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Abstract

Potato (Solanum tuberosum) is the third most important crop in the world after
rice and wheat. Potato tubers are rich in starch, but also contain minor
amounts of phenolic compounds. The chlorogenic acid isomer 5-O-
caffeoylquinic acid (5-CQA) is the predominant phenolic acid in potato. The
main aim of this study was to investigate the relationship between phenolic
content and starch digestibility in vitro and in vivo. Firstly, the effect of 5-CQA
on digestion of commercial potato starch by porcine pancreatic alpha amylase
(PPAA) was investigated. The results showed that co- and pre-incubation of
PPAA with 5-CQA significantly reduced PPAA activity in a dose dependent
manner with an IC50 value of about 2 mg mL™. Lineweaver-Burk plots
indicated that 5-CQA exerts a mixed type inhibition as km increased and Vmax

decreased.

Secondly, in vitro starch digestion was performed on steam cooked tubers
from five varieties of potato (Desiree, Mozart, Rooster, Maris Piper and Maris
Peer) with varying phenolic content. 5-CQA content of peeled tuber tissue
ranged from 10.36 to 29.46 mg 100g* dry weight (DW) in raw tubers and 6.51
to 21.24 mg 100g* DW in cooked tubers. With the exception of Desiree, 5-
CQA levels decreased after cooking. The composition of the tubers in term of
dry matter (DM), total starch (TS), free sugars, starch properties (amylose and
starch granule structure) were also determined. Significant differences in
digestibility by PPAA alone were observed between potato varieties when
measured as area under curve (AUC) of glucose released in vitro (p < 0.05).
Rooster had the highest and Maris Piper the lowest AUC. Similar results were

obtained when an in vitro digestion that simulated gastric (including pepsin)



-Vi-
and intestinal (including amyloglucosidase AMG) digestion was used to

calculate hydrolysis index (HI) and estimated glycaemic index (eGl).

Finally, the digestibility of potato was measured in vivo using steamed tubers
from Desiree, Rooster and Maris Piper. Standard glycaemic index (Gl)
methodology was followed. The results showed that Rooster has the highest
Gl (120), followed by Maris Piper (109) and Desiree (98). The differences
were not statistically significant. Strong and positive correlations were

observed between in vivo Gl and eGl (p < 0.01).

It was observed that estimated glycaemic index (eGl) of cooked potato
negatively correlated with 5-CQA (r=-0.91, p < 0.05 ) and in vivo glycaemic
response (Gl) negatively correlated with TPC and 5-CQA (r =-0.82,-0.91) (p <
0.05) respectively. Principle component analysis indicated that starch
digestibility is affected by multiple factors including phenolic, dry matter, starch
content, starch granule size and crystalline lamella structure. It appears that

the same single factor does not strongly determine digestibility in all varieties.
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1 Introduction

1.1 The origin of potato

The cultivated potato (Solanum tuberosum) has been used as food for over
10,000 years, and is originally from South America (Camire et al., 2009).
Potato is the third most consumed food crop by humans behind rice and wheat
(Birch et al., 2012, Ek et al., 2012, Camire et al., 2009). It is the only major
food crop that is a tuber, and provides 5% to 15% of dietary calories for various
populations around the world (Ezekiel et al., 2013, Thompson et al., 2009).
According to the National Diet and Nutrition Survey (NDNS) (2008-2011), the
average intake of various forms of potato (chips and roasted potato, potato
salad, potato dishes, potato products and other potato) among UK adults was

just under 85g/day (Gibson and Kurilich, 2013).

1.2  Nutritional composition of potatoes

Potatoes have a high nutritional value compared to wheat and rice. It contains
around 80% water and 20% dry matter (DM). Carbohydrates represent 66-
80% of DM in potatoes mainly in the form of starch. Starch content ranges
between 16-20% wet weight of fresh potato (Camire et al., 2009, FAO,2008),
while protein content ranges between 2-2.5% and fibre around 1-2%. While
the protein content of potatoes is small, it has high biological value that is
comparable to that of whole egg and soybean. Potatoes contain some minor
components, including minerals (potassium 564 mg g* FW, phosphorus 30-
60 mg/g FW, calcium 6-18 mg/g FW), and vitamins like ascorbic acid (vitamin

C) with content ranging from 11.5-30.8 mg 100g? FW in raw potato (Camire
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et al., 2009, Dale et al., 2003, Love et al., 2004 ). Phosphorus content in the

potato is within starch in the form of mono-phosphate esters that are

covalently bound to amylopectin (Hoover, 2001, Jane et al., 1996).

Potatoes also contain plant secondary metabolites (phytochemicals) which
are highly desirable in the human diet because they are associated with
beneficial effects on health (Ezekiel et al., 2013, Lemos and Sivaramareddy,
2013). Potatoes by their content of ascorbic acid, polyphenols, tocopherols,
carotenoids and selenium are considered one of the richest sources of

antioxidant in the human diet (Ezekiel et al., 2013).

1.3 Starch structure and composition

Carbohydrates are the most abundant organic compounds on earth and
widely distributed in animal and plant tissues. Common carbohydrates include
soluble sugars, starch, cellulose and glycogen. They are composed of carbon,
hydrogen and oxygen usually in a ratio 1:2:1 and have a general molecular
formula is (CH20)n where n is three or more. Carbohydrates can be classified
according to the number of individual simple sugar units into monosaccharide
(such as glucose, galactose, fructose and arabinose), disaccharides (such
sucrose, maltose and lactose) and polysaccharides (such as starch, cellulose

and glycogen) (Zakrzewska et al., 2010).

Starch is comprised of two types of glucose polymers; amylose which is a
linear polymer of a-1,4 linked glucose and amylopectin with linear a-1,4 linked
glucose chains branched through a-1,6 linked glucose linkages (figure 1.1)
(Butterworth et al., 2011, Coultate, 2002, Tester et al., 2004, Imberty et al.,

1991, Buleon et al., 1998).



Figure 1.1 Representative partial structure of A) amylose B) amylopectin.

The main site of starch synthesis is plastids and amyloplasts responsible for
storing the starch granules particularly in stroma cells within tubers and roots
such as potato (Preiss, 2004). A starch granule has an organised internal
structure composed of semi-crystalline concentric layers with a thickness 100-
400 nm (figure 1.2). Each layer is called a growth ring. The crystallinity of
starch varies from 15% relative crystallinity for high amylose starch to 45% for
high amylopectin (waxy) starch (Perez and Bertoft 2010, Copeland et al.,
2009). Within the growth ring, each growth ring has a lamellar structure with a
repeat distance 9-11 nm that is interpreted to be due to alternating crystalline
and amorphous layers (figure 1.2B) (Donald, 2004, Yuryev et al., 2004). Both
amylopectin chains and amylose chains have the ability to form double
helices, however, in most granules starch amylopectin is the main crystalline
component (Cyras et al., 2006). Amylose helices may contribute to the
crystallinity of granules only in high-amylose starches. The external (outer)
and internal (inner) chains of amylopectin are classified into A, B and C- chains

(Butterworth et al., 2011, Buleon et al., 1998). Three different types of starch
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crystal structure have been also identified, cereal starches contain mainly A
type, tuber starches are B type while legume starches have mainly a C- type
arrangement. The A type starch has low water content in internal structure
while, B type intra structure is more open with hydrated helical core (figure
1.3) (Butterworth et al., 2011, Tester et al., 2004, Donald, 2004). The purpose

of this study will be mainly concerned with the properties of potatoes starch.

1-100 pm
-€ > B
Lamellar growth ring

Amorphous
background

Mesogen I -9 nm

Lamellae

Spacer lameelae

Amorphous growth ring

Figure 1.2 schematic representation of starch structure A) polarized
micrograph showing typical lamellar growth ring. B) diagram
representing the organisation of the amorphous and crystalline region
within each lamella. (adapted from Donald, 2004).

o0

Water

Type A Type B

Figure 1.3 A- and B-type features of chain polymorphs and the location
of water.
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1.3.1 Potato starch properties

Potato contains starch in the range between 66% and 80% based on dry
weight (DW) according to cultivar varieties and plant growth stage (Chung et
al., 2014). Physical properties of potato starch are unique amongst other
source of starches and this is attributed to their shape, size and crystal
structure. Potato starch granules are lenticular, oval or spherical shaped with
granule size ranging from 5-100 um, showing a B- type crystalline structure.
Potato starch has a high phosphorus content ranging from 36 t0116 mg/100 g
the amylose content of potato starch ranges between 21% and 33% (Alvani
et al., 2011, Kaur et al., 2007, Liu et al., 2003 and Liu et al., 2007). Potato
amylopectin side chains are long with a degree of polymerization (DP) of 19
to 56 glucose residues and show the ability to form a thick visco-elastic gels

following gelatinisation (Alvani et al., 2011, Yusuph et al., 2003).

Potato starch in its raw form is largely enzyme resistant and insoluble in
water. Most uses of potato starch involve heating in the presence of excess
water (gelatinisation) also it has valuable ability to form clear gels when
gelatinised due to the high phosphoester and low lipid content (Chung et al.,
2014, Alvani et al., 2011). When potato tubers are steam cooked or baked,

starch is gelatinised using the high water content within the tuber.

There are many publications about factors affecting the composition, structure
and properties of potato starch and most of them conclude that the genotype
of potato as well as environmental growth conditions have an influence on the
properties of potato starch. Recently it has been shown that potato DM and
starch content varies amongst cultivars and growth location (table 1.1) (Chung

et al., 2014). On the other hand, a recent study reported that different potato
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cultivars grown under the same condition show less variation in their starch

physicochemical properties than might be expected (Alvani et al., 2011).

Table 1.1 Comparison of carbohydrate content of potato grown in
different regions of North America. (Chung et al., 2014)

Region Total Dietary Free Resistant Apparent Relative

9 starch* fiber* glucose* starch** Amylose**  crystallinity**
Manitoba Higher Higher Higher
New . Higher Higher Higher
Brunswick

*in dry matter content. **in starch content

1.4  Analysing starch structure (physio-chemical
properties)
The structure of starch amylose and amylopectin and molecular organization
within starch granules has been studied using many approaches and
techniques. Amylose content in starch granules can be measured using a
colorimetric test with iodine as amylose helices giving a blue colour with
polyiodide. The size of amylose and amylopectin have been studied using size
exclusion chromatography. Differential scanning calorimetry (DSC) has been
used to study the thermal behaviour of starch, including gelatinisation as well
as glass transition temperature of starch and its products (Yu and Christie,
2001, Zeleznak and Hoseney 1997, Shogren 1991). To study the starch
molecular organisation and thickness of crystalline regions, microscopy and
X-ray diffraction have been used. Small-angle X-ray scattering (SAXS)
diffraction provides information about the lamellar structure of starch within
the granules. Experimentally measuring hydrated starch by SAXS provides a
peak at a value of 0.062-0.66A! (Perez and Bertoft, 2010, Pikus, 2005). Light

and electron microscopy also have been used for several decades to study



-7 -

the morphology (appearance, shape and size of the granules) and structure of
native and modified starch (Cappa et al., 2016, Li et al., 2016, Polesi et al.,

2016, Mishra and Rai, 2006).

1.5 Starch digestion

Starch digestion, metabolism begins by the endo-hydrolysis of a-1,4-
glucosidic linkages by salivary a-amylases mainly producing maltose,
maltotriose and limited dextrins, which are branched oligosaccharides that are
formed at the end of the digestion of amylopectin (Hanhineva et al., 2010).
After this partial digestion, the bolus is swallowed and enters the stomach.
Here, there is no further starch enzymatic digestion, as stomach produced
acid reduces the pH to 1 and amylase is inactivated . The majority of
carbohydrate digestion takes place in the small intestine, first by the activity
of pancreatic a-amylase that produces disaccharides and small dextrins and
then to release glucose. These can be absorbed through the intestinal
epithelium into the bloodstream by glucose transporters with co-transport of a
sodium ion. Raw starch granules from different botanical origins vary in the
rate and extent of susceptibility to amylolytic hydrolysis. Potato starch
granules in native form are considered the most resistant to digestion
compared to other native starch granules such as maize and wheat starch.
Cooking alters the availability of starch for enzymatic digestion. Gelatinised
potato starch is more easily digested than native starch and is more easily

digested than cooked maize or wheat starch.

1.5.1 Alphaamylase structure and catalytic characteristics

Alpha amylase (a-1,4-glucan-4-glucanohydrolayses; E.C. 3.2.1.1) is one of

the digestive enzymes that has a significant role in carbohydrate digestion. It
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is found in bacteria, plants and other higher organisms. In humans, it is
produced by the pancreas and salivary glands as major secretory products.
Alpha amylase is a glycoprotein composed of 496 amino acids in a single
polypeptide chain with a molecular weight 57.6 kDa (Brayer et al., 1995). The
tertiary structure of the enzyme alpha amylase from human pancreas, saliva
and porcine pancreas was obtained by X-ray crystallography and are all very
closely related (Brayer et al., 1995, Gilles et al., 1996). The protein structure
of mammalian amylases is comprised of three domains A, B and C as well as
a calcium and a chloride ion (Kandra et al., 2005). Domain A which is the
largest one, contains about 280-300 residues and constructed from two
segments of a polypeptide chain (residues 1-99 and 169-404). It is a catalytic
domain and located in the central part, the most important active residues are
two aspartate and one glutamate residues (Asp197, Asp 300, Glu 233).
Chloride ion CI- also found in this vicinity (de Sales et al., 2012, Brayer et al.,
1995). Domain B (residues 100-168) which is the smallest domain and
complex loop serves to bind calcium (calcium binding site) and located at the
wall of the B-barrel of domain A. (Kandra et al., 2005, de Sales et al., 2012,
Brayer et al., 1995). Domain C (residues 405-496) folds into an antiparallel -
barrel type structure and forms a compact unit on the opposite side of domain
A from domain B. It is improbable for this domain to plays a direct role in the
catalytic mechanism (Kandra et al., 2005, de Sales et al., 2012). The substrate
binding site of pancreatic amylase is located in a cleft between domain A and
B contains five sub-sites for binding with glucose residues (Butterworth et al.,
2011). The stability of active site cleft is related to binding the residues of A

and B domains with calcium (Whitcomb and Lowe, 2007).
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1.5.2 Determination of alpha amylase activity

In general, for assaying alpha amylase activity, soluble starch or modified
starch is used as a substrate. Alpha amylase catalyses hydrolysis of a-1,4
glucan linkages in starch components (amylose, amylopectin) producing
maltose and maltotriose as the main products. There are various methods
available for monitoring and determination of alpha amylase activity based on
increasing reducing sugar content, decreasing iodine binding, decreasing
starch viscosity and degradation of colour complex substrates. Some methods

of measuring the increase in reducing sugars are described below.

1.5.2.1 Increase in reducing sugar using the dinitrosalicyclic acid (DNS)

method

This method is based on measuring the amount of reducing sugar, which is
produced as a result of starch hydrolysis by alpha amylase (Xiao et al., 2006,
Brenfeld, 1955). DNS methods have some disadvantages including the slow
loss of the colour produced and breakdown of glucose by constituents of the

DNS reagent.

The limitations were overcome by developing a modified method for
estimation of reducing sugar (Miller, 1959). Modifications include the addition
of 0.05% sodium sulphate to prevent the oxidation of reagent. The modified
method since then has been used widely to measure reducing sugar without

any further modification (Miller, 1959, Gupta et al., 2003).

1.5.2.2 Chromatographic method

Chromatographic methods are the most powerful analytical techniques for the

analysis of the quantity and quality of monosaccharides and oligosaccharides
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in foods. lon exchange chromatography with a sodium hydroxide eluent has
been used to separate carbohydrates such as sugar alcohols,
monosaccharides, disaccharides, and other oligosaccharides as anions
(Rocklin and Pohl, 1983). The detection of carbohydrates after elution is
complicated because they do not absorb UV light. For this reason, pulsed

amperometric detection (PAD) is widely used for detecting carbohydrates.

1.5.3 Factors affecting enzymatic digestion of starch

The first step in enzymatic catalysis reaction is the formation of an enzyme-
substrate complex. Adsorption of an enzyme to its substrate is controlled by
the availability of the binding site. The interaction of amylase with substrate
within granules is complicated by the necessity of the enzyme to bind and

adsorb to the starch granules (Warren et al., 2012).

There are some primary factors that may affect adsorption of amylase enzyme
to starch within granules, including granule size, presence of the surface
pores, the crystalline structure of the carbohydrate chains at the granule
surface (Warren et al., 2012). Small granules are digested more rapidly than
large granules suggesting that enzyme binding is dependent on the surface
area or that small granules have a more accessible internal structure. The
amorphous regions of the lamella are more accessible to amylolytic enzymes

than crystalline regions.

The type of starch granules also affects the susceptibility to amylase digestion.
Raw cereal starches are more favourable substrates for amylase compared
to potato starches as A type starch amylopectin, have a larger proportion of
short amylopectin branch chains (Sujka and Jamroz, 2007). The granules

show pinholes on the surface and channels inside the granules compared to
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potato starch granules (Tester et al., 2004). However, upon gelatinisation, the
B-type starch present in potato allows a higher degree of hydration and the
granule structure is disrupted. Crystalline lamellas  were resistant to
enzymatic action whereas hydrolysis occurred mainly in the more
amorphous zones (Sujka and Jamroz, 2007).Therefore, cooked potato starch

tends to be more digestible than cooked cereal starch.

There are also some chemicals and physical techniques used for alteration of
starch properties. Physical methods are more suitable for commercial use and
are widely used in starch modification than chemical modification due to
safety, simplicity and cost effectiveness (Xie et al., 2014). Retrograded starch
is resistant to hydrolysis by amylase (Butterworth et al., 2011, Warren et al.,
2012). Recently Xie et al. (2014) investigated that repeated retrogradation of
waxy potato starch produced a high slowly digestible starch (SDS) content of
40.41% and alter their crystalline form B-type to C-type which in turn have a
significant impact on waxy potato starch digestibility. Another in vitro study
indicated that manipulation of rice flours and starches, by adding high
amylose and high resistant starch maize starch resulted in a reduction in

starch digestion (Mir et al., 2013).

1.6 Hyperglycaemia

Postprandial hyperglycaemia and hyperinsulinemia are induced by the
consumption of food that contains digestible carbohydrate that is digested to
glucose and absorbed into the blood circulatory system, resulting in an
increase in blood glucose after ingestion (Hanhineva et al., 2010,
Adisakwattana et al., 2012). The absorption is initiated at the apical membrane

when Na ions bind to sodium-dependent transporter SGLT1 and allows
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glucose binding and subsequent transport into the enterocyte. Glucose is
released from the enterocyte through glucose transporter GLUT2 at the

basolateral membrane to enter the portal circulation.

The increase in blood glucose in the postprandial stage is determined by the
difference between the amount of the glucose entering and leaving the
circulation. In healthy, non-diabetic individuals, glucose levels are maintained
at homeostatic levels (4-6 mmol L) by pancreatic hormonal control
(glucagon, insulin, adrenaline). After oral ingestion, blood glucose starts to
rise (>6 mmol L) and secretion of insulin by pancreatic cells increases,
promoting glucose uptake by the liver, kidney, muscle, and adipose tissue.
Secretion of insulin as a response to the rise in blood glucose is in two phases;
in the first phase insulin release within 10 minutes after a sudden increase in
plasma glucose then, beta cells pause and if the blood glucose not back under
5.5 mmol L-! 10-20 minute later another small insulin response take place. In
a healthy person this lowers the blood glucose to the starting level. The chief
determinant of postprandial glucose level is associated with secretion of
insulin in the first phase, loss of this ability result in substantial elevation of
glucose and characterises type-2 diabetes and impaired glucose tolerance
(Rendell and Jovanovic, 2006). Therefore, in diabetic patients, a
carbohydrate-rich diet can have detrimental effects on glycaemic control.
Furthermore, measurement of fasting plasma glucose is recommended for
diagnosis of diabetes mellitus. WHO guidelines define diabetes mellitus based
on fasting plasma glucose levels > 126 mg dL* (7.0 mmol L), 2 hours
postprandial glucose loads > 200 mg dL* (11.1 mmol L) or both (Alberti et

al., 1998).
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Despite of increasing plasma glucose and insulin with a high-carbohydrate
diet, triacylglycerol concentrations also tend to increase along with other
cardiovascular disease risk factors (Riccardil et al., 2008). Controlling
postprandial hyperglycaemia and insulinemia are thought to be important
factors in the prevention and treatment of type-2 diabetes, cardiovascular
disease and obesity (Butterworth et al., 2011). According to the evidence from
the Diabetes Control and Complication Trail (DCCT) (involving patients with
type 1 diabetes) and the United Kingdom Prospective Diabetes Study
(UKPDS), that performed the largest study of type 2 diabetes in the United
Kingdom; by controlling of blood glucose near to normal as possible, incidence
and progression of microvascular complication are reduced which in turn
reduce the morbidity and mortality in patients with diabetes (DCCT, 1993,
UKPDS, 1998). ltis therefore important to control carbohydrate digestion and

absorption of glucose following high-carbohydrate meals.

Abnormal elevation of glucose after a meal (referred to as postprandial
dysmetabolism) can be controlled by diet, exercise and pharmacologic
intervention (Rendell and Jovanovic, 2006, O'Keefe and Bell, 2007). The type
of food consumed has a great impact on how quickly the level of glucose
increase after a meal (Smolin, 1997). Effects of different diets are shown in
Table 1.2. After consumption of gumdrop that is mostly sucrose, blood glucose
rises after a minute because it is digested and absorbed rapidly in the small
intestine. The consumption of food that have a mixture of fat, protein and
carbohydrate and foods that are high in fibre take a longer time for blood
glucose levels to increase as they remain for a longer time in the stomach and
small intestine before glucose is absorbed (Smolin, 1997). The saturated and

trans fat has been reported to be involved in insulin resistance ( Zhao et al.,
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2016). In potato, the main digestible carbohydrate is starch at 16-20 g 100g
! fresh weight, and a smaller contribution from free sugars, including glucose,
fructose and sucrose at 0.6-1.1g 100g? fresh weight (McCance and

Widdowson, 2002).

Table 1.2 Effects of different type of foods on postprandial
hyperglycaemia. (Ratner, 2001)

Foods Effects
Fruit and vegetables (broccoli, spinach, berries, tomatoes avocadoes, |

etc. mproves
Lean protein (egg, whites, whey protein, fish, non-fat dairy, chicken Improves
breast, etc.)

Omega-3 (fish, nut, etc.) Improves

Processed carbohydrates (sugar, white flour, mashed potatoes, etc.)  Worsen

Saturated fat (fatty meats, full-fat dairy, etc.) Worsen

Trans fat (French fries, commercial baked goods) Worsen

1.7 Classification of dietary carbohydrate

Both in vivo and in vitro methods have been used to measure starch

digestibility and classification of carbohydrate.

1.7.1 Glycaemic index (Gl)

It has been shown that different starchy foods have different effect on
postprandial blood glucose in healthy and diabetic subjects. Glycaemic index
(Gl) is one of the most popular measures and was developed by Jenkins et al
(1981) for in vivo measurement of the availability of carbohydrates in foods

and their ability to raise blood glucose. Gl is defined as the ratio of the
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incremental area under the blood glucose response curve (IAUC) for a test
food over a reference food (glucose solution or white bread), both containing
50 g of available carbohydrate (starch or free sugars) ( Jenkins et al., 1981).
The normal range of blood glucose concentrations in healthy people is

between 4 and 10 mmol L.

Carbohydrates are important in the human diet. Carbohydrate-rich foods are
classified according to their postprandial glycaemic effect using Gl
classification on a scale 0-100. The first systematic classification of food
according to Gl response was undertaken by Otto and Niklas (1980) for the
purpose of informing diabetics on how to keep their blood glucose as constant
as possible. For practical reasons, Gl value foods are grouped into three
categories according to their Gl into low <55, medium 56-69 and high =70

where glucose =100 (Soh and Brand-Miller, 1999).

In some research laboratories white bread was used as the reference food for
measuring Gl values, whereas others use glucose (dextrose). When glucose
is used as the reference food the Gl value for glucose = 100 and the Gl value
of white bread = 70. When white bread used as the reference food the Gl
value for white bread = 100; and hence the GI value of glucose = 143.
Therefore, when bread was the reference food used in the original study, the
Gl value for the food was multiplied by 0.7 to obtain the GI value with glucose

as the reference food (Foster-Powell et al., 2002).

In 1998, the Food and Agriculture Organization (FAO) developed a standard
protocol for testing Gl (FAO, 1998). Basically the in vivo Gl testing method
include measuring blood glucose after fasting for 12 hours and then feeding

subjects 50 g available carbohydrate food (test food or reference) and
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measuring blood glucose over 2-3 hours at 15-30 min intervals. According to
the FAO/WHO, (1998) 6 subjects are enough for Gl testing while, Brouns et
al, (2005) suggested that 10 subjects is more reasonable. In order to estimate
the intra-individual variation Brouns et al (2005) recommended to test the

reference food at least two times for each subject.

According to the FAO/WHO (1998) the incremental area under glucose
response curve (IAUC) should be calculated geometrically by applying the
trapezoid and triangle rule ignoring area beneath baseline fasting glucose

concentration figure 1.4.
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Figure 1.4 Sample calculation of incremental area under curve IAUC
(adapted from FAO/WHO 1998). The area of triangle A = 2x 15/2. The area
of trapezoid B= (2+3.6)x15/2. The area of trapezoid D= 1xt'/2, £/15=1/(1+2).
Therefore the IAUC = SUM area of triangles and trapezoids (A+B+C+D+E+F).

There are many factors that affect the glycaemic response, including food
factors and human factors. The food factors include food thermal processing,
food particle size, length of fasting, the macronutrient composition of the food,
and the ratio of amylose and amylopectin content (Arvidsson-Lenner et al.,

2004, Bjorck et al.,, 1994). Human factors also affect the blood glucose
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response. Factors documented include age, ethnicity, physical activity,

smoking, alcohol consumption, body mass index, gastrointestinal disease.

Due to so many factors affecting the blood glucose response, scientists have

tried to use in vivo methods to estimate Gl based on food factors alone.

1.7.2 Invitro starch digestion to estimate Gl

Estimation of Gl in vivo is time consuming and costly as human subjects are
needed to be recruited and reference and test foods to be consumed on
different days. In vitro methods have been introduced as an alternative to
estimate the starch digestion in vivo. In vitro method simulate enzymatic
digestion under controlled condition. According to the rate and extent of
digestion in vitro, starch can be classified into three types; rapidly digestible
starch (RDS), slowly digestible starch (SDS) and resistant starch (RS)
(Englyst et al., 1992). Values for RDS , SDS and RS obtained by the method
reflect the rate of starch digestion in vivo. RDS such as fully gelatinised waxy
starch digested rapidly within 20 minutes, while SDS digested slowly with
glucose released after 20-120 min. RS is resistant to digestion and is the total
starch not digested within 120 minutes (Yu et al., 2014, Zhang et al., 2014,

Lehmann and Robin, 2007).

Granfeldt, et al. (1992) derived the hydrolysis index (HI) by calculating the
relation between the area under curve for food and reference as a percentage.
Goni et al. (1997) described an in vitro procedure for estimation of Gl through

an equation by using HI (GI1=39.7+(0.6xHI).

Moreover, it is also reported that there are a good correlation between in vitro

and in vivo digestibility of starch (Jenkins et al., 2002, Chung et al., 2008).



-18 -
1.7.3 Potato and Gl

Cooked potato has been labelled as a high Gl food that causes a sharp
increase of blood glucose concentration, however, there is great variation in
the Gl amongst potato and potato products (Weichselbaum, 2010). The
glycaemic index of potatoes has been determined in many studies using in
vitro or in vivo testing. There are only limited studies that subjected potatoes

to both in vitro and in vivo testing for comparison.

Table 1.3 includes the GI of potato varieties determined in many in vivo
studies. Soh and Brand Miller (1999) have shown that there is no significant
difference in Gl between varieties (Sebago, Pontica and Desiree) and among
cooking methods (boiling, oven-baking, microwaving or mashing). All potatoes
tested had a high GI value >78. However, Henry et al. (2005), who studied
the glycaemic index values for commercially available potatoes in Great
Britain demonstrated that the varieties cooked using the same cooking
method( boiling for 15 min) show a wide range of Gl values from 56-94 . The
differences were explained by differences in textural characteristics; potatoes
with waxy texture showed medium GI whiles floury potato showed a high Gl
(Henry et al., 2005). Ramdath et al. (2014) mentioned that the mean Gl for
pigmented potatoes (red, purple, yellow and brown) varied from 77 to 93 and
were not significantly different. Therefore, there is still no conclusive evidence
explaining differences in GI amongst potato products. One of the hypotheses
of this study is that chlorogenic acid content (a colourless polyphenol
abundant in the skin and flesh of the potato) may influence starch digestibility

in vivo and in vitro.
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Table 1.3 glycaemic index of potato varieties

Varieties Gl Reference  No. of Preparation servin
food subject method 9
Carisma®  53+7 glucose 10 ge(_aled and boiled 8-,
min
Peeled, cut into
MarfonaP® 56+3 glucose 10 quarters and boiled  Hot
for 15 min
Peeled, cut into
Nicola® 57+7 glucose 10 quarters and boiled  Hot
for 15 min
Nicolad 6945 glucose 10 gegled and boiled 8-,
min
Estima® Peeled, cut into
6615 glucose 10 quarters and boiled Hot
for 15 min
Peeled, cut into
Charlotte®  66%5 glucose 10 quarters and boiled Hot
for 15 min
Desiree? 74+8 glucose 10 Peeled and bolled 8-, .,
9min
Peeled, cut into
Desiree® 7717 glucose 10 quarters and boiled Hot
for 15 min
Desiree? 101 +15* \éVhlte 10 peeled and boiled 35 Hot
read min.
Kin Peeled, cut into
g b 7510 glucose 10 quarters and boiled  Hot
Edward :
for 15 min
Russet +~ White
Burbanke  (0-0%8.7* ad 12 baked Hot
Russet Peeled and boiled 8-
Burbanke 82+2 glucose 10 omin Hot
cut into cubes 2 cm® .
;ur'ple R 779 glucose 9 and baked in oven Hqt with
ajesty . skin
for 40 min
cut into cubes 2 cm?® ,
Red potato s Hot with
(Y38)° 78t14 glucose 9 and baked in oven skin

for 40 min
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Varieties Gl Reference No.of Preparation servin
food subject method 9
Ygtl!;[\g cut into cubes 2 cm3 Hot with
?Yukon 81+16 glucose 9 and baked in oven skin
for 40 min
Gold)®
Maris Peeled, cut into
Piner® 8514 glucose 10 guarters and boiled Hot
P for 15 min
Sebago? g7+7* White 10 peeled and boiled 35 Hot
g - bread min.
Pontiaca? 88+9* White 10 peeled and boiled 35 Hot
B bread min
Cut into cubes 2.5 to
Red 89,447 0% White 12 3 cm3 ,Boiled for 12 Hot
potato® T bread minute in salted
water
VII’gII‘LIa 93+10 glucose 10 Pee_:led and boiled 8- Hot
Rose 9min
White cut into cubes 2 cm3 Hot with
potato 93+17 glucose 9 and baked in oven Skin
(Snowden)® for 40 min
Bintjed 9448 glucose 10 Pecled and boiled 8-, .,
9min
Peeled, cut into
Maris Peer® 94+16 glucose 10 guarters and boiled Hot
for 15 min
Maiflower?  103+8 glucose 10 Peeled and boiled 8- |,

9min

@ Soh and Brand-Miller 1999. PHenry et al., 2005.¢ Fernandes et al., 2005. ¢ Ek et al., 2014a.

e Ramdath et al., 2014

*values converted from white bread to glucose reference by multiplied by 0.7 (Foster-Powell

& Brand Miller, 1995).
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Kingman and Englyst, (1994) investigated the effect of variety and preparation
method for the in vitro digestibility of potato varieties. Maris Piper, Belle de
Fontenany and Desiree were subjected to in vitro digestibility in hot and
cooked form. The starch digestion rate index which is calculated as the
relationship between the rapidly digestible starch (RDS) and total starch (TS)
as percentage were 92, 96 and 96% respectively in hot potato. Upon cooling,

values were reduced to 87, 80 and 91% respectively.

