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The antioxidants gallic acid vanillic acid are known to have positive effects on the human body, thus they
were added to potato starch at 5 or 10% at various pH values (3, 5, 7, 9, 11). Total phenolic content (TPC)
peaked for modified starches at 160 μg GAE/g; antioxidant capacity bore no strong relationship to TPC.
Enthalpy of gelatinization and retrogradation were largely unaffected, but other thermal and pasting
properties were drastically altered. 10% modifier had a more pronounced effect on thermal properties,
particularly To and ΔH, whereas 5% modifier had a larger effect on RVA parameters. No V-amylose
peaks were detected by XRD, and FTIR indicated a loss of crystallinity. The resistant starch (RS) content
of native modified granules ranged from 37.6–77.2%, and slowly digestible starch increased compared to
the control. In cooked samples, RS was either equal to or less than the control, ranging from 9.7–15.1%.
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CHAPTER 1
INTRODUCTION
This section contains select excerpts from the article following article: Dupuis, J.H., Liu, Q. &
Yada, R.Y. (2014) Methodologies for Increasing the Resistant Starch Content of Food Starches: A
Review, Comprehensive Reviews in Food Science and Food Safety, 13(6): 1219-1234.
Starch is a major agricultural product that is consumed and/or used on a daily basis nearly the whole
world over. Its uses are various, including industries concerned with food, oil drilling, bio-plastics,
mining, paper, and textiles [1]. Starch is composed of the two gluco-homopolysaccharides amylose and
amylopectin. Amylopectin has straight chain α-(1-4)-linked sections as well as α-(1-6)-glycosidic
linkages which results in a highly branched structure with a molecular weight of up to 1x109 Daltons,
whereas amylose is a predominantly α-(1-4)-linked straight-chain glucan with a molecular weight of up to
1x106 Daltons [2].
In terms of digestibility, starch is typically divided into 3 fractions: rapidly digesting starch (RDS), slowly
digesting starch (SDS), and resistant starch (RS). According to Englyst, Kingman, & Cummings [3], RDS
and SDS are the starch fractions which are hydrolyzed to dextrins by α-amylase within 20 to 120 min
after ingestion, respectively. RS is the portion which is not hydrolyzed after 120 min and continues its
passage from the small to the large intestine [3] where it can then be fermented by the intestinal
microflora [4].
RS can be further divided into 5 classes (Table 1). RS1 is starch that is unavailable to be digested due to
physical constraints, such as an intact hull or incomplete milling, leaving the grain or seed partly intact.
RS2 is composed of native starch granules of select botanical sources, such as potatoes, green bananas,
high-amylose corn starch and some legumes. In these starches, the amylopectin molecule has a larger
proportion of long-chained branches, resulting in a more rigid structure which is devoid of weak points,
thus making the native starch granules highly resistant to enzymatic attack [5]. RS3 is retrograded starch
and is created when gelatinization is followed by a cooling period for an extended period of time. RS3
generation is largely dependent on the amount and length of its amylose chains, with more and longer
1

chains being beneficial. The maximum rate of crystallization takes place when the DP = 80 glucose units;
however, a minimum DP of only 10 is required to facilitate crystal formation [6]. In addition to the above,
the number of cooling/heating cycles done and the storage time and temperature also influence the degree
of retrogradation, which can affect resistant starch content. RS4 are starches which have been modified by
etherifying or esterifying to free hydroxyl groups on the glucose ring, by oxidizing said hydroxyl groups
to carbonyl and, subsequently, carboxyl groups, or by the introduction of indigestible β-bonds caused by
γ-radiation [7]. Lastly, RS5 is characterized by amylose which has been complexed to, typically, a lipid
component to form a helical structure that contains a fatty acid tail within the central cavity [8]. Other
species, such as various phytochemicals, or drugs can also be complexed [9].
Table 1 Types of Resistant Starch
Resistant
Starch Type

Attributes

Example

1

Physically unavailable starch

Unmilled or partially milled grains or seeds

2

Native granules with structures making
then slow to digest

3

Retrograded starches

4

Chemical modified starches

5

Amylose complexes

Raw starch from legumes, potatoes, green bananas or high
amylose corn starches
Starches which have been gelatinized and cooled for an extended
period of time
Starches which have become partially indigestible via oxidation,
etherification, or esterification to free hydroxyl groups, or by the
introduction of β-bonds via γ-irradiation (transglycosidation)
Starches in which amylose chains have complexed with a nonstarch component

In addition to phytochemicals being able to form a type of RS5 by complexing to starch, they also possess
several health benefits, such as anti-cancer properties [10, 11], modulation of obesity and its associated
aliments [12], anti-viral properties [13, 14] and neuroprotective effects [15, 16]. Modification of starch
with phytochemical fractions is currently a field with very limited research, and most is focused on the
thermal, retrogradation, and pasting properties or starches after the direct addition of the modifier [17].
However, research does exist where time was allowed for interaction between starch and the modifier
(ferulic acid), followed by in vitro digestion, but in this case the RS level was unaffected, likely due to the
fact that the starches were fully gelatinized prior to modification [18].
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CHAPTER 2
LITERATURE REVIEW
This section contains select excerpts from the article following article: Dupuis, J.H., Liu, Q. &
Yada, R.Y. (2014) Methodologies for Increasing the Resistant Starch Content of Food Starches: A
Review, Comprehensive Reviews in Food Science and Food Safety, 13(6): 1219-1234.
2.0 Literature Review
2.1 Measurement of Resistant Starch
Several methods are currently used for measuring RS (Table 2); however, the method established by
Englyst, Kingman, & Cummings [3] is one of the most commonly used in vitro digestibility tests for
starch-containing foods. This method attempts to mimic the action of the gastrointestinal tract by utilizing
a guar gum solution in hydrochloric acid (0.05 M) to impart viscosity. By including the use of glass beads
accompanied by longitudinal shaking, peristalsis is simulated as well. Additionally, the Englyst method
also estimates SDS and RS by removing aliquots at both 20 and 120 min to obtain the respective values
for RDS, SDS, and RS, allowing for better estimation of the extent of starch digestion during the transit of
food through the digestive tract.
Both AOAC 2002.02 and AACC 32-40 are identical methods used for measuring RS in food and starch
samples, and can both be completed using a Megazyme resistant starch kit (MRSK) [19]. These methods
draw largely from work previously reported by Goñi, García-Diza, Mañas, & Saura-Calixto [20]. In this
method the sample is hydrolyzed for 16 h using pancreatic α-amylase and amyloglucosidase at 37°C.
After exhaustive amylolysis, the sample is centrifuged to form a pellet, which is then hydrolyzed to
glucose with KOH and the glucose content quantified.
AOAC official method 991.43 for total dietary fiber is often used for measuring RS, and is available as a
kit for measuring total dietary fiber (TDF) from Megzyme [21]. In this method, RS is the difference
between the initial dry weight of the sample and the weight of the sample after hydrolysis, rinsing and
drying [21]. This method should only be used for fiber-free samples since other
3

Table 2 Common Methods for Measuring Resistant Starch
Method for
measuring RS

AOAC 991.43:
Total Dietary
Fibera

Megazyme
Resistant
Starchb/AOAC
2002.02/AACC
32-40

Englyst Methodc

PancreatinGravimetric
Methodd

Goñi Methode

In vivo

Enzyme treatment
-Bacterial heat stable αamylase for 30 min and
98-100 °C
-Bacterial protease for
30 min at 60 °C
-Fungal
amyloglucosidase for
30 min at 60 °C
Pancreatin/amyloglucos
idase solution for 16 h
at 37 °C
-Pepsin for 30 min at 37
°C
-Pancreatin/
amyloglucosidase/
invertase solution for
120 min at 37 °C
-Pancreatin/promozyme
(pullulanase) solution
for 16 h at 37 °C
-Pepsin for 60 min at 40
°C
-Pancreatin for 16 h at
37 °C
-Various endogenous
carbohydrase, lipases,
and protease enzymes

Total digestion
time

Sample weight

RS determined by

90 min

1.000 ± 0.005 g

Weight difference between the
hydrolyzed and the original sample

Glucose content of the remaining non
hydrolyzed fraction; hydrolysis
completed by 2 M KOH and glucose
content determined
spectrophotometrically

16 h

100 ± 5 mg

150 min

700 to 900 mg
dwb

Glucose liberated in 120 min
subtracted from glucose in the total
starch content of the sample

16 h

1.0 g

Weight difference between the
hydrolyzed and the original sample

17 h

100 mg

1.6 to 2.4 daysf

Variable

Glucose content of the remaining non
hydrolyzed fraction; hydrolysis
completed by 2 M KOH and glucose
content determined
spectrophotometrically
Using ileostomy patients: Digesta is
collected as it exits the ileum and a
total starch assay is performed using
KOH to hydrolyze the remaining starch
with the glucose content determined
spectrophotometrically

a

Megazyme [21]
Megazyme [19]
Englyst, Kingman, & Cummings[3]
d
Shin, Lee, Kim, Lee, et al.[22]
e
Goñi, García-Diza, Mañas, & Saura-Calixto [20]
f
Cummings, Jenkins, & Wiggins[23]
b
c

indigestible carbohydrates, such as cellulose, pectin, glucomannan, etc., result in an overestimation of RS.
Similarly, a variation of the AOAC 991.43 method is the pancreatin-gravimetric method where RS is
again determined by weight difference between the digested and undigested samples. However, instead of
using heat-stable α-amylase, protease, and amyloglucosidase, pancreatin and promozyme (a debranching
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enzyme) are used [24]. Other than those endogenous to the pancreatin itself, no additional proteolytic
enzymes are used.
Li, Jiang, Campbell, Blanco, et al. [25] stated that since starch is rarely consumed in a raw state, AOAC
991.43 should be used in lieu of other methods, such as the Englyst method or AOAC 2002.02/AACC 3240. The AOAC 991.43 method includes a boiling step where the sample is kept at 95°C for 15 min
allowing for both for the heat-stable α-amylase to function optimally as well as to gelatinize the starch in
the sample. The latter conditions would more closely resemble the state which starch would likely to be
consumed. Conversely, the Englyst and AOAC 2002.02 methods complete their hydrolysis step at 37°C,
which is the optimum temperature for the porcine pancreatic α-amylase, or pancreatin to function at.
However, many researchers include a boiling/cooking step in the preparation of samples being used for
the aforementioned tests [26, 27]. This compensates for the apparent disadvantage of the tests, which is
that both tests traditionally assay the starch samples without any form of cooking.
Several in vivo methods also exist, with the most accurate involving healthy human ileostomy patients
whereby the digesta is removed at the terminus of the ileum, hydrolyzing the RS, and determining glucose
content. RS can also be estimated by performing a TS assay on rat fecal material; however, this method
does not take into account fermentation which would occur in the rat bowels [28], thus lowering
estimated RS. Additionally, RS may also be estimated by labelling the starch fraction with 13C [29] or 14C
[30] used for feeding trials, thereby allowing the amount of resistant starch to be quantified by the amount
of the labelled carbon leaving the test animal relative to the amount which entered.
Zhou, Chung, Kim, & Lim [31] compared the Englyst, AACC 32-40, and Goñi methods for measuring
the RS of retrograded waxy and normal corn starches. For all samples, the Goñi and Englyst methods
produced similar results, with RS content differing by a maximum of 5.3%, however, AACC 32-40
differed from the Englyst results by as much as 16.0%. The higher values obtained in the Goñi method
was posited to be due to the fact that the Goñi method does not utilize amyloglucosidase in its assay, thus
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leaving soluble starch fragments intact that would have otherwise been hydrolyzed by brush border
enzymes. When the AOAC 991.43 method was compared to the Englyst method by Hasjim & Jane [26]
using normal and acid-modified corn starch, AOAC 991.43 gave an RS value that was about 10% lower
than the Englyst method. However, when the Englyst method was performed, starch samples were first
cooked in boiling water for 30 min, followed by cooling to 37°C before starting the digestion. During
cooling, amylo-lipid complexes formed as indicated by the presence of a V-type x-ray diffraction pattern
in the dry starch samples which may have accounted for the increased RS values. Solubility of
phosphorylated starches is a significant factor in determining their digestibility. When using AOAC
991.43 the RS content of phosphorylated starch was 90.6%, but merely 0.32% when measured using
AOAC 2002.02 [32] due to the inability of this type of starch to be solubilized by 2M KOH. Other
workers [33] have found that utilizing exhaustive amylolysis with two cycles of 100°C for 30 min with
thermostable α-amylase (200 U) followed by amyloglucosidase treatment (132 U, 50°C for 15 min) was
able to fully solubilize phosphorylated wheat starch, allowing its RS content to be properly determined.
Similarly, when Woo & Sieb [34] compared AOAC 991.43 to Englyst, AOAC 991.43 produced an RS
content which was 11 to 78% higher than the Englyst method. In this case, the significantly higher RS
seen in the AOAC 991.43 method was attributed to the low solubility of the phosphorylated starches in
water, thus restricting granular swelling and therefore limiting α-amylase from digesting the starch
molecules [35]. When the pancreatin-gravimetric method was used, RS levels were 1.5 to 81.8% lower as
compared to the AOAC 991.43 method. This was attributed to the fact that the pancreatin-gravimetric
method uses 8.5 times more α-amylase activity units than the AOAC 991.43 method [24].
When measured in vivo, the amount of resistant starch is determined by the quantity of endogenous
digestion enzymes in a given individual, and will thus be subject to variation. Other factors, such as
enzyme inhibitors in a food, viscosity and endogenous protein can also cause the amount of RS measured
to vary. Unless otherwise stated, all RS measurements cited henceforth used the Englyst method, or a
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modified version. For a more comprehensive review of methods for measuring RS the reader is referred
to Perera, Meda, & Tyler [36].
2.2 Genetic Methods for Increasing Resistant Starch Content
Higher amylose content in starch is generally suggestive of increased RS content [37], thus to produce
increased levels of amylose through breeding is a possible method to increase endogenous RS content.
Two methods have been used with success: inbreeding of mutants containing genes for high amylose
production and the inhibition of starch-branching enzymes.
2.2.1 Interbreeding of High Amylose Varieties
In the case of high-amylose corn starches, such as Hylon 5 and Hylon 7 (H5 and H7, respectively),
normal corn lines which were recessive for the amylose extender (ae) gene were inbred to produce corn
lines which were homozygous for the recessive ae gene. Using this method corn starches from ae mutants
have been recently produced with up to 85.6% amylose [25]. By inbreeding recessive genes, amylose
content has also been increased in peas, barley, and rice starches; however, the genes in questions vary
among plants [38].
2.2.2 Inhibition of Starch Branching Enzymes
Another method for increasing RS is by inhibiting the expression of the starch branching enzymes used in
starch synthesis. By preventing the formation of branch points to form amylopectin, more amylose can be
generated, thus potentially conferring higher resistance to digestion. This has been done in 2 different
ways, either by utilizing RNA interference (RNAi), or antisense RNA (asRNA) inhibition. In asRNA,
small RNA sequences complementary to the RNA sequence being used to encode for a specific protein
bind together via complementary base pairing, which halts translation thus preventing the enzymes from
being encoded fully [39]. In RNAi, double-stranded RNA is cleaved into short interfering RNA (about 22
base pair) fragments (siRNA) by the “Dicer” enzyme complex. From there the double-stranded siRNA
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fragments are bound to the RNA-induced silencing complex (RISC) which proceeds to unravel the
double-stranded siRNA, activating the complex. Upon activation, the RISC then goes on to break down
any RNA that has a complementary base pair sequence [40]. asRNA technology has been used to
successfully increase amylose content in potatoes to as high as 59–75% [41] and 40–86% [42], whereas
normal levels are closer to 26% [42]. Using RNAi, high-amylose potato lines were produced with up to
38–87% amylose [43]. Similar trends, utilizing either RNAi or asRNA, were measured in barley, wheat,
rice, and sweet potato which saw amylose contents increase from 28.5 to 89.3% [44], 31.8 to 88.5% [45],
30.0 to 58.3% [46], and 30.4 to 61.0% [47], respectively. Using the asRNA method, it was noted,
however, that as amylose content increased, total starch content in potatoes decreased dramatically,
measuring 6.1% [42]. Similarly, using RNAi, decreases in total starch were also seen in wheat (-8.6%)
[45], barley (-14.6%) [44], and sweet potato (-5.7%) [48]. Lastly, increased yields were noted [42, 43] as
was an increase in reducing sugar amounts [42], indicating that when genes are manipulated, unforeseen
(and potentially undesirable) side effects may arise. Such side effects are likely due to any of the
following: daytime starch reserves are inefficiently metabolized thereby stunting night growth, altered
physical polymer structure may hinder plant processes, or the modified tuber has less of an ability to draw
sugars from green tissues, thus reducing starch accumulation [42]. Although both methods have been
shown to hold merit, many consumers are still apprehensive with regards to genetically modified
organisms therefore high-amylose starches produced using inbreeding may be more attractive to
consumers.
2.3 Physical Treatments for Increasing Resistant Starch Content
2.3.1 Hydrothermal Treatments
2.3.1.1: Heat-Moisture Treatment and Annealing
The application of heat to starch in the presence of moisture has been observed to have a positive impact
on post-gelatinization SDS and RS levels, which is of importance due to the fact that this form of starch
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(gelatinized) is found in most ready-to-eat foods. There are 2 common methods employed for this
purpose: annealing (ANN) and heat-moisture treatment (HMT). During ANN, starch is heated to between
the glass transition temperature and the onset temperature of gelatinization at high moisture content (>
40%) [49, 50] for an extended period (typically 24 h or more). For the HMT, starch is heated to between
glass transition temperature and the gelatinization temperature as well, but at moisture levels < 35%,
frequently for 24 h or less [49-51]. The temperatures commonly used for the HMT are usually in the
range of 100 to 150 °C [49]. However, the temperature at which gelatinization is finished rarely exceeds
100 °C [52, 53] for many starches, except in some high-amylose corn starches [52] and certain
legumes/pulses [54]. The latter can be explained by the fact the gelatinization properties of the starch
become altered with changing moisture content [55].When analyzing starch under controlled amounts of
water using differential scanning calorimetry, as the water content decreases, the melting peak increases
in temperature. Thus during HMT at 35% moisture, the gelatinization temperature for the starches will be
higher than if the starch was in a greater amount of water. In both cases (ANN and HMT), these
treatments allow the amylose and amylopectin fractions to assume a rubbery state, allowing them to
interact to form double helices and to increase the overall stability of the granule to disruption [50],
resulting in increased RS.
When HMT was performed on waxy potato starch (amylose content near 0%) at 20 to 25% moisture for
1, 5, and 9 h at 110, 130 and 150 °C, a combination of 110 °C and 20% moisture for 5 h gave optimal
(peak) levels of RS (66.8%, ungelatinized). Starches that were exposed to T ≥ 130 °C, or had a moisture
content of 30% had decreased RS content [56]. When HMT was performed at 120 °C for 2 h at 30%
moisture on corn, pea, and lentil starches the RS levels increased by 7.7%, 11.2%, and 10.4% in
gelatinized samples, respectively [50]. Similarly, gelatinized wheat starches subject to HMT (24 h,
120°C) at 35% moisture saw RS levels increase from 2.3 to 14.3%. Samples treated at 25 or 30%
moisture did not have a significant effect on RS [57]. Cooked high, normal, and waxy rice starches all
responded positively as well to HMT, with waxy starch having the smallest increases. HMT was also
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performed on the same starches with added 0.2 M lactic, acetic, and citric acids, which resulted in RS
levels as high as 39.0% [58]. This treatment (HMT + acid) was also performed on yam and sweet potato
starches with equal success [59]. It is likely that the increased RS measured is a result of a) the acid
hydrolyzing chains arbitrarily and b) potential esterification of the acids with starch. Likewise HMT and
ANN was also performed on high, intermediate, normal, and low amylose starches, as well as waxy rice
starch. In this case, the normal, intermediate and high amylose starches responded more positively to
HMT, whereas the low amylose and waxy starches responded better to the ANN treatment [60]. However,
in other works, ANN was often found to have a lesser effect on RS levels. In the aforementioned study,
gelatinized samples of corn, pea, and lentil starch subjected to ANN had RS levels 64 to 102% higher
than native gelatinized samples. However, when using the same starches, HMT gave increases as high as
167 to 215% over native gelatinized samples [50]. Similarly, using pea, lentil, and navy bean starches, a
similar trend was observed whereby ANN increased RS by 0.3%, 1.3%, and 1.6% in gelatinized samples
as compared to their respective gelatinized native starches, whereas HMT increased RS by 1.7%, 4.7%,
and 5.0%, respectively [61]. In pinto and black beans given ANN treatment (50 °C for 24 h at 50%
moisture), RS levels increased by 39.7% and 19.7%, respectively [62]. Curiously, pulses appear to
respond more favorably to ANN than cereals, which could perhaps be attributed to the different
crystallinity/crystal structure as reflected by differing x-ray diffraction patterns as well as the increased
amylopectin content seen in pulses [50]. When both ANN and HMT were used in combination (either
HMT + ANN or ANN + HMT) they produced higher levels of RS in gelatinized samples compared to
either treatment alone. However, when HMT was used prior to ANN; the samples developed higher levels
of RS in the gelatinized starch [51, 61]. A HMT (25% moisture, 100 °C, 16 h) was performed on normal
and waxy corn, rice, and potato starches [63]. RS content increased from 27% to 40.3%, in the waxy corn
starch, however, decreased by 4.7 to 29.7% in all the other samples. HMT has also been seen to exert
positive effects on extrudate samples of acid modified corn starch. Samples subjected to a HMT (3 days at
110 °C, 30 to 35% moisture) had a RS content (when measured with AOAC 991.43) which was 5.9–
10.8% higher than extrudate samples that received one day or none [26]. Research involving microwave
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HMT (MHMT) has also been undertaken. Canna starch samples were microwaved at 1000 W for 30 min
at 20% moisture. In native canna starch samples, RS was 27.7%, whereas microwaved samples had
55.5%, which was also accompanied by an increase in amylose content of 12.5–18.5% [64]. This result
was supported by Zhang, Wang, & Shi [65] who previously examined the effect of MHMT on the
enzymatic digestibility of canna starch and found that high (1000 W) or low (600 W) power resulted in
the lowest enzymatic susceptibility. Trinh, Choi, & Moon [66] subjected samples of debranched water
yam starch to boiling for 30 min followed by a hydrothermal treatment (HTT) at 100 °C for 24 h at 40%
moisture for 1-3 cycles (boiling followed by HTT). Initially starches contained about 99% RS, however,
after gelatinization this level was decreased to approximately 13%; but the use of HTT increased RS to
between 92.2% (1 HTT cycle) and 96.5% (3 HTT cycles). HTT encouraged the short-chain amylose
fragments to associate into double helices which formed crystals that coalesced with long chain
crystallites, and increased HTT cycles increased the crystalline perfection of the starch, thus increasing
the RS3 fraction.
2.3.1.2: Autoclaving and Retrogradation Cycles
The use of autoclave technology, followed by retrogradation, has been met with success in terms of
enhancing the amounts of RS. In this method, starch is gelatinized at temperatures above 100°C while
under pressure. During this time, the starch granules become fully disrupted and, upon cooling, the
amylose chains can associate to form hydrogen bond stabilized double helices. These in turn form RS3
crystallites which are inaccessible to starch hydrolyzing enzymes due to their tight packing [67].
Temperatures used for autoclaving often range from 120 °C [68] to as high as 145 °C [67] in the form of
saturated steam, and times ranged from 5 to 30 min per cycle. In general, the more
autoclave/retrogradation cycles that were preformed, the higher the resulting RS content was [67-70].
Samples which were retrograded under typical refrigerator conditions (4 °C) followed by oven-drying
tended to have levels of RS higher than when samples were retrograded at either 95 °C or −20 °C [68,
70]. Dundar & Gocmen [67] subjected high-amylose (about 70%) corn starch to autoclave treatment.
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Samples were autoclaved at 140 °C or 145 °C for 30 min followed by retrogradation to 4 °C for 24, 48, or
72 h. Depending on the treatment, samples received 1, 2, or 3 autoclave/retrogradation cycles, after which
samples were oven-dried in a conventional air oven. For 140 °C samples, the RS yield ranged from 22 to
27% when measured with a MSRK, increasing linearly with retrogradation time. Samples subjected to
145 °C autoclave treatment followed the same trend, except RS contents were approximately 5% higher
at all times. Initial RS contents were not provided. Using 2 high-amylose corn starches, Hylon V (H5)
with 43% RS and Hylon VII (H7) with 53% RS, it was observed that using 3 autoclave/retrogradation
cycles had only negative effects [70]. This treatment decreased RS levels to 26.7% and 37.4% for H5 and
H7 starches, respectively, when measured using a MRSK. Neither acid hydrolysis prior to the 3 autoclave
treatments (133-135 °C for 30 min) nor retrogradation temperature (4 or 95 °C for 24 h) had any
statistically significant positive effect on RS levels. Using the same starches, increases in RS were
observed when the starches were enzymatically debranched prior to 3, 6, or 9 autoclave/retrogradation
cycles. In this case, storage temperature had significant effects on RS levels as H5 samples that received 9
cycles and were stored at 4 °C had RS levels of 42.2%. However, samples stored at 95 °C had levels of
47.7%. Similarly in H7 samples, RS was 51.7% and 57.8% for samples stored at 4 or 95 °C, respectively,
when measured using a MSRK [69]. The method used for drying of the starch also had a significant
impact of measurable RS levels. Samples which were flash-frozen and lyophilized had apparent RS levels
which were 1.8–26.9% lower than oven-dried samples, with the effects being more pronounced in H5
samples [69]. The authors posited this was due to the freezing process limiting the movement of amylose
and hindering its ability to form a uniform crystal structure [70]. The overall effect of autoclaving and
retrogradation cycles on RS content was variable. For normal-type wheat and corn starches, there was a
net increase of approximately 20% in RS content [71]. In another study, banana starches subjected to 1 h
of autoclave treatment at 121 °C, followed by 24 h storage at 4 °C for 3 cycles increased RS from 1.5% in
native starch to 16.0%, and when autoclaving was used following acid treatment, RS was 19.3% using the
Goñi method for measurement [72]. When this high RS banana starch (acid treated + autoclaved) was
used to make a cookie at a ratio of banana starch:wheat flour of 85:15, the RS content increased from
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1.5% to 8.4%, also using the Goñi method [73], however, the effect of this on textural/sensorial properties
was not explored.
2.3.2 High Hydrostatic Pressure
High-pressure processing is typically undertaken by vacuum-packaging a slurry of starch in water and
then placing the hermetically sealed package in a pressure vessel and exacting high pressure, typically in
the range of 10 to 1200 MPa. This results in a product that is partially gelatinized and is more resistant to
enzymatic attack than its non pressure-treated counterpart [74]. High-pressure processing confers
increased resistance to digestion by partially gelatinizing starches during pressurization (due to the use of
lower temperatures), followed by the release of the plenum which causes spontaneous retrogradation,
leading to the formation of RS [75]. Linsberger-Martin, Lukasch, & Berghofer [75] applied either 100 or
600 MPa to 33% wheat, quinoa, or amaranth starch slurries for different times and temperatures. Both
wheat and quinoa starch, regardless of time (10 or 30 min) or temperature (40 or 60 °C), had maximum
RS levels when 600 MPa was used, which resulted in increases from 0.4% to 4.0% for wheat, and from
0.2% to 3.3% for quinoa, as measured using a MRSK. Trials completed at 100 MPa generally saw lower
levels of RS, but increasing time and temperature also led to increases in RS. Amaranth saw a net
decrease in all trials, which was mostly attributed to its significantly lower amylose content (3.3%) when
compared to wheat and quinoa (22.3% and 8.3%, respectfully). Overall these results indicate that both
increased amylose content and increased pressure are key factors in improving RS levels with high
hydrostatic pressure.Zhang, Chen, Zhao, & Li [76] reported that having a higher initial amylose content
(50%) in high-amylose corn starch led to a higher RS content of 11.7%, up from 9.0%, when measured
using a TDF kit. In this case, the starches were fully gelatinized during the high-pressure treatment (10.3
MPa) at 110 °C and then retrograded for up to 120 h, with optimal results occurring after 24 h
retrogradation at 4 °C. Pu, Chen, Li, & Li [77] observed that when high-amylose (about 80%) corn starch
was gelatinized under pressure at 15 MPa for 2 h between 80 and 120 °C, the resulting RS content was
higher than the native gelatinized starch, also when measured using a TDF kit. When the temperature was
13

