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SPECIAL SECTION ON FEED ADDITIVES AND CONTAMINANTS

Determination of Starch, Including Maltooligosaccharides, in
Animal Feeds: Comparison of Methods and a Method
Recommended for AOAC Collaborative Study
MARY B. HALL

U.S. Department of Agriculture, Agricultural Research Service, U.S. Dairy Forage Research Center, 1925 Linden Dr,
Madison, WI 53560

Starch is a nutritionally important carbohydrate in
feeds that is increasingly measured and used for
formulation of animal diets. Discontinued
production of the enzyme Rhozyme-S required for
AOAC Method 920.40 invalidated this method for
starch in animal feeds. The objective of this study
was to compare methods for the determination of
starch as potential candidates as a replacement
method and for an AOAC collaborative study. Many
starch methods are available, but they vary in
accuracy, replicability, and ease of use. After
assays were evaluated that differed in
gelatinization method, number of reagents, and
sample handling, and after assays with known
methodological defects were excluded,
3 enzymatic—colorimetric assays were selected for
comparison. The assays all used 2-stage,
heat-stable, a-amylase and amyloglucosidase
hydrolyses, but they differed in the gelatinization
solution (heating in water, 3-(N-morpholino)
propanesulfonic acid buffer, or acetate buffer). The
measured values included both starch and
maltooligosaccharides. The acetate buffer-only
method was performed in sealable vessels with
dilution by weight; it gave greater starch values
(2-6 percentage units of sample dry matter) in the
analysis of feed/food substrates than did the other
methods. This method is a viable candidate for a
collaborative study.

n the last decade, interest has increased in the
measurement of dietary carbohydrates that may affect
I animal performance and health. Starch, in particular, has
received much attention because of its influence on nutrient
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supply and rummal acidosis (I). AOAC Method 920.49 for
starch in animal feeds (2) is no longer valid because of
discontinued production of the enzyme Rhozyme-S (Rohm
and Haas, Philadelphia, PA) specified in the procedure.
Accordingly, another approved method for starch in animal
feeds is needed.
A definition of "starch" for the nutritional description of
feedstuffs is essential to the selection of a method and for an
accurate description of what the analytical values represent.
However, this requirement becomes problematic when we
consider how starch has been defined, the variety of
potentially digestible a-linked glucose carbohydrates that are
present in feedstuffs, and what the enzymatic methods
measure. Starch is defined as a natural vegetable polymer
consisting of long, linear unbranched chains of
I ,4-a-D-glucose units (amylose) and/or long cc-1,6-branched
chains of a-1.4-linked glucose units (amylopectin; 3).
However, amyloglucosidase used in enzymatic starch
methods releases glucose from a-glucans present in animal
(e.g., liver or muscle glycogen; "animal starch"; 4) or
microbial (e.g., glycogen in yeast: 5) products because these
carbohydrates contain a-(1,4) and a-(1,6) linkages as does
starch, although in different proportions. Accordingly,
enzymatic starch methods do not measure plant starch
alone (6), unless animal and microbial ingredients and the
feedstuffs that contain them are excluded from analysis.
Maltooligosaccharides are also detected by enzymatic starch
assays if the oligosaccharides are not extracted from samples
before analysis. If starch is measured to give a nutritional
description of a feedstuff, the inclusion of glycogen with
starch more completely describes the pool of homoglucan that
is potentially available to digestion by small intestinal
enzymes (7). It remains open to discussion whether there is a
nutritional basis to include or exclude mal too ligosaccharides
from the nutritional fraction that includes starch. Recognizing
the aim of nutritional characterization and the limitations of
the specificity of the methods, we have defined "starch" as
a-glucan from which glucose can be released after
gelatinization through the use of purified amylases and
amyloglucosidases that are specifically active only on a-(1.4)
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Table 1. Results for determinations of free glucose and starch + maltooligosaccharides corrected for free glucose in
purified substrates (dry matter basis)

Sample

- - DM, %

Mean

Extension of
AOAC 996.11

Acetate buffer

Hot water

Mean

Sr b

Sr

Mean

Sr

Free glucose
Glucose

100.0

Sucrose

100.0

91.8
0.10

1.78

90.8

0.32

86.0

0.16

0.01

0.17

0.00

0.17

0.00

2.17

0.01

1.65

0.04

Dextrin

91.8

2.27

0.04

Corn starch

89.3

0.04

0.01

0.04

0.00

0.06

0.04

0.01

- 0.04

0.01

0.08

0.01

90.8

0.3

Potato starch

--

90:0

0.02

Starch
Glucose

100.0

90.4

0.3

86.0

0.2

-

Starch + maltooligosaccharides corrected for free glucose'
Sucrose

100.0

0.3

1.9

0.7

0.0

1.4

0.0

Dextrin

91.8

46.9

0.2

50.0

0.1

49.8

0.3

0.3

93.4

1.1

0.3

94.8

1.3

Corn starch

89.3

93.9

1.9

98.3

Potato starch

90.0

91.2

0.3

97.0

Average for dextrin, corn starch, and potato starch
Mean
Sr
cv, %d

77.3

81.8

79.3

0.82

0.22

0.88

0.94

0.26

1.02

° DM = Dry matter.
Sr =
C

Standard deviation of replicates.
Measured values for sucrose, corn starch, and potato starch represent starch content, not starch + maltooligosaccharide content, of these
substrates.
CV = Coefficient of variation (s/mean).