Glycaemic index of potato has also been estimated from in vitro kinetic of
starch digestion and compared to Gl values referenced in the literature.
Garcia-Alonso and Goni (2000) analysed the effect of processing on starch
digestibility in vitro and eGl for boiled, mashed, oven baked crisps and French-
fries. The eGl ranged from 56.6 in French-fries to 107.5 in mashed potato and
this was comparable with the reported Gl value for potatoes prepared in the
same way. Moreover, recently Pinhero et al. (2016) estimated the Gl of mature
potatoes from 14 varieties and reported that eGl was higher in cooked potato
than in retrograded potato (boiled and cooled for 48 h at 4°C) due to increase

in RS and SDS in cooled samples.

Only one study is available that tested in vitro digestibility of potato and
compared to in vivo blood glucose response of same potatoes. EKk et al.
(2014a) reported the range of Gl from 53 to 103 for potato varieties prepared
by boiling for 8-9 min. When the same potato varieties were subjected to in
vitro starch digestion, all Gl values were positively and significantly correlated
with percentage of hydrolysis during in vitro starch digestion at each time point
(15, 20, 30, 45, 60, 90, 120 min). The strongest positive correlation with Gl

values exhibited at 90 and 120 min (r =0-91 and P < 0-01).
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1.8 Phenolics in potato

In addition to starch content, potato tubers contain secondary metabolites
such as polyphenols that differ according to the variety of potato and condition
of cultivation (Lachman et al., 2003). It was suggested that potato shows
carcinogenesis inhibitory effects and greater effects were shown in cultivars
with higher content of chlorogenic acid and anthocyanin (Thompson et al.,
2009). Therefore, potatoes can be considered as a functional food and are
receiving increasing attention as a source of phytochemicals, antioxidant and
nutrients (Lemos and Sivaramareddy, 2013, Thompson et al., 2009). In the
American diet, potatoes were considered the third most important source of

phenolic compounds after apples and oranges (Chun et al., 2005).

Phenolics present in potato include; phenolic acids, tannins, lignin, flavons,
coumarins, monohydric phenols, polyhydric phenols and anthocyanins
(Ezekiel et al., 2013, Reyes et al., 2004). Chlorogenic acid, cinnamic acid,
caffeic acid, ferulic acid and p-coumaric acids are the most common phenolic
acids in potato. It was found that potatoes were among the best vegetable
sources of total phenolic acids with contents ranging from 7.9 in cooked
peeled potato to 52 mg per 100 g in only cooked peel (Mattila and Hellstrém,
2007). Caffeic acid derivatives are present in the greatest proportion with
chlorogenic acid being the most abundant (Deusser et al., 2012, Manach et

al., 2004).

The polyphenols in potato are mostly distributed between their cortex and skin
(figure 1.5). About 50% of the polyphenolic compounds are located in the skin
and adjoining tissues while the concentration decreases from the outside

towards the centre of the potato tuber (Friedman, 1997).
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Figure 1.5 (A) Longitudinal and (B) Cross section of potato tuber.

1.8.1 Chlorogenic acid

About 90% of the phenolics of potato content comprise of chlorogenic acid,
therefore it is considered as the predominant phenolic acid in potato tubers.
Chlorogenic acid is mainly found in skin amounting to 1000—-4000 mg/kg
(Ezekiel et al., 2013). Chlorogenic acid is formed by an ester bond between
quinic acid and cinniamic acid (figure 1.6). The main known subclasses of
phenolic acids are caffeoylquinic acids (CQA), feruloylquinic acids (FQA) and
dicaffeoylquinic acids (Narita and Inouye, 2009). The only commercial
available form of chlorogenic acid is 5-O-caffeoylquinic acid (5-CQA) (Clifford,

2000).
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Figure 1.6 Precursors and structure of chlorogenic acid.

CQA also widely distributed in other plants such as green coffee. One cup of
roast and ground coffee (weak brew, very pale roast robusta) supply 675 mg
CQA, fruits like apples, cherries, blueberries, plums, kiwis, pears and prunes
and vegetables like chicory and artichoke (Rocha et al., 2012, Clifford, 2000)

are also good sources.

1.8.2 Factors affecting phenolic content of potatoes

There are some factors that are known to affect the polyphenol content of
plant and plant-based foods such as environmental growing conditions,
genetic and technological factors such as industrial food processing, storage
and culinary processing. These factors must be taken into consideration to
avoid nutrient loss and to optimise the phenolic content of food (ElI Gharras,

2009).

1.8.2.1 Variety of potato

There are many studies about the relation between potato genotype and

polyphenol content. A recent study by Pinhero et al. (2016) on 14 potato
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varieties indicated that there are significant differences between fresh potato
varieties (skin + flesh) in total phenolic content (TPC). It was reported that
TPC also varied significantly from 2.5 to 5.8 g/g FW between four fresh potato
varieties directly after harvesting (Andersen et al., 2002). A study by
Onyeneho and Hettiarachchy (1993) indicated that total polyphenols content
of red peel potatoes (24.5-32.2%) by weight of the freeze-dried extracts was
higher than those varieties with brown peels (15.8-22.4%). Chlorogenic acid
has been shown to be the predominant phenolic acid, with more than 83% of
the total phenolic compounds in both red and brown peel potatoes at 753mg
and 821.3mg per 100g potato peel extract respectively. Furthermore Navarre
et al. (2011) investigated the potato phenolics profile in 50 diverse potato
genotype and indicated that the chlorogenic acids were the most abundant
phenolic acids in all potato genotypes. The range of chlorogenic acid
concentration is presented in (Table 1.4).

Table 1.4 Range of chlorogenic acid in tubers of potato genotype
varying in flesh colour. (Navarre et al., 2011)

Type Chlorogenic acid (mg/100g dry matter)
Yellow 22.9-211.0
White 31.0-170.0
White/purple 21.9-231.0
Red/Purple 80.4 -473.0

1.8.2.2 Cooking and processing techniques

According to several studies, most processing and cooking techniques
change the phenolic content of food mostly resulting in their loss due to
thermal degradation, leaching into water, isomerisation and oxidation by

polyphenol oxidase (Ezekiel et al., 2013). The study by Perla et al. (2012)
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investigated the effect of cooking methods, including boiling, microwaving and
baking on the total polyphenol content of some varieties of potato. It was
indicated that all cooking methods led to the reduction of the total polyphenol
of most varieties by 44, 52 and 53% respectively. However, the total
polyphenol of two red fleshed potato remained high or even increased after
cooking (Perla et al., 2012). It is known that frying has an influence on
decreasing the polyphenol content because of thermal degradation, on the
other hand, oils which are used for frying can contain their own phenolic
compounds and can lead to an increase in phenolic content because of
absorption of oil by the potatoes (Lemos and Sivaramareddy, 2013). Recently,
a study on the effect of cooking on the phenolic content of potato observed
that the total phenolic content of potato increased after cooking. Separate
phenolic acids such as chlorogenic acid, vanilic, caffeic, p-coumaric acid and
epicatechin were found to increase in baked, fried and/or microwaved potato
in comparison to uncooked potato samples (Blessington et al., 2010, Bembem
and Sadana, 2012). Furthermore, it has recently been assessed that cooking
techniques including boiling, steaming, microwaving and baking ranked in
order of greatest effect on reducing the total phenolics content on purple

majesty potatoes (Lemos and Sivaramareddy, 2013).

Some other minor processing which is required during processing of potato
such as washing, handling and cutting have an impact on phenolic content.
Cutting and damage of potato during processing lead to activation of some
enzymes and oxidation of phenolic compounds. Phenylalanine ammonia-
lyase is the main enzyme involved in the production of phenolic compounds,
activation of this enzyme by damage of potato results in more phenolic

products being available as substrates for peroxidase and polyphenol oxidase



-27-

enzymes which are responsible for the enzymatic browning reaction and

oxidation (Ezekiel et al., 2013).

1.8.2.3 Agronomic factors

Andre et al. (2009) evaluated the influence of environmental growing
conditions on the phenolic content of potato tubers and indicated that the
growing environment effected the quantity of the polyphenol content of 13
native Andean potato cultivars while the proportion of individual polyphenols
remain the same in all cultivars. The total phenolic content of purple- and red-
flesh potato was 1.4 times higher when grown in a cooler temperature and
longer days (Reyes et al., 2004). The stages of plant development, also have
an effect on phenolic content. In potatoes, chlorogenic acid concentration was
highest when harvested at a young development stage compared to mature
tubers. It was observed that mature potatoes also contain the lowest level of
phytonutrients than potatoes harvested before maturation. In regards with
fertilizers which make N, P, K available for growth, there is no evidence to

indicate their influence on phenols content of potatoes (Ezekiel et al., 2013).

1.8.23.1 Post-harvest storage

The effect of post-harvest storage on potato phytochemicals was reviewed
by Ezekiel et al. (2013) and reported that potato phenolics generally increased
with storage time while, some studies reported little change or a decrease in
potato phenols after storage. It was found that storage of potato tubers at 6
°C up to 271 days led to an increase of total phenolic content of potato tubers
while, potato phenols decreased after 220 days of storage at 20 °C (Ezekiel
et al., 2000, Ezekiel et al., 2013). After analysing the total phenolic content of

8 potato genotypes that were stored at 5 °C for 112 days, four genotypes
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showed a small decrease while two genotypes showed no change after
storage (Stushnoff et al., 2008). This shows that changes in polyphenol
content during storage are dependent on cultivar type and storage conditions.
Another study observed that there were no changes in the total phenolic
content, chlorogenic acid, rutin, caffeic acid, p-coumaric acid, vanillic acid of
potatoes after storage at 4 or 20°C for 110 days, however, reconditioning of
potatoes stored 10 days at 20°C lead to significant increase in all of the

phenolic compounds mentioned above (Blessington et al., 2010).

1.9 Inhibitory impact of polyphenols on alpha-amylase

It has been shown that inhibition of alpha amylase reduces the bioavailability
of glucose (Forester et al., 2012). Controlling blood glucose level
(hyperglycaemia) by alpha amylase inhibitors has a role in controlling diabetes
mellitus (Alagesan et al., 2012). Alpha amylase inhibitors are synthetic
molecules or natural plant components. The evidence from a number of in
vitro and in vivo studies indicates the possibility of inhibitory effects of

polyphenols on digestive enzymes such as a-amylase and a-glycosidase.

A recent study observed that a methanolic extract from three traditionally used
antidiabetic native medicinal plants of Mauritius, Erythoroxylum laurifolium
(EL), Elaeodendro orientale (EO) and Antidesma madagascariensis (AM)
have a significant (p < 0.05) inhibitory effect on alpha amylase activity in vitro
and the effect was comparable to acarbose (Picot et al.,, 2014). It was
proposed by the authors that polyphenols present in the methanolic extract

were responsible for the inhibitory effects.

There is not sufficient information about the mode of the interaction of alpha

amylase with the substrate and polyphenols as inhibitors. An in vitro study by
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Akkarachiyasit et al. (2011) provided the first evidence for the effect of
cyanidin3-rutinoside (C3R), a flavonoid, in inhibition of pancreatic alpha
amylase (PAA). Kinetic analysis indicated non-competitive inhibitory effects of
C3R against pancreatic alpha amylase. C3R can bind either to active site of
free enzyme or to the enzyme-substrate complex without competing with the
substrate (Akkarachiyasit et al., 2011). Another study reported the competitive
inhibitory mode effect of three flavonoid compounds from Tartary buckwheat
bran, namely, quercetin (Que), isoquercetin (Iso) and rutinb (Rut) on PAA

activity (Li et al., 2009).

The inhibitory effect of red kidney bean lectin and tannin on PAA activity was
investigated in an in vitro study. Soluble potato starch was used as substrate.
The study indicated that pre-incubation of lectin alone with enzyme had a
greater inhibitory effect on amylase activity (down to 11.58% of control) than
tannin alone (down to 57.69%) and lectin-tannin in combination (down to
84.31%). In comparison to co-incubation of the enzyme with substrate, tannin,
lectin alone or in a combination showed limited inhibition. This indicates that
polyphenols are weak inhibitors that are able to interact with the enzyme

directly, but do not compete with the substrate (Fish and Thompson, 1991).

Furthermore, according to a recent study, citrus flavonoids (naringin,
hesperidin, nobiletin and neohesperidin) showed a weak inhibitory effect on
the digestive enzymes PAA and a-glucosidase in vitro but citrus flavonoids
could bind to amylose therefore delaying starch digestion. The better inhibitory
effect was shown on a-amylase rather than a-glucosidase for all four
flavonoids. The study also reported that glucose consumption, glycogen

concentration, and glucokinase activity were significantly elevated, and
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glucose-6-phosphatase activity was markedly decreased by citrus flavonoids.
Thus, it has been suggested that citrus flavonoids could control the

postprandial rises in blood glucose and prevent postprandial hyperglycemia

(Shen et al., 2012).

An investigation indicated that (5-CQA), quinic acid (QA) and caffeic acid
(CA) have an inhibitory effect against porcine PAA isomers | and Il in vitro and
in the sequence of 5-CQA > CA>> QA (Narita and Inouye, 2009). In an animal
study, oral intake of 5-CQA acid solution at 3.5mg /kg body weight (bw) by
rats during a glucose tolerance test lowered the height of glycemia peak at 10
and 15min (Bassoli et al., 2008). Moreover, 5-CQA slowed down the
absorption of glucose in the gut of obese, hyperlipidemic, insulin resistant
(fa/fa) Zucker rats and consequently reduced the peak of the postprandial
response to a glucose challenge (Camire et al., 2009). It was estimated that
95% of cafeic acid and one third of chlorogenic acid, out of 2.8 mmol, were
absorbed in humans small intestine (Olthof et al., 2001). The inhibitors are
removed from the intestine with time, inhbition happens before absorbance

therfore, removal may indicate transient inhibition.

1.10 Aims of the study

Considering that chlorogenic acid has been shown to inhibit PAA and it is the
predominant phenolic acid in potato, the main aim of this study was to
investigate the inhibitory effect of chlorogenic acid on potato starch digestion
in vitro and in vivo. The study was also aimed to investigate the role of potato
starch physico-chemical characteristics such as amylose content, starch
granule size and crystallinity in determining potato starch digestibility in vitro

and in vivo.
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1.11 Objectives

The research objectives are

1. To measure the rate of hydrolysis of commercial potato starch by
porcine PAA in the absence and presence of 5-CQA in vitro.

2. To calculate enzymatic kinetic parameters of potato starch digestion by
PAA in the presence and absence of 5-CQA

3. To determine the mechanism of inhibition of 5-CQA against PAA using
potato starch as substrate by analysis of kinetic parameters derived
from Linweaver-Burk plots.

4. To measure the chemical components of 5 varieties of potatoes
(Desiree, Mozart, Rooster, Maris Piper and Maris Peer) such as total
starch, dry matter, free sugar, total phenolic and 5-CQA content.

5. To investigate the physio-chemical properties of starch granules
extracted from the same 5 varieties of potato such as amylose content,
granule size and crystallinity.

6. To compare the rate of starch degradation of the same 5 varieties of
potato (peeled and cooked) by PAA and PAA+amyloglucosidase
(AMG) in vitro, and derive HI values.

7. To estimate Gl of five potato varieties from Hl.

8. To perform In vivo GI measurements of cooked potato from three
varieties (Rooster, Maris Piper and Desiree).

9. To perform statistical analysis to investigate the correlation between
phenolics content and starch digestibility of cooked potato in vitro and

in vivo
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10. To perform statistical analysis to investigate the correlation between

starch properties and starch digestibility of cooked potato in vitro and

in vivo.

1.12 Hypothesis

The main hypothesis tested was that potato varieties with higher phenolic
content will be digested to a lesser extent than varieties with lower phenolic

content.

The second hypothesis is that starches with a higher amylose content and
degree of crystallinity will be digested to a lesser extent than those with low

amylose and crystallinity.
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2 Materials and methods

2.1 Potato samples

Five different varieties of potato that varied with regards to flesh and skin
colour were purchased from food markets in Leeds, UK. Table 2.1 shows the
properties, place and date of purchase of five potato varieties. These varieties
represent a diverse range of commercial potatoes varieties commonly fresh

in the UK.

Table 2.1 Information of five potato varieties

Potato varieties Skin color Flesh color Place of purchase Date of purchase

Desiree red Light yellow Sainsbury’s November 2014
Mozart red Yellow Morrison’s October 2013
Rooster red Yellow Morrison’s October 2013
Maris Piper creamy white Sainsbury’s October 2013
Maris Peer creamy Bright white Morrison’s October 2013

2.2 Preparation of potato samples

Three tubers of each were rinsed with water and dried with a paper towel then,
potatoes were peeled using potato peeler (Wilko vertical vegetable peeler)
and cut into cubes 1 cm?, then mixed well and 100 gm batches were weighted,
quick frozen and stored at -80°C until needed. Traditional home steam
cooking method was performed for preparation of potatoes. Potato cubes
were placed into a metal steam pan containing approximately 500 ml water

and steam cooked for 30 min at boiling temperature. To avoid retrogradation
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the cooked potatoes were immediately used for enzymatic digestion in vitro or

in vivo.

2.3 Analytical methods for quantification and qualification

of carbohydrates

General reagents were of analytical grade and were purchased from Fisher

Scientific unless otherwise stated.

2.1.1 3, 5 Dinitrosalicylic acid assay (DNS)
2.1.1.1 DNS solution

DNS reagent was prepared by dissolving 5g of 3,5 dinitrosalicyclic acid
(Sigma Aldrich) in 250 mL of distilled water preheated to 80°C. The solution
was cooled to room temperature and 100 mL of 2 N NaOH was added followed
by 1509 of potassium sodium tartrate-4-hydrate (Sigma Aldrich). The solution
was mixed well using magnetic stirrer then volume was completed with de-

ionized water to 500 mL.

2.1.1.2 Protocol

Total reducing sugar was measured according to the method by Miller (Miller,
1959, Feietal., 2014) with some modification. A glucose or maltose standard
(Sigma Aldrich) stock solution was prepared at 200 mg mL and then serial
dilutions were prepared (0.1, 0.4, 0.8, 1.2, 1.6, 2 and 4 mg mL"). Two mL of
either sample or standard was placed in a tube and one mL of DNS reagent
was added, tubes were shaken using a vortex and placed in a boiling water
bath (Grant SBB 14) for 15 min to allow the reducing sugars to react with DNS.
Tubes were allowed to cool down to room temperature and 9 mL of Millipore

water was added. Absorbance was read at 540 nm using Cecil Aquarius CE
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7200 double beam spectrophotometer. A blank sample was prepared by
substituting the sample or standard with distilled water. A standard curve was
used for calculating the amount of either maltose or glucose released during

digestion.
AAsa0nm Standard = Assonm Standards - Assonm Blank
AAss0nm Sample = Asaonm sample - Asaonm Blank

2.1.2 High performance anion exchange chromatography with

pulsed amperometric detector (HPAEC-PAD).

Standard stock solutions of mixed sugars; (glucose, fructose, sucrose,
maltose and maltotriose at 1 mg mL* Sigma Aldrich) were used to prepare
serial dilutions containing 0, 2, 4, 6, 8 and 10 ug mL* of each sugar. For
carbohydrate analysis of potato samples, one mL aliquot of sample was
diluted in Millipore water (1:100 for digestible carbohydrate in cooked potato
and 1:10 for soluble sugar). Fucose (5 ug mL*) was added to samples and
standards as external standard. Solutions were filtered through
Polytetrafluorethylene (PTFE) 0.2 pm membrane filters (Chromacol Ltd,
100X17-SF-02(T),UK,) before injection. The HPAEC-PAD instrument (Dionex
DX 500) was equipped with a GP40 gradient pump, PAD system composed
of ED 40 electrochemical detectors including gold working and silver reference
electrodes, and LC20 chromatography enclosure column oven. The analytical
column used was Carbopac P20 (Dionex, 3x150 mm) with guard column
(3x30mm) with anion exchange capacities of 65 peg/column. The mobile
phase was 200 mM NaOH and flow rate was 0.4 mL/min. Injections (10pL)
were made by using an AS 500 auto sampler, and the maximum operation

pressure was 3500 psi.
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Before injection of each sample, the column was washed with 60mM NaOH
(Fisher Scientific) for 8 min. After injection, the concentration was increased

from 60mM to 200mM NaOH in 17 min then eluted with 200mM for the next 6

min. Therefore the run time was 30 min for separation of sugars.
2.4  Determination of potato composition

2.4.1 Total starch (TS)

TS was determined enzymatically according to the method of Goni et al.
(1997) with some modifications. Raw potato (50 mg) was homogenized in 6
mL of 2M KOH and then agitated using a shaking vortex at room temperature
for 30 min. The agitation step was very important to ensure complete solubility
of the starch. 3 mL of 0.4 M sodium acetate buffer (pH=4.75) was added to
the suspension and pH was adjusted to 4.75 using 3 M acetic acid. 60 pl of
amyloglucosidase (AMG) from Aspergillus niger (70 U/mg, Sigma Aldrich)
was added to the solubilised starch and hydrolysed for 45 min at 60 ‘C in a
shaking water bath. The digestion mixture was centrifuged for 5 min and pH
was neutralised with 0.2 M NaOH. Glucose in the supernatant was measured
using the DNS method. Glucose amount was converted to starch content by

multiplying by a factor 0.9.

2.4.2 Free sugars

Free sugar content was determined in order to correct the TS value in potato
samples. Potato samples, 200 mg of raw or cooked tuber, were homogenized
in 6 mL 0.4 M sodium acetate buffer (pH=4.75) and then centrifuged for 10
min. Soluble sugars in supernatants were determined using the DNS method

and HPAEC-PAD.
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2.4.3 Moisture content

Potato samples fresh and cooked (in triplicate) were weighed and frozen at -
80°C then freeze dried for 48 hours using a Free zone freeze dryer system
(LABCONCO Corporation). The moisture content was calculated as

percentage of weight loss of the samples.

2.4.4 Phenolic composition

Phenolic acids were purchased from Sigma Aldrich. 5-caffeoylquinic acid (5-
CQA) that is the dominant phenolic acid in potato was selected for this study.
Sinapic acid was used as external standard. The stock solution of phenolic
acids were prepared at concentration 1 mg mL* in acetonitrile HPLC grade
purchased from VWR and dilution was made using Milli-Q purified water. An
external calibration curve was used for both Folin-Ciocalteau method at a
range of 5-CQA standard of 0, 10, 50, 100, 150, 200, 250 and 300 pg mL™*
and 5, 10, 30, 50, 100, 150 and 200 pg mL™* for LC-MS. A concentration of
100 pg mL* was used for the external standard sinapic acid. Standards used

for LC-MS analysis were filtered using 0.2 um PTFE filter prior to analysis.

2.4.4.1 Extraction of phenolic compounds

The method of extraction was adapted from Shakya and Navarre (2006).
Phenolic compounds were extracted in four replicates taken from freeze dried
raw and cooked potatoes. Freeze-dried powder (200 mg) was mixed with 1.5
mL of extraction buffer (50% MeOH, 2.5% metaphosphoric acid, 1 mM EDTA
(Sigma Aldrich), chilled to 4°C) and 500 mg of glass beads (1.0 mm in
diameter; Fisher Scientific). Tubes were shaken with a vortex for 10 min at

room temperature and then sonicated at 10 °C for 10 min. After sonication,
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tubes were shaken again with a vortex for 10 min. Tubes were centrifuged at
4000 rpm at 4°C for 10 minutes and the supernatant was transferred to a clean

tube. Extractions were repeated three times and supernatants combined.

Samples were kept chilled at all times and not exposed to light.

2.4.4.2 Total phenolic content (TPC) assay

TPC of potato was measured by Folin-Ciocalteau method (Singleton and
Rossi, 1965). Potato extract (50uL) was mixed with Folin-Ciocalteau reagent
(50 uL, 1 N) prepared by diluting 2 N Folin-Ciocalteau reagent purchased from
Sigma Aldrich, sodium carbonate (150 pL, 20% wi/v) and distilled water (750
pL). After vortexing, the mixture was incubated in the dark at room
temperature for 45 min. Absorbance was measured at 765 nm using a
spectrophotometer (Cecil, CE 7200 Double Beam  UV/VIS
Spectrophotometer). Different concentrations of 5-CQA (10- 300 pg mL™?)
were used to generate a standard curve. The phenolic content was expressed
as mg chlorogenic acid per 100 g freeze dried potato using the linear equation

based on the calibration curve.

2.4.4.3 Quantification of phenolic acids using high performance liquid
chromatography with diode array detector — mass spectrometry

(HPLC-DAD-MS).

The HPLC-DAD-MS system consisted of a micro vacuum degasser
(Prominence Degasser LC-20 A5, Shimadzu), a liquid chromatograph
(Prominence Liquid Chromatograph LC-30 AD, Shimadzu), an auto sampler
(Prominence Auto Sampler SIL-30 AC, Shimadzu), a diode array detector
(Prominence Diode Array Detector system SPD-M20A, Shimadzu) detects the

separated compounds by molecular weight, hydrophobicity (reverse-phase)
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or ionic charge and records the ultraviolet and visible (UV-vis) absorption
spectra of samples that are passing through a high-pressure liquid
chromatograph, a column oven (Prominence Column Oven CTO-20 AC,
Shimadzu), a controller (Prominence Controller CBM-20 A, Shimadzu), and
an MS detector with electrospray ion source and quadrupole analyser (Liquid
Chromatograph Mass Spectrometer LC-MS-2020, Shimadzu). The greatest
advantage in using an MS as the LC detector is that it easily provides mass
information on each peak at the same time as the respective retention times.
The Labs solutions (Shimadzu) software was used to control the LC-MS
system and for data processing. The column used for chromatographic
separation was an Agilent Zorbax Eclipse plus C18 column 4.6 mm x 150 mm,
5 pum internal diameter. A gradient elution program of solvent A (0.1 % formic
acid, 5% acetonitrile and 94% water) and solvent B (0.1% formic acid, 5%
water and 94% acetonitrile) was set as follows: 61-min; linear gradient from O-
51 min from 0% to 100% solvent B, isocratic elution from 51.1-56 min with
100% solvent B, linear gradient from 56-56.1 min to 0% solvent B and isocratic
elution from 56.1-61 min with 0% solvent B. The column temperature was
35°C and flow rate of 0.5 mL min-! and injection volume 10 uL. The diode array
detection spectra was recorded at wavelengths of 280, 290, 315, 320 and 330

nm.
2.4.5 Statistical analysis

Differences between potato composition and the effect of cooking on total
phenolic content were evaluated using T-test and one way ANOVA using IBM

SPSS statistic 2007 for Windows.
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2.5 Determination physio-chemical properties of starch

from different potato varieties

2.5.1 Extraction of starch

2.5.1.1 Extraction buffer 50 mM Tris pH 7.5/ 10 mM EDTA/0.5 g L Na-

metabisulfate

One litre of 10X buffer solution was prepared by weighing: 60.57 g of TRIS
(500 mM), 29.22 g of EDTA (100 mM) and 5 g Na metabisulfate. Compounds
were mixed in 800 mL of MilliQ water and dissolve by using a stirring plate
and a stirring magnet. pH was adjusted to 7.5 with 2 M HCI. The mixture was
transferred to a 1000 mL volumetric flask and the volume adjusted to 1000 mL
with MilliQ water. To obtain a 50 mM TRIS (pH = 7.5) / 10 mM EDTA/ 0.5 g/
litre Na metabisulfate buffer, a 1:10 dilution was made of the 10X buffer with

MilliQ water. The buffer, was stored overnight at 4 °C until use.

2.5.1.2 Protocol

Starch in fresh tubers was extracted as described by Bustos et al. (2004).
Potatoes were washed, peeled and homogenized in cold extraction buffer (5
g of potatoes in 250 mL buffer). Buffer consisted of 50 mM Tris, 10 mM EDTA,
0.5 g L sodium metabisulfate, pH 7.5, pre-cooled to 4 °C. The homogenised
sample was filtered through four layers of cheesecloth. The filtrate was
centrifuged at 20,000 x g and 4 °C for 15 min. The pellet was washed with
extraction buffer by suspension three times and supernatant was discarded.
The purified starch were then rinsed twice with acetone and centrifuged as

above. Then starch was spread on glass plate and dried in air.
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2.5.2 Composition of starch
2.5.2.1 Amylose content

The amylose content of extracted potato starch was determined according to
the colorimetric method of Morrison and Laignelet (1983). A range of
standards containing amylose from 0 to 100% was prepared from combination
of potato amylose and corn amylopectin (both from Sigma Aldrich). Starch
was defatted by dispersing 2 mg of starch in 1 mL of 85% methanol and
heating at 60 °C for 1 hour with occasionally vortex. Solution was centrifuged
at 13 000 x g for 5 min, the supernatant was removed and extraction of lipid
was repeated. After drying at 60 °C for 1 hour, starch was dissolved in 1 mL
of urea dimethyl sulphoxide (UDMSO) solution (0.6 M urea in 90% dimethyl
sulphoxide) by using immediate vigorous vortex and then incubated at 95 °C
in a water bath for 1 hour. The mixture was intermediately vortexed for
complete dissolution of the starch. 50 pl of aliquot of the starch and UDMSO
solution was treated with 20 pl of I2-KI solution (1:10 w/w in water) and made

up to 1 mL with water. Absorbance was read at 620 nm.

