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a  b  s  t  r  a  c  t

A  commercial  pressurized  solvent  extractor  was  used  to remove  lipid  and  non-lipid  material  from  corn-
starch  using  n-propanol/water  and  ethanol/water  mixtures.  Yields  and  chemical  composition  of  the
extract  fractions  were  determined.  Cornstarch  samples  were  characterized  using  pasting  properties  and
shear  storage  modulus  measurements.  The  n-propanol/water  extracted  slightly  higher  amounts  of  both
lipids and  non-lipids.  The  lipid  fractions  contained  mostly  linoleic,  palmitic  and  oleic  free  fatty  acids.
The  non-lipid  fraction  contained  mostly  protein  in the  form  of  zein.  The  extracted  starch  had  lower peak
eywords:
ornstarch
ressurized solvent extraction
ipids
ein
asting curve
etrogradation

and  setback  viscosities  than did  the  unextracted  starch.  The  starch  extracted  with  n-propanol/water  had
the  lowest  shear  storage  modulus  values.  Conversely,  the samples  extracted  with  ethanol/water  had  the
highest shear  storage  modulus  values.  It is  hypothesized  that low  amounts  of  zein  present  in conjunction
with  the starch  is  responsible  for this  observed  effect.

Published by Elsevier Ltd.
. Introduction

Cornstarch typically contains low amounts (ca. 1%) of native
ipids with the free fatty acids linoleic, palmitic and oleic being
he most abundant lipids present (Morrison, 1988; Morrison &
oventry, 1985). Although the relative amounts of these lipids are
ery low, the presence of these compounds can have a significant
ffect on the physical properties of the starch and subsequently its
nd-uses.The extraction of native cornstarch lipids using supercriti-
al CO2 (SC-CO2), SC-CO2 modified with ethanol (SC-CO2/EtOH) and
ressurized solvent extraction (PSE) using pure ethanol (EtOH) has
een investigated (Peterson, Eller, Fanta, Felker, & Shogren, 2007)
nd compared to refluxing n-propanol/water (75/25, v/v) which
emoves essentially all of the lipids (Morrison & Coventry, 1985).
ure EtOH gave the highest yield, however, it only removed 28%
f the lipids present in the cornstarch. However, the lipid yield

sing EtOH increased with the moisture content of the starch sug-
esting a benefit of water when extracting lipids using EtOH. In a
ubsequent study (Peterson, Eller, Fanta, Felker, & Shogren, 2008),

� Mention of trade names or commercial products in this article is solely for the
urpose of providing scientific information and does not imply recommendation or
ndorsement by the U.S. Department of Agriculture. USDA is an equal opportunity
rovider and employer.
∗ Corresponding author. Tel.: +1 309 681 6232; fax: +1 309 681 6685.

E-mail address: Fred.Eller@ARS.USDA.gov (F.J. Eller).

144-8617/$ – see front matter. Published by Elsevier Ltd.
oi:10.1016/j.carbpol.2011.11.016
using ethanol/water (75/25, v/v) in a lab-built pressurized solvent
extractor, a solvent/starch ratio of ca. 12 was found to remove 99.9%
of the native lipid from cornstarch.

The removal of the lipids by the refluxing 75% n-propanol/water
was associated with a drastic decrease in the peak viscosity nor-
mally attributed to starch granule swelling and led to a significantly
thinner slurry as indicated by the pasting profiles of the extracted
cornstarch. Although the peak viscosity of starch extracted by EtOH
was reduced relative to the control, it was not as drastic as seen for
the 75% n-propanol/water extracted cornstarch sample. It appeared
that the peak viscosity was  proportional to the lipid content as has
been reported previously (Goering, Jackson, & DeHaas, 1975; Kar,
Jacquier, Morgan, Lyng, & McKenna, 2005; Sayar, Koksel, & Turhan,
2005; Takahashi & Seib, 1988; Vasanthan & Hoover, 1992). It is
hypothesized that when lipids are removed from amylose–lipid
complexes within the granule, the amylose may  crystallize to a
small degree and swelling would be reduced and at low gran-
ule concentrations, this leads to a lower paste viscosity. However,
there are also cases where it appears that removal of native lipids
either did not change the peak viscosity (Lorenz, 1976), or increased
the peak viscosity and/or the setback region of the pasting curve
(Biliaderis & Tonogai, 1991; Melvin, 1979).

