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a b s t r a c t

During cooking, food undergoes structural modifications, which may impact its behavior during diges-
tion. The objective of this study was to determine the macro- and micro-structural changes, moisture
uptake, and acid uptake into sweet potatoes during simulated gastric digestion as influenced by cooking
method. Sweet potatoes were cut and cooked (boiled, steamed, microwave steamed or fried), followed by
in vitro gastric digestion (up to 240 min). Acidity, moisture content, and hardness were measured during
the digestion period. Light microscopy was completed on cooked and digested samples to observe
microstructural changes. Effective diffusivity of acid and moisture was modeled following Fick's second
law in MATLAB. Acid and moisture uptake were significantly influenced by cooking method and diges-
tion time (p < 0.0001). Hardness was significantly influenced by cooking method, digestion time, and
their interaction (p < 0.0001). Microstructural changes were observed both as a result of cooking and
after in vitro gastric digestion.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Orange fleshed sweet potatoes (referred to sweet potatoes,
Ipomoea batatas L.) are nutritious tubers, rich in carbohydrates and
dietary fiber, vitamins, minerals, and antioxidants, such as b-caro-
tene (Burri, 2011; Teow et al., 2007). Orange fleshed sweet potatoes
can be cooked many different ways prior to consumption, such as
boiled, steamed, roasted, deep fried, baked, and microwaved
(Bengtsson et al., 2008; Burri, 2011). These cooking methods
involve differing mechanisms of heat transfer and environmental
conditions (i.e. cooking in air vs. water vs. steam), which may result
in varying microstructural changes in the food matrix depending
on the cooking method (Aguilera, 2005; Parada and Aguilera,
2007). These structural changes may also influence nutrient ab-
sorption, as it has been shown that structural changes induced by
processing and thermal treatments influence b-carotene bio-
accessibility in carrots and sweet potatoes (Bengtsson et al., 2009;
Tumuhimbise et al., 2009; Tydeman et al., 2010).

During digestion, the first physical change is in the mouth;
ingested food is broken down and mixed with saliva during
al and Agricultural Engineer-
United States.
rnhorst).
mastication, forming a bolus. When the food particles reach a
certain size they are transported through the esophagus to the
stomach, where gastric digestion occurs. During gastric digestion,
mechanical and chemical breakdown occur due to both stomach
contractions and gastric secretions, respectively (Bornhorst and
Singh, 2014). Gastric secretions contain enzymes (i.e. pepsin and
lipase), electrolytes (i.e. sodium chloride), and are acidic (pH z 2).
These characteristics of the gastric fluid modify the food structure
due to enzymatic and acid hydrolysis, resulting in softening of the
foodmatrix. The rate of diffusion of gastric fluids into foodmatrices
in the gastric environment may have implications in the overall
gastric breakdown as well as absorption of nutrients in the small
intestine. Aside from the digestion fluid composition, there are
other factors that may influence the gastric acid diffusion rate,
which include food composition, food properties, and processing of
food, among other factors (Mennah-Govela et al., 2015).

It has been previously shown that there is a link between acid
diffusion and food softening in canning, curing, and pickling pro-
cessing of foods. Softening in foods occurs when the pectic material
in the plant cell wall is hydrolyzed or broken down (Demain and
Phaff, 1957). It has been demonstrated that pH and temperature
are some of the factors that may influence cell wall hydrolysis (Krall
and McFeeters, 1998; McFeeters and Fleming, 1989, 1990).
Depending on the type of acid, the rate of softeningmay be faster or
may prevent the tissue from softening. For example brine
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containing gluconic acid helped retained texture in carrots (Heil
and McCarthy, 1989), compared to brine containing acetic acid,
which was shown to facilitate the softening of cucumbers
(McFeeters et al., 1995). Additionally, previous studies have shown
that the addition of salts, i.e. sodium chloride, may interact as a
firming agent preventing the softening of the plant tissue
(Gabald�on-Leyva et al., 2007; Heil and McCarthy, 1989; Howard
et al., 1994; McFeeters and Fleming, 1991; Widjaja, 2010).

Food softening during digestion may be correlated to the food
breakdown rate as well as the gastric emptying rate. These two
processes are associated with transport to the small intestine,
meaning that rate of food softening during gastric digestion may
influence absorption of nutrients (Bornhorst et al., 2015). Previous
studies have shown that in order for nutrients to be absorbed by the
small intestine, they have to be released from the cell wall. The
disruption of cell walls occurring as a result of processing or during
gastric digestion (Failla et al., 2009; Lemmens et al., 2010; Parada
and Aguilera, 2007; Van Buggenhout et al., 2010).

It was hypothesized that the cooking methods examined
(boiling, steaming, frying, and microwave steaming) would induce
structural changes in sweet potatoes, which would modify their
uptake of acid and water as well as their propensity for additional
structural changes during simulated gastric digestion.

2. Materials & methods

2.1. Raw materials

Sweet potatoes were purchased from a local supermarket
(Lansing, MI, U.S.A.), and stored at 4 �C for use within 4 weeks.

2.2. Sweet potato cooking procedure

Sweet potatoes were cut into cubes (approx.
0.012 � 0.012 � 0.012 m) by first using a potato cutter to obtain
long strips and followed by manually cutting each strip into cubes
of uniform size. Samples were taken only from the interior of the
sweet potatoes, and any pieces containing peel were discarded.