Percentage of amylose from potato samples starch was calculated (alpha

glucan basis) using a regression equation derived from the standard samples.
2.5.3 Physical analysis of starch

2.5.3.1 Particle size distribution of potato starches granules

Granule size dimensions and distributions of potato starches was determined
by using laser diffraction particle size analyser Malvern Mastersizer 3000
(Malvern Instruments Limited, UK). The instrument uses laser light scattering

and is capable of measuring particle size between 0.01 to 3500 um. The
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Mastersizer is comprised of the main optical unit that measures the sample
using red laser and blue light detection, one or more dispersion units and a
measurement cell. Commonly, a dispersant such as de-ionised water is also
connected directly to the dispersion unit. The Mastersizer application software
was used to control the optical unit and dispersion unit hardware, and also
processes the raw data gathered by the system, providing flexible data
analysis and reporting features. The refractive index of 1.31 for water and
1.52 for starch were used as a standard. The particle size distribution of potato
starches granule was expressed as volume of equivalent spheres. The
criterions Dvo.1, Dvo.s and Dvo.o were the particle size at which 10%, 50% and
90% of all particles by volume were smaller, respectively. The Das3 was the
volume mean diameter and the D32 was the surface mean diameter and Dso
was the median volume diameter. The specific surface area of potato starches

was also performed.
2.5.3.2 Small-angle X-ray scattering (SAXS) characterisation

The crystallographic properties of potato starch samples were examined by

using SAXS.

2.53.2.1 Preparation of potato starch slurry

Potato starch and water slurries with 45% wi/v concentration were prepared
for all samples. According to Cameron and Donal (1992), this concentration
of starch is enough to prevent the sedimentation within the capillary cell. Each
starch slurry was mixed using a vibrating stirrer before the capillary cell was
filled as to ensure the slurry was homogenous. All samples were loaded into
the same vacuum-tight, reusable 1 mm quartz capillary (Anton Paar, Graz,

Austria) to attain exactly the same scattering volume using a 1mL syringe.
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2.5.3.2.2 SAXS

The X-ray scattering experiment was performed using Anton Paar’'s modular
nanostructure analyzer SAXSpace system (Anton Paar, Graz, Austria). The
X-ray radiation Cu-Ka (wavelength A=0.154 nm) used was generated form a
sealed-tube Cu anode X-ray generating equipment 1ISO-DEBYEFLEX3003
(GE Inspection Technologies GmbH) which was operated at 40 kV voltage
and a tube current 50 mA. The X-ray tube is chilled by a closed water circuit
(Chilly 35, HYFRA, Germany). To achieve a high resolution mode with a
minimum accessible scattering vector, g min, of 0.04 nm-t (q = (411/A) sin®,
where 20 is the scattering angle) the SAXSpace collimation block converts the
divergent polychromatic X-ray beam into a focused line shaped beam. The
experiment was started by placing the sample packed capillary into sample
holder equipped with Peltier elements (TCStage 150, Anton Paar, Graz,
Austria), which is connected to a water cooling thermostat (Julabo GmbH,
Seelbach, Germany) to get rid of the excess of heat and controlling the
experiment condition at 25 °C with a temperature stability of 0.1°C. To avoid
the undesirable background produced by air scattering the sample chamber
was evacuated by vacuum pump (Vacuubrand GmbH, Wertheim, Germany)
achieving a minimum pressure of ~1 mbar. After passing the sample the 1D
scattering patterns and primary beam were recorded by a single photon
counting detector which was Mythen micro-strip X-ray detector (Dectris Ltd,
Baden, Switzerland) has a sensitive area of 64x8 mm? comprising of 1280
channels each with a channel size of 0.05 x 8 mm (v x h). The primary beam
was attenuated by semitransparent beam stop for the exact determination of

the zero scattering vector and transmission correction. The distance between
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detector and sample was 317.09 mm. Each sample was exposed three times

for 1800 s, and their integrated scattering profiles were averaged.

The primary data analysis correction regarding primary beam position was
carried out using the SAXStreat software (Anton Paar, Graz, Austria). The
SAXS data was further transmission-corrected by setting the attenuated
scattering intensity at q = 0 to unity and background subtracted using the
SAXSQuant software (Anton Paar, Graz, Austria). SAXS curve was plotted
from the relative intensity I, versus scattering vector q. The parameters of
SAXS peaks (peak position (gmax=41SinB/A) and intensity Imax) were
determined by the graphical method as described by Yuryev et al. (2004). The
average interlamellar distance, Bragg spacing was calculated according to the

Bragg equation (d=211/gmax). The peak area was determined manually.
2.5.4 Statistical analysis

Statistical analysis was conducted to determine the difference between potato
starches amylose content as well as granule size distribution and crystallinity

using T-test and one way ANOVA using IBM SPSS statistic 2007 for window.
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2.6 Invitro digestion of commercial potato starch

2.6.1 Reagents
2.6.1.1 Sodium phosphate buffer solution

A stock solution of 100 mM sodium phosphate buffer was prepared by mixing
550 mL of 100 mM Naz2HPO4 (di-basic) and 450 mL of 100 mM NaH2POa4
(mono-basic) then stock solution diluted to obtain 20 mM of sodium phosphate
buffer containing 6.7 mM sodium chloride adjusting pH to 6.9 with NaoH. All

chemical used were purchased from Sigma Aldrich.
2.6.1.2 Standard starch solution

Soluble potato starch 1% (W/V) prepared by addition 1g of native potato
starch (Sigma Aldrich) to 100 mL 20 mM sodium phosphate buffer pH 6.9
containing 6.7 mM sodium chloride. Starch suspension was gelatinised by
heating in a glass beaker directly on a heating stir plate with constant stirring
until boiling and this temperature was maintained for 15 minutes. Then starch
solution was cooled to room temperature with stirring. Solution was adjusted

to original volume of 100 mL by adding de-ionized water.

2.6.1.3 Porcine pancreatic alpha amylase solution

The enzyme stock solution was prepared by dissolving 100 mg of porcine
pancreatic alpha amylase (PPAA) (16 U/mg, Sigma Aldrich) in 16 mL 20 mM
phosphate buffer pH 6.9 containing 6.7 mM sodium chloride at 20 °C then,
stock solution was diluted by 1:100 using 20 mM sodium phosphate buffer pH

6.9 to provide 1 unit enzyme per mL of solution.
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2.6.1.4 Chlorogenic acid 5-CQA solution

5-CQA (Sigma Aldrich; PubChem CID 12310830) was prepared at different
concentrations (3, 6, 9, 12 mg mL™). First 5-CQA was dissolved in 5 mL
absolute ethanol and volume was adjusted to 100 mL by adding 20 mM
sodium phosphate buffer pH 6.9. To avoid destruction of 5-CQA, solution was

stored in an amber bottle and low temperature.
2.6.2 Protocols

2.6.2.1 Alpha amylase activity assay

Enzymatic assay was adopted from Sigma Aldrich (itself adopted from
Bernfield (1951)) with some modification. A range of pancreatic alpha amylase
(16 unit/mg, Sigma Aldrich) concentrations from 1 to 10 unit mL* was
prepared then, 1 ml of enzyme solution was added to 1 mL of 1% (W/V) potato
starch solution. Separate screw-top plastic tubes were used for each enzyme
concentrations. Final volume of reaction mixture was 6 mL. The tubes were
incubated in water bath (Grant GLS Aqua 12 plus) for 3 min at 37 °C. Two mL
of the incubation mixture was removed and reducing sugar produced
measured using DNS method described previously. For zero time (min)
reaction a separate set of tubes were also prepared and DNS solution was
added to reaction mixture directly after addition of enzyme at zero time.
Control was conducted which contain DNS colour reagent solution and
enzyme but not starch. According to the unit definition, one unit of enzyme will

liberate 1 mg maltose from starch at 3 min and 37°C.
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2.6.2.2 Optimisation of reaction time

The enzymatic reaction time optimisation was performed using a fixed amount
of enzyme (2 unit mL) and 1 mL of 1% gelatinised potato starch as substrate
then, incubated at different period of time from 0 to 60 min. A separate set of
tubes were conducted for each period of hydrolysis. The rest of experiment
was carried out as mentioned in alpha amylase amylase assay (2.6.2.1) and

released sugars were measured by the DNS method (2.1.1).

2.6.2.3 Inhibitory effect of chlorogenic acid on digestion of commercial

potato starch by porcine pancreatic amylase in vitro

The activity of PPAA (16 unit/mg, Sigma Aldrich) enzyme on potato starch
(Sigma Aldrich) in the presence and absence of 5-CQA (Sigma Aldrich;
PubChem CID 12310830) were examined by the method of Brenfeld (1955).
Reactions were carried out with PPAA at a concentration of 0.33 unit mL™*
using potato starch (1%) in 20 mM sodium phosphate buffer pH 6.9 containing
6.7 mM NaCl at 37°C for up to 20 minutes. 5-CQA (final concentration 1.5 mg
mL1) was either added to the enzyme-substrate mixture at the start of the
reaction or was pre-incubated for 10 minutes with the enzyme prior to addition
of the substrate. All reactions were carried out in four replicates. Reducing
sugar released was measured at two reaction times (5 and 20 min) using the
DNS colorimetric assay (Miller, 1959, Fei et al., 2014). An enzymatic kit was
not used due the inhibition of enzymes in the kit by chlorogenic acid. Brayer
has shown that maltose is the preferred leaving group for PPAA (Brayer et al.,
2000), and therefore maltose was used for generating standard curve to
guantify the reducing sugar released. The enzymatic activity of PPAA was

also determined in the presence of various concentrations of 5-CQA (0.08 - 2
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mg mL™1). ICso was calculated as the concentration of 5-CQA required to inhibit

50% of enzyme activity.

% Inhibition = X 100

Where A was amount of maltose produced in absence of 5-CQA and B was

that produced in presence of 5-CQA.

2.6.2.4 Enzymatic kinetics and mode of inhibition

Michaelis-Menten kinetic parameters and mode of inhibition of PPAA by 5-
CQA was determined from a Lineweaver-Burk plot. One mL of 5-CQA at
concentrations ranging from 0 to 2 mg mL* was added to a mixture containing
1 mL of starch solution at concentrations from 0 to 6.6 mg mL?! in the same
buffer solution as described in the previous section. The reaction was initiated
by addition of a fixed concentration of PPAA (0.33 unit mL™?). The solution
mixture was incubated for 5 min at 37 °C. The reducing sugar produced was
determined using the DNS colorimetric method as described previously

(2.1.1).

2.6.3 Statistical analysis

An independent sample t-test was used to compare amylase activity in
presence or absence of chlorogenic acid using IBM SPSS statistic 2007 for

Windows.
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2.7 Invitro starch digestion of steam cooked potatoes

2.7.1 Invitro digestion using PPAA

In vitro digestion was performed for different varieties of steam cooked
potatoes (Desiree, Mozart, Rooster, Maris Piper and Maris Peer) using PPAA

activity assays with some modifications.

2.7.1.1 Modification of substrate concentration and incubation time

To determine effect of digestion time and substrate concentration, different
substrate concentrations of Maris Piper potato were used. Steam cooked
potato 6 gm was homogenized in 100 mL of 20 mM sodium phosphate buffer
pH 6.9 containing 6.7 mM sodium chloride. One mL was taken out
(representing 10 mg mL* starch) and added to test tube containing 4 mL
buffer then digestion started by adding 1 mL of 0.33 unit mL-* enzyme solution
as final concentration. The mixture was incubated at different time first from O
to 90 min and then 0 to 150 min. The amount of reducing sugar released
measured as maltose using the DNS method (2.1.1). For each concentrations

the experiment were obtained in triplicate.

2.7.1.2 Modification of enzyme dosage

The above experiment was conducted at using 6 g of potato diluted 100 times
as substrate and enzyme concentration was increased to 0.66 mg mL! as final
concentration. The rest of experiment was done as described above. Zero
time measurement and non-enzyme controls were conducted by replacing
enzyme solution with buffer solution. Each experiment was measured in

triplicate.
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2.7.1.3 Applying all modification

After condition optimisation, the rate of digestion of all five steam cooked
potato varieties was measured. Substrate concentration was 6 g potato in 100
mL of buffer and enzyme concentration was 0.66 unit mL.Released reducing
sugars were measured at 0, 3, 5, 10, 20, 40, 60, 90, 120, and 150 minutes by
DNS method (2.1.1). 1 mL of reaction mixture was taken at each time point
and boiled for 5 min to inactivated enzyme then used for further analysis of

sugar profile using HPAEC-PAD.

2.7.2 In vitro digestion of potatoes using gastric phase and

intestinal phase

2.7.2.1 Reagents

2.7.21.1 HCI-KCI buffer (0.2 M each) pH 1.5
Stock solutions (0.2 M) were prepared separately for KCI and HCI. Buffer
solution was prepared by mixing 50 mL KCI solution with HCI until pH was

adjusted to 1.5. The mixture was diluted to a total 200 mL by deionized water.

2.7.2.1.2 Pepsin solution

Pepsin solution was prepared by dissolving 1 g pepsin from porcine gastric

mucosa (2250 U mg solid Sigma Aldrich) in 10 mL KCI-HCI buffer pH 1.5.

2.7.2.1.3 Tris-Maleate buffer pH 6.9

Tris acid maleate stock solution (0.2 M) was prepared by dissolving 24.2 g of
Tris-(hydroxymethyl) aminomethane and 32.2 g of maleic acid or 19.6 g of
maleic anhydride in 1 L of deionized water. Then 0.2 M NaOH stock solution

was prepared. Buffer solution was prepared by mixing 50 mL of Tris-Maleate
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0.2 M with 0.2 M NaOH until pH adjust to 6.9 then mixture was diluted to a

total 200 mL by deionized water.

27214 PPAA 2.6 unit/ 5 mL

PPAA 2.6 unit in 5 mL Tris-Maleate buffer pH 6.9 was prepared from PPAA

(16 unit/mg, Sigma Aldrich).

2.7.2.1.5 Sodium acetate buffer 0.4 M pH 4.75

Equal volumes of 0.4 mol L sodium acetate and 0.4 mol L acetic acid was
mixed. The pH was adjusted to 4.75 adding either 0.4 mol L! sodium acetate

or 0.4 mol L acetic acid.

2.7.2.1.6 Amyloglucosidase solution 60 pl, 184 U

Amyloglucosidase (AMG) from Aspergillus niger (70 unit/mg, Sigma Aldrich)
was prepared by dissolving enzyme powder 3080 unit in 1 mL sodium acetate

buffer pH 4.75.

2.7.2.2 Protocol

The potato starch was digested according to the method of Goni et al, (1997)
with some modifications. Potato samples were prepared as mentioned earlier
and 250 mg of potato sample was homogenized in 10 mL of HCI-KCI buffer
pH 1.5. Pepsin solution (0.2 mL) was added and sample incubated in 40 °C
shaking water bath for 1 hour. Volume was adjusted to 25 mL with Tris-
Maleate buffer pH 6.9. PPAA 2.6 unit in 5 mL of Tris-Maleate buffer was added
and pH was adjusted to 6.9 by NaOH 0.2 M. Tubes were incubated in shaking
water bath at 37 °C. One mL of solutions were taken from each tubes every
15 and 30 min interval from 0 to 3 hours. Enzyme was inactivated by placing

aliquots in boiling water bath at 100 °C for 5 min and then centrifuged for 10
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min and refrigerated until the end of the digestion time. Three mL of sodium
acetate buffer pH 4.75 were added to each aliquot and pH was adjusted to
4.75 by HCIl 0.2 M and 60 pl of AMG 184 unit were added to hydrolyse the
digested starch into glucose for 45 min at 60 “C in shaking water bath. Two
mL of aliquots were taken for analyse released glucose by DNS. Glucose was

converted to starch by multiplying for 0.9.
2.7.3 Statistical analysis

One way-ANOVA was used to compare the starch digestibility between potato
varieties. Pearson correlation were applied to analyse the correlation between
in vitro digestion of potatoes and each of the total phenolic content and starch

composition and properties using IBM SPSS statistic 2007 for window.

Principle component analysis (PCA) was conducted to analyse the
relationship between starch hydrolysed and TS, DM, TPC and 5-CQA content
of potatoes. PCA was performed using MATLAB software R2015a

(MathWorks, Inc.).
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2.8 Invivo determination of glycaemic index (Gl)

A human study was performed to determine the blood glucose response in
human volunteers to ingestion of steam cooked potato varieties with different

skin colour and different levels of phenolic content.

2.8.1 Requirements

2.8.1.1 Ethical approval

The study was reviewed and approved by the Ethics Committee of the Faculty
of Mathematics and Physical Sciences, University of Leeds, United Kingdom.

Ethical reference number [MEEC 15-006] (Appendix A).

2.8.1.2 Subjects

Eleven healthy volunteers participated in this study (9 female and 2 male) with
mean age of 20 to 36 years of age (28.88+4.72) after advertisements were
put on the School of Food Science and University and different places of
University of Leeds (Appendix E). According to FAO/WHO 1998 to determine

the Gl tests should be carried in six or more subjects.

Selection of subjects were made based the inclusion criteria; no known
allergic or intolerance to any food, not taking any medication that affect the
blood glucose, not diagnosed with chronic disease such as diabetes and not

pregnant or lactating.

On initial presentation, volunteers who showed an interested were given a
participation information form (Appendix D). Written informed consent was
obtained from each participant. Volunteers had the opportunity to ask about
the detail of test protocol and information on the risks involved in participation

and they have two weeks to decide whether to take part. A health
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guestionnaire form was completed by interested volunteer to further assess

their eligibility (Appendix B).
2.8.1.3 Testing facility

The food preparation area should separate from that in which blood was
taken. The preparation of potato samples was carried out in Food Technology
Laboratory, School of Food Science and Nutrition, University of Leeds. The

blood tests were carried out in the human study room.
2.8.2 Study protocol

2.8.2.1 Reference and test food

In this study four types of foods were selected (1 reference and 3 test foods).
White bread (3 slices containing about 50 g available carbohydrate) was used
as reference food as recommended by ISO (2010) and WHO/FAO (1998).
Tested foods were three types of potato Desiree, Maris piper and Rooster.
The tested potatoes were prepared prior to study. They were washed, peeled,
cut into cubes 1 cm? in size, weighted into plastic zipped bags in a portion
containing 50 grams of available carbohydrate and then frozen by using fast
freezer and stored in freezer until use. On the day of study frozen potatoes
were steam cooked using electrical steam cooker (Russel Hobbs) and served
hot. White bread (Morrisons medium white loaf 3 slices) was used as

reference food and served fresh without toasting.

2.8.2.2 Experimental procedure

Subjects arrived fasted at the School of Food Science and Nutrition. They
were asked to fast overnight (10-14 h) before the study and to avoid excessive

physical exercises and alcohol consumption in the evening before the
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experimental day. On the morning of experimental day, upon arriving subjects
were made comfortable. Weight and height measurements were obtained

from the subjects also they were asked to complete a pre-study health

guestionnaire form.

After ensuring the subjects were comfortable and warm, they were prepared
for taking blood samples in fasting state (0 time). Their middle or ring finger
was wiped by alcohol swab (Universal ALCOTIP PRE-INJECTION SWABS)
and alcohol allowed to dry. The side of the chosen finger was pricked by a
disposable lancet (Accu-Chek Safe-T-Pro Plus lancet, Roche diagnostics
GmbH). For blood glucose measurement, the first drop of blood was wiped
and then blood droplet was placed into test strip (Accu-Chek Aviva test strip,
Roche) which was previously inserted into a glucometer (Accu-Check). Blood

glucose concentration was measured in mmol L.

To avoid retrogradation of starch, tested foods (potato or bread) were
prepared in the morning of experimental day as described previously and
subjects consumed randomly one of four foods (test or reference) within 15
minutes with 250 ml of water. Further blood glucose measurement were
obtained at 15, 30, 45, 60, 90 and 120 minutes after consuming foods.
Subjects were asked to repeat the procedure above another 3 times, one
week between, to reproduce the analysis with each foods (3 potato samples,

1 white bread).

2.8.2.3 Calculation of Gl

The incremental are under the blood glucose curve (IAUC) ignoring the area
beneath baseline, was measured geometrically by applying trapezoid and

triangle rule according to FAO/WHO (1998). The Gl for each tested food was
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calculated as percentage of the mean of IAUC of the tested food over the

mean IAUC for the reference food taken by same subject.

2.8.2.4 Statistical analysis

Pearson correlation was used to investigate the relationship between the
potato phenolic component, potato starch physio-chemical properties and Gl

of potato samples using IBM SPSS statistics 2007 for Windows.

Principle component analysis (PCA) was conducted to analyse the
relationship between Gl and TS, DM, TPC , 5-CQA content of potatoes,
amylose content, granules size distributions and crystallinity. PCA was

performed using MATLAB software R2015a (MathWorks, Inc.).
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3 Inhibitory effect of chlorogenic acid on digestion of
commercial potato starch by porcine pancreatic

amylase in vitro

3.1 Introduction

Evidence from a number of in vitro and in vivo studies indicates inhibitory
effects of plant polyphenols on enzymes involved in carbohydrate digestion
(Meng et al., 2013, Trinh et al., 2016). 5-CQA has been shown to inhibit PPAA
by mixed type mechanisms (both competitive and non-competitive) as the
inhibitor might bind to the surface of the enzyme, in addition to the substrate

binding site (Narita and Inouye 2011).

However, the potential effect and mode of inhibition on digestion of native

potato starch has not been shown.

This chapter describes the optimisation of assay conditions for PPAA activity
using commercial potato starch as the substrate and the determination of

enzymatic kinetic parameters in the presence and absence of 5-CQA.

3.2 Aims

The aim of the present study was to characterise the effect of 5-CQA on PPAA

activity using commercial potato starch as substrate in vitro.

3.3 Hypothesis

The hypothesis is that 5-CQA will reduce the activity of PPAA catalysed

hydrolysis of potato starch competitively and non-competitively.
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3.4 Objectives

The objectives of this study are:

e To optimise a protocol for digestion of gelatinised potato starch by
PPAA in vitro by testing different conditions such as enzyme dosage
and incubation period.

e To hydrolyse potato starch in presence of 5-CQA at various
concentrations.

e To calculate enzymatic kinetic parameters of potato starch digestion by
PPAA in the presence and absence of 5-CQA

e To determine the inhibition mechanism by analysis of enzyme kinetic

parameters derived from Linweaver-Burk plots.
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35 Results

3.5.1 Optimisation of enzyme concentration

The method used for potato starch digestion by PPAA was adapted from
Bernfield (1951) with some modification. DNS method was used for measuring
reducing sugar released after in vitro digestion. A range of PPAA enzyme
concentrations from 0 to 2.5 unit mL* were used in order to hydrolyse 10 mg
of the gelatinised potato starch over 3 min. Figure 3.1 shows the percentage
of total starch hydrolysed against enzyme unit concentration after 3 min of
digestion. At 0 concentration of enzyme, it was found that potato starch

contained about 1.5% of free sugar which was subtracted as a blank.
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Figure 3.1 Effect of PPAA concentration on digestion of potato starch at
3 min incubation. Data expressed as mean of % of total starch hydrolysed
(n=6). Error bars represent standard error of mean.

It was found that by adding enzyme, the amount of reducing sugar released
increased until reach it is optimum by 1.66 unit of enzyme. 91.3% of total
starch was hydrolysed in 3 min with 1.66 units mL1. 100% of starch was

hydrolysed by 2.5 units mL* of enzyme.
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3.5.2 Optimisation of substrate concentration and incubation

time

Figure 3.2 shows hydrolyses curve for 1.66 mg mL™? (equivalent to 10 mg
starch in volume of 6 mL) gelatinised potato starch by 0.33 unit mLt PPAA
over 50 minutes. At initial time of incubation (3, 5, 10 min) the enzymatic
digestion of potato starch was fast digesting 21, 37 and 60% of total starch
respectively. By extending incubation time to 15, 20 minutes, hydrolysis were
increased to 70 and 72% of total starch respectively. It was seen that after 20
min of incubation the percentage of reducing sugars producing was not as fast
as at beginning of the reaction reaching 78% at 30 and 80% at 50 minute of

reaction.
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Figure 3.2 Hydrolysis curve for 10 mg gelatinised potato starch by 0.33
units mL* PPAA over 50 min. Data expressed as average % of hydrolysis
of total potato starch (n=6). Error bars represent standard error of mean.

Figure 3.3 shows the enzyme activity as a function of substrate amount using
a constant enzyme concentration (0.33 units mL™) at 5 min of incubation. It
was observed that small amount of starch hydrolysed by enzyme using low

amount of substrate 0.83 and 1.25 mg mL! was 38 and 44% respectively at
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5 minute and increasing of substrate amount to 1.66 mg mL* was resulted in
increasing amount of starch hydrolysed by PPAA 52% While, this increase
was not continuous with increasing amount of substrate. At substrate amounts
above 1.66 mg mL™, less hydrolysis of potato starch was occurring as amount
of reducing sugars released becomes constant as enzyme reaches its

maximum access to the substrate (figure 3.3).
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Figure 3.3 Effect of different substrate concentration ranges from 0.83-
6.6 mg mL* (5-40 mg final amount) on activity of 0.33 unit pancreatic
alpha amylase at 5 min. Data expressed as average % of hydrolysis of total
potato starch (n=9). Error bars represent standard error of mean.

3.5.3 In vitro hydrolysis of potato starch in presence of

chlorogenic acid

The reaction conditions chosen to analyse the inhibition were an enzyme
concentration of 0.33 units mL* of PPAA, digestion time of 5 or 20 minutes,
using a starch concentration of >1 mg mL™. These conditions were chosen

because they are in the dynamic range for the reaction.

The inhibitory effect of the 5-CQA on PPAA activity using potato starch as
substrate was evaluated at two incubation time periods of 5 and 20 min (Figure

3.4 A). A significant difference (p < 0.05) was observed in the amount of
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reducing sugar released in the presence and absence of 5-CQA. Results were
showed that less sugar released when 5-CQA added to enzymatic mixture
indicating an inhibitory effect. The inhibition was more pronounced at 5 min
(25.5% inhibition) compared to 20 min (1.5% inhibition). Pre-incubation of
enzyme with 5-CQA for 10 min inhibited the enzyme by 53.8 and 28.3% at 5
and 20 min respectively. In order to calculate the 1Cso, PPAA activity was
measured in the presence of increasing concentrations of 5-CQA (Figure. 3.4
B). The ICso was found to be around 2 mg mL?* 5-CQA which was the

maximum concentration tested.
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Figure 3.4 Effect of 5-caffeoylquinic acid (5-CQA) on the activity of
porcine pancreatic alpha amylase (PPAA) activity using 10 mg potato
starch as substrate. A) Effect of pre-incubation and co-incubation of 5-CQA
(1.5 mg mL1) on the digestion of 1% starch by PPAA (0.33 unit mL™?) at 5 and
20 minutes incubation. E = enzyme, S = substrate and | = inhibitor. B) Effect
of increasing concentration of 5-CQA on inhibition of PPAA relative to control
(no inhibitor) at 5 min incubation. Each bar represents mean of four
measurements + standard deviation. Bars with different letters have significant
difference at p<0.05.
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3.5.3.1 Enzymatic Kinetic and mode of inhibition

The enzymatic kinetic properties were examined by applying Michaelis-
Menten assumptions. The initial velocity of the reaction (V) was determined
at various concentrations [S] of gelatinised potato starch in the absence and
presence of various concentrations of the 5-CQA and a fixed concentration of
PPAA. Figure 3.5 shows effect of the substrate concentration on PPAA activity
in the presence and absent of different concentration of 5-CQA. It was
observed that at low substrate concentrations initial velocity of the reaction
was directly related to substrate concentration while, increasing the amount

of substrate reduce the proportional response of initial velocity of enzyme.
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Figure 3.5 Effect of substrate concentration on enzyme activity (0.33 unit
mL) in the presence and absent of 5-CQA (1, 1.5 and 2 mg mL™).
Michaelis-Menten plot. Data expressed as mean of the initial velocity Vo of
enzyme at 5 min (n=6). Error bars represent standard error of mean.

A Lineweaver-Burk plot produced linear relationships for 1/V against 1/[S] at
various 5-CQA concentrations (Figure 3.6). Increasing inhibitor
concentrations led to an increase in slope and y-intercept on the vertical axis.

The intersection of lines in the second quadrant suggests a mixed type of
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inhibition of 5-CQA against PPAA. Kinetic parameter Vmax and km were
obtained from Lineweaver-Burk plots (Table 3.1); km values ranged from 1.66
to 2.08 mg mL* starch with increasing inhibitor concentrations and maximum

velocity (Vmax) values from 0.35 to 0.29 mg mL* min maltose.

14 -
&0 mg

1/v [mg T maltose min-]

-1 -0.5 0 0.5 1 15
1/[s] (mg)

Figure 3.6 Lineweaver-Burk plot for porcine pancreatic alpha amylase
(PPAA) catalysed hydrolysis of potato starch in the presence of 5-CQA
(0, 1, 1.5 and 2 mg mL"?). Each point represents mean of four measurements
+ standard deviation.

Table 3.1 Kinetic parameters Km and Vmax of porcine pancreatic alpha
amylase (PPAA) for increasing concentrations of 5-CQA.

[5-CQA] (mg mL-Y) Ke (Mg ML) (mg mvlf]'ixmin'l)
0 1.66 0.35
1 1.69 0.32
15 1.85 0.31

2 2.08 0.29
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3.6 Discussions

We evaluated the inhibitory effect of 5-CQA on PPAA activity using potato
starch as substrate at two incubation time periods of 5 and 20 min (figure 3.4).
The results indicate that 5-CQA significantly (p< 0.05) inhibited PPAA at both
incubation times, the inhibition was more pronounced at 5 min (25.5%
inhibition) compared to 20 min (1.5% inhibition). The difference in inhibition at
the two reaction times indicates that 5-CQA is most efficient during early
stages of hydrolysis, most probably by interacting with the enzyme and the
high molecular weight substrate. Pre-incubation of enzyme with 5-CQA for 10
min inhibited the enzyme by 53.8 and 28.3% at 5 and 20 min respectively
indicating that pre-incubation (without substrate) leads to the inactivation of
the enzyme non competitively. IC50, was found to be around 2 mg mL* 5-
CQA and this in agreement with results of Sun et al. (2016) who reported IC50

of 1.96 mg mL* for chlorogenic acid against PPAA hydrolysis of maize starch.