Although amylose gels have shear storage modulus (G′) values

that are strongly dependent on concentration (i.e. seventh power)
above a critical concentration of 1.5% (w/w)  (Ellis and Ring (1985),
the relationship between the amount of lipid extracted and the G′

of the extracted starch is not clear (Peterson et al., 2007, 2008). The

dx.doi.org/10.1016/j.carbpol.2011.11.016
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:Fred.Eller@ARS.USDA.gov
dx.doi.org/10.1016/j.carbpol.2011.11.016
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ample extracted by n-propanol/water (i.e., lowest lipid concen-
ration) had the lowest G′, while sample extracted by pure EtOH
i.e., with 28% of lipids removed) as well as the sample extracted
ith EtOH/water (75/25, v/v) (i.e., with 99.9% of lipids removed)

oth had higher G′ than the unextracted control starch. It is unclear
hy G′ increased for the EtOH extracted starch but it cannot be

xplained by the lipid content of the starch alone.
Both surface lipids and non-lipids (i.e., proteins) have been

eported to influence the swelling properties of starch (Debet
 Gidley, 2006). Various solvents have been shown to differen-

ially extract lipids and non-lipids from starch. Nierle, El Baya,
ersting, and Meyer (1990) reported that ethanol extracted most
f the wheat starch lipids present but only 25% of the proteins and
escribed considerable changes in the rheological properties of the
xtracted wheat starch. Morrison and Coventry (1985) reported
hat propanol–water extracted substantial quantities of both lipids
s well as prolamins (e.g., zein), while water-saturated n-butanol
ffectively lipids but only small amounts of prolamins. For this
tudy, we choose to compare n-propanol–water and ethanol–water
o differentially extract lipids and non-lipids from cornstarch as a
ontinuation of our previous research.

The purpose of this study was to investigate the use of a com-
ercial automated pressurized solvent extractor to remove lipids

nd non-lipids from cornstarch. The effectiveness of two solvents
as compared and the composition of the lipid fraction and non-

ipid fractions of the extracts were determined. The pasting and
etrogradation properties of the extracted starch were also exam-
ned and compared to the extraction yields.

. Materials and methods

.1. Cornstarch

Pure food grade cornstarch was purchased from Tate and Lyle
lot # DW3C0406L; Decatur, IL). Percent moisture was determined
o be 10.9% by drying overnight in a vacuum oven at 100 ◦C.

.2. Accelerated solvent extractions

A Dionex Accelerated Solvent Extractor (ASE) 300 (Dionex
orp., Sunnyvale, CA) was used to extract the cornstarch using
thanol:water (75:25, vol:vol) and n-propanol:water (75:25,
ol:vol). There were four extraction treatments: ethanol only
EtOH); n-propanol only (Prop); ethanol followed by n-propanol
EtOH/Prop); and n-propanol followed by ethanol (Prop/EtOH). The
ample sizes were ca. 2 g and the extraction conditions were the
ame for both solvents as follows: 90 ◦C, 1500 psi, 7 min  static, 8
ycles, 80% flush, 60 s purge.

Extracts were dried under a gentle stream of nitrogen to a con-
tant weight directly in the ASE collection vials. All yield data
g extract/100 g cornstarch) were based on the weight of the un-
ried cornstarch. There were three replications of each extraction
ethod.

.3. Separation of extract into lipid and non-lipid fractions

The dried residues were extracted with n-hexane to separate
ipid material from non-lipid material. The dried extracts were
overed with 10 mL  of HPLC grade n-hexane (Fisher Scientific,
air Lawn, NJ) and subsequently placed in a Branson model 3510
ltrasonic cleaner (Danbury, CT) for 5 min  to thoroughly disperse
he sample. The dispersed sample in n-hexane was centrifuged at

550 rpm for 10 min  (IEC Clinical Centrifuge, International Equip-
ent Company, Needham, MA)  and the supernatant n-hexane

emoved. This procedure was repeated three times for each sam-
le and the combined n-hexane extracts were dried under a gentle
mers 87 (2012) 2477– 2481

stream of nitrogen and weighed. The insoluble non-lipid residue
pellet was dried under nitrogen and weighed.

