosis
Germany)

B. Bb12

2.3.4. Impact on dual species (probiotic / pathogen) adhesion

Probiotic suspension was mixed (1:1:2) with pathogen suspension, extract or sterile
deionized water (positive control) and the resulting solution was aliquoted (100 pL) into
microplates. After 1 h incubation (at 37 °C, under anaerobiosis) the contents were discarded,
the wells were washed with PBS. The wells’ contents were ressupended in a sterile triton
x100 (0.5 % (v v1)) and plated (under the conditions described in Table 1), using the drop
method described by Miles et al. (1938). All assays were performed in sextuplicate
(Valeriano et al., 2014). The results for the effect upon probiotic cells were given in
percentage of relative adhesion described as calculated above (section 2.3.3.). The results
regarding pathogen adhesion were presented as an inhibition percentage, calculated
according to the equation below in which CFUcontrol pathogen refers to the viable pathogen cells
adhered in the single species assay and CFUsample refers to the pathogen viable cells for each

condition.

(lOg CFUcontrol pathogen — log CFUsample)

X 100
lOg CFUcontrol pathogen

% inhibition =

2.3.5. Impact on pathogen displacement by probiotics

The pathogen suspensions were mixed (1:1) with sterile deionized water and aliquoted (100
pL) into microplates. After 1 h incubation (under anaerobiosis), the wells’ content was
discarded and they were washed twice with sterile PBS. Afterwards, probiotic suspensions

(mixed 1:1 with either extract or sterile deionized water (positive control) were aliquoted
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(100 pL) into the wells and the microplates were, once again, incubated for 1 h at 37 °C
(under anaerobiosis). The adhered cells were ressuspended using 200 pL of triton-x100 (0.5
% (v v) and the total viable counts were determined using the drop method described by
Miles et al. (1938) with plating being performed in the appropriate medium (for probiotic
and pathogen alike) and growing conditions described in Table 1. All assays were performed
in sextuplicate. The results regarding pathogen exclusion were presented as the percentage
of displaced cells, calculated according to the equation below in which CFUcontrol pathogen
refers to the viable pathogen cells adhered in the single species assay and CFUsample refers to

the pathogen viable cells for each condition.

(log CFUcontrol pathogen ~— log CFUsample)

x 100
lOg CFUcontrolpathogen

% displaced pathogen cells =

2.3.6. Impact on pathogen exclusion by probiotics

The probiotic suspensions were mixed (1:1) with sterile deionized water and aliquoted (100
uL) into the microplates. After 1 h incubation (under anaerobiosis), the wells’ content was
discarded and they were washed twice with sterile PBS. Afterwards, pathogen suspensions
(mixed 1:1 with either extract or sterile deionized water (positive control) were aliquoted
(100 pL) into wells and the microplates were, once again, incubated for 1 h at 37 °C (under
anaerobiosis). The adhered cells were ressuspended using in 200 pL of triton-x100 (0.5 %
(v v1) and the total viable counts were determined using the drop method described by Miles
et al. (1938) with plating being performed in the appropriate medias (for probiotic and
pathogen alike) and growing conditions described in Table 1. All assays were performed in
sextuplicate. The results for the effect upon probiotic cells were given in percentage of
relative adhesion described as calculated above (section 2.3.3.). The results regarding
pathogen exclusion were presented as the percentage of displaced cells, calculated according
to the equation below in which CFUcontrol pathogen refers to the viable pathogen cells adhered
in the single species assay and CFUsampie refers to the pathogen viable cells for each

condition.

(log CFUcontrolpathogen - log CFUsample)

x 100
IOg CFUcontrolpathogen

% excluded pathogen cells =
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Figure 1. Percentage of relative adhesion of probiotic (a)
and pathogenic (b) bacteria in the presence (M) and
absence (M) of blueberry extract. The asterisks (*) mark
statistically significant differences between sets of data (p
< 0.05).
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2.4. Statistical analysis

The statistical analysis of the
experimental data was carried out
using IBM SPSS Statistics Software
Vv21.0.0.0 (IBM, New York, USA).
Kolmogorov Smirnoff’s test was used
(n < 30) to confirm the normality of
the distributions. One way ANOVA,
coupled with Turkeys’s post hoc test,
was used to evaluate the differences
between sample sets. Furthermore,
scatter plots were drawn, using the
same software, in order to better
ascertain the effects of extract in the
mixed pathogen/probiotic populations
according to the species of probiotic

used.