The enzymatic kinetic properties were examined by applying Michaelis-
Menten assumptions. Type of inhibition was determined from Lineweaver-
Burk plots. km values increased from 1.66 to 2.08 mg mL? starch with
increasing inhibitor concentrations while maximum velocity (Vmax) values
decreased from 0.35 to 0.29 mg mL min! maltose. These results also
suggest that 5-CQA has a mixed type inhibition (competitive and non-
competitive) against PPAA when potato starch is used as a substrate. This
mixed type inhibition behaviour was previously reported for 5-CQA using p-
nitrophenyl-a-D-maltoside as a substrate (Narita and Inouye, 2009). Recently,
Sun et al. (2016) reported that chlorogenic and caffeic acid have a mixed type

inhibitory effect on PPAA hydrolysis of maize starch. These two inhibitors
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decrease the Vmax, by interacting more strongly with the enzyme-substrate
complex than with the free enzyme (Sun et al., 2016, Narita and Inouye, 2011).
Rohn et al. (2002) reported that the incubation of digestive enzymes (PPAA,
trypsin, lysozyme) with simple phenolic compounds (CQA, caffeic acid, gallic
acid and ferulic acid) for 24 hours resulted in covalent attachment of the
phenolic compounds to the free amino groups of the enzymes and in
consequence, decreased their activity irreversibly and non-competitively. The
non-competitive inhibition of PPAA was reported for millet seed coat extract

using potato starch as substrate (Shobana et al., 2009).

The inhibitory activity of phenolic acids is enhanced with increasing the
number of phenolic sub-structures. The inhibitory effect of caffeic acid was
enhanced 5-fold by combining with quinic acid to form chlorogenic acid(Narita
& Inouye, 2011). We show that 5-CQA is able to inhibit PPAA activity on potato

starch in both competitive and non-competitive manners.

3.7 Conclusions

In conclusion, alpha amylase inhibitory activity of 5-CQA were measured in
vitro. This study is the first to examine the mechanism of inhibition of PPAA
by 5-CQA using potato starch as a substrate. Kinetics analyses showed a
mixed-type inhibition, with stronger inhibition at earlier incubation times when

more substrate is present.

In consequence, future work will test the in vitro digestibility of varieties of
potato with different levels of phenolic content TPC and 5-CQA, applying the

optimised digestions conditions described in this chapter.
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4 In vitro starch digestion of five steam cooked potatoes

by PPAA

4.1 Introduction

Results of the chapter 3 suggest that the chlorogenic acid isomer, 5-CQA
inhibits PPAA hydrolysis of potato starch by mixed type inhibition mechanism.
It has been shown that inhibitors of a-amylase reduce bioavailability of glucose
(Bozzetto et al., 2015). Controlling blood glucose level by a-amylase inhibitors
may play a role in preventing hyperglycaemia in patients with diabetes
mellitus. Some a-amylase inhibitors are naturally present in foods. Potatoes
are valued globally as a readily assimilated source of carbohydrate. The Gl of
potato products has been reported generally to vary by several studies. It has
been suggested that the glycaemic impact of potatoes is affected by structure
and phosphorylation of starch, content of dietary fibre and cooking method

(Absar et al., 2009, Lynch et al., 2007, Fernandes et al., 2005).

Phenolics present in potatoes include phenolic acids, tannins, lignin,
flavonoids, coumarins and anthocyanins (Ryes and Cisneros-Zevallos, 2003).
5-O-caffeoylquinic acid (5-CQA) is an isomer of chlorogenic acid which makes
up 90% of the phenolic content of potato (Malenberg and Theander, 1985).
The concentration of 5-CQA is higher in the skin than in the medulla. Analysis
has shown that cooked unpeeled potato contains between 9.1 to 12 mg 5-
CQA per 100 g fresh weight compared to 0.86 to 6.6 mg for equivalent peeled
samples (Mattila and Hellstrom, 2007). The variation in 5-CQA content
suggests that different potatoes may inhibit pancreatic amylase to different
extents. The hypothesis tested in this chapter is that the content of 5-CQA has

an influence on starch digestibility. Five varieties of potatoes with different
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flesh and skin colours were selected for the experiment. In vitro hydrolysis of

starch from steam cooked potatoes was conducted to the rate of starch

hydrolysis.

42 Aims

The aim of this study is to determine the in vitro digestibility of steam cooked
potatoes from five varieties which are expected to vary in their phenolic

content.

4.3 Objectives

e To measure the dry mater (DM), total starch (TS), total phenolic content
(TPC) and 5-CQA content of raw and cooked potatoes.

e To determine the in vitro digestibility of steam cooked potatoes by
measuring the sugar content released during digestion with porcine

pancreatic alpha amylase.
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4.4 Results

4.4.1 Sugar standards and ranges used for detection of

carbohydrate in potato varieties

Two different methods (DNS and HPAEC-PAD) were investigated to measure
the carbohydrate content in five potato cultivars. For colorimetric method of
DNS, a range of maltose and glucose standards were used and the colour
intensity depended on the reaction between DNS reagent solution and each
of maltose and glucose. Higher concentrations of maltose and glucose
produced darker colour (Figure 4.1) and consequently higher absorbance

when measured by the spectrophotometer.

In HPAEC-PAD different concentrations of mixed sugars plus 50 ul fucose as
external standard were prepared and injected for preparation of the calibration
curve. Figure 4.2 show the retention time for each sugar; 2.41 min for fucose,
3.96 min glucose, 4.31 min fructose, 6.73 min sucrose, 14.86 min maltose and

21.56 min maltotriose.

Figure 4.3 show the representative maltose and glucose standard curve which
is obtained by DNS and HPAEC-PAD that have been used to measure total
and digestible starch and soluble sugar content in potato samples used in this

study.
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Figure 4.1 DNS colourimetric reaction using maltose standards in the
range from 0 to 4 mg mL%; the reaction was measured at 540 nm
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Figure 4.2 Chromatogram of sugar standards 0.1 pg in 10 pl injection
volume. 1) Fucose (external standard). 2) Glucose. 3) Fructose. 4) Sucrose.
5) Maltose. 6) Maltotriose.
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Figure 4.3 Standard curve for measuring carbohydrate and soluble
sugar content of potatoes using maltose and glucose solution as
standard. A) Maltose detected by DNS (n=21), B) Maltose detected by
HPAEC-PAD (n=6), C) Glucose standard detected by DNS (n=9) and D)
Glucose detected by HPAEC-PAD (n=6). Data represent as mean + SD.
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4.4.2 Chemical composition of five potato varieties
4.4.2.1 Dry matter content

Table 4.1 represent the percentage of dry matter (DM) content of five raw and
cooked potato cultivars based on wet weight. There were significant difference
between percentages of DM content of five potato cultivars in both raw and
cooked forms (p < 0.05). The DM content in cooked potatoes were ranged
from highest in Maris piper potato 21.47+0.61% to lowest in Mozart potato
19.10£1.13%. In raw potato the DM content was ranged from 16.12+0.81% to
22.12+3.13%. Mozart in both raw and cooked form showed lowest DM
content compared to other potato cultivars. In cooked form, with the exclusion
of Rooster and Desiree potato, all other potato cultivars DM content was

slightly higher than raw form.

Table 4.1 Dry matter (DM) content of potato cultivars. (Mean values with
their SD, n=4).

DM content %
Potato Cultivars

Raw Cooked
DesireeR 21.04+0.10%¢ 20.08+0.113bc
MozartR 16.12+0.81° 19.10+1.132
RoosterR 22.12+3.132 19.52+0.103¢
Maris Piper” 20.67+0.10%¢ 21.47+0.61°
Maris Peer” 18.90+0.47acd 19.66+0.223¢

R=red skin, Y= yellow skin; Mean value within a column with different subscript letter ¢4 indicate
significant differences (one-way ANOVA, P < 0.05).

4.4.2.2 Total starch content

Total starch (TS) was measured in five potato cultivars using the method of
Goni et al. (1997) with some modification. DNS was used rather than glucose

assay kit by glucose oxidase peroxidase GOD-PAP for measuring glucose.
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Table 4.2 shown the TS content of different varieties of potato based on fresh
weight (FW) and as percentage of DM content. It was found that TS content
in fresh potato varied significantly (p < 0.05) from 13.40+1.44 to 17.48+1.22 g
100g* FW representing 65 to 91% of DM content of potatoes. The lowest TS
content were observed in Desiree and Rooster while, the highest were

observed in Mozart and Maris Piper.

Table 4.2 Total starch content of five potato varieties (mean values with
their SD, n=9).

Potato cultivars TS (g 100g* FW)™* TS (% DM content)
Desiree 13.40+1.44° 65.27+7.17
Mozart 17.48+1.222 91.55+6.40
Rooster 13.61+0.80° 69.74+0.80
Maris Piper 16.97+3.622° 79.01+16.87
Maris Peer 15.76+2.44° 80.17+12.42

* Free sugar corrected. ! Factor converting glucose to starch was 0.9. Mean value within a column with
different subscript letter #P.¢d indicate significant differences (one-way ANOVA, P < 0.05).

4.4.2.3 Free sugar content

Free sugar content was determined in potato samples in order to correct the
TS value using both DNS and HPAEC-PAD for detection. Free sugar content
was extracted using water and shown in table 4.3. Free sugar contents were
varied between potato samples and the range obtained was from 0.64 to 3.04
g 100 g! and 0.98 to 2.64 g 100g* potato for DNS and HPAEC-PAD
respectively. The highest free sugar content was detected in Desiree potato
in both method used for detection compared to all other potato samples while,
Rooster and Maris Piper had the lowest free sugar content using DNS and
HPAEC-PAD respectively. The value of free sugar detected by HPAEC-PAD

in Desiree, Maris Piper and Maris Peer were slightly lower than DNS while,
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the value detected in Mozart and Rooster value was slightly lower in DNS

compared to HPAEC-PAD method.

Table 4.4 shows the free sugar profile for potato varieties provided by HPAEC-
PAD. Glucose, fructose and sucrose were detected as free sugars in all potato
samples (Figure 4.4) and the value of each sugars for all potato varieties are

shown in table 4.4.

Table 4.3 Amount of free sugar content in potato using two method for
detection. (Mean values with their SD, DNS (n=15) and HPAEC-PAD (n=6).

Free sugar content (g 100 g%)

Potato varieties

DNS HPAEC-PAD
Desiree 3.04+0.34 2.64+0.06
Mozart 0.82+0.11 1.06%0.02
Rooster 0.64+0.14 1.15+0.01
Maris Piper 1.02+0.59 0.98+0.06
Maris Peer 1.25+0.49 1.09+0.02

Table 4.4 Free sugars profile in five potato varieties obtained by HPAEC-
PAD. Data are mean value expressed as g 100g™* potato (n=6).

Free sugar content profile (g 100 g 1)

Potato varieties

Glucose Fructose Sucrose
Desiree 0.48 0.78 1.38
Mozart 0.43 0.51 0.14
Rooster 0.38 0.62 0.15
Maris Piper 0.20 0.48 0.31

Maris Peer 0.36 0.55 0.14
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Figure 4.4 HPAEC-PAD Chromatogram showing free sugars extracted
from a potato sample. 1) Fucose (external standard), 2) Glucose, 3)
Fructose and 4) Sucrose.

4.4.2.4 Determination of polyphenols

44.2.4.1 Total phenolic content

The total phenolic content (TPC) of raw and cooked potato samples was
measured using the Folin-Ciocalteu colorimetric method (Singleton and Rossi,
1965). A range of 5-CQA standards was used and the colour intensity
depended on the reaction between Folin reagent solution and 5-CQA. Higher
concentrations of 5-CQA produced darker colour. Figure 4.5 shown the typical
5-CQA standard curve obtained by Folin—Ciocalteu that was used for

measuring TPC of potato samples.
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Figure 4.5 5-CQA standard curve for measuring total phenolic content
TPC of potato cultivars. Data represent as mean +SD (n=6).

The TPC of raw and cooked potato samples is shown in table 4.5. TPC in
fresh peeled potatoes varied from 320.59 mg 100 g* DW (5-CQA equivalent)
in Rooster to 528.94 mg 100 g* DW in Maris Peer. TPC content was in the
order Maris Peer > Mozart > Desiree > Maris Piper > Rooster from highest to

lowest content. Variety affected TPC content significantly (p <0.05).

In general, steam cooking affected the TPC in all potato samples. Cooking
reduced the TPC in Maris Peer (-35%) and Mozart (-19%) significantly.
Smaller non-significant decreases were observed in Maris Piper (-7%) and
Rooster (-12%) (p = 0.26 and 0.20 respectively). However, the TPC content
increased in Desiree potatoes by 22% (p=0.04). This variation in the response

to cooking has been reported in the literature (Tian et al., 2016).
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Table 4.5 Total phenolic content TPC in raw and cooked potato samples.
Data are mean value (n=4).

TPC (mg 100 g** DW)'

Potato varieties

Raw Cooked
DesireeR 445.14+32.89° 543.96+20.68?
MozartR 524.64+27.10% 425.53+17.36°
RoosterR 320.59+15.34°¢ 282.03+5.07¢
Maris Piper” 375.69+29.06¢ 349.18+13.58°¢
Maris Peer” 528.94+15.722 343.83+11.57°

R=red skin, Y= yellow skin. *Chlorogenic acid equivalent. . 2bcde Mean values within a column
with different subscript are significantly different (p < 0.05; one-way ANOVA).

4.4.2.4.2 Separation and quantification of 5-CQA by HPLC-DAD-MS

To address the non-specificity of the Folin—Ciocalteu assay, the individual
phenolic acids in potato extracts were identified using HPLC-DAD-MS (typical
chromatogram shown in figure 4.7). Different concentration of 5-CQA plus 100
ug mL! sinapic acid as external standard were prepared and injected to obtain
a calibration curve. The peak area was proportional to concentration. The
order of elution for each phenolic acid were 5-CQA 12.2 min and sipanic acid
18.2 min. Figure 4.6 shows the typical standard curve obtained by HPLC-

DAD-MS for measuring phenolic acids in potato samples.
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Figure 4.6 5-CQA standard curve obtained by HPLC-DAD-MS for
measuring phenolic acids in potato samples. Data are means+ SD (n=4)
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5-CQA was the predominant phenolic acid in the flesh of raw and cooked
potatoes. Other minor peaks were also observed but not quantified (figure
4.7). Table 4.6 shows 5-CQA content of the potato samples. It was observed
that 5-CQA level varied between potato samples significantly in both raw and
cooked form (p < 0.05). The content of 5-CQA in raw potato ranged from the
lowest in Desiree (10.36 mg 100 g* DW) to highest in Maris Piper (29.46 mg
100 g* DW). In cooked tuber, the 5-CQA content was lowest in Rooster (6.51
mg 100 g* DW) and highest in Maris Piper (21.24 mg 100 g* DW). Similar to
the effects of cooking on TPC, steam cooking significantly decreased the 5-
CQA level of all potatoes tested (p < 0.05), except Desiree which saw an
increase. 5-CQA in cooked Desiree was 1.7 time higher than in raw potato

(p=0.05).

Table 4.6 5-CQA content of raw and cooked potato extract. Value are
mean + SD (n=4).

5-CQA (mg 100 g* DW)

Potato varieties

Raw Cooked
DesireeR 10.36+0.164 17.83+0.40°
MozartR 16.84+0.59P 11.12+0.31°¢
RoosterR 13.07+0.70¢ 6.51+0.23°¢
Maris PiperY 29.46+1.192 21.24+0.422
Maris Peer” 11.12+1.86% 7.40+0.35¢

R=red skin, Y= yellow skin. 22<d¢ Mean values within a column with different subscript are significantly
different (p <0.05; one-way ANOVA).
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Figure 4.7 HPLC-DAD chromatogram of A) standard compounds, B) raw
potato sample (Desiree) and C) cooked potato sample (Desiree). Peaks
were detected at wavelength 330 nm. Peaks; (1) 5-caffeoylquinic (5-CQA) (2)
sinapic acid (external standard).
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4.4.3 In vitro starch hydrolysis of steam cooked potato
4.4.3.1 Optimisation of enzyme conditions

The conditions at which porcine pancreatic alpha amylase (PPAA) showed
the maximal activity on hydrolysis of pure potato starch was investigated in
chapter 3 using DNS for sugar measurement. It might be different conditions
are required for digestion of cooked potato than commercial available potato
starch as potato contains starch, fibore and protein. Therefore, to optimise
potato digestion a series of modification were done. For optimisation, DNS
was selected as a fast and non-expensive method to measure hydrolysed

sugar in potato samples.

4.4.3.1.1 Incubation time and enzyme dosage

The mean TS content of five potato samples used in this study was 15 g 100
g! potato. The substrate concentration selected in chapter 3 at which that
PPAA showed maximum activity was 1.66 mg mL* (10 mg final concentration)
gelatinised potato starch therefore the cooked potato concentration selected

as substrate was about 1.66 mg ml* (10 mg final concentration) starch.

Figure 4.8 shows the hydrolysis curve of steam cooked potato (Maris Piper)
by PPAA over 90 min. It was shown that at 20 min of incubation 33.7% of
starch was rapidly hydrolysed and starch was hydrolysed more slowly until
60 min at which 52.8% of TS hydrolysed. A sharp increase was observed to
77% starch hydrolysed at 90 minutes. Thus, 90 min was shown not enough

for maximum hydrolysis of cooked potato.
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Figure 4.8 Starch hydrolysis curve after in vitro hydrolysis of 10 mg
Maris Piper potato by 0.33 units PPAA over 90 minute. Data expressed as
% of total starch hydrolysed and g of maltose released. Error bars are
standard error of mean (n=3).

Further modification was conducted by providing longer incubation time and
increasing enzyme dosage. Figure 4.9 shows the hydrolysis curve for in vitro
digestion of steam cooked potato starch over 150 minute for both 0.33 and
0.66 unit of enzyme concentration. It was observed from curve of hydrolysis
that after 120 minute of incubation, no more hydrolysis of starch takes place,
150 minute is enough for digestion of cooked potato starch using both enzyme
concentrations 0.33 and 0.66 units. Although in initial time of incubation 0 to
90 min no differences observed between two different dosages 0.33 and 0.66
unit in hydrolysis of potato starch (1.08 to 12.62 and 1.08 to 11.23 g maltose
100 g potato) respectively however, % TS hydrolysed by 0.66 unit over 15
min was higher compared to % hydrolysed by 0.33 unit (88.5 and 74.37%)
respectively. Therefore, 0.66 unit enzyme and 150 minute incubation time was

selected as ideal concentration and incubation time.
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Figure 4.9 Starch hydrolysis curve after in vitro hydrolysis of 10 mg
Maris Piper potato over 150 minute. e 0.33 and m 0.66 units PPAA. Data
expressed as % of total starch hydrolysed and g of maltose released. Error
bars are standard error of mean (n=3).

4.4.3.2 In vitro hydrolysis of five potato samples applying all

modifications

Starch hydrolysis curves of different steam-cooked potato samples by PPAA
are shown in figure 4.10 A to E. Hydrolysis of potato starch was monitored by
measuring the reducing sugar produced at different times using the DNS
colorimetric method and the maltose content by HPAE-PAD (typical
chromatogram shown in figure 4.10 F). Using HPAEC-PAD, free soluble
sugars including glucose, fructose and sucrose were detected at low levels at
time O (figure 4.4). While after hydrolysis by PPAA, maltose and maltotriose

were detected as products of digestion (Figure 4.10 F).

Table 4.7 and 4.8 represent the digestible starch (DS) and area under curve
(AUC) for in vitro digestion of each varieties over 150 min. In all cases, the
amount of sugar detected was around 1.5 times higher using the DNS method

than using HPAEC-PAD. Using DNS, apart from Rooster there were no
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significant differences between other potato varieties DS (p = 0.05) while,
using HPAEC-PAD significantly highest DS was detected in Rooster and

Maris Peer potato compared to the other three potato varieties (p < 0.05).

There were significant (p < 0.05) differences in the AUCppaa between the
varieties using HPAEC-PAD for sugar measurement. Rooster showed
consistently the highest extent of digestion. Meanwhile, Mozart and Maris
Peer showed lower levels of digestibility than Desiree and Maris Piper. There
were no significance different in the AUCppaa between varieties when DNS

used for sugar measurement (p = 0.05).
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Figure 4.10 Starch hydrolysis curves of five steam cooked potato
samples using 0.66 unit alpha amylase over 150 min. A) Desiree B)
Mozart. C) Rooster. D) Maris Piper. E) Maris Peer. Data expressed as amount
of maltose released and as % of total starch (TS) after digestion at each time
point as measured by DNS (m) (n=9) and HPAEC-PAD (e) (n=3). Error bars
represent standard deviation of mean. F) HPAEC-PAD chromatogram of total
sugars present after digestion of a potato sample (Maris Piper) for 120 min.
Peaks; (1) fucose (external standard), (2) glucose, 3) fructose, 4) sucrose, 5)
maltose, 6) maltotriose. Glucose, fructose and sucrose were already present
at time O (Figure 4.4).
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Table 4.7 Digestible starch (DS) and area under curve AUC of five potato
varieties. Sugar detected by HPAEC-PAD method. Data expressed as mean
value +SD (n=3).

HPAEC-PAD
Potato varieties
DS* AUC

Desiree 8.00+0.08° 517.35+12.82b
Mozart 7.91+0.01° 484.05+5.21°¢
Rooster 9.31+0.162 599.25+1.312
Maris Piper 8.08+0.21° 507.00+11.51°
Maris Peer 9.17+0.012 486.27+5.30°

*g per 100 g potato. 2P Mean values within a column with different subscript are significantly different (p
<0.05; one-way ANOVA).

Table 4.8 Digestible starch (DS) and area under curve of five potato
varieties. Sugar detected by DNS. Data expressed as mean value £SD (n=9).

DNS
Potato varieties
DS* AUC

Desiree 13.83+0.462%° 908.64+38.302
Mozart 14.79+1.112 920.07+14.152
Rooster 13.71+0.56° 920.83+16.392
Maris Piper 15.02+0.452 892.15+17.942
Maris Peer 14.09+0.902 888.97+37.342

*g per 100 g potato. #P-¢4€ Mean values within a column with different subscript are significantly different
(p < 0.05; one-way ANOVA).
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4.4.4 Relationship between potato polyphenol content and their

in vitro starch digestibility

In order to evaluate the relationship between potato polyphenols and starch
digestibility in vitro by PPAA, Pearson correlation analysing was conducted.
The correlation coefficient was determined for potato TPC and 5-CQA and in

vitro starch digestibility (table 4.9).

There was trend but non-significant correlation between in vitro starch
digestibility (AUCbns , AUCHpPaec-PaD) and 5-CQA or TPC of potato varieties (p

> 0.05).

Table 4.9 Correlation between 5-CQA content of potato and their in vitro
starch digestibility.

— AUCppaa AUCppan
Characteristics DNS HPAEC-PAD
r 0.10 -0.43
TPC p 0.81 0.61
r -0.32 -0.31
5-CQA P 0.58 0.31

4.4.5 Principle component analysis

Principle component analysis (PCA) was conducted in order to determine the
relationship between potato components; TS, DM, TPC, 5-CQA and AUC of
starch hydrolysis. Figure 4.11 and 4.12 showing the loading and score of the
characteristics of five potato cultivars with the first two PCs explaining 64%
and 66.3% of the total variance respectively. In figure 4.11 PC1 explaining
40.61% and PC2 explained 24.67% of total variance and in figure 4.12 PC1

explained 39.75% and PC2 explained 26.68% of total variance. In both figures
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(4.11, 4.12) for PC1, TS, DM, 5-CQA and TPC had positive loading and AUC
of sugar detected by HPAEC-PAD and DNS had negative loading. TS and DM

had positive loading for PC2 and the other potato characteristic variable had

negative loading for PC2.

By comparing the score and loading plot the relation between potato cultivars
and variables was identified. In both first and second PCs Maris Piper potato
had higher positive score for TS, DM, 5-CQA and Desiree had higher score
for TPC than other potato varieties used in this study. Rooster, Maris Peer and

Mozart showed the opposite characteristics.
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Figure 4.11 PCs of potato characteristics. A) Loading of first and second
principle components (64%); TS, DM, TPC, 5-CQA, SH (HPAEC-PAD). B)
First and second components score of potato cultivars. PC1 (40%) andPC2
(24%).
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Figure 4.12 PCs of potato characteristics. A) loading of first and second
principle components; TS, DM, TPC, 5-CQA, SH (DNS). B) First and second
components score of potato cultivars. PC1 (39.75%) andPC2 (26.68%).

4.5 Discussions

4.5.1 Chemical composition of five potato varieties
4.5.1.1 Carbohydrates and dry matter content

The compositions of potato were determined. Potato DM content ranges were
between 16-22%. Thus, DM content measured in potato varieties in present
study was in agreement of ranges that has been previously reported (Ek et
al., (2014a, Ramdath et al., (2014). The TS content of raw potato reported
elsewhere for eight potato varieties was in the range 65 to 73% in DM content
(Pinhero et al., 2016) and 9.10 to 16 g 100 g potato (Ek et al., 2014a). The
TS of Mozart potatoes in present study higher than the range reported by
Pinhero et al. (2016) and Ek et al. (2014a) by 20 to 29% and 8.4 to 48.6%
respectively. Soluble sugars of five potato samples were extracted and

measured by DNS and HPAEC-PAD (Table 4.3). Apart from Desiree potato,
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all other potatoes free sugar content measured by both method was in the

range reported in McCance and Widowsons the composition of foods dataset

(0.6-1.1 g 100 g* for boiled in unsalted water potato).

In general potato composition values were in agreement with reported values
but, variations was observed between potato cultivars in their DM, TS and
free sugar content. According to Thybo et al. (2006), cultivars contributed

significantly to the variation in the chemical components in the raw potatoes.

4.5.1.2 Polyphenols content

There are many reports of TPC in different genotypes of potato in peeled,
unpeeled, fresh and cooked form. The TPC varies according to genotype,
agricultural practices and method of extraction. Ah-Hen et al. (2012) examined
the TPC in some native coloured potatoes from Chiloe Island (Southern Chile)
and found that TPC in peeled potato samples varied from 192 to 1864 mg
100gtDW (ferulic acid equivalent). Lachman et al. (2008) reported TPC in red
and yellow-fleshed potato to range from 296 mg 100 g* DW in yellow-fleshed
potato to 468 mg 100 g* DW (gallic acid equivalent) in purple-fleshed potato.
These levels are consistent with the results obtained in this study. Recently,
Tierno et al. (2015) reported that boiling peeled potato for 30 min reduced
the TPC of tubers by about 50% and similar results also were obtained by
Lemos et al. (2015). Meanwhile, Blessington et al. (2010) reported an increase
in TPC after baking and microwaving. Bembem and Sadan (2013) and Burgos
et al. (2003) observed an increase in TPC after boiling, steam cooking,
microwaving and pressure cooking. Therefore, an increase in level of TPC of

Desiree potato in our study after steam cooking is in accordance with some
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published reports. The increased levels could be due to the release by cooking

of phenolic or other compounds (Tian et al., 2016).

One of the disadvantages of the TPC assay using Folin-Ciocalteau reagent is
the low level of specificity. For instance, the reagent reacts with ascorbic acid
and tyrosine, both abundant in potatoes. It has been reported that the ascorbic
acid response to the Folin-Ciocalteau reagent is two times higher than gallic
acid (Lachman et al., 2008). Therefore, results using TPC values need to be
interpreted with caution. To address the non-specificity, the individual phenolic

acids in potato extracts were identified using HPLC-DAD-MS.

The level of chlorogenic acid in 50 unpeeled potato genotypes was reported
by Navarre et al. (2011) to be in the range 21.9 to 473.0 mg 100g* DW. Mattila
and Hellstrom (2007) reported that cooked and peeled potato contain 4.13 to

31.2 mg 100 g* DW, in agreement with the current study.

The colour of the skin has been suggested to be associated with TPC (Tierno
et al., 2015) However, in this study, this was not found to be the case.
Observed colour was not a good indicator of TPC and 5-CQA content in flesh.
Rooster has red skin but its flesh showed one of the lowest TPC and 5-CQA
contents amongst the varieties investigated. Conversely, Maris Piper has
yellow skin and had the highest 5-CQA in cooked flesh. The HPLC results
indicate that Folin-Ciocalteau method over estimates potato phenolic content
by several orders of magnitude. Nevertheless, the varieties do differ in 5-CQA

content and the potential impact on starch digestion was tested.
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4.5.2 Invitro starch hydrolysis of steam cooked potato

The digestible starch content (DS) of five steam cooked potato cultivars was
measured using DNS method and HPAEC-PAD for sugar detection. Amount
of sugar detected in all cases, was around 1.5 times higher using the DNS
method than using HPAEC-PAD this can be explained by DNS reacting with
oligosaccharides produced by amylase digestion that can react with DNS (Van
der Mareel et al., 2002, Nigam and Singh, 1995, Robyt and Whelan, 1972).
Using HPAEC-PAD, free soluble sugars including glucose, fructose and
sucrose were detected at low levels at time 0 (Figure 4.4). While, after
hydrolysis by PPAA, maltose and maltotriose were detected as products of
digestion (Figure 4.10 F). The HPAEC-PAD also showed that the PPAA
preparation contains sucrose, most probably as a stabiliser and this needs to
be corrected for if needed. Sucrose does react with DNS and therefore it is
important to undertake a blank correction of the enzyme preparation. The
value of 13.1 g 100 g reported for DS in boiled potato by Goni et al. (1997)
this value was higher than value of DS detected by HPAEC-PAD in all potato

cultivars while, the DS detected by DNS close to reported value.

4.5.3 Relationship between potato phenolic content and their in

vitro starch digestibility

The correlation between TPC and 5-CQA and starch digestibility was
determined at different times of digestion. There was trend but not significant
correlation between TPC and 5-CQA of potatoes and starch digestion as
measured using DNS and HPAEC-PAD. In this study, the amount of steam
cooked potato used as substrate contained about 0.08 mg mL?* TPC.

According to results of chapter 3 (figure 3.4 B), this is a low concentration of
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5-CQA, enough to inhibit up to 5.8% of the alpha amylase activity. There is a

non-significant correlation between the TPC level and potato digestibility

because there would not be enough chlorogenic acid to cause inhibition.

According to the PCA scores, potato varieties segregated according to their
components: Maris Piper showed high DM, high 5-CQA content and low
digestibility. Rooster, Maris Peer and Mozart potato appeared in one cluster
and showed the opposite characteristics. The digestibility of Desiree appeared
to be heavily influenced by TPC, in contrast to the other varieties. It appears
that the same single factor does not strongly determine digestibility in all

varieties.

4.6 Conclusion

This study showed that skin colour was not a good predictor of TPC, 5-CQA
and digestibility in peeled tubers. This study also demonstrated that the Folin-
Ciocalteau TPC assay over estimates phenolic content in potato, while the
DNS assay for reducing sugar may over estimate sugar release during
amylase digestion. We suggest that alternative methods such as HPLC must

be used to identify and quantity of the phenolic compounds and the sugars.