2.4. Supercritical fluid chromatographic analyses of extracts

Supercritical fluid chromatography (SFC) was  used to determine
the types of lipids present in the lipid extract fractions. The SFC anal-
yses were conducted with a Series 4000 SFC (Selerity Technologies,
Inc., Salt Lake City, UT, USA) equipped with a flame ionization detec-
tor (FID) held at 350 ◦C. SFC/supercritical fluid extraction-grade
carbon dioxide (Airgas Inc., Radnor, PA, USA) was used as the car-
rier fluid. A SB-Methyl-100 capillary column (10 m by 50 �m i.d.,
0.25 �m film thickness) (Selerity Technologies, Inc., Salt Lake City,
UT, USA) was used with a program of: 100 ◦C isothermal, 10.1 MPa
hold for 5 min, and a ramp of 1.5 MPa/min to 31.4 MPa. A solution
containing ca. 5 mg/mL  n-hexane was  injected into the SFC (500 nL
loop) and the relative amounts of components present were deter-
mined from the FID area percentages. A single SFC analysis was
performed on each replication. Palmitic and stearic free fatty acid
analytical standards were obtained from Aldrich Chemical Co. (Mil-
waukee, WI)  and Matheson Co. Inc. (Norwood, OH), respectively.

2.5. Transesterification to fatty acid methyl esters

The extracted lipids were transesterified to fatty acid methyl
esters (FAMEs) as described by House, Larson, Johnson, DeVries, and
Martin (1994).  The fat residue was dissolved in 1 mL  of toluene and
placed in a 12-mL screwcap vial with 1 mL  of 7% BF3 in methanol.
The vial was  then sealed and heated to 100 ◦C for 45 min  with gen-
tle mixing every 10 min. The vial was  removed from the oven and
cooled to room temperature. A 5-mL aliquot of distilled water, 1 mL
of n-hexane, and 1 g of Na2SO4 was added to the vial and mixed
vigorously. Two  layers were allowed to form (centrifuged to speed
separation), and the top layer removed and dried over ca. 1 g of
anhydrous Na2SO4 in a separate vial. Boron trifluoride (14% BF3 in
methanol) was  purchased from Alltech, Inc. (Deerfield, IL).

2.6. Gas chromatographic analysis of FAMEs

FAMEs were analyzed by gas chromatography (GC) according
to the method of House et al. (1994).  The FAMEs were analyzed
by split injection (200:1 split ratio) onto a Hewlett-Packard Model
5890 series II GC equipped with a flame ionization detector. The col-
umn  used for analyzing the FAME derivatives was a SP-2340 (60 m,
0.25-mm diameter, 0.20-�m film thickness) (Supelco Inc., Belle-
fonte, PA), and the carrier gas was  He, utilizing a linear flow velocity
of 18 cm/s through the column. The temperature programmed
was 100 ◦C for 5 min, 3 ◦C/min–190 ◦C, 1 ◦C/min–200 ◦C and held
for 15 min, 50 ◦C/min–250 ◦C and held for 1 min. The injector and
detector temperatures were 235 ◦C and 250 ◦C, respectively. Injec-
tions were made using a Hewlett-Packard 7673 auto injector and
the sample volume injected was  1 �L. The chromatographic data
were acquired using ChemStation software. FAMEs were identified
by comparison to FAMEs in GLC-85 FAME standard mix  (NuChek
Prep, Inc., Elysian, MN).

2.7. Elemental analyses

Elemental analyses of the non-lipid fractions were performed
on a Perkin Elmer 2400 Series II Dumas-type elemental analyzer
(Waltham, MA). Samples were dried overnight in a vacuum oven

at 105 ◦C and 68 cm Hg. Approximately 2–4 mg of material was
used for each measurement. Calibration was performed using an
acetanilide standard (Perkin Elmer PN 0240-1121) (C 1.09%; H
6.71%; N 10.36%). There were three replications of each treatment.
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extracts, however, it was most pronounced in the first extractions.
Ethanol/water extracted a slightly higher percentage of 18 car-
bon fatty acid than did n-propanol/water while n-propanol/water
extracted a slightly higher percentage of 16 carbon fatty acid. The

Table 1
Effect of extraction solvent on fraction yields from cornstarch.