3. Results and discussion

All probiotics were capable of
adhering to the mucin treated

surfaces exhibiting relative adhesion levels that ranged from 77.5 to 84% for B. Bb12 and L.

plantarum (Figure 1b). The presence of extract caused no significant (p < 0.05) inhibition of

L. acidophilus and B. Bb12 though it significantly reduced the adhesion of all other

probiotics. Lactobacillus plantarum was the most susceptible to the extracts activity, with

its’ presence leading to relative adhesion percentages that were, on average, 15% lower. For

L. rhamnosus and B. Bo the reduction in adhesion observed, while statistically significant (p

< 0.05), was only 5 to 6% lower resulting in relative adhesion values of 74% and 77%,

respectively. Valeriano et al. (2014) reported that a potentially probiotic Lactobacillus

mucosae (L. mucosae) had relative adhesion values of ca. 75%, which is lower than the

results observed for L. rhamnosus, L. acidophilus and B. Bb12 in the presence of extract.

This indicates
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Figure 2. Impact of blueberry extract (presence (M) and absence (M) of extract) upon bacterial adhesion
considering pathogen/probiotic systems: Relative probiotic adhesion (1) and inhibition of pathogen adhesion (2).
(@) S. enteritidis /probiotic system, (b) E. coli/probiotic system and (c) L. monocytogenes/probiotic system. The
asterisks (*) mark statistically significant differences between sets of data (p < 0.05).
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that, while the extract may cause slight adhesion inhibition it may not do so at levels that
may compromise the probiotics’ action. When considering pathogen adhesion (Figure 1a),
it can be seen that the mucin treated surfaces allowed for all pathogens adhesion with values
averaging on 79.3% and the highest value being observed for E. coli (84%). For all
pathogens, the addition of extract lead to lower percentages of relative adhesion (p < 0.05)
with L. monocytogenes being the less susceptible (5% less adhesion) and E. coli the most
susceptible (no viable cells were detected — 0% relative adhesion). An earlier work reported
that a blueberry extract (at the same concentration and obtained using the same
methodology) was capable of inhibiting E. coli adhesion to plasma treated surfaces, though
the level at which the inhibition was observed varied according to the strain used (either ca.
90% or ca. 50%). Although, to the best of our knowledge, no studies have been performed
on the antiadhesive effect of blueberry extracts against S. enteritidis and L. monocytogenes,
some authors have described that they possess some inhibitory effect upon these bacteria,
namely Lacombe et al. (2012) reported that extracts were capable of inhibiting the growth
of both strains at 1.1 and 2.23 g L of total phenolics (in gallic acid equivalents) for L.
monocytogenes and E. coli, respectively, while not causing significant reductions of L.
rhamnosus, and Shen et al. (2014) reported that blueberry extracts were capable of inhibiting
the growth of both bacteria at concentrations ranging from 112.5 to 900 mg mL™.

Blueberry extracts, as well as other anthocyanin rich extracts, have been described as
possessing antimicrobial activity against pathogens while being unable to effectively inhibit
the growth of potential probiotics and lactic acid bacteria. Therefore, it may be interesting
to see if the inhibitions in adhesion observed for the individual species remain the same i.e.
if the extract poses a competitive advantage to probiotics or if probiotics compromise the
action of the extract upon the pathogens (Puupponen-Pimié et al., 2005, Shen et al., 2014).
As can be seen in Figure 2, the inhibition of pathogen adhesion in the presence of extract is
significantly (p < 0.05) higher than of the control (Figure 2a2, 2b2 and 2c2). In fact, for both
L. monocytogenes and S. enteritidis, while the probiotics alone had little to no effect upon
pathogen adhesion, the presence of extract allowed for inhibition percentages that ranged
from 11% (adhesion of L. monocytogenes in the presence of L. plantarum) to 100%
(adhesion of both L. monocytogenes and S. enteritidis in the presence of B. Bo). On the other
hand, for E. coli, the presence of probiotics led to a reduction in the activity previously
observed when the extract was used alone, i.e. while alone the extract appeared to completely