and a-(1,6) linkages, and exclusive of maltooligosaccharides
that are extractable from feedstuffs with aqueous ethanol.
The candidate method for the determination of starch in
animal feeds should be accurate, repeatable, and robust, and
should avoid known analytical defects. The efficacy of
enzymatic starch assays is affected by their level of
complexity, specificity of release of glucose from starch
alone, and factors causing incomplete starch hydrolysis.
Increasing assay complexity or number of steps increases the
potential variability of the results because the accuracy with
which each dilution, transfer, or neutralization is
accomplished affects the final measurement.
The release of glucose from nonstarch carbohydrates gives
erroneously high starch values. It can be caused by enzyme
preparations that are not specific for starch hydrolysis (8), run
conditions that result in chemical hydrolysis, or the presence
of appreciable quantities of maltooligosaccharides.
Maltooligosaccharide content may be elevated when starchy
foodstuffs have been subjected to enzymic or acidic
hydrolysis (7), or when the oligosaccharides have been
specifically added. Acid additions commonly used to quench

enzymatic activity can hydrolyze sucrose to release glucose.
Pre-extraction of interfering carbohydrates with aqueous
ethanol (3, 9, 10), or avoiding the use of problematic run
conditions and enzyme preparations can reduce or eliminate
the release of glucose from nonstarch sources.
Reduced starch recovery due to incomplete hydrolysis can
have physical or chemical causes. Examples of procedures
that could lead to the formation of physical barriers to the
interaction of enzyme and substrate include the formation of
microgel or lumps with the addition of dimethyl sulfoxide to
feeds (3), gelatinization without agitation, or insufficient
grinding of samples, resulting in too coarse a particle size for
efficient extraction of starch. A chemical reaction that results
in incomplete starch hydrolysis is the isomerization of the
reducing end glucose to fructose when starch is heated in
water or buffer at neutral pH (11). Amyloglucosidase
hydrolyzes the starch molecule up to the glucose-fructose
disaccharide, but it leaves this remaining disaccharide,
maltulose, unhydrolyzed. The first step in many starch assays
is hydrolysis of starch with heat-stable a-amylase at neutral
pH, which produces large numbers of reducing ends and can

pop-
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lead to increased production of maltulose and decreased
starch values. Performing the hydrolysis at slightly acidic pH
reduces maltulose formation (11). Use of moderately acid
tolerant a-amylases (12) allows the starch hydrolyses to be
performed enzymatically under mildly acidic conditions.
Methods of enzymatic starch analysis differ primarily in
method of gelatinization, with relatively similar enzymatic
digestions by amyloglucosidase with or without a
predigestion with amylase. In a preliminary study, starch
analysis methods using heating with heat-stable cc-amylase in
water (modified from ref. 13), or acetate buffer (modified
from ref. 14), or gelatinization in hot alkali followed by
neutralization (15) were used to analyze corn starch, dextrin,
tlucose, and sucrose to evaluate the assays for accuracy and
case of use. The assay using acetate buffer gave a corn starch
value (95.2% of dry matter) of 2-4 percentage units of dry
matter greater than those of the other assays, 100% recovery
of glucose, sucrose as 0.1% of dry matter, and a value for
dextrin (49.4% of dry matter) 2-10 percentage units greater
than those of the other analyses. Hot alkali destroyed 97% of
the purified glucose substrate. With its greater recovery with
starch and ease of use, a modification of the acetate buffer
assay (AB; 14) was compared with starch assays using
traditional hot water gelatinization (HW; 13) and an extension
of the AOAC method for starch in cereal grains
(ExtAOAC; 10) across a variety of substrates. Although the
samples analyzed likely had a low content of
mal too ligosaccharides, without the use of pre-extraction to
remove oligosaccharides, this evaluation is only able to
compare starch + inaltooligosaccharide measurements among
the methods, except where the use of glucose, purified starch,
or sucrose ensures the absence of these oligosaccharides.
Experimental

Design
Three methods of starch analysis were tested in a single
laboratory over the same range of samples. All samples were
run in duplicate within each analysis run. Additionally,
olucose and corn starch were analyzed as control samples in
duplicate within each run. Purified samples and feed/food
samples were analyzed in separate runs, thus giving
2 independent results per assay. Data were analyzed in a
completely randomized design, with method, sample, and the
sample by method interaction included in the statistical model.
Statistical analysis was performed by using the general linear
model of SAS (SAS Version 8, SAS Institute, Cary, NC) with
mean separation by the Bonferroni method. Starch assay data
for glucose and sucrose were evaluated separately from other
purified substrates to assess the efficacy of the methods with
the other substrates that contained carbohydrate that is
measured as starch.

