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Abstract

The aim of this work was to develop alginate-based films for the controlled release of flavonoids, mim-
icking pharmacokinetic properties of these compounds in humans, for potential applications in (1) inves-
tigative delivery and in (2) therapeutics, especially for improving anticancer efficacy in skin.

The proposed system consists of dry alginate films, where flavonoids are encapsulated prior to film
application. Several studies were made to develop and characterize this system, from production of
different films to investigation of epicatechin release in varied conditions.

The pharmacokinetics of EGCG in humans was characterized with compartmental models, exhibiting
an absorption rate of 1.10 0.70 h™' and an elimination rate of 0.28 0.12 h''. Films were prepared
by solvent evaporation, where additives such as glycerol and chitosan increased their flexibility and
hydrophobicity, respectively. Copper ions interact with EGCG, but not calcium, barium or zinc that were
used to gel alginate for flavonoid encapsulation. Epicatechin could be encapsulated in alginate films,
but not EGCG, and glycerol-containing films may increase the encapsulation efficiency. The release of
epicatechin from alginate films depends on the crosslinking ion and film thickness, with diffusion being
the predominant release mechanism as suggested by Weibull equation modelling. Release studies on
Franz cells showed kinetics of release of epicatechin by alginate films similar to the absorption of EGCG
in humans, suggesting a potential utility for investigative delivery studies of flavonoids. Calcium-alginate
films were able to deliver epicatechin to skin ex vivo, achieving therapeutically relevant concentrations

of antioxidant functional epicatechin.

Keywords

Alginate, Flavonoids, Controlled release, Investigative delivery, Skin






Resumo

O objetivo deste trabalho foi desenvolver filmes de alginato para a libertacdo controlada de flavonoides,
mimetizando propriedades farmacocinéticas destes compostos em humanos, para (1) libertacao inves-
tigativa e (2) aplicagoes terapéuticas, especialmente para aumentar a eficacia anticancerigena na pele.
O sistema proposto consiste em filmes secos de alginato, onde flavonoides sdo encapsulados antes
da sua aplicacao. Foram realizados varios estudos para desenvolver e caracterizar este sistema, desde
a fabricacao de diferentes filmes a investigacao da libertacao de epicatequina em condicdes diversas.
A farmacocinética de EGCG em humanos foi caracterizada com modelos compartimentais, reve-
lando uma taxa de absorcdo de 1.10 0.70 h'' e uma taxa de eliminagéo de 0.28 0.12 h''. Os filmes
foram preparados por evaporagao de solvente, onde aditivos como glicerol e quitosano aumentaram a
sua flexibilidade e hidrofobicidade, respetivamente. I6es de cobre interagem com EGCG, mas nao os
de célcio, bario ou zinco que foram usados para gelificar alginato na encapsulagao de flavonoides. Foi
possivel encapsular epicatequina nos filmes de alginato, mas ndo EGCG, sendo que filmes com glicerol
poderao aumentar a eficiéncia de encapsulacao. A libertacao de epicatequina dos filmes depende do
ido reticulante e da espessura do filme, o modelo de Weibull sugere que a difusdo € o mecanismo
predominante. Estudos de libertagao com células de Franz revelaram que a cinética de libertagao
de epicatequina aproxima-se da absor¢cao de EGCG em humanos, mostrando potencial para estudos
de libertagao investigativa. Os filmes de alginato de célcio libertam epicatequina em pele, atingindo

concentracoes terapeuticamente relevantes de epicatequina que retém capacidade antioxidante.

Palavras Chave

Alginato, Flavonoides, Libertacao controlada, Libertacao investigativa, Pele
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1.1 Context and Objectives

Polymeric Ims with encapsulated bioactive compounds are of growing interest in skin patches, drug
delivery systems and tissue substitutes. However, the drug-load in these supports remains an empirical
parameter in the design of these devices, since there are no methods to determine an optimal/ef cacious
load for each application.

In the case of phytochemicals, such as antioxidant avonoids, there is ample evidence of the ben-
et of the presence of such compounds in the diet in chemoprevention. However, when translating to
drug delivery for therapeutic applications, the pharmacokinetics of these compounds in the diet is disre-
garded as a base for the system's design, even though the bioactivity and therapeutic ef cacy might be
dependant on the release kinetics.

A delivery system that enables a tunable release kinetics of avonoids in in vivo or in vitro models
would be useful to investigate how different concentration-time pro les in uence the pharmacological
activity.

The main objectives of this thesis is to develop alginate-based Ims for the controlled release of
avonoids, mimicking their pharmacokinetic properties in humans, for potential applications in (1) inves-
tigative delivery and in (2) therapeutics, especially chemoprevention in skin.

The proposed system consists of dry alginate Ims, where avonoids are encapsulated before re-
lease through the gelation of alginate with divalent ions. The gelation prior to use is important in the

case of avonoids since these compounds are easily degraded with light or at higher temperatures.

1.2 Thesis Outline

This thesis is stuctured in ve chapters: 1. Introduction; 2. Background; 3. Materials and Methods: 4.
Results and Discussion; and 5. Conclusion.

Chapter 2, contextualizes the reader on concepts and current knowledge on topics such as polyphe-
nols and avonoids, where their pharmacological activity is described and a review of human trials with
avonoids used in chemoprevention is presented. Then alginate, its gelation and biomedical uses are
presented. Afterwards, some concepts of pharmacokinetics and compartmental models of pharmacoki-
netics are presented. Finally, a brief review of avonoid delivery sytems is presented.

Chapter 3, lists the materials and reagents used in this work, additionally, the methods are presented.
Methodological details are described for each of the studies developed, brie y, studies of epicatechin
stability with alginate gelation ions; fabrication of alginate Ims, polyphenol encapsulation and release
from alginate Ims; Franz cell studies of polyphenol permeation and release; proof of concept of epicat-

echin delivery on skin; and study on the release in the Transwell® culture system.



Chapter 4, starts with review and analysis of pharmacokinetics of EGCG in humans with compart-
mental models of pharmacokinetics. Afterwards, results and discussion for each of the topics listed
before is presented.

Chapter 5, summarizes the main conclusions of the present work and leaves suggestions for possible

future work.

1.3 Publications

The work developed in the context of this dissertation resulted in the following publications:

* R. Lagoa, J. Silva, J. R. Rodrigues, and A. Bishayee, “Advances in phytochemical delivery sys-
tems for improved anticancer activity,” Biotechnology advances, 2019. https://doi  :org/10 :1016/
j :biotechadv :2019:04:004
A published review paper of delivery systems of phytochemicals, which includes the systematic re-
view of the of the clinical trials of catechin- and anthocyanin-rich oral preparations targeting premalignant
injury or chemoprevention in Table 2.1, as well as the review of delivery systems improving the bioavail-
ability of avonoids in Tables 2.2 and 2.3.
 J. Silva, P. Vanat, D. Marques-da-silva, J. R. Rodrigues and R. Lagoa, "Metal alginates for polyphe-
nol delivery systems: studies on crosslinking ions and easy-to-use patches for release of protective
avonoids in skin”
A paper submitted for publication in the journal "Bioactive Materials”, containing a large part of the

experimental results in this dissertation.
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2.1 Polyphenols and Flavonoids

Plant-derived polyphenols are a diverse collection of bioactive compounds widely distributed in the
human diet characterized by the presence of multiple phenol structural units. The Phenol-Explorer
database categorizes polyphenols into ve classes: avonoids, phenolic acids, lignans and stilbenes
and other polyphenols such as curcuminoids [1].

Flavonoids are the group of polyphenols with the greatest interest with different compounds be-
ing studied in the eld of brain-targeting, topical application and anticancer delivery systems, namely,
epigallocatechin-3-gallate (EGCG), genistein, quercetin, kaempferol, apigenin, formononetin, thea avin
and naringenin. Other groups of polyphenols have also been explored to a lesser degree and mostly for
anticancer applications, such as phenolic acids: gallic acid, protocatechuic acid and chlorogenic acid;
stilbene: resveratrol; lignan: sesamol; and other polyphenols: curcumin and gingerol [2].

In this work, special attention will be given to EGCG and epicatechin, avonoids found in green tea,
and to gallic acid, used as a prototype simple polyphenol (Figure 2.1). Gallic acid and epicatechin have
a molecular weight of 170.12 gmol® and 290.26 gmol?!, respectively, while EGCG, a slightly larger

molecule, has a molecular weight of 458.37 gmol * .

Figure 2.1: Chemical structure of the avonoids EGCG, epicatechin and of gallic acid.

2.1.1 Pharmacological Activities of Polyphenols

The mode of action of polyphenols is still partially unclear, but current research indicates that avonoids
do not have a critical therapeutic target and exhibit multifunctional actions that can contribute to their

pharmacological activity [3].

2.1.1.A Antioxidant Activity of Polyphenols

Flavonoid antioxidant activity was initially associated with reactive oxygen species (ROS) scavenging

by hydrogen proton donation of the hydroxyl group [4], but other mechanisms involving the prevention



of ROS formation and the induction of cellular antioxidant response have been shown to play a very

signi cant role.

Flavonoids prevent the formation of ROS by inhibiting key enzymatic systems that generate oxidants
in cells, namely avonoids have been found to inhibit ROS mitochondrial generation, NAD(P)H oxidase

membrane activity and superoxide-producing cytochrome P450 enzymes [5—7].

Induction of cellular antioxidant response by polyphenols also plays a signi cant role in their bio-
logical antioxidant effect. Polyphenols, in particular EGCG and curcumin, activate the nuclear factor
erythroid 2-related factor 2 (Nrf2) pathway [8, 9]. Nrf2 is a key transcription factor that modulates the
expression of several antioxidant enzymes, such as NAD(P)H:quinone oxidoreductase 1, superoxide
dismutase, catalase, glutathione peroxidase, glutathione S-transferase (GST) and heme oxygenase-1,

among several others that protect cells against oxidfdative stress and xenobiotics [10, 11].

The antioxidant mechanisms of avonoids are highly implicated in their neuroprotective and anti-
in ammatory actions, but the ability to in uence redox signalling in cells receives increasingly attention

concerning their anticancer activity [2, 12].

2.1.1.B Anti-in ammatory Action of Polyphenols

In ammation is an underlying denominator of many acute and chronic diseases. Flavonoids have
demonstrated anti-in ammatory action through the inhibition of pro-in ammatory enzymes. In a hu-
man study, black raspberries were applied as a gel in the tongue of patients with oral intraepithelial
neoplasia, and a decrease in two in ammation-induced pro-in ammatory enzymes, cyclooxygenase 2

and inducible nitric oxide synthase (iINOS), was detected in the lesion's epithelium [13].

The inhibition of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) signalling by
polyphenols is an important mechanism for their anti-in ammatory action [9]. NF- kB up-regulates a wide
range of genes including pro-in ammatory cytokines, chemokines, matrix metallopeptidase (MMP)s,

angiogenic factors and adhesion molecules [14, 15].