The results presented in this study also advance our understanding of varietal
differences in digestibility and suggest that multiple factors affect potato
digestibility, and the effects may be variety specific. Ultimately testing the
digestibility of the varieties in vitro using PPAA+AMG and in vivo will also

confirm whether these observations have biological significance.
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5 Simulated digestion from five steam cooked potato

varieties to estimate glycaemic index in vitro

5.1 Introduction

It has been previously described that pancreatic amylase has a main role in
enzymatic degradation of starch and anything that affects the contact of this
enzyme to substrate will affect the rate of starch digestion. In chapter 4 cooked
potatoes subjected to starch digestion with PPAA however, did not lead to
the ultimate breakdown of starch to glucose. Englyst et al. (1992) investigated
the rate and extend of glucose released from in vitro enzymatic digestion of
carbohydrate foods under controlled conditions in order to determine the
physio-chemical breakdown of starch. This in vitro method classified starch
based on digestibility into: rapidly digestible starch (RDS) (rapid digestion in
the small intestine within 20 min), slowly digestible starch (SDS) (slow but
complete digestion in the small intestine) and resistant starch (RS) (resistant
to digestion in the small intestine). Moreover, Englyst et al. (1996) used an in
vitro classification of starch fraction to provide the rapidly available glucose
(RAG) which is free glucose and sugar from starch digestion likely to be
available for rapid absorption in the human intestine. The in vitro starch
digestibility has been shown to have a good correlation with in vivo glycaemic
response and in vitro measurement of RAG has been significantly correlated
to glycaemic response in vivo. Thus, in vitro method has been proposed as
an alternative method for predicting in vivo glycaemic response of
carbohydrate foods (Ek et al., 2014a, Englyst et al., 1999, Goni et al., 1997,

Englyst et al., 1996).
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It has been reported that the proportion of RDS, SDS and RS in the single
source of starch food such as potatoes varies according to the method by
which it is processed. Boiled potato contains 0.7-1.1 g RS while cooled,
canned potatoes provide 3 g RS (Kingman and Englyst 1994). Recently
Pinhero et al. (2016) evaluated the estimated glycaemic index (eGl) of
potatoes with respect to starch profile digestibility (RDS, SDS and RS) in
cooked and retrograded potatoes and observed lower eGl of retrograded

potatoes than cooked potato due to increase in RS and SDS.

To our knowledge there are no data available on the relation of phenolic
content of potatoes prepared under the same condition with the starch
digestibility profile (RDS, SDS,RS and RAG). This study for first time
investigated the relationship between potato phenolic content (TPC and 5-

CQA) with eGl and starch digestibility profile (RDS, SDS, RS and RAG).

The chemical compositions (DM, TS, free sugar, TPC, 5-CQA) of five potato
varieties were determined in previous chapter 4. Pearson’s correlation
indicated non-significant correlation between starch digestibility using PPAA
and TPC or 5-CQA. However, depending on PCA results it appears that the
same single factor does not strongly determine digestibility in all varieties.
Thus, in order to estimate the glycaemic index of potatoes with respect to TPC
and 5-CQA, standardised method for determining the rate of starch hydrolysis
in vitro to mimic gastrointestinal tract digestion will be required (Goni et al.,

1997).
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5.2 Aims

The aim of present study was to use standardised in vitro method to estimate

the glycaemic index of five potato varieties varied in their phenolic content.

5.3 Objectives

e To determine the rate of starch digestion using PPAA+AMG

e To determine the starch digestibility profile RAG, RDS, SDS and RS

e To calculate the hydrolysis index (HI) from AUC of glucose released
over 180 min in vitro digestion

e To estimate glycaemic index (eGl) from HI

e To correlate the eGl and HI with TPC and 5-CQA measured in previous
chapter.

e To evaluate the correlations between starch digestibility profile and

phenolic content (TPC and 5-CQA)
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54 Results

5.4.1 In vitro starch digestion

The rate of starch digestion was measured by method adapted from Goni et
al. (1997) with some modification. Starch was hydrolysed using PPAA and
AMG each after other to mimic the digestion in the gastrointestinal tract. The
tested foods used in this study were five potato varieties (Desiree, Mozart,
Rooster, Maris Piper and Maris Peer) and reference food white bread. Total
starch and free sugar of each foods were determined experimentally in
chapter 4. The amount of starch hydrolysed was determined by measuring
glucose released using DNS. Glucose converted to starch by multiplying by

0.9 conversion factor.
5.4.1.1 Starch hydrolysis rate

Figure 5.1 displays the hydrolysis rate of starch digestion for different potato
varieties compared to white bread as a reference food. Rate of starch
digestion was expressed as the percent of total starch (TS) hydrolysed and
amount of starch hydrolysed from 100 g tested foods at different time from 0
to 180 min. In general, the hydrolysis rate of starch from all tested food was
similar, the amount of glucose released increased gradually with time and
reach plateau at 60-90 min, however, by increasing digestion time hydrolysis

rate decreased gradually.

Table 5.1 represents the rate of starch digested at different times and area
under glucose concentration curve AUCppaa+avc Of five potatoes. There were
significant differences (p<0.05) in the percent of the starch hydrolysed at

different times and AUCppaa+avmc between varieties. Rooster showed
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consistently highest extent of digestion. Meanwhile Maris Piper and Desiree
is showing lower level of digestibility compared to Mozart and Maris Peer. In
comparison with reference food (white bread) for carbohydrate digestibility
(figure 5.1) Rooster and Maris Peer potato with AUC 1046.43 and 1044.82
respectively were showed higher percent of starch hydrolysis while, Maris
Piper had significantly lower starch digestibility than reference food and other

potato varieties (p < 0.05).

Carbohydrate profile based on it is digestibility was determined according to
Englyst et al. (1992) and Englyst et al. (1996). Table 5.2 presents the
calculated amount of DS over 180 min, RDS (starch digested at 30 min), SDS
(between 30 to 120 min), RS calculated from the difference between TS and
DS and rapidly available glucose RAG (sum of free sugar and RDS). The
value of DS, RDS, SDS, RS and RAG were varied significantly among some
potato varieties (p < 0.05). Rooster showed highest DS and the lowest level
of RS, Maris piper potato had the lower RDS and RAG and higher SDS and
RS than other potato varieties while, Mozart potato showed highest RDS
among all potatoes and significantly higher RAG and lower SDS than Rooster

and Maris Piper.
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Figure 5.1 Starch hydrolysis curves of steam cooked potato samples
digested with porcine pancreatic alpha amylase (PPAA) followed by
amyloglucosidase (AMG). A) Desiree B) Mozart. C) Rooster. D) Maris Piper.
E) Maris Peer. F) White bread. Data expressed as amount of glucose released
and as % of total starch (TS) at each time point as measured by DNS (n=4).
Error bars represent standard deviation of mean.
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Table 5.1 In vitro kinetics of starch digestion in five steam cooked
potatoes and incremental area under glucose curve (AUC). Data
expressed as % of total starch hydrolysed at different times. Mean value £SD
(n=4).

Potato 5 15 30 60 9 3139 150 180

. . . % AUC
cultivars min min min min min min min. . min*
Desiree 28.0¢ 33.0¢ 54,72 47.2°¢ 57.7¢ 55.8¢ 70.8° 76.5°¢ 752.5429.1°
Mozart 34.5¢ 40.1° 53.3° 53.3¢ 60.6¢ 62.8° 63.6¢ 64.09 970.4+38.8%
Rooster 53.12 61.92 53.5° 76.52 90.52 90.22 96.3? 101.52 1046.4+48.52
Maris Piper 23.8° 28.6¢ 29.4° 41.7¢ 45,39 47.8° 62.49 57.3¢ 648.2+2°

Maris Peer 43.7° 45.3° 52.0° 66.9° 76.8° 73.7° 78.7° 79.3° 1044.8+41.3%

* Equilibrium concentration of starch hydrolysed after 180 min C~ . Mean value within a column with different
subscript letter 22¢< ¢ indicate significant differences (one-way ANOVA, P < 0.05).

Table 5.2 Carbohydrate profile of five potato varieties including total
starch (TS), free sugars, digestible starch (DS), rapidly digestible starch
(RDS), slowly digestible starch (SDS) , resistant starch (RS) and rapidly
available glucose (RAG). Data expressed as mean value of g 100 g + SD
(n=4).

Potato Free
TS DS? RDS3 SDSs* RS® RAGS

cultivars sugars?

Desiree 13.4%1.4° 3.0+0.32 10.6+0.1° 7.3+0.3° 0.3+0.0° 3.1+0.2>  10.3+0.3?
Mozart 17.4+1.22 0.8+0.1°¢ 10.4+0.3° 9.3+0.52 0.5+0.2° 6.2+0.37  10.1+0.52
Rooster 13.6+0.8° 0.6+0.1°¢ 13.8+0.12 7.2+0.1° 1.7+0.22 0.2+0.1°¢ 7.940.1°
Maris Piper 16.9+3.6%° 1.0+0.5° 11.6+0.1° 5.0+0.0¢ 2.0+0.22 6.3+0.32 6.0+0.0°
Maris Peer 15.7+2.4° 1.2+0.4° 11.5+0.3° 8.2+0.7° 2.1+0.82 3.2+0.3° 9.4+0.72

1 TS and free sugars measured in chapter 4

2 amount of digestible starch over 180 min

3 amount of digestible starch at 30 min

4Obtained from amount of starch digested at 120 min-RAG.
SCalculated from TS-DS

5Sum of RDS and free sugar.

Mean value within a column with different subscript letter ¢ indicate significant differences (one-way ANOVA, P <
0.05).
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5.4.1.2 Hydrolysis index (HI) and estimated glycaemic index (eGl)

The percentage of starch hydrolysed over 180 min was plotted and the area
under the curve (AUC) was calculated. Hydrolysis index was calculated per
individual potato variety by dividing the area under the hydrolysis curve of the
potato samples with the area for a reference food as reported by Goni et al.
(1997). White bread with HI=100 was used as reference food and the HI value
of potato samples is represented in table 5.3. The estimated glycaemic index
eGl was calculated from HI using the equation created by Goni et al. (1997)

eGl=39.71+ (0.549 x HI).

Table 5.3 shows the HI and eGl value of five potato varieties. There was
significant variation between potato varieties in HI and eGl value (p < 0.05).
Rooster potato exposed highest value of HI and eGl and Maris Piper had the
lowest value among all potato samples tested. No significant difference was

observed between Desiree and Mozart potato in HI and eGl values (p = 0.05).

Table 5.3 Hydrolysis index and estimated glyceamic index of five steam
cooked potato varities. Data expressed as mean = SD (n=4).

Potato cultivars HI* eGl

Desiree 97.76+4.16° 92.95+2.43°¢
Mozart 98.46+3.99°¢ 93.76+2.19°¢
Rooster 128.73+2.372 110.39+1.302
Maris Piper 77.71+1.19¢ 82.37+0.65¢
Maris Peer 121.55+4.44° 106.44+2.44°

*Hydrolysis index (White bread=100). Mean value within a column with different subscript letter 2°¢9 indicate
significant differences (one-way ANOVA, P <0.05).

5.4.2 Relationship between starch digestibility profile and HI

The Pearson’s correlation was conducted to study the relationship between

the HI and RDS, SDS and RAG calculated from in vitro kinetic of starch



-102 -
digestion. Table 5.4 summarise the coefficient of variation r. The summary of
correlations indicated that was no significant correlation between HI and each

of RDS, SDS, RAG and RS expressed as g 100 g r=0.48, 0.20, 0.30 and -

0.83 reactively. Any p value = 0.05 indicates there is no correlation.

Table 5.4 Pearson correlation showing relationship between HI and
starch digestibility profile RDS, SDS, RS and RAG (n=4).

Factors HI
r 0.48
RDS
p 0.40
r 0.20
SDS
p 0.74
r -0.83
RS
p 0.07
r 0.30
RAG
p 0.61

5.4.3 Relationship of AUC, HI and eGl with TPC and 5-CQA

content of five potato varieties

Total phenolic content TPC and 5-CQA of five potato varieties are shown in
table 4.5 and 4.6 respectively. Person correlation was conducted in order to
study the relationship between in vitro starch digestibility and phenolic content
of five potato varieties. Table 5.5 summarised the relationship between AUC,
HI, eGl and potato phenolic content (TPC and 5-CQA) and any p value = 0.05
indicates there is no significant correlation. TPC showed no significantly
correlation with each of AUC, HI and eGl (r=-0.43, -0.44, -0.29 and p=0.46,

0.45, 0.63) respectively while, 5-CQA were inversely and significantly
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correlated with each of AUC, HI and eGI and (r=-0.91, -0.91, -0.97 and

p=5.2x1078, 5.2x10%and 4.0x10%) respectively.

Table 5.5 Pearson correlation (r) showing relationship between Hi, eGl
and phenolic content of five potato varieties.(n=20)

Factors HI eGl AUC ppaa+amc

r -0.43 -0.44 -0.29
TPC

p 0.46 0.45 0.63

r -0.91 -0.91 -0.97
5-CQA

p 5.2%X108 5.2%X108 4.0%X1013

5.4.4 Relationship of TPC and 5-CQA content with starch

digestibility profiles of five potato varieties

Further correlation using Pearson correlations were conducted in order to
investigate the relationships of TPC and 5-CQA with starch digestibility profile
of five steam cooked potato varieties. Table 5.6 summarised the relationships
and any p value < 0.05 indicating there is correlations. RS positively correlated
with TPC and 5-CQA while, inverse correlations were observed between 5-

CQA and RAG, RDS and SDS however they were not significant statistically.

Table 5.6 Pearson correlation (r) showing relationship between starch
digestibility profiles and phenolic content of potato varieties.

Factors RAG RDS SDS RS
r -0.83 0.64 0.20 0.72
TPC
p 0.07 0.24 0.22 0.16
r -0.23 -0.33 -0.66 0.41
5-CQA

p 0.69 0.58 0.73 0.48
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5.4.5 Principle component analysis

Principle component analysis (PCA) was conducted in order to determine the
relationship between potato composition (TS, DM, TPC, 5-CQA) and percent
of hydrolysed starch (as measured using AUCppaa+avc). Figure 5.2 shows the
loading and scores of the characteristics of the five potato cultivars with the
first two PCs explaining 72% of the total variance respectively. PC1 explained
47.76% and PC2 explained 24.38% of total variance. For PC1, TS, DM, 5-
CQA and TPC had positive loading and starch hydrolysis had negative
loading. TS and DM had positive loading for PC2 while 5-CQA and TPC had
negative loading for PC2. According to the PCA scores, potato varieties
segregated according to their components: Maris Piper showed high DM, high
5-CQA content and low digestibility. Rooster, Maris Peer and Mozart potato

appeared in one cluster and showed the opposite characteristics.
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Figure 5.2 Principle component analysis (PCA) using composition and
digestibility data from five potato varieties. Graph shows loading of potato
components; total starch (TS), dry matter (DM), total polyphenol content
(TPC), 5-caffeoylquinic acid (5-CQA) content and percentage total starch
hydrolysed (%TSH) and scores of potato varieties according to PCA 1 and 2.
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5.5 Discussion

5.5.1 In vitro starch digestion

It has been suggested that in vitro starch digestibility can predict the in vivo
glycaemic response (Ek et al., 2014a, Goni et al., 1997, Granfeldt et al., 1992).
In present study starch of potato varieties was digested in vitro. Pepsin was

used as protease to avoid protein, starch interaction ( Jenkins et al., 1987).

The differences in the rate of starch digestion in starchy food provide a
plausible mechanism for differences in glycaemic responses to these foods
(Englyst et al., 1996). Boiled potatoes considered to have a high susceptibility
to alpha amylase than other plant foods such as lentil, chickpeas and beans
(Goni et al., 1997). Significant differences were observes between cultivars in
HI. HI value ranged from 77 to 128. HI of 112 and 103 has been reported for
boiled potato (Goni et al.,, 1997, Rosin et al., 2002).Thus, steam cooked
Rooster and Maris Peer potato had higher and Maris Piper had lower HI value
than reported for boiled potato. The differences between studies could be due
to botanical variation among potatoes, or the effect of processing (boiled vs

steamed).

The HI values were applied to equation to estimate Gl value. eGl ranged from
92.95 to 110.39 thus, according to classification, all potato varieties in this
study can be considered as high Gl because their eGl value is higher than 70

(Brand-Miller et al., 2003).
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5.5.2 Relationships between phenolic content and in vitro starch
digestibility

As shown in chapter 3, 5-CQA is an inhibitor of amylolytic enzymes. According
to Pearson’s correlation, in vitro starch digestibility with PPAA+AMG over 20
min (AUC, HI, eGl) in this study was significantly (p <0.001) and inversely
correlated with 5-CQA and TPC. This supports the results of chapter 3 on the
digestion of a commercial starch over 20 min. In this study, the amount of
steam cooked potato used as substrate contained 10 mg mL* of starch
(similar to the first experiments) and around 0.08 mg mL* 5-CQA. The level
of 5-CQA is low compared to the levels used in chapter 3, enough to inhibit

around 5.8% of PPAA activity.

Interestingly, there was not a significant correlation between RAG, RDS and
SDS of cooked potato and phenolic content (TPC and 5-CQA) content. This
suggests that the effect of 5-CQA on digestion of native starch may occur over

the duration of the reaction, rather than at particular time points.

Furthermore, According to the PCA scores, potato varieties segregated
according to their components: Maris Piper showed high DM, high 5-CQA
content and low digestibility. Rooster, Maris Peer and Mozart potato appeared
in one cluster and showed the opposite characteristics. The digestibility of
Desiree appeared to be heavily influenced by TPC, in contrast to the other
varieties. It appears that the same single factor does not strongly determine
digestibility in all varieties. This is similar to the results obtained in the previous

chapter.

According to Englyst et al. (1996) RAG measurement in vitro can be an

approximation of glucose likely to be absorbed and accounts for 61%
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glycaemic response in vivo. Recently Pinhero et al. (2016) identified that RDS
and RS contributed to eGl, former positively correlated and latter negatively
correlated with eGl. In the present study, SDS did not correlate with HI while,
RS negatively r=-0.83 correlated with HI. This result was in contrast to results
obtained by Pinhero et al. (2016) and Moreira and Wolever 2011. They
reported that either SDS and RS affect the eGI by lowering the blood glucose
level either by slowing down the digestion or the starch not being digested at

all in the small intestine.

No significant positive correlation was observed between Hl and RAG or RDS
in this study. These results are not in agreement with results obtained by
Pinhero et al. (2016). The present study evaluated only 5 potato varieties
while, Pinhero et al. (2016) evaluated 14 varieties and compared different
cooking methods. Therefore the higher number of varieties may be required

to improve the observations.

5.6 Conclusion

In vitro kinetic of five potato varieties was measured for estimation of Gl and
calculation of RAG, RDS, SDS and RS. This study for the first time examined
the correlation of potatoes TPC and 5-CQA with eGl and starch digestibility
profile RAG RDS, SDS and RS . Pearson correlation indicated that TPC and
5-CQA level negatively and significantly affected cooked potato starch
digestibility with PPAA+AMG, but PCA analysis showed that not a single factor
determines starch digestibility in all varieties. These results suggest that
potatoes with higher 5-CQA and TPC level could have lower rates of starch

digestibility in vivo.
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6 Physical and chemical properties of potato starch from

different varieties of potatoes

6.1 Introduction

Up to now, the focus of the thesis was on determining whether the phenolic
content of potato would affect digestibility of starch in different varieties.
However, intrinsic starch factors may also influence digestibility. According to
Singh et al. (2003) morphological, thermal and rheological properties of
starches from different botanical sources differ. Potato varieties may differ in
their starch structure and properties consequently, this may affect the rate of
starch hydrolysis and glucose response after consumption, digestion and
absorption. Recently, differences in functional properties (gelatinisation,
hydrolysis and in vitro digestion) of starches from 10 rice varieties have been
reported to be attributed to the diversity in starch molecular components and

crystalline structure (Cai et al., 2015).

Potato starch is different compared to cereal starches (corn, wheat, rice, etc),
because of their larger granule size and their smooth and oval shape, longer
amylose and amylopectin chain lengths and having the presence of
phosphate ester groups on amylopectin (Alvani et al., 2011, Kaur et al., 2007,
Wischmann et al., 2007, Yusuph et al.,, 2003, Singh et al., 2003, Hoover,

2001).

Many published studies have shown that starch structure (physical and
chemical properties) influenced starch degradation and digestion. For
example amylose content of starch has a significant inverse effect on starch
hydrolysis, where high amylose starches showed low hydrolysis and may

delay carbohydrate absorption (Goda et al., 1994, Rendleman 2000, Hu et al.,
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2004, Tester et al., 2006). Panlasigui et al. (1991) determined that rice with
similar amylose content 26 and 27% showed different rates of starch
digestibility and glycaemic response. Therefore, it is important in order to
predict starch digestibility and glycaemic response not only rely on amylose

content.

Starch granule size is also important for controlling the rate and extent of
starch digestion. Different sized potato starch granules vary in their functional
properties, therefore granule size distribution has been suggested as an
important factor that can influence the behaviour of potato starch during
processing (Singh and Kaur, 2004). Dhital et al. (2010) reported that the
digestion rate of smaller granule size of maize (< 10 um) and potato starch (<
20 um) showed higher rate of digestion when compared with those of medium
and larger granules of the same starches. This difference indicated that in
smaller granules there is more surface area available for enzyme activity and

consequently, an increased hydrolysis rate.

Starch is a semi-crystalline polymer and varies in crystallinity depending on
the source of the starch. There is a possibility that variations in internal
structure of starch granules are likely to have an effect on starch digestibility.
The proportions and distribution of crystallinity control the rate of starch
hydrolyses, Lamellar distance varies significantly between rice starches from
different cultivars negatively and significantly correlated with in vitro starch
digestion (Cai et al., 2015). In regards to potato, no changes appeared in the
amount of crystalline and lamella thickness of starch extracted from single
potato grown at different temperatures (Protserov et al., 2002) and different

potato varieties grown under the same condition (Yusuph et al., 2003). Small
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angle X-ray scattering is one powerful technique for the study of the structure

of starch as it enables structural information in the range 1-100 nm.

6.2 Aims

The aim was to investigate the physical and chemical properties of starch
isolated from the same varieties described in chapters 4 and 5. The study
also aimed to analyse the correlation between physio-chemical properties of

starch from different potato varieties and in vitro digestion.

6.3 Hypothesis
The hypothesis is that potato with higher amount of amylose, higher
crystallinity and larger granule size may show higher resistance to enzymatic

hydrolysis.

6.4  Objectives

e To measure amylose content of potato starch by colorimetric method.

e To determine starch granule dimensions and distribution by static light
scattering analysis using Malvern Mastersizer, 3000.

e To examine crystallographic properties of potato starch by small angle
X-ray scattering (SAXS) using Anton Paar SASXpace.

e Determine the correlation between potato varieties starch
physiochemical properties and in vitro digestion determined in the

chapters 4 and 5.
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6.5 Results

6.5.1 Amylose standard and amylose content

The amylose content of defatted potato starches was determined by iodine
based colorimetry using urea dimethyl sulphoxide UDMSO and referenced to
standards (a-glucan basis). Mixtures of amylose/amylopectin were used for
preparation of a standard curve as previously shown by Juliano et al. (1981).
Amylose/amylopectin mixtures showed a better response rather than amylose
alone at a wavelength of 620 nm. Figure 6.1 represents the
amylose/amylopectin standard curve that has been used in this study for
calculation of the amylose of content of potato starches. The colour (blue)
intensity depended on the reaction of either amylose or amylopectin with
iodine. More bluish colour indicating more amylose detected (figure 6.2).
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Figure 6.1 Standard curve for measuring amylose content in potato

starches using amylose/amylopectin mixture. n= (9) Error bars represent
standard error of mean.



Figure 6.2 lodine colorimetry using amylose standard ranging from 0 to
100% measured at 620 nm (n=4).

Table 6.1 shows the average percentage of amylose content in potato
starches. The amylose content of potato starches ranged from the lowest level
in Maris Piper 26.2% to the highest level in Maris Peer 31.6% and the average
was 28.8%. Significant differences were found in amylose content among
some potato starches (p < 0.05). Maris Peer starch showed a significantly
higher amount of amylose content when compared with Maris Piper and
Rooster potato but it was not statistically different from the amylose content of
Mozart and Desiree potato starch (p = 0.05). There were also no significant
differences between Maris Piper, Rooster and Desiree potato starches in

amount of amylose content.
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Table 6.1 Amylose content of potato starches. (mean with their SD, n=8)

Potato samples Amylose content %
Desiree 28.68%°c +5.11
Mozart 29.49% + 4.46
Rooster 28.06™ + 5.28
Maris Piper 26.20° + 2.35
Maris Peer 31.632+3.05
Average 28.81+1.98

Amylose content is expressed as a-glucan content of potato starch (average mean = 87%) (Alvani et
al., 2011).value with same letter 2 are not different significantly (p > 0.05)
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Figure 6.3 Variability in amylose content of different potato varieties
starch (n= 8).

The amylose content of five potato varieties in this study was consistent with
the range of amylose content reported for potatoes of 24.4 to 30.9% (Cottrell
etal.,, 1995) 25.8t0 31.2% (Yusuph et al., 2003), 23.4 to 31.0% (Weisenborn
etal., 1994) and 25.2to 31.2% (Kuar et al., 2002). On the other hand, results
were slightly higher than the range reported in 10 UK potato starches (grown
under same condition) by Alvani et al (2011) (25.5 to 29.1% with average

26.9%) two varieties (Desiree and Maris Piper) used this study were also
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tested, while the results were considerably higher than range previously
reported by Kaur et al (2007) of 15 to 23.1% the potato varieties tested were

not similar to varieties tested in present study.

Some potato varieties in this study showed different amounts of amylose
content compared to reported amounts of same potato elsewhere and some
others showed a similar value. Although, amylose content of Maris Piper
potato 26.2% were consistent with the amount detected in Maris Piper
elsewhere by Alvani et al. (2011) and Yusuph et al. (2003). Desiree potato
amylose content was 28.6% and these value was higher than those reported
by Alvani et al. (2011) (25.5%) and less than the amount reported by Yusuph

et al. (2003) (31.2%).

6.5.2 Granule size distribution

Typical volume and surface particle size distributions of potato starch granules
are shown in figure 6.4. Granules size from 10 to 100 um comprised a large
proportion of potato granules. The range was 9.86 to 98.1 pm and this is
consistent with the results of microscopy images shown in figure 6.5. The
narrow range of particle size 9.8 to 66.9 um was observed in Mozart potato
among all the potato varieties. Rooster and Maris Piper potato had the widest
range of granule size distribution 11.2 to 98.1 and 14.5 to 98.1 um
respectively. Maris Peer and Desiree potato on the other hand showed similar
granule size distribution 12.7 to 86.4 and 14.5 to 86.4 um respectively this was
also consistent with the microscopy images of these Desiree and Rooster
varieties (figure 6.5). This result agreed well with results obtained by

Vasanthan et al. (1999) of Alberta potato starches.
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Figure 6.4 granule size distributions of potato varieties starch. A)
Volume based distribution. B) Surface based distribution. (n=5)
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Figure 6.5 Microscopy images of native potato starch. 1000X
magnification.
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The parameters of size distribution based on volume namely the 10™ (Dvo.1),
50" (Dvo.s) or median and 90" (Dvo.9) percentiles as well as volume weighted

mean D43 and surface weighted mean D32 are presented in table 6.2.

The median granule size value Dvos is defined as the size in micron where
half of the particle resides above this value and half below this value. The Dvo.s
values ranged from 31.30 to 42.92 um for potato starches granules. Mozart
significantly showed the lowest value of median granule size, among other
varieties and Desiree was the highest (p < 0.05). The Dvo.g and Dvo.1 value
indicated that as 90% and 10% of granules are above and below these values
respectively. The Dvo.g and Dvo.1 for potato starches granules ranged from
50.12 to 69.18 and 17.10 to 25.10 um respectively. Significant differences in
the diameters of granule size distributions between the potato starches were
clearly detected from the results presented in table 6.2 (p < 0.05) and this was
consistent with shift of the position of the peaks observed in figure 6.4 (A and

B).

Table 6.2 Diameters of potato starch granules. (Mean values + SD, n=5).

Specific

Potato
Dvo.a pm Dvo.s pm Dvo.s pm D32 pm Da4,3 pm surface

samples 2

area me4/g
Desiree 24.54+0.24°  42.92+0.40*° 69.18+2.80° 24.02+0.21* 44.56+0.90° 0.249
Mozart 17.30+0.16°  31.30+0.16° 50.12+1.169 16.85+0.23° 32.17+0.41°  0.3565
Rooster 17.10£0.00°  37.91+0.04° 69.11+0.07%  18.80+0.00¢  40.51+0.04°  0.3194
Maris Piper 25.10+0.00°  40.80+0.14°  63.06+0.58°  23.02+0.08° 42.08+0.24°  0.2612
Maris Peer 20.32#0.17°  36.70+0.24Y  60.84+1.65°  20.04+0.23°  38.44+0.52¢  0.2991

Mean value within a column with different subscript letter #><d¢indicate significant differences (one-way ANOVA, P
<0.05).
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The results of median granule size distributions in this study were consistent
with those obtained elsewhere. According to Noda et al. (2005) the median
granule sizes for large, small and extremely small potato starch are 39.9-43.7,
20.3-23.4 and 13.2-14 pm respectively. Similar results have been obtained by
Dhital et al. (2010) with a median granule size distribution for fractioned potato
starch granules from very small (<20 um) to very large (> 55 um) with a range

between 16.86 to 69.86 um.

Surface mean Ds2 also called Sauter mean is the weighted average surface
area, based on the assumption that the spherical particles are of the same
surface area as the actual particles. The Ds2 value of starches significantly
varied between potato varieties (p < 0.05) and ranged from the lowest value
in Mozart (16.85 pm) to the highest value in Desiree (24.02 pm) with a mean
of 20.56 pym. These values are similar to results obtained by Ibrahim and
Achudan (2011) with a D32 for native potato starch of 16.16 pum. The results
are also consistent with results of diffraction potato starch from large to small
granules with D32 value 15.96 and 67.74 um respectively. While, the results
were lower than of that obtained from potato starch 30.47 um (Dhital et al.,

2010).

The mean volume diameter D43 is the weighted average volume, assuming
spherical particles have the same volume as the actual particles. The Dags
value also significantly (p < 0.05) differed among potato varieties and range
were about 32.17 to 44.56 pum from lowest in Mozart and highest Desiree
potato and with a mean of 38.55 um for all potato starches. With the exception
of Mozart, all other potato starch results were consistent with that obtained

elsewhere by Weisenborn et al. (1994) reporting that the mean granule
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diameter of starches from 44 potato samples ranges between 38.7 to 53.8

um.