Materials
Purified substrates—including corn starch, glucose, dextrin,
potato starch, and sucrose—were analyzed to evaluate the
rccovcrics of glucose and starch - maltooligosaccharides. and

the hydrolysis of sucrose when the feed matrix provided no
barrier to analysis. The feed/food substrates of alfalfa silage,
soybean meal, corn silage, split green peas, high-moisture
ensiled corn grain, wheat flour, and rnediurri grain rice were
selected as representative feeds likely subject to starch analysis,
with the first 2 selected as representative of low starch, the next
2 representative of intermediate starch, and the remainder
representative of high starch feeds. Silages and high-moisture
corn were dried to a constant weight at 55°C in a forced-air
oven. The purified substrates and flour were used as purchased,
and the remaining samples were ground to pass the 1 mm
screen of an abrasion (cyclone) mill (Udy Corp., Fort Collins,
CO). The average dry matter content of samples was
determined after drying for 15 h at 105°C in a forced-air oven.

Apparatus
(a) Grinding mill.—Cyclone mill equipped with a I mm
screen (gives particle size equivalent to a cutting or Wiley mill
with a 0.5 mm screen).
(b) Bench centrfiige.—Capable of holding 2 niL
microfuge tubes, with a rating of ca 1000-12 000 x g.
(c) Water bath.—Capable of maintaining 35 and 50 ± 1°C.
(d) Boiling water bath—Capable of boiling at 95-100°C.
(e) Vortex mixer
(1) pH meter
(g) Stop-clock timer (digital).
(h) Top-loading balance.—Capable of weighing
accurately to ±0.01 g.
(i) Analytical balance.—Capable of weighing accurately
to ±0.0001 g.
(j) Laboratory ovens—With forced convection; capable
of maintaining 105 ± 1°C for determining the dry weight of
the test sample; capable of maintaining 92, 100, and 60 ± 1°C
for incubations.
(k) Spectrophotometer.—Capable
of
measuring
absorbances at 505 and 510 nm.
(I) Pipets.—.-Capable of delivering 0.1, 0.5, and 1.0 niL;
with disposable tips.
(m) Positive-displacement repeating pipet.—Capable of
accurately delivering 0.1,0.2. 1.0,2.5, 3.0.4.0, 5.0, and 8.0 mnL
(n) Dispenser— 1000 mL capacity, capable of delivering
20 and 30 mL.
(o) Glass test tubes.-16 x 100, 18 x 150, and 16 x
150 mm.
(p) Glass tuhes.-25 x 150 mm (approximate volume,
55 mL), with polytetrafluoroethylene (PTFE)-lined screw caps.
(q) Glass beakers—SO mL.
(r) Aluminum foil.
(s) Plastic/Urn, or similar/v nonreactive material.
(t) PTFE-coated magnetic stir hars.-2.5 cm.
(u) Magnetic stir plate.

Reagents and Solutions (Specific to HW and AB
Methods)
(a) Acetate buffer—(1) 100 mM, pH 4.5.—Weigh 6.0 g
glacial acetic acid, and transfer immediately with distilled
water rinses to a flask. Bring volume to ca 850 mL. Adjust pH
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Table 2. Results for determinations of free glucose and starch
food and feed samples (dry matter basis)