The cooking methods selected were boiling, steaming, micro-
wave steaming, and frying. The total cooking time for each method
was selected based on preliminary trials to ensure similar hardness
after cooking (data not shown). For all cooking methods, 20 cubes
were cooked together in one batch to ensure comparable sample
heating conditions for each experiment. For boiled sweet potatoes,
cubes were immersed in boiling water (100 �C) for 15 min. For
steamed sweet potatoes, cubes were put in a metal steamer that
was placed above a pot of with boiling water. Cubes were heated
with the lid on the pot for 20 min. For microwave steamed sweet
potatoes, cubes were placed in the top compartment of a micro-
wave steamer and were cooked for 8 min and kept covered for an
additional 2 min. For fried sweet potatoes, cubes were fried in
soybean oil (Meijer Inc., Grand Rapids, MI, U.S.A.) at 180 �C for
5 min. In all cooking methods, with the exception of microwave
steamed, a thermocouple was kept inside one cube during cooking
to record the temperature profile (data not shown) over time to
ensure similar cooking conditions for each batch.

2.3. Volume change after cooking

Sweet potato volume was measured using a 5000S electronic
digital caliper (Chicago Brand, Medford, OR, U.S.A.). Three sides of
the cubes were measured before and after cooking times to esti-
mate the volume. Ten cubes were measured before and after
cooking for each cooking method.
2.4. Simulated digestion

2.4.1. Simulated saliva formulation
Saliva was prepared following Bornhorst and Singh (2013). All

components were mixed in deionized water: mucin (1 g/L, Sigma-
Aldrich, MO, U.S.A.), a-amylase (from Bacillus subtilis, 1.18 g/L, MP
Biomedicals, Catalog Number 100447, activity of 160,000 BAU/g,
Santa Ana, CA, U.S.A.), NaCl (0.117 g/L, Avantor Performance Mate-
rials, PA, U.S.A.), KCl (0.149 g/L, Fisher Science Education, IL, U.S.A.),
and NaHCO3 (0.21 g/L, Fisher Science Education, IL, U.S.A.). After
addition of all ingredients, the pH was adjusted to 7 with 0.01 N
NaOH (Bornhorst and Singh, 2013).

2.4.2. Gastric juice formulation
Gastric juice was prepared by mixing the following ingredients

in deionized water: mucin (1.5 g/L, Sigma-Aldrich, MO, U.S.A.), NaCl
(8.78 g/L, Avantor Performance Materials, PA, U.S.A.), and pepsin
from porcine pancreas (1.0 g/L, Sigma-Aldrich, MO, U.S.A.). After
addition of all ingredients, the pH was adjusted to 1.8 using 0.1 N
HCl (Bornhorst and Singh, 2013).

2.4.3. Oral and gastric digestion conditions
Oral and gastric digestion conditions were performed following

Mennah-Govela and Bornhorst (in press) digestion model in a
shaking water bath; which was slightly modified from previous
studies (Bornhorst and Singh, 2013; Hedren et al., 2002; Mennah-
Govela et al., 2015; Minekus et al., 2014). Ten sweet potato cubes
(initial mass of 12e20 g, depending on the cooking method) were
weighed, placed in a 250 mL glass bottle, and hand-mixed with
0.2 mL/g of saliva for 30 s. One bottle was used for each replicate of
each digestion time. Immediately aftermixing,100mL of preheated
gastric juice at 37 �C was added to the bottle, and the bottles were
placed inside a shaking water bath (37 �C, 100 rpm). Samples were
taken after oral digestion (0.5 min) and after 15, 30, 45, 60, 90, 120,
180, and 240 min of gastric digestion. Sampling was conducted by
removing an individual bottle from the shaking water bath and the
10 cubes were analyzed from that digestion time. After the samples
were removed, the sweet potato cubes were separated from the
gastric juice with a sieve. The cubes were weighed and both the
sweet potato cubes and gastric juice were retained for further
analysis. From the 10 sweet potato cubes in one digestion, 6 cubes
were used for duplicate measurements of acidity (3 cubes per
replicate) and 4 cubes were used for duplicate measurements of
moisture content (2 cubes per replicate). Separate digestions were
completed for both texture and fat content measurements. Simu-
lated digestions were performed in triplicate for each cooking
method and digestion time point.

2.5. Sweet potato behavior during simulated gastric digestion

2.5.1. Acidity and pH measurement
Briefly, from the 6 cubes of the glass bottle, acidity measure-

ments were done in duplicates, where 3 cubes (approx. 6 g) were
weighed and homogenized with 20 mL of deionized water using a
Polytron model PT 10/35 homogenizer (Brinkmann Instruments
Co., Switzerland) for 30 s. The initial pH was measured using a HI
99161 portable pH meter (HANNA instruments, Woonsocket, RI,
U.S.A.). Acidity measurements where completed via potentiometric
titrations. Sodium hydroxide (0.01 N NaOH) was added to each
sample until the pH reached a value of 8.2 ± 0.05.

2.5.2. Moisture content
The 4 cubes left in the glass bottle were used to determine

duplicate measurements of moisture content. Moisture was
determined gravimetrically by drying in a convection oven for
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16 h at 100 �C until constant weight.

