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INTRODUCTION
Digestive properties have been utilized for the classification of 
carbohydrates in foods (Englyst HN, et al., 1992). Based on these 
characteristics, starches are categorized as rapidly digestible carbo-
hydrates, slowly digestible carbohydrates and resistant starch. 
Rapidly digestible carbohydrates undergo hydrolysis within thirty 
minutes of in vitro digestion, whereas slowly digestible carbohy-
drates are hydrolyzed within 120 minutes (Rosin PM, et al., 2002). 
Resistant starch is not digested in the small intestines and instead 
undergoes fermentation to produce short-chain fatty acids (Lunn 
J and Buttriss JL, 2007; Dhital S, et al., 2010). (Nils Georg ASP, 
1992) defined resistant starch as the aggregate of starch and its de-
rivatives that evade absorption in the small intestine of healthy in-
dividuals due to physical in accessibility. This inaccessibility may 
arise from being enclosed within the food matrix RS1, encapsu-
lated within starch granules RS2, or existing as retrograded starch 
RS3, which is generated during food preparation and manufac-
turing. Additionally, starch can undergo chemical modifications 
RS4 to render it impervious to enzymatic breakdown (Bindels LB, 
et al., 2015).
Consumption of foods with low levels of resistant starch and slow-
ly digestible starch has been linked to an increase in metabolic dis-
orders; thus, the ability to regulate the absorption of postprandial 
glucose is important in mitigating these complications (Bindels 
LB, et al., 2015).
The GI is used to regulate postprandial glucose levels by compar-
ing the rate of glucose release from foods to a standard, typically 
glucose or white bread (Jenkins DJ, et al., 1981). The nature, pro-
cessing method and granular properties of starch all play a role 
in determining the glycemic index. Diets rich in SDS and RS are 
associated with low GI foods (Onipe OO, et al.,2020; Englyst HN, 
et al., 1992).
Some research has reported that the content of resistant starch 
and slowly digestible starch can be altered by processing meth-
ods (Ludwig DS, 2003). Prolonged cooking of foods elevates the 
glycemic index; for example, Ludwig DS, 2003 noted that pasta 
cooked to a firm texture exhibits a lower GI compared to pasta 

that is cooked for an extended duration. This phenomenon is like-
ly attributed to the extent of starch gelatinization. A heightened 
level of starch gelatinization has been linked to increased digestib-
ility and higher GI values (Widanagamage RD, et al., 2013).
As the concept of GI gains traction in Nigeria, with local foods’ 
glycemic indices being determined (Onimawo IA, et al., 2007; 
Osagie AU and Omoregie ES, 2011; Onipe OO, et al., 2020), there 
is a need to modify processing methods to reduce the glycemic 
indices of foods. This study examines the effect of degree of gel-
atinization on starch digestibility as a measure of regulating gly-
cemia in vivo, using two commonly eaten foods: USI and OKPA.

MATERIALS AND METHODS
Preparation of food samples
Cassava and bambara groundnut were purchased from Edje-
ovyanre Market in Oghara and Nsukka Market in Delta and 
Enugu states. The food samples were processed by a trained cook 
into commonly eaten forms, with the processing methods sum-
marized in Table 1. The food samples were prepared under con-
trolled temperatures to determine the degree of gelatinization and 
in vitro starch digestibility.

Table. 1: Processing and preparation of food samples

Processed 
forms Pre-processing Processing methods

Usi

 Cassava tubers 
were peeled, 

grinded, filtered 
and allowed to 

sediment

Sediment mixed with 
water and palm oil and 

heated while stirring in a 
saucepan till it gelatinizes 

Okpa

Bambara ground-
nut seeds were 

oven dried at 60°C, 
removed and then 

grinded

Flour mixed with water, 
tomatoes, pepper, salt, 

palm oil, seasoning is add-
ed and paste is steamed in 

aluminium cups.
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each sample was analyzed using a glucometer Accu-Chek Active Roche 
Diagnostic Laboratories.

Determination of glycemic index
The GI was determined as described by Jenkins DJ, et al., 1981. The in-
crease in area under the curve for test food was divided by the increase in 
area under the curve for reference food and multiplied by 100.