inhibit the adhesion of E. coli, the simultaneous exposure to probiotics led to inhibition
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percentages below 50%. This reduction in activity may be due to an eventual metabolization
of the extract by the probiotics, as some lactic acid bacteria have been described as being
capable of metabolizing anthocyanins, the major group of phenolic compounds that
constitute the used extract (Vivas et al., 1997, Tabasco et al., 2011). Simultaneously, E. coli
appears to be the only pathogen whose adhesion is affected by the presence of all probiotics
(except L. acidophilus) regardless of the presence of extract, exhibiting adhesion inhibition
percentages that range from 7 to 12% in its absence and from 11% to 34% in its presence.
When considering the effects of the extract upon probiotic adhesion (Figure 2al, 2bl and
2cl), it can be seen that the extract’s presence led to lower relative adhesion percentages
(ranging from 4.7 to 19.8% for B. Bo with S. enteritidis and for L. plantarum with E. coli,
respectively) for all probiotic/pathogen combinations, except for B. Bb12 adhesion in the
presence of S. enteritidis in which the extract’s presence led to an 8% increase (p < 0.05) in
probiotic relative adhesion. As the capacity to adhere to the intestinal epithelium is an
important functional characteristic of probiotics, the reduction in relative adhesion could
hamper their action. However, probiotic relative adhesion values did not fall below 50%,
averaging on 71.5, 64.2 and 71.8% when in the presence of S. enteritidis, E. coli and L.
monocytogenes, respectively. Overall, while in the presence of the extract adhesion
inhibition occurred for both probiotic and pathogen, an apparent symbiotic effect could be
observed between B. Bo and the extract’s action when considering the inhibition of S.
enteritidis and L. monocytogenes. In these cases, neither the extract (relative pathogen
adhesions above 65%) nor B. Bo alone were capable of fully inhibiting L. monocytogenes or
S. enteritidis adhesion, while the combination B. Bo/extract led to ca. 100% inhibition

percentages.

Figure 3 illustrates the probiotics’ capacity to remove adhered pathogens on their own and
in the presence of extract (Figure 3a2, 3b2 and 3c2) as well as their capacity to adhere to the
pathogen colonized surfaces (Figure 3al, 3bl and 3cl). For all probiotic / pathogen
combinations tested, the probiotics were capable, on their own, of displacing some of the
adhered pathogens with the percentage of displaced cells ranging from 9.9 to 33.3% for S.
enteritidis, 10.2 to 25.0% for E. coli and 4.1 to 17.9% for L. monocytogenes. These results
are somewhat similar to those reported by Valeriano et al. (2014) for a potential probiotic L.
mucosae’s displacement of E. coli (ca. 22%) and Salmonella enterica (S. enterica; ca. 11%)
adhered to a surface that underwent the same treatment as the one employed in the present