increased to 130 °C or 140 °C, the RS content dropped abruptly to 2.6% or less [77], which was likely
attributed to the degeneration of long starch chains as a result of a combination of thermal and pleural
forces [78].
2.3.3 Extrusion
Extrusion is commonly used in the food industry to rapidly process food items in a homogeneous manner.
The mechanism by which extrusion increases RS is via the (relatively) high shear conditions causing
depolymerization of the starch molecule, thus producing straight chains that are more likely to retrograde
into RS3 [79]. Liu, Halley, & Gilbert [80] explained that highly branched amylopectin polymers that had
short branched chains were more susceptible to high shear due to the rigidity of the short chains,
therefore, increasing shear-induced scission of chains. Hasjim & Jane [26] examined the effect of twinscrew extrusion on the RS content of acid-modified normal corn starch. Normal corn starch had a RS
content of 11.0%, and after acid hydrolysis followed by low or high shear extrusion conditions, the RS
content increased to 19.0% and 20.0%, respectively, when measured using a TDF kit. Shear was
manipulated by altering the number of kneading paddles utilized on the screw. A different study used
mango starch and a single screw extruder to view the effects of altered barrel temperature, moisture, and
screw speed on RS. Native RS levels were 1.1%, and extrusion increased this to as high as 9.7% under the
conditions of 27.5% moisture, 70 rotations per minute (rpm), and 150 °C, when measured using the Goñi
method [79]. In general, RS content was positively influenced by low or high temperature (102 °C < T >
138 °C), as well as low or high screw speed (58 < rpm > 82), however, moisture content had a negligible
effect on final RS levels. The low screw speeds were conducive to RS formation due to the fact that this
increased the amount of time the starch spent in the extruder, and thus the amount of degradation which
could occur. In an identical experiment using banana starch for extrusion, it was also found that moisture
content was less of an influence on RS than was screw speed (50-60 rpm) or temperature (T > 130 °C),
also measured using the Goñi method [81]. Sarawong, Schoenlechner, Sekiguchi, Berghofer, et al. [82]
prepared banana extrudates at 2 different screw speeds (200 and 400 rpm) and moisture contents (20 and
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50%) at constant barrel temperatures. RS content measured with a MRSK was found to be highly
dependent on the moisture used for extrusion. Samples made at 50% moisture had RS contents of 3.8%
and 3.6%, whereas the low-moisture samples had 1.2% and 0.9%, for samples made at high and low rpm,
respectively. Introducing a retrogradation period of 24 h at 4 °C produced non significant increases in RS
for all samples. However, due to the complex nature of extrusion, it is difficult to compare studies that use
even the same starch source (such as banana starch) due to differences in the extruder used (single vs.
twin screws), screw configuration and speed, as well as other parameters such as the amylose, native RS,
lipid, and protein contents of the starch in question. Additionally, measurement method will have a
significant impact as well. Typically the TDF method is used for measuring uncooked samples, however
this method was used by Hasjim and Jane [26] on extruded samples, despite the fact that these samples
are already cooked, which may thus systematically reduce the RS content.
2.3.4 Remarks on Physical Treatments
Overall many of the physical methods, most notably hydrothermal treatments, autoclaving and
retrogradation cycles, and high-pressure processing, were successful in increasing the RS starch content
of various types of starches. Autoclaving in particular was seen to be the most laborious method, as it was
commonly characterized to have extended retrogradation times typically on the order of 24 h following
autoclaving, and requiring typically 3 to 9 autoclaving/retrogradation cycles. In the future, further
research should be allotted to extending research in the field of high-pressure processing and autoclaving
onto tubers and pulses due to their positive effects, as well as to optimizing the autoclaving process in
order to increase RS while decreasing its processing time.
2.4 Enzymatic Treatments for Increasing Resistant Starch Content
Using enzymatic treatments, RS is primarily increased by increasing the apparent levels of amylose via
debranching amylopectin molecules. Following retrogradation, this will allow the amylose to form a more
tightly packed crystalline structure which is difficult for enzymes to hydrolyze. Typically debranching
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enzymes such as pullulanase or isoamylase can be used to manipulate RS levels in a positive fashion.
Both pullulanase and isoamylase exclusively act on the α-(1,6)-glycosidic bonds found at branch points
on amylopectin molecules, which in turn increases the apparent amylose content while maintaining a
constant total starch level. Other enzymes such as α-amylase, β-amylase, and transglucosidase can be
used; however, they possess no debranching activity. Instead, α-amylase arbitrarily cleaves all α-(1-4)glycosidic bonds, except for those near branch points, to produce glucose monomers, whereas β-amylase
acts only on every other α-(1,4)-glycosidic bond from the non-reducing end of an amylopectin or amylose
molecule, causing it to cleave maltose units. This will cause complete hydrolysis of amylose and of the
short, outer branch chains on amylopectin. These enzymes (α- and β-amylase) may be used to hydrolyze
the amorphous regions within the starch granule, leaving behind tightly packed crystallites which are
more resistant to digestion. Conversely, transglucosidase creates new α-(1-6) bonds, increasing branching
density and thereby reducing the amount of hydrolysis which can be completed by α-amylase. Since the
aim of enzymatic treatment of starch is typically to hydrolyze the amylopectin branch chains, and not the
amylose, pullulanase and isoamylase are more commonly used. Therefore, when starch is undergoing
enzymatic debranching, the amylopectin content and structure will heavily influence the final RS content.
When debranching is undertaken, the amylose content will increase, which upon retrogradation will
produce higher levels of RS due to amylose forming tightly-packed crystals of RS3, resulting in an
overall increase in the degree of crystallinity [83]. Additionally, the amylose strands may re-align to form
double helices stabilized by hydrogen bonds, which can lead to further formation of RS3. Although
increased amylose content within a starch from a given botanical source is indicative of increased
crystallinity [83], no such trend exists between starches from various sources [84]. However, crystallinity
(as measured by X-ray diffraction) and double helix content (as measured by nuclear magnetic resonance)
are highly correlated [84]. Although increased amylose content increases RS3, the production of
excessive numbers of short chains (DP < 10) may inhibit crystallization, potentially creating a more
amorphous structure that has a lower RS content [66]. Therefore, when debranching, choice of enzyme is
important, as is choosing an optimal pH, and temperature to use, in order to maximize enzyme
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performance. It is, however, difficult to gauge time and temperature parameters, as well as the
concentration of enzyme to use, due to the heavy influence and variability of amylopectin. The reaction
may also be impacted, to a small degree, by the presence of other components in the starch matrix such as
small amounts of lipid that may complex to form RS5, as well as endogenous protein and minerals, such
as phosphorus [85].
β-Amylase was used by Hickman, Janaswamy, & Yao [71] to prepare enzyme-modified wheat and corn
starches. Starches were subjected an autoclave treatment (3x 121 °C for 30 min) followed by 20 h of βamylolysis. As a result of this treatment, the RS content of the corn starch increased from 11.4% to
29.9%, and from 9.1% to 23.1% for the wheat starch, whereas the autoclave treatment alone only
increased RS levels by less than 2% over native RS levels. Miao, Xiong, Jiang, & Jiang, et al. [86] also
saw agreeable results in maize starch with the RS content nearly doubling after β-amylolysis for 12 h. In
β-amylolyzed smooth and wrinkled pea starches, RS increased 3.6 to 13.1% and 4.1 to 7.6%,
respectively. When β-amylolysis was used in conjunction with transglucosidase, RS increased in both
samples to 17.6% [87]. Zhang & Jin [88] utilized α-amylase in conjunction with pullulanase and
increased the RS content in normal corn starch to 58.9% (from initial levels of about 45%) when
measured using the Goñi method [88]. Overall, they found that if the reaction time was too long, RS
content declined rapidly, likely due to the α-amylase hydrolyzing the chains debranched by pullulanase to
maltodextrins. The amount of α-amylase used was also a significant factor; since high concentrations
were used, excessive glucose levels tended to inhibit amylose crystallization, thus decreasing RS [88]. In
debranched waxy starches significant increases of RS were seen. In waxy wheat and corn, RS levels were
increased from 0.4% to 67.7% and 4.3% to 68%, respectively, using 1% isoamylase for 24 h followed by
storage at 25 °C for 24 h [89]. Reddy, Suriya, & Haripriya [90] used pullulanase to debranch gelatinized
red kidney bean starch. Native samples possessed 21.3% RS, whereas samples which were debranched
for 10 h had RS levels of 31.5%, and those that were debranched followed by autoclaving (121 °C for 30
min) and retrogradation (4 °C, 24 h) saw RS levels higher yet, at 42.3%, as measured using a MRSK.
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Amylose content also increased from 25.3% to 67.7%, reinforcing the fact that debranching enzymes
cause the apparent amylose content to increase. Increases in RS have been attributed to the autoclave
treatment re-gelatinizing the starch, which allowed the amylose chains to better realign during
retrogradation, thus forming RS3. In addition studies using pullulanase have been successful in increasing
RS levels of both cassava (3% to 35%) and normal potato starches (5% to 48%) [91], precooked normal
corn starch (7% to 25.5%, with a MRSK) [68], and taro corm (2.2% to 35.1%, using a method similar to
the MRSK) [92]. In waxy rice starch, pullulanase debranching increased native RS levels from 22.1 to
34.7%, and then honed the crystal structure of the starches using boiling/refrigeration cycles to increase
RS to as high as 38.4%. Upon cooking debranching alone saw non-significant changes in RS, however,
debranched and recrystallized samples had RS contents higher than the control [93].
2.5 Chemical Modifications for Increasing Resistant Starch Content
2.5.1 Lintnerization/Acid-Treated Starch
Lintnerization is the term applied to starch subjected to mineral acid treatment. Unlike other chemical
methods, starch which has been acid treated (lintnerized) obtains its resistance to digestion by the acid
eroding away the amorphous sections of the starch, leaving behind a higher proportion of crystalline
regions relative to what is present prior to acid treatment. These crystalline regions are more difficult for
enzymes accessibility, and as such are more resistant to digestion. The use of mineral acids to increase RS
content of starches has been observed to have minimal to no effect. Banana starch subjected to
lintnerization saw significant, but small, increases in RS. After 6 h of treatment in 1 M HCl at a ratio of
5:4 (starch to acid, w/v), RS was 2.6%, versus 1.5% in the native starch [72]. RS levels were determined
using the Goñi method. In one study, using H7 corn starch, 1% HCl was added to a starch slurry
containing up to 35% solids and hydrolysis was carried out at 45 °C for up to 78 h. After in vitro enzyme
analysis was completed on the 78 h samples, it was found that there was no statistically significant
increase in RS content [94]. This same trend was noted by Ozturk, Koksel, & Ng [70] who also noted that
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acid treatment prior to autoclaving also had negligible effect on final RS levels of H5 and H7 corn
starches, however, their hydrolysis times were only 3 h. Nagahata, Kobayashi, Goto, Nakaura, et al. [95]
subjected waxy, normal, and H5 and H7 corn starches to 24 h acid hydrolysis by (HCl). The RS content
was determined using a MRSK and the RS content of the waxy corn starch decreased by 0.3%, however,
the other starches increased by 6.7%, 17.6%, and 28.2%, respectively. These increases were relative to the
amount of starch left behind after acid hydrolysis, as in a long-term study (100 h of hydrolysis) using H7,
total crystallinity and RS increased, however, starch yield along with the amount of high-molecularweight starch fragments decreased [95]. The acid predominantly hydrolyzes the amorphous regions,
leaving behind the crystalline regions which both offer higher resistance to acid and enzyme attack. Mun
& Shin [96], using the pancreatin-gravimetric method, reported that 3.9% of native corn starch and 44.1%
of retrograded corn starch became hydrolyzed after treatment of 0.1 M HCl over 30 days. Accompanying
this was an increase in RS from 5.9 to 9.1% and 13.8 to 25.9%, respectively, reinforcing the notion that
the increases seen were not due to the acid-driven generation of new RS.
2.5.2 Phosphorylation
Phosphorylation is one of the predominant methods used for the cross-linking of starch. During
esterification with sodium trimetaphosphate (STMP) and sodium tripolyphosphate (STPP) cyclic and
acyclic monostarch monophosphates, monostarch diphosphates, and distarch monophosphates form [97]
and when POCl3 is used, only distarch monophosphates form [98]. In both cases the phosphates can both
create steric hindrances for the enzyme as well as crosslink adjacent starch molecules, heavily restricting
granular swelling and preventing enzyme access to the starch granule. As well, in some cereal starches
there are porous channels that are present which lead inward on the granule surface, and the crosslinking
may prevent α-amylase from entering the granule [34]. This is typically done under alkaline conditions
(pH 10-12.5). In corn and wheat starch, changing the pH from 11 to 12 led to an increase in RS from 5.2
to 49.4% and 15.9 to 85.2% (measured with TDF), respectively, with RS being further increase when
temperature increased from 38 to 70°C [99]. Typically a ratio of 99:1 (STMP:STPP) is used for
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modification as STPP has been shown to have significantly a lesser effect on RS content than does STMP
[34]. In addition, 12% phosphates by weight is typically used for modifications due to the fact that this
results in the starch being approximately 99% crosslinked [100], thus there is little need to use excess
reagent. The U.S. Food and Drug Administration (FDA) limits the amount of bound phosphate allowed in
modified food starches to 0.4% [101]. At a rate of use of 12%, bound phosphate was shown to be 0.37%
in wheat starch [97] and 0.38% in pea starch [102], which would, therefore, make the use of higher
inclusion rates bordering on violating FDA regulations.
In a study by Woo & Seib [34], wheat starch was crosslinked for varying periods (1, 2, 5, and 7 h) using
12% STMP/STPP (99:1) at 45 °C, pH 11.5, with 10% Na2SO4. RS content increased with time from 35.5
to 66.1% in pre-gelatinized samples, with the rate of reaction slowing at the end of the assay, which was
likely due to decreasing amounts of reactants (non sterically hindered starch hydroxyl groups or
phosphate) [34]. In post-gelatinized trials, the 7-h samples had the highest RS levels at 15.2%. In pea, and
normal corn starches, crosslinking using 12% 99:1 STMP/STPP resulted in RS content of 64% [102]
(native levels not stated) and 58.7% [100] (up from 5.5%), respectively. Using canna starches,
phosphorylation increased RS levels from 88.2 to 94.1%, and following 40 min of gelatinization at 100
°C, final RS levels were 19.8%, which was 7.4% higher than the control [103]. Rice starches also saw
significant increases; typical RS levels in rice are approximately 0.9% [104], and after crosslinking
treatment using 12% STMP/STPP (99:1) levels were increased to 38.3%, as measured by the TDF
method [105]. Sang, Seib, Herrera, Prakash, et al. [97] examined the effect of high pH (9 to 12) on the RS
levels of phosphorylated wheat starch and found that for pH ≤ 11 there was little effect on RS content.
Initial RS levels of the wheat starch were 3.0, and phosphorylation increased this value to 68.7%. The
phosphorylated wheat starch was treated at elevated pH levels (9, 10, 11, and 12) and the RS content
assayed again. From pH 9 to 11, the RS content varied slightly from 66.3% to 68.0%, but at pH 12 the
digestibility suddenly increased as RS content fell to 62.7%. At pH 12, total phosphorus content
decreased by 22%, along with the monostarch monophosphate (cyclic and acyclic) and monostarch
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diphosphate contents, however, levels of distarch monophosphate increased by 18%. The latter was
thought to have occurred due to the other starch phosphate fractions reacting with adjacent hydroxyl
groups at the high pH of about 12, causing new distarch esters to form. These newly formed distarch
monophosphates were more resistant to enzymatic hydrolysis, thus despite total phosphorus content
significantly decreasing, smaller decreases were seen in the resulting RS amounts as a result of the
increased distarch monophosphate content. Wheat starch crosslinked with STMP and STPP was
incorporated into bread and sugar-snap cookies at levels up to 50% by replacing the wheat flour fraction
[106]. Breads produced had higher crumb firmness than controls, and were denser as well. When used in
sugar-snap cookies no significant textural changes were observed. The modified starch better survived the
baking process when it was used in cookies, as the recovery of RS in the cookies was 106%, whereas in
the bread the RS recovery was only 35% [106]. In both cases the phosphorylated wheat starch was used at
a 1:1 ratio with wheat flour (dry weight basis). Other novel phosphate-based modifications also include
phosphorylation followed by acylation. Banana starches were firstly crosslinking and then treated with
acetic anhydride. This treatment heavily restricts granular swelling as well as introduced new groups to
sterically hinder enzymatic digestion. In said starches the RS content was approximately 25% (Goñi
method), but after the dual modification treatment the RS content was 90% [107]. As previously
mentioned, however, the vast increase in RS was likely the result of the starches becoming much less
soluble due to the degree of modification.
As an alternative to using a combination of STMP and STPP, phosphoryl chloride (POCl3) can also be
used as a phosphate-based crosslinking agent. The phosphorus group readily reacts with the hydroxyl
groups on amylose and amylopectin, displacing the chloride groups to form distarch phosphates [98]. In
waxy corn starch, POCl3 increased from RS content from 0% to 12.9% [108].