Statistical analysis 
Analyses were carried out in triplicates and results were expressed as mean 
± standard deviation. Analysis of Variance (ANOVA) was used to deter-
mine significant variations among the samples, with values considered 
significantly different at P ≤ 0.05. Statistical analysis was performed using 
graphpad prism version 10 GraphPad Software Inc., USA.

RESULTS AND DISCUSSION
The total and resistant starch content of USI and OKPA are presented 
in Table 2. The resistant starch content of uncooked USI was the highest 
among the food samples p<0.05. Processing of USI and OKPA resulted in 
significant p<0.05 differences between raw USI (US) and cooked USI as 
well as between raw OKPA and cooked OKPA. These findings align with 
various studies indicating that alterations in resistant starch content occur 
due to processing techniques (Kasote DM, et al., 2014).
The reduction in resistant starch may be attributed to increased gelatiniza-
tion, which renders the starch more susceptible to digestion by α-amylase. 
Additionally, the removal of seed coats from legumes has been proposed 
to diminish the RSI content of legumes (Isiosio UE, et al., 2015; Englyst 
HN, et al., 1992).

Starch digestibility
The values of in vitro starch digestibility for OKPA and USI at varying tem-
peratures are presented in Table 3. The results revealed that an increase 
in the degree of gelatinization and time resulted in increased digestibility, 
which is consistent with findings.
The hydrolysis of starch in OKPA was temperature dependent, with the 
lowest RDS values recorded at 45°C and the highest at 100°C. The opti-
mum degree of gelatinization for USI was found to be between 60°C and 
75°C, where RDS reached its maximum. This result supports the common 
practice of cooking USI at mild temperatures. However, heating at temper-
atures above 75°C caused a reduction in RDS values, suggesting the forma-
tion of resistant starch (RS3) (Bennion M and ScheuleB, 2000).
(Magallanes PA, et al., 2017) suggested that the gelatinization and subse-
quent cooling of starch could lead to an increase in resistant starch due to 
the development of retrograded starch RS3 at temperatures higher than 
75°C. OKPA starch exhibits a high gelatinization temperature, which sup-
ports the practice of cooking OKPA using steam. The higher gelatinization 
temperature for OKPA starch may be attributed to its more rigid granular 
structure (Singh N, et al., 2003). Another probable reason for this may be 
the high fat and protein content of OKPA; previous studies have confirmed 
that OKPA meals contain significant amounts of fat and protein. As noted 
by (Bennion M and ScheuleB, 2000), high fat and protein content can delay 
starch gelatinization.
Additionally, OKPA has a high SDS content, which aligns with results 
reported by (Sandhu KS and Lim ST, et al., 2008), indicating a high SDS 
content in legumes. Analyses were carried out in triplicates and values are 
expressed as mean ± Standard Error of the Mean (SEM). 
The portion sizes of USI and OKPA meals administered to participants are 
detailed in Table 4. The serving size of USI 143.9 g, which contained 50 g of 
carbohydrates with a moisture content of 56.02 g/100 g, was designated as 
the low gelatinized USI sample (Figure 1). 

Degree of gelatinization and in vitro starch digestibility
To assess varying degrees of gelatinization, suspensions of food samples 
100 mg/mL were subjected to heating at temperatures ranging from 45°C 
to 100°C for durations between fifteen and 60 minutes. Changes in the 
moisture content of USI and OKPA during processing were monitored and 
the water-to-starch ratio of the food samples was analyzed to assess altera-
tions in water content due to processing temperature.

In vitro starch digestibility  
In vitro starch digestibility was determined according to the methodology 
described by (Kasote DM, et al., 2014). Fifty milligrams of food samples 
were incubated with 10 milliliters of HCl-KCl buffer pH 1.5 and 0.2 mil-
liliters of 10% pepsin at 40°C for 1 hour with continuous agitation. The 
pH was then adjusted by bringing the volume to 25 milliliters with Tris-
maleate buffer pH 6.9. Subsequently, 5 milliliters of pancreatic α-amylase 
solution 1 mg/5 mL in Tris-maleate buffer was introduced to the reaction 
mixture, which was allowed to incubate at 37°C with continuous agitation 
for 30 minutes. Samples of 1 milliliter were extracted at 30 minutes and 
120 minutes from the reaction mixture and promptly immersed in boiling 
water for 5 minutes to halt the enzymatic reaction. Following this, each 
aliquot was treated with 1 milliliter of 0.4 M sodium acetate buffer pH 4.75 
and 60 μl of amyloglucosidase 3,300 U/mL. The reaction mixture was then 
incubated at 60°C for 45 minutes with continuous agitation. The glucose 
released was quantified using a GOD/POD reagent assay kit and starch 
content was calculated as glucose mg % × 0.9. Hydrolysis at 30 and 120 
minutes indicated the RDS and SDS, respectively.
RDS % =(G30×0.9 / W) ×100
SDS % =((G180 - G30) ×0.9 / W) ×100