Delivery systems of polyphenols have showed enhanced anti-in ammatory action. In an ethanol-
induced gastric ulceration model in Sprague-Dawey rats, quercetin nanoparticles and a higher dose of
the free drug signi cantly reduced the expression of matrix metallopeptidases (MMP-9), mainly caused
by in ammatory cell in ltration is gastric ulcers. Furthermore, the nanoparticle formulation protected
mitochondrial integrity and function and reduced the overexpression of INOS and cyclooxygenase 2 [16].
In other work, orally administered icariin-loaded alginate-chitosan microspheres reduced colon mucosa
damage induced in Sprague-Dawey rats, accompanied by a reduction of the expression of in ammatory
cytokines, interleukin (IL)-1b, IL-6 and tumor necrosis factor a and in ammation mediators, iINOS and

cyclooxygenase 2 [17].



2.1.1.C Chemopreventive Potential of Polyphenols

The multi-stage carcinogenesis process, including initiation, promotion and progression, is driven by
reactive oxygen species (ROS) and chronic in ammation that lead to genetic and epigenetic alterations.
As such, the mechanisms of antioxidant and anti-in ammatory action of polyphenols referred to above
are critical to chemoprevention.

In addition to their ROS scavenging capabilities, in some cases, polyphenols may also act as pro-
oxidants that increase ROS concentration and lead to cell death [18].

In cancer cells, NF-kB proteins promote cell proliferation and inhibit apoptosis, for instance, by up-
regulating B-cell lymphoma (Bcl)-2 and Bcl-xL, and by antagonizing tumor protein p53 [15]. So, the
previously mentioned inhibition of NF-kB by polyphenols may have a critical role in chemoprevention.
Tumor protein p53 encoding gene, TP53, mutations are one of the most common cancer mutations
at rates ranging from 38 % to 50 % depending on the cancer type and p53 is often suppressed in low
mutation rate cancer types [19]. When activated p53 will temporarily induce cycle arrest and activate
deoxyribonucleic acid (DNA) repair pathways, eventually initiating apoptosis if the repair is not possi-
ble [18]. Bcl-2 and Bcl-xL are antiapoptotic proteins of the Bcl-2 family that inhibit mitochondrial release
of cytochrome ¢ (Cyt c) by interacting with proapoptotic Bcl-2-associated X protein (Bax) and Bcl-2-
associated death promoter (Bad), and are overexpressed in several malignancies [20]. EGCG inhibited
growth of prostate carcinoma cells in nude mice by increasing the ratio between Bax and Bcl-2 pro-
teins [21].

Tea catechins have shown potential for the chemoprevention and therapy of melanoma and other skin
cancers. An in vitro study where human dermal broblasts were irradiated with UVA radiation, showed
that pre-treatment with epicatechin or its metabolite 3'-O-methyl epicatechin improved cell viability at
concentrations as low as 1umolL* and reaching a plateau at around 10 pmolL?! [22], thus protecting
broblasts against UVA damage. In another study, EGCG inhibited in vitro proliferation of melanoma
cells at concentrations at low as 0.1umolL! and suppressed tumor melanoma in nude mice [23]. It
is unlikely that the chemical antioxidant effects is the sole responsible for these effects since epicate-
chin and 3'-O-methyl epicatechin show similar cytoprotection of broblasts but the latter having a much
lower antioxidant activity [22] and in the melanoma studies there was a decrease in the secretion of the
in ammatory cytokine IL-1 b and in the activity of NF-kB [23].

Moreover, still regarding skin application, a catechin preparation consisting of an ointment with a
standardized extract of green tea leaves from Camellia sinensis containing tea polyphenols (sinecate-
chins) is already approved for topical use in humans for treating warts (Veregen™, PharmaDerm). The
treatment consists of three daily applications of the ointment up to 16 weeks. Meanwhile, a phase 2 trial
of Veregen for the treatment of basal cell carcinoma (total of 42 patients, application twice daily) noticed

some antitumor action, but not statistically signi cant [24]. Surprisingly, this trial reported erythema and



edema adverse effects, whereas topical application of catechins was previously indicated to decrease
erythema conditions [25], all suggesting that dosing regimen may be critical for the treatment outcome
and optimized dermal delivery systems are necessary. In this line, a previous simulation study of cat-
echins' dermal penetration recommended skin surface concentrations of approximately 25 pmolL* for

high anticancer activity and, simultaneously, avoiding potential toxic effects at the dermis layer [26].

2.1.2 Epidemiological Evidence of the Chemopreventive Action of Flavonoids

Some evidence of the bene ts of avonoids comes from epidemiological studies. Recent results from the
Danish Diet, Cancer and Health Cohort have shown that daily intake of avonoids is inversely associated
with all-cause mortality, cardiovascular-related mortality and, in particular, cancer-related mortality. The
dose-dependant association reaches a plateau at a daily avonoid intake of 500 mg [27].

Some case-control studies examined the association with speci ¢ cancer types, nding avonoids
intake was associated with reduced breast cancer-speci ¢ mortality in woman with breast cancer [28]
and with reduced incidence of oral, laryngeal, esophageal, colorectal, breast, ovarian and renal cancers,
but not of prostate cancer [29].

In regards to tea consumption, whose major polyphenol is EGCG, a meta-analysis of case-control

studies consolidates the association with decreased incidence of oral cancer [30].

2.1.3 Clinical Trials with Flavonoids

A systematic review of the use of avonoids, namely catechins and anthocyanins, used in chemopre-
vention was made in clinicaltrials.gov. The terms used in this search were for Intervention/treatment
EGCG OR epigallocatechin gallate OR epigallocatechin-3-gallate OR tea catechin OR green tea OR
catechin OR epicatechin OR anthocyanin OR rasperry and for Condition or disease : prevention OR
chemoprevention OR premalignant, yielding 33 results as of March 2019 that were manually Itered
to 13 studies containing trial results. Published literature related to the clinical trials was searched, in
which cases the correspondent study is listed. Additionally, 8 trials not included in the clinicaltrials.gov
database were found in various bibliographic databases and included in the review although this latter
search was not systematic.

As summarized in Table 2.1, human trials with green tea catechin- and anthocyanidin-rich oral prepa-
rations have provided relevant results against carcinogenesis-initiating events, such as DNA damage,
lipid oxidation, in ammation, and proliferation. However, some conditions seem to be needed for such
actions, prolonged oral supplementation achieves better chemopreventive results than short inventions.
Favorable results in a few biomarkers suggested a chemopreventive action in the NCT00459407 trial, but

not reaching statistical signi cance perhaps because intervention was too short and participants were at
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an advanced condition [31]. Whereas trial NCT00917735 also with tea polyphenols, but prolonged time
(12 months), resulted in signi cant results for the subset of women between 50 to 55 years old [32].

Studies with positive results show that chemopreventive action is achieved more frequently with daily
doses larger than 500 mg of EGCG or green tea extract (GTE), for instance Luo et al. [33], Xue et al. [34]
and Shin et al. [35] all show capability in the mitigation of high risk conditions with doses between 500
and 1000 mg. Furthermore, Veermer et al. [36], Hakim et al. [37,38] also show positive chemopreventive
results with a daily dose of 4 cups of green tea, which is equivalent to 960 mL containing 2 g of green
tea.

The biodistribution EGCG from orally administered formulations is limited, showing accumula-
tion of EGCG in bladder (NCT00666562) and esophagus (NCT00233935), but not in the prostate
(NCT00459407), so taking advantage of alternative delivery routes could be advantageous. Topical
applications of black raspberry gel in patients with oral intraepithelial neoplasia through 6 weeks re-
duced or maintained lesion grade in most of the participants [13,39] and in another study treatment with

suppositories reduced the burden of rectal polyps [40].

Table 2.1: Clinical studies of catechin- and anthocyanin-rich preparations (oral) targeting premalignant injury or
chemoprevention. Trial publications and/or at clinicaltrials.gov (with results in March of 2019) were col-
lected.

Phytochemical  Condition Main results References
Formulation
Green tea Endogenous Nitrosation was signi cantly decreased by a Vermeer et al.,
nitrosation week supplementation with moderate amounts 1999 [36]
induced by of green tea (2 g — 4 cups per day). However,
amine-rich diet  high amounts (4 g — 8 cups per day) increased
endogenous nitrosation.
Green tea High risk of Urine excretion of DNA damage biomarker 8- Luo et al.,
polyphenol liver cancer hydroxydeoxyguanosine (8-OHdG) decreased 2006 [33]
capsules after three months of treatment, but not after
one month for doses of 500 and 1000 mg.
Green tea Heavy smoking Urine levels of 8-OHJG decreased in GST Hakim etal.,
within GST mu  mu 1-positive smokers regardless of their 8- 2008 [37]
1 and/or oxoguanine DNA N-glycosylase 1 (hOGG1)
hOGG1 genotype by moderate consumption of green
genotypes tea (4 cups per day).
Green tea High Decrease in urinary levels of the fumosin, sph- Xue et al.,
polyphenols consumption of inganine (Sa), sphingosine (So) and Sa/Soratio 2015 [34]

Fumonisin bl

in groups treated with 1000 mg of the extract.
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Table 2.1: continued from previous page.

Phytochemical  Condition Main results References
Formulation
Green tea or Smokers with Phase Il - Completed (178 participants) NCT00363805
Polyphenon E Chronic Increases in urinary levels of 8-OHdG in both [41]
obstructive green tea and Polyphenon E groups after 6
chronic months, while there was a decrease in the
disease placebo group. Inversely, levels of the oxida-
tive lipid marker (8-iso-prostaglandin F2a) de-
creased in treatment groups, and increased in
the placebo group.
Polyphenon E Nonmetastatic Phase Il - Completed NCT00666562
bladder cancer = Dose-dependent accumulation of EGCG in [42]
non-malignant bladder tissue: placebo: 0.00
ngml?; 800 mg/day dose: 0.50 ngml?t; 1200
mg/day dose: 1.72 ngml?* .
Green tea, Smoking- Phase Il - Completed (176 participants)
Black tea, related A 35 % decrease in 8-OHdG levels after six NCT02719860
Placebo tea oxidative stress  months 4 cups /day of green tea in females and Hakim et al.,
a 26 % decrease in 8-iso-prostaglandin F2a in 2017 [38]
females after 6 months of drinking the same
quantity of black tea. No signi cant changes
were observed in males.
GTE Endoscopic Group supplemented with 0.9 g/day for twelve
removal of months of GTE (n=71) had 0.56 risk ratio when NCT02321969
colorectal compared with the control group (n=72). Less Shinetal.,
adenomas cases of relapsed adenoma in the extract- 2018 [35]
treated group.
Fish oil and Prostatic GTE afforded EGCG plasma concentrations of NCT00253643
GTE intraepithelial 30.71 14.19 ngmL? (48.96 14.19 ngmL'in Zhangetal.,
neoplasia combination with sh oil), but no signi cant dif- 2016 [43]
ferences in fatty acid synthase or antigen Ki-67
levels, compared to placebo (12-20 weeks).
Polyphenon E Prostatic Phase Il - Completed
intraepithelial Increase in EGCG plasma concentrations, but NCT00596011
neoplasia, no differences in the number of prostate cancer Kumar et al.,
atypical small cases in treated group (400 mg/day for a year, 2015 [44]
acinar n=49) compared to the placebo group (n=48).

proliferation
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Table 2.1: continued from previous page.