21

2.5.3 Carboxymethylation
When monochloroacetic acid is added to starch the chlorine atom is displaced from monochloroacetic
acid and the remaining intermediate molecule reacts with the free hydroxyl groups on the starch forming
ether linkages, which are large, bulky side groups which obstruct the starch from enzymatic attack. This
reaction is done under alkaline conditions as the base causes granular swelling, and, therefore, greater
access to the modifying group, as well as causing the hydroxyl groups on the starch to become more
nucleophilic, thereby increasing reactivity [109]. Liu, Ming, Li, & Zhao [110] worked with
carboxymethylated potato starches using 2 methods: one conventional treatment and one that used
microwave assistance. Both methods gave similar results at a comparable degree of substitution (DS). At
a DS of 0.30 to 0.32, RS content was 20% to 20.4%, and at a DS of 0.0 to 0.08, RS was 14.6% to 15.4%
(for the conventional treatment and the microwave-assisted treatment, respectively). Microwaving did not
enhance RS content any more than the conventional treatment, but it did reduce reaction times from 150
min to 45 min while producing comparable results. Carboxymethylation treatment used on rice produced
RS levels of 0.2%, down from 4.7% in the native samples, when measured using a MRSK [111].
However, when carboxymethylation was used with 5-10% epichlorohydrin, RS levels of between 7.6%
and 5.0% were obtainable, decreasing with increasing epichlorohydrin content.
2.5.4 Oxidation
Oxidation is often undertaken using sodium hypochlorite (NaClO), hydrogen peroxide, periodate, oxygen,
ozone (O3), and permanganate, but most of these methods have a negative aspect associated with them
since they produce large amounts of salts, which then need to be dealt with after the modification is
completed. Ozone, hydrogen peroxide, and oxygen, however, have the benefit of having no salts
associated with them, and as such are considered “greener” methods. When the oxidation treatment is
performed, free hydroxyl groups located on the C2, C3, and C6 sites on the glucose molecule are oxidized
to carbonyl groups, and subsequently to carboxyl groups [112], thus increasing the content of both in
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oxidized starches [112, 113]. The added carbonyl and carboxylic acid groups act to create steric
interference for the digestive enzymes, thereby increasing RS. In one study, NaClO was added at 6% to
normal corn starch at pH 9.5 for 30 min at 35 °C. In the resulting starch, RS content was 35.1%, while
native starch had 11.7%, and after gelatinization the RS content was 13.0% [114]. The researchers noted,
however, that the oxidized starch experienced accelerated enzymatic hydrolysis by α-amylase, which was
likely due to the fact that oxidation hydrolytically degraded amylopectin and amylose (particularly in the
amorphous regions) (An 2005). In normal corn starch, oxidation was seen to increase the amount of
small-chain sections in the DP 6-12 and DP 13-24 fractions [112]. Simsek, Ovando-Martínez, Whitney, &
Bello-Pérez [62] used ozone (O3) as the oxidizing agent whereby samples of dry bean starch (black and
pinto) were subjected to treatment for 30 min, while O3 was pumped through at a rate of 15.3 mmol/min.
In black bean starch, ozonation increased RS levels from 36.2% in native samples to 44.7%, and in pinto
bean samples increases were less but still significant as RS went from 41.6% to 44.6% [62]. Ozone has
also successfully been used by An [115] to improve the RS content of rice starch. A solution of 20% rice
starch in water received an ozone treatment at a rate of 1.39 mmol/min for 15 or 30 min. After the
treatment the RS content increased, with higher levels corresponding to longer ozone treatment. The
initial RS content was 5.4%, and it increased to as high as 8.4% after 30 min of treatment. An [115] made
their RS measurements using a method similar to that of the TDF method. Ozonation also increased the
amylose content in rice starch [115], indicating that O3 treatment may aid in the formation of RS3 in
retrograded starch.
2.5.5 Acetylation
Acetyl groups can be esterified to starch using free hydroxyl groups present on the glucose subunits with
acetic anhydride frequently being used; however, vinyl acetate has also been utilized. These added acetyl
groups create steric forces which make the digestive enzymes unable to properly bind to the starch,
preventing full hydrolysis. Sha, Xiang, Bin, Jing, et al. [104] employed the vinyl acetate method to
modify rice starch. Initially the RS content in the native starch was 0.9%, and acetylation increased levels
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to between 54.0% and 69.5% depending on the reaction and storage conditions. The highest RS levels
were achieved using a 5 h reaction time at 30 °C with 16.6% vinyl acetate. Chung, Shin, & Lim [114], on
the other hand, used acetic anhydride at 6% of starch weight on normal corn starch. RS levels for non
gelatinized and gelatinized starch following acetylation were 23.4% and 14.3%, up from 11.7% and 7.3%,
respectively. On trials with canna starch, acetylation increased RS to 91.4%, up 3.2% over the native
samples, and following 40 min of gelatinization, the RS content in acetylated the starch was 26.6%, more
than twice that of the native samples [103]. When acetylation was used in conjunction with crosslinking
(using POCl3), RS content was increased from 12.9% (with crosslinking alone) up to 24.2% [108].
Acetylation also increased black bean and pinto bean RS, from 36.2% to 44.3%, and 41.6% to 43.0%,
respectively [62].
2.5.6 Hydroxypropylation
Propylene oxide is typically used for hydroxypropylation and it is etherified to free hydroxyl groups on
the starch, typically under high alkaline conditions (pH 11.5) [114]. This creates bulky substituted groups
on the starch, which can prevent the carbohydrate digestion enzymes from interacting with the starch,
thus conferring resistance to digestion. In canna starch, hydroxypropylation increased RS from 88.2% in
native samples to 93.4%, and following 40 min of gelatinization the hydroxypropylation canna starch
retained 32% RS content [103]. Normal corn starch was treated with propylene oxide at 10% for 40 h at
pH 11.5 and the RS content increased from 11.7 to 34.2% and following gelatinization, RS content was
19.5% [114]. When crosslinking (using PClO3) was performed followed by hydroxypropylation, RS
increased 1% over the initial crosslinked levels [108]. Hydroxypropylation executed in the presence of
NaCl (0.629 and 0.471 M) followed by crosslinking with POCl3 resulted in RS levels being increased
from 0% in native waxy corn starch to 25.6%, with the addition of NaCl enhancing RS production [108].
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2.5.7 Succinic Anhydride and Octenylsuccinic Anhydride
The succinic acid moiety possesses 2 carbonyl groups which can form ester linkages with the starch
components, reacting with the hydroxyl groups typically at basic pH (generally ranging from 8.5 to 9)
[116]. When succinic anhydride is complexed with an octene group, octenylsuccinic anhydride (OSA) is
produced and the molecule gains a significant hydrophobic portion endowing the starch with
emulsification properties. As OSA reacts with starch, the anhydride ring of OSA breaks and forms and
ester with a starch hydroxyl group; and the remaining carboxylic acid group from the severed anhydride
can also potentially esterify to a different starch molecule, creating crosslinked starch. Zhang, Huang,
Luo, Fu, et al. [117] esterified H5 starch with octenylsuccinic anhydride at up to 10% the weight of the
starch and at a maximum DS of 0.040; RS levels were 86.3%, compared to native levels of 69.2%.
However, in cooked OSA starch samples at a DS of 0.040, RS was only 7.5%, which was not statistically
significantly higher than in cooked native samples. The starches were imaged using confocal laser
scanning microscopy, and the authors noted that the OSA primarily esterified on the surface of the
granule [117]. This was likely due to the fact that H5 starch was utilized, which has an amylose content of
approximately 55% [70], and thus a much tighter crystal structure and less amorphous regions than in
normal or waxy corn starches. The tight crystal structure a) restricts the amount of reactive surfaces and
b) inhibits total granular disruption. In waxy starch, it was determined that OSA groups esterified onto the
outside of the granule, as well as within the amorphous regions [118]. Similarly, RS content increased
from 0.8% in cooked normal corn starch to 13.2% when OSA was added at 10% the weight of starch, but
in H7 starches RS content decreased from 24.1% in native H7 starch to 20.9 in the 10% OSA starch
[119]. The decrease seen in the 10% OSA H7 starch was attributed to the OSA decreasing the
gelatinization temperature and the gelatinization enthalpy of the modified starch. Thus when the OSAmodified H7 starches were cooked in a boiling water bath prior to having their RS content assayed, they
were more susceptible to gelatinization and had lower RS content. Ai, Nelson, Birt, & Jane [119] also
determined RS content in vivo using rats. Rats were fed a diet which included cooked starches. For the H7
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control, RS was 13.2%, and for the 10% OSA-modified H7 starch RS was 14.6%. Both of these values
were lower than the RS content determined using the Englyst method. This could possibly be attributed to
the fact that the RS was recovery from the feces of the rats, and not the ileum. Since the RS content was
calculated from the total starch in the feces, this would not take into account the RS which was fermented
in the large intestine of the rat. Miao, Li, Jiang, Cui, et al. [120] also examined the effects of OSA on
sugary corn soluble starch and waxy corn starch. In non modified samples, the sugary corn soluble starch
had an RS content of 10.8%, and when esterified with 3% OSA, the resulting modified sugary corn
soluble starch had a DS of 0.0192 and an RS content of 26.8%. At the same addition rate of 3% OSA, the
waxy corn starch had a slightly lower DS of 0.0186, and the RS content increase from 5.8% in the
unmodified starch to 12.8%. In banana starch, OSA was esterified at 3% starch weight for 6 h at room
temperature. The resulting OSA starch had 82.6% RS, which was lower than the native starch that had
85.1% [116]. In cooked samples, RS levels in the native starch were less than the OSA starch, which had
21.5% and 25.0% respectfully. Similarly, increases in RS in both native and gelatinized starches as a
result of OSA treatment were seen in canna starches [103], as well as corn, tapioca, rice, potato and wheat
starch [121]. Li, Zhang, Chen, Xie, et al. [122] used pyridine in lieu of water for the aqueous reaction
medium and did their esterification at 85 °C for 2 h. The amounts of OSA used were not given; however,
they produced starches with a DS of 0.19 to 1.21. RS content ranged from 39.1% to 97.4% in highly
substituted samples, with an initial RS content of 1.7% in normal corn starch when assayed according to
the TDF method. Han & BeMiller [108] performed various types of HMT using times and temperatures
ranging from 2 to 5 h at 120 to 140 °C with waxy corn starch following OSA esterification at 3% starch
weight, and they found that for all HMT used the RS content was lowered from the initial OSA RS level
of 22.1%. When OSA esterification and HMT at 130 °C for 4 h was conducted, following HP treatment,
RS content increased to 40.7%. However, when OSA + POCl3 or POCl3 + OSA were done, RS fell to
under 6% [108]. Using 3% OSA, RS was increased in normal corn starch from 1.1% (native) to 28.6%
(OSA), in tapioca starch from 0.1% to 27.8%, and from 3.9% to 32.8% in potato starch. When 4%
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succinic acid was used in lieu of 3% OSA in the same study, RS levels increased during HMT,
maximizing at 25% after 4 h of 130 °C treatment [108].
2.5.8 Citric Acid Treatment
Citric acid acts on starch in 2 ways. First, it acts as an acid, arbitrarily hydrolyzing the glycosidic bonds
between glucose subunits; and, second, by esterifying to starch via its carboxylic acid groups. Two of the
3 carboxylic acid groups condense to form an anhydride with which the free hydroxyl groups on starch
can react with, breaking the anhydride ring and forming monostarch citrate. The remaining 2 free
carboxylic acid groups can again form an anhydride, and the process is then repeated to form distarch
citrate which inhibits granular swelling and confers enzymatic resistance [123]. Before treatment, starches
are commonly autoclaved in order to fully gelatinize the samples to disrupt the granular structure and
increase the amount of reactive surface area. Sun, Xiong, Xing, & Sun [124] undertook a study in which,
following autoclaving at 121 °C for 30 min, starch samples were mixed with 0.1 M or 0.01 M citric acid
and left to react for 12 h at room temperature. Control samples which only had water added had an RS
content of 8.3% after sitting for 12 h, whereas the samples subjected to 0.01 M and 0.1 M citric acid
treatment had 9.9% and 11.7% RS, respectively, when measured using a TDF kit. Similarly using rice
starch, samples were mixed with 10 to 50 mL of 0.1 M citric acid followed by autoclave treatment
although the starches were subjected to different time (0 to 24 h) and temperature (4 to 130 °C) treatment
combinations after which RS content was measured. Control samples had 16.2% RS, while citric acid treated samples had as high as 40% RS, and after gelatinization RS remained as high as 30.3% [24].
Similarly, various concentrations of citric acid (0.1, 0.5, 1 M) was mixed with corn starch (2:3 starch to
acid) and heated to autoclave temperatures (140 °C) using an oil bath for 30 min followed by storage at
4°C, resulting in RS increasing from 18.3 to 36.6% in the 1 M citric acid treated sample [125]. Using the
same acid concentrations in conjunction with HMT at 50 °C for 1, 4 or 8 h had no positive effect on
samples, as all were decreased to levels lower than the control. Evidently the excess heat is necessary to
esterifying the citric acid molecule to free starch hydroxyl groups. Other non-autoclave methods have
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been examined extensively as well. Xie & Liu [123] used citric acid solution (pH 3.5) mixed (1:1, w/w)
with various corn starches (normal, waxy, and H7) and allowed them to react for 16 h at room
temperature. Afterwards samples were heated 3 to 9 h at 120 to 150 °C. For normal and waxy corn
starches the largest increases were observed, with RS content going from 8.7% to 78.8%, and 8.4% to
87.5%, respectively, as measured with a MRSK. The H7 starch (with about 70% amylose) increased from
44.9% to 86.4%, likely due to a larger proportion of its amylose ordered crystals, whereas the normal and
waxy corn starches had significantly larger proportions of amylopectin which forms a higher proportion
of amorphous regions which are easily penetrated by the acid. Similar large increases were also seen in
cassava starch as well using similar methods [126].
2.5.9 Remarks on Chemical Modifications
Some of the chemical modifications reviewed were seen to produce increased RS content by up to 6879%, however, the original purpose of these modifications was to impart various modified properties, and
the increases seen in RS were a side effect. A challenge to widespread use will be that many consumers
still hold aversions to chemically modified ingredients being added to their foods, regardless of the
intended purpose. In addition to this, these methods are generally characterized by long reaction times
(generally up to 24 hours) and environmental concerns as the use of excess reagents must subsequently be
dealt with in an appropriate manner afterwards. Additionally, there currently exist regulations on the
amount of a given modifier that is allowed in a food starch (Table 3), and as such when examining the
effects of chemical modifications on starch, these levels need to be taken into consideration when
assessing the effectiveness of a method. Future research recommendations include expanding research on
hydroxypropylation, carboxymethylation, phosphorylation, and OSA esterification into the field of
pulses, as well as increasing research towards food-safe modifiers such as ozone and citric acid
treatments.
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Table 3 Amounts of Chemical Modifiers Allowed in Food Starches [101]
Modifier