work. Moreover, these results are also in line with those reported by Collado et al. (2007)
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Figure 3. Impact of blueberry extract (presence (M) and absence (M) of extract) upon bacterial adhesion
considering pathogen/probiotic systems: Relative probiotic adhesion (1) and displacement of pathogen cells (2).
(@) S. enteritidis /probiotic system, (b) E. coli/probiotic system and (c) L. monocytogenes/probiotic system. The
asterisks (*) mark statistically significant differences between sets of data (p < 0.05).
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for E. coli (an average of ca. 25%) but not with those reported for S. enterica (an average of
ca. 74%). However, as these authors use piglet mucosa and mucus in opposition to a surface
treated with mucin and BSA, comparisons between both sets of results may not be
straightforward. Overall, extract addition led to higher (p < 0.05) percentages of pathogen
displaced cells in all pathogen/probiotic combinations (except B. Bb12) exhibiting
displacement percentages ranging from 14.9 to 89.75%, 13.1 to 84.6% and 4.3 to 11.6% for
S. enteritidis, L. monocytogenes and E. coli, respectively (Figure 3a2, 3b2 and 3c2). For B.
Bb12, the addition of extract either had no significant (p > 0.05) impact upon S. enteritidis
and L. monocytogenes displacement or led to a significant (p < 0.05) reduction in the
displacement percentage of E. coli (ca. 10% lower displacement percentage in the presence
of extract when comparing to the effect of B. Bb12 alone). Additionally, it is interesting to
note that, similarly to what was observed in the dual species adhesion assay, the combined
presence of B. Bo and extract led to L. monocytogenes and S. enteritidis displacement
percentages of ca. 100%. However, when considering the relative probiotic adhesion for
these two combinations (Figure 3al and 3cl), it can be seen that while for the combination
S. enteritidis / B. Bo the presence of extract led to a 98% relative adhesion of probiotic
(87.1% increase in comparison to the control; p < 0.05), for L. monocytogenes / B. Bo the
presence of extract led to a significant decrease (37.5%, p < 0.05) in probiotic relative
adhesion. This behaviour, a decrease in probiotic relative adhesion coupled with an increase
in pathogen displacement when in the presence of extract, was also observed for several
other pathogen/probiotic combinations L. plantarum / S. enteritidis, L. acidophilus / S.
enteritidis and L. rhamnosus / E. coli. Moreover, this means that the extract, while not always
promoting the replacement of pathogens by probiotic cells, still aids in pathogen removal
from the mucin treated surfaces while allowing for probiotic relative adhesions averaging on
73.5%.

In regards to the pathogen exclusion assay it can be seen that, for most cases the presence of
the probiotic alone is not enough to cause a significant reduction of pathogen adhesion
(Figure 4a2, 4b2 and 4c2). Salmonella enteritidis appears to be the most susceptible
microorganism to the action of probiotics alone, but the percentages of pathogen exclusion
range from 1.1 to 19.9% for L. acidophilus and B. Bb12. Escherichia coli adhesion was
inhibited by the presence of L. rhamnosus, L. plantarum and B. Bb12 (6.1, 7.1 and 16.6%,
respectively), but B. Bo and L. acidophilus had no
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Figure 4. Impact of blueberry extract (presence (M) and absence (M) of extract) upon bacterial adhesion
considering pathogen/probiotic systems: Relative probiotic adhesion (1) and exclusion of pathogen cells (2). (a) S.
enteritidis /probiotic system, (b) E. coli/probiotic system and (c) L. monocytogenes/probiotic system. The asterisks
(*) mark statistically significant differences between sets of data (p < 0.05).
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effect. In turn, L. monocytogenes appeared to be less susceptible to the action of probiotics
alone with the presence of all (bar B. Bb12 which, alone, was capable of inducing a small
inhibition of L. monocytogenes) appearing to promote pathogen adhesion (exclusion
percentages ranging from -11.5 to -6.3%). As coaggregation between pathogens and
probiotics has been described, it is possible that some of the pathogen cells coaggregated
with the adhered probiotic cells thus increasing the amount of adhered pathogen cells
(Collado et al., 2008, Collado et al., 2007). Nevertheless, the values observed for pathogen
exclusion by probiotics stand in line with those reported by Valeriano et al. (2014) for E.
coli (exclusion percentages ranging from 5 to 20%) and for Salmonela enterica (-3.4 to 2%)
for pathogen exclusion by probiotics (Lactobacillus mucosae, Lactobacillus johnsonii and
L. rhamnosus) using a similar mucin/BSA treated surface. The addition of extract typically
allowed for higher levels of pathogen exclusion, with exclusion percentages ranging from
5.8 to 100% for L. monocytogenes and 7.1 to 100% for E. coli. The only exception to this
behaviour (i.e. the presence of extract leading to higher percentages of pathogen exclusion)
was observed for S. enteritidis. In this case, while the extract led to higher pathogen
exclusion percentages in the presence of L. rhamnosus, B. Bb12 and B. Bo (ca. 34% on
average) it also allowed for a loss of exclusion capacity by L. acidophilus and L. plantarum
(ca. -4%, on average). When considering probiotic relative adhesion (Figure 4al, 4b1 and
4c), it can be seen that, in the absence of extract, Lactobacillus were more capable of
remaining adhered to the surface in the presence of pathogens than Bifidobacterium and that
relative adhesion values averaged on 81.5% for lactobacilli and 53.6% for bifidobacteria.
The addition of extract had mixed effects upon the relative adhesion of probiotics: it had no
significant impact (p > 0.05) on the relative adhesion of L. plantarum and B. Bo, it led to a
significant increase (p < 0.05) in the adhesion of B. Bo in the presence of L. monocytogenes
and, in all other cases, it led to a reduction of probiotic relative adhesion (with reductions
ranging from 7.9 to 35.5%) with B. Bb12 being the most susceptible to the extract, as it
exhibited probiotic relative adhesion percentages that were 35.5, 26.4 or 29.7% lower than
those of the control for S. enteritidis, E. coli and L. monocytogenes, respectively. However,
despite the reductions in relative adhesion caused by the extract, it is important to highlights
that the values, in average, were never below 50%. Furthermore, it is interesting to note that
while B. Bo registered some of the lowest probiotic relative adhesions to surface after
pathogen exposure, when in the presence of extract it also exhibited a ca. 100% pathogen