Phytochemical  Condition Main results References
Formulation
Polyphenon E Human Phase Il - Completed

Green tea

GTE

Polyphenon E

Polyphenon E
ointment

Polyphenon E

papillomavirus
and Low-grade
cervical
intraepithelial
neoplasia

Remission of
advanced
stage ovarian
cancer

High breast
density,
menopausal
women

Barrett's
esophagus

Actinic
keratosis

Prostate
cancer men
scheduled to
prostatectomy

Group treated with 800 mg/day for 4 months
(n=50) showed no toxicities and no clear-
ance/resolution of human papillomavirus or
cervical intraepithelial neoplasia, compared to
placebo group (n=48).

Phase Il - Completed (16 patients)

Recurrence rate not satisfactory after 18
months (500 mL/day), hence trial was termi-
nated.

Phase Il - Completed

Comparing with placebo group (n=537), decaf-
feinated GTE (843 mg/day of EGCG for 12
months) did not signi cantly change mammo-
graphic density, but there was a statistically
signi cant decrease on percent mammaographic
density in younger women (50-55 years).

Phase | - Completed (44 participants)
Escalating dose 400, 800 and 1200 mg/day did
not reach the maximum tolerated dose, and in-
creased EGCG levels in the esophagus: 0.79
pmol/g (placebo), 6.06 pmol/g (400 mg), 35.67
pmol/g (800 mg) and 34.95 (1200 mg).

Phase Il - Terminated

No signi cant differences from the daily applica-
tion of ointment with a concentration of 5.5-8.5%
of EGCG for 12 weeks (51 participants).

Phase | - Completed

After treatment during 3 to 6 weeks (800 mg
EGCG/day), tea catechins were present in
plasma, but levels in the prostatectomy tissue
were low to undetectable. Changes in systemic
and tissue biomarkers were not statistically sig-
ni cant compared to placebo.

NCT00303823
Garcia et al.,
2014 [45]

NCT00721890
Trudel et al.,
2013 [46]

NCT00917735
Samavat et al.,
2017 [32]

NCT00233935
Joe et al.,
2015 [47]

NCTO00005097
Linden et al.,
2003 [48]

NCT00459407
Nguyen et al.,
2012 [48]
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Table 2.1: continued from previous page.

Phytochemical  Condition Main results References
Formulation
Anthocyanin- Colorectal Escalating doses of the extract, for seven days Thomasset et

rich bilberry
extract
(Mirtocyan)

Bioadhesive
black raspberry

gel

Lyophilized
black
raspberries

Black
raspberries
suppositories
(and powder)

cancer patients
scheduled to
resection of
primary tumor
or liver
metastases

Oral
intraepithelial
neoplasia

Barrett's
esophagus

Familial
adenomatous
polyposis
(rectal polyps)

before resection surgery, showed no adverse ef-
fects. At day seven there was a dose-dependent
increase in anthocyanin concentrations in both
plasma and urine. Accumulation in colorec-
tal tumor tissue versus adjacent normal tissue,
most prominent anthocyanin approx. 94 ng/g
versus 39 ng/g, respectively. Anthocyanins or
metabolites were not detected in liver. De-
crease in proliferation (7%, Ki-67) in tumors
from all patients and the lowest dose reduced
insulin-like growth factor levels.

41% of participants treated with a 10% (w/w)
black raspberry gel showed a decrease in le-
sion grade, 23% an increase in lesion grade and
35% remained stable. No gel associated toxic-
ity was found. There was signi cant reduction
of loss of heterozygosity indices at the tumor
suppressor gene-associated loci. Modulation of
in ammation and apoptosis-related genes after
application of gel four times daily for 6 weeks.

Intervention with 45 g per day for 6 months in-
creased detoxi cation in epithelium (increase in
GST-pi) and decreased urinary lipid peroxida-
tion maker. A fraction of the patients (15%) ex-
hibited low grade toxicities (epigastric pain, di-
arrhea, constipation), but were able to continue
the trial upon a reduction in dosage.

Treatment with suppositories (9 months) de-
creased the burden of rectal polyps, along with
reduction of cellular proliferation and modulation
of signaling pathways and DNA methylation in
tissues. Addition of oral black raspberry powder
to the treatment yielded no additional bene t.
3/14 patients were nonresponders.

al., 2009 [49]

Shumway et

al., 2008 [39]
Mallery et al.,
2008 [13]

Kresty et al.,
2016 [50]

Wang et al.,
2014 [40]
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2.2 Alginate-based Biomaterials

2.2.1 Alginate

Alginate is a polyanionic naturally occurring material, generally obtained from brown algae (Phaeo-
phyceae), but also produced by certain bacteria (Pseudomonas aeruginosa) [51]. It has attracted
some interest in biomedical applications, such as drug delivery, wound dressings, cell cultures and
tissue regeneration [52]. Structurally, it is a block copolymer of a-L-guluronate (G) and (1,4)-linked
b-D-mannuronate (M) residues. The blocks are composed of consecutive M residues (MM blocks),
consecutive G residues (GG blocks), and alternating M and G residues (GM blocks) [52].

The anionic nature of both M and G residues allows ionic cross-linking with divalent cations. The
divalent cations bind mostly though the egg-box model of cross-linking, where GG blocks of a polymer
chain forms junctions with GG blocks of an adjacent chain, although some alternative ion binding in the

GM and MM blocks has been hypothesised [51] (Figure 2.2).

Figure 2.2: Alginate molecular structure and binding sites for divalent cations, namely the egg-box model between
adjacent GG blocks and alternative binding sites for in MM and GM blocks. Figure was taken from
Rodrigues and Lagoa, 2006. [51]

2.2.2 Biomedical Applications of Alginate

The ease of gelation, low toxicity and relatively low cost of alginate has attracted some interest in biomed-
ical applications, such as drug delivery, wound dressings, cell cultures and tissue regeneration [52]. The
induction of foreign body response by alginate seems to be insigni cant in animal studies, although the
existence of impurities in alginate can lead to immunological response [52].

The majority of alginate presently in biomedical and therapeutic use is for dermal applications in

wound healing, and with other minor applications, namely the delivery of chondrocytes in osteoarthrosis
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or osteochondis, the oral administration for re ux treatment, rectal suppositories for chronic haemor-
rhoids or post-intervention chronic anal ssures or for tissue implants in periodontal diseases [53].

The appeal of alginate for dermal applications lies in its versatility to be formulated in various soft and
non-brittle forms, namely in foams by freeze-drying or Ims by the casting/solvent evaporation method
and the exibility of alginate Ims can be improved by the addition of glycerol or other plasticizers.
The easy incorporation of antibacterial agents or small drugs alongside the ability to maintain a moist
environment or absorb excess uid brings desirable properties for would healing and overall dermal
application [54].

Alginate biomaterials can also be fabricated by other less employed methods, such as, 3D printing
and electrospinning. A dif culty limiting the widespread use of 3D printing of alginate is its high viscosity,
which can cause jamming of the nozzles [55]. Regardless of this dif culty, there is increasing interest of
the use of alginate in additive manufacturing, namely in cell bio-printing. Alginate is especially attractive
as bio-ink not only due to the aforementioned biocompatibility and amenable gelation post-printing, but
also due to similarity to extracellular matrix that hydrogels provide, namely their high water content and
tissue-like stiffness [56]. However, the alginate lack of adhesion moieties leads to the use of modi ed
alginate containing RGD maotifs [57] or, more commonly, the use of composite alginate bio-inks with poly-
mers that have a high density of RGD sequences, such as collagen and gelatin [58,59]. Electrospinning
of alginate enables the creation of alginate nano ber materials that can be gelled post-electrospinning,
which has been explored for wound dressings, tissue engineering (mimicking extracellular matrix) and
drug delivery systems [60]. Similarly to 3D printing, the high viscosity of the polymer is major limita-
tion that precludes the electrospinning of pure alginate, requiring strategies such as the use of a carrier
polymer, namely polyethylene oxide or polyvinyl alcohol [60].

Alginate has been previously studied for the delivery of polyphenols, namely as a colon targeted
oral delivery system. A previously mentioned study (Chapter 2.1.1.C) used chitosan-coated alginate
microspheres administered orally to treat colon mucosa damage, in which a preliminary in vitro assay
showed that 10 % of the drug was released in simulated low pH gastric uid and 65.6 % was quickly
released at higher pH simulated colonic uid. Furthermore, uorescent tracing of microspheres revealed

their accumulation in mice colon especially 16h after administration [17].

2.3 Pharmacokinetics Basics

Pharmacokinetics (PK) is de ned by IUPAC as "the process of the uptake of drugs by the body, the
biotransformation they undergo, the distribution of the drugs and their metabolites in the tissues, and the
elimination of the drugs and their metabolites from the body over a period of time” [61].

The evolution of substances in the body is often described in four phases (ADME):
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» Absorption is the movement of the drug into the blood.
The hydrophobicity of drug is a key determinant of drug absorption, if a drug is too hydrophilic
it cannot cross the lipid cell membrane of gut wall cells, on the other hand if it is too lipophilic it
will not be able to cross the intercellular aqueous medium. After gut wall absorption the drug is
delivered to the liver before entering the systemic circulation [62].

« Distribution is the drug's movement from one location of body to another.
Usually distribution refers to the transfer from systemic circulation to lowly perfused tissues or to
the drug's effector site.

» Metabolism is the set of chemical transformations applied to the drug.
It can occur in the gut wall and liver before absorption (the rst pass effect) or after absorption
mainly on the liver, although all cells can potentially metabolize drugs [62].

» Excretion is the removal of drug and its metabolites from the body.
The drug and its metabolites are eventually removed from the body, mainly through renal excretion,

although it can occur through the lungs, milk, sweat, tears, skin, hair, or saliva [63].

Related with excretion and metabolism is the concept of clearance ( CL), which is the volume of
plasma that is cleared of drug per unit time. Half time of elimination ( t;-,) is the time needed to clear
half of the absorbed drug.

Other important concept in PK is that of bioavailability ( F), which is the fraction of unchanged
drug that is absorbed into the systemic circulation. It is determined by the ratio of the area under the
curve (AUC) of a PK pro le of a given administration route with the AUC of intravenous administra-
tion of the same dose, so by de nition, intravenous administration has a bioavailability of 100%. The
bioavailability of orally administrated drugs varies greatly depending on the drug ranging from 5% to
100 %, the greatest limiting factor of this route is the rst pass metabolism. Transdermal delivery for
instance may vyield greater bioavailability (80 % to 100 %), but the absorption of the drug through the
skin is slow and in some cases impossible [62]. AUC, maximum blood concentration ( C.x ) and

maximum blood concentration time ( tax ) are standard measurements in PK studies.