Allowable level

STPP and STMP

0.4% phosphorus residues in starch

POCl3

Not more than 0.1% POCl3 by weight

Vinyl acetate/acetic anhydride

Not more than 2.5% acetyl groups

Propylene oxide

Not more than 25% propylene oxide by weight

OSA

Not more than 3% by weight

Succinic anhydride

Not more than 4% by weight

2.6 γ-Irradiation Treatment for Increasing Resistant Starch Content
γ-Irradiation is typically undertaken by exposing starch samples to Co60 at a rate of 0.4-10 kGy/h. The
amount of radiation given to samples ranges as high as 100 kGy [127], however, currently in Canada
[128] and the EU [129], food irradiation processes are limited to 10 kGy, and in the United States [130],
30 kGy for normal consumer goods. The methods by which γ-irradiation enhances RS content are
complex. γ-Irradiation causes increases in the amounts of carboxyl groups on the starch [131, 132], thus
in essence the free radicals generated by the ionizing radiation are oxidizing the starch, and oxidation has
previously been demonstrated to increase RS content. In addition, it has also been shown that in corn and
pinto beans γ-irradiation spontaneously creates β-(1-3) and β-(1-4) bonds in the starch via
transglycosidation [7]. Since carbohydrates that are β-bonded are not digestible by human enzymes, this
likely contributes to the RS content. Starches subjected to γ-irradiation (generally) have amylopectin in
amorphous regions of the granule cleaved apart, decreased apparent amylose content, and an increase in
the amount of gluco-polymers with a DP > 25 [133]. The increase of polymers with a DP > 25 can be
attributed to the ability of ionizing radiation to crosslink starches due to the production of free radicals
[134]. Finally, in rice flour, γ-irradiation has increased the amount of V-type crystallinity, which is
indicative of the formation of amylo-lipid complexes [135], which can also reduce digestibility in
starches. The benefit of using γ-irradiation to increase RS as compared to other methodologies, such as
hydroxypropylation – 40 h [114] and autoclaving/retrogradation cycles – 24 to 216 h [67] is that the
process can be accelerated to rapidly deliver large doses of γ-radiation to starches by using irradiation
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rates as high as 10 kGy/h [127, 136], thus reducing processing time. Additionally, using γ-irradiation has
the added benefit of not leaving behind any harmful residues within the starch after processing, as
compared to many chemical methods.
In potato and white bean starches exposed to 50 kGy over 25 h, apparent amylose content decreased 6.39.4% [131], a trend which is seen by other research groups in γ-irradiated corn starches [132, 137] and
rice starch [135]. Even though amylose content is related to RS in a positive manner, irradiation caused
RS content to increase from 84.1 to 86.0% and 56.3 to 65.9%, respectively [131], despite decreases in
amylose content. γ-Irradiated rice flours with high (8%), medium (3.8%), and low (2%) amounts of
endogenous RS were treated with up to 5 kGy of γ-radiation. The high RS sample (8%) saw the largest
increase in RS after 2 kGy of exposure, whereas the other 2 samples had maximum RS levels after 4 kGy,
as measured using the Goñi method [135]. Lee, Ee, Chung, & Othman [137] examined the effect of γirradiation on waxy, normal, and H5 and H7 corn starch. They observed that after 5 kGy of irradiation all
starches had RS levels which increased by approximately 10%, followed by a decrease at 10 kGy, and
then a final maximum at 50 kGy of 20.9% (waxy), 15.1% (normal), 43.9% (H5), and 43.1% (H7) when
measured using a MRSK. Native RS levels were 4.8%, 9.4%, 29.0%, and 30.7%, respectively. Yoon,
Yoo, Kim, Lee, et al. [136] also looked at γ-irradiated normal and waxy corn starches, but at different
moisture levels (5% and 12%). For both starches, a lower moisture content resulted in a higher RS, with
the waxy corn starch having maximum levels at 20 kGy (22.8% RS) and the normal corn starch at 10 kGy
(33.7% RS), and the controls having 13.8% and 27.7% RS, respectively. The authors did not observe the
same and well-defined trend in RS relating to kGy exposure level as seen by Lee, Ee, Chung, & Othman
[137]. Slower irradiation rates produced less apparent amylose degradation, carboxyl content generation,
and amylopectin cleavage, which was accompanied by an increase in crystallinity and RS [132]. When
0.40, 0.67, and 2 kGy/h rates were compared, the 0.40 kGy/h had the highest RS at 24.7%, whereas the
higher rates had 23.0% and 22.2%, respectively [132]. The effect of γ-irradiation on STMP/STPP crosslinked corn starch was also studied [127]. Native samples possessed the highest RS levels after 40 kGy of
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exposure at 10 kGy/h (30.4% RS), whereas samples that used 5% or 10% STMP/STPP had the highest
levels at 10 and 20 kGy. The RS levels were 57.2% and 67.3%, respectively, but cross-linked starches
(5% or 10% STMP/STPP) had higher RS levels after γ-irradiation regardless of dose as compared to the
native samples [127].
2.7 Lipid Complexation for Increasing Resistant Starch Content
Typical amylo-lipid complexes contain a hydrophobic fatty acid tail which resides inside an amylose
helix, and this interaction is favored by the hydrophobic nature of the residues found on the inside of the
amylose helix [8]. The creation of amylo-lipid complexes helps to hinder granular swelling, as well as to
develop further entanglement between the starch polymers. Together these factors aid in the formation of
RS by restricting the ability of digestive enzymes to breakdown starch [8]. These complexes exist in 2
main forms, with Form 1 being a randomly ordered, amorphous type of structure and Form 2 being a
more crystalline form. Form 1 is thought to be a precursor for Form 2 and upon annealing, the structure of
amylo-lipid complexes partly melts and switches from the lesser to the latter [138]. Overall, RS5 is more
heat-stable than most RS2 starches, as shown by having a higher gelatinization temperature than native
starch [139] due to the fact that there is now a lipid component present which also has its own enthalpic
requirement for heating. On heating, the complex may dissociate, but upon cooling it will spontaneously
revert back to its complexed form [8]. Kawai, Takato, Sasaki, & Kajiwara [140] examined the effect of
various fatty acids on their ability to complex with potato starch and their effects on enzyme hydrolysis.
Overall, short-chain fatty acids (lauric and myristic) had a higher incidence of complex formation than did
long chains (palmitic and stearic). However, the presence of 1 or 2 doubles bonds (in oleic and linoleic,
respectively) improved their ability to complex compared to their saturated fatty acid counterpart (stearic
acid) [140], with the latter being explained by the fact that long chains have decreased solubility in the
hydrophilic environment that is gelatinized starch. Having a double bond causes bends in the fatty acid
chain thereby decreasing the apparent number of carbons engaged in complex formation. Increasing the
amount of fatty acids added to the starch from 0.15 to 0.5 mmol/g starch gave non significant increases in
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RS content, but SDS was increased significantly by as much as 25% [140]. Thus, the rate of digestibility
for complexed starches is reduced as the lipid component creates steric hindrance for the enzyme.
However, the total digestibility remains nearly the same [141]. Using corn, tapioca, and H7 starches,
[142] also observed that long-chain saturated fatty acids (stearic, palmitic) added at a rate of 10% (w/w
starch) produced higher resistance to hydrolysis by porcine pancreatic α-amylase than did other
monounsaturated fatty acids (oleic) or soy lecithins. Ai, Zhao, Nelson, Birt, et al. [143] complexed H7
starch with stearic acid, increasing RS from 27.3% in water boiled starch to 64.8% in the stearic acid
complexed starch, using the TDF method to measure RS. Chang, He, & Huang [27] found that adding
lauric acid, dissolved in ethanol (2:5, lauric acid:ethanol), to normal corn starch, following heating to
below its pasting temperature, gave more favorable results (higher RS) than adding the lauric acid/ethanol
mixture to the starch slurry prior to heating. When the starch from the latter treatment was analyzed, the
lauric acid appeared to complex with the surface, instead of being evenly dispersed throughout the entire
granule, as was seen in the first treatment. Similar to Kawai, Takato, Sasaki, & Kajiwara [140], Chang,
He, & Huang [27] observed marginal, but statistically significant, increases in RS which were also
accompanied by a much larger increase in SDS (about 15%). These amylo-lipid complexes have also
been shown to function well in bread by Hasjim, Lee, Hendruch, Setiawan, et al. [144]. In their study
palmitic acid was complexed with H7 corn starch to produce increases in RS of about 5% higher than
uncomplexed H7. In addition to this, palmitic acid was complexed with debranched H7, creating a starch
that had 52.7% RS, which was subsequently used to make a high-RS bread. The baked bread had an RS
content of 34.4% when measured with a TDF kit, which was 31.4% higher than the control; however, a
large proportion of the effectiveness of this treatment was likely due to the use of the already high RS
containing H7 starch. When this bread was used in an in vivo feeding trial, this high RS bread was shown
to reduce blood glucose and insulin levels during digestion by 45 and 57%, respectively [144].
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2.8 Effect of Food Matrix Components on Resistant Starch Formation
2.8.1 Lipids
2.8.1.1 Triacylglycerides
The addition of lipids in the form of free fatty acids to starch typically yields amylo-lipid complexes (see
Section 8: Lipid Complexation for Increasing Resistant Starch Content). Other fats/oils in the form of
triglycerides can also impact RS formation. Escarpa, González, Morales, & Saura-Calixto [145], using the
Goñi method, demonstrated that the inclusion of 5 to 20% olive oil (predominantly oleic and linoleic
unsaturated fatty acids) to potato starch prior to autoclaving decreased resistant starch from 18.2% to
between 11.3 - 13.6%. Using corn oil at a rate of 10%, Ai, Hasjim, & Jane [142] demonstrated that the
enzymatic hydrolysis of corn, tapioca, and H7 starches could be reduced by 10-15% after 120 min as
compared to their respective non lipid-containing counterparts. The aforementioned results, however,
were highly dependent on the type of starch used as waxy corn starch was readily hydrolyzed to the same
extent regardless of lipid type added (fatty acid or triglyceride).
2.8.1.2 Emulsifiers
The effect of emulsifiers is dependent on the specific emulsifier used, however, the mechanism by which
emulsifiers increase RS is the same method by which RS5 is produced. The fatty acid tail of the
emulsifier complexes with amylose to form an amylo-lipid complex which increases the RS content.
When lysophosphatidylcholine, esterified to mainly palmitic or stearic acids, was included at a rate of 1 to
5% w/w wheat starch, the concentration of low-molecular-weight sugars (maltose, maltotriose) eluted
using size-exclusion chromatography decreased from approximately 0.105 g/L to 0.075 g/L. This
indicated that less molecular degradation as a result of enzyme hydrolysis was occurring. The amount of
reducing sugars generated over 120 min was 23.2% less than in control samples [146]. However, when
glycerol monopalmitin was added to potato or high-amylose corn starch, the RS content decreased,
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indicating that glycerol monopalmitin inhibited the formation of RS [147]. RS was measured using a
method similar to that of the TDF method.
2.8.2 Protein
Protein has been negatively associated with the digestibility of wheat starch/whey protein isolate
extrudates. Samples made with 100% starch were 43% digested after 1 h, whereas extrudates with 20%
whey protein isolate/80% starch or 50% whey protein isolate/50% starch were 56% and 58% digested
after 1 h, respectively [148]. Mixtures of high-pressure-autoclaved potato starch and albumin reduced RS
levels. At an inclusion of 5% albumin RS fell by approximately 50%, however, at high subsequent protein
levels (10-20%) RS increased slightly, but not higher than initial levels [145]. Aravin, Sissons, & Fellows
[149] examined the effect of added gluten or gluten fractions (glutenin or gliadin) on the in vitro starch
digestibility of durum wheat pasta. When 2% gluten was added to the pasta dough and extruded,
digestibility was decreased non significantly; however, the addition of gliadin or glutenin fractions
increased the digestibility of the pastas relative to the reference pasta. Previous research has shown that
using 20% gluten added to pasta decreases starch digestibility by approximately 10% when compared to a
reference [150]. The excess of gluten used at a 20% inclusion rate created a much stronger protein
network around the starch than was made when only 2% gluten was added, thus conferring higher protein
of granules resistance to swelling and enzyme attack. Additional protein interferes with the coalescence of
starch molecules, inhibiting the formation of RS. Endogenous protein, however, increases the resistance
of starch to digestion. [151] using confocal laser scanning microscopy demonstrated that native proteins
in waxy sorghum flour form a network over the starch granules. Unless this network is disturbed or
degraded by pepsin or a reducing agent (bisulfite), the amount of granular degradation that could be
caused by α-amylase and amyloglucosidase is markedly reduced in both cooked and uncooked samples.
Similar results were seen by Ezeogu, Duodu, Emmambux, & Taylor [152] who examined corn and
sorghum flours and observed an extensive protein network crosslinked with disulfide linkages around
starch granules. Upon cooking, the network collapsed and matted over the granules, inhibiting granular
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expansion and attack from glycolytic enzymes. Additionally the longer the samples were cooked at 96 °C
(from 5 to 30 min), the more protein changed conformation from α-helix to β-sheet. The conformational
change allowed for more extensive crosslinking to occur as marked by a decreased free sulfhydryl
content, lending increased protein matrix strength.
2.8.3 Carbohydrates
2.8.3.1 Simple Sugars
The addition of simple sugars (glucose, sucrose, maltose, and ribose) is found to influence the RS content
of wheat and high-amylose (about 70%) corn starch [153]. In wheat starch, combining starch, water, and
sugar at a ratio of 1:10:5 decreased RS from 3.4% to 2.5-2.8% after 5 h. However, in high-amylose corn
starch, the addition of sugars (glucose, maltose, and ribose) at the same ratio increased RS levels from
about 13.5% to between 14% and 16.3%, using a modified TDF assay. The mechanism by which the RS
content was increased is unknown; however, it was not attributed to lipids complexing with amylose,
differences in apparent amylose levels, or differing gelatinization temperatures. Additionally, Escarpa,
González, Morales, & Saura-Calixto [145] also observed that sucrose inhibited the formation of resistant
starch in autoclaved potato starch samples.
2.8.3.2 Gums
Potato starch was mixed with xanthan gum, guar gum, pectin, or konjac-glucomannan and gelatinized.
After assaying, the RS starch content for the control was 8.6%, and the addition of the gums increased
this by 3.3 to 9.6%, with the effects of xanthan gum being more potent than the other gums [154]. Adamu
[155] observed that corn starch extrudates manufactured with guar gum at a rate of 10% increased the RS
content from 4.7% to 10.0%, with RS content being measured in a similar fashion to the TDF method,
and Wang, Jin, & Yuan [156] saw similar results in corn starch extrudates made with 10% guar gum
where the RS content increased from 7% to 16%, as measured using the Goñi method. The authors also
noted that as the solids content of the initial slurry increased from 7.5 to 12.5% for a given guar gum
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concentration, the RS content decreased. These increases have been attributed to the increased viscosity
brought about by the inclusion of the gum, heavily restricting enzyme movement, thereby decreasing
hydrolysis of the sample [155]. Escarpa, González, Morales, & Saura-Calixto [145], however, noted that
the addition of guar gum to potato starch inhibited the RS formed via retrogradation. The reduced RS
levels are an artifact of the increased viscosity associated with the addition of the gum, which would
inhibit the movement of amylose chains and thus the formation of RS. Strictly speaking on an as-ingested
basis, however, the increased RS content is as a result of increased viscosity, which has been
demonstrated by Sasuki, Sotome, & Okadome [154].
2.8.3.3 Fiber
The addition of various fibers such as cellulose, lignin, and pectin to potato starch slurries has been
observed to inhibit the formation of RS in autoclaved starch samples [145]. In addition, adding up to 50%
cellulose (w/w starch) was observed to have non significant effects on the RS content of sorghum flours
[157]. Conversely, fiber fractions added to real-food system, biscuits, had a pronounced effect on starch
digestibility; digestible starch decreased from 47.5 to 33.0% with no effect being evident from coarseness
of the bran [158]. However, dietary fibers increase solution viscosity in vivo [159], and thus they may act
to slow down starch hydrolysis by restricting the movement of enzymes, as gums do, and overall slowing
digestion. The viscosity imparted to the digesta can also act to slow the diffusion of released glucose,
which was demonstrated by [160]. In their work, pulp, peel and peel fiber from oranges significantly
reduced glucose diffusion out of a dialysis membrane. Additionally, the addition of the fiber-rich orange
fractions also reduced starch digestibility, decreasing glucose released from 66.2 μmol in the control to as
low as 47.1 μmol.
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2.9 Phenolic Acids
2.9.1 Gallic and Vanillic Acid: Properties, Function, and Intake
Antioxidants come in a variety of forms, including phenols, carotenoids, some vitamins, and various other
non-phenolic species. Of these gallic acid (GA) and vanillic acid (VA) have been shown to have strong
antioxidant activity [161], and have been extensively studied. Despite their similar structures (Figure 1),
both acids have exceptionally different properties. GA is a superior antioxidant when measured by the
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay at lower concentrations [162-164], as
well as when measured using ferric reducing antioxidant power (FRAP) or Trolox equivalent antioxidant
capacity (TEAC) methods [165] at higher concentrations. However, higher concentrations of VA show
greater antioxidant power than GA when measured by DPPH [161].

Figure 1 Skeleton formulae of gallic acid (left) and vanillic acid (right). Image adapted from http://www.sigmaaldrich.com.

GA has displayed anticancer [166-168] and antiviral [169] properties, neuro [170] and cardioprotective
properties [171], as well as an ability to aid in the regeneration of pancreatic β-cells, which are
responsible for insulin production [172]. VA conversely lacks the anticancer properties of GA, but instead
has shown significant cardioprotective effects [173, 174] as well as an ability to alleviate hypertension
[175, 176]. Additional work has also shown neuro [177], nephro [178], and hepatoprotective [179, 180]
properties as well. Both phenolic acids have also been shown to independently protect DNA from
oxidative damage; VA at lower concentrations had a greater protective effect than GA at higher
concentrations. Additionally, various types of phytochemical extracts, purified phenolics, and
polyphenols have been shown to have significant effects inhibiting human carbohydrase enzymes,
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including α-amylase, α-glucosidase, and amyloglucosidase [9]; GA and VA in particular have been
shown to inhibit α-amylase by 67.7% and 71.9% at concentrations of 30 and 20 μg/g, respectively [181].
Estimated daily intake of polyphenols in general range from ~ 1 g per day based on a US diet [182] to as
high as 3 g per day based on a Spanish diet [183], however, these estimates include all antioxidant
classes, including anthocyanins, flavonoids, stilbenes, etc. These figures can also be skewed depending on
dietary choices such as increased fruit or vegetable intake, inclusion of soy (isoflavones), or whether or
not coffee is consumed (caffeic, cholorgenic acids) [184]. Total phenolic acid intake is markedly lower,
ranging from 9 – 989 mg per day for men and 13 – 796 mg per day for women, based on a Bavarian
population [185]. Gallic acid, in one form or another, is found nearly ubiquitously in the plant kingdom,
being found in various fruits, vegetables, nuts, cocoa, teas and wines either in the form of free gallic acid,
or esterified to sugars, phenols, polyols, or with itself to form di, tri, or tetramers [186]. Vanillic acid on
the other hand is more commonly found in potatoes, cereals such as wheat, barley, and oats, as well as
hops, wines, and quinoa [187, 188]. Estimates have been made for both daily GA and VA intake as well.
Average male intake ranged from 0 – 17.83 mg for GA and from 0.03 – 4.09 mg per day, and daily
intake for females was estimated to be 0 – 5.74 mg and 0.24 – 2.03 mg, for GA and VA, respectively
[185].
2.9.2 Interactions with Starch
Phenolic acids have some hydrophobic properties due to the presence of the benzene which is imperative
to their structure, and the inner core of an amylose helix (or side chain of amylopectin) is hydrophobic in
nature as well due to multiple free hydroxyl groups on the glucose subunits. This allows for complexing
to occur between starch and phenolic acids, as well as many other types of phytochemicals. Interactions
can also be carried out between starch and phenolic acids via hydrogen bonding, utilizing their free
hydroxyl and carboxylic acid groups. Ferulic acid has been complexed with starch to levels as high as
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31.5 mg/g starch by using autoclaved-debranched cassava starch and possessed an antioxidant activity
increasing linearly with the amount of ferulic acid complexed [18].
Phenolic acids have also been shown to have a pronounced effect on the pasting properties of various
starches as well [189, 190]. All phenolic acids tested in both cases decreased hot paste viscosity
(analogous to breakdown) and final viscosity, while increasing peak viscosity. To date no studies have
been done that look specifically at the effect of pure phenolic acids on the gelatinization and
retrogradation properties, however the addition of polyphenolic fractions from green tea [191] and black
tea [192] to starch prior to DSC has been examined. Black tea polyphenols increased To, Tp, and Tc, but
decreased ΔH and the gelatinization range of maize and high, intermediate, and low amylose rice starch;
potato starch was unaffected. When green tea polyphenols were added, all temperature parameters and
ΔH decreased, but the gelatinization range increased in all starches examined (rice, maize, and potato).
When retrogradation was examined, both green and black tea polyphenols decreased the ability to
starches to retrograde over the course of 20 days, however, potato starch was again unaffected by black
tea, and less so affected by green tea, as compared to other samples. This is likely due to the higher order
within the potato starch granules, as well as a lack of pore space [193]. The majority of differences
between the results for black tea and green tea polyphenols, even within the same starch group, is due to
the makeup of the polyphenols. Both contain similar proportions of epigallocatechin gallate,