Extraction solvent Lipid yield Non-lipid yield

Ethanol first 0.45 c 0.29 c
Propanol first 0.50 d 0.30 c
Ethanol second 0.02 a 0.04 a
Propanol second 0.07 b 0.06 b
F.J. Eller et al. / Carbohydrat

.8. Gel electrophoresis

Gel electrophoresis of the non-lipid fractions were performed
sing a 1.5 mm × 10 well NuPaGE 4–12% Bis-Tris Gel and MES-
DS running buffer (Invitrogen, Carlsbad, CA). The sample buffer
ontained 0.055 M Tris (pH 6.8); 2% SDS; 7% glycerol; 4.38% 2-
ercaptoethanol and 5 M urea. Samples (ca. 2.5 mg/250 �L sample

uffer) were held in boiling water bath for ca. 5 min  then 10 �L of
ach sample and standards were loaded into the sample wells.

There were 10 lanes including 3 lanes of molecular weight stan-
ards; 3 lanes containing the 3 replications of the n-propanol/water
xtract; 3 lanes containing the 3 replications of the ethanol/water
xtract; and one lane containing Freeman zein (Freeman Industries
LC, Tuckahoe, NY). The molecular weight standards (BioRad broad
ange) included: Myosin (200,000); �-galactosidase (116,250);
hosphorylase B (97,400); Serum albumin (66,200); Ovalbumin
45,000); Carbonic anhydrase (31,000); Trypsin inhibitor (21,500);
ysozyme (14,400); and Aprotinin (6500). The gel was run at a
aximum of 120 ma,  200 V for ca. 1 h.

.9. Starch pasting curves and shear storage modulus (G′)

Pasting curves were obtained using a TA AR2000 rheometer (TA
nstruments, New Castle, DE) utilizing a starch pasting cell attach-

ent. Samples were prepared at 5% starch solids; approximately
 g (dry weight) brought to 20 g total weight with deionized water.
irst, an initial mixing step at 750 rpm was applied for 30 s at 25 ◦C.
hen, a linear temperature increase of 5 ◦C/min was  applied until
he sample reached 95 ◦C. During this step and for the remainder of
he pasting profile, the mixing head rotated at 100 rpm. The sample
as held at 95 ◦C for 5 min  and then the temperature was decreased

inearly at 5 ◦C/min–25 ◦C.
For retrogradation studies, once 25 ◦C was reached, the sample

as immediately subjected to an oscillatory time sweep test and
scillated at 0.5% strain for a minimum of 15 h.

.10. Statistical analyses

Statistical analyses were performed using Statistix 7 software
Analytical Software, Tallahassee, FL, USA). Analyses of variance
ANOVA) were conducted on percentage data and main effects were
ested using F-tests with means were compared using Least Sig-
ificant Difference (LSD). Correlation coefficients were determined
sing Pearson’s correlation.

. Results and discussion

.1. Accelerated solvent extraction yields

The total amounts of material extracted from the cornstarch by
he various solvents are shown in Fig. 1. The ANOVA indicated that
here were highly significant effects of solvent on yield (F5,42 = 2447,

 = 0.0000). The n-propanol/water gave a slightly higher yield
han ethanol/water (i.e., 0.81% versus 0.72%, respectively). The n-
ropanol/water after ethanol/water also gave a slightly higher yield
han ethanol/water after n-propanol/water (i.e., 0.13% versus 0.06%,
espectively). Thus, n-propanol/water is a slightly better solvent
or extracting materials from cornstarch than ethanol/water. The
otal yield for ethanol/water followed by n-propanol/water was
tatistically equivalent to that for n-propanol/water followed by
thanol/water (i.e., 0.88% versus 0.84%, respectively), indicating the
rder of the two solvents does not affect the total yield.
The effects of extraction solvent on lipid and non-lipid frac-
ion yields from cornstarch are shown in Table 1. The ANOVAs
ndicated that there were highly significant effects of solvent on
oth lipid yield as well as non-lipid yield (F5,42 = 2511, P = 0.0000
Solvent

Fig. 1. Effect of solvent on total mass extracted from cornstarch.