The specific surface area is defined as the total area of particles divided by
the total weight, based on the assumption that spherical granules have
uniform density. Potato starch specific surface areas in this study were ranged
from 0.249 to 0.356 pm? g*. Mozart potato had the highest value of specific
surface area and Desiree had the lowest amongst all starches. The specific
area of Mozart, Rooster and Maris Peer potato starch was consistent with
Molenda et al. (2006) reporting 0.315 m? g*! for potato starch using
Mastersizer 2000. However, many researchers using Coulter counter
Multisizer, nitrogen adsorption and Malvern Mastersizer Hydro 2000 MU 1
(Dihital et al., 2010, Yusuph et al., 2003, Alvani et al., 2011) reported the
specific area of potato starch between 0.130 to 0.160 um? g. This range is
lower than the calculated value of specific surface of potato starches in this

study using Malvern Mastersizer 3000 UM.

The correlation coefficient was determined for potato starch granule size
diameters and specific surface area. Any p value < 0.05 indicates that there is
significant correlation between potato starch granules size diameters. Table
6.3 shows the correlation between the specific surface area of potato starches
and median Dvso, D32 and Da,s of starch granules size distributions. Significant
negative correlations were found between the specific surface area of
starches and each of Dvso, D32 and D43 values p= 8*10-3, 3*10“ and 0.02

respectively.
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Table 6.3 Pearson Correlation (r) showing simple linear relationship
between specific surface area and granules size parameters Dvso, D32
and Da3

Specific surface area

b r -0.96
Vso P 8x107
r -0.99
Da2 p 3x10"
r -0.92
Daa p 0.02

6.5.3 Crystallinity

Small angle X-ray scattering (SAXS) was used to investigate the semi-
crystallinity structure of potato starch. The SAXS peak parameters: peak
position gmax, maximum intensity Imax and peak area were obtained by fitting
the scattering profile to a Lorentzian function. The average inter lamellar
distance (d) also called Bragg'’s spacing, was calculated according to Bragg's
equation d=21/q. The values of SAXS peak parameters are shown in table

6.4.

Table 6-4 Potato varieties starch structure parameters obtained from
SAXS.

Potato varieties g firstpeak (NM™)  Peak area | max d (nm)
Desiree 0.67 0.14845¢ 0.56 9.377
Mozart 0.66 0.14799¢ 0.57 9.519
Rooster 0.65 0.182912 0.69 9.666
Maris Piper 0.65 0.172872 0.70 9.666

Maris Peer 0.66 0.16621°¢ 0.63 9.519
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Figure 6.6 The SAXS patterns of potato starch isolated from 5 varieties.
A) Show two peaks B) show first peak only. (n=5).

Figure 6.6 shows the potato starches SAXS curves, which show well-defined
peaks by SAXS pattern. The first peak was observed at position ranging from
to g= 0.65 to 0.67nm™ and corresponds to the lamellar repeat distance or
Bragg spacing ranging between 9.37 to 9.66 nm. In native starch this peak is

thought to arise from the lamella of amylopectin. According to Blazek and
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Gilber (2011) the location of the peak depends on the size of lamella. The
second peak position about 3.90 nm is specific for B-type starch. Thus, this
result was in agreement with the values of peak positions q obtained by Zhu
et al. (2012) for the first peak (0.68 nm™) of native potato starch and
corresponds to 9.25 nm Bragg’s distance. The scattering peak intensity Imax
of potato starch was also determined and ranged from lowest value in Desiree

potato 0.56 to highest in Maris Piper potato 0.70.

The SAXS peak area varied between potato starch. The variability in potato
starch SAXS peak areas is shown in figure 6.7. Rooster potato had sharp peak
with the largest area of 0.182 amongst all the potato starches. Maris Piper
and Maris Peer, also showed similar peaks below Rooster peak 0.172 and
0.162 respectively, while, Desiree and Mozart had similarly boarder and
smallest peaks at 0.148 and 0.147 respectively in contrast to other potato

starches.

Correlations were obtained to analysis relationship between SAXS
parameters and measured amylose content of potato varieties starch used in
this study and the results are summarised in table 6.5. Amylose content
showed trend but non-significant correlation with peak area, Imax, lamella

spacing (d) and peak position (q).
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Figure 6.7 Variability in peak area for potato varieties starch. Error bars
representing standard deviations of three replicates.

Table 6.5 Correlation between amylose content and peak position (q)
and lamella distance (d)

Amylose content

Peak position (q) r 0.48
p 0.40

Peak area r -0.32
p 0.59

Lamella spacing (d) r -0.49
p 0.39

Peak Intensity Imax ; -0.49
0.39
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6.5.4 Correlation between physical and chemical properties of

potato starch and in vitro digestibility

The results of in vitro hydrolysis of different potato varieties are presented in
chapter 4 and results of potato starch amylose content and granule size
distribution are shown in table 6.1 and 6.2. In order to evaluate the relationship
between structural properties (physical and chemical) of potato starch and
hydrolysis of potato varieties by PPAA and PPAA+AMG, Pearson correlation
coefficients were determined for area under in vitro starch digestion curve
(AUC) of potato varieties, released sugar was measured using DNS and
HPAEC-PAD methods. The correlation coefficient was calculated for all potato
starch properties with p value < 0.05 indicated a statistically significant

correlation.

Table 6.6 shows the correlations between eGl, AUC (PPAA+AMG), AUC
(PPAA) and amylose content of starch, granule size distributions and SAXS
parameters. Estimated glycaemic index eGl and AUC (PPAA+AMG) showed
non-significant positive correlation with amylose content r= 0.59 and 0.79
respectively, while AUC (PPAA) as sugar measured by DNS and HPAEC-
PAD showed non-significant negative correlation with amylose r=-0.11 and -
0.38 respectively. There were no significant correlation between eGl and AUC
of potato starch digestion using both PPAA+AMG and PPAA (DNS) and each
of granule size distribution Dvo.s, D3,2and Da 3, specific surface area and SAXS

parameters of starch crystallinity (P = 0.05).
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Table 6.6 Pearson correlation (r) showing linear relationship between
predicted Gl and amylose content, granule size diameters and SAXS
parameters of potatoes varieties. (n=5)

Correlations of potato starch component, size distributions
and SAXS parameters with in vitro starch digestion

PPAA+AMG AUC (PPAA)
eGlt AUC  DNS* HPAEC-PAD*
r 0.59 070 -011 -0.38
Amylose p 029 018 085 052
Granule size distribution
Dy r 027 -065 -039 0.24
05 p 0.65 022 051 068
b r 048 -0.79 -052 -0.05
32 p 0.40 011  0.35 0.93
b r 012  -054 -033 0.34
43 p 0.83 034 057 057
Specific surface area r 0.42 0.75 0.57 0.01
p 0.47 014 031  0.97
SAXS peaks parameter
r -0.06 -0.08 0.03 -0.44
Omax p 091 089 095 045
r 0.37 018  -0.18 0.66
Peak area D 053 077 079 021
d spacin r 0.06 007  -003 045
pacing p 091 090 095 044

GI! estimated from HI using Goni at al., 1997 equation.*sugar detection method.
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6.5.5 Principle component analysis (PCA)

Principle component analysis was conducted in order to determine the
relationship between potato physiochemical properties (amylose content,
granule size, crystallinity) and percent of hydrolysed starch (as measured
using AUCPPAA+AMG and PPAA). Figure 6.8 show the loading and scores
of the characteristics of the five potato cultivars with the first two PCs

explaining 84.73%, 81.96% and 82.11% of the total variance respectively.

According to figure 6.8 A, B granule size distribution parameter (Dvo.s, D32 and
D4,3) and SAXS parameters (peak area, peak position and Imax) had positive
loading for PC1 while, starch hydrolysis by PPAA+AMG and PPAA sugar
measured by DNS, amylose content and specific surface area had negative
loading. While, in figure 6.8.C starch hydrolysis by PPAA sugar measured by

HPAEC-PAD had positive score for PC1.

According to PCA in all three cases, Maris Piper and Desiree potato had
highest granule size peak area, peak position and Imax While, Maris Peer,
Mozart and Rooster had higher starch digestibility, amylose, specific surface

area. This was consistent with results in table 6.1 and 6.2.
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Figure 6.8 Loading of potato varieties characteristics (physio-chemical
properties and in vitro digestibility) and scores of on first and second
principle components. A) Starch hydrolysed by PPAA+AMG. B). Starch
hydrolysed by PPAA and sugar detected by DNS.C) Starch hydrolysed by
PPAA and sugar detected by HPAEC-PAD
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6.6 Discussion

6.6.1 Amylose content

In general the range of amylose content of five potato varieties in this study
was in range with those reported by other investigators. The difference in
amylose content of same potato cultivars may be due to harvest dates,
environmental conditions such as temperature, canopy coverage, storage, as
well as differences in starch isolation and analytical methods used for
measuring the amylose (Jansky and Fajardo 2014, Kaur et al., 2007, Noda et
al., 2004, Kim et al., 1995, Weisenborn et al., 1994, Cottrell et al., 1995).
Recently, differences in amylose content and in vitro digestibility of separated
heterogeneous starch granules (polygonal, aggregate and hollow starch),
from different regions of high amylose rice starch (60%) have been reported
(Huang et al., 2016, Man et al., 2014). Furthermore, amylose content of large
starch granule size (40 - 85um) separated from four potato cultivar was higher
than the smaller granule size (5- 20 um) (Singh and Kaur, 2004). Thus, the
other possibility of the difference within same potato starch amylose content
in this study may be attributed to the fact that heterogeneous starch granules
from different regions of potato and different starch granules size may vary in

amylose content and other structural properties.

Although amylose content varied between the five potato varieties in this
study, the variation was small (£1.98%) values were close to the amount of
amylose in potato starch as indicated in other studies. Therefore, with the aim
of this study amylose content of potato starch possibility would not be an
indicator of starch digestibility in the cooked potato as the values were close

in five potato varieties.
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6.6.2 Granule size distribution

The granule sizes are classified into very small granules (<5 pm), small (5-10
pm), medium granules (10-25 um) and large granules (> 25 um) (Lindeboom
et al., 2004). Distribution of granule size and proportion of large and small
granules differed among the sources of starches. Regarding potato starch, it
has been reported that starch size distribution is bimodal as it exhibits the
large granule size with 50-60 um in diameter and a small proportion of a fine
fraction with a mean diameter of 10 um (Molenda et al., 2006, Garrido et al.,
2011).The results of potato starch granule size distribution in this study were
shown in figure 6.4 consistent with other findings and microscopy
observations (figure 6.5) show that potato starch granules are composed of a
major portion of large granule size and a minor portion of small granule size
and consequently shows a bimodal distribution. Also the microscopy images
in this study are in agreement with that reported there are no pores available
on potato starch granules as discovered on corn, maize, sorghum and millet

starch (Fannon et al., 2004).

The values of particle size diameters (Dvo.s, D3 2and Da,3) in this study showed
that although different varieties were investigated the levels obtained were in
the range of detecting values of other investigators. According to Kaur et al.
(2007) the difference in granule size diameters may be related to the
temperature during tuber growth, they revealed that potato starch with higher
granule size resulted from low temperatures during crop growth. Similar
results also found by Alvani et al. (2011) and Yusuph et a.l (2003) determined
a small variation in the physio- chemical properties of potato cultivars when

they are grown under the same growing conditions. This could be the cause
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in variation between potato starches granules size in present study however,
potato varieties used in present study were purchased from local supermarket

the information about growing information not available.

The negative significant relation between specific surface area and other
granule size diameter (Dvo.s, D43 and Ds,2) indicating that potato starch with
smaller granule size have more specific area than the larger granule size and

more digestibility would be expected.

6.6.3 Crystallinity

Pikus (2005) reviewed that SAXS peak at g value 0.06 A’ arise from the
alternating crystalline and amorphous regions and the location of peaks
depend on lamella size, whereas the peak area arise mainly from degree of
ordering in semi-crystalline regions. The small difference in peak position q of
potato starches in the present study may be due to diversity in lamella
thickness, the lower value of peak position g representing the thickness of the
lamella and larger repeat distance (Salman et al., 2009). The effect of amylose
content of starch in semi-crystalline structures of starch have been reported
by Cameron and Donald (1995) and Blazek et al. (2009) they proposed that
a significant correlation between amylose content and organisation of semi-
crystalline lamella within starch granules thus, increasing in amylose content
increases the repeat spacing in lamellas within crystalline lamellae as amylose
is shown to accumulate in both crystalline and amorphous part of lamella. In
this study it was observed that Desiree potato had higher q value and lower
repeated distance and amylose content while, Rooster potato had lower q
value and higher amylose and d value. This observation consistent with

reported elsewhere that increasing amylose being linked with the disrupting
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packaging of amylopectin chains within crystalline lamellae in crystalline
section and increase the repeat spacing present in crystalline lamellae (

Cameron and Donald (1995).

Intensity mainly depends on the differences in electron density between
amorphous and crystalline region of lamella. Yuryev et al. (2004) reported
that increasing amylose content decreases the scattering peak intensity. In
this study amylose content of potato starches showed negative non-significant
correlation with d spacing, peak area and Imax, these results to some extent
agreed with previous study and the non-significant correlation, possibly
thought to be due to the narrow range of amylose content of potato varieties
starch investigated in this study. It may be suggested that the difference in
crystalline structure of the potato varieties of starch in this study may affect
gelatinisation as well as in vitro digestion and blood glucose response
properties as more crystalline starch (higher lamellar thickness) require higher

temperature for gelatinisation and produce more resistant starch.

6.6.4 Correlation between physical and chemical properties of

potato varieties starch and in vitro digestibility

It is important to determine the amylose content of starch as many properties
of starch, for instance, gelatinisation, chain length, crystallinity and pasting
properties influenced by its amylose content (Zhou et al.,, 2015). The
gelatinisation and re-crystallinity of amylose differ from that of amylopectin.
The recrystallized amylose produces resistant starch that affects the
bioavailability and digestibility of starch in the gastro intestinal tract. In potato
it has been reported that high amylose content potato is more resistant to

degradation by alpha amylase (Cottrell et al., 1995). Genetically modified
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potatoes with high amylose content have faster re-crystallinity, higher
gelatinisation peak, higher resistant starch and lower hydrolysis rate in vitro
and lower predicted Gl compared to potato (unmodified) with normal amylose
content 22, 23% (Karlsson et al., 2007). Furthermore Hu et al. (2004)
determined that amylose content of starch has a significant impact on the
estimated glycaemic score value. They indicated that rice with higher amylose
content 26.8% showed lower glycaemic value and less starch hydrolysis

compared to low 1.1% and intermediate 13.6% amylose content rice.

The relationship between amylose and starch digestibility of potato varieties
was investigated in the present study by principle component analysis (PCA).
Negative correlation between amylose content and amount of starch
hydrolysed from steam-cooked potato by PPAA was only observed when
sugar released after digestion measured by HPAEC-PAD. This revealed that
amylose content to some extent may have reverse influence on starch
digestibility and supports that higher amylose starch content decreases the

rate of starch hydrolysis by amylolysis.

On the other hand, some potato samples (Maris Peer, Mozart and Desiree)
did not differ statistically in amylose content while, a difference was observed
in the distribution of granule size (table 6.2). Therefore, the results are
consistent with that hypothesis, namely that amylose content is not solely
sufficient for predicting starch digestibility (Panlasigui et al., 1991). The impact
of starch granule size on their degradation and digestion by enzymes has
been reported by (Kainuma et al., 1978, Fuijita, et al., 1983, Dhital et al., 2010,
Mahasukhonthachat e al., 2010, Lin et al., 2015, Noda et al., 2005). They

revealed that hydrolysis rate of starch are increased as granule size
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decreases. It is proposed by Kainuma et al. (1978) that this seems to be
attributed to the fact that smaller granule size have larger surface area in
comparison with large granule sizes of starch. The impact of potato starch
surface area on rate of digestibility have been emphasised by Dihital et al.

(2010).

In the present study PCA results reveal that Desiree and Maris Piper had
higher scores of granules size parameters (Dvos, D32 and Da3) which is
negatively correlated with starch hydrolysis. Thus the results of this study
support the hypothesis that the larger the starch granule the lower hydrolysis.
Furthermore, the results also support that the surface area of starch granule
size plays an important role in the initial stage of amylolytic digestion, the initial
contact between the enzyme and granule is greater in small size starch
granule with large surface area compared to large granules with small surface

area (Kim and Huber 2008, Salman et al., 2009).

In respect with crystallinity, Hoover and Sosulksi (1985) reported that
difference in crystallinity of starch have an effect on digestibility. Increases in
crystallinity reduce the bioavailability of starch for digestion (Lin et al., 2015)
and lamellar distance positively correlated with resistant starch (RS) (Cai et
al., 2015). According to PCA results in this study Rooster and Maris Piper
potato had the highest score for d spacing (Braggs distance) meaning highest
lamellar distance. Whereas Rooster showed high AUC. Therefore, in this
study increasing in crystalline lamella thickness due to increase in amylose

content is not related with in vitro digestibility of potato varieties.
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6.7 Conclusions

In conclusion, this study showed the comparable value of amylose content,
granule size distribution and SAXS patterns of potato starch to be similar to
reported values. Extracted starch from five potato varieties showed similar
shapes while, different in their chemical component (amylose), granule size
distribution and crystallinity structure this could be affected by varieties and or

growing condition.

Principle component analysis (PCA) revealed that chemical components
(amylose), granules size distribution and crystalline structure of potato
starches used in this study to some extend had an influence on starch
hydrolysis in vitro. The results also support that no single physical or chemical
properties were predominate to determine the effect of starch properties on
the digestibility and predicted glycaemic response. Potato samples that did
not differ statistically on their amylose content had different granule size

distributions.

Finally, in vivo measurements of Gl for potato varieties are essential to
determine the effect of potato phenolic and starch properties on digestibility,

this will be described in the following chapter.
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7 Determination of glycaemic index of three varieties of
potato

7.1 Introduction

In previous chapters, the in-vitro digestion of five potato varieties was
investigated and the glycaemic index (Gl) was calculated from the hydrolysis
index (HI). In this chapter, the same varieties were used to evaluate the in vivo
glycaemic response to the same batch of potatoes from five varieties. The Gl
concept has been used for classification of starchy food on the basis of their
postprandial blood glucose response in healthy individuals. Potatoes are
assumed to have a high Gl food that causes a sharp increase in postprandial
blood glucose response. Soh and Brand-Miller (1999) showed this to be the
case for instant mashed potato. However, this may not be observed in
potatoes cooked by different means. The Gl of commonly consumed potato
varieties in Canada, UK, the USA and Australia have been determined
(Ramdath et al., 2014, Ek et al., 2014a, Henry et al., 2005, Fernandes et al.,
2005) and potatoes have been reported to have low to high Gl depending on
varieties (Ek et al., 2014, Henry et al., 2005, Fernandes et al., 2005), texture
(Henry et al., 2005), cooking method (Ek et al., 2012, Fernandes et al., 2005,
Garcia-Alonso and Goni 2000) and processing and meal consumption (Henry
et al., 2006). The Desiree potato has been shown to have GI ranging from 74

to 101 depending on boiling duration from 9 min to 35 min (table 1.2).

Although potato is one of the important sources of carbohydrates, it is a good
source of phytochemicals such as phenolics. To our knowledge, there is a
lack of studies regarding the relationship between phenolic acids and Gl in
potatoes. Only one study recently described a significant inverse relationship

between total anthocyanin, total phenol content; and glycaemic index in-vivo
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(Ramdath et al., 2014). One study reported that potatoes with similar amylose
content have different Gl and in vitro digestibility (Ek et al., 2014a) and another
study by the same author examined the characteristics of potato starch
(relative crystallinity, granule size distribution, amylopectin chain length, and
thermal and pasting properties) on selected potatoes with identified Gl ranging
from 56 to 103 (Ek et al., 2014b).  To our knowledge this is the first study to
investigate the effect of potato components (TPC, 5-CQA, total starch) on in

vivo Gl of different varieties of potato.

7.2 Aims

The aim of this study was to measure the Gl of three potato varieties; Maris
Piper, Desiree and Rooster which vary in their polyphenol level and starch
characteristics. Validity of predicted Gl from HI was also assessed against in

vivo Gl.

7.3  Hypothesis

The hypothesis is that TPC, 5-CQA content, amylose content, granule size
and crystallinity of potatoes affect the glycaemic response in healthy

individuals.

7.4  Objectives

e To measure the blood glucose response of healthy human subjects
after consuming a portion of potato or white bread containing 50 g
available carbohydrates. Four samples were tested by each subject:
three peeled and steam cooked potato samples from the three
different varieties. The fourth sample was white bread which was

used as the Gl reference sample.
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To explore the effect of dietary (carbohydrate intake) and non-dietary
factors such as demographic characteristics and lifestyle factors on
blood glucose response using Pearson correlation.

To examine the correlation between Gl and TPC and 5-CQA

To examine the correlation between Gl and amylose content, granule
size distribution and crystallinity structure

To examine the correlation between predicted Gl from HI and Gl in

Vivo
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7.5 Results

7.5.1 Ethics

The study was reviewed and approved by the Ethics Committee of the Faculty
of Mathematics and Physical Science, University of Leeds, United Kingdom.

Ethical reference number [MEEC 15-006] (Appendix A).

7.5.2 Data collection

Demographics, dietary information was collected in this study using a
guestionnaire adapted from National Health and Nutrition Examination Survey

(NHANES) (Appendix B).

7.5.2.1 Demographic characteristics

Table 7.1 shows the demographic information. A total of eleven healthy
subjects (2 male and 9 female) were recruited among students and staff at
University of Leeds in this study (n=1 European, n=1 African, n= 2 South-
American and n=7 Asian). The mean age was 28.82+ 4.72 years and ranged
from 24-36 years. The mean body mass index (BMI) was 24.34 + 3.42 kg/m?
and this was within normal range 18.5 — 24.5 kg/m?. One subject was obese
and 3 were overweight. Seven (63%) of subjects reported that they have daily
physical activity such as walking, running, dancing and bicycling. Among 11
subjects 3 (27%) were alcohol consumer and only one smoker. The subjects
were all generally healthy according to inclusion criteria for subjects in this
study; none were diabetic, had reported any chronic disease and were not

allergic to gluten.
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Table 7.1 Demographic characteristics of subjects (n=11)

(YAE\B%?S) Gender (KBgl\//IrEZ) Ethnicity Zf(l:)tllsvll(;;’;ll cor'lb\slﬁ(r)nhr?tlion smoking
1 36 Female 25.8 Asian Yes NO NO
2 29 Female 19.3 Asian Yes NO NO
3 24 Female 22.6 Europe Yes Yes NO
5 30 Female 24.3 Mexican Yes NO NO
6 30 Female 255 Mexican Yes Yes Yes
7 34 Female 31.3 Asian Yes NO NO
8 31 Male 28.8 Asian NO NO NO
9 23 Male 23.2 Asian NO NO NO
10 20 Female 23.7 Asian NO NO NO
Excluded subjects
4 30 Female 22.4 African Yes Yes NO
11 30 Female 20.9 Asian NO NO NO

1 Body mass index ranges: 18.5 or below underweight, 18.5 — 24.9 normal, 25 — 29.9 overweight, 30
and over obese.

7.5.2.2 Dietary assessment

A 24- hour dietary recall was conducted before each test in order to determine
the average daily energy and carbohydrate intake of subjects. Rice and wheat
were the common staple carbohydrate food among subjects and rice was the
staple food of majority of subjects 72% (Table 7.2). The average daily energy

and carbohydrate intake of subjects was analysed using WinDiets.

The average energy and total carbohydrate intake of subjects were below the

estimated average requirements (2772, 2749 kcal/day for male age 19-24 and
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25-34 respectively and 2175 kcal/day for female age 19-24 and 25-34 (SACN
2011). The average calories consumed by males in this study was1688+489.7
kcal/day while female consumed 1192.3+171.8 kcal/day. The mean daily
intake of total carbohydrates by subjects was 165.3+36.5 g/day and this value
was lower than the daily recommended amount for male and females (age 19-
64) of 224 g/day (SACN 2015). The average percent of energy obtained from
carbohydrates was 44.1+6.1% and this was slightly below the recommended

50% (SACN 2015).

Both the highest daily energy and carbohydrate intake were associated with
subject #9 (Male and Asian) at 2034.3+853.9 kcal/day and 234.7+110.0 g/day
respectively and the lowest daily energy intake was 799+251.8 kcal/day was
subject #4 (Female and African) while, the lowest total carbohydrate intake
and lowest percent of daily energy from carbohydrate was observed with
subject #2 (Female and Asian) 122.2+42.8 g/day and 42.8+16.6%

respectively.
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Table 7.2 Staple food, total daily energy and carbohydrates intake of
subjects over four days. Data expressed as mean + SD (n=11).

# Staple food

Total Energy

Total carbohydrates

Calories from

(Kcal/day) (g/day) carbohydrate (%)
1 Wheat, rice 1011.7+387.7 153.6+18.8 60.6+12.4
2 Rice 1160+465.1 122.2+ 42.8 42.8+16.6
3 Wheat 1251+110.6 152.7+16.9 47.0£9.9
5 Wheat 1528+249.4 199.8+32.7 49.946.3
6 Rice 10775 +268.5 136.4+46.1 49.1+18.0
7 Rice 1082+266.9 129.4+81.5 42.4+20.7
8 Rice 1341.7+375.5 182.1+31.5 53.3+11.5
9 Rice 2034.3+853.9 234.7+110.0 43.4+11.2
10 Rice 1236.5 +479.7 177.3+98.2 52.0+£13.7
Excluded subjects
4 Rice 799+251.8 131.1+41.8 61.9+4.6
11 Wheat, rice 983+0.0 108.5£0.0 43.9+0.0

7.5.2.3 Exclusions

In vivo Gl was measured in 9 subjects out of 11. Two subjects were excluded

in this study. One subject (participant # 4) showed a very low IAUC after

consuming white bread (standard food) and the other one (participant #11)

took more than 15 minutes to complete portion of potato sample.



-142 -
7.5.2.4 Food Samples

In order for subjects to consume a portion of food containing 50 g available
carbohydrate, total starch and available carbohydrate in either potato samples
or white bread (reference food) was measured experimentally using DNS
method chapter 4. Table 7.3 describe the size of the portions and figure 7.1
shows a portion of potato served to subjects. Table 7.4 presents total phenolic
content (TPC) and 5-CQA of potato varieties tested. TPC and 5-CQA were
determined using Folin—Ciocalteu and HPLC method respectively as

described in chapter 4.

Figure 7.1 Left panel shows homogenous portions of raw potato sample
representing 50 g available carbohydrate, right panel shows steamed
portion as it was served to subjects. Foods were steamed just before
serving.

Table 7.3 Test portion and available carbohydrate portion of sample and
reference food used in this study.

Desiree Rooster Maris Piper  White bread
Available
carbohydrate 509 50¢g 509 509
portion

366 g+ 346 g + 3959+ 3 slices +

Test portion (9) 200 mL water 200 mL water 200 mL water 200 mL water
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Table 7.4 Total phenolic and 5-CQA content of 50 g available
carbohydrate test portion of steam cooked potato samples used in this
study on a fresh weight basis (FW) (n=4).

Potato samples TPC™ 5-CQA™

Desiree 413.97+50.09 13.60+0.31
Rooster 190.51+8.59 4.40+0.15
Maris Piper 291.10+9.31 17.88+0.62

*chlorogenic acid equivalent- mg per portion of FW
7.5.3 Gl study protocol

The in vivo Gl study protocol that used in this study was based on the method

adapted from FAO/WHO, (1988) and described by Wolever et al. (1991).

7.5.3.1 Blood glucose response to bread, the reference food

The mean fasting blood glucose (FBG) and incremental area under curve
(IAUC) toward 3 slices of white bread (reference food) containing 50 g
available carbohydrate after 10-12 hour of fasting are shown in table 7. 5. The
average fasting blood glucose was 4.85 +0.35 (mmol L) this was within the
normal range of fasting blood glucose 3.9 to 5.5 (mmol L) reported by

Diabetes UK. The average iAUC was 97.90 +34.68 (mmol. min L) the highest

value of IAUC was 144.675 (mmol. min L'1) associated with participant 1 and

the lowest was 31.13 associated with participant 4.
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Table 7.5 Mean fasting blood glucose response and blood glucose
response for ingestion 50 g available carbohydrate from the reference
food (white bread).

4 Fasting Blood IAUC (mmol . min L)
glucose (mmol L) 0-120 min

1 5.2 144.675

2 4.2 138

3 4.9 137.75

5 4.4 77.35

6 5.2 63.85

7 4.8 67.75

8 4.7 87.85

9 5 64.85

10 5 75.9
Excluded subject

4 5.1 31.137

11 ND ND

ND= none determined

7.5.3.2 Blood glucose response to potatoes

Mean change in blood glucose response of 9 subjects after ingestion of
portion 50 g available carbohydrate from potato or bread over 120 min time
period is represented in figure 7.2. Blood glucose peak of white bread,
Desiree, Rooster and Maris Piper potato were 2.4+0.94, 2.94+0.70, 3.02+1.03
and 3.22+1.01 mmol L* respectively. All potatoes showed higher blood
glucose response than white bread (reference food). Rooster potato like white
bread, showed a maximum glucose peak at 45 min whereas Maris Piper and
Desiree have similar glucose maximum peak at 30 min. One way ANOVA
single factor was used to determine the difference in blood glucose response
toward three potato samples between subjects at different time point and

revealed that the blood glucose response between subjects towards potato
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samples was similar (p = 0.05) while, only differed from white bread at 120
min (p < 0.05). The blood glucose curve in figure 7.2 show that 120 min was
enough for glucose response of potatoes to reach back to baseline while,
white bread showed significantly higher blood glucose response than potato
varieties at this time point indicating that white bread may require more than

120 min to go back baseline level again.
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Figure 7.2 Blood glucose response elicited by 50 g available
carbohydrate portion of Desiree, Rooster and Maris Piper potatoes
compared to white bread. Values at each time point are mean for 9 subjects
with standard errors represented by vertical bars. Different subscript letter 20
at 120 min meaning significant differences (One —way ANOVA p <0.05).

7.5.3.3 Calculation of glycaemic index Gl

The glycaemic index was calculated for each potato samples from the iIAUC
of each potato samples eaten by each subject and expressed as percentage
of the IAUC for the reference food eaten by the same subject equatio~ (1).
The in vivo Gl of each potato was taken as the mean of the whole group (9

subjects).
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iAUC of test food
= X 100 1
Gl iAUC of the refernce food ( )

The iIAUC and Gl values of potato varieties used in this study accordance to
colour are represented in table 7.6. The mean Gl and iAUC for Desiree, Maris
Piper and Rooster potato were 108.72, 113.51, 132.2 and 98.82, 109.29 and
120.96 (mmol .min L) respectively. Neither Gl nor iAUC of potato samples
were significantly different (p = 0.05), using one-way ANOVA single factor for

assessment. The Gl for all potato samples in this study classified as high GI.