+

maltooligosaccharides corrected for free glucose in

DM, %a - -

Sample

Mean -

-

Extension of
AOAC 996.11

Acetate buffer

Hot water
b
Sr

Mean

Mean --

-

Sr -

Free glucose
Alfalfa silage

90.0

0.12

0.00

0.14

0.00

0.12

0.01

Corn grain, ensiled

93.5

0.44

0.00

0.38

0.00

0.18

0.00

Corn silage

91.1

0.05

0.00

0.07

0.00

0.07

0.00

Rice

90.4

0.18

0.01

0.20

0.01

0.02

0.02

Soybean meal

92.2

0.08

0.00

0.04

0.00

0.05

0.00

Split peas

91.4

0.07

0.00

0.04

0.00

0.02

0.02

Wheat flour

90.9

0.17

0.02

0.13

0.00

0.05

0.02

Starch + maltooligosaccha rides corrected for free glucose
Alfalfa silage

90.0

1.5

0.1

1.6

0.0

1.4

0.0

Corn grain, ensiled

93.5

69.0

0.1

75.6

0.8

70.4

0.2

Corn silage

91.1

7.3

0.8

37.1

0.4

34.2

0.9

Rice

90.4

82.0

0.4

83.3

1.3

82.4

0.1

Soybean meal

92.2

1.4

0.0

0.8

0.0

0.9

0.0

Split peas

91.4

48.4

0.3

50.1

0.7

48.1

0.1

74.3 - -

0.5 79.6-

0.2

74

Wheat flour

- - - - 90.9

- 0.1

Average of feed/food samples
Mean
Sr

cv.
a

b

%C

40.6

46.9

44.6

0.31

0.48

0.20

2.57

1.55

0.78

DM = Dry matter.
Standard deviation of replicates.
CV = Coefficient of variation (s/mean).
Sr =

to 4.5 with I M NaOH solution. Dilute to I L with water.
(2) 100 mM, pH 5.0.-Same procedure as for (a)(l), except
pH is adjusted to 5.0.
(b) Heat-stable cr-amylase solution. - [-(eat - stable
cs-amylase, ca 20 000 liquefon units/g, specific gravity 1.25

(Product Multifect AA 21L, Genencor International,
Rochester. NY; origin: Bacillus lichenijbrmis; pH optima,
5.5-5.8).
(c) Anivioglucosidase solution.-(l) 7 U18 mL.-Pipet
0.067 rnL concentrated amyloglucosidase and dilute to

250 mL with 100 mM sodium acetate butler, (a)(l).
(2) 100 U/mL.-Dilute 0.77 mL concentrated
arnyloglucosidase with 100 mM sodium acetate buffer, (a)(2),
to 25 mL (concentrated amyloglucosidase, 3260 U/rnL,
Product E-AMGDF, Megazyme International Ireland, Ltd,
Bray Co., Wicklow, Ireland; origin: Aspergillus niger;
optimum pH, 4.0; stable pH, 4.0-5.5).
(d) Glucose oxidase-peroxidase--aminoantipvrine buffer
mixture-Mixture of glucose oxidase, 7000 U/L; peroxidase,

7000 U/L; and 4-aminoantipyrinc. 0.74 mM. Prepare by
dissolving 9.1 g Na2HPO4 and 5.0 g KH-PO4 in ca 300 rnL

distilled water in a volumetric flask. Use distilled water to
rinse chemicals into bulb of flask. Swirl flask to dissolve
completely. Add 1.0 g phenol (ACS grade) and 0.15 g
4-arninoantipyrine. Use distilled water to rinse chemicals into
bulb of flask. Swirl flask to dissolve completely. Add glucose
oxidase (7000 U) and peroxidase (7000 U), rinse enzymes
into flask with distilled water, and gently swirl flask to
dissolve contents without causing excessive foaming. Dilute
to 1 L with distilled water. Seal flask and invert repeatedly to
mix. Filter solution through a glass fiber filter with 1.6 .tm
retention. Store in a sealed amber bottle at ca 4°C. Determine
standard curve for the reagent, using a 4-point standard curve
with distilled water and (e), according to Preparation of
Reagent Blanks and Standard Curves. (b)(1).
(e) Glucose standard solutions.-40, 60. and 80 [.g/mL.
Determine the dry matter of powdered crystalline glucose
(purity ^!99.5%). Weigh approximately 20, 30, and 40 mg
glucose, and record weight to 0.0001 g. Dissolve each portion
separately in distilled water. Dilute each solution to 500 mL to
obtain 3 independent glucose standard solutions. Multiply the
weight of glucose by the percentage of dry matter, and divide

46 HALL: JOURNAL OF AOAC INTERNATIONAL VOL. 92, No. 1, 2009

by 500 mL to calculate the glucose concentrations of
the solutions.