The volume of distribution (V) is the volume that a drug would have to occupy theoretically if it were
to be homogeneously distributed in the body. It is estimated by the ratio of the amount of bioavailable
drug in the body and the concentration of the drug in blood.

The mean residence time ( MRT) is the average time a drug molecule stays in the body. For
intravenous administration the MRT is calculated as the ratio of the area under the rst moment curve
(AUMC) with AUC, where AUMC is the area under curve of concentration time versus time. However,

in rst order absorption the mean input time needs to be subtracted from the previous ratio [64].

MIT (2.1)



Where mean input time is calculated as follows:

1 (2.2)

MIT = F dose (tjag +
Ka

, Where kj is the drug absorption rate constant and tj54 is the time between administration and the start

of absorption of the drug.

2.3.1 Compartmental Models

Compartmental models consider an organism as a humber of homogeneous compartments. Models
with high number of compartments, such as physiologically based pharmacokinetic (PBPK) models,
strive to simulate the human body with each compartment representing a single or a small group of
similar organs. However, these kind of models require extensive empirical validation and are adequate
for predictive PK rather than having descriptive role.

Simple compartmental models, such as 1-compartment and 2-compartment models, are widely used
for the description of PK data (Figure 2.3). The 1-compartment model considers that the drug instantly
distributes through a single Vg, represented by the central compartment. While the 2-compartment
model distinguishes tissues where the drug diffuses more slowly in a peripheral compartment. Usually
the central compartment represents blood and highly perfused organs including the heart, lungs, liver
and kidneys, while the peripheral compartment might represent fat, muscle tissue and/or cerebrospinal
uid.

The kinetics of transfer (absorption, elimination, distribution and redistribution) is de ned as rst order
kinetics for most drugs, in some cases Michaelis—Menten kinetics are applied for elimination [65]. The
rst-order transfer is characterized by an increase/decrease of a rate of the current drug amount in a
compartment and mathematically the compartmental models are represented as a system of differential
equations of which the solution is a sum of exponentials. For rst order kinetics the system that explains

the transfer of drug through the compartments is de ned as [66]:

AS(t)= ka Aa(t)
Ag(t): ka Aa(t) ke Ac(t)

VAN AR 0O

Co(t) = Al (2.3)
A,(0)= F Dose
" A0)=0

, Where A. is the amount of drug in the central compartment, A, is the amount of administered

bioavailable drug, k. is the elimination rate constant, k, is the absorption rate. The concentration on the
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Figure 2.3: Schematic of 1-compartment (top) and 2-compartment models (bottom). In the example plots the or-
ange lines represents the drug absorbed assuming no excretion or distribution, while the blue lines rep-
resent the time evolution of drug assuming absorption, elimination and/or distribution. The transfer rate
constants used were, for the 1-compartment model, k. =1h 1 and ke =0.1h?', and for 2-compartment
model, ko =1h*, ks =0.2h', k, =0.001h* and ke =0.1h*.

central compartment, C. is obtained dividing A. from the volume of distribution in the central compart-

ment, V.. Assuming that, C. can be expressed as:

F Dose Ka

Ka t ke t
Ve o K (e e ) (2.4)

Ce(t) =

For 2-compartment model the initial conditions are:

Adt) = ka Aa(t) ke Ac(t) kg Ac(t)+ ko Ap(t)

Ag(t): Ka Ac(t) ke Ap(t)

Ce(t) = 4= (2.5)
A,(0) = F Dose

Ac(0)=0

" Ap0)=0

8
gg(t): ka Aa(t)

, Where A, is the amount of drug in the peripheral compartment, kqy and k; are the distribution and

redistribution rate constants respectively. The concentration in the central compartment is described by:
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Cit)= 1 e '+ o e 2 (14 ) ekt (2.6)

, with the following auxiliary constants:

8
— Dose F Ka (kr 1)
E 1 Ve (ka 1)1 2)
— Dose F ka (K 2)
2 Ve (ka  2)( 1 pz) (27)
3 1= 1 (et kot kit (Kt ket k)Z AKKo)
T 2= F (ketkat ki o (et ke k)Z  dkke)

In 2-compartment models, the transfer from the central compartment to the peripheral compartment
can be quite rapid leading to a lower C,5x than that of a 1-compartment model (Figure 2.3). Usually the
elimination in a 2-compartment model ends up being slower, especially if redistribution rate constant (k)
is low because the drug needs to leave the peripheral compartment before being eliminated.

To the above equations for 1 and 2-compartment models, t can be replaced by (t  tiag), with tjag

being an additional variable that accounts for delays in the start of drug absorption.

2.4 Pharmacokinetic Characterization of Polpyphenol Delivery

Systems

Various types of delivery system formulations aimed at improving polyphenol PK properties, as these
compounds generally have low bioavailabilities. Such delivery systems have successfully increased
the bioavailability of the administered drug both in animal models and in human trials (Tables 2.2 and
2.3). In addition to the anthocyanin-rich raspberry formulations mentioned before, systems for delivery of
curcumin, resveratrol and genistein have been trialed in cancer patients and showed good tolerability and
bene cial outcomes (i.e. partial tumor marker responses and decreased lesion incidence), but still not a
clinically accepted ef cacy (reviewed in [2]). A hypothesis is that despite the improved bioavailability of
the drug, the delivery system may have a PK pro le signi cantly different from the drug in the diet, which

chemoprevention capacities have been shown in epidemiological studies. The slight decrease in MRT
despite increased bioavailability of the delivery system in Riva et al. 2019 [67] offers some indication

that such hypothesis might be true.
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Table 2.2: Some polyphenol delivery systems recently reported to increase the bioavailablity in animal models. The

PK results obtained with the delivery system are compared with those of the free drug.

Phytochemical Delivery system Pharmacokinetic data Reference
(Delivery system vs Free drug)
Curcumin NPs of rice bran Ciax - 0.256 pug mL? vs 0.082 ug mL* Liu et al.
albumin AUC: 1.72 pgh mL* vs 0.17 pg h mL? 2018 [68]
Curcumin Saponin-coated Ciax : 6.91 ug mL™* vs 0.47 pg mL? Peng et al.
curcumin NPs AUC: 141pghmllvs 1.4pghmet — 2018[69)]
Curcumin Sophorolipid-coated Crax : 2.74 pg mL™* vs 0.47 pg mL? Peng et al.
curcumin NPs AUC: 6.5 ug h mL vs 1.4 ug h mL 2018 [70]
Genistein Glyceryl Crax : 1.55 ug mL? vs 1.12 ug mL! Kim et al.
palmitostearate NPs AUC: 6.3 ug h mL vs 3.9 ug h mL2 2017 [71]
Gingerol Proliposomes Ciax : 6.48 ug mL™* vs 0.87 pg mL? Wang et al.
AUC:20.1ughmL?tvs 1.2 ygh mL? 2018 [72]
Quercetin Lecithin-stabilized Crax : 1.52 pg mL™* vs 0.53 pg mL? Chang et
polymeric micelles AUC: 0.90 ug h mL? vs 0.25 ug h mL™*? 2518 (73]
Quercetin Water-in-oil-in-water Cmay : 7.38 ug mL* vs 0.34 pg mL? Pangeni et
multiple nanoemulsion 1 ;¢ 9 9o ug h mL? vs 0.25 ug h mL* gldls [74]
Resveratrol Polyallylamine Cax : 0.161 pg mL? vs 0.147 ug mL*? Santos et
g}éi{roac: fﬂ;gﬁaﬁd AUC: 0.71pgh mL™ vs 025 ug hmL™ glcilg [75]

layer-by-layer NPs

When polyphenol delivery systems are evaluated in animals or humans, the PK data collected are

mostly point references such as C,.x or broad parameters as AUC (Table 2.2 and 2.3), but the kinet-

ics of absorption determining the initial evolution of polyphenol concentration in blood is not carefully

analysed.

It is also noticeable that in vitro investigation of pharmacological activities of polyphenols is typically

carried by exposing cells to a constant concentration of the compound, whereas the physiological ab-

sorption of polyphenols from the diet leads to a gradual increase in blood concentration (not constant).

A more careful consideration of the PK of polyphenols in the diet and the development of delivery

systems that can mimic such kinetics could have important applications for investigative purposes and,

perhaps, improved therapeutic ef ciencies.
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are compared with those of the free drug, when available.

Table 2.3: PK of polyphenol delivery systems studied in humans. The PK results obtained with the delivery system

Polyphenol Pharmacokinetic data Reference
Delivery system (Delivery system vs Free drug)
Route of administration
Subjects
Quercetin Cmax : 223.10 ng mL? vs 10.93 ng mL* Riva et al.
Lecithin-quercetin phytosomes AUC: 1602.7 ng hmL? vs 79.6 ng h mL? 2019 [67]
Oral administration tmax : 202.50 min vs 290.00 min
Healthy subjects t1=5: 226.84 min vs 372.63 min

MRT : 372.94 min vs 410.41 min
Resveratrol extract Cax : 300.0 ng mL? vs 28.3 ng mL* Calvo-
Micelles of polysorbate and triacyl- AUC: 252.4 ng h mL! vs 50.8 ng h mL* Ctastro |
glycerols tmax : 0.8 hvs 3.0 h 3018 [72].
Oral administration
Healthy subjects
Genistein Cmay : 1.08 umol L Lohr et al.
Crystalline form (AXP107-11®) AUC: 2.33 umol h mL™* 2016 [77]
Oral administration tmax - 1.5 hto3 h
Patients with inoperable pancreatic
carcinoma
Genistein Cax : 1009 ng mL?t Uckun et
B43-genistein immunoconjugate Vg: 332 mL kg? ?7"8] 1999

Intravenous administration

Patients with acute lymphoblastic
leukemia

t1-o: 20 h

AUC: 9711 ngh mL?
CL:20mL ht kg?
MRT : 24 h
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3.1 Materials and Reagents

The materials and reagents used in the laboratorial work through this thesis are listed and described in

Table 3.1. The silicone membrane was kindly offered by Lintec Co., Ltd.

Table 3.1: Materials and reagents used in the laboratorial work.

Material/Reagent Manufacturer Reference Additional Information
polyvinylidene Fluoride (PVDF) BIO-RAD 162-0176 Used in permeation studies
for protein blotting Pore size g= 0.2 pm
Nitrocellulose BIO-RAD 162-0147 Used in permeation studies;

Nitrocellulose

Silicone membrane

Sartorius Stedim
Biotech S.A.

LINTEC Co., Ltd.