Table 7.6 Incremental area under curve (iIAUC) and Gl values of potato
varieties with different skin colour. Data expressed as mean of the iIAUC
and Gl of the nine subjects for each potato samples with their standard error.

iAUC (mmol .min L) Gl Value
Gl
classification
Mean SEM Mean SEM
DesireeR 98.82 10.44 108.72  12.65 High
Rooster? 120.96 13.61 132.21  17.03 High
Maris Piper” 109.29 10.40 113.51 9.07 High

R=red and Y=yellow skin. Gl value classification = 70 high, 56 to 69 medium, < 55 low (Brand-Miller et
al., 2003)
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7.5.4 Inter-individual variation in blood glucose response and
effect of dietary and non-dietary factors on blood glucose

response and Gl

7.5.4.1 Non dietary factors

Table 7.1 shows the recorded non-dietary information of subjects such as

demographic and lifestyle.

7.5.4.1.1 Demographic characteristics and blood glucose response

The differences in iIAUC and Gl of reference and potato samples between
gender groups as well as ethnicity were investigated (Appendix H). The
number of female and male recruited in this study was 7 and 2 respectively.
Four ethnicity groups were recruited in this study: Asian, Mexican, European
and African. Only the Asian and Mexican groups were used in statistical
analysis because there was only one European subject and the African

subject was excluded.

The results were indicated that there were non-significant differences (p =
0.05) in the mean iIAUC of the reference and tested potato samples and Gl of
potato varieties between two gender subjects and between two ethnicity

subjects.

7.5.4.1.2 Lifestyle and blood glucose response

Subject # 2 that had the lowest BMI 19.3 kg/m? and iAUC of 138 (mmol. min
L) for white bread this value was 49% higher than the iUAC 67.75 (mmol.
min L) of subject #7 with highest BMI of 31.1 kg/m? (obese). Highest and
lowest iIAUC 144.67 and 31.13 (mmol. min L1) of reference food were subjects

1 and 4 respectively were both non-smoker and attending physical activities.
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Table 7.7 Shows the mean iIAUC observed in each different weight group. The
calculated GI for potato samples were shown in table 7.8. The glucose
response of overweight subjects was slightly higher than normal weight
subjects 7% IAUC = 106.50+40.59 and 98.77+36.02 (mmol. Min L%)
respectively. Rooster potato showed highest blood glucose response iIAUC
147+57.20 (mmol. min Lt) compared to all tested foods among both weight
group of subjects. However, there were no significant differences between
both iIAUC and Gl of tested food samples for normal and overweight BMI. The
differences also between glucose responses and Gl for all tested foods within
same BMI group were not significant (p = 0.05). No correlation was found
between IAUC of reference food and both BMI and physical activity r=-0.09, -

0.07 respectively.

Table 7.7 iAUC (mmol.min/L) observed in the normal and overweight BMI
subjects after consumption a set of food sample. Data expressed as mean
of IAUC £SD.

Normal BMI kg/m? Overweight BMI 1
Food Samples (n=5) kg/m2(n=3) P
White bread (reference 98.77+36.02 106.50+40.59 0.78
food)
Desiree 108.39+£39.72 81.2+7.77 0.29
Rooster 104.46+29.08 147457.20 0.20
Maris Piper 120.07+28.77 93.75+£39.52 0.31

P2 0.78 0.28
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Table 7.8 Calculated Gl for the normal and Overweight BMI subjects after
consumption a set of food sample. Data expressed as mean of IAUC £SD.

Food

samples Normal(rl?i/ISI)(kg/m 2) Oz/l(eéy;/nezﬁ)g(r:]t:%’?ﬂl p1
Desiree 113.15+34.26 86.50+40.47 0.35
Rooster 109.66+17.57 108.81+42.78 0.27
Maris Piper 116.09+21.05 114.30+44.08 0.93
P2 0.78 0.54

7.5.4.2 Dietary factors

Total energy and total carbohydrates intake of subjects 24 hours prior to study are
presented in table 7.2. Subject #9 had the highest daily energy and carbohydrate

intake 2034.3+£853.9 Kcal/day and 234.7+110.0 g/day respectively and had blood
glucose response iIAUC 64.85 toward reference food this value 52% higher
than IAUC subject #4 with lowest energy intake while, 53% lower than subject

#2 who the lowest total carbohydrate intake.

Pearson correlation was conducted for analysis of correlation between iAUC,
total energy and total carbohydrate intake. No correlation was observed
neither between IAUC and total energy intake nor between iAUC and total
carbohydrate intake during 24 hours before study. r=-0.38, -0.37 and p= 0.30

and 0.32 respectively.

7.5.5 Variation between individuals

Figure 7.3 represents the individual variations in the IAUC toward 50g
available carbohydrate reference and potato samples. The mean coefficient
of variation CV% between the subjects for the reference food was 35%.
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Figure 7.3 Between subject IAUC variation elicit by consuming 50 g
available carbohydrate from tested foods on different occasions. Data
expressed as IAUC mmol.mi/L (n=9).

Table 7.9 represents the inter individuals variation in the blood glucose
response coefficient of variation CV% for each tested food (white bread and
potatoes) in each group of the subjects, according to BMI, gender and
ethnicity. In general within individual variation CV of reference food 35% was
higher than the potatoes. For Desiree potato between individual variation CV
for overweight group was highest among other groups in all tested foods (CV=
38, 38 and 42%). Mixed-South American Subjects showed lower between
individual CV for white bread, Desiree and Rooster potato among other groups

(CVv= 13, 11and 20%) respectively.
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Table 7.9 Coefficient of variation (CV) % observed in the subjects from
different gender, weight and different ethnicities consumption a set of
portion food samples.

Weight Gender Ethnicity

Tested All
foods (N=9)  Normal Overweight Male Female Asian Mixed- South

(n=5) (n=3) (n=2) (n=7) (n=6) America (n=2)
White 35%  36% 38% 37%  36%  35% 13%
bread
Desiree 31% 36% 9% 32% 28% 26% 11%
Rooster 33% 27% 38% 3% 31% 38% 39%
';,"iggf 28%  23% 42% 6% 26%  31% 20%

7.5.6 Correlation between in vivo Gl and in vitro starch
digestibility

In chapter 5 in vitro digestibility of five potato varieties was conducted using
controlled enzymatic condition in order to estimate the GI from starch
hydrolysis (HI) index. Table 7.10 represent correlation between in-vivo Gl of
three out of five potato varieties used in this study and starch hydrolysis at
different time point (5-120 min) in vitro. The positive correlation was observed
between Gl values with their percentage of starch hydrolysed in-vitro at all
time point. The strongest positive correlation was exhibited at 5, 15 and 120
minutes r= 0.99, 0.99 and 0.99 respectively (figure 7.4) whereas weak
correlations were found at 30 minute r= 0.30. This indicates that percentage
of starch hydrolysed over 30 min is not a good time indicator for measuring

glycaemic response of potato.
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Table 7.10 Correlation coefficient (r) between glycaemic index (Gl) and
the percentage of starch hydrolysed in vitro at different time.

Time (min) r p
5 0.99 0.05
15 0.99 0.01
30 0.30 0.81
60 0.98 0.01
a0 0.97 0.01
120 0.99 0.01
140 y =0.6507x + 91.333
R2=0.9029
100
_ 80
(O]
60
40
20
0
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In vitro starch hydrolysis at 15 min (%)

Figure 7.4 Correlation between rate of in vitro starch hydrolysis at 15 min
(r=0.95) and glycaemic index of potatoes. Orange dot Rooster, Blue dot
Desiree and Grey dot Maris Piper.

A strong positive correlation was obtained for the parameters of in vitro HI and
in vivo Gl values r= 0.82. For enabling calculation of GI from the HI values a

relationship was also obtained for three potato varieties analysed in this study

Y=0.4X+ 77.594 (Figure 7. 5).
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Figure 7.5 Correlation between in vitro HI and in vivo Gl values of
Desiree, Rooster and Maris Piper potato. Orange dot Rooster, Blue dot
Desiree and Grey dot Maris Piper.

Table 7.11 shows the validation of in vitro Gl with in vivo GIl. There was no
significant difference between in vivo Gl of tested potatoes in this study
(P=0.43) using one-way ANOVA. The Gl of Maris Piper potato obtained in vivo
was significantly (p=0.04) higher than eGl value obtained in vitro, however a

good correlation was also found between in vivo and in vitro Gl for all varieties

(r=0.83).

Table 7.11 Comparison between Gl obtained in vitro and in vivo.

o GlI* GI?
Potato Varieties
Mean SEM Mean SEM
Desiree 108.722 12.65 92.952 1.13
Rooster 132.212 17.03 110.392 0.65
Maris Piper 113.512 9.07 82.37° 0.32

L in-vivo Gl (n=9). 2 Gl estimated in vitro from starch hydrolysis index chapter 5. Mean value within a

raw with different subscript letter 2° indicate significant differences (one-way ANOVA, P < 0.05).
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7.5.7 Correlation between in-vivo Gl and phenolic content of

potato

A Pearson correlation was conducted to analyse the correlation between in
vivo GI of three varieties of potato and their phenolic content level prior and
after steam cooking. Table 7.12 shows the correlation matrix between each of
Gl, IAUC and total phenolic and 5-CQA of potato samples. It shows that there
is a strong negative relationship between TPC of raw and cooked potato with
Gl and iIAUC r=-0.92, -0.99 and -0.82, -0.95 respectively. 5-CQA level after
steam cooking also had a strong and significant inverse relationship with Gl
r=-0.91, and inverse while non-significant with iIAUC r=-0.75 whereas, 5-CQA
level in raw potatoes had not correlated with GI and iAUC r= 0.01, 0.30

respectively.

Table 7.12 Pearson Correlation (r) showing simple linear relationship between
each of GI, iAUC and TPC and 5-CQA of raw and steam cooked potato varieties.

Gl iIAUC (mmol . min L)
r p r p

TPC

Raw -0.92 0.01 -0.99 0.00
Cooked -0.82 0.01 -0.95 0.01
5-CQA

Raw 0.01 0.99 0.30 0.80
Cooked -0.91 0.01 -0.75 0.45

A further analysis of relationship between potato composition (TS, DM, TPC,
5-CQA) and iIAUC of glucose response was conducted by principle component

analyses (PCA). Figure 7.5 show the loading and scores of the characteristics
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of the three potato cultivars with the first two PCs explaining 83.37% of the
total variance. PC1 explained 53.22% and PC2 explained 30.15% of total
variance. For PC1, TS, DM, 5-CQA and TPC had positive loading and iIAUC
had negative loading. TS and DM had negative loading for PC2 while 5-CQA
and TPC had positive loading for PC2. According to the PCA scores, potato
varieties segregated according to their components: Maris Piper showed high
DM, high 5-CQA content and low iAUC, Desiree had high TPC and low iIAUC

and Rooster, showed the opposite characteristics.
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Figure 7.6 Principle component analysis (PCA) using composition and
digestibility data from five potato varieties. Graph shows loading of potato
components; total starch (TS), dry matter (DM), total polyphenol content
(TPC), 5-caffeoylquinic acid (5-CQA) content and IAUC of glucose released
after starch digestion and scores of potato varieties according to PCA 1 and
2.

7.5.8 Correlation between in-vivo Gl and physio-chemical
properties of potato varieties starch
In order to determine the relationships between potato varieties in-vivo Gl and

potato starch composition (amylose content) and structure (granule size and

crystalline) correlation analysis were conducted. Pearson’s correlation using
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the coefficient of determination r and P-values are summarised in table 7.13.
The correlation results indicated that there were no significant correlation (p 2
0.05) between Gl in-vivo and iIAUC with amylose content of potato starches.
Gl and iIAUC showed a significant negative correlation with granules size
distribution parameters Dvso, D32 and D43 and significant positive correlation
(p = 0.05) with specific surface area. There was a trend, but no significant
correlation between SAXS parameters for crystalline and in- vivo Gl and iIAUC

((p 2 0.05).

Table 7.13 Pearson Correlation (r) showing simple linear relationship
between each of GI, iIAUC of potato varieties and amylose content,
granules size and SAXS pattern of potato starches.

Gl iIAUC (mmol . min L)

Starch characteristics

r p r p
Amylose content 0.08 0.94 -0.20 0.86
Granules size distribution
Dvso -0.97 0.13 -0.99 0.05"
Ds2 -0.99 0.002™ -0.95 0.18
D43 -0.85 0.34 -0.96 0.15
Specific surface area 0.99 0.02 0.94 0.20
SAXS patterns
peak position -0.65 0.54 -0.85 0.35
peak area 0.84 0.36 0.96 0.17
d spacing 0.65 0.54 0.85 0.35
I max 0.60 0.58 0.81 0.39

*Correlation is significant at 0.05 level (2-tailed). ™ Correlation is significant at 0.01 level (2-tailed).
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A further analysis of relationship between potato starch physio-chemichal
characteristics (amylose content, granules size, and crystallinity) and iIAUC of
glucose response was conducted by principle component analyses (PCA).
Figure 7.6 show the loading and scores of the physical and chemicals
characteristics of the three potato cultivars with the first two PCs explaining
90.85% of the total variance. PC1 explained 72.91% and PC2 explained
17.94% of total variance. For PC1, specific surface area, peak area, | max, d
spacing and iIAUC had positive loading and amylose, peak position and
granule size distribution parameters (Ds,2, Dso and Da4,3) had negative loading.
According to the PCA scores, potato varieties segregated according to their
components: Rooster showed high specific surface area and high iAUC,
Desiree had high amylose and big granule size and low iIAUC, and Maris
Piper, showed the low amylose, low specific surface area. The digestibility of

Desiree appeared to be influenced by amylose and granule size.
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Figure 7.7 Principle component analysis (PCA) using composition and
digestibility data from five potato varieties. Graph shows loading of potato
components; total starch (TS), dry matter (DM), total polyphenol content
(TPC), 5-caffeoylquinic acid (5-CQA) content and IAUC of glucose released
after starch digestion and scores of potato varieties according to PCA 1 and
2.
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7.6 Discussion

Set portions of four food samples with the same available carbohydrate
content were used in this study to evaluate whether there were differences in
glycaemic response. The study protocol used in this study in glycaemic
response was based on standardised methods described by WHO/FAO
(1998). According to Brouns et al. (2005) selecting healthy subject will
improve the Gl results and reduce the variation within the subjects. Thus, in
this study healthy subjects with no long-term health problems such as
diabetes or cardiovascular disease were selected using a health screen
guestionnaire. However, the inter-subjects variation was not determined in this
study as the reference and tested food consumption was repeated only one

time by each subject.

The reliability in the study was also improved by adhering to standardised
protocol. For example, regardless being prinked several times, finger-prick
capillary blood sample was selected for sampling blood to measure blood
glucose in order to remove potential variations of measured Gl. Foster-Powel
et al. (2002) reported that similar Gl value and less inter-individual variation
observed for the same foods tested by 5 laboratories used the finger-prick
capillary blood samples. Capillary blood glucose has been shown to have
lower coefficient of variation (CV), greater degree of glucose concentration
change and higher iAUC than venous blood (Hatonen et al., 2006). Capillary
blood is also the preferred method of blood sampling (WHO/FAO 1998,
Wolever, 2006). Moreover, blood sample also taken in standardised
schedules of blood sampling recommended by WHO/FAO 1998 fasting state

and at 15, 30, 60, 90 and 120 min after consuming tested foods by healthy
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subjects regarding frequency and duration of blood sampling important for
obtaining valid and consistent Gl. Wolever et al. (2003) reported that Gl
values, not significantly related to the subjects’s characteristics (age, gender,
ethnicity, BMI and physical activity) therefore, in this study no specific

subject’s characteristics selected for recruiting subjects.

7.6.1 Glucose response and glycaemic index

As mentioned earlier potato is one of the largest sources of carbohydrate in
the world. Potatoes also have long been regarded as one of the highest Gl
values of any foods. While, potato Gl values reported in literature
(International table of glycaemic index and load) include a wide range of
variations in Gl values from 33 to 144 using white bread as a reference food
according to Foster-Powel et al. (2002). The calculated Gl for three steam

cooked potato varieties in this study classified as high Gl = 70.

In the present study, consuming the 50 g available carbohydrate potato
varieties with different TPC and 5-CQA levels resulted in non-significantly
different postprandial blood glucose iIAUC (p < 0.05). This was similar to those
reported by Ek et al. (2014a), Henry et al. (2005) and Fernandes et al. (2005).
The IAUC of Maris Piper and Desire potato (109.29, 98.82 mmol. minL™?)
respectively, were below what was reported by Henry et al. (2005) (167, 133

mmol. min L) for same potatoes respectively.

All potato varieties showed higher blood glucose response than white bread,
but the difference was not statistically significant. This was also observed in
results obtained by Fernandes et al. (2005) for measuring the GI of potatoes.
The glucose response maximum peak for white bread was at 45 min and this

was similar to those reported by Wolever et al. (2008).
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At 120 minutes white bread (reference food) showed higher blood glucose
response than three potato varieties indicating that potatoes were digested
faster than white bread. This was comparable to what was observed in studies
by Fernandes et al. (2005) using 50 g available carbohydrate foods while,
potato prepared with different cooking method (baked, boiled, roasted, instant

mashed, and French fries).

In general the Gl values of three potatoes in this study were described as high
and in the range of Gl values of potato reported elsewhere (79.2- 125.9) using
white bread as a reference food (Fernandes et al., 2005) and higher than Gl
of potatoes reported (Henry et al., 2005, Ek et al., 2014a, Ramdath et al.,
2014, Fernandes et al., 2005), where glucose used as the reference food (59-
94), (53-103), (77-93) and (56.2-89.4) respectively. Wolever et al. (1991)
reviewed important of the choice of the standard food and reported white

bread has higher Gl value than glucose by a factor of 100/73 = 1.73

The Gl values of Desiree and Maris Piper potato in this study (108.72+12.65,
113.51+9.07) are higher than the Gl value reported by Henry et al. (2005) for
same potatoes in Great Britain (table 7.18). While, a Gl of Desiree lower than
reported for Desiree potato in literature (144+22) (Foster-Powel et al., 2002).
The variations in Gl value for same food may be raised from differences in
processing method such as cooking, physiochemical characteristics of food
and differences in Gl testing method (portion size, reference food and blood
sampling) (Foster-Powel et al., 2002, Wolever et al., 1991). Table 7.14 shows
the differences in Gl values of Desiree and Maris Piper obtained by various
investigators. Potatoes in present study steam cooked for 30 minutes and

available carbohydrate was measured experimentally while, in Henry et al.
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(2005) and Ek et al. (2014a) boiled in water for 15 and 8-9 minute respectively.
The portion size of food tested has a major effect on GI value, Wolever et al.
(1991) accounted the variability in the Gl value of potato obtained by various
investigators for the differences in the weight of potato used. Ek et al. (2014a)
used smaller portion size of potato compare to this study and Henry et al.
(2005) obtained available carbohydrate from published values. Thus,
variation in Gl values of Desiree and Maris Piper potato was accounted for
using different cooking method and time as well as different method for

measuring available carbohydrate and portion size.

Table 7.14 Comparison between Gl values of Desiree and Maris Piper
potato obtained by different investigators.

Desiree Maris Piper
1 2 3 4 1 3

Gl 108.72+12 144422 7717 74480 113.5149 85+4
No. of 10,
subjects 9 healthy 10, healthy healthy 10, healthy 9 healthy 10, healthy
Reference White White lucose lucose White lucose
food bread bread 9 9 bread 9
Weight of
available 366 466 NA 197 395 NA
carbohydrate.
Balance g
Cookin F;?:;?g’ peeled, Peeled, Peeled, F;?:g“:g’ Peeled,

g : boiled 35 boiled 15  boiled 8-9 : boiled 15
method cooking 30 . . - cooking 30 .

) min min min ) min
min min
Available
carbohydrate 50 50 50 25 50 50
(g/serving)
. finger-prick
Blood ' . Capillary finger- capil- ) . ) .
. finger-prick blood ? finger-prick  finger-prick
sampling prick lary blood
samples
sample

1 Gl measured in vivo in this study. 2 Gl published in International table of glycemic index and glycemic
load values: 2002 by Foster-Powel et al.( 2002). 3 Gl obtained by Henry et al. (2005). 4 Gl obtained by
Ek et al. (2014a). NA=none available
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7.6.2 Inter-individual variation in glucose response and

glycaemic index

7.6.2.1 None-dietary factors affecting glucose response and glycaemic

index

7.6.2.1.1 Demographics factors

It has been shown that females have lower postprandial blood glucose
response after consuming a meal with rye bran than males (Ulmius et al.,
2009). In present study non-significant correlation was found between glucose
response iAUC in female and male consuming different potato varieties.
Indicating that gender has no effect on glucose response and Gl values. This
is possible due to the small size of male group in this study (2 male) compared

to female (7) subjects.

Ethnicity has been suggested which might affect the Gl (Aziz et al., 2013). In
this study the blood glucose response of South-American subjects were not
significantly higher than Asian of reference and potatoes, and this may
accounted for the small size of South-American only two subjects. Thus,
ethnicity in the present study did not affect the blood glucose response and Gl
values and this was well agreed with the finding in the study obtained by

Wolever et al. (2015).

7.6.2.1.2 Lifestyle factors

According to Wolever (2006) inverse correlation has been shown between
BMI and glucose response. In this study, the blood glucose response iIAUC of
white bread and Rooster potato in overweight BMI subjects were slightly

higher than normal BMI subjects however, the differences was not significant.
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Overall, in present study, BMI was not associated with glucose response

compared to what observed in a study performed by Perala et al. (2011).

7.6.2.2 Dietary factor affecting glucose response and glycaemic index

7.6.2.2.1 Daily energy and carbohydrate intake

It has been shown that consumption of high carbohydrate food has adverse
effect on glucose metabolism and insulin sensitivity. According to Ble-Castillo
et al. (2012) high carbohydrate and high fat diets are more important factors
for metabolic disturbance and insulin resistance than energy intake. It has
been shown that consumption of low glycaemic diet reduces fasting blood

glucose and fasting insulin concentration (Livesey et al., 2008).

Therefore, the effect of energy and carbohydrate on blood glucose response
was investigated in this study and in contrary to studies elsewhere energy
intake nor daily carbohydrate intake were significantly correlated with blood
glucose response IAUC and GI. This possibly due to the small size of the

subjects.

7.6.3 Between individuals variation

In the present study coefficient of variation (CV%) for 50 g available
carbohydrates white bread, Desiree, Rooster and Maris Piper potato were 35,
31, 33 and 28% respectively. The CV% for all tested food samples were
around or slightly higher than the recommended value by Wolever et al. (2008)
(CV% <30). The accuracy could have been improved if the reference and/ or
test food samples had been repeated at least two time, therefore, within-

individual variation CV could be measured. The low average AUC subjects
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have a higher CV and higher CV leads to bias and imprecision of Gl result

(Wolever et al., 2008).

7.6.4 Correlation between in-vivo Gl and in-vitro starch
digestibility

According to Goni et al. (1997) it is possible to determine the GI from the
percentage of total starch hydrolysed in vitro. The Gl of basic and mixed meal
of South Asian origin was predicted from the hydrolysis indices (HI) and a
significant positive correlation was obtained between in vitro HI and in vivo Gl
of the mentioned foods (Hettiaratchi et al., 2012). More recently Ek et al.
(2014a) obtained a significant correlation between in-vitro hydrolysis and in-

vivo Gl values of potatoes.

In the present study a positive correlation between in vitro rate of starch
hydrolysis and Gl of potato was observed. The strongest correlation between
Hl at 5, 15 and 120 min and Gl indicates that this time is the best for estimating
the GI of potatoes and Gl value largely depend on percentage of starch
hydrolysis measured in vitro by mentioning time points. This may account for
accessing of enzyme to rapidly digestible starch at the earlier time of digestion
that cause the fast increase in blood glucose after potato consumption and
120 min also enough to complete digestion of potato starch and reach the

fasting glucose level again.

Thus, the results of this study were in agreement with that an in vitro method
might be used to predict and classify the GI of food particularly simple food

such as potato.
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7.6.5 Correlation between Gl and phenolic content of potatoes

More recently coloured potatoes gained extra interest as they contain
significant amount of polyphenols. Extracted anthocyanin from pigmented
potato showed a moderate inhibitory effect against intestinal alpha
glucosidase in-vitro and negative correlation between potato anthocyanins
and in-vivo Gl have been reported (Ramdath et al., 2014). An in vivo study
also indicated that feeding diabetic rats with 5 and 10% dietary potato peel
powder markedly reduced their blood glucose compared to the control group
(Singh et al., 2005). The author attributed this hyperglycaemic effect of potato
peel powder to the high polyphenol and dietary fibre content of the potato peel.
However, effect of chlorogenic acid 5-CQA that is predominant phenolic acid

in potato and glucose response of potato has not been explored in vivo.

Results from literature and chapter 3 showed that 5-CQA exhibits an in vitro
inhibitory effect against PPAA and mechanism of inhibition was shown to be
a mixed type inhibition. Significant inverse correlation was found between 5-
CQA and predicted GI from the hydrolysis index of potatoes in vitro. The in
vivo Gl assessed the validity of the correlation between 5-CQA and estimated

Gl calculated from HlI.

The present study data of Pearson’s correlation and PCA were showed that
in vivo Gl and iIAUC was inversely related to both TPC of potato (r=-0.82, -
0.95) similar to results obtained by Ramadath et al. (2014) and 5-CQA and
(r=-0.91, -0.75). The digestibility of Desiree appeared to be heavily influenced
by TPC, and digestibility of Maris Piper influenced by 5-CQA in contrast to the
Rooster potato that had lowest 5-CQA. It appears that the same single factor

does not strongly determine digestibility in all varieties.
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In contrast to Ramdath et al. (2014), the present study used peeled potatoes,

and calculated 5-CQA and TPC content of cooked, rather than raw potato.

7.6.6 Correlation between in vivo Gl and physio-chemical

properties of potatoes starch

Although all potatoes in this study were prepared under the same cooking
condition, it was observed that potatoes used in this study differed in the TPC,
starch composition (amylose content) and inner structure (crystalline lamella).
It has been reviewed by Thorne et al. (1983) that starch composition affects
digestibility of starch and consequently affecting blood glucose response after
consumption. The degree of gelatinisation of starch is proportional to the
starch amylose content, the less amylose there is the greater degree of
gelatinisation, digestibility and glycaemic index and vice-versa (Karlson et al.,
2007). In this study the amylose content of three potatoes Desiree, Rooster
and Maris Piper were 28.68+5.11%, 28.06+5.28% and 26.20+2.35%
respectively Chapter 6 and did not differ statistically (p = 0.05). Potatoes blood
glucose response iIAUC and Gl were not correlated with their starch amylose
content r= -0.20 and 0.08 respectively. These results are in agreement with
Ek et al. (2014b) that found potatoes with similar amylose content and cooked
under similar cooking condition differed in both rate of starch digestibility in
vitro and in vivo blood glucose response. Similar results also reported in
uncooked, cooked and retrograded potatoes that significantly differed in their

amylose content (Pinhero et al., 2016).

The results of this study showed that Rooster potato varied from their
characteristics (crystalline structure, granules size and phenolics content)

compared to the other two varieties Desiree and Maris Piper. Rooster showed
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the lowest peak position, highest d-spacing and highest peak area. The low
position of peak meaning thickness and larger size of crystalline lamella which
may arise an from increase of amylose content of starch (Cameron and
Donald, 1995), while according to PCA data the digestibility of Rooster is not
influenced by amylose content and crystalline structure while affected by
granule size. Rooster showed smaller granule size chapter 6 and lowest TPC
and 5-CQA (chapter 5). A significant and negative correlation was found
between IAUC, Gl and potatoes starch granule size parameters (Dvso, D32
and Da43) and a positive correlation with specific surface area. The PCA data
also revealed that the IAUC of Rooster potato was influenced by granule size
and specific surface area as Rooster potato had a positive score for iAUC and
specific surface area and negative score for granules size. Thus, the smaller
starch granule size has a more specific surface area and higher digestibility

than larger granule size this in agreement with Franco et al. (1992).

7.7 Limitations

Although this study evaluated for the first time the effect of 5-CQA level in
potato on their glucose response, only three potato varieties were used. In
order to minimise the large variation of the glycaemic response, the control
and test samples should be repeated at least twice preferably three times.

However, this represents a high burden for the participants.

7.8 Conclusion

The glycaemic index of three potatoes used in this study was classified as
high GI. The demographics and dietary factors had no influence on blood

glucose response and Gl values.
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On the other hand characteristics of potatoes affected the blood glucose
response. A negative relationship was found between both iIAUC and Gl and
TPC and 5-CQA content of potatoes. Amylose content did not influence the
Gl values of potatoes whereas granule size significantly and inversely affected
the Gl values. It appears that the same single factor does not strongly

determine digestibility in all varieties.

This study also successfully validated in vitro Gl with in vivo Gl as the rate of
in vitro starch hydrolysis in steam-cooked potatoes was strongly associated

with the in vivo Gl values.

Moreover, this study for first time suggests that 5-CQA levels in potato could
influence the digestibility of potatoes and blood glucose response. Further
analysis requires recruiting more human subjects and testing more potato
varieties with wide range of TPC and 5-CQA in cooked form to get more

reliable and reproducible results.
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8 General discussion
Potato consumption is increasing worldwide, especially in developing
countries. At the same time, the incidence of diabetes is also increasing.
Potatoes are often referred to a ‘high glycaemic index (Gl)’ foods, leading to
sharp increases in blood glucose concentration following consumption.
However, potatoes contain natural phytochemicals which may inhibit starch
digesting enzymes. One of these phytochemicals in chlorogenic acid, which
is the most abundant phenolic compound in potato. Therefore, the main
hypothesis tested in this thesis is that potatoes containing different levels of
phenolic compounds will display different starch digestion characteristics and

glycaemic responses.