Reagents and Solutions (Specific to ExtAOAC
Method)
(I) 3-(N-Morpholino)propanesultbnic acid (MOPS)
buffer—pH 7.0. Contains 50 mM MOPS and 5 mM calcium
chloride. In 1 L volumetric flask, dissolve 11.55 g MOPS in
900 mL water, and adjust pH to 7.0 with 1 M HC1 (ca 17 mL).
Add 0.74 g CaCl 2 2H20. Dilute to volume with water.
(g) Heat-stable at-amylase solution.-3 000 U/mL. Dilute
1 mL a-amylase solution (in 50% glycerol) to 30 mL with
MOPS buffer, (I) (origin: Bacillus lichenifbrmis; optimum
pH, 6.0-6.5; stable pH, 4.5-8.0). This reagent was supplied in
the Total Starch Assay Kit (AOAC Method 996.11;
Megazyme International Ireland, Ltd).
(h) Amyloglucosidase solution.--AOAC method,
200 U/mL. Use directly without dilution. Solution is viscous;
for dispensing, use positive displacement dispenser. This
reagent was supplied in the Total Starch Assay Kit (AOAC
Method 996.11, Megazyme International Ireland, Ltd; origin:
Aspergillus niger; optimum pH, 4.0; stable pH, 4.0-5.5).
(1) Glucose oxidase–peroxidase–aminoantipyrine buffer
mixture—Mixture of glucose oxidasc, 12 000 U/L
peroxidase, 650 U/L; and 4-aminoantipyrine, 0.4 mM in a
buffer containing KH 2PO4, NaOH, 4-hydroxybenzoic acid,
and sodium azide. This reagent was supplied in the
Megazyme Total Starch Assay Kit (AOAC Method 996.11,
Megazyme International Ireland, Ltd).
(j) Aqueous ethanol.—About 80% (v/v). Dilute 80 rnL
95% ethanol (laboratory grade) to 95 mL with distilled water.
(k) Sodium acetate buffer 200 mM, pH 4.5.----Pipet
11.8 mL glacial acetic acid (ACS grade, 1.05 g/mL) into
900 mL water. Adjust pH to 4.5 with I M NaOH solution.
Dilute to I L with water.
(I) Glucose standard solution—! mg/rnL. This reagent
was used as supplied in the Total Starch Assay Kit (AOAC
Method 996.11; Megazyme International Ireland, Ltd).

Preparation of Reagent Blanks and Standard
Curves
(a) Reagent blank—For each assay, tubes or beakers
containing no sample and only the reagents added for each
method were carried through the entire procedure.
Absorbance values for the reagent blanks were subtracted
from sample absorbance values.
(b) Standard curves.—(J) HW and AB methods.—Pipet
0.5 mL water and 40, 60, and 80 sg/mL glucose standard
solutions, (e), in duplicate into the bottom of 16 x 150 mm
glass culture tubes. Add 2.5 ml. glucose oxidase–peroxidase
reagent, (d), to each tube, using a positive displacement
repeating pipet. Mix tubes on a Vortex mixer. Cover tubes
with plastic film. Incubate in a 35°C water bath for 45 mm.
Cool in the dark for 10 mm. Read absorbance at 505 rim.
Calculate slope and intercept of Y= glucose (j.tglmL) and X=
absorbance at 505 rim. Use this standard curve to calculate
glucose ig/mL in sample solutions. A new standard curve

should be prepared with each new batch of reagent. (2)
ExtAOAC method.—With each set of analyses. pipet 0.1 mL
glucose standard, (I), into the bottom of each of four 16 x
100 mm glass tubes. Carry through analysis with glucose
oxidase–peroxidase reagent, (I), with samples.

Procedures
(a) HW method—Run D-glucose, corn starch, and a
reagent blank with each set of test samples.
(1) Accurately weigh 90-100 mg purified and high starch
samples or 190-200 mg of other test samples into the bottom
of 50 mL glass beaker.
(2) Add a magnetic stir bar to beaker.
(3) Add 5 mL water to beaker with positive displacement
repeating pipet and stir on magnetic stir plate to wet sample.
Once sample is uniformly blended with water, add 15 mL
water, and stir on magnetic stir plate to mix.
(4) Add 0.1 mL heat-stable a-amylase, (b). Stir on
magnetic stir plate to mix.
(5) Seal beakers with aluminum foil, and incubate at 92°C
in a forced-air oven for 1 h.
(6) After incubation, cool on bench for 0.5 h.
(7) Filter sample through glass wool in a funnel into a
100 mL volumetric flask, using water to rinse beaker and
funnel, and quantitatively transfer the sample to the flask.
Dilute to volume with water. Seal flask, and invert repeatedly
to mix.
(8) Pipet I ml. sample into a 50 mL volumetric flask. Add
8 mL 0.1 M sodium acetate buffer (pH 4.5), (c)(I), containing
7 U amyloglucosidase, and swirl gently to mix.
Note: Selection of flasks with volumes other than 50 mL
can be used to achieve solution glucose concentrations that are
readable within the standard curve.
(9) Cap flask tightly with foil, and incubate at 60°C in a
forced-air oven for 30 mm, swirling flasks every 10 min to mix.
(10) Cool flask on bench for 30 mm; then dilute to volume
with water. Seal flask, and invert repeatedly to mix. This
solution is used directly in step Ii.
(11) Pipet 0.5 mL water (0 .ig/mL glucose standard) and
sample solutions into the bottoms of 16 x 150 mm glass test
tubes in duplicate; use 2 tubes/sample solution. Add 2.5 mL
glucose oxidase–peroxidase reagent, (d), to each tube, using a
positive displacement repeating pipet. Mix tubes on a Vortex
mixer. Place tubes in a rack, and cover with plastic film.
(12) Incubate in a 35°C water bath for 45 mm. Cool in the
dark for 10 mm. Read absorbance at 505 rim. Use 0 .tg!mL
standard to zero the spectrophotometer. Average absorbance
values for each sample, and use in Calculations.
Note: Free glucose is determined in samples carried
through steps 1 –7, except that no c-amylase is added. Sample
solutions are then subjected to steps Ii and 12.
(b) AB method—Run D-glucose, corn starch, and a
reagent blank with each set of test samples.
(I) Accurately weigh 90-100 mg purified and high-starch
samples or 190-200 mg of other test samples into 25 x
150 mm screw-cap glass tubes.
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Table 3. Mean percentage recovery from starch analysis of purified glucose and starch samplesa
Extension of AOAC 996.11