2.5.3. Fat content analysis
Separate digestions were prepared to measure fat content of

fried sweet potatoes by Soxhlet extraction following the AOAC
945.16 Official Method (AOAC, 2012). Fat content was measured
before digestion and after 60, 120, and 240min of simulated gastric
digestion. An average of three replicates per digestion time were
measured.

2.5.4. Texture analysis
Separate digestions were done for hardness measurements of

sweet potato cubes during simulated digestion. Hardness change of
individual cubes was quantified as the maximum force during
compression to 6 mm using a 5 cm diameter cylinder probe with a
test speed of 2 mm/s following the method for potatoes by Kaur
et al. (2002) with minor modifications. All analyses were
completed using a TA.HD Plus Texture Analyzer (Texture Technol-
ogies Corp., Hamilton, MA, U.S.A.). Hardness was measured before
digestion and after 15, 30, 60, 120, 180, and 240 min of simulated
gastric digestion. Eight cubes were measured from each gastric
digestion time (n ¼ 24 measurements for each cooking method x
digestion time combination).

2.5.5. Microstructural changes
Microstructural analysis was done before and after 240 min of

digestion for all cooking methods. Samples were fixed in 10%
Neutral Buffered Formalin for four days. After this time, samples
were placed in 30% ethanol and processed on a Tissue Tek II Vac-
uum Infiltration Processor (Sakura Finetek, Alphen aan den Rijn,
Netherlands) followed by embedding with paraffin using the
ThermoFisher HistoCenter III embedding station (ThermoFisher
Scientific, Waltham, MA, U.S.A.). Samples were cut in half and
embedded with the cut surface down. Once samples were cooled,
the excess of paraffin was removed from the edges. Samples were
placed on a Reichert Jung 2030 rotary microtome (Reichert Tech-
nologies, Depew, NY, U.S.A.) and were finely sectioned at 5e6 mm.
Sections were air-dried overnight and then were placed in a 56 �C
slide incubator to ensure adherence to the slides for 2e24 h. Sec-
tions were stained with both Toluidine Blue (Mandalari et al.,
2008), and Periodic Acid Schiff (Tumuhimbise et al., 2009). Sam-
ples were examined using a light microscope with 10 and 20�
objectives, and images were taken with a Nikon Digital Camera
DXM1200 (Nikon Instruments Inc., Melville, NY, U.S.A.).

2.6. Diffusion modeling

The effective diffusivity (Deff) both gastric acid and water into
the sweet potato cubes was estimated using Fick's second law for
an infinite slab (Crank,1975). The equationwasmodified to account
for the cubic shape, using Neumann's rule as a product of three
infinite and perpendicular slabs, similar to what has previously
been done in rehydration of potato cubes (Markowski et al., 2009):

C � Ce
C0 � Ce

¼ 83
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where C is the concentration of acid or water (mg HCl/g of dry
matter (DM) or g H2O/g DM), C0 is the initial concentration (mg
HCl/g DM or g H2O/g DM), Ce is the equilibrium concentration (mg
HCl/g DM or g H2O/g DM), L is the length of the edge of the sweet
potato cube (m), and t is the digestion time (s). The initial condi-
tions (initial acid concentration and initial moisture content) for
each cooking method were measured experimentally as the acidity
and moisture content after cooking, respectively (Table 1). The
average length of the cubes after cooking varied within each
treatment (p < 0.05); therefore, the cube size in the model was
adjusted for each cooking method (Table 1). It was assumed that
cubes were symmetrical.

The diffusion model is for well-mixed conditions since the pH of
the gastric environment is the same around different locations in
the simulated digestion system, and the Biot number is estimated
to be on the order of magnitude of 102-103. The model was devel-
oped by making the following assumptions: 1) the system is
isothermal (37 �C), 2) the sample size and cubic shape remains
constant during the digestion period, 3) the acid concentration of
the gastric environment is homogenous and isotropic, 4) effective
diffusivity is independent of time, 5) mass transfer was by diffusion
only, and 6) the surface of the cube is instantaneously at the con-
centration of acid or water in the gastric juice. In addition to the
Deff, the equilibrium concentration (Ceq) was calculated. The model
was fitted using nlinfit, a nonlinear regression function based in
ordinary least squares in MATLAB R2013b (MathWorks, Natick, MA,
U.S.A).

2.7. Statistical analysis

SAS Enterprise 4.3 (SAS, Cary, NC, U.S.A.) was used for statistical
analysis. An analysis of variance was conducted using a 2-factor
factorial design to determine differences in acid uptake, moisture
content, and texture during simulated gastric digestion. The factors
were cooking treatment (boiled, steamed, microwaved steamed,
and fried), and digestion time (0e240 min). The Tukey-Kramer test
was used to analyze the differences between means when main
effects were significant. A one-way analysis of variance was used to
assess differences between the changes in volume during cooking,
and differences in initial length, moisture content, and acidity.
Statistical significance was assessed at a level of p < 0.05. Values are
given as averages with error bars representing the standard error of
the mean.

3. Results

3.1. Volume change after cooking

The change in volume in the sweet potatoes cubes as a result of
cooking is given in Fig. 1. In average, initial sweet potatoes cube
volume (before cooking) was 1.9 ± 0.07 � 10�6 m3. Sweet potato
cube volume was significantly influenced by the cooking method
(p < 0.001). It can be seen in Fig. 1 that for each cooking methods,
the volume was significantly different before and after cooking for
all cooking methods. After cooking, steamed and boiled sweet po-
tatoes had similar volume (p > 0.05). Fried and microwave steamed
had significantly (p < 0.05) lower volume, and were different from
each other as well as from the rest of the cooking methods. Mi-
crowave steamed cubes had the greatest volume change during
cooking (65%), followed by fried (53%). Boiled sweet potatoes vol-
ume changed the least, decreasing 22% after cooking.