and F5,42 = 792, P = 0.0000, respectively). The n-propanol/water
gave a slightly higher yield of lipid than did ethanol/water
(i.e., 0.50% versus 0.45%, respectively). The n-propanol/water
after ethanol/water also gave a slightly higher lipid yield than
ethanol/water after n-propanol/water (i.e., 0.07% versus 0.02%,
respectively). The order of the solvents did not affect the total
amount of lipid extracted, both ethanol/water followed by n-
propanol/water and n-propanol/water followed by ethanol/water
gave identical lipid yields (i.e., 0.52%). The cornstarch used in this
study is reported to contain 0.47% fat, so both the n-propanol/water
and the ethanol/water extractions were quite effective at extracting
the lipids from this material.

The non-lipid yields followed the same pattern as the total
yield and lipid yields with n-propanol/water extracting more than
ethanol/water but the overall yield for the two  solvents being
equivalent. There was  a highly significant correlation (i.e., 0.9887,
n = 48, P = 0.0000) between lipid yield and non-lipid yield indi-
cating that these two  fractions have very similar solubilities in
n-propanol/water and ethanol/water.

3.2. Supercritical fluid chromatographic analyses of extracts

The SFC analyses revealed that the lipid fraction extracts were
comprised of mainly free fatty acids, of 16 and 18 carbon chain
lengths. These free fatty acids constituted over 90% of the lipid
material in the n-hexane extracts. The ANOVAs indicated that
there were highly significant effects of solvent on both the 16
and 18 carbon chain length percentages (F3,32 = 769, P = 0.0000 and
F3,32 = 1340, P = 0.0000, respectively). There was also a highly signif-
icant inverse correlation (i.e., −0.9905, n = 36, P = 0.0000) between
the percentage of the 16 and 18 carbon chain lengths. There
was always a higher percentage of 18 carbon fatty acids in all
Ethanol/propanol 0.52 e 0.35 d
Propanol/ethanol 0.52 e 0.35 d

Means (n = 3) within a column without letters in common differ significantly by LSD
(P = 0.05).
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Table  2
Effect of extraction solvent on fatty acid composition of lipid fraction.

Extraction solvent Fatty acid percentage

C16:0 C18:0 C18:1 C18:2 C18:3

Ethanol first 27.7 a 2.7 a 11.8 a 53.5 d 4.0 c
Propanol first 30.4 b 3.2 b 12.5 a 50.1 c 3.5 b
Ethanol second 46.3 c 9.1 d 22.2 c 22.3 b 0.0 a
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(Peterson et al., 2007, 2008). As expected, the pasting profile for
the n-propanol/water extracted cornstarch was also essentially
identical to that of cornstarch extracted with refluxing n-
propanol/water only as previously described (Peterson et al.,
Propanol second 52.8 d 7.3 c 20.2 b 19.7 a 0.0 a

eans (n = 3) within a column without letters in common differ significantly by LSD
P  = 0.05).

ercentages of 18 carbon fatty acid in the extracts of the second
olvent were significantly less than those of the first solvents.

.3. Fatty acid compositions of extracts

The results of the GC-FAME analyses of the lipid fractions of the
ornstarch extracts are shown in Table 2. The GC analyses revealed
hat there were highly significant solvent effects on the five major
atty acids present in the extracts. The F-values (P-values) for the
atty acids were: palmitic F3,8 = 368.4 (0.0000), stearic F3,8 = 210.7
P = 0.0000), oleic F3,8 = 279.5 (P = 0.0000), linoleic F3,8 = 272.2
0.0000) and linolenic acid F3,8 = 336.9 (0.0000). There were also
ighly significant inverse correlations between the percentage of
leic acid and palmitic acid (i.e., −0.9869, n = 12, P = 0.0000) and
leic acid and linoleic acid (i.e., −0.9766, n = 12, P = 0.0000). Palmitic
cid and oleic acid were positively correlated (i.e., 0.9297, n = 12,

 = 0.0000).