exclusion percentage for E. coli and L. monocytogenes.

225



Chapter 6.2

3-
- e & 'ft"a.-"‘
. - b,
- E,- B v e T
&
-
— il
o
=
=
g
=21
=
e
£ o
ar
o
'E 7 o o ‘t_ P
L= 'l i
= " - L . &
2 it <
o & -
= L] L] -
a n 5
S | -
o=
2" *
2
> L
o
T T T T T T T T T T
o 2 4 [ B [i] 2 ] 1 -]

Adhered pathogen cells (log CFU well-1)

Figure 5. Effect of blueberry extract (presence (1) and absence (2)) upon the adhered probiotic and pathogen viable
cells when considering Lactobacillus’ (a) and Bifidobacterium’s (b) adhesion in the presence of E. coli (*), S.

enteritidis (*) and L. monocytogenes (*).

In Figure 5 the impact of the extract upon the overall amount of adhered viable cells of both
pathogen and probiotics can be seen. When observing the results for Lactobacillus, before
extract addition the overall data was tightly clustered both when considering pathogen (5.96
+ 0.58 log CFU well?, on average) and Lactobacillus (7.03 + 0.32 log CFU well?, on
average) viable cells (Figure 5al). In turn, the presence of extract led to less condensed data,
though the overall intervals were similar or smaller in range, with the amount of pathogen
and Lactobacillus adhered cells averaging on 4.71 + 0.95 and 6.31 + 0.74, respectively.
Generally, the presence of extract led to lower amounts of both probiotic and pathogen cells
adhesion to the mucin/BSA treated surfaces with reductions that averaged on 1.2 and 0.72
log CFU well ™, respectively. Moreover, it is interesting to note that when considering the
combination of lactobacilli with each individual pathogen, the presence of extract and E. coli

leads to lower Lactobacillus adhesions than when the other pathogens are present (intervals
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of Lactobacillus adhesion of [4.48, 7.32] log CFU well! in the presence of E. coli versus
[5.28, 6.69] and [5.83, 6.64] CFU well for S. enteritidis and L. monocytogenes,

respectively).