3.2. Acidity and pH measurements

pH both of the gastric juice and the digested samples were
measured using a pH meter for boiled (Fig. 2), steamed, micro-
waved steamed, and fried sweet potatoes (data not shown for
steamed, microwave steamed, or fried). For all the cookingmethods
the pH profiles followed the same trend as shown in Fig. 2, where
the pH of the gastric juice increased from1.8 to 3.1± 0.5, and the pH
of the food sample decreased (from 7 ± 0.3 to 3.7 ± 0.4) during the
240 min gastric digestion period.



Table 1
Average initial conditions and cube side length of sweet potatoes after cooking that were used in the diffusion model. Values were determined experimentally and are given as
the average of 10 or 6 replicates for length or initial conditions (acidity and moisture content), respectively. Different letters within each column represent significantly
different means (p < 0.05).

Cooking method Length (m) Acidity (mg HCl/g dry matter) Moisture content (g H2O/g dry matter)

Boiled 0.0116a 1.8a 1.8a

Steamed 0.0111b 2.9a 1.5b

Microwaved Steamed 0.0087d 3.2a 0.6c

Fried 0.0098c 3.0a 0.6c

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

Boiled Steamed  Microwave 
Steamed  

Fried  

Vo
lu

m
e 

(
 1

0-6
 m

3 )
 

Cooking Method 

a

a

c

b

*

*

* *

Fig. 1. Volume before ( ) and after ( ) cooking of sweet potato cubes. Values are given
as an average (n ¼ 10) with error bars representing the standard error of the mean.
Values before cooking were not statistically different. Different letters in each cooking
method represent statistically different means in the volume values after cooking;
stars (*) represent significant differences in volume before and after cooking within
each cooking method (p < 0.05).
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Fig. 2. pH change of both gastric juice ( ) and boiled orange fleshed sweet potatoes
(A) over 240 min of simulated gastric digestion. Values represent averages (n ¼ 6 for
sweet potatoes, and n ¼ 3 for gastric juice) with error bars representing the standard
error of the mean.

Fig. 3. Acidity changes in boiled ( ), steamed (D), microwave steamed (�), and fried
( ) orange fleshed sweet potatoes over 240 min of simulated gastric digestion. Initial
points represent before and after oral digestion (0 and 0.5 min), which may be hard to
distinguish due to the scale. Values represent averages (n ¼ 6 replicates) with error
bars representing the standard error of the mean. Stars (*) show that the means are
statistically significant from all the other treatments (p < 0.05), plus symbols (þ)
represent not statistically differences from the other cooking methods (p > 0.05).
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Acidity values before digestion, after oral digestion (0.5 min),
and up to 240 min of incubation in gastric juice are shown in Fig. 3.
The acidity of the sweet potatoes cubes was significantly influenced
by the cooking method and gastric digestion time (p < 0.0001) as
well as their interaction (p < 0.0001). As seen in Fig. 3, in most of
the digestion time points, acid uptake of boiled sweet potatoes was
significantly higher than the rest of the cookingmethods (p < 0.05).
After 240 min, boiled sweet potatoes had the greatest acidity in-
crease, going from 1.8 ± 0.2 to 6.7 ± 0.5 mg HCl/g dry matter. In
most of the digestion times steamed, microwave steamed, and fried
were not significantly different (p > 0.05). However, fried sweet
potatoes showed a trend of the lowest acid increase, with acidity
values ranging from 3.0 ± 0.2 to 4.2 ± 0.2 mg HCl/g dry matter after
240 min of simulated gastric digestion. Steamed and microwave
steamed sweet potatoes followed a similar pattern increasing from
2.9 ± 0.5 to 5.1 ± 0.2 mg HCl/g dry matter (steamed), and 3.2 ± 0.3
to 5.1 ± 0.2 mg HCl/g dry matter (microwave steamed).

3.3. Moisture content

Moisture content (dry basis) evolution during simulated gastric
digestion for the four cooking methods is shown in Fig. 4. Moisture
content was significantly influenced by the cooking method and
the digestion time (p < 0.0001) as well as the interaction between
cooking method and digestion time (p < 0.0001). Overall, fried and
microwave steamed sweet potatoes had a greater increase in
moisture over time, and lowest initial dry basis moisture content,
going from 0.59 ± 0.03 to 1.59 ± 0.05 g H2O/g dry matter (DM), and
from 0.62± 0.03 to 1.60 ± 0.06 g H2O/g DM, respectively (±standard
error of the mean). Boiled and steamed sweet potatoes had similar
dry basis moisture uptake, from 1.83 ± 0.04 to 2.20 ± 0.02 for
boiled, and from 1.49 ± 0.05 to 2.11 ± 0.02 for steamed, during the
240 min digestion period.