11406-47-ACN

Pore size g= 0.2 um

Used in permeation studies;
Pore size g= 0.45 um

Used in permeation studies
Thickness = 75 pm

Sodium Chloride (NaCl) JMGS 12100 Purity 99.8%
Calcium Chloride (CaCl,) Carlo Erba 43381 Purity 99%
Barium Chloride (BaCl,) Carlo Erba 425037 Purity 99%
Zinc Chloride (ZnCly) Panreac 136502 Purity 97 %
Copper Chloride (CuCly,) Acros A0301860 Purity 98%
Gallic Acid Sigma-Aldrich G7384 Purity 97.5%
Epicatechin Sigma-Aldrich E1753 Purity 90%
EGCG Sigma-Aldrich 93894 Purity 98 %
Caffeine FLUKA 27600 Purity 99%
Benzoic acid RIEDEL 33047 Purity 99%
dimethyl sulfoxide (DMSO) Sigma-Aldrich 276855 Purity 99.9%
Sodium Alginate Sigma-Aldrich A2033 Medium Viscosity
Chitosan Roig Farma 32814-27 _

Glycerol SCHARLAU GL0026005P Purity 99.5%
Follin-Ciocalteu Reagent SCHARLAU RE00180250 _

Sodium Carbonate (Na,CO3) Carlo Erba 479307 Purity 99.5%
Potassium Hydrogenphosphate Panreac 121512 Purity 99%
(KoHPOy)

Acetic acid (CH3COOH) RIEDEL 33209 Purity 99.8%
Cytrochrome ¢ Sigma-Aldrich C7752 From equine heart
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3.1.1 Franz Cells

A Franz cell is an apparatus that consists of two chambers (donor and receptor), between which a

membrane or a skin sample can be xed (Figure 3.1).

Figure 3.1: Franz cell and its components used in the permeation studies (PermeGeat, Inc).

Placing a liquid or emulsi ed test compound in the donor chamber allows the study of the permeation
through the membrane by sampling and measuring the concentration of the receptor uid over time. The
sampling is achieved by pipetting the receptor liquid through the sampling port and afterwards replen-
ishing the same volume with receptor medium. In these studies, it has to be taken into consideration
that a fraction of the studied compound is lost at every sampling time, thus the cumulative concentration

at each time was calculated as follows,

Vspl
Vrec

Ct = CectC 1 (3.1)

, Where the cumulative concentration at time t (¢;) is the sum of the concentration measured in the
receptor chamber (c.ec ) and the product of the cumulative concentration at the previous time point (¢; 1)

and the ratio of the sampling volume (Vsp ) and receptor chamber volume (Viec).

A small stirbar keeps the receptor media under constant magnetic agitation. In the permeation
studies a Franz Cell from PermeGear, Inc. with an effective permeation area of 0.636 cm? and a receptor

volume of 5 mL was used (Figure 3.1).
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3.2 Analytical Methods

3.2.1 Ultraviolet-Visible Spectroscopy

Ultraviolet/visible ((UV/Vis) absorption spectroscopy or UV/Vis absorbance spectrophotometry is instru-
mental method routinely used to quantify an absorbing species in a solution by measuring the interaction
of molecules with electromagnetic radiation in the UV/Vis spectra region. The working principle of UV/Vis

spectroscopy is based on the Beer-Lambert law:

lo

A =1log 19 T = cL (3.2)

, Where the measured absorbance (A), determined by the logarithm of the ratio of incident radiation
(Io) and transmitted radiation (1), increases linearly with the concentration of the absorbing species (c)
for a xed path length through the sample (L). The rate of this linear increase is the molar attenuation

coef cient ().

A Varian Cary 50 spectrophotometer was used to obtain the solution spectra in the catechin-ion sta-
bility studies, while in the rest of the studies Thermo Scienti c™ GENESYS™ 10 UV spectrophotometer

was used.

3.2.2 High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) is instrumental method used to separate, identify and
guantify components of a sample solution. It consists on passing a pressurized liquid solvent (mo-
bile phase), containing the sample solution through a column containing adsorbent particles (stationary
phase). In normal-phase HPLC the mobile phase is non-polar and the stationary phase is polar, and
vice versa for phase-reverse HPLC. The different interactions between the sample components with
the absorbent material changes their ow rate causing them to separate since they leave the column at
different times. The separated uid is then quanti ed by molecular absorption at a given wavelength, by

uorescence or by other detection technique.

In laboratory work, an Agilent 1100 was used to quantify epicatechin or EGCG by phase-reverse
HPLC using a C18 column, a mobile phase consisting of triethylammonium phosphate:water:acetonitrile

1:83:16 (pH 4.3) and UV detection at 278 nm.

To properly clean the HPLC column, pre-run and a post-run using methanol were routinely carried

out as described in Table 3.2.
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Table 3.2: Chronological steps of the HPLC pre-run, run and post-run. The mobile phase is triethylammonium
phosphate:water:acetonitrile 1:83:16 (pH 4.3).

Time (min)  Flux (mLmin ')  Methanol (%) Mobile Phase (%) Max. Pressure (bar)

Pre-run
0 0.2 50 50 200
10 0.2 50 50 200
25 0.4 100 0 200
70 0.6 100 0 200
90 0.6 0 100 200
100 0.6 0 100 200
Run
0 0.6 0 100 200
(epicatechin) 15
(EGCG) 20 0.6 0 100 200
Post-run
0 0.6 100 0 200
15 0.4 100 0 200
30 0.2 100 0 200

3.2.3 Total Polyphenol Assay

The total polyphenol assay or the polyphenol assay is used to determine the content in polyphenols of
a sample. The protocol used was adopted from Ganesan et al. [79], where 100 uL of a sample were
added to 2 mL of Na,COg3 (2 % w/v), homogenized and stabilized for 2 min. Afterwards, 100 pL of Folin-
Ciocalteu reagent (50 % v/v) was added. After homogenization, the solution was incubated for 30 min at
room temperature in the dark. Absorbance of all samples were measured at 720 nm. In different cases,

gallic acid or epicatechin were used as standards.

3.2.4 Cytochrome ¢ Reduction Assay

Cytochrome c¢ (Cyt c) is a protein that plays an important role in the initial stages of intrinsic apoptosis.
When oxidized, Cyt c triggers the assembly of apoptosome and the activation of caspases, so the re-
duction of Cyt c is considered one of the protective mechanisms of avonoids in conditions of oxidative
stress [80]. The Cyt c reduction assay was used as a measure of antioxidant bioactivity of polyphenols
in the different release conditions investigated.

The assay was carried out in 10mmolL?* potassium phosphate buffer (pH 7.4) and Cytc (20
umolL1). After ensuring the stability of Cyt c at 550 nm, the test sample was added and after ho-
mogenization the reduction of Cyt ¢ was followed for 10 or 20 min at the same wavelength. In some
assays, a known concentration of epicatechin was added to the spectrophotometer cell to verify the

reducing capacity in the tested conditions.
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3.3 Catechin Stability Studies

The stability of EGCG in presence of potential alginate-gelling ions (Ca?*, Ba*, Zn?* and Cu?*) was
studied with a 100umolL* solution of the catechin in saline medium (150mmolL? of NaCl). The
absorbance spectra of the polyphenol of the solutions was collected in the range 200 to 600 nm, with
a 1nm resolution. Afterwards, gelation ions were added to the cuvette until a nal concentration of
500 umol Lt , and the solution spectra were collected 5min after each addition. Difference spectra of
EGCG in presence of each metal ion were obtained by subtracting the absorption spectra of the metal
solutions (at the same concentration) from the spectra of the mixture (EGCG+metal ion). Then, the
difference spectra was compared with the spectra of EGCG without added ions.

The possible degradation of catechins over time could be detrimental in this application as it could
occur during the encapsulation. Therefore, EGCG solutions with 10mmol L in water or 200 umol L ! of
CacCl,/ZnCl, gelation solutions were left in the dark at 4 and 20 C for 20 h. The samples were analysed
in HPLC for any noticeable changes in the chromatograms or in the concentrations compared to an

identical sample analysed at O h.

3.4 Fabrication of Dry Alginate Films

Dry alginate Ims of three different thicknesses were prepared by the casting/solvent evaporation. Solu-
tions of sodium alginate (2 % wi/v) were prepared by powder dissolution in distilled water, under magnetic
agitation for at least 12 h ensuring complete dissolution. Afterwards, the solution was distributed on a
mold in three volume/area ratios (0.79, 1.19 and 1.59 mL cm? of base). After drying for 6 days at 40 C,
alginate Ims with 85, 139 and 202 pm thicknesses and, respectively, with 1.5, 1.5 and 1.2 mgmm 3

apparent density were obtained and identi ed as thin, intermediate and thick Ims.

3.4.1 Alginate Films with Glycerol

Glycerol has been used before as a plasticizer of dry alginate Ims [81-84]. The presence of glycerol
increases the space between alginate chains increasing the Ims exibility [84]. Alginate Ims with

glycerol were produced by adding to the previously prepared alginate solution 15 and 30% (w/w) of
glycerol, based on the weight of alginate. Intermediate thickness glycerol-containing Ims were prepared

by the casting/solvent evaporation method (described above).

3.4.2 Alginate Films with Chitosan

Films of chitosan and alginate have also been explored for drug delivery purposes [85, 86]. The direct

mixing of alginate and chitosan, a polycationic polymer, originates polyanion-polycation (polyelectrolyte)
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complexes creating a hydrogel [85], which is incompatible with the proposed rationale of encapsulating
the drug before usage .

Exploratory studies aimed to nd if there is a lower limit in the concentration of chitosan that would
not gel alginate. In these studies, different concentrations of chitosan in 0.1 and 0.5molL?* of acetic acid
were added drop by drop to a 2 % (w/v) solution of alginate under magnetic agitation until a volume ratio
of 1(alginate solution):1(chitosan solution). The in uence of ionic strength on the gelation was also stud-
ied by the addition of 100 mmolL?® of NaCl to the alginate solution. Only stock solutions of chitosan with
concentrations lower than 0.03 % (w/v) did not create visible alginate-chitosan complexes when added,
regardless of the concentration of acetic acid or the presence of NaCl. From the resulting solutions (with

and without NaCl) thin Ims were prepared by the aforementioned casting/solvent evaporation method.

3.4.3 Measurement of Contact Angles

The contact angles of dry alginate Ims with and without additives were studied using the sessile drop
technique using water as a probe liquid. A camera look down angle used of 5° was employed to ease
measurements by bringing the image to a sharp focus [87]. Immediately after dropping a 5pL water
drop an image was captured. The contact angle was determined using the LB-ADSA plugin [88] for
ImageJ [89].

Figure 3.2: Experimental setup for the measurement of contact angles using the sessile drop technique. The look
down angle of the camera used was 5°.