Determination of resistant and total starch
Resistant starch, digestible starch and total starch content were determined 
according to the method by (McCleary BV and Monaghan DA, 2002) 
using a commercially available kit from Magazine International Ireland 
Ltd., Bray, Co. Wicklow, Ireland.

Serving sizes
Total starch was determined by (McCleary BV and Monaghan DA, 2002). 
Portions providing 50 g of carbohydrates were used for the feeding experi-
ment.

Experimental design
Twenty subjects, consisting of twelve males and eight females, were select-
ed from Western Delta University, Oghara, for the study. Inclusion cri-
teria required that subjects be aged 18 years or older, healthy, non-obese, 
non-diabetic and without a family history of diabetes. All protocols for 
the experiment were approved by the ethical committee of western 
delta university, Oghara. Participants were invited for feeding on three 
days within a 2-week period. On test days, participants arrived at the 
laboratory at 8:00 AM after a fast of 10-12 hours. Details of the research 
were explained to the subjects, who then provided their consent. Meas-
urements of height and weight were obtained and Body Mass Index 
(BMI) was calculated kg/m². Subjects were fed serving sizes of foods 
USI or OKPA providing 50 g of carbohydrates with different degrees of 
gelatinization on two occasions. On a different day, subjects were also 
fed 50 g of glucose.

Collection of capillary blood samples
Capillary blood samples were collected via finger prick from groups Gr, 
Go and Gs. Readings were taken at baseline (0), as well as at 15 minutes, 30 
minutes, 45 minutes, 60 minutes and 120 minutes. A drop of blood from 
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Table 2: Total and resistant starch in cooked Usi and Okpa

Total starch g/100 g Digestible starch g/100 g Resistant starch g/100 g

US* 85.02 ± 2.00 77.45 ± 1.52 7.56 ± 0.23
Us 86.99 ± 2.45 77.73 ± 1.87 10.26 ± 0.68
Ok 54.75 ± 2.35 49.45 ± 1.84 5.30 ± 0.78

OK* 61.02 ± 1.72 44.48 ± 1.02 6.54 ± 0.45
Note: Results are expressed as US*=Ugba Salad, OK*=Ogi Koko 

Table 3: In vitro starch digestibility of Usi and Okpa g/100 g of processed samples

Sample 45°C 50°C 60°C 75°C 100°C

Okpa
RDS 21.08 ± 2.66 25.92 ± 4.02 29.60 ± 4.06 29.62 ± 1.59  30.14 ± 3.02
SDS 28.37 ± 1.51 23.53 ± 4.10 19.85 ± 0.16 19.83 ± 0.04 19.31 ± 0.57

Usi
RDS 69.85 ± 6. 01 70.39 ± 6.11 73.42 ± 1.54 75.63 ± 4.9 69.49 ± 6.33 
SDS 7.60 ± 1.42 7.06 ± 2.10 4.03 ± 0.94 1.82 ± 0.48 1.42 ± 0.30

Table 4: Serving size of food

Samples Moisture content (g/100 g) 50 grams of available carbohydrates 
Usi (low gelatinized) 56.02 ± 0.05 143.9 g

Usi (Highly gelatinized) 70.45 ± 0.54 199.1 g
Okpa (low gelatinized) 54.25 ± 0.11 203.7 g