Acetate buffer

Hot water
Sample

Mean

SDb

Mean

SD

Mean

SD

Glucose

100.5

0.4

100.9

0.4

95.6

0.2

Starch corrected for free glucose
Corn starch

93.9

1.9

98.3

0.3

93.4

1.1

Potato starch

91.2

0.3

97.0

0.3

94.8

1.3

Recovery, %, was calculated as (measured/actual) x 100 by using values from duplicate analyses.
SD = Standard deviation.

(2) Weigh tube, cap, and sample on a top-loading balance;
record weight to 0.01 g.
(3) Dispense 30 mL 0.1 M sodium acetate buffer (pH 5.0),
(a)(2), into the tube.
(4) Add 0.1 mL heat-stable a-amylase, (b). Cap tube, and
mix on a Vortex mixer.
Note: Mix on a Vortex mixer so that the solution column
extends to the cap, washing the entire interior of the tube.
(5) Incubate tube for I h at 100°C, mixing tube on a Vortex
mixer at 10, 30, and 50 min of incubation.
(6) Cool tube on bench for 0.5 h.
(7) Add I mL amyloglucosidase solution, (c)(2). Mix tube
on a Vortex mixer,
(8) Incubate tube for 2 h at 60°C, mixing on a Vortex
mixer at 1 h.
(9) Add 20 mL distilled water to tube, recap, and invert
to mix.
(10) Weigh tube, cap, and contents on top-loading
balance; record weight to 0.01 g.
(Ii) Transfer ca 1.5 rnL sample solution to 2 mL
microcentrifuge tube, and centrifuge at 12 000 x g for 10 mm.
Allow centrifuged solution to come to room temperature
before preparing dilution.
(12) Prepare dilutions by weight of sample solutions so
that they fall within the standard curve.
Note: Preparing dilutions by weight is useful with
solutions that present pipetting difficulties, such as those that
adhere to the interior of pipet tips, or rise several millimeters
into rinsed pipet tips when the tip is placed vertically into the
sample solution. Densities of sample solutions can be
determined for the remainder of a sample by centrifuging it at
ca 2060 x g to sediment particles, allowing the centrifuged
solution to come to room temperature, and determining the
weight of solution held by a 10 mL volumetric flask; these
density values did not differ from those of the 12 000 x g
centrifuged solutions. Sample solution densities have ranged
from 0.997 to 1.00 g/raL. Water density has averaged
0.995 g/mL at 22-24°C. Dilutions may be prepared by
volumetric methods if accuracy of sample solution pipetting is
not an issue.
(13) Analyze diluted samples for glucose according to
steps 11 and 12 in the HW method.

Note: Free glucose is determined for samples carried
through steps 1-6 except that no ci-amylase is added. Sample
solutions are then subjected to steps 9-13.
(c) &u'AOAC method-The ExtAOAC method was
performed according to instructions provided with the Total
Starch Assay Kit (AOAC Method 996.11; Megazyme
International Ireland, Ltd). The kit method deviates from the
AOAC protocol in that marbles were not used to cover tubes
for the 30 min incubation described in (5), and samples
containing >10% starch were diluted by pipetting (I mL
sample solution and 9 mL water) as described in (6) rather
than by using volumetric flasks.
(1) Run D-glucose, corn starch, and reagent blanks with
each set of test samples.
(2) Accurately weigh 90-100 mg ground test portion
directly into glass test tube. Tap tube gently on laboratory
bench to ensure that all particles drop to bottom of tube.
(3) Add 0.2 mL 80% aqueous ethanol, (j), to tube, and stir
on Vortex mixer to ensure that test portion is wet. Add 3.0 mL
heat-stable a-amylase, (g), and mix contents of tube on a
Vortex mixer to ensure complete dispersion.
(4) Immediately place tube in boiling water bath for a
6 min incubation, mixing the tube vigorously on a Vortex
mixer after 2 and 4 mm.
(5) Place tubes in water bath set at 50°C, and let equilibrate
mm.
Add 4.0 mL 200 mM sodium acetate buffer, (k), and
5
0.1 ml. amyloglucosidase solution, (h), and vigorously mix
contents on Vortex mixer. Incubate 30 min at 50°C.
(6) Adjust the volume of each tube to 10 ml. by adding
2.8 ml. water by pipet. For samples containing 10-100%
starch, an aliquot (1.0 rot) of the 10 mL volume is diluted to
10 mL with distilled water, and the resulting dilution is mixed
thoroughly before proceeding. An aliquot of each sample
solution was centrifuged at 3000 rpm (1000 x g) for 10 mm.
(7) Carefully and accurately transfer a 0.1 mL aliquot of
each supernatant to the bottom of a separate test tube; use
2 tubes/supernatant.
(8) Add 3.0 mL glucose oxidase-peroxida.se-aminoantipyrine
buffer mixture, (I), to each tube, and incubate 20 min at 50°C.
(9) Measure and record absorbance, A, of each test
solution at 510 nm versus reagent blank. Average A values for
each test and use in calculations.
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(Note: To correct the starch + maltooligosaccharide values
for free glucose present in the sample, another set of duplicate
tubes for all samples was processed through the method, but
without addition of amylase or amyloglucosidase.)