epicatechin gallate, epigallocatechin, and epicatechin, however, black tea also contains
gallocatechin gallate, catechin gallate, as well as theaflavins, which are formed via enzymatic
oxidation during the production of black tea.
2.9.3 Interactions with Carbohydrase Enzymes
The addition of phenolic-containing fractions has been shown to have an impact on the activity of various
carbohydrase enzymes, including α-amylase and amyloglucosidase [194-197]. Rohn, Rawel, & Kroll
[196] observed that the addition of 0.28 mmol GA/g α-amylase decreased its activity from 114 U/mg to
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80 U/g. However, this work was undertaken at pH 9, which is conducive to the phenolic acids oxidizing
and thus becoming more likely to react with amino acids of the α-amylase, therefore, causing structural
changes which inhibit functionality. Another avenue for inhibition is that the phenolic acids bind to the
carbohydrase enzymes as non-competitive inhibitors [181, 198]. Using phenolics extracted from foxtail
millet, which contained many simple phenolic acids, such as gallic, ferulic, caffeic, p-hydroxybenzoic
acid, etc., it was demonstrated that the KM value, based on Michaelis–Menten kinetics, remained
unchanged as Vmax decreased. This indicates that the millet phenolic compounds non-competitively
inhibited α-amylase. Mixtures of phenolic acids at levels equal to that of their respective flours have also
been added to triticale, wheat, barley and corn starches [197] and the effects on starch hydrolysis by αamylase and amyloglucosidase activity examined. The addition of the phenolics reduced starch hydrolysis
by as much as 14.2%. Due to structural differences between various simple phenolic acid, each will
inhibit the enzymes in slightly different ways, with the inhibitory effect acting as a function of both
concentration of the phenolic acid as well as the number and position of hydroxyl groups [196].
2.10 Conclusions
All of the methodologies reviewed in sections 2.2 to 2.7 were seen to increase the RS content of starches;
however, their effectiveness was largely a function of botanical origin and the method itself as some
methods are inherently tailored to suit a specific type of starch (such as waxy starches for enzymatic
debranching). The bulk of the research reported has been performed on cereal starches, most notably H5
and H7 corn starches, however, a significant portion was also made up of pulse starches as well as other
unused/underutilized starches from mango, banana, cassava, canna, and yam. The increased research on
increasing RS in pulses is welcomed due to the general lack of information regarding pulses in general.
Additionally, the majority of research to date is on starch-based systems, however, starch is rarely
consumed by itself, and, therefore, future research must look at RS in the context of a food matrix. Higher
levels of RS will impact the rheology and sensory characteristics of the food, but other components, such
as α-amylase inhibitors, may be present and lead to apparent increases in the resistant starch content.
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These α-amylase inhibitors take the form of phytochemicals endogenous to the plants themselves, and
may serve as an additional method for decreasing the glycemic response of foods and/or increase apparent
RS levels due to their interference with α-amylase and α-glucosidase.
As mentioned previously, starch is also well-known to be able to hold guest molecules within the central
cavity of amylose chains to form inclusion complexes, which are an emerging form of RS. Therefore if
phenolic acids, with known positive in vitro health effects, can be successfully complexed to starch, they
could theoretically a) increase the RS content by creating steric forces to hinder digestion; b) inhibit
digestive carbohydrase enzymes if released; and c) exert positive health benefits upon consumers. This
could thus create a functional food which exerts several positive effects on the human body with
contributions coming from both the RS fraction and at the antioxidant fraction. With a severe dearth of
information in this area of research, it is the purpose of this work to complex GA and VA with potato
starch, and characterize the resultant physicochemical properties and in vitro digestion.
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CHAPTER 3
PREPARATION, PHYSICOCHEMICAL PROPERTIES, AND DIGESTIBILITY OF POTATO
STARCH AFTER INCLUSION OF GALLIC AND VANILLIC ACID
3. Materials and Methods
3.1 Materials
Potato starch (S4251), vanillic acid (97%, H36001), and gallic acid (97.5-102.5%, G7384) were obtained
from Sigma-Aldrich (St. Louis MO, USA). All other reagents used were of analytical grade.
3.2 Methods
3.2.1 Starch Modification
Starch (20 g, dwb) was mixed with water to form a 33% slurry (w/w starch), followed by the addition of 5
or 10% (w/v dry starch basis) GA or VA to the slurry and adjusted to pH 3, 5, 7, 9, or 11 by drop-wise
addition of 2 M HCl or NaOH. Following pH adjustment the slurry was placed in a water bath at 40 °C
for 24 h with constant stirring at 250 rpm using a magnetic stirring hotplate. After 24 h, acid or base was
added to neutralize the slurry to pH 7, followed by vacuum filtration. Starches were washed twice with
150 mL distilled water and once with 150 mL 95% ethanol, after which starches were allowed to air dry
for 24 h, ground to with a mortar and pestle to pass through a 125 μm sieve, and stored until further use.
3.2.2 Phenolic Extraction
Approximately 0.25 g of modified starch (dwb) was placed in a 50 mL centrifuge tube along with 15 mL
70% methanol and allowed to shake for 1 h on a roller mixer, followed by centrifugation (800 g, 10 min)
and removal of the supernatant. This procedure was repeated twice to remove free phenolic acids from the
samples. 15 mL of 2 M NaOH was then added to each sample tube to liberate any bound phenolic acids.
The samples were allowed to shake for 16 h, and afterwards the pH was adjusted to pH 1.5 using 12 M
HCl followed by the addition of 15 mL of 1:1 diethyl ether/ethyl acetate (DE/EA) solution to each tube of
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hydrolysate. The tubes were allowed to shake for 15 min to partition the freed phenolics into the nonpolar
DE/EA phase. Centrifugation (800 g, 5 min) separated the two phases with the non-polar phase being
pipetted off and stored. The latter procedure was repeated once more, and afterwards the DE/EA was
dried off using nitrogen, and the remaining phenolics reconstituted in 0.5 mL 70% methanol to create the
crude extract. Samples were stored at -20 °C until further analysis. Samples were extract in triplicate.
3.2.2.1 Total Phenolic Content (TPC)
The Folin–Ciocalteu assay [199] was employed to determine the total phenolic content (TPC) of the
modified starch crude extracts using a UV/Vis Biotek Powerwave XS2 microplate reader (Bio-Tek,
Winooski, VT, USA) following the method of Chen, Bozzo, Freixas-Coutin, Marcone, et al. [200]. The
reaction was initiated by the addition of 125 μL of diluted Folin-Ciocalteu reagent (FCR, 0.2 N) to 25 μL
phenolic extract within a well of a 96-well microplate. Following 10 min incubation at room temperature,
the reaction was terminated by the addition of 125 μL of 7.5% sodium carbonate (w/v). After 30 min,
absorbance was read at 765 nm and compared to a range of GA standards. TPC was expressed as
milligrams of GA equivalents (GAE) per gram dry weight of starch (μg GAE/g starch). For each sample,
assays were performed in triplicate.
3.2.2.2 Oxygen Radical Absorbance Capacity (ORAC)
The ORAC assay was conducted according following the method of Chen, Bozzo, Freixas-Coutin,
Marcone, et al. [200]. To each well of a 96-well microplate, 25 μL of appropriately diluted sample, blank
or a series of Trolox standard solutions (3.125, 6.25, 12.5, 25, 50 and 100 μmol/L) was added and mixed
with 150 μL of working fluorescein solution (8.68 × 10−5 mM in phosphate buffer, pH 7.4), and incubated
for 30 min at 37 °C. 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH, 25 μL, 153 mM in
phosphate buffer) was then added to each well to initiate the reaction. Fluorescence (excitation
wavelength – 485 nm, emission wavelength – 528 nm) was read every minute for 120 min on a plate
reader equipped with an automatic thermostatic holder (PLX 800, Bio-Tek Instruments, Inc., Winooski,
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VT, USA). The area under the fluorescein decay curve for each sample was calculated, subtracted from
the blank, and compared to the calibration curve. Results were expressed as μmol Trolox Equivalents
(TE) per gram sample (μmol TE/g). For each sample, assays were performed in triplicate.
3.2.3 Wide Angle X-Ray Diffraction
X-ray diffraction (XRD) was completed as per the method of Lu, Donner, Yada, & Liu [201], with slight
modification. Starches were equilibrated at 0.97 Aw for 14 days prior to analysis using a saturated
potassium sulphate solution containing 0.001% sodium azide (w/v) to prevent microbial spoilage of the
starches. X-ray diffractograms were obtained using a Rigaku Multiflex X-ray diffractometer (Rigaku
Corp., Tokyo, Japan). Wide angle scans were performed from 3 to 35° at a rate of 2°/min using a Cu
source with λ = 1.5459 Å. Samples were scanned once for qualitative purposes.
3.2.4 Fourier Transform Infrared Spectroscopy (FTIR)
Sample spectra were obtained using an IR Prestige-21 (Shimadzu, Kyoto, Japan) over the range of 700 to
4000 cm-1. Spectra were collected in triplicate at a resolution of 4 cm-1. Spectra were baseline corrected
and deconvoluted using Grams/32 spectral analysis software (Galactic Industries Corp., Salem NH,
USA). Wavenumbers for underlying bands were estimated using second derivative data from original
spectra, with each band being fitted with a Gaussian function over the range of 804 cm-1 to 1186 cm-1.
Short range order was estimated by taking the ratio of the area under of peaks at 1045 cm-1 and 1015 cm-1,
representing the crystalline and amorphous character of the starch, respectively. Samples were tested in
triplicate.
3.2.5 Thermal Properties
Enthalpy of transition and gelatinization temperature parameters were measured for both native and
retrograded starches using a DSC Q20 equipped with a RCS90 refrigerated cooling system (TA
Instruments, New Castle DE, USA). Starch (12 mg, dwb) was weighed into a high volume sample pan
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and water added such that the moisture content of the system was 70%. Pans were allowed to equilibrate
overnight at 4 °C before being scanned using the following heating profile: isothermal 1 min at 5 °C,
ramp of 10 °C/min to 180 °C. After being scanned pans were placed at 4 °C for 14 days, followed by
scanning again using the same heating profile. An empty high volume pan was used as reference. The
gelatinization parameters reported are the onset (To), peak (Tp), and conclusion (Tc) of gelatinization. The
enthalpy (ΔH, J/g) was estimated by integrating the area between the baseline and the peak on the
thermogram. All analyses were completed using Universal Analysis 2000 v4.5A (TA Instruments, New
Castle DE, USA). Samples were determined in duplicate.
3.2.6 Pasting Properties
A Rapid Visco-Analyzer (RVA-4, Newport Scientific, Warriewood, Australia) was used to measure the
pasting properties of the starches (8% starch, dwb, 27 g total weight). The starch slurries were
equilibrated at 50 °C for 1 min, heated at 6°C/min to 95 °C, held at 95 °C for 5 min, cooled at 6 °C/min to
50 °C, and held at 50 °C for 2 min. Samples were simultaneously mixed at 960 rpm for 10 s, and at 160
rpm for the remainder of the test. The RVA gel was immediately removed from the canister, frozen at -20
°C followed by lyophilisation. The freeze-dried starch gels were milled using a benchtop mill to 125 μm
and stored until subsequent use in testing the in vitro starch digestibility (Sec 3.2.7). Samples were
prepared in duplicate.
3.2.7 In Vitro Digestibility
The digestibility of both native and gelatinized modified starches was measured using the method of
Englyst, Kingman, & Cummings [3], with modifications. Porcine pancreatic α-amylase (0.45 g, P-7545,
Sigma) was suspended in 4 mL of distilled water and stirred for 10 min, after which it was centrifuged at
1500 g for 10 min. The supernatant (2.7 mL) was mixed with 0.32 mL amyloglucosidase (3300 U/mL, EAMGDF, Megazyme, Bray, Ireland), diluted to 0.40 mL and 0.20 mL of 10 mg/mL invertase solution
(I4505, Sigma). This enzyme solution was freshly prepared before each digestion. Starch samples (100
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mg) were weighed into glass test tubes, along with 15 glass beads (4 mm), 2 mL of 0.05 M HCl solution
containing 5 mg/mL guar gum, 4 mL 0.5 M sodium acetate buffer (pH 5.2, 20 mM CaCl2), and 1 mL of
the enzyme solution. Tubes placed in a longitudinally shaking water bath (200 strokes/min, 37 °C) with
duplicate 100 μL aliquots being removed from the test tubes at 20 and 120 min. Glucose content was
determined spectrophotometrically at 510 nm by incubating with 3 mL of GOPOD reagent for 30 min at
50 °C. Samples were analyzed in duplicate. Starch was classified as RDS, SDS, and RS:
RDS: Starch digested at 20 min
SDS: Starch digested between 20 and 120 min
RS: Starch fraction remaining after 120 min digestion

3.2.8 Statistical Analysis
ANOVA was completed using JMP v10.0 (SAS Institute, Cary NC, USA). Differences among the means
were determined using Tukey’s multiple comparisons test. Statistical significance was set at p < 0.05. For
the Pearson correlation analysis, SPSS v22.0 (IBM Corp., Armonk NY, USA) was utilized. Unless
otherwise noted, all correlations are significant at p < 0.01. All correlations are denoted by r.
3.3 Results and Discussion
3.3.1 Total Phenolic Content
TPC results are displayed in Figure 2A and numerically in Table 4. The Folin-Ciocalteu method was
employed to determine the total phenolic content. Aliquots of the phenolic extract were mixed with dilute
FCR, which consists of a mixture of phosphomolybdic and phosphotungstic acids, to allow them to
interact. Then a basic solution, 7.5% Na2CO3, is added. The basic solution reduces the phenols to
phenolates, which are then oxidized by the FCR to produce a blue hue which is measured
spectrophotometrically to quantify the TPC [199].
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Table 4 Antioxidant properties of native and modified starches
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Figure 2 Total phenolic content (A) and oxygen radical
absorbing capacity (B) of native and modified starches. Error
bars represent standard deviation, n = 9. Bars with different
letters are significantly different (p < 0.05).
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The pitfalls of this test is that it not specific to phenols, and the FCR will in fact react with all reducing
compounds, such as reducing sugars which may be present in a starch sample, thus the assay actually
measures the total reducing capacity of a sample. The confounding effect of extraneous, non-phenolic
material can be reduced by purifying the sample in such a way that selects for the phenols. In this work, a
sample crude extract was acidified and partitioned using a mixture of non-polar solvents (1:1 DE/EA).
Except for the 5GA grouping, all the treatment groups followed a pattern of increasing TPC from pH 3to
5, decreasing at pH 9, and finally increasing again at pH 11. This increasing/decreasing trend seen may be
due to the fact that the phenolic acids may have different ionization states, depending on the pH. This in
turn will affect how it can interact with the amylose and amylopectin. In the 5GA group, the TPC of the
starches had an increasing trend from pH 3 to 11, going from 114.93 to 150.52 μg GAE/g starch. The
highest phenolic content was 160.12 μg GAE/g starch, which was in sample 10VA11, and samples in the
10VA group generally had higher TPC at each pH point than did the other samples groups. In the VA
group, the 10VA samples had higher TPC than the 5VA samples, however, in the GA group the roles
were reversed with the 5GA groups having higher TPC. Additionally, samples 10GA3, 7, 9, and 11 had a
TPC statistically equivalent, or less than, the control (103.24 μg GAE/g starch), however, it is unclear
whether the modification treatment only removed the endogenous TPC-contributing material, or if it was
removed and replaced with GA. Both GA and VA are sensitive to prolonged pH treatment and elevated
temperature [202, 203]. As the treatment took place at 40°C, and at various pHs, it is likely that there was
irreversible thermal and pH-related deterioration to the phenolic acids added. This may also explain why
the TPC for the 10GA group was lower than the control. GA may be more labile to degradation, and once
the majority of the GA was degraded the endogenous antioxidants degraded as well, resulting in a lower
TPC than the control.
Similarly to our work, Hung, Phat, & Phi [18] examined complexing ferulic acid to cassava starch,
however, whether or not the term “complexing” should be used is debateable, as there were no V-amylose
peaks detected by X-ray diffraction . In their work, 31.5 mg of ferulic acid was complexed per gram of
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starch. The reason such large amounts were able to be added was that the starch was first debranched by
pullulanase and autoclaved, which increased the apparent amylose content and ensured complete granular
disruption. Since the potato starch used in our work was in its native state, it was largely unable to
accommodate GA or VA as it has been shown that potato starch granules are less able to have modifiers
added to them than other types of starch, such as wheat or corn. Manca, Woortman, Loos, & Koi [204]
complexed 5-hexadecanoylamino-fluorescein with the aforementioned starches. Potato starch had the
lowest amount of added material, as determined using confocal laser scanning microscopy, whereas both
the corn and wheat had considerably more fluorescing material around their granules. Additionally, when
just fluorescein was added to a solution containing starch granules, the fluorescein was able to penetrate
to the center of wheat and corn granules, while the interior of the potato starch granules stayed dark,
indicating no fluorescein had been able to penetrate the structure. This may be due to several factors, such
as crystallinity, porosity, and lipid content. Potato starch has a higher crystallinity compared to most other
starches, as measured by both FTIR [205] and X-ray diffraction [84], indicating it has a tighter structure
with less amorphous regions to accommodate inclusion. The porosity of potato granules is also
substantially less than that of other granules, such as maize, oat, and wheat [193]. When these starches
were subjected to amylolysis by α-amylase (4 h at 50 °C), channels within the granules became evident
on scanning electron microscope micrographs of wheat and maize samples. The potato granules had no
such channels visible, possibly due to the fact that potato starch has been shown to have a more amyloserich outer shell on its granules [206]. This “shell” serves to protect it from amylolysis, which is evident by
the high amount of resistant starch potato starch granules contain in their native state. Lastly the lower
lipid content of potato starch as compared to other types of starch, particularly cereals [207] may have
played a role as well. The lack of hydrophobicity of the potato starch granules would likely contribute to
the fact that the hydrophobic fluorescein could not enter the granules. This same reasoning can be applied
to this work as well, with the only difference being that GA and VA should theoretically be more likely to
make their way into the granules due to their significantly smaller size. However, there may be extra
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steric forces arising from the functional groups on the phenolic acids that may complicate the how the
molecules can be included.
3.3.2 Antioxidant Activity
The ORAC assay is used to easily compare the antioxidant capacity of different samples by examining
how effective they are at preventing the oxidative decay of fluorescein after a free radical generating
compound, AAPH, is added. First a sample is mixed with fluorescein and allowed to interact for 30 min.
Afterwards, AAPH is added, which thermally degrades at 37 °C to form free peroxyl radicals of the form
ROO● which oxidize fluorescein, eventually completely quenching fluorescence. Samples which are high
in antioxidant containing compounds (i.e. phenolic acids) serve to neutralize the free radicals generated
by the decomposition of AAPH, and extend the amount of time that is required for the fluorescence to
completely quench. AAPH is added in excess, and as such fluorescence will always be completely
quenched. The antioxidant activity of the sample is calculated by integrating the area under the decay
curve and comparing it to the set of standards with a known concentration of an antioxidant compound,
usually Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), and the results are expressed
as “Trolox Equivalents”. Most of the samples tested exhibited an antioxidant activity greater than that of
the control which had an antioxidant activity of 1.25 μmol TE/g dry starch, except for all the 10GA
samples and 5GA3, which were not statistically different from the control (Table 4, Figure 2B). 10VA11
was unique in that it had the highest TPC (160 μg GAE/g), but it had the lowest antioxidant activity at
0.72 μmol TE/g, and was the only sample lower than the control in the ORAC assay. In most cases,
ORAC values showed a trend of increasing activity until pH 5 or 7, and then subsequently decreasing
with increasing pH. TPC and ORAC were only weakly, but significantly, correlated amongst all samples
at p < 0.05 (r = 0.18, Table 5).
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Table 5 Pearson correlation analysis for all samples

1-pH
2-NRDS
3-NSDS
4-NRS
5-CRDS
6-CSDS
7-CRS
8-GTo
9-GTp
10-GTc
11-GΔT
12-GΔH
13-RTo
14-RTp
15-RTc
16-RΔT
17-RΔH
18-Peak
19-Trough
20-BD
21-FV
22-Setback
23-P.Time
24-P.Temp
25-FTIR
26-TPC
27-ORAC

1
1

2

3

4

1
0.43§
1
-0.93§ -0.68§
-0.30§
-0.54§
-0.54§
-0.48§

5

6

1
-0.65§
-0.72§

1

7

-0.45

0.62§
-0.45§
0.76§

9

10

11

12

13

14

15

16

1
0.93§
-0.49§
-0.63§
-0.43§
-0.48§
-0.53§

1
-0.47§
-0.75§
-0.43§
-0.59§
-0.53§

§

§

17

18

0.26*
0.37*
0.37*
0.34*

-0.33*

0.41§
-0.32*
0.31*
§
-0.53
0.45§
-0.56§
0.41§
§
0.64
-0.57§
*
*
0.37 -0.39
0.41§
-0.41§
§
-0.42
0.50§ 0.21 -0.47§

0.76

0.45

-0.32*
-0.34*

1
0.97§
0.69§
-0.71§
-0.78§
-0.59§
0.43§
0.58§
0.67§
-0.62§
-0.64§

1
0.80§
1
-0.56§
1
-0.86§ -0.65§ 0.46§
1
-0.66§ -0.64§
0.60§
1
0.51§ 0.41§
-0.51§
0.66§ 0.43§ -0.39* -0.54§ -0.47§
0.76§ 0.58§ -0.37* -0.65§ -0.76§
-0.59§
0.57§ 0.43§
§
§
-0.73 -0.55 0.35* 0.67§ 0.69§