3.4. Fat content analysis

Fat contentwas not significantly influenced by time of simulated
gastric digestion (P ¼ 0.1762). The initial fat content of fried sweet
potatoes was 5.45 ± 1.08%. After 60, 120, and 240 min of simulated
gastric digestion, the fat content decreased to 4.14 ± 0.05%,



Fig. 4. Dry basis moisture content of boiled ( ), steamed (D), microwave steamed (�),
and fried ( ) orange fleshed sweet potatoes during a 240 min gastric digestion period.
Values are given as averages (n ¼ 6) ± standard error of the mean; error bars are
included but are too small to be seen for many data points. At all digestion times (from
0.5 to 240 min) individual means from boiled and steamed were significantly different
from fried and microwaved steamed sweet potatoes (p < 0.0001). The difference in
individual means for initial moisture content is given in Table 1.
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3.90 ± 0.21%, and 3.63 ± 0.13%, respectively (±standard error of the
mean).
3.5. Texture analysis

The hardness (N) for each cooking method during the 240 min
digestion period in gastric juice is shown in Table 2. Hardness of the
sweet potatoes cubes was significantly influenced by the cooking
method, digestion time, and their interaction (p < 0.0001). Fried
sweet potatoes exhibited the greatest change (58%) from its initial
hardness value. The initial hardness of fried sweet potatoes was
significantly higher (p < 0.0001) than the other cooking methods.
Steamed sweet potatoes had the lowest change in hardness after
240 min of digestion with 31% change. As seen in Table 2, the
hardness in boiled, steamed, and microwave steamed sweet po-
tatoes significantly decreased during digestion time (p < 0.0001).
However, hardness at time 0 in fried sweet potatoes was signifi-
cantly different from the other digestion times (p < 0.0001), but did
not change significantly between 15 and 240 min of digestion. The
hardness between cooking methods at most of the times during
digestion were similar, with the exception of a few time points.
After 30 min of digestion, hardness in boiled sweet potatoes was
significantly different than steamed (p < 0.05), but hardness in
microwave steamed and fried were not different from both
steamed and boiled. Similarly, after 180 min of digestion, hardness
in fried sweet potatoes was significantly higher than boiled
(p < 0.05), but steamed and microwave steamed did not differ
Table 2
Hardness during simulated gastric digestion for boiled, steamed, microwave steamed an
Different letters within each column (abc) and within each row (zyx) represent statistic

Digestion time (min)

Boiled Steam

0 5.8 ± 0.2a,z 6.0 ± 0.
15 5.1 ± 0.6ab 6.1 ± 0.
30 4.5 ± 0.6abc,y 6.4 ± 0.
60 4.0 ± 0.4bc 4.8 ± 0.
120 3.9 ± 0.7bc 5.3 ± 0.
180 3.2 ± 0.4c,y 3.3 ± 0.
240 3.1 ± 0.3c 4.1 ± 0.
significantly. After 240min of digestion, the final hardness values of
all the cooking methods were not significantly different.

3.6. Microstructural changes

Light microscopy was used to observe microstructural changes
after 240 min of simulated gastric digestion using Toluidine Blue
(Fig. 5) and Periodic Acid Schiff (Fig. 6) stains, with 10� and 20�
magnification. Toluidine blue is frequently used to observe the
morphology of cell walls (O'Brien et al., 1964), in this case it was
selected to detect cell wall variations before and after digestion.
Fig. 5A and B shows steamed samples; boiled and microwave
steamed sweet potatoes followed a similar trend after digestion
(images not shown). These samples show that before digestion the
cells are complete and without breakage, however after 240 min of
digestion cell wall breakage can be observed (marked with arrows).
Fried sweet potatoes did not show cell wall breakdown after
240 min of simulated gastric digestion (Fig. 5C and D). However,
gaps between cells can be observed after 4 h of digestion in fried
sweet potatoes (marked with arrows). Samples with Periodic Acid
Schiff (PAS; Fig. 6) complement the observations made in samples
stained with Toluidine Blue. Since PAS stains starch and some
complex polysaccharides (Feder and O'Brien, 1968), it can be seen
that theremay have been some breakdown of the starch in steamed
(Fig. 6A and B), and in fried sweet potatoes (Fig. 6C and D). Similar
results as in steamed were seen for boiled and microwave steamed
(data not shown). Black arrows in Fig. 6B and D shows some ex-
amples of starch degradation observed after 240 min of simulated
gastric digestion.

3.7. Diffusion modeling

The effective diffusion coefficients (Deff) and equilibrium con-
centration (Ceq) of both gastric acid and water were estimated for
each cooking method and are shown in Table 3. The coefficient of
determination (R2) and the confidence intervals of the model are
also given in Table 3. The diffusion model provided a good fit for
almost all of the data sets (R2 � 0.90), with the exception of mi-
crowave steamed (R2¼ 0.76), and boiled (R2¼ 0.85), in the acid and
water effective diffusivity models, respectively.

It can be observed that for each cooking method, with the
exception of boiled, the Deff of acid and water were not equivalent,
but there was not a consistent trend across cooking methods to
describe the differences between acid and water diffusion. For
example, in fried sweet potatoes the Deff of gastric acid was
1.64� 10�9 m2/s compared to a value of 0.22� 10�9 m2/s for water.

The confidence intervals shown in Table 3 demonstrate that
there is not a significant difference between acid effective diffu-
sivity from the different cookingmethods. However, there is a trend
of faster acid effective diffusivity in fried and slower diffusivity in
boiled and microwave steamed sweet potatoes. Based on the
d fried. Values are represented as averages (n ¼ 24) ± standard error of the mean.
ally different means (p < 0.05).