As for Bifidobacterium in the absence of extract (Figure 5b2) it can be seen that, baring 3
small groups of data observed for the incubation of Bifidobacterium in the presence of S.
enteritidis, the adhesion values appeared to be clustered together, with average values for
pathogen and Bifidobacterium adhesion of 5.73 + 0.76 and 6.81 * .65 log CFU well?,
respectively. When comparing the results observed for Bifidobacterium with those of
Lactobacillus it can be seen that, in the absence of extract, the data was more disperse than
what was observed for Lactobacillus, with higher inhibitions of pathogen and probiotic
adhesions being observed particularly in the S. enteritidis/Bifidobacterium systems (the most
dispersed data). The presence of extract in the environment (Figure 5b1) led to a set of
disperse data that exhibited pathogen and Bifidobacterium adhesion values that averaged on
3.59 + 2.27 or 5.55 * 1.49 log CFU well™. Salmonella enteritidis was the most susceptible
to the combined effects of Bifidobacterium and extract allowing for a reduction of adhered
pathogen cells of, on average, ca. 3 log CFU well™. Furthermore, this combination of extract
with Bifidobacterium, in some cases, led to an apparent complete absence of pathogen viable
cells (regardless of the probiotic/pathogen system considered) while still allowing for some
Bifidobacterium to adhere. Nevertheless, while these observations make the combination of
extract with bifidobacteria appear more effective than the extract/lactobacilli combination,
the range of probiotic adhesion is considerably wide (from 2.18 to 6.90, 3.34 to 7.3 or 3.28
to 7.58 log CFU well?, in the presence of S. enteritidis, E. coli and L. monocytogenes,
respectively) possibly due to the different behaviours observed for B. Bb12 and B. Bo which,
in turn, demonstrated the need for further studies with wider arrays of pathogens and

bifidobacteria.

4. Conclusions

In spite of the eventual loss of probiotic adhesion to the mucin/BSA treated surfaces, the
combined presence of extract and probiotic, overall, causes a reduction in pathogen adhesion
regardless of the pathogen/probiotic system and the type of assay: simultaneous
pathogen/probiotic adhesion, pathogen displacement or exclusion by probiotics.
Furthermore, B. Bo appears to be one of the most interesting probiotics tested as it was the

only one which, when combined with extract, allowed for ca. 100% pathogen inhibition
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percentages even when B. Bo alone had no inhibitory effect. On another note, the extract
was never fully capable on inhibiting the adhesion of probiotic microorganisms, regardless
of the presence of pathogens, meaning that while compromised, some probiotic adhesion
always occurred. Overall, these results point at a possible synergy between blueberry
extracts and probiotic microorganisms that may have interesting repercussions when
considering the prevention of pathogen colonization of mucin rich surfaces like the intestinal

tract.
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Chapter V4

Final remarks

“The Road goes ever on and on. Down from the door where it began. Now far ahead the Road has gone,
and I must follow, if | can”
J. R. R. Tolkien in The Hobbit
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Chapter 7.1