1
0.50§
0.47§

-0.41§
-0.52§ -0.61§ -0.47§

0.60§

§

*

-0.27*
0.16*
-0.27§

-0.37
-0.57§
0.27*

0.33

-0.22

*

20

21

1
0.44§

1

0.34*

0.95§

§

-0.57§
-0.72§
-0.34*

1
0.85§
1
-0.53§
0.53§ -0.72§ 0.60§
-0.62§
-0.38*
-0.51§

0.43§

0.43§

23

24

26

1
0.36*
0.37*
0.36*

0.58§
0.33*

-0.35*

1

-0.33*
§

19

1

0.37*

§

8

0.52§
-0.24* -0.42§
0.25*

*

§

0.91
0.48§
0.38§

§

0.87
0.56§

§

0.54
0.63§

-0.73

-0.41§
-0.73§ -0.61§
-0.38* -0.43§

§

0.39*
0.38*

0.47§

0.58
0.68 -0.61
0.54§ 0.58§ -0.38*
-0.45§ -0.40§
-0.38* -0.34*

N: native, C: cooked, G: gelatinization, R: retrogradation, ΔT: Tc – To, BD: breakdown, FV: final viscosity, P.Time: pasting time, P.Temp: pasting temperature
p < 0.05, § p < 0.01
Non-significant correlations were omitted. Columns 22, 25 & 27 were omitted since no significant correlations were observed.
*
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1
0.35*

-0.35*

1
0.31*
1
0.18*

Work by others on a variety of materials, including lentil, tomato, and rapeseed extracts, also saw a lack
of correlation between the TPC and ORAC values [208-211]. The lack of correlation between TPC and
ORAC could be due to the fact that there may be other non-phenolic components present that have some
type of antioxidant capacity that did not react with the FCR. Conversely, there may also be components
that reacted with the FCR, but did not have the ability, or had less of an ability, to reduce the peroxyl
radicals, therefore, creating a lower ORAC value. Variations in temperature away from the assay’s
prescribed 37°C can also have an impact as the degradation of AAPH is catalyzed by heat. If the
temperature greatly fluctuates then it will change the rate of peroxyl formation which will change the
apparent antioxidant activity.
3.3.3 Wide Angle X-Ray Diffraction
X-ray diffractograms were collected and are presented in Figure 3. Starch samples from the 10VA group
were chosen as preliminary samples for XRD due to them having the highest TPC, and thus the highest
likelihood of displaying any V-amylose character on the diffractogram, which are indicative of amyloseinclusion complexes. All samples displayed a strong B-type diffraction pattern with well-defined peaks
occurring at (approximately) 2θ = 5.6, 15, 17.1, 22.3, and 24.2°. This pattern is typical of potato starch at
high water activity [212, 213]. Starches modified at different pH had no obvious differences between
samples, with all curves matching the curve of the control. Mathew & Abraham [214] esterified ferulic
acid groups to potato starch and observed a decrease in the crystalline character of the starch due to the
decreased amount of hydroxyl groups, and thus hydrogen bonding, present in the starch. In the present
study, neither peak height nor peak broadness were affected, therefore, it can be concluded that there is
not any esterified VA present on the starch as a result of the treatment. Additionally, no peaks
corresponding to V-amylose, which occur at 2θ = 8, 13, and 20° [215], were observed on the
diffractograms either, from which two possible conclusions can be drawn. One possibility is that there
was simply not enough material complexed to create a V-type diffraction pattern, and the other is that the
added VA is not complexed, but instead is interacting with the starch via hydrogen bonding and/or
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hydrophobic interactions. The latter conclusion is more likely as other works in which as much as 31.5
mg/g of ferulic acid was added to cassava starch, and there was still a lack of a V-type diffraction pattern
[18]. As no peaks characteristic of the V-type diffraction pattern were observed in the 10VA starches, nor
were any differences in peak height observed compared to the control, no further analyses were
undertaken to examine 5GA, 5VA or 10GA starches using XRD.

NPS

Intensity

10VA3
10VA5
10VA7
10VA9
10VA11

0
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10
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35

40

Diffraction angle (2 )
Figure 3 X-Ray diffractograms of unmodified and treated starches.

3.3.4 Short-Range Order
Figure 4 shows the ratio of area under peaks fit at 1045 cm-1 and 1015 cm-1; data shown numerically in
Table 6. Starches were scanned over the range of 700 to 4000 cm-1 (Figure 5) followed by peak fitting
with major peaks at (approximately) 1150, 1125, 1098, 1078, 1045, 1015, 988, 966, 930, 891, 860, and
841 cm-1 (Figure 6).
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Table 6 Ratio of area under peaks fit at 1045 cm-1 to 1015 cm-1
of native and modified starch samples

NPS

a

5GA3

Ratio 1045/1015 cm-1

ef

5GA5

ab

NPS

0.55 ± 0.00 a

5GA7

fghi

5GA3

0.50 ± 0.01 ef

5GA9

fgh

5GA5

0.54 ± 0.00 ab

5GA7

0.48 ± 0.00 fghi

5GA9

0.48 ± 0.00 fgh

5GA11

0.47 ± 0.00 ghi

5VA3

0.46 ± 0.01 hi

5VA5

0.48 ± 0.01 fghi

5VA7

0.46 ± 0.01 i

5VA9

0.48 ± 0.00 fghi

5VA11

0.37 ± 0.03 j

10GA3

0.53 ± 0.01 bc

10GA5

0.49 ± 0.01 efg

10GA7

0.50 ± 0.00 def

10GA9

0.50 ± 0.00 def

10GA11

0.53 ± 0.00 ab

10VA3

0.54 ± 0.01 ab

10VA5

0.49 ± 0.00 efg

10VA7

0.52 ± 0.01 bcd

10VA9

0.53 ± 0.00 bc

5GA11

ghi

5VA3

hi

5VA5

fghi

5VA7

i

5VA9
5VA11
10GA3
10GA5

fghi
j
bc
efg

10GA7

def

10GA9

def

10GA11

ab

10VA3

ab

10VA5

efg

10VA7

bcd

10VA9

bc

10VA11

cde

10VA11
0.51 ± 0.00 cde
Values are mean ± SD, n = 3. Means within the same column
with the same letters are not significantly different (p < 0.05)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Ratio 1045/1015 cm-1
Figure 4 Ratio of area under curves at 1045 cm-1 and 1015 cm-1
of FTIR spectra unmodified and treated starches. Error bars
represent standard deviation, n = 3. Bars with different letters
are significantly different (p < 0.05).
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Figure 5 Raw FTIR spectra of native and modified starches in the range of 700 – 4000 cm-1

Peaks being found at 1045 cm-1 and 1015 cm-1 are taken to represent the crystalline and amorphous
character, respectively, of the modified starches. van Soest, de Wit, Tournois, & Vliegenthart [216]
demonstrated that the crystalline phase of starch is largely represented by two regions found at
approximately 995 cm-1 and 1047 cm-1, and during gelatinization the amorphous phase increases, as
denoted by an increase in the intensity at 1022 cm-1; these wavelengths have since become something of a
standard when measuring the crystalline and amorphous character of starch granules. When using
attenuated total reflectance mode for collecting infrared spectra, penetration into the granule is only
approximately 2 μm [205]. Most starches range in size from 1 to 150 μm [2]. Thus, there are a large
portion of granules where the IR beam will only penetrate its outermost layers, however, since growth
rings within the starch granule are around 100 nm, several layers of growth can still be analyzed to give
meaningful information regarding the order of double helical amylose, termed short-range order, of the
starches [205]. Not all starches have a homogeneous crystal structure. Potato starch has previously been
shown to have more amylose in the periphery of granules [206], which may have an impact on the
amount of crystalline character measured. Due to structural differences between starches of differing
botanical origin, as well as treatment effects, the wavelength at which the crystalline and amorphous
domains are sensitive to may vary slightly, as seen in other works [217]. The majority of researchers
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Figure 6 Deconvoluted FTIR spectra of native and select modified starches in the range of 800 – 1200 cm-1. Blue curve: original
spectra; red curve: peak at 1015 cm-1; green curve: peak at 1045 cm-1.

simply deconvolute FTIR spectra and then take the ratio of the absorbance at the respective peaks;
however, peak fitting may also be performed. With this method, spectra are deconvoluted and fit with
Gaussian functions for each peak found in the area being analyzed [218]. Then the area under respective
peaks is integrated used to calculate the ratio of crystalline to amorphous material.
With the exception of 10VA3, 5GA5, & 10GA11, all treatments increased the ratio of area under peaks fit
at 1045 and 1015 cm-1, indicating a loss of double helical order and/or an increase in the proportion of
amorphous domains in the starch (Figure 4). In the case of 10VA3, 5GA5, & 10GA11, there were no
statistical differences observed, as compared to the control. Typically annealing serves to increase the
proportion of crystalline domains of the starches [50, 51, 61], thus it is likely that the addition of GA or
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VA acted to interfere with the ability of the starch chains to maintain their short-range order by
introducing new steric forces that altered chain packing. Both the 5GA and 5VA groupings displayed
correlations of -0.64 and -0.62 with pH (p < 0.05), with no significant correlations between short-range
order and pH in the 10GA or 10VA groups (Tables 7-10). No conclusions regarding TPC and the FTIR
data could be made due to the lack of correlation between these parameters, either amongst all data or
within single groupings. Similarly to this work, the addition of tea polyphenols to starch decreased the
ratio of absorbance at 995/1022 cm-1 [219]. Additionally, the results seen in our work may also be
confounded by effects which may have arisen from the pH of the treatment, with high or low pH altering
the amount of amorphous and crystalline domains, respectively.
Cai, Yang, Man, Huang, et al. [220] treated high-amylose rice starches with 0.1 or 0.4% NaOH solutions,
which resulted in no changes in the ratio of 1045/1022 cm-1 over the course of 14 days. This may be due
to the low concentration of NaOH used, as well as the fact that it was a high-amylose starch in question,
which likely inherently has a higher resistance to granular erosion. Sevenou, Hill, Farhat, & Mitchell
[205] examined both native and acid hydrolyzed potato starch and observed increases in the 1047/1022
cm-1 ratio of the acid hydrolyzed sample. Generally 5VA samples had a lower ratio than their 10VA
counterparts, indicating that VA had less of an impact on the original crystal structure of the starch.
Interestingly, To, Tp, Tc, pasting temperature, and pasting time in 10VA samples were generally higher
than 5VA samples, which can be attributed to their possessing a higher degree of crystal character.
Conversely, peak, breakdown, and final viscosities were generally lower, which can be accredited to the
increased crystal character as well, as this type of structure would be inhibitive of excess viscosity.
Remarkably, 5VA11 had a ratio of 0.37, a decrease of nearly 25% compared to the next lowest sample,
which may be due to a combination of the alkali treatment degrading the short-range order, as well as the
VA interfering with the ability of amylose helices to associate, and may not be indicative of the nature of
the entire granule.
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Table 7 Pearson correlation analysis for 5GA

1-pH
2-N-RDS
3-N-SDS
4-N-RS
5-C-RDS
6-C-SDS
7-C-RS
8-G-To
9-G-Tp
10-G-Tc
11-G-ΔT
12-G-ΔH
13-R-To
14-R-Tp
15-R-Tc
16-R-ΔT
17-R-ΔH
18-Peak
19-Trough
20-BD
21-FV
22-Setback
23-P.Time
24-P.Temp
25-FTIR
26-TPC
27-ORAC

1
1

2

3

4

1
0.73§
-0.95§

1
-0.91§

1

5

6

7

1
-0.62§

1

8

9

1
0.82§
0.77§

1
0.94§

11

12

1
-0.80§

1

13

15

16

1
0.92§
0.72*

1
0.86§

18

19

20

21

23

25

26

1
-0.82§
0.82§

1
-0.35*

1
-0.69§
0.46*

0.49*
-0.47*

0.71*
-0.85§

0.77§

-0.72*

0.66*

1
0.65*
-0.72*
-0.72*
-0.67*
0.87

-0.91§

0.82§

0.86§

1

§

-0.65*
-0.70*

-0.85§

0.81§

0.92§
0.88§

0.99§

-0.87§
0.67§
-0.75§

-0.60§

0.75§
-0.60§
0.73§

1
0.69*

1

-0.65*
-0.68*
0.74

-0.64*
0.90§

1

0.82§
0.86§
0.70*
0.81§

0.66*

0.72*

*

-0.81§
0.72*
0.48*

-0.76*

0.95§

1

0.69*
-0.71*
0.69*

0.85§

0.89§

§

-0.64§

0.82§
-0.64*
0.72*

-0.82
-0.64*
0.79§
0.66*

N: native, C: cooked, G: gelatinization, R: retrogradation, ΔT: Tc – To, BD: breakdown, FV: final viscosity, P.Time: pasting time, P.Temp: pasting temperature
*
p < 0.05, § p < 0.01
Non-significant correlations were omitted. Columns 10, 14, 17, 24 & 27 were omitted since no significant correlations were observed.
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Table 8 Pearson correlation analysis for 5VA

1-pH
2-NRDS
3-NSDS
4-NRS
5-CRDS
6-CSDS
7-CRS
8-GTo
9-GTp
10-GTc
11-GΔT
12-GΔH
13-RTo
14-RTp
15-RTc
16-RΔT
17-RΔH
18-Peak
19-Trough
20-BD
21-FV
22-Setback
23-P.Time
24-P.Temp
25-FTIR
26-TPC
27-ORAC

1
1
0.74§
-0.78§
-0.67§

2

3

4

1
0.63§
-0.60§

1
-0.75§

1

5

6

8

9

1
0.94§
0.67*

1
0.72*

10

11

1
0.64*

1

13

14

15

1
0.88§
0.76*

1
0.67*

18

19

20

21

23

24

25

1
0.70*
-0.89§

1
-0.68*

1

1

0.59§

-0.84§

-0.73*

1
-0.51*

0.68*

0.65*
-0.68*
-0.81§

-0.75*

0.90§
0.72*
0.82**

0.89§

0.87§
-0.69*
0.93§

1
0.75*
0.94§

0.76*
0.92§

0.68*

1
-0.76*
0.97§

-0.74*
0.68*

-0.64*

-0.78§

0.78§
0.90§

-0.79§

-0.62*
-0.51§
-0.32*

0.65§
0.54*

-0.58§

0.71*
-0.76*

-0.66*

0.76*
-0.65*

0.82§

0.65*

1
-0.90§
0.95§
0.90§
0.63*
-0.68*

1
-0.77§
0.68*
-0.86§
0.78§

1
0.92§
0.76*
-0.71*

0.86§
0.58*

N: native, C: cooked, G: gelatinization, R: retrogradation, ΔT: Tc – To, BD: breakdown, FV: final viscosity, P.Time: pasting time, P.Temp: pasting temperature
p < 0.05, § p < 0.01
Non-significant correlations were omitted. Columns 7, 12, 16, 17, 22, 26 & 27 were omitted due since significant correlations were observed.
*
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Table 9 Pearson correlation analysis for 10GA

1-pH
2-NRDS
3-NSDS
4-NRS
5-CRDS
6-CSDS
7-CRS
8-GTo
9-GTp
10-GTc
11-GΔT
12-GΔH
13-RTo
14-RTp
15-RTc
16-RΔT
17-RΔH
18-Peak
19-Trough
20-BD
21-FV
22-Setback
23-P.Time
24-P.Temp
25-FTIR
26-TPC
27-ORAC

1
1
-0.80§

2

0.71§
0.58§
-0.57§

-0.94§
-0.54*

-0.92§
-0.79§
0.86§

3

4

1
-0.55*

1

5

6

7

8

9

11

12

13

14

15

16

1
0.89§

1

18

19

20

21

22

23

1

0.47*
0.82§
0.79§

-0.68*

-0.69*
-0.85§

0.63*
0.64*

1
-0.84§
-0.76§
-0.83§
-0.90§
-0.73*

1
1
0.73*
0.77§

0.70*

0.81§

-0.87§

-0.64*

0.77§

1
0.97§
0.75*
-0.69*
-0.79§

1
0.85§
1
-0.86§

1

0.74*

-0.92§

-0.74*

1

0.67*
-0.76*
-0.79§

0.69*
0.69*
0.65*

1

-0.69*
-0.81§
0.71*

-0.71

*

*

0.75
-0.66*

0.82
-0.70*
0.70*

-0.72*
0.66*
0.77§
-0.92§

0.72*

-0.34*
0.58§

0.51*
-0.62§

1

§

0.81§
-0.72*

-0.71*

0.75*
0.75*

-0.72*

-0.66*

0.65*

0.86§

-0.79§
0.71*

0.75*

-0.89§
0.74*

-0.67§
0.70*
0.58

§

0.58

§

-0.67

0.94§

1
-0.90§
0.83§
-0.77§
0.69*
0.84§
-0.67*

1
1
0.88§

1
0.85§

-0.66*
0.91§

0.87§

§

N: native, C: cooked, G: gelatinization, R: retrogradation, ΔT: Tc – To, BD: breakdown, FV: final viscosity, P.Time: pasting time, P.Temp: pasting temperature
*
p < 0.05, § p < 0.01
Non-significant correlations were omitted. Columns 10, 17, 24, 25, 26 & 27 were omitted since no significant correlations were observed.
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1
-0.67*
0.79§

Table 10 Pearson correlation analysis for 10VA
1
1-pH
2-NRDS
3-NSDS
4-NRS
5-CRDS
6-CSDS
7-CRS
8-GTo
9-GTp
10-GTc
11-GΔT
12-GΔH
13-RTo
14-RTp
15-RTc
16-RΔT
17-RΔH

18-Peak
19Trough
20-BD
21-FV
22Setback
23P.Time
24P.Temp
25-FTIR
26-TPC
27ORAC

2

3

4

5

6

7

8

9

11

12

13

14

15

16

17

18

19

20

21

23

24

26

1
0.73§

1

-0.50*

-0.92§

1
-0.68§

1
1

0.46*

-0.70§

1

-0.70§

1
-0.80§

1

0.67*

0.89§

1

0.64*

0.81§

-0.72*
-0.73

*

-0.81

§

0.64

1

*

1
1

-0.79§

-0.83§

1

0.66*
-0.72*
-0.64*

-0.66

0.93§

-0.76*

0.81§

§

-0.87

§

§

-0.80

0.85

0.87§

0.96§

1

-0.67*

-0.64*

0.68*

0.68*

1
1

§

-0.86§
0.65

-0.69*
-0.88

0.79§

1

-0.88§
0.67*

0.82
*

-0.71*

-0.79§

§

0.76*

0.98

-0.71*
0.67

-0.64*

*

§

-0.64*

*

-0.85§

0.80§

-0.88§

-0.67*

-0.94§

1

0.78§

-0.71*

*

-0.69

-0.93§

0.75*

0.64

0.70*

1

*

0.68

1

*

-0.90§

0.69*

1

-0.67*

-0.64*

0.85§

1

-0.84§

-0.79§

0.94§

0.92§

*

*

§

0.78§
0.69§
-0.75

§

-0.47*
-0.49

*

0.84§
-0.59

-0.46*

-0.91§

§

0.74

*

-0.68*
0.79

§

0.72

0.63

N: native, C: cooked, G: gelatinization, R: retrogradation, ΔT: Tc – To, BD: breakdown, FV: final viscosity, P.Time: pasting time, P.Temp: pasting temperature
*
p < 0.05, § p < 0.01
Non-significant correlations were omitted. Columns 10, 22, 25 & 27 were omitted since no significant correlations were observed.