Sweet potato hardness (N)

ed Microwave steamed Fried

2a,z 6.3 ± 0.3a,z 11.2 ± 0.9a,y

5a 5.3 ± 0.3ab 5.2 ± 0.3b

4a,z 5.2 ± 0.2ab,zy 5.6 ± 0.5b,zy

3ab 4.4 ± 0.3b 4.6 ± 0.3b

4ab 4.3 ± 0.2b 5.1 ± 0.4b

2b,zy 4.0 ± 0.2b,zy 5.1 ± 0.3b,z

5b 3.8 ± 0.1b 4.7 ± 0.3b



Fig. 5. Light microscopy images of sweet potato samples stained with Toluidine Blue for steamed (A and B) and fried (C and D) before (A and C) and after 240 min of simulated
gastric digestion (B and D). The images are shownwith a magnification of 10� (1) and 20� (2). B: breakage of cell walls; G: gaps between cells. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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confidence intervals, water diffusivity in steamed sweet potatoes is
significantly different from microwave steamed and fried. Even
though no differences between boiled and microwave steamed and
fried were seen, there is a trend that may show a higher effective
diffusivity in boiled sweet potatoes. Although trends were present,
the confidence intervals did not show significant differences be-
tween different cooking methods. In future experiments, it is
recommended to perform more replicates to lower the confidence
intervals and be able to show significant differences. In addition,
some of the confidence intervals were negative due to variability in
the data. Normalization of data prior to run the mathematical
model is recommended to avoid negative confidence intervals in
future analyses.

When the equilibrium concentration is considered, it can be



Fig. 6. Light microscopy images of sweet potatoes stained with PAS for steamed (A and B) and fried (C and D) sweet potatoes before (A and C) and after 240 min of digestion (B and
D). The images are shown with a magnification of 10� (1) and 20� (2). SD: starch degradation; G: gaps between cells; B: breakage of cell walls.
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observed that boiled samples had significantly higher acid equi-
librium concentration (7.8 mL HCl/g dry matter) than fried,
steamed, andmicrowave steamed. Although confidence intervals of
moisture equilibrium concentration show there is not significant
differences between boiled, steamed, and microwave steamed,
similar trends were seen in the equilibrium concentration of water.
However, boiled sweet potatoes had significantly higher
equilibrium concentration (2.2 mL H2O/g dry matter) than fried
sweet potatoes (1.9 mL H2O/g dry matter).
4. Discussion

Sweet potatoes are a common type of tuber, which is normally
cooked and consumed in a variety of ways including boiled, fried,



Table 3
Effective diffusivity and equilibrium concentration for acid and water in sweet potatoes prepared with different cookingmethods. The coefficient of determination (R2) and the
95% confidence intervals are given to show the goodness of fit of the model and the model uncertainty.

Cooking method Deff Ceq R2 95% confidence intervals Deff 95% confidence intervals Ceq

Acid
($109 m2/s)

Water
($109 m2/s)

Acid (mg HCl/g
DM)

Water (g H2O/g
DM)

Acid Water Acid
($109 m2/s)

Water
($109 m2/s)

Acid (mg HCl/g
DM)

Water (g H2O/g
DM)

Boiled 0.9 1.0 7.8 2.2 0.93 0.85 [�0.2 1.9] [�0.3 2.4] [6.0 9.5] [2.1 2.3]
Steamed 1.3 2.1 5.2 2.1 0.94 0.91 [0.3 2.4] [0.3 4.0] [4.9 5.6] [2.0 2.2]
Microwave

steamed
0.9 0.1 5.2 1.9 0.76 0.98 [�0.7 2.5] [0.0 0.3] [4.5 5.9] [1.4 2.5]

Fried 1.6 0.2 4.4 1.9 0.90 0.99 [�0.4 3.6] [0.1 0.3] [4.1 4.7] [1.6 2.1]
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steamed, and microwave steamed. These four cooking methods
were chosen as thermal treatments that may be used by a typical
consumer. The objective of this study was to determine the influ-
ence of cooking method on the behavior of sweet potato during
simulated gastric digestion.

To gain a better understanding of sweet potato physical changes
after cooking, the cube volume, moisture content, and hardness
were measured before and after cooking for each cooking treat-
ment. As seen in Fig. 1, for all cooking methods, the sweet potato
cube volume decreased after cooking. Boiled sweet potato showed
the smallest decrease after cooking (i.e. the largest volume), and
microwave steamed showed the greatest volume decrease (i.e. the
smallest volume). The sweet potato cube volumewas related to the
moisture uptake, with the exception of fried sweet potato. For
example, boiled and steamed sweet potatoes had similar size after
cooking (average size 1.45 � 10�6 m3). Fried sweet potatoes had a
lower volume after cooking (0.9 � 10�6 m3), and microwave
steamed sweet potatoes had the lowest volume (0.7 � 10�6 m3). As
seen in Fig. 4, these follow a similar trend as the moisture uptake.
Boiled and steamed moisture uptake were not statistically signifi-
cant, but were greater than microwave steamed and fried. The
trends in these results indicate that the quantity of water absorp-
tion or loss during cooking may have an impact on the volume
change of the sweet potato cubes during cooking and the moisture
uptake during digestion.