3.5 Polyphenol Encapsulation and Release Studies

3.5.1 Polyphenol Encapsulation

Epicatechin, EGCG or gallic acid were encapsulated by addition to the crosslinking metal solutions used
to gel the alginate Ims. For gelation, the dried alginate Ims were immersed in a small volume of

calcium, zinc or barium chloride 164 mmolL*, for 18 h at 4 C. Blank alginate matrices were gelled in
the absence of epicatechin, while epicatechin-loaded Ims were gelled with crosslinking metal solutions

containing 3.8 nmol of the polyphenol per mm? of the Im's total surface area.
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The encapsulated ef ciency was determined by quantifying the amount of polyphenol in the residual
encapsulation solution. After the 18 h of encapsulation, the alginate Im was removed from the Petri dish
and the residual gelation solution was washed with 5 mL of distilled water. After homogenization of the
resulting washing solution, a sample was collected and its concentration was determined by HPLC. The
total volume of the washing solution was determined by measuring the weight difference of the wet and

dried Petri dish. Afterwards, the unencapsulated amount and encapsulation ef ciency were calculated.

3.5.2 Distribution of the Encapsulated Epicatechin

The evaluation of the distribution of the epicatechin encapsulated in the Ims was accomplished using
an adapted version of the total polyphenol assay (Chapter 3.2.3).

Small disks (g= 5.5 mm) were punched from alginate Ims and 0.18 pmol of epicatechin was encap-
sulated in each disk similarly to the encapsulation protocol in release studies (Chapter 3.5.1). After the
18 h the disks were removed from any residual liquid from encapsulation, 20 pL of Na,CO3 (2 % wi/v) was
deposited on the discs for 2 min. Afterwards, the residual solution of Na,CO3 was removed and 20 pL of
Folin-Ciocalteu reagent (50 % v/v) was deposited in the disc for 10 min in the dark at room temperature.

Finally, the residual Folin-Ciocalteu was dried and the disks were photographed.

3.5.3 Epicatechin Release Studies

The kinetics of release of epicatechin by alginate was studied with alginate Ims having a total surface
area of 143 mm? in total, gelled using different crosslinking gelation ions (Ca?*, Ba®* and Zn?*) as
previously described. The composition of the encapsulation solution is detailed in Table 3.3, DMSO
was present in the nal gelation solution because the stock solution of epicatechin was prepared in this

solvent.

Table 3.3: Volume and nal composition of gelation solutions used to gel the Ims for the release assays.

Films Condition  Volume Crosslinking metal DMSO Epicatechin
(uL) (mmol/L) % (viv) (umol)

Thin Epicatechin 60 164 18 0.54
Control 60 164 18 0

Thick Epicatechin 210 164 18 0.54
Control 210 164 18 0

After gelation and encapsulation, the Ims were washed (thrice for 1 s) in 1 mL of saline, and placed
in 5mL of saline solution (NaCl 150 mmol L * ) for monitoring epicatechin release under gentle agitation.
Samples of the release medium were withdrawn at time intervals (1.5, 3, 5, 7, 10, 15, 20, 30, 45, 60, 90,

120, 150, 210 and 270 min) and epicatechin was quanti ed by UV/Vis spectroscopy at 278 nm. Blank

31



alginate matrices gelled with each ion were also assayed in parallel and the absorbance values of the
blank Ims were subtracted to the polyphenol-loaded Ims. Release assays for each ion were done in
triplicate both for blank and epicatechin-loaded Ims.

The kinetics of epicatechin release was studied by tting the experimental data to the rst order,

Korsmeyer-Peppas and Weibull models [90]:

First order model: é =1 ekt (3.3)

Korsmeyer-Peppas model: é =k t" (3.4)
; . c _ atP

Weibull model: c, 1 e (3.5)

, Wwhere K is the rate constant, the n is an exponent that can be used to characterize the release mech-
anism when the Korsmeyer-Peppas model is tted to the rst 60% of release [91], and a and b are
constants, where b can be used to characterize the release mechanism [90]. The mathematical models
were tted and the adjusted coef cient of determination ( Rgd ) was calculated with MATLAB®, with Rgd

being de ned as:

e 1
Rig =1 ﬁ(l R?) (3.6)

where e is the number of experimental points in the kinetic curve, p is the number of parameters in the

model equation and R? is the coef cient of determination.

3.6 Franz Cell Studies

3.6.1 Permeation Studies with Franz Cells

The permeation of different compounds was studied using a silicone membrane from LINTEC Co., Ltd.
that has been previously showed by Uchida et al. [92] to have some validity as model of human skin
permeation. Beforehand, preliminary studies of catechin permeation with PVDF and nitrocellulose
membranes of different pore sizes were carried, as well as compatibility assays of polyphenols with
the silicone membrane. In all studies the Franz cell receptor chamber was lled with 5mL of saline

(150 mmolL! of NaCl) and the sampling volume was 600 pL.

3.6.1.A Preliminary Permeation Studies

In the preliminary studies with PVDF and nitrocellulose membranes, 110 uL of epicatechin and gallic

acid solutions were placed in the donor chamber, since this was the minimum required volume to fully
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cover the effective permeation area of the membranes with solution. The loaded solutions consisted
of 11.66 mmolL* of gallic acid in saline and 11.66 mmolL* in 95% (v/v) of epicatechin in saline and
5% (v/v) DMSO. DMSO was present in the epicatechin solutions because stock concentrated solutions
were prepared in this solvent. Various samples were taken from the receptor chamber at 20, 40, 60,
90, 120, 150, 180, 240, 300, 360, 420 and 480 min and the concentration of the solutes in the receptor
media was determined with UV/Vis spectroscopy at wavelengths 260 nm for gallic acid and 278 nm for

epicatechin.

3.6.1.B Compatibility of Polyphenols with Silicone Membrane

The stability of polyphenols with the silicone membrane was studied by UV/Vis spectroscopy and the
total polyphenol method. Gallic acid and epicatechin solutions (C = 11.66mmolL?*, V = 500 uL) were
placed in contact with a silicone membrane sample and after 24 h or 8 h, the absorbances at 260 nm
or 278 nm were measured for gallic acid and epicatechin, respectively, and the total polyphenol assay
was applied to the solutions. Controls of epicatechin without silicone membrane and saline with silicone

membrane were also measured at 0 h and after the elapsed 8 h or 24 h.

3.6.1.C Permeation Studies with Silicone Membrane

The permeation studies with the silicone membrane were made with gallic acid, as well as with benzoic
acid and caffeine replicating studies by Uchida et al. [92]. Saturated solutions of the aforementioned
compounds were pipetted into the donor chamber at volumes of 600 pL, as to simulate an in nite donor,
that is, an amount that does not deplete in the duration of the assay. Before each assay the membrane
was equilibrated in saline for 30 min and then rinsed in 1 mL of fresh saline before being placed in the
Franz cell. The permeation kinetics were followed for 4 hours to 6 hours with UV/Vis spectroscopy at
254 nm for caffeine and benzoic acid and 260 nm for gallic acid.

The permeability coef cient ( P), the diffusion parameter (DL ?2), and partition parameter (KL ) were

calculated from the permeation kinetic pro les using Equation 3.7 [92]:

8

2Flux =P C,

JDL 2= o7 (3.7)
"KL =6 T P

, Where the permeability coef cient was calculated from the Flux, which is the slope of the linear phase
of the permeation pro le divided by the effective permeation area, and from the concentration of the
donor solution (C,). The tj,g3 was obtained from the intersection of the linear trendline of the linear
phase with the x-axis (illustrated in Figure 4.6), and was used to calculate the partition and diffusion

parameters.
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3.6.2 Catechin Release in Franz Cells

The Franz cells were also used as a support for drug release studies, enabling the study of drug release
in conditions similar to that of a skin patch. An alginate Im with total surface area of 800 mm 2 was loaded
with epicatechin as described in Chapter 3.5.1 and placed between the donor and receptor chambers.
The receptor chamber was lled with 5mL of saline ensuring contact with loaded Im and through the
sampling port 30 pL of the receptor liquid was sampled and replenished with saline at time intervals 15,
30, 45, 60, 90, 120, 180, 240, 300, 360, 420 and 480 min. The concentration of the samples was then
determined through HPLC with detection at 278 nm.

3.7 Epicatechin Delivery on Skin

Skin delivery was studied with ex vivo pig skin collected in a local abattoir and used less than 6h
after animal sacri ce. Calcium alginate Ims with a total surface area of 800 mm 2 were prepared as
described in Chapter 3.5.1. The skin was placed in a horizontal surface, a small super cial incision
was made, 100 pL of saline were pippeted on the incision and, then, a catechin-loaded Im was applied
to completely cover the incision surface. Control assays with a blank (no-catechin) Im were run in
parallel. After 1h, the Ims were gently removed, the incision covered by the Im was sampled with

100 pL of saline rapidly collected to a microtube and frozen or maintained refrigerated for less than 3 h
until analysis. The samples were centrifuged at 10 000 g for 5 min, and the supernatant analyzed for the

catechin concentration by HPLC and antioxidant bioactivity by the Cyt c reduction assay.

3.8 Studies with Transwell Culture System

Transwell® is an innovative but relatively easy to use method that allows researchers to add complexity
in a cell culture system when compared to normal cell culture methods (Figure 3.3). Some examples
include 3D cell printing [93] and in vitro invasion assays [94]. Interestingly, it is also used to evaluate
drug behavior ultimately aiming to reproduce in vivo conditions [95]. So, the possibility to mimic PK
properties of avonoids in the Transwell ® culture systems is very interesting for investigative delivery.
Such a delivery strategy would enable to study the pharmacological activities of avonoids by exposing
cells to different concentration-time pro le (Figure 3.3).

When used for drug delivery assays the Transwell® culture system is similar to Franz cells with a
donor and an acceptor compartment separated by a membrane. The de nition of donor and acceptor
compartment will always depend on which compartment the drug will be initially released as the drug
diffusion can occur in both directions from upper to inferior compartment or vice-versa depending on the

objective of the study.
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Figure 3.3: Representative image of the Transwell® culture system implemented to study epicatechin release from
alginate spheres to saline medium in donor and acceptor compartment/chamber.

An exploratory experiment using the Transwell® culture system was performed for the delivery of
epicatechin encapsulated in dry alginate spheres in saline medium. Brie y, alginate spheres were pro-
duced by depositing an alginate solution (2% wi/v) drop by drop in a CaCl, (200 mM) using a Pasteur
pipette, after 16h in gelation solution the spheres were washed and dried at 40 °C until constant weight.
Epicatechin (10 mM) was encapsulated in alginate spheres having an equivalent mass to the Ims used
in the release studies (Chapter 3.5.3) for 18h at 4 °C. After encapsulation spheres were washed three
times in saline. A Corning® 24 mm Transwell with 0.4 pm pore polyethylene terephthalate (PET) mem-
brane insert was used. According to guidelines for use of the Transwell® culture system [96] the volumes
of saline added to each chamber were 1.5 mL and 2.6 mL for donor and acceptor chamber, respectively.
The donor and acceptor chamber of the Transwell® culture system de ned for this experiment are iden-
ti ed in Figure 3.3. Samples were collected both from the donor and acceptor chambers at 2, 60, 120,

240 and 360 minutes and the concentration of epicatechin was determined by HPLC.
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4.1 Pharmacokinetics of Green Tea catechins in humans

4.1.1 Data Collection and Treatment

Empirical PK data from human trials was searched in the Dimensions.ai database using the terms,
("green tea” OR "polyphenon E” OR "EGCG”") AND pharmacokinetics AND (human OR (clinical trial)),
yielding 64 initial results of which 17 results contained unique PK data of EGCG in humans (Table 4.1).
The results were further Itered, with the criteria of exclusion being: having less than 7 sampling time
points, not capturing the absorption phase adequately, or using smaller doses than those determined to
be effective in chemoprevention trials (2.1.3). The dose threshold was set as 400 mg for solid formu-
lations of EGCG / GTE; or 1.5g of green tea, which is equivalent to roughly 3 cups or 700 mL green
tea [36]. For the case EGCG solutions, the dose threshold was set as 110 mg, which is the estimated
content of 1.5 of green tea [97]. The data was extracted from plots using WebPlotDigitizer [98] when
not available.