61

-0.86

-0.72

*

1
-0.75§

3.3.5 Thermal Properties
3.3.5.1 Gelatinization
Gelatinization thermograms for all samples are seen in Figure 3A, and the temperature parameters and
enthalpy displayed in Table 11 for the first scan. Gelatinization is a process whereby starch granules
experience total and irreversible destruction of their structure. Water is absorbed preferentially into the
amorphous regions of the granule which are composed mainly of amylose [221]. As heat is added, the
water in the amorphous regions causes swelling, destabilizing the lamellar structure of the amylopectin
crystallites. With continued heating the granule begins to disintegrate and amylose is leached into the
aqueous phase. As gelatinization continues, optical birefringence and crystallinity are lost and amylose or
amylopectin coupled in double helices dissociate and uncoil [222]. Much research has shown that the
gelatinization properties of a given starch are largely dependent on the properties of amylopectin, the
relative crystallinity, and the structure of the starch (amylose/amylopectin ratio, relative degrees of
polymerization, and phosphorus content) [85]. Water content is also an important factor in determining
the gelatinization properties of a starch sample. As the water content decreases the gelatinization
properties become altered, with To and Tp increasing, and enthalpy decreasing, with decreasing water
content [54, 55]. At low enough water content, two endotherms emerge on the DSC thermogram. The first
is representative of the loss of long-range order due to granular swelling during the gelatinization process,
and the second represents the enthalpic requirement that the helices have to uncoil [223]. Under
conditions of excess water, both events occur simultaneously and are contained within the same enthalpic
event on the DSC thermogram.
For most samples, ΔHgel was not significantly different from the control; however, several exceptions
were noted. In the case of 10GA3 and 10GA5, the enthalpy decreased to 12.40 J/g and 13.12 J/g,
respectively, and for sample 5VA3, the enthalpy increased to 19.24 J/g, compared to 16.80 J/g in the
control. Generally speaking, the 5% modified samples had a significantly higher ΔHgel than their 10%
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counterparts, which could possibly be attributed to the fact that the modification treatment with 10% GA
or VA was harsher on the granules due to the increased presence of functional groups (hydroxyl,
carboxyl, and methoxyl groups). The phenolic acids would also have been impacted by the pH of
modification, which would not only have changed their ionization state, but may also have had effects on
the starches’ free hydroxyl groups as well. Lastly, other pH effects may be present as well, as treatment
with high or low pH can destabilize the starch granules, or increase their crystal nature, respectively.
All treatments decreased the gelatinization range (Tc – To) to 17.57 – 14.48 °C; in the control samples the
range was 18.86 °C. In addition to the aforementioned pH and phenolic effects, the decreases in
gelatinization temperature range are largely an artifact of the annealing treatment, which decreases the
distribution of crystallites with varying degrees of perfection, resulting in a more homogeneous structure
that gelatinizes over a smaller range [224]. The subsequent thermal parameters onset, peak, and
conclusion of gelatinization (To, Tp, Tc, respectively) then give more information regarding crystallite
stability.
To was most strongly affected by the addition of 10% modifier, with To values for the 10GA and 10VA
samples ranging from 64.07 to 66.61 °C and statistically significantly different from the control; in 5%
modified samples, there were no significant differences observed. This is evident in Figure 7A where it
can be seen that the thermograms for these samples are clearly shifted longitudinally to higher
temperatures. Generally the 5% modified samples were, on average, approximately 2.5 °C lower than the
10% modified samples, indicating that the modification treatment caused of loss of the lowest stability
crystallites, and shifting them to higher temperatures. Shifting of To, as well as Tp, to higher temperatures
is typical in annealed starches [224]. Peak temperature (Tp) was only increased in select 10GA samples
(10GA3 and 10GA5, at 71.63 °C and 70.42 °C, respectively), and10VA7 (70.44 °C) as compared to the
control. In all 5VA samples it decreased by as much as 2.24°C to as low as 66.84 °C (5VA3). As with T o,
Tp was significantly higher in all the 10% modified samples compared to their 5% counterparts, however
in this case it was only by a margin, on average, of approximately 1 °C. This increase seen indicates that
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the average level of stability of the starch granules decreased as a result of the treatment with 5%
modifier. Lastly, Tc was only significantly decreased in the 5VA group as compared to the control, and
ranged from 77.80 to 79.19 °C. In all other cases Tc was unaffected. This too is commonly seen in
annealed starches as the crystallites of highest stability are the most difficult to affect [225]. To was highly
correlated with Tp, r = 0.97, and Tc, r = 0.80, which was to be expected given the nature of their
relationships (Table 5). To was significantly correlated with all other DSC parameters to lower extent, for
both gelatinization and retrogradation properties, with correlations varying in magnitude from 0.43 to
0.78, as well as varying in direction, i.e, positive or negative. When samples were examined at an
individual sample basis, however, most significant correlations did not exist (Table 7-10).
Table 11 Gelatinization parameters of native and modified potato starches
To (°C)

Tp (°C)

Tc (°C)

Tc – To (°C)

ΔHgel (J/g)

NPS

62.46 ± 0.01 hij

69.08 ± 0.01 defgh

81.32 ± 0.00 a

18.86 ± 0.01 a

16.80 ± 0.28 bcdefghi

5GA3

63.26 ± 0.45 efg

68.66 ± 0.50 defghi

80.29 ± 0.64 abcde

17.03 ± 0.18 bcde

16.67 ± 0.93 cdefghi

5GA5

62.98 ± 0.21 fgh

68.06 ± 0.23 hijk

79.83 ± 0.26 abcdef

16.85 ± 0.05 bcdefg

19.11 ± 0.28 ab

5GA7

62.50 ± 0.52 ghij

68.23 ± 0.47 ghij

80.07 ± 0.65 abcde

17.57 ± 0.13 b

16.36 ± 0.81 efghi

5GA9

63.10 ± 0.27 fgh

68.60 ± 0.30 efghi

80.56 ± 0.17 abcde

17.46 ± 0.10 b

16.98 ± 0.55 abcdefgh

5GA11

62.55 ± 0.62 ghi

68.31 ± 0.55 fghij

80.08 ± 0.96 abcde

17.54 ± 0.35 b

15.83 ± 1.14 fghi

5VA3

61.54 ± 0.04 ij

66.84 ± 0.20 k

77.80 ± 0.49 f

16.27 ± 0.46 cdefgh

19.24 ± 0.77 a

5VA5

62.50 ± 0.08 ghij

67.82 ± 0.28 ijk

79.19 ± 0.48 bcdef

16.69 ± 0.40 bcdefg

18.42 ± 0.29 abcde

5VA7

61.28 ± 0.11 j

66.85 ± 0.11 k

78.62 ± 0.47 ef

17.34 ± 0.35 bc

18.73 ± 0.47 abcd

5VA9

61.96 ± 0.53 hij

67.17 ± 0.47 jk

79.10 ± 0.72 cdef

17.15 ± 0.19 bcd

18.81 ± 0.87 abc

5VA11

62.18 ± 0.09 ghij

67.67 ± 0.03 ijk

78.75 ± 0.11 def

16.58 ± 0.02 bcdefg

18.12 ± 0.18 abcdef

10GA3

66.61 ± 0.13 a

71.63 ± 0.08 a

81.08 ± 0.23 abc

14.48 ± 0.36 j

12.40 ± 0.11 k

10GA5

65.59 ± 0.04 abc

70.42 ± 0.06 ab

80.16 ± 0.06 abcde

14.57 ± 0.03 j

13.12 ± 0.58 jk

10GA7

64.90 ± 0.06 bcd

69.69 ± 0.13 bcde

79.89 ± 0.47 abcde

14.99 ± 0.41 ij

16.77 ± 0.43 cdefghi

10GA9

64.40 ± 0.07 bcde

69.44 ± 0.01 bcdefg

79.84 ± 0.06 abcdef

15.44 ± 0.13 hij

16.71 ± 0.22 cdefghi

10GA11

64.45 ± 0.58 cde

69.84 ± 0.68 bcd

80.20 ± 1.24 abcde

15.75 ± 0.66 ghi

14.60 ± 0.51 ijk

10VA3

64.07 ± 0.05 def

69.48 ± 0.05 bcdef

80.96 ± 0.17 abc

16.90 ± 0.12 bcdef

16.43 ± 0.12 defghi

10VA5

64.84 ± 0.14 bcd

69.65 ± 0.01 bcde

80.69 ± 0.34 abcd

15.85 ± 0.20 fghi

17.79 ± 0.59 abcdefg

10VA7

65.68 ± 0.24 ab

70.44 ± 0.21 ab

81.63 ± 0.57 a

15.95 ± 0.33 efghi

15.70 ± 0.26 ghi

10VA9

64.52 ± 0.45 bcd

69.93 ± 0.42 bc

81.24 ± 0.34 ab

16.73 ± 0.11 bcdefg

14.59 ± 0.75 ijk

10VA11

65.12 ± 0.03 bcd

70.27 ± 0.02 bc

81.27 ± 0.04 a

16.15 ± 0.06 defgh

14.99 ± 0.30 hij

Values are mean ± SD, n = 2. Means within the same column with the same letters are not significantly different (p < 0.05)
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Figure 7 DSC thermograms for gelatinized (A) and retrograded (B) starches. Reference lines are at Tp = 69.08°C and 63.77°C,
for plot A and B, respectively. Curve labels for Fig. 3B correspond to their equivalent curves on Fig. 3A.
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Although the starches were initially dry, when adding water to the sample the phenolic acids can act to
lower the pH of the DSC pan contents, and pH has been shown to have an impact on gelatinization
properties of starches [190]. In a previous study by Bao & Corke [226], rice starch samples subjected to
varying amounts of γ-radiation were tested at pH 7 and pH 1 at a sample to water ratio of 1.8:12.
Generally lower pH increased Tp and decreased Tc – To. ΔH was less so affected; most samples decreased
by ~ 0.1 J/g compared to pH 7 samples at 0 kGy of irradiation, however, as radiation exposure increased,
ΔH tended to increase. In other studies, the effects of phenolic compounds from various plant extracts on
the thermal properties of various types of starches, including maize, potato, and rice starches, were
examined [191, 192, 227] with little consensus being made. Black tea polyphenols had no effect on any of
the gelatinization parameters of potato starch, but increased all temperatures and decreased enthalpy for
maize and rice starches [192]. Conversely, green tea polyphenols decreased all temperature parameters
except for the gelatinization range, while decreasing ΔH as well [191], which is in agreement with Wu,
Chen, Li, & Li [227], who also found tea polyphenols having the same effect on rice starches. In addition
to pH effects, the polyphenols are likely also impacting the gelatinization characteristics by hydrogen
bonding with amylopectin via their free hydroxyl and carboxyl groups to partially bind the amorphous
regions of the granules to the crystalline, resulting in different wetting characteristics, and impacting
gelatinization [17]. Care must be taken in interpreting these results, however, as plant extracts were used,
which are composed of a myriad of phenolic acids and polyphenols, which have much different
characteristics than pure phenolic acids. Additionally, the extracts were added directly to the starch in the
DSC pans and sealed, versus being thoroughly mixed with starch at slightly elevated temperatures (40 °C)
for extended amounts of time, which will have an impact on the degree of interaction between the starch
samples and the phenolics. Mixtures of polyphenols may also have different functional groups than
phenolic acids (i.e., carbonyls, non-benzene double bonds), and also have a larger incidence of methoxy
and hydroxyl groups with which to interact with free hydroxyl groups on starch as well.
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3.3.5.2 Retrogradation
Retrogradation thermograms for all samples are displayed in Figure 7B with a reference line plotted to
represent Tp for the control. In retrograded starch samples, no differences in enthalpy were observed in
pans scanned a second time after two weeks at 4 °C (Table 12). Enthalpy in starch gelatinization or
retrogradation curves is due to destruction of both long- and short-range order. Since the starches were
heated to 180 °C prior to retrogradation, there will be essentially no enthalpic contributions in ΔHret from
long-range order, meaning that the majority of enthalpy is being contributed from the melting of double
helices, or short-range order. Due to there being no significant differences in the enthalpy, it is likely that
the double helical content of the retrograded starch samples was essentially the same, except that as T c-To
will tell us, the relative degrees of perfection of the samples are centered on different points with different
distributions. The majority of samples, except for 5VA3 and 5VA5, had non-significant differences in To.
In 5VA3 and 5VA5, To increased to approximately 46.17 °C, compared to 42.20°C for NPS. Tp ranged
from 60.30 to 64.58 °C, and 5GA, 10GA, and 10VA had a decreasing trend. In the case of the 5VA
grouping, Tp was unaffected by the treatment. Generally, 10VA, 5GA, and 5VA had lower Tc and a
smaller gelatinization range than the control; however, with the exception of 10GA11, all other 10GA
samples were not significantly different from the control. 10GA samples, notably pH 5, 7, and 9, had a
higher Tc than their 10VA counterparts, as well as to their respective 5GA samples as well. The
retrogradation melting range was 1.8 to 2.7 times larger than that of respective samples gelatinization
temperature range, with 10% treated samples on average having wider ranges than the 5% samples. The
melting temperature and range have been shown to be related to the crystallinity of starches [228].
Samples melting at lower and higher temperatures represent crystallites of lesser or greater crystalline
perfection, respectively; a narrower range indicates smaller variation in the distribution of crystallites with
various degrees of perfection. The treatment of starch with 5% modifier lowered the melting range of the
5GA and 5VA starches, thus indicating that there is less variation in perfection of crystallites. Therefore,
GA or VA added at 5% was conducive to the formation of a more homogeneous crystal structure situated
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around an overall less perfect structure than that of NPS, as denoted by the significantly (p < 0.05) lower
Tp observed for most of the 5% samples. The same is true of the 10VA starches, except that their average
perfection is likely the same as NPS as Tp varied little in these samples. Conversely, in the 10GA samples
the melting range is largely not significantly different from the control, likely due to these samples low
TPC (Table 4). Additionally, amongst all samples, the melting temperature range was correlated with
TPC (r = -0.40, p < 0.01).
Table 12 Retrogradation parameters of native and modified potato starches retrograded for 14 days at 4°C
To (°C)

Tp (°C)

Tc (°C)

Tc – To (°C)

ΔHret (J/g)

NPS

42.20 ± 0.86 cd

63.77 ± 0.47 ab

82.72 ± 0.05 a

40.52 ± 0.91 a

11.35 ± 0.59 abcde

5GA3

43.44 ± 0.08 cd

61.79 ± 0.33 cdefg

77.05 ± 1.93 fgh

33.61 ± 2.01 ef

12.13 ± 0.74 abcde

5GA5

43.70 ± 0.91 cd

62.14 ± 0.17 bcdef

77.43 ± 0.34 defgh

33.74 ± 1.25 ef

12.66 ± 0.49 abc

5GA7

43.62 ± 0.31 cd

61.74 ± 0.07 cdefg

76.52 ± 0.86 gh

32.90 ± 1.17 ef

12.40 ± 0.87 abcd

5GA9

42.91 ± 0.19 cd

61.98 ± 0.03 bcdefg

77.13 ± 0.85 efgh

34.23 ± 1.04 cdef

13.21 ± 0.62 a

5GA11

43.64 ± 0.62 cd

61.39 ± 0.55 defg

76.88 ± 0.66 gh

33.24 ± 1.27 ef

12.67 ± 1.17 ab

5VA3

45.94 ± 0.21 ab

61.57 ± 0.42 defg

77.63 ± 0.17 defgh

31.69 ± 0.04 f

11.74 ± 0.11 abcde

5VA5

46.39 ± 0.13 a

62.41 ± 0.13 bcde

79.19 ± 0.30 cdefg

32.80 ± 0.44 ef

11.80 ± 0.52 abcde

5VA7

44.01 ± 0.40 bc

60.82 ± 0.35 efg

75.63 ± 0.50 h

31.62 ± 0.11 f

11.86 ± 0.18 abcde

5VA9

44.14 ± 0.11 bc

61.49 ± 0.83 defg

76.15 ± 0.57 h

32.02 ± 0.46 f

11.57 ± 0.12 abcde

5VA11

44.05 ± 0.21 bc

61.23 ± 0.13 defg

76.31 ± 0.21 h

32.26 ± 0.41 f

12.19 ± 0.38 abcd

10GA3

42.80 ± 0.54 cd

64.45 ± 0.69 a

82.29 ± 0.62 ab

39.49 ± 1.15 ab

10.54 ± 0.72 bcde

10GA5

41.76 ± 0.86 d

64.58 ± 0.35 a

81.04 ± 0.08 abc

39.28 ± 0.78 ab

11.08 ± 0.52 abcde

10GA7

42.65 ± 0.00 cd

61.56 ± 0.84 defg

82.20 ± 0.13 ab

39.55 ± 0.13 ab

10.45 ± 0.37 cde

10GA9

42.29 ± 0.17 cd

60.22 ± 0.05 g

80.05 ± 1.12 abcd

37.76 ± 0.95 abc

10.69 ± 0.24 bcde

10GA11

43.34 ± 0.29 cd

63.51 ± 0.57 abc

79.71 ± 0.56 bcdef

36.37 ± 0.85 bcde

10.41 ± 0.57 de

10VA3

42.16 ± 0.08 cd

63.86 ± 0.52 ab

79.77 ± 0.66 bcdef

37.61 ± 0.75 abcd

11.03 ± 0.42 abcde

10VA5

43.34 ± 0.28 cd

62.50 ± 0.06 bcde

77.31 ± 0.35 defgh

33.97 ± 0.63 def

11.00 ± 0.00 abcde

10VA7

43.12 ± 0.05 cd

62.54 ± 0.00 bcde

77.76 ± 0.17 defgh

34.65 ± 0.22 cdef

10.59 ± 0.17 bcde

10VA9

43.36 ± 0.25 cd

62.84 ± 0.01 abcd

78.11 ± 0.98 defgh

34.75 ± 1.24 cdef

10.66 ± 0.77 bcde

10VA11
42.24 ± 1.23 cd
60.30 ± 0.98 fg
79.92 ± 0.35 abcde
37.68 ± 0.88 abcd 9.96 ± 0.33 e
Values are mean ± SD, n = 2. Means within the same column with the same letters are not significantly different (p < 0.05)

The process of retrogradation follows gelatinization when a starch is cooled. During this time, the
amylose and amylopectin begin to realign themselves and interact via hydrogen bonding. The amylose
chains form double-helical structures consisting of approximately 40 to 70 glucose units [229], and the
outermost branch chains of amylopectin associate to form crystallites [230]. Although amylose
retrogradation is rapid (several hours), the retrogradation of amylopectin is a much more lengthy process
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that can continue for days to weeks, with retrogradation taking place more rapidly and to a higher extent
when outer branch chains have a higher degree of polymerization [231-233]. Previous research has shown
that the principal component responsible for retrogradation behavior is amylopectin [234-236]. Waxy
starches that were retrograded in the presence of lipids were all found to have a broad peak at
approximately the same location as the control (waxy corn starch). Had amylopectin complexed with the
lipids as amylose does, it would have been unable to retrograde to form a reversible crystal structure with
a peak at ~ 55 °C [237]. Typically retrograded starches have an enthalpy approximately 70% lower than
the gelatinization enthalpy, as well as a much broader melting range [238], with enthalpy increasing with
increasing storage time [239-241]. Temperature of retrogradation is also a critical factor in amylopectin
crystallite formation, with starches retrograded at refrigerated (~ 4 °C) or freezing conditions (-10 to -20
°C) often producing starches with higher enthalpy than samples retrograded at room temperature (21 to 25
°C) [241-243]. Exceptions to this trend include bean [243], and normal rice starch [242]. As with
gelatinization, the factors affecting retrogradation are also largely dependent on the properties of the
starch type and its make-up.
The relatively high incidence of hydroxyl and carboxyl groups on the GA and VA likely interacted with
the starch chains, decreasing their ability to associate with themselves to a degree higher than that of NPS
[189]. This was seen by other working groups as well where tea polyphenols were added to starches prior
to DSC to gauge their effects on retrogradation properties. Generally, as the concentration of tea
polyphenols added increases, both the enthalpy and degree of retrogradation decreased [191, 192, 227].
The exemption from this trend was that the addition of black tea polyphenols at 5, 10, or 15% had no
effect on enthalpy of retrogradation of potato starch after 5, 10, or 20 days of retrogradation at 4 °C,
except for 15% black tea polyphenols after 5 days of retrogradation (decreased) [192]. These results were
consistent with our findings as the addition of 5 or 10% GA or VA had no impact on ΔHret.
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3.3.6 Pasting Properties
Table 13 numerically displays the pasting parameters measured and Figure 8 shows all samples in their
respective groups using NPS as a reference and. In only one case did the peak viscosity of the treated
starches decrease (10VA11, 7103 cP). In all other cases the peak viscosity increased, or remained
unchanged statistically, as was the case for the 10GA starches. Sample groups 5GA, 5VA, and 10VA all
display a strong pH-dependant trend whereby samples modified at high (pH 9 & 11) or low pH (pH 3)
have a lower peak viscosity than those modified at mid-level pH (pH 5& 7), and the highest peak
viscosities were measured in samples 5VA5 and 5VA7 at 11017 cP and 11361 cP, respectively. The mild
acid treatment at 40 °C may have eroded some of the amorphous regions of the granules, leaving a more
crystalline but overall less structurally sound structure less resistant to shear [244]. In the case of the high
pH modified samples, outer regions on the granules may have been destabilized, also leading to decreased
integrity. In both cases, the effects manifest as decreases in peak viscosity. Generally, the 5GA, 5VA, and
10VA groups also have a systematically higher peak viscosity than the control, which may be due to the
increased levels of functional groups now present. The hydroxyl groups on the GA or VA, either as
hydroxyls or part of carboxyl groups, can hydrogen bond with other starch hydroxyl groups, leading to
increased hydrogen bonding and molecular adhesion. This trend was not seen in the 10GA group, but this
is likely due to the fact that its TPC was essentially on par with the control. At the same level of modifier
(5 or 10%), changing from GA to VA led to a general decrease in both peak viscosity and breakdown,
which is likely due to the methoxyl group on the VA. Other works have shown that the presence of the
methoxyl group on phenolic acids can lend increased viscosity as compared to other phenolics where the
methoxyl has been substituted for a hydroxyl group [190]. Trough viscosity displayed a trend whereby
there was a net increase in trough viscosity with increasing pH. The treatment with acid may have created
more short-chain fragments which are less stable to shear thinning at high temperatures, leading to lower
trough at low pH. This trend was present in the final viscosity as well, however, in this case the low final
viscosity at lower pH was due to the short-chain fragments being less conducive to retrogradation [245].
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Lastly pasting time also displayed the same trend; the control had a pasting time of 4.77 min, and samples
modified at pH 11 ranged from 6.20 to 7.30 min. as was elaborated earlier, the acid treatment removed
some amorphous regions, creating a structure that could more easily hydrate, and thus paste quicker,
whereas samples modified at high pH may have had more amorphous regions instead. Since during
gelatinization, or pasting, water is preferentially absorbed in the amorphous regions, these starches would
take longer to hydrate and therefore paste. The trends for trough, final viscosity, and pasting time were
seen in all sample groups, even 10GA, indicating that general trends are likely due to purely pH effects.
Breakdown was also lowest at pH 11 as well in all groupings, and breakdown is an indicator of stability
towards shear thinning at higher temperatures, 95 °C in this case [246]. Thus the starches modified at low
pH, namely 9 and 11, are more stable towards shear, and furthermore, are more stable upon swelling as
well, as demonstrated by broad peaks seen in Figures 8A-D. In general, the 5GA and 10GA had higher
stability to shear thinning, as marked by a lower breakdown than the control. The 5VA starches (with the
exception of 5VA11) had the highest breakdown, ranging from 8917 cP to 7477 cP. Low final viscosity is
indicative of a slow rate of retrogradation in a starch gel [247], as is low setback [248]. This is because
the starch chains are not rapidly aggregating upon cooling, thus the gel will take an extended period of
time to reform a more crystalline structure. The majority of samples displayed minimal changes to
setback, with notable exceptions being 10VA7 and 10GA3 at 1228 and 1303 cP, respectively, and 5GA7
at 259 cP, indicating high and low tendency to retrograde, respectively, and in all cases final viscosity
increased as compared to the control. Pasting temperature was more so effected by 10% modifier than
5%, as the majority of samples, regardless of modifier at 5%, were not significantly different from the
control at 64.20 °C, whereas 10% modified samples had a pasting temperature increase from 0.80 to 2.80
°C, and these results correlated well with To and Tp from the DSC data (Table 5).
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Table 13 Pasting characteristics of native and modified potato starches
Peak
(cP)