The inhibitory effect and mixed-type inhibitory behaviour of 5-CQA on porcine
pancreatic alpha amylase (PPAA) hydrolysis of artificial substrate p-
nitrophenyl-a-D-maltoside was previously reported (Sun et al., 2016, Narita
and Inouye, 2009). This study for first time evaluated the inhibitory effect of
the 5-CQA on PPAA activity using potato starch as substrate and determined
enzymatic kinetic parameters both in the presence and absence of pure 5-
CQA.The results indicate that 5-CQA significantly (p < 0.05) inhibited PPAA
at two incubation times of 5 and 20 min. The inhibition was more pronounced
at 5 min compared to 20 min. The difference in inhibition at the two reaction
times indicates that 5-CQA is most efficient during early stages of hydrolysis.
It has been suggested that 5-CQA interacts with the enzyme-substrate
complex more effectively than with free enzyme (Narita and Inouye, 2009),
and decreases the affinity for the substrate. At early stages of the reaction, it

is expected that more substrate is available to interact with the enzyme,
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making the interaction with 5-CQA more likely than when the substrate has
been depleted. Pre-incubation of the enzyme with 5-CQA for 10 min in the
absence of substrate increased the inhibition of the enzyme at both time
points. Rohn et al. (2002) reported that the incubation of digestive enzymes
(PPAA, trypsin, lysozyme) with simple phenolic compounds (CQA, caffeic
acid, gallic acid and ferulic acid) for 24 hours resulted in the covalent
attachment of the phenolic compounds to the free amino groups of the
enzymes and in consequence, decreased their activity irreversibly and non-
competitively. The enzymatic kinetic properties were examined by applying
Michaelis-Menten assumptions. Kinetic parameters Vmax and km were
obtained from Lineweaver-Burk plots; km values increased with increasing
inhibitor concentrations while maximum velocity (Vmax) values decreased.
These results are similar to previous reports that also suggest that 5-CQA has
a mixed-type inhibition (competitive and non-competitive) against PPAA when
potato starch is used as a substrate. The non-competitive inhibition of PPAA
was reported for millet seed coat extract using potato starch as substrate

(Shobana et al., 2009).

Since the results showed that 5-CQA inhibited PPAA activity, the next step
was to investigate whether endogenous 5-CQA had a similar effect on native
potato starch. For this approach, five UK potato varieties (Desiree, Mozart,
Rooster, Maris Piper and Maris Peer) were selected because they had
different skin colours and expected to have levels of phenolic compounds.
Firstly, the composition of the tubers was determined. The phenolic compound
(total phenolic content (TPC) and 5-CQA), dry matter (DM) and carbohydrate

content (Total starch (TS) and free sugars) were measured.
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Significant differences were observed between potato varieties in their
chemical components TPC, 5-CQA, TS and DM. Desiree had the highest level
of free sugars and TPC. Maris Piper had the highest level of TS and 5-CQA.
Rooster showed the lowest level of TPC and 5-CQA. The lowest TS content
were observed in Desiree and Rooster. According to Thybo et al. (2006),
genetic variation between varieties significantly contributed to variation in the
chemical components in the raw tubers. The TPC and 5-CQA varied amongst
varieties and the colour of the skin did not appear to reflect the phenolic acid
content in the medulla, as has been suggested by Tierno et al. (2015). As an
example, Rooster has red skin, but its flesh showed one of the lowest TPC
and 5-CQA contents amongst the varieties investigated. Conversely, Maris
Piper has yellow skin and had the highest 5-CQA in cooked flesh. During
cooking, phenolic content decreased in most varieties, except in Desiree
where phenolic content actually increased. Steaming was chosen as the
processing method to reduce leaching of 5-CQA. The losses are likely to be
due to heat degradation. The reason for the increase in Desiree not known,
but it could be due to the solubilisation of phenolics from the matrix during
cooking (Tian et al., 2016). The level of 5-CQA was at the lower end of the
range tested in the in vitro assay using commercial starch, therefore a high
level of inhibition of PPAA was not expected. Nevertheless, a significant
change in digestibility of native starch was observed amongst varieties, and a
significant correlation between 5-CQA and in vitro digestibility was observed.
This suggests the endogenous 5-CQA could be having an inhibitory effect on
the digestion of native starch by PPAA. It would have been interesting to add
exogenous 5-CQA to the native potato starch preparations to evaluate the

levels of 5-CQA that would be required for more pronounced inhibitory effects.
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In addition, testing more varieties would be beneficial to increase the
confidence of the associations. Furthermore, the potatoes were subjected to
simulated in vitro digestion consisting of a ‘gastric phase’ for pepsin digestion,
followed by an ‘intestinal phase’ with PPAA and amyloglucosidase (AMG). An
oral phase was not carried out, even though up to 10% of starch can be
digested in a typical mouthful. The simulated digestion method has been
suggested by several authors as a good predictor of in vivo GI (Argyri et al.,
2016, Goni et al., 1997). It was observed that adding AMG increased the AUC
values of digestion. This was expected as AMG is able to degrade dextrins
(not detected with HPAEC-PAD or DNS) into simple sugars. For this reason,
adding AMG could give a better representation of starch digestion compared
to PPAA alone. However, adding the two enzymes together made it difficult to

interpret whether 5-CQA inhibited AMG, as well as PPAA.

The key results from the simulated digestion experiments were that there were
significant differences in the AUC for starch digestibility amongst varieties.
Statistical analysis using Pearson’s correlations indicated that there are
significant inverse correlations between in vitro starch digestion with
PPAA+AMG and in vivo glycaemic response with potato TPC and 5-CQA,
while, in vitro starch digestion by PPAA was not correlated with potato
phenolic content. In this study, the amount of steam cooked potato used as
substrate contained 10 mg of starch (similar to the first experiments) and
around 0.08 mg 5-CQA. According to figure 3.4B, this is a low concentration

of 5-CQA, enough to inhibit up to 5.8% of the alpha amylase activity.

Table 8.1 and 8.2 clearly illustrates that different results are obtained

depending on the digestion or the detection method chosen. While efforts
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have been made by the scientific community to harmonise the digestion
protocols (and even then there is variation in amount and kind of enzymes
used), there is no harmonised method for carbohydrate detection. The study
by Goni et al. (1997) which is widely referenced in many in vitro digestion
studies, uses the glucose oxidase assay for glucose detection. In our
experience, glucose oxidase is inhibited by phenolic acids, and therefore is
not reliable for carbohydrate analysis of foods containing phenolics, including

potatoes.

Table 8.1 variation between total digestible starch DS in potato varieties
obtained by different methods.

DS
Potato g malljfgge DSppan DSppaa+amc pt
Varietie min’ ' g maltose. min® g glucose. min’
Desiree 13.83+0.462 8.00+0.08° 10.62 + 0,13 3.1x10°
b

Mozart 14.79+1.112 7.91+0.01¢ 10.44+0.33 1.2x10%
Rooster 13.71+0.562 9.31+0.16P 13.81 +0.112 2.1x10°
ngf 15.02+0.452 8.08+0.21¢ 11.63 +0.13 4.0x10°

. -7
'I\D":é'rs 14.09+0.902 9.17+0.01¢ 11.51 + 0.31 5.9x10

*Sugars measured using DNS.

**sugar measured using HPAEC-PAD. Mean value within a raw with different subscript letter 2.
indicate significant differences.

Lsignificant value (one-way ANOVA, P < 0.05).
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Table 8.2 variation between in vitro starch hydrolysis AUC of five
potatoes with different method

AUChppaapnsS) AUCppas+amc
Potato g maltose. AUCeeanpac-paD) g glucose. p1
Varieties L g maltose. min g
min min

Desiree 908.64+38.30° 517.35+12.82° 752.59+29.19P 2.2x10°
Mozart 920.07+14.15° 484.05+5.21° 970.41+38.822 1.3x107
Rooster 920.83+16.39" 509.25:+1.31° 1046.43+48.582  1.3x10°
'\Pﬂizgf 892.15+17.942 507.00+11.51¢ 648.22+220 7.7x107

. -7
'\P/':é'rs 888.97+37.34P 486.27+5.30° 1044.82+41.322 410

*Sugars measured using DNS.

**sugar measured using HPAEC-PAD. Mean value within a raw with different subscript letter °¢ indicate
significant differences.

Isignificant value (one-way ANOVA, P < 0.05).

Using the in vitro digestion data, the hydrolysis index (HI) was calculated and
from that estimated Gl (eGl) was calculated, using the HI of white bread as a
reference. The calculations indicated that all varieties tested should have a

high GI value >70.

This was confirmed by in vivo GI testing of three varieties (Maris Piper,
Desiree and Rooster). These were selected because Maris Piper had the
highest 5-CQA level, Desiree the highest TPC and Rooster with lowest 5-CQA
and TPC among all varieties. More varieties were not tested to limit the burden
of in vivo Gl testing on human volunteers. Variation between eGl in vitro (GI%)
and measured in vivo (GI?) in this study and reported by Henry et al. (2005)
(GI®) are shown in table 8.3. Although, the eGl in all potato varieties was less
than in vivo Gl, the result of this study revealed a positive significant

correlation (p < 0.01) between the rate of starch hydrolysis in vitro and in vivo
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Gl (table 7.14) thus, in vitro starch hydrolysis could be used for estimating Gl.
The value of eGl and in vivo Gl obtained from Desiree in this study was higher
than reported by Henry et al. (2005) while, eGl of Maris Piper was comparable

to Gl value reported for same potato in the mentioned study.

Table 8.3 Variation between Gl obtained in vitro and in vivo

Gl eGl? GI®

Potato Varieties
Mean SEM Mean SEM Mean SEM

Desiree 108.72 12.65 92.95 1.13 77 17
Rooster 132.21 17.03 110.39 0.65 NA NA
Maris Piper 113.51 9.07 82.37 0.32 85 4

lin-vivo Gl (n=9). 2 Gl estimated in vitro from starch hydrolysis index chapter (4). 2in vivo GI from literature
(Henry et al 2011).NA= none available

It was considered that the phenolic acid content could be just one
factor leading to the differences between varieties. The composition and
structure of the substrate (i.e. native starch) could also play an important role.
For this reason, the amylose content and starch granule size and crystallinity

was measured.

The amylose content of starch has been reported irreversibly correlated with
starch digestibility. It was reported that amylose level of starch affects their
crystalline structure by defecting the crystalline region within amylopectin
crystalline lamella therefore, the thickness of crystalline lamella within the
crystalline region of starch attributed to higher amylose content. More amylose
content in starch also produces higher retrograded starch known as resistant

starch after starch gelatinisation which is resistant to digestion by amylolytic
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enzyme. Native starch granule size also inversely correlated with starch
hydrolysis. According to Singh and Kuar (2004) the transition temperatures
and gelatinisation temperature range of the increased with decreasing granule
size. Amylose content positively correlated with d-spacing and negatively with
peak area. In other words, low peak area and peak position arise from higher

levels of amylose which leads to thickness of crystalline lamella d-spacing.

Furthermore, PCA was conducted to better understand the correlations
between all potato components and starch digestibility. The PCA shown in
figure 8.1 explains the correlation between all potato characteristics in term of
starch digestibility in vitro and blood glucose response in vivo, a chemicals
component of potato and physical and chemical properties of potato starch.
According to PCA figure 8.1 A, B the IAUC and percentage of starch hydrolysis
in vitro by PPAA+AMG in Desiree potato were influenced by their higher TPC,
biggest starch granule size and high peak position of SAXS that arise from
less d-spacing of lamella structure, in Maris Piper starch digestibility was

influenced by high 5-CQA, large granules size and higher DM.

Although amylose content varied between the five potato varieties in
this study, the variation was small (+1.98%) and values were close to the
amount of amylose in potato starch as indicated in other studies (Jansky and
Fajardo 2014, Kaur et al., 2007, Noda et al.,, 2004, Kim et al., 1995,
Weisenborn et al., 1994, Cottrell et al., 1995). There were also small
differences in lamellar structure between the varieties, and these probably
arise from their small differences in amylose content. Increasing amylose has
been linked with the disruption of the packaging of amylopectin chains within

crystalline lamellae in crystalline layers and an increase in the repeat spacing
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present in crystalline lamellae (Cameron and Donald 1995). The low value of
scattering vector q representing the thickness of the lamella and larger repeat
distance (Salman et al., 2009). In this study it was observed that Rooster
potato had lower q value and higher amylose content and d value while,
Desiree potato had higher q value and lower repeated distance and amylose
content among all varieties. On the other hand, starch granule size
distributions, greatly varied between varietal sources. Granule size may be
affected by temperature during tuber growth, a study revealed that potato
starch with higher granule size resulted from low temperatures during crop
growth (Kaur et al., 2007). Since only one batch of each variety was tested, it
is not possible to confirm whether the differences observed are due to genetic

or environmental conditions.
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Figure 8.1 Principle component analysis (PCA) using composition and
digestibility data from five potato varieties. Graph shows loading of potato
components; total starch (TS), dry matter (DM), total polyphenol content
(TPC), 5-caffeoylquinic acid (5-CQA), granules size (D32, Dso, D43, Specific
surface area), SAXS parameters and A) iIAUC of glucose released after starch
digestion, B) Starch digestion in vitro PPAA+AMGpns), C) starch digestion in
vitro PPAAmPaec-paD), D) starch digestion in vitro PPAApns), and scores of

PC1 (41.52%)

potato varieties according to PCA 1 and 2.
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8.1 Limitation

In the present study because of the limited time small number of potato
varieties and human subjects were used to investigate the effect of potato 5-
CQA content on starch digestibility. Also, only one processing method was
tested. Several relevant parameters were also not investigated in this study
that affect the starch digestibility because of limited time and some of them
beyond the scope of this study such as gelatinisation temperature, swelling

power of potato starch, viscosity, protein and phosphorus content.

8.2 Conclusions

This study is the first to examine the mechanism of inhibition of pancreatic
alpha amylase by 5-CQA using potato starch as a substrate. Kinetic analyses
showed a mixed-type inhibition. In vitro digestion of steam cooked potato
tubers showed that the 5-CQA content in tubers is probably too low to affect
PPAA digestion, but a significant effect was observed when AMG was also
used. The inhibitory effect of 5-CQA on multiple carbohydrate digestive
enzymes needs further investigation. In vivo, high 5-CQA content in Maris

Piper and Desiree was associated with lower Gl values compared to Rooster.

The results presented in this study suggest that multiple factors affect potato
digestibility, and the effects may be variety specific. Increasing 5-CQA in

potatoes may be a suitable strategy to decrease digestibility of starch.
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Title of study Comparing the glycemic index of potatoes with different level of total
phenolic content in vivo
Ethics reference MEEC 15-006

I am pleased to inform you that the application listed above has been reviewed by the MaPS and
Engineering joint Faculty Research Ethics Committee (MEEC FREC) and | can confirm a favourable
ethical opinion as of the date of this letter. The following documentation was considered:

Document Version Date
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MEEC 15-006 risk_assessment_form_20092015 (1).pdf 1 29/09/15
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Please note: You are expected to keep a record of all your approved documentation, as well as
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Appendix B
Health screening questionnaire

Date: / / Participant code.........

Please provide brief information about yourself by ticking the appropriate
answer(s) or provide additional information where necessary. These
guestions are designed to determine whether you are eligible to participate in
the study. If you have any queries, please do not hesitate to ask the

researcher.
1. Would you consider yourself to be in good health?

oYes oNo

If the answer is ‘no’, please explain the reasons for your choice:

2. Have you ever been told by a doctor or other health professional that

you have any of the following?

oType | diabetes oYes aoNo
o Type |l diabetes oYes aoNo
o Gestational diabetes oYes oNo
(Diabetes during pregnancy)
o Prediabetes oYes oNo
o Impaired fasting glucose oYes oNo
o Impaired glucose tolerance oYes oNo
0 Borderline diabetes oYes oNo

o don‘t know

o don‘t know

o don‘t know

o don‘t know

o don‘t know

o don’t know

o don‘t know

3. Do you suffer from any health problems associated with your digestive
system (stomach, intestine), your pancreas, your liver or your kidneys?

oYes oNo o don‘t know

If the answer is ‘yes’, then please provide details of your condition.

4. Are you taking any type of medication?

oYes o No

If the answer is ‘yes’, please list below the name of all the medications

that you are currently taking:
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5. Do you have any history of allergy (food or non-food related)?
oYes oNo
If yes, which kind of allergy do you have?

8. Are you pregnant? oYes oNo o don‘t know

9. Are you breastfeeding? oYes oNo

Thank you for your time, the answers will allow us to determine
whether you are eligible for the trial. A researcher will contact you
soon to explain what the next steps are.
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Appendix C

pre-study questionnaire and blood measurement record

Date: / / Participant code.........

Please provide brief information about yourself by tick at the appropriate
answer (s) or provide additional information where necessary. These
guestions are designed to gather information about demographic, diet and
lifestyle factors that may affect how you respond to food.

Nationality: oo United kingdom o | Weight:
EU oOther.......
Age (years): Height:

Gender: Maleo Female o

Waist circumference

1. Ethnic background :

o White - British

o White - Irish

o White — Scottish
o Irish Traveller

o Other White Background

o Black or Black British— Caribbean

o Black or Black British — African

o Other Black Background

o Asian or Asian British - Indian

o Asian or Asian British - Pakistani

o Asian or Asian British — Bangladeshi

o Chinese
o Asian Other

o Mixed — White and Black Caribbean
o Mixed — White and Black African

o Mixed — White and Asian

o Other Mixed Background

o Other Ethnic Background

o Information Refused

2. Do you consider yourself to be in good health today?

oYes oNo

If the answer is ‘no’, please explain the reasons for your choice:
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3. Do you drink alcohol?
oYes oNo
If the answer is ‘yes’, how many units do you consume every week?
(1 unit is %2 glass of wine, %2 pint of beer, 1 measure of spirits)

4. What is your usual staple food?
oRice owheat gcorn opotato  oother (please
specify).........o.......

5. Are you currently on a special of diet?
oYes oNo

If the answer is ‘yes’, please specify what kind of diet you are on:

6. Are you vegetarian or vegan?

oYes oNo

7. Do you smoke cigarettes/cigars/pipe regularly?
oYes oNo

If the answer is ‘yes’, how many do you smoke in our day?

8. Do you do any vigorous-intensity sports, fitness, or recreational activities
that cause large increases in breathing or heart rate like running or
basketball for at least 10 minutes continuously at least 3 days a week?

oYes oNo

If the answer is ‘yes’, please specify type of exercise, duration and
frequency per week.

9. Do you do any moderate-intensity sports, fithess, or recreational
activities that cause a small increase in breathing or heart rate such as
yoga, brisk walking, bicycling, swimming, or golf for at least 10 minutes
continuously per day?

oYes oNo
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If the answer is ‘yes’, please specify type of exercise, duration and
frequency per week.
10.How did you come to school today?
0 by foot oby bicycle
oby any other transportation (please specify..................... )
11. Do you feel nervous or stressed today?
oYes oNo

If the answer is ‘yes’, please explain why you think you may be feeling
this way.

12. 24- Hours food consumption recall. Please write down all the foods
and drinks that you consumed in the last 24 hours

Food intake Time Description Amount

Break fast

Snack

Lunch

Snack

Dinner

Snack
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Timetable for the blood glucose measurement record

Time

0 Min

15 Min

30 Min

45 Min

60 Min

90 Min

120 Min

Blood
glucose
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Appendix D
Participation information sheet

The title of the research project: Comparing the glycaemic index of
potatoes with different level of total phenolic content in vivo

You are being invited to take part in a research project. Before you decide it
is important for you to understand why the research is being done and what
it will involve. Please take time to read the following information carefully and
discuss it with others if you wish. Ask the researcher if there is anything that
is not clear or if you would like more information. Take time to decide
whether or not you wish to take part.

What is the purpose of the project?

Glycaemic index (Gl) is a way to measuring the post-prandial glycaemic
response to carbohydrate-rich food compared to a reference food such as
white bread. In diabetic patients, a carbohydrate-rich diet can have detrimental
effects on glycaemic control. Controlling postprandial hyperglycaemia are
thought to be important factors in the prevention and treatment of type-2
diabetes.

Potato has been labelled as a high glycaemic index (GI) food that causes a
sharp increase of blood glucose concentration following consumption;
however there is great variation in the Gl of potato ranged from 56-94.
Preliminary data obtained in the present and published study suggests that
chlorogenic acid is the most abundant phenolic in potato which can inhibit
potato starch digestion in vitro. The level of the total phenolic content of
varieties of potato in present study ranging from 282 — 543 mg per 100 g Dw
measured as chlorogenic acid equivalent. These levels of total phenolic may
be enough to inhibit alpha amylase in vivo.

The aim of this study is to compare the GI of three varieties of potato with
different levels of chlorogenic acid.

Why have | been chosen?

We are looking for a healthy individuals (males and females) aged 18-60
years, living in the Leeds area, who are pregnant or lactating women, not
allergic to any food (potato), not diagnosed with other chronic disease such
as diabetes, cardiovascular disease, cancer and not taking any medication
that affect digestion or the glucose response.

Do | have to take part?

Participation is voluntary and if you do decide to take part you will be given
this information sheet to kneepad be asked to sign a consent form. You can
still withdraw at any time. You do not have to give a reason.
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What do | have to do? / What will happen to me if | take part?

If you decide to take part in this study, you will be invited to attend a briefing
session. During the briefing session the researcher will explain the details of
study and will answer any questions that you may have. If you decide to take
part, you will be given a consent form to sign and you will be given a copy to
keep. You will then complete a health screening questionnaire which will
establish if you are suitable to enrol in the study. If you are eligible, you will be
asked to visit the research centre on 4 occasions for around 3 hours.

On the day before each visit, you will be asked to restrict your physical activity,
refrain from drinking alcohol, smoking for 24 hours and consume high fibre
foods at dinner. You will be asked not to consume any foods or drinks (apart
from water) until you arrive at the research centre. On the morning of the visit,
you will be asked to arrive in fasted. We will then measure your blood glucose
using a finger prick glucose testing strip. Then you will be asked to consume
a portion of steam cooked potato or white bread as provided by researcher,
consumed with a glass of water. Your blood glucose will measured again by
finger prick over 2 hrs at 15, 30, 45, 60, 90 and 120 minutes. You will be asked
to avoid eating or drinking any foods during these two hours. Following each
study visit, you will be provided with a light breakfast. After completion of the
study, a £20 retail voucher will be offered as compensation for your time.

What are the possible disadvantages and risks of taking part?

You may experience minor discomfort from fasting and blood taking by finger
pricking. If you are concerned or feel that you are experiencing high levels of
discomfort, please let the researcher know.

What are the possible benefits of taking part?

There are no direct benefits to participants taking part in this study. We will
let you know the results of your blood glucose test. If we find any abnormal
results, we will encourage you to discuss them with the GP.

Knowledge from this study will allow us to refine the knowledge that we have
on the Gl of potatoes, and may open dietary strategies for people who need
to manage their blood glucose.

Will my taking part in this project be kept confidential? / What will
happen to the result of the research project?

Yes, any information you provide will be treated confidentially and stored
according to the data protection Act (1998). You will not be identified as having
taking part in this study as all completed food diaries will be number coded
and stored securely in a locked cabinet at the school of Food Science and
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Nutrition, University of Leeds. Only researcher and the principal investigator
will have access to the cabinet.

The anonymised data may be published through scientific journals and
through data repositories.

Withdrawing

You can withdraw at any stage of during the study without having to give a
reason. You can also withdraw your data from the study up until the data is
published. However, we kindly request that you let the research team know
by e-mail.

Contact for further information

If you would like more information or have any questions please contact:
Zida Karim

PhD research student

School of Food Science and Nutrition

Faculty of Mathematics & physical Sciences

University of Leeds

LS2 93T

TEL:

E-mail: fszmk@leeds.ac.uk

Or

If you require further information, you may also contact the principal
investigators:

Dr Caroline Orfila by E-mail: C.Orfila@leeds.ac.uk

Dr Melvin Holmes by E-mail: prcmjh@leeds.ac.uk

This study has been reviewed by The Faculty of Mathematics and Physical
Sciences and Engineering Ethics Committee, University of Leeds. [MEEC 15-
006]

Thank you for you to making the time to read this information


mailto:fszmk@leeds.ac.uk
mailto:C.Orfila@leeds.ac.uk
mailto:prcmjh@leeds.ac.uk
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Appendix E
Information on food samples

Type pf meal information

white bread (3 Slices) containing 50g of available

Reference Food carbohydrate+ water

1. Peeled and steam cooked (30 min) Desiree
potato (350 g) + water. The amount of total
phenolic content of cooked potato measured
by Folin-ciocalteu method is 546.96 mg/100 g
DW chlorogenic acid equivalent.

2. Peeled and steam cooked (30 min) Rooster
potato (350 g) + water. The amount of total

Test food phenolic content of cooked potato measured
by Folin-ciocalteu method is 282.03 mg/100 g
DW chlorogenic acid equivalent.

3. Peeled and steam cooked (30 min) Maris piper
potato (350 g) + water. The amount of total
phenolic content of cooked potato measured
by Folin-ciocalteu method is 349.81 mg/100 g
DW chlorogenic acid equivalent.

The volunteers should eat one of the foods reported above in one day, in the amount
mentioned in the protocol.
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Table of test meal randomization

Test food for each study visit is randomized using Latin-squares design.

1= White bread + water

2= Steam cooked Desiree potato + water
3= Steam cooked Rooster potato + water
4= Steam cooked Maris Piper potato+ water
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Appendix E
Invitation sheet

Jine Orfila, Nutrition and Public Health group, School of Food science
yth ics, Physical occtog
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Appendix F
Consent form

Consent to take part in [Comparing the glycaemic index of potatoes with
different level of total phenolic content in vivo]

Please
confirm
the
statements
below

I confirm that | have read and understand the information sheet
explaining the above research project and | have had the
opportunity to ask questions about the project.

| agree for the anonymised data collected from me to be stored and
used in relevant future research.

| understand that any information | provide, including personal
details, will be confidential, stored securely and only accessed by
those carrying out the study.

| agree to take part in the above research project and will inform the
lead researcher should my contact details change.

Name of participant

Participant’s signature

Date

Name of lead
researcher

Signature

Date*

* To be signed and dated in the present of the participant

When completed: one copy for participant, one copy to secure research file.
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Appendix G

Standard operating procedure (sop) measurement of blood

glucose

Objective:

The objectives of this sop is to provide general guideline on how to carry out
blood glucose measuring in order to provide consistency of the procedure as
specified in the trial protocol while, ensuring the safety of subjects and staff
involved in this study.

Equipment

Couch or chair for the patient
Meter

Test Strips

Single Use Safety Lancets
Cotton Wool

Disposable gloves

Sharps bin

Orange plastic disposable bag
Documentation

Procedures
Subject prerequisites

1.

The subject should be fasted for a least 10 hours, and not more than
14 hours, prior to each visit.

The subject should refrain from consuming alcohol during the evening
before the study visit.

The subject should refrain from strenuous exercising in the evening
before and in the morning before each study visit.

Obtaining Blood glucose measurement:

Explain the procedure to the research participant and obtain informed
consent.

Ensure that the participant is comfortable and warm.

Prepare the blood glucose meter and test strip (instruction for this
depends upon the type of glucose meter used). Ensure the blood
glucose meter is clean, working and that the test strips are in date.
Wash hands and put on gloves.

The participant should be asked to wash the area to be used to obtain
the sample with warm water and soap, rinse thoroughly and dry. This
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is to remove any potential interfering substances and to improve the
flow of blood.

6. Prepare the blood glucose meter and test strip.

Insert the test strip to the analyser.

8. Wipe the subject hand by alcohol swap, let the alcohol to dry out before
finger pricking.

9. The areato be used is the side of the finger; the tips are to be avoided.
The chosen puncture site should continually be rotated.

~

10.Use a disposable lancet to prick the side of finger.

11.Wipe off the first drop of blood, and then allow the second drop of
blood to elapse.

12.For blood glucose measurement, then touch the drop of blood to the
front edge of the yellow window of the test strip, ensure the yellow
window is full of blood. Once the result is obtained, record
immediately.

13. Apply cotton wool to the puncture site and apply pressure.

14.The result must be recorded in the relevant study source
documentation.

15. After completion, dispose the lancets and strips in clinical waste bin.

16. In the event the subject becomes unwell, the investigator will stop the
blood measurement and inform the first aid personnel to assist the
subject.

Quality control testing
Quality control refers to the routine testing of the blood glucose and
triglyceride testing meters with control solution. This will ensure the device is
working correctly and assure the investigator of the reliability of results. Quality
control test must be completed prior to use on the study visit.
A quality control must be performed:

» Before using meter for the first time

« Each time a new vial of strips is opened

« If the batteries in the meter have been replaced

» If an improbable result is obtained

The quality control standards should be purchased and used according to the
manufacturer’s instruction. A log of quality control tests should be kept
including the date, the lot number of reagents used, the date the reagent first
opened and their expiry date.

Expected values

For the first glucose and triglyceride measurement, Glucose levels showing
diabetes or hypoglycemia will be notified to the participant and participant will
not be included in the study.

The expected value for fasting blood glucose
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Normal range: 4.1-5.9 mmol/L.

The high fasting level: >6.1 mmol/L.

References:
Buyers Guide, blood glucose systems NHS (2008)
Blood Glucose Monitoring NHS (2013), SOP CRF.C116 Version 3.0

Blood glucose monitoring. Scottish Diabetes Research Network (SDRN)
(2013). Clinical S.0O.P. No. 23 version 1.1
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Appendix H
Demographic characteristics and blood glucose response

Table 1. iIAUC (mmol.min/L) observed in the subjects with different
gender after consumption of food samples. Data expressed as the mean

of IAUC £SD.

Tested foods Male (n=2) Female (n=7) pt
White bread 87.92+32.63 100.75+37.19 0.67
Desiree 71.56+23.02 106.60+30.02 0.17
Rooster 85.05+3.04 131.22+40.86 0.17
Maris Piper 82.67+5.62 116.89+31.46 0.18
p2 0.85 0.40

Table 2. calculated for the subjects with different gender after

consumption of food samples. Data expressed as the mean of GI +SD.

Tested foods Male (n=2) Female (n=7) pt
Desiree 82.19+4.32 116.30+40.21 0.29
Rooster 103.19+34.84 140.51+54.03 0.39
Maris Piper 120.49+30.90 111.52+28.41 0.70
p? 0.46 0.40
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Table 3. IAUC (mmol.min/L) observed in the subjects from different
background after consumption of food samples. Data expressed as mean
of IAUC £SD.

Food samples Asian (n=6) Mexican (n=2) pt
White bread (reference food) 100.36+45.18 70.60+9.54 0.31
Desiree 90.58+23.82 90.55+10.53 0.99
Rooster 116.34+44.66 119.1 +47.37 0.94
Maris Piper 99.27+31.07 119.42+23.93 0.44
p2 0.63 0.34

Table 4. Gl calculated for the subjects from different background after
consumption of food samples. Data expressed as mean of GI+SD.

Food samples Asian (n=6) Mexican (n=2) P!
Desiree 100.33+45.18 128.42+2.44 0.43
Rooster 121.61+39.71 174.83+90.74 0.25
Maris Piper 110.41+23.25 134.33+42.05 0.32

P2 0.62 0.35