The PK data of blood catechin concentration available in these studies was collected for further
analysis. It was clear that EGCG was the focus of these studies because, even when green tea or
mixtures were administered, blood analysis was most of the times for EGCG. When numerical data was
not present in the publication, results were extracted from the plots using WebPlotDigitizer [98]. Then,

both 1-compartment and 2-compartment models were tted to the selected data.

Table 4.1: Studies with PK data of green tea, EGCG or GTEs in humans. Some studies were excluded from further
analysis for the indicated reasons.

Study Reason for exclusion
Henning et al., 2005 [99] Excluded.
The administered dose of EGCG / GTE <400 mg.
Misaka et al., 2014 [100] Excluded.
Abe et al., 2018 [101] Excluded.

The administered dose of EGCG / GTE <400 mg.

Scholl et al., 2018 [102] Excluded.
The administered dose of EGCG / GTE <400 mg;
Number of time points <7.

Lee et al., 2002 [103] Included.
Yang et al., 1998 [104] Included.
Miller et al., 2012 [105] Included.

Masukawa et al., 2006 [106] Excluded.
The administered dose of tea / solution <900 mL or <4 g;
No data in the absorption phase.
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Table 4.1: continued from previous page.

Study

Reason for exclusion

Most et al., 2015 [107]

Renouf et al., 2011 [108]

Meng et al., 2002 [109]

Kale et al., 2010 [110]

Gawande et al., 2008 [111]

Kim et al., 2018 [112]

Sonoda et al., 2015 [113]

Chow et al., 2001 [114]

Chow et al., 2003 [115]

Excluded.
The administered dose of EGCG / GTE <400 mg;
No data in the absorption phase.

Excluded.
The administered dose of tea / solution <900 mL or <4 g;
No data in the absorption phase.

Included.

Excluded.
Number of data points < 7.

Excluded.
Number of data points < 7.

Excluded.
No data in the absorption phase.

Excluded.
The administered dose of EGCG / GTE <400 mg.

Included.

Included.

4.1.2 Data Analysis with Compartmental Models

In a rst phase, PK data of EGCG in humans were collected from the bibliography and analysed using

the previously described 1-compartment and 2-compartment models with t;,y in Chapter 2.3.1. Ta-

ble 4.2 details methodological characteristics of each study alongside the resulting data analysis using

compartmental models.
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Table 4.2: PK data of EGCG in humans collected from the literature along with a systematised description of the
trial. Plots show the t obtained with 1-compartment and 2-compartment models and include the respec-
tive calculated parameters and Rﬁd .

Description 1-compartment Model 2-compartment Model

Subjects:

8 healthy adults
(Fasting)
Catechin
Formulation:
Green Tea
Dose:

1400 mg/70 kg
Reference:
Lee et al.,
2002 [103]

Subjects:

8 healthy adults
(Fasting)
Catechin
Formulation:
Green Tea
Dose:

1400 mg/70 kg
Reference:
Lee et al.,
2002 [103]

Subjects:

8 healthy adults
(Fasting)
Catechin
Formulation:
EGCG Solution
Dose:

140 mg/70 kg
Reference:

Lee et al.,
2002 [103]
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Table 4.2: continued from previous page.

Description

1-compartment Model

2-compartment Model

Subjects:

18 healthy adults
(Fasting)
Catechin
Formulation:
Decaf. Green Tea
+ sucrose, etc
Dose: 39
Reference:

Yang et al.

1998 [104]

Subjects:

18 healthy adults
(Fasting)
Catechin
Formulation:
Decaf. Green Tea
+ sucrose, etc
Dose: 45¢
Reference:

Yang et al.

1998 [104]

Subjects:

5 healthy adults
Catechin
Formulation:
EGCG solution
Dose:

140 mg/70 kg
Reference:
Meng, et al.,
2002 [109]

Subjects:

5 healthy adults
(Fasting)
Catechin
Formulation:
EGCG capsules
Dose: 400 mg
Reference:
Chow et al.,
2001 [114]
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Table 4.2: continued from previous page.

Description

1-compartment Model

2-compartment Model

Subjects:

5 healthy adults
(Fasting)
Catechin
Formulation:
EGCG capsules
Dose: 600 mg
Reference:
Chow et al.,
2001 [114]

Subjects:

5 healthy adults
(Fasting)
Catechin
Formulation:
EGCG capsules
Dose: 800 mg
Reference:
Chow et al.,
2001 [114]

Subjects:

5 healthy adults
(Fasting)
Catechin
Formulation:
Polyphenon E
capsules
Dose: 400 mg
Reference:
Chow et al.,
2001 [114]

Subjects:

5 healthy adults
(Fasting)
Catechin
Formulation:
Polyphenon E
capsules
Dose: 600 mg
Reference:
Chow et al.,
2001 [114]
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Table 4.2: continued from previous page.

Description

1-compartment Model

2-compartment Model

Subjects:

5 healthy adults
(Fasting)
Catechin
Formulation:
Polyphenon E
capsules
Dose: 800 mg
Reference:
Chow et al.,
2001 [114]

Subjects:

8 healthy adults
(Fasting)
Catechin
Formulation:
EGCG capsules
Dose: 400 mg
Reference:
Chow et al.,
2003 [115]

Subjects:

8 healthy adults
(Fasting)
Catechin
Formulation:
EGCG capsules
Dose: 800 mg
Reference:
Chow et al.,
2003 [115]

Subjects:

8 healthy adults
(Fasting)
Catechin
Formulation:
Polyphenon E
capsules
Dose: 400 mg
Reference:
Chow et al.,
2003 [115]
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Table 4.2: continued from previous page.

Description 1-compartment Model 2-compartment Model

Subjects:

8 healthy adults
(Fasting)
Catechin
Formulation:
Polyphenon E
capsules
Dose: 800 mg
Reference:
Chow et al.,
2003 [115]

Subjects:
40 healthy adults
(Fasting)
Catechin
Formulation:
Sunphenon
capsules
Dose: 1.19g
Reference:
Miller et al.,
2012 [105]

For all the studies analysed, the 1-compartment model describes well the observed data. On the
other hand, the 2-compartment model, seems to overt the PK data, since the goodness-of-t (R Zadj)
never increased when the additional explanatory variables, the distribution (kq) and redistribution (k)
rate constants, were added to the model (Figure 4.1-A). Furthermore, the values of k, estimated by the
model were were unrealistically large, and ky values often tended towards zero (Table 4.2). The low
number of time points for the high number of variables increases the uncertainty of the tting and may
be the cause of such unrealistic values. However, the overall explanation may be that the distribution
of epicatechin to peripheral tissues is not relevant. The biodistribution of EGCG has been previously
studied with Wistar rats by positron emission tomography, the labeled EGCG administered orally accu-
mulated in the digestive tract and a portion was absorbed to the blood and accumulated in the liver, with
negligible amounts accumulating in the peripheral tissues (brain and heart) [116].

The rate constants obtained from the 1-compartment model were used to characterize the PK of
EGCG in humans and are summarized in Figure 4.1-B. The absorption rate constant (k) averages
1.10 0.70 h! and the elimination rate constant (k.) averages 0.28 0.12 h'. There is a high variabil-
ity in the absorption rate constant (ky). Inaccuracies in measuring the start of the experiment, especially

in the cases of teas and solutions, where drinking the tea may take some minutes, can be responsible for
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Figure 4.1: (A) Adjusted R? of the tted curves using 1-compartment and 2-compartment models. In none of the
cases there was an increase in the goodness-of- t using the 2-compartment model.
(B) Average and standard deviation of absorption rate constant (k.) and elimination rate constant (kc)
determined from the 1-compartment model.

this increased variability. Nevertheless, it is curious that the elimination rate (ke) has a lower variability.
Importantly for the present work, the analysis of the PK after administration of doses similar to those
found therapeutically effective in trials points to k, values of 1.1h'. With future avonoid therapies
in mind, delivery systems with release kinetics that approach the PK of such drugs may be useful for

investigative delivery and perhaps therapeutic purposes.

4.2 Production and Characterization of Alginate Films

As potential matrices to support catechin delivery dry alginate Ims were prepared by the casting/solvent
evaporation method (Chapter 3.4) with and without additives, namely with added glycerol and chitosan.
The alginate Ims with additives were compared with normal alginate Ims regarding their transparency
and exibility and water contact angles were measured using the sessile drop technique (Table 4.3).

The addition of glycerol to the alginate increased the exibility of the Im. Furthermore, the Im
with higher content in glycerol 30 % (w/w of alginate) was more exible than the Im with lower glycerol
content (15 % w/w of alginate). The transparency of the glycerol-containing Ims remained similar and
the measured contact angles did not change signi cantly.

Despite the low concentration of chitosan (0.03 % w/v), the chitosan supplemented Ims had their
hydrophobicity increased, as shown by the increase of contact angle by 7°, regardless of presence of
NaCl. However, the presence of NaCl did decrease the transparency and exibility of the alginate Ims,
while the chitosan alone did not show any clear difference in these properties.

Although not quanti ed, it was observed that the exibility of glycerol Ims contributed for an in-
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Table 4.3: Physio-mechanical properties of alginate dry Ims with additives, where Alg G15 and Alg G30 is alginate
with glycerol 15% (w/w of alginate) and 30 % (w/w of alginate), respectively; and Alg Chi is alginate
with added chitosan 0.03% (w/v). The transparency and exibility of alginate Ims were qualitatively
compared with the alginate Im with no additives. The contact angles show average and standard error
of different Ims (n=4), as well as a representative picture of the contact angle measurement.

Dry Ims Alginate Alg G15 Alg G30 Alg Chi Alg Chi (w/NacCl)
Transparency —_— Similar Similar Similar Lower
Flexibility —_— Higher Higher Similar Lower
Photograph

Contact Angle (°) 474 1.0 472 1.2 49.0 1.0 547 0.9 55.0 1.7

creased adherence to skin. Adjusting the hydrophobicity of alginate Ims using chitosan is also po-
tentially useful for the development of delivery systems carrying intermediate polarity compounds as

polyphenols.