Cooking methods of sweet potatoes also influenced its macro-
and micro-structure. The hardness after cooking was the same for
boiled, steamed, and microwave steamed (average 6.0 ± 0.1 N), but
after frying the hardness of the sweet potatoes was higher
(11.2 ± 0.9 N) (Table 2). The higher initial hardness of fried sweet
potatoes is likely due to the crust formation during frying. Crust
formation during potato frying involves cellular changes in the
outer layer of the potato. Some of these changes include: starch
gelatinization, denaturation of proteins, dehydration, expansion
and browning of the tissue, oil uptake, among other physico-
chemical changes (Bouchon and Aguilera, 2001; Bouchon et al.,
2001). Variations in sweet potato tissue between fried and all
other cooking methods were also observed in light microscopy
images (Figs. 5 and 6).

Further analyses were done to examine both macro- and micro-
structural changes caused by simulated gastric digestion (i.e.
texture and light microscopy). Texture results showed that fried
sweet potato had a greatest decrease in hardness (59%) during
simulated gastric digestion. It is hypothesized that this decrease
was mainly due to the rapid softening of the crust formed during
frying. During the first 15 min of gastric digestion, the hardness of
the fried sweet potatoes decreased drastically from 11.2 ± 0.9 N to
5.2 ± 0.3 N after 15 min of digestion (Table 2). Similar rapid de-
creases in hardness were not observed in the sweet potatoes from
the other cooking methods. However, if the crust is not taken into
account and the initial hardness is considered at 15 min of diges-
tion, the hardness decrease after 240min of digestionwas only 10%
(the hardness evolution from 15 min to 240minwas not significant
different). After 240 min of simulated gastric digestion, the hard-
ness in all cooking methods was not significantly different (average
3.8 ± 0.2 N). However, the hardness at different digestion time
points was different across cooking treatments. Specifically, hard-
ness was statistically significant at 30 min of digestion in steamed
(6.4 ± 0.4 N) and boiled sweet potatoes (4.5 ± 0.6 N). Similarly, at
180 min of digestion the hardness in boiled sweet potatoes
(3.2 ± 0.4 N) was significantly different than the hardness in fried
sweet potatoes (5.1± 0.3 N). These trends in hardness decreasemay
correspond to the microstructural changes observed through light
microscopy.

Microscopy images show that the microstructure of sweet po-
tatoes is influenced by both cooking and simulated digestion. Light
microscopy images were obtained from the center of the sweet
potato cubes before and after 240 min of simulated gastric diges-
tion. Even though the sweet potato cubes remained visually intact
(i.e. cubes were still intact and had not completely disintegrated
during simulated digestion, as seen in Fig. 7), microstructural
changes after 240 min of digestion were observed in the center of
the cube (Figs. 5 and 6).

Fried sweet potatoes showed intracellular spaces after simu-
lated digestion, but not cell wall breakage. This observation is in
agreement with fried samples having the lowest change in texture
(when not considering the softening of the crust) and the fastest
effective diffusivity of acid compared to the four cooking methods.
It is hypothesized that as intercellular spaces that were formed, this
allowed acid go around the cell walls more easily, increasing its
effective diffusivity in fried sweet potatoes. Evidence of intra-
cellular gaps is shown in Fig. 5 D1, where fried samples did not
show rupture of cell walls, but gaps between them, which might be
due to the oil absorption during frying. It is hypothesized that
during frying, the vegetable oil taken up by the sweet potatoes cube
surrounds the cell walls, which may inhibit their breakdown by
gastric acid. The images in fried samples show that the cells are
more spread out after cooking compared to the steamed sweet
potatoes (Fig. 5 C1 (with arrows) vs. A1). Since the effective diffu-
sivity of the acid in fried samples was also greater than that of
steamed, it suggests that in the fried samples, gastric acid is going
into the foodmatrix, but not going inside the cells. These results are
consistent with the hardness decrease in fried sweet potatoes,
without taking into account the crust layer, which had the least
hardness decrease compared to the other cooking methods. Since
lipid digestion is not the main focus of this study, lipase was not
added in the formulation of the gastric juice (Bornhorst and Singh,
2013; Minekus et al., 2014). Although the fat content of the fried
sweet potatoes did not show a statistically significant decrease over
digestion time, it followed a decreasing trend from 5.5 ± 1.1%,
before digestion to 3.6 ± 0.1%. This decrease in oil, coupled with the
increase in acid during digestion, suggests that there could be a
possible exchange of oil leaving the food matrix with gastric acid
coming into the sweet potato matrix.



Fig. 7. Examples of sweet potato cubes after boiled and fried, and after 60 and 240 min of simulated gastric digestion.
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Cell wall breakage was observed in steamed sweet potatoes
after 240min of simulated digestion suggesting that the gastric acid
was capable of breaking the sweet potato cell walls (Fig. 5 B1 and
B2). This is also seen in samples with stained with PAS (Fig. 6),
where starch and other polysaccharides in the compound middle
lamella of the cell wall are stained in red (Feder and O’Brien, 1968),
which allows for visualization of starch breakdown (Fig. 6 B1 and
B2). Starch breakdown may have occurred due to the a-amylase
from the saliva during the oral digestion (Bornhorst et al., 2014),
and cell wall breakdownmay be related to the low pH of the gastric
environment. Previous studies have shown that fruit cell walls are
more prone to break down in an acidic environment than in an
environment with a pH greater than 4.0, due to acid hydrolysis of
pectin in the cell wall (Knee, 1982; McFeeters and Fleming, 1991).