Calculations
(a) i-lW and AB methods.—Calculate total starch +
maltooligosaccharide content (percent, on a dry matter basis)
in test sample as follows:
Total starch + maltooligosaccharides, % =
(A x S + I) x V x DF x 1/1000000 x W>< DM x 162/180

where A = absorbance of reaction solutions minus the
absorbance of the reagent blank; 5= slope and 1= intercept of
the standard curve to convert absorbance values to jig
glucose; V = final sample solution volume; DF = dilution
factor, e.g., 0.1 ml. sample solution diluted to 5 niL = 5/0.1 =
50; 1/1 000 000 = conversion from .tg to g; W = sample
weight, as is; DM = dry matter content of the sample as a
decimal; 162/180 = factor to convert free glucose, as
determined, to anhydroglucose, which is present in starch.
Correction of enzymatic starch assay values for free
glucose (on a starch basis as glucose x 0.9) = result as % of
sample dry matter from enzymatic starch assay-free glucose
on a starch basis as % of sample dry matter.
Final sample solution volume after all liquid additions for
method AB were calculated as follows:
[(Final weight of tube, cap, sample, and reagents, g)
- (initial weight of tube, cap, and sample, g)}
/(average density of sample solutions, g/mL)
(b) ExtAOAC method—Calculate total starch +
maltooligosaccharide content (percent, on a dry matter basis)
in test sample as follows:

Total starch + maltooligosaccharide, % =
AxFx Vx 1/1000x 1001Wx 162/180

where A = absorbance of reaction solutions read versus
reagent blank; F factor to convert absorbance values to ptg
glucose = 100 mg glucose/absorbancc value for 100 mg
glucose; V = volume correction, e.g., 0.1 mL taken from
100 inL = 1000, or 0.1 taken from 10 mL = 100; 1/1000 =
conversion from ig to mg; 1 001W= conversion to 100 mg test
portion; 162/180 = factor to convert from free glucose, as
determined, to anhydroglucose, which is present in starch.
Correction of enzymatic starch assay values for free
glucose (on a starch basis as glucose x 0.9) = result as % of
sample dry matter from enzymatic starch assay-free glucose
on a starch basis as % of sample dry matter.

Results and Discussion
Standard Curves
Analysis of standard curves used with the HW and AB
methods did not show linear (P = 0.90) or quadratic (P = 0.13)
patterns for the residuals (actual minus predicted values, n = 6

standard curves). The mean ± standard deviation of the
residuals for the curves was 0.0048 vg glucose/mL ± 0.127
over a range of 0-80 zg glucose/mL. The standard curves had
an average slope of 172.23 ± 1.35, an intercept of –0.131 ±
0.146, and an R2 of 0.9999 ± 0.0001 for the linear form of the
curve. The single point 100 tg glucose/mL standard for
ExtAOAC had a mean residual value of –0.0003 ± 0.196 (n =
3 standard determinations), and an average value of 93.02 ±
0.89. Two data points, one each from 2 runs were omitted for
ExtAOAC. Their removal decreased the standard deviation of
the standard determination in the runs from 1.72 to 0.27 and
from 0.87 to 0.21. In these cases, a minimum of 3 data points
remained to determine the value of the glucose standard. No
data were omitted from the standard curves for HW or AB.