.4. Elemental analysis

The results of the elemental analyses of the non-lipid extracts
re shown in Table 3. The ANOVAs indicated that there was no
ignificant effect of solvent on either percent carbon or percent
ydrogen (F1,4 = 0.70, P = 0.45; F1,4 = 6.98, P = 0.0575, respectively).
owever, there was a significant effect of solvent on percent-
ge nitrogen (F1,4 = 8.4, P = 0.0445). Both the ethanol/water extract
nd the n-propanol/water extract contained significant amounts
f nitrogen with the ethanol/water extract containing significantly
ore than the n-propanol/water extract. The protein content of

hese samples was estimated by multiplying the %N values by 6.25
nd gave estimates of 59.4% and 54.4% for the ethanol/water and
-propanol/water extracts, respectively. The non-lipid fractions of
oth extracts apparently contain high percentages of proteins. The
ornstarch used in this study is reported to contain 0.26% protein, so
oth the n-propanol/water and the ethanol/water extractions were
uite effective at extracting the lipids from this material, with our
alues slightly higher than the reported values.

.5. Gel electrophoresis

The gel of the molecular weight standards, 3 replications of

he n-propanol/water extracts, 3 replications of the ethanol/water
xtracts; and the Freeman zein standard are shown in Fig. 2. The
hree replications of the n-propanol/water extracts were iden-
ical to each other as well as to the three replications of the

able 3
ffect of extraction solvent on elemental composition of non-lipid extract.

Extraction solvent Element

C H N

Ethanol first 53.9 a 8.5 b 9.5 b
Propanol first 54.3 a 8.7 a 8.7 a

eans (n = 3) within a column without letters in common differ significantly by LSD
P  = 0.05).
Fig. 2. Gel of molecular weight standards and extracts from cornstarch. Lanes 1, 2
10:  molecular weight standards; lane 3: Freeman zein; lanes 4–6: propanol/water
extract; lanes 7–9: ethanol/water extract.

ethanol/water extracts. In addition, the extracts of both solvents
were nearly a perfect match with the Freeman zein standard. It
is apparent that both non-lipid fractions of the n-propanol/water
extracts and the ethanol/water extract contained zein. Hojilla-
Evangelista, Myers, and Johnson (1992) identified zein as the
protein extracted from flaked, defatted, whole corn during sequen-
tial extraction processing.

3.6. Starch pasting curves and shear storage modulus (G′)

The starch pasting curves for extracted and un-extracted corn-
starch are shown in Fig. 3. The pasting curve for the unextracted
control cornstarch was essentially identical to previous reports
Fig. 3. Pasting curves for extracted and un-extracted cornstarch.
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defatting on pasting behavior of chickpea starch. Starch,  57,  599–604.
Takahashi, S., & Seib, P. A. (1988). Paste and gel properties of prime corn and wheat

starches with and without native lipids. Cereal Chemistry, 65,  474–483.
Fig. 4. G′ versus time for extracted and un-extracted cornstarch.

007, 2008). The pasting profiles of ethanol/water only, ethanol/n-
ropanol, and n-propanol/ethanol extracted cornstarch were very
imilar to the n-propanol/water only sample. However, the
ornstarch extracted with ethanol/water only was intermediate
etween that seen for the unextracted control and was quite differ-
nt from the other treatments which included n-propanol/water.
owever, the ethanol/water only extracted starch gave results

hat were similar to what has been described for this treatment
Peterson et al., 2007, 2008).

The plots of the shear storage modulus (G′) for extracted and
n-extracted cornstarch samples are shown in Fig. 4. In a simi-

ar fashion, all of the extractions which included n-propanol/water
re grouped together and show a large decrease in G′ relative to
he unextracted control. Interestingly, the G′ for the ethanol/water
nly extracted starch were actually higher than that seen for the
nextracted control rather than being intermediate between the
-propanol/water extracted samples and the unextracted control
ample. This may  be a result of the slightly higher extraction of
ipids and non-lipids (i.e., zein) by the n-propanol/water. The small
mounts of these zein proteins left by the ethanol–water may  be
nough to cause a slight increase in G′ after cooling by their inter-
ctions with one another on the surface of the cornstarch granules.
. Conclusions

This study describes the use of a commercial pressurized sol-
ent extractor as a convenient method to extract both lipid and
mers 87 (2012) 2477– 2481 2481

non-lipid materials such as free fatty acids and zein from corn-
starch. Although the extracted cornstarch may have only very low
amounts of residual material such as lipids or zein, the presence of
these materials can have a significant effect on the physical prop-
erties of the starch and subsequently its end-uses.
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