General conclusions

This experimental work allowed us to conclude that, in general, it is possible to attain an
extract that, while produced using a simple and relatively inexpensive approach, may possess
a high anthocyanin content and exhibited some relevant antioxidant and antimicrobial
properties. On a closer look, chapter 2 allowed us to confirm that blueberry cultivar and fruit
ripeness play a significant impact upon the anthocyanin (and other phenolics) composition
of the fruits and, therefore we were able to select the best possible matrix from where to
begin the extraction process. Chapter 3 demonstrated that while acidification and solvents
play an important role in the composition of the extract, a solvent as common as ethanol may
be an interesting alternative, especially when coupled with the solid phase extraction
procedures (which use re-usable columns), to attain an anthocyanin rich extract whose final
form, a powder, makes it easy to store, transport and incorporate unto products. In chapter 4
an existing method used for determining the protective effect of antioxidants against
oxidative damage of DNA was improved in order to allow for a quantitative assessment and
the use new oxidant systems that closer resembling biological systems. This method
demonstrated that the proposed extract had an interesting antioxidant activity at
concentrations ranging from 160 to 200 pug mL™? while having no pro-oxidant effect.
Furthermore, this method allowed for the establishment of a dose response curve, that did
not mimic the one obtained using the traditional ABTS radical cation method, while using
biologically relevant degradation systems, therefore making it an interesting and relatively
fast means to screen for a potentially, biologically relevant, antioxidant effect. Chapter 5
focused on the potential antimicrobial activity of the extract against known nosocomial
agents and it demonstrated that the extract, while not necessarily inhibiting microbial
growth, affected bacterial capacity to adhere and colonize surfaces, which makes it
interesting as a possible antimicrobial coadjuvant. Furthermore, while we demonstrated that
the individual constituents may possess some activity, it is considerably less than that
observed for the extract, hinting that synergies between the different compounds may play
an important role in the inhibitions observed. Chapter 6, which focused on the interactions
between the extract and probiotic organisms, allowed for two very interesting conclusions:
1) the extract while effective against food pathogens appeared to possess no inhibitory effect
against probiotics. ii) the extract appeared to establish an interesting synergetic effect with
Bifidobacterium animalis Bo, which led to almost complete inhibitions of pathogen adhesion

to an in vitro system that simulated the intestinal tract.
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Overall the present work employed an exploratory approach towards the evaluation of some
biological properties, that we perceived as interesting, when considering the production of
an extract with a possible commercial value viz. its antioxidant and antimicrobial capacity.
While the antimicrobial potential of the extract, against an array of potential of nosocomial
pathogens (some with multiple antibiotic resistance) made the extract interesting to be used
as a coadjuvant, particularly at skin level, where the digestive process will not interfere. As
the extract proved to be effective in inhibiting some potentially pathogenic microorganisms
(while not inhibiting potentially beneficial ones), exhibited an interesting antioxidant
capacity and possessed an intrinsic colouring, it combined three characteristics that may
allow for the replacement of colouring and preserving agents which makes one of the main
possible applications for the extract proposed in the current thesis, its incorporation into food

products.
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Future work

As the present work employed an exploratory approach toward the evaluation of some of the
relevant biological properties of blueberries, there is a wide space for further characterization
of these extracts. When considering only this thesis as a base, two research lines appear as
of particular interest, the effect upon multiresistant bacteria and the synergies between

extract and probiotic microorganisms.

Given the extract’s inhibitory effect upon several multiresistant microorganims it would be
interesting to determine whether it had any implication in the resistance profile, possibly
acting as a coadjuvant for traditional antibiotics. Furthermore, it could be interesting to
further attempt to characterize this activity namely by evaluating if the extract had any
impact upon the expression of virulence factors; if (and how) they interacted with the
bacterial membrane and whether that interaction was linked with the inhibitions in adhesion
observed; if the incorporation of the extract into a matrix (such as a hydrogel or a film) would
compromise its activity when contemplating skin applications and how digestion would
affect the extract’s activity when considering eventual systemic applications (through oral

ingestion).

As the extract demonstrated an interesting synergy with Bifidobacterium animalis Bo when
contemplating the inhibition of adhesion of pathogens, it would be interesting to attempt to
further characterize this effect. Firstly, a metabolome analysis could be performed in order
to determine if the presence of extract causes this bacterium to produce some inhibitory
compound(s). Additionally, it could be interesting to determine if this antimicrobial activity
remained when considering progressively more complex matrixes, from a multispecies
probiotic mixture to a gut microbiota analysis. On a different note it could be interesting to
see if how the higher levels of acid production by probiotics (induced by the extracts in all
probiotics tested) could affect intestinal cells (e.g. inflammatory responses). Moreover, it
would be interesting to exploit the proposed research lines contextualizing the impact that

the digestion has on the extract’s observed effects.

When considering the existing information regarding the overall potential of blueberries, it
could also be interesting to observe if the DNA protection observed actually translated into
the protection of cells against oxidative damage and if this activity remained after the extract
is digested and how limitations imposed by the extracts bioavailability could interfere with

any potential effect.
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