Okpa (Highly gelatinized) 70.50 ± 0.23 264.7 g

Figure 1. Average blood glucose concentrations of low gelatinized samples
Note: ( ): GR; ( ): GS and ( ): GO

alterations in the carbohydrate structure of food through gelatinization 
make it more susceptible to amylase digestion, resulting in an increased GI 
(Jimoh AK, et al., 1981). There was no significant p<0.05 difference in gly-
cemic indices between low gelatinized and high gelatinized samples, sug-
gesting that other factors are responsible for its glycemic properties (Figure 
2 and Table 6).
In contrast, the GI of OKPA 37.9 and 44.8 is considered low, which 
may be attributed to the presence of SDS. This finding contrasts with 
results reported by (Onimawo IA, et al., 2007), where OKPA was asso-
ciated with a higher glycemic index. The differences in GI reported in 
this study compared to Onimawo IA, et al., 2007 might be due to the 
different reference foods used; for instance, white bread was used as 
the reference food in their study while this research used glucose as 
its reference diet. A similar argument has been put forward by (Brand 
MJ and Foster PK, 2005), which reported a higher GI with white bread 
(Table 7).

This particular sample exhibited a reduced moisture content and was pre-
pared under mild heat conditions ranging from 45°C to 59°C. As reported 
by (Donmez D, et al., 2021), the presence of water and the application of 
specific temperatures are recognized factors that contribute to the degree 
of gelatinization in food products with higher moisture levels, temperature 
plays an important role in ensuring complete gelatinization of the starch 
present in the food items; hence, at higher temperatures, starch in USI and 
OKPA is believed to be completely gelatinized.
The average glucose response of subjects fed on USI and OKPA diets, pro-
viding 50 g of available carbohydrates, is shown in Table 5. The glucose 
response for all groups peaked between 30 minutes and 60 minutes, after 
which there was a gradual decline in average glucose concentration. The 
results of the glycemic indices revealed that USI is a high GI food 93.4 
and 95.9, which agrees with findings by (Osagie AU and Omoregie ES, 
2011). As shown in Table 2, USI consists mainly of RDS thus, its high GI 
may again be attributed to this property. Several reports have indicated that 
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Table 5: Average glucose concentrations (mg/dl) of subjects fed with low gelatinized samples

Subjects 0 mins 15 mins 30 mins 45 mins 60 mins 120 mins
GR 63.3 ± 9.5 88.2 ± 8.7 120.8 ± 13.1 101.2 ± 9.5 89.8 ± 2.0 68.4 ± 8.2
Gs 71.9 ± 9.4 123.2 ± 4.6 128.8 ± 5.0 84.9 ± 3.4 73.8 ± 6.6 70.0 ± 7.8
Go 66.6 ± 4.7 72.2 ± 3.0 84.6 ± 3.0 89.8 ± 3.8 78.4 ± 5.3 67.6 ± 1.4

Note: Results are expressed as Mean ± SEM n=20, GR= Blood glucose concentrations for reference food, GO= Blood glucose concentrations for Okpa 
meal. GS=Blood glucose concentrations for Usi meal

Figure 2. Average blood glucose concentrations of highly gelatinized samples
Note: ( ): GR; ( ): GS and ( ): GO

Table 6: Average glucose concentrations (mg/dl) of subjects fed with high gelatinized samples

Subjects 0 mins 15 mins 30 mins 45 mins 60 mins 120 mins
GR 63.3 ± 9.5 88.2 ± 8.7 120.8 ± 13.1 101.2 ± 9.5 89.8 ± 2.0 68.4 ± 8.2
Gs 68.5 ± 3.2 82.7 ± 6.3 95.3 ± 3.5 90.1 ± 4.5 87.3 ± 2.2 78.8 ± 2.2
Go 72.2.2 ± 5.6 110.5± 2.4 122.3± 3.2 125.8±7.4 81.5±5.1 70.0±4.6

Note: Results are expressed as Mean ± SEM n=20, GR= Blood glucose concentrations for reference food, GO= Blood glucose concentrations for Okpa 
meal. GS=Blood glucose concentrations for Usi meal

Table 7: Glycemic indices of samples with different degree of gelatinization

Samples Low gelatinization High gelatinization
Okpa 37.9 ± 1.8 44.8 ± 0.9
Usi 93.4 ± 2.4 95.9 ± 1.2
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CONCLUSION
The degree of gelatinization does not affect the GI of USI; however, this 
factor can be utilized in the preparation of OKPA to further reduce its GI. 
OKPA meals can be beneficial in the dietary management of diabetics.
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