Recovery
Mean total free glucose values expressed on a starch basis
(glucose >< 0.9) as a percentage of dry weight are shown in
Tables 1 and 2. Method ExtAOAC gave lower free glucose
values for the food and feed samples tested than did the other
2 assays (P = 0.05). Recovery of purified glucose determined
with the starch methods was greater for HW and AB than for
ExtAOAC (P = 0.05), with HW and AB giving approximately
100% recovery (for glucose expressed on a starch basis. 90% of
dry matter = 100% recovery; Table 3). Free glucose is a
contaminant that must be corrected for in the starch assay, but
failure to recover or destroy it completely in this assay is not
desirable. A high recovery offers some assurance that glucose
released from starch is not destroyed or undetected in the assay.
Method HW gave the lowest starch + maltooligosaccharide
values for purified (Table 1) and food and feed substrates
(Table 2), followed by ExtAOAC, with AB giving the greatest
values (P = 0.05). Recovery values for corn starch and potato
starch were greatest for AB and did not differ between I-lW and
ExtAOAC (P = 0.05; Table 3). The lower values for procedures
HW and ExtAOAC may be related to maltulose formation from
starch during hydrolysis with heat-stable a-amylase at high
temperatures at close to neutral p1-I. It is not certain why the
corn silage starch + maltooligosaccharide value for HW was
low, but it may have been an effect of the acids in the silage
reducing pH and depressing enzyme function; this is an effect
that buffers in the other assays would have reduced.

Limits of Determination
Limits of determination for starch based on absorbance
values of undiluted reagent blanks used for methods AB and
ExtAOAC were calculated as mean blank value -t- 3 x blank
standard deviations ( 16). For AB, based on 1:1 to 1:3 dilution
of reagent blanks converted back to an undiluted basis, and
including results from assays performed outside of this study
(5 blanks with 2 readings each), the mean absorbance ±
standard deviation of undiluted blanks was 0.016 ± 0.004 for a
detection limit of 0.028 absorbance. Undiluted reagent blank
absorbance values for ExtAOAC (2 blanks with 2 readings
each) read with the spectrophotometer zeroed versus distilled
water were 0.024 ± 0.003, giving a detection limit of 0.033
absorbance. By using the calculations specific to each method
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and average values for standard curves, starch detection limits
were 0.2% for AB and 0.3% for ExtAOAC analysis of sample
dry matter based on a 100 mg sample of 90% dry matter that
required no dilution of the final volume for each assay.

Selectivity
All methods gave very low starch values for sucrose,
indicating that run conditions and enzyme preparations used
did not appreciably hydrolyze this common feed component,
which has been shown to interfere with starch analysis
(Table 1; 8). Use of separate free glucose determinations
allowed correction for free glucose and background
absorbance associated with each sample. The final detection
method is specific for glucose, which limits interference from
other carbohydrates. Without use of an aqueous ethanol
pre-extraction, maltooligosaccharides present in the samples
would be determined as starch, but the error should be
consistent across methods and should be small with the
sample types used in this study. Unless samples are known to
contain no rnal too ligosaccharides, or the explicit intent is to
measure starch + maltooligosaccharides, a pre-extraction with
an aqueous ethanol solution should be performed to remove
these oligosaccharides to exclude them from starch
analysis (3, 10).

Repeatability
The standard deviations of replicates for starch +
maltooligosaceharide analysis of the food and feed substrates
and for purified substrates were low and did not differ among
assays (Tables I and 2; P > 0.36). These values are
comparable to or less than the repeatability standard deviation
values (1.6-2.2) previously reported for method ExtAOAC
when food or feed samples were analyzed (17).

Ease of Use
Both methods AB and ExtAOAC had the advantage that
they allowed all additions to samples to be made in tubes, and
they did not require a transfer of sample until the final dilution
and measurement of glucose. With method AB, care did not
need to be taken to ensure that samples were tapped to the
bottom of the tube, as with method ExtAOAC, because the
entire interior of the tube was rinsed with solution during
mixing on a Vortex mixer. Measurement of the density of
sample solutions in method AB may not be necessary, because
of the consistency of the value over time (0.999 g/mL,
standard deviation = 0.002, a = 120, from 16 analysis runs
over 16 months). Dilution by weight used in method AB
offered an accurate way to handle the sample solutions that
present pipetting difficulties, as well as a check on the
accuracy of dilution that is not possible with volumetric
methods. Use of the same temperature for the
amyloglucosidase and glucose analysis incubations in method

ExtAOAC provided an economical use of laboratory
resources that would he worthwhile to consider if revising
method AB.

Recommendations
On the basis of achievement of greater values and recovery
for starch + maltooligosaccharide analysis, very good
repeatability among replicates, ease of handling of samples,
and avoidance of known defects that can reduce the accuracy
of other starch assays, the modification of the acetate buffer
assay developed by Bach Knudsen (14) appears to be a viable
candidate for full single- laboratoiy validation and
collaborative study to establish an official method for
determination of starch in animal feeds.
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