Structure results suggest that the effects of cooking are evident
in microstructure and texture at certain digestion times. However,
it is important to consider that the microscopy images only
represent a very small area of a sweet potato cube (approx.
5.7 � 10�7 m2).

Previous studies have shown that, in addition to physical and
structural changes in the food during simulated digestion,
biochemical changes (i.e. acidity and moisture content) may occur
(Mennah-Govela et al., 2015). In the present study, the cooking
treatment influenced the effective diffusivity and equilibrium
concentration of acid and water in sweet potatoes. Interestingly, it
has been found that acid and moisture uptake over digestion time
do not follow the same trend (Figs. 3 and 4), and they should be
estimated separately. For example, steamed sweet potatoes had a
similar acid uptake to microwave steamed (both going from
3.0 ± 0.3 to 5.1 ± 0.2 mg HCl/g DM). Alternatively, steamed had a
moisture uptake similar to boiled sweet potatoes, and microwaved
steamed and fried had a similar moisture uptake. These values are
consistent with the equilibrium concentrations (Ce) of both water
and acid of all the cooking methods that were estimated in the
diffusion model (Table 3). It can be seen that boiled sweet potatoes
reached the highest Ce of acid (7.8 mg HCl/g DM), and fried sweet
potatoes had the lowest Ce (4.4 mg HCl/g DM). However, smaller
differences were seen in the water Ce, were boiled and steamed
reached 2.2 and 2.1 g H2O/g DM, respectively and microwave
steamed and fried reached 1.9 g H2O/g DM. It is hypothesized that
these differences are due to porosity and water holding capacity
differences after cooking; an investigation into these factors merits
future investigation.

As a result of the acid and moisture uptake, the Deff of acid and
water in each cooking method were similar (Table 3). Large confi-
dence intervals of the effective diffusivities might be due to the
inherent variations in the agricultural products (i.e. sweet potatoes)
prior to cooking and simulating digestion. Although not statistically
significant, the trends in effective diffusivity indicated that fried
and microwave steamed sweet potatoes may have a higher effec-
tive diffusivity of acid compared to water. Rastogi et al., 2004 re-
ported similar trends in rehydration of carrots with different pre-
treatments. They found that carrots pretreated with water prior
to rehydration had a higher water diffusion coefficient than solute
diffusion coefficient. These findings may support the results in the
current study since boiled and steamed sweet potatoes, with water
in the cooking process and higher initial moisture content, might
have greater Deff of water compared to microwave steamed and
fried, which had lower initial moisture content. The volume
decrease results (Fig. 1) suggest that during microwave steaming
and frying, significant water loss and subsequent structural modi-
fications occurred, resulting in a drier and more porous material
compared to boiled and steamed sweet potatoes.

Limited information was found related to the Deff of acid during
simulated gastric digestion. Kong and Singh (2011) found that
boiled carrots (cooked for 2min) had a Deff of gastric acid (pH of 1.8)
of 8.72 � 10�11 m2/s (Kong and Singh, 2011). Another study done
using boiled white potatoes estimated that the Deff of the acid was
1.03 � 10�9 m2/s (Widjaja, 2010). However, these methods used
either pH or a colored marker to estimate acid diffusion instead of a
direct measurement of acidity, which may not accurately estimate
the true diffusivity of gastric acid. By using experimental mea-
surements of titratable acidity, the effective diffusivity of gastric
acid was estimated in different types and varieties of rice and
ranged from 0.59 � 10�9 m2/s to 3.73� 10�8 m2/s (Mennah-Govela
et al., 2015). Overall, previous studies have reported acid effective
diffusivity values that range from 10�8 to 10�11. As seen in Table 3,
the current study values fall in between this range of order of
magnitude (10�9), however the differences might be due to several
factors including processing method, macro and microstructural
changes, and density differences between matrices. From the pre-
vious studies, the results reported by Kong and Singh (2011) for
boiled carrots are the closest to the diffusivity values estimated in
the current study for sweet potatoes, possibly due to similar
structure and properties of the two tubers. Mennah-Govela et al.
(2015) showed higher acid diffusion compared to the present
study, most likely due to the porous structure the rice bolus, which
had some spaces between the grains, allowing the acid to diffuse at
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a faster rate. In contrast to a rice bolus, sweet potatoes have a less
porous structure. Finally, carrots had a smaller Deff, possibly due to
the lower cooking time of the carrots (2 min), having a harder
texture and a more rigid structure. These results demonstrate the
importance of microstructure on acid and water diffusion into
foods during digestion. Elucidation on the specific microstructural
and physical properties that control diffusion into differing food
matrices is an area that merits future investigation.

5. Conclusions

This study shows the relationship between cooking method and
the physico-chemical changes of sweet potato during simulated
gastric digestion. The current findings indicate that the effective
diffusivity of acid does not follow the same trend as the moisture
effective diffusivity during simulated gastric digestion of cooked
sweet potatoes and should be estimated separately. Overall, mass
transport processes in sweet potato were influenced by cooking
method and simulated gastric digestion. Textural and microstruc-
tural changes of sweet potatoes after 240 min of simulated gastric
digestion were seen in all cooking methods. The results from this
study are important to develop a better understanding of the in-
fluence of cooking and the physical and chemical changes in foods
during simulated gastric digestion.
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