4.3 Catechin Stability in Presence of Alginate-Gelling Cations

The construction of polyphenol-loaded alginate Ims requires the selection of gelation ions compatible
with polyphenols. Some ions and polyphenols are far from chemical inert species, so this point can be
critical for the design of delivery systems.

Having in mind the redox behavior of polyphenoals, it is plausible they reduce certain oxidizing cations.
In addition, formation of avonoid-ion complexes has been described [117, 118], so the interaction be-
tween polyphenols and these cations was studied by UV/Vis spectrophotometry. Figure 4.2 shows the
absorption spectrum of EGCG with an ultraviolet absorption peak typical of phenolic compounds and of
EGCG with divalent ions that can be used to gel alginate.

The addition of Ca?*, Ba®* or Zn?* to EGCG did not cause any detectable alteration in the absorption
spectra even when an excessive (1:5 ratio) concentration was used. On the other hand, the addition of
Cu?* did change the absorption spectra of EGCG at wavelengths around 250 and 350 nm. Furthermore,
HPLC analysis revealed no changes in the chromatograms for the addition of Ca?*, Ba®* or Zn?*, while
the addition of Cu®* decreased the peak of EGCG at 15min retention time alongside the appearance
of two additional peaks at earlier retention times corresponding to unidenti ed degradation products
(Figure 4.3-A).
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Figure 4.2: Absorption spectra of EGCG (100 umolL?!) in saline medium (NaCl 150 pmol L ! ) and difference spec-
tra 5min after addition of Ca?* (A), Ba** (B), Zn?* (C), or Cu®" (D) ions up to a concentration of
500umol LY. The spectra of the metal ions in saline was subtracted to the spectra of EGCG plus
metal ions in saline.

Table 4.4: Stability of EGCG after 20 h with and without the presence of gelation ions in the solution (0.2 molL*?
CaCl,/zZnCl,) and at 4 and 20 C. Stability is represented as the relative area of the chromatographic
peak for EGCG compared with the solution at 0 h, with values expressed as mean  SD (N=3). Fur-
thermore, the full chromatogram (up to 20 min) was analysed for anomalies, such as the appearance of
additional peaks.

Condition Temperature: 4 C Temperature: 20 C
Relative area (%) Anomalies Relative area (%) Anomalies

In water 99.8+ 1.3 No changes 100.0+ 1.1 No changes

With Ca?* 98.1+ 3.8 No changes 91.9+4.9 Nochanges

With Zn?* 875+ 1.0 No changes 96.2+ 3.1 No changes

After this screening Cu?* was excluded from being a potential gelation ion for drug delivery of cat-
echins, where high concentrations of polyphenol and cation are needed. Further stability tests with

Ca?* and Zn?* over a longer time and at varied temperatures done to con rm the viability of these ions
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(Table 4.4). After 20 h, HPLC analysis reveals no anomalies in the chromatograms when Ca?* or Zn?*
are present (Figure 4.3-B). However, some degradation of EGCG appears to be promoted by the ions
regardless of the temperature (4 and 20 C), albeit the change expressed in relative area of the peak is
generally small. Although untested, Ba?* should not behave very differently from Ca?* ions as they are
chemically similar, with barium having lower reduction potential than calcium.

On these grounds, the hypothesis that calcium, barium or zinc ions react substantially with EGCG
was excluded and they were selected as good gelation candidates for alginate systems carrying catechin

avonoids.

Figure 4.3: (A) Chromatograms of EGCG (100 pmol L ! ) in saline medium (NaCl 150 umol L* ) without and with the
addition of Cu?* (100 umol L 1) of the initial screening tests. (B) Chromatograms of EGCG (10 mmolL!)
in a ZnCl, solution (200 umol L) at 0h and after 20h at 4 C. The latter chromatograms were diluted
before HPLC measurements.

4.4 Polyphenol Encapsulation and Release from Alginate Films

4.4.1 Polyphenol Encapsulation Ef ciency

Polyphenol encapsulation studies were carried by gelling alginate Ims with Ca 2* solution containing gal-
lic acid, epicatechin or EGCG. The quantity of polyphenols in the residual gelation liquid were quanti ed

by HPLC and the encapsulation ef ciency was calculated (Table 4.5).

Table 4.5: Encapsulation ef ciency of phenolic compounds in calcium alginate Ims of various thicknesses.

Compound Encapsulation Ef ciency (%)

Gallic Acid 29.1+1.2
Epicatechin 30.4 £1.3
EGCG 0.7 £0.7
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Overall the gelation ef ciency of polyphenols into the alginate Ims is low, only around 30 % for
epicatechin and gallic acid. Surprisingly, the encapsulation of EGCG was very low or honexistent given
that epicatechin and EGCG are very similar molecules. Alginate hydrogels are typically nanoporous with
around 5 nm pore size [52] and the dry alginate Ims should have even smaller pore sizes. Possibly, the
size difference between the two molecules, with EGCG being an abnormally large avonoid ( with an
additional aromatic ring), hinders the entry of EGCG through the nanosized pores of the alginate Im,

preventing its encapsulation.

4.4.2 Distribution of the Encapsulated Epicatechin

To evaluate the homogeneity of epicatechin encapsulation, intermediate thickness Ims with and without
glycerol, as well as, thin alginate Ims with and without chitosan were encapsulated with 0.18 umol L *
of epicatechin. Afterwards the regions with epicatechin were made visible with a procedure based on

the total polyphenol assay (Chapter 3.5.2).

Figure 4.4: Distribution of epicatechin loaded into alginate-based Ims. (A) Intermediate thickness Ims with and
without added glycerol 15 % (w/w) - Alg G15; and 30 % (w/w) - Alg G30; (B) Thin alginate Ims with and
without added chitosan or chitosan and NaCl. The Ims (2= 5.5 mm) were photographed after encap-
sulation of epicatechin and after immersion in Na,COj3 and Folin-Ciolcalteu reagent (details in Chapter
3.5.2). On the left is the original picture, while the right pictures had their color saturation enhanced
by 400 % for better visualisation. Green/blueish regions correspond to the regions with encapsulated
epicatechin, while yellow regions have very little or no epicatechin.

Figure 4.4 shows that the encapsulation of epicatechin is not homogeneous, as some regions of the
alginate Im display a green/blueish color, whereas others appear to contain very little or no epicatechin,
indicated by the yellow color. One explanation is that some regions of the alginate Im have tighter pores

than others, disabling the epicatechin from getting encapsulated. This is corroborated by the previous
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observation that epicatechin can be encapsulated into alginate Ims while a slightly larger molecule,
EGCG, can not.

Furthermore, both the Ims supplemented with glycerol and and the Ims supplemented with chi-
tosan seem to allow a wider distribution of epicatechin, possibly pointing toward a larger porosity or a
more uniform distribution of pores in the Im. Although, epicatechin seems to be encapsulated into more
areas than the normal alginate Ims, the encapsulation is still not homogeneous in most cases, as some

regions show an higher intensity of green areas than others.

4.4.3 Epicatechin Release Studies

The release of epicatechin from alginate Ims gelled with calcium, barium and zinc ions was studied by

immersing the Ims in saline under gentle agitation and following the release by UV/Vis spectroscopy.

Figure 4.5: Pro les of epicatechin release by calcium (A, D), zinc (B, E) and barium (C, F) alginate Ims in saline
medium. The kinetic pro les shown are representative of triplicate encapsulation and release assays.
Lines in the main plots are the best nonlinear regression ts of the experimental data to the rst order
kinetic model (A, B, C) and to the Weibull kinetic model (D, E, F).

Independently of the gelation metal ion used, the thin Ims released epicatechin faster than the thick
Ims (Figure 4.5). Noticeably, the calcium-gelled matrices exhibited a higher cumulative release than
zinc and barium alginates. In general, most of the avonoid was released in the rst hour, although the
thick barium Ims prolonged signi cantly more the kinetics of release (Figure 4.5). It should be noted

that the release assays of epicatechin-loaded Ims were always run along with a blank Im prepared
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in the same way, but without the avonoid, to control eventual interferences with epicatechin analysis.
Overall, the results demonstrated that the delivery systems here conceived are able to afford micromolar
concentrations of avonoids, as required for accepted pharmacological activity for dermal applications.
First order, Korsmeyer-Peppas and Weibull models were tted to all the triplicate release assays for
the combinations of each ion with each Im thickness used. The average values of the parameters and
the lowest qu values are reported in Table 4.6, both for ts of the full release (4.5 h) and also for the
rst hour of release. According to the correlation coef cients, the Weibull model is the best tting the
experimental data, with the lowest qu observed 0.877.
Table 4.6: Kinetic model parameters for epicatechin release by different alginate Ims. First order, Korsmeyer-
Peppas and Weibull models were tested by nonlinear regression and qu is the lowest (adjusted) co-
ef cient of determination obtained from the curves for each Im type. In the top, average values of the

models parameters are presented for tting the full release curve (up to 4.5 h) and in the bottom, for
tting only the rst hour of release.

Condition First order Korsmeyer-Peppas Weibull
k(h?) Rgd kth M) n qu a(h P b qu
Ca Thick 6.80 0.826 0.89 0.21 0.898 287 0.79 0.934
Thin 25.60 0.963 099 0.11 0.764 10.21 0.68 0.988
7n Thick 3.83 0.819 0.85 0.21 0.869 266 0.69 0.877
Thin 22.52 0.879 0.95 0.13 0.871 6.10 0.57 0.908
Ba Thick 0.33 0.949 0.28 0.69 0.947 0.34 0.94 0.946
Thin 40.76 0.882 1.01 0.07 0.918 6.76 0.46 0.886
Ca Thick 4.32 0.756 1.00 0.28 0.995 259 0.52 00972
Thin 26.42 0.963 1.09 0.12 0.935 9.59 0.65 0.995
7n Thick 4.22 0.809 0.91 0.35 0.840 233 0.70 0.890
Thin 21.13 0.891 1.00 0.11 0.933 3.70 0.38 0.976
Ba Thick 0.46 0.903 0.33 0.61 0.978 0.40 0.68 0.973

Thin 19.12 0.772 0.82 0.26 0.943 3.56 0.51 0.942

The values of the Weibull parameter binferior to 0.75 obtained for most Ims (Table 4.6-top) indicate
the release mechanism is Fickian diffusion [90]. The thick barium Ims are a clear exception, with
0.75<b< 1 pointing to a combined mechanism of Fickian diffusion and case Il transport, but only when
tted to the full release curve. For Korsmeyer-Peppas a value of n=0.5 indicates Fickian diffusion and
n=1 indicates case Il transport. The low values of n in the Korsmeyer-Peppas model (< 0.5) also suggest
a simple diffusion mechanism, whereas the n> 0.5 suggests a combined mechanism occurring with thick
barium Ims [91]. However, it should be noted that Korsmeyer-Peppas model should be tted to the rst
60% of release for a mechanistic interpretation, so the results here presented are limited since the rst

hour of release in most cases exceeds 60% and adjustments of the model meeting this criterion were
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