Trough
(cP)

Breakdown
(cP)

Final Visc
(cP)

Setback
(cP)

Pasting Time
(min)

Pasting Temp
(°C)

7771 ± 107 hi

2025 ± 3 i

5746 ± 110 hi

2535 ± 4 m

510 ± 7 fg

4.77 ± 0.05 j

64.20 ± 0.21 hij

5GA3

8514 ± 68 fg

2551 ± 23 efgh

5964 ± 45 gh

3180 ± 13 hij

629 ± 10 defg

5.07 ± 0.00 hij

65.63 ± 0.04 cde

5GA5

10559 ± 42 b

2741 ± 27 de

7818 ± 15 cd

3384 ± 27 efg

643 ± 0 cdefg

5.20 ± 0.00 ghi

64.35 ± 0.14 ghi

5GA7

10477 ± 21 b

3071 ± 76 bc

7407 ± 54 e

3329 ± 34 fgh

259 ± 42 h

5.20 ± 0.00 ghi

63.98 ± 0.04 ijk

5GA9

8145 ± 112 gh

3007 ± 4 bc

5138 ± 116 jk

3556 ± 63 cde

549 ± 67 efg

5.90 ± 0.05 cd

64.38 ± 0.11 ghi

5GA11

7785 ± 165 hi

3072 ± 99 bc

4731 ± 91 lm

3852 ± 78 b

780 ± 21 cd

7.20 ± 0.09 a

64.35 ± 0.00 ghi

5VA3

10351 ± 337 b

2382 ± 74 h

7969 ± 263 bc

3071 ± 59 jkl

690 ± 15 cde

4.87 ± 0.09 ij

63.40 ± 0.28 k

5VA5

11017 ± 31 a

2703 ± 135 ef

8315 ± 166 b

3508 ± 30 cdef

805 ± 105 c

4.93 ± 0.00 ij

64.20 ± 0.28 hij

5VA7

11361 ± 76 a

2444 ± 6 gh

8917 ± 82 a

3447 ± 8 defg

1003 ± 14 b

5.17 ± 0.05 hi

63.95 ± 0.07 ijk

5VA9

10491 ± 115 b

3015 ± 5 bc

7477 ± 110 de

3692 ± 88 bc

677 ± 93 cdef

5.33 ± 0.00 h

63.60 ± 0.07 jk

5VA11

9307 ± 28 cd

3470 ± 38 a

5837 ± 66 hi

4143 ± 108 a

673 ± 70 cdef

6.20 ± 0.09 b

64.73 ± 0.04 fgh

10GA3

7391 ± 48 ij

2614 ± 41 efg

4777 ± 89 klm

3284 ± 36 ghi

667 ± 9 cdef

5.70 ± 0.04 def

67.00 ± 0.28 a

10GA5

8101 ± 72 gh

1668 ± 26 j

6434 ± 98 f

2971 ± 13 kl

1303 ± 13 a

5.50 ± 0.05 efg

66.38 ± 0.04 ab

10GA7

7448 ± 50 ij

2514 ± 13 fgh

4934 ± 37 kl

2999 ± 72 jkl

486 ± 59 g

5.43 ± 0.14 efg

66.20 ± 0.28 bc

10GA9

7046 ± 52 j

2420 ± 4 gh

4626 ± 55 lm

3134 ± 20 ijk

715 ± 16 cde

6.13 ± 0.00 c

66.05 ± 0.00 bcd

10GA11

7619 ± 27 i

3159 ± 9 b

4461 ± 36 m

3835 ± 9 b

676 ± 18 cdef

6.50 ± 0.05 b

65.33 ± 0.32 edf

NPS

10VA3

8620 ± 47 ef

2371 ± 4 h

6250 ± 43 fg

2927 ± 15 l

556 ± 18 efg

5.37 ± 0.05 fgh

65.00 ± 0.35 efg

10VA5

8937 ± 75 de

2518 ± 40 fgh

6419 ± 35 f

3129 ± 28 ijk

611 ± 12 defg

5.40 ± 0.19 fgh

65.58 ± 0.04 cde

10VA7

9442 ± 63 c

1928 ± 50 i

7514 ± 13 de

3156 ± 23 hijk

1228 ± 27 a

5.33 ± 0.00 gh

65.5. ± 0.00 cde

10VA9

8428 ± 80 fg

2923 ± 1 cd

5505 ± 81 ij

3678 ± 37 bc

755 ± 35 cd

5.77 ± 0.24 de

65.35 ± 0.21 def

10VA11

7103 ± 14 j

3078 ± 25 bc

4025 ± 40 n

3628 ± 35 cd

550 ± 10 efg

7.30 ± 0.05 a

66.38 ± 0.04 ab

Values are mean ± SD, n = 2. Means within the same column with the same letters are not significantly different (p < 0.05)

72

Figure 8 Pasting curves for potato starches treated with 5% GA (A), 5% VA (B), 10% GA (C), 10% VA (D)
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Ferulic acid has been shown to have a similar effect on the pasting properties of maize starch [189].
Ferulic acid was added to maize starch immediately prior to RVA testing and it was seen that the peak
viscosity increased, the hot paste viscosity (analogous to trough) decreased, a trend similar to what was
found by modifying potato starch with GA or VA. The results for VA share more similarities with those
of ferulic acid, likely due to the higher amount of structural similarities they share as compared to GA.
Additionally, the effect of 25 different phenolic acids and polyphenolics on wheat starch pasting
properties has also been studied previously, including GA and VA [190]. All phenolic acids tested
increased the peak viscosity of the starch, but decreased the trough and final viscosities. Conversely, in
most cases with our samples the trough and final viscosities were increased significantly. The results of
Zhu, Cai, Sun, & Corke [190] were attributed partially to the fact that by adding these different acids, the
pH of the solution was changed, in some cases to as low as 2.95 (control pH: 6.79), however, some of the
results may be artefacts of the endogenous lipids present in wheat starch, which are known to have an
influence on the pasting characteristics of starch [249]. Samples modified at high pH (9 or 11) tended to
have lower peak viscosity than starches modified at pH 5 or 7. Others have noted that prolonged treatment
with dilute NaOH solutions leads to similar trends in potato and sago starch [246] and pea starch [250].
Although the alkaline treatment left the overall granule architecture intact, it is now more susceptible to
shear-induced granular fragmentation, likely due to the high pH conditions leaching amylose from the
granules, as marked by a decreased amylose content after treatment [250]. In potato starch, the majority
of the amylose is found at that surface of the granule [206]. Thus if the alkali treatment leaches amylose,
it will destabilise the protective amylose shell surrounding the starch, leading to a less stable granule, and
therefore, a lower peak viscosity and breakdown. This was clearly seen in the 5GA, 5VA, and 10VA
groupings, as the peak viscosity and breakdown were lowest in the pH 11 modified starches.
3.3.7 In Vitro Digestibility
The distribution of digestible starch fractions are shown in Table 14 for both native and cooked samples.
In native starch samples, the highest amount of RS was found to be 77.16%, which was equivalent to the
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control (NPS) at 76.56%. Generally speaking, the treatment of starch with 10% modifier, either GA or
VA, led to lower RDS and higher RS than their 5% counterpart, with no clear trend being seen in the SDS
fraction. In nearly all cases, GA treated starches had a RS content equal to, or less than VA for both 5 and
10% samples, with the exception of 10GA11, where the RS content was nearly 6% higher. In the case of
SDS all samples increased to levels above that of the control, or it remained unchanged, with the highest
native SDS levels being seen in 5GA11 at 26.56%. RDS in turn was negatively affected in most cases,
with samples having an RDS content as high as 35.77% (5GA11). The only sample to have a lower RDS
than NPS was 10VA5 at 6.09%, down from 7.55%. In general, the modified native starch samples
displayed an overall trend whereby there was higher RDS and lower RS than the control, which can be
explained through two avenues. First, annealing treatments have been shown to increase the susceptibility
of potato starch α-amylolysis [251]. The annealing treatment can cause severing and re-arrangement of
the naturally present double bonds in the starch granules, leading to increases in the digestibility of the
modified starches. O’Brien and Wang [251] have also demonstrated that when annealed potato starches
are digested with α-amylase, a single weak point on the granules is exploited, leading to the interior of the
granules to be rapidly hydrolyzed, leaving behind the amylose-rich periphery to more slowly digest. The
other factor contributing to the increased digestibility of the modified starches is that the modification
treatment with GA or VA caused interference with the associations of the starch chains, which again may
lead to increased susceptibility to enzymatic hydrolysis. In both cases, these are marked by a decrease in
the short-range order, as seen in the FTIR data (Table 6). pH effects may also be present; it has been
shown that alkaline treatments can increase the digestibility of starches [97, 250]. In the present study,
samples produced by treating starch with phenolic acids at pH 9 or 11 tended to have lower SDS and RS,
and higher RDS, than their low pH counterparts. As well, at low pH, it is well known that treatment with
acid erodes away the more amorphous sections of the granule, leaving behind an overall more crystalline
structure more resistant to digestion than a high pH treated counterpart [95]. However, there was no
significant correlation between pH of treatment and digestibility when all samples were compared
simultaneously although native RS and RDS levels were strongly related (r = -0.93) (Table 5). When
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treatment groups were examined individually, different patterns arose (Tables 7-10). In the 5GA sample
group, no significant correlations above r = 0.42 were present between native samples and pH.
Conversely, 5VA had native SDS and RS correlated to increasing pH with r = 0.74 and -0.78,
respectively (as were levels for cooked RDS and RS at r = -0.67 and 0.59, respectively), at a significance
of p < 0.01. Both 10GA and 10VA showed a high correlation between pH and RDS with r = -0.80 and
0.73, respectively, indicating that for 10GA, RDS decreased with increasing pH; for 10VA the trend was
opposite. The latter trend for 10VA was the more expected result, as alkaline treatment creates more
amorphous structures which can be more amorphous structures which can be more easily hydrolyzed by
carbohydrase enzymes.
Testing of cooked starches was carried out by immediately freezing samples subjected to RVA testing,
followed by freeze drying and subsequent analysis. In regards to RS content, very few samples showed
any significant differences from the control, with only samples produced with 10% GA being
significantly different, however, they were all less than the control. Maximum RS levels were measured
in 10VA3 (15.10%), and on average 10% VA samples had less total digestible starch (RDS + SDS) than
the other sample groups. Peak SDS and minimum RDS levels were measured in 10VA11 at 5.81% and
81.91%, respectively. Additionally, there was a strong relationship between increasing RDS and
decreasing SDS content of 10GA, which had r = -0.84 at p < 0.01 (Table 9). Overall, the lack of increased
RS content can be attributed to three factors. First, the thermal treatment of the RVA may have degraded
what little phenolics were present; second, there was little phenolic acid per amount of starch; and third,
the annealing treatment was not conducive to the creation of structures that could resist the heat and shear
of the RVA.
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Table 14 In vitro digestibility of native and cooked starch samples
Native

Gelatinized

RDS (%)

SDS (%)

RS (%)

RDS (%)

SDS (%)

RS (%)

NPS

7.55 ± 0.58 m

15.88 ± 0.51 ij

76.56 ± 1.07 a

84.78 ± 1.31 defgh

2.67 ± 0.39 cde

12.82 ± 0.89 abc

5GA3

31.80 ± 0.14 b

25.82 ± 0.39 a

42.38 ± 0.52 i

84.66 ± 0.33 defghi

1.46 ± 0.35 efg

13.87 ± 0.43 abc

5GA5

20.43 ± 0.23 g

17.33 ± 0.39 hi

62.24 ± 0.42 d

85.89 ± 0.39 bcde

2.68 ± 0.39 cde

11.43 ± 0.29 cde

5GA7

29.75 ± 0.32 c

16.72 ± 0.56 hij

53.53 ± 0.54 g

84.36 ± 0.88 efghi

3.60 ± 0.95 bcd

12.05 ± 0.30 bcde

5GA9

26.65 ± 0.61 e

21.71 ± 0.30 cd

51.64 ± 0.61 h

85.39 ± 1.15 cdefg

0.42 ± 0.30g

14.19 ± 1.15 ab

5GA11

35.77 ± 0.15 a

26.56 ± 0.29 a

37.66 ± 0.19 j

86.51 ± 1.17 abcde

1.15 ± 0.19 efg

12.34 ± 1.15 bcd

5VA3

21.29 ± 0.89 fg

17.54 ± 0.37 h

61.17 ± 0.84 d

86.36 ± 0.62 abcde

1.68 ± 1.11 efg

11.95 ± 1.09 bcde

5VA5

27.80 ± 0.74 d

19.48 ± 0.40 fg

61.38 ± 1.37 d

85.26 ± 0.31 cdefgh

2.20 ± 0.50 cdefg

12.54 ± 0.50 abcd

5VA7

32.66 ± 0.15 b

21.09 ± 0.35 de

52.73 ± 0.73 gh

86.08 ± 1.00 abcde

2.26 ± 0.40 cdef

11.66 ± 0.66 bcde

5VA9

22.17 ± 0.24 f

20.38 ± 0.50 defg

57.45 ± 0.37 e

84.15 ± 0.92 efghi

1.98 ± 0.61 cdefg

13.87 ± 1.22 abc

5VA11

27.79 ± 0.21 d

20.50 ± 0.70 defg

51.71 ± 0.50 gh

84.40 ± 0.29 efghi

1.74 ± 0.78 efg

13.86 ± 1.02 abc

10GA3

21.98 ± 0.42 f

20.40 ± 0.14 defg

57.62 ± 0.31 e

82.52 ± 1.75 hi

5.22 ± 1.12 ab

12.26 ± 1.39 bcd

10GA5

21.87 ± 0.34 f

22.59 ± 0.26 c

55.54 ± 0.21 f

87.93 ± 1.13 abc

0.73 ± 0.23 fg

11.34 ± 1.16 cde

10GA7

10.97 ± 0.22 l

20.28 ± 0.87 defg

68.75 ± 1.06 c

88.35 ± 1.29 ab

1.66 ± 0.46 efg

9.99 ± 1.64 de

10GA9

14.37 ± 0.41 j

24.23 ± 0.53 b

61.4 ± 0.85 d

88.81 ± 0.90 a

1.54 ± 0.28 efg

9.65 ± 0.63 e

10GA11

12.44 ± 0.38 k

19.17 ± 0.92 g

68.38 ± 1.20 c

87.19 ± 0.50 abcd

1.42 ± 0.87 efg

11.39 ± 0.87 cde

10VA3

10.19 ± 0.66 l

22.67 ± 0.26 c

67.14 ± 0.51 c

82.70 ± 0.81 ghi

2.20 ± 0.55 cdefg

15.1 ± 0.40 a

10VA5

6.09 ± 0.04 n

19.43 ± 0.57 fg

74.47 ± 0.55 b

82.96 ± 0.85 fghi

3.76 ± 1.03 bc

13.28 ± 0.72 abc

10VA7

7.53 ± 0.17 m

15.31 ± 0.46 j

77.16 ± 0.30 a

84.02 ± 1.78 efghi

2.41 ± 1.02 cdef

13.56 ± 1.41 abc

10VA9

17.82 ± 0.60 h

19.75 ± 1.17 efg

62.43 ± 0.71 d

85.49 ± 1.70 cdef

1.88 ± 0.63 defg

12.63 ± 1.27 abc

10VA11
16.65 ± 0.20 i
20.9 ± 0.61 def
62.45 ± 0.57 d
81.91 ± 0.82 i
5.81 ± 0.98 a
Values are mean ± SD, n = 4. Means within the same column with the same letters are not significantly different (p < 0.05)

77

12.28 ± 0.47 bcd

3.3.8 Pearson Analysis
A Pearson correlation analysis was undertaken to examine the different properties that influence each
other amongst all samples, with results for all samples as a whole displayed in Table 5. Additionally,
Pearson analyses were also conducted for each sample group, with results for 5GA, 10GA, 5VA, and
10VA displayed in Tables 7-10, respectively. Unless otherwise noted, all r values cited are at p < 0.01.
Approximately 44% of all possible comparisons between samples had significant differences shown by
the Pearson analysis; however, these ranged greatly in magnitude from 0.16 to 0.97. Even though a
relationship is significant at r = 0.16, it was hard to draw meaningful conclusions from correlations that
were low as this is, indicating a very weak relationship between two data sets. The highest correlations
involving the digestible starch fractions (excluding interactions with themselves) was between ΔHret and
native RDS and RS, with correlations of 0.64 and -0.57, respectively, which would indicate that for these
starches, their tendency to retrograde can be estimated base on the relative amounts of RDS or RS. TPC
was also not significantly correlated among all samples, with r = 0.45 with Tc being the highest
correlation present. In individual sample groups more strong relationships came to light. In 10VA, TPC
influenced cooked SDS levels, retrograded Tp, peak viscosity, trough viscosity, pasting temperature and
pasting time. TPC had similar influences on RVA parameters in the 5 and 10GA groups as well. Pasting
temperature was strongly correlated with To (0.91) and Tp (0.87) for gelatinization amongst all samples,
which was to be expected given that they are essentially measures of the same parameter taken in
different ways. Although their values may not be the same, the trend was similar. pH also appeared to
have a relationship with pasting time and final viscosity, both with r = 0.76. In both 5GA and 5VA trough
viscosity was very dependent on the pH of modification (r = 0.87 for both). When examined on a samplegroup basis, many of the RVA parameters were also correlated with various digestible starch fractions for
both native and cook samples with correlations ranging from 0.64 (p < 0.05) to 0.91 in magnitude (p <
0.01). When all samples were looked at simultaneously, however, the significant correlations were only as
high as 0.50.
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK
This study demonstrated that the addition of GA or VA to native potato starch granules in slurries at
various pH values had negligible effect on the RS content of samples gelatinized prior to in vitro
digestion, as well as the retrogradation properties of the starches. In native samples, the RS content
peaked around pH 3 to 7. The treatments did, however, have a profound impact on the pasting properties
of the starches, which was likely due to a combination of new steric forces at play as well as residual pH
effects due to the presence of phenolic acids or their degradation products. In all cases, there was low, but
still significant, correlation between TPC and various other parameters. Due to the tight packing of
crystallites within the potato starch granules, only very low amounts of GA or VA could form complexes
which was not evident from XRD and FTIR results. In regards to thermal properties, starches treated with
5% modifier had decreased Tp, and conversely increased in samples treated with 10% modifier.
Additionally the enthalpy was found to decrease with increasing level of modifier, however, the
retrogradation properties of the starches were largely the same, particularly in terms of To and ΔHret.
Future work should focus on increasing the GA or VA content of the starches. Due to the tight crystal
structure and low porosity of potato starch compared to other starches, it would be prudent to first
gelatinize the potato starch, either by autoclaving or boiling to gelatinize, followed by debranching by
pullulanase or isoamylase. This will destroy the naturally tight crystal structure of potato starch as well as
increase the amount of amylose available to form complexes with the GA or VA. Other factors which
would need to be optimized would be the pH of modification, which would likely be in the pH 2 to 4
range, which is where phenolic acids are most stable, as well as the temperature of modification, as
prolonged thermal treatment can deteriorate the GA and VA.
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